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Preface

The amount of solid wastes generated from human, animal, industries, and agri-
cultural activities increases with increasing world’s population, consequently
causing more pollution problems to the environment. The treatment and disposal of
solid wastes, predominantly wastes generated in small, medium, and large urban
cities, have become a comparatively serious problem mainly in the developing
countries. In economically developing countries, financial, human, and other critical
resources generally are very limited. The book presents new concept and strategy of
waste management which combines technologies of waste treatment and recycling
and emphasizes the benefits to be gained from the use of the recycled products. This
book is also focused on wastewater treatment, groundwater treatment using waste
materials, application of geographical information system (GIS) for waste man-
agement, and photocatalytic treatment of organic pollutants. Waste treatment
technologies such as composting, anaerobic digestion, recycling of plastic and
agricultural waste in construction are cost-effective and environment-friendly, bring
economic returns, and are applicable to most developing countries. This book is
intended to be used as a text for the students, scientists, industrialists, and aca-
demicians who are working in the field of environmental engineering and sciences.
Many institutes/universities worldwide have developed new prospectuses on
environment and sustainable development or are offering specialized courses on
sustainable waste management, all relating to the subject contents of this book.
Environmental professionals and policy makers will find this book a useful refer-
ence source for design and operation of solid waste management programs.

The text is arranged into five sections, covering solid waste management
(Section A), wastewater and groundwater treatment (Section B), phytoremediation
(Section C), aquatic weed management (Section D), and constructed wetland
(Section E). This publication has been prepared primarily for two audiences:
(1) researchers working in the field of solid waste management and water treatment
and (2) professionals convoluted in the management of solid wastes. The infor-
mation in the publication would also be useful to the students of Environmental
Science and Engineering.
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Aim and Scope of the Proposed Book

Pollution through solid waste has become one of the serious problems of the current
scenario mostly in the developing countries. Urbanization, industrialization, mod-
ernization, and population growth are mainly accountable for high increasing rate of
solid waste and also a major challenge for environmental sustainable development.
Improper waste management can cause serious health problems and other envi-
ronmental problems. The book presents new technologies of waste management
and emphasizes the benefits to be gained from the use of the recycled products.
Waste treatment technologies such as composting, anaerobic digestion, recycling of
plastic and agricultural waste in construction are cost-effective and environment-
friendly, bring economic returns, and are applicable to most developing countries.
The aim of the proposed book is to support all those involved in research and
teaching related to solid waste management and water treatment study in the
leading academic and research organizations around the world. This book will be of
great value to postgraduate students, research scientists and professionals in
Environmental Science and Engineering, and authorities responsible for the man-
agement of solid wastes. Many universities worldwide can develop new prospec-
tuses on sustainable waste management, which are relating to the subject contents
of this book. Environmental professionals and policy makers will find this book a
useful reference source for design and operation of waste reuse and recycling
programs.

Guwahati, India Ajay S. Kalamdhad
Lucknow, India Jiwan Singh
Guwahati, India Kondusamy Dhamodharan
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Earthworm Technology—A Promising
Tool for Second Green Revolution

Priyasankar Chaudhuri

Abstract The Green Revolution in India made the country self-sufficient in food
grain production. However, indiscriminate use of chemical fertilizers and pesticides
during last five decades has made the soil unproductive and caused environmental
pollution too. Environmentalists are now planning for a second Green Revolution,
where reduced use of chemical fertilizers, pesticides, by recovery of soil health to
increase in food grain production through organic farming along with conservation
of biodiversity, is in the focus. Present paper deals with adoption of earthworm
technology which could be the best choice for second Green Revolution.
Earthworm technology is of two types: in-soil and ex-soil. In-soil technology
involves mass culture of suitable geophagous and phytogeophagous earthworm
species and their direct inoculation in soil with proper organic input. Ex-soil
technology, popularly known as vermicomposting, allows quick transformation of
organic wastes into plant-nutrient-rich compost through activities of phytophagous
earthworm species.

Keywords Earthworm technology � Vermicomposting � Perionyx excavatus
Eudrilus eugeniae � Second Green Revolution

1 Introduction

In order to make the country self-sufficient in food grain production, a package
programme comprising of application of chemicals such as fertilizers and pesti-
cides, high-yielding varieties of seeds and extensive irrigation was taken in the
mid-sixties (1967–1968) of the last century. Initially, this programme led to dra-
matic increase in food grain production, which was called Green Revolution (1967–
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1995). In the first phase, Green Revolution was mainly restricted to Punjab,
Haryana and western part of Uttar Pradesh. Later, it spread over to Bihar, West
Bengal, Madhya Pradesh and a few other parts of the country. In fact, all those parts
that enjoyed the benefit of Green Revolution were plain lands with good physical
structure and irrigation facilities. Noticeably, dramatic increase in crop production
was noticed up to 1985, and thereafter, growth rate of agricultural production had
lost its momentum.

1.1 Weakness of First Green Revolution

Green Revolution made the country self-sufficient in food grain production, yet it
had the following drawbacks:

a. Green Revolution was restricted to some specific parts of the country.
North-eastern states were totally deprived of its effects.

b. Green Revolution was centred on wheat and paddy that had no impact on
production of pulse—the poor man’s protein.

c. In the second phase of Green Revolution (1981–1995), agricultural production
was not sustainable.

d. Environmental issues were overlooked.

1.2 Cause of Decline in Agricultural Productivity
in the Second Phase of First Green Revolution

It is necessary to know the structural components of soil in order to find out the root
cause for decline in agricultural productivity in the second phase of Green
Revolution. The soil comprises of four components, viz. minerals, organic matter,
air and water. Of the total soil volume, about 50% is pore space, 45% mineral
materials and 5% organic matter. Under ideal conditions for plant growth, the pore
space is divided roughly into 25% of air and 25% water space. The proportions of
water and air are subjected to rapid and natural great fluctuations, depending on the
extrinsic factors, such as weather conditions and other factors. In fact, intimately
mixed conditions of four major soil components encourage interactions within and
between them that permits marked variation in the soil environment for the plant
growth [1].

Soil is a very active biological laboratory. It harbours a varied population of
living organisms like bacteria (more than 1 lakh in 1 g of soil), fungi, actino-
mycetes, nematodes, earthworms, micro- and macro-arthropods. In the soil
ecosystem, activities of soil biota range largely from the physical breakdown of
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plant residues by earthworms and micro-arthropods to the eventual microbial
decomposition of the residues leading to release of several nutrient elements,
including nitrogen, phosphorus and sulphur. Humus is one of the most useful
products of microbial action.

Good physical health of soils was one of the key factors to boost agricultural
productivity in the first phase of Green Revolution. Indiscriminate use of chemical
fertilizers and pesticides for the last four decades made the tropical soil unpro-
ductive due to burning of soil organic carbon, deterioration of soil physical structure
(thus affecting soil porosity and water holding capacity) and crops prone to repeated
pest attacks. Agricultural revolution of the pest thus turned into present day’s
agricultural disasters. Costly chemical inputs lead not only to soil biodiversity crisis
but also contamination and pollution of soil, water, air, plants and crops. The
damage caused through agrochemical pollution of environment and human health,
directly and through the human food chain, is irreparable. In many cases, over
ninety per cent of the inorganically produced vegetables, food grains, fruits, milk
contain poisonous agrochemical residues harmful and unsuitable for human con-
sumption [2]. As a result, Indian agriculture is now in a crisis due to greying of
Green Revolution. So, in the beginning of the twenty-first century, environmental
and agricultural scientists were planning for a second Green Revolution for sus-
tainable agriculture (i.e. ‘evergreen revolution’) where farming would largely be
based on rejection or reduced use of chemical fertilizers, recovery of soil health and
sustainable increase in food grain production through organic farming and con-
servation of biodiversity.

2 Steps to Be Taken in Second Green Revolution
(‘Evergreen Revolution’)

2.1 Adoption of Organic Farming Systems

Adoption of the following eco-friendly agricultural practices is recommended in
order to make the agricultural production sustainable and to keep the environment
healthy.

a. Organic manures, viz. worm-worked compost, i.e. vermicompost, ordinary
compost, green manures, poultry manures, blood meal, sewage sludge.

b. Bio-fertilizers, viz. Rhizobium, Azospirillum, Azotobacter, Phosphobacterium,
VA mycorrhiza, Blue-green algae, Azolla.

c. Crop rotation with intercrop legume for atmospheric nitrogen fixation.
d. Bio-pesticides, viz. neem, tobacco.
e. Biological control: Use of predators, parasitoids and pathogens to suppress pest

population.
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Organic farming system has been recommended for creating eco-friendly and
pollution-free environment, food security and safety for improving public health,
ecological balance and micro-environment for growth of soil micro-flora and fauna
and aboveground vegetation.

Requirement of manpower is much more in organic farming system unlike
machinery-based costly chemical farming practices. So, scope of economic
upliftment of poor class farmers is much more in second Green Revolution.

2.2 Biodiversity Conservation

Indiscriminate use of chemical fertilizers and pesticides during first Green
Revolution led to biodiversity crisis. In fact, only 1% of pesticides act on target
organ and the rest through soil bring deleterious effect on soil biodiversity.
Overdoses of pesticides cause decline in the population of earthworms, mites,
springtails and nitrogen-fixing bacteria [1]. All these organisms are in some way
associated with improvement of physico-chemical status of soil. So instead of
chemical pesticides, bio-pesticides have been recommended for evergreen
revolution.

2.3 Emphasis on Dry and Tilla Land Farming

Dry and tilla lands of India were deprived of benefits of the first Green Revolution.
Organic farming improves physical structure of the soil through increase in soil
aggregation and porosity, thereby increasing the water holding capacity of the soils.
Slow release of nutrients from organic manure leads to their proper utilization by
plants and sustainable agriculture. It is expected that in the hilly and dry areas of
India, crop production could be increased to a large extent following adoption of
organic farming.

3 Earthworms—Nature’s Best Gift in Organic Farming

Feeding, burrowing and casting activities of earthworms modify the
physico-chemical and biological properties of soil, thus supporting aboveground
vegetation. In the soil physical properties to be affected include soil aggregation and
porosity, while the biological and chemical properties to be modified include
nutrient cycling, formation of plant-available nutrients, organic matter dynamics,
microbial and faunal activities, decomposition rate [3]. Consequently, plant pro-
duction above ground may be affected by the activities of earthworms where their
three main ecological groups can be recognized: epigeic, endogeic and anecic.

4 P. Chaudhuri



3.1 Epigeic Species

Epigeic species are non-burrowing litter and dung-feeding earthworms. By com-
muting the litter, they modify its physico-chemical characteristics, generally
reducing its C/N ratio, making it suitable for further microbial breakdown. They
have small-to-medium body size, deep pigmentation, dorsoventrally flattened body,
tolerance to disturbance, high metabolic rate, high fecundity, short life cycle and
high power of regeneration. Epigeic earthworms form the forest floor community of
temperate and tropical countries. They can be utilized for vermicomposting.
Examples include Perionyx excavatus, Eisenia fetida and Eudrilus eugeniae.

3.2 Anecic Species

The soil inhabiting endogeic and anecic earthworm species are called the
‘ecosystem engineers’ because of their great role in soil turn over, improvement of
water holding capacity, aerobicity and thereby exerting regulatory force in soil
functioning. Anecic earthworms live in vertical burrow system that open to the soil
surface. They feed on decaying plant litter with some amount of soil and form
surface casts. Anecic worms are generally large, moderate to heavily pigmented and
intolerant to disturbances. Examples of anecic earthworms are Drawida grandis,
Metaphire houlleti, Lampito mauritii. Anecic earthworms show good response to
chemical/phytochemical method of extraction from soils [4]. Temperate parts of the
world are dominated by both epigeic and anecic earthworms.

3.3 Endogeic Species

Polypheretima elongata, Pontoscolex corethrurus, Metaphire posthuma, etc., are
geophagous and form both sub-surface and surface casts. They are non-pigmented
or lightly pigmented and form horizontal burrows in top and sub-soils. They
establish symbiotic relationship with the gut micro-flora. Endogeic earthworms
dominate the tropical parts of the world. Both anecic and endogeic earthworms
have long life cycle with the limited power of regeneration. Endogeic earthworm
species have diverse effects on soil properties. Compacting species like
P. corethrurus, Eutyphoeus gammiei egest compact globular and tower shaped
casts. They increase the proportion of large aggregates along with bulk density of
soil. On the other hand, ‘decompacting’ species such as L. mauritii and M. post-
huma feed on soils along with organic matter and also casts of other compacting
species of earthworms egests smaller and fragile aggregates, i.e. granular casts [5].
Thus, the decompacting species of earthworms decrease the amount of large
aggregates in soil and also its bulk density. Epigeic species are concerned with
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humus formation in the surface soil. Both anecic and endogeic species increase
overall soil porosity and enhance water infiltration. The three categories of earth-
worms thus contribute differently to soil fertility and structure and may be
manipulated in a given area in a specific agricultural situation.

4 Earthworm Technologies

Earthworm technology involves utilization of suitable species of earthworms to
improve soil health and thereby enhancing plant growth. Earthworm technology is
of two types: in-soil technology and off-soil technology [5].

4.1 In-Soil Earthworm Technology

This involves direct management as well as indirect management [5].
Direct Management. In these systems, locally available endogeic and anecic

earthworms, following their mass culture, are inoculated directly in the soils of
plantation crop with or without proper organic input. Most successful species
tested so far for in-soil earthworm technology is P. corethrurus. A culture bed of
5 m � 1 m � 20 cm filled with a 3:1 mixture of soil and partly composted saw-
dust, 200 adult P. corethrurus (100 g fresh weight) produced 3355 worms
(including immature) within 4 months [6]. In terms of effects, tree seedlings have
been shown to be highly responsive to the inoculation of P. corethrurus in nursery
bags [5]. Following application of selected species of earthworms in the tea gardens
at Western ghat, South India, there was significant improvement of overall bio-
logical and physico-chemical status of soils over the control plot. In-soil earthworm
technology not only resulted in great reduction (30–50%) in the use chemicals, but
also led to significant increase (33–80%) in processed tea production when com-
pared with the fertilizer-based management practices [6] and overall long-term
sustainability of the soil health conditions [6]. In fact, direct management practice
may positively affect plant growth only if a large earthworm biomass (at least equal
to a fresh weight value of 35 g m−2) is inoculated initially. Direct management
would not be effective in dry lands or high rain-fed zones. Besides these, due to
high cost of earthworm production and inoculation, direct management practices
can only be realistically applied to high-valued crops like tea, coffee. Considering
cost–benefit evaluation and rapid loss of organic carbon, indirect management is
preferable to direct management under tropical climatic conditions [6].

Indirect Management. These practices involve mulching, organic matter input,
crop rotation, minimum tillage, incorporation of legumes to maintain earthworm
populations at a critical level of 30–40 g m−2 (fresh biomass), resulting in a sig-
nificant increase in plant production [6].
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In-soil earthworm technology ensures the associated soil biodiversity and
long-term sustainability of the soil ecosystem.

4.2 Off-Soil Earthworm Technology: Vermicomposting

Off-soil/ex-soil earthworm technology, popularly known as vermicomposting,
allows quick transformation of organic wastes into plant-nutrient-rich compost
called vermicompost through synergistic actions of bacteria and epigeic species of
earthworms. Details of the process of vermicomposting under Indian conditions
have been discussed by Kale [7] and Chaudhuri [8, 9]. The best-known species with
potential for waste management under Indian conditions include P. excavatus,
E. eugeniae, E. fetida and Eisenia andrei. There is no significant difference in the
quality of compost produced by Eisenia, Eudrilus and Perionyx, while Eudrilus
tops the list of vermicomposting worms when the rate of vermicompost production
by this species is considered [10]. In spite of this, most commonly used earthworm
species for commercial vermicomposting is E. fetida and its closely related
E. andrei. This is due to the fact that Eisenia are generalized feeder, easily handled,
a prolific breeder and have a wide range of ecological tolerance. In India, Perionyx
sansibaricus and Perionyx pallus have also been tested for their potential in organic
waste degradation [10, 11]. P. elongata, L. mauritii and Dichogaster curgensis
should not be considered as vermicomposting species because they always need
soil bedding for their survival.

Management During Vermicomposting. Proper management produces good
quality compost within a short period. The key to maximum productivity is to
maintain aerobicity in the wastes combined with optimum moisture and temperature
conditions. Loss of nutrients through volatilization or leaching becomes minimum
during efficient and rapid vermicomposting. The quantity of water to be mixed
depends upon the nature of the wastes. Vegetable and fruit wastes do not require
much water because such kind of wastes gives out water during the process of
decomposition. Agricultural wastes (residues of sugarcane, coconut and betel nut,
straw, etc.) mixed with cow dung slurry will hasten up the initial decomposition.
Fresh kitchen wastes, poultry and pig wastes contain a large amount of salts and
ammonia that killed earthworms. So prior to earthworm inoculation, these should
be removed through composting, washing or ageing [12]. High-quality substrates
like pig manures, kitchen wastes tend to decompose rapidly even in the absence of
earthworms. In fact, greatest gains in the nutrients status can be achieved by adding
bulking carbon-rich wastes such as straw, sawdust, paddy husk to enhance the C to
N ratio and extend the biological activity, thus maximizing earthworm yields, and
the proportion of nutrients to be extracted [12].

During the process of vermicomposting earthworms multiply. The overcrowding
will reduce and hamper their growth and reproduction. So, once the population
reaches a peak, harvesting of worms is needed immediately. To make the harvesting
process easier, vermicomposting tank should be built with placement of porous
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partition (for horizontal movement of earthworms) inside. Vermicomposting is
allowed in one side of the partition. After about one month of vermicomposting, the
empty chamber is to be loaded with partly decomposed wastes. This process allows
easy movement of worms from the matured compost to new food material.

The fastest processing of organic wastes is achieved by inoculation with nearly
fully grown earthworms because of their high rate of feeding activity. Culture beds
should be kept free from giant flatworms, termites, rodents and centipedes.

Physical and Chemical Characteristics of Vermicompost: Vermicompost
produced from most of the organic wastes is a finely granular homogeneous sub-
stance with excellent physical structure, porosity, aeration, drainage and moisture
retention capacity [12]. The level of macro- and micro-nutrients is higher than the
compost derived from any other method [10]. Remarkable feature of vermicompost
is that, during conversion of various organic wastes by earthworms, many of the
nutrients are changed into available forms such as nitrate or ammonium nitrogen,
exchangeable phosphorous and soluble potassium, calcium and magnesium that are
readily taken up by the plants for their growth. So, vermicompost has higher levels
of available nutrients than the wastes from which they were formed [13]. Slow but
steady release of plant nutrients, improvement of soil physical properties by
increasing soil aggregation, enhancement of micronutrient element nutrition in
plants through chelation reaction, etc. [14], presence of plant growth substance such
as humates, fulvates and large amount of indole acetic acid (IAA), kinetin or
gibberellins (plant growth hormone) produced by bacteria within the worm castings
were a few among many of its important properties [15]. Another important feature
of vermicomposting is that during production of vermicompost, bio-available heavy
metals and human pathogens are eliminated and vermicompost possesses much
more nitrate nitrogen and humic acid and less C:N ratio than the ordinary compost
[16]. Major nutrient contents in the vermicompost derived from various organic
wastes are given in Table 1.

Table 1 Major plant nutrients in earthworm-processed wastes

Waste materials Element content (% dry wt) Reference

N P K Ca Mg

Cattle solids 2.20 0.40 0.90 1.20 0.25 [3]

Pig solids 2.60 1.70 1.40 3.40 0.55 [3]

Cattle solids + straw 2.50 0.50 2.50 1.55 0.30 [3]

Pig solids + straw 3.00 1.60 2.40 4.40 0.60 [3]

Chick solids + wood shavings 1.80 2.70 2.10 4.80 0.70 [3]

Leaves 0.80 0.34 0.82 0.96 0.53 [25]

Sugarcane 2.67 2.11 0.40 4.08 1.89 [26]

Banana leaf bases 2.50 0.56 3.74 2.36 1.50 [26]

Kitchen wastes 1.81 1.12 0.87 2.95 0.41 [27]

Paper wastes 1.10 0.57 0.29 8.02 0.53 [28]
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Vermicompost ‘Tea’. Watery extract obtained from vermicompost is popularly
called vermicompost ‘tea’. Micro-organisms present in vermicompost ‘tea’ inacti-
vate and suppress the growth of pathogens. Hence, the extract of vermicompost can
be used as foliar spray. This liquid organic manure, vermicompost ‘tea’, can be
prepared by taking one kilogram of freshly collected vermicompost with three litres
of water and is allowed to soak for two days. The mixture is thoroughly stirred
before decanting to use it as spray. This preparation has the water-soluble plant
nutrients, mucus secretions of earthworms and also micro-organisms. Liquid
organic manures showed positive results with pot experiments [17]. Vermicompost
‘tea’ also contains plant growth regulators produced by micro-organisms [18].

Vermiwash. Vermiwash is obtained by washing of earthworms in lukewarm
water. It can be prepared by using the following method [17].

Earthworms (1/2 kg) when immersed in 500 cc of lukewarm water (37–40 °C)
for about 30–40s, coelomic fluid oozes out through their dorsal pores. These heat
stressed earthworms are to be immersed again in half a litre of water at room
temperature (25–28 °C) to overcome the mild heat shock. Then, the fluid sticking to
their bodies mixes with the water. Water in both the trays is mixed which is called
vermiwash.

Utility of Vermiwash. The body fluid extract of earthworms has shown the
formation of inhibitory zones for some plant pathogens in petri plates at the same
time of application [17]. So, it can be used to spray on the seedlings or for soaking
seeds before sowing. Excellent results were obtained when leguminous seeds were
treated with vermiwash to induce nodulation. It has also been tested as a component
of nutrient media in tissue culture and has shown good response to callus growths
[17]. A stimulatory effect of root induction in cuttings has also been recorded [17].

4.3 Vermicompost as Plant Growth Medium

Figure 1 summarizes physical, chemical and biological changes brought about by
application of vermicompost on the soil. Dramatic effects of vermicompost on
growth of plants are absolutely due to improvement of soil physical structures and
properties (aggregation, porosity, water holding capacity), presence of plant growth
regulators, control of plant pathogens and to a greater extent increase in microbial
population and plant-available nutrients [16]. In fact, slow release of nutrients from
vermicompost has a sustainable effect on agriculture.

Vermicompost has been shown to promote growth of a wide variety of cereals,
pulses, fruit plants, vegetables and ornamental plants [17]. Following application of
vermicompost on summer variety wetland paddy at north Bangalore, Kale et al.
[19] observed increase in population of beneficial microbes like N-fixing bacteria
and mycorrhizae over control plots. In West Tripura, a field trial conducted on
upland rice (var. TRC-87-281) using 10 tons vermicompost/hectare and 5 tons
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vermicompost along with NPK/hectare led to significantly higher straw and grain
yields coupled with better soil aggregation, water use efficiency and uptake of
nutrient in vermicompost treated plots than the control and NPK-treated plots [20].
Significant increase in the pineapple yield coupled with the rise in earthworm
population was recorded following application of 20 tons vermicompost/hectare
[21]. Application of vermicompost reduces the doses of NPK in crops.
Vermicompost along with judicious use of chemical fertilizers will not only bring
down the cost of cultivation but also present unique opportunities for sustainable
agriculture. Opinion of farmers on using vermicompost for different crops is given
in Table 2.

Other effects: 

Immunity against pest attack 

Soil biodiversity

Application of Vermi-compost

Soil organic matter

Microbial activity, 
N-fixing bacteria 

Earthworm activity etc

Soil aggregation

Soil porosity

Water &air permeability
Water holding capacity

Available plant nutrients 
ion exchange capacity, 

stability of nutrient 
supply

Cumulative soil fertility

Buffering capacity

Growth stimulating 
substances

Root development 
& activities

Crop quality and 
growth

Fig. 1 Physico-chemical changes in the soil brought about by the application of vermicompost
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Table 2 Opinion of the farmers about using vermicompost for different crops [7, 17]

Crop variety Opinion Doses Crop variety Opinion Doses

(A) Cereals 2 t/ac (F) Fruits 2–3 kg/
plant

1. Jowar +++ 1. Mango +++

2. Rice ++++ 2. Banana ++++

3. Maize +++ 3. Watermelon ++++

(B) Pulses 2 t/ac 4. Lemon +++

1. Garden pea +++ 5. Grapes ++++

2. Blackgum +++ 6. Jackfruit +++

3. Country bean +++ 7. Pomegranate ++++

(C) Oil seeds 3–5 t/
ac

8. Custard apple ++++

1. Sunflower +++ (G) Ornamental
plants

4 t/ac

2. Groundnut +++ 1. Roses ++++

3. Soya bean +++ 2. Chrysanthemum ++++

4. Mustard +++ 3. Orchids, vanilla ++++

(D) Spices 4 t/ac 4. Balsam +++

1. Cardamom +++ 5. Marigold ++++

2. Pepper ++++ 6. Lady’s lace ++++

3. Curry leaf
plant

++++ 7. Tube rose ++++

4. Turmeric +++ (H) Cash crop 5 t/ac

5. Clove +++ 1. Coffee +++

(E) Vegetables 4–6 t/
ac

2. Tea + +

1. Cabbage ++++ 3. Mulberry ++++

2. Radish ++++ 4. Cotton +++

3. Carrot ++++ 5. Sugarcane ++++

4. Potato ++++ 6. Beetle leaf ++++

5. Tomato ++++ (I) Plantation crop 5 kg/plant

6. Chillies ++++ 1. Coconut ++++

7. Pumpkin ++++ 2. Areca nut ++++

8. Ribbed gourd ++++ 3. Teak +++

9. Cucumber +++

10. Sweet potato +++

++++ (excellent), +++ (very good), ++ (good), + (no difference)
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5 Conclusions

The Green Revolution in India is the result of intensive agriculture with the
extensive use of chemical fertilizers [10]. Through intensive agricultural practices,
farmers could harvest three crops in a year with good irrigation facilities. In the
tropical countries, the weather conditions and the soil type do not favour soil carbon
conservation unlike in the temperate countries. Indiscriminate use of chemicals
(fertilizer and pesticides) increases their leaching due to depletion in organic carbon
in tropical soil [10]. Leaching of chemicals encourages the accumulation of salts
that changes the pH of the soil. Besides these, the crust formed in soil affects its
porosity and water holding capacity so that soil becomes unproductive.

Replenishment organic carbon to the impoverished soils occurs following
repeated application of manures in field. High levels of oxidizable organic carbon in
soil help in slow release of plant-available nutrients from the manure and thereby
checks nutrient loss. Recently, according to Thakur and Sharma [22], the yield, total
production, income generation and profit from crops like wheat, maize, peas and
rajmash increased significantly under organic farming system as compared to the
inorganic farming practices over the years.

Physical, chemical and biological properties of vermicompost influence the
growth and yield of crops. Vermicompost, being a very stable granular organic
matter, when added to clay soil, loosens the soil to provide aerobicity, thereby
increasing porosity. Mucus associated with the earthworm casts being hygroscopic
prevents water lodging and improves water holding capacity. Similarly, in the
sandy soils, there is a problem of water retention. So the strong mucus-coated
aggregates in the vermicompost hold water for a long time [7]. Organic carbon in
the worm-worked compost releases nutrients slowly and steadily into the soil
ecosystem and thus enables the plants to absorb these nutrients. Vermicompost
contains balanced nutrients and provides plant growth promoting factors that are
not supplied by the chemical fertilizers. The local soil-dwelling earthworms that get
established following application of vermicompost contribute to the structure and
turnover of soils [7]. Repeated application of manure to the soil of agricultural land
or even wasteland thus leads to its sustained fertility. Sustainability issues could
have a cascading impact from a plot level right up to ecosystem or landscape levels,
as soil fertility is a critical limiting factor for land use development [23].

Organic farming system may not lead to higher crop production along with
income generation in the short run as its returns are of long-term nature. In fact,
practice of organic farming system improves health and fertility of soils and thus
leads to sustained increase in yield and production. This results in stabilization and
high rise in income and sustainable agriculture for food security in the long run
[22].

Vermicomposting has gained a momentum due to present days increasing
demands on organically grown crops which are free from toxic chemicals, tastier,
highly nutritious, healthy, safe and of fresh quality. Being eco-friendly, it is eco-
nomically viable and a simple technology. This has helped the farming
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communities of Karnataka (South India) to use it in their own land to improve the
soil fertility status and also to make additional income by selling the vermicompost
and earthworms produced in excess. Interestingly, this has resulted in improving the
standard of living of those farmers [24]. Although farmers, traders and consumers
of Karnataka have followed the ‘organic way of life’, in most of the other states of
India, this is not the case, because farmers in those states are at present facing some
pertinent constraints and problems, viz. lack of technical know-how of soil and
nutrient management, problems in pest and disease control, scarcity of FYM and
other organic manures. Thus, there is an immediate need for dissemination of the
concept and knowledge of scientific agriculture to create more awareness among
farmers for its success and all-round benefits. In fact, whole human society will
benefit immensely if the farming communities of our country switch over to
extensive production and use of vermicompost [7].

First Green Revolution was restricted to few crops of some specific plain areas
with proper irrigation facilities. Application of vermicompost improves physical
structure and increases the water holding capacity and nutritional status of the soil.
So the vast dry and unutilized tilla lands of India need to come under organic
farming. Through genetic engineering, scientists have to develop high-yielding
variety of seeds, which would be effective in dryland farming. Crops irrespective of
types and nature of land (plain or upland) show very good/excellent response in
yield following application of vermicompost. Thus, in second Green Revolution,
India’s gross agricultural production would seemingly be much more than that of
first Green Revolution.
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Recycling of Industrial and Municipal
Solid Wastes in Cement-Based
Applications

Nabajyoti Saikia

Abstract In this communication, the author briefly presented results of experi-
ments, conducted to evaluate the suitabilities of some solid wastes in cement-based
applications. The fly and bottom ash from municipal solid waste incineration
(MSWI) plants and plastic wastes generated in municipality along with a lead slag
were considered. The MSWI fly ash was considered as a raw material in cement
clinker production. The MSWI bottom ash as such cannot be considered as
replacement of sand in mortar. Treatment of such ash was done to remove impu-
rities like aluminium, sulphate and organics. The replacement of 25 volume per
cents of sand by lead slag can improve various properties of cement mortar.
Leaching of negligible amounts of toxic elements from waste cement-based com-
posites indicated their environmental suitabilities. The replacement of natural
aggregate by plastic waste aggregates over 10 volume per cent deteriorated the
strength and other mechanical properties but improved abrasion and toughness
behaviours of resulting concrete.

Keywords Waste management � Municipal solid waste � Lead slag
Plastic waste � Cement clinker � Concrete

1 Introduction

For sustainable society, the management and treatment of wastes generated from
various industries and municipality are important tasks. Depending on the bulk
chemical natures, wastes can be separated into two classes: organic and inorganic
wastes. Organic wastes can also be separated into two classes: biodegradable and
persistent organics. These wastes ranges from relatively inert, e.g. glass bottles,
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excavated soil, building and demolition wastes, plastics to hazardous waste with
high concentrations of heavy metals and toxic organic compounds.

Landfilling or recycling as construction material is the major management option
for municipal wastes, more particularly non-biodegradable municipal solid wastes
(MSW) [1]. Landfilling, a simple and inexpensive method for disposal of
non-recyclable solid wastes, creates many serious problems, such as requirement of
landfill sites, groundwater pollution due to the leaching of toxic components from
landfill solids and emission of odour. Some alternative methods are therefore
necessary to treat municipal wastes.

All types of organic waste materials cannot be used for composting.
Biodegradable wastes can only be considered for composting. Thermal treatment or
incineration is necessary to treat several municipal wastes. Incineration of MSW has
many advantages including a significant reduction in volume (about 70–90%),
recovery of energy and complete disinfection. Therefore, incineration of MSW has
been adopted in many countries. Non-biodegradable and non-recyclable organic
wastes along with some other waste materials can be used for this purpose.
Different types of solid residues, including bottom ash and fly ash, are generated
due to the incineration of MSW waste [2].

Ferrous and non-ferrous industries are among the most important producers of
solid wastes, such as metallurgical slag, wastes generated from air pollution control
technology applied in these industries, and various sludges produced from blast
furnaces. Majority of these wastes cannot be landfilled due to very high concen-
trations of toxic constituents.

Although the bulk chemical compositions of the above types of wastes are
different, the contents of the predominant components in these wastes usually differ
only in a limited range [3]. The predominant part contains four major elements: Si,
Al, Ca and Fe. These wastes can therefore be included in the same class of solid
wastes. Provided the concentrations of toxic constituents and the physico-chemical
characteristics permit, recycling of these ash materials is to be preferred, both in
view of environmental considerations (fewer disposals) and of resource manage-
ment [4].

These ash materials can also be considered for using in cement and building
material industries [5–7]. Some such applications are as fuel in cement kilns, as raw
material for cement clinker and brick productions, as mineral addition to cement or
as granular material in cement mortar and concrete. Therefore, proper evaluation of
physico-chemical properties of these waste materials is important for determining
their applicability. Moreover, for recycling in cement and concrete-based applica-
tions, technical requirements such as strength and durability as well as environ-
mental properties such as leaching of toxic elements from cement-based products
must be fulfilled.

In this paper, the author briefly presented some experimental results, those he
conducted in last few years to evaluate the suitabilities of some municipal and
industrial solid wastes as raw materials in various cement-based products devel-
opments. The waste materials considered are fly ash and bottom ash generated from
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MSW incineration, industrial slags generated in lead-smelting and plastic wastes
from municipal solid waste separation facility.

2 Materials and Methods

2.1 Materials

A municipal solid waste incineration (MSWI) fly ash, collected by bag filters placed
at the flue gas cleaning area at around 200–250 °C before wet desulphurization
process in a MSWI plant situated in Tokyo metropolitan area was considered as raw
materials for cement clinker production. The boiler ash from the steam boiler and
the fly ash from the electrofilter (abbreviated as BFA) generated due to the incin-
eration of both sludge and high calorific waste in fluidized bed incinerator was
taken to partially substitute the sand fraction of cement mortar. Both types of ash
samples were collected together, and the particle sizes of majority of the particles
are below 1 mm. For same purpose, a bottom ash (abbreviated as SF) with particle
size range of 0.1–2 mm consisted mostly of hard granular materials along with
some fibres was considered. A metallurgical slag (abbreviated as SLG) with size
range of 0–4 mm generated from a lead blast furnace was also considered as the
partial replacement of sand fraction in cement mortar. This slag was very hard
granular material and black in colour. Three different types of granular plastic
wastes, collected from a post-consumer PET bottles recycling plant (abbreviated as
PC, PF, PP), located in Portalegre municipal area, Portugal was also considered as
partial replacements of fine and coarse aggregates in concrete productions. The
pellet-shaped plastic aggregate (PP) was prepared by heat treatment of shredded
waste PET bottle. The details about the various waste materials were presented
elsewhere [5, 8, 9].

2.2 Methods

The materials were collected using standard procedures and if necessary stored in
airtight container to protect them from any further degradation. Different experi-
mental methods used to characterize various wastes and cement-based products
developed from them are presented in Table 1. The details about the methods used
in these investigations were presented in some other publications [5, 8–11].

Both gravimetric and inductively coupled plasma (ICP)-based instrumental
methods were applied to evaluate the chemical constituents present in various ash
and slag samples. For ICP analysis, acid digestion procedure using HNO3, HClO4

and HF was used to prepare the solutions of various ash samples. The cement-based
products were developed using normally used standard procedures. The mineral
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matters present in ash samples, and their products were detected by X-ray
diffraction (XRD) techniques and using standard software. Standard ASTM testing
methodologies (C289-94 and C 40-92) were applied to evaluate the potential alkali–
silica reactivities and the effects of deleterious organic impurities present in SF and
BFA during cement-based applications. The grain size distributions of various
granular waste materials were also determined according to ASTM C312 method.
The size distributions of various MSWI ash and plastic aggregates were presented
in Fig. 1.

Table 1 Characterization methods of various waste samples and their products

Property Types of
constituents/tests

Types of materials Methods used

Chemical
composition

Oxide All types of waste
materials except plastic
wastes

Acid digestion, using
ICP-AESa and
ICP-MSa

Minor elements -do- -do-

Mineralogical
composition

– -do- By analysing XRD
patterns

Aggregate
behaviour

Sieve analysis All granular waste
materials

Using standard C132
method, ASTM

Potential alkali
reactivity

MSWI bottom ash and
Lead slag

Using ASTM C289-94
method

Harmful effect of
organics

MSWI bottom ashes Using ASTM C40-92
method

Shape index Plastic waste aggregates
and natural aggregates

Using standard
European methods

Loose bulk
density

-do-

Water absorption -do-

Hydration
behaviour

Hydrated cement
paste

MSWI fly ash-based
clinker, MSWI bottom
ash and lead slag

Using standard
methods;
characterization of
products: XRD, TG/
DTG, SEM analyses

Fresh and
hardened
properties

Cement mortar
and concrete
mixes, hardened
cement mortar and
concrete

MSWI bottom ash, lead
slag and plastic
aggregate-based
composites, along with
control

Standard European
testing methods

Environmental
testing

Waste materials,
cement pastes and
mortars

Cement clinker, MSW
bottom ash, lead slag,
cement mortars
containing MSWI
bottom ash and lead slag

EN 12457-2 test for
powdered samples,
NEN 7345 test for
cement mortar, SPLP
test, EPA, USA, for
cement clinker

aICP inductively coupled plasma; AES atomic emission spectrophotometry; MS mass
spectrophotometry
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For evaluating various mechanical properties of cement mortars, 4 × 4 × 16
cm3 mortars were prepared. The preparation, casting, curing and evaluations of
various properties of cement mortars were done according to various European
standard testing methodologies. Similarly, concretes containing plastic waste as
partial replacements of coarse and fine aggregates were prepared and tested
according to standard European testing methodologies [9].

The leachabilities of various toxic constituents from wastes and waste
cement-based mortars were evaluated according to standard European and Dutch
testing methodologies (Table 1). For testing leachabilities of various toxic con-
stituents according to European EN-12457-2 method, finely ground powdered
samples were used. Similarly, for Dutch NEN 7345 diffusion leaching test, the
4 × 4 × 4 cm3 cement mortars were used. The details about these procedures were
described in some other publications [8, 10].

3 Results and Discussion

3.1 Use of Municipal Solid Waste Incineration (MSWI) Fly
Ash in Cement Clinker Production

Disposal of municipal solid waste incineration (MSWI) ash, particularly fly ash
(FA), is a problem as FA contains significant amounts of toxic elements like Zn,
Cu, Pb, Cr and As and some highly toxic organic pollutants such as dioxins.
Improvements in air pollution control systems, as well as more efficient separation
techniques, have further increased the pollution potential of such MSWI fly ash [4].
Therefore, the development of a more reliable and economical technique to treat
MSWI fly ash was urgently needed. Considering the following advantages, an
investigation was therefore undertaken, where MSWI fly ash was considered as raw
material in cement clinker production [5]:

– The major oxide constituents such as CaO, Al2O3, SiO2, Fe2O3, present in
municipal solid waste incineration (MSWI) fly ash are also the constituents of
clinker and its raw materials.

Fig. 1 Particle size distributions of various waste materials used as aggregate in cement mortar
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– The use of MSWI fly ash can reduce the CO2 emission during production of
clinker as some part of calcium carbonate in cement raw mix will be replaced by
Ca content in MSWI fly ash, the source of which is different from calcium
carbonate.

The major problem to apply the investigated MSWI fly ash was the presence of
high amounts of alkali chlorides and dioxins [6]. Chlorides can form harmful
products during cement hydration and deteriorate the technical properties of
solidified products. Dioxins, a class of most toxic organic compounds, are difficult
to destroy by applying chemical techniques. However, use of MSWI fly ash in
cement kiln can solve these problems because of following advantages:

– High temperature processing of MSWI fly ash leads to the complete destruction
of dioxins.

– Metals can be separated by special processes after evaporation or can be fixed in
the products. Because of the generation of high pH, the products are also inert
towards the leaching of majority of toxic elements.

– It is possible to collect the alkali metal salts and some of the volatile elements by
controlling their volatilization behaviours; in this way, it is possible to reduce
the corrosion problem during the use of MSWI fly ash in clinker production.

However, considering the presence of high amounts of chlorides in MSWI fly
ash, water washing was also considered as a pre-treatment method to reduce the
chloride content.

In this investigation, 44–50% MSWI fly ash was used to prepare the cement raw
mix with addition of very small amounts of SiO2 and Fe2O3. The amounts of
CaCO3 used were also around 50% and lower than the required amounts of CaCO3

that is necessary to prepare ordinary Portland cement (OPC) clinker (more than
70%) since the lime content in MSWI fly ash would provide the additional CaCO3

amounts necessary for clinker formation. The XRD analyses of clinkers produced
from various raw mix compositions indicated the formation of various clinker
minerals such as belite (Ca2SiO4), alite (Ca3SiO5), tricalcium aluminate (Ca3Al2O6)
and tetracalcium aluminoferrite (4CaO.Al2O3.Fe2O3) from 1300 °C with consid-
erable amounts of free lime (>2%) (Fig. 2). However, clinkerization at 1400 °C
increased the amounts of various silicate and aluminate minerals in the clinker with
reduction of free lime content (<1%) (Fig. 2). Moreover, the quality of cement
clinker produced from washed MSWI fly ash was better than unwashed ash-based
clinker.

The raw material composition in the best raw mix composition containing
unwashed MSWI fly ash was 44.2% MSWI fly ash, 49% CaCO3, 5.5% SiO2 and
1.3% Fe2O3. For washed MSWI fly ash, the best composition of raw mix could be
obtained by mixing 45.6% MSWI fly ash with 52% CaCO3, 1.2% SiO2 and 1.2%
Fe2O3. The optimized temperature of clinkerization was 1400 °C.
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High amounts of alkali metals and some volatile heavy metals such as Pb and Cd
(>90%) were emitted into the atmosphere during clinkerization of MSWI fly ash
containing raw mix compositions. On the other, almost all amounts of some toxic
elements such as Cr, Mo, As, Se, Sn were fixed in the cement clinkers. The
emission behaviours of some elements are presented in Fig. 3.

The evaluation of leaching behaviour of some toxic elements suggested that the
toxic heavy metals present in clinkers were inert to applied leaching test (Synthetic
Precipitation Leaching Procedure, SPLP, US EPA). Finally, the hydration beha-
viours of cement clinkers obtained from optimized cement raw mixes prepared by
using washed and unwashed MSWI fly ash indicated that the reactivity of clinker
produced from unwashed MSWI fly ash was considerably higher than that con-
taining washed MSWI fly ash, probably due to the presence of high amounts of
chlorides in the former type of cement clinker. Thus, the results obtained from this
investigation showed the possibility of using the MSWI fly ash in cement clinker
production. Water washing of the ash can be considered as a pre-treatment method
of MSWI fly ash as it removes almost all amounts of chlorides.

Fig. 3 Concentrations (mg/g) of some elements in cement raw mix (a), produced clinker (b) and
percentage liberated during clinkerization (c)

Fig. 2 Cement clinker prepared from unwashed and washed MSWI fly ash
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3.2 Use of Municipal Solid Waste Incineration (MSWI)
Bottom Ash and Industrial Slag (SLG) as Partial
Replacement of Sand in Mortar

In the incineration of MSW, depending on the incineration conditions and type of
incinerated materials, different types of ash materials are generated. Similarly,
several types of slags are generated during processing of various metals in blast
furnace. In a comprehensive investigation, three types of wastes were considered
for partial replacement of sand (25%, v/v) in cement mortar preparation [8, 10, 11].

Chemical and mineralogical characterizations of MSWI bottom ash samples
indicated the presence of all the major constituents, normally present in various raw
materials of cement clinker and concrete [8]. However, major concern regarding the
use of these ash materials was the presences of some undesirable components.
These include chlorides, sulphates and metallic aluminium in both ash samples and
organic materials in sand fraction (SF). The metallic aluminium present in these ash
samples can form following types of products at high pH:

Alþ 2OH� þH2O ! AlO OHð Þ2
� �� þH2 " pH[ 7 ð1Þ

AlO OHð Þ2
� �� þ H2O ! Al OHð Þ3 þOH� pH ¼ 9�10 ð2Þ

Al OHð Þ3 þOH� ! Al OHð Þ4
� ��

pH[ 10 ð3Þ

Aluminium hydroxides thus formed can react with soluble sulphates and form
expansive ettringite phase at the later stages of hydration (Fig. 4a).

Because of the presence of these constituents, the MSWI ash (BFA and SF)
containing mortar cubes showed much lower compressive strengths at all ages
(Fig. 5) and could not be used as fine aggregates in cement mortar preparation.
Visual observation also showed the craters and spalling on the surface of these
mortars, which indicated the effect of metallic aluminium and sulphate during

Fig. 4 Formation of the needle-shaped ettringite on the surface of hydrated MSWI bottom ash
(BFA) containing cement pastes (a) and cracks on the surface of mortar (b) (A2 and B2 on the
mortar sample represent the mortar containing treated and untreated BFA, respectively)
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hydration (Fig. 4b). The ash containing mortar bars also showed swelling during
the first few hours of curing, indicating the formation of hydrogen gas and cracks in
hardened specimens due to delayed ettringite formation.

Presences of harmful organic impurities in SF also adversely affect the com-
pressive strength of the mortars. Thus, removal of the metallic aluminium and
sulphate from both ash samples and organic materials from SF was considered to
improve the aggregate behaviour of these ash samples.

Accordingly, two separate treatment procedures were adopted to remove dele-
terious components from these ash aggregates [11]. For SF, heat treatment at about
700 °C was done to remove deleterious organics before or after treatment by a
Na2CO3 solution. On the other hand, only Na2CO3 treatment was done to remove
harmful impurities from BFA. The Na2CO3 treatment was considered to dissolve
sulphate (since Na2SO4 is more soluble in water than CaSO4) and to remove
metallic aluminium from the ash samples (by increasing pH of the solution):

Na2CO3 aqð ÞþCaSO4 sð Þ ! Na2SO4 aqð ÞþCaCO3 sð Þ

The proposed treatment methods considerably improved the compressive
strengths of the mortar prepared by treated ash samples (Fig. 6).

On the other hand, lead slag (SLG) can be used for partial replacement of the
sand fraction in cement mortar [10]. Addition of SLG decreased water requirements

Fig. 5 Compressive
strengths of various samples
(Ref: reference)

Fig. 6 Compressive strengths of various mortar types (U: untreated; 0.25: 0.25 M NaCO3

solution treated; H0.25: heat treatment before 0.25 M Na2CO3 solution treatment; plas: mortar
prepared using superplasticizer)
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and air contents, which ultimately enhanced the strength and other mechanical
properties (e.g. 91 days compressive strength of mortar containing 25% slag was
65 MPa in comparison to 63 MPa of control). However, SLG addition considerably
increased the setting times of mortar mixes. For example, the final setting times of
cement mortar containing normal sand was 323 min, whereas the same for the
cement mortar where 25% (v/v) of natural sand was replaced by SLG was 650 min.
The increase in setting time was due to the formation of impermeable layers of
compounds containing Pb, Zn, etc., metal on the hydrating cement particles, which
temporarily lowered the rate of hydration reaction.

3.2.1 Environmental Behaviour of Cement Mortar

Since all the ash samples contain considerable amounts of various toxic elements
such as Pb, Zn, Cd, Cr, As, Se; therefore, environmental evaluations of these wastes
and waste-based products were considered to understand their possible effects on
environment. Two types of leaching tests were performed to evaluate the envi-
ronmental suitabilities of these wastes and waste-based products. The EN 12457-2
test was conducted to evaluate leaching behaviour of powdered waste and cement
mortars. This test provides information, which can be used to differentiate the
nature of waste materials and to adopt future strategies for their applications. The
leaching behaviours of some toxic constituents from powdered ash and cement
mortar containing such ash samples were presented in Table 2.

Results indicated that the concentrations of some toxic elements such as As, Cd,
Cr, Mo, Pb, Se in the leachates of the various powdered ash samples were higher
than the specified limit values for those elements. However, the concentrations of
majority of the elements except Pb, Cu and Zn in the leachate solutions obtained
from powdered waste containing cement mortar are lower than the specified limits
of these elements. Long-term leaching information from various waste-based
mortars was evaluated by Dutch NEN 7345 test, and some such results for a few

Table 2 Elements leached from the powdered wastes and concrete containing wastes obtained
according to EN 12457/2 test

Elementa Leaching amount (mg/kg)

SLG SLGCb BFA BFACa SF SFCa

As (0.80) 0.11 nd 16.4 nd nd nd

Cd (0.03) 0.02 nd 0.17 nd 0.07 nd

Cr (0.50) 0.43 0.34 1.80 0.24 18.5 0.16

Mo (1.5) 1.0 0.25 2.6 0.24 1.8 0.21

Pb (1.8) 49.1 53.3 0.26 0.81 0.32 1.47

Se (0.10) 3.50 0.06 0.31 nd nd nd

Zn (2.8) 1.7 7.27 0.83 0.98 0.39 0.29
aValues marked off by brackets indicated specific limit of a particular element
bWaste containing cement mortar
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particular elements are presented in Table 3. Cumulative leaching amounts of
almost all toxic elements from the monolithic cement mortar containing waste
materials were considerably lower than the specified values for those elements.
Therefore, the environmental performance of the materials met the required
standards.

3.3 Plastic Waste as Partial Replacement of Fine
and Coarse Aggregate in Concrete

Huge quantities of plastic-based waste are generated all over the world due to the
increasing consumptions of plastics. Plastic waste is now a serious environmental
threat to the modern way of living. Because of its economic and ecological
advantages, recycling waste plastic to produce new materials such as concrete
seems to be one of the best ways to dispose of waste plastics [12]. Therefore, a
comprehensive investigation was undertaken to understand the effect of three dif-
ferent types of granular plastic wastes as partial replacement of aggregate in con-
crete production [9, 13–15]. The experiments were undertaken considering
following points:

– The use of fine (PF) and coarse-sized aggregate (PC) generated from same type
of plastic waste would help to understand the effect of plastic aggregate size on
the behaviour of fresh and hardened states concrete properties;

– The use of flaky (PF and PC) and pellet-shaped (PP) plastic aggregates would
help to show the effect of shape of plastic aggregate on the behaviour of fresh
and hardened states concrete properties.

Accordingly, several concrete compositions were prepared to understand the
fresh and hardened properties. The major findings of these investigations are as
follows:

Table 3 Cumulative
leaching amounts of a few
toxic elements from cement
mortar containing various
wastes obtained according to
NEN 7345 test

Elementsa Cumulative leaching amount
(mg/m2)

SLG BFA SF

As (27) nd nd nd

Cd (1.1) nd nd nd

Cr (55) 3.3 2.4 11.8

Mo (11) 0.71 5.1 1.2

Pb (60) 9.3 0.30 0.67

Zn (90) 0.79 1.2 2.3
aValues (in mg/m2) marked off by brackets indicated specific
limits of a particular element
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– The workability of concrete mixes was greatly dependent on the shape of the
plastic aggregates. Spherical and smooth plastic aggregates lowered the W/C
ratio and therefore increased the slump value. The angular and
non-uniform-shaped plastic aggregates (fine and coarse sized) with sharper
edges increased the water requirement of concrete and conversely lowered the
slump value of concrete mixes. The density of concrete mixes also decreased
with increasing plastic aggregates in concrete.

– The partial substitution of natural aggregates by plastic aggregates deteriorated
various mechanical properties of hardened concrete (Fig. 7a). The addition of
plastic aggregates also lowered the various durability properties.

– The abrasion resistance of the concrete mixes with various types of plastic
aggregate was considerably better than that of the reference concrete (Fig. 7b).
The PET-aggregate incorporation improved the toughness behaviour of the
resulting concrete too. This behaviour was dependent on PET-aggregate’s shape
and was maximum for concrete containing coarse, flaky PET-aggregate (PC).

– The elongated and flaky particles of plastic aggregates bridge the two split
concrete pieces and therefore prevent concrete from breaking apart after failure
during determination of tensile splitting and flexural strengths (Fig. 8).

However, analyses of the results of the various properties of plastic waste-based
concrete using various codes and standard specifications, it can be concluded that
the quality of plastic waste-based concrete, particularly up to 10% replacement level
is good enough for several applications, including structural use [14].

Fig. 7 Compressive strength (a) and abrasion behaviour (b) of concrete containing various types
of waste plastic aggregate

Fig. 8 Cracked concrete
specimens after flexural
strength test: a plastic
aggregate-based concrete;
b reference
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4 Conclusions

The uses of some waste materials in cement-based applications can be a good
option for management of these materials. The physico-chemical characterizations
of these materials are very important to find the possible application type (i.e.
whether it can be used as a raw materials in clinker production or as a granular
substitution in concrete) and to find the inherent property in the waste that can
improve some special properties of the product.

The MSWI ash generated from municipal waste incineration plant can be used in
various cement-based applications. For example, MSWI fly ash can be used for
cement clinker production and MSWI bottom ash as a partial replacement of
granular fraction in cement mortar and concrete preparations. However, sometimes
treatment of these waste materials is necessary to lessen their deleterious effects. For
example, water washing can remove the harmful chlorides from MSWI fly ash and
therefore improves its suitability in cement clinker production. Similarly, treatments
by Na2CO3 solution and heat can remove the metallic aluminium, sulphates and
deleterious organic components from investigated MSWI bottom ash samples,
which is important for their application as granular replacement in cement mortar
and concrete productions.

Lead slag as partial replacement of fine aggregate can be a good option for their
management if we consider the mechanical and durability performances of resulting
cement mortars. However, one concern is the liberation of some toxic elements
from lead slag, which also increases the setting time of mortar mixes. Therefore,
evaluation of environmental behaviour is very important to assess their environ-
mental suitability. Evaluation of the environmental behaviours of various
cement-based products containing MSWI ash and lead slag indicates that these
materials can be considered as environmentally inert in cement-based monoliths.

Use of plastic waste as partial replacement (up to 10% replacement level) of
natural aggregate in concrete preparation can be a good option. Plastic waste
aggregate can improve several important properties such as abrasion behaviour and
toughness behaviours of concrete.
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Electrochemical Degradation of Reactive
Red-195 and Reactive Yellow-81
in Continuous Flow Reactor

Chandrasen F. Rajemahadik and Akash V. Gambhire

Abstract This paper investigates Reactive Red-195 (R.R.) and Reactive
Yellow-81 (R.Y.) dyes synthetic solution of 60 mg/L concentration in continuous
flow in electrocoagulation (EC) reactor for decolourization. The effects of opera-
tional parameters like change in voltage, electrolyte concentrations, inter-electrode
distance, initial dye concentration and discharges were examined independently.
A 20 V was optimized from range 10–30 V and applied for subsequent experi-
ments. Results indicate with increase in voltage and electrolyte concentration,
energy consumption elevates, improving decolourization of both dyes. In addition,
as inter-electrode distance increases, colour removal and energy consumptions
decrease for R.R. and R.Y. Concentration of dyes influences lower colour removal
efficiency, reducing energy consumption at higher concentration. Furthermore,
when discharge increases decolourization decreases in both dyes. However, energy
consumption reduces with rise in discharge at 4.5 mL/s for R.Y. In addition,
noticeable drop in energy consumption was observed in R.R. Finally, effects of
operational parameters were successfully elaborated through this investigation.

Keywords Electrochemical � Degradation � Operational parameter
Energy consumption

1 Introduction

Dyeing industries fabricate thousands of dyes [1] and industries consume more than
80,000 tons of reactive dyes each year with potential to pollute [2]. Even when
concentrations of dyes are less, they possess serious threats to humans, animals and
environment [3]. Mostly, synthetic azo dyes are considered as recalcitrant xeno-

C. F. Rajemahadik (&) � A. V. Gambhire
Department of Civil Engineering, AMGOI, Kolhapur, India
e-mail: crajemahadik@gmail.com

C. F. Rajemahadik
ACME Consulting and Research, Kolhapur, India

© Springer Nature Singapore Pte Ltd. 2019
A. S. Kalamdhad et al. (eds.), Advances in Waste Management,
https://doi.org/10.1007/978-981-13-0215-2_3

31

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-0215-2_3&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-0215-2_3&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-0215-2_3&amp;domain=pdf


biotic compounds, due to the presence of a N=N bond [4]. They also have groups of
aromatic rings that are not easily degraded [5]. Probably, for 1 kg of cotton with
30–60 g of dyestuffs needs 70–150 L of water and 0.6–0.8 kg NaCl [6], and this
ascertain a possibility of polluted wastewater discharge. Numerous techniques are
employed for the removal of dyes or colour from wastewater such as Fenton [7],
photo-catalyst [8], activated carbon [9], nano-materials [10], biological [11] and
coagulants and polymers [12]. From the literature studies electrocoagulation (EC) is
found to be one of thriving method used for treatment of most industrial liquid
waste [13]. EC process proposes some advantages such as less use of chemicals,
less sludge, low-cost and compact equipment [14, 15]. The present investigation
synthetic reactive red and yellow dye wastewater was treated in continuous flow
reactor using EC process. The effects of change in electrical potential, electrolyte
concentration, inter-electrode distance, initial dye concentration and flow variation
on synthetic dye wastewater were examined.

1.1 Mechanism of EC Process

Electrocoagulation can offer an alternative to traditional chemical coagulation, as
metal ions released remove smallest colloidal particles depending on their coagu-
lation capability [16]. EC produces destabilizing agents that neutralize the electric
charge of the pollutants present in solution [17]. The reactions occurring in an
electrochemical cell involving iron electrodes are as follows:

Anode:

FeðsÞ ! FenþðaqÞ þ ne� ð1Þ

Feþ n
ðaqÞ þ 2OH�

ðaqÞ ! Fe OHð Þ2ðsÞ ð2Þ

In effect of pH of solution, Fe3+ may undergo hydration, forming species like Fe
(OH)2+, Fe(OH)2

+, and Fe(OH)3, in an acidic environment. Then solution reaction
takes place according to Eq. 3, [18].

Feþ 3
ðaqÞ þH2O ! Fe OHð Þ2þðaqÞ þ 2Hþ

ðaqÞ ð3Þ

Apart from Eqs. 1–3, possible anodic reaction for water oxidation is shown
below in Eq. 4 and cathode in Eq. 5 [17, 19].

2H2O ! O2ðgasÞ þ 4Hþ þ 4e ð4Þ
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Cathode:

2H2Oþ 2e� ! H2ðgasÞ þ 2OH�
ðaqÞ ð5Þ

1.2 Mechanism for Dye Removal

The dye degradation depends on interactive mechanisms between dye molecules,
hydrolysis [20] and pH of solution [21]. The insoluble metal hydroxide formed,
remains in suspension, helps eliminate pollutants from wastewater under mecha-
nism of precipitation and adsorption as shown in Eqs. 7–10 [22]. Furthermore, at
low range of pH, precipitation is a key and at pH > 6.5, it is explained as adsorption
[21].

Precipitation:

Dyeþmonomeric Fe ! Dye�Monomeric Fe½ �ðsÞ ð6Þ

Dyeþ polymeric Fe ! Dye� polymeric Fe½ �ðsÞ ð7Þ

Adsorption:

Dyeþ Fen OHð ÞnðsÞ! Sludge½ � ð8Þ

Dye� polymeric Fe½ �ðsÞ þ Fen OHð ÞnðsÞ! Sludge½ � ð9Þ

2 Experimental

2.1 Materials and Methods

The experiments were performed by mixing Reactive Red-195 (R.R.) and Reactive
Yellow-81 (R.Y.) concentrations of 60 mg/l with tap water for 30 min before
experimenting. A reactor volume of 300-ml-containing dye solution synthetic was
feed with 1 g/L of NaCl electrolyte to adjust strength of ionic solution. A simple
continuous flow EC reactor contains iron electrodes with inter-electrode distance
(S) of 1 cm and having electrode dimension of 150 mm � 35 mm � 2 mm. The
total submerged surface area (Asub) of 45 cm2 was maintained. The initial discharge
of synthetic solution was 105 mL/min (1.75 mL/s). The current was applied
through D.C. power supply model FALCON PS 303 D, characterized by range
0–3 A and 0–30 V. The schematic of experimental set-up is as shown in Fig. 1.
Electrodes used during experiments were sanded and washed with dilute HCl
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before each experiment. The pH and conductivity were detected using
SPECTRALAB MULTIPARA MP-5 to determine characteristics of synthetic
solution. The progress of treatment was monitored by collecting samples of 10 ml
in triplicates after discharge of 1 L of wastewater volume. Collected samples were
then filtered to eliminate sludge formed during process and were examined for
absorbance. The dye absorbance was determined using spectrophotometry
(Labtronics LT-290) at kmax of 542 nm for RR-195 and for 351 nm for RY-81,
according to Beer–Lambert law, using UV/vis spectrophotometer. Table 1 repre-
sents structure of dye and characteristics of synthetic solution specified according to
APHA [23]. Chemicals used for experiments such as NaCl, HCl and NaOH were
purchased from MERK, and Reactive Red-195 dye was collected from local dyeing
industry.

Fig. 1 Experimental laboratory set-up for Reactive Yellow-81 and Reactive Red-195

Table 1 Characterization of synthetic dye wastewater

Characteristics Units Red-195 Yellow-81

pH – 7.69 6.63

Conductivity mS/cm 2.73 2.78

Absorbance kmax 542 nm

Structural formula
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2.2 Calculation

Removal efficiency (η %) was calculated depending in absorbance of colour with
respect to electrolysis time of treatment process given in Eq. 10,

g % ¼ C�Cx
C

� �
� 100 ð10Þ

where C—initial absorbance, Cx—final absorbance at time of test. The electrical
energy consumption (E), an important parameter in process is calculated using
Eq. 11, where E is the energy consumption (kWh/m3), U is the applied voltage (V),
I is the current intensity (A), t is the electrocoagulation time (h) and V is the volume
of the treated wastewater (L).

E ¼ U � I � t
V

ð11Þ

The theoretical amount of electrode dissolved (C) was calculated by using
Faraday’s law as shown in Eq. 12, where C (g/L) is metal dissolved in the elec-
trolytic cell, I is the current intensity (A), t is the electrocoagulation time (h), M is
the molecular weight of the anode (g/mol), n is the chemical equivalence, F is the
Faraday constant (96,500 C/mol) and V is the volume of the treated wastewater (L).

C ¼ I � T �M
n � F � V ð12Þ

3 Result and Discussion

3.1 Effect of Change in Voltage

Voltage plays a fundamental role in reaction of electrocoagulation process. As
voltage increases, current density (CD) increases. CD is defined as current applied
per unit surface area of the electrode [24]. Current density also determines coag-
ulant dose, flock production, rate and size of bubbles released from electrode
process. [25, 26]. In present study, change in electrical potential in range 10–30 V
at constant discharge of 105 mL/min having dye concentration of 60 mg/L and
NaCl 1 g/L results are shown in Fig. 2. During investigation, it was observed that
as voltage increases colour removal efficiency also increases, increasing energy
consumption. The colour removal increased from 88.32 to 99.96% for R.R. and
61.44 to 96.53% for R.Y. at 10–30 V, respectively. Similarly, 1.52–13.57 kWh/m3

of energy is required in R.R.., whereas RY requires 1.32–14.49 kWh/m3 for same
condition in treatment. After evaluation, R.Y. requires more energy, where lower
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colour removal efficiency was achieved than R.R. dye. From investigation, con-
sequently 20 V was considered as optimum and kept constant for subsequent of
experiments.

3.2 Effect of Change in Electrolyte Concentration

The slight rise in concentration of electrolyte increases conductivity of solution.
Subsequently, conductivity results in passage of excess electrons per unit time
improving removal efficiency [24] with increase in current density at constant
voltage [21]. Many of electrolytes are available in market such as NaCl, KCl, KI,
NH4Cl, Na2SO4, NaNO3, K2SO4, BaCl2, NaBr, Na2SO3, Na2CO3 and KNO3

[27, 28]. In present study, effect of NaCl concentration in range 0.5–2.0 g/L on
colour removal efficiency was investigated on R.R. and R.Y. (Fig. 3). Removal
efficiency increased with increased concentration of electrolyte, resulting in
reduction of reaction time. The colour removal efficiency increased from 87.95 to
99.63% for R.R. and 66.85 to 97.2% for R.Y. at 0.5 to 2.0 g/L of NaCl concen-
tration, respectively. Similarly, energy consumed was in range of 4.83–7.05 kWh/m3

for R.R. and 3.48–7.76 kWh/m3 for R.Y. at NaCl concentration. The increases in
NaCl concentration rises colour removal efficiency by 1.0% to R.R. with rise of
1.5 kWh/m3 and nearly 5.0% rise in colour removal efficiency with rise of
1.8 kWh/m3 for R.Y. Investigation concludes that as ionic strength increases, it
raises colour removal efficiency, elevating energy consumption.

Fig. 2 Effect of change in electrical potential on removal efficiency and energy consumption
(voltage range of 10–30 V, RR(A) and RY (B) dye concentration 60 mg/L, NaCl 1 g/L, S = 1 cm,
Q = 105 mL/min, iron electrode at anode and cathode and submerged area, Asub = 45 cm2)
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3.3 Effect of Change in Inter-Electrode Distance

When distance between electrodes increases, IR-drop with resistance reducing
contact between ions [25]. In present study, effect of inter-electrode distance in
range 1–2.5 cm on colour removal efficiency was investigated (Fig. 4). As the
inter-electrode distance increased from 1 to 2.5 cm, colour removal efficiency
decreased from 98.91 to 79.15% for R.R. compared to 92.43–27.45% in R.Y. Also,
increase in distance energy utilization also decreases from 5.57 to 3.19 kWh/m3 for
R.R., whereas for R.Y. energy reduce from 6.03 to 2.77 kWh/m3 at same condi-
tions. This may be due to decrease in electrostatic effect, resulting in slower
movement of ions, reducing formation of flocs required for coagulating

Fig. 3 Effect of electrolyte concentration on removal efficiency and energy consumption (voltage
range of 20 V, RR(A) and RY(B) dye concentration 60 mg/L, NaCl 0.5–2.5 g/L, S = 1 cm,
Q = 105 mL/min, iron electrode at anode and cathode and submerged area, Asub = 45 cm2)

Fig. 4 Effect of inter-electrode distance on removal efficiency and energy consumption (voltage
range of 20 V, RR(A) and RY(B) dye concentration 60 mg/L, NaCl 1 g/L, S = 1–2.5 cm,
Q = 105 mL/min, iron electrode at anode and cathode and submerged area, Asub = 45 cm2)
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contaminants [29]. Furthermore, the increased inter-electrode distance results in
change of current density [30], for that voltage must be increased to achieve
required current density [25].

3.4 Effect of Change in Initial Dye Concentration

According to studies, as initial concentration of dye increases, colour removal
efficiency decreases [25, 31] and increasing electrolysis time [32]. In present study,
effect of initial dye concentration in range 60–120 mg/L on colour removal effi-
ciency was investigated (Fig. 5). During investigation of R.R., colour removal
efficiency increased till 100 mg/L dye concentration, which was 99.18 and 98.91%
for 60 mg/L concentration. Further at 120 mg/L dye concentration, colour removal
reduced to 98.6%. As dye concentration increased, energy consumption in R.R. has
elevated. The energy consumed ranged from 5.57 to 8.7 kWh/m3. In R.Y., colour
removal decreased as concentration increased from 92.43 to 67.35% at 60 to
120 mg/L, respectively. Consequently, energy consumption dropped down from
7.32 to 5.96 kWh/m3 as dye concentration increased from 60 to 120 mg/L. These
may be due to constant rate of metal hydroxide generated at invariable voltage of
20 V [33]. In EC process, colour is adsorbed onto metallic hydroxide flocs and
removed by settling [25]. Consequently, less quantity of contaminants adsorbed
with increases in dye concentration resulting in reduction efficiency of process.

Fig. 5 Effect of initial dye concentration on removal efficiency and energy consumption (voltage
range of 20 V, RR(A) and RY(B) dye concentration 60–120 mg/L, NaCl 1 g/L, S = 1 cm,
Q = 105 mL/min, iron electrode at anode and cathode and submerged area, Asub = 45 cm2)
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3.5 Effect of Change in Discharge

The effect of discharge variation on colour removal efficiency was studied at flow
rate ranged between 1.75 and 4.5 mL/s at constant conditions (Fig. 6). The
increases in discharge reduce colour removal efficiency, and for RR, removal
efficiency reduced from 98.91 to 73.16%, whereas for RY colour removal efficiency
reduces from 92.43 to 14.35% at discharge 1.75 to 4.5 mL/s, respectively. In
addition, energy consumption increased from 5.57 to 6.60 kWh/m3 at 3.0 mL/s in
RR and reduced at 4.0 and 4.5 mL/s. During these discharges, energy falls from
6.65 to 6.03 kWh/m3. In R.Y. energy consumption elevated from 6.03 to
6.65 kWh/m3 at discharge 3.0 mL/s. Further, energy reduced to 4.84 kWh/m3,
4.5 mL/s with 14.35% colour efficiency.

4 Conclusions

Results show that colour removal efficiency increased from 61.44 to 96.53% for
yellow, whereas 88.32–99.07% for red dyes at 10–30 volts. Similarly, energy
consumed was 1.269–14.95 and 1.52–13.57 kWh/m3 for yellow and red, respec-
tively. Reactive red showed higher removal efficiency than yellow on similar
conditions with lower count on energy required. Furthermore, electrolyte concen-
tration of 0.5–2.0 g/L was added to both dye wastewaters, to check effect on
decolourization. The dose of 1.0 g/L showed 92.43 and 98.91% decolourization,
consuming 6.22 and 5.57 kWh/m3 of energy for yellow and red, respectively, at
constant voltage and flow rate. In both cases, colour removal efficiency decreased
from 92.43 to 27.45% for yellow and 98.91 to 79.15% with increase inter-electrode
distance in range 1–2.5 cm, respectively. Also, energy consumption was reduced.

Fig. 6 Effect of discharge on removal efficiency and energy consumption (voltage range of 20 V,
RR(A) and RY(B) dye concentration 60 mg/L, NaCl 1 g/L, S = 1 cm, Q = 1.75–4.5 mL/s, iron
electrode at anode and cathode and submerged area, Asub = 45 cm2)
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In addition, as initial dye concentration increased from 60 to 120 mg/L at constant
discharge and 20 V. The decolourization reduced from 92.43 to 49.36 consuming
6.22 to 6.42 kWh/m3 of energy for yellow. Contradicting with yellow, Reactive red
decolourization increased from 98.91 to 99.18 for dose 60 to 100 mg/L, respec-
tively, and then decreased to 98.60% at 120 mg/L. At constant experimental con-
dition, energy consumption increases with increase in initial dye concentration.
Effect of variation in discharge reduced colour removal efficiency with increase in
discharge for both dyes. However, energy consumption increased at 2.75 mL/s and
further dropped till 4.5 mL/s for both dyes reaction. This may be due to high
mixing or turbulence. EC process used for treatments of dye wastewater may prove
advantages to industrial community.
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Municipal Solid Waste Collection Time
Optimization Using AHP, GMDH
and ANN

Debasree Purkayastha, Mrinmoy Majumder
and Sumanta Chakrabarti

Abstract Municipal solid waste management is now a global concern and needs to
be addressed with proper technological innovations. In this study, a model has been
developed using analytical hierarchy process, group method of data handling and
artificial neural network to determine optimum time within which the collection of
municipal solid waste (MSW) during each visit by each type of waste collection
vehicle should be completed; this will economize the collection phase of MSW.
A case study was conducted on Agartala Municipality situated in north-eastern part
of India. The computed optimum route length in terms of time is 3.84 and 2.75 h
for 14 and 8 m3 garbage compactor, respectively. Adoption of these optimum time
estimates will lead to a cost-effective SWM as all the garbage compactors need not
have to work in more than one shift, leading to a huge savings in fuel and labour
cost.
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1 Introduction

Creation of solid waste is an inevitable part of human activities, especially in urban
crowd. The most pressing problem faced by most of the cities around the globe
especially in developing countries is municipal solid waste management. In India,
the municipal agencies spare 5–25% of the total allocated budget on solid waste
management (SWM). And further, almost 85% of this total expenditure in SWM is
spent on collection [1]. But unfortunately, high capital investment in the solid waste
management sector is not necessarily leading to improvements in the quality of
service [2]. Similar observations regarding huge cost involvement in collection
phase of SWM have been made by other researchers [3–6] and municipalities as
well.

Tripura the third smallest state of India is situated in its north-eastern
part. Agartala is the capital of Tripura located in the floodplains of the Haora
River. The solid waste management of Agartala city is carried out by Agartala
Municipal Corporation (AMC) established in 1871. Municipal area of Agartala is
divided into 4 zones and 35 wards (Fig. 1). The overall population of AMC is
4,70,190 with an overall area of 61.718 km2 as per ward-wise population statement
as on August 2013. The total waste generated in AMC per day is about 250 MT.
Basically, the waste generated in Agartala is of different types—municipal solid
waste, biomedical waste, hazardous waste, construction and demolition waste and
e-waste.

AMC carry out collection in two ways—some areas are covered by
house-to-house collection which accounts for only 30–40% of total coverage and
the other way is through large-sized garbage bins of size 4.5 and 1.1 m3 placed on
the major crossroads of the town. Daily public leave their garbage in these bins

Fig. 1 Ward-wise map of Agartala Municipal Corporation
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which are further periodically evacuated by mechanically equipped vehicles of
AMC.

AMC has its major disposal ground in Debendrachandra Nagar, located in the
northern side of the city. In this study, we are considering collection of waste only
from 1.1 m3 hauled containers to Debendrachandra Nagar disposal site. The col-
lection of MSW from 1.1 m3 container is carried out by two types of vehicles
(Fig. 2)—garbage compactor with capacity of 8 m3 (10 nos) and 14 m3 (5 nos).

Several studies have been conducted by various researchers [1, 7–17] to opti-
mize the transportation part of solid waste management using various optimization
and heuristics techniques, and many have incorporated GIS also. In this study, an
effort has been made to develop a model using analytical hierarchy process (AHP),
group method of data handling (GMDH) and artificial neural network (ANN) as
tools to determine an optimum time within which the collection of municipal solid
waste by each type of vehicle should be completed and a case study has been
conducted on Agartala Municipality.

2 Methodology Used

The main objective of this study is to develop a model which can determine the
optimum time required by municipal worker to complete waste collection using
mechanized garbage compactors. The study used two modelling tools to come up
with this model: multi-criteria decision-making (MCDM) and artificial neural net-
work (ANN). Apart from these two techniques, the method used video and motion
time measurement survey for field data collection.

Fig. 2 Pictures of two types of vehicles used by AMC for waste collection from 1.1 m3 bin
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2.1 Framework and Data Collection

Initially, two types of survey were carried out: (i) motion time measurement
survey—it was conducted to estimate the average speed of the vehicles using
stopwatch. The average speed was found to be 25 kmph for the two types of vehicle
available for waste collection. (ii) Video survey—this was conducted to estimate the
individual time required for carrying out each of the six of activities as described in
Table 1 (T1, T2, T3, T4, T5, T6). This survey was done through video captured when
the municipality worker started unloading the bins through mechanized garbage
compactors and was analysed later in the office. AMC has total 447 numbers of 1.1
m3 collection bins. Almost 30 videos were collected to extract the time estimates.
Further, these videos were analysed and each activity was divided into three types of
time estimates: optimistic time, most probable time and pessimistic time. The
optimistic time defines the fastest time in which an activity was completed. Most
probable time is the time within which the activity was mostly completed, and
pessimistic time was considered as the time which was the maximum time taken to
complete an activity. All these surveys were carried out for a period of 30 days. And
both of these surveys were carried out for the two types of vehicles—garbage
compactor of capacity 8 and 14 m3, collecting wastes from 1.1 m3 bins.

A survey was also conducted among twenty AMC workers and officials to
ascertain the hazards associated with each activity T1, T2, T3, T4, T5, T6.

The number of collection bin that can be emptied per trip (N) was calculated for
each type of garbage compactor based on Eq. 1. ‘N’ was calculated so that the final
time estimate can take into account one whole trip for final optimum time com-
putation (Table 2).

N ¼ f :c
v:u

ð1Þ

Table 1 Description of the activities involved in collection work

Activity Symbol

Driving time from garage to first collection point T1
Total time required in loading and unloading the collection bins T2
Total time spent driving between the containers T3
Time consumed in driving from last collection point to disposal site for unloading
collected waste

T4

Time spent in disposal site T5
Time consumed in driving from disposal site to garage T6

46 D. Purkayastha et al.



where

f Compaction factor
c Capacity of vehicle (m3)
v Volume of each container (m3)
u Weighted container utilization factor (m3)

2.2 Weightage Computation Using AHP

The AHP method requires two steps: (1) selection of criteria and sub-criteria and
(2) application of aggregation method.

2.2.1 Selection of Criteria and Sub-criteria

For the present study, the weightage of all the activities (as tabulated in Table 1)
needs to be computed. Henceforth, all these activities were considered as
sub-criteria. The weight of importance of the sub-criteria needs to be established
with respect to some criteria. The weightage associated with each activity was
computed based on the criteria ‘most probable time estimate’ of each activity.
Hazard potential was not taken as another criterion because the number of hazards
associated with each activity is equal (=2) as can be seen in Table 5, so there is no
justification of taking it into consideration. The weightage was computed using
analytical hierarchy process (AHP). The hierarchy is shown in Fig. 3.

2.2.2 Application of Aggregation Method

The video surveys from the site were analysed in the office, and each time estimate
was calculated for every sub-criteria. Then, each sub-criterion was provided a rank
based on the value of most probable time estimate. The ranking was provided in the
manner that the sub-criteria under a criterion which was having highest most

Table 2 Details regarding various parameters associated with garbage compactor

Compaction
factor

Capacity
of
vehicle
(in cum.)

Total
volume of
waste that
can be
collected (in
cum.)

Volume
of each
container
(in cum.)

Weighted
container
utilization
factor

Number of
container
that can be
emptied
per trip

Maximum
working
hours of
labours and
drivers

2.5 14 35 1.1 0.85 37 7

8 20 21 7
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probable time estimate was ranked 1, the sub-criteria with second highest score was
ranked 2 and so on.

A 6 � 6 matrix was developed to find out the weightage of criteria.

c ¼ n� nf g ð2Þ

where nf g ¼ Tf g 2 R; where R is the set of real numbers.
Similarly, the sub-criteria are compared with each other based on their impor-

tance over each other according to each of the criteria ‘n’:

S ¼ fi � fif g ð3Þ

where fif g ¼ T1; T2; T3; T4; T5; T6f g 2 R; where R is the set of real numbers.
The hierarchy of decision-making is shown in Fig. 1.
In case of AHP, generally the Saaty scale is used which was proposed by Saaty

in the year of 1980 [18]. The scale utilized either even or odd number to represent
the importance of the criteria and sub-criteria with respect to each other in the
pair-wise comparison matrix (PCM). For intermediate importance, the rating in
between the evens or odds is utilized. But still, there is a lot of confusion regarding
what can be used for representation of high difference of importance and minor
difference of importance between two sub-criteria or criteria.

That is why, in the present study, we use the rank of the criteria and sub-criteria
based on their magnitude or qualitative ratings and then ration of rank of the
criteria/sub-criteria compared and the rank of the other criteria/sub-criteria with
which it is being compared was found out (the rank is assigned in such a way that
the relationship of the criteria with the decision objective can be reflected). The ratio
is then reversed to give the exact difference of importance coherent to decision
objective.

Optimization of 
MSW Collection 

time

Most Probable Time 
Estimate

Driving time 
from garage 

to first 
collection 
point (T1) 

Time required 
in loading and 
unloading the 

bins (T2) 

Time spent 
driving 

between the 
containers 

(T3) 

Driving time 
from last 
collection 
point to 

disposal site 
for unloading 

collected 
waste (T4)

Time spent in 
disposal site 

(T5) 

Returning to 
the garage 
with the 

empty vehicle 
(T6 ) 

Fig. 3 Hierarchy model for weightage computation using AHP
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The direct use of rank to estimate the importance will ensure uniformity and
remove the confusion involving the rating that can be given to depict two different
levels of importance that exist between two different criteria or sub-criteria.

2.2.3 Formulation of Most Optimum Collection Time (T)

The final ‘T’ formula was formulated as:

ð4Þ

Normalized value of T1
Normalized value of T2
Normalized value of T3
Normalized value of T4
Normalized value of T5
Normalized value of T6
Weightage of T1
Weightage of T2
Weightage of T3
Weightage of T4
Weightage of T5
Weightage of T6

2.3 ANN Model Formulation

To predict S.I., artificial neural network (ANN) was used. GMDH Shell software
was used for carrying out the ANN-based prediction. GMDH stands for ‘group
method of data handling’. The main idea behind GMDH is to develop a feedfor-
ward network based on a quadratic node transfer function whose coefficients are
obtained using a regression technique Farlow [19]. It was first proposed in 1966 by
a Russian cyberneticist, A. G. Ivakhnenko.

The inputs of the model were the random normalized values of T1, T2, T3, T4, T5,
T6. The input function of the ANN model is shown in Eq. 4. The output is most
optimum collection time (T). The model predicted the T value for 5000 data.
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3 Result and Discussion

3.1 Computation of Time Estimates

The data extracted from the video surveys carried out at various collection bin
points were analysed, and the three types of time estimates were found out for two
different garbage compactors, viz. 14 and 8 m3 (Tables 3 and 4).

The survey conducted for hazard potential estimation shows that each activity is
associated with equal number of hazard (=2) (Table 5).

Table 3 Time estimates for garbage compactor (with capacity of 14 m3)

S. No. Activities/objectives Optimistic
time (in s)

Most likely
time (in s)

Pessimistic
time (in s)

1 Driving time from garage to first
collection point (T1) = distance/
(speed (25 kmph)) (in s)

288 576 864

2a Time needed to bring the container
to lift in the vehicle (in s)

259 444 1665

2b Time to unload the waste
mechanically into the vehicle (in s)

592 999 4440

2c Time required to load contents from
container at pickup location into
collection vehicle (uc) (in s)

1036 1443 6105

2d Time required to put back the
container to its original place (in s)

185 333 814

2 Total time required in loading and
unloading bins (T2)

2072 3219 13024

3 Total time spent driving between
the containers (T3)

3105 4645 6350

4 Driving from NP collection point to
disposal site for unloading collected
waste (s) = distance/(speed
(25 kmph)) (T4)

2061 2560 3042

5 Time spent in disposal site (T5) 480 600 720

6 Returning to the garage with the
empty vehicle = distance/(speed
(25 kmph)) (T6)

994 1000 1200

Overall length of the trip 9000 12,600 25,200
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Table 4 Time estimates for garbage compactor (with capacity of 8 m3)

S. No. Activities/objectives Optimistic
time (in s)

Most likely
time (in s)

Pessimistic
time (in s)

1 Driving time from garage to first collection
point (T1) = distance/(speed (25 kmph))
(in s)

432 792 1152

2a Time needed to bring the container to lift
in the vehicle (in s)

147 252 945

2b Time to unload the waste mechanically
into the vehicle (in s)

336 567 2520

2c Time required to load contents from
container at pickup location into collection
vehicle (uc) (in s)

588 819 3465

2d Time required to put back the container to
its original place (in s)

105 189 462

2 Total time required in loading and
unloading bins (T2)

1176 1827 7392

3 Total time spent driving between the
containers (T3)

1298 3461 5916

4 Driving from NP collection point to
disposal site for unloading collected waste
(s) = distance/(speed (25 kmph)) (T4)

1140 1440 1740

5 Time spent in disposal site (T5) 360 480 600

6 Returning to the garage with the empty
vehicle = distance/(speed (25 kmph)) (T6)

994 1000 1200

Overall length of the trip 5400 9000 18,000

Table 5 Hazard potential associated with each activity

S. No. Activities/objectives Hazard potential

1 Driving time from garage to first collection
point = distance/(speed (25 kmph)) (T1)

1. Accident in the roadway

2. Vehicular failure

2 Total time required in loading
and unloading bins (T2)

1. Health hazard of worker

2. Vehicular failure

3 Total time spent driving between
the containers (T3)

1. Accident in the roadway

2. Vehicular failure

4 Driving from NP collection point to disposal site
for unloading collected
waste (s) = distance/(speed (25 kmph)) (T4)

1. Accident in the roadway

2. Vehicular failure

5 Time spent in disposal site (T5) 1. Health hazard of worker

2. Vehicular failure

6 Returning to the garage with the empty
vehicle = distance/(speed (25 kmph)) (T6)

1. Accident in the roadway

2. Vehicular failure
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3.2 Weightage Computation Using AHP

The rank of the criteria based on the video survey is shown in Table 6. The
pair-wise comparison matrix for the sub-criteria is shown in Table 7. The weigh-
tages which were finally obtained using analytical hierarchy process (AHP) are
tabulated in Table 8.

3.3 GMDH Model for Optimum Time Computation

The model predicted by GMDH Shell (Data Science version) software showed the
correlation coefficient of the model is 1.00000 which is showing that the predicted
model is of high quality. A plot of the model predicted file is shown in Fig. 4.

Table 6 Rank of the factors
based on most probable time
estimate

Activities Rank

T1 5

T2 2

T3 1

T4 3

T5 6

T6 4

Table 7 Pair-wise
comparison matrix (PCM) for
factors

T1 T2 T3 T4 T5 T6
T1 1.00 2.50 5.00 1.67 0.83 1.25

T2 0.40 1.00 2.00 0.67 0.33 0.50

T3 0.20 0.50 1.00 0.33 0.17 0.25

T4 0.60 1.50 3.00 1.00 0.50 0.75

T5 1.20 3.00 6.00 2.00 1.00 1.50

T6 0.80 2.00 4.00 1.33 0.67 1.00

Table 8 Inverse pair-wise comparison matrix (PCM) for factors

T1 T2 T3 T4 T5 T6 Geometric mean Weightage

T1 1.00 0.40 0.20 0.60 1.20 0.80 0.0064 0.000308645

T2 2.50 1.00 0.50 1.50 3.00 2.00 0.625 0.030141097

T3 5.00 2.00 1.00 3.00 6.00 4.00 20 0.964515113

T4 1.67 0.67 0.33 1.00 2.00 1.33 0.082304527 0.003969198

T5 0.83 0.33 0.17 0.50 1.00 0.67 0.002572016 0.000124037

T6 1.25 0.50 0.25 0.75 1.50 1.00 0.01953125 0.000941909

20.73580779 1.000000
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Figure 5 shows the residual distribution of the data set. The figure shows that the
residuals are evenly distributed on both sides of the zero from which it can be said
that the net residual of the model is very low. The same can be more clearly
depicted from the accuracy data of the model shown in Fig. 6a.

Fig. 4 Plot of model predicted by GMDH shell for output time (T)

Fig. 5 Residual of model predicted by GMDH Shell for output time (T)

Fig. 6 a Accuracy of the global model predicted by GMDH shell for T. b Correlation of the seven
factors with T
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Figure 6b shows the correlation of output time with each time parameter. T3 has
a one-to-one relation with output time T, with highest degree of correlation; fol-
lowing the line are T2, T1, T6, T5, T4 in decreasing order of correlation.

Below are the contour maps of T3 with all other input factors T2, T1, T6, T5 and
T4 (Fig. 7). The maps clearly depict that T3 has a monopolistic hold over all other
inputs, viz. T2, T1, T6, T5 and T4. This behaviour is also clear from the computation
of weightage by AHP, in which T3 alone has a weightage of 0.964515113. This
shows that the response of the GMDH model is in line with AHP.

3.4 Calculation of Optimum Time

3.4.1 Calculation of Optimum Time for Garbage Compactor
(Capacity 14 m3)

Calculation for total consumed in driving from garage to first collection point, T1:
Optimized time obtained from GMDH = 0.036016.
According to the survey, the maximum time (Pessimistic time) and the minimum

time (Most probable time) for carrying out this activity are:
Max. T1 = 864 s, Min. T1 = 576 s
We know,

Normalised value ¼ x�Min value
Max value�Min value

) 0:036016 ¼ x� 576
864� 576

) x ¼ 586:37 s

ð5Þ

The optimized time T1 to drive from garage to first collection point = 586.37 s.
Similarly, optimized time for T2, T3, T4, T5 and T6 can be computed as tabulated

in Table 9.

3.4.2 Calculation of Optimum Time for Garbage Compactor
(Capacity 8 m3)

Calculations of optimum time for garbage compactor (capacity 8 m3) are same as
the calculations done for garbage compactor (capacity 14 m3).

The computed optimized times are presented in Table 10.
Total optimal length of trip for 14 and 8 m3 garbage compactors are 3.84 and

2.73 h to pick up 37 and 21 numbers of 1.1 m3 bins, respectively.
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(a)

(b)

(c)

(d)

(e)

Fig. 7 a Contour map of T3 versus T2. b Contour map of T3 versus T1. c Contour map of T3 versus
T6. d Contour map of T3 versus T5. e Contour map of T3 versus T4
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4 Conclusion

With the extensive survey carried out in this research, it was observed that the total
optimum time computed by this model can lead to great improvement in terms of
fuel cost and labour cost to AMC. The present solid waste management
(SWM) system of AMC is not up to the mark and needs urgent modifications as it
gives scope for a lot of unnecessary expenditures and inefficiency in various regards
such as labour management, fuel consumption.

The optimum route length obtained in units of time for 14 m3 garbage com-
pactor is 3.84 h and for 8 m3 garbage compactor is 2.73 h to pick up 37 and 21
numbers of 1.1 m3 bins, respectively. Adoption of these optimum time estimates
will lead to a very economic SWM. All the 447 bins of AMC can be cleaned every
day which will create a hygienic and disease-free environment. As the present
model used the collection route already followed by the municipality, this estimated
time can be directly implemented into their system.

The future scope of the study includes that based on the optimized collection
times an algorithm can be proposed incorporating GIS. If this model can be sum-
med up with an GIS route optimizing algorithm, then the municipalities can directly
select the optimized route satisfying this optimization model which will lead them
to saving in fuel and labour cost to a great extent.

Table 9 Computation of total optimal length of trip for 14 m3 garbage compactor

Maximum time
(in s)

Minimum time
(in s)

Normalized value from
GMDH

Optimized time
(in s)

T1 864 576 0.036016 586.37

T2 13,024 3219 0.076653 3970.58

T3 6350 4325 0.000505 4645.86

T4 3042 2560 0.432102 2768.27

T5 720 600 0.451112 654.13

T6 1200 1000 0.950218 1190.04

Total time = 13815.25 (3.84 h)

Table 10 Computation of total optimal length of trip for 8 m3 garbage compactor

Maximum time
(in s)

Minimum time
(in s)

Normalized value from
GMDH

Optimized time
(in s)

T1 1152 792 0.036016 804.97

T2 7392 1827 0.076653 2253.57

T3 5916 3461 0.000505 3462.24

T4 1740 1440 0.432102 1569.63

T5 600 480 0.451112 543.13

T6 1200 1000 0.950218 1190.04

Total time = 9823.58 (2.73 h)
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Reusing and Recycling of Granite Slurry
in Construction Industry

Umang K. Shah, K. Prasanna, K. S. Anandh, R. Annadurai
and Kevin Pandya

Abstract The waste generated in the stone processing industry is directly related to
the production and processing of various types of stones that have drastically
increased every year. Marble industry brings out the amount of waste that has
grown nearly three times in last ten years. The processing and polishing waste alone
is 20% from mined out reserves. Only insignificant quantities have been utilized,
and the rest has been dumped unscrupulously resulting in environmental problems
and health issues. The results of the studies, on characteristics of waste generated
from stone refrain many factories and reutilize the desolation, for making brick in
combination with clay and preparing concrete with replacement of sand/cement has
been conferred. Field studies assessed distinctive of waste generated in stone refrain
manufactories, the impact of current disposal practices and waste recycling
potential. Both physical and chemical characteristics of waste are compared with
sand and cement. The environmental concern because of the waste disposal
included on ambient air quality was pinpointed at disposal sites, respectively. The
results reveal that the waste can be used to replace about 60% of sand and 10% of
cement in concrete. Similarly, the waste can replace 40% of clay in clay bricks
without compromising the conventional compressive strength.
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1 Introduction

Stone processing units generate a lot of wastes during drilling, cutting and pol-
ishing, and cause environmental impacts related to handling and disposal of the
wastes. Waste generated in stone processing industry consists of 15% of processing
waste and 5% of polishing waste. The associated environmental problems include
contamination of water resources, air pollution due to airborne dry powder on
windy days, blockage of drainage paths and wastage of valuable natural resources
of stones. The objectives of the study are to evaluate the environmental issues in
stone processing industries, estimate the quantity and characteristics of waste
generated and to assess the impacts of current disposal practices, so as to identify
study opportunities for waste minimization and reuse. Mechanization leads to
reduction in the waste generation like regularly and accurate analysis, core drilling,
non-destructive test, proper training for staff, site-level production plant [1].

The physio-chemical and mineralogical characterization of the sludge from
natural granite cutting process showed the need for careful separation of different
ingredients. Immense water content (more than half of weight) of the treated sludge
and the induced great extent of shrinkage values observed on drying constitute the
most critical drawbacks for their direct use [2]. Substituting the high volume of
OPC with concrete ternary blend cement is used. One is slow responsive admixture
(fly ash, blast furnace slag, etc.), and another one is highly responsive admixture
(silica fume, metakaolin, etc.) [3]. The usage of high-volume fly ash concrete is one
of the clarifications to eradicate the ecological deterioration being produced by the
cement industry [4]. The products in the three selected industries are granite slabs/
tiles for flooring and shelves. The size of the slabs and tiles vary with respect to the
customer’s requirement. About 10% of total water is used by the industry per day
during wire dressing, to remove the extra projections of rough blocks and also to get
uniform size of block. The waste generated from wire dressing is of small pieces of
granite. Next, during block cutting about 40% of total water used by the industry
per day is used along with lime and gridiron and a waste is generated in the form of
slurry. During the next step of cross-cutting, about 30% of water is used along with
lime and the waste generated in the form of slurry. The remaining 20% of water
were used for polishing and cleaning the floors.

2 Materials and Methods

An assessment of the stone processing methods starting from extraction of rough
blocks from mines to final packing with respect to the production capacity was done
by plant walk-through, review of data from the industries and one-to-one discussion
with industry personnel of three industries of production capacity in the range of
5000–12,200 m2/month of granite slabs and tiles. The quantity of waste generated
during the processing like wire dressing, block cutting, polishing and cross-stages
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was estimated by measuring volume of drying pits used for storage of wastes and
number and capacity of trucks used to convey the waste disposal site. The pro-
duction capacity of each industry has been calculated based on the delivery records
over a period of one month. The quantity of water used for process was estimated
on the size of overhead tank and filling intervals.

Physical characteristics of the waste such as moisture content, bulk density and
particle size distribution were determined. The chemical composition was deter-
mined in terms of included Fe2O3, MnO, Na2O, MgO, K2O, Al2O3, CaO, SiO2

expressed as the percentage weight of the dried waste and leachability of heavy
metals. Soil characteristics and air quality of the waste disposal area were studied
by sampling at three locations for each industry. The soil samples were collected in
polythene bags. The physical characteristics such as moisture content, density and
permeability were determined. The chemical characteristics for Fe2O3, MnO, Na2O,
MgO, K2O, Al2O3, CaO, SiO2 have been expressed as percentage weight. The
results exhibit that the usage of micro-silica and titanium dioxide fillers increased
mechanical properties and significantly eradicate all pores. Heterogeneously, the
concrete, artificial stone composite achieved in the absence of water pool showed
excelling properties that enhance with time [5]. Air quality was assessed using
high-volume air samplers regarding suspended particulate matter (SPM) in the
ambient air surrounding the waste disposal areas [6–8].

Recycling of potential of the stone processing waste was assessed in terms of
replacement of sand or cement in preparing M20 grade concrete and clay in the
preparation of bricks. Five concrete cubes of size 15 cm � 15 cm � 15 cm were
moulded and tested for compressive strength after a period of 7 days and 28 days
for various replacement percentages of sand and cement. The compressive strength
of concrete cubes was compared with the standards specified by IS: 456 (2000) for
M20 grade concrete. Twenty bricks were moulded manually using rectangular
boxes of size 22 cm � 10 cm � 9 cm with different proportions of waste and clay.
The dried bricks were burnt at a temperature of 950 °C in a brick kiln for a period
of 15 days. The burnt bricks were tested for water absorption, hardness, shape and
size, soundness and compressive strength. Water absorption was assessed in terms
of weight gain of dried bricks immersed in water for 24 h [9–11]. The pressure
required to break the bricks using compression testing machine was taken as
compressive strength of the bricks [12–15]. Absence of impression on the surface
of brick when scratched with fingernail was taken as an indication of sufficient
hardness. All the bricks were closely inspected for their size and shape. The pro-
duction capacity, water consumption and waste generation in the three selected
industries quantified during the study are provided in Table 1.

The quantity of waste is varying with respect to the size and thickness of slabs/
tiles produced. The tiles unit of Industry A has an installed capacity of 1,80,000
square metres and is equipped with a processing line from some of the leading
manufacturers. The slabs unit of Industry A has an installed capacity of 1,68,000
square metres and is equipped with a processing line from some of the leading
manufacturers. The quantity of water used for cutting purposes is 400 and 600 Lpm
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for 32 blades and 45 blades, respectively. The water used for polishing purpose is
230 Lpm for both types of blades.

3 Results and Discussion

The products in three selected industries are granite slabs/tiles for flooring and
shelves. The size of the slabs and tiles varies with respect to the customer’s
requirement. About 10% of the total water used by the industry per day during wire
dressing removes the extra projections of rough blocks and helps to get uniform size
of block. The waste generated from wire dressing removes the extra projections of
rough blocks and helps to get uniform size of block [16–18]. The waste generated
from wire dressing is in the form of small pieces of granite. During block cutting,
about 40% of the total water used by the industry per day is used along with lime
and gridiron and a waste is generated in the form of slurry. During the next step of
cross-cutting, about 30% of water is used along with lime and the waste is gen-
erated in the form of slurry. The remaining 20% of water is used for cleaning the
floors and other purposes. The average values of the physical characteristics of
waste were compared with the sand and clay properties to examine whether the
waste can replace sand and clay [19–21]. The detailed physical characteristics of
stone processing waste are given in Table 2.

The chemical components are compared with the oxides of ordinary Portland
cement. The parameters like Fe2O3, Na2O, MgO, K2O, SiO2 are four times, two
times, four times, two times, three times, respectively, greater than the values
mentioned in the composition of cement, and other parameters like oxides of CaO
are 40 times lesser than, and Al2O3 and MnO are equal with the values mentioned
in the composition of the cement. Limitations of all the heavy metal concentrations
of As, Ba, Cd, Cr, Hg, Pb and Ag are satisfactory as specified by USEPA. The
results indicate that there will not be any impact on the leachability of waste.

The physical characteristics of soil in the disposal site in terms of the parameters
like moisture content, density and permeability were determined. The moisture
content varied from 17 to 21%, and it is termed as too dense and the water
absorption from the waste may take time. Density of soil at wet condition varied
from 1980 to 2290 kg/m3, stating that the soil is too dense when compared with
normal density of 1800 kg/m3, because the waste is percolated along the top surface

Table 1 Quantity of waste generation

S.
No.

Industry
reference

Water
consumption
(kL/day)

Waste
generated
(m3/day)

Specific water
consumption
(kL/m2)

Specific
waste
generation
(m3/m2)

1 A 30 177.7 0.074 0.44

2 B 22 40.0 0.071 0.13

3 C 15 42.3 0.090 0.26
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of the soil due to the moisture content present in the waste. Permeability of various
soil samples was in the range between 1.3 � 10−4 and 2.5 � 10−5 cm/s indicating
that it is impervious [22, 23]. The detailed chemical characteristics of stone pro-
cessing waste are given in Table 3.

Sample collected at 150 m away from each of the disposal site for the same
parameters showed the moisture content 13, 12 and 15%, respectively. The density
was found to be 1830, 1880 and 1750 kg/m3, and the coefficient of permeability
were 1.5 � 10−3, 1.3 � 10−2 and 1.9 � 10−3 cm/s in the respective nearby dis-
posal sites. The ambient air quality at three disposal sites of three industries

Table 2 Physical characteristics of stone processing waste

Industry Sample
code

Moisture
content (%)

Bulk
density
(kg/m3)

Fineness
modulus

Effective
size
(mm)

Coefficient
of
uniformity

Coefficient
of
gradationWet Dry

A AW1 23.96 1.56 1100 2.02 0.16 1.52 1.32

AW2 24.32 1.52 1130 2.05 0.17 1.53 1.35

AW3 22.36 1.61 1110 2.08 0.18 1.56 1.39

B BW1 21.32 1.62 1120 1.98 0.18 1.60 1.38

BW2 22.86 1.57 1130 2.03 0.17 1.61 1.37

BW3 21.68 1.56 1100 2.09 0.16 1.62 1.33

C CW1 25.36 1.65 1120 2.04 0.18 1.58 1.39

CW2 24.65 1.63 1110 2.03 0.18 1.60 1.37

CW3 23.68 1.61 1140 2.07 0.19 1.62 1.41

Average 23.35 1.59 1118 2.04 0.17 1.58 1.37

Comparable
properties of sand

25.00 2.50 1200 2.20 0.20 6.00 2.00

Table 3 Chemical characteristics of stone processing waste

Industry Sample
code

Fe2O3

(%wt)
MnO
(%wt)

Na2O
(%wt)

MgO
(%wt)

K2O
(%wt)

Al2O3

(%wt)
CaO
(%wt)

SiO2

(%wt)

A AW1 12.15 0.08 2.07 8.67 2.27 4.81 1.24 63.96

AW2 11.98 0.07 2.09 8.89 2.29 4.68 1.32 64.06

AW3 12.26 0.08 2.05 8.56 2.36 4.78 1.48 62.32

B BW1 11.89 0.09 2.11 8.76 2.32 3.98 1.56 68.09

BW2 12.05 0.08 2.10 8.78 2.35 4.09 1.62 67.52

BW3 11.78 0.09 1.98 8.24 2.28 4.12 1.58 66.82

C CW1 12.12 0.07 2.12 8.92 2.36 4.52 1.76 65.32

CW2 12.08 0.08 2.11 8.95 2.40 4.58 1.80 64.36

CW3 11.56 0.08 2.06 8.89 2.38 4.49 1.82 61.28

Average 11.99 0.08 2.08 8.74 2.33 4.45 1.58 64.86

Comparable
characteristics of
Portland cement

0.55 0.85 0.85 2.15 0.85 5.50 63.50 21.50
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revealed that the suspended particulate matter (SPM) concentrations are 120, 150
and 140 lg/m3 for three disposal sites. It was found that SPM concentrations are
within the regulatory level of 500 lg/m3, specified by the standards for the
industrial zone [24]. It means that there will not be any significant effect in the air
due to the waste disposal site.

3.1 Reusing the Waste in Preparation of Concrete

The maximum percentage of replacement of sand was found to be 60% as shown in
Fig. 1, when compared with the standard value of 20 N/mm2 at 28 days curing as
recommended by the code. The maximum percentage of replacement of cement by
stone processing waste was found to be 10% as shown in Fig. 2, when compared
with the standard value of 20 N/mm2 at twenty-eighth day compressive strength.

3.2 Reusing the Waste in Preparation of Bricks

The burnt bricks are made with stone processing waste sludge and clay in different
proportions. The burnt bricks made of different stone processing waste and com-
positions were tested for water absorption, hardness, shape and size and soundness
[25–28]. The results indicate that a maximum of 60% of clay can be replaced. The
compressive strength at 40% replacement of clay by waste gives better results when
compared with the standard value of 5 N/mm2. The other combinations of greater
than 40% showed values less than 5 N/mm2. It indicated that a maximum of 40%
replacement can be done for bricks. Moreover, the combination of 50 and 60%
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replacements attains the value greater than 3.5 N/mm2 and that type of bricks can
be used for partition walls and other non-load-bearing walls. The variation in the
compressive strength is shown in Fig. 3.

4 Conclusion

The physical characteristics of stone processing waste such as moisture content, bulk
density and fineness modulus were analyzed, and chemical composition of stone
processing waste such as oxides of iron, manganese, sodium, magnesium,
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potassium, aluminium, calcium and silicon was analyzed as per the standard
methods. Heavy metals like arsenic, barium, cadmium, chromium, lead, mercury
and silver in the TCLP extract of waste were analyzed using AAS. Characteristics of
the soil at the waste disposal site were studied and air quality assessed. Concrete
cubes were prepared by replacing sand and cement with stone processing waste. The
optimum percentage of replacing sand and cement with stone processing waste was
determined by comparison of compressive strength of the concrete cubes with
standard values. Bricks were also prepared with different composition of clay and
waste, and the suitability of the brick for construction work was assessed by its
physical characteristics and compressive strength. The waste can be reused as a
replacement of sand and clay with respect to the physical characteristics. The waste
can be reused as a replacement of cement with respect to the chemical compositions.
The concentrations of heavy metals in the leachate were within the regulatory levels
and in the leachate were within the regulatory levels, and thus, there will not be any
effect on dumping. The chemical characteristics of soil such as Fe2O3, MgO and
SiO2 found about 50, 40 and 30% higher than that of the undisposed site.
A maximum replacement of sand would be 60% and a maximum replacement of
cement would be 10% which can be achieved in preparation of bricks. Transforming
waste into product could be achieved by clustering of industries for setting up a brick
kiln or using the existing brick kiln nearby the industries. There is need to create
awareness among the public for using bricks made of combination of clay and stone
processing waste for construction purposes.
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Biochemical Changes in Lantana
camara and Ipomoea carnea Growing
in the Fly Ash Amended Soil

Shikha Kumari Pandey and Tanushree Bhattacharya

Abstract Proper remediation of fly ash is important as it is harmful for environ-
ment and human health due to the presence of metals. This study evaluated the
effects of fly ash amended soil on two local species, namely Lantana camara and
Ipomoea carnea, by growing it in different amendments (10%, 20%… up to 100%).
Metal fractionation of fly ash showed that Ni, Cd and Mn had higher percentage in
the soluble and exchangeable fraction. Plant height, leaf size, number of leaf and
biomass of both the plants were substantially increased with the developmental
stage. Chlorophyll activity increased with the developmental stage in L. camara and
I. carnea. Peroxidase activity in L. camara and in I. carnea increased at 120 DAS.
Metals accumulation in upper ground part of I. carnea and L. camara was more as
compared to belowground part. It indicates phytoextraction strategy of both the
plants. Both the plants performed reasonably well in terms of phytoextraction of
metals. Moreover, the biochemical parameters indicated less stress and more tol-
erance towards metal contamination.

Keywords Fly ash � Lantana camara � Ipomoea carnea � Sequential extraction
Biochemical response � Translocation

1 Introduction

Coal-fired energy generation is the most important source of electricity in the
developing countries. Thermal power plant for energy production is going to be the
main source of world energy till 2040 as it is growing at an average rate of 1.8% per
annum. The adverse side of coal-based electricity production is generation of fly
ash (FA) as a by-product. Fly ash is produced due to burning of coal.
The FA-contaminated zone is escalating at a stressing scale and has turning into a
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worldwide fear. Fly ash is grey colour and very tiny particle having typical diameter
of <10 µm and low bulk density with more surface area. According to United States
Environmental Protection Agency (USEPA), FA contamination causes cardiovas-
cular and skin ailments, tumour and respiratory disorder. In this way, it is of most
extreme significance to look better choices for remediation for the threats of coal
FA. According to Central Electricity Authority [1] in India, on an average 48.50%
fly ash is utilized in different sectors like cement sector, mine filling (8.26%), roads
and embankments (11.65%), low-lying area reclamation (12.73%), tiles and bricks
making (6.3%), agriculture (1.74%) and miscellaneous (10.82%). In this manner,
there exists a wide extension and a basic need to expand the amount of FA reuse.
Particularly there is a wide degree for soil application because of the present
consumption rate is very less. In fact, there exist a lot of chances in perspective of
the enormous degraded soil existing in the world which should be recovered with
proper remediation. Further, thousands of hectares of land are engaged for the
storing of FA throughout the world that could be remediated by different plant
species [2].

Due to its fugitive emissions, fly ash is usually dumped by preparing slurry in a
fly ash pond. These wet storage ash ponds pose a major environmental threat due to
release and transport of metals. This can lead to metal contamination in the
groundwater, surface water, soil and vegetation. Fly ash amendment with soil has
been broadly studied by several researchers [3–5]. Fly ash amendment has some
positive effect on soil quality for example; it improves water holding capacity and
decreases bulk density that increases pore space. And yet, change in pH and
availability of some phytotoxic metals; low nitrogen and phosphorus content, along
with metal leaching are the ill effects of fly ash amendments.

Phytomanagement of fly ash is the practice to use vegetation and amendments of
soil to minimize the environmental risk caused by fly ash polluted area [6]. The
benefit of phytomanagement is to lower the contaminant availability and to prevent
ecotoxicological pollution. The success of phytoextraction depends on suitable
combination of soil amendments and plant species that tolerate the local condition.
Fly ash-contaminated soil surface stabilization is essential to stop wind erosion that
reduces hazard of direct consumption by humans and animals. Flowering shrubs
such as Bougainvillea, Nerium odorum, Rosa damascene, Tagetes patula, Hibiscus
rosa-sinensis are reported to grow successfully on fly ash amended soils. Some
plants are also been reported to stabilize fly ash lagoons and dykes, e.g. Prosopis
juliflora, Ziziphus mauritiana, Acacia filicifolia, Casuarina equisetifolia,
Dendrocalamus strictus [7–10]. Fly ash is alkaline in nature, but it has also a little
bit amount of Na, Mg, Fe, Ca, K, Ti and P oxides [11]. It involves a few
micronutrients which are ideal for plant growth and development. On the opposite
side, it has some toxic metal ions like Pb, Cr, V, Hg, Ni, As and Ba [12]. The higher
uptake of these heavy metals and metalloids causes crumbling in enzymes activity,
damages the membrane, nucleic acids, proteins, chlorophyll and expanded
per-oxidation of lipids by the development of free radicals, however at lower uptake
it could enhance the growth and productivity of many crops [13]. Foliar application
of fly ash enhances the plant morphological properties, metabolism activity rate and
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photosynthetic activity in Zea mays and Glycine max [14]. Amendment of Fly ash
to soil was accounted to enhance the performance of oil-seed productivity in the
species like turnip (Brassica rapa), sunflower (Helianthus sp.), groundnut (Arachis
hypogaea), sesame (Sesamum indicum) [115] [15]. There are additional reports that
10–25% use of fly ash brought about good development, enhanced photosynthetic
activity in Lactuca sativa and cultivation of rice [16, 17]. The present study aims to
investigate the effect of fly ash amendment on the morphological and biochemical
property of Lantana camara and Ipomoea carnea and to estimate the phytoex-
traction potential.

2 Material and Methods

2.1 Samples Collection

Fly ash was collected from the fly ash dump site of a coal-based thermal power
plant of the Patratu thermal power station (PTPS) located at Patratu, Ramgarh,
Jharkhand (India). For the pot culture experiment, soil was collected from the
garden of BIT Mesra campus from a depth of 20 cm, after scrapping of the surface
litters. L. camara (Family: Verbenaceae) and I. carnea (Family: Convolvulaceae)
shoots of the plants were used for plantation. Shoot of the plants was obtained from
the plant growing in uncontaminated area.

2.2 Experimental Set-up

For the experiment, fly ash was mixed with the garden soil and organic manure in
the following percentage: T0 = Control (only garden soil); T1 = 10% fly ash +
90% garden soil; T2 = 20% fly ash + 80% garden soil; T3 = 30% fly ash + 70%
garden soil; T4 = 40% fly ash + 60% garden soil; T5 = 50% fly ash + 50% garden
soil; T6 = 60% fly ash + 40% garden soil; T7 = 70% fly ash + 30% garden soil;
T8 = 80% fly ash + 20% garden soil; T9 = 90% fly ash + 10% garden soil;
T10 = 100% fly ash. Total weight of the amended soil in all the pots was 2.5 kg.
All the treatments were exposed to the natural weather conditions. Plants were
harvested after 60 days of sowing (60 DAS) and after 120 days of sowing (120
DAS).

2.3 Physicochemical Analysis of Fly Ash Amended Soil

Soil pH was analysed in a 1:2 soil:solution suspension by the digital pH metre
with glass electrode [18]. Electrical conductivity (EC) in soil water solution
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(1:2 proportion) was analysed with EC by electrical conductivity metre (HM
DIGITAL). Organic carbon (OC) in the fly ash amended soil was analysed by
Walkley and Black quick titration technique [19]. Soil-available phosphorus
(P) was estimated by Olsen method [20], and available potassium (K) was estimated
using N ammonium acetate as extractant and K was quantified in flame photometer
[21]. Nitrogen (N) and sulphur (S) were analysed by Elemental analyser (CHNS
Analyse, Vario EL). For sequential extraction of metals in fly ash, modified Tessier
scheme was followed [22]. Heavy metals (Cd, Cr, Cu, Mn, Ni, Pb) in plants and
soil sample were determined by digesting sample in aqua regia (3:1, HNO3:HCL);
then metals were estimated in inductively coupled plasma ray optical emission
spectrometry (ICP-OES 2100 DV, Make Perkin Elmer).

2.4 Plant Morphology and Biochemical Parameters

Plant morphological parameters like plant height, size of leaf, biomass and no. of
leaves were measured at both the stages of harvesting. For the plant measurement of
biomass, plant parts were separated in leaves, roots and stems. Then it was dried for
48 h in hot air oven at 55 °C and weighed with a weight balance. Fully expanded
fresh leaves of plants were sampled randomly from each pot for biochemical
analysis. For the determination of chlorophyll Arnon 1949, method was followed
measured at 645 and 663 nm (systronic spectrophotometer Model-166). The POD
activity was determined by guaiacol method at 25 °C studied at 470 nm in the
spectrophotometer (systronic spectrophotometer Model-166) [23].

2.5 Phytoextraction Efficiency

Phytoextraction potential is defined as the ratio of metals concentrated in the upper
ground parts to that of the total metals ions in soil at final harvesting stage.
Phytoextraction potential was used to evaluate efficiency of a plant in metal
accumulation and translocation [24]. It depends on metal accumulation in the
above-ground part and biomass of the plants. It is calculated as follows:

PPð%Þ ¼ Mshoot � Bshoot

Msoil � Bsoil
� 100

where Mshoot is the metal (mg/kg) accumulation in above-ground parts of the plant.
Bshoot represents the plant dry weight (gm). Msoil is the metal (mg/kg) concentration
in the fly ash amended soil. Bsoil is the total weight of soil in the pot (gm). It has
been calculated for both the plants for every amendment or treatment at 120 DAS.
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2.6 Statistical Analysis

Standard deviation and ANOVA were calculated using Excel version 10. Origin pro
8.0 was used for plotting graphs.

3 Results and Discussion

3.1 Physicochemical Properties of Fly Ash Amended Soil

The physicochemical property of fly ash amended soil for I. carnea and L. camara
with the different treatments is given in Tables 1 and 2, respectively. pH of the
amended soil in all the treatments was alkaline in nature. In case of I. carnea, pH
increased with the fly ash dose. On the other side, pH (7.33) was maximum in T10.
There is no substantial change in pH with different sowing stages. The high pH
might be due to the neutralization of H+ by alkali salts along with solubilization of
basic metallic oxides of fly ash in the soil Khan and Khan [25]. Gupta et al. [26] also
reported that the increase in soil pH might be a result of precipitation of soluble
cations from the fly ash [25, 26]. Electrical conductivity (EC) was found to be of
average of 83 ms/m. Low EC suggested that the fly ash samples did not contain high
amount of dissolved salts and soluble metals. As, per ANOVA (P < 0.05) where
Fcritical = 2.97 for Treatments and sowing stages Fcritical = 4.94 pH and EC did not
show statistically significant variation within different treatments and between har-
vesting stages in both the plants. Available P and K contents increased with fly ash
amendments; the same trend was found in both the plants’ set-up. ANOVA
(P < 0.05) for phosphorous and available K showed statistically significant variation
with the plant developmental stage as well as treatment. Nitrogen (%) is less than 1%
in every treatment in L. camara as well as in I. carnea. However, control had more
than 1% nitrogen content. Similar kind of findings has been reported in the soil
amendments planted with Brassica chinensis and B. parachinensis by Wong and
Wong [27], and Helianthus annuus Pandey et al. [28].

3.2 Chemical Fractionation of Metals in Fly Ash

Sequential extraction of fly ash results showed that Ni, Cd and Mn had higher
percentage in the soluble and exchangeable fraction than the other metals (Fig. 1).
The order of metals in the soluble and exchangeable fraction was Cd (25%) > Ni
(49%) > Mn (27%) � Pb � Cr � Cu (0%). The trend for carbonate fraction was
Cd (38%) > Cu (4%) > Mn (6%) > Ni (3%) > Cr � Fe � Pb (0%). Fe–Mn bound
fraction can be released in the environment under anoxic conditions, and its order
was Cd (24%) > Mn (11%) > Ni (0%) � Cr (0%) � Pb (0%) � Cu (0%). For
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organic fraction, it was Cu (29%) > Cu (29%) > Pb (20%) > Cd (13%) > Cr
(11%) > Ni (8%) > Mn (6%). Residual fraction is bound to silicate matrix and is
the most inert fraction. The trend in this fraction was Cr (89%) > Pb (80%) > Cu
(76%) > Mn (51%) > Ni (37%) > Cd (0%). Cr, Pb and Cu were mostly in
non-available fractions, and Ni, Mn and Cd were comparatively more in available
fractions.

3.3 Morphological Parameters

I. carnea and L. camara morphological properties such as biomass (gm), plant
height (cm), number of leaf and leaf size (cm) were studied at both the harvesting
stages (Tables 3 and 4). Plant height, number of leaf, total number of leaves and
biomass increased with time. Treatment or amendment-wise variation was also
observed in both I. carnea and L. camara. However, for most of the parameters
plants grown in control had higher values than the higher amendments. T1 and T2
amendments showed similar or better response than the control. According to
ANOVA (P < 0.05) where Fcritical = 2.97 for treatments and sowing stages
Fcritical = 4.94, all the plant morphological parameters like plant height
(cm) (F = 56.1 for L. camara and F = 27.09 for I. carnea), leaf size (cm) (F = 19.1
for L. camara and F = 195.1 for I. carnea), number of leaf (F = 91.5 for L. camara
and F = 56.1 for I. carnea) and biomass (gm) (F = 27.08 for L. camara and
F = 140.87 for I. carnea) showed statistically significant variation only with har-
vesting stages for L. camara and I. carnea. Gupta and Sinha [29] have studied
Brassica juncea with different amendments and stated that only shoot growth was
improved but not growth of root by 25% application of fly ash [29]. Finally, it was
observed that there was no adverse effect on the plant morphology due to higher
exposure of fly ash in both the plants.

Fig. 1 Sequential extraction of fly ash
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3.4 Biochemical Parameters

Fly ash amendment effects on chlorophyll content in I. carnea and L. camara are
shown in Fig. 2. Chlorophyll content in I. carnea and L. camara decreased with
increasing amendments and time. However, chlorophyll content in L. camara was
more than I. carnea. At the initial stage (60 DAS), chlorophyll production was high
in both the plants and chlorophyll content did not decease with increasing doses of
fly ash. After 120 DAS, chlorophyll concentration decreased in I. carnea but in
L. camara it increased with time. During the initial growth stage, metal ions from the
fly ash might help for chlorophyll production. After long exposure with the metal-
liferous soil reduction in chlorophyll in the plants was probably because of
replacement of Mg2+ ions in chlorophyll molecules by the Cd2+, Cu2+, Ni2+, Zn2+

and Pb2+, metal ions. Metals can also suppress chlorophyll activity by inhibiting
chlorophyll-synthesizing enzyme activity [30]. ANOVA (p < 0.05) for chlorophyll
was calculated where Fcritical = 2.97 for treatments and sowing stages Fcritical = 4.94.
Chlorophyll concentration varied significantly according to ANOVA (p < 0.05)
between the harvesting stages but the variation was not significant among the dif-
ferent treatments of fly ash for L. camara (F = 23.7) as well as I. carnea (F = 7.87).
However, at initial growth stage of plant, chlorophyll content was high also due to
increased photosynthetic activity and as the plants matured chlorophyll content
decreased in I. carnea. Decrease in chlorophyll content is also found in some plants
Sesbania cannabina and chickpea grown on different fly ash dosed soils [31, 32]. It
must be noted that in the present study, plant total chlorophyll was not affected by

Fig. 2 Chlorophyll and peroxidase activity in Lantana camara and Ipomoea carnea. T1-10%,
T2-20%, T3-30%, T4-40%, T5-50%, T6-60%, T7-70%, T8-80%, T9-90%, T10-100%, C-control,
DAS-days after sowing

Biochemical Changes in Lantana camara and Ipomoea carnea … 79



dose of fly ash in I. carnea. Even in 100% fly ash chlorophyll content was not
affected. This signified that the plant has good tolerance even when it is exposed to
high metal dose and its growth will not be affected. However, in L. camara
chlorophyll content increased with time but in plants growing on 100% fly ash dose
the chlorophyll content was substantially less. The peroxidase activity for both the
plants I. carnea and L. camara is shown in the Fig. 1b, d. In I. Carnea, peroxidase
activity increased with the different treatments and different harvesting stages. In
L. Camara, POD activity decreased with the increase in time. Control plant of
L. camara showed decrease in POD activity at second harvesting stage. With
increasing amendments, the metal content increased and hence peroxidase activity
also increased. The variation was statistically significant (P < 0.05) within different
harvesting (F = 4.96) stages and not significant among the different treatments of fly
ash. POD activity is related to the oxidative reactions due to increase in peroxides
and free radicals in the plant cells due to metal stress. In some plants, initiation of
POD activity is a normal reaction to uptake of toxic metals. Finally, an increase in
POD activity can also be due to plant ageing or senescence. However, no symptoms
of toxicity were observed at this study. Similar kind of finding has been reported by
Bhattacharya et al. [30] by Paspalum distichum grown on sludge-dosed soils.
Sharma et al. [32] were reported earlier by Pisum sativum L. and Gautam et al. [33]
with Brassica juncea [30, 32, 33].

3.5 Metal Accumulation

3.5.1 Ipomoea carnea

Concentration of all the metals (Cd, Cr, Cu, Mn, Ni, Pb) was analysed in plant tissue
in upper part and belowground part (Figs. 3 and 4). Both the plants accumulated most
of the metals in the upper ground part as compared to belowground part in both the
harvesting stages. However, uptake was not affected by the higher fly ash amend-
ment. Among the six metals studied I. carnea, accumulated Cd (4.33 mg/kg) in
maximum amount in the upper ground part in 40% treatment at 60 DAS and 2.67 mg/
kg in T7 at 120 DAS. Although there was decrease in Cd concentration at 120 DAS.
Decrease in total concentration of metals with plant growth could be due to “dilution
effect”. Due to increase in total biomass of plants, there is decrease in the tissue
concentration of total metal [30]. As per the translocation, it indicates that there was
translocation of Cd to upper ground part in every treatment and maximum translo-
cation was found at T4. Two-way ANOVA was calculated for every metal with
treatments and harvesting. For Cd, ANOVA at (P < 0.05) in upper ground part and
belowground part showed no significant variation with the treatment and harvesting
stages. The translocation of Cd in the upper ground parts indicated I. carnea behaved
as a phytoextractor for cadmium. Maximum Cr (20.12 mg/kg) was found in the
upper ground part after 120 days of sowing at the T1. At 60 DAS Cr concentration in
upper ground part was 7 mg/kg in T6 and T10, whereas in belowground part it was
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(a)

(b)

Fig. 3 a, b Heavy metals uptake by Ipomoea carnea at different sowing stages. T1-10%, T2-20%,
T3-30%, T4-40%, T5-50%, T6-60%, T7-70%, T8-80%, T9-90%, T10-100%, C-control,
DAS-days after sowing
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(a)

(b)

Fig. 4 a, b Heavy metals uptake by Lantana camara at different sowing stages. T1-10%,
T2-20%, T3-30%, T4-40%, T5-50%, T6-60%, T7-70%, T8-80%, T9-90%, T10-100%, C-control
DAS-days after sowing
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more in T3 (12.3 mg/kg). So, at the initial stages Cr was more accumulated in
belowground part, and at final stage it was more in upper ground part. According to
translocation factor (data not shown) maximum translocation was at T1 and T2.
Usually, concentration of Cr found in plant varies widely with the types of tissues and
growth stage of plant as the trend for Cr uptake is irregular [34]. At the final stage, Cr
was more in upper ground part so the plant behaved similarly like Cd that is as
phytoextractor for Cr. Two-way ANOVA (P < 0.05) for upper ground part and
belowground part was calculated, and it showed statistically significance variation
within the treatments in both the stage of plant (Fbelowground = 11.5 and Fupper
ground = 3.44). At 60 DAS, Cu accumulation was more in belowground part at T7
(14 mg/kg) than upper ground part (8.95 mg/kg at T1). At the 120 DAS, it was
changed as maximum accumulation was in the T2 (29.06 mg/kg) in upper ground
part. As per the translocation factor, it showed translocation only in T1, T2 and T3.
Cu has important role in the enzymatic activity and also had antagonistic interrela-
tionship with other metals. Cu–Cd interaction was reported by some researchers for
both antagonistic and synergistic in the uptake by root [35]. In the present study, Cu
and Cd both had good translocation in T1 and T2 suggesting synergistic effect.
Similar uptake of Cu was reported in Cassia siamea growing on fly ash amended soil
(5–30 mg/kg) [34]. ANOVA in upper ground part and belowground part at
(P < 0.05) was calculated. It showed statistically significant variation only within the
treatment in belowground part. Upper ground part showed statistically significant
variation within the treatment (F = 5.80) and between sowing (F = 23.3) also. Mn
(16.65 mg/kg) showed more accumulation in T3 in upper ground part at 60 DAS and
on the other hand its concentration decreased at 120 DAS to 7.78 mg/kg in T9. The
accumulation of metal in belowground part at 120 DAS was less than upper ground
part (3.32 mg.kg) at T6. This decrease can also be attributed due to dilution effect or
might be due to the translocation in the upper ground parts. Translocation factor
showed good translocation of Mn in all the treatments except T1. This indicates
I. carnea can act as a good phytoextractor for Mn in almost all the amendments.
Two-way ANOVA at (P < 0.05) in upper ground part and belowground part also
suggested that no statistically significant variation in Mn concentration was observed
within the treatment or between sowing stage. Reeves [36] reported the range of
20–400 mg/kg of Mn as normal concentration range in plants growing in metallif-
erous soils [36]. Mn accumulation in P. juliflora growing in fly ash amended soil was
reported to be 12–32 mg/kg [37]. Ni (10.91 mg/Kg) concentration was highest in T3
at 120 DAS. Ni uptake in the upper ground part was more than belowground part. As
per the translocation factor, Ni showed translocation of metals in all the treatments. It
had maximum translocation from belowground to upper ground part in T4.
According to Kabata and Pendias, Ni toxicity lies in between 10 and 100 mg/kg of
dry weight [35]. Ni concentration was within safe limit. Two-way ANOVA for upper
ground part and belowground part at (P < 0.05) for Ni showed statistically signifi-
cant variation within the treatments (F = 3.35) in belowground part. Pb accumulation
was found 18.56 mg/kg at T1 in 120 DAS in upper ground part. Here again the
concentration of Pb in upper ground part was more than belowground part. As per the
translocation factor, it showed only good translocation in T1, T2, T4 and T9. Study
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conducted on peanuts by Chaudhari et al. reported the range of Pb concentration in
the root and shoot portion from 4.1–6.4 to 1.4–3.7 mg/kg, respectively [37].
Two-way ANOVA for upper ground part and belowground part at (P < 0.05) for Pb
showed statistically significant variation within the treatments (F = 4.3) in below-
ground part and statistically significant (F = 5.19) variation between the sowing
stages in upper ground part. At 120 DAS, the overall trend of metal accumulation was
in upper ground part was Cu > Pb > Cr > Ni > Mn > Cd and in belowground part
was Cu > Cr > Pb > Mn > Ni > Cd.

3.5.2 Lantana camara

Among the six metals studied L. camara (Fig. 4a, b). accumulated all the metals.
Cd was (9.15 mg/kg) in highest amount in the upper ground part in T10, whereas
maximum accumulation in belowground part was 0.7 mg/kg at T6. At 120 DAS,
upper ground part accumulation decreased to 8 mg/kg at T10 (Fig. 4a, b). But it
was more than belowground part. Translocation factor was >1 for all treatment it
implies the mobility of Cd in plant upper ground part. It acts as phytoextractor as
highest accumulation takes place in plant harvestable part. Two-way ANOVA for
upper ground part and belowground part at (P < 0.05) showed statistically signif-
icant variation with treatment (F = 7.93) only in upper ground part. Statistically no
significant variation was observed either with treatment or sowing stage. Cr
(12.73 mg/kg) accumulation was maximum in the upper ground part at 120 DAS in
T9. At 60 DAS, maximum accumulation was 11 mg/kg found in T10. At both the
sowing stages, more accumulation was found in upper ground part. For the met-
alliferous soil, Cu toxicity limit is 5–25 mg/kg as reported by Reeves [36].
Chlorosis is the toxicity symptom of Cu. There was no visible symptom occurred in
both the plants. According to translocation factor, it was >1 in all the treatments and
maximum was in T6. Two-way ANOVA for upper ground part and belowground
part at (P < 0.05) was calculated. It showed statistically significant variation within
the treatments only in upper (F = 11.5) and below (F = 8.35)-ground part. No
significant variation was found between the sowing stages. Cu (25.4 mg/Kg) was
maximum in T2 at 120 DAS in upper ground part. At 60 DAS, Cu accumulation
was highest in T1 and T9 (22 mg/kg). P. juliflora growing in fly ash amended soil
had Cu concentration 17–45 mg/kg [37]. Here Cu is more than toxicity level, but no
visibly toxicity symptom occurred. Translocation factor of Cu was >1 for all the
treatments, indicating translocation in the upper part. Two-way ANOVA for upper
ground part and belowground part at (p < 0.05) was calculated. It was statistically
significant within treatment in upper ground part (F = 4.67) and belowground part
(F = 7.7). Not significant within the sowing stage. Mn uptake in L. camara was
more in upper ground part at 60 DAS and 120 DAS. As translocation factor was >1
in all treatments. Maity et al. [37] reported that Mn concentration in naturally
growing B. repens at fly ash dump site was 7–26 mg/kg [37]. Two-way ANOVA
for upper ground part and belowground part at (p < 0.05) was calculated. It was
statistically significant only within treatment in both the plant part (Fupper ground =
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3.77 and Fbelowground = 14.4). Ni (Fig. 4a, b) Accumulation in plant upper ground
part was highest 8 mg/kg in T1 at 60 DAS and 7.97 mg/kg in T1 at 120 DAS. Its
accumulation in belowground part was less than upper ground part. Translocation
factor showed that it was >1 in all treatments. So, L. camara was good phytoex-
tractor of Ni. According to Alloway [38], critical concentration of Ni in plants
ranges between 10 and 100 mg/kg [38]. In the present study, the Ni concentration
was within this limit. Maiti et al. [37] reported Ni concentration in the naturally
growing vegetation on fly ash dumpsite A. aspera was between 1.2 and 58 mg/kg
[37]. Two-way ANOVA for upper ground part and belowground part (p < 0.05)
was calculated. It showed statistically significant variation within the treatments in
belowground part (F = 11.17) and upper ground part (F = 32.9). Pb highest
accumulation was found in the upper ground part at 120 DAS 47.32 mg/kg in T10.
And total uptake of metal was more in upper ground part as compared to the
belowground part. Translocation factor for Pb showed that it was >1 in all the
treatment. Accumulation of Pb in cynodon growing in normal soil was reported as
12.4 mg/kg [38]. According to ANOVA in upper ground part, the variation in Pb
concentration was statistically significant for both treatment (F = 5.24) and har-
vesting stages (F = 3.88). The overall metals accumulation at the final harvesting
stage in L. camara followed the order Cu > Cr > Pb > Ni > Mn > Cd for
belowground part and Pb > Cu > Cr > Ni > Mn > Cd for upper ground part. Both
the plants accumulated Cu, Pb and Cr more than the other metals. Cd uptake was
least for both the plants. Both the plants translocated most of the metals in the upper
ground part or harvestable part. So, with proper harvesting strategies, metals can be
scavenged from the soil amendments or fly ash.

3.6 Metals in the Fly Ash Amendment Soil

Metal concentration in the fly ash amended soil planted with I. carnea and
L. camara showed decrease in metal concentration with time (Fig. 5a, b). The
decrease of Cd was least as it was not taken up by plants. The average percentage
decrease of metals in soil amendments planted with L. camara was in the following
order Ni (38%) > Mn (34%) > Cd (27%) > Cr (21%) > Pb (11%) > Cu (10%).
These average values in the parenthesis are based on the decrease in metal content
with respect to the initial metal concentration. The order of decrease of metals for
I. carnea planted soil was as follows: Cd (45%) > Ni (41%) > Mn (24%) > Cu
(23%) > Pb (20%) > Cr (18%).

3.7 Phytoextraction Efficiency

Phytoextraction potential for I. carnea and L. camara is shown in Fig. 6. I. carnea
showed good phytoextraction efficiency for all the metals (Cd, Cr, Cu, Mn, Ni, Pb)
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and for all the treatments, whereas L. camara showed good phytoextraction for Pb
at efficiency T10. It was reported in the literature that perfect species for phy-
toextraction must have good biomass as metal accumulation can lead to decrease in
biomass. In the present study, higher metal exposures did not affect the biomass of
the plants. It is also evident from Fig. 6 that the phytoextraction potential increased
with the higher dose of fly ash. This signifies gain that as the biomass increased, the
metal uptake increased and hence the phytoextraction efficiency. However,
L. camara showed better phytoextraction potential for all the metals.

(a)

(b)

Fig. 5 a, b Variation of metal concentration in soil planted with Lantana camara and Ipomoea
carnea. T1-10%, T2-20%, T3-30%, T4-40%, T5-50%, T6-60%, T7-70%, T8-80%, T9-90%,
T10-100, DAS-days after sowing
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4 Conclusion

Overall behaviour of I. carnea and L. camara showed good phytoextraction
capability for all the metals (Cd, Cr, Cu, Mn, Ni and Pb), as the metals were
accumulated in the harvestable part of the plants. However, L. camara showed
better phytoextraction potential. Morphological parameters like plant height (cm),
leaf size (cm), number of leaf and biomass (gm) increased with time in both the
plants. No stress reflected by the estimation of the morphological parameters.
Likewise, chlorophyll production was high in both the plants, and chlorophyll
content did not decease with increasing doses of fly ash. This indicates growth
parameters and the biochemical parameters of both the plants were not affected by
metal stress. So, these plants can be used successfully to remediate fly
ash-contaminated soils with proper harvesting strategy.
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Fig. 6 Phytoextraction efficiency of Lantana camara and Ipomoea carnea. T1-10%, T2-20%,
T3-30%, T4-40%, T5-50%, T6-60%, T7-70%, T8-80%, T9-90%, T10-100%, C-control
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Designing and Utilizing of the Solar
Water Heater for Digestion
of Lignocellulosic Biomass

Dawit Gudeta Gunjo, Pinakeswar Mahanta and P. S. Robi

Abstract Conversion of woody biomass, animal waste such as cattle dung,
chicken litters, pig manure, municipal solid, and agricultural wastes to methane gas
under oxygen-free environment and favorable temperature range is called anaerobic
digestion. But achieving the required temperature range under normal condition is
difficult which necessitates the development of a heating system for better digestion
process. The endeavor of the present investigation was developing 1.8 m2 solar
collectors intended to heat biogas digester and investigating its performance. The
solar collector was tested experimentally and numerically for heating water before
implementing in actual model. A three-dimensional computational fluid dynamics
model was developed by taking a single straight tube attached with an absorber
plate at the bottom to predict outlet water and absorber plate temperature. The
developed model predicted the outlet water temperature and absorber plate tem-
perature with a reasonable accuracy. Moreover, 53 °C of outlet water temperature
and 44% daily average efficiency were achieved at a flow rate of 0.021 kg/s. As the
obtained temperature was found to be good enough for anaerobic digestion, the
developed solar collector could be regarded as an alternate option.
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1 Introduction

Lignocellulose is the biomass existing freely in large quantities on the earth surface.
This can be exploited as useful sources of renewable energy. It is composed of
carbohydrate polymer (cellulose and hemicellulose) and aromatic polymer (lignin).
Since the carbohydrate polymers are rich in sugar, they can be used as source of
fermentable sugar. Lignin is the aromatic polymer which is formed during
biosynthetic processes. Its function is to act as a protective layer for the plant walls.
Conversion of lignocellulose (woody biomass), animal waste, municipal solid, and
agricultural wastes, etc., to methane gas under oxygen-free environment is called
anaerobic digestion. The process involves four stages, namely hydrolysis,
acidogenesis, acetogenesis, and methanogenesis, and these processes are
temperature-dependent. But achieving the required temperature under normal
condition is difficult. The motivation behind the present research was to design and
test a solar heating device for achieving the temperature required for efficient
digestion of lignocellulosic biomass.

Among the various solar heating collectors, the most common device which
converts solar energy to heat is flat plate collector (FPC) [1]. This collector can
deliver moderate temperature up to 100 °C. Properly designed FPC should have
high thermal performance, low cost, low maintenance, suitable for selected fluid,
low weight, long effective life, and breakage resistance of the glazing because of
thermal expansion and other causes [1, 2]. According to Ayompe and Duffy [3], a
properly designed solar water heating system can achieve annual average efficiency
of 35–40%. Whiller [4] suggested the use of plastic covers to gain the advantage of
low weight and good resistance to shock and also the influence of cover material on
thermal efficiency. Bilgen and Bakeka [5] developed a solar water heater and
estimated its thermal efficiency and economics. Zambolin and Del Col [6] com-
pared the performance of evacuated and flat plate collector experimentally. The
result indicated higher performance for evacuated collector compared to flat plate
collector under the same conditions.

Presently due to the rapid growth of computational works, analytical models are
often preferred owing to their simplicity and practicality. Sekhar et al. [7] estimated
the top heat loss coefficient from single glazing solar collector theoretically and
experimentally. The result indicated high thermal performance at lower top heat
loss coefficient. Selmi et al. [8] employed computational fluid dynamics (CFD) to
estimate the working fluid temperature and found closely matching result. Gunjo
et al. [9] carried out both experimental and CFD study on flat plate collector thermal
performance. The developed model predicted the outlet water and absorber plate
temperature with reasonable accuracy. Martinopoulos et al. [10] designed a solar
collector and used CFD for predicting various temperatures and found good
agreement with the experimental result. Further, the effects of operating parameters
such as flow rate, temperature, solar insolation were also covered. Facão [11]
carried out both experimental and numerical study to optimize the flow rates in the
riser and header FPC based on temperature distribution. The result revealed uniform
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temperature in both riser tube and absorber plate when the flow rates were less than
0.0167 kg/s.

Literature reveals several attempts by researchers to enhance heat transfer and
estimate thermal performance of FPC. But majority of the research employed either
simulations or experimental methods. Studies involving a combined approach were
a few. The endeavor of this study is developing, and performance evaluation of
straight tube solar water heating system intended to use as a heat source during
biogas production process. The solar water heating system was isolated and tested
experimentally and numerically. The numerical model was carried out using Fluent
14.5 software to predict the outlet water temperature and absorber plate tempera-
ture. Further, the predicted numerical value was validated with experimental results.

2 Material and Methods

2.1 Element of Flat Plate Solar Collector

• Absorber plate is a thin metallic plate made up of copper or aluminum sheet
metal. It is painted with black color to increase absorptivity.

• Transparent cover is the top surface of the solar collector that covers the
absorber plate. It is made up of transparent glass or plastic sheet to allow
penetration of solar beams to heat the absorber plate.

• Insulating materials, having very low thermal conductivity, are installed in the
bottom and sides of the collector for reducing heat loss.

• Heat transfer medium is the circulating fluid that flows through the solar col-
lector to transfer the heat from the absorber plate to the utilization system.

• Casing is usually made up of plastic, metal, or wood. The glass front cover must
be sealed at the back and sides for reducing heat losses. Further, the casing also
protects the entire system from dirt, insects, and humidity. The model of a FPC
indicating various components is depicted in Fig. 1.

2.2 Experimental Setup

The schematic and photograph of the developed experimental setup are depicted in
Fig. 2a, b. It comprises of reservoir tank, FPC, connecting pipe, thermocouple, and
pyranometer. The temperature of the glass cover, absorber plate, and working fluid
were measured by thermocouples. The flow rate of the working fluid was adjusted by
rotameter. The solar insolation on the surface of the collector was measured by the
help of pyranometer. When water is pumped through the riser tube of the collector, it
absorbs heat. The heated water from the FPC enters to the storage tank to heat the
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biomass through heat exchanger. Experimental setup was placed at 26.7°N latitude
and 91.7°E longitude.

2.3 Numerical Model

The study was carried out to predict the outlet water and absorber plate temperature
using computational fluid dynamics (CFD) and validating the result with the
measured data. An absorber plate with a single riser tube attached from the top was
considered as the flow domain. The performance of a solar water heating system
depends on the flow distribution in the riser tubes. Facão [11] carried out both
experimental and numerical study on FPC to investigate temperature distribution on
the absorber plate and flow distribution in the riser tube. The result revealed that
low Reynolds number (<1000) exhibited uniform temperature on the absorber plate
and flow distribution in the riser tube. Based on this report, the present study
considered a laminar flow mass flow rates of 0.021 kg s−1. Flow in each riser tube
was one-tenth of the header (the ratio of the total flow rate through the header pipe
to the number of riser tubes). Figure 3 illustrates the model geometry and meshed
part of the straight riser tube. Analysis was made based on the following
assumptions:

• Flow through the riser tube is laminar and steady.
• The thermal and physical properties of water, tube, and plate are constant.
• Working fluid is incompressible and continuous.

For modeling, the absorber plate length, width, tube diameter, and thickness
were taken as 2, 0.1, 0.0125, and 0.007 m, respectively, which was same as the
dimension of the experimental setup. The continuity, momentum, and energy

Fig. 1 Various parts of flat plate collector
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equations were solved to estimate the velocity of the working fluid and temperature
of absorber plate. The fluid zones and the corresponding faces convective heat
transfer were solved by coupling the energy and momentum equations.
The SIMPLE scheme was employed for coupling momentum and energy equations.
The second-order upwind is used for discretization energy and momentum equa-
tions and first-order upwind for the pressure. The grid independency test was

(a)

(b)

Fig. 2 a Schematic diagram of a completed setup, b photograph of the experimental setup
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carried to check the quality of mesh and its effect on the solution. The solutions
converged for the values of residuals below 1 � 10−6 in the computational domain.
Further grid refinement resulted in an error less than 0.6%. The number of elements
for the computational domain was 400,000 which consists water, water tube, and
absorber plate.

(a)

(b)

Fig. 3 a Model geometry of straight riser tube and b magnified meshed part
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The top surface of the FPC was receiving constant heat flux (solar insolation).
Convective wall boundary was set at the bottom surface of the FPC. The convective
heat transfer coefficient at the bottom surface obtained by the relationship [12]:

hb ¼ 2:8þ 3Vw ð1Þ

The heat energy absorbed by the solar collector is determined by the
relationship:

_Qi ¼ AcðasÞI ð2Þ

The thermal efficiency of the FPC (η) is determined by the expression [13]:

g ¼ Q
IAc

ð3Þ

The heat absorbed by the water ( _Q) is calculated by the expression:

_Q ¼ _mCpðTo� TiÞ ð4Þ

The instantaneous solar collector efficiency in terms of inlet and outlet water
temperature is calculated using Eq. (5) which was obtained by substituting Eq. (4)
into Eq. (3).

g ¼ _mCpðTo� TiÞ
IAc

ð5Þ

3 Result and Discussions

3.1 Input Parameters

The simulation was carried out by taking the average values of measured data
within one-hour interval as input parameters. The measured experimental data such
as inlet water velocity (v), inlet water temperature (Ti), ambient temperature (Ta),
and solar radiation (I) were applied as boundary condition for this simulation.
Figure 4 illustrates the hourly variation of the measured Ti, Ta, and I for mass flow
rate of 0.021 kg s−1.

Figure 4 shows that the average solar radiation (I) increases from 8:00 h and
reaches the maximum value at 12:00 h. Also, the water inlet temperature variation
was nearly 4 °C for all flow rates. The present study provided insulation to the cold
water storage tank to lower the inlet water temperature rise, thus enhanced the
efficiency of the collector. Experiments carried out beyond 16:00 h, and results
decrease in both inlet water temperature (Ti) and solar radiation (I).
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3.2 Simulated Result of Outlet Water and Absorber Plate
Temperature

Validation was carried out by comparing the simulated results with the experi-
mental values. The CFD simulation results in the variations of water outlet tem-
peratures along straight riser tube, at the outlet pipe, and on the absorber plate at
11:00 h for the mass flow rate of 0.021 kg s−1 depicted in Fig. 5. The variations of
water temperature along straight tube length at 11:00 h shown in Fig. 5a indicate
higher water outlet temperatures at the upper portion of the collector compared to
the lower portion. Figure 5b illustrates the variation of temperature across the outlet
tube diameter at 11:00 h. Almost half of the tube side is brazed with the hot
absorber plate; the temperature near the brazed surface of the outlet tube was higher
than that of the center tube. Since it takes more time for the heat to reach the center
of the tube by convection, the water temperature at the center of the tube was 14 K
lower than at the surface. The possible mechanism to explain this scenario could be
as follows. The heat transfer taking place by a sequence of radiation and conduction
through the tube thickness follows convective heat transfer inside the tube.

Figure 5c presents the variation of absorber plate temperature at 10:00 h. Since
heat is absorbed by the cold fluid flowing through the riser pipe which is in contact
with the absorber at the mid-width section, the temperature variation across the
absorber plate length indicates a difference of 42 K between the inlet and outlet side
of the absorber plate.

Fig. 4 Measured experimental result of Ti, Ta, I versus time

98 D. G. Gunjo et al.



(a)

(b)

(c)

Fig. 5 Variation of water
temperature a along the riser
pipe and b at the outlet pipe at
11.00 h, c variation of plate
temperature at 11.00 h
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3.3 Model Validation of Outlet Water and Absorber Plate
Temperature

The comparisons of predicted and experimental outlet water temperature versus
time for mass flow rate of 0.021 kg s−1 are depicted in Fig. 6a. The result from
Fig. 6a indicates good agreement between the predicted and experimental outlet

(a)

(b)

Fig. 6 Plot of predicted and experimental variation of a outlet water temperature and b plate
temperature versus time
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water temperature. The maximum deviation in error between experiment and
simulation was ±6.2%. It is also found that the experimental outlet water tem-
perature increment was lower as compared to simulated result for higher solar
radiation, and this leads to higher deviation in error values.

This was expected since during the test, the experimental result was influenced
by climatic conditions, making it tough to predict coefficient of convective heat
transfer throughout the day. For the computational cases, convective heat transfer
coefficient was taken as constant for the entire duration. Hence, the error values at
peak solar insolation were higher.

The variations of predicted and experimental absorber plate temperature with
time for mass flow rate of 0.021 kg s−1 are depicted in Fig. 6b. It is evident from
the figure that the developed heat transfer model could predict the absorber plate
temperature for the above-mentioned mass flow rate with deviation in error of
±4.2%. The experimental plate temperature was higher compared to simulated
plate temperature. Since the simulation was based on the assumption of a perfect
contact between the absorber plate and the tube, better heat transfer is obtained
between the plate and the tube during simulation compared to the actual case which
resulted in lower simulated absorber plate temperature.

3.4 Experimental Findings

The variation of outlet water temperature versus time for clear and cloudy sky
weather conditions at flow rate of 0.021 kg/s is depicted in Fig. 7a. It is observed
from Fig. 7a that the outlet temperature of the solar collector was higher for clear
sky compared to cloudy sky condition. The maximum outlet temperature of the
working fluid for clear and cloudy sky conditions was 53 and 34 °C, respectively.

Variation of instantaneous efficiency, outlet temperature, inlet temperature,
ambient temperature, and solar radiation of the measured experimental data with
time is shown in Fig. 7b. It was found that the maximum thermal efficiency was
50% and the daily average thermal efficiency was 44%. The experiment was per-
formed September 2015.

3.5 Parametric Study

The parametric study was performed to observe the effects of working parameters
on thermal efficiency of the FPC. The working parameters are: (i) inlet water
temperature, (ii) ambient temperature, (iii) wind speed, and (iv) transmissivity
coefficient of the glass cover.
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3.5.1 Effect of Water Inlet Temperature and Solar Intensity
on Thermal Efficiency

The variation of thermal efficiency versus inlet water temperature for different solar
radiation value is depicted in Fig. 8a. It is evident from Fig. 8a that for a constant
solar radiation value, the thermal efficiency is higher for lower inlet water tem-
perature. The efficiency of the collector is higher for higher value of solar intensity
and lower value of inlet water temperature.

(a)

(b)

Fig. 7 Plot of a water temperature and b I, Ta, Ti, To, and η versus time
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3.5.2 Effect of Ambient Temperature on Thermal Efficiency

The thermal efficiency of the solar collector depends on ambient temperature. The
variation of thermal efficiency versus ambient temperature is illustrated in Fig. 8b.
It is evident from Fig. 8b that as the ambient temperature increases, the system heat
loss by conduction, convection, and radiation decreases resulting in an increase in
the thermal efficiency.

3.5.3 Effect of Wind Speed on Thermal Efficiency

The variation of thermal efficiency versus wind speed is depicted in Fig. 8c. As the
wind speed increases, the convective heat losses from the collector increases,
thereby reducing the thermal efficiency. Hence, covering with glazing material is
mandatory to reduce overall heat loss.

(a) (b)

(c) (d)

Fig. 8 Variation of η versus a Ti, b Ta, c Vw, and d sa

Designing and Utilizing of the Solar Water Heater for Digestion … 103



3.5.4 Effect of Transmissivity Coefficient of the Glass Cover

An optical characteristic of the glass cover plays an important role in flat plate
collector efficiency. It is seen from Fig. 8d that there is a direct relationship between
the transmissivity coefficient and thermal efficiency. The higher transmission ratio
of glass cover results in higher thermal efficiency of solar collector system.

4 Conclusion

In the present study, proper design procedure and performance investigation of flat
plate collector are presented experimentally as well as numerically. The numerical
and experimental result indicated good agreement. From the experimental and
parametric study, the following conclusions can be drawn:

• The thermal efficiency increases with the increase of solar radiation and ambient
temperature but decreases with the increase of ambient temperature.

• The thermal efficiency increases with the increase of the transmissivity of the
glass by reducing the heat loss due to radiation, convection, and conduction.

• The maximum outlet water temperature at the mass flow rate of 0.021 kg/s
obtained for clear and cloudy sky conditions was 53 and 34 °C, respectively.

• The daily average and pick instantaneous efficiency of the fabricated collector
was 44 and 50%, respectively.
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Utilization of Water Treatment Plant
(WTP) Sludge for Pretreatment of Dye
Wastewater Using Coagulation/
Flocculation

Y. Shiva Shankar, Kumar Ankur, Prashant Bhushan
and Devendra Mohan

Abstract Water treatment plants generate large amounts of sludge during the
coagulation and flocculation of raw water that poses a challenge in the disposal.
Potential savings in coagulant dosage could be achieved through the recovery of
coagulant from sludge or reusing the sludge during the treatment. Current research
focuses on the reuse of WTP sludge for the treatment of dyeing wastewater. The
study area, i.e. Varanasi, is famous for its Banarasi Saree industries, most of which
are small to medium scale in magnitude. Dyes being used have been polluting
nearby water bodies such as Ganga, Varuna and Assi. At present, there is an
immediate need for the development of low-cost methods to treat the coloured
wastewater as commonly adopted methods are costly that cannot provide an eco-
nomical treatment option for such small- and medium-scale industries. Therefore,
use of low-cost materials like WTP sludge for pretreatment could be a feasible
option for achieving the desired results after final treatment. The study was con-
ducted using coagulation and flocculation by WTP sludge for the treatment of Acid
Red 94, Acid Yellow 1, Direct Green 26 and Reactive Blue 21 dyes because these
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were frequently used in dyeing units in and around Varanasi city. The maximum
removal for Acid Red 94, Acid Yellow 1, Direct Green 26 and Reactive Blue 21
dyes was found to be at the sieve size of 90–125 µm, and the corresponding values
were 41.5, 27, 43.5 and 26.2%, respectively.

Keywords Coagulation/flocculation � Water treatment plant (WTP) sludge
Dyes � Pretreatment � Colour removal

Abbreviations

WTP sludge Water treatment plant sludge
AR 94 Acid Red 94
RB 21 Reactive Blue 21
DG 26 Direct Green 26
AY 1 Acid Yellow 1

1 Introduction

Dyes are coloured chemicals, consisting of ionizing and aromatic organic com-
pounds having the affinity towards the substrate they are applied. Synthetic dyes
have been increasingly used in the textile and dyeing industries because of their
ease of application and cost-effectiveness in synthesis, high stability to light,
temperature, detergent and microbial attack. More than 10,000 chemically different
dyes are being manufactured. The world dyestuff and dye intermediates production
are estimated to be around 7 � 108 kg per annum [1]. Synthetic colouring agents
are harmful to human beings and animals because of their toxicity carcinogenicity,
mutagenicity, teratogenicity and other such characteristics that adversely affect the
human health [2–4]. US International Trade Commission classifies dyes into 12
types. Out of these reactive dyes, acid dyes and direct dyes are most commonly
used, which have been found to be present in most of wastewater’s originating from
the textile industries [5].

Several physical, chemical and biological methods are available for the treat-
ments of dye-house effluents. Guendy et al. [6] have carried out the studies for Acid
Red dye removal using combination of coagulation and adsorption processes. Alum
and ferric chloride were used as coagulants, and granular-activated carbon
(GAC) was used as an adsorbent. The results revealed that application of coagu-
lation before adsorption was effective for colour removal which could be further
enhanced by decreasing the dye concentration. Daud et al. [7] have examined the
decolourization of Acid Red 1 (AR 1) dye using Fe(III) oxide immobilized on
Montmorillonite K10 (Fe–MK10) catalyst in the presence of hydrogen peroxide in
a batch process. The results indicated that by using 5.0 g/L catalyst dosage of 0.14
wt% Fe–MK10 at pH 2.5 and 16 mM of hydrogen peroxide, 99% of 50 mg/L of
AR 1 was found to be decolourized within 150 min.
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Daneshvar et al. [8] have conducted experiments using photo-catalysis with zinc
oxide instead of titanium dioxide for degradation of Acid Red 14 (AR 14) dye in the
presence of UV light. The results indicated that UV/ZnO process could be effi-
ciently used to degrade the AR 14. German et al. [9] have carried out studies on
aerobic biodegradation of an azo dye Acid Red 151 (AR 151) in a sequencing batch
biofilter packed with a porous volcanic rock piece. Results suggest a colour removal
up to 99% for an initial concentration of 50 mg/L of AR 151.

Bahadir et al. [10] have investigated the electrochemical decolourization of
textile dye and removal of metal ions using binary mixtures of Acid Blue 29,
Reactive Red 2, Acid Red 97, applying iron anodes and Na2SO4 electrolyte in a
batch electrochemical reactor. Depending on electrochemical reaction conditions,
the percentages of decolourization and metal ion removal were observed to lie
between 70.6–96.7 and 64.9–100% for textile dye decolourization and metal iron
removal, respectively.

Furlan et al. [11] have studied the removal of reactive dyes like Reactive Black 5
(RB 5) and Reactive Orange 16 (RO 16) through a combined treatment with
coagulation and adsorption. Activated carbon derived from coconut shells was used
as the adsorbent and aluminium chloride, as the coagulant. The removal efficiencies
were found to be approximately 90 and 84% for RB 5 and RO 16, respectively.

From the above-mentioned studies, it could be concluded that application of
processes like adsorption, photo-catalysis and biofiltration has proved to be suc-
cessful in the treatment of coloured effluents and the removal was found to be up to
100%. But, application of these methods may not provide an economically feasible
solution for small- and medium-scale industries due to limitations such as higher
costs and problems in maintaining the operational parameters for the treatment.
Therefore, the present study was carried out using coagulation/flocculation tech-
nique with WTP sludge as a coagulant. WTP sludge was used due to its low cost
and availability to solve the problems mentioned above. The work examines the
efficiency of WTP sludge for dye removal, on various classes of dyes commonly
used in dyeing process (such as acid dye, reactive dye and direct dye).

1.1 WTP Sludge

Coagulation/flocculation has been one of the most commonly used methods due to
its simplicity in application, cost-effectiveness and feasibility to use as a main
treatment or pretreatment [12]. The major drawback in application of coagulation
and flocculation is the management of generated sludge. Generated sludge is being
managed through the direct discharge to water bodies, discharge to sanitary sewers,
lagooning, sand bed drying, vacuum filtration, filter pressing, centrifugation,
freezing, heating and pressurizing, polyelectrolyte-aided thickening and land dis-
posal. Discharged WTP sludge is mostly rich in pathogens and heavy metals that
pollute the surroundings [13–15]. This sludge consists of nearly about 40–50% of
unused alum, and therefore, reusing the sludge through the recovery of coagulant,
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recycling for utilization as a construction material and reusing the processed sludge
in wastewater treatment have been observed to be as feasible options as studied by
various researchers.

Structural applications

Applications of WTP sludge as building materials have been studied extensively.
Various studies have been undertaken for manufacturing the bricks using WTP
sludge as a partial replacement in combination with rice husk and fly ash [16–18].
The lightweight bricks manufactured from WTP sludge and rice husk by controlling
the optimum sintering temperature and amendment ratios have proved to be a
feasible option [16]. Hegazy et al. [18] have studied the substitution of brick clay by
water treatment plant sludge incorporated with rice husk ash. Studies were
undertaken with three different series of sludge to rice husk ash proportions (25, 50
and 75% of total weight). The results revealed that WTP could be replaced up to
75%, by operating at the temperature commonly reached in brick kiln. Properties of
the produced bricks were found to be superior to the conventional clay bricks.
Fungaro and Silva [17] have concluded that massive bricks built with the com-
position of 60% soil, 12% cement, 8% coal fly ash and 20% WTP sludge showed
satisfactory results.

Wolff et al. [19] studied the properties of bricks manufactured using waste
materials (WTP sludge, dregs, grits and lime mud) from the pulp industry and
granite fines. Manufactured bricks using such materials showed higher mechanical
resistance along with providing an ecologically feasible solution for managing the
wastes. Gastaldini et al. [13] investigated the possibility of using the processed
WTP sludge as a mineral addition. WTP sludge was substituted for ordinary
Portland cement in concentrations ranging from 5 to 30% in three different water/
binder (w/b) ratios (0.35, 0.50 and 0.65). Results proved that use of WTP sludge
ash improves the strength of concrete mixes as compared to the concrete produced
with rice husk ash or with silica fume.

Environmental applications

Recovery of coagulants from water works sludge using methods such as acidifi-
cation, alkalization, ion exchange and membrane separation has proved to be
beneficial in sludge handling reducing the operating costs of water treatment plant.
Studies were carried out for recovery of coagulant using sulphuric acid and
hydrochloric acid. The results suggested that maintenance of lower pH has potential
for recovery between 70 and 90%. In the case of recovery using alkalization pro-
cess, the studies were done with sodium hydroxide and calcium hydroxide and the
results showed that removal up to 90% was possible at pH of 12 using sodium
hydroxide. Effectiveness of these processes could be enhanced by applying mem-
brane, but fouling of the membranes because of particulate matter posed limitation
in recovery [14, 20–22]. The studies have also confirmed the presence of soluble
substances along with the recovered coagulant that affect the quality of water if used
for water treatment. Hence, application of the recovered coagulant was suggested
for wastewater treatment [14, 20, 22].
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Ishikawa et al. [21] have studied the application of recovered alum using sul-
phuric acid for the treatment of landfill wastewaters and wastewaters from sewage
treatment plants. The results have shown that removal of chemical oxygen demand,
total nitrogen and total phosphorous with the recovered coagulant was higher as
compared to commercial aluminium sulphate or polyaluminium chloride. Li et al.
[23] have investigated the advantage of alum sludge for dewatering the sewage
sludge. The results proved that alum sludge from water treatment plant contained
residual polyaluminium chloride and relatively large amounts of inorganic matters
that improved the sewage sludge dewatering.

Chu [24] has studied extensively dye removal from textile industry wastewater
using recycled alum sludge (RAS) by coagulation process. RAS was found to be
good material for removing hydrophobic dyes from wastewater, as well as reducing
the fresh alum dosage. Results have shown to decrease the fresh alum dosage by
one-third fraction.

Moghaddam et al. [25] examined the application of coagulation and flocculation
processes using WTP sludge and optimization through response surface method-
ology for ferric chloride sludge (FCS) for removal of Acid Red 119 (AR 119) from
aqueous solutions. Dye removal of 96.53% was observed, and it was found that
reusing FCS as a low-cost material in coagulation/flocculation process in
wastewater treatment plants can offer certain advantages such as high efficiency for
AR 119 dye removal and economic savings on overall treatment plant operation
costs.

1.2 Study Area

Varanasi has been known for long as a centre of trade in silk and related products.
There is production of Banarasi Sarees (women’s fabric) in the sector, in and
around Varanasi city. Sant Ravidas Nagar (known earlier as Bhadohi) has been
famous internationally for carpet manufacturing industries. Most of these units are
operating as small-scale units. All such industrial units generate a large amount of
wastewater, containing different types of colouring agents (dyestuff). Since most of
these units are in the unorganized sector, they are unable to afford treatment units
for such wastewaters. Experimental study was conducted for developing a low-cost
industrial waste water treatment option related to garment and carpet manufacturing
industries in the region, which commonly use different classes of dyes for colouring
the fabrics.

Considering the factors mentioned above, the present study was done for the
colour removal of dye solutions prepared with Acid Red 94 (AR 94), Reactive Blue
21 (RB 21), Direct Green 26 and Acid Yellow 1 (AY1), by coagulation/flocculation
using WTP sludge as coagulant.
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2 Materials and Methods

2.1 Dyes Used

Dyes used in the study are Acid Red 94 (AR 94), Reactive Blue 21 (RB 21), Direct
Green 26 and Acid Yellow 1 (AY1), and these dyes were selected as they were
being used in dyeing units, representing various classes of dyes. The properties of
the dyes were shown in Table 1. Acid dyes belong to the class of dye that is mostly
applied using an acidic solution. These are water-soluble anionic dyes that are
applied to fibres such as silk, wool, nylon and modified acrylic fibres from near
neutral to acidic dye baths. Attachment to the fibre is attributed to salt formation
between anionic groups in the dyes and cationic groups present in the fibre. In
textiles, acid dyes are effective on protein fibres, i.e. animal hair, fibres like wool,
alpaca and mohair. These are also effective on silk and nylon [26]. Reactive dyes
are coloured compounds with side chains that react to form covalent bonds with the
substrate. These can be used to provide very fast (resistant) dyeing of cellulose, etc.
Direct dyes are acidic dyes with large molecules that bind to cellulose fibres directly
[27].

2.2 WTP Sludge

The sludge used in study was obtained from water treatment plant located at
Bhelupur in Varanasi city in which polyaluminium chloride is being used as a
coagulant. Figure 1 shows the XRD of WTP sludge. According to the observed
peaks in XRD, the following compounds were detected: crednerite, copper man-
ganese iron oxide, potassium aluminium oxide, manganese borate hydroxide, alu-
minium manganese, lead aluminium fluoride, sodium 4-aminosalicylate dehydrate,
lead aluminium fluoride and aluminium fluoride. XRD of alum has indicated the
presence of metals. Concentrations of metals were analysed using atomic absorp-
tion spectrophotometer for WTP sludge processed at different sieve sizes

Table 1 Properties of the dyes [29–32]

Property Acid Red 94 Acid Yellow 1 Reactive Blue 21 Direct Green 26

C.I. number 45,440 10,316 21 34,045

Molecular
formula

C20H2Cl4I4Na2O5 C10H6N2O8SNa2 C18H15N7O18S5.5Na C50H33N12Na5O18S4

Reported
wavelength of
maximum
absorption
(kmax) (nm)

548–549 427 624 410

Colour Red Yellow Blue Green
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(manufacturer: ECIL, model: AAS4141). The results of the analysis are shown in
Table 2. The presence of heavy metals in WTP sludge indicates the adverse impacts
of its disposal on the environment.

2.3 Preparation of Dye Solution

Dye solution was prepared by adding 5 grams of dye to 500 mL of the distilled
water. After mixing properly, 1 mL of this solution diluted to one litre of distilled
water gives a concentration of 10 mg/L of dye.

2.4 Preparation of WTP Sludge Solution

WTP sludge collected from local WTP was subjected to activities like drying at
103 °C for 48 h; followed by grinding, performing sieve analysis and then col-
lecting dry sludge samples at various sieve size range from higher than 75 µm to
less than 355 µm. Fifty grams of the sludge samples of various sieve size were
taken and dissolved in 500 mL of distilled water. To ensure thorough mixing, these
were agitated on a reciprocating shaker for 2 h. After settlement of settleable parts,
the supernatant was decanted and used as a coagulant solution for removal of the
colour. One mL of this solution will be equivalent to the active ingredient extracted
from 100 mg/L of the WTP sludge.

Fig. 1 XRD of WTP sludge
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2.5 Performing the Jar Test

Jar test was performed using a six glass beakers of one litre capacity each. A stirring
device was used that mixed the contents of each jar simultaneously with a uniform
power input. Each jar was filled up to one litre mark, and turbidity, alkalinity and
pH values of contents of each jar were predetermined. After coagulant dosing, the
contents in jar were mixed rapidly for one minute to ensure complete dispersion of
the chemicals and subsequently these were mixed slowly for 15–20 min to facilitate
the formation of flocs. Then, the contents were allowed to settle for about 30 min or
until the clarification occurred (BIS 2001 [28]). Absorbance was measured for
further clarified solution (obtained using a centrifuge) by UV–Vis spectropho-
tometer (Systronics, Model Number–66). Concentrations of the dye solutions were
kept constant, i.e. 20, 40, 80 and 50 mg/L for AR 94, AY 1, DG 26 and RB 21,
respectively. Concentrations of the dyes were evaluated with respect to the maxi-
mum removal at constant alum dosage and varying dye concentration.

2.6 Calculating Percentage Removal

After gravitational settling and centrifuging, the absorbance of the dye solution was
determined using spectrophotometer and then corresponding concentrations were
determined from respective calibration curves. Percentage removal was calculated
using the following formula:

Percentage removal ¼ Ci�C0ð Þ=C0½ � � 100

where Ci = initial concentration and C0 = final concentration.

3 Results and Discussion

3.1 Acid Red 94 (AR 94)

At optimum conditions for the maximum removal at a dye concentration of
20 mg/L, percentage removal for Acid Red 94 (AR 94) was determined with WTP
sludge at sieve sizes ranging between 355 and 75 µm. The maximum percentage
removal values were determined with sieve size ranging from 75–90, 90–125 and
125–355 µm. Percentage removal values observed were 34.2% at a dosage of
1300 mg/L, 41.5% at a dosage of 700 mg/L and 23.4% at a dosage of 600 mg/L of
WTP sludge in sieve size range of 75–90, 90–125 and 125–355 µm, respectively.
The results are shown graphically in Fig. 2a–c. After attaining the maximum
removal, it was observed that there was an increase in turbidity and decrease in
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percentage removal. Thus, the maximum removal was found to be 41.5% at dosage
of 700 mg/L for sieve size range of 90–125 µm.

3.2 Acid Yellow 1 (AY 1)

At optimum conditions for the maximum removal at a dye concentration of
40 mg/L, percentage removal for the dye Acid Yellow 1 (AY 1) was determined
with WTP sludge at sieve sizes ranging between 355 and 75 µm. Values of the
maximum percentage removal with WTP sludge were determined with sieve size
ranges of 75–90, 90–125 and 125–355 µm. The values of the maximum removal
found were 19.2% at dosage of 1400 mg/L, 27% at a dosage of 1000 mg/L and
10.5% at a dosage of 600 mg/L of WTP sludge in sieve size ranges of 75–90, 90–
125 and 125–355 µm, respectively. The results are shown graphically in Fig. 3a–c.
After reaching the maximum value of removal, it was observed that there was an
increase in turbidity and decrease in the removal. Maximum removal was observed
to be 27% at a dosage of 1000 mg/l in sieve size range of 90–125 µm.

Fig. 2 Optimum coagulant dosage at dye concentration (AR 94) of 20 mg/L and sieve size ranges
of a 75–90 µm, b 90–125 µm and c 125–355 µm
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3.3 Direct Green 26 (DG 26)

At optimum conditions for the maximum removal at a dye concentration of
80 mg/L, percentage removal for Direct Green (DG 26) was determined with WTP
sludge at sieve sizes ranging between 355 and 75 µm. The maximum removal
with WTP sludge was determined with sieve size ranges of 75–90, 90–125 and
125–355 µm. Percentage removal reached the maximum up to 22.8% at dosage of
1800 mg/L, 26.2% at a dosage of 1200 mg/L and 17.2% at a dosage of 800 mg/L
of WTP sludge in sieve size ranges of 75–90, 90–125 and 125–355 µm, respec-
tively. The results are shown graphically in Fig. 4a–c. After reaching the maximum
removal, it was observed that there was an increase in turbidity and decrease in
percentage removal. The maximum removal was found to be 26.2% at a dosage of
1200 mg/L for sieve size range of 90–125 µm.

3.4 Reactive Blue 21 (RB 21)

At optimum conditions for the maximum removal at a dye concentration of 50 mg/
L, percentage removal for Reactive Blue (RB 21) was determined with WTP sludge
at sieve sizes ranging between 355 and 75 µm. The maximum values of percentage
removal with WTP sludge were determined with sieve size ranging from 75–90,
90–125 and 125–355 µm. Percentage values of removal were observed up to 39%
at dosage of 1300 mg/L, 45.3% at a dosage of 1000 mg/L and 25% at a dosage of
800 mg/L of WTP sludge for sieve size range of 75–90, 90–125 and 125–355 µm,

Fig. 3 Optimum coagulant dosage at dye concentration (AY 1) of 40 mg/L and sieve size ranges
of a 75–90 µm, b 90–125 µm and c 125–355 µm
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respectively. The results are shown graphically in Fig. 5a–c. After attaining the
maximum removal, it was observed that there was an increase in turbidity and
decrease in percentage removal. The maximum removal was found to be 43.5% at a
dosage of 1000 mg/L for sieve size range of 90–125 µm.

3.5 Discussion

The dye removal was observed due to the mechanisms such as adsorption and
charge neutralization followed by the sweep coagulation. The WTP sludge con-
tained certain recovered coagulants which were responsible for the colour removal.
The results indicated that amounts of the coagulant recovered into solution from
processed WTP sludge varied with the sieve sizes. Efficiency of WTP sludge at
sieve size 75–90 µm was found to be minimum even at higher dosages. The
maximum removal was observed with WTP sludge at sieve size 90–125 µm even
with the minimum dosage. Addition of WTP sludge increased the colloidal con-
centration at this sieve size, and this enhanced the removal. Further increase in
WTP sludge dosage might have lead to restabilization of the colloids, which was
reflected in results (decreased removal) for solution at sieve size 125–355 µm.

Fig. 4 Optimum coagulant dosage at dye concentration (DG 26) of 80 mg/L and sieve size ranges
of a 75–90 µm, b 90–125 µm and c 125–355 µm
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4 Conclusions

The experimental studies carried out have proved that coagulation and flocculation
using WTP sludge can be effectively used for pretreatment of the effluents from
small- and medium-scale industries (garment and carpet manufacturing), situated in
and around Varanasi city. It was also observed that the best results were obtained
with WTP sludge at sieve size range of 90–125 µm. The maximum values of
removal for Acid Red 94, Acid Yellow 1, Direct Green 26 and Reactive Blue 21
were observed for the corresponding dye concentrations of 20, 40, 80 and 50 mg/L.
All of these were observed to be at a sieve size range of 90–125 µm, and the values
of the corresponding removal were found to be 41.5, 27, 26.2 and 43.5%,
respectively. WTP sludge proved to be a more effective coagulant for the treatment
of Acid Red 94 and Reactive Blue 21 in comparison with the other two dyes. For
further enhancement in colour removal and potential savings in treatment cost,
WTP sludge can be used in combination with another suitable treatment method for
reducing the coagulant dosage.
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Comparison of Plant Tolerance Towards
Air Pollution of Rural, Urban and Mine
Sites of Jharkhand: A Biochemical
Approach to Identify Air Pollutant Sink

Shuchita Jain, Tanushree Bhattacharya and Sukalyan Chakraborty

Abstract Air pollution is one of the most threatening challenges faced by humans.
Rapid industrialization coupled with increase in vehicular emissions is responsible
for degradation of air quality. Plants can be effectively used as bio-indicators for air
quality. Air pollution tolerance index (APTI) is a parameter to assess the tolerance
or sensitivity of a plant towards pollution. Ten common plant species have been
selected from rural, urban and mine sites of Jharkhand. ANOVA showed no sig-
nificant variation in APTI between different sites for monsoon and winter season at
0.5 level of significance. t-test showed significant seasonal variation in biochemical
parameters of different species of a particular site. Anticipated performance index of
the plants has also been calculated to assess the overall performance of a plant in a
particular region. Azadirachta indica and Mangifera indica were found to be the
good performers amongst the selected plants and Artocarpus heterophyllus to be the
poor performer.
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1 Introduction

Air pollution can be defined as the introduction of chemicals, particulate matter and
other biological matter into the atmosphere in such quantities and for such time
duration that it causes harm and discomfort to humans, animals, plants and the
surrounding environment [1]. Plants are an integral part of the ecosystem and are
most likely to be affected by air pollution. Plants that are exposed to air pollution
for an extended period of time show slow growth rate, and its physiology is affected
thereby affecting the entire metabolism. Plants act as an effective indicator of air
pollution. They absorb the gaseous air pollutants and act as natural cleansing agents
of the environment. Bio-monitoring of air pollution by vegetation is a cost-effective
method. The susceptibility of plants to pollution varies from species to species and
can be measured by its biochemical parameters [2]. Air pollution tolerance index
(APTI) and anticipated performance index (API) are two indexes which are useful
to assess pollution tolerance of plants. The vegetation in urban areas has gained
significance as it is an important indicator of air quality. Depending on the resis-
tance of particular species to air pollutants, the level of pollution can be regulated
by planting those specific plants in the affected area. It is possible that plants may
store and absorb the pollutants and later release them. These processes include
chemical transformation, accumulation and incorporation in the metabolic system
[3]. Air pollution tolerance index (APTI) and anticipated performance index
(API) methodology can be applied in any place in the world as they are based on
biochemical parameters and universally relevant biological and socio-economic
characters. Selected tree species are evaluated for biological and socio-economic
parameters with various biochemical factors. These parameters are subjected to a
grading scale to determine the anticipated performance index (API) of tree species
[4]. This type of study will be essentially helpful for plantation purposes in urban
and rural development programmes and green belt development. Plants with high
APTI values indicate more tolerance towards pollution and hence can serve as sink
of pollutants. Finally, plants also serve as bio-monitors of air quality which can be
reflected from the APTI value of selected plants, without installing expensive
monitoring equipment.

2 Materials and Methods

2.1 Sampling Sites

Jharkhand being a forest rich region has abundance of plant diversity. So far, air
pollution tolerance index of plants of this region has not been reported. Three sites,
namely Birla Institute of Technology campus in Mesra (rural site with lots of forest
cover), Doranda region in Ranchi (urban site with high traffic density and one of the
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main commercial hub of the city) and Kuju region (coal mine site in Hazaribagh)
have been taken for the study. The biochemical parameters studied were ascorbic
acid, relative water content, pH, total chlorophyll. Reducing sugar and protein have
also been studied for the winter season to conform the results (Fig. 1).

Leaves of ten common plant species were collected from all the three sites in
early morning hours. The mature leaf samples of the most common plants in all the
three regions such as Mangifera indica (mango), Ficus benghalensis (bargad),
Dalbergia sissoo (sissoo), Shorea robusta (sal), Azadirachta indica (neem), Ficus
religiosa (peepal), Bauhinia sp. (kachnar), Cassia fistula (amaltas), Neolamarckia
cadamba (kadam) and Artocarpus heterophyllus (jackfruit) were taken. D. sissoo
and N. cadamba were unavailable at the mine site, and the former was unavailable
in the winter season due to leaf shedding.

Samples were immediately kept in zipper packets to avoid moisture loss. The
collected samples were analysed for ascorbic acid, chlorophyll, relative water
content and leaf extract pH. The mean values of different parameters were used for
computing the index.

The various biochemical parameters are analysed by the following procedure
given below.

2.2 Relative Water Content

Relative water content (RWC) was determined by following the method of Sen and
Bhandari [5]. Individual leaves of different plant species were cleaned and weighed
immediately. They were dipped into water in a beaker overnight. Next day, the

Fig. 1 Location of selected sites
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leaves were blotted dry and reweighed before being dried at 80 °C for 24 h and
reweighed. The following formula was used to calculate the relative water content

RWC ¼ Fresh weight� Dry weight
Turgid weight� Dry weight

� 100:

2.3 Total Chlorophyll

Total chlorophyll was estimated by the method given by Arnon [6]. For analysis,
1-g-fresh leaves material was grounded to paste in a mortar and then extracted with
20 ml of 80% acetone. The liquid portion was decanted into another test tube and
centrifuged at 2500 rpm for 5 min. The supernatant was then collected, and the
absorbance taken at 645 and 663 nm using a spectrophotometer. Calculations were
done using the formula below

Chlorophyll a ¼ 12:7 � D663� 2:69 � D645ð Þ � V
1000 �W mg/g

Chlorophyll b ¼ 22:9 � D645� 4:68 � D663ð Þ � V
1000 �W mg/g

Total Chlorophyll ¼ 20:2 � D645þ 8:02 � D663ð Þ � V
1000 �W mg/g

where

Dx Absorbance of the extract at the wavelength x nm.
V Total volume of the chlorophyll solution (ml).
W Weight of the leaf extracted (g).

2.4 Leaf Extract pH

1 g of leaf material was ground to paste and dissolved in 50 ml of deionized water,
and leaf extract pH was measured by using calibrated digital pH metre [7].
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2.5 Ascorbic Acid Content

The ascorbic acid content (mg/g) was determined using the modified calorimetric
2,6-dichlorophenol indophenol method given by Sadasivam [8]. 1-g sample is
extracted in 4% oxalic acid and made up to a known volume (20 ml) and cen-
trifuged at 4500 rpm for 5 min. 5 ml of this supernatant is pipette out, and 10-ml
oxalic acid is added and titrated against the dye.

Ascorbic Acid ¼ 0:5 mg � V2 � 20 ml
V1 ml � 5 ml � wt of the sample

mg/g

where

V1 Volume of dye titrated against the working standard.
V2 Volume of dye titrated against the sample.

2.6 Reducing Sugar Estimation

The reducing sugar content of the samples was determined by dinitrosalicylic acid
method as developed by Miller [9]. In this method, the sugar was first extracted
from 100 mg of the sample with hot 80% ethanol twice (5 ml each time). The
contents were cooled, and the intensity of the dark red colour was recorded at
510 nm.

2.7 Protein Estimation

“Lowry’s method” was used for protein determination [10]. 500 mg of leaf sample
was extracted with 10 ml of 0.2M phosphate buffer (pH—7.0). The extract was
centrifuged and the supernatant collected. Folin–ciocalteu reagent was used for
colour development. Blue colour is developed, and the readings are taken at
660 nm.

2.8 Statistical Analysis

t-test was done in order to find the seasonal variation of the biochemical parameters
of each species. ANOVA was done using Excel Analysis ToolPak version 15.
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Quality control was achieved by using analytical grade chemicals and by esti-
mating the parameters in triplicates. Double distilled water was used for preparation
of the reagents.

2.9 Air Pollution Tolerance Index (APTI)

APTI of a species was determined by using the formula established by Singh and
Rao [11].

APTI ¼ A T þPð ÞþR
10

where

A Ascorbic acid content (mg/g).
T Total chlorophyll (mg/g).
P Leaf extract pH.
R Relative water content (%).

2.10 Anticipated Performance Index

By combining the resultant APTI values with some significant biological and
socio-economic characters (plant habit, canopy structure, type of plant, economic
value and laminar structure), the API was calculated for different species. Based on
these characteristics, different grades (+ or −) are allotted to plants. Different plants
are scored according to their grades. The criteria used for calculating the API of
various plant species are done by referring to the method given by Prajapati [3]. The
percentage scoring based on which API grades are calculated is given by the
formula

% Scoring ¼ Total plus
16

� 100

Maximum number of grades that can be allotted to a plant = 16.
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3 Results and Discussions

Ambient air quality characteristics for all the three regions are different. The
average (24 h) SO2 concentration for rural, mine and urban site are 2.27, 11.11 and
37.71 µg/m3, respectively. The average (24 h) NOx concentration values for rural,
mine and urban site are 13.86, 23.44 and 68.7 µg/m3, respectively. PM2.5 has an
average (24 h) value of 7.67, 178.25 and 21.25 µg/m3 for rural, mine and urban
site, respectively, and PM10 has an average (24 h) value of 10.56, 230.75 and
37.71 µg/m3 for rural, mine and urban site, respectively. The NAAQS values for
industrial, residential and rural sites for SO2 is 50 µg/m3, NOx is 40 µg/m3, PM10 is
60 µg/m3 and PM2.5 is 40 µg/m3. The values for NOx for urban region are beyond
the permissible limit. PM10 and PM2.5 values for mine site are very high and exceed
the permissible limit.

3.1 Relative Water Content

Moisture content for all the plants have shown higher values in the monsoon season
and lower in the winter season (refer Figs. 2, 3 and 4). This can be explained by the
high water content in the soil and lower rate of transpiration from leaves in mon-
soon season. High water content in plants facilitates the plant to maintain its
physiological balance under high-stress conditions [12]. The values range from 70
to 97% amongst the various species. Higher values of water content indicate more
tolerant plants as they are more resistant to extreme conditions [13].

Fig. 2 Rural site RWC
values

Fig. 3 Mine site RWC
values
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For the rural site, maximum values were shown by A. indica (95.2%) and C.
fistula (97.03%) while for the mine site M. indica (95.28%) and F. benghalensis
(93.18%) showed the highest values. M. indica (96.13%) and F. religiosa (95.52%)
showed the highest values in urban site exhibiting higher tolerance.

3.2 Leaf Extract pH

Leaf extract pH values for all the sites increased in the winter season (refer Figs. 5,
6 and 7), the slightest increase indicated by M. indica (5.74–6.16) and A. indica
(6.95–7.04) for rural site; M. indica (5.96–6.61) and A. indica (6.44–6.98) in mine
site, whereas in the urban site, the slightest increase was exhibited by M. indica
(5.72–6.71) and A. indica (6.55–7.03). The values indicated increasing pH in the
winter season owing to the fact that in winter season there are stable atmospheric
conditions which inhibits dispersion and makes more SPM settle on the leaves.
During the monsoon season, the same SPM is washed off lowering the pH value
[14]. The increase in pH is supported by the findings of Das [15] for A. indica (5.3–
6.6) and M. indica (4.6–5.3). Scholz and Reck [16] reported that the higher decline
in pH indicates sensitive species. Hence, minimum decline in pH indicates tolerant
species which are listed above. Leaf extract pH showed significant variation in
monsoon and winter season. ANOVA (Fcritical = 2.99, F = 7.91) results indicated
significant site-wise as well as species-wise variation at 0.05 level of significance.
The pH is seen to be increasing with increased pollution. The suspended particulate
matter settles on the plants and consequently dissolves in the cell sap thereby
making it acidic [17].

3.3 Ascorbic Acid Content

Ascorbic acid is a reducing agent which is activated as soon as the plant is under
stress. It plays an important role in the cell wall synthesis, defence mechanism and
the also in photosynthetic carbon fixation. The ascorbic acid is the most important
factor in calculating the APTI due to its pivotal role in defence and detoxification
mechanism and thus used as a multiplication factor in the formula [14].

Fig. 4 Urban site RWC
values
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The highest ascorbic acid values have been shown by C. Fistula, A. indica and
M. indica in all the three sites (Figs. 8, 9 and 10). As pollution load is the lowest in
the rural site, the ascorbic acid values have also shown lower values—5.27, 2.23,
5.33 mg/g, respectively. The maximum values for these plants in the urban site
being 21.48, 7.48 and 9.71 mg/g, respectively. The mine site values have shown
lower values indicating that these plants are not able to perform very well in that area
owing to the very heavy pollution load with the values being 3.91, 2.25 and 2.85 mg/
g, respectively. Ascorbic acid shows a positive correlation with SO2 and NOx. The
production of reactive oxygen species (ROS) under pollution stress increases the
production of ascorbic acid, which in turn prevents plants from oxidative stress by

Fig. 5 Leaf extract pH for
rural site

Fig. 6 Leaf extract pH for
mine site

Fig. 7 Leaf extract pH for
urban site

Fig. 8 Ascorbic acid content
in rural site
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scavenging the ROS [18]. This might be one of the possible reasons of increased
ascorbic acid levels in urban site as the SO2 and NOx concentration are much higher
there as compared to the mine and rural site. Increasing ascorbic acid content with
increasing pollution load is in agreement with the findings of [16, 19] for A. indica
(5.91–11.33 mg/g) and M. indica (0.69–7.5 mg/g).

3.4 Total Chlorophyll Content

Table 1 shows the chlorophyll values in both monsoon and winter season. The
maximum values have been shown by C. fistula and A. indica in all the rural and
mine sites with the values being 4.16 and 3.51 mg/g in the rural site, 1.21 and
5.89 mg/g in the mine site, respectively. In the urban site Bauhinia sp. (2.71 mg/g)
andM. indica (2.78 mg/g) showed the maximum values. t-test for seasonal variation
showed variation indicating higher values in monsoon season and lower in winter
season. ANOVA results did not show any significant variation species-wise and
site-wise for monsoon and winter season. The lower values in winter season are due
to the fact that dust is accumulated on the moist leaf surface during winter thereby
inhibiting chlorophyll synthesis. Higher total chlorophyll values for monsoon season
is supported by the findings of [3, 16, 20] for M. indica (1.49–2.41 mg/g), C. fistula
(3.87 mg/g) and A. indica (6.8 mg/g) Also, the chlorophyll content was seen to be
decreasing for the mine and urban site. This is because of the fact that chloroplast is
the attacked by the air pollutants thereby decreasing its synthesis [21]. Higher
chlorophyll values are an indicator of tolerance in plants [22].

Fig. 9 Ascorbic acid content
in mine site

Fig. 10 Ascorbic acid
content in urban site
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3.5 Reducing Sugar and Protein Content

Reducing sugar is a source of energy for plants and is indicative of the physio-
logical activity of plants [21]. Studies reveal that reducing sugar is accumulated in
plants due to increase in pollution stress [23]. The values increased with increasing
pollution load for F. religiosa, C. fistula, F. benghalensis, N. cadamba, S. robusta
and M. indica (refer Figs. 11 and 12) in mine and urban site as compared to the
rural site. Increased amounts in polluted sites in this study suggest that the plant is
under stress. ANOVA (Fcritical = 3.88, F = 5.10) results for reducing sugar show
significant variation site-wise. Protein shows increasing and decreasing trends when
plants are under stress, and it depends upon the inherent capacity of the species
[22]. In this study, the protein content showed increasing trend with increasing
pollution load. One possible reason to this can be proline accumulation. Proline is
accumulated when plants are subjected to stress. Due to this, protein degradation is
slowed down [24]. Higher protein and reducing content in polluted site are also
reported by Bakiyaraj and Ayyappan [15].

Table 1 Total chlorophyll content (mg/g) for the species in all sites

Common name Rural site Mine site Urban site

Monsoon Winter Monsoon Winter Monsoon Winter

Sal 1.09 1.09 NA 0.67 0.79 NA

Peepal 2.126 1.34 2.41 1.79 1.35 1.63

Jackfruit 2.3 1.48 1.14 1.72 1.93 1.52

Amaltas 4.156 1.22 1.21 1.58 2.42 1.91

Sissoo 0.86 NA 1.37 1.22 2.62 NA

Kadam 1.56 1.70 NA NA 2.22 1.35

Neem 3.39 1.00 5.89 1.85 1.38 1.02

Kachnar 1.93 1.34 1.61 1.45 2.71 1.77

Mango 2.53 1.10 2.99 1.54 2.78 1.63

Bargad 2.94 1.44 2.13 1.28 1.21 1.35

Fig. 11 Protein content
(mg/g) in winter season
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3.6 Air Pollution Tolerance Index

t-test showed significant seasonal variation in the APTI values as shown in Table 7.
The values are seen to be increasing with the increase in the pollution load.
The APTI value is highest for C. fistula and M. indica and lowest for
A. heterophyllus and Bauhinia sp. The values for the APTI have been shown in
Table 2. Higher APTI values with increase in pollution are in agreement with the
researches of [19, 22, 25].

3.7 Anticipated Performance Index

API is a broader term which takes into consideration not only the biochemical
parameters but also the socio-economic parameters giving a holistic perspective to
it. Various plant parameters such as the leaf size, canopy structure also regulate the
plant capacity to abate pollution. Greater leaf surface area expedites dust inter-
ception by direct impaction, and rough texture facilitates the dust particles to be
captured by the leaves making the plant more efficient to function as a pollutant
sink. According to the average APTI values of winter and monsoon season, the API
values for the plants have been calculated for the urban and mine site. Table 6
shows which plant performs better which may be used for plantation purpose for

Fig. 12 Reducing sugar
(mg/g) in winter season

Table 2 APTI values of plants at various sites

Common name Scientific name Rural site Mine site Urban site

Sal Shorea robusta 10.49 10.86 9.46

Peepal Ficus religiosa 11.69 10.15 6.97

Jackfruit Artocarpus heterophyllus 8.47 9.04 9.42

Amaltas Cassia fistula 12.55 18.79 10.25

Sissoo Dalbergia sissoo 9.50 9.05 9.74

Kadam Neolamarckia cadamba 8.58 9.16 NA

Neem Azadirachta indica 11.56 12.66 8.80

Kachnar Bauhinia sp. 9.03 8.49 8.84

Mango Mangifera indica 11.95 13.50 11.31

Bargad Ficus benghalensis 8.79 9.59 10.12
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developing an effective green belt around these highly polluted regions [22]
(Tables 3, 4 and 5).

Table 6 shows the plant performance at various sites. M. indica is seen to be the
best performer amongst the selected plant species. A. indica, F. religiosa and
N. cadamba are good performers. It can be seen from the result that the same plant
is performing differently in different sites which is due to the pollution character-
istics of the area. As the mine site is very heavily polluted, the only good performer
seen here is M. indica. More plant species can be assessed for this area apart from
the selected ones for better performance.

From the study, it is evident that the overall performance of a plant does not
depend on the biochemical parameters alone but the socio-economic parameters
also play an important role. For example, C. fistula has the highest APTI values for
both the regions but due to its socio-economic parameters, it has been categorized
as a poor, very poor and moderate and performer in rural, mine and urban site,
respectively. From Table 6, it can be seen that for the rural site M. indica and
F. religiosa are the best performers and for the mine and urban site M. indica is the
best performer and is recommended for plantation.

3.8 Statistical Analysis

Seasonal variation for the parameters has been statistically evaluated by the t-test
(refer Table 7). All the parameters have shown significant variation. The
parameter-wise seasonal variation has been explained earlier for all the parameters.
APTI values have also shown significant variation. The APTI has increased for
almost all the plants in the mine site and the rural site. The urban site values have
shown decreasing trend from monsoon to winter season. M. indica, Bauhinia
sp. and C. fistula exhibited higher values in the monsoon season than in winter
season. All the other plant species showed higher values in the winter season owing
to increased pollution concentration due to stable atmospheric conditions.

4 Conclusions

This study concluded that for any region APTI and API can prove to be very
effective for development of green belt and mitigating the effect of pollution
depending on the pollution characteristics of the area. APTI value was highest for
C. fistula and M. indica and lowest for A. heterophyllus and Bauhinia sp. API
assessment showed M. indica as the best performer and A. indica, F. religiosa and
N. cadamba as good performers in all the three sites. The above species are rec-
ommended for social forestry, mine reclamation projects and urban planning as
these have high APTI values as well as good socio-economic uses. C. fistula has
high APTI value but due to its poor socio-economic parameters (type of plant,
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texture, economic use), the API is low for this species. Species with good API
values provide good canopy cover and rough leaf texture for dust capturing, better
habitat for wildlife. This method can prove to be an effective strategy for air
pollution management without any expensive equipments.
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Trend Analysis of Long-Term MSW
Leachate Characteristics

Tamru Tesseme and Sumedha Chakma

Abstract The landfill leachate characteristics are found varied significantly with
stages of solid waste degradation and continued even after closure. The objective of
this paper is to notice the trend of long-term leachate characteristics using time
series analysis methods. The historical observed leachate characteristics data were
taken from the literature and split into three groups based on their biodegradable
and dissolvable nature. The developed trend showed higher biodegradable and
dissolvable leachate characteristics depend on the quantity of biodegradable matter
presence. The non-biodegradable and highly dissolvable leachate characteristics
had a constant trend. The non-biodegradable and non-dissolvable leachate char-
acteristics were found increasing trend in the analysis. The developed long-term
trend showed time series analysis estimation was an encouraging method for the
prediction of long-term leachate characteristics without further laboratory investi-
gation and thus would help to communicate to the general public, the field pro-
fessionals, and the policy makers about the future status of the landfill.

Keywords Landfill � Leachate � Biodegradable � Dissolvable � Time series
Trend analysis

1 Introduction

Solid waste management nowadays becomes a growing global alarm due to its
dynamic generation rates and variation of quantities and compositions with time.
Even though recently different types of integrated solid waste management options
are implemented worldwide, landfilling remains the best disposal option for
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municipal solid waste compared to the other alternatives [1, 2]. The reasons that make
landfilling the best attractive option correlated with others are its economic advan-
tages, and other alternatives are also leftover 10–20% residue which can be sent again
to the landfill. In India, the population of the New Delhi has expected to grow about
40% in the year of 2020 and thus can lead the generation of huge amount of municipal
solid waste (MSW). The developing countries like India thus facing serious problems
of managing its MSW due to urbanization and increase in population. In India, every
year about 50 million tons of MSW has been collected by the civic authorities;
however, 90% of the total collected MSW is dumped in low-lying areas at the
outskirts [3]. In landfill, a complex sequence of physical, chemical, and biological
reactions occurs [4, 5]. The major effects that take place from the reactions in and
around the dumping sites are the generation of leachate, emissions of methane,
greenhouse effects, ozone depletion, differential settlement, and water pollution [6–
8]. The leachate pollutant is generated, while the external percolated water eroded
and flashed organic, inorganic, and heavy metal pollutants from the landfill [9, 10].
Landfilling technologies need to improve from open dumping to highly engineered
bioreactor landfill that may reduce the potential for contamination while enhancing
the economic benefits [11–13]. However, quantifying the strength of leachate with
respect to time is crucial in all developed landfill technologies to treat the leachate and
safely dispose into the natural water bodies [14, 15].

Quantifying the present and future leachate characteristics strength and its impacts
on the adjacent waters resources needs frequently monitoring of the landfill and
recording leachate pollutant for longer periods. To carry out a long-term monitoring
and quantification, need huge resources which may be difficult to afford by several
countries. Besides this, adopting of one landfill leachate characteristics to the other
landfills is often problematic. Several studies on the leachate characteristics have
been performed during the last 2–3 decades in the test lysimeter [16, 17] and pilot
scale model [18, 19] and full-scale landfills [20] revealed that the leachate charac-
teristics were widely varied among different landfills. The leading factors that make
leachate characteristics to be varied among landfills are solid waste type and com-
position, rainfall intensity, ambiance temperature, pH, moisture level and stage of
solid waste degradation and ages of the landfill [20]. Moreover, the leachate char-
acteristics even in the same landfills also varied over a period of 30–40 years
according to stages of municipal solid waste stabilization [21, 22]. As a result of this,
a simple method that would be accurately estimated and quantify the strength of
leachate with time is the need of the present system [23, 24]. A simple analytical
computational technique would be essential to estimate the future leachate charac-
teristics with respect of times based on the historical observed leachate characteristics
during the resources are limited and also no satisfactory alternative approaches [25].

Therefore, the objective of this study is to estimate the future long-term leachate
characteristics trend using time series multiplicative decomposition model based on
historical observed data. The computed trend analyses data for selected leachate
parameters revealed that the time series multiplicative decomposition model was an
encouraging forecasting method for long-term monitoring and controlling of the
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leachate characteristics without carried out intensive field leachate examination and
thus saves the amount for future investigation.

2 Materials and Methods

The leachate characteristics used in this particular study were obtained from unlined
landfill site at Toronto, Canada [26]. The leachate sample was taken from leachate
collection pond and analyzed for period of six years from 2004 to 2009 with a
frequency of twelve times a year. A total of 72 historical observed leachate char-
acteristics were under-considered in the study to estimate the future long-term
trends of leachate characteristics. The historical observed leachate characteristics
were split into three groups according to their degradation and dissolvable
behaviors. In the first group those highly biodegradable and dissolvable leachate
characteristics such as BOD5 and COD were kept because these elements are highly
degradation and dissolvable natures. In the second group, those non-biodegradable
and rapidly dissolvable characteristics, namely chloride and iron, were considered,
and in the third group, those elements neither degradation nor dissolvable behaviors
were also undertaken. The classified leachate characteristics were plotted with the
leachate concentration versus age (months) to estimate the future long-term trend.
In the study, leachate characteristics analyzing period (month) was considered as
the age of the landfill by referring the first month of 2004 as the starting period of
the time series analyzing data. Then after doing this, the landfill leachate charac-
teristics were analyzed per recommendation of the time series decomposition
method using Minitab 16 software [27]. The time series decomposition can perform
using one of the options such as multiplicative model and the additive model. The
multiplicative model is estimated using Eq. (1), and similarly, the additive model is
computed using Eq. (2). According to Worrall and Burt [28], time series multi-
plicative decomposition technique is a simple and rapid method for development of
a wide range of parameters for estimating the future long-term data based on the
historical observation. In addition to this, the multiplicative decomposition tech-
nique has also 5–10% better estimation accuracy compared with the additive model.
Therefore, in this particular study, the time series trend analysis was performed
using the multiplicative decomposition model.

yt ¼ Tt � Se � et; t ¼ 1. . .; n ð1Þ

yt ¼ Tt þ St þ et; t ¼ 1. . .; n ð2Þ

where t is time; yt is historical observed data; Tt is trend component; St is seasonal
component; and et is errors with respect to times.

The accuracy of the time series analysis results was computed using statistical
error estimation techniques such as mean absolute percentage error (MAPE), mean
absolute deviation (MAD), and mean squared deviation (MSD) which have been
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mentioned in Eqs. (3)–(5). The smaller error estimated values indicated a better
fitting result [29].

MAPE ¼
P

yt � y1t
� �

=yt
�
�

�
�

n
� 100 yt 6¼ 0ð Þ ð3Þ

MAD ¼
Pn

t¼1 yt � y1t
�
�

�
�

n
ð4Þ

MSD ¼
Pn

t¼1 yt � y1t
� �2

n
ð5Þ

where yt is the actual value; y1t is the forecast value; and n is the number of forecasts

3 Results and Discussion

The historical observed leachate characteristics data were analyzed by time series
multiplicative decomposition model from 2004 to 2009, and the long-term leachate
characteristics were estimated for next 48 future months. The developed long-term
trend of the leachate characteristics was presented below in to three subdivision
groups based on their degradation and dissolvable behaviors.

3.1 Highly Biodegradable and Dissolvable Leachate
Characteristics

Under highly biodegradable and dissolvable group, the concentrations of COD,
BOD5, and their corresponding ratio of BOD5/COD values were kept and their
trend analysis was also performed by time series multiplicative decomposition
method. The values of COD, BOD5, and the ratio BOD5/ COD are presented in
Figs. 1, 2, and 3. The values of COD were observed in the range of 500–2000 mg/
L, and the values of BOD5 were indicated between 0 and 500 mg/L. The result
showed that the magnitude of the observed and the forecasted long-term trend did
not vary significantly. However, leachate characteristics in younger landfills noticed
that the values of COD and BOD5 concentrations would be initially low when the
organic fraction of waste is decomposed, flashed, and then reached to their peaks
followed by decreasing trends while the biodegradables organic fraction of wastes
depleted from the landfill via washout and degradation.

The small magnitude of both values in the trend developed shown in Figs. 1 and
2 demonstrated that the landfills were in maturation stages which depleted its
organic fraction by biological degradation and washing out. Besides to this, in the
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estimated future long-term trend observed data there were promote decline the
values of COD and BOD5 in the future due to occurrence of higher stabilization
processes. Nevertheless, the values younger refuse leachate characteristics having
low pH (5–6), high BOD5 (4000–13000 mg/L) and COD (10,000–60,000 mg/L)
values. Correspondingly, the trend of the BOD5/COD (Fig. 3) showed initial
increasing trend followed by decreasing trend associated with the decomposition
and depletion of dissolved biodegradable organic matters.

3.2 Non-biodegradable and Highly Dissolvable Leachate
Characteristics

It has been well documented in the literature the characteristics of leachate taken at
the bottom of the landfill widely varied with respected times [30–32]. It has been
common to observe the concentration profiles of biodegradable organics in leachate
such as BOD5 and COD that initially increasing to reach a peak value and followed
by reducing trend with respect to the waste stabilization stages. However, there are
some particular landfill leachates characteristics which are poorly biodegradable but
highly dissolution behaviors such as chloride which is tend to persist in the leachate
for several years. It can observe from Fig. 4 the concentration of chloride in the
leachate were more or less constant in the historical observed as well as in estimated
future long-term trend due to the chloride is poorly biodegradable but highly dis-
solution element.

The concentration of chloride was observed remain constant (Fig. 4) due to the
concentration of chloride in the landfill is independent with respect of waste
biodegradation stages but its concentration in the leachate depend only on the
quantity of moisture percolated and hydraulic conductivity of the landfills.

Thus, the non-degradable and conservative behavior of chloride in the landfill
makes the chloride characteristics to use commonly for tracer studies. Moreover, as
Figs. 4 and 5 showed that the concentrations of chloride and iron in the landfill do
not show significant variation with respect to the landfill age. It was due to the
landfill in maturation stages and thus may show no significant difference in chloride
and iron concentrations during the acidogenic and methanogenic phases. However,
the estimated chloride values (Fig. 4) could be increased in little magnitude due to
washing out of chloride in the landfill by external percolated water.

3.3 Non-biodegradable and Non-dissolvable Leachate
Characteristics

In the non-biodegradable and non-dissolvable leachate characteristics groups those
leachate characteristics their concentration which do not generated with the landfill
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waste degradation and dissolvable but they are the indicators of the landfill ecology
status. In this group, the values of pH and conductivity were analyzed to estimate
the long-term trends as shown in Figs. 6 and 7, and thus the values of pH and
conductivity may use to evaluate the overall status of the landfill stabilization
stages.

The value of the pH is shown in Fig. 6. The pH trend was gradually increased
with the age of landfill leachate due to the depletion organic matters (measured as
COD, BOD5, and DOC) occurred in the landfill. Besides this, the values of the
landfill pH widely varied at the different stages of the municipal solid waste sta-
bilization which is influenced by different microbial actions and their by-product.
The values of pH in the historical observed data of the landfill were detected in
range of 6–8 (Fig. 6) and thus showed the landfill maturation stages. This gradual
increment of pH values in the landfill demonstrates the depletion of organic matter
via anaerobic degradation processes in maturation stages. The time series estimated
the long-term trend values as depicted in Fig. 6 and observed that the pH values
again further increased which was associated with the depletion of acid by pro-
duction of methane gas and other pollutants. However at the maturation stages of
the landfill stabilization due to the organic fraction of solid waste consumed the
landfill cases to increase pH values, and reduced the generation of heavy metals.
The trend of the conductivity follows the inverse of pH trend, which has higher
values during early stabilization stages and gradually declines values during the
maturation stage as shown in Fig. 7.

Table 1 summarized the long-term trend leachate characteristics estimation
equations which were generated using Figs. 1, 2, 3, 4, 5, 6, 7, 8, and 9. The
estimated equations have large errors due to the landfill leachate characteristics by
nature varied widely with time.

Table 1 Long-term trend estimation statistical error values

Parameters MAPE MAD MSD Equations

COD (mg/L) 49 399 476,845 yt = 916 + 2.80* t

BOD5 (mg/L) 108 197 176,467 yt = 157.3 + 2.26* t

BOD5/COD 56.89 0.09 0.02 yt = 0.1366 + 0.00174* t

Chloride (mg/L) 27.5 159 39995.8 yt = 701 − 0.450624* t

Iron (mg/L) 120.824 7.841 781.103 yt = 6.83 + 0.03318* t

pH 2.30017 0.16706 0.06168 yt = 6.9942 + 0.00650* t

Conductivity 40 3233 41337313 yt = 9979 − 69.9799* t

Temperature (°C) 38.94 5.9962 58.8959 yt = 10.94 + 0.142* t

Precipitation (mm) 28.196 13.567 732.314 yt = 68.50 − 0.016331* t
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Fig. 1 Long-term trend
analysis for COD

Fig. 2 Long-term trend
analysis for BOD5

Fig. 3 Long-term trend
analysis for BOD5/COD

Fig. 4 Long-term trend
analysis for chloride
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3.4 Seasonal Variation of the Landfills

Ambient temperature variations are always significantly influenced on the leachate
characteristics. The activity of microbial community in the landfill directly asso-
ciated with the ambient temperature, and thus, the temperature increased the
microbial activity and also enhanced the landfill stabilization. Even though different
microbial groups are working at different temperature ranges, increment of tem-
perature by 10 °C in the landfill can enhance stabilization processes by double. In
general, the quantity and strength of the landfill leachate are directly associated with
the amount of water percolated to the landfill. It has been shown in Figs. 8 and 9

Fig. 5 Long-term trend
analysis for iron

Fig. 6 Long-term trend
analysis for pH

Fig. 7 Long-term trend
analysis for conductivity
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that the values of temperature and precipitations were moving in waveform that
repeated itself with specific interval of times based on the seasons of the years.

4 Conclusions

In this study, the time series analysis by multiplicative decomposition model was
performed to estimate the future long-term trend of leachate characteristics. The
developed long-term trend results demonstrated that highly biodegradable organic
matters were depleted through degradation and dissolution and thus may be the
cause for decline of the long-term concentrations of COD and BOD5 values.
However, the chloride concentration profile in the developed long-term trend
confirmed that the concentration of chloride was independent on the biodegradation

Fig. 8 Long-term trend analysis for temperature

Fig. 9 Long-term trend analysis for precipitation
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rates of organic matters and thus the trend is found as remained constant. The
degradation and depletion of organic matter may cause increment of pH, decrease
dissolution of heavy metal, and thus inversely reduce the values of conductivity
trend in the long term. This particular study showed that the developed trend
statistical error estimation values were high due to wide variation of leachate
characteristics with respect to the different solid waste stabilization stages.
Furthermore, particularly, the computed values of MSD were very high compared
with the other error values. This might be attributed due to highly dynamic
behaviors of leachate characteristics which were influenced by the different factors
such as moisture percolation, landfill pH, and ambiance temperature. The developed
long-term trend analysis revealed that estimation of the long-term trend behaviors
of leachate characteristics using time series analysis multiplicative decomposition
model was useful when little knowledge is available on the underlying data gen-
erating process or when there is no sufficient resources also available to examine
intensively the long-term leachate characteristics and quantifications.
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Experimental Investigation
for the Feasible Applications
of Processed Recyclable Plastic Waste
in Construction Sector

Kaushal Kishor Sahoo, Mohanish Gupta, Ravi Sahu, Kshitij Mudgal
and Y. Shiva Shankar

Abstract Plastics have become an integral part of modern lifestyle due to its
availability in various forms leading to increased generation of plastic waste. The
major problem with waste plastics on disposal is due to their non-biodegradable
nature that affects the environment in longer run. Recycling of plastics is the best
practice to reduce the detrimental effects on environment. Options for the recycling
are converted into raw material for the industry, fuel production, and utilization as
construction material. Utilization of recycled plastics in construction sector pro-
vides ecological and economical benefits, due to increasing demand for building
materials. The present work investigates the feasible applications for the utilization
of processed recyclable waste plastic materials in construction sector. Materials
such as plastic coarse aggregate (PCA) and plastic fine aggregate (PFA) were
processed from the plastic bottles generated in the university campus. The appli-
cation of these materials in areas such as concrete production, block manufacturing,
pavement construction, and soil stabilization has been studied. The results were
compared with natural fine aggregate (NFA) and natural coarse aggregate (NCA).
Experimental results for PCA suggest that physical and mechanical properties
proved to be in conformance with conventional NCA, for applications such as
concrete production and pavement construction. The properties of PFA for the
replacement of natural fine aggregate in pavement construction and soil stabiliza-
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tion has been studied through Marshall stability test (as 100% replacement to NFA)
and CBR value (as 10, 20, and 30% replacement of NFA). The results of aggregate
properties indicated the conformance of PFA with natural sand. The results of CBR
test indicate that PFA has proved to enhance the CBR value of black cotton up to
20% replacement. Blocks manufactured with PFA (as 100% replacement to NFA)
have shown better properties for application in framed structure. Marshall stability
test results indicated that presence of PFA has enhanced the load resistance of the
specimen, the results of air voids, voids filled with bitumen, and flow values
indicate that addition of PFA enhances the durability, shear strength, and fatigue
resistance improving the life of pavement.

Keywords Plastic coarse aggregate � Plastic fine aggregate � Waste plastics
Concrete production � Soil stabilization � Construction sector

Abbreviations

PP Polypropylene
PS Polystyrene
PET Polyethylene tetraphthalate
HDPE High-density polyethylene
LDPE Low-density polyethylene
PVC Polyvinyl chloride
PCA Plastic coarse aggregate
PFA Plastic fine aggregate
NFA Natural fine aggregate
NCA Natural coarse aggregate
CBR California bearing ratio

1 Introduction

Plastics have become integral part of the life due to its availability in various forms
such as bottles, packing material, containers, shopping and garbage covers,
household products. Commonly used plastics for various applications are catego-
rized as thermoplastics and thermoset plastics. Thermoplastics constitute 80% of
total market utilization in various forms such as polypropylene (PP), polystyrene
(PS), high-density polyethylene (HDPE), low-density polyethylene (LDPE), poly-
ethylene tetraphthalate (PET). In addition to the above construction waste in the
form polyvinyl chloride (PVC) has also been increasing causing problems in the
management. Majority of these forms are being recovered through rag pickers,
especially PET bottles due to their resale value. However, due to their existence in
mixed form along with the remaining fractions of the solid waste, most of these
waste plastics remain in the environment [1, 2].
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Increased utilization of plastics has been posing problems to the environment in
terms of the volume of the waste generated. Civic bodies have been facing prob-
lems in the collection, transportation, and disposal of municipal solid waste due to
rapid changes in the waste composition, urbanization, and increasing per capita
waste generation rates. The waste plastics due to their non-biodegradable nature
have a negative impact on environment in long run. The commonly practiced
methods for management of solid waste in India are open dumping and landfilling.
On disposing the plastics in combination of municipal solid waste, plastics pollute
the soil and in certain cases they percolate through the soil reaching the ground-
water table [3–5].

Recycling the waste plastics is a feasible solution to reduce the adverse impact
on environment. In many of the urban areas plastic recycling units are increasing,
these units process the wastes into usable form after sorting, separation, and
treatment. Studies have suggested that diversion of waste streams such as plastics,
wood, papers offers a feasible solution to increased space requirements for landfills.
The possible options for recycling the solid wastes are conversion/processing the
wastes for replacement of virgin materials in manufacturing plastic products,
mechanical processing of plastics into pellets, flakes or powders for reuse in
modified form, and energy recovery. The quality of the processed materials has
been major issue for the replacement of virgin materials. Various thermochemical
methods exist to enhance properties of the waste plastics but the limitation of these
methods has been increasing in the cost of production. One of the beneficial
applications of plastic waste has been through the energy recovery for utilizing the
higher calorific value. Technologies such as incineration, gasification, and pyrolysis
could be used for deriving the valuable fuel as a replacement to the conventional
sources. Pyrolysis and gasification have been proved to be suitable techniques for
energy recovery as the burning of plastics releases a variety of poisonous chemicals
into the air, including dioxins, one of the most toxic substances. Beneficial uti-
lization and recycling of waste would be feasible only through segregation at the
source. Intermixing of the various components of solid waste and recovery of the
components post-disposal reduces the efficiency of these processes [2, 4–9].

1.1 Applications in Construction Sector

Increasing demand for construction materials and depleting resources have exerted
pressure on researchers to study the alternatives for conventional materials.
Materials such as cement, sand, and coarse aggregate exert higher ecological
footprint in terms of resource requirements. Utilization of processed waste plastics
as building materials has been projected to be a feasible option. Various researchers
have studied the application of waste plastics in form of fibers, aggregate, powder,
flakes for utilization in concrete and bitumen. The preparation of aggregates from
plastic wastes was done by cutting and grinding the wastes followed by washing
and sieving to obtain the required fractions. Some researchers have adopted the
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modifications through heating and processing the waste through addition of sand,
etc., to improve the quality of the material [5, 10].

Bajracharya et al. [3] investigated the mechanical behavior of mixed plastic solid
waste under different loading conditions for utilization as construction material
using coupon and full-scale specimens. From coupon test, the strength values were
found to be 14.8, 19.8, 20, 5.6 MPa in tension, compression, flexure, and shear,
respectively, while the modulus of elasticity is 0.91, 1.03, 0.72 GPa in tension,
compression, and flexure, respectively. The results indicated that strength properties
of mixed plastic solid waste were comparable to softwood structural timber indi-
cating the feasibility for reuse.

1.1.1 Pavements

Indian road congress has suggested that the addition of modifiers such as plastics/
rubber improves the properties of bitumen. The addition of modifier provides a
suitable solution to varying temperature conditions responsible for early develop-
ment of distress like rutting, cracking, bleeding, shoving, and potholing of bitu-
minous surfaces [11]. Plastics in form of carry bags, disposable cups, and PET
bottles collected from garbage dumps have proved to be a feasible construction
material. Increasing demand for construction materials and depleting resources have
exerted pressure on researchers to study the alternatives for conventional materials.
Materials such as cement, sand, and coarse aggregate exert higher ecological
footprint in terms of resource requirements. Utilization of processed waste plastics
as building materials has been projected to be a feasible option. Various researchers
have studied the application of waste plastics in form of fibers, aggregate, powder,
flakes, etc., for utilization in concrete and bitumen. The preparation of aggregates
from plastic wastes was done by cutting and grinding the wastes followed by
washing and sieving to obtain the required fractions. Some researchers have
adopted the modifications through heating and processing the waste through
addition of sand, etc., to improve the quality of the material [5, 10].

Vasudevan et al. [12] proved that softened waste plastics form a film-like
structure over the aggregate, when it is sprayed over the hot aggregate at 160 °C.
The formed plastic-coated aggregate when mixed with bitumen showed improved
binding property and poor wetting property. Roads constructed using this method in
various parts of Tamil Nadu (India) has proved to offer better performance as
compared to conventional pavements. The studies have proved that the addition of
shredded wastes to hot bitumen has improved the temperature susceptibility of
bitumen by forming an oily coat over the aggregate [13].

Ahmadinia et al. [14] examined the effect of waste plastic bottles (Polyethylene
Terephthalate [PET]) on the engineering properties of stone mastic asphalt
(SMA) mixture. Studies were carried out at various percentages of PET (0, 2, 4, 6,
8, and 10%). The results show that the addition of PET has a significant positive
effect on the properties of SMA.
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Performance of bitumen with PVC waste was studied by Köfteci et al. and Behl
et al. [15, 16]. Köfteci et al. [16] investigated the performance of bitumen modified
by three groups of polyvinyl chloride (PVC)-based waste plastics (window, blinds,
and cable wastes). Experimental investigations were carried out at 1, 3, 5%
replacement with modifier. The results proved that the performance of the mixtures
varied with temperature, PVC (from window and blinds wastes) has shown
improved performance at high temperatures, whereas PVC (from cable wastes) has
shown better performance at low temperatures. Behl et al. [15] have studied the
properties of bitumen with addition of chemically modified waste PVC up to a level
of 3 and 5% of bitumen. The results indicate that strength and stability of the mix
increased with incorporation of PVC pipe waste.

Ahmed et al. [1] investigated the efficiency of recycled gypsum from waste
plasterboard and waste plastic trays for the ground improvement. Test results
proved that increasing recycled gypsum content has significant effect on com-
pressive strength as compared to tensile strength, whereas the addition of waste
plastic strips to samples treated with recycled gypsum enhanced both splitting
tensile and compressive strengths.

1.1.2 Concrete and Mortar

Ruiz-Herrero et al. [9] studied the effect of PE and PVC waste that obtained from
crushing of electrical copper and aluminum cables, on properties of mortar and
concrete. The studied mortar and concrete materials had low density and increased
porosity due to the presence of plastic aggregates. However, the results indicated
the poor mechanical properties due to the poor bonding between the materials. The
results proved that use of non-reusable plastic waste could be used in civil engi-
neering applications providing mortars and concretes with low mechanical prop-
erties but increased thermal insulation properties.

Azhdarpour et al. [17] investigated the effect of plastic waste addition as fine
sand replacement on the engineering properties of concrete. The results of labo-
ratory tests showed that the compressive, tensile, and flexural strength of samples
increased, when 5–10% of the concrete fine aggregates were replaced by the same
percentage of PET fragments. Corinaldesi et al. [18] investigated the properties of
plasters, where fine sand was replaced up to 100% by waste PET particles, wood
particles, and pulverized glass fiber reinforced plastic (GFRP) waste, respectively.
The results proved that the plasters possessed low conductivity values reducing the
energy consumption in construction.

Yang et al. [19] examined the effect of incorporating recycled modified PP
plastic particles on the workability and mechanical behavior of self-compacting
lightweight concrete (SCLC). Four replacement levels (10, 15, 20, and 30%) of
sand by plastic on volume basis were introduced. The compressive strength,
splitting tensile strength, and flexural tensile strength have increased with the
replacement level up to 15%. Ghernouti et al. [20] exhaustively investigated the
fresh and hardened properties of self-compacting concrete containing plastic bag
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waste fibers. Fourteen mixtures of concrete with 0.40 of water/cement ratio were
studied by varying the length of fibers (2, 4, and 6 cm) with different levels of
incorporation (1, 3, 5, and 7 kg/m3). The results of these mixtures were compared
with concrete prepared using 1 kg/m3 of PP fibers and another without fiber as
reference. The obtained results proved that incorporation of plastic bag waste fibers
in concrete delayed the location of micro-cracks.

Sommerhuber et al. [21] examined the properties of wood–plastic composites
prepared with recycled wood and plastics (HDPE) from packaging waste. The
results proved that at lower wood content (30%) the properties of processed
material were found to be identical to wood plastic composites made from virgin
materials. Yin et al. [22] studied the applications of macro-plastic fibers in rein-
forced concrete. The results proved that the macro-plastic fibers decreased the
workability of the fresh concrete, but effectively control plastic shrinkage cracking
with no significant effect on compressive and flexural strengths. Safi et al. [23] have
examined the properties of self-compacting mortars prepared with plastic waste as a
partial replacement to fine aggregate. The studies proved that replacement up to
50% was acceptable for the preparation of lightweight mortars.

1.2 Objectives of the Research

Utilization of waste plastics under various circumstances as attempted by
researchers proved to be beneficial either up to a partial replacement or in a specific
application. The present work has attempted to process the waste plastic bottles
generated in the university campus (Jaypee University of Engineering and
Technology, Guna) identical to virgin materials (coarse and fine fractions) for
understanding the applications in construction sector. The followings were the
objectives of present research:

• To investigate the properties of processed plastic coarse aggregate (PCA) and
plastic fine aggregate (PFA) for their utilization as aggregate in concrete
preparation and pavement construction.

• To study the mechanical properties of blocks prepared with PFA as substitute
for fine sand.

• To understand the application of PFA (with 10, 20, and 30% replacement by
volume) in soil stabilization through California bearing ratio (CBR unsoaked)
test.

• To understand the effect of PFA as a replacement to NFA on load resistance of
specimen through Marshall stability test.
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2 Materials and Methods

2.1 Methodology

Figure 1 explains the procedure for processing the waste plastics into suitable
aggregates (PCA and PFA). The raw materials (i.e., waste plastics) were collected
from the campus; the collected bottles were predominantly soft drink bottles, i.e.,
PET type followed by PP. The materials were processed in the following sequence
shredding, heating to its melting point under controlled conditions, collection of
melted fluid in mold, crushing the solidified mass to obtain PCA. The PCA was
further processed in Los Angeles abrasion testing machine (at 700 revolutions) to
obtain PFA.

2.2 Materials Used

2.2.1 Cement

Portland pozzolana cement (PPC) confirming to IS 1489—1991 (Manufacturer:
Jaypee cement) has been used for the study [24].

2.2.2 Fine Aggregate

Fine aggregates in conformance with Zone II as per IS: 383—1970 were adopted in
the study [25].

Fig. 1 Methodology adopted for processing the waste plastics
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2.2.3 Processed Materials (PCA and PFA)

The obtained PCA was observed to be passing through 12.5 mm and retained on
10 mm, PFA used was in accordance with Zone II sand as per IS: 383—1970.

2.3 Testing Program

The processed materials (PFA and PCA) were investigated for understanding the
feasible applications in the construction sector such as block manufacturing, soil
stabilization, and pavement construction. Processed materials (both PFA and PCA)
were studied with respect to physical and mechanical properties of aggregate
[25, 26]. Tables 1 and 2, show the parameters investigated and the standard pro-
cedures adopted in the study.

2.3.1 Blocks

Blocks were prepared in size (200 � 200 � 450) mm. The proportions for
preparing the blocks were maintained in conformance with the blocks manufactured
in the campus for construction purpose. Blocks were prepared with 1:2:3 propor-
tions of cement, stone dust, and coarse aggregate, respectively. In the present study,
stone dust has been replaced with PFA (100%); water to cement ratio was main-
tained as 0.5 for preparing the blocks. Coarse aggregates used in the study were in
the size range passing through BIS sieve 10 mm and retained on 4.75 mm [27]
sieves were considered. The prepared blocks were tested for their compressive
strength and were compared with the standard blocks used for construction in the
campus.

Table 1 Properties of fine
aggregate

Property IS code

Fineness modulus [IS: 383—1970]

Specific gravity [IS: 2386 (Part-III)—1963]

Water absorption [IS: 2386 (Part-III)—1963]

Table 2 Properties of coarse
aggregate

Property IS code

Impact test [IS: 2386 (Part-IV)—1963

Abrasion value [IS: 2386 (Part-IV)—1963]

Fineness modulus [IS: 383—1970]

Specific gravity [IS: 2386 (Part-III)—1963]

Water absorption [IS: 2386 (Part-III)—1963]
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2.3.2 Marshall Stability

Marshall stability test was performed in the present study with a primary objective
of understanding influence of PFA (as 100% replacement to NFA) on the load
resistance, flow value, air voids, and voids filled with bitumen. The specimen was
prepared by maintaining varying binder content (4, 5 and 6%). The influence of
PFA on the binder content and NCA has been studied [11, 28].

2.3.3 California Bearing Ratio Test (Unsoaked)

The CBR test is meant for the evaluation of subgrade strength of pavements. The
test essentially measures the soil resistance to penetration prior to reaching its
ultimate shearing value. Optimum moisture content was maintained as 7% for all
the specimens after evaluation on trial specimens at varying percentages. The
present study was undertaken on black cotton soil, PFA was added up to 30% (by
volume) of soil. Specimens were prepared at 10, 20, and 30% replacement levels,
respectively, and tested as per the standard procedure [29].

3 Results and Discussion

3.1 Aggregate Properties

The properties of PCA compared with NCA were shown in Table 3. Properties of
PCA were evaluated to assess their suitability for application as pavement material
and concrete production. The results indicated the conformance with the standard
values. Mechanical properties such as crushing value, impact value, and abrasion
value were compared with required properties of NCA for application in wearing
course of the pavement; the results suggested the suitability for utilization in
wearing course. Physical properties such as fineness modulus, specific gravity, and
water absorption have shown the conformance with standard values in accordance
with IS: 383—1970 [25, 26].

Table 3 Physical and
mechanical properties of
aggregates [25]

Test PCA NCA

Crushing value (%) 27.2 <30

Impact value (%) 23.9 <30

Abrasion value (%) 33 30–40

Fineness modulus 7.04 5.5–8

Specific gravity 1.22 2.6

Water absorption Negligible 1–2%

Bulk density (g/cm3) 0.8 1.65
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The properties of PFA compared with NFA were shown in Table 4. The
obtained values were in conformance with desirable properties as per IS: 383—
1970.

Discussion

• The properties of PCA and PFA were found to be identical to the virgin
materials commonly used in concrete production.

• The specific gravity of PCA was found to be 1.22 (as compared to 2.6 for NCA),
indicating the suitability of the aggregate in production of lightweight concrete.
The low density of the concrete provides relative savings in construction cost
and reduced structural load on its components.

• The water absorption of PCA was found to be negligible. The concrete produced
with materials such as PCA shows lesser inclination to segregation maintaining
the homogeneity of mix providing better workability.

• PCA has shown the better resistance at varying load conditions (gradual and
sudden) and wear. Indicating the utilization as pavement material due to its
resistance to disintegration, compressive stresses, and moving loads.

• The properties of PFA proved to be feasible for application in preparation of
lightweight mortars.

3.2 Concrete

Previously, the authors have studied the properties of PCA in concrete production.
PCA was replaced up to 20% of NCA for preparing M20 grade concrete.
Compressive strength of specimens was tested after 28 days. Results were shown in
Fig. 2. Compressive strength has been evaluated to indicate the overall quality of
concrete. The results indicated that at 10% replacement, maximum compressive
strength of 30.4 MPa was observed; which was 14.3% higher than the target mean
strength. Up to 20% replacement, concrete has shown better performance that
decreased with further replacement [30].

Table 4 Comparison of PFA
with NFA

Test PFA NFA

Fineness modulus 2.59 2.6

Specific gravity 1.53 2.5

Bulk density (g/cm3) 0.72 1.3
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3.3 Blocks

The results of compressive strength of blocks prepared with 100% PFA were
compared with the standards related to IS: 2185 (Part-I)—2005 [31]. The com-
pressive strength of blocks was observed to be 4.73 MPa, which was higher than
the blocks being used in the campus for construction (i.e., 4.23 MPa). The results
indicate that the crushing strength was found to be 12% higher than the blocks
being utilized for construction, and the weight of blocks was also reduced by same
percentage. The obtained values were much higher than the crushing strength
values for standard blocks as prescribed in IS: 2185 (Part-)—2005 (i.e., 3.5 MPa).

3.4 Soil Stabilization

CBR values were studied at penetration values of 2.5 and 5 mm on specimens
replaced with 10, 20, and 30% PFA. The values of CBR at 5 mm penetration were
found to be much higher as compared to 2.5 mm after verification. Hence the
values 5 mm penetration were considered as CBR values. With increasing the
percentage replacement of PFA, the results indicate the enhancement of subgrade
strength at partial replacement (up to 20%). Maximum value was observed at 10%
replacement, but however specimens have shown marginal increase up to 30%
replacement. Results could be improved further by addition of coarser fraction with
lesser number of revolutions in abrasion testing machine while processing PFA.

Fig. 2 Compressive strength of concrete with partial replacement of PCA
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However, the test indicated the suitability of PFA for application in soil stabiliza-
tion for enhancing the strength of subgrade layer for black cotton soil (Fig. 3).

3.5 Pavements

Marshall stability test was performed with an objective of assessing the load
resistance, flow value, air voids, and voids filled with bitumen, for the specimen
prepared with varying binder content (4, 5, and 6%) and the fine fraction was totally
replaced with PFA (100%) in preparation of specimen. The results obtained were
compared with normal specimen prepared with aggregate (coarse and fine), filler,
and binder as shown in Table 5. Optimum binder content has been obtained at 5%
replacement. The presence of PFA enhanced the load resistance above 400% as
compared to normal specimen. Flow value of the specimen containing PFA was
observed to be much lesser than normal specimen, indicating the adequate work-
ability preventing segregation. Lower air voids as compared to normal specimen
prevent the percolation of water through the pavement reducing the deformation
due to rutting. The results indicate the suitability of PFA to be used in conjunction
with binder (bitumen) enhancing the properties of the bitumen. Hence the result
proves that addition of PFA increases the durability, shear strength, and fatigue
resistance enhancing the life of pavement.

Fig. 3 CBR value at penetration 5 mm
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4 Conclusion

The present work has investigated the feasible options for utilization of processed
recyclable plastics in construction sector. The followings were the conclusions
drawn from the study

• The processed materials (PCA and PFA) proved to be in conformance with the
properties of virgin materials suggesting the suitability for application in con-
struction sector.

• Mechanical properties of PCA have proved to be effective for utilization as
aggregate in wearing course of pavement and production of lightweight
concrete.

• Blocks manufactured with PFA possessed properties such as lightweight and
adequate crushing value as compared to the standard blocks currently being
used in the campus for construction.

• The result of the Marshall stability test has proved that the specimen containing
PFA as replacement to NFA provided better properties, suggesting the com-
patibility with the binder for enhancing the life of the pavement.

• PFA has proved to enhance the CBR value of black cotton soil effectively up to
20% replacement.

4.1 Suggestions

The present work has broadly examined the feasible applications of recycled plastic
waste in the construction sector, the following aspects could be considered for
further research:

• Development of modified processing technique under controlled conditions for
capturing the higher calorific value volatile gas produced during the melting of
plastics provides multiple benefits.

Table 5 Marshall stability value

S. No. Type Bitumen content (%) Flow value (mm) Stability value (kg)

1 Normal 4 2.4 407.72

2 5 3.9 534

3 6 6.1 443.83

4 Plastic (PFA) 4 1.2 1734.85

5 5 1.8 2364.66

6 6 2.5 1397.91
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• The present work has examined the suitable applications of the recyclable
plastics only; the work could be extended to mixed plastics stream recovered
from the solid waste.

• The effect of atmospheric agencies on structural components incorporating these
processed materials has to be further investigated for a wider application.

• The study could be extended further by processing PFA through controlling the
number of revolutions (300–700 revolutions), for obtaining well-graded
material.
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Estimation of Landfill Gas Using
Genetic Programming

Kshitija S. Tikhe, Basavraj S. Balapgol and Sandip T. Mali

Abstract Large amount of greenhouse gases (CO2 and CH4) are generated through
the disposal of municipal solid waste in landfill. Methane is an increasing concern
of greenhouse gas. Complex processes taking place within the landfill leads to
formation of gas which has to be managed. In order to manage this landfill
gas (LFG), it is necessary to estimate it on daily basis. Conventional hard com-
puting techniques as well as modern soft computing techniques have been used to
model LFG estimation. The present study uses soft computing method of linear
genetic programming (LGP), to estimate the landfill gas emission for Pune city
(India). Data from the simulated laboratory-scale landfill have been used, and the
temporal models are developed. Landfill gas is estimated using previous values of
the gas recorded. The performance of the models has been analyzed using corre-
lation coefficient (r) and root mean square error (RMSE). It is found that the model
results are in good agreement with the actual values.

Keywords Landfill gas � Genetic programming � Pune city � Municipal solid
waste
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1 Introduction

Anaerobic digestion is the well-established bioprocessing technology to produce
highly energetic biogas. Mathematical modeling of the anaerobic digestion is very
complex [1]. Landfill gas (LFG) modeling is the practice of forecasting gas gen-
eration and recovery, based upon present and past waste disposal histories. LFG
modeling is mainly carried out for regulatory and the non-regulatory purposes.

Studies have been carried out by different researchers for understanding and
evaluating the gas generation and biodegradation process. In these studies, pre-
dictions have been carried out using empirical functions [2–4]. Model results reveal
some drawbacks in prediction when empirical functions have been used. This leads
to the requirement of another modeling technique which would overcome these
drawbacks, and hence, the researchers have used the soft computing tools [5]. The
two well-known soft computing tools, namely artificial neural network and fuzzy
logic, were used for estimating the gas generation. Along with these tools, a rela-
tively new tool ‘linear genetic programming (LGP)’ is also used for evaluating
some environmental issues [6].

The present work consists of the development of LGP models to estimate the
LFG. Multiple linear regression (MLR) is used as a benchmarking tool, and the
results of LGP are compared with MLR.

2 Landfill Gas Generation Process

The landfill gas generation process starts with the breaking down of the organic
material into simpler material in an aerobic and anaerobic condition. The gas
generation process is divided into five stages as shown in Fig. 1. In stage one, the
organic matter present in the waste gets decomposed in the presence of oxygen and
moisture, leading to the formation of the gases CO2 and H2O. In the second stage,
the oxygen present in the waste goes on reducing and the facultative bacteria start
taking part in further degradation process. These bacteria hydrolyze the organic
acids, proteins, and fatty acids to sugars. In stage three, acetogenic bacteria present
in the waste further ferment the acids generated in the previous stage. The next
stage (stage four) is the most important phase in gas generation which is known as
the methane generation stage where methanogenic bacteria convert the acids
formed in the initial stages into CH4 and CO2. In the last stage (stage five), i.e.,
maturation stage, the gas generation process gradually stops and some portion of
CH4 generated in the earlier stage gets oxidized into CO2 and H2O [7].
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2.1 Landfill Gas Estimation Models

Figure 1 shows the process which takes place at the landfill site or in the simulated
reactor by which CH4 is generated with the passage of time. In order to estimate the
generated gas, some of the hard computing methods like default methodology,
first-order decay, triangular method, and modified triangular methods are used [8].
In default methodology, the model developed is based on the mass balance concept,
while in the first-order decay method, it is assumed that the total gas generation
process takes place in two phases. In the first phase, gas generation rate goes on
increasing till a peak is reached, and then, it starts reducing till the material gets

Fig. 1 Stages of waste degradation and gas generation (Source Abushammala et al. [7])
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stabilized. In the triangular and modified triangular method, the amount of landfill
gas generated corresponds to the area of the triangle for a particular period of time
[8].

Hard computing models or conventional computing models need considerable
amount of time for their computation as well as they follow a particular algorithm
during these estimation processes. Also, the accuracy given by hard computing
models is comparatively less. Hence, in this circumstance, soft computing tech-
niques prove beneficial over hard computing techniques [9].

Soft computing techniques can work with limited dataset as well as they can
work with ambiguous and noisy data. Moreover, the time required for soft com-
putation is comparatively less than conventional hard computing techniques [9].
Following are some of the soft computing methods applied for LFG estimation.

2.1.1 Artificial Neural Network (ANN)

Artificial neural network (ANN) is biologically inspired parallel computational
models. They consist of simple highly interconnected processing elements which
process the input similar to human brain. ANN acquires, represents, and computes
mapping from one multivariate space to another using self-learning. This is
regarded as an intelligent, cost-effective approach and has received much attention
in environmental engineering. ANN is a universal approximator which does not
need any prior knowledge about the system to be analyzed. ANN has ability of
adaptive learning and can recognize the patterns but is tolerant of the data. As the
performance of ANN models entirely depends on the quality and the quantity of the
data, they are considered as black box. Deciding ANN architecture is a complex
process which demands the skill of the programmer as there is no fixed rule to
decide the data division and the number of neurons in the hidden layer. Sometimes,
ANN models may suffer from overfitting due to the addition of too many hidden
neurons or executing large number of iterations. Despite many advantages, some
researchers have found that ANN is insufficient to predict extreme events [10].

2.1.2 Fuzzy Logic

Fuzzy logic is another soft computing tool used for solving environmental issues.
As its name suggests, in this technique, the data provided to the system are in the
form of relative term as against a definite value or term like 0 or 1—Boolean’s
logic. Here, the data provided to the system are in the relative term of either true or
false with value lying in between 0 and 1. Detailed information about fuzzy logic
can be found in [11].
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2.1.3 Genetic Programming

Genetic programming is a relatively new evalutionary based data-driven tool. It is
similar to genetic algorithm (GA) which follows the Darwinian principle of the
survival of the fittest and which obtains the solution to the problem through the
process of crossover, mutation, and reproduction. Computer program or an equation
is obtained as a solution of GP, whereas set of numbers are obtained in GA [10]. As
a result, GP can be suitably used as a regression tool. The evaluation process of GP
starts with computer programs constructed from the dataset. Then, the genetic
operations are performed using function and terminal set. Function set comprises of
the operator to be used such as addition, subtraction, logarithm, square root.
Terminal set consists of values such as inputs, constants, temporary variables on
which function set operates. From the population so generated, four programs are
randomly selected and a tournament is conducted. Performance of each program is
measured by GP, and the two programs are selected on the basis of performance.
The two winner programs are copied by GP algorithm and transformed into two
new programs via crossover and mutation as per fitness. In an iterative manner,
offsprings are created till the specified number of offsprings is created in generation
and also till the specified number of generations is produced. The solution of the
problem is obtained as the resulting offspring at the end of the process in the form
of either a computer program or an equation. The generated equation or program
can be directly applied to unseen data to obtain required predictions. Details about
genetic programming can be found in [12]. To the best of authors’ knowledge, LGP
has not been used for LFG estimation for the study area (Fig. 2).

3 Study Area and Data

Data used for the analysis have been obtained from a simulated laboratory-scale
model of a landfill to study the effect of the operational factors and the leachate
recirculation on the amount of the gas generation. The solid waste used for the
study is collected from the landfill site of Uruli Devachi which is situated on Pune
Saswad Road in Pune (Maharashtra, India). Five reactors simulating different
landfill conditions are designed. These reactors are divided into two groups: Group
1 consists of three reactors (R1, R2, and R3) which are fed with the mixed waste,
while the second group consisted of two reactors (R4 and R5) which have only
organic waste. Reactor R1 simulates open dump without leachate recirculation,
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whereas the leachate was recirculated in Reactor R2. In case of Reactor R3, gravel
and microbial culture have been added to the waste to enhance its functionality.
Along with this, leachate has been also added after a definite period of time. For
Reactor R4, only leachate has been recirculated, whereas in Reactor R5, all the
treatments similar to Reactor 3 are given. The experimental measure includes daily
biogas measurements. The measurements are taken for nine months from February
2010 to October 2010. Different features and configuration of bioreactors are
specified in Table 1.

Fig. 2 Flowchart of genetic programming (Source Koza [12])
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Table 1 Configuration and features of bioreactor (Source Mali [13])

S. No. Parameters Group first (mixed MSW) Group second
(compostable MSW)

R1 R2 R3 R4 R5

1 Type of bioreactor Open
dump

Anaerobic
bioreactor
landfill

Anaerobic
bioreactor
landfill

Anaerobic
bioreactor
landfill

Anaerobic
bioreactor
landfill

2 Quantity of wet
waste, kg

32 26.5 30 30 35

3 Moisture content, % 16.78 16.78 16.78 22.84 22.84

4 Quantity of dry
waste, kg

26.30 22.05 24.97 23.15 27

5 Size of shredded
MSW, mm

30–70 30–70 30–70 30–70 30–70

6 Quantity of
anaerobic digested
sludge added at
starting, L

No 16 10 14.5 10

7 Gravel mixing at
starting, kg

No No 10 No 10

8 Soil addition, kg 6 10 10 10 10

9 Density, kg m−3 538.24 517 708.21 566.57 779.03

10 Aeration at starting
(first 14 days)

No No Yes No Yes

11 Addition of
bioculture (150 g)
and EM solution
(600 ml)

No No Yes No Yes

12 Weight reduction
after aeration process
(after 14 days)

– – 2.4 kg
(9.6%)a

– 1.95 kg
(7.22%)a

13 Leachate
recirculation

Not Yes Yes Yes Yes

14 Frequency of
leachate recirculation
(10–13.5%, v/v)

– 2 2–4 2 2–4

15 Leachate
recirculation
variation during
process

– Yes Yes No Yes

16 Maintain pH of
leachate during
leachate recirculation

– Yes Yes Yes Yes

17 Adding of anaerobic
digested sludge
intermediately during
leachate recirculation

– No Yes No Yes

aIndicates the percentage of weight reduced with respect to the dry weight of waste after aeration
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4 Model Development

Temporal models are developed using Multiple Linear Regression (MLR) and
Linear Genetic Programming (LGP). In order to decide the optimum number of
inputs for the temporal model, initially regression models are developed with the
addition of inputs one by one till six in order to study the weekly variation of the
LFG. The correlation of the model output with the observed values is calculated.
Optimum numbers of inputs are chosen as the inputs for which the highest value of
the correlation coefficient is observed. Optimum number of inputs for all the models
is listed in Table 2. MLR and LGP models are developed and analyzed using the
optimum number of inputs as suggested by correlation analysis.

MLR models are developed with an objective of establishing the relationship
between the input and output. MLR models are developed using excel tool of MS
Office version 10. Confidence level was set as 95%. Similarly, linear genetic pro-
gramming (LGP) models are developed for each of the reactors using software of
Discipulus by setting the initial parameters as population size = 500, crossover
frequency = 50%, and mutation frequency = 95%.

In order to build the model, the available data have been checked for its con-
tinuity and gaps are filled using linear interpolation method. The data division of the
model for MLR and LGP is set to 70% (training data) and 30% (testing data).

5 Results and Discussion

5.1 General

Landfill gas generation involves different physical and chemical processes.
Numbers of factors influence the gas generation process. Integrating all the
influential factors and developing a gas estimation model are a challenge. In the
present study, gas generation data as obtained from five reactors have been used to
estimate the amount of LFG generation. Multiple linear regression (MLR) which is
a well-established tool has been used as a benchmarking, and the feasibility of LGP
is assessed for forecasting of LFG. Model’s performance is assessed using ‘r’ and
‘RMSE’ as the evaluators, and the results are displayed in Table 3.

Table 2 Optimum number
of input parameters

S. No. Reactor Optimum number of input parameters

1 R1 2

2 R2 4

3 R3 2

4 R4 2

5 R5 6
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5.2 Results

The first model is developed for Reactor R1 which has two previous days of LFG
values as their input while LFG of the same day as the output. The LGP estimated
LFG reasonably well with CLGP = 0.7874 as compared to MLR (CMLR = 0.7448).
Figure 3 shows LFG estimation by both the tools. It can be seen that GP has
attempted to map almost all the peaks where MLR has failed.

The second model is developed for Reactor R2 with four previous days of LFG
values as input while LFG of the same day as the output. In this model too, LGP has
performed better than regression with CLGP = 0.9324 while CMLR = 0.9143. Here,
GP has mapped the peak reasonably well, but MLR has failed to do so which can be
seen from Fig. 4.

The next model developed is for Reactor R3 with two previous days of LFG
values as inputs and same day value as output. Both MLR and GP models estimated
LFG reasonably well with LGP slightly better (CMLR = 0.8727, CLGP = 0.9159).
Figure 5 represents the graphs showing the estimation of LFG for Reactor R3.

Table 3 Performance
evaluation

Reactor Correlation
coefficient (r)

Root mean square
error (RMSE)

MLR LGP MLR LGP

R1 0.7448 0.7874 0.9543 0.4040

R2 0.9143 0.9324 15.2719 7.2674

R3 0.8727 0.9159 6.7169 5.3071

R4 0.9064 0.9060 1.4756 1.2272

R5 0.9142 0.9546 9.6305 4.5042

Fig. 3 Landfill gas estimation for Reactor R1
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Model R4 has been developed for Reactor R4 with previous two days of LFG
values as input and same day value of LFG as output. Here, it can be seen from
Fig. 6 that LGP has mapped the variations and peaks more precisely, while MLR
has slightly underestimated the values with lesser error values (RMSELGP = 1.2272
and RMSEMLR = 1.4756).

The final model is developed for Reactor R5 with six previous days LFG values
as input. Here also, it can be seen that performance of LGP is better than MLR
(Fig. 7). GP has mapped the peaks while MLR has failed to do so as it is based
upon the linearity principle while the landfill gas generation process is nonlinear in
nature. The performance of the LGP is better than MLR (CLGP = 0.9546,
CMLR = 0.9142).

Fig. 4 Landfill gas estimation for Reactor R2

Fig. 5 Landfill gas estimation for Reactor R3

180 K. S. Tikhe et al.



5.3 Discussion

It can be seen from all the models that LGP performed consistently better than
MLR. It is able to trace the nonlinearity in the LFG generation process unlike MLR
which is based on linearity principle. For R1 model, the correlation between the
observed LFG and estimated LFG was less. The reactor was simulating an open
dump without leachate recirculation and addition of sludge as in case of Reactor R3
and Reactor R5 whose corresponding models show good correlation. LGP has tried
to map the variations in output due to variations in operating conditions of the

Fig. 6 Landfill gas estimation for Reactor R4

Fig. 7 Landfill gas estimation for Reactor R5
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reactor. Thus, it can be indicated that LGP works well as it can modify itself based
upon the data type, volume of data, and population function tree for ultimately
getting an optimal and physically interpretable model. However, a common phe-
nomenon is observed in all the LGP models, and some MLR models that, the values
were estimated nearly accurate but there is a positive lag between measured and
estimated one.

6 Conclusions

In the present study, linear genetic programming has been used to estimate LFG
using a dataset from simulated laboratory-scale landfill experimentation. Five
models representing five reactors are developed. The results of the models are
compared with the well-established tool of multiple linear regression.

From all the models, it can be stated that LGP performed better as compared to
MLR. GP could map the peaks and variations which are there in the observed LFG
values. In general models achieved acceptable statistical measures in terms of
correlation coefficient and root mean square error. Although GP performed well, it
showed a positive lag in its estimation which is required to be studied as a future
scope. Moreover, performance of GP is mainly dependent on the quality and
quantity of the data. In this analysis, the phenomenon of leachate recirculation is
considered while preparing the models, but the stage-wise analysis of the LFG has
not been considered. In all, it can be concluded from the results that GP can be used
as one of the soft computing tools for estimation and prediction of LFG, provided
all the limitations mentioned above are taken into account.
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Integrated Water Hyacinth Control
and Waste Management Plan: A Case
of Futala Lake, Nagpur

Nishant Joshi, R. K. Tomar, Madhuri Kumari and Shweta Khatri

Abstract Water hyacinth belongs to family Pontederiaceae and is a very
remarkable and rapidly growing angiospermic plant, generally found in the fresh-
water bodies. Cost-effective and efficient control of water hyacinth growth and
managing its resources is a challenge in most places where the problem has
occurred. The present study identifies the effluents from upstream of surrounding
area, immersion of idols of Gods during festivals and dumping of domestic garbage
as the principal reasons for the growth of water hyacinth in Futala Lake, Nagpur,
and proposes an integrated management plan to control the water hyacinth growth
and eliminate the municipal solid waste being dumped in the lake at its source.
Various studies have determined that besides having pernicious and inimical
characteristics, water hyacinth is a remarkable source of biomass and hence makes
good organic compost. The study compares the effectiveness of the mechanical,
environmental, chemical and biological water hyacinth control methods in con-
junction with other waste-to-compost and waste-to-energy technologies in terms of
volume reduction, ease of operations, restrictions and conservations on type of
waste processing, quality of compost, odour control, ease of organizing human
resources, financial feasibility and uses the technology-specific emission factors in
conjunction with the Intergovernmental Panel on Climate Change methodologies to
determine the annual greenhouse gas (CO2 eq.) emissions from them. The proposed
integrated plan uses the inferences obtained from comparing the technical, financial
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and operational feasibility of applying different water hyacinth control methods in
Futala Lake to make one integrated water hyacinth control and management plan
and explains the stepwise procedure to eliminate the water hyacinth problem and
control the wild dumps of municipal solid wastes near the lake by using
waste-to-compost machines working on the principle of thermophilic decomposi-
tion. Thus, with respect to the analysis of the efficiency and effectiveness of the
proposed management and control plan for Futala Lake, the study proposes that
similar plans could be used to check the growth of water hyacinth in any freshwater
body.

Keywords Water hyacinth � Pollution � Thermophillic decomposition
Integrated management � Compatibility

1 Introduction

Water hyacinth (Eichhornia crassipes) is a floating plant found in many parts of the
world, mostly in the freshwater bodies [1]. It usually grows in the freshwater bodies
which have high nutrient content and has lavender-coloured flowers and round
leather-like leaves which are attached on spongy stalks. Due to its rapid repro-
ductive rate and intricate root structure, it normally forms thick and intertwining
mats [2]. It grows like a floating mat on the freshwater bodies which doubles its size
within one to two and a half weeks [3]. A water hyacinth mat of 1-acre area can
weigh up to 200 tonnes (wet). It was found first in the Amazon Basin of Brazil but
has then been introduced to many tropical and subtropical regions around the globe
[4]. It has been recorded that by 1977, 56 countries had reported water hyacinth as a
noxious weed [5–7]. The tropical and subtropical regions where there are higher
rates of deforestation, agricultural runoff and inadequate wastewater treatment have
recorded a rapid growth of water hyacinth. The spread of the mat on the water
surface degrades the water quality by blocking the air–water interface and reducing
the dissolved oxygen levels in the water. This not only blocks the access of aquatic
plants and animals to oxygen and other nutrients but also adversely affects the
terrestrial animals which depend on the water bodies for shelter and nesting [8]. The
strongest determinant factors for the growth and reproduction of water hyacinth are
temperature and nutrient contents [9]. But in the areas where temperature and
nutrients are sufficient for faster regeneration and spread of water hyacinth, salinity
has been determined as a limiting factor [10]. Even though E. crassipes is excluded
from the colder regions because of the temperature limitations, it does show the
signs of degree of freeze tolerance. The sections of the plant which are killed by the
moderate-freeze events can potentially regrow from the underwater stem tips which
are secluded from freezing by water [4]. It has been studied that water hyacinth is
bigoted of salty conditions [5]. The regeneration potential of water hyacinth and its
growth is inversely proportional to salinity [11]. Hence, apart from the freshwater
bodies, it is only found in the low salinity coastal lagoon surroundings in the rainy
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season. Water hyacinth can reproduce both sexually and asexually [2]. Both the
modes are equally important to the growth and development of the invasive species
[12]. Explosive growth rates which double the population every 1–3 weeks are
usually found in the places having high nutrient content during early spring to late
fall [2, 13] during which it is capable of yielding an abundance of seeds [14]. Under
such suitable conditions, water hyacinth has an average growth rate of 17.5 metric
tonnes per hectare per day [15].

Water quality is affected in an adverse manner by the widespread and intense
water hyacinth mats [16], which also blocks waterways [17]. In case of Futala Lake,
which is a tourist and recreation spot in Nagpur, the widespread of water hyacinth
has made boating and other recreational activities difficult to be conducted.
Depletion of dissolved oxygen and fish kills are the direct impacts of plant respi-
ration and decay of biomass. The blockage of irrigation channels, choking off of
direction-finding routes, clogging of rice paddies, loss of fishing spots, amplification
in breeding habitat to disease-transmitting mosquitoes are some of the major and
common documented harmful economic impacts of its growth and spread [18].
There have been several researches towards searching ways of determining the
value of otherwise invasive and bothersome weed, water hyacinth. There have been
a number of uses of water hyacinth, determined by some researches in particular
areas. But, these solutions are site-respective. The uses comprise of utilization of
the weed as a phytoremediation agent [19], as compost [20], for power alcohol and
biogas production [21, 22], as a biosorbent for toxic metals [23], and for animal
fodder/fish feed [24]. Other uses which are being studied are its use as pulp material
for making greaseproof paper [25] and manufacturing fibreboards for a diversity of
end uses like bituminized board for cheaper roofing material and indoor parti-
tioning. Processing of water hyacinth-based medication has been reported in India
to treat certain diseases [26, 27]. In a developing country like India, where the
skilled manpower and financial resources available for such purposes are limited,
we need a method which can be applied in all alike cases. Thus, this study compares
all the four methods used for water hyacinth control and management and then
based on the technical, operational and financial feasibility proposes an integrated
plan for Futala Lake and all alike cases.

2 Control Methods of Water Hyacinth

Mechanical, chemical, environmental and biological are the four methods which
have been developed to control and eliminate the growth of water hyacinth [28].
The first step towards the effective control and management of water hyacinth is to
identify the plants which fall under two categories: vascular plants and algae.
Similar to familiar garden plants, the vascular plants have built-in transportation
systems for water and nutrients [29]. These can be further divided into submergent,
emergent, marginal and floating species.
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Submergent plants are the ones which are attached to the bottom; the ones that
are rooted in shallow water with the body extending above the surface are called
emergent and the ones that are unrooted and can drift with the currents of wind and
water are called floating species. The marginal species are found along the shoreline
in shallow waters or heavily saturated soils. Hence, the control method which is
chosen should be with respect to the regional climatic and topographical conditions
and the type of weed.

Nagpur has a hot and humid climate. Municipal solid waste from the sur-
rounding restaurants and residential area is dumped in the lake around the year. The
sewage disposal in the lake has decreased over the past few years, but it is still there
in some proportions. These factors aid the growth of water hyacinth in the lake
which is then catalysed by the immersion of idols during the festive seasons. Thus,
the technical, operational and financial feasibilities of the below-stated methods
were studied to choose one or to integrate them and implement a water hyacinth
control and municipal solid waste management plan.

2.1 Mechanical Method

Various machines such as draglines, boats fitted with mesh rakes, booms,
mechanical harvesters, bulldozers and conveyors are used to mechanically control
and check the water hyacinth spread [30]. Large floating weeds are removed by the
harvesters, and the small plants are controlled by cutting, especially in their early
growing season. These methods do not require the introduction of any kind of
chemicals or bacteria in the environment, and hence, the operations are easier to
handle [31]. But, this method tends to become labour-intensive and expensive.

This method can also be used for the submergent and emergent species, but
regrowth may occur soon after the shredding, which would make it necessary to cut
several times during a growing season. Moreover, it is also important to remove the
fragments or cuttings from water because the species like hydrilla can even grow
from the fragments floating on the water surface. If these fragments flow down to
other parts of the water body, then they could also grow in the regions which were
previously uninfested. Table 1 details the advantages and disadvantages of the
mechanical method for water hyacinth control.

2.2 Chemical Control

Chelated copper compounds are widely used as herbicides for aquatic weed control
as they are slightly less toxic to fishes and have been approved for use in drinking
water [39]. Organic herbicides like 2,4-D (2,4-dichlorophenoxyacetic acid), diquat,
endothall, glyphosate fluridone and others are widely available for aquatic weed
control [40]. But using herbicides is never a permanent solution [41]. The seeds and
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tubers of aquatic weeds are not killed by the herbicides and hence could sprout
within a few days if the conditions are favourable for their germination [42].

The herbicides are mostly applied to actively growing weeds in the spring after
the temperatures are in the 60–70 °F range [43]. The topographical and climatic
conditions of Futala Lake aid the germination and hence during summers, the
dissolved oxygen levels decrease. This might be catalyzed if chemical dozing in the
lake is not monitored properly [44, 45] and the consequences of which can also
result in a fish kill. Generally, one-fourth of the water body is treated at a time, and
the next section is treated after one to two weeks [46]. Surfactants and adjuvants are
commercially available compounds which help the herbicides disperse evenly and
also enable them to penetrate leaves in a better way [47]. However, the herbicides
and compounds should not be applied on cloudy days as it increases the chances of
oxygen depletion [48]. Table 2 details the advantages and disadvantages of
chemical method for water hyacinth control.

2.3 Environmental Control

Reducing the amount of shallow water by reshaping the shoreline in order to
remove the long gradual slopes and thereby reduce the shoreline vegetation.
Sunlight directly reaches to the plants growing in shallow waters and hence
catalyses the plant growth [52]. In such cases, reducing the amount of water
available to the plants to allow a major fraction of vegetation to dry out can also be
effective. Another method is to limit the sunlight so that plants cannot make ade-
quate food. There are dyes and related chemicals which are commercially available,
which reduce the penetration of light into water.

But, this technique is less effective when plants start growing closer to the
surface [29]. Fertilizing the pond to enhance the growth of phytoplankton is also a

Table 1 Advantages and disadvantages of mechanical control method

Advantages of mechanical control Disadvantages of mechanical control

In cases where the formation of dense mats on
the surface have made the water body
inaccessible [32]

In such cases, it requires the use of
specialized equipment and hence it is
expensive [36]

Once the water body is made accessible, then
cheaper control methods like biological and
chemical control can be used [33]

Seeds/pieces/parts of plants which are left
floating on the surface are able to form new
plants within a short span of time [37]

Plants can directly be removed and hence
eutrophic conditions which may arise due to
large volumes of decaying matter within the
water body can be easily avoided [34]

Use of specialized equipment increases the
operation and maintenance cost [38]

The removed plants or parts of plants can be
productively used as biomass or as its
substitute [35]
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way to limit light penetration. This would also be helpful as it would provide food
for many invertebrate species which would then be eaten by fishes. There is a high
phosphorous content in the granular and liquid fertilizers. These are available in
various formulations or can also be formulated as per need. Granular fertilizers are
less effective than liquid fertilizers as it is difficult to apply those [53]. Table 3
details the advantages and disadvantages of environmental control method.

2.4 Biological Control

The introduction of natural enemies to remove the weed’s competitive advantage
and check its growth rate to a level at par with the natural vegetation is the major
objective of the biological control method [54]. Stocking white amur or triploid
grass carp is a common method adopted to biologically limit the growth of water
hyacinth [55]. Young grass carp have been observed to eat 50–300% of their body
weight every day [56]. But, these fish would also consume other plants above or
under the water surface and hence if they are introduced in large numbers, then they
might even consume the entire pond or lake vegetation. In some cases, insects are

Table 2 Advantages and disadvantages of chemical control method

Advantages of chemical control Disadvantages of chemical control

Impact on high and low-density water
hyacinth infestations could be achieved
within 6 weeks of application [49]

Chemicals are expensive to procure and store

Weeds are completely killed by the
chemicals, which reduces the chances of
regrowth as happens in manual and
mechanical control methods

Decay of large volumes of weed creates
anaerobic conditions which result in fish kills.
The dose of herbicides can also impact some
of the non-target organisms [50]. (The
impacts are site-respective. As no such
experiment was performed on the lake, the
impacts are not quantified)

Excessive use of chemicals may also have an
adverse impact on the water quality, making
it unfit for domestic use [51]

Table 3 Advantages and disadvantages of environmental control

Advantages of environmental control Disadvantages of environmental control

The control measures and solutions are natural
and hence sustainable in comparison to the
manual, mechanical and chemical methods

Designing the control method is very
difficult and needs to be continuously
monitored and corrected in the initial phase

Helps in growth and development of many
invertebrate species and fishes in the lake or
pond

Does not yield satisfactory results when the
plants have started growing closer to the
water surface
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also used for biological control. As alligatorweed flea beetle is often used to control
alligatorweed, there are other insects available to control water hyacinth, water-
lettuce and other weed species. Table 4 details the advantages and disadvantages of
biological control method.

2.5 Integrated Control Method—Integrating the Advantages
to Minimize the Shortcomings

Each of the above four methods has its own advantages and disadvantages. In the
cases of a catchment-wide scale or a lake on which a number of commercial
activities are dependent, where levels of water hyacinth infestations vary, where
there are various permutations of ecological and economic considerations possible
which engage and number of stakeholders, integrated control method has been
observed to be the most appropriate option [60]. The relative cost-effectiveness of
different methods under the prevalent conditions and social, environmental and
economic benefits associated with each method and each combination of methods
must be assessed before drafting the integrated control method [61].

Thus, in the case of water hyacinth control in Futala Lake, Nagpur, which is one
of the major recreation facilities in the city, where water hyacinth growth is
observed at periodic intervals and direct dumping of municipal solid wastes in the
lake is a nuisance and a cause of water hyacinth growth in the lake, the hyacinth
control plan should be such that it serves both the purposes in a better manner and
with minimum investment (considering long-term solutions) and maximum ease of
operations. Hence, the following methodology outlines the water hyacinth control
and waste management plan with respect to Futala Lake. Although it is subjected to
Futala Lake, the integrated control and management plan could be applied in any
other case wherein there are human establishments near the lake or river or similar
commercial activities are dependent on the subject water body.

Table 4 Advantages and disadvantages of biological control method

Advantages of biological control Disadvantages of biological control

The most sustainable and
environment-friendly method of all the water
hyacinth control methods

The results are achieved at the slowest rate in
comparison to other methods [58]

Does not require long-term maintenance [57] Occasional outbreaks and lower level of
infestation do remain when only biological
control method is adopted [59]
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3 Methodology

The proposed methodology is a combination of the mechanical method for water
hyacinth control and waste-to-compost technology for using the biomass available
from the aquatic weed to generate useful by-product. The following sections detail
the stepwise method to be followed for installing the integrated water hyacinth
control and waste management plan.

3.1 Classification of Land Use Near Futala Lake, Nagpur

The Futala Lake is a closed water body located in Nagpur city in Maharashtra
(21º 8ˊ 44ˊˊN and 79º 03ˊ 48ˊˊE). It is not potable and hence is used for irrigation,
recreational and commercial fisheries purposes only. As it does not have
self-cleansing capacity, eutrophic conditions have developed due to the accumu-
lation of nutrients which flow into the lake from multiple polluting sources (mainly
from the residential area around the lake). The lake is rainwater impoundment with
and area of 26.3 hectors is about 6–7 m deep during monsoon. Figure 1a shows the
classification of land use near Futala Lake, Nagpur, and Fig. 1b shows its satellite
image.

Due to the release of sewage, direct dumping of municipal solid wastes and
immersion of idols during festive season, almost half of the lake is now covered

(a) 

(b) 

Fig. 1 a Classification of
land use near Futala Lake,
Nagpur; b satellite image of
Futala Lake, Nagpur

192 N. Joshi et al.



with aquatic weeds. Initially the effects of eutrophication were seen towards west,
but now they are clearly evident on the northern and southern sides of the lake.

3.2 Determination of Quantity of Water Hyacinth
to Be Treated

The second step towards implementing the integrated waste management plan is to
determine the quantity of water hyacinth to be treated and the period after which it
would have to be treated again. Several studies have revealed that a healthy acre of
water hyacinth could weigh somewhere around 200 tonnes (wet).

Now, as the surface area of the lake is approximately 65 acres and almost half of
the lake is covered with the spread of water hyacinth, the spread of the aquatic weed
is approximately on 30–32 acres of the lake. Hence, the total weight of water
hyacinth in the lake is about 4000–4500 tonnes (wet). Hence, the minimum quantity
of water hyacinth to be treated everyday should be 10 tonnes (wet, minimum).

3.3 Determination of Quantity of Municipal Solid Waste
to Be Treated

As Futala Lake is now used as a recreational and picnic spot, there are about 25
restaurants or eatery spots near the lake. The composition of their municipal solid
waste is as in shown in Fig. 2.

Every restaurant produces about 50–55 kg of food waste each day during
weekdays and 100–110 kg of food waste each day during weekends. Hence, the
recreational facilities near Futala Lake produce 1–1.5 tonnes of treatable organic
waste every day.

Fig. 2 Composition of
wastes from restaurants near
Futala Lake, Nagpur
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3.4 Installation and Monitoring of Integrated Water
Hyacinth and Waste Management Plan

From the above determinations, it is evident that the average volume of water
hyacinth to be treated every day is 10 tonnes (wet) and average municipal solid
waste to be treated each day should be 1–1.5 tonnes. Now, the following steps have
to be followed to implement the integrated water hyacinth control and waste
management plan:

• Study the sources of waste generation and spread of water hyacinth cover.
• Procure water hyacinth weed removal equipment capable to remove 8–

10 tonnes (wet) of aquatic weeds per day.
• Procure an automatically operated waste-to-compost machine (which works on

the principle of thermophilic decomposition).
• Arrange vehicles sufficient to mobilize the harvested weeds and collected

municipal solid waste to a nearby site (10 tonnes of aquatic weeds (wet) and
1.5 tonnes of wastes).

• Draft management resources, complete safety requirements and brief the
stakeholders about the tangible benefits from the process.

• Establish continuous monitoring and reporting practices.
• Monitor the process and the improvisations in the lake’s water quality.

4 Results and Discussion

4.1 Quality of Compost

Amongst the alternatives available for exploiting the uses of the aquatic weeds, the
use of its decayed tissues in order to provide nutrients for crops is a simpler option
to implement in comparison to the available alternatives [62–66]. The use of
manure wherein the biomass from aquatic weeds such as water hyacinth are used,
its use enhances soil productivity and soil microorganisms, increases the organic
content and nutrient status of the [67]. Aquatic weeds have been recognized to have
significant effects on agricultural yield [68–70]. Manure and biofertilizers consist-
ing water hyacinth in all combinations have been observed to have a positive
impact on the growth of crop plants like rice, corn, sesame, brinjal and onion [71].

An increase in the yield of all these plants with the use of both compost and
manure of water hyacinth in various combinations has been reported in various
studies [72, 73]. The positive impacts of on the soil fertility conditions post
application of manure or biofertilizers consisting of water hyacinth in different
proportions have also been observed in several studies in various parts of the world
[74–76].

194 N. Joshi et al.



Enhanced nitrogen availability which results due to the release of nitrogen from
water hyacinth during the process of mineralization has been recorded as one of the
prominent reasons for increase in soil fertility and plant growth [69, 77].

4.2 Comparison of the Proposed Integrated Plan with Other
Water Hyacinth and Waste Management Methods

In a developing country like ours, where the quantum of work in waste management
is large and human resources willing to work in it are steadily decreasing, the need to
develop a waste management plan which requires minimum human resource and
caters to process or treat maximum amount of waste is evident. In cases when any
one of the four methods described above had been applied to cater the water hyacinth
issue in Futala Lake, some of the other drawbacks have been observed. The proposed
integrated management plan not only caters to the water hyacinth problem in the lake
but also treats the municipal solid waste from the restaurants and hotels surrounding
the lake along with the aquatic weeds to produce a better quality compost.

Table 5 shows the comparison of the proposed method for water hyacinth
control with the methods described above.

Table 5 Comparison of the proposed integrated plan with other water hyacinth and waste
management methods

Water hyacinth control methods

Parameters Mechanical Chemical Biological Environment al Integrated
(proposed)

Operational
feasibility

Special
equipment
and skilled
labour to use
them are
required

Herbicides
are
available in
the market

Detailed outline
of the method
and its impact
analysis on
other
stakeholders to
the lake is
required

Very difficult to
implement in the
case of Futala
Lake

Special
automatically
operated
equipment is
required

Requirement
of human
resources

High Low Low Low Moderate

Capital
Investment

Moderate Moderate Low Low High

Financial
feasibility
(returns on
investment)

The chopped
or crushed
weeds are then
buried, dried
or incinerated.
Thus, ROI is
nil

The plants
are killed
inside the
lake
Lower level
infestations
may occur.
Hence, ROI
is nil

It is naturally
sustainable but
does not yield
any useful
by-product

Catalyses the
growth of
invertebrates and
small fishes. This
can be considered
as an added
advantage of the
method

Processes the
weeds to compost
along with the
municipal solid
wastes from the
surrounding area,
thereby generates
a tangible
by-product

(continued)
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4.3 Comparison of Proposed Waste-to-Compost Unit
with Other Waste-to-Energy and Waste-to-Compost
Methods

There are a number of decentralized waste-to-compost and waste-to-energy solu-
tions which can be combined with the mechanical method to control water hya-
cinth. Table 6 shows the comparison of the decentralized waste-to-compost and
waste-to-energy technologies on the basis of technology, operations and labour to
be engaged in the technology, volume of waste reduced with respect to time,
restrictions and reservations on waste processing, quality of compost, operation
expense and space required.

4.4 Comparison of GHG Emissions After
the Implementation of the Integrated Waste
Management Plan with the Common Practices Like
Incineration and Landfill

The calculation of greenhouse gas emissions as tonnes of CO2 equivalent released
from the treatment, dumping, disposal or incineration of the harvested aquatic
weeds and the solid wastes from the restaurants have been compared under two
scenarios. Fig. 3—Practice as Usual—represents the emissions due to dumping,

Table 5 (continued)

Water hyacinth control methods

Parameters Mechanical Chemical Biological Environment al Integrated
(proposed)

Sustainability As the weeds
only removed
mechanically,
it is not a
sustainable
solution

Depends on
the
chemicals
used and
the method
of
application

Completely
sustainable
solution to the
water hyacinth
problem

Cannot be
considered as
sustainable as in
the Futala Lake
maximum weeds
grow on the
surface of water

It uses the
biomass available
from the water
hyacinth and
municipal solid
wastes to process
better quality
compost. Hence,
it is sustainable

Other
tangible
benefits

Nil Nil Nil Nil Compost can be
sold in the market
or could be used
by the municipal
corporation.
Thereby
generating or
saving a
considerable
amount of money
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Table 6 Comparison of waste-to-compost technologies available in the market

Waste-to-compost technologies

Parameters Vermicomposting Organic waste converter Biogas plant Thermophilic
decomposition
machine
(proposed)

Technology Use of
earthworms in
specially
designed
underground pits
to convert wet
waste to compost

Crushes/grinds the waste
into small particles and
then mixes it with old
manure, sawdust and
bioculture mix in trays
for two weeks in a curing
system

Anaerobic
digestion of
organic matter to
produce a gas
which principally
contains methane
and carbon
dioxide

Use of
thermophilic
bacteria in a
specially designed
unit (which
provides optimum
conditions to the
bacteria to
function) to
convert waste to
compost within
24 h

Operation and
Labour

Labour-intensive Requires continuous
supervision and hence it
increases the operations
cost

Requires skilled
labour for
operations,
monitoring and
supervision

Fully automatic
operation.
Minimum labour
requirement

Replenishing
microorganism
s, sawdust, etc.

Not applicable Each time waste is added,
the supervisor must add
the bioculture with
respect to design
specifications

Not applicable Generally added
on an annual
basis.

Volume
Reduction

40% (100 kg of fed waste would produce
60 kg of compost) 50–55%

60–65% 80–85%

Time for
composting

60–90 days 15 days Not applicable 24–36 h

Restriction on
waste
processing

Non-vegetarian
food waste or
municipal wastes
having high oil
contents cannot
be processed

It takes longer period of
time to compost if the
waste composition varies
regularly

Types of waste
that can be
processed depend
on design
specification s

All types of
organic wastes (in
varying
proportions) can
be easily
processed

Quality of
compost

Depends on the
operations and
management of
the unit

Depends on the
operations and
management of the unit.
Usually good

Slurry cannot be
used directly as
compost.
Compost quality
depends on a
number of factors

High-quality
compost. As all
the parameters
like microbial
activity like
oxygen,
temperature and
moisture content
are automatically
regulated

Foul smell/
odour

Odour problem
persists

Odour problem occurs if
site not maintained
properly

Odour and flies
problem occurs
when slurry is
dumped in the
near vicinity

Odour problem
occurs only in the
case of machine
failure

(continued)
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disposal or incineration of the harvested weeds and collected or dumped solid
wastes and—Integrated Plan—represents the emissions which would arise after the
proposed plan is operational.

The CO2-equivalent debits and credits have been calculated on the basis of the
Intergovernmental Panel for Climate Change guidelines (1996), and a compre-
hensive and comparative excel freeware developed by Institute of Energy and
Environmental Research (IFEU—Institut für Energie und Umweltforschung
Heidelberg GmbH gemeinnütziges ökologisches Forschungsinstitut) has been used.
From the comparison of the greenhouse gas emissions debits and credits, it is clear
that the proposed integrated water hyacinth and waste management plan emits
lesser greenhouse gases as compared to the present practices.

Table 6 (continued)

Waste-to-compost technologies

Parameters Vermicomposting Organic waste converter Biogas plant Thermophilic
decomposition
machine
(proposed)

Operation
expense

Rs. 2–5 per kg on
maintenance,
bioculture, dry
leaves (excluding
labour charges)

Around Rs. 3–5/kg as
labour charges + sawdust
and
bioculture + maintenance

Rs. 5–7/kg (all
inclusive)

Rs. 1.5–3.5/kg.
(all inclusive)

Capital
investment

Low Moderate Moderate High (initially)

Space
required

Large Moderate Large Very less

Fig. 3 Greenhouse gas
emissions in the present and
proposed scenario
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5 Conclusion

The results obtained after comparing the integrated water hyacinth and waste
management plan with alternative methods of water hyacinth control and waste
treatment technologies clearly state that the proposed plan encompasses benefits for
all the stakeholders engaged with Futala Lake, Nagpur, in one or the other manner.
The inferences from the results and discussions also suggest that such a plan could
be implemented in any freshwater body having similar land use classification.
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Analyzing the Strength Behavior
of Cement Composites with Waste
Glass Fibers

Nikhil Kale, Mangesh Madurwar and Rahul Ralegaonkar

Abstract Cement composites fail due to tensile strains exceeding their limiting
strain capacity. This results into development of cracks and gradual loss of strength.
The controlling of cracks is vital for better fatigue performance of concrete con-
struction. The paper presents a study of the suitability of waste glass fibers for
utilization in cement mortar and concrete specimens in order to promote sustainable
construction. These fibers were added to the composites by weight fraction, and
relevant tests were performed on them. Test results indicate that cement mortar
showed an increase in strength and a pseudo-ductile behavior due to addition of
fibers. while concrete specimens showed loss in compressive and flexural strength.

Keywords Tensile strain � Fatigue � Waste glass � Sustainable
Pseudo-ductile

1 Introduction

Construction sector has been tried and tested extensively use of fibers over a long
period of time. The use of fibers to reinforce brittle materials can be traced back to
ancient times when straws were used for brick manufacturing. Fibers have been
widely used in cement composites prominently to assess their strength behavior,
crack resistance, energy absorption, permeability, and elongation properties. Due to
sudden and at times heavy application of loads, premature cracking occurs in
cement composites. Cement being a brittle material, development of cracks leads to
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gradual loss of its strength. Fibers help in controlling of cracks by accommodating
into the very fine gaps of the microstructure. They impart additional energy
absorbing capability, thus helping in transforming a brittle material into a
pseudo-ductile one. They also serve as a crack arrestor creating a stage of slow
crack propagation and gradual failure.

There is a considerable amount of research done on the use of glass fibers. Cahn
et al. [1] studied a durability of Portland cement mortar having epoxy-phenol coatings
with fiberglass protection. Their tests of the duration of two years on stress corrosion
and aging showed that normal glass fiber requires a complete protection of pin hold
coating to endure the alkali attacks over longer duration and a coating to give better
bond strength, because the coating will emigrate into the mortar to give better bond
strength. Choi et al. [2] used the glass fiber (GF) and carbon fiber (CF) to enhance the
properties of non-ductileflexural concrete components. They determined a volume
ratio of (CF/GF) to be approximately (8.8/1) to produce pronounced hybrid effects and
pseudo-ductility. Ho and Woodhams [3] examined the compressive strength and
flexural strength of fiber-reinforced sulfur concrete for a polyethylene terephthalate
(PET) fiber and a glass fiber (alkali-resistant). The glass fibers increased maximum
flexural load by a factor of 3.5 and the compressive strength by 50%, whereas the
polyester fibers increased maximum flexural load marginally by a factor of 1.3 and
compressive strength by 33% at the optimum fiber length of 4–5 cm. Shah and
Naaman [4] studied the mechanical properties of steel and glass fiber-reinforced
mortar. Compressive, flexural, and tensile tests were conducted on mortar samples
reinforced with various volumes and lengths of glass and steel fiber. The flexural or
tensile strength of the reinforced samples was 2–3 times that of control mortar, while
the resultant deflection or strain was nearly 10 times that of mortar. Failed flexural
sample surfaces were observed to have extensive micro-cracking; significant contri-
bution of the matrix was observed even after the first cracking. Messan et al. [5]
studied the early shrinkage of cement mortar due to the influence of cellular ether,
ethylene-vinyl acetate (EVA), and glass fibers. Optical instrumentation system found
the free plastic shrinkage. Active restrained system performed the restrained shrink-
age tests. The residual stress and the overall shrinkage were decreased because of the
use of EVA.The shrinkagewas reduced by the glassfibers and the heterogeneity of the
surface shrinkage. Khan et al. [6] studied the consequence of aging on the physico-
chemical properties of glass fiber under the different environmental circumstances.
Indoor and outdoor atmosphere, 95% humidity, low temperature, water soaking
treatment, and the chemical environment were the conditions selected. The results
showed that glass fiber is good in resisting corrosive atmosphere, sunlight, shady
atmosphere, and low temperature, but the detrimental outcome on the glass fiber was
caused because of the influence of prolonged time exposure to water. Nunes and Reis
[7] used digital image correlation method to estimate crack extension and the
crack-tip-opening displacement of glass fiber-reinforced polymer mortars to study
their fracture behavior. The percentage blending of fiber in mortar mix was 0, 2, 5,
10%by theweight of aggregate. Curing of all the sampleswas done for 7 days at room
temp. and the post-curing for 3 h at 800 °C. Study results showed that the fractured
resistance of polymer mortar was increased because of glass fibers. Lva et al. [8]
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studied that the glass fiber-reinforced concrete (GFRC) in flexure has the fatigue
performance. The fatigue lives of GFRC at various stress levels were obtained by
testing the beam specimens (size of 100 � 100 � 400 mm) under four-point flexural
fatigue loading. 0.6, 0.8, and 1% volume fraction of glass fiber was incorporated into
the samples. They obtained results for the coefficients of the fatigue equation corre-
sponding to different survival probabilities so as to predict the flexural fatigue strength
of GFRC for the desired level of survival probability.

Fibers are broadly classified as natural and synthetic. Use of natural fibers like
coir, jute, sisal depends upon their regional availability. Synthetic fibers like steel,
polypropylene, polyester, nylon-66 which incur costs are being effectively used in
cement composites. In recent times, growth in industrialization has resulted into
generation of more and more waste by-products. These materials are
non-degradable, difficult to dispose off. Thus, it becomes equally important to
consider alternative ways for their utilization in order to promote sustainability.

The main objective of this research paper is to study the strength behavior of
cement mortar and concrete specimens with the use of glass fibers that are obtained
as an industrial waste.

2 Materials and Methods

2.1 Materials

Portland Pozzolana Cement (fly ash based), conforming to IS 1489-1991, part 1
was used. Clean river sand, conforming to IS 650-1991, was used. The properties
were determined as per IS 2116-1980. Aggregates confirming to IS 383-1970 were
used. The properties of the materials used were as mentioned in Table 1.

A melamine resin-based superplasticizer (anionic) having specific gravity 1.23
and pH 7–8 was used, confirming to IS-9103:1999. Recommended dosage per-
centage (v/w of cement) is 0.5–1%. The glass fiber (Fig. 1) sample was collected
from an industry which comes as a waste after specific processing. It is available in
white color with non-uniform thread length varying from 10 to 50 mm and diameter
of around 0.02 mm (20 microns). Water absorption was observed as 0%.

2.1.1 Characterization of Glass Fiber

For identification and quantification of crystalline phases and understanding the
surface morphology of the fibers, X-ray diffraction (XRD, Fig. 2) and scanning
electron microscope (SEM, Fig. 3) tests were conducted, respectively. The frequent
occurrence of peaks (Fig. 2) shows that the glass fiber has a definite crystalline cell
structure. The compounds in the fiber are quartz (SiO2), calcium and aluminum
oxide (Ca3Al2O6, i.e., 3CaO�Al2O3), along with minute amounts of titanium oxide
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(TiO2). TiO2 is mostly used as a white pigment and physical blocker to ultraviolet
light. The surface texture (Fig. 3) of the fibers was found smooth.

3 Experimental Procedure

3.1 Preparation of Cement Cortar Cubes

Cement and sand were mixed in 1:3 proportions. The fibers were chopped into
length of 10 mm and added to the mixture in quantities of 0.2, 0.4, 0.8, 1, and 1.5%
by weight of cement. The fibers were randomly oriented during dry mixing. Water
of amount (P/4 + 3) % of combined weight of cement and sand was then contin-
uously added to the mix while mixing to provide the homogeneous mix without
twine or lump as per standard procedure. A total of six sets of specimens of size
70.6 � 70.6 � 70.6 mm were prepared using standard molds (Fig. 4). Demoulding
was done after 24 h followed by curing for 28 days at constant temperature of
270 °C and relative humidity of 90%.

3.2 Preparation of Concrete Specimens

3.2.1 Mix Proportioning for M-40 Grade

For pavement quality concrete (PQC), mix design and proportioning were done as
per IRC 44-2008 [9]. Target design strength was set as 48.25 MPa. Table 2 indi-
cates the weight as well proportion of the ingredients.

Fig. 4 Set of 18 cubes casted
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3.2.2 Concrete Cube Specimens

A total casting of 18 cubes of size 150 � 150 � 150 mm was done using standard
molds with fibers added in proportions of 0, 0.2, 0.4, 0.6, 0.8, and 1% by weight of
concrete (Fig. 5). After 24 h, demoulding was done and curing for 28 days was
carried out under controlled environment for studying the change in ultimate
strength of concrete as per IS 516-1959 [10].

3.2.3 Preparation of Concrete Beam Specimens

Casting of 18 beams of size (500 � 100 � 100) mm was done for M-40 grade
using standard molds with fibers added in 0, 0.2, 0.4, 0.6, 0.8, and 1% by weight of
concrete (Fig. 6). After 24 h, demoulding was done and curing for 28 days was
carried out under controlled environment for studying the change in flexural
strength of concrete.

Table 2 Mix proportions for
M40 grade per m3 of concrete

Component Weight (kg) Proportion (%)

Cement 391.6 1

Sand 629.21 1.61

Coarse aggregate 1386.83 3.54

Water 148.8 0.38 (water/cement
ratio)

Fig. 5 Cubes after 28 days
curing
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4 Test Results and Discussions

4.1 Test Results of Cement Mortar Specimens

The tests were carried out with compression testing machine at a fixed loading rate
of 0.228 MPa/s (Fig. 7). Due to the smooth surface texture of fiber, bond slippage
occurs between cement paste and fiber. At 0.2% fiber content, lower fiber con-
centration causes ineffective dissipation of stresses, so strength decreases. With the
increase of fiber content, its density in the matrix increases leading to more number
of fibers contributing in dissipation of stresses. Hence, strength goes on increasing
till it reaches a maximum value of 57.02 MPa which is 20% more than strength

Fig. 6 Specimen after filling and compaction

Fig. 7 Gradual failure under compression
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obtained at 0% fiber (Fig. 8). Beyond 0.8% fiber added, the mortar mix becomes
stiff due to increased fiber content making it less workable. Hence, the strength
achieved is less compared to value of 57.02 Mpa.

4.2 Test Results on Concrete Cube Specimens

Initially with addition of 0.2% fibers, strength decreases by 17.65% as compared to
conventional specimen at 0% fiber (Fig. 9). This happens due to the “bond slip-
page” between cement paste and fiber. The fiber’s smooth surface ineffectively
transfers the stress at the interface that leads to considerable loss instrength. With
further gradual increase in fiber content, more fibers contribute to stress dissipation
that results in increase of strength till it reached a value of 48.63 MPa. Further,
increase in fibers causes decrease in workability of concrete leading to lesser effi-
cient compaction and hence strength decreases.

4.3 Test Results on Concrete Beam Specimens

For the tested concrete beams, it was observed that flexural strength decreases with
the addition of fibers (Fig. 10). This shows that these fibers are fragile and have
poor tensile strength leading to loss in flexure strength.
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Fig. 8 Estimated compressive strength for mortar with varying glass fiber content
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5 Conclusion

Effective transfer of stresses from cementitious matrix to fibers is influenced by
interfacial bonding and dissipation of stresses is influenced by fiber density matrix.
Interfacial bonding is influenced by surface texture of fibers, whereas fiber density
matrix depends upon the amount of fiber content available in the matrix.

In cement mortar, initially at 0.2% fiber content, ineffective stress transfer
phenomenon is more pronounced and so strength decreases. At 0.8% fiber content,
optimum fiber density helps in stress dissipation, and hence, higher strength is
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Fig. 9 Estimated compressive strength for concrete cube with varying glass fiber content
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Fig. 10 Glass fiber content (%) versus flexure strength for concrete beam
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achieved. Also, addition of fibers causes gradual failure of specimens thus
imparting them pseudo-ductility.

In concrete cubes, similar trend was observed. The strength achieved at 0.6%
fiber content (i.e., 48.63 MPa) was slightly more than target design strength (i.e.,
48.25 MPa) but less than 53.24 MPa at 0% fiber. This is because concrete is more
heterogeneous material than cement mortar.

It is concluded that the waste fibers have been found fit for utilization in mortars.
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Surface Water Quality Modeling
by Regression Analysis and Artificial
Neural Network

Kamal Uddin Ahamad, Pratik Raj, Najmul Haque Barbhuiya
and Abhinay Deep

Abstract The major objective of the present study is to develop water quality
prediction models after evaluation of water quality to predict water pollution of two
lakes situated inside Tezpur University. The water quality parameters were ana-
lyzed using linear regression analysis and artificial neural network to predict the
water quality. Correlation studies suggested a highly positive correlation between
TS with turbidity and EC for both lakes. Modeling of TS and BOD by regression
analysis suggests a good correlation between actual and predicted TS but a very
poor correlation between actual and predicted BOD. Modeling of TS and BOD by
ANN shows a very good correlation between the actual and predicted values for
both TS and BOD for both the lakes studied. The error between the experimental
and estimated ANN model is less than regression model, suggesting suitability of
ANN model for prediction of studied parameters.
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Total solid � Water quality
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1 Introduction

The water quality plays a significant role in the natural ecosystem as all the living
organisms depend on it. In the recent years, due to rapid urbanization, growth in
population and due to various anthropogenic activities, the surface water is getting
continuously polluted as it received large amount of wastewater from various
sources. The quality of the water bodies is continuously degrading due to contin-
uous disposal of municipal, industrial, and agricultural wastewater. The increase in
the surface water pollution causes an imbalance in aquatic ecosystem due to the
deteriorated water quality. The polluted water will also be a hindrance in economic
development and social prosperity of the nearby society. Therefore, it requires
attention and effective information regarding the quality of the water body to
prevent and control the surface water pollution, which will also be helpful for
effective management of the water body. Surface water quality is expressed by a
broad range of parameters that can be included within physical, chemical, and
biological parameters. Some of the parameters that control the water quality are
temperature, pH, total solids, total suspended solids, total dissolved solids, tur-
bidity, BOD, COD, pathogens, nutrients, organics, etc. The water quality also
depends on the natural parameters like precipitation, climate along with anthro-
pogenic activities like domestic wastewater, industrial wastewater, and agricultural
runoff.

To assess and manage the surface water, water quality evaluation can be a
valuable tool where by measuring the overall water quality of a location in a
time-based manner on several water quality parameters. The water quality data can
be utilized for water quality modeling, which will help in modifying the policies
formulated by different environmental monitoring agencies. Water quality models
are very important tools and developed by taking information from number of
sources and combining them into a model. The developed model helps and
increases the ability of understanding of the policy makers as well as the general
users of the water about the issues and the quality of the highlighted water. The
increase in level of pollution in various water bodies has affected the developed as
well as the developing countries. One of the major causes for such environmental
crisis is due to the exploration of virgin natural resources for the sake of economic
growth [1]. In the recent past, many researchers have carried out studies in this
direction to understand and model the process [2–9]. Adamu and Ado [10] have
carried out a study to identify the pollution sources and their contribution toward
water quality variation using principal component analysis and multiple linear
regressions. Potential of the artificial neural network (ANN) on simulating inter-
relation between water quality parameters was examined by Bahaa et al. [11]. They
studied the Nile Delta drainage system by evaluating monthly records of 33
parameters, monitored at 102 locations of the drainage system.

The major objective of the present study is to develop water quality prediction
models after evaluating the water quality of two lakes situated inside Tezpur
University, using mathematical simulation techniques. The water quality
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parameters were analyzed using statistical techniques—linear regression analysis
and artificial neural network to predict the water quality. Linear regression exam-
ines the relationship between single-dependent variables and a set of independent
variables to best represent relationship in water quality parameters. ANN modeling
has the potential to reduce the computation time, effort and the possibility of errors
in the calculation. Therefore, this study illustrates design of a neural network model
for rapid, direct calculation of the water quality. Water sample for the experimental
purpose was collected from the lake in front of honorable vice-chancellors bun-
galow and the lake near Academic Building II of Tezpur University and analyzed in
the environmental engineering laboratory in civil engineering department of Tezpur
University. The present study has been made to evaluate the current status of
pollutants and an effort has been made to study the inter-relationship between
different components of surface water using statistical techniques.

2 Materials and Methods

2.1 Sampling Location

Water sample for the present study was collected from two natural lakes situated
inside Tezpur University, Assam, India, and designated as Lake 1 and Lake 2. Both
the lakes have its importance from both scenic as well as fishing point of view.
There is substantial raise in suspended solids along with water level during the rainy
season and a low water level was observed during the winter season. Throughout
the year, a high turbidity has been observed in both the lakes.

2.2 Sampling Strategy

Water samples for the experimental purpose were collected at an interval of 5 days
from the sampling site in the month of January, February, March, and April 2015.
5 L plastic container was used for sample collection. The sampling containers were
washed carefully prior to the sampling to remove any type solids or impurities
which may be present earlier. All samples were collected well away from the edges
of the water body. Temperature of the sample was recorded at the site itself.

2.3 Analysis of Sample

The water quality depends on various physical and chemical parameters and their
concentration, which are estimated in the laboratory from the collected water sample.
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All the experiments were carried out in environmental engineering laboratory of civil
engineering department of Tezpur University, Assam, India. All the experiment
carried out as per the method specified in standard methods [12]. The estimated water
quality parameters are pH, alkalinity, turbidity, conductivity, total solids (TS),
chloride, phosphorous, dissolved oxygen (DO), and biological oxygen demand
(BOD).

2.4 Predictive Model Study

Regression Models: In order to present an actual water quality situation, regression
models are used which requires two parameters—dependent and independent. The
closeness between dependent and independent variables are suggested by correla-
tion analysis. A correlation coefficient between +1 and −1, suggests the probability
of linear relationship between variables X and Y. However, the correlation between
+0.8 to 1.0 and −0.8 to −1 is characterized as strong, between +0.5 to 0.8 and −0.5
to −0.8 as moderate and between +0.0 to 0.5 and −0.0 to −0.5 as weak. Correlation
analysis provides or suggests a mechanism for prediction or forecasting based on
the relationship between the variables, i.e., X and Y. For the present study, the
relationship between various estimated water quality parameters on each other was
determined by calculating Karl Pearson’s correlation coefficient, R, by using the
formula given:

R ¼ R X � �Xð Þ Y � �Yð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R X � �Xð Þ2R Y � �Yð Þ2
q ð1Þ

where X (X = value of X-variable, �X = average value of X) and Y (Y = value of Y-
variable, �Y = average value of Y).

The variation of a single-dependent variable as function of several independent
variables can be described by multiple linear regressions. For the present study, a
single water quality parameter is the dependent variable and its variation is
dependent on two or more independent variables of physical, chemical, or bio-
logical water characteristics. The general equation is:

Y 0 ¼ aþ b1X1 þ b2X2 þ b3X3 þ � � � þ bkXk ð2Þ

where Y 0 is the dependent variable, X 0s are the independent variables, k is the
number of independent variables in the equation, and a is the regression constant.
By choosing appropriate independent variables (water parameters), aim is to
maximize the correlation between the predicted value of our water quality variable
and the actual value of the variable.

Neural Network Model: Artificial neural network (ANN) is a simulation of the
real nervous system; in other words, it is a mathematical model based in biological
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neural networks. A neural network consists of a set of interconnected individual
neurons organized into several layers, the first layer being the input layer, which
produces the network output. Numerical data used in the study moves from con-
nection to each unit where it is processed. Processing takes place locally at each
unit and between connections in a parallel fashion. ANN can be configured for
specific applications, such as pattern recognition or data classification using
learning process. This learning process as well as the biological system provides
adjustments of developed models. Because of the need of robust nonlinear models,
the importance of artificial neural networks (ANN) is increasing, as the ANN
models can be used to improve the drinking water quality, and at the same time,
reduces the operating costs with the advanced process control. The total data of 50
samples of 2 sampling locations were used for testing. MATLAB Neural Network
tool has been used to run the model. For the present study, Levenberg Marquardt
method has been used for the modeling, using standard 2-layer feedforward neural
network training.

3 Results and Discussion

3.1 Analysis of Sample

Water quality in general is mostly characterized by its physical and chemical
parameters, which changes widely depending upon factors like water source, pol-
lution type (industrial, municipal, agricultural, etc.), seasonal fluctuation. Statistical
analysis viz. descriptive statistics, correlation, regression analysis, and neural net-
work of the physicochemical properties of water give a fairly good amount of
information like their average values and possibly prediction of one variable
(usually the one which is difficult to evaluate). Ten parameters were analyzed for
two batches of aqueous samples from two lakes over a four months’ time span
(January 2015–April 2015). The observed water quality values for both the lakes
are summarized and presented in Table 1 along with the basic statistics of the
dataset. Maximum and minimum temperature varies from 20 °C (in January) to
28 °C (in April). Lake’s surface temperature measurements are confined to the top
portion of the water. During the daytime in high sunshine conditions may lead to
the formation of a warm layer at the lake’s surface. Turbidity mainly indicates the
pollution level of the water bodies. The turbidity varied between 5 and 35 NTU for
both lakes. The turbidity is higher in monsoons seasons, which resulted in increase
in silt, clay, and other suspended particles, brought in the reservoir by surface
runoff. The conductivity was found to be in the range between 190–500 µs/cm at
Lake 1 and 150–200 µs/cm at Lake 2. The maximum conductivity was recorded
during the April month while minimum during January month. The conductivity is
mostly affected by the bedrock and soil in the watershed. It is also affected by
human influences like agricultural runoff. The pH value varied between 6.2 and 7.3
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for both lakes. Alkalinity of water samples varied from 1.8 to 2 mg/L and 1.8 to
2.4 mg/L of Lake 1 and Lake 2, respectively. The mild alkalinity may be due to the
seepage of effluent, domestic sewage, etc. Fluctuation in alkalinity is found out in
the month of February for both lakes may be because of unseasonal rainfall. The
total solid values were ranged between 125 to 360 mg/L at Lake 1 and 110 to
220 mg/L at Lake 2, respectively. The maximum values of total solid occurred
during April while minimum during January month. One of the reasons for possible
increase in TS is because of rainfall which may bring the nearby soil and debris into
the lakes. For the present study, a positive correlation was observed between total
dissolved solid and conductivity. Chloride levels in the lakes have ranged from 25
to 50 mg/L. A huge fluctuation has been observed in chloride concentration for
5–45 mg/L which has been observed in Lake 1. This is may be due to the fact that
Lake 1 receives a small portion of hostel as well as residential wastewater which
may contributes chloride in the water. The average concentration of BOD for both
the lakes varied in the range of 4–6 mg/L. A low BOD concentration indicates high
DO. The concentration of BOD in the both lakes is very low, which may be
contributed by the organic decomposition of nearby vegetation which may fall in
the lakes. During January, the average DO was found as 9 mg/L and suggests lesser

Table 1 Summary of water sample analyses and basic statistics

Parameter Maximum Minimum Average Std. Dev. Variance

Lake 1

Turbidity 32.00 5.00 20.68 5.83 34.04

Temperature 28.00 20.50 24.27 2.45 5.98

Conductivity 497.30 190.20 384.73 77.07 5939.04

TS (mg/L) 356.00 125.00 258.35 58.34 3403.22

Alkalinity (mg/L) 2.40 1.80 2.01 0.12 0.01

Chloride (mg/L) 41.20 7.99 28.85 6.55 42.92

BOD 6.20 4.00 5.53 0.59 0.35

DO (mg/L) 9.00 3.00 5.00 1.90 3.61

pH 7.23 6.28 6.71 0.25 0.06

Phosphate (mg/L) 0.16 0.00 0.04 0.04 0.00

Lake 2

Turbidity 35.00 7.00 18.91 8.33 69.42

Temperature 28.00 19.00 23.86 2.47 6.08

Conductivity 302.00 142.40 225.85 48.74 2375.63

TS (mg/L) 213.00 112.00 166.56 30.41 924.73

Alkalinity (mg/L) 4.00 1.80 2.19 0.44 0.20

Chloride (mg/L) 48.01 10.01 31.49 9.77 95.53

BOD 7.30 4.10 5.84 0.85 0.73

DO (mg/L) 9.00 2.00 4.74 2.09 4.35

pH 7.20 6.11 6.64 0.27 0.07

Phosphate (mg/L) 0.16 0.00 0.05 0.05 0.00
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pollution and better aquatic life for animals and plants. A stream must have a
minimum of about 4 mg/L of dissolved oxygen to maintain higher life forms. DO
of Lake 1 varies from 3 to 8 mg/L and of Lake 2 varies from 1 to 8 mg/L,
respectively. Average concentration of phosphorous for both lakes was observed as
0.002–0.163 mg/L. The increase in concentration of available phosphorous allows
plants to assimilate more nitrogen before the depletion of phosphorous. The
phosphorous in the water is contributed by the inflow of nearby residential and
hostel wastewater into the lakes.

3.2 Correlation of Physicochemical Parameters

In order to meet the objective of the present work, i.e., accurate water quality
prediction, by appropriately reducing the number of parameters needed without the
loss of significant information. Therefore, a correlation analysis has been carried out
to find out the relationship between various estimated water quality parameters.
Correlation analysis is used to establish a relationship between two or more vari-
ables among each other, i.e., how one variable is dependent on other and how one
variable can predict the other. The correlation matrices for 10 variables were pre-
pared for the study area and presented in Table 2 for both the lakes. A highly
positive correlation is observed between TS with turbidity and EC for both lakes.
Correlation coefficient (R) of EC and TS for Lake 1 and 2 is 0.953 and 0.957,
respectively. It is observed from Table 2 that the pH has significant correlation
(0.5 < r < 0.7) with DO but poor correlation with other parameters.

The poor correlation of electrical conductivity with pH as well as total dissolved
solids indicates a low dissociation capacity of the dissolved solids. For the present
study, a poor correlation among most of the estimated parameters was observed for
both the lakes. However, some correlations were observed between various
parameters like turbidity and DO, chloride and DO, chloride and turbidity, phos-
phorus and turbidity, and phosphorus and temperature for both lakes. The analysis
suggests that all parameters having very poor correlations are weakly dependent on
each other. Table 3 shows the R-value (linear correlation coefficient) and the cor-
responding regression equation for the pairs of parameters which have R-value
greater than 0.5 for both the Lake 1 and 2, respectively.

3.3 Predictive Model Analysis

Biochemical oxygen demand (BOD) is considered as the most critical and
important parameter to find the pollution strength or the usage conditions of surface
water as it measures the organic biodegradable matters present in water sample.
Therefore, BOD may be defined as the amount of oxygen required to decompose
the organic matter present in water under aerobic condition. Excess concentration of
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BOD in the water means there is depletion of DO level as dissolved oxygen in
water is consumed by the microorganisms to oxidize the organic matter present in
water, and thereby, a critical and dangerous situation arises for aquatic lives present
in the water body. BOD of water body depends upon DO level, water temperature,
water flow (continuous or stagnant), aquatic plants, and nutrient levels (ammonia,
nitrite, and nitrate). Therefore, in order to find out the pollution strength or suit-
ability of the water, testing BOD concentration in water is very important and it
requires 5 days with sample collection and evaluation. The difference in dissolved
oxygen concentration of the initial sample and after 5 days of incubation gives the
BOD concentration in the water sample. Inorganic and organic matter present in
water sample gives the total solid (TS) present. Since TS is not easily measured and
requires approximately 24 h in the laboratory under controlled conditions.
Therefore in the present work, an attempt has been made to model TS and BOD
along with its dependent water quality parameters using statistical method—re-
gression analysis and artificial neural network. Further comparison will be made
between the model outcomes with the actual experimental values to validate the
results obtained by the models.

3.3.1 Regression Model

Regression analysis provides an indirect method to monitor the water quality w.r.t.
a specific parameter with the calculation of coefficient of correlation between the
estimated water quality parameters. A good or high value of coefficient of

Table 3 Linear correlation coefficient and regression equation

Pairs of parameters R-value Regression equation

Lake 1

EC–TDS 0.953 EC = 0.7211 (TDS) − 19.089

Turbidity–TDS 0.846 T = 0.0846 (TDS) − 1.1747

Turbidity–EC 0.788 T = 0.0596 (EC) − 2.2668

DO–Temperature −0.759 DO = −0.5896 (Temp.) + 19.316

DO–pH 0.666 DO = 0.0875 (pH) + 6.2699

Temperature–pH −0.541 pH = −0.0551 (Temp.) + 8.0459

Temperature–EC 0.509 Temp. = 0.0162 (EC) + 18.058

Lake 2

EC-TDS 0.957 EC = 1.5341 (TDS) − 29.662

Turbidity–TDS 0.879 T = 0.2396 (TDS) − 21

Turbidity–EC 0.862 EC = 5.0142 (T) + 130.81

DO–Temperature −0.721 DO = −0.8501 (Temp.) + 27.886

DO–pH 0.643 DO = 4.674 (pH) − 26.275

Temperature–pH −0.501 Temp. = −4.3521 (pH) + 52.735

Phosphorus–Chloride −0.633 Chloride = −136.71 (P) + 37.947
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correlation means a higher degree of dependence between the dependent and the
independent variables. A higher value of regression coefficient suggests a better fit
and more useful regression variable. Correlation is the mutual relationship between
two variables.

Total Solid Model: For development of this model, TS is taken as output, i.e.,
dependent variable and electrical conductivity and turbidity are taken as input, i.e.,
independent variable for both lakes because there is strong correlation between
independent and dependent variable. From these data, multiple regression analysis
is done using data analysis tool of MS Excel at 95% confidence level and the
regression equation relating TS with electrical conductivity and turbidity has been
obtained. Summary of regression analysis and their result is presented in Table 4
for Lake 1 and 2. A scatter is plotted between actual TS and predicted TS for both
lakes shown in Fig. 1 for Lake 1 and 2. R-square value of scatter plot shows the
probability of existence of error. If R-square is approximately 1, then probability of
existence of error is negligible that means the predicted model is valid. Regression
coefficient for Lake 1 and 2 is 0.9315 and 0.9274, respectively, which shows that
the analysis carried out by regression analysis matches the experimental values very
accurately.

Biological oxygen demand model: For development of this model, BOD is taken
as output, i.e., dependent variable and reaming all nine parameters (parameter
measured in laboratory) has taken as input, i.e., independent variable for both lakes.

Table 4 Summary of multiple regression analysis for TS

Independent
parameter

P value t-stat Adjusted
R2

Significant
F

Equation

Lake 1 Turbidity 0.018 2.57 0.924 8.7 � 10−12 TS = 2.5 � turbidity
+ 0.57 � ECEC 2.74 � 10−7 7.73

Lake 2 Turbidity 0.01 1.722 0.919 1.5 � 10−11 TS = 0.76 � turbidity
+ 0.48 � EC+
42.71

EC 4.70 � 10−6 6.73

R² = 0.9315 
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Fig. 1 Scatter plot between actual and predicted TS for a Lake 1 and b Lake 2
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From these data, multiple regression analysis is done using data analysis tool of MS
Excel at 80% confidence level and the regression equation relating BOD with its
dependent water quality parameters has been obtained. Summary of regression
analysis and their result is presented in Table 5 for Lake 1 and 2. A scatter is plotted
between actual predicted BOD for both lakes shown in Fig. 2 for Lake 1 and 2. The
regression model analysis resulted in very poor R-square value between the actual
and predicted BOD values for both the lakes, which suggests regression model
cannot be used for the present analysis.

3.3.2 Neural Network Model

Artificial neural network (ANN) models can work even with not-so-correlated
predictors; all the values can be considered on the same foot while constructing
single hidden layer ANN models. To test the data, samples were collected and
analyzed in the laboratory. For the present study project, feedforward Levenberg
algorithm was used by the MATLAB Neural Network tool. The data in neural
networks are categorized into three sets: training or learning sets, validation, and
test or over-fitting test set. A total of 22 data samples were divided into a training
sets consisting of 16 samples (70% of the total), 3 samples (15% of the total) were
used for validation, and the remaining 3 samples (15% of the total) were used for

Table 5 Summary of multiple regression analysis for BOD

Independent
parameter

P value t-stat Adjusted R2 Significant F Equation

Lake 1 Turbidity 0.2 −1.37 0.41 0.06 BOD = 2.95 � Alkalinity
+ 0.15 � Temp
+ 0.25 � DO
−0.01 � T + 0.013 � EC

EC 0.03 2.45

DO 0.19 1.38

Temperature 0.1 1.81

Alkalinity 0.05 2.2

Lake 2 DO 0.20 1.18 0.27 0.15 BOD = 0.25 � Temp
+ 0.15 � DOTemperature 0.15 1.78

R² = 0.0867 
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Fig. 2 Scatter plot between actual and predicted BOD a Lake 1 and b Lake 2
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testing. Goodness of the fit on the basis of statistical indices suggests the perfor-
mance of input layer. Goodness of the fit statistics changes with the increase of
decrease in the hidden layer of the network algorithm of the model. For the present
study, hidden layers are fixed to 10 during modeling process and goodness of fit
statistics has been checked for training, validation, and testing of time series data.
The input–output and error correlation, autocorrelation is simultaneously calculated
by the model. Root mean square error (RMSE) was estimated which is the error
between output and given target values by the model. Here, R is the measure of
regression between output and target data.

TS Model: To simulate and predict the TS of Lake 1 and 2, ANN-based
predictive model was developed. A very small amount of organic matter along
with inorganic matters in water resulted in TS concentration. In this model, tur-
bidity and conductivity is consider as input and total dissolved solid is as output.
The regression output on ANN results of total solid for Lake 1 and 2 is shown in
Figs. 3 and 4, respectively. The output of ANN model shows very good R-square
value and shows very less error between the actual and predicted total solid
values.

Biological oxygen demand model: For the BOD model using ANN, the
remaining nine parameters (temperature, alkalinity, DO, turbidity, TDS, chloride,
phosphorus, conductivity, pH) are considered as input and BOD is as output. The
output fitting curves BOD using ANN for Lake 1 and 2 are shown in Figs. 5 and
6, respectively. ANN output shows a very close fit of model BOD value to actual
the actual BOD value (R-square value ranges from 0.69 to 0.82) for both the
lakes.

Fig. 3 Output on ANN
results of TS model for Lake 1
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Fig. 4 Output on ANN
results of TS model for
Lake 2

Fig. 5 Output on ANN
results of BOD model for
Lake 1

Fig. 6 Output on ANN
results of BOD model for
Lake 2
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3.4 Comparison Between Regression Model
and ANN Model

In order to find out, which model (regression or ANN) fits the experimental values
more accurately, a comparison is made between the experimental and estimated
values of TS and BOD and the comparison is presented in Table 6. The comparison
is made with actual experimental data that was obtained in the laboratory for TS and
BOD values. These experimental values were then compared with the calculated
values by regression and ANN model. The calculated error for both the model for
TS and BOD is also presented in Table 6. It has been observed, from the Table 6,
ANN model best describes the experimental values for both TS and BOD for both
Lakes 1 and 2, respectively. The error between the experimental and estimated
ANN model ranges from 18.0 to 2.7 and 6.2 to 2.6 for Lake 1 and Lake 2,
respectively, for TS and 22.9 to 3.7 and 12.2 to 1.0 for Lake 1 and Lake 2,
respectively, for BOD. However, the calculated error percentage for regression

Table 6 Comparison of regression and ANN model with experimental values

Date Actual TS Predicted TS Error % TS

Regression ANN Regression ANN

Lake 1 20-Jan 131 110.2 120.9 15.9 7.7

4-Feb 245 279.0 271 13.9 10.6

1-Mar 210 252.2 247.7 20 18.0

20-Mar 254 279.0 266.8 9.8 5.0

20-Apr 252 279.0 258.9 10.7 2.7

Lake 2 20-Jan 177.1 182.3 172.2 2.9 2.8

4-Feb 123.5 130.4 127.6 5.6 3.3

1-Mar 191 197.1 202.8 3.2 6.2

20-Mar 190 174.7 194.9 8.1 2.6

20-Apr 121 128.1 116.3 5.9 3.9

Date Actual BOD Predicted BOD Error % BOD

Regression ANN Regression ANN

Lake 1 20-Jan 4.8 6.8 5.9 41.7 22.9

4-Feb 5.2 8.5 5.5 63.5 5.8

1-Mar 5.4 7.0 5.6 29.6 3.7

20-Mar 5.4 8.2 5.6 51.9 3.7

20-Apr 6 7.2 5.6 20.0 6.7

Lake 2 20-Jan 6.2 5.5 5.8 11.3 6.5

4-Feb 6.2 4.6 6.5 25.8 4.8

1-Mar 6 5.9 6.2 1.7 3.3

20-Mar 4.1 5.1 4.6 24.4 12.2

20-Apr 7 6.7 7.07 4.3 1.0

228 K. U. Ahamad et al.



models lies in the range of 20–2.9 for TS and 63.5–1.7 for BOD for both the lakes.
The results indicated that ANN can be best-described model for prediction of
studied parameters.

4 Conclusions

1. Correlation studies suggested a highly positive correlation between TS with
turbidity and EC for both lakes. Correlation coefficient (R) of EC and TS for
Lake 1 and Lake 2 is 0.953 and 0.957, respectively.

2. A poor correlation was observed among the various estimated parameters of
both lakes. However, some correlations were observed between various
parameters like turbidity and dissolved oxygen, chloride and dissolved oxygen,
chloride and turbidity, phosphorus and turbidity, and phosphorus and temper-
ature for both lakes.

3. Modeling of TS and BOD by regression analysis suggests a good correlation
between actual and predicted TS but a very poor correlation between actual and
predicted BOD, suggesting regression model cannot be used to model BOD for
the present case.

4. Modeling of TS and BOD by ANN shows a very good correlation between the
actual and predicted values for both total solid and BOD (R-square value ranges
from 0.69 to 0.82) for both the lakes studied.

5. ANN model best describes the experimental values for both TS and BOD for
both Lakes 1 and 2, respectively. The error between the experimental and
estimated ANN model ranges from 18.0 to 2.7 and 6.2 to 2.6 for Lake 1 and
Lake 2, respectively, for TS and 22.9 to 3.7 and 12.2 to 1.0 for Lake 1 and Lake
2, respectively, for BOD, which is less than estimated error by regression model.
Thus, it can be concluded that ANN can be best-described model for prediction
of studied parameters.
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Removal of Fluoride from Groundwater
by Adsorption onto Brick Powder–
Alum–Calcium-Infused Adsorbent

Kamal Uddin Ahamad, Abhigyan Mahanta and Sayeesta Ahmed

Abstract Removal of fluoride from groundwater onto BAC—an adsorbent made
by infusing brick powder, alum, and calcium chloride has been investigated in the
present study. Individually, the three materials can take up fluoride, but in very low
concentration and therefore these have been selected and fused together to enhance
the overall fluoride removal capacity. The three materials were taken in the ratio
of 1:1:1, fused together with 20% conc. HCl, oven dried at 105 °C for 24 h.
The material was then crushed and powder and was kept in airtight container. For
initial fluoride concentration of 4 mg/L, an equilibrium time of 120 min. was
observed at dose of 7.5 g/L of BAC at 280 rpm shaking speed. Pseudo-second-
order kinetic model fits experimental data very well suggested the applicability of
the same. The results of the isotherm studies showed that fluoride removal by BAC
followed the Freundlich isotherm model.
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1 Introduction

Fluoride in the drinking water may cause serious health issues, if found more than
the limits set by regulatory agencies like WHO [1, 2]. Fluoride in drinking water
has both beneficial and harmful effect on human health. The excessive fluoride
found in the groundwater of major part of the India is a matter of greater concern.
One of the major sources of fluoride in groundwater and even in surface water is the
leaching of same from the earth crust or the rocks containing fluoride. It is reported
that many states like Andhra Pradesh, Rajasthan, Punjab, Haryana, Maharastra,
Tamilnadu, Karnataka, Madhya Pradesh, Gujrat, Uttar Pradesh, and few districts of
West Bengal have fluoride concentration in the range of 1–35 mg/L in the
groundwater [3]. However, the permissible limit in drinking water is 1–1.5 mg/L
[1, 2]. Unlike iron in the groundwater which gives visible coloration to the water,
fluoride does not give any coloration to the water. People are aware of the presence
of iron, but unaware of presence of fluoride in the groundwater and therefore they
do not put any effort or treat the water containing fluoride before using it for
drinking and cooking purposes in the rural and semi-urban areas. Adsorption is
most commonly used technique for fluoride removal, in which fluoride is adsorbed
onto an adsorbate, or a fixed bed packed with resin or other mineral particles.
Reverse osmosis, electrodialysis, Donnan dialysis, ion exchange, limestone reactor,
and activated alumina column [4, 5] are among the few techniques that are been
used for fluoride removal. Ion exchange, electrodialysis, and membrane processes
are very effective and can remove the fluoride to the prescribed limits. However,
these methods are very expensive and require frequent regeneration apart from
cleaning of the scaling and fouling [5–8]. Many researchers in the recent years have
tried to explore various low cost but effective adsorbents for fluoride removal.
Many materials such as calcite [9], clay [10], charcoal [11], bleaching earth [10],
red mud [12] have been tested for fluoride removal. There are numerous tech-
nologies and techniques available for removal of fluoride from groundwater but
none or very less of the techniques and technologies has reached rural and
semi-urban population of the country. People in these parts were not able to use
these techniques and technologies mostly due to lack of knowledge, awareness and
might be due to cost economics also. This paper concentrates on investigating the
fluoride adsorption behavior of a laboratory prepared low-cost adsorbent and
evaluates its effectiveness for removal of fluoride from aqueous solutions to the
prescribed limit. The potential of laboratory prepared adsorbent would be assessed
for removal of F− through kinetics, and equilibrium studies in batch mode.
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2 Experimental

2.1 Adsorbent

For the present study, three adsorbents, namely alum, brick powder, and calcium
carbonate, have been infused together and tested for its fluoride removal capacity
from drinking water. Calcium carbonate (CaCO3) and alum used in this study were
procured from Merck-Paris, France, and used as procured. Brick Powder (BP) has
been obtained by crushing brickbats into finer size followed by sieving, washing,
and then oven drying at a temperature of 105 °C for approximately 24 h. Particle
passing through 300 µm sieve and retained on 150 µm sieve is used for the
adsorption studies. 4 g each of BP, Alum, and CaCO3 was taken in a ratio of 1:1:1
in a 500 mL beaker. 100 mL of distilled water was then added to the beaker and the
components were mixed thoroughly. 5 mL of conc. HCl was then added to the mix
and the resulting mixture was kept in the oven for 24 h at 105 °C. After 24 h the
mixture was dried and is in the form of a cake, which was again grounded and kept
in airtight container to be used further in subsequent adsorption studies and the
prepared adsorbent was termed as BAC, i.e., brick powder, alum, and
calcium-infused adsorbent.

2.2 Methods

Analytical grade sodium fluoride (NaF) was dissolved in distilled water to prepare
stock fluoride (F�) solution of 100 µg/mL concentration. Properly diluting the
stock solution with distilled water has given the working F� solution. The residual
F� concentration was measured as per the standard SPADNS Method [13] using a
digital spectrophotometer (Model: 167, M/S Systronics India Ltd., India).

2.3 Batch Experiments

Batch mode kinetic and equilibrium adsorption studies were carried out to evaluate
the potential of BAC for F� removal. The effect of contact time on F� adsorption
onto BAC was investigated using ten specimen tube of 50 mL capacity. 0.2 g of
BAC was added to each of the specimen tube having 40 mL of initial F� solution
of 4 mg/L concentration. The specimen tubes were then shaken in a mechanical
shaker at a speed of 280 rpm for 3 h at room temperature (22 ± 1 °C). Specimen
tubes containing F� solution along with BAC were taken out one at a time at a
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predetermined time interval and residual F� concentrations were estimated after
separating the liquid and solid phases using a 0.40 lm filter paper. Dose test is
carried out to determine the optimum dose of BAC to meet the drinking quality
standard, i.e., F� concentration of � 1 mg/L [1, 3]. Four different doses of BAC—
2.5, 5.0, 7.5 and 10 g/L were selected for the present study. The doses were tested
separately with initial F� concentration of 4 mg/L. The tests were conducted using
50 mL capacity specimen tube with 40 mL of F� solution. The specimen tubes
were then shaken in a mechanical shaker at a speed of 280 rpm for 2 h at room
temperature (22 ± 1 °C). Specimen tubes containing F� solution along with BAC
were taken out at a time at a predetermined time interval and residual F� con-
centrations were estimated after separating the liquid and solid phases using a
0.40 lm filter paper. The BAC dose that meets the objective of the present test was
selected a dose for subsequent studies. Four different shaking speeds of 160, 200,
240, and 280 rpm were selected to check the effect of shaking speed on F� uptake.
BAC dose of 7.5 g/L was selected for initial F� concentration of 4 mg/L, in a
50 mL capacity specimen tube with 40 mL of F� solution. Each of specimen tube
containing BAC and F� solution was then shaken separately at different shaking
speed. Samples were taken out at a time at a predetermined time interval and
residual F� concentrations were estimated after separating the liquid and solid
phases using a 0.40 lm filter paper.

Adsorption kinetics was tested using the experimental values as obtained from
the variation in contact time test. A fixed BAC dose of 7.5 g/L, at an initial F�

concentration of 4 mg/L, at a shaking speed of 280 rpm up to 2 h was selected for
the test.

For adsorption equilibrium isotherm studies, BAC dose was varied in fixed
fluoride solution of 40 mL having initial F� concentration of 4 and 5 mg/L at a
fixed shaking speed of 280 rpm for 3 h. All batch experiments were conducted in
duplicate and average values were used for analysis of the results. The amount of
F� uptake and the F� uptake percentage were calculated using:

qt ¼ Co � Ctð ÞV
W

ð1Þ

and

uptake %ð Þ ¼ Co � Ct

Co
� 100 ð2Þ

where qt, V, W, Co and Ct are the amount of F� adsorbed (mg/g) at time t, volume
of the solution (L), weight of the BAC (g), F� concentration (mg/L) at initial time
and remaining at a time t, respectively.
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3 Results and Discussion

3.1 Effect of Variation in Contact Time

The effect of variation in contact time on F� uptake by BAC is presented in Fig. 1.
The F� uptake by BAC was observed to be rapid for first 50 min as indicated by
the slope of the curve (Fig. 1) and most of the F� uptake occurred within 100 min
indicating achievement of equilibrium. Based on the results, an equilibrium time of
120 min was adopted for F� uptake for all subsequent batch studies.

3.2 Effect of Variation in Adsorbent Dose

The effect of variation in adsorbent dose on the extent of F� removal by BAC is
shown in Fig. 2. Increasing BAC dose over the tested doses showed that dose of
BAC has a definite role in adsorption of F� from the water sample.

The results of the present study suggested that with increase in adsorbent doses,
F� removal is increasing (55, 96, 98, and 100% for 2.5, 5.0, 7.5, and 10 g/L of
BAC doses), however the F� uptake is decreasing with increase in BAC doses
(0.88, 0.77, 0.52, and 0.40 mg/g for 2.5, 5.0, 7.5, and 10 g/L of BAC doses).
The increase in F� removal and decrease in F� uptake with increase in BAC
dosage clearly suggested that the dose of BAC has definite influence in the
adsorption process. In the present study, BAC doses were varied from 2.5 to 10 g/L
but initial F� concentration was fixed at 4 mg/L. Increasing BAC doses with fixed
F� concentration will result in more surface area for adsorption. Therefore, for the
present study amount of adsorbate was kept fixed at 4 mg/L while the dose of
adsorbent has varied from 2.5 to 10 g/L. The result of the present study will be
helpful in achieving the objective by selecting a dose of BAC to meet the guideline
value set for the drinking water, i.e., reducing the F� concentration to � 1.0 mg/L
[1, 2]. The dose to meet the F� concentration of � 1.0 mg/L may be selected either
based on higher F� removal or higher F� uptake. Considering a dose of 10 g/L or
higher—selected based on higher F� removal is having F� uptake of 0.4 mg/g or
even lower than this. However, if a dose of 2.5 g/L or lower is selected based on
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higher F� uptake it failed to meet the drinking water standard set for F� removal,
i.e., � 1 mg/L even though the uptake was 0.88 mg/g or more. BAC is prepared in
laboratory and is a low-cost adsorbent, therefore selection of higher dose, to meet
the drinking water standard set for F� removal of � 1 mg/L is justified even
though the same will result in lower uptake. Hence, a dose of 7.5 mg/g was selected
for further studies.

3.3 Effect of Variation in Shaking Speed

Adsorption tests were carried out by varying the shaking or agitation speed for the
adsorption of F� by BAC to optimize the same for maximum adsorption. The
shaking speed was varied from 160 to 280 rpm and effect on adsorption capacity of
BAC was studied at different shaking speeds and results are presented in Fig. 3. It is
evident from the test results (Fig. 3) that the uptake of F� by BAC at 160 rpm was
approximately 0.613 mg/g. However, the uptake of F� by BAC increased to
approximately 0.8 mg/g at 280 rpm yielding residual F� concentration of � 1 mg/
L at BAC dose of 0.3 g. The increase in uptake capacity of BAC at 280 rpm can be
explained by the fact that the increased agitation or shaking speed probably reduces
the boundary layer resistance and consequently bulk diffusion into the pores of
BAC may be increased due to increase in the driving force of F� ions. Therefore, it
may be concluded that both the pore diffusion along with the film diffusion is
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responsible for the uptake of F� by BAC [14–16]. Therefore, a shaking speed of
280 rpm was selected for subsequent batch studies.

3.4 Adsorption Kinetic Studies

Adsorption kinetics was tested for pseudo-first-order, pseudo-second-order, and
intraparticle diffusion models to explain the mechanism of adsorption of F� onto
BAC. Adsorption kinetics was tested using the experimental values as obtained
from the variation in contact time test (as described in Sect. 3.1). The most widely
used rate equation to explain the adsorption kinetics is pseudo-first-order rate
equation [17, 18] which is expressed in linearized form as:

logðqe � qtÞ ¼ log qe � k1
2:303

t ð3Þ

where, qe is the F� adsorbed at equilibrium (mg/g), qt is the F� adsorbed at time
t (mg/g) and k1 is the rate of first-order adsorption (min−1). The adsorption kinetic
data were also tested using pseudo-second-order kinetic model [19] which is
expressed in linearized form as:

t
qt

¼ 1
k2q2e

þ t
qe

ð4Þ

where qe is the F� adsorbed at equilibrium (mg/g), qt is the F� adsorbed at time
t (mg/g) and k2 is the rate constant of the second-order adsorption (gm/mg min).
The first-order and second-order constants were estimated and presented in Table 1
for the initial F� concentration studied.

In order to find out the best fit kinetic model, i.e., pseudo-first-order or
pseudo-second-order kinetic model with the experimental data, error analysis was
carried. The error analysis was carried out using the chi-square (v2) and the root

Table 1 Summary of
estimated kinetics model
parameters and error analysis

First-order model Second-order model

qe:experimental (mg/
g)

0.789 qe:experimental (mg/
g)

0.789

k1 (min−1) 0.0177 qe:m (mg/g) 0.0312

qe:m (mg/g) 1.3079 R2 0.9768

R2 0.9768 v2 0.9910

v2 0.8476 RMSE 0.1468

RMSE 0.2558 0.0565

qe:experimental: qe value obtained from experiment; qe:m: qe value
obtained using kinetic model
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mean squared error (RMSE) tests. The mathematical equation of v2 test is repre-
sented as [20]:

v2 ¼
X qt � qtmð Þ2

qtm

 !
ð5Þ

where qtm and qt are adsorption capacities (mg/g) obtained by using the model and
the experimental data respectively. If the experimental data are similar to the data
obtained from the kinetic models, the value of chi-square test will be smaller, if they
are not similar the value will be larger. Root mean squared error (RMSE) test was
carried out using the following expression [21]:

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

XN

i¼1

qtm;i � qt;i
� �2

 !vuut ð6Þ

where N is the number of experimental data and qtm and qt represent the adsorption
capacities (mg/g) obtained by using the model and the experimental data, respec-
tively. For RMSE test also, if the experimental data are similar to the data obtained
from the kinetic models, the RMSE value will be smaller, if not, it will be larger.
The estimated values of error analysis are also presented in Table 1. For F�

adsorption with BAC for the initial F� concentration studied, pseudo-second-order
rate model shows relatively lower values of v2 and RMSE compared to the
first-order kinetic model, which suggests the applicability of pseudo-second-order
kinetic model which is in line with the observations made on the basis of Fig. 4.

To find out the adsorption mechanism of F� ions, i.e., film or pore diffusion onto
the BAC, it was tested against the following equation [22]:

qt ¼ Kpt
0:5 ð7Þ

where Kp is the intraparticle diffusion rate constant (mg/g min0.5). For the present
study the mechanism of adsorption is shown in Fig. 5 for the system investigated.
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It has been observed from the plot of qt versus t0:5 for initial F� concentration
studied was having initial curved followed by a linear portion. The curve portion of
the plot indicates the bulk diffusion to the external surface of the adsorbent or
boundary layer diffusion, whereas the linear portion of the plot describes the
gradual pore diffusion. Therefore, for the present study initial curve portion of the
plot indicated bulk diffusion or boundary layer diffusion of F� ions and the linear
portion suggest pore diffusion [23, 24]. Therefore, for the present study it may be
concluded that adsorption by BAC was due to both boundary layer diffusion and
pore diffusion. The concentration gradient that exists between the concentration of
F� ions in adsorbent and adsorbate might be the probable reason for both boundary
layer as well as pore diffusion.

3.5 Adsorption Equilibrium Studies

Adsorption equilibrium studies were carried out with BAC at an initial F� con-
centration of 4 and 5 mg/L at room temperature of 22 ± 1 °C. The adsorption
equilibrium data were fitted into both Langmuir and Freundlich isotherm model.
The Langmuir model is derived on the assumption that it is valid for monolayer
sorption with finite number of identical sites. The linearized form of Langmuir
isotherm model [25] can be represented as:

Ce

qe
¼ 1

ab
þ Ce

a
ð8Þ

where b, a, and qe are the Langmuir constant, maximum adsorption capacity (mg/g),
and the amount of metal adsorbed at equilibrium (mg/g), respectively. The adsorption
equilibrium data were also fitted into the Freundlich isotherm model, which is rep-
resented [26] in its linearized form as:

log qe ¼ log kf þ 1
n
logCe ð9Þ
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where kf is Freundlich constants w.r.t adsorption capacity and n is adsorption
intensity. The various isotherm constants (a, b for Langmuir isotherm model; kf and
n for Freundlich isotherm model) were determined and the estimated values are
presented in Table 2 for both the initial F� concentration of 4 and 5 mg/L,
respectively. The feasibility of the Langmuir isotherm was checked using dimen-
sionless equilibrium parameter, RL represented by [27]:

RL ¼ 1
1þ bCo

ð10Þ

where b is the Langmuir isotherm constant and Co is the initial F� concentration
(mg/L). The RL value for the two initial F� concentration of 4 and 5 mg/L were
calculated and are presented in Table 2. The RL values between 0 and 1 indicated
favorable F� adsorption on BAC.

The adsorption equilibrium data were fitted into both the Langumuir and
Freundlich isotherm equations, variables of the models were estimated and are
presented in Table 2. Both Langmuir and Freundlich models are empirical in nature
and derived using certain assumptions. It has been observed that, the values of
correlation coefficient (R2) were higher for Langmuir model compared with the
same for Freundlich model suggesting applicability of Langmuir model. To find out
the suitable adsorption equilibrium model among the two, i.e., Langmuir and
Freundlich models, error analysis was carried out for both experimental and model
values. Chi-square (v2) and the root mean squared error (RMSE) tests (using
Eqs. (2) and (4) but replacing qt by qe and qtm by qem where qe and qem are the
equilibrium adsorption capacities (mg/g) obtained experimentally) were carried out
to find out the suitable adsorption equilibrium model. The corresponding values of
v2 and RMSE are also presented in Table 2. It has been observed that the v2 and
RMSE values for Freundlich model were lower than the values of the same for
Langmuir model, suggesting applicability of Freundlich isotherm model. The
adsorption isotherm plots using experimental data and fitted isotherm models are
shown in Fig. 6. It is evident from (Fig. 6a, b) that the Freundlich model represents
the equilibrium data with BAC at initial F� concentrations of 4 and 5 mg/L.

Table 2 Estimated Langmuir and Freundlich adsorption isotherm model parameters

Langmuir isotherm Freundlich isotherm

Parameters 4 mg/L 5 mg/L Parameters 4 mg/L 5 mg/L

a (mg/g) 1.8145 0.4717 1/n 0.1056 0.1925

b (L/mg) 5.9707 1.8744 kf 1.5360 0.3207

RL 0.0402 0.1176 R2 0.9870 0.9891

R2 0.9989 0.9971 v2 4.8 � 10−6 9.9 � 10−6

v2 4.2 � 10−4 1.3 � 10−4 RMSE 6.0 � 10−3 3.6 � 10−3

RMSE 4.7 � 10−2 1.0 � 10−2
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4 Conclusion

Following conclusion has been drawn from the present study

• Fluoride adsorption on BAC achieves equilibrium within 120 min.
• The kinetic studies suggest applicability of pseudo-second-order kinetic model

that fits the experimental data.
• Fluoride uptake on BAC is due to surface adsorption as well as intraparticle

diffusion.
• Fluoride adsorption on BAC is favorable and the equilibrium data fitted into

Freundlich isotherm model.
• BAC, i.e., Brick powder—Alum—Calcium carbonated infused adsorbent can be

used as a low-cost adsorbent for fluoride removal.
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Credibilistic TOPSIS Model
for Evaluation and Selection
of Municipal Solid Waste Disposal
Methods

Jagannath Roy, Krishnendu Adhikary and Samarjit Kar

Abstract Municipal solid waste management (MSWM) is a challenging issue of
urban development in developing countries. Each country having different
socio-economic-environmental background might not accept a particular disposal
method as the optimal choice. Selection of appropriate disposal method of MSW
under vague and imprecise information usually considered and solved as a multi-
criteria decision-making problem (MCDM). In the present paper, Technique for
Order Preference by Similarity to Ideal Solution (TOPSIS) methodology is exten-
ded based on credibility theory for evaluating the performances of MSW disposal
methods against some criteria fixed by experts. A numerical example is provided to
demonstrate the usefulness of our proposed model. From the final outcomes,
decision makers can recommend the preferable choice for MSW disposal
methodologies for their municipal area. A sensitivity analysis is conducted to verify
the robustness of our proposed model.
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1 Introduction

Municipality local body officials or a civic agency plays a vital role in municipal
solid waste management (MSWM) since it has become a major issue of urban
development. Solid waste disposal and its proper management problem concern
about the social, economic, environmental, technical, political factors of a munic-
ipality. Due to inadequate consciousness among citizens, local body officials often
struggle to make consensus with them in selecting the site for solid waste treatments
and the methodologies that are to be implemented in the disposing of solid wastes
[1]. These factors are conflicting in nature. For example, we need to maximize
technical reliability, feasibility while net cost per ton, air pollution and emission
levels are of minimizing criteria. Many factors (population growth, competitive
economy, urbanization and the rise in community living standards) have caused
exponential generation rate of municipal solid waste in developing countries [2].
Improper management of MSW can cause adversarial impacts on environment,
civic healthiness and other socio-economic factors [3]. A long-term deficient dis-
posal of municipal solid waste will cause poverty, poor governance and standards
of living, major health, environmental and social issues [4]. Thus, selection of
disposal methods for municipal solid waste is complex decision-making problem.
These kind of decision-making problems are generally ill-structured and often
behavioural decision approach. Researchers have shown that human intelligence is
usually relatively unsuccessful to solve such problems [5]. As an important area of
knowledge-based decision theory and decision support tools (DST), multicriteria
decision-making (MCDM) techniques can serve strategic decisions in the frame-
work of MSWM [6, 7]. Moreover, the DST makes it easier to communicate among
the decision experts and shareholders to yield a systematic, transparent and docu-
mented process in decision-making.

In this context, MCDM has become a very crucial in management research and
decision theory with many methods developed, extended and modified in solving
problems in the present and past few decades. Among them, TOPSIS model
developed by Hwang and Yoon continues to work satisfactorily across different
application areas due to its simple computation and inherent characteristics. For
determining the best alternative solution, TOPSIS uses two reference concepts which
are positive ideal solution (PIS) and negative ideal solution (NIS). The best alter-
native must be the closest to PIS and farthest from the NIS. TOPSIS model outlines a
performance index known as closeness coefficient index (CCI) to the ideal solution.
An alternative with maximum CCI value is preferred to be chosen [8].

Earlier researchers dealt with precise and certain information-based MCDM
methods. A decision support system depends on human acquaintance about the
particular measure of a physical or intangible detail of a decision-making problem.
The decision may be persuaded from practical data or knowledge-based opinion [9].
The data and information in decision-making are usually imprecise based on experts’
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subjective judgment where a group of experts is invited to implement the final
performance evaluation, ranging from individual judgments to aggregate and rank
the alternatives. Many theories, such as fuzzy set theory [10], Dempster–Shafer
theory of evidence [11], Rough set theory [12], have been developed to deal with
imprecise and incomplete data, human subjective judgment and real-life uncertainty.
Suitable extensions of TOPSIS method, based on these theories, can be found in the
literature. Few of them can be found in [13–15]. Ye and Li [16] extended the classical
TOPSIS model introducing theMarkowitz’s portfolio mean–variance model in fuzzy
domain and proposed the Possibilistic TOPSIS model. Although possibility degree
serves well in describing a fuzzy event, sometimes a fuzzy event may not hold even if
its possibility attains 1 and may hold even though its necessity is 0. Thus, there is a
drawback of using possibility of a fuzzy event [17]. On the other hand, credibility
theory removes this shortcoming and enables us to make more accurate decisions and
avoid this drawback; credibility of a fuzzy event is more preferred than possibility of
it. So, we utilize credibility of a fuzzy event in TOPSIS model. To the best of our
knowledge, there is no work on TOPSIS which uses credibility theory in the liter-
ature. With these considerations, the paper proposes credibilistic TOPSIS, a novel
MCDM model, to assist decision makers for evaluation and selection of the suitable
disposal methods for municipal solid waste in urban areas in a country.

The rest of the paper is organized as follows. Section 2 introduces the basic
concepts on the fuzzy numbers, and credibility of fuzzy variables. Section 3 pre-
sents the proposed credibilistic TOPSIS model based on fuzzy variables. The
implementation of the proposed model for evaluating the municipal solid waste
disposal methods is provided in Sect. 4. Result discussion is given in Sect. 5.
Finally, Sect. 6 concludes the paper.

2 Preliminaries

2.1 Fuzzy Sets and Fuzzy Numbers

Fuzzy set theory was introduced by Zadeh [10] to resolve the impreciseness and
ambiguity of human knowledge and judgments. Since its inception, fuzzy set theory
has been used successfully in data processing by providing mathematical tools to
cope with such uncertainties inherited from human thinking and reasoning.
Fuzzy MCDM can build a strong comprehensiveness and reasonableness of the
decision-making process [18]. Some applications could be found in Bellman and
Zadeh [19].
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Definition 1 [18] Triangular Fuzzy Numbers (TFN)
A triangular fuzzy number, eA ¼ ðl;m; uÞ is defined by the following member-

ship function

leAðzÞ ¼
0; z\l
z�l
m�l ; l� z�m
u�z
u�m ; m� z� u
0; z[ u

8>><>>: ð1Þ

With l�m� u and is shown in Fig. 1.

2.2 Arithmetic Operation of Fuzzy Numbers

Let eA and eB be two TFNs parameterized by triplets ða1; a2; a3Þ and ðb1; b2; b3Þ
respectively, then the fuzzy arithmetic operations of these two TFN can be defined
as follows [18]:

1. Addition operation ðþ Þ of two TFNs eA and eB:
eAðþ ÞeB ¼ ða1 þ b1; a2 þ b2; a3 þ b3Þ ð2Þ

2. Subtraction operation ð�Þ of two TFNs eA and eB:
eAð�ÞeB ¼ ða1 � b3; a2 � b2; a3 � b1Þ ð3Þ

3. Multiplication operation ð�Þ of two TFNs eA and eB:
eAð�ÞeB ¼ ða1b1; a2b2; a3b3Þ ð4Þ

Fig. 1 Triangular fuzzy
number
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4. Division operation ð�Þ of two TFNs eA and eB:
eAð�ÞeB ¼ a1

b3
;
a2
b2

;
a3
b1

� �
ð5Þ

5. Scalar multiplication in TFNs:

kA ¼ ðka1; ka2; ka3Þ ð6Þ

For any real constant k[ 0.

2.3 Aggregation of Fuzzy Numbers

Consider a group of K decision experts and the fuzzy rating of each decision expert,
DMk ðk ¼ 1; 2; . . .;KÞ can be represented by a positive TFNs eRk ¼ ðak; bk; ckÞ for
k ¼ 1; 2; . . .;K.

Then, the aggregated fuzzy rating can be defined as:

R ¼ ða; b; cÞ, where, a ¼ min1� k�Kfakg; b ¼ ðb1 � b2 � � � � � bkÞ
1
K and

c ¼ max1� k�Kfckg.

2.4 Expected Value (Credibilistic Mean) of Fuzzy Variables

Definition 2 [17] Let n be a fuzzy variable. Then the credibilistic mean value of is
defined as follows

EðnÞ ¼
Z1
0

Crfn� rgdr �
Z0
�1

Crfn� rgdr ð7Þ

where at least one of the two integrals exists finitely.
Let n be a continuous nonnegative fuzzy variable with membership function l: If

l is decreasing on ½0;1Þ, then

Cr n� rf g ¼ lðxÞ
2

for any x[ 0 and EðnÞ ¼ 1
2

Z 1

0
lðxÞdx
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Theorem 1 [17] Let n be a continuous fuzzy variable with membership function l.
If its expected value exists, and there is a point x0 such that x is increasing on
ð�1; x0Þ and decreasing on ðx0;1Þ; then

EðnÞ ¼ x0 þ
Z1
x0

lðxÞdx�
Zx0
�1

lðxÞdx ð8Þ

Example 1 Let n be a triangular fuzzy number, i.e. n ¼ ða; b; cÞ, then it has an
credibilistic mean value

EðnÞ ¼ bþ
Z1
x0

c� x
c� b

dx�
Zx0
�1

x� a
c� b

dx ¼ bþ c� b
4

þ a� b
4

¼ aþ 2bþ c
4

ð9Þ

2.5 Credibilistic Variance of Fuzzy Variables

The variance of a fuzzy variable conveys the amount of the range of the distribution
about its mean value. A lower amount of variance denotes that the fuzzy variable is
strongly concentrated about its mean value, and a larger amount of variance denotes
that the fuzzy variable is widely distributed about its mean value.

Definition 3 [17] Let n be a fuzzy variable with finite mean value e. Then the
variance of n is defined by V ½n� ¼ E½ðn� eÞ2�.
Definition 4 [17] Let n be a triangular fuzzy variable and k be a positive real
number. Then the mean value E½nk� is called the kth moment.

Theorem 2 [17] Let n be a triangular fuzzy number, i.e. n ¼ ða; b; cÞ then its
variance

Var½n� ¼
33a2 þ 11ab2 þ 21a2b�b3

384b ; if a[ b
a2
6 ; if a ¼ b
33b2 þ 11a2bþ 21ab2�a3

384b ; if a\b

8>><>>: ð10Þ

where a ¼ b� a and b ¼ c� b:
Fuzzy standard deviation,

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
Var½n�

p
ð11Þ

248 J. Roy et al.



3 The Proposed Credibilistic TOPSIS Model

The basic steps of TOPSIS are:

(i) Determine the weights of criteria
(ii) Construction of initial decision matrix
(iii) Computation of normalized decision matrix and weighted normalized deci-

sion matrix
(iv) Finding ideal and anti-ideal solutions for each criterion
(v) Calculate the distance of each alternative from the ideal and anti-ideal values
(vi) Finally, rank the alternatives based on the closeness coefficient of each

alternative to the ideal solution

Here, we extend TOPSIS model based on credibility theory.

Step 1: Determining the weights of assessment criteria.

Decision makers (DMs) are asked to decide significant assessment criteria for
selecting the appropriate waste disposal method(s). Experts used suitable linguistic
rating and their corresponding fuzzy variables (shown Table 1) for expressing their
opinions about the relative performances of the MSW disposal methodologies
against those criteria. Here, we systematically describe an extended TOPSIS model
using credibilistic mean and variance as follows.

Step 2: Construct the fuzzy performance/decision matrix

Choose the appropriate linguistic variables for the alternatives with respect to
criteria and form fuzzy decision matrix, eX ¼ ð~xijÞp�q where ~xij ¼ ðlij;mij; uijÞ is the
value of the ith alternative according to the jth criterion
i ¼ 1; 2; . . .; p; j ¼ 1; 2; . . .q:

eX ¼
~x11 . . . ~x1q
. . . . . . . . .
~xp1 . . . ~xpq

24 35

Table 1 Fuzzy evaluation
scores for the alternatives

Linguistic terms Fuzzy score

Very poor (VP) (1, 1, 1)

Poor (P) (1, 1, 3)

Medium poor (MP) (1, 3, 5)

Fair (F) (3, 5, 7)

Medium good (MG) (5, 7, 9)

Good (G) (7, 9, 10)

Very good (VG) (9, 10, 10)
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~xkij ¼ ðlkij;mk
ij; u

k
ijÞ is the rating of the alternative Ai w.r.t. criterion cj evaluated by

expert k and lij ¼ min1� k�K lkij
n o

;mij ¼ mk
ij 	 mk

ij 	 � � � 	 mk
ij

� �1=k
and

uij ¼ max1� k�K ukij
n o

where p denotes the number of the alternatives and q stands

for the total number of criteria.
Step 3: Normalize the elements from the initial fuzzy decision matrix ðeXÞ.

eN ¼
~n11 . . . ~n1q
. . . . . . . . .
~np1 . . . ~npq

24 35
The elements of the fuzzy normalized matrix eN� �

are computed using
the Eqs. (12) and (13)

• For benefit-type criteria (maximizing type)

~nij ¼ l0ij;m
0
ij; u

0
ij

� �
¼ lij

u	j
;
mij

u	j
;
uij
u	j

 !
ð12Þ

• For cost-type criteria (minimizing type)

~nij ¼ l0ij;m
0
ij; u

0
ij

� �
¼ l�j

uij
;
l�j
mij

;
l�j
lij

� �
ð13Þ

Let xij, x	j and x�j are the elements from the initial fuzzy decision matrixeX for which x	j and x�j are defined

u	j ¼ max1� i� pðuijÞ and l�j ¼ min1� i� pðlijÞ; j ¼ 1; 2; . . .; n

The normalization approach mentioned above is to make the ranges of
normalized triangular fuzzy numbers belong to [0, 1].

Step 4: Construct the credibilistic mean value matrix
According to Eq. (9), we can get the expected value (credibilistic mean)
of triangular fuzzy number

E½eN � ¼
Eð~n11Þ . . . Eð~n1qÞ
. . . . . . . . .

Eð~np1Þ . . . Eð~npqÞ

24 35
Step 5: Construct the credibilistic standard deviation matrix

Calculate the credibilistic standard deviation matrix r½eN � using
Eqs. (10)–(11) about the fuzzy normalized matrix eN which is given by
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r½eN � ¼
rð~n11Þ . . . rð~n1qÞ
. . . . . . . . .

rð~np1Þ . . . rð~npqÞ

24 35
Step 6: Calculating the positive ideal solution (PIS) and negative ideal solution

(NIS) about credibilistic mean value matrix
Here, we determine the PIS EðeNÞþ and NIS EðeNÞ� about the credi-
bilistic mean value matrix EðeNÞ for the decision maker as:

EðeNÞþ ¼ ðEð~n1Þþ ;Eð~n2Þþ ; . . .;Eð~nqÞþ Þ ð14aÞ

EðeNÞ� ¼ ðEð~n1Þ�;Eð~n2Þ�; . . .;Eð~nqÞ�Þ ð14bÞ

Eð~njÞþ ¼ max1� i� pfEð~nijÞg ð14cÞ

Eð~njÞ� ¼ min1� i� pfEð~nijÞg j ¼ 1; 2; . . .; q ð14dÞ

Step 7: Determine the positive ideal solution (PIS) and negative ideal solution
(NIS) about credibilistic standard deviation matrix
Furthermore, we identify PIS rðeNÞþ and NIS rðeNÞ� around the
expected value matrix EðeNÞ for the decision maker as:

rðeNÞþ ¼ ðrð~n1Þþ ; rð~n2Þþ ; . . .; rð~nqÞþ Þ ð15aÞ

rðeNÞ� ¼ ðrð~n1Þ�; rð~n2Þ�; . . .; rð~nqÞ�Þ ð15bÞ

rð~njÞþ ¼ maxfrð~nijÞg ð15cÞ

rð~njÞ� ¼ minfrð~nijÞg j ¼ 1; 2; . . .; q ð15dÞ

Step 8: Finding the distance of every alternative’s credibilistic expected value
from PIS and NIS
Using the distance between two points in Euclidean q-space, the distance
measures of each alternative’s expected value from the PIS EðeNÞþ and
expected value from the PIS rðeNÞþ are given as:

di EðeNÞþ� � ¼ Xq
j¼1

ðEðnjÞþ � EðenijÞÞwj
	 
2)( 1

2

ð16Þ

diðEðeNÞ�Þ ¼
Xq
j¼1

ðEðnjÞ� � Eð~nijÞÞwj
	 
2)( 1

2

ð17Þ
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Step 9: Calculate the distance of every alternative’s credibilistic standard
deviation from PIS and NIS
Using the distance between two points in Euclidean q-space, the distance
measures of each alternative’s expected value from the NIS EðeNÞ� and
expected value from the NIS rðeNÞ� are given as:

diðrðeNÞþ Þ ¼
Xq
j¼1

½ðrðnjÞþ � rð~nijÞÞwj�2
)( 1

2

ð18Þ

diðrðeNÞ�Þ ¼
Xq
j¼1

½ðrðnjÞ� � rð~nijÞÞwj�2
)( 1

2

ð19Þ

Step 10 Calculate the closeness coefficient (CC) of alternative around its cred-
ibilistic expected value and credibilistic standard deviation
A closeness coefficient is defined to determine the ranking order of all
alternatives once diðEðeNÞþ Þ; diðEðeNÞ�Þ diðrðeNÞþ Þ and diðrðeNÞ�Þ of
each alternative Ai are found. Now, an alternative Ai is best if it is closest
to the PIS and farthest from the NIS. Thus for making optimal choice,
we need to find relative closeness coefficient of each alternatives. Here,
in this case, relative closeness coefficient about its expected value and
standard deviation are defined as

CCiðEðeNÞÞ ¼ diðEðeNÞ�Þ
diðEðeNÞþ Þþ diðEðeNÞ�Þ ð20Þ

and

CCiðrðeNÞÞ ¼ diðrðeNÞ�Þ
diðrðeNÞþ Þþ diðrðeNÞ�Þ ð21Þ

Step 11: Ranking of the alternatives according to the final relative closeness
coefficient
Thus, the final relative CC of alternative Ai is computed with Eq. (22) as
follows

CCðAiÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cciðEðeNÞÞ � cciðrðeNÞÞ

q
ð22Þ

The alternatives are ranked in decreasing value of integrated relative closeness
coefficients.
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4 Implementation of the Proposed Method for Ranking
Solid Waste Disposal Methods

In this section, we present a numerical example adopted from Ekmekçioğlu et al.
[20] to demonstrate the applicability of our model proposed in this paper. The
problem aims to find the most appropriate solid waste disposal methodology in a
particular region/country. Criteria and alternative disposal methods are briefly
described in Tables 2 and 3, respectively. Readers are referred to Ekmekçioğlu
et al. [20] for detailed description of criteria and alternatives.

To supplement and support Ekmekçioğlu et al. [20] for identification of potential
methodologies of MSW disposal and significant criteria, a literature review,
although not completely systematic, was completed. The accountable standards
preferred for this survey are as follows:

(1) Chosen articles should take account of key aspects from environment, ecology,
society and technology in the MSWM, and evaluation of suitable solid waste
disposal methodologies. The articles are collected using the significant key-
words including “municipal solid waste management”, “solid waste disposal
methods and evaluation”, “environmental and economic and social and tech-
nical and solid waste disposal” while implementing a keyword search on
Google Scholar.

(2) Selected literature included peer-reviewed articles, conference proceedings and
books. For each search, the first three pages of results were identified, and
based on an initial investigation on abstract and main text of those published
works, the usefulness of the article was determined in this work.

(3) We have enlisted the assessment criteria as net cost per ton (C1), technical
reliability (C2), feasibility (C3), air pollution control (C4), emission levels (C5),
separation of waste materials (C6), surface water dispersed releases (C7),
number of employees (C8), waste recovery (C9) and energy recovery (C10).
In this study, solid waste disposal methodologies are reflected; then the most
appropriate disposal method is determined using credibilistic TOPSIS model.

Table 2 Criteria and their
brief description
(Ekmekçioğlu et al. [20])

Criteria Criteria name Type

C1 Technical reliability Maximizing

C2 Feasibility Maximizing

C3 Separation of waste materials Maximizing

C4 Waste recovery Maximizing

C5 Energy recovery Maximizing

C6 Net cost per ton Minimizing

C7 Air Pollution Control Minimizing

C8 Emission levels Minimizing

C9 Surface water dispersed releases Minimizing

C10 Number of employees Minimizing

Credibilistic TOPSIS Model for Evaluation and Selection … 253



Alternative disposal technologies are comprised by examining popular MSW
disposal methods including landfilling (A1), composting (A2), refuse-derived
fuel (RDF) combustion (A3) and conventional incineration (A4).

We cross-check and validate the selected criteria and MSW disposal alternatives
with the experts/decision makers (an environmental engineer (DM1), an
urban-regional planner (DM2) and an academician (DM3) working MSWM) in our
study by asking them whether they feel the criteria set will characterize the various
dimensions/objectives covering economic, technical, environmental and social
issues. The decision experts were accepting of this set and did not recommend any
others for consideration.

Although the proposed model is applied to the data from Ekmekçioğlu et al. [21]
who discussed a case of MSW disposal technologies in Turkey but also it can be
utilized for evaluating similar problems according to the socio-economic-technical
scenario of the case country.

Step 1: Weight priorities of the criteria given by the decision makers are shown
in Table 4.

Step 2: Decision maker’s opinion for evaluation of alternatives is presented in
Table 5. Next, the aggregated decision matrix (Table 6) is calculated
using the aggregation rule of fuzzy numbers (refer to Sect. 2.3).

Table 3 Alternatives and their brief description (Ekmekçioğlu et al. [20])

Alternative Disposal
methods

Brief description

A1 Landfilling Landfilling is the most commonly employed method in
MSWM. It integrates an engineering-based method for
disposing the solid wastes by means of land-use keeping in
mind that environmental hazards to be minimized while
scattering the solid wastes as tinny layers

A2 Composting The four tasks are crucial for designing a modern MSW
composting system: collection, contaminant separation,
sizing and mixing, and biological decomposition

A3 RDF
combustion

Refuse-derived fuel (RDF) combustion is technologically
advanced avoiding the step in which solid wastes were
immediately burned. As a substitute of immediate burning,
in this disposal technique, MSW is crooked into a fuel
which can be stored and transported for further processing
later. Despite the fact that conventional incineration focuses
a little on arranging or treating of the MSW, RDF
combustion uses a number of intermediate stages for waste
disposal

A4 Conventional
incineration

Conventional incineration which is extremely effective way
of managing solid wastes and significantly practiced since
the 1890s to reduce volume of wastes. In this process, MSW
disposal is comparatively easy, without sorting wastes being
served into a blast furnace and, by scorching, condensed to
10% of its actual size
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Table 4 Weight priorities of criteria (experts’ opinion)

Criteria C1 C2 C3 C4 C5 C6 C7 C8 C9 C10

Criteria
weights

0.020 0.014 0.136 0.200 0.240 0.033 0.146 0.121 0.003 0.087

Table 5 Decision experts’ opinion for evaluation of alternatives

C1 C2 C3 C4 C5 C6 C7 C8 C9 C10

A1 DM1 P MG F MP MG VG F G P MP

DM2 MP G F P F VG F MG VP P

DM3 MP MG F F F VG MG F P MP

A2 DM1 F VP F F F VG MG G MP P

DM2 MP MP F P MG VG F MG VP MP

DM3 F VP F F G VG F F MP MP

A3 DM1 G VP G G G VP F F MG F

DM2 MG P MG MG G VP MG MG G MG

DM3 G VP G G G VP F MG G F

A4 DM1 F P F P P VP P P F F

DM2 F P F P P G P MP F F

DM3 F P F P P G P MP F F

Table 6 Aggregated initial fuzzy decision matrix ðeXÞ
A1 A2 A3 A4

C1 (1.000, 2.080,
5.000)

(1.000, 4.217,
7.000)

(5.000, 8.277,
10.00)

(3.000, 5.000,
7.000)

C2 (5.000, 7.612,
10.00)

(1.000, 1.442,
5.000)

(1.000, 1.000,
3.000)

(1.000, 1.000,
3.000)

C3 (3.000, 5.000,
7.000)

(3.000, 5.000,
7.000)

(5.000, 8.277,
10.00)

(3.000, 5.000,
7.000)

C4 (1.000, 2.466,
7.000)

(1.000, 2.924,
7.000)

(5.000, 8.277,
10.00)

(1.000, 1.000,
3.000)

C5 (3.000, 5.593,
9.000)

(3.000, 6.804,
10.00)

(7.000, 9.000,
10.00)

(1.000, 1.000,
3.000)

C6 (9.000, 10.00,
10.00)

(9.000, 10.00,
10.00)

(1.000, 1.000,
1.000)

(1.000, 4.327,
10.00)

C7 (3.000, 5.593,
9.000)

(3.000, 5.593,
9.000)

(3.000, 5.593,
9.000)

(1.000, 1.000,
3.000)

C8 (3.000, 6.804,
10.00)

(3.000, 6.804,
10.00)

(3.000, 6.257,
9.000)

(1.000, 2.080,
5.000)

C9 (1.000, 1.000,
3.000)

(1.000, 2.080,
5.000)

(5.000, 8.277,
10.00)

(3.000, 5.000,
7.000)

C10 (1.000, 2.080,
5.000)

(1.000, 2.080,
5.000)

(3.000, 5.593,
9.000)

(3.000, 5.000,
7.000)

Credibilistic TOPSIS Model for Evaluation and Selection … 255



Step 3: For normalization, we have used Eqs. (12) and (13) for maximization or
minimization criteria, respectively, as shown in Table 7.

Step 4: The credibilistic mean value matrix about the normalized fuzzy decision
matrix is calculated using Eq. (9) as shown in Table 8.

Step 5: The credibilistic standard deviation matrix about the normalized fuzzy
decision matrix is formed using Eqs. (10) and (11) (Table 9).

Table 7 Normalized fuzzy decision matrix eN� �
A1 A2 A3 A4

C1 (0.100, 0.208,
0.500)

(0.100, 0.422,
0.700)

(0.500, 0.828,
1.000)

(0.300, 0.500,
0.700)

C2 (0.500, 0.761,
1.000)

(0.100, 0.144,
0.500)

(0.100, 0.100,
0.300)

(0.100, 0.100,
0.300)

C3 (0.300, 0.500,
0.700)

(0.300, 0.500,
0.700)

(0.500, 0.828,
1.000)

(0.300, 0.500,
0.700)

C4 (0.100, 0.247,
0.700)

(0.100, 0.292,
0.700)

(0.500, 0.828,
1.000)

(0.100, 0.100,
0.300)

C5 (0.300, 0.559,
0.900)

(0.300, 0.680,
1.000)

(0.700, 0.900,
1.000)

(0.100, 0.100,
0.300)

C6 (0.100, 0.100,
0.111)

(0.100, 0.100,
0.111)

(1.000, 1.000,
1.000)

(0.100, 0.231,
1.000)

C7 (0.111, 0.179,
0.333)

(0.111, 0.179,
0.333)

(0.111, 0.179,
0.333)

(0.333, 1.000,
1.000)

C8 (0.100, 0.147,
0.333)

(0.100, 0.147,
0.333)

(0.111, 0.160,
0.333)

(0.200, 0.481,
1.000)

C9 (0.333, 1.000,
1.000)

(0.200, 0.481,
1.000)

(0.100, 0.121,
0.200)

(0.143, 0.200,
0.333)

C10 (0.200, 0.481,
1.000)

(0.200, 0.481,
1.000)

(0.111, 0.179,
0.333)

(0.143, 0.200,
0.333)

Table 8 Credibilistic mean value matrix EðeNÞ
C1 C2 C3 C4 C5 C6 C7 C8 C9 C10

A1 0.254 0.756 0.500 0.323 0.580 0.103 0.201 0.182 0.833 0.540

A2 0.411 0.222 0.500 0.346 0.665 0.103 0.201 0.182 0.540 0.540

A3 0.789 0.150 0.789 0.789 0.875 1.000 0.201 0.191 0.135 0.201

A4 0.500 0.150 0.500 0.150 0.150 0.391 0.833 0.540 0.219 0.219

Table 9 Credibilistic standard deviation matrix rðeN Þ
C1 C2 C3 C4 C5 C6 C7 C8 C9 C10

A1 0.097 0.102 0.082 0.148 0.129 0.003 0.052 0.059 0.195 0.183

A2 0.123 0.109 0.082 0.140 0.144 0.003 0.052 0.059 0.183 0.183

A3 0.108 0.059 0.108 0.108 0.065 0.000 0.052 0.056 0.025 0.052

A4 0.082 0.059 0.082 0.059 0.059 0.238 0.195 0.183 0.045 0.045
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Step 6: Then calculate the positive ideal solution (PIS) and negative ideal
solution (NIS) about credibilistic expected value matrix by applying the
Eqs. (14a), (14b), (14c), (14d), given in Table 10.

Step 7: Next, PIS and NIS about credibilistic standard deviation matrix is cal-
culated according to Eqs. (15a), (15b), (15c), (15d), shown in Table 11.

Step 8: Find the distance of every alternative’s credibilistic mean value from PIS
and NIS by using Eqs. (16) and (17) presented in Table 12.

Step 9: Table 13 is formed after computing the distance measure of each
alternative’s credibilistic standard deviation from PIS and NIS using
Eqs. (18) and (19).

Step 10: Closeness coefficient of every alternative about its expected value and
standard deviation are find by Eqs. (20) and (21).

Step 11: The alternatives are ranked in decreasing value of final relative closeness
coefficients by using Eq. (22) shown in the Table 14.

Table 10 Positive ideal solution and negative ideal solution around the credibilistic mean value
matrix

C1 C2 C3 C4 C5 C6 C7 C8 C9 C10

EðNÞþ 0.789 0.756 0.789 0.789 0.875 1.000 0.833 0.540 0.833 0.540

EðNÞ� 0.254 0.150 0.500 0.150 0.150 0.103 0.201 0.182 0.135 0.201

Table 11 PIS and NIS about the standard deviation matrix

C1 C2 C3 C4 C5 C6 C7 C8 C9 C10

rðNÞþ 0.082 0.059 0.082 0.059 0.059 0.000 0.052 0.056 0.025 0.045

rðNÞ� 0.123 0.109 0.108 0.148 0.144 0.238 0.195 0.183 0.195 0.183

Table 12 Distance of each
alternative with respect to
credibilistic mean value from
PIS and NIS

A1 A2 A3 A4

diðEðNÞþ Þ 0.163 0.153 0.106 0.223

diðEðNÞ�Þ 0.113 0.133 0.222 0.103

Table 13 Distance of each
alternative with respect to
standard deviation matrix
from PIS and NIS

A1 A2 A3 A4

diðrðNÞþ Þ 0.027 0.029 0.011 0.027

diðrðNÞ�Þ 0.027 0.027 0.036 0.030

Table 14 Closeness
coefficient and ranking of
each alternative

Alternatives CCiðEðeN ÞÞ CCiðrðeN ÞÞ CCðAiÞ Rank

A1 0.409 0.500 0.452 3

A2 0.465 0.485 0.475 2

A3 0.676 0.771 0.722 1

A4 0.316 0.525 0.407 4
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5 Result Discussion

5.1 Comparison with Other Models

In order to verify the validity of our proposed method, we perform a comparison of
our proposed method with two other previous methods including fuzzy TOPSIS
Chen et al. [21] and Possibilistic TOPSIS Ye and Li [16] which also deal with fuzzy
numbers. The results are shown in Table 15.

It is clear from Table 15 that the three methods have the similar results. Note that
RDF combustion ðA3Þ is best alternative according to all three models under fixed
preference of criteria weights. These shows the method we proposed in this paper is
reasonable.

5.2 Sensitivity Analysis

An MCDM method is dependent on the weight priorities of the criteria, that is on
the relative importance involved to particular criteria. Occasionally, the final
evaluation and ranking change whenever there is a very small variation in the
relative preference of the criteria. Hence, a good MCDM method should act as a
sensitive to the change in criteria weights.

In this research work, a sensitivity analysis is conducted to investigate whether
the priorities/ranking of MSW disposal alternatives will change if the criteria
weights are changed. Different weight priorities are given to the criteria (see
Table 16) corresponding to different scenarios (1)–(6).

Applying the proposed credibilistic TOPSIS model, we obtain ranking priorities
for all the six scenarios (see Table 17). The results show that assignment of dif-
ferent criteria weights leads to different rankings, i.e. the proposed model is sen-
sitive to these weights, which is necessary for any MCDM models. On comparison
of all scenarios, we find A3 is best choice except in scenario 5. However, scenario 1
and scenario 4 provide same ranking order though weight priorities have large
change. From scenarios (2) and (3), it is clear that a slight change in criteria weights
will lead to alter A2 and A3 as second best choice. Similar arguments could be done

Table 15 Comparison with other models

Fuzzy TOPSIS [21] Possibilistic
TOPSIS [16]

Proposed TOPSIS
model

CCi Rank CCi Rank CCi Rank

A1 0.5570 3 0.2180 3 0.452 3

A2 0.5701 2 0.1871 4 0.475 2

A3 0.7429 1 0.2746 1 0.722 1

A4 0.3178 4 0.2384 2 0.407 4

258 J. Roy et al.



for other pairwise comparisons among the scenarios. These comparisons confirm
that using different weights to the criteria under consideration may help to choose
the best design alternative in different context if needed (see Fig. 2).

Table 16 Weight priorities of criteria for different scenarios

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6

C1 0.1117 0.0613 0.1458 0.1692 0.1024 0.2367

C2 0.0061 0.1510 0.0495 0.0512 0.2161 0.1726

C3 0.1446 0.1456 0.0982 0.1639 0.0432 0.0974

C4 0.1590 0.0361 0.1356 0.0490 0.0626 0.1424

C5 0.1156 0.0264 0.1728 0.1870 0.0345 0.1115

C6 0.1290 0.1107 0.1861 0.0704 0.0323 0.0211

C7 0.1265 0.2133 0.1062 0.0396 0.2063 0.0666

C8 0.0668 0.0756 0.0269 0.0505 0.1376 0.0342

C9 0.1116 0.1301 0.0290 0.1240 0.1305 0.0510

C10 0.0291 0.0497 0.0500 0.0952 0.0344 0.0666

Table 17 Closeness coefficient and ranking of each alternative in different scenarios

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6

Ranking Ranking Ranking Ranking Ranking Ranking

A1 2 2 3 2 1 3

A2 3 4 2 3 4 4

A3 1 1 1 1 2 1

A4 4 3 4 4 3 2

Fig. 2 Rankings of the alternatives in various scenarios
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6 Conclusion

This study proposes the credibilistic TOPSIS model based on expected value
(credibilistic mean value) operator for a fuzzy variable to facilitate a more precise
analysis of the alternatives, considering several criteria in imprecise environment.
The proposed method is applied successfully to select the most preferable disposal
method(s) for municipal solid waste for imprecise data. Also, this model provides
the expected optimal choice for disposal method(s) after effectively avoiding vague
and ambiguous judgments.

In many practical MCDM problems, different relative weights of criteria must be
taken into consideration since these are influenced by the socio-economic-
environmental-technical condition of a country (for municipal solid waste dis-
posal). So, a particular disposal method might not be accepted as optimal solution to
all countries. It is evident that the sensitivity analysis performed (Tables 16 and 17)
through the proposed model shows that RDF combustion A3 is not the optimal
choice in all cases (scenarios 4 and 5). In future, credibilistic TOPSIS would
produce interesting hybrid MCDM methods with the combination of other MCDM
techniques like, ANP, DEMATEL and Shannon Entropy.
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Influence of Recycling on the Thermal
Properties of Municipal Solid Waste

Roshni Mary Sebastian, Dinesh Kumar and Babu Alappat

Abstract A multitude of conventional and non-conventional techniques are
adopted all over the world to handle the huge quantities of municipal solid waste
(MSW) generated. Waste reduction, reuse and recycling are instrumental in curbing
the issues related to MSW management and are being implemented in many
countries including India. Most cities in India have active waste recycling pro-
grams. Not only do the recycling programs help in material recovery, but also aid
reduction in greenhouse gas emissions by replacing virgin items with recycled
items. In the present study, the variation in the calorific values of the MSW gen-
erated in the capital city, Delhi, is investigated with possible recycling options for
various components. Biodegradables, paper, plastic, metals, etc., from MSW are
assumed to be recycled at different rates. Recycling of different combination of
MSW components is also considered to analyse the variation in heat content per
kilogram. Resultant changes in the combustibility of the MSW and its impact on the
efficiency of thermal waste-to-energy facilities are examined. The Tanner diagram
and conventional thumb rules are used to interpret the results. While removal of
biodegradables, ferrous metals and inert fraction increased the calorific value of the
MSW that was left behind, by 18.4, 0.37 and 39.6%, respectively, recycling of
paper and plastic fraction of high inherent calorific value reduced the net heat
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content of the remaining MSW by 5.2 and 18.7%, respectively. Consequently, the
position in the Tanner diagram moved towards the areas of high combustibility in
the former case and away from the area of high combustibility in the latter case.

Keywords Calorific value � Incineration � MSW � Recycling � Waste to energy

1 Introduction

India is a steadily developing economy, with high GDP growth, as well as popu-
lation growth. World Bank reports an annual population growth rate of 1.2% and
GDP growth rate of 7.3%, in the period of 2014–15 in India. Consequently, the
municipal solid waste (MSW) generation also increased and is expected to reach
0.7 kg/capita/day by 2025, from the value of 0.34 kg/capita/day in 2012, in urban
areas alone [1]. With the urbanization rate of the country expected to reach 26% by
2026, combined with economic growth, the MSW generation is anticipated to
become alarmingly high. An increase in urban population and economic prosperity
results in a subsequent increase in MSW generated [1]. The uninhibited urban
migration had added to the quantity and complexity of the generated MSW. MSW
generation in Delhi alone has increased from about 7000 tons/day in 2007–08 to
about 9000 tons/day, presently [2, 3]. It is expected to reach up to 17,000–
25,000 tons/day by 2021, according to New Delhi Municipal Council (NDMC)
studies [3]. Figure 1 depicts the increase in MSW generation for major metros from
1999 to 2011 [4]. Huge increase was observed in all cases, and even higher values
anticipated in the future, due to the aforementioned reasons. Despite being a crucial
issue, the MSW management strategies adopted continue to be abysmal and the
resultant problems are innumerable.

Fig. 1 Variation in the MSW generated per day in major metros
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The waste collection efficiency is at an average of 72% in major metros and at a
dismal 50% or below in smaller cities [5, 6]. Besides, conventional management
techniques like composting, vermi-composting and biomethanation cannot handle
the huge quantities of MSW generated per day and disposal techniques like land-
filling fail due to shortage of land. Most of the wastes get dumped unscientifically in
land-dumps, later causing groundwater pollution and release of greenhouse gases
(GHG). It is in this scenario where the need for a prompt and well-devised tech-
nique of MSW management, like thermal waste-to-energy techniques, arises.
Thermal waste-to-energy units were not successful in the past due to the high
moisture and inert content and the subsequent low calorific value of the MSW. The
Timarpur waste-to-energy plant in Delhi, set up in 1989, was a state-of-the-art
incineration and power generation unit, which the Government of India (GoI) set up
in collaboration with the Government of Denmark. However, the plant which was
designed to take in 300 tons/day of waste and generate 3.7 MW power shut down
exactly after 21 days of operation. This was attributed to the poor calorific value of
the MSW, making it unfit for incineration [3].

Ideal solution is integrated solid waste management (ISWM), which according
to Tchobanoglous et al. is the selection and application of appropriate technologies
and management programs to achieve specific waste management objectives [7].
Reduction, reuse and recycling of wastes are instrumental in ISWM, in addition to
energy recovery and waste disposal. Recognizing the role of recycling in sustain-
able solid waste management, the USA has been performing active recycling and
composting of wastes, and the recycling rate has increased from less than 10% in
1980 to about 34% in 2012. The disposal of wastes in the landfills during the same
period had decreased from 89 to about 54%. An added benefit of recycling is the
reduction in GHG emissions. Annual recycling and composting of 87 million tons
of waste helped in the reduction of emissions up to 168 million metric tons of CO2

equivalents [8]. Unlike the developed countries, recycling in developing countries
like India remains an informal activity, where the waste collected by recyclers,
through a hierarchical process, ends up in recycling units. The number of workers
involved in the recycling sector has increased from 84,000 to 1,60,000 in the city of
Delhi alone. The informal sector collects about 15–20% of the total waste generated
in Delhi and recycles about 2000 tons of waste each day [9].

The Municipal Solid Waste (Management and Handling) Rules, 2000 (presently
the SolidWasteManagement Rules, 2016), recommend the biodegradable fraction of
MSW to be processed by composting/vermi-composting or biomethanation. The
mixed wastes with recoverable resources on the other hand are recommended to
follow the recycling route, followed by other techniques. The Plastics (Manufacture,
Usage andWaste Management) Rules, 2009, require the recyclable plastic fraction to
be segregated and channelized to registered plastic recycler and recycled conforming
to Indian Standards. As each component of MSW is recycled, the properties of the
remaining MSW vary accordingly. When components like paper and plastics, which
have comparatively higher heat content, are recycled, overall heat content varies
significantly. This further affects the efficiency of the incineration units.
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This study is aimed at understanding the effect of recycling on the heat content
of the leftover MSW and how it affects the efficiency of thermal waste-to-energy
facilities. Paper, plastics, biodegradables, ferrous metals and inert fractions are
assumed to be recycled at different recycling rates. In addition to this, a few
combinations of physical components of MSW are also assumed to be recycled and
the resultant calorific value per kilogram of the wastes is evaluated. The subsequent
effect on the efficacy of the thermal waste-to-energy units is also examined.

2 MSW in Delhi

The National Capital Territory of Delhi, located between the latitude of 28° 24′ 17″
to 28° 53′ 00″ North and longitude of 76° 50′ 24″ to 77° 20′ 37’″ East, spans over
an area of 1483 km2. While Municipal Corporation of Delhi (MCD) has 94% of the
area and 96% of the population under its jurisdiction, New Delhi Municipal Council
(NDMC) and Delhi Cantonment Board (DCB) look after civic amenities of the rest
of the area and population. The average annual exponential growth rate of popu-
lation was recorded as 1.92%, for the period 2001–11, as per Census 2011. The
Gross State Domestic Product (GSDP) of Delhi recorded an impressive 15.35%
growth rate over 2014–15 period, according to MCD [10].

Figure 2 indicates the MSW generated in the areas under the three MCDs
(North, East and South), NDMC and DCB for the year 2001 and projected to 2021
[10]. A very steady increase in MSW generation can be observed from the same.
Table 1 presents the average physical composition of MSW generated in the MCD
area of Delhi in 2004. All the values are reported on wet weight basis. Table 2
presents the average chemical properties of the aforesaid MSW, reported on dry
weight basis, by MCD authorities [11]. In the following sections, the variation in
the calorific value of MSW, when various components are recycled, is presented.

Fig. 2 MSW generation data
for Delhi
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2.1 Recycling of MSW Generated in Delhi:
A Theoretical Approach

The viability of energy recovery from MSW, as a part of integrated solid waste
management system, can be evaluated by performing the proximate and ultimate
analyses and the determination of calorific value henceforth. Proximate analysis is
used to determine the weight percentage of ash, moisture, volatiles, while ultimate
analysis is used to determine weight percentage of chemical elements. Kaiser (1966)
has given the proximate and ultimate analyses of 20 MSW components along with
their calorific values [12]. This method was opted to perform the proximate and
ultimate analyses of the MSW generated in Delhi with aforesaid properties. The
results of ultimate and proximate analyses performed on Delhi MSW, using the
average values of the physical properties, were given in Table 3.

Using the approximate heat contents and moisture contents of various compo-
nents, the calorific value of the MSW was found mathematically. The high heat
contents of various components were aggregated and divided by discarded weight.
The net calorific of the MSW on discarded basis was found as 2010 kcal/kg.

With the original heat content of MSW at 2010 kcal/kg, recycling of different
components was assumed to be done at different rates, and corresponding heat
contents were evaluated. Figure 3 illustrates the different components removed/
recycled and corresponding energy recovered from them.

2.1.1 Composting of Biodegradables

If the Municipal Solid Waste (Management and Handling) Rules, 2000 (presently
the Solid Waste Management Rules, 2016), were to be implemented completely,
then entire biodegradable fraction is to be stabilized by composting,
vermi-composting or anaerobic digestion. The biodegradable fraction has to be
segregated at the source and then sent to compost plants, where they will be effec-
tively composted. Assuming that the rules were followed to the word, and varying
the rates at which the biodegradables were composted between 0 and 100%,

Table 3 Proximate and
ultimate analyses of Delhi
MSW

Proximate analysis

% Moisture 37.6

% Volatiles 23.3

% Inert 38.9

Ultimate analysis (including inert fraction)

% Carbon 40.36

% Hydrogen 5.09

% Oxygen 14.00

% Nitrogen 2.77

% Sulphur 0.24
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the calorific values were computed. Figure 4 demonstrates the increasing trend in the
calorific values of the MSW left, when biodegradables were composted, with the
maximum when 100% of the biodegradables were composted. This can be explained
by the reduction in the net moisture content of the MSW, when biodegradables with
high moisture content were removed.

Currently, Delhi has two compost plants, one at Okhla constructed, operated and
maintained by M/S IELIS through South Delhi Municipal Corporation and the
second one at Narela-Bawana constructed, operated and maintained by M/S

Fig. 3 A flow chart showing the various routes of energy recovery from MSW, by removal/
recycling of different components
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DMSWSL through North Delhi Municipal Corporation. The plants have capacities
of 300 and 500 tons/day waste processing capacity, respectively.

2.1.2 Recycling of Plastics

The municipal authorities are given the responsibility to segregate, transport and
process the plastic wastes. The recycling, recovery and disposal of plastic wastes are
carried out adhering to IS 14534: 1998. Delhi, as per Delhi Government statistics,
presently generates about 650 tons/day of plastic waste, and this has been creating
nuisance over the years. With increasing awareness, campaigns like “Say No To
Plastic Bags”, and the government directives imposing interim ban on the produc-
tion, sale, storage, usage and transport of plastic carry bags, the use of plastics has
been reduced over time and is now being replaced by biodegradable plastics and
other alternatives. As majority of retail outlets are opting for paper carry bags and jute
bags instead of plastic bags, it can be conveniently assumed that plastic components
are recycled at rates between 0 and 100%.Moreover, chlorinated plastics are not to be
incinerated, as per the Municipal Solid Waste (Management and Handling) Rules,
2000 (presently, the Solid Waste Management Rules, 2016).

The variation in the calorific value, when plastic content was removed from
MSW and recycled at different rates, is as depicted in Fig. 4. At 100% recycling
rate, when the entire plastic fraction was removed, the calorific value reduced by
18.7%. The reduced value can be explained by the removal of plastic, which in
itself has high calorific value.

2.1.3 Recycling of Paper

Paper content of Indian MSW has been increasing over the years. Despite vast
digitization, India’s paper consumption is anticipated to rise in the future, owing to
the increasing literacy rate. Paper is usually picked up by informal waste collectors/
recyclers and ends up in recycling units. Recycled paper results in reduced GHG
emissions to atmosphere. However, when paper fraction was recycled at rates from
0 to 100%, a mild reducing trend was observed in the calorific value, as evident
from Fig. 4. This was due to the removal of paper fraction, which has high heat
content.

2.1.4 Recycling of Ferrous Metals

Ferrous metal fraction, which can be easily recovered from heterogeneous MSW
using a magnetic separator, may be recovered, reused and recycled. A negligible
increase in calorific value was observed (Fig. 4) when entire ferrous metal fraction
was removed from the MSW, which can be explained by the removal of the
comparatively heavier fraction of MSW.
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2.1.5 Removal of Inert Fraction

Inert fraction, which includes ash, dirt, construction and demolition waste, glass,
metals, stones, can be removed by manual separation or by air classifiers. As per
Municipal Solid Waste (Management and Handling) Rules, 2000 (presently the
Solid Waste Management Rules, 2016), inert and non-biodegradable fraction
should be disposed off in landfills. When the inert fraction, which can be recovered,
reused or recycled, was removed at various rates, the calorific value was found to
increase as apparent in Fig. 4 and at 100% removal, rose from 2010 kcal/kg, by
40%. Inert fraction, which has low innate calorific value, forms a major part of the
generated MSW and when removed boosts up the net calorific value of the MSW.

The North Delhi Municipal Corporation and the East Delhi Municipal
Corporations now operates two Construction and Demolition (C&D) Waste
Recycling Plants at Burari and Shastri Park, respectively. The two plants have a
capacity of processing 2000 and 500 TPD of C&D waste. They are operating to
their full capacity, and the rejects from the two plants are less than 10% of the input.

2.1.6 MSW Without Biodegradables and Variable Removal of Paper

When the entire fraction of biodegradables was removed, the heat content of the
remaining MSW was found to increase by 18.4%, due to lowered net moisture
content of the MSW. The corresponding heat content was found to be 2465 kcal/kg.
When the paper fraction of the MSW that was left behind was recycled at different
rates from 0 to 100%, a declining trend was observed (Fig. 5) in the heat content

Fig. 5 Variation in calorific value of MSW generated in Delhi when various components are
recycled together
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and the value reduced by 5%, at 100% removal of the paper fraction, the reason
same as stated above.

2.1.7 MSW Without Biodegradables and Variable Removal of Plastic
Fraction

When plastic fraction, which has high inherent calorific value, was removed from
the MSW with all of its biodegradables removed (for composting), the heat content
reduced by about 24%. A steep negatively sloped graph was obtained as shown in
Fig. 5, when calorific value was plotted against recycling rate.

2.1.8 MSW Without Biodegradables and Variable Removal
of Ferrous Metals

The removal of entire ferrous metals from the MSW left after removing the
biodegradables resulted in a 0.6% increase in its calorific value. The slightly
increasing trend, due to the removal of the comparatively heavier fraction of MSW,
is evident from Fig. 5.

2.1.9 MSW Without Biodegradables and Simultaneous Variable
Removal of Paper and Plastic Fraction

The calorific value of the MSW reduced by about 32%, when entire paper and
plastic fraction was removed from the MSW devoid of biodegradables, for
recovery, reuse and recycling. The negatively sloped graph (Fig. 5) was largely due
to the removal of high heat content fractions of the MSW.

2.1.10 MSW with no Biodegradables and Inert Fraction and Variable
Removal of Paper and Plastic Fraction

The calorific value of the MSW left over when the entire biodegradable and inert
fraction were removed was estimated as 4483 kcal/kg. The calorific value of this
MSW increased by about 55% of the raw MSW, when the net moisture content got
reduced, and the bulk of the ash content with low heat content got eliminated. When
paper and plastic fraction was removed simultaneously from this MSW, at rates
varying from 0 to 100%, for recycling and recovery, the heat content was found to
follow a decreasing trend (Fig. 5) and at 100% removal, the heat content was found
to have lowered to 3632 kcal/kg. This was due to the removal of components like
paper and plastic, which have high inherent heat content.
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2.2 Reduction in GHG Emissions

Recycling of the wastes is a better solution, as opposed to landfilling, and
waste-to-energy technologies, as far as GHG emissions and energy conservation are
considered. More than 65% of the MSW in Delhi is land-dumped, resulting in GHG
emissions. However, when virgin materials are replaced by recycled materials,
reduction in the emissions of GHG can be achieved [2, 13, 14].

According to a comprehensive model Waste Reduction Model (WARM),
developed by US Environmental Protection Agency (USEPA), reduction in GHG
emission when the virgin materials were replaced by recycled materials was esti-
mated and plotted as shown in Fig. 6 [13]. The highest reduction was observed
when novel paper was replaced by recycled paper, with a reduction of 18.6 tons
CO2 equivalent/tons of recycled waste, at 100% recycling of paper present in the
Delhi MSW. This is followed by biodegradables, plastics and ferrous metals.

2.3 Effect of MSW Recycling on Thermal Waste-to-Energy
Facilities

When the various components of MSW were removed for recycling, reuse or
recovery, the heat contents of the MSW which was left were found to vary
considerably.

A popularly followed thumb rule states that if the heat content of the MSW is
below 1500 kcal/kg, the MSW is not fit to be incinerated for energy recovery. If the
value lies between 1500 and 2400 kcal/kg approximately, the MSW can be

Fig. 6 Reduction in the GHG emission with recycling rate, when virgin materials are replaced
with recycled materials
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incinerated with auxiliary fuel, for energy recovery. If the heat content was above
2400 kcal/kg, then it can be subjected to autogenous incineration, for energy
recovery. Raw MSW remained unfit for incineration with energy recovery over the
years; however, the theoretically computed heat content showed that the MSW
generated in MCD area of Delhi could be incinerated with an auxiliary fuel.
Assessing the combustibility of the remnant MSW in different cases, from Fig. 7, it
is evident that the MSW becomes acceptable for autogenous incineration, when all
of the biodegradables are removed, or the entire inert fractions are removed. Similar
is the case when there is a combined removal of ferrous metal and biodegradables or
biodegradables, inert, paper and plastic fraction.

On the basis of this study, it can be concluded that while the segregation and
removal/recycling of biodegradables, inert and ferrous metals enhance the com-
bustibility of MSW, removal/recycling of paper and plastic content downgrades the
combustibility of the leftover MSW. Consequently, the former boosts the efficiency
of thermal waste-to-energy facility, while the latter may necessitate the addition of
an auxiliary fuel.

Figure 8 illustrates the Tanner diagram, which is used to represent the com-
bustibility of a fuel, diagrammatically based on its proximate analysis. Within the
darkened zone, the MSW has higher combustibility which goes on increasing
towards the right apex of the triangle, as the percentage of moisture and ash reduces
and that of volatiles increases. Raw MSW is theoretically present inside the com-
bustible zone, towards the boundary, as depicted in the figure. As fractions like
ferrous metals, paper and plastics are removed individually, the MSW remained in
the combustible zone. When the biodegradable and inert fractions are removed from

Fig. 7 Variation in the calorific values of the MSW generated in Delhi when different
components are removed
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the MSW, the combustibility increases considerably, and the position shifted closer
to the right apex of the triangle. This can be explained by reduced ash and moisture
content and increased volatiles fraction. A corresponding increase in the calorific
value was computed earlier. When the entire fractions of paper and plastic are also
recycled from the remaining MSW from the previous case, the position in the
Tanner diagram shifted to the right apex and marked the highest comparative
calorific value of all the cases.

3 Conclusion

Reduce, reuse and recycle are instrumental in curbing MSW management issues.
The Municipal Solid Waste (Management and Handling) Rules, 2000 (presently the
Solid Waste Management Rules, 2016), recommend composting of entire
biodegradable fraction, whereas the Plastics (Manufacture, Usage and Waste
Management) Rules, 2009, advocate the recycling of plastic wastes. Assuming the
various components like biodegradables, paper, plastic, ferrous metals and inert
fraction are removed/recycled at different rates, the heat content of the leftover
waste was computed using the method provided by Kaiser [12]. The combustibility
of the MSW was then analysed using conventional thumb rules and Tanner dia-
gram. Removal of biodegradables, ferrous metals and inert fraction increased the
calorific value of the MSW that was left behind, by 18.4, 0.37 and 39.6%,
respectively, to 2466, 2018 and 2691 kcal/kg, whereas recycling of paper and
plastic fraction, which has high inherent calorific value, reduced the net heat content
of the remaining MSW by 5.2 and 18.7% to 1906 and 1633 kcal/kg, respectively.
The position within the Tanner diagram moved towards the area of high com-
bustibility, when different components were removed from the MSW, due to the
reduced moisture and ash and elevated volatile fraction. This further helped aug-
ment the efficiency of thermal waste-to-energy facilities.

Recycling of different components was further observed to diminish the
GHG emissions to atmosphere, when virgin materials were replaced by recycled

Fig. 8 Tanner diagram representing the various cases
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materials. Thus, recycling activities offer wide socio-economic and environmental
benefits and should be encouraged.

Simultaneous adherence to the various laws and promotion of recycling could
not only improve the efficiency of thermal waste-to-energy facilities, but also prove
to be advantageous as far as economic, environmental and employment opportu-
nities are considered.
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Trihalomethanes Occurrence
in Chlorinated Treated Effluents
at Sewage Treatment Plants
of North-Indian Region

Surbhi Tak and Arun Kumar

Abstract Chlorination of treated wastewater effluent generally leads to the for-
mation of disinfection byproducts (DBPs) which are a matter of great concern
because of their carcinogenic nature. Trihalomethanes and Haloacetic acids are two
major classes of DBPs. Chloroform being the predominant one. THM has also been
classified as “possible human carcinogen” (group B2) by US Environmental
Protection Agency. Total trihalomethanes (TTHM) concentration were determined
in seven treated effluents from sewage treatment plants (STPs) in North-Indian
region (Haryana and Uttrakhand) over a span of 10 months (July 2014–April
2015). STPs were selected based on different treatment technology, viz. up-flow
anaerobic sludge blanket (UASB), sequential batch reactor (SBR), activated sludge
process (ASP), and oxidation pond (OP). Low TTHM concentrations were obtained
in all the samples analyzed (as per international standards for drinking water)
though higher concentrations were seen in UASB plants (lower than the standard
limits). The samples were evaluated only for winter season; effect of warm season
on TTHM formation was not evaluated.
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1 Introduction

Chlorination is the most commonly used method for disinfection of treated
wastewater effluent before discharging them into rivers, lakes, or any other
receiving streams. Chlorination is still the most prevailing form of disinfection
because of its well-established practices, broad-spectrum germicidal efficiency, and
low cost of chlorine [1]. Chlorine is highly reactive in nature and due to its high
reactivity it readily reacts with a variety of organic matter present in water and
oxidizes them into disinfection byproducts (DBPs) [2]. Natural organic matters
(NOMs) present in water mainly acts as a precursor for the formation of these
DBPs. These NOMs mainly include humic acids and fulvic acids which readily
react with chlorine leading to the formation of DBPs [3]. These DBPs can be further
classified as regulated DBPs and emerging DBPs. Regulated DBPs mainly include
trihalomethanes (THMs) and haloacetic acids (HAAs), these two are a major group
of DBPs which constitute the major proportion of all [4]. THMs mainly include
chloroform (CHCl3), bromodichloromethane (CHCl2Br), dibromochloromethane
(CHClBr2), bromoform (CHBr3).THMs were first discovered in drinking water
[5, 6], later they were regarded as a pollutant by National Pollutant Discharge
Elimination System (NPDES) in treated wastewater effluents also [7]. Generally,
water having high anthropogenic interference have higher DBP forming potential
due to increased organic load [8, 9]. The formation of DBPs is also affected by the
type of treatment technology being used (activated sludge process (ASP), up-flow
anaerobic sludge blanket (UASB), sequential batch reactor (SBR), oxidation pond
(OP), UASB being the major contributor to DBP formation.

THMs have adverse health impacts on humans if consumed directly or indi-
rectly, many studies have detected their carcinogenic nature [10–12]. The muta-
genicity, carcinogenicity, and teratogenicity of DBPs in drinking water have been
tested in various studies [13–15]. THMs were also classified as possible human
carcinogens (Group B2) [2]. Apart from having direct routes of exposure (inges-
tion), indirect routes (absorption through skin or lung inhalation) can also pose a
adverse impact on human health, therefore use of chlorinated treated effluents for
indirect uses like agricultural or irrigation for production of crops which are sub-
sequently consumed by humans, can also act as a indirect source of DBP exposure
[16]. There are various guidelines or standards available for control of these THMs
in drinking water (World health Organization (WHO)—200 µg/l for chloroform,
European Union (EU)—100 µg/l, US Environmental Protection Agency USEPA—
80 µg/l, Bureau of Indian Standards (BIS)—100ug/l for chloroform [17]) but there
are no such standards available for control of THMs in treated wastewater effluents,
thus these drinking water standards can be used as surrogate standard for control of
THMs in treated wastewater effluents.
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Chlorination is by far the most cost-effective way of disinfection for treated
wastewater effluents but little is known about its other reaction with NOMs and
subsequently THM formation. Limited data are available on occurrence of THM in
treated wastewater effluents. Apart from major issue of THM formation, chlorina-
tion imparts other onsite health and safety issues to working operators; another
setback to chlorination [1, 2]. Various alternatives to chlorination have been sug-
gested, best being ultraviolet (UV) disinfection, however, still there is very limited
information available on the applicability of UV for control of THMs. There is still
an ambiguity regarding the formation of DBPs during UV disinfection [18].

In India, THMs are considered as an important public health parameter mainly
from drinking water perspective and continuous monitoring is being done at various
regions [17, 19]. Central Pollution Control Board (CPCB, New Delhi) has also been
monitoring THM levels in various water treatment plants of Delhi [20]. UV as a
method for disinfection of treated water is used widely across the world for both
drinking water and treated wastewater but in India, its use is much prevalent in
drinking water as compared to treated wastewater.

The main objective of this study was to determine the levels of THMs formed at
seven sewage treatment plants (STPs) of North-Indian region. Most of these STPs
utilize the treated wastewater for agricultural or irrigational purposes. The effect of
treatment technology being used in STP on THM formation was also evaluated.
THM concentrations in chlorinated treated effluents were monitored for the period
of 10 months, mainly in the winter season. The effect of the summer season on
THM formation was not evaluated.

2 Materials and Methods

2.1 Chemicals

Calibration mixture (502/524 volatile organics calibration mix) used for the stan-
dardization purpose was obtained from Supelco. All the standards of different
concentrations were prepared using ultrapure water (Millipore). Analytical grade
sodium hypochlorite was used for spiking of non-chlorinated samples.

2.2 Sewage Treatment Plants

The STPs studied were located in Haryana and Uttrakhand region of North India as
shown in Fig. 1. The description of STPs studied for the occurrence of THMs is
shown in Table 1. STPs were selected based on different treatment technology, viz.
UASB, SBR, ASP, and OP. Chlorination was employed as a method of disinfection
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at all the STPs in Uttrakhand, whereas for STPs of Haryana sample was spiked for
estimating THM concentration.

2.3 Sampling Strategy

Water samples at each STP were collected in acid-washed amber-colored glass
bottles, stored in ice coolers with temperature maintained at 4 °C till analysis
(within 24 h), all the analysis work has been carried out at the National reference
trace organic laboratory (NRTOL), CPCB, New Delhi. Seven sewage treatment
plants in the state of Uttrakhand and Haryana have been covered. Sampling has
been done in the month of January 2015 for STPs in Uttrakhand and in the month of
March 2015 for STPs of Haryana.

2.4 THM Measurements

The samples were analyzed using gas chromatography-mass spectrometry
(GC-MS-6890) supplied by Agilent technology with column SLB-5MS obtained
from Supelco (60 m * 0.25 mm, 0.25 mm thickness) with purge and trap system
for sample injection and USEPA protocol 524.2 was followed for the analysis of
THMs in treated wastewater [21]. Wastewater samples for analysis of THM were
collected in 50 ml amber colored bottles. Bottles were filled to the top (headspace
free) and were stored at 4 °C until the analysis at the laboratory. All the samples
were filtered using membrane filter before purging into the apparatus. 5 ml of a

Fig. 1 Map showing STP location
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sample of each STP was injected using the syringe and after 11 min of purging,
computer operated run of 60 min for each sample was performed. The sample is dry
purged, cryo-cooled, and VOCs are desorbed at 250 °C and injected to GC. Oven
temperature was programmed to increase by 1 °C/min from 35 to 42 °C (10 min)
and then by 5–220 °C. The coolant and carrier gas used was liquid nitrogen and
helium (15 ml/min), respectively. All the compounds present in the sample were
detected and quantified on the basis of molecular weight and retention time.

3 Results and Discussion

3.1 THM Concentration

TTHM concentration was obtained in the range of 0–36.54 ppb and per
MLD TTHM concentration was in the range of 0.004–3.654 ppb. The maximum
concentration was seen in UASB plants and minimum in SBR plants. The con-
centration of THMs obtained at 7 STPs were shown in Table 2. Though the
maximum concentration of THM, i.e., 36.54 ppb was obtained at UASB plant at
Panipat this concentration is still lower than the drinking water standards of THMs
i.e. 80 ppb for TTHMs (USEPA). However, at SBR plant Rishikesh THM con-
centration obtained was below detection limit. Despite having high total organic
carbon (TOC) concentration, the value of THM obtained is quite low; this may be
due to complexity in nature of influent wastewater constituents (organic matter) that
are non-reactive toward chlorine in terms of THM formation, second reason can be
lowered rate of reaction due to winter season. The absence or negligible concen-
tration of brominated THMs may be due to the mere absence of bromide ion in
influent water. Comparative analysis of different THM concentration obtained is
shown in Fig. 2.

3.2 Seasonal Variability

The samples were studied only during the winter season (December 2014 and
March 2015), the effect of the summer season on THM formation was not evaluated
the therefore effect of seasonal variability and the water temperature was not
included in the present findings. Generally, it was considered that THM formation
increases with increasing water temperature [22].
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4 Conclusions

Based on the sampling, testing, and analysis at seven STPs with different treatment
technologies following conclusions are drawn:

1. In India number of STPs having disinfection as a part of wastewater treatment
process is not very significant and out of all the STPs with disinfection, majority
of them are chlorination based.

2. Chlorination has various risks associated with it including handling risk, storage
risk, dosing issues, and other safety issues. Apart from these risks, there is a
major problem of DBP (THM) formation.

3. THMs can be a potent carcinogen, various studies showed their carcinogenic
nature in animals as well as humans.

4. In India data on THM formation during chlorination of treated wastewater is
very limited, though few studies in various regions of India showed the
occurrence of these THMs above standard limits.

5. THMs obtained in this study were below standard limits (USEPA standards for
drinking water: 80 ppb) though comparatively higher concentrations were
obtained in UASB plants than other ASP, SBR, and OP plants.

Fig. 2 THM concentrations at 7 STPs
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6. Based on different studies on UV disinfection for drinking water as well as
wastewater treatment, it can be suggested that UV disinfection can act as a better
alternative to chlorination in terms of performance as well as cost.
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Enzymatic Application in Anaerobic
Digestion (AD) of Organic Fraction
of the Municipal Solid Waste (OFMSW)

B. Chatterjee, S. Goswami and D. Mazumder

Abstract In the twenty-first century, anaerobic digestion (AD) is considered to be
the most efficient method among various other classical municipal solid waste
management (MSWM) practices, which stabilize the generated organic fraction of
municipal solid waste (OFMSW). Hydrolysis in AD is where the insoluble poly-
mers in the procured OFMSW are converted into simpler soluble monomers by the
fermentative bacteria, which generate certain extracellular enzymes known as
hydrolases. These enzymes catalyze all the reactions. The hydrolysis being the
rate-limiting step thus plays one of the crucial roles in the anaerobic decomposition
of OFMSW by converting it into stable by-products. Chemically, hydrolysis can be
defined as the breakdown of long-chain biomolecules into corresponding short
chains in the presence of water. Biologically, hydrolysis acts through the influence
of enzymes. The present research reviewed the potential, functional routes, and
behavior of hydrolytic enzymes and studied the suitability of the enzyme cellulase
in improving the performance of AD of OFMSW using a laboratory-scale setup.
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1 Introduction

The triggering of potential environmental problems associated with the classical
municipal solid waste management (MSWM) practices such as sanitary landfilling,
composting, and incineration (pyrolysis/gasification) have resulted in the need for
biological treatment of the generated municipal solid waste (MSW). As such, the
practice of AD has come up as the most innovative and attractive technology, not
only in terms of stabilizing the generated quanta of OFMSW but also in terms of
generating valuable by-products [1–4]. These by-products include biogas, which is
an able substitute for fossil-based fuels, and solid sludge, which can be conditioned
further for use as a good-quality soil conditioner. AD can be defined as a bio-
chemical process, which consists of three major phases such as hydrolysis, where
fermentative group of bacteria firstly degrade the complex organic matters or
polymers to simply soluble organic matters or monomers, followed by acidogen-
esis, where the conversion of the monomers into long-chain fatty acids (LCFAs),
short chain fatty acids (SCFAs), and alcohols occur, and finally methanogenesis,
where the methanogens convert the acetate, alcohols, and H2 + CO2 into methane
and CO2 [1, 3]. However, there is an additional acetogenesis phase, where the
LCFAs and alcohols are converted into CH3COOH, CH3CH2OH + H2, and
H2 + CO2 [2].

The OFMSW comprises of biodegradable polymers, which include lignocellu-
loses, proteins, lipids, and starch. A group of specialized microbial population of
the fermentative bacteria are responsible for depolymerization of these organic
polymers into simple monomers. There are three main types of fermentative bac-
teria that are responsible for the liquefaction of OFMSW, and these are: (1) prote-
olytic bacteria—which produce an enzyme protease, capable of breaking down
proteins and peptides into ammonia and amino acids; (2) lipolytic bacteria—which
generate lipase enzyme that is responsible for the breakdown of saponifiable lipids
into fatty acids and glycerol; and (3) cellulolytic bacteria—which hydrolyze
polysaccharides into monosaccharides using cellulases. Since the action of these
enzymes is a complex process, hydrolysis is deemed to be the slowest and
rate-limiting step in the overall process of AD. So much so that the composition of
methane in the biogas generated/ultimate methane yield is directly dependent on the
efficiency of the hydrolysis phase [5]. Presently, enzymatic application as a pre-
treatment step prior to AD for the stabilization of OFMSW has been of growing
interest [6]. Zheng et al. [7] studied the scope of biological pretreatment like
enzymatic hydrolysis as a cost-effective technology that enhances solid organic
waste stabilization process as well as the post-biogas production. Lignocellulose
refers to the three major components of the plant tissue: cellulose, hemicellulose,
and lignin. While the phenolic groups in the lignin are resistant to enzymes, the
celluloses and hemicelluloses are biodegradable and constitute more than 90% of
the biochemical methane potential of the OFMSW [8]. These are degraded via
hydrolysis to yield soluble disaccharides and cellobiose, which on further hydrol-
ysis result in the formation of D-glucose.
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Enzymatic hydrolysis of lignocellulosic matter present in the OFMSW involves
several important steps, such as (i) transfer of enzyme from the bulk aqueous
surface to the surface of the lignocellulosic particles, (ii) adsorption of the enzyme
and subsequent formation of enzyme–substrate (ES) complexes, (iii) hydrolysis of
lignocellulose, (iv) transfer of lignocellulosic material (glucose, cellodextrins, and
cellobiose) from the surface of the substrate into the bulk aqueous phase, and
(v) hydrolysis of the transferred lignocellulosic materials in the aqueous phase [9].
Among these steps, the process of enzyme adsorption and the subsequent formation
of ES complexes are considered to be the most crucial in the enzymatic hydrolysis
of lignocellulosic biomasses [10, 11]. It is noteworthy to mention that during the
enzymatic hydrolysis of lignocelluloses, the physical, chemical, and morphological
characteristics of the lignocelluloses play crucial roles, beside the effectiveness of
the enzymes. The factors affecting the enzymatic hydrolysis of lignocellulosic
materials can be subdivided into two factors: enzyme-related factors, which mainly
focus on improving the enzyme-related activity, and substrate-related factors, which
concentrate on improving the accessibility of enzymes to lignocelluloses [12]. The
accessibility of enzymes to lignocelluloses depends on the crystallinity of the cel-
lulose present, the contents and distributions of lignin and hemicelluloses in the
OFMSW, and the surface area available [13].

The production of biofuels from cellulosic biomasses, via several biochemical
steps, results in the yield of vital products at low costs. One of the most complex
steps in the above process is the conversion of lignocellulosic biomasses into
fermentable sugars via enzymatic hydrolysis. In terms of breakdown of complex
lignocellulosic biomasses, enzymatic hydrolysis has the potentiality to offer higher
yields, lower energy costs, higher selectivity, and milder operating conditions over
various physicochemical processes. However, the mechanism of enzymatic
hydrolysis, and the relation between the substrate structure and the function of
different glycosyl hydrolase components are yet to be fully understood. This is one
of the main hindering factors in the maximization of sugar yields from lignocel-
lulosic biomass at low costs. The enzymatic deconstruction of lignocellulosic
biomass becomes very difficult due to its many structural features. The cellulosic
fibers, which remain bound together in a composite structure by lignin, reduce the
accessibility of enzymes to cellulose. The composition and the specific structural
feature(s) of lignin, which are responsible for binding these cellulosic fibers toge-
ther, are not well explored yet. In order to deconstruct these heterogeneous struc-
tures, which are present in the plant cell wall, a complete understanding of the
interactions between the lignin structure and the synergistic reactions of cellulases,
hemicellulases, accessory enzymes, and lignin-modifying enzymes is required. The
synergistic reactions of the aforesaid enzymes promote enzymatic hydrolysis of
lignocellulosic biomass, thereby converting them into low-molecular weight
products, which are capable of being utilized by the archaea [14–16].

Hydrolysis of cellulose results in the sequential breakdown of the linear glucose
chains that are present in cellulose [17]. The enzymatic hydrolysis of cellulose
comprises of adsorption of cellulase on to the surface of cellulose, biodegradation of
cellulose to fermentable sugars, and desorption of the cellulase enzyme.
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The synergistic action of three major classes, which are endo-glucanases,
exo-glucanases, and beta-glucosidases, are responsible for the enzymatic breakdown
of cellulose into glucose. Collectively, these enzymes are known as cellulolytic
enzymes. Endo-glucanases are responsible for creating free-chain ends by attacking
the low crystalline region of cellulose fibers. Removal of cellobiose units from the
free-chain ends is carried out by exo-glucanases, who further degrade the sugar
chains. Next, the cellobiose units are cleaved to glucose by beta-glucosidase.
Beta-glucosidase is therefore responsible in bringing out complete depolymerization
of cellulose to glucose. The breakdown of hemicelluloses, containing different sugar
units, is carried out by the hemicellulolytic enzymes, which are even more complex
than cellulolytic enzymes [18].

The present study concerns the suitability of different types of enzymes such as
cellulase, amylase, xylanase, and pectinase in improving the performance of
hydrolysis in anaerobic digestion which is very much essential for ultimate waste
stabilization, i.e., biochemical oxygen demand (BOD) removal through methane
formation in an oxygen-depleted environment. Fruit and vegetable waste
(FVW) were considered as substrate in the present study due to their high
biodegradability.

2 Materials and Methods

2.1 Seed Acclimation for Hydrolysis Study of OFMSW

The various aforementioned enzymes were cultured with special emphasis on
cellulase. For this purpose, sludge from a laboratory-scale hybrid bioreactor treating
composite tannery wastewater, sludge from another laboratory-scale hybrid biore-
actor treating domestic wastewater, leachate from waste dumping grounds of two
local markets, and leachate content from two different points of a sanitary land-
filling site were collected. Apart from those, the leachate content from a bucket full
of bamboo and vegetable pieces mixed with 1 g of carboxymethyl cellulose was
also procured. Thereafter, 62.5 ml of soil solution each from the seven aforesaid
sources were incubated with 125 ml carboxymethyl cellulose and 62.5 ml phos-
phate buffer in seven different 250 ml conical flasks. The conical flasks were kept
closed using cotton plugging and placed in a bacteriological incubator at 40 °C for
seven days. It was observed that there was an appreciable growth in all the seven
conical flasks and subsequently these were centrifuged at 10,000 rpm for 10 min to
procure the clear supernatant content. This was done in order to obtain the enzyme
content from each of the aforesaid seven different sources.
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2.2 Determination of Enzyme Concentration

To determine the concentration of different types of enzymes, DI NITRO
SALICYLIC ACID or DNSA method was adopted. For each of the seven conical
flasks, having a particular type of enzyme content, three test tubes were taken. The
first test tube was used as a control tube, and the remaining two were used for
studying the enzymatic concentration. Each test tube was firstly filled with 500 µL
of phosphate buffer solution using micropipette followed by the addition of 1 ml
substrate solution. For cellulase enzyme, carboxymethyl cellulose was used as a
substrate. For amylase enzyme, starch was used. For xylanase enzyme, xylan was
used, and for pectinase enzyme, pectin was used. For carrying out the enzyme assay
method, 0.2 g of the respective substrate was added in 10 ml of commercially
available distilled water followed by the addition of 3 ml of DNSA. Thereafter, the
whole assembly of test tubes was placed in a boiling water bath for 10 min. This
was followed by measurement of the absorbance of the test tube content (for the
purpose of determining the enzyme concentration) via single-beam spectropho-
tometer at a wavelength of 540 nm.

2.3 Experimental Setup

The laboratory-scale setup was fabricated by arranging six buckets, each having
10 L capacities. The first containment had 8 L surface water (treated) and zero
volume of sludge, which was basically the enzyme obtained from the
laboratory-scale hybrid bioreactor treating domestic wastewater. The reason for
selecting the sludge from the laboratory-scale hybrid bioreactor treating domestic
wastewater source was the fact that maximum concentration of cellulase was
obtained from the said source compared to the other six sources. The second
containment had 300 mL sludge and 7.7 L of surface water (treated). The third one
had 600 ml of sludge and 7.4 L of surface water (treated). The fourth one had
900 ml of sludge and 7.1 L of surface water (treated). The fifth one had 1200 ml
sludge and 6.8 L surface water (treated). The sixth one had 1500 mL sludge and
6.5 L surface water (treated). Composite vegetable waste of 1 kg was filled in a
nylon bag and placed inside each of the seven buckets to undergo hydrolysis.
Figure 1 shows the schematic diagram of the laboratory-scale hydrolytic batch
reactor.

2.4 Characterization of OFMSW Under Composite Basis

For characterization purpose, different types of fruit and vegetable waste
(FVW) were collected and the following parameters were evaluated: specific

Enzymatic Application in Anaerobic Digestion (AD) … 293



gravity, loss of moisture, moisture content, fixed solids, and volatile solids.
Different biological parameters of the hydrolyzed fraction, such as chemical oxygen
demand (COD), mixed liquor suspended solids (MLSSs), and pH, were measured.
The COD measured was basically the soluble COD (sCOD) obtained after filtering
the raw sample. In addition, percentage reduction in volume (hydrolysis potential)
and concentration of the enzyme cellulase were determined by testing the leachate
collected from each of the eight nylon bags kept submerged in the eight different
buckets of water having varying enzyme (sludge) volume and 1 kg of composite
vegetable waste. Each of the aforementioned parameters was studied at 24 h
interval.

2.5 Analytical Study

For the purpose of monitoring the different parameters such as COD, MLSS, and
pH, the procedures described in the standard methods [19] were followed.

3 Results and Discussion

3.1 Characterization of Organic Fraction of Municipal
Solid Waste (OFMSW)

The characterization was carried out by using FVW. This was attributed to the fact
that a major portion of the generated OFMSW (over 60%) comprises of FVW.
The FVW procured was mixed up thoroughly, and a composite mass was obtained.
As mentioned, for the purpose of characterization, specific gravity, unit weight, loss
of moisture, moisture content, fixed solids, and volatile solids were studied. The
bulk density and specific gravity were measured by water displacement method.

Fig. 1 Schematic diagram of hydrolytic batch reactor
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The loss of moisture, moisture content, fixed solids, and volatile solids were
measured in accordance with the method adopted by Tchobanoglous et al. [20].
Table 1 shows the results of the characterization performed on five different days.

It was observed that the moisture content of FVW was in excess of 85% in
almost all the above measured instances. It is evident that for wastes with high
moisture content, adoption of stabilization techniques such as incineration and
composting, which involve external drying as a part of preprocessing the waste,
ultimately results in the overall waste stabilization process to be uneconomical. The
present study on characterization of FVW corroborates past results and justifies the
scope of selecting AD as the most appropriate technique to manage this sort of
waste. This is because AD can be regarded as the only process where the presence
of high moisture content in the waste can prove to be beneficial, since the rate of
hydrolysis improves with the increase in moisture content of the waste. In addition,
the presence of high percentages of volatile solid content in the waste results in the
occurrence of high-rate AD, which is considered as a major precursor to elevated
biogas production. However, in order for the AD process to be efficient, in terms of
biogas production, it has to be ensured that the rate-limiting hydrolysis step is
optimized to the maximum extent, mainly in terms of solubilization of the complex
substrates that are present in the FVW.

3.2 Determination of the Enzyme Concentration

For finding the concentration of the different types of enzymes collected from the
seven different sources, the aforementioned enzyme assay procedure was adopted.
The concentrations of cellulases, amylases, xylanases, and pectinases were deter-
mined with an increased emphasis on measuring the concentration of cellulases,
since it was easier to obtain in an increased concentration compared to the other
three enzymes. In addition, past studies on enzymatic hydrolysis have shown that
lignocellulose is primarily composed cellulose (38–50%), whose breakdown is
mainly caused by the enzyme cellulase. Table 2 shows the name of the enzyme
(cellulase), the collection point, the obtained concentration, and the volume of
samples used in the analysis.

Table 1 Characterization results of municipal solid waste

Day Specific
gravity

Bulk density
(kg/m3)

Loss of
moisture (%)

Moisture
content (%)

Fixed
solids (%)

Volatile
solids (%)

1 0.925–0.928 925–928 29.60–33.98 83.57–86.48 1.99–3.33 96.67–98.01

2 0.789–0.837 789–837 30.50–34.00 86.00–87.50 1.00–1.50 98.50–99.00

3 0.936–0.941 936–941 33.00–35.00 85.50–86.50 1.50–2.00 98.00–98.50

4 0.992–0.998 992–998 30.50–39.00 88.50 1.00–1.50 98.50–99.00

5 0.867–0.974 867–974 27.12–32.50 88.50 1.50 98.50
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As discussed earlier, a major percentage of the commingled OFMSW is com-
posed of lignocellulosic materials (leaves, grasses, papers, wheat straw, nutshells,
hardwood/softwood stems, sorted refuse, primary wastewater sludge, solid cattle
dung, etc.) whose primary component is mostly cellulose. Cellulase enzymes
extracted from the above-mentioned sources are responsible for catalyzing the
hydrolysis of the cellulose. However, the accessibility of the cellulase enzymes to
cellulose is affected by the relative composition of lignin and hemicellulose present
in the waste. It has been observed that the efficiency of hydrolysis via application of
cellulase decreases with the increasing presence of hemicellulose and lignin in the
waste. This demands the need for some sort of pretreatment technique (e.g.,
mechanical comminution) that ensures the removal of lignin and hemicellulose
besides reducing cellulose crystallinity [21]. In the present study, the collected
FVW was chopped into small pieces of size 20 mm by the use of kitchen knife.
This proved to be not only cost-effective but also avoided the loss of essential
biodegradable carbohydrates and removal of the non-biodegradable fractions that
are present in FVW.

3.3 Results of Hydrolytic Batch Study

Following hydrolysis, the following biological parameters of the hydrolyzed
products were studied at 24 h interval: pH, COD, and MLSS. In addition, the
percentage reduction in volume (hydrolysis potential) of the composite FVW

Table 2 Various sources of cellulase enzyme

Source of enzyme Name of
enzyme

Concentration of enzyme
(micromole/min/ml)

Volume of
sample
(microliter)

Leachate of Dhapa dumping
ground, Kolkata

Cellulase Almost nil 500

Hybrid laboratory-scale aerobic
bioreactor

Cellulase (i) 3.148 (without
centrifuge)
(ii) 1.486 (with
centrifuge)

500

Solution of soil collected from CA
Market, Salt Lake, Kolkata

Cellulase 1.5 (with centrifuge) 500

Solution of soil Collected from EC
Market, Salt Lake, Kolkata

Cellulase Almost nil 500

Leachate from wasted bamboo
pieces

Cellulases Almost nil 500

Leachate from vegetable pieces Cellulases (i) 0.25
(ii) 1.07

500

Carboxymethyl cellulose solution Cellulases (i) 0.15
(ii) 1.22

500
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fractions those underwent hydrolysis were also measured. Figures 2, 3, 4, and 5
show the variation of pH, COD, MLSS, and hydrolysis potential under different
enzyme concentrations, following hydrolysis of the composite FVW fraction.

The reduction in pH was mainly due to the formation of LCFAs and SCFAs. The
LCFAs are responsible for lowering the pH in the range of 4.0–4.5, whereas the
SCFAs start to produce from pH 5.0 onwards. It can be observed from Fig. 2 that
the initial (day 0) pH readings of all the sets of FVW fractions, which underwent
hydrolysis under different cellulase concentrations, were in between 7.0 and 7.5,

Fig. 2 pH variation curve under different enzyme concentrations

Fig. 3 COD variation curve under different enzyme concentrations
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suggesting slow degradation of the FVW fraction and the absence of LCFAs and
the SCFAs in the system. Again, it can be seen from Fig. 2 that the drop in pH
values below 6.0, for all the six sets of FVW, had occurred after 12 h from the onset
of hydrolysis. Hydrolysis of FVW, whose dominant fraction is carbohydrates
among other, occurs in between pH 4.0 and 5.0 [22]. As such, a similar trend can be
observed from the pH profile, shown in Fig. 2, after 36 h from the point of enzyme
addition/initiation of hydrolysis. The pH optimum to the occurrence of acidogenesis

Fig. 4 MLSS variation curve under different enzyme concentrations

Fig. 5 Variation of weight loss due to hydrolysis curve under different enzyme concentrations
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lies in between 5.0 and 6.5 [23, 24]. Similarly, the steady rise in the pH values
above 4.7, after 48 h from the onset of hydrolysis, suggests the activity of the
acidogens, which had started degrading the LCFAs produced during the hydrolysis
phase to SCFAs via acidogenesis.

Past studies indicate that inoculation of microorganisms plays a crucial role in
the initiation of the substrate breakdown [25]. In this regard, the enzymes secreted
by the inoculated microbes degrade the complex lignocellulosic substrates that are
present in the FVW. It can be observed from the COD profile, shown in Fig. 3, that
initially with the onset of hydrolysis the sCOD increased sharply, suggesting the
breakdown of the easily biodegradable fractions present in the FVW. Thereafter, the
sCOD values slowly decreased, suggesting the utilization of the produced sCOD by
the microbial species present in the buckets. At the end, however, there was again
an increase in the sCOD values, suggesting the possible degradation of the complex
fraction present in the FVW. The enzymatic action of the added cellulase may be
defined as the reason behind the sudden increase in the sCOD concentration after
the 30 h duration. It can be observed from the sCOD profile that the greater the
enzymatic concentration, the greater the extent of sCOD generation.

The “peeled”-off solids from the surface along with the particulate organic
matter from the FVW were responsible for contributing to the MLSS concentra-
tions. As such, it can be observed from Fig. 4 that the greatest MLSS concentration
was in the bucket with the highest enzyme concentration. With the progress of time,
the measured MLSS concentration for all the six buckets had increased. However,
the presence of inconsistent suspended solids in the sample during collection can be
the reason behind variable MLSS concentration, as observed.

The variation in weight loss due to hydrolysis, as shown in Fig. 5, suggests that
with the increase in concentrations of the cellulase enzyme the percentage reduction
in weight improved. The presence of lignocellulosic fraction in the FVW particu-
larly procured from the guesthouse kitchen of IIESTS led to the noticeable
degradation of the complex substrates in the later stages of the hydrolysis study, as
observed from Fig. 5. It is well known from past studies [26–28] that a certain
fraction of the usually cellulose-poor FVW is usually comprised of complex
organic C-chains, the breakdown of which necessitates either a strong enzymatic
action or other types of advanced pretreatment (thermal, chemical, mechanical)
strategies. The present study corroborated this principle by enhancing the degra-
dation of the lignocellulosic fraction with the addition of cellulase.

4 Conclusion

It is well established from various previously performed case studies by different
researchers that the hydrolysis step in an AD process (of OFMSW) is significantly
enhanced by addition of suitable enzymes such as cellulase, amylase, pectinase,
xylanase. In this regard, various cellulose-degrading microbes were earmarked from
seven different sources, and following culture of these microbes, the cellulose
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degrading cellulase was obtained and hydrolysis was carried out in varying cellu-
lase concentration. It was observed that the addition of the enzyme cellulase
resulted in significant increase in COD concentration of the treated waste and drop
in pH following hydrolysis, which is the rate-limiting step in AD. Thus, it can be
concluded that the isolation of the enzyme cellulase from the respective bacteria and
thereafter applying the cellulase onto the complex substrate (FVW) for their rapid
solubilization, prior to hydrolysis, can be suitable strategy to speed up the AD of
OFMSW. Similar to cellulase, studies involving amylase, pectinase, and xylanase
can be undertaken in the future.
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Significance of the Presence of Asbestos
in Construction and Demolition Wastes
in India

Richa Singh, J. M. Vivek, Bakul Rao and Shyam R. Asolekar

Abstract Construction and demolition (C&D) wastes, typically referred to as
“debris”, is continuously generated and is being seen as an urban nuisance in the
last three decades in the developing world, particularly in India. The unrestricted
use of asbestos has led to the generation of high levels of friable asbestos, which is
directly linked to mesothelioma, a form of lung cancer due to asbestosis. In the
Indian context, exposure to asbestos can be attributed to asbestos mining, asbestos
cement (AC) industries, asbestos product manufacturing and processing units and
renovation and demolition of old asbestos-cemented building roofs and other
insulation materials. A major portion of C&D waste comes from the demolition of
old buildings. The present study deals with the analysis of current patterns of
asbestos production, import and usage, thus examining, quantifying and forecasting
asbestos-containing C&D wastes. Weathered 30-year-old AC roof sheets and pipes
were analysed using analytical techniques such as scanning electron microscope
(SEM) fitted with EDX prime energy-dispersive analysis system. The study points
out that the asbestos fibres are encapsulated in cement matrix but the hazardous
characteristic of the chrysotile is not altered, and this can be a matter of great
concern as these fibres can be released into the atmosphere due to demolition
activity or ageing.
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1 Introduction

The rapid industrialization and infrastructural development in Asia during the last
few decades have resulted in the difficult task of finding means to manage the
tremendous amount of C&D wastes generated. The developmental expansion is
often derailed when a disaster strikes, causing causalities, loss of property and
livelihood, leading to economic and social pressures [1]. As the environmental
impacts from C&D wastes are gradually becoming a major bottleneck in the urban
solid waste management, it has become a vital need for the environmental regu-
lators to understand the C&D waste generation and handling. This will facilitate in
developing accurate statistics and thus creating sustainable techniques to manage
these construction wastes.

In this context, hazardous entities in C&D wastes such as asbestos have to be
addressed and proper management solution should be put into practice. Asbestos is
considered as an “industrial resource”, which has historically been used in manu-
facture of around 3000 products due to its durability, good tensile strength and
associated flexibility, low conductivity of heat and electricity, good mechanical
thermal stability and high absorbance capacity [2, 3]. In European nations, it has
been banned for most of its uses because of its unambiguous links to deleterious
health impacts in the form of “mesothelioma” and “lung fibrosis”, but it is still
widely used in Asian countries and other nations because it is effective, yet rela-
tively inexpensive. As per Indian bureau of mines, asbestos had an apparent
demand that was estimated to be 393,000 tonnes in 2011–12 and is expected to
touch 605,000 tonnes in 2016–17 (9% growth rate as per the report of the Working
Group for 12th Plan) [4]. The unique mineralogical characteristic of asbestos
minerals is their morphology or their crystallization property to form polyfila-
mentous bundles of fibre. The single fibrils developing into bundles of fibres tend to
have a property of forming elongated structures having small diameter. The
expansion of the long fibres is along an axis parallel to the entire bundle length. The
fibres get moulded in rare conditions when the crystallization takes place for certain
particular silicate minerals in numerous bundles of compact, flexible fibrils which
resemble vegetable fibres [5]. Chrysotile (hydrated magnesium silicate, 3MgO2

SiO2 2H2O) accounts for nearly 95% of all the asbestos that is manufactured and
widely used in diverse industrial applications, owing to its properties such as easily
woven, easy to blend in and add to other inorganic substances and polymeric
complexes to develop composite substances or products [6, 7].

Besides its useful properties, it is an established carcinogen [8]. The major havoc
arises when the asbestos-containing materials (ACMs) undergo the dry cutting with
abrasive equipment when an old building is being demolished. As per the definition
of World Health Organization (WHO), the existing regulations focus on long
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asbestos fibre (LAF) (Length: L � 5 lm, Diameter: D < 3 lm and L/D ratio > 3).
Nevertheless, in a recent study on air quality of buildings having asbestos-
containing materials (ACMs), the air samples had a concentration of � 10 fibres
L−1, mainly, short asbestos fibres (SAFs) [9]. Exposure to these microscopic
asbestos fibres occurs through inhalation principally from contaminated air in the
working environment, as well as from ambient air in the vicinity of point sources, or
air from indoor locations (houses and buildings) [10]. Lack of adequate identifi-
cation technology has led to the massive dumping of asbestos-containing C&D
wastes along with the typical construction wastes or wastes generated from
households. This may lead to long-term public health hazards. The need of the hour
is in addressing the huge volume of untreated or unprocessed asbestos wastes
(AWs) in the developing countries. The major obstruction is the inadequate waste
treatment systems in such countries. Also, there is no stringent regulation for
recycling and final disposal of C&D wastes in developing countries. Asbestos
demand is massive and is currently approximated to be 2,000,000 tons per year
globally, which was an alarming development over the last 120 years [3]. In India,
activities such as asbestos mining and processing, asbestos cement
(AC) manufacturing, restoration and demolition of the age-old asbestos-contained
cement roofs or any other constructions as well as repair and dismantling of various
asbestos-containing equipment, both mechanical as well as electrical, open up
pathways of exposure to asbestos. Eventually, the workers involved in these
above-mentioned activities as well as others getting exposed to these friable
asbestos often encounter severe damage to the lung and respiratory tract [2]. There
are a number of studies conducted by various researchers which has advocated the
hazardous impacts of asbestos on living beings. Studies have identified stabilization
processes which can minimize the threats of asbestos-containing waste (ACW) by
entrapping the friable material in a composite matrix of cement or resin. Few
studies have reported treatment techniques which can alter the fibrous nature of
asbestos. This will help in transforming the fibre matrix into a substance of inert
nature [11].

2 Potential Health Hazards

Asbestos waste is generally categorized into two types: one tailings originating
from the mining of asbestos as well as the process of manufacturing asbestos-based
products such as roofing sheets and the other generated from the demolition of the
buildings/equipment constructed out of materials containing asbestos [12].
Furthermore, the health hazard by ACWs generated at the end of life of buildings/
equipment, or after natural calamities like earthquakes often not given due con-
sideration. Simultaneously, heaps of AW generated from mining of asbestos as well
as construction activities are still discarded unscientifically due to lack of proper
management and supervision. There are various reasons for these actions which
may include the absence of ample management from the local regulatory bodies and
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inadequate treatment technologies [13]. As per the reports of WHO (2014), on an
average, 107,000 people die every year from diseases occurring due to exposure to
asbestos which includes mesothelioma, lung cancer and asbestosis. Asbestos is a
well-known dust carcinogen and should be taken very seriously by building
deconstructing individuals or agencies. Many studies have claimed for the car-
cinogenicity of asbestos fibres [14–16]. Asbestosis is a condition of diffuse inter-
stitial fibrosis caused to the lungs triggered by inhalation of dust particles of
asbestos. It is assumed to be related to the pleural fibrosis, but the pleural disease
cannot be believed to constitute the asbestosis condition alone [17]. The amphiboles
constitute major types of asbestos which include chrysotile (white), crocidolite
(blue) and amosite (brown). All these types of asbestos minerals have the capacity
to induce asbestos-related diseases, but the amphiboles are considered to be more
carcinogenic than the chrysotile form of asbestos mineral.

3 Sources of Asbestos Wastes Generation

India is rising as the primary consumer of asbestos after China, whereas the
developed world has imposed ban on most of its uses. There are around 25 asbestos
mines in India, which are in vigorous operation. Approximately 3000 tonnes/month
is the production rate of these asbestos mines in India. In addition, the quantity of
asbestos imported from Canada to India is nearly more than 70% [18]. As per US
geological survey report (2003) in a span of 100 years (1900–2003), around 182.2
million metric tonnes of asbestos was mined out. In present epoch, the major
producers and exporters of asbestos are Russia, China, Brazil and Kazakhstan. The
main targeted export countries are the low- and middle-income countries, where the
health, safety and environment regulations are weak or do not exist [19]. Asbestos
imports to India are in excess of 300,000 metric tons/annum as per US geological
survey report [20]. The asbestos cement industry is the major consumer of asbestos
in India. From 2010 to 2011, the consumption of asbestos dropped by 36% in India.
407,000 MT was the asbestos consumption in 2010 which declined to 303,000 MT
in 2011. This can be owed to the growing awareness among public about the
hazardous nature of asbestos. This can be assumed as a progressive step towards
asbestos management, yet this is not enough to minimize the potential health
hazards due to asbestos fibres [21]. This paper focuses mainly on C&D wastes, as
infrastructure sector is often undergoing rapid transit to consume more and more
resources and produce magnanimous quantities of wastes. The average lifetime of a
building is 40–50 years, and the old-age building particularly in developing
countries like India had employed low-cost lightweight durable asbestos and
asbestos-containing construction materials during the Victorian era. As stated ear-
lier, since the life has expired for such buildings, it is expected that the dismantling
and disposal of such buildings will give rise to asbestos pollution. Moreover in the
latter half of the twenty-first century, it has become a common practice to venture
upon the new innovative lightweight sustainable materials for construction thus
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using asbestos for AC cement products. Thus, new avenue of pollution has been
opened upon by this product. Its disposal at a later stage is going to be an issue of
serious concern. Huge volumes of AWs are produced while old buildings are
demolished, creating hazardous waste debris. In the construction industry, asbestos
is generally found in installed products such as cement corrugated sheets, pipe
insulation, floor tiles, cement pipe and sheet, roof and exterior walls and shingles,
boiler vessels, interior wall panels. These days, asbestos is widely used as a major
component in corrugated roofing sheets. Workers get exposed to carcinogenic fibres
during the removal of ACM and the renovation and maintenance of buildings and
structures containing asbestos. Various sources of asbestos waste generation in
India can be broadly classified into three categories (Fig. 1):

• Construction and demolition of old buildings;
• From industrial operations; and
• From ship dismantling.

All asbestos slates are manufactured with a composition of about 90% cement
and 10% chrysotile (white asbestos) [22]. That is why a huge amount of ACW is
produced during demolition of asbestos roofs (Fig. 2). The huge quantum of
asbestos consumption in various industries such as textile, cement and automotive
parts manufacturing plants also produce a considerable amount of waste residues
which is termed as asbestos-containing wastes. Wastes majorly include asbestos

Fig. 1 Sources of asbestos wastes from different sectors
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residues, discarded asbestos, used asbestos break liner, asbestos cement, corrugated
sheets. In a study conducted by Dave and Becket [21], it was reported that there are
approximately 673 small-scale asbestos mining and milling units and 33 large-scale
asbestos manufacturing plants (17 AC product manufacturing plants and 16 other
than AC product plants) in India. A considerable fraction of asbestos-containing
wastes is generated by ship recycling and dismantling sector also [23].

Production and processing of asbestos industry are organized as follows: the
initial step of the process is mining of the asbestos ore, followed by milling to
ensure a homogeneous product which is then distributed to other primary units/
industries. In the primary units/industries, the raw asbestos fibre is processed further
and modified to produce an intermediate or finished good/product. A final pro-
cessing of the product may be required to obtain the finished product. These fin-
ished products are then brought to the market and put for sale to consumer
industries which may then apply, mount/install or utilize the obtained product
without any further alteration. In all of the above-mentioned activities, there are
chances of release of enormous amount of asbestos fibres in the working envi-
ronment. The unique properties of asbestos as discussed earlier make it a preferable
commercial product in regions where the production is in huge quantities. Asbestos
has been used for making building materials which are fireproof which includes
products like roof sheets, cement pipe or ceiling tile and other long-lasting cement
products and insulation materials [21]. An illustrative representation of
source-classified AW and ACM has been presented in Fig. 3.

Fig. 2 Asbestos in construction and demolition wastes
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4 Analysis of Construction Materials and Results
Obtained

Asbestos cement roof sheets and pipes were analysed by using scanning electron
microscope, and quantification of chrysotile present was estimated for calculating
the quantum of asbestos-containing construction and demolition wastes. The
sample was collected from demolition sites. The collected sample was crushed
uniformly using a hammer. A very small amount of crushed sample was subjected
to ultrasonic treatment for 1 min allowing a uniform dispersion of the fibres.
A single drop was then pipetted onto a carbon film and allowed to dry. The sample
was coated with titanium for around 200 s and observed under Field Emission
Gun-Scanning Electron Microscope (FEG-SEM) fitted with an Energy-dispersive
X-ray (EDX) analysis system.

In an EDX system, the electrons are made to focus into a small area of the
asbestos fibre. The generated electrons in the beam interact with the targeted
material inside the probe which leads to the emissions of X-ray. Some of these
emissions are caused because of the interruption of the electrons in the atomic shells
of an atom. This leads to the release of a quantum of energy in the form of X-ray
which is distinctive feature of a particular element. Thus, the transitions of electrons
happen within the atom. A graph of X-ray energy (in KeV) versus frequency of
occurrence is plotted on the basis of EDAX technique of measuring energy of
X-rays produced. The EDAX spectrum is characteristic of the number of typical
X-ray peaks which is associated with the compositional elements of the matrix
under analysis.

The fibres in all the bulk samples of construction material (asbestos roof sheets)
were found to have the distinctive morphology of “chrysotile asbestos” (Fig. 4).
When viewed at higher magnification, the extremely fine fibrils exhibited the
peculiar “tubular structure” which is usually associated with the chrysotile fibres.
There was no indication of alteration to the surface. The single fibres when sub-
jected to analysis by EDX system showed the chemistry which was comparable to
the reference standard of fibres of chrysotile studied in previous literature (Fig. 5). It
can be inferred that the fibres are encapsulated in cement matrix but the hazardous

Fig. 3 Use of asbestos products in primary, secondary and consumer industries
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Fig. 4 Chrysotile fibre bundle projecting from a broken segment of the asbestos cement sample
(scanning electron microscopy image at magnifications 850, 2200, 10,000 and 16,000X). Fine
cement particles and larger pieces of matrix material can also be seen

Element Weight% Atomic% 
C K 9.87 15.41 
O K 48.8 57.21 

Mg K 15.4 11.88 
Al K 1.4 0.97 
Si K 15.93 10.64 
S K 0.64 0.37 

Ca K 6.36 2.98 
Fe K 1.62 0.54 

Totals 100 

Fig. 5 EDS peaks and quantitative elemental analysis of construction material sample
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characteristics of the chrysotile are not altered, and this can be a matter of great
concern if these fibres are into atmosphere due to demolition activity or due to
ageing.

The analysis undertaken showed that the asbestos cement contained fibres of
chrysotile and can potentially release chrysotile asbestos fibres in the environment
when adequately disturbed. However, it is also reported that the Portland
cement-based products like concrete and mortars can undergo deterioration due to
attack from chemical agents, stresses by mechanical effects such as freezing–
thawing, transportation, stockpiling, excessive loading and unloading cycles,
exposure to natural forces like wind, moisture, heat or other environmental dis-
turbances. Similarly, the fibre-cement corrugated made of asbestos fibres can also
undergo deterioration which may lead to the release of these fibres [24]. The
leaching of water can also lead to the weakening of the cementitious matrix of
fibre-cement corrugated sheets. Few literature studies also suggest the leaching
effect of Portland cement-based materials. It is a well-recognized fact that this
mechanism of corrosion of the system can lead to a weakened composite structure.

It is evident from the analysis that a considerable amount of chrysotile is being
used in the manufacture of cement corrugated sheets. These sheets (or other con-
struction material made up of asbestos) when demolished after completion of their
lifespan or due to climatic impacts will release hazardous chrysotile fibres into the
environment and generate a massive quantum of wastes containing asbestos which
comes under construction and demolition (C&D) wastes; considered as a major
urban nuisance in the present era. Therefore, it has become very imperative to
device various methods through which the exposure to the workforce to hazardous
asbestos fibres could be minimized as well as for various technologies which can be
used for conversion of asbestos-containing wastes into some useful products
(construction products, as the fibres have high tensile strength and durability).
Quantitative analysis of the sample showed the presence of major components such
as magnesium, silicon, aluminium, calcium and iron.

5 Inventorization of Asbestos-Containing C&D Wastes
in India

Method for predicting and quantifying the asbestos wastes generated from C&D
sector involved review of the literature presenting patterns of asbestos-apparent
consumption as well as review on documents from UN agencies, national agencies
and NGOs on asbestos production and usage. The inventorization was mainly done
with regard to wastes generated by demolition activity. For ACW generated from
demolition of old buildings, the quantum of ACW was calculated by taking into
account the apparent consumption of chrysotile asbestos in India. The consumption
data were collected from US geological survey. Assuming that all the asbestos were
utilized to make construction materials (considering the asbestos content as 20% in
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the bulk material), the asbestos wastes were generated at the end of the service life
(considering 15 years adopted from the literature). The quanta of AW produced in
the region can be calculated by Eq. (1) given by Li et al. [12].

Qn ¼ Cn�15

k
ð1Þ

where Qn quantity of asbestos waste in year n
Cn-15 consumption of asbestos in year n-15
k an approximate rate of asbestos-containing materials
The quantity of asbestos-containing hazardous wastes can be projected in the

coming years using the above-mentioned assumptions (presented in Table 1). It is
found that there is regular increase in the consumption of asbestos from the year

Table 1 Asbestos consumption in India and projection of asbestos wastes generated

Year Production
(in MT)

Import Export Apparent
consumption

Rate of
ACM

Year of
waste
generation

Quantity of asbestos
waste
generated (in MT)

1950 221 10,957 8 11,160 20 1965 558,000

1960 1,711 21,967 26 652 20 1975 32,600

1970 10,056 39,766 30 49,792 20 1985 2,489,600

1975 20,312 41,514 – 61,826 20 1990 3,091,300

1980 33,716 63,176 – 96,892 20 1995 4,844,600

1985 29,450 78,075 – 107,525 20 2000 5,376,250

1990 26,053 93,165 254 118,964 20 2005 5,948,200

1995 23,844 91,909 14 115,739 20 2010 5,786,950

1996 27,180 84,378 275 111,283 20 2011 5,564,150

1997 25,537 83,356 282 108,611 20 2012 5,430,550

1998 20,000 109,036 348 128,688 20 2013 6,434,400

1999 21,000 115,220 172 136,048 20 2014 6,802,400

2000 21,000 124,433 403 145,030 20 2015 7,251,500

2001 21,000 130,291 1129 150,161 20 2016 7,508,050

2002 18,000 150,461 169 168,292 20 2017 8,414,600

2003 19,000 175,581 2548 192,033 20 2018 9,601,650

2004 18,000 – – 190,000 20 2019 9,500,000

2005 19,000 – – 255,000 20 2020 12,750,000

2006 20,000 – – 240,000 20 2021 12,000,000

2007 21,000 – – 302,000 20 2022 15,100,000

2008 20,000 – – 310,000 20 2023 15,500,000

2009 – – – 322,000 20 2024 16,100,000

2010 – – – 407,000 20 2025 20,350,000

2011 19,000 302,915 −112 321,803 20 2026 15,150,000

2012 – – – 473,000 20 2027 23,650,000
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1950 to 2012 [20, 25–45], thereby a considerable increase in generation of asbestos
wastes too.

On the basis of asbestos consumed per annum in India (data obtained from US
geological survey), the quantity of asbestos wastes has been projected as illustrated
in Fig. 7. There is a continuous increase in the asbestos wastes produced with
increasing consumption. In the year 2015, it has been estimated that the quanta of
ACW generated is 7,251,500 MT.

6 Management of Asbestos-Containing C&D Wastes

Recycling of wastes and converting them into secondary raw materials in concrete
industry is one of the basic principles of the circular economy and green concrete
concept. This has become a major area of research due to the adverse environmental
impacts associated with concrete industries and growing global interests in sus-
tainable approach of resource consumption. Recycling asbestos-containing C&D
wastes as a secondary raw material (SRM) as a replacement for cement in concrete
is the need of the hour, due to its physical properties such as high tensile strength
and durability [46]. This has shown viable recycling prospects for this range of
hazardous wastes. In thermal treatment studies, simultaneous destruction of the
fibres of asbestos and subsequent release of reactive MgO were reported. This
method is found to be highly profitable in terms of energy usage as well as con-
serving natural resources. In few studies, ACW was used in the production of
magnesium phosphate cements. The samples were mixed uniformly with magne-
sium carbonate and subjected to thermal conditions of 1100–1300 °C. The treat-
ment of ACW consisted of the complete and permanent conversion of the
hazardous fibres of asbestos and the possibility of recycling and reusing of these

Fig. 7 Quantity of asbestos waste projected in coming years
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materials as SRM in various industrial applications [47]. Microwave thermal
treatment studies on asbestos have exhibited the conversion of the fibres into
non-hazardous silicate phases. As reported in some literature, the
microwave-enabled inertization of asbestos-containing waste (ACW) and its use in
ceramic bricks, porcelain stoneware tiles and porous single-fired wall tiles has also
been conducted [48]. The energy-intensive milling process of asbestos cement
wastes results in powdered product which can effectively be reused for making
various range of building products [49]. Destruction or immobilization of hazardous
characteristic of AW through chemical–physical transformations, such as
mechano-chemical treatment, vitrification process, recrystallization process,
hydrothermal technique, and the recycle/reuse of the altered material as SRM
ensures a lesser environmental footprint and minimizing the use of naturally
occurring raw materials. Asbestos-containing material (ACM) being transformed
into SRM will offer sustainable recycling methods. There are plenty of literature
available wherein inert ACM-derived SRM used for multitude purposes.

• The product formed as a result of thermal transformation of AC may be utilized
as a secondary raw material of great importance, which has Mg-rich clinker-like
chemical properties [50].

• The pozzolanic property of treated asbestos-containing wastes (roof sheets) was
studied, and it was found suitable to be used as construction material [49].

• Study done on asbestos tailings claimed that they lack heavy metals and hence
less toxic pollution. Therefore, these tailings can be utilized as aggregate
material for building purposes [51].

• A variety of building materials which include glass, glass-ceramics, ceramic
pigments, clay bricks, plastic materials has been successfully made out of
products of transformation of cement-asbestos.

• Similarly, asbestos tailings can be recycled and can be applied as strengthening
filler material which can enhance themechanical properties of polypropylene [52].

• Inactivating AC wastes by thermo-chemical processes and utilizing the mineral
residues in a wide range of products made out of cement were conducted by few
researchers. It was found that strength parameters like mechanical strength and
tensile stress of products incorporated with the SRM up to 10 %wt.

Analogous works on conversion of different types of hazardous wastes into
advanced construction material are reported by many researchers. One such classic
work involves the use of jarosite wastes generated by zinc metallurgy industries
which was blended with other waste products such as coal combustion residue and
marble processing residues and finally converted into construction bricks [53].
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7 Conclusion

As reported in this study, there is a continuous increase in the asbestos wastes
production, with an increasing consumption rate over the years. In the year 2015, it
has been estimated that the quanta of ACW generated is 7,251,500 MT in India.
This study revealed that C&D wastes account for a major portion of the asbestos
waste in India. Another large fraction of the asbestos waste comes from the ship
dismantling industry. The source of a major portion of the asbestos waste is as yet
unidentified. A proper methodological framework is needed to provide a practical
assistance to the construction and demolition waste managers and handlers to
minimize the potential risk of exposure to asbestos waste. When buildings are torn
down, workers, neighbours and the environment may be exposed to hazardous
fibres. In European countries, there are regulations and norms for collection, dis-
posal and recycling of C&D wastes but in India and other developing nations there
is lack of solid waste regulations particularly for dealing with hazardous entities of
C&D wastes, due to which a major portion of asbestos wastes remains unidentified
and hence unattended. Therefore, it is advisable to label the buildings and/or its
components prior to the activity of demolition. Sampling in a large pile of
heterogeneous building debris is much more complicated as compared to a standing
structure. In addition, sampling before demolition activity will help in identifying
and removing specific constituents (such as siding with lead paint, asbestos) that
may be designated as hazardous wastes.

A major portion of asbestos wastes in India remains unidentified, and rest of the
wastes fraction, which is generated from ship dismantling sector and asbestos
product manufacturing industries, is disposed through landfilling as per the CPCB
norms and Hazardous Waste (Management, Handling and Transboundary)
Rules-2008. Keeping in mind the integrated approach of wastes management, it is
required to work on various recycling technologies for asbestos wastes in order to
process and convert them into some constructive material and minimize the health
risk to the population.

Acknowledgements Authors acknowledge the co-funding from Department of Science and
Technology, New Delhi, and Indian Institute of Technology Bombay for this work.
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Development of GIS-Based Optimization
Method for Selection of Transportation
Routes in Municipal Solid Waste
Management

Sameer Singh and Sailesh N. Behera

Abstract The municipal bodies in Indian megacities are facing several problems to
maintain a good management practice with the massive solid wastes generated at all
corners of large cities. This unique study used inbuilt optimization techniques and
self-modified algorithms of the network analyst tool in the platform of Geographical
Information System (GIS) to propose the optimized paths for municipal solid waste
(MSW) collections at Kanpur, India. The input parameters used in modeling
exercise were geographical location of waste points, existing road network, pro-
posed transport routes, and locations of the dumping yards. The zone with eighteen
wards having thirty-three locations for collection and two transfer stations for
disposal of MSW was used as a test bed for the simulation exercise. All the
locations were modeled separately to find respective optimized collection routes for
solid waste management. This study found the reductions in haul distance as
27.78 ± 10.2% for the selected network.

Keywords Municipal solid wastes � Route optimization � ArcGIS
Hauling distance � Waste collection points � Disposal sites

1 Introduction

In recent years, different optimization techniques such as network analysis tool,
optimization software, and self-modified algorithms are frequently used by the
researchers to solve the complex route network problems arising in collection and
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disposal of municipal solid waste (MSW) in urban environments [1–3]. The reg-
ulatory bodies, municipal authorities, and practicing engineers have been putting
enormous efforts to improve the current scenario of municipal solid waste man-
agement system in which the cost of maintenance would be reduced [4]. From the
recent report on MSW, it is clear that US $410 billion is spent every year across the
world [5] for management of wastes of four billion tons MSW in both urban and
rural sectors [6]. The cost of transportation management of MSW constitutes 50%
of the total expenditure in the cities of developed countries and 85–90% in the cities
of developing countries [7, 8]. During this decade, it becomes a challenge for the
administrative authorities to optimize the resources meant for management of
wastes in a city. Hence, necessary improvements in the existing practice are
required to provide a system that can optimize the routine work of the municipal
solid waste management to save the cost and time.

In the past, several studies have modeled the transportation paths of municipal
solid waste management to propose the routes of collection from user ends to
disposal sites that can reduce the cost of management [1, 2, 7, 9–13]. Specifically,
Apaydin and Gonullu [10] used the GIS platform that utilized the Route View
ProTM software as an optimization tool in Trabzon city, Turkey, with area of
40 km2. By applying this method, Apaydin and Gonullu [10] reported a reduction
in distance meant for collection of wastes in the range from 4 to 59%. Karadimas
et al. [11] modeled the transportation path using ant colony system algorithm at
Attica’s prefecture (a suburb of Athens) and reported a reduction in collection tour
length by 25.6%. Singh et al. [2] proposed Dijkstra’s algorithm-based optimization
model at Kanpur city through testing for eight waste points connected in a mesh
network, and the results obtained had shown a reduction in traveled distances in the
range from 12 to 15%. Although the above-mentioned studies have proposed the
informatics system based models for optimization of collection routes, finding
the optimal path for the directed route network on user-friendly platform is lacking
in literature. To fill the knowledge gap in the literature and propose a modeling
technique that addresses the optimization method for collection routes in a larger
city, this unique study has aimed at identifying the optimal routes for transportation
of MSW in the platform of ArcGIS.

Similar to other cities in North India, Kanpur (26°26ʹ52ʺ N, 80°20ʹ46ʺ E) is
facing several challenges for a proper solid management practice. To conduct this
research, Kanpur was considered as the study domain, and out of six zones, the
zone with eighteen wards having twelve locations for collection of MSW was
treated as the test bed for the modeling exercise. The specific objectives of this
study were: (1) map digitization and production of digitized information on GIS
platform through various steps including base map generation and production of
thematic layers; (2) identification of zones and collection points in the digitized map
and later these digitized information to be used in modeling exercise; (3) setting up
GIS-based modeling technique for route optimization from collection points to
disposal sites meant for solid waste management; (4) model validation through
relevant approach; and (5) model application with the same purpose from model
setup expanding in other routes or collection paths.

320 S. Singh and S. N. Behera



2 Characteristics of the Study Area

2.1 Existing Solid Waste Management Practice

Kanpur is the 75th largest city in the world and also is the center of commercial and
industrial activities, sprawling over an area of 605 km2 in the state of Uttar Pradesh,
India. The municipal corporation of Kanpur covers an area of 302 km2 [14] and has
the responsibility to manage 1600 tonnes of generated waste per day [15].
According to census 2011, the population of entire city was 5.03 million (605 km2)
which is increasing rapidly. The average rate of solid waste generation in munic-
ipality of Kanpur is about 0.623 kg per capita per day [16]. Kanpur city is
administratively divided into 6 zones and 110 wards with a ward population
ranging from 19,000 to 30,000. There are 203 active collection points in several
wards of six zones [14]. A fleet of 132 vehicles and 3000 municipal workers is
employed in collection and transport of the solid wastes generated in the city. These
vehicles are only allowed to transfer the generated solid waste to an authorized site,
which is situated in the periphery of the city [14]. The total expenditure for
improving solid waste management was 43.25 crore during 2006–2011, and it is
expected that this budget will be increased during subsequent years due to increase
in quantity of generated solid wastes [17]. Table 1 provides the details of collection
and transportation facilities in six zones. A total of 70 municipal trucks and 535
waste collecting rickshaws are collecting the daily generated waste in different
wards of six zones in urban Kanpur.

2.2 Population Growth in Kanpur

The annual growth rate during 1951–1971 at city-level population was 1.6%.
Similarly, the annual growth rate was 1.2% during 1971–1991. However, during
1991–2001 the growth rate was substantially higher compared to the previous

Table 1 Details of collection points and transportation facility in Kanpur

Zone
name

Number of
wards

Number of collection
points

Municipal
trucks

Rickshaw

Zone 1 18 41 10 55

Zone 2 18 42 14 90

Zone 3 18 24 10 110

Zone 4 18 20 10 70

Zone 5 19 33 14 130

Zone 6 19 43 12 80

Total 110 203 70 535

Source [14]
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decades. Hence, population data during 1991–2011 were considered to estimate the
annual growth rate for this study. Figure 1 shows the trends of population data
based on decadal scenario.

2.3 Composition of Generated Solid Wastes

The composition and characteristics of MSW are presented in Fig. 2 based on
reported data from [15, 17, 18] during 1988, 1999, and 2014, respectively. The
trend shows that quantity contributions of paper, textiles, plastics, and inert wastes
increased substantially during 2014 compared to 1988 (see Fig. 2). The composi-
tion of waste was usually defined by the weight of solid waste and can be influ-
enced by economic development, geographical location, energy sources, and
climate.

Fig. 1 Population growth versus decadal growth rate in Kanpur

Fig. 2 Change in the solid waste characteristics of Kanpur
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2.4 Change in Solid Waste Management Trends

During the late 1970s, the tendency of people of Kanpur toward the disposal of
solid waste was to dump it on disposal sites with utmost priority. There were no
efforts initiated to reduce, reuse, recycle, and treatment of wastes due to lack of
awareness. However, during recent years, the hierarchy of waste management has
been changed in a reverse order, as summarized in Fig. 3. Because of fast growth in
population and land scarcity, the researchers and public bodies are searching for
alternative methods on solid waste management that can reduce the volume of
wastes from the generation points at street levels.

3 Methodology

In this study, the GIS-based methodology followed three steps for achieving the
optimized outcomes. In the first step, the thematic layers for the location of col-
lection points, transfer stations, administrative boundary, zonal boundaries, and
road network consisting both major and minor roads were created in GIS interface,
representing the current scenario and trends in the city (see Fig. 5). For this step, the
location of waste collection points is taken as the centroid of ward by allocating
the coordinates of ward area and symbolized by circular feature and in red color.
The road network consists of both major and minor roads of study area which are
symbolized by line features, in brown and red color simultaneously. The waste
transfer station is marked as black color and symbolized by triangular features,
assumed to be on the corner of zonal boundaries.

In the second step, the computations were carried out by using GIS-based net-
work analyst tool, to identify the optimal route lengths in the study network. This
tool contains inbuilt optimization techniques named as Dijkstra’s algorithm [19],
which is a greedy algorithm and solves the single-source shortest path problem
when all edges have nonnegative weights. The evaluation of generated results

Fig. 3 Change in organization structures of the solid waste management pyramid
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obtained from inbuilt ArcGIS network analyst tool based on Dijkstra’s algorithm
approach has been performed (Fig. 4).

For optimization purpose, this tool was applied in this study, considering the
starting node as ‘s’ and the destination node as ‘d’. After selecting the ‘solve
feature’ in the ‘network analyst tool’ of ArcGIS, the shortest route between the
nodes was calculated, and subsequently, this information was displayed on the
interface. In third step, the validation of generated results was verified manually by
following the steps of Dijkstra’s algorithm. The detailed description on all these
steps is mentioned in the flowchart presented in Fig. 5.

3.1 Uniqueness of GIS for This Study

The GIS is a platform which allows its user to capture, store, manage, analyze, and
manage a large volume of spatially or geographical reference data collected from
various sources [7, 21]. The GIS enables the reader to visualize and interpret the
data for better understanding of relationships and patterns in a user-friendly manner
[12, 13]. The optimization technique within the ArcGIS is based on Dijkstra’s
algorithm [19] which estimates the shortest route from a single source to rest of the
sources in a network. This algorithm is often used in routing and as a subroutine in
other graph algorithm in a complex routing network; the algorithm identifies the
optimized route between the sources vertex to every other vertex [20].

Fig. 4 a Kanpur administrative boundary. b Zonal boundaries. c Location of collection points and
transfer stations. d Major and minor roads
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3.2 Inbuilt Optimization Techniques
in Network Analyst Tool

To find the optimized distance in a network, the algorithm follows various steps as
follows: It first assigns the zero distance value to starting node ‘s’, labels it as
permanent node, and assigns a distance value of infinite to other nodes ‘d’, marked
them as ‘temporary nodes.’ After that, all other distance values are updated in set of
temporary labeled nodes ‘J’ that can be reached from the current node [22–24].

Fig. 5 Summary of sequential steps used as the methodology in this study to provide optimized
haul distance of the selected network
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For each link among the network, the new distance value of nodes is updated using
the following expression:

Nd ¼ Min Dj; ðDi þ CijÞ
� � ð1Þ

where Nd is the new updated distance, Dj is the distance of nearest node before
updating, Di is the current distance of node, Cij represents the distance of existing
link, ‘i’ is the index current node, and ‘j’ is the index of temporary node. By using
Eq. (1), the new distances are updated in a set of temporary nodes. This process
continues until all nodes reached from starting node, marked as permanently
labeled, and the updating process has to be stopped. Otherwise, it further directs the
updating process following Eq. (1) for the remaining nodes in a network. The
primary data included were map layers of different utilities of the study area.
The layers were boundary map, road network, location of collection points, and
transfer station. The data contain both spatial and attribute information.

The following network having six nodes connected by directed lines with
assigned distances gives the details of several steps between each iteration of the
Dijkstra’s algorithm (Fig. 6). In the specified network, the shortest route from the
starting node (1) to all other nodes can be found by tracing back predecessors
represented by bold arrows, while the cost of path is noted above the nodes.

Each node was processed exactly once according to an order that was being
specified below. Node 1 (i.e., origin node) was processed first. A record of the nodes
that were processed was kept, named it as Queue (Table 2). So, initially
Queue = {1}. When node k was processed, the following task was performed: If the
path’s cost from the origin node to j could be improved including the vertex (k, j) in
the path, then an update followed both of new cost and Predecessors [j] with k,

Fig. 6 An example that gives the details of several steps between each iteration of Dijkstra’s
algorithm [20]
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where j is any of the unprocessed nodes and Distance [] is the path’s cost from the
origin node to j. The next node to be processed was the one with the minimum
Distance []; in other words, it was the nearest to the origin node among all the nodes
that were yet to be processed. The shortest route was found by tracing back
predecessors.

4 Results and Discussion

To achieve the objectives of this study, a selected part of KMA was considered with
the area of 80.9 km2, involving 39 routes connecting the centroid of thirty-three
wards and two transfer locations. The GIS provided the detailed information on
road network connectivity among different study points. After applying ArcGIS
‘network analyst tool,’ and giving the starting nodes, i.e., various wards one by one,
and the destination node, i.e., the transfer station 6 (TS6) and transfer station 5
(TS5), the algorithm identified the shortest path and provided the same on a GIS
map, along with route distance, for each of the desired links. The optimized routes
generated from this approach were compared with the current routes that measured
distance between individual ward to disposal site at TS6 and TS5. For each ward,
the current route length was estimated in the ArcGIS-optimized route length. The
detailed information of each of the links generated from the current approach is
presented in Table 2.

The ArcGIS network analyst tool was applied by making the ward number 7 as a
starting point and transfer station 6 (TS6) as a destination as shown in Fig. 7 and for
the ward number 83 to transfer station (TS5) as shown in Fig. 8. The shortest route
between TS6 and centroid of ward number 7 was found as 6.4 km (optimized
distance), compared to 8.3 km (existing route distance) that is practiced by
municipal vehicles for transportation purpose. Simultaneously, this process was
applied on the waste collection point of thirty-three wards and two transfer stations
(TS5 and TS6) to find the shortest route distances among the selected network of
study area as mentioned in Table 3. The ArcGIS-optimized route showed the

Table 2 A record, named as queue, with all processed nodes

Distance Predecessors

Queue Next node 1 2 3 4 5 6 2 3 4 5 6

1 2 – 2 4 ∞ ∞ ∞ – – – – –

1, 2 3 – – 3 6 4 ∞ – 2 2 2 –

1, 2, 3 5 – – – 6 4 ∞ – – – – 5

1, 2, 3, 5 4 – – – 6 – 6 – – – – –

1, 2, 3, 5, 4 6 – – – – – 6 – – – – –

1, 2, 3, 5, 4, 6 – – – – – – – – – – – –
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weighted average saving of 27.78% of the total haul distance (km) in a study
network, connecting the centroid of thirty-three wards (as a starting location) and
two transfer stations as well as among the centroid of wards (as a destination points)
in a mesh network.

Fig. 7 ArcGIS-optimized route from the ward number 83 to TS5 and ward number 7 to TS6

Fig. 8 ArcGIS-optimized route from the ward number 94–52 and 104–74
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5 Conclusions

This study presents an image processing technique that utilized the information of
MSW management to propose the optimized transport paths for collection of wastes
from end users to disposal sites in a large city. The network analyst tool in the GIS
was utilized in modeling the optimal routes for MSW collection at Kanpur. Out of
110 existing wards (smallest political boundary of the city) and six zones with
different land-use patterns, the zone with eighteen wards having thirty-three loca-
tions for collection of MSW was used as a test bed for the simulation exercise. All
thirty-three locations were modeled separately to find respective optimized col-
lection routes for solid waste management. This study finds the reductions in haul
distance as 27.78 ± 10.2% for thirty-three locations. In this study, the distance
between the nodes, location of collection points, location of intermediate stations,
and location of transfer sites were provided as input parameters in the attribute table

Table 3 Results from the approach by comparing current distance (km) versus optimal distance
(km)

Source
(ward
number)

Destination
Points

Practicing
distance
(km)

Optimized
distance
(km)

Saving in
distance
(km)

Saving in
km (%)

5 TS6 10.6 7.4 3.2 30.19

6 TS6 11.2 9.3 1.9 16.96

7 TS6 8.3 6.4 1.9 22.89

11 TS6 13.2 9.5 3.7 28.03

12 TS6 15.1 11.4 3.7 24.50

13 TS6 15.3 11.6 3.7 24.18

14 TS6 19.6 13.4 6.2 31.63

83 TS5 9.8 7.6 2.2 22.45

85 TS5 16.4 13.2 3.2 19.51

93 50 12.5 8.2 4.3 34.40

94 52 14.3 11.3 3 20.98

95 54 10.2 6.5 3.7 36.27

96 55 8.9 8.9 0 0.00

97 64 7.8 5.4 2.4 30.77

98 67 8.4 6.1 2.3 27.38

99 68 9.6 5.4 4.2 43.75

100 69 11.4 7.5 3.9 34.21

101 71 9.3 6.2 3.1 33.33

102 72 12.2 7.4 4.8 39.34

103 73 9.5 6.1 3.4 35.79

104 74 13.8 10.1 3.7 26.81

Total 247.4 178.9 68.5 27.78a

aWeight average savings in km (Source ArcGIS network analyst computation)
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of modeling system. The results were obtained in terms of optimized routes con-
sidering the one-way and two-way communication, and even if there is no direct
communication between the nodes. Future scope of this study may include savings
of hauling time taken for both the current and shortest paths by considering traffic
conditions. The approach in this study can be used as a tool for MSW management
meant for the entire city in the study area, and the researchers can investigate the
management scenario of MSW in other similar cities in the developing countries.
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Layout Optimization of Sewer Network
Using Minimum Cumulative Flow
in the Sewer Network

Praveen K. Navin, Yogesh P. Mathur and Dilip Kumar

Abstract The optimal design of sewer network includes two subproblems:
(1) finding the feasible sewer layouts and (2) optimal design of sewer layout
components. The topic of sewer network optimization has been broadly studied
since the concept was first proposed in the late-1960s. Most of the design practices
have focused on sewer network component sizing with a fixed plan layout. The
latter includes pipe diameters, slopes, and excavation depths, all of which is con-
siderably influenced by the layout configuration. This works goal at introducing a
method to solve the layout subproblem. A new approach to the selection of feasible
sewer layouts has been developed, in which generation of all spanning tree algo-
rithm is introduced to generate all possible sewer layouts from the base sewer
network. After that, these sewer layouts are sorted in ascending order of total
cumulative flow and a cost function is applied to determine the optimal sewer
layout. The proposed method has been applied to solve two test examples at dif-
ferent scales, and the results have been discussed. The results clearly reveal the
efficiency of the proposed method which can effectively solve the problem of
optimal layout determination of a sewer network.

Keywords Sewer networks � Spanning tree � Layout optimization

P. K. Navin (&) � Y. P. Mathur
Department of Civil Engineering, Malaviya National Institute of Technology,
Jaipur 302017, Rajasthan, India
e-mail: navin.nitj@gmail.com

Y. P. Mathur
e-mail: ypmathur.ce@mnit.ac.in

D. Kumar
Department of Civil Engineering, G. B. Pant Engineering College, Pauri, Uttarakhand, India
e-mail: Jhadilip27@gmail.com

© Springer Nature Singapore Pte Ltd. 2019
A. S. Kalamdhad et al. (eds.), Advances in Waste Management,
https://doi.org/10.1007/978-981-13-0215-2_23

333

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-0215-2_23&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-0215-2_23&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-0215-2_23&amp;domain=pdf


1 Introduction

Sewer network is an essential part of any urban infrastructure. The sewer network
design consists of creating a suitable sewer layout that conforms to connect all
buildings, street layouts, and local developing area. The alignment of sewer layouts
is highly dependent on the location of sewage treatment plant or outlet, network
size, and topography of the area. Finding the minimum length layouts among too
many alternatives is the first step in designing a new urban sewer network. The
capital cost of sewer network, installing, replacing, or modifying is very high.
Reduction in the length of sewer line leads to a substantial saving in the capital cost.
For this reason, significant researchers have attempted to the development of
appropriate optimization techniques for sewer network design in recent years [1–6].

The sewer network design optimization problem is divided into two subprob-
lems which are feasible layout selection and optimal component size determination.
Due to the complex nature of the problem, most of the researchers have focused on
the easier problem of component size optimization [7–26]. Only a few researchers
have addressed the problem of feasible layout generation of networks by using
different techniques of optimization [2–6, 11, 27–30].

This work describes a method for the selection of an optimal layout of a base
sewer network. An algorithm generation of all spanning tree has applied to the
generation of all minimum length layouts of a base sewer network. After that, all
layouts are then sequenced in ascending order of total cumulative flow (Q) while
the cost function of a layout based on that proposed by Walters and Smith [30] is
applied to find the optimal sewer layouts. The proposed method is applied to two
examples, and results are presented.

2 Feasible Sewer Layout Selection Method

The sewer network is a graph with specific properties. Therefore, it is necessary to
review some basic definitions and principles of the graphs [31–33].

An undirected graph G = (V, E) consists of a set of objects V (V = v1, v2, …, vn)
called vertices and another set E (E = e1, e2, …, en) called edges, such that each
edge eij is identified with an unordered pair (vi, vj) of vertices. If in a graph G there
is one path between every pair of vertices, G is a tree.

A weighted graph is a graph G in which every edge e has been allotted a real
number w (e) called the weight of e. The weight of an edge in the sewerage system
has been taken as its length.

A spanning tree of a graph G is a tree containing all vertices of G. A minimum
spanning tree of an undirected weighted graph G is a spanning tree of which the
sum of the edge weights is minimal.

There are several algorithms for finding a minimum spanning tree (MST) of a
graph. Kruskal’s algorithm is one of the optimized ways to generate a minimum
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length spanning tree for every connected undirected graph G. But layout opti-
mization problem needs to generate all the spanning trees (layouts) of a base
network (graph). Therefore, an algorithm generation of all spanning tree is intro-
duced to find all sewer layouts (spanning trees) of a base network. The algorithm is
based on the assumption that a base graph or sewer network, including all possible
edges of the network, is available. In the base sewer network, there are n vertices
(manholes or nodes) and m edges (sewers or links). A simplified representation of
the algorithm is given below.

2.1 Algorithm—Generation of All Spanning Trees

Input—n, m, E, weights and nodal flow contribution;
n is the number of vertices, m is the number of edges, and E is the set of edges of

graph G. Weight is the length of edges (sewers);
e_old is an edge of the current minimum spanning tree (MST), and e_new is a

new edge from the remaining graph (base network);
Current_MST_weight is the total weight of current MST, and new_MST_weight

is the total weight of newly generated MST;

2.2 Optimal Sewer Layout Selection

As described above, by using the generation of all spanning tree algorithm deter-
mined all sewer layouts of a base network. As a result, a large number of alternative
layouts are available, and it is very difficult to identify directly the true optimal
layout. Therefore, a strategy to sequence these alternatives needs to be introduced.
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Discharge qij in ith link of the jth layout is calculated. After that, the sum of the
cumulative discharges Qj in all links of the jth layout is calculated as shown in
Eq. (1).

Qj ¼
Xi¼n

i¼1

qij ð1Þ

where n is the total number of links of the jth layout.
These layouts are then sequenced in ascending order by the sum of the cumu-

lative discharges Qj. The layouts are then investigated for optimality in this
sequence. Walters and Smith [30] proposed a cost function for the cost of network
layout in terms of the length and concave function of flow rate of each link as given
in Eq. (2):

Cj ¼
Xn

i¼1

Lij
ffiffiffiffiffi
qij

p ð2Þ

where Cj = layout cost of the jth alternative, Lij = link length, and qij = sewer
discharge in the ith link of the jth layout.

The cost of each layout is calculated by using Eq. (2), and the optimal layout of
a base network is selected where the cost of the layout is minimal.

3 Application

For the sewer network problem, manhole represents vertices and sewer pipes
represent edges. The length of the sewer is taken as the weight of an edge.

The applicability of the procedures described in the previous section is tested in
this section against two examples. The first example (network 1) that has been
considered is a simple network, which is shown in Fig. 1. The network 1 consists of
6 nodes (vertices) and 10 links (edges), and the outlet is located at the node number
3. The wastewater contribution at each node of the network 1 is shown in Table 1.

Fig. 1 Base layout of
network 1
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The second test example (sewer network of Sudarshanpura, Jaipur) is shown in
Fig. 2. The Sudarshanpura base sewer network (network 2) consists of 105 nodes
(vertices), 116 links (edges), and the outlet located at node number 0. Base graph
data (link number, set of links, and its length) of network 2 are shown in Table 2.
The wastewater contribution at each node of the network 2 is shown in Table 3.

The total number of nodes and links, set of links or edges, link length (weight),
and nodal wastewater contributions are entered as an input detail for both the
network.

Both problems network 1 and network 2 are solved by using above proposed
procedure. The generation of all spanning tree algorithm is applied to find all
layouts (spanning tree) of a base network; then, these layouts to be sequenced in
ascending order of total cumulative flow Q (Eq. 1). After that, the cost function
(Eq. 2) is applied to determine layout cost of the sequenced layouts. The top 4
optimal layouts of a network 1 are shown in Fig. 3.

The results of network 2 are illustrated in Table 4. It is clearly seen that the
layout cost (C) generally increases with the total cumulative flow (Q). The mini-
mum cost of 13111.46 was obtained corresponding to the layout with cumulative
flow value (Q) of 3642.78 l/s (Fig. 4). The layout with minimum cumulative flow
value of 3639.13 l/s has the cost of 13170.85 (Fig. 5) which is 0.45% above the
minimum cost layout. The proposed method for selection of global optimal layout
is very convenient to implement on the sewer network problem. It may be con-
cluded that minimum cumulative flow layout is near global optimal layout.

Table 1 Nodal wastewater
contribution for network 1

Node No. 0 1 2 3 4 5

Flow contribution (l/s) 20 15 18 0 17 14

Fig. 2 Sudarshanpura base sewer network (network 2)
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Table 3 Nodal wastewater contribution for network 2

Node
No.

Flow
(l/s)

Node
No.

Flow
(l/s)

Node
No.

Flow
(l/s)

Node
No.

Flow
(l/s)

Node
No.

Flow
(l/s)

0 0.000 21 0.380 42 0.380 63 0.418 84 0.380

1 0.380 22 0.380 43 0.139 64 0.672 85 0.380

2 0.292 23 0.380 44 0.380 65 0.380 86 0.380

3 0.292 24 0.380 45 0.254 66 0.380 87 0.380

4 0.127 25 0.380 46 0.444 67 0.279 88 0.380

5 0.380 26 0.342 47 0.330 68 0.279 89 50.380

6 0.380 27 0.380 48 0.507 69 0.355 90 0.418

7 0.114 28 0.380 49 0.330 70 0.330 91 0.837

8 0.380 29 0.380 50 0.380 71 0.507 92 0.380

9 0.254 30 0.279 51 0.913 72 0.570 93 0.456

10 0.444 31 0.380 52 0.570 73 0.570 94 0.330

11 0.570 32 0.380 53 0.380 74 0.431 95 0.342

12 0.254 33 0.380 54 0.507 75 0.963 96 0.380

13 0.380 34 0.418 55 0.444 76 0.482 97 0.380

14 0.380 35 0.380 56 0.317 77 0.482 98 0.380

15 0.380 36 0.089 57 0.317 78 0.165 99 0.380

16 0.380 37 0.203 58 0.418 79 0.393 100 0.380

17 0.570 38 0.570 59 0.570 80 0.393 101 0.380

18 0.342 39 0.177 60 0.608 81 0.127 102 0.761

19 0.380 40 0.380 61 51.80 82 0.380 103 0.342

20 0.228 41 0.380 62 0.304 83 0.380 104 0.342

(a) Optimal layout with C= 299.1, Q = 104 nd alternative with C= 308.2, Q = 122 

(c) 3rd alternative with C=325.2, Q = 104 th alternative with C=338.8, Q =134 

(b) 2

(d) 4

Fig. 3 Top for optimal layout of a network 1
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4 Conclusions

A method for the selection of an optimal layout of a base network is introduced, in
which an algorithm is applied to generate all spanning trees of a network (graph).
As large numbers of possible spanning trees are available, these spanning trees are
sorted in ascending order of total cumulative flow (Q). Further, the cost function is

Table 4 Total cumulative flow versus layout cost comparison

Total cumulative flow (l/s) Layout cost Total cumulative flow (l/s) Layout cost

3639.13 13170.85 4375.98 14411.83

3641.96 13114.59 4426.58 14543.76

3642.78 13111.46 4521.92 14993.24

3718.5 13183.71 4616.77 14816.62

3896.6 13915.56 4676.69 14619.86

4027.95 14022.27 4720.37 15102.32

4077.09 14135.68 4772.37 14946.37

4178.5 14562.22 4820.16 15163.73

4227.3 14476.68 4870.45 15113.36

4275.64 14739.47 4920.55 15321.61

Fig. 4 Optimal sewer layout of network 2

Fig. 5 Alternative sewer layout of network 2
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applied to determine layout cost of the sorted layouts. The optimal layout was
selected where the total cost of layout found to be minimal. It may be concluded
that the total cost of alternative generally increases with the total cumulative flow.
The applicability and efficiency of the proposed method for layout optimization of
sewer networks were tested against two examples. The result revealed that proposed
method gives an optimal solution of the sewerage network.
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Investigating the Effect of Anaerobic
Co-digestion of Poultry Manure
with Lawn Grass Cuttings

M. J. Sukhesh and P. Venkateswara Rao

Abstract The effect of anaerobic co-digestion of poultry manure with lawn grass
cuttings was studied to assess the biogas potential at different mixture proportions.
The lawn grass cuttings at 18.76, 38.12, 58.11, 78.76, and 100% fractions were
mixed with poultry manure based on volatile solids (VS) content. The anaerobic
digestion experiments were conducted in 120-mL-reactor bottles at ambient con-
ditions for 60 days. The biogas volume was measured by water displacement
method. The reactor bottles were shaken daily before recording the biogas pro-
duction volume. Biogas production potentials for 60 days were found to be 104.8,
49.8, 52.1, 63.7, 30.6 mL/g VSadded for the lawn grass cuttings proportions 18.76,
38.12, 58.11, 78.76, and 100%, respectively. Co-digestion of poultry manure with
lawn grass cuttings of proportion of 18.76% has shown highest biogas production
of 104.8 mL/g VS which is 83 and 242% higher than that of mono-digestion of
poultry manure and lawn grass cuttings, respectively. This study observed the
presence of synergistic effect between lawn grass cuttings and poultry manure
during anaerobic digestion.

Keywords Anaerobic co-digestion � Lawn grass cuttings � Poultry manure
Biogas potential

1 Introduction

Anaerobic digestion (AD) is a biological waste management method carried under
the absence of oxygen and is associated with supplemental benefits of energy
production in the form of methane and nutrient-rich digestate during stabilization of
organic waste. Animal manures are generally being used as feed substrate for AD.
The traditional mono-digestion of animal manures generally limited by lack of
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optimal nutrients and excess ammonia accumulation may lead to inhibition of the
AD process [1]. The one way of tackling the limitation is the simultaneous
digestion of two or more substrates with complementary characteristics which is
generally termed as co-digestion [2]. However, proper selection of co-substrates
and its composition is important for the improvement of process stability during
anaerobic co-digestion [3].

The stability of the AD of animal manures having low carbon to nitrogen (C/N)
ratio can be substantially improved by co-digesting with substrates having high C/N
ratios such as vegetable waste, food waste, and agricultural residues. [4]. However,
lignocellulose biomass is one such kind of available organic wastes that have high
carbon content in the form of cellulose, hemicellulose, and lignin contents [5]. The
co-digestion of animal manures with lignocellulose materials had improved effi-
ciency of AD process with the mitigation of ammonia inhibition [6, 7]. Grass silage
which is lignocellulose biomass has a high digestible organic matter and volatile
solid (VS) content and was acted as an excellent feedstock for AD [8].

Lawn grass cuttings are lignocellulose biomass which is being generated widely
in public lawn spaces. The AD of lawn grass cuttings is having hydrolysis as the
rate-limiting step because of its complex structure [9]. The pretreatment methods
for AD of lawn grass had overcome the hydrolysis but did not resulted in con-
version of volatile fatty acids (VFAs) to biogas production due to formation of
refractory compounds during pretreatment that inhibited methanogenic population
[9]. However, the AD of grass silage co-digested with other wastes which offers an
external alkalinity source was found to increase buffering capacity and resulted in
good biogas yield [8]. The investigation of Lehtomaki et al. [10] noticed that
co-digestion of different waste substrates which are very different in their charac-
teristics, viz. cow manure with grass, straw and sugar beet tops under batch,
semi-batch and continuous stirred tank reactors had shown significant synergistic
effect and given substantiate amount of biogas when compared to their
mono-digestion.

The rapid growth of poultry industry in India [11] results in the generation of
poultry manure in large quantities and is traditionally been applied to agricultural
field as a soil conditioner after stacking it for 6–8 weeks. The poultry manure can
also be digested under anaerobic conditions that can yield biogas along with
digestate acting as soil conditioner. The anaerobic co-digestion of poultry manure
with lawn grass cuttings may improve the AD process efficiency due to the ability
of supplementing the buffering capacity of the nitrogen-rich poultry manure [12].
Very few works have been reported studying the co-digestion of poultry manures
with lawn grass cuttings. The present research work is confined to address the
feasibility studies for co-digestion of lawn grass cuttings with poultry manure at
different proportions and to assess its biogas potential.

346 M. J. Sukhesh and P. Venkateswara Rao



2 Materials and Methods

2.1 Substrates and Inoculum

Lawn grass cuttings and poultry manure were used as co-substrates in the present
study. Lawn grass cuttings were collected in lawn spaces at National Institute of
Technology, Warangal campus. The collected lawn grass cuttings were sun-dried
for one week and then ground to small particles in pulverizer. Thereafter, it was
sieved through a mesh having a size of 1.18 mm. Poultry manure was collected
from nearby poultry farm located in Kazipet Town, India. The poultry manure was
cleaned from inorganic materials such as eggshells, stored at ambient conditions.
Inoculum used in this study was anaerobic sludge and was collected from biogas
plant that was being fed with food waste. Table 1 shows the characteristics of lawn
grass cuttings, poultry manure, and inoculum used during the study.

2.2 Batch Anaerobic Digestion Experiments

Batch anaerobic digestion experiments were conducted in 120-mL-glass reactor
bottles. Each reactor bottle was fed with lawn grass cuttings proportions of 0, 18.76,
38.12, 58.11, 78.76, and 100% with poultry manure based on volatile solids.
Consistent weight of 35 g of inoculum and 15 mL of tap water was added in all the
reactor bottles and then bottles were sealed with aluminum crimps. The initial
characteristics of the reactor bottles are shown in Table 2. The experiments were
performed in duplicates to confirm the repeatability and reproducibility of biogas
volume measurement results. The experiments were conducted at ambient tem-
perature (January and February months of 2017). Biogas volume was measured
daily for first 30 days and thereafter once in two days for next 30 days due to low
production of biogas volume. The biogas production volume was corrected by
subtracting the biogas volume produced from control reactor containing inoculum.

Table 1 Characteristics of
raw substrates and inoculum

Item TS (%) VS (% of TS) pH

Inoculum 6.85 98.48 5.49

Lawn grass cuttings 87.94 75.09 ND

Poultry manure 73.86 41.92 ND
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2.3 Analytical Methods

Total solids (TS), volatile solids (VS), pH were measured as per APHA standard
methods [13]. Volatile fatty acids such as acetic acid, propionic acid, and butyric
acid were determined with a gas chromatograph (YL Instruments Model 6500)
equipped with flame ionization detector and capillary column of length 30 m
0.53 mm internal diameter �0.1 µm film thickness. The samples were centrifuged
at 12,000 rpm for 10 min followed by filtration through 0.22-µm membrane. The
temperature of injection inlet and detector was 210 °C and 240 °C, respectively.
Initial oven temperature is 100 °C for 3 min followed by an increase of 20 °C/min
to the final temperature of 230 °C. Nitrogen gas was used as carrier gas. Biogas
volume produced was measured by in-house water displacement method.
Composition of biogas was analyzed with gas chromatograph (YL Instruments
Model 6500) equipped with thermal conductivity detector and 4-m-stainless col-
umn packed with Porapak Q(80–100 mesh). The operational temperatures of the
injection port, column oven, and detector were 120, 150, and 120 °C, respectively.
Nitrogen gas was used as carrier gas (Figs. 1, 2, and 3).

Table 2 Initial characteristics of anaerobic reactors

Reactor
bottle

TS (%) VS
(% of TS)

pH VFA
(mg/L)

Alkalinity
(mg/L as
CaCO3)

VFA/
alkalinity ratio

R1 9.85 50.38 5.60 2560 6500 0.39

R2 7.48 60.40 5.50 1300 6400 0.20

R3 9.24 62.23 5.50 1840 7750 0.24

R4 9.58 65.73 5.27 1760 5250 0.34

R5 9.22 73.89 5.15 2000 5888 0.34

R6 8.39 88.89 4.50 1260 3200 0.39

Fig. 1 Poultry manure
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3 Results and Discussion

3.1 Characteristics of Substrates and Inoculum

The characteristics of substrates and inoculum were analyzed as shown in Table 2.
The pH of inoculum was slightly acidic. The VS content of lawn grass cuttings
(75.09%) was higher than that of poultry manure (41.92%) indicating more bio-
logically degradable matter on lawn grass cuttings. The characteristics of each
reactor containing different propositions of organic substrates were analyzed before
the digestion and are presented in Table 1. The pH of all reactors is found to be
between 4.5 and 5.6, indicating slight acidic conditions before the AD process.
The AD system may be attained optimal neutral conditions few days after setup had
initiated. Volatile fatty acids (VFAs) to alkalinity ratio of all the reactors were in the
range of 0.2–0.4 indicating non-inhibiting conditions prior to the AD as considered
by Borja et al. [14] (Fig. 4).

Fig. 2 Lawn grass cuttings

Fig. 3 Biogas measurement
by water displacement
method
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3.2 Individual and Total Volatile Fatty Acids (VFAs) Profile
After Digestion

The accumulation of total VFAs demonstrates the methanogenic activity [15]. The
concentration of organic acids is important in AD for two reasons that VFAs are the
immediate precursors in the metabolic chain leading to biogas production and if
present in high concentration, VFAs causes stress in the microbial population and
leads to complete process failure [16]. As shown in Fig. 5, total VFAs accumula-
tion in R2 was found to be low when compared to other reactors. The possible
inference is that there might have a symbiotic relationship between the acidogens
and methanogens, and all the VFAs produced were being consumed by methano-
gens leading to stability without their accumulation, whereas VFAs in R6 which
was digested with only lawn grass cuttings were found to be 8.86 g/L indicating
accumulation of VFAs. The accumulation of VFAs may be attributed to
mono-digestion of lawn grass cuttings in R6. The similar phenomenon of high
accumulation of VFAs of 15.9 g/L and 12.48 g/kg was observed during
mono-digestion of grass [8] and tomato residues [17], respectively. Thus, the low
production of biogas in mono-digestion of lawn grass cuttings may be attributed to
inhibition to methanogens due to VFAs accumulation.

All VFAs are transformed to acetic acid before being converted to methane.
Conversion rate of propionic acid is slower than butyric acid. Propionic acid to
acetic acid ratio can be used as an indicator of digester imbalance [16]. These ratios
for R1, R2, R3, R4, R5, and R6 are 0.05, 0, 0.38, 0.43, 0.60, and 1.75, respectively.
Hill et al. [16] reported that ratio of propionic acid to acetic acid greater than 1.4

0.00

0.50

1.00

1.50

2.00

2.50

3.00

3.50

4.00

4.50

R1 R2 R3 R4 R5 R6

C
on

ce
nt

ra
tio

n(
g/

l)

Reactor

Individual volatile fatty acids profile after 60 days

Acetic acid Propionic acid Butyric acid

Fig. 4 Individual volatile fatty acids profile after 60 days

350 M. J. Sukhesh and P. Venkateswara Rao



indicates impending digester failure. Except R6, all the reactor bottles had the ratio
in the allowable range after stable digestion. The reactor bottle number R6

consisting only lawn grass cuttings is having ratio of 1.75. The higher propionic
acid to acetic acid ratio might be the reason for failure and low yield of biogas.

3.3 pH Profile After Digestion

Slight changes in pH away from optimum conditions adversely affect the AD
process. Methanogens are more susceptible to pH change due to which it plays key
role in methane production. Optimum range of pH for acidogens is 5.5–6.5 and
for methanogens is 7.8–8.2. For combined system of AD, optimum pH range is
6.8–7.4. As shown in Fig. 6, pH in R1 and R2 reactors is near to optimal range of
AD, whereas R3, R4, R5, and R6 are far away from the optimal pH range. The reason
might be due to excess accumulation of volatile fatty acids caused pH drop leading
to inhibition of methanogenic activity.

3.4 Cumulative Volume of Biogas Production

Biogas potentials for 60 days were found to be 57.3, 104.8, 49.8, 52.1, 63.7,
30.6 mL/g VSadded for the lawn grass cuttings proportions of 0, 18.76, 38.12, 58.11,
78.76, and 100%, respectively (Fig. 7). The methane content of the biogas in all the
batch experiments was found to be in the range of 48–65%. Co-digestion of poultry
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manure with lawn grass cuttings of proportion of 18.76% has shown highest biogas
production of 104.8 mL/g VS, and it is 83 and 242% higher than that of
mono-digestion of poultry manure and lawn grass cuttings, respectively. The reason
can be attributed to the balance of nutrients at this optimal substrate mixture pro-
portion. Presence of less concentration of VFAs (0.29 g/L) in R2 also supports that
the synergism between methanogens and acidogens might have resulted higher
biogas production. Among all reactors, R6 yielded less biogas production and the
reason can be attributed to insufficient nutrients and VFAs accumulation during
mono-digestion of lawn grass cuttings. VFAs profile shows excess accumulation of
VFAs happened in digestion of pure grass cuttings. This is in agreement with the
earlier study carried out by Xie et al. [8] in which digestion of pure grass silage was
unstable due to VFAs accumulation and stated that external source of alkalinity
addition was recommended for enhancement of biogas production.
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4 Conclusions

Biogas production of poultry manure was improved by co-digestion with lawn
grass cuttings. Lawn grass cuttings’ proportion of 18.76% (R2) had shown highest
biogas production of 104.8 mL/g VSadded which is 83% and 242% higher than that
of mono-digestion of poultry manure and lawn grass cuttings, respectively. It is due
to synergism of the co-digestion mixture at this proportion. However, pure lawn
grass cuttings (R6) yielded just 30.6 mL/g VSadded and high VFAs accumulation
profile indicated that VFAs accumulation could have inhibited anaerobic digestion.
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Significance of Addressing Persistence
of Pathogens and Micropollutants
to Enhance Reuse of Treated Sewages
Using Constructed Wetlands

Rahul S. Sutar, Vidyanand M. Motghare, Sharanappa C. Kollur,
Yogen Parikh and Shyam R. Asolekar

Abstract This study addresses the occurrence, monitoring and treatment of
micropollutants as well as pathogens. The persistent release of micropollutants with
wastewater effluent may cause destructive effects on human health and environ-
ment. However, the investigation of undetected micropollutants requires more
advanced analytical instrumentation and procedures due to their occurrence at trace
concentration. If one intends to subject the treated effluents to reuse, there is a need
for effective monitoring as well as elimination of pathogens and micropollutants
from secondary and especially tertiary effluents. The mechanized treatment tech-
nologies including sequencing batch reactor, activated sludge process and extended
aeration are less effective for the removal of the pathogens. On the other hand,
significant removal of pathogens and micropollutants is exhibited by the natural
treatment systems. Hence, constructed wetland is of distinctive importance among
the natural treatment systems for the treatment as well as reuse of sewages and
sullages in rural as well as peri-urban communities.
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1 Introduction

Presence of pathogens and micropollutants are inevitable part of the sewage gener-
ation train and are observed to be persistently exhibited in the reuse of treated sewages.
Thus, existence of pathogens and micropollutants in the wastewater is the real chal-
lenge. The micropollutants comprise of pharmaceuticals, surfactants, personal care
products, pesticides, industrial chemicals and steroid hormones, etc., which are found
in the varying concentration range in several kinds of wastewaters [1].

The major discharge points of micropollutants comprises of hospital effluents,
industrial wastewater from cleaning discharges, agricultural run-off, domestic
wastewater from laundry, dishwashing, bathing, inadequate cleaning, run-off from
roadways, gardens and lawns [2]. In the water environment, even at trace levels, the
micropollutants befitted impending risks to the health of human beings as well as
aquatic life. The adverse effects of micropollutants on aquatic communities consist
of impairment of liver and renal gill in fish, development of pathogen resistance, the
feminization of male fish and decrease in plankton diversity. When exposed to
micropollutants such as Diclofenac, the inflammatory and degenerative responses
have been detected in the human liver when the toxic impact on human health has
been studied. Furthermore, the proliferation inhibition effects are also detected for
the development of embryonic cells of human [3].

The persistent release of micropollutants with wastewater effluent may cause
destructive effects including long-term toxicity, antibiotic resistance of micro-
organisms, carcinogenic or teratogenic and endocrine disrupting effects even at trace
concentrations [4–6]. These effects may be individualistic, synergistic or antago-
nistic. Owing to multifaceted structures and bio-accumulating nature, the microp-
ollutants possess an ecological challenge for their degradation leading to negative
effects on human health and the environment [7]. However, for the removal
micropollutants, none of the technologies, i.e. existing biological wastewater treat-
ment plants or mechanized treatment technologies, are specifically designed. The
conventional wastewater treatment methods comprise trickling filters, activated
sludge and slow sand filtration, etc. Conventional treatment methods are usually not
equipped to remove the micropollutants as they are aimed with the primary objective
of removal of moderately or easily biodegradable contaminants [3].

In recent years, to remove the micropollutants from wastewater, numerous
advanced treatment technologies comprising advanced oxidation processes (Fenton,
photo-Fenton, photolysis, ozonation, sonolysis, etc.), adsorption using activated
carbon, membrane bioreactor and membrane separation have been studied to
evaluate their effectiveness [3]. It has been recognized worldwide that the issues
related to removal of micropollutants and pathogens from wastewaters would have
to be addressed in concurrence with each other if one wants to enhance the reuse of
treated sewages [8]. The most widely used method for pathogen disinfection is
chlorination—which leads to production of carcinogenic trihalomethanes in the
presence of natural organic matter. Also, these advanced treatment methods are
exclusive which makes them cost prohibitive for application at larger scale.
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Therefore, the treatment technologies having lower cost such as constructed wet-
lands (CWs) are the potential alternative for elimination of micropollutants and
pathogens [3, 9]. Hence, the primary objective of this paper is to discuss “signifi-
cance of addressing persistence of pathogens and micropollutants to enhance reuse
of treated sewages using constructed wetlands”.

The present study reviews the removal of micropollutants and pathogens
addressing the current research accomplishments on the implementation of con-
structed wetlands. To investigate the performance of various types of CWs, the
removal efficiencies of micropollutants and pathogens in CWs are furthermore
summarized in the present work. Additionally, the issues and challenges faced for
the detection of micropollutants are especially addressed in this paper in the context
of their removal. The efforts are made to clearly understand the existence, moni-
toring and treatment of micropollutants as well as pathogens in the CWs. This study
intends to provide an insight on removal of micropollutants and pathogens using
CW for the future research.

2 Constructed Wetlands

For the removal of micropollutants and pathogens, the natural treatment systems
have been found to be highly efficient. The removal of both micropollutants and
pathogens can be enhanced using the low-cost treatment technologies as reported
by several authors in the literature. For the removal as well as inactivation of
pathogens from wastewaters, CWs have demonstrated to be an effective treatment
substitute [10, 11]. One of the noteworthy features of CW eco-technology is its
cost-effectiveness comprising the capital as well as operation and maintenance costs
in comparison with conventional secondary or tertiary treatment methods which
attributes to the glaring strength of this technology for attractive wastewater
treatment alternative [12, 13].

The highly efficient treatment technologies comprising constructed wetland can
be executed for the removal of micropollutants and pathogens as their partial
removal takes place in conventional wastewater treatment. Also, for different types
of wastewater, the CW has shown consistent removal of pathogens. Due to low
cost, the CW eco-technology now became very popular for wastewater treatment
among the rural and peri-urban communities which are unable to bear the cost of
conventional treatment systems [14, 15].
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2.1 Micropollutant Removal Mechanisms in Constructed
Wetlands

2.1.1 Sorption

Sorption of micropollutants comprises of different mechanisms including
hydrophobic partitioning, ion exchange, van der Waals interaction, surface com-
plexation, etc. The exclusively rich organic matter including agricultural wastes, soil
and compost exhibits adsorption of non-polar organic pollutants via hydrophobic
process. On the other hand, the substrate materials (e.g. some kinds of clay) show
adsorption of ionic or polar contaminants by ionic exchange or electrostatic inter-
actions. In CWs, gravel is the most commonly used substrate material. Owing to
lower cost, easy disposal by incineration as well as economic value of reuse, several
biosorbents including pine bark, rice husk, granulated cork, etc., have shown better
substitutions to common substrate constituents for CW in the recent times [3].

2.1.2 Phyto-degradation and Plant Uptake

For phytoremediation technology, the important mechanisms are accumulation,
translocation and direct uptake of micropollutants by the plants. The cellular
detoxification methods of plants have been termed as “green liver” as to counter the
phytotoxicity of extensive range of xenobiotics, and they have versatile detoxifi-
cation arrangements [16].

The organic pollutants may be transformed or metabolized to less toxic com-
pounds or they may go through partial or complete degradation and may get rooted
in plant tissues in unattainable forms following plant uptake. To accomplish the
complete transformation of organic contaminants to end products which are non-
toxic, the higher aquatic plants have metabolic proficiencies through mechanism of
phyto-degradation. The plant enzymes acts on organic compounds leading to
complete mineralization into inorganic compounds including CO2 and H2O or
partly into stable intermediates which gets stored into the plants during the course
of transformation or metabolic degradation. The organic chemicals commonly
endure three transformation stages once taken up and translocated such as chemical
modification including oxidations, hydrolysis and reductions; conjugation with
glutathione, sugars and amino acids and compartmentation or sequestration [16].

2.1.3 Microbial Degradation

The micropollutants may undergo transformation or mineralization to more
hydrophobic or hydrophilic compounds during biodegradation. The physico-
chemical nature of the contaminants significantly affects the properties as well as
magnitude of degradation of organic contaminants inside the CWs by the microbes.
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On the other hand, the rates of biodegradation are varied as it involves structure
specific enzymatic reactions to the chemicals. In aquatic plant-based systems, the
improved insight about the microbial degradation mechanisms is significant as
intermediates formed during biodegradation may have similar ecotoxicological
effects and may be persistent [16].

2.1.4 Photolysis

In aquatic systems, the photolytic degradation of micropollutants is influenced by
numerous factors including the availability of sunlight, light diminution by depth of
water and light intensity [16]. In surface flow wetlands, photolysis plays a major
role in the removal of micropollutants.

In summary, the foremost pollutant removal mechanisms in the CW include
biological (absorption of nutrients and microbial degradation), physical (sedimen-
tation and filtration) and chemical (adsorption) [16–19]. CW acts as biofilter for the
effective removal of pathogenic bacteria and viruses from wastewater through
amalgamation of physical and chemical as well as biological processes [20].
Several treatment technologies including biofiltration, advanced oxidation pro-
cesses, ozonation, enzymatic treatment, etc, have been employed for the elimination
of micropollutants and pathogens from the sewages.

To remain competitive, a considerable effort has been invested in addressing the
multifarious benefits of macrophytes growth in CW for the removal of pathogens
and micropollutants including absorption of nutrients, reduction in the flow velocity
leading to enhanced adsorption and sedimentation, presence of large surface area
for growth of microbes, secretion of toxic substances for removal of pathogenic
micro-organisms and alteration of physical and chemical environment surrounding
to the rhizosphere [16, 17, 19, 21]. In this study, for enabling recycling of treated
sewages, considering the several benefits of CW among the natural treatment
systems, such as polishing ponds, duckweed ponds, waste stabilization ponds,
oxidation ponds, its importance has been significantly addressed for the removal of
micropollutants and pathogens.

3 Removal of Micropollutants

In the recent years, the removal capability of numerous micropollutants using CW
has been assessed by several authors. The several categories, different types and
concentrations of some micropollutants are depicted in Table 1. However, the
micropollutants belonging to the categories of pharmaceuticals and the personal
care products are of major concern which may be discharged as a parent compound,
conjugated compounds or their metabolites [22].
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3.1 The Issues Faced While Analysing Micropollutants

Regarding the detection of micropollutants, there are many problems associated due
to their existence at trace concentrations hampering their detection and analysis
which leads to generation of challenges for treatment processes. There are no
regulatory limits present for the micropollutants till date in India.

In order to determine the micropollutants in aquatic environment, the most
typically used techniques include solid phase extraction as well as chromatography
technology combined with mass spectrometry—which are LC–MS, LC–MS/MS
and GC–MS. The major issues associated with analysis of emerging micropollu-
tants consists of sample preparation (loss of polar compounds and desorption of
non-polar compounds), co-extraction of undesired intrusions, matrix effect and
method validation as no standard validation protocols and no standardized methods
exist [23].

3.2 Removal Efficiencies of Micropollutants in Constructed
Wetlands

In CWs, the efficient reduction of most micropollutants under aerobic conditions
has been already reported by several authors than anaerobic pathways. Under the
aerobic conditions, some pharmaceuticals including ibuprofen are best reduced. On
the other hand, the anaerobic conditions are favoured for the removal of other
micropollutants such as Diclofenac, Clofibric acid. However, the halogenated
pollutants show higher removal rates under anoxic conditions. Hence, the occur-
rence of aerobic, anaerobic and anoxic environments in the immediate vicinity of

Table 1 Occurrence of micropollutants in the wastewater

S. No. Categories Compounds Concentration (µg/L) Reference

1 Pharmaceuticals Norfloxacin 390–420 [34]

Lomefloxacin 150–300

Enoxacin 150–300

Ofloxacin 150–160

Ranitidine 90–160

Caffeine 20.7 ± 6.8 [35]

Salicylic acid 15.2 ± 7.3

Ibuprofen 9.8 ± 1.9

2 Pesticides Atrazine 0.02–28 [1]

Diuron 0.03–1.96

3 Surfactants Nonylphenol <0.03–101.6 [1]

Octylphenol <0.2–8.7
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the plant rhizomes are the key advantages of horizontal and vertical subsurface flow
wetland systems leading to significant reduction in the concentrations of different
micropollutants [24].

In horizontal subsurface flow CW, the removal of Pentachlorobenzene,
Pentachlorophenol, Endosulfan and Lindane is >94% [25]. Avila et al. also repor-
ted >90% removal of Naproxen, Diclofenac and Tonalide in the treatment scheme
comprised of an anaerobic reactor followed by two 0.65 m2 parallel wetlands and
coupled to a 1.65 m2 in series wetland. In a pilot-scale CW, a continuous injection
experiment was executed to determine the behaviour of micropollutants [26].

Vertical subsurface flow CW is also implemented for the elimination of
micropollutants [27, 28]. Matamoros et al. evaluated the removal efficiencies and
elimination kinetics of several pharmaceuticals as well as personal care products
(PPCPs) in a pilot-scale vertical subsurface flow constructed wetland (VFCW)
planted with Phragmites australis and compared those with the sand filter. As
compared to CWs of other configurations such as horizontal subsurface flow and
sand filter (non-planted), the VFCW was found to be more efficient for most of the
PPCPs. The contaminants including Ibuprofen, Salicylic acid, Naproxen and
Caffeine have shown higher removal efficiencies (>90%) [3, 29].

Additionally, in surface flow systems, the photodegradation processes are mainly
responsible for the elimination of several pharmaceuticals and personal care
products such as Diclofenac and Ketoprofen from aquatic environments. In the
removal of micropollutants, the biodegradation and photodegradation reactions are
stimulated by high hydraulic retention times [24]. Breitholtz et al. evaluated the
micropollutant removal in free water surface wetland which is dominated by
emergent plants such as Typha spp., P. australis, Carex spp. and submerged plants
including Myriophyllum spp., Ceratophyllum demersum, Elodea spp. The
micropollutants such as Alfuzosin, Amitriptyline, Citalopram, Ibuprofen and
Ranitidine have shown 96, 84, 84, 80 and 92% removals, respectively [30].
However, the complete removal has been reported in the surface flow wetland for
Norfloxacin, Ciprofloxacin, Doxycycline, Azithromycin in the 18 similarly shaped,
small (water surface 29 m2) surface flow wetlands which were dominated by
vegetation of P. australis and Typha latifolia [31].

The performance of numerous types of CWs for the removal of micropollutant
has been overviewed and represented in Table 2.

4 Removal of Pathogens

A pathogen is a biological agent which is responsible for disease or illness in its
host. Waterborne pathogens are classified into five classes consisting viruses,
protozoa, bacteria, helminths and fungi. The foremost indicator micro-organisms of
faecal contamination are the Escherichia coli, faecal coliforms, enterococci and
Clostridium perfringens. Hence, these indicators are typically employed to inves-
tigate the microbiological quality of treated effluents as the presence as well as
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Table 2 Removal of micropollutants in constructed wetland

S. No. Type of constructed wetland Compound Removal (%) References

1 Free water surface wetland Alfuzosin 96 [30]

Amitriptyline 84

Citalopram 84

Ibuprofen 80

Ranitidine 92

2 Surface flow CW Norfloxacin 100 [31]

Ciprofloxacin 100

Doxycycline 100

Azithromycin 100

Clarithromycin 59

3 Horizontal subsurface flow
CW

Alachlor 80 [25]

Chlorpyriphos 83

Pentachlorobenzene >99

Pentachlorophenol 94

Endosulfan >99

Lindane >99

4 Horizontal subsurface flow
CW

Naproxen 52–93 [36]

Ibuprofen 52–72

Caffeine 82–90

Salicylic acid 86–90

Ketoprofen 94–96

5 Horizontal subsurface flow
CW

Naproxen 93 [26]

Diclofenac 93

Tonalide 94

Bisphenol A 83

6 Horizontal subsurface flow
CW

Doxycycline 71–79 [3]

Sulfadimethoxine 99

Sulfamethoxazole 73–87

Trimethoprim 95–99

7 Subsurface flow CW Methyl
dihydrojasmonate

71–96 [35]

Galaxolide 67–82

Tonalide 55–74

8 Microcosm subsurface flow
CW

Ibuprofen 96 [37]

Carbamazepine 97

Clofibric acid 75

9 Hybrid CW system Ibuprofen 42–89 [3]

Diclofenac 78–87

Ketoprofen 77−81

Naproxen 73–82

Caffeine 95–96
(continued)
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behaviour of the foremost human pathogens in wastewaters is evidenced by this
determination [13]. Epidemiological research has shown that the higher concen-
tration of indicator bacteria in the polluted water ensures positive connection with
the gastrointestinal and respiratory diseases when it comes in contact [32].

Conventional methods of pathogen removal include trickling filter, slow sand
filtration and activated sludge which are most frequently reported. However, the
tertiary treatment (or polishing) methods for the elimination of pathogen comprise
of UV disinfection, ozone and chlorination which are also most commonly cited in
the literature. In the recent years, a growing concern over chlorination has been
developed, although it is a popular method of disinfection, as chlorine residuals
may produce harmful effects on several micro-organisms and fish in the receiving
water bodies. Also, another disadvantage of chlorination is the formation of tri-
halomethane or other carcinogenic organochlorine compounds when free chlorine
gets react with a substantial amount of natural organic matter [13].

The possible formation of harmful by-products has led to the development of
UV and ozonation methods for the removal of pathogens. However, higher energy
usage, cost and maintenance have limited their use for the pathogen treatment.
Hence, in comparison with the conventional or tertiary treatment systems, the
wetland technology has now become fascinating cost-effective treatment option
owing to low capital and operating costs [13]. This low energy, non-chemical
method of pathogen treatment now becomes popular in remote areas as well as
developing countries like India.

Table 2 (continued)

S. No. Type of constructed wetland Compound Removal (%) References

10 Hybrid CW system Sulfamethoxazole 91 [3]

Sulfapyridine 76

Atenolol 93

Metoprolol 92

Nadolol 77

Gemfibrozil 61

Caffeine >99

Cotinine 99

11 Vertical subsurface flow CW Ibuprofen 99 [3, 29]

Diclofenac 73

Salicylic acid 98

Naproxen 89

Caffeine 99

12 Vertical subsurface flow CW Ciprofloxacin HCl 82–85 [3, 28]

Oxytetracycline HCl 91–95

Sulfamethazine 68–73

13 Vertical subsurface flow CW Enrofloxacin 94 [3, 27]

Tetracycline 94
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The macrophytes (aquatic plants) in the wetlands possess several advantages
such as enormous surface areas for the growth and attachment of microbes, sta-
bilization of the surface of CWs and provision of physical filtration [13, 18]. The
associated biofilm with the root-substrate complexes has the capacity for filtration
as well as adsorption of pathogens in planted CW systems. CWs have already been
implemented for the elimination of pathogens such as faecal coliforms, Giardia,
and Cryptosporidium and parasites including Ascaris suum, Toxocara vitulorum
and Hymenolepis diminuta [13].

4.1 Pathogen Removal Mechanisms in Constructed
Wetlands

The key mechanisms responsible for the removal of pathogens in the CW include
natural die off, sedimentation, inactivation or death related to temperature, preda-
tion, oxidation, adhesion to biofilm, unfavourable water chemistry, mechanical
filtration, etc. [13]. In the wetland, pathogens either get removed or may inactivate
within the sediments of wetland.

The removal and transformation of dissolved and particulate contaminants in the
wetland are governed by the activity of microbial communities, predominantly
those linked with biofilms. The biofilm presents in the immediate vicinity of bed
media and in the rhizosphere region influences the elimination of pathogens.
Oxidation is also major mechanism responsible for the elimination of pathogens.
The presence of oxygen develops unfavourable situations for enteric bacteria (either
obligate anaerobes or facultative). Enhanced removal of E. coli has been reported at
higher dissolved oxygen levels [13].

4.2 Removal Efficiencies of Pathogens in Constructed
Wetlands

The horizontal subsurface flow CW has shown higher removal of pathogens.
Makvana and Sharma have reported 96, 99, 94, 87 and 94% removal of total
coliform, faecal coliform, Salmonella, Shigella and Vibrio, respectively [14]. Chang
et al. have reported the 98.93 and 99.92% removal of faecal coliform and E. coli in
subsurface up-flow wetland [33]. Combination of surface and subsurface flow CW
has shown almost complete removal of C. perfringens, Giardia cysts and
Cryptosporidium oocysts, E. coli and total coliforms [32].

The performance of several types of CWs for the removal of pathogens has been
overviewed and represented in Table 3.
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5 Conclusions

For the regulation in future, the micropollutants show potential candidature based
on the occurrence and their potential health effects as they belong to the unregulated
pollutants due to continuous introduction into the aquatic environment.
Undoubtedly, due to numerous cost advantages (both capital and operation and
maintenance costs), the natural treatment system might prove to be the outstanding
technological substitute. Thus, in the developing tropical countries, the low-cost,
reliable, effective and sustainable technology i.e. constructed wetland exhibits the
significant potential for the prevention and management of waterborne diseases
through the removal of pathogens. Hence, in rural and peri-urban communities, the
constructed wetlands are of distinctive importance for the treatment as well as reuse
of sewages and sullages.

Acknowledgements Authors acknowledge the co-funding from Rajiv Gandhi Science and
Technology Commission, Government of Maharashtra and Indian Institute of Technology
Bombay for this work.

Table 3 Removal of pathogens in constructed wetland

S. No. Type of constructed wetland Pathogen Removal (%) References

1 Surface flow wetland Faecal coliform 96.8–99.7 [20]

2 Surface flow wetland Faecal coliform 98.7 [38]

Subsurface flow wetland Faecal coliform 82

3 Subsurface flow CW Escherichia coli 95.5 [39]

Total coliforms 74.4

4 Horizontal subsurface flow CW Faecal coliform 92.3 [40]

5 Horizontal subsurface flow CW Total coliform 96 [14]

Faecal coliform 99

Salmonella 94

Shigella 87

Vibrio 94

6 Subsurface up-flow wetland Faecal coliform 98.93 [33]

Escherichia coli 99.92

7 Combination of surface and
subsurface flow CW

Escherichia coli 99.9 [32]

Total coliforms 99.9

Clostridium
perfringens

100

Faecal
streptococci

97

Giardia cysts 100

Cryptosporidium
oocysts

100
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A Review on Nitritation Process

Sourabh Dixit and S. K. Patidar

Abstract Due to the growing population and increased discharge of wastewater,
the nutrient concentration is increasing in the surface water bodies. The effluent
standards are now more stringent to reduce nutrient load in receiving water sources.
Nitrogen removal is achieved through nitrification followed by de-nitrification in
wastewater treatment plants. Recently, nitrogen removal via nitrite pathway, i.e.,
nitritation has caught the attention of researchers as it helps in reducing aeration
costs by 25% without the need to add an extra carbon source in the de-nitritation
step. In the present paper, biochemistry of nitrogen removal process, microbiology
of nitrification, and factors affecting nitritation are discussed. A summary of studies
involving sequencing batch reactor (SBR) for nitrite accumulation is also presented.

Keywords Nitritation � Wastewater treatment � Ammonia-oxidizing bacteria
Nitrite-oxidizing bacteria

1 Introduction

Due to the population explosion and increased discharge of wastewater, the nutrient
concentration has been increasing in the surface water bodies. Thus, there was an
urgent need for the legislative bodies to reform and amend the nutrient disposal
laws and as a result today, we have more stringent nutrient discharge standards. The
wastewater treatment plants have sought new technologies to cope up with the
corresponding discharge standards [1]. In the past few decades, biological nitrogen
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removal (BNR) has been preferred over various other physiochemical methods for
lessening the nutrient load on the streams and rivers and has developed new
sophisticated technologies for removing nitrogen from wastewaters. Apart from
conventional nitrification and de-nitrification, many other methods, viz. partial
nitrification and de-nitrification, ANAMMOX, simultaneous nitrification and
de-nitrification, CANNON, etc., have been developed [2]. These processes have led
to the reclassification of the global nitrogen cycle according to the potential bio-
chemical pathway [3].

The partial nitrification process, i.e., nitrification up to nitrite and then the
de-nitrification of this nitrite into gaseous nitrogen [4] promises several advantages
over the conventional nitrification and de-nitrification process [5–7]. The advan-
tages include (1) 20% less carbon dioxide emission; (2) reduced electron donor
requirement in the anoxic stage by 40%; (3) 25% less oxygen consumption in the
aerobic stage, simultaneously saving 60% energy costs; (4) 1.5–2 times increment
in the de-nitrification rates; (5) reduction in sludge production by 33–35 and 55% in
nitrification and de-nitrification stages, respectively.

The partial nitrification is difficult to be achieved in municipal wastewater
treatment systems and causes some filamentous sludge bulking along with low
phosphorus removal. Partial nitrification is a cheap and technologically feasible
process when performing the treatment of wastewater containing high ammonium
nitrogen or low C/N ratio [8, 9]. In the present paper, biochemistry of nitrogen
removal process, microbiology of nitrification, and factors affecting nitritation are
discussed. A summary of studies involving SBR for nitrite accumulation is also
presented.

2 Biochemistry of Conventional Nitrogen Removal
Process

Nitrification is the complete biological oxidation of ammonium nitrogen to nitrate
[10]. Henze [11] stated that it is a two-step process occurring in a sequence.
Stoichiometrically the overall nitrification reaction can be represented as follows
(EPA 1975):

NH4
þ þ 3=2O2 ! 2Hþ þH2OþNO2

� þ 58� 84 kcal ð1Þ

NO2
� þ 1=2O2 ! NO3

� þ 15:4� 20:9 kcal ð2Þ

The reaction (1) and (2) are brought about by two phylogenetically unrelated
groups of bacteria, namely ammonia oxidizing bacteria (AOB) and nitrite oxidizing
bacteria (NOB). Oxidation of NH4

+ to NO2
− proceeds with hydroxylamine as an

intermediate by the action of two enzymes ammonia monooxygenase (AMO) and
hydroxylamine oxidoreductase (HAO). Oxidation of ammonia is endothermic while
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that of hydroxylamine is energy giving reaction. Suzuki et al. [12] stated that NH3 is
the actual substrate instead of NH4

+ in the first step.

NH3
þ þO2 þ 2Hþ þ 2e� ! NH2OHþH2O� 120 kJ=mol ð3Þ

NH2OHþ 1=2O2 ! HNO2 þ 2Hþ þ 2e� � 114 kJ=mol ð4Þ

NH2OHþH2O ! NO2
� þ 5Hþ þ 4e� þ 23 kJ=mol ð5Þ

A proton motive force is generated when the two spare electrons produced in
reaction (5) are passed to the terminal oxidase via an electron transport chain. Two
other electrons produced in the reaction (5) are already compensated for the input of
the electrons in the reaction (3) [13]. The nitrite that is formed in the reaction (1) is
oxidized to NO3

− by NOB by the help of nitrite oxidoreductase (NOR) enzyme.
One important point is that the bacteria use NH4

+ as an energy source but do not
nitrify all of it in nitrification, only a part of it is utilized for cell growth and in this
process, CO2 fulfills the need of the carbon source.

4CO2 þ 4H2OþNH4
þ þHCO�

3 ! C5H7O2Nþ 3H2Oþ 5O2 ð6Þ

The overall equation for nitrification given by the EPA (1975) suggests that
production of H+ (Eq. 8) in nitrification process causes a decrement in the alkalinity
per mole of NH4

+ removed [13].

NH4
þ þ 1:83O2 þ 1:98HCO3

� ! 0:021C5H7O2Nþ 0:98NO3
� þ 1:041H2Oþ 1:88H2CO3

ð7Þ

CO2 þH2O $ H2CO3 $ Hþ þHCO3 ð8Þ

De-nitrification [10] is the reduction of nitrates into nitrogen gas with nitrite,
nitric oxide, and nitrous oxide as the intermediates.

NO2
� þ 0:53CH3OHþ 0:67H2CO3 ! 0:04C5H7O2Nþ 0:48N2 þHCO3

� þ 1:23H2O

ð9Þ

NO3
� þ 1:08CH3OHþ 0:24H2CO3 ! 0:056C5H7O2Nþ 0:47N2 þHCO3

� þ 1:68H2O

ð10Þ

Reactions (9) and (10) show the de-nitrification process over nitrite and nitrate,
respectively. The reactions (1) and (9) show the nitritation and de-nitritation pro-
cess, respectively.
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3 Microbiology of Nitrification

As discussed in the previous section, the nitrification reaction is caused by two
groups of bacteria ammonia-oxidizing bacteria (AOB) and nitrite-oxidizing bacteria
(NOB). Not even a single group of bacteria has been isolated that directly oxidizes
ammonia to nitrate [14–16]. Studies in the past two decades using comparative 16S
rRNA analyses have shown that AOBs and NOBs can be dealt as separate lineages
within the Proteobacteria [15, 17].

3.1 Classification of Ammonia-Oxidizing Bacteria

Distinguishable by the cell morphology and multilayered gram-negative cell walls,
AOBs can be classified into two phylogenetically different groups of
Proteobacteria in two subclasses β and γ, respectively [18]. The γ subclass has only
one cluster of Nitrosococcus genera [19] while the β subclass has four different
genera of bacteria including clusters of Nitrosovibrio, Nitrosospira, Nitrosolobus,
and Nitrosomonas. 25 distinct species of AOBs have been cultured till date which
obtains energy for their survival from aerobic oxidation of ammonia to nitrite. It is
also believed that some peculiar species of AOBs can grow in both aerobic as well
as anaerobic conditions. Nitrite is the main product in aerobic condition while
anaerobic condition has nitric oxide, nitrite, and nitrogen gas as the main products
of oxidation [20].

3.2 Classification of Nitrite-Oxidizing Bacteria

Eight pure cultures of NOBs exist, which can be described by four different phy-
logenetic groups. The α subclass is assigned to the genera Nitrococcus while the
genera Nitrobacter is assigned γ subclass. Also, the genera Nitrospira was assigned
δ subclass [18]. Nitrospira is believed to be the more specialized and dominant
NOB in WWTPs over Nitrobacter as reported by [21]. Nitrospira has low maxi-
mum activity and a high substrate affinity; therefore, it is called K-strategists for
nitrite and O2, whereas Nitrobacter is called r-strategists in limiting substrate
conditions. Table 1 shows various characteristics of AOBs and NOBs.
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4 Factors Affecting Achievement and Maintenance
of Nitritation

Many researchers have tried to unfold the mystery of factors affecting nitritation
process over the past few decades. It has been widely reported that stable nitritation
can be achieved by keeping a check on pH, DO, temperature, free ammonia, and
free nitrous acid concentration. Nitritation is mainly affected by DO concentration
[23].

4.1 Real-Time Control for Partial Nitrification

It is an online control technique which basically aims at providing conducive
growing conditions for AOBs simultaneously favoring the washout of NOBs. Many
recent studies have focused on real-time control strategies to control various factors
responsible for nitritation as it helps in the reduction of start-up time to a minimum,
thus helping in the achievement of stable nitritation [23]. Ge et al. [22] also support
the application of real-time control in partial nitrification process to determine the
duration for aeration. Nitrogen concentration measurement with NO2

−-N, NH4
+-N,

and NO3
−-N probes are used for the direct online control strategy, whereas the

indirect control strategy uses sophisticated pH, DO, ORP, OUR, and BF probes.

Table 1 Important characteristics of AOB and NOB [22]

Nitrifiers Cell shape Flagellation
of motile
cells

Cell size
(micrometers)

Arrangement of
intra-cytoplasmic
membranes

µmax

(h−1)

Nitrosococcus Spherical to
ellipsoidal

Tuft of
flagella

1.5–1.8 × 1.7–2.5 Peripheral or central
stacks of vesicles

–

Nitrosolobus Pleomorphic
lobate

Peritrichous 1–1.5 × 1–2.5 Compartmentalizing –

Nitrosomonas Straight Rods Polar to
subpolar

0.7–1.5 ×1–2.4 Peripheral flattened
vesicles

0.043
0.039

Nitrosospira Tightly coiled
spirals

Peritrichous 0.3–0.8 × 1–8 Invaginations –

Nitrosovibrio Slender
curved rods

Polar to
subpolar

0.3–0.4 × 1.1–3 Invaginations –

Nitrobacter Pear-shaped/
pleomorphic
rods

Polar to
lateral

0.5–0.8 × 1–2 Polar flattened
vesicles

0.20
0.032
0.043

Nitrococcus Spherical Polar 1.5 Randomly arranged
tubules

–

Nitrospina Slender
straight rods

– 0.3–0.4 × 1.7–6.6 – –

Nitrospira Loosely
coiled spiral

– 0.3–0.4 × 0.8–1 Invaginations –
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Blackburne et al. [24] achieved nitritation by applying aerobic duration control by
OUR measurement. Summary of studies involving real-time control for partial
nitrification is presented in Table 2.

4.2 Dissolved Oxygen Concentration

The activity of nitrite oxidizers decreases more rapidly in low DO concentration
than ammonia oxidizers. This is attributed to the fact that there is a difference in the
oxygen half-saturation constant of AOBs and NOBs, and the AOBs release more
amount of energy in consuming one mole of O2 [29]. High and low dissolved
oxygen levels are reported to cause nitrite accumulation [22]. Peng and Zhu [30]
have clearly stated that DO should be between 1 and 1.5 mg/L in order to achieve
ammonium oxidation along with nitrite accumulation. Katsou et al. [31] success-
fully treated anaerobic effluent at low DO concentration of 0.7 mg/L. Kulikowska
and Bernat [32] accumulated 98% nitrite by controlling DO at 0.7 mg/L.

4.3 Free Nitrous Acid (FNA) and Free Ammonia
(FA) Inhibition

Anthonisen et al. [33] reported that 0.1–1.0 mgN/L of FA can cause NOB inhi-
bition (as FA interferes with the metabolism of nitrite oxidoreductase found on the
cell wall of NOBs) while AOB is inhibited between 10 and 150 mgN/L concen-
tration of FA. pH plays a major role in influencing the equilibrium between the
FNA and nitrite and also the equilibrium of FA; thus, pH can be regulated to
achieve nitritation. Abeling and Seyfried [34] stated that pH in the range of 7.5–8.5
is beneficial for accomplishing successful nitritation. The concentration of FA and
FNA can be determined by Eqs. (11) and (12), respectively, where TAN is total
ammonium and TNO2 is total nitrite.

NH3½ � ¼ TAN½ �10pH
e

6344
T þ 273þ 10pH

ð11Þ

HNO2½ � ¼ TNO2½ �10�pH

e�2300=T þ 273 þ 10�pH
ð12Þ

Peng and Zhu [30] revealed the mechanism of FNA inhibition, in which a proton
is donated by HNO2 inside the cell and this donated proton directly interferes in the
synthesis of ATP. Van Hulle et al. [29] concluded that FA and FNA do not kill the
NOBs; they only have an inhibition effect as the NOBs get adapted to these con-
ditions. FA inhibition is more in the pH range (>8), while FNA has more inhibition
at low pH (<7.5).
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4.4 Alternate Oxic–Anoxic Phases

Compared to AOBs, NOBs have lower growth rate. Thus, NOBs are more affected
in anoxic conditions and are not able to recover from the deficiency of O2 in the
aerobic phases. SBRs have been investigated for nitritation process through alter-
nate aerobic-anaerobic phases. Kornaros et al. [35] have successfully operated a
pilot-scale SBR to treat real domestic wastewater by applying alternate oxic–anoxic
phases. Ge et al. [36] also successfully accumulated more than 81% nitrite in a plug
flow reactor treating municipal wastewater.

4.5 Temperature

One of the main aspects of nitritation is to enhance the growth rate of AOBs and
decrease the growth rate of NOBs. This can be easily accomplished by controlling
the temperature above 15 °C, so as to increase the specific growth rate of AOBs
[30]. Hellinga et al. [9] added that increasing the temperature unnecessarily will not
result in stable nitritation, and an optimum temperature of 25 °C was suggested by
him to achieve stable nitritation. It is inferred from Van Hulle et al. [29] that the
activation energy of AOB is greater than that of NOB. Therefore, the metabolism of
AOB will be faster than NOB and the former will outcompete the latter.
Temperature also influences the free ammonia and free nitrous acid chemical
equilibrium, thus affecting nitritation. In various studies, the observed temperature
for maintaining activity of AOBs and NOBs was 35 and 38 °C, respectively.
Gabarró et al. [37] inferred that temperature influenced the FA and FNA inhibition.
At 35 °C FA and FNA, both affected the activity of AOBs while NOBs were
inhibited at 25 °C.

4.6 Other Factors

According to Sinha and Annachhatre [13], various other factors that influence the
accumulation of nitrite include sludge retention time, light, and various inhibitory
compounds. Ge et al. [22] reported that ultrasonic treatment and substrate con-
centration were also the factors responsible for bringing about nitritation.

5 Studies on Nitrite Accumulation

A summary of various studies employing variety of control strategies for nitrite
accumulation in SBR is presented in Table 3.
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Table 3 Summary of studies employing variety of control strategies for nitrite accumulation in
SBR

S. No. Type of
wastewater

Control strategies Details of
system and
operating
conditions

Nitrite accumulation
and nitrogen removal

References

1 Domestic
wastewater

Formic acid
inhibition and
real-time control

Vol.
10 L; MLSS
1200–1700 mg/
L; SRT 8 d; pH
7.1 ± 0.3; DO
1.8–2.2 mg/L

Nitrite accumulation
80%; nitrogen
removal up to 94%

[24]

2 Landfill
leachate

FA inhibition and
real-time control

Vol. 8 L; MLSS
1500–2500 mg/
L; DO
0.5–2 mg/L;
T 13–17.6 °C

Nitrite accumulation
90%; nitrogen
removal up to 90%

[38]

3 Anaerobic
co-digestion
(supernatant)

Real-time control
and FA-FNA
inhibition

HRT 20 d; SRT
>15 d; DO 1.48–
1.53 mg/L; pH
7.15; T >15 °C

Nitrite accumulation
100%; nitrogen
removal up to 85%

[39]

4 Anaerobic
digestion
supernatant

FA-FNA
inhibition and
real-time control

DO 0.83–
1.55 mg/L;
T >15 °C

Nitrite accumulation
100%; nitrogen
removal up to 85%

[40]

5 Anaerobic
effluent

DO Vol. 26 L; SRT
18 d; DO 0.7–
2 mg/L;
T 22 ± 3 °C

Nitrite accumulation
>97%; nitrogen
removal up to 85%

[31]

6 Landfill
leachate

Artificial
intelligence

Vol. 24 L; SRT
20–25 d;
T 20 ± 1 °C

Nitrite accumulation
100%; nitrogen
removal >95%

[41]

7 Landfill
leachate

Alternate
aerobic-anaerobic
modes and
real-time control

Vol.
10 L; MLSS
3500 mg/L; pH
7.1–8.5; DO
0.5–1.4 mg/L;
T 25–35 °C

Nitrogen removal
>95%

[42]

8 Landfill
leachate

pH, ORP Vol. 8 L; MLSS
3000–5000 mg/
L; SRT 30–40 d;
pH 8.9–9.5; DO
3 mg/L; T 27–
29 °C

Nitrite accumulation
89%; nitrogen
removal 98%

[43]

9 Landfill
leachate

FA inhibition and
real-time control

Vol. 9 L; MLSS
1340–4400 mg/
L; T 9–32.1 °C

Nitrite accumulation
up to 90%; nitrogen
removal 99.5%

[44]

(continued)
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Table 3 (continued)

S. No. Type of
wastewater

Control strategies Details of
system and
operating
conditions

Nitrite accumulation
and nitrogen removal

References

10 Landfill
leachate

FA inhibition and
real-time control

Vol. 10 L;
T 25 °C

Nitrite accumulation
up to 98%

[45]

11 Landfill
leachate

FA and FNA
inhibition and
real-time control

Vol.
250 L; HRT
4.5–12 d; pH
<8; DO <2 mg/
L; T 25 or 35 °C

– [37]

12 Landfill
leachate

pH Vol. 70 L; pH
7.76–8.91

Nitrite accumulation
up to 92%; nitrogen
removal 98%

[46]

13 Synthetic
wastewater

Real-time control Vol. 11 L and 7
L; SRT 16 d;
DO 0.5–1 mg/L

Nitrite accumulation
>95%

[47]

14 Co-digested
liquor

FA and FNA
inhibition

SRT 3–40 d; pH
7.8–8.2; DO
0.8 mg/L; T 25
or 30 °C

Nitrite accumulation
>80%; nitrogen
removal up to 96%

[48]

15 Sludge
de-watering
liquor

Real-time control Vol. 4–6 L;
pH > 6.2; DO
1–1.5 mg/L

Nitrite accumulation
>95%; nitrogen
removal around
85–90%

[49]

16 Domestic
wastewater

Real-time control SRT 5–40 d Nitrite accumulation
>88%

[50]

17 Domestic
wastewater

Real-time control Vol.
11 L; MLSS
3000–3500 mg/
L; SRT 30–35 d;
DO 1–2 mg/L;
T 19 ± 1 °C

Nitrite accumulation
>95%; nitrogen
removal >97%

[26]

18 Synthetic
wastewater

FNA Vol. 8 L; HRT 1
d; SRT15 d; pH
7.2–7.5; DO
1.5–2 mg/L; T
22 ± 2 °C

Nitrite accumulation
>80%

[51]

19 Anaerobic
effluent

FA Vol. 26 L; SRT
18 d; pH 7.2–
8.1; DO 0.7–
2 mg/L;
T 22 ± 3 °C

Nitrite accumulation
100%; nitrogen
removal up to 85%

[31]

20 Landfill
leachate

DO and FA Vol. 5 L; DO
0.7 ± 0.2 mg/L;
T 20–22 °C

Nitrite accumulation
98–99%; nitrogen
removal 65.1–78%

[32]

(continued)
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Table 3 (continued)

S. No. Type of
wastewater

Control strategies Details of
system and
operating
conditions

Nitrite accumulation
and nitrogen removal

References

21 Anaerobic
effluent

FA and real-time
control

Vol. 9 L; T 9–
32.1 °C

Nitrite accumulation
95.5%; nitrogen
removal 89–99%

[44]

22 Domestic
wastewater

Real-time control
based on blower
frequency

Vol. 7 m3; HRT
16–20 h; SRT
15–18 d; DO
2 mg/L; T 11–
26 °C

Nitrite accumulation
95%; nitrogen
removal 98%

[27]

23 Domestic
wastewater

Real-time control Vol. 10 L; HRT
8–12 h; SRT 30
d; T 12–25 °C

Nitrite accumulation
>90%

[25]

24 Soybean
mill
wastewater
and tap
water

Real-time control Vol. 38 L; SRT
53 d; DO 0.2–
7.2 mg/L;
T 31 ± 0.5 °C

Nitrite accumulation
>96%

[28]

25 Real
domestic
saline
sewage

Real-time control Vol. 10 L; HRT
0.17–7 h; MLSS
2.5 g/L; SRT
14–28 d;
T 22 ± 1 °C

Nitrite accumulation
>95%; nitrogen
removal >98%

[52]

26 Synthetic
wastewater

Chlorate addition Vol. 2.5 L; pH
7.8–8.2; DO
>9 mg/L; T 25 °
C

Nitrogen removal
98.93%

[53]

27 Synthetic
wastewater

Hydroxylamine
inhibition

Vol. 2.5 L; HRT
6–8 h; pH 7.8–
8.2; DO 5.5 mg/
L; T 25 °C

Nitrite accumulation
99.8%; nitrogen
removal 81%

[54]

28 Synthetic
wastewater

Sulfide addition Vol. 1.5 L; HRT
1.5 d; pH
7.5 ± 0.2; DO
<0.2 mg/L;
T 23–28 °C

Nitrite accumulation
75%; nitrogen
removal 83%

[55]

29 Domestic
wastewater

Intermittent
aeration

Vol. 2 m3; SRT
16 d; pH 7.2–
7.6; DO
<0.2 mg/L;
T 12.6–24 °C

Nitrite accumulation
>95%

[35]

30 Synthetic
wastewater

Intermittent
aeration

Vol. 2 L; pH
8.2–8.5; DO
<0.2 mg/L;
T 25 °C

Nitrite accumulation
92.95%

[56]

(continued)
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6 Conclusion

The nitrite accumulation is practically impossible in natural aquatic systems.
Despite this fact some researchers have unlocked new avenues in the water research
field and have tried to accumulate nitrite, it is an intermediate in both, nitrification
and de-nitrification. The rate of formation and transformation of nitrite directly
affects its accumulation. Various investigators have manipulated parameters such as
DO, pH, SRT, and FA-FNA concentration to accumulate nitrite in the water sys-
tems. With the application of sophisticated molecular techniques, it has now been
possible to identify the bacteria responsible for formation and transformation of
nitrite (i.e., AOB and NOB). Based on the literature review, various physico-
chemical parameters conducive for nitrite accumulation include pH value of 7.5–
8.5, temperature ranging between 20 and 25 °C and DO concentration of 0.5–
1.5 mg/L. The nitritation process offers a 25% saving in aeration costs and removes
the need of adding an external carbon source in the de-nitritation process.
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Agricultural Waste Utilization
in Sustainable and Resilient
Construction

Poonam Shekhawat, Sandeep Shrivastava and Neha Shrivastava

Abstract Today, the world is suffering from some degree of climate change that is
causing extreme weather events including frequent flooding followed by drought,
cold wave, heat wave, landslides, cyclones, etc. This scenario is imposing a need to
adopt sustainable and resilient construction to mitigate the cause of climate change
and to provide sustainable habitat. The present work is a study on achieving resi-
lient construction with locally available materials. It uses agricultural wastes as
fibers in improving the resiliency of earthen structures prone to flood damages.
Straw bale and jute coir wastes were used to reinforce earthen soil. The initial
properties and a simplified flood resilient test as adopted from the literature were
observed. The unreinforced sample failed after first flooding, while the straw and
coir-reinforced sample stood for the entire test duration without any failure. The
maximum vertical displacement, which indicates swelling, of approximately
2.7 mm in the case of the unreinforced sample, 2.3 mm for the straw-reinforced
sample, and 1.95 mm for the coir-reinforced sample was recorded. It was concluded
that both natural fibers could improve the resilient properties of earthen
construction.
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1 Introduction

Climate change is causing extreme weather events imposing the need to adopt
resilient construction to mitigate the cause of climate change and to provide sus-
tainable and resilient habitat. Sustainable building construction includes
eco-friendly and economical materials and methods for the duration of a building’s
life cycle from outline to development, operation, maintenance, re-design, and
deconstruction [1]. In the context of climate change, resiliency is defined as the
ability of a system to absorb impacts of a climatic event without failing or changing
its state [2]. Earthen construction is a sustainable method of construction, which is
still prevalent in rural areas in developing countries like India. Earthen construction
is environmentally friendly and economical method of construction and involves
low carbon content, low initial cost, and embodied energy [3]. It also involves
locally available material and easier construction techniques. The common types of
earth construction are cob, rammed earth, adobe, and cut blocks, etc. Cob is a
traditional mixture of clay, sand, gravel, straw, and water mixed by hand or
machinery. Cob structures are low height, minor load-bearing structures. The walls
are about 30–60 cm thick and are built in layers 20–35 cm high [4]. Cob is a type
of soil reinforcement technique. Soil reinforcement is a technique consisting of
discrete randomly distributed materials in soil. These materials can be in the form of
powder, fibers, and chips, which provide an improvement in the mechanical
behavior of the soil composite [5]. For the present study, different fibers from the
waste of agricultural products were used as soil reinforcement.

2 Materials and Methods

Clay, coarse sand, fine sand, gravel, and fibers (straws, jute coir each at a time) were
used in the present study (Fig. 1). Straw and coir fiber were used as agricultural
waste fibers. Straw is largely produced in rural areas and used as reinforcement in
composite soil blocks. In a study [6], it was observed that with the addition of straw
as soil reinforcement, compressive strength is improved and shrinkage is reduced.
In another study [7], an increment in shear strength was observed with the inclusion
of 1% optimum straw content as soil reinforcement.

Coir is a fibrous material, which is outer part of an aged coconut. The fibers are
normally 50–350 mm long. Coir fibers have good tensile strength, and this property
remains almost the same even in the wet condition. Elongation in coir fiber without
failure is much higher though it has less tenacity [8]. Coir grids, geotextiles are
nowadays available in various categories, which are economical and
environment-friendly [9]. For instance, in a study [10], it was observed that coir has
shown greater improvement (47.50%) than that of synthetic fibers (40.0%) in
resilient modulus or strength of the soil.
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For the preparation of samples, a basic composition of cob construction was
used and the materials were blended together homogenously. Tables 1 and 2 show
percentage required for different components and the properties of samples pre-
pared, respectively.

In the first stage, some characterization tests, viz. liquid limit, plastic limit, and
specific gravity test were performed. In the second stage, compaction test was
performed with the aim to investigate the optimum moisture content at which
maximum dry density of different samples (unreinforced, straw-reinforced, and coir
reinforced) was achieved.

Standard proctor test method was used in the investigation as per the
IS-2720-PART-7-1980 [12]. In this method, the damp soil in the mold is compacted
in three equivalent layers. Every layer was given 25 blows with a 2.6 kg rammer
dropped from the height of 310 mm over the soil. The soil is then expelled from the

CLAY COARSE SAND FINE SAND

GRAVEL STRAW COIR

Fig. 1 Materials used in the preparation of samples

Table 1 Particle size distribution and details of preparation (data from [11])

Material Percentage required (% by weight) Details of preparation

Clay 20.6 Dried in oven at 105 °C for 24 h

Fine sand 32.5 Dried in oven at 105 °C for 24 h

Coarse sand 19.7 Dried in oven at 105 °C for 24 h

Gravel 24.4 –

Fiber 1.25 Cut into approximate length of 15–50 mm

Water 1.55 –
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mold, and a representative soil sample is acquired for water content determination.
Figure 2 shows the comparison of optimum moisture content (OMC) and maximum
dry density (MDD) for different samples.

By comparing the proctor test results of the three samples, it was observed that
adding fibers in soil sample led to increase in OMC and decrease in MDD. Among
all samples, coir-reinforced sample was with the highest OMC (9%) and the lowest
MDD (2.047 gm/mL). The results demonstrate that the addition of fiber influences
the amount of water that ought to be added to the blend to acquire a denser soil
structure.

Further, the optimum moisture content obtained was used in the preparation of
samples for unconfined compression and flooding simulation tests. Cylindrical
samples (Fig. 3) were prepared using a mold of 75 mm dia. and 150 mm height.
The samples were prepared in four equal soil layers. Each layer was rammed with
60 blows as adopted from the literature [3].

Table 2 Results obtained
from characterization tests

Properties of soil samples Value

Liquid limit 17.2%

Plasticity index 4%

Specific gravity (without reinforcement) 2.56

Specific gravity (with straw) 2.4

Specific gravity (with coir) 2.38

Fig. 2 Optimum moisture content (OMC) and maximum dry density (MDD) comparison for
different samples
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2.1 Unconfined Compression Test

Unconfined compression tests were performed to explore the behavior of the
specimens under compression (Fig. 4a); a comparable circumstance would be seen
in the field when a vertical load is applied on the top of the earthen wall [3].

Fig. 3 Unreinforced and reinforced samples

(a) (b)

Fig. 4 a Unconfined compression setup, b flooding simulation test configuration (based on [13])

Agricultural Waste Utilization in Sustainable and Resilient … 389



2.2 Flooding Simulation Test

The test setup was adopted from [13] to explore the behavior of the specimens
under three cycles of flooding followed by drying periods for a time around
15 days. Figure 4 illustrates the experimental setup. The cylindrical cell of
300 mm � 600 mm was assembled with water valve and dial gauge for vertical
displacement measurement (Fig. 4b). Forster et al. [13] called the proposed test a
flooding simulation test (FST).

A series of FSTs was performed for the specimens compacted with 60 blows
every layer without reinforcement and with reinforcement (straw fibers and coir
fibers). The specimens were exposed to water for a controlled time of 24, 60, and
120 h, followed by a drained environment for 72, 60, and 12 h, respectively. The
half portions of the samples were exposed to water.

3 Results and Discussion

3.1 Unconfined Compression Test

By comparing the results of an unconfined compression test, the peak strength for the
unreinforced sample was 63.9 kPa, whereas it was 87.23 kPa for straw-reinforced
sample and 119.15 kPa for coir-reinforced sample as shown in Fig. 5.

Fig. 5 Unconfined compression test results comparison for samples prepared with 60 blows per
layer
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3.2 Flooding Simulation Test

The unreinforced sample failed after first flooding. The sample showed consider-
able swelling with the maximum vertical displacement of 2.7 mm (Fig. 6). For
straw-reinforced sample, the first flooding event caused an increase in the vertical
height equivalent to 3% of the exposed height under water. The maximum vertical
displacement of 2.3 mm was detected in the case of straw-reinforced sample
(Fig. 7). For the coir-reinforced sample, the first flooding event caused an increase
in the vertical height equivalent to 2.5% of the exposed height under water, which is
lesser than straw-reinforced sample. Coir-reinforced sample showed a maximum

Fig. 6 Flooding simulation test (FST) results for sample prepared without reinforcement

Fig. 7 Flooding simulation test (FST) results for straw-reinforced sample
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displacement of 1.95 mm, which is much lesser than other samples (Fig. 8). The
straw- and coir-reinforced sample stood for the entire test duration without any
failure though a little neck formation was detected.

4 Conclusions

In the present study, compaction, unconfined compressive strength, and flood
resilient properties of unreinforced and two-reinforced soil samples with the
inclusion of 1.25% fibers were tested. Straw and coir were used as soil-reinforcing
materials. Comparing coir fiber-reinforced sample with unreinforced sample, an
increase in compressive strength was observed. Unreinforced sample failed after the
first flooding event. The sample showed considerable swelling and then sudden
collapse. Coir fiber showed the better flood resilient property. It can be concluded
that resiliency of earthen construction can be improved by adding locally available
agricultural waste materials which in this case were straw and jute coir. In future,
different fibers can be compared based on cost and availability of materials.
Influence of compaction rate can be tested on strength and adhesion property of
fibers in the soil mixture. Synthetic fibers using waste (rubber tire fibers, for
example) can be used. The response of vertically loaded samples can also be tested.

Fig. 8 Flooding simulation test (FST) results for sample reinforced with coir fibers
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Improving the Hydrophilicity
of Polysulfone Membrane
by the Addition of Imidazol
with Polyvinyl Pyrrolidone for Crystal
Violet Dye Removal

Nilay Sharma and Mihir Kumar Purkait

Abstract Asymmetric polysulfone (PSn) ultrafiltration membranes were prepared
using polyvinyl pyrrolidone (PVP) of three different molecular weights with imi-
dazol (IMZ). Phase inversion technique was adopted for fabricating the PVP and
IMZ blended PSn-based membrane. Morphological analysis of membranes was
done by field emission scanning electron microscope (FESEM) and atomic force
microscopy (AFM). Liquid–liquid displacement porosimetry (LLDP) method was
used for determining the average pore size, number of pores, and permeability of
membranes. Hydrophilicity was found to be increased with increasing molecular
weight of PVP from 24,000 to 360,000 Da with IMZ, as compared to the plain
membrane. Anionic surfactant sodium dodecyl sulfate (SDS) was used in aqueous
media for investigating the permeation and rejection performance of fabricated
membrane for crystal violet dye (CVD).

Keywords Polysulfone membrane � Hydrophilicity � Dye removal
Contact angle � Imidazol

1 Introduction

Dye consumption is very high in various production units such as paints, textile,
and paper. Effluent released from these units is polluted with different coloring
agents, i.e., dye, which is harmful for both human being and vegetation. It is needed
to properly treat the colored wastewater before its disposal. Trivial amount of dye
present in the water can hamper the path of sunlight which affects the cleanness of
water and also the aquatic life [1]. Dye effluent has complex nature which does not
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allow the satisfactory treatment of it. Many decolorization techniques including
physical [2, 3], chemical, and biological processes [4, 5] have been reported in last
decades. However, performance of combination of two methods is proven to be
more satisfactory than that of single one.

Removal of organic dyes from tinted wastewater can be treated by
micellar-enhanced ultrafiltration (MEUF). It is one of the promising techniques for
dye removal from aqueous media. Higher removal efficiency with elevated per-
meate flux and lower operating cost is the major advantages of MEUF over other
membrane-based separation processes [6]. In this process, micelle formation occurs
by the addition of surfactant in aqueous medium at the same or higher critical
micelle concentration (CMC) level. Then, the oppositely charged solute molecules
are solubilized over the micellar surface. Thus, by the increment of size the solutes
separated after trapping with the micelles [7]. Recovery of surfactant in MEUF is a
well-established technique; Purkait et al. have done work on aromatic alcohols
separation and dye removal from water using MEUF and further recovery of sur-
factant [8, 9].

PSn-based asymmetric ultrafiltration (UF) membranes are widely used in water
treatment, food processing, and biotechnology [10, 11]. This is one of the most
promising clean energy technologies. PSn has certain potential advantages,
including its excellent acidic and basic resistance, good thermal stability, wide pH
range, and film forming ability [12–15]. Major disadvantages of PSn membranes
include their low infiltration capacity and severe membrane fouling because of their
hydrophobic nature [16]. It is very necessary to overcome these problems for
increasing the permeability and life span of the membrane. Surface characteristics
of membrane such as morphology, porosity, pore size, and hydrophilicity affect the
membrane fouling [17]. Flux-declining and membrane fouling can be reduced by
improving the hydrophilicity of the membrane. Many researchers have done work
by altering the composition of the membrane for finding an additional hydrophilic
material. So, membrane fouling can be remarkably reduced by increasing the
hydrophilicity of the membrane surface as well as porous surfaces [18, 19].

Hydrophilic properties of the PSn membrane can be improved by the addition of
different organic additives with it. Surface modification done by the blending of
additives is resulted in increased hydrophilicity of PSn-based membrane [20–22].
Yan et al. [23] prepared imidazolium-functionalized polysulfone hydroxide
exchange membranes for potential applications in alkaline membrane direct alcohol
fuel cells. Kumari et al. [24] have done a review on imidazol and its biological
activities. They resulted with the fact that being a polar and ionizable aromatic
compound, it improves pharmacokinetic characteristics of lead molecules and thus
used as a remedy to optimize solubility and bioavailability parameters of proposed
poorly soluble lead molecules. Sun et al. [25] have identified a number of liquid
proton-conducting electrolytes, based on imidazol (IMZ) compounds and/or
organic molten salts, as candidates for impregnation into polymer membranes.
Hydrophilic group containing polymeric membranes shows high porosity. These

396 N. Sharma and M. K. Purkait



membranes are resistant to attack by acids as well as have high-temperature sta-
bility. Oxidizing and reducing atmospheres were also found in operating fuel cells.

A critical review of above the literature envisages that lots of works have been
reported on the addition of different IMZ-based materials to polymeric membrane,
but effect of direct addition of IMZ with PVP on polymeric membranes was not
studied yet. Therefore, in the present work a detailed study was done for finding the
effects of addition of IMZ with three different molecular weights of PVP into the
casting solution of PSn membrane; in order to increase the hydrophilicity and
crystal violet dye (CVD) rejection performance of PSn membrane, PVP (24,000,
40,000 and 360,000 Da) was taken as pore former in this study and blended with
IMZ in PSn membrane casting solution. Effects of IMZ on the hydrophilicity, water
flux as well as permeation and rejection behavior of CVD under different solution
conditions was studied. For characterizing the prepared membranes, morphological
parameters were examined. Hydrophilicity of membranes was evaluated by contact
angle measurement. All the parameters were examined and explained well.

2 Materials and Methods

Polysulfone (average molecular weight 30,000 Da) was procured by Sigma-Aldrich
Co. USA, and used as base polymer. N-methyl pyrrolidone (NMP) (supplied by
LOBA Chemie, India) was used as solvent for membrane preparation. Otto Chemie
Private Limited, India, supplied the PVP (average molecular weight 24,000, 40,000,
and 360,000 Da which was used as pore-forming additive. CDH Laboratory, India,
supplied the CVD with molecular weight of 407.9 Da and Sisco Research
Laboratories, India, provided the surfactant SDS (MW 288.38). IMZ was supplied
by Otto Chemie Private Limited, India. Detailed procedure for membrane prepa-
ration is discussed in the literature (Sharma et al.). Membranes with altering
compositions were defined as m1, m2, m3, and m4. Composition of membranes is
given in Table 1.

Table 1 Composition of PSn casting solutions of the membranes

S. No. Membrane PSn
(wt%)

PVP-24,000
(wt%)

PVP-40,000
(wt%)

PVP-360,000
(wt%)

NMP
(wt%)

IMZ
(wt%)

1 m1 14 0 0 0 86 0

2 m2 14 4.8 0 0 78 3.2

3 m3 14 0 4.8 0 78 3.2

4 m4 14 0 0 4.8 78 3.2
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3 Results and Discussion

3.1 Morphological Study

For knowing the surface roughness parameters, AFM images were used.
High-resolution FESEM was used for examining surface and cross-sectional mor-
phology of the membranes, i.e., size and shape of the pores.

3.1.1 Image Analysis by FESEM

Cross-sectional view of the fabricated membranes is shown in Fig. 1. Asymmetric
porous structure can be clearly shown in these FESEM images. The figure also
depicted dense top layer and a porous sub-layer, except for membrane m1. The
porosity of the fabricated membranes was found to be increased by the addition of
higher molecular weight of PVP with IMZ. This information may be explained by
two facts, viz. (i) interactions between polymer chains got reduced as PVP-IMZ
molecules and polymer came into contact and interacted with each other.
(ii) Solvent (NMP) outflow decreased and non-solvent (water) inflow increased due
to the hydrophilicity of added IMZ to the casting solution [26]. Further, ratio of

m1 m2 

m3 m4 

Fig. 1 Cross-sectional FESEM images of membrane m1, m2, m3, and m4
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non-solvent inflow to solvent outflow increases by increasing the viscosity which
resulted in a more porous membrane [27].

Figure 2 depicts the top surface images of m1, m2, m3, and m4 membranes
captured by FESEM. Spinodal demixing may be the cause of the development of
dense top surface. This may be because of the fact that the diffusion process was so
fast to become extremely unstable and cross the spinodal curve during formation of
top layer [28, 29].

3.1.2 AFM Analysis

Atomic force microscopy (AFM) was used for analyzing the surface morphology
and roughness of the membranes. Small squares of membranes (Approximately
1.5 cm2) were taken for analysis. Figure 3 depicts the AFM images of all the four
membranes. Root mean square (RMS) roughness was measured using the 3D AFM
images. RMS roughness was found to be increased with the addition of PVP and
IMZ. Further, it was also observed that higher molecular weight of PVP containing
membranes shows more RMS roughness than plain and lower molecular weight of
PVP containing membranes. It may be attributed to the fact that porosity was
increasing since number of pores on the surface was increasing by the addition of
PVP and IMZ [20]. RMS roughness for m1, m2, m3, and m4 was measured as 3.6,
5.8, 6.9, and 8.1 nm, respectively.

m1 m2 

m3 m4 

Fig. 2 FESEM images of top surface of the membrane m1, m2, m3, and m4
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3.2 Determination of Molecular Weight Cut-off (MWCO)

MWCO values are the measures to determine qualitative pore sizes of the mem-
branes while the pure water permeability is related to porosity (pore number den-
sity) of the membranes [30]. Measurement of MWCO values was done by passing
aqueous solutions of polyvinyl pyrrolidone (PVP) of two different molecular
weights (i.e., PVP 24,000 Da and PVP 40,000 Da) and a protein bovine serum
albumin (molecular weight 68,000 Da). Standard technique [31] was opted for
finding the concentration of PVP in aqueous solution, whereas protein concentra-
tion was measured by UV–vis spectrometer. Rejection (% R) of polymer and
protein solutes was used for determining the MWCO of the membranes. Figure 4
depicts the plot of rejection versus molecular weight for all the three membranes.
The value of molecular weight at rejection 90% was taken as MWCO of membrane
assuming that there is a linear correlation between the rejection and molecular
weight of solute. The MWCO value was found to be about 108, 97, 85, and
68.5 kDa for the membrane m1, m2, m3, and m4, respectively. MWCO value was
lowest for membrane m4 among all the four membranes. Figure 4 shows the
rejection (%) versus molecular weight for finding the MWCO of the membranes.

n70.9 m

0.00 nm

n74.11 m

n00.0 m

14.10 nm

0.00 nm

n36.71 m

n00.0 m

m1 m2 

m3 m4 

Fig. 3 AFM images of membrane m1, m2, m3, and m4
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3.3 Permeation Studies

Effect of the addition of PVP with IMZ on fabricated membranes was checked by
permeation behavior. Effects of both the additives were studied on equilibrium
water content (EWC) and porosity. Membranes were tested for flux and rejection
(%) of CVD with and without SDS. Lastly, at different pHs the membrane per-
formance was checked for its rejection and permeate flux performance with CVD.
Outcomes of the research have been discussed in subsequent sections.

3.3.1 Hydrophilicity, EWC (%), and Porosity Analysis

Role of hydrophilicity and porosity of the membrane is undoubtedly significant in
membrane permeation process. These are based on the morphology and subse-
quently affect the pure water flux through membrane. Surface hydrophilicity is
principally described by the contact angle measurement [32]. Generally, it is a
common phenomenon that as the value of contact angle decreases the
hydrophilicity increases. Porosity and EWC (%) of the membranes were measured
using standard method [20, 21]. Values of porosity and EWC (%) of membranes are
shown in Table 2. Figure 5 depicts the images of contact angle. Contact angle
decreased and porosity increased with the addition PVP with IMZ. Hydrophilicity
increases by increasing the molecular weight of PVP; it was highest for membrane

Fig. 4 Rejection (%) versus molecular weight for determining MWCO value of the membranes
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m4 among all the four membranes. It may be due to the increased hydrophilic group
on the membrane surface by the addition of PVP and IMZ. The contact angle for
m1, m2, m3, and m4 was 85.5°, 76.9°, 75°, and 53.4°, respectively. Similarly,
porosity for m1, m2, m3, and m4 was 0.17, 0.22, 0.28, and 0.43, respectively. The
change in porosity was due the difference in viscosity of the casting solution.

3.3.2 Analysis of Liquid–Liquid Displacement Porosimetry Results

Radius of the pore, permeability of the membranes, and pore number per unit area
for each membrane were calculated using standard equations [33, 34]. Pore size
distribution of the membranes observed by LLDP is shown in Fig. 6. Around
18.5% of the pores were in the size of 2–3 nm for m4. For m1, m2, and m3, these
numbers are 17, 17.1, and 17.3%, respectively. It can be seen from Fig. 6 that the

Table 2 Values of some
characterization parameters of
all the four membranes

Membrane EWC (%) Pore number
Nt � 10−8 (m−2)

Porosity

m1 36.0 1.21 0.17

m2 41.1 1.46 0.22

m3 46.3 3.11 0.28

m4 54.2 4.60 0.43

m1 m2 

m3 m4 

Fig. 5 Images of contact angles for membrane m1, m2, m3, and m4
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pores approximately 90% for all the five membranes are in the range of 3–5 nm
which clearly brought them under UF range. Figure 7 depicts the variation in
cumulative permeability (%) with pore size (nm). Though, larger pores play major
role in overall permeability; as contribution from the small number of larger pores
(>50 nm) can be quite highly compared to the smaller size pores (<5 nm), they are
majority in number [22]. Hagen–Poiseuille equation explains that the enlarged pore
radius can be responsible for increase in flux. Calvo et al. [35] observed the same
results for UF membranes formed by track etched method. However, it is difficult
and challenging to measure the accurate part of the larger pores (>50 nm) and
smaller pores (<2 nm) by the LLDP method. Results obtained by LLDP method are
placed in Table 2. It is observed that by the addition of PVP with IMZ the number
of pores for all the membranes increases, especially addition of higher molecular
weight of PVP resulted in more porous membranes. Pores were increased from
1.2 � 108 m−2 to 4.6 � 108 m−2 for membrane m1 and m4, respectively. The
mean pore size rm for all the five membranes was slightly decreased by the addition
of PVP and IMZ. It was calculated as 2.6, 2.4, 2.21, and 1.9 nm for m1, m2, m3,
and m4, respectively.

Fig. 6 Pore size distribution of all the membranes by LLDP method
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3.4 Ultrafiltration of CVD

Transmembrane pressure is a key factor for finding the characteristic of flux other
than that the flux description and rejection of solute through the membranes mostly
assessed by the morphology of the membrane and the properties of the feed
solution, specially its pH. So, fabricated UF membranes were also tested by mea-
suring flux at different pH of CVD solution (20 mg L−1).

3.4.1 Flux and Rejection of CVD at pH 7: With and Without Anionic
Surfactant Sodium Dodecyl Sulfate (SDS)

In the present study, SDS is used for the micellar-enhanced ultrafiltration (MEUF).
In this process, micelles of surfactant help to solubilize organic or inorganic con-
taminants from aqueous stream. Effect of the addition of SDS in CVD removal is
depicted in Fig. 8. SDS was taken at a concentration of 8.2 mM which is the critical
micellar concentration (CMC) of SDS [36], and CVD concentration was taken as
20 mg L−1. Surfactant–dye interaction in aqueous solutions has been studied in the
different literature [37–40]. Both hydrophobic and electrostatic forces play signif-
icant role in association between ionic dyes and ionic surfactants [41]. Figure 8
clearly depicts that in the absence of surfactant rejection of CVD is lower. It is due

Fig. 7 Variation in cumulative permeability (%) with pore size (nm)
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the fact that the size of pores of membrane is bigger than the CVD molecules.
Conversely, by the addition of SDS in dye solution, the rejection of CVD enhanced
up to 95.5%. Therefore, it is clear that the dye molecules were retained by the UF
membrane after solubilization on the surfactant micelles [41].

Figure 8 also depicts the change in the permeate flux with and without SDS.
Without SDS, flux was found more. However, by the addition of SDS flux was
decreased. Concentration polarization on the membrane is responsible for reduced
permeate flux [41]. Since the micelles were accumulated over the membrane sur-
face. Purkait et al. also found similar observations [42].

4 Conclusions

Major findings of the work are:

I. PVP (average molecular weight of 360,000 Da) with IMZ depicted best
performance among all the membranes for every performance parameter.

II. Porosity was found to increase from 0.17 to 0.43 for m1 and m4,
respectively.

III. CVD rejection (%) through the membranes was improved from 77.5% for
plain membrane m1 to 95.5% for m4 membrane with SDS at normal pH 7.

Fig. 8 Flux and % rejection after addition of SDS in dye solution
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Performance Evaluation of Low-Cost
Microbial Fuel Cell Employing
Clayware Separator of Different
Thickness

Sudhansu Behera and Manaswini Behera

Abstract The performance of low-cost microbial fuel cell (MFC) employing
earthenware separator of different thickness is studied. The earthenware separator
composed of red soil blended with montmorillonite; a soil mineral having high
cation exchange capacity was used for the study. A comparative study of MFC
employing 4 mm (MFC-1) and 5 mm (MFC-2) separator thickness was established
where MFC-1 outperformed MFC-2. The dual-chambered MFC with inner anodic
chamber and concentric outer cathode chamber showed a maximum power density
of 47.77 and 33.44 mW/m2 in MFC-1 and MFC-2, respectively, while fed with
synthetic dairy wastewater of chemical oxygen demand (COD) 1920 ± 20 mg/L.
A comparatively lesser internal resistance of 71 Ω was observed in MFC-1 while
105 Ω in MFC-2 at maximum COD removal efficiency of 89%. MFC-1 and MFC-2
depicted an open-circuit voltage of 822 and 490 mV, respectively, with 150 Ω
external resistance.

Keywords Microbial fuel cell (MFC) � Earthenware separator � Chemical oxygen
demand (COD) � Power density � Internal resistance

1 Introduction

With the increasing rate of production of domestic and industrial wastewater
containing enormous amount of nutrients and insufficient availability of on-site
treatment plants, the demand has been a primary concern for the society. For
instance, the effluents released to the water body thereby reduce the dissolved
oxygen (DO) level in freshwater, and the existence of aquatic animals and herbs in
the toxic environment thus becomes impossible. In developing countries like India,
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this scenario is very common and there is a need for on-site wastewater treat-
ment facility for removal of excess organic matter and nutrients. The concept
pertaining to generation of electric current through bacteria culture was first
reported by Potter (1911) [1]. The microbial fuel cell (MFC) is a bioelectrochemical
device that continuously produces electricity by the exoelectrogens (anaerobes)
present in wastewater. The conventional MFC consists of two chambers, namely
anaerobic anode chamber and aerobic cathode chamber, where wastewater is
supplied at anode. Two electrodes one at anode and other at cathode are connected
through an external electric circuit and a load (resistor) in between. The anaerobic
degradation of wastewater and the metabolic activity of bacteria produce electrons
and protons in anode chamber where the electrons are transferred to the cathode
through external electric circuit, while protons are migrated to cathode through the
cation exchange membrane (CEM). At cathode, the electrons, protons, and oxygen
all combine to form water as by-product. Therefore, there is a potential difference in
anode and cathode chamber which produces electricity. A continuous supply of
atmospheric oxygen is thus ensured through active aeration in cathode chamber.
The results thus obtained from the current study depicted a significant improvement
over conventional MFCs employed with high cost membranes for proton mass
transfer. The unique thermal, chemical, and mechanical characteristics of ceramic
membrane separators offer greater advantages over polymeric membranes in fuel
cells and other applications [2].

However, for the scale-up of power and practical application, still more com-
prehensive knowledge on electrochemical, biological reactions and microbiological
study is required. The use of high-cost materials in MFC also effects the efficacy
and its sustainability. The separator, i.e., CEM, has more significance for effective
proton permeability from anode to cathode and for inhibiting oxygen transfer and
electrolyte crossover. The most commonly used separators are Nafion®; a sul-
fonated group possess high proton conductivity. However, it is very expensive
($1733/m2) and its cost has a significant impact on the overall manufacturing cost
of an MFC [3]. So, the current research is based on developement of a low cost
eco-friendly CEM made up of locally available clayey soil which can sustain the
worst environment along with its behaviour of different thickness.

2 Materials and Methods

2.1 Earthenware Separator

Earthenware separators were prepared by blending 80% of red soil (laterite) and
20% of montmorillonite (cation exchanger) and adding small amount of water. Wet
clay after achieving certain plasticity was filled in two molds of size 7 cm � 9
cm � 0.5 cm and 7 cm � 9 cm � 0.4 cm, respectively. They are dried in open air
for 5 days, followed by drying in hot air oven at 150 °C for 2 h, and finally kept in
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muffle furnace at 650 °C for 30 min. Energy Dispersive X-ray Spectroscopy
(EDS) analysis was carried out to study particle characterization of earthenware
separator. The separator possess SiO2—49.23%, Al2O3—21.6%, Fe—21.5%,
K—2.15%, MgO—1.11%, Ti—1.45%, Na—0.95%, Cu—2%. The earthenware
separators were placed in the MFC by Araldite, an adhesive material.

2.2 Electrodes

Stainless steel (SS) mesh was used as anode electrode with total projected surface
area 502.4 cm2. Similarly, graphite plates of size 6 cm � 8 cm having thickness of
0.5 cm were used as cathode electrode for both the reactors. The anode and cathode
electrodes were placed very close to earthenware separator at a distance of 0.7 cm
apart. Thin copper wire with full insulation was used in the external electric circuit
with 150 Ω external resistance.

2.3 Fabrication of MFC and Its Operation

Two dual-chambered MFC reactors were fabricated each having outer cathode
chamber and concentric inner anode chamber. Hereafter, the MFC reactor
employing 4 mm is noted as MFC-1 while that of MFC employing 5 mm is noted
as MFC-2. The dual-chambered MFC (Fig. 1) was fabricated using transparent poly
acrylic material. The anode chamber has working volume of 780 and 800 mL in
MFC-1 and MFC-2, respectively, while that of cathode it is 6.6 L for both the
reactors. Four openings each having size of 6 cm � 8 cm were made at four faces
of anode chamber for placement of earthenware separators. Wastewater was fed to
the anode chamber from the bottom. Two openings were made at the top and
bottom of anode chamber for passage of effluent from anode chamber to cathode
chamber.

The dual-chambered MFC was operated with continuous supply of synthetic
dairy wastewater having chemical oxygen demand (COD) of 1920 ± 20 mg/L. The
substrate was supplied at a flow rate of 2.1 mL/min (HRT = 6 h) by using a
peristaltic pump. The constituents of synthetic dairy wastewater are milk powder,
1.6 g/L; FeCl3�6H2O, 15 mg/L; MgSO4�7H2O, 70 mg/L; CaCl2�H2O, 30 mg/L;
MnSO4�7H2O, 15 mg/L; KH2PO4, 60 mg/L; NH4Cl, 120 mg/L; NaHCO3, 1 g/L
[4, 5]. The substrate was given anaerobic treatment in the anode chamber, and the
effluent of anode chamber was given aerobic treatment in the cathode chamber with
the help of active aeration. The anode chamber was inoculated with bottom sludge
of domestic sewer having volatile suspended solid (VSS) of 32.5 g/L. The exper-
imental setup is illustrated in Fig. 1.
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2.4 Analyses and Calculation

The COD concentrations of influent and effluent, DO, pH, volatile suspended solid
(VSS), total solid (TS) were measured according to APHA standard procedure [6].
The current (I) and voltage (V) were measured by a true RMS professional mul-
timeter (Extech, India). The power can thus be calculated by P = V * I. The
open-circuit voltage (OCV) and working voltage (external resistance of 150 Ω)
were measured every day throughout the working period of 45 days. The power
density and volumetric power were calculated normalized to anodic electrode area
and net liquid volume of anode chamber, respectively. The anode and cathode cell
potentials were measured by KCl reference electrode. Polarization study was
conducted after achieving a stable performance by varying external resistances from
50 to 4500 Ω. The internal resistance associated with MFC was calculated from the
slope of line plotted between current and voltage.

The coulombic efficiency (CE) is defined as the ratio of total coulombs recovered
during the operation per total coulombs present in the substrate [3]. The CE of MFC
operated in continuous mode of substrate supply can be found out from the formula:

Fig. 1 MFC experimental setup
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CE ¼ 8I
FqDCOD

ð1Þ

where I is the measured electric current; 8 is a constant used for substrate measured
in terms of COD, based on molecular weight of O2 as 32 g/mol; F is the Faraday’s
constant = 96,485 C/mol; q is the flow rate of substrate in L/day; and ΔCOD is the
change in COD value of the influent and effluent in mg/L. The morphological
characteristics of earthenware separator were studied by Energy dispersive X-ray
Spectroscopy (EDS) analysis.

2.5 Proton Mass Transfer Coefficients of Earthenware
Separator

The proton mass transfer coefficients (kH, cm/s) for both 4 and 5 mm separators
were determined abiotically with one chamber filled with deionized water
(pH � 6.8) and using 0.1 M NaOH solution with pH 10.5 in the other chamber.
The change in pH was observed using a pH probe (Systronics, digital pH meter
335) continuously at intervals of 15 min. The mass transfer coefficient was then
calculated as per Eq. (2) [7].

kH ¼ � v
2At

ln
Ca þCc � 2Cp

Ca

� �
ð2Þ

where Ca and Cc are the initial proton concentration in anodic and cathodic
chamber, respectively, and Cp is the proton concentration in the cathodic chamber
at time t. Similarly, the proton diffusion coefficient (DH, cm

2/s) was calculated from
average thickness of ceramic separator (Lth) as per Eq. (3)

DH ¼ koLth ð3Þ

3 Results and Discussion

3.1 Physical Characterization of Separator

3.1.1 EDS Analysis

The microscopic analysis of earthenware PEM has shown an appreciable amount of
silica and aluminum as the key inorganic element in a typical soil sample. The
chemical constituents of montmorillonite and the composite soil membrane are
listed in Table 1. The interpretation for the elements present in the composite

Performance Evaluation of Low-Cost Microbial Fuel Cell … 413



membrane shows high amount of oxides of silica which represents a potential
membrane for cation exchange. The composite membrane contains huge amount of
Silicon ion creates negative charge when combines with silicon-oxygen tetrahe-
dron. Thus, the presence of silicon ions helps in retaining the positive ions, i.e.,
protons (H+) ions on the surface of earthenware separator. Montmorillonite is found
to have highest cation exchange capacity (CEC) ranging about 70–100 meq/100 g
among all minerals present in soil.

The CEC is the number of exchangeable cations per dry weight that a soil is able
to hold. Therefore, a blend of bentonite clay and montmorillonite will certainly
exhibit high cation exchange and could possibly overcome major difficulties
associated with MFC. A separate study also conducted by Ghagde and Ghangrekar
[8] on earthenware separator and concluded that MFC show highest performance
by blending 20% of montmorillonite with soil in the composite membrane. Further,
the clay minerals are very fine and by blending with soil having higher particle size
could possibly reduce the voids. Thus, montmorillonite has the potential to act as
proton exchanger, thereby enhancing the efficacy of MFC.

3.1.2 Proton Mass Transfer

The proton mass transfer coefficient (kH) and diffusion coefficient (DH) for the
earthenware separator were evaluated in un-inoculated MFCs at room temperature.
The pH was monitored throughout the period. During the experiment, MFC-1
recorded proton mass transfer coefficient of 8.34 � 10−4 cm/s which is 30% higher
than MFC-2 of value 6.35 � 10−4 cm/s. Similarly, the proton diffusion coefficients
were calculated as 3.32 � 10−4 cm2/s and 3.17 � 10−4 cm2/s for MFC-1 and
MFC-2, respectively. The DH value is higher than the value reported by Ghadge
and Ghangrekar (2009) which is 3.25 � 10−6 cm2/s. The high proton diffusion
property is due to the presence of different functional groups [2]. The use of thinner

Table 1 Composition of soil with their weight percentages

Elements Montmorillonite (%) Composite (montmorillonite + red soil) (%)

Al2O3 19.68 25.64

SiO2 51.42 45.78

K (feldspar) 1.89 2.2

Fe 17.76 22.94

Cu 2.44 3.43

Ti 2.81 –

Na (albite) 1.19 –

MgO 1.95 –

Ca (wollastonite) 0.86 –
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earthenware separator supports more proton flux diffusion at cathode which could
be due to decrease in the resistance for proton transfer through the thinner separator
in comparision with higher wall thicknesses.

3.2 Electricity Generation in MFC

The direct electricity obtained in MFC from the oxidation of organic substrates is a
function of strength (COD) of wastewater. The more is the oxidation of organic
substrates during stable period, the more would be the power production. The
MFC-1 and MFC-2 showed maximum open-circuit voltage (OCV) of 0.822 and
0.490 V at 60th and 14th day of operation, respectively. A delay in obtaining stable
and optimum performance was observed in MFC-1 because of seasonal variation of
temperature in operation as MFC-2 and MFC-1 were operated in summer and
winter season, respectively. The rate of metabolism and substrate degradation is
generally higher in summer; therefore, it took less time for MFC-2 than MFC-1 to
obtain stable performance. The maximum and average power production values are
given in Table 2. The power was calculated by the formula P = V * I, where P is
the power generated in watt, V is the working voltage, and I is the measured current
with a load of 150 Ω. The volumetric power obtained is much higher than the
earlier studies based on ceramic separators; thus, the current composite separator
having thickness of 4 mm has shown appreciable performance for power produc-
tion along with wastewater treatment. The earthenware separator also sustained for
such a hydraulic load and can sustain for 14 months as reported by Ghadge and
Ghangrekar [8].

3.2.1 Coulombic Efficiency

The average CE during the period of stable performance was 5.25% and 4.16% in
MFC-1 and MFC-2, respectively. The low CE shown by the MFCs could possi-
bly due to utilization of large percentage of substrate by anaerobic microbes such as
methanogenic archaea or sulfate-reducing bacteria other than anode-respiring
bacteria (He et al. 2005) [9]. The low coulombic efficiency could also be due to
oxygen and substrate diffusion through the separator as reported by earlier studies.

Table 2 Power production values

Working voltage
(mV)

Power density
(mW/m2)

Volumetric power
(W/m3)

OCV
(mV)

MFC-1 600 (max) 47.77 3 822

466 (average) 30.23 1.89 686

MFC-2 470 (max) 29.31 1.88 490

422 (average) 23.71 1.52 440
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3.2.2 Polarization Study and Internal Resistance

The polarization study is mainly conducted to know the effect of different external
resistances on the performance of the system. Figure 2 shows the polarization curve
as a function of current density, voltage, and power density measured at variable
external circuit load (50–4500 Ω). The voltage and current were measured in the
multimeter after achieving a stable reading at an interval of 5 min. During polar-
ization, current generation is decreased with increase in external resistance, which
indicated typical fuel cell behavior. The power density curve showed a maximum
power density of 36.29 and 33.44 mW/m2 in MFC-1 and MFC-2, respectively, at
an external resistance of 100 and 200 X during polarization.

The internal resistance associated with both the reactors enumerated from the
slope of the curve between voltage and current density as shown in Fig. 3. The
ohmic resistance mentioned is the slope of curve between voltage and current
density during stable period obtained from the mid-straight portion. The internal
resistance of MFC-1 was 71 Ω which is less than the value 105 Ω obtained in
MFC-2. This is due to thinner earthenware separator facilitated a decrease in the
resistance to mass transfer of protons and increase the flux which enhanced the
reduction reaction on the cathode surface [10]. Therefore, the use of earthenware
separator of lesser thickness has significant improvement over internal resistance.

3.3 COD Removal

The overall COD removal efficiency of MFC-1 and MFC-2 was 85.25% and
83.3%, respectively, during the stable operational period. There has been a con-
sistent increase in the COD removal efficiency in MFC-2 after an acclimatization
period of 12 days of operation, while MFC-1 took 18 days to attain stable per-
formance because of low opearating temperature. The COD removal efficiency in
anode chamber was 61.44% and 69.7%, while the COD removal efficiency in

Fig. 2 Polarization study of MFC-1 and MFC-2
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cathode chamber was 61.74% and 45.2% in MFC-1 and MFC-2, respectively. A
marginal improvement on COD removal was observed in MFC-1 as compared to
MFC-2, but most importantly the difference was observed in electricity production
in both the reactors. From this experiment, it was observed that summer tempera-
ture supports anaerobic substrate degradation. The anaerobically treated effluents
from anode chamber were again supplied to cathode chamber to undergo aerobic
treatment. The dual-chambered MFC was found to be efficient to treat synthetic
dairy wastewater. The introduction of biocathode also helped to reduce the strength
of organic matter of anode effluent by continuous aeration.

4 Conclusion

The study investigated the effect of earthenware separator thickness on the per-
formance of MFC. The power output in MFC-1 employed with 4 mm separator was
significantly higher than MFC-2 having 5 mm wall thickness. The earthenware
separator can be an alternative for high-cost polymer separators during
operation. Therefore the use of thinner cation exchange membranes as provided
in MFC-1 will certainly overcome the major hindrances in obtaining elevated
performance in conventional MFCs. The improvement in internal resistance and
proton mass transfer also plays an important role while designing stacked MFC.
The MFC employed with low-cost separators is thus sustainable for providing
renewable energy during wastewater treatment.
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Characterization and Disposal of Ashes
from Biomedical Waste Incinerator

J. M. Vivek, Richa Singh, Rahul S. Sutar and Shyam R. Asolekar

Abstract Incineration happens to be the most commonly practiced method of
disposal of biomedical wastes (BMWs) in India. This method has some important
advantages such as pathogen destruction and volume reduction. The ashes gener-
ated are sent to engineered hazardous wastes’ landfills. There are many issues of
concern of ash disposal due to the potential for dislocation of pollution through the
presence of heavy metals, inorganics and other refractory substances. The bottom
ash samples characterized in this study were collected from a biomedical wastes’
incinerator having a capacity of 50 kg BMW/h. The particle size distribution,
morphology, mineralogy and chemical composition were determined using ana-
lytical techniques like ICP-AES, XRD and SEM. The analysis by ICP-AES and
SEM indicated the presence of heavy metals such as Fe, Pb, As, Cr in all the
samples. The presence of chlorine was also detected which indicated the prevalence
of burning of polyvinylchloride compounds in the incinerator. Bottom ash was
enriched in Mg, Zn, Al, Ca and Ti. Powder-XRD data showed bottom ash to be an
amorphous mass. Some rare earth elements were also detected. A set of alternate
solutions for keeping ash out of hazardous waste landfills and sustainable man-
agement methods are also discussed.
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1 Introduction

The wastes generated from human activities generally include the heterogeneous
disposals from both municipal areas as well as the rural settings. It is generally
characterized as municipal wastes, hazardous wastes, biomedical wastes or hospital
wastes. The rules governing each category point out at the explicit features leading
to specific rules, regulations and protocols for proper treatment, storage and
disposal.

The growth of population and proportionate massive outburst in diseases and
accidents generate more and more infectious and non-infectious wastes from
healthcare facilities. Biomedical wastes (popularly referred by various names as
hospital wastes, clinical wastes, healthcare wastes) are produced while the diag-
nosis, treatment or immunization of humans (or animals) is carried out or when
research activities are conducted in these areas. The generated biomedical wastes
can be hazardous as well as infectious and contain toxic chemicals and pathogenic
organisms which pose contamination risks to both people and the environment.
There is a huge irony that in the process of offering healthcare facilities, waste
products are generated that are potentially more harmful. The wastes generated
from healthcare facilities, research centres and laboratories can be broadly classified
into “hazardous-biomedical” wastes which comprise around 25% of the total waste
fraction (sharps, infectious, pathological, pharmaceutical, cytotoxic, chemical and
radioactive wastes) and 75% “non-hazardous-biomedical” wastes that mainly
comprise of domestic waste and garbage [1]. Due to lack of awareness and
improper processes of segregation, the generated domestic waste also gets con-
taminated with the infectious wastes, leading to the generation of huge quantity of
potentially infectious wastes. The important parameters of concern for any waste
treatment disposal system facility should be the quantity and quality of wastes, the
competency of the dedicated disposal facility to manage that much quantity, the
treatment efficiency observed, available space for the equipment, effluents and
gaseous emissions from the facility, the economy of the operation and most
importantly the occupational health and safety mainly for the workers who are
continuously exposed in the facility [2]. In a study conducted for biomedical waste
management in a hospital in Belgaum, India, the care ensured by personnel for
handling the biomedical wastes elucidates the need of systematic handling of
infectious and non-infectious wastes [3].

Generally, four methods are employed to treat the hazardous wastes from the
healthcare sector. These are: thermal (autoclaving, using microwaving, frictional
heat treatment system, dry heat technologies, incinerators), chemical (using either
dissolved chlorine dioxide or sodium hypochlorite, glutaraldehyde/quaternary
ammonium compound-based treatment, lime slurry or calcium oxide treatment,
ozone treatment), irradiative (ionizing radiations, UV-C irradiation) and biological
methods (using enzymes to treat organic wastes) [4]. But out of all the methods, the
most viable system for the disposal is burning in incinerators [5, 6]. In thermal
treatment and disposal of biomedical wastes, the wastes are burned in a supervised
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condition which converts the waste into ash and gases. However, the process is
energy-intensive. Biomedical waste incinerators are operated either using oil or
electricity or the combination of both. Multiple hearth type, rotary kiln and con-
trolled air types are the commonly used types of incinerators for disposal of
healthcare/infectious wastes. The commonly used incinerators have a refractory
lining with primary and secondary chambers for ensuring optimal combustion. The
primary chamber has pyrolytic conditions where temperature builds up for a range
of about 800 ± 50 °C followed by the secondary chamber that is usually operated
in excess air conditions and temperature is around 1050 ± 50 °C as per schedule V
of the Bio-Medical Waste (Management and Handling) Rules, 1998 [7]. The
volatile compounds are liberated in the first chamber, followed by complete
destruction in the second chamber. As per the Bio-Medical Waste (Management
and Handling) Rules, it has been suggested to dispose cytotoxic drugs, discarded
medicines, human anatomical wastes, animal wastes and other soiled wastes by
incineration. As per the report on status and issues on implementation of
Bio-Medical Waste (Management an Handling) Rules, Indian hazardous and
biomedical waste management system employs around 200 hazardous waste and
biomedical waste incinerators, with a major fraction employed in the biomedical
waste sector only [8].

In the incineration process, certain wastes must be handled in a careful manner.
These complex wastes include pressurized gas vessels, halogenated plastics (e.g.
PVC), radioactive wastes, huge quantities of reactive chemical wastes,
mercury-containing substances, silver salts, etc. As the process of segregation of
wastes is improper, a huge heterogeneous mixture is usually being fed into the
incinerator. Even though incineration is well suited for chemical, infectious and
pharmaceutical wastes and helps in drastic reduction of weight and volume of
wastes; production of ash is a big nuisance. The incineration of biomedical wastes
also releases gases like CO, CO2, NO2, dioxins and furans into the environment.
The solid residues generated in the system, commonly referred as ash, may con-
taminate soil as well as groundwater due to the occurrence of toxic metals, organic
and inorganic compounds [9]. The bottom ash disposal in a hazardous waste landfill
void of any systematic treatment strategies may lead to the contamination of the soil
and water due to the production of leachate in due course of time. Fly ash which is
very fine and light in weight settles on post-burner devices like the scrubbers.
A comprehensive research has been done on the characteristics of fly ash, and it has
been added in the list of hazardous waste materials by the European Union with
code 190,103 [10]. Bottom ash was added recently in the list, in 2003. In India,
special rules and regulations are framed for the proper disposal and management of
fly ash. Fly ash is believed to have high content of heavy metals and hence demands
for proper environmental management plan [11]. There is also a dire need to
evaluate the bottom ash produced in the country. Hazardous Waste Management
Report 2008 released by Central Pollution Control Board (CPCB), India, highlights
that approximately 0.82 lakh MTA (metric tons per annum) of ash is produced as a
result of incinerating 3.28 lakh MTA of hazardous waste [12]. As the population
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increases and land footprint decreases, the voluminous ash generated is an issue of
concern as its disposal pathways are concerned.

This paper focuses on the bottom ash characteristics mainly its particle size
distribution, elemental and mineralogical composition. Very limited studies have
been done on bottom ash from BMW incinerators. It is inevitable that more research
is needed to understand the specific characteristics of bottom ash so that it will aid
in developing a secondary raw material for manufacturing building materials. The
characterization and evaluation of properties of bottom ash will also help in
deciding whether it is to be deemed hazardous, non-hazardous or inert. This will
help in ensuring a sustainable environmental management solution for bottom ash
disposal.

2 Materials and Methods

Bottom ash generated from BMW management facility in Maharashtra, India, was
studied (ash collected at bottom of incinerator as shown in Fig. 1). The incinerator
at site is a Thermex model PY-75 installed in 2003. The fuel used in the facility is
diesel with waste feed rate of 50 kg/h. The facility handles around 1400 healthcare
establishments with 4802 beds. Around 2900 kg/day is supposed to be handled by
the facility.

Around 50% of the total waste reaching the facility is supposed to be incinerable
in nature. The collection periods of bottom ash ranged over a time span of three
months from the facility and were given names as BAS1, BAS2 and BAS3
(sampling was done at an interval of 29–30 days). The type of the waste received at
the facility is presented in Table 1. The collection system ensures that the infectious
and non-infectious wastes are segregated in different coloured bags. The yellow-
and red-coloured bags are fed directly into the incinerator without opening the bags.
If mixing of wastes is suspected in other bags (blue and black), then the suspicious
bags are fed into the incinerator. The blue bag components are disinfected using
autoclaving and hypochlorite solution treatment, and recyclables are sent for

Fig. 1 Residues collected at
the bottom of biomedical
waste incinerator
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recovery. The incinerator ash is packed and sent to hazardous waste landfill site,
and the other domestic garbage items like waste from cafeteria are handed over to
the municipal waste disposal system.

The collected samples of bottom ash weighed about 3 kg was dried at room
temperature, and then packed and stored properly. For the study of bottom ash, the
following analyses were performed:

1. Bottom ash particle size gradation—Sieve analysis
2. Elemental identification and quantitative compositional information—scanning

electron microscope (SEM)
3. Detection of elements—inductively coupled plasma atomic emission spec-

trometry (ICP-AES)
4. Crystalline study for mineral identification—X-ray powder diffraction

2.1 Bottom Ash Particle Size Gradation—Sieve Analysis

The ash samples for grading were obtained from the incinerator and allowed to get
cooled to room temperature. Visible, unburned residues including unshaped
metallic objects, melted glass were segregated prior to the gradation study. The
samples were oven dried at 105 °C for 24 h and thereafter cooled down to room
temperature. 1 kg of each sample was mechanically sieved through set of sieves
starting with 4.75 mm sieve at top, 2.36 mm, 1.18 mm, 600 µm, 300 µm, 150 µm,
90 µm and pan at bottom.

2.2 Elemental Identification and Quantitative
Compositional Information—Scanning Electron
Microscope (SEM)

The sample of bottom ash collected from the incinerator was finely ground, prepared
and coated with platinum for around 200 s. The powder was examined in a scanning

Table 1 Categories of waste received at the study facility

Bag for transport of
waste

Waste category

Yellow plastic bags Human body parts, dead foetus, placenta, pathology waste

Red plastic bags Microbiology and biotechnology waste, soiled waste, gloves,
infected plastic wastes

Blue translucent
plastic bag

Syringe body, ampules, tubes, dialysis membranes

Black plastic bag Incineration ash, chemical wastes, discarded medicines
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electron microscope (SEM) fitted with an energy-dispersive X-ray (EDX) prime
energy-dispersive analysis system. In the EDX technique, the energy of X-rays
produced is collected and measured. It is displayed as a graph of X-ray energy (in
keV) versus the frequency of occurrence. The spectrum produced shows a number of
characteristic X-ray peaks, associated with the elements present. The instrument used
in the study is of Make FEI Model: QUANTA 200 with specifications of operating
voltages between 0.7 and 30 kV, with emission current of 100 µA, pressure range in
low vacuum and ESEMmode between 0.1 and 40 torr having a resolution of 3.5 nm
and magnification range between low 20� to high 50,000�.

2.3 Detection of Elements—Inductively Coupled Plasma
Atomic Emission Spectrometry (ICP-AES)

One gram of each ash sample was taken in a beaker. 7.0 mL of HNO3 and 3.0 mL
of HF were added. The mixture was gently swirled and kept for approximately
10 min before closing the digestion vessel. The excess HF present in the solution
was complexed with a saturated H3BO3 solution to avoid damaging any glassware
used during analysis. The sample digestion was carried for 40–45 min in the
digester at a maximum temperature of 180 °C. After cooling the samples, the
sample was diluted with distilled water and made up to 25 mL. Solution of every
sample was filtered to discard any remains as the impurities interfere with the
detection process. Metal concentrations in the filtered solutions were subjected to
analysis by ICP-AES (Make: SPECTRO Analytical Instruments GmbH, Germany;
Model: ARCOS). The ICP spectrometer with radial plasma can analyse the aqueous
solutions having high dissolved solid content even up to 30 wt%.

2.4 Crystalline Study for Mineral Identification—X-Ray
Powder Diffraction

X-ray powder diffraction (XRD) study helps to analyse the structure of crystalline
materials encompassed in the bottom ash matrix. The identification and charac-
terization of the compounds are based on their diffraction pattern. A diffractometer
of type X’Pert MPD with a diffraction angle of between 5° and 90° (2h), 4°/min as
rate of scanning, was employed for analysis. The monitoring of crystalline phase
and structure was performed using software, Xpert high score.
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3 Results and Discussion

3.1 Bottom Ash Particle Size Gradation

The distribution of bottom ash particle size ranges from fine gravel to fine sand with
low percentages of gravel and silt–clay-sized particles. Bottom ash on analysis was
found to be mainly sand fraction with around 70–90% passing a 4.75 mm sieve and
4–10% passing a 0.075 mm sieve as shown in Fig. 2. Bottom ash is found to be
well-graded material although variations may be encountered. In this study, the
particle size distribution obtained was in close agreement with studies conducted on
ash from a healthcare waste incinerator in Greece [13]. The bottom ash generated in
municipal solid waste incinerators from Taiwan distinctively resembles the ash
grading in the present study [14].

3.2 Elemental Identification and Quantitative
Compositional Information

The ash samples appeared to be amorphic as shown in Fig. 3.
Subsequent investigation of bottom ash has shown that the particles are com-

posed of Si, Ca, Al, Na, Fe, Mg, Ti, Cu, Zn along with Cl being detected in the
samples. This Cl content reveals the burning of polyvinylchloride (PVC) com-
pounds and other chlorinated organics in the incinerator. The presence of elements
like Ti associated with others reveals the use of alloys in metallic instruments which
are fed as biomedical wastes. The point analysis studies in Greece have also
indicated a higher composition of heavy metals like Fe, Cu, Zn and Cr [15].

Fig. 2 Sieve analysis of bottom ash
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3.3 Detection and Quantification of Elements

Table 2 shows the elemental distribution in the ash analysed by ICP-AES. The data
points out that the collected bottom ash is a heterogeneous mass enriched with
various metallic elements of which the main ones were Ca, Al, Mg, Zn, Na and K.
The presence of heavy metals like As, Pb, Mn, Cr were also observed. The toxic
heavy metals like Cd were below the detection limit in the ash except in one
sample. It is believed that the above-mentioned toxic metals and their compounds
may have found their way through gaseous emissions and ended up in the fly ash as

Fig. 3 SEM analysis of bottom ash
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these are easily volatile in nature. A comprehensive study involving fly ash and
bottom ash is required to validate this belief. The bottom ash was found to contain
much higher amounts of Zn and Ti. Generally medical instruments made of metal
alloys are made of these elements. Hence the presence of these two elements is
justifiable [16]. Moreover, Ti has a higher boiling point and has higher chances of
ending up in the ash collected at the bottom of BMW incinerator. Also, the higher
presence of Ca and Mg are not surprising as the biomedical waste incinerator is also
fed with amputated human body parts, tissues, carcasses of dead foetuses. The
presence of mercury is found to be very much low and was below detectable limit.
This may be an indication that the new regulations [17] laid out by Central
Pollution Control Board (CPCB), India, for management of mercury-containing
devices in healthcare facilities (HCFs) is in a good pace for implementation. The
variations of elements for the three samples are represented in Fig. 4.

3.4 Crystalline Study for Mineral Identification

The diffraction study result as given in Fig. 5 reveals that the bottom ash exhibited a
highly complex crystalline matrix. The main minerals detected in the study were
calcite (CaCO3), halite (NaCl) and anhydrite (CaSO4). The other distinguishing fact
is the higher percentage of amorphous mass which is reflected upon in the large
background signal and distortions. The bottom ash generated in municipal solid
waste incinerators in Taiwan [14] also has the same crystal structures as identified
in this study. In the study conducted for the environmentally sound disposal of ash
from biomedical waste incinerators by stabilization/solidification, the XRD results
of bottom ash have shown a good similarity to the current study [18]. The other
important parameter of concern is that there is a huge variation at the mineralogical
composition for varying samples. This points out to the fact that the mixture fed
into the incinerator varies a lot in its composition in due course of time. There is the
presence of rare earth elements detected in the samples, which conveys that a future
scope of research lies in identifying and characterizing these rare earth elements.
This is in total agreement with some previous studies conducted in China [16].

Table 2 Elemental composition of bottom ash (g/kg)a

Elements Ti Na K Al Ca Co Cr Cu Fe

BAS1 9.95 0.33 0.02 6.25 12.44 0.01 0.09 0.08 1.99

BAS2 9.83 0.28 0.02 7.40 12.68 0.01 0.10 0.23 4.74

BAS3 11.41 0.33 0.02 3.96 13.50 0.01 0.12 0.28 4.00

Elements Mg Mn Ni Pb Sr Zn As Cd Hg

BAS1 2.54 0.13 0.01 0.47 0.06 3.92 0.50 ND ND

BAS2 2.65 0.19 0.03 0.47 0.05 3.63 0.44 0.002 ND

BAS3 3.97 0.18 0.03 0.41 0.06 4.44 0.48 ND ND
aAll samples analysed in triplicates, ND—not detectable
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4 Proposed Alternatives for Sustainable Ash Management

The prevalent method of dumping of bottom ash in landfills is not sustainable.
BMW incineration in Italy produced ash with potentially toxic concentrations of
Cd, Cr, Cu, Ni, Pb [19]. In the study, it was found that absolute concentrations of
these metals in the ash were not sufficient to prove the toxicity. However, the
elution/leaching tests pointed out that sufficient care has to be taken before dis-
posing the ash into a landfill.

Thus, to sustainably manage the wastes ash in a landfill site, following methods
(either by solidification/stabilization, vitrification or by reusing the waste ash as a
secondary construction material) can be practiced:

4.1 Solidification/Stabilization (S/S)

The process of solidification/stabilization (s/s) refers to the technique of using
additives or binders such as lime, cement natural or synthetic polymers to immo-
bilize the hazardous substances present in wastes by chemical and/or physical
methods. This will ensure that the whole matrix remains intact [17]. This will
enable proper encapsulation of the waste material thereby reducing the leachability.

Fig. 4 ICP-AES analysis of collected ash

430 J. M. Vivek et al.



Fig. 5 XRD analysis of bottom ash
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The alternative may be found ineffective if the selected additives react and produce
soluble substances, and leaching behaviour is observed in the aftermath of the
treatment.

4.2 Vitrification Process

Vitrification process is a viable alternative that helps to transform a substance into a
glass. Usually, being practiced in radioactive waste disposal method, this technique
can be adopted to permanently immobilize the hazardous ash matrix. The bottom
ash can be mixed with glass-forming chemicals in a smelter device to form the
molten glass. This technique of encapsulation of hazardous components of ash
provides a non-leaching, durable material entrapping the contaminants in the
matrix. Thus, vitrified ash can be used to produce glass-ceramic materials. Studies
had been conducted analysing the properties of glass and glass-ceramic made of
municipal solid waste incinerator fly ash [20]. This study presented a positive
direction pointing out less leaching out of heavy metal ions from the glass and
glass-ceramics.

4.3 Use in Construction Products

There has been a growing trend of utilization of the waste materials in manufacture
of construction material worldwide. Fly ash has been in use as an additive in the
process of manufacture of cement, concrete and other various construction prod-
ucts. However, the use of bottom ash for the production of construction materials is
not common throughout the world. Thus, there is a need to examine and evaluate
the potential of bottom ash for such uses. To curtail the ash disposal problem into
landfill, work has to be done on utilizing the waste incinerator bottom ash for
construction product manufacture [21]. As not much research has been reported on
strength and durability properties of materials incorporating bottom ash, it is pro-
posed as a future scope of work to investigate the properties of these materials. It is
to be envisaged that the leachability properties, hazardous components in the ash
and interaction in wholesome matrix have to be studied before using the bottom ash
as a raw material for the construction industry.

4.4 Change in Policy Strategies

As observed in the study, chlorine and associated compounds are a significant
component in incinerator residues. The predominant source of chlorine is PVC
plastic, which enters the incinerator system en route packaging and from many
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disposed medical products. The release of chlorinated waste products released from
the BMWs is a significant issue. Hospitals and clinics in Austria, Germany and
Denmark are reducing the quantity of wastes by switching to reusables, which can
be sterilized and used again.

The first step in the proper disposal of wastes in a sustainable manner with less
ecological burden is waste minimization and systematic scientific segregation. This
methodology outweighs other disposal alternatives in all aspects and particularly
from an economic standpoint. All sustainable strategies must include:

• Reduction at source: This can be initiated by imparting scientific education to the
healthcare workers, nurses, doctors, adopting methods like good operating and
housekeeping practices, inventory control and necessary technology changes.

• Segregation: This process of separating the wastes at the point of generation
helps in adopting suitable recovery, recycling and disposal techniques. Often it
is observed that the domestic or garbage wastes get mixed up with infectious
matrix. If not segregated, all healthcare wastes are considered as potentially
infectious. Thus, this strategy enables to treat less quanta of infectious waste
which usually requires special methods of treatment.

• Source recovery and recycling: In the well-known hierarchical steps of waste
management, recovery and reuse of materials play an important role. If the
segregation of infectious and non-infectious wastes is proper, recovery of
recyclables can be performed easily.

5 Conclusions

The BMWs generated in an exponential way have a major impact on the health of
humans if the wastes remain unattended scientifically. It is essential that an envi-
ronmentally sound waste management strategy with proper education and aware-
ness for the operators should be adopted. Out of all the disposal methods for
complete destruction of wastes and reduction of volume, incineration is widely
preferred. The major drawbacks of incineration include generating a new waste
stream of ashes (fly ash and bottom ash), furans, dioxins and poisonous emissions.
This study reveals some potential insight of contaminants found in bottom ash from
BMW incinerator operated in Mumbai, India. The unrestrained and less scientific
methods of dumping of the ashes may contaminate the soil as well as surface and
underground water.

Elemental analysis indicated low levels of mercury and cobalt. However, the
presence of higher levels of toxic metals such as arsenic, chromium and lead is
alarming. The recovery of rare earth elements requires a more scientific study
incorporating the time and seasonal variation aspects of bottom ash characteristics
in India. It should also cover more BMW disposal facilities thus providing a
thorough analysis, helping to develop data-driven policies for ash management.
A meticulous investigation of physical and chemical properties of bottom ash is
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required before it is widely accepted as a raw material to be used in production of
construction materials or in glass industry. Further studies are needed to analyse the
potential of the ash for use as per the alternatives recommended in the study. For the
proposed suggestive measures to be effective, a thorough systematic, scientific
study on their properties, particularly leachability of the toxic metals and their
subsequent long-term bioaccumulation in ecosystem has to be carried out.
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Emissions Associated
with the Transportation of Municipal
Solid Waste in Mumbai

Bhupendra K. Sharma and Munish K. Chandel

Abstract Mumbai is the largest metropolitan city in India with an estimated
population of 12.4 million inhabitants in 2011. The city generates *9,000 metric
tonnes of municipal solid waste (MSW) daily with the average waste generation
rate of 0.45 kg per capita per day. The generated waste is collected and transported
to the disposal sites. In addition to the greenhouse gas (GHG) released from a
disposal site, emissions are also released while transportation of MSW by using
diesel-fuelled vehicles. Hence, there is a need to determine the amount of emissions
generated by these diesel vehicles into the environment if we want to curb these
emissions. Objective of this work is to evaluate emissions from transportation of
MSW for Mumbai city. An analysis was done to ascertain the emissions produced
by the diesel vehicles while transporting MSW. The pollutants (CO2, CO, HC, NOx

and PM) were evaluated based on the vehicle kilometres travelled method. The
results show that CO2, CO, HC, NOx and PM were 67,401.38 tonnes/year,
579.11 tonnes/year, 107.36 tonnes/year, 613.51 tonnes/year and 99.94 tonnes/year,
respectively. The results show that the transportation of MSW also plays an
important role in the contribution of pollutants especially GHGs to the atmosphere.
The total global warming potential (GWP) from the transportation of MSW is
obtained as 0.07 million tonnes CO2 eq. per year which is approximately 2.8% of
the total GWP resulted from the present MSW management system in Mumbai.
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1 Introduction

The management of MSW has become a severe problem in India due to increase in
waste generated because of rapid population growth and economic development. In
recent years, many municipalities have been compelled to evaluate their MSW
management system due to the environmental and health concerns. The city of
Mumbai is the largest metropolitan city in India with an estimated population of
12.4 million [1]. Such a huge population generates *9,000 metric tonnes of MSW
daily [2] with the average waste generation rate of 0.45 kg per capita per day [3].
From the bins, the waste is collected by Municipal Corporation of Greater Mumbai
(MCGM) and transported to the disposal sites at Deonar, Mulund and Kanjur. The
waste disposal in Mumbai is done in two open dump sites (Deonar and Mulund)
and one bioreactor landfill (Kanjur). The capacity of these three sites is
3,200 tonnes/day, 3,000 tonnes/day [3] and 2,800 tonnes/day [4], respectively.

In addition to the GHG and other emissions released from a landfill site,
emissions are also released while transportation of MSW. The GHG emissions from
transport sector are significant as 15.71 lakh tonnes of carbon dioxide equivalent
GHG emissions was released for Mumbai city in 2011 [5]. The GHG emissions as
well as other pollutants from heavy diesel vehicles used for transportation of MSW
cannot be ignored as they may have considerable impact on the environment.
Emissions from the road transport depend on the combinations of parameters such
as the vehicle type, fuel used and driving patterns [6].

The MSW vehicles deployed by MCGM for the transportation of MSW gen-
erously contribute pollutants to atmosphere. Hence, there is a need to determine the
amount of emissions generated by these diesel vehicles into the environment. There
are only limited studies carried out on the emission from MSW vehicles in India.
The emissions of various gases into the environment from the vehicles used for
transportation of MSW in Mumbai have been focused in the present work. In this
study, the emissions associated with the current MSW management practice in
Mumbai are compared with the emissions generated from the transportation of
MSW to the site.

2 Methodology

The number of registered motor vehicles, distance travelled by the vehicles and the
number of trips done by the vehicles in Mumbai were collected from the MCGM
Office through the personal interview. Municipal and private contract vehicles both
are operated by MCGM for collecting and transporting the waste. The vehicles used
for transportation of the waste generated in Mumbai make 7,092 trips each day. The
total number of municipal vehicles is 155 while the total number of private vehicles
is 989 (Table 1).
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The emissions from three types of vehicles are estimated based on the emission
factors provided by Automotive Research Association of India (ARAI) for diesel
vehicles (Table 2). The pollutants (CO2, CO, HC, NOx and PM) were evaluated
based on the vehicle kilometres travelled (VKT) method. The emission load, E, is
characterized as the product of the number of vehicles, distance travelled by vehicle
and the emission factor for the vehicle and contamination of concern, as shown in
Eq. 1.

E ¼ Total number of vehicles� Distance travelled per day(km)
� Emission factor ð1Þ

2.1 Estimation of Emissions from the MSW Transportation
Vehicles

2.1.1 Estimation of Emissions from Large Compactors

There are approximately 569 large compactors operating in Mumbai city. Each
large compactor makes three trips in each day, and the distance covered by a single
large compactor is about 240 km. On an average, the total distance covered by 569
compactors is 136,560 km in a day. Table 3 shows the calculated emissions load
from the large compactor.

Table 1 Vehicles used by MCGM for transportation of waste [4]

Type of
vehicles

Capacity
(MT)

Distance travelled
(km/trip)

Trips/day Municipal Private Total

Large
compactor

6 80 3 117 452 569

Mini compactor 2.5 80 6 38 322 360

Small closed
vehicles

0.6 20 15 0 215 215

Table 2 ARAI emission factors in g/km for diesel vehicles [7]

Parameters Large compactor Mini compactor Small closed vehicles

CO2 762.39 401.25 173.85

CO 6 3.66 2.09

HC 0.37 1.35 0.16

NOx 9.3 2.12 0.69

PM 1.24 0.475 0.347
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2.1.2 Estimation of Emissions from Mini Compactors

There are approximately 360 mini compactors operating in Mumbai city. Each mini
compactor makes six trips in each day, and the distance covered by a single mini
compactor is about 480 km. On an average, the total distance covered by 360
compactors is 172,800 km in a day. Table 4 shows the calculated emissions load
from the mini compactor.

2.1.3 Estimation of Emissions from Small Closed Vehicles

There are approximately 210 small closed vehicles operating in Mumbai city. Each
small closed vehicle makes fifteen trips in each day, and the distance covered by a
single small closed vehicle is about 300 km. On an average, the total distance
covered by 210 small closed vehicles is 64,500 km in a day. Table 5 shows the
calculated emissions load from the small closed vehicles.

Table 3 Emissions from
large compactor

Parameters g/day tonnes/year

CO2 104,111,978.4 38,000.87

CO 819,360 299.07

HC 50,527.2 18.44

NOx 1,270,008 463.55

PM 169,334.4 61.81

Table 4 Emissions from
mini compactor

Parameters g/day tonnes/year

CO2 69,336,000 25,307.64

CO 632,448 230.84

HC 233,280 85.15

NOx 366,336 133.71

PM 82,080 29.96

Table 5 Emissions from
small closed vehicles

Parameters g/day tonnes/year

CO2 11,213,325 4,092.86

CO 134,805 49.20

HC 10,320 3.77

NOx 44,505 16.24

PM 22,381.5 8.17
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2.2 Estimation of Emissions from the Waste Disposal

Out of the total MSW (9,000 tonnes/day) generated in Mumbai, approximately
31% of the waste is treated through bioreactor landfill (Kanjur) and the rest (69%)
of the waste is dumped in two open dumps: Deonar and Mulund. In this study,
IPCC Tier I methodology has been used to estimate CH4 from open dumps, which
is based on a mass balance approach [8]. The GHG emissions from landfill were
calculated using the following equation [8, 9] in which MSWT is the total MSW
generated and DOC is the degradable organic carbon.

CH4 emissions kg/tonne of MSWð Þ ¼ MSWT �MSWFð Þ � CF� DOC � DOCF

� F� 16=12�Rð Þ � 1� OXð Þ
ð2Þ

CO2 emissions kg/tonne of MSWð Þ ¼ CH4 emission kg/ton MSWð Þ
� 1� F/Fð ÞþOXð ÞÞ � 44=16 ð3Þ

Default values for empirical constants like methane correction factor
(MCF = 0.6), fraction of DOC dissimilated (DOCF = 0.77), oxidation factor
(OX = 0), fraction of MSW disposed at landfill (MSWF = 100%), CH4 fraction by
volume in landfill gas (F = 50%) and recovered methane (R = 0) are used for
computation as per the IPCC Tier I method [8, 10]. Direct CO2 emissions from the
open dumping are of biogenic origin and were not accounted towards GHG emis-
sions, i.e. biogenic CO2 emissions are considered to be “carbon-neutral” [11, 12].

The air emissions generated from the bioreactor landfill are assumed same as the
emissions generated in case of sanitary landfill [13]. The default methodology has
been used for bioreactor landfill in the estimation of CH4, similar to open dumping.
The value of MCF for the bioreactor landfill was taken as 1.0, default value from
IPCC report [8]. It has been assumed that 50% of the landfill gas is collected [14]
and flared and rest is released to the atmosphere and contributes towards GHG
emissions.

3 Results and Discussions

The emissions of CH4 and CO2 have significant effects on global warming impact
category. The GWP for GHGs over a time horizon of 100 years is 1 for CO2 and 23
for CH4. The GWP for MSW characteristics of Mumbai under the current scenario
which is open dumping plus bioreactor landfill is calculated as 2.4 million tonnes
CO2 eq. per year due to the high emission of CH4 during the biological degradation
of organic waste.
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The total amount of CO2, CO, HC, NOx and PM emitted from the transportation
of MSW were obtained as 67,401 tonnes/year, 579.11 tonnes/year, 107.36 tonnes/
year, 613.51 tonnes/year and 99.94 tonnes/year, respectively (Fig. 1). Maximum
contribution was obtained from CO2 which is a major greenhouse gas followed by
NOx. The total GWP from the transportation of MSW is obtained as 67,980 tonnes
CO2 eq. per year which is approximately 2.8% of the total GWP resulted from the
present MSW management system in Mumbai, as shown in Fig. 2. The GHG
emissions as well as other pollutants from heavy diesel vehicles used for trans-
portation of MSW cannot be ignored as they have considerable impact on the
environment. The results show that the transportation of MSW also plays an
important role in the contribution of pollutants especially GHGs to the atmosphere.

This study helps decision-makers to understand the GHG and other pollutants
released due to the vehicle pollution in MSW management sector. In order to
reduce the emission of these pollutants, 3R policies (Reduction, Reuse and
Recycling) for the waste can be implemented in the waste management sector
which reduces the transportation of MSW resulting in the reduction of vehicle
pollution. The decentralized facility can also be implemented within the different
wards of the city so that the waste generated can be processed in the ward itself
instead of being sent to the overburdened dumping sites at Deonar, Mulund and
Kanjur which can also help in reducing the vehicle emissions as well as the
transportation cost.
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Fig. 1 Emissions from the transportation of MSW in Mumbai

442 B. K. Sharma and M. K. Chandel



4 Conclusion

The comparison between GHG emissions from MSW transportation and current
MSW management practice (open dumping and partly bioreactor landfill) for
Mumbai city was conducted. The emissions of CO2, CO, HC, NOx and PM
generated from the transportation of MSW were obtained as 67,401 tonnes/year,
579.11 tonnes/year, 107.36 tonnes/year, 613.51 tonnes/year and 99.94 tonnes/year,
whereas the CO2 emission has the maximum contribution followed by NOx. The
net GHG emissions generated from the diesel-based vehicles deployed for trans-
portation of MSW in Mumbai are in considerable amount. The total GWP from the
transportation of MSW is obtained as 0.07 million tonnes CO2 eq. per year which is
approximately 2.8% of the total GWP resulted from the present MSW management
system in Mumbai. The results show that the transportation of MSW also plays an
important role in the entire life cycle impacts of MSW.
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Prospects of Utilization of Liquid
Fraction of Biogas Digestate
as Substrate Supplement for Mushroom
Cultivation

Sampriti Kataki, Gunajit Dev Sarma, Dipam Patowary
and D. C. Baruah

Abstract Biogas digestate is the by-product of ‘anaerobic digestion’ process that
produces biogas as the primary form of energy. Since digestates are the inevitable
commodities of the conversion process, means of their appropriate management is
essentially required for sustainability of bioenergy system. In developing countries,
with faster adoption of biogas technology, a simultaneous increase in biogas residue
is also expected drawing attention for their immediate and effective utilization.
Since biogas digestate retains nutrients from input feedstock with enhanced
bioavailability and minimum variation, these could be potentially used as growth
supplement for mushroom. Present study discusses the prospects of utilization of
the liquid fraction of biogas digestate as a substrate along with rice straw for
enhancing the production of white oyster mushroom (Pleurotus florida) under
laboratory conditions. The study investigates the effect of liquid fraction of biogas
digestate on yield and growth parameters (stem height, cap diameter, mean weight)
of mushroom. An enhancement of yield by 38% was observed under liquid
digestate application compared to control using only rice straw as substrate. In
addition, cost dynamics analysis also showed feasibility of production of mushroom
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at commercial scale. Integrated development of biogas technology with subsequent
valorization of digestate through mushroom cultivation may help in increasing
overall profitability of biogas system.

Keywords Pleurotus florida � Digestate � Biogas residue � Anaerobic digestion

1 Introduction

Bioenergy by-products such as digestate from biogas technology and char (solid
carbon-rich residue) from gasification technology are inevitable commodities of
bioenergy production process which are generated along with the desired form of
energy [1, 2]. Suitable utilization of these residues often determines the success and
acceptability of bioenergy conversion technology. For comprehensive assessment
and sustainability of bioenergy technology, there is need of management of these
residues along with the main energy output [1–3]. With faster penetration of
renewable energy systems in developing countries, it is expected that there will be
simultaneous increase in by-product. Also, to deal with the adverse effect of climate
change and limited availability of conventional energy resources, there is emphasis
on adoption of renewable energy technologies, which again will indicate the need
of managerial action to be taken for the by-products generated. Biogas residue or
biogas digestate is such a by-product of ‘anaerobic digestion’ process that produces
biogas as the main energy. About 5–80% of input feedstock is generated as
by-product depending upon of feedstock [4] leaving a major portion of residue to be
managed for economic and environmental benefits of the biogas production pro-
cess. Presently, due to improper method of application and storage through unlined
earthen drain and pit, there is possible paths for nutrient loss [5], leading to
non-optimized utilization of digestate.

In general, biogas digestates are rich in plant nutrients as they retain nutrients
from input raw material [10]. The presence of nitrogen in mineralized form
(ammonia-nitrogen) and increased bioavailability of plant nutrients make these a
suitable consideration as soil applicant. Therefore, till now the most common
application of digestate is through their recycling as soil applicant, which can
promote the closing of nutrient cycle [4, 11]. However, direct application of
digestates has some limitations such as introduction of contaminants originating
from feedstock [12], handling and transportation problem due to its bulky nature.
This indicates the need of research to search for multiple end uses and other
valorization options of digestates.

In this context, use of digestates as nutrient supplement in mushroom cultivation
can be considered favourable. Mushroom is an excellent source of dietary com-
ponents such as protein, vitamins, minerals, folic acid, low in fat and carbohydrates.
Mushroom industry is gaining momentum as efficient and economically viable
process for converting lignocelluloses residue into high-quality protein food [13].
Worldwide production of mushrooms is seen increasing, with maximum
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contributions from China, India and Vietnam [13]. During 2014–15, India produced
51,000 tonnes of mushroom, among which major share (28%) being contributed by
Kerala [14]. India shows an increasing quantity of exported mushroom spawn, with
an estimated 5.48 tonnes of spawn exported during the year 2014–15 [15]. It is to
be mentioned that mycelium from a mushroom culture is usually collected onto
grain. This grain/mycelium mixture is called spawn, which is the material used to
transfer mycelium onto any material (substrate) from which mushrooms will grow.
The state-of-the-art research focus in global mushroom industry includes techno-
logical developments through increased production, innovations in cultivation
technologies, valorization of final product and utilization of mushrooms’ natural
qualities for environmental benefits [13].

Availability of carbon-rich substrate is the most essential component for growing
mushroom. In mushroom cultivation, agricultural residues are the most widely used
substrates that provide the necessary nutrients and vitamins for mushroom growth.
Agricultural residue acts as the reservoir of cellulose, hemicellulose and lignin,
which is utilized during the growth of spawn and during fructification [16]. Table 1
summarizes different substrate used for cultivating of oyster mushrooms and their

Table 1 Effect of different substrate on growth characteristics of oyster mushroom

S. No. Substrate Mushroom
species

Yield, g of mushroom/g
of substrate

References

1 Saw dust (50%) + wheat
straw (50%)

Pleurotus
ostreatus

436/1000 [6]

2 Saw dust (75%) + leaves
(25%)

621/1000

3 Leaves 211/1000

4 Wheat straw
(50%) + leaves (50%)

434/1000

5 Wheat straw 447/1000

6 Saw dust 647/1000

7 Wheat straw Pleurotus
ostreatus

48.3/1500 [7]

8 Paddy straw 44.7/1500

9 Chickpea straw 62.7/1500

10 Sugar cane bagasse 37.0/1500

11 Corn cobs 34.0/1500

12 Cotton waste 37.0/1500

13 Sunflower heads 40.7/1500

14 Rice straw – 987/250 [8]

15 Sugar cane bagasse 1029/250

16 Mustard straw 945/250

17 Banana leaves Pleurotus
florida

124/500 [9]

18 Rice straw 416/500

19 Banana leaves + Rice
straw

156/500

20 Saw 199/500
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effect on yields. Some of the substrate materials used are rice straw, sugar cane
bagasse, wheat straw, banana leaves, sawdust, tea waste, mustard straw, cotton
waste, corn cobs, etc. C:N ratio plays an important role in mushroom spawn run-
ning [17]. Carbon in the form of cellulose and hemicellulose present in the agri-
cultural wastes are partially available, but bound organic nitrogen and recalcitrant
carbon (lignin) are not available until it is enzymatically released [18]. Improving
the C:N ratio in order to accelerate the degradation process for release of nutrients
needs supplementation of additional nitrogen source along with the substrate.
Therefore, addition of inorganic nitrogen-rich source is an important practice of
mushroom cultivation [19]. The literature shows supplementation with protein-rich
materials such as soybean meal, cottonseed meal, brewer’s grain and commercial
nitrogen fertilizers for successful mushroom production [17].

A few studies have shown the prospects of biogas digestate supplement in
mushroom substrate [16, 20–26]. These studies reported significant enhancement of
mushroom yield after digestate supplement compared to basal substrate, suggesting
their potential amendment in mushroom substrate as nutrient supplement. However,
study on use of separated liquid fraction of the digestate in mushroom production is
not widely reported except a few studies [26]. Considering the predominance of
mineralized nitrogen in liquid fraction of biogas digestate, it could serve as a readily
available nitrogen source required to maintain appropriate C:N ratio in mushroom
production. In view with the above discussion, the objectives of the present work
were set to investigate the prospects of using separated liquid biogas digestate as a
substrate supplement for oyster mushroom cultivation, considering rice straw as a
basal control substrate. The motive behind this work is to valorize the separated
liquid fraction of biogas digestate by using it for mushroom cultivation in an
ecological and economically sustainable way for enhancing the overall profitability
of biogas system. The paper also discusses findings of the published literature to
investigate the prospects of use of biogas digestate in mushroom cultivation. It is to
be noted that the separated solid fraction of digestate can be used for compost
production or can be directly used as organic amendments as shown in the previous
literature [27–29].

2 Materials and Methods

To investigate the effects of liquid digestate supplement in mushroom growth,
mushroom cultivation trials were carried out in the Department of Energy, Tezpur
University (26° 69″ North, 92° 83″ East), during December to February, 2015–16.
The site had climatic conditions typical of the cool wet winters and dry summers.
During the experimental period, the temperature range was in the range of 8–29 °C
and relative humidity range was 58–93%. Weather data during the experimental
period were obtained from the Solar Radiation Resource Assessment (SRRA)
Stations implemented by National Institute of Wind energy (NIWE), Chennai in the
Tezpur University campus.
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2.1 Mushroom Species

Oyster mushroom (Pleurotus spp.) belonging to class Basidiomycetes and family
Agaricaceae is the most widely cultivated mushroom in India owing to its simple
cultivation technology, high nutritional value, short growth cycle, low production
cost and its adaptability to a wide range of substrates. It possesses high biocon-
version ability, i.e. more than 60%. The best temperature range for oyster mush-
room cultivation is 20–30 °C along with a humidity range of 80–85% [30]. Oyster
species can utilize wide range of crop residues or substrate materials such as
agricultural, forests and agro-industrial by-products such as wheat straws, rice
straws, banana leaves, corn cobs, sawdust and bean straws due to their great
adaptability (Table 1). Oyster mushroom looks like a white disc, growing on a thick
stipe with decurrent gills extending to the base of the stipe.

For the experimental work, Pleurotus (P. florida) spawns grown of wheat grains
were collected from Defence Research Laboratory, Tezpur, that works under
Department of Defence Research and Development of Ministry of Defence. The
research laboratory is en established laboratory that performs independent R&D
work in mushroom cultivation and provides mushroom spawn for commercial
cultivation and research work.

2.2 Substrate Collection, Processing and Analysis

Anaerobic digestate was collected from the digestate storage tank of a household
biogas plant situated in the Amolapaam area near to Tezpur University campus. The
plant was a cowdung-fed plant that was operated with 20–25 kg of input cowdung
per day. Collected digestate was characterized for pH and electrical conductivity
(EC) in a homogenized water suspension with water in the ratio of 1:10 (dry
weight/volume) after agitating for 15 min using pH (Systronics digital pH meter
802) and electrical conductivity meters, respectively. Total solid (% fresh matter)
was determined by drying at 105 °C for 24 h. Organic matter (total organic carbon)
was determined by loss on ignition at 550 °C for 10 h. Plant nutrients (N, P, K, Cu,
Fe, Mn, Zn, Ca, Mg, S) and heavy metals (Pb, As, Cd) were determined using ICP
analysis.

Digestate was separated by manual pressing using 150-micron filter bags to get
the liquid fraction of the digestate. The separated liquid digestate used in the
experiment was stored at 4 °C until application. The separated digestates were
applied directly without any further treatment, since report on the presence of
pathogen or harmful microbes could not be found in manure-based digestates.
Digestates generated from human excreta and sewage sludge were reported to
contain harmful microbes of health concern such as Klebsiella, E. coli, Salmonella
[31, 32]. Therefore, possible microbial contamination from cowdung digestate
application was not expected.
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Rice straw was used as a base substrate material in the experiments, which was
collected from local farmers place after harvesting. For preparation of mushroom
substrate, rice straw was first pasteurized by dipping in hot water (80–90 °C) for
2 h. The pasteurized rice straw was soaked overnight for moistening. Then, the
excess water was drained off, and the moisture in substrates was adjusted to 60–
70% by air drying the rice straw.

2.3 Experimental Procedure

To carry out the experiment, processed rice straw was compactly packed into
transparent polythene bags of size height 58 cm, diameter 38 cm. On wet weight
basis, 800 g dry rice straw was put in each bag to 3/4th of its capacity. Each bag
was then spawned at the rate of 5% (wet weight basis) following ‘through
spawning’ method. Packed substrate bags were perforated with holes all over the
surface to allow free exchange of gases. To place the packed bags, one iron frame
was prepared (108 cm � 76 cm � 80 cm) which was covered with jute bags from
all sides. The bags were incubated in the chamber which was maintained at room
temperature and under diffused light condition. The bags were tied on the top and
hung in the chamber in a completely randomized block design. The humidity inside
the room was maintained between 70–80% by moistening the jute bags by regular
water sprinkling.

For the liquid digestate treatment, 80 mL (10:1: substrate: liquid digestate) liquid
digestate was sprinkled daily in the bags after pinhead formation till third flush. It
has been reported that liquid digestates are rich in available nitrogen. Considering
the fact that soaking of rice straw prior to beginning of mushroom cultivation might
lead to loss of nutrients particularly nitrogen through gaseous emission, daily
application of liquid digestates was done, which would reduce the nitrogen loss
making them available for ready uptake.

Rice straw substrates were used as control, and same quantity of water was
sprayed daily to maintain similar moisture level in these substrates. For each
treatment, three replications were used.

Observations on production of fruiting bodies were recorded up to third flush.
Mushrooms were harvested at full biological maturity considering an average pileus
diameter of 10–12 cm. At this stage, the in-rolled margins of the basidiomata begin
to flatten and pileus becomes hard and curved outwards on the edge. Total yield
was calculated as the fresh weight of mushrooms harvested per 800 g of dry
substrate. Biological efficiency (%) was determined by the ratio of total fresh weight
of mushrooms to dry weight of substrate per bag. Mean weight of mushroom
weight per treatment was calculated as total weight of fresh mushrooms harvested
divided by the number of mushrooms per plastic bag.
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Data on mushroom yield and growth parameters were subjected to statistical
analysis. Standard deviations were calculated for all parameters. Pearson bivariate
correlation coefficients were calculated using SPSS to show the relationship
between the parameters at two levels, i.e. p < 0.05 and p < 0.01. We used Z test to
compare means for any statistically significant difference.

2.4 Economics of Mushroom Production

It is attempted to encompass the cost economics of the entire mushroom production
cycle. To estimate the cost, digestate availability of 1 tonne per annum has been
considered. Cost economics were investigated under polyhouse condition consid-
ering two scenarios, viz. mushroom production with rice straw as substrate and
mushroom production with rice straw amended with digestate as substrate.

Again, the economic analysis of production has been carried out taking into
consideration two subcost parameter, i.e. recurring and non-recurring cost. Specific
key components to develop a production unit are identified under each cost
parameter. The various components of non-recurring cost are (i) building,
(ii) equipment (cooler/humidity/temperature meter/rack). While the various com-
ponents of variable cost are (i) chemicals/spawn//bags/tray, (ii) interest on invest-
ment, (iii) insurance, (iv) depreciation, (v) manpower.

3 Results and Discussions

3.1 Biogas Digestate: A Prospective Mushroom Growth
Supplement

Biogas digestate has been shown to be a prospective nutrient supplement in pre-
vious studies [16, 24, 26]. Biogas digestate rich in mineralized nitrogen is con-
sidered for supplementation mainly for balancing the nitrogen requirement in
substrate. However, their phosphorus, calcium, etc., add to substrate nutrient con-
centration enhancing mushroom yield and nutrient content [24], as nutrient content
of substrates has been reported to affect the growth and formation of mushroom
fruit bodies of [33]. Digestate application also helps in maintaining appropriate
moisture level for mushroom growing [16]. Table 2 summarizes effect of digestate
(both unseparated and liquid digestate) supplement on mushroom growth, mush-
room species tested, origin of digestate, substrate used as reported in the literature.

Yield of P. florida was seen increasing by 59% after rice straw supplementation
with anaerobic digestates compared to using only rice straw as substrates [16].
Biogas digestate application in agro-residue substrate also enhanced the
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Table 2 Effect of digestate supplement on mushroom growth

Species Feedstock for
biogas digestate

Substrate Effect on mushroom References

1 Pleurotus
flabellatus

Euphorbia
notoptera (50%),
Synedrella
nodiflora (30%)
(weed)

Paddy
straw

• Intensity of fruit body and
mushroom production are
higher in digestate
supplemented substrate

• Significant increase in
simple protein fraction
and reduction in complex
protein in substrate
mixture

[20]

2 Volvariella
volvacea

Cowdung, poultry
litter, municipal
solid waste, jute
caddis

Rice straw • Increased mineral content
of mushroom after
digestate application (P,
K, Ca, Cu, Fe, Mn, Zn)

• Supplementation of
cowdung digestate with
rice straw in the ratio 1:1
gave better yield
compared to 2:1 and 1:2
ratio

• Cowdung digestate
supplementation gave
highest yield (78%)
followed by jute caddis
digestate (33%),
municipality solid waste
(10%) and poultry litter
(13%), respectively,
compared to control

• Protein content increased
after digestate
application, while
carbohydrate content
decreased

[21]

3 Pleurotus
sajor-caju

Cattle dung,
poultry litter, jute
caddis or
municipal solid
waste

Rice straw • Improved nutritional
quality of the mushroom

• Protein content was
increased, while
carbohydrate content was
reduced

• Digestate:straw in the
ratio 1:1 was most
effective compared to1:2
and 2:1 (high digestate
may cause accumulation
of excess moister
restricting mycelium
development)

[22]

(continued)
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Table 2 (continued)

Species Feedstock for
biogas digestate

Substrate Effect on mushroom References

• Productivity maximum in
rice straw was
supplemented with
digestate from poultry
litter followed by jute
caddis, municipal solid
waste and cattle dung

4 Agrocybe
aegerita

Poultry litter Dry solid
digestate
and wheat
straw millet

• Substrates composed of
10–20% dry solid
digestate, 70–80% wheat
straw and 10% millet
were found to produce
the highest mushroom
yield

• Digestate
supplementation
increased crude protein
in mushrooms

• Addition of solid
digestate above 50%
reduced mushroom yield
could be attributed to the
low C:N ratio or high
lignin content of
digestate, making
substrate degradation
difficult

• Mushroom growth
degraded 0.6–22%
lignin, 33–55%, cellulose
and 14–54%
hemicellulose

[24]

5 Pleurotus
florida

Banana leaf Coir pith,
paddy
straw

• Significant reduction of
lignin, C: N ratio
(maximum C:N, lignin
reduction in paddy straw
compared to coir pith)

• Maximum mushroom
yield of 2.3 kg/kg of
substrates was observed
in paddy straw
supplemented with
digestates compared to
only paddy straw

[16]

(continued)
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Table 2 (continued)

Species Feedstock for
biogas digestate

Substrate Effect on mushroom References

6 Agaricus
bisporus and
Agaricus
subrufescens

Source-separated
food waste

Wheat
straw

• No significant differences
between
straw + digestate and
control in terms of
mushroom dry matter,
size, nitrogen or ash
content

• High digestate content
(up to 500 g kg−1 by dry
weight) may be used
without influencing yield
of A. bisporus

• For A. subrufescens, less
digestate should be used,
preferably less than
240 g kg−1 by dry
weight

• High yields of A.
subrufescens (200gkg−1)
were related to drier
composts of lower
digestate content (more
straw) and lower pH
values at inoculation

[25]

7 Pleurotus
florida and
Pleurotus
flabellatus

Banana leaves Paddy
straw and
coir pith

• Highest productivity in
paddy straw along with
digestate for P. florida
(2.32 kg/kg of substrate)

• Digestate supplement in
straw resulted 37%
increase in yield for
P. florida and 24% for
P. flabellatus

• Digestate supplement
with coir pith increased
mushroom yields by
18.2% for P. florida and
18.6% for P. flabellatus

• Addition of digestate
enhances the uptake of
N, P and C by mushroom

• 30% substitution of straw
with digestate gave better
yield

• Time taken for pinhead
formation (by 3 days)
was reduced after
digestate application

[26]
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productivity of P. florida with a biological efficiency of 232% compared to using
sole agro-residue as substrate in which biological efficiency was found to be 145%
[16]. Chanakya et al. reported a higher yield (20–30%) in digestate amended
substrate compared to non-amended substrate [26]. However, the improved yield of
mushroom from digestate addition is found to be species specific. In case of
P. florida, digestate amended rice straw resulted in 37% yield enhancement,
whereas for P. flabellatus, 24% yield increase was observed in a study by Chanakya
et al. [26]. Mushroom growth is also influenced by digestate originated from dif-
ferent feedstock [21]. Use of cowdung digestate in agro-residue substrate was
reported to give highest yield (78%) followed by digestates from jute caddis (33%),
municipality solid waste (10%) and poultry litter (13%) compared to control
[21, 22].

Proportion of biogas digestate to basal substrate material also needs to be
optimized for optimum mushroom production. A ratio of 1:1 of digestate to basal
substrate was recommended in order to achieve the optimum mushroom in case of
P. sajor-caju [21]. Chanakya and Ganguly, 1994, observed 3:7 (digestate: straw) as
the most effective ratio. The yield was observed decreasing when the ratio was
changed to 1:2 and 2:1 [20]. Increased digestate proportion in lingo cellulosic
substrate would lead to increased lignin content in substrate, contributing to higher
recalcitrance nature of substrate. This would further reduce the decomposable
content in substrate by mushroom mycelium and hence mineralization rate of the
substrate. This is the reason (high lignin) that growing of mushroom solely on
biogas digestate led to minimum yield than when digestate was used along with
agro-waste [32]. High digestate content may also cause accumulation of excess
moister restricting mycelium development. Isikhuemhen et al. 2009 reported a
substrates composition of 10–20% dry solid digestate, 70–80% wheat straw and
10% millet to produce the highest mushroom yield [24].

Digestate amendments also improve the nutritional value of mushroom. Protein
content was increased on digestate grown mushroom compared to control substrate,
while carbohydrate content was reduced [24]. Digestate being rich in mineralized
nutrients increases the mineral content of mushroom such as Na, K, Ca, Fe, Mn, Cu,
Zn and P [21]. Plant nutrient (N, P and C) uptake was higher when digestate was
supplemented to rice straw than that of only rice straw grown mushroom [26].
Digested material provides mushroom with a sufficient amount of easily metabo-
lizable organic matter and non-assimilated carbohydrates that favours the growth
and yield of the mushroom [16].

Mushroom cultivation in lignocellulosic substrates helps faster decomposition of
such less decomposable material as mushroom hyphae secrete lingo cellulolytic
enzymes. The extent of this lignin degradation was reported to be higher when
digestate is added to such substrates [16]. It is clearly evident that supplementation
of biogas digestate to mushroom growth substrate clearly improves the overall
efficiency of the production process in comparison to only agricultural residue when
used as substrate.
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3.2 Characteristics of Biogas Digestate

Table 3 shows the composition of whole biogas digestate used in the present work.
pH of the digestate was found to be basic side because of volatile fatty acid
degradation and production of ammonia through organic N mineralization during
digestion [34]. Electrical conductivity which is an indication of mineralization of
organically bound nutrients is found to be similar to that of manure-based diges-
tates. TOC, TN, P, K and other micronutrients were also in the range of those
reported for manure-based digestates. Heavy metal contents of the digestates were
found to be lower than those reported for other digestates such municipal sludge
[21]. From the characterization status, mainly its high N, P and K content and low
heavy metal content, digestate appears to be a suitable supplement in mushroom
production.

Though the liquid fraction after separation has not been separately analysed in
the present work, from our earlier publication [29], it has been found that separation
of whole digestate into solid–liquid fraction generally results in a liquid fraction
with higher pH, higher electrical conductivity than whole digestate. Higher pH and
EC of liquid digestates mean the presence of mineralized nutrient fraction in liquid
fraction. Overall, separation concentrates plant nutrients in solid digestates. Total
organic carbon of liquid digestate remains minimum (0.5–2%). However, 60–90%
of the ammonia-N content of the whole digestate ends up in the liquid fraction
which indicates its suitable use as readily available nitrogen source in mushroom
cultivation.

Table 3 Characterization of
collected raw digestate
(values expressed on dry
matter basis)

Parameter Value

pH 7.8

EC, mmho cm−1 4.1

TOC, % dw 26

TN, g kg−1 21.2

P, g kg−1 14.46

K, g kg−1 10.05

Ca, g kg−1 7.26

Mg, g kg−1 7.37

S, g kg−1 1.50

Cu, mg kg−1 15.13

Fe, mg kg−1 1026

Mn, mg kg−1 915

Zn, mg kg−1 146

Pb, mg kg−1 1.74

As, mg kg−1 0.62

Cd, mg kg−1 0.62
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3.3 Effect of Liquid Biogas Digestate on Mushroom
in Laboratory-Based Experiment

In Assam, optimum temperature of Pleurotus spp. is 23–25 °C and best period to
grow is October to April [35]. Abrupt fluctuation in temperature may result in
arrested mycelial growth, and production may be reduced [32]. Though the average
time of pin head emergence remains in between 15 and 28 days for oyster mush-
room, pin head formation was observed to be delayed in both the treatments in the
present study. Pinhead formation occurred on 23–25 days after spawning.
However, the higher time interval needed for pinhead formation and fruiting body
formation could not be attributed to difference in treatments, as in the present study,
application of the digestate was started only after pin head formation. Therefore,
late emergence of pin heads could be attributed to decline in temperature up to
11 °C during the month of December hampering mycelium fruiting ability. Similar
findings of reduced mushroom yield due to decline in temperature were reported by
Sarmah et al. [35].

Comparative effect of straw and digestate amended straw on mushroom yield
and growth parameters is shown in Fig. 1. It is seen that application of digestate
gave better yield over basal substrate rice straw. In digestate treatment, a total of
615 g/800 g of mushroom was produced, which was higher than rice straw alone
treatment (447 g/800 g). In the present study, we observed a percentage increase of
38% when substrate is supplemented with liquid fraction of the biogas digestate.
The results of present study are in agreement with those that reported enhancement
of mushroom yield after digestate application. Chanakya et al. [26] also reported a
similar enhancement of yield (37%) in case of P. florida, species in digestate
amended rice straw compared to rice straw with no digestate supplement. It has
been reported that digested material provides mushroom with a sufficient amount of
easily metabolizable organic matter and non-assimilated carbohydrates which
finally favours the growth and yield of the mushroom [16].

Biological efficiency of digestate treatment was also found to be higher (76%)
compared to biological efficiency of mushroom grown on rice straw alone (55%).

Fig. 1 Comparative effect of
straw and digestate amended
straw on mushroom yield
parameters
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However, the yield and biological efficiency was found to be lower than those
reported in these studies.

While analysing whether the yield and biological efficacy observed under both
the treatments are significantly different or not, we found a significant difference
between the two at p < 0.05. Since under the digestate supplement we found an
enhanced yield compared to the digestate unamended production, this indicates
overall remarkable impact of digestate on mushroom yield.

Comparative effect of straw and digestate amended straw on mushroom growth
is shown in Fig. 2. A higher number of fruiting bodies (18) were observed on
digestate treatment, whereas for rice straw treatment, a less (10) numbers of fruiting
bodies were observed.

Though the total number of mushroom was higher in digestate amended sub-
strate, mean weight of mushroom was observed to be less in case of substrate with
digestate application. Digestate application produced mushroom with mean weight
36.17 g, but for rice straw alone treatment, it was found to be 44.72 g (Fig. 2). The
mean weight observed under both the treatments was found to be significantly
different at p < 0.05 as determined by Z test.

Higher number of mushroom in digestate treatment also seemed to decrease the
average cap diameter (9.47 cm) of the digestate grown mushroom to that of rice
straw alone substrate (9.73 cm). However, there was not any statistically significant
difference between the two treatments.

Stem height of the digestate treatment was lower than that of the rice straw alone
treatment as shown in Fig. 2. As cap is the preferred part of the mushroom,
therefore, mushrooms with high cap weights and low stalk heights are desirable.
Similar findings were reported by Stoknes et al. 2013 [25] who found no significant
difference in mushroom size (species Agaricus bisporus and Agaricus sub-
rufescens) grown in digestate treated straw than control using anaerobically
digested food waste. Insignificant difference of stem height under both treatments is
supported by Z test.

We did not find any statistically significant correlation among the parameters
under study.

Fig. 2 Comparative effect of
straw and digestate amended
straw on mushroom growth
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The reason for higher yield in digestate amended straw could be attributed to
availability of plant nutrients such as P, K and microelements such as Mn, Mg, Fe
and Cu as seen from characterization study. In general, digestates are reported to
contain nutrients with enhanced bioavailability (60–80% of total nitrogen in min-
eralized form along with bioavailable P and K and other micro nutrients), making
these a suitable consideration as plant nutrient source [36, 37]. Similar positive
effect of micronutrients, viz. Mn, Mg, Fe and Cu present in biogas slurry on
mushroom fruit induction and development, was reported by Navathe and Kadam
[38]. They attributed increased crown width, stalk length, fruit bodies’ weight of
Pleurotus tubergium mushroom to the balanced nutrient contents of the organic
media such as digestate. Figures 3, 4, and 5 show the photographs of mycelium run,
growing fruiting body and matured fruiting body grown during the laboratory
experiments.

It is to be noted that nutrient concentration of mushroom produced using
digestate supplement is an important aspect of study. It is the source of digestate
that will affect the mushroom nutritional quality as well as its heavy metal uptake.
Though there is no particular standard available for digestate application as crop
nutrient in Indian context, however, the cowdung digestate used in the current work
showed a heavy metal concentration lower than that reported for cowdung digestate
in the other relevant literature. Therefore, it is expected that the heavy metal con-
tamination in mushroom will not be a matter of concern, though a thorough
investigation would be required to conform the same.

Fig. 3 Mycelium run
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3.4 Economics of Mushroom Production

Table 4 shows the cost related to mushroom production under two subcost
parameters, viz. recurring and non-recurring. Considering a polyhouse-type
mushroom production unit, comparison of mushroom economics has been made
with 1 tonne per annum digestate utilization. As observed in the experimentation,
we have considered 55 and 76% biological efficiency for mushroom production
under straw treatment and straw + digestate treatment, respectively. In addition, we
also considered that the digestate would be from household biogas plant, which is
produced as residue of the plant and hence would be available to the grower without
incurring any cost. Therefore, for economic analysis, no cost is added to it, only that

Fig. 4 Formation of fruiting
body

Fig. 5 Fruiting body ready to
be harvested
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Table 4 Economics of mushroom production

Particulars Units Unit
price
(INR)

With digestate
supplementation

Without digestate
supplementation

Quantity Total
price
(INR)

Quantity Total
price
(INR)

Non-recurring cost

Cost of polyhouse m2 700 60 42,000 60 42,000

Steel rack (for keeping bags) No. 12,000 20 240,000 20 240,000

Thermometer cum humidity
meter

500 1 500 1 500

Sprayer (for spraying
digestate and liquid)

2000 2 4000 1 2000

Drum (500 l) (for storing
liquid digestate)

3000 2 6000 0 0

LPG burner (for preparing
straw)

3000 1 3000 1 3000

Container (for storage of
miscellaneous)

500 10 5000 10 5000

Cooler (1.5 tons) (for
maintaining temperature)

25,000 1 25,000 1 25,000

Cold storage (300 L deep
fridge) (for storage of
mushroom)

25,000 1 25,000 1 25,000

Recurring cost

Polythene bag kg 180 55 9900 55 9900

Spawn kg 33 330 10,890 330 10,890

Rice straw ton 1500 10 15,000 10 15,000

Nylon rope kg 60 10 600 10 600

Electricity kWh 7 540 3780 540 3780

Miscellaneous (pesticides,
packaging)

5000 5000

Labour Man-days 250 90 22,500 45 11,250

Net total 418,170 398,920

Depreciation (@ 5% per annum) 17,525 17,125

Interest (@ 7%) 24,535 23,975

Insurance and taxes @15% of sum insured 60,000 60,000

Gross expenditure, Rs. 520,230 500,020

Total mushroom production, tons 7.6 5.5

Revenue earned (@ Rs. 100/kg), Rs. 760,000 550,000

Annual profit (first year), Rs. 239,770 49,980
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the grower has to pay for the processing cost. An additional manpower of 90
man-days was taken into account for processing and application of the digestate
part under ‘straw + digestate production scenario’, whereas 45 man-days were
considered for the ‘only straw’ production scenario.

From the table, it is found that using digestate as substrate, supplement which
could increase the mushroom yield by about 38% in the laboratory experiment
compared to control condition) could generate an profit of Rs. 2.39 lacs in the first
year in comparison to the profit of Rs. 49,980 made under only rice straw as
substrate. An amount of 1.89 lacs was estimated as the additional profit under
straw + digestate production scenario’, compared to ‘only straw’ production
scenario.

The economic estimation in the present study is made considering the digestate
availability from a typical household biogas plant of size 1–2 m3. Accordingly,
handling and processing of digestates could be managed without substantial tech-
nological input. However, for large-scale application, use of mechanical separation
machines like screw press, belt press can be employed. In that case, there is a
requirement to find out the economics considering digestate processing technique,
storage for economic viability of the whole production process.

4 Future Prospects

Mushroom cultivation can lead to many associated benefits requiring further
research focus. The efficient lignocellulosic degrading capacity (lignocellulolytic
nature) of Pleurotus species indicates their potential use in the conversion of
agricultural wastes into commercial commodity like mushroom [16]. However,
there are number of aspects to be optimized for successful commercial exploitation
of the process through further research considering higher number of replicates,
comparison with other conventional supplements used, nutrient quality of mush-
room, cost of manpower/machinery engagement in the entire process in a holistic
way. Further, biogas liquid application in mushroom substrate can lead to pro-
duction of leachate rich in lignocellulolytic enzymes, viz. peroxidase and laccase
and low in cellulose, potential application of which has been shown for softening of
biomass for higher biogas production (by 29%) and bioethanol production [39].
Spent mushroom substrate remaining after mushroom cultivation can be used as
biofertilizer for soil health improvement for its suitable C:N ratio.

5 Conclusion

Liquid fraction of biogas digestate could be an alternative nutrient-rich substrate
supplement for mushroom growth. Considering the growing market of mushroom
in India, the benefits highlighted from biogas plant could be extended by value
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addition of residual digestate through its utilization in mushroom production.
Digestate use in mushroom cultivation will offer the opportunity of recycling
digestate nutrients in the production of edible, protein-rich food. Integrated
development of biogas and mushroom cultivation system may contribute to
achieving food security along with promotion of bioenergy. Analysis of cost
dynamics shows feasibility of digestate utilization in mushroom production; how-
ever, low-cost region specific production unit using variety of mushroom for round
the year commercial cultivation would help in promoting such systems.
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Characterization of Market Solid Waste
at Source in Kolhapur City,
Maharashtra, India

Manjusha Sarnobat, Girish Kulkarni and Sandip Mali

Abstract Increasing quantity of municipal solid waste is a problem for many
nations to manage it properly. There is a need for environmentally sound man-
agement practices of the wastes. Kolhapur is one of the rapidly growing cities in the
state of Maharashtra, in India. Kolhapur city is famous for very ancient Mahalaxmi
temple. Many pilgrims visit the temple every year. Kolhapur is having main central
market area around Mahalaxmi temple. Four major vegetable markets are placed in
1.5 km periphery of the temple. These markets are mainly of vegetable, fruit, and
flower markets. The aim of this study is to find out the characterization as well as
composition of municipal solid waste generated in these marketplaces. Focus of the
work is to treat the waste in the same area by sustainable manner. Daily analysis
made over these four market waste for one week for physical and chemical
parameters. After analysis the results show that the organic content and ph of Kapil
Tirth Market were 88 and 7.9%, that of Runmukteshwar Market were 72 and 7.0%,
that of Shingoshi Market were 78 and 7.8%, and that of Mahalaxmi Mandir flower
market were 81.2 and 8.0%. Chemical analysis show the moisture content
30% and volatile solids for Kapil Tirth Market 35%, for Runmukteshwar Market
were 30 and 33%, for Shingoshi Market were 35 and 26.7%, and for Mahalaxmi
Mandir flower market were 40 and 32%. The average density of solid waste of four
marketplaces was 790 kg/m3. A large amount of organic wastes are found in these
market waste bins. If the organic waste is to be treated in that premises only, then
the cost of collection, transportation, and treatment on dumping site would get
reduced directly and the final by-product would get after processing the waste is of
good quality manure.
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Keywords Municipal solid waste � Characterization of MSW � Kolhapur
Composting

1 Introduction

Growing amount of municipal solid waste due to high human population has paid
attention to manage it wisely. Solid waste management is chief confront for many
nations. It is observed that there is a significant increase in municipal solid waste
generation in India in last few decades. Per capita municipal solid waste generated
daily in India ranges from 100 to 500 g [1]. Proper management of municipal solid
waste is a neglected issue in India. Today, there is need to change old and
unsustainable practices of municipal waste management by a major concern for
urban local bodies (ULBs) with more of these authorities creating new infrastruc-
ture [2].

In our daily life activities, waste products arise and they are generated at every
stage of process of production and development. When the source and type of waste
are known precisely, then the design and operation of proper solid waste man-
agement can be possible [3]. Municipal solid waste is mixed in nature and consists
of many diverse materials which are derived from various types of activities. Waste
is any unwanted material intentionally thrown away for disposal. So the waste
disposal by systematic manner is the important present need.

At a standstill so far, more than 90% of municipal solid waste generated in India
is directly disposed on dump land in a poor manner. Nowadays, solid waste
management has turned into significant issue, in addition to other environmental
problems. Therefore, expansion of solid waste management facilities and their
operation and maintenance in a sustainable manner by urban local bodies is
essential.

It has been observed that in India, the amount of waste generated per capita is
increasing at a rate of 1–1.33% annually. The increasing amount of municipal solid
waste demands for high amount of land for waste disposal. So looking to this
scenario, introduction of proper waste management practices is the present needs to
prevent and control environmental pollution and health problems. One of the best
practices to dispose municipal solid waste is by decentralized system. By knowing
different pockets of the city having same kind of waste generation, we can give
proper waste treatment process for that waste. This would decrease the demand of
land for waste disposal, and also good quality by-product can be achieved. For this
study, the central part of the city was selected around Mahalaxmi temple where four
major vegetable, fruit, and flower markets are situated. The objectives of this study
were (1) to know characteristics, composition, and quantity of solid waste generated
at study area, (2) to suggest decentralized management plan for the municipal solid
waste for study area.
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1.1 Description of Kolhapur City

Kolhapur is situated at southwest of Maharashtra at 160° 40′ 31.81″N and
740° 15′ 12.10″E and is at altitude of 607 m above mean sea level. It covers an area
of about 853 ha. Kolhapur is situated on the banks of the river Panchgang and is
having historical Mahalaxmi temple at the center of the city. Chatrapti Shahu
Maharaja, the great emperor of Kolhapur, was having the vision of modern
Kolhapur. He developed the entire region of Kolhapur district in all respects.
Kolhapur district is having plentiful natural resources like water, soil, natural
vegetation, animal wealth, and minerals. So Kolhapur became one of the most
agriculturally advanced districts of Maharashtra. One of the negative impacts of the
city’s rapid development is the increase in municipal solid waste generation,
resulting in environmental degradation. Considering all the factors, this study
focused on to suggest decentralized waste management plan for the waste gener-
ation in marketplaces of the city. Total nine vegetable markets are there in Kolhapur
city shown in Fig. 1, which generate high organic wastes daily. Out of those nine
markets, four markets are selected which are closely located around in 1.5 km
periphery of this city. The names of that markets chosen for the study are Kapil
Tirth Market, Runmukteshwar Market (Padalkar Market), Shingoshi Market, and
flower market at Mahalaxmi temple. These marketplaces are selected for the study
because they are closely located, and decentralized solid waste management system
can be applied here after studying the waste characteristics. Marketplaces of
Kolhapur city are shown in following two figures. Figure 1 shows the study area of
closely located marketplaces, and Fig. 2 shows all the nine markets in the city.

1.2 Current Municipal Solid Waste Management Practice
of Kolhapur City

Kolhapur is rapidly developing city in state of Maharashtra. India is having pop-
ulation around 549,283 residents. Daily municipal solid waste generation in
Kolhapur city is around 180–220 ton/day. Kolhapur Municipal Corporation handles
this waste by sweeping, collection, Transportation, and disposal. The city is divided
into 81 wards and subdivided into 11 health divisions. Daily municipal solid waste
collection system is run by Kolhapur Municipal Corporation. Municipal waste
(residential and commercial establishments) is collected by door-to-door collection
system and deposited by residents in small and large community bins. Addition of
waste to MSW is from street sweeping and drain cleaning. The large collection bins
are made up of steel material having capacity of one ton.
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Total waste containers in Kolhapur city are 200. Collected waste from the
containers mechanically transfers into refuse compactors and then transferred to the
disposal site at Kasaba Bawada. Kolhapur Municipal Corporation is having three
refuse compactors each of capacity 7–8 tones and also two dumpers having

Fig. 1 Details of study area of vegetable markets of Kolhapur city
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capacity of 2 metric tons for transportation of solid waste. For each vehicle, one
driver and two collection laborers are provided which makes two trips per day (8-h
work day). To fill the dumper, it takes 2 h time for loading and unloading of the

Fig. 2 Details of all vegetable markets and dumping site of Kolhapur city
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waste. But refuse compactor vehicles collect the waste in very less time as it gets
collected by mechanically.

1.3 Study Area

For this study, four major vegetable, fruit, and flower markets were selected which
are closely situated near Mahalaxmi temple in center of the city in 1.5 km
periphery. The total number of major markets in Kolhapur city is nine, but among
that four markets were selected for this study as they are closely situated. The
names of the markets are (1) Kapil Tirth Market, (2) Runmukteshwar Market,
(3) Shingoshi Market, and (4) Mahalaxmi Mandir market.

These markets generate major amount of organic wastes daily, in form of green
waste, rotten fruits, vegetables, etc. As these markets are closer to each other, the
waste generated here can be treated separately and dispose of in scientific and
sustainable manner by providing decentralized system for the study area.

The purpose of the study is to identify the characterization as well as compo-
sition of MSW of market areas and to suggest a decentralized solid waste man-
agement system for the study area.

2 Materials and Methodology

The area chosen for study covers four local vegetable markets. The population
density is high in this area.

Twenty-eight waste samples were taken randomly from four market areas to study
the characterization of municipal solid waste.
Seven samples from Kapil Tirth Market.
Seven samples from Runmukteshwar Market and seven samples from Shingoshi
Market.
Seven samples from Mahalaxmi Mandir market.

2.1 Quantity of Municipal Solid Waste in These Markets

It was found that daily solid waste generated and collected in Kapil Tirth Market is
around 1600 kg/day which is collected twice in a day. Waste generated in
Runmukteshwar Market is around 1200 kg/day collected twice in a day, in
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Shingoshi Market, the waste generation is around 400 kg/day, and in Mahalaxmi
temple area, the waste generated is around 250 kg/day.

2.2 Quality of Waste Generated

It was found that total quantity of waste generated in this area is around 3500 kg/
day.

The waste is of heterogeneous in nature consisting of waste from residential
area, waste from hotels, restaurants, and waste from vegetable markets. As the
quantity of waste from vegetable markets is higher in these waste bins, so it can be
treated separately without getting it mixed with total municipal solid waste of the
city.

The total quantity of waste generated in the study area is around 3 stones which
is very less amount compared to total quantity of solid waste of the city, so it can be
easily manageable decentrally. In Kapil Tirth Market area and Runmukteshwar
Market area, it was observed that the plastic waste is sorted at the time of collection
of solid waste by the waste collector. So very less amount of plastic waste is found
in waste bins here.

2.3 Method of Waste Characterization

Collection of sample and segregation of sample:

A number of municipal solid waste samples were collected for one week from
February 1 to February 18, 2016, from each four market waste containers. Their
locations are shown in Fig. 2. Totally 28 samples were segregated on-site. The
sampling was done by quartering method, totally 100 kg sample was collected and
mixed thoroughly, and 12.5 kg sample was ready by using quartering method.
Manual process of sorting, was carried out for classifying and weighing all items in
each sampling units for the collected 12.5 kg sample. This sample was then seg-
regated manually into different physical components like paper, cloth, plastics,
organic material, and glass. Sorting was based on visual inspections. Each category
of waste was weighed separately by an electronic weighing balance. Standard
personal safety procedures were followed during the sorting process such as
wearing gloves, apron, and shoes. Each of these components is weighed to deter-
mine their fractions in the waste sample collected. Two kilograms of sample was
collected in plastic bags and then brought to the laboratory and analyzed for
physical characteristics, like moisture content. The remaining samples were kept
stored and analyzed for remaining parameters like pH, volatile solids.
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Characterization of solid waste:

Following characteristics were measured for the collected waste samples.

1. Specific Weight (Density):
It is mass per unit volume of solid waste. It varies from region to region. It is
significant in storage, collection, and transportation of solid waste. Also, it is
useful parameter while designing transport vehicle.
The density of solid waste was found out by adding the known quantity of solid
waste in 1 m3 volume cardboard box. The waste was added into the box by
noting the weight every time, and then, density was calculated from the weight
added.

2. Moisture Content:
It is expressed as mass of moisture per unit mass of wet or dry material. It has
significant effect on transport facility.

Moisture Content ¼ Wet weight� Dry weight � 100
Wet weight

3. pH:
The pH is important parameter when treating the waste by composting method.
The dried organic waste sample from municipal solid waste was analyzed for
pH. The pH was analyzed by shaking 50 gm of powdered waste material in
250 mL of distilled water for 24 h and analyzed by pH meter (USEPA 2001).

4. Organic Matter:
To find organic matter in waste sample, 25 g of dry waste is ignited at 360 °C
for 24 h (USEPA 2001).

5. Total Solids, Volatile Solids, Fixed Solids:
As there are no specific standard methods for analyzing solids in municipal solid
waste samples, the solid waste samples were analyzed based on the same
methods recommended for river and lake sediment samples. The methods used
for solid waste samples and semisolid waste samples from water and wastew-
ater treatment method.

Total solids are defined as the solids left in the sample after it has been dried to
constant temperature of 105 °C. After ignition of total solids in a muffle furnace at
550 °C, the fraction of solids remaining is defined as fixed solids and the fraction
lost during ignition is termed as volatile solids.

3 Results and the Discussion

The final results are from average result values of seven samples. The work was
done for one-week duration.
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3.1 Characteristics of Solid Waste Generation

Density:

Average density of municipal solid waste of these four markets was found high,
790 kg m3. The waste found was having high quantity of organic waste. All
selected four market waste bin samples show high density of municipal solid waste.
It was observed in these areas that the waste is coming from commercial sectors like
shops, offices, hotels, and residential areas also. The workers in all these market
places strictly sorts out the recyclables at the source and colds it out it to scrap
markets. So very less amount of recyclable waste enters into the waste bins. Major
amount of waste observed was of organic in nature in all these market bins (Figs. 3
and 4; Tables 1 and 2).

3.2 Analysis of Results

From the graphs, it is observed that the solid waste in these four markets is having
enough amount of organic wastes. It was found that the waste is more dense and
humid, due to common consumption of fruits and vegetables and unpackaged food.
The other fractions are considerably in lower side. The waste collected in the
sample bins is from residential zone and vegetable market area. Commercial wastes
like plastic and cardboards are sorted out separately and sold out to scrap market by
the waste collector workers.

Fig. 3 Graph showing composition of municipal solid waste of four markets
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Fig. 4 Graph showing physical and chemical properties of municipal solid waste of four markets

Table 1 Composition of municipal solid waste at four markets

Kapil Tirth
Market in (%)

Padalkar
Market in (%)

Shingoshi
Market in (%)

Mahalaxmi
Mandir in (%)

Paper 3 8 8 6

Cloth 5 5 4 3

Plastic 4 10 8 8

Glass 2 5 2 2

Organic
material

88 72 78 81

Table 2 Physical and chemical properties of municipal solid waste of four markets

Kapiltirtha
market

Padalkar
market

Shingoshi
market

Mahalakshmi
Mandir

Moisture
content

30% 30% 35% 40%

pH 7.9 7 7.8 8.8

Volatile solids 35 33 26.7 32
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High moisture content gives rise for higher density of the said solid wastes. So it
is concluded that daily collection of solid waste is essential due to high moisture
content of solid waste and considerable amounts of biodegradable materials in the
study area. As the major portion of non-biodegradable wastes is separated at source,
a good quality compost can be prepared from this type of waste. As the quantity of
organic waste generates here is considerable, large-scale composting plants can be
set up that would allow huge amounts of organic wastes to be converted to useful
product like compost. This compost can then be used as a soil conditioner and
fertilizer. Plant like this can be set up in nearby open area. The suggested com-
post plant can be run without a profit constraint if funded by ULB. An example of a
vermi-composting plant is the one in Bhadreshwar, West Bengal. Currently, urban
local bodies (ULBs) are running about ten large-scale composting plants in different
cities of India and five vermi-composting plants. Other treatment options that are
more difficult to operate and maintain are biogas generation. Pelletization of waste
for energy generation is feasible when the waste has low moisture content and high
organic content (having high calorific value) [2].

4 Conclusion

For proper waste management, first step is to understand (waste types being gen-
erated in order to design suitable collection and disposal systems. The maximum
proportion of waste in the studied area can be composted by proper technical
methods instead of disposed of. Sorted recyclables, like plastics and glass, can be
sent to scrap merchants. Paper and textiles may be allowed to remain in the organic
waste as it may not interfere the suggested composting process. The valuable
organic material should not be sent to open dump site, but from that high-quality
organic waste good quality manure can be prepared. The waste in the studied area
can be treated by decentralize system, where the waste can be collected separately
and sent to the gardens of municipal corporation where windrow composting can be
done. Two gardens of municipal corporations are in the nearby area of the markets.

The total quantity of waste generated in study areas was found 3.5 tons/day,
whereas the total amount of waste generated in Kolhapur city limits is approxi-
mately 180 tons/day. If such pockets can be made of the city depending on the type
and nature of waste, proper treatment can be given to it.

Solid wastes in study area are characterized physically as well as chemically.
The results give average values of various parameters

Moisture content 33.75% volatile solids 31.674, average density 790 kg/m3,
average pH as 7.8 and average organic, content 79.75%. All these results show that
the waste can be treated by composting process. The by-product compost could be
utilized in municipal-owned gardens nearby these market areas.

As all these markets are placed close to each other in 1.5 km periphery area, so it
is possible to collect the waste from these markets and then to treat it in the near
place. If the waste can be treated in the same area, then the transportation cost of
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solid waste to dumping site which is 8 km distance away from the city up to
Rs. 1920/day for 15 tons/day quantity of solid waste can be saved. If such
decentralized processing technologies would be adopted in the different parts of the
cities, then the ultimate load of solid waste on dumping site would get reduced.
Kolhapur Municipal Corporation should follow such decentralized plan which will
reduce the ultimate load on the transportation and dumping site.
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Utilization of Thermal Power Plant
By-Product Fly Ash in Waste
Management

Chandra Bhanu Gupt, M. Mohamed Younus and S. Sreedeep

Abstract Landfill liners are integral part of waste management for isolating the
harmful wastes from surrounding environment. In the absence of impermeable
natural soils, compacted mixture of expansive soil and sand have found wide
applications as landfill liners. In this study, attempt was made to replace sand with
thermal power plant by-product fly ash. Annual production of fly ash in India is
approximately 170 million tons per annum out of which only 61% is being used in
construction of road and embankments, production of cement, reclamation of low
lying areas, agriculture, making bricks, tiles and others. There is limited literature
on the utilization of waste product (fly ash) for waste management applications. The
major objective of this research work is to explore the utility of waste fly ash in
waste management. The study clearly demonstrates the utility of fly ash as a sub-
stitute of sand in the construction of liners.

Keywords Landfill liners � Expansive soil � Sand � Fly ash � Waste containment

1 Introduction

Safe disposal of municipal and harmful wastes is a serious concern for environ-
mentalist and planners. Landfill liners are mandatory for safe containment of these
wastes. Landfills are usually lined with an impermeable material to prevent con-
tamination of the surrounding soil and underlying groundwater by waste leachate.
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In the absence of impermeable natural soils, bentonite and its mixture with specific
geomaterials are the most widely used materials for the construction of hydraulic
barriers such as liners due to its low hydraulic conductivity (<10−7 cm/s) [1]. In the
past, compacted sand–bentonite mixture was one of the most commonly adopted
hydraulic barriers investigated for the hazardous and nuclear waste containment
system [2–6]. However, sand is an important useful construction material and its
availability is limited due to the environmental issues associated with its dredging.
Therefore, it is important to explore alternate material as a substitute for sand in the
construction of facilities like landfill liners.

Fly ash is a by-product material being generated by combustion of pulverized
coal from thermal power plants. In India, major source of power generation is
coal-based where 75% of the total power is obtained from the thermal power plants
and results in generation of large amount of fly ash. Such a huge quantity does pose
challenging problems, in the form of land usage, health hazards and environmental
dangers. Fly ash is disposed off in dry or wet state. But studies show that wet
disposal of this waste does not protect the environment from the migration of metal
into the soil through leaching process. Environmental Protection Agency, Japan,
observed that the coal ash satisfies the criteria for landfill disposal. According to the
hazardous waste management and handling rule of 1989, fly ash is considered as
non-hazardous.

In this study, effort has been made to evaluate the usefulness of fly ash for liner
construction and thereby substituting sand. A large amount of the produced fly ash
is disposed in mono-fills [7]. The disposal of fly ash is becoming expensive each
year due to the large area of land needed for its disposal. One of the amicable
solutions to the problem is reuse of fly ash for some meaningful applications. The
pozzolanic and self-hardening properties of fly ash justify its use in cement, con-
crete and pavements [7]. However, the use of fly ash for the construction of landfill
liners has not been explored in detail.

With this in view, the present study purports to examine the suitability of fly ash
as a landfill liner material. The major objective of this study is to maximize the use
of fly ash for the said application. Therefore, different fly ash–expansive soil mixes
were subjected to hydraulic conductivity and sorption test to verify the potential use
of fly ash in waste management projects. These two criteria for evaluating the
suitability of material for landfill liner have been proposed in this study. Based on
the obtained results, it is noted that a fly ash–expansive soil mix with less than or
equal to 70% of fly ash is found appropriate for landfill liner application.

2 Materials and Methods

The fly ash (designated as FA) used in this study is a waste by-product from a
coal-fired power generating station at Farakka, West Bengal, India. The bentonite
(B) used in this study is commercially available and designated as B. All the basic
characteristics of B and FA such as particle size distribution, Atterberg limits,
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specific gravity have been determined by following the guidelines provided in the
literature [8–11] during experimental investigation and presented in Table 1. The
total specific surface area (SSA) was determined using ethylene glycol monoethyl
ether (EGME) method [12], and the cation exchange capacity (CEC) was measured
by the ammonium replacement method [13]. The mineralogical compositions of the
materials were investigated by X-ray diffraction analysis (Bruker AXS D8 model,
Germany) by using a graphite monochromatic and Cu-Ka radiation. A summary of
these characterizations along with mineralogy is presented in Table 1. The chemical
characteristics of B and FA are listed in Table 2. The FA used in this study belongs
to class F (ASTM C 618) and B belongs to CH as per USCS classification.

2.1 Compaction Test

The non-plastic FA was uniformly dry mixed with B in different proportion as listed
in Table 3, along with its designation. Variation of weight percentage of FA was
taken from 0 to 100 for the present study. Such a wide range is required to explore
the possibility of maximizing the use of FA as discussed above. These mixes were
subjected to standard Proctor compaction test [14] to investigate MDD and OMC of
all mixes. The standard Proctor compaction curves are depicted in Fig. 1. The
highest MDD value of B as depicted in Fig. 1 might be due to its higher specific
gravity value in comparison with FA as presented in Table 1. The highest value of
OMC of B is due to its high water retention capacity. Also, it can be noted that

Table 1 Physical properties and classification of the materials used in this study

Property Fly ash (FA) Bentonite (B)

Specific gravity 2.07 2.82

Grain size characteristics

Sand (4.75–0.075 mm) 0 0

Coarse sand (4.75–2 mm) 0 0

Medium sand (2–0.425 mm) 0 0

Fine Sand (0.425–0.075 mm) 25 7

Silt size (0.075–0.002 mm) 75 44

Clay size (<0.002 mm) 0 49

Atterberg limits (%)

Liquid limit Non-plastic 224

Plastic limit – 31

Plasticity index – 193

Classification Class F CH

SSA (m2/g) 1.4 219

Mineral present Quartz Quartz, montmorillonite, kaolinite
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Table 2 Chemical
characteristics of materials
used in this study

Compounds (%) FA B

SiO2 47.5 58.2

Al2O3 26.1 15.4

Fe2O3 8.4 3.3

CaO 0.9 0.2

MnO 0.2 1.3

MgO 0.3 5.6

Loss on ignition 2.3 –

pH 7.1 7.6

CEC (meq/100 g) 1.23 56.90

Note CEC—Cation exchange capacity

Table 3 Mix designation of
bentonite–fly ash

Mix FA (%) B (%)

B 100-FA0 0 100

B 80-FA 20 20 80

B 60-FA40 40 60

B 50-FA50 50 50

B 30-FA70 70 30

B 0-FA100 100 0
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Fig. 1 Standard Proctor compaction curves for different B-FA mixes
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MDD and OMC of the mixes gradually decrease as the percentage of FA increases,
which may be attributed to its low value of specific gravity and water retention
capacity of FA.

2.2 Hydraulic Conductivity Test

Measurement of hydraulic conductivity in porous media is a complicated process,
and many laboratory apparatus exist for different soil and condition. Measuring
hydraulic conductivity of fine-grained swelling materials provides additional chal-
lenges since large change in volume is anticipated during the testing. Therefore, the
specimen volume should be controlled during the tests. Bentonite has a low
hydraulic conductivity k, in the order of 10−8–10−12 cm/s depending on its density
[15]. This would considerably increase the saturation and the test duration for
samples compacted at OMC. A new permeability test set-up has been developed for
minimizing the saturation duration. The purpose of new set-up is to determine
hydraulic conductivity under no swell condition and also to achieve quick satura-
tion of the sample.

A schematic diagram of the new upward flow hydraulic conductivity apparatus
is shown in Fig. 2. The thickness and diameter of the soil specimen used in this
set-up are 30 and 60 mm, respectively. As explained earlier, the expansive soil has
a tendency to swell when it comes in contact with water. To prevent this, a hollow
movable screw provided would secure the water collection reservoir in position by
pushing it downwards and thereby prevents swelling during flow of water through
the soil mass. It maintains constant volume set-up which does not allow changes in
total volume during testing.

Another feature of this set-up is that there is provision for applying vacuum for
quick saturation as shown in Fig. 2. During the application of vacuum, the plug has
been placed in the position to make the system airtight. During the flow test, this
plug is removed and an extension tube is placed to facilitate the flow of water from
the collection reservoir. In this set-up, experiment can be performed with varying
height of soil. In the present study, the height of the soil specimen is 3 cm.

Permeability (k) from the falling head hydraulic conductivity test was performed
at different compaction state of these mixes. Different compaction mass of sample
was taken on the mass volume basis for the sample preparation and statically
compacted in the perspex cylindrical mould. The results were used to evaluate the
appropriate compaction states of mixes which satisfies the permeability criteria for
designing liner (� 10−7 cm/s). To ensure the repeatability of the observation, the
value of k in this study has been obtained as the average of three test results with
negligible variation.
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2.3 Contaminant Retention Study

The contaminant retention study of the mixes was performed by considering lead
(Pb+2) as the model contaminant. Lead nitrate stock solution was prepared by
dissolving Pb(NO3) in deionized water. Solutions at different concentration were
obtained by adding appropriate amount of stock solution to deionized water to
obtain ion range of concentration varying from 20 to 1000 mg/L the solution pH
was adjusted using dilute hydrochloric acid or sodium hydroxide solution. For
minimizing the precipitation effect, the initial pH of the solution was adjusted to 5
before the start of the batch experiment. 5.5 g of air-dried soil sample sieved

Fig. 2 Schematic diagram of permeability set-up used in this study

484 C. B. Gupt et al.



through 2 mm sieve is weighed and transferred into a 125 mL glass container. It is
then mixed with 50 mL of contaminated solution to maintain a liquid to solid (L/S)
ratio of 10. The container is then closed and placed on a rotary shaker and subjected
to shaking for 24 h [16]. After shaking, the soil solution slurry was centrifuged at
3000 rpm for 20 min and then supernatant was filtered through 0.45 µm pore size
filter paper. The resulting solution is subjected to chemical analysis for determining
the concentration of Pb+2 by using an ion chromatograph (Metrohm Switzerland).
Each analysis was done three times to ensure repeatability, and average of the test
results is used for plotting retention isotherm.

3 Results and Discussion

3.1 Hydraulic Conductivity Characteristics of Bentonite–Fly
Ash Mixes

Falling head test was used to determine the hydraulic conductivity using Eq. 1 for
all bentonite–fly ash mixes at different compaction state with varying water content.
Three points: optimum moisture content (OMC), dry of optimum and wet of
optimum on standard Proctor curves presented in Table 4 have been selected for
k determination.

k ¼ aL
At

ln
h1
h2

� �
ð1Þ

where a is the area of the standpipe, L is the length of the soil sample, A is the
cross-sectional area of the soil sample, t is the time to drop head from h1 to h2 and
h1 and h2 are initial and final heads, respectively, as measured at the start of the
experiment and after time t. The results obtained from the test are depicted in Fig. 4
corresponding to different compaction states.

The variation of k as a function of fly ash percentage is shown in Fig. 3. It can be
noted that for all the three compaction points investigated in this study, k increases

Table 4 Compaction states of samples used for hydraulic conductivity determination

Mix Dry of OMC OMC Wet of OMC

cd (g/cc) w (%) cd max (g/cc) w (%) cd (g/cc) w (%)

B100-F0 1.55 27.97 1.57 29.66 1.49 32.83

B80-F20 1.53 20.80 1.56 24.22 1.44 29.42

B60-F40 1.54 20.48 1.55 22.04 1.46 26.35

B50-F50 1.52 18.03 1.54 21.01 1.48 24.55

B30-F70 1.46 16.22 1.48 19.66 1.42 23.16

B0-F100 1.32 14.27 1.38 19.66 1.34 24.89
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with an increases in fly ash percentage. This is mainly due to the inclusion of bigger
cohesionless particles of fly ash as compared to B. The hydraulic conductivity
decreases approximately four orders of magnitude when 30% expansive soil is
used. Further, it can be noted that compaction state corresponding to OMC has
minimum k value for all the fly ash–expansive soil mixes, followed by wet of
optimum and dry of optimum state. The difference among all these states is more
for samples with lower percentage of fly ash.

It can be observed from Fig. 4 that k value for all the mixes decreases from dry
of optimum point to OMC and further increases when wet of optimum point is
considered. Except fly ash, the minimum k value for fly ash–bentonite mix is
obtained at water content 0.5–1.6% more than optimum k moisture content. Several
investigators also reported that generally the lowest hydraulic conductivity of
clayey soil is achieved when the soil is compacted at water content slightly higher
than the optimum water content [17]. This is due to the development of a water film
around the particles, which causes swelling of the clay exerting pressure against the
surrounding particles. Consequently, the effective pore size reduces resulting in low
hydraulic conductivity. For utility of a material as landfill liners, the compacted
layer should have k value � 1 � 10−7 cm/s [18, 19]. Figure 4 shows that except fly
ash, all the fly ash–bentonite mixes compacted corresponding to OMC yield k less
than acceptable value.
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3.2 Retention Characteristics of Bentonite–Fly Ash Mix

The data presented in Fig. 5 shows that the amount of Pb+2 retained by mixes
increased with the increase in Pb+2 concentration in the pore water solution used in
the experiment, especially in lower concentration zone. The linear variation of
sorption of metals at lower concentration was also reported by [20]. This is mainly
because of an increase in concentration gradient with an increase in Pb+2 ions in the
solution, which might act as a driving force for increased retention. As the con-
centration increased, the increase in the retention is less pronounced. The process of
retention of Pb+2 possibly occurred in two stages with the saturation of different
retention sites. With the increase in metal concentration, more sites were filled and
Pb+2 retention became more difficult [21]. Similar result was reported by the [22],
who demonstrated the occurrence of two phases in the adsorption curve. The initial
phase of adsorption curve corresponds to high binding energy, although the soil had
a low capacity for the adsorption. In second phase, higher quantities of Pb+2 are
retained, although the retention energy is lower. When the retention sites become
saturated with Pb+2 the retention decreases with further increasing of Pb+2 in the
solution.
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Fig. 4 Variation of hydraulic conductivity of mixes with varying water content
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The results obtained from the chemical analyses of the bentonite–fly ash mixes
were utilized to develop nonlinear Freundlich and Langmuir retention isotherms
using Eqs. 2 and 3 [23]. The isotherms represent the relation between adsorbed
concentration (Qe in mg/kg) and soil pore water concentration (Ce in mg/L) at
equilibrium of solute species.

Qe ¼ KF :C
N
e ð2Þ

Qe ¼ QKLCe

1þKLCe
ð3Þ

where KF and N are Freundlich constants, KL is the contaminant retention constant
related to the binding energy (L/mg) and Qe is the maximum contaminant adsorbed
by solid (mg/kg). The retention characteristic curves for lead contaminant solution
are shown in Fig. 5. It can be noted from the figures that Qe increases as the
percentage of bentonite increases in the mix. As compared to bentonite, Qe of fly
ash is quite less, and this is mainly due to larger specific surface area of B in
comparison to FA, which provides large number of site for retention of the metal
ions. This indicates that there is a need of clearly optimizing bentonite–fly ash mix
considering the retention parameter also for reducing the thickness of liner, maxi-
mizing the use of fly ash and thereby economizing the project.

Figures 6 and 7 show the fitting of Freundlich and Langmuir isotherms model,
and the model parameters are listed in Table 5. It was observed from Table 5 that
both the isotherms gave satisfactory fitting even though the best fit was observed for
Langmuir isotherm as is evident from R2 values. The results also show that an

Fig. 5 Retention characteristics of Pb+2 in different B-FA mixes
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increase in the initial Pb+2 concentration leads to a reduction in percentage removal
efficiency of Pb+2 ion, showing the process to be highly dependent on the initial
concentration.

On this basis of the hydraulic conductivity criteria, bentonite mixed with 70% fly
ash satisfies the requirement of <10−7 cm/s for the landfill liner. From the retention
test, it can be noted that bentonite mixed with 70% fly ash shows approximately

Fig. 6 Langmuir sorption isotherm of Pb+2 for different fly ash–expansive soil mixes

Fig. 7 Freundlich sorption isotherm of Pb+2 for different fly ash–expansive soil mixes
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90% removal of Pb+2 up to the concentration range of 1000 mg/L of stock solution,
which signify the optimum use of fly ash for the contaminant retention in landfill
liners.

4 Conclusions

This study deals with laboratory investigation and evaluation of bentonite–fly ash
mixes for its application in waste containment system as compacted liner material
using hydraulic conductivity and retention as qualifying parameter. The study
highlights that fly ash alone should not be used as landfill liner material. The
objective of the research work is to maximize the utilization of class F fly ash (a
waste by-product from thermal power plant) in waste containment projects. The
study indicates that all the bentonite–fly ash mixes compacted at optimum moisture
content satisfy the regulatory requirements of landfill liners. Based on the study, it
is proposed that bentonite can be mixed up to 70% dry weight of class F fly ash for
its use as compacted landfill liner. It was observed that bentonite mixed with 70%
fly ash remove 90% Pb+2 for the concentration range of 1000 mg/L, which may be
thought very good material for the landfill liner application. For satisfying the
hydraulic conductivity and retention characteristics, bentonite mixed with 70% fly
ash can be floated as an optimal mix for maximize the utilization of fly ash for the
landfill liner application. This observation will quite handy and useful in the field of
waste management projects.
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Effectiveness Study of Dolochar
as a Filter Media in Wastewater
Filtration

Purushottam Das Vairagi and Rajesh Roshan Dash

Abstract The study was carried out to evaluate the feasibility of slow sand filter by
using dolochar, a solid waste generated from sponge iron industry, as a filter media
and compared with the sand media filter. Effectiveness of slow sand filters assessed
by two laboratory-scale filter columns (10 cm diameter and 0.40 m media depth):
one consisting sand media and other with dolochar. The effective size of both sand
and dolochar media used were 0.42 mm to study the performance at filtration rate
of 0.06 m/h. For 160 h of run period, the dolochar media showed higher removal
efficiencies, especially chemical oxygen demand (COD) removal up to 89% com-
pared to sand media filter of 69%, turbidity removal of 96% compared to 90% of
sand media filter, and phosphate removal also observed more in case of dolochar
media filter—especially, the phosphate removal from the dolochar media filter was
up to 92.71% compared to sand filter of 85.24%. Since the dolochar media filter
exhibited to possess higher removal efficiencies, it supports the utility of dolochar
as a low cost and highly efficient filter media for slow sand filtration.

Keywords Wastewater filtration � Effective size � Dolochar � Chemical oxygen
demand (COD)

1 Introduction

Slow sand filters (SSFs) are probably the most effective, simplest and least
expensive water treatment process for developing countries. They are very efficient
in removal of bacteria, organics, cysts, ova viruses, etc. Today, the need of
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sustainable techniques increased due to the more water demand and resulting proper
use of wastewater, and also to treat this making use of simple techniques like using
the suitable filter can provide a good option to improve the efficiency of filter. Using
waste material as a filter media is advantageous as it reduces environmental impact
and provides the beneficial use of waste material; same is tried in this study where
use of dolochar, a waste material, was used as a media in filter and aimed to check
its suitability. Dolochar produced as a by-product of direct reduction of iron
(DRI) process for the production of sponge iron. Development of suitable processes
and techniques for utilisation of the dolochar is important for bulk utilisation, value
addition and/or moving towards zero waste technology [1]. For the production of
100 tonnes of sponge iron, the amount of iron ore and coal requirement is 154 and
120 tonnes, respectively, in which case the solid waste generated is around
45 tonnes and out of which 25 tonnes are char and widely known as dolochar [2].
Till date, the application of various adept solid materials such as sand, involving
synthetic materials, natural materials, agricultural by-products, industrial
by-products and other material as filter media like zeolite, etc., had proved either
expensive or having low removal efficiency. Thus, this study aimed to determine
the efficiency of removal of impurities from the wastewater by using low-cost
industrial waste material dolochar as a filter media and make comparison with the
conventional filter media sand.

2 Materials and Methods

2.1 Set-up of the Experimental Column

The principal apparatus employed in this investigation consists of two 100 mm
(10 cm) internal diameter vertical Perspex tube of 120 cm (1.2 m) in height as
shown in Fig. 1. First filter is packed with single media of sand to a height of
20 cm. The column was filled with locally available natural sand. The quality of the
treated water and maintenance requirements for the system also depend on the
selected variables like sand size, flow rates and sand bed depth. The sand used is
characterised by its effective size (ES or d10) and uniformity coefficient (UC or
d60/d10). The recommendations for ES vary between 0.15 and 0.40 mm [3].
1975 g of sand was sieved mechanically on a set of sieves, and sieve fractions were
weighed. From sieve analysis, the effective size and uniformity coefficient of sand
obtained were of 0.42 and 3.25 mm, respectively. 1100 g of dolochar sieved from
sieve analysis effective grain size of 0.42 mm and uniformity coefficient of 3.09
were obtained. To evaluate the effectiveness, it is decided to keep the filtration rate
lower than the optimum so that for the more retention time there are more chances
of removal of the impurities. Before filling into the column, the sand and dolochar
were thoroughly washed with tap water to remove clay and other mineral
contaminants from the sand particles and dried in an oven at 120 °C overnight.
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The lower section of the columns contains 12 cm depth of coarse gravel
(4.75–10 mm), overlaid by 8 cm layer of 2–4.75 mm fine gravel. For sand and
dolochar media filters, 10 cm of 1.18–4.75 mm coarse media was overlaid with
10 cm of 0.15–1.18 mm fine media at the top. As the depth of the filter media
increases, more impurity removal can be achieved [4, 5]; this study mainly aims to
evaluate the efficiency of the filter media, so the depth of filter media was kept small
compared to the standard size [6].

The depth of the sand bed was so arranged that its top surface was at a level with
the flanged joint in the filter column. A small amount of gravel, 4.75–10 mm in size
was provided on the top of the filter beds in order to homogeneous supply of
wastewater to filter beds. A constant inflow of primary settled effluent at hydraulic
loading rate of 0.06 m/h was maintained by a peristaltic pump.

2.2 Sample Collection

A primary settled effluent from sewage treatment plant having capacity of 100 KLD
at the city of Bhubaneswar was selected for regular monitoring over a period of
3 months (January 2016–March 2016). Grab samples of wastewater were obtained
at the outlet of primary settled effluent. Effluent samples were collected from the
effluent pipe provided to each filter column.

2.3 Sample Analysis

Samples were collected from the outlet of filter column at the different intervals for
various parameters. Samples were assayed for microbiological (Total Bacteria and
Escherichia coli) and physico-chemical parameters (COD, Phosphate and turbidity)
as per the standard methods [7].

Fig. 1 Schematic diagram of dolochar and sand filter
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3 Results and Discussion

The range and average values of the physico-chemical characteristics of the primary
settled wastewater effluent used as the influent for slow sand filter are reported in
Table 1. Average values and standard deviation of laboratory measurements,
regarding the main parameters of sand and dolochar filter, are given in Table 2.

3.1 Turbidity Removal

Turbidity is one of the most important parameters for monitoring the performance
of a filter. It is believed that turbidity serves as a carrier for nutrients and pathogens
which can result in biological activity. Figure 2 shows turbidity removal was
observed to be significantly high and stable since the start of the experiment in case
of dolochar filter. The turbidity level in the filter influent ranged from 17 to 96 NTU
(avg. 45.2 NTU), whereas at a particular operational period, the effluent turbidity
levels lie in the range of 3–1 NTU (avg. 1.4 NTU) and for sand media filter it is 6–1
NTU (avg. 3.2 NTU) during the entire study. The average turbidity removals were
96.25 and 90.45% from dolochar filter and sand filter, respectively.

Table 1 Characteristics of
primary settled wastewater
effluent

Characteristics of primary settled effluent

Parameters Values (average)

pH 6.82–7.96 (7.24)

Turbidity (NTU) 17–96 (45.2)

COD (mg/L) 180.8–446.8 (302.04)

Phosphate (mg/L) 27.85–4.35 (12.31)

Total bacteria (cfu/100 mL) 6.2 � 107–8.7 � 107

E. coli (cfu/100 mL) 2.2 � 106–3.7 � 106

Table 2 Average values and standard deviation of laboratory measurements, regarding the main
parameters for the operation of filter beds

Laboratory measurements Average value Standard deviation

Turbidity at the inlet, NTU 45.2 22.61

Turbidity at the outlet of sand filter, NTU 3.2 1.60

Turbidity at the outlet of dolochar filter, NTU 1.4 0.66

COD at the inlet, (mg/L) 302.04 76.96

COD at the outlet of sand filter, (mg/L) 83.29 18.38

COD at the outlet of dolochar filter, (mg/L) 31.37 9.19

Phosphate at the inlet, (mg/L) 12.31 7.15

Phosphate at the outlet of sand filter, (mg/L) 3.55 0.70

Phosphate at the outlet of dolochar filter, (mg/L) 1.84 0.59
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This higher removal for dolochar filter may be due to the adsorption on the
dolochar media, which is a carbonaceous material having active surface and pro-
vides more surface area for adsorption [8]. Although for the intermittent flow, the
development of the biological layer was low, resulting in lower removal of the
impurities. The development of this layer makes purifying bacteria well established
and plays an important part in the treatment process, which makes further possi-
bility of turbidity removal.

3.2 Chemical Oxygen Demand (COD) Removal

COD removal profile of both filter columns is shown in Fig. 3. It was observed that
the COD removal efficiency of the dolochar filter was more than the sand filter. The
average COD removal from dolochar filter for the run period of 160 h achieved
about 88.96%, which is far more than the sand media filter of 69.28%. Although the
results of the experiments are lower than the results obtained in studies having
nearly similar operating conditions [9, 10], but the comparison will not be appro-
priate because of intermittent flow. Due to off period the removal efficiency also
decreased as there was widen of the pore spaces of surface layer resulting easy flow
of water.

3.3 Phosphate Removal

Phosphate removal from dolochar filter obtained was higher compared to sand
media filter, which can be seen in Fig. 4. It has been confirmed that dolochar is
highly effective media for the phosphate removal from the sample of wastewater,
due to its high adsorbent capacity [11]. The influent phosphate concentration was

Fig. 2 Results of turbidity removal
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19.57–41.46 mg/L. The average effluent concentrations of sand and dolochar filter
were 3.55–1.84 mg/L. Previous study [11] suggest that, phosphate ions react with
iron and aluminium oxides by ligand exchange, forms inner-sphere complexes and
the presence of magnesium and calcium ion facilitates phosphate removal via
precipitation. Phosphate is one of the sources of nutrients in water bodies, which
causes eutrophication in water bodies. Other than eutrophication, the increasing
loads of phosphates in water bodies stimulate the activity of a damaging microbe
known as Pfiesteria and speed up the production of microcystin, a toxin that poisons
aquatic animals and can cause hepatocellular carcinoma in humans [11, 12]. This
study suggests that dolochar media filter can be effective in removing the phosphate
from wastewater and lessen the potency of eutrophication. Also, it has been showed
that the dolochar media favours in regard to the nitrate removal [12] which further
proves the dolochar can be effective media for filtration of the wastewater where
nutrient removal is desired.

Fig. 3 Results of COD removal

Fig. 4 Results of phosphate removal
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3.4 Microbial Removal

Some preliminary and qualitative results in regard to check the microbial removal
efficiency were carried out for the total bacterial and E. coli; the influent total
bacteria and E. coli count were of 8.7 � 107 cfu/100 mL and 3.7 � 106 cfu/
100 mL, respectively. The effluent concentration of total bacteria from sand filter
and dolochar filter was of 5.3 � 106 cfu/100 mL and 6.56 � 106 cfu/100 mL,
respectively. The effluent concentration of E. coli from sand filter and dolochar filter
was of 1.3 � 105 cfu/100 mL and 1.56 � 105 cfu/100 mL, respectively. The
removal efficiency of both the filters observed was nearly same. The dolochar filter
removing microbial impurities favours by the study of [13], which showed that the
bacterial removal can be due to the adsorption on the material, mainly on the carbon
materials, adding to the straining action. [8, 14] explained adsorption also plays
important role in the bacterial removal. From the experiment, it was determined that
the pHzpc was 8.56 of dolochar in present study, due to most of the bacteria having
negative charge and solution pH lower than the pHzpc; dolochar develops positive
charges on its surface which makes possible the cause of bacterial removal from
dolochar filter.

4 Conclusion

In this study, two filter media, sand and other cheap media, a sponge iron industry
by-product, dolochar, were used in two laboratory-scale filters. Filters were oper-
ated and their removal efficiencies were compared. The pH, turbidity, COD,
phosphate, E. coli and total bacteria removal in these filter set-ups were measured.
The higher removal efficiencies were related to dolochar filter, other than the
ambiguous results on the removal of the microbial impurities. It can be concluded
that the dolochar as a filter media can be a very good option for removal of
impurities from wastewater in communities that have some problems with these
parameters. For the run period of 160 h, the average removal of turbidity was above
96% with the dolochar filter and with sand filter it was 90%, and other impurity
removals were also higher in case of dolochar filter. For the filter run of 160 h, the
head loss developed was low due to the intermittent flow to both the filters.
Although more study is required in this aspect to prove the effectiveness of the
dolochar, tests such as X-Ray detection (XRD) and scanning electron microscopy
(SEM) can explain the more removal efficiency in case of dolochar filter. The
results of this study support the utility of dolochar as a low cost and highly efficient
filter media.
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Assessment of Bio-medical Waste
Management in Different Hospitals
in Aligarh City

Izhar Alam, Gulfaraz Alam, Sohail Ayub and A. A. Siddiqui

Abstract This study reveals that most of the hospitals are lacking in bio-medical
waste management system. These hospitals do not properly segregate the waste
dispose of the bio-medical waste without any treatment. Hospital should have
vigilance cells especially to monitor the handling and treatment of the waste but not
working well. Waste should be segregated and treated as a bio-medical waste
management and with handling rules, 1998. A series of programs should be
organized for general public awareness and to make the employee of the healthcare
facilities aware in the handling and management of bio-medical waste. It is
observed that most of the hospitals have no management system in place. The
hospital does not give priority to the proper disposal of the waste. Several methods
of disposal of medical waste are proper dumping, burning, burial, selling, reuse, and
removal by municipal trucks without any treatment. On the basis of detailed study
and data collection from working hospitals, it can be assessed that total quantity of
bio-medical waste generation in Jawaharlal Nehru Medical College and other
hospitals in Aligarh is about 750–850 kg/day.

Keywords Bio-medical waste � Hospitals � Segregated � Treatment
Waste management

1 Introduction

The establishment of human health care is a basic requirement of each and every
civilized society. Food, medicines, chemicals, equipment, and instruments are used
in hospitals while treating out-patients and patients admitted into different wards of
hospital, producing a variety of wastes and bio-medical wastes. The wastes gen-
erated from the treatment of patients suffering from infectious diseases may spread
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infection either directly or indirectly through the environment. Globally, this issue
has been seriously considered and appropriate waste management systems are being
developed and installed. In India, this problem has been recognized by the con-
cerned agencies, and government regulations have been framed to systematize
implementation. Accordingly, authorities at healthcare units (HCUs) are trying to
install systems to meet legal requirements. A number of difficulties are being faced
at many places for implementation of these requirements in practice. In order to
help resolve these problems, further, an improvement plan to develop appropriate
waste management systems is suggested [1]. Bio-medical waste has been consid-
ered as one of the major health and environmental management issues over the
many decades. Poor waste management, lack of handling knowledge of bio-medical
waste, and unscientific disposal of various healthcare wastes pose serious problems
and direct and indirect public health threats to healthcare personnel, nurses, tech-
nicians, workers, hospital visitors, patients, surrounding communities, and the
environment as well [2]. Though medical care is vital for our life, health and
well-being, the bio-medical waste generation from the medical activities is haz-
ardous, toxic, and even lethal owing to their high potential for different types of
diseases transmission. Bio-medical waste has recently emerged as an issue of major
concern not only for hospitals but also for nursing homes and surrounding to the
environment, according to the law conforcement agencies, media and general
public. Bio-medical waste is generated during the diagnosis, treatment, immu-
nization of human being and animals and also from research activities—production
or testing of biological methods or using human body parts, blood samples, etc. It
may include waste like sharp materials (injections, blades), soiled wastes, dispos-
ables, anatomical wastes, cultures, chemical waste, discarded medicines. The illegal
and unethical reuse of bio-medical waste can be extremely dangerous and even
fatal. Diseases such as cholera, plague, TB, hepatitis (especially HVB), AIDS
(HIV), diphtheria in either epidemic or even endemic form pose grave public health
risks (Fig. 1).

Fig. 1 Percentage of composition of bio-medical waste [4]
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The importance of management in the healthcare sector is that positive corre-
lations have been found between clinical and economic performance. Through the
analysis of 37 studies, they found that the performance of healthcare systems and
organizations seems to be correlated with management practices, leadership,
manager characteristics, and cultural attributes that are associated with managerial
values and approaches [3]. Medical waste management is of major concern due to
the potentially high risks to both human health and the environment caused by
inadequate waste management practices [4]. The assessment of Bio-Medical waste
has a big influence on infrastructure development and use undertaken and executed
without fully recognizing the complexity, diversity, and social and technological
evolution of the system almost inevitably squander economic, environmental,
social, and cultural resources [5]. Bio-medical waste management (BMWM) has
become crucial issue as it poses new health risks and harm to the environment.
Bio-medical waste (BMW), if not handled in a proper way, is a potent source of
diseases like HIV, hepatitis B and C, and other bacterial diseases causing serious
threat to human health. This aspect and step-by-step approach is to establish
BMWM system in tertiary-level hospital, and planning to make this center a model
to provide hands-on training to all state medical colleges and other hospitals is to
help them establish BMWM system [6]. A single dumping practice is not a solution
to the problems of waste management of hospital. In most of the cases, a number of
practices including landfills, burning, autoclaving, and recycling used in combi-
nation are used. Every practice has its own flaws and strength [7].

2 Materials and Methods

Essentially bio-medical wastes are those solid wastes, which have fluids or liquid
wastes (including its in-between products) which are generated through diagnosis
processes, monitoring, and preventive, curative, or palliative activities, in vast field
of veterinary and human medicine, in research pertaining thereto, or in the pro-
duction or testing of biological and animal wastes from slaughterhouses or any
others like establishments.

In Jawaharlal Nehru Medical College and other hospitals, 80–85% of
bio-medical wastes are non-hazardous wastes; about 10% are infectious, and 5% are
non-hazardous waste but infectious. It is very hard to identify and segregate each
and every article of bio-medical waste from the solid waste. Therefore, the
bio-medical waste is divided into many groups, which are amenable to specific
treatments of different disposal methods. According to the BMW management and
handling rules, BMW has been grouped into the following categories (Fig. 2).
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• Human Anatomical Waste: Different types of body parts, human tissues,
organs, bones, etc.

• Animal Waste: Animal tissues, different types of body parts, carcasses,
bleeding parts, fluid, blood, and experimental animals used in research purposes,
waste generated by veterinaries hospitals, colleges, discharge from hospitals,
animal houses, etc.

• Microbiology and Biotechnology Waste: Waste from different laboratories of
various cultures, stocks of specimens of microorganisms, live or attenuated
vaccines, various human parts and animal cell culture used in research, and
infectious agent from research laboratories and industrial laboratories, waste
from production of biological, toxins, etc.

• Waste Sharps: Needles, syringes, scalpels, type of blades, glassware, etc. This
includes both used and unused sharps wastes.

• Discarded Medicines and Cytotoxic Drugs: Waste comprising the
out-of-dated, contaminated, and discarded medicines and many unused drugs.

• Soiled Waste: It contains bloods and body fluids including cotton items,
dressing rolls, soiled plaster casts, linens, beddings, other material contaminated
with bloods.

• Solid Waste: Waste generated from disposable items other than the wastes
sharp such as tubings, catheters, intravenous sets, bottles, hand gloves.

• Liquid Wastes: Waste generated from testing laboratories and washings,
cleaning, housekeeping, and disinfecting activities.

• Incinerator Waste: Almost ash from incinerator.
• Chemical Waste: Chemicals used in biological process, disinfection, insecti-

cides, laboratory testing, etc.
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1%
1%4%

54%
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Paper

Plastic
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Metal (sharps etc)

Infectious waste
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Fig. 2 Average composition of bio-medical waste in JNMC and other hospitals
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2.1 Segregation and Storage

Segregation and storage both are important aspects of bio-medical waste manage-
ment process, where waste are segregated as infectious and non-infectious, thus
minimizing the risk of staff and public as well as resource used for treatment
purpose.

For the purpose of segregation, the bio-medical waste can be broadly divided
into the following categories.

(1) General or non-infectious/non-hazardous medical wastes, which are not con-
taminated with blood of living being, other body fluids, or infectious agents.

(2) Infectious/hazardous medical waste.

The container for segregated waste should be clearly identifiable. The best
system is to use colored plastic bags/containers. The color coding, and type of
containers, shall be allowed as per schedule II of Bio-Medical Waste Management
Rules. Sharp materials need special prior while segregating and storing because
needle and other sharp materials can act as a reservoir of pathogens. It may survive
for a long time because of the presence of soiled waste.

2.2 Transportation

The medical wastes, except the general and non-hazardous wastes, are transported
in container which is completely closed and stored in secured place near the
treatment unit. Transported and segregated bio-medical waste inside the medical
premises go for further treatment and disposal facility.

2.3 Waste Minimization

Waste minimization practice usually benefits the waste producer. It helps in
reducing the cost for both the purchaser of goods and cost of waste treatment, and
disposal is reduced and the liabilities associated with the disposal of hazardous
waste are less. All health facilities for employees have a role to play in this process
and should be trained in waste minimization and the management of hazardous
materials. This process is most important particularly for the staff of department.
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2.4 Available Waste Treatment System

For treatment of bio-medical wastes, various methods, techniques, and processes
are designed to change the biological characters and composition of any
bio-medical waste as to reduce or eliminate its potential for causing disease (Fig. 3).

In Jawaharlal Nehru Medical College (JMNC) these waste treatment equip-
ments are available:

• Incinerator (capacity of incinerator 35–40 kg/h);
• Autoclave;
• Shredder.

3 Result and Discussion

3.1 Jawaharlal Nehru Medical College and Hospital
(JNMC)

In order to develop different types of proper waste management strategies in the
hospital, it is important to have accurate information of the bio-medical waste
generation rate in hospital. In JNMC, it is about 1315 beds for patients and is
divided into different departments. Results from the surgery department are that the
average generation rate of bio-medical waste generation at the Jawaharlal Nehru
Medical College and hospital is between 0.45 and 0.7 kg/bed/day and infectious
waste is 0.03–0.04 kg/bed/day.

The use of disposable instruments in hospitals and packaging materials rather
than the use of reusable items in the healthcare centers has made India the largest
producer of waste generation. A sound understanding of the contents of the waste
stream is helpful in the development of realistic waste reduction and recycling
programs. According to the survey, it was found that around 82.5% of bio-medical

Incinerator     Autoclave Shredder

Fig. 3 Waste treatment systems

506 I. Alam et al.



wastes were general wastes similar in properties to municipal wastes. The
remaining 17.5% was infectious and hazardous wastes. Jawaharlal Nehru Medical
College and Hospital produced high quantity of waste generation, and this may be
because of more number of patients as it is less expensive and has got the
opportunity to have multiple departments for treatment for mostly all types of
diseases (Fig. 4).

3.2 Gandhi Eye Hospital

Gandhi Eye Hospital is an eye special hospital. As shown in the figure, a large
amount of soiled waste, waste sharp, and general waste is produced. Capacity of
hospital is 750 beds, and waste produced is 0.127 kg/bed/day (Fig. 5).

3.3 University Health Centre

University Health Centre serves only university staff and student of Aligarh Muslim
University. About 50 beds are available in this dispensary. Emergency facility is not
available at this centre, and serious patients are referred to the JNMC hospital. So
the bio-medical waste generation rate is small. There is no human anatomy waste
and no animal waste, and infectious waste is also negligible. The main waste in the
University Health Centre is general waste, soiled waste, some of discarded medi-
cine and waste sharp (Fig. 6).
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3.4 Sir Ziauddin Dental College AMU

Sir Ziauddin Dental College serving as an Outpatient Department (OPD) contains
mainly liquid waste, general waste, and soiled waste. As shown in figure, there is
not any human anatomy waste, animal waste, and microbiological waste (Fig. 7).
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4 Conclusion

The study reveals that most hospitals are lacking waste management system but
some hospitals have proper management of waste. Most of the hospitals do not
segregate and treat the bio-medical waste before disposal. Waste picker or cleaners
sort out this waste and separate items that can be sold again, and this cycling
spreads deadly diseases through the reuse of discarded materials. There are no
proper storage facilities, and all the waste is dumped in open by some hospitals.
Wastes are dumped in place like public garbage disposal bins in the side of roads
surrounding hospitals or municipal corporations collection site. There is no hospital
where color-coded bag/container is used. Most of the hospitals are not financially
sound to install incinerator or different type of treatment facilities. A variety of
methods are used for disposals of waste. These include burning of wastes, burial,
selling, dumping, reuse, and removal by different methods of municipal corpora-
tions. There is no competent authority in any hospital to quantify the total
bio-medical waste generation. On the basis of present study, it can be assessed that
the total quantity of bio-medical waste generation in Jawaharlal Nehru Medical
College and other hospitals in Aligarh is 750–850 kg/day. In most of the hospitals,
the lower staffs are the responsible for collection and disposal of these wastes and
are ignorant about the hazards associated with the waste.
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Extraction of Cu and Zn
from High-Grade Printed Circuit Board
Scraps by Conventional and Hybrid
Bioleaching

Anshu Priya and Subrata Hait

Abstract The objectives of the present study were twofold: physicochemical
characterization of PCBs from e-waste, viz. mobile phone, digital video disc
(DVD) player, inverter, and subsequent assessment of bioleaching of selected
metals from high-grade PCB. Cu was the most abundant metal among base metals,
while content of Zn was high in mobile phone PCB. Thus, mobile phone PCB was
selected as high-grade material and was subjected to bioleaching using pure culture
of Acidiphilium acidophilum, with and without lemon juice with citric acid having
chelating activity to simulate hybrid and conventional conditions, respectively.
Results indicated increased recovery of both the metals in hybrid approach. Under
hybrid condition, the maximum concentrations of Cu and Zn leached were
2.419 mg/L and 1.272 mg/L, respectively, while it was 0.424 and 0.132 mg/L in
conventional approach at 15 days. These findings highlight potential of hybrid
bioleaching in efficient metal recovery from e-waste.

Keywords E-waste � Printed circuit board � Metals � Conventional bioleaching
Hybrid bioleaching � Acidiphilium acidophilum

1 Introduction

The constantly growing demand for products such as electrical and electronic
equipments (EEE) in association with shorter obsolesce age have built up e-waste
worldwide. E-waste generation rate in the urban environment globally is deter-
mined to be twice to thrice rapid as compared to other waste types [1]. Additionally,
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the trans-boundary movements of e-waste from the developed and industrialized
economies to the developed and developing nations like India and China in con-
siderable quantities (50–80%) have amplified the e-waste problem [2, 3]. Among
e-waste, printed circuit board (PCB) is the basic unit of EEE, making up 3–6% of
the total equipment weight [4–6]. PCBs are composite and heterogeneous with
typical content approximately 28–30% metals and 70–72% non-metals covering
items such as polymers, wood, plastics and ceramics [6, 7]. The metal content in
PCBs includes base metals such as Cu, Zn, Pb, Ni, Fe with contents of 10–20%, 1–
5%, 1–3%, 1–4%, respectively, and precious metals, viz. Pt, Au, Ag with content of
0.3–0.4% [3, 8]. The diversity and abundance of metals make PCB a prospective
secondary repository of metal. Further, the presence of toxic metals such as As, Cr,
Hg, Pb, Ni and non-metals including flame retardants like polychlorinated biphe-
nyls, polybrominated diphenyl ethers in concentrations beyond permissible limit
turns PCBs hazardous [6, 9]. Inappropriate and indiscriminate dumping of waste
PCBs can cause degradation in human and environmental health along with loss of
vital metal resources [3, 10]. Therefore, metals recycling from e-waste assume its
vitality not only to avert environmental pollution but also from the aspect of metal
recovery for economic development [10, 11]. However, e-waste management is
difficult task because the traditional metallurgical processes, both pyrometallurgy
and hydrometallurgy, are exhaustive processes in terms of energy and economy
along with being linked to severe secondary environmental pollution through
emission of toxic gasses like furans, dioxins, release of metal dusts, hazardous
chemical lixiviants and generation of toxic wastewater [12–15]. The amalgamation
of biotechnology with the hydrometallurgy by incorporation of bioagents such as
microbes, enzymes has contributed to the development of environmentally sus-
tainable and economical alternative to the traditional metal recovery process called
biometallurgy or biohydrometallurgy for metal recovery and e-waste recycling [16–
18]. Microbial leaching or bioleaching technique exploits the phenomenon of
microbial solubilization of metals and metallic compounds to the recoverable state
[19–22]. The conventional bioleaching process involves role of microbial diversity,
majority of which belong to the chemolithotrophic group especially Thiobacillus
spp., like Acidithiobacillus thiooxidans and Acidithiobacillus ferrooxidans which
can fix carbon and energy from CO2 and inorganic compounds for solubilization of
metallic compounds [20, 23]. Acidithiobacillus spp., a gammaproteobacteria, is
extensively exploited for bioleaching studies, while metal leaching ability of
alphaproteobacteria like Acidiphilium spp. from e-waste is yet to be explored.
Acidiphilium spp. are mesophilic, Gram-negative rods that are capable of growing
under acidic and aerobic environment on mixotrophic nutrition utilizing variety of
substrates and consequently oxidizing and bioleaching metals from solid substrate
[24]. In the last few decades, the studies related to microbiological leaching have
shown to have an essential role in metal solubilization from e-waste; however,
major disadvantage linked to the process is its slow rate as compared to chemical
leaching [20–22, 25]. Various metal chelating agents have been applied for metal
recovery from mineral deposits, but majority of the chemicals have disadvantage of
environmental persistence due to their low biodegradability and higher residual
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effect [26]. However, scarce information is available on use of natural as well as
synthetic chelating agent for metal extraction from e-waste. Citric acid, abundantly
present in citrus fruits such as lemon, has tetradentate chelating activity [27] which
has not been applied in metal dissolution from e-waste. In comparison with other
chelating agents such as ethylene diamine disuccinic acid (EDDS), ethylene
diamine tetraacetic acid (EDTA), citric acid from lemon juice are biodegradable,
absolutely safe, naturally occurring and non-toxic chelator with a good level of
complexing capacity with metals [27].

Although bioleaching of metals is efficient, cost-effective and eco-friendly
approach, its slow recovery rate is the main constraint in metal recovery. An
integrated approach combining biological with chemical method can potentially
enhance metal extraction efficiency. In this context, the present research aims at
characterization of PCBs from electronic scraps, viz. mobile phone, digital video
disc (DVD) player, inverter for their metallic contents and subsequent assessment
of conventional bioleaching using pure culture of A. acidophilum as well as hybrid
bioleaching using combination of lemon juice (natural chelator) along with the
bacteria, A. acidophilum, in bioleaching of metals, viz. Cu and Zn from high-grade
PCB only.

2 Materials and Methods

2.1 E-waste

PCBs, the core constituent of e-waste, from mobile phone, DVD player and inverter
(Fig. 1), were acquired from the electrical and electronic shops of Patna, India. The
PCBs collected were processed by manual dismantling followed by removal of
mounted items such as capacitors, batteries, resistors. For experimental use, PCB
scarps were pulverized and divided into particle size fractions of <1 and <600 µm
using standard sieves. Comminuted PCBs of <1 mm particle size were subjected to

Fig. 1 Photographs of PCB
scraps of a mobile phone,
b DVD player, c inverter used
in the study
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physicochemical characterization, while with particle size range <600 µm were
used for bioleaching studies. The pulverized PCBs were morphologically deter-
mined using scanning electron microscope (SEM).

2.2 Determination of Moisture and Volatile Matter Content
of PCBs

The content of moisture and volatile matter in waste PCBs were quantified using
methods prescribed in ASTM-D2216-98 [28] and standard methods [29], respec-
tively. PCB powder weighing to about 100 mg was dried in crucibles for 24 h at
110 ± 5 °C in drying oven. The samples upon being cooled to room temperature in
desiccator were quantified for moisture content by determining the loss in weight of
the samples. The volatile matter fraction was quantified by heating the dried
samples in muffle furnace at temperature of 550 ± 5 °C for 20 min. On cooling,
the weight difference of dried and muffled samples was calculated to obtain volatile
matter content. All experiments were conducted in triplicates for each of PCB
scraps.

2.3 Analysis of Metal Content of PCB Scraps
and a Comparative Assessment of Digestion Methods

For elemental analysis, the pulverized PCBs of mobile phone, DVD player and
inverter with sieve size of <1 mm were subjected to two different chemical
digestion procedures: aqua regia digestion procedure, ISO 1995 [30], and
microwave-assisted digestion, USEPA 3052 [31] for solubilization of selected
metal constituents’, viz. Cu, Zn, Mn, Ni, Co and Cr. The concentration of each
element in digestate was then analysed by atomic absorption spectrophotometer
(AAS) (iCE3500, Thermo Scientific, USA). Metals’ concentration quantification
was carried out in triplicates and based on metal solubilization efficiency, and a
comparison was made between the two digestion techniques.

In aqua regia digestion procedure, well-homogenized 200 mg pulverized PCB
samples were added to 12 ml of aqua regia, i.e. a mix of nitric acid (HNO3) and
hydrochloric acid (HCl) in ratio of 1:3. The PCB comminution fines in aqua regia
were incubated for 16 h at room temperature, prior to heating on hotplate for 2 h at
130 °C. The cooled digestates were then filtered and diluted to appropriate con-
centration. Similarly, in microwave-assisted digestion, 200 mg of pulverized PCBs
of mobile phone, DVD player and inverter were digested in closed digestion vessels
under action of acid mixture of 9 ml of HNO3 and 3 ml of HF as per USEPA 3052
guidelines in microwave digester (Multiwave Pro, Anton Paar GmbH, Austria). The
digested solutions obtained were filtered using filter paper of pore size 0.22 µm,

514 A. Priya and S. Hait



and deionized water was used for volume make-up. The digestates obtained from
the two acid digestion procedures were then analysed for Cu, Zn, Mn, Ni, Co and
Cr content using AAS.

2.4 Microorganism

A. acidophilum (NCIM 5344; ATCC 27807) bacteria were used in the present study
for metal bioleaching from e-waste. The bacteria were purchased from National
Collection of Industrial Microorganism (NCIM), a unit of National Chemical
Laboratory (NCL), Pune, India. The procured bacteria were initially revived and
maintained on NCIMB 206 medium having composition (NH4)2SO4: 3 g/l,
MgSO4�7H2O: 1 g/l, KH2PO4: 0.5 g/l, KCl: 0.1 g/l, Ca(NO3)2: 0.018 g/l,
FeSO4�7H2O: 0.01 g/l, FeSO4�7H2O: 0.01 g/l at pH of 3.5 and 30 °C growth
temperature with shaking speed of 150 rpm for period of 6–8 days. The strains
were then cultured on solid media plates, and single bacterial isolates were observed
under SEM.

2.5 Bioleaching Experiments

Owing to the rich metallic content of Cu and Zn, mobile phone PCB was con-
sidered as high-grade material and was subjected to bioleaching studies for selected
metal recovery. Bioleaching of Cu and Zn from pulverized waste mobile phone
PCB with pulp density of 1 g/l and size ˂600 lm was assessed at 170 rpm using
pure acidophilic culture of A. acidophilum, an alphaproteobacteria with and without
the addition of lemon juice containing citric acid as active constituent to simulate
hybrid and conventional conditions, respectively. All bioleaching experiments were
conducted at temperature of 30 °C owing to its suitability for optimum bacterial
growth.

2.5.1 Conventional Bioleaching

Bioleaching experiments with conventional approach were conducted in 500 ml
NCIMB 206 culture media in 1 l conical flasks at acidic pH of 3.5. Pulverized
mobile phone PCB weighing to 500 mg of was added into the culture media and
sterilized by autoclaving at 121 °C at 15 lb/in.2 for 20 min. The culture flasks were
then inoculated with 5 ml of A. acidophilum and incubated at temperature of 30 °C
and 170 rpm in shaker incubator (SIF 5000R, Jeio Tech, South Korea). Cell-free
incubations were performed under the same conditions as the control experiments.
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All experiments were conducted in triplicates. The progression of bioleaching was
monitored at an interval of 3 days by measuring the fall in pH using pH meter
(Hach, India) and determination of metals, i.e. Cu and Zn concentration in the liquid
phase using AAS.

2.5.2 Hybrid Bioleaching

This approach involved a mix of chemical and biological apparatus. Lemon juice
with citric acid as active ingredient in combination with bacterial culture was
applied as hybrid bioleaching approach. 500 mg of pulverized mobile phone PCB
of particle size <600 µm was added to 500 ml of NCIMB 206 culture media with
5 ml of lemon juice in 1 l Erlenmeyer flasks. The pH was maintained to 3.5, and
flasks were autoclaved for 20 min at 121 °C at pressure of 15 lb/in.2. Pure
inoculum of 5 ml of A. acidophilum was added to the bioleaching flasks and
incubated at 30 °C and 170 rpm in shaker incubator. Control experiments were
conducted in the absence of bacterial cells under same conditions. The leached
solution of all flasks was periodically analysed for pH as well as Cu and Zn contents
using AAS standard procedure.

2.6 Analytical Determination

During bioleaching experiments, the leached solutions were analysed for pH and
metals, viz. Cu and Zn contents at regular intervals. The pH of leached liquor drawn
from each of the flasks was determined using pH meter. The samples were filtered
through 0.22-µm Millipore filters for removal of cells and suspended particles
followed by volume make-up using deionized water prior to analysis of Cu and Zn
contents using AAS. All analyses were carried out in triplicates. Conventional and
hybrid bioleaching approaches were compared for Cu and Zn extraction efficiency.

3 Results and Discussion

3.1 Characterization of PCB Scraps

The SEM images depicted heterogeneous matrix of PCBs with particle of different
texture, shape and sizes. Figure 2 presents scanning electron micrographs of pul-
verized PCBs of mobile phone, DVD player and inverter. PCB particles shown in
the SEM micrographs constitute mainly of rods and chips of variable size and shape
which may be are of cables, insulating platform material, metal sheets, etc.
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3.2 Moisture and Volatile Matter Content in PCBs

The results of moisture and volatile matter content revealed that DVD player PCB has
maximummoisture content of 1.140 ± 0.002% and inverter PCB has highest content
of volatile matter of 0.64 ± 0.04 mg/g dw (Table 1). The amount of water lost during
moisture content analysis was considered to be freely bound water which escaped on
drying. The volatile matter content of PCBs indicates the organic fractions which are
lost on the ignition. Weight loss during volatile matter content analysis is due to the
release of volatile pyrolytic components of organic nature present in PCB scraps.
It has been reported that PCBs contain polymers such as polyethylene, polypropylene,
polystyrene [15]. These chemical species from PCBs easily volatilize at high tem-
perature, leading to the release of hazardous gases like dioxins, furans and poly
aromatic hydrocarbons causing environmental pollution [10].

3.3 Analysis of Metal Content of PCB Scraps
and a Comparative Assessment of Digestion Methods

Metal analysis of acid digestate of PCBs revealed that microwave-assisted diges-
tion, USEPA 3052, efficiently digested the PCB scraps as compared to aqua regia
digestion, ISO 1995. This might be because of hydrofluoric acid (HF) use in
USEPA 3052 method. HF efficiently dissolved the metals embedded in the silicon
platform of PCBs, because of its extremely corrosive nature, leading to greater
metal dissolution. Cu content was the most plentiful among the base metals with
more than 80 mg/g dw, while other metals like Mn, Ni, Co were present in low

Fig. 2 SEM images of pulverized PCBs from a mobile phone, b DVD player, c inverter

Table 1 Moisture and volatile matter content in PCBs (n = 3)

E-waste Moisture content (%) Volatile content (mg/g dw)

Mobile phone 0.121 ± 0.005 0.14 ± 0.02

DVD player 1.140 ± 0.002 0.54 ± 0.33

Inverter 0.00214 ± 0.00034 0.64 ± 0.04
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concentrations in all the three PCBs (Table 2a–c). However, Cr was not at all
detected in any of the PCB scraps. Among the three PCB scraps, waste mobile
phone PCB contained rich metal quantity with content of 366 mg/g dw of Cu and
33 mg/g dw of Zn.

3.4 Bioleaching Studies

Owing to high metallic content of Cu and Zn, mobile phone PCB was considered as
high-grade material and was subjected to bioleaching studies under conventional
and hybrid bioleaching approaches exploiting bacteria A. acidophilum with and
without lemon juice.

Table 2 (a) Elemental composition of mobile phone PCBs (n = 3), (b) Elemental composition of
DVD player PCBs (n = 3), (c) Elemental composition of inverter PCBs (n = 3)

E-waste Metal Concentration (mg/g dw)

Aqua regia digestion (ISO,
1995)

Microwave-assisted digestion
(USEPA 3052)

(a)

Mobile
phone

Cu 343.98 ± 4.02 366.07 ± 1.77

Zn 29.51 ± 0.14 32.62 ± 0.03

Mn 0.10 ± 0.02 0.19 ± 0.07

Ni 8.72 ± 3.15 5.59 ± 1.05

Co 0.07 ± 0.05 0.865 ± 0.08

Cr ND ND

(b)

DVD
player

Cu 79.19 ± 2.34 81.72 ± 0.47

Zn 0.65 ± 0.33 0.70 ± 0.60

Mn 0.07 ± 0.01 0.12 ± 0.03

Ni 0.13 ± 0.05 6.70 ± 0.58

Co 0.03 ± 0.01 0.27 ± 0.07

Cr ND ND

(c)

Inverter Cu 86.48 ± 2.22 103.52 ± 4.40

Zn 0.75 ± 0.02 0.82 ± 0.30

Mn ND 0.006 ± 0.003

Ni 0.1 ± 0.02 0.52 ± 0.16

Co 0.15 ± 0.09 0.45 ± 0.08

Cr ND ND
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3.4.1 Bioleaching Bacteria

A. acidophilum employed for metal bioleaching study observed under SEM
appeared as rods of size 0.5–0.8 µm � 1.0–1.5 µm (Fig. 3). The bacteria occur as
single cells, often as pairs and occasionally as chains. Growth on solid medium
forms smooth, cream coloured round, small, convex and translucent colonies.

3.4.2 Metal Bioleaching

The pH of the bioleaching solution is an essential factor dictating metal dissolution.
The optimized pH not only supports microbial growth but also dictates metal
solubilization [32]. However, a very high and low pH has an inhibitory effect on
bacterial growth and thus low metal solubilization [33]. Figure 4 shows the pH
variation in bioleaching reactors with the progression of solubilization of metals, Cu
and Zn. The pH of the bioleaching reactors increased from 3.5 to 5.46 during the
start of bioleaching with slow leachability but consequently concluded with rapid
leaching rates with pH drop to 4.43 and 4.12 in conventional as well as hybrid
bioleaching experiments, respectively. Leaching was observed to increase with
decrease in pH to optimum value. In the literature, it has been reported that elec-
tronic scrapes are alkaline which contribute to elevation of pH of the leaching
solution during initial stage of bioleaching which later decreased with bacterial
growth.

Fig. 3 A. acidophilum cells under SEM

Fig. 4 pH variation of
bioleaching medium with
leaching time for
a conventional bioleaching
and b hybrid bioleaching
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Metal bioleaching results indicated that dissolution of both the metals from the
crushed PCB varied greatly under conventional and hybrid bioleaching conditions
showing better solubilization in hybrid approach. At sample size of 1 g/l and
comminution fines of ˂600 lm of PCB, dissolution of 0.416 mg/L was achieved
for Cu at 12 days which asymptotically increased to 0.424 mg/L at 15 days of
conventional bioleaching. Similar asymptotic bioleaching trend was obtained for Zn
with an increase to 0.132 mg/L at 15 days from 0.130 mg/L at 12 days in con-
ventional approach. However, increased bioleaching of both the metals in hybrid
approach was observed as compared to conventional approach. Under hybrid
condition, the maximum concentrations of Cu and Zn leached were 2.419 and
1.272 mg/L, respectively, at 15 days. Similar study conducted by Choi et al. [25]
also reported use of commercial chelator in the form of citric acid along with
bioleaching bacteria A. ferrooxidans to enhance metal recovery. However, no study
related to hybrid bioleaching employing combination of A. acidophilum and
chelating agents for metal recovery from e-wastes exists in the literature. Increased
dissolution of the selected metals from the PCB in hybrid bioleaching approach can
be attributed to the presence of citric acid as metal chelating agent in lemon juice
along with the action of A. acidophilum. Insignificant leaching of metals was
observed in case of uninoculated controls (Fig. 5).

Fig. 5 Metal bioleaching from mobile phone PCB for a conventional bioleaching of Cu, b hybrid
bioleaching of Cu, c conventional bioleaching of Zn, d hybrid bioleaching of Zn
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4 Conclusions

This research on extraction of metals, Cu and Zn, from high-grade PCB scraps has
demonstrated the practical applicability of bioleaching technique and successful
development of fast recovery of metals by hybrid bioleaching as compared to
conventional bioleaching. The results revealed that hybrid bioleaching was notably
more efficient compared to conventional bioleaching. The maximum concentrations
of Cu and Zn leached under hybrid approach were 2.419 and 1.272 mg/L,
respectively, while under conventional condition recovery was 0.424 and
0.132 mg/L, respectively, at 15 days. Maximum mobilizations of major metals like
Cu and Zn from PCB by mix of A. acidophilum and lemon juice containing citric
acid proved effectiveness of hybrid bioleaching approach in metal recovery from
e-waste. The key findings of bioleaching assessment highlight the practical appli-
cability of hybrid bioleaching for the development of green technique for metal
recycling from e-waste. However, metal recovery rate and the leaching time are
required to be improved by methodical exploration, optimizing the various abiotic
and biotic process parameters, governing the process of bioleaching for commercial
applications.
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Bio-inspired Facile and Green Synthesis
of Au@Ag@AgCl Nanoparticles Using
Benincasa Hispida Peel Extract
and Their Photocatalytic Activity
for the Removal of Toxic Dye Under
Solar Irradiation

Th. Babita Devi and M. Ahmaruzzaman

Abstract The present study reports a simple environmental-friendly process for
the synthesis Gold@silver@silver chloride nanoparticles (Au@Ag@AgCl NPs) by
using peel extract of Benincasa hispida (ash gourd) without using any toxic
external reagents and external halide source. The synthesized nanoparticles were
well characterized by using XRD, FT-IR, UV, TEM, and EDX analyses. The
phytochemicals present in the peel extract were responsible for the formation of the
nanoparticles. The synthesized Au@Ag@AgCl NPs showed an excellent photo-
catalytic activity for the degradation of toxic dye under solar irradiation.
Approximately, 98% degradation of toxic dye was observed using Au@Ag@AgCl
NPs as a photocatalyst under solar irradiation.

Keywords Au@Ag@AgCl � Biomaterials � Nanostructures � Toxic dye
Photodegradation

1 Introduction

Nowadays, noble metals NPs like Pd, Au, Ag, and Pt have attracted considerable
interest because of their unique property, surface plasmon resonance (SPR),
showing excellent optical, electrical, and catalytic properties [1, 2]. Recently, many
studies have been reported for the synthesis of alloy, core–shell, core–double shell,
metal–metal halide nanoparticles (NPs) using toxic chemicals and solvents [3–8].
The utilization of these highly toxic chemicals and solvents makes the environment
polluted, and therefore, the development of totally green synthesis is very important
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to reduce environmental pollution. Therefore, biosynthesis using plant-based
materials has been exploited for the green fabrication of various NPs.

Keeping in view the shortcoming of previous studies, we design a green method
for the synthesis of Au@Ag@AgCl NPs using biomaterial (Benincasa hispida peel
extract). It was for the first time a green method for the synthesis of Au@Ag@AgCl
NPs was reported using B. hispida peel extract. The phytochemical presents in the
peel extract helped in the formation of NPs. The synthesized nanoparticles were
further confirmed by EDX, XRD, TEM, and UV–visible spectroscopy.

2 Materials and Methods

2.1 Materials

The starting materials were of AR grade silver nitrate (AgNO3), hydrogen tetra-
chloroaurate monohydrate (HAuCl4�3H2O), and malachite green oxalate
(MGO) was purchased from Sigma-Aldrich, Silchar.

2.2 Preparation of Benincasa Hispida Peel Extract

A total of 10 g of fresh peel of B. hispida was boiled for 30 min with 250 mL of
distilled water in a round-bottom flask. The peel extract was filtered using Whatman
No. 41 filter paper to obtain the pure extract.

2.3 Synthesis of Au@Ag@AgCl Nanoparticles

The biosynthesis of Au@Ag@AgCl nanoparticles was synthesized by using 20 mL
of 10% B. hispida peel extract with HAuCl4�3H2O:Ag NO3 (1:1 molar ratio) by
heating at 70 °C for 20 min.

2.4 Characterization of Au@Ag@AgCl Nanoparticles

Absorption spectra were recorded on Cary 100 BIO UV–visible spectrophotometer.
The prepared nanoparticles were characterized by P-XRD method using Phillips
X’Pert PRO diffractometer with CuK radiation of wavelength 1.5418. For the
morphology study, FT-IR spectroscopy and elemental study, JEM-2100 transmis-
sion electron microscope, Bruker Hyperion 3000, FEG-SEM, Model: JSM-7600F,
Magnification: �25 to 1,000,000a have been used.
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2.5 Photocatalytic Study of Au@Ag@AgCl Nanoparticles

The photocatalytic activity of the synthesized Au@Ag@AgCl nanoparticles was
evaluated by degradation of toxic dye like malachite green oxalate (MGO). A total
of 0.02 g of the catalyst was dispersed in 250 ml of MGO (6 � 10−4 M) aqueous
solution. The experiment was carried out on a sunny day at Silchar City, Assam,
between 10 a.m. to 2 p.m. (outside temperature 35–40 °C).

3 Results and Discussion

3.1 UV–Visible Analysis

Ag and Au NPs have unique phenomena known as surface plasmon resonance
(SPR). Figure 1 represents the UV–visible spectrum of Au@Ag@AgCl nanopar-
ticles. Figure 1 shows two absorption bands, one at 400 nm and another at 530 nm.
The absorption band at around 400 nm is due to SPR of silver nanoparticles
presence on the surface of AgCl nanoparticles, and the absorption band at 530 nm
is due to the SPR of gold.
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Fig. 1 UV–visible spectrum of the synthesized Au@Ag@AgCl nanoparticles
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3.2 Morphology Study

Figure 2 corresponds to the TEM images of the synthesized Au@Ag@AgCl NPs.
The TEM images revealed that the particles are spherical in morphology. The
average particles sizes of the synthesized Au@Ag@AgCl nanoparticles were found
to be (15–25) nm.

3.3 X-Ray Diffraction (XRD) Studies

The characteristic XRD peaks at 27.8°, 32.2°, 46.2°, 54.9°, and 57.6° were cor-
responded to the lattice planes of (111), (200), (221), (311), and (222) and also
reflected the face-centered cubic (FCC) structure of AgCl crystal (JCPDS
No. 31-1238) (Fig. 3). The remaining peaks at 38.2°, 66.4°, and 77.2° were cor-
responded to the lattice planes of (111), (220), and (311) reflected the face-centered
cubic (fcc) structure of Au–Ag (JCPDS file: 65-2871).

3.4 FT-IR Spectroscopy Study

Figure 4 represents FT-IR spectra of the synthesized NPs. The FT-IR spectrum
showed absorption bands at 3445 cm−1 correspond to hydrogen bonded O–H
stretching vibrations of alcohols. The absorption peak at 1731 cm−1 could be

Fig. 2 TEM image of the synthesized Au@Ag@AgCl nanoparticles
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attributed to C=C stretching vibrations of about C=O amide conjugated C=O of the
proteins that are responsible for capping and stabilizing of Au@Ag@AgCl NPs.
The remaining absorption peaks at 1634, 1452, and 1023 cm−1 were due to the
presence of –C=O asymmetric stretching vibration, aromatic stretching of –C–N,
C–H group (aromatic), respectively.

3.5 Energy Dispersive X-Ray Spectroscopy

The elemental analysis of the synthesized nanoparticles was performed using EDX.
In the spectrum, the peaks around 2.2–2.5 keV correspond to Au, 3 keV corre-
spond to Ag, and 2.7 keV correspond to binding energies of AgCl (Fig. 5).

3.6 Evaluation of Photocatalytic Activity of Au@Ag@AgCl
Nanoparticles

The photocatalytic activity of the synthesized nanoparticles was carried out by
monitoring the changes in optical absorption spectra of malachite green oxalate
(MGO) solution under solar irradiation. The UV–visible spectra of the dye
(MGO) showed a strong absorption band at 615 nm (Fig. 6a). The absorption band
at 615 nm gradually decreases with increase in irradiation time and disappears
completely within 110 min. The degradation of dye followed the pseudo-first-order
reaction, and its kinetics may be expressed by the following reaction

Fig. 5 EDX spectrum of the synthesized Au@Ag@AgCl nanoparticles
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ln C0=Ctð Þ ¼ kt ð1Þ

where k is the rate constant, C0 and Ct are the absorbance or concentration before
and after degradation of MGO dye, respectively. The rate constant for the pho-
todegradation of MGO dye was calculated using Eq. (1). Figure 6b represents the
plot of ln (C0/C) versus irradiation time (t), and it gives a linear relationship. Hence,
the slope of the line represents the rate constant (k) for the photodegradation of
MGO dye and the value of k is found to be 4.66 � 10−2 min−1.

The percentage efficiency of photodegradation of MGO dye was determined
using the following equation

X ¼ C0�Cð Þ=C½ � � 100 ð2Þ

where C0 and C are the absorbance or concentration before and after degradation of
MGO dye, respectively. Figure 6c shows the percentage efficiency of pho-
todegradation of MGO dye with time and observed that 98% of the dye was
photochemically degraded within 110 min using Au@Ag@AgCl nanoparticles.
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Fig. 6 a Photodegradation of MGO dye under solar irradiation using Au@Ag@AgCl NPs as a
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efficiency of the photodegradation of MGO
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3.7 Mechanism of Photodegradation of Malachite Green
Oxalate Dye Using Au@Ag@AgCl NPs

Due to the SPR effect of Ag metal, NPs present on the surface of AgCl nanopar-
ticles, and an electron–hole pairs on the surface of Ag NPs were generated under
visible irradiation. The electrons will be trapped by adsorbed O2 to form •O2

−. In the
meantime, the holes were transferred to the surface of AgCl because of the high
oxidation ability of the chloride ion present in AgCl and lead to the oxidation of Cl−

ions to form Clo atoms (radicals) [9, 10]. In the photodegradation of MGO dye, Au
NPs do not show any photocatalytic activity because of trapped by Ag and AgCl
NPs that makes it unable to absorb the light.

4 Conclusions

In summary, we developed a green method for the production of Au@Ag@AgCl
nanoparticles using B. hispida peel extract. The phytochemical presents in the peel
extract acts as reducing and stabilizing agent during the synthesis of
Au@Ag@AgCl NPs. The UV–visible spectroscopy, XRD, EDX, and FT-IR
spectroscopic studies confirmed the formation of Au@Ag@AgCl NPs. The syn-
thesized Au@Ag@AgCl NPs were successfully utilized as a photocatalyst for the
degradation of MGO dye under solar light. The strong SPR effect of Ag NPs can
generate electron–hole pairs and leading to the enhancement of the photocatalytic
activities of Au@Ag@AgCl NPs. The reactive species, such as •O2

− and Cl0, are
mainly responsible for the degradation of malachite green oxalate dye.
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High Energy Absorbent Sustainable
Concrete Element From Used Tin Cans

Rahul Kumar Jaiswal, Namrata Singh Solanki, Siddharth Satish
and K. S. Satyanarayanan

Abstract Large quantities of solid wastes are being generated worldwide which
lead to environmental concerns. One such major component is tin cans. Utilization
of tin cans wastes in making building construction materials can reduce the mag-
nitude of many associated problems. “Energy Block” is a type of block which has
high energy absorption when kept under load. It is mainly composed of cement,
sand, fibers, and tin cans. This paper shows the energy block is an environment
friendly and lightweight building block from cement mortar, waste tin cans and
fibers, without the use of coarse aggregate providing high energy absorption to the
concrete. The paper concludes the results of laboratory tests and the actual behavior
and performance of such building materials in practical application providing
lightweight and the usage of tin cans can be economical for conservation of
environment.

Keywords Energy block � Tin cans � Economical � High energy absorption

1 Introduction

‘Energy Block’ is a type of block which can resist impact load to a great extent. It is
mainly composed of cement, sand, and tin cans (of specified volume of 250 mL).
The energy absorption test was conducted using universal testing machine to get
ultimate strength. While conducting the experiments, the results clearly show that
the energy absorbed by combination of plain mortar, fiber, and tin cans is
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maximum; hence, it can be concluded that there is a wide difference on comparing
energy absorption among all type of block.

2 Review of Literature

Fanella and Naaman [1] performed an experimental study on “Stress–Strain
Properties of Fiber-Reinforced Mortar in Compression.” An experimental program
was conducted in various volume fractions to show the comparison of stress–strain
curves on the addition of steel, monofilament polypropylene, and twisted
polypropylene fibers [1].

Abrishami and Mitchell [2] performed an experimental study on “Influence of
Steel Fibers on Tension Stiffening.” The main objective is to showcase the struc-
tural response of reinforced concrete tension members. The influence of steel fibers
on the control of splitting cracks and on tension stiffening was investigated [2].

Kukreja et al. [3] performed an experimental study on “Ultimate Strength of
Fiber-Reinforced Concrete Slabs.” An experimental test is conducted, and it is
found that the concrete slab with reinforcement provides the higher strength than
the unreinforced concrete slab [3].

Zollo [4] performed an experimental study on “Fiber-Reinforced Concrete—An
Overview after 30 Years of Development.” This paper presents a rhetorical dis-
cussion on the subject of fiber-reinforced concrete. It discusses commonly applied
terminology and models of mechanical behavior that form a basis for understanding
material performance without presenting mathematical details [4].

Ravinder [5] performed an experimental study on “Strength Characteristics of
Coca-Cola Tin Waste as Fibers in Concrete.” The use of recycled fibers from
post-consumer waste offers additional advantages of waste reduction and resources
conservation. The addition of fiber increases the properties of concrete, i.e., flexural
strength, impact strength, and shrinkage properties. The addition of fiber increases
the properties of concrete [5].

3 Initial Methods Adopted and Material Used

A base mix of cement–sand mortar (1:3 mix) is made up to a thickness of 12.7 mm
(½ in.). A chicken mesh wire is placed on the raw base instantly. Then mortar is
placed above the chicken mesh up to a height of 12.7 mm. The block is of the
length 370 mm, breadth 180 mm, and height 70 mm. Mesh wire is of the thickness
0.5 mm. Then, the total surface area is divided into two parts. Three tin cans (of
volume 250 mL) are placed in each of the two rows such that there is a total of six
cans in two rows. A minimum clearance gap of 12.7 mm is kept between the cans
in shorter direction and 71.12 mm (2.8 in.) gap in longitudinal direction. This
clearance gap is used for surrounding the cans with chicken mesh in a definite
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pattern. After mesh wire is placed, cement mortar of same mix 1:3 is filled in the
clearance gap to allow the mesh wire to set. Mortar layer having thickness of
12.7 mm is placed on top of the cans; then again chicken mesh is placed. Over the
mesh wire, again a layer of 12.7 mm thick mortar is placed. This freshly prepared
block is allowed to dry for one day. Then testing is done.

4 Testing of “Energy Block”

The block is kept for one day to attain strength. Then, it is plastered with cement
mortar of mix 1:4. Weight of the block recorded before curing is 18.25 kg. It is kept
for 7 days curing.

5 Test Result on Energy Block

The block failed in the test as it is not made according to the standard dimensions
allowed for testing. It is also very heavy and costly. A new concept of making
cylindrical block of standard dimensions is presented, taking into account the
weight factor and cost involved.

5.1 Construction of Cylindrical Block (Modification
of Energy Block)

A new concept which is the modified form of earlier cuboidal “Energy Block” was
accepted that led to the construction of cylindrical block. Instead of making a single
block, multiple blocks with different properties and parameters were constructed.
About four primary cases or parameters were kept in mind before construction,
whether block should be plain, reinforced with tin or fibers or a combination of all
the three. The work of constructing 12 cylindrical blocks was divided into 4 batches
of 3 cylinders in each batch. In a single attempt, 6 blocks were casted. Then later,
another 6 blocks were casted. All blocks were cured for a period of 28 days to attain
characteristics compressive strength. The energy absorption test was conducted
using universal testing machine to get ultimate strength. While conducting the
experiments, the results clearly show that the energy absorbed by combination of
plain mortar, fiber, and tin cans is maximum; hence, it can be concluded that there is
a wide difference on comparing energy absorption among all type of block (Fig. 1;
Table 1).
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6 Construction

For the construction, a PVC pipe mold of 300 mm height and 150 mm diameter is
required. With the help of mold, it is easy to cast the blocks in given standard
dimensions. Proper measures are taken so that mortar should not stick on inside the
mold. Oil is applied to the inner surface of the mold to prevent sticking of mortar
(Tables 2 and 3).

A total of 12 blocks need to be constructed [batch1-plain mortar only,
batch2-plain mortar with tin only, batch3-plain mortar with fiber only, batch4-plain
mortar with both tin and fiber]. Each of them should be constructed three in number
and the average value is taken for writing the final result.

During casting, special care is given in placing the tin cans: one on top of the
other with a minimum clearance gap of 20 mm. Surrounding space is filled with
plane mortar. The tins have a volume of 250 mL and placed in center of the block
such that longitudinal axis of tin is parallel to longitudinal axis of the constructed
block. After casting, they are label accordingly for further identification (Fig. 2).

Fig. 1 Mold along with tin can

Table 1 Details of tin cans Specifications of tin cans Dimensions of tin cans

Length (L) 120 mm

Diameter (d) 52 mm

Volume 250 mL
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7 Mix Design of the Cylindrical Blocks

For the mix design, raw materials used are cement, sand, and water. Coarse
aggregate is not used. Cement and sand are taken in the ratio of 1:3 to form cement–
sand mortar with water–cement ratio is taken as 0.50. For the plain mortar block,
the mix is taken directly and constructed. But for other cases, certain additions are
done in such a way that the chemical properties of the mix remain same for all the
cases (Table 4).

Table 2 Details of
cylindrical block

Dimensions of cylindrical block

Diameter 150 mm

Height 300 mm

Volume 5301.4 � 103 mm3

Table 3 Details of fiber Specification of fiber Dimensions of fiber

Length (L) 50 mm

Diameter (d) 1 mm

Aspect ratio (L/d) 50

Fig. 2 Galvanized iron fiber

Table 4 Mix ratio Mix ratio Proportions

Cement:Sand 1:3

W/c ratio 0.50
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For blocks reinforced with tin, a clearance as specified of 20 mm is given while
placing the tin cans one on top the above.

For the block reinforced with fiber, steel (binding wires) fibers having length of
50 mm and diameter 1 mm is taken and added uniformly throughout the mix
evenly. The amount of fibers added to a concrete mix is expressed as a percentage
of the total volume of the composite (concrete and fibers), termed “volume fraction”
(Vf). Vf typically ranges from 0.1 to 3%. The optimum value of 0.75% is consid-
ered. The aspect ratio (L/d) is calculated by dividing fiber length (L = 50 mm) by
its diameter (d = 1 mm). In our case, the aspect ratio is 50.

For blocks involving tin and fiber, both the points mentioned above is considered.
Initially, plain mortar (3) blocks and plain mortar and tin (3) blocks were constructed.
Later on another 3–3 blocks were made in which onset consisting of mortar and fiber
and another set consisting of both tin and fiber with mortar. So in this way, all 12
blocks were made and cured for a minimum period of 28 days (Fig. 3).

8 Testing of the Cylindrical Blocks

Special care is taken while transporting the blocks from place of manufacture to
place of testing. The blocks were tested for compression. The test was done by
“Universal Testing Machine” having capacity of 10,000 kg. UTM is a dynamic
machine which gives multiple results in a single test with graph. The UTM machine
is operated by software that provide the data accurately at every interval in variation
of loading (Fig. 4).

The testing is done after 28 days and following figures are obtained showing
graph between load and crosshead travel for each block (Figs. 5, 6, 7, 8, and 9).

Fig. 3 Casting of cylinders
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This graph is very crucial for finding the ultimate strength. While conducting the
experiments, the results clearly showed that the energy absorbed using plain mortar
is 450 J, plain mortar with fibers is 520 J, plain mortar with tin cans is 1200 J, and
plain mortar, fiber, and tin cans are 2550 J. Hence, it can be concluded that there is
a wide difference in the energy absorption between the plain mortar (fibers and tins
cans) and the other three mixes (Figs. 10, 11, 12, and 13).

Fig. 4 Failure occur in cylinder
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Fig. 5 Load versus deflection curve for type 1-plain mortar

Fig. 6 Load versus deflection curve for type 2-mortar + fiber
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Fig. 7 Load versus deflection curve for type 3-mortar + tin cans

Fig. 8 Load versus deflection curve for type 4-mortar + fiber + tin cans
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9 Conclusion

Followings are the results obtained while conducting the experiments-

1. The usage of waste tin cans and fiber with plain mortar increases the volume and
energy absorption capacity in J/m3 by (471573.55/84883.24) = 5.56 times when
compared to plain mortar only.

2. On comparing the similar specimen with plain mortar, tin, and fiber, the energy
absorption increases by (471573.55/98087.3) = 4.81 times when compared to
the specimen of plain mortar and fiber.

This shows the potential of usage of waste tin cans for energy absorption. This
paper concludes the results of laboratory tests and important research findings and
the potential of using tin cans wastes in building construction materials which focus
on sustainable and economic development. While conducting the experiments, the
results clearly showed that the energy absorbed using the combination of plain
mortar, fiber, and tin cans is very high. Hence, it can be concluded that there is a
wide difference in the energy absorption between the plain mortar (fibers and tins
cans) and the other three mixes. This paper also showcase the research gaps, which
includes the need to develop standard mix design for solid waste-based building
materials, the need to develop energy-efficient method of processing solid waste use
in concrete, the need to study the actual behavior and performance of such building
materials in practical application providing lightweight, and the usage of tin cans
can be economical for conservation of environment.
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Appendix

Quantity Estimate
The volume of a single block is pr2h = p � 752 � 300
=5301.4 � 103 mm3

=5301.4 mL
Therefore volume of mortar in cylinder with plain mortar only
=5301.4 mL = 0.005301 m3

Fiber content added in one block is 0.75% of the volume of the mortar filled in
cylindrical block.
0.75% � 5301.4 cm3 = 40 g for cylinder with plain mortar and fiber only
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Therefore volume of fiber used
=40/8.05 (since density of steel = 8.05 g/cm3) = 4.97 cm3

=4.97 mL
Volume of mortar in cylinder with mortar + fiber
=5301.4 − 4.97
=5296.43 mL = 0.005296 m3

Volume of mortar in cylinder with mortar + tin
=5301.4 − 500
=4801.4 mL = 0.004801 m3

For the cylinder having plain mortar, tin and fiber, mass of fiber used is calculated in
following steps
Volume of plain mortar
=[volume of cylinder − volume of tin cans]
=5301.4 − 500
=4801.4 mL (reduced volume)
Mass of fiber used
=0.75% of 4801.4
=(0.75/100) � 4801.4
=36 g
Volume of fiber
=36/8.05 = 4.47 cm3 = 4.47 mL
Therefore volume of total mortar is used in cylinder
=(volume of cylinder − volume of tin cans − volume of fiber)
=5301.4 − 500 − 4.47
=4796.92 mL = 0.004797 m3

Details of Cost Estimation
Total volume of cylinder = 0.0053 m3

Volume of mortar in plain mortar cylinder
=0.0053 m3

As cement:sand = 1:3
Therefore quantity of cement
=[0.0053014/(1 + 3)] = 0.001325 m3

Density of cement = 1440 kg/m3

1 bag of cement = 50 kg of cement
Volume of cement = 50/1440 = 0.0347 m3

Therefore for volume of 0.001325 m3

=[(50/0.0347) * 0.001325]
=1.9 kg of cement for 1 cylinder
Therefore for the plain mortar cylinder the volume of mortar used is 1.9 kg
1 bag = 50 kg of cement = Rs. 375
1.9 kg = [(375/50) * 1.9]
=Rs. 14.25 (cement price)
Volume of sand = 3 * 0.001325 = 0.003975 m3

0.0283 m3 = Rs. 43
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Therefore for 0.14037 m3 = [(43/1) * 0.14037]
=Rs. 6.036 (sand price)
Total price = 14.25 + 6.036
=Rs. 20.286 (for plain mortar cylinder)
For 1 m3 = [20.286/0.0053014]
=Rs. 3826.54
Similarly,
Volume of mortar used in cylinder filled with plain mortar + fiber only
=0.005296 m3

Therefore volume of cement used
=[0.005296/(1 + 3)]
=0.001324 m3

Quantity of cement used in cylinder
=0.001324/0.0347
=0.0382 bags
1 bag = 50 kg
Therefore 0.0382 bag = 1.91 kg for 1 cylinder
1 bag = 50 kg of cement = Rs. 375
Therefore for 1.91 bag = Rs. 14.325
Volume of sand = 3 * 0.001324
=0.00397 m3

0.0283 m3 = Rs. 43
Therefore for 0.00397 m3 = Rs. 6.032
Quantity of fiber used = 4.97 mL = 0.04 kg
1 kg of fiber = Rs. 150
Therefore for 0.04 kg = Rs. 6
Total cost of 1 cylinder
=[14.325 + 6.032 + 6]
=Rs. 26.357
For 1 m3 = [26.357/0.0053014]
=Rs. 4971.71
Now estimation for cylinder with plain mortar + tin cans only
Volume mortar used in cylinder
=0.0048 m3

Quantity of cement used
=[0.0048/(1 + 3)]
=0.0012 m3

Quantity of cement in bag
=[0.0012/0.0347]
=0.0346 bags
1 bag of cement = 1.73 kg
For 0.0346 bags = 1.73 kg
1 bag = 50 kg = Rs. 375
For 1.73 kg = Rs. 12.975
Quantity of sand used
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=3 * 0.0012
=0.0036 m3

0.0283 m3 = Rs. 43
For 0.0036 m3 = Rs. 5.4667
Total cost of a cylinder
=[5.4667 + 12.975]
=Rs. 18.4417
For 1 m3 = [18.447/0.0053014]
Now estimation for cylinder with all mortar, fiber and tin cans
Volume of mortar used
=0.004797 m3

Quantity of cement used
=[0.004797/(1 + 3)]
=0.001199 m3

Quantity of cement in term of bag
=0.001199/0.0347
=0.03455 bags
1 bag = 50 kg
Therefore in 0.03455 bags = 1.7277 kg
1 bag = 50 kg = Rs. 375
For 1.7277 kg = Rs. 12.957
Quantity of sand used in cylinder = 0.001199 * 3
=0.003597 m3

0.0283 m3 = Rs. 43
Therefore in 0.003597 m3 = Rs. 5.46
Now quantity of fiber used = 4.97 mL = 0.04 kg
1 kg = Rs. 150
Therefore in 0.04 kg = Rs. 6
Total cost of a cylinder = [12.957 + 5.46 + 6] = Rs. 24.417
For 1 m3 = [24.417/0.0053014]
=Rs. 4605.76
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