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Abstract

Hydrogen and ethanol derived from lignocellulosic biomass are promising biofuels
and of great potential to become alternatives to fossil fuels. The present researchfocuses on
the carbohydrate platform for simultaneous production of ethanol and hydrogen in
fluidized bed and stirred tank bioreactor. Areca nut (Arecacatecheu) husk, Moj
(Albizialucida), and Bon bogori (Ziziphusrugosus) available in North-East India are chosen
as the lignocellulosic biomass feed stocks for biofuel production. The cellulose
concentration in Areca nut husk, Moj and Bonbogori was determined as 44.46%, 53.46%
and 51.56%, respectively. The lignin concentration lies within the range 11-23%.
Maximumcrystalinity was observed in Areca nut husk fiber (63.84%) followed by Moj
(46.43%) and Bon bogori (42.46%). The calorific values of all the biomasses were found
within the range of 17 MJKg*to 22MJ Kg™. To facilitatesaccharification process two types
of pretreatment process were conducted viz. dilute acid pretreatment and ultrasound
assisted lime pretreatment for allthe biomass samples. The Taguchi method of optimization
was applied to optimize both the pretreatment processes.The ultrasound assisted lime
pretreatment process was found better than dilute acid pretreatment process and it removed
68%, 65% and 64% of the lignin present in the naive lignocellulosic fibers of
Bonbogori, Arecanut husk and Moj, respectively.The saccharification process was
conducted at 50°C, 150 RPM for 96 hoursand the saccharification efficiency (ultrasound
assisted lime pretreated) was highest in Bonbogori (82.5%) followed by Moj (80.1%) and
Arecanut husk (79.5%).Among all the three biomass used in this study Bon bogori have
showed the maximum saccharification efficiency therefore,Bonbogori was used for the
fermentative production of both ethanol and hydrogen.Immobilizedwastewater sludge was
used for simultaneous bio-ethanol and hydrogen production from the enzymatic
hydrolysate of Bonbogori.The optimal factor combination for both ethanol and hydrogen
production was achieved at 40°C temperature and 5.5 pH.Fluidized bed bioreactor
performed better than the stirred tank reactor for production of both ethanol (0.21 +£.04

mol) and hydrogen (30.8+ 0.5 mmol).
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Summary

Fossil fuels currently supply most of the world’s energy requirements. However, its future
supply is limited, as oil is not an infinite resource. Scientists and policy makers must ensure
to assess alternative sources of energy and determine what is scientifically possible,
environmentally acceptable and technologically promising.Biofuels are an important form
of renewable energy and making significant inroads toward a sustainable transport fuel.
The ideal biofuel needs to be produced cheaply from nonfood feed stocks, to be readily
available throughout the year, to serve as a drop-in replacement into existing infrastructure,
and to be as energy dense as petrol or diesel. Lignocellulosic materials are promising
alternative feed stocks for biofuel production such as bio-ethanol, bio-hydrogen etc.
Ethanol has already attracted significant attention as an alternative fuel in the last two
decades. In 1990, a Clean Air act amendment recommends ethanol as the additive
oxygenates in automobile fuel. The bio-ethanol used in transportation sector is mainly
prepared from maize, corn, sugarcane or sugar beet. Ethanol production from corn and
sugarcane is a well-established process, while production from lignocellulosic materials
has not yet been established. It is expected that, in near future wide variety of raw materials
will be used for producing renewable fuels, including an array of recycled materials.
Lignocellulosic materials are alternative, competent and cheaper sources for biofuel
production because of their lower prices and no food vs. fuel issues. The prime aim in
biofuel research is to develop an economical and sustainable translational technology for
its production from the raw materials stated above. The total potential of producing energy
irrespective of types of lignocellulosic biomass is approximately 20000 PJa*and among
these the contribution of Asia is approximately 40% of the total potential of the world.
Apart from all these facts foundation of the biofuel market needs the high level of public
support that is usually justified by the expected energy, economic and environment benefits
of biofuels. Despite the increasing use of biofuelssuch as biodiesel and sugar- or starch-
based ethanol, evidence suggests that transportation fuels based on lignocellulosic biomass

represent the most scalable alternative fuel source.
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The growing demands and subsidies for ethanol and other biofuels have encouraged the
entrepreneurs to set up bio-refineries. In that, lignocellulosic materials can be converted to
bio-ethanol through the sugar-platform processes. Lignocellulosic biofuel production
process involves collection of biomass, deconstruction of cell wall polymers into
component sugars (pre-treatment and saccharification), and conversion of sugars to
biofuels (i.e. fermentation). The preliminary step towards biofuel production is
pretreatment. Pretreatment converts the recalcitrant lignocellulosic structure to reactive
cellulosic intermediates before enzymatic hydrolysis. For a proficient enzymatic hydrolysis
of cellulose into fermentable sugars, it is essential to modify the physical and chemical
properties of the plant cell wall, which can be done through a pretreatment step. The
complex processes for the conversion of lignocellulosic materials to ethanol make it very
expensive compared to the sugar and starch platform for bio-ethanol production. Although,
till date there is no commercial process available for bio-ethanol production from
lignocellulosic materials, however the cellulosic platform has a great potential because of
the availability of lignocellulosic materials. Apart from bio-ethanol another promising
biofuel is bio-hydrogen. Hydrogen is presently produced from the reforming of fossil
materials (90% of worldwide production, representing 45 billion tonnes) and generates
high level of pollutant i.e., 10 tonnes CO- per tones Hy. The idea to produce hydrogen from
microorganisms, such as bacteria and algae, via fermentation processes has re-gained
tremendous interest recently. The production of hydrogen by different microorganisms is

intimately linked to their respective energy metabolism.

In addition to hydrogen production, anaerobic fermentation also produces a significant
amount of alcohols (such as ethanol). However, the hydrogen production is usually
optimized by suppressing the ethanol production route. Therefore, it is a challenge to
produce hydrogenand ethanol simultaneously, as the formation of alcohols would consume
free electrons from NADH that is usually unfavorable for hydrogen production.
Wastewater sludge is a proven source of microorganisms for the production of both
hydrogen and ethanol. The challenge lies on improving its capability of hydrogen

production by reduction of its methanogenic activity.
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Thus based on the above brief discussion, it seems that there is enough scope to carry out
research on simultaneous production of ethanol and hydrogen from lignocellulosic biomass
materials. The PhD thesis with the title “Simultaneous Production of Ethanol and
Hydrogen from Agricultural Waste and Forest Residues Available in North-East
India”, was focused on the carbohydrate platform for production of aforesaid biofuels.
Three unexploited biomass viz. Areca nut (Areca catecheu) husk, the most abandon
agricultural residue in North-East India, Moj (Albizialucida), and Bonbogori
(Ziziphusrugosus) which are well known among tribal people of North-East India as fuel

woods, are chosen as the lignocellulosic biomass feed stocks for biofuel production.

Throughout the research project, the following objectives were established and

accomplished:

» Physico-chemical characterization of lignocellulosic biomass

» To obtain lignin less pure fractions of cellulose and hemicellulose from efficient
pretreatment of lignocellulosic biomass for optimum yield of hydrogen and ethanol

» Physico-chemical characterization of wastewater sludge

» Production and optimizationof both hydrogen and ethanol in a fluidized-bed reactor and

stirred tank bioreactor

Thesis outline

The thesis is presented in the following seven chapters.

Chapter-I . Introduction
Chapter-11  : Physico-chemical characterization of lignocellulosic biomass
Chapter-111 : Pretreatment of lignocellulosic biomass

Chapter-1V : Saccharification of pretreated biomass

Chapter-V  :Characterization of wastewater sludge

Chapter-VI : Simultaneous ethanol and hydrogen production through fermentation
Chapter-VII :Conclusions and future scope

xviii
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A brief description of the content of each of the chapters is furnished below:
Chapter I: Introduction

In the beginning of this chapter a brief basic discussion on different sources of
energy viz. definition, classification, advantages and disadvantages of different sources of
energy and the need for bio-energy are discussed. The present international and national
status of biofuels is also described vividly. Further, discussion on variousresearch works
on biofuels and different opinions of several researchers, as well as the pathways of biofuel
production are also described. Finally major research areas are compared with the current

trend and work plan was organized from the review of literatures.
Chapter I1: Physico-chemical Characteristics of Lignocellulosic Biomass

Biomass is a promising renewable energy resource, it can be defined as complex
polymer of cellulose, hemicellulose and lignin; hence, it is also called lignocellulosic
material. The various permutation and combination of those three components stated
before provides unique characteristics to the biomass. These characteristics are different
for each biomass. Beside biofuel production, the lignocellulosic biomasses may act as a
raw material for production of value added chemicals. Therefore, characterization of
varying composition of biomass and its analysis is essential for suitable application. The
main emphasis of this chapter is to characterize the three chosen biomass samples i.e. Areca
nut husk (Areca catechu), Moj (Albizialucida) and Bonbogori (Ziziphusrugosa) which are
available in the region of North-East India, in details to find out the potentiality of these
biomass as a feedstock for production of biofuel.Lignocellulose matrix provides basic
structure of the plants; it is composed of three major components cellulose hemicellulose
and lignin. The cellulose concentration in Arecanut husk was determined as 44.46%, Moj
53.46% and Bonbogori 51.56% respectively. The lignin concentration of three biomass
samples was found to be between 11-23%. Various physical characterization (XRD,
Calorific value, TGA) and chemical characterization processes (CHNSO, FTIR etc.) were
applied in this study and their outcomes are also explained vividly. Maximum crystalinity
was found in Arecanut husk fiber (63.84%) followed by Moj (46.43%) and Bonbogori

XiX
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(42.46%). The calorific values of all the biomasses were in the range of 17 MJ kg*to 22
MJ kgt

Chapter I11: Pretreatment of LignocellulosicBiomass

The first step in biochemical conversion of lignocellulosic biomass is pretreatment.
The purpose of this step is to enhance the rate of subsequent enzymatic hydrolysis and
fermentation. Pretreatment is an unavoidable, but most energy-intensive step for biofuel
production. The dilute sulfuric acid pretreatment process and ultrasound assisted lime
pretreatment process was conducted and compared. Apart from mere comparative results,
the chapter also includes the need of pretreatment and different pretreatment studies
conducted by various researchers with different biomass materials. Based on the Taguchi
method, an orthogonal array experiment (L9) was designed to determine the optimum
conditions for both dilute acid and ultrasound assisted lime pretreatment method. The
experiments were designed with three factors in three different levels viz. sulfuric acid
concentration (vol%), solid loading (g mL™) and time of operation (min) for optimization
of dilute acid pretreatment process and lime loading (weight of lime (g)/ weight of dry
biomass (g)), biomass loading (weight of water (g) / weight of dry biomass (g)), duration
of ultrasound irradiation (min) were chosen for ultrasound assisted lime pretreatment of
the chosen biomasses respectively. The responses evaluated were the degree of cellulose
crystalinity and delignification ratio for dilute acid and ultrasound assisted lime
pretreatment process respectively.The recommended conditions for the dilute acid
catalyzed pretreatment of all the biomass materials were acid concentration (2.5%), solid
loading (1%) and time of operation (30 min) respectively and responses evaluated was
degree of cellulosic crystalinity. The lime pretreatment process was conducted at 40°C for
one week, with lime loading 0.75 g lime/ g dry biomass and water loading rate was
maintained 20 g water/ g of dry biomass throughout the process. Ultrasound assisted lime
pretreatment was conducted using the same parameters applied for lime pretreatment
process but the time of operation was limited to eight hours. The responses evaluated for
lime and ultrasound assisted lime pretreatment was the delignification (fraction of lignin
removed from biomass) ratio of biomass. The ultrasound assisted lime pretreatment process
removed 68% (Bonbogori), 65% (Arecanut husk) and 64% (Moj) of the lignin present in

XX
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the naive lignocellulosic fiber respectively. The optimum conditions for both Moj and
Bonbogri were observed at lime-loading ratio 0.75, biomass-loading ratio 20 and
ultrasound irradiation duration 120 min, but for Arecanut husk, the ultrasound irradiation
duration was 180 min. This chapter concludes with the recommendation of best
pretreatment process (based on yield of sugar) i.e. ultrasound assisted lime pretreatment

for the next downstream process i.e. saccharification.
Chapter IV: Saccharification of Biomass

The pretreatment step is followed by saccharification to convert the cellulosic
sugars to fermentable sugars. The plant cell wall is a solid, composite lignocellulosic
material; enzymes must work directly at the solid-liquid interface and engage in surface
de-polymerization of individual cellulose chains to hydrolyze carbohydrate polymers. This
surface ablation process results in a reaction rate several orders of magnitude slower than
freely diffusing enzymatic reactions, because conversion is limited by substrate
accessibility. Dilute sulfuric acid, lime and ultrasound assisted lime pretreatment processes
were conducted to make the biomass more amenable for enzymatic saccharification
process. The pretreated biomass samples were compared by means of enzymatic
saccharification process using cellulase enzyme. The cellulolytic activity and cellobiase
activity of the enzyme was found to be 45 + 0.2 FPU mL* and 134 + 0.03 CBU mL™*
respectively. The pretreated lignocellulosic biomass hydrolysis process was conducted at
50°C, 150 RPM for 96 hours at different enzyme loading (5, 10, 20 and 25 FPU g of
cellulose). The pH of the medium was maintained at 4.6. The ultrasound assisted
pretreatment process yield more sugar than other two pretreatment methods. The
saccharification efficiency of ultrasound assisted lime pretreated biomass was highest in
Bonbogori (82.5%) followed by Moj (80.1%) and Arecanut husk (79.5%).

Chapter V: Characterization of Wastewater Sludge

In this part of thesis, several physical and chemical characteristics like proximate
and ultimate analysis, thermo-gravimetric analysis, FTIR analysis of wastewater sludge,
collected from the wastewater treatment plant of II'T Guwahatiwere analyzed and discussed

elaborately. The chemical and physical features of wastewater sludge indicates that the

XXi
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sludge contains good amount of nitrogen (1.5% of TS), phosphorous (2.3% of TS) and
other essential trace elements. These elements along with nitrogen and phosphorous
facilitate microbial growth and reduces the need for addition of supplementary nutrient
elements in the fermentation medium. The microbial cell number per gram of wet sludge
was 6.14 x107 and 2.68 x108 for anaerobic (AA) and aerorobic condition (PDA)

respectively.

Chapter VI: Simultaneous Ethanol and Hydrogen Production through

Fermentation

This chapter describes the simultaneous production of hydrogen and ethanol using
the saccharified ultrasound assisted lime pretreated Bonbogori. The experiments were
conducted according to the taguchi methods of design of experiment in both stirred tank
and fluidized bed bioreactor using wastewater sludge as a source of microorganisms. Four
important parameters such as type of reactors, temperature, pH and organic loading rate
were considered for the optimization process. The optimal factor combination for both
ethanol and hydrogen production was achieved at temperature 40°C, OLR 50 kg L and
pH 5.5 respectively. Fluidized bed bioreactor showed better performance than the stirred
tank bioreactor for simultaneous production of ethanol and hydrogen. In this designed
conditions the optimum yield of ethanol and bio-hydrogen was found to be 0.21 mol, and
30.8+ 0.5 mmol respectively.

Chapter V11 Conclusions and future work

This chapter summarizes the inferences drawn from the present work and
recommendations for future work. The overall aim of the thesis is to produce hydrogen and
ethanol simultaneously from lignocellulosic biomass. The data shows that all the biomass
studied here have the possibility to translate into bio-ethanol as well as bio- hydrogen. It
can be concluded, that the research regarding obtaining the bio-ethanol and bio-hydrogen

from lignocellulosic biomass can be optimized at pilot levels in near future.
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Introduction

Chapter |

Introduction

In this chapter, an outline of world energy scenario and future prospects of
biofuel with respect to the global energy demand are discussed. Several biofuel types and
their preparation methods, advantages, disadvantages and major research areas of
biofuel production technologies are also described. From the discussion, state of art for
the current work is derived and finally the organization of the total thesis has been

presented.

1.1 Introduction

The word energy comes from the Greek word “energeia” and it appears for the
first time in the Nicomachean Ethics of Aristotle during 4"century BC, which means
“activity”. Energy manifests the whole cosmos. Energy per se is the principle driving
force to propagate the human socio economic development. It became the integral part of
our livelihood since the existence of fire was discovered by friction of stones.Atpresent,
the whole world depends on three different types of energy viz. (i) Fossil fuel energy, (ii)
Nuclear energy and (iii) Non-fossil and non-nuclear energy [1]. Each sources of energy
has their own advantages and limitations.

Nuclear energy is acquiredthrough either nuclear fission reaction, in which a
nucleus of an element is broken into two or more nuclei and releases sufficient amount of
energy, or nuclear fusion, where energy is released due to fusion of two or more atomic
nuclei ofradioactive materials.The nuclear fission technology is widely used than the
nuclear fusion technology but the initial high cost of making nuclear power stations, and
management of life threatening high-level radioactive wastes makes it less

popular.Furthermore, public recognition of nuclear plants is a serious issue and strongly
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depends on emotional factors: the incident of Chernobyl at Russia and fresh Fukushima
accident in Japan in 2011 due to tsunami has reignited the debate about risks of running
nuclear power stations. The usage of nuclear power is limited only up to 10.69% (Fig
1.1).0il is still consideredas the most preferred source of energy (36.25%) followed by
natural gas (24.46%) and coal (20.24%) whereas the world reserves of oil are only about
1258giga billion barrels [2]. The demand of oil throughout the world will increase to
14748 million barrel of oil equivalent until 2020 however, the world reserves of natural
gas are about 1.41 m®; gross production of gas is about 2.41 m? per year [3]. World coal
reserves are about 9.11 tones and annual consumption is about 4.51 tones. The problems
with fossil fuels for the near future are distribution and recovery, and these problems

differ in detail for each of the types of fuel.

Utilization of fossil fuels such as petroleum oil and coal is well established but the
fluctuation in oil prices and rising concerns aboutenvironment, an increasing amount of
attention has been devoted for developing the cost-effective and environment friendly
alternative energy resources [4].
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Fig 1.1 Energy consumption scenario of world
Source: Key world energy statics 2011, IEA report
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Energy security is an indispensable feature of a country’s independence and
sustenance.The upshots from Fig 1.1 clearly show that 80% of the energy used by human
being is not sustainable. Therefore,sustainable sources of energy should build up for each
country to their own interests and growth. Thebiomass-based energy is one of
suchsustainable sources of energy and is the third important energy source, after coal and
oil.Energy from the sun is stored in plant biomass through photosynthesis therefore the
biomass resource can be considered as organic matter, in which the energy of sunlight is
stored in chemical bonds. When the bonds between adjacent carbon, hydrogen and
oxygen molecules are broken by various chemical or physicochemical activities such as

digestion, combustion, or decomposition, these substances release their stored chemical
energy [5].

1.2 International Scenario of Biofuel

Renewable energy has been growing rapidly in most end-use sectors especially
for power and transportation. Even in economic crisis, the European Union established
many renewable energy facilities during 2011 unlike previous years. Further, for the
same with the continuing fourth year, renewable energy accounted for more than half of
the newer set-ups for the regional electric capacity and it was for more than 71% of total
incorporations. The policies in support of the renewable energy have been the main
motivation for inflating shares on renewable energy. About 118 countries, of which more
than half are developing nations, currently have fixed renewable energy goals, and 109
nations have guidelines in support of renewable energy in the power sectors. The energy
consumption pattern of OECD (Organisation for Economic Co-operation and
Development) and non-OECD countries is illustrated in Fig 1.2. The pattern shows that
the consumption of energy between OECD countries were more initially but after 2008
the scenario have changed and at present the non-OECD countries consumed 12.6 %
more energy than OECD countries.

The scenario of global renewable energy (Table 1.1) reveales that the total
consumption would increase up to 30 % by 2040 and among these; the biomass based

energy consumption will play a major role.
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Table 1.1 Scenario of usage renewable energy resources [6]

2001 2010 2020 2030 2040

Total consumption

(million tons oil equivalent) 10,038 10,549 11,425 12,352 13,310
Biomass 1080 1313 1791 2483 3271
Large hydro 22.7 266 309 341 358
Geothermal 43.2 86 186 333 493
Small hydro 9.5 19 49 106 189
Wind 4.7 44 266 542 688
Solar thermal 4.1 15 66 244 480
Photovoltaic 0.1 2 24 221 784
Solar thermal electricity 0.1 0.4 3 16 68
4
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To keep this in mind more than thirty countries have already introduced
programs for production of fuel ethanol from different lignocellulosic biomasses and
among them countries like North and South America already initiated their own biofuel
policy, at present Brazil producing more than 80% fuel ethanol [7].

Ethanol production from corn and sugarcane is a well-established process while
production from lignocellulosic material is not yet a commercial route. The growing
demands and subsidies for ethanol and other biofuels have encouraged the entrepreneurs
to set up bio-refineries. A regional breakdown of the energy potential of different biomass
materials (Table 1.2) proved that the potential of energy generation from biomass

materials is quite evenly distributed among the various continents.

Table 1.2. Scenario of global bioenergy potentiality [Peta Joules per Annum (PJa™1)][8]

Energy Potential (Pja?') Asia Africa Europe North
America
Wood 7700 5400 4000 12800
Stalk Plants 9900 900 1600 2200
Energy Plants 13900 13900 2600 4100
Dung 2700 1200 700 800

Kaltschmitt et al., 2003

The Asian countries can emphasis on planting energy plant based bio-
refinery (13900 PJa') whereas European countries have more potential on wood base
bio-refinery process (4000 PJat). The total potential of producing energy irrespective of
types of biomass is approx 20000 PJaland among these the contribution of Asia is
approx 40% of the total potential of the world. Therefore, a significant potential exists in
both developing and developed Asian countries for the production of biofuels from
lignocellulosic biomass as well as the development of innovative technologies to

efficiently convert biomass into fuels.
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1.3 Indian Scenario of Biofuel

Energy is a critical input for socio-economic development and it plays a pivotal
role in the growth and development of economy, particularly for a developing country like
India, where per capita energy consumption is quite low, but increasing steadily.India has
total reserves (proved & indicated) of 757 million metric tonnes of crude oil and1241
billion cubic meters of natural gas as on 1.4.2011.Gross Production of Natural Gas in the
country at 52.22 billion cubic metres during 2010-11 is 9.95% higher than the production
of 47.50 billion cubic meters during 2009-2010 [9]. There is no doubt that fossil fuels will
continue to play a prevailing role in the energy scenario in our country in the next few
decades. In contrast, renewable energy resources are abundant so it is virtually
inexhaustible. India is rich in renewable energy resources whose potential has not been
properly tapped. Therefore, their use should be encouraged in every possible way.The
total potential for renewable power generation in the country as on 31 March 2010 was
estimated to be 90,313 MWand this data shows that renewable energy no more remains a
futuristic segment and is fast becoming a mainstay. The primary energy supply by fuel
types in India have showed (Fig 1.3) that the main energy products consumed in India are

oil, coal, biomass and gas [10].
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I Natural Gas

[ TCoal

[ 1 Nuclear Energy 52.96%
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I Renew- ables

0.99%
10.63% 4.81%
0.95%

29.66%

Fig 1.3 Primary energy consumption of fuel in India

Source: British petroleum statistical review of world energy 2011
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The Ministry of New and Renewable Energy (MNRE) lays down the overall
policy guidelines for renewable energy programmes and provides budgetary support for
research and development and demonstration of technologies; facilitates institutional
finance to institutions; and promotes private investments through fiscal incentives, tax
holidays, depreciation allowance and remunerative returns for power fed into the grid.
Indian government has mandated 10% blending of ethanol with gasoline, which
amounted to about 1100 million liters of ethanol use. Further, India has a plan to expand
biodiesel production to substitute 20% of diesel consumption by 2017. At present 5%
blending of ethanol with gasoline has been taken up by the Oil Marketing Companies
(OMCs) in 20 States and four Union Territories.The prescribed blending levels will be
reviewed and moderated periodically as per the availability of bio-diesel and bio-ethanol.
Beside this to avoid the fluctuations in the availability of biofuels, OMCs will be
permitted to bank the surplus quantities left after blending of bio-diesel and bio-ethanol
in a particular year, and to carry it forward to the subsequent year when there may be a
shortfall in their availability to meet the prescribed levels. Moreover, the Bureau of
Indian Standards (BIS) has also published IS: 2796: 2008 which covers specification for
motor gasoline blended with 5% ethanol and motor gasoline blended with 10% ethanol
[11].

Historically, biomass has been a major source of energy in each Indian household.
Even in this century, several types of woods and cow dung are the holder of
approximately 40% non-commercial energy sources of the total energy supply in India
[12] but due to its highly inefficient conversion to useful energy, the use of biomass
represents only 18% of total primary energy usage. Rural households in India
predominantly use wood as fuel for cooking and water heating. Modern technologies
facilitate derivation of energy from several organic materials and can be used in a variety
of conversion processes to yield power, heat/steam, and fuel. In India, the uses of these
technologies are focused on conversion of waste materials such as municipal,
agricultural, or forest residues to biofuels. Production of biofuels in India can also be
viewed as an option for generating rural employment and to promote rural development.

Biofuel production will lead to creation of large number of jobs at multiple stages of the
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biofuel supply-chain, such as production (cultivation and harvesting practices),

transportation, processing and marketing.

With the massive rate of urbanization, the demand for energy has grown assorted
in the past few years and will continue to grow in future. The usages of energy in India
(KT of oil equivalent) is shown in Fig 1.4.
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Fig 1.4. Usage of energy in India (1980-2010)
Source : International Energy Agency (IEA Statistics © OECD/IEA, http://www.iea.org/stats/index.asp)

Increasing rate of energy usage signifies the prosperity of the countries growth. Thus,
there is an emerging energy supply-demand imbalance. Therefore, renewable energy has
been an important component of India’s energy planning process since quite some time.
Biofuels are one of the major divisions of renewable sources of energy. The production
of biofuel in India since 2000 is tabulated in Table 1.3.
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Table 1.3. Comparison of biofuel production (Thousand tonnes of oil equivalent)

Non
Year World  India OECD OECD
2000 9176 82 3841 5336
2001 10084 85 4350 5734
2002 11930 91 5406 6523
2003 14767 94 7045 7723
2004 16452 99 8549 7903
2005 19944 114 11013 8930
2006 25743 134 15054 10688
2007 34512 92 20494 14018
2008 46294 148 27728 18566
2009 52098 82 32569 19528
2010 59261 151 37130 22131

Source: British petroleum statistical review of world energy, 2011

From the available data it can be concluded (Table 1.3) that though the rate
of biofuel production is quite high but the amount of biofuel production in India is not up
to the mark compared to the rest of the world. The economy of India largely depends on
agriculture which yields huge amount of agricultural residues and along with this good
amount of forest residues can be harvested throughout the year which can be exploited
for the production of biofuel. The major advantage of using biomass as a feedstock is its

availability and there will be no upheaval for collection and formation of bio-refinery.

1.4 Overview of biofuel resources and environmental issues
Lignocellulosic biomass materials are the proven prodigiousreservoir from which
liquid fuels and several important chemicals can be generated in a relatively simple,

environment friendly and cost-effective manner. To avoid the dilemma between
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“foodsvs. fuel production”, the focus is on utilization of agricultural waste products and
forest residues rather than using food crops as the feedstock.

Biomass has always been a major source of energy for humanityand remains the
dominant contributor for supplying energy to a large number of developing countries,
such as India, where the dry lignocellulosic biomass materials are used to supply the
household energy needs through traditional cooking stoves or open fires [13].

Among the various kinds of biofuels, thepopular substitute used for road
transport vehicles is bioethanol. It has number of advantages over fossil fuelssuch as (1)
it comes from a renewable resource, which contributes to sustainability, (2)
biodegradable, (3) low toxicity, (4) readily available and (5) causes little environmental
pollution [14-15]. Biofuels are commonly generated from the various activities of
animals, plants and microorganisms. They can be solid like bio-char, liquid like biodiesel
and bioethanol, or gaseous like biogas, biohydrogen. The heating value of biofuels are
almost similar than its fossil counterparts, the lower heating value (LHV) of ethanol and
butanol are 21.3 MJ/L and 27.8 MJ/L where as crude oil have 32.3 MJ/L respectively
[16]. The biggest difference between biofuels and petroleum feed stocks is concentration
of oxygen content [17]. Bioethanol is a high-octane fuel(RON value 108.6) and can be
added into gasoline (RON value 95) as an octane enhancer [18-19]. It is used to partially
replace gasoline to make gasoline-ethanol mixtures such as,E15 (15% ethanol and 85%
gasoline) and E85 (85% ethanol and 15% gasoline). Production of biofuel in large scale
can reduce the dependence on oil imports of the developing countries [20].

The inclusion of environmental externalities in the accounting of natural resources
was already raised in the beginning of the last century.Energy scenarios have identified
the need of immense CO: capture and storage deployment in industrial, fuel
transformation and power generation sectors to limit the level of global CO, emissions.
Presently all this energy comes primarily from non-renewable sources, mainly from fossil
fuels.These Fossil fuels are responsible for many of the environmental problems that we
are facing now-a-days. Change of climate, acid rain or the emissions of particulate matter
are some of the impacts associated to the burning of fuels. Therefore, many countries put
emphasison the use of clean fuel technologies. The latter implies the use of energy-

demanding diminution technologies of pollutants such as SOz, NOx, particulated matter
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or CO., which in turn decreases the effective available energy from the fuels. Moreover,
the energy of fossil fuels depends on the conditions of the environment. The
anthropogenic greenhouse gases (GHG) emitted is increasing (0.06% annually) the CO-
concentration in the environment and are provoking a global temperature
increase.Consequently, the available energy of fossil fuels is being decreased. Therefore,
strategies need to employ to stabilize and reduce concentrations of the green house gases
from the atmosphere. Various sources of renewable energy are coming into existence,
among all biofuels are gaining a lot of interest and are expected to play a crucial role in
the global energy demand.

Biofuels can also be classified based on their feedstock, such as; first generation
biofuels (FGB); second generation biofuels (SGB); third generation biofuels (TGB); and
fourth generation biofuels (FrGB). FGB refer to biofuels made from primarily food crops
such as sugar, starch, vegetable oils, or animal fats using conventional technologies, but
FGBs are limited in their ability to achieve targets for oil-product substitution, climate
change mitigation, and economic growth, because concerns exist about choosing the
properfeedstock, usage of land and competition with food crops. The main drawback of
first generation biofuels is the food-versus-fuel debate, one of the reasons for rising food
prices is due to the increase in the production of these fuels [21-22]. Second-generation
biofuels are produced from plant biomass or non-food biomasses e.g. lignocellulosic
feedstock materials including by-products (i.e. cereal straw, sugar cane bagasse, forest
residues), wastes (organic components of municipal solid wastes), and dedicated
feedstocks (purpose-grown vegetative grasses, short rotation forestry and other energy
crops) [23].Therefore, SGB refers largely to lignocellulosic materials, as this makes up
the preponderance of the cheap and abundant nonfood materials available from plants
[24]. The raw materials for production of TGB are algal biomasses (e.g.Chlorococcum
littorale,Eucheumasp,) whichhave the ability to produce high levels of carbohydrates
instead of lipids as reserve polymers. These species are ideal candidates for the
production of bioethanol as carbohydrates from algae can be extracted to produce
fermentable sugars [25]. Fourth generation biofuels are based on conversion of vegetable
oils and bio-diesel into bio-gasoline using algae by applying most advanced technologies

[26].The TGB is about the processing of algae biomass for biofuel production, while the
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FrGB is about metabolic engineering of algae for producing biofuels from oxygenic
photosynthetic microorganisms [27].The most successful methods of producing biofuels
from algal biomassas sole source of carbon are fermentation of microalgae to bioethanol
and production of biodiesel via in situ transesterification of microalgal biomass. Several
technical bottlenecks in algae biofuel researchand developmenti.e. third and fourth
generation biofuel production, persistswhich can only be solved by the use of post-
genome tools on these photosynthetic organisms.Annually, ~10! tons of plant biomass,
comprising mainly plant cell walls, is hydrolyzed by several kinds of microbes, and the
energy released by this process equivalents to 640 billion barrels of crude oil [28].
Therefore, conversion of lignocellulosic biomass to fermentable sugars i.e.SGBmay stand
for a viable alternative for the production of renewable fuels such as ethanol [29].
Carbohydrate is a major organic component of all biomass and, hence, a key
substrate for producing biofuels. The main products of carbohydrate fermentation are
acetic, propionic and butyric acids, along with ethanol [30]. Research around the world
on production of ethanol from lignocellulosic biomass materials has been focused on
developing cost-effective pretreatment technologies, improved cellulase enzyme
activities, and co-fermentation of 6-C (e.g. glucose) and 5-C (e.g. xylose, arabinose)
sugars to ethanol [31]. The preliminary step towards biofuel production is pretreatment to
convert the recalcitrant lignocellulose structure to reactive cellulosic intermediates before
enzymatic hydrolysis [32].For a proficient biological conversion of cellulose into
fermentable sugars, it is essential to modify the physical and chemical properties of the
plant cell wall, which can be done through a pretreatment step. The pretreatment process
disintegrates the lignocellulosic matrix and removes some or all of the lignin, which
causes increased porosity in the substrate and reduction in the size of the biomass
particles [33-34]. Different pretreatments have varying mechanism of interacting with the
plant cell wall components. In addition, there is an extensive variety of lignocellulosic
materials, ranging from grasses, softwoods, and hardwoods, which also have different
physical and chemical properties. For this reason, there is interdependence between
pretreatment, the type of substrate, and the way it is eventually processed. Therefore,it is
important to adopt appropriate pretreatment technologies based on the physico-chemical

properties of each raw material (lignocellulosic biomass) because the concentration of
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building block constituents may vary in each year. Even the compositions of the
biomasses which fall under same species may bemassivelychangeddue to  varying
seasons and climatic conditions. In addition, the choice of certain pretreatment has a large
impact on all subsequent steps in the overall conversion scheme in terms of cellulose
digestibility, generation of toxic compounds, energy demand in the downstream process
etc. Therefore, the bioconversion of raw lignocellulosic biomass materials begins with
characterization followed by pretreatment, saccharification and fermentation.

A wide range of physical, chemical, and biological based pretreatment processes
exists. Various types of pretreatment processes include water-based, acidic, alkaline, and
organic solvent pulping systemspainstaking by various researchers with different types of
lignocellulosic biomass materials [35]. Some researchers have observed that same
pretreatment processmay not be better suited to different types of lignocellulosic biomass
materials [36].

Enzymatic hydrolysis or the saccharification process is succeeded by
pretreatment, which breaks the cellulose and hemicellulose into monomers. Process is
followed by fermentation,where various microorganisms are exploited to convert the
monomers obtained after enzymatic hydrolysis process,to ethanol.Enzymatic
saccharification has the potential to convert the carbohydrates of the lignocellulosic
biomass to ethanol with high yields and low production costs [37]. Saccharification of
lignocellulosics includes cellulase and xylanase enzymes, which are most commonly
produced by soft-rot fungi such as Trichodermasp, Penicillumsp, Aspergillus spandmany
other genetically modified microorganisms [38]. Several researchers worked on the
enzymatic hydrolysis process i.e. saccharification and their study revealed that a mixture
of cellulases, including endo- and exo-cellulases and B-glucosidases, is required in order
to break down the cellulosic micro fibril structure into its carbohydrate components in an
efficient manner [39]. Challenges that remain in the bioconversion process
includerecalcitrance of the lignocellulosic matrix.The series of enzymatic reactionsare
observedduring thehydrolysis of both cellulose and hemicellulosic material to yield both
five- and six-carbon sugars [40].

The yields of bioethanol using thermo-chemical platform tend to be lower. In

terms of energy output, thermo-chemical production of bioethanol delivers about 2.6—

13
TH-1199 SSASMAL



Introduction

3.5 Giga J per tonne of dry biomass, compared to 6.9 Giga J per bone-dry tonne of wood
for the Fischer—Tropsch process [41]. The production of ethanol through fermentative
route begins after enzymatic hydrolysis or saccharification.Ethanol fermentation can be
initiated by employingtwo commonly used microorganisms viz. yeasts Saccharomycessp
and bacteria Zymomonassp[42].Unfortunately both of these two microorganisms cannot
ferment pentose sugars, producedduring hydrolysis of hemicellulose stream of
lignocellusic biomass. Yeasts Candidasp. which ferment cellobiose to ethanol does not
prefer pentose as the source of metabolic activities. Enteric bacteria such as Escherichia
coli can ferment both the pentose and hexose sugars derived from hemicellulose and
cellulose. A soil bacterium Klebsiella oxytocais capable of fermenting both
hemicellulose-derived sugars and cellobiose and cellotriose as substrates [43].

Next to bioethanol another promising biofuel is biohydrogen. At present, the most
economically competitive method for hydrogen production is steam reforming of natural
gas, whichis also a kind of fossil fuel, and its usage fails to provide a solution to deal with
the huge amount of carbon dioxide emissions during the reforming processes. Therefore,
interest has grown to search for effective alternativetechnologies to produce renewable
hydrogen cleanly and safely. The potential use of microorganisms for biological
production of hydrogen as a future energy resource makes hydrogen metabolism an
emerging field of research [44]. A large number of microbial species, including
significantly different taxonomic and physiological types, can produce hydrogen, which
are distributed across 10 out of 35 bacterial groups. These bacteria include strict
anaerobes (Clostridia, Methylotrophs, methanogenic bacteria, Rumen bacteria, archaea),
facultative anaerobes (Escherichia coli and Enterobacter), aerobes (Alcaligenessp and
Bacillussp), photosynthetic bacteria, and Cyanobacteria[45-46]. In general, the isolated
and identified mesophiles are mainly affiliated with two genera: facultative
Enterobactericeaeand strictly anaerobic Clostridiaceae [47-48]. In addition, aerobes such
as Bacillus[49] and Vibriosp [50] have been also cultivated or isolated for hydrogen
production.

Both hydrogen and ethanol can be produced by dark fermentation of biomass
using acidogenic bacteria (e.g. Clostridialsp or Enterobactersp). However, the metabolic

pathway for hydrogen and ethanol production often conflicts with each other from the
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perspective of metabolic electron transfer thereby limiting the production to a single
biofuel (either hydrogen or ethanol) [51]. Further in-depth study is required to optimize
the metabolic pathway to produce both hydrogen and ethanol simultaneously.

1.5 Pathways of bioethanol and biohydrogen production

Biofuel can be produced by two routes (1) biochemical processing pathway and

(2) thermal processing pathway i.e. gasification (Fig 1.5).
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Fig 1.5 Schematic Diagram of biochemical and thermochemical processes that includes

recycling of the energy.

The present study put focus on biochemical route of biofuel production. The
carbohydrate platform involves the extraction of carbohydrates from biomass and the
subsequent fermentation into ethanol. Bioconversion begins with a pretreatment stage to
physically increase surface area along wood fibers. The glucose pathway is the simplest

approach and involves extraction of readily fermentable six-carbon sugars present in
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biomass; this step is known as pretreatment of biomass followed by fermentation for the
production of ethanol and hydrogen. Pretreated biomasses then hydrolyzed by means of
cellulolytic enzymes, but the carbohydrates in lignocelluloses are not easily accessible for
enzymatic hydrolysis. This recalcitrance is primarily due to the composition of
lignocellulosic biomass and the way specific components interact with each other.
Therefore, the first challenge is pretreatment of lignocellulosic biomass to reduce
biomass recalcitrance, for improving the vyield of fermentable sugars. Among
pretreatments, being considered by various researchers includes water-based, acidic,
alkaline, and organic solvent pulping systems. As with conventional pulping, these
pretreatment methods tend to work best with a homogenous batch of wood chips. Some
have observed that different pretreatments seem to be better suited to different types of
lignocellulosic feedstocks [52]. The present study put emphasis on dilute acid
pretreatment and ultrasound assisted lime pretreatment of lignocellulosic biomass
materials. Pretreatment process is not sufficient to extract fermentable sugar from the
lignocellulosic biomasses. The requirement of enzymatic hydrolysis followed by
fermentation process is necessary to make the biofuels. During fermentation, both C5 and
C6 sugars present in lignocellulose are fermented to ethanol under anaerobic/aerobic
conditions. Historically, yeast (Saccharomyces cerevisiae) was used to ferment C6 sugars
i.e. glucose. Similarly, other microorganism (e.g. Zymomonas mobilis,Escherichhia coli)
has also been developed using genetic engineering tools, which can ferment both C6 and
C5 sugars [53].

1.6 Scopes of current research and objectives

The conversion of the biomass into biofuels consists of several processing steps,
such as pretreatment to remove lignin from the fiber matrix or hydrolysis of
hemicelluloses to C5-sugar (pentose), hydrolysis of cellulose to produce C6-sugar
(glucose), and fermentation to convert both sugars into biofuels. Yeast is conventionally
used to convert only glucose, but recently some microorganisms are known to consume
both C5- and C6-sugars, giving a higher bioethanol yield. Process configurations can be

arranged as SHF (separate hydrolysis and fermentation), SSF (simultaneous
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saccharification and fermentation) or SSCF (simultaneous saccharification and co-
fermentation).Both hydrogen and ethanol derived from lignocellulosic biomass arethe
promising biofuels and have great potentials to become alternatives to fossil fuels.
Hydrogenproductionviadark  fermentation process by heterotrophic  anaerobic
microorganisms is known as more environmentally friendly and less energy intensive
process. In addition,with hydrogen, anaerobic fermentation process also produces a
significant amount of alcohols (e.g. ethanol). However, the hydrogen production usually
optimized by suppressing the ethanol production route. Since ethanol considered as the
most feasible alternative toliquid fossil fuels for the automobiles, there is a need to
develop processes for simultaneous production of both hydrogen and ethanol. Current
technologies mainly uses various types of reactors (such as stirred tank reactor, packed-
bed, trickling biofilter etc.) for biofuel production. However, these reactors have their
own limitations with respect to rate of mass transfer as well as maintaining growth
conditions of the microorganisms. In contrast, fluidized-bed reactors are supposed to
address these limitations with an aim of simultaneous production of both hydrogen and
ethanol.
Pretreated lignocellulosic biomass results in two main streams: one rich in cellulose and
other rich in hemicellulose. By choosing appropriate biocatalyst, carbohydrates obtained
from both cellulose and hemicellulosecan be effectively converted to ethanol and
hydrogen. Immobilized anaerobic sludge (mixed microflora) may prove to be a good
biocatalyst for the dark fermentation process. It is anticipated that the fluidized-bed
reactor with high mass transfer rate might optimize the yield of both hydrogen and
ethanol.

The study embodied in this thesis isorganized into the following chapters

containing the subsequent objectives.

> Physico-chemical characteristics of lignocellulosic biomass.

The lignocellulosicbiomass materials were initially analyzed for their physical

(moisture content, crystallinity, elemental analysis, and ash) and chemical

(composition) characteristics. Crystallinity is important to find out the
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crystalline and amorphous cellulose in the biomass. Chemical composition
such as cellulose, hemicellulose and lignin for each biomass were determined
using NREL methods.

> To obtain lignin less pure fractions of cellulose and hemicellulose from efficient

pretreatment of lignocellulosic biomass for higher yield of hydrogen and ethanol.

Pre-hydrolysis of lignocellulosic biomass was performed using combination of
physical (mechanical operation) and chemical (acid hydrolysis) techniques. The
sizes of the particles were reduced using two-roller mill and the decrease in
particle size facilitated to increase the cellulose reactivity. Two chemical
pretreatment method viz-dilute acid pretreatment and ultrasound assisted lime
pretreatment method were conducted on the screened biomass particles. The
effects of various reaction parameters and optimization of reaction parameters
such as temperature, acid concentration and reaction time on yield of fermentable

sugars were extensively studied using Taguchi methodology.

> Physico-chemical characteristics of wastewater sludge

The seed sludge was collected from the final sedimentation tanks of municipal
wastewater treatment plants located inside 1IT Guwahati. The sludge was
pretreated with HCI at pH 3.0 for 24 h to eliminate the methanogenic activity. The
study includes several physical and chemical characterization like proximate and
ultimate analysis, thermogravimetric analysis, FTIR etc.

> Production and optimization of both hydrogen and ethanol in a fluidized-bed

reactor and stirred tank reactor

The pretreated biomass samples were saccharified using commercial cellulase
enzymes.Production of both ethanol and hydrogen using this saccharified broth

was conducted in both fluidized and stirred tank bioreactor. Taguchi method of
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optimization process was applied to optimize as well as compare the entire

process of biofuel production.

The present study considered two forest residues namely bon bogori (Ziziphus rugosa) and moj
(Albizia lucida) and one agricultural waste product areca nut husk (Areca catechu) as the
lignocellulosic feedstock. These materials are plenty in North East region of India, the local

people uses them as firewood (bon bogori and moj) to carry on their daily activities.
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Chapter -11

Physico-chemical Characterization of
Lignocellulosic Biomass

The lignocellulosic materials are cheap and readily available either in the form of
agricultural waste or forest residues. These materials can be used as a source for energy
generation either in the gaseous form (CO, H: etc) or in liquid form (ethanol, butanoletc)
to meet the rising demand of energy. The reign of lignocellulosic materials for energy
production is a proven fact in this era of energy research. The present study put focus on
characterization of three biomass samples namely Areca nut husk (Arecancatechu), Moj
(Albizialucida) and Bonbogori (Ziziphusrugosa), available in the region of North-East
India. The study includes several physical characterization like proximate and ultimate
analysis, thermogravimetric analysis, crystalinity and chemical characterization that
embraced FTIR, Raman spectroscopy. The maximum crystalinity was observed in Areca
nut husk fiber (63.84%) followed by Moj (46.43%) and Bonbogori (42.46%). All these
properties combined together per se had shown that Areca nut husk, Bonbogori and

Mojcould act as the impending potential candidates for biofuel production.

2.1 Introductionand review of literature

Biomass can be defined as complex polymer of cellulose, hemicellulose and
lignin; hence, it is also called lignocellulosic material. The various permutation and
combination of those three components stated before provides unique characteristics to
the biomass. These characteristics are different for each biomass. Beside biofuel
production, the lignocellulosic biomasses may act as a raw material for production of

value added chemicals.
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Depending on the geographical regions and environments or food habit of the local
people the sources of biomasses are diverse; it may be agricultural waste products, forest
residues, dedicated energy crops or combinations of thereof. The major advantage of
energy production from agricultural waste or forest residues is negligible raw material
cost. It is a win -win situation for both the energy producer and raw material harvesters.
Therefore, research is going on to search for suitable agricultural wastes or forest
residues, which can be utilized as renewable energy sources. The major lignocellulosic
biomass species available in North -East region of India are bamboo, sugarcane, rice
husk. All these biomass materials are the proven source of bio energy. Though these
materials are plenty in nature, but to put more stress on these materials to generate energy
is not beneficial for the dwellers in North East India, as all those crops require a
systematic cultivation process which demands a huge dedicated cultivation lands apart
from sound agricultural knowledge to cultivate. The present economic, social and
geographical scenario of the North-east India may not cope up with such systematic
cultivation system. The North-East India is well known throughout the world for its
biological diversity, several forests and agricultural waste products exists here, fuel
woods hold a consequential function in the societies abode at higher reaches of North
East India, not only for cooking but also for heating and other day to day activities. There
is a conspicuous lack of knowledge with regard to the biomass characteristics of
indigenous tree and shrub species present in the forests and several provinces of North-
East India, which retards to set up biomass based energy plants. In order to exploit the
biomasses harvested from North-East India for its fermentable sugar and other valuable

chemicals the chemistry of lignocellulose must be understood.

Cellulose consists of long chains of hydro-D-glucopyranose units (AGU) with
each cellulose molecule having three hydroxyl groups per AGU, with the exception of the
terminal ends[1]. The polymer contains three reactive hydroxyl groups at the C-2, C-3,
and C-6 atoms, which are, in general, accessible to the typical conversions of primary and
secondary alcoholic OH groups [2]. The un-branched P-4 linkage results in linear chains
that are stabilized by hydrogen bonds within the chain and between neighboring chains.
A cellulose molecule may contain more than 104 glucose residues (mass 1-2 x10° Da)

and can reach lengths of 6-8 uM.
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Hemicelluloses are heterogeneous branched chain polymers of pentoses (xylose,
arabinose), hexoses (mannose, glucose, galactose), and sugar acids, located beside
cellulose as an amorphous mass. In contrast with cellulose, hemi-cellulose differs, in
consisting primarily of xylose and other five-carbon monosaccharides. Hardwood
hemicelluloses contain mostly xylans, whereas softwood hemicelluloses contain mostly
glucomannans. The degree of polymerization and concentration of building block such as
monosaccharide varies from plant to plant. The xylan of hemicellulose could be extracted
quite well in an acid or alkaline environment, while glucomannan can hardly be extracted
in an acid environment and needs a stronger alkaline environment than xylan for

extraction[3]

Fig. 2.1Picture of selected lignocellulosic biomass (a) Areca nut (b) Bonbogori (c) Moj
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Lignin is a complex high molecular weight polymer of coumaryl, conferyl and
sinapyl alcohol. The concentration of these alcohols varies with plant to plant. This
polymer intimately associated with cellulose and hemicellulose and imparts physical
strength to the plant. The solubility of the lignin in acid, neutral or alkaline environments
depends however on the precursor (p-coumaryl, coniferyl, sinapyl alcohol or

combinations of them) of the lignin [4].

The present study focused on three biomass samples namely Arecanut husk,bon
bogori and Moj. The Arecanut husk is well known as an agricultural waste residue in
North-East India.Betel nut (Arecan Catechu), also known as Areca nut (Fig.2.1 (B)),
has applications in human and animal medicine and is used in the paint and leather
industries [5].Arecais agenus of about 50 species of single-stemmed palms in
the family Arecaceae, found in humid tropical forests.The well-known member of the
genus is A. catechu, the Areca nut palm. Several species of Areca nuts, known for their
bitter and tangy taste, raw or dried are routinely used for chewing. These nuts are
widely used as a popular masticator in India and Pakistan. India is the largest producer
of Areca nut in the world. Karnataka tops the list of Areca nut producing states with 40
per cent of the country’s total output. India is also the largest consumer of it in the
world at 3.2 lakh tones a year. The total area under the crop is estimated at 2.7 lakh
hectares and the annual production is estimated at around 3.3 lakh tones, with
Karnataka and Kerala accounting for nearly 72 per cent of total output. Over six million
people are engaged in Areca nut cultivation, processing and trade. More than 85 percent
of the area under cultivation is made up of small and marginal holdings [6]. The Areca
nut husk is considered as an agricultural waste product. The nut has commercial
importance and is processed by boiling the whole nut. The husk of the fruit is removed
and it has no other traditional use. Husks are left in piles to dry; it is often a nuisance to
the processor. The large amount of solid husk, formed during separation of kernel from
the fruit, disposed without any treatment, though this lingocellulosic material contains a
good amount of fermentable sugar (21%) [7]. Therefore, a number of wide
opportunities exist to use this so-called agricultural waste material as a feedstock for

bio-energy production.

28
TH-1199 SSASMAL



Physico-chemicalCharacterization of Biomass

Bon bogori and Mojare the rapid growing trees found in subtropical and tropical
regions of world. Both these plants are common flora in Assam and other states of North-
East India. Local tribal people and villagers traditionally preferred it as fuel wood.The
major advantage of using such kind of biomass is its availability and there will be no

upheaval for collection and formation of bio-refinery.

The present study deals with few important characteristics of lignocellulosic
biomasses which are significant for biofuel production, e.g. crystalinity,

thermogravimetric analysis (TGA) and Fourier transformation infrared (FTIR) study etc.

2.2 Materials and methods

The biomass samples used in this study were collected from Kamrup district of
Assam. The detail nomenclatures of biomass are illustrated in Table 2.1. The air-dried
samples of biomass were chopped and sieved (mesh size - BSS 30) to get homogeneous
powder (diameter of particles lower than 5mm). The powdered biomass samples were
used as a starting material for characterization. The characterization scheme of biomass

samples is shown in Fig. 2.2.

Table 2.1. Botanical nomenclature of biomass samples

Botanical Nomenclature

Common Class Family Genu Scientific
name S name
Arecanut Liliopsida Arecacea Arec Areca
husk e a catechu
Moj Magnoliop Legumin Albiz Albizialucid
sida osae ia a
Bonbogori Magnoliop Rhamnac Zizip Ziziphusrug
sida eae hus 0Sus
29
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Fig. 2.2. Scheme for characterization of biomass samples

2.2.1 Physical and chemical characterization of biomass
2.2.1.1 CHNSO analysis

The basic elements of any biomass are carbon, hydrogen, nitrogen, sulphur and
oxygen. The sample (1.0 mg) was used in a tin boat assortment for percentage
composition of carbon, hydrogen, sulphur and nitrogen analysis and the percentage

oxygen was determined by means of difference.
2.2.1.2 Ash content

The inorganic materials present in the biomass material are labeled under the
inclusive term “Ash”. The ash materials can be classified into three broad groups, water

soluble(free ionic form), organic solvent soluble and precipitated as relatively pure
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compounds i.e. crystalline or amorphous forms [8]. The inorganic materials loosely
adhered with the biomass are known as extractable ash content. These are easily detached
from the biomass by simple extraction or washing techniques. Extractable ash is the
result of soil remaining in the biomass. Structural ash materials are adhered with biomass
strongly. The cations (K*, Mg?*, Ca?*, AI**, Mn?*, Fe®*, Cu?*, and Zn?*) present in the ash
has a positive inhibition effect on enzyme, which helps to hydrolyze the cellulosic
substrates into glucose and other readily fermentable sugars [9]. Therefore, the estimation
of ash present in the biomass is necessary before processing the biomass for biofuel
production. The procedure to estimate the amount of ash present in biomass was adopted
from the NREL protocol [10]. 2 (x0.2) gm of biomass was put into an oven dried
moisture free crucibles, and heated up to 575 + 25 °C in a muffle furnace for three hours.
The dry weight of ash content in biomass samples were calculated using the following
Eqg.s (2.1) and (2.2).

Weight (air dried sample)x Total solid (%) (2 1)
\ .
100

Dry weight of the sample =

weight (ash+crucible)— weight (crucible)

Ash (%) =

: x 100 (2.2
dry weight of the sample

2.2.1.3 Moisture content

The moisture content in biomass material is the amount of water present in the
lignocellulosic biomass fiber. Quantification of moisture present in biomass is necessary
because biomass materials are hydrophilic in nature, adsorption of moisture leads to
lower the energy density present in it [11]. The moisture content of the biomass was
determined using the method described elsewhere [12]. The moisture content was
calculated by using Eq. (2.3).

Moisture (%) = 100 - (—acdhtdrysample o 10 ) (2.3)

Weight sample as received
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2.2.1.4 Determination of calorific value

The calorific values of all the biomass sampleswere determined in a static bomb

calorimeter; sealed Parr 1108, using the procedure described in ASTM manual [13].

Each biomass sample was mixed thoroughly in the sample bottle and converted into
pellet, taking care that theheaviesandlights (fluff)weredistributed well in the sample and
then send for analysis. Approximately 1.0 g of sample in the form of pellet of each
species were measured out and put into pre-weighted crucibles. A cotton thread was
attached to a platinum ignition wire and placed in contact with the pellet. Approximately
ImLof distilled waterwas poured into the bomb and then filled with oxygen to a
consistent pressure between 20 and 30 atm (2.03 and 3.04MPa). The calorimeter was
placed in an isothermal jacket with an air gap separation of10 mm between all surfaces.
The electrical energy for ignition, discharged through a platinum wire of ~40 V, was
calculated using the change in potential across a 1256 or 2900 mF capacitor.
Thebombcalorimeterwassubmergedinacalorimeter canefilled with distilled water. The
calorimeter jacket was maintained at constant temperature by circulating water at 25°C.

2.2.1.5 X-ray diffraction analysis

The enzymatic hydrolysis of lignocellulose is affected by many factors. The
limiting factors have been traditionally divided into two groups: those related to
lignocellulose structural features and those related to the mechanism and interactions of
the cellulolytic enzymes. However, the heterogeneous nature of lignocellulose and the
multiplicity of enzymes make it difficult to fully understand the interactions between
enzyme and lignocellulose; furthermore, the interactions change as hydrolysis proceeds.
Therefore, it is apparent that the rate and extent of biomass hydrolysis are inextricably
linked to biomass structural features. Generally, structural features can be categorized
into two groups: physical and chemical. Physical structural features include cellulose
crystallinity, degree of cellulose polymerization, pore volume, accessible surface area,
and particle size. It is broadly accepted that highly crystalline cellulose is less accessible

to cellulase attack than amorphous cellulose; therefore, crystallinity affects the efficiency
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of enzyme contact with cellulose. Cellulose crystallinity are key factors that determine

biomass digestibility.

The strong crystalline arrangement of cellulose retards enzyme hydrolysis of
polymeric sugar molecules, which leads to lower yield of fermentable sugar as well as
ethanol [14]. The crystalline structure of cellulose was first established by Carl Von
Né&geliin 1858 [15]. Crystalline regions are formed due to the hydrogen bonds between
cellulose chains and Van- der Waals forces between the glucose molecules in cellulose
and hemicellulose[16]. Therefore, a decrease in cellulose crystallinity influences the
initial rate of cellulose hydrolysis by cellulase enzyme[17]. Cellulose crystalinity was
determined by wide angle X-ray diffractometer (Brucker D8 Advanced X-ray diffraction
measurement system). Lignocellulose samples were transferred to the glass sample
holder and analyzed under plateau conditions. The radiation was generated with an
accelerated voltage of 40 KV and a current of 40 mA. The scan scope was between 7° to
40° with a step size of 0.02° with determination time 1sec / 0.02°. Crystalinity index
along with the intensity of the main crystalline plane (002) and the amorphous fraction
was calculated using the intensity at ~18°f 20 for amorphous fraction and maximum
intensity of (002) plane at ~22.8° of 20 for crystalline fraction [18]. The crystalinity of
the biomass samples were determined using Eq.2.4 as stated below,

CRI = Yooz~ lamor) 'y 99 (2.4)

ooz

where,
CRI = Crystalinity Index
loo2 = Intensity at 22.8°

lamor = Intensity at 18°

2.2.1.6 FTIR analysis

Fourier transform infra-red spectroscopy (FTIR) is capable of providing accurate
predictions of the chemical composition of biomass. An FTIR spectrum contains

information on the fundamental vibrations and has more separation between similar
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signals, e.g., hydroxyls for carbohydrate isomers [19].FTIR study of the subjected
biomass samples were carried out by dispersing the dried (50 °C for 24 h) powdered
samples (2 mg) of the fibers of biomass on IR grade potassium bromide (200 mg).
Shimadzu, IR Affinity 1 was used to obtain the FTIR spectra with a resolution of 1 cm’
! The reproducibility of the spectra of all the samples was verified on two sample
preparations; from 64 to 100 scans with a resolution of 4 cm™. Baseline and other
necessary corrections for penetration depth and frequency variations were applied using
Shimadzu IR solution 1.5 software supplied with the equipment.

2.2.1.7 Thermogravimetric analysis

Thermogravimetric analysis provides a rapid method for determining the
temperature assisted decomposition profile of a material and the kinetics of its thermal
decomposition. The principle composition of biomass materials includes cellulose,
hemicellulose and lignin. Several researchers reported that thermal decomposition of
biomass samples follow first order reaction kinetics and therefore the decomposition rate
of biomass is directly proportional to the concentration of its individual components [20,
21]. It was also observed that, TGA study helps to estimate approximate weight
percentage of the cellulose, hemicellulose and lignin in biomass samples, as explained in

the previous section.

The prepared biomass samples were stored in air tight plastic containers until they
were needed for the TG analysis. The procedure used for TG analysis is the same as
described by Ergudenler and Ghaly (1991)[22]. The sample sizes of all the three biomass
samples were kept almost same 10 = 0.5 mg. TG analysis of all the three biomasses was
carried out in METTLER TOLEDO, Switzerland (Model no TGA 851e/LF/1100) at the
heating rate of 10 °C min’* under nitrogen atmosphere. The continuous records of weight
loss vs. temperature data was obtained and analyzed through the software (STAR)
provided by the manufacturer of the TGA.

The intensity of degradation at higher temperature is an important character of
lignocellulosic biomass. Presence of more sugar than lignin in fibres of biomass

materials, leads rapid degradation and formation of gases such as CO2 and CO etc.
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Therefore the researchers’ works on biomass gasification accentuate more on value of Tsg
(temperature at level of 50% weight loss) and Rso (rate of weight loss at Tso)because
higher the value of Rso indicates rapid consumption of biomass in gasifiers. The study
presents these two parameters for each biomass separately.

2.2.1.7Determination of extractives

Extractives present in biomass comprised of non-structural aromatic compounds,
which possess one or more phenolic hydroxyl groups [23]. These components are
different types of fatty acids, resins, tannins etc; all these materials have a prominent
effect on analysis of structural carbohydrates and lignins. The knowledge of the amount
of extractives helps to estimate exact amount of fermentable sugars present in biomass.
For estimation of extractives in the biomass samples NREL protocol was used [24].The
biomass samples (5 gm) were extracted using soxhlet extraction apparatus through
extraction thimbles (single thickness, cotton cellulose thimble with external length 94
mm and ID 33 mm). Three stages of extraction; n-hexane, followed by ethanol (95%) and
distilled water was performed and each extraction operation was executed for 6 h. In first
step, the extraction of n-hexane soluble compounds was carried out to separate the class
of compounds such as non-polar lipids, hydrocarbon compounds and terpenoids, etc. The
raffinated biomass of the first step was extracted with ethanol to separate compounds
such as chlorophyll, polar waxes, sterol and other minor constituents. The final raffinate
biomass was extracted with distilled water to separate inorganic materials and non-
structural carbohydrates [25]. The solvent in each extract was removed in rotary

evaporator under reduced pressure.
2.2.1.8 Lignin, cellulose and hemicellulose content

The lignin, cellulose and hemicellulose content in the biomass samples were
determined using thermogravimetric analysis (TGA). The biomass samples were heated
under nitrogen atmosphere at temperature range between 30 °C to 700 °C with heating
rate of 10 °Cmin. The data generated during the experiment were analyzed through
STAR software and a profile of weight loss vs. temperature was obtained for each

biomass sample.
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The hemicellulose and cellulose part of biomass usually start to decompose at
around 206 °C and 315 °C and decomposition of lignin start decomposing above 330 °C
respectively [26].The thermal decomposition study conducted on rapeseed (Brassica
napus L),sponge ground fibers, sugarcane bagasse banana fibers by several researchers
reveals that the thermal decomposition of hemicelluloses occurred at temperatures
ranging from 150 °C to 350 °C, cellulose was decomposed at temperature range of 275
°C - 350 °C, and lignin was featured by gradual decomposition for the temperatures
between 250 °C and 500 °C [27]. The present study follow the same approach to estimate

lignin, hemicelluloses and cellulose content of the three biomass samples.
2.3 Results and discussion

The utility and significance of the three biomasses were delineated in previous
sections. The detail physical and chemical properties with respect to biofuel production
are discussed as follows.

The proximate and ultimate analyses of all the biomass samples were elicited in
Table 2.2. The volatile matter present in Areca nut husk is more but it had less amount of
fixed carbon content than other two biomass materials. The volatile matter comprises of
hydrogen, oxygen and carbon whereas fixed carbon comprises only carbon. The results of
ultimate analysis revealed that the oxygen content in Areca nut husk is more than
Bonbogori and Moj. The higher amount of oxygen in Arecanut husk is responsible for the
higher volatile matter content (Table 2.2) but lowers the calorific value. The calorific
values of Areca nut husk (17.83+0.5 MJ kg™), Bonbogori (21.24+0.5 MJkg?) and Moj
(20.35+0.2 MJkgt) was determined using the method described in previous sections. All
the biomass studied here have lower sulphur content, which implies less amount of
hydrogen sulfide gas production or SOx emission during gasification process; which

paves the way to use this biomass as a feedstock for gasification purpose too [28].
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°
Table 2.2 Proximate and ultimate analysis of biomass samples
Table 2.2 Proximate and ultimate analysis of biomass samples
Proximate analysis Ultimate analysis
Name of - 5 et S 9 S S e <
the S | - 0 -1 Y - RS
Biomass < = § g2 S & % % E
< = 3 3 G = = 2 E
G K = ~ ) z © ‘
= ()
‘3‘1'11‘;;1{1“{ 2.9120.05 | 82420.1 | 81202 |6.6=0.5 | 41.8120.1 | 6.240.2 | 0.610.1 | 51.61=0.3 | 0.0220.3
Bon
bogori 1.29=0.04 | 78.29=0.1 | 15.21£0.3 | 5.2=0.3 | 54.95=0.1 | 6.1=0.1 | 0.22+0.2 | 39.01=0.2 | 0.08+0.1
Moy 1.58+0.05 | 75.38=02 | 17.23£0.1 | 5.820.2 | 52.24+0.3 | 6.2+0.2 | 0.31+0.4 | 41.28+0.2 | 0.06+0.3

The results showed that Areca nut husk has higher percentage of ash content
compared to other two biomasses under study. The ash content retards the enzymatic
hydrolysis i.e. saccharification of biomass samples. Therefore the Areca nut husk as a
lignocellulosic stock material for biofuel production demands thorough washing to
remove water soluble and loosely adhered inorganic materials along with a customized
pretreatment method to reduce ash content.

The removal of moisture from all the biomasses started at around 70 °C (due to
evaporation of water) and maximum moisture removal was taken place at 105 °C. It was
very difficult to remove all the moisture associated with the fibers of the biomass due to
the hydrophilic nature of lignocellulose; therefore, a minor amount of moisture can
always be detected.

Extractives derived from lignocellulosic materials include resins, terpene acids,
waxes etc, which protect plants from termites and other microorganisms. These materials
are chemically polar and non-polar in nature and can be used as green chemicals so have

a value other than just for biofuel production. Therefore this compound needs to be
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extracted before processing the lignocellulosic biomass as a biofuel feedstock. To remove
non-polar elements hexane and ethanol extraction process was performed. It was
observed that Bonbogori contained more amounts of non-polar materials than Areca nut
husk and Moj. The final raffinate after solvent extraction processes was extracted with
hot water. This step facilitated to extract polar materials present in the residual biomass
sample. The water extractives were more in Moj than Areca nut husk and Bonbogori. The
total amount of extractive content was more in Bonbogori followed by Moj and Areca nut
husk (Table 2.3).

Table 2.3. Extractive (g) from 100 g of biomass samples

Name Hexane Ethanol Water Extract Cellulose Hemi- Lignin
extract Extract cellulose
Areca 4.77+0.2 3.05%0.2 6.25+0.4 44.46%0.3 28.08+0.2 11.03+0.1
nut
husk
Bon 8.11+0.1 7.75£0.3  2.98+0.2 51.56+0.3 8.73+0.1 20.51+0.1
bogori

Moj 5.21+0.1 3.35+0.1 7.61+0.1 53.46+0.1 6.37+0.2  22.97+0.1
The thermal decomposition study of all the biomass samples was evaluated using

constant isothermal ramp program in TGA. The detail thermal decomposition behaviors

of the three-biomass samples are illustrated in Fig. 2.3.

—A\reca husk
—— \OZ
Bon bogori

Weight loss (%)
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Temperature (°C)

Fig. 2.3. Thermogravimetric analysis of biomass samples
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The major degradation of Areca nut husk, Moj and Bonbogori observed at around
280 °C, 355 °C and 305 °C respectively (Fig. 2.3), which signified the degradation of
structural sugar components. Differential thermogravimetric study (DTG) showed two
major grooves for all the biomass samples (Fig. 2.4). The first one was observed within
300 °C — 400 °C range and the second one was at around 500 °C. The value of weight
loss at the region between 250 °C — 350 °C signifies the amount of hemicellulose and
cellulose respectively, the lignin degradation started at around 500 °C as described in
previous section (Fig.2.4). The results of present study agrees well with the degradation
pattern of other cellulosic fibers like banana, sugarcane bagasse and sponge gourd fibers,
Acacia mangium and Acaciahybrid wood species reported by several researchers[29,30].
Cellulose, hemicellulose and lignin content of the biomass sample such as Moj estimated
by thermogravimetric method is comparable with the values reported by Kakati and
Konwer (2001) [31].
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] — N OZ )
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=
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-8 4
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100 200 300 400 500 600 700

Temperature (°C)

Fig. 2.4. Differential Thermogravimetric analysis of biomass samples

The comparative analysis of the value of Tso and Rspwas shown in Fig. 2.5.Higher

value of Rso indicates that the biomass was relatively active at its Tso value. It was
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observed that all the biomass had almost similar value of Rsg (~ 7.2-7.4). The highest Tso
value was observed in Moj (356 °C) followed by Areca nut husk (340 °C) and Bonbogori
(320 °C). The reported value of Tso and Rso for oil palm shell, oil palm frond, rice husk,
paddy straw found to be in between 363 °C - 410 °C and 2.9 -3.19 respectively [32].
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Fig.2.5. Outline of Tso and Rsp of biomass samples
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Fig. 2.6. X-ray diffraction analysis of biomass samples
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The overall crystalinity of biomass depends on the matrix of lignin, cellulose and
hemicellulose content[33]. Some researchers reported that wax (high molecular mass
hydrocarbons and fatty acids) also affects the crystalinity of the biomass [34]. The
maximum crystalinity was observed in Areca nut husk fiber (63.84%) followed by Moj
(46.43%) and Bonbogori (42.46%) (Fig. 2.6).The results showed that Areca nut husk is
less prone to enzymatic digestion than other two biomass materials. It can be noted that
crystalinity and values of Tso and Rso of all the three biomass are reported for the first
time in this study.

The fingerprint regions of the FTIR graph are illustrated in Fig 2.7. The main
characteristics were attributed to the presence of different concentration of lignin,
hemicellulose and cellulose present in the fibers. The peaks in the fingerprints are
assigned in Table 2.4. The lowest transmittance was shown by Bonbogori followed by
Moj and Areca nut husk in the range 2500-3500 cmtand 550 cm™-1700 cm™. This range
represents the hydrogen bonded stretching bands of OH group, which are, suppose to
come either from the glucoside linkages of cellulose or the hydroxyphenyl, guaiacyl and
syringyl groups of lignin [35]. The Areca nut husk showed the highest transmittance
among all the three biomass samples in the range of 1700 cm™ -1730 cm™, which
signifies the density of hemicellulose is more in Areca nut husk fiber than the

lignocellulosic fibers of Moj and Bonbogori.

70 1 W

— Bon bogori
Moz
Areca husk

500 1000 1500 2000 2500 3000 3500 4000

Wavenumber (cm‘l)

Fig. 2.7. Fourier transforms infrared spectroscopy analysis of biomass samples
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Table 2.4. Assignment of the FTIR bands of functional groups in lignocellulosic

biomass samples

Name of characteristics group Wave number
(cm™)
OH 3200-3600
C-H stretch of aliphatic structure. 2960-2850
C-O-C vibration in cellulose and hemicellulose. ~1158
C=0 (un-conjugated Xylan). 1700-1730
C=0 at C-3 and C-C of cellulose. ~1058
Aromatic ring stretch in lignin. 1500-1600
C-H (Crystalline and Amorphous cellulose). ~1429 and 893
C—H methyl and methylene groups 2930-2910
CH> cellulose, lignin. 1462-1425
C—H deformation in cellulose, and hemicellulose. 1384-1346

The band in the range of 1500-1700 cm™ represents the aromatic ring stretch
(which is mostly due to lignin as the biomass contains negligible amount of protein) [36].
C=C of aromatic skeletal vibrations in lignin appears in the region of 1500-1700 cm™
and C—H symmetric and asymmetric stretching bands in the region of 2900 cm™. Several
researchers proposed different peak pairs for representation of crystalinity and amorphous
characters, attributed mainly by cellulose molecules, among them two pairs (~1430 cm™?
for crystalline and 893 cm™for amorphous) were chosen for the present study to compare
which biomass is more susceptible for cellulosic hydrolysis [37]. The peak ratio
(amorphous/crystalline) was found as follows: Bonbogori (1.79), Moj (1.23) and Areca
nut husk (1.02) (Fig 2.7). Presence of amorphous cellulose content in lignocellulosic fiber
signifies the easier enzymatic hydrolysis, as described in previous section. This result

shows that Bonbogori is more amenable for enzymatic hydrolysis than Moj and Areca
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nut husk. These results antagonize with the results obtained by X- ray diffraction

analysis of lignocellulosic materials as described in previous section.

An ideal biomass for bio-energy production should have high calorific value
along with high cellulose and hemicellulose concentration than lignin and ash
content.The physicochemical characterization of all the three-biomass samples showed
that Bonbogori and Moj both have almost similar calorific value and structural sugar
(cellulose and hemicellulose) content but Moj is more accomplishable than Bonbogori
due to its high cellulose and comparatively lower lignin content. The Arecanut husk was
not apposite as a feedstock for bio-energy production due to its high ash and lower
cellulose content. However, selection of suitable feedstock for bio-energy production
based on mere physicochemical characterization is not a wise decision, several factors
like availability, gross production volumes should be accounted for selection of biomass
for biofuel production. The study of all these biomass from North-East India ensures that
these biomasses can be utilized as a feedstock material, irrespective of the route of
biofuel production process such as gasification or fermentation to meet the demand of

second-generation biofuel.
2.4 Conclusions

The present study suggested that Areca nut husk, Moj and Bonbogori could be
used as a source of lignocellulosic biomass for biofuel production. These lignocellulosic
materials can compete favorably with other conventional sources such as sugar cane
bagasse or corn for biofuel production. Lack of knowledge about the indigenous tree and
shrub species located in the forests at different provinces of North-East India retards
setting up biomass based energy plants. Preliminary information on physicochemical
characterization of these biomasses surely opens opportunity of selecting future biofuel
candidates in the North-East region of India. This is the first systematic report on
characterization of lignocellulosic biomasses (Areca nut husk, Moj, Bonbogori) available

in the provinces of North-East India.
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Chapter-111

Pretreatment of Lignocellulosic Biomass

To improvecompetence  of  cellulose  hydrolysis, pretreatment is
requiredtoefficiently break its recalcitrant structure. Pretreatment is an important cost-
driver of lignocellulose conversion to biofuel and animportant step prior to enzyme
hydrolysis. It disrupts the plant cell wall network and partially separates the major
polymer components (lignin, cellulose and hemicellulose). However, pretreatment of
lignocellulosic materials may also result in the release of inhibitors and deactivators of
the enzymatic hydrolysis of cellulose. Development of enzyme processes for hydrolysis of
cellulose to glucose must reduce inhibition and deactivation effects in order to enhance
hydrolysis and reduce enzyme usage. Therefore, great attentions have paid design of
pretreatment technologies to split recalcitrant characteristics of lignocellulose. In
thisstudy,two types of pretreatment viz. dilute acid and ultrasound-assisted lime
pretreatment was conducted over the Areca nut husk, Bonbogori and Moj. The study

includes optimization of both the pretreatmentprocess using Taguchi methodology.

3.1 Introductionand review of literature

The complex structure of lignocelluloses acts as a protecting barrier of plants cell
wall from attack by potential pathogenic organisms and purveys resistance against
mechanical forces. The digestibility of cellulose or other polysaccharides present in
lignocellulosichiomasses into monomers or the fermentable sugars is hindered by many
chemical, structural or physiochemical factors.Modern biotechnology research has
designed enzymes or the cocktail of several enzymes to hydrolyze rawlignocellulosic
material to yield monosaccharides but the process is time consuming and not

economically feasible technology. To accelerate the hydrolysis process scientists are
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interested to incorporate an additional step, which is known as “Pretreatment”.
Pretreatment process rapidly disintegrate the lignocelluloses to its mother components i.e.
lignin, cellulose and hemicellulose. Therefore, the primary step towards bio-fuel
production from lignocellulosic biomass is pretreatment. This step facilitates enzymatic
hydrolysis process by altering the structural features, increasing surface areas and
porosity of lignocellulosic biomasses. In general, the objectives of the pretreatment

process are as follows,

1. Production of reactive cellulose fiber, which is suitable for enzymatic

hydrolysis
2. Reduction of byproducts formation like furfural
3. Preserve the hemicellulose fraction in biomass
4. Minimum energy requirement
5. Consumption of fewer chemicals

6. Reducing the cost of feedstock size reduction

The pretreatment process can roughly be classified into physical, chemical and

biochemical pretreatment process(Fig. 3.1).
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Fig. 3.1.Different methods of biomass pretreatment

Each pretreatment processhas their own advantages and disadvantages.Table 3.1
shows the advantage and disadvantages of different pretreatment processes. Among all
the pretreatment processes the chemical pretreatment process results in rapid and good
yield of sugar after enzymatic hydrolysis. The biological pretreatment sounds good but
the slower rate of conversion and cost of enzymes does not make the process popular.
Beside irradiation, other physical pretreatment processes demands high energy input to
make the pretreatment process successful.  The present study focused on two
pretreatment processes to achieve high product yields in subsequent enzymatic hydrolysis
and fermentation operations. The dilute sulfuric acid pretreatment process and ultrasound

assisted limepretreatment process was conducted and compared accordingly.
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®
Table 3.1. Comparison of different pretreatment process
Pretreatment Advantages Disadvantages References
Dilute Operation time s, ; Recovery  and [1-2]
. less, High yield .
acid formation of furfural
of pentose sugar
High yield of Recpvery of ammonia
) is not effective.
pentose sugar;
AFEX A7, Less effective process
. No inhibitory =7 A
Chemical with increasing lignin
compounds
process content [3-4]
Lime No e Operation time is more
compounds [5-6]
I i Solvent recovery
Organosolvosis of pentose ; X
is expensive
sugar [7-8]
The overall yield
Milling _Oper_atlon Is poor, Energy
time is less requirement is
high [9-10]
Physical <L .
proces - iyn yl_eld_ O.f SUGAL | Need special design of
Irradiation No inhibitory .
S equipment and process
compounds [11-12]
High No Maintaining high-
resgure Inhibitory pressure itself is a
P compounds challenge [13]
Low energy
requirement
No production of
Biological inhibitory
Microorganisms compound Rate of reaction is slow
process _ _ [14-15]
Mild operation
conditions
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3.2 Dilute acid pretreatment process

For any pretreatment procedure, it is highly pertinent and presumably useful to
elucidate the chemical-physical state of the biomass, especially the chemical structure
and local mobility, and, hence, entanglement of the major chemical components of the
biomass during or at least at the end of the pretreatment process. Acid pretreatment
method includes application of dilute or concentrated acids to the lignocellulosic biomass
material, which facilitates breaking the rigid lignocellulosic matrix. The most commonly
used acid is dilute sulphuric acid (H2SOgs). Dilute acid used to hydrolyze the
hemicellulose fraction and increase the porosity of biomass, which will make the
cellulose more accessible to enzymes. An advantage of the dilute acid pretreatment
processes is that sugars hydrolyzed from hemicelluloses can be recovered. Upon
treatment with dilute sulfuric acid, in addition to the hydrolysis/de-polymerization of
hemicellulose, one might expect that a part of ether linkages are cleaved, and under
severe enough treatment conditions, the cleaved linkages form other linkages, i.e., lignin

re-condensation.

It is reported that more ether linkages are cleaved by acid treatment with
increased temperature but that above ~130 °C, this treatment also results in lignin re-
condensation, such that a maximum in the loosening of the biomass occurs between 120
and 130 °C. Therefore, the dilute acid pretreatment method may be defined as exposure
of high temperature (e.g. 180 °C) during a short period of time; or at lower temperature
(e.g. 120°C) for longer retention time (30-90 min) to the lignocellulosic materials [16].
At present, the dilute sulphuric acid treatment is receiving substantial attention over
concentrated sulfuric acid [17]. Recent articles have reviewed that the dilute sulphuric
acid pretreatment process facilitates enzymatic hydrolysis of lignocellulosic biomass [18-
19]. Dilute sulfuric acid pretreatment process has been successfully applied with
different types of lignocellulosic biomasses such as Switch grass [20], Corn stover [21],
and Poplar [22]. Olive tree biomass was pretreated with 1.4% H>SO4 at 210 °C resulting
in 76.5% of hydrolysis yields and cashew apple bagasse pretreated with diluted H2SO4 at
121°C for 15 min yielded ethanol as high as 0.47 gg*glucose [23, 24]. Dilute acid

hydrolysis has many advantages compared with concentrated acid such as less corrosion,
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shorter reaction times, and higher reaction rate [25]. Lignin is known as a nuisance
material for ethanol makers as it retards enzymatic hydrolysis procedure. Beside lignin
the native crystalline structure (cellulose 1) of cellulose is considered to be one of the
major factors limiting its potential in terms of cost-competitive lignocellulosic biofuel
production [26]. Lu, Xuebinet al., (2009) used Rapeseed straw as a lignocellulosic
material which has 60% carbohydrate. A central composite design of response surface
method was used to optimize H>SOgs-catalyzed hydrothermal pretreatment of rapeseed
straw, in respect to acid concentration (0.5-2%), treatment time (5-20 min) and solid
content (10-20%) at 180 °C. Enzymatic hydrolysis and fermentation were also measured
to evaluate the optimal pretreatment conditions for maximizing ethanol production. The
results showed that acid concentration and treatment time was more significant than solid
content for optimization of xylose release and cellulose recovery. Pretreatment with 1%
sulfuric acid and 20% solid content for 10 min at 180 °C was found to be the most
optimal condition for pretreatment of rapeseed straw for ethanol production. This study
has demonstrated that hemicellulose in the rapeseed straw can be removed efficiently by
H2SOs-catalyzed hydrothermal pretreatment at high solid loading (20%). Concentration

of inhibitory product like furfural, were reported less in this process [27].

Noureddiniet al.(2010)studieddistiller’s grain and corn fiber as the biomass for
pretreatment process.The total carbohydrate content of distillers’ grains and corn fiber
were 57.7 = 20 and 77.0 = 1.0 wt %, respectively. In this study, dilute
sulfuric acid hydrolysis for the conversion of distillers’ grains and corn fiber to monomer
sugars and the formation of furfural were investigated. The extent of solubilization of
biomass beyond monomer sugars was also monitored. Biomass loadings in the range of
5-20 wt % at 5% intervals, acid concentrations in the range of 0.5-1.5 vol% at 0.5%
intervals, and temperatures of 120 and 140 °C were studied. The experimental results
confirmed an increasing trend in the formation of monomeric sugars as a function of
time. The highest yields of monomeric sugars were observed at the lower substrate
loadings (5 and 10 wt. %), higher concentrations of sulfuric acid (1.0 and 1.5 vol. %) and
when the temperature was 140 °C [28]. For the majority of the cases under consideration,
the most effective period of hydrolysis appeared to be during the initial 20-30 min of the
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reaction. Formation of furfural during the course of hydrolysis was significantly lower at
120 °C and also lower for the distillers’ grains samples compared with the corn fiber
samples. The total amount of the solubilized matter during the hydrolysis was
significantly higher than the amount of the monomeric sugars. Shi. et al. (2012)
investigated dilute sulfuric acid pretreatment of com straw and rice straw and enzymatic
hydrolysis of cellulose [29]. The straw was pretreated at 121 °C with different sulfuric
acid concentrations (1, 2, 3, 4and 5%, vol/vol.) and residence times (30, 60, and 90
min).Pretreatment residence time plays a key role in increase the glucose concentration
comparing to sulfuric acid concentration. Cellulose remaining in the pretreated feedstock
was highly digestible by cellulase from Trichodermaviride. The result showed that the
saccharification yield was 72.38% and 82.84% from wheat straw and rice straw
respectively. The pretreatment conditions were as follows acid concentration 2%
(vol/vol),temperature 121°C and time 60 min. To produce ethanol cost-effectively from
herbaceous feedstocks such as corn stover, efficient xylan hydrolysis with good amount
of monomeric xylose yield isrequired. Dilute acid pretreatment is well established as one
of the pretreatment technologies for xylan hydrolysis; however, the accumulation of salts,
production of toxic byproducts, and the release of acetic acid can inhibit enzymatic
saccharification and fermentation, which leads to decrease yield of ethanol. Successful
removal of acetyl groups from native corn stover by alkali de-esterification could
potentially increase yield of monomeric xylose from pretreatment and enzymatic
hydrolysis, improve cellulose digestibility, and reduce the cytotoxicity of the
fermentation broth. Chen et al., (2012) reported that the dilute acid pretreatment process
removed significant amount of acetyl groups from Corn stover. Dilute acid pretreatment
improvedsaccharification process ofxylan and glucan hydrolysis by 15% and 30% over
control samples. In whole slurry enzymatic hydrolysis, a 30% improvement in cellulose

digestibility was obtained over the control [30].
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3.2.1. Theory of acid hydrolysis process

OH
LT RN o M L R,

Fig. 3.2. Mechanism of acid hydrolysis of cellulose

The molecular mechanism of acid-catalyzed hydrolysis of cellulose (cleavage of
-1-4-glycosidic bond) follows the pattern outlined in Fig.3.2. The cellulosic substrate is
made up of microcrystalline bundles attached to each other by para-crystalline regions
and surrounded by a charged water boundary layer that results from dipole—dipole
interactions caused by aligning of water molecules around the polar surface of the
cellulose exterior [31]. Water molecules and H* ions (from acid) have to penetrate the
cellulose fiber in order to precede the hydrolysis reaction effectively. Otherwise,
hydrolysis takes place only on the surface of the cellulose. Acid catalyzes the breakdown
of long cellulose chains to form shorter chain oligomers and then to sugar monomers that
the acid can degrade. The hydrolysis of cellulose begins with the reaction of acidic proton
and oxygen that bonds two glucose units, forming the corresponding conjugated acid.
The cleavage of this C-O bond and breakdown of the conjugate acid to the cyclic
carbonium ion then takes place, which adopts a half-chair conformation. Free sugar and a

proton are liberated after rapid addition of water. The formation of the intermediate
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carbonium ion takes place more rapidly at the end than in the middle of the

polysaccharide chain.

/Dry Biomass ——| Cutting Sieving (0.5mm)\

Heating at Addacidto | Add water to make
121°C biomass slurry | biomass slurry
A
Cooling Filtration Solid residue

>

Fig 3.3. Process flow diagram of dilute acid pretreatment process

3.3 Ultrasound assisted lime pretreatment

Among the various existing pretreatment technologies, lime pretreatment has
proven to be a useful pretreatment method because it demands less amount of energy and
yields a good amount of fermentable sugar after enzymatic hydrolysis [32]. Moreover, it
is a less expensive and non-hazardous chemical agent [33]. The beauty of lime
pretreatment lies in the removal of lignin from biomass without any momentous loss of
structural carbohydrate materials e.g. glucose, xylose, arabinose etc. It is also reported
that alkaline pretreatments remove acetyl groups from hemicellulose, which improves
saccharification by lowering steric-hindrance of enzymes [34]. The sole hitch of this
pretreatment process is longer process operation time. Few researchers overcome this
drawback by elevating the reaction temperature to curtail operational time [35]. However,

lime can be more effective as a pretreatment agent at mild temperature as lime is more
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soluble at lower temperature, which leads to more alkalinity and may lead to more

efficient pretreatment of lignocellulosic materials [36].
3.3.1 Theory of lime pretreatment

The major effect of alkaline pretreatment is delignification. Alkaline pretreatments
successfully increase the lignocelluloses digestibility without the production of furfural
and methyl furfural [37].The alkaline material reacts with biomass in three modes namely

1. Reaction with lignin
2. Neutralization of organic acids
3. Reaction with resins and waxes of biomass materials

Lignin can be described as three-dimensional macromolecules with high molecular
weight in the range of 100 KD. It originates from phenyl-propanoid precursors such as
coumaryl, coniferyl, and sinapyl alcohol Ce—Cs and is present in vascular plants [38].
Depolymerization of lignin using alkaline materials (e.g. lime) depends on the cleavage
of two types of aryl ether bonds: CaiiphaticOCaromatic @Nd CaromaticOCaromatic(0Ordered from
least to most stable). Oxidative agents prominently improve the effects of alkaline
pretreatments. In alkaline media (pH>12) oxygen is reduced through the reaction with
phenolic hydroxyl groups to superoxide radical (-O2¢). Reactions involved in alkaline
oxidative pretreatments are primarily single-electron (radical) reactions. Delignification
reactions involve the formation of several different acids produced during the degradation
of carbohydrates that introduce hydrophilic groups into the lignin structure [39].
Nucleophilic attack also occurs in some extend causing ring opening, which promotes
further degradation and solubilization. The schematic diagram (Fig. 3.3) shows the
typical delignification reactions (when OH anions involved).
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Fig. 3.4 Lignin degradation reactions in alkaline conditions involving - and -aryl ether

linkages

In highly basic environment, acidic proton of phenols (in lignin) gave
phenolateion. Then the phenolate ion eliminates the ether from benzylic position to
produce an intermediate. This intermediate underwent two transformations either regain
the aromaticity, or produce highly conjugated arylvinyl-phenol after cleavage of CH2O
group (Fig. 3.1 (a),(b)). In presence of molecular oxygen, phenolate moiety (Lignin)
oxidized to 1,4-dicarboxylic acid which is soluble in basic solution(Fig. 3.1 (c)).
Therefore, lime facilitates delignification steadily in presence of oxygen without any

damage of the carbohydrates.

Rabeloet al. (2008) worked on pretreatment of sugarcane bagasse with lime
(calcium hydroxide) followed by bioethanol production.Experiments were performed
using the bagasse as it comes from an alcohol and sugar factory (non-screened bagasse)

and bagasse in the size range from 0.248 to 1.397 mm (screened bagasse) (12-60 mesh).
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It was observed that the particle size presented influence in the release of fermentable
sugars after enzymatic hydrolysis using low loading of cellulase and B-glucosidase (3.5
FPUg? dry pretreated biomass and 1.0 1Ug™ dry pretreated biomass, respectively) [40].
Chang et al. (1998) used lime as a pretreatment agent to enhance the enzymatic
digestibility of two common crop residues: bagasse and wheat straw. A systematic study
of pretreatment conditions suggested that for short pretreatment time (1-3 h), required
high temperature (85-135°C) to achieve high sugar yields, whereas for long pretreatment
times (e.g., 24 h), low temperatures (50-65°C) were effective. The recommended lime
loading was 0.1 g Ca(OH).g™* dry biomass. Water loading had little effect on the
digestibility. Under the recommended conditions, the 3-d reducing sugar yield of the
pretreated bagasse increased from 153 to 659 mg Eq. glucoseg™ dry biomass, and that of
the pretreated wheat straw increased from 65 to 650 mg Eq. glucoseg™ dry biomass. A
material balance study on bagasse showed that the biomass yield after lime pretreatment
was 93.6%. No glucan or xylan was removed from bagasse by the pretreatment, whereas
14% of lignin became solubilized. A lime recovery study showed that 86% of added
calcium was removed from the pretreated bagasse by ten washings and could be
recovered by carbonating the wash water with CO, at pH 9.5 [41]. Mass et al.(2008)
reported a integrated pilot-scale process where lime-treated wheat straw with a high dry-
matter content (around 35% by weight) is converted to ethanol via simultaneous
saccharification and fermentation by commercial hydrolytic enzymes and bakers' yeast
(Saccharomyces cerevisiae). After 53 hours of incubation, an ethanol concentration of
21.4 g litt was detected, corresponding to 48% glucan-to-ethanol conversion of the
theoretical maximum. The xylan fraction remained mostly in the soluble oligomeric form
(52%) in the fermentation broth [42]. Cheng et al. (2010) used rice straw as a substrate
for alkaline pretreatment.5 g H,O g* straw using sodium hydroxide (NaOH) and
compared to pretreatment at 10 g H.Og? straw by hydrated lime (Ca(OH),).Reaction
temperature was held constant at 95°C for lime pretreatment and 55°C for NaOH
pretreatment. The range of delignification was 13.1% to 27.0% for lime pretreatments
and was 8.6% to 23.1% for NaOH.Treatment at higher temperature also improved
delignification; delignification with water alone ranged from 9.9% to 14.5% for

pretreatment at 95°C, but there was little effect observed at 55°C. Post-pretreatment
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washing of biomass was not necessary for subsequent enzymatic hydrolysis. Maximum
glucose yield was 176.3 mgg™ dried biomass (48.5% conversion efficiency of total
glucose) in lime-pretreated (unwashed biomass) and were 142.3 mgg™ dried biomass
(39.2% conversion efficiency of total glucose) in NaOH-pretreated ( unwashed biomass)
[43].

The carbon-carbon bonds are stable in alkaline conditions, the cleavage of
oxygen-carbon bonds are the most significant reaction in the pretreatment at basic
condition. This reaction will take place and is producing phenolic hydroxyl groups from
the cleavage of the aryl-alkyl-ether bounds. Several researchers to explain the phenomena
of delignification of lignocellulosic biomass materials [44] classified three different
stages namely initial, bulk and residual phases. During the initial delignification stage in
alkaline pulping with sodium hydroxide, phenolic a-O-4-linkages in lignin and some
non-phenolic B -O-4-linkages are cleaved. In the bulk stage, the major reaction is the
cleavage of non-phenolic § -O-4-linkages and at the residual delignification stage,

carbon—carbon linkages in lignin are cleaved and carbohydrates are degraded.
3.3.2 Theory of ultrasonication

Ultrasound is sound with a sonic spectrum ranges between 20 kHz to 10 MHz
therefore its pitch is above human hearing as human ear can detect up to 16KHz only. In
practice, three ranges of frequencies are reported for three distinct uses of ultrasound (i)
high frequency, for diagnostic purposes (2-10 MHz), (ii) low frequency or conventional
power ultrasound (20-100 kHz), and medium frequency, or “sonochemical-effects”
ultrasound (300-1000 kHz) [45]. There are two theory exists to explain the phenomena
happened during ultrasonication process. Hot spot theory postulates the formation of
micro-bubbles at the site of nucleation when high frequency sound waves (50-60 KHz)
are applied to the liquid. The bubbles generate due to the decrease of boiling point caused
by negative pressure and it collapses due to positive pressure created by the same wave.
This alternating change of pressure is known as rarefaction. The positive pressure forced
the bubble to implode which leads to formation of local hot spot with temperature and

pressure around 5000K and500atm respectively [46]. Therefore, huge pressure and
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temperature, can be achieved which is required to break the polymeric biomass into their
mother components without designing any high-pressure vessel. This method is not only

cost effective but also safe to use.

The electrical theory explained the above phenomena of breaking bonds by means
of generating huge electrical charges. The electrical double layer can be formed in any
liquid on the surface of the cavitation bubbles at the zone of cavitations. This process is

independent of the method of creation of cavitation [47].

Application of ultrasound technology exists in food processing technology for
depolymerization of biopolymers, emulsification, tanning of vegetables etc [48].
Ultrasonic pretreatment of corn slurry was reported 20 fold reduction in corn size
particle, which facilitated 30% more glucose yield at the time of enzymatic hydrolysis
[49]. Cassava chips were pretreated using ultrasonic unit, which had maximum power
output of 20kw and frequency of 20 kHz [50]. Ultrasonic assisted (250 W, 30 min)
hydrogen peroxide pretreatment method followed by biological treatment
(Pleurotusostreatus) was performed on rice hull yielded 31.8% and 32.2% more total
sugar and glucose respectively than that of sole biological treatment [51]. Considering all
the inputs from the literature, it was decided to combine the lime and ultrasound

technique for the pretreatment of biomass.
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Fig 3.5. Process flow diagram of Ultrasound assisted lime pretreatment process
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3.4 Materials and methods

All the biomass materials i.e. trunks of Bonbogori and Moj were collected from
the local forest near IIT Guwahati and Areca nut husk were collected from the local
market in Kamrup district of Assam. All the raw biomasses were air dried, milled, and
finally screened to select the fraction of particles with a size lower than 0.5 mm,
homogenized in a single lot, and stored in airtight polyethylene bags until needed. The
present study was conducted fortwo pretreatment process i.e. dilute acid pretreatment

process and ultrasound assisted lime pretreatment process.
3.4.1 Ultrasound Equipment

The biomasses mixed with lime were pretreated with the help of a probe type
ultrasonic generator (Model UP 100H, Hielscher, Germany) with an operating frequency
of 30 kHz. The amplitude maintained was 100%, and the temperature was controlled (35
+ 2 °C) using a water bath. The schematic of the experimental set up illustrated in Figure
3.4. The theoretical maximum intensity of this ultrasound equipment was 100 W. The
actual energy input study of this ultrasound equipment was also determined. The energy
study was conducted according to the method of calorimetry [52]. The input power was

determined to be approximately 36 W.

T

—» Ulrasoond Guon

Tl >

Shorry
(Lime+Biomass)

Water Outlet

Fig. 3.6. The schematic diagram of experimental set up for ultrasound assisted lime
pretreatment

61
TH-1199 SSASMAL



Pretreatment of Lignocellulosic Biomass

3.4.2Experimental design and procedure

Based on the Taguchi method, an orthogonal array experiment (L9) was designed
to determine the optimum conditions for both dilute acid and lime assisted pretreatment
method.The experiments were designed with three factors in three different levels viz.
sulfuric acid concentration(%; vol/vol), solid loading (g mIt) and time of operation
(min)for dilute acid pretreatment process optimization (Table 3.2), and lime loading
(weight of lime (g)/ weight of dry biomass (g), biomass loading (weight of water (g)/
weight of dry biomass (g)), duration of ultrasound irradiation (min) were chosen for
ultrasound assisted lime pretreatment of biomasses respectively (Table 3.3).Each biomass
samples were pretreated as per the design of experiments (DOE) illustrated in Table.3.4.
Each row of the matrix represents one run. The three levels of each factor are represented
by a “1” or a “2” or a “3” in the matrix.For analysis of the results and optimization of
conditions for setting the control factors, MINITAB software was used. The dilute acid
pretreatment experiments were conducted using 100 mL Erlenmeyer flask in autoclave
at the designed conditions. The reaction volume of 50 mL was maintained for each
experiment. The pressure of the autoclave for each experiment was maintained at 15
psi. After each set of experiment, the solid residues were collected and analyzed for the
XRD. The crystalinity of the solid residue and the raw biomass was determined from
the XRD graph, using Eqg.2.1 (chapter 2).

The delignification index was used as the response for the ultrasound assisted
lime pretreatment.After each set of experiments (ultrasound assisted lime pretreatment)
the samples were collected and analyzed for the lignin content.The lignin content of the
pretreated biomass material was measured by means of using NREL protocol. The dried
samples were incubated with 72% sulphuric acid at 30 °C for an hour followed by
dilution and autoclave at 121°C for 30 min. The residuals were collected by means of

vacuum filtration followed by drying at 105°C for 24 h and subsequently weighed.

The delignification (fraction of lignin removed from biomass) index was

calculated as per the Eq. (3.1).

Ligninremovedintreatedbiomass (g)

Delignification =

(3.1)

Ligninpresentinrawbiomass (g)
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Table 3.2Different Levels and factors of dilute acid pretreatmentof Moj, Bonbogori and
Areca nut husk

Parameters Level 1 Level 2 Level 3
Acid concentration (%) 0.5 1.5 3
Solid loading (%) 1 2.5 5
Time(min) 20 30 40

Table 3.3Different Levels and factors of ultrasound assisted lime pretreatment of Moj,
Bonbogori and Areca nut husk

Parameters Level 1 Level 2 Level 3
lime loading (A) 0.25 0.5 0.75
biomass loading (B) 10 20 30
ultrasound duration (C) 60 120 180

Table 3.4 Design matrix (Lo orthogonal array) for dilute acid pretreatment process:
crystalinity index and S/N ratio

. ' Crystalinity (%) S/N Ratio
Acid - Solid . — e Areca
concentration loading (min) i Bon Moi o Bon Moi
(%) (%) husk bogori J husk bogori J
1 1 1 56.92  46.21 53.21 -35.11 -33.29 -3452
1 2 2 49.26  40.17 4793 -33.85 -32.07 -3361
1 3 3 59.84 50.71 62.81 -3554 -341 -35.96
2 1 2 38.14 3217 3417 -31.63 -30.14 -3067
2 2 3 4221 3556 4468 -3251 -31.01 -33.00
2 3 1 57.46  47.24 58.36 -35.19 -3348 -3532
3 1 3 31.68 23.14 26.64 -30.02 -27.28 -28.51
3 5 1 4426 3418 3851 -3292 -30.67 -31.71
3 3 2 36.47  28.19 3219 -31.24 -29.1  -30.15
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[
3.5 Results and discussion
3.5.1 Determination of optimal conditions using Taguchi robust design
Taguchi robust design method was used to identify the optimal conditions and to
select the parameters having the maximum influence on both dilute acid and ultrasound
assisted lime pretreatment process. Table 3.2 and Table 3.3shows the detail results of
each run for each pretreatment process.

Table 3.4 shows the layout of the experimental design. Instead of conducting 27
(3%3=27) experiments each principle factor represents three levels i.e. acid concentration
ranges from 0.5 to 3%, solid loading 1 to 5% and operation time 20 to 40 min. These
factors along with their levels were selected and co-located by the L9 orthogonal array
of Taguchi’s method (Table 3.3).

Table 3.5Design matrix (Lg orthogonal array) for ultrasound assisted lime pretreatment
process: delignification ratio and S/N ratio
Biomass Delignification ratio S/N Ratio
Lime loading Time  Areca Bon Areca Bon
loading (%) (%) (min) nut boQori Moj nut bogori Moj
husk g husk g

-8.18  -7.33 -9.63
1 1 1 0.39 0.43 0.33

-5.85 -5.19 -7.14
1 2 2 051 0.55 0.44

-6.38  -6.20 -7.96
1 3 3 0.48 0.49 0.40

-5.68  -5.68 -6.18
2 1 Z 052 0.52 0.49

-5.04  -5.85 -4.73
2 2 3 056 0.51 0.58

-7.74  -6.38 -8.91
2 3 1 041 0.48 0.36

-444 535 -9.02
3 1 3 0.60 0.54 0.35

-4.88  -4.29 -5.35
3 2 1 057 0.61 0.54

-5.19  -3.61 -4.29
3 3 2 055 0.66 0.61

64
TH-1199 SSASMAL



Pretreatment of Lignocellulosic Biomass

Process operation with the highest S/N values (“Larger the better” characteristics)
always results in the optimum quality with minimum variance or deviation. The aim of
any design of experiment, therefore, is always to determine the highest possible S/N ratio
for the experimental results [53]. Based on the result (Table 3.5) the S/N ratio of each

parameter was calculated at each level as illustrated in (Fig.3.5 and Fig 3.6).
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Fig. 3.7.Main Effects plot for S/N ratio for dilute acid pretreatment (a) Moj, (b)
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The values of crystalinity obtained at different experiments were listed in Table
3.4 along with the S/N ratio for each experiment. The optimum conditions for this
process were determined from the main effects plot depicted in Fig. 3.5. The optimum
conditions (dilute acid pretreatment process) within the design conditions of the Areca
nut husk, Bonbogori and Moj fiber was achieved at acid concentration (level 3), reaction

time (level 2) and solid loading (level 1).
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Fig. 3.8Main Effects plot for S/N ratio for ultrasound assisted lime pretreatment (a) Moj,
(b) Bonbogori (c) Arecanut husk
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®
The optimum conditions for both Moj and Bonbogri were observed at A3, B2 and
C2 but for Arecanut husk the pattern was little different A3, B2 and C3. The results
implied that the longer ultrasound duration had an adverse effect on Arecanut husk
pretreatment process (Fig. 3.6).
3.5.2 Analysis of variance (ANOVA)
The purpose of ANOVA was to find out the effect of individual parameter in
entire pretreatment process for all the biomass samples.
3.5.2.1 Dilute acid pretreatment process
To investigate the effects of each parameter in entire pretreatment process over
crystalinity of all the biomasses the analysis of variance (ANOVA) was carried out and
the results were shown in Table 3.6.
Table 3.6 ANOVA chart of the results of dilute acid pretreatment
Sum of squares Variance F ratio
Areca Bon Moj Areca nut Bon Moj Areca Bon Moj
DOF - ; ;
Factor nut husk  bogori husk bogori nut bogori
husk
Acid 2 479.44 446.4 749.1 239.72 2232 37452 64.72 43.13 15341
concentrat
ion
Solid 2 126.32 104.43 259.4 63.16 52.21 129.7 17.05 10.09 53.13
loading
Time 2 214.07 127.24 2143 107.03 63.62 107.164 2890 1229 43.90
Error 2 7.4 10.34 488 3.7 5.17 2.44 - - -

The experimental data were used to estimate “F” value of Fishers test (“F” test).
“F” test is performed to know that whether the difference in treatment means is random
or statistically significant in different process. The calculated “F” value should be higher
than the value obtained from statistical table at a pre defined confidence level to make a
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parameter statistically significant [53]. In this study all, the “Fo.9”’values were higher than

the tabulated value described in standard statistical table.

It can be observed that (Fig 3.7) dilute concentration played a major role (> 60%)

followed by time of operation (>16%) and solid loading concentration (>10%).
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Fig. 3.9. Contribution of different parameters on pretreatment process.

There is a multitude of interdependent mechanisms exists to describe the acid catalyzed
hydrolysis process of lignocellulosic pretreatment. Acid can penetrate the inner
lignocellulosic matrix and liberate monomers from the cellulosic and hemi-cellulosic
chains by breaking the 1-4 linkages; moreover, it also helps to swell the matrix, which
indirectly reduces the crystallinity. Higher solid loading prevents acid to penetrate inside
the matrix, as biomass components are hydrophobic in nature and agglomerates soon
after addition of water. Elongated operation time has harsh effect on biomass, the sugar
components starts forming furfural, hydroxy-methyl furfural and many other

components, which do not support to form amorphous biomass.
3.5.2.2 Ultrasound assisted lime pretreatment process

The results of ANOVA calculated from the raw data of the experiments were
illustrated in Table 3.7.
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’ Table 3.7. ANOVA chart of ultrasound assisted lime pretreatment

Sum of squares Variance F ratio

Areca Bon Moj Areca Bon Moj Areca Bon Moj

Factor POF nut bogori nut bogori nut  bogori

husk husk husk
Lime
loading 0.02 0.02 0.03 0.01 0.01 0.02 23.15 5453 357
Biomass
loading 0.01 0.01 0.04 0.00 0.00 0.02 7.92 1411  40.16
Time ) 0.01 0.01 0.03 0.01 0.00 0.01 1546 21.21 3155
Error ) 0.00 0.00 0.00 0.00 0.00 0.00 K ) -
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Fig. 3.10. Contribution of different parameters on ultrasound assisted lime pretreatment

process

The result showed that lime loading ratio played a major role (>46%) followed by
ultrasound irradiation time (>22%) and biomass loading (>14%) when pretreatment was

conducted on Bon bogori and Arecanut husk but Moj had a different pattern, biomass

69
TH-1199_SSASMAL



Pretreatment of Lignocellulosic Biomass

loading ratio played a major role (36.12%) in the pretreatment process followed by lime
loading (32.01%) and duration of ultrasound irradiation (28.18%) (Fig.3.8). The Fishers
test (“F” test) helps to judge the statistical significance of parameters. The calculated “F”
value should be higher than the value tabulated in statistical table at a pre defined

confidence level [53].
3.5.3Verification test

The conclusive step of optimization is to compare the predicted or calculated
value with experimental value of the quality characteristics i.e. crystalinity index,
delignification ratio. Taguchi method of optimization helps to find out the optimum
conditions of parameters to obtain the crystalinity or delignification ratio of
lignocellulosic fibers of studied biomass. The final step is to predict and verify the
improvement in the quality characteristics i.e. crystalinity and delignification ratio using
the optimal level of the design parameters. The predicted S/N ratio using the optimal
level of the design parameters can be calculated from Eq 3.2(the details of the equation

are described in Appendix 1)

m) (3.2)

Z|w
2|«

where,

S : .S .S \ :
NPe PredlctedS/Nratlo;E m= Total mean S/N ratio; Ni= Mean S/N ratio at the optimal level

and “n” is the number of the main design parameters that affect the quality

characteristics.

Table 3.8 illustrated the predicted value of the crystalinity and S/N ratio and the
actual experimental value. The result showed that the experimental values were almost
same as the predicted one and the experimental crystalinity value differs from the

predicted value by 1.26% only.

70
TH-1199 SSASMAL



Pretreatment of Lignocellulosic Biomass

Table 3.8 Results of confirmation experiment of dilute acid pretreatment

Crystallinity (%) S/IN
Areca nut . . Areca nut Bon .
husk Bon bogori Moj husk bogori Moj
Predicted 30.41 22.85 24.07 -29.66 -27.18 -27.63

Experimental ~ 31.28+0.5 23.14+0.5 25.17#0.5 -29.91+0.1 -27.29+0.1 -28.02+0.1

Acid catalyzed pretreatment process helps to swell the lignocellulose fibers and lignin
retards swelling of biomass mass [54-55]. Acid pretreatment removes acid soluble lignin
from biomass materials, which makes the biomass wet and thus indirectly responsible for
reduction of cellulose crystalinity. Lignocellulosic biomass materials agglomerate soon
after addition of water, which is the sole cause of inefficient pretreatment process at
higher solid loading. Prolong operation time has harsh effect on biomass, the sugar
components starts forming furfural, hydroxy-methyl furfural and many other components
which do not support to form amorphous biomass [56]. The enzymatic activity on acid
pretreated biomass material will further increase, as acid pretreatment removes
hemicellulose and makes the biomass porous [57]. The predicted values and experimental
values of delignification ratios and corresponding S/N ratios were well agreed (Table 3.9)

with each other for ultrasound assisted lime pretreatment.

Table 3.9 Results of confirmation experiment of ultrasound assisted lime pretreatment

Name of the Delignification ratio S/N ratio
biomass : i : :
Predicted  Experimental Predicted Experimental
Moj 0.65 0.64 -3.79 -3.84
Bonbogori 0.69 0.68 -3.27 -3.35
Arecanut husk 0.67 0.65 -3.51 -3.74

Maximum difference between predicted and experimental value was found to be
2.99 % for Areca nut husk. The present study reports removal of 68%, 65% and 64% of
the lignin present in the native lignocellulosic fiber of Bonbogori, Areca nut husk and
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Moj respectively. The yield of total solid after through washing was quite high in all
biomass except Arecanut husk. The lower bulk density of this biomass retarded the
recovery process. The cellulose and hemicellulose yield after the ultrasound assisted
pretreatment was also determined. The results (Table 3.10) indicate a higher recovery of
hemicellulose and cellulose irrespective of all biomass materials, which can be inferred
that ultrasound assisted lime pretreatment process, does not have any adverse effect over
sugar materials. A thorough washing after the pretreatment process can help to improve
the yield of both this materials. The hydroxyl group of lime reacts with phenolics, ether
group of lignin molecules and calcium ion reacts with carbon di-oxide to form calcium
carbonate, which directly deposits onto the surface of lignocellulosic fiber. Few
researchers reported that deposition of calcium on the lignocellulose fiber retards the
degradation of cellulosic material. The ratios of recovery yield in the present study for all

the biomasses agreed with the previous reports.

Table 3.10 Yields and lime consumptionof biomass after the pretreatment

Name of the Recovery Yieldof Cellulose yield? Hemicellulose yield® Lime consumption*

idl
Biomass Total solid
Areca nut husk 0.85+0.05 1.19£0.05 1.30£0.04 0.22+0.06
Bonbogori 0.80+0.04 1.49+0.04 1.34+0.05 0.34+0.05
Moj 0.78+0.05 1.46+0.04 1.34+0.05 0.38+0.05
1weight (dry basis) of recovered (after pretreatment)total solid cellulose (%)in biomass after pretreatment
Initial weight (dry basis)ofbiomass cellulose (%)in biomass before pretreatment

3 Hemicellulose (%)in biomass after pretreatment 4 lime consumed (g)

Hemicellulose (%)in biomass before pretreatment raw biomass (g)

Lime consumption is a rough indication of delignification pattern. The amount of
lime consumed during the pretreatment process was determined by pH neutralization
with a standard solution of acid, 5(N) HCI. The detail calculation of lime consumption is

given below.

_ Mol wt of Ca(OH), y Ny XV
2mol HCL 1000

We (3.3)
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Wc = Weight of reacted lime (g) , Mol wt of Ca(OH), = 74.092 g, N,,, = Normality of

HCI 5, v = volume of HCL required to neutralize the solution (mL)

The results (Table 3.10) showed that ultrasound assisted lime pretreatment
process enhances the lime consumption irrespective of the type of biomass species. The
lime consumption is directly proportional to the temperature and time. The
ultrasonication process increases the local heating temperature abruptly, which enhances
rate of lime consumption and results carbohydrate rich biomasses. Similar kinds of lime
pretreatment of all the biomasses were conducted without any assistance of ultrasound.
The results from the study of lime (sole) pretreatment with all the biomasses revealed that
to get a dignified amount of lignin removal it took minimum 8 weeks (Fig. 3.9), whereas
the ultrasound-assisted lime pretreatment can yield the same degree of delignification
within 180 min. The bonding between the two carbon molecules in lignin are stable in
alkaline conditions therefore, breaking of bonds between carbon and oxygen molecules
are the most significant reaction in the pretreatment of lignocellulosic materials at
alkaline condition. Lignin reacts with alkali and generates phenolic hydroxyl groups from
the cleavage of the aryl-alkyl-ether bonds. Therefore, lime consumption is a rough
indication of delignification pattern [58]. The amount of lime consumed during the
pretreatment process was determined by pH neutralization with a standard solution of
acid, 5 N HCI.

—m=m— Moj
0.5 - &~ Areca nut husk P
— 4. Bon bogori -

Delignification Ratio (-)

Time (week)

Fig.3.11.Lime pretreatment of biomass
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3.6 Conclusions

The goal of the lignocellulosic biomass pretreatment optimization process is to
facilitate the enzymatic hydrolysis process i.e. saccharification. Dilute acid pretreatment
and ultrasound assisted lime pretreatment process was employed in this study.The
recommended conditions for the dilute acid catalyzed pretreatment of all the three-
studied biomass i.e.Moj, Bonbogoriand Arecanut huskwere: acid concentration (2.5%),
solid loading (1%) and time of operation (30min) respectively. Under these optimized
dilute acid pretreatmentconditions, the crystallinity of MojandBonbogorireduced from
64.14 % to 25.17% and 52.46% to 23.14% respectivelyand for Areca nut husk the degree
of reduction of crystalinity was 49.8%.Whereas ultrasound assisted lime pretreatment
removed 68%, 65%, and 64% of the lignin present in the native lignocellulosic fiber of
Bonbogori, Areca nut husk, and Moj respectively. Acid can penetrate the inner
lignocellulosic matrix and liberate monomers from the cellulosic and hemi-cellulosic
chains by breaking the 1-4 linkages, moreover, it also helps to swell the matrix which
indirectly reduces the crystallinity. Higher solid loading prevents acid to penetrate inside
the matrix as biomass components are hydrophobic in nature and agglomerates soon after
addition of water. Elongated operation time has harsh effect on biomass, the sugar
components starts forming furfural, hydroxy-methyl furfural and many other
components, which do not support to form amorphous biomass. The hot spot theory of
ultrasonication postulates the formation of micro-bubbles at the site of nucleation when
high frequency sound waves (50-60 KHz) were applied to the liquid. The bubbles
generate due to decrease of boiling point caused by negative pressure and the same
bubble collapses due to positive pressure created by the same wave. The positive pressure
forced the bubble to implode which leads to the formation of local hot spot with
temperature and pressure approximately 5000 K and 500 atm respectively.Therefore, it
generates a high pressure and temperature, which is required to break the polymeric
lignocellulosic biomass into smaller components. The results showed that ultrasound
assisted lime pretreatment process enhances the lime consumption irrespective of the type

of lignocellulosic biomass.
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Chapter IV

Saccharification of pretreated biomass

The conversion of lignocellulosic materials into biofuel involves hydrolysis of
cellulose and hemicellulose to fermentable sugars and the subsequent fermentation of
these sugars into biofuel. The hydrolysis process was carried out by cellulase enzymes
that break down structural carbohydrates into monomeric sugars such as glucose and
xylose. Lignocellulosic materials contain cellulose, hemicellulose and lignin that are
closely associated in a complex crystalline structure. As a result, the efficiency of the
hydrolysis is reduced due to limited accessibility of the enzymes to the substrate i.e.
cellulose. Therefore, the degree of saccharification process can be considered as a
yardstick to compare the different pretreatment process. The present study compared the
previously examined pretreatments techniques such as dilute sulfuric acid pretreatment,
lime (sole) and ultrasound assisted lime pretreatment process by the yield of sugar after
saccharification. The results revealed that both lime and ultrasound assisted
pretreatment process yields maximum amount of sugar than dilute acid pretreatment
process. Apart from the mere comparisons, the study also includes the optimized enzyme
loading with the biomasses to provide the sugar rich solution for simultaneous ethanol

and bio-hydrogen production.

4.1. Introduction

Cellulase enzymes are at present one of the leading industrial enzyme, because of
their wide applications in several industries such as textile, pulp and paper, agriculture,
laundry and food industry [1]. However, cellulases may become the largest volume
industrial enzyme, if ethanol from lignocellulosic biomass through enzymatic route
becomes a major transportation fuel. Efforts are being made to use biomass, in the form

of simple sugars. Unfortunately, most sugars in biomass are wrapped in long cellulose
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°
molecules that are effectively protected against chemical processing by tight packing.

Unlocking cellulose to provide renewable chemical feedstock can be achieved by
pretreatment process followed by enzymatic hydrolysis or saccharification. Cellulolytic
enzymes accomplish enzymatic hydrolysis of lignocellulosic biomasses [2].

Cellulases are inducible enzymes synthesized by large diversity of
microorganisms including both fungi and bacteria during their growth on cellulosic
materials and generally, they are unable to use protein or lipids as energy source. They
are present in 13 of the 82-glycoside hydrolase families identified by sequence analysis

[3].The lists of microorganisms producing cellulase are listed below in Table 4.1.

Table 4.1 List of cellulase producing microorganisms

Fungi Bacteria
Soft rot Brown rot White rot Aerobic Anaerobic

Aspergillus Coniophora Phanerochaete | Eubacterium Acetivibrio
niger, puteana; chrysosporium; | cellulosolvens; cellulolyticus;
Penicillium Lanzites Sporotrichum | Geobacillus sp.; Butyrivibrio
brasilianum | trabeum; thermophile; Microbispora bispora | fibrisolvens;
Chaetomium | Poria Trametes Clostridium
cellulyticum | placenta; versicolor thermocellum

Tyromyces

palustris

Among the different sources of cellulase, fungal cellulases are most popular [4].

Fungal cellulases typically have two separate domains: a catalytic domain (CD) and a
cellulose binding module (CBM), which is joined by a short polylinker region to the
catalytic domain at the N-terminal.A typical cellulolytic complex includes a variety of
hydrolytic and oxidative enzymes. Hydrolytic enzymes includes endoglucanase [1,4-3-D
hydrolase(CBH)[1,4-R-D-glucan-cellobiose-
hydrolaseEC3.21.91] and B-gulcosidase[1,4-}-d-glucosideglucohydrolase].

glucan  glucanohydrolase],  cellobio
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Cellulase enzyme, however, has been projected as a major cost contributor to the
lignocellulose-to-ethanol technology, it costs around 15-20 cents per gallon ethanol as
compared to only 2—4 cents per gallon ethanol for amylases used in the starch-to-ethanol
process [5]. The biotechnology based multinational companies; Genencor International
and Novozymes Biotech have reported the development of technology that has reduced
the cellulase cost for the cellulose-to-ethanol process. Both the companies has played a
significant role to reduce the cost of cellulase several folds by their active research and
are continuing to bring down the cost by adopting novel technologies. Recently,
Genencor has launched Accelerase®1500, a cellulase complex intended specifically for
lignocellulosic biomass processing industries. Accelerase®1500 is produced with a
genetically modified strain of T. reeseias stated in Genencoreinc. s bulletin. This enzyme
preparation is claimed to contain higher levels of B-glucosidase activity than all other
commercial cellulases available today, to ensure almost complete conversion of
cellobiose to glucose [6].1t has an optimal pH of 4.6-5.0 but it inactivates below 4.0 or
above pH 7.0. Usually 50 °C temperature is employed for hydrolysis by cellulases but
Accelerase®1500 works well in temperature ranging from 50 to 65 °C though at lower
ends of the temperature range, the effective lifetime of enzyme is higher. The enzyme
was reported well with hydrolysis of lignocellulosic biomass such as aspen,switch grass
[7], sweet sorghum, bagasse [8],corn stover [9],fiber sludge [10], sugarcane bagasse
[11].The present study was conducted by employing Accelerase®1500 for
saccharification and this enzyme was gifted from Genencore International, B.V.
(Netherlands) (Material Number A30173).

4.2. Mechanism of enzymatic hydrolysis

Cellulose is a linear condensation polymer consisting of D-anhydro
glucopyranose connected together by [-1,4-glycosidic bonds. The degree of
polymerization (DP) ranges between100 to 20,000 [12]. The cellulose molecule is very
stable, with a half-life of 5-8 million years for B-glucosidic bond cleavage at 25°C
[13].There are several enzymes, which are necessary for complete hydrolysis of biomass
such as cellulase, xylanase, ligninase, pectinase, etc., among them cellulase is the most

significant one as the principle component of biomass (>40%) is cellulose. Cellulase is a
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multi-enzyme complex of three different enzymes; exoglucanase, endoglucanase and 3 -
glucosidase (BGL) which acts synergistically for complete hydrolysis of cellulose. The

mechanism of cellulose hydrolysis is explained in details below (Fig.4.1).

| ,’ H‘:'J s _L HC I—L HO n_l—
- 7] Endoceltul /\!—( 0 H \ N
O 5 ( oC as
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Fig. 4.1. Mechanism of enzymatic hydrolysis of cellulase

The various steps are as follows,

1. Endoglucanases (1,4-p-d-glucan-4-glucanohydrolases, EC 3.2.1.4) decrease the degree
of polymerization of macromolecular cellulose by attacking accessible sites and breaking
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the linear cellulose chainand their activities are often measured on a soluble high DP

cellulose derivative, such as carbxymethyl cellulose.

2. Cellodextrinases (1, 4-p-d-glucanglucanohydrolases, EC 3.2.1.74) attack the chain
ends of the cellulose polymers, liberating glucose.

3. Cellobiohydrolases (1,4-B-d-glucancellobiohydrolases, EC 3.2.1.91) produce
cellobiose by attacking cellulose from chain ends ((Cel7A (cellobiohydrolase 1), acts
from the reducing ends, and Cel6A (cellobiohydrolase II) acts from the non-reducing

ends of the cellulose chains).

4. Finally, B-glucosidases (EC 3.2.1.21) hydrolyze soluble cellodextrins (1,4- B-d-

glucans) and cellobiose to glucose.

The breakdown of hemicellulose is facilitated by series of enzymes together,they
are called as hemicellulase. The fraction of hemicellulose is generally made of two types
of pentose sugars i.e. xylose and arabinose.

For breaking the polymer xylan

1. Endo xylanase [EC 3.2.1.8]: Hydrolyzes mainly interior -1,4-xylose linkages of the
xylan backbone.

2. Exoxylanase [EC 3.2.1.37] : Hydrolyzes the terminal B-1,4-xylose linkages releasing
xylobiose

3. P-xylosidases [EC 3.2.1.32] : It attacks on xylooligosaccharides and releases xylose from
xylobiose and short chain xylooligo-saccharides.

The other hemicellulase enzymes which are also known as accessory enzymesare listed in
Table 4.2.
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Table 4.2.Hemicellulase enzymes and their mode of action [14]
Enzyme Location of action Mode of Action
a-Arabinofuranosidase  o- L-arabinofuranosyl Hydrolyzes terminal
[EC 3.2.1.55] compounds attached to nonreducing

the xylan main chain

a-arabinofuranose from

arabinoxylans.

o-Glucuronidase
[EC 3.2.1.31]

a- 1,2-linked glucuronic
or 4-O-
methylglucuronic acid
substituents attached to

xylan main chain

Releases glucuronic acid

from glucuronoxylans.

Acetylxylan esterase
[EC 3.1.1.6]

O-Acetil groups attached
to the side ends of xylan

main chain

Hydrolyzes acetylester
bonds in acetyl xylans,

liberating acetic acid.

Ferulic acid esterase
[EC 3.1.1.1]

Feruloyl group on the
arabinofuranosyl side
chain attached to the

terminal non-reducing

xylose

Hydrolyze the ester
linkages between
arabinose side chain
residues and phenolic

acids (ferulic acid).

4.3. Materials and method

The cellulase enzyme (Accelerase 1500, Material Number A30173) used in this
study was kindly supplied by Genencore International, B.V (Netherlands). The carboxy-
methyl cellulose activity (CMC) and filter paper activity (FPU) of the enzyme was
determined according to the standard procedure recommended by the Commission on
Biotechnology of the International Union of Pure and Applied Chemistry (IUPAC) [15].
The cellobiase activity of the enzyme in cellobiase units (CBU) was assayed according to
the method described by Cibulaskaet al. (2010) [16].
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All the pretreated lignocellulosic biomass materials (dilute acid, lime and
ultrasound assisted lime pretreated biomass of Arecanut husk, Bonbogori and Moj) were
washed thoroughly and then used for the hydrolysis process. The pretreated
lignocellulosic biomass hydrolysis process was conducted at 50°C, 150 RPM for 96
hours (Fig. 4.2) at different enzyme loading (5, 10, 20 and 25 FPU gtof cellulose). The
pH of the medium was maintained at 4.6 by automatic addition of 3M solution of NaOH.
The samples were collected at different time intervals and centrifuged. The supernatant
was filtered through 0.2 um sterile filter and analyzed using HPLC (Repromer H+, 9um,
300x 7.8 mm; temperature 25 °C; eluant: 9 mM sulfuric acid; flow ImL min; pressure:

90 bar)for the estimation of sugars.

4.4. Results and discussion

The carboxy-methyl cellulose activity (CMC) of the enzyme was 2481 + 0.5 CMC U mL"
1 and filter paper activity (FPU) of the enzyme was estimated to be 45 + 0.2 FPU mL™.

The cellobiase activity of the enzyme in cellobiase units (CBU) was found to be 134 +

0.03 CBU mL™.
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The profile of saccharification is shown in Fig 4.2. The graph showed that the

equilibrium reached within 48 hours of operation and the maximum glucose
concentration was found to be 4.8% with Moj. After 48 hours of operation, the glucose
concentration in the saccharified broth became static. The possible reason for decrease in
cellulase activity after 48 hours is due to the generation of cellobiose as one of the
products from saccharification of cellulose present in the biomass, which is reported to
inhibit cellulase activity [17].
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Fig.4.3.Comparison of pretreatment methods (a) Areca nut husk, (b) Bonbogori and (c)
Moj.

88
TH-1199 SSASMAL



Saccharification of pretreated biomass

The saccharification experiment was carried out for 96 hours and the final sugar
concentration is reported in Figure 4.3.The maximum sugar concentration in the
saccharified broth was reached 4.6%, 6.89% and 6.83% for Arecanut husk, Bonbogori
and Moj respectively. The results also revealed that acid pretreated biomass samples were
less prone towards enzymatic hydrolysis than the lime or ultrasound assisted lime
pretreated biomass samples. The yield of sugar for using ultrasound-assisted biomass
improved 13.05% to 50.54% than dilute acid pretreated biomass. Ultrasound assisted
lime pretreatment removes the lignin, which facilitates the enzymatic hydrolysis, this
may be the possible reason for obtaining more sugar from ultrasound assisted lime

pretreated biomass samples.
4.5. Conclusions

During the study, it was observed that both ultrasound assisted lime pretreatment
and lime pretreatment yield almost similar amount of sugar irrespective of biomass than
acid pretreatment method. However, the yield of sugar was almost similar for both lime
and ultrasound assisted lime pretreatment process, but the ultrasound assisted lime
pretreatment process was much faster than the sole lime pretreatment process. The data of
sugar hydrolysis revealed that the sugar yield became constant with enzyme loading of 20
and 25 FPU g™of cellulose. It may be considered that 20FPU g of cellulose are
sufficient enough for saccharification of biomass. The saccharification efficiency for
ultrasound assisted lime pretreated biomass samples was highest and it was in the order
of Bonbogori (82.5%) followed by Moj (80.1%) and Arecanut husk (79.5%). Therefore,
it can be concluded that the ultrasound assisted lime pretreated biomass (Bonbogori) can
be used (as it gave saccharification efficiency) for the next step of biofuel production i.e.
fermentation process. 20 FPU g*cellulose recommended as the optimum enzyme loading

for enzymatic hydrolysis or saccharification process.
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Chapter V

Characterization of Wastewater Sludge

Wastewater Sludge can be described astwo-phase slurry consisting of water and
solids. Wastewater sludge are generally used for land filling or as fertilizer. However,
this material can be used as an excellent source of microorganisms. Several researchers
reported a good amount of ethanol and hydrogen production by using wastewater sludge
as a seed material from several cellulosic or lignocellulosic substrates. Therefore,the
constituents of sludge materials should be properly characterized for the further
downstream processing i.e. pretreatment of sludge followed by immobilization.In
thisstudy,wastewater sludge was collected from the wastewater treatment plant of 11T
Guwahati and analyzed for the several physical and chemical characteristics like
proximate and ultimate analysis, thermo-gravimetric analysis, FTIR analysis etc.

5.1. Introduction

Sludge production is an unavoidable problem arising from the wastewater
treatment plant. The sludge remained after municipal wastewater treatment contains
considerable amounts of various contaminants and if the sludge is not properly handled
and disposed to the environment, it may produce extensive health hazards. On the other

hand, this sludge has benefits for plants and soils if it is utilized as fertilizer.

Wastewater treatment plant produces large amount of sludge as a result of various
wastewater treatment methods such as flocculation, filtrationand coagulation. The general
practice is to usethis sludge for land filling but wastewater sludge is a novel, compact
consortium of self-immobilized bacteria that characteristically contains higher biomass
concentrations. Other main advantages of sludge for using as a source of seed material

for fermentation process are high biomass retention time in the reactor, good settling
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properties and the capacity to withstand high organic loading rate[1].The feasibility of
anaerobic mixed cultures to enhance ethanol and hydrogen production from non-sterile
organic substrates i.e. wastewater sludge has been studied thoroughly by several
researchers [2, 3].Wastewater sludge is a potential seed for biohydrogen and ethanol
production [4]. The yield of hydrogen and ethanol using wastewater sludge as seed

material varies between 1.7 mole Homole? glucose to 2.0 mole Hz2 mole*glucose [5, 6].

In this study, effort has been made to demonstrate the possibility of utilizing
immobilized sewage sludge for simultaneous ethanol and hydrogen production in a
bioreactor, which sought to investigate the characteristics of wastewater
sludge.Conventional characterization parameters of wastewater sludge can be grouped
asphysical, chemical and biological parameters. Physical parameters give general
information on sludge processability.Chemical parameters are relevant to the presence of
nutrients and toxic or hazardousmaterials. Biological parameters give information on
microbial activity, organic mattersand presence of pathogens, which allows determining
the degree of safety of use. The findings obtained from this study are expected to provide
valuable information for the development of optimal immobilized-cell systems for
simultaneous production of bio-hydrogen and ethanol in the bioreactors.

5.2 Materials and Method

5.2.1Wastewater sludge

Wastewater sludge sample was collected from HT Guwahati wastewater treatment
plant at Guwahati. The sampling was conducted three times at a regular interval from the
same batch to make a composite sample. The wastewater sludge sample used in this work
was first dried at room temperature and then separated from non desirable physical
impurities, such as small fraction of leafs and plastic materials etc. The sample was then
dried at 36 °C for seven days and ground to pass through 1mm sieve, the powdered

samples was then stored in air tight plastic bags until use. The composition of the
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wastewater sludge sample used in this study was assessed on air-dried basis using

proximate and ultimate analysis tests according to the methods described below.

5.2.2 Sedimentation
Settleability of sludge may be measured as sludge volume (SV) in a 1000 mL
measuring cylinder (height of 36 cm) after 30 minutes sedimentation and is expressed for

a known initial sludge concentration as sludge volume index (SV1).

5.2.3Proximate analysis

Total C and N of dry sludge were measured with an elemental analyzer (CHNS-
mod. EA 1110, Carlo Erba, Italy). The percentage of C in the sample was calculated
using acetanilide as a certified standard containing 71.09% of carbon.

5.2.4 Total Solids

The total solids concentration of sample can be obtained directly by weighing the
sample before and after drying at 103°C. The pH, temperature, specific gravity were
measured off-line after taking samples from wastewater treatment plant according to the
protocol of American Public Health Association(APHA) [7]. The procedure is described
below.

Three evaporating dishes for each samplewereprepared by cleaning and ignition at
500°C for one hour in a muffle furnace.The samples were then transferred to the prepared
dish and the weight (weight of wet sample plus dish)was measuredin a drying (hot) oven.
Volume of sample was chosen in such a way that the yield of residue lie between 2.5 mg
and 200 mg. If necessary, successive sample portions to the same dish were added.
During evaporation in a drying oven, the temperature was lowered to approximately 98°C
to prevent splattering. After this step the evaporated sample was dried for at least one
hour at 103 to 105°Cand theweight of the dish in the desiccator was noted (weight of dry
solids). The cycle of drying at 103 to 105°C, followed by cooling, desiccating, and
weighing was continued until a constant weight is obtained, or until weight less than 4%

of previous weight was obtained.
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Calculation:

x100
-C (5.1)

Total solids, % by weight = Q

where:
A = weight of dried residue plus dish, mg
B = weight of wet residue plus dish, mg and

C = weight of dish, mg

5.2.5Volatile and Fixed Solids

After the total solids analysis was completed, the sample in a dish was kept for 20
minutes at 500°C in a muffle furnace and then cooledin a desiccator. During coolingthe
top cover of the desiccator was opened for about two minutes to let off the hot gases. The
desiccator was covered for complete cooling. When the temperature of the dish reached

room temperature, the weight of the cooled dish was noted.

Calculation:

x100
A-C (5.2)

Volatile solids, as % total solids =

x100

Fixed solids, as % total solids
A-C (5.3)

where:

A = weight of residue plus dish before burning, mg
B = weight of residue plus dish after burning, mg
C = weight of dish, mg

5.2.6 Total Nitrogen

The total nitrogen in wastewater sludge is variable and may range from values
between<0.1 to 18% [8]. The estimation of the amount of total nitrogen in the wastewater

sludge was determined by Kjeldahl method. Total nitrogen is the combination of Total
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kjeldahl nitrogen (TKN) and nitrate nitrogen in the sample. In the presence of sulfuric
acid,potassium sulfate and cupric sulfate (catalysts), the nitrogen of organic matter as
well as free ammonia is converted to ammonium sulfate on digestion at 360°C —410°C.
An excess of alkali is then added to liberate ammonia and distilled. The liberated
ammonia is then absorbed in boric acid solution (mixed with indicator) and TKN is

determined by titration with standard sulfuric acid or hydrochloric acid.

Calculation:
(A-B)xNx14 <10
Wi (5.4)

TKN =

where

A= Standard H2SO4 (mL) used for sample
B = Standard H2SO4 (mL) used for blank
N= Normality of standard H2SO4

W1t = Weight of the sample ()

5.2.7Total Phosphorous

Phosphorous is an essential nutrient used by organisms for growth. Phosphates are
classified as orthophosphates, polyphosphates and organic phosphates. Phosphorus exists
in several distinct forms in wastewater samples, in this procedure orthophosphates can be
determined directly by colorimetric analysis. Other types require a digestion step to
convert the “combined” phosphate to ortho form for analysis. This gives the amount of
total phosphorus content.

Approx 50mL of sample was diluted to 1:1 ratio with distilled water. The diluted
sample was then mixed with and 0.1mL phenolphthalein indicator, 1 mL of sulfuric acid
solution and 0.4 g of ammonium persulfate. After vigorous mixing, the solution was
boiled for 30 to 40 minutesfor digestion followed by coolingand neutralizationby 1(N)
sodium hydroxide and made up the volume to 50 mL with distilled water. The digested

sample was then analyzed for total phosphate by measuring absorbance at 880 nm using a
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reagent blank to zero the spectrophotometer. The value of total phosphate present in the
sample was calculated using Eqg. 5.5.
Calculation:

AxV

Total phosphate (mg/L) = ——
prosp (mg/L) 1000 x Wt (5.5)
A= Conc. of phosphorous (mg/L) obtained from the calibration curve

Wit= Weight of the sample taken for digestion

V= Total volume of the digested solution

5.2.8Nutrient and Trace elements

Wastewater sludge is a byproduct of the wastewater treatment process and is
enriched with metals, such as Cr, Cd, Cu, Ni, Se and Zn [9].Greater the amount of trace
elements present in the sludge, less is the requirement of fortifying salts with it to support
the growth of microorganisms.

The standard solutions of metals were prepared and calibrated using the Atomic
Absorption Spectroscopy (AAS), to analyze the trace elements and other nutrients e.g.
calcium, potassium and sodium present in the sludge sample. Approx 0.2 g of grounded
sludge sample was digested in a digestion tube by addition of 10 mL of mixed acid
solution (perchloric acid+ sulfuric acid; 1:5) for 30 to 40 minutes. The digested sample

was filtered and analyzed for AAS using flame photometry.
5.2.9 Biological Oxygen Demand (BOD)

Organic matters are usually quantified as BOD (Biochemical Oxygen
Demand).The Biological oxygen demand (BOD) test measures the dissolved oxygen
consumed by microorganisms while assimilating and oxidizing the organic matter under
aerobic conditions. The BOD values indicate the amount of biodegradable organic
material (carbonaceous demand) and the oxygen used to oxidise inorganic material such
as sulphides and ferrous iron. It may also measure the oxygen used to oxidise reduced
forms of nitrogen (nitrogenous demand) unless their oxidation is prevented by an

inhibitor [10].The BOD value, usually expressed in milligrams of oxygen consumed per
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liter of sample during five days of incubation at 20 °C, is most commonly used as a
robust surrogate of the degree of organic pollution of water.

There are two recognized methods for the measurement of BOD, i.e., the dilution
method and the manometric respirometric method. In the dilution method, the BOD test
is carried out by diluting the sample with oxygen-saturated water and inoculating it with a
fixed aliquot of “seed”; i.e., a small amount of micro-organisms that is typically
generated by diluting a known concentration of microorganisms with buffered water. The
sample is measured for dissolved oxygen (DO) and then sealed to prevent the entrance of
any additional oxygen. The sample is kept at 20 °C in the dark (to prevent photosynthesis
and, thereby, the addition of oxygen) for five days, after which the dissolved oxygen is
measured again. The difference between the initial and final DOs is the BOD. The DO
measurement in these samples is usually based on a manual iodometric titration, a
procedure that is complicated and time-consuming.

In the manometric respirometric method, the tested sample is kept in a sealed
container fitted with a pressure sensor. A substance (typically lithium hydroxide) that
absorbs carbon dioxide (COy) is introduced in the container above the sample level
before incubation. The sample is maintained in the dark for five days at 20 °C. The total
amount of gas, and thus the pressure, decreases because the carbon dioxide released in
microbial respiration is absorbed. The sensor electronics use the measured drop in
pressure to compute and display the quantity of oxygen consumed. This method not only
is simpler than the dilution method (i.e., no dilution of sample, no blank sample, and no
titration required), but it can also be used performing shorter-term (less than 5 days) BOD
testing.

Approx 20+0.5 g sludge sample was poured in a conical flask and 200 mL distilled
water added into it followed by incubation for 2 h at 20°C. After completion of
incubation period, the sample was centrifuged and the supernatant of the sample
wascollected and analyzed for BOD test using digital DO probe. The BOD value was
calculated using Eq. 5.6.
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Calculation:

BOD (mg/ml)= 222

P (5.6)
Where,

D1 =DO of diluted sample immediately after preparation, mgL™

D, = DO of diluted sample after incubation at 20°C, mg L*

P= Sample volume diluted to 300 mL
5.2.10 Chemical Oxygen Demand (COD)

Chemical oxygen demand (COD) is an important parameter widely used to
estimate the organic content of wastewater. The BOD analysis measures the amount of
biodegradable organic compounds in terms of the equivalent oxygen concentration
required for their decomposition. As COD determination (24 h) is simpler and faster
than BOD (5 days), it is the preferred method for estimating the overall amount of the
organic matters in wastewater.

The standard COD determination method requires a reflux process in acidic
potassium dichromate solution at high temperature (148 °C). Typically, nearly all organic
compounds can be fully oxidized to carbon dioxide with this method. The value of COD
indicates the oxygen equivalent of the organic content that can be oxidised by potassium
dichromate (K2Cr.0Oy7) using silver sulfate (Ag2SOa) as a catalyst under acidic conditions
(H2SOg4). The standard method (APHA, 1999) is well established and is used by the
majority of researchers. A brief description of the process is stated below [11].

Approx 20+0.5 g sludge sample was poured in a conical flask and 200 mLdistilled
water was added into it. The whole solution was kept in a shaking incubator for 2 h at
room temperature followed by centrifugation at 6500 rpm for 10 min and the supernatant
was collected. 1.5 mL of K>Cr,07 + 2.5 mL of sample (supernatant) +3.5 mL of sulfuric
acid reagents were added to a COD vial and themixture was digested for 2 h in a digester
at 150°C. The digested sample was then titrated against a standard FAS solution
[Solution C: 0.12 mol L™* (NH4)2Fe(SO4)2-6H-0; 0.360 mol L™ H2SO4]. Asharp change
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°
of the colour of the sample from bluish green to wine red signified the end of titration. A
reagent blank simultaneously refluxed with the sample under identical conditions. The
value of COD was calculated by using Eq. 5.7 as stated below.

Calculation
-V
COD (mg /ml) = M><8000M
Vo (5.7)
Where

V1= volume of (NH4)2Fe(SO4).:6H2O requiredfor titration against the blank, in mL
V> = volume required for titration against the sample, in mL

M= Molarity of (NHs)2Fe(SOa)2-6H.0

Vo = volume of sample taken for testing in mL

5.2.11Thermal analyses

The thermo-gravimetric analysis (TGA) is one of the techniques used to study the
primary reactions in the decomposition of solids since the heating rate is low and the
cracking of primary products is negligible. The interpretation of the experimental data
can provide information on the composition of the material, order of reaction, number of
different processes that take place in the reaction. Thermogravimetric (TGA) analyses
were carried out using a METTLER TOLEDO, Switzerland (Model no TGA 851e/
LF/1100), details on these procedures are described by Montecchio etal. (2006) [12]. In
each test, one kg of wastewater sludge was pretreated. The sample was heated to 105 °C
for 24 h and then kept indesiccators for further use. Sample of around 5 mg was used for
each analysis. All the experiments were repeated three times to evaluate their
reproducibility. The heating rate was maintained throughout the experiment
(20 °C min™1) with nitrogen flow rate 40 mL min™. Pure nitrogen was used as inert gas to
prevent the presence of air. A constant flow rate of 100 mL min*nitrogen was used. The
nitrogen flowrate preventsthe volatile products to remain close to the devolatilizing

particles in the crucible, thus ensuring an inert atmosphere during the runs.
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5.2.12 Microbiological analysis

The objectives of this study were to investigate the presence of active microbes in
the sludge. In order to obtain a microbial count in the sludge, 0.1 g of wet sludge was
weighed under sterile conditions and then suspended in 1.0 mL of deionized water. The
samples were then mixed by vortexing for five minutes. 10 uL of the suspension samples
were diluted into 50 mLdeionized water and shaken by hand for approximately two
minutes. 100 puL of the diluted samples were spread onto different types of agar plates
and incubated at 30 °C for two days. The details of each culture plate are illustrated
herewith. Plate count agar (PCA) was designed for detection of bacteria, potato dextran
agar (PDA) was used for cultivation of fungi possibly present in the sludge, malt extract
agar (MEA) was used mainly for cultivation of potential yeasts grown in the sludge, and
anaerobic agar (AA) was designated for observation of microorganisms that could grow
under anaerobic conditions. PCA contained pancreatic digest of casein, yeast extract,
dextrose, and agar; PDA contained potato starch, dextrose, and agar; MEA contained
maltose, dextrose, glycerol, peptone, and agar; and AA contained agar with casein
peptone, sodium chloride, dextrose, sodium thioglycollate, soy peptone, L-cystine, agar,

sodium sulfoxyl formaldehyde, and methylene blue.

5.2.13 FTIR analysis

For spectroscopic investigations, the dried sludge material (fraction <0.55 mm)
was mixed with FTIR grade KBr (1:100). The measurements were carried out in the
mid-infrared range from 4000 cm* to 400 cm™ with a FTIR spectrometer (Szimazdu IR
Affinity 1). The reproducibility of the spectra of all the samples was verified on two
sample preparations; from 64 to 100 scans with a resolution of 4 cm™. Baseline and
other necessary corrections forpenetration depth and frequency variations were applied

using Shimadzu IR solution 1.5 software supplied with the equipment.
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5.3 Results and discussion

Water in sludge appears to exist in four forms[13].Free water: water that is not
attached to sludge solids and that can be separated by simple gravitational settling and it
was found to be 78% of the total volume. The sludge volume index (SVI1)value was found
to be 90, which shows that the sludge was well settled. Interstitial water: water that is
trapped within the floc structure and travels with the floc or perhaps water trapped within
a cell. This water can be released when the floc is broken up or the cell is destroyed.
Some interstitial water might be removed by mechanical dewatering devices such as
centrifuges. It was found to be around 20% of the total volume. Vicinal water: water that
is associated with solid particles. This water is held on particle surfaces by virtue of the
molecular structure of the water molecules and cannot be removed by centrifugation or
other mechanical means. Vicinal water will not be free and it will exist as long as there is
a surface. It was found to be about 1.5% of the total volume. Water of hydration: water
that is chemically bound to the particle and can be released only by thermo-chemical
destruction of the particles. It was found to be about 3% of the total volume.The specific
gravity of the wastewater sludge was determined as 1.04 and the total solid concentration
was 17.8%. Among this total solid the fixed carbon ash and other elements are also
determined quantitatively (Table5.1). The volatile solids, and fixed solids as total solid
(%)were found to be 53.21 % and 46.79% respectively. Sewage sludge contains
considerable amounts of nitrogen and phosphorus, which can replace the need of
nutrients for proliferation of microorganisms. Nutrient content of sludge has been found
to varyconsiderably and is one of the sludge properties that have to be taken into
consideration [14]. The quantity of nutrients in sewage sludge varies considerably butin
general, average values of total Nand P are 3.8%and 2.2%,respectively on a dry matter
basis [15].A range of trace elements present in the sludge were also quantified and shown
in Table 5.2.BOD values indicate the amount of biochemically degradable organic
material (carbonaceous demand) and the oxygen used to oxidize inorganic material such
as sulphides and ferrous iron. It can also be a measure of the oxygen used to oxidise
reduced forms of nitrogen (nitrogenous demand), unless their oxidation is prevented by

an inhibitor.Chemical oxidation test (COD) reflects the sum of the chemically oxidisable
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organic and inorganic compounds in the samples.An ideal biodegradability index is a
BOD: COD ratio close to 1.0 [16]. Therefore, a bacterial seed that gives a ratio close to
this value can be considered as efficient for degrading the particular system. In this case
the value was found to be 0.46 and is well within the limit of biodegradability index. The
values of BOD and COD of the present studied waste water sludge sample were
illustrated in Table 5.1.

Table 5.1.Important parameters of raw wastewater sludge

Parameters Value | Parameters | Value | Parameter Value Parameter | Value*
Moisture
Temperature 22 (%) 82.2 K 0.45 C 32.3
pH 6.48 Ash (%) 39.4 Na 0.68 H 4.01
Total Nitrogen Fixed
(%TS) 15 Carbon (%) & Ca 4.4 N 4.2
Total Volatile
Phosphorous 2.3 Matter (%) 50.2 S 0.04
(%TS) . Mg 0.54
o Particle <100
BOD(mgL7) "} 234 size um Ba 0.04 Al 1.2
. Specific
1
COD (mg L) 501 Gravity 1.02 Fe 15 OcaL 50.64

*Mean concentration (%TS)

Table 5.2. Metal concentration present in wastewater sludge

Metals A N C C Se Pb
S i r d
Concentrati 2. 6 7 2. 6. 84
on (mg kg™) 05 5 9 06 00 2
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5.3.1. Thermogravimetric analysis

Thermogravimetric analysis provides a prior knowledge of initial and final
temperatures for thermal degradation of sludge. The results of TGA/DTG are shown in
Fig. 5.1.The most abundant release of volatile matter was observed in the temperature
range 200400 °C. Another peak was observed in DTG curveat temperature range of
635-665°C. The first peak might be due to decomposition and devolatilization of less
complex organic structures. The second peak was caused by decomposition of more
complex organic structures. The height of both the peak suggested that the amount of

complex organic materials present in the sample were less than the less complex organic

materials.
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Fig. 5.1. Thermogravimetric analysis (weight loss and material degradation rate with

respect to temperature) of wastewater sludge

5.3.2. Characterization of the sludge by FTIR

The chemical data provide information about individual compounds;FTIR
spectral shapes of the wastewater sludge material describe the chemistry of the system in

a general way. Band identification is based on the literature data. The most important
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bands found in the spectra of waste materials and their usual behaviors are described
below.The region between 1150 and 950 cm™, with an intense band around 1117 cm™
attributed to OH vibration of mineral compounds present in the sludge, but hydrocarbon
and silicate compounds also absorb in this region as reported by Francioso et al.
(2010)[17].

The stretching vibration of bonded and non-bonded hydroxyl groups and water
causes the broad band at about 3400 cm™ in each waste material. OH-bonding vibrations
from water (1635 cm™), which is absorbed by functional groups in organic matter like
lignocelluloses and inorganic constituents, can overlap vibrations from some functional
groups [18].There is an absorption band related to the stretching of the N-H bond of
organic compounds in this first region of thespectra, at 3428 cm *similar kind of results
was reported by Nanny et al. (2002) [19]. Other absorption bands in the region from 3000
to 2800 cm™* are attributed to the presence of hydrocarbon chains and bands in 2932 cm™
is attributed to the asymmetrical stretching of C—H bonds from mehyl and methylene

groups respectively similar kind of results was observed by Silvaet al. (2012) [20].

70
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Fig5.2. FTIR analysis of wastewater sludge
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5.3.3Microbiological analysis

Large numbers of bacterial colonies grew on each type of agar plates. However,
few fungi or yeast colonies were observed on the plates (PDA and MEA). Thus, bacteria
were the dominant microorganisms in the sludge. The results of quantitative analysis by
cellcount. The bacteria also grew well in both anaerobic and aerobic conditions without a
significant difference. The Microbial cell number per gram of wet sludge was 6.14 x10’
and 2.68 x108 foranaerobic (AA) and aerorobic condition (PDA) respectively.

5.4. Conclusion

In the present study, the chemical and physical features of wastewater sludge
indicates that the sludge contains good amount of nitrogen (1.5% of TS), phosphorous
(2.3% of TS) and other essential trace elements. These elements along with nitrogen and
phosphorous facilitate microbial growth and reduce the need for addition of
supplementary nutrient elements in the fermentation medium. Therefore, the results
ensure the usability of sludge as a seed material for simultaneous ethanol and hydrogen
production.The number of bacteria in the sludge was counted around 108 per gram of wet
sludge. Bacteria in the sludge could be grown in both anaerobic and aerobic conditions in

the culture media.
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Chapter VI
Simultaneous Ethanol and Hydrogen
Production through Fermentation

Fermentation is the ultimate step of biofuel production. Cellulosic ethanol is one
of the most promising technological options available to reduce transportation sector
greenhouse gas emissions. Bio-ethanol produced from plant starch and simple sugars has
been the most successful biofuel to date. This study utilized the fermentable sugars
produced from lignocellulosic biomass materials after saccharification of ultrasound-
assisted lime pretreatment followed by fermentation using wastewater sludge as a source
of microorganisms to produce bioethanol and biohydrogen. The study includes
optimization of fermentation process using Taguchi methodology. Four important
parameters such as type of reactors, temperature and pH of operation and organic
loading rate were considered for optimization process. The optimum yield of both ethanol

and biohydrogen were found to be 0.21 mol, and 30.8+ 0.5-mmol respectively.

6.1 Introduction and literature review

The word fermentation is derived from a latin verb “fevere” which means to boil.
However, events of boiling come into existence from the fact that during alcoholic
fermentation, the bubbles of gas disintegrate at the surface of a boiling liquid and give the
warty appearance. The fermentation process can be described as processes in which
cellular energy is generated from the breakdown of nutrient molecules where there is no
net change in the oxidation state of the products as compared with that of the reactants
[1]. This definition of fermentation had the little meaning until the metabolic processes
were known. Almost in all organisms, the metabolic pathways generating energy are
fundamentally similar. The oxidation reaction for generating ATP may be accomplished

in the presence of oxygen (in aerobes) or in absence of oxygen (in anaerobes). Thus in
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aerobic microorganism the process of ATP generation is referred to as cellular
respiration, whereas in anaerobes or aerobes functioning under anaerobic condition is

known as anaerobic respiration or fermentation.

Although fermentation (e.g. brewing and wine production) was done for many
hundred years but it was L. Pasteur who observed microorganisms associated with
fermentations. In 1815, Gay Lussac formulated the conversion of glucose to ethanol.
After 1940, rapid development took place in the production large industrial solvent
fermentation and distillation plant. Biological route is an alternative way to produce
biofuels. Due to rising environmental concerns and to the periodic crises in some of the
larger oil exporting countries, biofuels become a viable and realistic alternative in the
energy market. Production of ethanol and other biofuels from cellulosic biomass is a
major focus, with additional biotechnological paths to producing energy also receiving
attention [2]. All lignocellulosic biomass are biodegradable and, to varying degrees, may
be converted biologically in anaerobic digestion processes to several biofuels such as

ethanol, hydrogen.

Valuable and interesting works have been published on the theme of fuel ethanol
and biohydrogen production especially from lignocellulosic biomass. To produce biofuels
from starch it is necessary to breakdown the chains of this carbohydrate for obtaining
glucose syrup, which can be converted into ethanol by yeasts. This type of feedstock is
the most utilized for ethanol production in North America and Europe. Corn and wheat
are mainly employed with these purposes [3]. In tropical countries, other starchy crops as
tubers (e.g. cassava) can be used for commercial production of fuel ethanol. Gnansounou
et al. (2005), have examined the possibility of producing fuel ethanol from the juice of
sweet sorghum in the conditions of North China [4]. However, the analysis of integration
features of the overall process for fuel ethanol production from different feedstocks along
with bio-hydrogen production has not been the main objective of those reports.
Therefore, the objective of this work is to production of both bio-ethanol and bio-
hydrogen simultaneously and explores integration as an important avenue for process

improvement in the production of this liquid biofuel.
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6.1.1 Bio-ethanol

Alcohol based fuels have been important energy sources since the 1800s. It has
been used as fuels in three main ways: as a fuel for combustion engine, as a fuel additive
to achieve octane boosting effects, and as a fuel for direct conversion of chemical energy
into electrical energy in a fuel cell. The ideal biofuel needs to be produced from nonfood
feed stocks, to be readily avail-able throughout the year, to serve as a drop-in replacement
into existing infrastructure, and to be as energy dense as gasoline (petrol) or diesel. The
production of bioethanol from different feedstock in different countries is tabulated in
Table 6.1.

Table 6.1. Feedstock for bioethanol production in different countries

Feed
stock Country Reference
Sweet .
sorghum China [5]
Sugar
beet Germany [6]
Sugarcane Brazil [7]
Corn USA [8]

Ethanol as well as hydrogen is widely recognized as a green fuel for substitution
or partial substitution of petroleum based fuels such as gasoline [9]. Bio-ethanol is ethyl
alcohol, grain alcohol, or chemically C:HsOH or EtOH. Fermentation of sugars gives
ethanol, CO; and heat. One mole of glucose yields two moles of C2HsOH and two moles
of COz. One kg of glucose will theoretically produce 0.51 kg of ethanol and 0.49 kg of
CO2 [10]. The production of bio-ethanol from biomass is widely studied process. The
fermentative routes has advantages than other chemical routes for production of ethanol
such as the process is non-hazardous, less energy intensive and capable of ferment wide
spectrum of lignocellulosic materials as a substrate for fermentation [11]. The baker’s
yeast (Saccharomyces cerevisae) is known for the production of bio-ethanol and it was
proved to be more robust than bacteria and other yeasts with respect to both the tolerance

to ethanol and inhibitors present in hydrolysates. However, due to its metabolic
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limitations, it cannot produce hydrogen [12]. The yeast (S. cerevisiae) has shown crucial
limitations in relation to the pentose fermentation. This is due to the following reasons,
(1) inability of S. cerevisiae to utilize pentose [13], (2) low levels of expression of the
xylose-fermenting genes that codify for xylose reductase (XR), xylitol dehydrogenase
(XDH) and xylulose kinase (XK) [14], (3) low expression of XK limits the rate of the
xylose fermentation and (4) imbalance of the redox cofactors (NAD*/NADH and
NADP*/NADPH ratios) that reduces rates and ethanol yield from pentose [15].

6.1.2 Bio-hydrogen

The term bio-hydrogen derives from the latin words 'hydrogenium’, from Ancient
Greek translated as hydro: which means "water" and genes means “born of” or
“forming". The concept of bio-hydrogen production is based on the exploitation of
bacteria to produce hydrogen as a by-product during the growth of biomass and the
majority of the biologically produced hydrogen in the biosphere is derived from
microbial fermentation processes [16].

It is well known that carbohydrates are the main source of hydrogen during
fermentative processes and therefore wastes/wastewater or agricultural residues rich in
carbohydrates can be considered as potential sources for hydrogen production [17].
Glucose and sucrose are the fermentation substrates mostly studied in the laboratory [18-
19].

The hydrogen yield varies proportionally to the final metabolic products.
Production of acetic and butyric acids favors production of hydrogen with the
fermentation to acetic acid giving the highest theoretical yield of 4 mol Hz/mol hexose,
while low H: yields are associated with more reduced end products, i.e. propionic and
lactic acids and ethanol [20]. However, mixed acid fermentation producing butyrate in
excess of acetate occurs upon biological degradation of glucose by clostridia-type
microflora [21-23].

There are five possible routes exists for the production of microbial hydrogen viz.
photolysis, photo fermentation, dark fermentation, water gas shift reaction and microbial

fuel cells.
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6.1.2.1 Photolysis

In this reaction, hydrogen is produced from water using light as a source of
energy (direct photolysis (Eq. 6.1) or via production of glucose (indirect photolysis; Eq.
6.2 and Eq. 6.3) by green algae or cynobacteria.

Direct photolysis

LIGHT ENERGY
2H,0 2H, + O, 6.1)

Indirect photolysis

6H,0 +6CO, —S"TEEEEL_,C H,,0, +90,
(6.2)
CoH,,0, +6H,0——12H, +6CO, (6.3)
Advantages

1. Has the ability to fix N2 from atmosphere so there is no need to supplement the nitrogen
rich foods to the organisms
2. Can produce Hz directly from water and sunlight

Disadvantages

1. Requires high intensity of light
2. Low photochemical efficiency

6.1.2.2 Photo fermentation

Purple photosynthetic microbes are able to produce hydrogen from organic
substrates through photo-fermentation route. This pathway is one of the promising routes
of biohydrogen production, due to its higher rate of hydrogen production [24]. Hydrogen

production by purple non sulfur bacteria was predominating in this process. Presence of
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nitrogenase enzyme in purple non sulfur bacteria helps to reduce substrates under

oxygen-deficient conditions (Eqg. 6.4).
C,H,,0, +6H,0——12H, +6CO, (6.4)

Advantages

1. The process can be versatile in terms of types of feed to the microbes [25]
2. They can utilize organic acids produced by dark fermentative microbes as the substrate

for photo fermentation
Disadvantages

1. Low volumetric rates of production

2. Low photosynthetic conversion efficiencies
6.1.2.3 Dark fermentation

Dark fermentation process is the fermentative conversion of organic substrate to
biohydrogen. This process uses primarily anaerobic bacteria, although some algae are
also used. The microorganisms grow on carbohydrate rich substrates as the name
indicates, in the dark and produces hydrogen along with different metabolic products.
The pathways are dependent on the type of bacteria used [26]. Standard fermentative
pathway theoretically gives maximum four moles of hydrogen per one mole of glucose
(Eq. 6.5) [27].

C,H,,0, +2H,0—>2CH,COOH + 4H, + 2CO, (65)

Advantages

1. It produces valuable metabolites along with hydrogen such as butyric, lactic and acetic
acids as by products

2. ltis anaerobic process, so there is no O limitation problem
Disadvantages

1. Relatively lower achievable yield of H>
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2. As yield, increases H. fermentation becomes thermodynamically unfavorable
6.1.2.4 Water gas shift reaction

Few photo heterotrophic bacteria in the family Rhodospirllacae can grow in dark
environment. These microorganisms need only CO and water for their survival. It was
reported that CO supports both cell growth and ATP synthesis, in dark and same ATP can
be used as a catalyst for water gas shift reaction. Since it occurs at low temperature and
pressure, water gas shift reaction favor a high conversion of CO to CO; and H: (Eq. 6.6)
[28]. Organisms which grow and produce hydrogen are both the gram-negative bacteria,
such as R. rubrum and Rubrivax gelatinosus, and the gram-positive bacteria, such as

Carboxydothermus hydrogenoformans.

cO +H20—) H2 +C02 (6 6)

Advantages

1. Compared with thermo-chemical water gas shift processes, the cost of biological water
gas shift processes are lower due to the elimination of reformer and associated equipment
2. Few microorganisms can convert 100% Carbon monoxide to non stoichiometric

amounts of Hydrogen [29]
Disadvantages

1. The common objectives of these works were to identify suitable microorganisms that had
high CO uptake and to estimate the hydrogen production rate

2. The reaction rate is slower than thermo-chemical process

6.1.2.5 Microbial fuel cells

A microbial fuel cell is an electrochemical device which converts the chemical
energy of fuel to electrical energy by the catalytic actions of microorganisms [30]. Many
microorganisms such as Actinobacillus succinogenes, Clostridium beijerinckii,

Alcaligenes faecalis, Enterococcus gallinarum, Pseudomonas aeruginosa etc. possess the
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ability to transfer the electrons derived from the metabolism of organic matters to the
anode. Various microbial or biochemical fuel cells have been developed using
Desulfovibrio desulfuricans, Proteous vulgaris, Escherichia coli, Pseudomonas species

and redox enzymes as biocatalysts [31].

Biotechnology-based MFC approaches hold great promise as methods for
renewable energy production [32]. Under normal operating conditions, protons released
by the anodic reaction migrate to the cathode to combine with oxygen to form water.
Hydrogen generation from the protons and the electrons produced by the metabolism of
microbes in an MFC is thermodynamically unfavorable. Researchers applied an external
potential to increase the cathode potential in a MFC circuit to overcome the
thermodynamic barrier. In this mode, protons and electrons produced by the anodic
reaction are combined at the cathode to form hydrogen. The required external potential
for an MFC is theoretically 110 mV, much lower than the 1210 mV required for direct
electrolysis of water at neutral pH because some energy comes from the biomass
oxidation process in the anodic chamber. MFCs can potentially produce more than 8-9
mol H, mol™? glucose (Eq.6.7) compared to typical 4-mol Hz, mol™ glucose achieved in

conventional fermentation [33].

C.H,,0, +6H,0 —EECTRICENEREY 194, +6CO, 6.7)

Advantages

1. Can be operated at ambient conditions
2. High conversion efficiency

Disadvantages
1. Costly to operate
2. Sensitive to breakdown and decay
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6.1.3 Simultaneous ethanol and hydrogen production

The fermentative routs of hydrogen and ethanol production are possible through
either butyric acid type fermentation or ethanol type fermentation [34]. Many
researchers’ supports for butyric acid type fermentation process for hydrogen production
as it yields more hydrogen but it lacks the stability of NADH* and H* accumulation
during fermentation, whereas ethanol type fermentation process yield neutral products
such as ethanol which reduces the acidic products, generated during fermentation process
and leads to acidic fermentation process smoothly [35]. The summary of possible
equation along with change in Gibbs free energy (AG) for simultaneous ethanol and

hydrogen production is illustrated in Eq.6.8.

C6H1206 + 3H20 — CZHSOH + CH3COO_+ 2HCO3' +2H2+ 3H* (6 8)

AG, =-97 kI mol™

The stoichiometry of the equation describes that it can produce two mol of hydrogen and

one mol of ethanol from one mole of glucose.

CeH 1204
Glucose 2 Fd
Propionic 2ADP [ —» 2NADH — [Hzase J—’ 2H;
s R R
2 NADH 2 CH;COGOOH 2 CH;CH,0H
Pyrpvate Ethanol

2 CH;CHOHCOOH J
Lactate 2C0; H 2Fd ]
v ,ase
r---'---'----'—-'--"--‘-; ''''''''''
Butyrate-acetate type fermentation Acél) 1-CoA "F:dlh
(organic nitrogen amended medium) ' Ethanol-acetate type fermentation

CH,CH,CH,COOH 2 CH,COOH | l (inorganic nitrogen amended mednum)g
Butyrate Acetate :

1
3CgH 1206 +2H,0 > 8H, + 6C0y +2C,Hy0, + 2C4Hg0y | 2CgH 204 + 2H,0 > | 4Hy + 4C0O, + 2CH;COOH + CH3CH,0H

Fig. 6.1 Major metabolic pathways for glucose fermentation in mixed cultures [36-37]
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The optimum pH for hydrogen production was reported in various literatures to be
between 5.5 and 6.0 [38-39]. pH between 6.0 and 6.5 can produce an excessive amount of
propionic acid. However, pH values lower than 4.5 are conducive to the production of Ha,
COo, acetic acid, butyric acid, and ethanol [40]. As also indicated by the authors, the
bacterial community structure of the mixed culture producing H. and EtOH at an equally
important amount could be markedly different from the culture producing mainly Ho,
because Hz and EtOH production seem to be competitive events from the perspective of
metabolic electron transfer and energy generation. A decreased pH gives origin to a phase
of solvent production, such as EtOH, toward the end of the anaerobic fermentation.
Gottschalk et al. (1986) reported that volatile fatty acids are no longer produced toward
the middle of the batch growth of C. acetobutyricum and that n-butanol, acetone, and
EtOH appear as new products toward fermentation [41]. According to the studies
conducted by Wu et al. (2007), Koskinen et al. (2008), and Wang et al. (2008), yield of
hydrogen decreases with increasing ethanol yield. In general, hydrogen yield and ethanol
yield are inversely correlated irrespective of the type of sugar substrate or bioreactor used
[42- 44].

As stated by Hwang et al. (2004) and Zhu et al. (2009), there are several
pathways (Fig 6.1) for the production of organic acids, EtOH and hydrogen which can be
explained by (Egs. (6.9)—(6.11)) [45-46].

C.H,,0, + H,0 — C,H.,OH + CH,COOH+ 2CO, +2H,

(6.9)
C,H,,0, —> C,H.OH + %CH3COOH+ 2C0, +2H,+ 3H" +%CH3(CH2)ZCOOH
(6.10)
2 2 2 4

C,H,05 -+ ZCH,COOH+ ZCO, +H,0+ CH,CH,COOH

(6.11)
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From Eq. (4), it is possible to verify that hydrogen and EtOH can be produced
because this pathway presents no competition between these two biofuels; they are
produced concomitantly. Additionally, HAc and HBu may be produced via other
metabolic pathways, as indicated in Egs. (6.10) and (6.11).

6.2 Materials and Method
6.2.1 Preparation of Substrate for Fermentation

The biomass material (Bonbogori) was collected from the local forest near IIT
Guwahati of Assam. All the biomass samples were chopped; air-dried, milled and
prepared samples were used for ultrasound assisted lime pretreatment process. The
ultrasound-assisted lime pretreatment was conducted according to the recommended
design (Lime loading ratio 0.75; Biomass loading ratio 20 and duration of ultrasound 180
min). The residual pretreated biomass samples were then washed and followed by
saccharification process as described in Chapter 4 (Temperature -50 °C; RPM 150, pH
4.5; Enzyme loading 20 FPU g of cellulose). The saccharified sugar solution was then

used as the substrate of fermentation process.

6.2.2 Bioreactors

Fig 6.2 (a) and (b) shows the schematic diagrams of both fluidized bed bioreactor
and stirred tank bioreactor respectively. Fluidized bed bioreactor (FBBR) was
constructed of glass with the following dimensions: 55 cm height, an internal diameter of
5 c¢cm, and a total volume of 1500 mL. The substrate was recycled through a recycling
pump. The stirred tank bioreactor (STBR) was made of glass with the following
dimensions: 27 cm height, an internal diameter of 11 cm, and a total working volume of
1500 mL. The temperature of both types of reactors was maintained by recirculating
heated water from a thermostatic bath through the column water jackets. A gas liquid
separator was used at the outlet to collect gaseous and soluble products separately. The
hydrogen gas was collected by means of a water displacement method. The liquid flow

rate velocity maintained throughout the process for each experiment was 95 to 110 L h?
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to fluidize the static bed materials. The biogas (CO2 and Hz) was measured by means of
liquid dispersing method and the gas components were analyzed by gas chromatography.

6.2.3 Immobilization of Sludge and Media Preparation

The wastewater sludge was collected from the wastewater treatment plant of 11T
Guwahati. Hydrogen productivity of the sludge was enhanced by pretreating with HCI
(0.1 N) at pH 3.0 for 24 h to eliminate the methanogenic activity [47].

50 mL of pretreated sludge was mixed with 100 g polyethylene—octene elastomer
(POE). The resulting mixture was cell-entrapped colloid beads (1.5 mm diameter). After
being rinsed with deionized water, the colloid bead was immersed into a solution
containing 0.5 g sodium alginate, 0.5 g zirconium oxide and 5 g of pretreated sludge and
was then transferred to 0.1M CaCl for solidification. The resulting immobilized-cell

beads showed an average density of 1.4 g cm=,

The medium used for this study was hydrolysate of pretreated biomass (bon
bogori) along with the wastewater sludge. The other inorganic supplements to support the
growth of microorganisms for both ethanol and hydrogen production was: CaCl,-2H-0,
100 mg; MnS04-6H20, 1.5 mg; NH4Cl, 2600 mg; KoHPO4, 250 mg; MgCl,, 6H.0, 125
mg; FeS04,7H>0, 5 mg; CoClz, 6H20, 2.5 mg; MnCly, 4H,0, 2.5 mg; Na2MoOs , 2H0,
0.5 mg; H3BO4, 0.5 mg; NiClz, 6H20, 0.5 mg; ZnCl,, 0.5 mg antifoaming agent. The
chemical oxygen demand (COD) value of the prepared substrate solution was found to be
in the range of 30-50 kg CODI/L.
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Fig. 6.2. (a) Schematic diagram of fluidized bed bioreactor

1. acid tank, 2. base tank, 3. controller 4. fluidized reactor, 5. media storage tank, 6. circulation pump, 7.
hot water inlet at jacket of fluidized bed reactor, 8. hot water outlet from jacket of fluidized bed reactor, 9.
media outlet, 10. water displacement tank, 11. provision of gas inlet (nitrogen for making the environment
anaerobic), 12. beads of waste water sludge, 13. medium inlet to fluidized bed, 14. provision to collect the

gas.
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(N 1
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Fig. 6.2. (b) Schematic diagram of Stirred Tank Bioreactor

1. acid tank, 2. base tank, 3. Controller, 4. Motor, 5. Reactor, 6. hot water inlet at jacket of fluidized bed
reactor, 7. hot water outlet from jacket of fluidized bed reactor, 8. Baffles, 9. media/sampling port, 10.
water displacement tank anaerobic, 11. provision to collect the gas, 12. beads of wastewater sludge, 13.

impeller.

6.2.4 Fermentation

The simultaneous ethanol and bio-hydrogen optimization experiments were
conducted according to the Taguchi method of design experiment. The experiments were
designed with four factors in combination of two and three different levels viz. type of
reactor, temperature, pH and organic loading rate and their different levels that will be
optimized were tabulated in Table 6.2. Selection of this parameter was based on the
through literature survey of various researchers. “1”, “2” or “3” represent the three levels
of each factor in the matrix. For analysis of the results and optimization of conditions for
setting the control factors, MINITAB software was used.
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50 g (approximately) of immobilized acid treated wastewater sludge was poured into the
reactor to make a static bed. The height of this static bed was about 5 cm. The broth was
fed from the bottom of the reactor along with the nitrogen gas thoroughly to create the
anaerobic condition. The same amount of (50 g) of immobilized acid treated wastewater
sludge was poured into the STBR. The broth was fed from the top of the reactor along
with the nitrogen gas thoroughly to create the anaerobic condition. The speed of stirrer
was maintained at 150 RPM. The pH of the medium was adjusted by using pH controller
as described in diagrams (Fig. 6.2 (a) and (b)). The detail design matrix of experimental
design and results for simultaneous ethanol and hydrogen production was described in
Table 6.3.

Table 6.2 Different levels of the parameters used for experimental design

Level Leve
Factor Parameters 1 Level 2 13
*
A Reactor FB*BR STER -
B Temperature (°C) 30 40 50
C pH 45 5.5 6.5
D Organic Loading Rate 30 40 50

e *FBBR = Fluidized Bed Bioreactor
e ** STBR = Stirred Tank Bioreactor
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Table 6.3. The Design matrix for simultaneous ethanol and hydrogen production

Run A B C D
1 1 1 1
2 1 1 2 2
3 1 1 3 3
4 1 2 1 1
5 1 2 2 2
6 1 2 3 3
7 1 3 1 2
8 1 3 2 3
9 1 3 b 1

10 2 1 1 3
11 2 1 2 1
12 2 1 3 2
13 2 2 1 2
14 2 2 2 3
15 2 2 3 1
16 2 3 1 3
17 2 3 2 1
18 2 3 3 2

6.2.5 Analytical Methods

The analysis of gas samples was carried out by gas chromatography (GC) using a
thermal conductivity (TCD) detector and molecular sieve column with argon as a carrier
gas. The injector, detector and column temperatures were 30 °C, 200 °C and 230 °C
respectively. The liquid samples were analyzed by HPLC (Repromer H+, 9 um, 300 x
7.8 mm; Temperature 25 °C; Eluant: 9 mM sulfuric acid; Flow 1 mL min; Pressure: 90
bar). Standard method was used to determine the COD, VSS, TS of the wastewater
sludge [48].

6.3 Results and Discussion

The simultaneous production of hydrogen and ethanol from the ultrasound
assisted lime pretreated lignocellulosic biomass (Bonbogori) was performed accordingly

to the design of experiment (Table 6.3) in both stirred tank and fluidized bed bioreactor.
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Table 6.4. The results for simultaneous ethanol and hydrogen production

Ethanol Hydrogen D
avg
Run (mol/substrate) (mmol/substrate)
1 0.14 11.2 0.125
2 0.2 16.4 0.181
3 0.12 26.9 0.180
4 0.19 16.5 0.177
5 0.29 22.3 0.254
6 0.2 34.5 0.263
7 0.21 10.1 0.146
8 0.17 26.1 0.211
9 0.08 26.8 0.146
10 0.13 9.5 0.111
11 0.09 14.5 0.114
12 0.11 17.1 0.137
13 0.22 10.1 0.149
14 0.18 18.5 0.182
15 0.09 26.8 0.155
16 0.14 13.1 0.135
17 0.08 16.5 0.115
18 0.11 19.1 0.145

The results of the experiments were tabulated in Table 6.4. In this study, two
important outcomes were measured simultaneously. Therefore, the production of both
ethanol and hydrogen was considered here as two responses. The experimental data
presented in Table 6.4 were the average values obtained from triplicate runs. The
individual S/N plots for ethanol, hydrogen and their combinations were presented in Fig
6.3 (A) & (B).

According to the Taguchi method of optimization the optimal combination for
maximizing the yield of ethanol and hydrogen were A1, Bz, C1, D2 and A1, Bz, Cs and D3

respectively. The subscript after each factor is the optimal level. The result showed that
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the optimal level of pH (factor C) and organic loading rate (factor D) for maximizing the
ethanol yield antagonize with the maximization of hydrogen yield. The conventional
method of Taguchi may not suitable for optimizing this duel response problem. The
desirability function was applied to optimize this duel response problem. The detail of the
desirability function was described elsewhere in previous section of this article. The
combined response of ethanol and hydrogen was represented by overall desirability. The
desirable ranges are from zero to one (least to most desirable, respectively). The mean
overall desirability (D) of each experimental run based on Lig orthogonal array was
calculated and represented in Table 6.4. A new S/N plot (Fig 6.3. (C)) was prepared

considering mean overall desirability (D) as quality index.

S/N Ratio
[
1
|
|
i
|
|
I
|
|
|
S/N Ratio

DA

S/N Ratio

Fig 6.3. S/N plots, Ethanol (A), Hydrogen (B) and D (C).
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The optimal factor combination for both ethanol and hydrogen production was
achieved at A1, Bz, Co, D3 respectively, i.e. optimized conditions are Reactor type —
FBBR, Temperature 40 °C, pH 5.5and OLR 50 g L.
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Fig 6.4. Contribution of Factors

Analysis of variance (ANOVA) was applied on the experimental results to find
out the percentage of contribution of each factor against a stated level of confidence.
Thus, information about how important the effect of each controlled factor can be
obtained using ANOVA (Table 6.5). The contribution of each factor was illustrated in
Fig 6.4.

The data showed that effect of factor B for simultaneous production of ethanol
and hydrogen was more (41.18%) followed by A D and C. The individual Taguchi
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approach of optimization revealed that to maximize only hydrogen pH had the major
contribution (63.22%) where as for maximizing ethanol temperature played a major
contribution (32.76%). The organic loading rate also influenced volumetric biogas
production. The microorganisms present in a mixed culture used to produce hydrogen
during acidification phase of fermentation process if the pH raises above 7.0. The
methanogens used these hydrogen molecules as electron donor for production of methane
[49]. The methanogenic activity of the sludge observed in this study was unexpected as
the reactor pH was controlled at a value of 5.5, which falls outside the range reported for
methanogenic activity (6.5-7.6) [50].

Table 6.5 ANOVA chart for all the parameters

Parameter DOF SS Variance F value

Ethanol Hydrogen D avg Ethanol Hydrogen D_avg Ethanol Hydrogen D avg

0.010 96.142 0.009 0.010 96.142  0.009 121.817 132.084 93.072

0.018 115.368 0.013  0.009 57.684  0.006 103.397 79.248 62.562

g|lO|lw|>

1
2
2 0.011 548.874 0.005 0.006 274.437 0.003 66.426 377.032 26.191
2 0.019 117.454 0.007  0.009 98.727  0.003 109.977 80.682 32.703

Error 10 0.001 7.278 0.001  0.000 0.727 0.000

Total 17

The wastewater sludge used in this study was pretreated with acid alkali to
suppress the growth of this methanogens, which facilitated the increasing yield of
hydrogen. The microorganism present in the sludge was mainly mesophilic in nature,
which grows well, and yield products around temperature at 40 °C. At higher
temperature, only thermopiles can grow and yield products but population of those
microorganisms were not dominated in this study. Fluidized bed bioreactor performed
better than the stirred tank reactor for production of both ethanol and hydrogen. Fluidized
bed bioreactor has the better provision of mixing than stirred tank reactor which may be
the reason for this performance. Absence of stirrer in fluidized bed bioreactor helps
microorganisms to grow in less shear free environment than stirred tank reactor, which

leads to improve yield of both the products. The experimental F values were quite higher
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than the tabulated F values [Fo.os, 1, 10 = 4.96 (for factor A) and Fo s, 2, 10 = 4.10 (for factor
B, C and D)]. The results consequently concluded that all the parameters studied here are
statistically significant at 5% level of significance.

Once the optimal level of the design parameters has been selected, the final step is
to predict theoretically and verify the improvement of the quality characteristics
practically using the optimal level of the design parameters. The predicted (S/N) values
were calculated by using the A4. The predicted values and experimental values were
illustrated in Table 6.6.

The experimental results using the theoretically optimized values produced 0.21 +.04 mol
ethanol and 30.8+ 0.5 mmol hydrogen. These values showed the S/N ratio and Dayg

values around -12.39 and 0.25 respectively (Table 6.4).

Table 6.6. Results of confirmation experiment

D avg SIN
Predicted 0.268 -11.42
Experimental 0.25+.05 -12.39

The other soluble metabolite products detected by HPLC were lactic acid (1104
+10 mg L), propionic acid (1.4+0.5), acetic acid (11+2 mg L™) and butyric acid (9+2

mg L1). The residual glucose was observed to be 0.2 g L.
6.4. Conclusions

A sustainable alternative for production of traditional petroleum refining products
such as chemicals and fuels is lignocellulosic biomass. The present study emphasizes the
production of ethanol and hydrogen from the saccharified lignocellulosic biomass. In this
study the Taguchi method of optimization (multi response) was applied to optimize
various parameters within a predetermined design space. The present study used
“desirability function” to solve the multi response (Ethanol and Hydrogen production)
problem. The optimal factor combination for both ethanol and hydrogen production was
achieved by using fluidized bed bioreactor at temperature 40 °C, pH 5.5 & OLR 50 gL ™.
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Chapter VII

Conclusions and Future Scope

The main theme of the thesis is to investigate the potential of different
lignocellulosic biomass available in North East part of India for biofuel production. This
chapter discusses the major conclusion drawn from the present investigation and the

future works, which can be done as an advancement of the current study.
7.1 Conclusions

Since last few decades, reliable and sustainable energy supply has been a major
cause of concern for the global community. To respond this energy crisis, a lot of effort
has been made around the world to explore renewable and sustainable energy
technologies. The present study was focused on unraveling the lignocellulose

fermentation for the production of bio-ethanol and bio-hydrogen.

Lack of knowledge about the indigenous tree and shrub species located in the
forests at different provinces of North-East India retards setting up biomass based energy
plants. Preliminary information on physico-chemical characterization of these biomasses
surely opens opportunity for selecting future biofuel candidates in the North-East region
of India. This is the first systematic report on characterization of lignocellulosic
biomasses (Areca nut husk (Areca catechu), Moj (Albizia lucida), Bonbogori (Ziziphus
rugosa),) available in the provinces of North-East India. The study includes several
physical characterization like proximate and ultimate analysis, thermogravimetric
analysis, crystalinity and chemical characterization that embraced FTIR and Raman
spectroscopy. The maximum crystalinity was observed in Areca nut husk fiber (63.84%)
followed by Moj (46.43%) and Bonbogori (42.46%).

The preliminary step for the conversion of these solid biomass samples to liquid
fuels need pretreatment. To improve competence of cellulose hydrolysis, pretreatment is

required to efficiently break its recalcitrant structure. Two types of pretreatment
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processes viz. dilute acid and ultrasound-assisted lime pretreatment was carried out with
Areca nut husk, Bon bogori and Moj. In case of dilute acid pretreatment process the
crystallinity of biomass sample such as Albizzia lucida and Ziziphus rugosus reduced
from 64.14 % to 25.17% and 52.46% to 23.14% respectively, while for Areca nut husk
the reduction in crystallinity was 49.8%. Similarly both the lime and ultrasound assisted
lime pretreatment reports removal of lignin ranged between 64% to 68% present in the
native lignocellulosic fiber of studied biomass i.e. Bonbogori, Areca nut husk, and Moj

respectively.

The hydrolysis or saccharification of the pretreated biomass sample was carried
out by cellulase enzymes which break down structural carbohydrates into monomeric
sugars such as glucose and xylose. The degree of saccharification process was considered
as the yardstick to compare different pretreatment processes. After comparing the
saccharification efficiency of different pretreatment process it was noticed that ultrasound
assisted lime pretreated samples gave the highest saccharification efficiency and it was in
the order of Bon bogori (82.5%) followed by Moj (80.1%) and Arecanut husk (79.5%). It
was also pointed out that sugar yield became almost constant with enzyme loading of 20
and 25 FPU/g of cellulose. Therefore, from the saccharification study it can be concluded
that biomass samples pretreated with ultrasound assisted lime pretreatment could be used
for the next step of biofuel production i.e. fermentation process and 20 FPU /g cellulose
are recommended as optimum enzyme loading for enzymatic hydrolysis or

saccharification process.

The possibility of utilizing immobilized sewage sludge for simultaneous ethanol
and hydrogen production in a bioreactor was studied. Wastewater sludge is a potential
seed for bio-hydrogen and ethanol production. The characterization study showed sludge
contains good amount of nitrogen (1.5% of TS), phosphorous (2.3% of TS) and other
essential trace elements which facilitates the growth of microbes and reduces the need of
supplementary nutrient elements in fermentation broth. The number of bacteria in the
sludge was counted around 102 per g of wet sludge. Bacteria in the sludge could be
grown in both anaerobic and aerobic conditions in the culture media. The fermentable

sugars obtained after saccharification of ultrasound-assisted lime pretreated

135
TH-1199 SSASMAL



Conclusion and Future Scope

lignocellulosic biomass consequently increased bio-ethanol as well as bio-hydrogen yield
in the fermentation process using wastewater sludge as a source of microorganisms. Four
important parameters such as the type of reactors, temperature, pH of operation and
organic loading rate was considered for optimization process. In this deigned conditions
the optimum amount of both ethanol and bio-hydrogen yield was found to be 0.21 mol
and 30.8+ 0.5-mmol of ethanol and bio-hydrogen respectively. The optimal combination
of parameters within the design conditions for both ethanol and hydrogen production was
achieved by using fluidized bed bioreactor at temperature 40 °C, pH 5.5 and OLR 50 Kg
L1,

This work demonstrates systematic report on characterization of three abundant
lignocellulosic biomasses available in the North-East region of India for the production of
biofuels. The present study improved the traditional lime pretreatment process by
introducing ultrasound with it. However, the yield of both bio-ethanol and bio-hydrogen,
after the fluidized bed fermentation were less than the values reported in other literatures
but this study paved the avenues of simultaneous bio-ethanol and bio-hydrogen

production from lignocellulosic biomass using wastewater sludge.
7.2 Scopes for Future Work

North-East India is well known for its wide range of several bio-resources.
Present study focused on only three lignocellulosic biomass materials but in future, there
are scopes to exploit more biomasses available in different states of North—East India for
the production of biofuels. This study put focus on dilute acid pretreatment and lime
pretreatment process but other pretreatment methods such as ionic liquid based treatment
method can be applied and embellishment the pretreatment process. This work concludes
with outlines of related research directions that would be worthy of future investigation.
The wastewater sludge can be treated as a source of mixed culture; present work
successfully dominates the methanogenic bacteria for improving the yield of both
hydrogen and ethanol. By using the genome-scale reconstructed metabolic network
models for each ethanol and hydrogen-producing microorganism, a combined metabolic
network model for any potential mixed-culture system that captures the dominant

metabolic interactions among strains can be readily built. The pathway analyses for the
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combined metabolic network model can give important information, such as which genes
are essential for producing ethanol, hydrogen and which enzymes would most probable
be regulated for improving growth conditions, what kind of metabolic interactions would
come into view among the strains in the mixed culture system. This research work could

be one of the interesting directions for mixed culture systems in the future as well.
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Appendix -A
Taguchi methodology

Introduction

Dr. Genechi Taguchi, a Japanese scientist, made a new era in optimization
process after Second World War, which is known, as Taguchi method. Dr.Taguchi is an
internationally renowned quality consultant, and his contributions have made a
significant breakthrough in product and process quality through the use of statistical
design of experiments. Taguchi proposed several new approaches for experimental
designs that are now called ‘Taguchi Methods’. They were introduced in the USA
during the early 1980s as a means to design robust products and processes. Taguchi
method has been widely used in manufacturing industry for decades to optimize design
of a product or process with a single quality characteristic (QC).Taguchi method
focuses on improving the design of manufacturing processes and products before the
production begins. This statistical process control tool has wide usage in several
industries and R&D sectors to keep the quality of production on target [1]. The beauty of
Taguchi methodology in experimental design and analysis is that it can provide optimum
solution of a problem instantaneously by conducting less number of experiments. The
application of taguchi method lies in quality control orthogonal array (OA), ANOVA
(analysis of variance) and signal to noise ratio (S/N ratio) which are the three corner
stones of this robust technique for optimizing process parameters. Taguchi method for

optimization is schematically represented in the Fig. Al [2].
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Identification of factors

v

Identification of levelsof each factor

v

Choosing the proper orthogonal array and
design the matrix of experiments

v

Conducting the experiment according the

v
Data analysis by means of ANOVA

y

Determination of optimum level for factors

'

Confirmatory experiment

Fig A.1. Schematic Representation of Taguchi method of Design approach

Quality Characteristics
Orthogonal array

The word orthogonal (Greek word orthos meaning straight and gonia meaning
angle) array means a balanced set of tables in which each column is balanced within itself
and any two columns in the arrays are balanced. Orthogonal arrays have been created to
facilitate the experiment designs. These arrays are set of tables, which provide the desired

information with least possible number of experimental run and yield reproducible results
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with adequate precision. Each array can be used to suit a number of experimental
situations. A comparative chart was given (Table Al) to show that the number of

experiments conducted using Taguchi method of design approach is minimal.

Table A.1 Comparison of number of experiments between full factorial and orthogonal

designs
Factors Level Experiment (number)
(number) (number) Full Factorial Taguchi
3 2 8 4
3 3 27 9
4 2 16 8
4 3 81 9

Orthogonal arrays are designated by the notion “L” with a subscript. The subscript

designates the number of runs.

S/N ratio

The traditional method of handling the results of multiple samples per unit trial
condition is to use the mean of the trial results to calculate the factor effects. However,
this is a simple method but it does not capture the variability of data within the group.
A better way to compare the population behavior is to use the mean square deviation
(MSD) of the results. For convenience of linearity and to accommodate wide ranging

data a log transformation of MSD,
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known as signal to noise ratio (S/N) is recommended for analysis of results [3]. The

term signal represents desirable value (mean) and noise represents the undesirable value

(standard deviation from mean). Three types of S/N ratio based on calculation of MSD

(Table A-2) are robustly used to indicate the quality of optimization process [4].

Table A.2. Different types of S/N ratio and their applications

Name Mathematical Formula Application
Larger S/N =-10 It is applied when the goal is
the '[MSDlr]l:mI\;I\e;n o to maximize the response
better squares of reciprocal of
Nomin S/N=-10 Log1o It is applied when the goal is
al the [MSD,] to target the pre determined
best [MED- |- S/N ratio

square of mean to the
Smalle S/N = -10 It is applied when the goal is
r the N g B to minimize the response
better of squares of

Analysis of variance (ANOVA)

The analysis of variance is a statistical technique of analyzing the experimental

data as well as to decide which kinds of effects are important and to estimate the effect

too.

fG) = fo+X

TH-1199 SSASMAL
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The above stated equation represents functional combinations of the input
parameters, where, n represents the number of inputs,f, is a constant (bias term) and the

other terms on the right hand side represent the univariate, bivariate, trivariate etc..

For a set of data (results) yi....yn the total variation can be calculated by adding
deviations of the individual data from the mean value. Thus, the total variation of the

system, defined by the total sum of squares term.

SSt =Y (y-y)? fori=1,2,.....n (A-2)

The percent of influence of a particular factor (say A) can be represented as,

PA = (SA_(fAVe) (A'3)
St

where,
fa = The degrees of freedom of factor A

I7,= variance for the error terms

Prediction of the optimum performance

The conclusive step of optimization is to compare the predicted or calculated
value with experimental value of the quality characteristics (e.g., delignification ratio).
The predicted value was calculated by using the following Eq A- 4 [5].

P :%m + ; (%I - %m) (A'4)

z|n

where,

%p =PredictedS/Nratio

S .
ik Total mean S/N ratio
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S . .
N'= Mean S/N ratio at the optimal level

“n”" is the number of the main design parameters that affect the quality characteristics.

Multi response

Taguchi method of optimizing process parameters cannot be used directly for
solving multi response problems therefore the present study used “desirability function”
to combine two or more factors into a single response and then determine the optimal
levels. The goal of the study was to maximize both the production of ethanol and
hydrogen therefore the present study used “larger the better characteristics” for

optimization the entire process. The desirability function can be written as (Eq.A-5)

[6-7].
y < ymi
d :{i Vos SV S Vi (A5)
s Y
Y2 Yma

The value of “d” lies within 0 to 1. The y . represents the ideal value of the
response and y_. represents the minimum value of response. The overall desirability can

be defined as the geometric mean of the individual desirability (Eq. A-6).
D =(d. xd,)* (A-6)

The experimental results were analyzed statistically to determine the individual
effect of each parameter. The optimum conditions were determined theoretically and

validate the same with experimental results.
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Error Analysis

Error in a scientific measurement usually does not mean a mistake or blunder.
Instead, the terms "error" and "uncertainty” both refer to unavoidable imprecision in
measurements. When an experiment is repeated for more than once, then there is an
obvious observation of the fluctuation in the results. Therefore, in the laboratory, more
often data were combined to obtain the final quantity. Whereas, ‘error analysis’

determines the accuracy of calculations and reliability of the reported experimental data.
Especially, two types of errors were considered during this study viz.
Systematic error:

Systematic errors are biases in measurement which lead to the situation where the
mean of many separate measurements differs significantly from the actual value of the
measured attribute. All measurements are prone to systematic errors, often of several
different types. Sources of systematic error may be imperfect calibration of measurement
instruments (zero error), changes in the environment which interfere with the
measurement process and sometimes imperfect methods of observation can be either zero

error or percentage error.
Random error:

Random errors are errors in measurement that lead to measurable values being
inconsistent when repeated measures of a constant attribute or quantity are taken. The
word random indicates that they are inherently unpredictable, and have null expected
value, namely, they are scattered about the true value, and tend to have null arithmetic
mean when a measurement is repeated several times with the same instrument. All
measurements are prone to random error. The concept of random error is closely related
to the concept of precision. The higher the precision of a measurement instrument, the

smaller the variability (standard deviation) of the fluctuations in its readings.

144
TH-1199 SSASMAL



Appendix-B

Error during the measurement of concentration

Throughout the study, different concentrations were measured with the help of
UV-vis spectrophotometer and High Performance Liquid Chromatography (HPLC). For
that, calibration curves were drawn from the known concentrations of the specific
species. Both the instrument provide measurement with three-digit precession after the
decimal and during repetition, only fourth digit variation was observed. The coefficient of
determination (R?) for the calibration curves were varied between 0.9891 (calibration in
HPLC) to 0.9994. Thus during the measurement of concentrations, maximum error

occurred was 1.08 %.
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