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please refer to the citation at the beginning of each chapter. Each chapter
was read individually and carefully selected by the editor; the result is a
book that provides a comprehensive perspective on industrial wastewater
management. The chapters included examine the following topics:

» Chapter 1 assesses the anaerobic biological treatment of wastewater result-
ing from the regeneration process of used industrial oil by determining the
optimal operating conditions of an expanded granular sludge bed reactor.

+ Chapter 2 outlines the authors’ search for new anionic sorbents, the use of
which would allow more effective removal of phenols from wastewater.

+ Oily wastewater is a major environmental problem, which conventional
water treatments are insufficient to address. Chapter 3 compares the perfor-
mance of two viable treatment methods: a rotating biological contactor and
a hybrid membrane reactor.

* Heavy metals released into the environment via wastewater from steel
industries are persistent environmental contaminants that accumulate
throughout the food chain with serious ecological and human-health ef-
fects. Chapter 4 explores the potential of marine biomass to offer a cheap
and efficient elimination technology.

* Chapter 5 investigates the optimal conditions, including effects of iron
concentration and electric current, for electrolytic recovery of copper from
electroplating wastewater.

+ Chapter 6 explores the potential of the yeast Rhodotorula mucilaginosa to
remove and convert copper ions to copper nanoparticles, a cheap and effec-
tive wastewater treatment method.

* The production of semiconductors often uses TMAH (tetramethyl ammo-
nium hydroxide), which is then released into the environment via waste-
water. The authors of chapter 7 assess the function of UV light, a magnetic
catalyst, and hydrogen peroxide on enhancing ozone in order to mineralize
TMAH.

+ Chapter 8 identifies the characteristics of semiconductor wastewater before
and after treatment, the quality that must be maintained in the environment



Acknowledgment and how to Cite

to which the wastewater is to be discharged or reused, and methods for
analyzing various physical and chemical parameters.

Electroplating is one of the important steps in the production of semicon-
ductors, producing wastewater with high concentration of suspended sol-
ids, organic compounds, and dissolved cation. The authors of chapter 9 in-
vestigate more efficient polyelectrolytes treatment with low environmental
impact.

In Chapter 10, the authors study ways to improve the biodegradability in-
dex of wastewater from pulp and paper industries, using electrocoagulation
and different advanced oxidation processes.

The lignin released into wastewater by paper and pulp industries cannot be
easily removed by traditional biochemical treatments. In chapter 11, the au-
thors offer further research into the electrocoagulation technique for paper
and pulp wastewater treatment.

Different types of paper mills produce different types of effluent, requiring
different treatments. The authors of chapter 12 investigate the interactive
factors that effect paper mill wastewater in order to optimize the coagula-
tion process.

The LCA approach, described in chapter 13, is useful for designing and
constructing the most efficient wastewater treatment plants with the least
environmental impact.
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INTRODUCTION

Water is essential to our planet’s life. Protecting our water resources is
a prerequisite for building a sustainable future. But we face significant
challenges.

Water use is inextricably linked to energy use. Water plays an essen-
tial role in many, if not most, manufacturing facilities, since most indus-
tries are dependent on processes that ultimately produce wastewaters. In
a world facing a water-scarcity crisis, much research and development is
focusing on decreasing industries’ water-use footprint.

This compendium volume looks briefly at several select industries—
industries that produce petrochemicals, metal industries, the semi-
conductor industry, and paper and pulp industries—and investigates
various water treatment processes for each. These include microbial bio-
technologies, ozone-related processes, adsorption, and photochemical
reactions, among others.

Obviously, this is by no means an exhaustive or comprehensive cov-
erage of the topic; the scope of this compendium is not great enough
to investigate all treatment methods across a wider range of industries.
Instead, the research gathered here is intended to be a starting point for
further investigation. It also offers specific directions to follow further,
expanding the potential of these particular studies into a wider frame of
research work.

—Victor M. Monsalvo

In chapter 1, the authors focus on the anaerobic biodegradation of waste-
water from used industrial oils (UIO) recovery using a bench-scale
expanded granular sludge bed reactor (EGSB) at room temperature.
Biodegradability tests showed that this wastewater can be partially bio-
degraded under anaerobic conditions at mesophilic temperature. Low
concentrations of wastewater caused an incremented specific activity
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of the acetoclastic and the hydrogenotrophic methanogens. Anaerobic
biodegradation at room temperature is feasible at organic loading rates
(OLR) lower than 5.5 g COD L' d'. A further increase of the OLR to
around 10 g COD L' d! had a detrimental effect on the system per-
formance, making it necessary to work at mesophilic conditions. The
authors conclude that anaerobic treatment using an EGSB reactor is a
feasible option for treating UIO wastewater. Long-term treatment caused
a specialization of the granular sludge, modifying substantially its mi-
crobial composition. Methane production was even stimulated by the
addition of UIO wastewater at low concentrations.

Next, in chapter 2, the authors develop a method of synthesis of layered
double hydroxides (LDH) of different composition. They investigate the
processes of adsorption of phenols on LDH variable composition. Finally,
they design kinetic parameters for the processes of phenol adsorption.

Chapter 3 studies a novel implementation of a hybrid membrane bio-
reactor (HMBR), utilized as combination of rotating biological contractor
(RBC) and an external membrane, as a new biological system for oily
wastewater treatment. The authors evaluate chemical oxygen demand
(COD) and total petroleum hydrocarbon (TPH) as factors of biodegrad-
ability. Both factors are compared with each other for different hydraulic
retention times (HRTs) and petroleum pollution concentrations in RBC
and HMBR. The ratio of TPH to COD of molasses was varied between
0.2 to 0.8 at two HRTs of 18 and 24 hours, while the temperature, pH, and
dissolved oxygen were kept in the range of 20-25°C, 6.5-7.5, and 2-3.5
mg/l, respectively. The best TPH removal efficiency (99%) was observed
in TPH/COD = 0.6 and HRT = 24 hr in HMBR, and removal efficiency
was decreased in the ratios above 0.6 in both bioreactors. The experimen-
tal results showed that HMBR had higher treatment efficiency than RBC
at all ratios and HRTs.

The use of dried and re-hydrated biomass of the seagrass Posidonia
oceanica was investigated in chapter 4 as an alternative and low-cost bio-
material for removal of vanadium(IIl) and molybdenum(V) from waste-
waters. Initial characterization of this biomaterial identified carboxylic
groups on the cuticle as potentially responsible for cation sorption, and
confirmed the toxic-metal bioaccumulation. The combined effects on bio-
sorption performance of equilibrium pH and metal concentrations were
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studied in an ideal single-metal system and in more real-life multicompo-
nent systems. There were either with one metal (vanadium or molybde-
num) and sodium nitrate, as representative of high ionic strength systems,
or with the two metals (vanadium and molybdenum). For the single-metal
solutions, the optimum was at pH 3, where a significant proportion of va-
nadium was removed (ca. 70%) while there was ca. 40% adsorption of
molybdenum. The data obtained from the more real-life multicomponent
systems showed that biosorption of one metal was improved both by the
presence of the other metal and by high ionic strength, suggesting a syn-
ergistic effect on biosorption rather than competition. The authors then
used the data to develop a simple multi-metal equilibrium model based on
the noncompetitive Langmuir approach, which was successfully fitted to
experimental data and represents a useful support tool for the prediction of
biosorption performance in such real-life systems. Overall, the results sug-
gest that biomass of P. oceanica can be used as an efficient biosorbent for
removal of vanadium(IIl) and molybdenum(V) from aqueous solutions.
This process thus offers an eco-compatible solution for the reuse of the
waste material of leaves that accumulate on the beach due to both human
activities and to storms at sea.

The electroplating copper industry in Taiwan discharges huge amounts
of wastewater, causing serious environmental and health damage. Chapter
5 applies to this situation research into the electrical copper recovery sys-
tem. The authors study the electrotreatment of an industrial copper waste-
water ([Cu] = 30000 mg L") with titanium net coated with a thin layer of
RuO2/1IrO2 (DSA) reactor. The optimal result for simulated copper solu-
tion was 99.9% copper recovery efficiency in current density 0.585 A/dm2
and no iron ion. Due to high concentrations of iron and chloride ions in real
industrial wastewater, the copper recovery efficiency went down to 60%.
Although, the copper recovery efficiency was not as high as in the simu-
lated copper solution, high environmental economic value was included in
the technology. The authors conclude that pretreating the wastewater with
iron is a necessary step, before the electrical recovery copper system.

In the study described in chapter 6, a natural process was developed
using a biological system for the biosynthesis of nanoparticles (NPs)
and the yeast Rhodotorula mucilaginosa for the removal of copper from
wastewater by dead biomass. Dead and live biomass of Rhodotorula
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mucilaginosa was used to analyze the equilibrium and kinetics of copper
biosorption by the yeast in function of the initial metal concentration,
contact time, pH, temperature, agitation, and inoculum volume. Dead
biomass exhibited the highest biosorption capacity of copper, 26.2 mg
¢!, which was achieved within 60 min of contact, at pH 5.0, temperature
of 30°C, and agitation speed of 150 rpm. The equilibrium data were best
described by the Langmuir isotherm, and kinetic analysis indicated a
pseudo-second-order model. The authors determined the average size,
morphology, and location of NPs biosynthesized by the yeast by scan-
ning electron microscopy (SEM), energy dispersive X-ray spectroscopy
(EDS), and transmission electron microscopy (TEM). The shape of the
intracellularly synthesized NPs was mainly spherical, with an average
size of 10.5 nm. The X-ray photoelectron spectroscopy (XPS) analysis
of the copper NPs confirmed the formation of metallic copper. The au-
thors conclude that the dead biomass of Rhodotorula mucilaginosa may
be considered an efficient bioprocess, being fast and low-cost. It is also
probably nano-adsorbent for the production of copper nanoparticles in
wastewater in the bioremediation process.

Tetramethyl ammonium hydroxide (TMAH) is an anisotropic etchant
used in the wet etching process of the semiconductor industry and is hard
to degrade by biotreatments when it exists in wastewater. The study in
chapter 7 evaluated the performance of a system combined with ultravio-
let, magnetic catalyst (SiO,/Fe,0,) and O,, denoted as UV/O,, to TMAH in
an aqueous solution. The mineralization efficiency of TMAH under vari-
ous conditions follows the sequence: UV/O, > UV/H,0,/0, > H,0,/Si0,/
Fe,0,/0,>H,0,/0,> Si0,/Fe,0,/0,> 0,>UV/H,0,. The results suggest
that UV/O, process provides the best condition for the mineralization of
TMAH (40 mg/L), resulting in 87.6% mineralization, at 60 min reaction
time. Furthermore, the mineralization efficiency of SiO,/Fe,0,/H,0,/O,
was significantly higher than that of O,, H,0,/O,, and UV/H,0,. More
than 90% of the magnetic catalyst was recovered and easily redispersed in
a solution for reuse.

In the study described in chapter 8, the treated and untreated efflu-
ents samples from semiconductor industry were collected and their physi-
cal characteristics (such as temperature, pH, turbidity, total suspended
solid (TSS), conductivity) and chemical characteristics (such as salinity,
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dissolved oxygen (DO), biological oxygen demand (BOD), chemical oxy-
gen demand (COD), chlorine dioxide, and heavy metal) were analyzed.
The results showed that the semiconductor industry fulfilled the standard
of law that was established in order to protect the environment.

The authors of chapter 9 improved the efficiency of coagulation-floc-
culation process used for semiconductor wastewater treatment by selecting
suitable conditions (pH, polyelectrolyte type, and concentration) through
zeta potential measurements. Under this scenario, the zeta potential, {, is
the right parameter that allows studying and predicting the interactions at
the molecular level between the contaminants in the wastewater and poly-
electrolytes used for coagulation-flocculation. Additionally, this parameter
is a key factor for assessing the efficiency of coagulation-flocculation pro-
cesses based on the optimum dosages and windows for polyelectrolytes
coagulation-flocculation effectiveness. In this chapter, strategic pH varia-
tions allowed the prediction of the dosage of polyelectrolyte on wastewa-
ter from real electroplating baths, including the isoelectric point (IEP) of
the dispersions of water and commercial polyelectrolytes used in typical
semiconductor industries. The results showed that there is a difference
between polyelectrolyte demand required for the removal of suspended
solids, turbidity, and organic matter from wastewater (23.4mg/L and
67mg/L, resp.). The authors also conclude that the dose of polyelectro-
lytes and coagulation-flocculation window to achieve compliance with
national and international regulations (the EPA in United States and
SEMARNAT in Mexico) is influenced by the physicochemical character-
istics of the dispersions and treatment conditions (pH and polyelectrolyte
dosing strategy).

In recent years, extensive work has been conducted to improve the bio-
degradability index (BI) of effluent to enhance the efficiency of biochemi-
cal treatment. Advanced oxidation processes are one among the various
methods primer to improve the BI of organic effluent. In the investigation
described in chapter 10, experiments such as electrocoagulation, electro-
oxidation, and photochemical processes were carried out to treat pulp and
paper wastewater in a wide range of operating conditions. The effect of
individual parameters on Bl improvement was critically examined. The
authors noticed that electro-oxidation method yields maximum biodegrad-
ability improvement (0.13—0.42) within a process time of 35 minutes.
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Chapter 11 deals with the removal of lignin (expressed as COD re-
moval) from synthetic wastewater through electrocoagulation in a batch
reactor, using aluminum as a sacrificial electrode. The authors investi-
gate the effects of various parameters such as current density, pH, NaCl
concentration, and treatment time on the removal of COD from synthetic
wastewater to determine the most suitable process conditions for maxi-
mum removal of COD (lignin). They use a central composite design
(CCD) to create the experimental conditions for developing mathematical
models to correlate the removal efficiency with the process variables. The
most suitable conditions for the removal of lignin from synthetic solution
were found to be: a current density of 100A/m,; a pH of 7.6; NaCl con-
centrations of 0.75mg/l; and a treatment time of 75 minutes. The authors’
proposed model gives prediction on COD (lignin) removal with the error
limit around +9 to —7%

In chapter 12, a coagulation process was used to treat paper-recycling
wastewater with alum, coupled with poly aluminum chloride (PACI) as
coagulants. The authors investigated the effect of each four factors, viz.
the dosages of alum and PACI, pH and chemical oxygen demand (COD),
on the treatment efficiency. They describe the influence of these four pa-
rameters using response-surface methodology under central composite
design, and they consider the efficiency of reducing turbidity, COD and
the sludge volume index (SVI) as the responses. The optimum conditions
for high treatment efficiency of paper-recycling wastewater under experi-
mental conditions were reached with numerical optimization of coagulant
doses and pH, with 1,550 mg/l alum and 1,314 mg/l PACI and 9.5, re-
spectively, where the values for reduction of 80.02% in COD, 83.23% in
turbidity, and 140 ml/g in SVI were obtained.

In the final chapter, the author uses the Life Cycle Assessment (LCA),
a “cradle-to-grave” approach, to identify energy use, material input, and
waste generated, starting with the acquisition of raw materials and ending
with the final disposal of a product from a particular facility. His review
consists of four main activities: goal and scope, inventory analysis, im-
pact assessment, and interpretation. In order to design and construct the
most appropriate wastewater treatment plants, he points to the LCA ap-
proach as a useful tool for evaluating wastewater treatment techniques.
He concludes that further, more detailed investigation is called for into the
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benefits and harms of each application in order to determine alternative,
more environmentally friendly treatment methods using techniques that
consume the least amount of energy.






PART 1

INDUSTRIAL PETROCHEMICALS

Refinery and petrochemical plants generate solid waste and sludge com-
posed of organic, inorganic compounds, including heavy metals. These
wastewaters may contain polycyclic and aromatic hydrocarbons, phenols,
metal derivatives, surface active substances, sulphides, naphthylenic ac-
ids and other chemicals. With ineffective purification systems, these toxic
products accumulate in the receiving water, with serious consequences to
the ecosystem.

Other industries besides refineries also produce petrochemical waste-
water. Whether from food industries or the print industry, electronic indus-
tries or the textile industry, petrochemicals find their way into the world’s
water via wastewater streams. As a result sustainable treatment solutions
for wastewater have become more and more important.






CHAPTER 1

Anaerobic Treatment of Wastewater
from Used Industrial Oil Recovery

NURIA GARCIA-MANCHA, DANIEL PUYOL,
VICTOR M. MONSALVO, HAYFA RAJHI,
ANGEL F. MOHEDANOA anD JUAN J. RODRIGUEZ

1.1 INTRODUCTION

Huge quantities of industrial oil are consumed as a result of their extensive
application (more than 310 kt consumed in Spain in 2009) in a broad range
of industrial processes. Once used, the resulting oils are considered toxic
and hazardous showing fairly low chemical or biological degradability.
The amount of these residues has been estimated at around 90 kt in Spain
(2009). The used industrial oils (UIO) contain hazardous and toxic com-
pounds, e.g. naphthalene, benzene derivatives and toluene, whose pres-
ence in the environment can cause severe damage. The waste hierarchy
postulated in the 2008/98/EC European Directive includes valorization as
one preferential strategy for waste management. [1] In Spain, recycling
of 65% of UIO has been postulated as an objective. [2] Although it is still
early to assess the impact of the new regulations, it is expected that the
legal framework will reinforce oil recycling and regeneration objectives
that will result in additional volumes of aqueous off-streams from these

Anaerobic Treatment of Wastewater from Used Industrial Oil Recovery. © Garcia-Mancha, N., Puyol,
D., Monsalvo, V. M., Rajhi, H., Mohedano, A. F. and Rodriguez, J. J. (2012), J. Chem. Technol. Bio-
technol., 87: 1320-1328. doi: 10.1002/jctb.3753. Used with the authors' permission.
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operations, usually including different stages of metal precipitation, extrac-
tion and distillation. [3] These effluents are characterized by high contents
of organic solvents, hydrocarbons and suspended solids (SS), relatively
high viscosity and poor biodegradability, making their treatment by con-
ventional biological systems difficult. Nevertheless, biological techniques
developed in the last two decades have shown their potential to deal with
a broad range of industrial wastewater. In particular, anaerobic systems
are an attractive option for the treatment of high-strength wastewater with
an associated potential for methane generation. [4] A first approach to the
anaerobic treatment by a two-step process of a synthetic wastewater simu-
lating the effluents from UIO recycling operations showed COD removal
efficiencies higher than 83%. [5] However, application to real wastewater
has not been reported so far.

Among the anaerobic systems, the upflow anaerobic sludge blanket
(UASB) reactor is the most widely applied for industrial wastewater.
However, the so-called expanded granular sludge bed (EGSB) reactor is
a promising alternative in which the height to diameter ratio and the ex-
ternal recirculation rate are increased, improving the mixing and contact
between wastewater and biomass. [6] The viability of this system has been
previously demonstrated in full-scale applications treating real wastewa-
ters. [7] The height to diameter ratio plays an important role in the opera-
tion of EGSB reactors, and usually varies between 7 and 90 depending on
the characteristics of the wastewater and the dimensions of the reactor.
[8,9] Thus, EGSB systems have been reported to be adequate for dealing
with hardly biodegradable wastewater, and to dampen the inhibition of the
microbial activity caused by the presence of hazardous pollutants. These
inhibition phenomena vary widely depending on the anaerobic inocula,
wastewater composition, and working conditions. Some compounds
commonly found in off-streams from UIO recovery, such as ammonia,
sulphide, light metal ions, heavy metals, and organics, including alkil
benzenes, phenol, alkil phenols, alkanes and alcohols have been reported
to be inhibitors of anaerobic digestion. [10—13]

The identification of those microorganisms present in bacterial
communities capable of degrading the organics present in this type of
wastewater is of great interest for future industrial applications. Molecu-
lar biology techniques are useful to gain insights to the phylogenetic
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characterization of the microorganisms capable of removing chemicals
from industrial wastewater. Some molecular techniques, like cloning and
sequencing of extracted DNA and RNA, can provide exhaustive micro-
biological information. Among others, denaturing gradient gel electro-
phoresis (DGGE) is becoming routinely applied to microbial ecological
studies to follow changes in the microbial population during the opera-
tion of anaerobic reactors. [14]

The aim of this work is to assess the anaerobic biological treatment of
wastewater resulting from the regeneration process of UIO, determining
the optimal operating conditions of an EGSB reactor. Biodegradability
and the toxic effect of this wastewater on the methanogenic performance
of the granular sludge under anaerobic conditions have also been evalu-
ated. In addition, DGGE and sequencing of particular bands have been
used to evaluate the evolution of the microbial population during the
long-term experiment.

1.2 EXPERIMENTAL
1.2.1 BIOMASS SOURCE

Anaerobic granular biomass was collected from a full-scale UASB reactor
treating sugar-beet wastewater (Valladolid, Spain). The granules had an
average diameter of 0.5 mm and a specific methanogenic activity (SMA)
of 0.46 g CH,-COD g' VSS d™.

1.2.2 WASTEWATER COMPOSITION

Wastewater was collected from a UIO recovery plant (Madrid, Spain).
Themain characteristics of theUIO wastewater (10 samples tested)were:
29+5 gBODS5 L™, 107+47 gtotal CODL™!, 94+38 g soluble COD L7},
2.87+1.07 g TSS L}, 2.67+1.12 g VSS L' and pH10.5+0.8. Ethylene-
glycol was identified as the most abundant chemical with a concentration
of around 27.6 £ 0.9 g L.
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1.2.3 SMA DETERMINATION

Specific methanogenic activity (SMA) was measured using the Automatic
Methane Potential Test System (AMPTS) developed by Bioprocess Con-
trol AB (Lund, Sweden). The AMPTS follows the same principles as the
conventional methane potential test, thus making the results comparable
with standard methods. Methane released from the digestion bottles is
analyzed using a wet gas-flow measuring system with a multi-flow cell
arrangement. This measuring device works according to the principle of
liquid displacement and can monitor an ultra-low gas flow, where a digital
pulse is generated when a defined volume of gas flows through the system.
It only registers methane flow, since other gas components, such as CO,
and H_S, are removed by an alkaline solution. A data acquisition system
is incorporated. [15] SMA values were calculated by the Roediger model
[16] according to a previous work. [6]

1.2.4 BIODEGRADABILITY TESTS AND
METHANOGENESIS STIMULATION EXPERIMENTS

Biodegradability tests were performed for 32 d using a nonadapted sludge
by adding wastewater diluted at different ratios ranging from 6.25 to 50%
v/v, which corresponds to COD values from 4 to 32 g L', Stimulation
of acetoclastic and hydrogenotrophic methanogenesis was carried out by
activating the anaerobic sludge with acetate (4 g CH,COONa L™) or for-
miate (2 g HCOONa L), respectively, added to a standard methanogenic
medium containing the following macronutrients (mg L™"): NH,CI, (280),
K, HPO, (250), KH,PO, (328), MgSO, - 2H,0 (100), CaCl, - 2H,0 (10)
and yeast extract (4). This medium was supplemented with 5 mL L™ of
a trace elements solution, reaching (ug L™): FeCl, - 4H,0 (2000), H,BO,
(50), ZnCl, (50), CuCl, - 2H,0 (38), MnCl, - 4H,0O (500), (NH,),Mo.0O,,
- 4H,0 (50), AICI, - 6H,0 (90), CoCl, - 6H,0 (2000), NiCl, - 6H,0 (92),
Na,SeO- 5H,0 (162), EDTA (1000), resarzurin (200), H,SO,36% (1 pL
L™). Buffer and alkalinity source was incorporated by adding 1 g NaH-
CO, g' COD. The UIO wastewater was added to both media at COD
concentrations ranging from 0.125 to 2 g L', The biodegradability tests
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andmethanogenic stimulation experiments were performed at 30 + 1 °C in
duplicate, using the AMPTS.

The contribution of adsorption was evaluated in biomass samples after
extraction with Soxhelt following the US-EPA 8041 method. Tests of vol-
atilization were performed under identical operating conditions to those in
the biodegradation experiments but in the absence of biomass. The results
reported are the average values from duplicate runs, the standard errors
being always lower than 10%.

1.2.5 EXPERIMENTAL SETUP FOR LONG-TERM EXPERIMENT

Experiments in continuous mode were carried out using a 5.2 L EGSB
reactor with an internal diameter to height ratio of 1 : 7.2. The reactor was
equipped with a gas—liquid—solid separator installed 15 cm below the exit.
Wastewater was continuously fed, entering at the bottom of the reactor
with recirculation, and the effluent was withdrawn from the top. CO, was
removed from biogas using a Mariotte flask trap with 4 mol L™' NaOH
solution, and CH, was measured with a wet gasometer (Schlumberger,
Germany). [17] The reactor was operated at an upward flow rate of 2.5 m
h™! and room temperature (17-21 °C) for 80 days. The EGSB reactor was
inoculated with 100 g VSS L™! of granular sludge previously activated
with a standard methanogenic medium for 30 d until high-activity stable
performance was achieved. Macro and micronutrients, as well as NaHCO,
(bufter and alkalinity source) to neutralize the influent were supplemented
as detailed above. Organic loading rate (OLR) was varied between 0.5 and
10.5 g COD L' d! during the course of the experiment.

1.2.6 DNA EXTRACTION, PCR AND DENATURING
GRADIENT GEL ELECTROPHORESIS (DGGE)

Granular sludge was resuspended in PBS, and cells were disrupted us-
ing a BIO101-Savant FP120 cell disrupter (Q-BIOgene, Carlsbad, CA,
USA) (six times for 40 s, each at 5.5 cycles s'). DNA was extracted
using the FastDNA kit for soil (Q-BIOgene, Carlsbad, CA, USA). A
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fragment of the 16S rRNA gene was amplified by PCR with primer pairs
341(GC)-907R for Bacteria and 622(GC)-1492R for Archaea at anneal-
ing temperatures of 52 and 42 -C, respectively. [18] The amplification
reaction was performed according to the taq DNA polymerase protocol
(Promega, Madison, WIS, USA). The PCR conditions were as follows:
94 -C for 10 min; 30 cycles at 94 C for 1 min, 72 °C for 3 min; and 72
°C for 10 min. The PCR products were analyzed using a D-Code Univer-
sal system (Bio-Rad, Hercules, CA, USA). An acrylamide solution with
6% p/v of porosity was used to cast a gel with denaturing gradients of
urea/formamide ranging from 30 to 60% (100% = 7 mol L' urea/40%
v/v formamide). Electrophoresis was conducted in 1x TAE buffer solu-
tion at 200 V and 60 °C for 5 h. Bands detected by fluorescence using a
UV transilluminator were excised and reamplified for sequencing. The
sequences were automatically analyzed on an ABI model 377 sequencer
(Applied Biosystems, Carlsbad, CA, USA) and were thereafter corrected
manually. The sequences were compared with those listed in the Gen-
Bank nucleotide sequence databases using Chromas 2.0 software. The
BLAST search option of the National Center for Biotechnology Infor-
mation (NCBI) (http://www.ncbi.nlm.nih.gov) was used to search for
close evolutionary relatives in the GenBank database. Determination of
the taxonomical hierarchy was performed using the Classifier tool from
the Ribosomal Database Project (RDP) web page (http://rdp.cme.msu.
edu/index.jsp) for the entire DNA sequences.

1.2.7 ANALYTICAL METHODS

Analyses of chemical oxygen demand (COD) and total and volatile
suspended solids (TSS and VSS) were performed according to the
APHA Standard Methods. [19] The identification of species in the in-
fluent and treated effluents was performed by gas chromatography/ion
trapmass spectrometry (GC/MS, CP-3800/Saturn 2200, Varian, Santa
Clara, CA, USA) with an autosampler injector (CP-8200, Varian, Agi-
lent Technologies, Santa Clara, CA, USA) and solid-phase microextrac-
tion (Carbowax/Divinylbenzene, Yellow- Green). [17] Ethlylene-glycol,
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propylene-glycol, ethanol and volatile fatty acids (VFA) were quantified
by HPLC coupled with a refraction index (HPLC/RI) detector (Varian,
Agilent Technologies, Santa Clara, CA, USA) using sulfonated poly-
styrene resin in the protonated form (67H type) as the stationary phase
(Varian Metacarb 67H 300—6.5 mm). [17]

1.3 RESULTS AND DISCUSSION
1.3.1 ANAEROBIC BIODEGRADABILITY

Figure 1(a) shows the time-evolution of COD and the cumulative meth-
ane production during the biodegradability tests.The specific COD
consumption rate decreased from 0.34 to 0.11 g COD g! VSS d! as
the COD of the fed stream was increased from 4 to 32 g COD L. Si-
multaneously, the specific methane production rate decreased from 0.23
g CH4-COD g! VSS d! to almost zero under those same conditions.
These results suggest the occurrence of inhibitory phenomena, since the
activity values decreased when increasing the organic load of the UIO
wastewater. Effects of adsorption or volatilization were negligible, so
the COD removal can be attributed exclusively to biological degrada-
tion. A methane production of 1.15 g CH,-COD was obtained at an UIO
wastewater COD of 4 g L™!, reaching a methanogenic potential of around
65%. In all cases, the methane production was lower than the corre-
sponding theoretical value which supports the occurrence of inhibition.
To learn more about the inhibition phenomena, the time-evolution of the
main metabolites was analyzed. The time-evolution of ethylene-glycol
and acetate is plotted in Fig. 1(b). As can be seen, ethylene-glycol was
oxidized to acetate before methanization, which is in agreement with
previous works. [20,21] Increasing the starting COD caused the accumu-
lation of acetate in the medium, which can be explained by acetoclastic
methanogenesis inhibition. The anaerobic oxidation of ethylene-glycol
was negligible at 32 g L! starting COD, confirming that at this COD the
activity of the granular sludge was completely inhibited.



10 Ecological Technologies for Industrial Wastewater Management

1.3.2 METHANOGENESIS STIMULATION

Methane production values from the methanogenesis stimulation experi-
ments were used to calculate the specific methane production rates for ace-
toclastic and hydrogenotrophic methanogenesis shown in Fig, 2. As can be
seen, the rate profiles of both processes differ considerably. A lag-time is
observed in the acetoclastic experiments and the curves show a Gaussian-
like profile with a maximum. In contrast, the maximum hydrogenotrophic
methanogenesis rates occurred at the beginning of the experiments and a
continuous quasi-linear decay takes place.

A detailed study of the stimulation of methanogenesis was carried out
using the results of Fig. 2. Figure 3(a) shows the overall methane produc-
tion in both the acetoclastic and hydrogenotrophic methanogenesis experi-
ments. The methane production obtained when adding UIO at 2 g COD
L' was 1.2 and 3 times higher than that obtained in the blank experiments
with acetate and formiate, respectively. This fact indicates that hydroge-
notrophic methanogenesis stimulation produces an improvement of the
UIO wastewater methanization. Acetoclastic and hydrogenotrophic SMA
values followed different patterns with increasing UIO wastewater COD
(Fig. 3(b)). The enhancement of the SMA upon stimulation of the hydroge-
notrophicmethanogens was higher than that o served for the acetoclastic
methanogens. Maximum values of 0.58 and 0.48 g CH,-COD g™' VSS d™'
were obtained for UIO wastewater COD of 0.5 and 2 g L', respectively.

The complexity of the results from the acetoclastic experiments re-
quired a more detailed analysis. Maximum, average and initial specific
acetoclastic rates were calculated and are depicted in Fig. 3(c). The UIO
wastewater COD did not affect significantly the maximum specific rates,
thus non-competitive inhibition phenomena in the acetoclastic methano-
genesis seem negligible at the organic loads tested. However, the initial
and average specific methanogenic rates increased, which could be related
with the occurrence of the initial lag phase. Nevertheless, increasing UIO
wastewater COD shortened the time required to reach the maximum spe-
cific rate (Fig. 3(d)), which suggests that the UIO wastewater has a ben-
eficial effect on the adaptation of the granular sludge to produce methane
from acetate.
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1.3.3 EGSB REACTOR PERFORMANCE

The performance of the EGSB during long-term operation is depicted in Fig.
4. In order to avoid inhibition of the granular sludge, the OLR was gradually
increased over 40 days at room temperature until reaching an OLR value of
10 g COD L' d". This operating strategy enabled COD removal efficiencies
higher than 70% and methanogenic potential of around 0.55 g CH, g™' COD.
Under these operating conditions, ethylene-glycol and the resulting acetate
from its anaerobic oxidation were almost completely consumed. During the
experiment, COD removal efficiencies suffered a slight reduction of 6 and
17% when applying OLR of 2.5 and 5.5 g COD L' d!, respectively.

The increase of the OLR up to 10 g COD L' d! caused a drop in COD
removal and methanogenic efficiency. Meanwhile, acetate concentrations
close to 3 g L ™! were detected in the resulting effluents. This indicates inef-
ficient removal of the acetate generated from anaerobic oxidation, which
can be related with inhibition of the acetoclastic methanogenesis caused
by increased toxicity and the low operating temperature. To recover reac-
tor performance, the temperature was set at 32 oC. A significant improve-
ment in reactor performance was observed, resulting in COD removal and
methanogenic efficiency of around 75 and 30%, respectively, while the
acetate concentration was lowered below 0.5 g L™!. From these results it
can be concluded that controlling the temperature within the mesophilic
range enabled further acclimation of the biomass, which was necessary to
maintain reactor performance.

The composition of the UIO wastewater and the effluent from the
EGSB reactor were analysed by GC/MS and HPLC/RI. Figure 5 depicts
representative GC/MS chromatograms showing a fairly complex compo-
sition, summarized in Table 1. Most of the starting compounds were not
detected in the resulting effluent after 80 days of continuous operation
(Fig. 5(b)). However, some intermediate compounds were detected in the
effluent, such as phenolic hydrocarbons as well as trace concentrations of
acetate, propionate and ethanol, indicating incomplete anaerobic oxida-
tion. The partial inhibition of biogas production and the decrease in bio-
degradability of the UIO wastewater can be caused by the presence of
substituted phenolic compounds. [22, 23]
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Specific methanogenic rate
(g CH-CODg" vSSd)

t(d) t(d)

FIGURE 2: Time-evolution of specific methanogenic rate from acetoclastic (a) and hydrogenotrophic (b) methanogenesis stimulation
experiments at different UIO wastewater concentrations.
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Evolution of the microbial population of the granular sludge Figure 6
shows the DGGE band patterns for the archaea and bacteria domains from
the anaerobic granular sludge at the startup and after 90 days of EGSB re-
actor continuous operation. Type and number of bacteria and archaea band
patterns changed significantly during the experiment because of the spe-
cialization of the granular sludge to treat UIO wastewater. Bands were ex-
cised, reamplified and sequenced for microbial identification by means of
the NCBI and RDP databases (Table 2). A clear reduction of the archaeal
diversity in the granular sludge took place and most of the identified Metha-
nosaeta sp. (A2, A3, A4 and AS5) species disappeared. However, the identi-
fied A1-A8 Methanosaeta sp. prevailed, since this species has been reported
to be competitive in wastewater contaminated with hydrocarbons (NCBI ac-
cess number HQ689197). New species of archaea (A6 and A7) belonging to
the Thermoplasmatales order appeared during the experiment, which have
been identified in UASB reactors treating alkanes-bearing wastewater [24]
and usually appear in extremophilic environments. [25]

TABLE 1: Identification of peaks from Fig. 5.

UIO wastewater Effluent
Peak Compound Peak Compound
1 1-butanol 1’ methyl isobutyl ketone
2 Tetradecane 2’ 2-ethyl-1-hexanol
3 octyl-cyclopropane 3 acetophenone
4 1-tetradecene 4 2-methyl-phenol
5 Undecane 5 2-ethyl-phenol
6 3-methyl-2-pentene 6’ 2,5-dimethyl-phenol
7 1-nonanol 7 2-(1-methylethyl)-phenol
8 S-octadecene 8’ 3,4-dimethyl-phenol
9 2-methyl-2-undecanethiol 9’ 4-ethyl-phenol
10 1-bromo-pentadecane 10 p-tert-butyl-phenol
11 1,4-dimethyl-cis-cyclooctane 11’ indole
12 3-tetradecene HPLC/RI Ethanol
13 Diphenyl ether HPLC/RI Acetate
14 2-(1,1-dimethylethyl)-phenol HPLC/RI Propionate
15 3,5-bis(1-methylethyl)-phenol
HPLC/RI Ethlylene-glycol
HPLC/RI Propylene-glycol
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TABLE 2: Identification of the DGGE bands for archaea (A) and bacteria (B) present in the sludge granules from the EGSB reactor.

DGGE Sequence with Similarity | NCBI GenBank RDP taxonomical hierarchy Ref.
band higher homology* (%) access number
Al Uncultured Methanosaeta sp. 100% HQ689197 Methanosaeta sp. (100%) U
A2 Uncultured Methanosaeta sp. 95% JF754496.1 Methanosaeta sp. (95%) 29
A3 Uncultured Methanosaeta sp. 97% JF754496.1 Methanosaeta sp. (97%) 29
A4 Uncultured Methanosaeta sp. 96% HQ689197 Methanosaeta sp. (90%) U U
AS Methanosaeta concilii 99% CP002565.1 Methanosaeta sp. (100%) 30
A6 Uncultured Thermoplasmata archaeon 99% JF754533.1 Archaea (100%), Thermoplasmatales (76%) 29 29
A7 Uncultured Thermoplasmata archaecon 96% JF754533.1 Archaea (100%), Thermoplasmatales (50%) 29
A8 Uncultured Methanosaeta sp. 93% HQ689197 Archaea (100%), Methanosaeta sp. (80%) U
Bl Uncultured Bacterioidetes bacterium 90% HQ183944.1 Bacteria (92%), Planctomycetes (16%) 31
B2 NS Bacteria (96%), Crysiogenetes (14%) -
B3 Uncultured Streptococcus sp. 96% EU704223.1 Bacteria (100%), Firmicutes (54%) 26
B4 Uncultured Firmicutes bacterium 95% CU918169.1 Bacteria (100%), Firmicutes (47%) 27
BS Uncultured bacterium 96% GU325923.1 Bacteria (100%), Firmicutes (38%) U
B6 Uncultured Syntrophobacter sp. 97% EU888828.1 Syntrophobacter sp. (97%) 32
B7 Trichococcus flocculiformis 98% NR 042060.1 Trichococcus sp. (100%) 33
B8 NS Bacteria (96%), Bacteroidetes (19%) -
B9 Uncultured bacterium 95% AB470353.1 Bacteria(99%), Proteobacteria (75%), Gamma- 34
proteobacteria (37%)
B10 Uncultured bacterium 95% AB470353.1 Bacteria(99%), Proteobacteria (63%), Gamma- 34
proteobacteria (40%)
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FIGURE 6: DGGE banding pattern for bacteria (1, 2) and archaea (3, 4) domains of the
initial anaerobic granular sludge inoculum (1, 3) and during the long-term experiment (2,
4).
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With regard to the bacteria domain, a clear specialization of the anaero-
bic consortium occurred since only two DGGE bands remained (B3-B11
and B4-B12). These bands correspond to two species belonging to the
phylum Firmicutes, being one of them related with the genus Streptococ-
cus sp. (B3-B11), [26] which have been found in waste digestion systems.
[27,28] These species could be involved in the hydrolysis of the partic-
ulate matter of UIO wastewater. Owing to the adaptation of anaerobic
granular sludge the rest of the identified bacteria suffered a clear modifica-
tion. It is noteworthy that several species of nitrogen-consuming bacteria
emerged,two of them belonging to the Synergistaceae family (B15, B16),
and other to the species Aminiphilus circumscriptus (B17).

1.4 CONCLUSIONS

UIO wastewater canbe efficiently biotreated by anaerobic granular sludge
in an EGSB reactor, where the specialization of the biomass leads to signif-
icant changes in the microbial composition of the granular sludge. At low
concentrations, this wastewater even enhances the specific methanogenic
activity of both acetate- and hydrogen-consuming methanogens, allowing
high methanogenic potential. Anaerobic biodegradation at room tempera-
ture is feasible at moderate OLR values, but it is necessary to increase the
temperature for OLRs higher than 5.5 g COD L™ d™!. The observed inhibi-
tion of anaerobic microbial activity can be caused by the presence of some
identified inhibitory compounds such as substituted phenols.
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CHAPTER 2

LDHs as Adsorbents of Phenol and
Their Environmental Applications

E. BUTENKO, A. MALYSHEV, anD A. KAPUSTIN

2.1 INTRODUCTION

At the present an increase of phenol and its derivatives concentration in
the environment takes place, due to discharge it into the water from inad-
equately treated wastewater of different enterprises, especially coke and
petrochemical enterprises [1]. Phenol can cause different diseases of or-
ganisms, including humans. Phenol is particularly dangerous because of
its relatively good solubility in water.

To reduce the penetration of phenol into the environment may take
place primarily due to the effective treatment of industrial wastewater, in
which the phenol and its derivatives are found.

There are various methods of purification of industrial wastewater
from the dissolved phenol. Liquid extraction is used for the purification
of wastewater containing phenols [2]. The feasibility of wastewater treat-
ment through extraction is determined by the concentration of organic

LDHs as Adsorbents of Phenol and Their Environmental Applications. © Butenko E., Malyshev A.,
and Kapustin 4. American Journal of Environmental Protection, vol. 2, no. 1 (2014): 11-15. doi:
10.12691/env-2-1-3. Used with permission of Science and Education Publishing.
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impurities. Extraction of phenols from wastewater is economically inef-
ficient process, because of use of costly ethers and esters for the extraction
of phenols from wastewater.

The radiation treatment is used to remove phenol from wastewater.
During the y-radiation (Co*’, Cs"7) oxidation and polymerization of or-
ganic and inorganic substances (including not biodegradable and toxic
compounds) takes place. The deposition of colloidal and suspended sol-
ids, disinfection and deodorization take place too. Radiation treatment, as
a fast single-stage process gives the complex effect [3].

Co® y-irradiation of aqueous solutions containing 10 mg/l of phenol
in a flow system with a dose of 0,48 W/kg for 20 min completely decom-
poses it to water and carbon dioxide, the decomposition rate is 0.25 mg/(1
min). However, through radiation treatment the removal of phenol and its
derivatives up to the level of MPC is not achieved.

The final purification achieving MPC (0.1 g/) is only under the use of
adsorption technology possible. Adsorption methods are widely used for
wastewater treatment from dissolved organic substances. The advantage
of this method is its high efficiency, and the possibility of sewage directly
from many toxic substances. The effectiveness of adsorption reaches 80-
95%, depending on the nature of the adsorbent, the adsorption surface
and its accessibility, on the chemical structure of substance and its state in
solution [4].

Most of all, activated carbons [5] are used as a sorbent for the removal
of phenols. However, their use is limited by their high cost. In addition,
the sorption process on activated carbon are physical process, the sorbed
ions are not associated with a matrix by chemical bonds, which makes
the disposal process risky due to the possible of the reverse process of
desorption. Also, carbon sorbents have disadvantages such as long-term
establishment of sorption equilibrium and the low degree of sorption.

The most promising sorbents are the sorbents based on clays, synthetic
and natural [6]. They are cheap, accessible and efficient, universal sor-
bents, and they have a high absorption capacity, resistance to environ-
mental influences and can serve as excellent carriers for mounting on the
surface of various compounds at their modification.

The aim of our work is the search for new anionic sorbents, the use of
which would allow effective remove of phenols from wastewater.
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For this aim LDHs with variable composition were investigated, and
their physical, chemical, as well as adsorption properties were studied.
Also we studied the kinetics of ion-exchange sorption of phenol on the
LDHs of different composition, the structure of LDHs and its changes
during the phenol sorption.

2.2 EXPERIMENTAL SECTION

Synthesis of layered double hydroxides was carried out by the method
described in [7, 8]. Samples were kindly provided by SASOL Germany
GmbH.

The obtained sorbents have the following characteristics (Table 1).

TABLE 1: The characteristics of layered double hydroxides.

Mg/Mg+Al, mol/mol 0.52 0.72 0.81 0.86
d, A 3.038 3.036 3.045 3.058
c, A 22.62 22.67 22.81 23.40
Specific surface area, m%/g 250 200 192 180
Pore volume, ml/g 0.5 0.2 0.2 0.2
Acidity, meq/g 0.41 0.32 0.21 0.06
Basicity, meq/g 0.73 0.54 0.63 0.85
E,. ., meq/g 0.075 0.081 0.041 0.036
E_ . meq/g 0.38 0.41 0.10 0.08

The resulting LDHs were investigated to determine the surface basicity.

Determination was carried out by titration in the presence of Hammett
indicators [9]. Analysis were carried out by the following procedure. In a
glass beaker (20 ml), mounted on a magnetic stirrer was placed a sample
of a layered double hydroxide, and then a glass was filled with benzene.
Then a glass cylinder, divided by a porous partition with a standard sample
on it was placed in the beaker. Hammett indicator was added into ben-
zene, and the color change can be observed on the surface of a standard
sample. The followed indicators were used: bromothymol blue (pKa =
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7.2), 2-chloro-4-nitroaniline (pKa = 17.2), 4-chloroaniline (pKa = 26.5),
2,4,6-trinitroanilin (pKa = 12 and 2), 2,4-dinitroaniline (pK = 15.0), 4-ni-
troaniline (pKa = 18.4). Calcined MgO was used as a comparison standard.

Structure of LDHs was studied by X-ray diffraction (Figure 1). The X-
ray diffraction experiments were performed using a SIEMENS D-500 dif-
fractometer with Co Ka - radiation. Special computer programs were used
for smoothing, background correction and decomposition of overlapped
diffraction peaks.
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FIGURE 1: XRD patterns of LDH Mg/(Mg+Al) = 0,72 mol/mol (as-prepared, with
naphthalene, with B-naphtol).

X-ray fluorescence spectroscopy (XRF), Shimadzu XRF-1700 sequen-
tial XRF spectrometer was used to determine the Mg/Al atomic ratios of
the samples.
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The nitrogen adsorption—desorption isotherms were recorded at 77 K
on a Coulter SA 3100 automated gas adsorption system on samples previ-
ously degassed at 383 K for 7 h under vacuum. Specific surface areas (S-
BET) were determined using the Brunauer—Emmett Teller (BET) method
on the basis of adsorption data. The pore volume (Vp) values were deter-
mined by using the t-plot method of De Boer.

Thermal behavior was studied by thermo-analytical methods, the
samples calcined on the air (the temperature was raised with 10 K/min
to 1273 K).

The concentration of phenols was determined photometrically through
the reaction of formation of the colored compound with 4-aminoantipyrine
in an alkaline medium (pH=10) in the presence of ammonium persulfate.
The concentration of alcohol, naphthalene and -naphthol was determined
by chromatography on a chromatograph HP 5890.

Sorption studies were performed in periodic conditions, loading the
sorbent in a solution containing sorbed substances (alcohols, phenols,
naphthalene derivatives), and samples were taken after vigorous mixing
for some time.

2.3 RESULTS AND DISCUSSION

LDHs are products of isomorphic substitution of metal cations in the hy-
droxides of metal cations of higher oxidation degree [13], as shown in
Figure 2.

The acid properties of phenol are beneficial for using of LDHs for the
phenol adsorption is. Studying LDHs, unlike most natural clays, are not
solid bases, not acids. The basic site in such compounds may be repre-
sented by a hydroxyl group, which is localized at the tetrahedral alumi-
num. Lewis basic sites are a lone electron pair of oxygen:

OH"

| O\ g/ O\ /
O (@]
Bronsted site Lewis site
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FIGURE 2: XRD patterns of LDH Mg/(Mg+Al) = 0,72 mol/mol (as-prepared, with
naphthalene, with B-naphtol).

The presence of the basic sites of Brensted and Lewis types allows
the process of anion exchange in the inner space of layered double hy-
droxides. The anion-exchange reaction for phenol and its derivatives on
layered double hydroxides proceeds as follows:

OH + PhOH — Z-OPh + H,0

Since phenol is an acid, so the represented reaction of anion exchange
takes place almost irreversibly. In addition, phenol is a rather strong or-
ganic acid, so the process of ion-exchange takes place very quickly.

To determine the process parameters of sorption of phenols on LDH
kinetic studies were carried out. Conducting of kinetic studies under the
conditions far from the sorption equilibrium was predetermined by the
fact that in real industrial conditions the sorption processes in exactly non-
equilibrium conditions. The study was carried out in the mixed reactor
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TABLE 2: The dynamic capacity of LDHs (phenol).

Mg/(Mg+Al), mol/mol 0.52 0.72 0.81 0.86
E, meq/g 0.18 031 0.36 0.46

with periodic feeding, the concentration of phenol was determined by
spectrophotometry. The obtained data are depicted on Figure 3.

At the initial moment, at high degree of conversion, the experimental
results are well linearizing in the In (¢ /c) — T coordinates (Figure 4), indi-
cating the first order on adsorbate concentration.

Investigation of the kinetics of the reaction showed that the rate of
sorption depends on the concentration of phenol and amount of LDHs. To
replace the mass of the sorbent on the concentration of active sites (Cas)
in a volume of solution used the values of the dynamic capacity of LDHs,
defined in dynamic conditions (Table 2).

The kinetic equation of sorption of phenol is as follows:

9=k C,, - C,
We investigated the adsorption capacity of phenol in reactions with

sorbents with varying degrees of isomorphous substitution. Rate constants
for phenol sorption for sorbents with different molar ratio of Mg / (Mg +

TABLE 3: Second order constants of sorption.

Mg/(Mg+Al), mol/mol 0.52 0.72 0.81 0.86
k + 10, Umol » s 0.83 1.29 1.67 1.70
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Al) have been calculated. The obtained values of the constants are pre-
sented in Table 3.

To determine the activation parameters of sorption of phenols on
LDHs, the ion exchange at different temperatures has been studied. These
data are presented as curves on Figure 5.

Since the reaction of a rather strong organic acid with a solid base
proceeds quickly, the linearization performed at the initial moment of re-
action. The rate constants of sorption of phenol at different temperatures
were determined. The obtained data are presented in Table 4.

Dependence of the rate of phenol sorption on the temperature has
been investigated only for the sorbent Mg/(Mg+Al) = 0,72 mol/mol, how-
ever, we can assume that for other sorbents will be observed a similar
dependence.

The full kinetic equation for the phenol sorption of phenol sorbent has
the form:

k= ko =0090.103 g2%RT

The obtained value of activation energy suggests that the reaction pro-
ceeds in the diffusion region, but close enough to the kinetic region, due to
the high acidity of phenol.

The reaction with phenol proceeds rapidly and after 15-20 minutes the
dynamic equilibrium set. Due to the high acidity of phenol the equilibrium
is strongly shifted toward the formation of products, the reaction proceeds
to completion.

TABLE 3: Second order constants of sorption.

T,K 294 313 333 348
k,s* 0.08 0.24 0.33 0.46
E =29.1 kJ/mol k =9.9-10°/mol - s
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However, if at the end of the sorption to leave the LDHs in a so-
lution of phenol in a long time (48 hours), the degree of adsorption
increases, a simultaneous increase the inter-planar distance from 3,03
to 5,76 A. By our assumption, this is due to the reorientation of the
aromatic rings in the inner space of LDHs (Figure 6), with increased
availability of active sites.

2.4 CONCLUSIONS

1. Physical-chemical properties of LDHs. It has shown that changing
the composition of LDH the concentration and strength of active
sites on their surface can be regulated, and thus we can regulate the
sorption properties.

2. The kinetics of phenol adsorption on the LDH of variable composi-
tion have been studied.

3. The dependence of the kinetic parameters of the adsorption on the
composition of LDHs has been shown.

4. The kinetic and activation parameters of the sorption of phenol on
the LDHs, which may be the basis for the calculation of process
plants for the removal of phenols from industrial wastewater, have
been determined.
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CHAPTER 3

Biodegradability of Oily Wastewater
Using Rotating Biological Contactor
Combined with an External Membrane

MAHDIEH SAFA, IRAN ALEMZADEH,
AND MANOUCHEHR VOSSOUGHI

3.1 BACKGROUND

Nowadays, one of the major environmental problems is the oily waste-
waters produced by industries, particularly by refineries. Disposal of oily
wastewaters into the environment can result in environmental pollutions
and serious damages to the ecosystem. Since conventional treatment pro-
cesses are not sufficient to achieve the water quality requirements, ad-
vanced treatment processes are required [1].

The HMBR is an advanced technology which traditionally combines
activated sludge as a suspended growth system with microfiltration (MF)
or ultrafiltration (UF) membrane [2]. This process has now become an at-
tractive choice for the treatment and reuse of industrial wastewaters such

Biodegradability of Oily Wastewater Using Rotating Biological Contactor Combined with an External
Membrane. © 2014 Safa et al.; licensee BioMed Central Ltd. Journal of Environmental Health Sci-
ence and Engineering 2014, 12:117 doi:10.1186/s40201-014-0117-3. Creative Commons Attribution
License (http://creativecommons.org/licenses/by/2.0).
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as paper mill; food production; fuel port [3]-[5] and municipal wastewa-
ters [6],[7]. The HMBR process has been proved to have many advantages
in comparison to conventional biological processes such as small footprint
size of the treatment unit, reduced sludge production, complete retention
of solids and flexibility of operation [§].

The initiative of the present research is substituting the suspended
growth system with the attached growth system. Therefore, RBC (plus
Kaldnes media) as an attached growth system was coupled with external
UF membrane to treat oily wastewater.

The reason for choosing RBC can be related to many advantages of
this reactor in treating wastewaters, particularly oily wastewaters, com-
pared to the active sludge process. Among the advantages, one can include
high efficiency of organic matter removal, resistance against organic and
hydraulic shock loads and low energy consumption [9].

Experiments were carried out to compare the performance of the RBC
and the HMBR in treating the oily wastewaters. After adjusting oil-eating
microorganisms with system, the influence of some parameters as HRT,
TPH and nutrients concentration on the performance of system were stud-
ied. The efficiency of two systems in removal of oily pollutants and or-
ganic matters produced by nutrients was also examined and compared.

3.2 METHODS

3.2.1 PHYSICAL PROPERTIES OF THE SYSTEM

Figure 1 shows an overview of the hybrid membrane bioreactor. HMBR
is a combination of rotating biological contactor (plus Kaldnes media) and
an external membrane. Effluent from bioreactor enters the membrane by
a centrifugal pump and the sludge remained behind the membrane, which
contains microorganisms, is returned to the bioreactor. Samples were col-
lected from influent/effluent of RBC and effluent of the membrane. Physi-
cal properties of RBC and the membrane are shown in Tables 1 and 2,
respectively.
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TABLE 1: Physical properties of the rotating biological contactor

Length 40 cm Width 27 cm

Height 20 cm Total surface 2m?
Total volume 21.6 lit Effective volume 18 lit
Cylinder diameter 20 cm Cylinder length 10 cm
Stage 2 Rotational speed 10 rpm

TABLE 2: Physical properties of the membrane

Membrane type Ultra filtration
Membrane material Polymer
Internal diameter 1.24 cm
Effective length 33 cm
Surface area 0.0128 m?

3.2.2 BIOREACTOR FEEDING

In this study, the sludge of second settling tank of the activated sludge pro-
cess in Tehran refinery was used. At the first, RBC was prepared and 90%
volume of its cylinders was filled with Kaldnes media. Then, some of the
sludge plus some water was poured into the bioreactor so that the mixed
liquor suspended solids (MLSS) in bioreactor became 1500 mg/1.

In order to grow and reproduce microorganisms and biofilm forma-
tion, the system was set up in batch process with COD = 1000 mg/1 so it
fed with carbon (molasses), nitrogen (urea) and phosphorus (ammonium
phosphate) for 8 weeks. During the process, a combination of crude oil
and gasoline with a ratio of 2/1 (petroleum pollutant in this state would
have a wide range of hydrocarbons from C14 to C42) was added to the
system for more adaption of microorganisms to the petroleum pollutant.
Also, 5-15 pl/l of surfactant twin-80 was added to system so that bonds are
formed between water and oil molecules. To speed up the microorganisms
growth, some minerals were added to the sludge as well [10].
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3.2.3 EXPERIMENTAL PROCESS

Once the biofilm with a thickness of about 4 mm was formed, the system
was started up as continuous process at a HRT of 24 and 18 hours. The
external membrane was connected to RBC. Subsequently, wastewater in-
fluent and effluent of RBC and effluent of HMBR were examined daily.
These tests included the measurement of COD, MLSS, MLVSS, TPH,
TSS, pH, temperature, and dissolved oxygen. All tests were performed
according to the standard methods [11]. As time passes, membrane foul-
ing causes such a permeate flux decline that the membrane needs to be
refreshed. For this reason, bioreactor was switched off and the membrane
was washed with water, NaOH 2%, and HNO, 1% [12].

3.3 RESULTS

3.3.1 EFFECT OF HYDRAULIC
RETENTION TIME ON COD REMOVAL

Figure 2 shows the diagram of COD removal efficiency versus different
concentrations of TPH at two HRTs (18 & 24 hr) for each reactor.

As shown in Figure 2 increasing the ratios of TPH/COD molasses has
led to the reduction of COD removal efficiency in both reactors. This is
resulted from the fact that increasing TPH/COD molasses makes micro-
organisms start to use oily hydrocarbons instead of nutrients produced by
molasses.

On the other hand, in order to form bonds between water and oily pol-
lutant molecules, some concentration of surfactant twin-80 was added to
the system which helps the absorption of hydrocarbons by microorganisms.

As depicted in Figure 2 when the ratio of TPH/COD was greater than
0.6, the slope of the efficiency decrement was increased. This is due to
inhibition caused by aromatics and hydrocarbons in oily wastewater. Fur-
thermore, COD removal efficiency was increased for higher HRT. This is
caused by the contact between nutrients and microorganisms for a longer
retention time.
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FIGURE 2: COD removal efficiency at two HRTs of 18 and 24 hours versus ratios of TPH/
COD molasses in (a) MBR and (b) RBC.
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3.3.2 THE EFFECT OF HRT ON TPH REMOVAL

TPH removal efficiency versus different concentrations of TPH at two
HRTs (18 & 24 hr) for each reactor is shown in Figure 3.

As shown in Figure 3 increasing HRT has led to increasing the TPH re-
moval efficiency, because pollutants contacted microorganisms for a long
hydraulic retention time.
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FIGURE 3: TPH removal efficiency at two HRTs of 18 and 24 hours versus ratios of TPH/
COD molasses in (a) HMBR (b) RBC.
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Increasing the ratio of TPH/COD molasses to 0.6 has led to increasing
the TPH removal efficiency in both reactors but when the ratios of TPH/
COD molasses was greater than 0.6, the efficiency of both systems in re-
moving the pollutant was reduced. This is due to the fact that the increase
in the concentration of hydrocarbons on biofilm distorts the cellular me-
tabolism of microorganisms and prevents them from using carbon molas-
ses for their metabolism and reproduction. This will, in turn, reduce MLSS
in system and the potential for removing the pollutant will be significantly
reduced. Thus, in treating the oily wastewater in such reactors, it is recom-
mended not to choose the ratio of TPH/COD molasses more than 0.6.

3.3.3 THE EFFECT OF VARIOUS RATIOS OF TPH/COD
MOLASSES ON TPH REMOVAL EFFICIENCY

Figure 4 shows the TPH removal efficiency for ratios of TPH/COD molas-
ses at HRT of 24 hours in both reactors.
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FIGURE 4: Comparing TPH removal efficiency in RBC and HMBR in different ratios of
TPH/COD molasses at HRT of 24 hours.
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This comparison shows that TPH removal efficiency for all concentra-
tions of the oily pollutant used in this project has been higher in hybrid
membrane than RBC.

3.3.4 THE EFFECT OF VARIOUS RATIOS OF TPH/COD
MOLASSES ON SUSPENDED SOLIDS REMOVAL EFFICIENCY

Figure 5 shows the suspended solid's removal efficiency by two reactors at
various concentrations of the pollutant.

This comparison shows that as the concentration of the oily pollut-
ant increases, the suspended solids removal efficiency is reduced in both
reactors. The effluent suspended solids of the system was increased with
increasing oily pollutant concentrations because the biofilm detached from
the media due to the toxicity of oily pollutant [13].
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FIGURE 5: Comparing the suspended solids' removal efficiency in RBC and hybrid
membrane bioreactor for various ratios of TPH/COD at HRT of 24 hours.
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Also the diagram shows the higher efficiency of HMBR than the RBC
in removing the suspended solids because of the membrane performance.

3.3.5 INVESTIGATING THE CHANGES
OF PERMEATE FLUX FROM MEMBRANE OVER TIME

Figure 6 shows the changes of permeate flux from membrane in a typical
pressure of 1.2 bar.

When the permeate flux of the membrane was about 30 L/m2.hr ( it
takes 6 days for average MLSS of 3000mg/l and about 5 days for higher
concentrations) chemical cleaning of the membrane is performed.

Higher permeate flux of the membrane at HRT of 24 hours than 18
hours proves higher efficiency of removing organic substances and sus-
pended solids and thus reduction of the membrane fouling and higher per-
meate flux as well.
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FIGURE 6: Permeate flux of membrane versus time.
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3.4 CONCLUSIONS

In this paper, the behavior of hybrid membrane bioreactor in various load-
ings of oily pollutant was studied and the results were compared with
the time when the rotating biological contactor performs without using a
membrane.

The attached growth bioreactor creates the biofilm on the support me-
dia that provide a better treatment efficiency than suspended growth biore-
actor due to accumulation of high microbial population in a large surface
area. Therefore, better performance can be achieved by combining such a
biofilm reactor as RBC with a membrane compared to suspended growth
bioreactors as the active sludge in convectional HMBRs.

RBC requires a secondary settling tank which is accomplished by add-
ing a membrane to the system. However, it has a smaller volume than the
settling tank and the amount of suspended solids in its effluent is less than
the effluent from the settling tank. The membrane can also separate the
materials that cannot be settled in the settling tank from effluent. It is cost
effective as well when there is space limitation or the land is expensive.

Comparison of two hydraulic retention times of 24 and 18 hours for
both reactors showed that COD and TPH removal efficiency at 24 hrs HRT
is higher than 18 hours.

Results from tests of removing COD and TPH for various ratios of oily
pollutant revealed that with the ratio of 0.6 at both HRTs, the amount of
COD and TPH removal obtained while with ratios of higher than 0.6, this
removal was reduced.

The highest removal efficiency of COD and TPH was 97.3% and
98.8%, respectively. These were obtained by the hybrid membrane biore-
actor, with oily pollutant concentration of 700ppm , the ratio of TPH/COD
molasses 0.6, at HRT of 24 hours.

The fouling is the major problem with membranes in separation pro-
cesses. Nevertheless, RBC was used as a pre-treatment stage and the most
of the wastewater was treated before entering into the membrane which
results in the reduction of the fouling. Membrane fouling in this study took
place after 120 hours from the beginning and after cleaning the membrane
was reutilized. This is more than the time needed in previous studies [14].
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PART 11

METAL INDUSTRIES

Metals enter our rivers, lakes, and oceans from mining, metal finishing,
and metal working, threatening the water sources on which the world de-
pends. Although the following articles are limited in scope, copper, nickel,
aluminium, lead, zinc, steel, stainless steel, and titanium all play signifi-
cant roles in our current water crisis. The price humanity pays for the
everyday use of minerals is proving to be a high one.






CHAPTER 4

Removal of Vanadium(lll) and
Molybdenum(V) from Wastewater
Using Posidonia oceanica
(Tracheophyta) Biomass

CHIARA PENNESI, CECILIA TOTTI, anD FRANCESCA BEOLCHINI

4.1 INTRODUCTION

Posidonia oceanica (L.) Delile, is the most important and abundant sea-
grass and it is endemic to the Mediterranean Sea. It forms large underwater
meadows from the surface to depths of 40 m, which are an important part
of the ecosystem [1, 2] P. oceanica has a significant ecological role, as it
can form structures known as ‘matte’, which are monumental construc-
tions that result from the horizontal and vertical growth of the rhizomes
with their entangled roots and the entrapped sediment [3]-[5]. This sea-
grass is very sensitive to human disturbance, such as coastal development,
pollution, trawling and high water turbidity [3]-[5]. Indeed, in the year
2000, P. oceanica was selected as a Biological Quality Element [6] un-
der the Water Framework Directive [7], as a representative of the aquatic
Mediterranean angiosperms for use in the monitoring of the ecological
status of coastal waters. P. oceanica in Italy is mostly present along the

Removal of Vanadium(Ill) and Molybdenum(V) from Wastewater Using Posidonia oceanica (Tra-
cheophyta) Biomass. © 2013 Pennesi et al. PLoS ONE 8(10): e76870. doi:10.1371/journal.
pone.0076870. Creative Commons Attribution License. Used with the authors' permission.
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Tyrrhenian and Ionian coasts, where it is destroyed mainly by trawling
and by high water turbidity [8]. Human activities and sea storms result in
the accumulation of the leaves of this plant on beaches; and their disposal
represents a significant environmental problem [9]. This can, however, be
avoided if this waste material can be transformed into a resource.

The physicochemical process known as ‘biosorption’ indicates the re-
moval of heavy metals from an aqueous solution by passive binding to
non-living biomass [10]-[12]. Marine biomass represents an important re-
source for biosorption processing of heavy metals from industrial waste-
water. Indeed, non-living seaweed and seagrass can be used as low-cost
sorbents as an alternative to more costly synthetic resins [10]-[16].

The high metal-binding capacity of seaweeds is due to the structure
of their cell wall, with various functional groups involved. These in-
clude: (1) alginic acid, with carboxyl groups and sulfated polysaccharides,
such as fucoidan, and with sulfonic acid, in brown algae matrix (Phylum
Ochrophyta) [10], [11], [17]; (2) sulfated galactans such as agar, carre-
geenan, porphyran, and furcelleran in red algae (Phylum Rhodophyta)
[10], [12], [18]; (3) an external capsule that is composed of proteins and/
or polysaccharides in green algae (Phylum Chlorophyta) [19]. While algal
materials have been broadly investigated for metal biosorption (Table 1),
the potential of marine plants has been notably understudied. However,
recent studies in the literature have stated that the ability of seagrasses to
adsorb heavy metals also depends on the chemical structure of the plant
tissues [11], [12], [20], [21]. In particular, Pennesi at al. [11], [12] stud-
ied for the first time the biosorption performance of Cymodocea nodosa
(Ucria) Ascherson and Zostera marina Linnaeus, for the removal of lead
and arsenic from aqueous solution. They showed that the optimal biosorp-
tion of heavy metal occurs because of the chemical composition of the thin
cuticle which is the external layer that covers the leaves. Cutin is a waxy
polymer that is the main component of the plant cuticle, and it consists
of omega hydroxy acids and their derivatives, which are interlinked via
ester bonds, to form a polyester polymer of indeterminate size [22]. This
substance is probably responsible for the chemical and physical bond with
heavy metals, through the carboxylic groups.

P. oceanica not only contains cutin, but it is also a highly fibrous mate-
rial that is made of cellulose and hemicellulose (ca. 60%—75%) and lignin
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TABLE 1: The dynamic capacity of LDHs (phenol).

Macrophyte Metal q (mg/g) C (mg/L) Conditions References

Fucus vesciculosus Cr(IIT) 63 52-78 pH4.5T25°C Murphy et al. (2008)
Cr(VI) 44 52-78 pH2 Murphy et al. (2008)

Cd 73 - - Holan et al. (1993)

Ascophlyllum nodosum Cu+Pb+Zn+Ni 117 0.5-1 pH 4 Zhang and Banks (2006)
Pb 280 200 pH 6,T25°C Veglio and Beolchini
(1997)

Au 24 - pH2.5 Thomas et al. (2003)
Cd 214 - pH 4.9 Thomas et al. (2003)
Co 100 - pH 4.0 Thomas et al. (2003)
Fucus spiralis Cr(III) 6165 26-52 pH4.5 Murphy et al. (2008)
Cr(VI) 35.363 52-78 pH2 Murphy et al. (2008)

Cd 146 - - Cordeo et al. (2004)
Ulva lactuca Cr(I1I) 26.262 52-78 pH 4.5 Murphy et al. (2008)
Cr(VI) 2864 78-104 pH?2 Murphy et al. (2008)
Ulva spp. Cr(III) 5365.2 52-78 pH4.5 Murphy et al. (2008)
Cr(VI) 3064 52-78 pH?2 Murphy et al. (2008)
Palmaria palmata Cr(I1I) 3062 52-78 pH 4.5 Murphy et al. (2008)
Cr(VI) 3465 52-78 pH?2 Murphy et al. (2008)
Polysiphonia lanosa Cr(11I) 3462 52-78 pH 4.5 Murphy et al. (2008)
Cr(VI) 4666 52-78 pH?2 Murphy et al. (2008)
Laminaria japonica Pb(II) 286 300400 pH 4.1 Ghimire et al. (2008)




Ecological Technologies for Industrial Wastewater Management

58

(BZ107) ‘Te 10 1soUUdg amjeradwe) woox - 89 qd “ds vruoydisqjog
(BZ107) ‘Te 10 1souudg amjerodwo) woox - 89 qd 01o11500Nn2] PALYd.i0d
(eZ107) ‘Te 12 1sauuegd ainjerodwo) woox - 61 qd $140JSDd-DS.ANG DIID]1OD.ALD)
(eZ107) ‘Te 12 1sauudg amnyeraduwo) woox - (4 qd vssaiduiod vajn)
(eZ107) ‘Te 12 1sauudd amjeradwa) woox - 0€ qd pp13LL DA])
(eZ107) ‘Te 10 1soUUd amjeradwo) woox - 89 qd pLIDIUWIO] UOYd1501ADG
(BZ107) Te 10 1Souudg amjerodwe) woox - 11 qd vssa1dutod 412503547

(L661)

TUIYo[09g Pue O1[FoA 2.9¢L1v HA - oy (112e) viundo vpaulvE

(8007) ‘e 10 Aydmy D.97LseHd - (324! ad

(8007) 'Te 30 Aydmpy - - 8T (o padS0.41dg

(8002) ‘18 12 Aydmp - - L ((nke) wndydiuoy wnssv3.ng

(£007) e 30 sewoy, szHd 0CI-6L 00t ny

(€661) Te 30 uejoH 0.97 LS ¢ Hd - SEl PO SupIpU WNsSnSIng

(€002) 'Te 10 sewoy [, Sy Hd - TS°6L PO
(L661) T8 12 [1AYd0IRTY] - - 711 nH suvpnyf wnssp3ing

(€007) Te 12 sewoy, Sy Hd - 16 uz

(8007) 'Te 30 211y 't Hd 007002 €Tl (med

(8007) 'Te 30 1wy D) 'y Hd 002001 8T 6V (1o

(8002) '[& 10 daruriyH 'y Hd 00-00C 8C1 (1))%]

“AINNILNOD ‘1 319VL



Removal of Vanadium(lll) and Molybdenum(V) Using Posidonia oceanica 59

(ca. 25%-30%), plus a relevant percentage of ash that contains essen-
tially silica and traces of some heavy metals [23]. Moreover, P. oceanica
contains two type of metallothioneins (MTs) which are a group of cyste-
ine-rich proteins. These proteins have the capacity to bind heavy metals
through the thiol groups, which are also known as sulthydryl groups (R-
SH), and amino groups (R-NH2) of its cysteine residues [24], [25]. Other
studies have investigated the biosorption of heavy metals such as copper,
lead, and chromium, and the removal of dyes from textile waters using P,
oceanica biomass [21], [26]-[30].

Vanadium and molybdenum are discharged into the environment from
various industries that work on alloy steels [31], [32], and these are consid-
ered to be persistent environmental contaminants [33], [34]. Due to their
toxicity and their accumulation throughout the food chain, they represent
a significant problem with ecological and human-health effects. Thus, it is
appropriate to eliminate these heavy metals from industrial wastewaters
using cheap material such as marine macrophytes [10]-[12], [18], [19],
[35].

In the present study, the P. oceanica biomass, consisted of dried leaves
(material from a beach) that was used for the first time as a low-cost
biosorbent for the removal of vanadium(Ill) and molybdenum(V) from
aqueous solution. The objectives of this study were (1) to evaluate the per-
formance of P. oceanica non-living biomass in ideal single-metal systems
(with either vanadium or molybdenum) under different pH conditions (to
determine the optimum operating conditions); (2) to determine any com-
petition phenomena in more real-life systems that were characterized by
either high ionic strength or the presence of both vanadium and molyb-
denum; and (3) to define an equilibrium model to predict the biosorption
performance under these more real-life conditions.

4.2 MATERIALS AND METHODS

4.2.1 SAMPLING AND PREPARATION

The biosorbent materials was obtained from dead leaves of P. ocean-
ica (Phylum: Tracheophyta). The samples were collected from Italian
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beaches of the Ionian Sea: Marina di Leporano, Taranto (Puglia Region;
40°21'43.60"N, 17°20'00.05"E). Specific permission was not required for
this geographical location because it is not part of the Marine Protected
Area. Furthermore, the material used was destined for waste disposal.
After collection, the samples were washed in deionized water (10% w/v,
aquaMAXTM, Basic 360 Series) to remove the remaining salt and impuri-
ties. Subsequently, the biomass was washed in acid solution (HCI 0.1 N,
pH 2; Carlo Erba Reagents) for 4 h under vigorous stirring at room tem-
perature (ratio solid/washing solution 1/10) to remove any traces of metals
from the binding sites of the seagrass. Then the leaves were dried (Dry
Systems Labconco, Kansas City, MO) at room temperature for 4-5 days
to 5 days (to a stable weight) and kept in bottles (Kartell) until use. Before
the biosorption tests, each dried biomass sample was reduced into small
fragments (of about 0.5 cm, Porcelain Mortar & Pestle Carlo Erba, model
55/8) and re-hydrated before use to increase the percentage removal. This
field study did not involve any endangered or protected species.

4.2.2 REAGENTS

Stock solutions of molybdenum(V) chloride (MoCl5, Sigma-Aldrich®)
and vanadium(III) chloride (VCI3, Sigma-Aldrich®) at, 1 g/L were pre-
pared in distilled water (Sigma-Aldrich®). All of the working solutions at
the various concentrations were obtained by successive dilution, accord-
ing the experimental design (see section 2.5).

4.2.3 CHARACTERIZATION OF
FUNCTIONAL GROUPS: TITRATION TEST

The characterization of the functional groups on P. oceanica that are in-
volved in binding the metals was carried out by acid-base titration test and
analyzed according to the Gran Method [36], [37]. Biosorbent materials
(i.e, 5 g leaves of P. oceanica in 100 mL deionised water) were titrated us-
ing standard solutions of NaOH 1 N (basic branch, Sigma-Aldrich®) and
H2S04 0.1 N (acid branch, Sigma-Aldrich®). The pH of the suspension
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was measured after each addition of titrant (0.05 mL, Eppendorf Re-
search® plus) when stability had been obtained, using a pH-meter (ISteK
pH 730p).

4.2.4 ADSORPTION TESTS

Before each test, 5 g dried P. oceanica biomass was put into 100 mL
distilled water for 30 min to rehydrate the sample, with stirring using a
magnetic stirrer (MICROSTIRRER-VELP Scientific). The concentrated
metal stock solutions (1 g/l molybdenum; 1 g/L vanadium) were added
according to the experimental conditions. The suspension pH was adjusted
with HCI (0.1 M) and NaOH (0.1 M) and monitored during the whole
biosorption test. Aliquot amounts of the solution (1 mL) were periodically
sampled to determination the metal concentration(s). The samples were
centrifuged (3000 rpm for 5 min.; ALC centrifuge PK 120), to eliminate
any suspended matter before the analytical determination, and they were
subsequently diluted with acidified water at pH 2 to stabilize the metal(s)
before the analytical determinations. Control tests were performed without
biomass and showed constant metal concentrations in the solutions over
time. This confirmed that precipitation did not take place and that no metal
was released by the testing equipment. Metal uptake, q (mg g™'), was cal-
culated as the difference in the metal concentration(s) in the aqueous phase
before and after sorption, according to Eq. A:

V(C; - C)
T w (A)

where, Vis the volume of the solution (L), C;and C are the initial and equi-
librium concentration of metal (molybdenum or vanadium) in solution
(mg L™), respectively, and W is the mass of the dry leaves (g). Through
regression analysis, the Langmuir adsorption isotherm [38] given in Eq.
(B) was adapted to the experimental data:

_ qmaxceq
T=Ks + C.q (B)
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where g, is the maximum adsorption (mg/g) and Ks is the equilibrium
constant of the sorption reaction (mg/L).

4.2.4 EXPERIMENTAL DESIGN

Table 2 shows the factors and levels investigated for the biosorption of
these leaves of P. oceanica. All of the experiments were carried out at a
constant room temperature. For the ideal systems and the real-life systems
with high ionic strength, the equilibrium pH was the only factor considered
in the experimental plan. In particular, for the ideal single metal systems,
sorption isotherms were evaluated at pH 1, 2, 3, 6, 8, 10 and 12 for vana-
dium, and at pH 1-3, 5, 7, 9, 10 and 12 for molybdenum. For high ionic
strength systems, 20 mg/L NaNO, was added at the beginning of each
experiment, and the sorption isotherms were evaluated at pH 3, 6 and 9 for
vanadium, and at pH 6, 9 and 12 for molybdenum,. In the case of the more
real-life multi-metal systems, the sorption isotherms were determined at

TABLE 2: Factors and levels investigated in the study of molybdenum(V) and van-
adium(III) biosorption by biomass of Posidonia oceanica.

Experimental system Factorial plan
Factors Levels

Ideal single metal system Metals Mo(V) V(1)
pH 1-3; 6; 8; 10; 12 1-3;5;7,9;

10; 12

Real life high ionic strength Metals Mo(V) v({i)

(single metal system with 20 mg/L
NaNO,)

pH 6;9;12 3,6;9

Real life two-metal system Metal 1 Mo(V) V(1)
Metal 2 absent; 20 mg/L; absent; 20

40 mg/L mg/L; 40 mg/L
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pH 3, and the only factor considered in the experimental plan was the pres-
ence of the other metal (0,20 and 40 mg/L. vanadium/molybdenum for the
molybdenum/vanadium sorption, respectively).

4.2.5 ANALYTICAL DETERMINATIONS

The pH measurements were made using a pH meter (ISteK 730p). All
of the samples were diluted with HNO, at pH 2 and stored at 4°C before
analysis. The metals concentrations in the liquid phase were determined
by ICP-AES (Inductively Coupled Plasma Atomic Emission Spectrom-
etry) (Jobin Yvon JY 24, method EPA200.7.2001).

4.3 RESULTS AND DISCUSSION
4.3.1 BIOMASS CHARACTERIZATION

4.3.1.1 POSIDONIA OCEANICA
CHARACTERISATION: ACID-BASE TITRATION

The number and type of functional groups involved in the binding of the
metals onto the P. oceanica samples were analyzed using acid-base ti-
tration [36], [37], [39]. This analysis is based on a neutralization reac-
tion, in order to determine an unknown concentration of functional groups
that have an acid behaviour in aqueous solution. The P. oceanica titra-
tion curve in Figure 1 shows the pH profile as a function of the added
meq NaOH: (1) this curve is typical of weak polyprotic acids, which have
more than one proton that can be removed by reaction with a base; (2)
the equivalence point (i.e., where all of the protons are neutralized by the
added hydroxylic groups) is not easily identifiable. The Gran method was
used to linearise the titration curve before and after the equivalence point
(Fig. S1). The volume necessary to reach the equivalence point was esti-
mated as in the range of 3500-5000 pL (Fig. S1), which when consider-
ing the biomass of P. oceanica in solution (i.e., 10 g/L), corresponds to a
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concentration of functional groups with an acid behavior of 3.5-5 m_/g
biomass. It can be seen that this titration procedure allowed the estima-
tion of a range for the volume of equivalence, rather than a single value,
as in the case of titration of pure acid solutions. This can be explained by
considering the heterogeneity of the solid matrix subjected to titration, in
terms of these dead leaves of P. oceanica. Furthermore, the titration curve
in Figure 1 allows an estimation of the acid dissociation constant (K ) of
these functional groups that behave as weak acids. Indeed, the pKa (i.e.,
the pH corresponding to half the equivalence point) [40], is in the range of
3 to 4, which is typical of the R—-COO— carboxyl groups of the P. oceanica
cuticle [17]. Similar results were also obtained for the carboxyl groups
in the biomass of the algae Chlorella pyrenoidosa H. Chick, Cyanidium
caldarium (Tilden) Geitler [41] and Sargassum fluitans (Bergesen) Borge-
sen [42]. Moreover, previous studies have used Fourier transform infrared
spectroscopy analysis (FTIR) to demonstrate that the functional groups of
P oceanica that might have a role in the adsorption process are carboxyl
(COOH) and carbonyl stretching (C = O) groups in particular [28], [29].

4.3.1.2 HEAVY METAL CONCENTRATION
IN POSIDONIA OCEANICA LEAVES

The leaves of P. oceanica show significant concentrations of As, Hg, Mo,
Pb and V in their tissues (Table 3). Before metals determination, a part
of the stock was first washed in acid at pH 2 to remove metals eventu-
ally bound at the surface level, while another sample was analyzed under
natural conditions. It can be seen that there were no significant differ-
ences between the metal concentrations in the two samples (Table 3). This
suggests that the P. oceanica tissue contains traces of metals, which will
be connected to the phenomenon of bioaccumulation, of which there are
many studies in the literature [43]—[47]. This result might be related to the
presence of industrial sites (e.g., refinery, metallurgical plant and commer-
cial port) located near the collection site (about 30 km away). Indeed, P
oceanica is increasingly used as an indicator of chemical contaminations
for coastal regions of the Mediterranean Sea, and it is often considered a
useful metal bio-indicator [44], [45], [48]. In particular, P. oceanica has
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FIGURE 1: P. oceanica titration curve (biosorbent 10 g/L; room temperature).

been investigated as a bio-indicator for mercury, which was also found in
samples used for this study (Table 3), and some studies have suggested
that several trace metals can be memorized through analysis of its below-
ground tissues [44], [49], [50].

4.3.2 VANADIUM AND MOLYBDENUM SPECIATION

In this section, vanadium(IIl) and molybdenum(V) speciation as a func-
tion of pH is discussed, in terms of the predictions of the MEDUSA soft-
ware [51]. The chemistry of vanadium and molybdenum is complex; in-
deed, such metals can be present in solution in both anionic and cationic
forms. For this reason, theoretical predictions can help both in the choice
of experimental conditions to be investigated and in the discussion of the
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TABLE 3: Heavy metal concentrations in the samples of Posidonia oceanica leaves.

Metal P. oceanica (imgKg | P. oceanica (mg
1) acid wash (pH 2) Kg') no acid wash
arsenic 2 5
mercury 0.12 0.15
molybdenum 2.5 1.6
lead 2.4 3
vanadium 12 14

results obtained. Figures 2 and 3 show the predictions for vanadium(III)
and molybdenum(V) speciation as a function of pH as given by the ME-
DUSA software, where the x-axis indicates the pH while the y-axis shows
the logarithm of the metal concentration. It can be seen that anionic forms,
cationic forms and insoluble species can be present under different pH
conditions (Figs 2, 3). The pH range where vanadium appears to be stable
in its ionic form in solution is wide (Fig. 2); indeed, vanadium specia-
tion includes both cationic forms (for pH 2—6) and anionic forms (from
pH 5 onwards). Consequently, both negatively (e.g., carboxylic groups)
and positively (e.g., aminic groups) charged sites of P. oceanica biomass
are considered to be involved in vanadium biosorption. For molybdenum,
Figure 3 shows that it is mainly stable in solution in an anionic form for
pH>3; this suggests that positively charged binding sites on the P. oce-
anica are responsible for molybdenum biosorption.

4.3.3 BIOSORPTION: THE IDEAL SINGLE METAL SYSTEM

This part of the study was aimed at an evaluation of the influence of pH on
vanadium and molybdenum biosorption by P. oceanica in the single metal
systems (Table 2; two levels investigated). Figure 4 shows the sorption



FIGURE 2: Prediction of vanadium(III) speciation as a function of pH where y-axis shows the logarithm of the metal concentration (MEDUSA
software) [51].
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isotherms for vanadium that were determined for the different equilibrium
pHs (pH 1-3, Fig. 4a; pH 3-12, Fig. 4b). It can be seen that the optimal pH
for vanadium biosorption by P. oceanica is pH 3, with maximum adsorp-
tion of about 7 mg/g with an equilibrium concentration of vanadium in
solution of 10 mg/L (Fig. 4a). The profiles in Figure 5 also show that the
adsorption capacity decreases at both pH<3(Fig. 4a) and >3 (Fig. 4b). Fur-
thermore, control experiments with no biomass excluded any significant
precipitation phenomena. For molybdenum biosorption in the single metal
ideal systems (Fig. 5), the best adsorption performance was at pH 3 with
maximum adsorption around 4 mg/g with the molybdenum equilibrium
concentration of 10 mg/L (Fig. 5). Significant precipitation occurred at
pH 1 and 2, as also predicted theoretically by the MEDUSA software [51]
(Fig. 3). For the pH range from pH 5 to 12, the highest observed values for
the specific uptake (q) were around 2 mg/g.

4.3.4 BIOSORPTION: REAL-LIFE MULTICOMPONENT SYSTEMS
4.3.4.1 HIGH IONIC STRENGTH SYSTEMS

This part of the study was dedicated to the estimation of the influence of
pH on vanadium and molybdenum biosorption by P. oceanica in the pres-
ence of NaNO, (20 mg/L). Sodium nitrate was added (Table 2) to simulate
real-life systems, by providing potential antagonist ions that can compete
with the metals for the active sites involved in biosorption on the cuticle
of Posidonia oceanica. The solution was diluted according to the experi-
mental design (see section 2.5; Table 2; two levels investigated). Figure 6
shows the effects of pH on the sorption isotherms for vanadium and mo-
lybdenum, respectively, in the presence of the antagonist ions (NaNO,).
A comparison with the data observed in the single metal systems (Fig. 4),
confirms that pH 3 was optimal for the adsorption of vanadium (Fig. 6a)
and that no competition appears to have taken place. The data in Figure
6b suggest that the adsorption capacity for molybdenum was optimal at
pH 12, while in the single metal system, no significant adsorption was
observed at this pH (Fig. 5). The oxidative action of NaNO, might have
modified the speciation of molybdenum (Fig. 3), and then modified the
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FIGURE 1: Sorption isotherms for molybdenum in the single metal system, for the range
of pH 3-12 (biosorbent 10 g/L; room temperature).

performances at pH 3. These data show that there are linear correlations
between the metal concentrations on the solid and in the liquid in equi-
librium, except for the adsorption of vanadium at pH 3, which appears to
follow a Langmuir trend.

4.3.4.2 MULTI-METAL SYSTEMS.

Potential competition between vanadium and molybdenum might affect
the biosorption performances when these metals are present simultane-
ously. The sorption isotherms were determined at pH 3 considering that
this pH was the optimum for the biosorption performances of both of
these metals, in the ideal single metal systems. Figure 7 shows the sorp-
tion isotherms of each metal in the presence of increasing concentration
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FIGURE 6: Sorption isotherms in real life high ionic strength systems: pH effect for
vanadium (a) and molybdenum (b) in the presence of NaNO, 20 mg/L (biosorbent 10 g/L;
room temperature).
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of the other metal in solutions diluted according to the experimental de-
sign (see section 2.5; Table 2; two levels investigated). It can be seen
that no competition appeared to take place, and that conversely, the pres-
ence of one of the metals appears to favor the adsorption of the other
metal. The absence of competition can be explained with reference to
theoretical predictions previously reported (see section 3.2): at ca. pH
3, molybdenum is mainly stable as an anion, while vanadium is a cat-
ion. Consequently, this indicates that bothof these ions can be adsorbed
simultaneously; as they have opposite charges, the two metals interact
with different binding sites on the P. oceanica cuticle. The Langmuir
equation of Eq. (B) was fitted to the experimental data, and Table 4 gives
the estimated values for the parameters q _and Ks. Here, it can be seen
that parameter q _is estimated at 16 mg/g and 18 mg/g for vanadium
and molybdenum, respectively, without any significant effects of the
other metal; on the other hand, parameter Ks significantly decreased as
the concentration of the other metal increased. This trend confirmed the
absence of competition between these two metals, and suggested that the
identification of a mathematical model suitable for predicting real multi-
metal systems should take into account the variability of the sorption
equilibrium constant, Ks, depending on the concentration of the other
metal. This approach is described in the following section.

TABLE 4: Heavy metal concentrations in the samples of Posidonia oceanica leaves.

vanadium — pH 3 molybdenum — pH 3
no Mo 20 mg/L | 40 mg/L no V20 mg/L | V40 mg/L V
Mo Mo
q,,., (Mg/g) 16 16 16 18 18 18
k_ (mg/L) 14 8 4 60 34 14
R? 0.9 0.95 0.96 0.9 0.95 0.93
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4.3.4.3 MATHEMATICAL MODELING OF MULTI-METAL
EQUILIBRIUM.

As reported above, the theoretical prediction of vanadium speciation (Fig.
2) suggests that under conditions of pH 3, vanadium is substantially pres-
ent as the VO," cation. Consequently the biosorbent functional groups in-
volved in vanadium sorption are considered to be carboxylic groups (as
documented in the literature [28] and shown by the acid-base titration),
according to the following simplified sorption/ion-exchange mechanism:

R-COO +V_. 2 R-COOV (C.1)

complex
where the carboxylic groups are dissociated in the water solution accord-
ing to the following acid dissociation equilibrium:

R-COOH +H,0 & R-COO +H,0" (C.2)

with a pKA in the range of 3 to 4 as previously reported.

For molybdenum, the theoretical prediction of its speciation (Fig. 3)
indicates that at pH 3 it is mainly present as the negatively charged spe-
cies: H3M070243— and MoO42—, where this latter becomes the ion domi-
nant species as the pH increases. Contrary to what happens for vanadium,
in this case, the biosorbent functional groups involved in molybdenum
sorption are considered to be positively charged groups, as mainly aminic
groups, which are well known as being present on the seagrass cuticle
[22], according to the following mechanism:

R-NH," + Mo,

on

2 R-NH,-Mo (C.3)

complex

where, the aminic groups are dissociated in water solution according to the
following acid dissociation equilibrium:

R-NH,"+H,0 2 R-NH,+H,0" (C.4)

with a pK, in the range 9-10 [52].
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In summary, the vanadium and molybdenum sorption process is rela-
tively complex, with many factors involved, such as the metal speciation
in solution and the dissociation equilibria of the main functional groups in
the biosorbent material. Considering the pKa values reported above, it is
expected that under pH 3, at least half of the carboxylic functional groups
are available for vanadium biosorption, while all of the aminic groups are
positively charged and ready to bind molybdenum complexes. To define a
simple mathematical model that can be used to predict the sorption of one
metal in the presence of the other, was taken into account that the two met-
als do not compete for the same sites, due to the opposite charges of the
species involved. Consequently, in this case a non-competitive Langmuir
equilibrium model can be considered as the simplest one to be tested for
data fitting, as follows:

Ky Qv maxCv
V="11k,C, €3
_ KnmoGmo,maxCmo
qMO 1 + KMOCMO (C6)

where C, and C,, represent the equilibrium concentrations in solution, q,,
and q,, are the metal specific uptakes, g, and q,,  are the maximum
metal-specific uptakes and K, and K, are the eqﬁilibrium constant of
sorption in Egs. (C.1) and (C.3), respectively.

The experimental data reported in Figure 7 shows that for both of
these metals, the presence of the other metal favors the biosorption: e.g.,
vanadium sorption in the presence of molybdenum is higher than in the
single metal system. This can be explained by a partial neutralization of
charged sites that might have a repulsing action; consequently, in the pres-
ence of molybdenum, the positively charged aminic groups are neutral-
ized, and their repulsion towards the positively charged vanadium ions is
removed. For molybdenum biosorption an analogous consideration can be
performed, as the opposite effect. To take these phenomena into account
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TABLE 5: Estimated parameters for the synergistic equilibrium sorption isotherms from
Egs. (C.5) and (C.6).

q,, max 0.31 mmol/g
K, 3.5 L/mmol
n 0.02
o, max 1.3 mmol/g
Koo 0.14 L/mmol
m 0.12
R? 0.89

in the sorption model, the presence of one metal increases the equilibrium
constant of the other metal sorption according to the following empirical
rules:

Ky = Kyo(1+ Cy0) €.7)

Kuo = Knoo(1 + C7) (C.8)

Equations (C.5) and (C.6), with the equilibrium constants given by
equations (C.7) and (C.8), were fitted to the experimental data by non lin-
ear regression analysis for parameter estimation, through the least-squares
method. Table 5 shows the estimated values for the parameters and the
performance of the data fitting, which can be considered satisfactory con-
sidering that the multiple regression coefficient R2 is near 0.90. Figure 8
shows the equilibrium specific uptake of vanadium (Fig. 8a) and molyb-
denum (Fig. 8b) as functions of the two metal concentrations, as predicted
by equations (C.5) and (C.6), where the synergic effects of the two metals
on the biosorption performance can be seen.
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Sorption isotherms of vanadium (a) and molybdenum (b) as a function of the two metal concentrations, as predicted by equations

(C.5) and (C.6) (pH 3, parameters as in Table 5).

.

FIGURE 8
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4.4 CONCLUSION

The disposal of biomass of Posidonia oceanica accumulated on the
beaches represents a significant environmental problem [9], that could
be avoided if such waste material is transformed as a resource. Some
few examples are available in the literature where its potential use as
metal biosorbent is assessed: indeed, it has already been demonstrated
that Posidonia oceanica could adsorb uranium (VI) [53], chromium
(VI) [54], lead (II) [28] with the highest sorption capacities of 5.67,
14.48 and 140 mg/g, respectively. Furthermore this biomass has also
been reported to effectively adsorb anionic species, such as ortophos-
phate ions, with sorption capacity of 7.45 mg/g [55]. This work dem-
onstrates the suitability of such biomass also as vanadium and mo-
lybdenum sorbent, with a maximum sorption ability estimated at 16
and 18 mg/g, respectively. Sorption of vanadium and molybdenum was
explained by chemico-physical interaction (mainly based on ion ex-
change) with carboxilic and amminic groups that are present in many
macromolecules on the cuticle of the plant (e.g. cutin, metallothionein
[22], [24], [25]). The real system simulation allowed to exclude any
competition phenomena of nitrate ions and of one metal with the other,
due to a different speciation of vanadium and molybdenum in aque-
ous solution (cation vs. anion). This evidence has allowed to develop
a new simple multi-metal sorption equilibrium model that is able to
take into account the synergic effect on the biosorption performance,
that was evident when both metals were present. The availability of a
mathematical tool that can predict the performance of biosorption in
such multi-metal systems is considered very important [56], [57] and
there is a real need that new scientific literature goes beyond the very
well-known Langmuir/Freundlich sorption models, representative of
ideal single metal systems. Future work will be addressed on one hand
at real systems coming from refinery catalysts recycling process [58],
[59], on the other hand at the upscale of the biosorption process, in
order to find a suitable process configuration for the application of
Posidonia oceanica biomass at industrial scale.
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CHAPTER 5

The Effective Electrolytic Recovery
of Dilute Copper from Industrial
Wastewater

TENG-CHIEN CHEN, RICKY PRIAMBODO, RUO-LIN HUANG, AND
YAO-HUI HUANG

5.1 INTRODUCTION

Heavy metals are elements having atomic weights between 63.5 and
200.6 g/mol and a specific gravity greater than 5.0 [1]. With the rapid de-
velopment of industries such as metal plating facilities, mining operations,
fertilizer industries, tanneries, batteries, paper industries, and pesticides,
heavy metals wastewaters are directly or indirectly discharged into the
environment increasingly, especially in developing countries. Unlike or-
ganic contaminants, heavy metals are not biodegradable and tend to ac-
cumulate in living organisms, and many heavy metal ions are known to be
toxic or carcinogenic. Toxic heavy metals of particular concern in treat-
ment of industrial wastewaters include nickel, mercury, cadmium, lead,
and chromium.

The Effective Electrolytic Recovery of Dilute Copper from Industrial Wastewater. © Teng-Chien Chen
et al. Journal of Waste Management Volume 2013 (2013), Article ID 164780. Creative Commons At-
tribution License (http://creativecommons.org/licenses/by/3.0/).
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Electroplating copper industry discharges huge amount of wastewater
into wastewater plant. Copper does essential work in animal metabolism;
however, the excessive ingestion of copper brings about serious toxico-
logical concerns, such as vomiting, cramps, convulsions, or even death [2,
3]. Due to the complexity of production processes in electroplating copper
manufacturing, only acid washing water, which contains abundant cupric
ions, was considered to be reclaimed here. Copper is a really rare and valu-
able metal. The price of copper is getting higher recently, and the produc-
tion cost is increasing, and therefore it is really important to consider spent
copper plating solution.

In recent years, there is an increasing interest in the development of
effective electrochemical methods for the removal of metal ions from
wastewaters [4, 5]. The metal ions are effectively recovered from dilute
solution using ion exchange technique, but the high cost of resin limits its
application [6, 7]; however, the electrolytic process has the advantages of
metal recovery without further sequential treatment.

Electrode position has been usually applied for the recovery of met-
als from wastewater. It is a “clean” technology with no presence of the
permanent residues for the separation of heavy metals [8]. Oztekin and
Yazicigil (2006) found that electrode position is an applicable method for
the recovery of metals under appropriate conditions [9]. They investigated
the electrolytic recovery of metals from aqueous solutions containing
complexing chelating agents such as EDTA, nitrilotriacetic acid, and ci-
trate in a two-chamber cell separating with a commercial cation-exchange
membrane. The results showed that least value of recovery of metal was
approximately 40%, and this value increased due to the type of the experi-
ments up to 90% for copper. Chang et al. (2009a) used electro deposition
in conjunction with ultrasound to reclaim EDTA-copper wastewater [10].
They found that the technique can effectively remove copper (95.6%) and
decompose EDTA (84% COD removal) from wastewater. Issabayeva et
al. (2006) [8] presented on the electro deposition of copper and lead ions
onto palm shell AC electrodes. Besides, recovery of Cd and Ni by electro
deposition was investigated [11].

In this study, we investigate the optimal conditions, including effect of
iron concentration, effect of electric current, for electrolytic recovery of
Cu+2 ions in simulated copper solution. The optimal experiment condition
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was applied into the real wastewater form electroplating copper industry,
and also the copper recovery efficiency is evaluated in this study.

5.2 METHOD AND MATERIALS
5.2.1 MATERIALS

The 30000 ppm CuSO,, FeCl,-6H,0, and FeCl,-4H,O solution was pur-
chased from Merck Company. In order to study the influence of the high
organic contaminants on the recovery of copper from the raw effluent,
experiments have been carried out in the synthetic effluent without any
organic contaminants containing 30000 mgL™" of Cu in H,SO,. The repro-
ducibility was checked by performing all the experiments to a minimum
of at least three times.

The real industrial wastewaters were supplied form JM chemical and
GW industries.

5.2.2 METHODS

The experimental setup contains 2 plate electrodes of 18cm (L) x 17cm
(H) (0.039312dm2) DSA net as anode and 1 plate electrode of 18cm (L)
x 17cm (H) (0.0468 dm?), stainless steel as cathode. Experiments were
performed with 1.4 L copper water solution into a 2.4 L acrylic electrolytic
reactor tank (20cm (L) x 6¢cm (W) x 20cm (H)) with 432 cm? effective
cathode surface area. The reactor was also operated at a constant current
mode. Recycling pump was also used for the mixing of the solution. The
reactor was shown in Figure 1.

The electric power supply was purchased from MaxGood mechanical
company (Taiwan) (Figure 2). The effluent volume of 200 mL was taken
for all the experiments. Electrolyses were carried out as such in the raw ef-
fluent at different current density (0.234, 0.468, 0.585, and 0.702 A/dm?2).
The copper recovery efficiency effects of no iron, ferrous, and ferric ions
were also evaluated in this study.
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(b)

FIGURE 1: The electrical reactor for gold recovery (1) Double electrode cell (2) Recycling
pump (3) Power supply.
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FIGURE 2: The copper reduction rate with different types of iron.

In this study, the optimal energy consumption is an important issue.
It is important to spend less energy and get higher copper recovery effi-
ciency. The specific energy consumption (EC) is calculated.

5.2.3 ANALYSIS METHOD

All the reagents used for chemical precipitation were in industrial quality.
All the preparations and experiments were done at the room temperature.
All the samples were filtered with TOYO 0.45 um mixed cellulose ester
filters before analysis. Concentrations of Cu and Fe were measured with
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an atomic absorption spectrophotometer (GBC Sens A), after proper pre-
treatment according to the instrument manufacturer’s recommendations.

5.3. RESULT AND DISCUSSION

5.3.1. THE EFFECT OF IRON CONCENTRATION

The behavior of iron during electro-winning of copper from sulphate elec-
trolytes is well known, and its effect on the performance of the copper
electro-winning process has been reported by [12—15] who have examined
the interaction of iron [Fe+2, Fe+3] during copper electro-winning from
dilute solutions, and Cooke et al. (1990) [16] who have studied the mass
transfer kinetics of the ferrous-ferric system in copper sulphate electro-
lyte. Iron effect is an important parameter in the electrical recovery copper
system. It is well known that furious is a strong transition metal catalyst,
which is applied in the electrical Fenton system [17]. The ferric ion is a
strong reduction catalyst; it is reduced in the electrical chemical reaction.
The predominant cathode reactions during copper electrowinning from
acid sulphate electrolytes can be represented by

Cathode
Copper deposition : Cu*? +2e~ — Cu )]
Fe (II1) reduction : Fe** + ¢~ — Fe*? 2)
Cu +2Fe™ — Cu?+ 2Fe? AE=0431V 3)
Hydrogen evolution : 2H,O™ +2¢” — H, + 2H,0 @)
Anode
2H,0 — O, +4H" + 4e %)

Fe? > Fe® +¢ (6)
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In this research, the three different electrical copper recovery systems
are evaluated. The result of copper recovery efficiency between three sys-
tems was shown in Figure 3.

Figure 3 and Table 1 showed that the copper reduction efficiency at
480 min reached 83.6%, 99.56%, and 99.9% for ferric, ferrous, and with-
out iron ions, respectively.

Reactions (1) and (2) will be mass transfer controlled during copper
electrowinning. Hydrogen evolution will only occur if the cathode current

0 . T

0 60 120 180 240 300 360 420 480
Time (min)

—— Fe'?=0g/L
—= Fe*?=75g/L
—a— Fe'? = 30g/L

FIGURE 3: The varied for concentration of Fe** in the electrical copper recovery system.
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TABLE 1: The copper reduction rate with different types of iron.

Types of iron Reduction percent %
2h 4h 8h
Without iron 54.8 99 99.9
With ferrous ion 39.5 62.8 99.56
With ferric ion 28.3 46.6 83.6

density is greater than the limiting value for copper deposition. Fe+3 was
conversed to Fe+2, and also copper metal was also oxidized to Cu+2. The
mean effect of raising the Fe+3 concentration caused low copper reduction
rate. Moreover, the adverse effect was occurred by increasing the concen-
tration of Fe+3 in the electrical recovery copper system.

According to previous research, adding applicative concentration of
Fe+2 will increase the copper recovery efficiency. In this research, dif-
ferent concentrations were evaluated. The result of ferrous recovery was
shown in Figure 4. Figure 4 showed that the copper removal efficiency at
300min was 86.08%, and 54.42% of 7.5¢g/L and 30g/L ferrous ion, re-
spectively. Reactions (5) and (6) show Fe+2 to be oxidized to Fe+3 in the
anode. In the cathode, the Fe+3 was reduced to Fe+2, and copper metal
was oxidized to copper ion. The result indicated that the concentration of
Fe+2 and Fe+3 affected the copper recovery rate in the electrical recovery
copper system.

5.3.2 EFFECT OF CURRENT DENSITY

Current density is the amount of electrical current flowing in a unit of
cross-sectional area of that reactor. Current density is important to the de-
sign of electrical and electronic systems. The range of current density was
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FIGURE 4: The iron effect in the electrical copper recovery system.
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applied from 0.234 to 0.702Adm—2 to make a thorough discussion. In
the simulation, copper concentration is 30000 mg/L. Figure 5 shows the
changes at different current density at pH 2.5 &+ 0.3. It is noticed that the
rate of copper removal increased with the increased current density. Table
2 and Figure 5 indicated that the copper concentrations removal efficien-
cies were 20.97%, 86.08%, 98.80%, and 99.90% for 0.234, 0.468, 0.585,
and 0.702 Adm—2 at 360 min, respectively. Furthermore, for a longer reac-
tion time of 480 min, the copper concentrations could be down to 28.54
and 19.28 mgL—1 for 0.585 and 0.702 Adm—2, respectively. This observa-
tion is better than the results reported in the literature [18].

Depending on the solution composition of the effluent, different reac-
tions can occur at the electrodes. In the present study, following reactions
(1)-(6) would have taken place within the electrolytic cell. Due to the
optimal economical reason, the current density for 0.585A/dm2 was the
best condition.

5.3.3 THE OPTIMAL EXPERIMENTAL CONDITION

From the bench experiment, the Fe? and Fe* affected the copper recovery
efficiency in the electrical recovery copper system. No iron ion effect was the
best condition in this research. In the current density issue, the optimal eco-
nomical reason, the current density for 0.585A/dm?2 was the best condition.

5.4 REAL INDUSTRIAL WASTEWATER

The concnetration of iron and copper ions in the wastewater were analy-
sized by atomic absorption spectrophotometer analysis (AA). The result
was shown in Table 3. Table 3 indicated that high concentrations of iron
and copper were presented in this real industrial wastewater. Form the
manufacture process, the raw materials for the electrical recovery copper
system processes are cupric chloride and copper sulfate in the JM chemi-
cal and GW industry. Indeed, the optimal experimental conditions were
applied into this real wastewater, and this research was evaluated the cop-
per recovery efficiency.
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TABLE 2: The effect of copper recovery efficiency for current density.

Times (min) Current density Copper recover
(A/dm?) ratio (%)
360 0.234 20.97
0.468 86.08
0.585 98.80
0.702 99.90
480 0.234 24.29
0.468 99.65
0.585 99.9
0.702 99.94
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FIGURE 5: The copper recovery efficiency for different current density.
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TABLE 3: The atomic absorption spectrophotometer (AA) analysis for the Good Weld
(GW) and JohgMaw (JM) industrial wastewaters.

[Cu] (ppm) [Fe] (ppm)
GW 36000 50000
M 36000 100000

5.4.1 THE COPPER RECOVERY EFFICIENCY

Figure 6 illustrated the copper recovery efficiency between simulated cop-
per solution and real industrial wastewater. The high copper recovery ef-
ficiency occurred, because there is no any iron effect. Table 3 indicated
that the wastewater for the iron concentration in the JM chemical was two
times higher than Good Weld industry. As reactions (1)—(6), copper metal
is oxidized to copper ion, when the high concentration of Fe™ was added.
The result was consistent with Das and Krishna research [19].

The chloride ion was an important factor to affect copper recovery ef-
ficiency. The electro-derived chlorine chemistry with a DC current could
generate several oxidants (Cl,, HOCI, OCI") in the presence of cupric
chloride. The dissolution reactions of copper in chloride solution can be
represented as [3, 5, 20].

Leach: Cu+Cl,  — Cu* +2C1 @)
Cu+Cl~ — Cu* +3CI” ®)
Cu*" + Cu — 2Cu’ 9)

As a result, one mole of chlorine can oxidize two moles of copper to
cuprous state by obtaining two electrons. However, when the dissolution
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FIGURE 6: The copper recovery efficiency between simulated copper solution and the
electroplating copper industry wastewater.

rate of chlorine is faster than leaching rate of copper with cupric ions (9),
cuprous ions are oxidized with chlorine as follows:

Anode: Cu" — Cu**+e¢ (10)

Due to the chloride ion effect, the low copper recovery efficiency
occurred.
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5.4.2 THE ENERGY CONSUMPTION (EC)

The specific energy consumption (EC) is calculated from the formula

B A(amp) x V(volt) x t(hr) x 1000

k¢ (Co = O)(mg/L) X V(L)

(11)

where E « C is KWh/Kg; 4 is operational ampere; V is operational volts; T
is operational time; C is initial concentration; ¥ is operational volume (L).

Table 4 and Figure 7 show the energy consumption for copper deposi-
tion between real industrical wastewater and simulated copper solution.
The low energy consumption was around 7.03 KWh/kg for simulated cop-
per solution in the two hours operation time. Due to complex chemical
compounds for the real industrial wastewater, such as iron, high energy
consumption was around 32.39 KWh/kg. The low copper recovery effi-
ciency form real industrial wastewater was gotten in the electrical recov-
ery copper system.

5.5 CONCLUSION

The high copper recovery efficiency can operate for simulated copper so-
lution at high current density (0.585 Adm—2) and obtain copper recovery
efficiency (>99.9%). The optimum operational time and current density

TABLE 4: Evaluated the energy consumption between real industrial wastewater and
simulated copper solution.

EC 2h 4h 6h 8h
(KWhkg) (KWhkg) (KWh/kg) (KWhkg)
GW 35.62 40.07 51.57 66.21
M 32.39 58.34 98.59 137.93
Lab 7.03 8.03 10.02 13.27
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FIGURE 7: Evaluated the electrolytic recovery system in the energy consumption for
copper recovery between the electroplating copper industry wastewater and simulated
copper solution.

were around two hours and 0.585 Adm—2 from simulated copper solution.
In the real industrial wastewater, high concentration of iron reduced the
copper recovery efficiency; so the high energy consumption (EC) occurred.
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Although, the copper recovery efficiency was not high as simulated
copper solution, high environmental economical value was included in
the technology. In the future, it is also considered that the new type reac-
tor was capable of recovering substantial copper content from industrial
wastewater. The possibility of pretreating the wastewater with iron is the
necessary step, before the electrical recovery copper system.
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CHAPTER 6

Intracellular Biosynthesis and Removal
of Copper Nanoparticles by Dead
Biomass of Yeast Isolated from the
Wastewater of a Mine

in the Brazilian Amazonia
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6.1 INTRODUCTION

The biosynthesis of NPs is viewed as a new fundamental building pillar of
nanotechnology. Nanobiotechnology has revolutionized the production of
nanomaterials which are environmentally safe products. Physico-chemical
methods employ toxic chemicals and energy intensive routes, which make
these choices eco-hazardous and preclude their use for biomedicine and
clinical applications [1]. Therefore, environment friendly protocols need
to be developed for the synthesis of nanomaterials. Copper NPs have po-
tential industrial applications, including their use as wood preservatives,
gas sensors, catalytic processes, high temperature superconductors and

Intracellular Biosynthesis and Removal of Copper Nanoparticles by Dead Biomass of Yeast Isolated
from the Wastewater of a Mine in the Brazilian Amazonia. © 2014 Salvadori et al. PLoS ONE 9(1):
e87968. doi:10.1371/journal.pone.0087968. Creative Commons Attribution License (http://creative-
commons.org/licenses/by/4.0/) Used with the authors' permission.
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solar cells, among others [2], [3], [4]. The synthesis of different NPs by
microorganisms such as prokaryotes (bacteria and actinomicetes) and eu-
karyotes (yeast, fungi and plant) has been reported in the literature [5]-[6].
Yeasts are preferred for the synthesis of nanomaterials due to their tradi-
tional use for bioleaching metals from mineral ores [7]-[8]. Wastewater
from copper mining often contains high concentrations of this toxic metal
produced during its extraction, beneficiation, and processing. Bioreme-
diation of toxic metals such as copper through biosorption has received
a great deal of attention in recent years not only as a scientific novelty,
but also because of its potential industrial applications. This approach is
competitive, effective, and cheap [9]. In this respect, studies have dem-
onstrated the multi-metal tolerance of Rhodotorula spp, which may be of
potential use for the treatment heavy metal-bearing wastewater [10]. Con-
sequently, there has been considerable interest in developing methods for
the biosynthesis of copper NPs as an alternative to physical and chemical
methods. A literature review [11] revealed only few studies on the biosyn-
thesis of copper NPs using fungi and none of the studies has used the yeast
Rhodotorula mucilaginosa (R. mucilaginosa). On the other hand, several
studies have investigated the biosynthesis of copper NPs using bacteria,
for example, Hasan et al. [12], Ramanathan et al. [13], Singh et al. [14]
among others. This work had the objective to enlarge the scope of biologi-
cal systems for the biosynthesis of copper NPs and bioremediation. We
explored for the first time the potential of the yeast R. mucilaginosa, for
the removal and conversion of copper ions to copper NPs. Thus the goals
of uptake and of a natural process to the production of copper NPs, have
been achieved in the present study using dead biomass of R. mucilaginosa.

6.2 MATERIALS AND METHODS

6.2.1 ETHICS STATEMENT

The company Vale S.A., owner of Sossego Mine, located in Canai, Para,
in the Brazilian Amazon region, through the director of the Vale Technol-
ogy Institute, Dr Luiz Eugenio Mello authorized the establishment and
dissemination of the study featured in this research article, allowing the
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collection of material (water from pond of copper waste) supervised by
company employees, whose material led to the isolation of the fungus
under study. This field study did not involve manipulation of endangered
or protected species by any government agency.

6.2.2 GROWTH AND MAINTENANCE OF THE ORGANISM

The yeast R. mucilaginosa was isolated from the water collected from a
pond of copper waste from Sossego mine, located in Canaa dos Carajas,
Para, Brazilian Amazonia region (06°26'S latitude and 50°4"W longitude).
The R. mucilaginosa was maintained and activated in YEPD agar medium
(10 g yeast extract L ™!, 20 g peptone L', 20 g glucose L' and 20 g agar
L) and the media compounds were obtained from Oxoid (England) [15].

6.2.3 ANALYSIS OF COPPER (11) TOLERANCE

Copper tolerance of the isolated yeast was determined as the minimum
inhibitory concentration (MIC) by the spot plate method [16]. For this
purpose, YEPD agar medium plates containing different copper concen-
trations (50 to 3000 mg L—1) were prepared and inocula of the test-
ed yeast were spotted onto the metal and control plates (plate without
metal). The plates were incubated at 25°C for at least 5 days. The MIC
was defined as the lowest concentration of the metal that inhibits visible
growth of the isolate.

6.2.4 EVALUATION OF COPPER
NPS RETENTION BY THE YEAST

6.2.4.1 PREPARATION OF THE ADSORBATE SOLUTIONS.

All chemicals used in the present study were of analytical grade and were
used without further purification. All dilutions were prepared in double-
deionized water (Milli-Q Millipore 18.2 MQcm™! resistivity). The copper
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stock solution was prepared by dissolving CuCl,.2H,O (Carlo Erba, Italy)
in double-deionized water. The working solutions were prepared by dilut-
ing this stock solution.

6.2.4.2 BIOMASS PREPARATION

The yeast cells were grown in 500 mL Erlenmeyer flasks containing 100
mL YEPD broth (10 g yeast extract L™!, 20 g peptone L™, 20 g glucose
L™). The flasks were incubated on a rotary shaker at 150 rpm for 20 h at
27°C. The biomass was harvested by centrifugation. Once harvested, the
biomass was washed twice with double-deionized distilled water and was
used directly for the experiment, corresponding to live biomass. For the
production of dead biomass, an appropriate amount of live biomass was
autoclaved.

6.2.4.3 EXPERIMENTAL DESIGN OF THE EFFECTS
OF PHYSICO-CHEMICAL FACTORS ON THE
EFFICIENCY OF ADSORPTION OF COPPER NPS BY THE YEAST

The effect of pH (2-6), temperature (20-60°C), contact time (5-360 min),
initial copper concentration (25-600 mg L"), and agitation rate (50-250
rpm) on the removal of copper was analyzed using analysis of variance
models [17] with Bonferroni's multiple comparisons method for adjust-
ment of p-values. These experiments were optimized at the desired pH,
temperature, metal concentration, contact time, agitation rate and biosor-
bent dose (0.05-0.75 g) using 45 mL of a 100 mg L™! of Cu (II) test solu-
tion in plastic flask.

Sorption experiments were carried out using several concentrations
of copper (II) prepared by appropriate dilution of the copper (II) stock
solution. The pH of the solutions was adjusted using HCI or NaOH aque-
ous solutions. The desired biomass dose was then added and the content
of the flask was shaken for the desired contact time in a shaker at the
required agitation rate. The reaction mixtures were filtered by vacuum
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filtration through a Millipore membrane. The filtrate was analyzed for
metal concentrations by flame atomic absorption spectrophotometer
(AAS). The efficiency (R) of metal removal was calculated using the
following equation:

R=(C,~C)=C,, 100

where C, and C_ are initial and equilibrium metal concentrations, respec-
tively. The metal uptake capacity, ge, was calculated using the following
equation:

q,=V(C,—-C)M
where ge (mg g™!) is the biosorption capacity of the biosorbent at any time,

M (g) is the biomass dose, and V (L) is the volume of the solution.

6.2.4.4 SORPTION ISOTHERMS

The equilibrium data were fitted using the two most commonly adsorption
models, Langmuir and Freundlich [18]. The biosorption was analyzed by
the batch equilibrium technique using the following sorbent concentra-
tions of 25-600 mg L™'. The linearized Langmuir isotherm model is:

C/q,=1/(q,b)+C/q,
where qm is the monolayer sorption capacity of the sorbent (mg g '), and
b is the Langmuir sorption constant (L mg ~!). The linearized Freundlich
isotherm model is:

Inq,= InK, + 1/n InC,

where KF is a constant relating the biosorption capacity and 1/n is related
to the adsorption intensity of adsorbent.
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6.2.4.5 BIOSORPTION KINETICS

The experimental biosorption kinetic data were modeled using the pseu-
do-first-order, and pseudo-second-order models. The linear pseudo-first-
order model [19] can be represented by the following equation:

log(q, — q) =log q, — K ,=2:303 t

where, qe (mg g') and qt (mg g') are the amounts of adsorbed metal on
the sorbent at the equilibrium time and at any time t, respectively, and K,
(min™) is the rate constant of the pseudo-first-order adsorption process.
The linear pseudo-second-order model [20] can be represented by the fol-
lowing equation:

t/q, = 1/K g2 + t/q,

where K, (g mg' min') is the equilibrium rate constant of
pseudo-second-order.

6.2.5 INTRACELLULAR BIOSYNTHESIS
OF COPPER NPS BY R. MUCILAGINOSA

Only dead biomass of R. mucilaginosa was used for the analysis of cop-
per NPs production since it exhibited high adsorption capacity of the
copper metal ion than live biomass. The biosynthesis of copper NPs by
dead biomass of R. mucilaginosa was investigated using the equilibrium
data and a solution containing 100 mg L' copper (II). After reaction
with the copper ions, sections of R. mucilaginosa cells were analyzed by
transmission electron microscopy (TEM) (JEOL-1010) to determining
the size, shape and location of copper NPs on the biosorbent. Analysis
of small fragments of the biological material before and after the forma-
tion of copper NPs, were performed on pin stubs then coated with gold
under vacuum, and examined by SEM (JEOL 6460 LV) equipped with
an energy dispersive spectrometer (EDS) to identify the composition of
elements of the sample. The XPS analysis was carried out at a pressure



Intracellular Biosynthesis and Removal of Copper Nanoparticles 111

of less than 5x1077 Pa using a commercial spectrometer (UNI-SPECS
UHYV System). The Mg K4 line was used (hv = 1253.6 e¢V) and the ana-
lyzer pass energy was set to 10 eV. The inelastic background of the C 1s,
O 1s, N Is and Cu 2p, , electron core-level spectra was subtracted using
Shirley's method. The composition (at.%) of the near surface region was
determined with an accuracy of £10% from the ratio of the relative peak
areas corrected by Scofield's sensitivity factors of the corresponding ele-
ments. The binding energy scale of the spectra was corrected using the
C 1s hydrocarbon component of the fixed value of 285.0 eV. The spectra
were fitted without placing constraints using multiple Voigt profiles. The
width at half maximum (FWHM) varied between 1.2 and 2.1 eV and the
accuracy of the peak positions was +0.1 eV.

6.3 RESULTS AND DISCUSSION

The sensitivity towards at copper of the R. mucilaginosa when subjected
to minimum inhibitory concentration at different metal concentrations
(50-3000 mg L") showed that this yeast can survive within high level
concentrations until 2000 mg L. The yeast uses several mechanisms to
balance intracellular metal concentrations and counter metal toxicity. The
resistance mechanism includes sequestration of heavy metals by metallo-
thioneins through their high cysteine content and adsorption of heavy met-
al cations by the cellular walls [21]-[22].

6.3.1 EFFECTS OF THE PHYSICO-CHEMICAL
FACTORS ON BIOSORPTION

This study showed that copper removal by R. mucilaginosa biomass was
significantly influenced by the effects and interactions with the physico-
chemical factors. As can be seen in Figure 1, the percentage of copper
removal was higher for dead biomass than live biomass for all parameters
tested (p<0.0001 in all cases). Figure 1A shows that the dead biomass
was more efficient in the removal of copper compared with the live bio-
mass (p<0.0001 in the five levels of amount of biosorbent), indicating that
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dead biomass possess a higher affinity for copper than live biomass. The
use of dead biomass for Cu (II) removal has the advantages that it is not
toxic and, does not require growth media and nutrients for its maintenance
[23]. Therefore the R. mucilaginosa may become a potential biosorbent
in removing heavy metals from polluted water. The effectiveness of bio-
mass concentration in percentage sorption of the metals was also observed
in Rhodotorula glutinis [24]. In this study copper biosorption was maxi-
mum around pH 5.0, for the two types of biomass (Figure 1B, p<0.0001 in
both cases), would be expected to interact more strongly with negatively
charged binding sites on the biosorbent. At higher pH levels (pH 5), more
ligands with negative charges would be exposed, with the subsequent in-
crease in attraction sites to positively charged metal ion [25]. Some re-
searchers have also investigated the effect of pH on the biosorption of
toxic metals and found similar results [26], [27], [28], [29]. The maximum
removal of copper was observed at 30°C for the two types of biomass
(Figure 1C, p<0.0001 in both cases). The influence of temperature on the
sorption of metals has also been reported for the yeast Pichia stipitis [28]
and Rhodotorula sp. Y11 [29], for the bacterium Morganella pyschro-
tolerans [30] and for the plant Cymbopogon flexuosus [31] and others.
The decrease in adsorption with increasing temperature may be due to the
weakening of adsorptive forces between active sites of the adsorbents and
the adsorbate species [32]. In Figure 1D, the graph shows sigmoidal kinet-
ics for the types of biomass (p<0.0001 in both cases), which is characteris-
tic of an enzyme-catalyzed reaction. The kinetics of copper NPs formation
by dead biomass showed that more than 90% of the particles were formed
within 60 min of reaction. The importance of contact time of the metal
with the biomass has also been reported for Rhodotorula sp. Y11 [33]. The
optimum copper removal was observed at an agitation speed of 150 rpm
for both types of biomass (Figure 1E, p<0.0001 in both cases). At high
agitation speeds, vortex phenomena occur and the suspension is no longer
homogenous, a fact impairing metal removal [34]. The percentage of cop-
per adsorption decreased with increasing metal concentration (50—500 mg
L) for both types of biomass, as shown in Figure 1F (p<0.0001 in both
cases). The same has been observed for fungi at concentration of Zn rang-
ing from 100400 mg L' [35], and for copper removal by Rhodotorula
mucilaginosa RCL-11 and Candida sp. RCL-3 [36].
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FIGURE 1: Sorption studies. Influence of the physico-chemical factors on the live and dead biomass of R. mucilaginosa. (A) Effect of the
amount of biosorbent. (B) Effect of pH. (C) Effect of temperature. (D) Effect of contact time. (E) Effect of agitation rate. (F) Effect of initial
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6.3.2 BIOSORPTION ISOTHERMS
AND ADSORPTION KINETICS MODELS

Langmuir and Freundlich adsorption isotherms, were used to describe the
adsorption data for a range of copper (II) concentrations (25-600 mg L™).
The Langmuir model better described the Cu (II) biosorption isotherms
than the Freundlich model. The Langmuir isotherm for Cu (II) biosorption
obtained of the two types of R. mucilaginosa biomass is shown in Figure
2A and Figure 2B. The isotherm constants, maximum loading capacity
estimated by the Langmuir and Freundlich models, and regression coef-
ficients are shown in Table 1. The maximum adsorption rate of Cu (II) by
R. mucilaginosa (26.2 mg g ') observed in this study was higher than the
adsorption rates reported for other known biosorbents, such as Pleurotus
pulmonaris, Schizophyllum commune, Penicillium spp, Rhizopus arrhizus,
Trichoderma viride, Pichia stiptis, Pycnoporus sanguineus, with adsorp-
tion rates of 6.2, 1.52, 15.08, 19.0, 19.6, 15.85 and 2.76 mg g! respec-
tively [37], [38], [39], [40], [28], [41]. Comparison with biosorbents of
bacterial origin showed that the Cu (II) adsorption rate of R. mucilaginosa
is comparable to that of Bacillus subtilis IAM 1026 (20.8 mg g™") [42],
but higher than the rates reported for the algae Cladophora spp and Fucus
vesiculosus (14.28 and 23.4 mg g™") [43]-[44].

TABLE 1: Adsorption isotherm parameters for Cu (II) ions with live and dead biomass of
R. mucilaginosa.

Langmuir model Freundlich model
Typeof | g mgg™ | bLmgh) | R | Kmggn | In R
biomass
Live 12.7 0.046 0.988 0.59 0.44 0.641
Dead 26.2 0.031 0.984 0.74 0.61 0.850
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FIGURE 2: Equilibrium and kinetic data of the biosorption system. Langmuir plots for live
(A) and dead (B) biomass. Pseudo second-order models for live (C) and dead (D) biomass.

Onto both types of biomasses of R. mucilaginosa the kinetics of
copper biosorption were analysed using pseudo-first-order and pseudo-
second-order models. All the constants and regression coefficients are
shown in Table 2. In the present study, biosorption by R. mucilaginosa
was best described using a pseudo-second-order kinetic model as shown
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TABLE 1: Adsorption isotherm parameters for Cu (II) ions with live and dead biomass of
R. mucilaginosa.

Langmuir model Freundlich model
Type of K, (min) R? K, (gmg ™' min™) R
biomass
Live 7.36x1073 0.474 9.45%x1073 0.972
Dead 6.90x107* 0.502 9.69x107 0.981

in Figure 2C and Figure 2D. This adsorption kinetics is typical for the
adsorption of divalent metals onto biosorbents [45].

6.3.3 SYNTHESIS OF COPPER NANOPARTICLES
FROM DEAD BIOMASS OF R. MUCILAGINOSA

The researching of biosynthetic methods to the metals NPs formation is
important in order to determine even more reliable and reproducible meth-
ods for its synthesis and have drawn attention as a simple and viable alter-
native to chemical procedures and physical methods. The information of
the location of copper NPs in the yeast cell is important for elucidating the
mechanism of their formation and was obtained through TEM analysis of
thin sections of dead biomass (Figure 3). The results clearly showed the
high concentration of intracellular copper NPs in the yeast cell, uniformly
distributed (monodispersed) without significant agglomeration and was
absent in control, the ultrastructural change such as shrinking of cytoplas-
matic material was observed in control and in the biomass impregnated
with copper due to autoclaving process. However, it was not observed the
disruption of the cell wall likely due to the autoclaving method, whose
principle consists in causing the death of the microorganisms by denatur-
ation of some proteins [46]. It is important to note, that the cell wall of
most yeasts, consists of about 85%—90% polysaccharide and 10%—-15%
protein and the polysaccharide component consists of a mixture of water-
soluble mannan, alkali-soluble glucan, alkali insoluble glucan and small
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FIGURE 3: Transmission electron micrograph of R. mucilaginosa sections. (A) Control (without copper) and (B) Section of the yeast
showing intracellular localization of copper NPs (arrow).



120 Ecological Technologies for Industrial Wastewater Management

amounts of chitin [47], being these components of polysaccharides re-
sponsible for the high mechanical resistance of the cell wall [48] (Figure
3A and Figure 3B).

The two most important features that control the chemical, physical,
optical and electronic properties of nanoscale materials are the size and
shape of these particles [49]-[50]. As observed in Figure 3B, the major-
ity of the particles are spherical in shape and with size of an average
diameter of 10.5 nm. To confirm the presence of copper NPs in the dead
biomass of yeast it was performed a spot profile SEM-EDS measure-
ment. SEM micrographs recorded before and after biosorption of Cu (II)
by yeast biomass was showed in Figure 4A and Figure 4B respectively. It
was observed a surface modification by an increasing of the irregularity,
after binding of copper NPs with the yeast biomass. The EDS spectrum
recorded in the examined region of the yeast cells confirmed the pres-
ence of copper. (Figure 5A and Figure 5B). The signals for C, N, O and
P may be originate from biomolecules that are bound to the surface of
copper NPs.

18hm LFF-1FUSP

18hm LFF-TFUSP

FIGURE 4: SEM-EDS analysis of the surface of dead biomass of R. mucilaginosa.(A)
Before adsorption of copper ion and (B) after adsorption of copper ion.



121

Intracellular Biosynthesis and Removal of Copper Nanopatrticles

A Lt s on 8C_ 100 B s S 1000}

to
fed (2

=

[ 1_:.1_3& ___,5___‘ ﬂ..f(i_ ,

FIGURE 5: EDS spectra of dead biomass of R. mucilaginosa. (A) before exposure to copper solution and (B) after exposure to the metal
confirming the presence of copper.
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Unfortunatly the intracellular mechanism formation of copper NPs
by the dead biomass of yeast R. mucilaginosa is not fully understood at
the moment. The copper ions possibly could diffuse through the cell wall
and are reduced by enzymes present on the cytoplasmic membrane and
within the cytoplasm. This enzyme-based pathway, also was proposed to
silver nanoparticles synthesis [51]. The XPS spectra Figure 6 shows C
Is, N 1s, O 1s and Cu 2p core level after biosynthesis of copper NPs by
dead biomass of R. mucilaginosa. As can be seen in the high resolution
spectra of carbon (C 1s), the components of higher binding energy were
deconvoluted within four elements. The main component at 284.8 eV
is attributed to the hydrocarbon chains of the celular phase; the peak at
286.7 eV to the a- carbon, the peak at 288.0 eV to the carbonyl groups,
and finally the peak at 289.2 eV to the carboxylic groups from the pep-
tides/proteins bound to copper NPs [52]. The deconvoluted spectra of
oxygen (O 1s), showed peaks at 531.2 eV, 532.4 eV and 533.3 eV re-
lated to the peaks found in the C s spectra. The spectra of nitrogen (N
1s) have two components, the main 400.1 eV and a lower at 402.3 eV.
In the O 1s and N 1s spectra the major binding energies at 532.4 eV and
400.1 eV respectively were observed confirming the presence of proteins
involving copper NPs, which suggests the possibility of these agents act-
ing as capping agents [52]. The Cu 2p core level showed a sharp peak
arise at 932,9 eV and it corresponds to the Cu 2p3/2 level characteris-
tic of Cu(0) [53], [54], [55]. The presence of CuO (Cu (II)) phase can
be excluded considering the lacking of the signal at 933.7 eV, as well
as the presence of Cu20, that can be is ruled out by the fact of no Cu
2p satellite peak appears with Cu20 [56]-[57].There are several reports
in literature of yeast mediating the synthesis of nanoparticles of metal
ions except to copper, such as peptide-bound CdS quantum crystallites
by Candida glubrata [58], Schizosaccharomyces pombe also produced
CdS nanoparticles [59], PbS nanocrystallites by Torulopsis sp. [60], gold
nanoparticles by Pichia jadinii (Candida utilis) [61]-[62], the tropical
marine yeast Yarrowia lipolytica NCIM 3589 also synthesized gold
nanoparticles [63], Sb203 nanoparticles by Saccharomyces cerevisiae
[64] and silver nanoparticles by yeast MKY3 [65]. Honary et al. [66]
reported the production of copper nanoparticles by filamentous fungi,
but the authors only used live biomass. The bioprocess proposed here,
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using dead biomass has the advantages, that it is not toxic, and does not
require growth media and nutrients for its maintenance. The intracellular
production of copper NPs by dead biomass of R. mucilaginosa was prob-
ably the result of a reduction process inside the cell mediated by proteins
and enzymes present in the cytoplasm. However the type of proteins
interacting with copper NPs remains to be determined and this knowl-
edge would open new perspectives for a more efficient green synthesis
of copper NPs.

6.4 CONCLUSIONS

In summary, we described for the first time a biological economic tem-
plate, and non-toxic using dead biomass of the red yeast R. mucilagi-
nosa, that may be considered an efficient bioprocess to the synthesis of
metallic copper NPs, and probable system for the adsorption of copper
ions from wastewater. The dead biomass had a dual role, acting as a re-
ducing agents and stabilizer during the formation of copper NPs, as well
as in the uptake of copper ions during the bioremediation process. This
natural method affords an amenable process to large scale commercial
production. In future studies, we intend to characterize the role of bio-
macromolecules in the biosorption and bioreduction processes during
the synthesis of copper NPs.
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PART Il

SEMI-CONDUCTOR INDUSTRY

The semiconductor industry consumes an ever-increasing amount of wa-
ter. In consequence, it also ends up discharging large volumes of wastewa-
ter. According to Global Water Intelligence, industry statistics indicate that
creating an integrated circuit on a 300 mm wafer requires approximately
2200 gallons of water in total. In addition to the extremely high water
requirements of the manufacturing process, toxic materials and chemicals
are used in the fabrication process, ranging from arsenic to harsh acids.
These become part of the effluent released into the industry’s wastewater,
creating a dangerous stew that enters our waterways.






CHAPTER 7

Application of Ozone Related
Processes to Mineralize Tetramethy|
Ammonium Hydroxide

in Aqueous Solution

CHYOW-SAN CHIOU, KAI-JEN CHUANG, YA-FEN LIN, HUA-
WEI CHEN, anD CHIH-MING MA

7.1 INTRODUCTION

The semiconductor industry is an important component of the electronics
industry, whose global market yield has already exceeded that of the au-
tomobile industry. Anisotropic chemical wet etching is widely used in the
semiconductor industry to fabricate microstructures on single crystal sili-
con wafers [1]. Of all the anisotropic etchants, the inorganic KOH (potas-
sium hydroxide) and organic TMAH (tetramethyl ammonium hydroxide)
solutions are the most commonly used [1, 2]. Moreover, TMAH solution
has also attracted attention because it is clean room compatible, nontoxic,
and easy to handle. It also exhibits excellent selectivity to silicon oxide
and silicon nitride masks [3, 4]. It has been estimated that, for an 8 in
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wafer manufacturing facility with a monthly production of 20,000 wafer
units, TMAH is by far the most concentrated chemical in wastewater [5].
Biological processes are the most widely accepted treatment for organic
wastewater of both domestic and industrial origins; however, available in-
formation on the biodegradability of TMAH is scarce. Chemical oxidation
involving various forms of advanced oxidation processes (AOPs) can be
employed as preliminary treatment to convert the potentially biorefractory
compounds into intermediate products that are more amenable to biodeg-
radation [6].

Ozone (O,) is a chemical agent widely used for the mineralization (i.e.,
transformation into CO, and inorganic ions) of herbicides and related bio-
recalcitrant organic contaminants in water [7]. Disadvantages of ozonation
alone (O, system) for water treatment are the high energy cost required for
its generation and very limited mineralization of refractory COD in indus-
trial effluents. Indeed, hydroxyl radical is a less selective and more pow-
erful oxidant than molecular ozone. A common objective of AOPs is to
produce a large amount of radicals (especially —OH) to oxidize the organic
matter. Alternative procedures involving ozonation catalyzed with H,O,
[5], UV light [6], catalysts [1], and Fe** [8, 9] allow a quicker removal of
organic pollutants, because such catalysts improve the oxidizing power of
0, yielding a significant reduction of its economic cost.

The present study assessed the function of UV light, magnetic catalyst
(Si0,/Fe 0,), and H,O, on the enhancing O, to mineralize TMAH. A con-
centration of total organic carbon (TOC) was chosen as a mineralization
index of decomposition of TMAH. The effects of pH value of aqueous
solution and ionic strength, Cl—, on the mineralization of TMAH were
examined in this study.

7.2 MATERIAL AND METHODS

The batch experiments of mineralization reaction were conducted in a 2.3
L glass flask reactor as illustrated in Figure 1. The UV irradiation source
was two 8W lamps encased in a quartz tube with wavelengths of 254 nm.
A UVX Radiometer (UVP Inc., USA) was employed for the determination
of UV light intensity. The UV intensity of one 8W UV lamp at 254 nm is
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18.6mW/cm?. The ozone generator is from Triogen with the capacity of
10 g/hr. The flow rate of ozone air stream was 4 L/min directed into the
photoreactor, and the inlet ozone concentration was 26mg/L.The concen-
tration of ozone was analyzed online by an ozone analyzer (Anseros, Oza-
mat GM-6000-PRO). H,O, was added into the reactor by a syringe pump
at constant dosage rate. The pH value of the solution was controlled by
the addition of 0.0IN H,SO,/NaOH during the whole reaction time. The
effects of pH values, ionic strength, and the initial concentration of C1” on
mineralization efficiency of the UV/O, process were examined by varying
one factor while keeping the other parameters fixed.

7.2.1 CATALYSTS PREPARATION

Magnetite (Fe,O,) was purchased from Sigma-Aldrich (St. Louis, MO,
USA) and used without any further purification. A total of 1.08 L of aque-
ous solution containing 20 g of Fe,O, particles was held in a 2 L beaker at
900C; the pH was maintained at 9.5 with 0.1N NaOH, while being stirred
by a mechanic stirrer. An appropriate amount of 20 g Na,O - nSiO, was
dissolved in 100mL of deionized water; the aqueous solution was then
mixed with the aqueous solution containing magnetite (Fe304) with a me-
chanic stirrer for 30 min. At last, the magnetic catalysts (i.e., SiO,/Fe,0,)
were dried at 1050C, after the pH value of the slurry solution was main-
tained at 8 with SN H,SO,.

7.2.2 INSTRUMENTAL ANALYSIS

Tetramethyl ammonium hydroxide, TMAH (C,H, /NO, MW = 98), sup-
plied by Aldrich (USA) was used as the target compound in this study.
Hydrogen peroxide (H,O,) of 35wt.% supplied by Shimakyu Co. (Japan)
was injected into the reactor at a constant feed rate by syringe pump. All
chemicals from several suppliers were reagent grade. The mineralization
efficiency of TMAH by this advanced oxidation process was determined
by the analytical results of a TOC analyzer (Tekmar, Dohrmann Phoenix
8000). Na SO, solution (1.0 g/L) and Spectroquant Picco colorimeter test
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kit (Merck, Germany) was used to quench and measure residual dissolved
ozone in samples for TOC analysis, respectively. This instrument utilizes
the UV persulfate technique to convert organic carbon into carbon dioxide
(CO,), analyzed by an infrared CO, analyzer and calibrated with potas-
sium hydrogen phthalate. The magnetic properties and the isoelectric point
(IEP) of the catalysts were determined by a vibrating sample magnetome-
ter (Lake Shore, 7407) and a Zetasizer (Nano ZS ZEN 3600), respectively.

7.3 RESULTS AND DISCUSSION

7.3.1 SURFACE CHARACTERISTICS
OF MAGNETIC PHOTOCATALYST

Figure 2 showed the surface zeta potential versus pH for the magnetic
catalyst SiO,/Fe,O,, and this same process was repeated two times.The pH
of the isoelectric point (IEP) for the magnetic catalyst SiO,/Fe,O, was 2.8.
The IEP for SiO, particles and Fe,O, particles was previously determined
by other procedures and ranged from 2 to 3 and from 6.5 to 6.8, respec-
tively [10]. Therefore, the results observed that Fe,O, (core) was almost
covered by SiO, (shell) because the IEP of SiO,/Fe O, was close to SiO,
particles.

The magnetic properties of the SiO,/Fe,O, and Fe,O, core were mea-
sured with a vibrating sample magnetometer (VSM), as shown in Figure
3. The M-H plots showed the change inMs of the particles, after the incor-
poration of a SiO, shell. The saturation magnetization (Ms) was 39.2 emu
g ' and was observed in SiO /Fe,O,. The results indicated that the prepared
samples exhibited paramagnetic behaviors at room temperature [11].

7.3.2 MINERALIZATION EFFICIENCY
OF TMAH UNDER VARIOUS CONDITIONS

To confirm the roles of O,, UV, and H,O, in the mineralization reaction
of TMAH, five sets of experiments were performed to compare the min-
eralization efficiency of TMAH under various conditions as a function of
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time, which is given as 1, 1,y = (TOC; “TOC)/TOC;, and the results
are shown in Figure 4. Condition (a) denotes a reaction system with UV
254 nm, power density of 37.2mW/cm?, and dC,,, ,/dt of 2.5 x 107* mol/
min (called UV/H,0,). The obtained 1), 1., Was 38.5% after 60 min of
reaction time. We also attempted to mineralize TMAH by H,O, alone, and
the result indicated that H,O, does not possess the ability to mineralize
TMAH. As is the case with UV, with H,O,, theoretically, the photolysis of
one mole H,0, leads to two moles ~OH according to (1), and the result-
ing —OH with higher oxidation potential could mineralize TMAH (38.5%)

as follows:
H,0, +hv—2-OH (1)

Condition (b) represents a reaction system with only O,, and the re-
sulting percentage of 7, 1\, Was approximately 49.2% after 60min of
reaction time. There are two mechanisms through which O, can degrade
organic pollutants, namely, (i) direct attack and (ii) indirect attack through
the formation of hydroxyl radicals [12]. The observed 7,1\, 1S better
than that for UV/H,0O,. Under condition (c), using H,O, and O, (denoted
here as H,0,/0,), a better 1., ;,; (approximately 58.1% at t = 90min)
was achieved as compared to the values under conditions (a) and (b),
thereby confirming the strong oxidation ability of H,0,/O3. The oxidation
potential of H,0,/O3 is based on the fact that the conjugate base of H,0,
can catalyze ozone into the formation of -OH(Gottschalk et al., 2000).
Anoptimumdose ratio of H,0,/O, has often been shown to be in the molar
range of 0.5-1 depending on the presence of promoters and scavengers.
H,0O, itself can act as a scavenger as well as an initiator, and therefore
determining the optimum dose ratio of H,0,/O, is important [7]. With the
stoichiometric molar ratio of H,0,/O, being 0.5, the overall reaction of
H,0, catalyzes O, to produce ‘OH as shown in (2). In this study, the dos-
age rates of O, and H O, are 5.0 x 10™* mol/min and 2.5 x 10™* mol/min,
respectively; consider the following

H,0, + 20, — 2 -OH + 30, @)
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Condition (d), in which UV and O, (denoted as UV/O,) were employed,
yielded a value of approximately 87.6% for 1, 1\ after 60 min of reac-
tion time, which is far better than conditions (a), (b), and (c). Due to the
strong photolysis of ozone in combination with UV radiation (& 254nm =
3300M "' em™ for O,), the decay rate of ozone for decay resulting from the
UV is higher than that resulting from H,O, by a factor of approximately
1000 [7]; this results in the production of more hydroxyl radicals accord-
ing to (3) and (4), which in turn results in higher mineralization efficiency,
as follows:

0, +hv — O('D) + O’ 3)
O('D) + H,0 — 2 -OH 4)

Condition (¢), involving UV, O,, and H,0, (denoted as UV/H,0,/0,),
resulted in a poor efficiency (1, yy,y = 72-3% at t = 60 min) as compared
to condition (d). In the UV/O, process, the amount of residual O, in the
aqueous solution was small due to the high decay rate of O, by UV irra-
diation, and subsequently H,O,, when added, will react with -OH instead
of with O, as indicated in (5). Under this condition, H,O, behaves as a
scavenger of -OH and a small value of 7, ;,,,,, results. In this study, we
also evaluated the effect of the addition of H,O, on the mineralization ef-
ficiency of UV/O,, and the experimental results (data not shown) indicated
that even the relatively low H,O, dosage of dC,,,,/dt = 5.0 x 107> mol/
min causes the molar ratio of H,0,/O, to have a value considerably below
0.5. The mineralization efficiency of UV/O, with the addition of H,O, is
poorer than that without the addition of H,O,. This result led to the con-
clusion that adding H,O, into the UV/O, processwill result in a negative

effect on 1) 1.y as follows:
H,0,+-OH—HO0 +-0,H (5)

Condition (f), involving SiO,/Fe,O,, O,, and H,O, (denoted as SiO,/
Fe,0,/H,0,/0,), resulted in a high efficiency (1;,c 1y = 69-0% at t =
60 min) as compared to condition (a). To evaluate the ability of catalyst
adsorption, the adsorption experiment at SiO,/Fe,O, = 0.2g and initial
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concentration of TMAH = 40mg/L revealed that the adsorption of TMAH
was less than 10% within 60 minutes. The mineralization efficiency of
Si0,/Fe,0,/H,0,/O, was significantly higher than that of pure O, possibly
because SiO,/Fe,0, and H,O, could react with the dissolved O, molecules
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to generate reactive oxidative species (O,", HO, -, ‘OH, and O,") via free-
radical chain reactions. The initiator (H,0,) could induce the formation
of superoxide ions (O,") from O, molecules, and -OH formed in the chain
reaction was used for the mineralization of organic compounds [13]. Fur-
thermore, the paramagnetic behaviors of the prepared SiO,/Fe,O, gave
rise to the magnetic catalyst SiO,/Fe,O,, which could be separated more
easily through the application of a magnetic field. According to the experi-
mental results, >90% of the magnetic catalyst was recovered and easily
redispersed in a solution for reuse.

Condition (h), involving SiO,/Fe,O, and O, (denoted as SiO,/Fe,O,/
0,), resulted in a high efficiency (17,4 = 60-1% at t = 60min) as com-
pared to condition (a). The mineralization efficiency of SiO,/Fe.O,/O, was
significantly higher than that of pure O, possibly because of the enhance-
ment of reactive oxidative species with the chain reaction of SiO,/Fe,O,
and the dissolved O,.

As a result, the mineralization efficiency of TMAH under various con-
ditions follows the sequence: UV/O, > UV/H,0,/O, > H,0,/SiO,/Fe, O,/
0, > H,0,/0, > Si0,/Fe,0,/O0, > O, > UV/H,0,. Figure 4 presents the
variations of TOC and pH of the TMAH solution under the UV/O, process
as a function of time. As shown in Figure 4, the removal of TOC is close
to 87.6% at t = 60min, indicating that the UV/O, process could mineral-
ize TMAH efficiently. Furthermore, the pHvalue of the reaction solution
without a buffer system decreased considerably from10 to 4.5 during the
entire reaction time, thereby revealing that acid intermediates are formed
before TMAH is converted into CO,.

7.3.3 EFFECT OF PH ON THE
MINERALIZATION EFFICIENCY OF UV/O3

The direct attack on organic pollutants by molecular ozone (commonly
known as ozonolysis) occurs under acidic or neutral conditions. At a high
pH value, ozone decomposes to nonselective hydroxyl radicals according
to (6), which in turn oxidizes the organic pollutants. Many researches [6,
12] found that an increasing pH accelerates ozone decomposition to gener-
ate hydroxyl radicals, which destroy organic compounds more effectively
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Experimental conditions: case (a): UV (4,,,) = 37.2mWcm™, dosing rate of H O, (d/C,,,/
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= 5.0x107* mol/min, d/C,/dt = 2.5x10* mol/min. The initial concentration of TMAH
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than ozone. Therefore, the pH of aqueous solution is an important factor
that determines the efficiency of ozonation since it can alter the degrada-
tion pathways as well as kinetics. One has

0,+OH — ‘OH" (-0, —— O,H) (6)

For the combined oxidation process, UV/O,, the effect of pH on the
mineralization efficiency is more complex. The study [14] found that
neither low pH values nor high pH values of the UV/O, could provide a
degradation rate better than that obtained by the simultaneous application
ofUV/O, with neutral pH values.

The pH values of the aqueous solution were controlled to stay between
3 and 10 to evaluate the pH effect on the mineralization efficiency of
TMAH by the UV/O, process, as shown in Figure 5. As the pseudo-first-
order kinetic hypothesized, Table 1 reveals that the influence of the pH
value on the reaction rate is negligible at pH values in the range from 3 to
10. It is clear from (6) that more hydroxyl radicals were produced at high
pH values, thus enhancing the mineralization rate of TMAH. However,
the production of hydroxyl radicals by the UV/O, process also proceeds
according to (3) and (4), and it was not influenced by the pH value of the
aqueous solution. Furthermore, the high OH™ ion content of the system

TABLE 1: The pseudo-first-order rate constant K | , half-life t, ,, and correlation coefficients
for degradation of TMAH by UV/O, at different pH values. (Experimental conditions: pH
values were adjusted by H,SO, and NaOH and fixed at a constant value during the whole
reaction time; the other conditions were the same as in Figure 4(d).)

pH K., (1/min) R?

3.0 0.0315 0.942
5.0 0.0313 0.917
7.5 0.0312 0.973
10.0 0.0318 0.907
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FIGURE 5: Time variation of TOC and pH using process to mineralize TMAH.
Experimental conditions were the same as those of case (d) in Figure 4.

may trap the mineralization generated CO, in the solution and, as a result,
bicarbonates and carbonates are formed in the alkaline system. Both bicar-
bonates and carbonates are efficient scavengers of hydroxyl radicals due
to their very high reaction rate constants with the hydroxyl radicals (k =
8.5 x 10 6M ™! s7! for bicarbonates and k = 3.9 x 10 8M! s7! for carbon-
ates).Thus, due to the influence of the increase in hydroxyl radicals and
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the formation of scavengers, the comprised results causing the pH effect
on the mineralization of TMAH by UV/O, are negligible for pH values of
the solution in the range from 3 to 10. Note that a buffer system was not
introduced in the later experiments, except for the experiment relating to
the pH effect.

7.3.4 EFFECT OF CHLORIDE ION
AND IONIC STRENGTH ON THE MINERALIZATION

The effect of chloride ions, which are frequently present in industrial
wastewater, on the mineralization efficiency of TMAH with UV/O, was
evaluated, as shown in Table 2. The mineralization rate of the TMAH solu-
tion containing chloride ion by the UV/O, process could not be expressed
by the pseudo-first-order kinetic. So, the mineralization efficiency shown
in Table 2 was illustrated by 7, 1, at the reaction time of 60min. The
experimental results indicate that 7, ;,,,decreased with an increase in
the chloride ion concentration. Chloride ions are likely to retard the ef-
ficiency of the mineralization of TMAH by competing for the oxidizing
hydroxyl radicals and ozone molecules. Chloride ions can be oxidized by
ozone as per (7) and (8) [15], and they can be converted into C1O™ and CL,.
Thus, the effective concentration of ozone was decreased by chloride ions,
and the oxidation potential of the resulting products, HOCI and Cl,, was
lower than that of ozone. Furthermore, chloride ions may also act as scav-
enger with regard to the hydroxyl radical as per (9) [15]. One has

0, +CI+ H" — HOCl + O, )
0, +2Cl"+ 2H" — Cl,+ H,0 + O, ®)
CI" + -OH — HOCI-- ©)

Ionic strength may affect the effective concentration of a compound
in a solution and this becomesmore significant in the presence of polar
compounds [16]. As noted, TMAH is a quaternary ammonium compound.
Its ammonium ions are surrounded by anions in solutions, resulting in
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TABLE 2: The mineralization efficiency of TMAH by UV/O, at different chloride
concentrations. (Experimental conditions are as shown in Figure 4(d).)

cl (mg/h) Mroc s (%)
0 87.56
100 80.08
200 78.58
300 76.05
500 74.73

shielding off oxidizing agents such as O, and hydroxyl radicals. Presum-
ably, it decreases the mineralization efficiency of TMAH by the UV/O,
process. The experimental study [16] examined the effect of ionic strength
on the solubility of O, for various types of inorganic solutions. These
researchers concluded that there is no significant effect on the solubil-
ity of O, in sulfate solutions. Additionally, sulfates are not oxidized by
ozone molecules and hydroxyl radicals. In the present study, attempts have
been made to evaluate the effect of ionic strength on the mineralization
of TMAH in sulfate solutions by the UV/O, process, and the results are
shown in Table 3. As can be seen in the table, the variation of the ionic
strength neither facilitates nor suppresses the mineralization of TMAH.
This indicates that, in the UV/O, process, the inhibition of the mineraliza-
tion of polar organic compounds in an aqueous solution is not significant
at high ionic strengths.

The reuse experiments were carried out by evaluating the stability of
catalyst activity. In this experiment, 0.2 g L™ of magnetic catalyst (SiO,/
Fe,O,) was used at an initial concentration of 40mg/L of TMAH. After
the ozonation process, the magnetic catalyst (SiO,/Fe O,) was collected
by magnetic force. The clear solution was used for analytical determina-
tion, and the magnetic catalyst was used directly in the subsequent cata-
lytic ozonation process. This same process was repeated four times and
the removal of TMAH in the reuse experiment is shown in Figure 6. The
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catalytic activity of SiO,/Fe,O, remained constant and no obvious deacti-
vation (<15%) was observed after being used four times. From the results

02F

0.0 . 1 . I . 1 . I . 1 . 1
0 10 20 30 40 50 60

Reaction time (min)

—A— First use -o- Third use
-v- Second use —+— Fourth use

FIGURE 6: Reuse performance of magnetic catalyst.
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TABLE 3: The pseudo-first-order rate constantK | , half-life t, ,, and correlation coefficients
for degradation of TMAH by UV/O, at different concentrations of K SO,. (The other
experimental conditions were the same as in Figure 4(d).)

K2S04 (mg/L) K .. (1/min) R?
0 0.0320 0.977
100 0.0309 0.948
300 0.0313 0.969
500 0.0307 0.981

of the reuse and recovery experiments, the magnetic catalyst SiO,/Fe O, is
considered to show considerable promise in water treatment use.

7.4 CONCLUSIONS

The major results of applying the advanced oxidation process to mineral-
ize TMAH can be summarized as follows.

(1) The rank of treatment conditions based on the mineralization ef-
ficiency of TMAH has the sequence: UV/O, > UV/H,0,/0, > H,0,/Si0,/
Fe,0,/0,>H,0,/0, > SiO,/Fe,0,/0O, > O, > UV/H,0,.

(2) The experimental results of this study suggest that UV irradiation
37.2mWem—2 UV (254 nm) and O, flow rate of 0.5 x 10—4 mol/min pro-
vide the best condition for the mineralization of TMAH (20mg/L), result-
ing in 95% mineralization, at 60 min reaction time. Adding H,O, into the
UV/03 process will suppress the mineralization efficiency.

(3) The mineralization efficiency of SiO,/Fe,0,/H,0,/O, was signifi-
cantly higher than that of O,, H,0,/O, UV/H,O,. More than 90% of the
magnetic catalyst was recovered and easily redispersed in a solution for
reuse. The addition of chloride ions in reaction solution will suppress the
mineralization efficiency of the UV/O, process. lonic strength and vari-
able pH values (from 3 to 10) in reaction solution show no effect on the
mineralization efficiency of the UV/O, process.



150 Ecological Technologies for Industrial Wastewater Management

REFERENCES

1.  H.W. Chen,Y. Ku, and Y. L. Kuo, “Photodegradation of o-Cresol with Ag deposited
on TiO2 under visible and UV light irradiation,” Chemical Engineering and Tech-
nology, vol. 30, no. 9, pp. 1242-1247, 2007.

2. M.-L. Wang and B.-L. Liu, “Kinetics of two-phase reaction of o-phenylene diamine
and carbon disulfide catalyzed by tetrabutylammonium hydroxide in the presence of
potassium hydroxide,” Journal of the Chinese Institute of Engineers, vol. 30, no. 3,
pp. 423430, 2007.

3. P. M. Sarro, D. Brida, W. V. D. Vlist, and S. Brida, “Effect of surfactant on surface
quality of silicon microstructures etched in saturated TMAHW solutions,” Sensors
and Actuators A, vol. 85, no. 1, pp. 340-345, 2000.

4. 1. Zubel and M. Kramkowska, “The effect of isopropyl alcohol on etching rate and
roughness of (100) Si surface etched in KOH and TMAH solutions,” Sensors and
Actuators A, vol. 93, no. 2, pp. 138-147, 2001.

5. W. Den, F.-H. Ko, and T.-Y. Huang, “Treatment of organic wastewater discharged
from semiconductor manufacturing process by ultraviolet/hydrogen peroxide and
biodegradation,” IEEE Transactions on Semiconductor Manufacturing, vol. 15, no.
4, pp. 540-551, 2002.

6. S.-P. Tong, D.-M. Xie, H. Wei, and W.-P. Liu, “Degradation of sulfosalicylic acid by
03/UV 03/Ti02/UYV, and O3/V-0O/Ti02: a comparative study,” Ozone: Science and
Engineering, vol. 27, no. 3, pp. 233-238, 2005.

7. C. Gottschalk, J. A. Libra, and A. Saupe, Ozonation of Water and Waste Water, Wi-
ley-VCH, New York, NY, USA, 2000.

8. T.K. Chen, C. H. Ni, and J. N. Chen, “Nitrification-denitrification of opto-electronic
industrial wastewater by anoxic/aerobic process,” Journal of Environmental Science
and Health A, vol. 38, no. 10, pp. 2157-2167, 2003.

9. P. Caiizares, R. Paz, C. Saez, and M. A. Rodrigo, “Costs of the electrochemical
oxidation of wastewaters: a comparison with ozonation and Fenton oxidation pro-
cesses,” Journal of Environmental Management, vol. 90, no. 1, pp. 410-420, 2009.

10. D.E. Keller, D. C. Koningsberger, and B. M. Weckhuysen, “Elucidation of the mo-
lecular structure of hydrated vanadium oxide species by X-ray absorption spectros-
copy: correlation between the V...V coordination number and distance and the point
of zero charge of the support oxide,” Physical Chemistry Chemical Physics, vol. 8,
no. 41, pp. 48144824, 2006.

11. J. Xu, Y. Ao, D. Fu, and C. Yuan, “Low-temperature preparation of anatase titania-
coated magnetite,” Journal of Physics and Chemistry of Solids, vol. 69, no. 8, pp.
1980-1984, 2008.

12. J. Hoigne and H. Bader, “The role of hydroxyl radical reactions in ozonation pro-
cesses in aqueous solutions,” Water Research, vol. 10, no. 5, pp. 377-386, 1976.

13. B. Kasprzyk-Hordern, M. Zidtek, and J. Nawrocki, “Catalytic ozonation and meth-
ods of enhancing molecular ozone reactions in water treatment,” Applied Catalysis
B, vol. 46, no. 4, pp. 639-669, 2003.

14. T. S. Miiller, Z. Sun, M. P. Gireesh Kumar, K. Itoh, and M. Murabayashi, “The
combination of photocatalysis and ozonolysis as a new approach for cleaning



Application of Ozone Related Processes to Mineralize TMAH 151

15.

16.

2,4-dichlorophenoxyaceticacid polluted water,” Chemosphere, vol. 36, no. 9, pp.
2043-2055, 1998.

J. de Laat and T. G. Le, “Effects of chloride ions on the iron(IlI)-catalyzed decom-
position of hydrogen peroxide and on the efficiency of the Fenton-like oxidation
process,” Applied Catalysis B, vol. 66, no. 1-2, pp. 137146, 2006.

D. A. Skoog, D. M. West, F. J. Holler, and S. R. Crouch, Analytical Chemistry,
Thomson Learning, Singapore, 2000.






CHAPTER 8

Physico-chemical Investigation of
Semiconductor Industrial Wastewater

Y. C. WONG, V. MOGANARAGI, anD N. A. ATIQAH

8.1 INTRODUCTION

Precipitation, surface water runoff, surface water and groundwater stor-
age and evaporation are involved in the hydrologic cycle, which caused
the occurrence of changes to the quality of the water body. For instance,
precipitation in the form of rain or snow can bring airborne pollutants to
the Earth’s surface; surface water runoff can cause erosion andtransport
sediments; groundwater recharge can leach chemicals into aquifers; and
evaporation can elevate concentrations of pollutants in bodies of water by
dropping the total volume of stored water. Each natural component of the
hydrologic cycle can have a negative effect on surface and groundwater
quality. As human beings, we also have great effects on water quality. We
add waste to the environment through the utilization of resources such
as food, clothing, housing, and fuel for transportation. The fast growing
world population is contributing to the fall of our existing water quality
and is creating significant challenges for water managers, industry and
fish and wildlife agencies [1].

Physico-chemical Investigation of Semiconductor Industrial Wastewater. © Wong Y. C, Moganaragi V,
Atigah N. A. Orient J Chem 2013;29(4) (http://www.orientjchem.org/?p=1314). Used with permission
of the Oriental Journal of Chemistry.
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The water quality measurement consists of several parameters that can
be measured using proper methods. Some simple measurements such as
temperature, pH, dissolved oxygen, conductivity, salinity and total dis-
solved solid can be measured on the site [2].

Wastewater quality can be defined by physical, chemical, and biologi-
cal characteristics. Physical parameters include colour, odour, temperature,
solids (residues), turbidity, oil, and grease. Chemical parameters associated
with the organic content of waste water include the biochemical oxygen
demand (BOD), chemical oxygen demand (COD), total organic carbon
(TOC), and total oxygen demand (TOD). Inorganic chemical parameters
include salinity, hardness, pH, acidity, alkalinity, iron, manganese, chlo-
rides, sulfates, sulfides, heavy metals (lead, chromium, copper, and zinc),
nitrogen (organic, ammonia, nitrite, and nitrate), and phosphorus whereas
the bacteriological parameters include coliforms, fecal coliforms, specific
pathogens, and viruses [3-4].

The most general physical characteristics of water are colour, odour,
temperature, taste, and turbidity while biological characteristics of wa-
ter are living organisms including bacteria (e.g. Escherichia coli), viruses,
protozoans (e.g. Cryptosporidiosis), phytoplankton (i.e. microscopic al-
gae), zooplankton (i.e. tiny animals), insects, plants, and fish [5].

For the past few years, electronic industries are well developed sector
in many countries around the world. In coming years, this electronic indus-
try is predicted to expend its growth to a wider prospect. Semiconductors
are one of the essential products which are produced by the electronic in-
dustries. The semiconductors are used in various types of equipment such
as computer devices, telecommunication devices, consumer electronic
products, electronic control devices, scientific and also in medical test
equipments. The processes involved in the production of semiconductors
consisted of complex and highly mere processes including silicon growth,
oxidation, doping, photolithography, etching, stripping, dicing, metalliza-
tion, planarization, cleaning, and etc. [6,7,8]. The manufacturing processes
of semiconductor integrated circuits involved over two hundred types of
organic and inorganic substances (proprietary and generic). Some of the
steps in the sequences are water back grinding, sawing, die attach, wire
bonding, encapsulation, electroplating, trim and form and marking[8-9].
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HACH Company (2010) showed that the colour of the semiconduc-
tor wastewater was milky and this was because of the occurrence of fine
suspended oxide particles. The total solid (TS) contents in semiconductor
waste water was high, which was 4500 mg/L but the suspended solids (SS)
concentrations of both samples were small, being less than 0.2 mg/L. This
was as a result of the fact that the size of the fine suspended oxide particles
was below the pore size 0.45 pum of the standard filter paper used for the
SS measurements while the TS concentration was calculated by drying the
sample in a crucible which retained all the fine oxide particles [10].

In addition,the semiconductor wastewater used in their study had a pH
9.5 and very low suspended solids concentration at 10 mg/L, and high
chemical oxygen demand (COD) concentration of over 70000 mg/L. They
also found that the biodegradability of the wastewater as represented by
the ratio of BOD/COD was low at 0.124, reflecting the existence of recal-
citrant organic compounds. They further noted that the COD concentration
of the semiconductor wastewater was due to mixing of the semiconduc-
tor wastewater with other processes wastewater streams that contained
organic compounds, but little total solids. Hence, COD removal from
the semiconductor wastewater is as important as the removal of fine sus-
pended oxide particles if the semiconductor wastewater is to be upgraded
to a level for general reusepurpose [11].

The objectives of this study are to identify the characteristics of in-
dustrial wastewater before and after treatment, the quality that must be
maintained in the environment to which the wastewater is to be discharged
or reuse and provide understanding in the methods involved to analyze
various physical and chemical parameters of the wastewater.

8.2 METHODOLOGY

8.2.1 SAMPLING METHOD

Sample collection is important in deriving relevant data that may be uti-
lized to make important decisions [12]. Samples were collected from a
semiconductor company for analysis of various physical and chemical pa-
rameters such as temperature, pH, turbidity, total suspended solid (TSS),
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conductivity, biochemical oxygen demand (BOD), chemical oxygen
demand (COD), dissolved oxygen, salinity, chlorine dioxide and heavy
metal contents. Samples were taken from two points namely as untreated
effluents and also treated effluents and were collected in clean dry plas-
tic bottles in such a way that no bubbles were formed in the bottles. The
bottles were foiled with aluminium foil and filled with preservatives such
as 3.0ml of sulphuric acid (50%) for COD while 1.5ml of nitric acid (50%)
for heavy metal to keep the samples below pH 2 except BOD which did
not require any preservatives. Aluminium foil was used to avoid any un-
desirable chemical reaction by sunlight. After that, the samples were incu-
bated at 4°C prior to any chemical analysis in laboratory. Take note that all
of the sample bottles were labelled properly to avoid any confusion.

8.2.2 ANALYTICAL PROCEDURES

8.2.2.1 DETERMINATION OF TEMPERATURE, PH,
CONDUCTIVITY, DISSOLVED OXYGEN AND SALINITY.

Temperature, pH, conductivity, dissolved oxygen and salinity were deter-
mined by using a Multi parameter which was measured at the site of the
collection. The probe module was rugged, with the sensors enclosed in a
heavy duty probe sensor guard with attached sinking weight. A 4, 10 or
20 meter cable was directly connected to the probe module body making
it waterproof [13].

8.2.2.2 DETERMINATION OF TURBIDITY

Turbidity was determined by using Turbidimeter which was measured at
the site of the collection. The HACH 2100P Portable Turbidimetermea-
sures turbidity from 0.01 to 1000 NTU in automatic range mode with auto-
matic decimal point placement. The manual range mode measures turbidi-
ty in three ranges: 0.01 to0 9.99, 10 to 99.9 and 100 to 1000 NTU. Designed
primarily for field use, the microprocessor-based Model 2100P have the
range, accuracy, and resolution of many laboratory instruments [14].
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8.2.2.3 DETERMINATION OF TOTAL SUSPENDED SOLID (TSS)

TSS was measured by using filtration method. To determine total sus-
pended solids, a piece of filter paper was weighed out as accurately as
possible. Then, the water sample was allowed to pass through the conical
flask where the filter water was placed in the conical flask. The filter paper
was allowed to dry completely and was put in incubator for 24 hours. The
change in the weight was the weight of the total suspended solids.

8.2.2.4 DETERMINATION OF
BIOCHEMICAL OXYGEN DEMAND (BOD)

BOD was measured using HACH HQ 40D (HACH, 2010). The instrument
was used with digital IntelliCAL™ probes to measure various parameters
in water. The meter recognizes the type of probe that was connected to
the meter (HACH, 2009). BOD was measured by first preparing sample
dilution water using a BOD Nutrient Buffer Pillow. Then, the mixture
was stirred using HACH HQ 40D to remove all the bubbles. After all the
bubbles were removed, the reading of the dissolved oxygen content was
taken using HACH HQ 40D. Then the sample bottle was wrapped with
aluminium foil and incubated for five days.

After five days, the readings for the dissolved oxygen contents after
incubation were taken. The readings indicate the amount of dissolved oxy-
gen. BOD measured the rate of oxygen uptake by micro-organisms in a
sample of water at a temperature of 20°C and over an elapsed period of
five days in the dark. To calculate the BOD, equation 2.1 below was used:-

BOD=D,-D,P (2.1)

Where, D, = Dissolved oxygen content before incubation.

D, = Dissolved oxygen content after incubation after 5 days.

P = the volume of the sample 100 total volume of the bottle 300ml

8.2.2.5 DETERMINATION OF
CHEMICAL OXYGEN DEMAND (COD)
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The DR 5000 Spectrophotometer is a scanning UV/VIS spectrophotom-
eter with a wavelength range of 190 to 1100 nm. The DR 5000 is used for
testing in visible and ultraviolet wavelengths. A gas filled tungsten lamp
produces light in the visible spectrum (320 to 1100 nm), and a deuterium
lamp produces light in the ultraviolet spectrum (190 to 360 nm). The DR
5000 Spectrophotometer provides digital readouts in direct concentration
units, absorbance, or percent transmittance. When a user generated or pro-
grammed method is selected, the on-screen menus and prompts direct the
user through the test. Running an analysis with the DR 5000 was rela-
tively simple and involved reading of the sample where the instrument
measures the amount of light passing through a reacted sample and con-
verts the transmitted light into a concentration [15]. COD was measured
by homogenizing 100 ml of sample using a blender for 30 seconds. The
homogenized sample was stirred with a magnetic stirrer plate. Then, 2.0
ml of homogenized sample was poured into COD buffer, vial, and closed
with a cap. The solution was inverted for several times before placed in
preheated reactor. The vial was heated for two hours. After two hours, the
reactor was turned off and the vial was left to cool to 120°C or less for 20
minutes. Then, it was inverted again several times and placed into a rack
to cool to room temperature before it was placed in the cell holder of the
spectrophotometer for measurement of COD value. The steps were then
repeated with the treated effluents. Chlorine dioxide was also measured
using HACH DR 5000 Spectrophotometer. A small amount of sample
(10mL) was taken and poured into the sample cell before placing it inside
the spectrophotometer. The results were recorded directly from the meter
and were repeated for treated effluents.

8.2.2.6 DETERMINATION OF HEAVY METALS

For the analysis of heavy metals which were Copper (Cu), Zinc (Zn), Iron
(Fe), Manganese (Mn), Aluminium (Al), Cadmium (Cd), Lead (Pb), and
Chromium (Cr), the samples were analyzed on Atomic Absorption Spec-
trophotometer (Perkin Elmer) as shown in Figure 3.6 for concentration
using specific cathode lamp. In AAS, the water sample was aspirated,
aerosolized, and mixed with combustible gases (e.g. acetylene air, nitrous
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oxide), then vaporized and atomized in a flame at temperature of 2100 to
2800°C. The atoms in the sample were transformed into free, unexcited
ground state atoms, which absorbed light at specific wavelengths. A light
beam from a lamp whose cathode was made of the element of interest was
passed through the flame. The amount of light absorbed was proportional
to the concentration of the element in the sample [16].

8.3 RESULTS AND DISCUSSION

Table 1 showed the treated effluents and the untreated effluents.As shown,
the treated effluents had good results compared to untreated effluent on
pollutants. From Table 1, the untreated effluents and treated effluents had
almost similar temperature which was 27.57°C and 27.83 °C respectively.
Compared to the Environmental Quality (Industrial Effluents) Regulations
2009, the temperatures were considered low as the standard given was
40°C. Excessive temperature changes can accelerate chemical processes
and can be detrimental to aquatic plants and wildlife. Increased heat in
water can reduce its ability to hold dissolved oxygen, while sudden tem-
perature ‘shocks’ (often caused by heated industrial water release into a
lake or stream) can be harmful to many aquatic species [1].

From Table 1 the pH of the untreated effluents was 6.30 which was
slightly acidic compared to the treated effluents which had the neutral pH
of 7.44. Both pH values were within the permissible limits for industrial
effluents set by Environmental Quality (Industrial Effluents) Regulations

TABLE 1: Physical Assessment of Semiconductor Waste water Effluents

Parameters Untreated Effluents Treated Effluent
Temperature (°C) 27.57 27.83
pH 6.30 7.44
Turbidity (NTU) 727.7 1.65
Conductivity (mS/cm) 0.241 0.44
Total Suspended Solid (g) 22.37 0.00
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2009. High pH causes a bitter taste and low pH water will corrode or dis-
solve metals. A pH range of 6.0-9.0 is needed for healthy ecosystems.
Sudden pH change often indicates chemical pollution [16].

Turbidity is a measure of the degree to which the water loses its trans-
parency due to the presence of suspended particulates [17]. Turbidity in
water is due to the occurrence of suspended matter which results in the
scattering and absorption of light rays. Turbidity can be caused by phyto-
plankton or by sediments suspended in water. Water that is brown in co-
lour is high in sediments while green, turbid water contains phytoplankton
and other growths of aquatic life. It is well observed where the untreated
effluents have the more suspended particulates that is 727.7 NTU whereas
the treated effluents only with 1.65 NTU. High turbidity levels can indi-
cate several problems for the water body. Turbidity blocks out sunlight
needed by submerged aquatic vegetation. It also indicates low levels of
dissolved oxygen caused by suspended solid [1].

The conductivity measured in the untreated effluents was 0.241mS/cm,
which was lower than the treated effluents with value of 0.44mS/cm. High
conductivity indicates the presence of high dissolved salt such as chloride,
sulfate, sodium, calcium and others sources. Increases in this dissolved
salt may affect the aquatic organisms [16].

The TSS values (Table 1) of the untreated effluents and treated ef-
fluents were 22.37g and 0.00g respectively. Both samples had low TSS
values, but the treated effluents can be considered having no TTS value.
Untreated effluents with that amount of TSS may cause handling problem,
if this effluent is discharged to river or stream, it will make it unsuitable
for aquatic life where the high amount of suspended solid will block the
sunlight needed for the aquatic organisms to live and cause depletion of
oxygen level.

The salinity measured for untreated effluents was 0.19 whereas for
treated effluents was 0.07. High salinity (the presence of excess salts in
water) can be harmful to certain plants, aquatic species, and human. High
levels of salts in drinking water can lead to high blood pressure and other
health concerns for humans.

While water molecules hold oxygen atom, this oxygen is not what is
required by aquatic organisms living in our natural waters. A small quan-
tity of oxygen, up to about ten molecules of oxygen per million of water, is
actually dissolved in water. This dissolved oxygen is breathed by fish and
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zooplankton and is needed by them to live. Other gases can also be dis-
solved in water. In addition to oxygen, carbon dioxide, hydrogen sulfide
and nitrogen are examples of gases that dissolve in water. Gases dissolved
in water are significant. For example, carbon dioxide is important because
of the role it plays in pH [18-19].

From Table 2, the untreated effluent had the value of 3.98 mg/L and the
treated effluent had the value of 5.52mg/L. High levels of dissolved oxy-
gen within the standard allow a variety of aquatic organisms to thrive [1]
whereas many living organisms cannot survive in waters with DO levels
of less than 1mg/L for more than a few hours.

BOD was determined by incubating a sealed sample of water for five
days and measuring the loss of oxygen from the beginning to the end of
the test. Samples often must be diluted prior to incubation or the bacteria
will deplete all of the oxygen in the bottle before the test was completed.
The main focus of wastewater treatment plants is to reduce theBOD in
the effluent discharged to natural waters. Wastewater treatment plants
are designed to function as bacteria farms, where bacteria are fed oxy-
gen and organic waste. From the present investigation, the untreated efflu-
ents showedBOD of 31.51 mg/L whereas the treated effluents’ was 23.42
mg/L. If effluent with high BOD levels is discharged into a stream or river,
it will accelerate bacterial growth in the river and consume the oxygen lev-
els in the river. The oxygen may diminish to levels that are lethal for most
fish and many aquatic insects. As the river re-aerates due to atmospheric

TABLE 2: Chemical Assessment of Semiconductor Wastewater Effluents

Parameters Untreated Effluents Treated Effluent
Salinity 0.19 0.07
Dissolved Oxygen (%) 52.27 71.57
Dissolved Oxygen (mg/L) 3.98 5.52
Biochemical Oxygen Demand (mg/L) 31.51 23.42
Chemical Oxygen Demand (mg/L) - 253
Chlorine dioxide (mg/L) 4447 14.7
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mixing and as algal photosynthesis adds oxygen to the water, the oxygen
levels will slowly increase downstream [20]. The BOD of both treated and
untreated effluents were below the standard level.

The COD test determined the oxygen required for chemical oxidation
of organic matter with the help of strong chemical oxidant. The COD
is a test which is used to measure pollution of domestic and industrial
waste. The waste is measured in terms of equality of oxygen required for
oxidation of organic matter to produce CO, and water. It is a fact that
all organic compounds with a few exceptions can be oxidizing agents
under the acidic condition. COD test is useful in pinpointing toxic con-
dition and presence of biological resistant substances [21]. From Table
2, the COD value for untreated effluents was over the measuring range
whereas for treated effluents was 25.3mg/L. Higher COD indicated
higher amount of pollution in the wastewater and COD value was al-
ways greater than BOD values. The COD test is important to monitor
and control the discharge of effluents and for assessing treatment plant
performance as impact of effluents or wastewater discharge on river wa-
ter is predicted by its oxygen demand.

Chlorine dioxide is an extremely effective disinfectant and bacteri-
cide, equal or superior to chlorine on a mass dosage basis. Its efficacy
has been well documented in the laboratory, in pilot studies and in full-
scale studies using potable and wastewater. Unlike chlorine, chlorine
dioxide does not hydrolyze in water. Therefore, its germicidal activity
is relatively constant over a broad pH range. Chlorine dioxide is as ef-
fective as chlorine in destroying coliform populations in wastewater ef-
fluents [22]. From Table 2, chlorine dioxide found in untreated effluent
was 444.7 mg/L and in treated effluent was 14.7 mg/L. Low amount of
chlorine dioxide is important as it acts as a disinfectant and might cause
death to living organisms if in high amount.

Atomic Absorption Spectrophotometer (AAS) was used to quantify el-
ements based on the amount of light that they absorb. For flame atomiza-
tion, the resulting solution was nebulized to form fine droplets that were
sprayed into the flame. A complex series of physical and chemical pro-
cesses occurred to produce free gaseous atoms in the light path of the
spectrometer. The amount of light absorbed was proportional to the con-
centration of the element in the solution. Flame AAS has detection limits
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at the parts-per-million level or mg/L. Every element absorbed and emit
a unique set of wavelengths of light [23]. The heavy metals were ele-
ments with atomic weights between 63.5 and 200.5 and a specific gravity
greater than 4.0 [17]. Chemical precipitation is most commonly employed
for most of the metals. Typically, source reduction and stream segregation
were practiced before these streams intermingle with others. Metals were
precipitated as hydroxide through the addition of lime or caustic to a pH
of minimum solubility.

Based from Table 3, the element of Cd and Cr were absent in both
untreated and treated effluents. Cd is a relatively rare element where it
was estimated to be present at an average concentration between 0.15 and
0.2 mg kg-1[24]. Cd is chemically very similar to Zn and they usually
undergo geochemical processes together [25]. Al, Pb andMn were pres-
ent together in the untreated effluents but after undergoing treatment, the
water had zero value of these three elements. High concentration of Al in
irrigation water can be toxic to plants whereas lead as a contaminant in
water may come from commercial lead-containing products produced by
the semiconductor company which will cause serious health problems to
human and aquatic creatures as well. The amounts of Cu, Fe and Zn in the
untreated effluents were high compared to the treated effluents. Cu and Fe
were among the essential nutrients for plants, animals, and humans but
high Cu concentrations are toxic whereas high Fe concentration may cause
rusty color and metallic taste but it is not considered toxic. Zn, on the other
hand will cause serious poisoning to humans if in high concentration [26].

8.4 CONCLUSION

The wastewater quality can be sustained within safe limits for better man-
agement of the plant. Industrial wastewater effluents are usually highly
variable, with quantity and quality variations brought about by bath dis-
charges, operation start-ups and shut-downs, working-hour distribution
and so on. The design of the treatment facility is based on the study of the
qualities that must be maintained in the environment to which the waste-
water is to be discharged or for reuse of the wastewater and must follow
the applicable environmental standards or discharge requirements.
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TABLE 3: Concentration of Heavy Metal in Treated and Untreated Wastewater Effluents.

Parameters Untreated Effluents Treated Effluent
Aluminium, Al (mg/L) 2.33 Nil
Copper, Cu(mg/L) 1.65 0.01
Cadmium, Cd(mg/L) Nil Nil
Chromium, Cr(mg/L) Nil Nil
Iron, Fe(mg/L) >3.0 0.07
Lead, Pb(mg/L) 0.06 Nil
Manganese, Mn(mg/L) 0.10 Nil
Zinc,Zn(mg/L) >0.70 0.01
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CHAPTER 9

Improving the Efficiency of a
Coagulation-Flocculation Wastewater
Treatment of the Semiconductor
Industry through Zeta Potential
Measurements
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ADRIAN OCHOA-TERAN

9.1 INTRODUCTION

In the industrial wastewater treatment of semiconductors, the most ap-
preciated characteristic of polyelectrolytes (PE) is their solid-liquid sep-
aration efficiency, with extensive application in purification of drinking
water, industrial raw and process water, municipal sewage treatment, min-
eral processing and metallurgy, oil drilling and recovery, paper and board
production, and so forth [1-9]. Polyelectrolytes can be used alone or in
association with other flocculant aids, such as inorganics salts, surfactants,
or even as a second polymer. Compared with inorganic coagulants, there
are some advantages by using organic polyelectrolytes [1, 6, 7, 10, 11]:
lower dose requirements, a smaller volume of sludge, a smaller increase in
the ionic load of the treated water, and cost savings up to 25-30%.

Improving the Efficiency of a Coagulation-Flocculation Wastewater Treatment of the Semiconductor
Industry through Zeta Potential Measurements. © 2014 Eduardo Alberto Lopez-Maldonado et al. Jour-
nal of Chemistry Volume 2014 (2014), Article ID 969720 (http://dx.doi.org/10.1155/2014/969720).
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0/).
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It is well known that the efficiency of a certain polyelectrolytes in floc-
culation processes is evaluated as a function of four main parameters: the
optimum flocculant concentration, which should be as low as possible;
isoelectric point (IEP) that determines the effective pH range; and the floc-
culation window, which must be as large as possible [12]. To improve the
solid/liquid separation process, polymeric flocculants, mainly polycations,
have been used [1, 6-9]. The main disadvantage of flocculation with poly-
mers is the very small flocculation window, risking particles resuspension
with few dosage increases.

A number of studies have tried to solve this problem by combining
two or more oppositely charged polyelectrolytes that can be added one
after another [13—16] or as nonstoichiometric polyelectrolyte complexes
(NIPECs) [17-24]. In the first case, a combination of a low molecular
cationic weight and a high-molecular weight anionic polymer produce
synergism during flocculation. This system is known as “dual flocculation
process” [25]. For fine and ultrafine solid suspensions, use of double floc-
culant systems seems to offer a promising route for enhanced solid-liquid
separation [25]. The dosing sequence, polymer size, and charge density all
affect flocculation significantly. Enhanced flocs form through a combina-
tion of oppositely charged polyelectrolyte under suitable condition [13,
14, 22, 26, 27].

The investigations on NIPECs flocculants, as colloidal dispersions bear-
ing positive or negative charges in excess, which started with the prelimi-
nary studies of Kashiki and Suzuki [17, 18] and were developed in the last
years [19—24], have been concentrated on the use of NIPECs with molar
ratio between charges ranged from 0.4 to 0.8. The main advantage in floc-
culation induced by NIPEC:s is the lower dependence on the concentration
of the flocculants, showing a substantially wider optimum concentration
range. Nevertheless, the optimum concentration required for flocculation
with NIPECs was found to be higher than the optimum concentration for
flocculation with polycations. Dual flocculation (sequential addition of
two chemicals) presents some advantages compared with single polymer
flocculant, as higher overall level of aggregation, less sensitivity to varia-
tions of polyelectrolyte concentration, good sludge dewatering, superior
retention, and shear-resistant flocs, and so forth. All these issues improve
control and optimization maneuvers of the flocculation process.
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As mentioned above, in the semiconductor assembly industry the
wastewater treatment system consists of a coagulation-flocculation pro-
cess in which anionic and cationic polyelectrolytes are used to remove
suspended solids, organic matter, and cation content so that the effluent
meets the maximum permissible limits Pb 1 ppm, Ni 3.0 ppm, Cu 1.2 ppm,
biochemical oxygen demand (BOD,) 60mg O,/L, chemical oxygen de-
mand (COD) 150mg O,/L, and total nitrogen (TN) 25 mg/L, prior to being
discharged into the municipal sewer system and/or turned to be reused as
service water in cooling towers, heat exchangers, and production.

One of the key stages in the production line of semiconductors is elec-
troplating (EP). Its wastewater contains high concentration of suspended
solids, organic compounds, and dissolved cation. Under these conditions,
polyelectrolyte dosing should guarantee the entire maximum permissible
concentration. Commonly operators in the wastewater treatment plant are
used to modifying any independent variable as pH and PE dose to achieved
the maximum allowable limit in total suspended solids (TSS) and cation
content; however, the treated water is affected by another important pa-
rameter as COD, total organic carbon (TOC), and BOD..

In this work the authors decided to use real wastewater coming from
the EP process, considering this water as the greater challenges for solid-
liquid separation in the semiconductor industry. First of all, traditional
coagulation-flocculation windows construction was followed with zeta
potential measurements as well as turbidity, TSS, COD, and TOC to dem-
onstrate that solid-liquid separation can be predicted by zeta potential
measurements and could help to improve the coagulation-flocculation pro-
cess efficiency, knowing the optimal polyelectrolyte dosage and opening
a potential way for polyelectrolytes design ensuring low environmental
impact of polyelectrolyte overdose.

9.2 EXPERIMENTAL

The experimental work was made in three steps. The first one was the
characterization of electroplating raw wastewater under the Mexican
environmental regulations NOM-002-SEMARNAT-1997 (Zn 1.2ppm,
Ni 3.0ppm, Cu 1.2ppm, Pb 1.0ppm, TN 25mg N/L, TSS 60ppm, COD
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150mg O,/L, and BOD, 60mg O2/L), the second was to construct the
pH-C diagrams allowed to establish different polyelectrolyte dosing strate-
gies, and the third constructs coagulation-flocculation windows.

The experimental strategy followed to study the conditions of coag-
ulation-flocculation process was to examine the profiles of pH and C of
commercial polyelectrolytes used in assembly semiconductor wastewater
treatment plant (WWTPs). Once the isoelectric point of the coagulant and
flocculant was determined, as well as the sampled wastewater, polyelec-
trolytes dosing was studied at different pH values. In parallel the effect
of using an interpolyelectrolyte complex flocculation in the window was
tested. Finally, the effect of coagulant dose in the flocculation window by
the dual flocculation process was performed. In Figure 1 the experimen-
tal methodology to evaluate the physicochemical performance of PE in
coagulation-flocculation windows is resumed.

9.2.1 MATERIALS

Polydadmac (OPTIFLOC C-1008) and flocculant (Trident 27,506) are
commercial polyelectrolytes used in a semiconductor industry.

All reagents used in testing water quality (COD, TN, TOC, and BODS)
were obtained from Hach as follows:

Digesdahl Hach (microKendahl digestion apparatus),

Hach Digital Reactor DRB200 (Digestor),

Denver Instrument pH UP-5 (Potentiometer),

DR/890 Hach (Colorimeter),

HQA40d Multi Hach (measuring equipment for dissolved oxygen
and conductivity),

Dissolved Oxygen Meter (Luminescent Dissolved Oxygen)
LD0101-01 Probe,

Conductivity Meter CDC401-01 Probe,

Atomic Absorption Spectrophotometer GBC 932 Plus,

Zetasizer Nano-ZS, model ZEN3500.
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FIGURE 1: Experimental conditions for the physicochemical evaluation of polyelectrolytes used in coagulation-flocculation processes for
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9.2.2 METHODS

9.2.2.1 RESIDUAL WATER SAMPLING
IN THE ASSEMBLING SEMICONDUCTOR INDUSTRY

The wastewater sampling protocol in the assembling semiconductor in-
dustry was followed as recommended by sampling Mexican standards
(NMX-AA-003-1980).

9.2.2.2 PREPARATION OF THE DISPERSION OF WASTEWATER

The wastewater dispersions were prepared diluting 5mL or raw wastewa-
ter in deionized water using a volumetric flask of 50mL. Since the elec-
troplating process is in continuous operation and following a timetable
protocol, the sampled water content is considered as reproducible.

9.2.2.3 PREPARATION OF NIPECS

Anionic NIPECs synthetic solutions were prepared in relationships be-
tween 0.1 to 2mg of cationic PE/mg anionic PE. Each solution was stirred
before { measurement.

9.2.2.4 COLLOID TITRATION

Polydadmac 10ppm was prepared taking a certain amount of a solution
of 1.28mM of polydadmac and diluting in 10 mL with distilled water in a
volumetric flask. The prepared solution was poured into a 20 mL vial and
measured to be entitled initial zeta potential. Then a certain amount of
titrant solution 1.24mM poly (vinyl sulfate) potassium salt (PVSK) was
added. Each solution was stirred before measurement. Various additions
of titrant were made to reach the isoelectric point (turbidity appears in
solution).
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9.2.2.5 MICRO-JARTESTS

A sample of SmL of wastewater electroplating process was diluted with
50mL of deionized water into a volumetric flask. pH was adjusted (5, 7,
and 9). A second solution of wastewater with adjusted pH was prepared
using a dilution factor of 0.5. The polyelectrolyte dosage tests (micro-Jar
tests) were performed in 20mL vials. Progressive additions of flocculant
solution 0.1093 g/L. were done and after each one, the vials were shaken
for 2min and allowed to settle for 2 more minutes. Finally, the supernatant
was suctioned to determine turbidity, {, TSS, TOC, and COD.

9.2.2.6 ANALYTICAL TECHNIQUES

Immediately, the samples were tested for BOD,, COD, and TOC, five
composite samples were analyzed following the procedures and test
methods established by Mexican standards (NMX-AA-028-SCFI-2001,
NMX-AA-030-SCFI-2001).

9.3 RESULTS AND DISCUSSIONS

9.3.1 CHARACTERIZATION OF
WASTEWATER FROM ELECTROPLATING
PROCESS IN A SEMICONDUCTOR INDUSTRY

The analysis of wastewater from different process units, in the assembling
semiconductor industry, showed that electroplating section is the more
challenging one. However, a detailed chemical composition is uncertain
due to the large amount of chemical mixtures employed in the electro-
plating baths [28]. As shown in Table 1 electroplating wastewater has
a high COD, turbidity, and total dissolved solids as well as Pb and Sn
concentration.

Due to the fact that coagulation-flocculation processes are used in the
installed WWTPs, the key parameters to follow-up are turbidity, TSS, and
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TABLE 1: Characterization of electroplating wastewater.

Parameter ppm
Sn 4854
Pb 1044
Fe 683
TSS 4510
Turbidity (FAU) 2990
EC (mS/cm) 74
¢ (mV) 45
Size (nm) 346
Color Milky
pH 0.8
COD (mgO,/L) 1432
TOC (mgC/L) 125
BODS5 (mgO,/L) 30
TN (mgN/L) 50.6
Biodegradability 0.04
(BOD,/COD)

zeta potential ({). All of them are directly related to the stability of the
suspended solids. For raw wastewater { =45mV (pH = 0.8), indicating the
presence of positively charged particles suspended in water and probably
related to metallic cations adsorbed on particles surface. For particles of
346 nm, longer sedimentation times are expected. Physical properties as
turbidity and TSS also indicate that raw wastewater is a stable dispersion.
Considering water properties, the solids separation using coagulation-
flocculation processes seems to require the addition of negative polyelec-
trolytes. However, the specific dose is unknown as is the real effect of
negative polyelectrolyte addition on the solid separation. In this paper,
traditional coagulation-flocculation process is analyzed to determine the
optimal polyelectrolyte dose as well as the more suitable pH condition to
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improve the efficiency and to diminish the environmental impact caused
by polyelectrolyte overdose.

9.3.2 DETERMINATION OF THE ISOELECTRIC POINT FOR
THE ELECTROPLATING WASTEWATER

In the first stage (coagulation) suspended solids were destabilized by
changing the water pH until isoelectric point is approached. A simple pH
variation could be enough to stabilize or destabilize dispersions. More-
over, the performance of polymeric PE is influenced by the wastewater
pH. Thus, the pH value may control both polyelectrolyte charge density
and suspended particles surface charge. The isoelectric point of the disper-
sion generated in the electroplating process will be detected in a plot of {
versus pH.

Using the colloidal titration method (with { as detection point) the
charge density (CD) of the anionic and cationic PE (flocculant and coagu-
lant) was determined: polydadmac 22 meq/g and flocculant 5 meq/g. These
values confirm why polydadmac is usually a coagulant due to its high
charge density, while the flocculant does not require high CD to accom-
plish the solid agglomeration. In Figure 2, the plot  versus pH shows the
CD variation for suspended particles in wastewater, as well as the proper
pH to achieve the isoelectric point. In the same plot, it can be observed that
polydadmac does not reach an isoelectric point and flocculant has one at
very low pH. This result implies that at pH > 5, flocculant is expected to
be very efficient, while polydadmac is effective at pH > 10 (diminish of its
CD is certainly due to the ammonium hydrolysis).

To corroborate the eye observable phenomena (TSS) with the interfa-
cial phenomena (zeta potential) and nanoscale particle diameters, different
combinations were studied and are presented below. Further studies were
conducted to analyze the influence of PE dosage with organic matter con-
tent (COD and TOC).

The coagulation-flocculation experiments are generally divided into
two parts: single flocculation (optimum condition for operation using only
one PE) and dual PE flocculation.
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9.3.3 SINGLE FLOCCULATION (A)

pH adjustment was used to reach the isoelectric point (pH 7); however,
the settling kinetics was too slow and the flocculant addition was needed.
Even if turbidity and TSS are the most common physical properties that
guide the water clarification, they are not recommended for controlling
dosage or investigate the source of an operation problem. To show this
fact, in Figure 3 turbidity (FAU), TSS, {, electric conductivity, TOC, and
COD were plotted as a function of flocculant dosage in single floccula-
tion of the neutralized wastewater. In these plots three main regions are
1dentified: low dose, where at the flocculant concentration in the residual
water does not allow the wastewater clarification; the optimal dose re-
gion, which corresponds to the optimum flocculant concentration for the
total removal of TSS and turbidity; and the overdose region, indicating
flocculant concentrations that cause stabilization of the dispersed particles
and have an adverse effect on the quality of treated water. The magnitude
Figure 6 of TSS and turbidity is the same (thousands) indicating that the
generation of turbidity and TSS is due to the same cause.

Figure 3 indicates that at low dosages (2 and 13 mg/L) of flocculant,
the  potential is approximately 8 mV and the turbidity is high (2587 FAU).
At the point where the  potential value becomes —0.7mV (15.6 ppm floc-
culant), the turbidity is at an absolute minimum. After this point in nearly
obtaining a zero charge and turbidity, further addition of flocculating agent
now reverses and increases the charge of the contaminating material ({ =
“16.3mV and turbidity = 2630 FAU) and therefore restabilizes these par-
ticles in the water. In this region of overdose, the polyelectrolyte in excess
causes the adsorption of polyelectrolyte chains onto the stable particles in
suspension, having an adverse effect on water quality. This is observed
by increasing the turbidity and suspended solids as zeta potential become
more negative. The shift of the value of { is due to the negative charge of
the flocculant. Electric conductivity of water remains virtually constant
after the first additions of flocculant. For the range between 2 and 13 mg/L,
the supernatant has small but positive zeta potential (§ mV). Figure 3 also
shows the variation in the TOC and COD content in the supernatant. It is
noted that since the first dose of flocculant (2 ppm) COD at 1500 decreases
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FIGURE 3: Turbidity, TSS, {, EC, COD, and TOC of the supernatant in the single
flocculation at pH 7 with flocculant.



Improving the Efficiency of a Coagulation-Flocculation 179

to a value of 380 ppm, subsequently, a gradual COD decrease occurs with
increasing flocculant dose until the optimal dose of 15.6 mg/L.

It is also noted that the TOC is almost constant in the interval of the floc-
culation window. At the point of optimum flocculant dose (15.6mg/L) the
supernatant has a COD equal to 122 mg /L and TOC equal to 119mgC/L,
which indicates that the treatment applied do not remove residual organic
matter. Figure 4 shows the rate of sedimentation of suspended solids in
each dose of flocculant. The relationship between flocculant dose and sedi-
mentation speed presents a maximum. In the region of overdose, the sedi-
mentation rate decreases by restabilization of the suspended solids.

9.3.4 NIPECS SIMPLE FLOCCULATION (B)

Various materials have been developed in recent years for coagulation
and flocculation purposes, as inorganic-based coagulants, organic-based
flocculants, and hybrid materials [29]. The continuous increase of market
needs for more efficient and effective materials in wastewater treatment
has induced the development of hybrid materials for coagulation-floccula-
tion of wastewater. Hybrid materials thus have emerged as new materials
that pose tremendous potential in treating wastewater due to their better
performance compared to that of conventional inorganic-based coagulants
and its lower cost than that of organic-based flocculants [30].

Due to the synergetic effect of hybrid components in one material, hy-
brid materials hence pose a superior performance than that of individual
component [31-33]. Compared with individual coagulant/flocculant, hy-
brid materials, which have combined functional components into one pre-
scription, would be a convenient alternative material for the operation of
wastewater treatment facilities since the whole wastewater treatment can
be conducted with the addition of one chemical and in one tank instead of
two unit operations in the conventional coagulation-flocculation system.
Reduction of operation time as a result of the application of these hybrid
materials in a single operation is favorable to the industries that are dis-
charging large volumes of wastewater [34].
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FIGURE 4: Sedimentation rate of suspended solids.

Within the hybrid materials currently used to improve coagulation-
flocculation processes are the nonstoichiometric polyelectrolyte com-
plexes (NIPECs).

Figure 5 shows the variation of { and size of the colloidal particles
formed according to the relationship mg polydadmac/mg flocculant. It can
be seen that the zeta potential becomes more positive as the amount of
cationic polyelectrolyte increases, while the size remains constant as far as
mg polydadmac/mg flocculant varies from 0.9 to 1.5. At ratios greater than
1.6, the colloidal particle size increases suddenly. The colloidal particles
obtained in a ratio of 1.7 are neutral and have a size of 1.5 microns, and at
this point the isoelectric point is reached. Interpolyelectrolyte complexes
formed in ratios greater than 1.8 have a size of 2mm and an excess of
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positive charge is reflected by the zeta potential value of 15mV. During
all these experiments, the dispersions characteristics remained constant
indicating that changes of { and particle size variations were due to the
NIPECs concentration and not for agglomeration kinetics.

9.3.4.1 PROPOSED MECHANISM
FOR THE FORMATION OF NIPECS

Taking into account the DLS and { potential results, a mechanism in four
steps has been assumed and presented in Figure 6.

In the first step, the added polydadmac interacts with flocculant chains
leading to the primary aggregates, which, taking into account the differ-
ences in the flexibility of the complementary polyions and the mismatch of
charges, may contain more flocculant chains connected by fewer polydad-
mac chains; such aggregates would have a high density of free negative
charges compensated with small counterions, not by polydadmac charges.

The further addition of polydadmac (step II, Figure 6) led to the step-
by-step neutralization of the negative charges of flocculant included in
the primary aggregates, accompanied by rearrangements of chains and the
formation of more compact particles with lower sizes. This assumption is
supported by the monotonous decrease of the particle sizes found by DLS
measurements with an increase of the mass ratio mg polydadmac/mg floc-
culant up to about 0.9.

For the polyion pair investigated in this work, it was observed by both
DLS and { potential (Figure 6), that for a dose ranging from 0.9 up to
1.5mg polydadmac/mg flocculant, the particle size remained almost con-
stant (step 111, Figure 6). It seems that the ratio of charge of about 1.7 is
critical for these systems, because an abrupt increase of the particle sizes
(secondary aggregation) and decrease in { were observed after this ratio
(step 1V, Figure 6).

Taking acount the results discussed above, NIPECs were prepared
at a ratio of 1.5mg polydadmac/mg flocculant with the following char-
acteristics: particle size 132nm and { = —25mV. The formed complexes
were used as a new flocculant in destabilizing the dispersed solids of the
wastewater from electroplating process. Figure 7 shows the variation of
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FIGURE 5: NIPECs of polydadmac/flocculant.

residual TSS and C in the supernatant according to NIPECs dose (mg/L).
The dispersion of NIPECs is more effective in removing suspended solids
and has a wider flocculation window (24 mg/L to 35.6 mg/L of NIPECs)
compared with the pure flocculant. NIPECs dose required (greater than
41 mg/L) for the restabilization of dispersed particles, in which the value is
{=-8.6mV, is higher in comparison with the dose of flocculant in system
(A) (see above).

Atadose of 6mg/L of NIPECs, COD is reduced from 1558 to 360 mg/L
and decreases more in a range between 18 and 35 mg/L COD, while TOC
is kept constant. The lower COD value of 132mg/mL is achieved with a
dose of 35mg/L of NIPECs. At doses greater than 41 mg/L of NIPECs the
restabilization of dispersed solids is induced. Again TOC increased cor-
responding to the increase in the concentration of residual NIPECs (see
Figure 7).
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FIGURE 7: Turbidity, TSS, {, EC, COD, and TOC of the supernatant in the single

flocculation at pH 7 with NIPECs.
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9.3.5 SINGLE FLOCCULATION AT pH < IEP (C)

The residual water at pH 5 has positive { = 11 mV. At this pH floccu-
lant has higher charge density (Figure 2). Figure 8 shows the variation of
TSS content in the supernatant as a function of the flocculant dose. It is
observed that in the region of overdose, the increase of dispersed solids
has a smaller slope compared with the restabilization region of the single
flocculation at pH 7 (A). The optimal dose corresponds to 33.5mg/L of
flocculant, greater than case (A). The flocculation window was between
33.5 and 40 ppm of flocculant.

9.3.6 DUAL FLOCCULATION (D)

The residual water at pH 9 has { = —28 mV. Therefore, the addition of
flocculant at this pH has no meaning because the flocculant provokes re-
pulsive interaction that restabilizes particles. Since at pH 9 the maximum
cation removal is achieved, it was decided to perform the process of co-
agulation using the polydadmac.

In this case, the  variation versus polydadmac dose confirms the proper
performance of the dual flocculation process, wherein the optimum condi-
tion of the coagulation step is achieved with a dose of 162 mg/L. Comple-
mentary, Figure 9 shows the EC and  of the resulting supernatant for each
dose of polydadmac. It is noted that the dosage of polydadmac decreases
the surface charge of the dispersed particles and the isoelectric point is
reached at 162 mg/L of polydadmac. At doses greater than 162 ppm, inver-
sion of surface charge of the dispersed particles was observed. The addi-
tion of polydadmac in the coagulation step causes a decrease in the EC;
this is attributed to the removal of the anions present in the water that in-
teract with positive sites in the quaternary polydadmac chains (Figure 9).

The next step after finding the optimal dose of polydadmac is the ad-
dition of flocculant. Figure 10 shows that a dose of 3.8 mg/L of flocculant
reduced COD from 1432mg/L to 380mg/L, whereas the TOC remains
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constant. Increasing flocculant doses progressively reduces the COD. At
18.8 mg/L TOC decreased to 119 mg/L.

At a dose of 26.4mg/L of flocculant, which corresponds to the opti-
mum dose for the removal of TSS, TOC decreased to 115mg/L. In the
range of 26.4mg/L to 67mg/L of flocculant, TOC decreased markedly; it
is noteworthy that in this dosage range metal content decreased to comply
with regulations. At the dose of 67mg/L the maximum TOC and COD
attaint 45 mg/L. The dose of 77mg/L of flocculant has an adverse effect
on water quality, observed in increasing TSS and cations; this overdose of
flocculant causes the increased value of {, COD, and TOC. The increase of
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COD is mainly attributed to the redispersion of solids corresponding to the
inorganic material, while increasing TOC is attributed to increased resid-
ual flocculant concentration in solution (organic matter). The coagulation-
flocculation process under described conditions removed OM up to 37%.

9.3.7 COMPARISON OF FLOCCULATION WINDOWS

A resume of all four strategies tested with wastewater from electroplat-
ing section in an assembly semiconductor industry is reported in Table
2. Results indicate that flocculation windows are determined not only
by pH value but also by the combination of commercial PE doses and
addition sequence.

Finally, Figure 11 presents the comparison of all flocculation windows.
This representation is useful to select the ranges of flocculant doses under
different pH conditions and additions strategies. Analysis of { potential
versus coagulant dosage results is used to evaluate the effectiveness of
various polyelectrolytes. Knowledge of { potential is important to adjust-
ment of coagulant dosage levels periodically in order to minimize the cost
of chemicals for wastewater treatment.

It was observed that at pH 5 the optimum dose is 33.5mg/L and the
flocculation dosage window is very short 33.5 to 40.0mg/L of flocculant.

TABLE 1: Characterization of electroplating wastewater.

Treatment system pH Optimal dose (ppm) | Flocculation window (ppm)
(A) Single flocculation 5 335 33.5t040.2
(B) Single flocculation 7 15.6 15.6 to 20.1
(C) NIPEC:s flocculation 7 23.7 23.7t0 35.6
(D) DUAL coagulation 9 162 26.4 to 67
Flocculation 26.4
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The single flocculation window at pH 7 using the flocculant is much
shorter (15.6 to 20.0mg/L) than at pH 5; the redispersion zone is steeper
than flocculation at pH 5. The optimal dose of flocculant at a pH of 7 is
lower by 50% than that required for the simple flocculation at pH of 5.
Flocculation window obtained in simple flocculation process at pH 7 using
NIPEC: is flattened compared to the previous two, and since the first dos-
age of NIPECs considerably a decreased in turbidity is achieved.

Flocculation window corresponds to NIPECs that is 24.0mg/L to
35.6mg/L, which is much wider than a pH of 5 and 7 using only the
flocculant.

The flocculation window in wastewater treatment by dual flocculation
at pH 9 is displaced to higher flocculant dose (26.4 mg/L to 67.0mg/L of
flocculant). Unlike using NIPECs flocculation window, over 8.1 ppm in-
terpolyelectrolyte complex is required to achieve approximately the same
%RT compared to the optimum dose of the flocculant used in the simple
flocculation at pH 7.

9.4 CONCLUSIONS

The construction of a pH-{ curve for wastewater, cationic PE, and an-
ionic PE is the first step previous to selecting PE type and dose in a
coagulation-flocculation process as those used in the semiconductor in-
dustry. This type of plot allows identifying the isoelectric point for each
polyelectrolyte and wastewater. The flocculant has its isoelectric point
at a pH of 2.5, at which pH > IEP interacts with the dispersed particles
with positive surface charge.

Measurement of COD, TOC, TSS, and turbidity during the coagulation-
flocculation windows construction allowed determining the separation
efficiencies and the environmental impact. Zeta potential measurements
served as a physicochemical evidence of the coagulation-flocculation ef-
ficiency in micro-Jars experiments.

At the pH value of 7, the flocculation window is 15.6 to 20.1 ppm and
any higher flocculant dose at 15.6 ppm, due to the fact that the high charge
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density of polyelectrolyte has a negative effect on the efficiency of removal
of metal hydroxides formed by the restabilization of suspended solids.

The use of the flocculant to pH 5 in the removal of suspended particles
is effective but requires a much higher dose (33.5ppm flocculant) com-
pared to a required pH of 7 (15.6 ppm flocculant), due to the decrease of
the charge density of the flocculant with respect to pH.

The main advantage of NIPEC:s is the substantial extension of the floc-
culation window. However, the optimal NIPECs concentration required
for flocculation is higher (23-35ppm NIPECs) than that required when
using the flocculant only. The complexes formed in a ratio of 1.5mg poly-
dadmac/mg flocculant were tested in the destabilization of the dispersion
of residual water. The NIPECs flocculants are more effective than single
anionic polyelectrolyte; the critical concentration for restabilizing sus-
pended solids is much larger for NIPECs (35 ppm).

The wastewater treatment by dual flocculation at pH 9 (162 ppm cor-
responding to PIE polydadmac residual water and 67 ppm of flocculant)
manages content efficiently to remove turbidity, organic matter, and sus-
pended solids up to 37%.

Every single flocculation system addition (flocculant or NIPECs) had
the effect of diminishing COD, achieving 125mg O,/L for the optimal
dose of each system. Complete removal of TSS and turbidity is achieved
at the optimal dose of polyelectrolyte, while TOC remained roughly con-
stant at 120mg C/L.
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PART IV

PULP AND PAPER INDUSTRIES

Pulp and paper mills are considered one of the most polluting industries
in the world. Wastewater discharged from pulp and paper mills contains
solids, dissolved organic matter such as lignin, and inorganic materials
such as chlorates and metal compounds. Nutrients such as nitrogen and
phosphorus also in the wastewater can cause or exacerbate eutrophication
in freshwater bodies, and other pollutants can be deadly to human, animal,
and plant life.






CHAPTER 10

Improvement of Biodegradability
Index through Electrocoagulation and
Advanced Oxidation Process

A. ASHA, KEERTHI SRINIVAS, A. MUTHUKRISHNARAJ,
AND N. BALASUBRAMANIAN

10.1 INTRODUCTION

Pulp and paper industry is a highly capital, energy, and water intensive
industry, also a highly polluting process and requires substantial invest-
ments in pollution control equipments. Looking into the serious nature
of pollution, the pulp and paper industry in India has been brought under
the 17 categories of highly polluting industries. India produces 6 million
tonnes of paper per year though 311 mills by consuming around 900 mil-
lion m3 of water and discharging 700 million m® of wastewater. Out of
these about 270 small paper mills (capacity <10,000 tonnes per annum
(TPA), having a total installed capacity of 1.47 MTPA) do not have chemi-
cal recovery units [1]. Effluents from this industry cause alternations in
hydrographical parameters of the water body thereby causing tremendous
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to the ecosystem. The sources of pollution among various process stages
in pulp and paper industry are wood preparation, pulping, pulp washing,
bleaching, and paper machine and coating operations. Common pollut-
ants include suspended solids, oxygen demanding wastes, colour, basicity,
heavy metals, alkali and alkaline earth metals, phenols, chloro-organics,
cyanide, sulphides and other soluble substances [2]. Recent progress in
the treatment of persistent organic pollutants in wastewater has led to the
development of advanced oxidation processes (AOPs). Advanced oxida-
tion processes make use of strong oxidants to reduce COD/BOD levels,
and to remove both organic and oxidizable inorganic components. The
processes can completely oxidize organic materials to carbon dioxide and
water with the help of free hydroxyl radicals (OH- + OH—). Advanced oxi-
dation process offer several advantages like process operability, absence
of secondary waste and soil remediation. This method of treatment can be
used either as a main treatment or as a hybrid technique [3]. It can also be
used as a pre-treatment scheme for difficult wastewater for which feasible
treatment methods are not available.

There are various methods available for treatment which includes bio-
logical method; physical methods like adsorption, membrane filtration;
and chemical oxidation methods like electro-oxidation [4]. In advanced
oxidation technique formation of strong oxidants plays an important role
for the breakdown of pollutants into simple compounds [5]. Hydroxyl
radicals can be produced by various methods such as electro-oxidation,
photochemical and ozonation. Effectiveness of techniques is proportional
to the ability to generate hydroxyl radicals.

In this present investigation, three different methods, i.e. electroco-
agulation, electro-oxidation and photochemical methods were carried
out to treat pulp and paper effluent. Electrocoagulation process is the in
situ production of coagulants by means of electrolysis. Electro-oxidation
is a process of mineralizing pollutants by electrolysis using anodes. It is
of two types: direct oxidation and indirect oxidation. In direct method,
anodic electron transfer takes place similar to chemical oxidation on an-
odic surface. In indirect method demineralization takes place in the pres-
ence of ferric and chloride ions [6]. Photolysis involves the interaction of
light with molecules to bring about their dissociation into fragments. The
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addition of energy as radiation to a chemical compound is the principle of
photochemical processes. Molecules absorb this energy and reach excited
states with decay times long enough to take part in chemical reactions.

In this present investigation, improvement of biodegradability index
using electrocoagulation and different advanced oxidation processes was
studied. The influence of individual parameters on treatment was anal-
ysed. Significance of the method was also analysed and reported.

10.2 MATERIALS AND METHODS

The pulp and paper wastewater was used for the present investigation.
The characteristics of the wastewater are given in the Table 1. Reac-
tor consists of electrodes of 4.5 x 5.5 cm in size where mild steel was
used as anode for electrocoagulation and graphite for electro-oxidation.
Stainless steel was used as cathode for both the processes. Experiments
were carried out in a batch electrochemical reactor of 250 ml capacity.
The active surface area of the electrode was 25 cm? and anode—cathode
distance was maintained at 1 cm. 1 g 1! of sodium chloride was used as

TABLE 1: Chemical Assessment of Semiconductor Wastewater Effluents

Parameter Value
COD 770 mg 1!
BOD 105 mg 1!

BI 0.13
TDS 2,160 mg 1!
TSS 102 mg 1!
Chloride as Cl 317 mg 1™
Sulphate as SO, 368 mg 1!
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supporting electrolyte. For mixing the reactor contents, a 1.5-cm-long
stirring bead was used and the reactor was placed over a magnetic stirrer.
The DC power supply system used was capable of supplying DC power
in the range of 0-32 V/0-10 A.

Photochemical reactor setup consists of UV irradiation source as an
8-Watt lamp and its maximum emission is at 365 nm. Experiments were
carried out in a batch photochemical reactor. Effluent has been taken in
sample tube of capacity 0.1 L. H,O, was used as an oxidant, which was
added externally to enhance the efficiency of the photochemical process.
The samples were irradiated for a period of 3 h (180 min) with a sampling
interval of 30 min. The sample was immediately analysed for percentage
COD removal.

10.3 RESULTS AND DISCUSSION

The wastewater from pulp and paper industry was collected and treated
using three different techniques namely electrocoagulation, electro-oxida-
tion, photochemical methods. Each treatment techniques were optimized
with respect to various operating conditions. Comparisons between tech-
niques have been done depending on improvement of biodegradability in-
dex with process time.

10.3.1 ELECTROCOAGULATION

Electrocoagulation is a synergistic process with a complex mechanism
operating to remove pollutants from the water. Electrocoagulation op-
erates by the dissolution of metal from the anode and with simulta-
neous formation of hydroxyl ions and evolution of hydrogen gas at
the cathode. The hydroxide flocculates and coagulates the suspended
solids thereby purifying the water. The generated ferric ions form mo-
nomeric, ferric hydroxo complexes with hydroxide ions and polymeric
species, depending on the pH range. The Fe(OH), flocs capture the
pollutant molecule present in the wastewater to form sludge as shown
in the following reaction:
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Pollutant + Fe(OH), (S)—>[Sludge] )

To optimize the electrocoagulation operating parameters, the reduc-
tion of COD with electrolysis time has been analysed. Experiments were
carried out at different pH, current densities and supporting electrolyte.
Figure 1 shows the influence of pH on %COD removal. Reduction in COD
percentage was high at neutral pH. At higher value of pH, COD reduction
was not significant. This is due to the reason that at higher pH value, the
solubility of complex formed increases which do not involve in the COD
removal [7].
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FIGURE 1: Effect of pH on percentage COD removal with electrolysis time; anode: mild
steel; current density 10 mA cm™
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FIGURE 2: Variation of percentage COD removal with current density; anode: mild steel;
pH: 7

Figure 2 depicts the influence of various current densities on COD re-
duction. It has been noted that COD removal increases as current density
increases from 5 to 10 mA cm™2. It can be noticed that increasing the cur-
rent density beyond 10 mA cm™ did not show any significant improve-
ment in the percentage COD removal because of unwanted side reactions
as the pollutant concentration decreases.

Figure 3 shows the BI analysis of electro coagulation using mild steel
as an anode at neutral condition, and current density 10 mA cm™. BI value
improved from 0.13 to 0.4 within the process time of 40 min, needed for
efficient bio degradation [8]. In electrocoagulation, there is an enhanced
action on the COD removal by coagulation and adsorption of the pollut-
ants by the dissolved anode, which in turn enhances the BOD to COD
ratio, i.e., biodegradability index.
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FIGURE 3: Variation of BOD and BI with electrolysis time; anode: mild steel, pH 7,
current density 10 mA cm™

10.3.2 ELECTRO-OXIDATION

The complex mechanism of electrochemical oxidation of wastewater in-
volves the coupling of electron transfer reaction with a dissociate chemi-
sorption step. Basically, two types of oxidative mechanism may occur at
the anode; oxidation occurs at the electrode surface in the case of an anode
with high electrocatalytic activity, called direct electrolysis; in the other
case, oxidation occurs via the surface mediator generated continuously
on the anodic surface, called indirect electrolysis (metal oxide electrode).
The preferable way for wastewater treatment is the physisorbed route of
oxidation. The organic hydrogen peroxides formed are relatively unstable
and decomposes which lead to molecular breakdown and the formation of
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FIGURE 4: Effect of pH on % COD removal with electrolysis time; anode: graphite;
current density: 10 mA cm™; supporting electrolyte: 5 g I'!

subsequent intermediates with lower carbon numbers [9]. This leads to an
improvement in the biodegradability index of the wastewater and can be
subjected to biological treatment efficiently.

For electro-oxidation method, three parameters such as current density,
pH and supporting electrolyte were taken into consideration to determine
their effects in COD reduction. Figure 4 explains the influence of pH on
COD removal. It has been noticed that treatment at acidic condition gives
maximum COD removal up to 86.5 % compared to neutral and basic con-
ditions. Lower pH facilitates the formation of hydroxyl radicals and the
organic material in the wastewater can be easily oxidized [10].
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FIGURE 6: Effect of supporting electrolyte on percentage COD removal with electrolysis
time; anode: graphite; pH 5; current density: 10 mA cm™

From the Fig. 5, it was clear that COD removal increases as current
density increases from 5 to 10 mA cm™. It has been noticed that increas-
ing the current density beyond 10 mA cm™ did not show any significant
improvement in the percentage COD removal. At higher current densities,
the efficiency of COD removal decreases after certain period of time. This
is due to the fact that at higher current density, temperature increases and
also organic pollutant concentration is lower which leads to side reactions.

From the Fig. 6, it can be understood that efficiency of COD removal
increases with increase in supporting electrolyte concentration from 5 to
10 g I''. At higher concentrations, intermediates were formed which do not
contribute to COD removal. Also, as pollutant concentration decreases Cl~
radicals in the effluent combine with remaining organic compounds and
form complexes, this increases COD of the wastewater [11].
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FIGURE 7: Variation of BOD and BI with electrolysis time; anode: graphite, pH 4.5,
current density 12.5 mA cm™, supporting electrolyte: 7.5 g 1!

Figure 7 BI analysis has been made for optimal condition. BI has been
improved from 0.13 to 0.4 within the process time of 35 min. After certain
period of time, the proportion of degrading organic pollutants is decreased
by oxidizing agents, resulting in increased value of BI. The larger mol-
ecules in the wastewater are broken down into smaller molecules by the
oxidative mechanism and hence facilitate the better action of microorgan-
ism on to the organic molecules by biodegradation.

10.3.3 PHOTOCHEMICAL REACTION

In photochemical reaction, H,0O, and ferrous sulphate were added together
for oxidation. Advance oxidation process (AOPs) are characterized by
the efficient production of hydroxide radicals. The simplified primary
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reactions of photochemical H O /Fe**-based oxidative water treatment
process is given below:

H O, + hv—H 0,"—20H- (2)
Fe* + H,0,— OH + OHe + Fe*" + H,0,— Fe* + H+ + HO,»  (3)
Fe** + H,0,—~ OH + OH+ + Fe*" + H,0, + hv— Fe** + H" + OH* (4)

The above reaction sequence shows the production of OH- radical
which acts as an oxidant for the oxidative degradation of pollutants in the
wastewater. The various operating parameters like pH and the concentra-
tion of H,O, and Fe*" has been studied. The effect of pH is given in Fig. 8.
It has been noticed that treatment at acidic condition gives maximum COD
removal up to 61 % compared to neutral and basic conditions. However, at
pH greater than 4, the percentage COD removal decreased with increasing
pH from 4 to 9. The hydrogen peroxide starts decomposing at higher pH
values [12].

The effect of H,O, concentration was studied by changing H,O, con-
centration from 111 to 222 mg 1"". It has been noticed from the Fig. 9
that increase in the concentration of H,O, increases the percentage COD
removal from 111 to 150 mg I"!. After that it does not show significant
increase in percentage COD removal. This is due to the fact that at higher
concentration of H,O,, it destroys hydroxyl radicals formed [13].

From the Fig. 10, it can be noticed that percentage COD removal
was increased for Fe** concentration from 25 to 75 mg 1"'. At the higher
concentrations of ferrous sulphate, Fe** combines with hydroxyl radicals
which lead to side reactions [12]. From the above figures, it could be con-
cluded that maximum percentage COD removal can be obtained at acidic
pH 4 with 166.5 mg I"' H,O, and 50 mg I"' Fe** concentrations.

BI analyses were made for treated effluent and are given in the Fig. 11.
From the above figure, it can be seen that the BI Index reached the value
of 0.4 only after the treatment time of 150 min, which shows that it is not
as efficient as electrochemical methods in increasing the biodegradability
index of the wastewater and is time consuming.



100

213

80 4

% COD removal

20

i E )
——25mgl leoBm__ +.GBm__

0 50 100 150 200 250
Time (min)

Improvement of Biodegradability through Electrocoagulation and Oxidation

FIGURE 10: Percentage COD removal with electrolysis time; pH: 4; H,O, concentration: 166.5 mg 1™!



Ecological Technologies for Industrial Wastewater Management

214

1 8w g "OS9 ¢\ Sw ¢'99] ‘uonenuadu0d ‘\O°H ‘p ‘Hd own s1sK[0109[d Y juswasoiduwl [ pue (O JO UOHRLIBA 1L | JYNDI

0§T

(urrun) Sumy,
002 0S1 001

0$

0¢ -

09 -

(18w aod

06 -

_-aa aog—— Ig-=—

¢t

€0



Improvement of Biodegradability through Electrocoagulation and Oxidation 215

10.4 CONCLUSION

Though both the electrochemical treatment methods reach the BI of 0.4 at
a treatment time of 35—40 min, the electro-oxidation method gives better
improvement of BI within the processed time of 35 min without any sludge
formation. Then, photochemical method also has disadvantages like usage
of expensive UV lamp which is harmful to humans and also it is a very
slow process. It can be concluded that the electro-oxidation method is a
better option for the improvement of biodegradability index. The treated
wastewater now can be further processed by biochemical technique.
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CHAPTER 11

Removal of Lignin from Wastewater
through Electro-Coagulation

RAVI SHANKAR, LOVJEET SINGH, PRASENJIT MONDAL,
AND SHRI CHAND

11.1 INTRODUCTION

Pulp and paper industry is a water intensive chemical process industry and
generates significant quantities of wastewater (20 to 250m3 per ton of pulp
produced) containing high concentration of lignin and its derivatives [1].
Some other components such as fatty acid, tannins, resin acid, sulphur com-
pounds, phenol and its derivatives etc. are also present in pulp and paper
industry wastewater [2]. The wastewater is generated in five steps in a paper
industry such as debarking, pulping, bleaching and alkali extraction, wash-
ing and paper production. Amongst the above pollutants, lignin and its de-
rivatives particularly chlorolignin produced during bleaching stage, hold the
major share for the development of colour in wastewater. Lignin in solution
shows very low BOD: COD ratio (biodegradability index); 600mg/1 lignin

Removal of Lignin from Wastewater through Electro-Coagulation. © 2014 Shankar, Ravi, et al. World
Journal of Environmental Engineering 1.2 (2013): 16-20. Used with permission of Science and Educa-
tion Publishing.
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can contribute around 0-20mg/1 of BOD and 750-780mg/l COD value to
the wastewater [3]. Due to the low biodegradability index (<0.02) of lignin
compounds [3], biochemical methods are not so efficient for the removal
of lignin from wastewater as well as for the treatment of pulp and paper
industry wastewater. Further, other conventional techniques such as adsorp-
tion, chemical oxidation and chemical coagulation require chemicals and
produce secondary pollutants. Thus, efforts are on for the development of
effective treatment technique for the treatment of pulp and paper industry
wastewater around the world. In recent years, electro coagulation (EC) tech-
nique has got strong research interest because it produces coagulants in situ
by dissolving electrodes in the cell, which helps the removal of the pollut-
ants producing negligible secondary pollutants.

In electro coagulation process, the coagulant is generated in-situ by
electro-oxidation of anodes [4]. The generated metal ions due to electro-
oxidation of anodes hydrolyze to some extent in water and form soluble
monomeric and polymeric hydroxo-metal complexes as shown through
Equation.1-4.

Oxidation of anode:

M® — M™ (aq) + ne— (1
Water reduction at cathode:

nH,O ne” — n/2H, + nOH" 2)
At alkaline conditions:

M™ + nOH — M(OH)_ 3)
At acidic conditions:

M™ — nH,0 — M(OH)_+ nH* 4)

These hydroxo-metal complexes act as coagulant and the whole pro-
cess occurs through the following steps [4]:
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1. Anode dissolution

2. Formation of OH- ions and H2 at the cathode
3. Electrolytic reactions at electrode surfaces

4. Adsorption of colloidal pollutants on coagulant
5. Removal by sedimentation or flotation

Electro-coagulation cannot remove materials that do not form precipi-
tate such as sodium and potassium. If a contaminant cannot form flocks or
cannot flocculate, the process will not work out. Therefore the contami-
nants such as benzene, toluene or similar organic compounds cannot be
removed. However, lignin, the macro molecule composed of three mono-
mers namely p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol or
its derivatives can be removed by electro coagulation.

Some papers are available in literature on the treatment of pulp and
paper industry wastewater using electro coagulation process [5, 6, 7,
8, 9]. In most of these papers colour, COD and BOD removal has been
considered, however, these papers do not give insight on the removal
of COD originated due to lignin compounds. Further, hardly any litera-
ture is available, which describes the removal of lignin compounds form
wastewater [2].

In the present work the removal of lignin from synthetic waste wa-
ter by using electro-coagulation with aluminum as a sacrificial electrode
in a batch reactor has been described in terms of removal of COD. In
the present case the BOD value of the synthetic solution was ~ 26mg/1
(below the permissible limit) thus, it was not considered as a parameter
for study. Effect of various parameters such as current density, pH, NaCl
concentration and treatment time on the removal of COD from synthetic
wastewater has been investigated to determine the most suitable process
conditions for maximum removal of COD (lignin). A central composite
design (CCD) has been used to design the experiment conditions for de-
veloping mathematical models to correlate the removal efficiency with the
process variables and also to study the interactive influences of parameters
on the removal efficiency of pollutants.
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11.2 MATERIALS AND METHODS

The aluminum used as electrode was sourced from local market in Roor-
kee, India. The lignin was obtained from Sigma Aldrich, USA and all other
chemicals used in the present study were of A. R. grade and purchased
from Himedia, Mumbai, India.

The synthetic solution was prepared by mixing 1852g of lignin in one
litre double distilled water followed by stirring at SO00RPM for 10 min-
utes. The characteristic of the synthetic solution is shown in Table 1.

11.2.1 PRETREATMENT AND CHARACTERIZATION OF
ELECTRODE

The electrode plates were cleaned manually by abrasion with sandpaper
followed by further cleaning with 15% HCI for cleaning and washing with
distilled water prior to its use. The electrodes were dried for half an hour
in an oven and weighted.

TABLE 1: Characteristics of synthetic solution.

Parameters Values
Lignin(mg/l) 1852
COD (mg/1) 2500
BOD (mg/1) 26
pH 9.28
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11.2.2 BATCH ELECTRO-COAGULATION
STUDIES FOR SYNTHETIC SAMPLE

Each 1.5 1 of lignin solution was taken in the batch reactor and desired
amount of NaCl was added. Then pH of the solution was adjusted using
0.1M HCl and 0.1M NaOH solution. The experimental conditions (current
density, pH, NaCl concentration and treatment time) were decided on the
basis of a design of experiment as shown in Table 2.

The schematic diagram of the experimental setup is shown in Figure 1.
Four aluminum plates, 64cm?2 each, were positioned in reactor at distance
Icm from each other. The magnetic stirrer and DC power supply were kept
at desired value. The constant current condition was obtained by adjust-
ing the knob of rheostat. After completion of experiment, the sample was
centrifuged for 30min at 10000RPM and COD was measured according
to closed reflux, colorimetric method [9]. COD value was determined by
COD analyzer (SN 09/17443 LOVIBOND Spectrophotometer) after add-
ing desired chemicals and digestion period of 2h in COD Reactor (ET
125SC LOVIBOND).

Lignin content was measured using Folin phenol reagent by UV-
spectrophotometer (UV-1800, shimadzu, Japan). BODS5 was measured
using BOD analyzer (AL606, Germany) as per standard method [10]
using municipal wastewater activated sludge collected from Jagjitpur,
Haridwar, as a seed. The experimental data were used to regress math-
ematical expressions correlating removal efficiency of lignin with the
process parameters and to find out a suitable expression through ANOVA
using MINITAB software. Error on lignin removal was computed as per
Equation.5.

EV — MV
Percentage error (%) = % x 100 (5)

Here, EV and MV are the experimental and modeled value.
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TABLE 2: Characteristics of synthetic solution.

Experiment Number A B C D
1 70 7 0.75 45
2 130 7 0.75 45
3 70 11 0.75 45
4 130 11 0.75 45
5 70 7 225 45
6 130 7 2.25 45
7 70 11 2.25 45
8 130 11 2.25 45
9 70 7 0.75 75
10 130 7 0.75 75
11 70 11 0.75 75
12 130 11 0.75 75
13 70 7 2.25 75
14 130 7 2.25 75
15 70 11 2.25 75
16 130 11 225 75
17 40 9 1.5 60
18 160 9 1.5 60
19 100 5 1.5 60
20 100 13 1.5 60
21 100 9 0 60
22 100 9 3 60
23 100 9 1.5 30
24 100 9 1.5 90
25 100 9 1.5 60

A:current density (A/m?), B: pH, C: NaCl concentration (mg/1), D:time(min)
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11.3 RESULT AND DISCUSSION

Effect of various parameters such as current density, pH, NaCl concen-
tration and treatment time on the removal of lignin/COD from synthetic
wastewater, model development and interaction effects of process param-
eters and the validation of the model is described below.

11.3.1 EFFECTS OF PROCESS PARAMETERS

A combined effect of current density and initial pH on COD removal is
shown in Fig.2. In the present study the COD is generated only due to the
lignin in the synthetic solution. Thus, the removal of lignin is proportional
to the COD removal, which results same value of % removal for lignin and
COD. From Fig. 2 it is evident that COD removal increases with increase
in current density and decreases with increase in pH value. According to
Faraday law, the the amount of anode materials that dissolve in solution
increase with current density and time as per the following expression.

m = Mjt + ZF

Where m = amount of ion produced per unit surface area by current
density j passed for a duration time t

Z= number of electron involved in the oxidation/ reduction reaction,
for alminium(Al), Z=3.

M = atomic weight of material, for Al, M = 26.98g/mol and F is Fara-
day constant= 96486C/mol.

Thus, at higher current density, higher dissolution of electrode with
higher rate of formation of alminium hydroxides results in higher pollut-
ant removal efficiency via co- precipitation and sweep coagulation. How-
ever, higher current density also increases solution pH, which reduces the
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removal efficiency. Under the experimental conditions the most suitable
value of j was found as 100A/m?.

The effects of pH on the COD (lignin) removal can be explained on the
basis of aqueous phase chemistry of lignin and the hydroxo-metal com-
plexes produced by the oxidation of anodic material. The results reveal
that at pH ~7.6, the removal efficiency is maximum.

11.3.2 EFFECT OF NACL CONCENTRATION AND PH

The effect of NaCl concentration and pH on the COD (lignin) removal is
shown in Figure 3. From Figure 3 it seems that the removal of COD de-
creases with the increase in NaCl concentration as well as increase in pH.
The addition of sodium chloride increases the conductivity of the wastewa-
ter and thus energy consumption becomes low with addition of electrolyte.
Sodium chloride was selected because of low toxicity, reasonable cost and
the fact that NaCl prevents the organic matter to attach on the surface of
anode, which can create inhibition. However, a higher dosage of it induces
overconsumption of electrodes, which increases the aluminum content in
sludge; consequently removal efficiency of COD (lignin) is reduced. The
most suitable value of NaCl concentration is found to be 0.75mg/1.

11.3.3 EFFECT OF TREATMENT TIME
AND NACL CONCENTRATION

The effect of treatment time and NaCl concentration on the removal ef-
ficiency of COD (lignin) is shown in Figure 4.

From Figure 4 it is clear that with increse in treatment time the COD
(lignin) removal increases. The increase in removal with time can be ex-
plained on the basis of Faraday’s law which shows that the amount of Al
ion and their flocks generated are propotional to time. It has been observed
that a treatment time of 75min is sufficient to remove ~ 95% of the COD
(lignin) from the solution under the experimental conditions.
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11.3.4 MODEL DEVELOPEMNT

The proposed model equation to correlate COD (lignin) removal with in-
put process parameters in coded factors is shown in Equation.6.

COD(liglin) removal =
61.1+0.183A-2.46B + 11.0C
+0.834D + 0.0207AB — 2.76BC (6)

—0.032CD - 0.00604DA + 0.000176ABCD
(R2=10.85, F value 18.99, P value < 0.05)

where, A= Current density (A/m?), B =pH, C = NaCl concentration (mg/1),
D = time (min)

From the above equation it seems that NaCl concentrttaion highly in-
fluences the COD (lignin) removal and the interation of pH and NaCl con-
centration is also highest amongst the above process parameters. This is
in accordance with the effect of pH and NaCl concentration as discussed
above.

From the main effect of the process parameters (developed from
MINITAB software) on the % removal of COD (P) from waste water as
shown in Figure.5, it is evident that the % removal of COD (lignin) de-
creases with increase in the pH(B) and NaCl concentration (C), whereas
it increases with increase in current density(A) and time (D). The above
model is able to predict the % removal of COD (lignin) with the error limit
of +9 to -7%.

11.4 CONCLUSIONS

Removal of COD (lignin) increases with increase in current density and
treatment time and decreases with increase in pH and NaCl concentra-
tion. Under the most suitable conditions i.e, current density: 100A/m?, pH:
7.6, NaCl concentration: 0.75mg/l and treatment time: 75min, around 95%
removal of COD ( lignin) is achieved from the synsthetic solution. The
empirical model gives prediction on the % removal of COD (lignin) with
+ 9 to -7% error limit. The present process can reduce COD value from



Removal of Lignin from Wastewater through Electro-Coagulation 229

%COD removal

[DeN pue auwn Jo 19914 ¥ JANDIA

awy g

JJUIdUO0D

1.

[eAOWwDI (JO)) UO UO

Geg'e 00¢cw




Ecological Technologies for Industrial Wastewater Management

230

“(e1eMJOS GV.LININ WO paurelqo) OO JO [BAOWIAI 9 oy} UO S9[qeLIeA $so001d JO $100130 UIRIA :S JYNDIH

I - = B
¥, ] W = o

00t
T4
- 0571
SL'0
000
091
- 0EL
001

Mo R =) (oY) b |
(== I I = o oo~ W o

d 10} SUe3\ e1e(] - 10|d S19947] Ule|y



Removal of Lignin from Wastewater through Electro-Coagulation 231

~2500mg/l to ~ 125mg/l after treatment, which is below the maximum
permissible limit of COD in discharge water.
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CHAPTER 12

Treatment of Wastewater Effluents from
Paper-Recycling Plants by Coagulation
Process and Optimization of Treatment
Conditions with Response

Surface Methodology

NOUSHIN BIRJANDI, HABIBOLLAH YOUNESI,
AND NADER BAHRAMIFAR

12.1 INTRODUCTION

The pulp and paper mills are among the most important industries in the
world, but also some of the biggest polluting agents, discharging a variety
of pollutants such as gaseous, liquid and solid wastes into the environ-
ment. The pollution of water bodies is of major global concern, because
these industries generate large volumes of wastewater, viz. about 80 m3
of wastewater for each ton of pulp produced (Oguz and Keskinler 2008).
More than 250 chemicals produced at different stages of paper production
have been identified in the effluents (Thompson et al. 2001). According
to research reports, samples with biodegradability index (BOD,/COD)
smaller than 0.3 are not appropriate for biological degradation (Helble et

Treatment of Wastewater Effluents from Paper-Recycling Plants by Coagulation Process and Optimi-
zation of Treatment Conditions with Response Surface Methodology. © Noushin Birjandi, Habibollah
Younesi, and Nader Bahramifar 2014. International Journal of Industrial Chemistry March 2014, 5:4.
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Attribution License.
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al. 1999), as for complete biodegradation the effluent must present an in-
dex of at least 0.40 (Chamarro et al. 2001).

Paper mill wastewater can cause considerable damage to the recipient
waters due to the high chemical oxygen demand (COD) and high toxicity.
To minimize the impact of effluents on the environment, several treat-
ment technologies have been employed, although little is known on their
efficiency to eliminate the toxicity attributed to the presence of organic
compounds. This is mainly due to the fact that it is the type of paper mills
(packaging, recycling, kraft) and the water system configuration that de-
termine the COD, toxicity and organic load of the effluent. Therefore, the
design and efficiency of wastewater treatments will vary from mill to mill
(Latorre et al. 2007). Thompson et al. (2001) reviewed the different types
of treatment of pulp and paper mill effluents and indicated effective pro-
cesses to minimize the discharge of wastewater to the environment. Co-
agulation is one of the most used water effluent treatments. It employs a
cationic metal as a coagulant agent which usually promotes water hydroly-
sis and the formation of hydrophobic hydroxide compounds with different
charges, depending on the solution pH. It may also lead to the formation of
polymeric compounds. The coagulants interact with colloidal materials by
either charge neutralization or adsorption, leading to coagulation usually
followed by sedimentation (Stephenson and Duff 1996). The coagulation
effectiveness and cost depend on the coagulant type and concentration,
solution pH, ionic strength as well as on both concentration and nature
of the organic residues in the effluent (Afzal et al. 2008). The response
surface methodology (RSM) is a statistical technique for designing experi-
ments, building models, evaluating the effects of several factors, searching
optimum conditions for desirable responses and reducing the number of
experiments (Wang et al. 2007). RSM has been proposed to determine
the influence of individual factors and their interactive influence. It uses
an experimental design such as the central composite design (CCD) in
order to fit a modeling by the least squares technique, and the adequacy
of the proposed model is then revealed using the diagnostic checking tests
(Anderson-Cook et al. 2009).

The main objective of this work was to optimize the coagulation pro-
cess and investigate the interactive effects of the experimental factors, viz.
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the coagulant dosages, pH and initial value of COD as process parameters.
For this purpose, paper-recycling wastewater was selected as the target
to be treated by the coagulation process, optimizing it by RSM under
Design-Expert software. The quadratic models obtained were used in a
constrained optimization to achieve optimum process conditions for maxi-
mum removal efficiencies of turbidity and COD and the lowest sludge
volume index (SVI) of the paper-recycling wastewater.

12.2 MATERIALS AND METHODS

12.2.1 ANALYTICAL METHODS

The paper-recycling wastewater used in this work was taken from Afrang
Paper Manufacture Ltd., Iran. The wastewater samples were characterized
according to standard methods for the examination of water and waste-
water (APHA 1998) and the results are given in Table 1. Alum and PACI
(Merck) were used as coagulants. The initial solution pH of the paper-
recycling wastewater was adjusted using 1.0 mol/l sodium hydroxide and
0.5 mol/I sulfuric acid solution. A calorimetric method with closed reflux
was developed for the measurement of COD (the Plaintest system, pho-
tometer 8000, England) at 600 nm, which was used to measure the ab-
sorbance of the COD samples. A pH meter (the Waterproof CyberScan
PC 300, Singapore) was used to measure the solution pH. Turbidity was
measured by a turbidity meter (the CyberScan TB 1000 Eutech Instru-
ments, Singapore). The SVI was measured using a 1,000 ml Imhoff cone
(APHA 1998).

12.2.2 EXPERIMENTAL PROCEDURE

The coagulation experiments were performed with 100 ml paper-recy-
cling wastewater, adjusting the initial COD and pH at different values.
In a typical run, the paper-recycling wastewater was diluted with tap wa-
ter to adjust its COD concentration to the desired value. Then different
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TABLE 1: Chemical and physical characteristics of the wastewater used.

Characteristics Range Mean
Color Brown -
pH 6.32-7.60 6.5
COD (mg/l) 3,348-3,765 3,523
BOD;, (mg/l) 870-974 940
TS (mg/l) 3,067-3,307 3,260
TSS (mg/l) 245-267 260
Ash (mg/l) 1,206-1,345 1,320
Turbidity (TNU) 855-880 873
Phosphate (mg/1) 68-76 73
Sulfate (mg/1) 45-55 50
Nitrate (mg/l) 0.89-1.12 1.03
Nitrite (mg/1) 0.07-0.13 0.10
Chloride (mg/1) 9.8-11.1 10.7

concentrations of coagulants were progressively added. The samples were
stirred at 50 rpm (Velp scientific magnetic stirrer) for 2 min to completely
dissolve the coagulant. This was followed by a further slow mixing for 20
min at 40 rpm. The flocks formed were allowed to settle for 30 min. After
settling, the turbidity and final COD of the supernatant were determined.
The remaining portion of the treated wastewater samples was used to de-
termine the SVI.

12.2.3 EXPERIMENTAL DESIGN
FOR OPTIMIZATION OF PARAMETERS

The RSM was applied for developing, improving and optimizing the pro-
cesses and to evaluate the relative significance of several affecting factors
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even in the presence of complex interactions. In the present study, the De-
sign- Expert 7.0 (State-Ease, Inc., Minneapolis, MN, USA) software was
used for regression and graphical analyses of the obtained data. RSM, as
a robust design technology based on the central composite design (CCD),
could be applied to the modeling and analysis of multiple parameters. The
experimental design had with four different factors: solution pH, initial
COD value, alum dosage, PACI dosage. Each of the parameters was coded
at five levels: —a, —1, 0, +1 and +a. A CCD involves a two-level factorial
(k 2) design, 2 k axial points (denoted by + o), and n ¢ center points. In
this study, the goal was to create a full factorial design at the k = 4 design,
completely randomized, in one block with six center points and the axial
distance o = 2 for a rotatable design. The range and level of the variables
in coded units from the RSM studies are given in Table 2. For statistical
calculations, the variable X i was coded as x i, according to the following
equation:

_Xi — X

X (M

X

where X is the uncoded value of the independent variable, i, X is the
value of X. at the center point of the investigated area and AX is the step
change. Table 3 shows the coded and uncoded variables for the four ex-
perimental variables according to the Eq. (1). To obtain the optimum dos-
ages, initial COD and pH, three dependent parameters were analyzed as
response, final COD and turbidity removal efficiencies and SVI value.
The quadratic equation model for predicting the optimal conditions can be
expressed according to Eq (2) as follows:

K K k-1 k
Y =B+ Z BiXi+ ) BuXP+ Z Bij XiXj + € ()
i=1 i=1 i=1 j=2

where (i) is the linear coefficient, (ii) the quadratic coefficient (B) the
regression coefficient, (ij) the interaction coefficient, (k) the number of
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TABLE 2: Experimental ranges and levels of the independent variables.

Independent variables Range and level
-0 -1 0 +1 +a
COD (A) 250 750 1,250 1,750 2,250
Alum dosage [mg/1 (B)] 200 650 1,100 1,550 2,000
PACI dosage [mg/l (C)] 55 420 785 1,150 1,515
pH (D) 2 4.5 7 9.5 12

factors studied and optimized in the experiment and (€) the random error.
The experiments were carried out according to the experimental data sheet
(both coded and uncoded design matrices) shown in Table 3, which also
lists the response values, i.e., COD removal, turbidity removal and SVI
value. The results are further analyzed using Design-Expert Software. The
relationship between the four controllable factors (Alum and PACI dos-
ages, pH and initial COD) and the three important operating parameters
(COD removal, turbidity removal and SVI) for coagulation process was
studied.

12.3 RESULTS AND DISCUSSION

12.3.1 RSM APPROACH OF OPTIMIZATION
OF COD AND TURBIDITY REMOVAL AND SVI VALUE

The statistical significance of the quadratic model was evaluated by the
analysis of variance (ANOVA), as presented in Table 4. The empirical
relationship between the COD removal (Y COD), turbidity removal (Y
Tur) and SVI value (Y SVI) and the four test variables in coded units
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TABLE 3: Experimental ranges and levels of the independent variables.

Run Uncoded (coded) values Responses
A B C D Final COD Turbidity SVI
removal (%) (%) (ml/g)

1 750 (-1) 1,550 (+1) 1,150 (+1) 45(-1) 84 69 244
2 2,250 (+a) 1,100 (0) 785 (0) 7(0) 73 91 295
3 1,750 (+1) 650 (-1) 420 (-1) 4.5 (1) 79 77 400
4 250 (—a) 1,100 (0) 785 (0) 7(0) 67 65 850
5 750 (-1) 650 (—1) 1,150 (+1) 9.5 (+1) 80 46 994
6 1,250 (0) 1,100 (0) 785 (0) 7(0) 82 81 394
7 1,250 (0) 1,100 (0) 55 (—a) 7 (0) 84 83 805
8 1,750 (+1) 650 (1) 420 (-1) 9.5 (+1) 79 84 803
9 1,250 (0) 1,100 (0) 1,515 (+a) 7(0) 88 80 205
10 1,750 (+1) 650 (—1) 1,150 (+1) 9.5 (+1) 84 78 662
11 1,750 (+1) 1,550 (+1) 1,150 (+1) 45(-1) 82 82 712
12 1,750 (+1) 650 (1) 1,150 (+1) 45(-1) 80 77 354
13 750 (1) 650 (1) 420 (-1) 45(-1) 82 69 988
14 750 (-1) 1,550 (+1) 420 (-1) 9.5 (+1) 72 72 889
15 1,750 (+1) 1,550 (+1) 1,150 (+1) 9.5 (+1) 86 87 186
16 1,250 (0) 1,100 (0) 785 (0) 7(0) 83 77 371
17 1,250 (0) 1,100 (0) 785 (0) 2 (-a) 88 60 50
18 1,250 (0) 200 (—a) 785 (0) 7(0) 80 58 1,690
19 750 (—1) 650 (—1) 1,150 (+1) 45(-1) 84 60 214
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by the application of RSM is given by quadratic models, as given in
Table 4. The adequacy of the model was tested through lack-of-fit, P
values and F values (Vohra and Satyanarayana 2002). The P values for
lack-of-fit were 0.4028, 0.6499 and 0.54488 for the removal of COD
and turbidity and SVI value, respectively, which indicates that it is
not statistically significant as is desirable. The insignificant value of
lack-of-fit (>0.05) shows that the model is valid for the present study
(Ziagova et al. 2007). The F values of 44.50, 54.61 and 156.90 were for
COD removal and turbidity removal efficiency and SVI value, respec-
tively, and P values were significant (P < 0.05) (Table 4). This means
that the model terms are statistically significant and can predict re-
sponse satisfactorily. The fit of the model was checked by determining
the coefficient (R?). In this study, the R? values obtained were 0.9765,
0.9880 and 0.9932 for the removal of COD and turbidity and SVI val-
ue, respectively. The closer the R? is to 1, the stronger is the model and
the better it predicts the response. The value of the adjusted determina-
tion of the coefficient (adjusted R? = 0. 9545, 0.9628 and 0.9869) for
COD and turbidity removal efficiency and SVI is also high, showing
the high significance of the model. The values of the predicted R? at
0.8926, 0.9214 and 0.9708 obtained for the COD and turbidity removal
efficiency and SVI value, respectively, were also high, supporting the
considerable significance of the model. At the same time, the relatively
low values of the coefficient of variation (CV_,, = 1.22, CV_ = 2.57
and CV, = 8.41) indicate a good precision and reliability of the ex-
periments (Nakano and Jutan 1994; Collins et al. 2009). Adequate pre-
cision (AP) is a measure of the range in the predicted response relative
to its associated error. Its desirable value is 4 or more. Adequate preci-
sion compares the range of the predicted values at the design points
with the average prediction error. A ratio greater than 4 indicates an
adequate model discrimination (Aghamohammadi et al. 2007; Ghafari
et al. 2009). Usually it is necessary to check the fitted model to ensure
that it provides an adequate approximation with the real system. Un-
less the model shows an adequate fit, proceeding with an investigation
and optimization of the fitted response surface is likely to give poor or
misleading results. Diagnostic plots such as the predicted versus actual
values help us to judge the satisfactoriness of the model.
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FIGURE 1: Design-expert plot; predicted vs. actual values plot for a final COD removal

(R?=0.9765), b turbidity removal (R?> = 0.9808) and ¢ SVI (R? = 0.9932). The colors
changes from blue to red in the response value indicating 0 to 100 % range
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FIGURE 1: CONTINUED.

Figure 1 shows the plots for predicted versus actual values of the
parameters for removal of the COD (a) and reduction of the turbidity (b)
and SVI value (c). These plots indicate an adequate agreement between
the uncoded data and the ones obtained from the models. By applying
the diagnostic plots such as the ones for predicted versus actual values,
the model adequacy can be judged. The regression equation after the
ANOVA gave the level of COD and turbidity removal as a function of
four factors, i.e., the dosages of alum and PACI, initial solution pH and
initial COD. After applying multiple regression analysis on the experi-
mental data, the results of the CCD design were fitted with a second-
order full polynomial equation.
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12.3.2 EFFECT OF DIFFERENT ALUM AND
PACL DOSAGE ON COD AND TURBIDITY REDUCTION

In coagulation processes, three factors, viz. kind of an inorganic co-
agulant, the coagulant dosage and the pH, play an important role in
determining the coagulation process efficiency in wastewater. In treat-
ments using inorganic coagulants, the optimum pH range in which
metal hydroxide precipitates should be determined (Aguilar et al.
2002). Different coagulants affect different degrees of destabilization.
The higher the valence of the counter ion, the more is its destabilizing
effect and the less is the dose needed for coagulation (Birjandi et al.
2013). At high dose of metal ions (coagulant), a sufficient degree of
oversaturation occurs to produce a rapid precipitation of a large quan-
tity of metal hydroxide, enmeshing the colloidal particles which are
termed as sweep floc (Hu et al. 2011).The effect of different levels of
the alum and PACI doses on COD and turbidity removal efficiency can
be predicted from the 3D plot, while the other two variables are at its
middle level, as shown in Fig. 2. Figure 2a clearly shows that the COD
removal efficiency increases with increasing coagulant dosages. The
maximum COD removal (88.26 %) is shown with 657 mg/l dosage of
alum and 1,500 mg/I dosage of PACI. Thus, for significant removal of
COD, high doses of coagulants are needed. This is due to the presence
of large amounts of organic matter in the wastewater and interaction
with coagulants that can cause the suspended solids in the effluent to
be oxidized, coagulated and then be settled as sludge; this process will
reduce COD (Kumar et al. 2009). In Fig. 2b the effects of PACI dos-
age on turbidity reduction are not significant within the dosage range
studied. The effect of increasing the PACI dosage only reveals a minor
impact on the reduction-removal efficiency of turbidity. It can be seen
that the maximum removal of turbidity (84.8 %) was obtained with ap-
proximately 853 mg/l dosage of alum and 53 mg/l dosage of PACI. The
addition of PACI in the effluent and its mixing create proper coagula-
tion condition and the flocs generated are denser than water, hastening
the settling of the flocs. The PACI, having multivalent aluminum ions,
neutralize the particle charges and the hydrolyzed aluminum flocs en-
mesh the colloids and drive to settle at high COD (Hu et al. 2011).
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FIGURE 2: Effect of coagulants doses on a COD removal, b turbidity reduction, while
other two variables at its middle level. The colors changes from blue to red in the response
value indicating 0 to 100 % range.
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The use of alum alone is not a perfect method for treatment paper mill
wastewater and it is best to investigate with the other methods treatment
and coagulants that can be provide necessary standards for this effluent.
Therefore, in paper-recycling wastewater treatment use of alum coupled
with PACI could be the best results (Stephenson and Duff 1996).

12.3.3 EFFECT OF SOLUTION PH AND
ALUM DOSE ON COD AND TURBIDITY REDUCTION

Changes in coagulants species and charge of the target compound can re-
sult due to variation in pH of the liquid media. In addition to governing the
coagulant speciation, the media pH influences the extent of dissociation
of the trace organic contaminants, and can result in compound-specific
removal performance during application of a certain type of coagulant
(Birjandi et al. 2013). The addition of metal coagulants depresses the
wastewater pH to a lower value. The decrease in pH after the addition of
coagulant may be due to the several hydrolytic reactions, which are taking
place during coagulation, forming multivalent charged hydrous oxide spe-
cies and generating H,O" ion during each step, thus reducing the pH value
(Kumar et al. 2011).

It has also been reported that the coagulant addition depresses pH to
highly acidic levels, as the coagulant dose is highly correlated with pH
(Chaudbhari et al. 2007). It is supposed that improvement of flocculation
pH may reduce the alum dose needs for the optimization of the process.
Figure 3 presents the effect of different levels of the pH and the alum
dose on the removal of COD and turbidity when other two variables at its
middle level. Both the turbidity reduction and the COD removal efficiency
increase with an decreasing pH adjustment till reach their highest value at
the optimal pH, between which the reduction efficiency values start to de-
crease. This confirms the findings of (Ahmad et al. 2008). Figure 3a shows
that the maximum COD removal (89.67 %) can be obtained at pH = 2.0,
but Fig. 3b shows that the maximum turbidity reduction efficiency (79.73
%) occurs at pH = 7.82. It is well known that the pH of the solution affects
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the hydroxyl radical generating capacity (Zayas et al. 2007). According
to Petala et al. (2006), at a lower pH and with a lower coagulant dos-
age, the only mechanism for destabilization of particles is through charge
neutralization. At a low pH, because the aggregates are small in size, the
mechanism of colloidal destabilization is mainly charge neutralization. It
can be said that the highest range of pH exists between 6.0 and 8.0, be-
yond which the effluent quality deteriorates. The most important reasons
for such behaviours are: 1) at low pH, the presence of monomeric alumi-
num species [AI’, A(OH)*" and Al(OH), ] causes the anionic particles to
neutral and deposition of pollutants settlement process is best performed
due to the formation positive metal complexes that help to build flocs with
the negative organic pollutants in wastewater, 2) with increase in pH, the
concentration of dissolved aluminum is reduced by the formation of un-
charged metal hydroxide [Al(OH)3] that leads to rapid precipation and
3) with further increase in pH, the species AI(OH),” is dominant which
reduces coagulation effects and no coagulation occurs anymore (Ahmad
et al. 2008).

12.3.4 EFFECT OF INITIAL COD AND PH
ON FINAL COD AND TURBIDITY REMOVAL EFFICIENCY

The experimental runs were conducted with five different initial COD val-
ues. The effect of different levels of the initial COD concentration and
the pH on final COD and turbidity removal efficiency can be predicted
from the 3D plot, while the other two variables are at its middle level, as
shown in Fig. 4. Figure 4a shows that the maximum value of §9.67 % for
COD removal is found with an initial COD of 940 mg/I and that the COD
removal efficiency decreases with a high initial COD value and with COD
of 250 mg/l a COD removal efficiency of 58 % is achieved. In contrast,
the results obtained on turbidity show that high initial COD values result
in high reduction efficiency (Fig. 4b). With COD of 250 mg/1 (as the COD
low limit value introduced to software), turbidity reduction efficiency of
42 % is achieved, while the maximum value of 95 % reduction is found at
initial COD of 2,250 mg/1.
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12.3.5 SLUDGE VOLUME INDEX (SVI)

The sludge produced in physical-chemical treatments is due to the organic
matter and total solids in suspension that are removed and the compounds
formed with the coagulants used, since practically all of the latter become
part of the sludge solids. In general, the amount and characteristics of the
sludge produced during the coagulation process depend on the coagulants
used and on the operating conditions. To observe the volume and settling
characteristics, the SVI was determined. The SVI in coagulation process is
generally governed by three factors: high polymer effect, osmotic pressure
effect and hydration effect (Wang et al. 2007). Figure 5a presents the effect
of different levels of the alum and PACI dosages on the SVI value when
other two variables at its middle level. From this figure, the coagulant dos-
ages of alum coupled with PACI have a significant interaction on the SVI,
as shown in Fig. 5a. The curvilinear profile obtained for SVI is in accor-
dance to the quadratic model. The SVI decreases significantly with coagu-
lant dosage and pH, but is affected mostly by the coagulant dosage. The
best condition of the minimum SVI (140 ml/g) is observed with dosage
of 1,140 mg/l alum and of 1,495 mg/l PACI. Under strong acid conditions
(e.g. pH < 4.5) and low ranges of COD, the aluminum ions are mostly in
the form of AI**, which is highly effective for decreasing the osmotic pres-
sure and hydration effects. Figure 5b presents the effect of different levels
of the pH and the initial COD concentration on the SVI value when the
other two variables are at its middle level. All of these factors might be
responsible for the much lower SVI under acid conditions (Fig. 5b). These
results, observed from the response surface plot, are in good agreement
with the fitted model for SVI obtained earlier. Figure 5c presents the effect
of different levels of the PACI dose and the initial COD concentration on
the SVI value when other two variables at its middle level. From this fig-
ure, the results obtained on SVI show that high initial COD values result
in high SVI value. With COD of 750 mg/1 (as the COD low limit value
introduced to software), SVI value of about 340 ml/g is achieved, while
the maximum value of 375 ml/g is found at initial COD of 1,750 mg/I.
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12.3.6 OPTIMIZATION USING THE DESIRABILITY FUNCTION

In the numerical optimization, we choose the desirable goal for each
factor and response from the menu. The possible goals are: maximize,
minimize, target, within range, none (for responses only) and set to
an exact value (factors only). A minimum and a maximum level must
be provided for each parameter included. A weight can be assigned to
each goal to adjust the shape of its particular desirability function. The
goals are combined into an overall desirability function, an objective
function that ranges from zero outside of the limits to one at the goal.
The selected program in numerical optimization seeks to maximize this
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function. The goal seeking begins at a random starting point and pro-
ceeds up the steepest slope to a maximum. There may be two or more
maximums because of curvatures in the response surface and their
combination into the desirability function. By starting from several
points in the design space, chances improve for finding the best local
maximum. A multiple response method was applied for optimizing any
combination for four goals, namely, the initial solution pH, alum dos-
age, PACI dosage and initial COD. The numerical optimization found a
point that maximizes the desirability function. The importance of each
goal was changed in relation to the other goals. Optimized conditions
and results of experiments for final COD and turbidity removal effi-
ciency and SVI value are given in Table 5. The best optimum value for
final COD and turbidity removal efficiencies were 80.02 and 83.23 %,
respectively, and desirability value was close to 1. The obtained values
of desirability showed that the estimated function may represent the
experimental model and desirable conditions. In Table 6, the results of
this study are compared with the results of other researchers; although
wastewater and coagulants differ, but the use of alum coupled with
PACI lead to remove most pollutants from wastewater is corollary to
our methods. In our previous published paper, the purpose was aimed
to examine the efficiency of alum and PACI (coagulants) in combi-
nation with a cationic polyacrylamide (C-PAMs, i.e., chemfloc 1510c
and chemfloc 3876 as flocculating agents) in the removal of COD and
turbidity from paper-recycling wastewater. The results demonstrated
that the maximum amounts of 40 mg/l coagulant dosage and 4.5 mg/l
flocculant dosage at pH 4.5 were required to give 92 % removal of tur-
bidity, 97 % removal of COD and 80 ml/g value of SVI. However, the
best coagulant and flocculant were alum and chemfloc 3876 at a dose
of 41 and 7.52 mg/1, respectively, at pH of 6.85. In these conditions, the
highest removal of COD and turbidity and lowest value of SVI were
found to be 91.30 and 95.82 % and 12 ml/g, respectively.
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TABLE 5: Optimized conditions and results of experiments for final COD and turbidity removal efficiencies and SVI value.

No. Variable Predicted value Desirability Experimental value
COD Alum dose PACI dose pH COD Turbidity SVI value COD re- Turbidity SVI
(mg/1) (mg/1) (mg/1) removal | removal (%) | (ml/g) moval (%) | removal (%) | (ml/g)
(%)
1 1,750 1,550 1,314 9.5 85.32 88.36 132.24 0.936 80.02 83.23 140.00
2 1,736 1,320 724 9.5 81.87 86.62 67.42 0.862 82.30 80.12 65.00
3 1,750 1,240 490 9.5 81.05 88.85 104.20 0.847 85.15 82.52 112.64
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12.4 CONCLUSIONS

Coagulation process is one of the simple and common physical-chemical
methods, advocated to be used for paper-recycling wastewater treatment.
Although there are many types of coagulants available to treat water and
wastewater, opting the most effective coagulant for a particular wastewa-
ter is important. The treatment of pulp and paper mill wastewater using
alum coupled with PACI as coagulants enhanced the reduction removal
of turbidity and COD and produced a lower volume of sludge compared
to the results obtained when the coagulants were used alone. A desirable
functional approach was used to obtain a compromise between three dif-
ferent responses, i.e., COD, turbidity removal and SVI. The optimum con-
ditions obtained were with 1,550 mg/l alum coupled with 1,314 mg/l PACI
at pH 9.5, with 80.02 % of COD removal, SVI of 140 ml/g and 83.23 %
of turbidity removal. The results showed good agreement between the ex-
perimental and model predictions.
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CHAPTER 13

Life Cycle Assessment Applications in
Wastewater Treatment

NURDAN BUYUKKAMACI

13.1 INTRODUCTION

Life Cycle Assessment (LCA) is a technique to assess all potential envi-
ronmental impacts of any action and covers the entire life of the product;
the study begins with raw material acquisition through production, use,
and disposal [1]. A life-cycle uses the “cradle-to-grave” approach, and
identifies energy use, material input, and waste generated from the acqui-
sition of raw materials to the final disposal of the product. The facility at
which this is conducted will benefit from the identification of the areas
where environmental improvements can be made. Its principles and re-
quirements are defined by ISO 14000 series standards [2,3] and consist of
four main activities: goal and scope (ISO 14040), inventory analysis (ISO
14044), impact assessment (ISO 14044), and interpretation (ISO 14044).
Although LCA is generally used for the production phase, it is also ap-
plied to the global environmental analysis of a wastewater treatment opera-
tion. The environmental assessment of wastewater treatment technologies

Life Cycle Assessment Applications in Wastewater Treatment. © 2013 Buyukkamaci N. Journal of
Pollution Effects & Control /:104 (doi: 10.4172/2375-4397.1000104). Creative Commons Attribution
License.
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has been realized with the LCA technique. Corominas et al. [4] reported
that LCA applied to wastewater treatment is a field with 17 years of ex-
perience and more than 40 studies have been published in international
peer-reviewed journals using an array of databases, boundary conditions,
and impact assessment methods for interpreting the results since 1990s.

The wastewater treatment plants help us to protect the environment,
but in contrast to their main commissioned purpose, they can damage
the environment through energy consumption, greenhouse gas emission,
the utilization of chemicals, and some toxic material outcomes. Among
them energy consumption is one of the most important issues in treat-
ment plants. In wastewater treatment plants, huge amounts of energy are
usually consumed and the amount of energy needed for operations varies
depending on effluent characteristics, treatment technology, required ef-
fluent quality, and plant size [S]. Energy is required at every stage of the
treatment plant, including pumping, mixing, heating, and aeration. The
wastewater treatment plants should be designed and operated considering
the amount of energy consumption. The one of the largest energy con-
sumers in the treatment plant are aeration equipment [6]. Conventional
activated sludge or aerated lagoon wastewater treatment processes can ef-
ficiently remove organic pollutants, but the operation of such systems is
cost and energy intensive, mainly due to the aeration and sludge treatment
associated processes [7]. Anaerobic treatment is generally a more envi-
ronmentally friendly treatment technology than aerobic treatment due to
its low solids generation rate, low electrical energy requirements and the
production of a usable biogas [8]. Even though anaerobic degradation re-
sults in greenhouse gas emissions, these emissions and the energy require-
ments of the treatment systems could be reduced by the generation energy
from biogas. So, when deciding on the treatment and disposal options in
wastewater treatment plant design, all impacts should be taken into con-
sideration. For example, water reuse is a very popular approach to protect
natural water sources and it is thought to be an environmentally friendly
application. However, in water reuse applications, generally high qual-
ity water is required, and therefore water reclamation facilities generally
include additional advanced treatment technologies, which can consume
large amounts of energy. In this case, LCA can be used for the assessment
and the comparison between the different techniques.
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Although most of the LCA studies focused on the energy consuming
[9-12] there are also some studies evaluating greenhouse gas emissions
[13,14], toxicity [15,16], and eutrophication [15,17]. Munoz et al. [15]
use LCA for the comparison of two solar-driven advanced oxidation pro-
cesses, namely heterogeneous semiconductor photo catalysis and homo-
geneous photo-Fenton, both coupled to biological treatment, are carried
out in order to identify the environmentally preferable alternative to treat
industrial wastewaters containing non-biodegradable priority hazardous
substances. In LCA, global warming, ozone depletion, human toxicity,
freshwater aquatic toxicity, photochemical ozone formation, acidifica-
tion, eutrophication, energy consumption, and land use were taken into
consideration. Depending on the assessment results, an industrial waste-
water treatment plant based on heterogeneous photo catalysis involves a
higher environmental impact than the photo-Fenton alternative. Zhang et
al. [9] applied LCA to illuminate the benefits of a wastewater treatment
and reuse project in China. Energy consumption was used as the sole pa-
rameter for quantitative evaluation of the project. As a result of the LCA
analysis of the case project in Xi’an, China, it was revealed that the life
cycle benefits gained from treated wastewater reuse greatly surpassed the
life cycle energy consumption for the tertiary treatment. Other researchers
from China investigated the environmental impacts associated with the
treatment of wastewater in a wastewater treatment plant (WWTP) in Kun-
shan, China by Life Cycle Assessment. SimaPro 7.0 software was used in
this study and the construction phase, operation, and maintenance phase;
sludge landfilling and the transportation of chemicals to the WWTP were
all taken into consideration. The LCA results of Kunshan WWTP taking
renewable energy (wind power) as the energy source proposed that en-
hancing the effluent quality will decrease the environmental impact [18].
Amores et al. [19] empltoyed the Life Cycle Assessment methodology
to carry out an environmental analysis of every stage of the urban water
cycle in Tarragona, a Mediterranean city of Spain, taking into account a
water supply system of a city considering water abstraction, potable water
treatment, distribution network, wastewater treatment, reclaimed water,
and desalination. They compared three scenarios: 1) current situation, 2)
using reclaimed water and using desalination plants, 3) reclaimed water to
supply water during a drought. In all three scenarios the main source of
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impact was the energy consumed through the collection and intermediate
pumping of freshwater.

As indicated by Corominas et al. [4], different methodologies have
been applied at LCA studies and there is variability in the definition of
the functional unit and the system boundaries, the selection of the impact
assessment methodology and the procedure followed for interpreting the
results. It is important to use same functional unit to compare the alterna-
tive options. The functional unit is defined by the service provided by the
system being studied and further shaped by the goal of the study [20,21]
and selected depending upon the aims of the study [22]. The volume unit
of treated wastewater and one dry ton of sludge are commonly used for
wastewater treatment and sludge handling and disposal processes, respec-
tively [9,13,22,23].

The system boundaries determine which unit processes shall be in-
cluded within the LCA [2]. In the inventory analysis, allows of materials
and energy across the system boundary are quantified [21]. Some of the
studies cover only the operation phases [ 11] the others cover the construc-
tion phase [9,24] or the disposal and transportation phase [13,18]. In LCA
studies, so many kinds of life cycle assessment methods, such as Eco Indi-
cator 99, EDIP 96, EPS and Ecopoints 97 [22], and commercial software,
such as SimaPro [18,25], Umberto 5.5 [26], and Gabi [27], has been used.

13.2 CONCLUSION

In conclusion, the benefits and harms of each application should be inves-
tigated in detail and among the alternative treatment methods, the most
environmentally friendly treatment options, especially the least energy
consuming techniques, should be selected and applied. In order to design
and construct the most appropriate wastewater treatment plants, it would
be useful to use the LCA approach and different environmental impacts
of wastewater treatment plants should be identified by the LCA method.
Further analysis should be carried out on life cycle impact assessment of
wastewater treatment techniques.
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