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This book is for the coming generations, to
make them aware about the “cost” of water.

-Sanjay K. Sharma and Rashmi Sanghi





Preface

Anyone who can solve the problems of water will be worthy of
two Nobel prizes - one for peace and one for science.

John F. Kennedy

When the well is dry, we learn the worth of water.

Benjamin Franklin

Water pollution and water treatment are strictly interrelated, meaning that it is not

possible to explore one topic without the other. Researchers all over the world have

been trying hard to address these issues while exploring new ways to fight water

scarcity. Water reuse stands as one of the smartest options to fight water scarsity,

although it has been overlooked by the research community so far.

However, as the increase in the world population is causing a rise in industrial

developments and an overexploitation of our water resources, it is quite obvious

that the volume of waste water is destined to rise accordingly. Thus, waste water

management has become a crucial issue that needs to be addressed correctly.

This book presents the studies of some of the most prestigious international

scientists and gathers them in three different sections: Wastewater Management
and Reuse, Wastewater Treatment Options, and Risk Assessment. The result is an

insightful analysis of waste water management, its treatments, and the processes

that have been studied, optimized and developed so far to sustain our environment.

WastewaterReuse andManagement is a valuable resource to academic researchers,

students, institutions, environmentalists, and anyone interested in environmental

policies aimed at safeguarding both the quality and the quantity of water.

We would like to thank Springer for publishing this title, and we sincerely

welcome feedback from our valuable readers and critics.

Reuse water, save water!

Sanjay K. Sharma

Rashmi Sanghi
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and Héctor M. Poggi-Varaldo

Part III Risk Assessment

14 Tracing Nitrogen Sources and Cycle in Freshwater Through

Nitrogen and Oxygen Isotopic Research . . . . . . . . . . . . . . . . . . . . . 399

Zi-Xiang Chen, Xue-Bin Yin, Guang Liu, and Gui-Jian Liu

15 A Stepwise Approach to Assess the Fate of Nitrogen Species

in Agricultural Lowlands . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 431
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17 Methods to Countermeasure the Intrusion of Seawater

into Coastal Aquifer Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 479

Andreas Kallioras, Fotios-Konstantinos Pliakas, Christoph Schuth,

and Randolf Rausch

Erratum . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . E1

Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 491

xvi Contents



Contributors

Tuty Emilia Agustina Chemical Engineering Department, Sriwijaya University,

Palembang, Indonesia

M. Al Aukidy Department of Engineering, University of Ferrara, Ferrara, Italy

T.V. Arjunan Department of Mechanical Engineering, Coimbatore Institute

of Engineering and Technology, Coimbatore, Tamilnadu, India
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University Cà Foscari Venice (Italy) and a researcher at the European Center for the

Sustainable Impact of Nanomaterials (ECSIN, Veneto Nanotech S.C.p.A.) in

Rovigo (Italy). He earned a B.S., M.S. and Ph.D. in Environmental Sciences from
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Nomenclature

Sets

AS Set of air stripper units
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MIX Set of mixer nodes

O Set of unit operations

P Set of product streams

PERM Set of final permeate product streams

PV Set of pervaporation stages

SFPER Set of final permeate streams in RO network
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SIN Set of inlet wastewater streams

SPU Set of pump stages

SPU Set of pump stages in RO network

SRO Set of RO stages

SROPER Set of permeate streams from RO stage

SROREJ Set of reject streams from RO stage

SSP Set of splitter nodes

STU Set of turbine stages

STU Set of turbine units in RO network

UO Set of utility units

USI Set of inlet utility streams
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VOC Set of volatile organic compounds
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y A binary variable

Y Vector of binary variables

x A continuous variable

X Vector of continuous variables
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apu;f Fixed cost coefficient of a pump unit pu
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DPSPU Pressure difference across a pump unit pu belong to SPU
FSPU Flowrate through a pump unit pu belong to SPU
ySPU Binary variable defines the existence of pump unit pu belong to

SPU
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STU
DPSTU Pressure difference across a turbine unit tu belong to STU
FSTU Flowrate through a turbine unit tu belong to STU
FpSRO Permeate flowrate from a RO stage belong to SRO
DPMRO Pressure difference across a RO module

W Water permeability coefficient

SA Surface area of a RO stage belong to SRO
ri Inner radius of the hollow fiber membrane

ro Outer radius of the hollow fiber membrane

l RO hollow fiber membrane length

ls RO hollow fiber membrane seal length

xpc;SRO Component concentration of c in any permeate stream from RO

stage

xrc;SRO Component concentration of c in any reject stream from RO stage

xc�avg;SRO Average component concentration of c in any RO stage

Kc Component permeability coefficient of c belong to C
FpSRO Permeate flowrate of a RO stage belong to SRO
ySRO Binary variable of a RO stage belong to SRO
FSRO Inlet feed to a RO stage belong to SRO
NMdSRO Number of parallel modules in RO stage belong to SRO
PSRO Inlet feed pressure to a RO stage belong to SRO
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toSPER
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Fin�pu Stream assignment from inlet node in to a pump unit pu
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a Specific surface area of packing
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SurAPV Pervaporation stage surface area

CL A parameter related to the packing material

CostCapital Capital cost of the units
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CS A parameter related to the packing material

CV A parameter related to the packing material

DL Diffusivity of a solute in the liquid phase

DAS Diameter of the air stripper tower

DV Diffusivity of a solute in the gas phase

FA Air flow rate

F
�
A

Molar air flow rate

FMIX Exit flow stream from mixer MIX

FSSP;MIX Inlet flow from splitter SSP to mixer MIX

FVOC Molar flowrate of a VOC in a pervaporation stage

F
�
W

Molar wastewater flow rate

FW Wastewater flow rate

g Gravity acceleration

hL Specific liquid holdup

hn Henry’s constant

HC;OL Height of the transfer unit for component c
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kVOC Mass transfer coefficient of a VOC in the concentration polariza-
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KVOC Overall mass transfer coefficient of VOC in the pervaporation
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Kwater Overall mass transfer coefficient of water in a pervaporation stage

lm Thickness of the PV membrane
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PMIX Pressure of mixer MIX

PmVOC Permeability coefficient of a VOC in the membrane

Pmwater Permeability coefficient of water in the membrane

PPerm Permeate pressure in a pervaporation stage PV

PPuAir blower Power consumption by a vacuum pump

PPupump Power consumption by a pump

PPuVaccumpump Power consumption by a vacuum pump
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PAS Pressure in the column

ReL Reynolds number of the liquid phase
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uL Superficial velocity of the liquid phase
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vaVOC;Perm Average molar concentration of a VOC in the permeate side of a
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va Mole concentration of a solute in the gas phase

rM Molar density of wastewater mixture in a pervaporation stage

rL Density of the liquid phase

rV Density of the gas phase

mL Viscosity of the liquid phase

mV Viscosity of the gas phase

2 Void fraction

cS Resistance coefficient in the liquid and gas critical velocities

equations

cL Resistance coefficient of trickle packing

bL Mass transfer coefficient in the liquid phase

bv Mass transfer coefficient in the gas phase

apu Fractional constant for the fixed cost part of a pump unit

atu Fractional constant for the fixed cost part of a turbine unit

pMRO Osmotic pressure in a RO module

g RO module constant

� RO module constant

m Viscosity of water

Abbreviations

AS Air stripper

ASB Air stripper box

DB Distribution box

DCM Dichloromethane

ED Electrodialysis

EDC Ethylene dichloride

EDI Electordeionization

GAMS General Algebraic Modeling System

GDB Generalized Disjunctive Programming

GS Gas separation

HB Heat integration box

MCP Monochlorophenol

MEB Mass exchange box

MF Microfiltration

MILP Mixed integer linear program

MINLP Mixed integer nonlinear program

NF Nanofiltration

NLP Nonlinear program

PB Pump box

PV Pervaporation
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PVB Pervaporation box

RO Reverse osmosis

ROB Reverse osmosis box

RON Reverse osmosis network

SEN State equipment network

STN State Task Network

TAC Total annualized cost

TB Turbine box

TCE Trichloroethylene

TCP Trichlorophenol

UF Ultrafiltration

VOCs Volatile organic compounds

Notation

CWs Constructed wetlands

HRT Hydraulic retention time

HSSF-CW Horizontal subsurface flow constructed wetlands

OCPs Organochlorine pesticides

PCBs Polychlorinated biphenyls

SF-CWS Surface-flow CWs

SSF-CWs Subsurface flow CWs
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Chapter 1

Wastewater Management Journey – From Indus

Valley Civilisation to the Twenty-First Century

Amit P. Chanan, Saravanamuth Vigneswaran, Jaya Kandasamy, and

Bruce Simmons

1.1 Introduction

Throughout the human existence on this planet, water and wastewater infrastructure

never attracted as much public attention as it did during the second half of the

nineteenth century. Following extensive debate on appropriate solutions for problems

associated with hygiene and public health, options were chosen from several compet-

ing alternatives, while others foreclosed. Sociocultural impacts of these late nineteenth

century decisions have lasted until the present day [1]. The shape of our cities and

centralised approach embedded within sanitary engineers mindset today owe its

existence to the options selected nearly 200 years ago.

The current selection of water and wastewater management options, particularly

in the developing world, has the opportunity to learn from 200 years of experience.

It is critical that these lessons influence the design of future wastewater manage-

ment systems because undoubtedly the decisions being made today will impact on

the future generations.

This chapter highlights the development of wastewater management through

human evolution and settlement history.
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1.2 Water Supply and Sanitation in Early Civilisations

Perhaps one of the earliest recorded instances of the awareness of water manage-

ment and the role it plays in human prosperity comes from the ancient Indian text

the Atharva Veda. It is estimated that the Atharva Veda was compiled between

10,000 and 8,000 years Before Christ (B.C.), making it over 10,000 years old [2].

Atharva Veda III.13.5 assigns the king with the responsibility ‘to build dams to
control the wildly flowing waters so they can be utilised’ by the community.

The need for water resource development to provide supply security has grown

from there and has become a significant component of human endeavour.

Given the documented awareness of water management in the Vedas dating

back to over 10,000 years, it is not surprising that the Indus Valley Civilisation in

northwest India (now in Pakistan) that flourished 4,000 years ago has shown a

sophisticated appreciation of water-related health needs [3]. According to Jansen

[4], their sophisticated planning of the structural features of water supply and

effluent disposal systems was particularly impressive. ‘Fresh water was supplied
by a network of wells, sunken cylindrical shafts several meters deep built of wedge-
shaped, standard-size bricks. The waste water and other sewage of almost every
house was channelled into the drain running along the street outside’ ([4], p.177).

Jansen [4] further states that the inner-urban water supply and effluent disposal

systems of the Indus Valley Civilisation are major accomplishments, being the first

in the history of mankind to create such waterworks. The homogeneous distribution

of wells for water supply and drains and/or soak pits for wastewater disposal

throughout the urban area appeared to be independent of social parameters such

as house size and consequent social status.

Although not widely known and acknowledged as such, the network of effluent

drains built of brick masonry along the streets of Mohenjo-Daro (Indus Valley

Civilisation) is an astonishing feat of civil engineering achieved over 4,000 years

ago. These drains are evidence that the birth of sanitary engineering that is often

attributed to the public health revolution of the nineteenth century Britain, in fact,

actually happened thousands of years earlier on the Indian subcontinent. Picture 1.1

below shows a typical brick-lined drain of the Indus Valley Civilisation.

According to Jansen [4], key attributes of the sanitary drains of the Indus Valley

Civilisation included the following:

• They typically ran along past the houses on one side of the streets, about

50–60 cm below the surface.

• The U-shape in cross section with the sides and bottom of the drains was built of

bricks set in clay mortar.

• Various coverings (loose bricks, flagstones or wooden boards) were used for the

open top.

• Covers could be removed to clean the drains as needed.

• A typical drain cross section ranged between 17–25 cm broad and 15–50 cm

high, giving a capacity range of between 260 and 1,200 cm2.

• Drains sloped at a gradient of about 2 cm per metre, with curved structures sited

such that frictional loss was cut to a minimum.
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• Where a drain had to traverse a longer distance or where several drains met, a

cesspoolwas installed to avoid clogging by allowing solids to settle. The suspended

matter gradually formed a deposit, which could be removed via steps leading down

into the pit. These cesspools were likely to be covered over with wooden planks.

This sanitary and water engineering superiority of the Indian subcontinent

remained unsurpassed for more than 2,000 years until the coming of the Romans

and the rise of civil engineering and architecture [4].

1.3 Greco–Roman Influence on Water Management

According to Chanan and Simmons [5], the Greek and Roman civilisations

achieved the next level of urban water management. Until then, cities and towns

were largely constructed adjacent to rivers and streams to ensure a continuum of

water supply and waste transport. The security of the Roman political system, in

particular, allowed for the development of water transport systems from remote

Picture 1.1 Over

4,000 years old sanitary

drainage system, Indus Valley

Civilisation (Source: www.

fotopedia.com/items/

flickr-4557770060, Image by

Benny Lin)
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sources. With the formation of new centres and the expansion of existing ones, new

supplies had to be identified, captured, transported and stored (Landels 1998; cited

in [5]). Picture 1.2 below shows an aqueduct built during the Roman Empire at

Nimes, France. Similar aqueducts were built across Europe to transport water over

long distances.

According to Cotruvo and Cotruvo [6], between 343 B.C. and 225 A.D., Roman

engineers constructed aqueducts to transport and supply water, and by the time of

the collapse of the Roman Empire, over 500 km of aqueducts had been constructed.

Water management and technology however declined in Europe after the fall of

the Roman Empire. Political and military insecurity and insufficient state wealth

meant that the building of large-scale water supply and sewage schemes were not

attempted in Europe, and dependence on decentralised options continued until the

eighteenth century.

1.4 Water Management and the Industrial Revolution

The invention of the microscope by Anton van Leeuwenhoek in the seventeenth

century was instrumental step in advancing water treatment technology. However,

it took another 200 years before the connection between microscopic organisms

in water and public health was made [7]. According to Cotruvo and Cotruvo [6],

John Snow was the first to make the connection between the 1854 cholera epidemic

in London that killed over 30,000 people and drinking water contaminated by

sewerage, with the discovery of a leaking sewer next to a well. Prior to Snow’s

discovery, it was thought that bad air and smell was the cause of cholera [7]. In

1883, Heinrich Robert Koch showed that microorganisms in drinking water caused

Picture 1.2 Roman aqueduct (Source: http://images.cdn.fotopedia.com/flickr-2354917044-image.

jpg)
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cholera and typhoid outbreaks and within years also revealed that these diseases

could be prevented by filtering contaminated water [6].

The Industrial Revolution saw significant growth in population, scientific

knowledge and technology. The size of our cities grew rapidly with the Industrial

Revolution, and the shape of cities changed into high-density urban centres.

This exponential growth in the size of the cities and the resulting crowded dwellings

caused an increase in pollution of the local water sources and associated public

health issues. According to Hegger [1], it took a considerable part of the nineteenth

century before governments intervened to improve hygienic conditions, which

was necessary to combat public health problems such as the major cholera

epidemics. It was in fact the mass outbreak of epidemics in the nineteenth century

that triggered government involvement in the water industry [7].

The large quantities of water utilised and the sewage generated, as well as the

increased storm water from the vast urban areas, needed a new management

approach. Technical advancements resulting from the industrial revolution enabled

water infrastructure construction to a size that was previously unimaginable.

By the end of the nineteenth century, all major northern European cities had built

or were building new systems to distribute water and evacuate liquid wastes [8].

It was this critical infrastructure construction role that saw the status of engineer

elevated as ‘midwife to the Enlightenment and Republican vision of a new age of
reason’ ([9], p.9).

1.5 Water Engineering in Twentieth Century

The capital and imperialist might of Europe during nineteenth and first half of

twentieth century saw the European water technologies along with their negative

and positive effects dispersed throughout the world, including Australia [10].

According to Chanan and Simmons [5], the twentieth century could best be

described as the century of applying big engineering solutions to water management.

During this period, extensive networks of canals, dams and reservoirs were designed

and constructed worldwide. Since 1950, the number of large dams (15 m or taller)

has grown from 5,000 to over 45,000 today.More than 85% of those were built in the

35-year period between 1965 and 2000 [11].

According to Pinkham [12], a conventional wisdom emerged within the twen-

tieth century water utilities that the centralised approach was the best water

management strategy for most communities. Large centralised systems were

perceived to be most reliable, easiest to manage and least costly per capita.

Townships on the urban fringe or regional communities without a sewage system

that relied on on-site systems for wastewater disposal were viewed as temporary

measures until such time as local growth allows these areas to be serviced by

centralised systems [12].

The centralised water management system built during the twentieth century is

based on sourcing large quantities of water from one location (often a different
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hydrological catchment), adding a number of nutrients to it during its once-only use

and finally disposing the waste stream at another point location (Livingston 2007).

Mouritz [10] described it as the ‘Big Pipe In–Big Pipe Out’ strategy, commenting

on the size of pipes needed for bringing drinking water into the city and for

removing wastewater and storm water from the city. Big pipe engineering became

the standard water management technique [13].

Newman [13] further states that the economy of scale often associated with the

centralised approach to water management changed once the form of our cities

changed. The century old solution of big pipes now means a lot of big pipes.

Thomas and McLeod [14] estimated that for a typical modern Australian city,

up to 85% of the capital investment principally by government agencies goes

towards the provision of the pipes for water, wastewater and storm water services

and less than 15% to 20% is actually spent in water treatment. Mouritz [10] and

Chanan et al. [15] called for a more balanced investment approach, thereby

advancing treatment to meet the goals of sustainability instead of investing in

transporting water over longer and longer distances.

Centralised systems built during the first half of the last century now face a huge

backlog of deferred maintenance. In the United States of America, for instance, the

gap between what is currently being spent on maintenance and upgrades and what is

actually needed amounts to billions of dollars per year [12]. The situation in

Australia is similar (see Table 1.1, with an estimated underinvestment of $3 billion

in water infrastructure [16]). Other ways of providing urban water services must

therefore be given a serious consideration.

By the end of the twentieth century, society reached a turning point, and the

flaws with the big pipe solution became widely acknowledged. A number of authors

such as Winneberger [17], Niemczynowicz [18], Chu and Simpson [19], Mouritz

[10], Anderson [20] and Davis [21] called for a re-examination of the traditional

public health focus of managing our water systems.

Perhaps the most notable criticism of the twentieth century centralised water

management came from Winneberger [17], p.3) who stated: ‘for over 100 years
since that initial widespread use in London, the water flushing toilet always has
used substantial amounts of pure drinking water to transport relatively minuscule
quantities of body waste through a network of sewer pipes and rivers, lakes or
oceans. . .. . .. . . Mixed with the body waste is wastewater from baths, sinks and
other water using household appliances. . . Recent advances in sanitation engineer-
ing technology have raised serious questions about such methods.’

Table 1.1 Status of Australian water infrastructure [16]

Infrastructure

category Rating Explanation

Water B� Minor changes required in one or more of the areas to enable

infrastructure to be fit for its current and anticipated purpose

Wastewater C+ Major changes required in one or more of the areas to enable

infrastructure to be fit for its current and anticipated purpose

Storm water C� Major changes required in one or more of the areas to enable

infrastructure to be fit for its current and anticipated purpose

8 A.P. Chanan et al.



Such a system not only results in receiving waters becoming more polluted, it

also causes water sources to become scarce and nutrients such as nitrogen and

phosphorus to be diluted and removed from where they could potentially be reused

[22]. The loss of valuable nutrients has been a well-documented concern ever since

the early days of sewage systems. A German chemist, Justus Von Liebig, argued

that even in an era of increasing industrialisation and urbanisation, natural cycles of

plant nutrients should not be broken down and that it was necessary that humans

gave back their nutrients to agriculture [1].

1.6 Water Management of the Future

Sustainable water management of the twenty-first century has to be significantly

different from the traditional twentieth century water management paradigm, which

focused on meeting the demand for water by augmenting supply and disposing

wastewater to prevent the spread of disease. Sustainable urban water systems need

to focus on achieving a ‘closed loop’ through initiatives such as water recycling and

reuse. As highlighted in Fig. 1.1, such an approach not only reduces the amount of

water imported into the urban area, it also treats storm water runoff and sewage as

resource and cuts down on their wasteful discharge into waterways [23].

Niemczynowicz [18] called for a drastic change from the traditional approach to

water management, including current wastewater treatment technologies be

complemented and ultimately replaced by economically efficient and environmen-

tally sound technologies. He proposed the following key principles to guide this

drastic new approach:

• An integrated systems approach to solving water problems that considers

both structural and non-structural elements, in contrast to just narrow-minded

technological approaches

• Multidisciplinary cooperation to solve complex problems, in contrast to

engineers making the best augmentation decision

• Small-scale options, in contrast to the twentieth century technological

monumentalism

Rainfall

Imported
water

Inflow

Infiltration

Storm water
runoff

Minimal
imported

water

Rainfall

Minimal storm
water runoff

Waterways
Waterways

Minimal
sewage

discharges
Sewage

discharges

Urban
Catchment

ONCE THROUGH

Urban
Catchment

Infiltration

Inflow

Fig. 1.1 Traditional versus sustainable urban water cycle management [23]
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• Source control, in contrast to ‘end-of-pipe’ approaches to wastewater and storm

water treatment

• Local disposal and reuse, in contrast to twentieth century approach of

transporting in big pipes and wastefulness

Similarly, Newman [13] also argued that the large-scale regional water utilities

framework is an ineffective mode of providing the specialised local level knowl-

edge needed for integrated water cycle management. Detailed knowledge of local

natural processes is a necessary prerequisite for water-sensitive urban design and

implementing appropriate water recycling initiatives. He states, ‘Such intimate
knowledge of local soils, slopes, creeks, wetlands, as well as knowledge of the
urban aspects of nature, i.e. open space, community gardens, street trees are ideally
suited to the role of a local environmental scientist working in a local authority’.

1.6.1 A Soft Path for the Future

The utilities sector is commonly described as institutions engaged in the provision

of utility services such as electricity, natural gas, water supply and sewage removal.

Despite the variation in services provided, there are some unique economic

commonalities within this sector irrespective of the services. These commonalities

originate from the fact that utilities require significant investment in infrastructure

to be able to meet their customer demands. Over the years, market-driven transfor-

mation in one utility area has invariably followed into the other. Water utilities in

particular have closely observed the developments in the electricity utilities and

have typically followed the trends originating from that area.

Lovins et al. [24] highlight a fundamental change that is emerging in the

electricity sector, which they described as a shift in the scale of electricity supply
from doctrinaire gigantism to the right size for the job. Similar to the twentieth

century journey of the water sector, the electricity sector also followed an identical

trend – as the demand for electricity increased in growing cities, the generation

plants were augmented, and the vertically integrated utilities’ costs declined [24].

By late twentieth century, this trend however reversed, and the option of indefinite

augmentation no longer remained a sensible option.

What is particularly noteworthy for the water sector though is the emerging

role of decentralised options in the electricity sector, as highlighted by Lovins et al.

[24], p.3):

In 1976, the concept of largely “distributed” or decentralized electricity production was

heretical; in the 1990s, it became important; by 2000, it was the subject of cover stories in

such leading publications as The Wall Street Journal, The Economist, and The New York
Times; and by 2002, it was emerging as the marketplace winner. This change is exactly the

sort of “inflection point” described by Andrew Grove of Intel in his 1996 book Only the
Paranoid Survive: How to Exploit the Crisis Points That Challenge Every Company and
Career. Grove describes an inflection point as a pivotal, wrenching transformation that

sorts businesses between the quick and the dead. If properly understood and exploited, an

inflection point is the key to making businesses survive and prosper.

10 A.P. Chanan et al.



Wolff and Gleick [25], Pinkham [12], Fane [26] and Vigneswaran et al. [27] all

described water management of the future as following a ‘soft path’, a term

borrowed from the works of Amory Lovins (Rocky Mountain Institute) in the

electricity sector in late 1970s. The soft path approach to water management

emphasises the optimisation of end-use efficiency, small-scale management

systems and the incorporation of fit-for-purpose water use [15]. A key characteristic

of this new way of water management would be the use of diverse, locally

appropriate and commonly decentralised infrastructure. Local reuse schemes for

wastewater, and where appropriate for storm water, form an important supply

option in this ‘soft path’ approach [26]. Table 1.2 below provides a summary of the

shift in the values concerning the urban water cycle that is essential to make the

transition into the proposed ‘soft path of water management’ for the future [12].
A number of authors have argued on the merits of decentralised wastewater infra-

structure; these include Anderson [20], Wilderer and Schreff [28], Tchobanoglous

[29], Pinkham [12], Fane [26], Stenkes [30] and Livingstone [31]. Advantages of

decentralised wastewater management with wastewater treated close to source and

greater opportunities for reuse are now well documented in the literature.

1.7 Role for Water Recycling and Reuse

Water recycling involves treating wastewater from sewage system to suitable levels

so that the treated water can be safely reused for desired applications [32].

According to Marks [33], water recycling is recognised by policy makers and the

water supply industry as being an important strategy in the management of urban

water supplies. Using reclaimed water offers the potential for exploiting a new

resource that can be substituted for existing finite resource, depending on its

intended use [34]. This concept is called ‘source substitution’, and is not new.

According to Chanan and Ghetti [32], it has been over 50 years since the United

Table 1.2 Water management paradigm shift [12]

The old paradigm The emerging paradigm

Human waste is a nuisance Human waste is a resource

Storm water is a nuisance Storm water is a resource

Build to demand Manage demand

Demand is a matter of quantity Demand is multifaceted

One use (throughput) Reuse and reclamation

Grey infrastructure Green infrastructure

Bigger/centralised is better Small/decentralised is possible, often desirable

Limit complexity: employ standard

solutions

Allow diverse local solutions

Integration of different arms of water

cycle by accident

Physical and institutional integration to manage different

arms of urban water cycle

Collaboration ¼ public relations Collaboration ¼ engagement
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Nations Economic and Social Council resolved that, ‘No higher quality water,
unless there is a surplus of it, should be used for a purpose that can tolerate a
lower grade’.

It is necessary to note that water is used for various purposes in our cities, with

varying quality and quantity requirements. Many urban, commercial and industrial

uses can be met with water of less than potable water quality. After use, the waste-

water generated also varies in quality and quantity. According to Hermanowicz

and Asano [35], careful linking of wastewater source with appropriate water

demand at a local level while giving due consideration to quality and quantity

could provide a sustainable and economic source of water for our cities.

Wolff and Gleick [25] and Fane [26] described this concept of matching quality

with intended use as ‘water quality cascading’. It recommends that only the

minimum required quality should be provided for a given end-use. According to

Fane [26], water quality cascade involves matching the quality of water to its use,

and water is reuse as its quality decreases. ‘The most common example of domestic
water quality cascading would be greywater diversion from showering to toilet
flushing, or washing machine diversion to garden washing’ ([26], p.45).

Yet another form of the source substitution and water quality cascading concepts

is the proposed ‘Close loop water cycle concept’, which provides an ideal blueprint
for planners of future cities and towns [36]. As outlined in Fig. 1.2 below, at the

scale of a household, a neighbourhood, an institution or a community, water would

have to be managed in a closed loop. Every drop of water that would come into the

loop would be managed at least twice before being sent out of the loop.

External Water
Inputs Into The

Loop

Gray Water

Drinking

Treated Black Water

Close Loop Water Cycle

Treated Gray Water

Low Quality Water

Drinking Water

Washing

Food Preparation

Toilet Flushing

Land Scaping

Black Water

Fig. 1.2 Close loop water cycle concept [36]
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Opponents of water recycling suggest that recycled water must be treated to

drinking water standards and pumped back over long distances from coastal sewage

treatment plants to water storages. Such claims are rather incongruous and can

only be substantiated if reuse schemes were to be implemented as traditional

‘centralised’ system, with extensive conveyance and plumbing networks, high

capital, maintenance and energy costs [15]. However, if reuse is implemented as

decentralised schemes providing ‘fit for purpose’ water where it is needed, they are

easy to build, operate and involve low energy costs. In order to explain this

distinction better, the following section provides an overview of the types of

water reuse and their respective applications.

1.7.1 Types of Water Reuse

According to Kermane [37], wastewater reuse may be planned or unplanned, with

unplanned reuse described as a situation where downstream water supply is drawn

from a source to which wastewater from upstream communities has been

discharged. Most commonly used example to describe such unplanned reuse is

London’s water supply, with several towns upstream of London discharging their

wastewater into the River Thames. Water industry folklore states that London’s

water has on average gone through seven kidneys before reaching a tap in London.

Planned reuse on the other hand is not a result of the geographic destiny along

a river; it is in fact deliberate use of treated wastewater, and it can be direct or

indirect, and it can be further classified as centralised or decentralised [37].

Figure 1.3 above provides a summary of the types of planned water reuse schemes,

PLANNED WASTEWATER REUSE

INDIRECT DIRECT

Augmentation of potable water supply
through aquifer injection-controlled
groundwater recharge. (Australia & USA)

Agricultural, urban and industrial reuses (Israel,
Australia & USA)

Supplement drinking water supply by,
directly linking reclaimed water to
water supply system
(Namibia, Singapore)

Custom designed small scale
treatment close to the point of
reuse. (Beverley Park Water
Reuse Plant)

End of system treatment at
central sewage treatment
plant prior to reuse. (Rouse
Hill Scheme)

CENTRALISED DECENTRALISED

POTABLEPOTABLE NON-POTABLE

Fig. 1.3 Types of planned wastewater reuse (Modified from Kermane [37])
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along with known examples of each. IWA WaterWiki [38] defines direct reuse as

the use of recycled water delivered directly into a water distribution or into a water

treatment plant. Indirect reuse on the other hand is the use of recycled water

delivered into a river, reservoir or groundwater aquifer from which water supply

is drawn at a point downstream [38].

Analysis of a number of water reuse projects in Europe concluded that a

major benefit of water recycling is the production of alternative water resources

‘near the point of use’ [39]. Given that only 15% of water used in urban areas is for

potable purposes, the potential for non-potable water recycling in urban areas is

extremely high. Concepts of source substitution [34], water quality cascading [25]

or closed-loop water cycle [36] all call for matching quality with intended use.

1.7.2 Decentralised Reuse Systems

According to Clark ([40]; cited in [26]), decentralised water infrastructures

minimise the distance water, and wastewater must be transported, and the size

and cost of the pipe networks. Asano [41] and Gikas and Tchobanoglous [42] have

further categorised the decentralised water reuse schemes into three main types, as

illustrated in Fig. 1.4 below.

• Upstream type: The upstream type of system is typically used to treat waste-

water generated at the outskirts of a centralised collection system, where

opportunities for reusing the reclaimed water exist due to large suburban

parks, golf course or median strip irrigation [41]. Typically, this type of

reuse scheme is associated with new housing developments and new

Fig. 1.4 Types of decentralised reuse scheme (Modified from Gikas and Tachobanoglous [42])

14 A.P. Chanan et al.



commercial centres on the outskirts of the city (Fig. 1.4). An example of this

type of reuse is currently being implemented in South Sydney at Discovery

Point Development in Tempe.

• Extraction type: Wastewater to be recycled in the extraction type of systems is

literally mined from the collection system en route to the central treatment plant

[42]. The Beverley Park Water Reuse project that won the International Water

Association’s Project Innovation Award for 2008 is in fact an extraction-type

scheme as per this classification, and it is therefore commonly referred to as a

water mining scheme. Typical applications of extraction-type satellite systems

include park or green-belt irrigation, water reuse in commercial centres and

cooling tower applications.

• Interception type: Asano [41] described the interception type systems as those in

which wastewater is intercepted before reaching the collection system.

Intercepted wastewater is in fact diverted to a satellite (decentralised) system

for treatment and reused locally. Typical applications for this type of treatment

systems are for water reuse in high-rise commercial buildings. A good example

of interception type water reuse scheme is located at the Sydney Water

Corporation’s head-office building in Parramatta, Australia.

1.8 Conclusion

As discussed in this chapter, the journey of wastewater infrastructure development

has been an interesting one. The sociopolitical situation of the day influenced its

design and implementation. The soft path for water management has now emerged

as the best pathway for future of wastewater management, with decentralised

options including reuse as an integral component of this approach.

Residential Residential

Urban
Irrigation

Urban
Irrigation

Decentralised
Reuse Facility Decentralised

Reuse Facility
Recycled

Water Supply

Industrial IndustrialCommercial Commercial

Centralised
Treatment

Facility

Centralised
Treatment

Facility
Receiving water Receiving water

Water Supply
Dam

Water Supply
Dam

Fig. 1.5 Sewer mining versus centralised reuse [43]
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There are several advantages associated with moving away from conventional

centralised sewer management systems and adopting innovative concepts such as

water mining. Some of these advantages are highlighted by Chanan and Kandasamy

[43], and three most notable ones include:

• Decentralised treatment and local reuse reduces the need for inefficient transport

of water over long distances from centralised treatment facilities (as outlined in

Fig. 1.5). This approach also provides flexibility of extracting water practically

anywhere and to treat it closer to the site of its intended use [44].

• Strategically designed network of decentralised treatment facilities reduces the

impact associated with unforeseen events such as natural or man-made disasters

and is therefore better in terms of disaster recovery when compared to a

centralised sewage system.

• Decentralised wastewater treatment schemes provide opportunities for local

community to be involved in managing their local water cycle, thereby raising

community awareness.
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Chapter 2

Integration of Membrane Processes for Optimal

Wastewater Management

Y. Saif and A. Elkamel

2.1 Introduction

Depletion of water resources and wastewater generation from industrial and domestic

sectors bring into existence issues with water resources conservation and wastewater

management. Pollution occurrence and health concerns by direct discharge of waste-

water streams into the environment are other facets of the problems which call for

responsible actions. Strict regulations have been forced worldwide to set boundaries

on the limits of discharging wastewater streams into the environment. Compliance

with these regulations is nowadays mandatory practice. Associated with these

activities, large amount of money is being spent annually to deal with these problems.

Therefore, optimal wastewater management is a necessary step toward money saving

and meeting environmental regulations.

The challenges within the area of wastewater management demand innovative

development of processes and chemicals that effectively reduce water consumption

andwastewater generation. In the chemical industry, several processes and chemical

agents are jointly incorporated within a system (e.g., chemical plant) to transform

raw chemicals into desired products. Such a system normally has different

configurations in the conceptual design phase. In other words, the combination

of the processes with the chemical agents is not unique for the system which takes

the transformation task of feed to products. Besides, the operational conditions of

the processes and chemical agents have direct impact on the overall performance

of the system. Consequently, decisions about the system optimal configuration

and its operation have significant impact on the system economy and the waste

generation.
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Recent trends toward effective wastewater management focus on minimizing

water intake through process integration [1]. The tools seek manipulation of

the process streams with their chemical constituents in the design phase through

mixing and splitting. Undesirable chemical compounds can be kept within the plant

through recycling and reuse. Sometimes, restrictions on the process water quality

prevent recycling or reuse of specific streams with undesirable water qualities.

Regeneration of these streams through wastewater conditioning processes allows

maximum utilization of wastewater streams within a given system. In 1996,

roughly 40% of total industrial wastewater was recycled with considerable

variation between the industrial sectors [2]. In addition, decentralization of waste-

water treatment has resulted in pollutant source reduction replacing “end-of-pipe”

treatment approaches [3].

During the last 35 years, continuous improvements of membrane processes have

been achieved. Improvements in selectivity flux and operating practice of mem-

brane processes have enabled them to become competitive with more conventional

processes. In 1998, the annual sales of membrane systems reached 19 billion

USD with 10% annual growth in the water and wastewater treatment sectors [4].

Clearly, membrane technologies have become appealing for water and wastewater

treatments from the point of view of pollution prevention, efficient operation, and

cost reduction.

2.2 Wastewater Contaminants and Their Impacts

Every water and wastewater problem varies from location to location in terms of its

constituents.Water andwastewater are usually characterized in terms of their organic,

inorganic, and biological contaminants. The organic part can contain carbohydrates,

oil and grease, surfactants, and priority pollutants, e.g., benzene, ethylbenzene,

toluene. Inorganic compounds can include nonmetals such as arsenic and selenium

and/or metals (e.g., chromium, lead, silver). In addition, microorganisms and

pathogens are often present in water and wastewater [5].

Public health and environmental concern have led to strict regulations for

drinking water quality and wastewater discharge. Exposure to the previously

mentioned chemicals and biological constituents can be very harmful to all life

forms. Dissolved oxygen depletion is a serious threat to aquatic life through

decomposition processes and the potential formation of toxic gases such as hydro-

gen sulfide. Discharge of high loads of nutrients, such as nitrogen and phosphorus,

leads to excessive and destructive growth of algae. By law, effective water and

wastewater treatment is mandatory to achieve and maintain health and safety

standards and minimize pollution.
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2.3 Membrane Processes: Classifications

and Some Applications

Membranes are selective thin layer materials that can be used to separate different

species. The separation can be accomplished when a driving force is applied across

a membrane. Due to membrane selectivity, water and wastewater streams can be

separated into lean and concentrated products. Separation requires the application

of driving forces such as pressure, electrical potential, or chemical activity

gradients across the membrane. The use of synthetic membranes with appropriate

structure and properties can allow very efficient separation, often with substantial

energy savings over more traditional separation techniques [6].

There are several ways to classify membranes. Based on their constituents,

membranes are classified as being organic such as polymer membranes or inorganic

in the case of metal and ceramic membranes. Membranes are also classified in

terms of their geometry. These include flat sheet or cylindrical (tubular or hollow

fiber) configurations. Another classification can be attributed to the operating

driving forces such as pressure, electrical, or concentration gradients. In addition,

membranes can be classified according to whether their structure is porous, dense,

or composite. The varieties of the membrane structures and their operations give

them very wide applications. Table 2.1 shows some practical applications of

membranes processes in different industries [7].

Table 2.1 Practical industrial applications of membrane processes

Industrial sector

Membrane

processes Industrial sector Membrane processes

Drinking water NF, UF, RO Biotechnology

Enzyme purification UF

Concentration of fermentation

broth

MF

SCP harvesting MF,UF

Membrane reactor UF

Marine biotechnology MF,UF

Demineralized
water

RO, ED, EDI Energy Proton exchange

membraneFuel cell

Wastewater
treatment

MF, NF, RO, ED Medical UF

MF, UF Control release

Food industry Chemical industry

Dairy UF,RO,ED Hydrogen recovery GS

Meat UF,RO CO2 separation GS

Fruit and

vegetables

RO Ethanol dehydration PV

Grain milling UF Organic recovery PV

Sugar UF, RO, ED, MF,

NF

Chlor-alkali process Membrane electrolysis
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2.4 Chapter Content

The design of integrated membrane system for wastewater treatment represents a

process synthesis problem. The task is to separate pollutants present in different

feed streams into lean and concentrated streams using the optimum combination of

units, operating conditions, and distribution of process streams from an assortment

of alternatives. Superstructure optimization is a valuable tool which serves the

purpose of synthesizing an optimal flow sheet for the treatment of wastewater

streams through membrane processes. Sections 2.5 and 2.6 provides an overview

of process synthesis through superstructure optimization. A generic representation

of integrated membrane systems is given to assist the construction of the super-

structures and the formulation of the optimization models.

Section 2.7 discusses energy-integrated RO networks. Within the network,

several stages of pumps, turbines, and RO trains are assembled in a superstructure

framework to treat wastewater streams with multiple pollutants. The RO super-

structure eventually gives all the combination alternatives of the abovementioned

unit operations to achieve the treatment targets. An MINLP model is accordingly

derived based on the given representation to describe the RO network. The model

solution gives the optimum flow sheet and the operating conditions of the unit

operations.

Volatile organic compounds (VOCs) constitute an important class of priority

pollutants listed by the environmental protection agencies of most countries.

An integrated membrane network is illustrated by presenting the air stripper/

pervaporation system for the treatment of wastewater streams contaminated by

VOCs. Section 2.7.1 presents the superstructure representation of an integrated air

stripper/pervaporation system. Besides, a description of the MINLP model is

provided for the integrated air stripper/pervaporation system. Section 2.8 gives

two case studies for the energy-integrated RO networks and the air stripper/

pervaporation systems.

2.5 Superstructure Optimization

The scope of process synthesis has evolved over years starting from the develop-

ment of unit operations through optimization of chemical process flow sheet. Due to

the high concern over environmental degradation and sustainable development,

process plant integration becomes a popular subject. The common approaches for

optimizing the process synthesis problems are the use of hierarchical decomposi-

tion, superstructures, and targeting techniques [8]. Despite its considerable value,

hierarchical techniques cannot evaluate process alternatives simultaneously. On the

other hand, the superstructure approach can handle wide range of practical synthe-

sis problems. Targeting techniques apply physical knowledge to understand
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features of a feasible design. Nevertheless, the superstructure approach is the most

favorable for process synthesis problems [9].

Superstructure optimization has been applied to design single units or to retrofit

existing units. Examples are the optimization of a distillation column and hybrid

units (e.g., distillation column coupled with pervaporation unit). An MINLP model

was developed to analyze the optimal number of trays, feed location, and recycle

streams for a distillation column [10]. Optimal synthesis of a reactive distillation

column was addressed in terms of the optimal tray numbers, stream assignment

between trays, and the determination of the reactive and separation zones [11].

The separation of azeotropic mixtures requires intensive energy consumption and

may require introducing separating agents to alter the concentration of chemical

species. An MINLP model for the optimal integration of a distillation column

and a pervaporation unit to separate propylene/propane mixture was presented to

reduce energy consumption by a single distillation unit [12]. These examples

showed that superstructure optimization was successful in improving the design

of individual units.

The optimization of a process flow sheet is a rather complicated issue due to the

large number of alternatives [46]. The state space approach for process synthesis

representation gives a framework for processes which involve mass and/or heat

exchange (e.g., heat exchange networks, energy-integrated distillation networks,

mass exchange networks) [44]. This representation provides a large number of

alternative process layouts and different modeling relations to assess the interaction

between units and network streams. Interesting designs of integrated distillation

trains have been identified due to the richness of network alternatives considered.

This approach has also been applied to reverse osmosis (RO) networks,

pervaporation (PV) networks, and integrated mass exchange-RO networks for

waste treatment and reduction [13–15].

State-task networks (STN) and state-equipment networks (SEN) have

been proposed as two different concepts to represent superstructures for process

synthesis problems [16]. The STN approach determines the quantitative (intensive

and extensive) and qualitative properties of the streams and the tasks to be

performed by the units. In a second step, the optimization routine assigns predefined

equipment to carry out the tasks in the network. On the other hand, the first step

of the SEN method determines all possible states and equipment in the network;

this is followed by the optimization step to identify the different tasks that all

equipment must complete. Generalized disjunctive programming (GDP) is applied

to formulate these networks.

Unit operations can be viewed as sets of mass and heat exchanger units where

the mass and/or heat flow are limited by driving forces between concentrated

(or hot) streams and other diluted (or cold) streams [17]. A general modular

framework for process synthesis has been proposed for the purposes of process

intensification rather than optimization of conventional process units [18]. The

representation of the unconventional unit operations within a superstructure is

included as mass/heat and pure heat modules that allow heat and mass transfer

between phases. The solution of a superstructure, which allows for extensive
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connectivity between modules, determines the module duties (e.g., distillation

column, absorber, reactive distillation), optimal stream connectivity within the

network, and the optimal operation of the modules. The proposed methodology

has been applied to design distillation networks for azeotropic mixtures [19],

combined reaction-separation systems [19], and heat-integrated distillation

sequences [20].

Another modeling approach has been presented to address integrated reaction-

separation networks [21–23]. The superstructure given in this case is flexible to

represent reaction networks, separation process configurations, and reaction-

separation systems. The flexibility in the problem representation is based on the

description of generic units, namely, reaction-mass exchanger units and separation

task units, which form the building blocks of the superstructure. The modeling

approach was applied to several applications in chemical engineering which feature

combined reaction-separation processes involving multiphases. Also, it was applied

to wastewater treatment and natural gas sweetening applications [21, 22].

2.6 Integrated Membrane Superstructure

Chemical processing plants are a sequence of unit operations linked in a series

and/or parallel way with possible recycle streams. The unit operations perform

certain tasks on feed streams to alter their states in order to reach the final product

states. A design engineer, however, will be given input-output information with

the ultimate objective to map the best route between the input-output information

while minimizing or maximizing given criteria. The design task can be visualized

as a screening process among an assortment of different layouts of a treatment

plant. The superstructure framework for process synthesis provides tools for

building a family of process designs in a large representation. Thereafter, the

mathematical formulation follows closely upon what has been framed in the

superstructure representation. It is therefore important to formulate a good repre-

sentation in order to avoid complicated mathematical formulations.

An integrated membrane process synthesis problem for the treatment of water

or wastewater streams can be formulated from the following sets:

WI ¼ wi1; . . . . . . ;winf g

is the set of wastewater streams entering the network in order to be processed by

the system. The set has elements which represent different wastewater streams

with different properties (e.g., flowrate, temperature, pressure, concentration).

C ¼ 1; . . . . . . ; cf g

is the set of chemical compounds present in every stream in the system. These

chemical compounds may have zero concentration in some of the streams.
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USI ¼ usi1; . . . . . . ; usinf g

is the set of fresh utility streams entering the superstructure in order to assist the

unit operations in the separation tasks. Examples of these streams are chemical

agents, air, steam, etc.

O ¼ o1; . . . . . . ; onf g

is the set of unit operations given in the superstructure. Every element represents a

type of unit operation which may have several number of units arranged in parallel.

UO ¼ uo1; . . . . . . ; uonf g

is the set of utility unit operations provided in the superstructure to assist the unit

operations in the separation tasks. Examples of these utility unit operations are

pumps, turbines, heat exchangers, etc. It is worth pointing out that every element

may have several utility units arranged in parallel.

USO ¼ uso1; . . . . . . ; usonf g

is the set of the utility streams exiting the network. These utility streams are

assumed to have chemical properties unsuitable for the separation tasks.

WO ¼ wo1; . . . . . . ;wonf g

is the set of wastewater streams exiting the treatment network. It can be stated that

these streams are with conditions satisfying the discharge limitations.

P ¼ p1; . . . . . . ; pnf g

is the set of product streams with target properties.

The design problem then requires a superstructure that embeds many design

alternatives to achieve separation targets. The state space approach for process

synthesis provides tools to assemble the superstructure of a process network [44].

Figure 2.1 represents a generic superstructure of a process synthesis problem.

A distribution box (DB) accommodates several streams either entering or leaving

the treatment network. Incoming flow streams (e.g., wastewater streams, WI) are

split by the splitter nodes. Utility streams, USI, can also be split by the splitter

nodes. The utility and the operation units, O and UO, receive single or multiple feed

streams, and consequently, the state variables of the inlet streams change to other

values satisfying the unit operation models if these units exist. The exit streams

from the utility and unit operations loop back to the DB mixer nodes for further

processing or leave the treatment network. The results of the separation work finally

give the target product streams, P, and exhausted wastewater and utility streams,

WO and USO respectively.
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According to the superstructure representation and the unit operation models, the

mathematical programming formulation can be derived in terms of a combination

of parameters, continuous variables, discrete variables (e.g., binary and/or integer

variables), equality and inequality equations, and an objective function to be

maximized or minimized. The process synthesis optimization problem may be

formulated as

Min=Max f ðx; yÞ
s:t:

hðxÞ ¼ 0

gðxÞ þM y � 0

x 2 X; y 2 Y

(2.1)

where x is the vector of the continuous variables which may represent flow,

concentration, and pressure, etc., and y is the vector of binary variables which

may represent the existence of units and/or streams. The equality constraints may

include balances in the network (e.g., mass balance, component balance, energy

balance, unit models). The inequality logical constraints show relations between the

continuous variables and the binary variables (i.e., the existence of a unit requires

that the value of the binary variable be set to 1). An objective function f ðx; yÞ may

be defined to minimize or maximize a design criterion (e.g., total annualized cost,

utility cost, unit surface area).

The given representation of integrated membrane superstructure takes into

account parallel/series arrangements and recycle streams among the units that

O

UO
WI

USI

WO P USO

DB 

Splitter 

Mixer 

Fig. 2.1 Superstructure of integrated membrane systems
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may exist in a treatment network. Such arrangement of units is observable in

chemical process layouts. However, it includes no prior knowledge about the

proper arrangement of the units within the superstructure since this issue is left to

be determined by the optimizer. Further analysis of the relation between the

superstructure representation and the associated MINLP models can be found

elsewhere [24]. Next section gives the energy-integrated RO network description

where one can apply the previously mentioned modeling tools.

2.7 Energy-Integrated RO Network

Reverse osmosis (RO) has been an effective technology for water and wastewater

treatment. It is a pressure-driven process in which the membrane acts as a semiper-

meable barrier to allow primarily water to pass through as a purified permeate

stream but retain pollutants in a concentrated stream. Due to their extremely

small pore size, RO membranes have the capability of retaining molecules and

ions. In addition, RO systems are modular and compact and consume only moderate

energy during operation. These and other advantages have made RO systems

strongly competitive against other separation processes.

RO networks are nonisobaric systems in which pumps deliver kinetic energy to

wastewater streams, turbines extract energy from reject streams, and RO stages

carry out the separation. The state space approach has been shown to give an

adequate superstructure for RO networks [13]. Further extensions to RO networks

have been proposed, such as the use of hybrid RO-mass exchange networks which

combine RO units with other separation units [14]. RO and hybrid RO networks are

formulated as nonconvex MINLP. Due to the high nonconvexity of the RO network

[13], a genetic algorithm was applied to optimize the RO network considering

different RO stages in different case studies [25]. However, the execution time

for the algorithm was found to be prohibitively long when as many as ten unit

operations were considered in the superstructure.

Optimal RO network and RO module dimensions were presented as an MINLP

model [26]. The choice between module types (e.g., tubular, hollow fiber) was

made on the basis of decision variables to determine optimum membrane

dimensions and the surface area of the module. The performance model for RO

module took care of pressure losses due to friction and flow in the module

manifolds. In addition, the effect of concentration polarization was included to

better estimate the osmotic pressure. Their analysis yielded the optimum hollow

fiber module dimensions and series arrangement for the RO network.

Optimal RO membrane cleaning schedules and replacement were formulated as

an MINLP problem [27]. The model in this case considers degradation of mem-

brane performance due to irreversible and reversible fouling. Therefore, the optimal

design determines the required membrane cleaning and replacement over a long

time horizon. There was no attempt to determine the optimum RO network layout

in this study. Instead, a circuit with two RO treatment trains in parallel was
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considered to produce permeate at a specified rate. Also, the fouling mechanism

was not explicitly stated or related to the operating conditions.

Desalination by RO networks is a very well-established process. The design of

RO networks normally does not exceed two RO stages in series in industrial

practice. The effect of product quality having to meet multiple specifications

(e.g., salt content in the final product, final product flow rate) on the RO network

was addressed in a sensitivity analysis [28]. Their results show that the need to

achieve very high product quality (e.g., low salt concentration in the product

streams) may require further treatment of the RO permeate from one stage in a

subsequent RO stage. In addition, the RO networks do not follow the common RO

industrial layouts in terms of the RO stage number and the stream distributions

within the network.

An RO design is determined on the basis of a superstructure which embeds all

possible alternatives of a potential treatment network for water and wastewater

streams. The superstructure contains several units of pumps, turbines, and RO

stages. Following the concepts presented in Sect. 2.2, one should derive the

optimization model based on the superstructure representation. In the following

section, the superstructure of energy-integrated RO network is explained in details.

2.7.1 Superstructure

RO network is assumed to have three different types of unit operations. Pumps are

necessary to raise the pressure of different wastewater streams. RO stages separate

single feeds to different concentrated and diluted streams. Every RO stage is

assumed to have parallel RO modules operating under the same conditions.

Turbines serve essentially as units to recover kinetic energy from high-pressure

streams. The RO network also has the ability to receive multiple wastewater

streams with multiple pollutants. With the view of a superstructure, one should

allow all possible connections between the unit operations, the unit-operations exit

streams, and the inlet wastewater streams coming to the network. Figure 2.2 depicts

the proposed superstructure for RO treatment network.

The superstructure is split into two parts, a distribution box (DB) where

mixing/splitting of the streams occur, and another part has different boxes

containing different unit operations which alter their feed stream conditions into

desired exit conditions. The set of inlet wastewater streams represents different

wastewater streams that need to be treated in the network. Every inlet wastewater

stream is distributed over all the stages present in the unit-operation boxes, the

set of final permeate nodes, and the set of final reject streams. Within every

unit-operation box (e.g., turbine box (TB), pump box (PB), reverse osmosis

box (ROB)), different stages of similar units may exist, and they operate under

different conditions.

Every stage in every box receives a single feed stream. In any RO stage, the feed

stream is split into a concentrated and a dilute stream if that stage exits in the
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network. For every pump stage, the feed stream is pressurized. The turbine box is

composed of different turbines which decrease their inlet feed pressure. All the exit

streams from the unit operations are looped back to the DB for further recycle and

bypass between the unit-operation stages, the set of final permeate streams, and the

set of final reject streams. The stream distributions in the DB can be stated briefly as

every incoming stream to the DB is distributed over all the exit streams in the DB.

The given representation of RO superstructure gives all the possible alternatives for

a potential treatment network.

2.7.2 MINLP Model Formulation

The superstructure is composed of several unit operations (e.g., turbines, pumps,

RO stages) which represent the total cost of the network. Mixers and splitters nodes

provide mixing and splitting for the streams within the network. The objective

function of the mathematical programming model can be defined as to minimize the

total annual cost (TAC) of the unit operations as

Set of inlet  

wastewater 

streams 

Set of final reject streams

Reject

Permeate

ROB

TB

PB

Set of final permeate streams

DB 

Fig. 2.2 RO superstructure representation
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Min TAC ¼
XSRO

aMRO NMdSRO þ
XSPU

apu;f PPu
aPu
pu

þ
XSPU

apu;o PPupu þ
XSTU

atu;f PTu
atu
tu �

XSTU
aTtu;o PTutu ð2:2Þ

The total cost of the network is assumed to depend linearly on the number of

modules (NMdSRO) at every RO stage (SRO) through the fixed/operating cost of the

single RO module (aMRO). Pump and turbine fixed costs which are attributed to

the power produced/recovered (PPupu, PTutu) at every pump or turbine stage belong

to the sets ðSPU; STUÞ raised to a fractional constant ðapu; atuÞ. apu;f and atu;f give
the fixed cost coefficients for the pump and turbine stages, respectively. The pump

operation cost and the turbine operation value are assumed to be a linear function

with respect to the unit’s power through the constants aPu;o and aTu;o.
The power produced by any pump is the pressure difference across the unit

DPSPU multiplied by the total flow through the unit FSPU, Eq. 2.3. A binary variable

ySPU defines the existence of any pump if the pressure difference across the unit has

a nonzero value, Eq. 2.4:

PPuSPU ¼ FSPU DPSPU 8SPU (2.3)

DPSPU � DPUP
SPU ySPU 8SPU (2.4)

For the turbine stages, the power recovered by any turbine is given by Eq. 2.5,

and the existence of any turbine within the network is related to a binary variable

ySTU, Eq. 2.6:

PPuSTU ¼ FSTUð�DPSTUÞ 8STU (2.5)

� DPSTU � DPUP
STU ySTU 8STU (2.6)

The permeate production FpSRO from an RO stage is described by a shortcut

model [29]. This model relates the permeate flow with the pressure drop across the

module DPMRO, osmotic pressure of the feed stream pMRO, and the total number of

parallel modules present in the stage, Eqs. 2.7, 2.8, and 2.9:

FpSRO ¼ NMdSRO W SA g DPMRO � pMROð Þ 8SRO (2.7)

g ¼ �

1þ 16 W m ro l ls�=r4i
(2.8)

n ¼
tanh ð16Wm ro=r2i Þ1=2ðl=riÞ

j k
ð16Wm ro=r2i Þ1=2ðl=riÞ
h i (2.9)
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where W is the water permeability coefficient, SA is the RO module surface area,

and g is a parameter related to the RO module dimension and water properties.

The component concentration in any permeate stream (xpc; SRO ) is related to the

component average concentration at the reject side of the RO module (Xc�avg; SRO),

the solute permeability coefficient (Kc), the osmotic pressure (pMRO), the pressure

drop in RO module (DPMRO), water permeability, and the geometrical parameter of

the RO module, Eq. 2.10:

xpc; SRO ¼ Kc xc�avg;SRO

W g DPMRO � pMROð Þ 8 c,SRO (2.10)

The total number of modules present in every RO stage is an integer variable.

To simplify the RO balance Eq. 2.7, the integrality of the parallel module, NMdSRO,

is relaxed to give estimate for the RO stage surface area. This assumption is

reasonable to reduce the combinatory of the mathematical program.

The osmotic pressure pMRO at every stage is approximated by a rule of thumb

for dilute solutions [30] as

pMRO ¼ OS
Xc

xc�avg;SRO (2.11)

where OS represents a proportionality constant between the osmotic pressure and

the total concentration of the solute species in that stage.

Every RO stage may exist if the stage binary variable is true. The stage

binary variable is related to the permeate production from the RO stage as given

by Eq. 2.12:

FpSRO � FpUPSRO ySRO 8SRO (2.12)

The RO module may require bounds on the operation variables to improve

the system productivity. Equation 2.13 enforces the inlet feed to any RO stage to

be bounded between upper and lower limits. Also, the inlet feed pressure to any

RO stage may not exceed an upper value as it is described by Eq. 2.14:

FLO
MRO NMdSRO � FSRO � FUP

MRO NMdSRO 8SRO (2.13)

PSRO � PUP
SRO 8SRO (2.14)

Conservation of the total and component streams is described by Eqs. 2.15 and

2.16 over every RO stage:

FSRO ¼ FpSRO þ FrSRO 8SRO (2.15)

FSRO xc;SRO ¼ FpSRO xpc;SRO þ FrSRO xrc;SRO 8c,SRO (2.16)
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In the DB, there are several splitting nodes for the incoming streams to the DB

and mixing nodes before the unit operation stages and the final exit permeate and

reject streams. Figure 2.3 shows a splitter node where a single feed stream (FSSP) is

split to several exit streams (FSSP, MIX). Equation 2.17 gives total material balance

over the splitter node:

F SSP ¼
XMIX

FSSP;MIX 8SSP (2.17)

A mixing node is represented by Fig. 2.4 where several streams (FSSP, MIX) are

mixed through the mixer unit to yield a single stream. Total and component

balances over the mixer node are given by Eqs. 2.18 and 2.19:

FMIX ¼
XSSP

FSSP;MIX 8MIX (2.18)

FMIX Xc;MIX ¼
XMIX

FSSP;MIXX Xc;SSP;MIX 8c,MIX (2.19)

Further, it is assumed here that mixing is not allowed between streams which

have different pressure values. This condition is modeled through a binary variable

ySSP;MIX which forces the flow of a stream FSSP;MIX to vanish if the stream pressure

does not match the mixer-exit stream pressure, Eqs. 2.20, 2.21, and 2.22:

PMIX � PSSP;MIX � Mð1� ySSP;MIXÞ 8SSP,MIX (2.20)

Splitter
SSP

FSSP FSSP,MIX

MIX

Fig. 2.3 Inlet and exit streams conditions in a splitter unit

Mixer

MIX

FMIX,Xc,MIX,PMIXFSSP,MIX ,Xc,SSP,SMX ,PSSP
SSP

Fig. 2.4 Inlet and exit conditions for a mixer unit
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PMIX � PSSP;MIX � �M ð1� ySSP;MIXÞ 8SSP,MIX (2.21)

FSSP;MIX � FUP
SSP;MIX ySSP;MIX 8SSP,MIX (2.22)

Other constraints are imposed on the final exit streams from the network.

Equations 2.23 and 2.24 give limitation on the final permeate streams (Ffper) to have

minimum flow and the concentration of the components in these streams ðxc;fper) not
to exceed an upper value, respectively:

Ffper � FLO
fper 8 FPER (2.23)

xc;fper � XUP
c;fper 8c,FPER (2.24)

The set of Eqs. 2.2, 2.3, 2.4, 2.5, 2.6, 2.7, 2.8, 2.9, 2.10, 2.11, 2.12, 2.13, 2.14,

2.15, 2.16, 2.17, 2.18, 2.19, 2.20, 2.21, 2.22, 2.23, and 2.24 define a nonconvex

MINLP for the RO treatment network. The mathematical program describes the

unit existences and stream assignments within the network. It is worth pointing out

that the nonconvexity of the RO mathematical program exhibits multiple optimal

solutions. A designer has to solve the model from different starting points to explore

the search space for improved solutions. In the RO case study, comments regarding

the nonconvexity are given.

2.8 Integrated Air Stripper-Pervaporation Network

Groundwater and industrial wastewater streams are commonly contaminated with

VOCs. VOCs are considered to be priority pollutants according to the US Environ-

mental Protection Agency (EPA) due to their known or suspected carcinogenicity

or toxicity [5]. The Henry’s law constants for these compounds provide useful

information concerning the behavior of VOCs in water as well as the applicability

of a potential treatment technology. Air stripping has been applied for the treatment

of wastewater contaminated with VOCs [31, 32]. However, this technology is

inefficient if the VOCs have low Henry law constants. Consequently, the air

stripper column height would have to be excessively high to treat such wastewater

streams. Pervaporation is another option for the treatment of VOC which exhibits

broader separation flexibility. In general, hybrid systems provide flexibility and

enhanced performance over a single technology. In this regard, air stripper unit can

remove VOCs with high volatility, while pervaporation complements the system by

removing the low volatile compounds [33].

Pervaporation-based hybrid systems have been shown to be efficient over single

technologies to achieve hard separation targets. Besides, these systems require

less energy to operate and consequently reduced operational cost. Pervaporation
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synergistic effects basically overcome limiting conditions that may exist

within chemical mixtures to enhance system throughput (i.e., altering azeotropic

mixture composition, shifting reaction equilibrium toward products). Examples of

such systems are hybrid pervaporation-distillation, pervaporation-reactor, and

pervaporation-reactor-distillation. A review of pervaporation hybrid systems can

be found elsewhere [34].

A simulation-based optimization study for hybrid air stripper-gas permeation

addressed the recovery of VOC [35]. The air stream from the air stripper is

continuously purified from the VOC in a closed loop configuration. Hybrid air

stripping-pervaporation is presented to investigate the benefit of integrating an air

stripper column with pervaporation unit [33]. The possibility of several water

withdrawals from the air stripper column to the pervaporation unit was considered

to determine if pervaporation has impacts on the air stripper performance. The

degree of freedom of the mathematical model is reduced to allow the simulation

of the system. Nonetheless, the simulation approach does not allow economical

trade-off among the problem system of equations and variables.

In this section, an integrated air stripper-pervaporation system is revisited

through superstructure optimization. Large alternative designs are embedded in a

superstructure combined with utility units. The mathematical model is formulated

as a nonconvex mixed integer nonlinear program (MINLP) which seeks an

optimal treatment flow sheet for water streams with multiple VOCs. The approach

is therefore rich in exploring a potential integrated flow sheet for the wastewater

treatment.

2.9 Air Stripper-Pervaporation Superstructure

Hybrid air stripper-pervaporation superstructure is assisted by several utility units

and air stream. The air stripper unit is coupled with an air blower to pressurize the

air through the packed column. Another utility unit is a feed pump which raises

the wastewater stream to the top of the packed column. The pervaporator requires a

feed pump that pressurizes the wastewater feed to the required inlet pressure by the

pervaporation unit. A vacuum pump is linked with the pervaporation permeate side.

Figure 2.5 depicts the stream distribution and the unit operations in the proposed

superstructure.

The air stripper box (ASB) is assumed to have several air stripper stages in the

network. Every air stripper tower is linked with air blower and water pump units.

The pervaporation box (PVB) is composed of several pervaporation stages, while

every stage has a feed pump and a vacuum pump. Every pervaporation stage has

several parallel pervaporation modules operating under the same operating

conditions. The wastewater stream is first distributed over the unit operation

nodes and the final reject stream nodes. Also, the air stream feed is linked only

with the air stripper units. Within the network, the wastewater streams are linked
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directly between the unit operations and the final reject streams. The permeate

streams from all pervaporation units are combined to produce the final VOC stream.

It is worth pointing out the following remarks about the previous superstructure

representation:

• The air stripper stage can represent a section of an air stripper unit or a stand-

alone unit. Therefore, the decision to withdraw or inject streams from or to the

unit can be left to the optimization algorithm. Coupling the pervaporation stages

with the air stripper units will allow optional integration between the units and

within sections of the air stripper units.

• Parallel/series arrangement between the units is given in the superstructure

representation without any postulated design layout. Therefore, simultaneous

evaluation of different layouts is embedded within the superstructure.

• The compact representation of the utility units within the unit operation boxes

reduces the mathematical programming complexity and thus provides more

emphasis on the integration between the unit operations.

• The superstructure representation is flexible to include other unit operations.

Therefore, other integrated pervaporation systems can be modeled easily through

the given representation by providing their appropriate mathematical models.

DB

W
astew

ater 
A

ir stream
 

PVB 

ASB 

Reject stream VOC Air stream 

Feed pump 

Vacuum pump 
Air stripper 

Pervaporation stage 

Air blower 

Fig. 2.5 Integrated air stripper-pervaporation superstructure
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2.10 MINLP Formulation

The mathematical programming model describes basic material and component

balances through all the mixer and splitter nodes in the superstructure. The mixing

between the network streams requires that these streams have equivalent pressure

values. A threshold of VOC concentrations in the reject streams is also predeter-

mined to comply with given discharge regulations. In the case of VOC recovery, the

previous inequality constraints can be reformulated over the permeate and the air

streams by defining minimum recovery fractions. The air stripping model covers

the operation of the unit up to the loading point. This condition is more practical and

common with industrial practice [36]. The pervaporation model takes into account

the effect of concentration polarization and pressure drop within the pervaporation

module. The objective function is defined so as to minimize the total annualized

cost of the unit operations,

TACtreatment ¼ Costcapital (amortiz:Þ þ Costoperating (2.25)

The DB streams have several states that may allow prior elimination of mixing

streams with different properties. For example, the pervaporation permeate streams

can be collected directly to the final permeate stream set. The air streams within the

network are only allowed to mix between each other (e.g., gas phase) and allowed

to pass the network to the final air exit stream set. On the other hand, the wastewater

streams (e.g., liquid phase) are allowed to mix at any mixing point that involves

wastewater liquid stream. Therefore, every stream in the DB is characterized by

flow rate, composition, pressure, and state. Mixing is only allowed between streams

which have similar states (e.g., air, liquid wastewater, permeate streams). For every

mixer, material and component balances hold:

FMIX ¼
XSSP

FSSP;MIX 8MIX (2.26)

FMIX xC;MIX ¼
XSSP

FSSP;MIX xC;SSP 8C,MIX (2.27)

In addition, mixing is only allowed between streams with equivalent pressure

through definition of binary variables as

PMIX � PSSP � UP ySSP;MIX 8MIX,SSP (2.28)

PMIX � PSSP � LO YSP;MIX 8MIX,SP (2.29)

The splitter nodes only require material balances as

FSSP ¼
XMIX

FSSP;MIX 8SSP (2.30)
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The demand constraints are set of inequalities which enforce discharge

restrictions on the final reject streams as

xc;SFREJ � xUPc;SFREJ 8C,SFREJ (2.31)

The mathematical model for the air-stripping unit describes the mass transport of

VOCs from the wastewater stream to the air stream and the pressure drop along the

column height [37–39]. The height of air stripper can be calculated from a material

balance for every component present in the tower. This results with the following

set of equations:

HT ¼ HC;OL NC;OL (2.32)

HC;OL ¼ HC;L þ FW

�

FA

�
H=

HC;v (2.33)

NC;OL ¼ 1

CO1

CO1 xin þ CO2

CO1 xout þ CO2

� �
(2.34)

CO1 ¼ 1� FW

�

FA

�
H=

; CO2 ¼ � vaout
H=

þ FW

�

FA

�
H=

Xin; H= ¼ hn

PT
(2.35)

Correlation of the mass transfer coefficients in the liquid and gas phases is

given as

HC;L ¼ 1

CL

mL
rL g

� �1=6
4 2
DLa

� �1=2 uL
a

� �2=3 a

aPh

� �
(2.36)

HC;L ¼ uL
bLaPh

(2.37)

HC;v ¼ 1

CV
2 �hLð Þ1=2 4 2

a

� �1=2
1

a

� �3=2 rVuV
a mV

� ��3=4 mV
rVDV

� ��1=3 uVa

DvaPh

� �

HC;v ¼ uv
bvaPh

(2.38)

The correlations for the specific liquid holdup hL and the effective interfacial

area aPh=a in the preloading region are given as

hL ¼ 12
mL
g rL

uL a
2

� �1=3

; uV � uV;S (2.39)
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aPh
a

¼ 1:5 4 2ð Þ�0:5 4 2 uLrL
a mL

� ��0:2 u2La

4 2 g

� ��0:45
4 2 u2L rL

a sL

� �0:75

(2.40)

The calculation for the air and the water velocities at the loading point is given as

uV;S ¼ g

cS

rL
rV

� �0:5 2
a1=6

� a0:5 12
mL
g rL

uL;S

� �1=3
 !

12
mL
g rL

uL;S

� �1=6

(2.41)

cS ¼
g

C2
S

L

V

rV
rL

� �0:5 mL
mV

� �0:4
 !�2 nS

(2.42)

uL;S ¼ rV
rL

L

V
uV;S (2.43)

For

L

V

rV
rL

� �1=2

< 0:4 : nS ¼ �0:326 ; CS1 ¼ 2:959

L

V

rV
rL

� �1=2

� 0:4 : nS ¼ �0:723 ; CS2 ¼ 0:695CS1
mL
mV

� �0:1588

The pressure drop equations are given as

DP

HT
¼ cL

a

2 �hLð Þ3
F2
V

2

1

K
(2.44)

cL ¼ CP
64

ReV
þ 1:8

Re0:08V

� � 2 �hL
2

� �1:5

EXP
ReL

200

� �

ReL ¼ uLrL
a mL

Rev ¼ uvrv
a mv

(2.45)

The existence of an air stripper is a relation between the column height and a

binary variable as

HAS � HUP
AS yAS 8 AS

HAS � HLO
AS yAS 8 AS

(2.46)

The pervaporation model takes into account concentration polarization and the

pressure drop in the spiral wound module [40]. For every VOC, the molar flow in

every pervaporation stage is given as
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FVOC ¼ SurAPVrM KVOC XVOC;ST � vaVOC;Perm PPerm

hn

� �
(2.47)

The overall mass transfer coefficient of a VOC and water can be estimated as

1

KVOC

¼ lm
PmVOC

þ 1

kVOC
1

KWater

¼ lm
Pmwater

(2.48)

The mass transfer coefficient in the concentration polarization layer and the

pressure drop is given as

kVOC ¼ 0:5DL
1:14uL rL

mL

� �0:46 mL
rL DL

� �0:33

(2.49)

DP
Ltm

¼ 2:54 u1:551L (2.50)

The existence of a pervaporation stage is relation between the pervaporation

binary variable and its surface area as

SurAPV � SurAUP
PV yPV 8PV

SurAPV � SurALO
PV yPV 8PV (2.51)

2.11 Case Studies

In this section, we analyze two case studies for integrated membrane systems

design. The first case study deals with the treatment of wastewater streams

generated from pulp and paper plant. The other case handles the issue of VOC’s

recovery from ground water stream.

2.11.1 Pulp and Paper Wastewater Treatment

This case study presents the optimization of two wastewater stream treatment cases

with two organic pollutants, mono-chloro phenol (MCP) and tri-chloro phenol

(TCP), from the pulp and paper industry by DuPont B-9 RO modules. Input data

for the optimization problem is given in Table 2.2. The superstructure includes
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three RO stages, three pumps, and three turbine units. The solution strategy aims

at generation of several starting points for the solver in the General Algebraic

Modeling Systems GAMS 20.5 (GAMS), [41, 42, 45]. The best solution (152,406

$/year) is identified after the execution of the solution algorithm within 24 CPU

seconds. Figure 2.6 depicts the RO treatment and the operating conditions in the

network. A general global optimization algorithm is also useful if one attempts to

verify the global optimality of RO networks [24].

The RO treatment network shows partial treatment of the network-feed streams.

Interesting result from the case study shows that partial mixing of the feed-

wastewater streams is beneficial to attain reduced treatment cost. In fact, the first

wastewater stream (6 kg/s) is partially mixed with the other stream to reduce the

concentration of the pollutant prior to the RO treatment unit. This observation,

within the current case study conditions, opposes the current proposal of distributed

treatment network. However, routing pollutants between different streams can be

observed to meet the final product stream requirements.

2.11.2 Groundwater Treatment

This system includes two volatile VOCs (TCE, DCM) and a semi-volatile compo-

nent (EDC) present in a groundwater stream. Input data for the case study are given

in Table 2.3, and the cost in the objective function is given in Table 2.4. The

superstructure involves two air stripper units and two pervaporation stages.

The optimal solution of the treatment network (376,862 $/year) features one air

Table 2.2 Input data for the pulp and paper wastewater treatment network

Stream 1 flow rate, kg/s 6

Stream 2 flow rate, kg/s 25

Feed composition of solute 1 in stream 1 26.00 � 10�6

Feed composition of solute 1 in stream 2 12.00 � 10�6

Feed composition of solute 2 in stream 1 3.00 � 10�6

Feed composition of solute 2 in stream 2 4.00 � 10�6

Minimum final permeate flow rate 1, kg/s 4.5

Minimum final permeate flow rate 2, kg/s 9

Maximum final permeate composition of solute 1 in permeate 1 8.8 � 10�6

Maximum final permeate composition of solute 2 in permeate 1 1.4 � 10�6

Maximum final permeate composition of solute 1 in permeate 2 8.8 � 10�6

Maximum final permeate composition of solute 2 in permeate 2 1.4 � 10�6

Minimum flow rate per module, kg/s 0.21

Maximum flow rate per module, kg/s 0.46

Maximum feed pressure, Pa 28.58 � 105

Pressure drop per module, Pa 0.405 � 105

Pure water permeability (W), kg/s·N 1.2 � 10�10

Solute transport parameter (Kc1), kg/m
2·s 2.43 � 10�4

Solute transport parameter (Kc2), kg/m
2·s 2.78 � 10�4
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stripper and one pervaporation stage, Fig. 2.7. This flow sheet follows a series

arrangement where the pervaporation stage acts as a clean-up step for the air

stripper effluent to meet the discharge requirements [43].

Within the operating temperature range of 25–55 oC, the treatment network has

similar structure. The changes of the pervaporation stage membrane surface area

and air stripper height over this temperature range are given in Fig. 2.8. An increase

in temperature leads to a reduction in required pervaporation membrane surface

area, while the air stripper column height remains almost constant at 6 m height.

This is due to the increase of the removal efficiency in the air stripper column with

73 

25 Kg/s 
12 E-6 
4 E-6 
1 bar 

6 Kg/s 
26 E-6 
3 E-6 
1 bar 

5.914 Kg/s 

0.029 Kg/s

6.043 Kg/s 

24.871 Kg/s 
1.5329E-5 
3.7622E-6 
28.566 bar 18.957 Kg/s 

13.414 Kg/s
5.0363E-6
1.3898E-6
1 bar

11.457 Kg/s
2.7381E-5
6.5399E-6
28.161 bar

1 bar 

4.471 Kg/s

8.943 Kg/s

0.057 Kg/s

9 Kg/s
5.1692E-6
1.4E-6
1 bar

4.5 Kg/s
5.1692E-6
1.4E-6
1 bar

17.5 Kg/s 
2.2069E-5 
5.6629E-6 
1 bar 

Fig. 2.6 Optimal design of the RO for the pulp and paper wastewater treatment

Table 2.3 Input date for the groundwater stream case study

F
�
Water ¼ 1:582ðkmol/sÞ a ¼ 86.8(m2/m3)

XTCE ¼ 1,100 � 10�6 CL ¼ 1.08

XDCM ¼ 46 � 10�6 CP ¼ 0.35

XEDC ¼ 7.1 � 10�6 CS ¼ 2.959

Recovery ¼ 99% CV ¼ 0.322

hn TCEð Þ ¼ TðoKÞ
0:2194 10

5:874� 1;871
T oKð Þ

� �
ðbarÞ hn ðDCMÞ ¼ TðoKÞ

0:2194 10
4:561� 1644

T oKð Þ

� �
ðbarÞ

hn ðEDCÞ TðoKÞ
0:2194 10

4:434� 1;705
T oKð Þ

� �
ðbarÞ ϵ ¼ 0.947 (m3/m3)

lm ¼ 5 � 10�6 (m) Ltm ¼ 1 ðmÞ

PmTCE ¼ 2:822� 10�8 (m2/s) PmDCM ¼ 5:59� 10�9 ðm2=sÞ

PmEDC ¼ 3:83� 10�9 (m2/s) Pmwater2:48� 10�13 ðm2=sÞ
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Table 2.4 Cost data for the air stripper-pervaporation units

Air stripper data Pervaporation data

Capital cost Capital cost

Packing material: 50 mm NORPAC® Membrane: PDMS

Tower and packing cost ¼ 33; 000D0:57
AS HAS þ 1; 105

D2
ASHAS

Membrane ¼ 720 SurA

Feed pump ¼ 12:265 PPupump

� �0:53
Feed pump ¼ 46:6E3 PPupump

� �0:53
Air blower ¼ 14:2E3 PPuAir blowerð Þ0:82 Vacuum pump

¼ 16:6E3 PPuVacuum pump

� �0:53
PPupump ¼ MWFpumpHAS=g PPupump ¼ FpumpDPpump =rM

PPuAir blower ¼ Pout

Pin

� �0:283
�1

� �
Fair RT
0:1415

� �
PPuVaccumpump ¼ FpumpDPVaccum pump =rM

Operational cost Operational cost

Tower operating cost ¼ 10% of the fixed cost Membrane replacement cost ¼ 169 SurA

Power cost ¼ 0:05 $=Kwh

Days of operation ¼ 300 Day/year

6 m

1.2 m

0.054 Kmol-air/s  
1      bar 
0.0    TCE 
0.0    DCM 
0.0 EDC

0.054 Kmol-air/s 
1                 bar  
0.03164      TCE 
1.318E-3    DCM 
1.9531E-4 EDC 

1.582 Kmol/s 
1           bar 
1100E-6  TCE 

46E-6     DCM 
7.1E-6    EDC

1.582 Kmol/s 
1.9833 E-5     TCE 
1.0072 E-6      DCM 
4.3318 E-7      EDC 

463 m2

1.067 bar 

1.581 Kmol/s 
1                 bar 
2.8295E-6     TCE 
1.3091E-7      DCM 
7.1059E-8      EDC 

0.001            Kmol/s 
0.0269             TCE 
1.3864E-3       DCM 
5.7294E-4      EDC 

Fig. 2.7 Optimal network design of multicomponent VOC’s treatment



increasing operating temperature. In addition, the required pervaporation feed

pressure is reduced with increase of the operating temperature (Fig. 2.9). In general,

approximately 40% reduction of the treatment cost can be achieved by increasing

the feed temperature to 55 oC.

The aforementioned analysis shows the significant effect that temperature has on

the separation efficiency and thus the treatment cost. However, the cost to generate

this thermal energy has not been considered in the optimization routine. Further

analysis of the proposed approach would be beneficial to consider a heat-integrated

hybrid air stripper-pervaporation system. Henry law constant shows that a reduction

in its value imposes separation limitations on the air stripper efficiency. The

presence of less volatile compounds may force the selection of pervaporation as a
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treatment option alone. Thus, the optional treatment is problem-specific (i.e., the

network depends on the type of VOCs). A direct conclusion of the series arrange-

ment of air stripper-pervaporation units may not be obvious since the optimal

stream assignments within the network can only be determined from the solver

optimal solution. Another important issue is how to treat the VOCs that end up in

the gas streams discharged from the air stripper units. This will entail additional

costs, and a designer should analyze it in the design phase.

2.12 Conclusion

Superstructure optimization has been considered in this chapter as an effective tool

to study integrated membrane synthesis problems. The approach postulates

rich design alternatives in the early design phase to analyze them simultaneously.

The selection criterion of a potential design is based on an economical objective

function. According to the given superstructure, an MINLP model is formulated to

describe the network. The model optimal solution provides the stream distribution

through the treatment units and the units optimal operational conditions. Integrated

membrane systems were considered through two case studies for the treatment of

wastewater streams.
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Chapter 3

Recent Advances in the Reuse of Wastewaters

for Promoting Sustainable Development

Ta Yeong Wu, Abdul Wahab Mohammad, Su Lin Lim, Pei Nie Lim,

and Jacqueline Xiao Wen Hay

3.1 Introduction

The sustainability of human activities (predominantly production and consumption) is

a growing concern among businesses, customers, governments, international bodies,

and nongovernmental organizations [1]. Of late, the importance of sustainability is

being emphasized globally so that the needs of the present generation can be met

without compromising the ability of future generations to meet their own needs.

Water scarcity has become a global issue and is not only a problem limited to

arid zones. Continuous population growth, increasing standards of living, climate

changes, industrialization, agriculture, and urbanization are triggering the decrease

in water resources worldwide [2]. According to United Nations predictions, between

two and seven billion people will face water shortages by the year 2050 [3].

Additionally, it is estimated that 60% of the world population will reside in urban

areas by 2030 [4], with the combined effect of increasing population and greater

water demand [5], thus creating larger amount of wastewaters in concentrated

areas [6]. Therefore, sustainability of critical water resources, particularly in urban

centers, will rely upon effective and sustainable wastewater management.

Applications of a sustainability framework to wastewater treatment and manage-

ment are very recent and limited, although a somewhat larger number of cases in water

resource managements have been studied from the sustainability perspective [7].
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Generally, a sustainable wastewater management system could be based on the

5-Rs policy: reduction, replacement, reuse, recovery, and recycling [8]. Within this

context, it is proposed that a wastewater management system based on the promo-

tion of cleaner production and environmentally sound biotechnologies could be

included as a part of global wastewater management in order to attain sustainable

development [8, 9].

Reused wastewater could be regarded as a new water resource, especially when

it is used in regions where freshwater is scarce. According to Gurel et al. [10],

the reuse of wastewater provides financial, environmental, economical, and social

benefits, such as the following: (1) an increase in available water resources;

(2) a more rational allocation of freshwater resources and their conservation;

(3) a potential reduction in pollutants discharged into freshwater; (4) a rational

use of the nutrient content in the treated wastewater; and (5) a guarantee of a regular

water supply, especially in water-scarce areas (e.g., farmers would have access to

water for restricted irrigation, even in times of drought).

Wastewater treatment for reuse may have a lower cost than developing new

water supply sources, particularly for low-quality reuse in toilet flushing and similar

non-potable urban uses. However, reuse of untreated wastewaters may lead to

adverse effects associated with the potential public health and environmental

risks [10]. For example, the potential health risks and environmental impacts

resulting from wastewater reuse for irrigation have been well documented [11].

Untreated wastewater usually contains a variety of different pathogens that are

capable of surviving for extended periods of time in soil or on crop surfaces, which,

in turn, enter the food chain. Infections due to helminths, bacteria, viruses, and

protozoa constitute the health risks of regions using wastewater irrigation [10].

Health and environmental aspects are particularly sensitive issues and important

prerequisites; wastewater effluent must not be used or be accepted as a replacement

for conventional or possibly other nonconventional water sources unless it is

adequately treated and safely applied [12].

While reuse of wastewaters has substantial sustainable merits, the potential risks

of applications should not be taken lightly. These risks can be minimized by proper

treatment, disinfection, and control of the effluent to meet the related guidelines

and standards [10]. In developed countries, public institutions usually determine

water quality objectives by considering health risks and encouraging appropriate

wastewater treatment to achieve these goals. In fact, there are integrated programs

for planned reuse of wastewater in most developed countries [12]. In order to

reduce the impact of wastewater reuse, many countries have adopted standards

and guidelines, especially based on Californian (USA) and WHO guidelines [10].

In general, the standards and guidelines available reflect the level of wastewater

reuse as well as the state of wealth in that country (Lallana et al. 2001).

Recently, there have been many discussions on the progress of wastewater reuse

globally to protect the environment and achieve sustainable resources. Instead of

using disposal and end-of-pipe treatment for wastewater management, cleaner

production, such as reuse, recycling, and other green technologies, is encouraged.

Based on the current trends of wastewater reuse, it can be concluded that the
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number of countries investigating and implementing wastewater reuse has

increased over the past decade. In fact, wastewater reuse is growing steadily not

only in water-deficient areas but also in highly populated countries in temperate

regions. The suitability of wastewater reuse, especially in arid and semiarid areas, is

now universally recognized. Thus, this chapter primarily addresses some of the

recent advances in wastewater reuse, together with the recommended pretreatment

processing of raw wastewater before it can be reused as a water source. In addition,

it is proposed that wastewater could be sustainably reused and/or transformed

into low- (or preferably high-) value-added products, such as irrigation and indus-

trial waters, fermentation substrates in the production of various metabolites,

fertilizers, and animal feeds.

3.2 Reuse of Wastewater as Irrigation Water

Wastewater reuse for irrigation is widely implemented in many countries around

the world. It is used mainly for agricultural irrigation as well as landscape irrigation

[13–15]. Both treated and untreated wastewaters are reused for irrigation. For

example, farmers in Pakistan depend on wastewater for irrigation due to its nutrient

content and high water costs [16]. Wastewater from washing machines and the

kitchen sink has also been reused to irrigate lawns above and below ground,

respectively [17]. However, the reuse of untreated wastewater for irrigation may

pose a risk to human health, environment soil quality, and crop productivity and

quality [16, 18]. For example, it was reported that soil, crop leaves, and fruits were

contaminated by fecal coliforms when untreated wastewater was reused. Contami-

nation has also been reported in countries of the Mediterranean region, such as

Turkey and Morocco, as well as other countries, such as Ghana and Mexico.

In Mexico, farmers irrigate their land with diluted, untreated, or partially treated

wastewater [12, 18, 19]. Thus, it is important to have wastewater guidelines and

standards for wastewater reuse for irrigation. Table 3.1 shows the guidelines devel-

oped by the WHO and various countries regarding microbiological parameters. As is

evident in this table, different standards are set for unrestricted and restricted irriga-

tion and for different crop types.

Additionally, Fig. 3.1 and Table 3.1 demonstrate the heavy metal concentra-

tion limits and other water quality parameters, respectively for use in irrigation.

Other water quality parameters used in determining irrigation water quality such as

5-days biochemical oxygen demand (BOD5), chemical oxygen demand (COD), and

dissolved oxygen (DO) content reflect the biological treatment efficiency, while

others, such as boron, sodium adsorption ratio (SAR), and chloride, are set for crop

protection. Table 3.1 and Fig. 3.1 illustrate that each country has set different limits

according to their national needs.

Most countries are moving toward improving their wastewater treatment system

to produce high-quality effluent for irrigation. The need for wastewater reuse

principally stems from the widespread water scarcity problems around the world
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resulting from population growth [20–24]. Ongoing climate changes will also

increase water losses from lakes, reservoirs, and dams, which will increase the

demand for water [25]. Irrigation contributes largely to the world’s food including

vegetables, fruits, and other high-value crops [25]. In many areas, agricultural

development is impossible without irrigation. Irrigation is crucial for increasing

crop production, especially in areas with limited water resources or arid regions,

such as countries in the Mediterranean region [12, 26–28].

Approximately 70–80% of water in most Mediterranean countries is used for

landscape and agricultural irrigation. Treated wastewater provides a low-cost water

source for irrigation in agriculture and reduces the dependence on freshwater [26].

In addition, treated wastewater contains significant amounts of nitrogen and phos-

phorus that are viable resources for irrigation [17, 29–31]. The available nutrients

enhance soil nutrition, and consequently, less fertilizer, such as ammonium nitrate

phosphate, is required for agriculture [13, 14].

Among all the Mediterranean countries, Israel is the pioneer in the development

of wastewater reclamation. This practice was later followed by Cyprus, Jordan, and

Tunisia [26]. In Israel, 65% of the total municipal sewage production is used for

wastewater irrigation [32]. It was found that reclaimed wastewater yielded no

significant difference as compared to freshwater when the former was used to

irrigate olive trees [33]. Although salt loads were increased on the roots, no effect

on olive growth and productivity was observed when reclaimed wastewater was

used. Further research is needed to determine the long-term effect of irrigation with

reclaimed wastewater [33]. Similarly, Hassanli et al. [34] also reported no signifi-

cant difference between the use of treated water and freshwater for the irrigation of

corn. However, a study performed by Akponikpè et al. [18] indicated that treated

wastewater improved eggplant yield by an average of 40% compared to irrigation

with freshwater.

In Cyprus, wastewater is reused for restricted irrigation, such as public amenity

areas and golf courses. The cost of wastewater tertiary treatment is less than the cost

of dam water or desalinated water [35]. Similar to most of the Mediterranean

countries, Jordan is facing serious water shortage because of its increasing popula-

tion. It is estimated that approximately 66% of water is used for irrigation. The high

costs of other water resources are not feasible; thus, reuse of reclaimed wastewater

for irrigation is encouraged [36]. Tunisia is one of the few countries with a national

policy for wastewater reuse [37]. Approximately 30–43% of its treated wastewater

is used for agricultural and landscape irrigation. Reclaimed water is used for

irrigation of golf courses, public gardens, fodder crops, cereals, citrus, vineyards,

and, in particular, olive trees [20, 29].

Other Mediterranean countries, such as Palestine, use treated wastewater irriga-

tion of plants, olive trees, and fruit trees [38]. In Spain, effluent from treatment

facilities is reused mainly for irrigation [23]. Illueca-Muñoz et al. [28] stated that

further treatment of secondary level effluent was needed so that it could be reused

for agricultural irrigation. A comparison of several tertiary treatments revealed that

ultrafiltration was the most efficient with 50 and 100% removal of COD and total

coliform, respectively. In Italy, the pilot-scale vertical flow constructed wetlands
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proved to be efficient in removing contaminants from municipal wastewater.

However, pretreatment systems were needed to obtain high removal efficiencies

to fulfill the Italian guidelines for irrigation reuse [39]. Generally, most treatment

plants in Greece produce effluents that are suitable for reuse purpose in agricultural

and landscape irrigation. The treatment processes used are activated sludge, disin-

fection (UV irradiation and chlorination), and sand filtration [21]. Additionally,

more than 88% of the treated effluent is discharged to nearby farmlands. Thus, a

lower cost is involved in irrigation [26].

Apart from Mediterranean countries, India also reuses treated wastewater for

irrigation. For example, effluents from stabilization ponds are used to irrigate a

wide range of crops, including those of sugarcane and coconut plantations. City

wastewaters that oxidize in open channels are also used for crop irrigation as the

heavy metals and nitrates are within the acceptable levels [40]. In Delhi city, the

sewage treatment plant consists of many different treatment technologies: the

activated sludge process; extended aeration; high-rate aeration; physical, chemical,

and biological treatment (BIOFORE); and the trickling filter and oxidation pond.

Effluent from the activated sludge process and the trickling filter is usually used for

restricted and unrestricted irrigation. However, only effluent from an oxidation

pond meets the guidelines for wastewater irrigation [41].

In central Mexico, a pilot-scale wetland was designed to treat the domestic

sewage discharged. The constructed wetland reduces the amount of pollutants to

an acceptable level for irrigation water. The low cost of this treatment system also

makes it feasible in central Mexico as well as in other rural areas [42]. In Taiwan,

wastewater from industrial parks is treated using activated sludge, chemical coagu-

lation, Fenton oxidation, and ion exchange. The treatment processes manage to

improve the wastewater quality, thus making it possible to be reused for agricultural

irrigation. In addition, the preliminary cost of this treatment system is found to be

reasonable [43]. In Australia, dairy processor wastewater has been treated in

aerobic bioreactors before being reused for agricultural irrigation [44].

Membrane technologies, such as reverse osmosis and aerobic membrane

bioreactors, have also been tested to treat wastewater for landscape and agricultural

irrigation [45]. Similarly, You et al. [46] employed combined membrane techno-

logies to treat textile-dyeing wastewater. Removal efficiencies for COD, BOD, total

suspended solids (TSS), and true color were 88, 100, 100, and 97%, respectively.

The effluent quality was proven to be suitable for reuse purpose in irrigation.

Wastewater treatment technologies, such as the membrane bioreactor (MBR)

process and field treatment system (FTS), have been proven to be effective in

treating industrial and municipal wastewater. Although both treatment processes

produced effluent suitable for irrigation in gardening and agriculture, the FTR

process was neither stable nor predictable [19]. Hence, the MBR process was

preferred. You & Wu [45] also used membrane technology to treat high-cellu-

lose-content wastewater, in which case the COD and BOD contents were reduced

greatly while the TSS were completely removed from the wastewater. In addition,

Lonigro et al. [47] showed that membrane treatment technologies were successful

in removing parasites (Giardia cysts and Cryptosporidium oocysts) from
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wastewater for irrigation. Generally, the MBR process is not designed as an add-on

technology to a secondary level treatment process but rather as a replacement

technology to produce higher-quality effluents [48].

In general, most secondary-treated effluents can be reused for irrigation. How-

ever, for unrestricted irrigation, tertiary treatment is needed to protect human health

and the environment [48, 49]. For example, disinfection technology using ozone or

peracetic acid is used in Italy for indirect agricultural irrigation [48]. Gómez-López

et al. [49] found that chlorination is still one of the best disinfection techniques

when cost and environmental factors are considered.

Arid regions around the world are now facing increasing water scarcity partly

due to population increase and climate change. In addition, the need for continuous

food production requires adequate long-term water supplies for agricultural irriga-

tion. Wastewater reuse is a feasible solution to the water shortage problems while

maintaining global food production rates. Table 3.2 shows the wastewaters used

and treatment technologies employed to treat wastewater for reuse as irrigation

water.

3.3 Reuse of Wastewater as Industrial Water

The concept of wastewater reuse has been introduced and applied in certain

industries. For example, dairy industry wastewater has been reused and recycled

within a plant. The clean wastewater stream from boiler blowdown, clean-in-place

washes, and pasteurized water, which has a high amount of suspended solids, can be

treated and reused in a plant [44]. Sarkar et al. [51] also reused treated dairy

wastewater in the dairy industry. The wastewater treatment processes they

employed for treating raw dairy wastewater were coagulation, adsorption, and

membrane separation. The quality of treated wastewater was found to be compara-

ble to that of the process water used in the dairy industry; thus, the treated

wastewater was suitable for reuse purposes.

The textile industry is an intensive industry with high water consumption and

discharge. Wastewater discharge by this industry comes from bleaching, dyeing,

printing, and stiffening processes. Textile wastewater has a high recalcitrant

chemical oxygen demand, a large amount of suspended solids, a broadly fluctuating

pH, and is highly colored. Thus, many treatment methods have been attempted

to treat textile wastewater for reuse purposes within the same industry [52–54].

Water input to textile industries must be maintained at a high quality; hence, textile

wastewater is usually treated in a chemical-physical plant or an active sludge

biochemical plant. In addition, further treatments are sometimes necessary to

improve the treated wastewater quality so that it can be reused for high-quality

textile production and recycled for dyeing, washing, bleaching, and printing pro-

cesses [52, 55, 56].

Textile wastewater usually undergoes the tertiary treatment level. The most com-

mon treatment processes used are membrane technologies, such as microfiltration,
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ultrafiltration, nanofiltration, and reverse osmosis, in which the technologies are very

efficient at reducing the pollutants in the textile wastewater [20, 52, 56, 57]. Research

conducted by Lu et al. [53] showed that the average removal efficiencies for COD,

color, and turbidity using membrane technologies were approximately 93, 94.5,

and 92.9%, respectively. Similarly, Alcaina-Miranda et al. [57] also reported high

removals of COD, color, and turbidity from textile wastewater using a combination of

the ultrafiltration and nanofiltration treatment processes. The high cellulose content

of textile wastewater can also be treated with traditional anaerobic/aerobic activated

sludge processes and membrane filtration [45]. You et al. [46] showed that the

combination of the anaerobic-oxic membrane bioreactor (AOMBR) and reverse

osmosis (RO) processes yielded 88 and 100% removal efficiencies for COD and

BOD, respectively. Their study showed that membrane treatment produced treated

textile wastewater suitable for reuse applications [45]. Although membrane tech-

nology is very costly, the cost is expected to decrease in the future. In addition, this

technology can address the water quantity and quality issues [56, 58].

Apart from membrane technologies, granular-activated carbon adsorption was

applied to textile wastewater. The effluent quality from this treatment method is

lower but is of acceptable quality [56]. Advanced treatment methods including the

Fenton process, polyaluminum chloride (PAC) coagulation, and ion exchange were

also attempted to treat textile wastewater. The removal efficiency for COD after

the Fenton process was 36%, and after PAC coagulation, it was 18%. In addition,

the estimated cost for this treatment system was deemed reasonable in light of the

expected increased water supply cost in the future [59]. Electrochemical treatment

was also very effective in removing color and COD as well as chloride and sulfate

ions from textile industry wastewater [55]. Research has also been conducted on

removing Reactive Black 5 dye from textile wastewater through ozonation and

membrane bioreactors [46, 60].

Generally, industrial wastewaters are reused within the same industry. For

example, in France, treated industrial wastewaters are extensively used for cooling

water, wash water, and process water [26, 48]. In addition, industrial uses represent

5% of freshwater use in Spain. This amount can be replaced by treated wastewater

[14]. All reclaimed wastewaters are reused in industries except for cooling purposes

in the food industry, which requires secondary treatment. There is also certain

process water in industries that requires tertiary treatment, such as industrial

applications in Belgium. In Belgium, wastewater is disinfected through ozone or

peracetic acid. Quaternary wastewater treatment is also applicable for certain

process water in industry which requires ultrapure water quality [48].

Wastewater reuse in industry is also realized through industrial water reuse

synergies, which involves capturing, recovering, and reusing the wastewater from

one industry to another industry operating in close proximity. This regional synergy

has been performed in Kalundborg (Denmark), Kwinana (Western Australia), and,

more recently, Port Melbourne (Australia) [61, 62]. Among the industries included

in Port Melbourne were food, plasterboard production, automotive manufacturing,

metal component manufacture, commercial fats and proteins production, newspa-

per printing, and precast concrete manufacture. From the study of these industries
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and the wastewater they produce, there are at least five possible synergy reuse

options that could be considered as technically feasible. In all the wastewater

treatment methods considered, membrane bioreactors are the central component.

One option is recovering wastewater from food production (Kraft) using membrane

bioreactors and reverse osmosis for subsequent reuse in plasterboard production

(Boral). From an economic point of view, the water treatment options involve a

substantial cost. However, resource scarcity and increasing water prices might

offset the costly wastewater treatment technologies in the near future [62].

Other treated wastewaters, which have been attempted to be reused in the same

industry, include the following: (1) process water from a dry-mill ethanol plant,

which was treated through ozonation/catalytic ozonation to reduce the COD of thin

stillage [63]; (2) poultry processing wastewater, which was treated using a ultra-

filtration (UF) membrane process [58]; (3) rare earth manufacture process waste-

water, which was treated using a membrane combination treatment method [64];

and (4) laundry wastewater, which was treated by a series of wastewater treatments

[65]. The laundry wastewater treatment system consisted of a physicochemical

pretreatment (coagulation, flocculation, dissolved air flotation (DAF)), sand filtra-

tion, ozonation, granular activated carbon (GAC) filtration, and cross-flow UF.

The COD, TSS, and turbidity removal efficiencies were up to 80, 98, and 99%,

respectively. The results showed that the produced effluent is suitable for reuse in

the industry [65].

In India, treated sewage wastewater was reused in the cooling towers of a

thermal power plant. Generally, turbidity is an important criterion for wastewater

reuse in industries. Turbidity ranging from 1 to 30 NTU can be used in boilers and

cooling towers [41]. In Jordan, collected wastewaters are characterized by their

strong and high salinity attributes. However, the effluent can usually be treated

using conventional activated sludge processes, extended aeration, and sand filtra-

tion. The treated effluent can then be reused as cooling water, boiler feedwater, and

even process water [36]. A study presented by Adewumi et al. [17] showed that it is

highly plausible that treated wastewater in South Africa could be reused for

industrial processes.

In short, wastewater can be reused and recycled within the same industry after

treatment. The reuse of treated wastewater helps combat water scarcity, reduce

freshwater consumption, and reduce operational costs in the long run. Table 3.3

presents the wastewaters that have been attempted to be used as industrial waters

after undergoing treatment processes.

3.4 Reuse of Wastewater as Fermentative Substrate

Because high-quality freshwater can actually be produced from wastewater, an

extra effort for harvesting other resources, such as nutrients from wastewater,

should also be considered in order to make overall wastewater management more

sustainable. Indeed, wastewater treatment plants are categorized as point sources of
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both nitrogen and phosphorous [6], which could be reused as nutrients in the

fermentation medium. It was reported that certain wastewaters could be reused as

fermentation media to produce biohydrogen, polyhydroxyalkanoates, polyhydrox-

ybutyrate, enzymes, solvents, single-cell protein, and organic acid. Table 3.4

displays the various products or metabolites produced in bioprocesses by reusing

wastewaters as substrates.

3.4.1 Biohydrogen Production

Biological hydrogen production attracts much attention as hydrogen can be used for

clean, efficient, and renewable energy, which can be considered the most environ-

mentally friendly route to produce future renewable energy. It was estimated by the

US Department of Energy Hydrogen Program that the contribution of hydrogen to

the total energy market will increase to 8–10% by 2025 [74]. There is a variety

of technologies for biological hydrogen production; however, only photofermen-

tation and dark fermentation will be emphasized here. Dark fermentation uses

fermentative bacteria anaerobically to breakdown carbohydrate-rich substrates

into biohydrogen and other products such as acids and alcohols. The photofermen-

tation process uses photosynthetic bacteria and requires the input of light energy

and various substrates, in particular organic compounds, to produce biohydrogen.

3.4.1.1 Photofermentation

Palm oil extraction produces approximately 50 million tons of palm oil mill effluent

(POME) annually in Malaysia [70]. POME is rich in organic carbon with a bio-

logical oxygen demand (BOD) of 30,000 mg/L, a chemical oxygen demand (COD)

of 50,000 mg/L, 6,000 mg/L of oil and grease, 59,350 mg/L of suspended solids,

and 750 mg/L of total nitrogen [79]. Biohydrogen production by Rhodopseudo-
monas palustris PBUM001 from POME was performed by Jamil et al. [79], and the

maximum biohydrogen production and COD reduction were achieved in 100% (v/v)

POME concentration due to higher content of organic acids compared to the

diluted POME.

Disposal of olive mill wastewater (OMWW) is an important environmental

problem that has to be solved urgently as it contains a high organic matter content,

with COD and BOD values reaching up to 200 and 100 g/L, respectively [78].

It was shown by Eroglu et al. [76] that OMWW could be utilized as a sole substrate

source to produce biohydrogen by Rhodobacter sphaeroidesO.U.001. The maximum

amount of biohydrogen was obtained using 2% diluted OMWW together with

valuable by-products, such as carotenoid and polyhydroxybutyrate. Biohydrogen

could not be produced in concentrated media (containing more than 4% OMWW)

due to the presence of high amounts of inhibitory substances whose relatively dark

color reduced light penetration [102]. Other research has investigated the effect of
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illumination on biohydrogen production using OMWW under different regimes of

illumination, continuous light (CL), or 12 h light/12 h dark (12 h/12 days) diurnal

cycles [77]. Clay treatment prior to biohydrogen production from OMWWwas also

carried out by Eroglu et al. [78]. The amount of biohydrogen produced doubled

(31.5 L H2/L OMWW) by using the wastewater after pretreatment as compared

to biohydrogen produced using raw OMWW (16 L H2/L OMWW) [78]. This is

mainly due to the depletion of elemental nitrogen (an excess amount of nitrogen

would repress the synthesis of nitrogenase and decrease biohydrogen production)

after pretreatment, which leads to an enhancement of the nitrogenase enzyme and

biohydrogen production [103].

Tofu wastewater (TWW), which is a carbohydrate- and protein-rich effluent,

is considered as a serious environmental issue due to its high COD value. The

main components of tofu wastewater include reductive sugar, sucrose, starch, and

volatiles acids, with COD approximately 10,000–15,000 mg/L [82]. Zhu et al. [81]

utilized TWW as a substrate in biohydrogen production with a wild type of

anoxygenic phototrophic bacterium (R. sphaeroides RV). This study showed that

through dilution of wastewater, the inhibitory factors were also diluted, resulting in

an increase in biohydrogen production activity and the TOC removal ratio [81].

Biohydrogen generation from TWW was also studied by Zheng et al. [82] using

a wild-type strain of R. sphaeroides 49419 and glutamine autotrophic mutant

R. sphaeroides AR-3. The AR-3 mutant generated biohydrogen more efficiently

in the medium with a higher NH4
+ concentration because the inhibition of NH4

+ to

nitrogenase of AR-3 was released. TWW that normally contains 3–4 mmol/L of

NH4
+ is not suitable for the wild-type strain of R. sphaeroides because the presence

of NH4
+ at a concentration of 2 mmol/L or higher inhibits biohydrogen production

due to its suppression on the synthesis of nitrogenase.

Brewery wastewater (BWW), with a high concentration of organic substances

(an average COD of 0.8–2.5 kg/hL), as a substrate in biohydrogen production

by R. sphaeroides O.U.001 was studied by Seifert et al. [74]. The best substrate

yield was obtained after the BWW was filtered to a concentration of approximately

10% (v/v). At higher concentration (20%, v/v), the color of the medium became

darker and reduced light penetration, which decreased the biohydrogen production.

The potential of using dairy wastewater (DWW) as a substrate for producing

biohydrogen was investigated by Seifert et al. [75]. Waste from dairy usually has

a high concentration of organic substances with a COD value varying between 5

and 50 g O2/L. Total inhibition of the process was observed at a concentration of

60% (v/v), containing 1.7 mM nitrogen in the NH4
+. Such a high concentration

of nitrogen suppresses the nitrogenase activity and significantly inhibits the bio-

hydrogen production process [75].

Tao et al. [80] studied the characteristic of a new photosynthetic bacterial strain,

ZX-5, for biohydrogen production and its application in succinate wastewater

treatment. Through the photofermentation process, 25 L H2/L WW was produced

with an average production rate of 55 mL H2/mL·h. In addition, 87.5% removal

efficiency was achieved, and no succinate was detected in the final fermentation

effluent.
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3.4.1.2 Dark Fermentation

Clostridium butyricum EB6 was used for generating biohydrogen from POME

through the fermentation process by Chong et al. [70]. Throughout the experiments,

the biogas produced contained biohydrogen (60–75%) and carbon dioxide

(25–40%). The accuracy of the optimum conditions was checked and verified

with experimental results [70]. Cheese whey wastewater (CWW), which contains

approximately 5% lactose, is suitable to be reused as a substrate in biohydrogen

production. The potential of using CWW as a fermentative substrate in biohydrogen

production was investigated by Azbar et al. [68]. They used mixed microbial

communities under anaerobic and thermophilic conditions.

O-Thong et al. [69] studied the potential of reusing cassava starch processing

wastewater (CSPW) for generating biohydrogen using thermophilic mixed cultures.

CSPW is a carbohydrate-rich wastewater which contains high BOD, COD, and

total solids (TS). The enriched cultures for Klong Pai Poo hot spring (PK), Ron

hot spring (SW), and Romani hot spring (PR) could degrade starch in CSPW

completely to biohydrogen, with by-products including acetic acid, lactic acid,

and ethanol. Further research on starch wastewater was performed by Wei et al. [73]

to produce biohydrogen.

Phenol, a toxic substance, is often found in industrial effluent. Tai et al. [71]

utilized phenol-containing wastewater to fermentatively produce biohydrogen

using Clostridium butyricum. Ethanol and acetate were the primary metabolites,

and its yield increased with increasing phenol concentration until phenol

>1,000–1,200 mg/L [71]. Biohydrogen production using mixed anaerobic consor-

tia and probiotic wastewater as a substrate was reported by Sivaramakrishna et al.

[72]. The biohydrogen production increased remarkably with an increase in the

concentration of the substrate when the concentration was less than 5 g/L. When

the concentration is more than 5 g/L, the biohydrogen yield decreased gradually

as the concentration increased [72].

The food processing industry produces approximately 1.4 billion liters of waste-

water annually in the United States alone. Food processing wastewater has high

BOD and COD values, indicating that it is suitable to be reused as substrates for

anaerobic treatment processes [158]. In a study by Ginkel et al. [66], apple

processing wastewater and potato processing wastewater were utilized. They

found that high-purity biohydrogen gas (60%) was produced throughout the

experiments. Brewery wastewater was also reused as a substrate in biohydrogen

production using a mixed culture from anaerobic sludge [67].

3.4.2 Polyhydroxyalkanoates (PHA)
and Polyhydroxybutyrate (PHB)

PHA is a sustainable alternative to replace conventional plastics due to its bio-

degradability and capability of being produced from renewable resources. PHA can
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be synthesized naturally by many types of bacteria without producing any harmful

by-products. Two common PHA monomers are hydroxybutyrate (HB) and hydro-

xyvalerate (HV) [104].

A two-stage process for the production of PHA from POME was proposed by

Hassan et al. [94]. In the first stage, anaerobic treatment of POME was carried out

to obtain organic acids, mainly acetic and propionic acid, which would then be

converted to PHA by a phototrophic bacterium in the second stage. Results showed

that at higher pH, acetic acid was the predominant acid formed while formic acid

was the predominant acid formed at low pH. The PHA yield decreased gradually

with increasing formic acid concentration [94]. Another study that utilized waste-

waters from POME and the soybean milk industries for PHA production was carried

out by Thammawong et al. [95]. It was observed that the maximummolecular weight

from POME and soybean is obtained at 24 and 96 h, respectively, of oxygen limiting

time and gradually decreases as a function of time [95].

The production of PHA from starchy wastewater in a two-step process involving

microbial acidogenesis and acid polymerization was studied by Jian Yu [96]. The

starchy organic wastewater was first digested in a thermophilic upflow anaerobic

sludge blanket (UASB). Then, it was utilized and polymerized into PHA in the

second stage. The composition of PHA was controlled mainly by the content of

propionic acid in the effluent [96].

The growth of the biodiesel industry generates crude glycerol, which is produced

at a rate of approximately 1 kg per 12.6 L of biodiesel [97]. It has been recognized

as a potential feedstock for producing PHA as it is an organic-rich substrate. PHA

synthesis on biodiesel wastewater using mixed microbial consortia was investigated

by Dobroth et al. [97]. They found that the enriched mixed microbial consortia that

produced exclusively PHB was utilizing the methanol fraction. The produced PHB

exhibited thermal properties that were comparable with commercial PHB [97].

Waste glycerol was also reused for PHB production by Cupriavidus necator
DSM 545 [98].

PHA can also be produced from fermented sugar molasses as demonstrated by

Bengtsson et al. [93] using a mixed culture enriched in glycogen-accumulating

organisms. PHA produced from waste by an open mixed culture is versatile with

respect to thermal properties as the glass transition temperature, melting tempera-

ture, and melting enthalpy are controlled in broad ranges by the monomer compo-

sition. PHB can also be produced as a by-product during biohydrogen production

from sugar refinery wastewater as shown by Yigit et al. [99].

3.4.3 Cellulase

Rashid et al. [83] investigated the production of cellulase by filamentous fungi

using POME. Trichoderma reesei RUT C-30 was identified as a potential strain for

cellulolytic enzyme production as compared to another strain, as it produced the
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highest filter paper cellulase and carboxyl methyl cellulase activities of 0.996 and

2.89 U/mL, respectively [83].

POME was also used by Laohaprapanon et al. [84] to produce cellulase and

xylanase. The results indicated that the reduction of the dry weight and of oil

and grease in the bottom layer of the POME is higher under a shaking condition

compared to a static condition.

3.4.4 Lipase

Candida rugosa, Candida cylindracea, and Yarrowia lipolytica were the micro-

organisms used by Goncalves et al. [89] to produce lipase from OMWW. All strains

showed that they were able to grow in the OMWW without dilution while consum-

ing reducing sugars and reducing the COD of wastewater. However, C. cylindracea
was the best strain to produce lipase while reducing phenolic compounds from the

wastewater.

D’Annibale et al. [90] also utilized OMWW to produce microbial lipase.

C. cylindracea gave the highest lipase activity of all the typologies of OMWW

used. The lipase production from OMWW was markedly affected by the type of

nitrogen source and was induced by the addition of olive oil.

Somrutai et al. [91] observed that Clostridium aurantibutyricum ATCC 17777

was able to produce lipase in the model medium for POME, in which a high rate of

oil hydrolysis (46%) was seen at a pH of 6.8.

3.4.5 Protease

Prefiltered POME was used as the substrate for a wild-type strain, Aspergillus
terreus IMI 282743, for protease production [100]. The process was conducted in

two stages with the POME first being subjected to depth and surface filtration to

remove the coarse solids found in the wastewater. Next, the prefiltered POME was

concentrated twofold to form retentate. This experiment showed that retentate

should be diluted prior to fermentation for better protease activity. A maximum

protease activity of 129 U/mL was achieved in the medium containing 75%

retentate of prefiltered POME.

A study of the effect of pulp wastewater on soil enzyme activities was conducted

by Yan and Pan [105]. Five soil enzyme activities, acid phosphatase, alkaline

phosphatase, urease, protease, and b-glucosidase, increased during short-term irri-

gation of a soil (25 days). That paper also showed that enzyme activities increased

with increasing value of COD by the irrigated pulp wastewater. A higher value of

COD has a higher supply of readily available substances for microorganisms and

soil enzymes [105].
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3.4.6 Organic Acid

The major by-products after the treatment of soybean wastewater by Rhodobacter
sphaeroides Z08 were C2–C5 organic acids, predominantly butyric acids. In addi-

tion, Z08 had a cell yield of 0.28 g/g and a protein content of 52%, indicating that

the pollutant could be degraded and bacterial proteins could be synthesized at the

same time. No alcohol or C1 acid was detected. The wastewater COD treatment

time was seen to drop almost linearly in the first 8 days, then drastically decreased

for the next 2 days, and finally stabilized after 10 days [92].

Citric acid [85, 86] can also be produced using POME as the substrate under

aerobic conditions [8]. Statistical optimization was carried out by Alam et al. [86]

for converting POME into citric acid. A higher removal of COD (82%) with the

production of citric acid (5.2 g/L) was achieved using the optimal conditions of a

substrate concentration of 2% (w/w), wheat flour and glucose concentration of 2%

(w/w), and the absence of ammonium nitrate. A liquid-state fermentation process of

POME was also conducted by Jamal et al. [85] for the production of citric acid.

Aspergillus A103 showed the highest concentration of citric acid (0.28 g/L),

followed by A1020, A-22106, and others.

3.4.7 Single-Cell Protein

Latex rubber sheet wastewater, which contains both organic and inorganic matters

as well as chemicals (formic acid, ammonia), can be reused for producing single-

cell protein [101]. Chemical analysis of the cultures after the treatment of the

enriched wastewaters showed that the protein content in the mixed culture

(66.7%) was slightly higher than the protein content of the pure isolate DK 6 of

Rhodopseudomonas sp. (65.2%). This observation indicates that single-cell protein

(SCP) could be a potential by-product during the treatment of latex rubber sheet

wastewater.

3.4.8 Solvent (Ethanol, Butanol)

The production of ethanol from brewery wastewater was investigated by Rao et al.

[87]. The experiment was conducted using two types of medium: raw wastewater

with no addition of enzyme and wastewater with the addition of commercial

enzyme. The combination of a-amylase and pectinase appeared to enhance the

consumption of both starch and maltotetraose in brewery wastewater, resulting in

an increase of the ethanol yield by an average of 84% [87].

Work conducted by Masngut et al. [106] using C. acetobutylicum NCIMB 13357

indicated that POME is a viable fermentation medium for solvent production.
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The experiment also compared the performance between an oscillatory flow reactor

(OFR) and a stirred tank reactor (STR). The total solvent production in an OFR is

1.8 times higher than that of a STR, resulting in a total of 1.6 g/L of solvents. A high

butanol concentration (1.6 g/L) was produced with no ethanol production and low

acetone production (0.05 g/L) (Masngut et al. [106]).

3.5 Reuse of Wastewater as Animal Feed

Wastewaters have been previously attempted for reuse as animal feed. Some of

the notable examples are the following: (1) treated and untreated wastewaters as

well as stabilization pond effluent were reused for aquaculture in Africa and in

Central, South, and Southeast Asia [30, 40, 107]; (2) treated water was reused for

cultivation of fodder [30, 37]; (3) paper mill effluents were reused to provide

protein supplement for animals [108]; and (4) wastewater was used for phosphorus

recovery [109, 110].

One of the most common uses of wastewater as animal feed is for aquaculture [30].

Both untreated and treated wastewaters are widely used for aquaculture. Untreated

wastewater as fish feed is common in Indonesia, Sri Lanka, Nigeria, India,

Cambodia, and in particular, Vietnam and Thailand [41, 107, 111]. In Indonesia,

diluted wastewater is used to culture carp, whereas in Sri Lanka, wastewaters from

surface drains are used to culture tilapia. In addition, untreated domestic and

industrial wastewaters are also used for aquaculture in Vietnam. The study also

shows that there was no significant contamination of As, Cd, and Pb in the fishpond.

However, it was noted that not much informationwas known about the accumulation

of toxic elements in fish from the untreated wastewater system [111]. In some Asian

countries, the reuse of untreated wastewater for aquaculture risks contaminating fish

with pathogens and constitutes a health hazard [112]. According to theWorld Health

Organization guidelines for the microbiological quality of wastewater, the fecal

coliform (FC) level for aquaculture should not exceed 103MPN/100 mL [41, 113].

Thus, it is imperative that wastewater should be treated prior to reuse in aquaculture.

Past findings also showed that treating wastewater prior to reuse could improve the

efficiency of an untreated wastewater-fed system [107, 112].

Other countries, such as Malaysia, Hong Kong, Taiwan, Singapore, Israel,

Hungary, and Germany, also culture fish and prawns in sewage-fed ponds [40].

Mara et al. [113] designed an efficient way to obtain minimal wastewater treatment

and maximal fish production that is safe for human consumption. The treatment

processes suggested by Mara et al. [113] involved an anaerobic and facultative

pond; because the wastewater treatment system is very cost-effective, it is thus

suitable to be applied in developing countries.

Primary-treated sewage effluent is rich in nutrients that are beneficial for the

production of fish. [40, 114–116]. This is evident in a study by Dasgupta et al.

[114], where similar gross fish production resulted from treated sewage effluent and

a fertilizer-based system. In addition, treated sewage effluent can also enhance
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the productivity of water [116]. Sewage water was also used to raise common

carp and Sarotherodon galilaeus in Nigeria [107]. China has been using sewage

in aquaculture for more than 2,000 years. Generally, sewage effluent is reused in

fishponds and lakes [40]. Sewage effluent can also be used for phosphorus recovery

as demonstrated by Saktaywin et al. [109]. Phosphorus could be recovered

by incorporating conventional anaerobic/oxic process with ozonation and crystalli-

zation [109].

Apart from sewage effluent, wastewater from aquaculture systems can also

be reused for the production of fish. Wastewater can be reused for aquaculture

after treatment through a membrane biological reactor (MBR). The MBR process is

a combination of the activated sludge treatment and membrane filtration. The

treated aquaculture wastewater is reused in the aquaculture system, while the

activated sludge can be reused as protein feed for animals. This treatment tech-

nology gave high removal efficiency for TSS and cBOD5, achieving 99.97–100%.

Although using the MBR process involves a significant capital investment, the

treated effluent usually reconciles well with the standard set for the reuse purpose.

Furthermore, the wide application of this technology in the future may reduce the

operational cost considerably [117, 118].

The olive oil industry produces approximately 4,401 liquid waste per 100-kg

treated olives [119, 120]. Olive mill wastewaters were used to produce single-cell

protein (SCP) through treatment with yeast [121]. The treatment process produced

3.35 g/L protein. In addition, the BOD and COD of olive mill wastewater were

reduced by 40–50 and 50%, respectively [121]. Laconi et al. [120] also showed that

the chemical-biological treatment process of olive mill wastewater produced a

microbial biomass that could be used as animal feed. The wastewater went through

an alkaline-oxidative treatment to reduce its polyphenolic content. After that, the

wastewater was used as a culture medium for growing numerous microbial strains.

The biomass produced was found to have significant amounts of vitamins A and E,

calcium, potassium, iron, nicotinic acid, and unsaturated fatty acid. However, the

final BOD did not meet the legal requirements; therefore, more research is required

to obtain the optimum quantity of fungi or probiotic microorganisms involved in the

treatment process. Another type of chemical-biological treatment process involves

the use of a Fenton-like chemistry process and an aquaculture system as a final

biological stage. This integrated system could remove the organic and phenolic

components [122]. In addition, olive mill wastewater can also be reused for the

production of animal feeds through solid fermentation [123]. Olive production

is extensive in the Mediterranean region; thus, olive mill wastewaters play an

important role as nutrient sources in animal feed [119].

Wastewater treatment processes such as sedimentation, single-stage aeration,

and centrifugation are normally used to obtain wastewater sludge/solids that can be

reused as an animal feed supplement. To obtain the solid constituents from dairy

wastewater, a trickle-filter-type facility [124], membrane technology [125], and

microbial conversion and flocculation [126] have been attempted. The sludge/solids

are usually used to feed animals, such as swine, sheep, and pigs. The solids and

precipitates from the wastewater treatment are used along with conventional animal
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feed, such as barley meal and soybean meal [124, 126]. Apart from dairy wastewater,

process water from a corn dry milling plant could be centrifuged and evaporated to

obtain distiller’s grain which can be used as a high-quality and nutrient-rich

livestock feed [63].

Treated palm oil mill effluent (POME) can also be used as animal feed [8, 127].

POME is generated abundantly in the palm oil industry, especially in Malaysia.

It was reported that around 30 million tons of POME were generated in 2004 [128].

Wu et al. [127] reported that POME treatment with ultrafiltration membrane can

recover and concentrate proteins as well as carbohydrates efficiently. The proteins

and carbohydrates were retained together with suspended solids that could be

reused as animal feed. POME is a dietary supplement for growing-finishing pigs,

small ruminants, and poultry farming [8]. Babu et al. [129] also used POME

to culture four species of fish. The culturing of silver carp, rohu, and mrigal using

POME gave the maximum individual growth as 700, 550, and 600 g, respectively.

Another fish culture, catla, had an average growth of 35.3 g [129].

Poultry processing wastewater [130], pineapple cannery effluent [131], and salad

oil manufacturing wastewater [108] could also be converted into a valuable protein

supplement or single-cell protein (SCP) for animal feeds. Generally, the treatment

processes for producing SCP are enzymatic hydrolysis and/or fermentation using

yeasts [130, 131]. For example, Zheng et al. [108] converted salad oil manufac-

turing wastewater by yeast isolate to obtained yeast protein. Apart from biomass

production for animal feed, the wastewater treatment efficiency can be improved by

adding inorganic nitrogen to obtain an initial range of N:C from 1:6 to 1:8.

Wastewaters are also used for phosphorus recovery. Phosphorus is an essential

nutrient for all organisms and is therefore added to animal feed. Supplementing

animal feed with phytases reduces the phosphate needed for animal feed as well as

phosphorus content in animal manure [110, 132]. Watanabe et al. [110] used

phosphohydrolysis to remove phosphorus from high-concentration organic wastes.

Table 3.5 shows the potential of reusing treated or non-treated wastewater as

animal feed.

3.6 Reuse of Wastewater as Fertilizer

The transformation of wastewater into fertilizer for use in agricultural land was

initially thought to be impractical because of the risk of contamination with

bacteria, viruses, or even parasites, which could affect human health or lead to

serious environmental issues [136]. Several researchers reported that human urine,

blackwater, or fecal matters are common raw materials to produce agricultural

fertilizer after the treatment of wastewater through a separating system [136–138].

Tidåker et al. [138] found that after the urine separation system of household

wastewater, the production of fertilizer fulfilled the requirements of fertilizer with

a high nutrient value and without many hazardous compounds. The study also

showed that there were several environmental benefits of using human urine as
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fertilizer production if the system was well designed. The advantages were the

reduction of greenhouse gases, reduction in emission of nitrogen and phosphorus,

and the reduction in the use of primary energy [138]. Karak and Bhattacharyya [137]

later reconfirmed that human urine treated with Mg2+ can be reused as important

slow-release phosphatic fertilizer because human urine contains high contents of

readily available nutrients, such as nitrogen, phosphorus, and potassium.

Wu et al. [8] reported the potential of reusing palm oil mill effluent (POME) as a

cheap organic fertilizer. POME could offer an alternative to fully or partially

replace chemical synthesis fertilizer because POME contains a high concentration

of carbohydrates, proteins, nitrogenous compounds, lipids, and minerals. However,

raw POME might cause clogging and waterlogging of the soil which would lead to

the killing of vegetation. Thus, it is suggested to use POME in a small amount at one

time or that it goes through the composting process with the addition of shredded

empty fruit bunches and poultry dropping as nutrient supplements [8].

According to Li et al. [139] and Luth et al. [140], swine wastewater could be

reused in vermifiltration to produce earthworms and vermicompost. Soils treated

with vermicomposts usually show significant increases in microbial biomass nitro-

gen, dehydrogenase activity, and orthophosphates in comparison with soils treated

with inorganic fertilizers, where the former may influence plant growth indirectly

[141, 142]. The earthworm population increased in just a few weeks when the feed

was sufficient [139, 140]. Although previous studies showed evidence of nitrous

oxide emissions and methane sinks induced by earthworm populations, Luth et al.

[140] found a decrease in emissions of ammonia and nitrous oxide and a sink of

methane in treatments with earthworms. They suggested that earthworm abundance

could be used as a bioindicator of low-energy input, low greenhouse gas, and

ammonia output in systems using fresh slurry with water recycling. Lansing et al.

[143] indicated that swine wastewater with cooking grease in the digestion process

was able to produce liquid fertilizer and the captured methane in the process could

become a source of renewable energy. It is important to reduce the phosphorus

concentration of wastewater before it is discharged into the environment. The PO4,

Mg, and NH4 in swine wastewater could be crystallized and form struvite (MAP:

magnesium ammonium phosphate), which could be used as a slow-release fertilizer

[144]. Sz€ogi et al. [145] stated that the implementation of technologies for phos-

phorus recovery from liquid swine waste would resolve the distribution issues of

excess manure phosphorus and this excess nutrient could be transported off farms

for agricultural uses.

Numerous studies have identified the suitability of transforming olive mill

wastewater into agricultural fertilizer mainly because olive mill wastewater

contains high organic loads [146–148]. However, olive mill wastewater also

contains phytotoxic and antibacterial phenolic substances, which resist biological

degradation [147]. Parades et al. [147] and Cayuela et al. [146] adapted the

treatment of composting in order to improve the chemical and physicochemical

properties of olive mill wastewater before the wastewater could be reused as

fertilizer on crops. The composting process is a suitable method to increase

the stability of olive mill wastewater because it usually exhibits limited porosity,
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a high concentration of lignin, lipids, and phenols, which generates a particular

composting process with high temperatures and a long thermophilic phase [146].

During the composting process, organic matter in olive mill wastewater is

biodegraded through an exothermic aerobic reaction, and CO2, H2O, and mineral

salts as well as stable and humified organic material are produced [147].

Poultry manure wastewater [149], municipal wastewater [150], industrial waste-

water [151], and fish meal wastewater [152] are also suitable to be reused to

produce fertilizer for improving the fertility of soil. Anaerobic digestion technology

was implied for poultry manure wastewater, but the organic and nutrient load might

not meet the standard of discharge [149]. For industrial wastewater, dilution is

never a solution for pollution. El Diwani et al. [151] investigated the removal of

nitrogen from industrial wastewater using bittern as a source of the magnesium ion

for struvite formation. The recovered struvite could be reused as a slow-release

fertilizer to support the growth of broad bean plants [151]. Kim et al. [152]

suggested reusing biodegraded fish meal wastewater as a fertilizer because the

wastewater from fish meal production contains protein and organic waste, which

are capable of promoting plant growth. Seafood processing wastewaters do not

contain known toxic or carcinogenic materials and are more suitable to be reused as

fertilizer, unlike municipal and industrial effluents [152]. Table 3.6 shows the

potential of reusing treated or non-treated wastewater as fertilizer.

3.7 Other Reuse of Wastewater

Due to the increase of population and high demands on water resources, it is

important to secure water resources for future usage. Hence, wastewater should

be reused in many different areas, including agricultural irrigation, landscape

irrigation, industrial and non-potable urban uses, recreation or environmental uses,

groundwater recharge, and indirect potable uses in order to reduce the demands

on potable sources of freshwater. Reuse of wastewater is attractive in many

communities because the cost of producing treated wastewater has been proven to

be lower than the cost of producing drinking water [17].

Deniz et al. [23] stated that reused wastewater could be added to other known

water sources, such as groundwater wells and desalination plants. Dı́az-Cruz and

Barceló [156] reported that several sources of water have been used for recharge

purposes, including surface water, reclaimed wastewater, urban and rural storm

water runoff, and treated drinking water. Groundwater recharge is known to be an

important issue because it can extend the clean water chain and provide major

benefits in terms of improving the way in which water is used as a renewable

resource [156]. However, there are issues and constraints in this application, such as

the availability of suitable sites, groundwater contamination, salt and mineral

buildup, and the toxicological effects of organic chemicals [157].
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Studies done by You and Wu [45] showed that treated wastewater could

be reused for toilet flushing, but the reused water showed satisfactory qualities:

E. coli (ND/100 mL), color (not uncomfortable), odor (not uncomfortable), BOD

(<10 mg/L), and pH (6.0–8.5). In addition, Adewumi et al. [17] also showed the

potential of reusing treated wastewater for toilet flushing applications. Indirect

potable use of wastewater includes the blending of water with public water supplies

and surface water augmentation [157]. However, there were also issues or

constraints in this application including public acceptance and public health

concerns [157].

3.8 Conclusions

As the demand for human consumption, agriculture, and industries grows, the most

easily reachable resources become insufficient. The solution is to find other water

sources to balance both the supplies and demands. In this approach, sustainability

through reuse of wastewater is primarily seen as a technical and managerial

issue [7]. It is undeniable that a cleaner production is, in the long run, a better

option for managing wastewaters as opposed to end-of-pipe processes. However,

although the emphasis on sustainability for wastewater reuse is well intentioned, it

may sometimes raise false expectations. The limits imposed by the economic and

social frameworks may present limitations to sustainable practices that could be

applied on the large-scale. Consequently, there is usually no economic incentive

to develop waste-free processes. Wastewater reuse is therefore limited unless the

activity is subsidized, externalities are factored in, health protection is maximized,

reusability of wastewater is successfully designed for commercial reuse and, most

importantly, the government takes the initiative in legislating for sustainable

industrial development. Since the economic framework depends on growth, pro-

duction, and consumption, the initiatives to promote wastewater reuse can only

come from the authorities, institutions, and decision-makers since their subtle

actions could accelerate the research and development needed for promoting sustain-

ability in wastewater management.
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Chapter 4

Reducing the Pollution from Tanneries

by Process Wastewater Reuse and Membrane

Technologies

M.V. Galiana-Aleixandre, J.A. Mendoza-Roca, and A. Bes-Piá

4.1 Introduction

Tannery activity has been traditionally contaminant, producing strong smells,

organic wastes, and a high water consumption. Nowadays, tannery activity has

evolved, and people responsible are fully aware that although there has been a large

progress against contamination, there is still a long way to walk.

Tannery industry uses salty hides as raw material. To process them, it is

necessary to remove the salt content, producing wastewaters with high conductiv-

ity. This high conductivity together with the organic contamination of the own

hides gives way to a wastewater difficult to treat because of the high content of

contamination (salts, organic matter, nitrogen, dyes, fats, etc.) [1].

From the environmental point of view, there are different ways of avoiding or

minimizing the pollution in wastewaters in the tannery industry. These are:

• Use of less contaminant raw materials. In this way, fresh hides can be processed

avoiding the conservation salt.

• Replace of some chemical products by others with less pollution potential. This

can be carried out according to the IPPC procedure.

• Reduction of water consumption.

• Reuse of wastewaters, both in the same and in different processes either directly

or after pretreatment.

• End of pipe treatment. Finally, when all the other alternatives are exhausted, we

have to treat the global wastewaters to minimize the pollution in the discharging

effluent. In this way, either conventional treatments such as physical-chemical

and biological processes or clean technologies like membrane technologies can

be applied.
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The application of the membrane technologies allows us to reduce the wastewater

pollution and to reuse the permeate streams. The development of these techniques

makes possible the production of clean water at a moderate cost, providing flexible

solutions adapted to any necessity [2].

4.2 Processes in the Tannery

The raw matter in the tannery is the animal hide. The characteristics of the both

sides of the hide are very different. Thus, grain side and flesh side have to be

distinguished. The hide surface that contains the hair and oil glands is known as

the grain side, while the other side, named flesh side, is much thicker and softer.

Hides can be also divided from an anatomical point of view into three layers,

i.e., epidermis, dermis, and subcutaneous tissue.

Raw hides undergo several stages during the tanning process. Depending on the

type of hide used and the aimed end product, these stages may vary widely. Hides

have the ability to absorb tannic acid and other chemical substances that prevent

them from degrading, make them resistant to wetting, and keep them supple and

durable.

The three types of hides and skins most often used in leather manufacture are

from cattle, sheep, and pigs. Tannery processes are slightly different depending on

the hide origin. The content of this chapter will be focused on cattle hides. Thus,

Fig. 4.1 shows the different operations in the tannery [3].

4.2.1 Curing

Animal hides are first “cured,” a process which involves hide salting and/or drying

once it has been stripped from the animal. Since this step needs to be performed

almost immediately after the hide is removed from the animal, it often takes place

inside the meat-packing industry or at a nearby factory. Hides can be cured in one of

two ways:

• Wet salting is done by salting the hide and then piling many skins together so

that they can form a moist bunch. They are then left to cure for one month,

so that the salt can completely be absorbed into the skin.

• Brine curing is more common than wet salting, as it is considered a faster and

easier method. During brine curing, hides are positioned carefully in vats and

smothered with a mixture of salt and disinfectant. After 10–16 h, the skins are

completely cured and ready to move on to the next stage.

Figure 4.2 shows the appearance of cured hides.
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4.2.2 Beamhouse Operations

4.2.2.1 Soaking

Once the hides have been cured, they are then soaked in water solution containing

surfactant, enzyme, and fungicide for hours or days (Fig. 4.3). Water helps remov-

ing dirt, debris, blood, and excess animal fats and restoring the moisture lost during

curing.

Fig. 4.3 Soaking operation

Fig. 4.2 Cured hides
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4.2.2.2 Unhairing-Liming

Following the soaking, the hides are unhaired to ensure that the grain is clean and

that the hair follicles are free of hair toots. The chemical products used for it are

mainly lime and sulfides. This process is carried out in drums as it is shown in

Fig. 4.4a. Periodically, the bath is withdrawn from the drum so that the hair is not

solubilized, what would produce a considerably increase in the COD of the process

effluent. Thus, the bath is filtered for hair removal and recovery (Fig. 4.4b) and

pumped into the drum again.

There are other options to carry out the unhairing that would reduce the waste-

water pollution. It consists of replacing the sulfides by enzymatic products. How-

ever, the enzymatic process is more difficult to control.

4.2.2.3 Flesh Removal

After unhairing-liming, animal hides are moved through a machine which strips

the flesh part from the hide. This process can be observed in Fig. 4.5.

4.2.2.4 Splitting

This operation can be performed after flesh removal or after the tanning process.

The hide is divided into two layers, obtaining two hide types: grain hide and split

hide. This operation can be observed in Fig. 4.6.

Fig. 4.4 Unhairing-liming (a) and hair recovery operations (b)
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4.2.3 Tanning Operations

4.2.3.1 Deliming-Bating

After the hair and debris have been removed from the skin, hides are mixed in a

drum with a solution containing ammonium salts or carbon dioxide in order to

remove the lime from the hide. After that, hides are treated with enzymes (bating

operation) with the aim of imparting softness, stretch, and flexibility to the leather.

Fig. 4.5 Fleshing operation

Fig. 4.6 Splitting operation
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4.2.3.2 Pickling

The objective of the pickling is preparing the hide for the tanning by reducing

its pH. This is carried out with sulfuric acid. A brine solution is added to avoid that

the hide spoils.

4.2.3.3 Tanning

The tanning is the operation that converts the hide into leather. It means that a

degradable stuff is transformed into a stable matter. Hides are often treated several

times during the process of tanning. The type of tanning procedure used depends

largely on the hide itself and the aimed resulting product.

Vegetable Tanning

Vegetable tanning consists of stringing hides on large frames, located inside large

vats, and exposing them to tannin, a natural product found in the bark, wood, leaves,

and fruits of chestnut, oak, and hemlock trees. Hides are transferred to many

different bins during this step, each containing a stronger solution of tannin.

Vegetable tanning prevents the hide from decay and shrinkage.

Hides which are tanned with a vegetable tanning agent solution produce stiff

leathers, such as those used in luggage, furniture, leashes, belts, hats, and harnesses.

Mineral Tanning

Hides which are tanned with minerals are pickled first in an acid and salt mixture until

pH 3. The chrome tanning materials (chromium-sulfate solution) are introduced,

and the pH is raised. This process is much faster than vegetable tanning, and it

usually takes 1 day. Next, the chrome-tanned leather is piled down, sammed, and

shaved to the desired thickness.

Mineral or chrome tanning is performed on skins which will be used for softer,

stretcher leathers, such as those found in purses, bags, briefcases, shoes, gloves,

boots, jackets, pants, and sandals.

4.2.4 Dyeing, Retanning, and Fatting Operations

4.2.4.1 Neutralization and Retanning

Depending on the desired product, the hides undergo a retanning process, which

also involves adding moisture back into the leather and adjusting the pH (neutrali-

zation). The retanning process offers leather the desired final feature.
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4.2.4.2 Dyeing

Typical dyestuffs are aniline-based compounds that combine with the leather in

order to form an insoluble compound. The type of dyeing will depend on the

requirements of the final product.

4.2.4.3 Fatting

Fatliquoring is the process of introducing oil into the skin before the leather is dried

to replace the natural oils lost in beamhouse and tanning processes. Fatliquoring

is usually performed in a drum using an oil emulsion at temperatures of about

60–66 �C for 30–40 min.

After fatliquoring, the leather is wrung, set out, dried, and finished. The finishing

process refers to all the steps that are carried out after drying.

4.2.5 Finishing Operations

The final step in the tanning process involves finishing the leather. This is done

by covering the grain surface with a chemical compound and then brushing it.

Light leathers are buffed and sandpapered to cover imperfections. Leathers which

are buffed for long periods of time become suede.

Waxes, pigments, dyes, glazes, oils, and other solutions are also added to make

the leather more appealing to the buyer. In Fig. 4.7 an example of a finishing

operation can be observed.

Fig. 4.7 Finishing operation
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4.3 Main Environmental Concerns

Once the processes occurring in the tannery have been explained, the main envi-

ronmental concerns, especially those related with wastewater, are described in the

following sections.

Figure 4.8 illustrates of an input/output overview for a conventional (chrome

tanning) process for bovine-salted hides per ton of raw hide treated [Integrated
Pollution Prevention and Control (IPPC), Reference Document on Best Available
Techniques for the Tanning of Hides and Skins. February 2003] [4].

It can be observed that the inputs (raw and auxiliary matters) and outputs (final

product and waste) have been considered on the basis of 1 t of raw matter. The hide

together with chemicals, water, and energy produces the final leather as product and

residual air and water streams in addition to a considerable amount of solid wastes.

Focusing on wastewater, their characteristics can be observed in Table 4.1.

4.3.1 Residual Streams from the Processes

Figure 4.9 shows the main processes of the tannery illustrating the main chemicals

used in the most polluting operations. Besides, the main characteristics of the

wastewaters from these operations are also shown.
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Fig. 4.8 Inputs and outputs in a tannery

Table 4.1 Global wastewater

characteristics for a tannery

processing 1 t of raw hide

Wastewater volume 15–50 m3

Chemical oxygen demand (COD) 230–250 kg

Biological oxygen demand (BOD) 100 kg

Suspended solids (SS) 100 kg

Chrome 5–6 kg

Sulfide 10 kg
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As it can be observed in the figure, most of the operations in a tannery require

water consumption. This type of industry has always been characterized by high

water consumption, but many years of application of the best available techniques

together with the environmental legislation turned out into a freshwater reduction.

HIDE

Soaking Wastewater: 
Chloride and organic matter

Water

Unhairing-liming
Na2S
Lime
Water

Wastewater
Sulphide, organic matter
Basic pH 

FleshingWater

Wastewater
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Waste solid
Untanned fleshing

SpittingWater Waste solid
Hide pieces

Deliming-bating

NH4Cl
CO2
Lactic acid
Acetic acid
Enzymes
Water
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Sulphate, chloride

Pickling
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Chloride, acid pH, sulphates
Dissolved salts

NaCl
Sulfuric acid or
Formic acid
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Water
CrOHSO4

Tanning-washing Wastewater
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retanning
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Fig. 4.9 Main processes of a conventional tannery with the main chemicals and wastewater

characteristics
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However, this entails the increase in the pollutant concentration (sulfate, chloride,

or organic matter).

The main contributions to wastewater diminution come from the wet processing

in the beamhouse, the tanning operations, and the post-tanning operations.

4.3.1.1 Wastewaters from Beamhouse Operation

Wastewaters from beamhouse come from the soaking and the unhairing-liming. Both

are alkaline wastewater. Soaking wastewater is characterized by containing blood,

globulins, surfactants, biocide, and salts, mainly sodium chloride. Unhairing-liming
wastewater volume is lower than soaking wastewater volume. Its main characteristics

are high concentrations of sulfide, organic matter, surfactants, and fats.

4.3.1.2 Wastewater from Tanning Operations

Wastewaters from tanning operations are divided in three groups: deliming-bating,

pickling, and tanning. All of these are acidic wastewater. Deliming-bating waste-
water is characterized by high concentrations of ammonium salts, acids, and

enzymes. The main feature of pickling wastewater is its high conductivity due to

the high salts concentration. Finally, tanning wastewater is characterized by high

concentrations of trivalent chromium, sulfates, fats, and fungicides.

4.3.1.3 Post-tanning Operation

Wastewaters from post-tanning operations are divided into three groups: neutralizing

and retanning, dyeing, and fatting. All of these are acidic wastewater.

Neutralizing and retanning wastewater is characterized by high concentration

of salts (bicarbonates, formats, and bisulfites), trivalent chromium, and syntans.

Concerning dyeing wastewater, it has to be commented that it is characterized by

the presence of dyes and organic matter. At last, fatting wastewater contains oils
and greases.

4.4 Reuse of Process Wastewater

In order to reduce the water and chemicals consumption and the wastewater

pollution, the recycling and reuse of residual baths is of paramount importance.

In this section, the reuse of different residual floats is described. In particular, there

are three residuals baths which can be reused:

– Unhairing-liming wastewater as a part of soaking solution

– Pickling wastewater as a new pickling solution

– Tanning wastewater as a new tanning solution
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4.4.1 Unhairing-Liming Recycling

As explained in Sect. 4.2.2, unhairing-liming process is performed in a drum by

mixing the hides with an alkaline solution that contains mainly lime (used to

swallow the hide), sulfides for the hair removal, and surfactant. Immediately after

the unhairing, the residual bath is taken out of the drum and driven to a grid to

separate hair before its solubilization. At the end of the operation, a residual bath

with a pH value of about 12 and with a high content of organic substances

(proteins), lime, and sulfide is left. This wastewater is the effluent with the highest

BOD and COD contribution to the total wastewater (70 and 55%, respectively).

Thus, its reuse is very important.

Besides, the use of unhairing wastewater as a part of the soaking solution entails

savings of water and chemicals, since the chemicals added in the soaking are also

present in the unhairing wastewater. Sulfides recycled to the soaking drums will

begin to react with the hide, what implies a saving in sulfide in the subsequent

unhairing. However, this sulfide concentration will not be high enough to begin the

hair elimination from the hide. Figure 4.10 compares the traditional process with

the proposed scheme.

SOAKING

Raw hide

UNHAIRING

Water and chemicals

hide

Water, sulphide and
other chemicals

SOAKING

Raw hide

UNHAIRING

Water

hide

Water, sulphide and
other chemicals

Hair filter
Unhairing wastewater

UNHAIRING

UNHAIRING

Fig. 4.10 Comparison of the traditional soaking processes (top part of the figure) and the

proposed scheme (bottom part of the figure)
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4.4.2 Pickling Wastewater Reuse

Pickling process is performed in a drum by mixing the hides after deliming and

batting with salt (sodium chloride) and acids (formic an sulfuric) in order to obtain a

pH near to 3. After pickling, the residual bath is taken out of the drum and driven to

a grid to separate solids (little pieces of hide). This bath can be stored in a tank

where density is adjusted. The initial density in the pickling process is 9 ºBé, while

at the end of the process, the density is 5.5 ºBé. For this reason, it is necessary to

adjust density before recycling pickling bath.

However, a great majority of experts did not fully support this view because

it can have a negative effect on the quality of leather, especially aniline leather. But

there are some tanneries that have been making this recycling many years without

any problem. Figure. 4.11 shows schematically the pickling wastewater reuse.

4.4.3 Tanning Wastewater Reuse

Tanning process is performed in a drum by mixing the pickled hide with chromium

salts in order to obtain a tanning hide (leather). Tanning process starts at pH 3 and

Filter

Delimed  hide
Water, salt and
acids

Pickling
recycling

Density
adjustment

Pickling
waste water

Fig. 4.11 Scheme of the

pickling reuse
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finish at pH around 4. This change of pH is necessary to fix chromium salts inside

the hide. After tanning, the residual bath is taken out of the drum and driven to a

grid to separate solids (little pieces of hide). This bath can be stored in a tank, where

pH is adjusted before its recycling. Figure 4.12 compares the traditional tanning

process with the proposed scheme.

4.4.4 Leather Quality After Residual Baths Reuse

Reuse of the tanning exhausted bath is nowadays very usual. However, the pickling

wastewater reuse is not fully accepted as mentioned above, and the reuse of unhairing

wastewater in the soaking is hardly carried out due to the risk of beginning the

unhairing in the soaking drums. Thus, it is very important to be able to check the

final leather quality when the process includes the reuse of these residual baths.

In this way, laboratory experiments with hide samples have been reported in the

literature. Both mechanical properties and subjective characteristics are evaluated,

and their values are compared with the standards.

pH adjusment

Tanning
wastewater

Filter

Pickled hide
Water,
chromium salts

Fig. 4.12 Comparison of the

traditional tanning processes

(on the left part of the figure)
and the proposed scheme

(on the right part of the
figure)

118 M.V. Galiana-Aleixandre et al.



Figures 4.13, 4.14, and 4.15 show the determined values for the mechanical

properties (tear load, grain stretch, and tensile strength) of the leather obtained

in three cases:

1. Soaking with a mixture of 50% of unhairing wastewater and 50% of freshwater

2. Pickling with 100% of pickling wastewater after adjusting the density at 9 ºBé

3. Tanning with 100% of tanning wastewater adjusting the pH at 3.0

The mechanical properties should be evaluated for hide pieces of different

thickness as shown in figures. The procedures for the evaluation of the mechanical

properties are described by ISO standards [5–7].
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Fig. 4.13 Tear load test results (⃟ unhairing recycling, ~ tanning recycling, ⃝ pickling
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Fig. 4.14 Grain stretch test results (⃟ unhairing recycling, ~ tanning recycling, ⃝ pickling

recycling, ☐ standard value)
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These figures show that all of the experiments yielded appropriate values of

the mechanical properties. In this way, it can be stated that it is possible to reuse

unhairing liquor in soaking process, pickling wastewater, and tanning liquor.

If the three liquors are reused, a reduction in the pollution generated in the

wastewater would be achieved. Table 4.2 shows the comparison between the

pollution generated without (process A) and with (process B) wastewater reuse

for the main tannery processes.

It can be observed that it is possible to reduce around 34% of COD, 58% sulfates,

63% solids, and 99% chromium in wastewater by reusing the liquors. In the same

way, the reduction in water consumption is estimated about 35%.

0

5

10

15

20

25

30

0 0.5 1 1.5 2 2.5 3

T
en

si
le

 s
tr

en
gt

h 
(N

/m
m

2 )

Leather thickness (mm)

Fig. 4.15 Tensile strength test results (⃟ unhairing recycling, ~ tanning recycling, ⃝ pickling

recycling, ☐ standard value)

Table 4.2 Comparison of pollution generated between conventional tannery processes and those

including exhausted baths reuse

Parameter Process

Soaking

(kg/traw

hide)

Unhairing-

liming

(kg/traw hide)

Deliming-

batting

(kg/traw hide)

Pickling

(kg/traw hide)

Tanning

(kg/traw

hide)

Others

(kg/traw

hide)

COD A 69.30 87.00 8.00 10.90 12.20 24.60

B 106.80 0 8.00 0.10 0.10 24.60

SO4
�2 A 2.60 7.30 1.50 16.50 13.40 23.00

B 2.30 0 1.50 0.20 0.10 23.00

ST A 76.2 101.70 13.70 264.80 207.30 195.20

B 105.10 0 13.70 2.80 2.20 195.50

SO A 53.40 56.20 7.60 99.50 93.00 84.00

B 71.00 0 7.60 1.10 1.10 84.00

SI A 22.8 45.5 6.1 165.3 114.3 111

B 34.1 0 6.1 1.7 1.1 111

Cr III A 0 0 0 0 10.0 0.001

B 0 0 0 0 0.01 0.001

Water A 5,772 3,108 3,108 2,220 2,220 4,440

B 2,886 3,108 3,108 0 0 4,440
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4.5 Application of Membranes to Process Wastewaters

In the two last decades of the twentieth century and the first decade of the current

one, some authors have reported applications of membrane processes to effluents

from some tannery operations. The application of membranes to the global waste-

water after conventional treatments is out of the scope of this work.

Membrane processes are able to separate dissolved substances from the waste-

water. They can be classified according the driving force responsible for the

separation: concentration difference in both sides of the membranes, pressure

difference, electric potential. . .. In tanneries, most of the applied membrane pro-

cesses are those belonging to the pressure driven process (microfiltration (MF),

ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO)).

MF and UF membranes are microporous, and the main separation mechanism is

sieving. Thus, solutes with a size higher than the membrane pore size will be

separated. In this way, by means of UF, solutes with a molecular weight higher

than 1,000 Da can be removed from the wastewater.

On the contrary, RO membranes are dense, and their separation mechanism is

based on the solution-diffusion model. Since there are no pores on the active

surface, this kind of membranes can separate monovalent ions.

Finally, NF is a technology classified between UF and RO. Its separation

mechanism is based on both the solution-diffusion model and sieving. Then,

multivalent ions can be separated by this technology.

4.5.1 Application of MF/UF

In the literature, the two most reported applications of the UF to tannery

wastewaters are related with the unhairing effluent and with the pretreatment of

the NF or RO, mainly applied to tanning wastewaters. The second application will

be commented together with the NF/RO application.

Focusing on the first application, it has firstly commented that by means of UF

membranes, proteins are separated from the inorganic chemicals used in the

operation bath, i.e., lime and sulfides. In this way, the membrane permeate may

be recycled to the unhairing drums with the subsequent savings both in water and in

auxiliary matters.

Cortese and Drioli [8] carried out the UF of unhairing wastewater with organic

membranes. These authors reported efficiency values for protein separation higher

than 80%. Collivignarelli and Barducci [9] went deeper into the process and

evaluated different alternatives for the management of the unhairing wastewater.

They selected UF and reported data from a pilot plant working with a tubular

membrane from polyamide at 45 �C.
The industrial application of the proposed UF depended on the solution of two

big concerns: rapid membrane fouling, which would make the process economi-

cally unfeasible, and the management of the reject stream.
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Table 4.3 shows the main characteristics of the unhairing wastewaters. These

values were measured in wastewaters coming from a process where the unhairing

bath was withdrawn periodically from the drum in order to separate the hair before

its solubilization. If this is not performed, COD values will be considerably higher

(near 40,000 mg/L).

From these values, it can be understood that fouling is a problem to be solved

before the UF implementation. In this way, a possible solution can be based on an

exhaustive wastewater pretreatment. However, this is very difficult to achieve,

since pH cannot be lowered due to sulfide formation and most of the pollutants

are dissolved, and conventional filtrations will hardly be efficient. Thus, the most

successful results were obtained with unhairing effluents with lower pollution

loads. In this way, the operation of an industrial plant was firstly reported for the

residual bath from the scale removal stage for crocodile skin Aloy et al. [10, 11].

If effective pretreatments are difficult to implement, efficient membrane cleaning

procedures have to be applied. Mendoza-Roca et al. [12] compared three cleaning

types (with surfactants, enzymes, and sodium hypochlorite). In this chapter, the

permeate reuse was also studied. For that, hide samples were processed using UF

permeates as unhairing solutions.

Permeate characteristics can be observed in Table 4.4.

It has to be commented that COD of the permeate is produced in a high extent

by the oxidation of inorganic compounds such as sulfides. This is the reason why it

is not contradictory with the achievement of a removal of more than 80% of the

proteins.

Finally, in the following paragraph, management of the membrane reject stream

is going to be discussed. At the beginning of the studies, its application after sulfide

removal to animal feeding was thought, what was further forbidden due to the

discovered relation between animal proteins and the Creutz-feldt-Jakob disease.

Nowadays, different alternatives are being considered including the external man-

agement after a further stage of concentration by evaporation.

Table 4.3 Characteristics of

the unhairing wastewaters
Parameter (units) Values range

COD (mg/L) 18,000–22,000

TS (mg/L) 58,000–60,000

pH 12–12.2

Conductivity (mS/cm) 40–45

S2� (mg/L) 6,500–7,000

Table 4.4 Characteristics of

the permeate samples
Parameter (units) Values range

COD (mg/L) 12,000–14,000

TS (mg/L) 50,000–52,000

S2� (mg/L) 5,500–6,500

pH 12–12.2

Conductivity (mS/cm) 36–40
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4.5.2 Application of NF

Once the reuse of the tanning residual bath has been evaluated (Sect. 4.4.3), it has to

be stated that chromium concentration in wastewaters has to be further reduced.

If this is not carried out, chromium will be separated together with the organic

matter in the physic-chemical treatment of the global wastewater. This entails that

the produced sludge could not be applied to agriculture.

Washing after tanning (tanning washing) still contains high chromium concen-

trations (more than 100 mg/L). The scheme of the contribution of the different

operations to the final chromium concentration is shown in Fig. 4.16.

NF will divide the tanning washing effluent into two streams: a reject stream,

where chromium sulfate is concentrated and can be recycled to the tanning drums,

and a permeate stream that could be reused as washing solution in the tannery.

Taleb-Ahmed y Taha [13] studied the parameters influencing the chromium

retention by NF membranes. These authors concluded that the chromium rejection

mainly depended on the transmembrane pressure, the wastewater pH, and the

chromium concentration in the membrane feed stream. The monovalent salts

concentration did not influence significantly the chromium separation. Similar

conclusions were obtained by Ortega and Lebrun [14].

Cassano et al. [15, 16] studied the application of an integrated membrane process

to treat the tanning washing wastewaters. The process consisted of a combination of

UF and NF. The UF stage was carried out with a 50,000 Da membrane at 1.7 bar

and at a volume concentration factor of 6.44. At these operating conditions, 84 and

2.1% of suspended solids and chromium removal efficiencies were achieved,

respectively. By means of the NF stage, a practically total chromium removal

entailed a final concentrate with 10 g/L of chromium concentration. The operating

transmembrane pressure was 16 bar.

NF has been applied for sulfate reuse in pickling wastewaters [17]. Although the

direct reuse of the residual bath has already been discussed (Sect. 4.4.2), it has to be

Exhausted
chromium bath

Tanning washing
(Draining)

Neutralizing

Retanning

Dyeing

Chromium solid wastes

Recycling and
reused chromium

Contribution: 90%

Contribution: 6%

Chromium effluent
treatment

Fig. 4.16 Sources of chromium in the tannery
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mentioned that an excess of wastewater is produced in comparison with the water

need for the process. This is due to the water loss from the hides in the pickling.

This excess wastewater can be treated by NF membranes in order to obtain a

concentrate rich in sulfates and a permeate that can be reused (Fig. 4.17).

4.5.3 Application of RO

For tannery wastewaters, RO constitutes an alternative to NF in the treatment of the

tanning washing wastewaters. The advantage of the RO is the higher quality of

permeate, and its main drawback is the higher-operating transmembrane pressure

what entails a higher energy consumption. A combination between UF and RO for

the tanning washing wastewaters was proposed by Scholz and Lucas [18].

4.6 Conclusion

Tanneries are industries with an enormous water and chemicals consumption.

However, it is possible to recycle and reuse segregated residual streams from the

most polluting processes. In this way, the recycle of unhairing wastewaters to

the soaking and the direct reuse of the pickling and tanning reduce considerably

the final pollutants discharge. Besides, membrane technologies can be applied to

the unhairing and tanning washing wastewaters in order to minimize the sulfide and

chromium concentrations in the final tannery effluent.

References

1. Salmerón J (1995) Generación y tratamiento de residuos en la industria del curtido de

Valencia. Confederación Empresarial Valenciana, Valencia, Spain

2. Mulder M (1996) Basic principles of membrane technology. Kluwer Academic, Dordrecht

3. Adzet Adzet JM (1985) Quı́mica de tenerı́a. AQEIC, Barcelona

Pickling 
wastewater

Storage tank

Back to
pickling step

pH adjustment

Permeate To soaking
process

Retentate
Stream

NF

Fig. 4.17 Scheme of the application of NF to the excess pickling wastewater

124 M.V. Galiana-Aleixandre et al.



4. European Commission (2003) Integrated Pollution Prevention and Control (IPPC). Best avail-

able techniques reference document on the tanning of hide and skins. http://www.prtr-es.es/.

Accessed 09 Nov 2009

5. ISO 3372 (2002) Determination of tensile strength and elongation

6. ISO 3377:2 (2002) Physical and mechanical test- determination of tear load

7. ISO 3379 (2005) Determination of distension and strength of grain – ball burst test

8. Cortese B, Drioli D (1982) Ultrafiltration processes for pollution control and chemical reuse in

the tanning industry. Desalination 34:131–139

9. Collivignarelli C, Barducci G (1984) Waste recovery from the tannery industry. Waste Manag

Res 2:265–278

10. Aloy M, Donikian S (1992) Ultrafiltration de bains de tannerie. Industrie du Cuir 4:68–74

11. Aloy M, Vulliermet B (1998) Technologies membranaires pour le traitement des bains

résiduaires de tannerie. Industrie du Cuir 2:44–50

12. Mendoza-Roca JA, Galiana-Aleixandre MV, Lora-Garcı́a J, Bes-Piá A (2010) Purification of
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Chapter 5

Wastewater Reuse Focused on Industrial

Applications

Mariliz Gutterres and Patrice Monteiro de Aquim

5.1 Introduction

Water is essential to life. However, its indiscriminate use may lead to the shortage

of its precious asset. The concept of water being a never-ending resource with

a limitless renewable capacity belongs to the past. One way to optimize water use

is by adopting reuse techniques, including recycling, where the same water is used

once or twice for different purposes or for the same purpose.

Wastewater reuse is a rational practice that contributes to environmental

protection. This technique is being implemented to reduce water consumption

and the high costs of water treatment. Therefore, more than an environmental

measure, water reuse has an economic impact. Wastewater reuse must be a safe,

environmentally conscious, responsible, and accountable process, which meets

the recycling requirements and the current legislation, as well as the directives of

the World Health Organization, since irresponsible wastewater reuse may cause

various problems.

Water scarcity is faced all around the world. It may be defined in various ways

[1]. In short, scarcity occurs when there is less than 200 m3 of freshwater available

per person per year. Scarcity problems were detected in North Africa, Southern

Africa, the Horn of Africa, and the Sahel. There are serious shortages in south-

western Asia, northern India, Pakistan, and northern China. Some Visegrad

countries (Bulgaria, Romania, Poland, and Hungary), a large part of the southwest-

ern USA, and Western Australia as well as Mexico and the Middle East are also

facing scarcity problems. Among Visegrad countries over 70% of the total fresh-

water inflows from only one river, the Danube, which flows through several
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countries. The concern over the future of water supply will be focused first in those

areas where countries are using more water than they receive in rainfall. Wastewa-

ter reuse has become an essential component of water demand management

(WDM) in many countries like Jordan, Kuwait, Israel, Spain, Australia, Namibia,

Germany, United Kingdom, and the United States of America [2].

Wastewater reuse is the process of reusing treated or nontreated water for the

same or another purpose. This reuse can be direct or indirect, planned or unplanned,

according to the following classification:

• Direct reuse occurs when the water used for a given purpose can be reused

without previous treatment to be applied to a less noble purpose. Some examples

include wastewater use in industries or in irrigation.

• Indirect wastewater reuse occurs when wastewater used for domestic or indus-

trial purposes is treated to be available for another use.

• Water recycling involves reusing water for the same application for which it was
originally used. In this case, the water is treated.

The types of wastewater reuse are classified in four main categories: urban,

industrial, agricultural, and groundwater recharge, as it is described.

• Urban reuse: As the water supply requirements of large metropolis are growing,

the option of reuse of wastewater for domestic purposes is increasingly being

considered. There is potential for reuse at all system scales, from household level

to the large irrigation schemes. The choice is conventionally technical and

economic one, and this will be introduced to effectively measure once the

community as a whole is involved in the working of reuse systems. Urban

reuse systems provide reclaimed wastewater for various non-potable purposes,
including irrigation of public parks, recreation centers, school yards and

playgrounds, and landscaped areas surrounding public buildings and facilities;

irrigation of landscaped areas surrounding residences, general wash down, and

other maintenance activities; irrigation of landscaped areas surrounding com-
mercial, office, and industrial developments; commercial uses such as vehicle

washing facilities and laundry facilities and ornamental landscape uses and
decorative water features, such as fountains, reflecting pools, and waterfalls;

dust control and concrete production for construction projects; fire protection
through reclaimed water fire hydrants; and toilet and urinal flushing in commer-

cial and industrial buildings.

• Industrial reuse: The reuse of wastewater in industrial processes, activities, and

operations has been widely explored. Besides preventing the waste of potable

water, the reuse of wastewater for industrial purposes is advantageous for the

companies for it avoids its waste. The industrial sector is responsible for a great

part of the global freshwater consumption [3], reaching up to 20% of the

available resources, and, at the same time, it is one of the main causes of their

continual degradation. This occurs due to the rapid growth in the world popula-

tion, which leads to the ever-increasing need to increase the production of

consumer goods. To ensure safe wastewater reuse, minimum water requirements

should be used for a given industrial process or operation. Industrial reuse has
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increased substantially since the early 1990s; for many of the same reasons,

urban reuse has gained popularity, including water shortages and increased

populations, particularly in drought areas, and legislation regarding water con-

servation and environmental compliance. Industrial process/boiler-feed

requirements and utility power plants are ideal facilities for reuse due to their

large water requirements for cooling, ash sluicing, radioactive waste dilution,

and flue gas scrubber requirements. Petroleum refineries, chemical plants, and

metal working facilities [4] are among other industrial facilities benefiting from

reclaimed water not only for cooling but for process needs as well.

• Agricultural reuse: It is the application of reuse wastewater in agricultural

production and the cultivation of planted forests. Despite the great consumption

of water in the industry, it is more significant in agriculture, which has the

greatest potential for reuse. The agricultural use of wastewater corresponds up to

80% of the consumptive use, that is, during water use, a certain amount of water

is collected from the sources, and, following the use, a smaller amount and/or a

certain amount of lower quality water is returned, that is, part of the collected

water is consumed during its use, in some countries, which should be taken into

consideration by decision makers when wastewater reuse priorities are discussed

[5]. Wastewater reuse may have various benefits because some wastewaters

have concentrations of substances that can be used in agricultural production.

However, some types of water may contain harmful contaminants. Thus, analy-

sis should be performed to assess the viability of water reuse conditions in order

to avoid public health problems. Properly treated effluents may have the follow-

ing applications: in cultures of noncommercially processed food, for superficial
irrigation of any food culture, including food eaten in its raw state; in cultures of
commercially processed food, for the superficial irrigation of orchards and

vineyards; and in non-nourishing cultures, of foraging, fibers, and grains and

for watering thirsty animals.
• Groundwater recharge: Artificial recharge of aquifers with treated effluents can

have many applications, including the increased availability and storage of

water, salinity control in coastal aquifers, and land subsidence control. This

practice may be relevant in some cities supplied by underground water where the

natural recharge of aquifers has been reduced due to the increase in the number

of waterproof areas. Managed aquifer recharge (MAR) encompasses several

physical processes used to replenish and augment groundwater resources and

is often an integral part of planned potable reuse [6]. MAR can include direct

injection in the subsurface or infiltration via surface-spreading basins. The

process of surface spreading has the added benefit of additional constituent

removal and transformation in the basin and during percolation (referred to as

soil aquifer treatment or SAT). Treatment in the basin is provided passively by

volatilization and photodecomposition and during SAT from physical filtration,

adsorption to soil particles, microbial biotransformation, and dilution with native

groundwater [7]. Surface spreading using recharge basins is one of the oldest and

most common methods for groundwater recharge [8].

5 Wastewater Reuse Focused on Industrial Applications 129



5.1.1 Development of a Program for the Conservation
and Reuse of Water

The implementation of reuse requires the establishment of quality guidelines, criteria

and standards, and procedures that regulate the practice of wastewater reuse. It is

important to establish a well-defined program that can be executed by a group of

people committed to the success of the program. In the manual of conservation

and reuse of water for the industry, the development stages of a program for the

conservation and reuse of water are presented. The implementation of such a program

requires the full understanding of the use of water (quantitative and qualitative) in all

types of construction, external areas, and processes in order to identify the largest

consumers and the best actions to be taken in the technology field, as well as the

mechanisms of control to be incorporated to the system of water management

adopted [9]. The constraints (limits) to the implementation of a program for waste-

water conservation and reuse are obtained by the achievement of goals and by

planning actions within the scope of a plan of continuous improvement [10]. Some

suggestions regarding programs of implementation of reuse of water are shown in

Table 5.1:

5.2 Wastewater Characterization for Reuse

The pollution potential of wastewater is directly proportional to the concentration

of its pollutant components. The characterization of wastewaters makes it possi-

ble to establish the wastewater treatment system necessary to ensure wastewater

reuse feasibility or to avoid degradation of receiving waters by discharge.

Water reuse is considered an important solution to water supply issues in many

countries. Accordingly, the main purpose of wastewater treatment is to meet the

quality requirements for public or private users and to protect the consumer from

pathogens and impurities in the water potentially deleterious to humans, animals,

plants, and the environment as a whole.

Wastewater reuse applications require different water quality specifications,

which require different purification grades, varying from simple processes to more

advanced ones with selection of combined treatments technologies. The limiting

factor for wastewater reuse [12] is many times the quality of the available wastewater

associated to the treatment processes (technology) and potential hazards for second-

ary users. The resources employed for wastewater reuse are often available nearby

(in urban use or industrial sites). The hydraulic characteristics should be observed

and comply with the demands and distribution requirements. Water obtained from

recycling or reuse systems [13] should fulfill the criteria of hygienic safety, aesthetics,

and environmental tolerance as well as technical and economic feasibility. Specific

parameters and analytical control methods are established to assess water quality and

treatment efficiency. The most critical parameters are controlled according to risk
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Table 5.1 Programs aimed to the implementation of reuse of water

Reference Stages and relevance

FIESP/CIESP

[9]

Preliminary technical assessment: document analysis, field survey

Assessment of water demand: analysis of physical loss, analysis of waste,

identification of the different levels of quality of water. Assessment of water

supply: concessionaires, direct capture, pluvial waters, effluent reuse,

underground waters

Study of technical and economic viability: creation of the solution matrix,

technical and economic analysis

Technical details: technical specifications, technical details

Management system: water consumption monitoring plan, training program for

managers and users, maintenance routines, specific procedures

Paulino [10] Establishment of goals and priorities

Selection of water program manager or managers continuously trained and

updated to operate and disseminate the program

Planned allocation of initial investments expected to be reduced as savings are

generated, ensuring the resources necessary for further investments

Support of the top executive management during the elaboration of water

management plans

Optimization of the use of water, ensuring a better performance of the involved

consumption activities

Research, development, and innovation in industrial processes or other activities

with observation of the quality standards and attempting to reduce costs

Development and implementation of a management system that shall ensure the

maintenance of good consumption indexes and the perfect performance and

monitoring of hydraulic systems, equipments, and processes throughout time,

contributing to the reduction and maintenance of costs during the useful life of

the equipment

Multiplication of the program for the conservation and reuse of water for all the

users of the system

Disclosure of the results obtained in order to encourage and enhance the

commitment of the involved users

An exclusion or premature assessment of each one of the above mentioned stages

may compromise the efficiency of the initiatives taken

In order to maintain the level of savings obtained, the management systems must

include operational, institutional, educational, and legal actions

Hespanhol [5] Define the criteria for the treatment of effluents for water reuse and for the

proposal of technologies suitable to the regional or local climatic, technical,

and cultural characteristics

Establish criteria for the economic and financial assessment of reuse programs and

projects

Establish norms and programs aimed to provide information, environmental

education, and public participation in water reuse programs and projects

Establish a system for monitoring, assessing, and disseminating national,

regional, and local programs for the conservation and reuse of water

Establish a policy of reuse of water, defining objectives and goals, types of reuse,

priority areas, and local and/or regional conditions for the implementation of

the practice

Propose institutional structures for the promotion and management of programs

and projects of reuse at the national, regional, and local levels

(continued)
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assessment approaches of water destination. In order to minimize the analytical costs

[14], suitable indicator substances or indicator effects should be identified, and

a suitable monitoring strategy combined with a Hazard Analysis and Critical Control

Points (HACCP) system should be developed.

5.2.1 Constituents in Wastewater

Physical properties and chemical and biological characteristics of waters and

wastewaters are interrelated, for example, physical and chemical characteristics

of water bodies affect the abundance, species composition, stability, productivity,

and biological conditions of populations of aquatic organisms. Regarding physical

properties, for instance, temperature may affect the gases and, in some cases, the

dissolved inorganic solids. Another physical property – turbidity – is associated

with suspended solid concentrations.

The important constituents that deserve consideration in wastewater treatment

are included in the following categories [15]: suspended solids, biodegradable

organic pollutants, pathogens, nutrients, priority pollutants, refractory organic

pollutants, heavy metals, and dissolved inorganic solids. Secondary treatment

standards for wastewater are concerned with the removal of biodegradable organic

Table 5.1 (continued)

Reference Stages and relevance

Establish a legislation including directives, standards, and codes of practice

Establish regulations, including assignments, responsibilities, incentives,

and penalties

Bixio et al.

[11]

May help water professionals interpret existing environmental regulations

and formulate acceptable alternatives to address water resource management

issues

It may reassure local authorities and operators that they are following the most

suitable wastewater recycling and reuse guidelines

The purposed Aquarec manual on management practices aims at disseminating

the knowledge acquired to enable the efficient implementation of water reuse

across the European Union and Australia. The manual was designed to spread

the knowledge on practices, or combination of practices, that have proved to

be effective and easy to implement and operate

The manual applies to a wide range of non potable water reuse initiatives and

builds upon five major milestones

Inventory of case practices across seven world regions

Conventional literature review on management practices

Inquiry to managers of medium-to large-scale facilities to determine where

present-day practice lies in relation to what is seen as “best practice”

International workshop of water reuse professionals to discuss specific data gaps

Extensive peer review of the draft documents to include the insight and know-how

of a larger number of professionals from water reuse utilities, manufacturers,

consultants, and research institutions
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agents, total suspended solids, and pathogens. Most strict standards that have been

recently developed concern the removal of nutrients, heavy metals, and priority

pollutants. When wastewater is to be reused, standards generally include additional

requirements for the removal of refractory organic pollutants, heavy metals, and

sometimes dissolved inorganic solids.

5.2.1.1 Biological Constituents

The biological methods used for assessing water constituents include collection,

counting, and identification of aquatic organisms; biomass measurements, measure-

ments of metabolic activity rates, measurements of toxicity, bioconcentration, and

bioaccumulations of pollutants; and processing and interpretation of biological data.

One of the most important attributes of high-quality water is to be free of disease-

causing organisms. Testing to detect and quantify individual pathogens are difficult to

perform and time-consuming. Measurements of most probable number (MPN) of

coliform organisms are used to assess the presence of pathogenic bacteria and the

effectiveness of the disinfection process. Specificmicroorganisms (bacteria, protozoa,

helminths, and viruses) are assessed in connectionwith the operations of the treatment

plant and the analysis of wastewater for reuse. Microorganisms are also responsible

for biologicalwastewater treatment.Algae play an important role in the eutrophication

of lakes, being used in wastewater treatment in stabilization ponds. Material dis-

charges can be biologically oxidized when utilized as substrate by bacterial flora, and

the dissolved oxygen present in natural waters provides a source of oxygen for this

process. The methods are used to evaluate the toxicity of treated wastewaters to

aquatic species [15, 16].

5.2.1.2 Chemical Constituents

The chemical constituents in water are classified as inorganic and organic. Inor-

ganic chemical constituents include nutrients, nonmetallic constituents, metals,

and gases. Inorganic pollutants include inorganic acids, bases and salts, nutrients

(nitrogen and phosphorus), sulfide, and inorganic species. The analyses to measure

aggregate organic matter comprise a number of organic constituents that cannot be

separately distinguished. Methods commonly used in laboratories to analyze high

levels of organic matter (greater than 1 mg/L) include biochemical oxygen demand

(BOD), chemical oxygen demand (COD), and total organic carbon (TOC). Individ-

ual organic compounds are determined to assess the presence of priority pollu-

tants identified by the U.S. Environmental Protection Agency (USEPA), as well as

a number of new emerging compounds are of concern. Both inorganic and organic

pollutants are classified as priority pollutants according to their known or suspected

carcinogenicity, mutagenicity, teratogenicity, or high acute toxicity. Toxic sub-

stances interfere directly, or through synergistic action, with the native aquatic

population of receiving waters.
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5.2.1.3 Physical Properties

The most important physical characteristic of water is its total solid content, which

is detected due to the contributions of floating matter, settleable matter, colloidal

matter, and matter in solution in water or wastewater. Several differentiations of

solid indicators (volatile solids, fixed, suspended, and settleable) are used to assess

the potential of reuse of wastewater and to determine the most suitable type of

operations and processes for its treatment. Other important physical characteristics

include particle size distribution, turbidity, color, taste, temperature, conductivity,

specific gravity, and odor. Generally, a change of about 5 �C may significantly

affect the balance and health of an aquatic environment. Examples of discharges

[17] with high temperatures include condenser discharges and boiler blowdown,

and colored effluents can be generated from dyeing operations, canneries, and from

chemical and explosive manufacture. Substances such as phenolic compounds,

solvents, petroleum products, and reduced sulfur compounds can impart taste

and odor to water, although at minute concentrations. The types of wastewater

discharges that cause turbidity are those from hydraulic mining operations, coal

washeries, carbonization of coal, and petroleum refineries.

5.2.1.4 Microbiological Parameters and Pathogens Survival

Wastewater generally contains significantly high concentrations of pathogens. The

wastewater treatment process tends to remove pathogens from the treated waste-

water, thereby concentrating the pathogens in the sewage sludge. Like any other

living organisms, pathogens thrive only under certain conditions. Each pathogen

species has different tolerance to different conditions. The pathogen reduction

requirements are therefore based on the need to reduce all pathogenic populations.

Some of the factors that influence the survival of pathogens include pH, tem-

perature, competition from other microorganisms, sunlight, contact with host

organisms, proper nutrients, and moisture level [18].

Bacteria have a long history of use as indicators in microbiological testing. Due

to the costs and the complexity of analyzing actual pathogens, wastewater

professionals and regulators have relied for decades on traditional fecal indicators.

However, there is scarce data available on how the removal of coliforms compares

to the removal of protozoan pathogens, viruses, or other bacteria. Microorganism

analyses can be performed in untreated wastewater and throughout the various

phases of the treatment process. Differences in wastewater characteristics and

treatment process will affect microorganism concentrations in wastewater treat-

ment facilities. The increase of health hazards and concerns in relation to wastewa-

ter, the growing number of wastewater treatment facilities, and the need for

obtaining additional water resources through wastewater reuse have demanded

the urgent use of more accurate and sophisticated biological control tools for

wastewater recycling [14, 19].
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Escherichia coli is always present in high numbers in domestic wastewater,

and its detection by culture methods is relatively inexpensive. Hence, E. coli has
become the indicator of choice for fecal pollution of water. Its occurrence suggests

the possible presence of pathogenic microorganisms. Yet it is not an unequivocal

indicator of the presence of pathogens. While E. coli is a valuable warning indicator
in potable water supplies, its value in domestic wastewater and biosolid appli-

cations is reduced because the source of water and sludge is always fecally polluted

[20]. The scientific community was always aware that detection and quantification

of E. coli is not sufficient to define the quality of a given wastewater treated,

reclaimed, or discharged into the environment. Some pathogens are more resistant

to conventional wastewater treatment (including chlorination), and its sources are

not the feces of warm-blooded animals. Therefore, E. coli is an insufficient tool to

reflect the quality changes due to wastewater treatment processes, conventional or

advanced and extensive or intensive. In addition, it does not allow the control of

wastewater disinfection [14].
Through routine monitoring of coliform bacteria, several alternative monitoring

approaches have been suggested as indicators of the presence of potential pathogens.

Types of waterborne pathogens and used indicators are shown in Table 5.2 (modified

from WERF [19], Salgot [14]). More suitable indicators and new molecular bio-

logical methods are under development in order to establish the biological quality

of different types of wastewater that enable a faster determination of specific

microorganisms.

5.2.1.5 Contaminants of Emerging Concern

The difficult aspect of wastewater reuse is the removal of harmful contaminants to

meet the water supply parameters, as required. Wastewaters contain contaminants

of emerging concern (CECs), which include pharmaceutically active compounds,

household chemicals, personal care products, disinfection by-products, pesticides,

endocrine-disrupting chemicals and dioxins, furans, and dioxin-like polychlori-

nated biphenyls (PCBs), as well as other organic micropollutants and harmful

substances. Organic compounds that tend to resist conventional methods of waste-

water treatment are recognized as refractory organics. The long-term health effects

of trace amounts of contaminants in water are not well-known.

Extensive lists of organic micropollutants have been discussed, for it is known

that a significant number of trace chemical contaminants persist in the environment

and some of these chemicals are known or suspected of deleterious implications

to the environment, but only some of them were found to be associated to toxicity

in humans. On the other hand, their determination is very expensive, and it is

difficult to find an indicator for such a huge number of substances with different

properties and different origins. Some typical compounds and their indicator sub-

stances are referred [14]: surfactants, mineral oil, pesticides (e.g., Diuron; 2,4-D),

complex-forming substances (e.g., Ethylenediaminetetraacetic acid, EDTA), chlo-

ride solvents (if AOX > limit, e.g., TCE), aldehyde, aromatic organic solvents
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(e.g., benzene), PAHs (e.g., benzo(a)pyrene), phenols, pharmaceuticals (e.g., carba-

mazepine, X-ray, contrast media, sulfamethoxazole), and endocrine disruptors

(E-Screen).

Though many of these contaminants are present at very low levels (ng/L),

potential health concerns have given rise to numerous scientific investigations

regarding the occurrence, concentration, transport, degradation, and aquatic fate.

The fate and transport of a suite of 26 CECs and bulk organic matter [7] during

a surface-spreading aquifer recharge operation were assessed. Individual CECs

were identified along with bulk water quality parameters that could be used to

indicate the performance for this particular surface-spreading aquifer recharge

operation. Target of CECs included one herbicide, an X-ray contrast media, one

plasticizer, one stimulant, one preservative, one surfactant, two chlorinated flame

retardants, four personal care products, and 14 pharmaceuticals. Increased sediment

toxicity has been strongly correlated with increased pesticide application rates

within a watershed. Also, pharmaceutically active compounds (PhACs) have been

detected [21] at biologically active concentrations within urban streams, and effects

on nontarget organisms have been observed. A study has investigated the viability

of using in situ near-real-time sensors to predict the concentrations of fecal coli-

forms, prometon (a residential herbicide), atrazine (an agricultural herbicide), and

caffeine (a wastewater indicator). Such pollutants can be used as indicators of

sources that contribute to what is often termed urban stream syndrome.
There are concerns [22, 23] about exposure to chemicals that may act as endocrine

disruptors (environmental estrogens or estrogenic xenobiotics). Also, the potential for

development of antibiotic resistance is of concern. Various health effects [24] in

humans and wildlife species have been associated to endocrine-disrupting chemicals

(EDCs), with increased vitellogenin (VTG) levels in male and juvenile female fish,

altered sexual ratios, reproductive abnormalities, and neuroendocrine disruptions

in some aquatic species, providing some evidence of this association. Research has

also revealed a possible relation between EDCs and adverse human health effects,

such as male testicular and prostate cancers and female breast cancers. Furthermore,

EDCs can be biologically active in fish even at the low ng/L levels in ambient water.

Three estrogens, estrone (E1), 17b-estradiol (E2), and 17a-ethinylestradiol (EE2), are
generally considered to be the main EDCs of concern in wastewater effluents.

The term “dioxins” refers to the family of chlorinated dibenzo-p-dioxins (PCDDs),
and “furans” designates the family of polychlorinated dibenzofurans (PCDFs). The

coplanar polychlorinated biphenyls (PCBs) were found to have toxic effects similar to

those of dioxins and are believed to operate by the same general mechanism [25, 26].

Dioxins, furans, and dioxin-like PCBs are ubiquitously distributed throughout the

environment and can be detected in the air, water, soil, sediment, and biota. They enter

the environment as complex mixtures resulting mainly from incineration, accidental

fires, or spills involving PCBs. It is estimated that over 96% of dioxins in the environ-

ment have originated from emissions to air [27], which are then deposited on plant,

soil, and water surfaces. Dioxins, furans, and dioxin-like PCBs have been detected

in freshwater, wastewater, and drinking water samples, and therefore, exposure to

dioxins can potentially occur through various sources of contaminated water,
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including wells, surface water, and in swimming areas [28]. Toxic equivalency

factors (TEFs) for 2,3,7,8-substituted polychlorinate dibenzo-p-dioxins (PCDD)

and dibenzofurans (PCDFs) and dioxin-like polychlorinated biphenyls (PCBs)

congeners have been developed by the World Health Organization to simplify

the risk assessment of complex mixtures. The WHO 2005 toxic equivalency factors

(TEF)were used to calculate the toxic equivalents (TEQs) [29]. Dioxin guideline values

in acceptable human intakes given by USEPA 1996 are 0.006 pg TEQ/kg bw/day

and by WHO 1998 are 1–4 pg TEQ/kg bw/day [27]. In Australia, the estimated annual

release of dioxins from water is 3.2 g/TEQ (less than 0.2% of the total annual release

of 1,778 g/TEQ) [28].

5.2.1.6 Ecotoxicological Test

Due to the enormous number of potentially polluting substances contained in

wastewaters, a chemical-specific approach is insufficient to provide the necessary

information on water quality. Therefore, biological test systems with living cells or

organisms give a global response to the pool of micropollutants present in the

sample. Most toxicity studies are single-factor experiments with constant exposure

concentrations. Efforts have been made in an attempt to predict joint toxicity of

several parameters. The measurement of biochemical responses to chemical conta-

minants may help improve the assessment of biologically significant exposures to

toxic chemicals and enhance the ability to assess the risk of effects on the health and

survival of toxicant exposed populations. One of the purposes of (eco) toxicological

tests is to determine the maximum concentration which does not affect a given

relevant parameter of the test organisms ([23, 30, 31]; Hoeven 2008).

Toxicity tests have been included in regulatory requirements. USEPA has also

included the need for effluent toxicity evaluation in the National Pollutant Dis-

charge Elimination System (NPDES). Brazil requires the use of toxicity assays [32]

in final effluents, and each state defines its own requirements and tests. The state of

São Paulo, in 2000, and the state of Rio Grande do Sul, in 2006, have included

ecotoxicity tests in enforcement actions. The maximum toxicity level of a final

effluent allowed to be discharged is calculated based on the effluent dilution rate in

the river and its ecotoxicity.

Toxicity tests on several trophic level using, for example, the following organisms

are recommended: producer organisms – algae (e.g., Scenedesmus subspicatus, chlo-
rella vulgaris, Scenedesmus subspicatus), primary consumers – microcrustaceans

(e.g., Daphnia magna, Cladocera), secondary consumers – like fish (Danio rerio,
Brachydanio rerio), and decomposers – bacteria (Photobacterium phosphorium,
Vibrio fischeri). The crustacean Daphnia magna [23, 33–35] is the most commonly

used organism in the study and control ofwater quality and is used in biological assays

to determine the toxicity of wastewater. Daphnia magna is used as the sensor

organism to measure the lethal concentration that causes the death of 50% (LD50) of

a group of test animals as a criterion to assess the toxicity of wastewater.
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The phytotoxicity of the wastewater samples is also assessed by measuring the

rate of seed germination and growth of plant species like the monocotyl Sorghum
saccharatum, the dicotyl garden cress Lepidium sativum, mustard Sinapis alba, and
Lemna minor L. [30, 33].Due to their settled lifestyle, plants are constantly exposed
to pollution. In addition, plants are the major energy source for nearly all higher

eukaryotes, and, thus, they play an active role in transferring contaminants to higher

trophic levels [31].

The CONSEMA Resolution No.129/2006 issued by the state of Rio Grande do

Sul, Brazil, requires genotoxic through reverse mutation assay using Salmonella
strains or Ames test. To determine the potential genotoxic effects of micro-

pollutants in water [30], single-cell gel electrophoresis assay (Comet assay) was

performed. The alkaline version of the Comet assay is a sensitive method that

quantitatively measures DNA damage.

Biomarkers such as pigment content (chlorophyll and carotenoids) and enzyme

activity (like peroxidase) are used as parameters for toxicity tests. A bioindicator of

cell biomembrane injury, estimated by malondialdehyde (MDA) content, was

tested for the first time in the ecotoxicological risk assessment.

5.2.1.7 Other Water Quality Parameters

Relevant metals in treatment, reuse, and disposal of treated effluents and biosolids

are As, Cd, Cd, Ca, Cr, Co, Cu, Fe, Pb, Mg, Mn, Hg, Mo, Ni, K, Se, Na, W, V, and

Zn, where Ca, Fe, Mg, K, and Na are the macronutrients essential for biological

growth and Cr, Co, Cu, Mg, Mn, Mo, Ni, Se, W, V, and Zn are micronutrients.

Heavy metal contamination of wastewaters and water bodies may originate from

different local industries, commercial activities, transportation, dust, and other

sources. The concentration of heavy metals in wastewater effluents can be critical,

especially in industrial effluents. For example, cadmium, chromates, lead, and

mercury are often present in industrial wastes. These are usually found in metal-

plating wastes and should be removed for pretreatment rather than mixed with the

municipal wastewater. Copper and zinc are heavy metals found in wastewater reuse

systems, which may originate from the corrosion of pipes. Toxic concentrations

of copper and zinc tend to build in wastewater reuse systems with low makeup

flows. The toxicity of heavy metals strongly depends on water chemistry and is

reduced at high alkalinities and hardness. The bioavailable fraction of heavy metals

to plants, their uptake, and their accumulation depend on the properties of soil, on

the plant, and other factors. Soil factors include, soil pH, organic matter content,

cation exchange capacity, moisture, temperature, and evaporation. Major plant

factors are the species and variety, plant parts used for consumption, plant age,

and seasonal effects. Prolonged consumption of heavy metals [14, 15, 23, 36] may

lead to the disruption of numerous biological and biochemical processes in the

human body, and they can be found in the tissue of fresh vegetables. For some uses

like crop irrigation, the determination of heavy metals such as the carcinogenic Pb

and Hg is advised at regular time intervals.
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Salinity is generally used to describe and measure seawater or some industrial

wastes, and the parameter of total dissolved solids (TDS) concerns the amount of

dissolved solids (typically various compounds of salts, minerals, and metals) in

a given volume of water. Another way to determine the approximate TDS content is

by measuring the conductivity of a water sample and converting the resistance (in

microomhs) to TDS. Dissolved salts [36] causing salinity in wastewater exert

an osmotic effect on plant growth. An increase in osmotic pressure of the soil

solution increases the amount of energy the plant needs to expend to take up water

from the soil. As a result, respiration is increased and the growth and yield of plants

decline. However, it has been found that not all plant species are susceptible. Some

areas were irrigated [37] by saline water so that the soil has been so loaded with salt

that crop productivity has decreased, or only special saline resistant could grow.

Salinity also affects the soil properties such as dispersion of particles, stability of

aggregates, soil structure, and permeability. Hardness is a term used to express the

properties of certain highly mineralized waters (high TDS concentrations).

Discharges containing relatively high concentration of salinity [17] and/or hardness

can impair the quality of lower riparian potable water supplies. Examples of wastes

that may fall within this classification are oil-field brines, acids, alkalis, mine

drainage, and brine from ion-exchange units. In reclaimed water that is chlorinated,

chlorine residuals of less than 1 mg/L do not affect plant foliage, but chlorine

residuals in excess of 5 mg/L can cause severe plant damage when sprayed directly

on foliage [15].

The nutrients nitrogen and phosphorus are used for plant life and favor the fast

growth of unwanted algae and aquatic plants. When they are discharged in exces-

sive amounts on land, they can also lead the pollution of groundwater. Nitrogen

and phosphorus removal is often required where reclaimed water is discharged to

recreational and sensitive water bodies used for groundwater recharge or other

reuse applications. Among the nitrogen compounds, ammonia and nitrites have

poisonous effects on aquatic organisms. The nitrogen in reclaimed water [15, 38]

for irrigation or crops can replace equal amounts of commercial fertilizer during the

early to midseason crop-growing period. However, excessive nitrogen in the final

part of the growing period may be detrimental to many crops, causing excessive

vegetative growth, delayed or uneven maturity, or reduced crop quality. If alternate

low-nitrogen water is available, a switch in water supplies or blending of reclaimed

water with other water supplies can been used to keep nitrogen under control.

5.2.1.8 Water Quality Indices

Water quality indices (WQI) have been developed with the aim of providing

summarized information on water quality. A water quality index is a unitless

number that ascribes a quality value to an aggregate set of measured chemical,

physical, and microbiological parameters [39]. Water quality indices usually

consist of sub-index scores assigned to each parameter by comparing its measure-

ment with a parameter specific rating curve, optionally weighted and combined into
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the final index [40]. Basically, a water quality index attempts to provide a mecha-

nism for presenting a cumulatively derived numerical expression to define a certain

level of water quality [41]. WQI summarizes large amounts of water quality data

into simple terms (e.g., excellent, good, bad, etc.). The concept of WQI is based on

the comparison of water quality parameters with the respective regulatory standards

and gives a single value to the water quality of a source, which translates the list of

constituents and their concentrations present into a sample (Khan et al. 2003, [42,

43]). Several regulatory agencies issued useful water quality criteria for the protec-

tion of beneficial uses [44]. The Wastewater Polishing Index (WWPI) defined by

a weighted average of six parameters (suspended solids (SS), BOD5, chemical

oxygen demand (COD), ammonia, total phosphorus, and Escherichia coli), each
one transformed into a sub-index scale from 0 to 100, was aimed to provide the fast

assessment of the quality achieved by different polishing treatments for water

discharged into surface water bodies and for reuse purposes [39].

5.2.2 Guidelines and Standards for Wastewater Reuse

In order to protect public health and the environment, regulatory approaches

stipulate water quality standards in conjunction with requirements for treatment,

sampling, and monitoring. Significant restraints to wastewater reuse include the

potential risks to public health due to the chemicals and potential bacteria within the

effluent and the potential for reduced sewer- or streamflows. Agricultural irrigation

reuses, in general, require lower quality levels of treatment; on other extreme

domestic reuse options, reuses need the highest treatment level. The requirement

treatment levels for other reuse options lie between them. Depending on the water

source and the treatment process, water reuse applications are divided in categories

and their constraints are informed [4, 12, 22, 36, 45, 46]. These categories, their

main constraints, and some characteristics of the systems for wastewater are shown

in Table 5.3.

Cooling water is the predominant industrial reuse. The basic types [4] of cooling

water systems that use reclaimed water are (1) once-through cooling water systems
which involve a simple pass of cooling water through heat exchangers. There is no

evaporation and, therefore, no consumption or concentration of the cooling water;

(2) recirculating evaporative cooling water systems which use water to absorb

process heat and then transfer the heat by evaporation. As the cooling water is

recirculated, makeup water is required to replace water lost through evaporation.

Water must also be periodically removed from the cooling water system to prevent

a buildup of dissolved solids in the cooling water. Cooling towers and spray ponds

are evaporative cooling systems that use reclaimed water.

The following hierarchy for acceptability of reuse (in decreasing order) is

suggested [1]: (1) irrigating forests, (2) irrigating forage crops, (3) irrigating human

food crops, (4) garden and parkland irrigation, (5) livestock watering, (6) cooling,
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(7) industrial cleaning, (8) industrial process, (9) fisheries, (10) recreational water, and

(11) public water supply: (a) gray water and (b) potable use.

According to the Royal Decree 1620/2007 of Spain, treated wastewater reuse is

forbidden in the following situations: (a) for human consumption, except in situations

of declared disasters; (b) for the specific uses of the food industry; (c) for use in

hospital installations and other similar uses; (d) for the breeding of filtering mollusks

in aquaculture; (e) for recreational use as swimming waters; (f) for use in fountains

and ornamental waters in public spaces or inside public buildings; and (g) for any

other use that the health authorities may deem to be a hazard to human health. The use

in refrigerating towers and evaporation condensers is subject to very stringent

requirements and forbidden in urban areas and in places with public or commercial

activities [47].

The purple color has been adopted for reclaimed water lines [4]. There are

standard methodologies for the implementation and management of water reclama-

tion and reuse projects and several different water quality guidelines related to the

different end uses. All guidelines were useful, but none has been entirely satisfac-

tory because of the wide variability in field conditions. The guidelines were broken

down into two broad schools of thought: (1) the so-called “better safe than sorry”

approach, which is aimed to reduce the risk as much as possible – a representation

of this school is the Californian Title 22 regulation. Several countries including

Australia, Italy, Cyprus, and Israel adopted a similar approach; (2) a less restrictive

approach designed to facilitate reuse, recognizing that regulations should be realis-

tic and realizable in the context in which they are to be applied. A representation of

this school is the World Health Organization’s “guidelines for the safe use of

wastewater and excreta in agriculture and aquaculture” of 1989. Several Mediter-

ranean countries supported this approach, including a few European ones (France,

Sicily, and Andalusia) [11].

Among the risks associated to reclaimed water use, the possible transmission of

infectious diseases by pathogens is the most important concern. The difficulty of

defining microbiological quality [48] of the media that receive reclaimed wastewa-

ter, particularly the agricultural systems where reclaimed water is used for irriga-

tion, and the need to establish and conduct joint studies of all media implied in

wastewater reuse systems have been reported. A WHO report issued in 1989

recommended the use of the epidemiological method for determining health risks

associated with reuse practices. Wastewater reuse standards from Germany, China,

the USA, Japan, Australia, and Queensland are reported [49], and although most of

them are applied for the reclaimed municipal wastewater, these guidelines were

aimed to be used as a basis for the establishment of the guideline of gray water

recycling.

For many countries in Europe, either the guidelines of WHO that establish

minimum qualities for direct reuse or the standards from USEPA form the basis for

any decision or for granting permission to any kind of reuse. The first water quality

criteria for reuse of wastewater in irrigation were set in 1933 by the California State

Health Department. Standards or guidelines for other possible reuses such as ground-

water recharge, industrial uses, etc., are not common, mainly because such types of
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reuses are not widespread [36]. The Council Directive 91/271/EEC concerning

urban wastewater treatment has the objective to protect the environment from the

adverse effects of urban wastewater discharges and discharges from certain industrial

sectors and concerns its collection, treatment, and discharge so that the full imple-

mentation of the directive will contribute to obtain treated wastewaters for reuse.

This indicates that treated wastewater and sludge from wastewater treatment shall

be reused whenever appropriate. Disposal routes shall minimize the adverse effects

to the environment.

The Royal Decree 1620/2007 establishes the legal regime for treated wastewater

reuse and quality criteria based on maximum admissible values that take into

account sanitary risks and other pollutants depending on the uses to which the

regenerated water is destined. The Royal Decree establishes new microbiological

and pollutant parameters that measure the quality of the regenerated water. The

microbiological parameters are intestinal nematodes, E. coli, Legionella spp.,
Taenia saginata, and Taenia solium. The chemical pollutants are suspended solids,

turbidity, nitrates, total nitrogen, and total phosphorus. The reuse of wastewater for

agricultural uses needs the application of tertiary treatments capable of obtaining

the established quality limits. These maximum limits are the following: intestinal

nematodes (1 egg/10 L), Escherichia coli (200 CFU/100 mL), suspended solids

(20 mg/L), and turbidity (10 NTU) [50].

A guideline for gray water reuse for restricted and nonrestricted agricultural

irrigation was released by the WHO. For restricted irrigation, the number of helminth

eggs and the number of E. coli shall be lower than 1/1 L and 105/100 mL, res-

pectively. For unrestricted irrigation, the number of helminth eggs and the number

of E. coli shall be lower than 1/1 L and 103/100 mL, respectively [51]. The German

Berliner Senate Office for Construction and Housing has established a gray water

reuse guideline, in which parameters like BOD, oxygen concentration, total coliform,

fecal coliform, and Pseudomonas aeruginosa are required [13].

In countries where domestic reuse is also widely practiced, such as Japan, there

are standards for such reuse [36]. In Italy, specific legal requirements for reclaimed

wastewaters to be reused for agricultural, industrial, or civic purposes refer to 55

parameters. However, regarding domestic wastewater reuse, most problems that

arise are due to high concentrations of six parameters selected to define the

Wastewater Polishing Index (WWPI): 20 mg BOD5/L, 100 mg COD/L, 10 mg

SS/L, 2 NH4 mg/L, 2 mg Ptot/L, and E. coli (CFU/100 mL) 10 as 80th percentile

100 as the maximum value by physical or chemical treatments and 50 as 80th

percentile 200 as the maximum value by lagooning or constructed wetlands [39].

Treated wastewater can be reused for toilet flushing, landscaping and irrigation, or

for cooling water, depending on the quality provided for Taiwan EPA treated

wastewater reuse criteria. For treated wastewater to be used for toilet flushing, the

E. coli count, color, BOD, and pH are the parameters of concern, while an extra

criterion of turbidity is taken into consideration for landscaping and irrigation

water. It is pH, turbidity, total hardness, total alkalinity, chloride, total dissolved

solids, and suspended solids that are of concern for treated wastewater to be reused

as cooling water [52]. In Brazil, international reference standards are generally
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adopted regarding wastewater reuse or else technical guidelines provided by private

agencies. Concerning rainwater harvesting systems, the project and dimensioning

directives are prescribed in the Norma Brasileira – NBR, 15.527/2007 – which

establishes the requirements for rainwater harvesting from roofs in urban areas for

non-potable purposes. Thus, rainwater can be used for non-potable purposes after

proper treatment.

In the framework of the international project “Integrated Concepts for Wastewater

Reuse” (Aquarec), an independent task force composed by water and wastewater

utility professionals, consultants, and researchers was assigned the task and produced

a manual of management practices for wastewater reuse schemes. The project

has identified over 200 wastewater reuse projects in Europe out of 3,300 water

reclamation projects globally. The review considered seven geographical regions:

(a) North and (b) Latin America, (c) Europe, (d) Mediterranean Region and Middle

East, (e) sub-Saharan Africa, (f) Oceania, and (g) Japan. Japan has the largest number

of reuse projects (over 1,800), followed by the USA (over 800), which is the largest

producer, with a volume of reused water estimated at close to 6.5 Mm3/day. Almost

100 sites were identified in the Mediterranean and Middle East area, with more than

50 in Latin America and 20 in sub-Saharan Africa [11, 53]. In 2004, it was estimated

that 700 Mm3/year of wastewater was reused in Europe, which is less than a fifth

of the estimated potential for wastewater reuse [54].

5.3 Industrial Wastewater Management

5.3.1 Water Usage by Industry

The industry water is withdrawn from aquifers, surface water, or municipal drink-

ing water network. Water is applied as a utility and is used for various purposes.

The water cycle in industry is generally not closed. Used water not consumed in the

process is usually discharged to water bodies usually after treatment. In spite of the

greatest potential for polluting water in industry, there is a high potential for saving

water by reuse or recycling in the process, greater than by agriculture or domestic

usage. In Spain, for example [55], from the total volume of treated effluents reused,

only 0.7% corresponds to industrial wastewater.

The industrial sector takes up an average 22% of the globally used water. Water

usage intensity is significant to all businesses whose sustainability will depend on

its availability, cost, and quality [56]. The relation between the industrial and

agricultural activity indicates that the total water intensity (or water footprint) of

an organization or region not only is limited to the operational water directly used in

the processing of the final product but also includes the water used in all processes

involved in the product supply chain [57].

In general, the quantity and quality of water required for the development of

various consumer processes in an industry depends on the type of product/process
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and production capacity. Industrial water demand and wastewater [58] production

are sector-specific. Industries may require large volumes of water for cooling

(power plant, steel, mills, and distillation industries), processing (breweries, pulp,

and paper mills), cleaning (textile mills, abattoirs), transporting products (beet and

sugar mills), and flushing wastes. The treatment requirements for industrial water

use are related to the water use application. In general, the water meets the

following applications and requirements in industry (adapted from FIESP [59])

(Table 5.4).

The amount of water needed to meet the needs of various industrial activities is

influenced by many factors, such as segment, production capacity, regional climatic

conditions, availability of water, production method, age of facilities, operational

practice, local culture, technology innovation, and research investments, among

others. Proper water consumption indicators make it possible to assess water use

efficiency in order to improve water-based processes, minimizing the impacts

generated, either qualitative or quantitative. Also, the indicators make it possible

a benchmarking between the industries of one given segment [59].

Industrial symbiosis is a known application of industrial ecology principles

where the waste materials of one industry are used as inputs for another industry.

It concerns the exchange of by-products, water, energy, and process wastes. The

keys to industrial symbiosis are collaboration and the synergistic possibilities

offered by geographic proximity. Localized industrial ecology in the form of indus-

trial symbiosis could also have the broader benefit of linking to regional development

[57, 60]. The concept of industrial ecology (IE) requires that an industrial system be

viewed not in isolation from its surrounding systems but in concert with them.

Depending on the industrial process, the concentration and composition of the

waste floss may vary significantly. In particular, industrial wastewater may have

a wide variety of micro-contaminants, which add to the complexity of wastewater

treatment [58]. A term largely used to evaluate the impact of industrial or other waste

on a treatment work or stream is the “Population Equivalent.” Population equivalent

refers to the amount of oxygen-demanding substances whose oxygen consumption

during biodegradation equals the average oxygen demand of the wastewater produced

by one person, assuming that one person demands 54 g of BOD per 24 h.Water usage

[61] can be also referred as prorated on a per-employee basis in service industries, on

a per-hectare basis for zoos, parks, and gardens, on a per-unit-of-turnover basis for

manufacturing industries, and on a per-unit-of-production basis for many industries.

Water footprint is another indicator [62] that shows the impact of consumption on

environment with water equivalent, which allows a detailed quantification of water

use directly and indirectly by segments for the domestic and abroad final consumption.

A framework for calculating the national water footprint (NWF) with input–output

method on China was presented for the primary (agricultural), secondary (industrial),

and tertiary (services) sectors.

In industrial wastewater discharges, many manufacturing facilities generate rela-

tively constant flow rates during production, but the flow rates change markedly

during cleanup and shutdown. Wastewater flow rates from industrial sources vary

according to the type and size of the facility, the degree of water reuse, and the on-site
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Table 5.4 Major uses and water quality requirements in industry

Water uses in industry Water quality requirements

Human consumption: Drinking water used in

sanitary environments, changing rooms,

kitchens and refectories, water fountains,

safety equipment, or in any other activity

that involves direct human contact

Quality standards of water for human

consumption

Product and reactant: water is a raw material

which cannot be replaced. Examples:

beverages, hydrolysis

Water quality may vary significantly, and the

use of water of quality equal to or higher

than water for human consumption can be

accepted when the main purpose is the

protection of the health of end consumers

and/or the guarantee of end product quality

Use as a secondary fluid: Water can be used as

a secondary fluid in several activities such as

the preparation of chemical suspensions and

solutions, e.g., intermediate compounds,

vehicles, or in washing operations

If this water comes into contact with the end

product, the end product standard will vary

and this water shall have more restricted

uses, depending on the process and on the

desired end product

If there is no contact between the water and the

end product, the standards will be less

restrictive than those required for water for

human consumption, especially regarding

disinfectant residual concentration

Use in energy generation: For this type of

application, the water can be used by means

of transformation of kinetic, potential, or

thermal energy accumulated in the water in

mechanical energy and then in electric

energy

Depending on the process of water treatment,

the water shall meet very different quality

standards. Concerning the use of potential or

kinetic energy, the water is used in its natural

state, and it can be used in its raw form, as it

has been collected from rivers, lakes, and

reservoirs. Care must be taken to prevent

that large materials, sweepings, damage the

energy generation devices. Concerning the

use of thermal energy, after heating and

evaporation, water shall meet high quality

standards in order to avoid problems in the

steam generator or in the energy conversion

device

Use as heating and/or cooling fluid: The water is

used as a fluid to remove heat from reactive

mixtures or devices that need cooling, or due

to the operation conditions established, since

high temperatures may compromise the

system performance, as well cause

equipment damage

The water used in steam form shall meet a very

high quality standard. In turn, the use of

water as cooling fluid requires a much less

restricted quality standard for it concerns the

protection and useful life of the equipment

that shall come into contact with the water

Other uses: Use of water to fight fires, water

green areas, or incorporated to several by-

products generated in industrial processes,

in the solid, liquid, or gaseous phase

Many applications require the observation of

a greater number of parameters in order to

minimize the risks to the process, product, or

system where the water shall be used. The

following tables contain data on water

requirements for industrial applications
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wastewater treatment methods. For industries that do not count on facilities to treat

wastewater or reuse programs, it can be assumed that about 85–96% of the water used

in the various operations and processes will become wastewater. For industries with

facilities to recycle wastewater, separate estimates based on actual water consumption

records must be made. Average domestic (sanitary) wastewater contributions from

industrial facilities may vary from 30 to 95 L/capita.d [15].

For thewater andwastewatermanagement,which has themain purpose of ensuring

water resource conservation, the principle of wastewater recycling or reuse dictates

that wastewater of any marginal quality water can be used as long as proper treatment

is provided to meet the water quality requirements for the intended purpose. Indeed,

water quality required for recycling or reuse is different from the quality acceptable

for discharge, either into a surface water body or municipal sewers, and depends on

technical considerations.

Since water is used in many applications, its quality varies because of the

introduction of several chemical or biological contaminants. The effective treatment

of wastewater in order to meet water quality standards and to ensure public health

protection is a critical element of water reuse systems. The water quality parameters

that are used to evaluate reclaimed water are based on current practice in water and

wastewater treatment and industrial process requirements. The changes in water

quality needed to improve wastewater have become the basis for wastewater treat-

ment. In practice, the treatment is carried out to meet the standards of regulatory

agencies in order to ensure the protection of the aquatic environment and other

beneficial uses.

5.3.2 Water and Wastewater Management for Reuse

Water demand management (WDM) aims to promote and balance the purposes

of efficiency, equity, and sustainability in the management and allocation of water

resources, satisfying the existing needs forwater supplyingwith reduced consumption.

WDM covers a wide range of technical, economic, educational, capacity-building,

and policy measures that need to be applied by water resource planners, water supply

agencies, and end users. WDM is normally viewed as a useful tool in achieving

Integrated Water Resource Management (IWRM) [63].

Cleaner production in industrial processes concerns the concomitant operations

of an industrial process at many levels to provide a more efficient use of natural

resources (raw materials, energy, and water) and reduce the generation of waste and

emissions in the source. Unlike end-of-pipe treatment systems, cleaner production

in most industrial processes can be applied to different stages of the process, and

a project implemented by stages according to a company’s needs and possibilities.

Good housekeeping measures arise after appropriate brainstorming and using

common sense. Cleaner production and related concepts of eco-efficiency, pollu-

tion prevention, and industrial ecology are guiding posts for the business journey

to sustainable development.
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Industries that invest in water saving and waste minimization techniques have

a better market image since people are increasingly concerned with the rational use

of natural resources and environmental degradation. Such industries are more likely

to be awarded environmental certifications.

In many production processes, water is used in once-through systems since it is

relatively cheap and not fit for reuse again. End-of-pipe treatment in which all

effluents are grouped together and the combined stream is submitted to the final

treatment system is operated on a large scale by industrial treatment facilities.

One important issue concerns the relevance of using the same (high) water

quality for various purposes once some water inputs in process streams can require

water with inferior quality using wastewater streams. Wastewater stream seg-

regations and decentralized treatment are often more effective and efficient since

direct reuse can be introduced and lower amounts of water, higher concentration

levels, and less variations in contaminants are observed. Making the water fit-for-

reuse again requires investments in treatment (by recycling) and additional piping

or reservoirs. Also, besides saving water, this system reduces the volume for the

end-of-pipe wastewater treatment plant.

A careful analysis of the stages of an industrial process that uses water will often

show savings that can be obtained without detriment to product quality. The

elimination of leaks in water piping or unnecessary use of water, more efficient

use of water through countercurrent washing tanks, and reuse of batch solutions that

can be made up to required strength are typical methods that reduce the cost of

water employed in a process and simultaneously reduce the cost of treatment of

the resultant waste. Cooling and condensate waters should also be segregated

from process waters for separate discharge, provided they are of a quality good

enough to justify such discharge, and in an amount that justifies the higher cost

of separate collection [17].

As more advanced technologies are applied for wastewater treatment and purifi-

cation, the practical benefits of water reclamation and reuse are evident. The cost-

effectiveness of industrial wastewater reuse depends on a variety of industry-specific

factors that relate to the quantity and quality of water needed and the proximity of

water resources to industrial users.

In wastewater management, some main terms are defined. First, the differentia-

tion between treated water and reclaimed water should be taken into account.

Treated water is the wastewater that has undergone a treatment process to meet

the regulatory standards for discharge in water bodies, whereas reclaimed water is

the water whose quality has to fulfill the requirement for the use for which it is

intended, where an additional or complementary treatment can be applied.

A particular differentiation between reuse and recycling of water for industrial

applications is usually employed. Reuse is when water is used for the same or another

purpose without needing to be processed. Water recycling is defined as reusing water

following any treatment (regeneration) to ensure that it is fit for purpose as reclaimed

water (which may include output release).

Industrial treated wastewater can be reused for any other (external) purposes

(e.g., irrigation or groundwater recharge) than consumption in industrial facilities.
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When the use of wastewater in the plant involves reclaimed water from one

industrial plant stream to be used for another destination stream or process without

additional treatment to regenerate water quality, it is referred as water reuse and is

also called “cascading.”

In water recycling, reused cleaner water can be introduced to the process at

a level that depends on the amount acceptable in the recycled water and the quality

of the input water. Therefore, recycling systems are generally semi-open systems

whose calibration depends on the balance of accumulation within the process [46].

A better understanding of the benefits of water and wastewater reductions on

industrial sites may be gained with the consideration of the hydrological and

hydrogeological characteristics of the region [64]. Once storm water is usually of

better quality than industrial discharges, industrial water minimization programs

can be focused on storm water usage practices.

The cost of wastewater reclamation is often cited as the key criterion for the

evaluation of treatment train performance, as well as other technical and engineer-

ing criteria. When all reasonable efforts have been made to reduce waste flows and

total waste loads, it is wise to consider the persistent waste treatment problem and

the practical solutions of end-of-pipe treatment.

5.3.3 Wastewater Treatment Processes

Industries located inside the city boundaries usually discharge their wastewater to

sewers. Moreover, most industrial wastes can be more effectively treated in combi-

nation with domestic sewage than alone when industrial wastes lack nutrients.

Because of its heterogeneous composition, domestic sewage can provide nutrients

such as carbon, nitrogen, and/or phosphorus essential for bacterial nutrition. Most

manufacturing wastes are more amenable to biological treatment after dilution with

domestic wastewater. However, large volumes of high-strength wastes must be

considered in the sizing of municipal treatment plant. The discharge of industrial

wastewater into publicly owned treatment plants may have serious consequences,

such as release of toxic substances, interference with the treatment operation,

sludge deposits, corrosion of pipes, and hazardous effects such as toxic gases or

risk of explosion. These problems can readily be avoided by pretreatment of

wastewater at the industrial site before it is discharged into public sewer system

[17, 65, 66].

Complete separate wastewater treatment plants are commonly installed for

industrial effluent treatment, once the locations of many industrial plants are

inaccessible to municipal sewers. Other limitations are contaminant constraints

and the reduced capacity in municipal treatment, which makes the joint treatment

unfeasible. Some locations count on industrial effluent treatment that meets good

quality parameters after treatment, but municipal sewage effluent is not properly

treated and contaminates the receiving waters.
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Water and wastewater treatment plants are designed on a unit operation concept

where one operation is optimized to accomplish one task, although more than one

problem may be obviated by one single operation. In general, each operation

produces effects on other downstream treatment processes and trade-offs between

increasing the efficiency of the process. The choice of the treatment depends on the

quality and variability of the raw water source and the purpose of the treatment.

The system operation must handle the variations in raw water quality.

In wastewater treatment plants, preliminary mechanical devices precede physi-

cochemical and/or biological treatment and are used to remove sand, grit, fibers,

and floating substances and materials in order to avoid obstructions and to enhance

the performance of the subsequent treatment stages. Detention tanks also regulate

the flow of wastes. Physicochemical treatment comprises sedimentation aid for the

coagulation of non-settleable solids or flotation methods. Chemical treatment

concerns the use of chemicals to bring about a chemical change in the waste

constituents, either to permit their removal or to convert them into less objection-

able forms. Biological treatment [17] is usually necessary to remove soluble and

colloidal organic material from wastes. These include biological lagoons, standard

and high-rate or recirculating trickling filters, activated sludge, including both

conventional and high-rate or high-load forms, and sand filters.

Advanced treatment methods remove more contaminants from wastewater after

conventional physicochemical and/or biological treatments. Common advanced

methods remove phosphorous from solutions, oxidize ammonia to nitrate (nitrifica-

tion), convert nitrate to nitrogen (denitrification), and remove or inactivate patho-

genic bacteria and viruses (disinfection). In water reclamation, the objectives may

be expanded to include the removal of heavy metals, organic chemicals, inorganic

salts, and the elimination of all pathogens [65].

The economic disposal of sludges from industrial waste treatment processes is

often one of the most difficult problems encountered. The combination of operations

for sludge treatment (conditioning, dewatering, drying, incineration, materials re-

covery) and the disposal techniques required in a particular situation will depend on

many variables.

The ongoing development on advanced treatment systems enables wastewater

regeneration requirements for segregated or integrated water recycling or reuse and

the removal of difficult contaminants to meet environmental regulatory standards

for discharge. Treatment systems such as sand filtration, ion exchange, adsorption,

disinfection, advanced oxidation processes, membrane filtration, reverse osmosis,

and advanced oxidation meet the requirements of recycling and reuse. All these

systems basically lead to the segregation of depurated water flows that can be

reused for any purpose or recycled in the industrial process.

The cost of the treatment, including the equipment and operation, needs evalua-

tion both from the company’s business perspective and also the broader environ-

mental benefits. These two aspects are not always compatible, and a final decision

on reuse will require public information and input. From a company’s point of

view, there are two costs that must be compared for decision on reuse or recycling.

The first is the cost of the connection to obtain primary source water plus the cost to
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discharge it. The second involves reuse where the cost of the water and its discharge

are negligible, but the treatment is expensive. The financial costs can be easily

determined and provide a preliminary indication of the possible advantages of

reuse. The company must also consider other financial implications that are more

difficult to assess [46].

5.3.4 Mass Integration on Water System

The study of the concept of water reuse has effectively started in the beginning

of the 1980s. It was an attempt to solve the problem of Wastewater Allocation

Planning, which consists in the determination of water flow through an inter-

connected network in the processes where the consumption of freshwater is

minimized, whereas the processes are supplied with water that meets the

standards. Therefore, the idea of minimizing the amount of effluents generated

during the process and performing the treatment at the point of effluent genera-

tion, called distribution treatment, has arisen. The chemical manufacturers have

shown great interest in the implementation of water recycling/reuse policies

where the pollutants are recovered in wastewater flow processes using typical

wastewater separation processes. Moreover, the possibility of distributed gener-

ation has become widely accepted. These techniques are called mass flow

integration processes and is based on [67] principles of chemical engineering

combined with system analysis that use graphic or optimization tools. The first

step in the use of mass flow integration techniques is the development of a total

representation of mass allocation of the system from the point of view of the

involved species.

Reuse occurs when the effluent is used directly in other operations as long as the

level of contaminants does not interfere with the process [68]. An effluent outflow

of water from a treatment can be mixed with the effluent wastewater from another

treatment or with freshwater. Sometimes, reuse regeneration is needed, which

requires the total or partial removal of contaminants from the wastewater effluent,

to make it possible to use such wastewater flow in another operation. The wastewater

effluent is regenerated by partial treatment to remove the contaminants that

might prevent its reuse and is then reused in another operation. Here again, the

wastewater effluent can be mixed with an effluent from another treatment process or

with freshwater. In this case, the wastewater reused after regeneration cannot be

used in the process where it has been previously used [68]. Like reuse, recycling

involves the reuse of processed flows that carry pollutants. In the case of recycling,

the wastewater flow is used in the same process where it has been generated.

Typically, wastewater separation techniques are key elements in recycling systems

to recover valuable substances such as water.

Process integration techniques for the synthesis of water network have been

widely accepted as a promising tool to reduce freshwater and wastewater flow

rates via in-plant water reuse/recycle and have been studied over the past decades
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[68–70]. There are three key components in the understanding of the process

integration methodology ([67, 71], Rossiter 1995): (1) Process Synthesis: Due to

the great number of alternatives to the process, it is important that the synthesis

technique “extracts” the optimal solution(s); (2) Process Analysis: The detailed

characteristics of the process are forecasted using analysis techniques that

include mathematical models, empirical correlations, and computer-assisted

process simulation tools; and (3) Process Optimization: the leads to interaction

between synthesis and analysis. The implementation of strategies aimed at the

minimization of wastewater effluents and water requires a mathematical assess-

ment of the process in order to make it possible the development of mathematical

models capable of simulating the process. These models are used in approxi-

mations of mathematical optimization in the search for optimal solutions. The

method(s) selected for the resolution of the optimization problem depends

primarily on the characteristics of the objective function and on whether it is

explicitly defined, on the nature of the restrictions and on the number of depen-

dent and independent variables.

In recent years, much research has been conducted on this topic mainly based on

two traditional methods: graphical method and mathematical programming.

5.3.4.1 Graphical Method

Pinch analysis (or bottleneck point) is the most widely used methodology.

According to this method, a set of good process flows is transferred to a set of

bad process flows. The design of the mass exchangers is performed using principles

of thermodynamics based on heuristics and process knowledge. The main

limitations of this method concern the number of contaminants that can be included

in the problem and in the synthesis of the exchanger network system (arrangement

of connections between the units) that is not automatic. Besides, each mass transfer

coefficient is considered as a linear function of the composition, which does not

always reflect the real case [72]. In the method of mass exchanger network

synthesis [73], the reduction in wastewater volume is performed with the integra-

tion of wastewater flows that may originate in the process itself or from external

sources. Thus, it uses the equipment involved in mass exchange.

Bai et al. [74] did the following back over about this methodology: “the

graphical method was initiated by Wang and Smith [68]. They introduced several

important concepts, such as a limiting water profile and limiting composite curve

and pinch. Then, the water demand and supply of a system can be described on

the concentration–mass load diagram, whether water reuse, regeneration reuse, or

regeneration recycling is considered. For regeneration reuse, at a given post-

regeneration concentration, the optimal regeneration concentration is taken as the

pinch concentration of the system in the paper. Later, Mann and Liu [75] found that

when considering water regeneration reuse, some systems had another pinch point,

regeneration pinch, which is higher than the conventional pinch for freshwater

targeting. Castro et al. [76] introduced a multiple-pinch-points concept and
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proposed a novel reuse network targeting/design methodology for single-

contaminant systems. This method can be used to design and optimize regeneration

reuse water systems.” The above research on optimizing regeneration reuse systems

resorts to graphical methods and, thus, applies only to single-contaminant systems

[74]. Bandyopadhyay and Cormos [77] also used a graphical representation to

address water management issues of integrated processes that involve regeneration

and recycle through a single treatment unit.

5.3.4.2 Mathematical Programming

The application of this method requires the formulation of the problem as a

mathematical programming technique. The network system is obtained by optimi-

zation. The optimization problem for obtaining the mass integration network uses

mathematical models. The mathematical programming technique demands

advanced knowledge because the engineer must be able to judge the selected

solution. The mathematical programming for integration was used to assess the

optimal conditions of use of wastewater from refineries and other multicomponent

plants in the study of Savelski and Bagajewicza [78]. The approximation of

mathematical programming to analyze the suitability of the zero discharge levels

of liquid effluent discharges in different industries [79] has demonstrated that the

cost of regeneration and the cost of freshwater, as well as the concentration of

treatment discharge, is the decisive factor in zero discharge levels.

When mathematical programming is used, regeneration reuse, as one of the

possibilities to reduce the freshwater consumption or total cost of a water system,

is incorporated in the superstructure [80–85]. The targeting and design of regen-

eration reuse systems are performed by solving the corresponding mathematical

models. Based on a sequential three-step programming method, Xu et al. [86]

investigated the relationship between the freshwater flow rate required and the

regeneration concentration of a regeneration reuse system. The study showed that

the regeneration of water at pinch concentration does not always minimize the

freshwater consumption and there are three possibilities for the minimum regen-

eration concentration: below, above, or at the pinch. Based on sequential optimi-

zation [87], a handy method has been proposed to construct the optimal water

supply line for a regeneration recycling system, and the improved mass problem

table to target for freshwater, regenerated water, and regeneration concentration

was introduced. The methodology has been extended to regeneration reuse

systems. A mathematical programming formulation for the water integration in

eco-industrial parks considering streams with several pollutants was presented

[88]. The formulation was based on a superstructure that allows wastewater reuse

in the same plant, water exchange with different plants, and a shared set of

interceptors that must be selected to determine the network configuration that

satisfies process equipment and environmental constraints.
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5.3.5 Wastewater Reuse in Some Industries

The suitability of reclaimed water for use in industrial processes depends on the

particular use. The electronics industry requires high-quality water similar to that of

distilled water. On the other hand, textiles, pulp and paper, tanning, and metal

fabricating require water of intermediate quality. The water quality requirements

[4] for the chemical industry vary greatly according to the production requirements.

Water of a relatively low quality can usually be used in the manufacture of

petroleum and coal products.

The application of advanced wastewater treatment processes is expressive and

abundantly described in the literature for food and textile industries overall. How-

ever, water reuse or recycling is not a widely discussed theme nor are these processes

applied in industrial plants. The economic advantages of water reuse have been

demonstrated in industrial plants, even when the treatment facilities need to be

improved. Water management-related aspects and studies or cases showing efforts

on water reuse and recycling are here briefly introduced for some industrial sectors.

The textile sector has a high demand for water. Its biggest impact on the

environment is related to primary water consumption (80–100 m3/ton of finished

textile) and wastewater discharge (115–175 kg of COD/ton of finished textile, a

large range of organic chemicals, low biodegradability, color, salinity) [89]. The

waters used in textile manufacturing must be nonstaining; hence, they must be low

in turbidity, color, iron, and manganese. Hardness may cause curds to deposit on the

textiles and damage some of the processes that use soap. Nitrates and nitrites may

cause problems in dyeing [4]. Many studies were published on advanced techniques

applied to remove wastewater contaminants from the textile industry. Water pro-

duced by ultrafiltration–nanofiltration treatment of aerobically pretreated effluents

[90] had reasonable COD, color, and conductivity, meeting the water reuse require-

ments for special processes such as dyeing very light colors. A project (BATTLE

Project) [89] designed an innovative water scheme, implementing effluent reuse

and applying a methodology that integrates the different aspects involved in reuse

(data collection, online characterization, streams segregation, final effluent treat-

ability evaluation and impact control, reclaimed water reusability evaluation, cost

analysis), based on the prototypal multicriteria methodology.

In general, most guidelines address the quality requirements for water to be used

and reused in the food industry but do not include criteria for food process water

treatment and reuse [91]. The microbiological quality of the water to be reused must

be guaranteed and monitored at all times in the food industry, and, therefore, hazard

analysis critical control point (HACCP) is obviously used, which is a systematic

safety management tool [92]. The treatment of dairy process waters by nanofiltration

(NF) or reverse osmosis (RO) operations was proposed to concentrate dairy matter

and produce purified water for reuse in dairy plants [93]. Low-contaminated waste-

water from the food industry has a high potential for reuse. Treated water stream can

be reused for cleaning and cooling processes, boiler feedwater [94]. Using chiller

shower water from themeat processing industry, water of drinkingwater quality was
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obtained by applying a process combination involving pretreatment (sedimentation

with fat skimming, cartridge filtration, and UV disinfection), a membrane stage

(NF), and a posttreatment stage (UV oxidation and UV disinfection) [95]. A simulta-

neous combination of ozone and a granular activated carbon (O3/GAC) as a tertiary

treatment of wastewater generated from the activity of various food-processing

industries in order to reduce their organic load to a minimum is reported, where the

water was suitable for reuse [96]. Rational water management strategies to identify

operational flaws were assessed for improvements at operational issues and physical

loss identification in a poultry processing plant. Some sectors with high water con-

sumption and wastewater generation were identified, and a reduction by almost

31% in water consumption was achieved [97].

A case study was carried out in a water network of a petroleum refinery
where a nonlinear program (NLP) model targeting the minimization of freshwater

consumption and/or operating costs was developed based on the conservation

equations of chemical species (contaminants) and mass (water). The regeneration

processes used by this network are an API gravity separator followed by activated

carbon adsorption, reverse osmosis, and a Chevron wastewater stripper [98]. The

water balance has been used to map the aqueous streams in petrochemical and

chemical units, being a useful tool for the management and use of water in the

productive process. Several types of streams in a water balance, clarified and

distilled water, steam at varying pressures, condensed water, and wastewaters,

have been included [99]. A pilot plant was designed for studying the methods of

biological purification (aerobic and anaerobic) wastewater from petrochemical

industries, which are polluted with ammonia derivatives. Then, water could be

reused after purification in a production cycle [100]. A methodology for water use

minimization has been developed by the Clean Technology Network of Bahia over

a 10-year period in joint cooperative programs with the chemical, petrochemical,

and copper metallurgy industries located in the Industrial Complex in Camaçari –

Bahia, Brazil. The methodology comprises a set of tools including reconciled

aqueous stream balances, database of aqueous streams; large-scale training leading

to the identification of water minimization alternatives in the processes, water reuse

optimization approaches; geographical information systems, as well as consider-

ation of the region’s hydro and hydrogeological characteristics and assessment of

the possibility of using storm and wastewaters for industrial use [64].

In tanneries, the stages of conditioning and preparation of the hide for tanning,

as well as the transportation and fixation of tanning substances, are all carried out in

aqueous media. Most of the steps of these processes are carried out with freshwater,

which is used as a vehicle for the diffusion of chemical products and the extraction

of undesirable materials from the hide. Processing waters of slimming/dehairing

and tanning operations are often reused as input of the same respective operations in

industry, most of all by slimming/dehairing operations in the case of Brazil. A study

[101, 102] provided tools for the minimization of water consumption at tanneries

by applying the reuse of water at some stages of the process. Water consumption

and concentration of some contaminant parameters for each stage of beamhouse,

tanning, and pos-tanning operations are given, and alternatives of water reuse were
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evaluated. A study was carried out on pilot and industrial scale to demonstrate

the viability of reuse practices in the tannery industry, which has shown the feasibility

of wastewater streams reuse in beamhouse steps of leather processing. Finally,

a mathematical program for mass integration was applied to solve the problem of

water reuse in the beamhouse steps. The state of implementation of clean technologies

to avoid water pollution in tanneries, directions to improve water management, and

alternatives available to tanneries aiming at their improvement has been described

[103]. There are different methods available to treat the chromium in wastewater

generated from chrome tanning process. Chemical precipitation, coagulation, solvent

extraction and membrane process, ion exchange, and adsorption methods are some of

the concepts available to recover the chromium from the effluent. Chrome recovery

by using magnesium oxide is one of the popular chrome recovery methods. There is

abundant literature on the precipitation of chromiumwith the addition of lime, sodium

hydroxide, and sodium bicarbonate [104].

The brewing industry is a large consumer of groundwater for brewing, rinsing,

and cooling purposes. From four different water streams (wastewater after

biological treatment, bottle rinsing water, rinsing water of the brewing room, and

rinsing water of the bright beer reservoir) filtered with four different nanofiltration

membranes, the results for the biologically treated wastewater were very promising

[105]. The reuse of bottle washing wastewater from the beverage industry after

ultrafiltration and reverse osmosis membrane filtration treatment systems not only

reduce the consumption of potable water but also help conserve energy [106].

Pulp and paper industry internally recycle water to a very high degree. Modern

mills approach a recycling ratio of 100%, using only 16,000–17,000 gal of fresh-

water per ton (67–71 L/kg) [107]. Many industries, for example, pulp or pharma-

ceutical, produce wastewater containing high amounts of cellulose. The potential

target applications for reuse of treated wastewater from a high-cellulose-containing

effluent from a pharmaceutical factory were investigated. The effluents from the

aerobic membrane bioreactor (AMBR)/RO and anaerobic activated sludge plus

aerobic (AOMBR)/RO processes met the Taiwan EPA criteria for both effluent

and treated wastewater reuse when the hydraulic retention time (HRT) for the

AOMBR/RO and AMBR/RO processes was equal to or longer than 12 and 8 h,

respectively [52].
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Operacionais via Programação Matemática, Dissertation. Federal University of Grande do

Sul, Porto Alegre, 2005. http://www.lume.ufrgs.br/handle/10183/8170. Accessed 10 Mar 2011

162 M. Gutterres and P.M. de Aquim

http://www.fiesp.com.br/publicacoes/pdf/ambiente/reuso.pdf
http://www.fiesp.com.br/publicacoes/pdf/ambiente/reuso.pdf
http://repositorium.sdum.uminho.pt/bitstream/1822/3408/1/CHEMPOR-MSC25%5B1%5D.pdf
http://repositorium.sdum.uminho.pt/bitstream/1822/3408/1/CHEMPOR-MSC25%5B1%5D.pdf
http://www.lume.ufrgs.br/handle/10183/8170


73. El-Halwagi MM, Manousiouthakis V (1989) Synthesis of mass exchange networks. AIChE

J 35(8):1233–1244

74. Bai J, Feng X, Deng C (2007) Optimization of single-contaminant regeneration reuse water

systems. Trans IChemE, A, Chem Eng Res Des 85(A8):1178–1187

75. Mann JG, Liu YA (1999) Industrial water reuse and wastewater minimization. McGraw-Hill,

New York

76. Castro P, Matos H, Fernandes MC, Nunes CP (1999) Improvements for mass-exchange

networks design. Chem Eng Sci 54:1649–1665

77. Bandyopadhyay S, Cormos CC (2008) Water management in process industries incor-

porating regeneration and recycle through a single treatment unit. Ind Eng Chem Res 47

(4):1111–1119

78. Savelski M, Bagajewicz M (2000) Design of water utilization systems in process plants with

a single contaminant. Water Manag 20(8):659–664

79. Anantha PR, Koppol MJ, Bagajewicz B, Dericks J, Savelski MJ (2004) On zero water

discharge solutions in the process industry. Adv Environ Res 8(2):151–171

80. Bagajewicz M (2001) On the use of linear models for the design of water utilization systems

in process plants with a single contaminant. Trans IChemE A 79:600–610

81. Feng X, Chu K (2004) Cost optimization of industrial wastewater reuse systems. Process Saf

Environ Prot 82(B3):249–255

82. Gunaratnam M, Alva-Argaez A, Kokossis A, Kim J-K, Smith R (2005) Automated design

of total water systems. Ind Eng Chem Res 44:588–599

83. Huang CH, Chang CT, Ling HC, Chang CC (1999) A mathematical programming model for

water usage and treatment network design. Ind Eng Chem Res 38:2666–2679

84. Takama N, Kuriyama T, Shiroko K, Umeda T (1980) Optimal water allocation in a petroleum

refinery. Comput Chem Eng 4:251–258

85. Xu DM, Hu YD, Hua B, Wang XL (2004) Optimum design of water-using network with

regeneration reuse. Chinese J Chem Eng 18(2):202–207

86. Xu DM, Hu YD, Hua B, Wang XL (2003) Minimization of the flowrate of fresh water and

corresponding regenerated water in water-using system with regeneration reuse. Chinese

J Chem Eng 11(3):257–263

87. Feng X, Bai J, Zheng XS (2007) On the use of graphical method to determine the targets

of single-contaminant regeneration recycling water systems. Chem Eng Sci 62:2127–2138

88. Rubio-Castro E, Ponce-Ortega JM, Serna-González M, Jiménez-Gutierrez A, El-Halwagi MM
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6.1 Introduction

In the water cycle, water continuously moves on, above, and below the surface of

the planet Earth. As part of this global water cycle, humans withdraw raw water

from the aquatic environment, use it in different activities, typically add some

constituents to it, and release the used water back into the aquatic environment.

The used water is generally called “wastewater” because it is considered a useless

byproduct of human activities. Wastewater usually contains high levels of chemical

and biological agents that are potentially harmful to public health if it is reused as is.

Those chemical and biological agents are often considered as “contaminants”

because their levels are higher than their original levels in raw water.

Because of the global water scarcity, more and more wastewater is being reused

nowadays with or without treatment for different purposes from landscape and crop

irrigation to industrial applications and other potable and non-potable domestic

uses such as toilet flushing and dust control [1]. Wastewater is a readily available,

drought-resistant water resource. Wastewater could also provide high nutrient

values to crops and non-crop vegetations if it was used for irrigation.

In fact, wastewater reuse is not a new idea. Wastewater reuse has been practiced

all over the world, intentionally and unintentionally, since the beginning of civili-

zation. For example, wastewater irrigation for crop production has been a common

practice in arid and semiarid areas [2]. Through discharge, wastewater has been and

will be recycled in the water cycle. Consequently, some contaminants such as heavy

metals may accumulate in soil and crops via wastewater irrigation, while other

contaminants may be introduced into surface water and groundwater and

transported to downstream (Fig. 6.1).

It has been a presumption of wastewater discharge that wastewater contaminants

will dissipate and disappear by dilution, dispersion, settling, volatilization, and/or

transformation in the natural environment by the time the next user touches the

same water again. Unfortunately, natural cleansing processes could not be able to

keep up with the speed of civilization and industrial development. Hazardous

biological and chemical constituents in the wastewater effluent adversely affected

and degraded the natural ecosystem, as well as the living environment of humans,

which caused numerous outbreaks of deadly infectious diseases and acute and

chronic toxicity events around the world. Wastewater treatment has become a

critical component of safe and sustainable water resource management.

In addition to conventional wastewater constituents, a number of more persistent

and/or potentially harmful chemical agents, such as pharmaceuticals, industrial

chemicals, and personal care products, originated from wastewater have been

found in receiving water, as well as in wastewater effluent and reclaimed water

[3, 4]. Resistance of pathogenic microorganisms in wastewater toward conventional

chlorine disinfection has also been realized [2]. It is evident that these persistent,

potentially hazardous chemical and biological agents cannot be removed by con-

ventional wastewater treatment processes.
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Potential public health impacts of old and new wastewater constituents are

especially important in modern water reuse scenarios, such as planned indirect

potable reuse (IPR) and direct potable reuse (DPR) [5, 6], where the distances

between reclaimed water producers and users will be much shorter than those in
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indirect, unintentional water reuse within natural hydrologic cycles. In addition, in

rural and peri-urban areas of many developing countries, the use of wastewater for

irrigation is becoming more and more common. Concerns for human health, as well

as for the environment, are the critical constraints to encourage and promote those

wastewater reuse practices, as well as to ensure safe discharge to the environment,

in both developed and developing countries.

Consequently, public health implications of wastewater management have

become an important research subject. Based on the author’s annual literature

survey, the number of peer-reviewed publications dealing with the subject matter

of wastewater and public health has been increasing in the past 6 years [7–12].

In particular, the number of research papers dealing with public health impact of

wastewater reuse is increasing steadily (Fig. 6.2). The health effect of organic

compounds, such as pharmaceuticals and personal care products (i.e., emerging

contaminants), is another actively studied subject in the recent years.

The aim of this chapter is to provide an overview of public health implications of

wastewater constituents with respect to various wastewater management scenarios,
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including treatment, disposal, and reuse. Wastewater treatment options to achieve

various effluent/reclaimed water qualities for safe disposal and reuse are also

presented. Regulatory aspects are not the main focus of this chapter, thus are not

covered in detail.

6.2 Hazardous Agents in Wastewater and Their Health Effects

In addition to relatively benign or inert constituents such as biodegradable organics

(e.g., fat, carbohydrate, and proteins) and inorganics (e.g., sodium, chloride, and

silica), wastewaters contain a wide range of potentially harmful biological

and chemical agents (Table 6.1). Examples of known adverse health risks

associated with these wastewater constituents include gastroenteritis, meningitis,

fevers, diarrhea, and other infectious diseases due to microbial infection and toxin

production, and various acute and chronic toxicities of chemical agents, including

cancers and potential endocrine disruption.

In order to assess the health risk associated with wastewater disposal and reuse,

(1) chemical and microbial analyses and (2) either epidemiological data or devel-

opment of quantitative risk assessment model for a particular constituent are

required. Chemical and microbial analyses can quantify the concentrations of

potentially hazardous agents, such as microbial pathogens and toxic chemicals, in

raw and treated wastewater, including reclaimed water.

Epidemiological data, if available, can provide a historical evidence of actual

hazard in a given exposed population during a health-related event. However, the

availability of such information is limited, especially for chemical hazards present

in wastewater. Thus, risk assessments are often conducted to estimate whether

(qualitative) and/or how much (quantitative) damage or injury can be expected

from an exposure to a given risk agent in a particular wastewater management

scenario.

6.2.1 Microbial Hazards

A variety of human microbial pathogens are present in raw wastewater, including

enteric bacteria, helminthes, protozoa, and viruses, as shown in Table 6.2.

Epidemiological studies and quantitative microbial risk assessment (QMRA) have

been used to measure and quantify the health risks associated with these microbial

agents [1, 14].

A review of earlier epidemiological studies of wastewater reuse in agriculture is

presented in WHO [14]. Based on the epidemiological data, it is clear that the use of

untreated and partially treated wastewater to irrigate vegetables can pose a high

risk of transmission of bacterial and helminth infections to the consumers and

farm workers [15]. A significant risk of parasite infection (such as ascariasis
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Table 6.1 Examples of wastewater constituents with known adverse health risks

Constituent Example Health risk Exposure route

Biological

Enteric bacteria E. coli, Vibrio cholerae,
Salmonella spp., Shigella
spp.

Gastroenteritis,

meningitis, toxin

production, pneumonia

Contact,

consumption,

ingestion

Helminthes Ascaris spp., Ancylostoma
spp., Necator spp.,
Hymenolepis spp.

Intestinal obstruction,

insomnia, stomach

pains

Contact,

consumption,

ingestion,

vectors

Protozoa Giardia spp.,

Cryptosporidium parvum,
Entamoeba spp.

Gastroenteritis, diarrhea,

stomach pains,

dehydration

Contact,

consumption,

ingestion

Viruses Hepatitis A and E viruses,

adenovirus, rotavirus,

norovirus

Flu-like symptoms (fever,

fatigue, abdominal

pain, nausea)

Contact,

consumption,

ingestion,

vectors

Chemical, inorganic

Heavy metals Mercury, lead, arsenic,

cadmium

Bioaccumulation, acute

toxicity

Consumption,

ingestion

Nitrate – Methemoglobinemia (blue

baby syndrome)

Ingestion

Perchlorate – Interfering iodine uptake Ingestion

Chemical, organic

Halogenated

hydrocarbons

Chlorinated solvents, dioxins,

PCBs

Bioaccumulation, acute

and chronic toxicity

including

carcinogenicity

Consumption,

ingestion,

inhalation

(volatile

compounds

only)

Pesticides Organochlorine pesticides

(DDT, aldrin, etc.),

organophosphorus

pesticides

Acute and chronic toxicity Contact,

consumption,

ingestion

Antibiotics Amoxicillin, tetracycline,

sulfamethoxazole,

erythromycin

Potential risk of side

effects of antibiotics

(gastrointestinal upset

and diarrhea)

Consumption,

ingestion

1,4-Dioxane – Probable human

carcinogen

Ingestion

Phthalates and

phenols

Alkylphenols, bisphenol-A,

chlorophenols, diethyl

phthalate, bis(2-

ethylhexyl) phthalate

Potential acute toxicity,

endocrine disruption

Inhalation,

consumption,

ingestion

Sources: Refs. [13, 14]

Abbreviations: PCBs polychlorinated biphenyls, DDT dichlorodiphenyltrichloroethane
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and giardiasis), cholera, typhoid, and shigellosis, as well as Helicobacter pylori,
Listeria spp., Salmonella spp., enteropathogenic Escherichia coli, rotavirus, polio-
virus, and other enterovirus infections, and nonspecific diarrhea associated with

wastewater reuse and discharge has been reported.

The association between infectious disease outbreaks and inadequate sewage

sanitation systems in both developed and developing countries has been reported.

For example, Costa et al. [16] suggested a possible association of two large

outbreaks of visceral leishmaniasis caused by a protozoan parasite, Leishmania
chagasi, with inadequate sewage in Teresina, Brazil. Similar studies were reported

on hepatitis A and D viruses in Bosnia and Herzegovina [17]; human norovirus in

the Netherlands [18], Canada [19], and Japan [20]; Helicobacter pylori in India

[21]; E. coli O157:H7 in Tanzania [22]; Vibrio cholera in Morocco [23]; and

Giardia in Gasa Strip [24].

Quantitative risk assessment, such as QMRA, has been widely used to comple-

ment to epidemiological studies, which are more costly to perform. QMRA

methodologies are described in detail in many publications, such as [25], [1], and

[26]. In general, QMRA consists of four parts, namely,

• Hazard identification

• Exposure assessment

• Dose response

• Risk characterization

Critical data for constructing a QMRA model include pathogen dose (¼ concen-

tration), exposure intensity, dose–response data, and infection duration [1]. Rotavirus,

enteroviruses, Giardia lamblia, Cryptosporidium, Campylobacter, and E. coli
are the common pathogenic microorganisms that have been evaluated for their

potential public health risk in wastewater-related QMRA studies [27–33].

6.2.2 Chemical Hazards

There are three categories of chemical hazards in raw and treated wastewater,

including (1) acute and chronic toxicity, (2) carcinogenicity, and (3) reproductive,

Table 6.2 Hazardous chemical and biological agents in different types of wastewater

Wastewater

origin Chemical, inorganic Chemical, organic Biological

Domestic Sulfides, ammonia,

some metals

Trace organics (e.g.,

pesticides,

pharmaceuticals)

Enteric bacteria,

helminthes, protozoa,

viruses

Industrial Heavy metals, sulfides,

ammonia, cyanides

Solvents, aromatic

hydrocarbons

Vary

Agricultural Sulfides, some metals Pesticides, veterinary

pharmaceuticals

Enteric bacteria,

helminthes, protozoa,

viruses
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developmental, and neurotoxicity. It is an assumption that dose thresholds do

not exist for carcinogenic and neurotoxic effects. More than one toxic effect can

be exerted by the same chemical substance. Examples of carcinogens that may be

found in wastewater are arsenic, chloroform, 1,4-dioxane, dieldrin, heptachlor, and

vinyl chloride [1]. In addition, potential health effects of trace emerging

contaminants, such as pharmaceuticals and personal care products, in wastewater

effluents are a rapidly evolving field [4, 34–36]. Many of these chemicals are

biologically active at higher dosages; however, their chronic effects at the

concentrations occurring in treated wastewater are still largely unknown.

While the health risks associated with microbial wastewater contaminants are

relatively easy to measure and quantify using diarrhea and intestinal infections as

general indicators, less evidence is available for the health risk associated

chemicals in wastewater. This is because of the following reasons:

• Chemical exposures and their health outcomes are harder to measure.

• Many health effects of chemicals are chronic and take longer to develop.

• Observed health effect may be caused by not just one but a mixture of chemical

agents in wastewater, as well as other environmental and genetic factors.

In general, there is little epidemiological data for chemicals available. Data from

toxicological studies involving animal exposures, instead of those with human

subjects, were usually used in chemical risk assessment. This requires extrapolation

from animal data to human, which introduces a major uncertainty to the risk

assessment model. Animal toxicological data are also limited to a small fraction

of high-production-volume chemicals [37]. Extrapolation from high experimental

dosages to extremely low environmental exposures is another source of uncertainty.

A lack of appropriate indicators to monitor chemical exposures is also a major

limitation in chemical risk assessment [38].

Similar to the case of microbial risks, quantitative risk assessment has been

used to determine the relative risks of chemical wastewater constituents and to

determine maximum tolerable concentrations of chemicals [39–43]. For example,

Schwab et al. [44] conducted a human health risk assessment for 26 environmen-

tally relevant pharmaceuticals and their metabolites in the United States. Weber

et al. [45] performed a chemical risk assessment to determine the acceptable

contaminant levels for three selected chemicals, including chloroform, 1,1,2-

trichloroethane, and pyrene, in reclaimed wastewater for agricultural irrigation.

More recently, a quantitative relative risk assessment (QRRA) methodology

was used to evaluate the potential risk associated with reclaimed water for IPR

in terms of emerging contaminants, such as pharmaceuticals and personal care

products [46].

For wastewater reuse in agriculture, maximum tolerable soil concentrations of

toxic chemicals may be used as numerical limits [14], whereas applicable drinking

water standards and guidelines should be used for potable reuse applications.

Because of uncertainties discussed above, risk assessment in many wastewater

reuse applications will remain more qualitative than quantitative [1].
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6.2.3 Exposure Routes

People are exposed to these wastewater constituents via a variety of routes, including

direct skin contact, ingestion of contaminated water, inhalation of vapors and

aerosols, consumption of contaminated crop and meat products, and person-

to-person transmission. For example, those people who handle raw and treated

wastewater, such as farmers, fishery workers, and wastewater workers are usually

at the highest risk of helminth infections [14]. Certain population groups, such as

pregnant women, infants, children under a certain age, elderly, immunocompro-

mised patients, and lower socioeconomic classes are also more vulnerable and

thus are at a considerably higher risk [47–49].

6.2.4 Wastewater Sources

Wastewater compositions vary significantly depending on the region, climate, time of

day, and season, as well as the source and origin of wastewater, such as domestic,

industrial, and agricultural (Table 6.2). Whereas the qualities of domestic wastewater

are fairly similar frommunicipality tomunicipality, verywide variation inwastewater

characteristics appears among different industries (e.g., mining, oil and gas, pulp

and paper, chemical manufacturing, textile, and food processing) and agricultural

activities (e.g., food and non-food crop production, fruits and vegetables production,

livestock and dairy farming, and aquaculture). Thus, different hazardous agents are

present in wastewaters from industries and agricultural activities.

In general, the major group of hazardous agents typically found in domestic

wastewater is microbial pathogens, such as enteropathogenic E. coli, Salmonella
spp., and Giardia spp., while industrial wastewater typically contains more toxic

chemicals such as heavy metals, cyanides, and chlorinated solvents [50–52]. Agricul-

tural wastewatermay contain pesticides (e.g., insecticides, herbicides, and fungicides)

and veterinary pharmaceuticals such as growth hormones and antibiotics, as well as

microbial pathogens.

Hazardous agents may be removed or inactivated during wastewater storage and

treatment, as well as after the discharge into the environment. As a result, the health

risk changes significantly under different wastewater management scenarios. These

issues will be discussed further in the subsequent sections.

6.3 Hazard and Wastewater Management Scenarios

The goal of wastewater management is to promote effective and responsible

water use (including reuse), treatment, and disposal, as well as to protect the public

and environmental health. Different types and levels of hazard exist in different

wastewater management scenarios, such as:
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1. Disposal only

– No treatment

– Pretreatment or primary treatment only

– Secondary treatment and disinfection

– Tertiary treatment and disinfection

2. Reuse (and disposal)

– Raw wastewater reuse in agriculture and aquaculture

– Primary or secondary treatment and reuse in agriculture and aquaculture

– Tertiary treatment for urban non-potable reuse (e.g., park and golf course

irrigation)

– Advanced treatment for urban non-potable and potable reuse

– Industrial reuse

Figure 6.3 illustrates these different wastewater treatment, discharge, and reuse

schemes. Table 6.3 summarizes the relative risk severity among those affected

populations under different wastewater management scenarios.

6.4 Disposal Only

In general, wastewater disposal will naturally affect the water body and down-

stream communities unless the wastewater is injected into a deep, confined aquifer

or discharged into a very large water body, such as the oceans and large lakes, at a

very low flow rate. Otherwise, raw and treated wastewater can contaminate rivers,

lakes, groundwater aquifers, and oceans (Fig. 6.1). Although some of the wastewater

constituents can be settled down, diluted, dispersed, and naturally degraded, some

contaminants may remain unaltered and travel a long distance. As a result, those who

use the affected water resources in downstream as drinkingwater, bathingwater, and

irrigation water may be at risk [53–56].

Primary
Treatment

Equalization
and

Pre-Treatment

Secondary
Treatment

Tertiary
Treatment

Disinfection

Advanced
Treatment

Disinfection

Raw
Wastewater

Reuse Water
(More

Restriction)

Reuse Water
(Less

Restriction)

Reuse Water
(Least

Restriction)

Discharge
(Highest Impact)

Reuse Water
(More 

Restriction)

Discharge
(Higher Impact)

Discharge
(Lower Impact)

Discharge
(Lowest Impact)

Reuse Water
(Most

Restriction)

Fig. 6.3 Simplified wastewater treatment, discharge, and reuse schemes
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6.4.1 Agricultural and Non-potable Reuse

Reuse of treated and untreated wastewater in agriculture and aquaculture involves

more complex exposure routes. Direct contact with wastewater may occur when

farmers and fishery workers are handling the wastewater without protective

Table 6.3 Relative hazard severity among affected populations under different wastewater

management scenarios

Scenario

Constituent of

concern Affected population

Relative hazard

severity

Discharge

Untreated wastewater or

primary-treated

effluent without

disinfection

All pathogens

and

chemicals

Communities immediately

downstream

Severe

Communities further downstream Intermediate

Secondary- or tertiary-

treated effluent with

disinfection

Persistent

organic

compounds,

nitrate,

perchlorate

Communities immediately

downstream

Slight to

intermediate

Communities further downstream Slight

Agricultural reuse

Untreated wastewater or

primary-treated

effluent without

disinfection

All pathogens

and

chemicals

Farmers and fishery workers Severe

Families of farmers and workers Intermediate

Communities adjacent to the

facilities

Slight to

intermediate

Consumers Intermediate

Secondary- or tertiary-

treated effluent with

disinfection

Persistent

pathogens

and organic

compounds

Farmers and fishery workers Intermediate

Families of farmers and workers Slight to

intermediate

(pathogens

only)

Communities adjacent to the

facilities

Slight

Consumers Slight to

intermediate

Other non-potable reuse Persistent

pathogens

and organic

compounds

Users of recreational facilities

that use treated wastewater for

irrigation, water features, and

fishing lakes

Slight

Potable reuse

Indirect potable reuse (Similar to

discharge

scenarios)

Direct potable reuse Persistent

organic

compounds

Consumers Slight

Industrial reuse

Internal reuse Vary Workers at the industrial facility Vary

External reuse Vary Users of reuse water Vary
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equipment [14, 57, 58]. Transmission of pathogens such as helminthes within

the families of those workers may also occur. Inhalation of aerosols and vapor

can be a significant exposure route for farmers and fisher workers, as well as for

people living in a close proximity to the facilities. The consumers may be exposed

to microbial and chemical hazards by consuming contaminated crops and meat

products. In addition, inappropriately managed runoff and effluent from the farms

and fishery can contaminate the surface and groundwater sources.

Accumulation of toxic heavy metals, such as copper, zinc, mercury, cadmium,

nickel, and chromium, as well as pesticides, such as chlorpyrifos and endosulfan, in

wastewater-irrigated soils and vegetables has been noticed in many countries

and regions, such as Zimbabwe [59], Ghana [60], China [61], Spain [62], Syria

[63], and Pakistan [64]. Their levels sometimes exceeded the acceptable levels

suggested by WHO [14].

Use of treated wastewater (i.e., reclaimed water) for non-potable reuse, such

as landscape and golf course irrigation, water features, noncommercial fishing,

and other recreational uses, can also pose potential risk to the people who come

into contact with the reused water [1, 65–67]. In addition to direct skin contact,

inhalation of aerosols and vapor and accidental ingestion may be possible expo-

sure routes.

6.4.2 Potable Reuse

Although it has been largely overlooked, wastewater discharge to the surface

water or groundwater that is used as a drinking water source is equivalent to IPR.

Thus, the health risk associated with planned or unplanned IPR is similar to those

of corresponding wastewater discharge scenarios. The reservoirs are considered

natural buffer and in situ advanced treatment in indirect potable reuse scenarios

[68], either intentionally or unintentionally. However, in DPR projects, which are

still very rare in the present time, wastewater is treated to a very high level of

purity to minimize potential health risk and then augmented with treated drinking

water. Advanced treatment processes such as reverse osmosis (RO) and advanced

oxidation processes (AOPs) were often employed in planned IPR and DPR

projects [46, 68, 69].

6.4.3 Industrial Reuse

Industrial reuse scenarios may include onsite internal reuse (i.e., treatment and

reuse of its own wastewater in various processes such as cooling, steam generation,

oil extraction, and hydraulic fracturing) and external reuse (i.e., export of treated

industrial wastewater to offsite for other reuse applications, such as agricultural and

domestic irrigation, and reuse in other industries). In addition, treated domestic or
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agricultural wastewater may be imported to the industry for reuse. Internal reuse

and imported water reuse only affect workers handling reuse water and have a

minimal impact on public health directly, while domestic and agricultural reuse of

industrial effluent may pose a significant health threat to farmers and other affected

populations because of high heavy metal and other hazardous chemical contents

[52, 61]. Since the compositions of constituents of concern vary among different

industries and even within the same industry, it is hard to generalize relative health

risks to the public in this case.

Obviously, wastewater treatment is a key to lower the health risks in all types of

management scenarios. The impacts of different wastewater treatment processes

are discussed in the following section.

6.5 Impact of Wastewater Treatment

Among the wastewater management efforts, wastewater treatment is the primary

measure to lower health risk associated with wastewater disposal and reuse and to

ensure sustainable water resource management. Wastewater treatment usually

consists of a series of physical, chemical, and biological unit processes that can

remove specific wastewater constituents in each step (Table 6.4). Different

combinations of unit processes may be employed, depending on raw wastewater

quality, objectives of treatment and reuse, technical and economic feasibility and

constraints, and other site-specific restrictions and considerations. As shown in

Fig. 6.3, higher levels of treatment (i.e., tertiary and advanced treatment) are

required to produce better quality effluent that has less restriction for reuse and

poses lower impact on the receiving environment and downstream communities.

However, these higher-level treatment processes are more expensive and

technologically demanding.

Alternatively, low-rate wastewater treatment systems, such as waste stabilization

ponds, aerated lagoons, and constructed wetlands, may be used as low-cost wastewa-

ter treatment options. Because these low-rate treatment systems have a larger land

requirement, they may not be suitable for the regions where the land cost is high.

Despite their simpler construction and less technically involved operation and main-

tenance, these low-rate treatment systems can remove some of the hazardous waste-

water constituents by sedimentation, biological degradation, and natural sunlight

ultraviolet (UV) disinfection [14]. Therefore, these systems are often more appropri-

ate, cost-effective wastewater treatment systems in developing countries [70–72].

6.5.1 Pre- and Primary Treatment

Pretreatment and primary treatment involve physical screening and gravity sedi-

mentation of heavy solids or floatation of light solids, such as oil, grease, and fibers.

Chemical coagulant and flocculant may be used prior to sedimentation/floatation to
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enhance the solid–liquid separation. Although some pathogen removal can be

achieved (up to 3-log reduction of helminth eggs by chemically enhanced sedimen-

tation), primary treatment is generally insufficient for removing viruses and bacte-

ria [14]. Moreover, only metals in a particulate form may be removed by gravity

separation. More elaborate treatment (e.g., secondary or tertiary treatment followed

by disinfection) and/or additional protection measures, including restricted crop

irrigation, use of personal protective equipment, product washing and cooking, and

regular monitoring for toxic chemical accumulation in irrigated soil and products,

would be necessary when primary effluent was used for crop irrigation and

aquacultures. Proper disposal of primary sludge is also required to prevent the

spread of pathogens and other contaminants into soil and waterways.

6.5.2 Secondary Treatment

Secondary treatment consists of a combination of biological treatment and

clarification. A wide variety of conventional and advanced biological treatment

Table 6.4 Typical unit processes and target wastewater constituents

Type Unit process Target constituent

Pretreatment Flow equalization, maceration –

Screens, grit removal Large solid objects (e.g., plant

debris, stones, plastics)

Primary treatment Sedimentation Heavier solids

Flotation Lighter solids (e.g., oil and

grease, algal cells, fibers)

Secondary treatment Activated sludge, trickling filters, rotating

biological contactors, membrane

bioreactors

Biodegradable organics

Tertiary treatment Filtration Suspended solids, including

pathogenic

microorganisms

Biological nutrient removal Nitrogen and phosphorus,

more recalcitrant organics

Advanced treatment Chemical oxidation (ozonation, UV/H2O2

AOP)

Recalcitrant organics,

pathogenic

microorganisms

Membrane filtration (NF, RO) Dissolved and suspended

solids, recalcitrant

organics, pathogenic

microorganisms

Disinfection Chlorination Pathogenic microorganisms

Ultraviolet disinfection Pathogenic microorganisms

Low-rate treatment Waste stabilization ponds, aerated

lagoons, constructed wetlands

Suspended solids, nutrients,

biodegradable organics,

some pathogenic

microorganisms

Abbreviations: NF nanofiltration, RO reverse osmosis, UV/H2O2 AOP ultraviolet/hydrogen

peroxide advanced oxidation process
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processes are commercially available, such as activated sludge, sequencing

batch reactors, oxidation ditch, trickling filters, rotating biological contactors,

and membrane bioreactors (MBRs) [1]. Biological digestion of biodegradable

organics occurs in biological reactors (¼ bioreactors), and subsequently, biomass

is clarified by secondary clarification. Pathogen reduction occurs in secondary

clarification, while reduction of dissolved chemical constituents occurs through

biological degradation. Up to 2-log reduction of viruses, bacteria, protozoan

cysts and oocysts, and helminth eggs can be achieved by secondary bioreactors.

Some toxic heavy metals and hydrophobic organics, such as organochlorine

pesticides, may be adsorbed by the biomass [73, 74]. Because of superior partic-

ulate removal and pathogen reduction, MRBs are particularly suitable for urban

water reuse projects [1].

When combined with proper disinfection, secondary-treated wastewater can be

considered safe for discharge and for variety of non-potable applications, including

crop irrigation, restricted recreational impoundments, and groundwater recharge

via percolation basins [14, 75, 76]. However, certain restrictions are suggested

when reclaimed water is used in a place where incidental direct contact or ingestion

may occur, such as parks, golf courses, and recreational lakes, and for irrigation of

food crop without processing.

Similar to primary sludge, secondary sludge also contains elevated levels of

metals, organic constituents, and pathogens [77–79]. Proper treatment is required

for the sludge disposal, land application, and reuse [80].

6.5.3 Tertiary Treatment

Tertiary treatment refers to the unit process(es) that polishes secondary-treated

wastewater, such as chemical or biological nutrient removal and additional partic-

ulate and pathogen removal through granular media or membrane filtration, such as

microfiltration (MF) and ultrafiltration (UF). Chemical coagulation followed by

granular media filtration can achieve up to three-log reduction of viruses [14],

which greatly reduces public health risk. Therefore, filtration is an essential com-

ponent of current wastewater reclamation and reuse projects in developed countries

as most of the regulatory agencies, such as the US EPA [76], suggest the use of

filtration for reuse applications with fewer restrictions, such as urban irrigation and

recreational impoundments.

Membrane filtration (MF and UF) is a rapidly growing tertiary treatment tech-

nology. Because of their very small pore sizes (<1 mm), both MF and UF

membranes can remove virtually all pathogens, including viruses, to almost

completely (>6-log reduction) [14]. In many urban water reuse projects, they are

also used as a pretreatment of advanced treatment and in combination with second-

ary treatment [1].

6 Hazardous Agents in Wastewater: Public Health Impacts and Treatment. . . 179



6.5.4 Advanced Treatment

As noted earlier, a wide variety of organic wastewater constituents, such as

pharmaceuticals, flame retardants, and personal care products, have been detected

in secondary and tertiary effluent from wastewater treatment plants around the

world [35, 81–84]. Their concentrations are usually very low (i.e., sub-microgram

per liter levels), and little evidence of their adverse health effect is available.

Because of their wide prevalence and unknown health impact, removal of these

trace organic contaminants is desired in many urban wastewater discharge and

reuse scenarios, especially those involved in planned IPR and DPR.

A number of advanced treatment technologies are available. For example:

• Ozonation (O3), ozone/hydrogen peroxide (O3/H2O2) AOP, UV/H2O2

AOP [85–87]

• Granular activated carbon adsorption [88, 89]

• Nanofiltration (NF) and RO [88, 90–92]

Advanced treatment of secondary- or tertiary-treated wastewater can produce

reclaimed water with very high purity. However, these advanced treatment

technologies are very expensive to construct, operate, and maintain. A number of

other issues, such as RO and NF concentrate (i.e., brine) disposal, and removal of

persistent contaminants and by-products [e.g., bromate and N-nitrosodi-
methylamine (NDMA), 1,4-dioxane, and tris (1-chloro-2-propyl) phosphate],

must be addressed [38].

Another important aspect of highly purified reclaimed water, especially the

water treated by RO, is its high purity and low ionic strength. Ironically, if placed

in the environment, highly purified reclaimed water may be exposed to environ-

mental contaminants and become contaminated [68]. In order to protect and

maintain the quality of reclaimed water and public health, considering DPR

scenarios may become more realistic in the future [6, 93].

6.5.5 Disinfection

Free chlorine, either in a form of chlorine gas or sodium or calcium hypochlorite,

has been used as a primary disinfectant for wastewater for many years. The

effectiveness of chlorine toward bacteria inactivation is very well known and

understood [1]. Chlorine is also moderately effective toward viruses (up to 3-log

reduction), but it is less effective toward protozoa cysts and oocysts (up to 1.5-log

reduction) and helminth eggs (<1-log reduction) [14].

In addition to free chlorine, chlorine dioxide, ozone, and UV are also commonly

used as primary disinfectants in wastewater treatment and reuse applications.

These disinfectants are generally more effective toward inactivation of viruses

and protozoa than free chlorine. UV disinfection is more commonly used in
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wastewater treatment because of economic considerations [1]. However, due to the

recent awareness of trace organic contaminants in treated wastewater, the use of

ozone and UV/H2O2 AOP is becoming an attractive option [69, 87]. Also, it has

been reported that the use of chlorine and UV in combination can enhance the

effectiveness of disinfection [94]. Chloramine (i.e., combined chlorine) is a weaker

disinfectant compared with others and is usually used as a secondary disinfectant in

a distribution system of reclaimed water.

As with the case of drinking water disinfection, formation of disinfection

by-products (DBPs) is an important public health issue in reclaimed water disinfec-

tion [1]. Trihalomethanes and haloacetic acids are generated during chlorination,

while nitrosamines (e.g., NDMA), chlorate, and bromate can be generated

during chloramination, chlorine dioxide disinfection, and ozonation, respectively.

The formation of these DBPs is of particular concern in potable reuse scenarios.

6.5.6 Low-Rate Treatment

Low-rate treatment systems such as waste stabilization ponds, lagoons, and

constructed wetlands are low-cost alternatives to mechanical treatment systems

discussed above. These treatment systems utilize sunlight for heat and UV source,

gravity for sedimentation, and naturally occurring bacteria for biodegradation.

If properly designed, waste stabilization ponds can achieve a 2- to 4-log removal

of viruses, a 3- to 6-log removal of bacteria, a 1- to 2-log removal of protozoan cysts

and oocysts, and an up to 3-log removal of helminth eggs [14]. Constructed

wetlands are, on the other hand, usually not designed for the removal of pathogens

[95]. Sunlight UV disinfection may be maximized by creating a wide, shallow

channels at the end of wetlands.

Removal of organic and inorganic chemical constituents may be achieved in

low-rate treatment systems via biological degradation, adsorption, UV photolysis,

and phytoremediation [96, 97].

6.6 Treatment Options for Wastewater Safe Disposal and Reuse

There is no silver bullet in pollution control in general, and wastewater treatment is

no exception. Thus, a wastewater treatment system is usually a combination of

several processes that can provide multiple barriers toward different constituents

being removed. In this section, several examples of wastewater treatment schemes

are presented for different wastewater applications, including safe discharge, agri-

cultural reuse, non-potable urban reuse, and potable reuse.

It should be noted that wastewater quality is highly site specific and that local

discharge and reuse standards differ significantly from one place to another.

Therefore, a treatment system will need to be examined individually and be tailored
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to meet specific treatment and reuse goals. In addition, economic consideration is

often a major determinant of treatment process selection and overall system design.

Thus, the following examples are conceptual and are presented for information

purposes only.

6.6.1 Safe Disposal

For safe disposal of wastewater, the minimum requirements are the removal/

inactivation of pathogenic microorganisms, heavy metals, and other toxic inorganic

and organic contaminants. In addition, excess organic matter and nutrients, includ-

ing nitrogen and phosphorus, need to be removed to lower environmental impacts.

Figure 6.4 shows a flow scheme of a conventional wastewater treatment system for

safe discharge.

Alternatively, where a large land is available at a relatively low cost, a combi-

nation of low-rate treatment processes, such as waste stabilization ponds and

constructed wetlands, may be used (Fig. 6.5). Constructed wetlands will provide

additional barrier to pathogens, toxic metals, and organic contaminants through

phytoremediation, sunlight UV disinfection, and photolysis.

6.6.2 Agricultural Reuse

In addition to the secondary treatment and disinfection, tertiary filtration is

recommended for unrestricted agricultural reuse (Fig. 6.6). While removal of

nutrients may not be necessary, other water quality parameters such as salinity,

Pretreatment
(Grit Removal,

Screen,
Equalization)

Primary
Clarification
(Optional)

Biological
Treatment

(e.g.,
Activated
Sludge)

Secondary
Clarification

Chlorination
or UV

Disinfection

Raw
Wastewater

Treated Wastewater
for Discharge

(After Dechlorination)Sludge Treatment
and Disposal

Fig. 6.4 Suggested treatment scheme for safe wastewater disposal (conventional secondary

treatment system)
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sodium adsorption ratio, and boron may require attention [14]. Where more

controlled irrigation techniques, such as drip irrigation, are to be employed, tertiary

filtration may be omitted. As suggested by WHO [14], waste stabilization ponds

may be used for safe agricultural reuse in developing countries (Fig. 6.7).

Waste Stabilization Ponds
Constructed

Wetlands

Raw
Wastewater

Sludge Disposal

Chlorination
(Optional)

Treated Wastewater
for Discharge

Fig. 6.5 Suggested treatment scheme for safe wastewater disposal (low-rate system)

Tertiary
Filtration

Unrestricted
Agricultural Reuse

Pretreatment
(Grit Removal,

Screen,
Equalization)

Primary
Clarification
(Optional)

Biological
Treatment

(e.g.,
Activated
Sludge)

Secondary
Clarification

Sludge Treatment
and Disposal

Raw
Wastewater

Chlorination
or UV

Disinfection

Reclaimed
Water

Reservoir

Fig. 6.6 Suggested treatment scheme for unrestricted agricultural reuse. Note: Combined chlorine

may be used in the reclaimed water reservoir to prevent pathogen regrowth during storage
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6.6.3 Non-potable Reuse

For non-potable reuse, such as landscape irrigation, recreational impoundments,

and toilet flushing, the treatment scheme for unrestricted agricultural reuse

(Fig. 6.6) may be used. Alternatively, more advanced technologies, such as MBR

and ozonation, may be used, as shown in Fig. 6.8. Nutrient removal may be

necessary if the reclaimed water is discharged into surface impoundments for

recreational use and/or for temporary storage.

Waste Stabilization Ponds

Raw
Wastewater

Sludge Disposal

Chlorination
(Optional)

Reclaimed
Water

Reservoir

Agricultural
Reuse

Fig. 6.7 Alternative treatment scheme for agricultural reuse in developing countries
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Pretreatment
(Grit Removal,

Screen,
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Sludge Treatment
and Disposal

Raw
Wastewater

UV or Ozone
Disinfection

Reclaimed
Water

Reservoir

Chlorination or
Chloramination

Fig. 6.8 Alternative treatment scheme for non-potable reuse using advanced technologies. Note:

Nutrient removal may be required for reclaimed water impoundments. Dechlorination may be

required before discharging into surface impoundment
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6.6.4 Potable Reuse

Depending on the desired potable reuse scenarios, required treatment can be

different. For IPR via surface spreading and percolation into potable aquifers,

the treatment scheme for safe discharge (Fig. 6.4) or unrestricted agricultural

reuse (Fig. 6.6) may be sufficient. Advanced treatment such as ozonation and

UV/H2O2 AOP, as well as nutrient removal, is desired for IPR via surface water

augmentation where possible ecological impacts of trace organic contaminants and

nuisance algal blooms may be of concern. The advanced treatment scheme shown

in Fig. 6.8 may be used with some modifications such as shown in Fig. 6.9.

IPR via direct injection into potable aquifers (such as the Groundwater Replen-

ishment System, Orange County Water District-Orange County Sanitation District,

Fountain Valley, CA) and DPR will require high reclaimed water quality to ensure

safety. Most of the current DPR and semi-direct potable reuse projects (e.g.,

NEWater, PUB Singapore) treat secondary- or tertiary-treated wastewater by a

series of advanced treatment processes, including MF and RO followed by UV or

UV/H2O2 AOP treatment (Fig. 6.10). UF or NF may be used instead of MF, and

UV/H2O2 AOP may be replaced by ozonation or ozone-based AOPs such as O3/

H2O2 in this scheme.

Indirect
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Augmentation

Secondary
or

Tertiary
Effluent

Ozone 
Oxidation or

UV/H2O2 AOP

Chlorination or
Chloramination

Backwash
Waste to Sewage

MF or UF

Fig. 6.9 Advanced treatment scheme for indirect potable reuse (IPR) via surface water

augmentation. Note: Nutrient removal may be required. MBR may be used instead of the stand-

alone MF/UF
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Fig. 6.10 Advanced treatment scheme for indirect potable reuse (IPR) via groundwater replen-

ishment or direct potable reuse (DPR)
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6.7 Concluding Remarks

Wastewater is integral part of regional and global water cycle. Historically,

discharge of untreated or improperly treated wastewater into natural waterways

has been a major source of severe pollution in the environment. Hazardous

biological and chemical constituents in wastewater effluent adversely affected

and degraded the natural ecosystem, as well as the living environment of humans,

which caused numerous outbreaks of deadly infectious diseases and acute and

chronic toxicity events around the world.

At the same time, wastewater has been used as an important water resource

for irrigating agricultural lands in both developed and developing countries.

High nutrient value of wastewater has also been looked as a favorable side of

wastewater irrigation. However, it has been demonstrated that raw wastewater is

not safe for reuse because of high content of microbial pathogens, such as Ascaris,
enteropathogenic E. coli, Salmonella, Giardia, and various viruses, and toxic

chemicals, such as arsenic, lead, zinc, mercury, copper, organochlorine pesticides,

and solvents, which represent a significant health risk to farmers and their families,

as well as to consumers. Either for discharge or for reuse, wastewater treatment is

extremely important for protecting public health and the environment and for

ensuring the sustainable use of water resources.

In the past decade, a great deal of effort has been put into research to reveal the

health effects associated with wastewater discharge and reuse. Due to global water

scarcity, interest in wastewater reclamation and reuse has grown tremendously not

only in the area of agricultural reuse but also in the area of other non-potable and

potable reuse. A wide variety of wastewater treatment technologies are currently

available to achieve different effluent/reclaimed water qualities. Advanced treat-

ment processes, such as RO, NF, ozonation, and UV/H2O2 AOP, have become

feasible for use in large-scale water reclamation projects. As a result, more aggres-

sive reuse scenarios, such as DPR, are becoming more and more realistic.

However, some uncertainty still exists with respect to trace emerging

contaminants (e.g., pharmaceuticals and personal care products, DBPs, flame

retardants, etc.): risk assessment, monitoring, and control. Without clear under-

standing of their potential impacts on public health and control measures, a highly

energy-intensive and costly, all-out approach like RO followed by UV/H2O2 AOP

may still be needed. In addition, more work will be needed to develop robust, less

energy-intensive alternative treatment technologies that can be used in developing

countries.
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Part II

Wastewater Treatment Options



Chapter 7

The Small-Scale Approach in Wastewater

Treatment

Giovanni Libralato

7.1 Introduction

In the middle of the nineteenth century, engineers and natural scientists discovered

the outbreak of some fatal diseases such as typhus, cholera and diarrhoea due to the

direct contact of human beings with their own excreta containing pathogenic micro-

organisms [1]. To protect the population and prevent infections, the sewer systems

were substantially reinvented going further ancient civilisation experiences.

However, the transport of wastewaters out of human settlements got quickly

insufficient because the quality of surface water, to whom the sewage was discharged,

started to decrease (e.g. hypo/anoxia and pathogens), creating health risks for the

population living downstream. So that, intensive and costly purification became

necessary, pressing the birth of wastewater treatment facilities.

In general, the heavy industrialisation process and the continuous economic and

population growth induced, time by time, the application of more strict water quality

standards and the subsequent need to develop and implement wastewater treatment

technologies able to satisfy the new requirements.

Normally, the main sources of wastewater originate not only from industrial

activities (e.g. chemical syntheses,waste gas treatment systems, conditioning of utility

water, bleed from boiler feed water systems, blow down from cooling cycles, back-

washing of filters and ion exchangers, landfill leachates and rainwater from contami-

nated areas) but also from urban and commercial settlements, identifying potential
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impacts on hydraulic loads, content of pollutant substances, effect or hazardous

potential on the receiving water body and effect on aquatic organisms as toxicity.

There are several wastewater treatment techniques to be used singly or in combi-

nation with others that should cover all potential needs for wastewater treatment.

Separation techniques (e.g. grit separation, sedimentation, air flotation, filtration,

micro- and ultrafiltration, oil-water separation) are mainly used in combination

with other operations as a first or final treatment step. Physico-chemical treatment

techniques (e.g. coagulation/precipitation/sedimentation/filtration, crystallisation,

chemical and wet air oxidation, supercritical water oxidation, chemical reduction,

hydrolysis, nanofiltration, reverse osmosis, adsorption, ion exchange, extraction, dis-

tillation/rectification, evaporation, stripping and incineration) are primarily used for

non-biodegradable wastewaters, inorganic or hardly biodegradable organic conta-

minants, often as an upstream pretreatment; and biological treatment techniques

(e.g. anaerobic/aerobic processes, nitrification/denitrification and central or decen-

tralised biological treatments) are considered for biodegradable wastewaters [2].

Specifically, particular attention should be paid to membrane biological reactors

and its various potential upgrading. Anyhow, the most challenging technologies are

those able to easily adapt to specific situations, increasing the diversity of systems and

stressing on their evolution. Indeed, experts are experiencing that there is no system

able to cope all the situations such as it occurs in the case of the matter of scale [3].

At the moment, sustainable development is at the forefront of today’s policy

agendas, and technology developers are focusing on sustainable and best available

technologies (BATs) on wastewater treatments and nutrient cycling, not only on a

centralised basis but mostly on a small- and medium-sized configuration. Indeed,

centralised and decentralised (small- and medium-sized) plants coexisted over

the past years, but industrialised countries started to be fond of the small- and

medium-scale alternatives [1], due to the poor efficiency of the on-site traditional

applications (e.g. septic tanks, ponds and wetlands), even though costs could be

of main concern. Their legitimation is a crucial task and may strongly influence

decision makers and thus subsequent pollution control standards, efforts to preserve

resources, maintain and strengthen hygienic standards, increase waste material recov-

ery, recycle and reuse, changes in water consumption and innovative technological

applications [4].

The Newman’s vademecum [5] provided some wastewater-oriented goals for

sustainability such as the ocean and river outfalls made redundant, the recycling of

water, nutrients and organics for various uses, the reduction for large pipes require-

ment and the increase of soft surfaces to reduce urban sprawl for storm water

retention. Besides, other options are related to a more far-reaching eco-friendliness

as well as energy and nutrient recovery [4]. Currently, the main emphasis is towards

the grey water recycling [6] considering various levels of technology, especially

best available technologies (BATs), ranging from minimal surface filtration devices

with short residence times [7], purely physical membrane processes and to advanced

and integrated biological systems [8].
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7.2 Does Decentralisation Make Sense?

7.2.1 A Preliminary Brainstorm

Today, in the urban context, centralisation is still the norm in the developed world,

while in the developing world, the opposite is generally the case. In the latter,

wastewater from houses, businesses and industry remain untreated or are frequently

treated on-site and discharged (whether treated or not) to the ground or nearby

drains and watercourses [3]. The question facing the communities in the developing

world is, however, the same, that is, whether they should install a centralised or

decentralised system if they want to deal with their wastewater. Indeed, at now,

decentralisation processes seem to be able to satisfy all traditional centralised treat-

ment requirements, presenting at the same time some added values mainly related

to the ability of minimising potential residual effluent contamination as well as

ecosystem disruption by removing emerging micropollutants such as metals and

pharmaceuticals and personal care products [9]. Jefferson et al. [6] highlighted the

fact that small wastewater treatment plants (WWTPs) have been starting to play an

important role at global level in the management of water quality (i.e. rivers, lakes,
estuaries and aquifers). Indeed, they are frequently characterised by a greater

numerical growth compared to centralised systems [2]. Certainly, in some countries,

the total amount of small plants is able to treat a greater volume of wastewater than

the existing centralised ones [10].

The international debate upon decentralisation is including several international

governmental and non-governmental organisations considering policymakers, local

authorities and stakeholders. Actually, this kind of approach involves various eco-

nomic, social, technological and environmental constraints in the centralisation/

decentralisation dichotomy resulting in the fact that there is no possibility to accept

or refuse one of them a priori, being the necessity to proceed on a case-by-case basis
[3]. Moreover, apart for the fact that the major costs in centralisation are absorbed by

the collection system [11] and in decentralisation by the suggested treatment technol-

ogy [12], it might be highlighted that the budgetary aspects cannot be generalised [3].

7.2.2 Small- and Medium-Sized WWTPs: A Step
Beyond Centralisation

Small- and medium-sized wastewater treatment plants (SMTPs) are playing a major

role, globally, in the local management of water quality for rivers, lakes, estuaries

and groundwater, constituting a potential growth market for the next millennium [6]

for decentralised treatments as recognised by IPPC [2] in opposition to centralised

ones. They are not only very numerous, but in some countries, a much greater

proportion of wastewater is already treated in small systems than in large plants
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[10] because they seem to have the capacity to make waste treatment more

sustainable; certainly, large-scale systems need management, administrative and

large monetary requirements to develop the plant, but their effluents are, at the

moment, still more cost-effective than SMTP discharges. However, a decentralised

system is considered competitive only if it can provide an advanced wastewater

treatment, that is highly effective, robust, easy to operate and low in costs, and an

adequately trained personnel for its management is available [1].

The matter of scale is strictly related to local regulations and traditional assum-

ptions of the involved categories such as engineers and environmental scientists.

As reported in Libralato et al. [3], the Directive 91/271/EEC defined the treatment

ability classification at European level basing it on the treated organic load exp-

ressed as person equivalent. So, small treatment plants present no unique definition.

For the English Institute of Water Pollution Control, a WWTP is small when less

than 1,000 p.e. can be treated, whereas the threshold is set at 10,000 p.e. for the

US Environmental Protection Agency [13]. De Fraja Frangipane and Pastorelli [13]

and Avezzù et al. [14] considered 2,500 p.e. as maximum level to consider a

WWTP as small, but evidencing that until 5,000 p.e., the same WWTP configu-

rations could be maintained. Moreover, Libralato et al. [3] evidenced that decen-

tralisation processes are not categorised as well. Indeed, Ho and Anda [15]

indicated that a decentralised WWTP would be able to supply <5,000 p.e. that is

one order of magnitude greater than the definition for small systems arbitrarily set

by the IWA Specialist Group for Small Water and Wastewater Systems as systems

treating less than 100,000 L day�1, but still two orders of magnitude smaller than

for a centralised system. Besides, the previous definition for small systems given by

the IWA Specialist Group on Design and Operation of Small Wastewater Treat-

ment Plants was confuted, meaning that a treatment ability<2,000 p.e. or having an

average daily flow<200 m3 [16] could not be assumed as exclusively referenced to

a decentralised WWTP. In decentralised systems, raw wastewater is frequently

treated next to the source [1], meaning that wastewater still requires being col-

lected, but the use of large and long pipes and expensive excavations works are

avoided [3]. Additionally, decentralised processes could also be classified in three

main categories according to Orth [4]: (a) simple sanitation systems (i.e. toilets)
(e.g. pit latrines, pour-flush toilets, composting toilets and aquaprivies), (b) small-

scale mechanical-biological treatment plants and (c) recycling systems. The simple-

based technology and relative inexpensive sanitation systems (i.e. toilets) are asked to
minimise sanitary problems by retaining faecal matter and discharging the liquid

phase, with control of water pollution being of minor significance. Small-scale

mechanical-biological treatment plants present at least a mechanical and a biological

treatment step or, otherwise, might offer a natural-like treatment such as ponds and

wetlands (e.g. phytoremediation pond). Thus, water pollution is contained, and other

facilities enhancing nutrient removal, disinfection or solids removal might be

upgraded to the system, also by means of membranes. About recycling systems,

the top priority regards environmental protection. Particularly, within this approach,

it might be stressed on supporting the diversion of wastewater flows while complying

with modern hygienic standards, the production of high-quality fertilisers and,
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eventually, biogas (i.e. anaerobic wastewater treatment processes), as well as the

possibility of treated wastewater reuse for non-potable purposes.

Certainly, there still remains a great potential for wastewater flow separation

besides urine (yellow wastewater) and faecal matter (brown wastewater) diversion,

which are both components of black wastewater. Indeed, it is possible to organise

and support the separation, treatment and reuse of white (rain/storm water) and grey

wastewater (e.g. kitchen, bathtub, washing machine) [17–21].

Furthermore, it must be detailed that frequently the term “decentralised” does

not comply with “small”. Indeed, according to Libralato et al. [3], decentralisation

can consist of from one to several scaling levels: from individual on-site systems to

a series of larger clusters or semi-centralised WWTPs (e.g. cluster systems grouping

some houses, great block WWTPs, semi-centralised supply and treatment systems,

and satellite treatment plants) before approaching the traditional concept of centra-

lised wastewater treatment system as shown in Fig. 7.1.

Several circumstances are strongly influencing the next future of SMTPs such as

the population increase in rural areas and developing countries, the increasing

impairment of surface water quality, the development of heavily polluted high-rise

buildings in metropolitan areas, the development of planned but somewhat isolated

communities and the growing shortages of water resources [22]. For example, a

possible solution for small communities could be to take into consideration extensive

systems with intensive processes. Anyhow, some challenging questions with no

obvious or unique answer must be asked before taking the final decision: local or

regional solutions for wastewater treatment? If a local solution is chosen, intensive

or extensive processes? If an extensive one is preferred, which technological facility is

to be selected to meet the goal of regulatory standards? [23].

STP • Satellite Treatment Plant facilities are integrated with
centralised systems for solids processing

SESATS • SEmi-centralized Supply And Treatment Systems 

Great Block • Wastewater from individual buildings (e.g. schools)
can be managed with complete recycle systems

Cluster • Typically, 4 to 12 or more houses are grouped to form 
a cluster system for improved wastewater management

Individual • The extreme scenario: treatment systems vary from 
conventional to advanced

Centralisation
• Consisting of a sewer system collecting wastewater 
that is conveyed to a wastewater treatment plant 
generally located outside of the limits of the city

Fig. 7.1 Transition from centralisation to decentralisation [3]
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About 25% of the population in USA (over 60 million) are serviced by on-site

and small-scale WWTPs [24], especially those living in rural areas or not served by

sewerage and centralised wastewater collection and treatment systems, but also at

what time large WWTPs failed or there is a lack of action or capacity by the central

governing body. Actually, after several years from the Clean Water Act, it was

recognised that complete USA sewerage may never be possible due to geographic

and economic constraints [25].

Similarly in smaller countries such as Ireland, the domestic wastewater of over one

third of the population is treated by on-site systems, and specific regulations have been

implemented to strengthen the environment safeguard (i.e. especially of groundwater
quality), thanks to the attention of local policymakers on this topic [26, 27].

There has been a general acceptance by stakeholders and professionals of small-

and medium-sized wastewater treatment (SMTs) applications because they help

the improvement of public and environmental health by minimising the impact of

wastewaters, being, potentially, sustainable considering equally, economic, environ-

mental and social topics. Of course, a series of factors needs to be taken into conside-

ration to select the SMTs, such as the population density, the location, the technology

and its efficiency, the investment, the operation of maintenance, the protection of

environmental quality, the conservation of resources (including the energy use), the

water reuse, the nutrient recycling, the protection of public health, the convenience

security, the government policy and the human settlement planning [28].

The design methodology of SMT systems is based on the combining effective

treatment processes with the commercial demand of the market and the achieve-

ment of a high-quality effluent suitable for direct discharge to surface waters.

At the moment, the majority of SMTs are designed to remove carbonaceous

compounds and suspended solids, but there is an increasing demand for nitrification

and phosphorus removal [29]. Some of the applications of small-scale high-quality

wastewater treatment could be for localised storm water treatment and recycling and

for water harvesting for local water supply purposes and water appliances; definitely,

fittings and technologies could facilitate the achievement of quality goals [30].

The main general characteristics of SMTs are related to economic costs, sus-

tainable resource uses, ecological and human health impacts, system reliability

and resilience, and social and institutional implications [31]. They are relative

inexpensive, including capital, installation and running costs [32] depending on

the technology used, making the use of recovered wastes more practical and cost-

effective, especially for small nutrients and water cycles. They can maximise the

opportunities for the reuse of sewage components (i.e. reuse of treated wastewaters
for toilet flushing and watering lawns) [33], decrease the final discharge volume

reducing the cumulative impacts to water environments due to the increased

potential for reuse [31] and lower the level of pathogen risk to the total community

than equivalent centralised reuse [34]. They can make the source stream separation

easily applied allowing treatment and reuse of different waste streams (grey and

black water and urine) and greater efficiencies [15] saving energy [18]. At the same

time, they are able to minimise the potential for nutrients containing residuals

to be contaminated with metals and other toxins. They are suitable for remote

locations where access to the main drainage is difficult; they are compact, having
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a small footprint and minimal depth [35], reducing the aesthetic impact (i.e. visual,
noise and odour) [1] and without any potential for catastrophic impacts on the

contrary of large-scale centralised infrastructures [31]. There is no need of exten-

sive piping and pumping systems, but easy operation and maintenance are led

on [12]. They have greater flexibility and adaptability to changes and to changing

service requirements [36]. Even though the community and ownership are widely

involved, there are some negative aspects such as the uncertain regulatory frame-

work in many jurisdictions, the organisational challenges for utilities managing

multiple dispersed assets and the perceived actual fluctuating reliability of

decentralised systems [31].

Package treatment systems are, generally, preferred for biological processes. There

are many process configurations and technologies that could be applied to small- and

medium- scale WWTPs such as rotating biological contactors (RBCs); extended

aeration activated sludge (EAAS); activated sludge sequencing biological reactors

(AS-SBRs); membrane biological reactors (MBRs) and submerged aerated media

systems [29, 37]; wet composting and vermicomposting tanks; anaerobic treatments;

sand, soil and peat filters; constructed wetlands; and grey, black and urine water

separation systems [38]. In particular, modern membrane reactors integrating

a suspended growth bioreactor with a membrane filtration device (microfiltration/

ultrafiltration, MF/UF) could provide efficient barriers achieving high removal rates:

indeed, the membranes retain suspended solids, colloidal and macromolecular mate-

rials, including bacteria.

Currently, small-scale applications in the wastewater treatment sector are gaining

a great attention both in the developed and developing countries. Brown et al. [39]

reported that the city of Melbourne (Australia) with an approximate population

of 3.9 million is studying a portfolio of decentralised and on-site design concepts of

WWTPs. This strategy was intended to cope with the potential uncertainty in future

sewage production and its reuse and the need to prepare for integrated water cycle

planning. The existing Melbourne sewerage system is largely centralised, thus about

90% of sewage discharges are conveyed to two major centralised plants. However,

several small satellite treatment plants service local urban areas generallymore distant

from the centralised system. The use of decentralised WWTPs in Melbourne is still

rare, but the aim of the future integrated water planning is to combine centralisation

with various levels of decentralisation as well as on-site operations.

Orth [4] presented the case study of the Ruhr district (Germany) as an example

of how the sewage disposal may evolve according to a sort of ecologically sound

adaptive ability. Initially, centralisation represented the first step to solve intolera-

ble hygienic conditions. Afterwards, the need to control pollution and support the

regional development besides the existing WWTPs led to a series of about 4,200

small-scale treatment systems creating a composite system made of centralised and

decentralised elements.

Libralato et al. [3] highlighted that in Italy, 6% of the population is served by

WWTPs with <2,000 p.e., which represent 73% of existing Italian WWTPs mainly

due to the country morphology. Likewise, Venice (Italy) may be considered as an

interesting case study about decentralisation. Indeed, this well-known ancient city

that was built on a series of 119 islands located in the middle of a 540-km2 lagoon
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with an average depth of 0.5 m does not have a real sewage collection and treatment

system due to its peculiar urban characteristics, but has a huge number (4,493) of

on-site decentralised WWTPs [40] that are mostly remote controlled. Their instal-

lation, supported by policy and lawmakers, has been reducing the total load of

inorganic and organic contamination, enhancing the general health and environ-

mental status of the lagoon.

Peter-Fr€ohlich et al. [21] presented a pilot project at European level to separate

yellow (i.e. urine), grey and black wastewater supporting both environmental and

economic-related topics. Indeed, this new approach could allow wastewater treat-

ment in remote areas, having no centralised sewage collection systems, or in new

developing or refurbishing urban areas where the existing systems could not be

cost-effectively upgraded.

Actually, the main added value is related to the increase of environmental

sustainability via treated wastewater and nutrient recovery and reuse such as in

the case of public and private garden watering or agricultural uses reducing potable

water consumption in the perspective of near future water scarcity. The safeguard

of water resources is a really challenging topic that has been frequently stressed on a

decentralised basis. Nolde [41] reported the results from a 15-year project devel-

oped in Germany about grey wastewater recovery and reuse within great block of

buildings (e.g. commercial centres) and mainly devoted to toilet flushing. It was

evidenced that the technological investment mortgage is of about 5–7 years in the

case of the adoption of membrane biological reactors.

Furthermore, it was observed that the separation of flows at source (i.e. white,
yellow, brown, grey and black wastewaters) might sustain the management of

emerging micropollutants such as in the case of pharmaceuticals, which are mainly

contained in urine rather than in faecal matter [42]. Indeed, nevertheless, urine

contains 15% of the total COD of black wastewater [43]; it was discovered that

about 64% of pharms and pharmaceutical residues could be found in urine after a

quantitative study about 212 drugs [44]. An extreme application of source separa-

tion is represented by the NoMix approach that operates a direct urine separation

at source [18, 28, 45, 46]. It is already successfully applied in China in the dry

version with more than 700,000 users [45]. Palmér Rivera et al. [47] proposed other

interesting options promoting source-separating sanitation systems supporting

the design of a blackwater separation system with vacuum toilets in a local folklore

centre. The sanitation system consisted of three vacuum toilets and one water-free

urinal connected to a collection tank, and greywater treatment in a sludge sedimen-

tation tank before vertical sand filter.

7.2.3 To Decentralise or Not to Decentralise: That Is the Question

Today, the debate about the centralisation/decentralisation dichotomy in wastewater

treatment science showed that theymight be reciprocally unsuitable on a case-by-case

basis: one approach cannot exclude the other and vice versa [3]. The possibilities for

wastewater treatment are quite huge, and a sort of transition exists in decentralisation
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processes moving from individual on-site treatment, to cluster or community type

(e.g. great blocks), and to satellite treatment and semi-centralisedWWTPs. Each type

is substantially related to the characteristics and volumes ofwastewater to be treated as

well as to the possibility of flow separation at source.

When talking about decentralisation, it is not possible to refer to just one

technical approach such as the NoMix toilet or any other extreme individual treat-

ment system, but to a range of wastewater treatment facilities presenting a strong

scaling transition. In most cases, the adoption of a decentralised approach in highly

dense populated areas with an already existing sewage collection system could

not be a viable alternative to the centralised treatment. A general clue is not yet

available on how to approach decentralisation due to the high number of condition-

ing variables and the creativity of engineers puzzling their brains to make alter-

natives to traditional wastewater treatment modes [3]. Themost probable suggestion

is to support the coexistence of various levels of centralisation and decentralisation

inWWTPs considering the potentiality of the full series of decentralised approaches

that are currently showing a highly realistic appeal, mainly in the case of great blocks

(i.e. hospitals, shopping centres, airports, schools) and refurbished urban areas,

especially in relation to the new trend of treated wastewater recovery and reuse

mainly due to climate change-related phenomena (i.e. water drought). Moreover,

it is of extreme interest to speculate upon the forthcoming necessity of current

centralised WWTPs substitution as well as refurbishment and upgrading of their

collection system due to their ageing. Major interventions are estimated to be

required every 50–60 years, but no unique solutions have been found whether to

keep and/or substitute the pristine centralised facilities, generating potential traffic

and other public utility disruption or to introduce some kind of decentralisation in the

system. Today, this second option appears to be sometimes more suitable, mainly

due to the continual growth of urban areas as well as the increasing demand for water

resources. It seems that the use of decentralised and satellite systems will allow

treated wastewater recovery and reuse, making them a stable and sustainable water

source, especially for those areas that historically suffer or have recently been

suffering from water scarcity [3].

Since now, pros and cons of centralisation and decentralisation were elucidated

in a scattered way evidencing the fact that economic, environmental, social and

technological issues may strongly influence decision makers within their potential

choices about the implementation of one approach rather than another. Particularly,

Brown et al. [39] highlighted that some releases are of main importance such as the

life span of system elements, the estimated capital, the maintenance and operating

costs, and the (re)use of energy, residuals and water as well as nutrient budgets [48].

On the basis of Libralato et al. [3], the main advantages and disadvantages on

centralisation and decentralisation have been assessed also according to Brown

et al. [39] issues and listed as follows. On centralisation, the subsequent statements

may be provided from a series of authors:

• The wastewater treatment cost per unit volume is still competitive compared to

decentralisation where the wastewater collection system already exists [11, 15,

28, 49, 50].
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• Around 80–90% of the capital costs are related to the collection system with

potential economies of scale associated to densely populated areas [11, 50, 51].

• It is predicted that the whole collection system or of part of it has to be renewed

every 50–60 years, besides the required periodic maintenance, potentially gene-

rating disruptions to traffic and other public utilities [50].

• Wastewater treatment generally means “to sanitise”, but nutrients and other

micropollutants might not be removed [52–54].

• Potential eutrophication phenomena may occur in the receiving water body due

to the large volumes of treated wastewater discharged [1, 15, 28, 52, 55];

• Rainwater is frequently drained from residential areas by infiltration into the

collection system, potentially causing the lowering of the aquifer [15, 28, 49].

• Diluted wastewater requiresmore expensive treatment approaches [15, 28, 50, 55].

• Heavy rainfall events or contamination by industrial wastewater may generate

overflow phenomena [15, 55].

• Natural disasters such as earthquakes and terroristic attacks may cause disru-

ptions to the system generating strong pollution phenomena in the receiving

water body [1, 15].

• Diseconomies of scale are possible where long distances have to be covered or as

a consequence of rainwater infiltration [11, 50].

• There is a strong dependency on electrical energy supply that might not be

adequate due to an economic or political crisis [1, 11, 50].

• Huge volumes of potable water are required to keep the sewage system clean

[1, 11, 50].

Furthermore, on decentralisation, the following reports may be delivered from

a series of authors:

• Decentralisation may respond to suburban areas and rural centres, industrial,

commercial, residential and (re)developing areas in addition to population growth

in rural areas and developing countries [1, 15, 25, 28, 33, 39, 42, 56].

• It tends to stop the decrease of surface water quality [25, 33, 39].

• It may be of some help in the case of great block construction in metropolitan

areas, pretreating/treating and reusing wastewater, even if in part, thus limiting

the volume of discharged wastewater into the existing sewage collection system

and obviating its upgrading to support greater volume loads [15, 28, 39, 56].

• It may contribute in the planning of isolated community development [9, 12,

39, 42] and support treated wastewater recovery and reuse [9, 12, 15, 25, 28, 33,

39, 56–58].

• It reduces or excludes the inconveniences related to the collection of discharges,

with much smaller and shorter pipes compared to centralisation [15, 25, 28, 33,

39, 57], being applicable to various levels from individual to community [9, 11,

25, 33].

• Small WWTPs are considered as viable if a medium-high technological level

is implemented that is efficient, robust and easy to manage and maintain [25,

33, 58], although some unexpected bad performance was experienced mainly

due to their managing [59].
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• Small WWTPs are eligible to be easily remote controlled facilitating their

management [40].

• Much of the cost could be related to possible economies of scale that could be

achieved organising wastewater treatment on a cluster basis such as in Australia

[31].

• The cost of technologies in decentralisation is becoming comparable to that of

centralisation per unit of treated organic load [31].

• Small WWTPs may assure a greater level of environmental sustainability by

supporting the potential reuse of treated wastewater as well as nutrient recovery

[9, 25, 31, 33, 39, 48, 55, 57, 58].

• The potential contamination of nutrients to be reused by metals and xenobiotic

substances in general could be greatly limited [55, 58].

• Eutrophication events may be reduced [1, 9, 15, 28, 31, 39, 52, 55, 57, 58].

• It may support an easier urine source separation, reducing/removing micro-

pollutants such as metals and other emerging compounds (e.g. pharmaceuticals

and personal care products) [9, 25, 33, 57, 58].

• Decentralised small WWTPs allow the separation of domestic wastewater and

rainwater, avoiding dilution phenomena [15, 28].

• It is possible to operate a separation of contaminants at source, easing their

treatment and potential reuse and at the same time increasing treatment effi-

ciency and saving energy [9, 25, 33, 39, 57].

• It is possible to exclude the possibility of domestic wastewater contamination by

industrial wastewater as well as the relative sludge produced [9, 11].

• It is possible to maximise the in situ reuse of treated wastewater, as a conse-

quence of diminishing the final discharge volume and the potential cumulative

impacts on the receiving water bodies [25, 33, 39].

• It is possible to considerably reduce the health risk for the population, also by

preventing catastrophic events [11, 25, 33, 39, 55].

• Small WWTPs are suitable for isolated or scattered settlements or in the case

where only a small amount of space is available for the installation [11, 39].

• Small WWTPs are generally compact, with highly flexible operating conditions

and reduced aesthetic impact [11, 39, 40, 55].

Moreover, other aspects that are directly related to decentralisation approaches

involve national security concerns. Centralised WWTPs can be seen as an easy-to-

attack target that could seriously affect life in some urban areas, for example, due to

the physico-chemical and microbiological contamination of surface water preventing

its use as a drinking water source. A series of decentralised WWTPs may consider-

ably reduce the risk and potential impact to the receiving water body without comp-

romising the system functions. Moreover, decentralisation processes might reduce

the impact of natural disasters such as a flood, tornado, hurricane, volcanic eruption,

earthquake, or landslide that could in this way affect only a limited part of the

territory keeping the rest safe [3].
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7.2.4 Having a Decentralised Perspective in Land
Planning Activities

Decentralisation might be supported during decision-making processes if cost,

flexibility of land use, maintenance and environmental protection are taken into

account with special reference to small communities within which reuse scenarios

are generally more feasible [60]. Resource efficiency in wastewater management

means not only to recover and reuse treated water but also a matter of optimising the

management of resources spent on treatment and transport, the natural resource to

protect as well as the capital [61]. Particularly, Chung et al. [62] proposed a model

to assess the suitability of decentralisation, showing that it fits best to territories

with mixedmorphology and scattered urban centres. Comparing a centralisedWWTP

and a series of satelliteWWTPs for a community of 1.2million inhabitants, economies

of scale showed to favour centralisation, except for areas with significantly different

heights above sea level, making decentralisation a more suitable option. Innovators

must tackle the costs of initial investments in infrastructures, and concerted actions are

required with the involved stakeholders. Since now, the centralised model has recei-

ved huge public capital investments making it sustainable due to the economies of

scale that are created. Besides, reducing the technological investment compared to

initial expectations could save the major costs that could be required to terminate the

collection system. At the moment, in Europe, the water sector management is already

oriented towards considering the full costs of the resource and the potential effects

of water policy changes, which will be more evident in the near future. Nevertheless,

the risk of overestimation of such resources is not risky because the benefits obtained

from a good quality aquatic environment are still considered as intangible, which is the

main reason for the lack of support for innovation in this sector [3]. Indeed,whenwater

resources are in some way related to public health, tourism, education and research,

greater funds might be obtained. These uses that require a high water quality would

justify the support for innovation and innovators [63].

7.3 Best Available Technologies

The expression “best available technologies”, which is defined in Article 2(11) of the

96/61/EC Directive [64], is very similar to that of the US Clean Water Act (1972)

and its following amendments being “the most effective and advanced stage in the
development of activities and their methods of operation which indicate the practi-
cal suitability of particular techniques for providing in principle the basis for
emission limit values designed to prevent and, where that is not practicable,
generally to reduce emissions and the impact on the environment as a whole, where:

• ‘Techniques’ shall include both the technology used and the way in which the
installation is designed, built, maintained, operated and decommissioned;
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• ‘Available’ techniques shall mean those developed on a scale which allows
implementation in the relevant industrial sector, under economically and tech-
nically viable conditions, taking into consideration the costs and advantages,
whether or not the techniques are used or produced inside the Member State in
question, as long as they are reasonably accessible to the operator;

• ‘Best’ shall mean most effective in achieving a high general level of protection of
the environment as a whole”.

In more general terms, BATs or best available technologies not entailing exces-

sive costs (BATNEECs) can be defined as the best viable mix of technologies,

processes, services and ways of management in order to reduce the pollution and

increase the efficiency [65]. According to this definition, they should pervade all

economic activities and sectors, cutting costs and improving competitiveness by

saving energy and reducing resource consumption and so creating fewer emissions

and less waste. This definition is essentially in line with that given in Chapter 34 of

Agenda 21 [66] for environmentally sound technologies, stating that “Environ-
mentally sound technologies protect the environment, are less polluting, use all
resources in a more sustainable manner, recycle more of their wastes and products,
and handle residual wastes in a more acceptable manner than the technologies for
which they were substitutes. Environmentally sound technologies in the context of
pollution are process and product technologies that generate low or no waste,
for the prevention of pollution. They also cover end of the pipe technologies for
treatment of pollution after it has been generated. Environmentally sound
technologies are not just individual technologies, but total systems which include
know-how, procedures, goods and services, and equipment as well as organi-
sational and managerial procedures” [67]. As a consequence, the selection and

the application of the best available technologies should be the right union between

growth and the environment. Indeed, [. . .] growth and the environment are not
opposites, they complement each other. Without adequate protection of the envi-
ronment, growth is undermined; but without growth it is not possible to support
environmental protection [68].

On the basis of Article 9(4) of the 96/61/EC Directive [64], emission limit

values, equivalent parameters and technical measures must be based on BATs,

without prescribing the use of any technique but considering the technical charact-

eristics of the installation, its geographical location and the local environmental

conditions. Under this point of view, there is the need to strengthen the efforts to

improve testing (e.g. toxicity bioassays), verify performances and standardise envi-

ronmental technologies, in order to establish amechanism to validate objectively the

performance of these products, increasing the purchasers’ confidence in new envi-

ronmental technologies (e.g. nanotechnologies applied to wastewater treatment).

Furthermore, standardisation, preferably at the international level, can stimulate

innovation and environmentally friendly practises. A meaningful example is that

related to “the lack of European standards for wastewater reuse that is one of the
main barriers to the market uptake of membrane bio-reactors for municipal waste
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water treatment. Membrane bioreactors have several environmental advantages
over conventional activated sludge plants: they remove recalcitrant micropollutants
more effectively and they reduce the amount and toxicity of the resulting sewage
sludge. They are currently more expensive but provide an effluent that is ready for
reuse. However, as this reuse is not encouraged by any kind of regulation or standard,
the market is not as developed as it could be” [65].

Besides, the IPPC [2] provided the basic knowledge about the measures for

the determination of the BATs for wastewater and waste gas treatment supporting

process-integrated methods for preventing and reducing the contamination. In

most cases, they are production- or process-specific measures whose applicability

requires a special assessment. The use of BATs in wastewater treatment is especially

focused to the end-of-pipe approach, optimising treatment procedures, preventing

or minimising mixing of contaminated and uncontaminated wastewaters and con-

sidering the fact that it is the application (e.g. serial combination of some techno-

logies) and the way of management that could make the difference.

At what time wastewater is discharged into surface water (i.e. river, lake or sea,
and all other kind of surface water bodies), BATs must present a suitable combination

of [2]:

• Avoiding a discharge situation such as excessive hydraulic load or toxic waste-

water (i.e. potential damages to the river bed, the embankment or the biosphere).

• Choosing the discharge point in order to optimise the dispersion.

• Balancing the wastewater not coming from central wastewater treatment plants

(WWTPs) to reduce the impact on the receiving water body and to meet discharge

requirement before discharging it.

• Implementing a monitoring system to check the water discharge with adequate

monitoring frequency.

• Performing toxicity assessments as a complementary tool in order to obtain more

information on the effectiveness of the control measures and on the hazard

assessment for the receiving body. Generally, a case-by-case basis application

is required.

Some emission level requirements for final wastewaters discharged without any

dilution into surface water after BAT treatment are reported in Table 7.1.

Table 7.1 BAT-associated emission levels for final treated discharge without dilution. Only the

strictest values are reported ([2] mod.)

Parameter Performance rates (%) Emission levels (mg L�1 day�1)

SS 10a

COD 96 30

Total inorganic N 5

Total P 0.5
aMonthly average
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7.4 Advanced Technologies Potentially Supporting On-Site

Water Reuse

The contaminants in wastewater can be removed by physical, chemical and biological

means according to a number of different treatment, disposal and reuse alternatives

and their relative optimum combination.

Physical unit operations are characterised by the prevalence of physical forces

during the treatment operations and were firstly used for wastewater treatment. The

main physical processes are screening, mixing, flocculation, sedimentation, flota-

tion and filtration.

In chemical unit processes, the wastewater treatment is obtained via the addition

of chemicals or by other chemical reactions. Coagulation, precipitation, gas trans-

fer, disinfection and adsorption are the main chemical unit processes. Both physical

and chemical unit operations are, mainly, used to treat non-biodegradable waste-

waters and inorganic or hardly biodegradable organic contaminants. On the other

hand, biological treatment is primarily used to remove the biodegradable organic

substances, basically, converting them into gases released to the atmosphere and

into cells removed by settling. Specially, the activated-sludge process is a treatment

process that is running since 1914 when Arden and Lockett firstly approached it.

Many versions of the original process are in use today, but fundamentally, they are

all similar [69].

Generally, unit operation and processes are grouped together to provide what is

known as primary, secondary and tertiary (or advanced) treatments. Essentially, the

term primary refers to physical unit operations, secondary refers to chemical and bio-

logical unit processes and tertiary refers to the potential combination of all three [69].

In this section, the attention is focused on the description of the basic knowledge

of some secondary (chemical coagulation/precipitation, activated-sludge sequenc-

ing batch reactor, ultrafiltration membrane biological reactor) and, for the most

part, tertiary processes (nanofiltration, reverse osmosis and activated carbon) that

might support treated wastewater recovery and reuse. These wastewater treatment

technologies can also be ranked according to their biodegradability-dependency.

In fact, biological treatments are highly dependent from the biodegradable fraction

of wastewater, while little influence is exerted on physical (i.e. filtration, adsorp-
tion, Reverse Osmosis) and chemical processes (i.e. precipitation).

7.4.1 Chemical Coagulation/Precipitation

Chemical coagulation and precipitation are well-known methods of wastewater

treatment for soluble non-biodegradable contamination since the end of nineteenth

century. In most cases, lime is used as a precipitant, generally, in combination with

calcium chloride, magnesium chloride, alum, ferric chloride, ferrous sulphate

or charcoal. Nowadays, the chemical coagulation and precipitation are mainly used
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as a means of improving the performance of primary settling facilities, a basic step in

the independent physical-chemical treatment of wastewater (i.e. heavy metals

removal) and for the removal of phosphorus [69]. The chemical coagulation and

precipitation are treatment techniques recognised as a BAT in relation to some

specific applications [2].

7.4.2 Activated Sludge Sequencing Batch Reactor (AS-SBR)

In recent years, AS-SBR technology received increasing attention worldwide, and a

great number of plants have been built [70]. The AS-SBR has been accepted as an

alternative to more conventional activated-sludge systems for a wide range of indus-

trial and non-toxic biodegradable wastewater treatments [71, 72], even though it

can present some low removal rates for some recalcitrant organic compounds [73].

Anyway, it is seen as one of the most promising processes from SMTPs [70, 74–77].

Goronszy [78] showed that AS-SBR is especially suited for wastewater treatment

application characterised by intermittent flow and loading conditions, or in decent-

ralised drainage locations for small population equivalent wastewaters [29, 37].

The AS-SBR is an activated-sludge process; this means that the removal of

carbonaceous BOD, the coagulation of non-settleable colloidal solids and the

stabilisation of organic matter are accomplished biologically using a variety of

microorganisms, principally bacteria. The microorganisms are used to convert the

colloidal and dissolved carbonaceous organic matter into various gases and into cell

tissue. Therefore, the cell tissue, having specific cell gravity slightly greater than

that of water, can be removed from the treated liquid by gravity settling. Other

applications are related to nitrification/denitrification and stabilisation processes.

Operationally, the organic wastewater is introduced into a reactor where an aerobic/

anaerobic bacterial culture is maintained in suspension, constituting the mixed

liquor. In the reactor, the bacterial culture carries out the degradation of the waste-

water organic fraction, and, after a specified period of time, the settling phase takes

place to allow the separation of the cells (as sludge) and of the treated wastewater.

Generally, the level at which the biological mass is kept in the reactor depends on

the desired treatment efficiency and growth kinetics and is monitored taking into

consideration the mixed liquor suspended solids (MLSS) and the mixed liquor

volatile suspended solids (MLVSS, i.e. a rough approximation of the amount of

organic matter present in the solid fraction of wastewater).

The AS-SBR can accomplish the tasks of primary clarification, bio-oxidation, and

secondary clarification within the confines of a single reactor in the time-oriented

configuration [35], whereas the space-oriented is characterised by at least two reactors

where all the treatment processes are serially administered. In particular, the desired

effluent quality can be delivered operating on fill/reaction ratios, aeration periods

and mixing cycles [79]. The operating cycle of AS-SBR is determined both by

degradation and settling performances [80].

210 G. Libralato



Generally, a full AS-SBR sequence is composed of five serial steps: feed,

mixing, aerobic reaction, settling and drawing. During the feed and the mixing

period, denitrification and phosphorus release take place, while phosphorus uptake,

carbonaceous BOD removal and nitrification occur in the following oxidation stage.

In addition, endogenous denitrification should take place during the settling phase

[70]. Generally, the SS concentration is around 10 g L�1 with a sludge retention

time from 5 days to more than 30 days [73].

The AS-SBR is able to mitigate the effects due to physico-chemical variations

in the wastewater feed flow because the reactor acts also as a surrogate of an

equalisation tank; the clarification phase is quicker because the sedimentation is

allowed in the same reaction basin (i.e. in the AS-SBR time-oriented configuration),

and there is an increase in the O2 transfer during the feeding phase due to the

entrance of untreated wastewater rich in biodegradable organics [81]. Manning and

Irvine [82] stated that microorganism activity in AS-SBR is greater than through

flow processes, and maintenance and management are reduced to a minimum [81]

due to the absence of sedimentation basins, the possibility of controlling bulking

phenomena modifying the feeding phase [83] and the potential for saving energy,

especially, for the treatment of domestic wastewaters produced by small- and

medium-sized communities [84].

In particular, the AS-SBR technology at small- and medium-sized municipal

treatment plants has increased since 1970s [71], also for retrofitting small works

[85] and for some applications to industrial wastewaters (dairies and wineries) [72]

or for dealing with piggery effluents [86]. The AS-SBR exists both in the anaerobic/

aerobic configurations, providing effluents very low in organic compounds and

nutrients, potentially, meeting strict effluent standards. Moreover, this technology

could be suitable for rural areas, where experts in WWTP management are rather

limited, via the introduction of automatic remote controls [70].

7.4.3 Membrane Biological Reactor (MBR)

Research studies about the application of membranes to biological processes for

wastewater treatment started more than 40 years ago, and since about 20 years, they

are commercially available. The membrane bioreactor is one of the most promising

large-scale newer technologies for providing high-quality effluents (MBR) that has

already been classified as BAT by IPPC [2] for its physico-chemical performances

and for its potential for retrofitting existing WWTPs.

MBRs coupled to various filtration devices (e.g. MF and UF) are a further

development of the conventional ASP, where the secondary clarifier is replaced by

a membrane filtration [87], for domestic, urban and industrial wastewater treatment.

Effluents from MBR plants could cover a range of reuse applications such as

irrigation (e.g. agriculture and landscape), recreation and environmental use (e.g.
lakes and ponds), groundwater recharge, if toxicity free, and industrial use [31].
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Nevertheless, the MBR has been around since 1960s; it has seen significant

advances since the early 1990s. It can be defined as a combined activated-sludge

biological (previously described for the AS-SBR) and physical process technology

for solid/liquid filtration, integrating suspended growth reactors with membrane

filtration, which can be considered as the bottleneck of the process. In a conven-

tional secondary clarifier, only the fraction of the activated sludge that settles as

flocks can be retained, but in a MBR, all components of the biomass that are larger

than the membrane cutoff are retained. However, the fundamental differences in

the biology of an MBR compared to an activated-sludge process are not yet clear

since a limited amount of information is available on the way in which descriptive

variables such as the flock structure, respiration rate, species and off gas production

are affected by the changes in operation [69, 87].

The pressure gradient across the membrane is the driving force accomplishing

the separation. As a result, the separation of biomass from the treated wastewater is

independent of biomass sedimentation qualities [88].

The MBR has recognised advantages over conventional biological treatments

such as higher quality effluent (particle free), higher mixed liquor suspended solids

and less excess biosolids [89], absolute control of solids and hydraulic retention

times [88], compactness with smaller footprint, a modular nature which suits small

scale and system expansion and upgrade [89, 90].

A small-scale MBR WWTP flow sheet could be characterised by a pretreatment

step (screening phase), a hybrid membrane process (e.g.MF/UF-MBR) followed by

an oxidative post-treatment to yield water for non-potable reuse or a second high

retention membrane process plus post-treatment for indirect potable use (e.g. toilet
flushing). The main costs, benefits and issues for membrane-based technologies for

decentralised WWTPs can be summarised in the following list [6, 91]:

• Costs of membrane dropped over the past decade, but membrane technology can

still be considered relatively expensive – further cost reductions are expected

from machine fabrication and an increasing market for small MBRs.

• Negative economy of scale, although balanced by the modular applicability of

that technology allowing plant size from single dwellings to clusters and to

suburb plant size.

• Weaknesses related to energy demand and subsequent greenhouse gases emis-

sion; energy demand is high than a conventional plant (+20%) because fouling

needs to be controlled by air scouring or high shear velocity [31].

• Energy consumption could be reduced via the use of an anaerobic MBR which

could be a net energy producer due to biogas generation [92], even though at

small scale, it could be probably too complex, but suitable for clusters or

medium-sized plants.

• Persistent organic pollutants (e.g. endocrine disruptors, pharmaceuticals and

hormones) are only partially removed, so post-treatment processes (e.g. AOP)
could be required to enhance the removal of these species.

• Management problems related to unqualified personnel (e.g. the owner itself

without any in-depth knowledge).
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Anyway, further investments to apply membranes successfully to SMTs are

required [6, 69, 87, 91, 93] in order to lower system costs and increase affordability,

minimise energy demand, maximise nutrient removal for beneficial use, develop

disposal strategies from remaining residuals, develop integrity monitors that are

low cost, effective and reliable, establish remote management systems, develop

regulatory framework for decentralised non-potable effluent reuse in urban areas

and provide wastewater system managers with planning tools that account for the

advantages of decentralised systems based on membrane technologies.

There are two main potential configurations of MBRs: the immersed (submerged

or outside-in filtration) and the side stream one (inside-out filtration). A submerged

system operates at a lower transmembrane pressure (TMP) than side stream mem-

branes and therefore at a lower flow.

In most membrane processes, it can be said that there are three main streams:

a feed, a retentate (unpermeated product) and a permeate. If there is no retentate, the

filtration is termed dead-end, vice versa it is termed crossflow.

The membrane productivity is expressed as the permeate flow through the mem-

brane that is reduced along the operating time due to fouling [94]. The fouling

control in the submerged membranes is achieved by an air scour at the membrane

surface by coarse bubble crossflow aeration. The movement of the bubbles close to

the membrane surface causes the necessary shear velocity. At side stream filtration

membranes, a high water velocity achieves the fouling control across the filtration

channel. In particular, the side stream crossflow configuration employs a tangential

flow across the membrane surface which provides a continuous scouring action

and hence reduces the membrane fouling layer due to feed stream debris and

macromolecules, whereas frequent backwashing is required for the dead-end con-

figuration. Crossflow membranes can provide high system utilisation with minimal

plant cleaning downtime. In both cases, the membrane productivity can also be

re-established after mechanical or chemical cleaning [91]. However, periodically,

chemical cleaning is generally required, and, depending on the type of membrane

and treated wastewater, some chemicals such as NaOCl, H2O2 and citric acid are

used [87, 95]. Its frequency and intensity depend on the loading rate of the waste-

water, the bacterial yield, the microbial production of extracellular polymer

substances and the retention of non-biological solids in the biofilm matrix [96].

For example, Brindle et al. [97] signalled that membranes do not require any

cleaning for over 172 days during the treatment of an ammonia-rich synthetic

solid-free wastewater.

Submerged membranes are applied in municipal and industrial WWTPs and

can be placed either inside the aeration tank or in an external filtration tank, while

the side stream one is mostly used for industrial wastewater treatment. In Venice

(Italy), this technology showed to be particularly suitable also for domestic purposes

because of its really small footprint, even for real small-scale plants, and its mainte-

nance and management costs [3, 98]. Indeed, there exist more than 140 small-

decentralised WWTPs as well as a huge number of septic tanks [40, 99]. Besides

wastewater treatment processes, the crossflow side stream membrane filtration can

be considered as a mature technology that is also regularly employed as a standard
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technique for liquid processing to effect clarification, product isolation, concentration

and separation duties in a large number of manufacturing industries [100].

The main performance differences between an activated sludge and an UF-MBR

domestic wastewater configuration are displayed in Table 7.2. The main advantage

of MBR over a traditional suspended growth reactor is the high concentration of

MLSS that can be treated leading to small- and high-scale treatment system with

reduced sludge production from longer SRTs [91]. The main benefits of membrane

technology applied to MBR are related to the selective and consistent separation

abilities, the increased product yield, the fact that is an almost well-established tech-

nology, and no additives, flocculating agents or pre-coat chemicals are required;

besides, large variations in feed quality have little influence on permeate quality; the

retrofitting is easy and low maintenance is needed [87].

Membranes with pore size of 0.001–1 mm are typically used [100] with a permeate

flow ranging from 15 to 80 L m�2 h�1 depending of the type of the membrane. Any-

way, the pore size of membranes is too large to separate single molecules or ions.

The MLSS is independent of the sedimentation behaviour of the sludge, so that it

can be increased significantly. Typical values of MLSS are in the range 12–15 g L�1

at submerged MBRs and up to higher values for side stream systems [87, 101, 102],

keeping inmind the problems related to the oxygen gas-liquidmass transfer. Anyhow,

operating MBRs at these conditions can, frequently, create serious problems because

high aeration rates are required to provide adequate oxygen supply and effective

membrane scouring is difficult to achieve due to the increased mixed liquor viscosity

[103]. Besides, by the loss of the secondary clarifier and increase of MLSS in the

aeration tank, the footprint of the treatment plant is significantly smaller.

The hydraulic load and the achievable flow are the key parameters for the design

of the membrane surface in order to allow the membranes to permeate the maximal

flow. The food to microorganism ratio is the key parameter, and as high MLSS can

be achieved, the resulting tank volumes are smaller. One advantage of this process

is the complete removal of suspended solids and bacteria, including greater viruses

[87]. Actually, MF and UF membrane provide from log 2 to log 5 virus removal,

respectively, [104] and >log 5 removal protozoa [105]. Indeed, virus removal in

wastewater treatment is receiving increasing attention because of the epidemiological

significance of viruses as waterborne pathogens [106–108]. Generally, secondary

Table 7.2 Main differences between an activated sludge and an UF-MBR domestic wastewater

configuration [87]

Parameter Activated sludge UF-MBR

Sludge age Day 20 30

COD removal % 94.5 99.0

DOC removal % 92.7 96.9

SS removal % 60.9 99.9

Ammonia-N removal % 98.9 99.2

Total P removal % 88.5 96.6

Sludge production KgVSS/COD day 0.22 0.27

Mean flock size mm 20 3.5
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treatments such as physico-chemical coagulation/precipitation (chemical coagulation/

precipitation and sedimentation) and biological treatment are able to remove 99.9%

of faecal coliforms, whereas the removal of viral indicators (e.g. bacteriophages) is
much lower [109, 110].

About energy consumption, the MBR performances are dependent on many

factors such as the plant design, the operational philosophy and the plant size. MBR

power requirements come mostly from pumping feed water, recycling retentate, the

occasional suction of permeate and the aeration [111]. Generally, the overall energy

for submerged systems tend to be lower than for side stream operations [87]. For

example, Lesjean et al. [112] stated that a hollow-fibre submerged MBR requires an

amount of energy of 0.3–0.6 kWh m�3 with a design flow of 20–30 L m�2 h�1 and a

crossflow side stream of 2 –10 kWh m�3 with a design flow of 70–100 L m�2 h�1.

7.4.3.1 Micro-, Ultra-, Nano- and Reverse Osmosis Filtration

Membrane filtration processes can be divided into groups, based on separation of

the respective particle diameters. Fig. 7.2. presented an overview of the diameter

application range for the different filtration techniques from Stephenson et al. [87]

modified. The following classification is also used in order to categorise crossflow

membrane filtration. There is no fixed demarcation between each group. For exam-

ple, a tight UF membrane made by one manufacturer may be regarded by a second

one as a loose NF and so on. All MBRs are generally classified in accordance with the

filtration unit separation capabilities.

Fig. 7.2 Rejection capability of membrane separation process ([87] mod.)

7 The Small-Scale Approach in Wastewater Treatment 215



Microfiltration is a membrane filtration process designed to retain particles in the

range 0.10–5 mm with typical operating pressures from 0.5 to 3 bar and is mainly

considered as a clarification technique [113] for separation of suspended solids

from water and wastewater. Common applications include degreasing processes,

metal particle recovery, metal plating wastewater treatment and sludge separation

after activated-sludge process [87].

Ultrafiltration membranes have a pore size in the range 0.005–0.1 mm and typical

operating pressures range from 0.5 to 5 bar. They are used for separation of both

large, dissolved solute molecules and suspended colloidal particles. In particular,

its applications include removal of non-toxic degradable and toxic nondegradable

pollutants, segregation of oil-in-water emulsions, separation of heavy metals after

complexation/precipitation, separation of components not readily degradable in

STWs and pretreatment step prior to reverse osmosis or ion exchange [87]. Both

MF and UF present high separation efficiency with a high flexibility in usage due to

the modular system composition. Sometimes, clogging phenomena can occur, like

compaction events due to the presence of softening agents. The MF- and UF-MBR

treatment efficiencies for some parameters are reported in Table 7.3. [2].

All membranes are available in several materials, which are directly related to the

specific nature of the wastewater, since the resistances are material-specific, and to

the required pore size. MF and UF membrane materials are mainly composed of

cellulose acetate, glass fibre, polyamide, polycarbonate and polyvinylidenfluoride

(PVDF). PVDF membranes have the advantage to be easily cleaned with strong

acids, caustic soda and bleaches and, after that, to be immediately ready for reuse [2, 87].

Nanofiltration is an end-of-pipe filtration technique formerly called “leaky

reverse osmosis”, mainly, for the removal of soluble non-biodegradable and inhib-

itory contaminants, and already recognised as BAT by IPPC [2] and GURI [73] for

some specific applications.

The separation is achieved through a combination of charge rejection, solubility-

diffusion and sieving (0.01–0.001 mm). NF has high separation efficiency, modular

systems (i.e. flexible in usage), low operating temperatures and possibility of fully

automatic operation enabling the immediate recycling of permeate. Conversely,

clogging, plugging and fouling processes can occur, like compaction in the pres-

ence of softening agents, and high pressures are required producing low permeate

flows [2]. NF membranes are composed of cellulose acetate and polyamide [2, 87].

Table 7.3 Treatment

efficiency of MF-

and UF-MBR processes

[87, 95]

Parameter MF (%) UF (%)

BOD 75–90 �81

COD 46–70 70–85

SS 95–98 97–99.5

Total N �12

Ammonium-N 5–15

Total P �14 �26

Turbidity 92–99 >99

Total coliforms 90–100 100

Faecal coliforms 95–100 100
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It is used for the removal of dissolved materials in the molecular range of

100–500 D molecular weight. Monovalent species are transmitted through the

membrane preferentially. Besides wastewater applications, it is used for partial

desalination, for final removal of degradable and toxic components and heavy

metals, for removal of sucrose and egg albumin, for segregation of pollutants with

the aim of concentrating or further processing them and for blood osmosis and

blood filtration [87]. Active nanofiltration might also refer to the application of

engineered nanomaterials for wastewater treatment. Indeed, active nano-based

wastewater treatments showed to be able to administer not only a physical but also

a chemical treatment such as in the case of nano-TiO2 or nano-zerovalent iron

upgraded membranes [114].

Conventionally, osmosis is defined as the net movement of water across a

selectively permeable membrane by a difference in osmotic pressure across the

membrane itself. Conversely, RO uses hydraulic pressure to oppose and exceed

the osmotic pressure of an aqueous feed solution to produce purified water [115].

RO, classified as BAT by IPPC [2] and GURI [73] for some specific applications,

is one of the several demineralisation techniques applicable to the production of

water suitable for reuse, presenting the added benefit of removing dissolved organics

but showing, generally, greater costs and a lack of operating experience on the

treatment of domestic wastewater than more traditional techniques [69].

The basic components of a RO unit are the membrane (0.01–0.0001 mm),

a membrane support structure, a containing vessel and a high-pressure pump. RO

units can be arranged either in series or in parallel and provided of various types

of membrane configuration supports (spiral-wound, tubular, plate and frame and

hollow-fibre).

RO processes are generally operated crossflow on an end-of-pipe basis, that is,

the permeate is directly perpendicular to the feed flow. So that, the impurities

remain in the feed which, reducing in volume, leaves the membrane system as a

concentrated waste stream [2]. A very high-quality feed wastewater is required to

prevent clogging phenomena and improve the efficiency of the membrane, so that

pretreatment of a secondary effluent with filtration and AC are necessary, like the

removal of iron and manganese in order to decrease the scaling potential. Also, the

pH should be adjusted in the range 4.0–7.5 for the same reasons.

RO presents several applications such as the treatment of outflows containing

colourings with their possible recovery, oily emulsions, latex and electrophoretic

paints and wastewater from the metal-finishing industry with recovery of concen-

trated solutions of metal salts and reuse of the water in cleaning. Moreover, some

industrial sectors, such as precision microelectronics, use the RO process together

with treatment using resin exchangers to obtain very pure water [87].

Advantages and disadvantages are more or less the same of NF, with some more

restrictions like the treatment of salt solutions with low solubility tending to precipi-

tate and thus causing fouling or contaminants tending to polymerise for the same

reason. Moreover, solutions with too high osmotic pressures frequently exceed the

operating pressure, and their treatment becomes not economically viable [2].

An example of a multi-application of membrane technologies is that reported by

Fane and Fane [31] and summarised in Fig. 7.3. The flowchart shows a pretreatment
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step, tailed by a membrane process (i.e. MF/UF-MBR) that is followed by either

oxidative post-treatment to support water for reuse (A) (i.e. irrigation and non-

potable uses) or by a second membrane process (NF/RO) plus post-treatment for

further reuse potentiality (B) (i.e. non-potable or indirect potable).

7.4.4 Adsorption via Activated Carbon (AC)

Activated carbon is an adsorption medium used to allow the transfer of substances in

the water phase to a fixed surface and is classified as one of the end-of-pipe techniques.

It is commonly used to remove non-polar organic contaminants, humic substances

[95] and refractory compounds to very low concentrations [69]. The adsorption of

substances onto AC can be predicted on the basis of their Kow coefficient; substances

with Kow < 0 are not retained by AC [95]. In Europe, little long-term continuing

research has been performed looking at the application ofACfiltration for the removal

of organic contaminants, pesticides, hormone disrupters and pharmaceuticals, but not

clear conclusions are available [95].

In the AC filtration, the effluent is led over a bed of AC in the granular form (GAC)

or mixed within the reactor in the powdered one (PAC). In the case of GAC, several

filters are serially used. Depending on the bonds between adsorbate and adsorbent, the

process could be reversible or irreversible; however, the adsorbent has a finite capacity

for each compound to be removed. When the capacity is exhausted, the adsorbent is

spent and has to be replaced by fresh material. The spent material can be regenerated

or incinerated and finally disposed. Pretreatment for the removal of SS is always

required to prevent clogging of the column [95].

The adsorption via AC is a treatment technique that has been recognised as a

BAT with respect to some specific applications [2, 73].

W Pretreatment Membrane
bioreactor

Post treat

Post treatNF / RO

A

B

C

S

S

Fig. 7.3 Generic view of wastewater treatment for reuse with membrane processes; usage A (high

quality); usage B (very high quality); C concentrate; S solids; W wastewater [31]
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7.4.5 Advanced Oxidation Processes (AOPs)

Advanced oxidation processes are taken into consideration to oxidise complex and

recalcitrant organic constituents into simpler end products. Generally, it has not

required a full oxidation process, but frequently, partial treatments are carried on in

order to render specific compounds more amenable to the following activated-

sludge biological treatments, so that they may be also considered as a sort of pretre-

atment stage. The administration of AOPs might lead to (a) primary degradation

(i.e. structural change in the parent compound), (b) acceptable degradation (i.e.
structural change in the parent compound with a decrease in the general toxicity

level), (c) ultimate degradation (i.e. conversion of organic carbon into CO2) and (d)

unacceptable degradation (i.e. structural change in the parent compound with an

increase in the general toxicity level) [69].

Typically, AOPs involve the generation and use of hydroxyl free radical (OH�)
that is a strong oxidant allowing the oxidation of compounds with which conven-

tional oxidants (e.g. oxygen, ozone, and chlorine) failed. Generally, an excess of

hydroxyl free radical starts to react in a nonselective way at normal temperature and

pressure with the dissolved constituents until they are completely mineralized.

Commonly used technological approaches involve ozone/UV, ozone/hydrogen

peroxide and hydrogen peroxide/UV that are able to oxidise refractory organic

compounds exerting a disinfecting action at the same time [69].
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Chapter 8

Hospital Wastewaters: Quali-Quantitative

Characterization and for Strategies

for Their Treatment and Disposal

P. Verlicchi, A. Galletti, and M. Al Aukidy

8.1 Introduction

During recent years, the issue of hazardous substances in wastewater (WW) has

become a major concern with respect to both human health and the environment. This

has lead to the launch of several studies into the monitoring of urban wastewaters

(UWws) (among them: Yu et al. [1]; Lishman et al. [2]; Santos et al. [3]; Terzic et al.

[4]). However, few studies have yet been devoted to the monitoring hospital effluents

in terms of either conventional pollutant or micropollutant load [5–7].

With few exceptions, hospital wastewaters (HWws) are considered to possess the

same pollutant load as UWws and are therefore discharged into the same sewage

network and conveyed for co-treatment at the nearest municipal wastewater treat-

ment plant (WWTP).

Nevertheless, HWws contain a great variety of toxic or persistent substances,

such as pharmaceutical compounds (PhCs), radionuclides, heavy metals, solvents

and disinfectants, not generally present in large quantities in UWws. In HWws,

these substances, products of laboratory and research activities as well as general

hospital activity and excretion of medicines, may be present in a wide range of

concentrations.

Most PhCs belong to the group of so-called emerging contaminants, that is,
pollutants that are quite often unregulated as yet but may be candidates for future

regulation, depending on the results of research monitoring their occurrence and

assessing their potential effects on health [8]. Their main characteristic is that they

do not need to persist in the environment to cause negative effects, since their high

transformation/removal rates are counterbalanced by their continual introduction

into the environment [9].
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Once PhCs have been administered, their active components are metabolized in

the body, but only to a certain extent. The unmetabolized active substances are

excreted, largely in the urine (55–80% of the total with few exceptions, as reported

by Jjemba [10] and Ternes and Joss [11]) and partially in the faeces, either as

the unchanged substance, as a mixture of their metabolites or conjugated with an

inactivating compound attached to the molecule [12], thereby entering the water

cycle. Although many of these PhCs are specifically consumed in hospitals, a fraction

of the administered dose could be excreted at home by outpatients and thereby enter

the municipal sewage system. These compounds include anti-neoplastics, such as

ifosfamide and cyclophosphamide, or contrast media like iopamidol or iopromide.

Special attention has been paid to PhCs for various reasons: they are continu-

ously emitted into the environment via effluents from WWTPs, and their high

transformation/removal rates are counterbalanced by their continuous introduction

into the environment. Furthermore, as they are developed with the intention of

provoking a biological response, they need to be persistent in order to avoid in-

activation of the compound before it can exert its therapeutic effect. Moreover, they

need to be lipophilic in order to be able to pass through cell membranes.

Recent environmental risk assessments have shown that the concentrations

of pharmaceutical and personal care products (PPCPs) in aquatic environments

may exceed their predicted no-effect concentrations (PNEC) [3, 13]. Furthermore,

although the detection of multiple contaminations is common, little is known about

the potential interactive effects, such as synergistic or antagonistic toxicity, that

may result from complex mixtures or metabolites [14].

Thus, the wide variety of PhC chemical structures, combined with their excellent

water solubility, their surface-active nature and the persistence of some of their

known metabolites, make them a group of environmental pollutants whose

behaviour needs to be promptly addressed [15].

8.2 Comparison of Annual and Daily Hospital and UrbanWater

The quantity of water required by hospitals on a daily basis is invariably large and

dependent upon the various activities performed within, as well as the range of

services they provide. Likewise, the quantity of WWs produced by a hospital also

depends on several factors: bed numbers; hospital age; access to water; general

services present inside the structure (kitchen, laundry and air conditioning); number

and type of wards, departments and units; institutional management policies and

attention to safeguarding the environment; climate; and cultural and geographic

factors. Thus, there is no clear correlation between specific hospital consumption

(expressed as L bed�1 day�1) and hospital size (i.e. the bed number), as shown

by the data reported in Fig. 8.1, which refer to hospitals in different countries

around the world [5–7, 16–26]. In this graph, data are spread between 200 and

1,200 L bed�1 day�1, with the highest values pertaining to industrialized countries

and the lowest to developing nations, where consumption is generally around

0.2–0.4 m3 bed�1 day�1.
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Commonly adopted values for water consumption in urban settlements, on the

other hand, are in the range of 150–300 L p.e.�1 day�1 for industrialized areas and

50–100 L p.e.�1 day�1 for developing countries. However, further literature data

for specific water consumption (L pro capita�1 day�1) by commercial, institutional

and recreational facilities show that the rate for hospitals is far greater than for other

specific consumption types and that it has a much wider range [27].

As can be expected, the hourly hospital consumption (flow rate) increases

progressively throughout the morning from 5 to 6 a.m., reaching a maximum at

about 10 a.m. It then decreases steadily to a minimum at about midnight and

subsequently remains stable until about 7–8 a.m. The graph in Fig. 8.2 illustrates

the findings of an investigation carried out by Boillot et al. [5] on a French hospital

with about 700 beds and an average flow rate of 27.3 m3 h�1. The highest

variations, that is, the peaks in water consumption, were observed mid-morning
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and mid-afternoon and generally coincided with the hours when clinic patients were

treated and laboratory analyses performed.

With reference to variations in flow rate over the course of the year, the highest

values are expected during the hot season, due to a greater consumption of water

required for health care. The graph in Fig. 8.3 shows the percentage variation in

flow rate over the year with respect to its average monthly value at a medium-sized

Italian hospital (450 beds) with an average monthly flow rate of 9,400 m3 month�1.

Data were collected in 2008 and are reported in [28]. The minimum flow rate

occurred in March (�41%) and the maximum in July (+72%). These trends in water

consumption are similar to those reported by other studies: Joss et al. [29], Mohee

[19], Boillot et al. [5] and Verlicchi et al. [30].

Variations in urban flow rate over the course of the year are also quite marked

and are influenced by the size of the resident population, the climate and the

different activities (industry, tourism, recreation) carried out in the area served by

the WWTP [31].

In urban settlements, the WW flow rate also varies over the course of the day

according to the specific activities carried out in the area and fluctuations in the

density of the resident population. As regards diurnal variations, two patterns,

representative of small and large urban settlements, showing the typical percentage

variation in UWw production flow rate over the course of a typical (dry) day are

shown in the graph in Fig. 8.4. Data were derived, respectively from [31] (small

urban centre <10,000 inhabitants) and from [32] (large urban settlement of about

250,000 inhabitants). It should be noted that in the case of combined sewage, during

rain events, the urban flow rates consistently increase.

As expected, higher discrepancies occur in a small centre as compared to a large

town, where activities are not restricted to the daytime, thereby resulting in a
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smaller variation with respect to the average value throughout the night. Interest-

ingly, the trend in water consumption for a small town (Fig. 8.4) appears to be quite

similar to that of a hospital of medium size (Fig. 8.2). In fact, peak coefficients for

hospital flow rates are fairly analogous to those generally assumed for the influent

to a small WWTP (<10,000 inhabitants or population equivalent, p.e.), as reported

in Table 8.1 [31, 33].

8.3 Comparison of Physical, Chemical and Microbiological

Characteristics (Macropollutants) of Hospital and Urban

Effluents

Analysis of the physical and chemical characteristics of hospital and urban effluents

was carried out via a comprehensive review of the literature. The ranges of vari-

ability of the main measured parameters in both hospital and urban raw WWs [5, 7,

34–39] are compiled in Table 8.2.
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Table 8.1 Peak coefficient for hospital effluents and urban influent to a small WWTP

Peak coefficient Hospital effluent Small urban WWTP influent

Monthly 1.5–1.8 1.2–2

Daily 2–2.8 2–5

Hourly 3.5–4 3–4
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As regards BOD5, COD and SS, taking into consideration their usual concen-

trations in the influent to municipal WWTPs, it can be observed that the parameters

are consistently two to three times higher in HWws than in UWws. In some cases,

the ratio COD/BOD5 is very high in the former, especially in hospitals including

a haemodialysis ward [40]. The resulting specific contributions for each patient are:

– 160–180 g BOD5 patient
�1 day�1

– 260–300 g COD patient�1 day�1

– 120–150 g SS patient�1 day�1

corresponding to about two to three times those typically assumed for the popula-

tion equivalent, respectively:

– 60 g BOD5 p.e.
�1 day�1

– 100–120 g COD p.e.�1 day�1,

– 70–90 g SS p.e.�1 day�1 [27]

Moreover, great differences also occur for TKN, redox potential and chlorides.

In hospital effluent, pH is mainly subject to fluctuations during the morning,

presumably linked to floor- and surface-cleaning activities using large volumes of

detergent/disinfectant products [5].

Roughly 30 years ago, Peou et al. [41] did not find significant differences

between hospital and urban effluent in terms of bacterial concentrations and

in terms of percentage of resistance to antibiotics. In the last years, other studies

([42, 43, 67]) have shown that the variability ranges are not consistently different,

as reported in Table 8.2. But they found an important difference: several bacterial

strains carrying different resistance genes are present in hospital effluents.

Table 8.2 Range of

variability in concentrations

of the main physical,

chemical and microbiological

parameters in HWws and

UWws

Parameters HWws UWws

pH 6.9–9.18 7.5–8.5

Conductivity, mS cm�1 750–1,000 420–1,340

Redox potential, mV 850–950 100

SS, mg L�1 120–400 120–350

VSS/SS 0.45–0.75 0.65–0.8

COD, mg L�1 450–2,300 500–600

BOD5, mg L�1 150–603 100–400

TKN, mg L�1 30–100 20–70

NH4, mg L�1 10–55 12–45

Ptot, mg L�1 3–8 4–10

Chlorides, mg L�1 80–400 30–100

Fats and oils, mg L�1 13–60 50–150

Total detergents, mg L�1 3–7.2 4–8

COD/BOD5 1.4–6.6 1.7–2.4

Total coliforms, MPN/100 mL 106–109 107–108

Faecal coliforms, MPN/100 mL 103–107 106–107

E. coli, MPN/100 mL 103–106 106–107

Streptococci, MPN/100 mL 103–105 103–105
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Furthermore, Chitnis et al. [44] found that the effluents from some Indian hospitals

contain various pathogens, including salmonella, shigella and multi-drug resistance

(MDR) coliforms. The patterns of resistance noted included simultaneous resistance

to ampicillin, cephalosporins, aminoglycosides, quinolones, co-trimoxazole, tetracy-

cline and chloramphenicol, that is, to the majority of available antibiotics. Further-

more, they found that residential sewage samples had extremely small MDR

populations with respect to investigated hospital effluents. In fact, samples from the

municipal sewage stream just upstream of the hospital effluent influx showed that

it did not harbour MDR bacteria. But after the mixing with the urban wastewater

the resistant population persisted to an extent of 0.5% up to a length of 100 m and

downstream to a level of 0.06% at a distance of 2 km.

Hartemann et al. [37], Leprat et al. [45] and Boillot et al. [5] also found far fewer

microorganisms (bacteria and viruses) in French hospital effluent samples than

in their ones. Nevertheless, they did raise the issue of the increasing quantity of

bacteria resistant to antibiotics, and sometimes to disinfectants, being released into

the environment due to inadequate treatment of hospital effluent. Moreover, Prado

et al. [46] reported that HWws may contain approximately 2 log higher levels of

enteric viruses, mainly rotavirus A (RV-A) and human adenovirus (HAdV), than

mean values quantified in urban raw WWs.

8.4 Comparison of Chemical Characteristics (Micropollutants)

of Hospital and Urban Effluents

HWws contain a large number of compounds that are rarely found, or found at far

lower concentrations, in UWws. Examples of these chemicals include AOX (organic

halogens adsorbable onto active carbon), free chlorine, disinfectants, detergents,

freon 113, alcohols, acetone, formaldehyde and phenols. Heavy metals have also

been discovered in HWw, in particular: mercury, copper, lead and arsenic [5, 30].

PhCs are used both within and outside of the hospital; while numerous PhCs are

mainly (only) administered to inpatients (some antibiotics, analgesics, anaesthetics,

anti-neoplastics, etc.), some, like lipid regulators, anti-hypertensives or beta

blockers, need to be administered to outpatients over long periods of time or, in

some cases, for instance, anti-diabetics, over the entire lifetime. Still, other PhCs,

for example, those used in day-hospital therapy (such as anti-neoplastics) are

administered inside the health-care structure but excreted outside.

Once administered to human body, PhCs are only partially metabolized, and the

remainder (varying between 10 and 95%) is excreted mainly through the renal

system (urine), the biliary system (faeces) or a combination of both, depending on

the nature of the compound and the individual in question. As a consequence, PhCs

residues join WWs and thereby enter the water cycle, as unchanged substances

(also called parent compounds), as a mixture of their metabolites or conjugated with

an inactivating compound [10, 12].
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A brief description of the main groups of micropollutants typically present in

HWws is reported below.

AOX (Adsorbable Organohalogens): This class includes a great number of

adsorbable, organically bound halogens, which may be present in PhCs and

their metabolites. Other sources of AOX are chlorine-forming disinfectants,

used in cleaning activities, and halogen-containing solvents, used in laboratories,

as well as other chemical substances like ethidium bromide [34]. Frequently

these chemicals are nonbiodegradable, allowing them to spread widely into the

aquatic environment and thereby enter the food chain. The presence of AOX is

correlated to free chlorine: their concentration has been found to range from

150 to 7,760 mg L�1 in HWws, in stark contrast to the range 0.04–0.2 mg L�1

measured in UWws.

Total and free chlorine have been found in HWws at an average daily concentration

of 0.59 and 0.55 mg L�1, respectively, resulting in a combined chlorine concentra-

tion (including chloramines and different organochloride compounds) of 0.040 mg

L�1 [5]. According to Liu et al. [47], many hospitals in China, and presumably other

countries, still use excessive disinfectants to ensure thorough sterilization, which

can lead to extremely high residual chlorine levels in the effluent: up to 128 mg L�1.

Detergents: Nonionic detergents are present in relatively low concentrations

between 5 p.m. and 5 a.m. (0.5–0.65 mg L�1), and at higher concentrations,

2.8–5.8 mg L�1, at other times of the day [5].

Disinfectants: The most used compounds are sodium hypochloride, peracetic acid,

ammonium quaternary salts, some aldehydes, alcohols and phenol compounds. Their

average daily concentration generally varies between 2 and 200 mg L�1, according

to the size of the hospital and its consumption of disinfectants [37]. Concentrations

of glutaraldehyde, a disinfectant which was widely used in the past but has now,

in many cases, been replaced by other compounds with a smaller impact on WWTP

biological processes, range between 0.5 and 3.72 mg L�1 [48]. Due to their pro-

nounced bacterial toxicity and their potential to foster resistance, all these dis-

infectants require special attention [49].

There are also many organic compounds including acetaldehyde, ketones,

alcohols and acetates whose quantities vary from hospital to hospital. In general,

however, they exhibit remarkably homogeneous daily fluctuations. Indeed, it is

possible to group the periods 9 a.m. to 1 p.m. and 1 p.m. to 5 p.m. as being the most

polluting, and the periods 5 to 11 p.m. and 11 p.m. to 5 a.m. as being the least

polluting as regards this type of substance. The period 5–9 a.m. tends to be a

transient period, albeit more similar to the less polluting time spans [5, 30]. The

most prevalent compounds in this group are ketones (up to 7,000 mg L�1), ethanol

(1,700 mg L�1) and methanol (760 mg L�1).

VHOC (volatile halogenated organic compounds) have average daily concen-

trations in HWw ranging between <0.5 and 2.4 mg L�1 [5].

The main heavy metals found in HWws are platinum, resulting from excre-

tion by oncological patients treated with cis-platinum and carboplatinum or
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other cytostatic agents; mercury, usually found in diagnostic agents, active

ingredients of disinfectants and diuretic agents and gadolinium, which is present

in iodinated contrast media (ICM) and, due to its high magnetic moment, used

in magnetic resonance imaging (MRI). Following administration, the organic

complexes of these metals are very quickly excreted as parent compounds. They

are not degradable and are highly toxic in some oxidative states. According to

Hartemann et al. [37], hospitals are the main source of Hg in WW; indeed, the

concentration of Hg in the raw effluent has been reported to range between 0.04

and 5.03 mg L�1. Concentration ranges in HWw cited for other heavy metals are

Gd between 1 and 100 mg L�1, Pt between 0.01 and 41.3 mg L�1, Ag from 150

to 437 103 mg L�1, As from 0.8 to 11 mg L�1, Cu from 50 to 230 mg L�1, Ni from 7

to 71 mg L�1, Pb from 3 to 19 mg L�1, and Zn from 70 to 670 mg L�1 [5, 50].

In contrast, Hg in UWws is generally <0.5 mg L�1, Cu is in the range

27–33 mg L�1, Pb in the range 30–144 mg L�1 and Zn ranges from 135 to

226 mg L�1.

Pharmaceutical Compounds: A great number of PhCs are used in hospitals

for treatment, diagnosis and research purposes. Table 8.3 reports the most widely

investigated compounds, grouped according to their specific therapeutic use. In this

table, the third and the fourth columns report the range of concentrations of

each of the compounds cited, measured in HWws and, for comparison, in UWws

[5, 39, 52].

In 2003, Kummerer and Henninger highlighted great differences between the

PhCs administered in hospitals and households, in particular, as regards antibiotics.

The in-depth comparative analysis performed by Verlicchi et al. [39] also revealed

variations in the ratio between the average concentrations of the different therapeu-

tic classes in HWws and UWws of between 8 and 15 for analgesics and anti-

inflammatories, 5–10 for antibiotics, 4–10 for anti-neoplastics, 70–150 for contrast

media and 7–15 for AOX. The ratios for hormones and beta blockers ranged

between 1 and 4.

Among the groups of PhCs present in HWws, scientists and researchers have,

in recent years, paid particular attention to antibiotics and anti-neoplastics. This

focus has been spurred on by two main considerations. The first of these is

the desire to reduce the risk of discharging great quantities of antibacterials

into the environment, as this can significantly contribute to the development of

antibiotic-resistant strains of bacteria [37, 53, 54]; the second is that different studies

have shown that, owing to the presence of cytostatics and certain antibiotics like

fluoroquinolones, hospital effluents can possess mutagenic properties and be toxic

to bacteria [55–57].

Few studies have explicitly quantified the PhC load (PhC mass referred to a time

period, for instance g year�1) in HWws as compared to the total PhC load inWWTP

influents to the hospital catchment area [25, 58–61]. Furthermore, these investi-

gations have been limited to a small number of compounds and, instead of measur-

ing the WW flow on-site to determine acute loads, have based their calculations on

assumed rates of water flow.
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PhC consumption varies from country to country, especially given the restrictions

on the use of some pharmaceuticals (for instance, vancomycin is widely used as

a first-line antibiotic in the United States, whereas its use in European countries is

highly restricted), and from year to year, due to the progress in the development of

new active ingredients. Furthermore, PhC concentrations in effluents may change

throughout the year and from 1 year to the next. Indeed, analysis of the distribution of

PhC consumption throughout the year evidences that there are critical months,

featuring greater administered quantities, especially of antibiotics [30]. These aspects

are discussed in the following paragraphs.

Table 8.3 Average range of concentrations measured in HWws and UWws for the most com-

monly investigated PhCs, grouped according to their therapeutic class

Therapeutic class

Investigated

compounds

Range in HWw

(mg L�1)

Range in UWw

(mg L�1)

Analgesics/anti-

inflammatories

Codeine 0.02–50 0.1–35

Diclofenac 0.24–15 0.01–28

Ibuprofen 0.07–43 0.04–84

Naproxen 9.8–11 0.04–18.78

Paracetamol 5.4–1,368 0.04–483

Salicylic acid 23.4–70.1 34–160

Antibiotics Ciprofloxacin 0.03–125 0.01–5.88

Clarithromycin 0.2–3 0.1–4.8

Coprofloxacin 0.85–2

Doxycycline 0.1–6.7

Erythromycin 27–83 0.04–2.7

Lincomycin 0.3–2

Metronidazole 0.1–90

Norfloxacin 0.029–44 0.01–0.96

Ofloxacin 0.353–35.5 0.01–31.70

Oxytetracycline 0.01–3.75

Penicillin G 0.85–5.2 0.03

Sulfamethoxazole 0.04–83 0.01–6.0

Tetracycline 0.01–4.2 0.01–1.30

Trimethoprim 0.01–15 0.02–7.90

Psychiatric drugs Carbamazepine 0.54–2 0.02–3.11

Anti-hypertensives Diltiazem 0.71–1.6 0.01–1.6

Anti-neoplastics 5-Fluorouracil 5–124

Methotrexate 1

Cyclophosphamide 0.019–4.5

Ifosfamide 0.01–1.9 0.01–7.0

Beta blockers Metoprolol 0.419–25.1 0.03–6.50

Hormones 17b-Estradiol, E2 0.028–0.043 0.0–3.0

Estriol, E3 0.353–0.502 0.0–0.32

Estrone, E1 0.017–0.034 0.0–0.8

Ethinylestradiol, EE2 0.015–0.018 0.001–0.007

Contrast media Iopromide 0.2–2,500 0.2–22

Iomeprol 0.01–1,392

Anti-diabetics Glibenclamide 0.048–0.113 0.05–0.159
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8.5 Pollutant Concentration Over Time (Day and Year)

8.5.1 Hourly Variation in COD Concentration in HWws
and UWws

Due to the variation in hospital water consumption (as reported in Fig. 8.2) and

the different kinds of activities that characterize the hospital (care, diagnosis,

research activities, laboratories, kitchen, laundry, etc.) at different times of the

day, the macropollutant load may differ. Figure 8.5 reports the hourly evolution of

the COD on the basis of the investigations into an Italian 300-bed hospital with an

average daily water consumption of 600 L bed�1 day�1 [28]. Similar trends have

been found by Emmanuel et al. [62] in a French infectious and tropical disease

department, and by Boillot et al. [5] in a French hospital of about 700 beds.

The variation in COD concentration in the influent of a municipal WWTP over

the course of the day is reported in Fig. 8.6 as the percentage variation with respect

to the average hourly value. Data are from [27] and refer to a hypothetical urban

settlement. As expected, the maximum concentrations of COD occur around

10–11 a.m. and 7–8 p.m. A similar trend was found by Joss et al. [29] when

evaluating the diurnal variation of the organic load in the influent to a medium/

large Swiss WWTP.

8.5.2 Diurnal Variations in PhC Concentration in HWws
and UWws

For most PhCs, measured concentrations were consistently fairly low during the

night, and peaks were noted in the morning as well as in the afternoon, presumably

caused by different consumption and excretion patterns. Figure 8.7 shows the

concentrations of several PhCs, AOX and a rare element in instantaneous HWw

samples [5, 6, 29, 34, 50, 63].

Joss et al. [29] and Gobel et al. [64] evaluated the diurnal load to a municipal

WWTP in Swiss for some PhCs and found that the highest concentrations of these

substances occur between 8 a.m. and 4 p.m., with a few exceptions, for example,

roxythromycin, which has higher concentrations between 4 p.m. and 12 a.m. due to

its longer excretion time. Details are reported in Fig. 8.8.

8.5.3 Annual PhC and Concentration in HWws and UWws

It is quite difficult to ascertain the distribution patterns of PhC consumption inside

the hospital and in households over the course of the year, especially as data on the

monthly distribution of water consumption in hospitals and households are not
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readily available. Moreover, the consumption, use and application of PhCs may

vary considerably over time and from country to country. Further variations in

annual trends are correlated to the introduction of new active pharmaceutical

ingredients (API), while others fall into disuse following medical advances.

Although UWws have been thoroughly investigated and year-long experimental

campaigns have been carried out, few data are available regarding the distribution

of PhC consumption within hospitals.
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However, Fig. 8.9 illustrates the consumption of all antibiotics in both an

Italian 300-bed hospital and its WW catchment area (5,000 inhabitants) in 2008

[28]. It shows the percentage variation with respect to the average monthly value,

and consistent differences in consumption between the two different users are

evident: in the hospital, the most critical months were January and February,

whereas the catchment area featured critical periods corresponding to February,

March and July.

Skadsen et al. [65] and Alexy et al. [66] confirm this trend for household

consumption of PhCs, evidencing higher values in some months, resulting in a

higher concentration in the (municipal or hospital) wastewater.
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It is possible to make a rough estimation of the predicted environmental

concentration (PEC) of PhCs in hospital effluents, as well as in UWws, on the

basis of the quantity of PhCs administered, their excretion rate and the flow

rate of the WW in question. This can permit comparison with the corresponding

PNEC. Indeed, Kummerer and Henninger [67] evaluated the predicted environ-

mental concentration (PEC) of a great number of antibiotics for German hospitals

of different sizes and found that the amount of antibiotics emitted into hospital

effluent may reach, and indeed exceed, the minimum inhibitory concentrations

(MIC50) of susceptible pathogenic bacteria. The PEC/PNEC ratio is highest for

HWws and frequently >1 for UWws. These authors concluded that steps should

be taken to reduce risks by ensuring proper handling of antibiotics and their

residues in hospitals and in private homes.

8.6 Regulation

As already emphasized, the frequent discharge of antibiotics into waterways can

lead to the development of resistant bacteria against antibiotics and consequently

render treatment of human bacterial infections ineffective. Therefore, HWws

should be classified as hazardous materials [67].

However, hospital effluents are quite often considered to possess the same

pollutant load as UWws. As a result, the former are generally discharged into

public sewage and conveyed to municipal WWTPs, where they are subjected to
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co-treatment with UWws. In some cases, local regulations dictate the use of a pre-

disinfection step (quite often pre-chlorination) of the raw HWws before their emis-

sion into the municipal sewage [30, 47], but in general, no specific requirement is

set either for the micropollutant concentration in the pre-discharge hospital effluent

or the concentration of PhCs in the final WWTP effluent before its discharge into

a surface water body.

In contrast, great attention is paid to the source of PhCs. Indeed, stringent

guidelines in the USA [68] and Europe (2001/83/EC for human PhCs and 2001/

82/EC for animal PhCs) impose environmental assessment of new PhCs before they

can be put on the market. Furthermore, a registration, evaluation, authorization and

restriction of chemicals system (REACH) came into force in Europe on 1st June

2007, with the aim of improving protection of human health and the environment

from the risks posed by dangerous chemicals, such as persistent, very persistent,

bioaccumulative and toxic compounds with hazardous properties. This system

makes industries responsible for assessing and managing the risks posed by

chemicals and for providing their users with appropriate safety information.

Nevertheless, despite the fact that the scientific community has repeatedly high-

lighted the risk posed by PhCs in the aqueous environment, the major route for water

surface contamination with PhCs being WWTP discharge, these chemicals have not

yet been included in any priority list, either in Europe or in the USA. Furthermore,

limits and regulation regarding PhCs and new compounds have not thus far been

specifically set as regards water and wastewater treatment criteria.

However, the Stockholm Convention on persistent organic pollutants (which

came into force in May 2004) established that governments must develop a pro-

gramme setting out their plans to reduce or eliminate the release of persistent

pollutants into the environment by the use of best available technologies (BATs)

and the application of best environmental practices (BEPs). Referring to European

countries, the Water Framework Directive 2000/60/EU [69] requires all its member

states to establish an acceptable chemical and biological water status by 2015. In

this case, chemical status refers to specific pollutants (priority substances or priority

hazardous substances) for which environmental quality standards have been pro-

posed. Nonetheless, many PhCs were not taken into consideration in either of these

sets of guidelines and no legal limits regarding their emission into public sewage or

concerning the final effluent of the WWTP treating it have been established.

Despite the absence of legislative guidance, some attempts to reduce the emis-

sion of PhCs into the environment have been taken. In Germany, for example, in the

Rhine catchment area, the value of 100 ng L�1 has been chosen as the target value

for each PhC in the effluent from a dedicated treatment plant for HWws if it is

discharged directly into the waterways [70]. This value was set by the International

Association of Waterworks in the Rhine catchment area [71] and corresponds to the

recommendation by the German Ministry for the Environment [72] as the target

value for water systems that feed drinking water supplies.

Moreover, the Global Water Research Coalition [8] carried out a study aimed

at developing a list of representative priority PhCs that are most likely to be found

in water supplies and those that may have significant impacts on human and
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environmental health. Based on 25 publications, it took into consideration 153

compounds, which were categorized according to the seven following criteria:

(1) regulation; (2) consumption/sales; (3) physico-chemical properties; (4) human

toxicity/ecotoxicity; (5) occurrence in surface water, groundwater, drinking water

and wastewater; (6) degradability/persistence; and (7) resistance to treatment.

Threemain classes of these compounds, itemized in Table 8.4, were thereby defined:

– Class 1 – High-priority pharmaceuticals, including PhCs mentioned in five or

more of the base documents and that fulfil more than four of the seven criteria

– Class 2 – Priority pharmaceuticals, including those mentioned in more than two

of the base documents cited and that fulfil more than two criteria

– Class 3 – Lower priority pharmaceuticals, including those mentioned in two of

the documents cited and fulfil two or more criteria

The compounds of Class 1 represent the “minimum” group of compounds that

should be considered in any study on PhCs in water management; those of Class

2 and 3 represent secondary targets.

The lists compiled in Table 8.4 derive from the compounds included in the base

documents and could therefore be time-restricted. Indeed, an update of the classifi-

cation could be necessary as more data becomes available.

8.7 Considerations on the Respective Contributions

of a Hospital and Its Catchment Area to the Flow Rate

and the Pollutant Load

Proper management of hospital effluent should take into consideration the

characteristics of the catchment area in which the hospital is situated, that is, (1) size

of area, number of inhabitants (p.e.) and average and maximum urban flow rate;

(2) industrial activities (type, flow rate, pretreatments, final disposal, co-treatment)

present in the area; (3) characteristics of existing WWTPs (nominal capacity, resi-

dual capacity, treatment sequence); (4) characteristics of the receiving water body

(hydraulic regime, auto-depurative capacity, irrigation, recreational and industrial

uses); and (5) legal and regulatory constraints.

Table 8.4 The three classes set by GWRC [8] showing the high-priority PhCs (Class 1), priority

PhCs (Class 2) and lower priority PhCs (Class 3)

Class Pharmaceutical compounds

1 Carbamazepine, sulfamethoxazole, diclofenac, ibuprofen, naproxen, bezafibrate, atenolol,

ciprofloxacin, erythromycin, gemfibrozil

2 Paracetamol, acetyl salicylic acid, clofibric acid, furosemide, iopromide, amidotrizoic acid,

diazepam, lincomycin, amoxicillin, (hydro)chlorothiazide, metoprolol, ranitidine,

trimethoprim, sotalol, codeine, clarithromycin

3 Iomeprol, iopamidol, metformin, dilantin, doxycycline, enalapril, fluoxetine, norfluoxetine,

oxazepam, salbutamol, simvastatin b-hydroxy acid, cefalexin, cimetidine, clotrimazole,

diltiazem, valproic acid
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In the case of co-treatment, it is important to evaluate the percentage of hospital

flow rate with respect to the total WWTP influent flow rate. This value depends on

hospital size (small size with<300 beds, medium size with 300–700 beds and large

size with >700 beds) and on the size of the resident population in the urban centre.

A representative situation is depicted in Fig. 8.10 based on the study by Verlicchi

et al. [61], where hospital and urban flow rates are plotted, respectively, against the

number of beds or population equivalent. These flow rates are based on a specific

water consumption of 700 L bed�1 day�1 for hospitals and 150 L p.e.�1 d for

resident populations. A large hospital of 900 beds without internal laundry, produc-

ing a daily flow rate equal to 630 m3 day�1, has the same hydraulic load as an urban

centre of 4,200 p.e. If this hospital is situated in a large town (for instance 100,000

p.e., corresponding to 15,000 m3 day�1) and its effluent is co-treated at the same

WWTP, the hospital flow rate corresponds to 630/(630 + 15,000) � 100 ¼ 4% of

the total WWTP influent. In contrast, if the same quantity of hospital effluent is

collected in a small WWTP receiving UWws from a 2,000 p.e. urban centre

(300 m3 day�1), its percentage contribution to the total WWTP influent flow rate

increases to 630/(630 + 300) � 100 ¼ 68%.

Hartemann et al. [37] postulated that, if a hospital of 1,000 beds has an internal

laundry (hypothesis not always verified), it is as polluting as a town with a popula-

tion of 10,000 people, meaning that its contribution to the influent of a co-treatment

WWTP could be even higher than the figures cited.
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However, it should be noted that the characteristics of the catchment area will be

quite different from case to case. Thus, the parameter “number of beds per 1,000

inhabitants”, also called the bed density, is used to give an idea of the resident

population in areas surrounding the health-care structure and to provide useful

information about the pollutant load into the environment. For instance, if a large,

1,000-bed hospital were situated in a town of 130,000 inhabitants, the bed density

would be 7.7, while if it were placed near an urban settlement of 6,000 inhabitants,

the same parameter would become 167. In the first case, the hospital would not be

the greatest source of PhCs, while in the second it would be the main contributor.

The value of the bed density may vary between 0.4 and 170 beds/1,000 inhabitants

[25, 58–61, 73, 74].

Concerning the pollutant load, a mass balance of the most critical PhCs (for

instance, some antibiotics, the most administered analgesics/anti-inflammatories

and the psychiatric drug carbamazepine, considered an anthropogenic marker in

wastewaters) on a local level provides useful information about the contribution of

the hospital effluent with respect to that of the catchment area. Hospital effluent

contributes to the emission of the different PhCs to a different extent with respect to

the UWws generated by the surrounding catchment area, depending on the specific

compound. In fact, it can reach as high as 94% for some antibiotics (ciprofloxacin),

as found by Beier et al. [70]. According to Kummerer [75], on the other hand, up to

25% of the antibiotics administered in Germany are used in hospitals.

Langford and Thomas [76] evaluated the contribution of two medium-/large-size

hospitals (600–1,200 beds) in a large catchment area (610,000 p.e.) in Norway, for

different PhCs. Only ciprofloxacin, present in HWws in extremely high concen-

trations, contributed more than 38% to the influent at the WWTP. The contribution

of the other PhCs varied in the range 0.5–10%.

A similar study was carried out by Ort et al. in 2010 [25]. These authors made

an in-depth analysis of the fraction of 59 pharmaceutical residues in wastewater

originating from a hospital (200 beds) and from its catchment area (45,000

inhabitants) discharged in a region of Australia. They found that five compounds

(the lipid regulator atorvastatin, the antidepressant citalopram, the anti-inflammatory

diclofenac, the analgesic oxycodone and the biocide triclosan) were only detected

in HWws, while 24 were detected neither in the HWw nor in the total WWTP

influent. Only two substances, trimethoprim (18%) and roxythromycin (56%),

displayed a maximum observed hospital contribution of >15%. On average, the

contribution of the hospital for the compounds investigated in both hospital

and sewage treatment plant influents was small and fairly constant.

8.8 Current Treatments of Hospital Effluents

In most European countries, hospital effluents are discharged into the public sewage

system and conveyed to municipal WWTPs, which were originally built, and have

more recently been upgraded, with the aim of removing carbon, nitrogen and
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phosphorus compounds, in addition to microbiological organisms and pollutants

that commonly arrive at the plant in concentrations to the order of several mg L�1,

at least 105 CFU/100 mL. As a result, the efficiency in removing micropollutants,

typically present in quantities of mg L�1, is in general very low.

HWw flow rates quite often only amount to a small percentage of the total

influent flow rate for co-treatment at a municipal WWTP. Consequently, dilution of

HWws with UWws usually results in a decrease in the PhC content in the final

effluent (from mg L�1 to ng L�1), although not in the total load, that is to say, the

quantity released daily into the receiving water body.

Pretreatment of HWws by coagulation/flocculation and flotation seems to be

a suitable option for removing lipophilic compounds, such as fragrances and diclo-

fenac, although it is unable to eliminate many other common hydrophilic PhCs,

including carbamazepine, iopromide, diazepam and antibiotics in general, from the

liquid phase [7].

Some recent literature reports dedicated WWTPs adopted for HWws. For

example, at the Waldbrol hospital (350 beds) near Cologne in the Federal State

of North Rhine-Westphalia in Germany, a full-scale membrane biological reactor

(MBR) has been in operation since April 2006. It is equipped with microfiltration
(MF) membranes and was designed for a flow rate of 130 m3 day�1. Beier et al.

[24] investigated the removal rates for 11 PhCs: bezafibrate, bisoprolol, carba-

mazepine, clarithromycin, ciprofloxacin, diclofenac, ibuprofen, metronidazole,

moxifloxacin, telmisartan and tramadol. The removal rates on average were very

scarce (<20%) for bezafibrate, carbamazepine and telmisartan, roughly 40% for

clarithromycin, between 60 and 80% for diclofenac and ciprofloxacin, and >80%

for bisoprolol, metronidazole, moxifloxacin, tramadol and ibuprofen. Based on

mass balance in an appropriate large-scale case study [70], it was found that the

proportion of antibiotics detected in the municipal wastewaters originating from

the hospital was, on average, 27–84% .

Another example of dedicated HWw treatment was reported by Verlicchi et al.

[61] and describes the case study of a large hospital situated in a small catchment

area in the first outskirts of Ferrara, Italy. In this case, the treatment consisted of a

full-scale MBR equipped with ultrafiltration membranes, followed by an advanced

oxidation process (O3/UV). This multi-barrier treatment was chosen because the

treated effluent discharges into an effluent-dominant river used for irrigation in the

summer season.

In many developing countries, direct chlorination, or primary treatment followed

by chlorination, is the most widely used basic method of treating HWws and has the

aim of preventing the spread of pathogenic microorganisms, the causal agents of

nosocomial infectious diseases [47, 61]. The widespread medical use of chlorine as

a disinfectant is due to its (potential) capacity to remove bacteria, virus and fungi

and to its ease of application. However, high quantities of this type of disinfectant

are required and only a modest elimination rate can be achieved due to the organic

load of the wastewater under treatment. Moreover, residual toxicity in the treated

effluent is unavoidable due to the formation of chloramines and other undesirable

disinfection by-products (DBPs).
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Thus, in the last decade, China, due to its more stringent regulations and to the

application of wastewater reuse strategies, has seen the application of MBR plants,

mostly exploiting submerged technology and with capacities ranging from 20 to

2,000 m3 day�1, for the treatment of HWws [47].

8.9 Best Strategies in HWw Treatment

As previously mentioned, HWws are generally co-treated with domestic effluents

in conventional WWTPs and are then released into the environment. However,

many pharmaceuticals are resistant to conventional treatments, and therefore

the efficiency of several municipal WWTPs in eliminating these compounds

has been investigated by many authors [3, 4, 77–82]. Considering all the pharma-

ceuticals investigated, the overall average removal rates reported range between

10 and 90%.

As there is no specific treatment able to remove, to a high percentage, the many

kinds of micropollutants typically found in HWws, due to their differing behaviour

during treatments, and as many PhCs are resistant to conventional treatments,

innovative solutions to this problem are required. Different operational config-

urations should be developed and calibrated, in order to provide information for

potential practitioners about the financial aspects and overall risks associated with

putative treatments of HWws [83].

A dedicated treatment for HWws is always desirable, especially for large

hospitals in rural areas, where its treated effluent may be indirectly reused for

irrigation after its discharge into a surface water body. In fact, although co-treatment

with UWws at a municipal WWTP is common practice, it has several fundamental

drawbacks. In the first place, dilution of HWws with UWws is not the correct

procedure, as some substances in the hospital effluents may cause inhibition of the

treatment plant biomass and thereby reduce the removal efficiency.

Regarding the best available technologies for removing PhCs from UWws,

recent studies, generally investigating urban or synthetic WWs, have show that,

as yet, there is no unique treatment sequence able to remove all the various kinds of

micropollutants, due to their complex molecules and differing behaviours. How-

ever, their main removal mechanisms are biodegradation, favoured by a long sludge

age (more than 30 days) and adsorption onto sludge flocks [84–89]. Chemical-

physical treatments like coagulation/flocculation/precipitation, on the other hand,

are only efficacious for lipophilic compounds [11], while secondary biological

treatments are considered to be an effective barrier for most PhCs due to the

metabolic and co-metabolic processes [90–93] that can take place in these systems.

Moreover, Zhang and Farahbakhsh [32] showed that the MBR system (nominal

pore size 0.04 mm) is capable of a high rate of coliphage removal irrespective of

variations in coliphage feed concentrations. In fact, the removal rates measured

were higher than those achieved by a conventional activated sludge system

followed by an advanced tertiary treatment.
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Furthermore, as many micropollutants tend to adsorb/absorb to the biomass

flocks, efficient solid/liquid separation can greatly improve their removal from

wastewater and, at the same time, guarantee a consistently good effluent quality.

MBRs have been suggested for this purpose by many authors [83, 91, 93], some of

whom found that ultrafiltration (UF) membranes are more efficient than MF

membranes [24, 39]. MBR processes have also been suggested as better alternatives

for the removal of pathogenic microorganisms, including some viruses [32, 94].

Ozonation and advanced oxidation processes (AOPs) are also promising candi-

dates for efficient degradation of pharmaceuticals in water and wastewaters [40,

95–100]. In fact, treatment with ozone can reduce the concentration of many

pharmaceuticals: 15 mg L�1 of ozone at 18 min contact time could be an adequate

dose [101]. However, as AOPs are not affordable at many municipal WWTPs,

Kim et al. [102] proposed that prolonging the SRT in biological WWTP may be

the best practicable solution to reducing levels of pharmaceuticals in treated

wastewaters.

An alternative to end-of-pipe upgrading of treatment plants, and an effective

precautionary measure, could be source control. As reported above, administered

pharmaceutical compounds are excreted from the human body via faeces and urine

at a percentage that depends on the compounds in question. Although it will never be

the perfect solution, separate collection of urine can contribute to keeping these

substances away from wastewaters. Furthermore, source separation of urine (NoMix

technology) can be conveniently adopted for other reasons, for instance, limitation of

nutrient pollution of water. In this case, facilitated removal of pharmaceuticals could

be a very welcome side effect [12]. In fact, Larsen et al. [103], Winker et al. [104]

found that source separation of urine, which containsmany of the pharmaceuticals and

their transformation products from human metabolism, may offer the most effective

solution to the problem of pharmaceuticals contaminating the environment. Due to the

higher concentrations of micropollutants, biological as well as physical processes are

expected to be more efficient for urine than for diluted wastewater. However, eco-

nomic and practical feasibility must be carefully evaluated.

In particular, correct management of hospital effluents requires that discharge

from toilets used by patients undergoing nuclear medicine therapy must be col-

lected into separate tanks and treated as appropriate, thereby avoiding emission of

radioactive compounds into the hospital sewage and from there into the public

wastewater [22, 105].

8.10 Conclusion

Hospital effluents are generally considered to possess the same pollutant load as

UWws, but many studies have demonstrated that this is not the case. Indeed, HWws

tend to have higher concentrations of both macropollutants and micropollutants

(PhCs and their metabolites, detergents, disinfectants, AOX, heavy metals, etc.).

In fact, the average concentration of the main therapeutic classes (analgesics and
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anti-inflammatories, antibiotics, beta blockers, contrast media and hormones)

reported for HWws are 4–150 times the corresponding average concentrations

measured for UWws. For most PhCs, the peak concentration periods in the effluent

are in the morning and in the afternoon, according to their different consumption

and excretion patterns.

Hospitals require a significant quantity of water for the different activities and

services taking place within the structure. In general, a hospital of 1,000 beds with

an internal laundry pollutes to the same extent as a town with a population of 10,000

p.e., although hospital effluents contribute to different extents to the emission of

the different PhCs with respect to the UWws generated by the surrounding area.

Specifically, the proportion depends on the specific compound. Antibiotics have the

highest values: 18% for trimethoprim, 38% for ciprofloxacin and 56% for

roxythromycin, and the value for many other PhCs is <15%.

HWws are generally co-treated with UWws in conventional WWTPs designed

and then upgraded for removing carbon, nitrogen and phosphorus compounds in

addition to microbiological organisms, the pollutants regularly arriving at the plant

in concentrations of the order of mg L�1 and at least 105 CFU/100 mL. As a result,

the efficiency in removing micropollutants, typically present at mg L�1, is in general

very low, and persistent compounds readily enter the water cycle.

In recent years, great attention has been added to the monitoring of antibiotics in

wastewaters and in the environment, as these drugs significantly contribute to the

development of antibiotic-resistant bacteria strains, as well as anti-neoplastics,

which have mutagenic and bacteria-toxic characteristics. Many scientists report

that the careless discharge of HWws into the environment can expose the public to

health risks from resistant infections.

A dedicated treatment for HWws is always a good solution, especially in the

case of a large hospital in a scarcely populated area. The treatments that seem to be

the most appropriate are a combination of biological, physical and chemical

mechanisms such as (ultrafiltration) MBR, followed by advanced oxidation pro-

cesses by means of O3/UV.
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Hygiène 13(5):369–374

38. Tsakoma M, Anagnostopoulou E, Gidarakos E (2007) Hospital waste management and

toxicity evaluation: a case study. Waste Manag 27:912–920

39. Verlicchi P, Galletti A, Petrovic M, Barcelò D (2010) Hospital effluents as a source of
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Chapter 9

Advances in Mechanical Dewatering

of Wastewater Sludge Treatment

Akrama Mahmoud, Jérémy Olivier, Jean Vaxelaire,

and Andrew F.A. Hoadley

9.1 Introduction

Over the last decades, the increase in municipal and industrial wastewater purification

activities has been confronted with a dramatically increasing flow of sewage sludge.

A common characteristic of different type of sludge is the very high water content,

the colloidal and compressible nature of the sludge. Waste-activated sludge is an

important class of these waste products and has to be treated and disposed of.

After gravitational thickening, sewage sludge still contains only as little as about

1–5% (wt%) on a wet basis of dry solids, with the remaining fraction being water

(95–99%) [1]. Because the bulk of the sludge is water, the cost of transporting the

sludge is prohibitive. Moreover, sewage sludge often requires supplementary bulking

agent to assist the composting process. The high water content also means that the

energy content is low. Therefore, it is both economically and technologically feasible

to decrease the water content. This facilitates the possible use of sludge as a fuel, or as

organic matter for composting and reduces transport and disposal costs.

It is well documented that sludge dewatering is one of the most challenging

technical tasks in the field of wastewater engineering [2–4]. In fact, when compared

with thermal (evaporative processes) for water reduction, mechanical dewatering is

often selected due to its low energy requirement [5]. This operation not only

reduces the total waste volume but also increases the caloric value of the product

[6, 7]. The amount of water that can be removed depends on the mechanical

dewatering process and the status of the water in the materials. Figure 9.1a shows
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a general conceptual visualisation of water distribution in wastewater sludge

[8–11]. Various interpretations of the types of water found in fine-particle suspen-

sions or flocculated systems are offered [8, 12–19]. The categorisation proposed by

Vesilind and his co-workers [8, 18–20] and more recently by Vaxelaire and Cézac

[21] is often used as reference for wastewater sludge, with the water existing as

(a) free water that is not attached to the particles (including void water not affected

by capillary force), (b) interstitial water that is trapped within the flocs, (c) surface

(or vicinal) water that is held on the surface of the solid particles by adsorption and

Thermal drying

Hybrid dewatering

Conventional
mechanical dewatering

d c b a

So
lid

 p
ha

se

Bulk solutionDiffusive layer

OHP (Outer Helmhotz Plane)

Stern layer

a : free water b : interstitial water
c : surface (or vicinal) water d : bound water

Interstitial water

(Chemically)
bound water

Free water

Surface water

b

a

Fig. 9.1 (a) Water distribution in wastewater sludge [8–10]. (b) Dewatering methods in relation

to water distribution in the materials [11]
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adhesion, and (d) intercellularly and chemically bound water. Although this

classification is a simplification of the true behaviour of wastewater sludge [21],

it is generally sufficient for dewatering considerations. Indeed, it is generally

admitted that the water that can be removed relatively easily using mechanical

dewatering included parts of free and interstitial water. The spatial location of

water in the material intrinsically determines the magnitude of energy input

for water removal.

Dewatering is mainly performed by mechanical techniques based on gravitational

settling centrifugation, or filtration/compression, e.g. by belt or filter presses.

However, the colloidal and compressible nature of the sludge will hamper its

dewatering without pretreatment. Moreover, the presence of organic components,

mainly bacterial cells and EPS (extracellular polymeric substances), in the sludge

makes it very difficult to dewater even at high pressure. Therefore, prior to

dewatering, most sludge is conditioned using flocculants in order to improve the

dewaterability with regard to dewatering kinetics and attainable dry solids content.

Yet, wastewater sludge remains hard to dewater, and for many applications, it

cannot achieve sufficiently low water content. Therefore, an improvement in the

traditional mechanical dewatering (MDW) equipment is desirable. As a consequence,

current research tends to propose potential alternatives to enhance the dewatering

ability of conventional processes [11, 22].

The intensification of the dewatering process can take several forms: (1) the

combination of mechanical and thermal effects (pressure and temperature) [23–37];

(2) the combination of mechanical force and an electric field [11, 38–40], possibly

pulsed [41–44]; (3) the superimposition of ultrasounds and/or magnetic fields

[45–49]; (4) the combined fields (e.g. electric and ultrasonic) applied simultaneously

[22, 50]; (5) both shear and compressive forces [51–56]; (6) and microwave-assisted

dewatering [57]. Proper choice of combined fields for a given system is essential,

but a good choice can lead to higher product recovery (solids or liquid), less moisture

in the resulting cakes, and lower energy and environmental costs.

Most mechanical dewatering processes involve two stages; the first is the filter

cake formation stage, and the second is the compression stage where further water

is squeezed from the cake by the application of a mechanical force. The application

of additional fields can be applied to either or both dewatering stages, or as a pre- or

post-treatment of the dewatering process. Results have been reported for many of

these options from laboratory-scale and pilot-scale experiments. The operating

conditions in the intensification of the dewatering process are sufficient to remove

a significant proportion of the water that cannot be removed using mechanical

dewatering technologies alone. Thus, intensification of the dewatering process

has the potential to be viable for a range of slurries, which either could not be

sufficiently dewatered or would otherwise require extreme conditions using con-

ventional dewatering devices. The established dewatering techniques and their

applicability are shown in Fig. 9.1b. Looking more closely at the mechanism of

the hybrid dewatering process, a theory for the conventional dewatering steps

and different possible assisted fields is presented and discussed herein.
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9.2 Theoretical Background

The dewatering of sludge is a mechanical unit operation used to reduce the moisture

content of sludge for one or more of the following reasons [58]: (1) to reduce the

transportation costs to drying and disposal sites, (2) to increase the calorific value of

the sludge and thus makes it more suited for incineration, (3) to reduce leachate

production at the landfill site upon landfilling, and (4) to improve the handling

properties of the sludge by removing excess water.

The following considerations will prevail when evaluating the various dewatering

processes: what is the rate at which water can be removed and how much water

can be separated? [59].

In practical applications, these two considerations will play a major role in the

equipment selection process and optimisation actions. A number of techniques are

used in dewatering devices for removing moisture. In mechanical dewatering

devices, mechanically assisted physical means, such as centrifugal forces, shear,

and pressure, are used to dewater the sludge at a fast rate and up to relatively high

solids content.

9.2.1 Conventional Dewatering Technologies

There are established techniques that can concentrate or thicken dilute suspensions

of fine particles. These include gravitational settling, mechanical dewatering, and

thermal drying. Due to the low solids content of the thickening and the high-energy

cost of the thermal treatment, the mechanical dewatering devices are widely

used as an intermediate process prior to some form of thermal drying. Mechanical

dewatering techniques are usually based on a single non-thermal driving force, such

as vacuum, pressure, or centrifugal force.

On the other hand, it is difficult to compare the dewatering results from different

mechanical dewatering devices when these are obtained for sludge of different

origins. Very few pilot or full-scale comparative studies are reported in the scien-

tific literature, which compare the performance of different dewatering techniques

on the same sludge. An interesting exception is the work by Andreasen and Nielsen

[60] who tested four types of mechanical dewatering devices on three types of

sludge. They reported that the diaphragm filter presses are by far the most powerful

dewatering devices, followed by centrifuges, as shown in Table 9.1. Belt filter

presses deliver more moderate dewatering results. The selection of a given

dewatering technique will also depend on other factors, such as polymer consump-

tion, maintenance, labour, and waste disposal cost.

The efficiency of these techniques depends on the particle size of the product

being dewatered. Conventional techniques are inefficient for dewatering of colloi-

dal and gelatinous sludge as they rely on hydraulic flow [61], a bulk property that

falls off drastically with decreasing particle and pore size [62]. As mentioned
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earlier, wastewater sludge is not simply a system of particles surrounded by water

[59], but usually contains water within their structure. These structures are known

as flocs, as shown in Fig. 9.2, containing a large variety of microorganisms, dead

cells, organic and inorganic matters, and the large amounts of entrapped water

cause them to have a low density and a high susceptibility to compression, which

results respectively in low settleability and difficult mechanical dewaterability.

Moreover, the presence of dissociated molecules on the surface of the individual

constituents of a sludge floc, the so-called extracellular polymeric substances

(EPS), creates a high osmotic swelling pressure inside the sludge floc, which

counteracts the imposed mechanical driving force during dewatering [63–66].

Thermal drying is one commonly used method for water removal from waste-

water sludge. The advantage of drying is that it can produce a completely dry solid

product. However, it also consumes a large amount of energy, which is proportional

to the amount of water which must be evaporated. Therefore, new techniques have

been explored in the last decade, which provide an improved mechanical dewatering

prior to the sludge being fed to a thermal dryer. These techniques include con-

ditioning the sludge or preparing the sludge by thermal treatment, mechanical

disintegration using ultrasounds, mills, homogenizers and others, magnetic and/or

electromagnetic, microwave irradiation, electrical, as shown in Fig. 9.3.

Conditioning methods may be divided into two types: chemical conditioning, in

which one or more chemical additives are used to alter sludge properties, and physical

conditioning, in which temperature or other physical properties are used to effect

changes in sludge properties. Chemical conditioning is the more common process.

In either case, the conditioning process must fundamentally alter the microscopic

structure of sludge so that the solid and liquid portions are more easily separable.

One of the steps generally involved in thickening and dewatering is the floccu-

lation of sludge with inorganic (ferric or aluminium chloride) or organic flocculant

(synthetic polyelectrolyte), called conditioning. In this way, an inorganic or organic

flocculant may be added to flocculate the particle networks, resulting in an

Table 9.1 Dry solids content of dewatered sludge (wt%) for different mechanical dewatering

devices [60]

Device

Dilute waste

activated sludge

Thickened

activated

sludge

Mixed thickened waste activated

sludge with anaerobically

digested biosorption sludge

Solid bowl centrifuge

M and J Decanter 142 18–20 17–19 23–24

Belt filter press

Bellmer VP08F 21–22 22 22–26

Press centrifuge

Alfa-Laval DSNX4230 21–23 20–22 30–31

KHD Centripress 2-1 23–25 19–21 27–29

Diaphragm filter press

Lenser 25–27 15–23 30–36

A activated sludge, WAS waste activated sludge, AnD anaerobically digested sludge
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improved structure with reduced water retention. Charged organic polymers, also

called polyelectrolytes, have gained a large market share over the last decades,

since they can be dosed in much lower quantities than inorganic flocculants such

as lime and iron chloride [67–69]. The selection of the appropriate chemical and

dosage is quite difficult because it depends on both the sludge composition and the

dewatering device and remains widely empirical [6, 70].

Filamentous
bacteria

EPS

Inorganic particle
(Ca2+, Mg2+)

Bacterial colony

Adsorbed matter

Organic fibre

Deflocculation Reflocculation

Fig. 9.2 Image of an activated sludge floc (left) and its composition (right) [66]
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Recent research in chemical conditioning prior to mechanical dewatering

methods includes, among others, pH reduction and the use of surfactants [71],

acidification or alkalisation and consecutive oxidation by H2O2 [72, 73], coagula-

tion with metal salts followed by flocculation with an amphoteric polymer [74],

coagulation with cationic polyelectrolytes followed by flocculation with nonionic

polyelectrolytes [75], conjunction of lignite with polyelectrolytes [76], by adding

fly ash material generated from power plants [77], etc.

Conditioning of sludge without the use of chemicals offers the advantage of

avoiding ongoing purchases of expensive flocculating agents. Different types

of physical conditioning or pretreatment prior to dewatering processes may be

considered. Thermal pretreatment in the range (40–180 �C) causes hydration of

proteins, polysaccharides, lipids, and other intracellular macromolecules secreted

from disrupted sludge cells. Consequently, the vicinal water content of sludge

increased, while the overall free water content increased by release of some inter-

stitial water originally trapped inside sludge cells [78, 79]. New approaches

involving quick heating (up to about 220 �C and quenching after 10–30 s) or

combined thermal and acid or alkaline treatment seem to improve the overall

efficiency of the process [80–82].

During freezing and thawing, the floc structure will be irreversibly changed

into more compact form; thus, the bound water content will be reduced, and

therefore, the sludge dewatering characteristics can be significantly improved.

This may be related to the fact that organisms are subjected to mechanical stress

caused by the expanding ice crystals, as well as to osmotic pressures caused by

the salts dissolved in the diminishing liquid water pools outside the cells, leading

to irreversible structural damage [79, 82, 83]. The freeze/thaw conditioning does

not only increase the sludge dewaterability but also reduces pathogenic micro-

organisms in sludge [84]. It is also considered as a low-cost sludge treatment

technique suitable for moderate to cold climates [85].

Methods involving high-energy applications such as mechanical, electrical, or

sonic impulses or microwave irradiation have been shown to be effective in some

cases. In general, the use of additional forces to dewatering has gained an increasing

recognition in recent years. Magnetically assisted filters are now widely accepted as

technical alternatives in the choice of the liquid/solids separation equipment.

Electrically assisted filters are commercially available, but have not been widely

adopted, whereas ultrasonically assisted filters have till now only been demonstrated

in laboratory studies. Although these pretreatment methods have given significant

dewatering improvements, they are not discussed in this chapter. The interested

readers may refer to the [79, 86–111] for a comprehensive coverage of the numerous

new alternative methods of sludge conditioning and/or pretreatment prior to

dewatering.

The intensification of dewatering process by application of an additional force

field, such as heat, shear, acoustic or ultrasonic, magnetic, microwave, or electric-

ity, is shown in Fig. 9.3. These coupled processes are our concern in this chapter,

with the emphasis on their applications to wastewater sludge dewatering. They are

discussed in greater detail in the following sections.
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9.2.2 Mechanical Dewatering Steps (Filtration–Compression)

Figure 9.4 shows a typical laboratory arrangement for the pressure filtration of a

suspension in a cylindrical cell. Pressure is exerted on the suspension by pressing

down on it using a piston, while the liquid is expelled from the bottom through a

permeable membrane or filter medium. This medium which can be a cloth or

polymer membrane has the property of retaining the solids while allowing the

liquid to pass through. As mentioned earlier, during the mechanical dewatering

Fig. 9.4 Schematic representation of the different stages in a piston type dewatering device with

medium filter at the bottom side of the dewatering device [36, 265]
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processes, two steps can be distinguished: the so-called filtration stage and the

compression stage. In the filtration stage, the compressive piston pushes the slurry

in the direction of the filtering media, and a filter cake builds up. The filtrate flows

throughout the porous cake and the filter medium. The ratio of the pressure drop

across the filter medium to the pressure drop across the cake decreases with time.

As the cake builds up, the hydraulic pressure near the filter medium approaches zero

(when the filter resistance is negligible), and the hydraulic pressure at the top of the

cake and in the suspension remains constant [36, 112, 113].

The cake compression stage begins when the compressive piston comes in

contact with the filtration cake. During this stage, the cake is squeezed into a

more compact form which leads to lower final moisture content. The filterability

of the cake and its ability to express the liquid are essential parameters for the

separation process. They largely depend on the cake structure, which is fixed by

both the operating conditions and the suspension properties [114].

9.3 Assisted Mechanical Dewatering Devices

Several approaches have been suggested to improve dewatering in conjunction with

mechanical dewatering processes. These techniques are presented and discussed in

greater detail in the following sections.

9.3.1 Thermal Mechanical Dewatering (TMD)

The mechanical dewatering is, in principle, limited by the resistance of the solid

structure against deformation. An essential acceleration of dewatering can be

achieved by increasing the temperature [27–29, 115–117]. Mechanical and thermal

effects, resulting in the reduction of water content, are a combination of different

mechanisms [30, 31, 33–37, 118, 119]: (1) mechanical dewatering reduces the

volume of the pores and squeezes the water out of the product. The yield stress of

the solid matrix reduces with increasing temperature, and therefore, the solid matrix

is more easily compressed [120]. (2) The application of elevated temperatures

reduces the liquid density, viscosity, and the surface tension, and this leads to a

reduction in the amount of water that can be held in the pores, so that water drains

from the pores by gravity (thermal dewatering). (3) At more elevated temperatures,

thermal decomposition of cellular matter leads to hydrophobisation through the

elimination of polar functional groups. This in turn leads to the electrostatic forces

of attraction between water and particles being more easily overcome [117].

Coupling between pressure and temperature can be achieved in different ways.

It can occur during the filtration regime only, the compression regime only, during

both regimes, or as a pre- or post-treatment of the dewatering stage. Various processes
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have been tested at the lab and pilot scale, but most of the time, the operating

conditions lead to a vaporisation of the solvent.

Figure 9.5 summarises a few selected examples of the research and development

of the combination of mechanical and thermal effects. The purpose of this section

is not to provide an exhaustive listing of all the processes developed but to provide

a brief overview of the core technologies, so as to give the reader a flavour of the

variety of these techniques.

For a few years now, Arlabosse and her co-workers from Centre RAPSODEE,

Ecole des Mines Albi, France [30, 31, 36, 37], specifically investigate a thermally

assisted mechanical dewatering (TAMD) process, which couples mechanical

dewatering at low pressure (usually Papplied < 3000 kPa) with a moderate heating

(T < 80 �C) of the walls of the apparatus in contact with the product. The proposed
combination of pressure and temperature leads to the reduction of the water

expressed as a liquid and, for some products, results in a significant energy saving

on the overall separation process. Mahmoud et al. [36] showed that, after processing

bentonite sludge clay suspension used as a sealing agent in the construction industry

under moderate operating conditions (Twall ¼ 90 �C and Papplied ¼ 340 kPa,

followed by a final pressure step to 1650 kPa), the dry solids content reaches

81.43%. Under the same operating pressures but at ambient temperature, the dry

solid content of the bentonite sludge would reach only 30%, insufficient for

landfilling according to the regulation. For this specific application, the energy

consumption of the TAMD process was estimated at 69.8 kWh m�3 [37, 121]. The

effectiveness of the TAMD process for a specific biomass (alfalfa) dewatering was

also investigated successfully [37]. They illustrated that the TAMD can be used to

remove up to 83% of the inherent water from alfalfa under moderate processing

conditions, the enhancement being less than 43% in a conventional mechanical

dewatering process. The reduction of the liquid content in the alfalfa press cake,

with an energy consumption of less than 150 kWh m�3, leads to an energy saving of

at least 35% on the overall separation chain. Unfortunately, this was not the case for

wastewater sludge. From preliminary tests, it was found that although the benefits

of this combination, the TAMD process appeared limited for wastewater sludge

dewatering.

The TAMD technology developed by Arlabosse and her co-workers is slightly

different from the mechanical thermal expression (MTE) process, first investigated

in the mid-1990s by Strauss and his co-workers [24] and recently extended by

Hoadley and his co-workers in Monash University [33, 34]. In its current design,

the MTE comprises a preheating step prior to filtration and consolidation.

The processing temperature is set above the normal boiling point of the water. To

prevent evaporation, the process is held under a sufficient back pressure. Conse-

quently, upon exposure to atmospheric pressure, a flash evaporation occurs and

contributes to further moisture reduction. The MTE process has been successfully

applied to low rank coals and brown coals as well as paper waste [116–118, 122,

123]. For an MTE plant with heat recovery operating at 200 �C, the moisture in the

lignite could be reduced from 60 to 28 wt% with an estimated energy requirement

of approximately 20% of that required in an evaporative process without heat
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Fig. 9.5 Some selected examples of the research and development of the combination of

mechanical and thermal effects
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recovery, i.e. 160 kWh m�3. The effectiveness of MTE dewatering of sewage

biosolids and bagasse was also investigated successfully [33].

For bagasse, MTE can remove approximately 55% of the inherent water at

moderate processing conditions of 150 �C and 12 MPa. The main part of the

moisture reduction was attributed to the collapse of the internal material porosity,

resulting from the temperature increase.

Another enhancement is the so-called hot filter press or vapour pressure

dewatering technique developed at the Technical University of Karlsruhe, Germany

[124–128]. In this hybrid process, steam, which is produced within the filter cake,

is used to displace the pore liquid from a heating plate to the filter medium.

More recently, another enhancement mechanism has been developed at the

Laboratoire TREFLE, Bordeaux, France [26]. The main idea of this study is to

supply a heating flux from the filter medium during compression phase. It is

characterised by an effect of “cake collapse” which reduces the average porosity

of the final cake and consequently leads to a dryer sludge. This phenomenon is due

to a vaporisation of pore liquid in the lower part of the cake. The mechanisms

involved are various, and their coupling is complex. In the first approach, it seems

that heat supply leads to a vaporisation of pore liquid at the interface of the filter

medium. Due to density difference, the steam progresses within the cake and

reaches colder layers where it condenses. This creates weak spaces which lead to

micro-collapses. These micro-collapses then induce a macro-scale reduction of the

cake volume [26].

The magnitude of the collapse depends on the material compressibility and

on the cake average porosity and thickness. The effectiveness of this process

for talc and kaolin dewatering was investigated successfully [26, 35, 129, 130].

They showed that the “cake collapse” provides a significant decrease of cake liquid

content. The more compressible the material is, the more significant the collapse is.

Unfortunately, this was not the case for flocculated biological sludge testing.

The vaporisation of water leads to an increase of liquid pressure in the cake

corresponding to a small increase thickness. The behaviour may be attributed to a

layer of low permeability at the bottom of the cake which limits vapour transfer

[129, 130].

A modification to the hot filter press or vapour pressure dewatering technique is

the so-called steam pressure filtration process and recently steam pressure and

centrifugation process developed at the Technical University of Karlsruhe,

Germany [25, 131–134]. In this hybrid process, pure steam, coming from an

external source, is used for dewatering of the filter cake. After steam breakthrough,

the heated cake becomes dewatered by compressed air flowing through the cake,

which accelerates drying and reduces steam consumption.

In more recent work, Lee [32] investigated the performance of the thermal

dewatering (TDW) process for unconditioned wastewater sludge. In his experi-

ments, heating plates were placed between membranes plates, which were heated

by hot water supplied at the heat generator. When the hot water temperature of

heating plate reaches 95 �C, the sludge is pumped into the filter chamber under a

pressure of 490 kPa. When the cake formation is accomplished inside the chamber,
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the sludge supply is cut and then a hydraulic pressure is applied to the membrane

plates at a pressure of about 1471 kPa. He showed that final water content of cake

produced by MDW is 82.3% (wt%) and by the TDW is 66.2% (wt%). The energy

consumed to treat the dry solids of 1 kg using TDW is 0.156 kWh/kgDS. Therefore,

energy consumption of TDW would be economically valid, and the TDW could

increase the dry solids content of cake, compared with MDW, by 16.1%.

Other enhancements have been developed around the world, but these are not

discussed in this chapter. The interested readers may refer to [134].

9.3.2 Shear Force-Assisted Mechanical Dewatering

The effect of shear force superimposed on the compressive force in a piston press

has essentially been studied at laboratory scale [51–53]. A conventional filtration/

compression cell was modified to allow the piston to rotate at a controlled speed.

It should be noted that in belt filter presses these combined forces occur due to the

differential speed between belts around the pressing rollers.

The shear force contributes to dewatering in the following way. The slowly

rotating piston not only pushes the liquid through the filter medium to form a cake

but also reduces the porosity of the cake by changing the mode of deposition of the

particles in suspension (during cake formation) and altering the packing structure of

the cake (during expression). This consequently decreases the specific cake resis-

tance making the dewatering process more effective.

Wakeman and his co-workers [51, 52] investigated the shear force-assisted

mechanical dewatering for materials such as mica, China clay, and anatase

suspensions for the different processing conditions (20 �C, 300 kPa, 0–16 rpm).

They showed that shearing increases significantly the dryness of the filter cake.

These experimental results are in line with findings by [53] who investigated the

additional effect of a shear force applied during compression phase on the

dewatering course of mineral suspensions such as kaolin and talc for the different

processing conditions (20 �C, 500 kPa, 10 rpm). However, Olivier [53] reported

that the application of shear force-assisted mechanical dewatering for biological

sludge did not show any beneficial effect to the dewatering results for the

processing conditions (20 �C, 200–1200 kPa, 2–30 rpm). This behaviour has

been attributed mainly to the fact that biological sludge dewatering is markedly

influenced by a low permeability skin at the cake/medium interface, which is not

perturbed by shear forces, because of cake thickness. Moreover, the weak rigidity

of solids in this particular case also limits the reorientation of the particles [53].

Rather than using a rotating piston, another variant proposed by Gundogdu et al.

oscillates the piston vertically to enhance dewatering of polyvinyl chloride particles

[54–56]. They reported that the fluctuating vertical motion applied to the slurry

produces a shear force and results in an increase in the solids volume fraction in the

vicinity of the medium. This shear force is expansive, and therefore, it counteracts

the compressive stress in the cake, which is normally present. Gradually increasing
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the vibration amplitude thus leads to a point at which the compressive intergranular

force is entirely balanced by the oscillatory induced stress. At this point, the

particle–liquid mixture in the vicinity of the medium becomes fluidised. Conse-

quently, the specific cake resistance decreases leading to an increase in permeabil-

ity and better dewatering.

9.3.3 Acoustic Mechanical Dewatering

Acoustic principles are very general term. These principles are discussed briefly, in

the following section, to provide a basis for incorporating acoustic techniques into

dewatering systems. Ultrasound is divided into three regions: power ultrasound

(20–100 kHz), high-frequency ultrasound (100 kHz–1 MHz), and diagnostic ultra-

sound (1–500 MHz). Audible acoustic waves are in the range 20 Hz and 20 kHz.

Ultrasound is a form of mechanical vibratory energy that propagates in material

media as elastic or stress waves. The wave velocities, dispersion, absorption,

reflection, scattering, and other interactions depend on frequency, mode, elastic,

inertial, and molecular properties of the transmitting media. Acoustic waves can

cause very high inertial and elastic forces at a solids–liquid interface due to large

differences between the acoustic impedances of the two phases. These forces have

the capability of reducing the effective viscosity and surface tension, which in turn

eases diffusion and migration of the liquid from the particles and improves overall

dewatering [86]. In fact, ultrasonic stresses produce a kind of sponge effect and

facilitate the migration of moisture through natural channels or other channels

created by wave propagation.

Application of acoustic energy to dewatering has been investigated by a number

of researchers [45, 46, 50, 135–140]. They reported that the acoustic energy, in the

form of ultrasonic vibrations, has been found to promote solids/liquid separation

through various bulk and surface mechanisms.

Some of the ways in which ultrasonics can contribute to dewatering are listed

below:

1. Attenuation, or absorption, of the acoustic energy leads to heating, which will

cause some vaporisation, and lower the viscosity of the fluid.

2. Cavitation can generate free ions, erode or break, and generate local high

temperatures and pressures.

3. The shear wave can cause a change in viscosity of non-Newtonian fluids.

4. Stresses can be induced in the filter cake which can cause the cake to fracture,

opening new channels for fluid to escape.

5. The vibration motion will cause a net displacement or rectified diffusion of the

liquid through the cake in the direction of any gradient, such as gravity, pressure,

or electric field.

6. Filter surface will be kept clean, by increasing the particle size through

agglomeration which helps to prevent clogging.
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The primary mechanisms for ultrasonic agglomeration are (1) particle collision

due to orthokinetic, radiation, oseen, and stokes forces, and (2) attraction between

particles due to Bernoulli’s effect [141]. Collision of particles helps form

agglomerates, and Bernoulli’s effect further enhances this process. It has been

reported by Battelle Memorial Institute researchers [141] that ultrasonic agglomer-

ation takes place at intensities typically below 1 W/cm2; at higher intensities,

ultrasonic dispersion takes place. Hence, it is important to carefully control the

ultrasonic conditions to achieve the desired (agglomeration or dispersion) effect.

In addition to the agglomeration effects, ultrasonics can also create micro-

bubbles within micropores, and capillaries can grow from these due to diffusion

or the displacement of the trapped liquid. This water would normally be very

difficult to remove, but ultrasonics makes it available as bulk water. Lastly,

ultrasonics can reduce the apparent viscosity of a shear-thinning suspension such

as wastewater sludge, and this can enhance the dewatering rate.

Optimisation of ultrasonics for a given sludge is critical as shown by two studies

which provided negative dewatering results. Wang et al. [142] demonstrated that

the sludge dewaterability diminished following the ultrasonic disintegration of

waste-activated sludge. Both the specific resistance of filtration (SFR) and capillary

suction time (CST) increased. Dewil et al. [101] observed that increasing the

applied ultrasonic energy dosages decreased sludge dewaterability. Similarly,

both CST and filtration time increased as the duration of the ultrasonic treatment

was prolonged. The poorer dewatering behaviour was blamed on a considerably

smaller floc size, offering an extended water-binding surface area.

The conclusions from these previous studies remain controversial, and thus

further studies are necessary to assess whether ultrasonication ultimately improves

sludge dewaterability and to establish the optimal dewatering conditions.

Very little work has been done specifically in acoustic mechanical dewatering of

wastewater sludge. However, the work that has been reported in literature, related

to the application of acoustic energy to assist liquid/solids filtration processes,

illustrates to an extent the variety of ways in which dewatering may be enhanced

acoustically. Acoustic energy is used in combination with filtration processes in

which the primary function of acoustic energy is to cause the solids particles to

move constantly, thus allowing free flow of fluid through the filter under vacuum.

Because the frequency, power intensity, feed properties, pressure, etc., are very

important factors, several research teams have devoted considerable effort to

studying the effect of these various parameters in acoustic-assisted filtration pro-

cesses. For example, Tuori [143] studied the influence of the frequency on the

filtration efficiency in gravity filtration and in vacuum filtration of bio-fibre sludge

with 1% of dry solids content originating from the wastewater plant of a paper mill.

It was found that the lowest frequency was the best in both filtration systems and

the best filtration efficiencies were almost 20 times higher than the reference.

Vacuum filtration tests were also investigated by Riera-Franco de Sarabia et al.

[45]. They filtered a TiO2 suspension with 30% initial mass concentration and

obtained a 6% increase in solids concentration of the cake by using electric power

of 100 W applied to the transducer. The time of treatment was 10 s.
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Gallego-Juárez et al. [144] applied power ultrasonic during cake deliquoring

stage to improve conventional rotary vacuum filtration. Their experimental system

consisted of one (or various) power transducers with an extensive area radiator

which is placed parallel and very close to the filter surface in such a way that the

radiating surface touches the cake during operation. The mechanical contact

between the ultrasonic plate vibrator and the cake creates an acoustic coupling

which favours the effective penetration of the ultrasonic energy.

The ultrasonic technique was tested with different acoustic powers to determine

its performance. Based on the comparative results from TiO2 slurries, the applica-

tion of ultrasonic energy is shown to improve the solid concentration of the cake by

around 6% with a relatively low power applied to the transducer (60 W) and a short

treatment time (2.5 s). The initial mass concentration of particles and the mean size

of particles were of 30% and 0.3 mm, respectively. By increasing the treatment time,

the dewatering effect can be as much as doubled. Such result represents a substan-

tial additional improvement on the conventional dewatering effect.

Swamy et al. [145] studied the effects of sound waves on the dewatering of

granular materials with different particle sizes including calcium carbonate, mag-

nesite, sand, and sawdust prior to drying. Acoustic energy from a stem-jet whistle

was applied in combination with a basket centrifuge. Comparative results for

centrifuge dewatering showed that a 25–95% reduction in the final moisture

can be obtained depending upon the conditions of the superimposing sonic

waves. They concluded that a similar process can be used in the case of filtration

to produce a low moisture-containing cake.

9.3.4 Magnetic Mechanical Dewatering

The combination of two classical separation methods, cake filtration and magnetic

field-driven separation, results in positive synergetic effects. Either a homogenous

or inhomogeneous magnetic field can provide a torque that can align or anti-align

magnetic particles. Thus, the systematic use of homogeneous or inhomogeneous

magnetic fields results in magnetic volume forces and interparticle interactions

that causes structural modification of the filter cake. The magnetic force causes a

decoupling of solids phase motion from liquid phase flow and leads to an additional

degree of freedom regarding the solid phase motion.

In general, there are two major effects [48, 49, 146, 147]: (1) in an inhomoge-

neous external magnetic field, the counterwise orientation of differential pressure

and magnetic force leads to a slower cake formation; (2) interparticle magnetic

forces lead to formation of chain-like agglomerates in the direction of the external

magnetic field [148], as shown schematically in Fig. 9.6. The magnetic force can

be oriented either in the same direction as the mechanical force (Fig. 9.6b) or in

the opposite direction to the mechanical force (Fig. 9.6c). The permeability of a

cake with this channelled structure is obviously higher than a cake consisting of

smaller pores, broadly distributed in size. These effects together result in a strong
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improvement of filtration kinetics due to a reduction of the filtration resistance.

Moreover, Chaplin [149] noted that the magnetic radiation causes water to reorient

thus breaking hydrogen bonds in water clusters causing the clusters to become

smaller. The water subsequently becomes more reactive with other species, and its

viscosity is reduced.

Some of the typical magnetic separation techniques are low-intensity magnetic

separation (LIMS), high-intensity magnetic separation (HIMS), low-gradient mag-

netic separation (LGMS), high-gradient magnetic separation (HGMS), magnetic

gravimetric separation (MGS), and magnetohydrostatic separation (MHS). Typical

particle size and feed concentration range <40–4,000 mm and 5–20% (wt%) (LIMS

or HIMS), and <400 mm and <10% (wt%) (HGMS) [150].

Not much work had been done in the past on the application of this combination

to wastewater sludge. However, an interesting device is the “multi-force dewaterer”

developed by Watson and Gardner [151]. It involves chemical flocculation in a

magnetic field and the application of a vacuum to remove the water from waste

pulps and steel plant sludge containing magnetic particles. A cross section of rare

earth magnet has an arc of 120� designed and built by Eriez Magnetics of Erie, PA,

USA. It was fitted within the vacuum drum filter to produce a radial magnetic field

extending into the filter tank. In this manner, magnetic particles would be attracted

to the drum surface by both the vacuum force and by the magnetic force.

Finally, from literature, it was learned that a new magnetic field-enhanced

cake filtration has been developed at the University of Karlsruhe [48, 49, 152,

153]. In their hybrid process “magnetic field-enhanced press filtration” of ferro-

magnetic iron oxide particles (Fe3O4) in a lab-scale filter press, the kinetics of

dewatering is significantly influenced by magnetophoresis and magnetic self-

assembly in the filter cake. Magnetophoresis hereby decreases the rate of cake

formation, and magnetic self-assembly increases the permeability of the cake by

Fig. 9.6 Magnetic field enhanced sludge dewatering [48, 152]. (a) Classical mechanical

dewatering. (b) Magnetic force in the same direction as the mechanical force. (c) Magnetic

force in the opposite direction to the mechanical force
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structural changes. The result is a big increase of the overall filtrate mass flow

and therefore an improvement of filtration kinetics. This new hybrid process offers

high potential in the field of magnetic bio-separation with functionalised magnetic

particles. However, it may also be of future interest for wastewater sludge

dewatering.

9.3.5 Microwave Mechanical Dewatering

According to our knowledge, no work had been done in the past on the combination

of microwave and mechanical dewatering, and this hybrid process may offer

opportunities for enhanced dewatering as well. Therefore, for a comprehensive

coverage, it seems appropriate to present the basic principles and potential

advantages of using imposed microwave force as a physical pretreatment method

prior to dewatering in this section.

Microwaves are electromagnetic wave whose frequency ranges lie between that

of radiowaves and infrared radiation. Domestic and industrial ovens generally

operate at a frequency of 2.4 GHz corresponding to a wavelength of 12.2 cm and

energy of 1.02 10�5 eV [154]. However, not all materials can be heated rapidly

by microwaves. Only material capable of absorbing microwave energy, termed

dielectrics, are heated by microwaves. Thus, microwave heating is also referred to

as dielectric heating.

Microwave heating is a volumetric heating that, unlike the conventional

heating method, does not depend on heat transfer during the heating process.

Theoretically, the microwave heating has much higher heat efficiency than conven-

tional heating, because the former does not have any losses associated with heat

transfer. Moreover, microwave heating is more rapid as heat transfer occurs

throughout the sludge rather than at the surface. Indeed, it is generally admitted

that the microwave heating is a clean source of heat energy, because there are

no secondary waste streams generated. It is documented that the microwave

irradiation is considered to be an efficient tool for improving sludge dewaterability

because of its “thermal” and “athermal” effects [57, 100, 108, 109, 155]. The ways

in which microwave can contribute to dewatering are described below. Though

the quantum energy of microwave radiation (1.02 10�5 eV) is too low to break

the chemical bonds, still some structures can be altered by the energies carried

by microwaves. These include for instance hydrogen-bonded structures in which

very low energy intensities may cause displacement of protons [156].

Due to high water content, sewage sludge absorbs microwave radiation. The

sludge is a multiphase medium, containing water, mineral and organic substances,

proteins, and cells of microorganisms. Microwave irradiation causes kinetic

energy of water dipoles to increase and reach the boiling point value [157–159].

Then the cells of microorganisms burst, and the bound water is released. The ability

of microwave radiation to interact with cells of microorganisms has been

already proven. Microwave radiation has been used for inactivation of pathogens
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in food industry [160]. The investigations of NiederwÖhrmeier et al. [161]

proved that microwave radiation (2.4 GHz) substantially reduced the number of

Escherichia coli, Salmonella senftenberg, Erysipelothrix rhusiopathiae, and

Yersinia enterocolitica in water and liquid manure. Woo et al. [162] reported

inactivation of Escherichia coli and Bacillus subtilis colonies exposed to micro-

wave radiation. Recently, Hong et al. [163] reported that microwave irradiation of

biosolids sludge appeared to be a viable and economical method of destructing

pathogens. They observed that biosolids sludge irradiated with microwaves showed

less faecal coliforms and Salmonella spp. densities.
Generally, the use of electricity produced from fossil fuel requires about three

times as much energy as fossil fuel which is used to heat drying air directly. Thus, to

be competitive, microwave drying using electricity needs to provide about three

times as efficient, or the increased cost needs to be justified on the basis of increased

value of the product, safety of the operation or protection of the environment.

Very few studies are reported in the scientific literature, which compare the

performance and the power consumption of microwave dewatering of wastewater

sludge. An interesting exception is the work by Collins et al. [57] and Fu et al. [164]

who evaluated the feasibility, efficiency and cost-effectiveness of using the heat

generated with microwave irradiation for drying waste-activated sludge and munic-

ipal biological sludge, respectively. Collins et al. [57] concluded that the micro-

wave sludge dewatering, in the traditional dewatering range from about 5 to 30%

solids content, involves a large electricity cost, which greatly exceeds the total cost

of other conventional processes. They showed that the water removal by microwave

heating in the traditional sludge drying range, from the current limits of physical–-

chemical processes (30–35%) to the optima for disposal, may be feasible and

might also offer other advantages. On the other hand, in their experimental results,

at lab-scale, Fu et al. [164] showed that the microwave sludge drying method has its

advantages. They demonstrated that, comparing to hot air sludge drying, the

microwave heated drying to reduce the sludge water content from 75 to below

40% may be cost-effective, as shown in Fig. 9.7. The treatment cost can further be

reduced if the steam produced during the drying process is reused, and the dried

sludge is used as an agricultural resource.

9.3.6 Electrical Mechanical Dewatering

As the fine-particle suspensions possess a surface charge, usually negative, they are

surrounded by a layer with a higher density of positive charges, the electric double

layer. When an electric field is applied, the usually negative charged particles move

towards the electrode of the opposite charge. The water, commonly with cations, is

driven towards the negative electrode. Electro-dewatering thus involves the well-

known phenomena of electrophoresis, electro-osmosis, and electromigration, as

shown in Fig. 9.8. Figure 9.8 represents the process in which suspended solids

move towards the filter media to form a cake when mechanical forces are applied.
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It also depicts the movements of suspended solids in electro-dewatering where an

electric field is applied.

Although electromechanical dewatering is still not fully understood, the

mechanical and electrical effects, resulting in the reduction of water content, are

usually thought to comprise the following steps [165]:

1. The mechanical dewatering reduces the volume of the pores and squeezes the

water out of the product.

2. The charged particles are still free to move in the fluid suspension. They tend to

migrate towards the electrode carrying the opposite charge.

3. When the cake has formed, the particles are locked in position and hence unable

to move. Water-containing ions are transported by viscous and/or molecular

interactions and/or as a hydration sheath.

4. Electrochemical reactions at the electrodes are essential to restore charge equi-

librium that enables electro-dewatering to proceed beyond the transient stage.

5. Finally, water ceases to be the continuous phase in the cake, and the electrical

resistance rises leading to ohmic heating. The resulting reduction in viscosity

facilitates the removal of some of the remaining water.

Electro-dewatering has been extensively studied in recent years for its proven

advantages in terms of high efficiency, low energy consumption and being

able to avoid the blockage of the filter media, which is a common problem in
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Fig. 9.7 Dry solids content and energy consumption for drying using microwave heating [164].

Experimental conditions were: 800 g of sludge with 4.9% initial solids content; the input and

output power were 1,200 and 750 W, respectively

272 A. Mahmoud et al.



filtration [166]. Most electro-dewatering techniques developed to date use a process

known as pressurised electro-dewatering. This process involves a vertical electric

field, which is usually applied in conjunction with vacuum filtration [167–173] or

an imposed mechanical pressure acting on the upper anode [166, 169, 174–183].

The combination of the electric field and mechanical compression is complementary

and leads to efficient dewatering [165, 169, 178, 184–193]. In typical electric field-

assisted dewatering operations, the applied voltages are in the range of a few volts to

several tens of volts DC or slowly alternating AC. The electro-dewatering system is

essentially an electrochemical cell. The application of an electric field produces

Fig. 9.8 Schematic representation of electro-dewatering with the different mechanisms occurring

when negatively charged particles are placed in an electrical field [11, 265]
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electrochemical reactions which affect the performance of the electro-dewatering

process. The possible cathode and anode reactions are:

At the cathode,

2H2Oþ 2e� ! H2ðgÞ " þ 2OH� E0 ¼ �0:83V (9.1)

2H3 O
þ þ 2e� ! 2H2Oþ H2ðgÞ E0 ¼ 0V (9.2)

Mnþ þ ne� ! M (9.3)

where Mnþ represents any kind of cationic species that can be reduced. E0 is the

standard electrode potential at a temperature of 298 K.

At the anode,

M ! Mnþ þ ne� (9.4)

2H2O ! O2ðgÞ " þ 4Hþ þ 4e� E0 ¼ 1:23V (9.5)

It is clear that these electrode reactions would be affected not only by the

materials of the electrode but also the ions in the electrolyte. As a result, the pH

near the cathode increases, while the pH near the anode decreases (Fig. 9.8).

Electrochemical reactions play a significant role in affecting the electro-dewatering

process [11, 194–196]. The gas (oxygen and hydrogen) evolution at both electrodes

leads to the appearance of void spaces within the bed and increases the electrical

resistance of the system. This may produce an electrically insulating layer. On the

other hand, it may lead to an explosive mixture, causing a potential safety risk.

Fortunately, this risk can easily be reduced by simple ventilation measures [197].

It is sometimes believed that the generated gas may cause an additional driving

force for liquid expulsion in piston-type dewatering devices causing the cake to be

only partially saturated [198].

Utilisation of an electrical field has received great attention from researchers

around the world. The application of an electrical field during mechanical

dewatering was significantly studied in the case of wastewater sludge treatment.

It is discussed in greater detail in the following sections. The effects of the electrical

field applications and the electrode arrangements and configurations on dewatering

process are shown, and the usage of the EDW is focused to wastewater sludge.

9.3.6.1 Design and Operational Considerations

Electro-dewatering techniques have been used in conjunction with different

common dewatering devices, such as belt filter presses [182, 199–201], and filter

presses or diaphragm filter presses [175, 192, 202], both on laboratory and pilot or

industrial. However, technical problems have hampered its widespread application

to date. These problems include the requirement for corrosion-resistant electrode

materials and high-power consumption [182]. Process parameters such as the
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timing of the electric field application, total energy input and energy input distribu-

tion in time will affect the dewatering results and overall energy efficiency.

Different modes of operation are possible, such as keeping the voltage, current or

electric field constant or allowing it to vary according to a certain pattern, such as a

sine or block wave. Short to intermediate interruptions to the electric field have also

been reported to enhance the process efficiency. Also, salts, flocculants, suspension

types, conductivity, various electrodes materials, electrode surface area, etc., have

been studied [166, 172, 180, 191–193, 203–209]. Most of these studies are empiri-

cal and carried out at lab-scale devices. The equipment used for most electro-

dewatering studies in lab-scale comprised a number of test cells, columns and tanks

of circular and rectangular shape and a variety of sizes. A number of these electro-

dewatering cells, with different horizontal, vertical, coaxial, or other electrode

arrangements, have been engineered by researchers in the field and have reached

varying degree of development.

The purpose of this section is not to provide an exhaustive listing of all

the devices developed but to provide a brief description of a cross section of

these devices, so as to give the reader a flavour of the variety in cell design.

Electro-dewatering devices can be classified into four broad categories:

1. Vertical device for electrically enhanced vacuum or pressure dewatering

2. Vertical device for electrically enhanced compression dewatering stage

3. Vertical multistage electro-dewatering device

4. Horizontal electro-dewatering device

Direct electric field, D.C., has been usually used for electro-dewatering.

However, the electrical resistance of the cake formation at the anode is increased

considerably with the process of dewatering. Such a circumstance brings to an end

effective electro-dewatering. A number of technical solutions have been proposed

to overcome this limitation, and the following survey provides a partial summary of

some of these methods.

The application of an A.C. electric field with periodic reversals of the electrode

polarity has been tested by Yoshida et al. [207], as one means of overcoming the

electrical resistance of the dewatered filter cake at the electrodes. Their experiments

for white clay electro-dewatering were carried out in the region of very low

frequency (such as 0.01 and 0.001 Hz) for the electrode polarity reversals of A.C.

with constant voltage (20 and 40 V), and both rectangular and sine waves were

used. They concluded that the efficiency of electric power consumption for the

same amount of water removed under A.C. was lower than that under D.C., except

near the end of dewatering. In addition, the excessive increase of the electrical

contact resistance between the electrode and sludge bed was reduced because the

water in the bed under A.C. moved periodically in both directions. Moreover,

the changes of pH and water content distributions within the bed were reduced,

thus the dewatering process could proceed more effectively.

Rabie et al. [206] demonstrated that electro-dewatering of clay (e.g. bentonite)

using interrupted power can remove more water for the same energy consumption

than electro-dewatering using continuous power. Their results showed that the

interrupted dewatering process provided a 20% improvement in water removal

9 Advances in Mechanical Dewatering of Wastewater Sludge Treatment 275



compared with the electro-dewatering using continuous direct current. Moreover,

the metal ions contained in sludge can be precipitated as insoluble metal hydroxide

on the alkaline side (cathode side), and this precipitates on the cathode surface,

and filter media is detrimental to electro-dewatering. This effect can be minimised

by reversing the polarity of the electrodes for a few minutes which is long enough

for the acid filtrate to dissolve and remove the precipitate [175, 176]. However,

depending on the type of sludge, the reversal of polarity may not dissolve the

precipitate on the filter media. In particular, the sludge containing a large amount of

calcium can blind the filter media in a short time [210].

Lightfoot and Raghavan [189, 211], from their studies on electrically enhanced

compression of seaweed (Nereocystis luetkeana), observed that the energy costs for
producing dried kelp meal were significantly lower if dewatering precedes thermal

drying. Electro-dewatering was found to result in significant energy savings over

compression-only dewatering if dewatering is followed by drying to produce the

finished product. In their laboratory electro-dewatering equipment, they tested

currents of 72.4, 146.9 and 219 A/m2 and pressures of 7.46, 34.6 and 104 kPa.

Friehmelt and Gidarakos [212] reported that the essential features of the screw

press are the concentric arrangement of electrodes and the continuous mode

of operation with a spiral conveyor. In their experiments, the filter cell was

composed of two concentric, cylindrical strainer baskets. Both strainer baskets

were made of stainless steel from triangular rods, with a slot width of 0.10 mm to

enable the filtrate to flow off. The outer basket was fixed, with the spiral conveyor

mounted on the rotating inside basket. The sludge was transported between the

inside and outside basket through a 20 mm gap. By adjusting the speed of the drive

motor connected to the inside basket, the throughput could be varied between 2 and

30 kg/h. The mechanically pre-dewatered sludge was pumped into the apparatus

using a spiral pump which pressurises to 50–150 kPa. Both baskets were electrically

insulated. The outer basket was directly connected to the DC power supply. Sliding

contacts applied voltage to the rotating inside basket. Filtrate is collected from

both baskets separately. At a current of 20 A, the current density at the inside basket

is 11.7 mA/cm2 and at the outside basket 8.1 mA/cm2. In many tests for wastewater

sludge electro-dewatering, they showed that a solids content starting in a range of

20–30% could be increased by up to 37%.

Recently, Watanabe et al. [213] proposed a new method of electro-dewatering in

which a third electrode called the “gate” electrode is placed between the anode and

the cathode in order to simulate a field effect transistor (FET). In their experiments,

the so-called “gate” electrode (connected to the positive of the power supply, with

negative pole grounded) is in fact a sort of second anode. By keeping the voltage

constant between the main anode and cathode (10 V D.C.), they applied an

additional voltage at gate electrode ranging from �15 to + 15 V in order to control

the current. They concluded that when the gate voltage is positive, the dewatering

is enhanced. On the other hand, when the gate electrode is negative, it works in the

opposite direction and leads to a reduction compared with the initial dewatering

voltage of 10 V between the main anode and the cathode.

Vijh [214] investigated also the concept of the gate electrode and pointed out

that this system is not much different from the multistage dewatering method
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proposed by Yoshida [166] which involved three perforated upper electrodes

vertically arranged at regular intervals within the sludge bed. The “gate” electrode

method may be a promising new avenue for electro-dewatering under certain

experimental conditions. Other aspects that have been examined by Weber and

Stahl [215] are the locations and the new electrode arrangement in a pilot filter

press. Their experiments for quartz sand SF800 were carried out in two different

electrode arrangements: (1) outer arrangement, in which the electrodes are situated

outside the filtration chamber behind the filter clothes, and (2) middle electrode, in

which a third electrode (anode) is inserted between the filter plates and the cathodes

are placed behind the filter clothes. They observed that the overall filtration kinetics

was accelerated remarkably by the use of the outer electrodes compared to mere

pressure dewatering. On the other hand, the use of the middle electrodes results in a

further acceleration. As a result of this operation mode, the anode was embedded in

the cake, and the cake needed to be scraped off after the dewatering run.

Focusing on the gradual discontinuity of the liquid state in the dewatering

material, due to the formation of the unsaturated layer at the anode, which is caused

by the electrical blockage rendering electro-dewatering no longer effective, Ho and

Chen [216] proposed a mixing effect by having the anode rotating. They designed

an experimental apparatus with an anode able to rotate at rates up to 300 rpm.

Bentonite slurry, with 9.l wt% initial solids content, was used as the test model

substance. The experimental results showed that, by using a flat plate as the rotating

anode, the water removed from the slurry increased significantly at the beginning

with the rotational speed and then reached a plateau at 240 rpm. This was believed

to be due to the solid cake which collects at the anode being removed by the

rotation. The solid content of the cake could be 23.0 wt%, 60% better than

the performance of normal electro-dewatering. Besides, the excessive suspension

added on the top of the anode was found to have a beneficial effect for both water

removal and the suppression of dry (unsaturated) solid at the anode. It was also

found that a constant thickness of the cake formed (about 5 mm), and this was more

efficient than in electro-osmotic dewatering. The combined effects of anode rota-

tion and dry cake thickness control could remove 56% of the initial moisture within

the suspension, and this was 37% better than normal electro-dewatering.

Zhou et al. [217] investigated a new electro-dewatering apparatus characterised

by the application of a horizontal electric field in order to facilitate the dissipation of

gases produced at the electrodes and to keep the anode soaked in water during the

dewatering process. They found that it was particularly applicable to the removal of

water from activated sludge. Compared to the conventional electro-dewatering

techniques operated in a vertical electric field, the horizontal electro-dewatering

techniques have advantages in terms of simplicity in construction, high efficiency

and ease of operation. These make the electro-dewatering in a horizontal electric

field promising for large-scale applications. These experimental observations are in

line with findings by Larue et al. [180] who investigated, at lab-scale filter press, the

electro-dewatering of a highly conductive silica suspension under constant pressure

and constant electric field.
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Saveyn et al. [192] undertook a bench-scale evaluation study of sludge electro-

dewatering in which the electric field is applied after the onset of the compression

phase. In their experiments, three electric regimes (cycles) were tested to investi-

gate the best conditions to electro-dewater activated sludge. The first cycle

consisted of applying a constant voltage over the electrodes once the 700 kPa

pressure was set. The second cycle consisted of applying a constant voltage on

electrodes once the full dewatering cycle at 1600 kPa was executed. The last cycle

consisted of applying a constant electric field, and it was selected once the 700 kPa

pressure was achieved. Figure 9.9, adapted from [192], gives an overview of the

different specific electric energy consumptions based on water removal, calculated

as the difference between the amount of water removed by pressure-only

dewatering and the amount of water removed by the electro-dewatering process.

As shown in Fig. 9.9, it was found that high voltage/or electric field resulted in the

best dewatered cakes. It was also found that the electro-dewatering technique

requires much less energy than thermal drying techniques. For example, this
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technique is much more energy efficient requiring less than 10 and 25% of the

theoretical thermal drying energy for the low and moderate voltages/or electric

fields cases, respectively.

Yoshida and Okada [218] replaced the upper electrode with several rod-type

electrodes which are inserted into the sludge bed. Using rod-type electrodes, the

total area of the upper electrodes which are in contact with the sludge becomes

smaller than with the plate-type electrode used ordinarily. In their experiments on

CaCO3 sludge, the influence of such electric field application as decreasing one-

sided area of electrodes on the dewatering process was investigated in terms of total

amount of water removed and electric power consumption. Half of the cross-

sectional area of the sludge bed was employed for the upper electrode area, and

the electric field application was operated by the constant electric current condition.

Then the experimental results were compared with the upper electrode with the

same area as the cross-sectional area of the bed. They demonstrated that the

increase in electrical contact resistance, in the half area electrode compared with

the same area electrode, can be reduced to some extent, and as a consequence, an

increase in both the total amount of water removed and the electric power efficiency

can be expected.

Glendinning et al. [3] used polymer-based materials containing conducting

elements. These have been used to minimise the problem of electrode corrosion

and create a sludge treatment system that can produce dry solids contents in excess

of 30%. By encasing the metallic filaments in a relatively inert material, electrode

corrosion is effectively managed or eliminated because the oxidation reactions at

the anode are very much reduced and designed so that the anode remains effective

over its intended design life. In their experiments for humic sludge electro-

dewatering, electrodes were cut from woven polyester material and electrified

with carbon fibre strips at spacing of 5, 10, and 20 mm. In this way, these electrodes

had very similar electrical and filtration properties to those that would be used in an

operating belt press. They used two separate voltages of 15 and 30 V applied to a

15-mm-thick sample with a back pressure of 70 kPa for humic sludge. The tests

lasted for 20 min. They found that although the best improvements in solids content

were obtained when the conducting elements were spaced at 5 mm and a potential

of 30 V, dewatering performance was more sensitive to applied voltage than to

element spacing.

De-Gang and Shu-Ting [219] proposed to use porous material to adsorb the

moisture near the cathode instead of gravity separation. In their studies, the

adsorptive material was soft and bibulous and easy to regenerate by pressure. It

was found that, due to adsorptive material applied in EDW process, much more

water from the sludge can be easily separated and removed; meanwhile, the current

through sludge is depressed lowering the overall power consumption. Their

experiments showed that when voltages of 10, 20, and 30 V were applied to

decrease the water content of a mixture of sludge (primary and secondary) from

77 to 70% w/w in EDW using adsorptive material, the power consumption was,

respectively, 0.025, 0.041, and 0.053 kWh/kg removed water, and the processing times

were 4.5, 1.5, and 0.8 min, respectively.
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Yu et al. [220] investigated the influence of filter cloths on the cathode on the

electro-osmotic dewatering performance. They reported that thicker filter cloth on

the cathode electrode leads to lower water removal in the sludge cake. In their

studies, the influence of filter cloth on the cathode on the dewatering efficiency was

explained by analysing the intrinsic resistance of filter cloth/stainless steel net and

the ratio of electric resistance of filter cloth to the total resistance. They observed

that the application of cathode electrode net with small pore size without filter cloth

on the cathode electrode remarkably improved the dewatering efficiency and

reduced the electric energy consumption in the electro-osmotic dewatering process.

The average electric energy consumption increased with the increase of electric

potential gradient applied. Without filter cloth on the cathode at the potential

gradient of 16, 20, and 24 V/cm, the average energy consumption was 0.043,

0.058, and 0.075 kWh/kg removed water, respectively. They concluded that it

was more favourable to remove water at lower electric potential gradient and

without a filter cloth on the cathode electrode.

Finally, the application of an electric field seems to be an interesting technique to

enhance wastewater sludge. However, further work is needed to determine the

optimal operating conditions and to select the technology best suited to wastewater

sludge. At the present time, it is difficult to compare the electro-dewatering results

from different electro-dewatering devices when these results a specific to different

sludge systems. Very few pilot or full-scale comparative studies are reported in the

scientific literature, which compare the performance of different electro-dewatering

techniques on the same material. The next section is devoted to electro-dewatering

studies of wastewater sludge.

9.3.6.2 Electro-Dewatering of Wastewater Sludge

Dewatering of wastewater sludge is a difficult process. The difficulty has been

attributed mainly to the fact that the particles are very fine, colloidal in nature, and

possess a gel-like structure due to polymeric flocculation. In order to tackle the

limitations in wastewater sludge dewatering, new technologies have been devel-

oped in recent years. Some technologies such as wastewater sludge digestion,

wastewater sludge mineralisation, or peroxidation are allowed to reduce the amount

of wastewater sludge to be dewatered, or the dewaterability of the sludge, by

changing the biochemical composition [69]. Nevertheless, wastewater sludge remains

hard to dewater, and therefore, an improvement in the traditional pressurised

dewatering equipment is desirable. Different options have been investigated to

enhance wastewater sludge dewatering, and one of the most researched used is

the pressure dewatering assisted by an electrical field (D.C. or A.C.).

For more than 20 years, laboratory and pilot studies are reported on electric field-

assisted dewatering of wastewater sludge using non-pressurised electro-dewatering,

pressurised (vacuum or pressure) electro-dewatering, and compression electro-

dewatering. The non-pressurised electro-dewatering was applied on its own (1) to

aerobic or anaerobic wastewater sludge [183, 217, 221–223] and (2) to a composted
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wastewater sludge [224]. Other applications are pre-dewatered sludge, in which

some water was first removed by mechanical dewatering [225–228]. Results

showed that the final dry solids content of the sludge can reach more than 40%,

but a very long application time of the electric field (4 h to 4 days) is required.

In comparison, the dry solids content reached after 1 min, using a gravity belt

thickener [229], is the same as the solids content after 1 h of the electric field

application obtained by Zhou et al. [217].

However, the literature summarised in Table 9.2 shows that kinetics of

both pressurised and compression electro-dewatering are much better than those

of non-pressurised electro-dewatering. Besides, the final dry solid content obtained

from both pressurised and compression electro-dewatering is significantly higher

than those obtained by conventional mechanical dewatering.

It was also highlighted that increasing the pressure was beneficial to the electro-

dewatering performances [4, 175, 178, 181, 202, 230]. Not only is more liquid

removed by the higher pressure, but it seems that also the electrical contact is

improved and thus the energy efficiency. In addition, an increase of the voltage

(or the current density) leads to a dryer sludge cake [4, 165, 166, 175, 178, 181, 192,

199–202, 230, 231] and better dewatering kinetics. The performances of electro-

dewatering are really interesting if the additionally power consumption remains

significantly low compared to thermal processes. The minimal drying energy

requirement refers to water vaporisation enthalpy that is about 0.617 kWh/kg

[232]. In an industrial device, it can reach as high as 1.2 kWh/kg [11, 178, 233].

However, concerning electro-dewatering, the data on power consumption

reported in the literature is difficult to compare and analyse (Table 9.2). Several

authors employed the additionally electrical energy consumed per unit mass of

the dry solids (kWh/kgDS), and therefore, it is difficult to compare with the data

reported for a drying process. Moreover, the electro-dewatering energy expressed

as kWh/kgDS strongly depends on the initial cake dryness which is different in

each study.

On the other hand, authors analysed the electro-dewatering efficiency in terms of

the dewatering time and power consumption at the target (desired) cake dryness.

One of the best ways to compare the power consumption is to calculate the energy

per additional mass of water removed (in comparison to dewatering without an

electrical field). Using this datum [178, 226] and [192] clearly showed that electro-

dewatering energy consumption is lower than drying energy consumption for

municipal wastewater sludge.

In recent years, several researchers have investigated the relationship between

the energy consumption and the dry solids content, or the amount of filtrate

additionally removed during the electro-dewatering run. For example, a linear

relationship between filtrate yield and energy consumption was obtained by

Laursen and Jensen [225]. They reported that the energy consumption was

proportional to the cake thickness and the current density. Miller et al. [202]

reported an exponential relationship between the dry solids content and the energy

consumption expressed in kWh/kgDS. Indeed, Miller et al. [202] and Gingerich

et al. [230] demonstrated that the energy consumption is not uniform during the
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electro-dewatering process, but increases with the augmentation of cake dryness.

This is caused by the fact that the last water fractions become increasingly difficult

to dewater because of the increasing binding strength. At the same time, the

desiccation of the cake may also deteriorate the electrical contact between the

cake and the electrodes, and the increasing contact resistance causes a drop in

the electric field, and thus a drop in the driving force, inside the cake. More recently,

a similar linear relationship between the energy consumption and the amount

of filtrate additionally removed during the electro-dewatering run was also reported

by Saveyn et al. [191].

The electro-dewatering performance (rate, cake dryness, power consumption)

largely depends on both the duration of the electric field application and the point

at which it is applied. The results with belt filter presses showed that short

contact times were not able to induce a satisfactory dewatering effect [199, 200].

Yet most studies [165, 230] showed that an extended application of the electric field

was not efficient either. It is therefore necessary to find the optimum time as a

function of the wastewater sludge properties that gives the best electro-dewatering

performance.

On other hand, the energy required to raise the solids content increases with

current density (or voltage) and must be optimised with regard to the desired

throughput. The required energy can be clearly reduced when an extensive pre-

dewatering is achieved with a mechanical process.

Friehmelt et al. [234] stated that in order to be an economically feasible process

for sludge, pressurised electro-dewatering has to be preceded by pressure

dewatering. This finding was confirmed by Miller et al. [202], Barton et al. [165],

and Lee et al. [181] who noticed that application of the electric field at the start

of the whole dewatering run in the filtration stage did not show any beneficial

effect to the dewatering result and that no electrophoretic effects could be observed.

This may be related to the fact that conditioned sludge particles networks are too

large to be transported by electrophoresis. Moreover, well-conditioned sludge

shows a smooth and fast filtration phase, and the filtrate flow due to the pressure

is much higher than the electro-osmotic flow [70, 191].

According to Miller et al. [202], the required power consumption to achieve 12%

of dry solids content is halved compare to the power consumption to reach 50% of

dry solids content. They reported that to make energy savings, it is useful to delay

(or pause) the application of the electric field by 5–15 min during the dewatering

process. Nevertheless, when the voltage (or current) application is delayed, the

results showed that a 20-min electric field application is not enough to reach the

same cake dryness compared to experiments without a delay [202, 230]. Moreover,

Miller et al. [202] also showed that the electro-dewatering process is accelerated

after 20–30 min of current application. On the other hand, they demonstrated that

the delay did provide power savings. For example, there was a large reduction in

power consumption to reach 40% solids content with a 30-min delay. These

observations seem to be confirmed by the results of Saveyn et al. [192]. Therefore,

if the electric field application time is long, there would appear to be significant

benefits in using a delay in the application of the electric current during electro-

dewatering.
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Gingerich et al. [230] and Yuan and Weng [228] made an economic analysis of

the electro-dewatering process taking account of the additional energy costs

and possible savings by transport and disposal and came to the conclusion that

electro-dewatering to intermediate solids contents is most cost-efficient. Therefore,

it seems preferable to implement the electric field technique in dewatering devices

such as filter presses that have an intermediate contact time and that can operate at

high pressure [202].

As mentioned earlier, conditioning prior to the dewatering is generally required

to reach an acceptable efficiency. The chemical conditioning method, either with

inorganic or organic chemicals or even dual conditioning, is the more common

process. The selection of the appropriated chemical and dosage is quite difficult

because it depends on both the sludge composition and the dewatering device and

remains widely empirical [6].

However, the effect of the flocculent dose on the electro-osmotic dewatering

performance has not yet been clarified. Most authors agree on the fact that a

minimum polyelectrolyte dose is necessary in order to guarantee fast filtration or

gravity drainage. Miller et al. [202], Gingerich et al. [230] and Citeau et al. [235]

noticed that if this condition was fulfilled, polyelectrolyte dosing had no distinct

effect on the electro-osmotic dewatering performance. Smollen and Kafaar [199]

claimed that addition of polyelectrolyte provides an opposite excess charge in the

liquid phase, to balance the surface charge of the sludge particle, which improves

the efficiency of the applied voltage gradient responsible for the electro-osmotic

flow. Snyman et al. [200] reported that the performance of the electro-osmotic belt

filter press was not as sensitive to polyelectrolyte dosages as traditional belt presses.

Finally, Laursen and Jensen [225, 236], who investigated the electro-osmotic water

transport through preformed sludge cakes, reported that this transport was indepen-

dent of the conditioning history. They explained their experimental results by

assuming a picture of the filter cake as an exocellular polymeric substances matrix

with sludge particles embedded and residual pore solution in isolated pores.

This idea is in line with the findings by Mikkelsen [237] that the majority of the

surface charges inside the sludge remain unaffected by conditioning, even at

pronounced polyelectrolyte overdosing. Saveyn et al. [191] investigated the

additional effect of an electric field applied during compression phase on the

dewatering course of polyelectrolyte-conditioned sludge compared to mere pres-

sure dewatering. They showed that the application of an electric field markedly

improved the dewatering kinetics, regardless of the conditioning treatment.

They also found that the polyelectrolyte characteristics and dose have a major

effect during pressure-only dewatering of sludge but do not have a significant effect

on the electro-osmotic water transport efficiency during the compression phase.

Nevertheless, the addition of the optimum dose of flocculent can reduce the

electro-dewatering energy requirement for the same dewatering performance,

but the choice of flocculant, as in pressure dewatering, must be chosen to match

the specific sludge. For example, Kondoh and Hiraoka [175, 176] observed that

by using the polyaluminum chloride PAC injection method, the clogging or the

blinding of the filter media can be avoided and the treatability of the
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electro-dewatering is improved about 1.5–2 times and the power consumption

is decreased by around 50% compared with electro-dewatering without PAC

injection. On the other hand, Miller et al. [202] showed a possible effect of different

compounds such as paper fibre, hydrochloric acid, magnesium sulphate, sulphuric

acid which allow the electro-dewatering energy to be reduced while maintaining the

same dewatering performance.

Tuan et al. [183] showed that an electric field application induced the migration

of negatively charged organic matter such as fatty acids and humic substances from

the cathode to the anode, and it was removed from sludge by the water flow in

pressure-driven experiments. Therefore, the chemical oxygen demand (COD) and

total organic carbon (TOC) concentrations in the filtrate were higher at the anode

side and lower at the cathode side.

Using a similar approach, electro-dewatering may potentially be used for decon-

tamination purposes. Hwang and Min [201] observed a large reduction of the heavy

metal concentration such as Zn, Mn, Pb, Cd, and Ni in the sludge cake after electro-

dewatering. As these metals often limit the use of sludge cake in agriculture, any

reduction in heavy metals could be extremely useful. Acar and Alshawabkeh [238]

discussed the need to use different enhancement techniques to overcome precipita-

tion of the cationic species close to the cathode electrode. They reported that the

use of a weak organic acid such as acetic acid to neutralise and/or depolarise

the hydroxyl ions generated as result of cathode reaction successfully alleviates

the precipitation problem for most heavy metals and transports the species to the

cathode compartment [239, 240]. Also, to enhance the removal of heavy metals,

other acid solutions including citric acid, hydrochloric acid, sulphuric acid or

complexing substances such as ethylenediaminetetraacetic acid (EDTA) were

added in the electrokinetic systems [241–245].

Recently, Tuan and Sillanp€a€a [7, 246] studied migration of ions and organic

matter during electro-dewatering of anaerobic sludge. They showed that concentra-

tion of Na+ and K+ was reduced by 51 and 78% in the sludge cake in comparison

to blank experiments. Fe ions, Ca2+ and Mg2+ concentrations were found to be

lower in sludge at the anode and higher at the cathode.

Other studies investigated the effect of electrokinetic processes on the removal

of water and oil and grease from the oily sludge/wastes [247]. Oil, a group of

hydrophobic hydrocarbons, is not only a contaminant in the natural environment

but also a reusable resource. Their experiments were carried out with two different

configurations of electro-dewatering cells, i.e. vertical and horizontal positioned

electrodes. They reported that the electro-dewatering process offered potential

for enhanced oil recovery as well as the reduction of the water content of the sludge

by more than 40%.

Esmaeily et al. [223] noticed that it is possible to inactivate coliform in the final

cake with non-pressurised electro-dewatering combined with the addition of a

conditioning liquid containing nitrates and ammonia. These observations seem to

be confirmed by the results of [248]. In their experiments, ten bench-scale electro-

kinetic cells were set up for the inactivation of Salmonella spp. bacteria and faecal

coliforms in different types of sludge (primary, combined primary and secondary
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and anaerobically digested sludge). They showed that the electro-dewatering

process achieved the dry solids content three to four times higher than conventional

techniques. They also demonstrated that the pathogen indicator inactivation always

exceeded three-log reduction. On the other hand, they reported that the anode

area achieved a higher log reduction than the cathode area. It was assumed that

the acidic front yielded the highest log reduction of Salmonella spp. bacteria.
Since many authors [1, 165, 181, 202, 234] noticed that the application of the

electric field from the start of the dewatering test (in the filtration stage) did not

show any beneficial effect to the dewatering result, Mahmoud et al. [193]

investigated the application of the electric field during the compression stage.

In their experiments on activated sludge, an analysis of the extent of water removal

associated with each stage of the dewatering process was investigated for the

different processing conditions (200–1200 kPa, 10–50 V). They showed that the

dry solids content was increased from 13 to 56% (wt%), noting that the original

solid content of the conditioned activated sludge was just 2.8% (wt%). Their

analysis of the percentage of water removal in each dewatering stage, as well as

the amount of water remaining after processing is shown in Fig. 9.10. In the course

of the MDW with a processing pressure of 400 kPa, the percentage of water

removal was more than 70%. The simultaneous combination of an applied voltage

(50 V) with an applied pressure (400 kPa) removed 24% of additional water, which

could not be accessed by the pressure forces alone.
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Fig. 9.10 Column chart illustrating the percentage of water removal in each EDW-process stage

and the water remaining after processing conditions. The EDW tests for the processing conditions

(400 kPa, 50 V) were repeated four times (I, II, III, V)
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In their studies, it was found that EDW can remove approximately from 10 to

more than 24% of additional water, which cannot be accessed by the pressure force

alone (MDW). These experimental observations are in line with findings by Miller

et al. and Saveyn et al. [192, 202, 249, 250]. Moreover, they reported that at low

levels of voltage, an increased processing pressure has a relatively pronounced

effect on the water removal. Not only is more liquid removed by the higher

pressure, but it seems that also the electrical contact is improved and thus the

energy efficiency.

On the other hand, it was highlighted that a clear non-linear relationship was

found between the energy consumption and the final dry solids content obtained

after the EDW run, as shown in Fig. 9.11. This relationship is a complex sum of

several interdependent parameters which determine the behaviour of the sludge

during an EDW test and thus the overall shape of the curve. However, it is possible

to discern some trends from Fig. 9.11. When regarding the theoretical thermal

drying energy requirement, which is about 0.617 kWh/ kg evaporated water [232],

it is clear that the electro-dewatering technique is much more energy efficient,

where for some low-voltage cases, less than 10% of thermal energy is required.

9.3.6.3 Industrial Development of Wastewater Sludge

Electro-Dewatering Apparatus

Some examples of wastewater sludge electro-dewatering equipments, quite

recently developed and slated for practical use around world, are described briefly

in the following section.
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Fig. 9.11 Energy consumption during EDW as a function of the final dry solids obtained for the

processing conditions 200–1200 kPa, 10–50 V compared to thermal drying techniques. The EDW

tests (5 experiments per series) for the chosen operating conditions, pressure 200–1200 kPa and

voltage 10–50 V, were repeated 3 or 4 times (I, II, III, V) except for the series of 1200 kP, 10–50 V

288 A. Mahmoud et al.



A number of electro-dewatering processes have been reported in the literature by

Bureau of Mines (USA), Commonwealth Scientific and Industrial Research

Organisation (CSIRO, Australia), Central Electricity Generating Board (CEGB,

UK), Battelle Memorial Institute (Switzerland), Fuji Electric Co., Ltd. (Japan)

and Monsanto Enviro-Chem Systems, Inc. (USA). Fuji Electric Co. 1987 is the

producer of most commercialised machines. Their electro-osmotic dewatering

system uses a continuous press [251, 252] consisting of a rotary drum and a

circulating caterpillar belt. The surface of the rotary drum is used as one electrode,

and the caterpillar belt is another electrode. The wastewater sludge is fed into the

space between the drum and the caterpillar belt. The sludge is dewatered electro-

osmotically under the combined electrical field and expression. The experimental

results showed that the water content in the discharge cake of wastewater sludge is

remarkably reduced and the smallest value of the water content reached about 50%.

Typically, the operating pressure is less than about 400 kPa, and the applied voltage

is ranging from 0 to 120 V. The energy consumption of this type of machine is

about 0.33–0.44 kWh/kg removed water.

The Shinko Pantec Co. 1987 has also developed an electro-osmotic dehydrator

(Super Filtron) of the semi-continuous filter press type installed with electrodes

[175, 253]. After the filter chamber is filled with sludge, a fluid pressure is applied

to the space between the membrane and the filter plate in order to inflate the

membrane. A voltage is also applied between chamber’s electrodes at the same

time. Thus, the electro-osmotic dewatering can be combined with compression,

and high-performance dewatering is obtained under a low pressure of about

200–400 kPa. The results showed that the Super Filtron can easily decrease the

water content by about 50–60% using only half the electricity required for a

conventional mechanical dewatering process.

Another industrial EDW machine is from ELODE [254] (ACE Korea

Incorporation Co., Ltd.). For this machine, the dewatered sludge cake is fed

between the anode drum and cathode caterpillar of the ELODE machine. A three-

phase alternating current (A.C.), converted to direct current (D.C.) is applied to

the anode drum and cathode caterpillar creating an electrical potential difference.

This leads to a strong migration of sludge particles to the anode drum and water to

the cathode caterpillar. Thus, highly efficient dehydration with a solids content

above 40 wt% is achieved.

Although electro-dewatering techniques have been examined for decades and

their advantages compared with conventional mechanical dewatering are well

documented, commercial applications are still few. Typically, EDW is not as

cost-effective as a stand-alone operation. It is necessary to use it in combination

with pressure or vacuum dewatering. Notably, the equipment capital cost is higher

than conventional dewatering equipment. Future research and development will

hopefully allow cost-effective development of EDW-enhanced equipment for

sludge dewatering.
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9.3.7 Electro-Acoustic Mechanical Dewatering (EADW)

The basis of the EADW process is a synergistic effect of combining electric and

ultrasound fields in concert with conventional mechanical dewatering (vacuum,

pressure). The relative effects of these 3 fields are dependent on the hydrodynamic,

rheological, surface chemical and electrokinetic properties of suspensions.

In fact, at combined field conditions, ultrasonic energy can assist the electro-

osmotic phenomena in the following ways: (1) by providing improve contact

between water and electrodes, (2) by helping moisture pass through the filter, and

(3) by assisting in compacting the cake and providing electrical continuity through

a continuous moisture path to the point of optimum moisture removal. The electri-

cal field allows for increased electro-osmosis and electrophoresis, while the acous-

tical forces help to maintain electrical continuity through the material by helping to

agglomerate and compact the cake as well as keep the filter material from blinding

[46, 50, 255–262].

Battelle Memorial Institute researchers have studied EADW for many years and

have demonstrated successful scale up of its electro-acoustic dewatering units

[255–257]. They tested the applicability of over 50 different types of suspensions

and established wide applications of this process. Their experiments for coal

slurry with 50 wt% initial dry solids content were carried out at a lab-scale.

The dewatering efficiency for this material is compared to vacuum dewatering

alone and other dewatering enhancements, as shown in Fig. 9.12. They observed

that when vacuum and ultrasonic were combined with electric field, the dry solids

content was increased from 63 to about 89%, corresponding to a 26% increase of
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Fig. 9.12 Comparison of conventional mechanical dewatering and other dewatering techniques

for a sample of 200 mesh coal slurry [257]
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the dry solids content originally present in the coal slurry (50% wt%). The specific

energy requirement to produce this solids level was only about 0.055 kWh/kg

removed water. Moreover, a continuously operating EAD device has now also been

designed. This EADW press is utilised after conventional dewatering devices and

can remove up to 50% of the water from dewatered sludge cake at a fraction of the

cost incurred by existing thermal dry devices. As the material moves around the

anode and as the water content in the cake is reduced, the electro-osmosis declines

due to drop in liquid continuum from anode to cathode. The application of ultra-

sonic field at this point aids electro-osmosis by consolidation of the filter cake and

thus allowing the release of water that would otherwise not be liberated. In addition,

Battelle scientists presented some interesting research in dewatering sludge and

other materials, particularly using acoustic energy in combination with electro-

osmosis and electrophoresis.

Table 9.3 lists a number of suspensions and wastes studied by Battelle using a

variety of equipment types, such as vacuum, belt presses, filter presses, drum filters

and centrifuges. These data clearly indicate that EADW is more effective than the

state-of-the-art mechanical dewatering processes in terms of achieving a high final

dry solids content with low energy consumption compared to thermal drying or the

EDW process. It is known that electro-osmotic flow quickly declines with the

loss of the liquid continuum from the anode to the cathode as dewatering proceeds.

This result is usually reflected in a rapid decline of current. However, the ultrasonic

action retards the loss of the water continuum, thus increasing the current for a

Table 9.3 Typical results for Battelle’s electro-acoustic dewatering of a number of suspensions

and wastes (at lab scale) [256, 257]

Material

Initial dry

solids content

(%)

Final dry solids

content (%)
Gaina ¼
Sf

EADW � Sf
MDW

� �
(%)

Power consumption

(kWh/kg removed water)MDW EADW

Peat 10 20 52 32 N.D.

Corn gluten

slurry

13.1 35 46.3 11.3 0.033

Brewer’s yeast

suspension

5 22 41 19 0.004

Kaolin clay 27 60 70 10 N.D.

Ceramic slurry 27 50 60 10 0.066

Phosphate

sludge

5 5 40 35 0.022

Mineral

sludge

20 20 48 28 0.044

Coal slurry 50 63 89 26 0.055

Sewage sludge

1. P

+secondary

2 15–22 43 21–28 0.066

2. AnD 2 15–22 45 23–30 N.D.

3. A, and

centrifuged

5 15–22 38 16–23 N.D.

P primary sludge, A activated sludge, AnD anaerobically digested sludge, N.D. no data given
athe gain corresponds to the difference in the final dry solids content between EADW and MDW
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given potential gradient. This basically increases the electro-osmotic flow, without

increasing the voltage gradient. This is also the reason why the energy requirement

of EADW is less than the energy use for EDW only.

Ultrasonic was also reported to help keep the cathode clean, which reduces belt

blinding metal hydroxides [263]. Moreover, Smythe and Wakeman [46] observed

that the application of an acoustic field increases the measured conductivity of the

electrolytic and rutile suspensions used as the test material. Thus, ultrasound

enhances the effect of an applied electric field close to the isoelectric point of the

suspension by reducing the effective particle size and increasing electrophoretic

velocities.

Finally, the high efficiency and the significant energy saving of the EADW are

encouraging and may show great promise in wastewater sludge dewatering.

9.4 Conclusions

The results presented in this chapter show the potential benefits in combining

multiple strength field to enhance the dewatering ability of conventional processes,

to increase the final dry solids content and/or to accelerate the dewatering process

with relatively low energy consumption compared to thermal drying. Assisted

separation processes which combine thermal, shear or vibration force, acoustic,

magnetic, microwave, electrical, and the combined fields (e.g. electric and acoustic)

forces with conventional mechanical force can be used to enhance wastewater

sludge dewatering.

Except for the combination of microwave and mechanical dewatering, for which

no work had been done in the past, the results presented in the scientific literature

show that these hybrid processes have been successfully applied to several different

mineral suspensions. Significant improvements in the dewatering rate and final

solids content were obtained. However, the data on power consumption reported

per unit mass of dry solids (kWh/kgDS) is difficult to compare and analyse with data

reported for drying processes.

Moreover, very few studies are reported in the scientific literature specifically in

acoustic mechanical dewatering and magnetic mechanical dewatering of wastewa-

ter sludge. It is the authors’ opinion that these hybrid processes appear to be very

promising techniques. In addition, the interesting results obtained by Battelle

Memorial Institute researchers point to the potential for the electro-acoustic

dewatering (EADW) in the application of wastewater sludge dewatering.

On the other hand, the application of shear force-assisted mechanical dewatering

for wastewater sludge did not show any beneficial effect to the dewatering results.

When regarding the thermal mechanical dewatering processes, it was found,

from the few data reported, that although the benefits of this combination, the

TAMD process and TREFLE process [26] processes appeared limited for wastewa-

ter sludge dewatering, while the data reported for both the MTE process and the

TDW process were encouraging.
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Finally, the research and development on electro-dewatering of wastewater

sludge carried out to date and described in this chapter shows that the electro-

dewatering was assessed to have potential for improving the efficiency of

dewatering operations by achieving levels of water removal and final solids

contents, which cannot be achieved by conventional dewatering equipment. More-

over, the results revealed that the electro-dewatering accelerates the dewatering rate

with low energy consumption compared to thermal drying. The results are very

encouraging and attractive enough to justify further development.
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Chapter 10

Biosorption of Heavy Metals: Recent Trends

and Challenges

Ravindra Kumar Gautam, Mahesh Chandra Chattopadhyaya,

and Sanjay K. Sharma

10.1 Introduction

Rapid industrialisation and urbanisation coupled with increased population growth

has lead to an increased disposal of heavy metals into the environment.

Environmentalists are primarily concerned with the presence of heavy metals due

to their toxicity and impact on human health, environment, and ecosystems. US

Environmental Protection Agency has classified heavy metals as priority pollutants.

Heavy metal pollution in the aqueous solutions has become a serious threat today

and of great environmental concern as they are non-biodegradable and thus persis-

tent in the nature. They accumulate in living cells of biological systems throughout

the food chain which has humans at its top, multiplying the threat. Thus, it is

necessary to control presence of heavy metals in the aqueous environment.

These potentially toxic and relatively accessible metals to the biological systems

have attracted the keen attention of the scientists and researchers. These toxic

metals occur in very small quantities in the Earth’s crust and hence are called

“rare metals” [1]. These are further arbitrarily subdivided on the basis of their

densities. Those having densities less than 5 g/cm3 are designated as “light metals,”

while those having densities more than 5 g/cm3 are designated as “heavy metals”.

Thus, metals like Hg, Cd, Cr, Cu, Ni, Fe, and Pb are generally known as toxic heavy

metals. Unexpectedly, even metalloids like Se, As, and Sb are also considered

under this category, thereby making the term heavy metals misleading. Among the
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metallic species, Pb, Cd, Hg, Cr, Ni, and As have drawn greater attention for their

environmental impacts as they can enter the human beings via food chain and often

exceed the toxic levels before they produce visible toxic effects. World Health

Organization has, recently, recognised the health hazards of toxic metals in food

chain even at low concentrations. Environmental Protection Agency’s “Top 20

Hazardous Substance Priority List” has ranked mercury as 6th, cadmium 7th,

chromium 8th, and nickel 13th, while quoting arsenic as the king of poisons.

Various methods exist for the removal of heavy metal ions from wastewater

which include chemical precipitation, coagulation, membrane technology, electro-

lytic reduction, ion exchange, and adsorption. Ion exchange is the most widely

used method for heavy metal removal from aqueous streams. During removal,

recovery, or processing of metals, ion exchange acts as a concentrator of metals.

Coagulation–flocculation can also be employed to treat wastewater laden with

heavy metals wherein the coagulation process destabilises colloidal particles by

adding a chemical agent and results in sedimentation. Membrane filtration has

received considerable attention for the treatment of inorganic effluent since it is

capable of removing not only suspended solid and organic compounds but also

inorganic contaminants such as heavy metals.

Among all the treatment processes mentioned, adsorption using sorbents is one

of the most popular and effective processes for the removal of heavy metals from

wastewater. The adsorption process offers flexibility in design and operation and in

many cases produces treated effluent suitable for reuse, free of colour and odour. In

addition, because adsorption is sometimes reversible, the regeneration of the

adsorbent with resultant economy of operation may be possible.

Activated carbon adsorbents are used widely in the removal of organic

contaminants and to a lesser extent heavy metal contaminants in product purifica-

tion and pollution control. In spite of its prolific use, activated carbon remains an

expensive material, and the higher the quality of activated carbon, the higher its

cost. Also, in practice, activated carbon is employed more frequently for adsorption

of organic compounds rather than heavy metal ions.

10.2 Sources of Heavy Metals

Various industries generate heavy metal containing wastewater includes the

tanning, battery, glassware, ceramics, electroplating, fertiliser, mining, paints, and

photographic industries. These wastewaters contain heavy metals such as chro-

mium, lead, cadmium, arsenic, copper, iron, manganese, nickel, mercury, and

cobalt, among others. The amount and the number of metals present in any

wastewater are related directly to the operations carried out in an industry. For

example, tanneries discharge chromium in wastewater; copper, chromium, zinc,

and cadmium are widely generated from metal plating; the production of electrical

equipment and mining, smelting, and fossil fuel combustion contribute to mercury

pollution; and lead is generated from a number of industrial and mining sources. In
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most wastewaters, the concentration of heavy metals present is much larger than

the safe permissible limits, and therefore, they need to be removed. Table 10.1

summarises the anthropogenic sources of heavy metals in the environment.

10.3 Toxicity to Human Health and on Ecosystems

It becomes a matter of alarm when metals accumulate in a locality to concentrations

approaching or exceeding those that can harm organisms, including human beings.

Some heavy metals are essential for biological systems in small amounts but if

ingested in larger amounts can disrupt physiological processes. Heavy metals, such

as Cd, Hg, Pb, and Sn, may serve no particular biological function and can be toxic

at relatively low concentrations. Heavy metals tend to bioaccumulate in the food

chain, and their toxicity to organism ranges from chronic to acute and from sublethal

to deadly.

At high exposure levels, lead causes encephalopathy, cognitive impairment,

behavioural disturbances, kidney damage, anaemia, and toxicity to the reproductive

system. Chromium is widely recognised to exert toxic effects in its hexavalent form

to biological systems. Human exposure to Cr(VI) compounds is associated with

a higher frequency of respiratory cancers. Cadmium is associated with nephrotoxic

effects particularly at high exposure levels; long-term exposure may cause bone

Table 10.1 Significant anthropogenic sources of heavy metal in the environment

Industry Metals Pollution arising References

Electroplating Cr, Ni, Zn, Cu Liquid effluents from plating processes [2]

[3]

Batteries Pb, Sb, Zn, Cd, Ni,

Hg

Waste battery fluid, contamination of soil

and groundwater

[4]

Paints and

pigments

Pb, Cr, As, Ti, Ba,

Zn

Aqueous waste from manufacture, old paint

deterioration, and soil pollution

[5]

[6]

Landfill

leachate

Zn, Cu, Cd, Pb, Ni,

Cr, Hg

Landfill leachate, contamination of ground

and surface water

[7]

[8]

Electronics Pb, Cd, Hg, Pt, Au,

Cr, As, Ni, Mn

Aqueous and solid metallic waste from

manufacturing and recycling process

[9]

Metalliferous

mining

Cd, Cu, Ni, Cr, Co,

Zn

Acid mine drainage, tailings, slag heaps [10]

Fertilisers Cd, Cr, Mo, Pb, U,

V, Zn

Run-off, surface and groundwater

contamination, plant bioaccumulation

[11]

[12]

Manures

sewage

sludge

Zn, Cu, Ni, Pb, Cd,

Cr, As, Hg

Land spreading threat to ground and surface

water

[11]

[13]

Specialist

alloys and

steels

Pb, Mo, Ni, Cu, Cd,

As, Te, U, Zn

Manufacture, disposal, and recycling of

metals. Tailings and slag heaps

[14]

[15]

Paper and pulp Zn, Cu, Cd, Pb, Ni,

Fe, Mn

Wastewater effluents [16]
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damage as well. High concentrations of mercury can lead to neurobehavioural

disorders and developmental disabilities including dyslexia, attention deficit hyperac-

tivity disorder, and intellectual retardation. Excessive copper concentrations can lead

to weakness, lethargy, and anorexia, as well as damage to the gastrointestinal tract.

Due to their detrimental effects on human beings and biodiversity, it becomes

necessary to remediate the heavy metals containing wastewater and industrial

effluents. Biosorption offers a green approach for the treatment of heavy metals

containing wastewater for management and sustainable development.

10.4 Biosorption

Biosorption has been defined as the property of certain biomolecules to bind and

concentrate selected ions or other molecules from aqueous solutions [17]. As opposed

to a much more complex phenomenon of bioaccumulation based on active metabolic

transport, biosorption by dead biomass is passive and based mainly on the “affinity”

between the sorbent and sorbate. Biosorption of heavy metals has become a popular

environmentally driven research topic; it represents only one particular type of a

concentration-removal aspect of the sorption process. The methodology of studying

biosorption is based on an interdisciplinary approach to it, whereby the phenomenon

can be studied, examined, and analysed from different angles and perspectives—by

chemists, chemical engineers, as well as by environmentalists.

In recent years, research on the mechanisms of biosorption has intensified since

biomass can be employed to sequester heavy metals from industrial effluents or

to recover precious metals from waste aqueous solutions. Of the many types of

biosorbents (i.e., fungi, bacteria, yeasts, weeds, and industrial and agricultural wastes)

recently investigated for their ability to sequester heavy metals, these low-cost

biomass has proven to be highly effective as well as reliable and predictable in the

removal of, for example, Pb2+, Cu2+, Cd2+, Cr6+, and Zn2+ from aqueous solutions.

There has been an intense research effort aimed at characterising the metal-binding

properties of various forms of biomass. These have included fresh and saltwater

algae, bacteria, fungi, and yeasts and industrial and agricultural waste/by-products.

Metal sequestration by diverse group of biosorbents has been reviewed by several

authors worldwide. Uptake of metals by different low-cost biosorbents is summarised

in Table 10.2.

Jha et al. [39] studied chitosan for Cd(II) removal and reported an adsorption

capacity of 5.93 mg/g in the pH range of 4.0–8.3. It was observed that the presence

of ethylenediaminetetraacetic acid (EDTA) significantly decreased the cadmium

removal. The adsorption of some metal ions on chitosan was also investigated by

McKay et al. [40] who found the adsorption capacity of chitosan for removal of Hg2+,

Cu2+, Ni2+, and Zn2+ as 815, 222, 164, and 75 mg/g, respectively. Udaybhaskar et al.

[41] have studied the sorption of Cr(VI) onto chitosan and reported a highest adsor-

ption capacity of 273 mg/g. Recently, Gupta et al. [42] have reported the removal of

Pb2+, Cu2+, and Ni2+ using hydroxyapatite/chitosan composite as an adsorbent.
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In addition to several natural materials, a number of agricultural wastes/by-

products have been investigated as adsorbents for the removal of pollutants from

aqueous solutions by a number of workers. Namasivayam and Periasamy [43]

converted peanut hull into an adsorbent peanut hull carbon (PHC) by treating it

with concentrated sulphuric acid, then carbonising in air and further treating with

1% sodium bicarbonate overnight. The authors observed much superior adsorption

capacity (109.89 mg/g) for the bicarbonate-treated peanut hull compared to a

commercial granular activated carbon (12.38 mg/g), which was suggested to be

due to higher porosity and the moderate ion exchange capacity of the bicarbonate-

treated peanut hull compared to the activated carbon.

Sun and Shi [44] have studied the feasibility of utilising sunflower stalks, a

renewable agricultural waste available at low cost. The adsorption was found to be

physical with an adsorption capacity of 29.3, 30.73, 42.18, and 25.07 mg/g for Cu2+,

Zn2+, Cd2+, and Cr3+, respectively. Parab et al. [45] tested the efficiency of the coir

pith as low-cost adsorbent and studied the adsorption efficiency of the material for

the removal of Co(II), Cr(III), and Ni(II) using a batch adsorption technique from

synthetic nuclear power plant coolant water. The researcher noted that even though

the adsorptive capacity of coir pith is not excessively high for cobalt, chromium,

and nickel, the low cost of the material together with its adsorptive ability could

offer a promising procedure for the treatment of industrial wastewaters.

Raw bagasse is a waste biomaterial from sugar mills and has been used as a low-

cost adsorbent for the removal of chromium and nickel from aqueous solution by

Rao et al. [46]. The efficiency of the biosorbent for the removal of Cr(VI) at pH 6

and Ni(II) at pH 8, with a sorbate concentration 100 mg/L, contact time 90 min,

adsorbent particle size 75 mm, and adsorbent dose 3.5 g/L, was found to be 91% and

85.6%, respectively.

10.5 Modelling of Biosorption: Isotherm and Kinetic Models

Assessment of a solid–liquid sorption system is usually based on two types

of investigations: equilibrium batch sorption tests and dynamic continuous-flow

sorption studies. Equilibrium isotherm model equations such as Langmuir and

Freundlich are used to describe experimental adsorption data in batch mode. It is

important to find best-fit isotherm to evaluate the efficacy of the prepared adsorbent

to develop suitable industrial adsorption system designs.

10.5.1 Equilibrium Modelling of Biosorption

Equilibrium isotherm models are usually classified into the empirical equations and

the mechanistic models. The mechanistic models are based on mechanism of metal

ion biosorption, which are able not only to represent but also to explain and predict
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the experimental behaviour. Some empirical models for single solute systems are

listed in Table 10.3. The Langmuir model (based on monolayer adsorption of

solute) and the Freundlich model (developed for heterogeneous surfaces) are the

most widely accepted and used in literatures. The Brunauer–Emmett–Teller (BET)

model describes the multilayer adsorption at the biosorbent surface and assumes

that the Langmuir isotherm applies to each layer. These models can provide

information of metal uptake capacity and difference in metal uptake between

various species.

10.5.2 Freundlich Isotherm

Freundlich isotherm is an empirical equation. This equation is one among the most

widely used isotherms for the explanation of adsorption equilibrium. Freundlich

isotherm is capable of describing the adsorption of heavy metals on a wide variety

of biosorbents. This equation has the following form:

qe ¼ KF C
1=n
e

It can also be expressed in the linearised logarithmic form

log qe ¼ log KF þ 1

n
log Ce

The plot of log qe versus log Ce has a slope with the value of 1/n and an intercept
magnitude of log KF. Log KF is equivalent to log qe when Ce equals unity. Though,

in other case when 1/n 6¼ 1, the KF value depends on the units upon which qe and Ce

are expressed. On average, a favourable adsorption tends to have Freundlich

constant n between 1 and 10. Larger value of n (smaller value of 1/n) implies

stronger interaction between biosorbent and heavy metal, while 1/n equal to 1

indicates linear adsorption leading to identical adsorption energies for all sites [47].

10.5.3 Langmuir Isotherm

Langmuir is well-known used model for describing heavy metal sorption onto

biosorbent. Langmuir equation relates the coverage of molecules on a solid surface

to concentration of a medium above the solid surface at a fixed temperature. This

isotherm based on three assumptions, namely, adsorption is limited to monolayer

coverage, all surface sites are alike and only can accommodate one adsorbed atom,

and the ability of a molecule to be adsorbed on a given site is independent of its

neighbouring sites occupancy [47]. By applying these assumptions, and a kinetic
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principle (rate of adsorption and desorption from the surface is equal), the

Langmuir equation can be written in the following form:

qe ¼ qmax

KL Ce

1þ KL Ce

The linear form of this equation is often written as

Ce

qe
¼ 1

qmax

Ce þ 1

KL qmax

Within the Langmuir model, the saturation capacity qmax is supposed to coincide

with saturation of a fixed number of identical surface sites, and as such, it should

logically be independent of temperature.

Sometimes, these empirical models do not reflect any mechanisms of sorbate

uptake and hardly have a meaningful physical interpretation for biosorption. Some

author have pointed out that the results from the empirical models cannot be extra-

polated, and no predictive conclusions can be drawn for systems operating under

different conditions [48]. Both simple basic models (Langmuir and Freundlich

models) also do not incorporate the effects of any external variable environmental

factors, although they are capable of describing many biosorption isotherms in most

cases. The mechanistic conclusions from the good fit of the models alone should

be avoided. Moreover, biosorption isotherms may exhibit an irregular pattern due

to the complex nature of both the biosorbents and its varied multiple active sites,

as well as the complex solution chemistry of some metallic compounds.

10.5.4 Other Two-Parameter Isotherms

A particular model might be invalid in a particular circumstance, and in most cases,

more than one model can explain the biosorption mechanism. Several models

initially developed for gas phase adsorption can be implemented to correlate

heavy metals biosorption processes. Some of these equations contain two fitting

parameters (Temkin isotherm, Flory–Huggins, and Dubinin–Raduskevich

equations), whereas others can have more than two parameters (Redlich–Paterson

and Sips isotherms) [47].

10.5.5 Kinetic Studies in Biosorption of Heavy Metals

Adsorption equilibria studies are important to conclude the efficacy of adsorption.

In spite of this, it is also necessary to identify the adsorption mechanism type in a

given system. On the purpose of investigating the mechanism of biosorption and its
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potential rate-controlling steps that include mass transport and chemical reaction

processes, kinetic models have been exploited to test the experimental data. In

addition, information on the kinetics of metal uptake is required to select the

optimum condition for full-scale batch metal removal processes.

Several adsorption kinetic models have been established to understand the adsorp-

tion kinetics and rate-limiting step. These include pseudo-first- and pseudo-second-

order rate models, Weber and Morris sorption kinetic model, Adam–Bohart–Thomas

relation, first-order reversible reaction model, external mass transfer model, first-

order equation of Bhattacharya and Venkobachar, Elovich’s model, and Ritchie’s

equation. The pseudo-first- and pseudo-second-order kinetic models are the most

well-liked models to study the biosorption kinetics of heavy metals and quantify the

extent of uptake in biosorption kinetics.

10.5.5.1 The Pseudo-First-Order Kinetic

The Lagergren first-order rate expression based on solid capacity is generally

expressed as follows:

dq

dt
¼ k1ðqe � qÞ

Integration of the above equation with the boundary conditions, t ¼ 0, q ¼ 0,

and t ¼ t, q ¼ q, gives

lnðqe � qÞ ¼ ln qe � k1t

This equation can be written in the linear form:

q ¼ qe 1� exp �k1tð Þð Þ

Kinetic adsorptions by numerous biological materials have been studied using

the pseudo-first-order kinetic model [47].

10.5.5.2 The Pseudo-Second-Order Kinetic

Predicting the rate of adsorption for a given system is among the most important

factors in adsorption system design, as the system’s kinetics determine adsorbate

residence time and the reactor dimensions [47]. As previously noted that although

various factors govern the adsorption capacity, that is, initial heavy metals concen-

tration, temperature, pH of solution, biosorbent particle size, and heavy metals

nature, a kinetic model is only concerned with the effect of observable parameters

on the overall rate.
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Pseudo-second-order model is derived on the basis of the sorption capacity of the

solid phase, expressed as

dq

dt
¼ k2ðqe � qÞ2

Integration of above equation with the boundary conditions t ¼ 0, q ¼ 0, and at

t ¼ t, q ¼ q results in

1

qe � q
¼ 1

qe
þ k2t

This equation can be stated in the linear form as

t

q
¼ t

qe
þ 1

k2q2e

The pseudo-second-order rate constants can be determined experimentally by

plotting t/q against t. As such, in comparison to pseudo-first-order kinetic, this

model is considered more appropriate to represent the kinetic data in biosorption

systems [47].

Pseudo-first- and pseudo-second-order rate expressions have been and still in

wide use for studying the biosorption of heavy metals from aqueous solutions. In

chemisorption process, the pseudo-second-order is superior to pseudo-first-order

model as it takes into account the interaction of adsorbent–adsorbate through their

valency forces [47].

10.5.5.3 The Weber and Morris Sorption Kinetic Model

The Weber and Morris (WM) sorption kinetic model was initially employed by

Pavasant et al. [49] to describe their biosorption experimental data. This model has

the following form:

q ¼ KWM

ffiffi
t

p

In their investigation, the sorption process by C. lentillifera biomass for Cu(II),

Cd(II), Pb(II), and Zn(II) was regulated by two main mechanisms, that is,

intraparticle diffusion and external mass transfer. The intraparticle diffusion can

be estimated with

D ¼ p
8640

dp KWM

qe

� �2
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The external mass transfer process was determined by

dq

dt
¼ K0

L A C� Ci
s

� �
They observed that the external mass transfer coefficients can be ordered from

high to low values as Cu(II) > Pb(II) > Zn(II) > Cd(II), while the intraparticle

diffusion coefficients were as follows: Cd(II) > Zn(II) > Cu(II) > Pb(II).

10.6 Thermodynamic Analysis

The Langmuir isotherm constant can be used in biosorption to estimate the thermo-

dynamic parameters Gibbs free energy (DG), change in enthalpy (DH), and change
in entropy (DS). Negative DG indicates the spontaneity of the adsorption process.

DH is used to identify the nature of adsorption. A positive value of DS indicates

increased randomness of adsorbate molecules on the solid surface than in solution.

The free energy of adsorption (DG) can be related with the Langmuir equilib-

rium constant by the following expression [50]:

DG ¼ �RT ln KL

Enthalpy and entropy changes are also related to the Langmuir equilibrium

constant by the following expression:

lnKL ¼ DS
R

� DH
RT

Thus, a plot of ln KL versus 1/T should be a straight line. DH and DS values could
be obtained from the slope and intercept of this plot.

10.7 Advantages of Biosorption

There are several advantages in using low-cost biosorbents for removal and recov-

ery of heavy metals from aqueous solutions. Some of them we have summarised

below:

1. The metal removal rates from aqueous solution by biosorption are generally

faster than those by other metabolically mediated processes. This property of

biosorption would make it the most effective in treatment of voluminous water

bodies containing low concentrations of metals, such as the final wastewater
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treatment process, to meet regulation standards of metals before being

discharged to the environment.

2. The costs for formulating biosorbents and operating the treatment systems are

generally low, especially waste bacteria and fungi from various fermentation

industries, agricultural by-products, and the biomass that exists abundantly in

nature that is easily available can be utilised as cheap raw materials of bio-

sorbents. It is not necessary to feed any substrates or energy for propagation of

the raw biomass of biosorbents if these microbial wastes and abundant biomass

are to be utilised. They are, however, often required to receive some modi-

fications before introduction into the real wastewater treatment systems, and

they will take additional costs according to the reagents and equipments used for

the modifications.

3. It is generally easy to recover metals from metal-loaded biosorbents and regen-

erate the biosorbents for further adsorption–desorption cycles. Dilute acid and

alkaline solutions, salt solutions, and chelating agents such as ethylenediamine-

tetraacetic acid (EDTA) solution are reported to be effective in eluting metals

from the metal-laden biosorbents. Elution of the adsorbed metals with a smaller

volume of eluent results in concentration of the metals from the original water

bodies, and the metals in the eluate can be recovered and reused.

4. Performances of biosorbents can be improved through various kinds of physical

and chemical pretreatments. The main purposes of modification of raw bio-

sorbent materials are to (a) shape and impart mechanical strength and resistance

to chemical and microbial degradation, and (b) improve biosorption selectivity

for target metals. Pretreatments of raw biomass by physical or chemical methods

have been also found to improve the metal adsorption performances of the

biosorbents, although this is not always the case.

5. Biosorption treatment can be operated at a wide range of scales. A packed bed

column reactor configuration is considered to be the most effective mode of the

biosorption process, and this system can be scaled up to the treatment of a large

volume of acid mine drainage and industrial wastewater and scaled down to the

removal of As from contaminated well water.

6. Biosorbents are basically biodegradable, and the exhausted biosorbents that

consist mainly of degradable organic matter could be converted into energy

fuels through fermentation processes, thermal energy by combustion, or com-

posts as fertiliser, if the complete (if not, sufficient) removal of adsorbed metals

from the biosorbents is secured.

10.8 Disadvantages of Biosorption

Biosorption of metal ions is strongly affected by the properties of the water to be

treated, such as pH, ionic strength, coexisting ions, and suspended solids. Optimal

pH for biosorption of metal cations is generally around neutral, and their adsorbed

amounts would decrease as solution pH is lowered because of diminishing of
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negatively charged sites on the biosorbents due to protonation. On the other hand,

acidic pH favours biosorption of metal anions. Mine drainage and industrial

wastewater usually contain more than one heavy metal species, and these metal

ions would compete with each other for the binding sites on biosorbents. Not only

heavy metals but also Ca and Mg present in hard water and Al and Fe in most of

industrial effluents and mine drainage may strongly obstruct biosorption of the

target heavy metals [51]. Thus, metal adsorption performance of biosorbents should

be carefully evaluated in not only a single-metal solution system but also

multimetal solution systems prior to their practical applications [52]. This evalua-

tion would clarify at the same time the selectivity of the biosorbents in metal

binding. The adsorption of metal cations on biosorbents would be also inhibited

by inorganic and organic anions present in the solution due to complexation with

the metal cations.

10.9 Biosorbents and Their Future Applications

In the development of new separation and purification technologies, such as

removal of heavy metals, biosorption can play a key enabling role. A breakthrough

in sorbent development is needed to solve the critical problem of removal and

recovery of metal ions. However, to remove the poisoning of the metal ions from

aqueous solutions, there is need for the further development of newer biosorbents of

highest removal capacity.

In nature, biosorbents are biodegradable. This may be a serious challenge for

long-term storage and application in sorption processes as sorbent recycling is

necessary for cost-efficient use of these biosorbents for environmental cleanup.

Cellulose exhibits excellent chemical stability and mechanical strength. Its fibres

exhibit regions in which the molecules are densely and orderly packed, and where

extensive intermolecular hydrogen bonding is observed [53]. These regions are

referred to as crystalline domains, and they impart strength, swelling resistance, and

stability to the fibre [54]. The detailed structural studies of biosorbents can play

vital role in cost-effective modification of the biosorbent for enhancing the removal

of heavy metals from aqueous solutions.
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Chapter 11

Water Desalination by Solar Energy

K. Sampathkumar, T.V. Arjunan, and P. Senthilkumar

11.1 Introduction

The availability of water on the surface of the Earth has made life, as we know it,

possible. Water is one of the most ubiquitous resources and can be either consumed

directly or used in applications such as irrigation, industrialisation and power

generation. Increases in population, urbanisation, industrialisation and modern

agriculture have put a tremendous amount of stress on bodies of freshwater, threat-

ening the health of mankind. The quality of water is vastly deteriorating due to

improper waste disposal, water management and environmental views. The World

Health Organisation reported that all of the water on earth can be classified as 97.5%

salt water and 2.5% freshwater, 70% of which is frozen in the polar icecaps.

The remaining 30% of freshwater is mostly present as soil moisture. In the end,

less than 1% of the world’s freshwater (about 0.007% of all water on earth) is readily

accessible for direct human use [1]. Globally, 3.575 million people die each year

from water-related diseases and 98% of the deaths occur in developing countries.

Therefore, the importance of supplying drinkable water to remote areas can hardly

be overstressed.
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Solar energy is one of the cleanest energy sources and helps reduce the

greenhouse effect. Solar distillation is a promising solution for converting

brackish water into drinkable water, which can be supplied to relatively small

communities and remote areas where the solar energy is abundant and access to

other conventional energy sources is limited. Solar stills operate similarly to the

natural hydrological cycle and are mainly classified as either passive or active.

If the water in the basin is heated by only solar radiation, the system is classified as

a passive solar still. If additional heat energy is fed into the basin in addition to

the solar radiation, the system is an active solar still. Single basin single slope

solar stills are the most popular still configuration due to their simple design,

ease of fabrication and low operational costs. However, the productivity of this

system is limited and needs to be increased before it can be deployed in remote

areas. Therefore, studies on water purification techniques using solar energy

resources are becoming important in the present scenario.

11.2 Supply and Demand for Water

Water, one of nature’s most important gifts to mankind, is an essential element to

good health. Natural water sources, especially rivers, canals, ponds, wells, etc. are

being exploited, mistreated and contaminated, making drinking from them unsafe.

Over the years, the canal water has become highly polluted with the presence of

physical and chemical impurities, as well as harmful bacteria. The World Health

Organisation (WHO) reported that more than 1.1 billion people across the globe

draw water from unsafe sources [2].

Water supply depends on several factors in the water cycle, including the rates of

rainfall, evaporation, the use of water by plants (transpiration), river and ground-

water flows. It is estimated that less than 1% of all freshwater is available for people

to use (the remainder is locked up in ice sheets and glaciers). Globally, around

12,500 km3 of water are considered available for human use on an annual basis.

This amounts to about 6,600 m3 per person/year.

Each year, about four million people die due to waterborne diseases, including

two million children who die of diarrhoea. Nearly 70–80% of these people live in

rural areas. Based on the population growth, projections of development and

climate change, it has been estimated that the proportion of the world’s population

living in countries with significant water problems will increase from approxi-

mately 34% in 1994 to 63% in 2025, including large areas of Africa, Asia and

Latin America. This will impact their lives and livelihood. India accounts for 2.45%

of land area and 4% of water resources of the world but represents 16% of the world

population. With the present population growth rate (1.9% per year), the population

is expected to cross the 1.5 billion mark by 2050.
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11.3 Water Desalination Techniques

One of the techniques used by people for water purification in the world is

desalination. Many systems were invented for desalination from time to time, and

it has been accepted by people in olden days. Major desalination techniques like

vapour compression distillation, reverse osmosis and electrolysis consume electric-

ity as input energy. But in the recent years, most of the countries in the world

have been significantly affected by energy crisis because of heavy dependency on

conventional energy sources (coal power plants, fossil fuels, etc.). All these

problems could be solved only through efficient and effective utilisation of renew-

able energy resources such as solar, wind, biomass, tidal and geothermal energy,

etc. Safe drinking water from available water should be made using the

technologies with limited financial resources and practices that minimise ecological

disturbances [3].

Many options are available to distillate the brackish/saline water. Among the

non-conventional methods to purify the polluted water, the most prominent method

is the ‘Solar Distillation’. This is an oldest method to get the potable water from

brackish or saline water by utilising the solar energy which is the most abundant

natural resource in the world. Solar desalination is applicable in all areas receiving

200–350 sunny days a year. Solar distillation of brackish water is a one of the good

options to obtain freshwater for drinking, hospital and laboratories, etc., as it needs

simple technology and low maintenance due to which it can be used anywhere with

lesser number of problems. There are no subsequent costs for delivering water to

the end user and no energy costs as the conventional one. The technology involved

in distillation of saline or brackish water using solar energy is relatively simple, and

semi-skilled/unskilled operators can carry out its operation and maintenance.

Nature itself provides most of the required freshwater through hydrological

cycle. The essential features of hydrological cycle are summarised as the production

of vapours above the surface of the liquids, then transport of vapours by winds, the

cooling of air-vapour mixture, condensation and precipitation. This natural process

is copied on a small scale in basin type solar stills. Solar distillation process has been

developed in different countries all over the world like Australia, Greece, Spain,

West Indies and India. There are various categories of solar stills, namely, basin

solar stills, solar still coupled with flat plate collector, multiple condensing cover

still, wick type solar still, vertical solar still, etc., of which more than 90% of all

functioning stills are of the basin type. The details about classification and functions

of various solar distillation systems are explained in the subsequent sections.

11.4 Solar Distillation

The solar still consists of an airtight space in which evaporation and condensation

take place simultaneously. It is usually constructed out of concrete/cement, fibre-

reinforced plastic (FRP), glass-reinforced plastic (GRP) or galvanised iron (GI)

11 Water Desalination by Solar Energy 325



sheet with a top cover of transparent material like glass or plastic, etc. The inner

surface of the rectangular base is blackened to efficiently absorb incident solar

radiation. The provision is made at lower end of the glass cover to collect the

distillate output. The brackish or saline water is fed into the basin of the solar still

for purification in a desired depth. The bottom and sides of the still is insulated

properly to minimise the thermal losses to atmosphere. The top condensing cover is

normally made of plane glass. The glass cover permits the short wave length solar

radiation to enter into the solar still, which is mostly absorbed by blackened surface

and further convected to water mass. The significant principles of this system which

have been applied to solar still design are (Fig. 11.1):

1. The production of vapour above the water surface

2. The transport of this vapour by air

3. The cooling of the air-vapour mixture

4. Condensation and

5. Precipitation

The incident solar radiation on the glass cover is partially reflected and

absorbed by the glass cover, and the rest is transmitted into the airtight enclosure

of distillation unit. The transmitted radiation comes into contact of the water

surface and part of its gets reflected and absorbed in the water mass. Finally, the

solar radiation reaches the blackened surface where it is mostly absorbed.

The blackened surface of the still usually known as basin liner releases the

maximum thermal energy to the water mass through convection, and a very

Direct solar
radiation

Reflected
from cover

Reflected
from water

Brine depth

Reflected
from bottom

Transparent
cover

Tilt angle

Insulation

Fig. 11.1 Schematic of a single slope solar still (Reproduced from [4] with kind permission of#
Elsevier BV)
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small amount of thermal energy is lost to atmosphere by conduction. Consequently,

the water mass gets heated, leading to an increased temperature of water and

glass cover. The heat transfer from water surface to the glass cover takes place

mainly by three modes of heat transfer, namely, convection, evaporation and

radiation. The evaporated water gets condensed over the inner surface of the

glass cover after releasing the latent heat. The condensed water trickles under

gravity into the channels provided at the lower end of the glass cover. The distillate

is collected from the distillate channel to an appropriate jar through the plastic or

rubber pipe for the end use. The thermal energy received by the inner surface

of glass cover is lost to the ambient by radiation and convection from outer surface

of glass cover.

11.5 History of Solar Distillation

Solar distillation has been used in many countries for various applications since

many centuries. As early as in the fourth century B.C., Aristotle described a method

to evaporate impure water and then condense it for potable use. However, histori-

cally, the earliest document work on solar distillation was reported by Mouchot in

1969, an Arab alchemist in the sixteenth century. The historical solar still apparatus

consists of wide earthen pots and it is exposed to the intense heat of the solar rays to

evaporate water and collect the condensate into vessel placed underneath as

reported by Nebbia and Menozzi [5].

A Swedish engineer, C.Wilson, in 1872 was the first who designed conven-

tional solar still for supplying freshwater to a nitrate-mining community in

Chile, which become quite popular and was in operation for more than 40 years.

During the 1950s, interest in solar distillation was revived, and in virtually

all cases, the objective was to develop large centralised distillation plants.

In California, the goal was to develop plants capable of producing 3,775 cubic

metres of water per day. However, after about 10 years, researchers concluded that

large solar distillation plants were too expensive to compete with conventional

fuel-fired ones. Therefore, research shifted to smaller solar distillation plants.

In 1970, 38 plants were built in 14 countries, with capacities ranging from a few

hundred litres to around 30,000 l of water per day. Of these, about one third have

since been dismantled or abandoned due to material failures. None in this

size range is reported to have been built in the last 7 years [6]. Despite the growing

discouragement over community-size plants, McCracken Solar Company in

California continued its efforts to market solar stills for residential use. Worldwide

interest in small residential units is growing, and now that the price of oil is ten

times what it was in the 1960s, interest in the larger units may be revived.

11 Water Desalination by Solar Energy 327



11.6 Classification of Solar Stills

The solar distillation systems are mainly classified as passive solar still and active

solar still. The numerous parameters are affecting the performance of the still such

as water depth in the basin, material of the basin, wind velocity, solar radiation,

ambient temperature and inclination angle. The productivity of any type of solar

still will be a dependent factor by the temperature difference between the water in

the basin and inner surface glass cover.

In a passive solar still, the solar radiation is received directly by the basin water

and is the only source of energy for raising the water temperature and consequently

the evaporation leading to a lower productivity. This is the main drawback of a

passive solar still. The conventional passive solar still is the most economical

solar still to provide drinking water for domestic applications at decentralised

level. This is due to simplicity in design and fabrication, easy to handling and

low cost of water per kg. Further, due to low operation and maintenance cost, it is

most suitable for the rural areas of remote region. Later, in order to overcome the

lower yield, many active solar stills have been developed. In active solar still,

additional thermal energy is fed into the basin water using solar collectors or any

other heat source to increase the basin water temperature and in turn improve its

productivity. The classification solar distillation is given in Fig. 11.2. The different

designs of passive and active solar stills are discussed as follows.

11.7 Passive Solar Stills

11.7.1 Single Slope Solar Still

The simplest structure of a solar still is single slope solar still and it is shown in

Fig. 11.3. It contains a basin having a certain depth of saline water and a cover

transparent to solar radiation, yet blocks the long wavelengths radiation emitted by

the interior surface of the solar still. A sloped cover, which provides a cool surface

for condensation of water vapour, facilitates an easy flow of the water droplets into

condensate trough. The base of the still is blackened on the interior surface to

maximise absorption of solar radiation and insulated on the exterior surface to

minimise heat losses.

Tiwari et al. [7] presented the performance of various designs of solar stills and

inferred that the single slope solar still gives better yield than double slope solar still

in winter. Madani and Zaki [8] conducted the experiments in single slope solar

still with porous basin and found that the daily yield is in the range of 2.5–5 kg/m3.

Lowering the cover temperature helps in increasing the productivity. The cooler

inner glass surface increases the rate of condensation. The glass cover temperature
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is reduced by a film of cooling water continuously flowing over the glass [9].

Toure and Meukam [10] studied the single basin solar still theoretically and

experimentally. The results showed that the maximum yield was 5 l/m2-day for a

sunny day in Abidjan and also found that the wind speed has little effect on the total

yield. Kalidasa Murugavel et al. [11] reviewed the progress of solar still effective-

ness of the single basin passive solar still. They suggested that the orientation of the

glass cover depends on the latitude and surface heating of water mass. Velmurugan

et al. [12] conducted the experiments on fin type passive solar still and found the

yield was increased by 52%. Khalifa and Hamood [4] presented the performance

correlations for basin type solar stills and found that increasing the brine depth

decreases the productivity of the basin type solar still. The correlation developed

illustrates that the still productivity could be influenced by the brine depth alone by

up to 33% for depth ranging from 1 to 10 cm.

Solar Distillation

Active solar still

Solar still coupled with
flat plate collector

Solar still coupled with
parallel flat plate collector

Vertical solar still coupled
with flat plate collector

Solar still coupled with 
parabolic concentrator

Solar still coupled with
solar pond

Solar still coupled with
hybrid PV/T system

Hybrid solar still

Pre heated water active
solar still

Passive solar still

Single slope solar still

Double slope solar still

Wick type solar still

Inverted absorber solar 
still

Solar still with condenser

Cancave wick solar still

Green house solar still

Hemispherical solar still

Spherical solar still

Stepped solar still

V type solar still

Triple basin solar still

Fig. 11.2 Classification of solar distillation system

11 Water Desalination by Solar Energy 329



11.7.2 Double Slope Solar Still

The cross-sectional view of a double slope passive solar still is shown in Fig. 11.4,

and it is placed normally in east west direction to receive the maximum solar

radiation. The material normally used for construction of single and double slope

solar still are galvanised iron sheet, fibre-reinforced plastic (FRP), glass-reinforced

plastic (GRP) and concrete. The material required for construction of double slope

solar still per square metre is less than two single slope solar stills due to absence of

the two vertical walls.

The principle of solar still operation remains same as single slope solar still and

distillates yield collected in both ends of double slope solar still. Dwivedi and

Tiwari [13] found that the annual yield from single slope passive solar still is higher

than double slope passive solar still. Kalidasa Murugavel and Srithar [14] experi-

mentally studied the basin type double slope solar still with different wick materials

like black cotton cloth, light jute cloth, waste cotton pieces, coir mate, aluminium

fins and sponge sheet. The study revealed that the aluminium fins covered with

cotton cloth gave the maximum yield of 3.58 kg/day.

11.7.3 Wick Type Solar Still

A conventional basin type solar still has some disadvantages: (1) the horizontal

surface of water intercepts lesser solar radiation than a tilted surface, and (2) the

Sun

Solar radiation I(t)s
Condensing glass cover

Gate valve

Water inlet pipe

Wooden box

Insulation (saw dust)

Blackened basin liner

Drainage pipe

Iron stand

Saline water

Beaker

Distillation trough

Fig. 11.3 Schematic of a single slope solar still
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output of basin type solar is also limited by the large thermal capacity of the water

in the basin. A multi wick solar still (Fig. 11.5) is the best alternative for eliminating

the above mentioned points. In which blackened wet jute cloth forms, the liquid

surface which can be oriented to intercept maximum solar radiation and a smaller

mass of water will be heated to higher temperature and will evaporate rapidly.

The wet surface is created by a series of jute cloth pieces of increasing length

separated by thin polythene sheets; these pieces are arranged along an incline and

the upper edges are dipped in a saline water tank. Suction by the capillary action of
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Fig. 11.4 Schematic of a double slope solar still
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Fig. 11.5 Schematic of a wick type solar still (Reprinted from [15] with kind permission of

# Elsevier Science)
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the cloth fibre provides a surface of the liquid, and the arrangement ensures that all

the surface irradiated by the sun is wet at all times; the portion of a piece of cloth,

covered by the polythene sheet does not suffer evaporation and hence the exposed

portion of the piece retains wetness [16, 17].

Sodha et al. [16, 17] observed that, overall efficiency of multiple wick solar

still is 4% higher than the basin type still. Their results also show that the still costs

less than half of the cost of a basin type still of same area and provide a higher yield

of distillate.

Reddy et al. [18] showed that a multiple solar still with a condenser arrangement

gives 15–25% higher than the non condenser type still. The excess vapour can be

condensed on the additional surface and reduce the heat loads on the glass cover,

and reduces glass cover temperature which in turn enhances evaporation rate.

This concept was implemented by Tiwari et al. [19] on multi wick solar still.

The authors concluded that the double condensing multiple wicks solar still gives

nearly 20% higher yield than the simple wick solar still, and under cloudy and low

intensity conditions, both stills show almost a similar performance. Minasian and

Al-Karaghouli [20] connected a wick type solar still with a conventional basin

type solar still. The result shows that the total yearly amounts of distilled water

indicate that the wick basin type could produce 85% more than basin type and 43%

more than wick type solar still.

11.7.4 Inverted Absorber Solar Still

The schematic diagram of inverted absorber solar still is shown in Fig. 11.6.

The solar radiation, after transmission through the glass cover g1, is reflected

back to the inverted absorber of a solar still. The absorbed solar radiation is partially

convected to the water mass above the inverted absorber; while the rest of the

radiation is lost to the atmosphere through the glass covers g1 and g2. Now, the

water gets heated. There are radiative, convective and evaporative heat losses from

the water mass to the condensing cover. The evaporated water is condensed on the

inner surface of the condensing cover, releasing its latent heat. The condensed water

trickles down the condensing surface under gravity and is finally collected through

drainage provided at the lower end [21].

Tiwari and Suneja [21] presented an analysis of an inverted absorber solar still.

Their results show that the inverted absorber solar still gives about double the

output of the conventional solar still; also the authors observed that the evaporative

heat loss is a strong function of the operating temperature. Sunej et al. [22] also

observed that an inverted absorber solar still gives a higher output than the

conventional double effect solar still. The overall daily yield in the case of

the inverted triple effect absorber solar still is 30% higher than the conventional

triple effect solar still [23–25]. Suneja and Tiwari [26] optimised the number of

effect on the multi basin solar still. They found that the yield from inverted absorber

solar stills increases as the number of basins increased and reaches an optimum
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value when the number of basin is seven. The operation and maintenance expenses

of inverted double basin solar still are small compared with the conventional

solar system [23].

11.7.5 Solar Still with Condenser

The performance of a parallel double glass solar still with separate condenser was

studied by El-Bahi and Inan [27, 28]. In the system, a solar still designed and built

utilises direct and reflected solar radiation incident on a parallel double glass cover

to evaporate saline water.

Water vapour purges from the evaporator and diffuses to an integrated condenser

due to pressure difference that exists because of the volume ration and temperature

difference between the evaporator and condenser (Fig. 11.7).The study revealed

that the efficiency was increased from 48% to more than 70% when the condenser

was cooled down. El-Bahi and Inan [27] investigated the effect of adding an outside

passive condenser to a single basin type solar still with minimum inclination and

found that the daily yield of 7 kg/m2 and efficiency of 75%were obtained during the

summer months. Also found that the solar still was operated without a condenser,

the yield was decreased to 70%.
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Fig. 11.6 Schematic of a inverted absorber solar still (Reprinted from [21] with kind permission
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11.7.6 Concave Wick Solar Still

The daily yield of basin type solar still mainly depends on the evaporative area and

condensing surfaces. Increasing the surface area or decreasing the cover temperature

will enhance the distillate output. The new design of solar still with wicked concave

surface is shown in Fig. 11.8, and it will increase the absorption and evaporation areas

and in turn increase the yield. Also, this concave still design reduces the shading

effect than the conventional type because all sides are glass. Thewick surface takes the

same shape of the concave surface and is black painted to absorb maximum solar

radiation. Glass cover is used at four sides of the solar still with ordinary window glass

and tilted at an angle of 45� to horizontal surface. The distillate is collected by a

galvanized iron channel fixed on the sides at the lower end of the glass cover.

The channels were inclined such that no accumulation of water was observed.

The experimental study revealed that the average distillate productivity of the

concave wick solar still during the 24 h time is about 4 kg/m2 and the thermal

efficiency was reached about 45% [29].

11.7.7 Greenhouse Type Solar Still

A schematic diagram of a solar still-cum greenhouse, indicating the solar energy

absorbed by the roof and wall is shown in Fig. 11.9. The absorbed solar radiation by

Fig. 11.7 Schematic of a solar still with condenser (Reprinted from [27, 28] with kind permission

of # Elsevier BV)
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Fig. 11.9 A schematic of a solar still-cum-greenhouse (Reprinted from [30] with kind permission

of # Elsevier BV)
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the basin liner is partially transferred to water mass, and the rest is transferred to a

room by conduction, convection and radiation. The stored energy in the water

causes evaporation, and it then condenses and ultimately comes out in the form

of freshwater to be used for irrigation purposes. The remaining transmitted solar

energy is absorbed by the plants and the floor, after reflection. The absorbed energy

is transferred to enclosed air by convection and radiation from the plant and floor;

hence, room air is heated. A part of the energy absorbed by the floor is also

conducted into the ground. If crops can be grown in strong sunlight without the

debilitating effects of high temperatures, then high crop yields can be achieved with

a significantly reduced consumption of water [30]. Sodha et al. [31] conducted

experimental studies of roof type solar still and concluded that, in summer, the daily

heat flux in the room gets reduced by 40% and in winter, mixed with black dye to

obtain water, the daily heat flux in the room increased by a factor of two; produc-

tivity also increased.

Srivastava et al. [30] presented the performance evaluation of distillation

cum greenhouse for a warm and humid climatic condition. Their result shows

that (1) there is a marginal difference between the values of plant, and room

temperature, water, transparent cover and basin liner temperatures also show a

marginal difference; and (2) distillate output can be used as irrigation, and green-

house will provide the desired temperature to plant in a warm and humid climate in

coastal regions.

11.7.8 Hemispherical Solar Still

A schematic diagram of the hemispherical (dome-shaped) solar still is shown

in Fig. 11.10 [32]. The still mainly consists of the circular basin (tray) and absorber

plate carrying the saline water, the hemispherical cover, the conical shaped distil-

late collector, the distillate output plastic container and the mobile support structure

(trolley).

The basin contains the absorber aluminium plate, and a hole was drilled into

the tray to provide accessibility of saline water into the basin during initial filling,

and the bottom section of the basin was insulated to reduce thermal losses to the

surroundings. The hemispherical cover in the top of the solar still unit was made

of a transparent plastic. For sealing purpose, rubber ring gasket was used and

placed between the cover and the collector support structure where they were

tightened and held in place using C-type clamps placed at equal distances

around the periphery of the still. A new transportable hemispherical solar still

was designed, fabricated and experimentally tested by Basel I Ismail [32] during

daytime for 6 days under outdoors of Dhahran climatic conditions. It was found

that over the hours of testing in daytime, the daily distillate yield produced from

the still ranged from approximately 2.8 to 5.7 kg/m2. The daily efficiency of the

solar still reached as high as 33%.
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11.7.9 Spherical Solar Still

The spherical solar still (Fig. 11.11) consists of a blackened metallic plate placed

horizontally at the centre of a transparent envelope, which is spherical in shape and

is usually made of glass. Naresh K Dhiman [33] presented a mathematical model to

predict the thermal performance of a spherical solar still. The results show that

spherical solar still has efficiency 30% more than the conventional solar still.

11.7.10 Stepped Solar Still

The schematic view of stepped solar still is shown in Fig. 11.12. In stepped solar still

absorber, the plate is looking like a stepped structure. Normally, GI material is used

for construction of stepped size absorber plate due to its low cost. The depth of the

individual tray may be constant or varied based on the requirement. The absorber

plate is placed in a wooden box with insulation material of saw dust. The absorber

plate is painted in black to receive maximum solar radiation. One main advantage of

this model is variation in water depth in trays. This leads to decrease of water depth

and in turn increases the evaporation rate. Velmurugan et al. [34–36] experimentally
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Fig. 11.10 Schematic view of hemispherical solar still (Reprinted from [32] with kind permission

of # Pergamon)
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Fig. 11.11 Schematic of a spherical still (Reprinted from [33] with kind permission of

# Elsevier BV)
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Fig. 11.12 Schematic view of stepped solar still (Reprinted from [34–36] with kind permission of
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investigated the stepped solar still with various energy-absorbing materials. They

found that the production rate was increased by 53.3, 68 and 65% when fins, sponge

and pebbles are used in the stepped solar still, respectively.

11.7.11 ‘V’ Type Solar Still

The schematic view of the ‘V’ type solar still is shown in Fig. 11.13. Water

collection through the single channel is the more prominent feature of the ‘V’

type solar still. The main advantage of this type of still is that the distilled water

collection is directed towards the central water collection channel [37]. A water

basin is made up of mild steel and water condensate collector is provided.

The ordinary window glass with an inwards slope of 22� is maintained towards

the centre of the still. This shape is maintained on both sides of the solar still to

make it ‘V’ shaped. The two glass covers are jointly in the middle by using

chemical adhesive without any air leakage.

A boosting mirror also provided in one side to increase the solar radiation.

Selvakumar et al. [37] conducted the experiments in ‘V’ type solar still and they

found that the efficiency of solar still is 24.47%.

Fig. 11.13 Schematic view of ‘V’ type solar still (Reprinted from [37] with kind permission of

# Elsevier BV)
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11.7.12 Triple Basin Solar Still

A triple basin solar still was experimentally studied by El-Sebaii [38] and the

schematic is shown in Fig. 11.14. In the triple basin solar still, two glass sheets

are fixed in between the basin liner and the glass cover of the single basin still.

These glass sheets serve as the base of extra shallow depths of saline water, and the

whole assembly behaves as three simple basin solar stills are placed one above

the other. The water in the middle and upper basins makes use of the latent heat

from condensation released at the inner surfaces of the glass covers of the lower and

middle basins, respectively; consequently, evaporation occurs in the three effects.

The total productivity of the system is a sum of the yields of the individual

basins. The study revealed that the daily total yield of the still was found to be

12.635 kg/m2 on a typical summer day.

11.8 Active Solar Still

The performance of a solar still could neither be predicted nor improved by some of

the uncontrollable parameters like intensity of solar radiation, ambient temperature

and wind velocity. But, there are certain parameters such as depth of water, glass

cover angle, fabrication materials, temperature of water in the basin and insulation

thickness, which affect the performance of the solar still that could be modified for

improving the performance. The temperature difference between water in the basin

and condensing glass cover also has a direct effect in the performance of the still.
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Fig. 11.14 Schematic of a triple basin solar still (Reprinted from [38] with kind permission of

# Elsevier BV)

340 K. Sampathkumar et al.



The increased temperature of the water in basin can increase the temperature

difference between the evaporating and condensing surfaces. To achieve better

evaporation and condensation rate, the temperature of water in the basin could be

raised by feeding thermal energy from some external sources. The detailed review

of active solar distillation system was presented by Sampathkumar et al. [39].

11.8.1 Solar Still Coupled with Flat Plate Collector

The solar still coupled with flat plate collector is working as high temperature

distillation method. The solar still coupled with flat plate collector (FPC) works

either in forced circulation mode or natural circulation mode. In forced circulation

mode, a pump is used for supplying water. In natural circulation mode, water flows

due to the difference in the density of water.

The flat plate collector gives an additional thermal energy to the basin of

the solar still. A pump is used to circulate the water from the basin via flat plate

collector to the basin. Many researchers have been carried out in this method

and the first being reported by Rai and Tiwari [40]. They found that the daily

distillate production of a coupled single basin still is 24% higher than that of an

uncoupled one using forced circulation mode. A schematic diagram of an active

solar still integrated with a flat plate collector under forced circulation mode is

shown in Fig. 11.15.

Sun

Solar radiation I(t)s
Condensing glass cover

Gate valve

Water inlet pipe

Wooden box

Insulation (saw dust)

Blackened basin liner

Drainage pipe

Insulated pipe

Gate valves

Saline water

Flat plate collector

Solar radiation I(t)c

Beaker

Distillation trough

Fig. 11.15 Schematic of an active solar still integrated with a flat plate collector
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The bottom insulation is an important design parameter of the active solar still

and for drinking purposes, the conventional solar still will give better performance

because the efficiency of the system reduces with the increase in the effective area

as reported by Tiwari and Dhiman [41]. Their experimental study showed that there

was only 12% rise in yield of the system if the length of the heat exchanger is varied

from 6.0 to 12.0 m and the overall efficiency of the system varied from 15 to 19%.

Sanjeev Kumar and Tiwari [42] observed that temperature of water and thermal

efficiency decreased with an increase in basin area due to the large storage capacity

of the water mass in the basin and depth of water respectively. Yield increased with

increase in the number of collectors, as expected, owing to increased heat transfer

from the collector panel into the basin, and the optimum number of collectors for

maximum yield is 8 m2 since; beyond that, the increase in gain will be lower than

the thermal loss. Singh and Tiwari [43] found that the annual yield is at its

maximum when the condensing glass cover inclination is equal to the latitude of

the place and the optimum collector inclination for a flat plate collector is 28.58�,
for a condensing glass cover inclination of 18.58� for New Delhi climatic condition.

11.8.2 Solar Still Coupled with Parallel Flat Plate Collector

Yadav and Prasad [44] experimentally studied the solar still integrated with parallel

flat plate collector. The schematic diagram of a solar still integrated with a parallel

flat plate solar energy collector is shown in Fig. 11.16. The collector essentially

consists of a parallel flat plate placed over the insulation with an air gap through

which the water will flow below the absorber.

There is a glass sheet over the absorber and the whole assembly is enclosed in a

wooden box. The top of the plate (absorber) is blackened by blackboard paint

before the glass cover is placed over the absorber. The collector outlet is connected

Glasscover

Water

Outlet

Absorber
Insulation

Drainage for
distillate

Inlet

x = 0
Lc Lp Ls

Fig. 11.16 Schematic diagram of a solar still integrated with a parallel flat plate water collector

(Reprinted from [44] with kind permission of # Pergamon)
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to the still by a pipe covered with insulation. The circulation of water between the

collector and the still can be made either via a pump (forced circulation system) or

by placing the collector over a supporting structure at such a height as to provide

adequate head for natural circulation of water (thermosiphon) in the system.

The results show that a significant rise in the distillate output is observed when

the still is coupled with the collector and this system can be preferred as cost-

effective compared to the flat plate collector.

11.8.3 Vertical Solar Still Coupled with Flat Plate Collector

Kiatsiriroat et al. [45] analysed the multiple effect of vertical solar still coupled

with flat plate solar collector. The schematic sketch is shown in Fig. 11.17.

The distillation unit consists of ‘n’ parallel vertical plates. The first plate is

insulated on its front side and the last plate is exposed to ambient. Each plate in

the enclosure is covered with wetted cloth on one side. The cloth is extended into

a feed trough along the upper edge of each plate. Feedwater in the trough is then

drawn onto the plate surface by capillary. Excess water moves down the plate and

is conducted out of the still. The last plate is cooled by air or water. The authors

found that the distillation output increases slightly when the plate number is over

5, and it increased by about 34 and 15% when the evaporating plate numbers are

1 and 6, respectively.

Fig. 11.17 Schematic sketch of the multiple effects still with a flat plate collector [45] with kind

permission of # Elsevier Ltd
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11.8.4 Solar Still Coupled with Parabolic Concentrator

The schematic diagram of the solar still coupled with parabolic concentrator is shown

in Fig. 11.18. The parabolic-shaped concentrator or solar collector concentrates

the incident solar radiation on large surface and it focuses on to a small absorber or

receiver area. The performance of concentrators is much affected by the sun tracking

mechanism. The tracking mechanism should move the collectors throughout the day

to keep them focused on the sunrays to achieve the higher efficiency. These types of

solar collectors reach higher temperature compared to flat plate collectors owing to

reduced heat loss area [46].

The various types of concentrators were used over the years based on the

applications. To achieve higher yield, the contractor is coupled with solar still by

means of increasing water temperature in the basin. The water or oil will be supplied

to trough receiver pipe by natural circulation mode or forced circulation mode.

They found that the fresh water productivity was increased by an average of 18%.

Singh et al. [47] found an analytical expression for water temperature of an active

solar still with flat plate collectors and parabolic concentrator through natural

circulation mode. The results show that the efficiency of the system with concentra-

tor is higher than parabolic collector as the evaporative heat transfer coefficient is

higher in concentrator.

11.8.5 Solar Still Coupled with Solar Pond

Solar pond is an artificially constructed pond in which significant temperature rises

are caused to occur in the lower regions by preventing convection. Solar ponds are

2

1

4

35

6

3

oil outlet
oil inlet

Fig. 11.18 Solar still coupled with parabolic concentrator. 1 Parabolic through, 2 Oil pipeline, 3
Valves, 4 Solar still, 5 Oil heat exchanger, 6 Pump (Reprinted from [44] with kind permission of

# Elsevier BV)
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used for collection and storage of solar energy, and it is used for various thermal

applications, and this detailed review of solar pond has been done by Velmurugan

and Srithar [48]. Velmurgan and Srithar [49] theoretically and experimentally

analysed the mini solar pond assisted solar still with sponge cube. The results

show that average increase in productivity when a pond is integrated with a still

is 27.6% and when pond and sponge are integrated with a still, is 57.8%.

Velmurugan et al. [34–36] studied the augmentation of saline streams in solar

stills integrated with a mini solar pond. Industrial effluent was used as feed for fin

type single basin solar still and stepped solar still. A mini solar pond connected to

the stills to enhance the productivity and tested individually. The schematic dia-

gram of experimental setup is shown in Fig. 11.19. The results show that maximum

productivity of 100% was obtained when the fin type solar still was integrated with

pebble and sponge. The productivity increases with increase in solar intensity and

water-glass temperature difference, and decreases with increase in wind velocity.

Velmurugan et al. [34–36] experimentally investigated the possibility of enhancing

the productivity of the solar stills by connecting a mini solar pond, stepped solar

still and a single basin solar still in series. Pebbles, baffle plates, fins and sponges

are used in the stepped solar still for productivity augmentation. Their finding

shows that maximum productivity of 78% occurred when fins and sponges were

used in the stepped solar still and also found that the productivity during night also

improved when pebbles were used in the solar stills.

El-Sebaii et al. [50] experimentally studied to improve the productivity of the

single effect solar stills, a single slope single basin solar still integrated with a

shallow solar pond (SSP). They found that the annual average values of daily

productivity and efficiency of the still with SSP were higher than those obtained

without the SSP by 52.36 and 43.80%, respectively.

11.8.6 Solar Still Coupled with Hybrid PV/T System

The problem encountered with normal PV cells is that most of the solar radiation

that is absorbed by a solar cell is not converted into electricity. The excess energy

which goes unabsorbed by the solar cell increases the temperature of the photovol-

taic cell and reduces the efficiency. Natural or forced circulation of a fluid cooling

medium reduces the cell temperature. Cooling is often applied for concentrating

photovoltaic systems, in which the irradiance on the cell surface is high. An

alternative to ordinary photovoltaic modules is to use photovoltaic-thermal (PV/

T) modules, which are photovoltaic modules coupled to heat extraction devices.

Hence, these systems, in addition to converting sunlight into electricity, collect the

residual thermal energy and delivers both heat and electricity in usable forms.

Kumar and Tiwari [51] conducted an experimental study of hybrid photovoltaic/

thermal (PV/T) active solar still and found that the yield increased by more than

3.5 times than the passive solar still. The schematic of a hybrid (PV/T) active

solar still is shown in Fig. 11.20. Also found was that the maximum daily yield
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Fig. 11.19 Schematic of the mini solar pond integrated with single basin solar still (Reprinted

from [49] with kind permission of # Elsevier BV)
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of 2.26 and 7.22 kg were obtained from passive and hybrid active solar still.

The hybrid active solar still also provides higher electrical and overall thermal

efficiency, which is about 20% higher than the passive solar still.

11.8.7 Hybrid Solar Distillation System

The hybrid solar still can produce the desalinated and hot water from the same

system. These types of designs have more advantages over the other type of

systems. Voropoulos et al. [52] experimentally investigated the hybrid solar still

coupled with solar collectors (Fig. 11.21). The results show that (1) the productivity

of the coupled system is about double that of the still only; (2) significant raises in

distilled water productivity have been obtained not only during the day but mainly

during night operation of the system, reaching triples the solar only system produc-

tivity; and (3) the continuous heating of basin water from tank water results in

higher production rates in all operation periods as a result of significantly higher

differences between water and cover temperatures, mainly at night. Voropoulos

et al. [53] studied the energy behaviour of hybrid solar still and concluded that the

developed method can be a valuable tool for the system optimization, used during

its design and also for evaluation of an existing solar distillation installation through

short-term testing.

Mathioulakis and Belessiotis [54] investigated the possibilities of using optimi-

zation of a simple solar still through its incorporation in a multi-source andmulti-use

environment, and observed that the design of such systems depends on the available

heat sources and/or expected consumption of hot water usage.

Voropoulos et al. [55] conducted experimental study of a hybrid solar desalina-

tion and water heating system. The results show that the output of a conventional

Fig. 11.21 Schematic diagram of hybrid solar distillation system (Reprinted from [52] with kind

permission of # Elsevier BV)
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solar still can be significantly increased if it is coupled with a solar collector field

and hot water storage tank. The distilled water production was gradually reduced

when the increase in delivered energy through hot water draws-off. Ben Bacha et al.

[56] developed a mathematical model to give the ability to estimate the expected

performance of the system under given climatic conditions, allowing the choice of

the proper design solutions in relation to the desired usage.

11.8.8 Preheated Water Active Solar Still

In this method, preheated water is used to increase the water temperature in the

basin. The waste hot water is available from various sources like paper industries,

chemical industries, thermal power plants and food processing industries, and

the same may be utilised for solar distillation plant to increase the productivity.

The hot water will be supplied directly to the basin or through heat exchangers.

Proctor [57] proposed the technique of using waste heat in a solar still and predicted

that productivity increased 3.2 times compared with ordinary still. Sodha et al.

[16–17] presented the experimental results on utilisation of waste hot water for

distillation. In that test, two modes were studied: (1) flowing waste hot water from

thermal power plants at constant rate through the solar still and (2) feeding waste

hot water obtained from thermal power plants once a day.

Their results showed that length of solar still, depth of water in basin, inlet water

temperature and solar radiation are the parameters which affect the performance of

the still, and the still fed with hot water at constant rates gives higher yield in

comparison to a still with hot water filled only once in a day. Ashok Kumar and

Tiwari [58] investigated the use of hot water in double slope solar still through heat

exchanger (Fig. 11.22).

The authors observed that the evaporative heat transfer coefficient depends

strongly on temperature and advised to use the waste hot water with either higher

temperature or during off sunshine hours. Yadav [59] analysed the performance of

double basin solar still coupled to a heat exchanger. The author observed that the

efficiency of a double basin solar still coupled to a heat exchanger is significantly

less, as compared to that without heat exchanger.

11.9 Conclusion

In finale, solar stills are cost-effective when compared to all other available

desalinations systems in use today. The main advantage of the solar still is easy

to construct and operate even in remote areas. The only disadvantage of the solar

still is very low yield and it may be improved by increasing the basin area. Passive

solar stills are more suitable for freshwater supply in rural areas as compared

to active solar stills. Although solar distillation at present cannot compete with
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oil-fired desalination in large central plants, it has potential to become a viable

technology in near future, when oil supplies stops. However, producing freshwater

from saline water with solar stills is much useful for remote areas where no other

economically viable method for obtaining freshwater supply is available.
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Chapter 12

AOPs Application on Dyes Removal

Tuty Emilia Agustina

12.1 Introduction

Approximately 10,000 different dyes and pigments are manufactured worldwide

with a total annual market of more than 7 � 105 tonnes per year [1]. All the dyes

absorb light in the visible region. Untreated dye effluent such as textile effluents is

highly colored. The color is aesthetically unpleasant, and it also reduces light

penetration into water decreasing the efficiency of photosynthesis in aquatic plants,

thereby having undesirable impact on their growth. In addition, some of the dyes

might be toxic to some organisms. Nowadays, the color of the effluent released into

receiving waters has become a serious environmental problem.

On the other hand, advanced oxidation processes (AOPs) have shown great

potential in treating pollutants at low and high concentration and have been utilized

for treatment of water, wastewater, odors, and sludges.

Developments in chemical treatment havemade a range ofAOPs suitable for water

and wastewater applications. Table 12.1 lists those AOPs that have been expanded.

The list highlights the range and variety of processes developed or under development

that could have application in water and wastewater treatment. A number of these

processes are commercially available and in some instances widely used. Processes

such as the chemical combinations of H2O2, O3, and UV, Fenton’s reagent, wet air

oxidation, supercritical oxidation, and electron beam have all been used at full scale.

Other processes such as photocatalysis and ultrasound have been evaluated at pilot

scale. While the list comprises individual processes, much research have been

undertaken using a combination of the processes, such as UV, ultrasound, and ozone

together, which offer significant kinetic and performance benefits over each of the

processes alone.
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Advanced oxidation formed by a variety of chemicals (O3, Fenton’s reaction,

Fenton/O3, modified Fenton, or Fenton-like oxidation), photochemical (UV/O3,

UV/H2O2, photo-Fenton, modified Photo-Fenton’s oxidation, photocatalytic ozon-

ation) as well as near-UV-vis or solar light-induced TiO2-mediated heterogeneous

photocatalytic oxidation system appear to have the ability to completely decolorize

and at least partially mineralize textile industry dyes in short reaction periods

without producing any exhaust gases or harmful sludge [3, 4]. Besides, no toxic

and/or carcinogenic by-products have usually been observed when applying AOPs

for textile dyes decolorization [2]. In this chapter, the application of AOPs on the

treatment of dyes used in textile industry will be discussed.

12.2 Definition and Classification

A dye is a colored substance that has an affinity to the substrate to which it is being

applied. The dye is generally applied in an aqueous solution and may require

a mordant, a substance used to set dyes on fabrics or tissues section by forming

a complex with the dye which then attaches to the fabric or tissue, to improve the

fastness of the dye on the fiber. Dyes appear to be colored because they absorb some

wavelengths of light more than others.

Dyes are used primarily to instruct color in textile. It is also used in application

of leather, paints, cosmetic, and food industries. Many natural dyes have been

largely replaced by synthetic dyes that were developed at the end of the nineteenth

century. Dyes should be safe, with no toxicity, carcinogenicity, or allergenicity.

However, the most frequently reported causes of unexpected side effects of

garments are textile dyes.

There are several ways for classification of dyes. It should be noted that each

class of dye has a very unique chemistry, structure, and particular way of bonding.

Dyestuff can be classified according to their origin (natural/synthetic), chemical

and/or physical properties, or characteristics related to the application process.

Another categorization is based on the application classes. A systematic classification

of dyes according to chemical structure is the color index.

Dyes are indicated in the color index (CI) with two systems. A numeric one with

fivenumbers, corresponds to theCInumber, for example,CI11110.Thesecondsystem

is a CI name, indicating the chemical category, the color, and identification number,

for example, CI disperse red 1 for the previous molecule. However, the CI does not

contain all information about dyes, and some textile dyes have no CI number.

Table 12.1 AOPs evaluated

for water and wastewater

treatment [2]

Catalysis Pulsed plasma

Electrochemical Supercritical water oxidation

Fenton’s reagent Ultrasound

Ferrate UV

Ionizing radiation UV/H2O2

Microwave UV/H2O2/O3

Photo-Fenton’s reagent Vacuum UV

Photocatalysis Wet air oxidation
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According to their chemical structures and the CI system, dyes can be classified

into 17 groups: nitro dyes, triphenylmethane derivatives, xanthenes, acridine deri-

vatives, quinoline derivatives, azines, anthraquinones, indigoid dyes, phthalocyanines

dyes, oxidation bases, insoluble azo dye precursors, and azo dyes (classes XII–XVII).

In practice, dyes are classified into different application classes: disperse, acid, basic,

direct, vat, fiber reactive, sulfur, premetallic, solvent dyes, and naphthols [5].

In accordance with US EPA, by using general dye chemistry as the basis for

classification, textile dyestuffs are grouped into 14 categories or classes: (1) acid

dyes, (2) direct (substantive) dyes, (3) azoic dyes, (4) disperse dyes, (5) sulfur dyes,

(6) fiber reactive dyes, (7) basic dyes, (8) oxidation dyes, (9) mordant (chrome)

dyes, (10) developed dyes, (11) vat dyes, (12) pigments, (13) optical/fluorescent

brighteners, and (14) solvent dyes [6].

Six of the above dye classes (1–6), selected by EPA’s Office of Toxic

Substances, were the focus of intensive data collection efforts in an attempt to

describe each class, its chemistry, and chemical and physical properties as fully as

possible. Information collected for the remaining eight classes (7–14) was similar,

but not as detailed. Selection of these classes (1–6) was based in part on a projection

of new dye development activities and concerns about the health and environmental

effects of these dyes. The following paragraphs briefly identify these six classes of

dyes and describe their use by the textile dyeing industry.

Acid dyes are typically used to dye acrylics, wool, nylon, and nylon/cotton

blends. They are called acid dyes because they are normally applied to the nitroge-

nous fibers of fabrics in organic or inorganic acid solutions. Chemical reactions

between the dye and fiber form an insoluble color molecule on the fiber. The three

most commercially important acid dyes are azo, anthraquinone, and triarylmethane.

These dyes are generally applied as a liquid at elevated temperatures of greater than

39 �C (102 �F). Although acid dyes may be used for transfer printing, this use is not

commercially important. In general, these dyes have poor wet fastness. Molecular

weights range from 200 to 900, and the higher the molecular weight, the poorer the

leveling (uniformity of dye uptake) property.

Direct dyes are applied in an aqueous bath containing ionic salts and electrolytes.

These dyes are normally used to dye cotton and other cellulosic fibers; they bond to

fibers by electrostatic forces. These dyes are highly soluble even in cold water; most

have solubility’s in water from 8 to 40 g l�1. A few have solubility up to 80 g l�1.

Azoic dyes are applied by combining two soluble components impregnated in

the fiber to form an insoluble color molecule. These dye components, sold as paste-

like dispersions and powders, are used chiefly for cellulosic, especially cotton. Dye

bath temperatures of 16–27 �C (60–80 �F) are generally used to the shade.

Disperse dyes are colloidal and have very low water solubility. Most of these

dyes are used for polyester, nylon, acetate, and triacetate fibers. They are usually

applied from a dye bath as dispersions by direct colloidal absorption. Dye bath

conditions (temperature, use of carrier) are varied based on the degree of difficulty

encountered by the dyes in penetrating the fiber being dyed. They are sometimes

applied dry at high temperatures by means of a sublimation process followed by

colloidal absorption. High temperature sublimes the dye and, once it is inside the

fiber, the dye condenses to a solid colloidal state and is absorbed on the fiber.
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Sulfur dyes are used primarily for cotton and rayon. The application of sulfur

dyes requires carefully planned transformations between the water-soluble reduced

state of the dye and the insoluble oxidized form. Sulfur dyes can be applied in both

batch and continuous processes; continuous applications are preferred because of

the lower volume of dye required. These dyes generally have a poor resistance to

chlorine. In general, sulfur blacks are the most commercially important colors and

are used where good color fastness is more important than shade brightness. Sulfur

dyes are not applicable to wool or silk because the fibers are chemically damaged

by the dyeing process.

Fiber reactive dyes derive their name from the fact that they form covalent bonds

with the fiber molecules to be dyed. Molecules of fiber reactive dyes are much smaller

than the complex molecules of direct dyes. Fiber reactive dyes are unique in that they

become an integral part of the textile fiber that is dyed. Although more expensive than

direct dyes, advantages of reactive dyes are excellent shade reproducibility and good

leveling properties. These dyes also have outstanding wet fastness. These dyes can be

subdivided into either “hot” or “cold” dyeing groups, based on the temperature of

application. Although silk and nylons can be dyed with fiber reactive dyes, the chief

fibers dyed are cellulosic and wool. These dyes are also popular for printing textiles,

since even the brightest colors are wet fast. In addition, the fact that the dye shades are

very reproducible and wash fast indicates a continued increase in importance of fiber

reactive dyes in the future. The fiber reactive dye class is expected to experience the

largest percentage increase in production of any of the 14 dye classes.

General characteristic of major types of textile dyes together with their fixation

degree for different dye and fiber combinations are presented in Table 12.2.

Table 12.2 Classification of dyestuffs, their associated fibers, and fixation rates [7]

Dyestuff Characteristics

Attachment mechanism and associated

fibers

Acid Anionic, highly water soluble,

poor wet fastness

Ionic bond, nylon, wool

Metal (Cr, Co, Cu)

complexed

acid

Anionic, low water solubility,

good wet fastness

Ionic bond, nylon, wool

Direct Anionic, highly water solubility,

poor wet fastness

Ionic bond, cotton, viscose

Basic and cationic Cationic, highly water soluble Ionic bond, acrylics

Disperse Colloidal dispersion, very low

water solubility, good wet

fastness

Colloidal impregnation and adsorption,

polyester, nylon, acrylic, cellulose

acetate

Reactive Anionic, highly water soluble,

good wet fastness

Covalent bonds, cotton, viscose, wool

Sulfur Colloidal after reaction in fiber,

insoluble

Dye precipitated in situ in fiber, cotton,

viscose

Vat Colloidal after reaction in fiber,

insoluble

Dye precipitated in situ in fiber, cotton,

viscose

Azoic Colloidal after reaction in fiber,

insoluble

Dye precipitated in situ in fiber, cotton,

viscose
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12.3 Dyes as Environmental Problem

In the production of dyes and pigments used in textiles and other industries, dyes

are synthesized in a reactor, filtered, dried, and blended with other additives to

produce the final product. The synthesis step involves reactions such as sulfonation,

halogenation, amination, diazotization, and coupling followed by separation pro-

cesses which may include distillation, precipitation, and crystallization. In general,

organic compounds such as naphthalene are reacted with an acid or an alkali along

with an intermediate (such as a nitrating or a sulfonating compound) and a solvent

to form a dye mixture. The dye is then separated from the mixture and purified. On

completion of the manufacture of actual color, finishing operations including

drying, grinding, and standardization are performed and these are important for

maintaining consistent product quality.

Liquid effluents resulting from equipment cleaning after batch operation can

contain toxic organic residues. Cooling waters are normally recirculated. Waste-

water generation rates are of the order of 1–700 l kg�1 of product except for vat

dyes. The wastewater generation rate for vat dyes can be of the order of 8,000

(l kg�1) of product. The biochemical oxygen demand (BOD5) and chemical oxygen

demand (COD) levels of reactive and azo dyes can be of the order of 25 and 80 kg

per kg of product, respectively. Values for other dyes are, for example, 6 kg of

BOD5 together with 25 kg of COD, 6 kg of suspended solids, and 30 g of oil and

grease per kg of product. Examples of wastes considered toxic include wastewater

treatment sludge, spent acids, and process residues from the manufacture of chrome

yellow and orange pigments, molybdate orange pigments, zinc yellow pigments,

chrome and chrome oxide green pigments, iron blue pigments, and azo dyes [8].

Although not generally toxic, dyes damage the transparency of water already at

low concentrations and may thus influence photosynthetic activity in water bodies

due to reduced light penetration. Most commercially used dyes are of synthetic

origin and are recalcitrant to microbial degradation due to their complex aromatic

molecular composition. There are some side effects of the use of synthetic dyes

such as allergic contact dermatitis, carcinogenesis, and mutagenesis [5] .

Accumulation of dyes in certain forms of aquatic life is suspected of leading to

toxic and carcinogenic degradation products. The primary concern, even though not

legally adopted in many countries, is the striking visibility of dye effluent, which

renders it aesthetically unacceptable to the general public. Additionally, textile

effluents usually contain secondary contaminants, such as dispersing agents, salts,

emulsifiers, leveling agents, and in some cases, heavy metals. Depending on their

respective concentrations, they have a pronounced effect on legally restricted

quality parameters like pH, COD, TOC, and conductivity.

Many dye houses discharge their colored effluents directly to the main sewer or

municipal wastewater treatment plants, while others provide pretreatment or on-site

treatment facilities prior to discharge. Over 700,000 t of approximately 10,000

types of dyes and pigments are produced annually worldwide. From this amount,

about 20% are discharged as industrial effluents during the textile dyeing and

finishing processes without previous treatment [9].
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A wide range of methods has been developed for the removal of synthetic dyes

from waters and wastewaters to decrease their impact on the environment. Research

on textile effluent decolorization has often focused on reactive dyes at least for four

reasons. First, reactive dyes represent an increasing market share, currently about

20–30% of the total market for dyes, because they are used to dye cotton which makes

up about half of world’s fiber consumption. Second, a large fraction, usually around

30%, of the applied reactive dyes is wasted because of dye hydrolysis in the alkaline

dye bath. As a result, dye house effluents typically contain 0.6–0.8 g l�1 of dye [10].

Third, these dyes have low fixation rates, which results in highly colored spent

dye-baths whose treatment is inadequate in conventional wastewater treatment plants

[11]. Fourth, of special concern is the reactive dyeing process, where an average of

10 times more water is consumed for preparation, dyeing, washing, and rinsing

stages than for dyeing with other dye types. Reactive dyes have been identified as

themost environmental problematic compounds in textile dye effluents [10, 12]. Thus,

the treatment of reactive dyestuff will be focused in the forthcoming section.

12.4 AOPs Application for Removal of Dyes

The traditional treatment technologies applied in dye wastewaters treatment, such

as coagulation/flocculation, membrane separation, or activated carbon adsorption,

only do a phase transfer of the pollutant, and biological treatment is not a suitable

solution to the problem due to biological resistance of some dyes [13]. Therefore, it

is necessary to find an effective treatment technology that leads to complete

destruction of the dye molecules, in terms of limited water resources management

and the need for nature preservation. Among these treatments, advanced oxidation

processes (AOPs) are a powerful alternative to conventional treatment methods for

such wastewater decontamination [14]. These treatments are based on the in situ

generation of highly reactive hydroxyl radicals (HO•). In the sake of simplicity, the

AOPs’ function is divided by non-UV and UV-assisted in the following discussion.

12.4.1 Non-UV-assisted AOPs

The generation of free radicals is possible in the absence of light by several

methods. The most popular methods are including ozonation, Fenton’s reaction,

or combination of both methods. Also the ultrasound and ozone (sonolysis ozona-

tion) method will be discussed in brief.

12.4.1.1 Ozonation (O3)

Ozone can also be used for degradation of organic pollutants in aqueous solution.

Ozone is a powerful oxidant (electrochemical oxidation potential of 2.07 vs. 2.8 V
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for hydroxyl radical), which is generally produced by an electric discharge method

in the presence of air or oxygen. Ozonation, as an effective oxidation process, has

found application in the decolorization of synthetic dyes.

The reaction of ozone with a substrate may involve both direct, selective

reaction of ozone with the substrate (typically electrophilic addition reactions),

and that of the substrate with HO•, the relative proportions of which will depend on

various organic and inorganic species being present or added. The net reaction for

OH-initiated ozone decomposition is as shown in equation below [15]:

3 O3 þ HO� ! 2 HO� þ 4 O2 (12.1)

In the application of ozone on the decolorization study of reactive dyes, the

ozone technique was applied to reduce color content caused by two commercial

reactive dyes, namely, Reactive Blue 19 (RB19) and Reactive Orange 13 (RO13).

Results show that the ozone dosage and pH were important factors, which con-

trolled the effectiveness of decolorization. Results reveal that pH value of 3 favored

the decolorization of RB19, and the decolorization of RO13 was enhanced at pH

value of 10. This was attributed to the fact that ozone molecules and hydroxyl

radicals are the predominant oxidants under low and high pH conditions, respec-

tively. For oxidation of dyes, molecular ozone was more selective toward certain

dye structures, while hydroxyl radical toward others. This implies that pH value

could influence the rate of decolorization. The degree of decolorization was pri-

marily proportional to the ozone dosage [16].

Other researchers also reported the ozonation study on the Reactive Blue 19 dye.

The ozonation was found highly efficient in the decolorization of the dye solutions.

The pH of unbuffered solution does not significantly affect the removal efficiencies

of color. Inorganic dye degradation by-products such as sulfate, nitrate, and formate

were detected and monitored during ozonation by ion chromatography which is an

evidence of oxidation and cleavage of the dye chemical structure. The presence of

sodium chloride and sulfate salts in the dye solution slightly reduces the decolori-

zation efficiency, while sodium carbonate and bicarbonate salts slightly increase the

rate of decolorization. The COD and TOC reduction was about 55 and 17%,

respectively, for 90 min ozonation of 800 mg l�1 dye solution. A rapid decrease

of pH during the ozonation process gave evidence for production of acidic by-

products [17]. These organic acids have been confirmed by Fanchiang and Tseng

[18] in their study on the degradation of anthraquinone dye C.I. Reactive Blue 19

(RB19) in aqueous solution by ozonation. The identification by LC–MS and

GC–MS analyses indicated that some organic acids (e.g., phthalic acids) and 1,3-

indanone could be the primary degradation products, respectively. In addition, the

results of UV/VIS and FTIR spectra showed that the anthraquinone structures,

nitrogen linkages, and amino groups of RB-19 were destroyed under direct ozone

reaction. The detoxification accompanied biodegradability enhancement revealed

by BOD/COD ratio increasing from 0.15 to 0.33 after 10 min of ozonation.

Based on the analyses of decolorization efficiency and power consumption, the

study about degradation of C.I. Reactive Red 2 (RR2) using ozone-based systems
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suggests that the ozonation systems are acceptable for decolorizing RR 2 at pH 10.

Results showed that the ozonation was a very effective method for reactive dye

decolorization.

12.4.1.2 Fenton’s Reagent (H2O2/Fe
2+)

Among AOPs, Fenton process is very promising since the systems achieves high

reactionyields,offersacost-effectivesourceofhydroxyl radicalsandit iseasy tooperate

and maintain [19]. Fenton’s reagent oxidation is a homogeneous catalytic oxidation

process using a mixture of hydrogen peroxide and ferrous ions. Hydrogen peroxide

is added to an aqueous system in an acidic condition. The overall reaction is [13]:

Fe2þ þ H2O2 ! Fe3þ þ HO� þ HO� (12.2)

Fenton’s reagent is an attractive oxidative system for wastewater treatment

due to the fact that iron is very abundant and nontoxic and hydrogen peroxide is

easy to handle and environmentally safe. The main advantage of the Fenton’s

reagent is its simplicity. The chemicals are readily available at moderate cost and

there is no need for special equipment [20]. This process could be a good option to

treat and eliminate textile dyes. The process appears to have capacity to completely

decolorize and partially mineralize textile industry dyes in short reaction time, as

reported by some studies [19, 21–23].

Degradation of dyes in aqueous solutions by the Fenton process was investi-

gated by Xu et al. [24]. The reactive dyes studied include Reactive Brilliant

Red K-2BP, Reactive Brilliant Red K-2 G, and Reactive Yellow KD-3 G. The

dyes were decolorized 98, 100, and 96%, respectively. Their TOC values were

decreased 76, 72, and 79%, respectively.

The oxidative degradation of a reactive dye, C. I. Reactive Red 2 by hydroxyl

radicals generated by Fenton’s reagent has been carried out in aqueous acidic

media. Effects of different parameters like initial concentration of dye, H2O2, Fe
2+,

pH of the solution, reaction temperature, and added electrolytes on the oxidation

process have been studied. The results indicate that 1.63 � 10�4 mol dm�3 dye can

be most effectively degraded at a dye: Fe2+: H2O2 molar ratio of 1:0.22:8.13 at

pH � 2.7 and at 299 K. The addition of excess 2-propanol or t-butyl alcohol, well-

known scavengers of hydroxyl radicals, almost stopped the degradation of the dye

indicating the absence of any possible reductive pathways in the degradation [25].

Lucas and Peres [13] examined decolorization of Reactive Black 5 (RB5) in

aqueous solution using Fenton’s reagent. Batch experiments were carried out to

investigate the process’s optimal operational conditions: pH, H2O2 dosage, Fe2+

dosage, RB5 concentration, and optimal [Fe2+]0/[H2O2]0/[RB5]0 ratio, to obtain the

best results at low cost, making AOP competitive with other processes. The optimal

conditions found were a ratio [H2O2]0/[RB5]0 of 4.9:1, a ratio [H2O2]0/[Fe
2+]0 of

9.6:1, and pH ¼ 3.0. A color degradation of 97.5% and TOC removal of 21.6%

were achieved for optimal conditions.
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The oxidative decolorization and mineralization of three reactive dyes in sepa-

rately prepared aqueous solutions C.I. Reactive Yellow 3 (RY3), C.I. Reactive Blue

2 (RB2), and C.I. Reactive Violet 2 (RV2) by using Fenton process have been

investigated. The effects of H2O2, Fe
2+ concentrations, and Fe2+/H2O2 molar ratios

have been studied. Optimal operational conditions for the efficient degradation of

all three dye solutions (100 mg l�1) were found to be Fe2+/H2O2 ¼ 0.5 mM/20 mM

at pH 3 and T ¼ 296 K. By using this process, the high levels of mineralization

(more than 78%) and decolorization (more than 95%) were achieved [10].

12.4.1.3 Fenton-Ozonation (H2O2/Fe
2+/O3)

Among the AOPs, treatment with ozone [26–28] or Fenton-type [21, 24, 25]

processes have yielded very good results. The combined Fenton-type process

with ozone logically leads to produce more hydroxyl radicals and consequently

compose more efficient system.

The oxidative degradation of azo dye Reactive Orange 113 aqueous solution by

H2O2/Fe
2+ and ozone was investigated by Gutowska et al. [28]. The full decolori-

zation was attained during the first minutes of oxidation process by H2O2/Fe
2+ and

ozone at room temperature. However, the complete mineralization of aqueous

solutions of Reactive Orange 113 dye cannot be achieved even under the optimal

reaction conditions.

The decolorization of C.I. Reactive Red 2 using ozone, Fenton-like and ozone/

Fenton-like hybrid systems was studied by Wu [29]. Decolorization rate constants

of ozone/Fenton-like hybrid (O3/H2O2/Fe
3+) is bigger than ozone-hydrogen peroxide

(O3/H2O2) systems at pH 7. In the study, based on an appropriate hydrogen peroxide

dosage of 1,000 ppm and to prevent the generation of a large quantity of sludge,

the Fe3+ dosage was set at 25 ppm in all experiments in which Fe3+ was used, in order

tomaintain the hydrogen peroxide: catalyst ratios of 40:1 as recommended for optimal

Fenton process.

12.4.1.4 Sonolysis Ozonation

When a liquid is sonolyzed, gas molecules entrapped by micro-bubbles can be

fragmented into radical species. Hydroxyl radicals generated by the combination of

ozone with ultrasound can be represented as follows [30]:

O3þÞÞÞ ! O2 gð Þ þ O 3P
� �

gð Þ (12.3)

O 3P
� �

gð Þ þ H2O ! 2HO� (12.4)

Ince and Tezlani [31] combined sonolysis and ozonation for hydrolyzed Reac-

tive Black 5 (RB5) degradation. They found that the joint action of ultrasound

(520 kHz) and ozone induced a synergistic effect on both the decolorization of the
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dye and the overall degradation process. It was found during lab-scale treatment

of a reactive dye bath effluent with ozone, that the rate of color degradation

achieved in conjunction with sonolysis was twice as fast as that accomplished by

ozonation alone. The synergism observed for the overall degradation (mineraliza-

tion) of the dye reflects the potential of the US/ozone combination treatment

to minimize the survival time of the reaction intermediates. Its effects can be

attributed to the mechanical effects of cavitations, which increased the mass transfer

and decomposition of ozone, thus enhancing both the rate of direct reactions and

that of HO•-mediated oxidation of intermediate products.

More recent research conducted by Zhiqiao He et al. [32] on the decolorization

Reactive Black 5 by using combination of sonolysis and ozonation has been

reported. The experimental results indicate that the rate of decolorization is

influenced by the initial concentration of dye, temperature, and pH. Increasing the

initial concentration of RB5 led to a decreasing decolorization rate. Under the

experimental conditions, the decolorization rate increased with an increase in

temperature. The optimum pH for the reaction was 11, and both lower and higher

pH decreased the decolorization rate. Based on the decolorization rate constants

obtained at different temperatures within the range 287–338 K and the Arrhenius

equation, the apparent activation energy (Ea) was calculated to be 11.2 kJ mol�1.

This indicated that the reaction has little dependence on temperature. The color

decay was considerably faster than the decrease in total organic carbon (TOC),

which was attributed to the ease of chromophore destruction. Hence, the efficiency

of decolorization was 84% compared with 4% of TOC removal after 5 min reaction.

Additionally, muconic acid, (2Z)-pent-2-enedioic acid, and maleic acid were

identified as main oxidation products by gas chromatography coupled with mass

spectrometry (GC–MS) after 150 min of reaction.

Degradation of C.I. Reactive Yellow 84 (RY84) in aqueous solution by sonolytic

ozonation was measured under various conditions [33]. As the initial concentration

of RY84 decreased, the degradation rate increased. The impact of US density on

mineralization was slight, and increasing ozone dose had a positive effect on the

mineralization of RY84. TOC removals observed were 9, 42, and 56% with US, O3,

and US/O3, respectively. The better performance of the combined system was

attributed to enhanced mass transfer of ozone to accelerate its direct reactions

with RY84 and the generation of excess radical species upon its thermal decompo-

sition in collapsing cavity bubbles. These results illustrate that ozonation combined

with sonolysis for removal of TOC is more efficient than ozonation alone or

ultrasonic irradiation alone without considering the operating costs. With the initial

pH value at 10.0, the ozone dose at 4.5 g h�1, the energy density of ultrasound at

176 W l�1, and the initial concentration of RY84 at 100 mg l�1, the extent of

mineralization measured as TOC removal were maximized.

Mineralization of an anthraquinone dye, C.I. Reactive Blue 19 (RB19), by single

ozonation, single sonolysis, and ozonation combined with sonolysis (O3/US) was

carried out in a laboratory-scale experiment [34]. O3/US treatment rendered a more

effective result than the other two methods. The experiments showed that the

mineralization rate of O3/US was affected by initial dye concentration, pH, O3 dose,
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and US energy density. Ultrasonic irradiation alone yielded negligible results, but

O3/UStreatment exhibited a higher mineralization rate compared with ozonation

alone. GC/MS and IC analysis allowed the identification of intermediates and

products. The element C in RB19 could be degraded to an organic acid with

a smaller molecular weight, indicating that sonolytic ozonation is a highly effective

way to mineralize RB19 in aqueous solution.

12.4.2 UV-Assisted AOPs

The principal mechanism of AOPs’ function is the generation of very powerful and

nonselective oxidizing agent, free hydroxyl radical (HO•), to destroy hazardous

pollutants. Consequently, a combination of two or more AOPs enhances the radical

generation, which finally leads to higher oxidation rates.

12.4.2.1 Photolysis of Ozone (UV/O3)

Additional free hydroxyl radicals can be produced in the aqueous media from ozone

by pH modification or can be introduced by combining ozone either with hydrogen

peroxide or UV irradiation from a high-pressure mercury lamp [35].

The process features direct molecular ozonation, ozone decomposition (free

radical chemistry) and a photolytic reaction (direct photolysis of aqueous ozone

producing hydrogen peroxide and indirect photolysis of hydrogen peroxide formed

in situ) [36]. The principal reaction is given in the following equation [15]:

O3 þ 1

2
H2O !hv H2O2 !hv 2 HO� (12.5)

Degradation of C.I. Reactive Red 2 (RR2) using ozone-based systems at various

pH was studied by Wu and Ng [37]. The decolorization efficiency of C.I. Reactive

Red 2 (RR2) is generally higher in UV/ozone-based systems than in ozone-based

systems. After 30 min of reaction, decolorization efficiency for pH 4, pH 7, and pH

10 were 60, 78, and 97, respectively. Hence, UV/O3 and O3 systems are acceptable

for decolorizing RR2 at pH 10.

12.4.2.2 Photolysis of Hydrogen Peroxide (UV/H2O2)

Principally, the cleavage of hydrogen peroxide by UV-C radiation is the most direct

method for HO• generation. In this process, hydrogen peroxide is activated by UV-

C irradiation (l 254 nm) to form HO• (Eq. 12.6) [15]:

H2O2 þ hv ! 2 HO� (12.6)

Mechanism and a kinetic model for the decolorization of the diazo dye Reactive

Black 5 (RB5) by UV radiation and hydrogen peroxide (UV/H2O2) was developed
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[38]. The study is based on experimental results as well as on a reaction kinetic

mechanism of the photolysis of H2O2. This mechanism depends on known chemical

reactions. The experiments were carried out in a batch reactor and any applied

UV intensity. For higher hydrogen peroxide concentration and at low applied

intensities, the reaction is only controlled by the intensity. For lower hydrogen

peroxide concentration and higher intensity, the reaction rate depends on hydrogen

peroxide concentration only. The model is able to predict the decolorization rate as

a function of dye concentration, hydrogen peroxide concentration, and intensity in

very good agreement with experimental results.

Decolorization of vinylsulphone reactive dyes by using H2O2–based pro-

cesses was conducted by Kurbus et al. [39]. In their study, six vinylsulphone

reactive dyes were used to determine the effectiveness of three advanced oxida-

tion processes (H2O2/UV, H2O2/O3, and H2O2/Fe
2+). The efficiency of decolori-

zation was measured by decolorization time, absorbance, COD, and TOC, and

the three methods of decolorization are compared. The H2O2/ Fe2+ process

achieved the fastest decolorization. The H2O2/UV decolorization process is

faster than the H2O2/O3. The selected dyes were efficiently decolorized by all

of the three advanced oxidation processes, their absorbance values after decol-

orization being zero or approximately zero. The COD values obtained after

decolorization with H2O2/UV is the lowest. The TOC values obtained in all of

the three decolorization processes were still high. Although decolorization with

H2O2/Fe
2+ was the fastest and the costs of such a process are low, it is not really

suitable for environmental reasons, namely, the formed sludge needs to be

removed. Decolorization with H2O2/UV is an environment-friendly procedure

while the COD removal is the highest. It causes no sludge and no additional

water pollution because of the physical activation of hydrogen peroxide, but

investment and operating costs are high due the UV lamp utilization.

12.4.2.3 Photo-Fenton’s Reagent (UV/H2O2/Fe
2+)

In the generally accepted mechanism of Fenton’s reaction, hydroxyl radicals (HO•)

are produced by interaction of H2O2 with ferrous salts:

Fe IIð Þ þ H2O2 ! Fe IIIð Þ þ HO� þ OH� (12.7)

The rate of degradation of organic pollutants by Fenton’s reaction can be

increased if an irradiation source is present. The positive effect of irradiation on

the degradation rate is due to the photoreduction of Fe(III) to Fe(II) ions, a step that

produces new HO• radicals and regenerates Fe(II) ions that can further react with

more H2O2 molecules. The photoreduction of Fe(III) follows the equation:

FeOH2þ þ hv ! Fe2þ þ HO� (12.8)

Fe(OH)2+ being the dominant Fe(III) species in solution at pH 2–3 [40].
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The oxidative decolorization of Reactive Black 5 (RB5) in aqueous solution has

been studied by using Fenton (H2O2/Fe
2+) and photo-Fenton (H2O2/Fe

2+/UV)

processes. This investigation reveals that both methods can remove the color of

RB5. Batch experiments were carried out to investigate the process’s optimal

operational conditions: pH, H2O2 dosage, Fe2+ dosage, RB5 concentration, and

optimal [Fe2+]0/[H2O2]0/[RB5]0 ratio, to obtain the bests results at low cost and to

make AOP process’s competitive with other processes. The optimal conditions

found were a ratio [H2O2]0/[RB5]0 of 4.9:1, a ratio [H2O2] 0/[Fe
2+]0 of 9.6:1, and

pH ¼ 3.0. The decolorization experiments indicate that RB5 can be effectively

decolorized using Fenton and photo-Fenton processes with a little difference

between the two processes, 97.5 and 98.1%, respectively, for optimal conditions.

This small difference in dye decolorization is not similar to TOC removal: with

photo-Fenton process there is a significant increment (46.4% TOC removal) rela-

tively to Fenton process (only 21.6% TOC removal). Although the decolorization is

very similar in both processes, the employment of the UV lamp benefits the azo dye

degradation. It is possible to conclude that the UV lamp, though has little power

(15 W), is very useful in Fenton process to increase the dye mineralization [13].

The benefits of using combined solar radiation with Fenton process have been

reported in more recent publication. For instance, the oxidation of C.I. Reactive

Blue 4 (RB4) by photo-Fenton process mediated by ferrioxalate was investigated

under artificial and solar irradiation. The RB4 degradation in acidic medium (pH

2.5) was evaluated by the decrease in total organic carbon (TOC) content and color,

measured by the decrease in chromophore absorption band (600 nm). The influence

of ferrioxalate and H2O2 concentrations on the dye degradation was studied and

best results were obtained using 1.0 mM ferrioxalate and 10 mM of hydrogen

peroxide. Under these experimental conditions, 80% of TOC and 100% of color

removal were obtained for a 0.1 mM RB4 dye in 35 min of solar irradiation.

Concentrations of RB4 up to 0.1 mM can be photodegraded resulting in 80%

mineralization and 100% color removal under solar irradiation at summer clear sky

days in 35 min exposition in the presence of 1.0 mM ferrioxalate and 10 mM H2O2.

However, when studying the influence of initial FeOx and H2O2 concentrations,

it was observed that 0.7 mM of FeOx and 7.0 mM H2O2 were sufficient to obtain

similar photodegradation. It is possible to conclude that the photodegradation of

the RB4 dye under solar irradiation is highly dependent on the irradiation intensity.

The yellow coloration characteristic of Fe (III) species was observed for both solar

and artificial irradiation conditions, but the residue generated is easily removed after

rest for 4 h, when 100% decolorization is obtained. These results indicate that visible

irradiation can effectively accelerate the generation of hydroxyl radicals, due to the

regeneration of Fe2+. The rate of the reaction is diminished on cloudy days. However,

the lower cost intrinsic to solar energy utilization can compensate for small differ-

ences in photodegradation rates, especially in tropical regions where solar energy is

abundant. The homogeneous photo-Fenton system presents the advantage that larger

reactors are not necessary since the results presented here were obtained with small

exposition areas of about 57 cm2 [9]. In this research, the highest value of dye

mineralization percentage in the term of TOC removal was obtained by using Fenton

application under solar irradiation.

12 AOPs Application on Dyes Removal 365



Another research describing the solar exploration using a compound parabolic

collector (CPC) applied to degradation of RB4 solutions was examined by Duran

et al. [41]. The efficiency of photocatalytic degradation was determined from the

analysis of color removal, total organic carbon (TOC), and chemical oxygen

demand (COD). In their experiments, the solar photo-Fenton–ferrioxalate process

increases degradation rate of RB4 since ferrioxalate complexes absorb strongly and

a higher portion of the solar spectrum can be used. Although the addition of oxalic

acid increases operating costs, it improves the process and it also helps to reduce pH

in solution, decreasing charges derived from this operation. Under the optimum

conditions, ([H2O2] ¼ 120 ppm (in two additions), [Fe(II)] ¼ 7 ppm, [(COOH)2]

¼ 10 ppm, pH 2.5), color and COD were completely removed whereas TOC was

reduced up to 66%.

The highest TOC removal on the treatment of RB4 dye has been achieved in the

study of photodegradation of RB4 solutions under ferrioxalate-assisted UV/solar

photo-Fenton system with continuous addition of H2O2 and air injection, which was

conducted by Montegado et al. [42]. In their research, the effect of the continuous

addition of hydrogen peroxide and air injection on the degradation of RB4 solutions

was examined. The reaction was carried out in a CPC solar pilot plant reactor. It

was shown that the degree of dye solution mineralization was enhanced because the

scavenger effect of H2O2 was minimized. Air bubbling had a negative effect

because oxygen reacted with oxalyl radical anions, diminishing the amount of

generated Fe(II), and consequently, the concentration of hydroxyl radicals pro-

duced under irradiation of oxalate in the presence of peroxide was lower. In

addition, this system permits the use of lower concentrations of ferrous ion,

reducing the costs of the later iron removal process. Under the optimal conditions

selected in the system, TOC removal was increased from 61 to 82% with a shorter

reaction time as compared with a peroxide dose at the beginning of the reaction.

The efficiency of the mineralization of RB4 solutions was enhanced when the solar

CPC reactor worked together with an artificial UV-A/C pilot plant, increasing

TOC removal up to 95%. Artificial UV lamps can be used either to improve the

process or as an alternative to solar CPC on cloudy days. The authors explain

that the degree of mineralization of dye solutions was enhanced when hydrogen

peroxide was continuously dosed because the scavenger effect of H2O2 was

minimized. Air bubbling had a negative effect because less Fe(II) and HO• radicals

were generated. Oxalic acid improved RB4 solution mineralization significantly,

because ferrioxalate complexes absorb strongly and a higher portion of the solar

spectrum was used.

12.4.2.4 TiO2-Based Photocatalysis

The combination of UV irradiation with photocatalysts such as TiO2 is one of such

methods which have described significant attention in recent years, due to its

effectiveness in mineralization of organic compounds, including removal of dye

pollutants from residual textile treatment waters [22, 43–45].
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The photocatalytic degradation of three commercial reactive textile dyes with

different structure has been investigated using TiO2 (Degussa P25) photocatalyst

in aqueous solution under solar irradiation. The experimental results indicate that

TiO2 (Degussa P25) is the best catalyst in comparison with other commercial

photocatalysts such as, TiO2 (Merck), ZnO, ZrO2, WO3, and CdS. Among the

catalysts, TiO2 (Degussa P25) is found to be an effective one because of its

multiphase purity, large band gap, and noncorrosive nature [46]. Additionally, the

same catalyst can be used for a number of cycles which will reduce the cost of

operation. Though the UV irradiation can efficiently degrade the dyes, naturally

abundant solar irradiation is also very effective in the mineralization of dyes.

It has been proven that the presence of catalysts enhances the rate of photode-

composition. Most investigations of the photo-assisted decomposition of dyes

have utilized TiO2 as a model. Interest in this photocatalytic process mainly was

because of its low cost, combined with the high photocatalytic reactivity, chemi-

cal and biological stability, nontoxicity, insolubility, and ready availability. A further

important advantage is the fact that the process can be powered by natural sunlight

[47–51], thus reducing significantly the electrical power requirements and operating

costs [46, 52].

The following mechanism is the widely accepted to describe the photo-

degradation of organic compounds by UV/TiO2 [53]. Photogenerated holes are

generated as a result of TiO2 particles having been irradiated with UV light

(Eq. 12.9). Hydroxyl radicals are produced by the oxidation of HO• or H2O by

these photogenerated holes (Eqs. 12.10 and 12.11) which are principally responsi-

ble for the destruction of organic species. Oxygen is used as an efficient electron

trap (Eq. 12.12), preventing the recombination of electrons and photogenerated

holes. Eqs. (12.13), (12.14), and (12.15) represent the other reactions of UV/TiO2.

If oxygen is limited, rapid recombination of photoproduced electrons and holes

in TiO2 lowers the efficiency of the photocatalytic reactions [54]; consequently,

the efficacy of such a system has limited practical application.

TiO2 þ hv ! TiO2 eCB þ hVBþð Þ (12.9)

TiO2 hVBþð Þ þ OH� ! TiO2 þ HO� (12.10)

TiO2 hVBþð Þ þ H2O ! TiO2 þ Hþ þ HO� (12.11)

TiO2 eCB�ð Þ þ O2 ! TiO2 þ O�
2

� (12.12)

O��
2 þ Hþ ! HO �

2 (12.13)

TiO2 e�CB�ð Þ þ Hþ þ O2
�� ! TiO2 þ HO2

� (12.14)

HO2
� þ Hþ ! H2O2 (12.15)
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Among the reactions, the availability of electron trapping in aqueous solution is

important to inhibit the recombination of electrons and photogenerated holes.

Adding the electron acceptor (hydrogen peroxide, persulfate, and copper ions)

and hydroxyl radical trap (ethanol) was attempted by Wu [55]. In the study, the

effects of dye concentration, pH, Na2S2O8 dose, and addition of Na2S2O8, H2O2,

Cu2+, and ethanol on the decolorization of C.I. Reactive Red 198 in UV/TiO2-based

systems was examined. Decolorization rate declined as dye concentration

increased. The k values for the UV/TiO2, UV/TiO2/Na2S2O8, and UV/TiO2/H2O2

systems increased with decreasing pH. Decolorization rate increased as the

concentration of persulfate ions added increased. The persulfate ions trapped

photogenerated conduction band electrons, preventing the recombination of the

electrons with positive holes and, simultaneously, generated sulfate free radicals.

H2O2 trapped photogenerated electrons and inhibited the recombination of

photogenerated electron/hole pairs. Adding Cu2+ suppressed the recombination

of photogenerated electron/hole pairs and generated additional persulfate free

radicals in the UV/TiO2/Na2S2O8 system, thereby accelerating decolorization.

The UV/TiO2/H2O2/Cu system resembles the photo-Fenton-like process since the

induced photo-Fenton-like reactions acted as an additional source of hydroxyl

radicals. This investigation suggests that the primary decolorization pathway

involves hydroxyl radicals and that direct oxidation by photogenerated holes is

significant in the UV/TiO2 system. During decolorization, some Cl�, NO3
�, and

SO4
2� ions were released and, even when decolorization was complete, the TOC

was reduced by only 50%.

A synergistic effect of photocatalysis and ozonation on textile effluent treat-

ment was also reported by Agustina et al. [56]. The decolorization was almost

complete and the highest TOC reduction was achieved. It was shown that the

photocatalytic oxidation in the presence of ozone is a process, which is qualita-

tively and quantitatively different from either the well-known photocatalytic

oxidation with oxygen or ozonation without photocatalyst.

The main problem of AOPs lies in the high cost of reagents such as ozone,

hydrogen peroxide, or energy source such as ultraviolet light. For the photocatalytic

ozonation methods, the energy demand of the UV/TiO2/O3 could be considerably

decreased by the use of solar irradiation and in situ electrochemical O3 generation.

However, the use of solar radiation as an energy source can reduce the costs.

12.5 Conclusions

It is clear from this chapter and many of the available literatures that AOPs have

proven performance in removing dyes associated with the textile industry activities.

Especially in terms of color degradation, the complete color removal can be

accomplished even in single AOPs application. But in terms of mineralization,

different TOC removal can be reached by single or more than one AOPs function.
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Under non-UV-assisted AOPs, ozonation is a very effective method in the dyes

treatment. But this method needs to utilize ozone generator which is associated to

high operational cost. Fenton systems offer the cost-effective, as high color degra-

dation can be obtained by using a small concentration of reagent. Moreover, low

chemical dose leading to lower residuals and, where applicable, no residual pro-

cesses for Fenton-based meaning. But still the Fenton methods cannot reach

a satisfied TOC removal (only 80%); even when Fenton method is combined with

ozonation, the complete TOC removal cannot be obtained. In sonolysis ozonation

process, this system is better than ultrasound or ozonation alone in the dyes

treatment. Besides, the TOC reduction is not so high. However, the experimental

results show that sonolysis ozonation as a developing technology deserves further

study and potentially will be an important and effective technology for removal of

dyes in wastewater treatment.

UV-assisted AOPs systems emerge to have the ability to completely decolorize

and at least partially mineralize textile industry dyes in short reaction periods. The

highest TOC removal obtains of 95% has been reported in the application of UV/

Fenton system. The UV-based systems need the source of UV radiation for the

processes which make the investment and operating costs are high due the UV lamp

utilization. The TiO2-based photocatalysis systems propose a very potential treat-

ment as the TiO2 catalyst can be powered by natural sunlight. So the UV employ-

ment is replaced by solar energy. Solar energy will appear as an alternative cost-

effective light source because of its great quantity and nonhazardous nature.
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Chapter 13

Constructed Wetlands for Reducing Pesticide

Inputs into Surface Water and Groundwater

Luis Alfredo Ortega-Clemente, Vı́ctor M. Luna-Pabello,

and Héctor M. Poggi-Varaldo

13.1 Introduction

Industrial development, intensive farming, and population growth have led to the

emergence of emissions and wastes that constitute a growing threat to the environ-

ment and the human health. Agriculture produces the food for the world, mostly by

intensive practices that are directly or indirectly related to the use and misuse of

agrochemicals, such as pesticides for pest control. Pesticide residues and their

transformation metabolites are eventually released into the environment and have

been related to negative effects on flora, fauna, soil quality, water and groundwater

quality, and human health [1].

Due to the increase in the water and groundwater contamination caused by

modern agricultural practices, remediation or treatment alternatives are required

in order to improve the quality of polluted streams and aquifers [2]. In this regard,

the design and application of wetlands for remediation of effluents have received

increasing attention from the scientific and engineering communities. Wetlands are

transitional areas between the terrestrial and aquatic environments and serve as a

dynamic link between the two. The water that moves up and down the moisture
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e-mail: alfclemen2002@yahoo.com.mx

V.M. Luna-Pabello

Laboratorio de microbiologı́a Experimental, Departamento de Biologı́a,

Facultad de Quı́mica, Universidad Nacional Autónoma de México, Ciudad Universitaria,
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gradient takes a variety of physical and chemical constituents into solution either as

detritus or as sediment; these in turn are transformed and transported to the

surrounding landscape. Due to these characteristics, wetlands may occur or are

formed in water catchment areas that can receive a great amount of both the natural

and agricultural runoff from the surrounding area. Because of that, wetlands may

receive considerable inputs of pesticides, unintentionally or by design, among other

agrochemicals and pollutants.

In this chapter, the current knowledge on the use of constructed wetlands (CWs)

to reduce pesticide inputs into surface water and groundwater and their effectiveness

when applied in practice are discussed. Because of their simplicity in design, and

relatively low costs of investment and operation, CWs seem to be a viable and

economic alternative technology for the treatment of effluents contaminated with

pesticides, compared with conventional treatment systems.

13.1.1 Pesticides

Any substance or mixture of substances that is intended to control any pest,

including vectors of human and animal diseases, as well as unwanted species

that cause damage or interfere with agricultural production, livestock, and forestry

are called pesticides [3, 4]. The intensive use of pesticides began with the massive

development of agriculture and agribusiness, especially after World War II. As

other xenobiotics, pesticides often have mutagenic, teratogenic, and carcinogenic

effects on animals and humans. Different pesticides may distribute into water or

accumulate mainly in sediments, with a varying degree of persistence [5–8].

Pesticides are used worldwide to control a variety of pests. Substantial amounts

(0.1–5%) of pesticides might be lost from the application fields into the surface

waters via runoff and drainage [3, 4], as well as volatilization [9–11]. Of all the

pesticides on the market, between 55 and 60%, are herbicides; 400 organic

compounds have been developed and reported so far.

The use of pesticide agrochemicals requires a rational selection and management

to prevent toxicities to nontarget organisms [12, 13]. Of the environmental

compartments into which pesticides can partition, contamination of fresh water

sources often presents the highest risk because of its ubiquitous use by organisms

and high potential to direct exposure [13]. Organochlorine pesticides (OCPs)

have been widely used, globally, since 1940s because of their high effectiveness

in controlling pests and diseases [14, 15]. Organochlorine pesticides (OCPs) were

the first synthetic organic pesticides to be used in agriculture. DDT and gamma-

hexachlorocyclohexane (g-HCH) are probably the best known of this type of

pesticides. The production and intensive agricultural and industrial use of OCP

have caused the widespread contamination of the environment [15, 16]. Organo-

chlorine pesticides and polychlorinated biphenyls (PCBs) are very persistent

compounds, and their persistence in the environment is measured in years. As a

result of their persistence and high capacity for accumulation in living organisms

[15, 17–19], the use of the majority of OC compounds has been banned in

developed countries.
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The contamination of water bodies with pesticides can pose a significant threat

to aquatic ecosystems and water resources. However, the risk for the aquatic

community or the human health can often be substantially reduced by appropriate

measures. Pesticides can enter river systems as point sources, that is, in some places

along the river, or as diffuse sources, which are inputs along the whole water

flow [20]. Examples of point sources of pesticides are sewage plants, sewer

overflows, and losses due to bad management practices from farmers. As diffuse

input pathways runoff, drain flow, drift, deposition, and a contribution through

groundwater can be distinguished.

Pesticides are being detected in water bodies of small rural communities on an

increasingly frequent basis. The use of phytosanitary products in agricultural

activities is the major cause of pesticide contamination in water due to their being

continuously discharged into aquatic environmental via surface runoff [21–23].

The pesticide physical removal reactions involve sedimentation, flocculation,

absorption, coprecipitation, and precipitation; the pesticide movements take place

in water, sediments, suspended matters, and plants [24, 25]. The pesticide can be

transported from one component to another, for example, from water to sediment or

biota, or by the suspension of the material or vice versa. Moreover, the chemical

removal of pesticides involves a series of anion and cation exchange reactions,

oxidation-reduction. It may also include UV radiation, especially for surface-flow

systems, where some organic pollutant molecules undergo photolytic decomposi-

tion due to exposure to the UV wavelengths of sunlight [25, 26].

13.2 Pathways of Entry of Pesticides in Soil, Surface Water,

and Groundwater

13.2.1 Pesticides in Soil and Surface Water

Pesticides can move in ecosystems according to their chemical properties such as

soil organic carbon/water distribution coefficient, Koc, half-live time (t1/2), vapor

pressure, etc. [4, 27]; the environmental conditions; and their application mode.

The toxic effects of substances applied in agroecosystems operate over a wide

area of influence, because the culture is connected with the environment. In this

way, natural ecosystems are part of the pesticides used on crops, and the fate of

them is influenced by the affinity for water, soil, air, or biota [1]. Pesticides react

with biomolecules such as DNA, proteins, and other metabolites, and their activity

leads to toxic effects, including physiological changes, nutritional changes, and

even death as a result of altering the metabolic pathways. They can also enter the

natural trophic chains via irrigation with contaminated water used to wash food and

containers. In addition to this, bioaccumulation and biomagnifications (Fig. 13.1)

can lead to hazardous concentration in living organisms [1, 26]. In view of these

facts, the attention paid by the scientific community to establish degradation

mechanisms and techniques for treating wastewater that contains pesticides has

grown considerably in the last decades [26, 28–30].
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In the soil, pesticides have differentmechanisms bywhich they canmove or detain;

those mechanismsmay act alone or in combination, as they depend on other variables,

such as humidity, temperature, organic matter, clay type, pH, and ion exchange

land, among others. Once the pesticides are in the soil, they can follow different routes

or pathways, which can range from disposal by chemical degradation to photochemi-

cal and microbial decomposition or volatilization. Figure 13.1 shows some of the

possible interactions of pesticides sprayed over the soil.

When a pesticide has been distributed on the soil, its degradation and its fate will

depend on a number of both biotic and abiotic processes, such as hydrolysis, photo

degradation, transformation by plant roots, and soil microorganisms. The area

where the most reactive pollutant present is transferred is the root zone (or rhizo-

sphere). This is where the physicochemical and biological processes [31–34] that

occur are induced by the interaction of plants, microorganisms, soil, and pollutants

(Fig. 13.2). The biological removal mechanisms may include antimicrobial activity

of root exudates. From this moment on, several possible interactions of pesticides

with different components of soil and environment begin. It is possible that this is

an exchange form, over time, being absorbed and desorbed by the different soil

compartments. This exchange form can cause the transformation into other

compounds which may be more dangerous than the parent compound. Furthermore,

pesticides and their transformation products may end up in leachates that contami-

nate groundwater and surface water (Fig. 13.3) [32, 33, 35].

The processes that could be greater importance in the removal of pesticides are

the processes of sorption/desorption and biodegradation. Both are strongly influenced

by the presence of a sediment layer [20, 36].

The fate of pesticides in surface water is determined by their sorption behavior.

The effect of physical transport during the sorption process can directly or indi-

rectly influence the degradation of pesticides. The chemical reactivity of a sorbed

pesticide in sediment is significantly different from that of it in solution [20, 36].

Photolys Biomagnification

Introduction of
pesticides

WaterSoil

Atmosphere

Plantas Animals

Fig. 13.1 Outline of the different routes a pesticide can take once it is scattered on the ground
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Fig. 13.2 Possible

interactions among plant,

pollutants, soil, and

microorganisms present in the

root zone

VolatilizationPhotolysis

Leaching

Runoff

Adsorption / Desorption
in soil (Matrix)

Degradation by 
microorganisms

Accumulation in
microorganisms

Translocation: leaves and stem

buscar

Pesticide
Plant

Surface water

Groundwater

Soil

Permeability

Fig. 13.3 Factors involved in the distribution and degradation mechanisms of pesticides in soil
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For instance, the chemical and bioavailability of the sorbed chemical are lower than

those in solution. Hysteresis or irreversibility of the sorption/desorption process

plays a distinctive role on pollutant availability.

13.2.2 Pesticides in Groundwater

In a rural setting, there are potential contaminant sources associated with human

activity that may affect groundwater quality. These can be point sources, where

potential contaminants are concentrated or stored in one spot, such as the pesti-

cide storage. There are also nonpoint sources, where potential contaminants are

spread over a wider area, such as applied nutrients or pesticides on cultural fields

[21, 25, 37].

The vulnerability of groundwater to contamination may vary across the place

[20]. The vulnerability of each aquifer is unique, and determining factors include

the type of formation, its depth, and whether or not it is protected by a low

permeability (Figs. 13.3 and 13.4).

Various physical, chemical, and biological processes determine the environmen-

tal fate of a pesticide. The rates and importance of each of these processes are, in

turn, affected by different factors [20, 38–41]. Table 13.1 shows the influence of

these factors on the specific groundwater vulnerability to pesticides. The following

paragraphs discuss the different points in more details.

Fig. 13.4 Processes of pesticides in surface water
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13.3 Constructed Wetland and Wastewater Treatment

13.3.1 Wetlands

Pollution impacts should be reduced or eliminated, so it is crucial to develop

technologies for the treatment and remediation of contaminated water. Several

existing treatment technologies may be suitable for this goal; however, either

their high costs or technology complexity, or both, preclude their successful

application. In this regard, CWs appear as a viable alternative technology and

economic treatment of effluents contaminated with pesticides, compared with

conventional treatment systems [43–46]. CWs have featured characteristic of

appropriate technology, that is, low cost and simple operation that render them

very well fitted for application in underdeveloped countries where capital and

skilled operators are scarce.

Wetlands, commonly known as biological filters, have emerged as an alternative

for solving a wide range of environmental and water quality issues [47–50]. A great

deal of research on the use of wetlands to treat a variety of wastewater to remove

pollutants from water in order to reduce the possible impact on humans and the rest

of the ecosystem have been performed in the past decades [51].

The characteristic of a natural wetland is the presence of water during extended

periods of time enough to alter the soil microorganisms and their flora communities.

The depths of these typical areas are less than 0.60 m where emergent plants grow

as rushes of water, Typha “totora,” and Lemna gibba (duckweed gibbous) “water

lentil” (Fig. 13.5), contributing the reduction of pollutants through aerobic degra-

dation processes [52, 53].

Wetlands have been used for pollution control for centuries [54–56], although

the scientifically based use of wetlands for wastewater treatment in constructed

wetlands began in the 1950s and 1960s, with investigations by Seidel and Kickuth

in Germany [47, 57–60].

Table 13.1 Factors affecting groundwater vulnerability to contamination by pesticides

Factor Examples Reference

Subsoil Thickness, degradation sites [39]

[40]

Pesticide properties Sorption, degradation [39]

[24]

[38]

Climate Timing of first rainfall, temperature, potential

evapotranspiration

[20]

[36]

[25]

Groundwater Groundwater flow, dilution [25]

[35]

Soil and crop

properties

Organic matter content, texture, structure, plant uptake [38]

[42]
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13.3.2 Constructed Wetlands Systems (CWs)

The CWs seek to imitate the properties of natural wetlands in an environment that

can be manipulated and controlled [51, 61]. CWs are defined as engineered

wetlands that utilize natural processes involving wetland vegetation, soil, and

their associated microbial assemblages to assist, at least partially, in treating

wastewater or other polluted water sources [62]. The number of constructed

treatment wetlands receiving wastewater from municipal, industrial, agricultural,

and storm water sources has increased to more than 20,000 across the world [63].

A CW is an artificial system of wastewater treatment that consists of a shallow

pond or channel, no more than 0.60 m, which in most cases has aquatic plants

planted to treat wastewater. The CWs have advantages over alternative treatment

systems because they require little or no energy to operate. If there are sufficient

areas of land available near the installation of the CWs for aquatic cultivation, they

can be an effective low-cost alternative. CWs provide habitat for wildlife and are

aesthetically pleasing to the eye. Furthermore, for their ecological value, wetlands

have important roles, such as preventing floods, stabilizing the shoreline, and

recharging underground aquifers to stabilize local conditions, particularly rainfall

and temperature [64, 65].

The CWs are man-made copies of natural wetlands that optimally exploit the

biogeochemical cycles that normally occur in these systems for the purpose of

wastewater treatment. Different types can be distinguished, based on water flow

characteristics and plant species. Systems with aboveground flow are referred to as

surface-flow (SF) CWs and the ones with belowground flow as subsurface-flow

(SSF) CWs. The latter ones can be further subdivided according to the water flow

Fig. 13.5 Aquatic plants in natural wetlands
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direction, that is, horizontal or vertical flow [66]. Commonly used plants in all types

of systems are helophytes, like reed and cattails. Some SF systems also make use of

free-floating macrophytes, like duckweed and water hyacinth; floating-leaved

bottom-rooted macrophytes, like lotus; or submersed macrophytes, like waterweed,

but these are less frequently used and therefore not further discussed in this chapter.

For a further overview on system types and pollutant removal mechanisms, the

relatively recent work of Kadlec and Wallace is recommended [67].

Different CWs do not necessarily function as stand-alone treatment plants but

can be combined with each other or with other low-tech or high-tech wastewater

treatment units, in order to exploit the specific advantages of the different systems.

CWs are indeed increasingly used as a tertiary treatment step after activated sludge,

rotating biological contactors, UASB, etc.

Constructed wetland systems are considered as low-cost alternatives for

wastewater treatment, especially suitable for underdeveloped countries. They also

have low operation and maintenance requirements. Treatment of wastewater in

constructed wetland systems includes biological and biochemical processes [68].

13.3.2.1 Surface-Flow CWs (SF-CWs)

Surface-flow constructed wetlands (SF-CWs) are most similar to natural environ-

ments due to the permanent standing water and conditions favorable for wetland

plant species [69]. The SF-CWs generally have a soil bottom, emergent vegetation,

and a water surface above the substrate [70]. The design may or may not include

areas of open water in addition to the vegetated areas. These systems typically

consist of ponds or canals, with some sort of barrier to prevent underground

seepage, soil or other convenient means to handle the emergent vegetation, and

water depth in a relatively low (0.1–0.6 m) usually less than 0.4 m [62]. The

low water depth, low velocity flow, and the presence of plant stems and litter

regulate water flow. The treatment occurs when the flow of water slowly passes

through the stem and root of the emergent vegetation (Fig. 13.6).

13.3.2.2 Subsurface-Flow CWs

The technology of wastewater treatment by means of constructed wetlands with

horizontal subsurface flow (SSF-CWs) was started in Germany and by Reinhold

Kickuth in the 1970s [46, 58, 71–73]. In SSF-CWs systems, water passes either

horizontally (horizontal subsurface-flow constructed wetlands HSSF-CW) or verti-

cally (vertical subsurface-flow constructed wetland VSSF-CW) through the porous

filter material (usually sand and/or gravel). SSF-CWs consist of a bed, which helps

the growth of plants. In SSF-CWs, wastewater flows underneath and through the

plant rooting media, and water level is maintained below the top of the substratum.

The subsurface-flow systems are reported as causing fewer problems arising

from odors, insects, or public exposure, which are thus suitable to treat landfill
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leachate [124, 74–79]. The wastewater is treated by microbiological degradation

and by physical–chemical processes in a SSF-CWs. Anaerobic and aerobic pro-

cesses take place within the pores of the filter media (sand or gravel).

Figure 13.7 shows a typical HSSF-CW; the wastewater is fed in at the inlet and

flows slowly through the porous medium under the surface of the bed in a more or

less horizontal path, until it reaches the outlet zone where it is collected before

leaving via level control arrangement at the outlet [46]. During this passage, the

wastewater will come into contact with a network of aerobic, anoxic, and anaerobic

zones. The aerobic zones occur around roots and rhizomes that leak oxygen into the

substrate [80, 81]. Major design parameters, removal mechanisms, and treatment

performance have been reviewed by several authors [52, 62, 63, 67, 81–84].

The general design of SSF-CWs is based on a hydraulically isolated filter bed

that can be vegetated with different plants [70].

In the case of HSSF-CW, mechanically pretreated wastewater is fed in at the

inlet and passes slowly through the filtration substrate below the filter surface

horizontally until the outlet zone. Due to a long retention time of the wastewater,

BOD5, COD, and TSS removal is possible to a high degree, normally higher than

80–90%. Also, nitrogen reduction is not significant, but fully nitrification is limited

due to lack of oxygen that is characteristic for this kind of systems [70, 79].

In the VSSF-CWs, the wastewater is fed on the whole surface area through a

distribution system and passes the filter in a more or less vertical path. The dosing of

wastewater on the bed is performed intermittently [70, 79]. Due to the mostly

aerobic conditions in a VSSF-CW system, oxygen-requiring nitrifying bacteria is

favored, and nitrification can be achieved in these systems. However, denitrification

may not take place to a large extent. As the constructed wetlands age, the rate of

Vegetation

Water

Inflow

Horizontal pipe
feeding

Gravel or native stone
surface treatment

Outflow

Discharge pipe

Level adjust sump

Soil

Fig. 13.6 Schematic representation of a surface-flow constructed wetland
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organic removal increases. This is mainly due to an increase inmicrobial population.

Total nitrogen and phosphorus removal in constructed wetland systems can be as

high as 98–99%, respectively [79, 85].

SF-CW systems are less numerous than subsurface-flow systems, although free-

water surface wetlands are one of the oldest designs in Europe [83]. In order to

enhance wastewater purification efficiency, hybrid systems have been introduced,

which consist of various types of constructed wetlands arranged in sequence [70].

Table 13.2 summarizes some papers published in recent years in high impact

journals on subjects related to the use of constructed wetlands for industrial and

agricultural wastewater treatment (primarily wastewater contaminated with

pesticides).

13.4 Removal Processes of Pesticides in the Environment

Once a pesticide is introduced into the environment, whether through an applica-

tion, a disposal, or a spill, the pathway it takes is influenced by many processes.

These processes determine the persistence and movement, if any, of the pesticide

and its ultimate fate.

Significant research efforts have been dedicated to understanding the fate and

transport of pesticides in the environment, and the relationship among the fate and

transport of the pesticide and specific environmental parameters, such as organic

carbon and pH (Fig. 13.4) in soils, are generally understood at least qualitatively [25].

Vegetation

Water

Inflow

Gravel or native
stone surface

treatment

Outflow

Outflow
Discharge pipe

Level adjust sump

Soil

Filtration medium (gravel, crushed rock)

Fig. 13.7 Schematic representation of a subsurface-flow constructed wetland
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Three hydrological factors affect the depuration capacity of the constructed

wetlands: the hydro period [103, 104], the residence time of water into the wetland

[65, 105, 106], and the origin and contents of the feeding water. Pesticides either

in solution or adsorbed to the solid phase undergo a chemical degradation by

oxidation or photolysis induced or catalyzed by soil components. The abiotic

degradation is often incomplete and leads to intermediate substrates for biological

reactions. Degradation is presented by changes in molecular structure and the

formation of metabolites due to the action of chemical, photochemical, and

biological processes [105].

13.5 Processes That Reduce Pesticides in Constructed Wetlands

The contamination of water bodies with agricultural pesticides can pose a signifi-

cant threat to aquatic ecosystems and drinking water resources [12, 62, 90].

However, the risk for the aquatic community or to human health can often be

substantially reduced by appropriate measures. Mitigation of pesticide inputs into

water bodies includes both reduction of diffuse-source (runoff and erosion, tile

drainage, spray drift, leaching to groundwater) and of point-source inputs (mainly

farmyard runoff), which in some regions of Europe (e.g., Western Germany,

Sweden) have been shown to make a highly significant contribution to the observed

pesticide loads in rivers [12, 13, 107–109].

The natural and artificial water bodies, such as CWs, are highly likely to receive

contaminated water, with and without treatment, resulting in the detriment of their

quality and thus the loss of native biota. Constructed wetlands action on pesticides

Table 13.2 Examples of the

use of constructed wetlands

for treatment of contaminated

wastewater

Wastewater Country Reference

Agricultural runoff

(pesticide)

China [86]

Argentina [87, 88]

India [89]

Africa [90, 91]

Brazil [92]

Tannery Portugal [93]

Turkey [94]

USA [93, 95, 96]

México [97]

Food Slovenia [98]

Netherlands [99]

USA [100, 101]

Italy [102]
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is twofold: either as a sink due to storage, transformation, and elimination; or as a

source as compounds that may be transferred to water surface and groundwater, due

to plant interception and temporary storage due to sorption into sediment, soil, or

suspended matter [25]. In the environment, pesticides are partitioned into liquid,

solid, and gaseous phases. Pesticides presence in solid phase is due to adsorption

phenomena that control the distribution in the other phases, while their most

mobile portion is located in liquid and gaseous phases. This portion is available

for microbial degradation and for vertical or lateral transfer related to ground and

surface water contamination. Generally, the solid phase retention minimizes the

pesticide mobility risk but makes pesticide disappearance (i.e., degradation) more

difficult [25].

Most studies on CWs have been unable to distinguish bioattenuation from

physical and chemical removal of contaminants, since removal is commonly

determined based on differences in input and output, considering the wetlands as

a black box. In particular, hydraulic retention time (HRT) of pesticides, substrate

(granulometry, porosity, uniformity), and hydraulic efficiency in CWs are the main

parameters to be considered for the performance of the biological treatment.

Contrary to most of plant treatments, where flow rates are in a narrow range of

values, in the case of CWs, flow rates are often close to zero in a few hours after a

storm event, while they are very high during storm events with lower hydraulic

retention times than the time needed for biological treatment [20, 36]. Therefore,

pesticide storage in CWs along with close contact between pesticides and plants

(and/or microorganisms) should be improved at the same time as biological

removal processes are designed. Macrophytes play a role in biological removal

process through their ability to extract metals and/or organic compounds [25].

The hydraulic design (hydraulic retention time, HRT) and the use of adsorbing

materials can be useful to increase the pesticides residence time and the contact

between pesticides and biocatalysts. Pesticide fluxes can be reduced by 50–80%

when increasing ten times the retention time. This, in turn, leads to CW lengths

that are much longer than those for municipal wastewater treatment [25, 26].

On the whole, global efficiency is generally calculated by the ratio of inlet/outlet

concentration without describing all the processes involved. This black box

approach does not allow the highlighting of main processes but provides evidence

of efficiency.

The use of vegetated wetlands for accelerating pesticide removal from agricul-

tural runoff is gaining acceptance as a best management practice. CWs are

promising tools for mitigating pesticide inputs via runoff/erosion and drift into

surface waters, but their effectiveness still has to be demonstrated for weakly and

moderately sorbing compounds [12]. However, the bioaccumulated pesticide in the

plant can accelerate its movement trophic chain. Poissant et al. [4] in recent studies

assessed the pesticides field losses in extensive agricultural catchments to survey

their potential interaction with downstream wetlands; this work presents innovative

approaches for pesticides fate and field losses studies in agricultural wetlands

catchments. Furthermore, their research reports organochlorinated, organophos-

phorus, aryloxyacid pesticides, and other group of pesticides. The metabolites as
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well as the active ingredients of pesticides were detected in the wetland and its

catchment. Overall, the pesticides lost from agricultural field toward the streams

were <1% of the quantity applied. On the other hand, Rose et al. [13] modeled

the rates of dissipation processes and evaluated the influence of aquatic plants on

these rates, in order to formulate some general recommendations regarding the

use of aquatic plants in constructed wetlands for polishing pesticide-contaminated

agricultural runoff.

There is also evidence that aquatic vegetation can accelerate pesticide removal

compared to open water systems [109, 110]. This reportedly occurs because of

the increased capacity for plant/biofilm sorption and subsequent immobilization

(Table 13.3), breakdown, or uptake of pesticides [13, 110, 115–117]. However, up

to date, there has been limited effort in quantifying the effect of aquatic vegetation

on other pesticide dissipation pathways from aquatic systems [13, 116]. This is

despite the pathways leading to the dissipation of organic contaminants, such as

pesticides from aquatic systems having been discussed in detail [118].

Most of these studies suggest that the CWs are very effective in reducing

pesticide inputs in surface waters; however, CWs need large extensions of land.

The largest wetland investigation in relation to pesticide removal was 134 m long

and 36 m wide [117].

However, smaller and less demanding wetland areas (e.g., 50 m long and 1.5 m

wide, [119]) have also been found to be very effective in removing pesticides

from water passing through the wetland [25].

Publications revised and in some way related to mitigation of pesticide inputs

into water bodies are discussed in the context of this study. However, not all

were useful for quantitative evaluation, because no quantitative estimates of the

reduction of pesticides or surface water concentration by the respective mitigation

measures were reported (Table 13.3).

Finally, some limitations of CWs into their application for remediation of waters

polluted with pesticides are worth mentioning: CWs may not be suitable for high

concentrations of xenobiotics; wetlands should be carefully managed in order to

avoid an over contamination by pesticides of the wetland site, and associated

negative effects (i.e., wetlands that require remediation); provisions for effluent

storage and recycling in order to increase hydraulic retention times should be

provided with consequent increases in cost and operation complexity.

13.6 Conclusions

The contamination of water bodies with pesticides can pose a significant threat to

aquatic ecosystems and water resources. However, the risk to the aquatic commu-

nity or the human health can often be substantially reduced by appropriate

measures. Previous research shows that plants can accelerate pesticide removal

from aquatic systems by several mechanisms. In this regard, constructed wetlands
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(CWs) where plants grow have been used to treat waters polluted with both

herbicides and insecticides under various conditions.

One of the main mechanisms of pesticide removal in CWs is sorption onto plants,

support media, and sediments; yet, CWs effectiveness still has to be demonstrated

for weakly and moderately sorbing compounds. The hydraulic design (hydraulic

retention time, HRT) and the use of adsorbing materials can be useful to increase

the pesticides residence time and the contact between pesticides and biocatalysts.

Pesticide fluxes can be reduced by 50–80% when increasing ten times the retention

time. This, in turn, leads to CW lengths that are much longer than those for municipal

wastewater treatment. CWs are a viable and economic alternative technology for

the treatment of effluents contaminated with pesticides, compared to conventional

treatment systems, due to simple design and operation and relatively low costs of

investment and operation. Yet, there are some limitations of CWs, inter alia, they are
not suitable for high concentrations of xenobiotics; they should be carefully man-

aged in order to avoid an over contamination by pesticides of the wetland site and

associated negative effects (i.e., wetlands that require remediation).
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Chapter 14

Tracing Nitrogen Sources and Cycle

in Freshwater Through Nitrogen

and Oxygen Isotopic Research

Zi-Xiang Chen, Xue-Bin Yin, Guang Liu, and Gui-Jian Liu

14.1 Introduction

Freshwater systems are vulnerable to pollution, due to excess nitrogen nutrient

input, which poses a severe threat to drinking water supplies and promotes

eutrophication and seasonal hypoxia in surface and groundwater around the

world [1, 2]. High levels of nutrient input also increase hazards to the aquatic

system, such as heavy metals and toxic bacteria, leading to further deterioration

in water quality [3]. Nitrate is the dominant form of nitrogen contamination in

freshwater systems worldwide. Rising nitrate concentrations, above normal

levels, have been recorded in many areas of the world in recent years. The

overapplication of fertilizers and poorly treated human sewage and animal

waste in hydrologic systems make an important contribution to these high nitrate

levels. High nitrate levels create potential health risks, especially to infants, who

can contract methemoglobinemia, also termed blue-baby disease [4, 5]. Hence, a

limit on nitrate concentration (10 mg/L) in drinking water has been set by WHO

(World Health Organization) and USEPA (United States Environmental Protec-

tion Agency).

In order to provide better management and improvement of water quality and to

make effective remediation plans for heavily polluted areas, it is important to

identify the sources of nitrates and map the nitrogen cycle. Traditional analysis of
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nitrate sources is conducted by determining nitrate concentrations in freshwater

systems and potential nitrate sources of water supplies. However, there are many

deficiencies in this method, such as the possibility of multiple nitrate sources or

other elements impacting on nitrate distributions in surface and groundwater, the

presence of mixing point and nonpoint sources along a flow path, and potential

occurrence of some biogeochemical processes which would control changes in

nitrate and other chemical concentrations. Given these complex possibilities, the

introduction of stable isotopic composition in nitrate seems crucial, because stable

isotopes can provide a direct means of nitrate source identification, and there are

distinctive nitrogen and oxygen isotopic compositions present among different

sources. Recently, the technique of using nitrogen and oxygen isotopic composi-

tions to identify nitrate sources has been extensively used in many aquatic systems

worldwide [6–8]. The method of using single nitrogen isotope (d15N) to elevate

nitrate sources and processes has been successfully practiced in a variety of research

over the past several decades [1]. Since the early 1990s, the combined use of oxygen

isotopes in nitrate (d18O) has been employed [6]. Recently, many isotopic

approaches have combined use of nitrate isotopes with multi-isotope ratios, such

as strontium(Sr), boron(B), and d18O-H2O, with proven success in tracing nitrate

sources in freshwater [9, 5].

This chapter will focus on using nitrogen and oxygen isotopic compositions of

nitrate to identify the sources of dissolved nitrate and assess the process of nitrogen

cycle in freshwater systems. More details of applications of this technique will be

discussed in the sections on surface and groundwater. It is a kind of interdisciplin-

ary approach, and many interacting factors in freshwater systems will be also

incorporated into and discussed in this chapter.

14.1.1 Nitrogen Isotopes in Nitrate

Nitrogen has two naturally occurring stable isotopes, 14N and 15N, present as 99.64

and 0.36% in all nitrogen atoms, respectively (Faure 1986). There are many

different kinds of nitrogen compounds, because of the multivalence of nitrogen,

ranging from +5 (e.g., NO3
�) to �3 (e.g., NH4

+), results in a wide natural range of

isotopic compositions. Nitrogen isotopic ratios are generally reported using d
notation relative to the nitrogen isotopic ratio of air (Peterson and Fry 1987). Stable

isotopic ratios are expressed using the delta per mil (‰) notation relative to

international reference standards:

dsample ‰ð Þ ¼ Rsample � Rstandard

� �
Rstandard=

� �� 1; 000 (14.1)

R is the ratio of 15N to 14N of the sample and standard. Analytical precision

of 0.3 ‰ or better is accepted. Some reference materials with distinct d15N
values have been widely used as standards for the comparison of different
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researchers’ laboratory, such as standard reference materials N-1(IAEA), N-2

(IAEA), and N-3(IAEA), whose reported d15N values are +0.45, +20.35, and

+22.3‰, respectively [7, 10].

14.1.2 Oxygen Isotopes in Nitrate

The stable oxygen isotopic composition of nitrate has been extensively used as a

marker to identify nitrate sources and map the nitrogen cycle in freshwater systems.

There are three kinds of oxygen isotopic compositions, such as 16O (99.759‰), 17O

(0.037‰), and 18O (0.204‰) [11]. According to Eq. 14.1, stable oxygen isotopic

compositions are also expressed in terms of 18O/16O ratios of the sample and

standard, and the d18O values of nitrate are reported in the delta per mil (‰)

relative to the Vienna Standard Mean Ocean Water (VSMOW). Analytical preci-

sion of 0.3‰ or better is also accepted. Positive dsample values indicate enrichment

in the heavy isotope, whereas negative dsample values indicate depletion in the heavy

isotope. In theory, two of the oxygen atoms in nitrate are thought to be derived

from ambient environmental H2O and one from atmospheric air [12]. The larger

range of d18O values suggests that oxygen isotopes in nitrate are fractionated from

their source compositions during atmospheric processes.

14.2 Methods

The technique of using the d15N and d18O values of nitrate to trace nitrogen sources

has been proven effective; however, the analytic techniques for the determination

of d15N and d18O values must be accurate, inexpensive, and rapid. Below is a brief

description of some recent methods to solve the problem of concentrating the

dissolved nitrate in an aquatic system and analyzing the natural abundance of

nitrogen and oxygen isotopic compositions.

The first approach is the “AgNO3 technique,” also known as the “ion-exchange

method,” which was proposed by Chang et al. [13] and Silva et al. [14]. Their work

provides a detailed, practical description of both field and laboratory methods of

concentrating and purifying dissolved nitrate in freshwater samples, then con-

verting the dissolved nitrate to AgNO3 crystals, before determining d15N and

d18O values. The specific experimental procedures can be briefly stated as follows.

To determine the d15N nitrate value, the first step is to pass water samples through

anion exchange resin columns to concentrate nitrate. Then, nitrate is eluted by

hydrochloric acid (HCl). The next step uses silver oxide to neutralize the eluted

solution, which is then passed through filters to remove AgCl. To determine the

nitrate d18O value, on the base of the experimental steps to determine the d15N
value, all non-nitrate oxygen-bearing anions, such as SO4

2�, PO4
3�, and CO3

2� in

silver nitrate solutions, must be removed by BaCl2, and the precipitate must be
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filtered out. After this step is complete, the filtered AgNO3 solution is passed

through anion exchange resin columns to remove excess Ba2+ and re-neutralized

with Ag2O. Finally, low-blank-value active carbon is used to adsorb some other

potential interference factors. Both the resulting treated AgNO3 solutions can be

freeze dried [14] or oven thermal dried [15] to produce the required AgNO3 salts.

Traditional analysis of d15N and d18O values in the resulting AgNO3 salts uses the

sealed tube combustion method, converting AgNO3 salts to N2 and CO2 gas for

IRMS (Isotope Ratio Mass Spectrometer) determination to obtain the d15N and

d18O values independently [10]. Although this method is practical and useful, the

pretreatment apparatus is too cumbersome, and the amount of AgNO3 salts required

is rather high. Recently, a more efficient and precise method of determination of

d15N and d18O values in AgNO3 salts has been used extensively. Both d15N and

d18O values can be determined by TC/EA-IRMS (thermal conversion/element

analyzer-IRMS). The essential principle of the method is that AgNO3 salts set in

aluminum and silver tubes are combusted at 1,400 �C via EA and then converted to

N2 and CO gas for IRMS. The advantages of this method include its precision and

sensitivity and the fact that minor isotope fractionation occurs throughout the

experimental procedure. The drawbacks of this method are that the volume of

water sample required is very large and that the necessary chemical reagents are

very expensive. Overall, this technique is very suitable for freshwater samples and

is widely used [2, 5, 15].

The second approach is the “bacterial denitrification method,” which has also

been successfully applied by many research groups [16, 17]. As the name implies,

the essence of this method is the use of denitrifying bacteria which is featured with

lacking activity of catalyzing N2O reduction to N2 to convert nitrate to N2O,

followed by IRMS analysis to simultaneously determine d15N and d18O values.

Briefly, the specific experimental procedures can be generalized as follows.

Denitrifying bacteria are firstly cultured in amended tryptic soy broth (TSB) for

about 6–10 days and then divided into centrifuge tubes of 40 mL aliquots. After the

centrifugation is complete, the supernatant is decanted, and approximately 4 mL

TSB is added to the remaining materials in the tubes to obtain a tenfold level of

denitrifying bacteria. These tubes are reserved and then vortexed to confirm the

bacteria culture is homogenized. 2*2 mL aliquots are transferred into 20-mL

headspace vials, and then, Teflon-backed silicone septa are used to seal these

vials. Before the injection of samples into the bacterial culture, the headspace

vials are purged with nitrogen gas for about 3 h to ensure there is no N2O and

that the environment is fully anaerobic. Approximately 100 nmol of dissolved

nitrate samples are added to the headspace vials and cultured for approximately

12 h to ensure absolute conversion from NO3
� to N2O. After conversion, to prevent

further denitrifying bacterial activity and remove the CO2 gas, which can impair

determination of N2O, about 0.1 mL of 10N NaOH is added to the headspace vials.

d15N and d18O values are determined simultaneously by analysis of the prepared

N2O via IRMS. There are two different methods of completing the measurement

process, online and offline. The online method uses an auto-sampler injection

system to extract N2O online, and Nafion is employed as an additional water trap

for the IRMS analysis. The offline method uses a vacuum line to freeze N2O out
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offline and then conducts IRMS analysis [18]. The significant advantages of using

this method are the reduction in labor and costs and the low number of samples.

Whereas, there are also some disadvantages in using this method, for example, the

bacterial growth time is very long (approximately 12 days) and all the experimental

procedures must be conducted in a sterile environment.

Recently, a new method, called the “cadmium reduction method” or “azide

method” has been proposed [19]. This approach uses the chemical reduction method

to complete the conversion fromNO3
� to N2O in order to avoid the disadvantages of

the “bacterial denitrification method.” A two-step reduction method is employed,

firstly using cadmium reduction to convert NO3
� to NO2

� and then using sodium

azide to convert NO2
� to N2O for IRMS analysis to determine d15N and d18O values,

in the same way as employed in the “bacterial denitrification method.” The first step

of this method has been described by many water chemistry researchers in the last

30–50 years [20, 21]. The traditional method adds 1 g spongy cadmium (pH ¼ 9)

which has first been shaken overnight at 120 rpm to approximately 50-mL water

sample in Teflon-sealed batches to complete NO3
� to NO2

� conversion.

The concentration of sodium chloride in the freshwater samples should be increased

to 0.5 mol/L. The samples are then centrifuged to separate the spongy cadmium to

produce NO2
�. In recent years, a new method for this first reduction step has been

developed by Schiliman and Teplyakov [22]. To fully achieve NO3
� to NO2

�

conversion and simultaneously remove some factors causing any isotopic fraction-

ation, the water samples are passed through a copperized granular cadmium-filled

column at a rate of 5 mL/min for several minutes and then transferred into 60-mL

vials and sealed with Teflon-lined septa. The vials are purged with nitrogen gas or

helium gas to ensure any N2O gas is removed. After NO2
� is produced, in a

subsequent reduction step, 2 mL 1:1 sodium azide (2 mol/L)/acetic acid solution

(20%) is added to the samples to complete the final NO2
� to N2O and N2 conversion,

while 1mL of 6mol/L NaOH is added to the samples to remove the HN3. Finally, the

pure N2O and N2 gas are subjected to IRMS analysis to determine d15N and d18O
values. This technique successfully avoids the drawbacks of the “bacterial denitrifi-

cation method.” However, the major disadvantage of this method is the toxicity of

the chemical reduction reagents employed.

The three methods discussed above are representative of the methods of deter-

mining d15N and d18O values of dissolved nitrate in freshwater samples in wide-

spread use worldwide in recent years. There are some other methods which are not

discussed in detail in this chapter. However, any experimental method has both

advantages and disadvantages: these methods need to be further developed to

enhance their benefits and minimize their disadvantages.

14.3 d15N Values of Nitrate Sources

There are different kinds of nitrate sources with distinctive ranges of d15N values in

freshwater systems. Overall, the ranges of d15N values in terrestrial nitrate sources

extend from almost �20% to +30‰. Although wider ranges of d15N values have
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been reported, some extremely high or low d15N valuesmay derive in chief from some

nitrate sources produced by unusual nitrogen transformation processes, which are not

discussed in detail in this chapter. Precisely because of the distinctive ranges of d15N
values in terrestrial nitrate sources, the isotopic differences among and changes in

these nitrate sources have been used for some time to identify nitrate sources in

freshwater systems. The first study using this technique was conducted by Kohl

et al. [23], whose research used this method to assess fertilizer contributions to nitrate

sources in a river system. The dominant sources of nitrate in freshwater systems are

atmospheric deposition, N-bearing fertilizers, sewage and manure, and soil organic

nitrogen.While the nitrogen isotopic compositions of some of these sources is distinc-

tive, others are less distinct, with overlapping d15N values, for example, between

N-bearing fertilizers and soil organic nitrogen. The specific classification of all nitrate

sources with different nitrogen isotopic ratios is summarized in Fig. 14.1. A discussion

of each of these different nitrate sources appears below.

14.3.1 Atmospheric Deposition

There is a large variation in the nitrogen isotopic composition of atmospheric

deposition, which usually falls within the range of d15N values from �15% to

+15‰ [4, 6, 24]. This large range of d15N values is controlled by complex chemical

reactions in a complex atmospheric environment [6, 25]. The formation process of

these atmospheric nitrate sources is also complex. Nitrate may be produced natu-

rally by volatilization of ammonia from soils and animal waste, nitrification and

Fig. 14.1 Box plots of d15N values pf NO3
� from various sources and sinks. Box plots illustrate

the 25th, 50th and 75th percentiles; the whiskers indicate the 10th and 90th percentiles; and the

circles represent outliers (Xue et al. [31])
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denitrification may occur in soil and surface water, or production may result from

atmospheric N2 in thunderstorms. Nitrate may be produced by various anthropo-

genic source inputs, such as combustion of fossil fuels. Given this complex inter-

action of environment and impacting elements, few comprehensive studies of d15N
values in atmospheric deposition sources have been conducted to date [25]. Many

studies have demonstrated that seasonal changes in d15N values in atmospheric

deposition occur. Specifically, lower d15N values in nitrate have been recorded

in spring and summer and higher values in winter. There are two possible

explanations for this phenomenon: one reason is that warm, moist environments

favor the nitrification activities of N-bearing fertilizers; the other is that increased

combustion of fossil fuel in colder seasons may result in increased production of

enriched NOx [1, 26].

The combined use of d18O and d15N values in nitrates could enable researchers

to better distinguish between atmospheric and terrestrial nitrate sources [4, 27, 28].

A combination of d18O and d15N values can also be used to differentiate among

anthropogenic nitrate sources. Furthermore, oxygen isotopic compositions nitrate

ratios have been successfully used to identify N2O produced from nitrification and

denitrification activities [29]. More details will be provided in the following section.

14.3.2 N-Bearing Fertilizers

N-bearing fertilizers are also significant nitrate sources in freshwater systems, as to

some extent agricultural land use occurs in the environs of most freshwater world-

wide, and since large quantities of N-bearing fertilizers are used on crops, nitrate

pollution caused by excessive N-bearing fertilizer input seems inevitable. In gen-

eral, N-bearing fertilizers can be categorized as organic and inorganic fertilizers,

such as ammonium fertilizer, ammonium nitrate, potassium nitrate, and urea. All

these N-bearing fertilizers are artificial and produced from fixation of atmospheric

N2. Because few isotopic fractionations occur during the process of fixation of

atmospheric N2, small differences in nitrogen isotopic ratios can be found among

these artificial fertilizers [30]. The range of d15N values of these artificial fertilizers

generally extends from�6 to +6‰. The nitrogen isotopic ratio of organic fertilizers

(such as cover crops, plant compost, liquid, and solid manure, with a wide range of

d15N value from +2 to +30‰) is mostly higher than inorganic fertilizers. This can

be attributed to their different origins. The nitrogen isotopic ratios of the N-bearing

fertilizers discussed here are different from those of soil organic nitrogen fertilizers.

14.3.3 Sewage and Manure

Sewage and manure play an important part in contributing nitrate pollutants to

the freshwater systems; indeed, they are the dominant nitrate source in such
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systems. It has often been observed that the nitrogen isotopic ratios in sewage

and manure are more highly enriched than other nitrate sources. The high enrich-

ment in d15N value of these animal waste products is mainly due to the volatiliza-

tion of 15N-depleted ammonia; the remaining ammonia, containing high levels of

d15N is subsequently oxidized into d15N-enriched nitrate. As a result of this process,
nitrate sources deriving from manure range from +5 to +25‰, while sewage ranges

from +4 to +19‰ [31]. In practical studies, high levels of d15N value in sewage and

manure can be taken to signify anthropogenic contamination sources.

14.3.4 Soil Organic Nitrogen

The nitrogen cycle is highly complex and results from continuous interaction

among the atmosphere, soil, water, and the entire biosphere. Hence, there are

many factors which impact on the nitrogen isotopic ratios of soil organic nitrogen.

These include some natural factors, such as soil depth, vegetation type, climate

characteristics, and site history, and some bacterial activities, such as mineraliza-

tion and nitrification process. All these factors cause small variations in nitrogen

isotopic ratios of between 0 and 8‰ in soil organic nitrogen. Nitrate is the dominant

nitrogen form in soil and derives from different sources, such as soils fertilized with

synthetic nitrate fertilizers or manure and soils polluted by surface and groundwa-

ter. This explains the overlap in nitrogen isotopic compositions between synthetic

nitrate fertilizers and soil organic nitrogen and hence the deficiency of using single

nitrogen isotopic ratios to identify nitrate sources. Because there are a large range of

d15N values in these nitrate sources, the average d15N value of nitrate sources

recorded in one place cannot be taken to represent other places: this is better

explained [32] through the complexities of nitrate d15N data.

14.3.5 Nitrate Sources in Freshwater

During the past decade, nitrate pollution has accumulated and resulted in unaccept-

able levels of nitrate concentration in freshwater systems (surface water and

groundwater) in many parts of the world. This has caused worldwide concern.

Moreover, human activities are a major contributor to this worsening of surface and

groundwater quality [4, 5]. Nitrate pollution in surface and groundwater is largely

affected by land use around the water area. For example, if the dominant land use is

agricultural, nitrate contamination mainly derives from the extensive use of

fertilizers, animal manures, and some other N-containing organic matter, whereas

in industrial areas, intensive land use and high levels of human activity will

contribute the majority of nitrates found in surface and groundwater. Consequently,

the nitrogen isotopic ratios of dissolved nitrates in surface and groundwater range

from �4 to +15‰ [31].
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14.4 d18O Values of Nitrate Sources

As seen in the discussion of nitrogen isotopic ratios in different nitrate sources in Sect.

1.3, the disadvantage of using single dissolved nitrate d15N value is the inability to

identify nitrate sources or plot the nitrogen transformation process in freshwater

systems due to overlaps in d15N value among such nitrate sources. Therefore, the

d18O value of dissolved nitrate has been extensively used to provide an additional,

comprehensive means of identifying nitrate sources in freshwater systems precisely

[7, 33, 34]. In fact, the d18O value of nitrate was determined and studied as early as the

1980s [27, 35]. However, because the method used at that time was very labor-

intensive and hazardous, determination of the d18O value of nitrate was not widely

employed. With the development of techniques to determine d15N and d18O values in

nitrates, dual-isotope research began to be used in many parts of the world. There are

large differences in d18O value ranges between atmospheric nitrate deposition and

microbially produced soil nitrate: the typical ranges of d18O value in atmospheric

nitrate deposition andmicrobially produced soil nitrate are from +52.5 to +60.9‰ and

from +0.8 to +5.8‰, respectively [28]. This distinction is helpful in distinguishing

between atmospheric nitrate deposition and microbially produced soil nitrate. More-

over, the d18O value of nitrates also can be a good indicator of synthetic nitrate

fertilizer in other nitrate sources [36]. The specific d18O value of different nitrate

sources is shown in Fig. 14.2 [31]. Detailed d18O values of different nitrate sources

(such as atmospheric nitrate deposition, synthetic fertilizer, and nitrification of

N-bearing organic matter) will be discussed individually below.

Fig. 14.2 Box plots of d18O values pf NO3
� generated during nitrification, nitrate precipitation

and nitrate fertilizer. Box plots illustrate the 25th, 50th and 75th percentiles; the whiskers indicate
the 10th and 90th percentiles; and the circles represent outliers (Xue et al. [31])

14 Tracing Nitrogen Sources and Cycle in Freshwater Through Nitrogen. . . 407

http://1.3


14.4.1 Atmospheric Nitrate Deposition

A much larger range of d18O value in atmospheric nitrate deposition is observed, as

a result of the complex atmospheric processes and considerable spatial or temporal

variability in the atmosphere. Possible reasons for the larger range of d18O value

may include the following factors: isotopic fractionation during the process of

nitrate production in thunderstorms, incomplete combustion of fossil fuels in

power plants and vehicle exhaust emissions, and photochemical reactions in the

atmosphere. These processes also play an important role in the fractionation of

nitrogen isotopic ratios in the atmosphere (as discussed in Sect. 14.3.1). There are

different natural and anthropogenic nitrate sources in the atmosphere, which also

affect the oxygen isotopic ratios in atmospheric nitrate deposition. The d18O value

of the oxygen naturally occurring in the atmosphere is around +23‰. When natural

or anthropogenic NOx is oxidized to format nitrate from reactive oxygen in the

atmosphere [6, 34], on the base of impacts factors to alert d18O value in atmospheric

nitrate deposition, the oxygen isotopic ratio of atmospheric nitrate deposition

exhibits a wide range, from +25 to +75‰ [31].

14.4.2 Synthetic Fertilizer

The d18O value of synthetic fertilizers is almost constant, and there are few factors

which impact on the oxygen isotopic ratio. Since the 1980s, when the d18O value of

synthetic fertilizers was determined by Amberger and Schmidt [27], in their study,

many different kinds of anthropogenic nitrate fertilizer and synthetic nitrate which

the total number of three oxygen atoms is totally derived from atmospheric oxygen

were determined to obtain d18O value in synthetic fertilizers, and the d18O value

typically ranges from +17 to +25‰, which is similar to the d18O value of atmo-

spheric oxygen (23.5‰).

14.4.3 Nitrification of N-Bearing Organic Matters

Nitrification is the process of converting N-bearing organic matter from all nitrate

sources (such as atmospheric deposition, N-bearing fertilizers, sewage and manure,

and soil organic nitrogen) into nitrate by nitration bacteria. In theory, when nitrifi-

cation activities occur, two oxygen atoms of the newly formed nitrate are derived

from ambient water, and one oxygen atom is derived from atmospheric oxygen

[6, 7, 28, 33, 37]. According to this theory, we would anticipate a range of d18O
value in nitrification nitrates from�10 to +10‰, because the d18O value of ambient

water ranges from�25 to +4‰, while that of atmospheric oxygen is approximately

+23.5‰ [6, 28]. However, some studies have reported a maximum d18O value of
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nitrate from microbial activities of approximately +15‰ [6, 33], which is +5‰
higher than the expected d18O value (+10‰). Possible explanations for this dis-

crepancy might be that the d18O value of ambient water could be isotopically

fractionated to a high level during the evaporation and respiration process or

isotopic fractionation might occur during the nitrification process. Some studies

have suggested that the amount of atmospheric oxygen used by the nitration

bacteria could exceed the theoretical level [6, 33]. These hypotheses provide

convincing explanations as to explain why the d18O value from microbially pro-

duced nitrate is higher than the d18O value predicted in theory.

14.5 Factors Affecting Nitrogen and Oxygen

Isotopic Compositions

It is very important to understand some factors affecting nitrogen and oxygen

isotopic compositions when the technique of using d15N and d18O values is used

to identify nitrate sources in freshwater systems. There are many kinds of nitrate

sources derived from high-density urban and agricultural activities, which make

important contributions of nitrate to surface and groundwater. Thus, nitrate is

accumulated and nitrate pollution is caused. However, during the process of nitrate

transformation, complex isotopic fractionations occur, caused by different kinds of

nitrogen cycle processes, which ultimately alter the nitrogen and oxygen isotopic

compositions in nitrates [38]. Hence, these multiple nitrogen cycle process should

be studied in order to understand precisely how the d15N and d18O values in nitrate

change. Over the past 10 years, many studies and reviews discussing this issue have

been published [6, 31, 39–41].

14.5.1 Mixing

As this term implies, there are many kinds of nitrate sources with different nitrogen

and oxygen isotopic compositions which contribute to surface and groundwater,

and they are mixed together, which causes an alteration in d15N and d18O values in

nitrate, and this deviation affects identification of nitrate sources. When mixing

occurs, the d15N and d18O values of nitrate in water samples at a given site are

not constant. In addition, before or after the mixing process, the initial nitrogen and

oxygen isotopic compositions of these different nitrate sources may be altered by

various isotopic fractionation activities in the field [6, 39]. Therefore, such mixing

will cause inaccurate identification of nitrate sources in surface and groundwater

[6], and in practical research, the types of mixing which occur locally should be

considered so that nitrate sources in freshwater systems may be traced more

effectively.
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14.5.2 Ammonification

In ammonification, sometimes also termed mineralization, ammonium is produced

from soil organic nitrogen matter (organic nitrogen ! NH4
+), and where ammoni-

fication occurs, there will be limited isotopic fractionation (about �1‰) between

soil organic matter and soil ammonium. Some researchers have hypothesized

that the entire nitrate was produced from organic nitrogen matter by some reaction

steps during the process of ammonification, one of which is rate limiting [42, 43].

However, in fact, isotopic fractionations are caused by the nitrification of ammo-

nium (nitrification), not the conversion of organic N to ammonium (ammonifica-

tion) [44, 45]. Confusion about these processes which control nitrogen and oxygen

isotopic compositions should be avoided in experimental studies.

14.5.3 Ammonia Volatilization

Ammonia volatilization describes the loss of ammonia gas from soil to the atmo-

sphere: during the process of ammonia volatilization, the nitrogen isotopic ratio of

the residual ammonium in the soil will be higher than that of the ammonia gas in the

atmosphere. The isotopic fractionation caused by ammonia volatilization comprises

two steps. The first, which is reversible, is that equilibrium fractionations occur

between ammonium and ammonia in solution and between aqueous and gaseous

ammonia. The second irreversible step is that kinetic reactions result in isotopic

fractionation, which is caused by the loss of d15N values of depleted ammonia in the

atmosphere. Both these processes will cause an increase in d15N values. In ammo-

nia volatilization, pH values in the environment are the dominant factor. For

example, urea and manure are applied to fields for agricultural use, and urea is

also the dominant N form in manure; hence, in this situation, the urea and ammonia

fertilizer can be hydrolyzed to ammonia and then oxidized to form a nitrate by

nitrification [1], as expressed in this equation: CO(NH2)2 ! NH3 !  NH4
+ !

NO3
�. This reaction will cause a temporary increase in pH value, creating the

perfect environment for the loss of ammonia gas by volatilization. Hence, the pH

value in during ammonia loss will remain acid, while the residual ammonium will

have a higher d15N value [6]. There are also natural factors which affect the degree

of d15N value enrichment in the residual ammonium, such as the pH value and

degree of moisture of the soil and the temperature.

14.5.4 Assimilation

Assimilation is the biological reaction in which N-bearing compounds, specifically

ammonium, nitrite, and nitrate, are incorporated into organisms. The assimilation
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process can be briefly described as follows. NOx compounds are first converted

into ammonium by nitrate or nitrite reductases and finally assimilated into organic

matter. The assimilation process, like other factors, can alter the nitrogen isotopic

ratio and generally prefer the incorporation of 14N over 15N. Many studies have

been conducted to seek to determine the nitrogen isotopic ratio and isotopic

fractionation values [25, 46]. They concluded that fractionations caused by assimi-

lation activities slightly impact on the isotopic composition of the residual fertilizer

or soil organic matter. Fogel and Cifuentes [47] reported a wide range of fractio-

nations in nitrate and ammonium assimilation by algae in aquatic areas, from �270
to 0‰ in field tests and laboratory simulations. The major reason for the large range

of fractionations was believed to be interaction with some kinetic, equilibrium

isotope, which impacts significantly on environmental conditions.

14.5.5 Nitrification

Nitrification is a multistep oxidation process by which ammonium is converted to

various nitrogen oxides as intermediate species, such as NO2
�, NO, and N2O, and

finally nitrate is produced. The entire process is also accompanied by distinct

nitrogen isotopic fractionations, which induce depletion of the d15N value in the

nitrate relative to in d15N value of the initial ammonium, while the d15N value in the

residual ammonium is enriched [46, 48]. The whole nitrification process can be

elaborated as a series of oxidation reactions, as shown below:

NH4
þ þ H2O! NH2OH þ 2 H½ � þ Hþ (14.2)

NH2OH þ O2 ! NO2
� þ H½ � þ Hþ (14.3)

NO2
� þ H2O ! NO3

� þ 2 H½ � (14.4)

The reaction of Eq. 14.2 is oxidized by ammonia monooxygenase, Eq. 14.3 is

oxidized by hydroxylamine oxidoreductase, and the final reaction described in

Eq. 14.4 is oxidized by nitrite oxidoreductase. In this reaction, the oxygen from

water has been incorporated, because this step is reversible, so it is evident that

the oxygen atom can be exchanged between water and nitrate or nitrite [49].

The isotopic fractionations of d15N value during the entire nitrification process

have been extensively discussed [6, 25]. The isotopic enrichment in d15N value of

nitrate produced by nitrification ranges from �12 to �29‰ [6].

Studies of the source of the newly produced oxygen in these reactions have

attracted considerable interest [6, 37, 50]. Researchers have concluded that two of

the oxygen atoms in nitrate newly produced by nitrification derive from ambient

water, and one oxygen atom derives from O2 in the atmosphere, as previously

stated. Hence, the d18O value of the newly formed nitrate is decided by the
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interaction between the ambient water and atmospheric O2, not the oxygen isotopic

composition of the organic matter which has been converted to ammonium.

As there are three reaction steps in the nitrification process, identification of

the step which is rate determining seems crucial. This also directly impacts on the

isotopic fractionation caused by nitrification. If, prior to these nitrification

reactions, the ammonia is produced from organic matter, as discussed before, it is

not the dominant factor in isotopic fractionation and also because the step of nitrite

conversion to nitrate is generally rapid in natural systems. Therefore, the rate

determining step must be the oxidation of ammonium to nitrite. The degree of

isotopic fractionation caused by nitrification will certainly depend on the amount

of ammonium available. If there is little ammonium available, the isotopic frac-

tionation may exhibit a very small range. However, when there is a high level of

ammonium, nitrification occurs frequently: in this case, the oxidation of ammonium

must be the rate determining step and will probably cause considerable isotopic

fractionation. In studies of surface and groundwater, the nitrification process could

not be determined from the d15N and d18O values recorded in situ alone: in order

to precisely identify the nitrification process involved, it was also necessary to

consider water chemistry. This will be discussed in more detail below.

14.5.6 Denitrification

Denitrification is another multistep process by which nitrate is converted to N2 by

chemical or biological reduction reactions, also producing various nitrogen oxides

as intermediate compounds, such as N2O and NO. This process may alter the

nitrogen and oxygen isotopic ratios in residual nitrate. Two factors cause microbial

denitrification: one is an anaerobic or oxygen-limited environment; the other is the

presence of some organic carbon [51, 52]. The process of microbial denitrification

more commonly converts the isotopes 14N and 16O, which are lighter in composi-

tion, to N2 and N2O. This naturally causes enrichment of the heavier nitrogen and

oxygen isotopes in the residual nitrate [4, 15, 33]. Thus, during the denitrification

process, as the concentration of nitrate decreases, the d15N and d18O values will

be enriched in the residual nitrate. This trend can allow us to identify whether

denitrification occurs in the surface and groundwater studies. Moreover, the enrich-

ment factors in nitrogen and oxygen isotopic ratios associated with denitrification

have been determined by many research groups. For example, the enrichment factor

in a nitrogen isotopic ratio ranges from�40 to�5‰ [53, 54], while the enrichment

factor in an oxygen isotopic ratio ranges from �18 to �8‰ [15, 55, 56].

The enrichment factors for d15N and d18O values associated with denitrification

can be also assessed by using a simplified equation as below:

ds ¼ ds0 þ 2 ln fð Þ; (14.5)
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where ds denotes delta values in the substrate, ds0 denotes initial delta values in the

substrate, ∈ is the enrichment factor, and f denotes the substrate concentration

divided by the initial substrate concentration [6]. This equation has been exten-

sively used to provide useful information about the denitrification process [15, 57].

Some studies also show that if there is a linear relationship representing an

enrichment factor of d15N value relative to d18O value from 1.3 to 2.1, then

denitrification activities must have occurred [7, 15, 56]. There are several methods

for determining the occurrence and degree of denitrification process, such as

different kinds of enzyme-blockage methods (e.g., the acetylene-blockage method),

methods of 15N tracer [58], and some methods using natural isotope ratios. All these

topics will also be discussed in detail in later studies which seek to identify nitrate

sources.

14.6 Identifying Nitrogen Sources by Using Dual-Isotope

Methods and Water Chemistry

Recently, the technique of using d15N and d18O values of dissolved nitrate, and

combining the recorded d15N and d18O values with water chemistry characteristics

to precisely identify nitrate sources, has been applied in many parts of the world

[2, 5, 33]. In fact, in initial research using the isotopic tool to identify nitrate

sources, a single stable nitrogen isotope was used; the differences in d15N value

in nitrate can serve as a direct signal of different nitrate sources, especially in

sewage and manure sources with a distinctively high level of d15N value relative to

other nitrate sources. Much research has also been conducted using d15N values

alone to identify nitrate sources in freshwater systems [2, 59]. It is certainly feasible

to use the d15N value alone in a relatively simple environment. However, such use

is not recommended if the hydrologic system of a freshwater environment is very

complex, for example, when there are many isotopic factors, such as ammonia

volatilization, nitrification, and denitrification, occurring in a freshwater system and

impacting on d15N values. The existence of many kinds of point and nonpoint

sources mixing in the freshwater system will also hinder the identification of nitrate

sources if the d15N value is used alone. Hence, the combined use of nitrate d18O
value with d15N value can successfully provide more useful and accurate clues

when tracing nitrate sources and plotting the nitrogen cycle. The images in

Figs. 14.1 and 14.2 cited from Xue et al. [31] comprehensively show the normal

range d15N and d18O values of all nitrate sources and clearly suggest that good

complementarity exists between d15N and d18O values when both d15N and d18O
values are employed to identify nitrate sources. For example, where there is an

overlap of d15N values of synthetic fertilizer and natural soil organic nitrogen, the

d18O values can provide useful data to distinguish between these two nitrate

sources. There have been many dual-isotope studies of groundwater and surface
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water, which have been demonstrably successful in using d15N and d18O values to

identify nitrate sources in freshwater [2, 5].

The types of land use around the surface and groundwater to be studied play

an important role in the better identification of nitrate sources. For example, a study

of the d15N value range of different types of land use in a groundwater system

was conducted by Choi et al. [60], who concluded that d15N values ranged from

+4.5 to +8.5‰ in agriculture land using mineral fertilizer, from +8.7 to +17.6‰ in

farmland using animal manure, and was higher than +10‰ in high-density areas.

These different ranges of d15N value for different types of land use almost corre-

spond to the range of d15N value of different nitrate sources, providing an additional

tool to identify nitrate sources. Similar research has also been conducted into

surface water [2, 5]. Areas surrounded by urban activity and agricultural land

generally feature high nitrate concentrations of high d15N value, relative to other

areas. Moreover, there is generally a positive correlation between the nitrate d15N
value and nitrate concentration in these areas, which is fully attributable to anthro-

pogenic source input [61]. As a result, a combination of land use data with

determined d15N value has been successfully used to aid the identification of nitrate

sources in freshwater systems.

The concentration and determined d15N and d18O values of nitrate have typically

been usually combined to provide useful clues to identify nitrate sources and trace

the nitrification or denitrification process in surface and groundwater [2, 6, 7, 60].

Earlier researchers have concluded that when sewage and manure are the dominant

nitrate sources in a freshwater system, the concentration and nitrogen isotopic

composition of dissolved nitrate will be high, and a positive correlation between

the concentration and nitrogen isotopic composition of dissolved nitrate must

exist. This conclusion only holds true for single nitrate contamination sources.

However, the relationship between nitrate concentration and d15N value is also

very important, in practical studies, when determining whether nitrification or

denitrification has occurred. For example, a series of water samples are collected

from one part of the surface water system: both the nitrate concentration and d15N
value are determined, and there is a marked negative correlation between nitrate

concentration and d15N value, which suggests that the nitrate distribution in this

area is probably due to denitrification. This is just one method of determining

denitrification: if there is a linear relationship of from 1.3 to 2.1 between the

enrichment factor of the d15N value and that of the d18O value, this can also confirm

the occurrence of denitrification. Both d15N and d18O values of nitrate can also

be used to track the mixing process from different nitrate sources, because when the

d15N values of some nitrate sources are indistinguishable, the d18O value can be

used to provide better source resolution, as the oxygen isotopic composition of

nitrate generally changes in tandem with nitrogen isotopic composition during the

denitrification process.

The concentrations of anions and cations in freshwater are also very important.

These have been combined with nitrate d15N value to provide some useful infor-

mation when identifying nitrate sources, since anions and cations in freshwater may

also be an indicator of natural sources [7]. In studies, the concentrations of major
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cations (Mg2+, Ca2+, K+, Na+) and anions (Cl�, SO4
2�, NO3

�, NO2
�, PO4

3�) have
been determined. In a freshwater system, if Ca2+ and Na+ are the dominant cations,

Cl� and SO4
2� are the dominant anions. Freshwater lakes such as Taihu Lake, one

of five largest surface lakes in China, according to stoichiometric analysis, can be

principally characterized as SO4·Cl-Na·Ca types. Lang et al. [62] concluded that

Na+ and SO4
2�, as well as Cl�, principally derived from industrial and agricultural

distribution as chloride, are not subject to the physical, chemical, and micro-

biological processes occurring in surface water. Therefore, determining NO3
�/

Cl� levels can provide more information to help distinguish the effect of the N

removal process by dilution from denitrification [52]. If there is a good positive

correlation between NO3
� and Cl�, the mixing process may have an important

effect on nitrate transportation.

In studies of surface and groundwater, there are multiple potential sources of

nitrate in different ecosystems, the isotopic compositions of these nitrate sources

are rarely constant, and the initial isotopic compositions are altered by different

kinds of fractionating processes before or after mixing. Therefore, estimates of

quantification of relative contributions from different nitrate sources are crucial.

Deutsch et al. [63] successfully employed the dual-isotope technique to quantify

three nitrate sources, namely, atmospheric deposition, groundwater nitrate sources,

and nitrate sources from artificially drained agriculture soils, and quantified these

three nitrate sources as 3, 11, and 86%, respectively, of the total input. Voss et al.

[61] also successfully employed the dual-isotope technique to quantify three nitrate

sources, namely, sewage input, atmospheric deposition, and nitrate sources from

pristine soils, contributing to 12 Baltic rivers. The basis of these two successful

pieces of quantification research was the use of a mass-balance mixing model [64].

Generally, if using d15N and d18O values to quantify three nitrate sources, the basic

mass-balance mixing model can be expressed as follows:

d15NM ¼ f1d
15N1 þ f2d

15N2 þ f3d
15N3 (14.6)

d18OM ¼ f1d
18O1 þ f2d

18O2 þ f3d
18O3 (14.7)

f1 þ f2 þ f3 ¼ 1; (14.8)

where d15NM and d18OM denote the isotopic ratios of mixed nitrate sources; the 1, 2,

and 3 in the subscripts denote any of the three nitrate sources; and f denotes the

proportion of nitrate input from each of the three nitrate sources. Given the d15N
and d18O values, the contributions of three nitrate sources can be easily quantified.

There are some disadvantages to this mixing model [65], the most significant of

which is that the uncertainty of some nitrate sources has not been considered. For

example, nitrate d15N and d18O values vary temporally and spatially. Moreover,

some isotopic fractionations may also alter the isotopic composition of nitrate.

A further important limitation is that this model can only be used for three nitrate

sources, yet there may be some other nitrate sources which cannot be precisely
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quantified in studies. Despite its limitations, however, this mixing model is

important and can be a useful tool in relatively simple studies. What is more, it is

believed that a new, improved method of quantifying the contribution of each

nitrate source in a freshwater system will be developed in the near future.

14.7 Combining Other Isotopic Tools to Identify

Nitrate Sources

There are many kinds of isotopic tools that can provide additional clues when

identifying and possibly quantifying anthropogenic nitrate sources in freshwater

systems. Some of these will be briefly presented below.

14.7.1 Isotopic Ratios of Plants

Many studies have discussed the use of the d15N value of algae and terrestrial plants,

with an analysis of the nitrate d15N value and specific land use, as an important tool

in the identification of nitrate sources [66–69]. For example, Kohzu et al. [68]

successfully used the d15N value of riparian macrophytes to determine the anthro-

pogenic nitrogen input to an aquatic ecosystem through analysis of land use and

comparison with the nitrate d15N value.

14.7.2 Water Isotopic Ratios

Known d18O and d2H water values can also provide valuable clues to help identify

nitrate sources in freshwater systems [2, 5, 70]. Generally, as evaporation occurs

and freshwater is mixed from different geographic water sources, the d18O and d2H
values of surface and groundwater are different. For example, Li et al. [2] success-

fully used d18O and d2H water values to identify the water sources flowing into the

Yangtze River to facilitate identification of nitrate sources, while Lee et al. [5] used

d18O values to determine whether microbial nitrification occurred in the Han River.

14.7.3 Boron (B) Isotopic Ratios

Boron (B) isotopic ratios are also important tools when identifying nitrate sources

in freshwater systems [71]. B (B) has two stable isotopes, 10B and 11B, with natural

abundance of 20 and 80%, respectively. B is widely employed in manufacturing,
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agriculture, and cosmetic industry and is also easily soluble and hardly removed

in aquatic solutions. The most important characteristic of B is that d11B is not

altered by any transformation process (e.g., adsorption with clay minerals, denitri-

fication, and mineral precipitation) [71, 72]. Hence, d11B is used as a conservative

tracer of waste-water source and has been employed in many studies to identify

sewage contamination sources in surface and groundwater ([73]; Vengosh 1998;

[9]). These researchers reported a range of d11B values in sewage from �7.7 to

+12.9‰. In addition, d11B value can be as a tracer of animal manure and mineral

nitrogen fertilizer, which also contain B, and the recorded d11B values (from +6.9

to +42.1‰) in different kinds of animal manure are markedly higher than in

mineral nitrogen fertilizer (from +8 to +17‰). Therefore, given the distinctive

d11B values in these different contamination sources, a comparison of d11B value

will allow for easy discrimination between them [74].

14.7.4 Strontium (Sr) Isotopic Ratios

Strontium (Sr) isotopic ratios play a significant role in identifying nitrate sources

from anthropogenic contaminants in groundwater. Sr (Sr) has two stable isotopes,
87Sr and 86Sr, which can be used as valuable tools for distinguishing phosphate

fertilizers derived from phosphorite or carbonatite [75]. Like boron (B) isotopic

ratios, strontium (Sr) isotopic ratios are not easily affected by any isotopic

fractionation process. This can be attributed to the lack of significant difference

in mass between 87Sr and 86Sr. This feature of strontium (Sr) isotopes renders

them important when determining whether mixing processes have occurred and

assessing water–rock interactions in the aquifer. The only disadvantage of using

the Sr (Sr) isotopic ratio to trace such interactions is that flux from water–rock

interactions is generally larger than flux from anthropogenic origins, so that the

isotope signal may be neglected. Vitoria et al. [75] successfully used some other

isotopic tracers (N, B, and Sr isotope) to provide information useful in identifying

nitrate sources in contaminated groundwater. More details are shown in the

literature.

14.7.5 Lithium (Li) Isotopic Ratios

There are also some similarities between lithium (Li) isotopes and other isotopic

tracers (B, Sr). Lithium also has two stable isotopes, 6Li and 7Li. d7Li value in

natural materials generally exhibits variances. Bullen and Kendall [76] concluded

that the d7Li value in minerals derived from marine water is heavier than in

minerals derived from igneous and metamorphic rocks. Like boron, lithium has
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been widely used in industrial, agricultural, and pharmaceutical fields [77].

Therefore, the d7Li value can act as a marker of waste-water sources from anthro-

pogenic origins. In studies using d7Li values, some affecting factors were identified,

such as discharges associated with lithium from lithium-processing plants and

accumulated lithium in aquatic systems. Some specific studies employing d7Li
value can be seen in Bullen and Senior [78] and Bullen and Kendall [76].

14.7.6 d18O Value of Phosphate

Much similar as nitrogen, phosphorus (P) is needed for DNA, RNA, and energy

transfer, considered as a primary nutrient supporting the growth of plants and algae

in aquatic ecosystem [79, 80]. The need to reduce anthropogenic P inputs to aquatic

ecosystem in order to protect the water resources due to eutrophication problems

has been widely recognized. Till now, the traditional methods which use infield

interviews and mathematic statistical tools to identify the sources of phosphorus

inputs are much more unmanageable because of its labor cost and time waste.

Recently, the oxygen isotopic ratios of phosphate have been used as a tool to study

the sources and cycling of phosphorus pollutions [81–84]. Even though very few

works have been conducted, it still presents a promising prospect for further

applications on lakes and other waters. Phosphate can be assimilated by phyto-

plankton and altered to organic phosphorus compounds [85], as nitrogen and other

nutrients are usually sufficient for algae growth (such as cyanobacteria) [79].

To understand the sources and cycling of phosphate plays a key role on controlling

most eutrophication problems. Compared with nitrogen, carbon, and other

elements, P has only one stable isotope (while two radioactive isotopes), which

cannot be used as a stable isotopic tracer. However, it has been already found that

most of P is strongly bound to oxygen in the environment, which has three stable

isotopes. The P-O bond in phosphate is resistant to inorganic hydrolysis at the

temperature and pH of most natural systems. Only if recycled by organism,

phosphate will exchange oxygen with ambient water, causing isotopic fractionation

[85, 86]. Thus, the isotopic ratios of oxygen bound to P can be an indicator which

provides useful information of phosphate sources and cycling.

Oxygen isotopic composition of phosphate was firstly applied on marine apatite.

Earliest researches found the oxygen isotope in biogenic apatite had a correlation

with the seawater temperature, indicating an isotopic equilibrium of the phosphate

biological cycling [87]. Later, several laboratory studies characterized this fraction-

ation by algae culture experiment and demonstrated that the bacterial metabolic

processes significantly changed the phosphate oxygen isotopic values, resulting in a

trend closing to the equilibrium, even if the phosphate concentration is high [86].

And then, a seasonal variation in the oxygen isotopic composition of DIP in the

San Francisco Bay estuarine was reported by McLaughlin in 2002–2004 [82].

The newest published work used the phosphate oxygen isotope to trace phosphorus

sources, and cycling in Lake Erie was studied by Elsbury et al. [81]; in this study,
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the oxygen isotopic values of dissolved phosphate were largely out of equilibrium

with ambient conditions, ranging from +10 to +17‰, and this conclusion

also claimed that there might be a likely source released from sediments under

reducing conditions created during anoxic events in the bottom of the central basin

of Lake Erie.

14.8 Applications for Dual-Isotope Studies

Some studies using d15N and d18O values to identify nitrate sources and track

nitrogen transformation in surface and groundwater are discussed in detail below:

these provide a scientific guide to practical researchers. Two research groups’

studies are selected for further study. The first is “Using d15N and d18O values to

identify nitrate sources in Karst Ground Water, Guiyang, Southwest China,” by Liu

et al. [7]. The second is “Tracking the sources of nitrate in the Han River watershed

in Korea, using d15N-NO3
� and d18O-NO3

� values,” by Lee et al. [5]. The first

study focused on groundwater, while the second focused on surface water.

14.8.1 Application in a Groundwater Study

Nitrate pollution in karstic groundwater is becoming a very serious problem in

Guiyang, the capital city of Guizhou Province in southwest China. Hence, identifi-

cation of the nitrate source, which could directly aid the remediation of groundwa-

ter in Guiyang, is a priority [7]. Both groundwater and surface water samples in

Guiyang were collected during summer and winter. Major cations (Mg2+, Ca2+, K+,

and Na+) and anions (Cl�, SO4
2�, NO3

�) were determined, and d15N and d18O
values of nitrate were determined by the “ion-exchange method” discussed in

chapter 1.2 [14]. Our discussion will focus on four typical analysis figures

(Figs. 1.3–1.6) from this research. As we have seen, the NO3
�/Cl� method can

provide much useful information when tracking nitrate transformation. Figure 14.3

shows that there was no correlation between NO3
�and Cl� in winter, but a good

positive correlation (r2 ¼ 0.66) in summer, which suggests that the mixing process

probably controls nitrate transportation in summer. Figure 14.4 shows that a trend

of similar Cl� concentrations and NO3
�/Cl�molar ratios is seen in surface water in

summer, which is probably due to the rapid response of groundwater to rain and

surface water. And municipal input was found to contribute significant levels of

nitrates to surface water in winter. Figure 14.5 shows that there was no negative

correlation between d15N value and NO3
� in any of the samples, but a slight

positive correlation (r2 ¼ 0.46), which suggests that denitrification may not

have occurred in the groundwater and that mixing possibly occurred in summer.

Figure 14.6 shows that the nitrate in suburban groundwater mostly originated from
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some distinctive nitrate fertilizer, because of the low d15N and high d18O values.

Meanwhile, denitrification may control nitrate transportation in some urban

groundwater characterized by high d15N and d18O values. Similar studies of

groundwater were conducted: this is merely one representative example.

Fig. 14.3 Relationship between Cl� and NO3
� concentrations and groundwater. (Liu et al. [7])

Fig. 14.4 Variations of NO3
� /Cl� molar ratios with Cl� molar concentrations of groundwater,

surface water, and sewage in both winter and summer seasons (Liu et al. [7])
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14.8.2 Application in a Surface Water Study

The dual-isotope technique has also been widely used in surface water systems.

A study of the identification of nitrate sources in the Han River in Korea by Lee

et al. [5] will provide an example of the application of this technique. In Lee et al.’s

Fig. 14.5 Cross-plot of d15N nitrare versus N-NO3
� concentrations in groundwater (Liu et al. [7])

Fig. 14.6 Cross-plot of d18O nitrate versus d15N nitrate in groundwater (Liu et al. [7])
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study, surface water samples were collected from the North Han River (NHR) and

South Han River (SHR) in four different seasons. Major anions (Cl�, SO4
2�, NO3

�,
HCO3

�) were determined. The d15N and d18O values of nitrate were determined by

Silva et al.’s “ion-exchange method” (2002). Additional d18O-H2O values of the

water samples were determined by IRMS. Our discussion will focus on four typical

analysis figures (Figs. 14.7, 14.8, 14.9, and 14.10) from this research. Figure 14.7

shows that there were only slight seasonal and spatial variances in NHR, but widely

scattered values recorded in SHR, which suggests that the sources of nitrate in these

two tributaries are different. Figure 14.8 shows the nitrate mostly originated from

sewage and manure, with limited contributions from soil organic matter or atmo-

spheric deposition. Furthermore, the d15N value in summer was markedly lower

than in other seasons, which suggests that dilution by rainwater in summer may

have a major impact on nitrate sources. Figure 14.9 shows that neither atmospheric

deposition nor synthetic fertilizer was the dominant nitrate source in the Han River:

most of the nitrate was probably derived from microbial nitrification. Figure 14.10

illustrates a positive correlation between d18O-H2O and d18O-NO3
�, which

Fig. 14.7 Plot of NO3
� versus Cl� in the Han River (Lee et al. [5])
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suggests that the d18O- NO3
� value is highly dependent on the d18O-H2O value in

the river during nitrification: this conclusion further confirms the occurrence of

microbial nitrification in the Han River. There was no obvious negative correlation

between d15N value and NO3
�; hence, denitrification may not be the dominant

factor controlling nitrate transportation in the river. This study is also a successful

example of the application of dual stable isotopes in the identification of nitrate

sources in surface water.

Fig. 14.8 Cross-plot versus showing the marked differences between two major tributaries of the

Han River (a) and their seasonal patterns (b) (Lee et al. [5])

14 Tracing Nitrogen Sources and Cycle in Freshwater Through Nitrogen. . . 423



Fig. 14.9 Cross-plot of d18O-NO3
� and d15N-NO3

� in the Han River (Lee et al. [5])

Fig. 14.10 Cross-plot of d18O-NO3
� versus d18O-H2O in the Han River (Lee et al. [5])



14.9 Summary

The technique of using nitrogen and oxygen isotopic compositions to trace nitrogen

sources and map the nitrogen cycle has been extensively applied in freshwater

research in the last few decades. Nitrate pollution in freshwater has caused concern

worldwide: if nitrate sources could be identified, this major form of pollution could

be combated. Thus, this technique provides much-needed scientific help with the

remediation of freshwater. As the method of determining nitrogen and oxygen

isotopic ratios has become more precise, many deficiencies in earlier methods of

determination have been overcome. Moreover, each kind of nitrate source and some

isotopic fractionation processes have also been well studied; all these factors play

an important role in research into the use of isotopic tools in tracing nitrate sources.

The combined use of dual isotopes and water chemistry is providing very detailed

and useful information relating to the identification of nitrate sources and the

tracking of nitrate transformation in freshwater systems. Recently, some other

isotopic tools, which are not affected by biogeochemical processes, have been

incorporated into dual-isotope research. These tools are better able to respond to

the complexities of environments containing multiple potential nitrate sources

coexisting in freshwater system, as well as the mixing of point and nonpoint sources

in freshwater systems. Although the dual-isotope tool has been successfully used to

identify nitrate sources in freshwater systems in some parts of the world, there are

some problems yet to be solved, such as the precise quantification of different

nitrate sources to the quantification of the extent of nitrate transformation. In

conclusion, some current methods and tools need to be further improved, and

there are still some issues to be resolved.
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Chapter 15

A Stepwise Approach to Assess the Fate

of Nitrogen Species in Agricultural Lowlands

Micòl Mastrocicco, Nicolò Colombani, and Giuseppe Castaldelli

15.1 Introduction

During the twentieth century, human activities have greatly accelerated the rate at

which nitrogen reaches ground and surface waters [1, 2]. Leaching and surface run-

off from heavily exploited agricultural areas [3] and point pollution from sewage

plants treating large urban loads [4] increase the flux of nutrients into water bodies,

leading to nitrate accumulation in shallow groundwater aquifers [5, 6] and fuelling

eutrophication processes of surface and coastal waters [7, 8]. On a broad scenario of

increasing drinking water scarcity, groundwater nitrate contamination [9–11] is

increasing health hazards such as methaemoglobinaemia or “blue child syndrome”

[12], congenital malformations [13] and different forms of cancer [14].

At present, two main synergic causes are responsible for nitrogen pollution:

(a) the large surplus of this element, particularly in highly productive agricultural

areas [15, 16], and (b) the simplification of the landscape, which makes nitrogenous

species, in particular nitrate, even more mobile among compartments. Intensive

agricultural systems and improper agricultural practices are usually regarded as the

major source of nitrate pollution [17–19]. Excessive application of nitrogen fertili-

zers has been demonstrated to have the potential to pollute not only soil but also

groundwater [5, 6, 20, 21].

In order to counteract the degradation of water quality, efforts to reduce loading

from watersheds are ongoing (Water Framework Directive, 2000/60/CE; Clear

Waters Act, Section 319, USEPA) through the definition of best management
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practices (BMP) in agriculture. Regulations have not become fully effective yet,

partly due to the high intrinsic complexity of a soil matrix and furthermore for site

specificity, which is determined by several terms as climate, cropping, fertilization

type and timing, etc. [22]. A basic example is given by the difficulty to discriminate

between the relative contribution of leaching and the surface run-off, on the loss

of nutrients from agricultural land [3]. An increasing complexity is then found

in aquifers, where nitrate concentrations are often found spatially and temporally

variable [23–25] because of groundwater flow fluctuation and variation in denitrifi-

cation rate [26, 27]. Nitrate attenuation from surface to groundwater systems may

occur via bacterial heterotrophic denitrification, using NO3
� as electron acceptor

and a carbon (C) source as electron donor producing nitrogen gases [28, 29]. This

process has been extensively studied in ecosystems [30] but has not been often

referred to the complexity of agricultural practices [31]. For example, the quantity

and quality of organic matter (its labile/refractory nature) its an underestimated

term which may play a central role in regulating denitrification, thus buffering the

risk of percolation to groundwater [32, 33].

The most widely used method to describe the above-mentioned processes,

and determine water and agrochemicals losses from agricultural land, is the use

of process-based mathematical models, which describe water movement, transport

and transformations of dissolved species through the soil profile [34–37]. This

approach extends to a wide scale of complexity, from the more simple empirical

models (like vulnerability or risk indices), which use fewer and more accessible data

(climatic data, topography and general soil physical properties) [38], to process-based

simulation models.

Empirical models can be employed easily in large-scale application using geo-

graphical information systems and support efficiently the agricultural management

using decision support systems [39–41]. The most popular vulnerability indices to

describe the intrinsic vulnerability of the groundwater to contamination are DRASTIC

index [42], SINTACS index [43], RISKE index [44], COP [45] and MERLIN [46].

Process-based simulation models to predict nitrate leaching at the watershed

scale are more valid but more difficult to handle due to their complexity and

data requirements. Carey and Loyd [47] used a numerical distributed transport

model with a primitive GIS, in order to simulate nitrate concentrations in ground-

water. Several process-based models combined with GIS, such as NLEAP model

[48, 49], NITS-SHETRAN [50], AgriFlux-IDRISI GIS [51], DAISY-MIKE SHE

[52], GLEAMS [53], GIS NIT-1 [54] and MT3D-MODFLOW [27], have been used

in order to predict the spatial and temporal distribution of nitrate leaching and to

assess nitrate contamination in groundwater.

No matter if the first cited empirical approach for vulnerability assessment is

more simple than process-based simulation models, data input are needed in both

cases, and, for a correct application, these data must be collected following a

hierarchical approach.

Hereafter, we present a stepwise approach, to quantify the fate of nitrogen species

in agricultural lands, according to a scheme that can be increasingly implemented.

As a case study, we selected different alluvial soil types in the lowest Po Basin.

This river plain is an intensively cultivated land, which has been fertilized with
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synthetic nitrogen, mainly urea and ammonium nitrate for decades. In Italy, the

Po River valley is the largest and more intensively farmed alluvial plain and is

heavily impacted by NO3
� groundwater contamination [55–59] and surface water

eutrophication [60, 61].

The procedure here shown is a hierarchical scheme that can be implemented

in agricultural lands to quantify the fate of nitrogen species. As stepwise approach,

we intend at first to perform a well-designed continuous monitoring of the field

physical parameters, dedicated to properly estimate cumulative infiltration; besides,

tracer tests have to be used to quantify the field velocity and the dispersion coeffi-

cient to determine the timescale of water mass transfer through the subsurface.

Subsequently, tests on other relevant soil parameters should be performed at differ-

ent scales in a laboratory controlled environment (e.g. batch test leaking, 1D

columns elution and 3D tank experiments) in order to gain the necessary flow and

transport parameters to select or discard which processes are occurring in the studied

environments and thus to refine the conceptual model. Finally, a hierarchical num-

erical assessment via forward and inverse modelling, based on the achieved para-

meters, can be performed to quantify indirectly the rates at which nitrate is removed

from the soil in a gaseous form, via biogeochemical reactions.

15.2 Water Balance

To assess nitrogen fate in agricultural lowlands, the water balance must be resolved.

It is essential to quantify the groundwater recharge and consequently the input of

nitrogen to the aquifer. To achieve this goal, all water inputs and outputs of the

investigated system must be assessed. Usually, the balance equation is written as:

I ¼ Pþ Ir � Et� R� DS

where I is infiltration, P is precipitation, Ir irrigation water, Et evapotranspiration,

R run-off and DS is the soil storage between two successive infiltration events.

Obviously, there are many different levels of characterization of each balance

components: for instance, temporal and spatial discretization depends on the target

of the research. Thus, rainfall events can be recorded on a monthly basis or every

half an hour depending if the aim of the research is to quantify annual recharge

trends or if a wet front propagation is being studied. In addition, different weather

stations can be placed within the study domain to quantify the spatial variability of

precipitation, solar radiation, humidity, etc. Another important variable of the water

balance in agricultural lands is the evapotranspiration, although is more challenging

to measure respect to precipitation. Several techniques have been developed to

measure evapotranspiration: by weighting lysimeters [62], by field water balance

equation [63] or micrometeorological methods [64]. All these techniques are

threatened to be time consuming and expensive. Evapotranspiration can also be
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estimated from climatic data, linking evapotranspiration with one or more climatic

variables [65]. The performance of various equations has been assessed under

a variety of climate conditions [66, 67]. The Penman–Monteith equation is now

considered the best approximation to estimate evapotranspiration over most of

climates [68]. This equation has now become the United Nations Food and Agric-

ulture Organization (FAO) standard equation to estimate evapotranspiration [66].

In addition to evapotranspiration, studies on water stress on plants and roots have

been performed at various scales, from microscopic to field sites and ecosystems

[69, 70]. Then, to correctly plan a site characterization for nitrogen leaching, the

objective of the research must be clear at the beginning, i.e. to avoid data redun-

dancy and to optimize the costs of the research. In particular, the water balance

can be approached in a qualitative or a quantitative manner. The first approach is

suitable for large-scale studies (e.g. watershed studies) where field data collection

is usually not economically feasible, while the second one is usually employed at

the plot scale by means of numerical modelling. The qualitative approach can

provide useful data on the major component of the water balance but is not able

to distinguish between sub-parameters and is usually descriptive of the system.

The quantitative approach, via forward and inverse modelling, can provide insights

on the water balance components that need further characterization. In this way,

the numerical modelling can lead to more robust and consistent results although is

more time consuming and needs a multidisciplinary approach. To deal with this

complex task, usually more than one expert is needed, like an agronomist to study

the transpiration, a hydrogeologist or a soil physicist to characterize the infiltration

and run-off and an engineer to manage the numerical code. Although it must be keep

in mind that there is not a clear distinction between the two approaches described

above, but more realistically, there are many approaches with increasing level of

complexity that can be enriched or simplified depending on the goal of the research.

15.3 Nitrogen Mass Balance

After the water budget is accomplished, a mass balance is needed to unravel the fate

of nitrogen species. This is a very demanding task in terms of analytical costs, and it

is time consuming. For these reasons, it can be accomplished at various levels of

detail. Usually, to characterize the nitrogen inputs and outputs from agricultural

lands, the following terms need to be quantified:

Nsf þ Nm þ Nr þ Ndd ¼ Ncropup þ Dþ Ammv þ Nl � DSN

where Nsf represents nitrogen inputs via synthetic fertilizers, Nm the manure, Nr the

inputs from rain, Ndd dry deposition and Ncropup the nitrogen output from crop

uptake, D denitrification, Ammv ammonia volatilization, Nl stands for nitrogen

leaking and finally DSN represents the variation of the soil organic and mineral

nitrogen between two successive sampling dates.
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To compare topsoil N concentrations at the beginning and end of the study, soil

samples have to be taken from the measurement area in each of the experimental

fields. The sample size should be based on estimates of N variability in soil obtained

from previous studies, or, if this information is not available, a regular sampling

grid needs to be assessed. Soil samples should be taken in each field at the depth

interested by cultivation. Each sample must be analysed separately for total N [71].

Wet N deposition can be measured at the field site by a rainfall collector. Rainfall

is usually collected through a filter funnel into 3-l polythene bottles. The latter are

usually held inside double-skinned metal cylinders designed to insulate the bottles

and minimize evaporation. Samples are then analysed for ammonium and nitrate

using standard methods [71].

To directly estimate N2 emissions from denitrification activity at times of large

emission, the acetylene (C2H2) inhibition technique can be used [72].

Measurements of ammonia volatilization can be carried out using the modified

aerodynamic gradient method [73]. Wind speed and ammonia concentration profiles

are made linear with respect to the logarithm of height using the relationship between

zero plane displacement and crop height [74].

For the ammonia fluxmeasurements, anemometers and duplicate passive samplers

should be placed at 3 or 4 heights on a mast located in the centre of the field. These

heights should be varied during the growing season to ensure that the bottom anemo-

meter and samplers lie above the height of the growing crop.

After the harvest, the crop grain must be weighed. Grain subsamples have to

be taken for analysis of dry matter (DM) and N concentrations, which is usually

determined by near infrared reflectance [71]. Above-ground crop samples, cut

at ground level, should be taken from each area just before the harvest in order

to determine DM and N harvest indices. Plant uptake of N is then calculated by

dividing the combine-derived values for grain N by the N harvest index.

15.4 Monitoring Grid at the Plot Scale

In the following paragraph, an example of monitoring grid for the water and

nitrogen mass balance estimation is shown in details. First it is explained how the

grid for the water balance has been implemented and subsequently how the grid for

the nitrogen mass balance has been implemented.

15.4.1 An Example of Implementation of the Monitoring Grid
for the Water and Nitrogen Mass Balance

To correctly quantify water budget components in lowland agricultural areas as above

mentioned, it is necessary to monitor precipitations, soil water and groundwater.

Meteorological stations recording rainfall, wind speed, solar radiation, temperature
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and humidity must be present and located near the field sites. Usually meteorological

data are available online from meteorological regional services and from local web

services. To validate the meteorological data, a rain gauge can be installed in each

site to record daily rainfall. Then, the linear correlation of daily data between the rain

gauges and the nearest weather stations must be plotted to test the extendibility

of the data recorded by the online weather stations to the experimental field sites.

The irrigation amount and time must also be estimated via flowmetres attached to the

irrigation system. The soil water monitoring is usually accomplished by using arrays

of soilmoisture probes vertically inserted into augered holes at different depths in each

field site. A thermocouple is usually inserted adjacent to each soil moisture probe to

compensate the readings for the actual soil temperature. Standard tensiometers (mea-

surement range 0–8 m) can be installed at the same depths of soil moisture probes to

monitor and correct any deviance of soil moisture probe readings from the real values.

To monitor the soil water content, total domain reflectometry (TDR) probes

are usually employed as an indirect and relatively cheap method. Soil-water content

measurements, via the gravimetric method [71], can be performed in soil core

samples, collected at different time intervals and depths from randomly selected

locations within the plot area. This direct method, based on weight loss after water

removal at 105 �C for 24 h, is more time consuming than CTR, but it allows

measures of soil water content and comparisons with soil water potential to define

retention curves at various depths.

In the following figure is presented an example of nitrate profiles in two different

sites: a loamy soil, fertilized with synthetic urea, and a sandy soil, previously

amended with chicken manure; more details can be found in Mastrocicco et al.

[75]. To define the site stratigraphy of each field site, triplicate core logs were drilled

manually with an Eijkelkamp Agrisearch auger equipment down to 2 m below

ground level (b.g.l.). The soil stratification was subdivided in distinct layers: usually

the upper one interested by tillage, roots and weathering and a lower undisturbed

layer. In the loamy soil site, the upper layer was 0.75 m thick and in the sandy

soil site was 0.65 m, while the lower layer extended until 2 m b.g.l. in all sites.

From collected core samples at 0.25, 0.50, 0.75, 1 and 2 m b.g.l., particle size

curves were obtained using a settling tube for the sandy fraction and an X-rayMicro-

meritics Sedigraph 5100 for the finer one. Organic matter content was measured by

loss of ignition method [71], while bulk density was determined gravimetrically.

A series of nested piezometers (2.5 cm inner diameter) screened from 1.5 to

4 m a.s.l., was installed near the soil moisture arrays to monitor the level and quality

of groundwater. Monitoring started on 27 March 2008, and it is still going on.

LTC M10 Levelogger Solinst data loggers were placed in piezometers to monitor

hourly groundwater level, electrical conductivity and temperature. All the piezo-

meters were sampled at variable intervals, via low-flow purging, for major ions

and TOC determination. Two arrays of soil solution suction samplers were installed

at 0.25, 0.50, 0.75 and 1 m b.g.l. in each field site to analyse soil water in the

unsaturated zone. In addition to suction sampler, the unsaturated zone was sampled

every 4 months by means of auger coring (from 0 to 2 m b.g.l.), and sediments were

analysed for major anions and cations.
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Unsaturated zone sediment analysis consisted of a batch with a sediment/water

ratio of 1:10, using 10 g of air-dried sample dispersed in 100 ml of Milli-Q water

(Millipore, USA). A biological inhibitor (1 g/l phenylmercuric acetate) was added

to prevent microbial activity, and the solution was stirred for 1 h and then allowed

to stand for 1 day. The insoluble residue was removed by filtration and analysed for

major cations and anions. In-well parameters were determined with the HANNA

Multi 340i instrument which includes a HIcell-31 pH combined electrode with

a built-in temperature sensor for pH measurements, a CellOx 325 galvanic oxygen

sensor for DO measurements, a combined AgCl-Pt electrode for Eh measurement,

and a HIcell-21 electrode conductivity cell for EC measurements.

The major cations, anions and oxyanions (acetate and formate) were determined

with isocratic dual-pump ion chromatography ICS-1000 Dionex, equipped with an

AS9-HC 4 � 250-mm high-capacity column and an ASRS-ULTRA 4-mm self-

suppressor for anions, and a CS12A 4- � 250-mm high-capacity column and a

CSRS-ULTRA 4-mm self-suppressor for cations. An AS40 Dionex auto-sampler

was employed to run the analyses; quality control (QC) samples were run every 10

samples. The standard deviation for all QC samples run was better than 4%. Charge

balance errors in all analyses were less than 5% and predominantly less than 3%.

Samples were filtered through 0.22-mm Dionex vial caps. Total organic carbon

(TOC) and total inorganic carbon (TIC) were determined with a carbon analyzer

(carbon analyzer Shimadzu TOC-V-CSM) after acidification with one drop of 2 M

HCl to remove dissolved carbonate.

This monitoring strategy would allow gaining chemical profiles along the

saturated and unsaturated zone. Repeated profiles in time would give information

on the movement of nitrogen species and their impact on the aquifer. Since the most

intense recharge in Northern Italy occurs during the spring time, Fig. 15.1 shows

Fig. 15.1 NO3
�-N depth profiles in a loamy soil (left) and in a sandy soil amended with chicken

manure (right) collected in April 2009 and April 2010. Concentrations measured in solids were

corrected for bulk density andwater content.Error bars show the standard deviation of three replicates
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nitrate profiles in April 2009 and 2010 after recharge and before spring fertilization.

In the loamy soil, NO3
� concentration observed in April 2009 shows a peak at

3 m a.s.l. in correspondence of the water table, while in the saturated zone NO3
�

decreases rapidly to concentrations below 50 mg/l. In April 2010, NO3
� profile

shows very high concentration with a maximum peak below the water table. The

elevated NO3
� concentration was due to a combination of factors: (1) the water table

was higher than in 2009, (2) the temperature was lower than in 2009 and (3) precipita-

tion was less intense. The higher water table suggests that more NO3
� trapped in the

vadose zone could be dissolved in groundwater and the lower temperature may have

decreased bacterial activity and denitrification rate. In addition, the lower rainfall

contributed to concentrate NO3
�.

A similar trend is visible for the sandy soil site, althoughNO3
� profile appears quite

different from the one in loamy soil. In fact, NO3
� was found only in the upper part

of the profile, while below 1 m a.s.l. NO3
� was always below detection limits. This

trend was explained by the higher availability of soil labile organic matter determined

by chicken manure addition in the previous autumn, providing a source of organic

substrates (fraction of organic carbon: 0.042), like acetate (34 mg/l), fuelling denitri-

fication. On the other hand, in the silty loamy soil, there was a chronic deficiency of

labile organic matter that could not prevent nitrogen leaking towards the shallow

unconfined aquifer. This result emphasizes the importance of considering the role of

labile organic matter in buffering NO3
� excess via denitrification reactions.

NO3
� leachingwas observed in the loamy soil where the redox conditions remained

oxidizing throughout the year, while in the sandy soil, residual content of organic

matter from fertilization with chicken manure likely favoured reducing conditions and

nitrate removal via denitrification, preventing its migration towards the saturated zone

(Fig. 15.2).

Both water budget and nitrogen mass balance were calculated and used in arable

lands of the Ferrara Province, in order to gain information on the risk of aquifer

nitrogen contamination. In the following, a set of case study will be illustrated,
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Fig. 15.2 NO3
� balance cake plot for (a) loamy soil and (b) sandy soil
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spanning from the laboratory experiments, used to understand the leaching

behaviour and the degradation potential, to the monitoring at provincial scale, for

quantifying the pollution related to agricultural practices and soil types.

These results highlight the need to pay attention to the kind of manure used and

the relative degradation kinetics which may also be heavily affected by farming

type (organic or industrial farming). In fact, in industrial farming, the persistence

of hormones and other undesired chemicals, such as antibiotics, can interfere with

bacterial activities and negatively affect organic matter and nitrogen mineralization

rates.

15.5 Laboratory Scale Experiments

Laboratory experiments are often used to understand single processes that are

almost impossible to isolate in the field from other processes. In the following

paragraphs, a number of different examples are given, in which laboratory experi-

ments have been employed to quantify the leaching behaviour of different nitrogen

species and the kinetic of biogeochemical reactions.

15.5.1 Batch Experiments

In alluvial plains, intensive farming, with conspicuous use of agrochemicals, may

cause land pollution and groundwater contamination. In central Po River plain,

paleochannels are important links between arable lands and the underling aquifer

since the latter is often confined by clay sediments that act as a barrier against

contaminants migration. Therefore, paleochannels are recharge zones of particular

interest that have to be protected from pollution even because they are often used

for water supply. The problem was approached via batch test leaking and column

elution of alluvial sediments [76]. Results from batch experiments showed fast

increase in all major cations and anions, suggesting equilibrium control of dissolu-

tion reactions, limited availability of solid phases and geochemical homogeneity

of samples. In column experiments, early elution and tailing of all ion breakthrough

was recorded due to preferential flow paths. Conclusions indicate that, for sedi-

ments investigated in this study, dispersion, dilution and chemical reactions can

reduce fertilizers at concentrations below drinking standards in a reasonable time

frame when fertilizer loading is hindered. Thus, the definition of a respect area

along paleochannels is recommended to improve groundwater quality.

Batch leaching experiments were performed using the saturation soil extraction

(SSE) methods described by Schuwirth and Hoffman [77] with use of tap water,

representative of water quality recharging the aquifer. The experiment was performed

in a temperature-controlled laboratory at 20 � 0.5 �C. Sediments were not sterilized

but air-dried at room temperature to minimize heat-driven dehydration reactions
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and to avoid changes in the structure, in the ion exchange capacities and in the

dissolution characteristics of clay minerals. Samples were not washed as this would

preferentially remove components of the system that are associated with finer, more

friable minerals, such as micas.

For a sediment sample with 60% of sand, named Sand-60, 3 batches were run

with solid/liquid ratio of 1:1 (290 g of sediments and 200 ml of tap water), 1:2

(145 g and 200 ml) and 1:4 (72.5 g and 200 ml). Triplicates were prepared to derive

standard deviation of dissolved species concentration. Over the 15 days duration of

the experiment, 10 samples (2 ml each) were taken from each of the 18 reactor

vessels at increasing time intervals. These were filtered using a 0.2-mm polypropyl-

ene filter and analysed for anion and cation by IC as described above (Sect. 15.4.1.).

High concentration in NH4
+ and NO3

� (Fig. 15.3) found in batches are probably

due to previous fertilizer loading in the area where sediment samples Sand-60 were

collected. Ammonium adsorbed onto mineral surface was released in pore water in

the first few hours of the experiment (Fig. 15.3). Denitrification did not start during

batch experiments, as oxygen remained readily available to provide the source of

electron acceptor for organic matter degradation and nitrate continued to increase

via bacteria nitrification until all available ammonium was consumed.

The fast nitrification reaction found in batches suggests that in aerobic condition,

ammonium is quantitatively converted to nitrate. Results highlight the role of unsatu-

rated zone to convert urea and ammonium, usually applied as fertilizers, into nitrate.

Thiswas also confirmed by surface and groundwater sampling in the study area, where

ammonium concentration was always very low (<1 mg/l) or not detectable. Thus,

batch experiments were helpful to determine the time required to reach chemical

equilibrium between water and solid phase.

Fig. 15.3 Graphs of NH4
+ versus NO3

� from batches containing sediments Sand-60 (Reproduced

from [76] with kind permission of # Springer-Verlag Berlin/Heidelberg)
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15.5.2 Column Experiments

A column named Sand-60 filled with the same sediments used for batch experiments

was constructed from 10-cm-diameter PERPEX drainpipe. Column lengths were

1 m each. A 5-cm HDPE pre and post-chamber was installed in the column to

uniform inflow and outflow and to prevent washing of finer grains: chambers

contained uniformly packed quartz gravel, an HDPE-pierced disc and a 50-mm
NITEX mesh in contact with sediments.

Sediments were prepared identically to that used in the batch experiments. Loading

took place in 15–20 increments, and each incrementwas lightly packed before the next

one was placed on top. The packed column was completely saturated with tap water

and let still for 2 weeks, until chemical equilibrium between influent tap water

and sediments was reached. A constant head reservoir was applied to pump tap

water in the columns and effluent tube was fixed to maintain a stable head gradient.

Head gradient in Sand-60 was 1,000 times larger than the field one (average head

gradient 1‰), because the extremely low natural flow pattern was not easily repeat-

able in experimental conditions.

The influent tube was constructed of 5 mm internal diameter to transmit input

water through a steady seepage onto the pre-chamber. This guaranteed that all packed

sediments obtained an equal amount of influent at the lower boundary of the column.

Effluents drained from the column via a 2-mm internal diameter pipe through

a flow cell that contained permanently located O2, pH, TDS and EC probes. Probes

were calibrated using standard solutions at the beginning and end of each run.

Effluent drained under gravity into conical flasks. The point of drainage was lower

than the base of the columns. This preserved saturation at the base of the column

and decreased the risk of air bubbles in the effluent. Samples were taken from the

conical flasks at increasing time intervals for 1 month and filtered with a 0.2-mm
polypropylene filter. Batch and column experiments were employed to assess changes

in groundwater quality when kept in contact with sediments affected by fertilizers and

to characterizemobilization and transport ofmajor anions and cations in paleochannel

sediments. Column experiments were used to identify the existence of preferential

flow and stagnant zones.

The total enrichment and mineralization of water found in batches was fast

diluted in columns experiment, and even if an initial high concentration of nitrate

was recovered, denitrification and dispersion most probably helped to decrease

concentrations at acceptable levels.

While nitrate concentration takes 0.85 days to reach tap water composition in

column Sand-60, using field head gradient, nitrate disappearance will be reached

only after 850 days of continuous flushing. Taking into account the rainy days in the

Ferrara Province and the summer irrigation of the arable land, a total amount of

62 days of fertilizers flushing per year can be estimated. This means that nitrate

disappearance in the field would take approximately 14 years for sediments similar
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to Sand-60. Extrapolation of laboratory findings did not aim to offer an exact

quantitative calculation of effective residence time of fertilizers in the field, but

gave an estimated order of magnitude of their persistence in the aquifer. Sediment

properties have an important influence on concentration of chemical components

and on their migration into groundwater environment. The study case indicated the

high potential of arable land to act as periodic source of fertilizers, indicating that

an appropriate respect zone and more restrictive standards should be imposed in

delicate recharge areas as paleochannels to preserve recharge water quality and

prevent aquifer contamination.

15.5.3 Tank Experiments

A long-term elution experiment to study the saturated transport of pre-accumulated

fertilizer by-products was conducted within a large tank (4 � 8 � 1.4 m) equipped

with 26 standard piezometers [58]. Silty sand sediments were excavated from an

unconfined alluvial aquifer near Ferrara (Northern Italy) and used to fill the tank;

the field site was connected to a pit lake located in a former agricultural field.

To evaluate spatial heterogeneity, the tank filling material was characterized via

slug tests and grain size distribution analysis. Initial tank pore water composition

exhibited high concentration of nitrate NO3
�ð Þ, sulphate SO4

2�� �
, calcium (Ca2+)

and magnesium (Mg2+) due to fertilizer leaching from the topsoil in the field site.

The initial spatial distribution of NO3
� and SO4

2� was heterogeneous and not

related to the finer grain size content (<63 mm). The tank material was flushed with

purified tap water for 800 days in steady-state conditions; outflowing water was

regularly sampled to monitor the migration rate of fertilizer by-products. Complete

removal of NO3
� and SO4

2� took 500 and 600 days, respectively.

Clean-up times were compared with those of a previous laboratory experiment

developed on columns (1 � 0.1 m) filled with the same sediments. Results empha-

sized organic substrates availability and spatial heterogeneities as the most impor-

tant constraints to denitrification and nitrogen removal, which increase the time

required to achieve remediation targets.

The experiment was performed in a large tank (4 m wide by 8 m long and 1.4 m

deep) located in the Hydrogeology Laboratory at the Scientific and Technological

Pole of the University of Ferrara (Fig.15.4). The tank was assembled with an

internal structure of armed PVC fastened on an external structure of natural

wood; the non-metallic materials were selected for future electrical resistivity

tomography applications. The tank was filled with 42 m3 of unconsolidated material

(35 m3 of natural sediments and 7 m3 of gravel), by means of a bulldozer equipped

with a 2-tons tilting shovel mounted on a 8-m-long telescopic crane.

Saturated natural sediments were poured by the tilting shovel into the tank

starting from the inflow gravel wall towards the outflow wall. Once a layer of
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0.2 � 0.05 m was created, it was compacted, using the bottom of the shovel, and

new layers were added. The filling procedure took 10 h. Following this, the natural

compaction of sediments was monitored for four months; the average bulk com-

paction was found to be approximately 0.02 m.

An external reservoir (constant head) was connected to the tank via three inflow

pipes (Fig. 15.4); the reservoir had a large surface area to minimize the introduction

of trapped air bubbles. The constant head was introduced to create a steady-state

flux with a mean head gradient of 7% in the sediments. In order to maintain a certain

uniformity of the potentiometric surface, two gravel walls were built, one at the

inflow and outflow of the tank. The mean head gradient in the gravel walls was

calculated by the Darcy law to be 0.1 ‰.

Twenty-six piezometers were installed using a hand-driven auger, on the base

of a semi-regular monitoring grid (Fig. 15.4). A detailed topographic survey was

carried out using a Nikon DTM-450 total station to accurately determine the well-

case position in x, y and z axis (Fig. 15.4); piezometric heads were monitored every

2 months. Seventy-eight undisturbed 1-in. cores were collected every 0.3 m by

a Shelby sampler for grain size analyses. Particle size curves were obtained using a

sedimentation balance for the coarse fraction and an X-ray diffraction Sedigraph

5100 Micromeritics for the finer fraction; the two regions of the particle size curve

were connected using the computer code SEDIMCOL. Bulk density and total

porosity were determined gravimetrically. Organic carbon content (foc) of the

sediments was measured by dry combustion.

To estimate the k variability, 130 multilevel slug tests were performed within the

saturated zone (every 0.15 m) using small inflatable straddle packers. The tests were

run after the complete elution of resident water in order to avoid interference with

Fig. 15.4 Three-dimensional view of the tank with the saturated zone (grey shaded area) and

piezometers (blue lines). The origin of the x, y and z axis was located to the left bottom corner of

the inflow wall
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the monitoring program, due to the possibility that slug tests could modify the flow

field, although transiently. Water level in every piezometer was instantaneously

lowered with a pneumatic syringe. All the acquired slug test responses were

analysed using the Bouwer and Rice method [78].

Once the tank elution started, groundwater sampling took place every 2 months

in order to get a snap shot of the distribution of solute concentrations (Fig. 15.5).

Samples were taken from every piezometer via low-flow sampling technique using

Waterra inertial pumps, from the external reservoir, from the inflow gravel wall and

from the outflow pipes.

A large tank experiment was implemented to evaluate the clean-up time of a

shallow unconfined aquifer contaminated by fertilizer by-products. Via grain size

distribution analysis and geological survey, the depositional environment was

identified as a crevasse splay, characterized by a large spectrum of textures and a

heterogeneous k field. To overcome the common problems associated with perme-

ability testing on recovered samples, multilevel slug tests were performed. This

technique allowed a precise three-dimensional reconstruction of the k field and its

local heterogeneities within the tank.

NO3
� degradation within the tank was limited by scarce organic substrate

availability since about 40 years ago, organic fertilization ceased and labile organic

load underwent to a substantial reduction and disproportion with respect to the

total oxidative capacity. In agreement with results of a column experiment, using

the same sediments, nitrate fate within the tank confirmed the high vulnerability of

unconfined aquifers to this common pollutant and the long bioremediation time.

A methodological implication of this study is that laboratory experiments can

provide robust results only when the flow velocity approximates the field conditions

and relatively large samples are used, because considerable heterogeneities present

in sediments need to be taken into account when testing fertilizer fate and transport

within the saturated zone in complex alluvial depositional environments.

Table 15.1 Average grain size distribution, hydraulic conductivity, bulk density, total porosity

and foc measurements for natural sediments and gravel walls

Parameter Natural sediments Gravel walls

Grain size (%)

Gravel (2,000–20,000 mm) 0.0 35.0

Coarse sand (630–2,000 mm) 0.30 3.3

Medium sand (200–630 mm) 5.4 22.3

Fine sand (63–200 mm) 50.8 22.8

Silt (2–63 mm) 32.1 13.4

Clay (<2 mm) 11.4 3.2

Hydraulic conductivity (m/s) 1.8e�6 1.2e�3

Bulk density (kg/m3) 1.68 1.61

Total porosity (�) 0.42 0.27

Organic carbon (�) 0.027 0

Reproduced from [57–59] with kind permission of # Springer Berlin Heidelberg
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15.5.4 Reactive Modelling of Batch Experiments

The introduction of good agricultural practices in order to reduce the amount of

nitrate entering the groundwater system is crucial to quantify the kinetic control on

nitrate attenuation capacity. With this aim, a series of anaerobic batch experiments,

consisting of loamy soils and nitrate-contaminated groundwater, were carried out

using acetate as electron donor. Acetate is the main intermediate species in many

biodegradation pathways of organic compounds, and hence it is a suitable carbon

Fig. 15.5 Upper graphs show the time series of bromide and nitrate at the tank’s outflow, while

the lower picture shows the concentration of bromide with isosurfaces at 0.05 and 0.1 mg/l in blue
and light blue, respectively. Bromide concentration is also displayed with colour bubble propor-

tional to concentration (red is the maximum and blue is the minimum), along each piezometer after

200 days from the beginning of the experiment (Reproduced from [57–59] with kind permission of

# Springer Berlin Heidelberg)
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source for denitrification. However, the acetate denitrification efficiency is likely

to be related to sorption. Sorption of acetate was determined fitting a Langmuir

isotherm in both natural and artificially depleted organic matter soils. To account for

the spatial variability of soil parameters, quadruplicate experiments were performed.

The geochemical code PHREEQC(2) was used to simulate kinetic denitrification

using Monod equation, equilibrium Langmuir sorption of acetate and equilibrium

reactions of gas and mineral phases (calcite). The reactive modelling results high-

lighted a rapid acetate mineralization rate, suggesting that the main pathway of

nitrate attenuation is through denitrification, while calcite acted as a buffer for pH

[59]. Reactive modelling is thought to be an efficient and robust tool to quantify

the complex biogeochemical reactions which can take place in underground enviro-

nments. Again, the major issue that affects these systems is the vulnerability to water

and agrochemical losses from the surface soil profile where the crops’ effective

rooting system subsists. This issue is also dominated by the combined effects of the

physical soil fertility, the crop type and the agricultural practices [22]. Particularly,

quantity and quality of organicmatter play a central role in regulating denitrification,

thus buffering the excess and risk of percolation to groundwater. In remediation

policies and relative incentives, this point is undoubtedly central but often omitted,

partly because commonly usedmethods for organicmatter quantification do not give

indications on its labile/refractory nature and therefore cannot indicate the relative

role as electron donor and in denitrification pathway. On the other side, organic

matter loss represents one of the most serious concerns of industrialized agriculture

with widespread environmental consequences, such as loss of natural fertility that

increases the demand of synthetic fertilizers, loss of water-holding capacity that

increases the leaking of pollutants (like nitrate) and the shift from sink to source of

carbon dioxide [32].

In a soil, the size of microbial community is largely determined by the amount of

“available” carbon. Denitrifying microorganisms can compete with other hetero-

trophs for added C, and, hence, denitrification capacity of a soil is often highly

correlated with its C content. With the exception of C deposited at the time of strata

formation (geological carbon) and that produced by autotrophic bacteria, any C in

the subsoil will have originated in the topsoil. This movement of soluble C therefore

may be a limiting factor [33]. Compared to N, much less research has focused on

quantifying soluble C leaching under field conditions and various management

practices such as tillage and fertilization. The movement of soluble nutrients within

the soil matrix depends on two factors: the concentration of solutes in the soil and

the water flux transporting these solutes. Diffusion of solutes proceeds relatively

slowly compared with the potential translocation of solutes within the soil profile by

mass flow. Water infiltration and redistribution in the soil matrix are most com-

monly responsible for the mass flux of soluble soil constituents.

The reactive modelling (Fig. 15.6) emphasized the complete nitrate mineraliza-

tion in RS-Acemicrocosms, in conjunction with the concomitant alkalinity increase.

These evidences, corroborated by the good model fit, indicated that the main path-

way of nitrate attenuation in these sediments may occur through denitrification

in presence of acetate as electron donor, while calcite acted as a buffer for pH.
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On the contrary, when a viable carbon source is not available like in RS-GW

microcosms, denitrification is likely to remain a negligible pathway of NO3
�

removal from sediments.

Overall, this study showed that in SOM-depleted sediments, NO3
� natural attenu-

ation could be very low compared with non-depleted sediments where a viable carbon

source is present. It follows that a rationale prevention, management andmitigation of

nitrate pollution should focus on agricultural practices which could augment the flux

of low molecular weight organic acids towards the subsoils.

15.5.5 Field Scale Experiments

Field experiments are often used to understand multiple processes, once laboratory

experiments have already cleared some specific process like the ones explained

before. In the following paragraphs, a number of different examples are presented,

in which field scale experiments are employed to quantify the leaching behaviour of

different nitrogen species and to evaluate the vulnerability of agricultural lowlands

to nitrate pollution.

Fig. 15.6 Plots of observed and calculated values in microcosms experiments, RS stand for

reference soil, Ace for acetate, GW for groundwater. Symbols denote experimental points while

the curves represent model results fitted to the experimental data. Error bars show the standard

deviation of four replicates (Reproduced from [58, 59] with kind permission of# Springer-Verlag

Dordrecht)
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15.6 Numerical Modelling at the Plot Scale

Tomaximize the irrigation efficiency and to protect groundwater from agrochemical

pollution, two variables must be known with good accuracy: effective evapotrans-

piration and infiltration, especially in lowland areas were the run-off is minimal.

Three different experimental plots cultivated with maize were equipped with tensio-

meters and TDR probes for daily monitoring of water movement in the unsaturated

zone. In the study area, located in Ferrara province (Italy), at an altitude ranging

from 5 to -3 m a.s.l., the three sites selected to monitor and model the water move-

ment in the unsaturated zone were named SAP, CCR and MEZ (Table 15.2).

The surface area of each plot was 1 ha, and its slope was less than 1% (and mostly

less than 0.5%). For this reason, it was assumed surface run-off to be minimal and

water movement in the unsaturated zone to be dominantly vertical. The soil stratifi-

cation was divided in two distinct layers: the upper one interested by tillage, roots

growth and weathering and the lower undisturbed one. In SAP and MEZ sites, the

upper layer was 0.65m thick and in CCRwas 0.75m, while the lower layer extended

until 2 m b.g.l. in all sites.

Other relevant parameters of the various soil layers as hydraulic conductivity

and water retention curve were obtained in laboratory experiments, while boundary

conditions as precipitations, temperature and root growth were obtained on-site.

Inverse modelling and sensitivity analysis were performed using HYDRUS-1D to

assess the degree of uncertainty on model parameters.

The finite element model HYDRUS-1D [37] was selected for simulating the

one-dimensional movement of water in variably saturated media. The program

numerically solves the Richards equation for saturated–unsaturated water flow:

@y
@t

¼ @

@z
K yð Þ @h

@z
þ 1

� �� �
þ S (15.1)

where h is the water pressure head (L), y is the volumetric water content (L3/L3),

t is time (T), z is the spatial coordinate (L) positive downward, K is the unsaturated

hydraulic conductivity function of soil (L/T1) and S is the source/sink term (L3/L3/T1).

The Van Genuchten [81] parametric functions were selected to solve Eq. (15.1),

assuming that hydraulic properties of soil can be described by

yðhÞ ¼ yr þ ys�yr
1þ ahj jn½ �m h<0

ys hr0

�
(15.2)

KðhÞ ¼ Kss
l
e 1� 1� sl=me

� �m	 
2
h<0

Ks h � 0

�
(15.3)

se ¼ y� yr
ys � yr

(15.4)
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in which yr and ys denote the residual and saturated water content (L3/L3),

respectively, Ks is the saturated hydraulic conductivity (L/T1), a is the inverse of

the air-entry value, n is a pore size distribution index and it is constrained to be >1,

m is equal to (1�1/n) and l is a pore connectivity parameter assumed to be 0.5.

Constant pressure head tests were used to infer the average Ks of each column;

ys was determined gravimetrically after elution of a volume corresponding to 100

pore volumes, while yr was measured gravimetrically in triplicates on air-dried

sediments, after heating for 24 h at 105 �C (Table 15.3).

The numerical grid was discretized in 200 nodes of 0.01 m each to form a regular

grid 2 m long and a surface area of 1 m2. The grid was subdivided into two regions

representing the upper and the lower soil horizons; initial water content conditions

of collected soil cores (every 0.25 m) at each site were measured via gravimetric

methods and linearly interpolated along the vertical axis.

At the soil surface, an atmospheric boundary condition with surface layer was

selected. This condition permits water to build up on the surface. The height of the

surface water layer increases due to precipitation and reduces because of infiltration

and evaporation, this value was assumed to be 0.01 m in each model. As lower

boundary condition variable pressure heads were specified in every model using

groundwater levels.

The sink term,S, inEq. 15.1corresponds to thevolumeofwater removed fromaunit

volume of soil per unit time due to the root water uptake and can be defined as [82]:

SðhÞ ¼ aðhÞSp (15.5)

where a(h) is a prescribed dimensionless response function of the soil water

pressure head (0 � a � 1) accounting for the effects of water stress on root

water uptake and Sp is the potential root water uptake rate (d
�1).

Table 15.2 Soil characterization for the three field sites

Pedological classification Sedimentological environment Textural classification

SAP Calcic vertisols Interfluvial Silty clay

CCR Haplic calcisols Fluvial Silty loam

MEZ Thionic histosols Marsh lagoon Peaty

Reproduced from [79] with kind permission of # Elsevier BV

Table 15.3 Hydraulic parameters used in the numerical models for the two soil horizons

of each site

Parameter

SAP SAP CCR CCR MEZ MEZ

Upper layer Lower layer Upper layer Lower layer Upper layer Lower layer

Ks (cm/day) 5.0 0.3 2.0 5.3 2.0 0.6

ys (cm
3/cm3) 0.46 0.44 0.41 0.38 0.66 0.56

yr (cm
3/cm3) 0.11 0.08 0.05 0.06 0.029 0.05

a (1/cm) 0.0061 0.0052 0.0012 0.0051 0.0050 0.0021

n 1.31 1.50 1.45 1.53 1.20 2.22

Reproduced from [79] with kind permission of # Elsevier BV
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The average observed soil water salinity level integrated along the first soil

metre was 650 mg/l at CCR, 320 mg/l at SAP and 1,260 mg/l at MEZ. Particularly

in MEZ site down to 0.70 m b.g.l. salinity was approximately 430 mg/l and rapidly

increased up to 3,200 mg/l from 0.70 to 1 m b.g.l. These values suggested that stress

reduction was mainly attributable to water stress instead of salinity stress. Thus,

salinity stress was not accounted in all the simulations.

Potential evapotranspiration was calculated in HYDRUS-1D using the FAO

recommended Penman–Monteith equation for evapotranspiration (ET0) [83].
The potential evapotranspiration was also evaluated using the much simpler

Hargreaves formula [84]. Finally, another simple method, the Turk method [85],

was applied for a further comparison. This method allows the calculation of the

daily potential evapotranspiration as a function of air temperature, relative humidity

and solar radiation.

The effect on the groundwater flux towards the saturated zone, namely, the

recharge, is exemplified by Fig. 15.7, which compares the bottom flux of the three

different approaches employed to calculate PET for each field site. Here, a nega-

tive flux means that groundwater leaves the bottom model boundary, while a positive

flux indicates an upflow towards the ground level. Upflows can take place only when

the water table of the underlying unconfined aquifer rises up or when evapotranspira-

tion provokes groundwater movement by capillary forces, otherwise gravitational

force induces water to percolate downward. From Fig. 15.7, it can be seen that large

discrepancies are produced in the calculated cumulative bottom fluxes by using

the three different approaches. This is especially true for the CCR and SAP models,

where the water table laid often below the bottom boundaries. While, for the MEZ

model, a closer behaviour between the cumulative bottom fluxes (calculated with the

three different PET methods) is apparent from Fig. 15.7. This was mainly due to the

water table constantly maintained at �1.5 m b.g.l. by an irrigation canal located

approximately 30 m from the site. This forced situation produced a net upflow during

the simulated period, while in the other two simulations, the net flow was towards the

aquifer for all the three different approaches.

Numerical models of unsaturated flow in cultivated maize field with different

soils were successfully calibrated using laboratory-derived parameters, PET calcu-

lated with Penman–Monteith formula and the S-shaped stress reduction formula.

A comparative analysis led to exclude simple approaches to calculate PET such

as Hargreaves or Turk ones, due to the worsening of model fit for every field site

investigated. In addition, large differences in groundwater recharge were obtained

with the different methods used to estimate PET.

It was also proved that water stress reduction was important in all field sites and

that the S-shaped stress reduction formula was preferable to the Feddes one, since it

leads to the same model fit for all sites, but a single parameter was needed instead of

the 7 needed for the Feddes formula.

To summarize and conclude, results showed a good model fit of water content and

head pressure at various depths, in each site, using Penman–Monteith formula for

daily potential evapotranspiration calculation, but poor fit applying the Hargreaves

and Turk formulas. Best performance ofmodel fitwas observed for S-Shaped equation

employed to simulate the root water uptake reduction with respect to Feddes equation.
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The soil parameters uncertainty was limited andwithin analytical errors; thus, a robust

estimation of cumulative infiltration and evapotranspirationwas derived [79, 80]. This

study points out that evapotranspiration is the most important variable in defining

groundwater recharge for maize crops in lowlands, thus in these conditions is essential

to have a good estimation of evapotraspiration to assess the nitrogen leaching risk.

15.7 Numerical Flow and Transport Model in an Unconfined

Aquifer

A portion of an unconfined alluvial aquifer located in the Padana Plain (Italy) was

characterized following an integrated hydrogeophysical approach. Initially, an

electrical resistivity tomography (ERT) survey was employed to localize the
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boundaries of a modest paleochannel body and to design the installation of a

groundwater monitoring network. Multilevel slug tests were performed to estimate

the aquifer saturated hydraulic conductivities. Determined permeability values

together with electrical resistivity data were correlated. The correlation resulted

in a site-specific bi-logarithmic linear relationship. Based on this relationship, punc-

tually determined hydraulic conductivities were spatially extended over the studied

flow domain. Continuously measured piezometric heads were used to calibrate a 3D

flow model. The integration of the ERT survey results with the classical hydro-

geological tests can be conveniently applied to constrain the permeability field

during flow model calibration [80] (Fig. 15.8).

Although the applicability of the determined relationship is site specific, the

followed procedure is useful especially when there is a need to optimize the available

resources and in case of small-scale pilot studies. After the geophysical and hydro-

geological characterization was carried out, a monitoring and modelling study on

fertilizers by-products fate and transport was performed in the unconfined shallow

aquifer equipped with a grid of 17 piezometers [57–59].

The field site was located in a former agricultural field overlying a paleochannel

near Ferrara (Northern Italy) and cultivated with cereals rotation until 2004.

Fig. 15.8 Paleochannel reconstruction from geomorphologic and ERT surveys (dashed lines) and
17 stratigraphical information
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To evaluate the temporal and spatial variation of groundwater heads, piezometers

were monitored via pressure transducer data loggers, while an on-site meteorologi-

cal station provided the data for monthly recharge rate calculations. The initial

groundwater composition exhibited elevated nitrate NO3
�ð Þ and chloride (Cl�)

concentrations, due to fertilizer leaching from the topsoil. The initial spatial distri-

bution of NO3
� and Cl� was heterogeneous, and it decreased during the monitoring

period, with NO3
� removal (below 10 mg/l) after 650 days. A transient groundwa-

ter flow and transport model was calibrated versus observed heads, NO3
� and Cl�

concentrations. Cl� was used as environmental tracer to quantify groundwater flow

velocity and was simulated as conservative species. NO3
� was treated as a reactive

species, and denitrification was simulated by a first-order degradation rate

(Fig. 15.9).

A low denitrification rate was found (2.5e�3 1/day) after model calibration,

likely because of prevailing oxic conditions and low concentration of dissolved

organic carbon. Scenario modelling (implemented with average and variable flow

boundary conditions) showed that transient piezometric conditions did not exert a

strong control on NO3
� clean-up time, while transient recharge rate did. A small

field site experiment was implemented to evaluate the clean-up time of a shallow

unconfined aquifer contaminated by NO3
�. The site represents a case of vulnerable

Fig. 15.9 Time series graph comparing observed and computed NO3
� concentrations in

piezometers located along a groundwater flow line (Reproduced from [57, 58] with kind permis-

sion of # Springer-Verlag Dordrecht)
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area (paleochannel) where the agricultural practices were stopped to quantify

the NO3
� clean-up time. NO3

� presence at the field confirmed the high vulnerabil-

ity of unconfined aquifers to this common pollutant and the long bioremediation

time required. NO3
� degradation within the monitoring grid was limited by scarce

organic substrate availability, and NO3
� removal was mainly driven by dilution

transport processes. The three-dimensional flow and transport modelling provided

a useful tool to assess the NO3
� degradation rate in the field, especially because

the degradation rate was very low. Scenario modelling provided the evidence that,

in a flat area, recharge is one of the key parameters in NO3
� remediation, while

variable flow field is not dramatically affecting NO3
� clean-up time. This is because

the head gradient in these areas is small (usually 1‰), and seasonal head variations

do not produce large variations in the flow field. Thus, an accurate estimation of

recharge rate should be taken into account when evaluating clean-up times.

15.8 GIS Approach at the Watershed Scale

The most used method to determine water and agrochemicals losses from agricul-

tural land is the use of process-based mathematical models, describing water

movement and the transport and transformations of dissolved species that were

explained in the preceding paragraphs. More simple models like classification

indices (vulnerability or risk indices) use fewer and more accessible data such as

climatic data, topography and general soil physical properties, and they can be

employed easily in large-scale application using GIS tools. The most popular

vulnerability indices to describe the intrinsic vulnerability of the groundwater to

contamination, by using weights and ratings, are DRASTIC index [42], SINTACS

index [43] and MERLIN [46]. To avoid the complexity of the above-mentioned

process-based models and to avoid the subjectivity of the indices using weights

and ratings, the LOS method has been developed [86]. In this method, the loss of

water and nitrogen indices are calibrated by regression analysis, via Gleams v3.0

model, using soil properties, topography and climatic conditions of a reference field

crop. The results of calibration are then used as observed values. Consequently the

ranking of LOS indices has a physical meaning, using units for the amounts and

concentrations of water and nitrogen losses. Thus, LOS indices results are very easy

to introduce into GIS software to obtain vulnerability maps of agricultural lands to

nitrogen percolation. These indices are the basis for the integrated water resources

management in agricultural systems. In order to calibrate the indices using multiple

regression analysis, the results of GLEAMS v3.0 [88] model for combinations of

different soil properties, topography and climatic conditions of a reference field

crop are used as “observed” values. A case study for the application of the indices is

also presented in this study.

For the application of a set of indices (LOS) to classify the intrinsic vulnerability

of agricultural land to water and nitrogen losses, we considered the same case study

of the Province of Ferrara. For the Ferrara Province, the mean annual water was

314 � 37.2 mm. LOS indices application for the case showed their ability to
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represent adequately the intrinsic vulnerability in lowland regions. Moreover, LOS

indices showed their advantage, with respect to other indices, since their objective

physical and statistical background was used in assessing the relative pollution

potential of surface and groundwater, unbinding the results from site specificity and

therefore giving the possibility to compare results among different regions. Finally,

this case showed that nitrogen losses were proportional to water losses. This leads to

consider that a good water balance is a prerequisite to understand nitrate fate in the

subsurface and therefore that it is crucial to take into account seasonality as key factor

(Fig. 15.10).

According to the application of the LOS indices in Ferrara Province, two regions

have been clearly identified to be more vulnerable to water and nitrogen losses:

the coastal region and the areas close to the riverbanks and the paleochannels of the

main rivers.

The application of LOS indices in the case study responded satisfactorily to

represent lowland regions, giving an integrated aspect of the intrinsic vulnerability

of agricultural land to water and nitrogen losses. The assessment of groundwater

pollution potential using the LOS indices showed their strong advantage to give

comparable results among different regions. Although this approach is suitable to

assess the vulnerability to nitrogen, new researches are currently under development

to assess the risk of nitrate contamination taking into account actual crops present in

the domain [87], actual irrigation rates and microbial nitrogen transformations,

particularly denitrification, with respect to physical soil properties and soil organic

matter biodegradability.

15.9 Conclusion

Nitrogen fertilizers used in agriculture often cause nitrate leaching towards shallow

groundwater, especially in lowland areas where the flat topography minimizes

the surface run-off. These features render these areas simplified case studies for

Fig. 15.10 Nitrogen concentrations in the percolated water (CPW) that will reach the unconfined

aquifer. The areas with peaty soils are excluded by the calculation of the index
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nitrogen fate and transport from agricultural land to groundwater. However, these

areas are intensively cultivated and populated, i.e. impacted by several, concurrent

and often overlapped, anthropogenic disturbances that may result into misleading in

setting up a proper monitoring program and remediation strategy. As a matter of

fact, most of the approaches that we utilized and presented in this chapter remain

complex, expensive and time consuming. Thus, we argue that accomplishing all

experimental procedures presented here is not a prerequisite to achieve a good

conceptual model of the nitrogen fate in agricultural lands. Instead, in our experi-

ence, there are several steps to fulfil in order to understand the complexity of

nitrogen fate in the vadose and saturated zone. First, water fluxes must be entailed

and characterized. Nitrogen species are preferentially dissolved and transported in

the pore water, and, only after that water budget has been reliably characterized,

nitrogen mass balance can be studied. Second, before starting any experimental

activity, a general but fundamental principle is to clear up targets to avoid as much

as possible (1) to waste time and energy in the jungle of unnecessary data acquisi-

tion and, even worse, (2) to omit some determinations which would turn out later

as irrecoverable lack in the characterization. This principle is particularly true in

the unsaturated soil.

Once collected, data set may be validated via deterministic modelling. This task

is usually complex and needs a multidisciplinary approach. In addition, complexity

increases due to the presence of several models created for the needs of different

disciplines. Nowadays reactive and predictive numerical models are not accessible

to most of the researchers dealing with nitrogen balance in agricultural lands

because a multidisciplinary expertise is required to fully handle the hydrological,

numerical, agronomical and biogeochemical terms. Moreover, these models require

wide data set to be calibrated and validated. Nowadays, the most promising model

applications are the GIS integrated models, although more research is needed to

create easy but robust tools suitable for use by non-specialists.

In conclusion, in order to evaluate the sustainability of agricultural practices in a

specific region, it is not strictly a matter of what model to use but of operating an

accurate model calibration and validation by using a representative data set. Our

experience and the most recent scientific results indicate that site specificity

remains the key factor which governs nitrogen fate in subsoil.
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Chapter 16

Environmental Risk Assessment of WWII

Shipwreck Pollution

Justyna Rogowska and Jacek Namieśnik

16.1 Introduction: Definition of a Shipwreck

To begin with, we need to address the question as follows: what is a wreck? It is

important to define precisely what is meant by a ‘wreck’, because wrecks are

objects of legal regulation. In the popular imagination, a wreck is a ship that has

sunk or is a very badly damaged vessel that has been abandoned by her crew.

A definition of the concept of a wreck has long been missing from international

legal parlance. The United Nations Convention on the Law of the Sea (UNCLOS)

of 1982, which lays down the norms for the utilization of the sea, does not contain

an unequivocal definition of a wreck. Article 303 of UNCLOS obliges signatory

states to protect objects of an archaeological and historical nature found at sea

and to cooperate for this purpose. The same article also prohibits the removal of

such objects from the seabed without the express consent of the coastal state [1].

On the other hand, the definition of ‘underwater cultural heritage’ in the UNESCO

Convention on the Protection of the Underwater Cultural Heritage (2001) embraces

‘all traces of human existence having a cultural, historical or archaeological
character which have been partially or totally under water, periodically or contin-
uously, for at least 100 years such as vessels, aircraft, other vehicles or any part
thereof, their cargo or other contents, together with their archaeological and
natural context’. A definition of a wreck was incorporated into international

maritime law within the framework of the Nairobi International Convention
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on the Removal of Wrecks (Nairobi Convention) of 18th May 2007. In this

convention, a wreck is defined as:

(a) A sunken or stranded ship

(b) Any part of a sunken or stranded ship (including any object that is or has been

on board such a ship)

(c) Any object that is lost at sea from a ship and that is stranded, sunken or adrift at

sea

(d) A ship that is about, or may reasonably be expected, to sink or to strand, where

effective measures to assist the ship or any property in danger are not already

being taken

In the case of this last-mentioned convention, it should be noticed that it does not

apply to warships or other vessels in the possession of a state and being utilized by it

for non-commercial purposes (art. 4 clause 2). Clause 3 of article 4 does allow for

the convention’s application to warships and governmental vessels, but only by a

flag State and not by a coastal State [1]. Also, the Convention on the Protection of

the Underwater Cultural Heritage excludes the application of its rules to warships

and ships of state (flagships): in article 3, it makes reference to the principles of

international maritime law contained, inter alia, in UNCLOS.

16.2 Shipwreck: Classification

In the same way as ships, shipwrecks can be classified according to many different

categories, for example, their purpose (merchant vessel, passenger ship), type of

propulsion, draught (surface and underwater) and construction. The basic system

for classifying ships, and therefore their wrecks, divides them, as mentioned above,

into ‘warships’ and ‘all other vessels’. The Convention on the High Seas (Geneva,

29th April 1958) defines a warship as ‘a ship belonging to the naval forces of a
State and bearing the external marks distinguishing warships of its nationality,
under the command of an officer duly commissioned by the government and whose
name appears in the Navy List, and manned by a crew who are under regular naval
discipline’. The definition of a warship in UNCLOS is very similar.

Another, equally valid criterion of classification, is their cultural value, that is,:

• Wrecks deemed to be historical finds

• Wrecks of no cultural value

Wrecks defined as historical finds are a source of knowledge about past ship

construction technologies, trade, craftsmanship and military activities. A wreck is

also valuable in that it provides an opportunity to become acquainted with past

cultures, habits and customs, etc.

As far as the environmental effect of wrecks is concerned, their most germane

classification divides them into:
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• Wrecks constituting a threat to the environment

• Wrecks not constituting a threat to the environment

Such a classification is applicable to both war- and merchant ships.

16.3 The Problem of Wrecks in the Waters of the World’s

Seas and Oceans

The problem of wrecks lying at the bottom of seas and oceans can be addressed

from two angles: a wreck may constitute a physical obstruction to shipping, or it

may cause considerable damage to the marine environment and coastal ecosystems.

The presence of recent wrecks in sea and ocean waters is the consequence of the

intensification of (apparently profitable) maritime transport. The growing demand

for oil products has resulted in an ongoing search for new oilfields on land and at sea

and for increasingly cheaper and faster methods of getting petroleum products

to their markets. Accordingly, ever larger tankers to transport the oil are being

designed and constructed, and the tanker traffic along international sea lanes is

growing progressively heavier [2]. In 2007, the total world oil production was 85

million barrels per day (mbpd); approximately half of this volume of oil (43 mbpd)

was transported along the international shipping lanes of the world’s seas [3]. Every

tanker emergency can lead to the pollution of both the water and the adjacent

shorelines. For example, as a result of the Amoco Cadiz disaster on 17 March 1978

on the coast of Brittany (France), more than 230,000 t of oil flowed into the sea.

Between 1939 and 1997, an estimated total of 21,486 merchant vessels were

recorded as total losses (actual and constructive) comprising a gross tonnage

of 76 million tonnes. Approximately one third of this total, 5,915 vessels with a

gross tonnage 25,537,630 tonnes, was lost between 1939 and 1946 [4]. On the other

hand, Monfils states that over 7,800 vessels, including more than 860 oil tankers,

were sunk during WWII worldwide [5]. The shipwrecks of merchant vessels and

warships now lying at the bottom of the seas and oceans were caused primarily by

hostilities at sea during WWI and WWII. It is estimated that the largest numbers of

wrecks are lying at the bottom of the north-west and north-east Atlantic and in the

South Asia–Pacific region [6] as a result of the intense fighting in these areas: the

Battle of the Atlantic and the Pacific War gave rise to a great many environmental

time bombs. It is clearly just a matter of time before petroleum products begin to

seep from wrecks corroding in sea water. The risk of seepage is governed by

numerous parameters characterizing not only the wreck itself (the ship’s condition

at the time of sinking, the type and quantity of fuel carried, the time elapsed since

the sinking, the depth of the wreck) but also the environment in which it is lying

(e.g. salinity, wind and wave action). The effects of seepage depend on many

factors, such as the physicochemical properties of the oil, the nature of the environ-

ment and the physical, chemical and biological processes taking place in it, for

example, spreading, evaporation, dispersion, dissolution, oxidation, sedimentation

16 Environmental Risk Assessment of WWII Shipwreck Pollution 463



and biodegradation. In every case, oil spills pose a threat to marine flora and fauna,

and damage marine and coastal ecosystems. Many petroleum constituents are

toxic and carcinogenic and therefore exert an adverse effect on marine plankton,

fish and mammals. Oil spills can also have serious economic and social con-

sequences. Collective or public losses are usually identified with cleaning and

restoration costs [7]. The clean-up of a major oil spill involves both the use of

special equipment to combat oil pollution (vessels, skimmers, etc.) and extensive

personnel costs [8]. But it is the indirect costs of pollution that have the greatest

economic effects. Unlike the direct costs, which are relatively easily quantified, the

additional extensive indirect costs are much more difficult to pinpoint. The indirect

costs are due primarily to the increased stress on local services and reduced

industrial incomes [8]. For example, after the Exxon Valdez disaster, during the

42 million litres of Alaskan North Slope crude oil released into the sea [9], the

Exxon Corporation paid immediate post-spill cost to fishermen and clean-up $2.3

billion [10]. Furthermore, the Exxon was ordered to pay $900 million more over

10 years by the Federal and State officials for restoration of the natural environment

[10]. In 1994, an Alaska jury ordered ExxonMobil to pay $287 million as compen-

sation to fishermen and $5 billion as punitive compensation. In 2006, an appeals

court reduced punitive damages for the Exxon Valdez oil spill to $2.5 billion, half

the original amount. In 2008, the U.S. Supreme Court reduced that $2.5 billion in

punitive damages to just more than $507 million [39].

It is not only the petroleum products, carried as fuel or cargo, that constitute a

danger to marine ecosystems but also corroded ammunition, containing chemical

warfare agents (CWA) among other things, and chemicals carried as cargo. As a

result of the disarmament of Germany following WWII, approximately 65,000

tonnes of stockpiled CWA munitions were ordered by the allied forces to be

disposed of. A significant proportion of them were subsequently dumped at sea

during the late 1940s [11]. Ships filled with chemical weapons were sunk mainly in

the Baltic, the Atlantic Ocean, the North Sea and the southern Adriatic [12].

Approximately 40,000 tonnes of chemical munitions containing no more than

13,000 t of chemical warfare agents are known to have been dumped in the Baltic

Sea in the period after WWII [40]. The main dumping areas are south-east of

Gotland (south-west of Liepaja), east of Bornholm and south of the Little Belt [15].

From 1945 to 1948, British and American occupation forces sank one German

merchant vessel in the Norwegian Sea and 41–43 such vessels at two sites in the

Skagerrak. These vessels contained approximately 150,000 t of chemicalweapons and

conventional ammunition [13]. There were two different methods of dumping: simply

throwing them overboard, which was done in the Baltic, and sinking them in old ships,

which was done in the North Sea (Skagerrak) [14]. These munitions have been lying

on the seabed and in the sediment of the Baltic Sea for approximately 60 years now,

and the extent of corrosion of the shells, and hence the release of the toxic chemicals is

raising environmental and human health concerns in the countries adjoining theBaltic.

Some shells will already have seeped or be seeping their contents, whereas others may

still be intact [11]. Almost all warfare agents break down at varying rates into less

toxic, water-soluble substances. Some compounds, however, are very poorly soluble
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in water and degrade very slowly (viscous mustard gas, Clark I and II and Adamsite).

It is therefore unlikely that these will occur in larger concentrations in the water, so a

large-scale threat to the marine environment from dissolved chemical warfare agents

can be ruled out. Nevertheless, elevated levels of sparingly soluble Clark, Adamsite or

mustard gas in viscous form might occur in the sediment in the immediate vicinity of

dumped munitions [15]. Examination in 2002 of four wrecks lying in the Skagerrak

indicated that the wrecks themselves did not show any significant signs of corrosion.

Nonetheless, some of the ammunition on board had been pierced by corrosion, so the

contents will probably have seeped out. This indicates that the release of chemical

ammunition into the sea will go on for a long time, but the instant release of arsenicals

and sulphurmustard will not result in large toxic plumes. Owing to their low solubility

and high density, these compounds will spread as pieces and eventually settle on the

sea floor, where they could affect local marine organisms [16]. Only the collapse of a

wreck containing tabun as a result of, say, fishery activities could affect a large volume

of water in a worst-case scenario. Moreover, no acute toxic effects have been caused

by the chemical warfare agents in the Skagerrak [17]. The ammunition dumped in the

Skagerrak can therefore be regarded asmuch safer than that dumped in the Baltic. The

fact that the warfare agents are inside a ship’s hull has also prevented further spreading

[15], whereas ammunition thrown overboard does constitute a threat because they

could be picked up by fishermen or thrown up onto beaches during storms.

16.4 Information on the Strategies and Programmes

for Identifying Wrecks and Preventing Pollution

from Them

These threats and the new opportunities for the easier penetration of wrecks have

raised awareness of this problem and encouraged efforts aiming to regularize their

legal status [1]. Successful attempts at identifying wrecks and determining the hazards

they may pose were undertaken in the southern Pacific within the framework of

the Pacific Ocean Pollution Prevention Programme (PACPOL), concerning cont-

amination originating from ships, which is part of the South Pacific Regional Envi-

ronment Programme (SPREP). DuringWWII, East Asia and the Pacific were a theatre

of intense hostilities between Japan and the USA. Such battles as Pearl Harbor,
Guadalcanal or Midway not only had a significant effect on the progress of the war

but also caused enormous human and material losses. As a result, there are a great

many ships lying at the bottomof the Pacific that sankwith their loads and tanks of fuel.

These environmental time bombs contain fuel, greases, chemicals and unexploded

artillery devices. Figure 16.1 shows the distribution ofwrecks in the Pacific–EastAsian

region [18].

One of these vessels is the aforementioned USS Mississinewa. This tanker was
sunk in 1944 on the Ulithi Atoll (the Federated States of Micronesia). The fully

loaded 24,400-tonne tanker contains around 19 million litres of highly volatile
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aviation gasoline and fuel oil. In 2001, as a result of a tropical storm that passed

over this area, an estimated 68,000–91,000 l of this fuel seeped into the sea in the

course of some 60 days [19]. The legal upshot of this event was the development of

a regional strategy for dealing with pollution originating from wrecks. The Pacific

Ocean Pollution Prevention Programme of SPREP was tasked with formulating a

regional strategy to address marine pollution from WWII Wrecks, which aims to:

• Prevent/minimize damage to marine and coastal environments and resources as

a result of marine spills from WWII wrecks

• Ensure that any action taken will respect the sanctity of these sites, as they are

often also war memorials and gravesites [18]

The strategy recommends a five-step approach to addressing the issue:

1. Data collection and analysis – to continue with the identification and analysis of

wreck sites, wreck depth, access and cargoes/bunkers carried.

2. Generic risk assessment – to carry out a generic risk assessment to compare the risk

levels between sites. The tool used by theUSDepartment ofDefensewas identified

as the most appropriate one to use. All sites will be ranked high, medium and low.

3. Agree on the interventions: high risk – direct (pump out, salvage); medium risk –

manage site (contingency plan, restricted access); low risk – leave alone and

monitor.

4. Site specific risk assessments – according to the level of risk, specific site

assessments will need to be carried out. These would include environmental

impact assessment (EIA), shoreline contamination assessment and treatment

(SCAT), consultations with coastal and flag States and logistics assessments.

Fig. 16.1 The location of WWII shipwrecks in the Pacific–East Asian region (SPREP database)
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5. Planning implementation – drawing up of final implementation plans for

interventions, including determining responsibility budgets, timing, logistical

requirements, environmental and social issues [19].

The effect of implementing this strategy was to create a database containing

information on more than 3,800 wrecks, of which more than 330 were tankers and

oilers [19].

The creation of the Asia Pacific database inspired the formation of the Atlantic,

Mediterranean and Indian Ocean (AMIO) WWII shipwreck database. This new

geographic database, although still in its initial development, highlights the significant

number of WWII shipwrecks globally. The AMIO database details the location and

ownership of over 3,950 vessels, over 1,000 tonnes, of which 529 are oil tankers [5].

The Gulf of Mexico is another region where there is a large accumulation of

wrecks of tankers, passenger and fishing vessels. During WWII, these waters were

the scene of considerable German U-boat activity, which targeted the shipping

lanes along which crude oil was being carried for American industry and the

US Navy. An estimated 56 merchant ships were sunk in 1942 and a further 14

were damaged [20]. In the summer of 2004, a multidisciplinary team composed of

archaeologists, biologists, filmmakers, oceanographers, professional surveyors and

remotely operated vehicle (ROV) operators worked together on the Deep Wrecks

Project to document and analyse the biological and archaeological aspects of six

World War II era shipwrecks in the deep waters of the Gulf of Mexico [21]. The

archaeological aspects of the project were to [22]:

1. Confirm each shipwreck identity and establish its type and date of construction,

nationality, ownership (past and present), use history, mission and cargo at the

time of loss

2. Determine each vessel’s past and present condition, state of preservation, assess

any environmental impact caused by the wreck and make observations relating

to its deterioration and future research potential

3. Determine the visible extent of the debris fields surrounding each casualty

4. Analyse imagery and historical documentation to determine nomination eligi-

bility for the National Register of Historic Places

5. Assess the impacts of biofouling communities on these shipwrecks to determine

the site’s stability

6. Prepare a National Register nomination form for vessels deemed eligible for

nomination.

The biological part of the project aimed to [22]:

1. Characterize the environment at each site (e.g. water depth, bottom sediment

type, currents).

2. Determine the biological effects of shipwreck artificial reefs at selected sites and

include detailed imagery surveys of the sites at a variety of scales.

3. Determine the extent of physical and biological modification of sediments in the

immediate area of wreck sites compared to sediment conditions at sites distant
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from wreck areas. Sampling will include sediment coring close to and distant

from wrecks to determine any ‘artificial reef effect’.

4. Conduct limited sampling of fauna attached to hard substrate for taxonomic and

other potential analyses such as isotope studies.

5. Analyse imagery and sample collection to examine the spatial heterogeneity of

any fouling community and motile fish and invertebrate association with wrecks.

The effect of implementing this project was to assess the state of particular

wrecks, their rate of deterioration and their potential threat to the marine environ-

ment of the Gulf of Mexico.

Hostilities were intense in the Baltic as well. The Danish Straits, including the

Skagerrak, were a strategically important area, as they link the Baltic with the North

Sea. In 2003–2007 the Scandinavian countries – Denmark, Sweden and Norway –

together with the EU established cooperation within the framework of Forum

Skagerrak II. This project was a continuation of the earlier Forum Skagerrak I.

Its aim was to find out more about the Skagerrak and to implement concrete

proposals for enhancing the attractiveness of this region. One of the areas of the

programme (WP2: hazardous substances, waste and oil spills) envisaged the iden-

tification of wrecks in the Skagerrak region and an assessment of the environmental

hazards they could pose. The first stage of the project, the gathering of information

about ships that sank in the Skagerrak was based on the following criteria:

• Registered tonnage of at least 100 tonnes

• Sinking after 1914

• Fuelled by oil, diesel oil or similar

• Transport of dangerous cargoes, that is, crude oil, fuel oil, ammunition, chemical

warfare agents, etc. (even if they did not fulfil the above criteria) [23]

This work produced a database on 261 wrecks constituting a potential threat to

marine ecosystems. Most of these wrecks are from the WWII period and are badly

corroded. The best known and most thoroughly investigated of these wrecks is that

of the s/s Skytteren, now recognized as being the largest oil-seeping wreck in the

Skagerrak [8]. The Skytteren sank during an attempt at escaping from the port of

Gothenburg (G€oteborg) in 1942. It is estimated that she had some 6,000 m3 of light

oil in her tanks. According to calculations performed by the Swedish Coastguard in

2005, up to 100 l of oil may be seeping into the sea in 24 h [8]. The calculations

were repeated in 2006 and showed that the extent of the area affected by the seep

had not changed. During flights in 2007 over the area where the s/s Skytteren had

sunk, no signs of oil seepage were seen, which could mean that all the oil had

already seeped out or that besides the light oil, there could also be heavier oil in the

tanks, which would drop down to the seabed [8].

The case of the s/s Skytteren shows that there is an urgent need to work out

long-term action plans regarding the systematic identification of wrecks and the

assessment of the potential environmental threats that they may pose. Accurate

identification is essential before any decision on remediation can be taken. Norway

is an example of a state that possesses a detailed database on wrecks that could
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endanger the environment. Beginning in 1991, the Norwegian Pollution Control

Authority (NPCA) (now the Norwegian Climate and Pollution Agency) imple-

mented a programme to identify, localize and assess potential areas affected by

wrecks. In time, a database was created containing information on more than 2,000

wrecks of over 100 GRT that had sunk in Norwegian territorial waters after 1914

[24]. The creation of this project was not the result of an observed seepage but of the

awareness of the Norwegian authorities of the seriousness of the problem and of the

possible effects of seepage. The first stage of the project was to find information on

ships that had sunk in Norwegian territorial waters in domestic and foreign

archives. The wrecks were categorized into one of three classes depending on the

extent of the danger they posed to the environment:

C – wrecks posing a serious threat to the environment

P – wrecks posing a potential threat

N – wrecks not posing any such threat [24]

In 1993, the NPCA began a systematic investigation of the wrecks, beginning

with those in class C. Fuel was pumped out of the wreck of the German cruiser

Bl€ucher, which had sunk in Oslofjord in 1940. During this operation some 60–80%

of the fuel in the cruiser’s tanks was removed.

16.5 Contamination of the Marine Environment by Substances

Seeping from Wrecks: A Risk Assessment

The first step in any investigation with the objective of assessing the effect of

wrecks and/or their remains on ecosystems should be the identification of the

wreck, its position and the cargo it was carrying. Three situations should be taken

into consideration:

1. A wreck has been found and identified.

2. An unidentified wreck has been found.

3. A particular wreck is being sought on the basis of available information.

Once a wreck has been identified and its position precisely defined, one needs to

gather and analyse archival data relating to the vessel and the cargo it was carrying

at the time of her sinking. However, it is often the case that there is no such

information for ships sunk during WWII. Moreover, in order to localize the fuel

and cargo, it would be useful to have the vessel’s design drawings to hand or, if

these are unavailable, the drawings of a vessel of the same or a similar class. The

type of ship, her design, age and purpose very often determine the amount and type

of fuel or cargo. It is equally important to know the cause of sinking. The situation

becomes much more complicated when an unidentified wreck has happened upon.

This is most frequently the case during routine echo sounder surveys of the seabed

in the search for obstructions to shipping, the compilation of bathymetric maps,
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during recreational diving, etc. In such a case, we need to gather every possible

scrap of information that could shed light on the vessel’s identity. The first step here

is to collect information on the site of sinking, such as:

• The wreck’s exact position

• The depth at which the wreck is lying

• The type of ship (warship, merchant ship, passenger ship, etc.)

• The wreck’s dimensions

These data are acquired using different types of measuring instruments, that is,

echo sounders, sonar and magnetometers. But despite these facilities and their high

technical potential, the 100% certain identification of an underwater object, its

condition and appearance, still sometimes requires it to be inspected visually. This

can be done in a number of ways, for example, using hyperbaric methods (with

human diving teams) or unmanned underwater vehicles. Unmanned underwater

vehicles, most frequently of the ROV type (remotely operated vehicle), may carry a

TV camera, a sonar, instruments for measuring the hydrological parameters of the

water, etc. A big advantage of the ROV is its relatively high mobility and ability to

work long hours at high depths, sometimes in extremely difficult conditions [25].

Once we have this basic information, we can then extend the search to archives,

museums and Lloyd’s Register. An example of such an accidentally discovered

wreck is that of the MS Steuben. This was a passenger liner that was torpedoed on

the Baltic as it was escaping from Pillau (since 1946 Baltiysk, Russia), becoming

a tomb for 3–5 thousand people. After the wrecks of the MSWilhelm Gustloff (5–10
thousand victims) [26, 27] and the MS Goya (6–7 thousand victims), it is the largest

underwater tomb in the world. In 2004, a hydrographic vessel of the Polish Navy

came across the wreck during a routine survey of the bottom of the Baltic. Some

70 km from the Polish coast, the multibeam sounder recorded a large object at

a depth of 72 m. More detailed sonograms were obtained using a ROV. These,

as well as photographs taken from the ROV, were compared with design drawings

of the ship found in German archives. There was no doubt that the wreck was that

of the MS Steuben [28]. The USS Mississinewa, mentioned earlier, was also found

by accident. For 57 years, this vessel had lain at the bottom of a lagoon undiscov-

ered until early 2001, when an adventure dive team found the ship and pinpointed

her location [19].

If, however, we are looking for the wreck of a particular ship, then the procedure

is carried out in reverse: first, we look up all the possible information about the ship

and the possible sites of her sinking, and then we go in search of the wreck. This is

the procedure adopted in the case of wrecks that have a high material value

(because of the cargo they carried) or are of historical importance, both by scientists

from various research institutions and by treasure-seeking amateurs or commercial

ventures. Examples are the discoveries of the wreck of the RMS Titanic by Dr

Robert Ballard’s expedition in 1985 [29], or that of the British warship HMS

Victory, which sank in the English Channel in 1744 and was localized by Odyssey

Marine Exploration in 2008.
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Other important factors in the search for a wreck are the course of its final

voyage and attempting to establish the site of sinking. At the present time, there is

hardly any object that cannot be located and explored on the seabed. Sophisticated

equipment can pinpoint any anomaly on the seabed, and advanced technology

enables most objects to be raised [30]. The problem here, though, concerns the extent

of the search area. For example, in 2008, an expedition was organized to try to find

and identify the wreck of the Polish submarine ORP Orzeł in the North Sea. The

legendary Orzeł became famous in 1939 for her daring escape from internment at

Tallinn (Estonia) and sailing across the Baltic through the Danish Straits without the

aid of charts. After a 40-day voyage, the Orzeł reached her haven at Rosyth

(Scotland) [31]. In 1940, the submarine disappeared during a patrol in the North

Sea. Despite 3 years of preparations for this expedition and the use of specialist

equipment, the wreck could not be found.

The assessment of the pollution hazards posed by wrecks is a complex problem

and should be carried out on two planes:

1. An initial appraisal of the state of the environment and the wreck to assess the

seriousness of possible seepage

2. The gathering of relevant information upon which to base action taken to

minimize the effects of seepage

If analysis of literature data or observed leaks indicates that the wreck may pose

a threat to the marine environment, the wreck needs to be inspected for damage and

deformations that have resulted from:

• Lying a long time in the water

• A fire or explosion that took place before or during sinking

• The action of elevated pressure, if the wreck is lying at a great depth

• The action of strong winds and sea currents

Very often the wreck’s condition is evaluated at the same time as its identification.

It should be emphasized at this juncture that seas and oceans are not environ-

ments conducive to the preservation of wrecks. The corrosion rate is influenced

by dissolved oxygen, temperature, pH, salinity, current velocity, wave action and

marine growth. This means that eventually some or all of the load will seep into the

water. Despite the fact that corrosion processes are impeded by the formation of

marine encrustation (made up of barnacles, clams, mussels and other filter-feeding

marine life that leave behind a thick ‘cement-like’ covering of calcium carbonate

on the iron or steel hulls), metal deterioration can continue owing to the presence

of sulphate-reducing bacteria. These bacteria play a large part in the corrosion of

metals, especially of iron and steel in salt water: as much as 60% of the corrosion of

iron in salt water can be attributed to bacterial action [32]. Apart from governing

biological processes, the oxygen status of water also affects the chemical degrada-

tion of metals: well-oxygenated waters lead to the rapid degradation of iron objects

through the growth of hydroxides [33]. Dissolved oxygen is the only factor affect-

ing the corrosion rate in deep waters, where the temperature is always constant and

near 0 �C and the current velocity is likewise zero. Thus, the model predicting the
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corrosion rate in a deep sea based on field testing employs dissolved oxygen as a

parameter [34]. In order to assess the state of a wreck, it may be necessary to collect

samples of the wreck’s skin in order to be able to determine the degree and rate of

metal corrosion. Obtaining information on the corrosion processes and understand-

ing their mechanisms is essential for working out an approximate timeline of the

eventual fate of these vessels. Moreover, applying this corrosion timeline may

enable us to anticipate when tanks and holds containing fuel oils or other hazar-

dous materials are likely to fail and release their cargoes into the environment [32].

To evaluate the threat and a possible salvage operation, we also need to take

samples of the fuel that the vessel’s engines ran on and to analyse them for their

content, possible toxicity, dispersant properties and rate of degradation. It is

expected that most oil in large vessels sunk during WWII will be heavy fuel oil,

along with diesel, lubrication oils and some aviation fuels and petrol. Vessels such

as submarines will have been mostly diesel driven and have smaller quantities of

fuel on board, whereas large carriers, battleships, destroyers and the like will

probably have large quantities of heavier fuel oil [35]. It is important to sample

fuel directly from a wreck, because sampling leaked fuel may yield erroneous fuel

characteristics, as fuel that has leaked into the sea is subject to physical, chemical

and biological transformations such as evaporation, oxidation and biological deg-

radation. It is often very difficult to assess the quantity and type of oil a vessel

was carrying. That is why, it is crucial not only to obtain documents and design

drawings relating to the ship but also to associate historical and technical data in

order to acquire as much valuable information as possible.

It is equally crucial, as far as environmental contamination is concerned, to

analyse the immediate surroundings of the wreck. Sea water, bottom sediments and

the species composition and condition of benthic organisms can provide significant

information on the degree of pollution of the environment and the extent of the area

affected by contaminants seeping out of the wreck.

Investigations into the state of the environment should be comprehensive and

include:

• The characteristics of the environment – sea depth, water temperature, type of

sediments, type of bottom, sea currents, storms, etc.

• A definition of the physical, chemical and biological changes to the bottom

sediments in comparison with sediments sampled well away from the wreck

• Sampling biota in order to identify the species composition, changes in the

composition of their populations, as well as changes in the individual organisms

themselves

Figure 16.2 shows the oil slick that formed during the sampling of bottom

sediments around the wreck of the s/s Stuttgart.
Investigations into the condition of the environment and identification of the type

of fuel are also necessary to assess the effect of a possible oil spill on the environ-

ment. The impact of an oil spill on biota depends on a number of factors, such as:

• The rate of spread of the oil slick

• The oil composition
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• The location of the spill

• The time or season of the accident (bird migrations)

• The properties, toxicity and stability of the petroleum substance

• The species biodiversity at the site of the oil spill

• Environmental sensitivity, that is, proximity of bird habitat, beaches, rocks,

wetlands

• The number and type of habitats [2]

Three major pathways lead to long-term impacts:

1. The chronic persistence of oil and biological exposure affect populations of

species that are closely associated with shallow sediments.

2. The delayed population effects of sublethal doses that may compromise health,

growth and reproduction.

3. The indirect effects of the trophic interaction cascade, all of which transmit

effects well beyond the acute-mortality phase [36].

Further potential effects of a spill could include:

– The loss of natural value, that is, the reduced attractiveness of a coastal area,

leading to reduced income from tourism

– The temporary suspension of fisheries as a result of the pollution of the water, the

contamination of fishing boats and gear, giving rise to perturbations in the

fishery and fish processing sector

Fig. 16.2 The oil slick visible on the surface of the water after sampling the sediments at the site

of the WWII wreck of the s/s Stuttgart (Lazarettschiff C) (Gulf of Gdańsk – Polish coast)
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The end result of the project should be to compile a report on the state of the

wreck and its effect on the environment and to assess the threat of an oil spill from

it. Wrecks should thus be classified into one of three groups:

1. High risk – posing a definite environmental hazard and requires immediate

remediation action

2. Medium risk – posing a potential environmental hazard, requires periodic

monitoring and the drawing up of an action plan in case an oil spill occurs

3. Low risk – not posing any environmental hazard

The gathering of the maximum amount of information is crucial in the context of

deciding whether to remove the fuel or just monitor the wreck. Any decision in

favour of remediation must be supported by a reliable assessment of risks and costs.

At high-risk sites, the level of risk is so high that the hazard has to be eliminated

or minimized through direct intervention. This will involve either the salvage of the

vessel or the removal of the hazardous cargo and bunkers from the wreck [35].

The wreck’s condition, its location and the oil contained will largely establish

the removal techniques and tools to be used. Calculating the costs of removing

fuel on the basis of such factors as the ship’s operating time, crew hire, special

equipment, etc., is far easier than assessing the potential costs to the environment

in the case of an uncontrolled leak. The costs of remediation depend on a multitude

of factors, such as the depth of the wreck, the amount and type of load, and the

wreck’s accessibility. For example, the operation to remove oil from the SS Jacob
Luckenbach, which sank in 1953 with 85,000 gallons (over 320,000 l) of heavy fuel
oil, costs $19 million. In contrast, the removal of 1.83 million gallons (app. 7 mln l)

of oil from theMississinewa in 2003 costs $5 million [37]. Table 16.1 compares the

parameters affecting the cost of removing oil from the wrecks of the SS Jacob
Luckenbach and the USS Mississinewa.

Table 16.1 Comparison of selected parameters affecting the cost of operations to remove oil from

the wrecks of the SS Jacob Luckenbach and the USS Mississinewa [6, 38]

Vessel name SS Jacob Luckenbach USS Mississinewa

Year of sinking 1953 1944

Location About 10 miles south-east of

Farallon Island

Ulithi Atoll, Yap State,

Federated States of

Micronesia

Type of vessel Freighter Oiler

Type of oil 457,000 Gallons (1.7 mln l) of

ship’s fuel

19 Million litres of NSFO,

(Navy Special Fuel Oil),

gasoline and diesel fuel

Depth of wreck 175 ft (over 53 m) Max. 130 ft (40 m)

Condition of the wreck Massive structural damage Good

Direct vessel access Difficult Straight

Sea and weather conditions Strong currents running through

a marine canyon

Weak and moderate currents

Cold water (range 4 to 8 �C) Warm water (app. 24 �C)
Poor visibility under water Good visibility under water

(in the 70-foot range)
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16.6 Legal Aspects of the Problem of WWII Shipwreck

Ownership and Responsibility

On the basis of the international law of the sea, the problem of wrecks is addressed

by the two conventions referred to earlier:

1. The Convention of the Protection of the Underwater Cultural Heritage

2. The Nairobi International Wreck Removal Convention

The Convention of the Protection of the Underwater Cultural Heritage applies

(as already mentioned above) only to wrecks at least 100 years old. Since World

War II wrecks are only 70 years old, they are not subject to this convention. On the

other hand, the rules of the Nairobi Convention are applicable only to wrecks of a

commercial nature and not to historic wrecks and naval wrecks, including World

War II wrecks. In view of this, it is relevant to pose the questions as follows: ‘Who

is the owner of the World War II wrecks?’ and ‘Who carries responsibility for these

wrecks?’ And on the basis of what regulations?

During WWII, all warships and most merchant vessels were under state control

and direction, regardless of asset ownership. The sovereignty of warships and

merchant vessels resided in the government that had control of the vessel at the

time of its sinking [18]. According to art. 95 of UNCLOS, ‘Warships on the high
seas have complete immunity from the jurisdiction of any State other than the flag
State’. But art. 96 concerns the immunity of ships used only on government non-

commercial service. Moreover, art. 236 of UNCLOS exempts warships, naval

auxiliary, other vessels or aircraft owned or operated by a State and used, for

the time being, only on government non-commercial service from the obligation

to protect and preserve the marine environment. The principle, formulated in

UNCLOS, that warships and state ships used for non-commercial purposes are

wholly immune from the jurisdiction of any other state is fully recognized in

international law and cannot be challenged [1]. In the context of existing conven-

tion norms, customary norms, international practice and jurisdiction, and the predo-

minant part of the doctrine of international law, the phrase ‘flag State’ is also

applicable to the wrecks of the warships of that State, which retains permanent

title to them, regardless of the elapse of time [1]. The practice of States confirms

the well-established rule of international law that title to such vessels and aircraft is

lost only by capture or surrender during battle (before sinking), by international

agreement or by an express act of abandonment, gift or sale by the sovereign in

accordance with relevant principles of international law and the law of the flag

State governing the abandonment of government property [30]. A coastal State does

not acquire the right of ownership to the wreck of a warship merely because it

is lying on the seabed or in waters over which it exercises sovereignty (inland

waters, territorial waters, archipelagic waters and to some extent the contiguous

coastal zone) [1]. Access to such vessels and aircraft and their associated artefacts

located on or embedded in the seabed of foreign archipelagic waters, territorial

seas or contiguous zones, is subject to coastal State control in accordance with
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international law [30]. Most [coastal] States grant the requests of flag States to

protect such wrecks or for permission to visit them. Access to sunken ships and

aircraft located in an exclusive economic zone and on the continental shelf of a

coastal State does not depend on the consent of the coastal State, although the flag

State may have to request permission of the coastal State to carry out drilling

operations or to erect installations, and will have to respect the latter’s sovereign

laws and its exercise of jurisdiction [35].

16.7 Conclusion

The problem of the pollution of the marine environment caused by wrecks is

complex. The search for information about the wreck and the cargo it was carrying

may come up against problems due to the lack of or restricted access to archival

materials. The investigation of the state of a wreck requires the involvement

of many agencies, not to mention specialist equipment; it is a very costly process.

The economic aspects are often a barrier to the implementation of measures aimed

at preventing this kind of pollution; as a result, the problem of wrecks is often

tackled only after seepage has occurred. As the example from the Pacific and East

Asian region shows, the risk of seepage from shipwrecks is a genuine problem.

Consequently, defining the degree of risk is absolutely crucial in view of the very

high costs incurred, either as a result of seepage or for removing toxic substances

from the wreck. If we are in possession of a detailed database concerning the char-

acteristics of wrecks and their effect on the environment, we may be in a position to

minimize the risks of environmental disasters resulting from oil spills. Moreover,

the drawing up of contingency plans for coping with actual spills will enable losses

to marine and offshore ecosystems to be reduced and will significantly reduce costs.

One should also bear in mind that the problem of wrecks is not just an environmen-

tal and economic one. There is an ethical aspect to it: wrecks are the collective

graves of combatants and civilians. It has a safety aspect: numerous wrecks carry

weapons and ammunition, which can endanger shipping and possibly the teams

of divers investigating them. Finally, there is a legal aspect, where the rights of

ownership may be in contention.

On the other hand, wrecks from which contaminating substances have been

removed become underwater reefs on which marine life, particularly sessile species

like mussels and clams, can flourish better than on the surrounding seabed. Wrecks

have also become tourist attractions: wreck diving is a rapidly growing form of

recreation.
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Chapter 17

Methods to Countermeasure the Intrusion

of Seawater into Coastal Aquifer Systems

Andreas Kallioras, Fotios-Konstantinos Pliakas, Christoph Schuth,

and Randolf Rausch

17.1 Introduction

Seawater intrusion is a widely occurring environmental problem, which concerns

the majority of the coastal aquifers in the world, having large negative impacts – from

an economic, developmental, environmental as well as social point of view – on

the coastal local communities. The fact that almost 40% of the world’s population

lives within a distance of 80 km from the coastline gives rise to the significance of the

aforementioned problem and emphasises the necessity for its prevention. Seawater

intrusion have been reported in many European and Mediterranean coastal aquifers,

including Spain [1–4], Portugal [5], Italy [6, 7], Israel [8], Turkey [9], Egypt [10],

Libya [11] and Morocco [4].

Coastal aquifers are in hydraulic connection with the sea, and therefore, a mixture

between fresh and brackish/saline groundwater takes place at all times. Under natural

conditions (i.e. no anthropogenic intervention), these two fluids are in hydrodynamic

balance separated by a transition zone with increasing salinity or salts concentration

is observed. Any lowering in the piezometric (or potentiometric) surface of the
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freshwater coastal aquifer will disrupt this hydrodynamic balance between the two

fluids, and seawater wedge will encroach furthermore towards the mainland, fact

which will cause a qualitative degradation to the fresh groundwater of the coastal

aquifer. A matter of paramount importance for the rate of intrusion is the form and

transformation of the hydraulic gradient of the aquifer. Usually, under natural con-

ditions, the hydraulic gradient is observed towards the coast, and there is a constant

discharge of freshwater into the sea. When the aforementioned hydraulic gradient

has been reversed, then the term of active seawater intrusion – as described by Fetter

[12] – is more applicable, referring to the rapid and extensive encroachment of the

seawater wedge into the mainland.

As most of the engineering hydraulic works, seawater intrusion countermeasures

depend mainly on the extent of the seawater wedge as well as on the availability of

alternative freshwater resources in the vicinity of the study area. Whatever the

method of remediation followed, a strong database of field data [13] is essential for

the analysis of the intrusion mechanism as well as on the origin of salinity.

17.2 Management of Coastal Aquifers Subjected to Seawater

Intrusion

When pumpage is initiated in a freshwater lens with a sharp interface floating on

salt water, the freshwater removed from the system comes from (1) drainage from

the water table, (2) drainage at the interface where freshwater is being replaced by

salt water and (3) water released due to elastic storage effects [14]. Therefore, the

saline wedge moves towards the mainland, and the transition zone between the two

fluids of different density becomes more thick. The hydrodynamic balance between

the two fluids is the most governing factor with respect to the selection of the

appropriate remediation technology which will be applied. Todd and Mays [15]

categorise a list a methods for the prevention or remediation of aquifers subjected to

groundwater salinisation, which can be summarised as follows:

1. Modification of pumping pattern

2. Artificial recharge

3. Extraction barrier

4. Injection barrier

5. Subsurface barrier

Oude Essink [16] provides an additional list for applicable water works engi-

neering methods to combat seawater intrusion in coastal aquifers:

1. Freshwater injection barriers through injection or (deep-well) infiltration of fresh

(purified sewage) water near the shoreline.

2. Extraction of saline and brackish groundwater. However, this could regrettably

result in undesirably low piezometric heads, especially in shallow coastal

aquifers. Furthermore, the disposal of the extracted saline or brackish ground-

water could meet with problems.
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3. Modifying pumping practice through reduction of withdrawal rates or adequate

relocation of extraction wells. The desired extraction rate should preferably

be extracted by well-distributed shallow wells to prevent excessive upconing.

Groundwater withdrawal for domestic, agricultural and industrial water supply

may not be reduced during periods of droughts so that salt water intrusion tends

to occur anyway.

4. Land reclamation, thus creating a foreland where a freshwater body may develop

which could delay the inflow of saline groundwater.

5. Increase of (artificial) recharge in upland areas to enlarge the outflow of fresh

groundwater through the coastal aquifer and thus to reduce the length of the salt

water wedge.

6. Creation of physical barriers, such as sheet piles, clay trenches and injection of

chemicals. This solution is only applicable in shallow aquifers and at high cost.

17.3 Methods for Seawater Intrusion Prevention

With respect to the phenomenon of seawater intrusion, one could argue that the

available methods proposed for the prevention of further encroachment can be

further categorised into direct and indirect ones. Direct methods are the ones

which are directly applied (i.e. by physical means) to the aquifer system and provide

immediate remediation of the groundwater quality (such as all types of coastal

barriers as analysed in the following sections), whereas indirect are the ones which

are not related to the aforementioned (such as alternative managerial proposals with

respect to the pumping and abstraction practices).

17.3.1 Direct Methods

All of these methods with respect to the installations of different types of engineer-

ing water works are related to large financial costs, which in some cases are not

feasible to be applied in the field. Sometimes the financial feasibility of the applied

method might proved even more important than the actual engineering result itself.

17.3.1.1 Extraction Barriers

Extraction or abstraction barriers are simply a series of groundwater wells which

are installed at a close distance with the coastline and continuously pump ground-

water of varying quality (fresh and brackish). The installation of such wells should

consider that the filter of the well is located in the vicinity of the toe of the seawater

wedge and in the zone of transition. Todd and Mays [15] mention that in this way,

a pumping trough is formed along the shoreline, whereas seawater flows towards the

trough (inland) and freshwater flow towards the opposite direction (i.e. seawards).
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Abstraction or extraction barriers have been installed and applied in different

cases worldwide in order to prevent seawater intrusion at coastal aquifers where

extensive pumping of groundwater has resulted in seawater encroachment. Kashef

[17] argues that the main disadvantage of this method is the high financial cost

which is usually involved. Most of the cases which were proposed for the applica-

tion of such method were later proved financially unfeasible. Petalas et al. [18] also

argue that this method could be proved unfeasible in the case of coastal aquifers

which are characterised by a low groundwater resources potential, and therefore,

any further extraction of groundwater could have negative impacts (e.g. significant

lowering of the piezometric surface of the aquifer system).

17.3.1.2 Injection Barriers

Injection barriers are similar in design with the previous ones (extraction wells) by

means that they are also related to the installation of a series of groundwater wells

along the coastline of the coastal aquifer. However, the principle and therefore the

hydrogeological mechanism is quite opposite in comparison with the one above.

Freshwater is continuously injected into the aquifer and again in the vicinity of the

shoreline; however, in this case, the filter of the injection well should be located

exactly at the toe of the interface between the two fluids (fresh and saline ground-

water). Todd and Mays [15] refer to the formation of a pressure ridge which is

maintained as water is constantly injected into the aquifer, and this can be thought

schematically as a hydraulic barrier.

This technique requires significant amounts of alternative sources of water of

very high quality. The quality of the injected water should be such that it will not

create qualitative degradation of the groundwater resources of the aquifer. High

quality of water to be injected is mainly suggested for the prevention of well

clogging and hence decrease in the productivity of injection. The alternative

freshwater resources should be located in the vicinity of the study area in order to

also minimise related water transfer costs. Bruington [19] suggests redevelopment

of the injection wells when clogging takes place and the effectiveness of the

injection barrier is significantly decreased.

The quality standards of the injected water should be according to the drinking

water standards [20, 21] in order to eliminate contamination or pollution of the

aquifer which is under remediation.

17.3.1.3 Underground Barriers

Another type of coastal barrier for the prevention of further seawater encroachment

in a coastal aquifer is the installation of underground construction works for the

immediate prevention of the seawater wedge intrusion. In principle, this technique

could be thought as the design of an underground dam which directly stops the

intrusion of the seawater immediately at the toe of the interface between fresh- and

seawater. This method simply involves a physical impermeable vertical subsurface
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barrier along the coastline, with a length which depends on the extent of the

seawater wedge along the coast. Todd and Mays [15] quote that the materials to

be used could include sheet piling, puddled clay, emulsified asphalt, cement grout,

bentonite, silica gel, calcium acrylate or plastics.

As in any case of underground construction works, the feasibility of this tech-

nique is directly related to:

• Depth of the construction

• The length of the barrier along the coastline

• The availability of construction materials

• The geochemical properties of soils

Kashef [17] argues that some aspects should be considered prior to the construc-

tion of such physical subsurface barriers, such as the ones listed below:

• If the barrier extends through the entire depth of a deep artesian aquifer, the cost is

prohibitive, but the results of increasing the potentiometric heads are desirable.

• If soil grouting is used, there should be sufficient effective weight above the

upper boundary of the artesian aquifer to counterbalance the increasing upward

pressures produced during construction.

• If the depth of the barrier covers part of the outflow surface in artesian aquifers,

the freshwater flow will emerge from underneath the barrier with very high

velocities that may lead to backward erosion and ultimately to land subsidence.

17.3.1.4 Biological Barriers

Petalas et al. [18] argue that due to the fact that seawater intrusion threatens coastal

groundwater resources which could be used for drinking purposes, the prevention of

such a phenomenon should involve the application of pilot and state-of-the-art

technologies.

James et al. [22] and Cunningham et al. [23] describe the application of biofilm

barriers (through the subsurface injection of bacteria and/or nutrient solutions),

which can aid the prevention of saltwater intrusion by reducing the subsurface

hydraulic conductivity, thereby enhancing freshwater injection control strategies.

The subsequent growth of the bacterial biofilms and production of extracellular

polymeric substances (EPS) occludes pore throats in the porous matrix, providing

significant reductions in the effective hydraulic conductivity (down to 99.4%

decrease). The application of biofilm barriers relies on the principle of hydraulic

conductivity decrease and therefore the transformation of the aquifer matrix into

a physical subsurface barrier.

17.3.1.5 Artificial Recharge

Pliakas et al. [24] quote that artificial recharge of groundwater can be achieved with

surface infiltration systems (basins, spreading facilities), wells, trenches, pits,
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shafts, stream-channel modification or augmentation, Soil Aquifer Treatment

(SAT) systems, Aquifer Storage and Recovery (ASR) wells, vadose-zone wells,

combination of surface and subsurface recharge, induced recharge, incidental

recharge, etc. According to Todd and Mays [15] groundwater levels can be raised

and maintained by artificial recharge, using surface spreading for unconfined

aquifers and recharge wells for confined aquifers; however, this necessitates devel-

opment of a supplemental water source.

Haddad [25] describes the Monterey County Water Recycling Project (MCWRP),

a centralised tertiary-treatment facility that began operating in April, 1998, and

delivers urban recycled water to growers at the mouth of the Salinas River, a site

of extensive seawater intrusion to coastal aquifers.

Zacharias and Koussouris [26] propose an alternative to traditional water

supply models in European small islands consisting of desalination of brackish

groundwater, instead of seawater, coupled with an effective strategy for cont-

rolling saltwater intrusion that enhances the hydrologic budget through reuse of

wastewater.

17.3.1.6 Seawater Intrusion Prevention at River Estuaries

River estuaries are surface water bodies which are very susceptible in changes of

the hydrological and climate regime of the area. They are considered a unique case

of seawater intrusion by means that they provide a different pathway for the

seawater to encroach towards the mainland. Intrusion takes place in a twofold

manner, both superficially (within the river flow) and subficially (either by the

typical intrusion into the aquifer or through percolation from the river to the water

table in the pattern of groundwater-surface water interactions).

During extended dry seasons, the river flow is usually significantly decreased,

fact which negatively alters the hydrodynamic balance between the two fluids

(fresh and saline water) and hence enhances the further encroachment of seawater

through the river flow.

Prevention of seawater intrusion in such cases can be achieved by the following

direct methods:

• Installation of superficial barriers (usually rubber dams, which can be transferred

in different locations within the river bed) in order to provide a direct barrier to

seawater encroachment.

• Construction of appropriate canals which provide pathway for the saline water

to migrate towards selected areas of the study area.

• River interventions upstream of the estuary such as the construction of cont-

rolling dams which can store water during wet periods and release significant

quantities of water during dry periods in order to sustain a constant environmen-

tal flow throughout the entire hydrologic year.
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17.3.1.7 Non-conventional Countermeasures

Patel and Shah [27] describe a list of alternative seawater direct barriers which are

used in different case studies worldwide, such as:

• Slurry Walls: The construction of a slurry wall involves the cutting of a bentonite
slurry stabilised trench to prevent seawater encroachment.

• Grout Curtains: Grout curtains are constructed by drilling 2- to 6-in.-diameter

holes along a single line or multiple parallel lines.

• Air Injection: Compressed air injected into the groundwater attempts to cause

a piezometric rise in water level that can be used to alter groundwater gradients

and flow directions.

17.3.2 Indirect Methods

Indirect methods for combating seawater intrusion refer to a series of managerial

practices which can be proved effective to prevent further seawater encroachment.

Although these can be generalised to some extent, they are mostly limited in a local

extent. Furthermore, this category of prevention methods includes the use of

computer codes as they can be effectively applied as supporting scientific tools to

all aforementioned prevention methods (direct and indirect) by means that they can

forecast the impacts of such a prevention method in the aquifer system.

17.3.2.1 Monitoring of Pumping

In the case of seawater intrusion, the two fluids (fresh- and seawater) are in

hydrodynamic balance, which is mainly governed by the rate of groundwater

abstraction within the aquifer system. The seawater wedge moves further inland

as pumping practices are enhanced, while it moves further backwards the sea as the

groundwater resources potential of the coastal aquifer is replenished and the

piezometric surface is elevated. For the proper and effective management of such

an aquifer system, a network of monitoring wells should be carefully designed in

order to observe in details the hydrogeologic (quantitative and qualitative) regime

of the aquifer.

17.3.2.2 Relocation of Pumping Scheme

Relocation of the pumping scheme is mainly related to the areas where certain

groundwater well groups are located with respect to their distance from the shore-

line. In general terms, it is advised that wells which are located inland of the coastal

aquifer should be operated during dry seasons while the ones located close to the

coast should be operated mainly during the wet season or during a period when the
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piezometric surface of the aquifer is rather elevated. This practice is directly related

to the hydraulic gradient of the coastal aquifer and the conservation of a constant

aquifer outflow towards the sea. Headworth and Fox [28] introduced appropriate

relocating schemes to reduce the effects of saline intrusion in the Chalk of Great

Britain by utilising two sets of boreholes, one inland and one coastal. Patel and

Shah [27] mention that the economic feasibility of countermeasures should be

investigated (for instance, it is recommended to derive the optimum position of

well lines and rates of extraction or infiltration), whereas the countermeasures

should be adapted and optimised in the course of the realisation of the measure,

based on changes in the salinity of the subsoil. Todd and Mays [15] also argue that

changing the locations of pumping wells, typically by dispersing them in inland

areas, can aid in re-establishing a stronger seaward hydraulic gradient.

17.3.2.3 Modification of Pumping Scheme

Similar to the aforementioned, beneficial effects can be also achieved by modifying

the entire pumping scheme of the aquifer system in a way which provides optimal

extraction rates without causing any further encroachment of seawater into the

mainland. As upconing of saline interface has a major impact to the quality of the

extracted groundwater, all groundwater wells which are located above the seawater

wedge should be as shallow as possible, closer to the water table. According to Patel

and Shah [27], in most situations, groundwater withdrawal for domestic, agricul-

tural and industrial water supply has not been reduced during periods of droughts,

so that salt water intrusion tends to occur anyway. In the case where an aquifer is

underlain by saline fluid, upconing can be limited by proper design and operation of

wells [29] such as low abstraction rates of shallow groundwater wells.

An alternative proposed by Das Gupta [30] includes the installation of a hori-

zontal pumping well acting as an infiltration gallery, in contrast to a heavy pumping

vertical well which could produce further upconing.

17.3.2.4 Seawater Intrusion Prevention at River Estuaries

As already mentioned, coastal river estuaries may be seen as a unique study case, by

means that it involves certain characteristic (combination of surface and subsurface

seawater intrusion). For that reason, methods of prevention in such cases are listed

separately. Indirect countermeasures in coastal river estuaries can be achieved by:

• Use of alternative freshwater resources

• Restriction of groundwater abstractions within the river basin during dry periods

or periods of tidal effects and sea level rise
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17.3.2.5 Abandoned Groundwater Wells

Abandoned or improperly constructed groundwater wells can provide a vertical

pathway for groundwater to migrate from different saline aquifer layers to freshwa-

ter ones. This is mainly due to the change of hydraulic head within the aquifer

layers which contain saline groundwater. Additionally, improper insulation of

boreholes and abandoned wells provide a pathway for the saline water to move

upwards. As Richter and Kreitler [31] quote that they provide an artificial hydraulic

connection between non-contaminated and contaminated aquifer layers.

17.3.2.6 Computer Codes

As mentioned earlier, the application of appropriate computer codes for the analysis

of groundwater flow and pollutant transport in coastal aquifers could be used as

a supporting managerial tool accompanying all series of direct or indirect

countermeasures. Groundwater models can be used to forecast the effectiveness

of a proposed seawater intrusion method or even suggest alternative counter-

measures by applying different hydrogeological condition scenarios. As obvious,

this involves the development of an integrated database of field measurements,

historical hydrogeological data and a monitoring network of groundwater wells for

the quantitative and qualitative inspection of the investigated aquifer system.

Simulation-optimization methods, applied with adequate sensitivity tests, can

provide useful quantitative guidance for controlling seawater intrusion, as demon-

strated in an application to the West Coast Basin of coastal Los Angeles by

Reichard and Johnson [32] who considered two management options for improving

hydraulic control of seawater intrusion: increased injection into barrier wells and

in lieu delivery of surface water to replace current pumpage.

Bray and Yeh [33] used a calibrated simulation model linked with two

optimisation models to investigate alternatives for enhancing seawater intrusion

barrier operations for the Alamitos Barrier Project in Los Angeles, and they

analysed two types of management problems: the optimal scheduling problem –

OSP – and the optimal well location problem. (The OSP objective was to minimise

the total injected water subject to constraints on the state variables: hydraulic head

and chloride concentration at target locations.)

Hallaji and Yazicigil [34] developed seven groundwater models to determine

the optimal planning and operating policies of a coastal aquifer in Southern

Turkey threatened by seawater intrusion. They developed optimal pumpage

policies under three management objectives that maximised agricultural water

withdrawals and minimised drawdowns and pumping costs, subject to constraints

related to the system’s response equations; demand requirements; drawdown

limitation in saltwater intrusion control locations and pumping wells; and dis-

charge bounds.
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Aliewi et al. [35] investigated the feasibility of applying skimming and scaven-

ger pumping as a means to exploit the freshwater lenses and to control saline water

upconing in the aquifers, and they used two simulation models that coupled density-

dependent fluid flow and solute transport to simulate and predict the movement of

saltwater under different hydrogeological and operational conditions of skimming

and scavenger wells in the two aquifers.

Mercurio et al. [36] used MODFLOW in order to construct groundwater flow

and geochemical models, delineate wellhead protection area and develop a com-

prehensive management program.

Shammas and Jacks [37] used the codes MODFLOW and MT3DMS for solute

transport to determine the movement of the freshwater/saltwater interface. The

study proposed the protection of the groundwater in Salalah plain aquifer in Oman,

from further encroachment, by artificial recharge with reclaimed water, preferably

along the Salalah coastal agricultural strip.

Kallioras et al. [38] used MODFLOW in order to simulate the deterioration of

the groundwater resources potential of a coastal aquifer (N. Greece) subjected to

overexploitation.

17.4 Conclusions

Seawater intrusion is a widespread environmental problem especially for the

Mediterranean countries, where local communities totally depend on the ground-

water resources of coastal management in order to sustain their agricultural

activities. Global changes, with special reference to the increase in global popula-

tion, have led to the increase in water resources demand to be used either for

drinking purposes or for agricultural activities. This resulted in overexploitation of

coastal aquifers in such regions, i.e. quantitative deterioration of the groundwater

resources potential, which in turn resulted in qualitative degradation of the under-

lying aquifer layers due to seawater intrusion. This environmental problem has

nowadays multifold dimensions, which are expanded to a social, economic as well

as developmental level.

Due to the above, a number of different approaches have been followed in order

to combat further seawater intrusion in coastal aquifers, all applying single or

a combination of different engineering water work methodologies. These generally

fall in two main categories such as the direct and indirect ones, the former referring

to the application of specific engineering water works (such as hydraulic barriers,

application of artificial recharge and others) while the latter refers to managerial

practices which can be followed in order to combat further encroachment of the

seawater wedge. The selection criteria are mainly dependent on the availability of

two specific sources: financial and freshwater.

One could argue that the category of indirect countermeasures, including

alteration of pumping conditions such as modification of pumping scheme, reloca-

tion of groundwater together with a constant and up-to-date quantitative as well

488 A. Kallioras et al.



as qualitative monitoring of the aquifer’s groundwater resources would result in

long-term positive effects. This would certainly contribute to achieve rational

management of the groundwater resources of the contaminated aquifer system at

a local scale.
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