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Preface

The global amounts of waste generated are estimated to be between 7 and 10 billion
tons per year. The amount of solid waste recorded in official statistics is around 3.2
billion tons. It is estimated that from this amount 47% is landfilled, 31% recycled
and 22% incinerated. At present, nearly 70% of waste is not reused or recycled
worldwide which represents a big loss of opportunities of recovering resources.
These cause environmental impacts from uncontrolled disposal of waste into the
environment accumulating micro- plastics in the oceans threatening the marine
fauna and many other daunting issues in the society. Valorisation practices of
different types of wastes have attracted a significant amount of attention in recent
years with the aim of managing waste in the most sustainable way.

Waste valorisation is an attractive approach of increasing popularity which can
offer a range of potentially useful alternatives for dealing with residues other than
disposal and/or landfilling. The valorisation technologies or processes being looked
upon are flow chemical technology, pyrolysis, bioconversion, composting, regen-
erated animal feed and bedding, incineration, anaerobic digestion, gasification,
co-processing, etc., and converting them into more useful products including
materials, chemicals, fuels, other sources of energy and some other products that
society currently does not appreciate in case of valorising food waste components.
Waste-to-energy aspects are becoming more prominent due to the rapid depletion of
natural resources and an increase in waste generation. Basic valorisation strategies
are known and largely accepted practices which, however, are able to
recover/convert less than 50 wt.% of the waste into useful products. Advanced
valorisation strategies based on green chemical technologies are more appealing
from the practical, economic and sustainability viewpoints in that these can
diversify the generation of multiple products from a single feedstock using envi-
ronmentally sound technologies which combine bio-/chemo-technological proto-
cols. These include (but are not restricted to) microwave-assisted extraction of
useful components, biological (e.g. fermentation) and combined chemo-enzymatic
approaches for the production of useful bio-derived products, flow technologies
able to provide cascade-type separation/isolation of valuable chemicals, etc. Food
waste constitutes a largely under-exploited residue from which a variety of valuable
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chemicals can be derived. This contribution is aimed to set the scene for further
development and promotion of sustainable food waste valorisation practices to
different end products using green chemical technologies.

Waste management regulations become tighter, and the demand for resource
recovery is pushing the stakeholders to look upon emerging technology for waste
valorisation for environmental sustainability. Waste valorisation as a source or
through symbiosis approach is associated with resource efficiency and circular
economy. Various valorisation techniques are currently showing promise in
meeting sustainable development goals. Some of the technique comes as a last
resort basis on the consideration of 3Rs methodology. There is a huge potential for
improvement and an increase in waste valorisation for environmental protection.
Waste valorisation leads to recycling and reuse of resources locked in waste and
leads to environmental sustainability reducing the carbon footprint.

The International Society of Waste Management, Air and Water (ISWMAW)
has been working and committed for sustainable waste management and environ-
mental protection by reducing air and water pollution. It encourages and promotes
the resource circulation through different processes including the valorisation
techniques and the implementation of circular economy concepts. IconSWM
movement was initiated for better waste management and environmental protection
in the year 2009 through generating awareness and bringing all the stakeholders
together from all over the world in a bracket for discussion under the aegis of the
International Society of Waste Management, Air and Water (ISWMAW). It
establishes research projects across the country and in collaboration with the
Consortium of Researchers in International Collaboration (CRIC) across the world.
IconSWM has become significantly one of the biggest international platforms in
India for knowledge sharing, awareness generation and encouraging the urban local
bodies (ULBs), government departments, researchers, industries, NGOs, commu-
nities and other stakeholders in the area of sustainable waste management towards
circular economy encouraging business out of wastes generated by its recirculation.
The conference, IconSWM, attracted huge interest from academics, practitioners
and policy makers around the world.

The seventh IconSWM received more than 340 abstracts and 260 full papers
from 42 countries based on waste management, policy and strategies, circular
economy, recycling, treatment technologies, nanotechnology, modelling, biomass,
biofuels and bio-energy and covered them in several tracks. All the papers were
separated in three volumes, e.g. Volume 1—Sustainable Waste Management:
Policies and Case Studies, Volume 2—Waste Valorisation and Recycling
Technologies, and Volume 3—Waste Water Recycling and Management. Each full
paper was put to the review process by at least two experts. This book, Volume 2—
Waste Valorisation and Recycling Technologies, includes 58 accepted full papers
those are organised in 13 parts as follows. The conference offered both the aca-
demics and practitioners the opportunity to share knowledge and experience rele-
vant to the waste management and resource circulation. The overarching question
was how we collaborate to facilitate further development in these emerging areas.
This book represents the selected papers from the conference.
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Volume 2 : Waste Valorisation and Recycling Technologies

Part 1: Energy from Waste = 10 Papers
Part 2: Waste Utilization and Valorisation = 3 Papers
Part 3: Landfill and Leachate Management = 3 Papers
Part 4: Hazardous Waste, Industrial Waste and Biomedical Waste = 4 Papers
Part 5: Fly Ash Utilisation = 4 Papers
Part 6: Composting = 4 Papers
Part 7: Waste Biomass valorisation and Biomethanation = 8 Papers
Part 8: WEEE Recycling = 7 Papers
Part 9: Applied Biotechnology = 5 Papers
Part 10: Applied Nanotechnology = 3 Papers
Part 11: Chemical Engineering in Waste Management = 7 Papers

Kolkata, India Sadhan Kumar Ghosh
December 2018
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A Review on Various Thermochemical
Technologies for Resource Recovery
from Sewage Sludge

Suparna Bhattacharyya and Sadhan Kumar Ghosh

1 Introduction

Our world is modernising day by day with advanced technology and latest scientific
innovations. And it definitely increases the global waste production at a quite high
rate. Ten years ago about 0.68 billion tonnes of waste is produced per year. Hoornweg
report estimated that today, this amount has increased to 1.3 billion tonnes of waste
per year, and it is estimated that by 2025, this will increase to 2.2 billion tonnes per
year. Again lots of municipal sewage sludge (MSS) are produced every day causing
several environmental and health-related issues by polluting soil andwater resources.
So proper treatment and careful yet productive Waste Management is very much
required nowadays (Aggelakis et al. 2005). With increasing growth curve of sludge
production, decreasing disposal outlets and increasing economic pressure low-cost
solution are encouraged. Moreover, production of energy from waste management is
looked forward nowadays. Waste is no more valueless, but considered as resources.
And different technologies are proposed for proper waste management these days
[1]. Reduction in the amount of MSS and producing energy at the same time is
definitely a beneficial outcome [2].

Nowadays, government policies are becoming more strict regarding proper waste
disposal. Keeping that in mind waste management processes are only encouraged
if it has some positive outcomes. Disposing sewage sludge as landfills is one of the
old practises, but these days, it is only encouraged if methane recovery is associated
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with it. Alternative processes are also seen due to the limited capacity of landfills.
The nutritional values of the sludge can be maintained by using the sludge it for
conditioning soil and also as a fertiliser specially for fertile land and crop cultivation,
though the use of sewage sludge as landfill are not toomuch in use nowadays, because
it accelerates surface and groundwater pollution, odour and air emissions (ammonia
and greenhouse gases), and the accumulation of heavy metals in soils. So currently
several other waste management processes are experimented, which leads to the
formation of energy. These processes are good keeping in mind the environmental
and socio-economic aspects.

Among these, the thermochemical processes are mostly in use. Though having
high cost of power is a major disadvantage for this, that can be considered if the pro-
duction of energy is seen in these pathways [3]. Thermochemical processes include
combustion/incineration, ‘advanced or emerging pyrolysis’ and gasification. More-
over, not only these processes but several co-processing are also encouraged these
days like co-pyrolysis of sewage sludge and manure [4], co-digestion of MSS with
poultry industrywaste [5]. Not only pyrolysis but gasification process are also twisted
nowadays by applying plasma gasification, steam gasification, etc. [6]. From the lit-
erature survey, [8–11] it is seen that there is very less work regarding review on
MSS. Moreover, most of these works are from European countries. A very few num-
ber of works have been explored reviewing the condition of Asian countries as well
as India. Again, most of the studies focus on physical and biological processes of
waste treatment. Review on chemical processes of waste treatment is scarcely found.
Some of the research questions that came out during the study are as follows: Which
among all these processes are the most beneficial and why? Is the original process
or the latest experiments with co-processing are more efficient? What are the tem-
perature, pressure and condition in which the processes give the best result? What is
the effectiveness of the process in different European and Asiatic countries.

In this study, an effort has been made for a detailed review about different ther-
mochemical technologies of municipal sewage sludge, and tried to explore their
advantages and disadvantages and to propose the best and most beneficial technol-
ogy. Not only the basic ones but the paper also deals with the current co-processes
which are extensively in use these days. According to the EII Brochure, 2007, co-
processing can be termed as the practise where waste is used as a raw material or
as a source of energy, replacing natural mineral resources and fossil fuels leading to
a green technology. Some other major objectives of the paper are to show the use
of these processes in different European and Asiatic countries including India. This
study shows a detailed review about several thermochemical processes giving a basic
idea to several industries and MSS treatment plant to move forward in which way
to be benefitted to its maximum with maximum use of municipal wastes to energy.
On the other hand, the paper gives a future scope for life cycle assessment (LCA) of
each treatment processes individually and use of these treatment processes in other
parts of the globe. Again, people can also study the technical, socio-economic and
environmental aspects of these processes.
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2 Research Methodology

First and foremost, a detailed literature survey was conducted and a thorough search
using database like Science Direct, Google Scholar, Springer, etc. with keywords like
‘municipal sewage sludge treatment, different thermochemical process for treating
MSS, sewage sludge (SS) pyrolysis, plasmagasification of SS, biological treatment of
sludge, comparative study of different thermal treatment of MSS, Different Reactors
and condition for pyrolysis and Gasification’, etc. is done. It helped to review all the
scientific article regarding the subject from the last 20 years. Next, the references of
these studies provided some further relevant documents. Several published articles,
reports, news and presentation have been seen to get more knowledge about the
study. Lastly, the help of different books was taken to understand the research gap
and questions.

3 State-of-the-Art Waste-to-Energy Technologies

Different types of Waste-to-Energy technologies are discussed briefly in the follow-
ings.

3.1 Incineration

In this treatment unprocessed waste is used as a raw material and treated thermally.
Incineration process takes place in presence of sufficient amount of air to oxidise
feedstock. By this process, waste is converted to carbon dioxide(CO2), water (H2O)
and non-combustible materials with solid residue state called incinerator bottom ash
(IBA) in which always a small amount of residual carbon is present (DEFRA 2007).
The advantages of incineration are as follows: reduction of large sludge volume,
thermal destruction of several pathogens and germs, thus minimising waste odours
and definitely recovery of renewable energy. The advantages are followed by some
disadvantages, which are as follows: Incineration is mainly used for sludge mini-
mization not complete disposal as 30% of the dry solids in MSS finally forms ash
and combustion ash are hazardous material due to the presence of heavy metals
and emission of greenhouse gases (GHG) during their combustion. Thus, additional
expenses are there for ash control and disposal, though a large part of ash can be
managed as construction material and in cement kiln [3, 12–15]. This disadvantage
of incineration can be minimised by co-combustion of MSS with coal/lignite com-
bustion units towards electricity production, which can improve the resulted GHG
emissions and hence the public acceptability and concern.
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3.2 Pyrolysis

Pyrolysis is a breakdown of chemical bonds by the use of thermal energy only accord-
ing to Applied Pyrolysis Handbook-Thomas. P. Wampler, 2007. During the process
of pyrolysis thermal cracking and condensation reaction are also witnessed. The
products that are formed from pyrolysis can be grouped into three categories which
are pyrolysis gas (containing the un-condensable lowmolecular gases), pyrolysis liq-
uid or pyrolysis oil (containing the condensable volatile compounds) and char (the
end solid residue). Pyrolysis is endothermic process compared to incineration pro-
cess explained in Fytili and Zabaniotou 2008; Manara and Zabaniotou 2012. Some
of the advantages of pyrolysis are as follows: It is less polluting than incineration
because of lower operating temperature and absence of oxygen in the process. As
the process of pyrolysis needs low temperature, the heavy metals are not found in
the pyrolysis gas rather they are trapped in the resultant solid carbonaceous char.
With these advantages, there are some disadvantages to the process like its economic
viability is not so good and the process equipment are also a bit costly. Though the
economic viability of the process can be improved by producing high-value pyro-oil,
utilising pyrolysis gas as fuel and utilising char produced.

3.3 Gasification

Gasification is the thermochemical process that converts any carbonaceous fuel to a
gaseous product with a high heating value by Gasification-Higman, Maarten Burgt
2003. Gasification mainly transforms organic solid materials to combustible gas or
syngas, using O2 between 20 and 40% of the oxygen required for total combustion.
The syngas formed is a mixture of CO, H2 and other gases, with by-products the char
or slag, oils andwater. The process has some benefits like steamgasification enhances
H2 production in gas and thus increases the heating value of the gas; the process is self-
sufficient and no energy supply is required for the steady-state operation, followed
by certain backdrops like it consists of a series of complex sequential chemical and
thermal decomposition reactions [16–25].

3.4 Co-processing Methods

It is surveyed that pyrolysis, gasification originally are not so economically sustain-
able or beneficial, so these days, co-processing methods are becoming more famous.
Co-processing is the technology where wastes are used as rawmaterial or as a source
of energy which can replace natural mineral resources and fossil fuels such as coal,
petroleum and gas (energy recovery) in industrial processes. Co-pyrolysis of sewage
sludge with different products like manure, animal wastes, etc. is gaining attention
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nowadays. The process shows some advantages like it is a better option for ener-
getic applications. Moreover, it utilises other kinds of wastes during its process,
thus increasing the economical and environmental benefits. But it should be remem-
bered that co-processing is not always the matter for encouragement because of few
drawbacks.

3.5 Plasma Gasification

Plasma gasification process is a thermal process that needs external power to heat up
and sustain the high temperatures. In the process, the materials are decomposed into
elements in an oxidant starved medium. Extremely high temperature helps to each
higher conversion efficiency. Products formed during the process are mainly syngas,
slug and ash. Plasma with high temperature breaks down nearly all the materials to
their elemental form excluding the radioactive materials. Due to the high temper-
ature required in the process, toxic compounds decompose into harmless chemical
products, which is one of the major advantages of the process. The classification
of plasma gasification mainly depends on the different types of plasma discharge
technique used and reactor used for the process. Different types of plasma discharge
techniques are as follows: (i) direct current (DC), (ii) radio frequency (RF) and (iii)
microwave (MC) [6]. Different types of plasma gasification reactors are as follows:
plasma fixed bed reactor, plasma moving bed reactor, plasma entrained bed reactor
or plasma spout bed reactor (Tang et al. 2013) (Table 1) .

4 Technologies for Energy Recovery from Municipal
Sewage Sludge (MSS)

Several types of technologies are in practise nowadays to recover energy frommunici-
pal sewage sludge (MSS) for their technical, social, economical andmost importantly
environmental feasibility. Some detailed studies and great technologies are already
established utilising MSS to produce energy producing stuff like bio-oil, biochar,
biofuel, etc., and these processes are also helpful in reducing the harmful substances
of MSS to comparatively less toxic chemical compounds. In these study mainly
the process of Pyrolysis and Gasification is focused. The following section shows a
detailed review of these two processes.
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4.1 Pyrolysis of MSS

Pyrolysis is a thermochemical decomposition of organic substances at high temper-
atures in the absence of oxygen (or any halogens). During the process, chemical
composition and physical phases of the substance change. It is a process of ther-
molysis mostly seen in organic substances. The success of the process and the yield
of the product formed from pyrolysis depend mainly on the process conditions like
temperature, reactor design, pressure, residence time and the original sludge charac-
teristics. The detailed review of the process is studied thereof. Mainly two types of
pyrolysis are discussed in these. Fast pyrolysis is carried at a moderate temperature
of 500 °C, short gas residence time of about >2 s and rapid quenching of the vapours.
The major product from these process is pyrolysis liquid commonly called bio-oil
or pyrolysis oil, which can be applied as a fuel and also act as a source of valu-
able chemical products. On the other hand, slow pyrolysis is characterised by mild
temperature of about 350–600 °C at low heating rates, and obviously, the process
takes place at inert, i.e. O2-free atmosphere. The reactors that are involved in MSS
pyrolysis are fixed-fluid bed and rotary kiln reactors. But pyrolysis is less pollutant
than incineration due to lower operating temperature and non-requirement of oxygen
in the process.

The product of sewage sludge pyrolysis is a dark brown organic fluid with high
water content. Mainly the properties of pyrolysed liquid which are helpful to serve
that liquid as a fuel are important. On the other hand, Char which is the main by-
product of sewage sludge pyrolysis is characterised as follows. The chars are having
lowcalorific value, near about 5MJkg−1, which is not at all beneficial for incineration
or other kinds of energy formulation. Again, the high heavy metal content of char
requires high cost for their treatment. Again there are legal restrictions to use char
as landfills. But using pyrolysis char as an adsorbent to remove pollutants like H2S
and NOx are in practise these days. But many researchers are involved to utilise char
in a more economical ways that would be a better socio-environmental sustainable
process.

4.2 Gasification of MSS

Gasification is a thermochemical process that converts organic fossil fuels which are
rich in carbonaceousmaterials intoCO2,COandH2O.The process takes place at high
temperature about 680–900 °C without combustion, within a controlled atmosphere
of oxygen, steam or air. During the process, the solid organic substances change
to form syngas as certain by-products like char or slag–oil and water gasification
works best if the sludge can be dried up to 90% (Spinosa et al. 2011). The gaseous
products formed from waste gasification are used to prepare fuel cell and are utilised
to produce electricity (Vierrath and Greil 2001). A typical gasification gas is charac-
terised by a hydrogen content of about 8.89–11.17 (vol.%), CO (6.28–10.77 vol.%),
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CH4 (1.26–2.09), C2S (0.75–1.2 vol.%) and carbon dioxide (Fytili and Zabaniotou
2008). Gasification also contains a chain of chemical and thermal decomposition
reactions. During the process, sludge undergoes a series of complex physical and
chemical changes, starting with water removal. Dried MSS is then pyrolysed. The
resulting volatile pyrolysis products and char undergo further reactions for the pro-
duction of permanent gases. Basically, the process of gasification mainly burns out
the solid wastes to form clear combustible gas having high energy value (Dogru
et al. 2002). Moreover; compared to conventional gasification integrated gasification
is more encouraged mainly due to intensive use of it for fuel cell (Maniatis 1999).

In the context of integrated gasification steam gasification and plasma gasification
which are quite famous because of the production of high calorific value hydrogen,
further several types of catalyst like K2CO3 are used in the process for forming
ash-free coal char, which has great utility [7] (Table 2).

5 Discussions and Analysis

This paper mainly consists of a detailed review of different thermal, chemical and
biochemical processes of municipal sewage sludge mainly focussing on pyrolysis
and gasification. How different organic matters of sludge can be treated and how they
can be transformed fromWaste to resource is discussed over here. The review states
that nowadays it’s meaningless to consider MSS as waste and stated how efficiently
energy can be produced from it. Mainly the process of Pyrolysis and Gasification
is discussed over here. Different effective temperature pressure, reactors for these
processes are discussed. The characteristics of the effluent are also stated. Along
with this the states of pyrolysis and gasification in different European and Asiatic
countries are discussed briefly, including India [25–44].

From the detailed literature study, it is found that, in several EU countries, sludge
is greatly used as an agricultural manure, specially in small towns and in countrysides
where the small industrial base can be localised using sludge. (Praspaliauskas et al.
2017). Latest thermal treatment techniques of sludge like incineration, pyrolysis,
gasification, co-combustion, etc. are increasing day by day. These techniques are
mainly used in cities or inmanyplaces are still under experimental phase. Incineration
is one of the most rapidly developing sewage sludge treatment processes. It is widely
used in the European countries likeGermany, theUnitedKingdomandDenmark. Co-
incineration is in huge practise in the Netherlands, France, Belgium and Czech. On
the other hand, gasification is a much promising sludge disposal method (Kelessidis
et al. 2012). Co-incineration is also a widely used thermal treatment technology
where sewage sludge is incinerated along with other fuels. Some co-incinerated
plants are cited in the cities like Klaipeda, Kaunas, Vilnius, etc. in Northern Europe.
However, gasification and pyrolysis are still in an experimental phase and are in
pilot scale. These processes are mainly practised in Southern part of Europe. Italy
is the leading country for such studies; again, Germany and France are also some
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upcoming countries for this projects (Pyrolysis and Gasification, A. V.Bridgwater,
Commission of the European Communities).

Several studies reviewed that in Asiatic countries, municipal sewage waste can be
reduced by up to 90% by producing electricity from it. Several plants are successfully
runningby the energyproduced fromsludgewaste through the process of Incineration
andCombustion. Among the thermochemical process, incineration ismostly used for
municipal sewage sludge treatment in different Asiatic countriesmainly in Singapore
and China. Other than incineration, biological treatment like aerobic and anaerobic
digestion is also famous in Asiatic countries. Pyrolysis and gasification, on the other
hand, are mainly under experimental condition over here. Further few pilot plants are
in progress in several Asiatic countries (Economics 26800, Prof. Tolley & Berry).

In India, the objective of MSS treatment plant is to treat waste, reduce its volume
and generate energy and electricity from it. This takes the process towards a greener
approach. In India, there are several such treatment plants and several projects are
studied to be under pipeline. In India, there are a total of 48 waste-to-energy plants
present including 32 proposed, 4 under construction and 11 are in operation. Few
plants are shut down due to some technical problems in the plant. More than ther-
mal processes, biochemical degradation of sewage sludge is in practise. One reason
behind this wide usage could be the high organic content in Indian municipal sewage
waste (MSW) due to the presence of foodwaste. One of the upcoming plant presently
under construction is the Gazipur Waste to Energy plant. India, being a multistate
country, has different raw material availability in different areas. 18 plants in the
country are dependent onMSW for power generation whereas 15 plants use biomass
like recently a plant is proposed in South Andaman. There are three plants in Delhi
and they all use MSW as raw material. Currently, Delhi is producing 16 MW/day
power from waste and will be able to produce an additional 25 MW/day after the
completion of construction of two more projects. Gujarat is producing 3.5 MW/day
power from waste. Chhattisgarh has seven proposed projects that will be able to
produce 119 MW/day of electricity in the near future (Research Article, [2]).

Lastly, this review thoroughly gives a description of different thermal processes
together with some future scope. This paper will be really helpful for differentmunic-
ipality engineers and industrialist and for those aspirants who have research interest
in this zone. Again, the work proposes some future scope like cost-estimation for
these processes in detail. Anyone can further research on co-process or the biologi-
cal process stated above. Other opportunities can be to find the life cycle assessment
(LCA) of each of these processes or can find a detailed survey of condition of these
processes in a particular country or zone.

6 Conclusion

The research work mainly contains a detailed survey of pyrolysis and gasification,
two latest and efficient process of sludge treatment. Their mechanism, temperature
as well as the characteristics of effluent produced in this process are given here. Not



A Review on Various Thermochemical Technologies for Resource … 15

only these two but different other methods of sludge treatment are stated here. State
of use of these processes in different countries in Europe and Asia including India
is given.
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Co-processing of Alternative Fuels
and Resources in Indian Cement
Industry—Baseline and Potential

Palash Kumar Saha and Kåre Helge Karstensen

1 Introduction

Waste generation is an inevitable output of economic activities and its environmen-
tally sound and safe management is critical. Poor waste management is an issue in all
developing countries and countries in transition. Increasing quantities of waste are
disposed of in an uncontrolled manner, incinerated or dumped in landfill sites. Var-
ious wastes are increasingly considered as resources that could be used as resource
input in energy-intensive industrial processes. In order to avoid loss of valuable
resources and to safeguard precious land, the landfilling of waste is increasingly
being prohibited or viewed as an option of last resort.

Co-processing is the use of waste as a source of energy or raw material, or both
to replace natural mineral resources and fossil fuels such as coal, petroleum, coke,
etc., in the manufacturing process. Basel and Stockholm Conventions highlighted
the suitability of cement kiln for co-processing of hazardous and other wastes. Co-
processing in a cement kiln is a scientific, sustainable, proven and established tech-
nology for disposing of hazardous and non-recyclable waste in an environmentally
soundmanner. This practice can be extremely attractive and cost-efficient, especially
for emerging economies having insufficient waste treatment capacity.

Waste arising will increase significantly with growth in Gross Domestic Prod-
uct (GDP) and living standard in India; treatment capacity for all waste streams is
currently insufficient, causing local pollution, the release of greenhouse gases and
a waste of valuable resources. India intends to reduce the emissions intensity of its
GDP by 33–35% by 2030 from 2005’s level. This means while India’s GDP is pro-
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jected to increase by 5–7 times, absolute carbon emissions will increase by only 3
times by 2030 over 2005 levels. India in 2030 is projected to contribute about a tenth
of global carbon emissions while being home to approximately a fifth of the global
population.

Co-processing leads to 100% energy and material recovery and does not leave
behind any ash for further disposal (i.e. no liability for waste generators once waste
is co-processed in cement kilns). Due to its economic, environmental and social
benefits, it has been recognised as one of the five important levers for large-scale
reduction of CO2 emissions from the Indian cement industry, in the low-carbon
technology roadmap.

2 Co-processing Baseline

India is currently the second largest cement producer in the world. Low per capita
consumption indicates large growth potential in the sector in the future. Indian cement
industry consumes close to 50million tonnes (Mt) of coal and 450Mt of rawmaterials
annually and responsible for 7% of India’s CO2 emissions.

Recovery of wastes and replacement of coal in the cement industry has been
practiced a relatively short time in India (Fig. 1); the Thermal Substitution Rate
(TSR) is 2.5% in average; compared to EU’s average of almost 40% and Norway
70% (Table 1). In a status report, published by CII in May 2015 [1], the average TSR
of 36 cement plants, corresponding to 109Mt cement production capacity, was 3.55%
(highest single plant substitution is around 18% TSR). The Steel and Power industry
has little experience in co-processing and are generally cautious to implement co-
processing as they are afraid of possible negative impacts to their processes and their
‘product’ quality.

The Indian cement industry is gearing up with its infrastructure, capacity and
competence for enhancing Thermal Substitution Rate (TSR), including the installa-
tion of pre-processing platforms and adoption of newer technologies. This is evident
from >80 numbers of co-processing trials and over 60 million USD of investment for
installations, including the installation of 10 pre-processing platforms and hot discs
in the pre-heater tower. There are about 54 cement plants permitted for co-processing.

3 Regulatory Framework for Co-processing

The MoEFCC has recently amended the existing regulatory framework for environ-
mentally sound management of the waste being generated in the country. MoEFCC
has notified sets of waste management rules dealing with different kinds of waste:
solid waste, plastic, biomedical, construction and demolition, electronic waste and
hazardous waste. These new rules advocate for adopting more scientific, technology-
driven, sustainable, regulated, and participative environment management.
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Fig. 1 Different stages of development of co-processing initiative

4 Hazardous Waste Management Rules 2016

The salient features of Hazardous and Other Wastes (Management & Transbound-
ary Movement) Rules, 2016 include, Co-processing as preferential mechanism over
disposal for use of waste as a supplementary resource, or for recovery of energy
has been provided. The basic necessity of infrastructure to safeguard the health
and environment from waste processing industry has been prescribed as Standard
Operating Procedure (SOPs) specific to waste type. Waste Management hierarchy
in the sequence of priority of prevention, minimization, reuse, recycling, recovery,
co-processing, and safe disposal has been incorporated. The approval process for
co-processing of hazardous waste to recover energy has been streamlined and put on
emission norms basis rather than on a trial basis [4, 5].

5 Solid Waste Management Rules 2016

As per the new Municipal Solid Waste Management (Management and Handling)
Rules 2016 non-recyclable waste having a calorific value of 1500 kcal/kg or more
shall not be disposed of on landfills and shall only be utilised for generating energy
either or through refuse-derived fuel or by giving away as feedstock for preparing
refuse-derived fuel. High calorific wastes shall be used for co-processing in cement
or thermal power plants. All industrial units using fuel and located within 100 km
from a solid waste based RDF plant shall make arrangements within 6 months from
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Table 1 Countrywise TSR from utilisation of alternative fossil wastes, mixed wastes and biomass
in %

Countries TSR (%) Year References

Austria 75 2014 [2]

Norway 70 2016

Germany 65 2014 [2]

Czech Republic 62 2014 [2]

Belgium 53 2016 [3]

Poland 52 2014 [2]

United Kingdom 49 2014 [2]

Sweden 48 2016 [3]

Hungary 40 2016 [3]

France 38 2014 [2]

Ireland 29 2016 [3]

Spain 28 2014 [2]

Portugal 28 2016 [3]

Philippines 23 2014 [2]

Bulgaria 21 2016 [3]

Brazil 19 2014 [2]

United States 15 2014 [2]

Italy 14 2014 [2]

Thailand 13 2014 [2]

Canada 13 2014 [2]

Egypt 9 2014 [2]

Greece 7 2016 [3]

India 2.5 2016 Estimated

the date of notification of these rules to replace at least 5% of their fuel requirement
by RDF so produced.

6 CPCB Guidelines for Co-processing of Plastic Waste
in Cement Kilns 2017

The Ministry also released Guidelines for Co-processing of Plastic Waste in Cement
Kilns (As per Rule Plastic Waste Management Rules, 2016 [6]) in May 2017. The
guidelines elaborate upon the collection, segregation and transportation and co-
processing of plastic waste in cement kiln with detailed procedures.
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7 CPCB Guidelines for Pre-processing and Co-processing
of Hazardous and Other Wastes in Cement Plant 2017

CPCB released guidelines for pre-processing and co-processing of hazardous and
other wastes in Cement Plant in July 2017 [7]. The guidelines have been revised
for complying with the conditions as specified in the Hazardous and Other Wastes
(Management and Transboundary Movement) Rules, 2016 [4].

• No trial runs would be necessary for grant of authorisation for co-processing of
wastes in cement kilns: No trial runs would be necessary for grant of authorisa-
tion for co-processing of wastes in cement kilns since MoEFCC has notified the
Emission Standards for co-processing of wastes in cement kiln vide GSR No. 497
(E) dated 10.5.2016 under the Environment (Protection) Rules, 1986. However,
demonstration trials would be conducted for specific wastes such as POPs, PCBs,
obsolete and date expired pesticides, ozone depleting substances, etc. Kiln-specific
trial runs may be required for such wastes to study the destruction and removal
efficiencies (as per the requirement of Stockholm convention). Trial/approval from
CPCB would also be required of waste is fed through coal or raw material route.

• S-PCBs can issue approval without CPCB: S-PCBs may grant Authorisation to
cement plants for co-processing of wastes listed in Schedule I (38 industrial pro-
cesses), Schedule II (hazardous characteristics) and Schedule III (import/export of
hazardous wastes) of the Hazardous and Other Wastes (Management and Trans-
boundary Movement) Rules, 2016. For co-processing of hazardous and other
wastes, cement plants shall obtain Consent to Establish (CTE) and Consent to
Operate (CTO) prior to obtaining authorisation under the Hazardous and Other
Wastes (Management and Transboundary Movement) Rules, 2016.

• SOP for pre-processing and co-processing defined: Regular co-processing shall
be carried out as per the guidelines and SOPs. Continuous Emissions Monitoring
System installation is mandated in the stack for PM, SOx andNOx in the first phase
(with data uplinked to SPCB, CPCB). There are detailed parameters mentioned
for pre-qualification and fingerprint analysis of wastes, the infrastructure required
for transport–storage–pre-processing and co-processing of hazardous wastes and
the emission parameters.

• Inter-state transfer simplified: Facilitate movement of waste across different states
and procedures to be followed for same highlighted in the document.

• Co-processing as a lever to achieve Intended Nationally Determined contribution
(INDC): Utilising waste materials as AFRs will also reduce the large quantity of
GHG emissions of the country which is in line with Paris agreement.

8 Co-processing Potential in India

Around 7.7 Mt of hazardous waste is currently generated annually, of which around
3.61 Mt is recyclable, 0.65 Mt is incinerable and 3.39 Mt is landfillable [8]; current
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disposal capacity is inadequate addressing only 40% of the landfillable and incinera-
ble wastes generated. Cement kilns have, in general, better destruction performance
for organic hazardous wastes than existing incinerators at disposal facilities in India.

Studies conducted by the Ministry of New and Renewable Energy have estimated
surplus biomass availability at about 120–150 Mt per annum [9]. Gujarat, Uttar
Pradesh, Maharashtra and Odisha generate 92,000 to 110,000 tonnes of industrial
plastic wastes [10]. 700 000 tonnes of the used tyre is available in India, mostly
in the states of Maharashtra, Tamil Nadu, Uttar Pradesh, Gujarat, Andhra Pradesh,
Karnataka, Rajasthan and Madhya Pradesh [10]. Both plastic wastes and used tyres
have higher energy content than Indian coal.

At present only half of ground granulated blast furnace slag generated is sent to
cement plants. The estimated generation will be around 44 Mt in 2020 and about 95
Mt in 2030. Fly ash generation is expected to reach 450 Mt by 2020, and 900 Mt
by 2031. Granulated blast furnace slag and fly ash when mixed with cement clinker
will reduce both CO2 from calcination of limestone and fuel-related emissions.

Therefore, more than 150 Mt of hazardous and non-hazardous wastes are avail-
able for co-processing. Considering the availability, ease of processing and potential
GHG mitigation, refuse-derived fuels from MSW, biomass (e.g. rice husk, bagasse,
coconut shells and wood chips.), industrial plastics; used tyres and industrial haz-
ardous wastes/mixed industrial wastes are considered as potential AFs for utilisation
in REIIs, especially cement.

For achieving 5% TSR in 2020 and 20% TSR in 2030, for every Mt of cement
produced, 7000 tonnes and 25,000 tonnes of AFs need to be co-processed, respec-
tively. In 2030, by achieving 20% TSR in a cement kiln, up to 19 Mt of Indian coal
or 13 Mt of imported coal can be substituted [11].

9 Production of RDF

Presently, more than 30% of India’s population lives in cities; projected to be 50%
by 2050. MSW in India is generally unsegregated with high moisture content, low
calorific value, odour and a wide range of particle size. As per the Planning Commis-
sion’s Task Force Report (2014) [12], of the 62Mt of Municipal SolidWaste (MSW)
generated in urban India, 12 Mt is a combustible fraction which can be potentially
converted to Refuse-Derived Fuel (RDF), thereby replacing 8 Mt of coal.

For dumping of 62 Mt of MSW without treatment, 1240 ha per year of precious
land is required.With projectedMSWgeneration of 165Mt by 2031, the requirement
of land for setting up a landfill for 20 years (considering 10 m high waste pile) could
be as high as 66,000 ha. As per the Central Pollution Control Board (CPCB) study
in 2015, there are 22 operating RDF plants in the country [13].

The principle of RDF production is recovering quality fuel fractions from the
waste, particularly the removal of recyclable particles likemetal, glass and converting
the raw waste into a more usable form of fuel with uniform particle size and higher
calorific value than rawMSW. Required quality of RDF is determined by the end use
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of the fuel. For example, Ministry of Urban Development (MoUD), specifies broad
specification of RDF suitable for the Indian cement plants [14] as the following:

• Moisture, preferably <20%;
• Size, 2D<120mm,3D<70mmdependingonprocess limitationof specific cement
plant;

• Chlorine, preferably <0.7% depending on particular raw mix & fuel mix;
• Calorific Value, preferably >3000 kcal/kg; the calorific value of RDF produced in
Europe is in the range of 4000–6000 kcal/kg;

• Sulfur, <2%, however, depends on particular raw mix & fuel mix; and
• Free of restricted items such as PVC, explosives, batteries, aerosol containers,
biomedical waste, etc.

The quantity of RDF that can be produced per tonne of MSW varies depending
on the type of collection, pre-processing and composition of waste source. Usual
yield of RDF from mixed MSW is in the range of 20–30%; if the waste is properly
segregated yield can go as high as 80–90%. Depending on the need of the end user,
RDF fluff is further processed in the densification unit to produce RDF pellets.

10 GHG Emissions Mitigation Potential Through
Co-processing in India

Indian cement industry is anticipated to reach production of between 598 (low
demand) and 848 Mt (high demand) by 2030. In absence of any action, CO2 emis-
sions from the sector will be 419–594 Mt by 2030, respectively [15]. Indian cement
industry is one of best in the world in terms of energy efficiency, i.e. there seems
to be a limited potential in further energy efficiency. Availability of alternative fuels
and raw materials (AFRs), especially large quantities of inorganic mineral additives
make clinker substitution, raw material substitution and high TSR important levers
for CO2 reduction from Indian cement industry. Work on Carbon Capture and Stor-
age (CCS) has not yet been initiated and it will take some time for the inception of
the CCS technologies in Indian cement industries.

As per the SINTEF estimates, by 2030, clinker substitution could save
47–67 MtCO2; utilisation of alternative fuels, with 20% thermal substitution rate,
could save 21.2–29.9 MtCO2 and utilisation of alternative sources of de-carbonated
lime and mineralisers could save 5.7–8 MtCO2. These initiatives may reduce CO2

emissions by 18% from business as usual scenario [16].

11 CFC Trial at ACC Limited, Kymore Cement Works

SINTEF participated on behalf of CPCB in the Test Burn with three different ozone-
depleting substances, or chlorofluorocarbons (CFCs), in ACC Limited, Kymore
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cement works, Madhya Pradesh in December 2012. Ozone-depleting substances
are regulated under the Montreal Protocol and countries are urged to destroy the five
most potent CFCs gases as they destroy the ozone layer and contribute to global
warming.

The full-scale demonstration involving high feeding rates of Ozone Depleting
Substances (ODS), CFC gases demonstrated that the kiln was able to destroy sev-
eral concentrated CFC gases effectively in an irreversible and environmentally sound
manner without causing increased releases of HCl, HF or PCDD/PCDF. The destruc-
tion and removal efficiency was >99.9999% and the overall environmental perfor-
mance in compliance with Indian regulation and international best practice.

The test revealed that cement kilns have a much higher disposal capacity than pre-
viously anticipated and that such undertaking can contribute significantly to reduce
the release of both ODS and greenhouse gases; the destruction of 16.3 tonne of CFCs
done in this demonstration was saving the release of 131 265 tonne of CO2 to the
atmosphere [17]. The global potential to prevent future emissions of ODS gases are
formidable; the UN has estimated that more than 400 Mt of CO2 equivalents will
originate from discharges of cooling gases in 2015. The impact of this test is that
India now has a facility with the demonstrated capability to destroy such gases in the
future; a showcase which can be replicated elsewhere.

12 About SINTEF and Its Association
with the Co-processing Initiatives in India

SINTEF is oneof the leading appliedmultidisciplinary research institutions inEurope
withmore than 2000 professional employees. SINTEF has a long and relevant experi-
ence with capacity building and technical assistance in international projects for gov-
ernments, industry and international organisations within industrial and hazardous
waste management in general, and with co-processing in particular, i.e. improved
energy and resource efficiency and greenhouse gas emission reduction by substitu-
tion of non-renewable fossil fuel and virgin raw materials with alternative fuels and
raw materials in resource-intensive industry.

13 CPCB-SINTEF Phase I Co-processing Project
(2010–2015)

CPCB and SINTEF have since 2010 cooperated in the Norwegian government sup-
ported programme ‘Recovery of alternative fuels and raw materials (AFR) and treat-
ment of organic hazardous wastes through co-processing in resource and energy-
intensive industry (REIIs) in India’. The project has been raising awareness, built
capacity, shared knowledge of best international practice, and provided technical
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support and disseminating information to industry and authorities. This process has
contributed to create confidence and a positive climate for investments, manifested
by industries willingness to invest in future co-processing activities.

SINTEFs role has been to provide inputs on relevant issues of co-processing
of hazardous and industrial wastes and to build capacity and knowledge among
stakeholders; to assist CPCB, state PCBs and industry in implementing best practices
and to convey lessons learned on possibilities and limitations in co-processing; and
finally to contribute to achieve an international benchmark when it comes to process
and quality performance, as well as on health, safety and environmental issues.

14 Phase II Co-processing Project (2017–2020)

SINTEF is currently working on a Norwegian government-funded project in
India—‘Co-processing of Alternative Fuels and Resources in the Cement Indus-
try: Phase II’ (2017–2020), which is a continuation of Phase I project (2010–2015),
with a focus on the following issues:

• Provide professional technical assistance on waste related issues in the GIZ-
MoEFCC SEIP project for providing technical support and capacity building on
sustainable management of industrial wastes and sewage sludge, and for cleaning
up of critically polluted areas in the two selected SEIP project sites—Delhi and
Vapi, Gujarat;

• Demonstrate the potential to increase the TSR by utilising RDF out of MSW and
dried sewage sludge;

• Strengthen the capacity of CPCB and S-PCBs on opportunities and limitations of
using cement kilns for co-processing of problematic wastes;

• Strengthen the role of CPCB as a pool of competence for environmental authorities
in neighbouring South Asian countries; and

• Evaluate the potential for resource conservation by utilising C&D wastes and
increased use of other inorganic waste streams.

15 Conclusion

Many developed nations globally have utilised cement kilns in their countries as a
sustainable solution for industrial, municipal and hazardous waste disposal (called
co-processing) as this creates a win-win situation for both the local administration
and the cement plants. Spiralling fuel costs, uncertainty in fuel availability and goal
to reduce CO2 emissions are drivers for enhancing AFR utilisation in Indian cement
plants.

‘Polluter pays principle’ must be implemented for managing industrial wastes.
For commodity like materials such as processed RDF, used tyres and biomass, sub-
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stitution benefits in a cement plant must outweigh material costs and preparation and
handling costs. Regular supply of wastes to cement plants at agreed tipping fee or
price is essential for optimizing the return on investments.

By integrating co-processing and treatment of wastes in energy- and resource-
intensive industry, India can forego or significantly reduce investments in costly
waste incinerators; save large amounts of non-renewable fossil fuels and virgin raw
materials; reduce greenhouse gas emissions; increase its waste treatment capacity
and reduce exposure and negative impacts of hazardous chemicals. The aspiration of
achieving 20% TSR by 2030 by the Indian cement industry is challenging but surely
achievable.

References/Bibliography

1. CII (2015) Status paper on AFR usage in Indian cement industry—an initiative by CII-CMA.
May 2015

2. WBCSD CSI (2014) Global cement database on CO2 and energy information Getting the
numbers right (GNR). http://www.wbcsdcement.org/pdf/GNR%20dox.pdf

3. Beer J, Cihlar J, Hensing I, Zabeti M (2017) Status and prospects of coprocessing of waste in
EU cement plants. Ecofys, 26 April 2017

4. MoEFCC (2016) Hazardous and other wastes (Management and transboundary movement)
rules, 2016, published in the Gazette of India, Extraordinary, Part III, Section-3, Sub-section
(i), Government of India, Ministry of Environment, Forests and Climate Change, New Delhi

5. MoEFCC (2016) Solid waste management rules, 2016, published in the Gazette of India,
Extraordinary, Part II, Section- 3, Sub-section (ii), Government of India, Ministry of Environ-
ment, Forests and Climate Change, New Delhi

6. CPCB (2017) Guidelines for co-processing of plastic waste in Cement Kilns (As per Rule
‘5(b)’ of Plastic Waste Management Rules 2016). Central Pollution Control Board (Ministry
of Environment, Forest &Climate Change, Government of India) Parivesh Bhawan, East Arjun
Nagar, Delhi—110032, May 2017

7. CPCB (2017)Guidelines for pre-processing and co-processing of hazardous and otherwastes in
cement plants as per H&OW(M&TBM) rules 2016. Central Pollution Control Board (Ministry
of Environment, Forest &Climate Change, Government of India) Parivesh Bhawan, East Arjun
Nagar, Delhi—110032, July 2017

8. Gupta PK (2012) Scenario of co-processing of wastes in India. In: CPCB and SINTEF Work-
shop, Bhopal, 1 Nov 2012

9. MNRE (Ministry of New and Renewable Energy). Government of India. http://mnre.gov.in/
schemes/grid-connected/biomass-powercogen/. Accessed 24 Jan 2015

10. IIP (Institute of Industrial Productivity) (2014) Enhancing the use of alternative fuels and raw
materials (Co-processing) in cement manufacture: white papers on selected topics

11. Saha PK, Karstensen KH (2015) Report on co-processing potential in cement, steel and power
sector in India, submitted to CPCB under CPCB-SINTEF phase I co-processing project, SIN-
TEF Building and Infrastructure, Report no. SBF2015F0049

12. Planning Commission (2014) Report of the task force on waste to energy (volume 1)—in the
context of integrated MSW management, May 2014

13. CPCB (2015) Consolidated annual review report on implementation of Municipal solid wastes
(Management and handling) rules, 2000, Annual review report: 2013–14

14. MoUD (2016) Municipal solid waste management manual, prepared by Central Public Health
and Environmental Engineering Organisation (CPHEEO) in association with GIZ

http://www.wbcsdcement.org/pdf/GNR%20dox.pdf
http://mnre.gov.in/schemes/grid-connected/biomass-powercogen/


Co-processing of Alternative Fuels and Resources … 29

15. WBCSDCSI (2013) Technology roadmap- low-carbon technology for the Indian cement indus-
try, a report jointly prepared with IEA. http://www.wbcsdcement.org/index.php/technology/
india-roadmap

16. Karstensen KH, Saha PK (2015) Report on potential for reduction of CO2 emissions in
cement, steel and power sectors in India. Submitted to CPCB under CPCB-SINTEF Phase
I Co-processing Project, SINTEF Building and Infrastructure, Report no. SBF2015F0048

17. Karstensen KH, Parlikar UV, Ahuja D, Sharma S, Chakraborty MA, Maurya HP, Mallik M,
Gupta PK, Kamyotra JS, Bala SS, Kapadia BV (2014) Destruction of concentrated chloroflu-
orocarbons in India demonstrates an effective option to simultaneously curb climate change
and ozone depletion. Environ Sci Policy 38:237–244

http://www.wbcsdcement.org/index.php/technology/india-roadmap


Experiences on AFR Journey in India
in Last 10 Years: Conceptualization
to Present Day Scenario

Milind Murumkar

1 The Back Ground

There had been remarkable changes in the last 10 years on the subject ofAFR in India.
The thermal substitution has shown a very positive trend year-on-year, though at a
very slow pace earlier and picking up later in the last 2–3 years to a level of around
4%. The basic reasons for this can be broadly assigned to the lack of knowledge
on AFR usage in Indian cement industry in early years, especially on the usage of
industrial waste, lack of skilled persons for handling and usage of industrial wastes,
lack of proper infrastructure for storage and feeding of AFR materials to cement
kilns, lack of proper understanding on the permitting process in regulatory bodies
and above all the WILL to receive and use the waste materials in cement plants.

In the last 2 years, a remarkable transformation has been noticed on all the above
aspectswith dramatic changes in themindset of regulatory bodies, the plant operating
professionals and also in the waste generators who are shifting to co-processing as a
better option over landfilling and incineration as it provides a cost-effective option
to them. In April 2016, with the revised MOEF rules that incorporates co-processing
as the better option for the recovery of energy, the scenario is changing fast towards
higher utilization of different types of wastes in cement kilns.

Cement plants also have made proper investments to improve their infrastructure
that can help in scientific disposal of industrial waste in the plants in a sustainable
manner, for proper handling, storage and feeding of different types of wastes at
appropriate points in the kiln system without affecting the product quality and the
environment. In short, the cement plants are focusing on the higher usage of all types
of waste and reduce their dependency on the conventional fuels and raw materials.
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2 The Technological Process

Co-processing is a proven sustainable development concept that reduces dependency
on natural resources, reduces pollution and landfill space, thus contributing to reduc-
ing the environmental footprint.

Co-processing is also based on the principles of industrial ecology, which consid-
ers the best features of the flow of information, materials, and energy of biological
ecosystems, with the aim of improving the exchange of these essential resources in
the industrial world. Waste materials used for co-processing are referred to as alter-
native fuels and raw materials (AFR). AFR can be used alone also as fuel in cement
kilns. A proper understanding of the processes, raw material characteristics and the
waste compositions are the key factors that need to be assessed before the use of
AFR in a particular kiln system.

Themain challenges faced by any cement industry in use of AFR can be broadly
classified as follows:

(a) Management commitment: Management’sWILL to use and improve the AFR
utilization in its plants. Creating suitable environment and commitments in their
people to achieve the targeted short- and long-term plans. Initially, none of the
plants will be willing to bring and use the waste from other industries in their
plant, which is smelly, difficult to handle, store and use. Management needs
to build and develop the infrastructure in a manner that it can use all types of
industrial wastes like solids, semisolids and liquid waste in their plant.

(b) Skill development and Infrastructure: AFR utilization requires special skills
in their cement plant engineers who need to be properly trained to understand
the waste characteristics, their raw material and fuel characteristics and the
point of dosage in their kiln. While using higher quantities of wastes in their
system, process stabilities are maintained, otherwise, it may affect the quality of
product and the production levels. A cement plant has to know its raw material
composition and fuel composition to decide on the types of waste that can be
used in their system and accordingly decide on the feeding points of different
types of waste that need to be co-processed.

(c) Regulatory requirements: There are specific rules and guidelines for haz-
ardous waste during transportation, storage and usage, and the cement plants
have to comply with them while using hazardous materials in their plant. The
equipments and storage area . need to be selected based on the availability of
waste and the plans for next 10–15 years. It is better to have a proper market data
mapping and have long-term agreements with the waste generators for building
trust and confidence in them.

(d) Understanding the waste and waste generators: It is necessary to understand
the pain points of the waste generating industry and work on providing total
solution formanaging theirwaste in an environmental friendlymanner. Business
success depends on having a good win–win model between the cement plant
and the waste generating industry. Waste generators need total solution for their
different wastes generated and the success in utilization of different types of
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waste in cement plant lies in having co-processing ability for providing total
solution to the generating industry.

3 One Standing Example on AFR Usage Improvement
in India

Understanding the above main factors that led to improvement in the usage of AFR
in VICAT IN INDIA will help the other Indian cement industries to have an intro-
spection of their processes and their preparedness for improving the AFR utilization
in their plants.

VICAT IN INDIA is a part of Vicat group, which is an international cement com-
pany with expertise acquired through more than 160 years of research, discoveries
and participation in countless construction projects all over the world. It operates
two plants in India as Kalburgi cement plant and Bharathi cement plants, with an
annual capacity of around 8 million tons, to produce superior quality cement since
2009. Since the inception, the focus was on utilization of AFR material in both the
plants and presently we could achieve thermal substitution rate of around 20% for
VICAT IN INDIA.

Vicat In India’s journey started with substitution rate of around 4% in 2012 and
in last 5 years it reached a level of 20%. The initial startup was on utilization of
easy to use AF materials like biomass, segregated non-recyclable plastic waste,
etc. Presently, we are proud to say that we can co-process different types of waste
like industrial wastes (Hazardous and Non-Hazardous), tyre-derived waste, plastics-
derived waste, derived waste from MSW segregation process, animal waste, waste
from windmill sources, etc. We offer cradle to grave solution for different sectors
like Pharma Industries, FMCG industries, Tyre industries, Municipal corporations
for segregated MSW, food and beverage industries, etc.

4 Need for Proper Clarity in Understanding Waste

As discussed earlier also, a cement plant having this high-temperature profile system
can practically co-process all types of wastes, without having any impact on product
quality and environment. Focus and care must be taken by the cement plants during
the selection of wastes, selection of equipments and selection and deployment of
trained people for co-processing of any type of waste. Cement plants you know spend
huge capex for creating proper blending and processing of coal and raw material in
the form of stacker reclaimer, blending, storage silos, etc. Similarly, to achieve a
higher TSR rate, it is advisable to have a proper preprocessing facility for blending
different types of waste and prepare a recipe that is compatible to the raw material
and fuel used in their plants.
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5 Alignment with Community

A cement plant can certainly help the community around its plant to source agricul-
tural waste, sorted MSW, etc., that can help in the creation of employment and earn
goodwill of the community. The acceptance by the community for waste manage-
ment is an important aspect for its success. Cement plants can certainly support the
community around their plants by forming small groups for agricultural waste col-
lection, MSW collection sorting, shredding and supply to the plant in such a way that
this low-cost model should help the cement plants in gaining community acceptance
and boost their CSR initiatives.

6 The Challenges

The challenges during utilization of hazardous waste are enormous as it is very
necessary to have a proper input fromwaste generators about thewaste characteristics
and a proper MSDS to understand the precautions needed during transportation
storage handling and usage of different wastes. Manpower is also required to be
properly trained for the handling of these wastes in the plant and provided with
required personal protection equipment, etc. Proper displays of various hazards need
to be displayed in the local language at the work site. Once the waste quality and its
hazards are known to the operating persons the safety aspect gets addressed well.

Our legislation is quite well defined and is in line to the developed countries a lot
of work has gone in this field and regular up gradation in the policy framework and
user-friendly rules and guidelines are made available by theMinistry of environment
and central as well as state pollution boards.

Contrary to the earlier days, now the approval process is quite fast and adequate
authorities have been given to the state and local pollution board authorities for
addressing the issues and grant timely approvals. Due to this, the time lag gets
drastically reduced and the process gets simplified for granting the permit.

7 Swatch Bharat an Initiative that Can Boost the AF
Utilization

Large quantities of MSW are available in India in every state and in every city and
can be used in cement plants if proper segregated MSW as RDF is made available to
them. The basic difficulty is the quality of RDF that is being generated at the RDF
plants. The RDF produced from MSW in these plants is highly heterogeneous with
moisture to the tune of 30–40%, which creates problems of conveying and usage
in cement plants. The problems of these RDF plants are the input MSW material
received by them and they have no controls on these receipts. Some cement plants
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have created facilities for usage of RDF by investing in conveying systems like
pneumatic or mechanical and yet the usage is very low due to high moisture and the
heterogeneity of material. The RDF producing plants are trying to develop systems
for improving the quality to some extent but largely no concrete steps are being taken
by municipalities for improving the quality of RDF going to cement plants.

As indicated above and as indicated in the CII approach paper, India can achieve
25% TSR by 2025. In comparison to global standards we are far behind as in many
countries the substitution is 60–100% also. The main differentiator is the waste
characteristics and the lack of support by the required agencies for generating a good
segregated quality waste. This long-term plan of achieving 25% substitution rate is
as it is very challenging.



New Approaches for Solid Waste
Management to Maximize Organic Waste
Reutilization

Serpil Guran, Ronald MersÝky, David Specca
and Margaret Brennan-Tonetta

1 Introduction

The world population is estimated to reach to 9.7 B by 2050 [1] and this growth in
population will bring increased demand for energy, water, and food resources. The
demand for food, in particular, is expected to increase on average by 70% by 2050
[2]. Increased population will also dramatically increase waste generation and the
systems needed to manage it .

1.1 Food/Organic Waste Generation

In the US, about 40% of food produced goes unused [3]. As a result, the equivalent
of $165 B in food costs are wasted each year, as well as 25% of all freshwater
and a proportional amount of chemicals, energy, and land that is used in the food
production process [3, 4]. The majority of waste food ends up in landfills where
organic matter accounts for 16% of USmethane emissions [3, 4]. In addition, getting
food to the table consumes 10% of our energy and 80% of the freshwater in the US [5,
6]. Making current organic waste disposal practices cleaner and more efficient can

S. Guran (B) · D. Specca
Rutgers Eco Complex “Clean Energy Innovation Center”, Rutgers,
The State University of New Jersey, Bordentown, USA
e-mail: sg795@njaes.rutgers.edu

R. MersÝky
Widener University, Chester, PA, USA

M. Brennan-Tonetta
Rutgers University, The State University of New Jersey, New Brunswick, USA

© Springer Nature Singapore Pte Ltd. 2019
S. K. Ghosh (ed.), Waste Valorisation and Recycling,
https://doi.org/10.1007/978-981-13-2784-1_4

37

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-2784-1_4&domain=pdf
mailto:sg795@njaes.rutgers.edu
https://doi.org/10.1007/978-981-13-2784-1_4


38 S. Guran et al.

reduce not only carbon emissions, but also help displace water intense fossil-based
energy generation.

1.2 State of Landfills

Waste tonnages disposed in landfills have declined in recent years, first due to the
downturn in the economy between 2009 and 2013, and later with the demand for
further reductions in waste directed to landfills. Changes in economic and social
norms favor more holistic approaches to current solid waste management practices,
particularly in regards to organic wastes that have perceived value for reuse as com-
post/soil amendment materials. Despite concentrated efforts to manage waste by
reusing, reducing, and recycling, landfilling remains the most predominant (and
cost-effective) solid waste management method in the US. Although the number of
landfills declined from 2500 to 1900 between 1995 and 2012, [7, 8] total landfill
capacities are much larger to take advantage of economies of scale. Landfills cur-
rently accept mixed waste, which includes waste paper, food waste, manure, yard
trimmings, wood, textiles, plastic, metals, glass, rubber, and leather. Approximately,
30% of landfilled waste is considered organic waste. Organic waste discarded into
landfills decomposes at various rates with the more putrescible organic materials,
like food waste, producing landfill gas (LFG) very quickly. Landfill gas that is col-
lected is either flared or utilized for clean energy production, including; electricity,
heat, and transportation fuel. Currently, there are 503 landfills nationwide that are
utilizing LFG for energy production. An additional estimate of 545 landfills could
incorporate energy production, but this has yet to be implemented [9]. Landfills are
estimated to be the third largest source of anthropogenic methane emissions in the
US, because of fugitive emissions and other emissions generated prior to cell closure
and gas collection system installation [10, 11]. Current landfill designs and opera-
tional practices are generally not capable of collecting the majority of LFG that is
quickly generated from these highly putrescible wastes. Hence, there is a growing
interest in diverting organics, particularly highly putrescible foodwastes, out of land-
fills to utilize them more efficiently for clean energy production and for compost.
Currently, 23 states either ban certain organics, including leaves and grass clippings,
or specifically enforce food waste disposal bans at landfills [7, 12]. In addition, large
cities such as San Francisco, Seattle, Austin, and Portland have banned food waste
disposal at landfills. These bans are expected to become more widespread nationally
which raises an important question to be addressed: Is direct landfilling a relevant
solution for futuremanagement of organicwastes? If not, howcanwastemanagement
practices be optimized?

The use of waste for energy and nutrient recovery can result in both avoided
emissions and increased revenue [13]. If both recoveries are performed together, the
environmental and economic benefits can increase [13, 14]. In landfills, organicmate-
rial residuals/nutrient is not recovered for beneficial reuse primarily due to the cost
and difficulty of separating impurities frommixedMSWprior to disposal. Industrial-
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scale composting of organic waste does not deliver efficient solutions either, since
the aerobic decomposition of the organic waste is not suitable for gas recovery. In
addition, the composting process often creates significant odor problems resulting in
complaints from the surrounding communities. Sending food waste to animal feed-
ing and large-scale industrial composting applications has also been proven to be
inefficient approaches.

1.3 Transitioning Traditional Linear Waste Disposal
into “Closed-Loop Resource Recovery”

Neither landfilling nor industrial composting provide optimal reutilization of organic
waste, and neither can achieve both energy and nutrient recovery in one process from
organic waste. Therefore, there needs to be a transition from the current “Traditional
Linear Waste Disposal” approach (Fig. 1) to a “Closed-Loop Resource Recovery”
approach (Fig. 2) to achieve sustainability and resiliency. An alternative to direct
landfilling and/or composting of organic waste is anaerobic digestion (AD) of the
biodegradable organic fraction of MSW. AD is an excellent example of the closed-
loop process and is considered to be a better solution for converting organicwaste into
clean energy. It also produces compost-based byproducts, thus extracting the maxi-
mum benefits from organic wastes [15, 16]. Closed-loop reutilization approaches can
position organic waste as a valuable resource for energy generation, nutrient recov-
ery, and reduced water consumption. In addition, anaerobic digestion will reduce
GHG emissions. This is a very important feature of the AD process since research
shows that landfills emit 16% of US methane emissions and manure management is
responsible for about 10% of US methane emissions [17].

Fig. 1 Linear waste disposal and utilization



40 S. Guran et al.

Fig. 2 Closed-loop resource recovery

1.4 Overview of Anaerobic Digestion Systems

Organic waste AD is an existing, well-known, and long practiced waste manage-
ment and clean energy production technology in Europe, and has received increased
attention in the United States. AD technology is an efficient, controlled, and totally
enclosed system that breaks down the organic feedstock in the absence of oxygen.AD
technology serves as one of the best pathways for treating organic materials because
it results in better resource utilization than landfilling or aerobic composting [15].
Thesewastematerials include foodwaste, yardwaste, farmwaste (agricultural waste,
dairy poultry, and equine manure), biomass treatment byproducts, fats, and oils and
wastewater. Biogas, produced from the AD process, can be utilized as a renewable
energy source to generate electricity or heat alone or in a combined heat and power
form (CHP). Biogas can also be processed into compressed natural gas (CNG) or
liquefied natural gas (LNG) for transportation applications to displace fossil fuels
after being pre-treated (Fig. 3). In addition, the biosolids and liquid digestate, which
are byproducts of AD, can be utilized as fertilizers and soil amendments, thereby
displacing fossil-based fertilizers and improving soil quality [16].

The conversion of organic waste to biogas is accomplished through four stages of
biochemical reactions, which are known as hydrolysis, acidogenesis, acetagenesis,
and methanogenesis [15, 17].

(1) Hydrolysis: The first stage of AD breaks down the organic waste feedstock into
its components. In this stage, the following conversion reactions occur:
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Fig. 3 a Co-locating digesters at landfills. b Co-locating digesters at dairy farms

1. Lipids→Fatty Acids
2. Polysaccharides→Monosaccharides
3. Protein→Amino Acids.



42 S. Guran et al.

These reactions are catalyzed by enzymes excreted by bacteria such as cellulase,
protease, and lipase [18]. If the biomass polymer is complex, the hydrolysis
phase occurs slowly. Therefore, high lignin-containing biomass such as woody
waste, is not a feasible feedstock for AD conversion. Carbohydrates, however,
can be converted easily to simple sugars [15]. The chemical formula of an
organic waste mixture can be presented as C6H10O4 and the hydrolysis stage
can convert the mixed organic waste into simple sugars [18].

C6H10O4 + 2H2O → C6H12O6 + 2H2

(2) Acidogenesis: During this stage, acid-forming reactions occur and products
of hydrolysis are converted into primarily short chain acids such as lactic,
formic, propionic, butyric, or succinic acids. In addition, ketones and alcohols
are formed.

(3) Acetagenesis: This stage converts long fatty acids formed from the hydrolysis
of lipids to acetate through carbohydrate fermentation. CO2 and H2 are also
produced at this stage. The role of hydrogen as an intermediary is of critical
importance to AD reactions in this stage.

(4) Methanogenesis: During this stage, methane is produced. This reaction is very
sensitive to pH changes. Optimum pH levels are neutral to slightly alkaline and
if the pH level becomes too acidic, essential microorganisms cannot survive and
carry out the desired reactions [18, 19].

Currently, researchers are debating whether fermentation of carbohydrates to
methane leads the loss of 1/3 of carbon as CO2 [20].

C6H12O6 → 2C2H5OH + 2CO2

C6H12O6 → 3CH4 + 3CO2

Emerging research is considering the production of organic acids that are reduced
electrochemically [20]. These chemicals can serve as intermediaries for the chemical
industry to produce specialty chemicals and fuels to displace fossil-based counter-
parts. When the alternative three-stage AD approach is fully proven and demon-
strated, having organic waste AD infrastructure in place will help to accelerate uti-
lization of this new innovation.

C6H12O6 → 3C2H4O2

C2H4O2 + 2e− + H+ → C2H5OH + H2O

1.5 Choosing Locations for Anaerobic Digesters

AD facilities are currently being planned throughout the US to divert organic waste
from landfills and to produce biogas and compost-based materials as stand-alone
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facilities. However, identifying a location that is logistically and technically suit-
able is difficult due to the high costs for infrastructure development; issues with
securing clean organic waste; power generation system installation difficulties; and
location-based permitting constraints. Stand-alone digesters have additional con-
straints since in-vessel AD, systems can only accept clean and preprocessed waste
and the remaining digestate requires an aerobic composting step, adding to the equip-
ment requirements and operational costs. As an alternative to developing stand-alone
AD facilities, locating AD facilities at existing landfills should be considered as a
sustainable option. Landfills are an important component of solid waste manage-
ment systems and can serve as excellent locations to host AD facilities, since they
have existing waste delivery andmanagement infrastructure and permits. In addition,
landfills that have an installed biogas-to-energy system can easily convert AD gener-
ated biogas utilizing the existing infrastructure without the need to install additional
power generation capabilities, as would be the case with stand-alone AD systems
(Fig. 3a, b). In addition, dairy farms and wastewater treatment facilities are good
alternative sites for co-locating AD digesters.

Solid waste management systems (SWMSs) must proactively adapt to changing
social norms, policy requirements, waste composition, and evolving energy sys-
tems to sustainably manage solid waste in the future [21]. If organic waste treatment
options for food and other organic waste to energy applications are demonstrated and
assessed systematically with FEW impacts in mind, along with social and economic
cost–benefit analyses, then comprehensive data can be provided to landfill, county,
municipal, and state decision makers. Overall, SWMS managers would understand
the importance, benefits, and risks of available options leading to more informed and
sound decision-making. The proposed approach, which includes a detailed imple-
mentation plan, can help inform near-term decision-making for sustainable closed-
loop resource recovery and economic development. In addition, having a working
AD infrastructure in place, demonstrating the value of organic waste for clean energy
and bio-based fertilizer generation while reducing GHG emissions, will provide a
very clear and easily understood educational opportunity for researchers and decision
makers at the local, regional, and national levels.

2 Conclusions

There is an emerging need to find new approaches for solid waste management
to maximize organic waste reutilization with the increased population and increased
demand for food. In order to achieve energy and nutrient recovery at the same time to
form organic waste, landfills can transform their operations for tomorrow’s greener,
cleaner, and more profitable operations. By hosting anaerobic digesters, landfills can
increase their profitability, reduce carbon footprint, and avoid emerging trends of
diverting organic wastes from landfills. Landfills can be part of this new approach
and support creation of new innovative business plans and can play an essential role
in policy-making.
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Production of Ethanol from Municipal
Solid Waste of India and Nepal

B. Thapa, S. K. Patidar, N. R. Khatiwada, A. K. KC
and A. Ghimire

1 Introduction

Human society cannot avoid the production of waste/used materials. With ample
area disposal of the waste and used materials was easy as the generated waste/used
materials were less. In Nepal, the per capita generation rate of waste varies from 0.2
to 0.28 kg/p/d and the biodegradable composition holds the share from 50.0 to 65.1%
of total solid waste generated [1]. As per the study conducted by Engineering Study
and Research Centre Pvt. Ltd. in 2017 [7], the average per capita household waste
generation was found to be 0.115 kg/pe.d. However, based on economic status and
geographic location, the generation ranged from 0.88 to 0.4 kg/household/day.

Similarly, in India, the per capita waste generation is 0.37 kg/person/day [4]. As
per the study conducted by Sharholy et al. in 2008 [18], approximately 40–60% of
MSW of India consists of organic fraction, 30–40% of ash and fine earth, 3–6% of
paper, and others.
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Since the generation of solid waste/used materials has increased significantly, and
resources being limited, the increasing pollution level and increasing awareness and
understanding of environmental problems among public have increased concerns
about the necessity of other treatment options rather than land disposal. Compost-
ing, incinerating, and production of different biofuels are some of the treatment
options that are gaining importance nowadays. The selection is based on technical,
economical, and social factors.

The ever-increasing prices of fuels have led to energy crises in both developing
and developed countries that are oil dependent [3]. By April, 2012, Nepal had 10
petroleum price hikes since early 2011 [8]. Similar was the case in India with regular
hike in petroleum price. This has generated interest in alternative fuels. Bioethanol is
one of them. Environmental and economical advantages for long term are the reason
for using ethanol as fuel or additive to existing fuels. Studies show that using E10
(10% ethanol and 90% gasoline) does not need engine modification to the existing
engines of vehicles. (Cardona et al. 2010; Mousdale 2008 as cited in [2]).

This is used as an alternative to gasoline. This has higher oxygen content, reduced
CO emission, and higher octane number than gasoline. Hence, this can be used as
oxygenate additive rather than methyl t-butyl ether (MTBE), which is found to be
responsible for groundwater and soil contamination. With the increasing demand of
ethanol as fuel, it is gaining popularity as one of the important renewable fuels based
on its usage volume and market value [21].

One of the cheapest sources of bioethanol production is to use lignocellulosic
materials like crop residues, grasses, sawdust, wooden chips, and solid waste. Con-
version to bioethanol can be the linking chain between these two to solve the prob-
lem by managing the solid waste to produce cleaner biofuel. Municipal solid waste
(MSW) can be an attractive cellulosic resource for production of bioethanol because
of it’s necessity of managment, easy availability and cost. However, solid wastes
are not homogeneous and possible toxic content in them can be problematic in the
conversion of waste to ethanol and to other products [20, 19].

The main focus of this study was to produce ethanol from food waste. The spe-
cific objectives of this research were to optimize the parameters (factors), namely,
temperature and acid concentration for hydrolysis of the selected municipal wastes,
to obtain the kinetics of ethanol formation, and to calculate the theoretical ethanol
potential of Kathmandu Metropolitan City and Delhi.

2 Methodology

2.1 Solid Waste

Kitchen waste was collected from five houses of Beta colony, Greater Noida, UP
for 3 days. The waste was sorted and the organic portion of the waste was sun dried
for 3 days and then crushed into fine particles. All the waste was mixed thoroughly.
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The sample was put in an airtight container and stored at 4 °C for further analysis.
Characterization was limited to analysis of moisture (using [5, 6]), carbohydrate
(using anthrone method), and ash content (using [14] of the sample).

2.2 Microorganisms

Saccharomyces cerevisiae was used as the microorganism for fermentation process
as it can resist fermentation media up to 20% [22]. It was brought from Indian
Agricultural Research Institute, New Delhi. The stock culture was maintained on
potato dextrose agar (PDA) medium and inoculation was done using potato dextrose
broth (PDB).

300 g of sliced potato was boiled in 1 liter distilled water for 30 min. After that, it
was filtered using a cloth. The volume of that filtrate wasmade 1 L by adding distilled
water. It was distributed in four conical flasks: two for preparing PDA medium and
two for preparing PDB. For PDA, 5 g dextrose and 5 g agar was added andwas boiled
until the agar melts. Then, it was autoclaved for 15 min. For PDB, 5 g dextrose was
autoclaved for 15 min. It was adjusted to 150 rpm in Caltan incubator shaker.

2.3 Hydrolysis

Acid hydrolysis was chosen as this process is faster, less energy consuming, and
higher yield of reducing sugars [9]. Hydrolysis using concentrated acid results in
corrosion [16], and hence dilute acid was used in our research. Hence, dilute-acid
hydrolysis was chosen for hydrolysis process. For hydrolysis study, different com-
binations of temperature and acid concentrations were used varying from 1100 to
1500 °C and 0 to 10% sulphuric acid. Duplicate samples were prepared for every
combination. 10 g of sample was dissolved in distilled water and conc. sulfuric acid
to make the solution of 100 ml. Conical flask of 250 ml capacity was used for this.
Acid and distilled water were added so as to make it to the concentration of 0, 2.5,
5, 7.5, and 10%. The different temperatures of 110, 120, 135, and 150 °C were used.
The conical flask was covered with aluminum foil and was put into autoclave for 1 h.
The reducing sugar was then analyzed. Each day, 10 samples of 5 different concen-
trations of acid were autoclaved for 1 h. After autoclaving, the samples were tested
for reducing sugar using DNS method.
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2.4 Fermentation

The combination with the maximum reducing sugar yield was used for studying fer-
mentation. The product was analyzed for ethanol production analysis [24]. Further,
fermentation was carried out to analyze the biomass growth [13] with varying sub-
strate concentration. This was done in BioAge fermenter (model Bio-spin O3 A) of
3 l capacity. Temperature and pH were set to 3 °C and 4.5, respectively. The sample
usedwas 10%w/v and inoculumswere 2%w/v. The process was run for 5 days. Each
day 30 ml sample would be taken out of the fermenter for analysis. Single readings
of ethanol concentration and biomass concentration were taken during fermentation
process each day.

2.5 Kinetic Models

The biomass growth is assumed to have depended on the concentration of cellulose.
The biomass growth is assumed to follow Monod kinetic model that is given by

μ � μmax
S

Ks + S

where

S Substrate concentration (g/l)
Ks Half velocity constant (g/l)
μmax Maximum specific growth rate (/h).

The kinetics of ethanol formation was checked for Luedeking–Piret equation
described in literature review.

dP

dt
� α

dX

dt
+ βX

whereα and β are Luedeking–Piret equation parameters for growth- and nongrowth-
associated product formation, respectively.

2.6 Instruments and Equipment Used

Following equipment were used for the analysis:
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Instruments/equipment Make and model

Spectrophotometer Shimazdu UV1800

Incubator shaker Caltan NSW 159

Centrifuge Eppendorf centrifuge 5804 R

Furnace Tonco Muffle furnace

Fermenter BioAge Bio-spin 03A

Vacuum oven Biogen

Autoclave Thermotech Th-043

3 Results and Discussion

3.1 Characteristics of Sample

As per the analysis carried out, the moisture content was 67.9% of total weight.
The carbohydrate content of the sample was found out to be 72.62% of dry weight,
whereas the ash content was 8.83% of the dry weight. Others constitute 18.55%. The
composition of 72.62% total carbohydrate shows the enormous potential for ethanol
conversion.

3.2 Hydrolysis Results

3.2.1 Temperature Versus Sugar Yield

Based on the results obtained, for 0, 2.5, and 5% acid, sugar yield was found to be
increasing with rise in temperature. For 7.5 and 10% acid concentration, the reducing
sugar yield increases up to 135 °C which decreases as the temperature was raised to
150 °C as shown in Fig. 1.

3.2.2 Acid Concentration Versus Sugar Yield

The glucose yield is increased with the increase in acid concentration for 110 and
120 °C. However, after 7.5% concentration, the yield is decreased (Fig. 2).

The optimum condition for maximum reduction in sugar yield was obtained at
7.5% acid concentration at 135 °C yielding 32.636 g/100 g dry weight.
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Fig. 1 Reducing sugar yield
versus temperature
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Fig. 2 Glucose yield versus
acid concentration
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3.3 Fermentation Results

The fermentation was carried out for 5 days as adopted by Manikandan and Virtha-
giri [13]. As shown in Figs. 3 and 4, the concentration of biomass and ethanol
were increasing logarithmically. The maximum ethanol concentration reached was
13.78 g/l, whereas the maximum biomass concentration on fifth day was 5.99 g/l.
The rate of biomass concentration and ethanol formation was maximum on second
day, which increased from 1.22 to 1.81 g/l.d and 3.87 to 3.91 g/l.d, respectively, as
shown in Figs. 5 and 6. The rate decreased as the days progressed (Fig. 7).
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Fig. 3 Biomass
concentration
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Fig. 4 Ethanol formation

0 

2 

4 

6 

8 

10

12

14

16

0 1 2 3 4 5 

Et
ha

no
l C

on
ce

nt
ra

tio
n 

(g
/l

)

Time (d)

Fig. 5 Rate of biomass
formation
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Fig. 6 Rate of ethanol
formation
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Fig. 7 Specific growth rate
versus substrate
concentration
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3.4 Kinetics of Fermentation

3.4.1 Monod Equation

The Monod equation was found to fit the experimental data obtained. As shown in
Fig. 8, the graph between 1/S and 1/µ was almost linear. From those graphs, values
of Ks were found to be 26.19 g/l and µmax was 0.08 h−1. The value of Ks was similar
to previous studies; however, the value of maximum specific growth rate is lower
than that obtained in Manikandan and Virthagiri [13] and Saravanan et al. [17].

3.4.2 Luedeking–Piret Model

From Fig. 9, we can see that the values of α and β are 2.583 and 0.031, respectively.
The high value of α in this experiment implies that the production of ethanol is

growth associated and depends on growth rate of biomass.
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Fig. 8 1/µ versus 1/S graph

10

15

20

25

30

0 0.02 0.04 0.06

1/
μ

1/S

Fig. 9 Specific yield versus
specific growth rate y = 2.583x + 0.031
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3.5 Ethanol Potential

Since the total waste generation data of whole country was not available, the ethanol
potential calculation was limited to the capital cities of Nepal and India.

3.5.1 Ethanol Potential for Kathmandu Metropolitan City (KMC)

Asper the study conducted byCDIA, 2009 [10] andThapa et al. [23], the composition
of organic fraction being generated and disposed at landfill site of Nepal is 63.22%.
The total solid waste generated at KMC being 378.6 tons.

Total organic waste content (ton/day)�0.632×378.6�239.27,
Assuming moisture content of 67.9%,
Total dry weight (ton/day)�0.321×239.27�76.80,
Ethanol generation (ton/d) (13.78 g/100 g)�0.1378×76.80�10.58,
Total ethanol generated (L/d)�10,580/0.789�13,414, and
Based on this study, 1 ton of MSW can generate 35.4 L of ethanol.
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3.5.2 Ethanol Potential for Delhi

As per the study conducted by Annepu [4], Delhi alone is producing 11,558 tons of
waste per day with the composition of organic waste and degradable being 50.89%.

Total organic waste content (ton/day)�0.5089×11,558�5881.87,
Assuming moisture content of 67.9%,
Total dry weight (ton/d)�0.321×5881.87�1888.08,
Ethanol generation (ton/d) (13.78 g/100 g)�0.1378×1888.08�260.17,
Total ethanol generated (L/d)�260,177/0.789�329,756.42, and
Based on this study, 1 ton of wet waste generates 28.53 L of ethanol.

3.6 Discussion

With the increase in temperature and acid concentration, the breakdown of carbohy-
drate (starch) and cellulose increases. Hence, with increase in acid concentration and
temperature, the reducing sugar yield was found to increase. However, the reducing
sugar yield was found to decrease at higher temperature. The decrease in reducing
sugar yield at higher temperature can be described as the effect of saturation of
reducing sugar especially glucose [12]. As the temperature is increased, the break-
down of carbohydrate especially glucan occurs with increasing temperature. It can
be concluded that the reducing sugar yield is basically the function of temperature.

The ethanol produced in our study was 13.7 g/100 g of dry waste. This is very less
in comparison to the similar study conducted byKimet al [11] for foodwaste in South
Korea. They had done enzyme hydrolysis using carbohydrase and cellulose. One
possible reason may be that acid hydrolysis yields less reducing sugar than enzyme
hydrolysis leading to less ethanol yield. The reducing sugar yield increases as the acid
concentration increases. Furfunal can be produced at higher acid concentration and/or
higher temperature, which can inhibit fermentation and is toxic to microorganisms
which can reduce the ethanol production [15].

Similarly, the maximum specific growth rate in Monod equation is relatively less
than obtained by Manikandan and Virthagiri [13] and Saravanan et al. [17]. The
possible reasons may be, as described above, the presence of inhibitory chemicals
and the presence of some dead cells accounted in biomass concentration which is
not calculated in our study.

Similarly, as expected, the rate of biomass and ethanol formation was not max-
imum on first day, as the yeast needs some time to acclimatize. However, on later
days, the rate of biomass and ethanol formation decreased because of decrease in
the amount of substrate and increasing amount of product which acts as inhibitory
agent.

The ethanol potential of two cities calculated was based on the literature review
and results obtained in this study only. The ethanol potential can be even more than
the result obtained as only acid hydrolysis was conducted and the results obtained in
this study are relatively lower than that obtained in other studies.
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4 Conclusion

Ethanol production from organic solid waste can provide a sustainable solution to
management of solidwaste. The paper investigated the optimal conditions for ethanol
production using MSW. During the acid hydrolysis, the sugar yield revealed to be a
function of temperature. The sugar yield increases with increase in temperature for
low acid concentration and low temperature, and decreases at higher temperature.
The optimum condition for acid hydrolysis was found to be 135 °C at 7.5% acid
concentration. Waste sample with total carbohydrate of 72.62 g/ 100 g sample gave
maximum reducing sugar yield of 32.63 g/100 g sample. Ethanol can be produced
efficiently by controlled fermentation techniques from MSW using S. cerevisiae.
Fermentation produced 13.78 g of ethanol per 100 g of sample. Monad equation
and Luedeking–Piret model of product formation fit the experimental data very well.
For, Monod equation, the half velocity constant and maximum specific growth rate
were found to be 26.19 g/l and 0.08 h−1, respectively. For Luedeking–Piret model
of product formation, the values of α and β were found out to be 2.583 and 0.031,
respectively.
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Studies on Increasing Specific Calorific
Value of Producer Gas
in Auto-gasification of Wooden Pallets
by Steam Injection

G. Prabakaran, S. Mathiyazhagan, C. V. Dinesh Kumar,
N. Gunaseelan and V. Kirubakaran

1 Introduction

Among renewable energy sources, biomass is one of the most important energy
sources of the future. The sustainable power generation from the renewable energy
sources is getting more attention from the world. The biomass plays important role
in rural areas. The 70% of the population in India is getting 32% of primary energy
from biomass only. So the biomass is a very important fuel for those peoples and also
a good fuel for gasification. The biomass is most alternative fuel because it is widely
spread and naturally available. Biomass gasification is one of the most promising
technologies, which can help in developing the future energy systems, which can be
efficient and environmentally friendly.

The solid biomass is of different types of wood, straw, municipal refuse, etc.
But wood has more energy content compared to other biomass. Gasification is a
thermochemical process of converting carbon materials into gaseous products using
a gasifier with a gasifying medium such as air, oxygen, and steam either alone or
mixture. The main combustible component in the gas is H2, Co, and CH4 and small
amount of hydrocarbon (such as C2H4 and C2H6).

According to the Knoef’s report (2000), the majority of biomass gasifiers used in
the world are downdraft fixed bed gasification (DFBG) type (75%) and fluidized bed
system (20%). In the DFBG, the thermochemical reaction stages can be represented
in four stages—drying, pyrolysis, oxidization, and reduction, respectively.

The wood is the most available fuel and is a perfect fuel for gasification pro-
cess. The theoretical air requirement for combustion process of wood was calcu-
lated. This will help to achieve an auto-gasification process. Auto-gasification can be
explained as thermochemical conversion of solid combustible matter in the biomass
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into gaseous fuel by the bio-oxygen and catalytic ash. Bio-oxygen is the oxygen
available in the biomass.

2 Literature Review

Sharma [1] reported that CO and H2 components of PG and the calorific value are
sensitive to reaction temperature. By kinetic modeling, it was found that complete
char conversion takes place at a critical reaction temperature of 950 K and critical
char bed length of 25 cm. The results obtained by modeling were influenced by the
composition of reactants entering the reduction zone and the initial temperature.

As reported byNa et al. [2], the increase of bed height the concentration ofH2, CO,
and CH4 were also increases in the gasification process. However, beyond a certain
value of bed height, the gasification became difficult due to excessive pressure drop
of oxygen.

In general, gasification involves reaction of raw material with air, oxygen, steam
or mixture of them at temperature higher than 700 °C to produce a gaseous product
[3]. The resulting gaseous products have useful heating values, and can be used to
provide heat and power or as a raw material for the synthesis of chemicals, liquid
fuels, or other gaseous fuels [4]. The final product, called the producer gas is a low
or medium calorific value fuel gas, depending on the gasifying medium [5].

Gasification under different gasifying mediums such as air, steam, etc., has been
reported in the literature [6, 7].

In general, gasifying medium determines the calorific value of syngas produced
[8] (Table 1).

Typical gas yield values for wood gasification in a downdraft gasifier are between
2 and 3 Nm3/kg [11].

Hernández et al. [12] carried out experimental work in entrained flow gasifier in
order to evaluate the effect of biomass particle size and the space residence time
on the gasifier performance and the producer gas quality. It has been reported that
as the concentration of all combustible species (CO, H2, and CH4) is increased and
thus increases the heating value of gas when the biomass particle size is reduced.
However, gas yieldwas not affected by the particle size and remained almost constant
for all particle fuel conversions that are greatly improved to the value of 91.4% from
57.5% as particle size is varied from 8 mm to 0.5 mm.

Rapagnà and Latif [13] reported the steam gasification of ground almond shells,
in a continuous, bench-scale fluidized bed reactor in order to evaluate the effects of
particle size and operating temperature on the product yield and distribution. They
reported that the H2, CH4, CO, and CO2 contents were lower for larger particle size
due to the greater heat transfer resistance, and hence the actual temperature inside
the larger particles at which the devolatilization process takes place was found less.

Feng et al. [14] investigated the steam gasification characteristics of char derived
from cyanobacterial blooms (CDCB) in a fixed bed reactor to evaluate the effect of
particle size (<0.15 mm, 0.15–0.3 mm, 0.3–0.45 mm, 0.45–0.9 mm, and 0.9–3 mm)
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Table 1 Types of thermal gasification [9, 10]

Gasifying
agent

Gasification
products

Gas
heating
value
(MJ/m3)

Advantages Disadvantages/limitations

Air CO, CO2, H2, CH4,
N2, and tar

~ 5 • Moderate
tar and
char
content

• Low heating value of gas
• Large number of N2 (>50% by
volume)

• Gas suitable only for boiler and
engine applications

• Gas transportation through
pipeline is difficult

• Gas utilization problem can
arise in combustion,
particularly in gas turbine

Oxygen CO, CO2, H2, CH4,
and tar

~10–12 • Moderate
heating
value of
gas

• Additional cost of providing
and using oxygen

Steam CO, CO2, H2, CH4,
and tar

~15–20 • High
heating
value of
gas

• H2 rich
syngas

• Lower overall efficiency due to
loss of carbon in the second
reactor

• Requires catalytic tar reforming

on gas yield and composition. They found that the gas yield is slightly increased with
an increase in particle size. However, their results indicated that gas compositions
(H2, CO, and CH4) were not affected by particle size and remained almost constant.

3 Materials and Methods

In this process, wood is collected from local and fed to the gasifier. All the woods are
of the same size. The wood characteristics have been analyzed before feeding it into
the gasifier. The characteristics of the wood are tested using a muffle furnace. Then,
the performance of wood has been studied through the following methods/processes:

3.1 Proximate and Ultimate Analysis
3.2 Size of Wood
3.3 Thermal Degradation of Wood
3.4 Thermogravimetric Analysis
3.5 Producer Gas Analyzer
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3.1 Proximate and Ultimate Analysis

3.1.1 Proximate Analysis

Sl. no. Constituent % presented Temperature Initial weight
(g)

Final weight
(g)

1 Moisture 6.98 Max
temperature
120 °C

10 g at 30 °C 9.292 g at
120 °C

2 Volatile
matter

66.67 Max
temperature
400 °C

9.292 g at
120 °C

2.612 g at
400 °C

3 Ash 1.6 Max
temperature
600 °C

2.612 g at
400 °C

0.16 g at
600 °C

The fixed carbon content presented in the wood is 24.55% at 10 g (wood).

3.1.2 Ultimate Analysis

Parameters Carbon Hydrogen Nitrogen Oxygen Sulfur
dioxide

Ash

Symbols C H N O2 SO2 Ash

%
presented

71.18 14.4 0.76 12.1 0.02 1.6

3.2 Size of Wood

The fuel particle size is one of the important parameters affecting the composition,
quality, and final applications of the producer gas. The size of the particle influences
the gas diffusion speed.All thewoods are in rectangle shape only. The result indicated
that the smaller particle size was more advantageous for production of high-quality
gas. With increasing particle size, the gas composition is decreased (Fig. 1).
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3.3 Thermal Degradation of Wooden Pallets

Thermal degradation study was carried out on wood of the same size but different
depth levels like small, medium, and large. The temperature of the different levels
of depth was monitored continuously by using data loggers and through K-type
thermocouples. Also, the surface temperature was monitored. Figure 2 shows the
different depth levels that were measured in wood pallet at the points P1, P2, P3,
and P4. The depth levels are P1�1.5 cm, P2�3.0 cm, and P3�4.5 cm and P4 is
the surface-level temperature.

Thermal degradation study is carried out using muffle furnace. The furnace set
is set to the maximum temperature at 600 °C. From Fig. 3, it is evident that the
maximum temperature reaches more than 600 up to 800 °C. Influence of the particle
size on volatilization zones is different.

Figure 4 shows the muffle furnace with wooden pallets connected in data loggers
through thermocouple wires and the resultant pallets after 600 °C.

3.4 Thermogravimetric Analysis (TGA)

TGAanalysiswas donebymuffle furnace at different temperature ranges. TheTGA is
used to analyze the changes in physical and chemical properties of materials through
the measured weight reduction with respect to time or temperature. The graph shows
the result of TGA analysis (Fig. 5).

Fig. 1 Size of wood
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Fig. 2 Wood layout at different levels

Fig. 3 Thermal degradation of wooden pallets

3.5 Producer Gas Analyzer

This gas analyzer is used to analyze the gasifier outlet gas (syngas or producer gas)
compositions like carbon monoxide, hydrogen, carbon dioxide, and sulfur dioxide,
and also analyze the calorific value of producer gas.
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Fig. 4 Wooden pallets inside the muffle furnace

Fig. 5 TGA graph

4 Experimental Setup

The experiment was done by using downdraft gasifier, i.e., the producer gas extracted
from reduction zone. Our study was carried out in two phases. First phase is normal
gasification and second one is steam gasification.

4.1 Normal Gasification

In normal gasification process, the gasifier bed reaches maximum temperature at
6000c, and then the fuel is fed. The amount of wooden pallets was 5 kg. This amount
is enough to run the gasifier up to 30 min. The readings are taken using producer gas
analyzer (Fig. 6).
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4.2 Steam Gasification

Steam gasification is a process of steam injection to the gasifier via copper tube. The
copper tube is wound and fit to the gasifier bed and the other end is connected to the
water bottle. The water is filled in water bottle and also copper tubes are filled with
water. The water is evaporated using bed temperature and reacts with producer gas
to increase the hydrogen percentage as well as to increase the calorific value of the
producer gas. Any additional energy requirement is not needed for steam generation.
The gasifier combustion zone temperature was around 450 °C (Fig. 7).

5 Result and Discussion

Figure 8 shows the comparison of carbon monoxide production with and without
steam gasification process. Without steam gasification more carbon monoxide is
produced than with steam gasification.

Figure 9 shows the comparison of carbon dioxide production with and without
steam gasification process. With steam gasification more carbon dioxide is produced
than without steam gasification.

Figure 10 shows the comparison of hydrogen production with and without steam
gasification process.With steamgasificationmore hydrogen is produced thanwithout
steam gasification.

Figure 11 shows the comparison of calorific value with and without steam gasi-
fication process. With steam gasification there is more calorific value than without
steam gasification.

Fig. 6 Normal gasification
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Fig. 7 Steam gasification process

Fig. 8 Time versus carbon monoxide

Figures 12 and 13 show the thermal images of producer gas burned. The flame
temperature of the producer gas burned is noted. With steam flame temperature is
more compared to without steam flame temperature.

Fig. 9 Time versus carbon dioxide
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6 Conclusion

Fig. 10 Time versus hydrogen

Fig. 11 Time versus calorific value
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Fig. 12 Without steam

Fig. 13 With steam

In gasification process, the flamed gases are carbon monoxide and hydrogen. The
calorific value of the producer gas is low and also depends on these gases. The
increase in hydrogen percentage of producer gas increases its calorific value. In our
work, the increase in calorific value is achieved through hydrogen enrichment using
steam injection. The flame temperature measurement using thermal imager is an
additional advantage.

Hydrogen production: Without steam�6.708% and with steam�9.807%
Calorific value: Without steam�2257 kcal/m3 and with steam�2874 kcal/m3

Flame temperature: Without steam�195 °C and with steam�263 °C.
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Value Added By-products Recovery
from Municipal Solid Waste

S. Dutta, D. Neela Priya, B. Chakradhar and T. S. Sasi Jyothsna

1 Introduction

In the current scenario, around 90 million tons of domestic or household waste, also
known as municipal solid waste (MSW) is generated annually from India. A major
portion of MSW (45%) consists of organic fraction like paper, vegetable waste, food
waste, wood, etc., followed by (30%) inorganic waste likemetals, plastics, glass, etc.,
and the rest (25%) being other inert waste. In major cities and towns, municipalities
are involved in collection and transportation of MSW to designated sites for disposal
[12]. The urban society generates amass volume of solid material as throw out due
to the brisk elevation in production and consumption, This results in substantial
increase in waste generated from households, commercial, public, and institutional
areas. Hence, waste generation is a never-ending and ever escalating problem at all
levels of its generation. The inadequacy of land, infrastructure, handling, and disposal
facilities in bigger cities are some of the major challenges faced in municipal waste
management. The site selection is an important task in identifying and selecting
a proper disposal site. However, failure in identification of new sites for disposal
of MSW and lack of space for expansion of existing facilities are some hidden
threats leading to indiscriminate dumping and open burning of waste polluting the
surrounding land, air, and water. In majority of states, the MSW is disposed in
unauthorized and unscientific ways of dumping in low-lying areas or open burning,
which involve a major threat to the environment and also to personal safety.

One of the major unforeseen causes of soil and groundwater quality deterioration
is the rapid shoot up in industrialization and population [15, 21]. The increased
dumping of huge quantities of domestic solid wastes in open area leads to an adverse
impact on various environmental components [18]. In the low-lying areas, leachate
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Fig. 1 a Waste generation in India in relation to increase in population. b State wise waste gener-
ation in India

generation may prominently be envisaged when the dumped solid wastes, come
into contact with groundwater or rainwater [1]. The toxic compounds may enter
groundwater and/or surface water through leachate runoff making the water sources
unfit for consumption or for any other use [3, 13, 14, 22]. A study conducted reveals
that the MSW leachate affects the nearby soil with adverse effects on the growth
of the plant such as Oryza sativa [17]. Hence not only the groundwater and surface
water even soil in nearby areas would be affected if the MSW is not scientifically
handled and properly managed. Apart from these, MSW, if indiscriminately dumped
in open would lead to soil and air pollution, or sometimes may become hazardous
creating problems like fire accidents and dump slide like the recent Deonar dumpsite
in Mumbai and Ghazipur dumpsite in Delhi.

1.1 Current Scenario in the Country

In India, MSW management is governed by Municipal Solid Wastes Rules first
introduced in 2000 and revamped in 2016. According to the CPCB Report 2013, the
majority of municipal corporations do not have channelized action plans for ratifying
and implementation of the rules. No city can claim complete separation of waste at
source of generation and it is observed that on an average, only around 70% of total
generated waste is being collected. Most of the uncollected domestic waste is either
mixed up and/or lost through indiscriminate disposal methods in urban areas. Studies
reveal that a meager portion of only 12.45% of collected waste is disposed properly
through scientifically reliable processeswhile the rest is disposed in open dumps [30].
Themovement ofwastes across jurisdictional boundaries (e.g., township, county, and
state) has been an unremitting concern over the past few years, as neighborhood states
and countries, without sufficient local capacity for handling and treatment, ship their
wastes to other locations. Strict legislation and laws are being imposed to counter
the problems of trans-boundary movement of wastes (Fig. 1).
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In India, approximately 0.62 kg/person/day of MSW is generated in cities and
around 0.17 kg/person/day of MSW is generated in small towns [10], consisting
of approximately 40–45% of organic, and majority of the rest being potentially
recyclable portion [19]. The generation of waste and its separation is influenced by
various factors like the number of people in a family, the level of education and their
monthly income, location of household, peer influence, gender, and land size [6, 23,
29]. Launched on October 2, 2014, by the Government of India, the “Swachh Bharat
Abhiyan” or Swachh Bharat Mission (SBM) (Clean India Mission) was created to
deal with the very issues of waste management, cleanliness, and sanitation on a
national level. According to the report published by Ministry of Drinking Water and
Sanitation (MoDWS), budget allocations were elevated by 24% from FY 2013–14
to FY 2014–15 exclusively for SBM. In FY 2015–16, an amount 3625 crores has
been allotted for SBM—an increase of 27% compared to the erstwhile financial year.
Central government incentive for the SWMprojectswill be in the formof amaximum
of 35% Grant for each project. Moreover, a minimum surplus amount equivalent to
25% of GoI funding, costing to Rs. 4874 crores shall be funded by the States as
State/ULB share [24].

1.2 Regulatory Affairs

In an Affidavit filed by the Government of Telangana before NGT, it is affirmed
that the state has 73 ULBs which generate 7270 TPD of solid waste, of which 6596
TPD is lifted from door-to-door collection covering up to 86% of the total waste
generated in the state. Only GHMC (Hyderabad) has the facility for complete pro-
cessing and disposal. TheTelangana state renewable energy development corporation
Ltd., (TSREDCO) is also concentrating on energy projects based on municipal solid
wastes.

2 Broadway Structure of Municipal Solid Waste
Management

MSW consists of two categories of items, viz. organic and nonorganic. Organic
fractions are either compostable or combustible. Besides, it may contain recyclables
likemetal, glass, plastics, etc., and inerts like bricks, stones, sand silt, etc.All available
technologies aim at harnessing compostable fractions for producing compost and
combustible fractions for power or steam generation. MSW collected in Indian cities
is mixed as there is no system of source segregation in place. Hence, it is highly
heterogeneous in shape, size, density nature, and color making it difficult to adopt
any single proven technology for perfect segregation and processing (Fig. 2).
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Fig. 2 General municipal
solid waste management
practices in India

2.1 Overview of MSW Treatment in Hyderabad

Hyderabad, the capital of Telangana state has a current population of around 6.8
million (3,943,323 persons as per 2011 census), generates an approximate quantity
of 3500MT of garbage every day. This garbage is collected is transported in covered
vehicles to waste processing unit established for MSW treatment and disposal con-
sisting of composting plant and refuse-derived fuel (RDF) for processing of around
4500 TPD of MSW, which is well equipped with various presorting and treatment
facilities ofMSWalongwith sanitary landfill facility, composting facility, RDFplant,
plastic recycling facility, and leachate treatment plant that contribute to generation
of value products like compost and RDF.

2.2 Description of MSW Treatment Process Adopted

The following procedure is followed for the treatment of MSW generated from
Telangana state.

2.3 Pre-segregations

The incoming MSW would be first passed through a shaftless rotary screen known
as trammel screen with screening size 100 mm. The undersize waste obtained after
screening with less than 100 mm, predominantly consist of compostable material
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will be sent to composting pad. The oversize will pass through a sorting belt where
big inerts like stones, recyclables like plastics, glass bottles, pet bottles, etc., will
be handpicked manually. The rest would pass through a magnetic separator where
ferrous material will be separated.

Screening is done in two parts. In the first section known as preparatory section,
the material will be passing through screens of up to 16 mm size. The oversize
material will be sent to RDF section since the rejects of screening will contain a lot
of combustible material. The undersize will be stored in curing shed where further
biodegradation will happen. After 1 month of curing, it will be taken up for further
screening. In the secondary screening, it will pass through screens of smaller holes
to produce compost of size less than 4 mm in size. Sand also will be removed using
a specific gravity separator which will be dumped in sanitary landfill facility. Then,
the remaining organic fractions and biodegradables will be undertaken in a compost
facility (Fig. 3).

Fig. 3 Operational flowchart in MSW treatment for waste generated in Telangana state
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2.4 Composting

It is the natural aerobic process of decomposition of organic solid wastes by microor-
ganisms resulting in humus-like product, which is called compost [20]. It is a rich
source of organic matter with plant growth-promoting properties and plays an impor-
tant role in enhancing soil fertility, thus finding its contribution in agricultural pro-
duction. Nutrient-rich compost helps in wholesome improvement of soil character
by enriching the physicochemical and biological properties of soil in which it is
applied.

Factors affecting aerobic composting

• Adequate population of aerobic microbes: This is ensured by inoculating the
compostable mass with specially developed biological inoculums containing
effective strains of aerobic microbes.

• Adequate moisture: This is done by spraying inocula biomass with an appro-
priate quantity of water periodically to maintain the desired moisture level.

• Proper aeration: This is ensured by turning the heaps regularly as and when
required.

Composting activity consists of two processes, i.e., biological process on the com-
posting pad (windrows) for 1 month and thereafter mechanical process of sequential
screening. The daily arrival of waste from the pre-segregation section will be treated
with biological inocula and is formed into separate windrows of regular shape. Each
windrow will be turned every week. After 4 weeks, the material will be tested for
maturity of composting.

The end product will be further enriched with useful biofertilizers and biocon-
trols like the N2-fixing Azatobactor, Azospirillum which can extract nitrogen from
air and phosphate-solubilizing bacteria (Bacillus megaterium) which can solubilize
insoluble form of phosphorous in soil and antimicrobial activity exhibiting Tricho-
derma viride, Pseudomonas fluorescence, which acts as a biocontrols against plant
pathogens. Using mixed fungal inoculum indicates changes in pH and C/N ratio
aiding rapid composting [5]. The compost is a valuable input for agriculture as well
as horticulture. The possibility of utilizing the composted municipal solid wastes
(MSWs) was reported by Ingelmo et al. [8] as an alternative substrate for application
in ornamental plants and which improved the re-vegetation of a closed landfill.

2.5 Refused-Derived Fuel

The energetic valorization of wastes has a significant role in the waste management
strategies with legislation and technical notes arising in order to classify and nor-
malize alternative fuels in the electric power plants [2]. The derived fuel from refuse
can be better used in the form of gas or oil, in either conventional devices like classic
engines or heaters and/or in high-efficiency devices like gas turbines, fuel cells, etc.
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[27] It can also find its role alternatively as a chemical source or as raw materials for
other processes. The oversize waste from pre-segregation/presorting section comes
to RDF section. It is passed through magnetic separator and thereafter through a
shredder for size reduction up to 15 mm. It is further passed through a screen of
15 mm size to remove fine sand and silt which are not combustible. The end product
will be passed through a densifier. Finally, briquettes come out through the mold
which can be used as an alternative to conventional fossil fuels like coal. The RDF
has an important role as additive of fossil fuels, allowing economical savings but,
moreover, the reduction of CO2 and other greenhouse effect gases emissions.

2.6 Potential Use of Landfill Leachate

The faint brown to dark (black) colored liquid that comes out through the landfill due
to percolation/seepage of rainwater or snow or moisture present in the waste is called
leachate. The resulting effluent is a hazardous mixture which generally comprises
of four major groups of pollutants: dissolved organic matter (COD, TOC), inor-
ganic macro components (Ca, Na, Cl, Fe, etc.,) heavy metals (Cd, Cu, Zn, Cr, etc.,)
xenobiotic compounds (pesticides, aromatic hydrocarbons, etc.), and also pathogenic
microorganisms. The composition of landfill leachate is highly heterogeneous and
site-specific which depends on the landfilling technology adapted, the type of waste
in landfill, and the degree of waste degradation. A general set of practice on toxicity
assessment exists to understand the possible health risk associated with the leachate
exposure that has persuaded researchers into characterizing chemical and microbial
constituents of landfill leachates. The landfill leachate generated in the treatment
facility is presently not being explored for valuable product, however, it has been
proposed for phytoremediation of leachate through the cultivation of nonedible crops
like oil-yielding crops that would not only reduce the quantity of leachate generated
but generate biofuel. Presently, the leachate is sprayed on the heap of waste for main-
taining moisture and microbial population to enhance biodegradation of waste and
a part of it is processed under RO treatment and reused.

Though studies reveal the presence of pathogenic microorganisms in landfill
leachates, there is not much attention paid on the identification of health impacts
associated with landfill leachate-borne pathogens. Some pathogenic species of
Salmonella, Clostridium, Enterobacter, and Pseudomonas coliforms, etc., have been
identified commonly at municipal solid waste sites [9]. Lai et al. [11] reported the
application of old raw leachate upon wet waste bed aiding in digestion as the old
leachate showed cellulolytic activity for degradation of the fresh leachate due to the
presence of cellulolytic and methanogenic bacteria. In a study conducted, leachate
was successfully used as a substrate in microbial fuel cell (MFC) and electricity
could be generated from both single and dual chamber MFCs. The complex organic
compounds of leachate could be used to generate electrical energy in MFC through
anaerobic oxidation catalytically enhanced by microorganisms. Studies were con-
ducted where sludge from wastewater treatment plant is used in brick manufacturing
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with noting factors as brick shrinkage, water absorption, and compressive strength
[26]. Attempts have been made to incorporate waste in the production of bricks tex-
tile effluent treatment plant (ETP) sludge, petroleum effluent treatment plant sludge
[16]. Also, scopes are finding to utilize the after treated leachate to be used for cur-
ing while construction. Solid state anaerobic digestion, with leachate recirculation,
is found to be suitable for exploiting manure with a high solid content [4]. Nowa-
days, phytoremediation is also an emerging technology for the treatment of landfill
leachate.

3 Alternate Technologies

Many research studies and practical applications were carried out in India and around
theworld for properlymanaging and scientific treatment of themunicipal solidwaste.

3.1 Waste to Energy Concept

The organic fraction of MSW can be channelized for recovering energy in the form
of biodegradable as well as nonbiodegradable fraction through thermochemical and
biochemical methods. Bio-methanation and incineration of RDF pellets are currently
the preferred power generation technologies from MSW. Plasma pyrolysis, fermen-
tation, laser, andmicrowavewaste destruction are some of the emerging technologies
that are being upscaled for commercial purpose with a convincible application under
Indian conditions.

3.2 Biohydrogen

Biohydrogen is the H2 obtained from dark fermentation of organic wastes produced
by microalgae and bacteria. Venkata Mohan [25] has reported that for the produc-
tion of biohydrogen, the biomass can be derived from woody biomass, agricultural
residues, industrial wastewater, and organic fraction of MSW. Bio-hydrogen produc-
tion using waste is a sustainable technology for future energy demands and simulta-
neously, it also contributes to the growth of a bio-based economy [28].

3.3 Pyrolysis

The thermochemical process, in which carbon-containing waste is subjected to
decomposition at higher temperatures in an oxygen-free inert environment to produce
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bio-char, bio-oil, and gases, which have potential fuel properties, is called pyrolysis.
In a comparative life cycle assessment model, the study between incineration and
pyrolysis gasification, the pyrolysis method proved to have lower global warming
potential due to lower residual production. It is one of the emerging technologies
which are found to have the least impact on environment.

4 Conclusions

Municipal waste is an ever increasing burden of waste that has to be understood,
accepted, and worked on constantly by the public, Government, and ULBs in coop-
eration with each other. The minimization of waste through reduce, recycle, recover,
and reuse at source of generation would bring down major task of managing and
treating it. However, the current treatment facilities should be improved to obtain
value products as discussed in this paper that finds application in industry or agricul-
ture. High priority should be given to treatment facilities offering waste to energy and
material recycling and recovery.Constant research and projects should be encouraged
on finding solutions to MSW-related issues through proper funding and collabora-
tive works to find solutions that reach the public in time. Increased manpower as
rag pickers, proper segregation of waste, integrated and scientifically sound waste
treatment strategies, recycling of plastic, paper, etc., generation of microbial-rich
compost, high calorific RDF, waste to energy, use of landfill cover and leachate for
growing nonedible cash crops/oil-yielding crops, etc., should all be an integral part
of a treatment facility that work hand in hand to minimize the problems created by
MSW generation.
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1 Introduction: Lakes in Bangalore and Associated
Problems

Bangalore is known as “City of Lakes” and due to its undulating terrain, lakes form
a series of hydrological connections. Traditionally, these lakes and water tanks were
created to impound rainwater through storm watercourses during monsoon and any
excess water would flow into the next water body downstream, preventing flooding of
surrounding areas while also contributing to groundwater recharge [15]. The vision
behind establishing these water tanks was to maintain the availability of water for
drinking and irrigation for a stretch of 2 years. Now, out of 262 major water bod-
ies in Bangalore (1960), only 34 (2008) are recognized as functional lakes [11]. In
Bangalore, there are 189 lakes in urban areas which occupy 1005 ha [15]. LDAs per-
formance audit (2014) found that out of 56 recently restored lakes, 47 were severely
polluted. The sources of pollutants are shown in Fig. 1 [4]. The major problems
observed in lakes are as follows:

• Obstruction in stormwater channel due to the encroachment of watershed area
which disrupts interlinking of different lakes causing frequent flood incidences,
e.g., Millers Tank [3].

• In Bangalore, the UGD lines open up into stormwater drains and often end up in
lakes.

• Some degree of direct discharge of untreated wastewater/sewage from residential
areas occasionally occurs [3, 8].

Bangalore population is estimated to reach 12.5 million by 2017 [8] which will
result in increasing water demand which cannot be drawn from the current source,
Cauvery river after stage IV. The other major source of water in the city is bore wells
but groundwater levels are dwindling. Thus, it becomes necessary to restore and
maintain lakes, as they can become a source of freshwater and augment groundwater.

On the basis of nutrient level, freshwater bodies are generally classified into
oligotrophic (chl a<0.95 µg/L, TP<6 µg/L, nutrient poor), mesotrophic (chl
a 2.6–7.3 µg/L, TP 12–24 µg/L, average level nutrients), eutrophic lakes (chl
a 7.3–20 µg/L, TP 24–48 µg/L nutrient rich), and hypertrophic lakes (chl a

Fig. 1 Kinds of pollution in
urban lakes [4]
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56–155 µg/L, TP>96 µg/L). Urban lakes (e.g., Jakkur Lake, Bangalore) are mostly
manmade and are at mesotrophic or eutrophic stages. These lakes are expected to
foster ecological biodiversity, moderate storm flows water impacts, prevent drought,
provide sources of livelihood, aid in groundwater recharge, and act as recipient of
wastewater. Lakes also influence the health, temperature fluctuations, and microcli-
mate of the nearby areas [12]. The aim of this paper is to provide an overview of
various modes and efforts of lake restoration carried out in Bangalore city through
case studies and to capture their shortcomings. Also, a novel restoration model (Put-
tenhalli Lake, Bangalore) will be proposed which attempts to balance economic
sustainability issues that have driven recent approaches along with ecological and
environmental considerations.

2 History of Restoration in Bangalore

In the past century, lakes in Bangalore were managed, periodically cleaned, and
maintained by the nearby communities with occasional financial aid from reigning
governments. However, organic loads entering these lakes were marginal. In the
twentieth century, Karnataka Revenue Department took over this responsibility and
tried keeping lakes and tanks in their pristine condition [3]. Due to rapidly deterio-
rating condition of lakes, in 1995, National Lake Conservation Authority (NLCA)
initiated Lake Conservation plan specifically for Bangalore city to implement the
suggestions of the N. Lakshman Rao Commission (1986). KSPCBs comprehensive
report (2000) revealed that almost all lakes in Bangalore were facing threats to water
quality due to sewage influx. This paved way for convergence of various government
agencies under a statutory institution called Lake Development Authority (2002)
[11]. Since then, 60 lake restoration programs involving public–private governance
partnerships have been initiated [8, 11]. In 2015, restoration efforts of LDA in 12
lakes were audited. The major findings are listed below [4]:

• Reduction in water spread area of almost all lakes and water bodies.
• Lack of fencing (damaged in Bellandur), in Horamavu Agara, Rachenahalli, and
Nagavara Lakes.

• Encroachment by slumdwellers (ChikkaBellandur, Allalasandra lake), ITI factory
(Kowdenhalli lake).

• Foaming in Bellandur Lake waste weir region (Varthur Lake).
• Ingression of untreated ormixedwater in Horamavu-Agara, Vengaiahanakere, and
Kowdenhalli.

• Drying of lake bed due to lack of adequate inflow during rainy season (or sewage
during dry season) in Chikka Bellandur, Allasandra. In some cases, constructed
inlets were defective or got clogged such as in Chokkanahalli and Kowdehalli.

These findings clearly show the gap in restoration efforts.
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Fig. 2 Different lake restoration techniques

3 Models of Lake Restoration

Lake restoration efforts and technologies can be divided into preventive and amelio-
rative methods as shown in Fig. 2.

Combinations of abovementioned methods have been used to attempt restoration
of lakes and tanks in Bangalore, India. The progression of these methods has been
discussed below.

Ulsoor Lake: This restoration was first concerted effort to rejuvenate a sewage fed
urban water body. It is situated in Eastern Bangalore in Challgatta Valley (12° 58′
53.3′′N, 77° 37′ 9.17′′E) and is a man-made reservoir with an area of 50 ha [18],
upstream toBellandur tank, andbeing fedbyMunireddyPalya andDoddakunte drain.
The lake faced problems due to direct discharge of untreated sewage with average
OLR being 40 g/m2/d and a typical residence time of 25 days, seepage from UGD
and dumping of solid waste and slaughterhouse wastes from the surrounding areas
[10]. In 2001, desilting of the lake was carried out by BBMP which increased water
holding capacity and lake depth to 11,000 MLD and 4.5 m, respectively. Along with
other physical modifications such as selective inlet entry only from stormwater drain,
diversion channel for sewage (900 mm pipes from eastern side of lake), silt traps,
hydrophytes, and aerators were done [2, 16]. However, within a decade problems
recurred. In 2013, a report by CiSTUP, IISc stated that Ulsoor lake is eutrophicated,
foul smelling, and weed-infested. According to LDA, about two lakh metric tonnes
of silt equivalent to 30% of actual lake depth is sitting in the lake bed. Incidents of
fish kill; algal bloom, and low DO (1.1 mg/l) were reported in 2006 [17]. Similar
incidences have occurred in Agara and Varthur Lakes, 2006 (Figs. 3 and 4).

Hebbal Lake: In the second phase, Hebbal and Madivala Lakes [2, 7] were restored
under Indo-Norwegian Environment Programme (1997 with an aid of Rs. 198.00
million). Both preventive and ameliorative measures were taken. Hebbal Lake
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Fig. 3 Eutrophied Ulsoor
Lake with fish kill (2016)
[14]

Fig. 4 Weed infested
Hebbal Lake (2008) [5]

(13.0466°N, 77.5856°E) is a water body in northern side of Bangalore with an area of
64.5 ha [15]. With urbanization, sewage is now the only water source during summer
and its diversion renders the lake completely dry [10]. In 1998, it underwent a major
transformation. While desilting, the quantum of silt to be transported was so large
that it was decided to pile up the excavated silt to form two islands for habitation of
water birds. But it continued to receive wastewater in western side of the lake from
localities and industries in catchment areas which caused heavy metal contamination
in water body disturbing its ecological balance. Within a few years of its restoration,
it went back to being sludge bed [1, 2]. In 2005, under DOT scheme, it was leased to
East India Hotels Ltd., and in 2007; lake was drained and dredged again. Currently,
it is undergoing the second phase of restoration. The lack of maintenance of the lake
is one of the main problems [1, 6].

The third model of restoration was attempted in Agara Lake in the Bellanduru
upstream, southeast of Bangalore city. Large quantities of sewage that passed through
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the lakewere diverted constructing a bypass channel on its peripherywith a balancing
weir-like structure. Although quite linked to the sewage flow adjacent to the lake,
only when storm flow occurred, the height of the water in the diversion channel
increased sufficiently to allow stormwater to enter into the lake. This meant that
fresh water would flow only during heavy rains and the rest of the year, the inflow
would be cutoff. During many subsequent years, such storm events rarely occurred
and the Agara Lake continued to remain dry, populated by emergent aquatic weeds
during the major part of the year. At this stage for rejuvenation and maintenance of
lakes, public–private partnership model was attempted to overcome finding finances
for O&M. TheHebbal, Nagawara, andVengaianakere Lakes were leased for 15 years
to East India Hotels Ltd., Lumbini Developers and ParC Ltd., respectively.

Jakkur Lake: To maintain a balance between the water level in dry season and
pollution load coming from sewage, the use of effluents from decentralized STPs
was considered better. This was the basis for the fourth model of restoration tried so
far. Secondary treated sewage is first fed to a wetland to capture residual nutrients.
After passing through such a constructed wetland, nutrient-deficient water is allowed
into the main body of the lake. Jakkur Lake (13° 04′N, 77° 36′E) in Yelahanka, is
approximately 55 ha in area [9]. Earlier, this lake received untreated sewage from
the nearby areas which turned it into a weed-infested and eutrophied lake (Figs. 5
and 6).

When restoration efforts were taken up, along with primary physical modifica-
tions, an STP was set up at upstream of the lake by development authorities (BDA,
BWSSB) to ensure reduction of nutrient and organic carbon content. About 6–8MLD
of sewage is treated in UASBwith an extended aeration system, with removal of over
60% COD (~128 mg/L), 78% BOD (~50 mg/L). An annual influx of stormwater and
0.5 MLD raw sewage from SWD also ends up in the lake. A 5 ha nutrient capturing
man-made wetland now precedes entry into the larger lake. This allows rapid growth
of algae and macrophytes in the wetland and helps remove a further COD, BOD, and
orthophosphate. The macrophytes growing in this wetland are harvested and cleared
on a weekly basis and water rich in algae and residual nutrients enter the main body

Fig. 5 Constructed wetlands
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Fig. 6 BWSSB STP at
Jakkur

of the lake [13, 15]. It is estimated that the hydraulic retention time (HRT) is about
50–96 days in the main water body, but water at the outlet still appears dark green
and laden with algae. We may, therefore, conclude that this lake is still eutrophied.
Although the Jakkur Lake has been considered as a model system for sustainable
management of urban water bodies, the availability of treated water upstream, the
possibility of creating a wetlandmidway and a 100 days HRT is difficult to achieve at
all locations. It is important to note that the overall loading rate is about 0.55gN/m2/d
and 0.1gP/m2/d requiring a primary productivity of 10–12 g/m2/d which is close to
highest recorded primary productivity. As a result, throughout the water body, there
will be nutrient surplus. It is thus important to create awater intake system that lowers
the nutrient intake to abilities of the primary production system or even to half these
levels [13].

A fifth and poorly tried version is also included wherein constant and in situ water
purification was attempted through providing nocturnal (mechanical) and diurnal
(algal) supportive aeration at Bellandur Lake. Needless to emphasize, all lakes dis-
cussed here are man-made tanks built by creating an earthen bund across a shallow
valley/gorges (2–25 m high) containing an impervious inner clay layer and stone
pitched water face to hold water for between 2 and 3 years. The objective of this
paper is capturing these learnings for future use (Fig. 7).
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Constructed
Wetland

STP

Fig. 7 Jakkur lake

4 Discussion

Arid and semiarid areas of India are replete with man-made lakes. South India alone
has over 100,000 lakes. Urbanization and rapid change to underground drainages
(UGD) are allowing the point discharge of sewage/human wastes into these water
bodies putting stress on their ecological and environmental capabilities. Though con-
structing sewage treatment plant (STP) seems like a viable option, but their efficient
functioning, treatment till secondary and tertiary stages and economic, political, and
land acquisition constraints curtail these efforts. These above observations clearly
indicate difficulties encountered and the presence of multiple sub-systems that need
to be addressed during a restoration process. It is evident that focus of restoration
efforts has been mostly dominated by developing lakes for recreational facilities
to ensure peoples’ participation and bring in economic viability through revenues
accrued from recreational facilities. But as these lakes are being fed by surface runoff
from agricultural and urban landscapes, it precludes them from functioning as pris-
tine water bodies. There is, therefore, a middle path required where sewage, treated,
or partially treated, would be the main input that work on natural processes which
do not generate secondary wastes or require constant maintenance. Ecological and
environmental considerations that come along with this input, therefore, need to be
respected and restoration efforts cognizing them, need to be taken up.
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4.1 Proposed Model for Restoration: Puttenhalli Lake (North
Bangalore)

An attempt to overcome shortcomings of other restoration models is made in
the restoration plan for Yelahanka Puttenahalli Lake, located in Bangalore North
(12° 53′ 22.31′′N, 77° 35′ 13.57′′E). With an area of 10.41 ha, this lake is habitat
to more than 49 species of birds, some of which include endangered and migratory
birds fromNorthern Himalayas and Siberia. The major sources of inflow are rainfall,
runoff and wastewater drain. At present, there are five inlets to the lake. The major
inlets are at western (outlet of Attur Lake) and southwestern side of the lake (major
source of domestic wastewater). Rest of three inlets joins the lake on North, North-
eastern, and Southern part of the tank. The proposed plan is to first carry out primary
physical modifications, removing encroachments, desilting, fencing the boundary,
and creating a buffer zone of 30 m, to increase water holding capacity to 166.63
million liters. During rains, water will directly enter the lake after primary treatment
through silt trap. Incoming sewage would be diverted through a diversion chan-
nel and led downstream to a proposed STP. During dry periods, untreated sewage
would be the only water source, which, unlike all earlier attempts, will be taken
in through deepest end of the lake (2.8 m) by a balancing weir. The volume taken
up will be equivalent to evaporation loss (0.3–0.6 MLD). Sewage upon entry will
be subjected to high rate anaerobic digestion, where mixing will happen on prin-
ciple of upwelling sludge bed reactor. Anaerobic treatment (1000 m3/d, 1d HRT)
will mineralize almost 50–70% of COD input while evolving gas. The second stage
in the reactor will be Euglena/protozoa which are capable of growing in holozoic
mode and help in disinfection and particulate removal. Euglena at concentration
109 cells/L, in mixotrophic mode, can remove residual organic carbon, ~20–30%
ammonia, and orthophosphates. Cholorophycean algae and aerobic bacteria would
follow Euglenophycean and ensure particulates removal, volatilization of ammonia
(because of increase in pH), and precipitation of phosphates, nitrification, and deni-
trification. A total of 50–60% residual N and 40–50% residual P loss are expected.
Last two stages are similar to facultative and maturation pond (Fig. 8).

The overall residence time for sewage in the lake will be ~263 days and in the
treatment unit will be ~3–5 days. In this way, the overall loading rate of nutrients
would be 0.25 g N and 0.1 g/m2/d which are well within the assimilation rate of an
aquatic water body, leaving very little surplus to the end of the water body. When
carbon, nitrogen, and phosphorus losses and pick up by next trophic levels are con-
sidered, this lake will be nutrient deficient after a short period, thereby lowering
potential for eutrophication. In the passive anaerobic treatment system, reduction
of organic carbon would occur following a Third augmentations by solar-powered
diffuse aerators, to increase DO. The key features of this model are:

• Drawing the required quantity of sewage to compensate for the evaporation losses.
• Treatment of sewage by natural sequence of processes.
• To allow lake to dry up once every 4–6 years to ensure removal of aggressive
species.
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• To increase the variety of avian fauna, havemultiple (4–5) avian habitats to increase
bird species as well as peoples’ participation.

It is believed that this will form a model for future restoration efforts where
input water quality in tanks and lakes is often questionable and expected to contain
significant levels of sewage.
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Effect of Physical Presence of Waste
Plastics in the Degradation of Municipal
Solid Waste in Landfill

Anaya Ghosh, Jyoti Prakas Sarkar and Bimal Das

1 Introduction

Industrialization, rapid growth of population, urbanization and economic improve-
ment have become major factors for the enhancement of the amount of municipal
solid waste (MSW) in India. The rate of generation of MSW is increasing day by day
[11, 17]. Raw vegetable waste (RVW) materials are biodegradable in nature com-
pare to the other wastes in MSW and having a source of a major amount of carbon.
Waste plastic (WP) which is one more possible health hazardous material of innu-
merable shapes and sizes is repeatedly found at a high scale in those wastes. Most of
these waste plastics are non-biodegradable and impermeable in nature. Waste plastic
(WP)materials are observed to be the foremost constituents ofMSW inmanymunic-
ipalities after food and paper wastes. In many developing countries, the amount of
plastics consumption is much higher than the world average consumption. World
Bank’s Urban Development Department was reported that presently the amount of
municipal solid waste is 1.3 billion tonnes per year, and it will be increased to 2.2
billion tonnes per year within the year of 2025. In the year of 1950, it was assessed
that the amount of world average annual plastics consumption 5 million tonnes,
and presently, this amount is reached near about 100 million tonnes [4]. It means
presently 20 times more plastics are produced, which becomes a major challenge for
authorities of all municipalities to manage with this huge mass of plastic wastes after
their use [7].
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The WPs are neither collected or segregated appropriately nor disposed of thor-
oughly. Consequently, chlorinated plastic materials in MSW can release harmful
chemicals into the surrounding soil, which can then trickle into groundwater or other
surrounding water bodies and can cause serious harm to the species that imbibe this
contaminated water [2].

Risk of Biodegradable Plastics:
The modern municipal solid waste management techniques suggest a disposal
method known as landfilling. Landfill areas are constantly piled high with so many
different types of waste plastics. In these landfills, numerous microorganisms are
present which can speed up the biodegradation of organic waste associated with
plastic wastes. Although the civil authorities advice to use biodegradable plastic
materials as an alternative solution. But the biodegradable plastics may indirectly
affect the environment. These classes of plastics are broken down in the long run
and methane is released, which is one of the very poisonous greenhouse gases that
contribute significantly to global warming. Some landfill authorities are taking ini-
tiative for installing methane capture devices [19] and use it as an alternative energy.
But unfortunately, most have not yet incorporated such gas collection technology.
Moreover, the cost of the entire process becomes another major challenge. Due to
lack of such appropriate solid waste management technologies and awareness, envi-
ronment and public health are affected. Thus, increasing the amount of waste plastic
becomes a big challenge for the municipal consultants and authorities.

For the last few decades, researchers are focused on recycling and reuse of waste
to value added products. Some of them are interested in biodegradation of MSW in
the landfills as landfill bioreactors for biogas production [1, 21, 22]. They are concen-
trated on developing suitable models based on the above phenomenon considering
all promising complications of the system.

Review of a few recent literatures reveals that presence of waste plastics in the
vegetable wastes which are inevitable components in municipal solid wastes to a
certain extent enhances the biodegradation of solid wastes. A group of researchers
in the aforesaid also concluded that the maximum rate of degradation is observed
when the 10–15% [13–15, 18] of waste plastics is present in the vegetable waste bed
in a uniformly distributed manner. They have claimed that allowing waste plastics
components in the municipal solid waste landfills instead of separating from the
solid wastes can increase the biodegradation rate of the solid wastes in the landfills.
They justified such encouraging effect of waste plastics on the rate of degradation of
vegetable waste in the bed by claiming that the distributed waste plastics increases
the void pockets [13]. These void pockets can hold additional liquid leachate thus
enhancing the retention of leachate in the waste bed [14]. This retained higher mois-
ture in the bed encourages the hydrolysis stage, resulting in higher rate of degradation
than that of bed free of waste plastics [20]. So finally, it may be inferred that the rea-
sons for such enhancement are simply due to gross changes in physical parameters
of the bed due to the presence of waste plastics.
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The overall biochemical reaction which is involved during anaerobic digestion
has been delineated below as proposed by Cossu et al. [3]:

CaHbOcNd + [(4a − b − 2c + 4d) /4]H2O

→ [(4a − b − 2c − 3d)/8]CH4 + [(4a − b − 2c + 3d)/8]CO2 + dNH3

where the complex organic compounds of the organic wastes are represented as
CaHbOcNd. Therefore, in any particular landfill or landfill bioreactors, initially
CaHbOcNd and H2O, the initial moisture content, have been contemplated as limit-
ing reactants [12]. On the other hand, due to the existence of these impervious and
non-biodegradable waste plastics in the waste bed, the hydrolysed material can be
performed as an additional reactant. This impermeable nature of waste plastic thus
restricts the down flow of hydrolysed material through the waste bed and helps to
retain the same in the voidage made by fleecy waste plastics.

It is, therefore, necessary to study the effect of physical presence of waste plastic
contents on the basic structural change and resultant hold-up of liquid inside the
waste bed, compressibility of waste bed [5], the variation of voidage of the waste
bed and the corresponding temporal change of the aforesaid physical parameters and
also the bed height which implicates the change in volume of the waste bed [10, 16].

The present work, therefore, focuses on the studies of change of physical and
structural characteristics of the MSW bed both in absence and presence of waste
plastics in different proportions within the specified optimum limit.

2 Materials and Methods

2.1 Preparation of Experimental Material Samples

RVWs are collected from local vegetable markets and canteen, and WPs are picked
up from different dumping sites of local municipal areas of Durgapur. BothWPs and
raw vegetable waste stuffs were manually cut into small pieces having almost one
square inch area and kept ready for experimentation.

2.2 Experimental Setups

Figure 1 depicts the experimental setup fabricated from transparent acrylic plas-
tic materials for studies on biodegradation of vegetable wastes samples initially in
absence of waste plastics and then with vegetable samples uniformly mixed with
waste plastic samples. All the necessary arrangements in the setup are provided to
observe physical changes in texture and height of the bed and tomeasure the pressure
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Fig. 1 Anaerobic digestion of MSW and biogas collection by water displacement method

and estimate the volume of the generated gas samples by a low range pressure gauge
and by water displacement technique, respectively.

Another set of five similar small-scale cylindrical experimental setups (R-I for
RVW and R-II R-III, R-IV and R-V for mixed samples) were also fabricated with
transparent acrylic plastics for measurement of the liquid hold-up, voidage and com-
pressibility of the waste beds. Figure 2 shows the diagram of one of those exper-
imental setups having a cylindrical shape with a conical bottom for easy flow of
liquid towards bottom exit tube for liquid/leachate collection. During measurement
of bed compressibility, [8, 11] a plate piston of a diameter slightly smaller than the
inside diameter of cylindrical bed container with necessary arrangements for placing
desired weights on the piston was fabricated for compressing the waste beds samples
[6]. For leachate hold-up measurement, the piston was not used and in that case, how
much leachate can be held by the void pockets created by the WP was estimated by
simply pouring water from the top of the beds and measuring how much water was
collected from the bottom of the beds.

2.3 Experimental Procedures

2.3.1 Waste Bed Heights Study During Biodegradation

The first experimental setup (shown in Fig. 1) was initially filled with RVW samples
and covered with an airtight lid and kept under strict anaerobic condition. Before
packing those aforesaid waste beds, a small layer of gravels is placed at the bottom-
most portion of those setups for ease of leachate percolation as well as collection. A
layer of sand is packed at the top of the waste bed for creating a suitable environment
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Fig. 2 Experimental setup for liquid hold-up and compressibility testing

for anaerobic digestion under ambient temperature.A special care is required for such
experimental setups for carrying out the objectives of present studies. Experiments
are carried out for 8 weeks under the strict anaerobic condition, and the average
ambient temperate is maintained at 35 °C. The decrease in waste bed heights (WBH)
of all WBs was measured minutely every day. The same procedure was repeated
by filling the cylindrical bed with different samples of RVW mixed with different
percentages of WP consecutively.

2.3.2 Studies of the Effect of WP Variation on the Physical
Characteristics of RVW Bed

The waste beds are packed inside the second set of experimental setups with the
amount of vegetable waste and waste plastics samples as described in Table 1. The
physical characteristics of waste beds like voidage, compressibility and leachate
hold-up [8, 9] capacity weremeasured accordingly andwere filled RVWwithoutWP,
and rest of four (R-II, R-III, R-IV, R-V) were filled with RVW along with different
percentage ofWP such as 5, 10, 15 and 20% of the amount of the RVW, respectively.
The amount of RVW is maintained uniform throughout all five experimental setups.
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Table 1 Capacity and sample details of the experimental setups

Sl. No. Setup Capacity
(Litre)

Percentage of
WP

Weight of
RVW (Kg)

Weight of WP
(Kg)

1 R-I 5 0 0.5 0

2 R-I 5 5 0.5 0.01

3 R-III 5 10 0.5 0.05

4 R-IV 5 15 0.5 0.075

5 R-V 5 20 0.5 0.1

3 Results and Discussions

3.1 Studies on the Physical Change of the First Experimental
Setup Shown in Fig. 1

Figure 3 shows the temporal change of actual bed heights in all the experimental
setups (R-I, R-II, R-III, R-IV and R-V). It is observed that there is a continuous
decrease in all cases of bed heights in all the WBs containing different % of WPs
mixed with RVW. Such trends are justified that by the change of the individual
RVW beds by the continuous degradation with respect to time results in changing
the overall volume of the waste beds [13].

Percentage decrease of bed was shown in Fig. 4, where we can see that maximum
percentage of decrease in bed height was achieved in the case of the bed containing
10% WP by weight. The possible reason may be due to the fact that maximum
degradation occurs in the case of RVW bed having nearly 10%WP. This is happened
due to the fact that higher amount of void age can hold the maximum amount of
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leachate inside the waste beds. The decrease in the bed’s heights with further increase
of waste plastics over 10% may be due to decrease in the actual RVW that contains
higher % of WP all through the voids may be higher for holding the liquid leachate.

3.2 Studies on the Physical Characteristics of the Beds
in Other Similar Experimental Setups Shown in Fig. 2

The voidage of the individual beds in all the five beds has been depicted in Fig. 5. The
figure represents the voidage estimated theoretically from the actual measurement of
the individual bed’s dimensions having 0–20%WPs in the RVW. It is quite obvious
that the increase in the WPs increases the voidage of the waste beds.

Figure 6 shows the indirect measurement of the actual liquid hold-up during the
flow of liquid through the beds. The reason for obtaining optimum hold-up in case
of bed with 10% WP may be due to the fact that although the beds with higher WP
might have higher voidage, actual liquid holding capacity of the bed may not be that
much as in case of 10% WP.

Figure 7 describes the compressibility characteristics of the different beds with
varying% ofWPs. It is observed that with the increase in the load concentration over
the beds, the % reduction in height of the beds, as well as the volume of the beds
diminishes continuously. It may be further noted that maximum % reduction in the
height occurs in the bed with 20% of theWPs with an increase in load concentration.
The maximum change in the reduction in the bed height is shown in Fig. 8, where
it is observed that the bed without any plastics is having maximum compressibility
characteristics than in other beds with gradually higher % of WPs in the bed. This
implies themaximumchange in the voidage of the bedwithout anywaste plasticswith
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the increase in the load concentration. The waste beds compressibility characteristics
are changing with the height of the bed in the actual landfill where the bed height
is very high and the individual successive layers of RVW. As we go down the bed,
since different load concentration was applied by the weight of the top layers over the
bottom layers, waste beds have become more compressed. Therefore, the voidage in
the successive layers of the landfills will decrease continuously as we go down the
bed of RVW in the actual landfill.
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4 Conclusion

The background reason for the extent of degradation of RVW in presence of WP has
been studied in the aforesaid discussion. The maximum degradation in case of 10%
waste plastic has been justified by the maximum amount of liquid hold-up capacity
with 10% waste plastic. Although the voidage increases with the increase in % of
WPs in the bed, the actual liquid/leachate hold-up capacity is optimum with 10%
waste plastics.

The decrease in the overall height of a RVW bed with load concentration has been
also studied showing the maximum decrease in case of RVW bed with 0% WPs in
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the bed. Till today, no such studies are available in the literature so far review by
the author on actual degradation rate in different layers of the RVW bed neither any
study is available on the change in the bed voidage throughout the height of the RVW
bed.

Therefore, it is necessary to focus on the studies of the physical structural profile
along the bed height and corresponding change in degradation rate along the height
of the bed.

References

1. Agrahari RP, Tiwari GN (2013) The production of Biogas using kitchen waste. Int J Energy
Sci (IJES) 3(6):408–413

2. Christensen TH, Kjeldsen P, Albrechtsen HJ, Heron G, Nielsen PH, Bjerg PL, Holm PE
(1994) Attenuation of landfill leachate pollutants in aquifers. Critical Rev Environ Sci Technol
24(2):119–202

3. Cossu R, Andreottola G, Muntoni A (1996) Modelling landfill gas production, landfilling of
waste: biogas. In: Christensen TH (ed) Landfilling of waste: leachate. London, E & FN SPON,
pp 237–268

4. CPCB (2004) Central pollution control board (CPCB), 2004. Management of Municipal Solid
Wastes, New Delhi, India

5. Durmusoglu E, Corapcioglu MY, ASCE F, Tuncay K (2005) Landfill settlement with decom-
position and gas generation. J Environ Eng 131(9):1311–1321

6. El-Fadel M, Khoury R (2000) Modeling settlement in MSW landfills: a critical review. Critical
Rev Environ Sci Technol 30(3):327–361

7. Ghosh A, Debnath B, Ghosh SK, Das B, Sarkar JP Sustainability analysis of organic fraction
of municipal solid waste conversion techniques for efficient resource recovery in India through
case studies. J Mater Cycles Waste Manage

8. Hossain MS, Gabr MA, ASCE F, Barlaz MA, ASCE M (2003) Relationship of com-
pressibility parameters to municipal solid waste decomposition. J Geotech Geoenviron Eng
129(12):1151–1158

9. Hossain MS, Penmethsa KK, Hoyos KK (2009) Permeability of municipal solid waste in
bioreactor landfill with degradation. Geotech Geol Eng 27:43–51

10. Hudson AP, White JK, Beaven RP, Powrie W (2004) Modelling the compression behaviour of
landfilled domestic waste. Waste Manag 24(2004):259–269

11. Kaushal RK, Varghese GK, Chabukdhara M (2012) Municipal solid waste management in
India—current state & future challenges: a review. Int J Eng Sci Technol (IJEST) 4(04), ISSN:
0975-5462

12. Khalid A, Arshad M, Anjum M, Mahmood T, Dawson L (2011) The anaerobic digestion of
solid organic waste. Waste Manag 31(2011):1737–1744

13. Mukhopadhyay D, Sarkar JP, Dutta S (2013a) Optimization of process factors for the efficient
generation of biogas from raw vegetable wastes under the direct influence of plastic materials
using Taguchi methodology. Desalin Water Treat 51:(13–15), 2781–2790

14. Mukhopadhyay D, Sarkar JP, Dutta S (2013b) Optimization of process parameters for the
economical generation of biogas from raw vegetable wastes under the positive influence of
plastic materials using response surface methodology. J Biochem Tech 4(1): 549–553 ISSN:
0974-2328

15. Mukhopadhyay D, Sarkar JP, Dutta S (2014) Macroscopic temporal studies on the effect of
waste plastic materials on anaerobic digestion of raw vegetable market wastes: experiment and
modelling. Int J Environ Waste Manag 13(4):2014



Effect of Physical Presence of Waste Plastics … 103

16. ReddyKR, Hettiarachchi H, Giri RK, Gangathulasi J (2009) Effects of degradation on geotech-
nical properties of municipal solid waste from Orchard Hills landfill, USA. Geotech Geol Eng
27:43–51

17. Sharholy M, Ahmad K, Vaishya RC, Gupta RD (2007) Municipal solid waste characteristics
and management in Allahabad, India. Waste Manag 27(2007):490–496

18. Singh A,Mukhopadhyay D, Sarkar JP, Dutta S (2014) Studies on effect of plastics on biodegra-
dation of vegetable solid market waste through details analysis of leachate. J Solid Waste
Technol Manag 40(3):266–284

19. Spokas K, Bogner J, Chanton JP, Morcet M, Aran C, Graff C, Golva YML, Hebe I (2006)
Methane mass balance at three landfill sites: what is the efficiency of capture by gas collection
systems. Waste Manag 26(2006):516–525

20. Tehhobanoglous G, Theisen H, Vigil SA (1993) Integrated solid waste management: engineer-
ing principles and management issues. McGraw-Hill Inc., Singapore

21. Themelis NJ, Ulloa PA (2007) Methane generation in landfills. Renew Energy
32(2007):1243–1257

22. Tsai WT (2007) Bioenergy from landfill gas (LFG) in Taiwan. Renew Sustain Energy Rev
11(2007):331–344



A Qualitative–Quantitative
Methodological Approach for Sustainable
Reclamation of Open Dumps: The Case
of the Controlled Dump of Tripoli

Mervat El-Hoz

1 Introduction

Landfills have traditionally been realized as the ultimate process for the disposal of
waste at minimum cost [19]. They are relatively varied with regard to the charac-
teristics, size, and location, causing different costs and benefits of their reclamation
[29]. The presence or absence of liner, leachate recirculation, and the use of soil cover
change their operations. Furthermore, regulations and policies on-site-specific, local,
national, and international scale are spatial [3].

Normally, and in different parts of the world, municipal solid waste landfills
contain about 50–60% soil-type materials such as significantly degraded waste and
covermaterial; 20–30%combustiblesmaterials for instancewood, plastic, and paper;
10% inorganic materials, for example, glass concrete, and stones; and a very low
percentage of metals mostly ferrous metal [26, 33, 34].

Old dumpsites are a cause of local pollution due to the absence of any type of
protection for emissions reduction, and the hazardous substances leaching. There is a
chance to recover significant amounts of formerly rejected waste in many municipal
solid waste (MSW) dumps and landfills in the world. A remarkable remediation tech-
nology for the closed open dumpsites is landfill mining (LFM) which is well-defined
as a process for removing waste materials from natural resources or minerals that
have been previously placed in the ground. It is an approach that has seen worldwide
over 50 years of reintroduction of forgotten resources into the materials cycle and the
recovery of energy from combustible materials [12] and decreasing the environmen-
tal problems produced by landfill emissions [11], resolving traditional management
problems related to solid waste deposits [22]. Traditional LFM involves the excava-
tion, processing that includes sorting the useful materials, treatment and/or recycling
of deposited materials or using for energy generation [10, 19, 23, 35]. Enhanced
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landfill mining (ELFM) reflects an advanced form of mining. It can be defined as the
safe adaptation, exploration, and integrated valorization of landfilled streams (waste
to materials, WTM) and energy (waste to energy, WTE) using innovative technolo-
gies for the transformation of nonhomogeneous waste streams with respect to the
strict social and environmental standards [2, 4, 12, 13, 15, 16, 18, 20, 22, 25, 26,
29, 31]. This method is obviously different from traditional landfill mining which
is usually limited to land reclamation, methane, and a few valuable metals such as
aluminum.

This study is aimed to propose a methodological procedure for giving practical
response to the management of the open dump in the UCF. Results of the study are
also discussed and their applications to other similar scenarios were evaluated.

2 Methodology

This research study uses amix of qualitative and quantitative research approaches. Its
methodology includes a five-step procedure as shown in Fig. 1. The first step involved
the identification and review of relevant literature on the history of the SWM and the
uncontrolled dump. Following this, data collection on waste quantities and compo-
sitions were covered. Then, meeting with the concerned stakeholders and decision
makers were made. The fourth step is a fieldwork where field investigations to dif-
ferent treatment processes, and landfills were executed. The last step summarizes the
data processing; and provides several options for solving this problem.

2.1 Literature Review

Different waste management plans were issued in Lebanon in the last two decades
focused onmunicipal solid waste (MSW) only ignoring other wastes (e.g., industrial,
commercial, medical, and hazardous). Despite these plans, Lebanon continues to
depend on open dumps and sanitary landfills due to their easiness and low cost despite
the limited land availability. Composting and recycling are not often implemented
due to financial, administrative, and operational problems in addition to the low
engineering practices in environmental protection through new technologies [8].

Fig. 1 Scheme of the methodology of the present study
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2.2 UCF Solid Waste Management

One of the main environmental problems in UCF is solid waste management. The
Tripoli dump is in operation since 1974. It is one among many uncontrolled dump-
ing sites in Lebanon with no bottom liner and where no environmental protection
actions were planned. The dump is located in the industrial zone of the city along
the coastline, north to its Port and adjacent to the Abou Ali River. Figure 2 shows its
geographical location.

Because of the location of this dump on the coast, air pollution due to gas emis-
sions, odors, and fumes passed beyond its closed area, and leachate drained in the
sea. Therefore, the government planned to solve the ecologically sound and health
problems associated with the situation. In 1996, the UCF with the World Bank has
executed a rocks breakwater of 450 m constructed around the beach side sea to con-
tain the waste, stop it from being carried out north by sea currents, and enlarge the
dumping area to 60,000 m2. In 1999, the UCF initiated a project to rehabilitate the
site and to operate it as a controlled landfill. Since then, the dumping process activ-
ities include control of incoming wastes, proper waste placement and compaction,
application of daily cover, biogas flaring, and limited leachate control [5].

In 2003, under the EU-funded program, Assistance the Rehabilitation of the
Lebanese Administration, the Office of the Minister of State for Administrative
Reform (OMSAR) launched the solid waste management program to provide solid
waste services in the country. The UCF has given the construction, 3 years oper-
ation and maintenance of a sorting plant. In 2010, the UCF established the plant,
which includes a material recovery facility (MRF) for separating waste and increas-
ing recovery of recyclables, aswell as a temporary storage area to transfer the residual

Fig. 2 Geographical location of the landfill (controlled dump)
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waste stream to the existing controlled dump or future composting plant and sani-
tary landfill in the governorate of North Lebanon [7]. The plant did not put under
operation until July 2017.

The demographical development and the presence of Syrian refugees since 2012
lead to an increase of solid waste production with approximately 154,700 tons
dumped in 2016 compared to 93,750 tons of 2000 and significantly higher than
the foreseen amount for the year 2031, i.e., 151,279 tons/year [6, 8]. Therefore, the
UCF in agreement with OMSAR program established the windrows system for a
composting plant of the organic materials on a very small available area close to the
site to reduce the amount of SW reaching the controlled dump. In July 2017, these
plants started their operations.

Current Waste Management Practice
There is no organized solid waste reduction program but reuse and low per capita
waste generation rates are common. Local communities do not practice waste segre-
gation at source and some initiatives havebeenmadebyNGOsat a narrow level. Infor-
mal waste recovery (scavenging) in curbside containers are applied which reduce the
volume ofwaste that is collected and transferred to the sorting plant, and then approx-
imately 238.6 tons/day are disposed in the controlled dump.

Characteristics of the UCFs Solid Waste
The characteristics of the generated SW in the UCF contain municipal, commercial,
industrial, agricultural, animal and slaughterhouse, and municipal hazardous wastes.
The existing Tripoli CD receives solid waste collected from the Municipality of
Tripoli, El-Mina, El-Kalamoun, Baddawi, and surrounding areas. Table 1 presents
the characteristics and amount of solid wastes received at site during the last 16 years
period [24].

Themunicipal solidwastes representmore than 85%of the total amount generated
and include organic materials, paper, glass, plastic, metal, textile, and others. The
average composition of the producedMSW in the UCF cities is presented in Table 2.
In general, the highest ratio of total solid waste is organic. Thismajor organic fraction
of waste includes food, restaurant waste, market waste, and garden waste which are
from daily market and houses of the cities.

Table 1 Solid waste generated during the last 16 years

Nature of wastes Year 2000 (%) Year 2005 (%) Year 2010 (%) Year 2016 (%)

Household
wastes

92.6 92.4 92.29 89.1

Industrial wastes 0.2 0.21 0.64 0.1

Animal wastes 1.1 1.63 1.78 1.8

Agricultural
wastes

0.3 0.22 0.04 0.1

Others 5.8 5.54 5.25 8.9
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Table 2 Average composition of municipal solid waste generated

Composition of municipal solid waste Waste received (%)

Organic waste 54.66

Recyclables 33.21

Plastic 15.11

Paper and cardboard 8.61

Glass 2.28

Metal 2.16

Aluminum 0.40

Textile 3.62

Wood 1.03

Hazardous wastes in MSW 9.63

Others 2.5

2.3 Meetings with Stakeholders

Meetings with the president, mayors, director, and concernedmembers of the munic-
ipal councils of the UCF were made. The problem reaches crisis proportions, due
to the lack of sustainable solid waste technologies, complicated by diminishing CD
capacity, the collapse of the CD wall a few months ago, the unavailable land for
ultimate disposal besides the CD, and the not in my backyard (NIMBY) syndrome.
These meetings resulted in finding an urgent applicable solution for the controlled
dump as a priority. It should be noticed that the UCF pays $71/ton/day for waste
management ($18/ton for collection and transportation of solid waste to the sorting
plant, 25/ton for its operation, and $28/ton for the operation of the controlled dump).

As seen, this situation has not come as a surprise andCDcrisis would not be solved
overnight, nor will it be easy [6]. So, before decisions can be made about which
technologies to implement, transparent technical information should be provided to
the stakeholders to understand the function and purpose of technological options
with no hidden aspects, review the main features to alleviate worries and precludes
further conflicts [8].

2.4 Field Investigation

Field investigation to the site was made to visualize the nature and composition
of the fill, and study the possibility of installing borehole down to depth below
current elevation to be able to conduct a site characterization study. The change from
land-based solid waste management to a resource-based system needs information
of the characteristics of municipal solid waste. In general, the CD consists of the
following three categories of solid waste:
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• Biodegradable such as food waste, animal waste, leaves, grass, straws, and wood.
• Nonbiodegradable are plastic, rubber, textile waste, and metals.
• Recyclable material includes paper, cardboard, and plastic.

Having known these physical characteristics, they significantly influence the fea-
sibility of certain treatment options.

Current Operation of the CD
The operation on the site is executed as follows:

• Receiving and weigh the waste at the entrance of the site.
• Inspecting the incoming MSW.
• Spreading and compaction of waste in layers of approximately 50 cm.
• Controlling leachate by constructing peripheral ditches to drain the leachate into
pits through pumping and extracting it on daily basis, then recirculating partially
leachate back into the landfill and conveying the remaining to the nearby open
channel to discharge into the sea.

• Monitoring daily flare ()

Problems Facing the Dump
The following are the problems of the CD:

• Leachate treatment did not work well due to low design capacity (36 m3/day).
• No documentation on the quantity of leachate since it is drained into the sea.
• Gas collection and flaring system are not functioning properly since September
2012 due to the increase in waste height, active dumping, need of additional well,
and presence of cracks in the dump walls. The average amount of biogas used to
approximates 49 m3/h of CH4, i.e., about 50% of the whole methane generated.

• Gas is simply released into the atmosphere causing health and environmental
impacts.

• Elevation of waste is more than 39 m level in some parts of the landfill compared
to 16 m in the year 2000 and exceeded the 29 m design marked for closure in 2012.

• Vertical stress and lateral pressure on the peripheral wall that leads to its failure
and collapse due to sliding of waste mass.

Efforts to control this pressure were considered as a short-term solution by main-
taining a 4 m deep trench around the inner face of the peripheral wall, extracting
leachate through the peripheral walls, and re-grading the slopes. Figure 3 shows the
current situation of the collapse of the peripheral wall.

2.5 Proposed Remedial Possibilities for Tripoli Controlled
Dump

The key issues for the determination of the economic feasibility of land-basedmining
plans are land reclamation and energy recovery methods [30]. The selection of a
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method to solve the crisis of the current CD is a site-specific decision. It is necessary
to take into consideration not only the ecological conditions, but also socioeconomic
and territorial technical conditions. Site information includes information on-site
history, economy, local and government planning, as well as a combination of current
and future needs, available resources, type of operation, and equipment available [5].
The study assessed the current solid waste components and the treatment of existing
solid waste, identified four scenarios according to different types of land reclamation
to be able to come up with the best viable solution from an environmental view, and
study the cost–benefit analysis of landfill mining project. The proposed scenarios are
as follows:

• Scenario 1: No change, leave landfill as it is.
• Scenario 2: Reclamations with minimal change.
• Scenario 3: Reclamations with complete extracting using mobile on-site sorting
plant and thermal treatment.

• Scenario 4: Reclamations with complete extracting using the current stationary
sorting and composting plants.

Scenario 1: Leave controlled dump as it is (Do-nothing)

This scenario will keep odor and leachate emissions as they are and pollution will
remain for years where more failures in the CD will occur. It is used as reference
scenario where neither monitoring of gas and leachate nor landfill mining activities
are undertaken.

Scenario 2: Closure and cover of CD

In this scenario, the gas and leachate of the dump will be managed, improve, or
replace the existing infrastructure with particular emphasis on adequate periodic
maintenance that will last about 15 years, in addition to monitoring and maintaining
the final cover and any other long-term treatment measures required and installed.
The collected gas is flared as it is designed for or can be used for combined heat
and power generation through upgrading the site. Systems for the collection and
treatment of leachates are in place, but the leaching of hazardous substances will
continue for a long period of time. Furthermore, maintenance of the final cover and
any other long-term remediation measures required and installed will be made. This
is an important task in comparison with biogas flaring and leachate control. Closure
of the CD will include as agreed in its operation contract:

• Construction of the final cover (capping) and
• Construction of the peripheral road.

This final cover provides a barrier over the waste materials system which is
required to prevent contact with the public, minimizes leachate generation, and min-
imizes gas migration. Drainage swales will be constructed on the final cover system
to collect and control surface water runoff. In addition, the vegetative cover layer
will minimize wind erosion of the final cover sand layer.
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Scenario 3: Enhanced landfill mining and reclamation (mobile plant)

First of all, this scenario is proposed from the viewpoint of waste management and
within a comprehensive resourcemanagement framework. The objectives of this sce-
nario are preservation of volume in the CD, removal of a potential source of pollution
(gas emissions and leachate), mitigation of the site contamination, energy recovery,
reuse of recoverable materials, reduction of management cost, and redevelopment
of the site. In general, it consists of the enhanced landfill mining (ELFM) methodol-
ogy. In this way, the controlled dump land which has a high value can be recovered.
Moreover, in the operating section, space can be reclaimed which indicates the pro-
tection of the environment. On the other hand, the existence of new land is limited
and requires political approval.

It is important to highlight that the site will be converted to a provisional storage
place which is an environmentally and physically safe place that allows in situ recov-
ery of materials and energy from waste streams. Based on the data processing of the
MSW of UCF, this sustainable method consists of mechanical processes planned to
recover any or all of the following:

• Recyclables incombustible (metal, glass, and dense plastic other than films).
• Organic waste.
• Inert soil material.
• Combustible (paper, textiles, rubber, wood, and plastic films).
• Recovery of space:Volumeof the reclaimed landfill to reuse the additional capacity
at a reduced cost and/or the value of the reclaimed land for other purposes.

• Limiting the impact of the landfill: Reduces long-term environmental impact (sur-
rounding, social, and environmental) and thus reduces the costs of closure and
post-closure.

The stored waste will be excavated from the old part and will be placed on the
available 20,000 m2 land adjacent to the site from the seaside as shown in Fig. 2.
A mobile sorting system will be placed on this land. A pre-separation process will
receive the mixed waste parts to identify the hazardous materials that will be treated
or disposed properly and soft granules that should be excluded in the separation
process. After that, the remainder is subject to progressive separation technology
for additional segregation. This technology is determined by the characteristics of
the removed waste such as particle size, moisture content, etc. Soil-type constituents
can be used in green areas as soil amendments or fertilizers. Furthermore, soil and
glass materials, plastic minerals, and construction waste can be recycled easily and
reused, which means that they will be converted from waste to material (WTM).
Alternatively, plastics can be used as raw materials for generating energy (WTE)
which is known as waste-derived fuel (RDF). In addition, it can be burned to give
back thermal power to produce electricity. RDF can be treated thermally in situ.

Scenario 4 Enhanced landfill mining (stationary plant)

It is similar to Scenario 3 but the extracted waste is transported to the stationary
sorting station available next to the CD as shown in Fig. 2 after it has been upgraded



114 M. El-Hoz

to suit this type of waste. Once again, the materials separated from the waste stream
are recycled and reused.

3 Discussions and Results

Scenario 1

This scenario would leave the CD in its existing condition and would not offer any
protection to human health and the environment. Therefore, this solution is rejected.

Scenario 2

This scenario will include the closure, and the final capping of the site. In general,
this scenario will enhance the gas collection operation; and the reduction of leachate
production by covering the solid waste materials. Moreover, it provides the operation
and maintenance of the site cap, and continued monitoring of gas and leachate emis-
sions. The cost for final closure and remediation is very high andwill not result in any
benefit from the urban land. Therefore, the options of financing of these costs by the
private sector, or through long-term loan from International Financing Institutions
(European Investment Bank, European Bank for Reconstruction and Development,
World Bank, etc.) are to be considered not feasible since the costs of its closing will
not bring any return or future financial benefits. As a result, this scenario is also not
feasible for the current situation.

Scenario 3

This scenario is simple; a mobile sorting plant will be installed on the site. This
plant separates materials that can be recycled as much as possible with least time
and operation requirements. The direct benefits of this scenario are low emissions of
CD gas and odor. Recovery revenues where the costs are regularly balanced by the
use/sale of recovered materials such as recyclable materials, waste, and soil that can
be incinerated as fuel, cost reduction, or avoidance by reducing the costs of liability
and closure; taking advantage of the urban economic zone, especially the high cost of
land because it is adjacent to the special economic zone in Tripoli, close to the port,
creating new jobs. On the other hand, indirect economic benefits comprise the high
value of the controlled dump space where resources are removed, forming further
space and extending its life. The CDs waste is to be completely excavated over a
period of approximately 7 years.

One of the most important aspects of this scenario is the destination of the nonre-
cyclable part of the CDmining after the recovery ofmaterials and on-site remediation
activities that require the re-landfill. The possibility of locating an alternative landfill
site was investigated. The siting of a sanitary landfill requires a reliable assessment
process that should identify the best possible site for waste disposal. This site must
comply with government regulations and, at the same time, reduce economic, envi-
ronmental, health, and social costs. Therefore, the technical parameters used in this
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Table 3 Ministry of environment site selection criteria

Criteria Value

Siting Distance to development zone, rural
townships

1000 m

Access road Distance to arterial road networks 500 m

Floodplain Not within designated area as a
“100-year floodplain”

100 m

Slope Areas with slopes <10%

Water supply Distance away from surface water,
whether permanent or intermittent

100 m

Design area Room for future expansion of the
facility

5000 m2

Utilities Availability of appropriate utilities
(water, power, and other services)

Sensitive areas Distance from environmentally
sensitive or protected areas

1000 m2

part of the study were determined based on the guidelines produced by the Ministry
of Environment’s location selection. Nontechnical aspects such as access, availabil-
ity of suitable facilities (water, energy, and other services), and expected growth and
development near the facility [6]. Criteria for selecting MOE sites used in this study
are presented in Table 3.

Nevertheless, there is no such site in the cities of UCF. Therefore, it was found that
the most feasible solution, both in terms of environmental and financial, is the use of
existing quarries in the northern governorate of Lebanon, especially those towns that
have quarries and access to benefits from the wastewater treatment plant available
in Tripoli. The GIS constraint maps were produced and converted into weighted
geographical raster layers along the Spatial Extent of the GON cities to represent the
regions which are suitable for the development of the CD. Those constraints maps
were: (1) slope, (2) distance from rivers, (3) distance from residential zones, and (4)
distance from roads. Two sites are found suitable for this study waiting for political
decision since siting a new sanitary landfill is a very complex task.

However, from an environmental point of view, ELFM processes are not without
risk because they include a number of phases (excavation, treatment, and recycling of
waste),which can lead to unsafe circumstances on-site (e.g., failures in the zone under
excavation, release of gases that can cause fires or explosions) and dangerous effects
on public health and the environment (such as emission of particulatematter and odor
and produced leachate) [19, 9]. Therefore, after reviewing operational treatment
and sitemaps, 10 wells (1 per 6000 m2) are proposed for a site characterization
study as covered by phase 2 with a social benefits analysis tool to assess potential
economic benefits and project costs; investment of regulatory requirements; and
make a preliminary plan for workers’ health and safety.
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This scenario will take potential advantages of the latest collection and recycling
materials technologies.

Scenario 4

This scenario involves the collection of materials as much as possible for recycling
by modern technologies. This is an ambitious option where the stationary plant can
separate six categories of usable materials: organic materials, combustible materi-
als, ferrous and nonferrous metals, plastic, and building materials. Four of these six
categories can be treated in different recycling plants, while the categories of com-
bustible materials can be disposed of in the available incineration plants. Although
the location of the sorting and composting plant is adjacent to the CD, the area is
small; in addition to the wrong selection of the composting process used and the lack
of know-how on the operating parameters that tend to reduce the effectiveness of
the technology and lead to many annoying environmental problems of UCF cities.
Therefore, this scenario is rejected.

4 Conclusions

This paper presents a qualitative and quantitative methodological approach for sus-
tainable reclamation of open dump. To deal with this issue, the type, components,
and all processes for its remediation need to be given serious consideration so that
appropriate and workable alternatives can be designed for a better management. Dif-
ferent steps were followed to analyze the case and different scenarios were studied to
overcome the crisis of the controlled dump in UCF cities. The findings of this study
indicate that ELFM operations could potentially be feasible, for the remediation of
this dump when considered in the long run. A supplementary study is necessary
to cover the characteristics of dumped wastes to determine the potential benefits in
addition to controls that will be required during excavation as well as the analysis of
economic standards, to be able to conduct a combined environmental and economic
assessment of ELFM.
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Recycling of Marble Waste
in the Manufacturing of Ceramic Roof
Tiles

Sh. K. Amin, S. A. El-Sherbiny, H. H. Abo-Almaged
and M. F. Abadir

1 Introduction

With the progress of science and the increasing awareness of people’s environmental
protection consciousness, there is a great tendency worldwide towards recycling
industrial waste by-products and their utilization in many construction materials.
The recycling process not only helps decreasing the environmental pollution but also
aids in lowering production costs.

Marble industry generates a lot of wastes mainly in the form of powder during
sawing and polishing processes. During the cutting process, 20–30% of the block
is reduced to fine powder that pollutes and damages the environment [1]. This fine
waste is a highly polluting waste due to both its highly alkaline nature and high
abrasiveness, which pose a health threat to the surroundings [2].

Over the past years, there has been an increasing number of researches on the use
of marble waste in mortar mixes [3], catalysts [4], concrete [5–7], concrete roof tiles
[8], and ceramic wall and floor tiles [9, 10].

The aim of the present work is to use the generated fine marble dust as partial
replacement of a basic mixture of clay roof tiles, in order to achieve the objectives of
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economic, environmental, and also to achieve sustainable development saves sources
of raw materials for future generations.

2 Experimental Work

2.1 Raw Materials

Two types of raw materials were used in this work: The first part is a clay roofing
tiles body mixture that was kindly supplied by Sornaga Company, Egypt. This basic
mixture was prepared from Egyptian raw materials. It consisted of clay mix (ball
clay, Aswan clay, and shale clay) ≤50 wt%, sodium feldspar (albite) ≤20 wt%, and
roofing tiles grog (≤30 wt%) used as an addition to conventional mixes to reduce
shrinkage, and commercial barium carbonate (≤2 wt%). The second part consists of
the marble fine waste which was collected from Shaq Al-Thuban cluster in Egypt.

2.2 Characterization of Raw Materials

The chemical composition of rawmaterialswas determined usingXRFby anAXIOS,
Panalytical 2005, and Wavelength-Dispersive (WD-XRF) Sequential Spectrometer.
X-ray powder diffraction (XRD) analysis was performed by a Brukur D8 Advanced
Computerized X-ray diffractometer apparatus with monochromatized Cu Kα radia-
tion, operated at 40 kV and 40 mA. Grain size distribution was performed according
to the standard sieving procedure ASTM D 422 [11]. The powder densities of clay
mix and marble fine waste were measured using the standard pycnometer method
(density flask).

2.3 Tile Samples Preparation

The marble waste was dried and then ground in laboratory ball mill for 5 min. The
fine waste was used to replace part of the basic mixture in percentage of weight
from 0 to 30%. Rectangular samples of dimensions (150 mm×30 mm×25 mm)
were molded with different percentage wastes using a fixed water content of 20%
(on dry basis). This water content provided the best workability of mixtures. Each
sample consisted of three specimens. The formed samples were dried at (110±5)°C
overnight and then, fired in a laboratory muffle at 1000 and 1150 °C for 3 h soaking
time.
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2.4 Testing of Fired Samples

For fired samples, the following tests were performed. Each time the numerical
average of the three specimens was recorded.

– Linear firing shrinkage (LFS) was evaluated according to ASTM C 326 [12].
– Loss on ignition was measured according to ASTM D 7348 [13].
– Bulk density was measured according to ASTM C 20 [14].
– Water absorption was measured, and saturation coefficient was calculated accord-
ing to ASTM C 67 [15].

– Transverse breaking strength of tiles was determined according to ASTM C 1167
[16].

3 Results and Discussion

3.1 Raw Materials Characterization

The chemical analyses of the two raw materials (basic raw mix of roofing tiles and
marble fine waste) as obtained fromXRF analyses, the percent free silica and organic
matter are presented in Table 1. This table shows that the loss on ignition is highest
in the case of marble waste mainly due to loss of carbon dioxide (consisting mainly
of calcium carbonate), in addition to oxidation of organic matter content. Also, most
of the LOI of the raw mix of roofing tiles is due to both the loss of water of hydration
of clays, and its organic matter content. The fact that the free silica percent in roofing
tile mix is higher due to the free silica present in clays.

On the other hand, Fig. 1 shows the mineralogical analyses of two raw mate-
rials. The raw mix for roofing tiles is composed of quartz (SiO2), microcline
(K2O·Al2O3·6SiO2), and albite (Na2O·Al2O3·6SiO2) while the XRD pattern of mar-
ble waste consists only of calcite lines (CaCO3).

The cumulative screen analyses of roofing tiles mix and marble waste are shown
in Fig. 2. The vertical axis represents the fraction passing from each particular screen
diameter. Table 2 shows both of the volume–surface mean diameter (Ds) and D50

values for two powders [17].
Finally, the powder density of the raw materials used in this work was found to

be 2.152 gm cm−3 for roofing tiles mix and 2.425 gm cm−3 for marble fine waste.
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Table 1 Chemical analysis of raw materials

Main constituents (wt%) Raw mix Marble waste

SiO2 57.17 2.32

TiO2 1.26 0.03

Al2O3 22.48 0.44

Fe2Otot.
3 7.96 0.20

MnO 0.10 –

MgO 0.76 0.48

CaO 0.68 53.75

Na2O 1.06 0.09

K2O 1.30 0.03

P2O5 0.16 0.09

SO3 0.43 0.26

Cl 0.19 0.04

BaO 0.385 –

ZrO2 0.039 –

Minor oxides 0.115 0.053

LOI 5.91 42.21

Free silica 19.19 0.85

Organic matter 5.84 7.10

Table 2 Volume—surface mean diameter (Ds ) and (D50) values of raw materials

Powder (mm) Roofing tiles mix Marble waste

D50 0.415 0.021

Ds 0.41 0.036

Fig. 1 XRD pattern of two raw materials, a Roofing tiles raw mix, b marble fine waste
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Fig. 2 Cumulative screen analysis of the raw materials

3.2 Properties of Fired Roofing Tiles Samples

3.2.1 Firing Shrinkage

Figure 3a shows the effect of marble waste addition on linear firing shrinkage for
tiles fired at 1000 and 1150 °C. As revealed from Fig. 3a, the linear firing shrinkage
observed on addingmarble dust for samples fired at 1150 °C did not vary but remains
almost constant at about 2% at all addition levels. At 1000 °C, however, there was
a decrease in shrinkage at 20% addition after which the percent shrinkage increased
once more to reach 2% at higher levels of addition.

Actually, the fact that marble dust is much finer than the tiles mix should play in
favor of increasing firing shrinkage once available pores between tiles mix particles
are filledwith calcinedmarble powder. It seems that this occurs at about 30%addition.
Actually, this is supported by the fact that minimum porosity is achieved for a coarse
to fine ratio of about 70:30 [18].

3.2.2 Loss on Ignition

Figure 3b illustrates the effect of marble waste additions on loss on ignition, for tiles
fired at different temperature. Adding marble dust to tiles mix at any level steadily
increases the loss on ignition owing to loss of carbon dioxide and organic matter.
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(a) Linear firing shrinkage (b) Loss on Ignition

(c) Bulk density (d) Apparent porosity

(e) Water absorption (f) Saturation coefficient

Fig. 3 Effect of marble waste content on physical properties of fired tiles

3.2.3 Bulk Density and Apparent Porosity

Bulk density (ρB) is related to the powder (true), density of the body (ρp), and its
fractional porosity (p) by the expression:
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ρB � ρp (1 − p) (1)

The effect of adding marble waste on the bulk density is shown in Fig. 3c. The
decrease in bulk density is not due to the difference in powder density as that of tiles
mix is lower than that ofmarblewaste. In addition at temperatures higher than 900 °C,
calcium oxide (of specific gravity�3.3) will be present. That is why the main reason
for the drop in bulk density is an increase in porosity following the dissociation
of calcite. At 1150 °C, the formation of a vitreous phase in reasonable amount will
damp that effect resulting in a practically constant bulk density. Above 20% addition,
the amount of liquid phase cannot contribute to closing all the pores formed by the
evolution of carbon dioxide. This reflects in decreasing the bulk density. These results
are totally compatible with the variation of apparent porosity displayed in Fig. 3d.

3.2.4 Water Absorption and Saturation Coefficient

The percent water absorption is defined as the amount of water absorbed by the body
relative to its dry mass (mD) as follows:

Water absorption (%) � mW − mD

mD
× 100% (2)

Figure 3e shows the variation of percent water absorption with adding marble
waste. Since water absorption increases with increased porosity, it is expected that
waste addition will have an inverse effect on water absorption. Additions of marble
dust below 20% do not increase water absorption above the standard level of 15%.

On the other hand, the saturation coefficient is the ratio of cold water absorption to
hotwater absorption and should not exceed 0.86 [16]. Figure 3f reveals the decrease in
saturation coefficient upon raising the firing temperature. Alternatively, the addition
of marble waste does not affect that coefficient.

3.2.5 Mechanical Strength

According to ASTM C 1167 [16], the dry transverse breaking “strength” of tiles (N)
defines as follows:

Transverse breaking strength � F × L

b
(3)

where

L is the distance between two supports (mm),
b is the breadth of specimen (mm), and
F the fracture load (N).
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Fig. 4 Effect of marble waste content on dry transverse breaking strength

Figure 4 shows the effect of waste content on dry transverse breaking strength
at different firing temperatures. As expected, the highest strength values will be
achieved at the highest firing temperatures following the completion of sintering and
formation of a reasonable amount of binding glassy phase.

4 Conclusion

Marble dust generated during the cutting process of marble block can reach up to
30% of raw material. This fine waste was utilized in the manufacture of ceramic
roofing tiles, in order to achieve the objectives of economic, environmental, and
also to achieve sustainable development saves sources of raw materials for future
generations. The basic raw materials for ceramic roofing tiles and the solid waste
were characterized by XRF and XRD. Marble dust was mixed with a standard mix
of ceramic roofing tiles at different percentages reaching 30%, molded, dried, and
fired through a fast single-firing technique in a laboratory muffle furnace. Firing
was performed at 1000 and 1150 °C, for a soaking period of 3 h. Physical and
mechanical properties were next measured and compared to International Standard.
It was possible to obtain tiles compatible with American standard ASTM C 1167
using 10% marble waste replacement and firing at 1000 °C.
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Treatment (Handling) of Hazardous
Waste in Germany

Isabell Eickhoff, Anna-Sabina Emmerich, G. Morscheck,
A. Schüch and Michael Nelles

The term “hazardous waste” refers to various waste types with defined hazardous
properties that are harmful to the environment and/or the human health. Hazardous
waste must be handled using special techniques and processes that ensure a safe and
environmentally sound handling.

This article provides an overviewof the hazardouswaste situation inGermany. For
this purpose, publications from the UBA [6] (Germany’s main environmental pro-
tection agency) and the Federal Ministry for the Environment, Nature Conservation,
Building, and Nuclear Safety [1] are used.

“In Germany certain types of waste with hazardous properties are sometimes
referred to as ‘hazardous waste’ or ‘special waste’, a term for which no clear legal
definition exists in the German law” [6].

1 Hazardous Waste Classification

Depending on the literature used, there are many different definitions and categories
ofwaste available.Waste canbegenerally classified into hazardous andnonhazardous
waste. Hazardous waste is waste which poses a special threat to human health or the
environment. Based on the physical, chemical, and biological properties, hazardous
waste can be classified into:
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• Radioactive waste (e.g., waste from nuclear reactors),1

• Toxic waste (e.g., chlorofluorocarbons, POPs or heavy metals),
• Reactive waste,
• Corrosive waste (e.g., strong alkaline or acidic substances),
• Infectious waste (e.g., hospital waste),
• Flammable waste, or
• Explosive waste.

Hazardous waste might, therefore, cause environmental pollution or serious ill-
nesses when ingested, inhaled, or touched and thus requires proper management
strategies. Nonhazardous waste, on the other hand, does not pose a direct threat to
humans or the environment. The typical sources of nonhazardouswaste aremunicipal
solid waste (MSW), nonhazardous industrial waste, agricultural waste and residues
as well as construction and demolition (C&D) waste.

Classifying waste according to its hazardousness is an essential element of waste
management; as such classifications determine the waste treatment methods used
and the supporting waste documentation. In the EU, waste designations and classifi-
cations are governed by the Commission Decision 2000/532/EC (The European List
of Waste, LoW) where all wastes that are classified as hazardous waste are marked
with an asterisk next to their waste identification code. The various types of waste
are hereby classified irrespectively of their disposal method.

Apart from hazardous and nonhazardous wastes, the European List of Waste
also contains so-called “mirror entries” for waste streams whose hazard criteria are
decisive from a legal point of view depending on hazardous substance concentrations
or hazard properties. TheDirective 2008/98/EC (WasteFrameworkDirective) defines
15 hazard criteria (H-criteria) that specify the hazardousness of those mirror entries
[6] (Table 1).

The European List of Waste lays down concentration limits for certain hazard
criteria. Those concentration limits are based on chemical regulations (Table 2).

R-phrases (short for Risk Phrases) are defined in Annex III of the European Union
Directive 67/548/EEC. For example, R35—Causes severe burns, R34—Causes
burns, or R41—Risk of serious damage to eyes.

The European Union classification of carcinogens is included in the Dangerous
Substances Directive and the Dangerous Preparations Directive. It consists of three
categories:

• Category 1: Substances known to be carcinogenic to humans.
• Category 2: Substances which should be regarded as if they are carcinogenic to
humans.

• Category 3: Substances which cause concern for humans, owing to possible car-
cinogenic effects but in respect of which the available information is not adequate
for making a satisfactory assessment.

1In Germany, radioactive waste is excluded from the “hazardous waste” category as it is no waste
according to the German waste directive. Germany has a special law, the Radioactive Substances
Act, focusing on radioactive wastes.
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Table 1 Hazardous properties (Directive 2008/98/EC)

H1 Explosive H9 Infectious

H2 Oxidizing H10 Toxic for reproduction

H3 Flammable H11 Mutagenic

H4 Irritant—skin
irritation and eye
damage

H12 Release of an acute
toxic gas

H5 Specific target organ
toxicity
(STOT)/Aspiration
toxicity

H13 Sensitizing

H6 Acute toxicity H14 Ecotoxic

H7 Carcinogenic H15 Waste capable of
exhibiting a hazardous
property listed above
but not directly
displayed by the
original waste

H8 Corrosive

Table 2 Hazardous waste categories based on substance concentration limits (with associated R-
phrases in accordance with Annex III to the Dangerous Substances Directive [67/548/EEC])

Hazardous properties Specification
Flash point/concentration
limits of one or more
substances

H-criterion

Flammable Flash point ≤55 °C H3

Very toxic ≥0.1% H6

Toxic ≥3% H6

Harmful ≥25% H5

Corrosive (R35) ≥1% H8

Corrosive (R34) ≥5% H8

Irritant (R41) ≥10% H4

Irritant (R36, R37, and R38) ≥20% H4

Carcinogenic (Cat. 1 or 2) ≥0.1% H7

Carcinogenic (Cat. 3) ≥1% H7

Toxic for reproduction (Cat. 1
or 2, R60 or 61)

≥0.5% H10

Toxic for reproduction (Cat. 3,
R62 or R63)

≥5% H10

Mutagenic (Cat. 1 or 2, R46) ≥0.1% H11

Mutagenic (Cat. 3, R40) ≥1% H11
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Table 3 Number of entries in the European List of Waste (LoW)

842 entries in the List of Waste

408 Hazardous entries 434 Nonhazardous entries

228 AH 180 MH 198 MNH 236 ANH

This assessment scheme is currently replaced by the GHS scheme which uses
very similar category definitions.

In the European Union, the waste classification according to the European List of
Waste (Commission Decision 2000/532/EC and Annex III to Directive 2008/98/EC)
is used. The List ofWaste (LoW) serves as a common coding of waste characteristics
for many different purposes such as the grouping of hazardous wastes. The clear
allocation of waste codes has a major impact on the transport of waste, installation
permits (which are usually granted for the processing of specific waste codes), and
decisions about recyclability of the waste or as a basis for waste statistics.

Any waste entry marked with an asterisk (*) is considered hazardous. The LoW is
currently being revised and updated with regard to changes in chemical regulations.
The 842 entries of the European List of Waste will then be divided into “absolute”
hazardous (AH), “absolute” nonhazardous (ANH), “mirror” hazardous (MH), and
“mirror” nonhazardous (MNH) entries. Thereby, each waste is either hazardous or
nonhazardous (Table 3).

2 Handling of Hazardous Substances

According to Paragraph 47(1) of theGermanWasteManagementAct (KrWG),waste
prevention and management fall under the jurisdiction of the competent Federal
State authorities. In Federal States imposing delivery and handover obligations for
hazardous waste, the waste-generating entity is required to notify the type, quantity,
and composition of the waste in question as well as the envisaged disposal facility
to the local authorities. The authorities then allocate the waste to a suitable facility.
Disposal techniques can vary greatly from one type of waste to another, as can the
applicable regulations. This applies to the discarding of waste containing hazardous
substances such as asbestos or persistent organic pollutants (POPs) or PCBs and
mercury.

The Ordinance onWaste Recovery and Disposal Records governs monitoring and
supervision of hazardous waste recovery and disposal. The supervision is carried
out via an electronic waste tracking and record procedure (Waste Recovery and
Disposal Record; Transport Form and Transfer Receipt). A Waste Recovery and
Disposal Record allows for prior permission—by the waste producing entity, the
waste disposal entity, and the competent authority—that a given disposal technique
is environmentally sound. The Transport Forms and Transfer Receipts allow for
documentation, via acknowledgement that a previously validated disposal technique
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has been adhered to each individual instance of waste transport. The Ordinance on
Waste Recovery and Disposal Records lays down simplified rules for supporting
documentation for small quantities of waste, whereby household wastes are not
subject to such documentation rules.

3 Hazardous Waste Quantities and Destinations

Transport Forms used in the proof procedure are evaluated for statistics gathering pur-
poses, whereby the competent authorities are legally required to submit information
to government statistics offices. In this procedure, no statistics are gathered concern-
ing waste disposal within a given enterprise or for trans-frontier waste deliveries, as
these statistics are gathered separately.

Among the waste produced in the EU-28 in 2014, about 94.78 million tonnes
(3.0% of the total waste generated—2494.7 million tonnes) were classified as haz-
ardous waste. This was equivalent to an average of 198 kg of hazardous waste per
inhabitant in the EU-28 [2].

Compared to 2010, an additional 2.0% of nonhazardous waste was generated in
2014 in the EU-28 and an additional 2.6% of hazardous waste. In 2014, the share
of hazardous waste in complete waste generation was below 10.0% in all of the
EU Member States (except for Estonia and Ireland, where it accounted for 41.6 and
10.3% accordingly). The very high share for Estonia was primarily due to energy
production from oil shales [2] (Table 4).

The generation of hazardouswaste in 2014 across EuropeanUnionMember States
ranged from a minimum of 27 kg per inhabitant in Greece to a maximum of 593 kg
per inhabitant in Luxembourg. In Luxembourg, the high amount is mainly due to
construction activities (Table 5).

Germany itself produces a total of 351 million tonnes of waste. Due to the import
of different wastes from other countries, German waste treatment facilities had to
handle 408million tonnes of waste. About 6% of the total waste was hazardous waste
(Table 6).

4 Special Waste from Households—Hazardous Waste
in Small Quantities from Households

Many everyday products contain substances that are classified as dangerous in the
broadest sense. If residual quantities of any harmful substance remain after the prod-
ucts’ use, they become hazardous waste, which must be duly disposed of or recycled.
ManyGermanmunicipalities and counties offer a collection of this waste. Hazardous
waste can be disposed of in waste collection centers. The disposal of hazardous waste
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Table 4 Treatment of hazardous waste by waste category and waste operations [tonnes in 2014]
[2]

Total waste
treatment

Deposit
onto or into
land (D1,
D5, D12)

Land
treatment
and release
into water
bodies (D2,
D3, D4, D6,
D7)

Incineration/
disposal
(D10)

Incineration/
energy
recovery
(R1)

Recovery
other than
energy
recovery—
backfilling

Recovery
other than
energy
recovery—
except
backfilling
(R2 to R11)

European
Union (28
countries)

75,550,000 36,360,000 700,000 4,670,000 5,720,000 2,400,000 25,700,000

Belgium 2,140,043 589,660 0 173,011 410,133 0 967,239

Bulgaria 12,176,438 11,853,969 163,064 7171 333 0 151,901

Czech
Republic

597,309 35,512 0 73,373 51,433 214,021 222,970

Denmark 1,819,120 1,195,969 0 3293 210,161 0 409,697

Germany 20,521,107 4,612,317 37,402 1,263,306 2,788,642 2,178,280 9,641,160

Estonia 10,315,094 8,983,360 0 20 15,279 0 1,316,434

Ireland 86,518 18,541 19,200 13,121 32,436 0 3220

Greece 115,015 19,303 0 2937 3211 0 89,564

Spain 2,321,536 524,712 114 354 137,387 0 1,658,969

France 7,605,065 2,672,055 0 1,520,287 1,046,249 0 2,366,474

Croatia 66,055 10,035 0 0 11,371 0 44,649

Italy 3,574,305 1,268,619 0 407,142 76,739 0 1,821,805

Cyprus 161,446 141,259 0 38 1394 0 18,755

Latvia 43,375 6681 0 11 12,119 0 24,564

Lithuania 55,457 18,168 176 1932 0 0 35,181

Luxembourg 37,843 0 0 0 35,199 0 2644

Hungary 372,580 85,563 0 81,181 21,541 0 184,295

Malta 438 0 0 438 0 0 0

Netherlands 4,483,340 1,327,555 6827 342,968 270,694 0 2,535,296

Austria 439,247 60,260 0 71,327 143,749 0 163,911

Poland 1,876,577 244,786 1426 135,443 2492 0 1,492,430

Portugal 175,169 16,354 0 16,606 16,806 0 125,403

Romania 500,394 124,535 28,152 32,457 124,292 0 190,958

Slovenia 91,696 10,675 0 9965 1443 0 69,613

Slovakia 201,819 52,534 84,669 17,290 4607 0 42,719

Finland 1,915,719 1,187,806 363,431 149,463 45,705 0 169,314

Sweden 1,092,814 426,026 0 102,739 153,013 0 411,036

United
Kingdom

2,762,524 869,210 0 241,230 102,777 8549 1,540,758

Iceland 38,960 11,456 0 732 1303 0 25,469

Norway 1,566,241 799,517 1315 50,665 289,034 0 425,710

Former
Yugoslav
Republic of
Macedonia,
the

3763 3614 149 0 0 0 0

(continued)
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Table 4 (continued)
Total waste
treatment

Deposit
onto or into
land (D1,
D5, D12)

Land
treatment
and release
into water
bodies (D2,
D3, D4, D6,
D7)

Incineration/
disposal
(D10)

Incineration/
energy
recovery
(R1)

Recovery
other than
energy
recovery—
backfilling

Recovery
other than
energy
recovery—
except
backfilling
(R2 to R11)

Serbia 13,493,547 13,434,944 66 0 2286 0 56,251

Turkey 6,487,595 5,831,220 0 33,329 185,314 : 437,731

Table 5 Generation of hazardous waste by waste category in 2014 [kilogram per capita] [2, 3]

Total Waste Chemical
and medical
wastes
(subtotal)

Recyclable
wastes
(subtotal,
W06+W07
except
W077)

Equipment
(subtotal,
W077+
W08A+
W081+
W0841)

Mixed
ordinary
wastes
(subtotal,
W101+
W102+
W103)

Mineral and
solidified
wastes
(subtotal)

European
Union (28
countries)

198 61 4 21 8 104

Germany 273 79 16 18 23 136

from households at municipal collection points is usually free of charge. Only large
quantities of commercial goods are charged.
Special wastes from households include, for example:

• PCB-containing capacitors and other PCB-containing waste
• Solid grease and oil contaminated equipment, oil filters, and oily metal packages
• Washing and cleaning agent waste
• Developer baths, fixing baths
• Pesticides, wood preservatives, including their packaging
• Acids and alkalis
• Laboratory chemical residues
• Hypochlorite waste (chlorine bleaching)
• Mercury and mercury-containing waste
• Compressed gas packs (aerosol cans), gas cartridges
• Hand fire extinguishers
• Old paints (non-hardened)
• Solvents, solvent mixtures, and thinners
• Fats, waxes
• Glue and adhesives
• Oils, emulsions.
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Table 6 Generation of hazardous waste depending on the LoW waste type chapters in 2015 [3]
Waste types—chapters of the LoW Total amount of waste Amount of hazardous

waste
Percentage of
hazardous waste

1000 tonnes 1000 tonnes %

01 Wastes resulting from
exploration, mining,
quarrying, physical
and chemical treatment
of minerals

31,427.3 50.4 0.16

02 Wastes from
agriculture,
horticulture,
aquaculture, forestry,
hunting and fishing,
and food preparation
and processing

6092.8 1.5 0.02

03 Wastes from wood
processing and the
production of panels
and furniture, pulp,
paper, and cardboard

8551.0 0.5 0.01

04 Wastes from the
leather, fur and textile
industries

110.4 0.2 0.18

05 Wastes from petroleum
refining, natural gas
purification, and
pyrolytic treatment of
coal

68.1 60.3 88.55

06 Wastes from inorganic
chemical processes

935.3 355.1 37.97

07 Wastes from organic
chemical processes

2121.2 1269.3 59.84

08 Wastes from the
manufacture,
formulation, supply
and use (MFSU) of
coatings (paints,
varnishes, and vitreous
enamels), sealants, and
printing inks

299.2 209.5 70.02

09 Wastes from
photographic industry

24.6 18.7 76.02

10 Wastes from thermal
processes

22,347.9 922.6 4.13

11 Wastes from chemical
surface treatment and
coating of metals and
other materials;
nonferrous
hydrometallurgy

1732.1 591.7 34.16

12 Wastes from shaping
and physical and
mechanical surface
treatment of metals
and plastics

2592.6 115.1 4.44

13 Oil wastes and wastes
of liquid fuels (except
edible oils, 05 and 12)

1205.1 1413.1 117.26

(continued)
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Table 6 (continued)
Waste types—chapters of the LoW Total amount of waste Amount of hazardous

waste
Percentage of
hazardous waste

1000 tonnes 1000 tonnes %

14 Waste organic
solvents, refrigerants
and propellants (except
07 and 08)

107.9 107.9 100.00

15 Waste packaging;
absorbents, wiping
cloths, filter materials,
and protective clothing
not otherwise specified

12,448.9 267 2.14

16 Wastes not otherwise
specified in the list

4392.5 959.3 21.84

17 Construction and
demolition wastes
(including excavated
soil from contaminated
sites)

210,319.3 8582 4.08

18 Wastes from human or
animal health care
and/or related research
(except kitchen and
restaurant wastes not
arising from
immediate health care)

361.3 24.3 6.73

19 Wastes from waste
management facilities,
off-site waste water
treatment plants, and
the preparation of
water intended for
human consumption
and water for industrial
use

62,855.3 6258.9 9.96

20 Municipal wastes
(household waste and
similar commercial,
industrial and
institutional wastes)
including separately
collected fractions

40,163.1 114.3 0.28

408,155.9 21,321.7 5.22

5 Recycling of Special Waste—Reduction of Special Waste

Legal regulations oblige companies to dispose of their waste in an environmentally
sound manner. Disposal costs for hazardous waste are relatively high. Costs above
100e per tonne are common.Companies are therefore interested in producing as little
hazardous waste as possible. Many technologies have been redesigned accordingly.
In addition, there are voluntary agreements between the industry and the supervi-
sory or regulatory authorities. Sector-specific programs provide expertise on waste
reduction.
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6 Hazardous Waste Landfills (Aboveground Landfills,
Underground Hazardous Waste Disposal Facility in Salt
Rock)

Hazardous wastes that are not damaged by incineration or other chemical processes
need to be disposed in save landfills.

In Germany, there are five landfill classes, two classes are for hazardous waste.
Landfill sites must meet the following requirements:

• Suitable, secure location,
• Suitable multilayer landfill sealing system,
• Suitable installation technology for the waste,
• Compliance with the allocation values of the Landfill Ordinance.

In 2015, 2,671,100 tonnes of hazardous waste was deposited aboveground and
another 120,500 tonnes underground in a total of 31 landfills for hazardous waste
(including four underground disposal sites) [3].

Landfills require a special sealing system (basic and surface sealing), a combina-
tion of mineral and plastic (HDPE) sealing. The generated leachate water must be fed
to a leachate treatment plant. Landfill gas must be collected and treated. Particular
requirements are placed on the operation management. Special waste disposal sites
are strictly monitored.

In contrast to the atmospheric processes, processes in the hydrosphere, pedosphere
(ground), and lithosphere (geological layer of the earth) extend over geologically long
periods of time. Mountain formation and extraction processes even take millions of
years. Movements in the earth’s crust range frommillimeters to centimeters per year.

Underground hazardous waste disposal facilities in suitable rock formations are
thus the only realistic way to avoid the long-term direct contact of pollutants with
high and lasting potential and the biological cycle.

The underground landfill is intended for waste which is a danger to water and
air even when orderly managed in aboveground hazardous waste disposal sites, and
whose biological or thermal degradation would be technically and ecologically prob-
lematic or too expensive.

7 Chemical and Physical Treatment

Approximately, 25–30% of all hazardous waste generated in Germany is chemically
and physically treated in a total of 534 plants. Thus, their dangerous ingredients are
destroyed or converted into harmless ones.

The subsequent environmentally sound recovery or disposal of this waste is thus
made possible. In chemical–physical treatment plants, mainly liquid hazardouswaste
is treated. In this case, chemical–physical reactions are used for material transforma-
tion (e.g., neutralization, oxidation, and reduction). A concentration of the dangerous
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ingredients (e.g., by filtration, sedimentation, distillation, and ion exchange) is fre-
quently carried out in order to improve the reaction conditions or the economic
efficiency of the process.

8 Thermal Treatment of Hazardous Waste

Waste incineration plants are treatment plants (!) which can additionally generate
electricity and heat.

All of Germany’s thermal waste treatment facilities comply with Directive
2010/75/EC. The European state of the art is set in the Best Available Techniques
(BAT) reference document, which targets to encourage implementation of the princi-
ples regarding integrated pollution prevention and control. TheEUwaste incineration
rules were transferred into German law via the 17th Ordinance on the Implemen-
tation of the Federal Immission Control Act (Ordinance on Waste Incineration and
Co-Incineration)which applies to allwaste incineration and co-incineration facilities.

Germany has 33 waste incineration facilities mainly designed for hazardous
wastes (rotary kilns), most of whom are placed at chemical plants and mainly handle
waste from neighboring industrial facilities. But some of those facilities have been
outsourced from their chemical plants and run their ownwaste acquisition operations
[6]. In total, 134 plants are allowed to treat hazardous waste thermally. 2,468,300
tonnes of hazardous waste were thermally treated in 2015, including 12,047,000
tonnes in rotary kilns [3].

Hazardous wastes are often a mixture of solid, pasty, and liquid substances. For
such mixes, the grate incineration is inappropriate (because of the liquid portion).
Therefore, the rotary kiln incineration is preferred for hazardous wastes. This tech-
nology comes from the industrial furnace sector, where it is used for the thermal
treatment of industrial materials (e.g., cement) [4].

9 Process Technology

Principal components of the main thermal process, area waste hopper, charging
system, and barrel lift, mainly are the rotary kiln, post-combustion chamber, and heat
exchanger (boiler plant). The flue gas purification plant downstream comprises the
components electrostatic precipitator, multistage flue gas scrubber, suction draught
ventilator, and chimney.
In summary (according to [4]):

• Practically any waste form (including containers) can be fed.
• Rotary kilns for hazardous waste are designed with diameters between 1 and 5 m
and lengths between 8 and 12 m, in exceptional cases up to 20 m.
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• Because of very fast evaporation and degassing reactions of combustibles immedi-
ately after charging due to waste heterogeneity, sufficient oxygen has to be readily
available, i.e., air ratios (λ) of about 1.8–2.0 are required. If the contents of the
charged barrels are known before, additional oxygen can be injected in short inter-
vals.

• Oxygen distribution along the reaction path is hardly controllable in contrast to
the grate process.

• The residence time of solids (e.g., 30–60 min) can be varied by continuous speed
adjustment and the degree of filling of the kiln (e.g., typically 20% of the cross
section of a kiln are covered with waste) via waste mass flows. Typical waste mass
flows in the range from 0.3 to 20 tonnes per hour.

• The rotary kiln may be constructed as a parallel flow or as a countercurrent device.
For hazardous waste, which usually has a high calorific value, parallel flow oper-
ation prevails. Countercurrent operation is applied for waste with low calorific
value (Hu<8 MJ/kg) (heating up of waste in countercurrent).

• Temperatures within the rotary kiln (particularly burnout) range from 900 to
1200 °C (partly also higher). In the case of low calorific values, additional fuel has
to be added through support burners, if necessary. In any case, care is taken that,
depending on their composition, molten residuals can be drawn off. Generation of
the smelting phase is thus integrated into the process.

• The rotary kiln with slag outlet is followed by the post-combustion chamber.
Here, legal requirements for the incineration of hazardous waste such as a balance
temperature of 1200 °C (statutory) and a prescribed residence time of a minimum
of 2 s are fulfilled.

• Subsequently, the exhaust gas is purified (acid scrubber, alkaline scrubber, electro
or fabric filter, denitrification, and activated carbon filter).

• The technology is safe, a well-perfected technology, tested over many years; broad
experience has been gained during the operation of 33 plants in Germany.

• The technology is high in flexibility with regard to the range ofwastes, throughputs
and calorific values.

• The availability rates of plants amount to more than 7500 h per year.
• The posttreatment of residuals (smelting) is integrated into the process.

A new technology for the treatment of hazardous waste is currently under inves-
tigation. Hydrothermal carbonization (HTC) is so far mainly used for organic sub-
strates. Literature hereby focuses on basic plant materials such as cellulose, lignin,
and wood but also on special materials such as resin, wax, spores, and pollen. Some
researchers even used already carbonaceous substrates such as peat, lignite, or young
coal; however, those experiments required very high temperatures. Hydrothermal
carbonization can be used to convert a waste product into a value-added hydrochar.
During hydrothermal processes threatening, compounds contained in the waste such
as pharmaceuticals, personal care products, or endocrine-disrupting compounds can
be thermally treated without harming the environment or human health [5].
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10 Hazardous Waste—Monitoring Instruments

The monitoring of the disposal of waste from its origin through its transport to the
final recovery or disposal in suitable facilities is based on three pillars:

• the official plant monitoring in the plants,
• the legally regulated verification procedure, and
• the self-responsible monitoring of the firms themselves.

All hazardouswaste is subject to official supervision in a so-calledwaybill method
and proof procedure. The monitoring is to ensure that the waste is collected, trans-
ported, treated, and disposed of according to the rules.
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Leaching Characteristics of Mercury
Waste and Prediction of Long-Term
Leaching Behaviour

Eun Song Lee, Seung Ki Back, Jin Ho Sung, AHM Mojammal,
Joo Chan Lee, Jung Hoon Kim and Yong Chil Seo

1 Introduction

Some of mercury species are known to be potentially highly toxic to humans in trace
amounts. Elemental mercury was used as raw materials for industrial facilities and
then released into the environment in the form of by-product. According to Article 11
of Minamata Convention on Mercury, mercury wastes are categorized as three types
of wastes: Hg consisting waste, Hg containing waste and Hg contaminated waste.
Mercury wastes are classified as hazardous wastes or general wastes and are finally
landfilled.Mercury compounds contained in landfilledmercury waste are likely to be
released into the environment by their leaching characteristics. Therefore, sequential
extraction procedure was applied to mercury waste in order to identify the leaching
characteristics of mercury waste. The sequential extraction procedure consists of five
steps depending on the pH of the extraction reagent, and the major mercury com-
pounds are leached out from different five steps. Also, leached mercury compounds
in steps 4 and 5 such asmercury sulphidewere chemically stable bounded. Therefore,
in this study, a long-term leaching test was conducted to identify an effect of solidi-
fied and landfilled mercury waste on landfill site when exposed to the environment
in the long term.
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2 Materials and Methods

2.1 Sequential Extraction Procedure (SEP)

Sequential Extraction Procedure was conducted for mercury compounds extraction
by five steps. Bloom et al. [1] introduced sequential extraction method for Hg in mer-
cury compounds [1–4]. This method was modified by Sladek et al. [2–4]. A five-step
of sequence extractions was applied in order to separate the mercury compounds.
Previous studies have mentioned that difficult to identify the specific chemical infor-
mation.But it is possible to check the stability ofmercury compounds in solid samples
through this method. SEP was carried out using 0.4±0.04 g of dry solid and 40 ml
extraction reagent (sample: extraction reagent ratio�1:100) in 50 ml Teflon caps.
Each step solid sample was shaken with extraction reagent for 18±4 h with end-
over-end tumbling at 30 rpm. And then, vials were centrifuged at 1600 g as Relative
Centrifuged Force (RCF) or 3000 rpm for 20 min. For the first three fractions filtered
through disposable 0.4 µm nitrocellulose filter units. The residue was washed by
DI water after Then, reuse the next leaching step. Hg concentration of each leachate
was analysed according to US EPAmethod 7470 and using CVAAs type Hg analyser
(RA-915+, Lumex).

2.2 Long-Term Extraction

Long-term extraction experiment was carried out using solidified mercury waste
with cement as a sample [5] was used to prepare the samples. Specimen mould was
prepared (50-mm) cube using industrial sludge with Portland cement mixed different
ratio (s/c). Ligia et al. introduced prepared samples for long-term leaching test [6].
The s/c ratio Condition A, B and C were mixed sludge with cement (s/c) by 7:3,
5:5 and 3:7, respectively. As the extraction reagent, buffer solutions of pH 4, 7 and
10 were used. And then, a solidified sample and extraction reagent were placed in
a non-reactive 5.4 L glass vessel. During the experiment, do not stir and extraction
reagent was replaced. The extraction reagent was replaced at intervals of 1, 3, 7 days.

3 Result and Discussion

3.1 Sequential Extraction Procedure (SEP)

In the SEP, the kinds of leached mercury compounds depending on the pH of the
extraction reagent are different. In addition, the mercury compounds leached at the
F1–F3 steps are considered that are likely to be easily released into the environment.
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Fig. 1 Result of SEP

On the other hand, mercury compounds leached from F4 to F5 steps are consid-
ered to be chemically stable. Figure 1 shows the result of SEP of mercury waste
samples. Sample 1, 2 and 3 used industrial sludge, metal production facility soil,
and municipal waste incinerator F/A, respectively. Among these samples, indus-
trial sludge contained the highest concentration of mercury in the F4–F5 steps. For
this reason, solidification was carried out using cement with high concentration of
mercury contained industrial sludge.

3.2 Long-Term Extraction

Figure 2 shows the result of long-term extraction test of solidified mercury waste.
Leaching was proceeded in the order of washing, diffusion and reaction. Some of
mercury compounds are leached at initial steps. The leaching bywashing or diffusion
is dominant over the reaction. The mercury content of the initial extraction reagent
was found to be in excess if the hazardous waste standard value of 0.005 mg Hg/L.

4 Conclusion

This study provides a result of SEP and long-term leaching test using mercury waste.
Mercury waste used in this study was categorized as hazardous waste according to
the standard limit for leaching test inWaste Management Act in Korea. As a result of
applying SEP, the mercury compounds leached from F1 to F3 steps are chemically
unstable. On the other hand, the mercury compounds leached from F4 to F5 steps are
chemically stable. As a result of the leaching test on solidified mercury-containing
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Fig. 2 Result of ongoing long-term leaching test

waste with high concentration. In the initial stage, the hazardous waste standard limit
exceeded 0.005mgHg/L. Therefore, pretreatment needs to be applied before cement
solidification of some high-concentration mercury-containing wastes and landfill.
Alternatively, a treatment method other than the solidification method should be
applied.
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Current Scenario of Biomedical Waste
Management in India: A Case Study

D. Neela Priya, Mayank Gupta, T. S. Sasi Jyothsna
and B. Chakradhar

1 Introduction

Indian healthcare sector is growing at a 15%CAGR to reach US$280 billion by 2020
[1]. Increased life expectancy and greater health awareness have been the key con-
tributors to this growth. With increase in population, the medical care facilities have
also increased tremendously and proportionately the amount of BMW generated [2,
3]. There are a total of 14,379 hospitals having 634,879 beds in India of which about
11,054 hospitals are in rural and 3325 hospitals in urban areas to ensure availability
of treatment to the people [4]. In India, the rate of generation of hospital waste is
estimated to be about 0.33 million tonnes annually [5], and the quantum of waste
generated is estimated to be 1–2 kg/bed/day in a hospital and 600 g/day/bed in a
clinic. 85% of the hospital waste is considered as non-hazardous while 15% as infec-
tious/hazardous [6]. There are 198 common biomedical waste treatment facilities
(CBMWTFs) in operation and 28 under construction in the country. 21,870 HCFs
have their own treatment facilities while 131,837 HCFs are using the CBMWTFs
[7]. According to the data published by the Ministry of Environment and Forests,
Climate Change (MoEF&CC), in 2011, the quantity of BMWgenerated every day in
the country is about 405,702 kg, of which 291,983 kg (~60%) is only disposed and
40% lies unattended. This shows that BMW management has not received enough
attention in India and there is an urgent need for enforcing stringent legislations in
the country.

In order to regulate the environmental threat due to mismanagement of BMW,
the MoEF&CC, Government of India, has framed the Biomedical Waste (Handling
and Management) Rules in 1998. These rules were further amended in 2003, 2011
and 2016 [8]. Several new provisions have been added in the newly amended rules
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2016 [9]. The objectives of successful management strategies could be fulfilled only
when the rules are implemented by the HCUs and the operators of BMWTFs. Poorly
structured and inefficiently organized healthcare systems can pose a serious threat to
the healthcare workers and the environment. The correct practices of handling, seg-
regation and storage of these wastes at HCUs are therefore vital for safe and scientific
management [10]. A number of treatment technologies [11–16] are available as on
today, but the choice of suitable method is based on various factors like the compo-
sition of waste generated, available space, regulatory approval, public acceptance,
cost, etc.

The paper throws some light on the current situation of BMW management in
India. The status of implementing the revised ruleswas assessed bymeans of a survey
conducted at four different HCUs. The paper also highlights the emerging BMW
treatment technologies. Based on the survey, conclusions are drawn and possible
solutions are given to overcome the challenges.

2 Results and Discussions

2.1 An Overview of Biomedical Waste Management as Per
BMW Rules 2016

An effective biomedical waste management comprises all the steps ranging from
generation, characterization, handling, segregation, storage, transportation, treatment
and disposal. The complete process of BMW management is shown in Fig. 1.

Biomedical waste can be categorized as primary and secondary sources [17]
depending on the quantity of waste produced. Characterization can be assessed based
on the physicochemical composition of healthcare waste which is extremely useful
in establishing equipment specifications or operating parameters for treatment tech-
nologies. For example, some steam and microwave treatment systems rely on a
minimum amount of moisture to be present in waste; some chemical systems are
affected by the organic load and water content; incineration is influenced by the
percentage of incombustibles, heating value and moisture content of waste. In some
cases, physical properties such as bulk density are used to estimate storage, transport
and treatment chamber capacities, specifications for compactors, shredders, etc. The
classification and characteristics of BMW are shown in Table 1.

According to the BMW Rules 2016 [8], biomedical waste is classified into four
categories, and the segregated waste should be disposed into the appropriate colour-
coded bins/bags. Further, the treatment or disposal options are suggested based on
the category/nature of the waste (Table 2). All the BMW generated at HCUs should
be labelled properly as waste type, site of generation and date of generation before
transportation. All the health workers handling the waste should wear adequate per-
sonal protective equipment (PPE). Each patient care area/wards should be facilitated
with the coloured containers to ensure proper disposal of waste. It is required to
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Fig. 1 Flow chart of BMW management

Table 1 Classification and characteristics of BMW

Classification of BMW

Chemical/radioactive (hazardous healthcare
waste)

5%

Infectious (hazardous healthcare waste) 10%

General (non-hazardous healthcare waste) 85%

Typical characteristics of infectious waste

Moisture 8.5–17% by wt

Incombustibles 8% by wt

Heating value 7500 BTU/lb

maintain a waste receipt book to record the quantity of waste generated/number of
bags handed over to the treatment facility.

It is the duty of the operator of CBMWTF to transport BMW from the premises
of HCF to any offsite CBMWTF. Only the vehicles complying as per the existing
rules should be used, and it should be of a suitable size to carry secured load, clearly
marked with the name and address of the waste carrier and biohazard sign. BMW
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Table 2 Collection of waste—category wise, coloured bags/containers, treatment/disposal
Colour
coding

Type of bag/container Waste category Treatment/disposal

Yellow Plastic bag
Non-chlorinated

Human anatomical,
animal, soiled
Expired/discarded
medicines
Chemical liquid waste
Microbiology and
biotechnological

Incineration/plasma pyrolysis/deep burial
Encapsulation/plasma
Effluent treatment
Sterilization

Red Plastic bag
Non-chlorinated

Recyclables such as
tubing, bottles,
catheters, syringes,
gloves

Autoclave/microwave/hydroclave/mutilation

White
translucent

Leak proof containers Waste sharps including
metals

Autoclave/sterilization/encapsulation/mutilation

Blue Cardboard box—blue
marking

Glassware Disinfection/autoclaving/microwaving

is transported through designated route, on colour-coded, covered and leak proof
trolleys to avoid spillage on road, on fixed and at reliable timewhich is then subjected
for final treatment and disposal. The BMW should not be stored beyond a period of
48 h.

2.2 Comparison Between BMWManagement Rules 2016
and 1998

An attempt was made to make a comparison between BMWM rules 2016 and 1998
with major emphasis on the revisions made in hospital protocols (Table 3).

The newly amended rules have given a clear picture on the practices to be followed
by theoccupier and theoperator.Many improvementsweremade inwaste segregation
and some procedures were made easy. Implementation of these rules at HCUs was
verified by a small survey conducted at various HCUs; the same is reflected in
Sect. 2.3. However, duties of the operator were beyond the scope of the paper.

2.3 A Case Study on the Existing Scenario of BMW
Management in Hyderabad

2.3.1 Need for the Study

Currently, the implementation of biomedical waste management in many hospitals
is unsatisfactory, disposing the waste in an improper manner. With this background,
a survey was undertaken to assess the knowledge of healthcare workers on BMW
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Table 3 Major differences between BMW rules 2016 and 1998

Points BMW Rules, 2016 BMW Rules, 1998

Application of rules • Rules shall apply to all
persons who generate, collect,
receive, store, transport, treat,
dispose, or handle BMW in
any form
• Radioactive/hazardous
wastes not included

Rules shall apply to all persons
who generate, collect, receive,
store, transport, treat, dispose
or handle BMW in any form

Provisions at healthcare
facilities/duties of occupier

• HCFs shall make a provision
within the premises for a safe,
ventilated and secured location
for storage of segregated
biomedical waste
• Pretreatment of infectious
lab waste on-site
• Use of non-chlorinated
plastic bags, gloves
• Effluent treatment plant
(ETP) is mandatory to treat
liquid waste at source
• Maintain register daily and
annual report to be made
available on website within 2
years
• Records of equipment,
training, health check-up,
immunization compulsory
• Establish barcode System for
bags/containers containing
BMW to be sent for disposal
• Report major accidents to
SPCB—caused by fire
hazards, blasts during
handling of biomedical waste
and the remedial action taken

• Every occupier shall take all
steps to ensure that waste is
handled without causing any
effects
• No pretreatment required
• Chlorinated plastic bags
• ETP not mandatory
• Records and annual report
not mandatory
• Records not compulsory
• No barcode introduction
• No reporting of major
accidents

Duties of CBMWTF • Reporting of accidents and
maintenance of records of
equipment, training, etc.

• Records not documented

Categories Classified into four categories
based on treatment

Classified in to 10 categories

Drugs Suggested for incineration Discarded in black bags

Infected plastics, sharps, glass • Infected plastics and sharps
after mutilation go in for red
bag and white container
• Glass articles are discarded
in blue cardboard box

Infected plastics, metal sharps,
glass in blue container with
disinfectant/autoclaving

Recycling Plastic, sharps, glass go to
authorized recyclers

Authorized recyclers not
mentioned
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handling and management at their HCUs and whether the newly revised rules are
being reflected. Necessary permissions and approvals were obtained from the
concerned authorities before initiating the study. The study covered a multi-
speciality hospital, public sector hospital, a private nursing home and a pathological
lab in Hyderabad city, Telangana, having access to CBWTF. Information on (a)
the quantity of waste generated at each ward, (b) awareness of biomedical waste
management rules and (c) practices with respect to segregation, use of colour coding
bins/bags, sharps management, access to common waste management facilities and
disposal was gathered. Researchers have approached the staff of hospitals to get the
real scenario of BMW practices.

2.3.2 Materials and Methods

The observational study was carried out for a period of 2 months from July to August
2017. 15 different HCUs were surveyed. But the results of only four HCUs are
presented in the paper for discussion. Different areas of the hospital such as wards,
ICUs, emergency, operation theatre and laboratories were surveyed to observe the
process of segregation of the waste at HCFs. The emphasis was to see whether the
segregation of BMW was carried per the hospital protocol the revised rules. The
knowledge of staff and healthcare workers on BMW management was assessed by
asking set of prepared questions.

2.3.3 Observations and Discussions

Four HCUswere covered under the study. However, the identity of hospitals has been
masked for the discussion in this paper. The observations are presented in Table 4
and discussed in detail below.

a. Multi-specialty hospital and pathological lab: Both the hospital and lab are
in compliance with the revised Biomedical Waste (Handling and Management)
Rules, 2016. The staff was totally aware of good BMW segregation practices.
The colour-coded containers for waste segregation are in accordance with the
new protocol and arranged at every ward. The frequency of waste removal was
good. Itwas observed that theseHCUshavewell planned infrastructure, sufficient
staff and health workers who are well trained. Cleanliness is maintained every
nook and corner of the facilities. Quality managers make sure that the practices
are being flowed properly by every staff of the hospital. The hospital had a
separate storage area for the segregated wastes before it was handed over to the
waste management facility. They had an ETP for treating the liquid waste from
their hospital. All the records and documents were well maintained. Barcode
is introduced and online updation of waste is done on a daily basis. All these
activities show the concern they have towards public health and environment.
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Table 4 Observations on BMW management practices at various HCUs

General
information

Multi-specialty
hospital

Public sector
hospital

Private nursing
home

Pathological lab

Total no. of beds 200 200 25 NA

Avg. bed
occupancy

65 80 10 NA

Avg. in
patients/day

15 25 2 NA

Avg. out
patients/day

65 150 5 30

Avg.
surgeries/month

275 180 5 NA

Staff position 449 180 15 25

SPCB
authorization

Yes Due Due Due

Waste segregation practices

Total quantity of
non-infectious
waste in kg/day

52 10 2 1

Total quantity of
infectious waste
generated in
kg/day

95 45 1.5 1

Colour coding
bins

Yes Not proper Not aware Yes

Open/lidded Lidded Open Open Lidded

Waste sharps
mutilation

Yes Yes Yes Yes

Collection at
different wards

Yes Yes No Yes

Frequency of
removal

When filled Sometimes No When filled

Duration of
storage

24 h 48 h 48 h 24 h

PPE-healthcare
workers

Provided Provided No Yes

Lifting to storage
area

Trolleys Wheel barrow Manually Manually

Place of storage Separate storage
area

Dump site No storage area NA

Weighing the
waste

Yes No No NA

ETP for liquid
waste

Yes No No NA

(continued)
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Table 4 (continued)

General
information

Multi-specialty
hospital

Public sector
hospital

Private nursing
home

Pathological lab

Records
maintenance

Daily No No Yes

Barcode Yes No No Yes

Online updation Yes No No No

This also shows fair investment made in BMW management by these facilities
and due attention given in view of infectious wastes.

b. Public sector hospital: The practices of waste handling and segregation in this
hospital were found to be deviating from the standard practices. Though clean-
liness was maintained all around, it was observed that the housekeeping super-
visors were confused about the separation of waste as per the rules. The colour-
coded containers were not in accordance with the standard protocol except in the
operation theatre. For bed occupancy of 175, only two healthcare workers were
assigned the duty of waste segregation which was a great burden to them. This
had an effect on the frequency of waste removal. However, the segregated waste
was handled carefully and dumped in the storage area. The stored waste is then
handed over to the waste management facility. Lack of manpower was the main
reason and the health workers need proper training on the current practices of
BMW management.

c. Private nursing home: The conditions were very poor and the infectious waste
is mixed with the general waste. The healthcare workers as well as the doctors
were not aware of the new rules. There was no instance of records maintenance.
Authorization from SPCB was due for the past 2 years. There was no separate
waste storage area. The used tubes and catheters were indiscriminately dumped
at one corner.

2.4 Emerging Trends in Biomedical Waste Treatment

The present treatment of BMW in India includes thermal, chemical, biological and
irradiation technologies. However, there are some limitations to overcome in the
existing technologies. For example, incineration though in majority of the cases is
the most preferred option; it has many disadvantages like emissions of dioxins and
furans, unburned hydrocarbons, volatile heavy metals, other gases such as SO2, NOX

and their associated compounds, incinerator ash, etc. On the other hand, autoclaving
requires high temperature and pressure. Besides, it requires regular maintenance,
consumes more water and power, and costly to operate. Stringent environmental leg-
islations coupled with high operating costs involved in treatment have compelled the
operators to explore new and innovative technologies. These are crucial for ensuring
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Table 5 Conventional and emerging trends in BMW treatment

Conventional methods

Type of treatment Operating conditions Advantages Disadvantages

Autoclaving
To sterilize medical
waste prior to
disposal in the
standard municipal
solid waste stream

Gravity flow autoclave
Temperature—>121–149 °C
Pressure—15–52 psi
Residence time—>60–30 min
Vacuum autoclave
Temperature—>121–135 °C
Pressure—15–21 psi
Residence time—>45–30 min

• No by-products
and toxic gases are
emitted
• Prove to be
economical since
the equipment can
be reused

• High water and
electric power
consumption
• Regular
maintenance
• Costly to operate
• Requires safe
operation

Incineration • Temperature of primary
chamber—800 °C and
secondary chamber—1050 °C
• Minimum stack height—30
m above ground level
• Other parameters as per
CPCB norms

• Kills pathogens
and destroys the
materials on which
they reside
• Major technique
used worldwide for
disposing of the
amount of materials

• Incinerators—a
major source of
dioxins and furans
• Incomplete
combustion
products
• Incinerator ash is
hazardous

Microwaving
For cultures and
stocks, sharps,
materials
contaminated with
blood and body
fluids, laboratory
waste

• Temperatures reached are
around 97–100 °C
• In new systems, steam under
pressure is passed, to achieve
temperature >135 °C
• Cycle time is around 25′
• Typically, ~2–6 magnetrons
with 1.2 KW output

• Minimal
emissions if no
hazardous waste fed
• Automated
system

• No liquid effluent

• High capital cost
• Toxic emissions if
hazardous waste fed
• Any large metal
item can damage
shredders
• Odour problems
• Probability of
energy leakage

Dry heat
sterilization
Sharp
pit/encapsulation
For waste sharps

• Temperature >185 °C
• Residence period—150 min
in each cycle (sterilization
period 90 min)
• Sharp pit or sharp
encapsulation followed by
autoclaving/dry heat
sterilization/mutilation

• Simple
• Low cost
• Safe

• Not recommended
for non-sharp
infectious waste

Chemical
disinfection
Most suitable for
liquid waste

• Commonly used to kill
microorganisms on medical
equipment and on floors and
walls in healthcare facilities

• Highly efficient
under good
operating
conditions
• Some chemical
disinfectants are
relatively
inexpensive
• Reduction in
waste volume

• Requires highly
qualified
technicians for
operation
• Uses hazardous
substances that
require
comprehensive
safety measures and
safe disposal
• Inadequate for
pharmaceutical,
chemical and some
infectious waste

(continued)
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Table 5 (continued)

Conventional methods

Type of treatment Operating conditions Advantages Disadvantages

Deep burial
For anatomical
waste

• A pit or trench dug about
two metres deep, half filled
with waste, then covered with
lime within 50 cm of the
surface, before filling the rest
of the pit with soil

• Low cost
• Relatively safe if
access to site is
restricted

• Safe only if access
to site is limited and
certain precautions
are taken

Emerging technologies

Plasma pyroly-
sis/gasification

• Temperature in combustion
chamber—1050 ± 50 °C
• Residence time—2 s
• 3% Oxygen in the stack gas
• Min stack height—30 m
above ground level
• Ash to be disposed-off as
per Transboundary Movement
Rules 2008/EPA Act, 1986

• Emissions are
generally lower
than those from
traditional
incinerators
• Suited for
large-scale,
continuous
operations
• Waste mass and
volume are
drastically reduced
• Gases obtained
after the pyrolysis
are rich in energy
content and can be
used to recover
energy

• High capital cost
and significant
siting and
installation
requirement
• High operating
costs

Bio-oxidation • First step—waste enters a
pyrolysis chamber where it is
heated from 200 to 1100 °F
(93–590 °C)
• Second step—the vapours
from pyrolysis chamber are
drawn into a two-stage
oxidation chamber operating
at 1800 and 2000 °F
(980–1090 °C)

• The process
results in total
destruction of
medical waste
• Very low
emissions Stack not
required
• Can treat the wide
range of medical
waste
• No liquid effluents

• Despite lower
emissions than
conventional
medical waste
incinerators, the
process still emits
dioxin
• High capital cost,
large space and
footprint is required

Depolymerization • Operates at high
temperatures between 150
and 350 °C (300–662 °F)

Data deficient Data deficient
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safe disposal of BMW, simultaneously minimizing the costs involved. The details of
conventional and emerging technologies are listed out in Table 5.

3 Conclusions

Biomedical waste if not properly managed may have adverse effects on health and
environment. Even though biomedical waste management is an issue of major con-
cern in the country, it has not received much attention and still at a nascent stage.
Raising concerns from the public and stringent legislations laid by regulatory author-
ities have compelled few institutions of high profile to implement good practices.
However, there are many HCUs which have substandard practices. This requires reg-
ular monitoring of the practices adopted at these HCUs. Proper management of these
wastes begins with segregation at source followed by handling, storage, transport,
treatment and disposal. Segregation if not done may result in mixing of infectious
wastewith non-infectiouswastes,whereby 100%of it becomes infectious/hazardous.
But all these chain of activities are ultimately linked with the investments made by
HCUs towards BMW management.

According to the analysis of the survey, the condition of BMW management
in four HCUs varied according to the institution profile. The performance of clin-
ics/nursing homes and public hospital was very poor and not in compliance with the
current standards. Hence, there is an urgent requirement of training for the staff of
the hospitals as many of staff are not clear about the standard waste management
practices. It is also the responsibility of the occupier to facilitate proper training to
its healthcare workers. Another major concern is the treatment and final disposal
of BMW at treatment facility. Keeping in view the limitations of existing technolo-
gies, BMW treatment can be rendered safe and unobjectionable only when new and
advanced technologies are explored. This would also minimize the costs incurred in
treatment.
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Investigation on the Rheological Property
of Engineered Fly Ash Micro-concrete

T. Hemalatha, Jyul Bardoliwala, Maitri Mapa
and Saptarshi Sasmal

1 Introduction

In the recent past, the use of smaller size aggregates in the design of concrete
such as engineered cementitious composites (ECC), textile reinforced concrete, self-
compacting concrete, ultra-high-performance concrete, etc. is emerging. Felekoglu
[1] has developed self-compacting filling grout (SCFG) and studied the effect of
cement replacements with three types of limestone powders produced from differ-
ent quarries on the rheology of the fresh SCFGs. Due to advantages such as eas-
iness in applications, speed of construction, superior mechanical properties, etc.,
this type of micro-concrete is preferred for repair works. Further, self-compacting
micro-concrete (SCMC) is developed using a mixture of binders and aggregates of
maximum size smaller than 100 µm [2]. The rheological properties of SCMC can
be improved by optimizing the high range water reducing admixture (HRWRA)
dosage, water content and other ingredients [3]. In order to improve the ductile prop-
erties of SCMC mix, the polymeric or metallic fibres at varying dosages are added.
These composites with fibres have control on formation of multiple micro-cracks
and develop extraordinary high tensile strain capacities [4–6]. The increased amount
of paste and use of superplasticizers are the requisite for developing such type of
cementitious composites.

Hence, it is understood that to produce SCMC, the ingredients such as cementi-
tious, pozzolanic, plasticizing chemical admixtures, inert filler, etc. should be care-
fully chosen. The physical properties of ingredients such as shape, surface morphol-
ogy, fineness, particle size distribution, etc. can influence the properties of micro-
concrete at both fresh and hardened states. Along with the other conventional ingre-
dients used in the preparation ofmortar, the incorporation of nano additions enhances
the desired properties at both fresh and hardened states. Among all the nano-materials
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used in cement, carbon nanotubes (CNTs) [7, 8] have superior quality in enhancing
the properties such as tensile and flexural strength, electrical conductivity, bridging
cracks, etc. Skazlic et al. [9] developed high-performance fibre-reinforced micro-
concrete (HPFRMC) having very good stability, serviceability and durability prop-
erties. For these reasons, the interest on HPFRMC has been growing to use this
material for repair and rehabilitation of concrete structures. Research showed that
the use of high-performance fibre-reinforced micro-concrete as repair material has
both economical and technical advantages.

Further, in the sustainable point of view, it is essential to replace cement by
supplementary cementitious material. Bouzoubaa and Lachemi [10] have developed
and evaluated the self-compacting concrete (SCC)madewith high volumes of fly ash.
Tests were carried out in SCC made with different replacement of fly ash to obtain
the properties of fresh concrete in terms of viscosity and stability. The mechanical
properties of hardened concretes such as compressive strength and drying shrinkage
were also determined.TheSCCsdevelopedwith different fly ash replacement showed
compressive strengths ranging from 26 to 48MPa after 28-days of curing. The results
showed that an economical SCC could be successfully developed by incorporating
high volumes of Class F fly ash.

Considering the advantages of using fly ash in developing flowable concrete, in
this study an attempt has been made to develop a new class of material for repair
purposes. This study mainly focuses on the influence of fly ash and other ingredients
on the flow behaviour of micro-concrete.

2 Experimental Details

2.1 Materials

The basic materials used for the development of self-compacting micro-concrete are
cement, fly ash, lime sludge, quartz powder, water and superplasticizer. Further to
enhance the properties, materials such as silica fume, polypropylene, glass fibres,
steel fibres and carbon nanotubes are used.

2.2 Mix Details

Self-compacting micro-concrete (SCMC) trial mixes are prepared with cement/lime
sludge and cement/quartz powder (1/1 by weight) with cement replaced by 20 and
40% of fly ash and 5% of silica fume by cement weight, respectively. Polypropylene,
glass, steel fibres and multiwalled carbon nanotubes are also used. The mix details
are given in later section.
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2.3 Casting and Curing

SCMC mixture is prepared using Hobart mixer under room temperature. The total
time formixing is fixed as 3.5min. First, cement/fly ash and limestone powder/Quartz
powder are mixed dry for 30 s at slow speed to ensure homogeneous mixing. Grad-
ually water is added and mixed for further 1 min at the medium speed. Finally,
superplasticizer (SP) is introduced to the wet mixture and mixing is continued at a
high speed of (125 rpm) for 2 min. At the end of this mixing procedure, the flow-
able mixture having self-levelling property is developed and poured into the moulds.
Compaction is not needed because of good workability.

3 Results

In this study, it is aimed to develop a sustainable mixture for repair purposes having
goodworkability, durability and strength properties. In viewof this,micro-concrete is
prepared by using special proportioning of ingredients. Generally, it ismade up of one
portion of cement and one portion of limestone powder for getting the consistency. In
this study, as an alternate to limestone powder, lime sludge which is a waste material
obtained from the paper industry is used. Further, the cement used is replaced by 20
and 40% fly ash. The purpose of using fly ash is to enhance flowability and to make
the mix sustainable.

First, themix is preparedwith cement, fly ash and lime sludge. The fresh properties
of mixes are tested by conducting mini slump test and mini V-funnel test as shown in
Fig. 1. Hardened properties are obtained by carrying out compressive strength, split
tensile and flexural strength testing.

Trials have been made by adjusting the dosage of SP to get the constant slump
flow while keeping the constant water to binder ratio (0.26). The mix proportion and
designation of mixes with lime sludge as major ingredient are presented in Table 1.

The dosage of superplasticizer is selected in such away that stable flow is observed
in all the mixes without any bleeding or segregation of the aggregates. Horizontal

Fig. 1 a Mini slump test. b Horizontal spread. c V-funnel
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Table 1 SCMC mixes with 20% fly ash and lime sludge

Mix I.D. Mix combinations SP dosage (%)

C20FALS (control mix) C + 20% fly ash (FA) + lime
sludge (LS)

2.8

C20FA5SFLS C + 20% FA + 5% silica fume
(SF) + LS

2.4

C20FAPLS C + 20% FA + 0.25% poly
propylene (PP) + LS

2.6

C20FAGLS C + 20% FA + 0.25% glass
fibre (GF) + LS

2.6

C20FASLS C + 20% FA + 0.25% steel
fibre (StF) + LS

2.4

Table 2 Fresh properties of SCMC mixes with 20% FA and lime sludge

SCMC Mix I.D. Slump flow (mm) V-funnel (s)

C20FALS (control mix) 260 8

C20FA5SFLS 260 8

C20FAPLS 260 10

C20FAGLS 260 9

C20FASLS 260 10

slump flow of 260 mm is obtained for all the mixes. Flow time observed during
V-Funnel test is less for control mix and mix with silica fume compared to the
flowability of mix with fibres. The fresh property results of lime sludge mixes are
shown in Table 2.

Though the slump flow is constant, it is found that the time required for emptying
the mini V-funnel is slightly increasing with fibre incorporation. It is noticed from
Table 1 that for obtaining the same slumpflow, the dosage of SP required for themixes
is less than that of control mix. It shows that the addition of fibres has not affected
the flowability significantly. In order to obtain the strength properties, compressive
strength tests are carried out on LS mixes. Figure 2 shows the compressive strength
of LS mixes obtained at 7 and 28 days. It is found that the compressive strength of
lime sludge incorporated mixes is found to be very low. Even with the incorporation
of fibres, the strength is found to be very low. At the highest, glass fibre incorporated
LS mix at 28 days recorded the strength of about 5 MPa which is considered to be
very low to use it for any purposes. From this observation, it is concluded that the
lime sludge mixes are not suitable for developing micro-concrete.

The mixes are then modified to have quartz powder in the place of lime sludge.
The mix proportions for mixes with 20 and 40% fly ash replacement and designation
of the mixes are presented in Table 3. In order to qualify the flowability tests, the
slump flow and V-funnel tests have been conducted and results are presented in
Table 4. From Table 3, it is noticed that the SP requirement for mixes with fibres are
not increased rather it is marginally decreased in some mixes.
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Fig. 2 Compressive strength results of lime sludge incorporated micro-concrete

Table 3 SCMC mixes with 20 and 40% FA and quartz powder

Mix I.D. Mix combinations SP dosage

20% 40%

C20FAQP/C40FAQP (control
mix)

C + 20%/40% FA +
quartz powder (QP)

0.65 0.53

C20FA5SFQP/C40FA5SFQP C + 20%/40% FA + 5%
SF + QP

0.63 0.53

C20FAPQP/C40FAPQP C + 20%/40% FA +
0.5% PP + QP

0.6 0.53

C20FAGQP/C40FAGQP C + 20%/40% FA +
0.5% GF + QP

0.6 0.53

C20FASQP/C40FASQP C + 20%/40% FA +
0.5% StF + QP

0.6 0.53

C20FACNTQP/C40FACNTQP C + 20%/40% FA +
0.05% CNTs + QP

0.6 0.53

From Table 4, it is noticed that the time required for emptying the V-funnel is
marginally increased with fibre incorporation. However, considering the dosage of
SP, the dosage used in fibre incorporatedmixes is slightly less or equal. This indicates
that the flowability is not affected by the introduction of fibres in micro-concretes.
Further, it is noticed that the increase in fly ash replacement enhances the flowability
that is indicated by the reduced dosage of SP in 40FA mixes.

Unlike lime sludge mixes, the compressive strength of quartz powder mixes is
found to be high. The compressive strength of 20FA and 40FA mixes obtained at 7
and 28 days is shown in Fig. 3. It is noticed that the control mixes (20 and 40%)
are having 28 days strength of about 50 and 30 MPa, respectively. As 30 MPa
compressive strength can be suitable for many repair works, 40% fly ash replaced
micro-concrete is considered to be a satisfactory mix. It is also noticed that with the
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Table 4 Slump flow of SCMC mixes with 20% FA and quartz powder

Mix I.D. V-funnel (s) Mix I.D. V-funnel (s)

C20FAQP (control
mix)

9 C40FAQP (control
mix)

11

C20FA5SFQP 9 C40FA5SFQP 10

C20FAPQP 12 C40FAPQP 13

C20FAGQP 10 C40FAGQP 12

C20FASQP 10 C40FASQP 12

C20FACNTQP 10 C40FACNTQP 12
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Fig. 3 Compressive strength results of quartz powder incorporated micro-concrete with 20 and
40% fly ash
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Fig. 4 Split tensile of quartz powder incorporated micro-concrete with 20 and 40% fly ash

fibre incorporation, especially with glass fibre and CNT, the compressive strength
has been further increased at both replacement levels.

For a repair material, more than the compressive strength, tensile strength and
flexural strength are having significance. Hence, split tensile and flexural strength
are also determined for the mixes and the results are presented in Figs. 4 and 5.
Among the fibres used, the increase is high in CNT incorporated mixes. In both
20FA and 40FA mixes, except for polypropylene fibres, the split tensile strength is
improved.

As shown in Fig. 5, in 20FA mixes, the highest flexural strength of about 10 MPa
is obtained for CNT incorporated mixes whereas in 40FA mixes, the highest value
obtained is about 4.5 MPa. For many applications, the flexural strength of 4.5 MPa
is sufficient; depending upon the importance of work, either 20FA or 40FA mix can
be selected.
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Fig. 5 Flexural strength of quartz powder incorporated micro-concrete with 20 and 40% fly ash

4 Discussions

From the poor strength results obtained for LS mixes, it is known that the lime
sludge cannot be used as an alternative for limestone powder. For developing micro-
concrete cement and lime sludge are used in equal proportions, especially when used
in high dosages, LS is found to be not suitable in terms of both fresh and hardened
properties. The requirement of higher SP dosage in LS mixes may be one of the
reasons for the poor strength in LS mixes. Other reason being the low reactivity of
lime sludge as it is composed of about 55% of calcium carbonate that hampers the
hydration mechanism. Hydration studies are not within the scope of this study hence
not presented. However, hydration studies show the evidence of low reactivity of
lime sludge. On the other hand, the mixes with quartz powder showed satisfactory
results in terms of both fresh and hardened properties. The advantages of using fly
ash are clearly evident from the fresh property results in terms of reduced SP dosage.
As reported in many literatures, in fly ash mixes, the dilution effect and spherical
shape of fly ash are making the mix flowable. During the initial period, fly ash acts
as a filler material providing more water available for hydration defined as dilution
effect. Further, spherical shape of fly ash provides lubrication for the easy flow of
particles. Another observation from the study is that there is no increase in water
demand with fibre incorporation. This shows that in the absence of coarse aggregate,
the fibre may not require extra water for obtaining homogeneous mixing. Further,
the presence of particle size below 100 µm will help in coating the fibres for easy
flowability.

5 Conclusions

Two main ingredients lime sludge and quartz powder are attempted for developing
micro-concrete besides other main ingredients such as fly ash in this study. The
following conclusions are made from the study. Though the properties of micro-
concrete with 20% fly ash are found to be superior, the mix with 40% fly ash and
quartz powder is also found to be good in terms of flowability and strength. Further,
in viewpoint of sustainability, 40% fly ash mixes are found to be a suitable candidate
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as a repair material. Depending upon the requirement, 20FA or 40FAmicro-concrete
mixes can be used to suit the applications. This research would enable to introduce
a new class of material with superior quality for repair purposes.
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Use of Fly Ash in Mining Sector

B. Bhaskara Rao and Vimal Kumar

1 Introduction

Social and techno-economic development of any country is mainly based on the
inputs of the energy in any form mainly from the source of electricity generated
from the coal, gas, oil, hydro, and nuclear resources.

The resource-based power generation is given in the following table.

Fuel MW Percentage

Total thermal 111,324.48 65

Coal 92,418.38 54

Gas 17,706.35 10

Oil 1199.75 <1

Hydro 37,367.40 22

Nuclear 4780.00 <3

RES 18,454.52 11

Total 171,926.40 100
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A major part of electricity in India is generated from coal (about 60–65%). Coal
is being mined in India for the past more than two centuries. Since 1970 onwards,
coal-based Thermal Power Plants are being installed at a rapid pace to meet the
national energy requirements. Accordingly, the coal production has also increased
by fivefold in the last two decades. The coal production which was about 114 million
tonne during 1981 has since increased to around 700 million tonne.

The rapid increase in coal production for power generation is helping in meeting
the national demand for energy. However, on the other hand, the ash generated from
the power plants has become an environmental problem since Indian non-coking
coal has 35–45% of ash. The ash generated from the power plants during 1980–81
was recorded as 46 million tonne, has been increased by more than fivefold to 250
million tonne during 2015–16.

2 Coal Mine Sector

Since the inception of coal mining in India, undergroundmining has been in practice.
Keeping in view the demand for coal on a large scale, and in view of the safety of
men and machinery, opencast mining was resorted to, wherever possible in place
of underground coal mining besides, converting working underground mines into
OC mines. Presently, 88% of coal production is from O/C mines and 12% is from
underground mines.

Though presently production of coal from O/C mines is dominating, it would
not continue for a longer time as the shallow depth coal reserves are being depleted
very fast. Hence, the coal winning activities have to be shifted to beyond 300 m
depth of deposits in underground mines, which demands high resistance support
systems for roof control. In view of the mine safety and conservation of coal with
high productivity, the only alternative method is the introduction of coal winning
advanced technologies in conjunction with rapid ash stowing technologies by paste
filling/hydraulic filling.

3 Safety and Conservation in Coal Mines

Further, it is projected that coal would continue to remain the major source of energy
for power generation in the country. The estimates prepared by MoP as well as
Planning Commission up to the 2031–32 year, indicate that the coal requirement and
consequent generation of fly ash during the year 2031–32 would be around 1800
million tonnes of coal and 900 million tonnes of ash, respectively.

In spite of the efforts by MoEF, FAU (DST) through various notifications, the
100% utilization of ash could not be achieved to date. It is clear that efforts toward
large-scale bulk utilization if not resorted to; the 100% achievement would not be
possible. A few mining sectors like filling of underground mine voids, backfilling of



Use of Fly Ash in Mining Sector 169

opencast mines, admixing in OB dumps, use in opencast haul roads will have to be
taken up. Ash stowing in underground mine voids enhances the good support to the
overlying strata besides substantial conservation of coal and good support to the roof
enhancing safety. Ash adding in OB dumps enhances the dump stability and faster
revegetation. Backfilling of O/C mines with ash provides improved reclamation and
revegetation. Use in haul roads enhances improved load bearing capacity with high
compaction and low airborne dust. The details of these factors would be discussed
in the subsequent paragraphs.

4 Constitution of C-FARM in Utilization of Thermal Coal
Ash in India

Center for Fly Ash Research and Management (C-FARM), a company constituted
under section 25 of Indian company’s Act 1956, with eminent sr. scientists, tech-
nologists and managerial group have come together for facilitation of technology,
dissemination of knowledge, know-how transfer, training of consultants and pro-
viding techno-managerial guidance for adopting developed technologies in various
fields like agricultural, irrigation, development of building materials for all types
of construction activities, land reclamation and revegetation, roads and highways,
embankments and inU/G and opencast mines. Facilitating technical advice and guid-
ance in all the fields is actively under progress by the experts of C-FARM. In mining,
the introduction of ash filling technology on a large scale is being actively considered
and is likely to be commenced shortly in some underground and opencast mines in
different companies.

5 Areas of Use of Fly Ash in Mining Sector

5.1 Underground Mining

In India, various methods have been adopted for winning coal like bord and pillar
mining, longwall mining, blasting gallery method and sub level caving with initial
preparatory development followed by depillaring. The voids so formed by depillaring
can be filled with ash in place of sand which is presently a scarce material.

• Wherever ash is available from the power plants present near the vicinity of the
mines, ash stowing can be adopted instead of caving in depillaring districts, which
enhances the conservation of coal, safety, and environment.

• Productivity can be improved in continuous minor technology and other interme-
diate technologies in conjunction with ash stowing.

• Mine supports.
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• Consolidation of haulage track lines.
• Construction of ventilation walls, isolation walls and water dams with specially
designed ash bricks.

• Civil construction in mines like electrical substations, rest station, reserve station,
etc.

• Use of fly ash in firefighting.
• Use of fly ash in development of interlocking bricks for use in emergency fire-
fighting isolation walls.

5.2 Surface Mining

• Backfilling of O/C mines.
• Consolidation of OB dumps.
• Reclamation and revegetation of abandoned OC mines.
• Reclamation and revegetation of subsidence areas caused by depillaring in under-
ground mines.

• Construction of embankments and barriers.
• Construction of haul roads.
• Construction of drainage network.

6 Case Studies in Utilization of Ash in Mines

Considerable efforts have been made in utilizing the ash generated by coal-based
thermal power plants in Andhra Pradesh, i.e., NTPC, HWP, APGENCO, Navabharat
Ferro Alloy which are situated in close proximity of SCCL coal mines.

6.1 Experimentation with NTPC Bottom Ash for Stowing
at SCCL Ramagundam Mines [1]

In the year 1993, NTPCRamagundam (TPP) came forward with an idea of disposing
of ash in underground mine voids of nearby SCCL coal mines.

Laboratory investigations weremade on samples of NTPC ash byCentral Institute
of Mining and Fuel Research (CIMFR), Dhanbad to find its suitability for using in
stowing. Based on the report, DGMS granted permission to experiment ash stowing
at GDK3 Inclinemine of Ramagundam. Experiments of ash stowingwere conducted
in September 1994 in SS2/1 and SS4/1 depillaring panels of no. 1 seam under the
technical guidance of CIMFR scientists. About 30,000 tonnes of ash was supplied
to the mines by NTPC, Ramagundam.
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6.1.1 Observations Made During Ash Stowing

• Some of the fines from fly ash escaped through barricades and accumulated in the
sumps and low laying working places.

• Free flow of ash in the surface bunker could not be achieved due to ash moisture.
• Slow seepage of water from the barricade was observed, resulting in a delay in
opening the neighboring working faces.

However, these problems were overcome in the subsequent underground stowing
trials.

The following modifications were adopted.

• Vibrators were installed over the bunker for achieving free flow of ash.
• Water jets were arranged for free fall of ash from the chute.
• Opening of the chute was increased to 16′′ ×16′′.
• 8′′ dia pipe was arranged from trough to borehole in place of … pipes.
• Flow meters were installed for controlled water supply.

6.2 Case Study of Pond Ash Stowing at SCCL Manuguru
PK-1 INC., Underground Coal Mine [1]

Consequent to theMoEFGazette Notification, in 1999, HeavyWater Board,Mumbai
came forward with a proposal to dispose of the pond ash, generated by its Captive
Thermal Power Station of Heavy Water Plant Manuguru, in underground mines
of SCCL. Stowing with pond ash was carried out in PK 1 Incline mine under the
guidance of FAU (DST), DGMS, Hyderabad and CIMFR, Dhanbad during the years
2001–2004. Before commencing experimentation, laboratory investigations were
carried out by CIMFR to find suitability of pond ash for underground stowing and
based on the report DGMS permission was obtained. About 10,000 cum of pond
ash was stowed on a trial basis. Later regular stowing was taken up in an SQ1 panel
of PK 1 Incline mine during 2005 and about 12,000 cum of pond ash was stowed
(Figs 1 and 2).

6.2.1 Observations During Pond Ash Stowing

Water filtration was found to be normal as in sand stowing. As per the observations
and analysis, the particle size of less than 53 µm is escaping through the barricades.
This needs to be arrested by adding more additive or by improving the filter media.
Persons were able to walk freely over the stowing bed after 20 min of completion of
stowing. The hydrostatic pressure on the barricade is only 1 kg/sq. cm which is very
low when compared to the load bearing capacity provided to the barricade. Due to
ash stowing the low lying unstowed areas were also filled with fly ash, which is not
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Fig. 1 Ash bunker
fabricated at 60°

Fig. 2 Stowing barricades made of bamboo thattis and Hessian cloth

possible with sand stowing. The shrinkage factor with ash stowing was found to be
only 3% when compared to the sand stowing about 10%.

Due to the high consolidation of ash and good resistance to the overlying strata,
the overlying section of the same seam above the ash stowed bed could be removed
safely without any roof problems.
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6.3 Bottom Ash Stowing at GDK 6A Incline of SCCL [1]

Experiments were carried out with bottom ash during 2005 at GDK 6A Incline mine
of Ramagundam Area, SCCL using ash from NTPC, Ramagundam.

The bottom ash collected from NTPC Ramagundam constitutes 99% of +53 µm
size of ash (about 11% from +53 to 106 µm size and rest 88% of ash is +106 µm)
gave very good results. About 8500 m3 of bottom ash was stowed successfully and
later discontinued due to disputes in transportation-related issues from the ash pond
to the mine.

The ash water ratio was maintained at 1:0.7. The maximum rate of stowing
achieved is 100 m3/h. The shrinkage factor was observed to be less than 5%. The
escapes of fines from the barricade were found to be negligible.

During the process of judicious extraction of the ribs and when the ribs were
punctured to the adjacent stowed gallery, the 2.5 m high ash was self-standing like
a wall and did not flow into the working area. Less shrinkage and more compaction
were observed.

6.3.1 Observations During Bottom Ash Stowing

From the experiment of bottom ash stowing at GDK6A Inclinemine, it was observed
that being coarser, the bottom ash stowing did not pose any technical problems. Out
of the total ash generated by thermal power plants, 20% was bottom ash which
can be readily used in stowing operations in underground coal mines. Thereby 20%
utilization problem of total ash generated was achieved.

6.4 Ash Stowing in Jharia Division of TISCO

General Manager, Jharia Group of Mines, TISCO [2] reported that in Jharia Division
about 23,000 tonnes of bed ash generated at F.B.C. Power plant has been consumed
for stowing purposes. Use of ash in backfilling of abandoned open cast mines also has
been carried out in TISCO besides filling in low lying areas caused by subsidence,
Land Scaping, Construction of parks, etc.

6.5 Utilization of Ash for Brick Manufacturing and Filling
of Low Lying Areas

Management of M/s SCCL [3] reported that SCCL has switched over to 100% use
of Fly Ash bricks. SCCL received a national award for maximum utilization of fly
ash products in the International Congress organized by Fly Ash Mission, DST, GOI



174 B. Bhaskara Rao and V. Kumar

at New Delhi during 2005. From the year 2002 to 2010, 159 million fly ash bricks
were utilized in surface construction works and in underground mines. About 4 lakh
cum of ash was utilized for filling the low lying areas (Figs. 3, 4 and 5).

Fig. 3 Masonry roof
support with fly ash bricks

Fig. 4 Kerb walls at the
man riding station

Fig. 5 Pillar sides supported
with fly ash bricks
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6.6 Continuous Mining with Active Fill Technology

Officers from the Directorate General of Mines Safety [4] reported that an innovative
technology called “Continuous Mining with Active Fill Technology (CMAFT)” in
which the voids formed after extraction of coal in the form of slice or chamber, is
then immediately filled up with Fly Ash fill matrix which sets from the paste form
into solid within two–three hours of filling has been developed.

6.7 Use of Ash in Opencast Mines

NTPC management in one of their presentations [5] reported that ash has been
gainfully utilized in some of OC mines. Abandoned mine pits of South Balanda
Colliery of Mahanadi Coalfields has been used successfully reclaimed with the ash
fromNTPC’sTalcherThermal PowerPlant by pumping the ash in slurry form through
pipes laid for about 10 km distance. The decanted water is pumped back through
a Floating Pump for reclamation. Clearance was obtained from the State Pollution
Control Board and DGMS. It is reported that 100% ash produced (about 1 million
ton per annum) has been used on a regular basis and continuous ash filling is being
done for reclamation of land in this abandoned mine.

It is also reported [6] that abandonedmines of Kajora area, ECL and Kathara area,
CCL are being reclaimed with fly ash in dry form brought in dumpers from nearby
Thermal Power Stations. This ash is suitably dumped and leveled for reclamation
and the filled up area is then developed with suitable green cover.

Considering the limited availability of abandonedmines in the vicinity of NTPC’s
Coal based thermal power stations, it is proposed to use ash in operating OC mines
by suitably encapsulating OB soil with ash. For a demonstration of this concept,
MoC has identified Medipalli OC of SCCL and Kaniha Mine of MCL.

7 C-FARM Initiatives in Utilization of Fly Ash [7]

Appreciating the need for dissemination of knowledge, facilitation of
technology/know-how transfer, training of trainers and consultants as well as
providing scientific and techno-managerial guidance for adaptation of developed
technologies, the C-FARM has implemented some projects, a few of them have
been enumerated hereunder,

• At JSL, Jaipur, Odisha the ash generated at 250 MW TPP 100% utilization of fly
ash and bottom ash was implemented.

• Reclamation of low lying areas was taken up at SP office, Jaipur, Odisha and at
one of the schools in Jaipur.
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• Technical advice and guidance were given to RMC plant Mumbai and for the Fly
Ash concrete road at Mahindra Life Space, Mumbai.

Besides the above activities, a number of training programs and seminars were
conducted for a large number of brick manufacturing units and in agriculture.

7.1 Reclamation of Laterite Mines

Centre for Fly Ash Research and Management (C-FARM) has been working for the
noble cause of promoting Fly Ash Utilization in India for the last 17 years along with
stakeholder agencies.

Under the guidance of C-FARM about 4.5 lakh cum voids of abandoned laterite
mine at Ragadi near Jaipur have been suitably reclaimed with fly ash during 2010–11
(Figs 6 and 7).

• On the basis of expertise andwork done in this area, C-FARMhas prepared a Tech-
nology and Methodology Manual for Reclamation of low lying areas/abandoned
quarries/laterite mines etc. which has been approved by SPCB, Odisha as well as
MoEF, Govt. of India.

• The low lying areas/abandoned quarries/laterite mines reclaimed with fly ash in a
manner described in above document can be safely used for habitat construction,
parking lots, playgrounds and other purposes including agriculture, floriculture,
horticulture, forestry etc.

• However, proper investigations and foundation design be suggested before heavy
construction/usage.

Fig. 6 Abandoned laterite
mine (before)
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Fig. 7 Abandoned laterite
mine (after)

7.2 Back Filling of O/C Pits at Talchir, Odisha of MCL
and Bhupalpally Mines of SCCL

C-FARM provided technical advise and guidance for filling of 20 lac cum of fly ash
generated by thermal power station located at a distance of about 30 km from O/C
mine of Talcher area. The challenges of deposition of fly ash in this mine include
water-filled cavity which may overflow to nearby areas/water bodies and working
mines in the vicinity of the opencast pit to be reclaimed with fly ash. In addition to
this, the conveying, transportation and management of fly ash at the pit including
slurrification will have to be addressed.

It is proposed to use fly ash generated by KTPP, Bhupalpally, AP in underground
mines and opencast mines of SCCLBhupalpally Area (a) for stowing of underground
mine voids (b) backfilling of OC mines and (c) stabilization of OB dumps.

8 Conclusions and Recommendations

From the above, it is observed that considerable efforts have been made in the uti-
lization of fly ash generated in India. In spite of these efforts, the utilization is around
50% of the total ash generated. It is essential that in addition to the use of ash in brick,
cement, roads, embankments, etc., the focus is being made on the bulk utilization in
underground stowing as well as backfilling of OC mines.

Out of total ash generated by thermal power plants, 20% is bottom ash which can
be readily used in stowing operations in underground coal mines along with about
65% of ash collected in the first field of ESP. The balance fly ash (about 15%) can
be utilized by use of a coagulating agent for fast settling of fine particles.
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Under the guidance of expert committee, C-FARMandDGMSDhanbad, it would
not be difficult to achieve 100% utilization of ash, as a large number of mines would
have sufficient voids to accommodate the total ash generated in their vicinity. C-
FARM would extend all its technical know-how, advise and guidance for achieving
the task.
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Use of Co-compost from Faecal Sludge
and Municipal Organic Waste in Urban
Green Space Plantation of Khulna City:
Prospects and Problems

T. K. Roy, M. M. Saroar and S. M. Haque

1 Introduction

Co-composting is the composting of two or more raw materials together. Faecal
Sludge (FS) and Municipal Solid Waste (MSW) are the common materials. Other
materials comprise animal manure, sawdust, wood chips, slaughterhouse waste, etc.
Faecal sludge is rich in plant nutrients such as nitrogen, phosphorus and potassium.
In Bangladesh, faecal sludge is mainly collected from on-site sanitation systems such
as pit latrines, non-sewered public toilet and septic tanks. Crude dumping of solid
waste is the most common practice in Bangladesh [1].

Urban green space is a portion of city or town zoning plan that is free of structures.
It serves the purpose of visual relief and buffering from building and structural mass.
It may be privately or publicly owned and may or may not be accessible to the
general public [2]. Green space creates recreation facilities and breathing place for
city people [3, 4]. Sustainable Development Goal (SDG) and New Urban Agenda
have also specific time-bound goals and targets regarding planning and management
of urban open and green space.

The estimated annual volume of faecal sludge generation in Khulna City is
710,000 m3 [5]. The city produces about 520 tons of municipal solid wastes per
day, i.e. 189,800 tons per year, of which around 70% is organic in nature and suit-
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able for compost [6]. Co-compost for its good quality plant nutrient value can be
potentially used for urban green space plantation.

2 Objectives of the Study

The objectives of the study are as follows:

• To review the co-composting initiatives at global level and in Bangladesh.
• To identify the existing co-composting as Faecal Sludge Management (FSM) and
Solid Waste Management (SWM) initiatives in Khulna City.

• To explore the prospects and problems for production and usage of co-compost in
urban green space plantation of Khulna City.

3 Methodology

Reports, journal, conference and seminar papers are reviewed to identify the exist-
ing faecal sludge and solid waste management system at national and international
level with a specific focus on Khulna City. Khulna Development Authority (KDA)
Ordinance [7], Khulna City Master Plan 1961 and 2001, City Structure Plan 2001
and Detailed Area Plan 2014, Khulna City Corporation (KCC) Ordinance [8] are
reviewed for the study. Photographs of the parks, playgrounds, roadsides, road medi-
ans and road intersections, nurseries, rooftop gardens, compost plant, Faecal Sludge
Treatment Plant (FSTP), landfill sites, etc. are taken. Officials of KCC, KDA, Roads
and Highways Department (RHD), experts, academics, researchers, development
activists working in the field of town planning, construction and development, solid
waste and sanitation management are consulted and interviewed.

4 Study Area

Khulna, the third largest industrial city in Bangladesh is the study area. It is the
second largest port city of the country also. Khulna is a divisional city, which acts
as regional hub of administrative, institutional, commercial and academic affairs.
The city stands on the banks of the River Rupsha and the Bhairab. It lies between
22° 47′ 16′′ and 22° 52′ north latitude and 89° 31′ 36′′ to 89° 34′ 35′′ east longitude.
The city has an area of 45.65 km2 with a population of 1.5 million. The city is divided
into 31 wards.



Use of Co-compost from Faecal Sludge and Municipal Organic … 181

5 Co-composting Initiatives at Global Level

Co-composting is now becoming more popular in many countries all over the world.
People of Asian countries have been using fresh human excreta in agriculture for
thousands of years [9]. Composting is promising practically in all countries of the
world and so, more researches are important to ensure quality of the end products
and improvement of the management system thereof [10].

In Japan, human excreta has been successfully collected and recycled as fertilizer
for agriculture since the twelfth century. It is an example of good practice which also
shows the importance of developing septage management as a business to ensure its
sustainability [11]. The Faecal Sludge Treatment Plant (FSTP) in Nonthaburi City of
Bangkok is one of the best operated faecal sludge treatment plants in Thailand. The
plant treats about half of the faecal sludge produced in the city. The population of
Nonthaburi Municipality is 264,649 with 106,074 households. The FSTP authority
has own vacuum trucks. The anaerobic digestion tank capacity is 40 m3/day. The
dried sludge is used as soil conditioner, which is sold to the farmers and gardeners
of Nonthaburi Municipality at a rate of 100 USD/ton [12]. The Faecal sludge (FS)
and Kitchen Waste (KW) co-treatment plant inside the Changping Waste Water
Treatment Plant (WWTP), owned and operated by the Beijing Municipality has
been in operation since 2009. The design, construction and equipment supply tasks
were assigned to a private company. Capacity of the plant is 300 tons FS and 50 tons
KW per day. The final co-composted product is 10–15 tons per day. The disposal
fee of FS and KW are the main source of revenue. The composted product are
not sold rather it is only used for municipal landscape greening. The department
of environment measures the quality of compost and equipment each month which
meets the national standard for waste use as fertilizer [13].

An FSTP set up by Consortium for DEWATS Dissemination Society (CDD) and
the Devanahalli TownMunicipal Corporation, Bangalore, India has been operational
since 2015.Area of the FSTP is about 0.17 acre, which can treat up to 6000L of faecal
sludge a day. It serves around 30,000 people. Sludge is collected by the Municipality
van that is called honeysuckers. After anaerobic digestion, the sludge is dried in
drying bed and the dried sludge is mixed with municipal organic waste for making
co-compost, which is used in agriculture. The system is maintained with the earning
from selling of co-compost and desludging fees [14]. A study on assessment of the
use of treated faecal sludge compost for agriculture in Devanahalli town, Karnataka,
India by Shivendra et al. [15] found that some farmers though at very low percentage
were very happy to get available, good quality and the odourless compost for farming.
About 74% farmers of the Municipality were not interested to use the treated sludge
as manure. Only 8% people replied as ready to try once and 18% farmers were ready
to surely use as manure. The compost produced from the treatment plant could be
used if it would have no health effect. Direct contact with excreta is abhorred in
Islamic countries. People working in close contact with FS have high health risk.
Improperly treated excreta use in agriculture also has health risk [9].
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6 Co-composting Initiatives in Urban Areas Other Than
Khulna City in Bangladesh

In Bangladesh, municipalities or water and sewerage authorities are mainly responsi-
ble for sanitation and sewerage services. Pit emptying business is predominantly run
by the manual emptiers. FSMwith the introduction of mechanical collection and dis-
posal of sludge by vacutug, establishment of FSTP, composting and co-composting
from sludge etc. is gaining popularity in the urban areas of Bangladesh day by
day. Recently out of 11 City Corporations, only 2 and out of 325 Municipalities
(Paurashavas) less than 15 have taken the initiative to provide FSM service. Many
NGOs (e.g. DSK in Dhaka) and private organizations have been involved in empty-
ing septic tank/pit [16]. BRAC, the world largest international NGO has installed a
million single pit latrines all over Bangladesh. It has desired to manage faecal sludge
of these latrines and as such conducted a research with a compost company to test a
co-compost technology integrating solid waste or sawdust with sludge. Co-compost
turns into less bulky pellets, which are used to fertilize crops [17]. In Dhaka, there
is one official sewage treatment plant available which receives sludge through a
piped sewer network. The treatment plant only covers about 20% of the total sewage
generated in the city.

Kushtia Municipality is providing septic tank and pit latrine emptying services
through vacutug since 2004. The Municipality started managing this faecal sludge
through co-composting technology since 2012 with the help from UN-ESCAP and
Waste Concern. SNV Netherlands Development Organization is helping the Munic-
ipality in FSM since 2014. Now, the Municipality has four (4) Vacutugs, which have
the capacity of 500, 1000, 2000 and 4000 L, respectively. The present FSTP capacity
of the Municipality is about 4000 L per day, which is much lower than the actual
demand of about 12,000–13,000 L per day. The Municipality also has a Coco pit
filter in the FSTP for the treatment of the liquid wastewater comes from vacutug [18].
In 2013, Lakshmipur Municipality has three (3) vacutugs. The Department of Public
Health Engineering (DPHE) designed and implemented the FSTP on 0.30-acre land
owned by the Municipality. The treatment plant is based on planted filter bed system
(Reed Bed System) and sludge drying bed. Currently, the plant receives about 42 m3

of sludge per week [19]. Sirajganj Municipality received a 2000 L capacity vacu-
tug from UNICEF in 2012 and started mechanical emptying service. The emptying
charge for the first trip is Tk. 2500. Tk. 1500 is charged for the next trip, if needed. The
existing demand for vacutug service is low and so, theMunicipality is taking initiative
to make the service popular. During 2013–2014, the Municipality has established an
FSTP with technical support from DPHE. It is on one-acre land under GoB-ADB
funded Secondary Town Water Supply and Sanitation Project. Vacutug transports
the sludge in a closed container and then disposes to the filter bed [16]. Faridpur
Municipality started the FSM Programme since 2014 with the financial support of
Bill and Melinda Gates Foundation (BMGF) and UK-Aid with technical facilita-
tion by Practical Action. Solar drying-based treatment facility has been developed
here with 24 m3 capacity per day. A private enterprise named Society Development
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Committee (SDC) is managing the operations of the treatment plant. It is producing
organic compost. Two informal sweeper groups now have been transformed into
business cooperatives. They have started emptying service with the vehicle support
from Municipality. A Multi-Stakeholder Steering Committee (MSSC) headed by
Municipality and representatives from private enterprises, and civil society groups
is now active to coordinate, support and monitoring of the FSM system [20].

7 Co-composting as Faecal Sludge and Solid Waste
Management Initiatives in Khulna City

Manual emptying is found for around 81% of total desludging services and recently,
mechanical emptying is brought together using vacutugs in Khulna City. In total,
68% of the population in Khulna is connected to septic tanks, of which the vast
majority of 48% is connected to open drains and another 8% are directly discharging
the effluent to the open ground [21, 22]. In Khulna, sludge is disposed at the solid
waste dumping site of Khulna City Corporation, 10 km from the city [10]. There
is a network of covered drains in one housing area (Khlishpur) of the city. It has
built-in reservoir tanks in every 200–300 m and is finally linked with a large river.
The network covers around 2000 households and 7–10 industries located in the area
[23]. A survey conducted by KUET and AIT in 2014 estimates that about 628,070
m3 of FS is produced every year in the KCC area [24].

KCC in funding support of Tk. 1.9 crore from the Bill and Melinda Gates Foun-
dation through SNV Netherlands Development Organizations and technical support
from AIT, Thailand and KUET, Bangladesh has established the largest FSTP in Asia
on its 1.30-acre land (Fig. 1). It is on the abandoned sanitary landfill site at Rajbandh,
6 km away fromKhulna City. The plant has been in operation since 2017. Daily treat-
ment capacity of this plant is 180 thousand litres. But, due to lack of awareness and
campaign among people, the FSTP has treated only 316 thousand litre sludge in
the last 8 months (March–October 2017), i.e. about 40 thousand litres per month.
Massive awareness campaign by KCC through the SNV in the Sanitation Month
October, the sludge collection increased significantly at 119,000 litres, whereas it
was insignificantly low at only 8 thousand litres in September [25].

In Khulna City, vacutug-based mechanical service is provided by KCC itself and
also by Community Development Committees (CDC). There are six vacutugs having
total 19,000 L capacity in Khulna City (Table 1). CDC is a community organization
that provides mechanical emptying services through three different clusters in KCC
with a fleet of three 1000L capacity trucks donated byUNDP.There are also hundreds
of manual emptiers plying their trade for generations.

KCC and 10 NGOs Community-Based Organizations (CBOs) are taking care of
60% of the total waste, 520 tons produced per day. In fact, most of the wastes are
collected from door-to-door without any sorting and either dumped in open space
or improperly landfilled. The collected waste is dumped into the nearest Secondary
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FSTP of Khulna City at Rajbandh
Source: The Daily Purbanchal, 2017  

Vacutugs in operation in Khulna City 
Source: Author, 2017

Fig. 1 Faecal sludge and co-compost initiative in Khulna City

Table 1 Vacutugs, sludge emptying capacity and tariff in Khulna City

Owner of
vacutugs

Number with capacity Total capacity (l) Rate of tariff per
trip (Tk.)

No. Capacity (l)

KCC 1 7000 7000 Tk. 3500 plus
15% VAT

1 5000 5000 Tk. 2500 plus
15% VAT

1 4000 4000 Not functional
now

CDC 3 1000 3000 Tk. 1000

Total 6 19,000

Source Field survey 2017

Disposal Sites (SDS). Later, KCCwaste transfer trucks collect waste from those sites
and dump into the Ultimate Disposal Site (UDS) at Rajbandh.

8 Existing and City Master Plan Proposed Urban Green
Space Land Use in Khulna City

There are ten public parks as formal green space of different size (small and big) on
35.08-acre land in Khulna City. Shahid Hadis Park, Jatisangha Shishu Park, Khal-
ishpur Wonderland Amusement Park, Muzgunni S S World Shishu Park, Linear
Park, etc. are the mostly used parks. The parks are mostly established and main-
tained by Khulna City Corporation (KCC) and Khulna Development Authority
(KDA). Among the different urban land uses of Khulna City, urban agriculture,
urban forestry and urban greening comprise about 23% of the total area, where Crop
field/Agriculture/Homestead covers about 16.30% (1839.19 acre). In the Detail Area
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Plan (DAP), urban green space has been considered as one of themajor existing lands
uses among 16–20 categories.

9 Prospects for Production and Usage of Co-compost
in Urban Green Space Plantation of Khulna City

In Khulna City, around 42,600 m3 dried sludge (component of co-compost) can be
produced per year [5]. At present, RUSTIC is the only mentionable NGO using only
46 tons of municipal organic waste and producing 30 tons of organic compost per
month [6].

The amount organic waste RUSTIC used for making compost is only 0.53%
(Fig. 2). The remaining 8684 tons of organic waste has the potential of making
5663 tons of compost.

There are about 50 government officeswith their sub-offices and establishments in
Khulna City. Only KCC has 197 acres of land property on which there are its offices
and establishments. The premises of the organizations have both hardscape and
softscape areas. The amount and nature of softscape green areas of the organizations
vary (from 25 to 50%) depending on their purpose (Figs. 3 and 4).

There are 1532 educational and research institutes as school in Khulna City [2].
Schools, madrasas, colleges and universities use fertilizer in plantations and land-
scape areas of different parts of their premise. There are 1087 religious structures
in KCC area. Among the structures, the number of mosques stands at 801 followed

Fig. 2 Composting from Khulna City municipal solid waste by RUSTIC at Rajbandh. Source Roy
et al. [6]

Fig. 3 Plantation and landscaping in Public Parks of Khulna City. Source Author 2017
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Fig. 4 Landscaping of government offices as green coverage and potential co-compost users in
Khulna City. Source Author 2017

Fig. 5 Plantation and landscaping in School, college and institute as potential source of co-compost
user in Khulna City. Source Author 2017

by 145 mandirs and 45 churches. In Khulna City, there are about 6000 pucca and
semi-pucca structures as business and public places. There are 20 recreational estab-
lishments inKhulnaCity.Manyof the residential and commercial buildings including
hotels and restaurants have balcony plantations. Fertilizer is also used to plant the
shrubs and flowers (Figs. 5 and 6).

There are about 840 pucca and semi-pucca industrial structures and establish-
ments in Khulna City. The industries are mainly of jute, shrimp and fish processing,
timber and wood processing, power plants, shipbuilding industry, small and cottage
industries, etc. The DAP has a proposal of developing 21.21 km roads of varying
width. The width ranges from 20 to 80 ft. Roadside, median and intersection land of
the roads can be potentially used for green plantation and landscaping. Total number
of roads in KCC area is 1215 and their total length is 356.64 km. Different trees,
decorative plants and flowers are found in the median and intersection areas (Figs. 7
and 8). KCC is responsible for the plantation and landscaping of such medians.

Fig. 6 Landscaping and plantation of renowned hotels and restaurants in Khulna City. Source
Author 2017
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Fig. 7 Landscaping and plantation in roadmedians and road sides as potential source of co-compost
user in Khulna City. Source Author 2017

There exist total of 642.18 km drains in KCC. Besides drains, there are 22 canals in
KhulnaCity. The canal and drain side land can be used for plantation and landscaping.

In the KCC area, there are about 123,739 residential building structures of various
types. Residential building structures under construction are 599. Urban green can
be increased if the vacant lands are used for vegetable gardens, horticulture, orchard,
tree plantation, landscaping, etc. The rooftop gardeners use different types of organic
and inorganic fertilizer (Fig. 9).

Nurseries are important green space. There are about 85 nurseries in Khulna
City and its adjoining areas. About 87% of the nurseries are using organic compost
prepared by themselves in their ownnurseries (Fig. 10).Almost all the nursery owners
prefer to use organic compost than chemical fertilizer [6]. Vertical expansion, i.e.

Fig. 8 Landscaping and plantation in road intersections and roundabouts as potential source of
co-compost user in Khulna City. Source Author 2017

Fig. 9 Plantation and landscaping in setback area and rooftop gardens as potential source of co-
compost user in Khulna City. Source Author 2017
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Fig. 10 Agro-forestry nurseries as potential source of co-compost user in Khulna City. Source
Author 2017

Fig. 11 Nurseries of Khulna
City using organic compost.
Source Roy et al. [6]

multi-storied and high-rise buildings with the application of Floor Area Ratio (FAR)
in the city can enhance green areas in the homesteads (Fig. 11).

10 Problems of Production and Usage of Co-compost
in Green Space Plantation of Khulna City

The main problems of production and usage of co-compost in green space plantation
of Khulna City are:

• The organizations, i.e. KCC and NGOs have a lack of both financial and technical
capacity to initiate highly technical co-composting technology.

• The City Master Plans developed by Khulna Development Authority (KDA) and
policy plans prepared by KCC did not address the issues of co-composting.

• In spite of having regulatory instructions, KCC does not have any plantation and
arboriculture plan.

• There exists lack of effective coordination among KCC, KDA, Khulna Water and
Sewerage Authority (KWASA), Department of Agriculture (DoA), Department of
Forest (DoF), Department of Environment (DoE) and relevant organizations for
efficient sanitation and solid waste management of Khulna City.
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• All concerned stakeholders, i.e. city people and officials staffs of the organizations
related with production and usage of co-compost have lack of awareness on the
importance of proper faecal sludge management, solid waste management and use
of co-compost in urban green space plantation of Khulna City.

11 Recommendations to Solve the Problems of Production
and Usage of Co-compost in Green Space Plantation
of Khulna City

Following recommendations are made to solve the problems of production and usage
of co-compost in green space plantation of Khulna City:

• Financial and technical capacity of KCC, KWASA and NGOs can be strengthened
to initiate highly technical co-composting technology and management in Khulna
City. Government and development partners can help to such initiatives.

• The City Master Plans developed by KDA and policy plans prepared by KCC can
be reviewed and updated to incorporate the issues of co-composting. It will help
to design and implement co-compost programmes and projects for Khulna City.

• KCC should prepare plantation and arboriculture plans for Khulna City as per
instruction of its legal documents, i.e. Ordinance and Act. It will increase citywide
green space coverage as a potential user of co-compost.

• Strategy and initiative can be taken by KCC to develop effective coordination
among KCC, KDA, KWASA, DoA, DoF, DoE and relevant organizations for
efficient sanitation and solid waste management focusing on production and usage
of co-compost of Khulna City.

• Awareness of all concerned stakeholders, i.e. city people and officials staffs of the
organizations on the importance of proper faecal sludge management, solid waste
management and use of co-compost in urban green space plantation of Khulna
City can be raised.

12 Conclusion

Co-compost from faecal sludge and organic solid waste is a quality soil conditioner
and plant nutrient. Green space of a city acts as recreation and breathing place that
promotes healthy living environment, preserves ecological balance and improves
physical and mental health. In Khulna City, urban green space in the form of parks,
playgrounds, urban forestry, road and waterfront greens, nursery, institutional land-
scaping, etc. including urban agriculture comprise about 23% of the total area under
different land use. All the green space plantations require fertilizer as plant nutrients,
where co-compost can be used. Co-compost is organic and environment friendly. A
significant amount of co-compost from the estimated 42,600 m3 dried sludge and
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67,925 tons of compost of organic solid waste can be produced per year in Khulna
City. Strengthening financial and technical capacity of sanitation service providing
agencies; effective coordination among urban public and private organizations; and
raising awareness of all concerned stakeholders on co-composting and green space
issues is important for promoting production and usage of co-compost in urban green
space plantation of Khulna city.
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Estimation of the Quantity
of Biodegradable Volatile Solids in Waste
Mixture in Khulna Applying
a Three-Stage Composting Process

M. Alamin and Q. H. Bari

1 Introduction

The solid wastes generated from South Asian countries contain a large amount of
organic waste with high moisture content. The organic part can be treated by bio-
logical decomposition process which is designated as composting. The solid waste
composting process is a precise and effective aerobic decomposition of biodegradable
part of the organic solid waste. This process involves a diversity of microorganisms,
which decompose organicmatter under controlled predominantly aerobic conditions.
The resulting end product is a stabilized organic matter and it is a steady, dark brown,
soil-like material [14] that can be used as a soil conditioner. It also contains nutri-
ents which can have benefit as a long-term organic fertilizer. There are two types of
composting systems, open and closed, of which open systems are less in the capital
and operating costs but typically require more space and time. The closed system
is more sophisticated with a very fast process and needs a high investment. In both
open and closed system, the various phases are dominated by different communi-
ties of microorganisms depending on temperature and other important factors that
prevailed in composting mass during biochemical decomposition reaction. Initial
decomposition is carried out by mesophilic microorganisms, which rapidly break
down the soluble, readily degradable compounds. The heat produced during reac-
tion causes the compost temperature to rise rapidly. As the temperature rises above
40 °C, the mesophilic microorganisms become less competitive and are replaced by
others that are thermophilic microorganisms. At temperatures of 55 °C and above,
many microorganisms that are human or plant pathogens are destroyed. Temperature
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above 65 °C killsmany forms ofmicrobes and limit the rate of further decomposition.
Usually, in composting, forced aeration or turning is applied to keep the temperature
below this point. Turning also reduces particle size [5] and increases biodegradation
rates [16]. Regarding the spatial temperature distribution, widely varying tempera-
tures have been reported at different locations of aerated piles, usually depending
on the time passed since the start of the composting process [5, 8, 9, 11, 15]. The
extent of degradation in the composting mass was predicted on the basis of outlet
air temperature alone using a linear relationship between outlet air temperature and
mean internal temperature of the composting mass [3]. The assessment of the areas
under the temperature curves for different composting layers and their respective
self-heating tests confirm the biological degradation results found by the multilayer
analysis [4]. Finstein and Miller [9] noted that for any given processing duration, the
higher the rate the more stable and easily handled the residue and this facilitates stor-
age, transport, and final disposal with aminimal cost. The important factors to control
a composting process include initial moisture content, temperature, carbon–nitrogen
ratio (C:N), pH, and aeration [6]. Forced aeration maintains higher oxygen level than
passive aeration in composting mass [1]. The key products of biochemical decom-
position reaction after any effective composting system either open or closed are
carbon dioxide, water, compost, and heat [2]. In the decomposition reaction, mainly
the biodegradable volatile solids (BVS) are degraded. It is very important to know
the amount of BVS present in the initial waste mixture for further calculation of mass
balance and application in modeling and design the composting plant.

The estimation of BVS of the waste mixture and faecal sludge generated from
Khulna, a South Asian city is very argent for the design of an effective composting
process as it applies several projects to manage its huge solid wastes as well as
faecal sludge. An estimate of BVS is performed by Bari and Koenig [2] using food
waste generated in Hong Kong. The sum of the volatile solids (VS) degraded in
the first stage, second stage pilot-scale tests and a further self-heating test [13] with
10% increment was estimated as biodegradable volatile solids (BVS). Therefore, the
main objective of this paper was to estimate the quantity of BVS present in the initial
mixture specific solid waste plus faecal sludge. The temperature variation during
composting in three-stage bench-scale tests, the variation of total solids, moisture
content and volatile solids are also observed.

2 Materials and Methods

Bench-scale tests were conducted using a numbers vacuum flask of 1L volume as
a bench-scale reactor. The initial composting mixture was consist of two types of
wastes namely (i) organic solid waste mixture (OSW) (ii) faecal sludge (FS).
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2.1 Preparation of Initial Composting Mixture

Two types of wastes namely (i) solid waste mixture (ii) faecal sludge are prepared
separately and thenmixed together to get the initialwastemixture to start composting.
(i) Organic solid waste was prepared according to waste proportion vegetable wastes:
foodwastes:waste paper: sawdust as 40:35:10:15. Suitable vegetable and foodwastes
were collected from a student’s hall of KUET.Waste paper was collected from offices
and sawdust were collected from a local sawmill. Sawdust was used as the bulking
agent. (ii) The Faecal sludge was collected from a septic tank of KUET residential
area and dried on a pre-fabricated drying bed to obtain a desired moisture content for
the process. Finally, the organic solid waste mixture and faecal sludge as prepared
according to the above description were mixed at four different ratios. These ratios
are 90:10, 85:15, 80:20, and 75:25 (OSW:FS).

2.2 Bench-Scale Reactor

Bench-scale testswere conducted using vacuumflasks of 1Lvolume (ShimizuBrand,
Japan) as a bench-scale reactor. In this research, the number of reactors used in
first, second, and third stage bench-scale tests was 16, 12, and 8, respectively, with
totally 36 numbers. About 400 g of waste mixtures is necessary to fill each of the
bench-scale reactors initially. The waste inside the reactor was compacted loosely
to provide proper porosity for natural and forced aeration. After putting the waste
mixture into the reactor, the inlet was covered by cork to prevent excessive heat loss
and the thermometers were inserted into the flask for taking reading time to time until
the temperature reached ±5 °C of the ambient temperature. According to Table 1,
mixture waste was filled up the reactor. The temperature of the waste mixture was
continuously monitored. After final declination in temperature close to ambient, the
tests were discontinued. Figure 1 shows the experimental setup.

Table 1 The experimental program of bench-scale composting test

Mix proportion Number of reactors

First stage Second stage Third stage

90:10a 4 3 2

85:15 4 3 2

80:20 4 3 2

75:25 4 3 2

aWeight proportion organic waste mixture:faecal sludge
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Fig. 1 Experimental setup of bench-scale composting tests

2.3 Experimental Program

Four sets bench-scale composting tests according to mix proportion were done using
a series of reactors in three stages. The range of BVS degradation from all four
sets would be estimated and described in the following sections of the paper. The
experimental program is described in Table 1.

3 Experimental Results and Discussions

3.1 Temperature Variation in Different Stage

All the reactors with different mix ratio for the first stage were run for 30 days as the
temperatures fall near ambient temperature. In thefirst stage, all reactors temperatures
were raised to a maximum from 57 to 65 °C within 5 days and followed a similar
fashion during their rise and fall phase. After 20 days, all reactors temperature were
almost similar which are very close to ambient temperature. Temperature variations
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during the first stage for set PA1(75:25) are presented in Fig. 2. PA1(75:25) means
reactor number 1 with waste mixture proportion OSW:FS�75:25 for this stage.

The fresh compost released from the first stage reactors were adjusted properly
withmoisture (around 60%moisture content) and used as a feedstock in second-stage
composting. In the second stage, all reactors were run for 15 days as the temperatures
came close to ambient temperature after that time. The temperature was raised to a
maximum from 54 to 60 °Cwithin 5 days and followed a fairly similar fashion during
their rise and fall phase. After 10 days all reactors temperature were similar, which
are very close to ambient temperature. The temperature variations during second
stage composting are presented in Fig. 3.

Compost released from the second stage reactor was adjusted properly with mois-
ture and used as feedstock for third stage composting. In the third stage, all reactors
were run for 18 days as the temperature falls toward ambient during that period. In
the third stage, the reactor temperature was raised to a maximum from 33 to 38 °C
within 4 days. All reactors temperature was the same which is very close to ambient
temperature after 7 days. The temperature variation in third stage tests is shown in
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Fig. 4. During first stage and second stage, the temperature was increased to high
thermophilic level up to 55–60 °C within 1 week and in the third stage, there was no
remarkable increase in temperature compared to ambient temperature, which indi-
cates that the produced compost after the second stage was reached toward stability.

After comparing Figs. 2, 3 and 4, it is observed that the area under temperature
curves are decreased from first to third stage and is explained in Fig. 4. Therefore, it
can be concluded that the much BVS is degraded in the first stage, then second and
third stage. There was very little BVS left after the second stage.

First stage, second stage, and third stage area under temperature and BVS (%)
reduction are present in bar diagram Fig. 5.

3.2 Estimation of Initial Biodegradable Volatile Solids

The determination of the biodegradable fraction of VS or biodegradable volatile
solids (BVS) would give a better understanding of the waste degradability and
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Table 2 Estimation of initial biodegradable volatile solids (BVS) by performing three-stage bench-
scale tests

Weight
propor-
tion
OSW:FS

All weights in gm

Initial
dry
solids

Initial
volatile
solids
(VS)

Final VS VS degraded in (gm) Estimated
BVS is
1.1
times of
total VS

ST1 ST2 ST3 Total VS

90:10 936 674 332 189 115 38 342 376

85:15 840 516 270 152 59 34 246 270

80:20 955 598 306 198 45 49 291 320

75:25 839 465 230 152 58 25 235 259

The BVS were estimated by multiplying 1.1 times the sum of VS degraded in three stages, the first
stage (ST1), second stage (ST2), and third stage (ST3)

final product stability [7]. The term biodegradable volatile solids (BVS) is gener-
ally used when referring to the degradation rates or oxygen consumption rates [10].
The total initial biodegradable volatile solids (BVS) for different proportion mixture
solid waste bench-scale tests were estimated from the summation of volatile solids
degraded in the first, second, and third stage. According to Bari [5], it was estimated
that the remaining BVS in the compost, after 63 days of effective degradation in the
first stage, second stage, and the third stage would not be more than 10%. Therefore,
the sum of VS degraded in three stages is increased by 10% to have a suitable esti-
mation of initial BVS. The calculation procedure and the estimated initial amounts
of BVS for different sets are presented in Table 2.

3.3 Extent of Degradation

The amount of biodegradable volatile solids (BVS) as estimated from Table 2 is
used to determine the BVS degraded in first, second, third stages, and their over-
all sum with percentage degradation are presented in Table 3. For explanation:
BVS�Biodegradable Volatile Solids; i1� initial BVS in stage 1; ��amount of
BVS degraded in gm; �T � total BVS degraded in three stage (in row 1 for 90:10,
�T � (168+82+84)×100/386�88.81%. The total biodegradable volatile solids
reduction was 83–89% after 63 days. The range of reduction is very narrow with a
standard deviation of 2.78. Therefore, it can be concluded that all four sets of waste
contain almost the same percentage of BVS depending on their VS content. The
waste mixture proportion (75:25) of BVS was greater than other mix proportion and
was 89%.
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4 Conclusions

Based on the above results the following conclusions are drawn:

• The mean maximum temperature of the first stage and the second stage tests were
61 and 57 °C, respectively, and followed a similar fashion during their rise and fall
phase. In the third stage, no remarkable increase in temperature was observed.

• The mean BVS reduction in different first stage tests was 37.5% of the initial
estimated BVS. In a second stage, BVS reduction was 36.3% of the initial BVS
and third stage BVS reduction was 13.1%.

• The total biodegradable volatile solids reduction was 83–89% after 63 days. The
range of reduction is very narrow with a standard deviation of 2.78. Therefore, it
can be concluded that all four sets of waste contain almost the same percentage of
BVS depending on their VS content.
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Plasma Arc Technology: A Potential
Solution Toward Waste to Energy
Conversion and of GHGs Mitigation

A. Hazra, S. Das, A. Ganguly, P. Das, P. K. Chatterjee, N. C. Murmu
and Priyabrata Banerjee

1 Introduction

Most of the environmental harming agents like Greenhouse gases (GHGs) occupy
prior attention due to its adverse impact on human health. Rapid GHG emission
increases its deleterious effect, which lead to global warming, acid rain, smog for-
mation, and other direct or indirect health impact on our habitat. Human activities
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and some natural events trigger the release of a huge amount of GHGs to the envi-
ronment and there in its consequences are getting worse day by day. In 2010, it was
estimated that globally this tremendous amount of emission from manmade actions
emitted nearly 46 billion metric tons of greenhouse gases, which can be articulated
in terms of carbon dioxide equivalents [1]. The emission of these long-lived gases
depend upon several factors like economic activities (composition and efficiency of
the existing economy), explosion in population, rapid industrialization, economic
status, land locality, and location-dependent climatic changes, which cause a varia-
tion in the gross emission from the different countries.

Due to the indiscriminate humanactivities in the developing countries, it causes the
release of high extent of contaminant (CO2, CH4, N2O) and several other fluorinated
gases which are the main composition of greenhouse gas. These gases are currently
covered by agreements under the United Nations Framework Convention on Climate
Change (UNFCCC) [2].

TheWorld Resources Institute (WRI) has the climate-damaging greenhouse gases
report depending upon the country-wise emissions with the latest analysis based on
data coming out of its Climate Analysis Indicators Tool (CAIT). This report clearly
reflects that India is the fourth largest carbon emitter country among the developing
countries on the basis of per capita emission. In respect of per capita contribution
to the overall emissions, India contributes very less significant amount emissions
among the developing countries like China, Mexico, and Brazil while the United
States’ releases eight times higher than that of India. Majority of global emission
is contributed by the top 10 emitting countries, where six of them are developing
countries. Consequently, in respect of the total amount of global emissions, only
China contributes approximately 25% of and holding the top emitter position. Rapid
economic growth makes some countries like India, Indonesia, Brazil, Mexico, and
Iran the larger contributor to the total global emissions [3].

Majority of greenhouse gases remain into the atmosphere for a prolonged period,
which can be ranging from a decade to many million years. Over time, the oceans
and vegetation are absorbing greenhouse gases from the atmosphere. Some extents
of these gases are removed from the atmosphere by chemical reactions. The removal
processes are too much slower than the accumulation of these gases into the atmo-
sphere. The accumulation processes are accelerated by various societal activities,
and as a result, the concentrations are increasing [4].

From 1990 to 2010, on view of various sectors of greenhouses gas emission,
energy production industries and uses which include fuels consumption of vehi-
cles. In fact, it becomes the largest source of greenhouse gas emissions worldwide.
Rapid industrialization, urbanization, and international transport have taken proper
initiatives to aggregate the energy production and use share around 71% of the total
emission. Followed by this, agriculture is the major contributor, which contributes
around 13%. Land-use change and forestry help to absorbs carbon dioxide, which
counterbalances the emissions from other sources. Deforestation and the waste gen-
eration along with its poor management are the most severe human practices which
are also responsible for greenhouse gas emission [1, 2]. Waste generation and green-
house gas (GHG) emissions are associated with each other [5]. In total, the amount
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of global GHGs emission 3–4% of emissions is caused by total waste disposal [6].
In this era, waste becomes a major concern for every country due to its continu-
ous rising and mishandling management leading to various harmful impacts on the
atmosphere and human health. Waste generation has become an inevitable societal
practice accumulating a huge amount of wastes throughout the globe. Many factors
are responsible for this high waste generation rate, some are like population and their
education level, monthly income plays a significant role [7]. Industrialisation [5]
and enhancement of people lifestyle rapidly raises the municipal solid waste (MSW)
quantity among other sources based waste like hospital waste [8, 9], radioactive
waste [10] agriculture waste [11], E-waste [12]. These are categorized among the
sources of generation and due to huge quantity and high rate of generation municipal
solid waste draws a great attention. In 2011, worldwide the amount of generation of
MSW was around 2 billion tones [13] which is expected to reach around 10 billion
by 2050 [14]. In 1947, India had the amount around 6 million tons which reaches
to 48 million tons with the end of this decade and followed by it was 90 million
tons in 2009. Accordingly, with this rate, the quantity of generated solid waste will
touch the milestone of 300 million tons by 2047 [15, 16]. Along with these factors,
improper waste management is leading to severe effects in environment and liveli-
hood [10]. In this regards, the most universal phenomenon of waste management
is to reduce, recycle, and reuse which needs to be implemented in our society [10,
11]. Besides these, among various waste disposal processes, generally implemented
processes are landfilling, composting, incineration [16, 17], pyrolysis, gasification
[17]. Landfilling is themost common trend adopted by the community. However, due
to the limitation of land for the dumping of wastes are the anthropogenic sources of
GHGs like methane (CH4) and nitrous oxide (N2O), henceforth this process should
be obsolete in the forthcoming days.While incineration can be beneficial in line with
waste volume destruction but in addition, it releases environmentally toxic gases like
SOx, NOx [18], and other hazardous chlorinated dioxins and furans. In the case of
pyrolysis, the extent of emission is very low compared to the incineration. But some
difficulties, like low gas productivity, a broad variation of the decomposition prod-
ucts are not easily get rid off because of its slow rates of heating and cool down.
This makes this process limited to the product composition [17, 19]. Composting is
another method, mainly applicable for degradable waste that leads to large amount
of GHG like CH4, which have very high global warming potential (GWP) (72 times)
than that of CO2 [2]. The aforementioned waste disposal processes contribute a large
amount of GHG along with some other toxic gases [14]. In view of suppressing the
GHG emission through MSW disposal and generation of cleaner fuel, gasification
with plasma technology is one of the advantageous thermochemical pathways that
can be used. In this process, the high temperature application of plasma flames to
organic solid components of MSW readily converts them to high calorific value syn-
gas (CO and H2) used for energy recovery. After vitrification of the inert fraction, it
is converted into a non-leachable slag which can further be reused as a construction
material for several useful and functional materials [20]. In this process, for efficient
production of the heat energy, no fuel is needed for combustion which means no
oxidant is required; therefore, this can lead to a reduction in CO2 emission [21] and
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prevents the reformation of persistent organic pollutant (POPs) like dioxin, furan
[22, 23] All the above factors allowing plasma treatment is a truly proximal solution
for MSW [20]. Recently many agencies emphasises on sustainable energy recovery
and adequate resource management which plays an efficient role in the reduction of
GHGs as well as safe waste management [24, 25]. In this relevance, European Com-
mission mentioned the significance of efficiency based on resource and focused on
sustainable and inclusive growth [26]. After analyzing the GHGoutputs frommateri-
als, the U.S. Environmental Protection Agency (EPA) concluded that for convenient
GHG mitigation, the recycling of materials with effective waste minimization are
the most suitable options [1].

2 Background

2.1 Overview of Plasma Technology

Although plasma is electrically neutral, it is considered as the fourth state of matter. It
consists of neutral particles, electrons, and ions [21]. There are mainly three types of
plasma: thermal, cold, andwarm plasmawhich are known and the two are considered
to be nonthermal equilibrium plasma. Among these types, thermally equilibrium
plasma, i.e., thermal plasma generates very high temperature energy and temperature
profile of thermal plasma makes it efficient and applicable for a broader range of
waste treatment [22, 27]. On the contrary, based on the configuration of plasma it
can be classified as transferred and non-transferred arc torches, which are utilized in
various solid waste treatment methods. Non-transferred arc torch is more generally
used in the destruction of waste material where the carrier gas (N2, Ar, and H2) is
transformed into plasma and it is directly applied to waste materials. But in case of
transferred torch reacting material should be an electrically conductive material as it
behaves as an electronic linker between cathode and electronically grounded anode
[15, 28]. Design and development of functional plasma gasification system can be
manufactured based on certain demand considering many issues and target specific
application. In this system several types of plasma generator are used and depending
upon that some systems are classified as direct current (DC)/alternating current (AC),
radio frequency (RF), microwave (MW), and DC-RF hybrid arc plasma system [15].

2.2 MSW Quantification and Characterisation

Rapid urbanization and population explosion have threatened the generation of
wastes (MSW). Several factors affect MSW generation such as living standard, the
extent of economic growth, climate variation, and variation. As an artifact rapid
MSW generation in Indian cities has been found to increase approximately eight
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Fig. 1 Waste quantity variation with a population of Indian cities

Fig. 2 Waste quantity variation with area of Indian cities

times since 1947. In respect of the per capita generation, small towns generate lower
than that of the metropolitan cities. In India, the rate of MSW generation is per day
ranges from 0.2 to 0.5 kg which rises at the rate of 1–1.33% annually. There are some
figures (Figs. 1, 2 and 3) [29–31] providing some reflection on generated MSW of
states in India which clearly indicates that rapid urbanization and explosion in dense
population is the key factor in waste generation [32, 33].

In case of major Indian cities, total waste generation and waste generation rate
(kg/cap/day) are compared with the area of habitable and population density (as per
2001 census), respectively. The main composition of MSW is a large compostable
organic fraction (40–60%), some extent of ash andfine earth (30–40%), paper (3–6%)
and plastic, glass and metals (each less than 1%). The quantity of various MSW
constituent is highly depended upon the habitat and population which is shown in
Table 1 [34].

Physical characteristics ofMSWcan be classified into compostablematters which
are mainly content of fruit and vegetable peels, food waste. In this context, Paper,
plastic, glass, metals, etc., are considered as recyclables materials where paints,
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Fig. 3 Waste generation variation with a population of Indian cities

pesticides, usedbatteries,medicines, etc., are knownas toxic substances. Soiledwaste
is comprised of blood stained, waste cotton, sanitary napkins, disposable syringes
[35]. Combustible materials (papers, plastics, food waste, wood, textiles, disposable
diapers, leather) and other organics are present in larger extent which could be a
useful resource for energy recovery. The carbon and nitrogen ratio of MSW reside
within 20–30 and the lower calorific value ranges between 800 and 1000 kcal/kg
supports the huge potential of MSW in efficient energy recovery [32].

2.2.1 MSW Treatment Methods

Primary Storage and collection of MSW are crucial for further proper treatment.
Generally, categorized bins are the ground level storage systems which are classified
depending upon the nature of waste collected like compostable or inert [36]. The
collections of these stored wastes depend upon the concerned municipalities waste
collection system and greatly on societal awareness for waste management. Gen-
erally, open trucks, wheelbarrow, large size municipality bins play a major role on
waste collection in India. But these are not an adequate collection process for MSW.
In India, the mode of collection of MSW can be estimated with help of the data
produced by the Central Pollution Control Board (CPCB) which studied over 300
Class-I cities. This aforementioned data indicate that manual collection comprises
of 50%, while only by trucks the collected portion is around 49% [31, 33] though
in some cities various NGOs and municipalities have taken several steps including
door-to-door collection and segregation, this could be very much useful for further
recycling and treatment of wastes [36, 37].

Most crucial part of waste management is the safe disposal of waste in an environ-
ment friendly manner. Accordingly, disposal of MSW requires efficient technology
and resources to fulfil the environmental requirement. Till date proper management
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in handling those things are not adequate. The compostable parts deal with compost-
ing and vermicomposting techniques and also in some cases it is used to produce
bio-methane (bio-gas). The applicability is subjected to the nature of wastes that put
a limit on its usefulness. Besides this most of the MSW are disposed of as landfilling
which is the most common practice in many countries. Landfilling is a burning threat
as its open exposure can cause contaminants and toxins to be exposed to the envi-
ronment through various media like rag pickers, insect, vermin [10, 38] Landfilling
is dignified as a man-made source of greenhouse gases (GHGs) which primarily
comprise of carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O) [39].

Similarly, incineration is also the most common thermal treatment for waste dis-
posal throughout theworld. Figure 4 shows the number of incineration used in various
cities in Europe. In incinerators, waste material is combusted in the presence of air
causes the high extent of GHGs emissions such as CO, CO2, HCl, SO2 including
dioxins and furans, particulate matter, and many more toxins. Simultaneously the
toxic contaminants in the char or ash residues can contaminate existing water bodies
too. In India, there are several large and small scale based incinerators using MSW
as feeding stock and some plants recover a certain extent of energy [40].

Recently in India, development and implementation of wastes to energy technolo-
gies are the initiations of environmentally friendly waste disposal. Refuse-derived
fuel (RDF), pyrolysis and gasification are the most common waste to energy pro-
duction techniques. Among these RDF is one of the promising technologies, which
nowadays’ is intended to utilized for producing power where MSW is palatalized as
solid fuel. In addition, the RDF plants help to diminish the pressure of waste dumping
on landfills. Combustion of the RDF is capable of generating power from MSW is
technically an efficient process [32].

Pyrolysis and gasification are basically a thermochemical conversion process
wherein the absence of an oxidizing agent, a solid fuel is heated for its complete
decomposition or conversion to other materials. In pyrolysis bio-oil is also produced

Fig. 4 No of incineration in operation in European countries with corresponding capacities
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Fig. 5 Plasma technology implemented in various part of the world e.g. a North American zone b
European zone c Asian zone d other

along with gas and char but low-temperature conversion generates high concentra-
tion CO like GHGs and some other toxins [32, 34] whereas in gasification due to
application of high temperature, MSW is converted to high calorific value syngas
(CO and H2) which is further utilized for energy recovery. As Plasma arc is capable
of generating very high temperature which could directly be applied to the waste
material for gasification. This plasma arc-driven technology is the most emerging
waste disposal aswell as energy recovery technique around theworld. From the Fig. 5
it can be noted that various countries utilize this technology for diverse applications.

Accordingly, some data mentioned in Table 2 where it is found that the generation
of syngas utilizing plasma gasification is greater than the ordinary gasification and it
regulates CO2 emission in nature. The residual part is non-leachable vitrified solid
mass which could be employed for the constructional purpose. The waste manage-
ment plant also emits SOx, NOx and other toxins like dioxin, furan to a very low level
(below the permissible limit) [17, 20, 41]. In India, the technology is not yet com-
mercialized however some pilot plants operate in various sectors. Among these, the
first one (NERIFIER) was installed by Narvreet Energy Research and Information
(NERI) at Nohar, Hanungarh, Rajasthan. As Tata Energy Research Institute (TERI)
gasification unit by Tata Energy Research Institute (TERI) second one installed at
Gaul Pahari campus, New Delhi. NERIFIER operates with an efficiency of about
70–80% and waste treatment rate is 50–150 kg per hour [32].

Thus MSW could be the source of renewable energy through the utilization of
plasma arc technology. Considering operation all expertise and capital cost validity,
production of clean syngaswith the very low emission ofGHGs and other gasesmake
this technology more viable for implementation towards safe waste management.
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Table 2 Comparison between the syngas fraction of plasma gasifier and ordinary gasifier

Syngas mole fraction MSW gasification with an
ordinary gasifier

MSW gasification with plasma
gasifier

H2 17.04 43.50

CO 22.70 34.50

CO2 4.92 0.03

H2O 0.00 16.22

CH4 0.00 0.01

H2S 0.00 0.09

N2 48.49 5.63

HCN 0.00 0.00

S 0.06 0.00

SO2 0.00 0.00

COS 0.01 0.00

NH3 0.00 0.00

C2H2 0.00 0.00

C (solid) 1.12 0.00

Syngas LHV (MJ/kg) 22.78 13.44

Syngas HHV (MJ/kg) 26.45 14.71

Feedstock flow (kg/s) 1.00 1.00

LHV Lower heating value; HHV Higher heating value

3 Result and Discussion

3.1 Potential of Energy Recovery from MSW

In view of energy recovery, MSWmanagement is important for the societal benefits.
In search of the efficiency of the energy recovery fromMSW, one can get an idea by
measuring the energy recovery from the various major components such as paper,
textiles, food waste, plastics, metals, glass, and others which is shown in Fig. 6.
The main resources of MSW are paper and plastics which have a higher potential in
energy recovery perspective that shown in Fig. 6 [14, 42].

Variation of energy recovery value for a different component of MSW highly
depends upon the calorific value of that component. In Fig. 6 it is shown that as
calorific value and energy recovery proportionally related to each other then the
extent of energy recovery from the textile material is lower than plastic. In the Topic
of energy recovery from MSW, moisture content is a prior factor to account. High
content moisture reduces the energy recovery extent as likely energy recovery from
foodwaste was very small [14, 42]. Actually, the high proportion of moisture directly
affects the heating value of MSW. Consequently, the percentage of moisture content
differs from place to place as in Asian countries like Taiwan; Bangladesh where it
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Fig. 6 Schematic representation of generated calorific value and energy recovery potential of a
different constituent of MSW

ranges between 50 and 75%. In the United States and European countries, moisture
content value reside between 20 and 30% [43, 44].

Composition and characteristics of MSW play a considerable role in the percent-
age of energy recovery. The factors such as economic status, ritual, lifestyle, literacy
rate, climatic and topographical conditions also greatly influenced and characteristics
of MSW [45]. In developing countries like India, these factors show great variation
in physical, chemical composition and characteristics in comparison to the devel-
oped countries of the world [32, 44]. In Fig. 7 [29] it is shown besides Ahmadabad,
the moisture content of MSW is generally high in most of the Indian cities ranging
between 41 and 64%. The calorific value (CV) stays in the range of 742–2632 kcal/kg
and the C/N ratio ranges from 18 to 37 [46]. It is already shown that the major content
of MSW is organic wastes followed by recyclable and inert materials. From Fig. 7
one can get an idea about the waste component in various major cities of India where
it also supports that organic wastes are the major constituent of MSW. Although
in India along with these factors and being a high content of organic counterparts
in MSW which directed the potentiality and efficiency of MSW in energy recovery
perspective.

3.2 Potential of GHG Emission and Mitigation

Potentiality of greenhouse gas emission fromMSW is very high among other sources
which are shown in Fig. 6. There are high C/N ratios (Fig. 7) of MSW components,
showcasing the high potential of GHGs emission caused by improper treatment.
Consequently, during landfilling and uncontrolled burning of MSW a high content
of CH4, CO2, and N2O is released. From estimated current GHG emissions studies
reveal that the largest GHG emission occurs from landfilling sectors with a major
component of CH4. After disposal, this emission continues up to several years and
also from waste incineration is small compared to landfilling, around 40 metric tons
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Fig. 7 Component wise characterization of MSW in Indian cities

CO2-equivalent per year or less. CH4 emissions from the landfill are ten times higher
than the CO2 release which reflects the potentiality of landfilling for emission of
greenhouse gases [47].

Now, material recovery through recycling and energy conversion from waste is
considered as the best possible option for suppression of GHG emission considering
environmental and societal health. Recycling of metals and paper can effectively
reduce around 1.83 × 106 kg CO2-eq/year and 7.38 × 105 kg CO2-eq/year respec-
tively. As shown before the materials with lower potential value are not suitable
for waste to energy recovery, that portion may be utilized by recycling. Emission
of GHGs during fossil fuel burning can be reduced through the efficient generation
of energy from the waste materials. As the major component of MSW has higher
potential for energy recovery that leads to recovery of energy through a greener
approach. Moreover, reduction, recovery, recycling of wastes and waste to energy
concept consecutively leads towards the growing potential for indirect reduction of
GHG emissions. Subsequently, this process also causes a decrease in waste gen-
eration and reduced energy demand and as well as the consumption of fossil fuel
[48].

Many policies and initiatives like Swachh Bharat Mission (SBM) have nowadays
drawn concern to reduce the indirect and direct effect of waste on the environment.
Presently around 10,600 million USD for 5 years in 4041 towns are estimated for
SBMwhich is the biggest cleanliness drive in India. In thismovement, the sustainable
Solid Waste Management (SWM) is considered as one of the six components, where
door-to-door collection and implementation of proper disposal method for MSW are
main emphasized [49].
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4 Conclusion

Waste generation and greenhouse gas emission, both are the parallel process where
the improper wastemanagement methods escalating theGHG emission and its harm-
ful effects on the environment. Some disposal practices like landfilling, open burning
or incineration contribute a large amount ofGHGs such asCH4,N2Owhich have high
potential in equivalent to CO2. Waste to energy is an efficient concept for sustainable
waste management and may indirectly reduce the GHG emission by decreasing the
demand for fossil fuel. Among various methods, plasma arc technology for disposal
of MSW is very much efficient as it is environmentally safe and can recover energy
with high volumewaste destruction capability. These technologies can be an efficient
alternative in the near future for sustainable waste management. Presently, SBM and
other policies are emphasizing on municipal waste management which has become
the biggest movement in India.

Acknowledgement Department of Science and Technology, Govt. of India sponsored DST-TSG
(vide letter no.-DST/TSG/WM/2015/459) (GAP-211712) project is hereby acknowledged.
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Comparative Chemical Evaluation
of Vermicompost Produced by Using
Different Organic Wastes

Parveen Gill, Dharambir Singh, R. K. Gupta, Urmila
and Hem Lata

1 Introduction

Vermicompost enhances soil aeration and consistency by reducing earth compaction.
It improves thewater-holding capability of soil for the reason of its high natural mate-
rial content. It enhances nutrient assimilation, micronutrients, and macronutrients
status of soil.

Eisenia fetida is especially adapted to live in a decaying environment such as
rotting vegetables, dung, etc., which is best for vermicomposting. The vermicompost
is a better organic fertilizer is produced byworms such as theE. fetida, which contain
humus with a good amount of nutrients so that it can be used for the plants without
any detrimental effect on their vegetative growth. The total organic carbon content
of cow dung with parthenium decreased and N, P, K increased as observed by Joshi
and Chauhan [9].

2 Materials and Methods

The organic wastes, i.e., kitchen waste, cow dung, congress grass and a mixture of
different weeds were used as substrates for vermicomposting in a ratio of 5:1 (cow
dung: substrate). 16 tubs for each treatment filledwith themixtures prepared and kept
in screen house under a temporary shed of straws. Gunny bagswere used for coverage
of all these tubs and sprinkledwithwater as andwhen required tomaintain appropriate
moisture level. One hundred healthy adult earthworms were inoculated into each
tub subsequent to 15 days of microbial decomposition. The samples for chemical
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examination (carbon, nitrogen, C/N, phosphorus, and potassium) were collected on
0, 30, 60, and 90 days.

2.1 Determination of Carbon Content

(i) Determination of volatile solids
Onegramoffine-dried sample powderwas taken in a pre-weighed china crucible
and inserted into muffle furnace at 550 °C for 1 h. The losses in weight of total
solids on combustion were taken as volatile solids.

(ii) Carbon content of samples was calculated as

%C � % Volatile Solid

1.724

2.2 Estimation of Total Nitrogen, Phosphorous,
and Potassium

Was estimated by standard Micro Kjeldahl method [3], John method [8], and flame
photometer method [7], respectively.

3 Result and Discussion

The study of 90 days revealed that during the process of vermicomposting of organic
waste several physical, chemical, and biological changes were observed.

The total amount of carbon decreases gradually where the maximum decrease
was noted in the samples of cow dung+kitchen waste where total initial organic
carbon was 37.47 g and finally the carbon was 30.9 g so this showed 6.5% decrease.
The decrease in carbon content was 3.7, 1.2 and 0.72% in cow dung, congress grass
and a mixture of weeds, respectively (Fig. 1).

The total amount of nitrogen increases gradually in each treatment and the max-
imum increase was observed in the samples of cow dung+kitchen waste, where the
total initial nitrogen was 10.77 g which is 1.17% increase, so finally, the nitrogen
was 22.53 g. The increment of 0.73, 0.24, and 0.12% in nitrogen was observed in
cow dung, congress grass and a mixture of weeds, respectively (Fig. 2).

In Fig. 3, a decreasing trend of C:N was observed in each treatment except the
best reduction in C:N from 3.47 to 1.37% (2.10%) was in the case of cow dung+
kitchen waste.
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Fig. 1 Changes in organic carbon of vermicompost of different organic wastes

Fig. 2 Changes in organic nitrogen of vermicompost of different organic wastes

Figure 4 showed the amount of phosphorus increases gradually, where the maxi-
mum increase was found in the samples of cow dung+kitchen waste where total ini-
tial phosphorus was 0.643 g and finally, the phosphorus was 0.915 g showed 0.027%
increase. The increase of 0.020, 0.012, and 0.010% phosphorus was observed in cow
dung, congress grass and a mixture of weeds, respectively.

In Fig. 5, it was observed that the amount of potassium increases gradually, the
maximum increase was noted in the samples of cow dung+kitchen waste. Total
initial potassium was 3.05 g and finally, it becomes 5.17 g with 0.212% increase.
Total potassium increase was 0.119, 0.067, and 0.038% in cow dung, congress grass,
and a mixture of weeds, respectively.

In 2003, Mondini et al. [12] reported that the total organic carbon was decayed
by microbial biomass from the vermicompost. A fraction of the organic carbon of
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Fig. 3 Variation in C:N ratio of vermicompost of different organic wastes

Fig. 4 Changes in organic phosphorus of vermicompost of different organic wastes

decayed residues released as CO2 [4]. The amount of carbon decrease in compost
during the initial 10 days was due to bacterial decomposition [5].

In 1995, Kale [10] reported that the nutrient profile of vermicompost varies with
respect to organicwaste used. The total organic carbon,C:N ratio content of cowdung
with kitchen waste was decreased and increase in N, P, K was observed by Tripathi
and Bhardwaj [16] and Bhardwaj [2]. Nitrogen-fixing bacteria during composting
increased the nitrogen content of compost and ability of bacteria depended on the
organic wastes used for composting [1].

The NPK content in the vermicompost changes from 0.38−1.76, 0.2–1.76 and
0.69–4.98%, respectively, with respect to organic waste used and vermicomposting
improve the structure, fertility, and moisture-holding capacity of soil [14]. Nathia
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Fig. 5 Changes in organic potassium of vermicompost of different organic wastes

et al. [13] observe that NPKwas greater than before and carbon level, C/N decreased
after composting of organic wastes.

Enzymatic activity of alkaline phosphatase and dehydrogenase increase the total
phosphorus in the vermicompost. Enzyme dehydrogenase responsible for microbial
action and inoculated microbes produces alkaline phosphatase, which is helpful in
phosphorus solubilizing in the compost [11].

Nutrient components of compost depend upon the type and composition of car-
bonic waste used. The enzymes and microbes of the digested track of earthworms
increase the concentration of potassium [6, 15, 17]. There are many evidence sug-
gesting that vermicompost due to microbial activity has a rich nutrient level. Zhang
et al. [18] reported that phosphorous in vermicompost is an increase because ofmobi-
lization and mineralization of phosphorus due to phosphatase activity of earthworms
gut microorganisms.

4 Conclusion

• Themaximum increaseNPKwere observed in vermicompost formed fromkitchen
waste followed by cow dung, congress grass, and a mixture of different weeds so
it showed that the vermicompost of kitchen waste is the best as compared with
other.

• The results showed the decrease in C:N ratio in vermicompost of kitchen waste
followed by cow dung, congress grass, and a mixture of different weeds.
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Status of Composting for OFMSW
Treatment in Karnataka and West
Bengal: Case Studies and Sustainability

Biswajit Debnath, Anaya Ghosh, Basavaraju Prathima,
Khushbu K. Birawat and Sadhan Kumar Ghosh

1 Introduction

India, the 11th largest economy and 2nd most populated nation have witnessed
rapid urbanization and industrialization in the past few decades, which has directly
impacted the availability of natural resources in the country. Thus, it becomes a
necessity to reuse and recover useful materials from the already utilized resources
or as we commonly say ‘waste’.

Currently, the world inhabitants are nearly 7.1 billion and as well as the generation
ofMSWhas been estimated by theWorldBank 2012 [20], almost 1300million tonnes
per year [19]. India produced 62 million tonnes (mt) of waste annually, out of which
nearly 9% is plastic waste, 0.3% is biomedical waste, 12.74% is hazardous waste and
2.4% is E-waste. And the most strange fact is that only 75–80% of total generated
waste per year is collected (43 million tonnes per year), 22–28% is treated (11.9
million tonnes per year) and rest of the waste is discarded in landfill site (31 million
tonnes per year) [9, 7]. India is an agricultural base country in southern Asia having
29 states and 7 union territories which includes several districts municipalities and
gram panchayats. The waste generation, waste composition and characteristics will
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Fig. 1 a waste composition in Bangalore [14] and b Waste composition in Kolkata [3]

vary in different regions with their cultural variations, climatic changes, food habits
and economy also [7]. West Bengal is the fourth populated state in India with an area
88,752 km2, a population near about of 91,347,736 generates 12557megatonnes solid
waste per. Karnataka is the eighth populated state in India with an area 191,791 km2,
and a population near about of 61,130,704 generates 6500 megatonnes solid waste
per day [2]. Kolkata, the capital of West Bengal, is the third metropolitan city which
generates 3670 tonnes of solid waste per day, whereas the capital Karnataka, Ban-
galore is the fourth metropolitan city which generates 3700 tonnes of waste per day.
The waste compositions of both metro cities are described in a pie chat are shown
in Fig. 1a, b. Figure 1 represents the waste composition of Bangalore [14], whereas
Fig. 1 represents the solid waste composition of Kolkata [3]. Figure 1 represents a
comparative study of waste composition of both Kolkata and Bangalore. The chemi-
cal characteristics and composition of both cities are described elaborately in Table 1.
In Kolkata, solid waste management is taken care by Kolkata Municipal Corporation
(KMC) and also by other local bodies, non-government organizations, whereas in
Bangalore, it is managed by Bruhat Bengaluru Mahanagara Palike (BBMP).

It is really important to have OFMSW treatment facilities in both Karnataka and
West Bengal. The existing facilities speak for themselves as success stories. The
proper valorization of the OFMSW will ensure circular economy in both the states.
According to waste management rule 2016, in India, the two major treatment pro-
cesses for OFMSW treatment are biogas from AD and manure from composting. In
composting process, the major challenge is to get source segregated waste. Biogas is
muchmore established and successful in India, whereas composting is comparatively
less explored sector and has few success stories. The number speaks for itself as there
are nearly 4 million biogas plants [16] and only 553 composting plants operating in
India [5].

According toMinistry of Urban Development (MoUD), Government of India and
the Central Pollution Control Board (CPCB) of India, Mysore, a major city in Kar-
nataka has become one of the cleanest cities in India and ranked first in the Swachh
Survekshan [15]. West Bengal, on the other hand, is still lagging and needs strict
science policy framework, implementation and monitoring for sustainable develop-
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ment. Though some success stories are there in West Bengal, the sustainability is
questionable.Comparison of developing systemswith developed systemsoften offers
new pathways of improvement. Hence, comparing the status of OFMSW treatment
by means of composting is of relevance. Under the current investigation, an attempt
has been made to compare two existing systems of Karnataka and West Bengal in
the context of composting as a method of OFMSW utilization. The learning from
the matured system has been taken and suggested for the developing system. A brief
discussion from the perspective of sustainability has also been presented.

2 Methodology

This paper has adopted the case study approach to compare the status of composting
for OFMSW treatment in two states. First, a detailed literature reviewwas carried out
in order to understand the current status of composting for OFMSWmanagement in
West Bengal and Karnataka. Then, the locations of compost plants in both the states
were identified. Thereafter, the authors visited the composting facilities. Based on the
field study and the literature review, the sustainability of composting for both states
were analyzed. The issues and challenges were identified through this and possible
suggestive measures were depicted.

3 Current Status of Composting in Karnataka and West
Bengal

3.1 Karnataka

Karnataka Compost Development Corporation, (KCDC) which was established in
1965, as 1 of the 13Municipal SolidWaste (MSW) Composting Plants in India, uses
World Health Organization’s technology for composting MSW. This step was taken
as per the directions of Government of India. Karnataka Agro Industries Corporation
(51% share), Karnataka State Co-operative Marketing Federation Limited (24.5%
share) and BBMP (24.5% share) run the plant together. This is the only plant running
successfully till date out of the 13 initially installed. Others were closed down within
a year as the technology proven to be unsustainable with respect to the un-segregated
Indian MSW. KCDC plant is set across 15.1 acres, and processes 200 MT of seg-
regated MSW per day by composting it and the capacity will be increased to 500
MTPD after its expansion covering an area of 30 acre.

Approximately, 13–15% of compost is generated at the end of the process. The
rejects are dumped at an adjacent area of the unit. KCDC is producing both organic
compost (175 MTPD) and Vermicompost (15 MTPD). The organic manure is mar-
keted under the brand name ‘Agri Gold’ (15–20 MTPD) by mixing with organic
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additives. The majority of these products are sold to Deptartment of Agriculture and
tied-up fertilizer companies.

3.2 West Bengal

In West Bengal, the state government (KMC) is trying to develop more suitable
technology and new treatment processes, proper source segregation and scientifi-
cally dumping. Previously, they are dumping in an unorganized manner in Dhapa.
Now, they have introduced a composting plant that runs on source segregated waste
at Uttarpara municipality, transfer station at Uttarpara-Kotrung municipality, engi-
neered sanitary landfill at Baidyabati under the JICA project. Waste Compactor
stations have also been installed at different places in Kolkata. In some municipality,
they already started source separation, segregated waste collections like 115 number
ward under KMC, Kolkata. Kolkata Solid Waste Management Improvement Project
(KSWMIP) Kolkata Solid Waste Management Improvement Project (KSWMIP) is
a resourceful project supported by Japan International Cooperation Agency (JICA).
Kolkata Metropolitan Development Authority (KMDA) has taken up six ULBs of
KMA, namely Uttarpara-Kotrung, Konnagar, Rishra, Serampore, Baidyabati and
Champdani. The aim of this project is the proper management and disposal of MSW
in the six ULBs by introducing proper source separation, proper segregated waste
collection system, reuse of organic waste for composting, discontinuation of open
dumping and scientific sanitary landfill with leachate treatment. The initiatives were
taken byUttarpara-Kotrungmunicipality and it helped the Kolkata SolidWasteMan-
agement Improvement Project (KSWMIP) towin a global award, in urban solidwaste
management category in the C40Mayors’ Summit held in Mexico City on 1 Decem-
ber 2016.

4 Case Studies

4.1 Case Studies in Mysuru

Mysore city of Karnataka, located 135 km from Bengaluru is famous for its 10-day
Dasara festival. Mysuru had topped the Swachh Bharat Rankings of 476 cities in
the country in 2015 and 2016. During 2017, in Swachh Bharat Rankings, Mysore
grabbed fifth position among 500 cities [4]. The population of the city has grown from
0.68 lakhs in 1901 to 9.14 lakhs in 2011 [2]. The city is divided into 65 municipal
wards [8, 13] with the area of 128.42 km2.

The solid waste management in Mysuru went from an ad hoc manner at several
locations into a well-planned management strategy in 2001. The municipal solid
waste collection in the city is primarily based on door-to-door collection and street
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Fig. 2 a, b, c Windrows composting process and d Finished product in plant at Vidyaranyapuram

sweeping followed by secondary collection and transportation. Nearly, 50% of the
collected waste is processed. To achieve this, a composting plant was set up with a
capacity of 200 TPD covering 12.5 acres of land at Vidyaranyapuram. Additionally,
Mysore City Corporation runs 9 zero waste management plant of capacity 5–10
tonnes. The city also proposed two more composting plants with the capacity of 150
and 200 TPD.

Composting Unit 1: Vidyaranyapuram

200MT of fresh mixed municipal waste is received at Vidyaranyapuram composting
facility every day. It is presegregated through 85 mm rotary screen which segregates
the mixed waste into two streams, one is organic content, which is 60% of the total
waste and is transferred to windrows and the other remaining waste is rejected, which
accounts to be 40% of the total waste. The organic waste sent to the windrows is less
than 85 mm. The size of each windrow is 4–6 m wide and 2–2.5 m high (Fig. 2).

Cow dung slurry and microbial culture is sprayed on windrows while making the
heap and turning the windrows to provide sufficient oxygen for proper composting.
Leachate is controlled through absorption technique. The windrow is turned once in
aweek for four consecutive weeks. A reaction temperature of 40–75 °C ismaintained
throughout the composting process.Maintaining such a high temperature ensures that
all the pathogens are killed. After composting, there is almost 45% reduction from
the starting material. Then, the material is left for curing for additional 2 weeks. This
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Fig. 3 a,bStorage pits for segregatedwaste and cComposting pits forOFMSWatKumbaraKoppal
zero waste management plant

compost is then screened through 20 mmmesh, out of which almost 30%material is
rejected. Next, the remaining material is screened through 4 mm sieves, out of which
35% of the material is rejected. The organic manure, which is almost 36 tonnes
received after this step is enriched with additives. Next, it is made market ready by
weighing, packing and dispatching. The compost will be sold in two variants organic
soil conditioner and phosphate rich organic manure. The typical characteristics of
both variants are listed in the Appendix 1.

Composting Unit 2: Kumbarakoppal

Kumbarakoppal is the northern area of Mysore; its waste management system is
known as ‘Zero Waste System’, started in the year 2005. It has a capacity of 05
TPD and covers 05 wards of Mysore. It covers over 1.5 acres of land to accommo-
date segregation area, composting beds, shade for storage of segregated waste and
parking area. 75% of the waste is segregated at source. The segregated waste is then
transported to the treatment unit, where it is further segregated into 15+ categories
manually by approximately 10 people to resell it and the biodegradable waste is
composted on site using bins of dimensions 10’ × 10’ × 6’. After calculating total
income and expenses, the net income of the plant is around INR 11,000 per month
[10] (Fig. 3).

4.2 West Bengal

Composting Unit 1: Dhapa

Dhapa is situated on the eastern periphery of Kolkata, India. This area is well known
for solid waste land fillingwhereMSWofKolkata is dumped regularly. This disposal
site is owned by the KolkataMunicipal Corporation (KMC) and it has been operating
since 1981 as an open dumpsite for the ‘City of Joy’. The property has an area of
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Fig. 4 a, b Equipments of the composting plant at Dhapa

landmeasuring 34.2 hectares (ha), out of which approximately 63% (21.5 ha) is there
for waste disposal. The Dhapa landfill site has been divided into two areas—(a) the
eastern area for MSW disposal that receives MSW from the waste haulers of KMC
and (b) the western area for MSW disposal that receives MSW from private haulers.
There is a composting facility which is situated in between these two waste disposal
areas. This composting plant accepts predetermined loads of Organic Fraction of
MSW (OFMSW) such as waste from food markets where the organic fraction is
higher. This facility is a private firm which has a land area measuring 12.2 ha. The
waste dumped at this site of Dhapa is basically mixed waste. It contains household
waste, biomedical waste, market wastes, e-waste, C&D waste, glass, plastics, etc.
(Fig. 4).

The waste treatment plant which was established 17 years back is a very good
company and they are committed towards their goal. The plant handles almost 120
tons of waste each day whereas the installed capacity is 400 TPD. They ensure
proper methodology for degradation of waste to enhance the amount of nitrogen
in the manure. A culture of Bacillus sepacia and Azotobactor is used to degrade
the wastes. Then the manure is separated from the unusable wastes and the pure
manure is packed and sent to market. The overall process takes 45 days of time. For
making the culture, they have a fermenter installed at their laboratory of 100 litres
and it takes 3–4 days to prepare a batch of culture. The manure obtained is also
tested in laboratory before selling to the market. This product is mainly marketed by
three companies—Cormondal Fertilizer, Xl fertilizer and Nagarjun Fertilizer. Their
product is a very high-quality product as they are using the best possible culture of
bacteria and before releasing they also perform tests in the laboratory. Dhapa being
a waste dumping ground for the whole of Kolkata region handles around 4000–4500
ton of waste daily of this waste 500 ton of waste is taken by the Eastern Organic
Fertilizer Pvt. Ltd. (EOFPL) of which roughly 25% is converted to organic fertilizer
which is around 100 ton on an average per day. This venture is deriving enough
revenue to survive and the demand of the organic fertilizer is increasing everyday.
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Fig. 5 a, b and c Vermicomposting process and d Finished product at Nimpith plant

Most importantly, 66% of their product is distributed in West Bengal. Each bag of
manure consists of 50 kg of fertilizer and is sold @Rs. 400 per bag.

Composting Unit 2: Vermicomposting Plant at Nimpith

Nimpith is a village located in South 24 Parganas, West Bengal, India. Vivekananda
Institute of Biotechnology (VIB), situated at Nimpith has engaged in the practice of
vermicomposting. VIB is a branch of Sri Ramkrishna Ashram Krishi Vigyan Kendra
which employs vermicomposting and supplies the resulting compost in the villages
nearly and different areas of Sunderban (the mangrove region of West Bengal). VIB
uses water hyacinth, floral waste and paddy straw as feedstock for vermicomposting.
Three types of earthworm species used for this purpose—Eisenia foetida, Eudrilus
eugeniae, Perionyx excavatus. The fertilizer produced is supplied to the different
parts of Sunderban (mangrove area) and other regions in West Bengal (Fig. 5).

VIB has biogas plant operating and the digestate from that plant is added as
inoculum for initial decompositionwastemixture containing 30%water hyacinth and
rest market and floral waste mixture before subjected to vermicomposting. This is a
pretreatment process. Sometimes, they mix cow dung, water hyacinth and floral and
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vegetable waste in 2:1:1 ratio and keep them for a week. Thereafter, the earthworms
are added to themixture and they are suppliedwith adequate nutrition. Three stages of
beds are there and they are churned and transferred to subsequent beds each 15 days.
60 days time is taken for completion of the process. Finally, manual sieving is done
to get fine particles of vermicompost. The produced compost has an average NPK
value of 1.73, 1.6 and 4.98, respectively.

5 Discussions from the Perspective of Sustainability

Sustainability analysis is important for understanding current situation and finalising
strategies for future. Life Cycle Assessment (LCA) exercise is undoubtedly the most
appropriate method for evaluation of sustainability. But in this case, due to absence
of reliable data, LCAwas not carried out. Hence, a generalised discussion on sustain-
ability was provided as previously reported in literature [7, 6]. Indian OFMSW is a
valuable resource and composting is a very good option to convert it into biodegrad-
able product. The two states that have been considered here are Karnataka and West
Bengal. In Karnataka, there are a number of composting plants operating success-
fully. The sites visited are inMysuru and both of them are usingwindrowsmethod for
composting. Whereas in West Bengal, currently seven composting plants are there
officially that convert waste from the OFMSW. However, there are many small and
medium scale composting plants operating as confirmed by one of the interviewee.
The cases presented shows; one of the plants is using windrows method to produce
organic compost whereas the one is using the vermicompost method. At present,
there are no vermicomposting plants there in Karnataka. Vermi are very delicate
and slight change is the temperature and climatic conditions can kill them. Proper
maintenance is there at Nimpith West Bengal.

From the environmental point of view, both Karnataka and West Bengal has
adopted the practices of composting. The utilization ofOFMSWis surely an approach
towards 3R. InKarnataka, onlywindrowsmethod is adoptedwhere as inWest Bengal
both vermicomposting and windrows is in practice. The windrows composting units
in both states require electricity to run the heavy equipments such as the Trommel,
sieving machines, etc. The huge amount of electricity consumption leads to carbon
dioxide emission, contributing to global warming potential. However, the machiner-
ies in West Bengal are comparatively old and consume more energy. However, ver-
micomposting is carried out in pits; churning, mixing and sieving are carried out
manually. As a result, it does not contribute to global warming potentials from elec-
tricity consumption only. But, vermicomposting process generates leachate which
may contribute to impact categories such as marine ecotoxicity, freshwater ecotox-
icity, eutrophication, etc. Both windrows and vermicomposting contributes towards
global warming potential with significant emission of methane and nitrous oxide [1,
11]. Abiotic depletion, ozone layer depletion potential, acidification, eutrophication,
photochemical oxidation are the other impact categories due to composting [12].
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The socio-economic aspects are highly constricted towards the attitude of the
residents and vary with region. InWest Bengal, due to several issues (operational and
legal mainly), either new composting plants are not running or failing at some point.
Technology selection is a very critical task and that needs to the first preference in case
ofWest Bengal.While in Karnataka, this is not an issue, however, a vermicomposting
plant stopped its operation due to certain issues. This shows that Karnataka has
already faced these kinds of challenges before West Bengal did. This can be easily
related to the economical sustainability and learning forWestBengal. The residents of
Karnataka aremuchmore conscious and the level of awarewith respect to solidwaste
is more than in West Bengal which ensures social sustainability. Working Hours,
Child Labour, Health and Safety, Social Security, Community engagement, Equal
opportunities, Safety and health of local community, Local Employment, corruption,
crime, literacy, awareness, etc. are a few of the global social sustainability indicators
[17, 18]. Considering these West Bengal is still lagging behind in most of them.
Learning from Karnataka should be taken in order to ensure the sustainability in
West Bengal.

6 Conclusion

In this study, status of OFMSW composting of two states, one matured (Karnataka)
and one developing state (West Bengal), has been compared. The xase studies have
been carried out in both the states to find the reality. It was found that in Kar-
nataka, only windrows composting is being carried out whereas in West Bengal both
vermicomposting and windrows composting is being practiced. Further qualitative
assessment from the perspective of sustainability revealed that composting processes
of both states are environmentally sustainable but from socio-economic aspects Kar-
nataka is doing much better. It has been suggested that learning from Karnataka
should be taken and must be implemented by West Bengal, direct or modified, to
achieve sustainability. Comparative studies at state level are necessary for sustain-
able development. This study is expected to be useful for state authorities, ULBs and
DMAs in strategic decision-making and framing further action plans.
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A Critical Analysis on Anaerobic
Digestion of OFMSW in India

Anaya Ghosh, Jyoti Prakas Sarkar and Bimal Das

1 Introduction

Anaerobic digestion of OFMSW has turned into the most promising biochemical
technologies in India because of the availability of higher moisture content of MSW
[1]. AD is the most suitable practice for the treatment and minimization of municipal
solid waste (MSW) towards waste to energy perspective for its biogas production
after the end of the process. With intensifying requirements and quick diminution
of fossil fuels, biomass is a suitable alternative for the fulfilment of energy demands
at present in India [2]. The first AD in India was invented in the year of 1897 by
Matunga Leper Asylum in Mumbai [3]. They used human waste as a feedstock of
AD process with an idea to reduce their electricity need by producing gas. The first
successful attempt was taken for AD in 1937 by S.V. Desai, a microbiologist of the
Indian Agricultural Research Institute (IARI). India is one of the quick progressing
nations with an even-increasing economy due to its rapid growth of populations. The
amount of total municipal solid waste generated per day in India is 1,41,064 tonne as
evaluated by [4] and mostly it encloses 40–60% of organic waste [5, 5]. It has been
described that biogas production can be accomplished at the yield of 95 m3/tonne
of MSW with the help of AD [5] and the potential of this biogas for the MSW is
evaluated as 9.23 Mm3/day [6]. This biogas is having calorific value 20–25 MJ/kg
and energy potential within a range of 5.5–8 kWh/m3 [7–9]. According to numerous
reports, 4 million animal waste biogas plants are installed in India [1], whereas
645 MSW biogas plants are fabricated as per [4] report. The Government of India
has taken initiatives for the implementation of biogas plants and subsidies for rural
areas. The preliminary study aims the AD reaction process, operating parameters
with their optimum ranges and different digesters available in India [5]. The present
study also emphasizes on the rector types with the current biogas model practices
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in India. Various literature surveys and reports were carried out to understand the
current scenario of AD process for waste management in India. With an idea of the
sustainability of currentADpractices in India, this paper sincerely reviews the various
AD models implicated in India and the accomplishments received by the different
organizations under the Government of India so far. Not only does this research
aim at the assessment of the AD process on the economic, social and environmental
perspectives, these reviews and the data collections would be advantageous and
instructive for policymakers, stakeholders, decisions makers for recommending new
framework and policies.

2 Biochemical Reactions of Anaerobic Digestion

AD is a very intricate technique which contains a numerous number of complicated
biochemical reactions under oxygen-free circumstances. The digestion basically a
reduction process of biodegradable wastes with the help of microorganisms and the
major by-product is CH4 (50–75%) and CO2 (25–50%) with a slight trace of H2S
and NH3. The methane formation in AD associated with four different biological
and chemical phases: hydrolysis, acidogenesis, acetogenesis, and methanogenesis
are shown in Fig. 1 [10]. The overall biochemical conversion of organic waste for
AD to CH4, CO2 and NH3 can be represented as

CaHbOcNd + [(4a − b − 2c + 4d) /4]H2O

→ [(4a − b − 2c − 3d) /8] CH4 + [(4a − b − 2c + 3d) /8] CO2 + dNH3

where CaHbOcNd signifies the complex organic matter of MSW [12]. A schematic
diagram of anaerobic digestion process pathway, intricate solid organic waste degra-
dation is described in Fig. 2. The first stage which involves during AD is hydrolysis
or liquefaction where complex organic matter converts into soluble molecules with
the help of hydrolytic bacteria [13]. Hydrolysis plays the role of rate controlling
step in the overall process. It depends on the operational constraints such as pH,
temperature, inhibition, substrate accessibility and bacterial population. In the sec-
ond stage of AD, the organic matters including the monomers are transformed into
volatile fatty acids (VFAs), acetic acids, H2 and CO2 by the digestion of acidogenic
(fermentative) bacteria [14]. The third step is acetogenesis where monomers are
assimilated by acetogenic bacteria to process CH3COOH (acetic acid), CO2 and H2.
At the final stage, methane is produced by methanogens and this methanogenesis
step is a very complicated phase in the entire AD process because it is the slowest
biochemical response of the system and very delicate to the temperature and pH of
the substrate [11]. The non-digestible organic, mineral and residual material after
the entire degradation process, consider as solid digestate.
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Step 1:  Hydrolysis
C6H10O4 + 2H2O    C6H12O6 + H2

Step 2: Acidogenesis
C6H12O6 2CH3CH2OH + 2CO2

C6H12O6 + 2H2  2CH3CH2COOH + 2H2O 
C6H12O6  3CH3COOH

Step 3: Acetogenesis
CH3CH2COO− + 3H2O    CH3COO− + H+ + HCO3− + 3H2

C6H12O6 + 2H2O     2CH3COOH + 2CO2 + 4H2

CH3CH2OH + 2H2O     CH3COO− + 3H2 +H+ 

Step 4: Methanogenesis 

CO2 + 4 H2 → CH4 + 2 H2O 
CH3COOH → CH4 + CO2

Fig. 1 Steps implicated in anaerobic oxidation of complex MSW [11]

3 Factors Affecting the Anaerobic Digestion Process
for OFMSW

Depending on several process parameters, anaerobic digestion operates at an opti-
mum circumstance for its highly sensitivity microorganisms which are implicated in
methane production.Moisture content of rawOFMSWis appraised as one of themost
essential factors affecting the waste stabilization. Higher amount of moisture content
yields efficient biogas generation and it should be minimum 36% for a mesophilic
digester with domestic vegetable waste fed [14]. The essential operating parameters
of anaerobic digester like pH, temperature, volatile solids (VS), C/N ratio, hydraulic
retention time (HRT), total solid content (TS) or organic loading rate (OLR), must
be controlled within an optimum limit for the enhancement of the microbial activity
which accelerate the process efficiency and biogas generation simultaneously [11].
The affecting process parameters for AD process of OFMSW with their optimum
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1.  Hydrolysis – Hydrolytic 
Bacteria
2. Acidogenesis - Acidogenic/ 
Fermentative Bacteria
3. Acetogenesis– Acetogenic 
Bacteria
4. Methanogenesis– Methanogenic 
Bacteria

4 4

3

CH4 and CO2

Acetate H2 and CO2

Complex Organic matter
(Carbohydrate, Protein, Fats)

Soluble Organic Molecules
(Sugars, amino acids and Long chain fatty acids)

Volatile fatty Acids
(Propionate, butyrate) 

1

2

Fig. 2 Schematic diagram of anaerobic digestion process pathway [13]

Table 1 Operating process parameters and optimum conditions for AD process

Process parameters for anaerobic digestion

Optimum
range

pH Temperature
(°C)

C/N Ratio Total solids
content (TS)

Retention
time (days)

5.5–8.5 [11] Mesophilic
25–40 °C
Thermophilic
50–65 °C
[8]

25–30 [16] 9.2 kg
VS/m3d [11]

Mesophilic
10–40 days
Thermophilic
12–24 days
[11, 8]

range are described in Table 1. Themicrobes are very sensitive to pH and temperature
of the process specially the methanogenic bacteria [15, 16].

4 Existing Models of Anaerobic Digester in India

AD is one of the prime wastes to energy technology for emerging nations like India
and biogas has become one of the essential renewable as well as sustainable energy
sources which can be a substitution of fossil fuels. There are numerous different
types of reactor technologies for AD processes and several different types of digester
models are available in India [17]. AD process can be carried out into batch mode
and continuous processes. In batch process, all four biochemical reaction phases of
treatment process are executed in a single tank, whereas in continuous processes,
it can be accomplished by continuous or semi-continuous loading, having a sin-
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gle stage or two-stage processes [18]. In conventional continuous AD process, all
four biochemical stages are carried out in a single stage, wherein two-stage process
organic wastes are decomposed first in hydrolysis–acidogenic stage reactor followed
by the methanogenic reaction in upflow anaerobic sludge blanket (UASB) reactor
which enhances the biodegradation efficiency [19]. The design of digesters may be
diverged depending upon the waste composting, waste quantity and regional vari-
ations. Several types of models for biogas plants have been renowned in India by
the Ministry of New Renewable Energy [20], Government of India, [21–23]. Two
biogas digesters have been designed; one is the Chinese fixed dome digester having
and the Indian floating cover biogas digester [24, 25]. The biodegradation process is
identical for both reactors but the biogas collection process is much better in the case
of Indian-type digester [25]. The Khadi and Village Industries Commission (KVIC)
AD model is a floating dome type plant with a cylindrical digester made with steel
model and very well known all over India [1], whereas Deenbandhu model, a fixed
dome type plant with a hemisphere digester is rather cheaper than KVIC model.
The Pragati model is also floating drum type plant having higher gas yield and it
is a blend of both Deenbandhu and KVIC model with a hemisphere digester [21].
Tubular type digesters are fabricated with polyethylene tube-like bag with PVC gas
collection pipeline but not applicable in case of high gas pressure system [1]. A
numerous number of existing reactors and models of AD process in India have been
described in Fig. 3 [1, 25].

5 Benchmark Practices of Anaerobic Digestion in India

Presently, in India, so many organizations, industries, agencies and research insti-
tutes are focused on waste management and minimization treatment process with an
idea toward waste to energy recovery [2]. Anaerobic Digestion of OFMSW is one
of the promising socio-economically and environmentally sustainable processes as
per Indian context [6]. Ministry of New Renewable Energy (MNRE), Government
of India has stepped forward to several initiatives for the implementation of both
small- and large-scale biogas plants in both rural and urban areas [21]. Some private
organizations like Indian Biogas Associations (IBA), Urban Local Bodies (ULBs),
NGOs and Gram panchayats are also engaged for implementing biogas plants in
public–private partnership (PPP) model in different possible locations in India for
waste management and minimization and also for waste to energy recovery [1]. In
conventional AD process, acidogenesis and methanogenesis stages are executed in a
single reactor whether it may by floating dome type digester or fix dome type digester
but now in the present scenario, two-stage AD process has become more efficient [9]
because of the split-up of acidification and methanogenesis steps into two dissimi-
lar reactors which expands solid handling capability and overall proficiency of AD
as well as biogas production [23]. TERIs enhanced acidification and methanation
(TEAM) process is an appropriate example of two-stage digestion and here metha-
nation phase is followed up in an upflow anaerobic sludge blanket (UASB) reactor
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Fig. 3 Different existing reactors and models of AD process in India [1, 25]

[5]. A list of numerous success stories of biogas plants by AD in India is described
in Table 2 [1].

6 Discussion and Recommendations

AD process for OFMSW management has developed various promising initiatives
from the three piers of sustainability as well as waste to energy perspectives. From
the environmental sustainability point of view, the practices of anaerobic digesters
decrease the greenhouse gas emissions as well as reduce the global warming poten-
tial by effective utilization of waste resources. Waste to energy processes reduces
the usages of woods, timbers which lead towards the diminution of deforestation to
some extent. A few studies have been found on the environmental impact assess-
ment of anaerobic digesters in India at present [1]. The global warming emanation in
India, as well as other evolving nations, has been executed by reducing emanations
by replacing conventional fuel sources [5], substituting of chemical fertilizers. 249
million tonnes of carbon dioxide emission can be mitigated in India by the encour-
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Table 2 List of organizations using OFMSW from energy production in India

Sl
No.

Organization Feedstock Process Practices Source

1. TERI campus,
Gurgaon

Food waste Acidification
and
Methanation by
UpFlow
Anaerobic
Sludge Blanket
(UASB) reactor

Fuel and energy Field visited by
author

2. KSRTC,
Bangalore

Canteen wastes,
food waste,
OFMSW

Biomethanation Cooking gas Thomas et al.
[1]

3. Bellary
municipality

OFMSW Biogas through
bio reactor

Power
production

Thomas et al.
[1]

4. ASTRA, IISc,
Bangalore

Green
vegetables

Biogas through
bio reactor

Fuel Singh and Gu
[26]

5. Nisargruna
Biogas plant,
BARC, Mumbai

Kitchens waste,
canteens waste,
paper waste,
green grass and
leafy vegetables

two-stage
anaerobic
digestion

Organic manure
and biogas as a
fuel

Kakodkar et al.
[27]

6. Chamundi Hill,
Mysore,
Karnataka

Food waste Anaerobic
digestion in bio
digester

Cooking Fuel Field visited by
author

7. BBMP (Bruhat
Bengaluru
Mahanagara
Palike)

Food waste and
vegetable waste

Modified upflow
anaerobic
sludge blanket
(UASB) process

Power
generation

Ghosh et al. [5]

agement of AD [1]. Replacing biogas instead of fossil fuel diminishes the emission
up to 60%, improving the air quality which is beneficial from the socio-economic
perspectives. The anaerobic digesters can be a replacement of the fossil fuels and
chemical fertilizer processes which minimize the expenses towards the acquisitions
of conventional fuels and chemical manures for rural India. In the case of the Indian
economy, 1 m3 of biogas equivalents to 0.43 kg of LPG and nearly about Rs. 1821
can be retained per family by using biogas instead of LPG which becomes very
favourable for lower income families. Presently, MNRE, Government of India is try-
ing to implement anaerobic digesters all over rural India by imposing subsidies and
instructions for operators and public awareness to consumers via different schemes.
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7 Conclusion

In this study, a critical analysis of anaerobic digestion in India has been presentedwith
special focus on reactor design and the process. The study found that a huge amount
of OFMSW in India ends up in landfills which is the futility of the bioresources.
Efficient policies from ministry and Government of India are solicited for effective
utilization of this bioresource. Technologically, there are also scopes for improvement
and innovations can increase reactor efficiency. Despite, the odds on the table more
in-depth study on reactor design from the principles of chemical engineering and
implementation efficient policy framework is required to ensure sustainability.

Acknowledgements The author would like to acknowledge fourth 3RINCs for organizing the
field tours and International Society of Waste Management, Air and Water (ISWMAW), Jadavpur
University.
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Biogas and Organic Fertilizer
from Kitchen Waste Based Biogas Plant
at Tezpur University, Assam

Dipam Patowary, Gaffer Ahmed and D. C. Baruah

1 Introduction

In recent times, the food waste management has become the focal point of many
academic research and industrial organizations. It has been reported that about 1.3
billion tonnes of eatable food materials are being wasted every year worldwide [1].
Such an enormous generation of food waste has put a great deal of pressure on solid
waste management corporations across nations. In one way, it has contributed to
the municipal solid waste as one of the major components, whereas the detrimental
effects of disposal of food waste has been severe the other way around [2, 3].

Food waste contains a huge portion of the biodegradable material, which can
be converted to an efficient fuel through bioconversion techniques [4, 5]. On the
application of anaerobic digestion to the staggering amount of food waste reported
by Gustavsson et al. [1], biogas production of about 367 m3 per tonne of dry food
waste can be produced [6]. In addition, biogas production from food waste has been
proven to be an economical route of energy recovery [7].

Biogas production from anaerobic digestion of food waste can be sought to be
a better option for Tezpur University, situated in Assam, India. As much as 3000
students reside in 12 hostels of the university. With such a huge number of students
in the hostels, the amount of food waste that is generated will also be quite high.
In addition, all the hostels are dependent on LPG or fuelwood (in case of crisis) for
meeting the cooking energy needs. An average hostel in the campus consumes about
1–2 LPG cylinders per day. This implies the massive expense incurred in procuring
LPG cylinders by the hostels throughout the year.

With a view to supplementing the currently available cooking fuel, a 50 cubic
meter food waste biogas plant was constructed. A previous study was carried out
assessing the feasibility of the usage of the plant on a regular basis [8]. This paper
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focuses on the performance of the biogas plant over a 9 months’ period (January
2017–September 2017) in terms of LPG cylinders saved as well as auxiliary value
addition activities performed concerning the biogas plant.

2 Materials and Methods

2.1 Construction and Operation of Biogas Plant

Prior to the construction of the biogas plant in the university, an assessment wasmade
to determine the daily waste generated in the hostels. A daily generation of about
804 kg of food waste is generated cumulatively from all the hostels [8]. Based on the
site suitability and ease of logistics, a 50 m3 food waste biogas plant was constructed
in the Patkai Men’s Hostel of the university. An average quantity of about 130 kg of
food waste is available on a daily basis from the selected hostel. In addition to the
biogas plant, a slurry handling system is also constructed so as to handle solid and
liquid digestate separately. Solid digestate available after the separation unit is fed
to a 2 tonnes per annum vermicomposting unit. The complete system is shown in
Fig. 1.

Fig. 1 Complete kitchen-waste-fed biogas plant with slurry handling and vermicomposting unit
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2.2 Determination of Biogas Yield

This work is in continuation with the work reported in Buragohain et al. [8]. Kitchen
waste of about 120 kg was fed daily in the biogas plant. Daily biogas produc-
tion was measured daily. Biogas yield measurement is performed by taking into
account the summation of the difference in height of the biogas holder in absence of
usage and the drop during usage. The detailed method of measurement is reported in
Buragohain et al. [8]. The present work shows the biogas yield of 8 months (January
2017–September 2017) with no data for the month of July 2017 as it is a vacation
period at the university.

2.3 Determination of Composition of Biogas

The composition of biogas was measured daily using a Biogas Analyzer (Brand:
AmbetronicsEngineers PrivateLtd). The detailedmethodofmeasurement is reported
in Buragohain et al. [8].

2.4 Determination of Equivalent Amount of LPG

The equivalent amount of LPG with respect to the biogas consumed was performed
by boiling a similar quantity of water with both the fuels and comparing the amount
of each fuel utilized in boilingwater. The detailedmethod ofmeasurement is reported
in Buragohain et al. [8].

2.5 Economic Analysis of the Biogas Plant

An economic analysis of the food waste biogas plant was performed by taking
into account the maintenance cost, electrical cost, and labor cost during January
2017–September 2017. The capital cost is not considered as it has been paid back
before January 2017. Money saved during each month is calculated by subtracting
the incurred cost required for operating the plant from the money obtained by the
numbers of LPG cylinders saved each month.
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3 Results and Discussions

3.1 Determination of Biogas Yield

The biogas produced from the 50 cubic meter food waste biogas plant was monitored
for a period of eight months (January 2017–September 2017), with no biogas pro-
duction for July 2017 as it is a vacation month in the University. The gas production
was measured in m3 per day. During this period, the gas production varied within
6.76–14.49 m3/day depending on the quantity of food waste fed to the reactor as well
as internal and external parameters like pH and temperature. The lowest production
was 6.76 m3/day during the month of January (Fig. 2a). The dip in ambient tempera-
ture during this winter month has led to such low biogas production. Also, the values
are also directly related to the quantity of feedstock fed to the plant on the previous
day of gas measurement during the period of study. The highest biogas production
was seen during the months of May, August, and September (Fig. 2c, d). Cumula-
tive biogas production during the months of May, August, and September was about
390.41, 402.42, and 404.36 m3, respectively. Temperature has played an important
role in enhancing the biogas production. The biogas production during June was also
high but as the plant was operated only for 15 days, it attained a low cumulative
production (210 m3) as compared to the other months. Summer air temperature was
recorded to be within 33–37 °C.

During phases of low gas production, pH of the digestate was measured, and at
times it Was found to dip below 6. Under these circumstances, cow dung was fed to
the biogas plant until a neutralized pH was achieved. Figure 2(a–d) shows the biogas
production during the months from January to September 2017.

3.2 Variation of Methane Content of Biogas

CH4 (in %V/V) was measured during the nine months’ period at an interval of seven
days. It was observed during the initial phases of the study, i.e., during the months of
January and February, CH4 content varied within 40–45%. At lower concentrations,
the yellow flame was observed which even led to the stoppage of burning of biogas
when the analyzer measured high concentrations of CO2 in the biogas as compared
to CH4. Formation of fatty acids inside the plant may have brought this outcome. In
order to resolve the higher concentrations of carbon dioxide, cow dung was fed. It
helped in the enhancement of the methane content in the biogas. After the stability
was achieved in the system, food waste feeding was continued. During the period
of study, the CH4 content attained highest during the summer months from May to
September. The methane content was in the ranges of 57–65% during these months.
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Fig. 2 a Biogas production from January to February, 2017 b Biogas production from March
to April 2017 c Biogas production from May to June 2017 d Biogas production from August to
September, 2017
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3.3 Determination of Equivalent Amount of LPG

Based on the test to measure the equivalent amount of LPG consumed with respect
to the consumption of biogas, it was found that 1 m3 of biogas was equivalent
to 0.45–0.55 kg of LPG with respect to prevailing conditions of the system. The
variation in the range is due to the variation in the methane content of biogas during
the analysis.

3.4 Economic Analysis of the Biogas Plant

During the period from January 2017 to September 2017, the highest number of LPG
cylinders (14) was saved during the month of September. On an average, it was found
out that around 10 LPG cylinders could be saved per month, which accounted for an
estimated number of 123 LPG cylinders during 2017. The overall cost analysis from
January 2017 to September 2017 are shown in the Table below. An amount of Rs.
28113/- of LPG could be saved during the 9 months of operation.

3.5 Digestate Slurry Handling and Conversion to Compost

The digested slurry coming out of the biogas plant is directed to a slurry handling
system, where the digestate gets partially separated into a liquid form and a semi-
solid form. Three vermicompost units are designed in such a way that semi-solid
digestate accumulating in the handling system is extracted once in every 2 months.
This form of digestate is then transferred to three vemicomposting units (each of
volume 2 m3) (Fig. 3).

Fig. 3 Separation of digestate and its conversion to vermicompost
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Table 1 Economic analysis during January–September 2017

Month Overall maintenance
cost

Biogas
con-
sump-
tion
(m3)

LPG
equiv-
alent
(kg)

LPG
saving
(Rs.)

Gross
Expenses
(Rs.)

Cumulative
savings
(Rs.)

Electricity
cost (Rs.)

Labor
wage
(Rs.)

Maintenance
cost (Rs.)

January 340.03 2000.00 0.00 98.35 49.18 1904.72 2340.03 -435.31

February 307.13 2000.00 0.00 251.89 125.94 4878.12 2307.13 2570.99

March 329.06 2000.00 0.00 367.86 183.93 7124.10 2329.06 4795.04

April 340.03 2000.00 500.00 344.83 172.42 6678.07 2840.03 3838.04

May 329.06 2000.00 0.00 390.41 195.20 7560.72 2329.06 5231.66

June 340.03 2000.00 0.00 210.03 105.02 4067.52 2340.03 1727.49

July No usage due to vacation

August 340.03 2000.00 0.00 402.42 201.21 7793.36 2340.03 5453.33

September 329.06 2000.00 570.00 404.36 202.18 7830.99 2899.06 4931.93

Prior to transferring of the digestate, each of the units is internally laid with soil of
1-inch thickness. On the top of it, the digestate is transferred which is then covered
by a layer of biodegradable materials (fallen leaves, cut grasses, etc.). This layer is
again covered by another layer of digestate, which is then again covered by a layer
of the biodegradable leaves. To it, a hundred earthworms (E. foetida) were added
to each sample and water was added to keep the moisture content within 70%. The
units are checked at regular intervals and the harvesting is done after 45 days.

A total of five harvests is done in a year. During the course of 9 months, three
harvests have been done. A total of about 250, 370, and 270 kg have been har-
vested for the digestates of months January–February, March–April, and May–June,
respectively. 20% of this portion is kept for gardening and farming within the Biogas
plant premises, whereas, the remaining vermicompost is being sold at the rate of
Rs. 10/kg. Along with the savings made from biogas usage, (as seen in Table 1),
selling of vermicompost have resulted in earning an amount of Rs. 7120/-. During
the nine months’ operation, Rs. 35,233/- could have been saved. An estimation of
about 600 kg is expected during the harvest of rest of the months.

4 Conclusions

With every academic year, with the increase in the number of students, demand
for cooking energy is also showing an increasing trend. Based on this, utilization of
biogas in cooking as depicted from one scenario at one of the hostels in the university
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seems to be a feasible choice inmeeting the cooking energy demand during the period
of LPG crisis. The 9-month period of study of the installed food waste biogas plant
in the hostel showed a favorable option in utilizing the daily generated food waste
in educational establishments. Moreover, value-added products like vermicompost
generation have been quite useful in the generation of an extra revenue. Besides all the
benefits, critical investigation of feedstock quality is imperative for the unhindered
performance of a typical biogas plant.
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Biogas Conversion Potential of Chicken
Wastes

Sreesha Malayil, Roopa Ashwath, Sunny Natekar
and H. N. Chanakya

1 Introduction

Chicken and its products are the largest meat product consumed in India, where
in there is a gradual shift to increased meat-based foods. This has resulted in the
increased production of meat wastes from slaughterhouses, meat-processing units,
and in urban chicken shops [1]. The per capita consumption of chicken in India
is 2.2 kg/yr accounting for a total production of 2.6 Mtpa. A large part of this is
consumed in urban areas, where the practice involves slaughtering the chicken at the
time of purchase of meat. About 40% of the body weight is discarded as wastes and
thus it may be reasonable to estimate a total of 1 Mtpa of which at least 40% would
be in urban areas.

In the current culture, unlike theSEAsian culture, a larger number of bodyparts are
not consumed in India. The non-edible parts include head, feet, feather, crop, skin and
gastrointestinal tract contents (gizzard, crop, intestine), blood, organs, reproductive
organs and bones are usually discarded as wastes [2]. Also, infected/diseased birds
are excluded andgenerally forms (2–5%and are generally excluded at the farm itself).
Thus, in urban Indian chicken wastes only dead birds would be a part of the wastes to
be handled and sick and infected birds are excluded at the farm level. Traditionalways
of handling wastes would involve rendering, use as animal feed where the material
can be recycled and parts which are not reusable can be composted or incinerated [4].
While, converting the meat waste to useful byproducts will help generate additional
income, the small size of the slaughter and sale units do not allow large-scale reuse.
Composting although widely practiced is difficult in the case of chicken wastes due
to high moisture content and high ambient temperatures are conducive for rapid
meat decay accompanied by foul odours. As a result of the small-scale, dispersed

S. Malayil · R. Ashwath · S. Natekar · H. N. Chanakya (B)
Centre for Sustainable Technologies (Formerly ASTRA),
Indian Institute of Science, Bengaluru 560012, India
e-mail: chanakya@iisc.ac.in

© Springer Nature Singapore Pte Ltd. 2019
S. K. Ghosh (ed.), Waste Valorisation and Recycling,
https://doi.org/10.1007/978-981-13-2784-1_24

255

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-2784-1_24&domain=pdf
mailto:chanakya@iisc.ac.in
https://doi.org/10.1007/978-981-13-2784-1_24


256 S. Malayil et al.

locations, rapid decay potential, conversion to biogas appears the most ideal way to
dispose of these wastes.

A vast majority of the chicken are broilers raised for their rapid growth rates
and tender meats. These birds at marketable stage weigh on an average of around
1.8–2.0 kg and as indicated earlier have about 40% discards. As mentioned earlier,
these wastes are kept in polythene bags and discarded at night, most often illegally at
unauthorised sites. The most sensible management options today create temporary
burial yards during festive seasons where the meat waste production goes up ten
times. For example, North Bangalore produced close to 120 t/d around an important
festival as opposed to about 20–25 tpd on average days [MoH Per. Comm.]. Ren-
dering of wastes has only just begun in a few cities in India and still do not handle
all the renderable wastes. The rendering process simultaneously dries the material
and separates the fat from the protein [3] and yields fat and a protein meal. Chicken
waste has 80% moisture and energy needs to be spent to dry/incinerate it [4]. Most
cities have not attempted biomethanation due to various reasons. First, there is little
experience in converting meat waste into biogas except in one case of large-scale
treatment in Hyderabad. Second, as indicated earlier, there is not sufficient aggre-
gation in one place to take up clean and efficient processes. Third, because these
small slaughterhouses are often very low-cost stalls and sale margins are quite low to
afford aesthetic and clean treatment systems. Typical incineration today costs about
Rs. 22/kg for meat and a lot more for handling feathers. Fourth, the high protein
content is conducive to ammonia production and results in ammonia toxicity in AD.
The aim of this study is to assess the Biochemical Methane Potential (BMP) of dif-
ferent parts of chicken wastes in order to assess the feasibility of biomethanation as
a solution.

2 Materials and Methods

The chicken waste samples were procured from a chicken-processing factory at
Krishnagiri, near Bangalore. The samples were shredded prior to preservation and
then frozen until the start of the experiment. The total solids and volatile solids were
estimated using the standard methods given by APHA. BMP assay was performed at
various concentrations for different types of chicken waste. The inoculum for BMP
assay was extracted from a Plug Flow Reactor [PFR] operating at CST, IISc [5].
Experiments were carried out in batches for 90 days in 135 ml serum bottles which
were sealed with a rubber stopper and aluminium crimps. The biogas production
was measured by downward displacement of acidified water. The methane content
was determined using a gas chromatograph (carrier H2, column—Hayesep A, col-
umn length—2 m, at 50 °C, carrier flow 15 ml/min, detector—thermal conductivity
detector, TCD).
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Table 1 TS and VS contents of different parts of the non-edible chicken

Sl. No. Parts Total solids
(%)

Volatile solids
(%)

Fraction (%)
body weight

Total N

1 Head 22.7 86.3 6.9 5.3% [7]

2 Feet 29.8 83.0 4.4 5.3 [7]

3 Skin 43.3 99.0 12 NA

4 Blood 17.3 94.6 10 1%

5 Crop 17.0 95.4 NA NA

6 Intestine 53.5 94.2 3 NA

7 Gizzard 32.0 87.1 1.5 NA

8 Trachea 14.9 87.6 2.2 NA

3 Results and Discussion

3.1 Total Solids (TS) and Volatile Solid (VS) Analysis
for Types of Chicken Waste

Table 1 presents the composition of different parts of chicken wastes. The skin had
the highest solid content of 43.2% of which 99.8% is VS and thus suggesting a high
potential for biodegradation and concomitant biogas production. In chicken, the skin
constitutes about 8–10% of body weight [6]. The higher solid content in the skin is
possibly due to its rapid drying compared other parts of chicken wastes. Crop had a
volatile solids content of 95.4%. As expected, due to the presence of a larger extent
of cartilage and bone increases the ash content of feet and therefore it had low VS.
In general, the moisture contents of all the waste were >70%. This high moisture
content is, therefore, conducive to rapid decay, with the production of leachate that
could be foul smelling. Composting of such a material will, therefore, need to add
appropriate absorbent material and will require a high level of aeration. Biomethana-
tion, therefore, appears most suitable. Carrying out biomethanation nearer the point
of generation can overcome transportation and transportation costs and yet keep the
place clean and aesthetic.

3.2 Cumulative Biogas Methane Production Potential
of Various Parts of Chicken Waste

(1) Head: Fig. 1(1) shows the biogas production potential of chicken head waste at
substrate concentrations of 0.25, 0.5, 1 and 2% respectively. In the current study,
the maximum biogas production was estimated to be 530 L/kg of wet weight or
2330 L/kg TS. We note that this level is high and beyond theoretically explained.
However, from Table 1, it is evident that the head has 5.3% N and, therefore, AD
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of 1 kg material would release 53 g ammoniacal-N which can be very inhibitory.
Ammonia concentration of 50–70mg/L is found to show some degree ofmethanogen
inhibition although higher concentration has thought to be tolerated under different
conditions. The maximum biogas yield for chicken head waste samples was found
to be 530 ml/g TS at 0.5% concentration giving an efficiency of 83.3% as compared
to theoretical yield. Initially, very less gas production was observed which may be
due to acclimatisation of the substrate by microorganisms since this is a high pro-
tein material. In the case of 0.5% substrate concentration, the gas production was
estimated to be 230 ml/g. Both 0.5 and 1% substrate concentration showed similar
gas production rates. Increasing the substrate concentration, led to a reduction in the
biogas production potential. Substrate concentration of 2% resulted in a significant
decrease of biogas production and the efficiency was reduced to 70.7%. The max-
imum gas production was estimated to be 450 L/kg of wet waste. The decrease in
biogas production may be due to the release of ammonium and free ammonia during
protein degradation. Both ammonium and free ammonia are found to be inhibitory
to methanogens. Sulphide is also another byproduct of amino acid fermentation.
In the presence of high concentration of sulphate the H2-consuming acetogens and
sulphate-reducing bacteria compete with methanogens for hydrogen [8, 9]. Salminen
and Rintala [7] have reported a biogas production potential of 300 L/kg wet weight
in case of head and the current study shows a higher yield of 530 L/kg of wet weight
at an inoculum to a substrate concentration of 0.5%.

(2) Feet: Biogas production from chicken feet is shown in Fig. 1(2). Among the
various parts of chicken discarded as waste around 4.4% is feet. Chicken feet is found
to have 5.3% N in the form of protein and similar to that of head. However, the VS
content of feet is lesser when compared to head and expected to have a lower biogas
yield. A substrate concentrate of 0.25% gave the highest gas production from feet
followed by 0.5 and 1% substrate concentration. At 0.25% substrate concentration,
a cumulative gas yield of 390 L/kg wet weight was achieved. Increasing the sub-
strate concentration could have resulted in ammoniacal-N shockwhich decreased the
activity of methanogens. Unlike chicken head where the maximum gas yields were
observed at 0.5% substrate concentration in the case of feet, the optimum inoculums
to substrate concentration were estimated to be 0.25% which was different. Both the
substrates had similar N concentrations and this, therefore, needs further research.
Ammonia produced in protein degradation in the AD of chicken waste is found as
unionised ammonia which inhibits methanogens. Unionised ammonia can readily
diffuse across cell membranes, unlike ammonium ion. Unionised ammonia inhibits
methanogens at a concentration of 0.1–1.1 g/L, however, methanogens are capable
of adapting to unionised ammonia concentration beyond this threshold level. But
methane production is possible only after a certain period of adaptation in case of
high ammonia concentrations. In case of both head and feet low biogas production
was observed between 0 and 20d and on a long run of such reactors, this time taken for
adaptation by methanogens can be avoided. Angelidaki and Ahring [10] postulated
that adaptation results from the growth of new methanogens rather than metabolic
changes in the methanogens already present. In addition to these small amounts of
sulphide present (25–30 mg/L) can increase the ammonia inhibition. In comparison
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Fig. 1 Cumulative gas production of various parts of chicken (1) head, (2) feet, (3) skin, (4) crop,
(5) intestine, (6) trachea, (7) blood and (8) gizzard

with the theoretical biogas yield of protein (636 ml/g TS), an efficiency of 61.32%
was observed at 0.25% substrate concentration followed by 55% efficiency at 0.5%
(330 ml/g TS). Even though the volatile solid content of feet samples was 83%, there
was very less gas produced. This could be due to the fact that chicken feet had lot of
difficult to degrade materials such as cartilage materials, nails and a major portion of
it is bones. Anaerobic bacteria are not capable of degrading the calcium phosphate
element of bones and therefore these remains in the digester and hence a periodical
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removal of this material is required for the efficient running of large-scale biogas
plants designed for chicken waste. Also, the cartilaginous material present in the
chicken feet is difficult to be hydrolysed by the anaerobes and, therefore, less gas
production was observed for this substrate. When both substrates (head and feet) are
compared chicken head produced almost twice the biogas as feet.

(3) Skin: Chicken skin contributes to 12% of its total body weight. Chicken skin
is found to be nutritious and in most of the countries and some parts of India, it is
consumed along with the meat. However, in most of the cases, when the chicken
is supplied to restaurants, hotels and even bought for consumption at households
in India the meat is de-skinned and used and, therefore, found as a waste material.
The biogas production from chicken skin is presented in Fig. 1(3). The maximum
gas yield was observed for 0.25% substrate concentration (520 L/kg wet waste)
followed by 0.5% (430 L/kg wet waste). Although substrate concentrations of 1
and 2% showed very slow signs of gas production in the initial days similar to
0.25 and 0.5% substrate concentrations, there was no further increase in the gas
production. The gas production fell drastically to 67L/kgwetmaterial at 1% substrate
concentration. This was different from other substrates such as head and feet. This
could be due to the toxicity of LCFA’s produced during hydrolysis of skin. Chicken
skin is reported to have a high fat content of 49.8% and nitrogen content of 9.8%.
It is reported that LCFA degradation may be a rate-limiting step in the anaerobic
degradation of chicken waste because of slow growth of LCFA consuming bacteria
since the breakdown of it requires low H2 partial pressure [7]. LCFAs are toxic
to acetogens and methanogens. The carbon chain length and saturation of LCFAs,
too, affect the inhibition, saturated LCFAs with 12–14 carbon atoms and unsaturated
LCFAswith 18 carbon atoms being themost inhibitory. In addition, LCFA toxicity to
methanogens is synergistic, i.e. it increases in the presence of another LCFA. On the
other hand, various substances, including albumin, starch, bile acids and cholesterol,
may reduce the toxicity of LCFAs due to the formation of complexes or competitive
adsorption at the cell wall [7]. In comparison with the theoretical biogas yield of fat
(1434 ml/g TS), an efficiency of 36%was observed at 0.25% (520 ml/g TS) substrate
concentration followed by 31.5% efficiency at 0.5% (450 ml/g TS). Even though the
VS content was the highest for skin (99%) and expected to produce higher biogas
the gas yields were close to chicken head with a VS content of 86%. This could be
due to the VFA or ammonia inhibition and needs further research.

(4) Crop: Biogas production potential of a chicken crop is shown in Fig. 1(4).
Crop and trachea (Fig. 1(4 and 6)) is the part of the oesophagus (food pipe) of
the chicken, where the initial stages of digestion can occur. Hence, this part of the
chicken is found to have a good amount of chicken feed present. FromFig. 1(4 and 6),
it was observed that 0.25% substrate concentration gave maximum cumulative gas
yield of 680 L/kg in case of crop and 600 L/kg wet waste in case of trachea with an
efficiency of 90–94% as compared to theoretical protein gas yield followed by 0.5%
concentration with a cumulative gas yield of 300 L/kg of wet waste efficiency of 47%
in case of crop. At 1% substrate concentration, a cumulative gas reading of 220 L/kg
wet weight was achieved. Chicken crop gave the highest biogas yieldwhen compared
to all the substrates under study. This could be due to the presence of carbohydrate-
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rich chicken feed present in the crop of the bird. This chicken feed rich in C acted as a
co-substratewith theN-rich cropwhich resulted in higher biogas yields. Co-digestion
of wastes with varying characteristics is one way to dilute toxicants and to supply
missing nutrients and suitable moisture content. Similarly, co-digesting high N-rich
material such as head and feet could also yield higher gas and needs further research.
Chicken crop had approximately 88% of volatile solid content which was similar
to that of the head but lower than feet. However, the gas production was highest
in Crop and this needs further research. Rosenwinkel and Meyer [11] showed a
successful treatment of slaughterhouse waste, hog, and cow stomach contents with
sewage sludge in a pilot-scale, mesophilic digester at a loading of 2.9 kg TS/m3 d and
an HRT of 17 days with a methane production of 0.23 m3/kg TS added. In another
study, methane production in a sewage sludge digester treating flotation tailings was
possible at a loading of 1.5 kg TS/m3 d and an HRT of 15 days with a methane
production of 0.32 m3/kg TS added. Brinkman [12] described a stable, thermophilic
treatment of kitchen waste slurries and flotation sludges from slaughterhouse wastes
in a laboratory-scale digester at a loading of less than 3.5 kg COD/m3 d with an HRT
of 32 days, but shock loads of 5–7.5 kg COD/m3 d caused an accumulation of LCFAs
and VFAs. These results clearly indicate that co-digestion is a suitable option to treat
N-rich chicken waste to obtain higher gas yields.

Conclusion: Anaerobic digestion of chicken waste is a practical option for disposing
of the waste when compared to composting and incineration to combine material
disposal and energy production. However, notmany plants are operational on chicken
waste and AD of this waste is difficult due to its high N and fat content. In the current
study, an attempt was made to understand the biogas production potential of various
parts of chickenwaste. It was seen that chicken crop produce the highest gas 680 L/kg
of wet waste and the optimum gas production was achieved at 0.25% substrate
concentration. Even though chicken skin had the highest VS content (99%) gas
production was low. Chicken skin showed high gas production of 400–500 L/kg wet
waste at 0.25–0.5% but increasing the substrate concentration from 1 to 2% reduced
the gas yields to 50–60 L/kg wet waste and could to be due to LCFA inhibition due to
the high fat content in chicken skin. From the above studies, it can be concluded that
co-digestion of chicken waste with C-rich material could yield high gas production
and stop ammonia inhibition to a certain extent.
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A Study on Optimization of Pretreatment
for Lipid Extraction from Rice Husk
Using Oleaginous Yeast

N. Dhivya Priya, S. Sivasakthi, R. Loganath, R. Balaji, K. Yaazhmozhi,
J. Senophiyah-Mary and S. Murugan

1 Introduction

The global fossil fuel energy scenario is a complex one due to various issues out
of which increasing oil price, environmental concerns, sustainability, and security
are the prime factors [1]. In view of the existing fossil fuel availability and demand
scenario, it is necessary to attain an equilibrium on its production–consumption. Due
to these reasons and the impact of air pollution due to combustion of fossil fuels on
human health, alternative sources of energy and their potential to be deployed as
secondary sources of energy are being investigated on a larger scale.
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Fig. 1 All India usage share of diesel (percentage) in retail [3]

India imports fossil fuel to meet its energy demand, out of which majority is used
for transportation. India imports around 1,71,729,000 tons of crude oil to meet its
energy demand, incurring a cost of 6,72,220 crores [2]. Figure 1 gives the data on
usage of diesel and its product in various sectors in the country in the year 2013.
Transport sector consumes around 70% of the total diesel usage in the country, while
nontransport sector consumes around 30%. The Replacement of even a nontransport
sector by an alternative unconventional source of fuel would save at least 10,350
crores approximately [3]. The use of biodiesel as an alternative to conventional
diesel has been gaining importance in the recent years.

Biodiesel is a monoalkyl ester of long-chain fatty acids, produced by the trans-
esterification of free fatty acid with a monohydric alcohol, usually methanol [4],
employing acid catalyst, alkali catalyst, or enzyme catalyst. The free fatty acids are
usually derived from feedstocks like animal fat or vegetable oil [5, 6]. This definition
of biodiesel confirms with the specification for biodiesel (b100)––ASTM D6751-09
to be used in compression ignition (diesel) engines. First-generation bioethanol was
directly produced using food crops as feedstock which led to an increasing compe-
tition between the food and energy industries. Second-generation biodiesel, on the
other hand, makes use of discarded or useless part of the food crop, rich in starch,
sugar, or lingo-cellulosic content as a feedstock [7].

The main precursor raw material required for biodiesel production are lipids
extracted from biomass cultured on suitable feedstock. Lipids are a class of organic
compounds that are fatty acids or their derivatives, insoluble in water and soluble
in organic compounds. The yield of lipids from biomass cultured on the feedstock
depends directly on the availability of simple monomers such as glucose for con-
sumption by microorganisms. The lingo-cellulosic materials in the feedstock are
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formed by three structural polymers: cellulose, hemicelluloses, and lignin and small
quantities of other compounds [8] which must be broken down to simple monomers
to effect increased growth.

A few pretreatment technologies, targeted to remove the lignin, have been devel-
oped by incorporating chemical, biological, or mechanical means [9, 10]. Because of
this, carbohydrates are exposed which are further converted to simpler sugars in the
following treatments. Any pretreatment processes should breakdown the cellulose
and other polymers by hydrolysis and preserve it. The process should have a higher
efficiency and should also facilitate easy removal of any byproducts formed [11].

Common pretreatment methods include acid and alkali pretreatment and biolog-
ical methods to an extent. Acid treatment includes the use of strong acids such as
H2SO4 or HCl or weak acids such as oxalic acid or peracetic acid. Acid treatment
is less expensive because of the cheap availability of acids. It is carried out at high
temperatures, so, corrosion of vessels is a serious problem. Alkali treatment uses
sodium, potassium, calcium, and ammonium hydroxides at normal temperature and
pressure. The main advantage of this process over acid treatment is the removal of
lignin. Though these are the important treatment methods being adopted worldwide,
other methods such as Ammonolysis, Wet oxidation, Ozone treatment, Microwave
irradiation, etc., are being investigated extensively in recent times [7].

Rice constitutes around 20% of the world’s nutritional value [8] Rice husk is the
protective covering surrounding the kernel, which constitutes around 20% of the
grain’s weight [12] Rice husk is the second largest mill-generated source of biomass.
India accounts for nearly 20% of the total rice production in the world. After process-
ing of rice, the residual rice husk is usually burnt. It produces 18–20% ash on burning,
which is comparatively high when compared to other biomass which produces 1–8%
ash. Rice husk on an average contains 33%cellulose, 21%hemicellulose, 18% lignin,
and 17% silica [13]. The high cellulose and hemicellulose content makes it suitable
to be used as a feedstock for biodiesel production [14].

The objective of this paper is to analyze the potential of rice husk as an alternative
feedstock for biodiesel production. Rice husk is to be subjected to various pretreat-
ment techniques to depolymerize the complex sugars in it, to simple monomers.
This depolymerization is to be affected by hydrolysis of rice husk, aided by acid or
alkali, in the presence or absence of pressure. Optimization of the various operating
parameters involved in pretreatment such as strength of acid or alkali, agitation, tem-
perature, pressure, and reaction time are to be monitored and optimized. The species
that is best suited for maximum yield of lipids is to be investigated from the chosen
oleaginous yeast species on the given substrate.
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2 Materials and Methods

2.1 Sample Collection

Rice husk, from the processing of local plantation in Sri Durga Mills, Coimbatore,
was collected. It was ground in a conventional mixer grinder of 750 W and 0.5 L
capacity. The ground sample was sieved in a fine aggregate sieve shaker for 10 min
and the sample passing through 75µmwas collected. The sieved sample was further
ground in a Planetary Rotating Ball mill for 2 h, with 15 loads at 150 rpm. The milled
sample was stored in airtight packets at room temperature.

2.2 Pretreatment Methods

2.2.1 Alkali Pretreatment

Experimental Design

Response surface methodology (RSM), a collection of statistical and computational
analysis, is used formodeling a system inwhich a response of interest is influenced by
more than one parameter [15]. The influence and optimization of various operational
parameters, namely, rate ofmixing (0–300) (rpm), temperature of treatment (25–100)
(°C), concentration of NaOH (0–0.6) (Normality), and time of treatment (10–60)
(minutes) were studied. TOC and TN were monitored as the response parameters. A
central composite design involving a quadratic model was incorporated.

Pretreatment

The experimental trails as obtained from RSM was carried out under the same con-
ditions mentioned in a REMI 5MLH plus, magnetic stirrer with a hot plate. The
pretreatment was carried out on solutions of 1 g of powdered rice husk/100 ml of
distilled water. Different concentrations of alkali, i.e., 0.2–0.6 N, were employed
to optimize the process. Time, temperature, and rate of mixing were preset before
starting the process, and temperature was continuously monitored with an external
temperature probe (PT-1000) to ensure that temperature is maintained at the present
value. The sample after treatment could cool for 24 h and then filtered using a What-
man filter paper Cat No. 1001 125, with a pore size of 11 µm.
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Table 1 pH required for growth of the selected species

S. No Name of the species pH required for
growth

pH adjusted to

1 Yarrowia lipolytica 6.0–7.0 6.33

2 Lipomyces starkeyi 7.0–8.0 7.16

3 Metschinokawia
pulcherima

5.0–6.0 5.45

2.2.2 Acid Pretreatment

This process involves the treatment of lingo-cellulosic biomass using sulphuric acid.
Combination of heat and concentrated acid can be explosive. Therefore, the treatment
was carried out in an autoclave under 15 psi pressure and 120 °C temperature for a
time of two hours on a solution of 1 g of powdered rice husk/100 ml of water. Treat-
ment was carried out for varying concentrations of acid, namely 1–5%. The treatment
was carried out without any mixing. The sample after treatment was allowed to cool
for 24 h and filtered using a Whatman filter paper Cat No. 1001 125, with a pore size
of 11 µm.

2.2.3 Species Optimization

The filtered hydrolysate after optimization of pretreatment was used as a medium for
culturing oleaginous yeast for lipid extraction. pH of the medium after hydrolysis
was adjusted to the required optimum pH for each species as shown in Table 1. The
medium was sterilized in an autoclave at a temperature of 120 °C and pressure of
15 psi. Three species of oleaginous yeast, namely, Yarrowia lipolytica, Lipomyces
starkeyi, Metschinokawia pulcherima, were inoculated, 6% each into different coni-
cal flasks containing the sterilizedmedium. Inoculationwas done in a laminar air flow
chamber. After inoculation, the culture was kept and maintained in an orbital shaker
at 25 °C temperature and 150 rpm rotation. The culture was checked continuously
to maintain pH.

2.3 Analytical Methods

2.3.1 Particle Size Analyser

The size of the particle was analyzed using a particle size analyzer. A pinch of the
powdered sample was added to 100 ml of double distilled water and then sonicated
in a probe sonicator. The sonicated solution was then analyzed to find the size of the
powdered sample by using the principle of particle diffraction index.
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2.3.2 UV Visible Spectrophotometer

A Double beam UV Visible Spectrophotometer (Perkin Elmer Lambda, 35) was
employed to trace the growth curve of the microorganism inoculated in the
hydrolysate, periodically. Optical density reading at 640 nm wavelength was mea-
sured against clear hydrolysate that is not inoculated with any species as blank.

2.3.3 TOC Analyser

Total organic carbon was considered as a measure of the degree of hydrolysis of
rice husk. It was analyzed in a TOC analyzer. Samples were diluted with a dilution
factor of 10 using distilled water and were analyzed for total carbon and inorganic
carbon from which Total Organic Carbon was found under operating conditions of
2 injections of a sample of 40 µl each for TC and IC and 4 min integration time
for each, respectively. Samples were also tested for total nitrogen with operating
parameters of 2 injections of 40 µl each and with an integration time of 4 min.

3 Results and Discussion

The particle ground in ball mill after 2 h was found to have an average particle size
diameter of 356.9 nm, with a 100% peak intensity, as shown in Fig. 2. The particle
size reduction even after 2 h of milling is less as compared to the size obtained after
sieving (1053 nm). This might be due to the high fibrous content of rice husk, i.e.,
around 45% [16]. The effect of particle size reduction on lipid production is to be
investigated (Fig. 3).

Fig. 2 Result of particle size analysis of the milled sample
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Fig. 3 Result of particle size analysis of powdered sample after sieving

3.1 Acid Pretreatment

Figure 4 shows the variation of C/N ratio with the percentage of concentrated H2SO4

used for treatment. Maximum value obtained for 1 g/100 ml solution was 30.33
for 3% acid solution. At mild conditions of treatment with a lower concentration
of acids (1–2%), cellulose and hemicelluloses polymers are not effectively broken
down which is indicated by the low value of TOC obtained (440 ppm on average)
when compared to that obtained on treatment with 3percentage acid (575 ppm on an
average).

At stronger treatment conditions (4 percentage to 5 percentage), though there has
been a greater degree of depolymerisation, and an increase in TOC content (around
700 ppm), the treatment conditionwas enough to cause dissociation of lignin, thereby
increasing the Total nitrogen content. This increase in total nitrogen might not favor
the accumulation of lipids, as this leads to the production of new cells rather than
the accumulation of lipid in the existing cells. Also, the maximum C/N ratio is far
below the required amount to facilitate lipid production, i.e., C/N�60 [17].
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3.2 Alkali Pretreatment

30 trials were generated for optimizing temperature of treatment (B), rate of rota-
tion(C), strength of alkali employed (A), and treatment time (D). The trials were
performed experimentally and the results for TOC and TN were fed as response into
Design Expert software. 3D surface model curves were analyzed for various com-
binations, namely, AB, AC, AD, BC, BD, and CD. The combination which yields
maximum TOC was found to be 0.2-100-200-60 (A-B-C-D), with a TOC value of
1933. 8 ppm. The combination which yields the lowest TN value was found to be 0.2-
50-300-60, with a TN value of 14.62 ppm. Highest C/N combination was achieved
for the same combination which yielded desired TN value, i.e., 0.2-50-300-60, with a
C/N value of 70.451 and an experimental desirability 1.00. This value is greater than
60, the minimum desired C/N value required for growth of oleaginous yeast [17].
ANOVA results showed an f—value of 0.0005 for the obtained quadratic model and
lack of fit was insignificant.

3.3 Species Optimization

Figure 5 shows the growth curve of different oleaginous yeast species, namely,
Yarrowia lipolytica, Lipomyces starkeyi, Metschinokawia pulcherima over a period
of 20 days. The increase in OD reading indicates the growth of new cells. The graph
shows the distinctive lag phase, exponential or growth phase, and stationary phase.
The stationary phase is desired for lipid production as there are no new cells produced
while all the consumption by the microorganism is converted and stored as lipid in
the existing cells. On account of this, the species, Yarrowia lipolytica, is observed to
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have reached the stationary phase earlier than the other two species, (OD reading of
0.766 after 9 days of inoculation).

4 Conclusion

Various pretreatment techniques for particle size reduction and hydrolysis of the raw
material were studied. It has been concluded that the acidic pretreatment employed
for hydrolysis has proven to be ineffective due to the lower value of the maxi-
mum C/N ratio that has been achieved. Alkali pretreatment proves to be more
effective than acid pretreatment as this has succeeded in achieving the minimum
required C/N ratio, and the most desirable combination was found to be 0.2 N
NaOH—50 °C—300 rpm—60 min. The species that gives an advantage over the
other species tested, in terms of maximum growth was found to be Yarrowia lipolyt-
ica and the minimum time required for initiating the production of lipids was found
to be 9 days at experimental conditions. However, the quality of lipid produced is a
key parameter and is to be further investigated before extrapolating the process.
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Biodiesel Production from Unused Mixed
Culture of Algae

R. Karmakar, A. Rajor and K. Kundu

1 Introduction

There are three main constraints of biodiesel produced form most of the feedstocks
[1, 2] which are edibility of their raw material [3], high market price [4, 5] and
their adverse effect on the compression ignition (CI) engine. Deposition of carbon,
gumming problem clogging, etc. takes place in the engine for the higher density,
viscosity and acid value of biodiesel. In spite of that research on biodiesel are being
done worldwide because they are renewable and eco-friendly at the same time [6–8].
In this researchwork, algae was chosen as the feedstock to produce biodiesel because
(i) it requires less area for growth and produce more oil compared to other crops [9,
10], (ii) it produce oxygen and absorbs carbon dioxide and (iii) in India, it is neither
used as a food, nor for any other purpose. It was reported by Holbrook et al. [11]
and Dassey et al. [12] that applying air mixed with more carbon dioxide increases
the content of oil in the algae and biofuels produced from the culture of algae fix
0.6% CO2 [13]. The algae which are thrown away from a canal (Simlapuri Nahar)
of Ludhiana, India, were used in this experiment as they have no price value and
are treated as waste material. Although algal biodiesel is not a very new fuel, it is
still confined to the laboratories because of the high price of the oil. Then, the main
reason behind this is the costly procedure of algae culture which is mostly done using
photobioreactors [14, 15]. It was assumed that the biodiesel produced in this process
(i) would be cheap as the raw material has no price value and (ii) would solve the
problem of waste disposal to a little extent.
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2 Materials and Method

All the chemicals like potassium hydroxide, sulphuric acid, methanol, ethanol and
n-hexane along with glassware were obtained from a local market of Ludhiana.
The indigenous mixed culture of algae (Spirulina sp., Euglena sp., Chlorella sp.,
Spyrogyra sp. Frustulia sp.) was collected from the Simlapuri Nahar.

2.1 Drying of Algae

To make the process eco-friendly and economic, algae were dewatered at first by
manual pressure to release water. Thin lumps of algae were prepared thereafter and
kept in the sun for 2 days. This helped the algae to dry completely. Almost 10% of
dried algae were derived from the wet algae.

2.2 Oil Extraction

The oil, from algae, was extracted by Soxtherm using hexane. Hexane is the solvent
which extracts the oil present in algal cell. More than 90% of hexane was recovered
by Soxtherm. Almost 10% of oil was extracted in this experiment.

2.3 Biodiesel Production

Before proceeding towards biodiesel production, the free fatty acid content of the oil
was measured by titrimetric procedure. It was found that the algal oil has more than
20% of FFA content. Therefore, the oil has undergone acid esterification at first and
alkali esterification then [16–19]. The transesterification procedure, which was used
for biodiesel production from algal oil, was optimized y varying molar ratio (from
5:1 to 7:1), catalyst concentration (from 2 to 3 wt%), reaction time (from 50 to 70
min) and reaction temperature (from 55 to 62 °C). In this transesterification reaction
[20, 21], methanol was used as the alcohol, potassium hydroxide (KOH) was used
as the alkali catalyst and sulphuric acid (H2SO4) was used as the acid catalyst. The
reaction was carried out inside a water bath shaker at a constant temperature. The
glycerol produced in the alkali esterification reaction was separated and the biodiesel
waswashed bywarmwater. Finally, the algal oil methyl ester was kept inside a hot air
oven for 1 hour so that the moisture, present in the biodiesel, gets rid of completely
(Fig. 1).

Taguchi’s method was used to prepare nine sets (L9 orthogonal array) of param-
eters for transesterification reaction (Table 1).
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Fig. 1 Biodiesel production from algal oil

Table 1 L9 orthogonal array for transesterification

No. Molar ratio
(methanol: oil)

Catalyst conc.
(wt%)

Reaction time
(min)

Reaction
temperature (°C)

1 5:1 2.0 50 55

2 5:1 2.5 60 60

3 5:1 3.0 70 62

4 6:1 2.0 60 62

5 6:1 2.5 70 55

6 6:1 3.0 50 60

7 7:1 2.0 70 60

8 7:1 2.5 50 62

9 7:1 3.0 60 55

2.4 Fuel Characterization

The properties of the algal biodiesel like density, viscosity, calorific value, flash and
fire points, acid value, cloud and pour points, ash content and carbon residue content
were characterized by standard methods.

2.5 Emission Characterization

AVL 444 di-gas analyzer was used to measure the emission of algal biodiesel. The
probe of the analyzer was placed in the exhaust of Kirloskar made AV1 CI engine
while it was being run by algal biodiesel. The measure of different gases was noted
at different engine loads (0, 20, 40, 60, 80, 100 and 110%).
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3 Result and Discussion

3.1 Yield of Biodiesel and Optimized Conditions
of Transesterification

In acid esterification reaction, No. 7 combination (Table 1) yielded the best result and
the FFAof the algal oil reduced down to 1.2% (Fig. 2). In alkali esterification reaction,
the yield of the algal oil methyl ester increased rapidly and reached the peak (90.33%)
when 6:1 molar ratio was applied with 2%KOH catalyst concentration (combination
4) (Fig. 3). The yield of the biodiesel for combination 5 was also high enough (90%).
But it was not considered as the FFA of the biodiesel produced for this combination
was little higher (0.29%) than that for combination 4.

From Fig. 4, it can be seen that the lowest FFA was also achieved when combi-
nation 4 was used, the free fatty acid content of the biodiesel decreased to its lowest
level (0.25%). It was also found from this experiment that higher KOH concentration
causes the formation of soap.

Therefore, 6:1 molar ratio, 2% catalyst concentration, 60 min reaction time and
62 °C reaction temperature were taken as the optimized conditions to produce
biodiesel with the highest yield and lowest free fatty acid content. It was found
that after 90 min all the glycerol settles down at the bottom of the separating funnel.
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Fig. 4 Optimization of
alkali esterification (FFA)
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3.2 Properties of the Algal Biodiesel

The properties of the algal biodiesel were within the limits of ASTM standard. The
calorific value is an important parameter of any fuel as it determines howmuch energy
it would generate. The calorific value of this biodiesel was 40,783 kJ/kg which was
higher than that of the biodiesel produced frompalmand jatropha (Fig. 5). Thedensity
of this biodiesel at 15 °C (880.9 kg/m3) was little higher than diesel (832 kg/m3). The
viscosity of the biodiesel at 40 °C (3.15 mm2/s) was almost equal to the viscosity of
petro-diesel (1.9–4.1 mm2/s). The acid value of this biodiesel was 0.50 mg KOH/g.
The flash and fire points of algal biodiesel (150 and 156 °C) were much higher
than petro-diesel (54–96 °C). For this high flash point, the chance of any fire hazard
decreases many folds. The cloud and pour points of this fuel were also low enough
(1 and −2.5, respectively). Ash and carbon residue content of a fuel determines the
level of deposition in the engine. Both of them, for this fuel, were 0.0105 and 0.36
wt%, respectively, which are within the limits of ASTM standard.

Fig. 5 Calorific value of
different fuels
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3.3 Measurement of Emission of Algal Biodiesel

Emission of CO, CO2 and unburned hydrocarbon for the combustion of algal
biodiesel were higher than those for the combustion of diesel at all engine loads.
Only the NOx emission for this biodiesel was higher than those for diesel. While the
emission of CO2 andNOx were found to increasewith the increase of engine load and
reached their peak at overload (110%) condition (4% and 155 ppm, respectively), the
emission of carbon monoxide and unburned hydrocarbon decreased regularly from
0 load condition to overload condition. The lowest CO emission (30 ppm) was found
to take place at overload condition.

4 Conclusion

While most of the biodiesel is costly and produced from edible feedstocks, biodiesel
produced from unused mixed culture can be a cheap and good alternative. A good
yield of this biodiesel can be achieved if the optimized conditions, found in this
experiment, are followed at the time of transesterification. As all the properties of
this fuel are within the limit of ASTM standard, it can be used in the CI engine
without any modification of the engine. Its emission has been found to be lower
than that of diesel. Therefore, this is an eco-friendly fuel. The NOx emission of this
fuel, which generated in higher rate than petro-diesel, can be fixed by using de-NOx

catalyzer.
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Sustainable Algal Cultivation
by Effective Utilization of MSW
Digestate Slurry and Biogas
By-Products—An Advanced Approach
Towards Carbon Fixation
and Generation of Biofuels

Afreen Aman and H. N. Chanakya

1 Introduction

Increasing fossil fuel costs due to rapidly depleting resources and global warming
issues have led researchers to find alternatives to fossil fuels and one such option is
biofuel from algae [1]. First-generation biofuel uses food crops and oilseed crops as
primary substrates which in turn compete for freshwater/nutrients and agricultural
land, therefore, creating a threat to food security [2]. This has led to the advent of
second and third generation biofuelswhich utilize substrates like lignocellulosics and
microalgae. Microalgae are a better alternative since it can be grown as a ‘multi-tier’
crop and in wastewater systems, rice paddies, etc. and hence do not compete with
fertile land, water and therefore does not compromise food security [3]. The ability
of microalgae to accumulate polysaccharides and triacylglycerides (TAG) makes
them likely candidates to be used as feedstocks for biofuel production. Additionally,
pressed algal biomass residue after oil extraction can be utilized to recover leftover
carbon as additional fuel in the form of biogas or bioethanol [4].

Most commonly studied algae cultivation using photobioreactors is considered
uneconomical due to the excessive costs and inefficiencies involved in providing
illumination, water and nutrients like nitrogen, phosphorous and carbon, etc. [5].
This propels the need to identify niches and alternative nutrient resources that are
suitable for culturing algae without interfering with agriculture and other human
activities. Wastewater treatment plants, saline brackish water, paddy fields and fish-
eries deficient shores can be considered as an alternative for culturing algae as this
combines energy generation, treatment of wastewater, nutrient uptake which aids in
long-term sustainability [6].
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Every ton ofMSWfermented in biogas plants produces between 750 and 800 litres
of digested slurry of which over 95% is water. This needs to be disposed and there is
very little effort today to address it and find productive uses for this wastewater from
MSW processing. In the case of digested slurry from cattle dung biogas plants, it is
easy to gradually dry it and retain the dried slurry as fertilizer for a couple of months.
However, the digestate from biogas plants fed with predominantly food wastes and
street sweeping (leaf litter) have different properties and cannot usually be filtered
and dried into a ‘cake’. We had previously studied biogas plant digestate solids as a
mushroom feedstock [7], fibre [8] and possible pest repellent [9] and media for algae
cultivation [10]. While we had established good cultivation characteristics, we had
often encountered rapid loss of algal population through grazing by protozoans and
crustaceans at certain stages [10]; this formed the inspiration for further research.
In this study, we have used clear biogas slurry which is a by-product generated
after anaerobic digestion of typical MSW wastes such as leafy biomass (leaf litter
from street sweepings) as the culture media for growing algae. Anaerobic digestion
narrows the C:N ratio of the substrate by converting C to gases like carbon dioxide
and methane [8] and the resulting digester liquid emerge to become rich in nutrients
like nitrogen and phosphorous. In MSW-based digesters, a significant part of the
nutrients is expected to be in the dissolved form and cannot be collected as a filter
cake and therefore is best utilized by algae. Such a technique of using biogas slurry,
in addition, provides a low-cost alternative over the conventional mineral media.

One of the major threats to large-scale cultivation of algae is the rapid onset
and multiplication (bloom) of grazers which is difficult to control under normal cir-
cumstances involving open pond cultivation. An algal bloom most often is followed
by a bloom of grazers that consume the algae and result in a rapid decrease of algal
biomass [11]. Yet, most grazers have specific feeding pattern on algae, being not only
species-specific but also depending on the size and characteristics of algae present
[12]. Thus, due to this phenomenon, controlling grazers in a natural way becomes a
challenging task in large-scale algal cultivation, especially in open ponds. Digested
biogas slurry contains a sizeable number of grazers that are facultative in nature such
as Paramecium, etc. We believe that their presence can result in a new phenomenon
of inter grazer competition among the species of grazers. Such competition either
occurs naturally in open algal culture systems where grazers feed away on the algal
population or one grazer feeds preferentially on the other grazer instead of algae
and thus, it ameliorates the loss of algae to rapid grazing. When such a phenomenon
occurs, the algal population reaches harvestable levels and in this way, benefits large-
scale algal cultivation. This benefit accrues from biogas slurry addition to growth
medium providing both nutrient source and generating harvestable algal biomass and
is the focus of this paper.

Large-scale algal cultivation becomes environmentally and economically sustain-
able if it can be coupled with CO2 fixation which is another objective of this research.
The CO2 and CH4 from the anaerobic digester can be directed to algal ponds wherein
CO2 solubilizes and acts as a carbon source for algae. Thus,methane can be separated
and collected as enriched biogas. Since carbon is essential for algal growth, algae
will utilize the solubilized CO2 in the form of carbonates and bicarbonates for pho-
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tosynthesis and for building cell proteins, nucleic acids, etc. [13]. Microalgae have
CO2 fixation efficiency around 10–50 times greater than terrestrial plants [14], thus
facilitating a path for reversing the increasing atmospheric CO2 levels which are now
considered a global problem. After lipid extraction, the resulting microalgal biomass
can be used for biogas/bioethanol production by carrying out the fermentation of
algae [15]. This study advocates a sustainable media alternative for algal cultivation
and suggests a method for carbon sequestration that may help in the reduction of
greenhouse gases in a sustainable manner.

2 Materials and Methods

2.1 Media-Based (M) Setup

For cultivation of algae, biogas slurry and media set up were used, wherein media
is used as a control. Bold’s Basal Media (BBM) consisted of (mg/l) NaNO3,
250; K2HPO4, 75; KH2PO4, 175; CaCl2, 25; NaCl, 25; MgSO4, 75; FeCl3, 0.3;
MnSO4·7H2O, 0.3; ZnSO4·7H2O, 0.2; H3BO3, 0.2 and CuSO4·5H2O, 0.06 [16].

2.2 Paddy Field (ALGI) Setup

This setupwas designed tomimic a paddy field. The reactor had a soil base containing
5 kg soil and 10-litre water. Typically, 120 kg of urea and 75 kg of KH2PO4/ha are
added to a paddy field. Therefore, in our reactors of surface area, 0.1 m2, 1.2 g of
urea and 0.75 g of KH2PO4 were added as a source of nitrogen and phosphorous,
respectively. This setup also served as control when biogas slurry was used as a
nutrient source.

2.3 Biogas Slurry (SL) Setup

Biogas slurry was collected from a biogas plant (PFRmodel), fed with leafy biomass
typical of street sweepings/garden wastes at Centre for Sustainable Technologies,
IISc, Bangalore. The particles in biogas slurry were allowed to settle and a 1:10 dilu-
tion of the supernatant was carried out, to avoid interference of suspended particles
and for penetration of sunlight. This diluted biogas slurry was used as the culture
media in two setups (1) with soil base and (2) without soil base (SL and ALGI-SL,
respectively).
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2.4 Paddy Field with Biogas Slurry (ALGI-SL)

This setup was similar to paddy field setup mentioned above, and the only difference
was that the addition of urea and KH2PO4 was replaced with the slurry as growth
media.

2.5 Species Consortia

The inoculum was taken from a working stock culture containing Chlorella sp. It
was completely mixed and added to the reactors (~106 cells/ml, 1 L inoculum vol).
The experiment was carried out for a period of 17 days with an average 9 h light
period. The evaporated water was replaced with an equal amount of deionized water
in the reactors. Sampling was carried out at 12 noon every day

2.6 Biomass Estimation

A sample volume of 10 ml was centrifuged at 5000 rpm for 10 min from all the
setups. The pellets were washed with deionised water and dried at 60 °C [17, 18].

The following equation was used to calculate biomass productivity:

Biomass productivity (g/L/d)� (N − N0)/T
where N (in g/L) is the biomass concentration at the end of the cultivation period,
N0 (in g/L) is the biomass concentration at the beginning of the cultivation period
and
T is the duration of the cultivation in days.

2.7 Cell Count

Grazer and algal cell counts were determined daily by using a light microscope at
400X magnification; identification of species was carried out based on the literature
[19–22]. Drop count method was used for cell counting and an average algal popu-
lation in five fields was taken for counting. Each sample was taken in triplicates and
the cell count mentioned is an average of these replicates.
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3 Results and Discussion

3.1 Biomass and Growth Rates of Algae

The biomass productivity both in terms of dry weight and total cell count was highest
inALGIwith a productivity of 5.4 g/m2/day, followed byALGI-SLwith 3.9 g/m2/day
(Fig. 1). The productivity of SL and M was 3.3 and 2.4 g/m2/day, respectively. The
average growth rate of all algal strains was found to be highest in ALGIwith a growth
rate of 1.5/day. Chlorella showed the highest growth rate of 1.4/day in slurry-based
setup. Chlorella is one of the best species for biodiesel production hence biogas
slurry appears to be a good cultivation media.

In terms of species dynamics, Chlorella was predominant in all reactors initially
(0–6 days) and then, it was taken over by species such as Chlorococcum, Diatoms,
Anacystis, Scenedesmus, Euglena, Oscillatoria after 6 days in soil-based setups.
In media- and slurry-based reactors, Chlorella remained dominant for a period of
13 days; the other species appeared from the 13th day onwards.

3.2 The Impact of Grazers on Algal Cultivation

Biogas plant slurry contained grazers likeParamecium (104 individuals/l) andNema-
todes (9 individuals/l) before inoculation. Nematodes started disappearing when they
were exposed to the aerobic condition. Paramecium thrived till algae reached sta-
tionary phase (day 6). We observed a steep decline in the population of Paramecium
after the sixth day. During this stage, a new species of grazers, i.e.Daphnia appeared.

Fig. 1 Biomass yield of algae in cultivation setups
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Fig. 2 Paramecium obseved
in the setups

Fig. 3 Daphnia obseved in
the setups

The rise in the population of Daphnia coincided with the decreasing population
of Paramecium which may be attributed to their similar feed selectivity resulting in
inter grazer competition. Daphnia persisted until the end of the experiment (Figs. 2
and 3).

The total grazer population in conventional media based setup reached a max-
imum of 670 individuals/l, whereas in the case of slurry-based setups, the grazer
population reached a maximum of 106 individuals/l. Daphnia was the only species
of grazers observed in media-based setup. In slurry-based set ups, both Daphnia
and Paramecium were found, they preferred preying on Anacystis and Scenedesmus
resulting in their decrease. This species specificity of grazers ensued undisturbed
growth of Chlorella (Figs. 4 and 5).
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Fig. 4 Algal population in
slurry-based setup

Fig. 5 Total grazer
population

The biomass productivity of algae in slurry-based setupswas 90%greater than that
of conventional media setup. This study shows that biogas slurry can be effectively
used as a substitute for conventional media as its use resulted in a better productivity
of all algal species. This study also presents the possibility of using biogas slurry in
paddy fields (instead of standing water).
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3.3 Advanced Agriculture Setup for Future

High rate of methane and carbon dioxide emissions over the past few years have
resulted in drastic climate change which needs immediate attention. This has pro-
moted a lot of research to find effective methods to mitigate the levels of greenhouse
gases responsible for rising global temperatures. CO2 is classified as one of the most
potent greenhouse gases [23]. It is important to capture and recycle CO2 in a sustain-
able manner. Two approaches to this are (1) capture and recycle CO2 and (2) reduce
the use of fossil fuels.

Usage of biofuels has the potential to capture the emitted CO2 back as organic
carbon through photosynthesis.

2nCO2 + 4nH2O + photons → 2(CH2O)n + 2nO2 + 2nH2O

In order to have optimum growth, algae need a large amount of CO2 which should
be supplied in the bioreactors where they are cultured. In this paper, we have tried
to propose a method to meet this need of algae in a sustainable manner along with
effective utilization of wastes from biogas plants. CO2 and CH4 emitted from bio-
gas plant can be directed to bioreactors containing algae grown in biogas slurry as a
growthmedium. Algae capture CO2 and use it for its growth, metabolism and various
functions. Asmethane has a low solubility in water, it is collected in another chamber
with only a small content of carbon dioxide. For every m3 of biogas (1.2 kg), about
0.786 kg of CO2 is removed and can be added to the C-footprint calculations for the
process. Thus, CO2 which is otherwise released to the atmosphere is effectively cap-
tured by algae which act as a carbon sink. This method suggests effective separation
and collection of methane gas. Therefore, biogas slurry and CO2, which are wastes
generated by biogas plant are utilized effectively in an environment-friendly man-
ner. The cultivated algae after solar drying can be used for lipid extraction process.
The microalgal biomass after lipid extraction can be sent to an anaerobic digester to
produce biogas (Figs. 6 and 7).
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Fig. 6 Schematic representation of potential algal biomass

Fig. 7 Process flow diagram for sustainable biofuel production

4 Conclusion and Future Work

Digestion ofMSW for biogas releases a lot of wastewater for which there is at present
no sustainable recovery options. Capturing the large dissolved and colloidal nutrient
pool from the digested slurry by algal cultivation offers a good route to becoming
more sustainable. Second, enrichment of the algal cultivation media by bubbling
biogas through it first, reduces the CO2 content of biogas and second reduces the
C-footprint of the overall process and is, therefore, a double benefit inMSWdigested
slurry management and greatly avoids ground and surface water contamination that
is currently the problem of large-scale MSW management options. Although this
research indicates the additional benefit of control of grazers that tend to devour



290 A. Aman and H. N. Chanakya

algae when it reaches harvestable proportions in MSW digestates, there is a lot
of research necessary by way of improving the overall processes and conversion
efficiencies.
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Pyrolysis of Garden Waste: Comparative
Study of Leucaena leucocephala (Subabul
Leaves) and Azadirachta indica (Neem
Leaves) Wastes

K. Srilatha, D. Bhagawan and V. Himabindu

1 Introduction

Biomass has been considered as a potential and renewable energy that can be used
to produce a variety of chemicals and materials [10, 16]. The benefits of biomass
over conventional fossil fuels are their low sulfur and nitrogen contents and no net
CO2 emissions to the atmosphere [10, 31]. Biomass resources cover a wide range of
materials like agriculture wastes, energy crops, organic wastes, and forest residues.
Agriculture waste, a readily available biomass, is produced annually worldwide and
is massively underutilized [35].

The large amount of agriculture waste is presently utilized as a raw material for
paper industry or as animal feed sources in developing countries. Then mostly and
subsequently the collection and disposal of these waste are becoming more difficult
and expensive, it is left unused as a waste material or simply burned in the fields,
thereby creating significant environmental problems.

The conversion techniques may be physical, biological, chemical, or thermal to
give solid, liquid, and gas products. Among various conversion techniques, biomass
pyrolysis becomes attractive as it offers a flexible way of agricultural biomass
resources into bio-oil [14] as pyrolysis is one of the few biofuel technologies that can
handle a range of biomass feedstocks (agri-residues, forest residues, energy crops,
municipal solid wastes), and is an attractive option for expanding the possibilities of
using less desirable biomass.

Pyrolysis is a thermochemical decomposition of biomass at elevated temperature
in the absence of oxygen [12, 25]. Bio-oil is the main pyrolysis product, char and
gases are the by-products. Bio-oil from fast pyrolysis can be combusted in industrial
boilers/furnaces [21] or upgraded into ethanol and biodiesel to be used with existing
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infrastructure and vehicle technologies [22, 24] to replace fossil fuels [6]. Biochar
can be used forwater purification, power generation [19, 26], and as a soil amendment
to improve soil quality and sequester carbon [30, 36]. Furthermore, small pyrolysis
plants are compatible with the existing agriculture and forestry infrastructure, pro-
viding significant flexibility for the feedstock [22]. Consequently, there is increasing
attention on furthering the applications of this technology.

The techno-economic analysis of biomass pyrolysis is very important for the
economic feasibility of converting agricultural biomass to bio-oil by using pyrolysis
[3, 4, 27, 28]. There existed many researches on the techno-economic analysis of
biomass pyrolysis in the literature. Although several studies have already discussed
pyrolysis technologies [2, 11, 33], usage of pyrolysis products [13, 22], upgrading
of pyrolysis products [2, 37], co-pyrolysis [1], and catalytic pyrolysis process [18],
there are no studies highlighting either recent technological advances or economic
and environmental performance of this technology. Therefore, we must focus on
synthesis of technical challenges, recent developments, and opportunities in pyrolysis
technologies, as well as their potential as a viable environmental and economic
alternative to fossil fuels. Therefore, the aim of the present work is to evaluate the
economic feasibility of a biofuel plant to produce bio-oil using pyrolysis in (JNTUH)
India. The results will be helpful for the industrial application of biomass pyrolysis.
In the present study, pyrolysis studies on L. leucocephala (Subabul leaves) and A.
indica (Neem leaves) were carried out in a fixed bed reactor at different reaction
times of 2 and 3 h at a reaction temperature of 650 °C using Liquified Petroleum Gas
(LPG).

2 Materials and Methodology

2.1 Materials

Leucaena leucocephala and A. indica leaves were used in this study collected from
JNTUH premises, Hyderabad, Telangana, India. The dried samples were used for
the pyrolysis experiment.

2.2 Experimental Procedure

Pyrolysis ofL. leucocephala andA. indicawere performed in a indigenously designed
fixed bed reactor (Fig. 1) under atmospheric pressure usingLPG (LiquifiedPetroleum
Gas) at different reaction time of 2 and 3 h at reaction temperature of 650 °C. 250 g
of dry biomass of L. leucocephala and A. indica samples were loaded into the reactor
and heat was given to the system for a required time. Once the reaction time is over,
the reactor is cooled and then bio-oil and biochar collected from the system. The
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Fig. 1 Schematic view of pyrolysis unit

gas samples were collected in the Tedlar bags and analyzed by GC. In this pyrolysis
technique, the biomass has been converted into bio-oil, biochar, and gas products.

The following equations were used to calculate the yield of bio-oil, biochar, and
gas [23].

Yield of bio - oil (wt%) � (weight of measuring cylinder with bio - oil)

−(weight of empty measuring cylinder)/(weight of feed) × 100

Yield of bio - char (wt%) � (weight of reactor after reaction)

−(weight of empty reactor)/(weight of feed) × 100

Yield of gas(wt%) � 100% − (Yield of bio - oil (wt%) + Yield of bio - char(wt%))

Conversion(%) � 100% − (Yield of bio - char(wt%))

2.3 Characterization Methods

The proximate analysis (moisture content, ash content, volatile matter and fixed
carbon) of sample was analyzed before and after the experiment according to ASTM.
The calorific valuewas analyzed using bomb calorimeter. The elemental composition
of C, H, N, and S was analyzed using CHNS analyzer. The FTIR analysis was
analyzed using FTIR analyzer over a range of 400–4000 cm−1 with the sample
powder diluted in KBr. The gas samples obtained from the experiment were analyzed
using Agilent Gas Chromatography. The organic fraction of the bio-oil was analyzed
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Fig. 2 Yield of biochar from
Leucaena leucocephala and
Azadirachta indica at
constant temperature of
650 °C. Experimental
conditions Quantity of
biomass�250 g, reaction
temperature�650 °C and
reaction time�2 and 3 h

using Gas Chromatography-Mass Spectrometry (Agilent GCMS). The carrier gas
was He and column flow rate of 1 ml/min. A DB-5MS column (30 m × 0.25 mm ×
0.25 μm) was used for the separation. Compounds were identified by the library of
mass spectra.

3 Results and Discussions

3.1 Effect of Reaction Time

The L. leucocephala and A. indica samples were performed in a fixed bed pyrolysis
unit with a two different reaction time (2 and 3 h) at 650 °C reaction temperature
using LPG. The yields of biochar, bio-oil, and gas yield of both L. leucocephala and
A. indica samples were shown in Figs. 2, 3 and 4.

From Figs. 2, 3 and 4, it was observed that for L. leucocephala, 2 h of reaction
time 589 wt% of biochar yield; 19 wt% of bio-oil yield and 23 wt% of gas yield were
observed and for the 3 h of reaction time 78 wt% of biochar yield; 19 wt% of bio-oil
yield and 3 wt% of gas yield and for A. indica 2 h of reaction time 73 wt% of biochar
yield; 13 wt% of bio-oil yield and 14 wt% of gas yield were observed and for the 3 h
of reaction time 76 wt% of biochar yield; 21 wt% of bio-oil yield and 3 wt% of gas
yield were observed.
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Fig. 3 Yield of bio-oil from
Leucaena leucocephala and
Azadirachta indica at
constant temperature of
650 °C. Experimental
conditions Quantity of
biomass�250 g, Reaction
temperature�650 °C and
Reaction time�2 and 3 h

Fig. 4 Yield of Gas from
Leucaena leucocephala and
Azadirachta indica at
constant temperature of
650 °C. Experimental
Conditions Quantity of
biomass�250 g, reaction
temperature�650 °C and
reaction time�2 and 3 h

3.2 Characterization Methods

3.2.1 Proximate Analysis

The proximate analyses [the Moisture Content (MC), Ash Content (AC), Volatile
Matter (VM), Fixed carbon content(FC)] of both L. leucocephala and A. indica
samples were analyzed according to standard ASTM tests [5] and were shown in
Table 1.
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Fig. 5 FTIR spectra of Leucaena leucocephala (Subabul leaves)

Before the reaction L. leucocephala have a high fixed carbon as 88 wt% with
1 wt% moisture content, 5 wt% ash content and 6 wt% volatile matter and after
reaction, the moisture content has been decreased to 0.4 wt% for 2 h and 0.1 wt%
for 3 h of reaction; ash content has been increased to 36 wt% for 2 h and 39 wt%
for 3 h of reaction; and volatile matter has been decreased to 38.6 wt% for 2 h and
24.9 wt% for 3 h of reaction and for A. indica, 84 % with 4 wt% moisture content,
4 wt% ash content and 7 wt% volatile matter and after reaction, the moisture content
has been decreased to 0.5 wt% for 2 h and 2 wt% for 3 h of reaction; ash content has
been increased to 1.5 wt% for 2 h and 22 wt% for 3 h of reaction; and volatile matter
has been decreased to 76 wt% for 2 h and 46 wt% for 3 h of reaction.

With increasing the temperature, ash content and volatile matter increased with
decreasing the moisture content, fixed carbon, and calorific value.

3.2.2 Ultimate (CHNS) Analysis

The elements C, H, N, and S were analyzed for both L. leucocephala and A. indica
before and after reaction in a CHNS analyzer and were shown in Table 2.
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3.2.3 Determination of Calorific Value

The calorific values of L. leucocephala and A. indica of biochar were determined by
using bomb calorimeter and were shown in Table 3.

Before the reaction L. leucocephala have 3949.8 cal/g and after 2 h reaction of
time, it has been decreased to 3886.6 cal/g for 2 h and 3182.6 cal/g for 3 h of reaction
time and in case of A. indica, it followed the reverse trend. The significant calorific
values of L. leucocephala showed that these locally available renewable resources
can potentially be converted to a substantial amount of bio-oil, biochar, and gas
products from effective pyrolysis technique.

3.2.4 FTIR Analysis

The FTIR analysis of L. leucocephala and A. indica was determined by FTIR ana-
lyzer. The FTIR spectra of L. leucocephala) were shown in Fig. 5 and that of A.
indica were shown in Fig. 6. For L. leucocephala of 2 h of reaction time, the peak at
3436.44 cm−1 is corresponds to stretching vibrations is originated due to stretching
of O–H groups for intramolecular hydrogen bond. The peak at 1594.66 cm−1 is cor-
responds to stretching vibrations is originated due to aromatic skeleton vibrations
involving both C–C stretching. The peak at 1353.65 cm−1 is corresponds to stretch-

Table 1 Proximate analysis

S. No. Samples Reaction
time (h)

Moisture
content
(wt%)

Ash content
(wt%)

Volatile
matter
(wt%)

Fixed
Carbon
(wt%) FC�
100 − (MC+
VM+AC)

1 Initial
Leucaena
leuco-
cephala

1 5 6 88

2 Leucaena
leuco-
cephala

2 0.4 36 25 38.6

3 Leucaena
leuco-
cephala

3 0.1 39 36 24.9

4 Initial
Azadirachta
indica

4 4 7 84

5 Azadirachta
indica

2 0.5 1.5 14 76

6 Azadirachta
indica

3 2 22 30 46
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Table 2 CHNS analysis

S. No. Sample name C (wt%) H (wt%) N (wt%) S (wt%)

1 Leucaena
leucocephala-
before
reaction

60.43 2.72 3.11 0.22

2 Leucaena
leucocephala-
after
reaction

50.01 2.69 2.28 0.11

3 Azadirachta
indica-before
reaction

61.47 1.94 2.23 0.12

4 Azadirachta
indica-after
reaction

55.04 4.67 2.89 0.15

Table 3 Calorific value

S. No. Samples Calorific value (Cal/g)

1 Initial Leucaena leucocephala 3949.8

2 Leucaena leucocephala—2 h
of reaction time

3886.6

3 Leucaena leucocephala—3 h
of reaction time

3182.6

4 Initial Azadirachta indica 2654.6

5 Azadirachta indica—2 h of
reaction time

3754.6

6 Azadirachta indica—3 h of
reaction time

4766.6

ing vibrations is originated due to the stretching of C–H stretching, CH2 wagging,
C�O, C–O bonds of acetyl esters, and C–O stretching, respectively.

For L. leucocephala of 3 h of reaction time, the peak at 3448.44 cm−1 is cor-
responds to stretching vibrations is originated due to stretching of O–H groups for
intramolecular hydrogen bond. The peak at 1549.69 cm−1 is corresponds to stretch-
ing vibrations is originated due to aromatic skeleton vibrations involving both C–C
stretching. The peak at 1353.81 cm−1 is corresponds to stretching vibrations is origi-
nated due to stretching of C–H stretching, CH2 wagging, C�O, C–O bonds of acetyl
esters, and C–O stretching, respectively.

For A. indica of 2 h of reaction time, the peak at 3436.44 cm−1 is corresponds to
stretching vibrations is originated due to stretching of O-H groups for intramolecular
hydrogen bond. The peak at 1595.04 cm−1 is corresponds to stretching vibrations is
originated due to aromatic skeleton vibrations involving both C–C stretching. The
peak at 1353.08 cm−1 is corresponds to stretching vibrations is originated due to
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Fig. 6 FTIR spectrum of Azadirachta indica (Neem leaves)

stretching of C–H stretching, CH2 wagging, C�O, C–O bonds of acetyl esters, and
C–O stretching, respectively.

For A. indica of 3 h of reaction time, the peak at 3444.85 cm−1 is corresponds to
stretching vibrations is originated due to stretching of O–H groups for intramolecular
hydrogen bond. The peak at 1595.07 cm−1 is corresponds to stretching vibrations is
originated due to aromatic skeleton vibrations involving both C–C stretching. The
peak at 1353.21 cm−1 is corresponds to stretching vibrations is originated due to
stretching of C–H stretching, CH2 wagging, C�O, C–O bonds of acetyl esters, and
C–O stretching, respectively.

The presence of OH group in both L. leucocephala and A. indica samples might
be attributed to the dehydration of biomass, and at the same time, a large amount
of moisture was released during the pyrolysis reaction [7, 17, 40]. The presence of
C–H group represents the CH4 and C2 hydrocarbon in the gas products obtained
during the pyrolysis reaction [17, 38]. The FTIR spectrum of pyrolysis obtained in
the present study is matched with the previous literature [15].
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Fig. 7 Yield of gas from
Leucaena leucocephala and
Azadirachta indica at
constant temperature of
650 °C. Experimental
conditions Quantity of
biomass�250 g, reaction
temperature�650°C and
reaction time�2 and 3 h

3.2.5 Gas Chromatography (GC) Analysis

The gas samples were collected in TeddlarTM bags during the pyrolysis reaction
for both L. leucocephala and A. indica samples and analyzed using Agilent Gas
Chromatography (GC) and gases obtained were shown in Table 4 and pictorial rep-
resentation was shown in Fig. 7. The calibrated data of hydrogen, carbon dioxide,
carbon monoxide, and methane were obtained using the standards—hydrogen and
methane (99.99 volume%, BOC Ltd., India).

With increasing reaction time, the hydrogen, methane, carbon monoxide, and
carbon dioxide will be decreased.

The gaseous products obtained during pyrolysis mainly consist of carbon dioxide
(CO2) and carbon monoxide (CO) due to the decarbonylation and decarboxylation
reactions occurring during pyrolysis in inert (nitrogen) atmosphere [23, 39]. The
other gases like methane (CH4) and hydrogen (H2) are formed during the pyrolysis
reaction.

3.2.6 GCMS Analysis

GCMS was applied to identify the organic compounds obtained from the bio-oil,
which was obtained from both L. leucocephala and A. indica samples. Identification
of the GCMS peaks in most cases was based on a comparison with spectra from the
NIST 98 spectrum library. The peaks obtained from the GCMS analysis were shown
in Table 5.
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Table 5 Chemical compounds in bio-oil (GCMS)

S. No. Name Molecular weight Molecular formula

1 2-Furan methanol 98 C5H6O2

2 5-hydroxymethylfuran 98 C5H6O2

3 2-Cyclopenten-1-one,
3-methyl

96 C6H8O

4 2,4-diethyl furan 96 C6H8O

5 Phenol 94 C6H6O

6 Phenol,2-methoxy 124 C7H8O2

7 Piperdine-2,5-dione 113 C5H7NO2

8 α-methyl-α-
propylsuccinimide

155 C8H13NO2

9 Propylphosphomiacid,
fluoroanhydride, octyl
ester

238 C11H24FO2P

10 3-Quinuclidinol 127 C7H13NO

11 Phenol, 3-ethyl 122 C8H10O

12 Phenol, 2,3-dimethyl 122 C8H10O

13 Phenol, 2-ethyl 122 C8H10O

14 Phenol,
2,6-dimethoxy

154 C8H10O3

15 3,5-dimethoxy-4-
hydroxytoluene

168 C9H12O3

16 Phenol, 4-methoxy-3-
(methoxymethyl)-

168 C9H12O3

17 2,5-dimethoxy benzyl
alcohol

168 C9H12O3

18 Pyrrolo[1,2-
a]pyrazine-1,4-dione,
hexahydro-3-(2-
methylpropyl)-

210 C11H18N2O2

19 Palmitic acid 256 C16H32O2

20 Cyclo(leucylopropyl) 210 C11H18N2O2

Pyrolysis bio-oil contains phenolic compounds, furans, ketones, acids, alcohols,
esters, and hydrocarbons. The GCMS analysis of both L. leucocephala and A. indica
samples bio-oil obtained from present study shows that its composition is similar
to the previous literature by Wang and Guo etc. [9, 20, 29, 34]. Thus, bio-oil is
a complex mixture with a number of chemical compounds. Furfural and phenolic
compounds are the main chemical compounds in the bio-oil of biomass [8, 15, 32].

The bio-oil produced during pyrolysis is highly oxygenated and requires upgra-
dation step for use as a fuel [23].
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4 Conclusion

In this study, the pyrolysis of L. leucocephala and A. indica samples experiments
was performed in a fixed bed reactor for the conversion of waste to energy. The bio-
oil obtained from the pyrolysis consists mainly of furfural and phenolic compounds
which are the main compounds of bio-oil and the obtained bio-oil after upgradation
can be used as a fuel. The biochar obtained during pyrolysis can be used for the soil
amendment and gaseous products can be used as a fuel in industries for chimneys.

Acknowledgements The authors would like to thank TEQIP-II for sponsoring funds for providing
funds to Pyrolysis unit.
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Technological Options for Biogenic
Waste and Residues—Overview
of Current Solutions and Developments

A. Schüch, G. Morscheck and Michael Nelles

1 Introduction

Globally, it is becoming increasingly clear that organic waste can not only causemas-
sive environmental impacts, including climate-harming emissions by illegal dump-
ing, burning or even untreated landfilling but also is a valuable resource for energy
generation and recycling. The transition from waste disposal to a circular economy
is in progress [3, 12, 49, 47, 58]. The “circular economy involves reusing, repairing,
refurbishing and recycling existing materials and products to keep materials within
the economy wherever possible. It is generally opposed to a traditional, linear eco-
nomic model, which is based on a ‘take-make-consume-throw away’ pattern” [20].
In many countries, the source segregation and recycling are recognized as a chance
(e.g., [13, 39]). The segregation of biowaste is mandatory for all European countries,
binding the EU Waste Directive 2008/98/EC [8, 36, 37]. Despite this, the share of
recycled and composted waste varies among Europe. Due to its decades of tradi-
tion, Germany is on a comparatively good level in the separate biowaste collection
and recycling, although the collection rate varies widely. As high-quality recycling
option for biowaste currently the biogas production combinedwith a post-composting
is favored [37, 49, 58].

There is still unused potential available, for example, one-third percent of the
technical potential of waste biomass in Germany is treated but not energetically
used [10]. Worldwide, the demand for biomass will increase to meet the demand for
material and energetic use [29, 53]. At the same time, the amount of biogenic waste
and residues increases. Seven billion people (in 2011) produce around 1.3 billion
Mg dry matter (DM) organic waste (based on 1.5 kg organic waste per person and
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day and 65% water content of the waste). Around one-third of this is food waste
(0.51 billion Mg DM), since globally 30% of the food is wasted [53].

The proper treatment and the highest possible use of this waste streams are of par-
ticular importance because of their environmentally harmful emissions. Moreover,
no competition for food and feed exists. Facing the increasing demand, the efficient
use of biomass gains more attention. Especially in low-income or developing coun-
tries, biomass is used with simple technologies as energy source mainly for cooking
what causes a pressure to the local forest and environment and health problems by
the emissions as reported, for example, by Lohri et al. [38].

2 Management of Biodegradable Waste and Source
Segregation

Despite the fact that the total waste amount in Europe came back to the level of 1995,
waste management is far from a zero-waste implementation. The avoidance of waste
inclusive biodegradable waste is the best option to reduce the waste amount and to
save resources. That is why the prevention is on top of most preferred measurements
of the European waste hierarchy.

For biodegradable waste, an adapted hierarchy of preferred options is to find
(Fig. 1). Following this, the backyard or home composting has to be preferred before
decentralized composting plants, followed by centralized composting and/or anaer-
obic digestion. This hierarchy is for sure to adapt to local conditions [14, 26, 40,
42, 54]. So at low populated regions, decentralized solutions could have a better
environmental impact than centralized. Last option should be the incineration.

Waste avoidance and reduction: production 
and processing waste, food waste avoidance, 

backyard composting

Decentralized composting

Centralized composting
and/or anaerobic digestion 

Mechanical 
(biological) mixed 
waste treatment

Incineration

Land- 
filling 

Fig. 1 Organic waste (management) hierarchy
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3 Relevant Legal Framework in Europe

The DIRECTIVEOF THE EUROPEAN PARLIAMENTANDOF THECOUNCIL
amending Directive 2008/98/EC on waste (WFD) is the binding law for waste in
Europe, which was revised in 2018. “Biowaste” is defined as biodegradable garden
and park waste, food and kitchen waste from households, restaurants, caterers and
retail premises and comparable waste from food processing plants. “Biodegradable
waste” is a broader definition and includes biowaste and commercial food waste,
not collected as part of the MSW, forestry residues, waste from agriculture (not all
residues have waste status—e.g., manure or straw), wastes from the food and bever-
age industry, and sewage sludge. “Biodegradable municipal waste” (BMW) includes
beside the separate collected “Biowaste” also the organic fraction in the municipal
residual waste (not segregated). The EU action plan for the Circular Economy for-
mulates targets: the EUmember states have to ensure that by 31 December 2023 that
biowaste is either collected separately or recycled at source; by 2035, the amount
of municipal waste landfilled has to be reduced to 10% or less of the total amount
of municipal waste generated; EU target for recycling 65% of municipal waste by
2030.

End-of-waste (EoW) is defined by Article 6 of the WFD in the following terms:
“certain specified waste shall cease to be waste [within the meaning of point (1)
of Article 31] when it has undergone a recovery, including recycling, operation and
complies with specific criteria to be developed in accordance with the following
conditions:

(a) The substance or object is commonly used for a specific purpose;
(b) A market or demand exists for such a substance or object;
(c) The substance or object fulfills the technical requirements for the specific pur-

pose referred to in (a) andmeets the existing legislation and standards applicable
to products; and

(d) The use of the substance or object will not lead to overall adverse environmental
or human health impacts.”

The quality of recycling products is directly influenced by the quality of source
segregation. For example, good working collection accepted systems for e-waste,
glass, plastics, and batteries have a positive impact on the impurity content of seg-
regated biowaste. It should be clear that any contaminated input material should be
banned from use in composting/digestion operations with the aim to obtain EoW
material. Compost and digestate made from segregated biodegradable waste fulfill
normally this. New technical solutions and its end products have to be designed in
compliance with these criteria.

1‘Waste’ means any substance or object which the holder discards or intends or is required to
discard.
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4 State-of-the-Art and Current Research of Organic Waste
Treatment Technologies

Generally the state-of-the-art waste treatment options for biodegradable municipal
waste not changed as shown in Fig. 1. But the waste management has to adjust the
changing needs of the society and is developing from waste disposal to a circular
economy.

Biogenic waste and raw materials are to be used even more efficiently in
the green or bioeconomy [48]. Current research focuses on integrated biorefinery
concepts [11, 21], the production of basic chemicals, specialized fibers or fillers
[5, 23], biocomposites [4, 35], or chars based on biodegradable waste. The (new)
combination of technologies can lead to new or better products or enhance the energy
efficiency. Ding et al. [17] describe, for example, the pretreatment of food waste by
hydrothermal carbonization followed by a two-stage anaerobic digestion. The aim
should be to produce high-value bioproducts of the valorization [11]. In the future,
energy-efficient biowaste treatment plants are not only intended to safely fulfill their
disposal and recycling function, but also to supply electricity demand orientated and
to link sectors such as transport and heat sector in an optimal way. Besides these new
developments, traditional and proven technologies retain their importance.

4.1 Generation of Energy and Recycling Products
in Combination

This concept is not new and implemented in the combination of anaerobic digestion
and post-composting or in cascading bioeconomy concepts. The development con-
tinues and new technological options are investigated to enhance the efficiency, to
create new products or to make the final products more attractive for the market (e.g.,
[3, 33]). In the field of high-quality recycling in the form of combined biogas pro-
duction and subsequent production of compost, there is also room for improvement
in Germany. Here, the most of the segregated biowaste is composted, but the num-
ber of combined AD and composting plants is slowly growing. The final products
are biogas and compost or (separated) liquid fertilizer (digestate). Since the market
price and valuable for longer transport for this digestate is low, a posttreatment could
be useful. This reaches from a liquid–solid separation until the production of high-
quality fertilizers as, for example, struvite. One idea is the pressing of organic waste
to separate an easy and slow degradable fraction. This was already implemented for
biowaste by the company Sutco in 2014 in Gescher, Germany with a throughput of
60,000 t/a fresh mass (reference list at www.sutco.de/). About two-thirds of biowaste
with high percentage of food waste can be converted into an easily degradable liquid
substrate by the pressing, reported byMicolucci et al. [41]. A positive energy balance
of the needed treatment and energy generation can be reached. Micolucci et al. [41]

http://www.sutco.de/
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found that the energy production is nearly doubled compared to energy consumption.
The solid fraction is composted and used as organic fertilizer.

In Germany, the renewable energies will focus on volatile wind and solar power.
The biogas plants inclusive of the waste digestion plants are encouraged to gener-
ate energy demand oriented. Different concepts are used: the storage of biogas and
CHP generation in times with higher market prices and low wind and solar power
at the grid. For this, higher gas storage capacity and CHP units are necessary. One
possibility to decrease the gas storage demand is the flexible biogas production by
adapted feeding strategies. Several research and demonstration projects are imple-
mented and reported (e.g., [12, 58, 2, 56]). One other option is to decouple the biogas
production and the use by an upgrade to biomethane and storage and transport by the
natural gas grid. Limiting are the availability of the natural gas grid and the economic
feasibility for small plants (<500 kW electrical equivalent capacity). Research and
development is done to find applicable upgrade solutions with high efficiency, e.g.,
by using membranes [43, 52].

4.2 Composting

Composting could be defined as “a process of controlled decomposition of biodegrad-
able materials under managed conditions, which are predominantly aerobic and
which allow the development of temperatures suitable for thermophilic bacteria as a
result of biologically produced heat” [36].

Currently, the main part of the segregated biowaste is treated by composting. Low
emissions could be reached with good plant operation and aeration of the waste.
A proven, effective but space-consuming low-cost method is the vermicomposting.
A huge number of research works to this are done until today. Advanced technical
concepts with high throughput run closed in chambers, boxes, tunnels, drums, or
windrows in halls with active aeration and biofilter for exhaust gas cleaning.

The selection of the most suitable composting technology depends strongly on
the local conditions. The higher the population density the more centralized the plant
should be. A comparison of home composting with centralized industrial compost-
ing was made by Martínez-Blanco et al. [40]. Main results are that the production of
composters and gaseous emissions are themain responsible for the home composting
impacts, whereas for centralized composting, the main contributions come from col-
lection and transportation of organic waste, electricity consumption, disposed waste
(impurities), and emissions of volatile organic compounds. Martínez-Blanco et al.
[40] suggest that home composting may be an interesting alternative or complement
in areas with low population density.

To use the energetic potential of biodegradable waste, the combination of anaer-
obic digestion and a subsequent composting step is state-of-the-art and more diverse
as the single technological options.
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4.3 Anaerobic Digestion

The anaerobic digestion (AD) is a process of controlled decomposition of biodegrad-
able materials under controlled conditions under absents of oxygen. Organic waste
and residues contain different fractions more or less suitable for conversion into bio-
gas via anaerobic digestion. The so called “wet digestion” technologies are suitable
for kitchen and canteen waste as well as for sludges. For waste and residues with
woody compounds the dry fermentation or percolation are the state-of-the-art solu-
tions. By continuous stirred tank reactor (CSTR), a broad range of biodegradable
wastes was treated. Liquid biowaste as vinasse, molasses, and dairy waste could be
treated in UASB or fixed bed reactors, which avoids the elution of microorganism.
Worldwide, the number of anaerobic digestion for waste management is constantly
growing for municipal and industrial waste as well as for agricultural waste [3].

Since quantity and quality of many biodegradable residues and the segregated
biowaste vary with the season, co-digestion concepts could lead to a better and
stable methane production and economic feasibility [28, 30, 63]. This technically
and economic useful concept is limited by legal regulations when biomass with a
waste status is used. The plant has to be considered as waste treatment plant with
additional requirements regarding control and emissions.

To enhance the substrate utilization rate, an alkali pretreatment or posttreatment
of digestate is promising. Different options for biowaste and agricultural residues
are investigated by the research of Francavilla et al. [22] and Engler et al. [19].

Ongoing is the combination of AD with a biomethanation by using the CO2

content of the biogas and addition of hydrogen (H2) produced by surplus electricity
via electrolysor (e.g., [62]). Pilots are currently implemented in Germany.

4.4 Thermal Treatment/Incineration

The thermal treatment is a state-of-the-art energy conversion technology for dry
biomass as woody wastes residues, straw, or dry sewage sludge at different applica-
tion scales. While the utilization of available straw is at a low level in Germany, this
is well developed in Denmark. The thermal use is the most efficient in cogeneration.
In developing countries, often a simple incineration for cooking or heating of wood
of charcoal as open fire is commonwhich causes environmental and health problems.
For recycling of ashes, a mono-incineration is useful.

4.5 Thermochemical Conversion

Thermal conversion processes could be divided into the groups: incineration, gasi-
fication and pyrolysis and results in different products from solid to gaseous. The
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conversion is running under different process conditions in terms of temperature and
pressure. Depending on temperature and retention time different proportions of gas,
pyrolysis oil and coal are produced, as described in Gerdes [24]. An actual overview
about thermochemical conversion with over 100 relevant technological variants was
prepared by Quicker et al. [55].

The energy for gasification process is generated by partial oxidation of the fuel.
As gasification fluid air or steam could be used. Advantages are: an energy-rich
gas is produced, which can be utilized in a CHP process or the synthesis gas fur-
ther upgraded to platform chemicals or biomass-to-liquid (BTL) fuels by means of
Fischer–Tropsch synthesis. Stage of development: Until now, the synthesis to BTL
or platform chemicals only working in pilot scale for high-quality woody biomass.
There are research activities to gasify the organic fraction of mixed municipal solid
waste for use in CHP [55].

The torrefaction is a particular type of pyrolysis where biomass is heated at
oxygen exclusion and temperatures approx. 250–300 °C [55].Volatile, lower calorific
compounds, and water are evaporated. By this, the lower heating value (LHV) of the
biomass is increased and the combustion characteristics improved (see Sect. 5.4
Solid biofuels). This technology is suitable for: woody biomass and lignocellulosic
biowaste with approx. 50%water content. The stage of development: process in pilot
phase.

Pyrolysis: biomass with water content up to 30% could be treated and heated
at oxygen exclusion at a temperature of 800 °C (Pyreg with 180 kg/h) respectively
400–500 °C (Intermediate Pyrolysis with 100 kg/h) at slightly negative pressure. The
retention time is 5–30 min. Products are pyrolysis gas, oil, and coal and different
proportions depending on the process control [55]. Research and pilot plants treated
successfully digestate, sewage sludge, slaughterhouse waste, and green waste. For
example, investigations to produce carbon adsorbents using sludge from paper mill
effluent treatment were done by [31] at 800 °C and a retention time of 150 min
(heating rate 10 °C min−1).

Hydrothermal processes are particular types of pyrolysis at elevated pressure.
This technology is suitable for biomass and biowaste with high water content, e.g.,
sewage sludge, feces, or wet biowaste with water content of 60–80%. An overview
of the different processes gives Table 1.

Currently, a lot of activities in research and development (e.g., [1, 34, 45]) up to
industrial applications are running at hydrothermal carbonization (HTC). One of the
main advantage for wet substrates as sewage sludge is the better drainable charcoal.
Continuous processing is introduced in pilot scale up to industrial scale, e.g., a com-
mercial HTC plant for sewage sludge in China by TerraNova Energy GmbH with
14,000 t/a in the first project phase (up to 40,000 t/a). Other companies at the mar-
ket are: Artec Biotechnologie GmbH, AVA-CO2 Schweiz AG, CS carbonSolutions
DeutschlandGmbH,GrenolGmbH, Ingelia,KWTRosenkranzGmbH, SmartCarbon
AG, SunCoal Industries GmbH [55].
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Table 1 Process parameters for hydrothermal processes [55]

Hydrothermal
carbonization
(HTC)

Hydrothermal
liquefaction
(HTL)

Hydrothermal
gasification
(HTG)

Vapothermal
carbonization
(VTC)

Reactant Water, liquid Water, liquid Water,
supercritical

Saturated steam

Temperature (°C) 170–250 250–350 600–700 180–250

Pressure 10–40 bar 50–200 bar 250–300 bar 16–42 bar

Retention time 2–16 h 10–15 min 1–5 min 3 h

Additive/catalyst Citric acid,
FeSO4

Alkali carbonate,
alkali hydroxide

Usually no No

Main product Charcoal Phenol rich oily
liquid

H2, CO2, CH4 Charcoal

Product
separation

Dewatering,
drying

Phase separation
hydrophilic—hy-
drophobic

Phase separation
gashouse—liquid

Drying

5 Selected Bioproducts

5.1 Production of Platform Chemicals

The production of volatile fatty acids (VFAs), e.g., acetic acid, butyric acid, and
propionic acid by dark fermentation is possible for a broad range of organic wastes
[7, 9]. Promising results are reached by using slaughterhouse waste. The purification
and extraction could be expensive. Membrane separation or extractive fermentation
could be suitable solutions for the processing. Results for direct utilization of VFAs
in fermented broth for biolipid production are encouraging [59].

Also, the production of lactic acid (LA) by using biodegradable waste is possible.
The potential of LA and its importance as a platform chemical is well visible on the
chemical market. A research showed an LA production using segregated biowaste
via batch fermentation at 37 °C, in which a fermentation period of 24 h resulted
in high yields of lactic acid (up to 37 g/kg). The fermentation residues were used
as co-substrate in biomethane production yielding up to 618±41 Nml CH4 g/L
volatile solids [18]. By using food waste (FW) for simultaneous saccharification and
fermentation (SSF) and separate enzymatic hydrolysis and fermentation (SHF), an
yield of 0.29 g LA/gFW respectively 0.33 g LA/gFW could be reached [15].

By dark fermentation, various products could be generated: acetic acid, butyric
acid, propionic acid, caproic acid, lactic acid, ethanol, formic acid, andH2 in different
proportions [7, 9].

The potential restructuring of a pulp and paper process employing the sulfite
process through fractionation of spent sulfite liquor (SSL) for the production of phe-
nolic compounds as antioxidants, lignosulfonates, and succinic acid was evaluated
by Koutinas et al. [35] as part of the FP7 research project BRIGIT.
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Also by thermochemical conversion, the production of platform chemicals is
possible, e.g., furane [70].

5.2 Biohydrogen

There is a lot of research to optimize the fermentation process to produce pure bio-
hydrogen (H2), e.g., by dark [7] or photofermentation. By dark fermentation, diverse
organic wastes can be used and reach higher H2 production rates than photofermen-
tation. Organic waste as additional media components is tested by several authors
with H2 production rates between 1.16 and 36.53±0.53 mmol/L medium, while
the concentration of the media was between 2.5 and 10 g/L. The research of [51] is
focused on the valorization of the increasing amount of waste glycerin from biodiesel
production in combination with egg shells. In batch and semicontinuous tests (7.5 L
volume), a maximum H2 production rate of 41.16±0.95 mmol/L could be reached
[51]. Another option to produce H2 from biodegradable waste is the production and
direct utilization of volatile fatty acids (VFAs) in fermented broth [59].

5.3 Conversion to Liquid Biofuels

The use of used vegetable oil and animal fat to produce biodiesel is implemented at
industrial scale and state of the art [21]. The use of biodegradable waste for alcohol
production as ethanol, methanol or butanol [16] is challenging, since for a successful
process a good quality with low impurities and degradation is necessary. Addition-
ally, the seasonal variation of the composition may cause problems. Research of [61]
has shown that decentralized level for the production of ethanol using the Simulta-
neous Saccharification and Fermentation (SSF) process by using source separated
household biowaste is possible. At pilot scale (200 L bioconversion reactor), a maxi-
mum ethanol production of 29.12 g/L was achieved what represented approximately
63% of the maximum theoretical yield based on the substrate sugar content [61].

The production of liquefied biogas is possible also for biogas from biodegradable
wastes. The production of liquefied natural gas (LNG) is a proven technology to
make natural gas transportable by trucks or ships. Research and new developments
are focused to adapt the technology for liquefied biomethane (LBM) or liquefied
biogas (LBG) to the smaller scale of biogas plants [44]. An increasing importance is
expected as biofuel for truck and ships.

Possibilities of thermal processes to produce liquid biofuels are described in
chapter Thermochemical conversion.
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5.4 Conversion to Solid Biofuels

Compaction technologies to produce pellets or briquettes from straw, grass or other
residues as solid fuels are common. The challenge is to meet the requirements of
emissions in small incinerations and applications and to avoid the accumulation of
slags by the low smelting point. Research is working at optimal compositions to
replace wood pellets. One possibility to improve the characteristics of solid biofu-
els is the torrefecation or carbonization by using different kinds of waste biomass.
Vakalis et al. [65] and Lohri et al. [38] found a significant heating value increase
of torrefied household biowaste. Processed to fuel briquettes these products have an
economic value and market that can potentially foster waste collection and enhance
cost recovery of SWM systems [38]. At the same time, this utilization pathway
contributes to a sustainable energy supply, based by own resources.

5.5 Recovery of Phosphorous

Phosphorus (P) is an essential crop nutrient, making it indispensable in maintaining
food security for a continuously growing world population. Most mined phosphate
rock is used in agriculture, although up to 46% of the P supplies are lost globally
through agricultural runoff and erosion [68]. The natural resources are limited and the
mined phosphate increasingly polluted. Biodegradable residues such as slaughter-
house waste, sewage sludge contain a considerable amount of P. The recovery is pos-
sible in different ways. Promising is the mono-incineration and chemical treatment
recovery from ashes or the precipitation of P as magnesium ammonium phosphate
(MgNH4PO4 6H2O, struvite) from digested sludge [57, 67]. A good but different
plant availability and fertilization effect of the recovered P, digestate, compost, or
biochar was found by several authors (e.g., [6, 60, 66, 67]). Currently, the most P-
recovery technologies are not economic feasibility. This will change with increasing
market prices.

6 Challenges of the Implementation of Future Technologies

6.1 Ecological Aspects

The positive ecological effects of a proper waste management are scientifically
proven especially for biodegradable waste as mentioned in Thomsen et al. [63],
Mihai and Ingrao [42], Güereca et al. [27], Giovanis [25]. Further improvements
can contribute to even higher greenhouse gas savings while a suboptimal process
control or leakages could lead to increased site emissions of a treatment plant what
negates the greenhouse gases (GHG) saving effect [32]. Future technologies are in
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competition with already established technical solutions. Sometimes, an advanced
solution with a higher quality of final products needs a higher effort for the prepara-
tion or transport, what affect the GHG balance. The aim should be to implement the
more sustainable option. Research of Thomsen et al. [63] showed that with increased
circular bioresource management system at the example of Denmark, the GHG sav-
ings and other positive effects could be significant reached compared with status quo.
Investigation in the Baltics showed that separate collection of biowaste and anaerobic
digestion is the optimal solution for the countries Estonia, Lithuania [54].

At the same time, biowaste treatment facilities are faced with impurity content
(e.g., [39]) and increasing requirements concerning emission control. In Europe,
recycling products as compost and digestate have to fulfill at least the “End-of-
Waste” criteria [20]. The collection system itself has also an impact on the biowaste
quality: for example, the offering of free curbside recycling services is a way to offset
the illegal disposal of recyclables [25].

6.2 Economical and Social Aspects

Advanced technological options for biogenic waste and residues are commonlymore
expensive and have higher requirements regarding the material input quality, plant
management, workflow, and level of knowledge of the staff. All this influence the
economic feasibility and broad implementation of new technologies. Also, the educa-
tion and qualification in the field of waste management and circular economy have to
be considered. The consequent and regular public relation work and information are
the best way the reach a quality of source separated organic waste [61], also or espe-
cially in developed countries. In other regions, the implementation of high-quality
recycling of organic waste is hindered by low environmental awareness.

Rapidly growing nations such as China are faced with the problems of fast-
growing megacities and inadequate disposal systems [13, 50]. The cities have to
handle enormous amounts of food waste [17]. Here, spaces saving and advanced
waste management technologies are needed. Against this, Germany is especially in
the rural areas confronted with the problem of demographic change and decreasing
population density [37].

Especially the waste collection and logistics have to be adapted to changing
requirements and (also financing) limitations. The management and treatment of
biogenic waste and residues is not economically feasible without any refinancing
system [64]. It has to be recognized as a social obligation. In many countries of the
world refinancing systems, e.g., fees for thewaste collection and treatment are lacking
(e.g., [69, 46]). The implementation of a polluter pay principle, e.g., by pay-as-you-
throw (PAYT), helps to obtain acceptance but the financial burden of the population
has to be balanced. Otherwise, waste management measures are not accepted and not
supported. A (part) substitution system can lead to a better acceptance by lower gate
fees. Tock and Schummer [64] estimated in a case study in a developing country gate
fees in the range of 10–18 e/t together with electricity feed-in tariffs in the range
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of 160–240 e/MWh, the economic viability of a biogas plant with CHP would be
given. The implementation of a new technology is much easier when this can offer a
better efficiency and lower treatment cost, higher quality of recycling products and
higher GHG savings and better living conditions.

7 Conclusions

It should be noted that the transition from waste disposal to a circular economy
is in progress. But the implementation varies worldwide considerable. The already
established reliable treatment methods for biodegradable waste together with new
developments offer a broad variety of solutions to improve the current recycling
level of biodegradable waste. The proper treatment and the highest possible use
of this waste are of particular importance to avoid environmentally harmful and
greenhouse gas emissions. The identification of local adapted technologies andwaste
management strategies is still challenging, but good examples can serve as best
practice.

In the future, the circular economy will be strongly connected with the bioecon-
omy. The way to this so-called green economy is long, but it gains more and more
importance at policy, industry, and research. To make the transition from traditional
waste disposal to circular and green economy happens, the awareness and the own
volition of the population to support this development by a good source separation is
necessary. Besides technology, economy and ecology also social aspects are to con-
sider. The source segregation is a key element for high-quality recycling products.
These more valuable products could contribute to economic feasible management
concepts. Biodegradable waste can be a valuable resource for energy generation and
recycling. In many countries, its separate collection and high-quality utilization were
recognized as an opportunity for an added value.
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Decentralized Utilization of Urban
Biomass Waste and Solar Energy
for Cooling System—A Proposed Model

Rahul Baidya, Tapobrata Bhattacharya
and Sadhan Kumar Ghosh

1 Introduction

The demand for energy associated with air conditioning is increasing noticeably
in recent years, causing abrupt peak demand in consumption of electricity. Alter-
native energy utilization for the same is increasingly seen as the answer towards
sustainability. Further, the high-rise condominiums (gated communities) in India
have to manage their own waste in a decentralized manner as laid down in the Waste
Management Rule 2016, which emphasizes on source segregation and decentralized
disposal, thereby increasing emphasis on resource efficiency and waste utilization.
The cooling system, i.e., refrigeration and air conditioning requires a large amount of
electricity. There is a need for development of a sustainable system that utilizes alter-
native source of energy for household applications like cooling system and kitchen
fuel/heating requirements. The waste composition for the city of Kolkata, in India,
amounts to 55–60% organic waste on a per capita basis. There lies huge potential
for energy recovery from urban biomass waste that is composed of organic frag-
ments of municipal solid waste (OFMSW). Moreover, the potential of harvesting
solar energy is enormous: a solar parabolic trough reflector for extraction of solar
power in conjunction with biogas energy and molten salt for heat storage.

A hybrid energy recovery system utilizing OFMSW and solar energy is proposed
consequently. The proposed model incorporates three subsystems: vapor absorption
refrigeration system (VARS) (LiBr—Water system) for air conditioning, solar energy
extraction system (SEES), and biogas generation system (BGS). The proposed sys-
tem employs the decentralized model of waste management as household organic
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waste acts as feed for the BGS. The biogas generated acts as energy source during
night and on cloudy days, for VARS system. SEES powers the system on sunny days,
both for air conditioning as well as for domestic hot water requirement. Solar ther-
mal systems, in addition to their role as low-cost renewable resource, are especially
suited for air conditioning and refrigeration requirement, on account of the fact that
availability of solar radiation and cooling needs usually coincide seasonally [1, 2].
There exists a variety of systems for solar energy extraction [3]; one of the prominent
being PTCs (parabolic trough concentrating system). A PTC system focuses the solar
insolation, parallel to the collector axis on to a focal line. A receiver pipe is placed
in this focal line through which heat transfer fluid flows. The collectors are usually
provided with a solar tracking system to enhance its efficiency. The tracking system
can be of 1-axis or 2-axis types [4, 5].

Hammad et al. [6] designed and tested a solar-powered LiBr–H2O absorption
refrigeration cycle at the University of Jordan. Osman [7] used an integrated solar
cooling system utilizing three types of solar subsystems for air conditioning a resi-
dential building in Kuwait. Lizarte et al. [8] compared experimentally an indirectly
air-cooled commercial absorption chiller to a directly air-cooled absorption chillers
prototype. Lizarte et al. [9] studied an innovative directly air-cooled absorption chiller
prototype and calculatedCOP, SCOPvalues, solar fraction, etc. Syed et al. [10] inves-
tigated a solar cooling system consisting of a 35 kW LiBr/H2O absorption machine
energized by 49.9 m2 of flat-plate collectors.

In keepingwith newWasteManagement rules 2016, the new high-rise condomini-
umshave to dispose/recycle theirwaste in-house.Conversion of thiswaste tomethane
provides an effective option. The production potential of methane largely depends on
the quantity and type of material added to the system [11]. Anaerobic digestion (AD)
is a multistage biological process. The organic waste is converted to a gaseous prod-
uct consisting ofmethane (50–70%by volume), carbon dioxide (25–40%by volume)
and minute quantity of hydrogen sulfide, water vapor, and ammonia [12–14]. AD of
organic fragments of MSW provides a solution to the waste management problem
[15]. AD digestion takes place due to number of microorganisms, thus it depends on
different factors like pH, temperature, HRT, C/N ratio, etc.; it is a relatively a slow
process. Lack of process stability and low loading rates are some of the limitations
associated with it [16, 17]. Elango et al. [18] carried out experiments to study the pro-
duction potential of biogas frommunicipal solid waste (MSW) and domestic sewage
by using anaerobic digestion process. El-Mashad and Zhang [19] evaluated the effect
of manure-screening on the biogas yield. Tchobanoglous and Burton [20] studied
the potential of digester gas in large plants. Kisaalita et al. [21] analyzed biodigesters
coupled with absorption refrigeration systems in Uganda. Gomri [22] presented a
numerical study of solar/natural gas single effect lithium bromide absorption chiller.
Holm-Nielsen et al. [23] in his paper suggested the utilization of biogas as an energy
source for heat, steam and/or electricity and cooling system. Bruno et al. [24] ana-
lyzed the different configurations of absorption cooling integrated into biogas CCHP
systems from environmental and economic aspect.

A commercial electric vapor absorption refrigerator connected to a PTC for the
preservation of perishable foodwas investigated for its effectiveness byRaheman and
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Gupta [25]. Sumathy et al. [26] introduced a case study for solar thermal applications
in an energy-intensive food industry in India. Rajeshwari et al. [27] experimentally
analyzed anaerobic digestion of vegetable market waste in a two-stage digester. The
hydrolysis and acidification process was carried out by a continuous sprinkling of
water over the waste in a 100 l mild steel solid bed digester.

The leachate produced from the acidification phase was treated in 24.6 l Upflow
Anaerobic Sludge Blanket Reactor (UASB) reactor for production of biogas. There
is a dearth of sufficient literature on biogas utilization in the Indian context. The
proposed hybrid system with relay control is the first of its kind. The model once
successfully developed will make decentralized waste management and solar energy
extraction a viable alternative energy source for high-rise condominiums. Until now,
research has concentrated on decoupled systems that employ either solar energy or
biogas; hybrid systems with multidirectional approach have not been reported. The
main goal of the project is to solve the dual problem of waste disposal and alternative
energy utilization in a decentralized manner and provide a cost-effective energy
solution for high-rise condominiums and office spaces having in-house canteens/food
courts in Indian cities. The study aims to reduce the burden on the existing waste
management system as almost 55–60%wastewill be recycled at source. The digested
by-product can be reused as fertilizer for gardens. Additionally, the utilization of
solar power for cooling system and hot water or steam for kitchen use will further
reduce the carbon footprint of the high-rise condominiums. The proposed systemwill
arguably provide a holistic solution of waste management and alternative resource
utilization. The objective of the current study is to find a comprehensive systemdesign
which can address the urban waste management issues and simultaneously utilize
alternative source of energy. The study proposes a decentralized cooling system for
a storied apartment block, utilizing organic fragments and simultaneous production
of energy fromwaste, by the path of anaerobic digestion and harnessing solar energy
through PTCs for operating the VARS for cooling arrangements. The organization
of the paper is as follows: Sect. 2 explains the methodology adopted for the study.
Section 3 discusses and analyzes the potential based on the proposed design. Section 4
presents the future scope of work and concludes the papers.

2 Materials and Method

First, an extensive literature review has been carried out to gauge the present practices
in solar energy utilization for the cooling system. The biogas utilization for cooling
has also been studied but the study reveals scant results in this aspect. The waste
management practices and utilization of organic fragments for biogas production
were also reviewed. Second, based on the reviewand secondary data, a holistic system
design was developed and a system structure was proposed for a high-rise building.
A one-year data on waste management practices was taken from the preexisting
literature to support the system design. Finally, the holistic system design and its
innovativeness were discussed.
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3 Results and Discussion

Wastemanagement across the globe and specifically in India is amajor problem.With
new norms for decentralized waste dispsoal, energy recovery from the waste is given
utmost priority, biogas production from organic fragments of municipal solid waste
(OFMSW) is need of the hour for the gated communities. The study aims to address
some of the issues by carrying out the development of a comprehensive system that
utilizes solar energy extraction system (SEES) and biogas generation system (BGS)
to produce cooling effects. The proposed biogas generation system (BGS) will be
designed or adapted based on the Rajeshwari et al. [27], and the designed reactor
is a multiphase system with two-stage reaction stage with the first stage having a
fixed bed type reactor. The reactor will be fabricated out of PVC-based materials.
There will be six tanks for the acidification stages followed by a leachate storage
tank. A UASB reactor will be used for the second stage which is the methanogenesis
stage. The UASB reactor is to be maintained at a desired temperature by placing it
in an insulated chamber equipped with a heat convector controlled by a temperature
sensor. The leachate storage tank is outfitted with a 0.5 mm stainless steel mesh to
filter the suspended particles. The leachate will be recirculated over the solid bed
reactor of first stage by using a 0.75 hp chemical pump. The sprinkling rate will be
controlled by bypass valves and the rate was monitored by using a water flow meter.
An arrangement for removal of the digested waste from the bottom of the reactor will
be provided by means of a gate valve on each of the first stage reactor. Feeding of
the waste was done from the top of the reactor (1st stage), which was tightly sealed
with a gasket to provide an anaerobic conditions.

The hopper 1 and hopper 2 are made of MS grade material, and it will be used
for feeding the waste into the reactor in between the hopper and there will be an
arrangement of shredder for reducing the size of the waste so as to increase the rate
of digestion in the reactor. A screw feeder will be also incorporated for feeding the
waste to different inline reactors. A level indicator is to be incorporated in the first
stage reactor so as to control the feeding frequency. A control valve will be there for
controlling the feeding of each first stage reactor. The digestate from the first stage
tank will be dried in a mechanical open drying system; the dried waste will be used
as manure in the garden. Once the leachate is produced, it will go into the leachate
storage tank from there on it will be pumped at the desired rate to the UASB to
maintain the sludge blanket and the recycled leachate will be used as manure in the
community garden. The biogas produced in the UASB will be stored in a tank with
pressure indicator; the gas will be used for firing the gas burner in the generator of
VARS and also in domestic kitchens of the complex. The firing will be controlled by
a relay arrangement based on the temperature of the fluid in the generator of VARS
(Fig. 1).

The SEESwill consist of PTCswhich will be designed on the roof of the high rise.
The collector will absorb the concentrated solar heat by a running thermal liquid,
pumped via high temperature pump. The collector will be single axis tilting device
the tilting will be controlled by an electric motor. The flow rate will be controlled
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Fig. 1 Block diagram of the proposed system

by a control valve. The thermal liquid will transfer the heat to a molten salt storage
tank and simultaneously a bypass pipeline will directly transfer the thermal heat to
the generator of the VARS. The thermal liquid will then flow through the molten
salt storage tank and will complete the cycle. The secondary circuit will also be
designed to transfer the heat from the molten salt storage tank when the required
temperature starts falling. A heat pump will be connected for the circulation of the
thermal oil in the secondary circuit. This activation of the heat pump in the secondary
circuit will be carried out with the utilization of the relay system. The heat pump in
the parabolic circuit will be also controlled by the solar radiation sensor. The flow
rate and generator will be designed based on the heat requirement and cooling load
requirement. This will be again controlled by the relay systems which control the
mass flow rate of the fluid via a control valve (Fig. 1).

The vapor absorption system is LiBr–H2O based cycle. The VARS components
were designed with mild steel (MS) with anti-corrosive lining with the size of each
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of the generators, absorber, evaporator, and condenser to be 3 l. The solution heat
exchangerwas alsomade ofMSand similarly, the pipes for different connection in the
VARSwere alsomade ofMS. The chiller was designed of SS pipes and SS fins with a
dedicatedwater supply fromwater tank.A chemical pumpwill be used to increase the
pressure on the top side of the cycle that is of generator and condenser. Two pressure
reducing valve will reduce the pressure in the lower side of cycle that is absorber
and evaporator. A water pump will be also there for AHU duct, and the incoming
air in duct is cooled by circulating the cold water from the evaporator. The setup
will be housed on an open rooftop shed with parabolic trough hosed in open space.
The proposed system will provide a business solution to number of organizations; it
will provide a sustainable way of utilizing waste and alternative energy. The system
will also address the issues presently persistent in the waste management system.
The setup will be able to develop renewable energy methodology. The system can
be laid into modular units which allow for ease of installation and maintenance. The
configuration can be customized over a wide range of capacities: from single house
to storied condominiums and office complex. The low energy input necessary for
the VARS system makes it an ideal choice to serve air conditioning load. The usage
of solar insolation and treated waste for generation of biogas to run the pumps yield
twofold benefits: a low-cost alternative to fossil fuels and sustainable disposal of
processed waste.

4 Conclusion

The proposed systemwill help to address waste management problem and renewable
energy utilization by involving the urban development authorities and town planners.
The system design will have a positive impact on the environment as the system does
not produce any harmful emission during the functioning. Further, it reduces the
waste going to the landfill and producesmanure as a by-product and the SEES utilizes
solar energy which would have been otherwise remained unutilized. The system will
reduce the carbon footprint of the high rise by utilizing alternative energy source
and simultaneously utilizing OFMSW. The system is going to reduce the use of
conventional resources for cooling arrangement. Further for cooking purpose, the
system will provide biogas produced in the reactor. The system as a whole with
BGS, SEES, and VARS will help the environment in a number of diverse aspect
including waste management system.
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A Performance Study on the Bioleaching
Process by the Production of Organic
Acids Using HPLC/UV

J. Senophiyah-Mary, R. Loganath and T. Meenambal

1 Introduction

1.1 Electronic Waste

Electronic waste (e-waste) recycling which has been a successful business among
the unskilled labours of the informal sectors among the various parts of the world
plays a significant role in contaminating the entire living environment. Electronic
waste which contributes only a few in percentages to the municipal solid waste
being generated contributes a lot to the heavy metal contamination which in future
gets accumulated to all the living cells in one way or the other. Due to the increasing
advancements in the technology and the increased planned obsolescence, there is
a huge amount of e-waste generated all over the world [1]. Electronic waste is the
costliest waste ever identified. It has various metals like copper, nickel, lead, tin,
arsenic, bromine and precious metals like gold, silver and platinum within it on the
surface of the printed circuit board (PCB). This board is a layer of three which has a
plastic/ceramic thick surface with which a thin layer of copper contributes about 70%
of the total metal present in the board, and was coated with a lavish layer of epoxy
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resin [2]. Thosemetals are in its purest formwhich requires only extraction rather than
purification which is simpler while comparing to the extraction and purification from
its ores [3, 4]. Improper treatment of e-waste leads to the generation of secondary
pollutants which could again be a mess for treating them completely.

1.2 Treatment of E-Waste

There are various treatment processes like pyrometallurgy, hydrometallurgy, bio-
hydrometallurgy and cryo-metallurgy [5]. Other than hydrometallurgy process the
rest of them have not been implemented in large scale, while hydrometallurgy is a
successful procedure in the extraction of metals and also in the generation of sec-
ondary pollutants which causes adverse effects in humans like eye irritation, nausea,
even turn carcinogenic. Bioleaching could be an effective way for the extraction
of metals and converting them into either nanoparticles or oxides of the metals. In
order to extract the metals from e-waste, the bioleaching process requires microor-
ganism for the synthesis of organic acids which help to leach out the metal from the
PCB. They differ depending on the type of microorganisms used for the treatment.
Microorganism used may be bacteria, fungi and algae [6].

1.3 Biological Treatment

Bioleaching is an ancient technique for the onsite extraction of metals from its ores
[7]. Microorganisms require carbon and someminerals for their growth andmultipli-
cation. In bioleaching process, the microbes synthesise organic acids that convert the
insoluble metals into soluble form with where the microbes utilise a few amounts for
their growth. They undergo processes like acidolysis, complexolysis and redoxolysis.
These processes require the organic acid for the conversion of metals. The organic
acids differ depending on the microorganism used. The microorganism might be a
fungus or a bacterium which synthesises organic acid for the leaching of metals [8]
while all bacteria, fungi and algae are under research for the extraction of metals.
Out of which Acidothiobacillus species andChromobacterium species has been used
widely in research as they extract various specific metals in a short span. Fungi are
well known for its wide growth in the area of low food content. Bread mold is the
best example which grows in a place until the moisture content retains. They are easy
to cultivate in lab and grows for a long-time span. They have been used extensively
in research for the extraction of metals and have found that many fungi were also
metal specific as they have high tolerant to metals.

The synthesis of organic acid by the fungus mainly deals with the substrate com-
position so that the organic acid gets generated. The composition of the media plays
a key role in the production of organic acids. It was also well stated that Aspergillus
niger is well known for the production of organic acids like citric acid, oxalic acid,
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succinic acid and gluconic acid that helps in the conversion of metals. The presence
of certain metals hinders the production of these organic acids like Manganese [9,
10]. The hydrogen ion concentration (pH) plays a significant role in the bioleaching
process. The production of organic acid varies the pH of the medium. It was found
that oxalic acid, succinic acid was at pH 3–5 and citric acid was produced at a pH
lesser than pH-3. Another factor that greatly influences the leaching process is the
substrate concentration [11].

The objective of the study was to find out the synthesis of organic acids by A.
niger in the presence of e-waste in five different concentrations during the extraction
of metals. This paper highlights that the concentration of the particle influences the
leaching efficiency where the powdered sample was replaced with the plated sample.
Metals like Lead, Nickel, Chromium, Zinc and Copper has been analysed with the
help of Atomic Absorption Spectroscopy and the percentage of metals extracted
were studied. The organic acids were analysed with the help of high pressure liquid
chromatography (HPLC) and the effect ofmetal leaching efficiency due to the organic
acid were studied. The influence of concentration in the production of organic acids
and the influence of organic acid in the leaching of metals has been studied.

2 Materials and Methods

2.1 Strains

Aspergillus niger (A. niger) was procured from MTCC, Pune. The freeze-dried cul-
ture was mixed with deionised water and then it was plated onto a Borosil Petri dish
containing Potato dextrose agar and Sabourad Dextrose Agar (SDA). The 7-day-
old spores of Aspergillus niger were cultivated with the help of tween-80 and the
spores were poured into a 250 ml Erlenmeyer flask containing Bioleaching medium
which was a mixture of Sucrose-100 g/L, Sodium Nitrate-1.5 g/L, KH2PO4-0.5 g/L,
MgSO4. 7H2O-0.025 g/L, KCl -0.025 g/L, Yeast extract −1.6 g/L, pH 5.5 [6]. The
culture was placed in an orbital shaker at 150 rpm at 25 °C. A blank sample was
taken to know the presence of organic acids in it.

2.2 Electronic Waste

The electronic waste used was the printed circuit board (PCB) which was collected
fromGreen era recyclers, Coimbatore. In order to lower the consumption of resources
the plate has not been shredded instead the plate has been cut into small plates. The
boards were washed with distilled water and then with 7 N sodium chloride (NaCl)
to avoid contamination and to remove the epoxy coating. It was then dried. The
boards were coated with epoxy resin to avoid rusting of the metals of PCB when it
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contacts the atmosphere. The epoxy coating is a barrier for the microbes to react with
the metals. This coating suppresses the growth of microbes and hence reduces the
production of organic acids. It was removed with the addition of sodium hydroxide
followed by overnight shaking and sonication [12, 13]. The epoxy coating removed
PCBs were washed with distilled water until the pH of the left-out sample reaches
pH 7.

2.3 Bioleaching

Two types of bioleaching are in practice, one step and two-step bioleaching process.
Out ofwhich two-step bioleaching has been implemented in this study as it has shown
high efficiency in various literatures [6, 14]. The epoxy resin coating removed e-waste
plate (2–10 g) was added to the 7-days-old culture of A. niger which was inoculated
in the Bioleachingmedium. pH plays a significant role in the bioleaching process and
so the pH was checked intermittently with the help of Orion pH metre. The samples
were placed in an orbital shaker at 150 rpm, 25 °C for 14 days.

2.4 Analytical Techniques

2.4.1 High-Pressure Liquid Chromatography

To analyse the organic acids capillary electrophoresis, HPLC and Ion exchange has
been widely used in olden days [15]. Still, HPLC is easily available analytical equip-
ment while comparing to Capillary Electrophoresis (CE) as the awareness about CE
is very low though the testing cost is too lowwhile comparing to HPLC. A qualitative
test can be done for the identification of organic acids synthesised by the microbes
with the help of high-pressure liquid chromatography (HPLC). A retention time of
30 min could give a history of the short chain organic acids being generated by the
fungus. Various literatures have been surveyed and the retention times of various
organic acids have been studied and listed in Table 1.

A Shimadzu LC2010, Japan HPLC apparatus was equipped with an isocratic
pump and a UV–visible detector set at 210 nm to determine the organic acids. A
10 µl sample was injected through the injection valve. The samples were separated
isocratically through an amino column (250 mm × 4.6 mm diameter), particle size
diameter of 0.5 mm and a pore size of 120 Å. The column temperature was set at
42 °C. The mobile phase was 0.004 N sulfuric acid [16] and it was fed at a flow
rate 0.6 mL/min. The day 1 sample was run as blank which contains the bioleaching
medium alone to confirm that there is no production of organic acid present in the
sample before leaching. The 14 days culture was centrifuged and diluted before it
ran in the HPLC as followed by Sanarico, 2003 [17].
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Table 1 Types of organic acids and their retention times [18]

S. no Types of organic acid Retention time (min)

1. Oxalic acid 7

2. Citric acid 8.4

3. Tartaric acid 9

4. Malic acid 10.2

5. Succinic acid 12.8

6. Lactic acid 13.1

7. Formic acid 14.4

8. Acetic acid 15.6

9. Propionic acid 18.7

10. Butyric acid 23.3

Table 2 Data of different metallic lamps used for AAS

S. no Lamps (types) Wavelength (nm) Slit width (nm) Current (mA)

1. Copper 324.8 0.5 4

2. Nickel 232 0.2 4

3. Chromium 357.9 0.5 7

4. Lead 283.3 0.5 5

5. Zinc 213.9 0.2 5

2.4.2 Atomic Absorption Spectroscopy

Themetals leached by the microbes were analysed by Atomic Absorption Spectrom-
eter (AAS) were various lamps were used in it as mentioned in Table 2.

3 Results and Discussion

3.1 Growth of Microbes

The growth of microorganisms in both the conical flask was monitored every day by
taking dry weight of the sample. They attained a partial growth at the 7th day. But
as soon as the e-waste was added, there was a sudden shock so that the microbes
could not sustain for a while. Continuous stirring made them grow again in the
same environmental conditions. After 7 days of inoculation with the samples, the
bioleaching medium showed colour changes representing the leaching processes.
WhereasA. niger is a spore-bearingmicrobe and it needs little skill for the cultivation
of spores from the plate. A. niger is a well-known microbe. They help maintain the
pH at 1–3. The pH of the medium is maintained by the organic acid produced by
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the microbes [19]. It was proven that the organic acids produced are citric acid and
oxalic acid rather than other microbes. It was found that these acids are the cursors
to leach out metals.

3.2 Bioleaching

The 14 days result of two-step bioleachate was analysed with the help of AAS to
facilitate the presence of metals in the medium. The bioleachate was centrifuged and
filtered before AAS analysis. The initial metal concentration was analysed with the
help of chemical leaching.There are various parameters that influence the bioleaching
process namely pH, temperature, microorganism, sample size and sample concentra-
tion. Out of which the organic acid production due to the presence of plated e-waste
has been chosen as the area of study to find out its influence. The morphology of the
microbe changes with respect to the size of the sample. It showed a small pebble-
shaped structure in the lower concentration whereas the medium turned out to be
clumsy in higher concentrations.

3.3 Organic Acid Production

Themobile phase was eluted for 30min in order to check the baseline and, in another
20min, the columnwas ready for the injection of samples. A retention time of 30min
was set for the analysis of the sample. The peaks at a retention time of 5.6–23.3 min
indicated the presence of organic acids. The pH of the bioleaching medium of A.
niger decreases due to this and it was observed clearly in the peaks. Initially, the
pH of the medium was found to be 5.5 and after 7 days the pH of the medium was
found to be increased up to pH 2.3 which promises that there was the production
of organic acids in the sucrose medium. At once, the samples (2–10 g) were added
there was a sudden change in pH of the bioleachate which did not last for more than
2 days. There was a proper growth and the microbes started synthesising organic
acids. The presence of oxalic acid was confirmed at the retention time of 7 and it
was found to be high at approximately 400 mM of oxalate which later decreases as
the concentration increase. The production of citric acid is very tedious because it
rarely gets produced during the addition of any waste but in this case, the production
has been seen and it showed that the size of the particle altered the production of
organic acid. Citric acid is well known to leach out metals and this has been achieved
in this case. The succinic acid was produced at a high rate and it also decreases with
respect to the concentration of e-waste. The principle behind the fact that the presence
of plastic content in the bioleaching medium would be too high when a powdered
sample is added to the medium which turns toxic for the microbes and so plated
sample could help increase the production of organic acid and thereby increase the
leaching efficiency.
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Fig. 1 Production of organic acids with respect to the sample concentration and synthesis of acid

Fig. 2 Leaching efficiency ofmetals with respect to thewaste concentration and leaching efficiency

3.4 Metal Leaching Efficiency

As stated earlier organic acid helps in the leaching process. It was clear that the
organic acid produced was lump sum which could leach metals (Fig. 1). The peaks
present in Fig. 2 showed that the leaching efficiency was high when the concentration
of the e-waste was 2–6 g and was found to decrease when the production of organic
acid decreases. Sayer added that the addition of any waste to the A.niger medium
hinders the production of citrate but that was not seen found to be reduced in this
case [19]. AAS results showed that the bioleachate of A. niger showed nearly 75% of
copper which gradually reduced when the addition of e-waste plate increases and so
happened for other samples too. And hence A. niger suits good for the leaching with
the production of citric acid when e-waste metal plates were added to leach metals
like copper, nickel, zinc, copper and lead.
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4 Conclusion

The bioleaching is a process which helps to leach out the metals from its ore/waste
with low or no emission of gasses with the help of microorganisms. The organic
acid synthesised differs depending on the microorganisms. A. niger was found to
synthesise citric acid, oxalic acid and succinic acid which helps in leaching ofmetals.
This study revealed that the citrate production of A. niger was not hindered when e-
wastewas added as a plated sample rather the production of acidswere very lesswhen
other wastes were introduced. This could help leach out the metals out of it. But the
leaching efficiency could be reduced not only because of the organic acids synthesis
but also because of the metal concentration. Thus, the leaching efficiency of metals
requires organic acidwhichwould be hindered initiallywhen the plated sampleswere
added while the production does not alter when the addition of e-waste gets added
up in different concentration and so the leaching efficiency gradually increases.
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Urban Mining and the Metal Recovery
from E-Waste (MREW) Supply Chain

Biswajit Debnath, Ranjana Chowdhury and Sadhan Kumar Ghosh

1 Introduction

E-waste has become a mini-catastrophe and its amount has reached a record level of
nearly 42millionmetric tonnes in 2014 [4, 10]. Thedemand forEEE is ever increasing
and the driving force behind this demand is often the technological advancement
coupled with short innovation cycles and business strategies which shortens the
lifespan of the equipments [15]. In 2014, the BRICS nations were responsible for
25% of the total e-waste generated in the world [17]. It has been predicted that by
2017, 72 million tonnes of e-waste will be generated [4].

E-waste is a complex material and contains different types of basic metals, rare
earth metals, polymers, glass, glass fibre, etc. (Fig. 1). With the depletion of primary
resources and increasing demand for metals in themarket, it is legible to recover met-
als from e-waste and reuse them in the manufacturing process of new ones reducing
the mining activities. A comparatively new term urban mining has come into the pic-
ture. It extends the concept of landfill mining to the reclamation process of elements
and compounds from the anthropogenic stockpiles [3]. The basic objective of urban
mining is to recover resources from urban waste and put them back into the supply
chain. It is important to extract and process the anthropogenic stocks accompanied
by the economical benefits. This is the primary reason that the term urban mining
has become almost synonymous with the extraction of metals from e-waste as the
metal concentration (expensive and rare earth) is comparatively high [7]. Several
studies have been reported in the context of urban mining. Debnath et al. [13] have
proposed the frameworks for Metal Recovery from E-Waste (MREW) to address the
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Fig. 1 Composition of e-waste [14]

issue of urban mining. Supply chain network (SCN) of e-waste is interesting and
complex [9]. It is imperative to have an efficient and sustainable SCN for proper
e-waste management. Aravindhan et al. [1] have provided some insight into how
supply chain strategies can help e-waste management. There are several issues and
challenges in e-waste supply chains and the sustainability of the business depends on
it [15219]. Country-specific supply chain mapping has been approached by different
researchers. It is of great interest to identify how the supply chain of e-waste differs
in developed and developing countries [9, 16]. Ghosh et al. [17] has mapped the high
level supply chain for the BRICS nations and also proposed a sustainable high level
SCN for them taking learning from developed nations. Barletta et al. [5] have pro-
vided the prerequisites for a high level framework for designing sustainable units in
the e-waste supply chain. Reported literatures focus on country-specific supply chain
mapping, optimisation models, risk assessments, etc. Hence, focus on the e-waste
supply chain issues was there. However, for urban mining, it is crucial to address the
issue of metal recovery and that has not been addressed in the reported literature.
The research questions that arise are—howMREW can help in addressing the urban
mining concept? How essential it is to have an efficient supply chain for MREW?
What is the supply chain framework of the MREW? The study aims to answer these
questions with the background concept of MREW. A supply chain framework for
the MREW has also been developed.
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Table 1 Metal percentage in
PCBs

Metal Ores (%) PCBs (%)

Copper 0.5–3.0 12.0–29.0

Zinc 1.7–6.4 0.1–2.7

Tin 0.2–0.85 1.1–4.8

Lead 0.3–7.5 1.3–3.9

Iron 30–60 0.1–11.4

Nickel 0.7–2.0 0.3–1.6

Gold 0.0005 0.0029–0.112

Silver 0.0005 0.01–0.52

Source Bizzo et al. [6]

2 Methodology

First, a detailed literature survey was carried out. Several search engines were
explored with keywords such as ‘E-waste supply chain’, ‘WEEE supply chain’,
‘Urban Mining’, etc. The literature was critically reviewed and the relevant ones
were segregated. Cross-references were also considered for review. Based on the
findings of Ghosh et al. [17] and Debnath et al. [13] and the authors’ experience in
visiting different e-waste recycling facility around the world, a supply chain frame-
work was developed for an MREW. The relevant literatures have been cited and
additional information from the associated cross-literatures has been also properly
referred.

3 Urban Mining of E-Waste

The concept of urban mining is associated with recovery of materials and energy
from urban waste and puts them back into the economy. Such a concept must be
coupled with circular economy concept to design policy frameworks for sustainable
development. The anthropogenic stock available for urban mining is not limited to
e-waste, but the overall concept has somehow become synonymous with resource
recovery from e-waste. There is special relevance to this with respect to the goal no.
13 of the Ha Noi 3R goals which encompasses the concept of urban mining [18].
The key reason for this is due to the concentrations of metals that are more in PCBs
compared to the ores (Table 1) [6].

E-waste is a heterogeneous material and contains different types of basic metals,
valuable metals, rare earth elements (REE), polymers, ceramics, glass, etc. From the
perspective of urban mining, all of these are resources which can be recovered via
technological intervention. In general, physical recycling processes are implemented
for the segregation of separate streams such as metals, glass, polymers, etc. Thermo-
chemical, pyrometallurgical, hydrometallurgical and biometallurgical technologies
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can be employed for further resource recovery from the resultant material streams
from physical processing of e-waste. These technologies have been discussed in
detail previous reported literatures [10, 11, 20].

4 The Relevance of MREW to Urban Mining

The business of e-waste is particularly of interest due to the presence of metals.
Recovery of metals from e-waste is expected to play a major role in the resource
circulation. Technologies such a pyrolysis, leaching, electro-chemical refining, pyro-
metallurgic extraction of metals, bio-leaching, etc. are in existence which are helpful
in metal recovery from e-waste (MREW) [13]. We have discussed the concept of
MREW in details in our previous work [13]. As the primary intention of urban min-
ing is the resource recovery from ‘urban ore’ (or anthropogenic stockpile) and its
proper circulation, the MREW has direct relevance to it. Though the metals are the
particular focus, several other things can be recovered from e-waste. E-waste consists
of a significant amount of polymers. These polymers may be recycled to make nice
products or can be used for new product development. The printed circuit boards
(PCBs) are metal-polymer-glass fibre matrix which is a source of useful materials.
Pyrolysis of PCBs followed bymechanical separation can lead to recovery of metals,
pyro-oil and glass fibre [12]. All of these are recyclables and have market value and
pyrolysis can be considered as a pretreatment process for MREW [13]. Based on
the size and average composition of e-waste, the resources that can be recovered can
be estimated and accordingly the recovery path may be chosen. Another important
issue is the economic sustainability, whichmust be ensuredwhile realisation of urban
mining via MREW facilities [8]. Some generalised insight on economic sustainabil-
ity of MREW has been discussed in the previous paper [13]. Though much more
innovations are required, MREW technologies are expected to play a pivotal role in
urban mining of e-waste.

5 Findings and Discussions

5.1 Supply Chain Framework for Urban Mining Considering
MREW

Despite the technological advancements and maturity over time, it is imperative to
have a very efficient supply chain network to balance the supply and the demand for
materials and ensure circular economy. Based on the findings of Ghosh et al. [17]
and Debnath et al. [13], literature findings, brainstorming and the authors’ experi-
ence in visiting several e-waste recycling facilities, a supply chain framework has
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Fig. 2 Supply chain framework for urban mining of e-waste considering MREW facility

been developed (Fig. 2). The framework is intended for urban mining of e-waste
considering MREW facility.

The supply chain framework can be divided into three parts—the supply side,
the internal operations side and the demand side. OEMs, retailers, customers and the
technology providers are in the supply side. The informal sector, formal recyclers and
the MREW facility are in the internal operations side whereas; third party recyclers,
raw material suppliers, reusable product manufacturer and customers of recycled
products are in the demand side.

5.2 Discussions

The developed supply chain framework (Fig. 2) has considered the MREW facility
for the recovery of metals from e-waste. The supply side considers the traditional
stakeholder flow from OEM to end customers. The logistics for e-waste to recycling
facilities has been kept as a choice of the users. To some extent, the door-to-door col-
lection of the informal sector makes it independent of the users. After the collection
and dismantling at the primary recycling facilities, the recovered fractions enter the
MREW facility. In the MREW, all possible routes of metal recovery have been con-
sidered including pyrolysis as a pretreatment process. This is where the urbanmining
gets a boost. The existence of the dedicated MREW facility for metal recovery is the
key and the strongest point here is to ensure the resource recovery. The circularity of
resources is ensured by the demand side where the third party recyclers are involved
in recycling the resulting fractions and the recycled product manufacturers convert
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these into products which can be sold in the market. Some portion of recovered e-
waste can be considered as raw materials and these are then supplied to different
places by the raw material suppliers, which mean the material re-enters the value
chain. This conforms to the concept of circular economy. Nonetheless, the supply
chain framework will undoubtedly help in realising the concept of urban mining in
a unique way and ensure sustainability.

6 Conclusions

In this paper, the concept of urban mining has been addressed with respect to e-waste
as a very important anthropogenic stockpile. The concept of MREW has been taken
as basis and its relevance to the urbanmining of e-waste. Furthermore, a supply chain
framework has been developed which considered MREW facility to address urban
mining of e-waste. The urban mining is a new concept and this study focusing on
enhancing urbanmining of e-waste gives it a boost. The unique concept of theMREW
facility will no doubt be a thing to be explored in the future for the researchers. The
proposed frameworkwill help in enhancing urbanmining and ensuring sustainability.
It is also believed that more studies of such kind accompanied by case studies will
be beneficial for the overall community.
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Fast Thermal Degradation of Biomass
Using Scrapped Solar Cell with Special
Focus on Photovoltaic (PV) Waste
Disposal

G. N. Lalith Pankaj Raj Nadimuthu, V. Madhan Karthik, M. Mohanraj
and V. Kirubakaran

1 Introduction

India is the world’s second largest populated country in theworld. India is the world’s
third largest producer and fourth largest consumer of electricity in the world. The
amount of electrical energy consumption in India for the year 2016–2017 is 1127kWh
per capita. The per capita energy consumption in India is 768 kWh. The electrical
energy demand in India was met by fossil fuels and renewable energy in which both
of the energy shares 67.1 and 30.8%. India is a country which is located in tropical
region gets Sun radiation throughout the year. Because of the increase in global
pollution and greenhouse gas emission from all over the world, renewable energy
came into play. The GHG emissions from the electricity power generation are 2019.6
MtCO2. The solar energy is one of the widely used energy for power generation all
over the world and in India and it accounts 12.6 GWunits of energy. The government
of India aims to achieve the usage of renewable energy by 175 GW in 2022. In the
field of renewable energy where the electricity from the solar photovoltaic cell will
give more yield in India. The major problem with the solar PV cell is Disposal after
use. There is going to be very huge amount of Solar PV panels will come into landfills
after their use of 25–30 years. After the lifetime usage of solar panels, the disposal
is going to be a big problem to the environment. Since it is non-degradable material
and has high risk of harmfulness associated with it. So, it cannot be dumped into the
environment as landfill. For that, the disposal of aged solar cells technique is to be
identified effectively.
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2 Literature Review

Vekes Balasundrama et al., gave the concept of catalytic reaction techniques of
biomass and chemical material in the combustion process. Here, they used alumina
(Al2O3) as a catalyst was used in addition with nickel (Ni) and cerium (Ce) as
promoter at fixed loading by weight percent of 20 wt% Ni: 5 wt% Ce: 75 wt%
Al2O3.

Cui Quan, Aimin Li and Ningbo Gao [1] clearly gave the idea to carry out the
Thermal analysis of theWasteElectrical andElectronics Equipment (WEEE).Author
shows the thermogravimetric analysis and kinetics studies of the various electronic
wastes like keyboards, PCB and telephone wires, which intern helps us to proceed
with our research.

Mahsa Baniasadi, Alessandro Tugnoli* and Valerio Cozzani provide us the idea
of catalytic reaction of biomass like chicken manure for pyrolysis proces [2].

3 Methodology

3.1 Segregation

In general, the solar panels are arranged with individual solar cells in the order of
series and parallel combination. In this paper, the individual single solar cells are
segregated from the solar panels with the help of some hand tools. The process
of expulsion of solar cells from the aged solar panels done with the knowledge of
chipping out the cells with the help of hand tools. Finally, the cells are broken into
small pieces for studying the reduction of weight.

3.2 Incineration

This is the process of high-temperature disposal method in which involves complete
combustion of hazardous materials. In the first process, the aged solar cells that
are made to small pieces burn at 1000 °C in furnace body. During the burning of
materials, the weight and volume occupied by the aged solar cells started decreasing.
In the next process, some amount of wood powders are used as a fuel to accelerate the
burning of solar cells. It retains the heat in the crucible so that even after attaining the
set temperature, the heat in the crucible remains for some more time so that the toxic
gases present in the cells comes out. Various proportions of wood and solar cells
combination were studied. The toxicity and pollutants presented in the materials are
removed at low temperature which it prevents from land pollution.
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Table 1 Properties of sample

Sample % of wood powder % of powdered solar cell

1 100 0

2 90 10

3 80 20

4 70 30

5 60 40

6 50 50

3.3 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) measures the rate of change in the weight of a
material as a function of temperature or time in controlled atmospheric conditions.
This study is mainly used to obtain the thermal stability of a particular Materials and
their composition of materials. It will give the properties of weight loss or gain of
that particular material [5].

4 Experimental Details

In the process, we have taken the aged solar panels and separated the solar cells from
panels crushed into small pieces. The small pieces of solar cells are kept in crucible
and weight is measured in a weighing scale. The crucible is kept in furnace and made
to attain the temperature of 1000 °C in a static environment of burning. Then weight
reduction was observed is not in a promising manner.

After that, the different proportions of wood powders and solar cells are made to
different samples and kept in furnace for 500 °C. The samples of different proportions
of the weight were measured and observations are noted down.

The various sample proportions are shown in Table 1.
The samples are taken in a total weight of 10 g, and there are six samples with

above-shown proportions of mentioned above.
Figure 1 shows the final status of the various samples of wood and solar which

are burned at 500 °C in a muffle furnace, which in turn shows the type of combustion
process.

Figure 2 shows the comparison between the combustion of both the sample (i.e.)
100% Wood powder and sample 6 (i.e.) 50:50% of the Wood powder and the solar
cell powder.

From the comparison, we observed that the 50:50% gives good result than the
other combinations. So we decided to find the suitable biomass [4]. Then, we took
the various biomass like rice husk, coconut husk, tea waste, palm trunk, groundnut
shell and did the above-mentioned procedure of 50% of biomass and 50% of solar
cell powder.
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Fig. 1 Samples at 500 °C

Fig. 2 Comparison of 100%
wood and 50% wood

Figure 3 shows the thermal image of the crucible with the sample 6, which shows
the temperature gain of sample 6 (Wood: PV cell) accurately with that maximum
temperature of 523 °C inside the crucible (Figs. 4 and 5).

The various biomass are included in the study, the biomass like rice husk, coconut
husk, tea waste, palm trunk, groundnut shell and wood powder. From our previous
study results, we took 50–50% sample and biomass are taken in a crucible for com-
bustion analysis. Figure 6 gives the thermography of palm trunk, Fig. 7 gives the ther-
mography of rick husk, Fig. 8 shows the thermography of tea waste, Fig. 9 shows the
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Fig. 3 Thermal image of
sample 6

Fig. 4 Various samples of
biomass (unburnt)

Fig. 5 Various samples of
biomass (Burnt)
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Fig. 6 Biomass sample of
palm trunk

Fig. 7 Biomass sample of
rice husk

Fig. 8 Biomass sample of
tea waste

thermography of coconut trunk, Fig. 10 gives the thermography of groundnut shell.
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Fig. 9 Biomass sample of
coconut trunk

Fig. 10 Biomass sample of
groundnut shell

5 Findings and Observation

The isothermal degradation of solar cells inside the Muffle furnace is continuously
monitored. Under the static environment of the muffle furnace, the toxic gas com-
pounds become degraded by high-temperature incineration treatment. During this
point of firing of solar cells homogenous exothermic heat energy is released which
has potential of high energy content which can be utilized for various purposes. The
toxic level of the solar cells is found to reduced and imparts less pollutant to the
landfill. The thermal degradation and its characteristic behaviour are monitored for
the set temperature of the incineration process inside the muffle furnace. The burnt
solar cells are collected at the final stage for further study. The percentage reduction
in various samples ratios are calculated and tabulated below Table 2.
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Graph 1 clearly shows the percentage weight reduction at 500 °C versus sample.
This is evident that the co-combustion process of 50% wood powder and 50% solar
cell powder makes a huge difference in terms of percentage weight reduction, which
is about nearly 33.03%.

Graph 2 gives the thermogravimetric analysis curve which gives the percentage
weight reduction with respect to that of temperature.

Various biomass samples are taken and the results are tabulated.
The percentage removal of ash content for various biomass samples is calculated

using this formula [3].

% Removal of Ash � Final Weight − Intial Weight

Sample Weight
∗ 100

The various samples of percentage of ash content for scrapped PV with biomass
and without scrapped PV biomass were calculated and tabulated below. Table 3 gives
the percentage of Ash without Scrapped solar PV cell. Table 4 gives the Percentage

Table 2 Percentage reduction of various sample ratios

Sample % reduction
100 °C

% reduction
200 °C

% reduction
300 °C

% reduction
400 °C

% reduction
500 °C

1 0.898120757 1.223742737 14.89348118 15.70434375 15.59139785

2 1.149857373 1.468279415 13.24326117 15.06313159 14.56164555

3 1.078378713 1.667148701 11.77953146 13.6594637 14.23012064

4 0.718108529 1.024659576 8.942483572 11.07140438 11.08541893

5 1.489241112 1.944612739 8.347176891 11.12631188 14.82645123

6 2.257058222 2.351429994 2.99892521 11.26431961 33.03724482

Graph 1 Sample versus % weight reduction
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Graph 2 Thermogravimetric analysis of various samples

Graph 3 Thermogravimetric analysis (without scrapped PV biomass)

of ash with scrapped solar PV cell, Table 5 gives the comparison of Biomass weight
reduction with and without scrapped solar PV cell. Graph 1 gives the sample vs
weight reduction, Graph 2 shows the Thermogravimetric analysis of sample, Graph
3 represents the Thermogravimertic analysis of sample without scrapped solar PV
cells, Graph 4 represents the thermogravimetric analysis of sample with scrapped
solar PV cells, Graph 5 gives the overall comparison of weight reduction and sample.
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Table 5 Comparison of percentage weight reduction between without scrapped PV cell biomass
and with scrapped PV cell biomass

Sl. no. Samples Without scrapped PV
cell (%)

With scrapped PV cell
(%)

1 Palm trunk 12 45.1

2 Rice husk 30.9 48.02

3 Tea waste 10.6 41.76

4 Coconut trunk 7.9 37.2

5 Ground nutshell 19.6 46.7

Graph 4 Thermogravimetric analysis (with scrapped PV biomass)

6 Conclusion

From the analysis of various biomass catalysed with scrapped photovoltaic cells,
it is observed that by adding the scrapped photovoltaic cells, the degradation rate
of biomass increases during the combustion process. Rice husk shows the highest
consistent reduction in weight as it measures 48.02% and the groundnut shell 46.7%
and palm trunk 45.1% comes next to it. The tea waste and coconut trunk shows least
weight reduction of only 41.7% and 37.2%, when compared with all other biomass
samples. Rice husk is widely used fuel for gasification, and by adding the scrapped
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Graph 5 Comparison of percentage weight reduction between without scrapped PV cell biomass
and with scrapped PV cell biomass

solar cells with the rice, husk the combustion temperature will become lower and
also it increases the quality of producer gas.
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Optimisation of Copper Removal
from E-Waste Using Bioleaching
Technique by Activated Mosambi Peels

J. Senophiyah-Mary, Teema Thomas, R. Loganath and T. Meenambal

1 Introduction

The electronic waste grows exponentially which has been found during the investi-
gations executed by the European Union (EU). It was found that the growth rate of
e-waste increases at a rate of 3–5% every year. TheUnitedNations have also assessed
that the world has created a serious damage by producing nearly 50 million tonnes of
e-waste every year [1–3]. A similar situation applies to cell phones and other hand-
held electronic gadgets utilised as a part of present society. Every year, more than
130 million cell phones in the USA and more than 105 million versatile telephones
in Europe achieve their finish of life and are discarded. Accordingly utilised EEE,
normally known as e-waste and known as Waste Electrical and Electronic Equip-
ment (WEEE), has turned into a genuine social issue and natural thread to numerous
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nations around the world. E-waste likewise contains various dangerous substances,
counting plastics and substantial metals [4–7].

More than 70% of metal in the printed circuit board is copper. The need of copper
increases every day as there is an exponential growth in electronic industries has been
chosen and the conductivity of copper is high. Due to the crude extraction process,
they get dissolved in the groundwater and contaminate the soil, and bioaccumulates
in plants, animals and even in human and removal of copper are crucial from all
these substances [8]. The WHO has recommended 2.0 mg/L as permissible limit in
drinking water. It also causes itching, dramatisation, keratinisation of the hands and
soles of feet. They also cause gastrointestinal irritation and damages liver, kidney if
consumed in large. Inhalation while acid or pro-metallurgical treatment causes lung
cancer. Hence, the removal of copper from the leachate is necessary to make the
environment healthy [9–13].

Bioleachingwas found to be the safestway of treatment of the printed circuit board
which is the heart of any electronic device that has a large amount of metals with it.
The microbes that help in the leaching process are symbiotic because they uptake a
small amount of metal for their growth and give out a large amount of organic acid
that leaches the metal to the medium creating a pool of metal which needs a further
treatment because of the disposal to the environment [14, 15]. And so the activated
carbon has been used in the extraction of metals from the bioleachate. Many low-
cost adsorbents have been practised in the metal removal fromwastewater and so this
technique has been used in the metal extraction which could then be used in many
techniques [12, 14, 16, 17]. Many fruit wastes were tried by various researchers out
of which mosambi peels were chosen for the experiment because it is a well-known
fruit peel with a rich source of fibre. The time taken for optimising the experiment is
more and so trials were conducted based on the outcome of Design-Expert software
which reduced the use of time and material. Thus, the software lessens the time by
providing a consolidated result and therefore this is a time-saving experiment which
can be easily implemented [18–22].

The objective of this present study, the effects of the pH, temperature, agitation
speed, dosage, concentration, contact time and their interactions on the efficient
removal of copper were investigated. The DOE was used to optimise the copper
removal efficiency through the bioleaching treatment process. The parameters were
optimised for the removal of copper by Central Composite Design (CCD) by feeding
six factors of three levels combined with RSM. A statistical model was developed
to calculate the copper removal efficiency percentage from the printed circuit board.
The statistical quadratic models were validated by another set of experiments at the
optimum operating conditions based on the DOE results.
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2 Materials and Methods

2.1 Adsorbate

Bioleachate of e-waste was used as a source for the extraction of copper which acts
as an adsorbate. Bioleachate was prepared previously with various effective microor-
ganisms [15]. Bioleachate was centrifuged by Large Volume Centrifuge (Sigma 2-16
KLmodel) and the supernatantwas collected. The solutionwithmetals is then diluted
several times for adsorption process.

2.2 Adsorbent—Mosambi Activated Carbon (MAC)

The mosambi peel was collected from local fruit juice shop and washed several
times. They are then chopped to a size of 1 cm2. It was then sun-dried for 24 h so
that the consumption of other sources of energy would be reduced. It was dried in
a hot air oven at 100 °C for 12 h. The dried peels were then activated with the help
of thermal activation which includes carbonising the sample at 500 °C for 4 h in a
muffle furnace and activating the sample at 800 °C for 10 min. They are then ground
then sieved through 75 μm sieve and stored. The samples were then ground well in
planetary Ball mill for conversion of still smaller particles and it was analysed for
various characteristics.

2.3 Atomic Absorption Spectrophotometer

Experimentswere carried out at room temperature (25–30 °C) in batchmethod. Batch
methodwas selecteddue to its simplicity and reliability. The experimentswere carried
out by taking 10 ml of 10 ppm e-waste bioleachate sample in a 15 ml falcon tube and
after pH adjustment, a 10 mg of dried adsorbent was added. The flask was agitated
at 150 rpm for 60 min using an orbital shaking incubator. After shaking, the sample
suspension was allowed to settle. The residual biomass adsorbed with metal ion was
filtered using whatman-1 filter paper. Copper ions were estimated using (Agilent
200 Series) Atomic Absorption Spectrophotometer (AAS). The percent removal of
copper from the solution was calculated by the following equation:

Percentage removal of copper � ci − c f

ci
× 100

where

Ci initial copper concentration (ppm),
Cf final copper concentration in the solution (ppm)
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2.4 Response Surface Methodology

Design-Expert 7.1.5 was used, and a 23 factorial designwith six central points and six
axial points was selected. The behaviour of the system is explained by the following
second-order polynomial empirical model.

y � β0 +
n∑

i�1

βi Xi +
n∑

i�1

βi i X
2
i +

n∑

i<1

n∑

j�1

βi j Xi X j + ε (1)

where y is the response, β0 is the constant coefficient, xi (i �1 − n) are non-coded
variables, β i is are the linear interaction coefficients, β ii are the quadratic interaction
coefficients and β ijs (i and j �1 − n) are the second-order interaction coefficients
and are residuals for each experiment

Data were processed for Eq. (1) using the Design-Expert 7.1.5 program, including
anANOVA to evaluate the interaction between the process variables and the response.
The quality of the fit of the polynomial model was expressed by the coefficient of
determination (R2), and its statistical significance was checked by the F-test in the
same program.

3 Results and Discussion

Response SurfaceMethodologywas applied to resolve the optimum conditions of the
experiment with six different factors, including the pH, temperature (°C), agitation
speed (RPM), dosage (mg/L), concentration (ppm), and contact time (mins) to obtain
maximum percent copper removal efficiency. The optimisation was obtained by an
optimisation condition using the numerical optimisation method that was built into
the software, Design-Expert 7.1.5. As a result, the equation has been formalised as
shown in Eq. (2) which was the objective function of the software. This optimisation
method helped to explore the design gap using the accomplished model to find an
optimum parametric condition that meets the goals of maximum percentage removal
of copper.

Copper Removal Efficiency � +84.60 + 2.27 ∗ A + 1.01 ∗ B + 3.48 ∗ C + 0.99 ∗ D

− 3.11 ∗ E − 0.04 ∗ F − 0.26 ∗ A ∗ B − 1.11 ∗ A ∗ C

+ 2.14 ∗ A ∗ D + 1.31 ∗ A ∗ E + 3.56 ∗ A ∗ F

− 1.5 ∗ B ∗ C + 2.28 ∗ B ∗ D + 1.46 ∗ B ∗ E

+ 1.82 ∗ B ∗ F + 2.13 ∗ C ∗ D + 1.80 ∗ C ∗ E

− 0.079 ∗ C ∗ F − 0.33 ∗ D ∗ E − 0.95 ∗ D ∗ F

− 2.12 ∗ E ∗ F + 3.03 ∗ A2 + 1.53 ∗ B2 − 1.97 ∗ C2

− 2.47 ∗ D2 + 3.03 ∗ E2 + 2.5 ∗ F2 (2)
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Table 1 Coded values for the predictions of the percentage of copper removal efficiency

S. no Variable Low factorial Central factorial High factorial

1. pH 3 4 5

2. Temperature (°C) 25 32.5 40

3. Agitation speed
(RPM)

100 300 200

4. Dosage (mg/L) 0.01 0.10 0.55

5. Concentration
(PPM)

50 200 125

6. Contact time
(min)

20 300 160

where
A�pH, B�Temperature,C �Agitation speed,D�Dosage, E �Concentration,

F �Contact time
The unfavourable conditions were indicated by a negative coefficient of the model

components. In the case of copper removal efficiency (Y 1), the unfavourable condi-
tions come from the components E, F, AC, BC, CF, DE, DF, EF, C2 and D2. On the
other hand, positive coefficients indicate favourable condition of responses. For the
percentage of copper removal efficiency, the favourable effects come from the model
components A, B, C, D, AD, AE, AF, BD, BE, BF, CD, CE, A2, B2, E2 and F2.

ANOVA was applied to determine the statistical significance of the statistical
models for a percentage of the copper removal as shown in Table 1. After conse-
quent evaluation of the coefficient, the probability values (p) were compared with the
Fisher’s value (F). Thus, small p <0.05 indicate the significant of the model param-
eters, whereas p >0.10 indicate the insignificant factors. The insignificant factor
indicated that the optimal levels were located at the experimental limit [23–25].

The design of experimental (DoE) run matrix using the six variables (n �6) was
generated using a central composite design (CCD) with three levels (±α, ±1 and 0).
The low, middle and high level values of each variable were designated as −1.68, 0
and +1.68. The coded levels and natural values of each variable are represented in
Table 1. The experimental design consisted of six-star points (coded as±α), eight
factorial points (coded as ±1) and three centre points (coded as zero), resulting in
40 randomised runs.

The three-dimensional response surfaces were plotted to find out the interrela-
tionship between the variable levels and responses to which an optimum condition
can be developed. Figure 1a clearly explains the responses of copper removal effi-
ciencywhen there is a change in contact time and temperature.When the temperature
increases with respect to contact time the removal efficiency increases because it was
well known that temperature could increase the adsorption. An optimum temperature
of 32.4 °C could help fastening the removal efficiency. The contact time with varying
temperature also influences the leaching efficiency. The copper removal efficiency
increases with increase in contact time. 92% of copper could be removed when a
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Fig. 1 3D plots that shows the effects for copper removal efficiency for a interaction between
temperature (B) and contact time (F), b interaction between concentration (E) and contact time (F),
c interaction between agitation speed (C) and dosage (D), d interaction between temperature (B)
and concentration (E)

contact time of 300 min was given. Thus, Fig. 1a states that the temperature alters the
treatment efficiency though it was given a higher contact time. And so, an optimum
temperature of 32.5 °C and a contact time of 160 min could be an optimum condition
for the removal of copper using MAC.
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Figure 1b explains the removal efficiency of copper when the parameters like
contact time and concentration are varied. The high concentration of the sample
requires a longer time for the complete adsorption. As the MAC synthesised was
microporous and it has to form two layers and so a small disturbance during the
analysis of copper removal could alter the result. Rather the contact time increases
the copper removal efficiency increases irrespective of whatever the concentration
would be, but it purely depends on the type of the adsorbent. Figure 1c illustrates the
fact that the dosage and agitation speed playa significant role in the copper removal
efficiency. There is a clear picture in the figure which clearly states the quality of
MAC. When dosage concentration increases, removal efficiency showed a sudden
decline whereas when agitation speed increases the removal efficiency increases.
The moisture absorbing capacity of MAC is high and so when agitation speed lowers
there is a formation of clogswhereas agitation speed increases the clog disappears the
removal efficiency increases. So, agitation speed is a principal factor in adsorption
process. An optimum speed of 220 rpm with a dosage concentration of 0.06 mg
showed good leaching efficiency. Figure 1d exemplifies the fact that the increase in
temperature increases the leaching efficiency with respect to the concentration of the
sample. The increase in concentration decreases the removal efficiency of copper. The
increase in temperature increases the removal efficiency of copper. The temperature
could also alter the characteristics of the sample and so an optimum temperature of
32.5 °C would give out good leaching efficiency but it was clearly seen in figure that
lower concentration could also give good leaching efficiency while the concentration
of the sample should be 125 mg/L to get a better removal efficiency of copper.

4 Conclusions

The Mosambi Activated Carbon was prepared using thermal activation and the
removal of copper from bioleachate sample was tested using adsorption process.
Parameters like temperature, agitation speed, concentration of sample and dosage
amount of MAC were optimised with the help of the 3D plot given by the Response
Surface Methodology which gave out the results to be a sample concentration of
125 mg/L at a temperature of 32.5 °C and agitation speed of 200 min was given
with a dosage of 0.055 mg of MAC would help remove copper with a percentage of
90–93% from waste PCB which was highly dependent on the agitation speed.
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ment of vegetable oil refinerywastewater using alumina ceramicmembrane: optimization using
response surface methodology. J Clean Prod 112:3132–3137

23. Botha G, Oliveira J, Ahrné L (2012) Quality optimisation of combined osmotic dehydration
and microwave assisted air drying of pineapple using constant power emission. Food Bioprod
Process 90:171–179



Optimisation of Copper Removal from E-Waste Using Bioleaching … 371

24. Bustillo-Lecompte CF, Ghafoori S, Mehrvar M (2016) Photochemical degradation of an actual
slaughterhouse wastewater by continuous UV/H 2 O 2 photoreactor with recycle. J Environ
Chem Eng 4:719–732

25. Bustillo-Lecompte CF, Mehrvar M (2017) Treatment of actual slaughterhouse wastewater by
combined anaerobic–aerobic processes for biogas generation and removal of organics and
nutrients: an optimization study towards a cleaner production in the meat processing industry.
J Clean Prod 141:278–289



Removal of Copper from Bioleachate
of E-Waste Using Orange Activated
Carbon (OAC) and Comparison
with Commercial Activated Carbon
(CAC)

J. Senophiyah-Mary, Teema Thomas, R. Loganath and T. Meenambal

1 Introduction

1.1 E-Waste

Electronic waste is the waste electrical and electronic utensils which are not appro-
priate for its actual intended use. E-waste is an evolving threat to the environment.
Treatment should be done in a proper and formal way to make it non-toxic. Manage-
ment of e-waste is a tedious process when considering its environmental and eco-
nomic aspects. Since it contains numerous poisonous elements, the existence waste
directly or in between the treatment in unstable condition create a harmful condition
for the whole biotic life and underground water [1]. There are many hazardous com-
pounds present in e-waste like americium, mercury, sulfur, BFRs (Brominated flame
retardants), cadmium, lead, beryllium oxide, etc. [2, 3]. Heavy metal contamination
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is one of the supreme leading environmental complications today. Heavy metals are
non-biodegradable and it can result in biomagnification and cause various diseases
in human beings and other living things. Various electronic wastes are disposed in
various forms into the environment that causes this pathetic situation.

1.2 E-Waste Treatment

These days, it turned out to be a trend to treat the electronic waste informally to
get precious metals out of it. And after the simple acid treatment and getting the
precious metals, they throw out the leachate to the environment. This leads to serious
environmental issues due to the presence of even a small amount of poisonous metals
or elements which are leached out through the acid treatment. This leachate also
contains an infinitesimal number of precious elements. The separation of materials
from the leachate is a tedious process. Informal treatments damage the worker’s
health worse and at the same time, the toxic fumes degrade the environment which
would be given out during the treatment process and the direct disposal of leachate
into the environment would contaminate the underground water [4, 5]. Even though
there are many formal treatment systems for e-waste, they use enormous chemicals
which are again a source of energy [6]. One such efficient method for the treatment
of e-waste is the bioleaching process.

1.3 Bioleaching

Bioleaching makes use of the natural capability of the living microorganisms to
convert the insoluble metals existing in the waste to a liquefied form. There are two
types of bioleaching: direct leaching and indirect leaching. Direct leaching makes
use of the organic acids formed by the microbes, to oxidize the insoluble poisonous
metals, converting them into ions which convert them to be soluble. In indirect
leaching, the medium present gets oxidized with the help of the bacteria that oxidizes
the metal. Generally, free metal ions will form after oxidization of anionic part of
targeted metal [3, 7, 8].

This process is a time-consuming process but efficient and less harmful compared
to other treatment methods. The bioleachate is a pool of metals called lixiviant pool
(pool of metals) [8]. Extraction/separation of metals from bioleachate should be
done before disposing it into the environment. This can be done by many methods
like cementation, adsorption, solvent extraction, ion exchange, gold recovery by
biosorbents, coal–oil agglomeration, gold desorption and recovery from biomass,
but in that simplest and efficient method is adsorption [9]. There are many choices
for adsorbents but in that, activated carbon has higher voice because of its numerous
properties which result in the most efficient adsorption of metals.
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1.4 Activated Carbon

Activated carbon is an inert microporous carbon with the enormous internal surface
area (up to 1500 m2/g). Organic molecules in the liquids or gases can be attracted to
the surface. Activated carbon encompasses:

(i) Bulk atoms those are neutral,
(ii) Surface atoms are the actual ‘adsorption’ atoms
(iii) Corner atoms are very responsive towards metals.

Activated carbon is able to adsorb a wide variety of organic substances, oxidizing
materials and some of the heavy metals from liquid. Adsorption process is a natural
phenomenon in which molecules from the gas or liquid phase are bonded to the
surface of the solid. The microspores are developed primarily at the time of carbon
activation and result in the large surface area for adsorption can be occurring.

1.5 Activated Fruit Waste

Activated carbon is available commercially, but a trial has been done to prepare an
activated carbon from some municipal solid waste and check the ability of activated
waste to adsorb metals from e-waste leachate. Thus, a possibility has been checked
to find out the treating efficiency of an emerging waste using another waste [7].
Almost any organic matter with a higher percentage of carbon could be activated
to enrich its ability to adsorb. Numerous investigations have been conducted for the
propermanagement of fruitwastes intowealthy products. Processes like incineration,
vermin-composting and anaerobic digestionwere executed for the conversion of fruit
wastes into beneficial products. And conversion of fruit waste into bio-adsorbents for
the wastewater treatment was also proposed. Fruit peels would be a good suggestion
as a resource for the preparation of activated carbon. Fruit wastes that have been gen-
erated from fruit shops, bakeries, soft drink producers and hotels are mostly thrown
out into open spaces. This can be converted to a value-added product like activated
carbon for treating another problematic waste treatment like e-waste. Orange has
been chosen in this study which is rich in cellulose, hemicelluloses, lignin, fiber and
pectin which converts the orange to be a highly potent adsorbent [10–14]. Charac-
teristic study was done using particle size analyzer, zetasizer, surface area analyzer
and Fourier Transform Infrared Spectroscopy (FTIR).

The main target of this work is to extract the copper from leachate of e-waste
which could be used in various applications. The adsorption technique was used to
extract the metals out of the leachate. Orange peel was found to be a rich source of
hydroxyl group which could adsorb metals out of the leachate with prior activation.
The characteristic study of Orange Activated Carbon (OAC) were done with the help
of Fourier Transform Infrared Spectroscopy, T-plot have been analyzed with the help
of surface area analyzer, zeta potential and particle size has been analyzed for the
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same to find out the characteristics of OAC. The removal efficiency of copper was
determined by analysis of samples using Atomic Absorption Spectroscopy.

2 Materials and Methods

2.1 Adsorbate

Bioleachate of e-waste was used as a source for the abstraction of copper which per-
form as an adsorbate. Bioleachate was made earlier with various selective microbes.
Centrifuge of bioleachate was done by Large Volume Centrifuge (Sigma 2-16 KL
model) and its supernatant liquid was collected. The solution with metals is then
diluted several times for further process.

2.2 Adsorbent—Orange Activated Carbon (OAC)

The orange peel was collected from local fruit juice shop and washed several times.
They are then chopped to a size of one inch. It was sun-dried for 24 h so that the
consumption of other sources of energy would be reduced. It was dehydrated in a
hot air oven at 100 °C for 12 h. The dried peels were then activated with the help
of thermal activation which includes carbonizing the sample at 500 °C for 4 h in a
muffle furnace and activating the sample at 800 °C for 10 min. They are then ground
then sieved through 75 µm sieve and stored. The samples were then ground well in
planetary Ball mill (VB ceramics) for conversion of still smaller particles and it was
analyzed for various characteristics.

2.3 Initial Metal Concentration Analysis

Initially, the metal concentration (taken as 1000 ppm) of bioleachate was assessed
usingAtomicAbsorption Spectroscopy (AAS) followed by serial dilutions of sample
and marked as Ii (concentration of copper). It was then proportioned to 10 ppm and
used as a main sample for the entire adsorption process.

2.4 Stock Solution Preparation

1000 ppm copper solution was prepared using 1 g copper turnings in 50 ml of 5 M
nitric acid and then diluted to 1 liter in a volumetric flask with deionized water. This
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samplewas thenmade to a concentration of 1–10 ppm for further calibration standard
curve examined in Atomic Absorption Spectroscopy (AAS).

2.5 Experimental Procedure—Batch Adsorption

Investigates were done at room temperature (25–30 °C) in batch mode adsorption
method. Batch method was selected due to its ease and reliability. The tests were
done by taking 10 ml of 10 ppm e-waste bioleachate sample in a 15ML falcon tube
and after pH adjustment a 10 mg of dehydrated adsorbent was added. The flask was
agitated at 150 rpm for 60 min using an orbital shaking incubator. After shaking,
the sample suspension could settle. The remaining biomass adsorbed with metal ion
was clarified usingwhatman-1 filter paper. Copper ion concentrationwere estimation
usingAtomicAbsorption Spectrophotometer (AAS)-Agilent 200 Series. The percent
removal of copper in the solution was determined by the following equation:

Percentage removal of copper � Ci − C f

Ci
× 100

where

Ci initial copper concentration (ppm),
Cf final copper concentration in the solution (ppm).

2.6 Characteristics Study of Adsorbent

2.6.1 FTIR (Fourier Transform Infrared Spectroscopy)

FTIR (PerkinElmer Spectrum Version 10.4.2) was made use for this process. It was
done to define the functional groups which are very beneficial for the adsorption
process. It investigates the surface carbon-oxygen groups. Orange activated carbon
of particle size less than 75 µm were primarily oven dried for 24 h at a temperature
of 100 °C. The oven-dried samples were added with finely powdered Potassium
Bromide (KBr) at a proportion of 1:100. FTIR spectra were documented by running
a background followed by scanning the sample at a resolution of 8 cm−1 and with 8
scans per sample.

2.6.2 Moisture Content Analysis

Activated carbon is known to absorbmoisture and so an initial analysis has been done
to find out the moisture content present in it. The moisture content would become
a drawback during the adsorption process. Moisture content analysis was done in
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WENSAR Halogen Moisture Analytical Balance (HMB 100) at a temperature of
100 °C. The moisture content in percentage of weight was noted.

2.6.3 Particle Size Analysis

Particle size analysis of activated carbon was done in Malvern particle size analyzer.
For this analysis, 0.1 g of orange activated carbon was centrifuged in a solvent so
that the dispersed solution would be easier for the analysis. The particles with higher
weight would settle at the bottom which cannot be monitored in this machine.

2.6.4 Zeta Potential Analysis

As per the result of particle size analysis, the suitability of zeta potential investiga-
tion of adsorbent was determined. The zeta potential measurements can be done in
Malvern Zetasizer. Zeta analysis should be done only after the pH determination.
The samples were injected to the cuvette containing electrodes and measurements
were noted for 20 times for a single sample to get accuracy then average of reading
would be read by the instrument.

2.6.5 Surface Area Analysis

Adsorption amount is governedby the gas pressure, adsorption temperature, and char-
acteristics of adsorbent liquid and adsorptive gas. In a nitrogen adsorption isotherm,
the temperature is set as constant and the gas supplies are limited, thus the isotherm
fluctuationswith respect to the solid property [15]. Ameasurement of specific surface
area of the orange activated carbon has been made by N2 adsorption at temperature
77 K, using a surface analyzer (Belsorp surface area analyzer). The pore size of the
sample was analyzed so that varies plots could be taken with which the surface area
would be analyzed. The resultswere obtained by usingBelsorp adsorption/desorption
data analysis software version 6. 3. 2. 1. Themesoporous volume was calculated by
subtracting Micropore volume from total pore volume [16].

3 Results and Discussion

3.1 E-Waste Bioleachate

Characteristics of e-waste bioleachate was analyzed by monitoring the pH using
Orion pH meter and the concentration of copper ions present in sample was mea-
sured by means of Atomic Absorption Spectroscopy (AAS) using copper flame at a
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wavelength of 324 nm, slit width of 0.5 nm, an ampere of 4 mA of current was fed to
analyze copper. pH of Bioleachate of e-waste showed that the sample was acidic in
nature(pH 4). AAS result of the same sample shows that it contains approximately
500 ppm copper metal was present in it.

3.2 Characteristic Study of Orange Activated Carbon

The pH was noted to be 8.56 for OAC while that of commercial activated carbon
(CAC) was that of 8.7. Activated carbon with a pH of 6–8 is more preferable for
wastewater treatment [17]. This shows that OAC could be used as an alternate for
CAC acidic or basic nature of activated carbon directs the chemically reactive oxygen
groups are present on its surface.

3.3 Moisture Analysis

The moisture content present in the OAC was found to be 7.03%. This shows that
the adsorption of any other heavy metals would not be hindered by the penetration
of water. The moisture content analysis was done for 3 h within which the result
showed only 7.03% and after that, there were no water molecules. Moisture analyzer
could also increase the pore size of the sample which could be used as an activation
process but the energy consumption is high and so it would not be affordable.

3.4 Particle Size Analysis of OAC

Though the particles were ground with planetary ball mill, there was no uniform
sized sample may be because of the time given for milling. The particle size analysis
results of OAC showed it had particles less than 30 µm. The activated samples were
sieved with a 75 µm sieve which was then milled, and it was noted from the result
that there were particles with size of 5–30 µm which was less than 50% whereas
there were particles with nano size which was less than 5% while the rest of the
particle lies between 30 and 75 µm. This reduces the scope of more characteristic
analysis of activated carbon (Fig. 1).

3.5 Zeta Potential Measurements

Zetasizer is used mainly for nanosized particles to find out the ion interactions.
The potential analysis can only be conducted if particle size of sample lies in the
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Fig. 1 Particle size analysis
of OAC
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nanoscale. As the sample is a mixture of nanoparticles as well as microparticles it
showed a better result. The zeta size potential was found to be +70 mVwhich proved
that the particles could settle and could form flocs.

3.6 FTIR Analysis

FTIR (Fourier transform infrared spectroscopy) Perkin Elmer was used for this pro-
cess. It was done to determine the functional groups which are very useful in adsorp-
tion process. On comparing the IR spectra of OAC and CAC presence of various
groups in them could be predicted. OAC and CAC displayed bands in the region
4000-3500 cm−1 could be indicated to O-H, N-H, C-H stretching and bands around
1600-950 cm−1 were attributed to polysaccharide or protein, ester, which have a
strong adsorption of gold metal ion and base metal ions, such as nickel, lead, copper,
iron. The peak between 1600 cm-1 and 950 cm-1 proves that the synthesised activated
carbon as well as the commercial activated carbon has the affinity to adsorb metals
(Fig. 2).

3.7 Surface Area Analysis

The adsorption amount is articulated by the thickness of the adsorption layer. The
graph as shown in Fig. 3 shows that they have two slopes in it. This is because the
pores are micropores and they are homogenous too. In the primary stage of adsorp-
tion, the adsorption extent increases significantly due to adsorption into micropores,
nevertheless the thickness of the adsorption does not rise much, as its result, the slope
of t-plot becomes sharp. After completion of adsorption into micropores, adsorption
occurs on the surface. This results in the gradual slope of the curve [18]. The pore
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Fig. 2 FTIR spectra for OAC and CAC

Fig. 3 t-Plot of OAC

surface area can be determined by deducting the external surface area and the internal
surface areawhichwas found to be 40m2/gwhich states that the pores aremicropores
and lie between 2 and 30 nm.
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3.8 Adsorption of Copper

Two sets of bioleachate sample were taken with which 0.1 g of OAC and CAC was
added. The adsorption studies stated that the OAC is suitable for adsorption of metals
with its pores. The copper removal percentage was found to be 87.78%was the CAC
showed a result of 97%which stated that the OAC thus synthesized could be replaced
with CAC which could reduce the depletion of fossil fuels.

4 Conclusions

Orange peel getting into municipal solid waste mainly from fruit juice shops can be
used efficiently by converting it into adsorbent for treating e-waste bioleachate since
it shows similar characteristics and adsorption properties as commercial activated
carbon; it can be efficiently replacing commercial activated carbon (CAC). It was also
examined that they could adsorb more than 85% of copper from e-waste bioleachate
for 10 ml of e-waste bioleachate treated with 0.1 g of OAC. Since activation process
only consumes expense and considering the conversion of municipal solid waste
into a wealthy product like efficient adsorbent, and OAC is preferable for e-waste
treatment.
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Removal of Copper from Bioleachate
of E-Waste Using Lemon Activated
Carbon (LAC) and Comparison
with Commercial Activated Carbon
(CAC)

J. Senophiyah-Mary, Teema Thomas, R. Loganath and T. Meenambal

1 Introduction

1.1 E-Waste

One of the outgrowths of population growth is waste generation. Out of which elec-
tronic waste has amajor role which contains toxicmetal introduction to environment.
Management of e-wastes is a pronounced threat and has become a formidable social
issue. Many countries including India, China etc., find it difficult to regulate the
problem due to the same. Proper treatment should be done to make it nontoxic and
at the sometime to make use of precious and rear elements present in e-waste [1].
Treatment and extraction of elements of e-waste is a tedious process considering its
environmental aspects. It contains numerous poisonous elements, which can make
acute and chronic health issues in human beings and making environmental imbal-
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ance. E-waste disposal directly or in between the treatment (Leachate) makes the
condition unstable to whole biotic life and environment. There are many toxic con-
tents present in e-waste like americium, mercury, sulfur, BFRs (Brominated flame
retardants), cadmium, lead, beryllium oxide, etc. [2–4]. Heavy metal toxicity is one
of the most prominent environmental troubles facing today and its main reason is
e-waste. Heavy metals are nonbiodegradable and it can result in biomagnification
and may cause various health issues [3]. Various electronic waste disposals in its
different forms into the surroundings cause these pathetic environmental situations.
E-waste leachate can make a worse condition to ground water source pointing out
the serious issue faced by e-waste.

1.2 E-Waste Treatment

E-waste contains a good amount of valuable metals within it and so crude treatment
has been practiced by the informal sector, to recover the valuable metals and then dis-
pose the leachate in an improper way. Toxic metals like chromiummercury, lead, etc.
make environmental to be instable even due to its slight presence. This leachate also
contains precious elements like gold silver. The extraction of various metals present
in the leachate is a tedious process. Acid treatments done by improper precautions
make the workers’ health poorer and result in environmental degradation due to toxic
fumes [3]. Even though there are many proper treatment systems for e-waste, they
are following chemical processes and they are expensive too. Most efficient and eco-
friendly treatment method is biological treatment and in those biological methods,
bioleaching process is having more importance because of its selective extraction
capability.

1.3 Bioleaching

Bioleaching use the microbes to convert metals that exist in the waste in a solid form
into its soluble form. There are two methods of bioleaching:

• Direct leaching: It utilizes organic acids formed by the action of microbes to
oxidize the insoluble toxic metals, converting it into ions which they become
soluble

• Indirect leaching: Metal oxidizing bacteria are utilized to oxidize the metal sur-
rounding the microbe. Normally, the anion of the target metal compounds gets
oxidized, which give out free metal ions in aqueous medium. This process takes
more time but efficient and less harmful compared to other treatment methods, but
results in leachate (pool of metals) [1, 5–9].

Before the disposal of leachate into surroundings, proper treatment should be done
by many methods like cementation, adsorption, solvent extraction, ion exchange,
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gold recovery by Coal–Oil Agglomeration (CGA), bio-sorbents, gold desorption,
and recovery from biomass, but in that, simplest and efficient method is adsorption.
But in that, adsorption is simplest method. Activated carbon is having numerous
properties which result in most efficient adsorption of metals.

1.4 Activated Carbon

Activated carbon contains microporous and it is inactive carbon with a large internal
surface area (up to 1500 m2/g). On the external portion, carbon-based molecules
from liquids or gases can be adsorbed. Activated carbon contains greater part of
atoms those are neutral, surface atoms which are the actual “adsorption” atoms,
and corner atoms are very reactive and more react with metals. Activated carbon
can adsorb organic constituents, oxidizing materials (like chlorine and ozone), and
selected heavy metals from liquids. In adsorption process, molecules from the gas or
liquid state are bonded to the surface of the solid matter. The microspores are made
at the time of carbon activation and result in the big surface area for adsorption to
occur [10–13].

1.5 Activated Fruit Waste

Commercially activated carbon is available, but the possibility of waste activation
makes more promising case of reusability and reduction of municipal waste. For the
activation, citrus fruit peels are collected such as lemon and checked the adsorption
capacity of metals from e-waste bioleachate. Any organic matter with a large per-
centage of carbon could be activated to enhance its adsorption properties. Disposal
of fruit wastes can be effectively done by processes like vermin-composting, incin-
eration and anaerobic digestion, etc. At the same time, conversion of fruit residues
into bioadsorbents for wastewater treatment was also done efficiently [10, 14–19].
Lemon peels are prominent for the preparation of activated carbon. Lemon wastes
that have been generated from fruit shops, bakeries, soft drink producers, and hotels
are mostly thrown out into open spaces, and can be transformed to a value-added
product like activated carbon for treating e-waste. Lemon is rich in cellulose, hemi-
celluloses, lignin, fiber, and pectin which convert the lemon to be a highly potent
adsorbent. Characteristic study was conducted using particle size analyzer, zetasizer,
surface area analyzer and Fourier Transform Infrared Spectroscopy (FTIR).

The main objective of this work is to remove the copper from leachate of e-
waste. The adsorption technique was used to extract the metals out of the e-waste
bioleachate. Lemon peel was found to be rich source of hydroxyl group which could
adsorb metals out of the leachate with prior activation. Functional group analysis
has been analysed with Fourier Transform Infrared Spectroscopy (FTIR) and T-plot
have been analyzed with the help of surface area analyzer. Zeta potential and particle
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size has been done for both LAC and CAC. The removal efficiency of copper was
determined by analysis of samples using Atomic Absorption Spectroscopy.

2 Materials and Methods

2.1 Adsorbate

Bioleachate of e-waste was used as a sample for the study on removal of the copper.
Selective microorganisms were used for the preparation of bioleachate [9]. E-waste
bioleachate was centrifuged by Large Volume Centrifuge (Sigma 2-16 KL model)
and the supernatant was collected. Diluted sample is taken for further process.

2.2 Adsorbent—Lemon Activated Carbon (LAC)

The lemon peel was accrued from local fresh fruit juice shop and cleanedwith double
distilled water for several times. Chopped lemon pieces were sundried for 24 h to
reduce other sources of dehydration. It was then oven dried at 100 °C for 24 h. After
removing the moisture from the peels then carbonized at 500 °C for 4 h in a muffle
furnace and activated at 800 °C for 10 min. Activated samples were then ground well
in planetary Ball mill (VB ceramics) for conversion of still smaller particles and it
was analyzed for various characteristics.

2.3 Initial Metal Concentration Analysis

Initial copper concentration of bioleachate (taken as 1000 ppm) was analyzed using
Atomic Absorption Spectroscopy (AAS) followed by serial dilutions of sample and
marked as Ii (concentration of copper). It was then diluted to 10 ppm and used as a
main source for the further process.

2.4 Stock Solution Preparation

Stock solution of copper was prepared using 1 g copper turnings in 50 ml of 5 M
nitric acid and then diluted to 1 L in a volumetric flaskwith deionised water (100 ppm
copper solution). This sample was then prepared to 1–10 ppm for getting standard
curve for the analysis in Atomic Absorption Spectroscopy (AAS).
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2.5 Experimental Procedure—Batch Adsorption

Trials were conducted by batch mode adsorption technique and carried out at room
temperature (25–30 °C). Batch method is simple and can be analyzed easily. The
experiments were done by taking 10 ml of 10 ppm e-waste bioleachate sample in
a 15 ml falcon tube and after pH adjustment a 0.1 g of dried adsorbent was added.
The flask was agitated at 150 rpm for 1 h using an orbital shaking incubator. After
settling of sample, the residual biomass adsorbed with metal ion was filtered using
Whatman-1 filter paper. Copper ions concentration were estimation using (agilent
200 Series) Atomic Absorption Spectrophotometer (AAS). The percent removal of
copper from the solution was calculated by the following equation:

Percentage removal of copper � Ci − Cf

Ci
× 100

where
Ci � initial copper concentration (ppm) and
Cf �final copper concentration in the solution (ppm).

2.6 Characteristics Study of Adsorbent

2.6.1 FTIR (Fourier Transform Infrared Spectroscopy)

FTIR (PerkinElmer Spectrum Version 10.4.2) was used for determining the func-
tional groups which have high influence in adsorption process. It investigates the
surface carbon–oxygen groups present in lemon-activated carbon. LAC of particle
size less than 75 µm were first dried up for 24 h at a temperature 100 °C. The dried
samples were mixed with finely divided potassium bromide (KBr) at a proportion
of 1:100. FTIR spectra were plotted by running a background followed by scanning
the sample at a resolution of 8 cm−1 and with 8 scans per sample.

2.6.2 Moisture Content Analysis

Activated carbon will absorb moisture so it is necessary find out the moisture content
present in it. The moisture content reduces effect of adsorption process. Moisture
content analysis was done inWENSARHalogenMoistureAnalytical Balance (HMB
100) at a temperature of 100 °C. The moisture content in percentage of weight was
determined.
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2.6.3 Particle Size Analysis

Particle size analysis of LAC was done in Malvern particle size analyzer. For this
analysis, 0.1 g of LAC was centrifuged in a solvent so that the dispersed solution
would be easier for the analysis. The particles with higher weight would settle at the
bottom which cannot be monitored in this machine.

2.6.4 Zeta Potential Analysis

According to the result of particle size analysis, the suitability of zeta potential
investigation of adsorbent was determined. The zeta potential measurements can be
done using (Malvern Zetasizer). Zeta analysis was done after the pH measurements.
The samples were injected to the cuvette containing electrodes and measurements
were taken for 20 times for single sample for more accurate result.

2.6.5 Surface Area Analysis

The extent of adsorption is influenced by the gas pressure, adsorption temperature,
and the properties of adsorptive gas and adsorbent liquid. During BET isotherm
analysis, the constant temperature is maintained and the gas supplies are reduced,
thus the isotherm variations according to the solid property [20]. A measurement
of specific surface area of the LAC has been made by N2 adsorption at temperature
77 K, using a surface analyzer (Belsorp surface area analyzer). The pore size of the
sample was analyzed so that various plots could be taken with which the surface
area would be analyzed. The results of LAC analysis were obtained by using Belsorp
adsorption/desorption data analysis (software version 6. 3. 2. 1). The mesoporous
volume was determined by subtracting micropore volume from total pore volume
[21].

3 Results and Discussion

3.1 E-Waste Bioleachate

After the bioleaching process, the bio-leachate was collected and subjected to char-
acteristic study such as pH, and metals has been analysed by Atomic Absorption
Spectrometry (AAS) using copper flame of wavelength of 324 nm, slit width of
0.5 nm, an ampere of 4 mA of current was fed to analyze copper. pH of Bioleachate
of e-waste have the pH of 4 which is acidic in nature. AAS result of sample shows
that it contains approximately 500 ppm copper metal was present in it.
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3.2 Characteristic Study of Lemon Activated Carbon

The pH of LAC was 8.16 while that of CAC was that of 8.7. Activated carbon with
a pH of 6–8 is most preferable for wastewater treatment [22]. This shows that LAC
could be used as an alternate for CAC acid or basic nature of adsorbent indicates the
chemically active oxygen groups on its surface.

3.3 Moisture Analysis

The moisture content present in the LACwas found to be 9.55%. This shows that the
adsorption would not be hindered by the penetration of water. The moisture content
analysis was done for 3 h and result showed only 9.55% and after that there were no
water molecules. Moisture analyzer could also increase the pore size of the sample
which could be used as an activation process but the energy consumption is very
high.

3.4 Particle Size Analysis of LAC

Though the particles were ground with planetary ball mill, there was no uniform
sized sample may be because of the time given for milling. The particle size analysis
results of LAC showed it had particles less than 30 µm. The LAC samples were
sieved with a 75 µm sieve which was then milled, and it was noted from the result
that therewere particles with size of 5–30µmwhichwas less than 50%whereas there
were particles with nanosize which was less than 5% while the rest of the particle
lie between 30 and 75 µm. This reduces the scope of more characteristic analysis of
LAC (Fig. 1).

3.5 Zeta Potential Measurements

Zetasizer is used mainly for nanosized particles to find out the ion interactions.
The potential analysis can only be conducted if particle size of sample lies in the
nanoscale. As the sample is a mixture of nanoparticles as well as micro particles, it
showed a better result. The zetasize potential was found to be +82 mV which proved
that the particles could settle and could form flocs.



392 J. Senophiyah-Mary et al.

Fig. 1 Particle size analysis
of LAC
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3.6 FTIR Analysis

Fourier Transform Infrared Spectroscopy (FTIR) Perkin Elmer was used for this
process. Figure 2 shows the result of FTIR of LAC and CAC. Presences of functional
groups which have high influence in adsorption process were checked through FTIR
analysis. On comparing the IR spectra of LAC and CAC, the existence of various
groups in them could be assessed. From the obtained result, the peaks of LAC and
CAC show that similar bands in the region 4000–3500 cm−1 indicates O–H, N–H,
C–H stretching and bands around 1600–950 cm−1 were indicates the presence of
polysaccharide or protein, ester, which have a strong attraction to both gold metal
ion and base metal ions, such as copper, iron, nickel, lead. Both the peaks of activated
carbon show that between 1600 and 950 cm−1(1461 cm−1) shows the affinity towards
copper metal which is more useful for adsorption of Cu.
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Fig. 3 t-plot of LAC

3.7 Surface Area Analysis

The adsorption amount is stated by adsorption layer thickness. T-plot of surface area
analysis is shown in Fig. 3. In that, they have two slopes in it. This is because the pores
are micropores and they are homogenous too. In the primary stage of adsorption, the
adsorption amount increases considerably due to adsorption into micropores, but
the thickness of the adsorption does not surge so much, as a result, the slope of t-
plot turns into sharp. When adsorption into micropores is accomplished, adsorption
occurs only on the surface of adsorbent. As it affects the slope of the curve and thus
becomes gradual [23]. The pore surface area can be calculated by subtracting the
external surface area and the internal surface area which was found to be 40 m2/g
which states that the pores are micropores and lie between 2 and 30 nm.

3.8 Adsorption of Copper

Two samples of e-waste bioleachate were taken with 0.1 g of LAC and CAC was
added and agitated at 150 rpm for 1 h. The adsorption studies stated that LAC are
suitable for adsorption of metals with its pores. The percentage removal of copper
was found to be 85.7% were the CAC showed a result of 97% which stated that
the LAC thus synthesized could be replaced with CAC considering municipal waste
management and which could reduce the depletion of fossil fuels.
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4 Conclusions

Lemon peel getting into municipal solid waste mainly from fruit juice shops can be
used efficiently by converting it into activated carbon for treating e-waste bioleachate
since it shows similar characteristics and adsorption properties as Commercial Acti-
vated Carbon (CAC). It was also understood that they could remove 85.7% of copper
from e-waste bioleachate for 10 ml of e-waste bioleachate treated with 0.1 g of LAC.
Since activation process only consumes expense and considers the conversion of
municipal solid waste into wealthy product like efficient adsorbent, LAC is prefer-
able for e-waste treatment.
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A Study on the Merits and Demerits
of the Extraction of Metals by Thermal
Cracking Treatment of WPCB
with Different Thermal Furnaces

R. Balaji, J. Senophiyah-Mary, R. Loganath, K. Yaazhmozhi
and N. Dhivya Priya

1 Introduction

E-waste is a termwhich includes all the electrical and electronic equipment (EEE) and
its constituent parts that have been left over by the people aswastewithout the purpose
of reuse. The e-waste being generated has both the toxic as well as valuable materials
[1, 2]. Though it is an emerging issue due to its toxicity level, it is a great platform
for the business people to recycle the e-waste to obtain the valuable materials [3–5].
India produces tonnes of e-waste and it is one the largest electronic waste producers
in the world which ranks 5th among them. Nearly 70% of electronic wastes from
India are majorly contributed by Computer devices. Out of which, telecom sector
holds 8%, electric and electronic equipment holds 7% of the yearly electronic waste
generation. Nearly 75%of e-wastes are generated from theGovernment public sector
companies and private sector companies, whereas the 16% of e-wastes are only
generated from individual household. E-waste accounts for heavy metals such as
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nickel, lead, cadmium and chromium in it and most of them are found in the landfills
and groundwater [6–8]. These pollutants are responsible for the contamination of
the environment. In India, Extended Producer Responsibility is introduced by E-
waste (Management and Handling) Rules 2016 to take back the used goods by the
corresponding producer. As the implementation of EPR was improper, there is an
increase in growth rate of e-wastes are generated and compounded annually, out of
which 95% recycling is done by the unskilled informal sector [9, 10]. The present
e-waste management rules in India are very difficult to implement because of its
numerous factors such as hurdles faced during the inventorisation process, vigorous
growth of informal sector which involved in recycling and majorly lack of awareness
among people who dump the obsolete e-waste in their household itself [11, 12] .

Printed Circuit Board (PCB) has a composition of metals, plastics and some
amount of glass materials and ceramics [13]. The possible metal elements in the
PCBs are Pb, Al, Cr, Cd, Sn, Zn, Ti, Hg and As along with some precious metals
such as gold, silver and palladium. Some rare earth metals are also used in PCBs
[14, 15]. Recoveries of precious metals are achieved because of greater affinity for
Copper [16, 17]. Heavy metal concentration is high in PCB when compared with
e-waste. The possible heavy metals in PCBs are Pd, Cr, Hg, As and Cd that are avail-
able in surplus quantity [18]. The cost of metal recovery from E-Scrap is much less
as compared to the extraction of these metals frommining ores. Electronic waste and
WPCB recycling help in recovery of metals to a very large extent, and also help in
the preservation of natural resources [19–21]. The process of recycling e-waste pro-
vides a better solution for the e-waste management also the environmentally sound
living habitat. For the world scenario, the growth rate of e-waste is likely to hit
by 23.5%. Similarly, for the Indian scenario from 2015 to the upcoming 5 years,
the generation rates are expected to be 26%. The general methods adopted for the
treatment of e-waste PCBs are pyrometallurgy, hydrometallurgy and biohydromet-
allurgy. Pyrometallurgy is the process used for the recovery of metals using high
different temperatures for the treatment. Hydrometallurgy is the process in which
metal extraction is done using aqueous solutions [16, 22, 23]. Biohydrometallurgy
is the process which deals with the microorganism that converts solid metal to a
dissolved form [24]. Both the formal as well as the informal sectors were involved
in the treatment process.

Pyrometallurgical treatment process can be achieved with the help of Muffle
furnace and the horizontal tubular furnace and the gaseous emissions are opened to
the atmosphere. Chemical Vapour Deposition (CVD) is equipment used to extract
or convert WPCB sample into its purest metallic form for the pyrometallurgical
treatment process. Two gases were used in the CVD chamber [25, 26]. Namely,
hydrogen and argon out of which argon is a non-reactive inert gas which is used to
flush out the metal oxides formed during the treatment processes. And the H2 gas
is used to reduce the oxidised metals that are been formed due to the excess heat
generated during the process. This equipment has a provision to collect the oxides
that have been analysed with the help of gas chromatography, as well as atomic
absorption spectroscopy [17].
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Muffle furnace equipment is used for the continuous heating for processing sam-
ples and material, here the samples are secluded from all sorts of external sources
such as fuels and gases which help in the combustion process [27]. Heating is done
in the absence of air which enhances the oxides formation which is carried out in
the Muffle furnace. No gas is collected from the muffle furnace since the outlet is
open to the atmosphere [28]. The sample lags the metallic phase, this is because the
thin metals present in the tubular furnace get crumbled and get oxidised during the
treatment process. But in case of tubular furnace, the e-waste is heated to 950 °C
under inert atmosphere for 20 min. Argon gas which flushes out the gases emitted
during the treatment at a rate of 200 mL/min [29, 30].

Themain advantageof pyrometallurgical treatment process is themetals recovered
from the treatment process can be directly used for further metal utilisation needed
for the industry, which means it results in the pure form of metal oxides and in some
cases metal foil itself recovered [31]. But this differs from the type of PCBs used for
the treatment. It also requires low skilled supervision. The major disadvantage is the
emission of toxic substances which may affect the environment, but the study has
been made in the presence of inert atmosphere which may give a possibility of low
toxic emission compared to all the other processes.

The main objective of this was to study the merits and demerits of the extraction
process under different thermal furnaces. As the PCB is a combination of metals and
plastics, the deterioration effect of plastics in WPCB was also studied. Though there
are many techniques to leach out, metals pyrometallurgy is a known technique to
extract the metals direct to use and also reduces time. This study has been extended
to know the amount of metals that were obtained as a result of this treatment and
various analysis techniques have been used to know the concentration and types of
substances present in it. The toxic emissions that get emitted during the treating
process were also studied.

2 Materials and Methods

2.1 Material Collection

WPCB plate samples are collected from Green Era Recyclers. WPCB of varied sizes
is cut into 2 cm × 2 cm which should be rich in metal composition and is weighed.
Semicircular alumina boat of size 2 cm inner diameter is needed in order to make
the PCB fit in the alumina crucible.
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2.2 CVD Chamber

The metals rich in PCBs are cut into the proper size and placed in the semicircular
alumina boat. A metal rod helps in pushing the alumina boat to the centre portion of
the CVD chamber, now the boat is directly below the heating furnace. Pressure in
the tubular furnace is adjusted to vacuum and then the temperature is set to 950 °C
for the duration of 20 min. The hydrogen gas is passed during the initial stage for
the flow rate of 200 mL/min for the duration of 1 h in order to enhance the reduction
process. Then it is followed by the argon gas which results in flushing out the gases
inside the tubular furnace thus resulting the inert atmosphere to the chamber. The
outlet of the tubular furnace is led into the container filled with water. The toxic
emissions coming out from the furnace during the treatment process are collected in
the container and it should be used for the analysis of toxic oxides present in it. The
CVD chamber can cool down and the product obtained after the treatment process
is metallic phase, slag phase and gaseous Phase. The slag phase may contain some
metals, and the residual metals can be recovered using Vibrated Gas–Solid Fluidised
Bed (VGFB) apparatus [32, 33].

2.3 Muffle Furnace

Samples are weighed and placed in the crucible and kept inside the muffle furnace at
950 °C for 20 min. The only difference between tubular furnace and muffle furnace
is the existence of inert atmosphere. In muffle furnace, the metals are recovered in
the crucible. Here, also the metal oxides are formed in the absence of air (Fig. 1).

2.4 Thermo-Gravimetric Analyser

Thermo-gravimetric analyser is used in order to determine the temperature at which
complete degradation of the polymers occurs. TGAalso gives the value ofweight loss

Fig. 1 a Tubular furnace. bMuffle furnace
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Table 1 Instrumental parameters for AAS determination of metals

S. no. Metals Wavelength (nm) Slit width (nm) Current (mA)

1 Cu 324.8 0.5 4

2 Ni 232 0.2 4

3 Cr 357.9 0.5 7

4 Zn 213.9 0.2 5

5 Pb 283.3 0.5 5

in percentage at different temperatures for different time periods. Thus, the weight
loss in percentage of the substance is valued as the function of temperature or time.
Here, both the plate samples as well as powdered samplesmay be used for optimising
the temperature which gives the degradation temperature of the substance. The plate
sample weighing 0.2 mg is analysed with an initial temperature of 32 °C and the
degradation completes by 920 °C. For experimental purpose a temperature of 950 °C
is optimised for both the Muffle and Tubular furnace.

2.5 Atomic Absorption Spectroscopy

Atomic absorption spectroscopy is used in order to find out the initial metal con-
centration of the samples. Here, the initial sample and the treated samples are used
for the analysis. Samples should be weighed before and after the treatment process.
The product obtained from Muffle Furnace as well as tubular furnace is weighed
in order to find out the percentage of weight which has been converted into toxic
emissions during the treatment process. The solid metallic form obtained is con-
verted into its soluble form by using concentrated nitric acid. Similarly, the weighed
untreated e-waste plate is also made into its soluble form. For finding out the initial
metal concentration, stock solution of different ppm (i.e.) 1–10 ppm is made for dif-
ferent metals like Cu, Zn, Cr, Pb and Ni. And serial dilution is done for treated and
untreated e-waste solutions in order to avoid high absorbance value during sample
testing. Then, the unknown initial concentration of metals for the sample is found
out from the absorbance value (Table 1).

3 Results and Discussion

It is observed that the degradation of plastics in e-waste samples likely to be increased
from 300 to 500 °C. After 500 °C, there is a steady degradation found andweight loss
after the 500 °C is also found to be stable. From the analysis, the complete degradation
of e-waste sample occurs at 920 °C. No further weight reduction is observed in the
analysis value. Hence, 950 °C is used for the further treatment process (Fig. 2).
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Fig. 2 A thermo-gravimetric analysis of a PCB sample

The process of Thermal Cracking Treatment of WPCB under CVD chamber at
inert atmosphere generates carbon slag. In general, the bond between carbon and
copper is very less hence the separation of metal and slag is much easier than all
the other process. This study shows that this method of recycling WPCB results in
direct metal recovery in large quantity and also generates the least amount of by-
products [34]. Recent research reveals that thermal processing of e-waste andWPCB
provides an alternate methodology for utilisation of energy from it if inclusive toxic
control features are established in the treatment unit [24, 35]. The pyrolysis at 950 °C
resulted in copper alloys. Copper foils contain Pb and Ni levels as low as 0.34 and
0.49%, and it will be recovered directly in single step smelting process. Copper foils
are obtained after the pyrolysis of WPCBs [11, 24]. By using Atomic absorption
spectroscopy, the metal concentration for different metals such as Cu, Cr, Pb, Zn and
Ni are found out. From the result, it is found that Cu metal concentration is found to
be 400 mg/l and Pb as 7.5 mg/l and finally Ni as 10 mg/l for the untreated e-waste
plate. No metal concentrations are found for Zinc and Chromium (Fig. 3).

It is observed that weight loss in muffle furnace is much higher when compared
to the tubular furnace. It is also observed that metals undergo reduction and metal
alloys are formed in the tubular furnace that is identified with the help of colour
pattern obtained after the treatment process. But in case of muffle furnace metals are
oxidised and are no such metallic phase is obtained as in the tubular furnace. Other
than metallic phase, slag is retained in the crucible which not dispersible medium
during acid treatment. The slag is removed, and metallic phase is segregated in
an easier manner. From which the treated e-waste contains approximately 20% of
metallic weight as a combination of alloy. The metallic alloy is further acid treated
in order to find out the metal concentration in that treated samples by using Atomic
absorption spectroscopy. During acid treatment, the metals in the alloy are turned
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into gaseous phase, which is confirmed through the Red fumes coming out during
the effervescence (Fig. 4).

3.1 Merits and Demerits

Pyrometallurgical method is one of the cheapest and best suited methods for metal
removal fromWPCBwhen underwent through a large-scalemetal separationmecha-
nism. At high temperatures, the removal efficiency is greatly influenced, and the rate
of reaction is quite high for the thermal cracking treatment process. At high tempera-
tures, it is much easier to separate the metal from the residue left after the treatment,
since the product vapourises at high temperature. Metal extraction by tubular fur-
nace gives an efficient outcome (i.e.) metals is extracted as an alloy and it can be
separated uniquely by means of smelting process under different temperatures . But
the question is while going for a large-scale production, the power consumption for
the treatment process will be too high and there may be a possibility of low produc-
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tivity in large-scale productions. Hence, tubular furnace in series may be suggested
for large-scale efficient production. Published research shows that pyrometallurgical
process is a profitable and efficient method to achieve WPCBs harmless recycling
and resource utilisation [36]. Recycling e-waste and WPCB is a major solution to
the meet the energy need for our self which is increasing in our day-to-day life. At
the same time, natural resources can be conserved which are at the depleting stage.
Electronic waste recycling and management should be implemented throughout the
world to ensure a sustainable future. At very high temperature, the existence of met-
als in carbon residues is very few, which confirms that the quality of carbon obtained
as a by-product is in extremely good condition [16, 19, 37, 38]. The emitted organic
gases from the pyrolysis process can be utilised as an alternate heating source needed
for the pyrolysis of PCBs [3, 39].

4 Conclusion

Pyrometallurgy using tubular furnace helps in direct recovery of metals which can be
reused further. No additional costlier methods needed for separating the metals from
the metallic alloy. Toxic metals are also recovered as an alloy during the treatment
process. It requires no skilled supervision during the treatment process. It is one of
the time-consuming processes than hydrometallurgy and biohydrometallurgy, since
it may take a long time for leeching and for chemical separation of metals. Here,
the reduction in cost of epoxy coating removal from PCBs is also achieved. The
only major problem faced during the treatment process is the emission of toxic metal
oxides as gases. Necessary modifications have to be done in order to minimise the
toxic emissions below the standards. At high temperature, the product obtained after
the treatment process are metallic phase, carbonaceous slag and gaseous fractions.
The thermal cracking of plastics and polymers will result in gaseous emission which
may contain carbon dioxide, carbon monoxide and methane.
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Bioremediation of Lead Compound Using
Acinetobacter sp. 158; Optimization
of Media and Cell Growth Dynamics

Moumita Bose, S. Datta and Pinaki Bhattacharya

Nomenclatures

CG Concentration of substrate glucose (kg/m3)
CB Concentration of biomass (kg/m3)
k Maximum specific cell growth rate (hour−1)
KS Saturation constant for lead (kg/m3)
t Time of incubation (hours)
Y B/G

Yield factor

1 Introduction

It is now well established that to bring down the level of heavy metal contami-
nated industrial effluents below the permissible limit, bioremediation route is the
only possible solution. Although bioremediation of most of the heavy metals is well
explored [1–4], interestingly, not many reports on investigations are available on
the bioremediation of metallic lead and its compounds. Many industries such as
coating, automotive, storage batteries, and aeronautical steel industries generate a
large quantity of wastewater containing medium to high concentration of lead and
its compounds which are highly toxic to human and aquatic bodies. Understanding
the potential threat of this heavy metal to the environment and living bodies differ-
ent statutory agencies have made stringent rules for discharging effluent containing
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lead and its compounds. Such ultralow discharge standard can only be made by cou-
pling conventional physiochemical treatment with the bioremediation process. The
bioremediation technique although apparently looks simple but in reality, it needs
a thorough bioprocess engineering study to make the process economically viable,
eco-friendly as well as user friendly. It is felt that there are enough scopes to add new
knowledge through a programmed setup experiment followed by suitable modeling
and simulation, which can be directly used for bioreactor design [5, 6].

In the present investigation, in order to make the target bioremediation process
industrially acceptable with regards to cost-effectiveness, an attempt has been made
to optimize the percentage of lead removal using the key constituents of growth
medium, viz., glucose as well as key microenvironmental parameter pH and shaking
speed as independent variables. The well-accepted statistical optimization technique
response surface methodology (RSM) has been used for this purpose. The optimized
value of the independent variables is expected to make the process cost-effective.

An attempt has also been made to study in detail the cell growth dynamics as
well as the substrate concentration—time histories in batch mode operation by using
the optimized value of the initial substrate concentration obtained through response
surface methodology experiment. Experimental data so obtained have been fitted to
theMonod’s substrate uninhibited cell growth ratemodel for the purpose of predicting
the cell growth. The two intrinsic kinetic parameters present in theMonod’s equation
have been evaluated experimentally.

2 Materials and Methods

• Lead nitrate [Pb (NO3)2] (A.R grade), SRL, India.
• Tryptone glucose yeast extract (TGY) broth, sodium hydroxide (NaOH) (L.R
grade), HIMEDIA, India.

• Nitric acid (HNO3), sulphuric acid (H2SO4), alcohol, sodium sulfite, Di-potassium
hydrogen phosphate glucose, Rochelle salt (A.R grade) MERCK, India.

• Di nitro salicylic acid (DNSA) (GR grade), (L.R grade) LOBACHEMIE Pvt. Ltd,
India.

2.1 Preparation of Bacterial Culture

Acinetobacter sp. 158was previously isolated frombattery industrywastemud. In the
present study, the 24 h fresh culture of that bacterial cell grown in lead-incorporated
tryptone glucose yeast extract (TGY) broth was used as inoculum. Aqueous solution
of lead nitrate was used as a lead supplement.
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2.2 Estimation of Concentration of Glucose

Concentration of glucose wasmeasured usingDi nitro salicylic acid (DNSA)method
[7]. Initially, 1gm of Di nitro salicylic acid (DNSA), 200 mg crystalline phenol,
and 50 mg sodium sulfite were dissolved in 100 ml 1% aqueous sodium hydrox-
ide (NaOH) solution. Simultaneously, a solution of 40% sodium potassium tartrate
(Rochelle salt) was prepared by adding 20 gm Rochelle salt in 50 ml distilled water.

2.2.1 Procedure

1 ml supernatant broth was taken in a 200 ml beaker and was diluted to a hundred
times by adding distilled water. 1 ml of this diluted supernatant was transferred to a
test tube and 2 ml distilled water, 3 ml Di-nitro salicylic acid (DNSA) solutions were
added to it. The test tube was kept in a boiling water bath for 5 min until dark red
color appeared. At this stage, 1ml of 40% sodium potassium tartar ate (Rochelle salt)
solutionwas added to it. The solutionwas cooled and its optical densitywasmeasured
at 510 nm wavelength. The optical density was used to determine the concentration
of glucose with the help of a previously prepared standard plot of optical density
against the known concentration of glucose.

2.3 Determination of Concentration of Bacterial Biomass

The concentration of biomass was estimated using the dry cell measurement method
following the protocol described earlier [5].

2.4 Estimation of Lead

Monitoring of removal of lead was made following the similar procedure published
earlier [5].

2.5 Optimization of Lead Removal Using Response Surface
Methodology

Since Acinetobacter sp. 158 has tremendous potential of removing lead from lead-
containing industrial waste, a cost-effective method is needed for large-scale pro-
duction of the lead-resistant bacterium. The bacterium uptakes lead by intracellular
accumulation so the bacterial growth is directly related to lead removal. The pri-
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mary step toward cost reduction is to identify optimum growth conditions as well as
optimum lead removal conditions and operating parameters.

Experimentally the optimized conditions are determined by changing one variable
keeping all others variables are constant and observing its effect on the cell response.
This optimization procedure is almost arbitrary and real-time situation provides no
fruitful information. Presently, with the advent of response surface method technique
for optimizing process parameters theoretically, the scenario is completely changed.
It is a fantastic approach to get optimized conditionbyperforming aminimumnumber
of experiments.

Optimization of media compositions for any biological system the principal
emphasis rests on carbon source. In the present investigation, an attempt has been
made to optimize the percentage of lead removal by that bacterium based on the
concentration of carbon source, pH, and rotational speed.

2.5.1 Procedure

The principle of optimization is based on central composite design (CCD).According
to CCD design, the total number of treatment combinations is 2a +2a +n0, where
‘a’ is the number of independent variables and n0 the number of repetitions of the
experiments at the center point.

The principal of optimization followed here include two consecutive steps. Ini-
tially, the total number of treatment combinations is determinedbyperforming central
composite design (CCD). In the next step response, surfacemethodologywas applied
to solve the multivariate polynomials and subsequently optimization of the response
variable. Thus, response surface methodology is based on three steps: (i) design and
experiments; (ii) response surface modeling through regression; (iii) optimization.
The functional relationship between the response variables is best represented by a
second-order polynomial equation given in Eq. 1.

Y � β0 +
k∑

i�1

βi Xi +
k∑

i�1

βi i X
2
i +

k∑

i�1

k∑

i�1

βi j Xi X j + ε (1)

where X1, X2,…, Xk are the input variables, which impact the response Y ; β0 (inde-
pendent term of regression equation), β i (i=1, 2, …, k) (linear term of regression
equation), β ii (i=1, 2, …, k) (second-order term of regression equation), and β ij

(i=1,2, …, k; j=1, 2, …, k) (interactive term of regression equation) are unknown
parameters; ε is a random error. In the present investigation, the response variable
(Y ) is the percentage of lead removal and X1, X2, X3 are concentration of glucose,
pH of the medium, and rotational speed, respectively [8–10].

Design-Expert 8.7.0.1 software was used for regression and graphical analysis
of the simulated data. The central composite design (CCD) was used to perform
20 experiments for 23 three factorial designs and six replicates at the center point;
six star points were employed to the second-order polynomial model. The optimum
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Table 1 Experimental ranges and levels of independent variables for set 1 experiment

Independent
variables with
symbol

−α −1 0 +1 +α

Concentration
of Glucose
(X1) (Kg/m3)

0.454622 2.5 5.5 8.5 10.54538

pH (X2) 5.318207 6 7 8 8.681793

Rotational
speed (X3)
(rpm)

103.1821 110 120 130 136.8179

values of the selected variables were obtained by solving the regression equation at
the desired values of the process responses. Each of the parameters was coded at
five levels −α, −1, 0, +1, +α. The range and level of the variables in coded units
obtained through response surface methodology study are given in Table 1.

2.5.2 Determination of Optimum Percentage of Lead Removal

Twenty experiments were conducted under batch mode condition in Erlenmeyer
flasks. The temperature was maintained at 37 °C. The intention of this experiment to
study the effect of concentration of glucose, pH of the solution, and shaking speed
on the percentage of lead removal by the lead resistant strain. Media pHwas adjusted
by using 0.1 (N) HNO3 and 0.1 (N) NaOH according to the experimental sets given
by software.

Each Erlenmeyer flask contained a calculated amount of TGY broth and was
subjected to autoclaving at 0.2MPa at 121 °C for 15min before inoculation. Then the
metered amount of aqueous lead nitrate solution was added into each flask under the
aseptic condition to maintain 250 ppm lead concentration in media. After that, each
of the flasks was inoculated with the pure culture solution of the lead-resistant strain.
Percentage of lead removal (the response variable) was determined by estimating
lead following the procedure mentioned under Sect. 2.4.

2.6 Concentration-Time History of Limiting Carbon Source
Glucose

In order to find out the growth kinetics of the isolated microorganism at the optimum
value of the concentration of glucose obtained using response surface methodology,
a set of batch experiment was carried out in 100 ml Erlenmeyer flask. Erlenmeyer
flasks each containing a calculated amount of broth were taken and autoclaved at
0.2 M Pa and 121 °C for 15 min. Fixed amount of previously sterilized aqueous
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solution of lead nitrate was incorporated into each flask under the aseptic condition
to maintain metal concentration 0.25 kg/m3. Each flask was then inoculated with the
isolated pure strain inside the laminar flow chamber and was marked serially. Once
the inoculation was over, all the shake flasks except that marked 1 were kept inside
incubator under shaking. The temperature was maintained at 37 °C.

Metered amount of aliquot from the flask marked 1 was taken in a centrifuge tube
and centrifuged at 5000 rpm for 20min. After separation of the solid residue from the
liquid, the concentration of the dry cell mass was measured by the method outlined
earlier. The concentration of the glucose was determined by DNSA study from the
liquid supernatant mentioned under Sect. 2.2. After a definite time interval, the flask
marked 2 was taken out from the incubator and a similar experiment was conducted
as in the case of the flask marked 1. These experiments were repeated for each of the
flasks to get the cell mass growth-time history as well as substrate-time history. In
order to find out the experimental data at 0 time one flask was analyzed immediately
after inoculation.

3 Result and Discussion

In order to investigate the potential effectiveness of the candidate bacterium Acine-
tobacter sp. 158 as lead tolerant, the phase contrast microscopic observation was
made and the result is shown in Fig. 1. It is evident from the figure that the isolated
cells have formed profuse spores to tolerate lead metallic shock and eventually has
been transformed into a lead-resistant bacterium.

3.1 Optimization of Growth Media and Growth Parameters

Table 2 presents the experimental design data obtained through central composite
design for the experiment. In order to develop a quantitative relation between the

Fig. 1 Phase contrast
microscopic observation of
endospore staining
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Table 2 Central composite design data for RSM experiment

Run X1 (coded)
(Kg/m3)

X2 (coded) X3 (coded)
(rpm)

Observed
values of
percentage of
lead removal

Predicted
values
percentage of
lead removal

1 +α 0 0 11 10.16

2 +1 −1 +1 11.9 12.45

3 0 +α 0 16 14.19

4 −1 −1 −1 10.6 10.85

5 0 0 −α 22.2 22.71

6 −1 −1 +1 10.7 11.48

7 0 0 0 57.38 57.45

8 0 0 0 57.39 57.45

9 0 −α 0 12 11.65

10 0 0 0 57.4 57.45

11 +1 −1 −1 11.5 11.66

12 0 0 0 57.41 57.45

13 −1 +1 −1 11.4 12.36

14 +1 +1 −1 12.3 12.97

15 0 0 0 57.38 57.45

16 +1 +1 +1 12.7 13.96

17 −1 +1 +1 11.9 13.26

18 −α 0 0 10.2 8.89

19 0 0 0 57.37 57.45

20 0 0 +α 24.8 23.14

response and the independent variables for that experiment, Eq. (1) was subjected
to multiple regression analysis only the known process parameters involved in that
experiment.

The resulting Eq. (2) is the desired predicted response for cell growth.

Y � 57.44967 + 0.367766X1 + 0.75619X2 + 0.422693X3

− 0.05X1X2 + 0.025X1X3 + 0.05X2X3 − 16.9431X12

− 15.741X2
2 − 12.3822X2

3
(2)

The significance of Eq. (2) was determined by F-value and the analysis of variance
(ANOVA) by fitting the data of all selected independent variables in the response
surface quadratic model obtained in the individual set. This is shown in Table 3.

The significance of each coefficient was verified by F values and P values fol-
lowing the principle that larger the magnitude of F values and smaller the P values
the more significant is the corresponding coefficient.

In this case, values greater than 0.1000 indicate themodel terms are not significant.
Table 3 indicates that in the present model equation X2, X2

1, X2
2, X2

3 are significant
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Table 3 Significance of coefficients present in Eq. (2)

Model term Coefficient
estimate

Standard error F-value p-value

Intercept 57.44967 0.494981

X1 0.376766 0.328409 1.316175 0.2780

X2 0.75619 0.328409 5.301911 0.0441

X3 0.422693 0.328409 1.656616 0.2271

X1X2 −0.05 0.429086 0.013578 0.9095

X1X3 0.025 0.429086 0.003395 0.9547

X2X3 0.05 0.429086 0.013578 0.9095

X2
1 −16.9431 0.319697 2808.711 <0.0001

X2
2 −15.741 0.319697 2424.303 <0.0001

X2
3 −12.3822 0.319697 1500.4592 <0.0001

Table 4 Analysis of variance for set 2 experiment

Source of
variation

Sum of
squares

Degree of
freedom

Mean square F-value Probability>F

Model 8330.864 9 925.6515 628.4459 <0.0001

Residual 14.72922 10 1.472922

Lack of fit 14.72813 5 2.945626

Pure error 0.001083 5 0.000217

Total 8345.593 19

C.V%�4.549472; R2 �0.998235; Pred R2 �0.986659; Adj R2 �0.996647

Table 5 Optimum values of independent variables and the percentage of lead removal

Glucose
concentration
(kg/m3)

pH Rotational speed
(rpm)

Predicted
optimum value of
percentage of
lead removal

Experimental
optimum value of
percentage of
lead removal

5.55 7.04 120.75 57.42 57.38

model terms. Analysis of variance is shown in Table 4. The F values of the model as
indicated by the analysis of variance are 628.45. This value alongwith the probability
(less than 0.05) indicates the validity of the predicted cell response equation in the
present case.

In order to understand the quantitative dependence of the percentage of lead
removal on the independent variables, a set of 3D plots (Fig. 2 through Fig. 4)
have been constructed with the operating parameters. All these plots establish the
optimum lead removal percentage simultaneously optimum cell growth conditions.
The optimum value of the percentage of lead removal and the corresponding values
of the three selected independent variables are given in Table 5 (Fig. 3).
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Fig. 2 3D plot of optimum percentage of lead removal against the concentration of limiting carbon
source (glucose) (kg/m3) and pH

Fig. 3 3D plot of optimum percentage of lead removal against limiting carbon source (glucose)
(kg/m3) and rotational speed (rpm)
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Fig. 4 3D plot of optimum percentage of lead removal against pH and rotational speed (rpm)

3.2 Cell Growth Dynamics

Time history plots of cell growth and substrate depletion have been constructed from
the experimental data. These are shown in Figs. 5 and 6 respectively. A section of
S-shaped curve obtained in Fig. 5 leads to the possibility of cell dynamics to be
explained by Monod’s substrate uninhibited model equation. A close inspection of
Fig. 6 reveals that the substrate depletion dynamics is exponential in nature. Such
observations further strengthen the applicability of theMonod equation in the present
cell growth dynamics.

Fig. 5 Cell growth as a
function of time with initial
glucose concentration as a
parameter
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Fig. 6 Depletion of glucose
as a substrate with time for
optimum initial glucose
concentration obtained from
RSM
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Fig. 7 Yield coefficient
curve
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3.2.1 Development of Theoretical Equations of Cell Growth Dynamics

The nature of cell growth as well as the depletion of substrate shown in Figs. 5
and 6, respectively, dictate the applicability of Monod’s substrate uninhibited model
equation in the present case. The model equation is given by.

dCB

dt
� kCGCB

KS + CG
(3)

In the above equation, CG �concentration of substrate glucose (kg/m3), CB �
concentration of biomass (kg/m3), k �maximum specific cell growth rate, hour−1,
KS � saturation constant for glucose, (kg/m3), t � time of incubation, (hour).

In Eq. (3), concentration of substrate has been eliminated in terms of concentration
of cell using the yield of cells as follows:

YB/G
� −dCB

dCG
(4)

CB Vs CG should yield a straight line having slope YB/G. This is shown in Fig. 7.
A linear plot so obtained has a slope of 0.078. Integration of Eq. (4) gives

(
CB − CB0

) �� YB/G

(
CG0 − CG

)
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Fig. 8 Linear plot of
integrated Monod’s equation
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Table 6 Cell yield and intrinsic kinetic parameters of Monod’s equation

Yield coefficient
(

kg of cell
kg of glucose

)
Substrate saturation constant
(kg/m3)

Maximum specific reaction
rate (Hour−1)

0.078 0.321 0.02427

Or,

CG � CG0 + YG/B

(
CB − CB0

)
(5)

And,

CB � CB0 + YB/G

(
CG0 − CG

)
(6)

Integrating Eq. (3) with suitable substitution and rearranging the following linear
form of the equation is obtained [11]

t

ln CB
CB0

� M

k

ln
CG0
CG

ln CB
CB0

+
M + 1

k
(7)

Where,

M � a constant � KS

CG0 + CB0YB/G

(8)

A plot of t
ln CB

CB0

against
lnCG0

/
CG

lnCB
/
CB0

is shown in Fig. 8. The linear plot so obtained

confirms the validity of Monod’s equation to predict cell growth dynamics in the
present case.

The two intrinsic kinetic parameters k and KS present in Monod’s equation have
been evaluated by combining slope and intercept obtained from Fig. 8. The values
of YB/G

k and KS are given in Table 6.
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The cell growth dynamics can be represented by the following equation, and
therefore can be shown as follows:

For cell growth,

dCB

dt
� 0.02427CBCG

0.321 + CG

kg cell formed

(hr)
(
m3

) (9)

In order to validate the general applicability of the proposed cell growth dynamics
equation experimental data not used for simulating purpose have been used to com-
pare with the predicted values. It is observed that the experimental and simulated
data match well within the acceptable confidence level. Thus, Eq. (9) is capable of
predicting cell growth rate in presence of a predetermined concentration of lead.

4 Conclusion

Understanding the importance of optimum culture condition used for cell growth,
in the present investigation a programmed statistical optimization study has been
carried out to identify the optimum condition pertaining to initial concentration of
carbon source, pH, and rotational speed of the medium. A widely accepted statistical
tool, viz., RSM has been used for optimization and resulting 3D plots yielded the
optimized value of the independent variables. Studies on cell growth dynamics using
this optimumvalues resulted in a quantitative dynamic equation capable of predicting
cell growth concentration under transient condition.
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Rapid In Vitro Proliferation of Tinospora
Cordifolia Callus Biomass from Stem
and Leaf with Phytochemical
and Antimicrobial Assessment

Vidyadhar V. Gedam, Swapnil V. Punyapwar, Pranay A. Raut
and Anup D. Chahande

1 Introduction

Extensive variety of secondary metabolites viz. tannins, terpenoids, alkaloids, and
flavonoids are richly available in plants, with profound antimicrobial properties [1].
Plants that possess strong antimicrobial potential against pathogens are considered
as a valuable source of medicinal compounds and are likely to have lesser side
effects in comparison with modern medicines. Antibiotic discovery was a critical
moment in medical history that has revolutionized medicine in many regards, and
myriad lives have been saved consequently. But, it is unfortunate that the injudicious
use of these drugs has been conjoined with the prompt development of resistant
strains of microorganisms. Thus, there is a need to investigate such plants and isolate
commercially useful secondary metabolites.

Tinospora cordifolia (Wild) Miers (Menispermaceae) is a big, woody climber.
The early stem is green in color, cylindrical shape, and smooth in nature [2, 3].
Its developed stem has warts on the surface, hanging floating roots, and peel-
ing bark which is creamy white in color. Tinospora cordifolia is a widely used
shrub in ayurveda. This species is also efficiently used in the treatment of allergic
rhinitis due to its immunomodulatory or immunostimulatory, antitumor, cognition,
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anti-inflammatory, anti-neoplastic, antihyperglycemia, antihyperlipidemia, antiox-
idant, antituberculosis gastrointestinal and hepatoprotection, anti-osteoporotic,
antiangiogenic, antimalarial, anti-allergic, and antimicrobial, and side effect pre-
vention from cancer chemotherapy characteristics [4–7].

Plant researchers were attracted and paid attention due to phytochemical prop-
erties of medicinal plants and also due to the development of more sophisticated
analytical tools. These sophisticated analytical tools played a real role in the search
of new assets of unanalyzed materials for pharmaceutical research. Various impor-
tant biochemical contents have been screened from various parts of plants and their
effects have been studied [8–10]. Among such phytochemicals few have antimi-
crobial activity. Plants that possess strong antimicrobial potential against pathogens
are considered as a valuable source of medicinal compounds and are likely to have
lesser side effects in comparison with modern medicines. Typical medicines were
increasingly accessible to the use of antimicrobial and other types of drugs specifi-
cally resulting from plants. For the last 20 years, there has been a fast rate of (plant)
species loss, which is the motivating factor for the renewed interest in plant antimi-
crobials [11].

In current study, T. cordifolia is subjected to different hormone concentrations for
biomass production from different plant parts. It also focuses on the assessment of
antimicrobial activity of T. cordifolia stem and leaf extract. The antimicrobial activity
of T. cordifolia is estimated against three standard strains, i.e., E-coli, P. aeruginosa,
and B. subtilis with aqueous, methanolic, and ethanolic extracts with the help of
standard well diffusion method.

2 Material and Methods

2.1 In Vitro Propagation

Fresh and strong plants of Tinospora cordifoliawere collected fromManas Ayurveda
and Shreeshaila Ayurvedic Nursery in Nagpur. Leaf, node, internode, and shoot tips
were chosen for propagation. Explants were first washed under tap water and surface
sterilized by 70% ethanol. Further, washed with double distilled water to remove
the traces of ethanol from the explants. The washed explants were treated with 2%
Bavistin for 4 min and rinsed with distilled water 2–3 times. Finally, treated with
0.1%mercuric chloride for 3–4min and again washed with sterilized double distilled
water to remove all traces of mercuric chloride.

Explants were inoculated on theMS (Murashige and Skoog) media supplemented
with various concentrations of growth hormones such as NAA, BAP, Kinetin, and
2,4,D. Sterilized leaf explants of diameter 0.5 mm were inoculated on the MS media
supplemented with various combinations of NAA (2.0 and0.5 mg/lit), BAP (1.5,2.5
and 3.0 mg/lit), and 2,4,D (0.5,1.0 and 2.0 mg/lit) used for rapid induction of callus.
For nodal and shoot tip explants, combination of NAA (0.5 and 2.0 mg/lit) with
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BAP (1.5, 2.0, 2.5 and 3.0 mg/lit) and 2, 4, D (2.0 and 2.5 mg/lit) with Kinetin (0.5
and1.0 mg/lit) are used. Subculturing was done in 20 days after induction of callus.
The days of callus induction and multiple shoot induction from single shoot and
shoot formation from callus were observed and data is recorded.

2.2 Phytochemical Screening

Extract Preparation
Tinospora cordifolia plant parts and calluses are sun dried for 4–5 days and thinly
powdered. This powdered plant is then used for the extraction process. Three types of
extracts were prepared with different solvents, i.e., aqueous, ethanolic, and methano-
lic extracts that were prepared using standard protocols.

a. Aqueous extract:

4 g of powdered plant and callus powder were dissolved into 50 ml lukewarm auto-
claved double distilled water. Temperature of the mixture is maintained at 50–60 °C
for 2 h, and then filtered with the help of Whatman’s filter paper no. 1. This extract
was dried. Half of this dried mass is dissolved into DMSO and remaining half is
dissolved into the respective solvent.

b. Ethanolic extract:

4 g of powder was dissolved into 50 ml of 70% ethanol and maintained at 40–50 °C,
and allowed to reduce up to ¼ of its quantity. The mixture is then filtered with
Whatman’s filter paper no. 1. Extract is then allowed to evaporate and the half of this
dried material is then dissolved into 5 ml of DMSO. Remaining half is dissolved in
the ethanol.

c. Methanolic extract:

4 g of powder was dissolved into 50ml of 70%methanol andmaintained at 40–50 °C,
and allowed to reduce up to ¼ of its quantity. The mixture is then filtered with
Whatman’s filter paper no. 1. Extract is then allowed to evaporate and the half of this
dried material is then dissolved into 5 ml of DMSO. Remaining half is dissolved in
the methanol.

2.3 Well Plate Diffusion for Antimicrobial Activity

The nutrient agar plates were prepared by pouring the sterilized media in autoclaved
Petri plates and then allowing it to solidify. Then, evenly spread 20 µl of microbial
culture on the plate with the help of spreader and wait for 10 min. Wells are bored
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on the nutrient agar plates with the help of sterilized borer and named as replica 1
(R1) replica 2 (R2), replica 3 (R3), replica 4 (R4), replica 5 (R5), and replica 6 (R6).
200 µl of aqueous, methanolic, and ethanolic of Tinospora cordifolia extract were
added in wells, respectively. Plates are then set for overnight incubation. Results
were observed on next day [12].

3 Results and Discussion

3.1 In Vitro Propagation

Diverse explants of Tinospora cordifolia were selected for callus propagation. Node
and internode explants were inoculated on MS supplemented with different concen-
trations of BAP, KIN, and 2, 4, D which showed different responses.

Callus induction was observed within 7 days or more depending upon the concen-
tration of the growth regulators. Callus best results were obtained on 2,4,D (1 mg/lit)
alone. Our results of callus induction are in harmony with the results obtained by
Bhalerao et al. [13]. The combination of BAP and 2,4,D gave moderate results.

For nodal explant, BAP (1.5 mg/lit) and 2,4,D (2 mg/lit) concentration was better
than the other combinations (Table 1).

Mature callus was obtained within 22–25 days after inoculation. Callus yield
from leaf explant showed higher potential as compared to shoot and nodal explant.

Table 1 Induction of callus with dissimilar concentrations of NAA, BAP, KINETIN, and 2,4,D for
leaf node and internode

Growth regulators (mg/lit) Explants

NAA BAP 2,4,D KIN Leaf Node Internode

_ _ 1.0 _ H _ _

0.5 0.3 _ _ M _ _

_ 3.0 0.5 _ M _ _

_ 2.0 2.5 _ L _ _

_ _ 1.0 3.0 M _ _

_ 2.0 12.0 _ H _ _

_ 1.5 2.0 _ _ L _

_ 2.0 2.5 _ _ M _

0.5 3.0 _ _ _ _ H

_ 2.0 1.0 _ _ _ L

H denotes high callusing,M denotes moderate callusing, L denotes little callusing. (If callus initi-
ation and growth is visible within 5–7 days, it can be considered as high callusing denoted byH. If
the callus is grown visibly within 10–15 days, it can be considered as moderate callusing denoted
by M and if it takes more than 20 days, it can be considered as low denoted by L)
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Fig. 1 Induction of callus

Similar pattern of variation in callus induction by different explants was observed in
the research of Verma et al. [14].

After 30 days of callus-induced culture, a phenolic exudation issue was observed
in shoot formation,mediawas observedwith different colors, explants were observed
with browning, and the buds were broken; therefore, additional analysis was required
to regulate the phenolic leakage, and the procedures were identified by giving differ-
ent phenolic exudation regulatory substances. To prevent the browning of explant,
ascorbic acid is added in the MS media. Similar measures were taken up by Sivaku-
mar et al. [15] (Fig. 1).

3.2 Shoot Induction

The shoots were directly inoculated on the medium with growth hormones such as
KIN and BAP, which shows initiation of shoot in 7–10 days, and visible growth of
6 mm was observed within 25 days. Multiple shoot induction from single shoot was
prominent, i.e., approximately three shoots were arising from a single shoot. The
best combination that works for the multiple shoot formation is BAP (2 mg/lit) and
KIN (1 mg/lit). For shoot induction from shoot tip explant itself, the best working
concentration is KIN and BAP (Table 2).

Above table shows the response given by the shoot tip explant for various concen-
trations of BAP and KIN. The response was recorded after each 25 days of interval
(Fig. 2).



426 V. V. Gedam et al.

Table 2 Response of shoot induction by different growth regulators

Concentration of growth hormones (mg/lit) Response of shoot induction

BAP KIN

1.0 2.0 L

2.0 2.0 M

2.0 1.0 M

2.0 _ L

0.2 0.1 H

L indicates low response, M indicates moderate response, H indicates high response (If shoot
induction starts within 15 days, it is considered as high response denoted by H. For 20–30 days,
it can be considered as moderate denoted by M and for 30–50 days, it can be considered as low
denoted by L)

Fig. 2 Multiple shoots induction. a Shoots at Day—0 of inoculation, b multiple shoot induction

3.3 Phytochemical Screening

The initial phytochemical screening of leaves and stems of T. cordifolia highlights
the presence of different bioactive secondarymetabolites whichmight be responsible
for their medicinal attributes. Phytochemical study of the leaf and stem extract of
Tinospora cordifolia shows the presence of alkaloids, carbohydrates, proteins and
amino acid, tannins, flavonoid, steroids, terpenoids, cardiac glycosides and saponins,
phenol, anthocynide, and phlobatannins (Table 3).

Current study signifies the presence of carbohydrates, phenols, proteins, saponins,
flavonoids, alkaloids, and steroids in all extracts. Tannins are present in methanolic
and ethanolic extract. Terpenoids are present only in methanolic extract. Cardiac
glycosides are also present only in methanolic extract.
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Table 3 Phytochemical screening of Tinospora cordifolia extract

Sr. no Phytochemical
tests

Aqueous extract Methanolic
extract

Ethanolic extract

1 Carbohydrates P P P

2 Phenols P P P

3 Proteins and
amino acids

P P P

4 Saponins P P P

5 Tannins A P P

6 Terpenoids A P A

7 Flavonoids P P P

8 Anthocynide A A A

9 Steroids P P A

10 Cardiac
glycosides

A P A

11 Phlobatannins A A A

12 Alkaloids P P P

P indicates the presence and A indicates the absence of corresponding secondary metabolites
methanol (MET), ethanol (ETH), and aqueous (AQS)

Our results are similar in context of antimicrobial activity to the research of Rani
et al. [16] in which data indicates the presence of alkaloids, amino acid, phenolic
compounds, flavonoids, saponins, steroids, and cardiac glycosides. Most of the phy-
tochemical components were found in methanolic extract due to high solubility of
active compound of T. cordifolia in this solvent as compared to other solvents.

The parameters affecting the selection of solvent includes the amount of photo-
chemical to be extracted, rate of extraction, variety of different compounds to be
extracted, variety of inhibitory compounds to be extracted, simplicity during han-
dling of the extracts, toxicity of the solvent during bioassay process, potential health
hazard of the extract, etc. The main aim for using diverse solvents when screening
for photochemical in plant materials is validated and proved in this study. Alkaloids
play important role duringmetabolic aswell as living systemcontrolled development,
and also they play a major role in shielding function in animals and are mostly used
as medicine, specifically steroidal alkaloids. Presence of flavonoids and phenolic
compounds relate to multiple biological properties such as antioxidant, free radical
scavenging ability, anti-inflammatory, anti-carcinogenic, etc. Some of these phyto-
chemicals can significantly reduce the risk of cancer due to polyphenol antioxidant
and anti-inflammatory effects.
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3.4 Antimicrobial Activity

In present study, all extracts viz. aqueous ethanolic and methanolic extracts show
the antimicrobial activity against the standard microbial stains. The efficiency of
antimicrobial can be found out by measuring the zone of inhibition shown by the
extracts in the standard well diffusion method. The radius of the zone of inhibition
around the well shows the potential of the antimicrobial extract to inhibit the growth
of the antimicrobial culture.

The undiluted extract and first dilution have shown antimicrobial activity but
subsequent dilutions of allmethanolic, ethanolic, and aqueous extract have not shown
any antimicrobial activity. Best results were seen for E. coli followed by B. subtilis,
and then for P. aeruginosa.

Among the three extracts, the best antimicrobial activity is shown by methanolic,
ethanolic, and aqueous extracts which are redissolved in DMSO. The crude extracts
which were redissolved in respective solvent show lower zone of inhibition than
DMSO extracts (Fig. 3).

The circle highlights the concentration of the extract producing best inhibitory
zone for respective strains of organisms (Fig. 4).

• E. coli: Ethanolic (DMSO), methanolic (DMSO), and aqueous (DMSO) show ZI.
• P. aeruginosa: Crude ethanol, aqueous (DMSO), and methanolic (DMSO) show
ZI.

• B. subtilis: Methanolic (DMSO), ethanolic (DMSO), and crude ethanol show ZI
(where ZI indicates zone of inhibition).

Results in above studies resemble to the results of this experiment. The best result
observed for leaf extract dissolved in DMSO for E. coli, followed by B. subtilis, and
P. aeruginosa.

Our results were confirmed by the study conducted by Amane [17] in which the
aqueous extract and ethanolic extract of Tinospora cordifolia showed antimicrobial

Fig. 3 Well diffusion method. a shows the agar plate without wells, b shows agar plate with wells,
and c shows agar plates containing various extracts of T. cordifolia
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Fig. 4 Antimicrobial activities of extracts on different microbes

Table 4 Antimicrobial activity of different extracts against different organisms

Sr. No Microbial
strain

Extract

Aqueous extract Methanolic extract Ethanolic extract

AQU
(DMSO)

AQU MET
(DMSO)

MET ETH
(DMSO)

ETH

1 E. coli + _ + _ + _

2 P. aerugi-
nosa

+ _ + _ _ +

3 B. subtilis _ _ + _ + +

“+”� presence of antimicrobial activity in the respective extract and “_”�absence of antimicrobial
activity in the respective extract.

activity against standard strains of Escherichia coli, Staphylococcus aureus, and
Pseudomonas aeruginosa.

Research of Khan [18] with the help of agar disk diffusion method confirmed
antimicrobial activity against Escherichia coli, Staphylococcus aureus, and Bacillus
subtilis. At 2mg and 4mg concentrations of methanolic callus extract, inhibition was
obtained for both the organisms. This sums up our successful study of antimicrobial
activity of Tinospora cordifolia (Table 4).

4 Conclusion

Wealth ofmedicinal plants is rapidly diminishing over the time due to reasons such as
genetic erosion, loss of biodiversity, urbanization, expansion of agriculture, increas-
ing deforestation, and construction of dams. If it goes on, then there will be complete
loss of some of the most important sources of drugs forever. Secondary metabolites
are currently being produced commercially from plants’ extraction process. There-
fore, large-scale plant tissue culture is an attractive alternative compared to traditional
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methods. However, for industrial scale commercial production, this technology has
led to only few realizations in spite of promising results. On other hand, regener-
ation procedures have been identical and standardized for many medicinal plants
to meet demand and supply gap as well as conservation. As a result of the overex-
ploitation of plant material for typical medicinal purposes, the standardization of the
regeneration protocols for Tinospora cordifolia medicinal plant is very important.
The regeneration protocol described and developed in the present work will bene-
fit the protection of Tinospora cordifolia, which was extensively used in traditional
medicine. The extract of Tinospora cordifolia may contain carbohydrates, phenols,
proteins, alkaloids, terpenoids, tannins, saponins, flavonoids, steroids, and cardiac
glycosides which are responsible for its various activities. The compound which is
responsible for its antimicrobial activity is present in very low concentration, so there
is a need to concentrate the compound. Advanced techniques like TLC and HPLC
can be used to precisely collect the data of compounds resulting in antimicrobial and
other activity.
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Bioremediation of Gurugram–Faridabad
Dumpsite at Bandhwari

Raaginii Jaain and Almitra Patel

1 Gurugram–Faridabad Bandhwari Dumpsite

The Bandhwari dumpsite, located along the Gurugram–Faridabad highway, had 25
lakh tons of garbage in the form of a mountain 100 ft in height and 400 ft in length,
covering close to 15 acres of the 34-acre dumpsite (Photo 1) . This garbage had been
dumped without treatment on a daily basis for 3 years. It had generated leachate
covering over 10 acres land (Photo 2) and flowing through the back wall into a
forest quarry, from where 900 tankers of leachate were removed in 2016 before
bioremediation began. Some of the leachate ponds inside the site were over 10 ft
deep. This piled up waste and its unbearable stench, plus flies and birds were causing
problems to nearby villages of up to 10 kms away.

2 Processing of Old Waste and Leachate Treatment

The Municipal Corporation of Gurugram (MCG) engaged Raaginii Jaain, Swachh
Bharat Mission National Expert, in October 2016 to bio-remediate the Bandhwari
dumpsite as recommended by Almitra. H. Patel, Swachh Bharat Mission National
Expert and Member, Supreme Court Committee for Solid Waste Management.

The processing of waste in the Bandhwari dumpsite began on October 17, 2016
and ended 10 months later. The initial step was to treat the leachate that had covered
the entire dumpsite (Photo 3).
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Photo 1 Aerial view of 100 ft Bandhwari dump in October 2016

Photo 2 Aerial view of large leachate pools at Bandhwari dump. October 2016

The leachate pools were treated with GE biocultures. Aeration is important for
rapid multiplication of microbes, which is indicated by fine bubbles rising from
the bottom. Aeration was provided first by a JCB and later by a compressor pump
(Photo 4).

Step-like levels called terraceswere first formed.Using earthmovers, deep vertical
trenches were dug out along both sides of the waste heap and connected by similar
deep trenches across the top, so as to form huge windrows for aerating the waste.
Odor control and compostingGE biocultures were continuously sprayed on all newly
exposed surfaces using back-pack sprayers, to speed up the process of decomposition
and treatment of leachate (Photo 5).
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Photo 3 Waste floating on leachate pools was removed manually with rakes

Photo 4 Leachate pool aeration using a JCB bucket

The trenches also helped to drain out the leachate into existing pools for biotreat-
ment, which digested their organic content and dried up almost all the pools (Photo 6).

These giantwindrowswere successively turned once aweek for 4weeks to provide
aeration. The specialized bioculture along with aeration caused no new leachate to
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Photo 5 Cutting trenches for aeration and leachate drainage

Photo 6 Leachate draining out of a sliced heap of waste

be produced from the garbage. Old waste heap height reduced progressively over
10 months (Photo 7).
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Photo 7 Huge windrows formed by slicing and trenching brought down the heap height

3 Fresh Waste Processing

Bandhwari dumpsite receives close to 1800 MT of waste on a daily basis from
Gurugram and Faridabad. Bioremediation and volume reduction of the original heap
created space for windrow formation of fresh waste. Creative space management
was the biggest challenge. The fresh waste windrows, 2 meters high, were sprayed
with composting and odor-control biocultures, turned twice weekly and doubled up
as volume reduced to create space for fresh incoming waste windrows. After four
weekly turnings, volume reducedby40% through loss ofmoisture anddecomposition
(Photo 8).

The process of bioremediation with the usage of GE bioculture causes the organic
content of mixed waste to be digested. The biological heat generated destroys
pathogens and reduces moisture content so that no leachate is produced; waste vol-
ume reduction of 40% is observed in one month after four turnings of the windrows
and the waste is dry enough for screening. No smell means no anaerobic conditions,
hence no methane (a greenhouse gase) is now released. Windrows with fresh waste
have been observed to get stabilized by the fifth week and old waste windrows by
week 6 or 7. Both are then ready to be biomined.

4 Biomining

Over a 10-month period, both 25 lakh tons of old waste as well as 6 lakh tons of fresh
waste received during that time was fully stabilized, to release no leachate, methane,
or smelly anaerobic gases (Photo 9).

The biomining (screening) process of these bioremediated windrows was begun
and clearing out of 1000 tons from the dumpsite was demonstrated. The MCG hired
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Photo 8 Fresh waste unloaded and moved back to form windrows above the unloading spot

Photo 9 All old plus fresh waste bioremediated in windrows, ready for biomining

a consultant to build screeners from the damaged machinery present in the aban-
doned composting plant, shut down since 2013 after a fire. Through this, economical
screening of 60, 35, 16, 8, and 4mmfractionswas possible at the dumpsite (Photo 10).
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Photo 10 Different size fractions after screening are made ready for off-site use

The different size fractions that are obtained by biomining have various markets,
with 80–90% of it being usable or even sold commercially. The fine fraction contain-
ing compost-plus-soil (called bioearth) can be used for agriculture and gardening.
The coarser organic material is useful for forest and quarry revegetation. Plastics go
for recycling and nonrecyclable thin film plastic can be shredded for adding on heated
aggregate to make improved asphalt roads. RDF with moisture below 20% goes to
coal boilers or brick kilns. The inert rejects can go as fill material for low lying land
or landscaping or even road subgrade. With the process of biomining after bioreme-
diation, 100% recovery of the former dumpsite land is possible, leaving about 10%
rejects on site, raised slightly above ground level.

5 Results

Through the process of bioremediation, the height of the garbagemoundwas reduced
from 30 to 5 m. The dumpsite was completely free of smell, flies, and birds after
biotreatment. On December 20, 2017, 11 peacocks came and rested on one windrow
for a long while.

About 95% of the original leachate present in the dumpsite and within the waste
was digested by biocultures. Even with the advent of the monsoons in 2017, there
has been no increase in the leachate quantities, leaving leachate present only in four
small pools (Photo 11).

On the instructions of the Gurugram Municipal Corporation, possession of the
site was handed over in good condition to M/S Ecogreen on December 20, 2017,
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Photo 11 ByDecember 2017, nearly 95% percent of the original leachate present had been drained
out and digested, with leachate present in only in a few small pools

as shown in Photo 11. The repaired screening equipment used for biomining trials
was also left on site. This as well as all other equipment on site is the property and
responsibility of the GurugramMunicipal Corporation (GMC). We thank the former
and present commissioners of GMC for the opportunity to demonstrate the success
of bioremediation on a huge scale into a huge waste heap in a site with minimal
free space, and to demonstrate the utility and saleability of 1000 tons of screened
biomined fractions.

6 Recommendations

Bioremediation of old dumps totally removes permanently the source of both leachate
and methane. If it is done on a large scale countrywide, it is the quickest and most
cost-effective way to meet India’s greenhouse gas reduction targets.



Anaerobic Digestion of Biodiesel
Residues for Energy and Revenue
Generation

Himanshu Kumar Khuntia, H. N. Chanakya, Naveen Janardhana
and Sushmitha Shetty

1 Introduction

The manufacturing of biodiesel from inedible oilseed crops and trees such as
Pongamia pinnata, Jatropha curcas, Simarouba glauca, Madhuca indica, etc., on
non-agricultural and wastelands has gained momentum in India. India has planned
to substitute petro-diesel with biodiesel to the tune of 30% by 2020. A large extent
of biodiesel wastes will emerge in cities where biodiesel plants will come up very
quickly. The inedible oil yileding crops and trees can be grown on less fertile lands
(wastelands) that are considered unfit to grow cash crops, have a comparatively
lower water and nutrient demand and similar lipid yields as edible oilseed crops. The
processing of biodiesel leads to the production of various residues such as (i) seed
cover/pod/husk, (ii) deoiled cakes, (iii) waste glycerol, (iv) biodiesel wash water,
etc. The above-said residues are distributed across the farmers, oil expellers and
biodiesel processing industries; therefore, their cumulative energy potential remains
unrecognized today. Multiple options to maximize energy recovery and derivation
of value-added products from the residues have been reported such as combustion,
gasification of the deoiled cakes and husk, waste glycerol as a binder for pelletization
of agro-residues, AD of deoiled cake to biogas, purification of pure glycerol from
waste glycerol, AD of waste glycerol to biogas, fermentation of glycerol to hydro-
gen, methanol and ethanol, etc. [1–4]. All the above-said attempts were focused on
reusing a single residue; a single pathway of waste utilization often leads to a lower
level of harvestable energy and/or economic potential of the residues. This research
was initiated to estimate the total mass and energy of the residual biomass generated
during the processing of biodiesel from PP and JC. Secondly, evaluate the efficacy
of AD in order to convert the residues into energy and to understand the inhibitory
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effects of these residues on the anaerobic bacteria. Finally, assess the agronomic,
economic and social benefits of the overall process.

2 Materials and Methods

The experiments such as total solids (TS), volatile solids (VS) and total lipids were
conducted as per the standard methods [5]. The composition of biomass was deter-
mined by themethods described byAPHA et al. 1975, 2000 [6–8]. A bomb calorime-
ter was used to estimate the calorific value of all the residues. The constituents of
impure glycerol such as water content [9], soap and catalyst [10], glycerol [11] were
estimated. The maximum possible biogas yield was estimated by a method called
as bio-methane potential (BMP). The BMP of residues was studied in glass vials of
125 ml as shown in Fig. 1 and the data was simultaneously analysed [12, 13].

3 Results and Discussion

A comparative study based on agronomic perspective revealed that the yields of
biodiesel per hectare of land were lower in JC with respect to PP by 3.5–5.5 times,
in addition, the net production costs estimated per ton of biodiesel were also lower in
PP than JC by 10–15%. In contrast, an industrial perspective of calculations based on
per ton pods indicates a comparatively lower net production by 1–5% costs and 23%
higher biodiesel yield in JC. The life cycle of biodiesel production irrespective of the
type of oilseed yields two main categories of residues, lignocellulosics (pods/shells,
deoiled cakes) and impure glycerol (IG). An estimated 7.88 and 5.83 kg of residues

Fig. 1 The 125 ml glass
vials used to study the
bio-methane potential (BMP)
of the organic residues
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are produced from PP and JC, respectively, per kg of biodiesel production. The
total energy locked in these residues amounts to 128.61 and 103.13 MJ, that is,
3.46 and 2.63 times higher than the energy of 1 kg biodiesel derived from PP and
JC, respectively (Fig. 2). The pods and deoiled cakes contributed 50% and 37.5%
of the total residues by weight in the case of PP, whereas in JC nearly 35 and
48.75% existed in the form of pods and deoiled cakes, respectively. Multiple factors
contribute to the profitability of the biodiesel industries such as (i) feedstock, (ii) lipid
content in the kernel and (iii) cost of oilseed kernel. The oilseed kernel, accounts
for 74–83 and 87.5–90% of the net biodiesel production costs in case of PP and
JC, respectively. In addition to the sale of biodiesel, additional revenues can be
generated by the purification and selling of 99% pure glycerol, currently sold at
|27 per litre in India [14]. However, this method of extraction of 99% glycerol
from IG is difficult and expensive due to the presence of other impurities; therefore,
makes this process uneconomical due to a drastic reduction in costs of 99% pure
glycerol to <|7.37 ($0.11) per kg in the international market [15]. The AD of all
the above-said residues is therefore an alternative method of energy generation that
could paveway for revenue generation. The presence of higher lignin and lipids in the
feedstock, however, make the AD process challenging; therefore, several strategies
were adopted in this study to enhance their biodegradability [16, 17] that are as
follows (i) subject AD at different ratios of substrate/innoculum (S/I) in order to
reduce the substrate inhibitions and (ii) removal of the inhibitory components from
the substrates such as lipids from deoiled cakes, methanol from impure glycerol to
ensure efficient AD. The BMP study estimated the biogas yield of 646 ml/g VS in
PDC followed by JDC, JFS and PP of 310, 239 and 99 ml/g VS, respectively, at
S/I ratios of 0.25, 1, 1, 1. The lipid content in PP and JC deoiled cakes were 17.24
and 8.98%, respectively, (although categorized as lignocellulosics), and therefore
pose difficulties in degradation. An increase in the S/I ratio in high lipid content
substrates such as deoiled cakes inhibited anaerobic bacteria, observed as lower
biogas production volume, longer initial lag phase (λ), lower gas production rates
(μ). On the other hand, the removal of lipids from the deoiled cakes by solvent
extraction methods made them amenable to digestion at higher S/I ratios. However,
at a lower S/I ratio of 0.25, the mineralization of lipids was estimated to contribute
1508 ml biogas/g lipids, and similar results of biogas generation from co-digestion
of lipid-based substrates have been reported previously [12, 13].

The transesterification of inedible oil to biodiesel generates 0.1–0.15 kg of glyc-
erol per kg of biodiesel [15, 18]. Our study estimated 0.3–0.6 kg of impure glycerol
(IG) residues containing 18 and 31% glycerol in the impure pongamia glycerol (IPG)
and impure jatropha glycerol (IJG), respectively, and the remaining was composed
of methanol, water, soap, unreacted oil, methyl esters and catalyst. The components
in IG other than glycerol are known to inhibit AD; however, the inhibitory effects
could be reduced by the following methods (i) conducting the BMP study at lower
S/I ratio of 0.25 and (ii) sequential removal of all the components from the IG’s and
subjecting the remaining/leftover fraction to BMP at higher S/I ratio. The methanol
content in IPG and IJG was estimated to be 30.5 and 31.25%, respectively, and its
removal via distillation showed improvement in degradability. The biogas potential
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Fig. 2 The calorific value of the residues measured in bomb calorimeter

of IPG and IJGwas estimated to be around 880 and 580ml/g VS, respectively, at a S/I
ratio of 0.25. The glycerol content in the IPG and IJG contributed nearly 15 and 25%
of the total biogas volume and the remaining was contributed by the degradation of
soap, lipids and other carbonaceous residues. The co-digestion of both IPG and IJG
with deoiled cakes can solve multiple issues that are as follows (i) the deoiled cakes
contain N, P and inorganic nutrients essential for AD, and therefore the addition of
supplementary nutrients for digesting glycerol can be avoided and (ii) the lignocel-
lulosic residues can be digested along with the IG in a single digester, avoiding the
need to build multiple biogas plants to carry out the processes. The optimum mixing
ratio for co-digestion of deoiled cakes and IG was found to be 1:1 (TS:VS). The
co-digestion of IPG:PDC had a BMP of 630 ml, similarly, the biogas yield from
IJG:JDC was 590 ml.

Biogas containing an average of 50% CH4 and CO2 is estimated to have an Iw of
17.894 at a calculated price of |16.52. It can be considered as a substitute of natural
gas/compressed natural gas (CNG;Bio-CNGwith >90%CH4) that aremainly used in
transportation, in addition used as a heating source for several industrial applications.
The total biogas potential for the PP residues was estimated to be higher than JC,
and therefore offered 2–3 times higher returns. Instead of selling the residues or
converting them to energy by conventional methods such as burning, the biogas
production, especially fromPP residues provides 2–3 times higher economic returns,
whereas in JC the returns via the AD route offer marginal gains than the conventional
methods. In otherwords, the net production costs of biodiesel fromPP can be reduced
by 30–80% and 19–40% in JC. The feeding of the PP substrates into a plug-flow
anaerobic digester (PFR, Fig. 3) at a loading rate of 1 ton (TS) per day offers a
simple payback period of 2.29 years, whereas at a similar PFR size and loading
rates the JC residues yield payback of 6.02 years. An average biogas plant has an
operational lifespan of >15 years, and thus offering an excellent source of revenue
generation. Moreover, the AD process is known to contribute a comparatively lower
GHG emissions, the residual/digestate slurry can be composted or used as a soil
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Fig. 3 The bench-scale plug flow biogas reactor (PFR) designed at CST used to convert the residue
into biogas

conditioner to enhance the plant growth and crop yield. The demand for biodiesel
is dwindling due to stark competition from cheaper non-renewable fuels such as
petroleum diesel. In its current state of manufacturing, biodiesel is expensive, and
thus alternative methods of revenue generation such as biogas production from the
residues can enhance the financial gains.

4 Conclusion

The byproducts generated with every kg of biodiesel production from PP and JC
amounts to a total of 7.88 and 5.83 kg, respectively, with an equivalent energy of
128.61 and 103.13 MJ, respectively. The AD of the residues of PP and JC yields
3.07 and 1.83 m3 of biogas, with an overall energy of 55.8 and 33.3 MJ, respec-
tively. The cost of petroleum derived 99% pure glycerol has reduced significantly
in the international market, and therefore extraction of pure glycerol form impure
glycerol is uneconomic. The methanol content in the impure glycerol accounting
to 30.5–31.25% can be distilled and reused in the transesterification process. The
leftover mass can be then subjected to AD to reduce microbial inhibitions else co-
digested with deoiled cakes at 1:1 ratio. The conversion of residue to biogas can
reduce the overall production costs of PP and JC biodiesel by 30–80 and 19–40%,
respectively. The dissemination of waste through the AD route seems more econom-
ically feasible for PP residues over JC and also offers a faster return on investment.
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Creating Value Addition for MSW
Biogas Plants: Increasing Mushroom
Yields with Biogas Plant Digester Liquid

Hasika Suresh, H. N. Chanakya and Sreesha Malayil

1 Introduction

India’s increasing population accompanied by rapid urbanization has led to increased
municipal solid waste (MSW) production in metropolitan cities. Waste is generated
from domestic households, restaurants and eateries, local factories, gardens, etc. This
generated waste contains >80% decomposable substances [1]. If recycled efficiently,
the locked nutrients can be returned to the soil. Currently, India has about 5 million
biogas plants, and >90% run on cow dung as feedstock. An alternative feed for an
urban biogas plant could be this MSW, agro-residues, leaf litter, etc. [2]. Organic
fraction of the MSW (OFMSW) also has a good fraction of straw which is used as
a packing material for fruits and vegetables. This forms a good feedstock for biogas
production in modern biomass biogas plants. This straw waste could also be used
a substrate to grow a variety of mushrooms (before and after anaerobic digestion)
contributing significantly to sustainability.

Under anaerobic conditions in a BGP, microbes act on the organic fractions of
MSW (cellulose, hemicellulose, and pectin) to convert it into biogas. MSW BGPs
yield yields three outputs namely, (1) biogas (CH4 +CO2), (2) biogas digester residue
(BDR), and (3) biogas digester liquid (BDL). Usually, lignin and some cellulosics
are recalcitrant under anaerobic conditions as most microbes do not have the enzyme
or access to degrade this complex lignin molecule. Yet, a part of this partial lignin
breakdown product is leached into BDL. Basidiomycete fungi have enzymes that
have the potential to degrade lignin into simpler sub-units [3, 4].

Unlike the typical straw feedstock, there is more easily accessible nitrogen in
the form of bacterial protein in the biogas digester residue and is best suited for
basidiomycete growth, a secondary colonizer. BDR can be converted to compost
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and vermi-composting but the economic returns are low as these are priced around
|2–5/kg. On the other hand, converting BDR to mushrooms in combination with
other substrates for the species Pleurotus sajor-caju is remunerative yielding 2–3 kg
mushroom per kg of BDR accruing about |2–300 [5].

The BDL, on the other hand, has accessible nitrogen and phosphorous emerging
from the original biomass orMSW feedstock fed to the biogas plant. In typical MSW
plants installed across the country, biogas digester liquid is poorly used and most
often consigned to the drains. This in addition to the partial breakdown products
of lignin also has several long-chain volatile fatty acids (LCVFAs) that are known
to repel insects. The release of micronutrients from breakdown of MSW and leaf
litter biomass makes the BDL rich in, minerals and micronutrients. All these can
stimulate basidiomycete growth if used alone on existing straw-based mushroom
bags. We examine this possibility in this study [6]. Few additional uses of the BDL
evolved are used as a pest repellent, for algal cultivation and as a fertilizer [ref]. In
this study, the efficiency of P. djamor to pick up the locked nutrients from the BDL
of a leaf biomass fed biogas plant is examined. Its growth pattern and biological
efficiency are reported.

2 Materials and Methods

2.1 Materials and BDL

Ready-to-use fruit bags were used in this study and were bought from Biocentre,
Bangalore. The substrate (paddy straw) and spawn were mixed in the ratio 10:1.
Once inoculated, these bags were incubated in the dark for 25 days until the mycelia
were well formed (spawn-run) and uniformly distributed all over the surface. After
this stage, small holes were made around the bag to facilitate pinhead formation
and consequent emerging of fruiting bodies allowing easy harvesting of mushrooms
(Fig. 1). Four bags were sprayed with 100 mL water each, every day (Control) and
six bags was sprayed with 100 mL BDL every day. The BDL was taken from the
outlet of a plug flow reactor fed with a leafy biomass. It was filtered using a 50 µm
mesh and maintained frozen for future use.

2.2 Sampling of Substrate

Ten grams of the residual straw samples were collected from various bags at regular
intervals until the end of the third flush of mushrooms (~30 days) and dried rapidly.
The dried straw was powdered and sieved through a 50 µm mesh and stored for
further analysis. A detailed analysis of the different organic fractions in the substrate
was done using a sequential extraction protocol [7].
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Fig. 1 Pleurotus djamor growth stages. a Pinhead formation b Fruiting body c Harvest stage
Hasika Suresh et al./Global Waste Management 2017

3 Results and Discussion

3.1 Mushroom Yields

The mushroom bags supplemented with BDL was found to have faster growth in
terms of the time at which pinhead formation was observed, fruiting body became
visible as well as the first flush could be recovered and carried out with water sprayed
bags as control (Fig. 2). The pinhead formation occurred in 32 days after the inocu-
lation of the spawn for BDL sprayed bags as opposed to 36 days in the water sprayed
bags. The time required for fruiting bodies to emerge and enlarge was shortened from
42 days in control to 37 days with BDL sprayed bags. Spraying of BDL could narrow
the C:N ratio of the substrate. BDL was found to have locked organic nitrogen which
leads to faster growth and higher yields of mushrooms. The first flush of mushrooms
in the BDL sprayed bags was seen on 46 days as opposed to 52d in the case of water
sprayed controls. Themaximum biological efficiency for the control bags was 288%,
and that of BDL sprayed bags was found to be 558%. The maximum efficiency till
date was reported for Hypsigus ulmarius, which was 437% [8].

Fig. 2 Growth stages of P.
djamor
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3.2 Dry Matter and Organic Fractions Retained

The powdered substrate samples were analyzed at regular intervals for dry matter
loss and its organic constituents over the experiment duration. The substrate in the
BDL sprayed bags showed 40% loss on 34d itself, after which, it showed a gradual
decline to a final 75% at the end of the third flush (60d). The control bags also
displayed a similar degradation pattern, showing a loss 70% dry matter at the end of
Day 60 (Fig. 3). One may expect higher yields of mushroom to correspond to higher
dry matter loss, but this was not the case with P. djamor. In other species such as
P. florida, the DM loss increased with BDL spray and with no differences with H.
ulmarius [6, 8].

Calculating the individual components of biomass retained at various stages of
decomposition gives a better understanding of the components and its rate of degra-
dation (Fig. 4). Lignin, thought to be recalcitrant in most cases, showed signifi-
cant degradation or loss with degradation time. Generally, most studies indicate that
lignin component of the biomass is recalcitrant under anaerobic conditions and is
not decomposable or convertible to biogas. BDL appears to have significant content
of lignin breakdown products (CST, unpublished study). In the control bags, there
was 76.64% degradation while around 66.90% lignin was lost in the BDL sprayed
bags at the end of three flushes. There was higher cellulose degradation in the BDL
sprayed bags (88.03%) as compared to the control (77.84%). Hemicellulose degra-
dation was about the same (~90%) in both the setups. This softened biomass could
be composted or even employed for bioethanol production [9].

4 Conclusion

Straws, leaf litter, and bagasse form a significant part ofMSW and are best processed
by biomethanation so as to provide economic output (biogas) and compost. Biogas
plants lose a lot of valuable components in the biogas digester liquid (BDL) and
are rarely tapped as an economic output. Using BDL as a supplement for growing

Fig. 3 Dry matter loss in
control and BDL sprayed
bags
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Fig. 4 Organic fraction retained in substrate during the mushroom growth

P. djamor not only reduces the harvest time in terms of pinhead formation, fruiting
body, and collection, it also increases the yields of the mushroom by nearly 50% over
unsprayed control in this experimental setup. This has not been reported before and
forms a new value addition mechanism for MSW biogas plants. Spraying of BDL
could narrow the C:N ratio of the mushroom substrate leading to faster growth and
higher yields of the mushroom.
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Comparative Study on Adsorption of Dye
Solutions Using Silver Nanocomposites

M. Sharma, P. Das and S. Datta

1 Introduction

Removal of dye effluents from wastewater has become a crucial topic in wastewater
treatment that needs immediate attention. Dyes that are used by industries, viz. tex-
tiles, tanning, leather, food processing, cosmetics, paper and pulp, etc. are discarded
in water bodies without proper treatment. These effluents are causing serious health
issues in human as well as other species. The dye molecules are complex in structure
and have an aromatic ring that causes cancer and is also responsible for gene muta-
tion [1, 2]. Also when they are disposed in water bodies, the dye particles form a
thin layer on the water which prevents light penetration and also disturbs the aquatic
ecosystem.Moreover, the continuous exposure of human being to these dye particles
may cause serious health hazard [3]. The dyes used in this experiment are Methylene
Blue andMalachite Green. Methylene blue is a heterocyclic aromatic chemical com-
pound which is usually used as a stain and as medication. Excessive inhalation and
consumption of the dye can cause dizziness, headache, mental confusion, nausea,
vomiting, abdominal pain and bladder irritation (Methylene Blue, The American
Society of Health-System Pharmacists ([4] and Wikipedia). Malachite Green (MG)
is a Triarylmethane dye used in pigment industry for materials such as silk, leather
and paper is used as biological stain for microscopic analysis of cell and tissues.
It has been reported to cause carcinogenesis, mutagenesis, chromosomal fractures,
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teratogenecity, respiratory toxicity and developmental abnormalities [5]. We can see
that the above-mentioned dyes have manifold advantages as well as disadvantages.
So to prevent ourselves from the hazardous effect of the dye particles, proper treat-
ment of the effluent is necessary before dumping them in water bodies (lakes, rivers,
drains, canals, sea, etc.).

Numerous physical, biological and chemical methodologies were used to treat
these hazardous dye effluents [3, 6, 7, 8]. However, most of them are either expen-
sive or time-consuming. However, with the recent evolution of Science and Tech-
nology, many novel techniques are coming forward. Among these techniques, Green
Synthesis of nanoparticles has obtained massive significance not only in wastewater
treatment but also in other fields like pharmaceuticals, cosmetics and electronics
[9–11]. Moreover, the process saves time as well as cost-efficient. Green Synthesis is
a novel technique where parts of a plant are used for the synthesis of nanoparticles.
Various parts of the plant like seeds, leaves, flowers, peels of skin, stem, bark, root,
etc. can be used for the synthesis of the nanoparticles [12–22].

Innumerable experiments were performed on the degradation of dyes using
nanoparticles from plant extracts but the literature on comparative study for the
removal of two dyes having optimal experimental condition are very few. In this
experiment, silver nanocomposites were first prepared from the leaf extract of Indian
lilac (Neem) and Basil. Indian Lilac and Basil leaves were used since they are
renowned antimicrobial Ayurvedic herbs. Then, experiments were performed using
the nanocomposites for the degradation of Methylene Blue and Malachite Green
dye solution keeping the operating parameters (adsorbent dose, dye concentration,
rotational speed, time, temperature, etc.) similar in both the cases. The results were
compared graphically.

2 Materials and Methodology

The leaves of Indian Lilac (Neem) and Basil were obtained from Rajpur to Sonarpur
area ofWest Bengal. The soil required for preparation of the nanocomposite was also
collected from the same area. The chemicals and dyes (Silver nitrate,Methylene Blue
and Malachite Green) were bought from Merck, Germany.

2.1 Preparation of the Nanoparticles

The leaves used in the process were first thoroughly washed and chopped into fine
pieces separately. Then, 20 g of chopped neem and basil leaves were boiled in 200ml
of distilled water separately for 15 min. A pale greenish solution is obtained in
both cases which is the required leaf extract. Now, Silver nitrate solution (1 mM) is
prepared and 95 ml of that solution is taken in a beaker. To that silver nitrate solution,
5 ml of both the leaf extracts were added separately and introduced in a microwave
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for 10min for complete reduction. As the solution is taken out, a change in the colour
is observed from pale green to dark brown which signifies the formation of silver
nanoparticles.

2.2 Preparation of the Nanocomposite

Since soil act as a natural adsorbent, it was added with the silver nanoparticles
which are formed to prepare the required nanocomposite. For the nanocomposite,
a fixed amount of properly dried and churned soil is taken in a conical flask and
silver nanoparticles containing solution is added to it. Then, it is placed in a shaker
incubator for 24 h for propermixing. After taking out, it is allowed to settle overnight.
The supernatant solution is removed and the bottom product is dried is a hot air oven.
The dried soil was then churned and sieved and thus the final adsorbent is obtained
[23].

2.3 Preparation of Dye Solution

Methylene Blue (MB) and Malachite Green (MG) dye having molecular weight
319.85 g/mol and 364.91 g/mol, molecular formula C16H18ClN3S and C23H25N2

and having maximum absorption peak λmax 667 nm and 618 nm were bought from
Merck (Germany). Double distilled water is then added to the solid dye to prepare
the required concentration of dye solution. The pH concentration of the solution can
be changed by adding 0.1 N Hydrochloric acid (HCl) and 0.1 N Sodium hydroxide
(NaOH) solution.

2.4 Characterization Done

The surface plasmon resonance of the nanoparticles formed in the colloidal mixture
is measured using a UV–visible spectrophotometer (Lambda 25 Perkin Elmer) in a
range of 400–700 nm. Furthermore, the batch studies are also conducted using the
UV–visible spectrophotometer. The size and the morphological characterization of
the silver nanoparticles formed in the composites are determined using SEM. A thin
layer of metal (gold) using a sputter coater is used to coat the samples for providing a
better image, to arrest the electrical charge accumulation, and microscopic analysis
were performed using Scanning ElectronMicroscope (Model Hitachi S 3000N)with
an electron acceleration voltage of 20 kV for excitation of the samples. Transmission
Electron Microscope was also used to determine the structure and morphology. The
presence of different functional groups in the three composites can be measured by
using the FTIR analysis since each group has a specific energy absorption band.



456 M. Sharma et al.

The analysis of two components was done in an FTIR spectrophotometer (Perkin
Elmer Spectrum version 10.4.4 model) in a wavelength range of 4000–400 cm−1.
Analysis of configuration of the nanocomposite adsorbent was carried out using
X-ray diffractometer equipment with a Cu Kα radiation source and Braggs angle
ranging from 20° to 80° for the three adsorbents to find out the crystalline nature of
the two composites.

2.5 Batch Studies

The batch studies were performed in 250 mL conical flasks with 100 mL of dye
solution. A certain weighed amount of two nanocomposites were added separately to
the dye solution in separate flasks. The flaskswere agitated at a speed of 120 rpm in an
incubator shaker at 308 K. The effect of initial dye concentration (100–500 mg L−1),
nanocomposite dosage (0.025–0.2 g/L) and agitation speed (80–150 rpm), contact
time (10–120 min) were evaluated. At regular time intervals, samples were collected
and centrifuged for analysis of the residual dye concentration in the solutions. The
amount of dye adsorbed per unit of nanocomposite for all three of the adsorbents
was determined according to a mass balance equation:

qe � (ci − ce)V

m

The percent removal (%) of dye was calculated using the following equation:
{
ci − ce

ci

}
∗ 100

where Ci is the initial dye concentration (mg L−1),Ce is the equilibrium dye concen-
tration in solution (mg L−1), V is the volume of the solution (L) and m is the mass
of the nanocomposite in g.

3 Result and Discussion

3.1 Characterization Results of the Nanocomposites

The silver nitrate solution is added to the Ocimum Sanctum and Azadirachta Indica
leaf extracts and heated for complete bioreduction, and there is a change in the
colour of the solution from pale green to Dark brown. That colour change indicates
the synthesis of the Silver nanoparticles as shown in Fig. 1.

A fixed amount of both the nanoparticles containing samples were taken and
maximum absorption peak was measured in a UV-VIS spectrophotometer. For the
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Fig. 1 This figure depicts
the colour change observed

Fig. 2 This figure represents the UV-VIS spectroscopy diagram of AgNP formed fromO. sanctum
and A. Indica, respectively

O. sanctum and A. indica containing solutions, absorption peak obtained is at 422
and 435 nm which both indicates the formation of silver nanoparticles as shown in
Fig. 2.

The TEM image of the soil-AgNP from O. sanctum and A. indica were also
provided in Fig. 3. The morphology of the silver nanoparticles formed was spherical
and the size ranges around 50 nm which was quite a match to the previous reports.

The SEM images of the two adsorbents are shown in Fig. 4. The figure indicated
that the silver nanoparticles were spherical, oval and irregular polygonal for both the
adsorbents with average size of 38.7 nm.

Fourier-Transform Infrared spectral analysis was carried out for the two adsor-
bents, which showed range of absorbance bands in 400–4000 cm−1 as shown in
Fig. 5. The peaks of the absorption bands for adsorbent made of basil leaf were at
3960, 2929.4, 2120.4, 1659.5, 1465.4, 1316.6, 1075.2, 776.5 and 693.4 cm−1 which
is due to the presence of phenolic group, ketones, triple bond C–C and C–N groups,
protein amide I, Carbonyl group C=O, esters, carboxyl groups, aromatic C–H bond-
ing patterns, alkenes, respectively. The peaks of the absorption bands for adsorbent
made of neem leaf were at 721, 1637.27, 2364.3, 3334.1 and 3745.08 cm−1 sug-
gesting alkenes, carbonyl groups, protein amide I, aromatic rings, Hydroxyl group,
Triple bond C–N, alcohols and phenols [3]. A trace amount of chloride, carboxyl
group, disulfide, tertiary ammonium ions and hydrogen bonds were also observed
[1].
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XRDanalysis ofAg-nanocomposite formA. indica andO. sanctum leaves demon-
strated the crystalline nature of the adsorbents as shown in Fig. 6. The maximum
peaks for the silver nanocomposite from O. sanctum were observed at 27.8, 32.3,
38.1, 46.3, 54.9, 67.50 and 76.70, respectively which index to (1 1 0), (1 1 1), (2 0 0),
(2 1 1), (2 2 0), (1 0 3) and (0 0 4), respectively, for face-centred cubic silver as well
as silver oxide. And, maximum peaks for the silver nanocomposite fromO. sanctum
were observed at 27.9, 38.3, 44.3, 64.3 and 77.50 and the corresponding values of
lattice plane are indexed at (1 1 1), (2 0 0), (2 2 0) and (3 1 1) of face-centred cubic
silver [18]. The major components present in nanocomposites were Silver (Ag),

Fig. 3 This figure represents the TEM image ofO. sanctum nanocomposite andA. indica nanocom-
posite, respectively

Fig. 4 This figure represents the SEM image ofO. Sanctum nanocomposite andA. indica nanocom-
posite, respectively
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Fig. 5 This figure represents
the FTIR image of the two
adsorbents
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Fig. 6 This figure represents
the XRD image of the two
adsorbents
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quartz, feldspar, mica, amphibole, kaolinite and calcite due to the presence of soil in
the composite.

3.2 Result for Batch Experiment

In the batch experiment, a comparative study for the removal of dyes was done
between two dye containing solutions—Methylene Blue and Malachite Green of
same concentration using Silver nanocomposites from the two leaves extracts (O.
sanctum and A. indica). The experiment is performed to check which dye is getting
adsorbed rapidly and efficiently in between the two dye solutions keeping all the
regulating parameters (Temperature, pH, agitation speed, etc.) same.
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3.2.1 Effect of Mass of Adsorbents

Five conical flasks were taken with 100 ml solution of Methylene Blue dye of con-
centration 10 ppm, and in the 25, 50, 75, 100 and 200 mg of nanocomposite made
of O. sanctum were added separately and placed in a shaker incubator at speed of
120 and temperature 308 K. The same process was carried out for nanocomposites
made of A. indica and percentage removal was obtained. The whole experiment was
repeated with Malachite Green dye. We observe that the increase in the adsorbent
dosage also shows a gradual increase in percentage removal for all the three adsor-
bents which may be due to increase in surface area and availability of more binding
sites. It is observed that the percentage removal is higher in Methylene blue dye. In
the Fig. 7, MB and MG represent the dyes Methylene Blue and Malachite Green,
respectively.

3.2.2 Effect of Dye Concentration

The effect of the dye concentration for both the dyes at 2.5, 5, 10, 20, 25, 50 and
100 mg L−1 for two adsorbents at adsorbent dose 100 mg, temperature 308 K and pH
2were shown in Fig. 8. It was observed that in the first two curves forMethyleneBlue,
the amount of dye adsorbed has decreased with increase in the dye concentration as
shown in the figure above. It may be due to the fact that as the amount of Methylene
Blue increases, the nanocomposite particles get saturated and loses its ability to
adsorb more dye molecules. But in the case of Malachite Green dye, it was observed
that with increase in dye concentration for all the two composites, there was increase
in percentage removal followed by a decrease and at the end, it increases again.

3.2.3 Effect of Contact Time and Agitation Speed

For both Methylene Blue and Malachite Green dyes, the experiment of contact time
was performed for times—15, 30, 60,90 and 120 min at pH 2, temperature 308 K,
adsorbent dose 100 mg and 120 rpm. It was observed that the percentage removal

Fig. 7 Effect of Adsorbent
dose
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Fig. 8 Effect of dye
concentration

keeps on increasing with increase in contact time but after a certain time when it
reaches equilibrium, there was no further change in the removal. It may be due to the
fact that contact time increases the availability of active sites while further increase
causes immobilization of the cationic dyes on the silver nanoparticles shown in Fig. 9.

A similar trendwas observed in agitation speed experiment. In case of the agitation
speed experiment for both the dyes with the increase on rpm from 80 to 150, the
percentage removal also increases as shown in Fig. 10. This may be due to more
agitation the dye molecules react more with the nanocomposites causing higher
adsorption.

Fig. 9 Effect of time with
respect to Percentage
sorption
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Fig. 10 Effect of agitation
speed
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3.3 Adsorption Isotherm

For both the Methylene Blue (Dye 1) and Malachite Green dye (Dye 2), the adsorp-
tion isotherm study is done since an adsorption isotherm represents the equilibrium
relationship between the adsorbate adsorbed on the surface of adsorbent and concen-
tration of adsorbate at constant temperature. The Langmuir isotherm model is best
fitted for both the dyes as shown in Figs. 11 and 12. Langmuir isotherm is usually
relevant for a monolayer adsorption on a surface having a finite number of identical
sites [24, 25]. Hence, monolayer adsorption of the dye is obtained in both the cases
[26].

The values of the coefficients (q0, KL and R2) from the correlation are provided
in Table 1 for both the dyes.

Fig. 11 Langmuir isotherm
model for Methylene Blue
dye

0

0.5

1

0 20 40

ce
/q

e

ce

Langmuir isotherm for methylene 
blue dye

O.sanctum
nanocomposite

A.indica
nanocomposite

Fig. 12 Langmuir isotherm
model for Malachite Green
dye

Table 1 Correlation coefficient of Langmuir isotherm

Langmuir
parameters

Soil-AgNP (O. sanctum) Soil-AgNP (A. indica)

Dye 1 Dye 2 Dye 1 Dye 2

q0 mg/g 43.48 14.085 41.667 11.494

KL L/mg 3.833 0.223 1.846 0.257

R2 0.999 0.988 0.998 0.973
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Fig. 13 Kinetic study of
Methylene Blue dye
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Fig. 14 Kinetic study of
Malachite Green dye
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Table 2 Correlation coefficient of Ho-McKay’s model

Kinetics 2nd
order coefficients

Dye 1 Dye 2 Dye 1 Dye 2

Soil-AgNP (O.
sanctum)

Soil-AgNP (O.
sanctum)

Soil-AgNP (A.
indica)

Soil-AgNP (A.
indica)

qe 0.108 0.082 0.108 0.082

K2 0.001 0.001 0.001 0.001

R2 0.999 0.999 0.999 0.999

3.4 Kinetics Studies

The kinetic study generally predicts the adsorbate uptake rate and forecast the resi-
dence time of dyes on the solid–liquid interface. For both the dyes, the Lagergren’s
pseudo-first-order andHo-McKay’s pseudo-second-ordermodelswere applied to the
experimental data using the two adsorbents. The plot between t/qt versus t (shown in
Figs. 13 and 14) for the two adsorbents showed excellent fit to the pseudo-second-
order equation [27]. K2 (g mg−1 min−1) value from second-order kinetics is quite the
same for all the two adsorbents with R2 value 0.999. It can thus be concluded that the
reaction has followed a pseudo-second-ordermechanism and not a pseudo-first-order
mechanism [24, 25]. Table 2 represents the Ho-McKay’s correlation coefficient.
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Fig. 15 Vant Hoff plot for
Methylene Blue dye
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Fig. 16 Vant Hoff plot for
Malachite Green dye

0

1

2

3

4

0.0031 0.0032 0.0033 0.0034

-ln
(K

eq
) 

1/T

Vant hoff plot for malachite 
green dye

O.sanctum
nanocomposite

3.5 Thermodynamic Studies

To conclude whether the two processes are spontaneous in nature or not, the ther-
modynamic studies are necessary. Gibbs free energy change (�G0), enthalpy (�H0)
and entropy (�S0) were calculated for both the dyes using Van’t Hoff plot to check
the feasibility of the process and to validate the nature of the adsorption process.
In Figs. 15 and 16 below, the Van’t Hoff plots for Methylene Blue and Malachite
Green dye are given using O. sanctum nanocomposite. Similar plots were drawn for
the other two adsorbents (figure not shown). Table 3 shows the values of different
thermodynamic parameters obtained. The study concluded that both the processes
are spontaneous, exothermic in nature and has an affinity towards the dye molecules.

Table 3 Correlation coefficient from Van’t Hoff model

Parameters �H0

(KJ mol−1)
�S0

(J mol−1

K−1)

�G0

(25 °C) (KJ
mol−1)

�G0

(30 °C)
(kJ mol−1)

�G0

(35 °C)
(kJ mol−1)

Soil-AgNP
(basil leaf)

Dye 1 −8.39 31.63 −8.92 −10.46 −10.81

Dye 2 −4.301 16.39 −4.85 −6.21 −6.72

Soil-AgNP
(neem leaf)

Dye 1 −5.38 21.78 −8.62 −9.82 −10.26

Dye 2 −4.11 15.76 −4.31 −5.05 −5.26
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4 Conclusion

The TEM and SEM results proved that the nanoparticles formed from the Basil and
Neem leaf extract are spherical in shape with size of 50 nm. XRD studies revealed
the presence of silver and silver oxide. The presence of aromatic ring, alcohol group,
amide, alkane, aldehyde, alkene, carboxyl and carbonyl groups were obtained from
FTIR studies. In the comparative study, the percentage removal of dye particles was
maximum for Methylene Blue using theO. sanctum nanocomposite which is 99.6%.
The Langmuir isotherm and Ho-Mckay’s model also showed an excellent fit to the
experimental results. Thus from the above, we can conclude that the use of silver
nanocomposite is a cost-efficient, eco-friendly and time- and energy-saving process
for the treatment of hazardous dye materials.
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Performance of TiO2 Photocatalytic
Nanomaterial in Removal of Lead
from Sanitary Landfill Leachate Using
Sunlight

Naveen N. Desai and Veena S. Soraganvi

1 Introduction

Developing countries are the highest Municipal Solid Waste (MSW) producers, due
to the growing urbanization and industrilization. In India, it is estimated that about
115000 MT of Municipal Solid Waste (MSW) is generated daily in the country [1].
The social and environmental effects caused by MSW have received great attention
in recent decades. The policies, plans, strategies, and techniques have been developed
in the field of MSW management for waste recovery, reuse, recycling, and energy
generation by incineration and sanitary landfilling for the final rejects [2].Most of the
developed and developing countries have adopted sanitary landfilling as the general
technique for their MSW disposal because of its low-cost and well-established meth-
ods [3]. Major pollutants emerge from sanitary landfill sites are biogas and leachate.
The environmental problems experienced by the leachate is evading of leachate from
the site and the subsequent contamination of surrounding land and water [4]. The
difficulty associated with treating MSW landfill leachate involves highly variable
composition and high concentration of recalcitrant organic compounds, ammonia,
and heavy metals [5].

Heavymetals are one of themajor concerns in the sanitary landfill leachate. Heavy
metals enter in the landfill by electroplating waste, painting waste, used batteries,
etc., when these wastes degradation takes place in acidic condition leads to a high
metal concentration in the leachate [6]. Heavy metals disturb the natural biological
balance and inhibit self-purification process [7]. Heavymetal ions, for example, Pb2+,
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Cd2+, Cr6+, Zn2+, and Hg2+ have toxic and nonbiodegradable properties, can cause
serious health issues in human being and animals [8].

Heavy metal lead (Pb2+) can cause harmful effects such as anemia, abdominal
pain, irritability, as well as it disturbs functioning of the brain resulting in memory
loss and headache.

In recent years, various techniques have been developed for effective removal
of heavy metal from water and wastewater, those are adsorption, reverse osmosis,
membrane filtration, ion exchange, and electrochemical technologies. Among these
techniques, adsorption offers flexibility in design and operation, which produces
high-quality-treated effluent [9].

In recent years, nanomaterials are used for treating heavy metals, organic, and
inorganic compounds from water and wastewater. These nanomaterials are used
as an adsorbent and photocatalyst. Photocatalytic nanomaterials are metal oxides
which includes ferric oxide, aluminum oxides, titanium oxides, manganese oxides,
and magnesium oxides.

In nanosized metal oxides, semiconductor photocatalysis has gained more atten-
tion because of its outstanding efficiency in environmental purification. TiO2 is one
of the broadly used semiconductor photocatalysts [3]. One of the widely used semi-
conductor photocatalysts is TiO2. TiO2 gained a prominent place in research due
to its nontoxicity, cost-effective, high chemical stability, and has highly oxidizing
power, which makes it a competitive candidate for many photocatalytic applications
[10]. Heterogeneous photocatalysis uses artificial or natural solar UV rays for degra-
dation most of the heavy metals in water and wastewater. The reduction of Cr6+

under visible light is studied by using TiO2 photocatalytic. Methanol, methanal, and
formic acid are used as electron donors in photocatalysis process and quickest rate of
chromium reduction was found in formic acid [11]. The photocatalytic reduction of
Cu2+, Ni2+, Pb2+, and Zn2+, is studied under solar energy with the parabolic trough
and TiO2 as a photocatalyst. Citric acid is used as a hole scavenger and results show
that 97% reduction of copper and other metals reduction is significantly low com-
pared to nickel 36.4%, zinc 22.2%, and lead 41.4% [12, 13]. Photocatalytic reduction
of nickel and zinc is more in alkaline pH and acidic pH is favorable for chromium
reduction [12, 13]. Photocatalytic degradation of phenol by titanium dioxide was
investigated with varying pH, irradiation time, and dosage of TiO2. A total of 94.5%
degradation of phenol is achieved in 150 min of irradiation time [14].

In the present work, the UV/TiO2 photocatalyst is used for the degradation of
lead (Pb2+) in the aqueous solution. TiO2 characterization study is performed on
particle size, specific surface area, and surface morphology. The parabolic trough
collector is used as solar photoreactor. This photoreactor brings efficiently solar
photons and chemical reagents in contact with TiO2 photocatalyst. Factors affecting
the performance of TiO2 photocatalysis are considered as pH, contact time, dosage,
and different lead concentrations in Design of Experiments (DOE).
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2 Materials and Methods

2.1 Chemicals

A stock lead solution is prepared by dissolving 1.599 gm of lead nitrate Pb(NO3)2 in
deionized distilled water. When the solution is completely acidified, 10 ml redistilled
HNO3 and diluted to 1 L with deionized distilled water. 1 ml�1 mg (1000 mg/l).
Different concentrations of lead solutions are obtained by using stock lead solution.

The pH is varied as 4, 7, and 10 in aqueous solution, buffer solutions are prepared
with reagents such as Disodium Hydrogen Phosphate (Na2HPO4). The Disodium
Tetra borate (Na2B4O7) is commonly known as borax and Boric acid or Hydrogen
Borate (H3BO3). The titanium dioxide (TiO2) used for the work is Sisco Research
Laboratories Private limited.

2.2 Design of Experiments (DOE)

Various factors are influencing the degradation of lead under photocatalytic process.
To know the key factors and their interaction effects in the photocatalytic process,
a statistical tool DOE was used. Four influencing factors were considered for the
study which is pH, initial concentration of aqueous solution, adsorbent dosage, and
irradiation time. Design Expert Software version 7.0 is used with two-level factorial
design. It is used in most of the experiments because of its simplicity, versatility and
can be used for many factors. A total of 30 runs were obtained with Design expert
software 7.0 for adsorbent dosage (A), pH (B), initial concentration of aqueous
solution (C), and the irradiation time (D) in randomized fashion.

2.3 Experiments

The experiments were carried out in a batch sequence under natural sunlight at
Vijayapur, (16.83°N 75.71°E) Karnataka state, India. The parabolic trough (Fig. 1)
is used with an angle of 45° to receive the maximum sunrays. A 100 ml glass tube
is used as a container for experimental work. For proper circulation of TiO2 with
aqueous lead solution air is supplied. At the end of each experiment, the filter paper is
used for the separation of TiO2 particles. The lead analysis was done by usingAtomic
Absorption Spectroscopy (Varian 240). The lead removal efficiency is calculated
according to

R � Cin − Cout

Cin
× 100
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Fig. 1 Parabolic trough

where Cin and Cout are initial and residual concentrations of the metal ion, respec-
tively.

3 Results and Discussion

3.1 Characterization of TiO2

3.1.1 X-Ray Diffraction (XRD)

Crystal Structure and Crystallite Size

The X-ray diffraction of photocatalytic TiO2 is carried out to determine the crystal
structure and crystallite size. The XRD pattern of TiO2 is shown in Fig. 2. The results
show six peaks at 25.29, 37.92, 48.09, 53.86, 55.12, and 62.7. The 2θ peaks at 25.29°
and 48.09° confirm the TiO2 used for the study is anatase form according to JCPDS
Card No. 21-1272. The TiO2 nanomaterials are available in the crystallographic
structures to form as anatase, rutile, and brookite. Among these three structures,
anatase exhibits higher photocatalytic activity compared to the others, because of
its indirect band gap semiconductor. Rutile exhibits direct band gap semiconductor.
Anatase having band gap of 3.2 eV which is larger than of rutile 3.0 eV.

Average crystallite size is calculated by considering the 2θ peak values. The
average crystallite size is estimated from the Full Width Half Maximum (FWHM) of
diffraction peak using Debye-Scherer formula. This Debye-Scherer formula is the
simplest and widely used one.

D � 0.94λ

β cos θ
(1)
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Fig. 2 XRD pattern of TiO2 nanoparticles

where λ—wavelength of X-ray (0.1540 nm), β—FWHM, θ—diffraction angle, and
D—crystallite size. The average crystallite size obtained by the above equation is
19 nm. The samples intensity of the XRD peaks reflects that the smaller the crystal
size, the broader the peak and confirming small size crystallite.

Specific Surface Area (SSA)

SSA is a surface area per unit mass, and this property is important for adsorption,
heterogeneous catalysis, and reactions on surfaces. As the size of material decreases,
the specific surface area and surface-to-volume ratio increases. The SSA can be
calculated as per the Eqs. 2 and 3. The results obtained by both the equations are
same. The observed results are tabulated in Table 1.

SSA � SAPart

VPart × ρ
(2)

S � 6000

Dp × ρ
(3)

where SSA and S � specific surface area, VPart �particle volume, SApart � surface
area, Dp � the size (Spherical Shaped), and ρ �density of the material.

The results show that 120.32 m2/gm SSA is responsible for the enhanced photo-
catalytic degradation of lead. The high specific surface area of TiO2 nanoparticles
facilitates reaction/interaction between the TiO2 as the interacting media, which

Table 1 Specific surface area of TiO2 nanoparticles

Particle size (nm) Surface area
(nm2)

Volume (nm3) Density (g cm−3) SSA (m2 g−1)

19 1134.262 3597.82 2.62 120.32
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mainly occurs on the surface or at the interface and strongly depends on the surface
area of the material.

3.1.2 Scanning Electron Microscope (SEM)

The surface morphology is studied by Scanning Electron Microscopy (SEM) in the
physical Instrumentation FacilityCentre (PIFC),Department of Physics, Shivaji Uni-
versity, Kolhapur, Maharashtra. The SEM images of TiO2 at different magnifications
are shown in Fig. 3a, b, which confirms that the TiO2 used for the study is spherical
in shape.

3.2 Response Surface Methodology (RSM)

RSM application helps in optimizing the critical factors and provides a useful data
about the response nature. Figure 4 indicates the relevant fitted response surfaces
for the design. It shows % removal of Pb2+ versus variables in the response surface
plots. The interaction among variables and removal efficiency can be observed at
the curvature of the plots. The response surface plots as shown in Fig. 4 indicate the
dependency of variables such as dosage, pH, irradiation time, and lead concentration
with respect to percentage removal of lead from the aqueous solution.

The effect of initial concentration of lead and pH values is shown in Fig. 4a with
percentage removal of lead. The results obtained from the graph show that increasing
in pH as well as concentration of lead leads to remove maximum percentage of
lead from aqueous solution. At higher pH, the movement of holes and electrons in
photocatalyst is faster compared to acidic media.

(a) 5,000 (b) 10,000. 

Fig. 3 SEM images of TiO2 nanoparticles with different magnification



Performance of TiO2 Photocatalytic Nanomaterial in Removal … 473

Fig. 4 Profiles for predicted values for removal percentage of lead
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Fig. 4 (continued)

Figure 4b demonstrates the change in the lead as a function of pH and irradiation
time. As the irradiation time increases, the percentage removal of lead increases. This
is because of longer irradiation time accelerates mixing and dispersion of adsorbent
into the solution and provides more vacant sites in the metal ions. Furthermore, an
increase of irradiation time leads to precipitation of the adsorbed lead back to the
solution.

Figure 4c represents the lead removal in terms of pH and dosage variables. As the
dosage increases, the lead removal efficiency increases. The increase in lead removal
efficiency is due to the density of increaseddosageparticles in the area of illumination.
This density will help in increasing availability of catalyst sites for the adsorption.
Further, an increase of dosage levels reduces the light absorption coefficient which
in turn reduces the lead removal efficiency. Lower adsorbent dosage with alkaline
pH causes a higher adsorption capacity, due to deprotonation of the more adsorption
sites.

Figure 4d represents variation of the initial concentration and irradiation time.
From the results, it is seen that the initial concentration of lead with 27.50 mg/l and
35 min contact time will help in maximum percentage removal of lead. It indicates
that high adsorption capacities of ions were observed at initial irradiation time, due
to probable saturation of the adsorbent surface as a result of air-assisted mixing and
dispersion of adsorbent and metal ions in solution.

3.3 Optimization of Parameters

The surface profiles (Fig. 4) obtained by the study are utilized for optimizing the
process of lead removal. The overall response provided by the plots with different
variables are studied individually and found that maximum percentage removal of
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the lead was 99.38% at optimum conditions of 42.5 min�contact time, 0.35 g/l�
adsorbent dose, initial lead concentration�27.5 mg/l, and pH�7.

4 Conclusions

In this study, the TiO2 photocatalytic nanomaterial is used for the removal of lead
from aqueous solution. The TiO2 characteristics study such as XRD and SEM results
confirm that the selected photocatalytic TiO2 is an anatase with spherical in shape.
The crystallite size is approximately 19nmand specific surface area of 120.32m2/gm.
It is observed that the TiO2 is having small crystal size and high SSAwhich proves to
be an efficient photocatalyst for the removal of lead from leachate. Central Composite
Design (CCD) and RSM are used to find the effects of different factors, interactions
among the various operating parameters and optimizing the process.With the results,
we can conclude that the optimumoperating variables are 42.5min� irradiation time,
0.35 g/l�dosage, 27.5 mg/l� lead concentration, and pH�7 is required to achieve
maximum percentage removal of lead. The said photocatalyst and the operating
conditions can help in the study of lead removal from sanitary landfill leachate.
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Bioconversion of Waste Conversion
Gases to Liquid Fuels: Challenges
and Opportunities

Aastha Paliwal, H. N. Chanakya and Himanshu Kumar Khuntia

1 Introduction

India has gone a big way to convert MSW to methane and purify the same to CNG
grade to create Bio CNG that has been recently accorded permissions at the national
level [1, 2]. Bio CNG replaces fossil fuel-derived CNG that is transported from afar,
results in large footprints. The current biomethanation plants that handle between 5
and 100 tpd, result in 300–6000 m3/d biogas (4000 m3 methane, 2.4 tpd of methane)
[3]. This is a very small scale for catalytic methanol production [4] and therefore
requires a simpler technology that also operates at a small scale. Biogas production
fromMSW at the above scale is almost always used to generate ‘green’ electricity in
India which in turn can at best provide about 1.5 kWh/m3 biogas (|8/m3). Converting
the same tomethanolwould yield 1Lmethanol (@60%efficiency) fetching|20on the
market today. Thiswill allowmethanol to be stored on site as a compact liquid instead
of paving way for frequent flaring of excess methane/biogas. This will also allow
green energy to be produced fromMSWwith higher profit margins and potential for
a greater number of entrepreneurs in the process.

Energy is a key input in driving the country’s economic growth and development
[5, 6]. Therefore, the growth of the nations is estimated to create a 28% increase in
world energy consumption by 2040 (777 EJ in 2040 from 607 EJ in 2015) [7, 8].
This necessitates the need for an alternative source of energy for India more than
ever. Saraswat and Bansal report methanol and dimethyl ether (DME) as potential
fuel alternatives to contain increasing import demands of fuel and to improve the
energy security of India [9]. Methanol (CH3OH) as a fuel alternative with energy
density of 23MJ/Kg [10], octane number 109, is a slow-burning, energy-efficient fuel
[11]. It is a clean energy carrier which produces lesser NOx, SOx, particulate matter
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and tailpipe emissions than gasoline. Easy storage, transportation and potential of
use in existing infrastructure with minimum modification and production potential
through multiple routes make methanol a preferred fuel alternative. The resource
base for methanol is very diverse [6], natural gas, shale gas, fossil fuels, effluent
gas from power plants, syngas, methane/biogas from landfill and biomass (animal
waste, agricultural waste and domestic waste) are the potential starting material for
methanol production [12].

Biomethanol (methanol produced with biomass as starting material [6]) produc-
tion enables the integration of waste management and generation of clean and green
alternate of fuel by capturing the energy stored in organic waste as methanol. Car-
bon dioxide fixed by plants (direct or indirect source of all organic material) in its
lifetime makes this route of methanol production carbon neutral [12]. Gasification,
pyrolysis, electrolysis, biosynthesis and photoelectrochemical are the processes for
biomethanol production [6]. Biosynthesis of methanol has recently gained momen-
tum. It involves the conversion of methane to methanol using methane-oxidizing
bacteria, methanotrophs. The objective of this study was to bring forward different
microbial species capable of carrying out the process, their metabolic requirement,
isolation source and growth conditions. Finally, we attempt to capture the current
status and bottlenecks in the feasibility of this process.

2 Biosynthesis of Methanol from Biomass

2.1 Resource Base

About 62 MT/yr of municipal waste and 249 MT/yr of surplus crop residue [13] are
generated in India and can be processed through anaerobic digestion or gasification
to obtain methane. 16 million metric tons of CO2 equivalent of methane generated
annually from landfills is anothermethane source from solidwaste [14]. Themethane
produced through these routes serves as the feed gas for methanotroph-based conver-
sion to methanol. Figure 1 represents the stages involved in the conversion of waste
to methanol, and input energy processes like temperature regulation, compression
unit, pumps, flow regulators, etc. have not beenmentioned in the diagram. Bioreactor
is the central part of the process of biosynthesis. Bioreactor is fed with a fixed ratio
of methane and oxygen, where methanotrophs use methane as their carbon source.
These bacteria which otherwise oxidize methane to carbon dioxide are stimulated in
the bioreactor to terminate the process after methanol production.
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Methanol
Concentration 
column

Fig. 1 Block diagram of biosynthesis of biomethanol. Waste is treated through either biological
route (anaerobic digester, landfill) or through thermal route (gasification). The effluent gases: biogas
in the case of anaerobic digestion and landfill and syngas in the case of gasification are processed to
obtainmethane.Methane alongwith oxygen serves as feed gas. In the bioreactor, methanotrophs are
present which use methane as the carbon source and partially oxidize it to methanol using oxygen.
Methanol is then concentrated in the methanol concentration column, and from here, growth media
is recycled into the bioreactor and concentrated methanol is transferred to distillation column to
obtain pure methanol

2.2 Methanotrophs

Methanotrophs, the methane-oxidizing, Gram-negative bacteria, are believed to be
the largest sink of methane (second most significant greenhouse gas). Both aerobic
and anaerobic forms of bacteria exist. Anaerobic methane oxidizers (ANME) clades
(ANME-1,2,3) are phylogenetically associatedwithmethanogens and form three dif-
ferent clusters related to order methanosarcinales and methanomicrobiales [15–17].
Aerobic form of these bacteria was first classified in 1970 by Whittenbury in five
groups based on their morphology, resting stage and fine structure [18]. Today, these
aerobic bacteria can be broadly classified into three groups [19] on the basis of their
phylogenetic relationship, group 1, gammaproteobacteria (example Methylomonas
albus BG8), group 2, alphaproteobacteria (Methylosinus trichosporium OB3b) [20]
and group 3, verrucomicrobia (Methylacidiphilum infernorum) [21].

2.2.1 History

Two scientists,Kaserer (1905) andSohngen (1906), simultaneously reportedmethan-
otrophs, methane-converting bacteria [22]. In 1915, Miinz, studied the physiology
of methanotrophs [22]. In few years to follow, the presence of methanotrophs was
reported from different sources, Giglioli and Masoni in 1914 reported bacterias
widespread occurrence in Italian soils; Harrison and Aiyer, 1914 and 1916, inves-
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tigated methanotrophs in Indian swamp rice soils. Dworkin in 1956 and Foster in
1958 isolated a number of methanotrophs, different varieties of same species, Pseu-
domonas methanica. In 1960s, two new species of methanotrophs, Methanomonas
methanooxidans [23] and Methylococcus capsulatus [18], were isolated. In 1970,
Whittenbury and colleagues isolated hundreds of aerobic methane-oxidizing bacte-
ria and classified them in five groups. The potential of methanotrophs to oxidize a
wide range of substrate was established by 1970s, its application in bioremediation
intrigued many applied microbiologists and several studies were undertaken for the
same in 1980s [24]. Anaerobic oxidation of methane was discovered in 1976; yet the
causal organism was identified approximately 20 years later [18]. Late in the 1990s,
production of methanol by partial oxidation of methane using biocatalyst (methan-
otrophs) was tried and is now an active area of research. Figure 2 represents the trend
of the research.

2.2.2 Sources

Stable gas exchange environments with continuous availability of oxygen and
methane host largest and most active populations of aerobic methane-oxidizing bac-
teria [19]. Freshwater, rice paddy fields, swamps and marshes, rivers, ponds and
lake surface sediments, activated sewage sludge, coal mine surfaces, meadow and
deciduous forest soils and wetlands are some of the common habitats of methan-
otrophs [19]. Anaerobic methanotroph is common inhabitants of marine sediments
[17], anoxic marine water, sediments of soda lakes, freshwater sediments, sulphate
methane transition zone, cold and hot seeps, etc. [19].

Fig. 2 Major leaps in research with methanotrophs. Methanotrophs were first isolated in 1906, and
by 1970, bacteria were classified into five different classes. Around 1970s, the ability of methan-
otrophs to oxidize broad range of substrate such as alkanes, alkenes, ethers, alicyclic, heterocyclic
and aromatic compounds were investigated, anaerobic methanotrophs were isolated in 1976 and
by 1980s, application of aerobic methanotrophs for bioremediation was investigated. Since the late
1990s, active research in exploiting these bacteria for partial oxidation of the methane to produce
methanol has been undertaken
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2.2.3 Growth Conditions of Aerobic Methanotrophs

Common growth media for methanotrophs is NMS (nitrate (KNO3) mineral salt),
AMS (Ammonium (NH4Cl) mineral salt) [18] and ANMS (ammonium nitrate min-
eral salt (both KNO3 and NH4Cl are present)). 5.8–7.4 is the pH range for growth
of majority of aerobic methanotrophs [18]. Ammonium salts as a source of nitrogen
are used by all aerobic methanogen, majority grows on nitrite and nitrate, while only
a few are able to grow on urea, cas amino acids and yeast extracts. Common tem-
perature for growth of mesophiles is 25–30 °C (Methylomonas, Methylosinus, etc.),
2–10 °C for psychrophiles (Methylobacter psychrophilus,Methylosphaera hansonii)
and 40–45 °C for thermotolerant aerobic methanotrophs (Methylococcus andMethy-
localdum) [19].

2.2.4 Metabolic Pathway

Figure 3 represents the metabolic pathway of methanotrophs. Methanotrophs obtain
energy by conversion of methane to formaldehyde and carbon dioxide. Metabolic
pathway involves the conversion ofmethane→methanol→ formaldehyde→ formic
acid → carbon dioxide [25].

Three different carbon assimilation pathways exist inmethanotrophs, RuMPpath-
way allowing for synthesis of key intermediates for central metabolic routes from
formaldehyde is operational in type 1 methanotrophs, type 2 methanotrophs use
serine pathway and have a functional TCA cycle and type 3 methanotrophs use Car-
bon–Benson–Bassham (CBB) cycle for carbon assimilation [20]. Independent of the
fate of carbon from methane, the first step is conversion of methane to methanol,
conversion which begins with breaking stable C–H bonds of methane, requiring
438.38 kJ/mol [26]. Methanotrophs obtain this energy by activation of molecular
oxygen. Methane monooxygenase (MMO), the enzyme involved in the conversion,
activates oxygen using its metal centre (iron in sMMO and copper in pMMO) [27].

Fig. 3 Metabolic pathway of methanotrophs adapted from [20]
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2.3 Methanol Production Using Methanotrophs

Methanotrophs can serve as biocatalysts for conversion of methane to methanol
by [28] expression of active MMO in high concentration in cell and by inhibiting
methanol dehydrogenase (MDH), next enzyme in the pathway, to block the pathway
after methanol synthesis [25]. Two variants of MMO have been reported in methan-
otrophs, soluble (sMMO) and particulate (pMMO). These two variants have different
specific activities, susceptibility to inhibitors and stability [25]. The enzyme pMMO,
amembrane-bound variant ofMMO, has higher affinity formethane and is, therefore,
a desired variant for methanol production. Expression of pMMO over sMMO can be
selected in bacteria by the provision of copper (present at active site of pMMO) in
growthmedia, in 5µMconcentration [29].Methanol dehydrogenase inhibitors added
to the growth media are EDTA, thiotreitol, cyclopropane, NaCl and cyclopropanol
[28–31]. Addition ofMDH inhibitor blocks the source of reducing equivalent needed
for methanol synthesis, and this necessitates the addition of an external source of
reducing equivalent (formate) in the growth media. Formate is converted to carbon
dioxide in the cell, and this conversion produces a reducing equivalent which then is
utilized formethanol formation. Onemole of formate is required to produce reducing
equivalents needed for one mole of methanol formation.

3 Current Status

Methylomonas trichosporium is the most investigated organism for the study of
methanol biosynthesis with growth temperature around 30 °C [20] and near neutral
pH [25, 28, 32]. High cell densities are used to compensate for the low specific
productivity rate. The shortest doubling time reported for these bacteria is 3–5 h
but when employed for methanol production, the doubling rates go up to 48 h [18,
27, 28, 30, 32–34]. This could be due to the methanotrophs being near stationary
phase when cultured for methanol production and impaired metabolic process which
reduces the net energy available to the bacteria. An equimolar 1:1 ratio of methane
to oxygen [30, 32, 33], the stoichiometric ratio for methanol production in the cell, is
the most common ratio of these gases in the feed. Due to differences in the solubility
of these gases, the equimolar ratio in gaseous phase provides a concentration ratio
of methane to oxygen of ~1:2 in liquid phase, ensuring enough oxygen. Most of the
studies conducted a focus on optimization of growth media for enhancing methanol
production and are all small-scale studies with reactor volume <50 ml (Table 1).
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Table 1 Examples of studies conducted on methanol production using methanotrophs

Bacteria Scale of study Ratio of
methane to
oxygen (v/v)

Product conc.
(mg/l)

Bacterial
conc. (dry cell
weight)
(mg/ml)

Reference

Methylosinus
trichosporium
OB3b

10 ml (for
batch)
50 ml (Semi-
continuous)

1.08:1 (Batch)
1.08:1 (semi-
continuous)

179 (batch)
2.06/hr (semi-
continuous)

2.5 [32]

Methylomonas
DH-1

24 ml 3:1 1340 2.4 [28]

Methylosinus
trichosporium
OB3b

10 ml
(anaerobic
reactor)

1:1 1100 17 [30]

Methylosinus
trichosporium
IMV 3011

100 ml 1:1 0.55 3 [33]

M.
trichosporium
OB3b

12 ml 2:1 393 0.21 [25]

Methylosinus
trichosporium
OB3b

3 l 5:1 438 0.6 [34]

4 Bottlenecks in the Biosynthesis Process

• Broad substrate range for MMO [20].
• Lowspecificproductivity rate (gramsofmethanol produced/gramof bacteria/hour)
of methanotrophs for methanol necessitates high cell densities in bioreactor.
0.0752 g of methanol per gram of bacteria per hour is the maximum reported
specific productivity [28].

• For every molecule of methanol, cell produces one water molecule; this requires
reducing equivalents. Blocking the pathway at methanol production starves cell
of these reducing equivalents which are otherwise generated later in the pathway;
this limits continuous methanol production by cell and necessitates the provision
of external source of reducing equivalent [20].

• Methanol toxicity at lowconcentration limitsmethanol accumulation in the reactor.
Highest reported methane tolerance is 7%, where cells are able to grow without
inhibition with methanol as a substrate [28].

• Knowledge gaps at genetic level, poor understanding of energy balance involved in
the pathway, poor understanding of reducing equivalent donor to pMMO [25] and
absenceof requiredgenetic tools for engineeringmethanotrophs are themajor chal-
lenges in genetic engineering of the cell with higher and more efficient methanol
productivity [35].



484 A. Paliwal et al.

• Low solubility (methane—20.16 mg/l, oxygen—36.56 mg/l at 30 °C) [36, 37] and
diffusion rates (methane—0.19 * 10−4 cm2/s and 0.23 * 10−4 cm2/s for oxygen)
[38, 39] of gases makes volumetric mass transfer a major challenge.

5 Conclusion

Conversion of surplus methane to methanol overcomes the complexities of com-
pressing and purifyingmethane (fromMSW) toBioCNG levels and attendant energy
losses. As a fuel source, methanol is preferred over methane because of its easy stor-
age, transportation, diverse endpoint use, better fuel efficiencies and easy blending
with diesel and petrol. Organic solid waste as required source of methane increases
the economic feasibility and makes conversion process sustainable. Chemical con-
version of methane requires temperature of 200–900 °C and 5–20 MPa pressure
[40], high purity gases and expensive metal catalysts. Most of these limitations can
be circumvented with biological route. Although still at early stage of research with
major biological and technological challenges, methanotroph-aided methanol pro-
duction offers a new approach to sustainable development and value addition for
MSW conversion to methanol.
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Assessing the Effect of Temperature
on Performance of the High Altitude
Anaerobic Digesters

Pushpa Singh, Subodh Sharma, Bivek Baral, N. R. Khatiwada
and Surya Man Shakya

1 Introduction

According to BSP [3], biogas is the mixture of gas which is produced by
methanogenic bacteria while the organic matter is decomposed in an anaerobic con-
dition. It is composed of methane (60–70%), carbon dioxide (30–40%), and some
other gases. It is about 20% lighter than air. Biogas is similar to that of LPG as it is
odorless that burns with a clear blue flame.

Proper functioning of biogas system leads benefits to users including renewable
energy sources, organic waste transformed to high-quality fertilizer, improvement of
hygienic conditions through reduction of pathogens, reduction of firewood used for
cooking and heating, and the improvement of quality of soil, water, air, and vegetation
[10]. Mainly studies concern in biogas production has been conducted in countries
having warmweather and at sea level. At intermediate altitudes (1000–3000m above
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the sea level), there have been only a few studies, whereas above 3000 m over the
sea level, no studies have been published.

Anaerobic digestion is normally operated at defined and constant temperatures.
Nevertheless, a situation exists in which the reactors are subjected to repeat in sud-
den and abrupt changes of temperature. The anaerobic digestion process is classified
into three different temperature ranges, namely psychrophilic (<20 °C), mesophilic
(20–40 °C), and thermophilic (>40 °C) [5]. The microorganisms involved in anaer-
obic digestion are characterized by optimal temperature and upper limit that would
cause immediate death of the considered group of bacteria [4].

The methane production from anaerobic digestion of livestock manures depends
on various parameters including hydraulic retention time, temperature, and solid
loading [6]. In many researches, a strong temperature effect has been observed and
bio-methanation process atmesophilic and thermophilic ranges ismore favorable [8].
There is severe lack of fundamental knowledge concerning the anaerobic digestion
at psychrophilic digestion [7].

Themain aimof thisworkwas to assess the type of feed used in anaerobic digesters
for biogas production at different temperature ranges. The cow dung was found to
have highest biogas production undermesophilic condition that that of psychrophilic.
From the experiment conducted and the graphical representation, mesophilic tem-
perature was found to be more efficient for the higher yield of biogas. Hence, at high
altitude having cold climatic condition, heating is required for the production of a
sufficient amount of biogas.

2 Study Area

The research was carried out in Moharigaun of Jumla district. It is one of the remote
andunderdevelopeddistricts ofNepal. The temperature of the district fromNovember
through January is very low, which also make it difficult to travel across the district.
The livelihoods get impacted during pre- and post-monsoon winds as the air is very
dry. The topography of Jumla is characterized by three parts: high hill and rocky
mountain partially covered by snow; lower hill with grazing meadows; and low
lands where most agriculture and towns are found. August to November is the main
tourist season in the district. Jumla is located at elevation of 915–4679 m above sea
level. The average temperature in Jumla varies between 30 °C (it is hottest fromMay
through July) and 12 °C, although during winter (November January) it can reach
–11 °C.

3 Materials and Methods

Different substrates such as cow dung (CD), horse dung (HD), and sheep dung
(SD) were collected from Moharigaun of Jumla district, whereas human feces (HF)
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and vegetable (potato) residue were collected from houses from Dhulikhel. For the
purpose of this study, cow dung was used as inoculum. A sample of fresh cow dung
was collected from household area near Dhulikhel. The inoculum was prepared by
mixing fresh cow dung with the same weight of water. Cow dung is used as inoculum
because of neutral pH, as it contains naturally occurring microbes responsible for
anaerobic degradation, high buffering capacity, provides an array of digestion and is
available in large quantities. Total solid is determined for estimation of water content
of feedstock and volatile solid is carried out along with total solids.

Biochemical Methane Potential (BMP) test was conducted to determine the
methane yield of feedstock. The feedstock sample and inoculum were weighted
and filled into sample bottle of 125 ml leaving 1/3 for headspace. Then, the bot-
tles were maintained at C:10 °C, G:17 °C, H1:32 °C, and H2:42 °C in a thermostat
water bath. The temperature was monitored at regular interval of 12 h. A laboratory
scale mini digesters were designed to carry out the experiment. A plastic tank with
25 l capacity was used and two valves were fitted in the tank. The inlet valve was
used to feed the digester, whereas outlet valve was used to empty the digester. The
digesters were kept air-tight to prevent from entering atmospheric air and gas leak-
age and ensured that the digestion is anaerobic. Each of the eight digesters was filled
with 8.5 l of inoculum leaving 1/3 for headspace in digester. The digester worked
under uncontrolled pH, which is without acid or base addition. The digesters were
adjusted for 3 days before feeding. The digesters were vigorously shaken by hand,
and then incubated in ply box (acts as an insulator) with occasional manual shak-
ing where water was maintained at temperature 17 and 42 °C under mesophilic and
thermophilic conditions. Temperature monitoring was performed at regular interval
of 12 h. A thermometer was used to determine the daily temperature. The potato
residues were cut into small pieces by a knife to increase the surface area of organic
matter and digestibility.

Various substrates were weighted, mixed together, and fed into digester accord-
ing to Table 1. Then, water was added depending on total solid concentration. The
digesters were fed semi-continuously, once per day. As biogas production began in
digester, it was delivered to bottle (5 l) containing water. The biogas was measured
daily by water displacement method. Gas production was lacking near the final stage
of decomposition of the organic matters. The gas production from the sample bottles
for the BMPs test was measured daily by using syringe injection method.

Table 1 Substrate weight (gm) for daily feeding of digesters

S. No. Digester
mixing

Cow dung Horse dung Sheep dung Human
feces

Potato
residue

1 D1 89 8 3

2 D2 68 6 24 2

3 D3 34 61 3 2

4 D4 31 55 3 11
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4 Results

4.1 Physical Analysis

The amount of total solids found in cow dung, horse dung, human feces, and sheep
dung are 23.12, 23.28, 8.6 and 53.98%, respectively. Whereas, volatile solids found
in cow dung, horse dung, human feces, and sheep dung are 19.72, 18.18, 7.45 and
43.8%, respectively.

4.2 Biogas Production from BMP

In this project, cow dung, sheep dung, horse dung, human feces, and inoculum were
used as feedstock. The experiment was conducted for 45 days. The biogas production
by CD and HD was slow at starting, then gas production increased after few days
as shown in Fig. 1. This is because of the lag phase of microbial growth at the
beginning and due to exponential growth of methanogens, high production of biogas
was observed later. According to past literature, the horse dung consists of about one
half of straw which was disposed of from the feed of the animals or as bedding in
the stables together with the excrement, and due to high lignin, the microorganism
can hardly ferment the straw which leads to extremely long residence time in the
anaerobic digester. This was themain reason behind the declination of gas production
after few days of setup. In human feces, there was a rapid increase in biogas during
the first day reaching to highest gas production and then quickly, production went
on decreasing as shown in Fig. 2. As there is an occurrence of methane from human
intestine, hence, methanogenic organisms grow in the human alimentary tract. Since
methane gas formation process is already completed so the production is rapid in
HF. According to past literature, the reason for less production of gas from human
excreta is the low ratio C/N which about 6–10, which is lower than the ratio of C/N
that is expected on biogas production by 25–30. In the case of SD, the gas production
is at the initial phase but after few days from setup, the gas production is decreased
and at some stages it is zero. To start and accelerate fermentation process, small
amount of digested slurry, containing methane-forming bacteria is added to freshly
charged plant, this is known as seeding. The inoculum was used as seeding for the
substrate and also it helps in enhancing the amount of gas production. Hence, low gas
production can be seen in RF. Among various types of feed used cow dung is very
efficient regarding gas production as it contains high percentage of organic carbon
value and also due to the presence of predominant bacteria called rumen in cow dung.
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Fig. 1 Gas production from horse dung at four different temperatures
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Fig. 2 Gas production from human feces at four different temperatures

4.3 Biogas Production from Digester

Calculations from Table 1 are used for feeding in four different mini digesters which
is kept at temperature of 17 and 42 °C. The feeding for each digester was of differ-
ent compositions so that the gas production rate is also different from different feeds
used. The gas production capacity of the mesophilic temperature was efficient. Liden
[1], concluded the result of the past research on the production of biogas from cow
dung and cowpea have shown that flammable biogas can be produced from these
wastes through anaerobic digestion. These wastes are always available in our envi-
ronment and can be used as a source of fuel if managed properly. The study further
revealed that cow dung as animal manure has great potentials for generation of bio-
gas and its use should be encouraged due to its early retention time and high volume
biogas yields. The Digester 4 with the composition of cow dung, horse dung, sheep
dung, and human feces produces more gas which is 4.12 L in 22 days from 2.2 kg
substrates as shown in Figs. 3 and 4 which represents the volume of gas produced as
a function of time.
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Fig. 4 Gas production at mesophilic temperature

4.4 Temperature Variation

The temperature was monitored and maintained at regular interval of 12 h., no any
sharp decrease in temperature was noted as shown in Figs. 5 and 6. The considered
regime used in the case is two temperature ranges, i.e., psychrophilic and mesophilic
range. According to Liden et al. [2], the rise or fall of the temperature for 5 °C is
normal and this change of temperature is acceptable. The real variation of temperature
is also of 5–6 °C, which means that the processes were fully under control. The
temperature maintained for the mini digesters were psychrophilic and mesophilic
temperature and the change in temperature is also about 5–6 °C. The total change in
temperature is acceptable hence the process was fully under control.

5 Discussion

The initial rise and gradual fall in gas production was observed in the cow dung,
horse dung, sheep dung, greenhouse residue, human feces, and reference, due to
carbon dioxide produced by the aerobic bacteria which used up the available oxy-
gen trapped in the mixture to breakdown complex compounds to simpler forms. As
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Fig. 6 Temperature variation for the BMPs test

the amount of oxygen available in the BMP bottle and digester was being used up,
the amount of carbon dioxide being produced decreased until all the oxygen was
used up. At this point, the activity of the aerobic bacteria was halted and anaerobic
activity of methanogenesis took over. The methane-forming bacteria have a very
slow growth rate, hence explaining the gradual rise in gas production and after the
initial fall, methane gradually builds up. The hydrogen used to reduce carbon diox-
ide was obtained from the degradation of organic compounds. Gas production was
affected by temperature due to the fact that the bacteria population responsible for
both fermentation and gas production were known to carry out these activities better
at thermophilic temperature range. Human feces have maximum potential for biogas
generation because it has more methane gas composition. Human feces were mixed
with cow dung to enhance the gas production rate, where cow dung have already
greater C:N ratio, Tafdrup [10]. Due to the forced cyclic variations of temperature,
it causes large cyclic variations in the rate of gas production and the methane con-
tent. Low-ambient temperatures,<20 °C, causes drastic reduction in the efficiency
of anaerobic process due to low growth rate of the constituent bacterial consortium.
The cold temperature retards the growth rate of the microbes responsible for AD;
this tends to a drop in biogas production at high altitude.

6 Conclusion

Locally available and abundant wastes have been investigated to establish the pos-
sibility of utilizing them as an alternative source of energy. Thus, results indicated
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that cow dung, horse dung, and human feces have high biogas formation potential in
comparison to other substrates. An effective way to prolong the period of the highest
gas production and to improve biogas yield the co-digestion with suitable substrate
mixture is necessary. From the experiment conducted, mesophilic temperature was
found to be more efficient for the higher yield of biogas. As Jumla district is at higher
altitude having cold climatic condition, and for the production of sufficient amount of
biogas, heating is required. Hence, for the effective and efficient biogas production,
heating is required in the case study area.

7 Recommendation

Previous study was conducted for the effects of temperature on anaerobic digestion
process of Jumla district. In order to make the studymore relevant, the different com-
position of feeds was used to investigate the maximum amount of gas production
at different temperatures. There were plenty of studies regarding socioeconomic,
gender-related issues, adopting aspects of biogas plants done, but only few stud-
ies regarding the temperature effects on anaerobic digestion at higher altitude. Pilot
installations (family size) are necessary to provide more realistic insights for real-
istic firewood replacement figures and operational challenges, Singh et al. [9]. This
project work was completed in a short period of time with only available facilities.
Due to time constraints and apparatus unavailability, some recommendations are as
follows: instead of water displacement method for gas measurement, other advanced
technology can be used for preventing leakages. In rural population, biogas is the
main source of renewable energy but it is also an abundant and appropriate source of
energy for urban population, having potential to replace fossil fuel. Hence, research
and proper interest must be given toward the advanced use of biogas.
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Recyclable Materials as Catalysts
for Nonbiodegradable Organics in Water
Treatment
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1 Introduction

The use of chlorinated organics, in particular, chloro phenols iswide in varied spheres
of industries and environment, as solvents, precursors in synthesis, preservatives,
and pesticides to mention a few. Those are refractory compounds with long life
persisting in water systems and soils and are mutagenic in nature [1]. They have
a tendency to accumulate in organisms and animal tissue. These nonbiodegradable
chemicals entering into water systems are of serious health concern. Their removal
poses serious challenges. Furthermore, chlorophenols are bio-refractory and once
released into ecosystems, over a period of time, tend to accumulate in animal tissue.
This raises an urgent need for efficient dechlorination methods to eliminate chloro
functionalities from both concentrated and diluted industrial effluents which pollute
the groundwater [2].

While the removal of these toxic organics from wastewater effluents prior to
entering the water bodies is a solution to the problem, addressing the issue var-
ied techniques have been investigated. Although the removal of organic pollutants
by adsorption/desorption approach is cost-effective, most of the adsorbent materi-
als are not recyclable. Hence, the disposal of the secondary pollutants are again to
be addressed. Furthermore, the disposal of solid disposal consisting of chlorinated
organics by incineration has the danger of producing potentially more toxic gasses.
The complexity of the biologically nondegradable can be degraded partially by oxida-
tive methods, by the use of advanced oxidation processes (AOPs) for their effective
degradation to small and safer molecules. The AOPs, a combination of one or more
techniques, such as use of oxygen, oxidants, UV/Visible light, and catalysts were
proved to be effective in elimination of toxic organics even at low concentrations.
Literature reports showmany of the aromatic compounds can be degraded to smaller
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molecules, such as carboxylic compounds and aldehydes [3]. The use of appropriate
catalysts, UV, etc., which facilitate the increase in hydroxyl radical concentration
can give greater efficiencies.

Heterogeneous materials, solid catalysts are preferred over homogeneous cata-
lysts due to the scope for easy recovery and recyclability. In the AOPs, using ozone
as oxidant, the characteristics of catalyst, in particular The basicity and acidity of
surface plays a vital role in enhancing their ability to absorb ozone as it facilitates the
faster decomposition ozone to hydroxyl radicals [4]. Cost-effective and eco-friendly
catalyst materials are crucial for the viable process of treatment of toxic organics in
water systems. Over the years, many support materials such as hydrotalcite-like com-
pounds(HTlcs), zeolites, clays, etc., have been explored as support materials with
varied metals have been loaded/exchange as active materials to enhance their over-
all activity. HTlcs with high anionic exchange capacity, approximately (100–150
cmol(+)/kg), allow the ion exchange with the anions in the water systems. Wide
choice of cations have been loaded modifying the properties of the HTLcs and those
upon calcination are known to give well-mixed oxides. Their thermal stability, high
surface area, with the formation of very small stable metal crystallites under reduc-
ing conditions, synergetic effects between elements in the active and support are
of vital importance to act as good catalysts [5]. In this study, we focussed on the
scope of Zn or Mg VCO3 and VPO4 hydrotalcites, as heterogeneous catalysts for
the ozone-initiated dechlorination and degradation of chloromethylphenol (CMP), a
widely used precursor in pharmaceutical and chemical industries.

2 Preparation of Catalysts

The layered double hydroxides MgVCO3, ZnVCO3, MgVPO4, and ZnVPO4 HTlcs
with 1:0.8:0.2 (molar ratio) by coprecipitation method were prepared at constant
pH [6]. The solution with metal nitrates of Mg, V, and Zn at desired concentra-
tions, 0.35 mol NaOH and 0.15 mol Na2CO3/ammonium hydrogen phosphates were
simultaneously mixed slowly at 50 mL/h, in one liter beaker, under constant stirring
at 35 °C, while pH maintained between 10 and 11.5. The precipitate formed was
aged for 18 h at 65 °C and the precipitate obtained was recovered by filtration. The
precipitate was repeatedly washed with deionized water until it is free of nitrate ion.
The wet precipitate was dried at 80 °C for 12 h to obtain the HTlcs. The prepared
HTlcs was calcined at 500 °C for 4 h, to obtain the material labeled as HTlc 500.

3 Ozonalysis Experiments

For the ozone aeration experiments, O3 was generated by passing compressed oxygen
through a Fischer Ozone 500 generator, which converted oxygen to ozone by the
electric discharge via the corona discharge method. All the experiments were carried
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out in a semi-batch reactor, out under the controlled conditions of room temperature
(20±1) °C using 25 mL 10% w/v of 4-chloro-3-methylphenol (CMP) in water and
aerating the ozone-rich oxygen stream at flow rate (100 ml/min) and fixed ozone
concentration (0.05 M) for 5 h.

4 Product Identification

Control experiments showed no progress of the reaction in absence of ozone, with
oxygen bubbling alone. During the ozone aeration, aliquots of reaction mixture were
collected at 30 min intervals for analysis. The organic components from the aliquot
were extracted and analyzed by GC-MS. Two products were separated and identified
by GC-MS. The peaks appeared at retention time, 9.5–13.0 refer to varied carboxylic
acid compounds formed due to further degradation of the main products of the
reaction. The peak at retention time 9.8 refers to the first product degradation of oxalic
acid (OA). Further, the degradation of hydroxyl-3-methylfumaric acid (HMFA) is
confirmed by injecting the substrate, which elutes at the retention time of 12.6. Based
on the results from the mass spectra and the reference standards, the first oxidation
product was identified as hydroxyl-3-methylfumaric acid (HMFA) and the second
product was oxalic acid (OA). The 1H-NMR spectrum of HMFA exhibited broad
two singlet protons for the COOH group at δ 11.92 ppm and singlet at δ 8.01 ppm
for the OH group, respectively. The LC-MS mass spectrum showed m/z peak at 147
(M+H). Similarly, oxalic acid showed a broad singlet at δ 13.05 ppm for COOH
protons. Furthermore, the LC-MS mass spectrum showed at m/z at 91 (M+H). The
functional groups observed in the 1H-NMR and LC-MS spectrum were in good
agreement with spectra corresponding to hydroxyl-3-methylfumaric acid and oxalic
acid. Further, the qualitative test (limewater) confirmed the release of CO2 during
the ozonation reaction and suggested partial mineralization of the target compound.

5 Effect of the pH

In aqueous solutions, pH is a key parameter for ozone stability. While molecular
ozone relatively stable in acidic conditions, under alkaline conditions rate decom-
position of ozone and formation of ·OH radical are accelerated. Relative to molec-
ular ozone, with higher oxidation potential, the hydroxyl radical attacks the organic
species much faster. Thus, if hydroxy radical is the reactive species, it is expected to
enhance the rate of degradation of CMP under alkaline pH. On the other hand, the pH
and water affect the surface property of the catalysts, which are covered by surface
hydroxyl groups. For the calcined mixed metal oxide catalysts from the hydrotalcite
precursors, under different pH conditions, there exists proton transference on the
catalyst surface.
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The effect of initial pH (3, 7, and 11) on the degradation of CMP was investi-
gated over a 120 min ozonation duration using the uncalcined and calcined catalysts.
Sodium hydroxide or sulfuric acid was used to adjust the solution to the required pH
and the solutionwas exposed to ozone streamwith flow rate of 1.0 L/min. The profiles
of percentage conversion as function time, obtained under varied pH conditions using
different catalyst materials. The observation of the curves indicates that the percent-
age conversion of substrate increased with pH for the carbonate supported catalysts,
indicating that ·OH play the lead role in the oxidative attack. Among the uncalcined
catalysts, ZnVCO3 catalysts showed high conversion followed by MgVCO3 cata-
lysts. Interestingly, the effect of pH is inversed over the PO4 precursors. As the pH
increased, the percentage conversion of phenol decreased suggesting with these cata-
lysts molecular ozone could be reactive species. Calcined catalysts also followed the
same trend as uncalcined catalysts but all the calcined catalysts exhibited higher con-
versions relative to uncalcined catalysts. The presence of the proton transference on
the surface of themixedmetal oxides,which are formed fromhydrotalcite precursors,
might be the probable reason for the high conversion of CMP over calcined catalysts.
The surface proton species have associations with the adsorption of organic on the
catalysts. From the results, it can be deduced that depending on the solution pH, the
catalyst enhances the degradation of the chlorinated organic substrate, through faster
conversion of molecular ozone to hydroxyl and other radicals, which have higher
reactivity.

All the catalysts with carbonate precursors showed low conversion range in
acidic medium. To confirm the full conversion (100%), a time-line analysis is con-
ducted. Calcined catalysts showed the 100percentage conversion~180 min whereas
the uncalcined catalysts achieved the full conversion in~210 min. This could be
probably due to the proton species, which are associated with the surface of the
calcined catalysts, which increase the adsorption of organics on the catalyst surface.
The catalysts with Znmetal (calcined and uncalcined) showed the greater conversion
efficiency compared to the Mg-containing catalysts. This could be probably due to
the less acidity of catalysts containing Zn metal relative to the catalysts containing
Mg metal, which increases the adsorption of the acidic phenols on the catalyst sur-
face containing Zn metal. The selectivity toward HMFA is high for the uncalcined
catalysts compared to the calcined catalysts. As the reaction duration increased,
the selectivity toward HMFA decreased with increased conversion to OA. All the
carbonate-based catalysts showed low conversion at acidic pH, while hydrotalcites
with PO4 precursors showed the optimum conversion in acidic medium. While all
calcined catalysts showed high conversion relative to the uncalcined catalysts, the
calcined catalysts with Znmetal showed better conversions compared to the catalysts
with the Mgmetal. Selectivity toward HMFA decreased with the time of the reaction
as HMFA is further oxidized to OA, resulting in increased selectivity toward OA
(Fig. 1). The selectivity toward OA is not influenced by the time on line analysis
since the starting material is 100% converted to form OA.
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Fig. 1 Percentage conversion of CMP and product profile with ozone aeration with four catalysts:
Calcined ZnV/CO3 or PO4 and MgV/CO3 or PO4 hydrotalcites

6 Effect of Transition Metal in Hydrotalcite

The catalytic activity exhibited by different catalysts studied was due to the synergy
in the active sites of transition metal and the precursor on the catalyst surface and
catalyst surface area of the catalyst showed marginal effect. While different catalyst
materials have different catalytic efficiencies, the efficacy of specific catalyst toward
degradationof different organic substrates varies due to their differences in adsorption
abilities to those compounds and the adsorption of organic model substances on the
catalyst’s surface plays important role in its oxidative degradation [7]. Furthermore,
the main characteristic that determines the activity of the catalyst is acidity and
basicity. The hydroxyl groups formed at metal oxide surface behave as Bronsted
acid sites, while the Lewis acids and Lewis base sites are, respectively, located on
the metal cation and coordinatively unsaturated oxygen. Both Bronsted and Lewis
acid sites are considered to contribute as active catalytic centers of metal oxide [8].
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7 Proposed Mechanism

In general terms, it is proposed that CMPbinds to an active site on the catalyst surface,
lowering the activation energy. Either molecular ozone and/or the reactive radicals
generated by the decomposition of ozone on the catalyst surface, in oxidative attack
abstract electrons from the aromatic molecule. This causes the dechlorination of the
aromatic subtract and its oxidative degradation. The desorbed product/intermediate
is further oxidized leading to smaller molecules, such as carboxylic acids. The ozone
initiated catalyzed degradation of CMP probably occurs in a number of sequential
steps, initiating the hydroxylation aromatic ring and finally to the breakdown and par-
tial mineralization of organic compound, the transformation of aromatics to aliphatic
by the destruction of ring structures (Scheme 1) [6].

Proposed mechanism for the ozone facilitated catalysed degradation of chloromethylphenol

The hydroxylation of the aromatic ring is considered to be an initial and important
step in the reaction sequence. With high redox potential of ·OH radical (E0 �2.8 V),
generated by the heterogeneous surface of the catalyst, −OHplays the vital role in the
degradation of the chlorophenol. The reaction of −OHwith the aromatic compounds,
which involve its electrophilic addition to the aromatic ring with the formation of a
·OH is well-known. It is proposed that, at first, −OH could attack the chlorophenol
molecule selectively bound on catalyst surface, resulting in the occurrence of electron
transfer and dechlorination (Scheme 1).

The dihydroxy toluene was reported to react with ·OH to form methyldienedioc
acid, followed by its cleavage, degradation, andmineralization through oxidative pro-
cesses. However, the intermediate was detected only under relatively mild oxidizing
conditions. Due to the strong electrophilic effect of hydroxyl groups, the C–C bonds
between the adjacent hydroxyl groups are known to be destabilized. Such desta-
bilized bonds undergo oxidative ring opening reactions easily leading to aliphatic
compounds [9]. The cleavage of the compound under strong oxidative conditionswas
so rapid that no detectable amount of methyldienedioc acid remains. The aliphatic
acids formed get further oxidized leading to other smaller compounds and partial
mineralization to CO2 and H2O.
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8 Conclusions

Calcined Zn or Mg/VPO4 catalysts were efficient under acidic pH and Zn or
Mg/VCO3 exhibited improved activity under alkaline pH. Phosphate-containing cat-
alysts proved to be better catalysts than carbonate catalysts. The oxidation CMP was
quantitative with 100percentage conversion and 100%dechlorination. The hydroxyl-
3-methylfumaric acid (HMFA) and oxalic acid (OA) are the oxidation products and
mineralization occurred at tertiary level.
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Characterization of Essential Oil
Extracted from a Kitchen Waste: Lemon
Peel

M. R. Sarder and M. Alamgir

1 Introduction

The essential lemon oil is aromatic compound that is commonly used in the perfume,
drug, and food sectors. Essential oil is a mixture of over than two hundred distinct
compounds. EO is mostly made of monoterpene and sesquiterpene hydrocarbons
and their oxygenated by-products such as aliphatic aldehydes, alcohols, ketones,
and esters. EO is generally found in scented plants. The specific gravity of water is
frequently more than EO. The compounds obtained from EO are soluble into most
of the organic solvent such as diethyl ether, hexane, and ethyl acetate. EO in the
presence of air and temperature are vaporized; consequently they might be named
as volatile oil [1, 5]. The most significant is that the EO can be manufactured by
distillation process and EO is not glycerol esters. The EO of lemon or citrus genus
belongs to the Rutaceae family. Limonene is a single-cycle monoterpene, which is
present in lemon peel [6]. Limonene can be observed as 32–98% into citrus EO
[9]. The EO of some various kinds of lemon and citrus fruits has been examined
through GC/MS analysis and noticed that the EO was mainly made of limonene,
C-pinene, sytronelal, sabinene, neral, geranial, linalool, and acetate neryl at various
concentrations depending on the sort of cultivar [8].

Citrus is one of the world’s main fruit, which is produced in various places espe-
cially in tropical and subtropical environment. Generally, the quantity of citrus gen-
eration is estimated as 105 million metric tons (MMT) per year in the world. Further-
more, to large scale of citrus fruit is consumed as fresh fruits and the large amount of
juice has been produced from citrus fruits. In the citrus fruit handling industry, after
citrus juice extraction lots of wastes in terms of peels, pulps, and seeds have been
generated equivalent to around 50% of the fresh treated fruit, these wastes can be
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recycled as a possible source of valuable by-products. Particularly, the citrus shells,
commonly termed as agro-manufactured waste, are a probable source of beneficial
supplementary plant metabolites and necessary oils [3]. Different kinds of bioac-
tive constituents, specifically flavonoids, coumarins, carotenes, linalool, terpenes,
etc., are present into EO of lemon peel [7]. Lately, Lemon peels EO have also been
discovered for their inherent anti-oxidant and antimicrobial potentials [5].

2 Study Area

This research was done at KUET campus, Khulna of Bangladesh offering a special
focus in the technological advancement, engineering education, and investigation.
At present, it has about 5000 students, 18 academic departments under 3 faculties,
3 institutions and having a count of population is around 7000 such as students,
teachers, officers, and other workers. The university having an area of 101 acre area
appears at the northwest corner of Khulna City, about 12 km from the city center as
shown in Fig. 1.

Fig. 1 Layout plan of KUET campus showing the location of WMP
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3 Materials and Methods

3.1 Extraction of Essential Oils

For the characterization of essential oil extracted from lemon peel available in
Bangladesh, at first peel has been removed with a knife from fresh lemon properly
so that no oil gland of peel has been damaged. These peels have been cut into small
pieces. Lemon peels were exposed to hydro-refinement for 4 h using Clevenger kind
equipment shown in Fig. 2. The oil has been separated from water–oil combination
with the help of dichloromethane (DCM) solvent by a separating funnel. The DCM
contains oils and some water, water was removed over anhydrous sodium sulfate and
DCM has been removed by passing nitrogen gas through DCM-oils mixture and oils
have been kept in a wrapped vessel at 4 °C until further enquiry.

3.2 Gas Chromatography–Mass Spectrometry Analysis

The GC-MS investigation of the EO was done by a GC (Model: CP 3800 Varian)
constructedwith aMS (Model: Saturn 2200Varian)-fused silica tube column (30m×
0.25 m i.d., film thickness 0.25 μm). An electron ionization scheme with ionization
force of 70 eV has been used in GC-MS/MS detection. Helium gas has been applied
as a hauler gas at a continual flow speed of 1 ml/min. The temperature of injector and
mass transmission line has been fixed at 220 and 280 °C, respectively. The oven heat

Fig. 2 Hydro-distillation process using Clevenger apparatus
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range has been designed for 50–200 °C at 8 °C/min, then detained isothermal for
20 min and finally conveyed up to 280 °C at 10 °C/min and adopted for 10 min and
the whole run time has been set as 57.57 min. The comparative amount of the EO
elements was shown as fraction by highest area standardization. The determination
of the constituents of the necessary oils has been assigned in the comparison to
their holding indices, comparative to a series n-alkane indices on the ZB-1 capillary
column and GC–MS spectra from the Wiley 6.0 MS data and literature data and
whenever possible, by co-injection with authentic compounds [2, 4].

4 Results and Discussions

From the field-level investigation, it has been noticed that the SW generation rate
at KUET campus has been found as 0.099 kg/capita/day during September 2016 to
March 2017. Figure 3 represents the monthly SW generation at different month and
noticed that SW has been generally increased from previous year.

Figure 4 symbolizes the composition of SW produced at KUET campus where
food and vegetable, paper and plastic waste have been found as predominant and
their percentage amount has been observed as 52.04, 42.01, and 3.70%, respectively.
Small amount of lemon peel, eggshells, and other wastes have been generated as
0.30, 0.20, and 1.75%, respectively, in 7 months from September 2016 to March
2017.

Figure 5 delineates the essential oil analysis through GC-MS process and
125 numbers of compounds have been identified. In which limonene; phos-
phoric acid, tribornyl ester; Bicyclo[2.2.1]heptane,7,7-dim ethyl-2-methylene;

Fig. 3 Solid waste generation at different months
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Fig. 4 Composition of SW generation at KUET campus

Fig. 5 GC-MS analysis of different elements of essential oil obtained from lemon peel

1,4-Methano-1H-indene,octahydro-1,7a-dimethyl-4-(1-methylethenyl); Squalene;
Bicyclo[2.2.1]heptan-2-ol,1,3,3-trimethyl-, (1S-endo); 1R-alpha-Pinene have been
found as predominant.

Table 1 represents the chemical composition of essential oils extracted from lemon
peel and major component is found as Limonene and is 13.21%. From the GC-MS
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analysis, 125 numbers of compounds has been identified and among the major com-
pounds are limonene; Phosphoric acid, tribornyl ester; Bicyclo[2.2.1]heptane,7,7-
dim ethyl-2-methylene; 1,4-Methano-1H-indene,octahydro-1,7a-dimethyl-4-
(1-methylethenyl); Squalene; Bicyclo[2.2.1]heptan-2-ol,1,3,3-trimethyl-, (1S-
endo); 1R-alpha-Pinene; Artemiseole; Butanoic acid, 3,7-dimethyl-2,6-octadienyl
ester, (E); Limonen-6-ol, pivalate; Bicyclo[3.1.1]hept-2-ene,2, 6-dimethyl-6;
2-Cyclohexen-1-ol, 1-methyl-4-(1-methylethyl)-, trans; Caryophyllene oxide;
Diepicedrene-1-oxide; alpha-Methyl-alpha-[4-methyl-3-pentenyl]oxiranemethanol;
Isoaromadendrene epoxide; alpha-Bisabolol; trans-p-Mentha-2,8-dienol; cis-
p-Mentha-2,8-dien-1-ol, Bicyclo[3.1.1]hept-3-en-2-ol,4,6,6-trimethyl-, [1S-
(1α,2β,5α)]-; exo-2-Hydroxycinede; 1-Naphthalenol,decahydro-1,4a-dimethyl-7-
(1-methylethylidene)-, [1R-(1α,4aβ,8aα)]-; 7-Oxabicyclo[4.1.0]heptanes, 1-methyl-
4-(1-methylethenyl)-; 6-Nonenal,3,7-dimethyl-; Bornyl chloride; Caryophyllene
oxide; Ether,p-menth-6-en-2-yl methyl; Cyclohexane,1-ethenyl-methyl-1-methyl-
2,4-bis(1-methylethenyl)-, (1α,2β,4β)-; 2,6-Odadien-1-ol, 3,7-dimethyl-,acetate;
Dibutyl phthalate; Phenol,4,4’-(1-methylethylidene)bis-; 1,2-Cyclohexanediol,1-
methyl-4-(1-methylethenyl)-; 1,4-Cyclohexadiene, 1-methyl-4-(1-methylethyl)-;
1,3-Dioxolan-2-one, 3-methyl-3-(4,8-dime; 2-Methyl-Z,Z-3,13-octadecadienol;
Aromadendrene oxide-(2); Farnesene epoxide,E-; Epoxy-alpha-terpenyl acetate;
9,19-Cyclolanostan-24-one,3-acetoxy-25.

From this research, it has been observed that the lemon peel powder is an efficient
cleaner for glass, ceramic utensils, and floor tiles. This is due to the presence of
limonene, which is themain agent present in the lemon peel. Also, this study suggests
the spray obtained from the mixture of lemon peel, vinegar, and water (1:2:8) is
used as an effective air freshener, floor cleaner, and as an insect repellent due to it
has present lots of aromatic and anti-insecticidal, antibacterial, and anti-fungicidal
compounds.

5 Conclusions

The results obtained in the experimental study can be concluded as the following:

• The total SW generation rate at KUET campus has been found as
0.099 kg/capita/day during September, 2016 to March, 2017, out of which 0.30%
wastes come from lemon peel.

• Essential oil has been extracted through distillation process from lemon peel and
yield of oil has been found as 2.31% of fresh lemon peel. Characterization of EO
has been executed throughGC-MS analysis and about 125 numbers of components
have been identified. The major compound has been seen as limonene as 13.21%,
which is low than the expected amount and this happen may be due to the losses
during heating due to its volatile nature; however, rigorous investigation is needed
to find out the actual quantity.
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Table 1 Chemical composition of essential oil extracted from lemon peel

Name of the Compound RT Area Area% R.
Match

BC

1R-alpha-Pinene 5.550 6.721E6 1.48 900 VM

Bicyclo[2.2.1]heptane,7,7-dimethyl-2-
methylene

6.395 3.003E7 6.61 823 VM

2,6-Dimethyl-1,3,5,7-octatetraene,E,E- 6.876 1.009E6 0.22 806 TF

(+)-4-Carene 7.093 446651 0.10 889 MV

Limonene 7.379 6.000E7 13.21 N/A VB

Spiro[2, 4]hepta-4,6-diene 7.656 1.016E6 0.22 914 TF

1,4-Cyclohexadiene,
1-methyl-4-(1-methylethyl)

7.867 1.781E6 0.39 884 TF

.alpha.-Methyl-.alpha.-[4-methyl-3-
pentenyl]oxiranemethanol

8.123 4.163E6 1.59 776 TS

Bicyclo[2.2.1]heptan-2-ol,1,3,3-trimethyl-,
(1S-endo)

8.641 1.145E7 2.52 723 VM

Ether,p-menth-6-en-2-yl methyl 9.027 1.988E6 0.44 700 VV

trans-p-Mentha-2,8-dienol 9.109 3.709E6 0.82 848 VV

p-Menth-2-en-7-ol,cis- 9.227 609308 0.13 756 VV

Limonene oxide, cis- 9.312 1.225E6 0.27 860 VV

cis-p-Mentha-2,8-dien-1-ol 9.393 3.103E6 0.68 832 VV

trans-Pinocarveol 9.504 1.340E6 0.29 783 VV

7-Oxabicyclo[4.1.0]heptane,
1-methyl-4-(1-methylethenyl)-

9.601 2.215E6 0.49 778 VV

Bicyclo[3.1.1]hept-3-en-2-ol,4,6,6-trimethyl-,
[1S-(1α,2β,5α)]-

9.783 3.065E6 0.67 801 VV

1-Cyclohexene-1-methanol,.alpha.,2,6,6 9.916 773126 0.17 701 VV

Bornyl chloride 10.024 2.193E6 0.48 871 VV

Artemiseole 10.125 6.607E6 1.45 769 VV

2-Cyclohexen-1-ol,
1-methyl-4-(1-methylethyl)-

10.224 5.182E6 1.14 769 VV

Benzenemethanol,
.alpha.,.alpha,.alpha.,4-trime

10.387 1.230E6 0.27 741 VV

Phosphoric acid, tribornyl ester 10.555 4.863E7 10.68 701 VV

2-Cyclohexen-1-ol,
3-methyl-6-(1-methylethyl)-

10.720 514900 0.11 823 TF

Squalene 10.995 1.449E7 3.19 713 VV

exo-2-Hydroxycinede 11.130 2.880E6 0.63 762 VV

6-Nonenal,3,7-dimethyl- 11.598 2.245E6 0.49 717 VV

1-Acetyl-2-(2’-oxo-propyl)-cyclopentane 11.899 938923 0.21 799 TF

Z,Z,Z-4,6,9-Nonadecatriene 12.193 732783 0.16 766 TF

(continued)
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Table 1 (continued)

Name of the Compound RT Area Area% R.
Match

BC

Epoxy-.alpha.-terpenyl acetate 12.504 1.426E6 0.31 794 TF

7-Oxabicyclo[4.1.0]heptane,1-methyl-4-(2-
methyloxiranyl)-

12.922 754216 0.17 760 TF

1,2-Cyclohexanediol,1-methyl-4-(1-
methylethenyl)-

13.141 1.793E6 0.39 791 VV

2,6-Odadien-1-ol, 3,7-dimethyl-,acetat 13.211 1.866E6 0.41 817 VV

Limonen-6-ol, pivalate 13.376 5.850E6 1.29 764 VV

Butanoic acid, 3,7-dimethyl-2,6-octadien 13.524 6.004E6 1.32 762 VV

Ethanone,1-(6-methyl-7-
oxabicyclo[4.1.0]hept-3-en-3-yl)-

13.694 452686 0.10 758 VV

Cyclohexane,1-ethenyl-methyl-1-methyl-2,4-
bis

13.805 1.899E6 0.42 881 VV

Z-(13,14-Epoxy)tetradec-11-en-1-ol acet 14.008 632227 0.14 729 VV

2-Methyl-Z,Z-3,13-octadecadienol 14.062 1.550E6 0.34 815 VV

trans-p-Mentha-2,8-dienol 14.117 354815 0.19 799 VV

1,3-Cyclohexadiene-1-methanol,
4-(1-methylethyl)-

14.382 639924 0.14 791 VV

Bicyclo[3.1.1]hept-2-ene,2, 6-dimethyl-6 14.490 5.167E6 1.14 875 VV

1,6,10-Dodecatriene,7,11-dimethyl-3-
methylene

14.724 817502 0.18 892 VV

1-Hexadecanol 15.084 699543 0.15 868 MV

1,6,10-Dodecatriene,7,11-dimethyl-3-
methylene

15.313 455590 0.10 841 VV

Azulene,1,2,3,5,6,7,8,8a-octahydro-1,4- 15.467 1.075E6 0.24 891 VV

1,4-Methano-1H-indene,octahydro-1,7a- 15.668 1.707E7 3.76 836 VV

9,19-Cyclolanostan-24-one,3-acetoxy-25 16.046 795320 0.18 813 VV

Farnesene epoxide,E- 16.220 1.411E6 0.31 861 VV

9-(3,3-Dimethyloxiran-2-yl)-2,7-dimethyl 16.340 997885 0.22 770 VV

1,6,10-Dodecatrien-3-ol,3,7,11-trimethy 16.422 1.235E6 0.27 815 VV

9,19-Cyclolanostan-24-one,3-acetoxy-25 16.566 1.296E6 0.29 779 VV

Caryophyllene oxide 16.926 4.911E6 1.54 896 VV

Lanceol, cis 17.344 2.953E6 0.65 849 VV

Alloaromaclendrene oxide-(1) 17.646 422078 0.09 771 VV

Tetracyclo[6.3.2.0(2,5).0(1,8)]tridecan- 17.714 1.024E6 0.23 817 VV

Isoaromadendrene epoxide 17.959 3.996E6 0.88 796 VV

1-Naphthalenol,decahydro-1,4a-dimethyl 18.020 2.648E6 0.58 836 VV

Diepicedrene-1-oxide 18.159 4.675E6 1.03 791 VV

(continued)
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Table 1 (continued)

Name of the Compound RT Area Area% R.
Match

BC

.alpha.-Bisabolol 18.325 3.954E6 0.87 893 VB

Hexadeca-2,6,10,14-tetraen-1-ol,3,7,11, 18.635 438282 0.10 868 VV

Aromadendrene oxide-(2) 18.942 1.525E6 0.34 823 VV

Isoaromadendrene epoxide 19.906 486534 0.11 780 VV

1,2-Epoxy-5,9-cyclododecadiene 19.980 884340 0.19 802 VV

Longifolene chloride 20.009 965214 0.21 714 VV

Cedren-13-ol,8- 20.124 828643 0.18 798 VV

7,9-Di-tert-butyl-1-oxaspiro(4,5)deca-6, 21.452 981910 0.22 838 VV

Dibutyl phthalate 22.383 1.824E6 0.40 922 VB

Phytol 26.282 416916 0.09 851 BB

Phenol,4,4’-(1-methylethylidene)bis- 28.856 1.753E6 0.39 901 BB

1,2-Benzenedicarboxylic acid, diisooctyl 44.812 898137 0.20 901 BB

• Limonene can be used as a cleaner, flavoring, and to make medicine. Most of the
compounds presents into essential oil have insect repellent capacity and aromatic
nature. From this research, it has been observed that the lemon peel can be used
as utensils cleaner, pest repellent, air freshener, and for aromatic purposes.
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Arsenic (V) Remediation Using
Adsorption-Induced Ultrafiltration
Process and Management of Toxic Sludge
in Glass Formation

D. Mukherjee, S. Ghosh, S. Majumdar and K. Annapurna

1 Introduction

Arsenic contamination in water is becoming a severe threat to the mankind, as well
as the natural flora and fauna. Average arsenic concentration of arsenic in ground-
water in Bengal basin have even reached 5 mg/L [1], higher arsenic concentration
have also been found in several locations like in contaminated groundwater of min-
ing areas, geothermal water and near oilfield very high arsenic concentration of
about 200 mg/L have been observed [2]. Chronic exposure to arsenic-contaminated
groundwater causes skin, cardiovascular, renal, haematological and respiratory dis-
orders [3]. Various treatment processes like adsorption, ion exchange, coagulation,
precipitation and membrane-based technologies have been developed for removing
arsenic (V) from the environment [4]. Recent trends have been on combination pro-
cesses of two different technologies [5] involving membranes of different polymeric
materials. In view of the lower thermal, mechanical and chemical stability of the
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polymeric membranes compared to their inorganic counterparts, the present study
is focused on application of ceramic ultrafiltration membranes in combination with
adsorption using iron oxide nanoparticles, for arsenic (V) remediation from water
[6]. Iron oxide nanoparticles (α-Fe2O3) (FeIII-NP) have been synthesized using a
cost-effective green method showing high adsorption capacity of 38.48 mg/g for
arsenic (V) [7]. Adsorption process was followed by ultrafiltration using nano γ-
Al2O3 coated macroporous clay–alumina membranes for efficient separation of the
nanoparticles and production of high-quality permeate. Central composite design
(CCD) was employed for designing of experiments to be performed for assessing
the effects of different independent parameters affecting membrane filtration per-
formance, viz. transmembrane pressure (TMP) and the cross-flow velocity (CFV).
Response surface methodology (RSM) employing Design-Expert 6.0.8 Portable ver-
sion was used for optimization of the independent parameters has also been done
targeting maximization of the response, i.e. the permeate flux.

Sludge management is another issue which needs to be focused for environmen-
tal reasons. Reuse and recycling of the hazardous sludge produced emerges as the
best option for sludge management considering economic and environmental aspect.
Effective solidification of sludge with various fillers like clay, cement and lime for
bricks production has been reported [8]. The present study focuses on a novel method
of arsenic sludge immobilization. Vitrification has been chosen for the toxic compo-
nent immobilization because of their high thermal, mechanical, chemical stability,
negligible leaching when exposed to harsh conditions and manageable glass forma-
tion temperature [9]. Arsenic (V) containing α-Fe2O3 nanoparticles sludge has been
utilized in making of amber coloured soda lime silicate glass. The main objective
of glass making lies in utilizing the refining property of arsenic (V) adsorbed in the
sludge. Formation of bubbles is reduced during glass melting resulting in formation
of homogenous glass sample. The produced glass can be used in reagent bottles,
ornamental purpose and various other applications.

2 Materials and Methods

2.1 Arsenic Removal Using the Combination Process

The synthesized Fe(III)-NP nanoparticles were used in combination with ceramic
UF membrane filtration for arsenic (V) removal at the optimized pH and adsorbent
dosage [7]. Accordingly, the feed solution taken was 5 mg/L of arsenic (V) solution
(Merck, Germany) with 1 g/L as the adsorbent dosage.
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2.1.1 Ceramic UF Membrane Preparation

The macroporous tubular ceramic support tubes having outer diameter: inner diame-
ter of 8mm: 6mmand length of 150mm,were indigenously synthesized by extruding
a paste of clay and alumina followed by firing at 1450 °C. The tubes were ultrasoni-
cated by water and acetone successively, followed by drying at 110 °C to remove any
impurities which may block the pores. These were then coated with the slurry pre-
pared from the mixture of Boehmite powder (Pural SB, SASOL, Germany) having
purity of 74% and γ-Al2O3 of 40 nm particle size of (Presi, France) [6]. Polyvinyl
alcohol (Sigma Aldrich, USA) was used as binder, plasticizer used was Polyethylene
glycol (Merck, Germany) and nitric acid (Merck, India) as peptizing agent for proper
sol formation.

The prepared membrane was characterized in terms of field emission scanning
electronmicroscopy [FESEM,Zeiss, Germany], pore diameter byBETmethod using
Quantachrome Autosorb Automated Gas Sorption System (USA). Molecular weight
cut-off (MWCO) of the membrane was estimated by measuring the rejection of
PEG of different molecular weights. The clean water permeability of the membrane
was estimated by obtaining the permeate flux of deionized water by varying the
transmembrane pressure (TMP) in the range of 1–3 bar, maintaining a fixed cross-
flow velocity (CFV) of 2.4 L min−1.

2.1.2 Cross-Flow Filtration

The experimental feed solution was filtered using the prepared UF membrane. The
effect of various parameters like TMP andCFV on the permeate flux has been studied
using RSM. The effect of filtration time upon permeate flux decline was also studied
by performing the UF membrane filtration for 150 min at a stretch. After completion
of each run, the UF membrane was washed with water and clean water permeability
was rechecked. The main parts of the filtration setup included a jacketed feed tank,
5 L (SS), tubular membrane module (SS) and variable speed pump for controlling
the feed flow velocity during recirculation. Permeate sample was collected from
the port present at the bottom of the membrane module while the retentate, being
concentrated in As (V) containing adsorbent, was recycled back to the feed tank.

2.2 Statistical Analysis of Membrane Performance Using
RSM

The permeate flux of the ultrafiltration process was optimized using RSM. Trans-
membrane pressure (TMP) across the membrane and cross-flow velocity (CFV) of
the arsenic feed solution were found to affect the permeate flux; hence, these two
parameters were chosen as independent parameters while permeate flux was selected
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Table 1 Experimental range and levels as set up by the central composite design (CCD)

Independent variable Range and level

−1 0 +1

TMP [bar] (A) 1 2.5 4

CFV (m/s) (B) 1 2 3

as dependent experimental response. The experimental range and the corresponding
levels of the parameters selected have been listed in Table 1. Total of 13 experiments
with 5 replicates as set up using CCD were conducted. The experiments were per-
formed accordingly. Theα value is chosen to be face-centered (α �1).α �1 signifies
placement of the axial points on the cube portion of the experimental design. When
the operational limits in the design are the cube points, designation of α �1 becomes
a good choice.

2.3 Immobilization of the Spent Adsorbent

The sludge produced in the process involving arsenic (V) adsorbed iron oxide
nanoparticle separated after membrane filtration was immobilized in glass matrix.
Borosilicate glass with a variety of modifiers was chosen for the study. The
compositions (wt%) for 100 g batch of the two glasses includes 45 SiO2 −6.5
Na2O—13.5 B2O3—11 Fe2O3—2 Al2O3 −4CaO—10 PbO—8 Li2O (G-1) and
52.79 SiO2 −24.9 B2O3—12.44Na2O—7.85 TiO2 −2.02 Fe2O3 (G-2), respectively.
The sources of Na2O, CaO, B2O3, Li2O were Na2CO3, CaCO3, H3BO3, Li2CO3,
respectively. For Fe2O3, the arsenic-containing sludge was used. The raw materials
were purchased from Sigma Aldrich, USA. Rapid melting quenching method was
adopted for formation of the glasses. The materials taken in proper ratio were mixed
well to attain a homogenous and uniform batch. The batches were then placed in alu-
mina crucible, charged at 1100 °C and 1350 °C in the furnace and melted at 1200 °C
and 1450 °C, for G-1 and G-2, respectively. Stirring was done with a platinum rod to
attain homogeneity and avoid formation of bubbles. The glass melt was given a rect-
angular shape by casting in a stainless steel mould. It was then annealed at 700 °C for
about 2 h to relieve the internal stress. The prepared glass samples were characterized
in terms of X-Ray Diffraction (XRD, Philips 1710 diffractometer) from 2θ �5°–80°
using Cu as anode material. The microstructure of glass was analysed using Field
Emission Scanning Electron microscopy (FESEM, Zeiss, Germany). Density was
measured by Archimedes principle and refractive index was found at wavelengths
of 473, 532, 632.8, 1064 and 1552 nm using Metricon M2010 Prism Coupler. The
properties, viz. Poisson’s ratio (σ ), Young’s modulus (E), shear modulus (G), bulk
modulus (K), longitudinal modulus (L), mean ultrasonic velocity (Um) and Vicker’s
hardness (HV), were also measured for assessing the mechanical stability.
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Fig. 1 Clean water
permeability of UF
membrane
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3 Results and Discussions

3.1 Arsenic (V) Removal Using the Combination Process

3.1.1 Characterisation of the Prepared UF Membrane

The clean water permeability of the membrane was obtained by estimating the per-
meate flux of deionized water at different transmembrane pressures (1–3 bar). Sta-
bilization time of 5 min was provided at each pressure to attain a constant flux.
From the plot of permeate flux versus TMP as shown in Fig. 1, the value of the clean
water permeability was estimated to be 55.55 Lm−2 h−1 bar−1. The pore diameter and
molecular weight cut-off (MWCO) was found to be 5.5 nm and 35 KDa, respectively
[6].

The FESEM image of the membrane has been shown in Fig. 2. The surface topol-
ogy of the membrane (Fig. 2a) shows the presence of nanosized spherical particles
which are the nano γ-Al2O3 particles. Coating of thickness 15 μm over the porous
support is clearly visible from the cross-sectional view of the coated membrane in
Fig. 2b. This proves successful coating of γ-Al2O3 over the clay–alumina support
tubes.

3.1.2 Cross-Flow Membrane Filtration

The arsenic-containing feed solution was filtered using the prepared ultrafiltration
membrane. The effect of various parameters like TMP and CFV on permeate flux
has been studied by RSM. Permeate flux was measured and permeate sample was
collected for determination of the arsenic content, total suspended solids (TSS) and
turbidity while retentate was recycled back to the feed tank. The effect of time on
flux was also studied during filtration operation up to 150 min. After completion
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15 μm

(a) (b)

Fig. 2 FESEM image of the UF membrane: a surface and b cross section

of each filtration cycle, the membrane was thoroughly washed with deionized water
and cleanwater permeability was checked. The arsenic concentration in the permeate
sample after filtration for 150minwas 0.115mg/L at TMP of 4 bar and CFV of 1m/s.
The permeate sample was free of TSS and turbidity reduced from 765 NTU to 0.736
NTU.

To study the extent of fouling duringmembrane filtration, the filtrationwas carried
out for 150 min at a stretch. The decline in the permeate flux was 11% which can
be seen from Fig. 3. Basically, fouling occurs due to the blockage of the pores and
hence formation of a filter cake. In this study, the size of the nanoparticles is about
100 nm while the membrane has a pore diameter of 5.5 nm. This size difference
causes the particles to deposit on the surface of the membrane and hence blocking
of the pores, thus reducing the permeate flux. In cross-flow membrane filtration,
steady-state condition is reached when convective transport of the solute towards the
membrane becomes equal to transport of the solute in opposite direction, i.e. from
the membrane surface to the bulk solution [10]. In this case, fouling was temporary
in nature as the clean water permeability could be retained back on washing the
membrane successively with water.

3.2 Statistical Analysis of Membrane Performance by RSM

The experimental design had been set up by CCD and experiments were conducted
accordingly. The second-order quadratic model was used for fitting of experimental
data. The relationship among the independent influencing factors viz., TMP (A)
and the dependent response permeate flux is given by quadratic equation (Eq. 1)
represented in terms of coded factors

Flux � +96.08 + 33.82 × A + 1.59 × B − 6.88 × A2 + 0.68 × B2 + 0.34 × A × B
(1)



Arsenic (V) Remediation Using Adsorption-Induced … 521

Fig. 3 Effect of time on
permeate flux
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A synergistic effect of TMP and CFV is found as indicated by the positive sign in
their corresponding regression coefficient values. Increase in permeate flux occurs
with increasing TMP and the CFV which is justified by the equation. The ANOVA
analysis performed for the UF membrane filtration of arsenic–iron oxide solution
indicates that A, B and A2 are significant terms (p <0.05).

A goodmatchwas found between the experimental and predicted response, which
is clear from the plot as given in Fig. 4a having coefficient of determination (R2)
value of 0.9990. Moreover, the negligible difference (less than 0.2) exists between
the predicted and adjusted R2 value (0.9975 and 0.9982, respectively). The model F-
value was found to be 0.8852 indicating lack of fit is insignificant. The contour plot as
generated from RSM has been represented in Fig. 4b. It shows that the permeate flux
increaseswith the increase in the cross-flow velocity and the transmembrane pressure
as is also evident from the obtained regression equation. However, the effect of TMP
is much more on the flux compared to the CFV as can be seen from the contour plot
generated. The effect of increase in the pressure is evident to cause an increase in the
permeate flux as this is the main driving force for the membrane filtration process.

The optimized conditions obtained with the target of maximizing the permeate
flux are CFV, 1 m/s and TMP, 4 bar resulting in permeate flux of 121.78 Lm−2 h−1

with desirability of 0.967.

3.3 Immobilization of the Arsenic-Containing Sludge

XRD characterization of the glass samples G-1 and G-2 revealed the presence of
broad peaks as observed in Fig. 5a, b, respectively, showing their amorphous nature
which infers the absence of phase separation in the matrix [11].

Absence of any specific crystal structure, grains and grain boundaries in the sam-
ples had been represented by their respective FESEM micrographs in Fig. 6a, b,
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Fig. 4 a Plot of predicted vs. experimental response, and b contour plot showing the effect of TMP
and CFV on the permeate flux

(a) (b)

Fig. 5 X-ray diffraction plot of a G-1 and b G-2

respectively, showing the amorphous state of G-1 and G-2. The EDX analysis shows
the presence of iron, which is due to the presence of the spent adsorbent. Arsenic was
below the instrumental detectable limit for which no specific peak of arsenic could
be detected.

Different physical properties of the glass samples have been represented inTable 2.
The respective values are comparable with commercial glasses proving that incor-
poration of spent adsorbent does not create any appreciable difference [12, 13].

4 Conclusions

The combination process of adsorption integrated with ceramic ultrafiltration
membrane-drivenfiltrationwas successfully applied for arsenic (V) remediation from
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Fig. 6 FESEM image of the arsenic immobilized glass samples: a G-1 and b G-2

water. The iron oxide nanoparticles showed about 99% removal efficiency for arsenic
(V). Ultrafiltration membrane prepared by coating of nano γ-Al2O3 on macroporous
ceramic substrates enabled an effective filtration of the arsenic-containing solution
with adsorbent. Permeate samples showed turbidity of 0.736 NTU and no TSS con-
tent. The RSM study for the membrane filtration showed that the permeate flux
increased with increase in the TMP and CFV. R2 value of 0.99 shows good similarity
between the experimental, i.e. the actual and the quadraticmodel predicted responses.
The CFV and TMP for optimum permeate flux was 1 m/s and 4 bar, respectively. The
decline in permeate flux of 11% was observed indicating partial membrane fouling.
Sludge generated by UF membrane filtration of iron oxide nanoparticles adsorbed
with arsenic (V) was successfully utilized in the preparation of borosilicate glasses
which is a novel approach for immobilization of toxic components. The proposed
process involving toxic component remediation and solid waste management would
be a cost-effective and eco-friendly approach for arsenic remediation.

Acknowledgements The financial support from the Council of Scientific and Industrial Research
(CSIR), Government of India, is gratefully acknowledged for completion of this work.

References

1. Mandal BK, Suzuki KT (2002) Arsenic round the world: a review. Talanta 58:201–235
2. Gebreyowhannes YB (2009) Effect of silica and pH on arsenic removal by iron-oxide coated

sand. MSc Thesis, Unesco-IHE
3. Sharma VK, Sohn M (2009) Aquatic arsenic: toxicity, speciation, transformations, and reme-

diation. Environ Int 35:743–759
4. Sanchez J, Rivas BL (2010) Arsenic extraction from aqueous solution: electrochemical oxi-

dation combined with ultrafiltration membranes and water-soluble polymers. Chem Eng J
165:625–632



Arsenic (V) Remediation Using Adsorption-Induced … 525

5. Arar O, Kabay N, Sanchez J, Rivas BL, Bryjak M, Pena C (2014) Removal of arsenic from
water by combination of electro-oxidation and polymer enhanced ultrafiltration. Environ Prog
Sustain Energy 33:918–924

6. Sarkar S, Ghosh S, Banerjee P, Larbot A, Cerneaux S, Bandyopadhyay S, Bhattacharjee
C (2014) Preparation and characterization of single layer ultrafiltration alumina membrane
directly over porous clay-alumina tubular and capillary support for textile effluent treatment.
T Indian Ceram Soc. https://doi.org/10.1080/0371750X.2014.882246

7. MukherjeeD,GhoshS,MajumdarS,AnnapurnaK (2016)Green synthesis ofα-Fe2O3 nanopar-
ticles for arsenic(V) remediation with a novel aspect for sludge management. J Environ Chem
Eng 4:639–650

8. Mahzuz HMA, Alam R, Alam MN, Basak R, Islam MS (2009) Use of arsenic contaminated
sludge in making ornamental bricks. Int J Environ Sci Tech 6:291–298

9. Donald IW, Metcalfe BL, Taylor RNJ (1997) The immobilization of high level radioactive
wastes using ceramics and glasses. J Mater Sci 32:5851–5887

10. He Y, Li G, Jiang Z, Wang H, Zhao J, Su H, Huang Q (2011) Diafiltration and concentration
of Reactive Brilliant Blue KN-R solution by two-stage ultrafiltration process at pilot scale:
technical and economic feasibility. Desalination 279:235–242

11. Kaushik CP, Mishra RK, Sengupta AK, Das D, Kale GB, Raj K (2006) Barium borosilicate
glass—a potential matrix for immobilization of sulfate bearing high-level radioactive liquid
waste. J Nucl Mater 358:129–138

12. Chorfa A, Madjoubi MA, Hamidouche M, Bouras N, Rubio J, Rubio F (2010) Glass hardness
and elasticmodulus determination by nanoindentation using displacement and energymethods.
Ceramics—Silikáty 54:225–234

13. Bouras N,MadjoubiMA, KolliM, Benterki S, HamidoucheM (2009) Thermal andmechanical
characterization of borosilicate glass. Phys Procedia 2:1135–1140

https://doi.org/10.1080/0371750X.2014.882246


Microwave-Assisted Alkali-Peroxide
Treated Sawdust for Delignification
and Its Characterisation

Devadasu Sushmitha and Srinath Suranai

1 Introduction

The production of bioethanol from lignocellulosic biomass can be the most exciting
alternatives to compensate the fossil fuels. Nevertheless like conventional heating,
microwave heating requires lesser time for processing with the equal or higher effi-
ciency. As compared to the traditional heating which is having prolonged pretreat-
ment times (say until 12 h), in this contest, microwave heating could be a promising
thing as it considerably decreases the processing time for dissolution of hardwood,
and increase the efficiency of the pretreatment. The operating conditions for depoly-
merisation of lignin were different for different types of lignocellulosic biomass
such as softwood, hardwood, etc. for these reasons, intensive work has been done on
pretreatment of biomass and investigation was increased in the past years [1].

Studies on microwave irradiation of biomass is done in the past, mostly on sugar
cane bagasse, corn and corn stover due to an abundance of unutilised waste resources
in countries [2, 3].

Using sugar cane bagasse, 48% of lignin was removed by depolymerisation of
polysaccharide at processing conditions of 28% v/v ammonium hydroxide solution,
and with an operating temperature of 130 °C for 1 h [4].

In another paper, Morritis used the same sugar cane bagasse, irradiated with
microwave for 5minwith distilledwater, phosphoric acid of pH3, and100%glycerol,
was reported that the highest separation of hemicelluloses and cellulosewas occurred
[5].

The solubility of green tea residuewas up to 74%bypretreatment usingmicrowave
and sodium hydroxide (1%) at a temperature of 120–200 °C, for a reaction time of
5 min [5]. In fact, we can observe that there was a less reaction time for effective
removal of lignin, and with the highest yields of cellulose and hemicelluloses using
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microwave reactor. Moreover, using microwave reactor alone could limit the reac-
tion time, but along with the combination of most efficient pretreatment methods,
combinations of different equipment could expect good results regarding effective
delignification, and it is in purity.

Bussemaker and co-workers used with a combination of ultrasound, in oxida-
tive environments to depolymerise the lignocellulosic biomass in the presence of
alkali [6]. Their studies are performed on specialised equipment that merges the
use of ultrasound and microwave then compares, the results with those obtained
with microwave alone. Therefore from the previous studies, proves that simultane-
ous use of microwave and ultrasound for less residence time, and there by ultilizing
non-oxidizing compounds gives higher yeilds of main compounds (that is cellu-
lose, hemicellulose, and lignin) but with less purity.The pretreatment with oxidizing
compounds results in lesser yeilds but with higher purity.

Ultrasound-assisted pretreatment of lignocellulosic biomass gives a higher purity
in the individual components using different chemical pretreatments, but the effi-
ciency of lignin removal was reduced to 50% [5]. Tatijarern et al. understood the
worth of Thai Mission grass (Pennisetumpolystachyon) and discovered as a new
weedy raw material for synthesis of monomeric sugar.

Ming-Guo Ma studied the production of nano cellulose composites and deriva-
tives, using microwave irradiation along with 3% (w/v) NaOH, at 120 °C for 10 min;
he separated nearly 85% lignin from Mission grass. And from the solid residue of
treated mission grass, they observed an excellent reducing sugar content (34.3 ±
1.3 g per 100 g of dried biomass), mainly of 31.1± 0.8 g of reducing sugar per 100 g
of dried biomass.

In a two-stage microwave and a chemical process, sugar yield was 40.9 g per
100 g of dried biomass, Using 1% (w/v) H2SO4, 15:1 liquid-to-solid ratio (LSR) at
a temperature of 200 °C for only 5 minutes of processing time [7].

In this paper, an attempt was made to use microwave-assisted alkali peroxide pre-
treatment of sawdust, for varying powers from 350 to 700 watts, and simultaneously
the increasing temperatures were recorded, that is approximately 45–90 °C. Experi-
ments were conducted with varying hydrogen peroxide concentrations, i.e. from 0.2
to 1 M keeping the sodium carbonate concentration as constant 0.2 M. The results of
the treated and untreated sawdust was analysed using sophisticated equipment such
as UV spectroscopy, Fourier transform infrared spectroscopy FTIR, Scanning elec-
tron microscopy SEM, X-Ray Diffraction (XRD) and Thermogravimetric analysis
(TGA).
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2 Materials and Methods

2.1 Materials

Teak sawdust was collected from a local industrial mill located in Warangal, India.
All chemicalswere procured and utilizedwith out any purification, Sodiumcarbonate
is procured from HiMedia chemicals, and hydrogen peroxide from Fisher scientific
chemicals, and distilled water/deionised water is used for all experiments.

Ragas Scientific Microwave system has internal dimensions of W 36 cm × H
21 cm × D 43 cm having ten adjustable power levels, ranging from 140 to 700 W
that can be adjusted during operation with a frequency of 2450 MHz. Inside the
system, there exists a beam reflector for perfect distribution of microwaves for its
maximum utilisation of processing place. A provision for temperature indicator is
allotted on top with a flexible probe like IR sensor.

2.2 Microwave-Assisted Alkali Pretreatment

A microreactor with varying power ranging from 140 to 700 W was used for oper-
ations. Sawdust to the liquid ratio is taken as 1:10 with a sodium carbonate concen-
tration as 0.2 M and hydrogen peroxide as 1 M. Contents were mixed well with a
magnetic stirrer and kept in a microwave reactor for a different power staring with
350–700 W and various times from 15 s to 1.15 min. The mixture is filtered, and the
filtrate is sent to lignin analysis by UV spectroscopy.

2.3 Methodology for Lignin Removal

The filtrate after filtration of microwave-assisted pretreated sawdust has a pH around
12, and this was reduced to pH 5–8 with HCl, precipitated one is separated by cen-
trifuging, at 10,000 rpm within 10 min. The supernatant was collected in a separate
vessel, and its pH was further reduced to 2, to precipitate soluble lignin. Then the
contents are centrifuged, similarly, as above conditions, and the supernatant is dis-
carded, pellet obtained was soluble lignin. Wet soluble lignin was dried in a vacuum
oven at 50 °C for 30 min.

2.4 Characterisation Techniques and Methods

Quantification of total lignin content is measured gravimetrically using UV spec-
troscopy by dissolving extracted lignin, by Acetyl bromide soluble lignin method.
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Precipitated lignin was mixed with 25 v/v% of acetyl bromide in acetic acid, kept in
the water bath for 50 °C for 30 min. The mixture was cooled and then, an addition of
2.5 ml of glacial acetic acid, 0.5 ml of 0.5 M hydroxylamine hydrochloric acid and
1.5 ml of 0.5 M NaOH was added and analysed in spectroscopy at 300 nm.

Spectrum 100 Optica FTIR Spectrophotometer of Perkin Elmer (NITW, Telan-
gana, India) is used for FTIR analysis of treated biomass. The pretreated and dried
sawdust was mixed with spectroscopic grade KBr powder in 1:3 ratio and pelletised
like thin 1 mm circular disc. This pellet is placed in a pellet slot for FTIR analysis
under mid range from 400 to 4000 cm−1.

Scanning Electron Microscopy (SEM) the micrographs of raw and pretreated
sawdust, by scanning electron microscopy were obtained by TescanVega-3 MUT.
To understand the structure, fine powder of untreated and pretreated sawdust was
first coated with gold and operated at 15 kV electron beam voltage with a secondary
electron detector.

X-Ray Diffraction (XRD) patterns were collected from a powder X-ray diffrac-
tometer (PANalytical X1pert powder Model) at operating conditions of 45 mV and
30 mA, for a 2 theta range of 5–30° at 0.016° step intervals, with step input of
34.925 s.

ThermoGravimetric Analysis (TGA), Thermax 700 Thermo Scientific TGA anal-
yser was used to know about the thermal behaviour of treated and untreated sawdust.
2 mg of sample was used for a temperature range of 20–1000 °C,at a constant heating
rate of 10 °C in inert atmosphere nitrogen (99.5% nitrogen).

3 Results and Discussion

3.1 Effect of Hydrogen Peroxide Concentration

The impact of hydrogen peroxide influences more for lignin removal. The sodium
carbonate concentration has taken constant (Na2Co3) 0.2 M (by observing the pre-
vious studies) varying the hydrogen peroxide concentration from 0.2 to 1 M, the
removal of lignin was found to nearly 69%. Delignification from sawdust can be
due to the strong alkali helps in cleavage of ester, ether and glycosidic linkages
that connect lignin and hemicellulose, and also the dissociation reactions of water
with hydrogen peroxide, produces hydroxide radicals, and hydrogen radicals. These
radicals act strongly on carbohydrate and lignin linkages to degrade lignin (Fig. 1;
Table 1).
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Fig. 1 Effect of hydrogen peroxide concentration on the percentage of lignin removal

3.2 Impact of Power and Temperature

The microwave power is varied from 350 to 700 W. Therefore at 700 W power,
highest delignification is obtained 700 W power, and furthermore, it is observed that
by increasing the microwave power level, the pretreatment time can be decreased
with some limitations [8–10].

The characteristics of heating in a microwave irradiated reaction system are
directly affected by dielectric properties of a material. Dielectric characteristics of
material like dielectric constant (ε′) and dielectric loss (ε′′), which decides the extent
of heating of the material, under microwave irradiation. One of the most interesting
dielectric properties can be loss tangent and is denoted by the term tan δ. It can be
expressed as a specific material can transform the electromagnetic energy into heat
for a particular temperature and frequency. The quotient of dielectric loss (ε′′) and the
dielectric constant (ε′) are termed as loss tangent (tan δ) [8, 11, 12]. The absorption
of high microwaves, in turn, gives fast and efficient heating at low dielectric loss
factor (ε′′) media such as water, acts as a reaction media. There are some critical
points to be to consider in the microwave heating process that are the penetration
depth, relaxation time, etc.

Table 1 Effect of hydrogen peroxide concentration on the removal of lignin percentage

H2O2 (M) Delignification (%) Rate constant (min−1) Correlation coefficient

0.2 24 0.0466 0.893

0.4 36 0.08 0.921

0.6 41 0.0071 0.853

0.8 57 0.0128 0.895

1 69 0.238 0.935
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Water acts as the enhancer in the microwave energy absorption, dielectric loss
tangent (δ) of water is 0.123 [10]. It serves as a barrier to maintain equal and quick
transfer of energy to biomass. It also consumes some of the power to vaporise. Too
much of water also reduces the positive effect of energy transfer by decreasing the
increased temperature by the presence of free water. Therefore, there is a need to
check the water level that can use absorption of microwave up to the maximum
extent. There should be a balance between microwave energy absorption and energy
required by water must be kept adequately to achieve maximum utilisation of the
reactants, by increasing the interfacial area, thereby increases mass transfer rates
effectively.

Unlike a microwave, conventional cooking type pretreatment does not depend on
penetration depth inside the processing flask. Common vessels used in a traditional
type of experiments are borosilicate glass, and the purpose of that is to transfer the
energy to the reaction medium, by dissipating heat through conventional currents,
which is very inefficacious.But in themicrowave irradiation, heating canhappen from
the inside of the reaction vessel (that means volumetric heating), since borosilicate
glass is capable of allowing the microwaves to pass through it, with a dielectric loss
tangent of tan δ = 0.0010. So, by using borosilicate glass, there could be a better
coupling of the microwave energy along with molecules exists in the processing
medium [13–15].

The scientific microwave has a flexible probe for temperature measurement with
a IR sensor. The table shows a variation of power and temperature at 1.15 min of
reaction time since from the above parameters, alkali concentration and biomass
loading gave higher delignification at that particular reaction time (Table 2).

From the graph between ln(k) versus 1/T, the activation energy required for
treating sawdust under an alkali peroxide environment with microwave gives
98.8 kcal/mole (Fig. 2).

Table 2 Effects of power and temperature on delignification

Power (W) Temperature (°C) Delignification
(%)

Rate constant k
(min−1)

R2 correlation
coefficient

350 45 14 0.02272 0.97

420 54 25 0.0322 0.98

490 63 46 0.04 0.97

560 72 58 0.0454 0.98

700 90 64 0.05 0.98
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4 Characterisation Results

4.1 Fourier-Transform Infrared Radiation (FTIR)

The results gave a graph between wavelength and absorption. The quantification of
biomass is performed through ‘beers law quant application’ provided in the Perklin
software. The correlation gave good results for lignin quantification at the corre-
sponding lignin peaks.

The intensity of each peak corresponds to the presence of a chemical structure of
a component.

The bands 3414 and 990 cm−1, corresponding to the cellulose as it represents
O–H stretching, C–O valence vibration in cellulose and 1280 cm−1, in particular,
C–H bending crystalline cellulose for sawdust and in the figure, it was low for raw
saw dust and high for pretreated sawdust [13].

Similarly, the peaks 1246 and 1212 and 1250 cm−1 corresponds to hemicelluloses
stands forweakC–Ostretching, acetylated hemicelluloses [6]. TheFTIR results show
weak intensity of lignin bands for pretreated biomass implies the low concentration
of lignin. Generally, lignin peaks at 1510 and 1606 cm−1 wave numbers, the lignin
absorbance peak was lower as compared to the untreated sawdust, this explains
about the better lignin removal for a higher concentration of alkali peroxide under
microwave irradiations at 90 °C for 1.15 min (Fig. 3).

4.2 Scanning Electron Microscopy (SEM)

Morphological changes can read by examining the SEMmicrographs. The significant
structural changes can be analysed by reviewing the micrographs. The appearance
of gaps on pretreated sawdust in the upper right most corner of the second SEM
image shows that removal of lignin and presence of cellulose microfibrils are visible,
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whereas in the raw sawdust, wholes and microfibrils were absent which indicates
that the lignin was attached to sawdust (Fig. 4).

u

b

a 

b

Fig. 3 FTIR graphs between wavenumber (cm−1) and transmittance for a untreated sawdust and
b alkali-assisted microwave-treated sawdust

Fig. 4 SEM images of a untreated sawdust and b alkali-assisted microwave-treated sawdust
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b 

Fig. 5 XRD profiles of a untreated sawdust and b alkali-treated sawdust (Na2co3 0.2 M, H2O2
1 M at 1.15 min of microwave reaction time)

4.3 X-Ray Diffraction (XRD)

X-Ray Diffraction (XRD) patterns were collected from a powder X-ray diffractome-
ter (PANalytical X1pert powder Model) at an operating condition 45 mV and 30 mA,
for a 2 theta range of 5–30° at 0.016° step intervals, with step input of 34.925 s.
Crystalline index (CrI) can be expressed as the percentage of crystalline material in
the biomass, and is calculated with

CrI (%) = (I002−Iam)
I002

* 100
where I002 is the maximum intensity of 002 peaks at 2 theta = 23° and
Iam is the intensity at 2 theta = 19°.
Crystallinity index for untreated and microwave-assisted alkali peroxide-treated

sawdust was 49 and 67%, respectively, this shows amorphous nature of the sawdust
got removed on treatment, and there was an increase in crystal nature of treated
sawdust under microwave-assisted alkali peroxide-treated sawdust (Fig. 5).

4.4 Thermo Gravimetric Analysis (TGA)

It is clear from the TGA graphs, of untreated and microwave-assisted alkali-treated
sawdust, the weight loss occurred in three stages. In the first stage, there is no sig-
nificant loss of weight happened from 50 to 210 °C, and this can be known as drying
period, at this stage degradation of hemicelluloses starts. In the second stage, that
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Fig. 6 TGA graphs of microwave-assisted alkali peroxide-treated sawdust and untreated sawdust

is 200–350 °C, devolatisation starts, and decomposition of hemicelluloses, cellulose
and some parts of lignin occur. There is 50–53% weight loss of untreated sawdust,
and 63–65% weight loss of microwave-assisted pretreated sawdust. Finally, in the
third stage, which is from 310 to 500 °C from Fig. 4, about 20% weight loss in
untreated sawdust and 9% weight loss in microwave-assisted alkali-treated saw-
dust. Then after 600 °C, there is no noticeable weight loss both in untreated and
microwave–alkali-treated sawdust (Fig. 6).

4.5 Conclusion

There was an increased 35% of lignin removal achieved as compared to the conven-
tional method. Optimal temperature of 90 °C, occurred at 700 watts is considered to
be the best delignification temperature using microwave irradiation. The activation
energy required for delignification was shown as 98.8 kcal/mole. The characterisa-
tion results like FTIR, SEM and TGA gave reasonable results as explained above.
So, further work can be a combination of microwave and ultrasound equipment can
expect higher efficiency and purity of lignin.
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Physiological, Biochemical, Growth,
and Yield Responses of Radish
(Raphanus sativus L.) Plants Grown
on Different Sewage Sludge–Fly Ash
Mixture (SLASH) Ratios

Bhavisha Sharma and Rajeev Pratap Singh

1 Introduction

Sustainable environmental management of solid wastes has become a significant
issue of global concern. Rapidly growing rates of global population and urbanization
coupledwith ongoing industrial development have further escalated the generation of
various types of solid wastes like sewage sludge (SS) and fly ash (FA) [23, 33]. SS is
also referred to as biosolids that originate as a waste by-product of sewage treatment
process [27], whereas coal FA is mainly an industrial waste produced as a result
of coal combustion in thermal power plants and different industrial processes [13].
Both of these waste products are generated in enormous amounts and are disposed
off openly at dumpsites occupying large area of land and also deteriorating the air,
water, and soil quality of adjacent areas due to accumulation, leaching, and increased
bioavailability of heavy metals, and other contaminants posing a threat to human
health and environment. Rising solid waste generation has also been a key factor
in increasing environmental pollution worldwide [34]. Hence, safe disposal of such
wastes is not only a major challenge but also a deepening environmental concern
these days.

Over the time, using SS and FA in agriculture has become quite popular around
the world. SS is an abundant source of organic matter, and many essential micro-
and macro-plant nutrients (N, P, and K); however, presence of toxic heavy metals,
pathogens, and other organic micro-pollutants has caused apprehension about its
use [2, 32]. FA although lacking macronutrients viz. nitrogen and organic carbon,
contains many micronutrients like Ca, Si, Fe, Mg, Na, K, S, Mo, Ni, Cu, Co, Cd,
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Pb, Zn, etc., and improves soil structure and water holding capacity [33]. Land
application of these wastes has multiple benefits like improvement in soil’s physico-
chemical properties, recycling of beneficial plant nutrients, substitute to inorganic
fertilizers, alkaline stabilization of SS using FA in place of lime to ameliorate acidity,
reduce bioavailability of heavy metals and pathogenic microbes [12], along with
agronomic and economic benefits. Apart from these benefits, combining SS and
FA as mixture (SLASH) can be evaluated as an approach to integrated solid waste
management, wherein wastes from two different waste streams (i.e., municipal and
industrial) are utilized simultaneously to produce a mixture which is more stable
and less likely to cause environmental pollution than their individual application
[20]. This approach enables to tap potential benefits of SS in boosting plant growth
and FA which serves as a composting ingredient to neutralize acidic SS thereby
minimizing the bioavailability of heavy metals and the attendant injury to plants and
crops. It also helps in treating both SS and FA as a valuable resource and not as waste
being in conformity with the principles of integrated waste management hierarchy,
which states recycling of wastes to be more environmentally preferred than disposal
methods like landfilling, open and ocean dumping, and incineration [22].

The present study is an attempt to investigate the potential of SLASHmixtures as
a plant growth medium through assessment of physiological, biochemical, growth,
and yield responses of test plant Radish (Raphanus sativus L.) to determine the best
mixture(s) which can be used further at different amendment rates/doses in soil to
derive maximum fertilizing benefits for plants and minimum environmental risk.

2 Materials and Methods

2.1 Study Area

Theexperimentwas conducted at the agricultural field of Institute ofEnvironment and
Sustainable Development, Banaras Hindu University, a suburban area of Varanasi,
Uttar Pradesh, India between December 2016 and February 2017. This period of
the year is characterized by mean monthly maximum temperature between 20.5 and
27.39 °C and mean monthly minimum temperature between 11.74 and 12.67 °C.
The total rainfall during the experimental period was 5.08 mm. The mean maximum
relative humidity ranged between 95.64 and 84.96% and mean minimum relative
humidity between 76.09 and 38.10%.

2.2 Experimental Design and Raising of Plants

SS collected from Bhagwanpur sewage treatment plant, Varanasi was air dried and
ground properly tomake it homogeneous and FAwas collected fromHindalco Indus-
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Table 1 Description of different SLASH (sewage sludge–fly ash) mixture ratios

1 Control Agricultural farm soil (AFS)

2 SLASH A (4:1) 4 parts sewage sludge+1 part
fly ash

3 SLASH B (4:2) 4 parts sewage sludge+2 parts
fly ash

4 SLASH C (4:3) 4 parts sewage sludge+3 parts
fly ash

5 SLASH D (4:4) 4 parts sewage sludge+4 parts
fly ash

tries Ltd., Renukoot, Sonbhadra, Uttar Pradesh, India. Pot experiment was carried
out using Radish (Raphanus sativus L.) as the test plant grown at different SS and FA
mixture ratios (SLASH). The treatments used in experiment comprised of SS and FA
mixed uniformly in four different ratios viz. 4:1, 4:2, 4:3, and 4:4 designated as A, B,
C, and D respectively. The SLASHmixture ratios were prepared in heaps as follows:
A [4(SS): 1(FA)], B [4(SS): 2(FA)], C [4(SS): 3(FA)], and D [4(SS): 4(FA)] (Table 1)
and left in the field for 10 days. Agricultural field soil was dug up to a depth of 30 cm,
air dried and thereafter mixed uniformly, served as control. There were three pots of
each treatment along with control. The pots were filled with the prepared SLASH
mixtures uniformly and left for 5 days to stabilize. Necessary moisture levels were
maintained and then six seeds were sown manually in each pot at equal distances.
Thinningwas done after germination of seeds to keep three plants in each pot. The test
plants were grown upto maturity in the soil and different treatments were given using
standardized agronomic practices. Identical light, water, and temperature conditions
were maintained for all the treatments during the growth period of plants. Climatic
variables like minimum and maximum temperature, rainfall, humidity, etc., were
measured throughout the growing period of the plant. Selected physiological and
biochemical parameters were quantified during vegetative and reproductive phases
of plants for assessing the impact of different SLASHmixtures on pigments, metabo-
lite contents, and antioxidants. Upon maturity, plants were harvested to examine the
crop responses with respect to following parameters: morphological characteristics,
biomass accumulated, and yield.

2.3 Analyses of Morphological or Growth Parameters,
Biomass, and Yield

For the analysis of morphological or growth parameters and biomass determination,
Radish plants were harvested in triplicate from different pots of each treatment at
45 and 65 DAS. Morphological parameters viz. root and shoot lengths, number of
leaves (plant−1), leaf area, and component-wise biomass were assessed. Leaf area
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measurements were done using portable leaf area meter (Model Systronics 211).
For determination of biomass, after initial washing of plants to remove adhering
soil particles, oven drying of separated parts (root and shoot) at 80 °C was done to
achieve constant weight. Thereafter, separated plant parts were weighed individually
to assess biomass accumulation expressed as g plant−1. Yield was expressed in g
pot−1 by calculating fresh weight of root (belowground part) per pot at the time of
harvest.

2.4 Estimation of Physiological and Biochemical Parameters

Physiological and biochemical activities of test plant Radish were measured by esti-
mation of photosynthetic pigments, antioxidants, and different metabolites in fully
expanded fresh leaves of Radish plants sampled manually at 40 and 60 DAS and
stored in deep freezer. These estimations were done throughmethods given byMach-
lachlan and Zalik [19] and Duxbury and Yentsch [9] for chlorophyll and carotenoid
contents, respectively, Lowry et al. [18] for foliar protein content, Bray and Thorpe
[6] for total phenol, Bates et al. [4] for proline, Britton and Mehley [7] to estimate
peroxidase activity, Fahey et al. [10] for thiol content, and Heath and Packer [14] for
lipid peroxidation.

2.5 Statistical Analysis

The data were subjected to one-way analysis of variance (ANOVA) using SPSS
version 20 software. Duncan’s multiple range test was performed as post hoc to test
the significance of difference between the treatments.

3 Results and Discussion

3.1 Physiological Response

Raphanus sativus (Radish) plants grown at all the SLASH mixture ratios (viz. A, B,
C, and D) showed significant increase in photosynthetic pigments reported as total
chlorophyll as compared to the control plants (grown in agricultural farm soil) at
45 DAS (Fig. 1). However, at 65 DAS total chlorophyll content in Radish plants
decreased, even though the content was higher in plants grown in all the SLASH
mixtures as compared to control plants (Fig. 2). Increase in photosynthetic pigments
(total chlorophyll) initially at 45 DAS can be ascribed to higher nutrient availability
to plants provided by SS which is an ample source of essential plant nutrients (N,
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P, K, Mg S, Ca, Mn, Zn, etc.) [28], and its decrease at 65 DAS may be linked to
increased degradation or lowered biosynthesis of chlorophyll molecules due to heavy
metal induced oxidative stress [12, 26]. Alvarenga et al. [2] also reported increased
chlorophyll content in Loliummultiflorum L. due to SS amendment which resulted in
higher readily available form of total nitrogen (N-NH4

+) content. Significant rise in
accessory pigment carotenoid was also observed in Radish plants grown in different
SLASH mixtures as compared to control plants at both ages of observations, i.e., 45
and 65 DAS (Figs. 1 and 2). Gupta and Sinha [11] reported an increase in carotenoid
content in mung bean plants (Vigna radiata L. var. PDM 54) grown at 10 and 25%
FA amendment. Increased carotenoid content which is a non-enzymatic antioxidant
clearly indicates toward the active defense mechanism of Radish plants to protect
the chlorophyll pigment against oxidative stress owing to heavy metals [15, 25]. Chl
a/b ratio decreased due to different SLASH mixtures at both ages of observation;
however, significant decrease was observed only in plants grown in SLASH mixture
D at 45 DAS (Fig. 1). Chl a/b ratio is a good indicator of environmental stress and
an increase in chl a/b ratio is the tolerance mechanism adopted by plants in presence
of heavy metals [17]. Total chl/carotenoids ratio increased in plants grown across
all the SLASH amendment mixtures at 45 DAS (Fig. 1); however, at 65 DAS total
chl/carotenoids ratio decreased significantly in SLASH mixture B, C, and D plants
(Fig. 2). Higher total chl/car ratio indicates greater production of chlorophyll as
compared to carotenoids in Radish plants grown on different SLASH mixture ratios
and reduction may be caused by heavy metals.

3.2 Biochemical Response

Lipid peroxidation quantified as malondialdehyde (MDA) concentration increased
significantly in Radish plants grown on different SLASH mixture ratios as com-
pared to those grown on control soil at both the ages, i.e., 45 and 65 DAS (Figs. 3
and 4). Increased lipid peroxidation (LPO) in plants grown on SS and FA mixture,
quantified as malondialdehyde (MDA) content is a reliable indication of oxidative
damage or peroxidation ofmembrane lipids caused by reactive oxygen species (ROS)
generated due to heavy metal stress [17]. Proline content showed significant rise in
plants grown at different SLASH mixtures as compared to respective control plants
at both ages of observation (Figs. 3 and 4). Minimum increment in proline con-
tent was seen in SLASH mixture B followed by mixture A at 65 DAS (Fig. 4).
Proline increment in plants is an indication of environmental stress and provides
stress tolerance through scavenging of hydroxyl radicals, protection against dehy-
dration of enzymes, and osmoregulation [24]. Peroxidases are important enzymatic
antioxidant in plants involved in free radical detoxification. Peroxidase activity in
Radish plants was reported to increase significantly in all the SLASH mixtures at
45 and 65 DAS (Figs. 3 and 4) as compared to plants grown in control soil except
for SLASH mixture D which significantly decreased at 65 DAS (Fig. 4) indicating
heavy metal induced oxidative stress. Protein content in Radish increased signifi-



544 B. Sharma and R. P. Singh

F
ig
.1

V
ar
ia
tio

ns
in

ph
ys
io
lo
gi
ca
l
pa
ra
m
et
er
s
a
To

ta
l
ch
lo
ro
ph
yl
l,
b
C
hl
or
op
hy
ll
a
by

b,
c
C
ar
ot
en
oi
ds
,a
nd

d
To

ta
l
ch
lo
ro
ph
yl
l
by

ca
ro
te
no
id
s
of

R
ap
ha
nu
s

sa
ti
vu
s
pl
an
ts
gr
ow

n
in

co
nt
ro
ls
oi
la
nd

SL
A
SH

m
ix
tu
re

ra
tio

s
at
45

D
A
S
(M

ea
n
±1

SE
).
B
ar
s
w
ith

di
ff
er
en
tl
et
te
rs
in

ea
ch

gr
ou

p
sh
ow

si
gn

ifi
ca
nt

di
ff
er
en
ce

at
p
<
0.
05



Physiological, Biochemical, Growth, and Yield Responses … 545

F
ig
.2

V
ar
ia
tio

ns
in

ph
ys
io
lo
gi
ca
l
pa
ra
m
et
er
s
a
To

ta
l
ch
lo
ro
ph
yl
l,
b
C
hl
or
op
hy
ll
a
by

b,
c
C
ar
ot
en
oi
ds
,a
nd

d
To

ta
l
ch
lo
ro
ph
yl
l
by

ca
ro
te
no
id
s
of

R
ap
ha
nu
s

sa
ti
vu
s
pl
an
ts
gr
ow

n
in

co
nt
ro
ls
oi
la
nd

SL
A
SH

m
ix
tu
re

ra
tio

s
at
65

D
A
S
(M

ea
n
±1

SE
).
B
ar
s
w
ith

di
ff
er
en
tl
et
te
rs
in

ea
ch

gr
ou

p
sh
ow

si
gn

ifi
ca
nt

di
ff
er
en
ce

at
p
<
0.
05



546 B. Sharma and R. P. Singh

cantly under all the SLASH mixtures as compared to those grown in control soil;
however, the increase was higher at 45 DAS than 65 DAS (Figs. 3 and 4). Maximum
increment in protein content was shown by plants grown in SLASHmixture B and A
at 45 DAS (Fig. 3). Similar findings of increased lipid peroxidation, proline content,
peroxidase activity, and protein content in plants (B. vulgaris, A. esculentus and O.
sativa, and V. radiata) grown on SS and FA amendments have been reported bymany
researchers [11, 23, 26, 28, 29]. The results are also in agreement with the findings
of Gupta et al. [12] who also reported increased foliar protein content in Brassica
campestris L. (cv. Pusa Jaikisan) grown in mixtures of tannery sludge and FA in the
ratio of 4:1 (A) and 4:2 (B) in comparison to control plants at different amendment
rates. Higher protein content in Radish plants under different SLASH ratios may be
credited to the higher availability of organic matter and nitrogen contents due to SS
[22, 27]. It could also be due to heavy metal stress [26] as both SS and FA contain
heavy metals. Thiol content in Radish increased significantly across all the SLASH
mixtures, in comparison to control plants at 45 DAS; however, at 65 DAS signifi-
cant increase was seen only in plants grown at SLASH mixture B (Figs. 3 and 4).
Thiols help in fighting oxidative stress induced by heavy metals as an important part
of non-enzymatic defense adopted by plant cells through detoxification of metals
and phytochelatin synthesis [8, 11]. Significant increase in thiol content was also
reported in nodulated alfalfa plants due to application of SS [3]. Phenol, a secondary
metabolite, also plays an important role in providing resistance against many stresses
in plants and protects the plants against oxidative stress through scavenging of free
radicals [25, 29]. Phenol content increased significantly in Radish plants grown in
different SLASH mixtures as compared to respective control at both 45 DAS and 65
DAS (Figs. 3 and 4). Both Singh and Agrawal [26] and Singh et al. [25] reported
a decrease in foliar phenol content in Beta vulgaris grown at different SS and FA
amendment rates, respectively.

3.3 Morphological or Growth and Yield Response

In the present study, growth parameters of Radish such as root length, shoot length,
number of leaves, leaf area, root biomass, shoot biomass, and total biomass increased
significantly in plants grown in different SLASH mixtures as compared to control
plants at both ages of observation (45 and 65 DAS) except for a decrease shown by
parameter root length in SLASH mixture D (at 45 DAS) (Table 2). Maximum incre-
ment in growth parameters at 45 DAS was shown by Radish plants grown in SLASH
mixture A followed by C; and at 65 DAS it was seen in plants grown on SLASH
mixture A followed by B (Table 2). Similarly, yield of Radish increased significantly
in all the SLASHmixtures; however, maximum increase was shown by plants grown
in mixture A (87.8%) followed by C (87.5%) and B (84.8%), respectively (Table 2).
Positive morphological response or increase in growth parameters and yield in plants
due to SS and/or FA amendments have been reported in many studies such as Singh
andAgrawal [28, 30, 31] (lady’s finger [Abelmoschus esculentusL. varVarsha uphar],
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Table 2 Variations in different morphological characteristics of Raphanus sativus plants grown in
control soil and different SLASH ratios at 45 and 65 DAS (Mean±1SE)

Treatments

Parameters Control SLASH A SLASH B SLASH C SLASH D

45 DAS

Root length
(cm)

12.8±0.9bc 16.17±1.09a 12.93±1.11bc 14.7±1.01ab 11.47±0.59c

Shoot length
(cm)

19.7±0.86b 37.33±1.09a 39.20±0.56a 39.60±1.00a 37.70±0.61a

Leaf number
(plant−1)

5.00±0.0d 9.67±0.33a 7.67±0.33bc 8.33±0.67b 7±0.00c

Leaf area
(cm2)

51.1±3.3d 910.0±44.95a 523.73±31.3b 628.9±53.9b 400.23±11.48c

Root biomass
(g plant−1)

0.03±0.00e 0.40±0.00a 0.10±0.01d 0.25±0.00b 0.12±0.00c

Shoot
biomass (g
plant−1)

0.21±0.01d 3.97±0.24a 1.73±0.09c 2.70±0.15b 1.44±0.07c

Total Biomass
(g plant−1)

0.24±0.0d 4.36±0.24a 1.83±0.09c 2.95±0.15b 1.56±0.07c

65 DAS

Root length
(cm)

11.97±0.4c 22.47±1.74a 18.47±1.41b 18.23±1.09b 19.73±0.90ab

Shoot length
(cm)

17.5±0.76b 41.33±2.01a 38.67±2.13a 38.10±1.35a 37.93±1.85a

Leaf number
(plant−1)

5.00±0.0d 13.67±0.33a 13.33±0.88a 11.00±0.58b 9.00±0.58c

Leaf area
(cm2)

77.5±5.76c 1257.3±103.3a 1339.03±126a 680.70±47.3b 682.17±28.77b

Root biomass
(g plant−1)

0.10±0.01d 1.39±0.08a 0.80±0.03b 0.43±0.02c 0.42±0.02c

Shoot
biomass (g
plant−1)

0.39±0.02d 6.24±0.21a 5.33±0.44b 2.42±0.19c 2.40±0.13c

Total Biomass
(g plant−1)

0.48±0.02d 7.63±0.14a 6.13±0.47b 2.85±0.21c 2.81±0.15c

Yield (g
pot−1)

1.82±0.04d 14.93±0.14a 12.01±0.18b 14.63±0.21a 10.03±0.44c

Different letters in each group show significant difference at p <0.05.
A= 4:1 Sewage sludge: Fly Ash;
B= 4:2 Sewage sludge: Fly Ash;
C= 4:3 Sewage sludge: Fly Ash;
D= 4:4 Sewage sludge: Fly Ash



550 B. Sharma and R. P. Singh

rice [Oryza sativa L. cv. Pusa sugandha 3], and mung bean [Vigna radiata L.]), Bhat
et al. [5] (Radish [Raphanus sativus L.]), Latare et al. [16] (wheat [Triticum aestivum
L. cv. Malviya 234]), Ajaz and Tyagi [1] (cucumber [Cucumis sativus]), Gupta and
Sinha [11] (mung bean [Vigna radiata L. var PDM 54]), Sajwan et al. [21] (sorghum
sudangrass [Sorghum vulgaris]), and Wong and Selvam [35] (Brassica chinensis).
However, significant reductions in growth parameters in palak plants (Beta vulgaris
L. var. Allgreen H-1) grown in different SS and FA amendments were reported by
Singh and Agrawal [26] and Singh et al. [25], respectively. Significant increase in
growth parameters and yield in Radish plants in the present study can be ascribed to
higher availability of plant growth promoting macro- and micronutrients present in
SS and FA, whereas reduction in these parameters occurs due to higher concentration
of heavy metals in plant tissues causing phytotoxicity or due to variable tolerance of
different plant species to heavy metals and salt stress [13, 22, 35].

4 Conclusions

The present study clearly showed significant rise in biochemical parameters (viz.
proline, protein, carotenoids, phenol, thiol, and peroxidase activity) and plant pro-
ductivity (chlorophyll content, total biomass, leaf area, and yield) of Radish plants
grown on SLASHmixtures A, B, and C indicating toward strong antioxidant defense
of Radish plants against heavy metal stress to maintain increments in their growth
parameters, biomass accumulation, and yield. Hence, SLASH mixtures A, B, and
C may be a good option to utilize as a fertilizer supplement (at different amend-
ment rates/doses) or plant growth medium for Radish plants, but the amendment
rates/doses in soil should be strictly regulated to avoid food chain contamination and
risk to human health due to heavy metals.
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Anaerobic Digestion Potential of Leaf
Litter: Degradability and Gas
Production Relationships

D. Ravi Kumar, H. N. Chanakya and S. Dasappa

1 Introduction

Leaf litter is a predominant fraction of the organic fraction of the municipal solid
waste, and leaf litter constitutes almost 35% of the overall waste collected at many
locations [1]. Usually, the leaf litter is composted [2], and leaf decomposition is
one of the major factors either in the case of composting or degradation towards
biogas production. Leaves have the potential to produce twice as much as produced
by cow dung [3]. Leaves could be thin and easily decomposable or could be highly
recalcitrant having lower photosynthetic rates [2]. Studies on certain varieties of
available leafy biomass feedstock have been carried out with some success [4]. The
properties of leafy biomass make it difficult to digest in many conditions [5].

This study focuses on the degradability and biogas production of some fast-
growing tropical biomass and attempts to understand its feasibility towards biogas
production.Also, variousmodel fits are studied, namelyMonod kinetics, linear kinet-
ics and Modified Gompertz kinetics. This study also looks into the pattern of gas
production and separation of gas production based on their properties.

2 Materials and Method

Substrate: Five leafy biomass substrates were chosen, viz., Mango leaves, Rubber
(Ficus elastica), Acacia (Acacia auriculiformis), Bamboo and Syzigium leaves. The
choice of the substrates was dependent on their availability and importance. Inocu-
lum: Inocula were collected from the pre-existing biogas reactor fed with biomass.
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The inocula were collected in jerry cans and sealed. Intermittent degassing was done
until gas production subsided.

BMP: Biochemical methane potential was performed in serum bottles of 135 ml
with a working volume of 70 ml. Since the substrate-to-inoculum (S/I) ratio plays an
important role [6], an S/I of 0.25was chosenmaking sure the systemdoes not undergo
acid accumulation due to any process imbalances. The gas volume was measured
though downward displacement of water that was moderately acidified to prevent
CO2 solubilization. The gas quality was measured using gas chromatography fitted
with Haysep A column with a thermal conductivity detector (TCD). Hydrogen was
used as carrier gas maintained at a flow rate of 30 (ml/min).

Gompertz kinetics: Modified Gompertz model was used to ascertain behaviour
and fit of the gas production data. Factors like specific gas production rate and lag
time or lag phase were also determined [7].

Y � A ∗ e∧{−e∧((μ ∗ e)/A(λ − t) + 1)
}

A—maximum gas production, μ—specific gas production rate and λ—lag
time/phase.

3 Results and Discussions

The leaves are abundantly found in tropical countries large foliage, with large canopy
and can be obtained as leaf litter [8]. The results obtained are shown in the table below.

Among the five leafy biomass Syzigium has the highest gas production of about
225 (ml/gVS) and least gas is obtained in the case of rubber leaves. As compared to
other biomass such as Parthenium and weed like paper mulberry, the gas yields are a
lot lower [4]. Acacia leaves showed a similar behaviour when compared with earlier
studies [4]. It was observed that the volatile solid degradation occurs within a period
of 20–30 days (not shown here). Bamboo leaves being an extension of the stem has
lower gas production. All the biomass showed methane production of greater than
45%, except in the case of Acacia. This shows that there is insufficient acidogenesis
leading to methanogenic starvation. The pH of all samples at the end of 100 days
was found to be within optimum range.

4 Gompertz Fit and Inference

An initial linear and Monod fit showed poor correlation. This can be ascertained to
the behaviour of the solid substrate, whose behaviour is different as compared to pure
soluble substrate [9]. Gompertz fit of the gas production shows that the correlation/fit
is significant, with an R2 of 0.94–0.98. From Table 1, the specific gas production rate
is high in case of Syzigium while at the same time, it has the highest lag phase or
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Table 1 Cumulative gas production and Gompertz parameters

Substrate Cumulative gas
production (ml/gVS)

Specific gas
production rate
(μ/day)

Lag time (λ, day)

Mango 213±20 6.2 2.8

Rubber 125±25 3.5 5.8

Acacia 90±10 2 0

Bamboo 179±15 2.6 7.8

Syzigium 223±30 7.2 7.3

lag time. On the other hand, though Acacia had no lag phase, it has extremely low
specific gas production rate.

When looked at the lag phase and specific gas production rate, it could be observed
there is a significant difference in the gas-specific gas production rates and lag phase.
This could be due to the binding properties or the structure of the bundle fibres.
Chanakya and Sreesha [10] in their paper had shown that the presence and different
bindingof ligninwithin thefibres (areca nut andbanana stem)played a significant role
in the degradation. Similarly, parallels could be drawn that the significant differences
in gas production extent, specific rates and lag phase could be due to the structure.

5 Conclusion

This study with the tropical leafy biomass shows a limited gas as compared to certain
other leafy biomass studied in the literature. A small lag phase does not necessarily
mean higher gas production as can be seen from the Gompertz fit data. Though not
conclusive, it can be shown that the structure might play a role in the gas production.
Gompertz fits well with the gas production data as compared to Monod and linear
kinetics.
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Hydrogen Generation from Biorefinery
Waste: Recent Advancements
and Sustainability Perspectives

Biswajit Debnath and Sadhan Kumar Ghosh

1 Introduction

The COP21 has started a new movement on climate change and sustainability glob-
ally. The energy demand is also increasing every day which makes it imperative to
develop clean and alternative sources of energy. Biohydrogen produced frombiomass
and other natural resources is a promising candidate as a clean source of energy.
These are advantageous because it is readily available, there are no harmful emis-
sions involved, green, high-energy content (122 kJ/g), sustainable and renewable.
One of the major challenges is the sustainable production of biohydrogen and subse-
quent storage. These days, the demand of hydrogen has increased quite a few times
as the hydrogen-powered bus, ships and trains are being demonstrated. Other than
that, hydrogen has applications in chemical and petrochemical industries. Hydrogen
demand is also increasing for fuel cell applications and worldwide demand was pro-
jected 475 billion m3 in 2013. World demand of hydrogen will rise by 3.5% annually
through 2018 [1]. Hydrogen market is expected to grow at a CAGR of 5.2%, from
$117.94 billion in 2016 to $152.09 billion in 2021 [2]. Today nearly, 98% of hydro-
gen is fossil fuel based. As reported by Singh and Wahid [3], 40% of the World’s
hydrogen is produced either from natural gas or by steam reforming of hydrocar-
bons, 30% is produced from oil which is primarily used within the refineries itself,
coal gasification produces another 18% and the remaining amount is obtained by
electrolysis of water. However, these processes are energy intensive, quite expensive
as well as not environmentally sound. Biological hydrogen production is a compara-
tively promising alternative to the traditional one. There are two popular methods for

B. Debnath
Department of Chemical Engineering, Jadavpur University, Kolkata, India

S. K. Ghosh (B)
Department of Mechanical Engineering, Jadavpur University, Kolkata, India
e-mail: sadhankghosh9@gmail.com

© Springer Nature Singapore Pte Ltd. 2019
S. K. Ghosh (ed.), Waste Valorisation and Recycling,
https://doi.org/10.1007/978-981-13-2784-1_53

557

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-2784-1_53&domain=pdf
mailto:sadhankghosh9@gmail.com
https://doi.org/10.1007/978-981-13-2784-1_53


558 B. Debnath and S. K. Ghosh

biohydrogen production—(a) the photo-fermentative process, which employs pho-
tosynthetic organisms (such as algae or bacteria) and (b) dark fermentation process
that uses ability of certain organisms to ferment a substrate. The identification of
proper substrates for future industrial-scale economic applications of the hydrogen
fermentation technology is a big challenge. Apart from that the yield of hydrogen
varies in a wide range from a given substrate present in different feedstocks, which
make things more difficult [4]. Hence, it is essential to overcome these obstacles to
enable the commercialization of biohydrogen production from biomass.

Biodiesel is arguably the most widely used biofuel in the world today and by
2020 biodiesel could contribute to nearly 20% of the transportation fuels. To meet
the ever-increasing demand of biofuel, biodiesel production leads to the generation
of huge amount of waste glycerol. Stoichiometrically, 10 kg of waste glycerol is pro-
duced per 100 kg of biodiesel produced [5]. Biodiesel companies in EU and USA are
finding it really costly to dispose this huge quantity of waste glycerol. A number of
impurities are present in waste glycerol such as methanol, soaps, residual fatty acids,
salts and heavy metals [6]. Due to the presence of impurities, waste glycerol appears
to be a bit yellowish, and hence it is also known as yellow glycerol. Purification of
this yellow glycerol is energy intensive and economically challenging. Hence, it is
quite important to seek new and innovative ways of utilizing yellow glycerol in a sus-
tainable manner. In recent years, hydrogen production from glycerol has caught the
attention of the researchers. The chief reason behind this is the utilization of hydro-
gen for clean energy generation using the fuel cells. Bioethanol, another widely used
biofuel, which is blended with gasoline in major, can be manufactured from corn-
starch, paper and other lignocellulosic biomasses. The demand of bioethanol is also
quite high and a lot of researchers are now shifting their focus on the conversion of
biomass to bioethanol. The plants which are established for conversion of lignocel-
lulosic biomass to ethanol are termed as the second-generation biorefinery. These
biorefineries produce a lot of waste water. It generated nearly 920 m3 of waste water
per day. Other biorefineries such as olive mill biorefinery [7], winery [8], cellulose
fermentation units, xylose fermentation units, potato processing units, soya bean pro-
cessing units, tofu manufacturing units, etc. also produce waste water. The presence
of different organic acids and organic compounds makes this waste water suitable
for hydrogen production. The microbial fuel cell (MFC) is the technology that is
being explored for hydrogen generation from waste water or biorefinery effluents.
Research work is being carried out on use of MFC and their efficiencies to establish
this technology.

The demand of hydrogen has increased over the last few years. Biomass and biore-
finery waste streams are potential candidates for conversion of hydrogen. Research
trends focus on individual technology development, opportunities for different feed-
stocks for hydrogen generation and potential of somemethods for this purpose. Good
review on potential of biorefinery waste streams is scant. The sustainability of these
processes is also not very clear. In this study, a comprehensive idea about the potential
of biorefinery waste stream has been presented and the sustainability of the processes
has been discussed.
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2 Methods and Materials

This study is based on published literature including book chapters, conference pro-
ceedings, reports, journal papers, etc. Different databases were explored to obtain
the literature. Keywords such as ‘Hydrogen generation from waste water’, ‘Hydro-
gen from Biorefinery waste water’, ‘Hydrogen from glycerol’, etc. were employed
for this purpose. The publications were found in the areas of hydrogen genera-
tion from biowaste via different pathways, hydrogen generation from glycerol and
waste water using different technologies and catalysts. Literatures relevant to the
study were screened and reviewed keeping in mind the sustainability parameters. In
this study, four sustainability parameters (environmental, operational, economical
and social) were considered for providing a generalised view on the sustainability
aspects.

3 Hydrogen Generation from Biorefinery Waste Streams

3.1 Hydrogen Generation from Waste Glycerol

Waste glycerol from the biodiesel manufacturing units is a big issue. Hydrogen gen-
eration from waste glycerol is one of the green ways of utilization of waste glycerol.
Several thermochemical and biochemical technologies have been explored by the
researchers for conversion of glycerol to hydrogen such as steam reforming [9],
steam gasification [10], pyrolysis [10], aqueous-phase reforming [11], partial oxida-
tion reforming [12], oxidative steam reforming [13], supercritical water reforming
[14], dark fermentation [15], photofermentation [16], etc. Sharma et al. [17] studied
hydrogen production in a batch hydrogen producing bioreactor setup from waste
glycerol and compared with pure glycerol. Single chamber microbial fuel cell setup
was used to investigate the electricity generation from glycerol in a continuous mode
at different concentrations. Finally, an economic evaluation was carried out to find
the benefits of coupling anaerobic bioenergy technologies. Remon et al. [18] studied
the effect of impurities (such as acetic acid, methyl alcohol and potassium hydroxide)
in steam reforming of yellow glycerol in the presence of catalyst, both theoretically
and experimentally, for hydrogen production. The experimental study was done in a
fluidized bed reactor at 823 K using nickel as catalyst considering all the impurities.
It was found that methanol alone does not affect the process much but acetic acid and
potassium hydroxide decrease the initial production of gases. This effect is highest
for KOH as it enhances the char formation. Luo et al. [19] carried out liquid-phase
reforming of aqueous glycerol in subcritical water in the presence of bimetallic nick-
el–cobalt catalysts on alumina supports promoted by cerium. Hydrogen selectivity
was increased due to the presence of cobalt and nickel which enhanced the C–C bond
breaking. The optimal Ni:Co ratio was found to be 1:3 with 2% added cerium for
suppressing methane selectivity and higher catalyst activity. Catalyst deactivation
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was noted due to deposition of carbon. Ozgur and Uysal [20] used Pt/Al2O3 catalyst
for hydrogen generation from glycerol via aqueous-phase reforming (APR). Two
reactor configurations were used for the experiments—(a) an autoclave reactor and
(b) a continuous fixed bed reactor. Effects of reaction temperature, feed flow rate and
feed concentration were investigated on product distribution. It was found that the
decrease in glycerol concentration in feed increases the hydrogen concentration in
product gas. 503 K was found to be the optimum temperature and 0.1 ml/min feed
rate gave maximum gas production rate.

Dou et al. [21] presented a continuous method for hydrogen production from
glycerol. The method employs enhanced-sorption chemical looping steam reform-
ing technique. This is based on redox reactions integrated with in situ carbon diox-
ide removal. The NiO/NiAl2O4 catalyst was used for this purpose which is a low-
cost catalyst. The catalyst converted steam and glycerol to hydrogen, whereas CaO
helped to remove the CO2 simultaneously from the system. Best results (above
90% hydrogen generation) were achieved in autothermal operation for reforming
reactor at 773–873 K temperature, steam-to-carbon ratio of 1.5–3.0. Calles et al.
[22] presented a study of hydrogen production by glycerol steam reforming using
Mg- and Ca-modified Ni/SBA-15 catalysts at 873 K. The Ni/Ca/SBA-15 catalyst
achieved the highest glycerol conversion of 98.4% with a hydrogen content of
53 vol.%. The catalyst was found to be stable during the reaction time and low-
est coke deposition occurred. Steam glycerol reforming (SGR) has been attempted
by many other researchers for hydrogen generation. Sanchez and Comelli [23] used
nickel and nickel–cobalt impregnated on alumina as catalysts. Araque et al. [24] per-
formed glycerol steam reforming using two catalysts Ce2Zr1.5Co0.5O8−δ (CZCo) and
Ce2Zr1.5Co0.47Rh0.07 O8−δ(CZCoRh) mixed oxides. Dou et al. [25] used a commer-
cial Ni-based catalyst for hydrogen generation from glycerol and a dolomite-based
sorbent was used for in situ carbon dioxide removal evolved within the process.
Sanchez et al. [26] used Ni/Al2O3 catalyst for the same at atmospheric pressure,
873–973 K temperature, 16:1 water-to-glycerol ratio and 3.4–10 h−1 weight hourly
space velocity(WHSV). Wang et al. [27] used Ni–Mg–Al-based catalysts in a fixed
bed reactor for SGR. So, it can be seen that different types of catalysts have been
used for steam reforming of glycerol but a big portion of it has relied on commercial
nickel catalysts or Ni-based bimetallic or other Ni-based catalysts.

A quick glimpse of different thermochemical and biochemical technologies along
with hydrogen gas yield has been illustrated in Table 1. It is clear that the thermo-
chemical technologies leave a mark for the preference mainly because of the yield of
hydrogen is greater than the biochemical ones. However, that is not the main reason
because from the perspective of technological maturity most of the thermochem-
ical technologies are matured and are being utilized in different sectors of waste
to energy. Pyrolysis and gasification are two widely used technologies which make
them suitable to be implemented in the industrial scale. Whereas, steam reforming
and autothermal reforming processes are quite complex in terms of operation and
monitoring. Co-pyrolysis and co-gasification are comparatively new comers and are
promising but needs more intervention to put them into limelight. Despite these
advantages, these technologies require high energy and thus leave a lot of environ-
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Table 1 Overview of hydrogen generation from glycerol using different technologies

Technology Reaction
conditions

Reactor type Yield of hydrogen References

Thermochemical technologies

Hydrothermal
gasification by
supercritical
water

923 K and 5 wt%
glycerol

Continuous tubular
reactor

26.44–35.85mmol/g
feed in 1 min

[28]

Supercritical
water gasification

773 K, 45 Mpa
and 7% glycerol
concentration

Chrome-vanadium
steel batch tubular
reactor

27.9 mol% [29]

Steam
gasification

1073 K,
Ni/Al2O3
catalyst,
steam-to-glycerol
Weight ratio
0:100–50:50

Fixed bed reactor Hydrogen yield
increased by
15 mol%

[30]

Steam reforming 723–926 K,
Ni–Cu–Al,
Ni–Cu–Mg,
Ni–Mg catalysts

Continuous fixed
bed reactor

Hydrogen yield
5–10%

[31]

Steam reforming 1173 K, Pt–Al
catalyst,
0.12 mol/min
glycerol flow per
kg of catalyst.

Reformer 70% yield of pure
glycerol (which
was nearly 100%)

[32]

Steam reforming 673–723 K,
Ni/CeO2/Al2O3
catalyst

Electrolessly plated
Pd/Ag alloy
membrane reactor

5.82 mol-H2/mol of
glycerol

[33]

Two-step
reforming

953 K, 37 wt%,
Ni–Co/Al–Mg
catalyst

Fluidised bed reactor 67 vol.% H2 [34]

Supercritical
water conversion

873 K, 25 Mpa Batch autoclave 10 mol H2 per kg of
Glycerol

[35]

Hydrothermal
Reforming

573–623 K,
8.5–31 Mpa

Hastelloy-C batch
reactor

8.89% mol of H2
per mole of carbon
in feed.

[36]

Autothermal
Reforming

773 K, 1–3 bar,
Ni/CeO2/Al2O3
catalyst, Space
Velocity 5 h−1

Packed bed reactor 85.3% at
O2/glycerol ratio of
0.15

[37]

Pyrolysis 923 K Laminar flow reactor 44 mol% per mole
of glycerol

[38]

(continued)
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Table 1 (continued)

Technology Reaction
conditions

Reactor type Yield of hydrogen References

Co-pyrolysis
with olive Kernel

993 K, 25 wt%
olive kernel with
crude glycerol

Laboratory
pyrolyzer

~46 vol.% [39]

Co-gasification
with olive kernel

1123 K, 49 wt%
crude glycerol in
olive kernel

Fixed bed reactor 33% (v/v) [40]

Gasification via
air

1223–1773 K,
excess air ratio
0.17–0.32

Entrained flow
gasifier

24 vol.% [41]

Gasification via
oxygen

1223–1773 K,
excess air ratio
0.4–0.7

Entrained flow
gasifier

38–42 vol.% [41]

Biochemical technologies

Dark
fermentation

308 K, 48 h, pH
7, Soil microbial
inoculums

Two-Chamber MFC
reactor

0.55 mol/mol
glycerol

[15]

Dark
fermentation

310 K,
Enterobacter
aerogenes
HU-101

Packed bed reactor 63 mmol/l/h [42]

Dark
fermentation

303 K, pH 6,
Enterobacter
aerogenes NBRC
12010

Bioelectrochemical
two compartment
reactor

0.77 mol/mol
glycerol

[43]

Photofermentation 303 K, 150 W
halogen light,
R. palustris

125 ml
serum bottles as
bioreactor

6 mol of H2/mol
glycerol

[16]

Photofermentation 303 K, 200 W/m2

light intensity,
R. palustris

125 ml
serum bottles as
bioreactor

6.1 mol
hydrogen/mole of
crude glycerol

[44]

Photo+Dark
fermentation

303 K, 175 W/m2

light intensity,
R. palustris

50 L CSTR 6.9 mol
hydrogen/mole of
glycerol

[45]

mental footprints. Compared to them, the biochemical processes are greener and in
most of the cases require much less energy input for their operation. These tech-
nologies are comparatively naive and require much attention in order to improve
hydrogen yield. Researchers around the world are trying to develop these biochemi-
cal processes via research work and process intensifications. Major advancement in
this field includes reactions in the continuous reactor medium [42, 46].
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3.2 Hydrogen Generation from Waste Water

Globally, the ethanol production facilities are the predominant biorefineries. The
growth of such biorefineries is increasing every day with the increasing energy
demand. The South American sugar cane ethanol fermentation facilities have pro-
duced nearly double volume ethanol since the last decade. On the other hand, corn
ethanol production has surged dramatically in the last few years in USA which sur-
passes Brazilian production. These facilities also produce a lot of waste water. Waste
water is also generated from different food and beverage industries, e.g. brewery
waste water [47]., soy sauce waste water [48], sugar refinery waste water [49], dairy
waste water [50], tofu waste water [51], palm oil mill effluent [52], olive mill waste
water [53, 54], etc. Breweries generate a huge amount of waste water containing
sugar, alcohols, vitamins, amino acids, other organic acids, etc. which is suitable for
hydrogen generation [55, 56]. Carbon content is comparatively lower in this kind
of waste water compared to the nitrogen content [57]. Hydrogen can be generated
from this kind of waste water using photofermentation method. Soy sauce process-
ing waste water is highly acidic having a pH of four. It contains several molecules
including glucose, proteins, organic acids, iron (Fe) and molybdenum (Mo) which is
suitable for hydrogen generation by the route of fermentation. Anam et al. [58] have
reported a study on hydrogen generation from this type of waste water. He adjusted
the pH to seven and then sterilized the samples by autoclaving before applying the
photofermentation technique. It was found that glucose acts as the primary substrate
followed by organic acids for hydrogen generation. Hydrogen generation is also
possible by photofermentation route using sugar refinery waste water as substrate
[59]. Dairy waste water and tofu waste water are also good candidates for hydrogen
generation. Dairy waste water is rich in milk, milk fats, whey particles and vitamins
[56]. Preprocessing is important for this type of waste water before using them as
substrate [60]. Tofu waste waters are also high in organic loads. It contains sucrose,
starch, other reducing sugars, proteins, VFAs and a few other compounds [56]. In
this case, preprocessing is also important. A few studies on hydrogen generation
from tofu waste water is available in literature [51, 57, 58]. Hydrogen generation
from palm oil mill effluent and olive mill waste water is also achievable. Palm oil
mill effluent contains huge amount of suspended solids, organic compounds, oil and
grease. BOD and COD value of this type of effluent can be as high as 30,000 and
50,000 mg/l, respectively [52]. Olive mill waste water treatment is one of the burn-
ing issues today. Huge number of publications was found in this area. Raw olive
mill waste water is considered as a hazardous water pollutant because it contains
high amount of organic matter contributing to high BOD and COD values and has
a dark brownish colour. This type of waste water contains sugar, pectins, tannins,
lipids, volatile acids, polyalcohols, polyphenols, etc. [56]. Due to the presence of
these different types of substrates, olive mill waste water is a very suitable candidate
for generation of hydrogen. However, inhibiting compounds such as polyphenols
are there and hence preprocessing is imperative in this case [59, 60]. An overview
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Table 2 Overview of hydrogen generation from different types of waste water using fermentation

Waste
Water

Pretreatment Microorganism pH Productivity References

Brewery Filtration and
autoclaving

Rhodobacter
sphaeroides O.U. 001

7 2.75 mL
H2/L/h

[47]

Soy Sauce Autoclaving
and pH
neutralization

Rhodobium marinum 7–7.2 N/A [48]

Sugar
Refinery

Filtration,
centrifugation,
autoclaving

Rhodobacter
sphaeroides O.U.001

7 5 mL
H2/L/h

[49]

Tofu N/A Rhodobacter
sphaeroides RV

N/A 18.33 mL
H2/L/h

[51]

Tofu Autoclaving Rhodobacter
sphaeroides TJ-0803

N/A 14.2 mL
H2/L/h

[58]

Palm oil
mill
effluent

Presettling,
centrifugation,
filtration,
autoclaving

Rhodopseudomonas
palustris PBUM001

7 10 mL
H2/L/h

[52]

Olive mill Clay
pretreatment,
pH
neutralization,
sterilization

Rhodobacter
sphaeroides O.U.001

6.8 5.45 mL
H2/L/h

[60]

Olive mill Clay
pretreatment

Rhodobacter
sphaeroides O.U.001

6.8 0.0081/lit/h [61]

Olive mill Filtration, pH
neutralization,
autoclaving

Rhodobacter
sphaeroides O.U.001

6.8–7 9 mL
H2/L/h

[59]

Olive mill Centrifugation,
adsorption, pH
neutralization,
autoclaving

Rhodopseudomonas
palustris 6A

6.8–7.1 1.54 mL
H2/L/h

[62]

Olive mill Adsorption Rhodopseudomonas
palustris 420L

6.8–7.2 5.28 mL
H2/L/h

[54]

of hydrogen generation from different types of waste waters has been presented in
Table 2.

Microbial fuel cells (MFC) is the most well-known technology today that is being
explored for hydrogen generation from different waste water effluents. MFCs require
certain pretreatment steps before feeding into the MFCs [78]. Researchers have
explored different types of waste waters that can be used as substrate for hydrogen
generation using MFCs. A brief idea has been presented in the table below (Table 3).

Biorefineries that use lignocellulosic biomass for production of biofuels generates
huge amount of waste water. This waste water contains biodegradable organic matter
which can be used for hydrogen generation usingMFCs. Since biomass pretreatment
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Table 3 Different substrates for hydrogen production using MFC

Type of waste water Source References

Effluents from fermentation Cellulose, xylose, spent wash,
corn stalk, corn-cob
hydrolysate, sugar beet juice,
molasses effluent, leachate
from landfill and yellow
glycerol

[15, 63–70]

Lignocellulosic biorefinery
by-products

Furanic and phenolic effluent,
switchgrass pyrolysis aqueous
stream, refinery effluent (oil
free), hydrolysate of wheat
straw pyrohydrolysis

[71–74]

High strength waste water Potato processing and dairy
Manure, industrial waste water
and food processing effluent,
swine waste water, winery
waste water

[8, 75–77]

Adopted from [79]

is an inevitable step for the lignocellulosic biorefineries, it is an increased cost for the
operation of biorefinery but certainly an opportunity for energy generation. Furanic
and phenolic compounds, and furfural and hydroxymethyl furfural are generated in
huge amount during the pretreatment process of the lignocellulosic biomass which
acts as inhibitors. These inhibitors are nuisance for downstream fermentation. MFCs
can be placed following the pretreatment and these inhibitors can be utilized as sub-
strates for hydrogen production. The removal of these inhibitors will also increase
fermentation efficacy [74]. Thedischarge effluent after fermentation contains residual
sugar, ethanol and organic acids, which are ideal substrates for MFCs for hydrogen
production. Nearly 750–8900 m3/h and 1260–7200 m3/h of hydrogen could be pro-
duced by MFCs from existing starch-based and lignocellulosic-based biorefineries
in the USA, respectively [79].

4 Discussions from the Sustainability Perspective

The COP21 agreement on climate change aims to limit the temperature increase
of the atmosphere by 2° by 2020. One of the major issues of climate change is
greenhouse gases, carbon dioxide being the mostly blamed. As a result, the whole
world is now trying to cut down the carbon dioxide emission from their processes.
Hydrogen is a clean fuel as it doesn’t generate CO2 as by-product and it is the new
big thing. Hydrogen can be generated from biorefinery waste streams, i.e. yellow
glycerol, waste water, effluents, etc. The basic processes employed for hydrogen
generation frombiorefinerywaste streams are fermentation (photo and/or dark) using
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microbial fuel cells (MFC). Both of these technologies are limited to either lab scale
or in the pilot scale. However, fermentation is being practiced in an industrial scale
for manufacturing alcohol but certainly not for hydrogen generation. Hence, it is
important to look in details about the sustainability of these processes.

4.1 Environmental Sustainability

The environmental sustainability of any process is characterized by the factors by
which it ensures the minimum impact on the environment. It is hard to look into the
whole process without a life cycle assessment exercise. However, if we look at things
from a systems approach, it is possible to predict the environmental impact it may
have. Since the biorefineries are being operated separately and different processes are
being implemented in large scale, the waste generated is also quite high in volume.
Disposal of this waste streams in the environment without prior treatment will have
enormous effect on the flora and fauna. MFC and fermentation are the technologies
which can be used as end-of-pipeline processes to generate biohydrogen from the
substrate present in the waste streams. In case of glycerol, thermochemical processes
are suitable for hydrogen production. Employing these methods, ensure proper uti-
lization of these waste streams which ensures circular economy and since hydrogen
is a green product, it can be commented that the processes are environmentally sus-
tainable. But one should keep in mind that during the operation of the biorefineries
as well as the technologies concerned for hydrogen generation, the energy input is
based on fossils fuel. This implies an ample amount of environmental impact with
respect to carbon dioxide emission. If the power source is renewable like solar, wind
or hydro, then the processes may be considered as green or the emissions may be
neglected. In a published literature, it was found that the emissions from a biorefinery
are more than that of a petrochemical refinery in USA based on reported data and
subsequent analysis [80]. Other than that, in most of the cases, it is required to dilute
the waste water streams with water which also increases water demand and increases
water footprint. Several other factors are there such as acidification, eutrophication,
etc. but those can only be covered by an LCA exercise as mentioned earlier.

4.2 Operational Sustainability

The operational sustainability of any process is dictated by the ease of the processes
to be employed (operating parameters) and to some extent the nature of the processes
(exothermicity, safety features, residence time, etc.). There are different operating
parameters which are important in order to understand the process itself first and
thereafter the sustainability of the concerned process. The identification of feed-
stock is really an important thing as this technology evolved from basic research
should have future industrial-scale commercial applications. The suitability of feed-
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stock depends on two things—(a) types of substrate present in the stream and (b)
the amount of inhibitory substances (either in pure form or to be evolved during
operation). In the aforementioned technologies, pretreatment is an inevitable step
for production of hydrogen which is an operational barrier. Another important issue
is the presence of the inhibitory compounds in the waste streams which inhibits the
processes. Sometimes, inhibitory compounds are formed during the processes. For
example, ammonium ion, which is formed due to breakdown of nitrogenous com-
pounds such as proteins and amino acids. There are some factors which are also
specific to the technology, like in case of the photofermentation, the physical appear-
ance of the waste water is a factor. Intense dark-coloured waste water streams owe
their appearance to the organic matter present. The more intense the colour of the
waste water, lesser the light penetration. Sometimes, presence of a mixture of differ-
ent types of carbon substrates is also a factor. Other than these, there is no benchmark
process for hydrogen generation from these streams. At this point, the operational
sustainability is questionable. However, optimization of process parameters, process
intensification and development of decision support systems (DSS) will lead towards
sustainability in this front.

4.3 Economical Sustainability

We are pretending to march towards a sustainable future with biofuels and biore-
fineries have given us much opportunity to generate clean fuel from the waste they
generate. Waste glycerol from biodiesel units can be used to generate hydrogen. It
has been found that nickel- and platinum-based catalysts give maximum yield of
hydrogen. But, in some cases, catalyst poisoning and catalyst deactivation are one
of the major issues. The processes adopted for glycerol to hydrogen conversion are
still yet to be established as a benchmark process as economic feasibility of these
processes are still questionable. Fermentation is a very old process which is helpful
in some ways but more R&D work is required for developing the technology for
full-fledged operations. Moreover, the whole process has many other preprocess-
ing and post-processing steps which adds on to operating cost. MFCs are still in
the research phase. Hydrogen storage is a big problem and using MFCs in a fully
developed biorefinery is not yet feasible. The main barrier is the economic aspects
of the technology. Moreover, the maintenance cost is also an issue. From the overall
analysis, the economical sustainability is not very clear but certainly the pitfalls are
clear and rings true. The practical implementations are yet to be achieved and more
research and development in this field are required. We also need to change our
thinking from silos approach to the systems approach. This will certainly help us to
achieve the circular economy.
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4.4 Social Sustainability

Social sustainability of any process is complex enough to go about. The behaviour,
mentality and other social indicators change with geographical region. Religion also
plays a big role in this case. With respect to the technologies above, it is quite hard
to predict the social sustainability. However, the industrial implementation of these
methods will certainly create job opportunities. The society will also be benefitted
with the use of green fuels and the use of green technologies in the industries.
However, the price of the green fuel and the initial investment in the use of these
green fuels in an individual level may not be well accepted in the early stages.
Overall, with time and advancement in the technologies, more the products will be
commercialized, more it will be socially accepted and we will march towards social
sustainability. Further, social LCA may be carried out for detailed analysis.

5 Conclusion

Recently, there is a growing trend of research on biorefinery and biohydrogen pro-
duction from different sources which are basically part of biorefineries. While the
major work is focused on silos thinking, this study takes a systems approach to look
at things from the perspective of circular economy. While the biorefineries are pro-
ducing green fuels and other green products, the waste generated by the biorefineries
are rare discussed in forums or in popular academics. Most importantly, the sustain-
ability of the processes adopted in these biorefineries is not clear. With the COP21
agenda and the buzzword being climate change an ample amount of push is there on
production of clean fuels, i.e. hydrogen. This study reviews existing literature and
performs a sustainability analysis on hydrogen generation from the waste streams
originated from the biorefineries. It was found from the literature that basically two
processes are there for hydrogen generation form biorefinery waste—(a) fermenta-
tion (photo and dark) and (b) using MFCs. The analysis reveals that environmental
and social sustainability of these processes are somewhat sustainable, whereas the
operational and economical sustainability is questionable. It was suggested to per-
form LCA analysis to find the detailed environmental impact of these processes on
the environment.Moreover, optimization of process parameters and finding solutions
to remove inhibitory compounds are also necessary. It is also suggested to carry out
techno-economic feasibility of the processes and to go about social LCA to ensure
further sustainability of the processes. The findings of the paper will no doubt help
the stakeholder in decision-making and to develop science-policy framework for
further development.
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Quantifying Temporal Variations
in Incinerability of Municipal Solid
Waste

Roshni Mary Sebastian, Dinesh Kumar and Babu J. Alappat

1 Introduction

MSW management strategies have transformed over the years owing to variations
in the quantum and characteristics of the MSW generated. The heterogeneity and
the quantities of the waste generated complicate the treatment and disposal opera-
tions [9, 21]. The United Nations Development Programme (UNDP) surveys convey
problems related to MSW management to be one of the most acute issues in urban
areas globally, second only to unemployment [33]. Increasing the rate of urbanisation
and economic growth are anticipated to intensify the complexity of the same. The
formulation of an integrated waste management scheme can help a country attain
sustainable development to some extent [11]. The composition of theMSW is instru-
mental in devising the treatment strategies [13]. However, economic development
has caused substantial variations in the composition of MSW. The ramifications of
this are particularly noticeable in developing countries like India which recorded a
GDP growth rate of 3.47% in 1982 to 8.01% in 2015 as per the World Bank online
database [31].While food fraction continued to be themajor constituent of theMSW,
the inert matter reportedly reduced by nearly half to 25% by 2005 in India [14]. Fur-
thermore, the absence of source segregation leaves highly mixed MSW for disposal.
While landfilling was one of the most widely adopted disposal techniques across the
world, the downsides to it are numerous, namely the release of greenhouse gases
(GHG) like CH4, soil and groundwater pollution and degradation of the aesthetics
of the locality, to name a few. Besides, the unavailability of land for disposal of huge
quantities of MSW makes the technique an unfavourable choice. This triggered a
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change in the environmental legislation and policies, with Landfill Directive, 1999,
Municipal Solid Waste (Management and Handling) Rules, 2000, etc. coming into
effect. The former was enforced in Europe, while the latter in India, with an intention
of reducing the landfilling of the biodegradable fraction. Subsequently, the demand
for an integrated waste management scheme with minimal landfilling emerged.

Integrated municipal solid waste management entails the choice of appropriate
treatment and disposal techniques to achieve specific objectives. Waste reduction,
reuse and recycle (3Rs), material and energy recovery, biological and thermal treat-
ment techniques and landfilling are fundamental to integrated solid waste manage-
ment [29]. Biological techniques like composting are normally preferred due to
its low pollution potential and production of beneficial by-products. However, the
treatment duration spans from at least 2–3 weeks to as high as 4–5 months [29].
Moreover, poorly segregated waste feed results in poor compost quality. Although
manual and automated segregation operations can produce specific waste streams
for material and energy recovery operations, the overall economy of operation may
get disturbed. As a result, there is an evident need for a treatment technique that has
low residence time while not being environmentally disruptive. Thermal treatment
techniques, namely incineration can reduce waste volumes by almost 90%, in a res-
idence time extending from a few seconds to couple minutes. In addition to energy
recovery, which can offset the operational costs to some extent, waste transportation
costs can also be considerably reduced as waste incineration units can be set up
near the collection or disposal sites [20]. In Europe, nearly 53% of the total waste
incineration was performed in Denmark followed by Sweden [13]. Despite the huge
reliance on waste incineration in developed countries, it was not widely adopted in
developing countries. This was due to the high organic and inert fraction in theMSW,
which reduced the overall heat content of MSW. Since the average heat content in
developing countries was in the range of 800–1200 kcal/kg, auxiliary fuel supply
becomes mandatory to sustain combustion. There are cases of incineration plants
lying obsolete in Malaysia, India and other developing countries due to poor thermal
properties of the waste feed.

It thus becomes quintessential to assess the feasibility of the waste incinera-
tion prior to its implementation. Quantification of the incinerability of MSW, or the
amenability of MSW to be burned completely to sterile ash, with minimal environ-
mental impact, optimum energy recovery and economic sustainability are crucial for
assessing the feasibility of operation. A decision-making tool named i-Index which
can estimate the incinerability ofMSWsans detailed characterisation has been devel-
oped by the authors in this regard. The aim of the present study is to illustrate the
application of i-Index by using it to investigate the variation in the incinerability
of MSW generated in a developed country as opposed to a city from a developing
country. Variation in the composition of the MSW generated in the UK and New
Delhi shall be adopted to draw comparisons in the fluctuations in its incinerability
over the period from 1980 to 2005. The subsequent sections give a detailed account
of the same.
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2 Study Areas

There are numerous studies on MSW management in the UK [1, 2, 3, 8] and Delhi
[4, 5, 12, 15, 23, 28].

Population and economic growth considerably increase the generation rates of
MSW. In the UK, despite a steady population growth of 0.035% in 1981 to 0.776%
in 2016, the total population remains at 65 million, which is a sharp contrast to India,
where in spite of a decrease in annual population growth from 2.322% in 1982 to
1.148% in 2016, the total population is at an alarming 1.32 billion. Although the
rate of urbanisation in the UK and India have gradually reduced in the last decade
from about 2.341–2.039% and 2.857–2.329%, respectively, in the period from 2002
to 2016 as per World Bank database, the variation in the composition of MSW
generated from both the cases are quite dissimilar. Figure 1 illustrates the variation
in the population and economic growth during the study period.

Figure 2 shows the areas chosen for the present study. Table 1 shows the com-
position of MSW generated in the study areas from 1981 to 2005 [1, 7, 28]. The
composition of MSW had quite a difference in the UK in contrast to New Delhi.
While the former had a higher fraction of combustibles like paper, plastic and tex-
tiles, food and inert fractionwere higher in the latter.Moreover, there has also been an
economic growth, which although unsteady, has improved the waste characteristics
considerably. For instance, the plastic content of the waste in Delhi increased from
1.5 to 6.1% in 20 years, which has been a very gradual but steady increase.

A similar trend was also observed in the MSW generated in the UK. Conse-
quently, the net heat contents had wide differences which are evident from Fig. 3.
As per conventionally followed thumb rules, the MSW can be incinerated for energy
recovery, if the calorific value is roughly above 1500 kcal/kg. Autogenous incinera-
tion is, however, possible above 2400 kcal/kg approximately. While MSW generated
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Fig. 1 Economic and population growth in the study areas over the years
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Fig. 2 Study areas a The UK b Delhi

in the UK may be autogenously incinerated during the study period, it is quite the
contrary in Delhi, which has relatively poor thermal characteristics. The primary aim
of waste incineration is not energy recovery, but disposal of theMSWgenerated with
minimal environmental impact. Relying on conventional techniques which assess the
feasibility based on the thermal properties alone may not be ideal. The i-Index can
mitigate such erroneous assumptions.

Table 1 Composition of MSW generated in the study areas across different years

Component (%) Delhi
1982
(IHPH
1982)

Delhi
1995
[19]

Delhi
2002
[30]

Delhi
2004
[16]

UK
1981
[1]

UK
1992
[1]

UK
1996
[7]

UK_2005
[18]

Biodegradables 57.7 38 38.6 37.8 21.4 30.9 33.5 32.7

Paper 5.9 5.6 5.6 6.0 35.7 25.1 26.4 23.3

Plastic 1.5 6.0 6.0 6.1 7.1 15.3 8.9 23.7

Textile 2.7 8.8 2.3

Metal 0.6 0.3 0.2 0.4 8.9 13.2 3 6.2

Glass and
Crockery

0.3 1.0 1.0 1.3 8.9 7.3 5.7 4.3

Bioresistant 5.1 14.0 13.9 15.62 – – – –

Yard wastes – – – – 12.5 – – –

Inert 28.9 34.8 34.7 32.0 3.7 4.4 13.7 7.5
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Fig. 3 Variation in the heat contents of MSW

The waste management regime in the UK involves the active individual involve-
ment of authorities of Wales, Northern Ireland and Scotland, all of whose strategies
are targeted at diverting the waste from landfills, as per the Landfill Directive.

This reduced the quantity of MSW being landfilled from 80% in 2001 to nearly
49% in 2010. This was met with a simultaneous increase in material recovery oper-
ations. Figure 4 prepared using Eurostat data demonstrates the variation in MSW
generation and treatment rates over the years in the UK. This illustrates a steady
increase in waste incineration, with an uninterrupted decrease in landfilling. Delhi,
on the other hand, treats merely 26% of the generated waste as per Central Pollution
Control Board (CPCB) reports [6]. Earlier reports suggest nearly 90% of landfilling
of MSW in India [27]. However, most of the existing landfills have exhausted their
capacities and with an acute shortage of land for disposal of wastes, waste inciner-
ation which can reduce waste volumes by almost 90% in a matter of a few seconds
to minutes is perhaps, more reliable.

The first waste-to-energy plant in India was set up in Delhi at Timarpur in 1987,
which, in spite of state-of-the-art technology was a failure. The Ministry of New
and Renewable Energy (MNRE) and the Ministry of Urban Development (MoUD)
presently records 5 fully functional, 4 non- functional, 31 under construction and 21
under tendering stage waste-to-energy plants in India [17]. Europe, on the contrary,
holds nearly 47.6% of the waste-to-energy market and nearly, 520 waste-to-energy
plants were accounted to be operational in Europe in 2013 [32].

Despite the increase in waste generation, the waste collection and segregation
services are poor in India while major metros like Delhi record 70–90% collection
efficiency, smaller cities and rural areas record much less collection rates [6, 27].
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Furthermore, the collected MSW is highly heterogeneous, owing to the absence of
source segregation. While thermal treatment may prove to be a reliable treatment
route, it may not always be feasible depending on the properties of the feed. For
instance,

(a) Material recovery operations, including informal recycling activitiesmay reduce
the combustible fraction of MSW feed

(b) Heterogeneity of the MSW may affect the thermal properties of the feed, like
moisture content, ash content, etc.

(c) Variation in the composition of the feed over the years
(d) Seasonal fluctuation of MSW properties

To ensure the feasibility of a cost-intensive technology like incineration, it is
necessary to quantify the incinerability of the MSW feed. To facilitate this decision-
making, the i-Index has been formulated. The i-Index incorporates the various criteria
which have the potential to influence the feasibility of incineration of MSW. With
waste-to-energy technology gradually becoming an inalienable part of integrated
waste management and MSW composition varying over the years, i-Index can aid in
estimating the variations in the incinerability of MSW over the years and facilitate
the design of the waste-to-energy plant in accordance with that. The study aims at
assessing the variation in the incinerability of MSW generated in the UK and Delhi,
during the period from 1981 to 2005. The data reported by various governmental
agencies as well as previous researchers have been used for the determination of the
same. A brief account of the computation of i-Index is given in the following section.
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3 Quantification of Incinerability of MSW Using i-Index

The i-Index is a composite indicator which is used to estimate the incinerability of
MSW. Incinerability of MSW is affected by the pollution potential, energy recov-
ery as well as the financial aspect of the incineration process and how the various
properties of the MSW affect these criteria. However, this being a multi-criteria
decision-making problem, opinions of the experts from the field was collected during
various stages of its formulation, right from the parameter selection to its normali-
sation [24]. The relative weightage of the chosen parameters were determined using
analytic hierarchy process (AHP) [22]. Besides the ranking of the parameters, this
technique can help isolate the inconsistent comparisons and rectify the anomalies in
the responses. The relative weightages of the parameters thus obtained are listed in
Table 2. The normalisation of the parameters to convert them to a uniform scale was
done implicitly by graphical method.

The computation of the index was then done by weighted linear summation tech-
nique.

Incinerability Index or i-Index �
∑n

1 wi Pi
∑n

1 wi
(1)

where Pi is the normalised values of parameters obtained from the graph and wi their
corresponding weightages. The index is designed as an increasing scale indicator,
with a maximum of 100 and minimum of 1.

In addition to estimating the incinerability of MSW, the i-Index may also be used
to determine the degree of pretreatment required to make the MSW feed incinerable.

Table 2 Input parameters and the relative weightages for i-Index

Rank Parameter Relative weightage

1 SO2 released per kg of MSW
feed (g/kg MSW)

0.161

2 Heat Content of MSW feed
(kcal/kg)

0.151

3 CO2 released per kg of MSW
feed (kg/kg MSW)

0.148

4 Quantity of auxiliary fuel
required to maintain 1000 °C
inside the furnace (kg/ton
MSW)

0.137

5 % Volatiles in MSW feed 0.124

6 Specific heat of MSW feed 0.097

7 Bulk Density of MSW feed 0.092

8 % Moisture in MSW feed 0.090

Total 1.000
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The current study investigates the application of the i-Index to assess the variations
in incinerability of MSW over the years.

4 Variation in Incinerability of MSW Over the Years

The variation in the composition of MSW generated in the UK and Delhi has already
been listed in Table 1. The various input parameters to compute the index were
obtained from the literature. Table 3 shows the input parameters for the study areas
during different years and the normalised values for the same. The i-Index values
were calculated for the UK and New Delhi using the reported data by the weighted
linear summation technique. The variation in the i-Index values over the years is
presented diagrammatically in Fig. 5.

Table 3 Values of input parameters and the corresponding normalised values

Parameter Delhi
(1982)

Normalised
value (Pi)

Delhi
(1995)

Normalised
value (Pi)

Delhi
(2002)

Normalised
value (Pi)

Delhi
(2004)

Normalised
value
(Pi)

Bulk
density
(kg/m3)

550 60.28 480 61.7 485 60.7 475 61.86

CO2
(kg/kg
MSW)

0.96 64.8 1.09 59.7 1.09 58.96 1.09 59.7

Heat
content
(kcal/kg)

1506.4 48.51 1982.2 67.7 1980 66.3 2010.5 67.99

Moisture
content
(%)

33.3 73.7 24.62 77.99 24.84 77.96 26.58 77.4

Auxiliary
fuel (kg/T
MSW)

91.3 16.89 72.9 24.1 73.43 23.88 73.7 24.1

SO2
(g/kg
MSW)

4.14 17.78 4.69 7.69 4.718 7.44 4.64 8.5

Specific
heat
(kJ/kg K)

2.55 26.7 2.03 51.75 2.04 51.75 2.14 45.7

Volatile
content
(%)

45.8 51.7 50.25 64.1 50.18 64.2 50.6 64.5

(continued)
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For MSW generated in Delhi, the i-Index value increased by 12.13% in 1995 to
become49.3 from43.3. This canbedue to the increase in plastic fraction to nearly 6%.
Further, booming literacy rates might have caused an increase in the paper fraction
of MSW. Improved standards of living increased the purchasing power which may
have increased the combustible fraction in MSW. This was simultaneously met with
a mild decrease in food fraction, due to the increased use of packaged food products.
However, past 1995, i-Index remained nearly constant up to 2004. After the initial
increase in the combustible fraction, the composition underwent negligible changes
and hence no major change in the i-Index value from 1995 to 2004.

Following the Landfill Directive, integrated waste management underwent phe-
nomenal changes in the UK. Moreover, landfill tax was also levied on the weight of
the MSW disposed at a landfill @ 95 e/ton which further accelerated the material
recovery operations [10]. Subsequently, there has been a steady increase in the recy-
cling rate from the year 1996. Further, it was mandatory to significantly decrease the
amount of biodegradable materials landfilled and targets were set accordingly. The

Table 3 (continued)

Parameter UK
1981

Normalised
value (Pi)

UK
1992

Normalised
value (Pi)

UK
1996

Normalised
value (Pi)

UK
2005

Normalised
value
(Pi)

Bulk
density
(kg/m3)

150 95.18 150 95.18 175 94.35 125 96

CO2
(kg/kg
MSW)

1.14 56.8 1.06 60.8 1.05 61.3 1.25 53

Heat
content
(kcal/kg)

2419 83 2797 87.95 2317 82 3282.3 94.2

Moisture
content
(%)

20.4 80.48 15.58 85.4 21.38 79.87 20.5 80.3

Auxiliary
fuel (kg/T
MSW)

28.36 57.5 8.7 82.1 38.1 47.8 11.5 76.5

SO2
(g/kg
MSW)

3.00 46.48 2.77 53.9 2.85 51.47 2.46 61.7

Specific
heat
(kJ/kg K)

1.98 51.78 1.82 61.92 2.08 47.89 2.11 47.03

Volatile
content
(%)

54.3 70.7 60.9 74.89 53.65 70.24 60.8 74.94

Note Pi is the normalised parameter value obtained from normalisation curves
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Fig. 5 i-Index values for MSW generated in the UK and Delhi during 1981–2005

aim was to reduce the amount of biodegradable fraction landfilled in 2010 by 75%
of the value in 1995 significantly.

MSW generated in 1981 in the UK had an i-Index of 66.1, which is far higher
than that in a like Delhi. The incinerability improved over the years, as evident
from the i-index values in Fig. 5. The policy changes may have elicited a reduction
in i-Index value by nearly 11% in mere 4 years. In 2005, the i-Index of MSW
was observed to have undergone almost 9% growth. With Renewable Obligation
Orders of 2002, 2003 and 2005, the electricity distributors are required to supply
a fraction of electricity from renewable energy sources. This opened up the market
avenues for waste incineration furthermore. Although material recovery operations
may adversely affect the i-Index and thus the incinerability to some extent, the feed
may remain incinerable, as evident from the i-Index value of 65.6 in 1996 in the UK.

Higher i-Index values for MSW from the UK are indicative of appreciably high
feasibility of incineration. On the contrary, the i-Index values for MSW generated
in Delhi are relatively lower. The index indicates how poor thermal characteristics
of MSW shall disrupt the self-sustainability of incineration. Although auxiliary fuel
supply can rectify this, the economy of operation may be affected. Without detailed
characterisation studies, the index value expresses the incinerability of MSW as well
as the feasibility of MSW incineration for energy recovery. With a yearly variation
of i-Index available, the incinerability of MSW can be projected to future years so
that waste-to-energy facilities are planned in accordance with that.
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5 Conclusion

The i-Index,which is a composite indicator for quantifying the incinerability ofMSW
was used to determine the variation of incinerability ofMSWgenerated in theUKand
Delhi in the period from 1981 to 2005. The UK being a developed country exhibited
a high value of the i-Index with 66.4 in 1981 which increased to 72.4 in 2005. With
MSW management policies being amended in the UK to minimise landfilling, this
is a reassuring fact, as it opens avenues for thermal treatment techniques. On the
contrary, a major metro like Delhi in a developing country reports a low value of
43.3 in 1982 to 48.9 in 2004. Besides an increase in the initial years, there has not
been much of a variation in the incinerability, as apparent from the i-Index values.
In spite of that, there is three waste-to-energy plants currently operational in Delhi
actively disposing of nearly 6250 TPD of MSW as per Delhi government statistics.
Self-sustained incineration may not be a feasible option in such a scenario, but
incineration for waste disposal and energy recovery is feasible in Delhi, as observed
from i-Index values. Planning of waste-to-energy facilities to cater to the MSW feed
in future years can also be facilitated using similar studies.
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