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Ahmad, F. Produção de metano em reposta ao pré-tratamento hídrotermico com ácido
sulfúrico e peróxido de hidrogênio do bagaço de cana-de-açucar. 2017. 224 p. Tese
(Doutorado) - Escola de Engenharia de São Carlos, Universidade de São Paulo, São Carlos, 2017.
O objetivo deste estudo foi otimizar a produção de metano investigando as condições do prétratamento hidrotérmico assistido do bagaço da cana de açúcar sob impregnação de ácido (H2SO4)
e álcali (H2O2) utilizando-se a razão substrato (g kg-1) – inóculo (g kg-1) de 1:2. Os reatores em
batelada foram mantidos em condições mesofílicas (37 ºC). Para otimizar as condições de prétratamento hidrotérmico, o design de composto central rotacional (DCCR) foi realizado utilizando
três fatores: temperatura (ºC), tempo (min) e concentração do composto químico (H2O2 (%v/v) e
H2SO4 (% p/v)). Trinta e dois pré-tratamentos hidrotérmicos foram realizados de acordo com a
concepção do DCCR. O pré-tratamento hidrotérmico assistido do bagaço, com H2O2 resultou em
maior recuperação de sólidos (93,13%), elevado percentual de glicana (139,52%) e menor
recuperação de lignina (76,48%) da fração sólida pré-tratada, se comparada aquele com H2SO4.
Nesse último caso, observou-se menor rendimento de sólidos (12,27%) e glucanas (187,01%) e
maior recuperação de lignina (358,85%). No líquido hidrolisado do pré-tratamento hidrotérmico
assistido do bagaço com H2SO4 foi observada elevada solubilização de DQO (25,20 g L-1), menor
teor de fenóis totais (658,13 mg L-1), elevado sulfato (7240 mg L-1), furfural (925,77 - 2216,47 mg
L-1 e 5-hidroximetilfurfural (70,95 - 970,08 mg L-1). Enquanto, foi registrado menor solubilização
de DQO (17,27 g L-1), maior teor de fenóis totais (3005,63 ppm), e menor concentração de furfural
(0 - 56.91 mg L-1), 5-hidroximetilfurfural (2,56 - 50,60 mg L-1) com H2O2. Em relação ao a
produção de metano nas condições com H2O2, observou-se 5.59 Nmmol g-1 STV (2%v/v H2O2) a
13.49 Nmmol g-1 STV (6%v/v H2O2). No tratamento com 7.36% de H2O2 observou-se 14,43
Nmmol g-1 STV que foi 118.16% maior se comparado com o bagaço não-tratado (6,60 Nmmol g1
STV). Inibição metanogênica foi observada na maioria dos reatores pré-tratados com H2SO4 (1
– 3% p/v), e a produção mínima observada foi de 0.58 Nmmol g-1 TVS no pré-tratamento com 2%
p/v de H2SO4. Ácido acético foi o principal ácido orgânico volátil observado somente no reatores
por tratamento de H2O2.. Por meio da A análise da comunidade microbiana, para o domínio
Bacteria, foi observado prevalência dos gêneros AUTHM297, Clostridium e Treponema nos
reatores cujo substrato foi pré-tratado com H2O2. Gêneros relacionados à degradação de compostos
aromáticos foram identificados e estiveram em maior abundância nos reatores cujo substrato foi
pré-tratado com H2SO4. Methanolinea, Methanobacterium, e Methanosaeta foram os
microrganismos do domínio Archaea mais abundantes e identificados em ambos os prétratamentos. O pré-tratamento hidrotérmico assistido com H2O2 foi a melhor opção em relação ao
H2SO4, devido a maior solubilização de lignina, maior recuperação de glucano e baixa produção
de compostos furânicos.
Palavras-chave: biogás, comunidade microbiana, lignina
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Ahmad, F. Methane production in response to acidic and alkaline hydrogen peroxide assisted
hydrothermal pretreatment of sugarcane bagasse. 2017. 224 p. Thesis (PhD) – Engineering
School of Sao Carlos, University of Sao Paulo, Sao Carlos, 2017.
The aim of this study was to optimize methane production by investigating hydrothermal
pretreatment of sugarcane bagasse impregnated with acid (H2SO4) and alkaline H2O2 using
substrate (g kg-1) -inoculum (g kg-1) ratio of 1:2. Batch reactors were realized under mesophilic
conditions (37 °C). A central composite design (CCD) involving three factors; temperature (°C),
time (min), and chemical compound concentration (H2O2 (%v/v) and H2SO4 (%w/v)) was utilized
to optimize hydrothermal pretreatment. Thirty-two hydrothermal pretreatments were conducted
according to CCD. H2O2 assisted hydrothermal pretreatment resulted in higher solid recovery
(93.13%), higher percent glucan increase (139.52%), and lower lignin recovery (76.48%) in
pretreated solid fraction in comparison to H2SO4 impregnated hydrothermal pretreatment. In the
latter case, lower solid yield (12.27%), glucan recovery (187.01%) and higher lignin recovery
(358.85%) was recorded. Higher COD solubilization (25.20 g L-1), lower total phenolic (content
658.13 ppm), higher sulfate (7240 mg L-1), furfural (925.77-2216.47 mg L-1) and 5hydroxymehtylfurfural (70.95-970.08 mg L-1) were observed in liquid hydrolysate of H2SO4
assisted hydrothermal pretreatment. While lower COD solubilization (17.75 mg L-1), higher total
phenolic content (3005.63 ppm), lower concentration of furfural (0 - 56.91 mg L-1) and 5hydroxymethylfurfural (2.56 - 56.60 mg L-1) was recorded with H2O2 assisted hydrothermal
pretreatment. Concerning methane production for H2O2 assisted conditions, 5.59 Nmmol g-1 TVS
(2% H2O2) to 13.49 Nmmol g-1 TVS (6% H2O2) was recorded. However, pretreatment with 7.36%
H2O2 resulted in 14.43 Nmmol g-1 TVS, which was 118.16% higher comparing to untreated
sugarcane bagasse (6.60 Nmmol g-1 TVS). Methanogenic inhibition was recorded for most of the
H2SO4.pretreated reactor (1 – 3 %w/v H2SO4). Minimum CH4 production observed was 0.58
Nmmol g-1 TVS in pretreatment O-HSO (2% w/v H2SO4). Acetic acid was the predominant
volatile fatty acid observed in digestion process of H2O2 treated batch reactor however was not
recorded in H2SO4 treated batch reactors. Microbial community analysis indicated the prevalence
of unclassified AUTHM297, Clostridium, and Treponema related genera in H2O2 treated reactors.
Genera related aromatic compound degradation were identified and abundant in H2SO4 treated
reactors. Methanolinea, Methanobacterium, and Methanosaeta were abundant methanogens in
both pretreatments. Hydrogen peroxide assisted hydrothermal pretreatment was verified as a better
choice for methane production comparing to sulfuric acid assisted hydrothermal pretreatment
primarily on account of higher lignin solubilization, higher glucan recovery, and lower furanic
compounds production
Keywords: biogas, microbial community, lignin
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INTRODUCTION
Industrial revolution after Second World War, the rapid increase in world population,

urbanization, and lavish lifestyle triggered the fossil fuel consumption worldwide in the twentieth
century. Nowadays, fossil fuels serve up to 80% of world’s energy demand (Braun et al., 2010).
United States, China, and Japan consume ca. 40% of world’s total oil consumption (DOE, 2006).
Fossil fuels are finite, nonrenewable, and potential source of environmental pollution even though
a global certainty has not yet been established between fossil fuel usage and environmental quality
but it is certain that fossil fuel consumption, in metropolitan cities, is a source of localized air
pollution, global climate change, and greenhouse effect (Ramanathan and Feng, 2009). In addition,
waste production and its accumulation is an irrefutable fact in human society. Consequently, its
safe disposal is one of the great challenges to cope with in the 21st century (Taherzadeh and
Keikhosro, 2008).
In view of these challenges, global research theme has been shifted in the last couple of
decades to seek biotechnological routes that could deal with waste stabilization issue, even, make
them available to renewable and clean energy carriers (biofuels). Besides, interest in biofuels
production is increasing due to expected shortage of conventional fuels, emission of greenhouse
gasses, increased energy demand for transportation, electricity, industrial processes, and an
upsurge in oil prices. It could safely be assumed that in a couple of decades, wind energy, solar
energy, and bioenergy i.e., biogas, ethanol, and butanol would be in our energy portfolio. World
Wildlife Fund reported that by 2050 world would be fueled 100% by renewable energy (WWF,
2011)
Lignocelluloses, carbon-based-polymers, are attaining global attraction owing to mass
availability, low cost, easy transportation, high quantity, and renewable nature (Kaparaju et al.,
2009). Lignocellulosics produce in enormous amount, ca. 2 × 1011 tons annually in comparison to
1.5 × 108 tons of synthetic polymers (Mohanty et al., 2000). Furthermore, with the agricultural
advancement, millions of tons of agricultural residues are available every year (Somerville et al.,
2010). Moreover, it is the only feedstock that could be biologically transformed into liquid and
gaseous fuels, ethanol and biogas, respectively by exploiting simple microbial routes (Hatti-Kaul
et al., 2007) and could replace the petroleum-based fuels utilizing the same infrastructure. The
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potential lignocellulosic feedstocks comprise on agricultural residues including sugarcane bagasse
(SCB), wheat straw and corn stover, forest residues, dedicated energy crops, waste sludge from
pulp and paper industry, switch grass and algae (Sims and Bassam, 2004; Sjöde et al., 2007;
Sassner et al., 2008; Vergara-Fernández et al., 2008; Wingren et al., 2008).
Lignocellulosic material is composed predominantly of carbohydrate fractions (cellulose,
hemicellulose) and non-carbohydrate fractions (lignin, pectin, protein, extractives and ash
(Henning et al., 2007; Ahmad, 2013). Cellulose, a glucose polysaccharide, forms highly dense and
ordered groups with a degree of polymerization (DP) in the 10,000s (before any treatment).
Hemicellulose is a mixture of hexoses and pentoses with a much lower degree of polymerization
(100-200), but can physically prohibit enzymatic access to the cellulose. Lignin is the largest noncarbohydrate portion of plant matter. Composition and quantification of bio-fibers are dependent
primarily on plant age, plant type, cultivation practices, growth conditions, soil type, soil
conditions, and environmental conditions (Henning et al., 2007). In native lignocellulose, cellulose
and hemicellulose are cemented together by lignin, which is responsible for the integrity, structural
rigidity, and prevention of fiber swelling (Ramirez et al., 2013).
Sugarcane (Saccharum spp.) is an indigenous crop that originates from New Guinea
(southeast Asia) and is grown in tropical and subtropical regions, on both sides of the equator
(Lisboa et al., 2011). Sugarcane, C4 plant, is very efficient in converting solar radiation into
biomass with unique ability within the Poaceae family to accumulate up to 60% of its mature stem
dry weight (Casu et al., 2007; Anuj et al., 2012)
Brazil is the world leader in sugarcane production. The Cane Technology Center (CTC) in
consultation with The Brazilian Sugarcane Industry Association (UNICA) speculated that
sugarcane harvest in Brazil could reach up to 590 million tons (UNICA, 2015). According to
Ministry of Agriculture, livestock and farming of Brazil (MAPA, 2016) sugar export of Brazil may
reach up to 32.6 million tons.
Sugarcane bagasse is the most abundant lignocellulosic residue among agricultural
residues in tropical countries. Sugarcane bagasse (SCB) is a valuable byproduct of ethanol
distilleries and sugar mills with ca. 270-280 kg (50% moisture content) per metric ton of sugarcane
(Karp et al., 2013) with a global production of 250 million tons per year (Kanokratana et al., 2013).
Around 5.4 × 10
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tons of dry sugarcane bagasse is a processed annually worldwide. It usually
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finds its way (50%) in boilers to satisfy the energy requirements of the distilleries (Aita and Kim,
2010) due to its higher (1800 kcal kg-1) calorific value (Zanin et al., 2000). It is an inexpensive
carbohydrate source (60-70%) and a potential feedstock for anaerobic digestion to produce biogas
(Badshah et al., 2012), and ethanol (Rabelo et al., 2011). In addition, based on lower ash content
(2-3%) it offers advantages over the wheat straw and rice straw (Basso et al., 2013). However,
being a recalcitrant material its utilization as a feedstock for anaerobic digestion is a challenging
task.
Anaerobic digestion (AD) has been recognized as the most efficient technology for waste
stabilization with associated benefits of clean energy (Muhammad et al., 2012). Anaerobic
digesters were primarily designed to digest sewage sludge and animal excreta. However, substrates
are of less biodegradable potential in comparison to agricultural residues, food wastes, and
municipal solid wastes (Forster-Carneiro et al., 2012). It is a less energy demanding rather energy
generating process. The major obstacle in the successful operation of AD process is inefficient
hydrolysis, a rate-limiting step in digestion process, owing to recalcitrant nature of lignocellulosic
material (Valo et al., 2004; Fernandes et al., 2009) as in the case of sugarcane bagasse, whilst
methanogenesis is considered a rate-limiting step for easily degradable compounds (Gavala et al.,
2003; Skiadas et al., 2005). In order to disrupt the bio-fibers arrangement, enhancing enzymatic
attack of fermentative bacteria of microbial consortium, thus overcoming hydrolysis rate-limiting
step, a pretreatment step is inevitable. Pretreatment constitutes 30% of overall processing cost
(Aita and Kim, 2010).
With technological advancement, a number of pretreatment strategies have been developed
to unlock the lignocellulosic complex in the last couple of decades. However, due to intrinsic
variety in lignocellulosics chemical composition owing to aforementioned factors, not a single
pretreatment method can be recommended for different biofuels. In addition, every pretreatment
has its own pros and cons. A suitable pretreatment process should be of following characteristics:
(a) simple; (b) cost effective; (c) highly efficient in terms of sugar release; (d) less energy intensive;
(e) non-corrosive to reactor material; (f) minimum process side products; and (g) minimal
inhibitory product formation (Taherzadeh and Keikhosro, 2008).
Sugarcane bagasse is a coherent lignocellulosic feedstock; efficient utilization of this
feedstock for anaerobic digestion necessitates a pretreatment step. Hydrolysis is considered a
3

bottleneck owing to lignocellulosic feedstock recalcitrance (Wang et al., 2015). It is further
enhanced by macroscopic factors; tissue compositional heterogeneity, mass transfer limitations,
and microscopic factors; cellulose crystallinity, criss-cross nature of lignin-carbohydrate complex
(Chundawat et al., 2011). Acid pretreatment has been reported to increase the hemicellulose
solubilization (Yi et al., 2014) while, alkaline oxidative pretreatment proved to be a good option
for lignin removal (Zheng et al., 2010). Hydrothermal pretreatment has been reported to open up
the lignocellulosic structure and higher temperature and sudden release of pressure further break
down the structural components. In the present study, an attempt is made to combine the three
processes; acid, alkaline and hydrothermal processing. Sugarcane bagasse was impregnated in
dilute H2SO4 and alkaline H2O2 separately in two phases before introduction to the hydrothermal
reactor.
The current study focused on a promising pretreatment, hydrothermal processing, to
pretreat sugarcane bagasse, to rupture its complex structure, as a tool to enhance methane
production. To best of our knowledge, no work has been reported on a comparison of acidic
(sulfuric acid) and alkaline oxidative (hydrogen peroxide) assisted hydrothermal pretreatment of
sugarcane bagasse for anaerobic digestion. Furthermore, microbial consortium was studied in
response to pretreatment effect by state of the art denaturing gradient gel electrophoresis (DGGE)
and Illumina MiSeq Sequencing
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2.1

OBJECTIVES
General objective
The general objective of this study was to evaluate the methane production of sugarcane

bagasse after hydrothermal pretreatment assisted with dilute H2SO4 and alkaline H2O2
impregnation
2.2

Specific objectives

The specific objectives of the research were:
a) To analyze sugarcane bagasse morphologically and physicochemically for anaerobic
digestion;
b) To correlate pretreatment severity factor with inhibitory products (furfural and 5hydroxymethylfurfural) formation;
c) To compare both pretreatments for highest methane and organic acids yield in batch
reactors under mesophilic conditions (37 °C);
d) To evaluate the impact of pretreatments on the microbial community structure.
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REVIEW OF LITERATURE
To design an optimum pretreatment process for anaerobic digestion, fundamental knowledge

of lignocellulosic material, impact of pretreatment on structural and chemical composition of
lignocellulosic substrate, biochemistry and microbiology of digestion process, processes
understanding of inhibitory product formation during pretreatment, and microbial response to
pretreatment side products in terms of kinetics, is an imperative to adopt a pretreatment on
industrial scale. Pretreatment is the primary step to open up the coherent lignocellulosic structure,
making the components accessible to enzymatic action of microorganisms for the release of
monomeric sugars (Mosier et al., 2005). Furthermore, it has a pervasive impact on downstream
processing.
In this chapter, a brief review of the chemical composition of lignocellulosic biomass is
presented supported with references from the literature. Hydrothermal pretreatment mechanism,
its impact on the chemical composition of solid and liquid fractions, a brief overview of anaerobic
digestion process and impact of hydrothermal pretreatment on subsequent digestion process are
discussed.
3.1

Chemistry of lignocellulosic biomass
To obtain desired results and optimum pretreatment efficiency, it is important to get a clear

picture of the lignocellulosic composition to visualize what is going on with lignocellulosic
components during pretreatment. 31 P NMR ( phosphorus 31 – Nuclear Magnetic Resonance) is a
direct analysis tool to quantify hydroxyl groups in lignin (El Hage et al., 2010). Real-time
monitoring of lignocellulosic components during pretreatment may pave the way to understand
pretreatment impact better and to optimize maximum sugar recovery. Physical properties of the
lignocellulosic material; water-holding capacity, specific porosity, specific surface area and
crystallinity index” change with each kind of pretreatment applied but to a different extent
depending on pretreatment type, severity, and lignocellulosic composition.
Lignocellulosic biomass irrespective of their physical appearance shares the same chemical
make-ups; cellulose (30-70%), hemicellulose (15-30%), and lignin (10-25%), and minute quantity
of extractives (Monlau et al., 2013). Extractives are those compounds that are not accounted for
integral parts of biomass structure. Common components encountered in the lignocellulosic
6

composition of different feedstocks are presented in Table 3.1. While chemical composition of
sugarcane bagasse by various researchers is given in Table 3.2. Graphical representation of the
various components of lignocellulosic biomass originating from plant biomass is shown in Fig 3.1.
Lignocellulosic composition, structural features and factors affecting recalcitrance have been
reviewed elsewhere (Himmel et al., 2007; Zhao et al., 2012).
Cellulose was first separated in 1839 by Anselme Payen (Chen, 2014). Cellulose,
[C6nH10n+2O5n+1, n – degree of polymerization of glucose] the most abundant polysaccharide, is a
constituent of anhydro-glucan units linked together by β, 1-4 glycosidic linkages in a linear fashion
(Edward, 2008). A number of glucan units in a polymeric chain terms into the degree of
polymerization (DP). Chain length ranges from hundreds to over tenths of thousands. The
hydrogen bonds between glucan units determine cellulose crystallinity. Furthermore, some chains
are irregularly arrayed rendering amorphous regions intertwined with crystalline cellulose
(Taherzadeh and Keikhosro, 2008). Chain length is inversely proportional to hydrolysis efficiency
(Karimi and Taherzadeh, 2016). It is insoluble in water and dilute acids and alkaline solutions at
room temperature. Cellulose in its amorphous form is most susceptible to microbial degradation
(Monlau et al., 2013).
Hemicellulose (C5H8O4)n is a linear and highly branched-heteropolymer composed
primarily of D-xylose, L-arabinose (members of C5 sugar family), D-glucose, D-mannose, Dgalacturonic acid, D-galactose, and glucuronic acid (members of C6 sugar family) and C7 sugar 4O-methyl glucuronic acid (Soccol et al., 2011 b). Individual sugars may be methylated or acylated.
This group contains three pentoses (D-xylose, L-arabinose, and D-ribose) and two pentitols (Darabitol, and ribitol) (Singh and Mishra, 1995). The composition is heavily dependent upon the
source whether it is derived from angiosperm (hardwood) or gymnosperm (softwood). Xylose is
the principle sugar for angiosperms and agricultural wastes while glucomannan for softwood
(Ebringerová and Heinze, 2000). Hemicelluloses have lower molecular weight, lower DP, and less
crystallinity with random amorphous structure compared to highly packed cellulose rendering it
more susceptible to hydrolysis than cellulose (Yoshida et al., 2008; Heather and Charles, 2013).
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Table 3.1 - Composition of agricultural and other lignocellulosic residues on dry matter basis
(Saini et al., 2015)
Feedstock

Cellulose

Hemicellulose

Lignin

Ash

Extractives

(%)

(%)

(%)

(%)

(%)

Algae (green)

20-40

20-50

-

-

-

Cotton, flax

80-95

5-20

-

-

-

Grasses

25-40

25-50

10-30

-

-

Hardwoods

45±2

30±5

20 ± 4

0.6 ± 0.2

5±3

Hardwood barks

22-40

20-38

30-55

0.8±0.2

6±2

Softwoods

42±2

27±2

28±3

0.5±0.1

3±2

Softwood barks

18-38

15-33

30-60

0.8±0.2

-

Cornstalk

39-47

26-31

3-5

12-16

-

Wheat straw

37-41

27-32

13-15

11-14

-

Newspaper

40-55

25-40

18-30

-

-

Chemical pulp

60-80

20-30

2-10

-

-

Sorghum stalks

27

25

11

-

-

Corn stover

38-40

28

7-21

3.6-7.0

-

Coir

36-43

0.15-0.25

41-45

2.7-10.2

-

Sugarcane Bagasse

32-48

19-24

23-32

1.5-5

-

Rice straw

28-36

23-28

12-14

14-20

-

Wheat straw

33-38

26-32

17-19

6-8

-

Barley straw

31-45

27-38

14-19

2-7

-

Sorghum straw

32

24

13

12

-

34-45

18-28

14-22

-

-

Sweet sorghum
bagasse

Lignin, the most abundant highly branched natural non-carbohydrate polymer next to
cellulose and hemicellulose; 40% of dry biomass weight (Effendi et al., 2008), is an important
component in plant cell wall providing structural strength. Moreover, to counter it from biotic and
abiotic stresses (Weng and Chapple, 2010). It is composed of phenylpropane alcohols; coniferyl,
8

sinapyl, and to a lesser extent p-coumaryl which form guaiacyl (G), sinapyl (S), and phydroxyphenyl units linked through the (β-O-4) β-aryl ether and 5-O-4 (biphenyl ether). C-C
(“condensed”) bonds such as 5-5 (biphenyl) linkages or a combination of C-C and ether linkages
(Adler, 1977; Boerjan et al., 2003; Rowel, 2005; Zeng et al., 2014). Furthermore, lignin frequently
forms a covalent bond with surrounding carbohydrate mainly hemicellulose (Saake and Lehnen,
2007).
Table 3.2 - Chemical composition of sugarcane bagasse on DM basis
Cellulose
(%)

Hemicellulose
(%)

Lignin
(%)

Ash
(%)

45.5

27

21.1

2.2

41.1

22.7

31.4

2.4

38.8

26

32.4

2.8

45.0

25.8

19.1

1.0

42.4

25.2

19.6

1.6

38.4

23.2

25.0

1.5

32 – 44

27 – 32

19 – 24

4.5 – 9

30.2

56.7

13.4

1.9

DM = Dry matter
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Figure 3.1 - The components and structure of lignocellulosic biomass (modified after (Edward,
2008))
The relative portion of each component varies by plant species. Coniferyl alcohol is the
principal monomer in softwood lignin while both sinapyl and coniferyl monomers are the building
blocks for hardwood lignin. Others “non-canonical” aromatic monomers also known to be
incorporated into lignin framework (Ralph et al., 2004; Bonawitz and Chapple, 2010). It provides
the protective cover around the cellulose and hemicellulose as a hydrophobic sheet and has high
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significance for anaerobic digestion since lignin concentration varies inversely to methane
production (Kobayashi et al., 2004; Ahring et al., 2015). While lignin’s role in cell wall
recalcitrance is universally accepted, the precise set of factors that contribute to this recalcitrance
is not generally acknowledged.
Factors specific to lignin’s role in recalcitrance have been proposed to include the total
lignin abundance (Soest, 1994; Chen and Dixon, 2007; Studer et al., 2011), lignin location within
the cell wall (Yang and Wyman, 2004), and the properties of lignin such as hydrophobicity
(Nakagame et al., 2011), as well as indirect impacts such as lignin’s ability to bind enzymes
(Rahikainen et al., 2011).
3.2

Hydrothermal pretreatment mechanism
Pretreatment is the initial step to overcoming the recalcitrance property of lignocellulosic

material. Pretreatment techniques are divided into four broad categories; physical,
physicochemical, chemical and biological. There are several methods within each category. A
bunch of reviews in the literature can be found specifically on pretreatment of lignocellulosic
biomass for biogas production (Yi et al., 2014; He et al., 2015), biological pretreatment (white rot
fungi) (Rouches et al., 2016), and pretreatments used for high-fat cattle slaughterhouse wastewater
(Harris and McCabe, 2015). Understanding the pretreatment process itself is as important as its
impact on the lignocellulosic biomass composition.
Hydrothermal pretreatment (aka., liquid hot water pretreatment, hot compressed water
pretreatment, hydrothermolysis, un-catalyzed solvolysis, aqueous fractionation or aquasolv,
hydrothermal carbonization or wet torrefaction (Lynam et al., 2014) is a process in which
lignocellulosic biomass is cooked with water in liquid state at higher temperature (140 – 300 °C)
with corresponding pressure for several minutes to few hours. Water at high-temperature acts as
an acid owing to autoionization with hydrogen ions generation (Equation 3.1), thus significantly
reduces the pH to an acidic level.

𝐾𝑤 =

[𝐻 + ] [𝑂𝐻 − ]
[𝐻2 𝑂]

Where; Kw = water autohydrolysis constant
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(3.1)

[𝐻 + ] = Hydrogen ion
[𝑂𝐻 − ] = Hydroxyl ion
[𝐻2 𝑂] = Water
Pure water exhibits pH of 5 at 250°C that enhances the catalytic ability of water 25 times
to room temperature conditions (Lloyd and Wyman, 2004). In this process, water (subcritical state)
enters the lignocellulosic biomass to hydrate cellulose, solubilize a significant portion of
hemicellulose and partly remove lignin (Pérez et al., 2007; Chandra et al., 2012). Higher kinetic
energy available in the system at high temperature increases the rate of polymerization reactions,
thereby, increasing the breakdown of cell wall polymers. Furthermore, it causes swelling
(nonchemical) of cellulose, thereby, increasing the surface area of cellulose, essential for
enzymatic action.
Water, under pressure, helps in cleaving the acetyl and uronic acid groups of hemicellulose
producing acetic acid and other organic acids making oligosaccharides further solubilize (Garrote
et al., 1999; Aita and Kim, 2010). Hydronium ions generated by acetic acid are of greater
importance than of water as indicated by Garrote et al. (Garrote et al., 1999). It results in opening
up the structure, expansion of specific surface area, and pore size of lignocellulosic biomass
(Zakaria et al., 2015). Since water is the reaction medium, it voids neutralization step afterward
for bioethanol production due to lower inhibitory products formation.
The effectiveness of the pretreatment is a function of substrate composition and pH in
addition to temperature employed and retention time (Taherzadeh and Keikhosro, 2008; Hendriks
and Zeeman, 2009). Hydrothermal pretreatment has been reported a better choice for biomasses
with higher acetyl content (Nitsos et al., 2013). Hydrothermal pretreatment is aimed to balance the
fermentable sugar yield delivered by acid pretreatment with lower operational cost (Eggeman and
Elander, 2005).
Hydrothermal pretreatment is carried out in three types of reactors; cocurrent (biomass and
liquid water cooked together), counter current (movement of biomass and liquid water in the
opposite direction), and flow-through reactors (hot water flow over a stationary bed of biomass)
(Liu and Wyman, 2005). Hydrothermal pretreatment combat against recalcitrance of
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lignocellulosic biomass under heat and pressure at different reactor configurations to break strong
bonding between carbohydrate-lignin matrix (Guilliams et al., 2016).
Hydrothermal processing is a thermochemical conversion process. It is further categorized
into three processes depending upon the severity conditions applied; hydrothermal carbonization
(< 247 °C), hydrothermal liquefaction (247 – 373 °C), and hydrothermal gasification (>373 °C).
Each process results in a distinct main product. Hydrochar is the main product of hydrothermal
carbonization which has properties similar to low-rank coal (Heilmann et al., 2011). Biocrude,
liquid fuel, is the product of hydrothermal liquefaction. Synthetic fuel gas is the product of
hydrothermal gasification. Hydrothermal liquefaction followed by gasification results into higher
carbon efficiencies (Brown et al., 2010).
The severity factor is a measure of the pretreatment intensity in hydrothermal processes
and it allows comparing the results of experiments carried out under different conditions (Rocha
et al., 2013). It has extensively been used to report pretreatment severity in the literature (Overend
et al., 1987; Chum et al., 1990; Bouchard et al., 1991; Abatzoglou et al., 1992; Jollez et al., 1994;
Montané et al., 1994; van Walsu, 2001; Yourchisin and Peter Van Walsum, 2004; Kabel et al.,
2007; Pedersen and Meyer, 2010; Agbor et al., 2011; Lee and Jeffries, 2011; Temiz and Akpinar,
2016). The generalized impact of pretreatment time and temperature on lignocellulosic
composition is first proposed by Overend et al (Overend et al., 1987) in terms of severity factor
(Equation 3.2).
𝑇−100

log 𝑅0 = log {𝑡. exp (

14.75

)}

(3.2)

Where
t = the holding time
T = the reaction temperature
100 = the reference temperature
The fitted value (14.75) is based on activation energy, assuming pseudo first order kinetics
(Carvalheiro et al., 2009). The Equation 3.2 is not valid under variable pH conditions, therefore,
to understand the influence of pH on pretreatment severity, Equation 3.3 has been derived by
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having acidic and alkaline pretreatment impact on biomass digestibility (Pedersen and Meyer,
2010).
The severity factor is quite important in modeling individual stages of the processing; (a)
to describe the behavior of xylan removal during reactions (Overend and Chornet, 1989; Heitz et
al., 1991; Saska and Ozer, 1995), (b) biomass solubilization (Bouchard et al., 1991; Abatzoglou
et al., 1992), and c) lignin removal (Bouchard et al., 1991; Montané et al., 1994; Trajano et al.,
2013).

log 𝑅0 ′ = log 𝑅0 − 𝑝𝐻

(3.3)

Where
log 𝑅0 ′ = Severity factor at variable pH
log 𝑅0 = Severity factor without considering pH
pH = Potential of hydrogen
3.3

Impact of hydrothermal pretreatment on the lignocellulosic biomass composition on solid
fraction
Hydrothermal pretreatment has a significant impact on solid yield predominantly due to

hemicellulose solubilization and partial lignin dissociation. Furthermore, solid recovery indicates
extraction pattern of components into the liquid stream based on chemical composition of
lignocellulosics. Since hemicellulose solubilization is in direct relation to temperature, therefore,
solid yield has a direct link, in decreasing order, with an increase in temperature (Yang et al.,
2004). Organic matter solubilization at higher temperature mainly targets carbohydrates followed
by protein in the lignocellulosic structure. Mendez et al. (Mendez et al., 2014) reported a 4-6-fold
increase in carbohydrate dissolution in comparison to 1-2 fold for protein.
The solid yield of Eucalyptus camaldulensis declined to 54.2% from 72.7% when
ammonium chloride catalyzed hydrothermal pretreatment temperature increased from 140 to 180
°C (Shen et al., 2016). Similarly, Deng et al. (Deng et al., 2015) reported a decrease in the solid
residue of corncob from 96.5% to 60.67% when pretreatment temperature was increased from 170
°C, (0 min) to 190 °C (60 min). Sun et al. (Sun et al., 2014) reported a progressive decrease in
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solid residues of corncob 69.4% to 48.7% when temperature increased from 170 °C to 190 °C.
Further, it reached to the lowest value of 47.0% at 200 °C.
Hydrothermal pretreatment optimization was carried out by Lu et al (Lu et al., 2009) to
evaluate the impact of H2SO4 addition, pretreatment time and solid content on rapeseed straw,
solid recoveries were in the range of 55% to 88%, the lowest recovery was obtained at highest acid
concentration studied (2%), at 5% solid loading for a retention time of 20 min. Moutta et al.
(Moutta et al., 2013) reported recovery of 24.5 g, 22.0 g, and 20.8 g of insoluble solid on the
introduction of 30.0 g bagasse, straw and mixture of bagasse and straw (1:1), respectively. Ko et
al. (Ko et al., 2015) reported a decrease in solid recovery up to 71.1% from 93.9% in response to
increasing the temperature from 180 °C to 210 °C.
Perez et al. (Pérez et al., 2007) reported lower solid recovery on wheat straw within the range
of 57.5% to 90% depending upon pretreatment severity. The lowest value was indicated at 200 °C
and 40 min. Li et al. (Li et al., 2013) performed liquid hot water pretreatment at different severities
on suspended and precipitated solid of Miscanthus lutarioriparious and reported lowest solid
recovery at high severity (4.71); 65.46% ± 0.16 and 64.85± 0.46 for suspended and precipitated
solid, respectively. Solid yield is an important parameter for consideration with reference to
anaerobic digestion; higher pretreatment temperature leads to an increase in lignin content in the
solid fraction thus resulting in lower overall methane yield as reported by Fernandez et al.
(Fernandez-Cegri et al., 2012).
3.3.1 Cellulose
Hydrothermal pretreatment has a minimal direct impact on cellulose dissolution in
comparison to hemicellulose and lignin due to its thermal stability, highly packed structure, and
encapsulation by the lignin sheath (Mosier et al., 2005). Cellulose structural rearrangements can
occur at high pretreatment temperature (Mok et al., 1992). C-O-C bond cleavage mechanism in
cellulose involves protonation of glycoside bonds. The proton can attack the oxygen bond in
between two glucose monomers or cyclic oxygen. The mechanism involves the rapid formation of
an intermediate complex with the oxygen and proton followed by slow splitting of glycosidic
bonds by water molecules (Fan et al., 1987).
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Cellulose undergoes crystalline to amorphous transformation at 320 °C, 25 MPa (Deguchi
et al., 2006). In contrast, Sakaki et al. (Sakaki et al., 2002) reported degradation of cellulose started
into hexoses and oligosaccharides above 230 °C and almost all decomposition at 295 °C. Since
cellulose has a high degree of polymerization (DP); higher hydrogen bonding within cellulose
fibers resists its breakdown and pose a major hindrance to hydrolyze the biomass (Karimi and
Taherzadeh, 2016). Lower DP may increase the susceptibility of cellulose hydrolysis (Zhang and
Lynd, 2005), a clear-cut relationship between DP and hydrolysis has not yet been established
(Yang et al., 2011). Though having little impact on cellulose dissolution, hydrothermal
pretreatment substantially increases cellulose reactivity with hydrolytic enzymes, predominantly,
due to hemicellulose removal and disruption of lignin-hemicellulose-cellulose meshwork thus
making cellulose accessible.
Lignocellulosic solubilization has been reported to increase in direct relation to an increase
in temperature (Ruiz et al., 2012). Cellulose content, as a whole, tends to increase after
hydrothermal pretreatment owing to the dissolution of hemicellulose and lignin. Nitsos et al.
(Nitsos et al., 2013) reported an increase in cellulose content up to 63% w/w in comparison to an
untreated sample, 42% w/w. In similar fashion, 83% increase in glucan yield reported by Lilis et
al. (Lilis et al., 2009) in a pretreated solid fraction of switchgrass. Ruiz et al. (Ruiz et al., 2012)
reported 63.7% cellulose on glucan content basis in the pretreated solid fraction. In another study,
Fang et al. (Fang et al., 2015) reported 31.63% increase in glucan content of date palm leaflet at
210 °C while 60.12% increase in pretreated rachis at 200 °C. Sun et al. (Sun et al., 2014) reported
an increase in cellulose content from 45.01% to 59.69%. Perez et al. (Pérez et al., 2007) reported
45% to 65% increase in the cellulose in a pretreated solid fraction on a dry weight basis in
comparison to untreated wheat straw (37.4%). Pretreated solid obtained from hydrothermal
pretreatment of Eucalyptus globulus reported containing almost 98.5% cellulose (Romaní et al.,
2010).
3.3.2 Hemicellulose
Liquid hot water pretreatment primarily makes available hydronium ions by water
fractionation at elevated temperature. Hydronium ions are highly reactive, having a significant
impact on xylan depolymerization and acetyl group cleavage from hemicellulose backbone (Rocha
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et al., 2013). It has shown to solubilize hemicellulose up to 89% as reported by Xiao et al. (Xiao
et al., 2011) at 200 °C for 3 h. on woody biomass Tamarix ramosissima.
Temperature is an important parameter with respect to hemicellulose dissolution; lower
temperature has no impact on hemicellulose solubilization as Nitsos et al. (Nitsos et al., 2013)
reported on beech wood that hydrothermal pretreatment has virtually no impact on hemicellulose
dissolution at a mild temperature (130 °C, 15 min). Removal of hemicellulose began at (150 °C,
15 min) with almost complete removal at 220 °C for 15 min corresponding to log R0 4.69. Similar
results are reported by (Hendriks and Zeeman, 2009; Fernandez-Cegri et al., 2012).
Senila and fellows (Senila et al., 2014) reported complete hemicellulose solubilization of
silver fir wood at 200 °C with a holding time of 10 min. Sun et al. (Sun et al., 2014) reported a
significant decrease in hemicellulose from 19.51% to 1.69% with a corresponding increase in
pretreatment temperature from 100 °C to 180 °C for 60 min. Perez et al. (Pérez et al., 2007)
reported a decrease in xylan content in the wheat straw by reporting a recovery of xylan content in
the water-insoluble solid fraction in the range of 0.3% to 25.4% depending upon conditions studied
comparing to 26.3% hemicellulose in the untreated sample.
Hydrothermal pretreatment has been proven to be of lower impact when applied to
softwood materials owing to lower acetyl content of softwood (Alvira et al., 2010). On the other
hand, Nitsos et al. (Nitsos et al., 2013) reported hydrothermal pretreatment as a viable option for
lignocellulosics having higher acetyl content.
3.3.3 Lignin
It is generally believed that hydrothermal pretreatment increases the lignin content in solid
fraction primarily due to solubilization of hemicellulose in the liquid fraction. Long pretreatment
time is another significant factor to increase klason lignin in the solid fraction due to recombination
reaction between lignin and holocellulose (Kobayashi et al., 2004). Lignin recovery is in direct
proportion to the pretreatment temperature (Hansen et al., 2004). The process could solublize,
depending upon pretreatment severity, all hemicellulose in addition to 4-22% cellulose and 3560% lignin (Aita and Kim, 2010). In contrast Iwona et al. (Iwona et al., 2013) reported minimal
removal of lignin due to subsequent repolymerization on cellulose fibers. Lignin, hydrophobic in
nature, on exposure to biomass surface, contributes in two ways to biomass recalcitrance; (a)
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impedes cellulases accessibility to biomass, (b) unproductive diffusion of cellulose enzymes to
active sites on a biomass surface. The process sufficiently changes the lignin structure by melting
and coagulation. Syringil units have been reported the most susceptible to hydrothermal
degradation (Garrote et al., 1999).
Lignin solubilization involves the breaking of lignin-carbohydrate bonds and
depolymerization reactions (Garrote et al., 1999). The fraction of solubilized lignin depends upon
the raw material (Wallis and Wearne, 1985) and operational conditions (Shimizu et al., 1989).
Lignin during hydrothermal pretreatment undergoes various chemical reactions, phase transitions;
solid and liquid phase, and morphological changes. Various researchers observed droplets on
cellulose in response to pretreatment.
It determined to be lignin as a result of phase transition; glassy to a rubbery state,
coalescence, and extrusion from cell wall (Donaldson et al., 1988; Donohoe et al., 2008).
Repolymerization counteracts lignin removal, although ether bonds cleaved, delignification rate
was reported close to zero (Li et al., 2007). In addition, an increase in molecular weight of lignin
after pretreatment is a clear indication of repolymerization of lignin (Li et al., 2007). Furthermore,
sugar oligomers and solubilized lignin are reported to inhibit cellulose digestion by reattaching to
the surface of pretreated fibers. (Liu and Charles, 2005).
Garrote and co-workers (Garrote et al., 2007) reported an increase in lignin content at high
temperature owing to a combination of lignin and protein. The higher pretreatment severity led to
an increase in lignin recovery yield, which might be caused by the condensation reactions of lignin
with other degradation products. Hydrothermal pretreatment of date palm leaflets and rachis
substantially increase lignin content up to 64.95 % and 49.45%, respectively, at 210 °C. Sun et al.
(Sun et al., 2014) reported an increase in lignin from 25.84% to 54.35. Mittal et al. (Mittal et al.,
2009) reported an initial solubilization of lignin (15%), thereafter, on prolonged pretreatment (175
°C, 8 h) lignin value reached a maximum value of 103% on initial lignin content basis.
Romani and colleagues (Romaní et al., 2010) reported recovery of 85.4% lignin on average
in the pretreated solid of Eucalyptus globulus while studying autohydrolysis at 195, 205, 220 and
230 °C. Nitsos and fellows (Nitsos et al., 2013) reported 26%-35% increase in lignin content in
pretreated beach wood comparing to native at the severity of log R0 4.69. Ko et al. (Ko et al., 2015)
studied the fate of lignin on hardwood chips and reported an increase in lignin from 29.3% to
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40.3% for a severity range of 8.25 to 12.51 with a maximum of 90% recovery at severity log R0 >
11.39. Authors observed a change in the ratio of acid insoluble lignin (AIL) to acid-soluble lignin
(ASL), reporting that higher severity lead to increase in acid insoluble lignin with the
corresponding decrease in acid soluble lignin.
The percentage of lignin increased from 29.3 to 40.3% with increasing pretreatment severity
mainly due to the solubilization of xylan while the cellulose and lignin remain in the solids
recovered after pretreatment. In the range of pretreatment severity of log Ro ¼ 8.25–12.51, 75–
85% of the lignin initially present was recovered in pretreated solids. However, at the severity of
log Ro > 11.39, the apparent lignin recovery increased to 90% (Ko et al., 2015).
Kristensen et al. (Kristensen et al., 2008) reported re-localization of lignin in response to
hydrothermal pretreatment that subsequently makes cellulose susceptible to enzymatic hydrolysis.
Fernandez et al. (Fernandez-Cegri et al., 2012) indicated that lignin tends to concentrate in the
pretreated solid primarily owing to solidification and re-deposition on cooling, authors observed
33% lignin in pretreated solid at severing pretreatment conditions of 200 °C in comparison to 14%
of untreated sunflower oil cake. Sun et al. (Sun et al., 2014) reported an increase in klason lignin
up to a maximum value of 41.7% in a corncob.
3.4

Impact of hydrothermal pretreatment on hydrolysate on liquid fraction
Thermal and thermochemical pretreatment of lignocellulosic biomass results into two

fractions: (a) solid fraction rich in cellulose, lignin, and residual organic acids and (b) liquid
fraction mainly containing xylose, organic acids released, phenolic compounds; vanillin,
syringaldehyde and other lignin derived phenolics, and furanic compounds; furfural, 5hydroxymethylfurfural (5-HMF) (Hendriks and Zeeman, 2009; Du et al., 2010; GonzálezFernández et al., 2012; Sambusiti et al., 2013). Furanic compounds are known to be detrimental
for archaea and bacteria by inhibiting cell growth, damaging DNA, and inhibiting enzymes of
glycolysis pathway. (Palmqvist and Hahn-Hägerdal, 2000; Almeida et al., 2009). Furfural found
to be more toxic than 5-HMF owing to its lower molecular weight that facilitates easy penetration
into microbial cell membrane (Quéméneur et al., 2012). Toxicity of Lignin-derived phenolic
inhibitors directly related to molecular weight; low molecular weight phenolic compounds are
more lethal than high molecular weight phenolics (Jönsson and Martín, 2016).
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The degradation products; furfural, 5-HMF (5-hydroxymethylfurfural), acetic acid, and
formic acid are an undeniable fact during chemical or physicochemical pretreatment; hydrothermal
pretreatment is not an exception. Furfural is a pentose, while 5-HMF is a hexose dehydration
product. Former can be converted to 2-furoic acid through hydraulic fission of aldehyde groups,
while latter can be transformed to equimolar amounts of levulinic acid and formic acid under acid
conditions at elevated temperatures (Clark and Mackie, 1984; Ulbricht et al., 1984; Nitsos et al.,
2013).
Mechanism of inhibitory products formation during hydrothermal pretreatment is presented
in Fig. 3.2. 5-HMF and furfural, under anaerobic fermentation condition, are mainly converted to
their corresponding alcohols, furan dimethanol, and furfuryl alcohol, respectively, while aerobic
metabolism in Saccharomyces cerevisiae converts furfural to furoic acid (Sárvári Horváth et al.,
2003; Liu et al., 2004).
A lower concentration of 5-HMF has been reported in hydrolysate due to limited hexose
degradation in comparison to furfural (Chandel et al., 2011). Phenolic compounds production is
related mostly to lignin degradation. Production of these undesirable compounds may be prevented
by careful optimization of process parameters of pretreatments. Maintaining pH between 4 - 7
minimizes the risk of inhibitory products formation (Hendriks and Zeeman, 2009). Production of
these undesirable inhibitory products is widely dependent upon nature of lignocellulosic biomass,
reaction conditions, and reaction time of hydrolysis (Palmqvist and Hahn-Hägerdal, 2000). El
Hage et al. (El Hage et al., 2010) studied autohydrolysis on Miscanthus x giganteus, reported that
furans increase steadily at mild conditions (130-140 °C), while the substantial increase was
observed to a maximum of 5.5% at 150 °C for 20 h.
Hydrothermal pretreatment of sweet sorghum was conducted by Sun and colleagues (Sun et
al., 2015). The authors reported that the concentrations of acetic acid (4.03 g L-1) and furfural (4.53
g L-1) were significantly higher in the severest pretreatment condition (230 °C, 30 min).
Furthermore, it was noted that degradation products closely associated with pretreatment
temperature and time; increasing temperature at a constant time or vice versa. The authors
observed lower 5-HMF concentration in comparison to furfural indicating limited cellulose
solubilization and consequent glucose formation. Table 3.3 presents various possibilities of
hydrolysate composition in response to hydrothermal pretreatment of various feedstocks.
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Figure 3.2 - Mechanism of inhibitory compounds production during hydrothermal pretreatment
modified after (Jönsson and Martín, 2016)
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Table 3.3 - Hydrolysate composition in response to hydrothermal pretreatment of various
feedstocks
Feedstock

Chemical
addition

Pretreatment
conditions

Furfural
g L-1

5Hydroxymethylfurfural
g L-1

Acetic
acid

Reference

g L-1

Sugarcane
bagasse

-

195 °C, 10
min

0.59
±0.10

0.03±0.01

2.03±0.40

(de Moutta
et al., 2013)

Straw

-

0.81±0.15

0.33±0.01

1.93±0.10

Yard waste

-

195 °C, 10
min
WSa, AISb,
AcS3 180°C,
30 min

0.08, 0.00,
0.87
(mg mL-1)

0.09, 0.00, 0.90

Beach wood

-

0.03 - 0.84

Corn stover

-

Wheat straw

-

0.03 2.73 (mg
mL-1)
4.8 – 21.5
mg g-1
<0.1 –
3.32 g 100

2.75, 2.35,
1.80
(mg mL-1
)
0.08 3.41 (mg
mL-1)
-

(de Moutta
et al., 2013)
(Wangliang
et al., 2014)

130°C 220°C, 15 180 min
200°C, 5 min
– 60 min
170°C –
200°C
0 min – 40
min
100°C –
240°C
15 min – 60
min
190°C –
210°C
10 min – 20
min
180°C –
295°C

Eucalyptus
urophylla

-

Switchgrass

-

Sugarcane
bagasse

-

Corn Stover

Acetic
Acid (0 –
400 g Kg1
DM)
-

Sugarcane
press mud
Corn cob

-

g-1
untreated
material
NDd –
1.45

0.42 – 3.2
mg g-1
<0.1 – 0.50 g 100 g-1
untreated material

ND – 1.27

0.51 –
3.86 g 100

(Nitsos et
al., 2013)
(Saha et al.,
2013)
(Pérez et
al., 2007)

g-1
untreated
material
ND – 3.28

(Sun et al.,
2014)

<0.2 –
0.91

<0.15 – 0.79

-

(Lilis et al.,
2009)

2.8 - 18.2

0.9 – 3.9

1.1 – 2.6

(Rocha et
al., 2013)

195 °C
15 min

0.19 –
1.74

0.02 – 0.23

-

(Xu et al.,
2009)

140 – 210 °C
2 – 23 min
170 – 230 °C

1.21

0.034 – 0.362

5.13

1.27

6132 mg
L-1
-

(González
et al., 2014)
(Sun et al.,
2014)
(Shen et al.,
2016)

Aqueous 140 – 180 °C
1.31 –
0.53 – 1.53
AlCl3
1h
3.05
(0.02 M)
a
Hot compressed water, b 2.1g NaOH, c 1.4 mL H2SO4 d Not detected
Eucalyptus
camaldulensis
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2.63 –
5.23

3.5 Impact of hydrothermal pretreatment on morphological structure of biomass
Morphological structure of lignocellulosic biomass is an important aspect of studying the
chemical components distribution and their inter-linkages (Hon and Shiraishi, 2001). The in-depth
morphological study would help to broaden the knowledge about physiochemical properties of
lignocellulosics in question. Furthermore, it would help to enhance lignocellulosic bioconversion
and understand enzyme accessibility during downstream processing
A number of techniques have widely been employed to visualize structural changes,
including Fourier transform infrared spectroscopy (FTIR), nuclear magnetic resonance (NMR), Xray powder diffraction (XRD), scanning electron microscopy (SEM), and transmission electron
microscopy (TEM). The collective use of FTIR and NMR can provide detailed structural
elucidation of pretreatment impacts on lignocellulosic, SEM is used to visualize morphological
changes (Wi et al., 2015), while XRD is used to estimate crystallinity index (Zhang et al., 2014).
Structural disruption of the lignocellulosic matrix is a complex process to understand at the
molecular level. Xylan dissolution mechanism during hydrothermal pretreatment has recently been
reported by transmission electron microscopy at a ultra-structural level that will advance our
understanding of reaction mechanisms impact on the structural morphology of biomass (Ma et al.,
2015).
Amorphous cellulose is relatively easy to solubilize than of crystalline cellulose.
Deconstruction of cellulose involves swelling under concentrated acid condition and breakage of
glycosidic bonding. Cellulose chain cleavage started when temperature slightly exceeds to 150 °C
during hydrothermal pretreatment (Ma et al., 2013). Decomposition of cellulose occurs within a
temperature range of 250-400 °C with maxima at 334 °C, while hemicellulose and lignin have
maximum deconstruction rate at 375 °C and 296 °C, respectively (Nitsos et al., 2013). Moreover,
authors reported that at mild temperature conditions no significant morphological changes were
observed while at higher severity log R0 ≥ 3.5 significant morphological changes were observed
under SEM microimages indicating lignin removal and recondensation in droplets forms on the
surface of particles.
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To visualize the impact of hydrothermal pretreatment on ultrastructure and molecular
organization of biomass, Kristensen et al. (Kristensen et al., 2008) reported studies on wheat straw
in comparison to SO2 impregnated steam explosion.
A hypothesis was put forward by Donohoe et al. (Donohoe et al., 2008) for the appearance
of lignin droplets on the surface of cell wall after hydrothermal pretreatment based on their study
on corn stover after comparing several techniques; FTIR, NMR analysis, antibody labeling, and
cytochemical staining. The authors hypothesized that whenever thermochemical pretreatment
temperature goes above the lignin phase transition temperature range, it causes lignin to coalesce
into larger molten bodies and make it migrate within and out of the cell wall and it can redeposit
on the surface of the cell wall. Kumar et al. (Kumar et al., 2013) proposed another hypothesis that
spherical droplets are pseudo-lignin derived from carbohydrate like xylan components at high
severity hydrothermal pretreatments.
The degree of polymerization and chain break in bamboo as a result of hydrothermal
pretreatment were studied by Ma et al. (Ma et al., 2013). The authors observed that cellulose
degradation is favored at a higher temperature as indicated by Xiang and co-workers (Xiang et al.,
2003). Hardwood was pretreated hydrothermally at different severities by Ko et al. (Ko et al.,
2015) to study its impact on enzymatic cellulose hydrolysis and lignin properties. The authors
compared SEM micro images of the untreated and pretreated sample and observed fragmentation
and disruption in the morphology of treated samples as compared to the flat and smooth surface
of untreated hardwood. Spherical droplets of lignin were noticed on the surface even on the corners
of the disrupted cell thus might be a source of a physical barrier for impeding cellulose hydrolysis.
Date palm (Phoenix dactylifera L.) leaflets and rachis were pretreated with hydrothermal
pretreatment at four temperature levels; 180, 190, 200, and 210 °C for a holding time of 10 min to
evaluate pretreatment impact on enzymatic digestibility and bioethanol potential in addition to
assessing pretreatment severity effect on morphological changes (Fang et al., 2015). By SEM
images, a significant difference between untreated and pretreated samples was observed. Rachis
surface was found to be more irregular in contrast to leaflets at same severity condition.
Furthermore, the structure of leaflets and rachis showed a variety of smaller fragments in response
to hydrothermal pretreatment. Pretreatment at 210 °C depicted significant morphological and
structural changes than 180 °C for both leaflets and rachis. High severity results in significant cell
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wall destruction thereby increasing surface area for enzymatic hydrolysis and improve
lignocellulosic bio-convertibility (Ding et al., 2012; Li et al., 2014).
Untreated and liquid hot water pretreated (170 – 230 °C) corncob samples were visualized
for SEM images to look into morphological characteristics. A substantial cell wall disruption was
observed for pretreated samples comparative to compact surface structure and intact morphology
of untreated ones. Authors noted minimal structural disruption at lower temperature (170 – 180
°C), fiber length reduction at moderate temperature (190 °C) while complete cell wall disruption
at high temperature (above 190 °C), lignin droplets were also observed on cell wall surface for
samples pretreated at 220 °C (Sun et al., 2014)
A comparison of hydrothermal and wet explosion pretreatment was studied to map and
characterize changes in lignin by Kaparaju and Felby (Kaparaju and Felby, 2010) with the help of
microscopy (atomic force microscopy, scanning electron microscopy), and ATR-FTIR
(Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy). The authors reported
substantial removal of hemicellulose in both pretreatments, but the values observed slightly higher
for hydrothermal than wet explosion pretreatment. This might be due to the combined effect of
counter-current water flow system and partial hydrolysis of cellulose during hydrothermal
pretreatment
3.6

Anaerobic Digestion: process and affecting parameters
Anaerobic digestion is a series of processes governed by several bacterial and archaeal guilds

to break down organic matter in the absence of oxygen to produce clean energy, methane, along
with carbon dioxide plus hydrogen, hydrogen sulfide and new bacterial biomass (Kavuma, 2013;
De Vrieze and Verstraete, 2016). A comprehensive review of the biochemical reactions and
microbiological perspective of the digestion process is beyond the scope of this text.
The readers are referred to Adekunle and Okolie (Adekunle and Okolie, 2015) for in-depth
study of the biochemical process of anaerobic digestion and to Vrieze and Verstraete (De Vrieze
and Verstraete, 2016) for microbiological perspectives. A brief overview of anaerobic digestion
process and affecting parameters is presented in this text. Hydrolysis, acidogenesis, acetogenesis,
and methanogenesis (Fig 3.3) are the key steps of the digestion process, based on the chemical
reactions undertaken by various obligatory and facultative anaerobes (Yi et al., 2014). The
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products of one-step are taken up as substrate by microbial community of the subsequent step.
Therefore, the imbalance between chemical reactions of microbes will influence microbial
kinetics, substrate consumption rate, final product formation, and finally could lead to system
failure (Franke-Whittle et al., 2014; Adekunle and Okolie, 2015).
Several factors including physical, chemical, and biological could affect the digestion
process. Alteration in substrate characteristics, organic loading rate, temperature fluctuation, pH,
nutrients, and mixing conditions can have an influencing impact on biodegradation rate, biogas
compositions, substrate utilization, and specific microbial growth rate.
The biogas yield, composition, and success of digestion process are strongly dependent
upon the feed characteristics in terms of its constituents protein, fat (Schnürer and Jarvis, 2010),
and carbohydrates; cellulose, hemicellulose, and lignin (Hartmann and Ahring, 2006). Moreover,
substrate particle size, biodegradability, total solids, and volatile solids play a vital part in
anaerobic digestion.

Figure 3.3 - Schematic conversion of macromolecules into biomethane in anaerobic
digestion process (modified after (Yi et al., 2014))
The pH value is an important parameter and indicator of process stability. It has a
significant impact on the microbial growth (Yadvika et al., 2004). Since a consortium of
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microorganisms is involved in biogas production, their pH requirements vary widely.
Microorganisms can be divided into two groups based on pH optima for anaerobic digestion.
Acidogenic bacteria prefer a pH range of 5.5 – 6.5, while methanogens thrive best at 7.8 – 8.2
(Khanal, 2008). However, methanogens have been reported to remain active outside this range
(Whitman et al., 2006). pH control is vital to the bacterial growth and conversion processes in
digestion.
In single stage digestion reactors, pH is maintained at neutral since methanogens are very
susceptible to pH change since microorganisms of both groups are present at this stage. Methane
generation rate may decrease if pH is lower than 6.3 or higher than 7.8 (Stronach et al., 1986).
However, studies are reported for acidophilic (Bräuer et al., 2006) and alkaliphilic methanogens
(Sorokin et al., 2015).
Microorganisms, like other organisms, require nutrients for their growth, activity, and to
perform metabolic processes. A balanced anaerobic digestion system necessitates mix of nutrients,
both macro and micro, to fulfill the microbial needs involved in the process (Goodwin et al., 1990;
Takashima et al., 1990). Nutrients fall into two categories based on their requirement; a)
macronutrients, required in substantial amount, carbon, nitrogen, hydrogen, phosphorus,
potassium, and sulphur (Kayhanian and Rich, 1995), and micronutrients; cobalt, zinc,
molybdenum, nickel, iron, copper, selenium, and tungsten and also vitamins, required in minute
quantities but essential for growth (Rivard et al., 1989; Kayhanian and Rich, 1995). The trace
elements requirement by methanogens, both acetoclastic and hydrogenotrophic, is not entirely
understood. Therefore, it presents toxic or inhibitory effects during digestion if exceed a threshold
level of microbial requirement.
The anaerobic process requires lower macronutrients than aerobic process owing to lower
biomass yield while degrading equal amount of waste. A single nutrient recipe is not available, as
substrates having different chemical composition require specific nutrients for the digestion
process. Nutrient requirements can be determined with COD (Chemical Oxygen Demand) of the
substrate, COD:N ratio. A COD:N ratio of 350:7 and 1000:7 is recommended for highly and low
loaded system (Henze and Harremoës, 1983). Most authors prefer to cite as C/N ratio in literature.
C/N ratio lies in the range of 10-30 with an optimum value of 25-30:1 for the digesters to work at
full potential (Mital, 1996; Yadvika et al., 2004). In the case of high C/N ratio digester will be
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deficient in nitrogen impeding microbial growth (Alvarez and Lidén, 2008) while in the other
circumstances degradation leads to ammonia inhibition (Hartmann and Ahring, 2006), VFA
(Volatile Fatty Acids) accumulation, and ultimately reactor failure (Franke-Whittle et al., 2014).
3.7

Hydrothermal pretreatment in relation to subsequent methanogenesis
Hydrothermal pretreatment parameters; temperature, reaction time, total solids, and pH are

aspects of paramount importance in relation to pretreatment efficiency and subsequently on
anaerobic digestion. Furanic (sugar monomers degradation products) and phenolic compounds
(lignin degradation products) are undeniable products during pretreatment. These products are
toxic and can possibly inhibit growth mechanism of bacteria and methanogenic archaea (Ghasimi
et al., 2016). Whereas Barakat et al. (Barakat et al., 2012) reported contradictory results by
demonstrating the adaptability of microbial consortia to phenolic and furanic compounds. Ligninderived phenolics specifically inhibit hydrolytic enzymes cellulase, glucanase, and xylanase
(Berlin et al., 2006).
Massive volatile fatty acids, ammonia nitrogen and amino acids released into liquid
hydrolysate at a higher severity. Higher VFAs; propionic acid 900 mg L-1 could stop the
methanogenesis (Wang et al., 2009). Pretreatment parameters can be optimized to a lower
production of inhibitory compounds, maximizing sugar yield, and ultimately higher digestion
efficiency.
Hydrothermal pretreatment recently gets more attraction in lignocellulosic pretreatment as
it did not require particle size reduction resulting in cost reduction at large scale (Weil et al., 1997;
Taherzadeh and Keikhosro, 2008). Use of hydrothermal pretreatment for biogas production is not
only limited to energy crops (Koponen, 2010) and agricultural residues (Grimaldi et al., 2015), but
also expands to algal biomass (Passos and Ferrer, 2015). Qiao et al. (Qiao et al., 2011) reported an
increase of 67.8, 18.5, 13.3, and 7.8% biogas in hydrothermally pretreated (170 ºC, 1 h) municipal
sewage sludge, fruit/vegetable waste, cow manure, and pig manure, respectively. The authors also
observe 3.5% decrease in biogas with 6.9% reduction in methane content for food waste under
same pretreatment conditions; this might be a result of valorization of readily degradable feedstock
during hydrothermal pretreatment.
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In another study, hydrothermal pretreatment was carried out on sugar beet pulp to enhance
biogas production. Zieminski et al. (Zieminski et al., 2014) investigated the pretreatment of sugar
beet pulp (100 g TS) conducted at 120, 130, 140, 150, 160, 170, and 200 ºC in a 600 mL
thermostatic reactor for 20 min under varying pressure range. Batch digestion experiments of
pretreated hydrolysate were carried out in glass chambers of 1 L working volume. The authors
observed the highest cumulative methane yield of 502.50 L CH4 kg-1 VS from 160 ºC pretreated
pulp. The highest free glucose release of 3.29 mg mL-1 was observed at 160 ºC, 4 folds higher than
120 ºC.
Rice straw, a potential AD (Anaerobic Digestion) feedstock, was studied by Chandra et al.
(Chandra et al., 2012) using two different pretreatments: (1) NaOH, and (2) hydrothermal followed
by NaOH addition. NaOH pretreatment was given at 3% NaOH for 120 h at 37 ºC in a temperature
controlled incubator at 10% TS (20 g). Hydrothermal pretreatment was conducted at 200 ºC with
a residence time of 10 min under pressure of 1.55 MPa in a SUS (Steel Used Stainless) 316
austenitic steel reactor followed by 5% NaOH to adjust the pH of pretreated slurry for subsequent
AD experiments. The pretreated material with both pretreatments was subjected to digestion for
60 days under mesophilic conditions (37 ºC) with a C/N ratio of 25. The study results revealed a
biogas production of 140, and 184 L kg-1 VS a for untreated and 3% NaOH pretreated, wheat straw
while highest biogas production (315.9 L kg-1 VSa) was observed for hydrothermal pretreatment
followed by 5% NaOH addition.
Poplar leaves, considering yard waste, were primarily screened to remove plastics, sticks,
and metals. These were then hydrothermally pretreated using three catalysts; hot compressed
water, acidic solution, and alkaline solution, to investigate the effect on anaerobic digestion in
batch reactors. The batch reactors were maintained at mesophilic conditions (37 ºC) with an
inoculum to substrate ratio of 1 mL g-1 for a period of 32 days. The highest concentration of glucose
and xylose were observed in the acidic pretreated sample. Biogas yield for samples pretreated with
an alkaline solution, acidic solution, and hot compressed water was increased by 364, 107, and
79%, respectively in comparison to the untreated sample. Furthermore, authors noted a decrease
in the COD in liquid phase followed the same order as of biogas yield (Wangliang et al., 2014).
Sunflower oil cake was studied by Fernandez et al. (Fernandez-Cegri et al., 2012) for
hydrothermal pretreatment. The study was aimed at to elucidate the impact of different
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temperatures (25, 100, 150, and 200 ºC) of hydrothermal pretreatment on the chemical composition
of cake and subsequent biomethane potential tests. Batch digestion reactors were conducted for
pretreated solids and hydrolysate samples obtained after separation of pretreatment slurry at
inoculum to substrate ratio of 2 (2 g inoculum / 1g substrate) on VS basis at mesophilic conditions
(35 ± 1 ºC). The authors reported hemicellulose decrease in solid content from 13 to 6% while an
increase was observed in lignin content by 16%, for pretreatment temperature range of 25 – 200
ºC. The pretreatment conducted at 100 ºC reported representing highest methane yield, 6.5%
higher, based on combined methane yields from solid and hydrolysate.
A dedicated crop Giant reed (Arundo donax) was subjected to a hydrothermal pretreatment
by Giuseppe and co-workers (Giuseppe et al., 2013) to evaluate its potential for biogas production.
Three conditions were tested for hydrothermal pretreatment; uncatalyzed, 24 h impregnation of
the substrate with 2% (w/w) H2SO4, and immediate addition of 2% (w/w) H2SO4 before steam
cooking for pretreatment parameters; temperature (150 and 180 ºC) and time (10 and 20 min).
Results of subsequent batch digestion tests, conducted with 4 g VS L-1 under thermophilic
conditions (53 ºC) for a period of 39 days, revealed into methane yield of 273 mL g-1 VS added
for untreated biomass. Reactors with uncatalyzed biomass achieved a yield of 23% at
temperature/time combination of 180 ºC/10 min. Conversely, the reactors fed with catalyzed
biomass were observed methanogenic inhibition. The inhibition might be due to competition with
sulfate reducing bacteria (SRB) as sulfate concentration was observed in the hydrolysates of acidcatalyzed pretreatments.
Jorn and his team (Jörn et al., 2014) conducted thermobarical pretreatment on solid cattle
manure and liquid cattle manure obtained from two different location in Germany to evaluate its
efficiency on the biomethanation. Pretreatment was performed in a mini reactor (600 mL) at a
temperature range of 140, 160, 180, 200 & 220 °C for a retention time of 5 min. The authors
observed the high concentration of inhibitory compounds (furfural, 5-HMF, and phenolic
compounds) at a temperature of 220 °C; resulting into lower degradability and lower methane
output. Authors claimed 58% increase in the methane yield with pretreatment conducted at 180
°C. Furthermore, reported an optimum temperature of 164 °C based on regression analysis of
methane generation rate and methane yield.
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3.8

Microbial community structure of anaerobic digestion and molecular fingerprinting
techniques
Anaerobic digestion is a microbial mediated process involving bacterial and archaeal

communities working in close relation, as both communities need each other to degrade the
complex organic compounds and for their own survival. The process is initiated by the hydrolytic
bacteria by converting complex organic compounds into simpler ones. Carbohydrates, proteins
and lipids are converted into simple sugars, amino acids and fatty acids, respectively as depicted
in Fig 3.3. Input material dictates the bacterial community composition within the reactor for the
hydrolytic stage, whilst, the temperature is the key driver for microbial community diversity and
evenness (Leven et al., 2007). Digesters treating cellulosic material are dominant with Clostridium
spp. along with Bacteroidetes and Proteobacteria but at lower abundance (Carballa et al., 2015).
Clostridium spp. and other members of Firmicutes are abundant in lipid-rich digesters (Zakrzewski
et al., 2012). Whilst, Bacillus spp. Clostridia spp., and representatives of Proteobacteria were
found in protein-rich reactors (Kovács et al., 2015).
Identification of specific organism about specific biochemical-stage of digestion process
has been a challenging task due to culture restraints. It is quite impossible to generate a pure culture
from syntrophic interactions. Recent advancements in the molecular biology, specifically
regarding DNA sequencing technology has made an in-depth study of microbial community
structure possible. Furthermore, microbial community characterization and monitoring is currently
the theme of research to increase methane output and capacity of digesters (Vanwonterghem et al.,
2014).
The emergence of 16S rRNA as universal target led to a new era in taxonomic classification
of microorganisms based on DNA sequencing information (Woese and Fox, 1977). Sequence
divergence of the ribosomal small subunit RNA (16S rRNA) is the basis for culture-independent
techniques (Nayak et al., 2009). This approach classified methanogens into a new Archaeal
Domain. Recently, other universal targets have also been developed based on bacterial type I cpn60
(Hill et al., 2004) and archaeal type II thermosome chaperonins (Chaban and Hill, 2012). These
chaperone proteins are highly conserved for both archaea and bacteria and help in protein folding
(Hemmingsen et al., 1988). Groups of microorganisms with a similar taxonomic relationship based
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on DNA sequences put together in an operational taxonomic unit (OTU). Phylogenetically, OTU
permits greater resolution of closely related microorganisms (Links et al., 2012).
A number of fingerprinting techniques have been developed to study the microbial
diversity and structure; amplified ribosomal DNA restriction analysis (ARDRA), single strand
conformation polymorphism (SSCP), denaturing gradient gel electrophoresis (DGGE),
temperature gradient gel electrophoresis (TGGE), terminal restriction fragment length
polymorphism (TRFLP), and ribosomal intergenic spacer analysis (RISA). Fluorescence in situ
hybridization (FISH), DNA microarray, and sequencing are the tools for microbial identification.
DGGE could give a snapshot of microbial community, but it is not suitable to identify changes in
microbial community at specie level (Ercolini, 2004)
DGGE technique is generally applied to separates complex mixtures of 16S rRNA gene
amplicons of the same length having different sequences. The mixture of 16S rRNA amplicons is
applied on a polyacrylamide gel with a linearly increasing gradient of denaturant (formamide or
urea). An electric current is applied and the amplicons migrate though the gel. First, the fragments
travel according to their molecular weight and as they are exposed to the increasing concentration
of denaturant, the DNA strands begin to denature. At their specific melting point their migration
stops. Therefore, separation of the fragments is the consequence of different melting temperatures
according to their DNA sequence variations. The separated strands could be excised and directly
utilize for sequencing after following proper protocol.
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4

MATERIALS & METHODS
The Study was planned according to the following flow-chart diagram Fig 4.1
Total solids
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Figure 4.1 - Flow-chart diagram of experiments
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4.1

Substrate
Sugarcane bagasse was generously provided by Laboratório Nacional de Ciência e

Tecnologia do Bioetanol, Campinas - Brazil. It was dried at 37 ºC in an incubator and afterward
stored in plastic bags at ambient temperature until further use for pretreatment and compositional
analysis.
4.2

Hydrothermal pretreatment

4.2.1 Substrate impregnation
Sugarcane bagasse was impregnated with sulfuric acid and hydrogen peroxide at solid to
liquid ratio of 1:10 in plastic beakers according to pretreatment index presented in Table 4.4 and
4.5. The beakers were sealed with paper film strengthened by rubber wires. The beakers were left
for 24 h at room temperature under static conditions. Sugarcane bagasse was separated by vacuum
filtration, afterward. In the case of hydrogen peroxide, pH was raised to 11.0 with 5 M NaOH
before impregnation. Acid pretreatment will be indexed as A-HSO, B-HSO, C-HSO, and so on till
P-HSO. On the other hand, hydrogen peroxide pretreatment will be indexed as A-HO, B-HO, CHO, and so on till P-HO”.
4.2.2 Description of the hydrothermal reactor
The hydrothermal reactor was built in-house by Departamento de Engenharia de Mecânica,
Universidade de São Paulo, São Carlos – Brazil. A brief description of the reactor is presented as
follow: The reactor was made of steel with a capacity of 150 mL. The reactor (Fig 4.2) consists of
a temperature control panel, pressure gauge to measure the inside reactor pressure, pressure valve
to release the pressure, and a cyclone-shaped receiver to receive the pretreated biomass.
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Figure 4.2 - Schematic diagram of hydrothermal reactor
4.2.3 Pretreatment process
Before each pretreatment, the reactor was flushed with water and preheated. Approx 12 g
of impregnated bagasse was loaded to hydrothermal reactor according to the Tables 4.4 and 4.5
with 110 mL distilled water. After substrate loading, the heating system was initiated. The
countdown started after the temperature was reached to required pretreatment temperature of 160,
180, 200, 146.4 and 213.6 °C (Table 4.4 & 4.5). Pressure (bar) was recorded. At the same time,
the countdown started. After defined time of 5, 12, 19, 0.24, and 23.76 min for different
pretreatments (Table 4.4 & 4.5), the heating system was switched off and pressure valve was
released at once to sudden decrease the pressure inside the reactor that further dismantle the
lignocellulosic structure. Pretreated biomass was recovered from the wall of the cyclone while
hydrolysate was obtained from the plastic basket placed under the cyclone. Furthermore, the solid
fraction was separated from the liquid (hydrolysate) via filter paper. A part of the solid fraction
was transferred to pre-weighed crucibles to dry at room temperature for structural analysis. Total
recovered solid fraction after each pretreatment was recorded to calculate solid recovery. Both
fractions were stored at 4 °C until further analysis and batch digestion.
4.3

Inoculum
The inoculum was granular sludge obtained from Upflow Anaerobic Sludge Blanket

(UASB) reactor treating poultry wastewater – Dacar, Tiete, São Paulo. Inoculum was transported
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from the facility to Laboratório de Processos Biológicos (LPB) USP Campus 2 in 30 L plastic
bottles and subsequently stored in cold storage room, temperature maintained at 4 °C. Inoculum
was macerated in household juicer followed by TS and VS characterization.

4.4 Characterization of solid biomass
Pretreated solid recovered after filtration of pretreatment slurry was equilibrated to moisture
content (4.2 – 6.6%), and solid recovery (%) was determined by equation 4.1 according to de
Vasconcelos et al. (de Vasconcelos et al., 2013)
𝑆𝑜𝑙𝑖𝑑 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 (%) = (𝑆𝑜𝑙𝑖𝑑 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 (𝑔) 𝑎𝑓𝑡𝑒𝑟 𝑝𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 𝑜𝑛 𝑑𝑟𝑦 𝑚𝑎𝑡𝑡𝑒𝑟 𝑏𝑎𝑠𝑖𝑠) ⁄
(𝑅𝑎𝑤 𝑏𝑎𝑔𝑎𝑠𝑠𝑒 (𝑔) 𝑜𝑛 𝐷𝑀 𝑏𝑎𝑖𝑠) × 100
(4.1)

Total solids and volatile solids of untreated bagasse and WIS (water insoluble solid) fraction
of pretreatment slurry were determined according to Standard Methods procedures 2540 B and
2540 E (APHA et al., 2005).
4.4.1 Compositional analysis
Chemical characterization of biomass (sugarcane bagasse) is very important in order to
determine its biomethane potential. Sugarcane bagasse was milled using household juice maker
and passed through 2.5 mm sieve for compositional analysis. Cellulose (glucan) and hemicellulose
(xylan+arabinan) were determined following Sluiter protocol (Sluiter et al., 2008) available online
(http://www.nrel.gov/docs/gen/fy08/42623.pdf). Briefly, 0.16 g solid was mixed with 1.5 mL
H2SO4 (72 % w/w) in digestion tube placed in a water bath pre-adjusted to 30 °C for 1 h. The
contents were mixed at intervals of 0, 20, and 40 min. The reaction was terminated by adding 42
mL distilled water to make H2SO4 concentration to 4 % w/w. The contents of the tube were
autoclaved for 1 h at 120 °C. Afterwards, the contents were filtered through 0.2 µm glass fiber
filter (Sartorius stedim Biotech®) in pre-ashed porcelain crucibles. The solids obtained were dried
at 105 °C and reported as % Klason lignin (Equation 4.6) corrected to ash (550 °C, 3 h). The filtrate
obtained was stored at -20 °C after neutralization with CaCO3 for HPLC. Glucose and xylose were
separated on Aminex HPX-87H (Bio-Rad, Hercules, USA) column (300 mm × 7.8 mm). All
samples were passed through Sep-Pak C18 cartridges and filtered through 0.2 µm syringe filter.
Ultrapure water with 0.005 N H2SO4 was used as mobile phase with a flow rate of 0.5 mL/min,
and the oven temperature was maintained at 43 °C.
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Glucan, xylan, and arabinan in the untreated and pretreated solid fraction were determined
according to formulas described in NREL protocol. Sugar recovery standards after dilute acid
hydrolysis was calculated according to Equation 4.2
% 𝑅_𝑠𝑢𝑔𝑎𝑟 = (𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑑 𝑏𝑦 𝐻𝑃𝐿𝐶, 𝑚𝑔/𝐿) ⁄
(𝑘𝑛𝑜𝑤𝑛 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑠𝑢𝑔𝑎𝑟 𝑏𝑒𝑓𝑜𝑟𝑒 ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑖𝑠 × 100)

(4.2)

Sugars in hydrolyzed samples were calculated using the Equation 4.3
𝐶_𝑋 = (𝐶_𝐻𝑃𝐿𝐶 × 𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟) ⁄ (%𝑅_𝑠𝑢𝑔𝑎𝑟/100)

(4.3)

Where
𝐶_𝐻𝑃𝐿𝐶 = Concentration of sugars determined by HPLC
%𝑅_𝑠𝑢𝑔𝑎𝑟 = Recovery of specific sugar component
𝐶_𝑋 = Concentration of sugar (mg L-1) in hydrolyzed sample after correction for loss on 4%
hydrolysis
Polymeric sugars concentrations were determined using anhydro correction factor; 0.88
for xylan and arabinan while 0.90 for glucose, as indicated by Equation 4.4

𝐶𝑎𝑛ℎ𝑦𝑑𝑟𝑜= 𝐶𝑋 ×𝐴𝑛ℎ𝑦𝑑𝑟𝑜 𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛

(4.4)

Where

𝐶𝑎𝑛ℎ𝑦𝑑𝑟𝑜 = Concentration of polymeric sugar mg L-1
𝐶𝑋 = Sugar concentration after 4% hydrolysis
𝐴𝑛ℎ𝑦𝑑𝑟𝑜 𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 = Correction factor
Ash was determined based on Equation 4.5
% 𝐴𝑠ℎ =

𝑊𝑒𝑖𝑔ℎ𝑡𝐶𝑟𝑢𝑐𝑖𝑏𝑙𝑒 𝑝𝑙𝑢𝑠 𝑎𝑠ℎ − 𝑊𝑒𝑖𝑔ℎ𝑡𝐶𝑟𝑢𝑐𝑖𝑏𝑙𝑒
⁄𝑂𝑣𝑒𝑛 𝐷𝑟𝑦 𝑊𝑒𝑖𝑔ℎ𝑡
× 100
𝑆𝑎𝑚𝑝𝑙𝑒
(4.5)

Klason lignin was determned according to Equation 4.6
% 𝐾𝑙𝑎𝑠𝑜𝑛 𝑙𝑖𝑔𝑛𝑖𝑛 =
(𝑊𝑒𝑖𝑔ℎ𝑡𝐴𝑐𝑖𝑑 𝑖𝑛𝑠𝑜𝑙𝑢𝑏𝑙𝑒 𝑟𝑒𝑠𝑖𝑑𝑢𝑒 − 𝑊𝑒𝑖𝑔ℎ𝑡𝐴𝑠ℎ )
⁄𝑂𝑣𝑒𝑛 𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 × 100
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(4.6)

Recovery and removal for sugar monomers were determined by following formulas
equation 4.7, and 4.8, respectively according to (Su et al., 2015). While delignification was
determined by equation 4.9
𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 (%) =

𝑊𝑒𝑖𝑔ℎ𝑡 (𝑔) 𝑝𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑜𝑙𝑖𝑑
⁄

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔) 𝑖𝑛 𝑟𝑎𝑤 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 × 100

(4.7)
𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔) 𝑝𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑜𝑙𝑖𝑑
⁄𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔) 𝑖𝑛 𝑟𝑎𝑤 𝑏𝑖𝑜𝑚𝑎𝑠𝑠) ×

𝑅𝑒𝑚𝑜𝑣𝑎𝑙 (%) = 1 − (
100

(4.8)

𝐷𝑒𝑙𝑖𝑔𝑛𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 (%) =

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑙𝑖𝑔𝑛𝑖𝑛 (𝑔) − 𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑙𝑖𝑔𝑛𝑖𝑛 (𝑔)
⁄𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑙𝑖𝑔𝑛𝑖𝑛 (𝑔) × 100

(4.9)

4.5 Morphological characterization
Morphology of raw and selected pretreated solid fractions was visualized with field emission
Zeiss sigma™ scanning electron microscope at Instituto de Física de São Carlos, Universidade de
São Paulo, São Carlos – SP, Brazil. The samples were mounted on aluminum stubs and coated
with gold prior to analysis.

4.6 Chemical Characterization of liquid hydrolysate
Liquid hydrolysate obtained from pretreatment slurry was characterized for sugar
monomers, organic acids, total phenolic content, total carbohydrate, and chemical oxygen demand
(COD)
4.6.1 Sugar monomers determination
Briefly, 20 mL liquid sample was taken in digestion tubes followed by addition of
predetermined amount of H2SO4 (72 % w/w) based on pH value. The tubes were then submitted
to the autoclave for 1 h. Liquid aliquots obtained were neutralized with CaCO3 and stored at -20
°C until further analysis. Samples were extracted with Sep-Pak C-18 cartridges following 0.2 µm
glass filters before submitted to HPLC. HPLC analysis was conducted as described in section
4.4.1.
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4.6.2 Total carbohydrate analysis
Total carbohydrate analysis of the hydrolysate fraction was determined by the phenolsulfuric acid method proposed by (DuBois et al., 1956). Briefly, 1 mL of sample was transferred
to 10 mL glass vials followed by 1 mL of 5% (w/w) phenol solution and 5 mL 96% (w/w) H2SO4.
Glass vials were screw capped and slightly inverted twice and left for 10 min at room temperature.
Afterward, placed in cold water for 15 min. The total carbohydrates (mg L-1) were determined
using spectrophotometer (Hach® model no. DR-14000) at 420 nm. The analysis was performed
under a fume hood.
4.6.3 Organic acids determination
Organic acids in liquid hydrolysate produced during hydrothermal pretreatment and during
digestion process were determined using high performance liquid chromatography (HPLC)
equipped with a UV diode array detector (SPD-M10Avp), a refraction index detector (RID-10A),
a CTO-20A oven, a LC-10ADvp Pump, a SCL10 Avp controller and Aminex HPX-87H column,
300mm×7.8mm (BioRad). The mobile phase consisted of H2SO4 (0.01 N) at 0.5 mL/min flow rate
(Penteado et al., 2013). Samples were passed through 0.2 µm glass filter before introduction to
HPLC.
4.6.4 Total phenolic content
Total phenolic content in the hydrolysate was determined with protocol explained by Caza
et al . (Caza et al., 1999). Briefly, 2 mL sample was supplemented with 2 mL deionized water, 200
µl ferricyanide solution and 200 µl 4-aminoantipyrine solution. The contents were mixed and left
for 7 minutes afterward absorbance was detected at 500 nm against predetermined calibration
curve.
4.6.5 Chemical oxygen demand
Chemical oxygen demand of hydrolysate fraction was determined by potassium
dichromate-ferrous ammonium sulfate method according to Standards Methods (APHA et al.,
2005).
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4.7

Anaerobic digestion assays preparations

4.7.1 Zinder basal medium
To avoid inhibition owing to the nutritional requirement, Zinder basal medium (Zinder et
al., 1984) was employed as a medium of batch reactors instead of distilled water. The medium was
prepared according to chemicals presented in Table 4.1 in ultrapure water.
Table 4.1 - Composition of Zinder medium
Quantities - q.s.pa. 1000 mL of Ultrapure
water

Chemical
NH4Cl

0.5 g

KH2PO4

0.4 g

MgCl2.6H2O

0.1g

CaCl2.2H2O

0.05 g

Trace metal solution

10 mL

Vitamin solution

0.1 mL

a

quantity of solute per volume
Trace metal solution and vitamin solution were prepared according to Table 4.2. The both

solutions were vacuum filtered through 0.22 µm glass filter, subsequently flushed with N2 (100%)
gas for 20 min via gas distribution system to provide anaerobic conditions and stored in a
refrigerator at 4 °C under dark conditions.
4.7.2 Batch digestion reactors
Digestion experiments for the pretreatments (in duplicate reactors) were conducted in three
sets. Batch experiments were conducted in 1000 mL glass bottles with a working volume of 500
mL and 500 mL of headspace. Defined amount of substrates (solid fraction of pretreatment A-HO,
B-HO, …, P-HO, and A-HSO, B-HSO, …, P-HSO) on (1 g kg-1) TVS basis were introduced into
glass reactor followed by zinder nutrient solution. Reactor composition for each pretreatment is
presented in Table 9.1 and 9.2 (Appendix). The inoculum was introduced on 2 g kg-1 TVS basis.
The pH of reactors was adjusted to around neutrality (7.0 – 7.1) with 5 M NaOH and where
necessary with 1M H2SO4. Thereafter, reactors were flushed with pure N2 (100%) gas for 10 min
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via gas distribution system to ensure anaerobic conditions and immediately sealed with rubber
septum followed by plastic caps. The reactors were placed in an incubator programmed at 37 °C.
Three points were selected for COD, carbohydrates, and volatile fatty acids determination;
a) time zero (reactor initiation), b) approximate exponential phase, c) reactor terminations. Each
time 10 mL sample was collected into 13 mL plastic vials. The vials were stored in a freezer until
further analysis. All experiments were performed in duplicate except blank and positive control
(glucose). The results presented are the average values of duplicate reactors.
Table 4.2 - Composition of trace metal solution and vitamin solution – Zinder medium
Trace Metal Solution
Quantities - q.s.p. 1000 mL of ultrapure
water

Chemical
Tritriplex III

4.5 g

FeSO4.7H2O

0.556g

MnSO4.H2O

0.086g

CoCl2.6H2O

0.17g

ZnSO4.7H2O

0.21g

H3BO3

0.19g

NiCl2

0.02g

Na2MoO4

0.01g

Vitamin Solution
Biotin

0.002g

Folic Acid

0.002g

Thiamin

0.005g

Riboflavin

0.005g

Nicotinic acid

0.005g

Calcium pentothenate

0.005g

Pyridoxin.HCl

0.010g
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4.8 Determination of methane
The reactors were manually shaken for approx. 1 min to avoid thermal stratification, before
taking a gas sample. The pressure in the reactors was recorded by inserting syringe into the septum,
linked with a pressure transducer (T&S equipamentos electronicos). Each time 0.5 mL gas sample
was taken for GC analysis. Methane content was determined via Shimadzu® gas chromatography
(GC-2010) equipped with thermal conductivity detector (TCD). The column was Carboxen 1010
PLOT, 30 m x 0.53 mm. Injector temperature, oven temperature, and detector temperature were
220 °C, 130 °C, and 230 °C, respectively. Argon gas was used as carrier gas with a flow rate of
5.66 mL/min with makeup volume of 12 mL/min according to Motteran e al. (Motteran et al.,
2014). CH4 concentration is reported in this text in normal mmol - Nmmol g-1 TVS, i.e., at standard
temperature and pressure conditions (273 K, 101.325 KPa). The cumulative methane content
(Nmmol g-1 TVS) as a function of time was determined according to Equation 4.5

𝑋𝑆𝑇𝑃 = 𝑋𝑚 ∙

𝑇𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑∙ 𝑃𝑚

(4.5)

𝑇𝑚 ∙ 𝑃𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑

Where
𝑋𝑆𝑇𝑃 = Methane content at standard temperature and pressure
𝑋𝑚 = Methane content at room temperature and pressure
𝑇𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 = Standard temperature - 273 K
𝑃𝑚 = Pressure of the reactor determined
𝑇𝑚 = Actual temperature - 37 °C
𝑃𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 = Standard pressure – 101.325 KPa
Assuming CH4 production is proportional to microbial activity. The experimental data
(average values of duplicate reactors) obtained was adjusted using modified Gompertz equation
4.6 (Zwietering et al., 1990) with Origin software package version

𝐻 = 𝑃 ∙ exp {− exp [

𝑅𝑚 ∙𝑒
𝑃

(𝜆 − 𝑡) + 1]}

Where
𝑃 = CH4 production potential (Nmmol g-1 TVS)
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(4.6)

𝑅𝑚 = CH4 production rate (Nmmol g-1 TVS /h)
𝑡 = incubation time of reactors (h)
e = Euler number (2.71828)
𝜆 = lag phase before CH4 production starts (h)
4.9

Experimental design
A 33 full factorial design was selected to optimize the hydrothermal pretreatment in order

to test the pretreatment time, temperature and concentration of sulphuric acid (H2SO4) and
Hydrogen peroxide (H2O2). Coded values and real values for central composite design are
presented in Table 4.3. The matrix of factors and levels of pretreatments applied to sugarcane
bagasse for H2O2 and H2SO4 are presented in Table 4.4 and Table 4.5, respectively.
Table 4.3 - Coded and uncoded values for central composite design for H2SO4 and H2O2 assisted
hydrothermal pretreatment

+ 1.68

X1
(temperature, °C)
213.6

X2
(time, min)
23.76

X3
(H2SO4 % w/v)
3.68

1

200

19

3

0

180

12

2

-1

160

5

1

-1.68

146.4

0.24

0.32

+ 1.68

X1
(temperature, °C)
213.6

X2
(time, min)
23.76

X3
(H2O2, % v/v)
7.36

1

200

19

6

0

180

12

4

-1

160

5

2

-1.68

146.4

0.24

0.64

Coded values

Coded values
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Table 4.4 - Central composite design matrix for H2O2 assisted hydrothermal pretreatment
Coded values
Pretreatment Temperature

Real values

Time

H2SO4

Temperature

Time

H2O2

run

X1

X2

X3

X1

X2

X3

A-HO
B-HO
C-HO
D-HO
E-HO
F-HO
G-HO
H-HO
I-HO
J-HO
K-HO
L-HO
M-HO
N-HO
O-HO
P-HO

1
1
1
1
-1
-1
-1
-1
0
0
0
0
0
0
1.68
-1.68

1
1
-1
-1
1
1
-1
-1
0
0
0
0
1.68
-1.68
0
0

1
-1
1
-1
1
-1
1
-1
0
0
1.68
-1.68
0
0
0
0

200
200
200
200
160
160
160
160
180
180
180
180
180
180
213.6
146.4

19
19
5
5
19
19
5
5
12
12
12
12
23.76
0.24
12
12

6
2
6
2
6
2
6
2
4
4
7.36
0.64
4
4
4
4

Table 4.5 - Central composite design matrix for H2SO4 assisted hydrothermal pretreatment
Coded values

Real values

Pretreatment

Temperature

Time

H2SO4

Temperature

Time

H2SO4

run

X1

X2

X3

X1

X2

X3

A-HSO
B-HSO
C-HSO
D-HSO
E-HSO
F-HSO
G-HSO
H-HSO
I-HSO
J-HSO
K-HSO
L-HSO
M-HSO
N-HSO
O-HSO
P-HSO

1
1
1
1
-1
-1
-1
-1
0
0
0
0
0
0
1.68
-1.68

1
1
-1
-1
1
1
-1
-1
0
0
0
0
1.68
-1.68
0
0

1
-1
1
-1
1
-1
1
-1
0
0
1.68
-1.68
0
0
0
0

200
200
200
200
160
160
160
160
180
180
180
180
180
180
213.6
146.4

19
19
5
5
19
19
5
5
12
12
12
12
23.76
0.24
12
12

3
1
3
1
3
1
3
1
2
2
3.68
0.32
2
2
2
2
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4.10 Microbial community characterization by molecular techniques
Samples for microbial community characterization were taken at the end of batch digestion
reactors. Samples were analyzed by denaturing gradient gel electrophoresis for the relative
similarity of bacterial and archaeal domains. PCR/DGGE analysis was conducted for all the batch
reactors of both pretreatments except pretreatment 15 (213.6 °C) and 16 (146.4 °C) in both cases
(H2O2 and H2SO4) due to extreme temperature conditions applied.
Selected samples were characterized by bacterial and chemical community structure using
next-gen Illumina MiSeq Sequencing. Seven samples were sent for next gen Illumina MiSeq
Sequencing; 3 from H2O2 impregnated and 3 from H2SO4 impregnated pretreatments. Samples
selected from H2O2 pretreatments were B-HO, K-HO and P-HO. While D-HSO, I-HSO and NHSO were chosen from H2SO4 assisted pretreatments. Sample from positive control (glucose) was
also characterized to determine the difference in archaeal and bacterial diversity in digestion
reactors of pretreated lignocellulose substrate and pure glucose.
4.10.1 Sample collection and DNA extraction
Samples were collected by centrifugation at 4 °C at 6000 rpm for 10 min followed by
cleaning with phosphate buffer, thereafter were stored at -20 °C. Genomic DNA was collected by
cell lysis with glass beads (Sigma) followed by a phenol-chloroform method utilizing modified
Griffith’s protocol (Griffiths et al., 2000).
4.10.2 PCR/DGGE
Polymerase chain reaction (PCR) was conducted with bacterial primer set 968FGC (5CGCCCGGGGCGCGCCCCGGGCGGGGCGGGGGCACGGGGGGAACGCGAAGAACCTT
AC-3) /1401R (5-CGGTGTGTACAAGACCC-3) (Nubel et al., 1996) and archaeal primer set
1100FGC

(5-AACCGTCGACTCAGGYAACGAGCGAG-3)

and

1400R

(5

CGGCGAATTCGTGCAAGGAGCAGGGGA3) (Kudo et al., 1997). The PCR products were
checked for purity by 1.2% agarose gel electrophoresis. In the current study, DGGE was conducted
under denaturants 45% and 65% (100% denaturant – 7M Urea and 40% (v/v) deionized
formamide) for bacterial and archaeal domains. Running conditions of the apparatus DCode™
Universal Mutation Detection System (Bio-Rad Laboratories, Hercules, CA, USA) were; 75V, 16
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h at a constant temperature of 60 °C (Muyzer et al., 1993). Ethidium bromide was utilized as a
fluorescent solution. Gels were visualized with Foto documentation L. PixTouch (Loccus
Biotechnology) under 254 nm UV exposure.
Multivariate analysis of DGGE band profiles was conducted using BioNumerics 3.5
software package (Applied Maths, Belgium) with Pearson correlation. Dendrograms were
constructed with UPMA method. The Shannon-Wiener diversity index (H), and Dominance (D)
were calculated with Past 3.0 software package.
4.10.3 Illumina MiSeq Sequencing
The V4 variable region of 16S rRNA gene was PCR amplified with a barcoded 515F/806R
primer set (Table 4.6); universal for bacteria and archaea (Table 4.6) (Walters et al., 2011).
HotStarTaq Plus Master Mix Kit (Qiagen, USA) was used for amplification by PCR. Amplicons
were checked for the success of amplification and relative intensity of bands with 2% agarose gel
electrophoresis. Multiple samples were pooled based on their molecular weight and DNA
concentration and were purified using calibrated Ampure XP beads. Purified amplicons were used
to prepare Illumina DNA library. Sequencing was performed at MR DNA (Shallowater, TX –
USA) on a MiSeq following manufacturer’s protocol.
Table 4.6 - Bacterial and Archaeal primers and sequences for Illumina MiSeq Sequencing
Primers

Sequences 5 - 3

References

515F

5'-GTGCCAGCMGCCGCGGTAA-3

806R

5'-GGACTACHVHHHTWTCTAAT-3

(Walters et al., 2011)

MR DNA pipeline was used to process sequence data using three steps;
a) Joining of paired-end reads.
b) Removal of barcodes and sequences <150 bp were depleted in addition to sequences with
ambiguous base calls.
c) Operational taxonomic units (OUTs) were assigned to a most relevant taxonomic level based on
BLASTn similarity percentage (97%).

Final OTUs were taxonomically classified using BLASTn against a curated database derived
from RDPII and NCBI (http://rdp.cme.msu.edu, www.ncbi.nlm.nih.gov).
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5
5.1

RESULTS AND DISCUSSION
Compositional analysis of untreated sugarcane bagasse
The composition of lignocellulosic biomass is important to determine the potential for

methane production. Polymeric and non-polymeric compounds encountered in raw sugarcane
bagasse are presented in Table 5.1
Table 5.1 - Compositional analysis of sugarcane bagasse
Composition

%DM basis*

Glucan

31.4

Xylan

36.6

Arabinan

5.0

Lignin

24.8

Ash

1.2

* On percent Dry Matter (DM) basis

As indicated in Table 5.1, sugarcane bagasse was characterized for sugar monomers; glucan
(cellulose), xylan and arabinan (hemicellulose), Klason lignin, and ash content according to
equations mentioned in section 4.4.1. Glucan, xylan, arabinan, and lignin content of sugarcane
bagasse in the current study were 31.4, 36.6, 5.0, and 24.8 g 100 g-1 of dry matter, respectively.
Other researchers documented approx. similar results for sugarcane bagasse; Da Silva et al. (da
Silva et al., 2010) reported 38.8, 26 and 32.4% cellulose, hemicellulose and lignin content on
percent dry matter basis. While De Moraes et al. (De Moraes et al., 2011) reported slightly different
composition of sugarcane bagasse; 45.5% cellulose, 27% hemicellulose, and 21.1% lignin on dry
matter basis. In another study, Bharathiraja et al (Bharathiraja et al., 2014) reported 56.7%
hemicellulose content, 30.2% cellulose and 13.4% lignin in sugarcane bagasse.
Ash content (1.2%) was also in accordance with other reported studies for sugarcane
bagasse; 1% (Canilha et al., 2011), 1.5% (Rabelo et al., 2011) and 1.6% (Brienzo et al., 2009).
Lower ash content is desirable for biofuels production and directly affects the heating value of the
plant biomass (Demirbas, 2009). The compositional analysis of sugarcane bagasse in the current
study is in confirmation with already reported studies. Differences in composition among reported
studies and current results are due to cultivar type, soil characteristics, and process differences of
processing plants where sugarcane is being processed.
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5.2

Impact of H2O2 assisted hydrothermal pretreatment on chemical composition of sugarcane
bagasse
Impact of H2O2 (0.64 – 7.36 % v/v) impregnation for 24 h was observed in 16 pretreatment

runs of HT pretreatment according to CCD matrix (Table 4.4). Solid yield, glucan, xylan, klason
lignin (%), and lignin solubilization (%) in raw sugarcane bagasse and pretreated solid residues
are presented in Table 5.2
Table 5.2 - Chemical characterization of solid fraction of H2O2 pretreated sugarcane bagasse; Solid
yield (%), Glucan (g 100 g-1 TS), Xylan (g 100 g-1 TS), Klason lignin (%), Glucan increase %),
Xylan removal (%), and lignin solubilization (%)

1

A-HO

54.41

68.20

Xylan
(g 100
g-1
TS)
10.12

2

B-HO

62.55

55.52

16.74

3

C-HO

59.36

63.21

15.60

7.4

101.31

57.39

70.33

4

D-HO

71.58

49.15

28.63

16.2

56.53

21.81

34.97

5

E-HO

58.26

47.50

12.74

9.3

51.27

65.21

62.51

6

F-HO

74.21

42.61

29.64

15.0

35.70

19.05

39.72

7

G-HO

66.98

45.75

18.39

10.2

45.70

49.78

58.82

8

H-HO

89.20

39.65

32.18

14.9

26.27

12.11

40.08

9

I-HO

71.08

50.02

25.60

11.9

59.29

30.08

52.00

10

J-HO

73.11

49.15

26.60

12.8

56.52

27.35

48.55

11

K-HO

64.99

60.42

8.85

6.7

92.42

75.83

73.09

12

L-HO

93.13

39.17

31.41

22.4

24.74

14.22

9.93

13

M-HO

49.75

56.19

24.33

12.9

78.94

33.55

48.02

14

N-HO

73.30

46.14

29.14

10.6

46.94

20.42

57.47

15

O-HO

36.57

75.21

18.74

19.0

139.52

48.82

23.52

16

P-HO

76.49

33.12

27.15

12.0

5.47

25.85

51.62

Solid Glucan
Run Designation yield (g 100
(%) g-1 TS)

Klason
Glucan
Xylan
Lignin
lignin
increase removal solubilization
(g 100
(%)
(%)
(%)
g-1 TS)
61.39
9.60
117.19
72.36
6.86
23.2
76.81
54.28

As indicated in Table 5.2, the lowest solid yield (36.57 %) was observed at pretreatment OHO (213.60 °C, 12 min, 4 % H2O2), while the highest solid yield of 93.13 % was observed at
pretreatment L-HO (180 °C, 12 min, 0.32% H2O2). Solid yield increased (9.09%) from 54.41% to
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59.6% when pretreatment time was decreased from 19 min (PRT A-HO) to 5 min (PRT C-HO) at
a temperature of 200 °C and H2O2 concentration of 6 (% v/v). However, 14.43% increase was
observed in solid yield from 62.55% (PRT B-HO) to 71.58% (PRT D-HO) when the reaction time
was 5 min at conditions of 200 °C and 2% H2O2. A reduction in pretreatment temperature to 160
°C favored an increase in solid yield of 7.07% and 18.64%, 14.43%, and 24.61% in pretreatment
E-HO, F-HO, G-HO, and H-HO in comparison to pretreatment A-HO, B-HO, C-HO, and D-HO,
respectively at similar pretreatment conditions. At pretreatment temperature of 180 °C, an increase
in H2O2 concentration from 4% (PRT I-HO) to 7.36% (PRT K-HO) at pretreatment time of 12 min
resulted in a 9.3% decrease in solid yield. While, at the similar condition (180 °C, 12 min), a
decrease in H2O2 concentration from 7.3% to 0.64% resulted in 43.29 % increase in solid yield.
On the other hand, a decrease in pretreatment time from 23.7 min to 0.24 min did not show a
significant difference in solid yield at similar H2O2 concentration and pretreatment temperature.
Hydrothermal pretreatment has a significant impact on solid yield predominantly due to
hemicellulose solubilization and partial lignin dissociation. Since hemicellulose solubilization is
in direct relation to temperature, therefore, solid yield has a direct relation, in decreasing order,
with an increase in temperature (Yang et al., 2004). The solid yield of Eucalyptus camaldulensis
declined to 54.2% from 72.7% when ammonium chloride catalyzed hydrothermal pretreatment for
temperature increased from 140 to 180 °C (Shen et al., 2016). Similarly, Deng et al (Deng et al.,
2015) reported a decrease in the solid residue of corncob from 96.5% to 60.67% when pretreatment
temperature was increased from 170 °C, (0 min) to 190 °C (60 min). In similar fashion, Sun and
his team (Sun et al., 2014) reported successive decrease in solid residues of corncob 69.4% to
48.7% when temperature increased from 170 °C to 190 °C, further it reached to the lowest value
of 47.0% at 200 °C. In the current study, solid yield increased with a decrease in H2O2
concentration applied as evidenced in pretreatment L-HO where a maximum solid yield of 93.13%
was observed with lowest H2O2 (0.64 % v/v) was studied. An increase in solid yield with a decrease
in reaction temperature under similar reaction time is in line with the already reported studies
Glucan and xylan content in the pretreated solid fraction indicated proportional increase
and decrease, respectively, in response to pretreatment conditions applied. Glucan content in
literature is reported to increase in the pretreated solid fractions due to the removal of
hemicellulose content and partial lignin solubilization to liquid stream. Glucan content was
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variable between 49.15 – 68.20 g 100 g-1 TS for pretreatment set (A-HO – D-HO) conducted at
200 °C. Higher glucan content was noted for higher H2O2 loading. A decrease in glucan content
in the range of 39.65 – 47.50 g 100 g-1 TS was seen with a decrease in reaction temperature 160
°C (pretreatment set E-HO – H-HO) in comparison to pretreatment temperature 200 °C. Although
similar H2O2 loading was applied to this pretreatment set (E-HO – H-HO), however, glucan
increase was not as consistent as was seen at 200 °C, indicating that reaction temperature played
a significant role.
Glucan content was in the range of 39.17 – 60.42 g 100 g-1 TS for pretreatments at reaction
temperature 180 °C. Lowest glucan content (33.12) was seen at lowest reaction temperature
studied (pretreatment run P-HO, 146.4 °C). Percent glucan increase in solid fraction was in the
range of 5.47 – 139.52% in the pretreatments conducted in this phase of the study. The percent
glucan increase was quite higher in the current study than in comparison to Zhao et al. (Zhao et
al., 2016). The authors reported up to 97.6% glucan in H2O2-ammonia fiber explosion for corn
stalk, with lignin removal in the range of 2.4 – 28.8%. However, authors reported results for an
H2O2 loading of 0.1 – 0.7 g g-1 dry biomass and lower reaction temperature range 90 – 130 °C.
Shao and co-workers reported (Shao et al., 2013) 1.5 % glucan increase after hydrogen
peroxide (0.7%) ammonia fiber explosion at reaction temperature of 150 °C. Shen et al (Shen et
al., 2011) reported an increase in reducing sugars up to 347.2% after enzymatic hydrolysis of
tobacco stem that could indirectly relate to higher glucan recovery after pretreatment with H2O2
(0.6%) for 9 h at 60 °C. Higher percent glucan increase in current study could relate to (Yu et al.,
2013). The authors reported that hydrogen peroxide combined with sodium carbonate and sodium
hydroxide (green liquor) resulted in the selective removal of lignin leaving behind approx.
complete glucan for higher enzymatic hydrolysis.
Xylan content was in the range of 10.12 – 31.41 g 100 g-1 TS for the H2O2 assisted
hydrothermal pretreatments corresponding to xylan recovery in pretreated solid fractions in the
range of 24.17 – 85.78%. Zhao et al. (Zhao et al., 2016) reported maximum of 97.4% xylan
recovery in their study for corn stalk employing H2O2 in the range of 0.1 – 0.7 % at reaction
temperature in the range of 90 – 130 C. Xylan removal in the current study were in the range of
12.11 – 75.83%, respectively. Arabinan recovered in the solid fraction was in the range of 0.46 –
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3.97%. The results of the current study could not be compared to the literature owing to different
pretreatments, pretreatment conditions and variability in the feedstock.
Second-order polynomial equation was derived from the experimental data of glucan and
xylan contents to determine the impact of pretreatment parameters; reaction temperature, reaction
time, and H2O2 concentration on their availability in the solid fraction in response to H2O2 assisted
hydrothermal pretreatment. Equation 5.1 and 5.2 represent the second order polynomial equations,
respectively, for glucan and xylan.
𝐺𝑙𝑢𝑐𝑎𝑛 (g 100 g −1 𝑇𝑆) = 49.62 − 9.62𝑋1 + 2.41𝑋2 + 5.38𝑋3 + 1.53𝑋1 2 + 0.47𝑋2 2 −
0.02𝑋3 2 + 0.83𝑋1 𝑋2 + 1.97𝑋1 𝑋3 − 0.32𝑋2 𝑋3

Equation 5.1

It was observed that all the studied parameters; temperature (X1), time (X2) and H2O2
concentration (X3) showed significant impact on the glucan (g 100 g-1 TS) content. The model
described that all the linear model terms X1, X2, and X3 showed the significant positive impact on
the glucan content with magnitude values of 9.62, 2.41, and 5.38, respectively. It indicated that
temperature (X1) had a higher positive impact followed by H2O2 concentration (X3), and reaction
time (X2) implying that reaction temperature is an important parameter for glucan recovery under
the studied conditions.
The interaction of studied parameters revealed that not a single interaction among three
parameters was significant. One-way analysis of variance (Table 5.3) indicated that interaction of
parameters was insignificant i.e., p-value for the interaction of all the parameters; X1X2, X1X3, and
X2X3 was more than 0.05.
Equation 5.2 indicates the second-order polynomial equation for xylan (g 100 g-1 TS)
content. The model equation showed that all the three linear terms of temperature (X1), time (X2),
and H2O2 concentration (X3) were significant with magnitude values of 2.63, 2.46, and 6.46,
respectively. However, it can be observed that all the linear terms are negative significant.
Furthermore, temperature and time had approx. similar negative impact while H2O2 concentration
had higher negative impact implying that H2O2 concentration was more important in xylan content
as indicated in one-way analysis of variance (Table 5.4)
𝑋𝑦𝑙𝑎𝑛 (g 100 g −1 𝑇𝑆) = 26.35 − 2.63𝑋1 − 2.46𝑋2 − 6.46𝑋3 − 1.72𝑋1 2 − 0.38𝑋2 2 −
2.71𝑋3 2 − 1.15𝑋1 𝑋2 + 1.38𝑋1 𝑋3 + 0.41𝑋2 𝑋3

Equation 5.2
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Table 5.3 - Analysis of variance (ANOVA) for glucan content (g 100 g-1 TS) in pretreated solids
impregnated in H2O2.
Source

Sum of square Degree of freedom Mean Square

F-value

P-value (prob > F)

X1 (T)α

1263.437

1

1263.437

3338.451

0.011017*

X12

21.651

1

21.651

57.209

0.083683

X2 (t)β

79.616

1

79.616

210.375

0.043822*

X22

2.032

1

2.032

5.369

0.259371

395.227

1

395.227

1044.332

0.019693*

X32

0.002

1

0.002

0.006

0.948823

X1X2

5.528

1

5.528

14.606

0.162922

X1X3

31.008

1

31.008

81.934

0.070047

X2X3

0.839

1

0.839

2.216

0.376598

Lack of fit

93.100

5

18.620

49.200

0.107800

Pure Error

0.378

1

0.378

Total SS

1895.691

15

X3
(H2O2 Conc.)¥

R-square = 0.9506, Adjusted R-square = 0.876, MS pure error = 0.37, * represents significant factors, α (T) represents
Temperature, β (t) represents time, and ¥ represents H2O2 concentration

Sugarcane bagasse impregnation into H2O2 before introduction to hydrothermal
pretreatment resulted in significant decrease in Klason lignin as shown in Table 5.2. Klason lignin
varied from 7.4 to 23.2 g 100 g-1 TS for pretreatment run A-HO to D-HO conducted at 200 °C.
While, a decrease in temperature to 160 °C indicated a relative decrease in Klason lignin in the
range of 9.3 to 14.9 g 100 g-1 TS for pretreatment E-HO to H-HO. Hansen et al (Hansen et al.,
2004) reported that lignin recovery is in direct relation to pretreatment temperature. Pretreatment
B-HO presented maximum lignin (23.2 g 100 g-1 TS) and correspondingly lowest lignin
solubilization (6.86%) in the pretreated solid possibly due to lower H2O2 (2%), higher temperature
200 °C and longer retention time (19 min). Minimum Klason lignin (6.7 g 100 g-1 TS) with
correspondent highest lignin dissolution (73.09%) was observed in pretreatment K-HO conducted
at 7.36% H2O2, 180 °C, and 12 min. Complete degradation of lignin during the hydrothermal
process is not possible due to recondensation process (Alvira et al., 2010).
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Table 5.4 - Analysis of variance (ANOVA) for xylan content (g 100 g-1 TS) in pretreated solids
impregnated in H2O2
Source

Sum of square Degree of freedom Mean Square

F-value

P-value (prob > F)

X1 (T)α

94.9178

1

94.9178

189.836

0.046124*

X12

27.3930

1

27.3930

54.786

0.085492

X2 (t)β

82.9096

1

82.9096

165.819

0.049339*

X22

1.3349

1

1.3349

2.670

0.349638

570.6716

1

570.6716

1141.343

0.018838*

X32

68.2786

1

68.2786

136.557

0.054346

X1X2

10.5341

1

10.5341

21.068

0.136563

X1X3

15.2352

1

15.2352

30.470

0.114092

X2X3

1.3612

1

1.3612

2.722

0.346871

Lack of fit

43.7950

5

8.7590

17.518

0.179350

Pure Error

0.5000

1

0.5000

Total SS

902.7186

15

X3
(H2O2 Conc.)¥

R-square = 0.9509, Adjusted R-square = 0.877, MS pure error = 0.5, * represents significant factors, α (T) represents
Temperature, β (t) represents time, and ¥ represents H2O2 concentration

Degradation mechanism of lignin with H2O2 during hydrothermal pretreatment could be
explained with Equations 5.3 and 5.4 proposed by Gould (Gould, 1985). Kadla and Chang (Kadla
and Chang, 2001) reported that hydrogen peroxide reacts readily with lignin to produce low
molecular weight degradation compounds.
𝐻2 𝑂2 → 𝐻 + + 𝐻𝑂𝑂−

(5.3)

𝐻2 𝑂2 + 𝐻𝑂𝑂+ → . 𝑂𝐻 + 𝑂2 . − + 𝐻2 𝑂

(5.4)

Hydroxyl radical acts as a powerful lignin oxidant, which lead to delignification of
lignocellulosic biomass by oxidation and degradation. While perhydroxy anion cleaves the
diferulate linkages which cross-link polysaccharides resulting in depolymerization of
polysaccharides (Kim and Lee, 1996).
Zhao et al (Zhao et al., 2016) studied the impact of H2O2 (0.1, 0.4, and 0.7 mass ratios to
dry biomass) presoaking before ammonia fiber expansion on physical and chemical characteristics
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of the corn stalk. The authors observed 2.4 - 28.8% lignin removal that increased with increase in
pretreatment temperature and H2O2 loading. In another study, Shen et al (Shen et al., 2011)
reported 66.5 ± 1.6% lignin removal for tobacco stem pretreated with H2O2 (0 1.2% w/v) at 90 °C
for 24 hrs. Song et al (Song et al., 2013) reported 12.5% decrease in lignin content of rice straw
after pretreatment with H2O2 (1, 2,5 and 4%) at 25 ± 2 °C for 7 days. Higher lignin dissolution
(74.2%) in the current study was might be due to direct introduction of impregnated bagasse into
the hydrothermal reactor after H2O2 removal whereas Shen et al (Shen et al., 2011) dried tobacco
after H2O2 impregnation pretreatment. Another reason for higher lignin removal is higher H2O2
(v/v %) loading.
A Second-order polynomial equation (Equation 5.5) was derived from the experimental
data of lignin solubilization (%) to explain the impact of studied factors. It was observed that all
the studied parameters; temperature (X1), time (X2) and H2O2 concentration (X3) showed significant
impact on lignin dissolution. The model described that linear model terms X1 and X2 showed the
significant negative impact on lignin dissolution with magnitude values of 5.48 and 3.63,
respectively, while X3 showed the highest positive significant impact on lignin dissolution with
magnitude value of 17.40. It implied that H2O2 concentration proved to be a parameter of
significant interest for lignin dissolution.
The interaction of studied parameters indicated that X1X2 showed a negative impact on
magnitude value of 5.05 while X1X3 showed a positive impact on magnitude value of 6.05. It
implied that to remove lignin content from sugarcane bagasse interaction between temperature (X1)
and H2O2 (X3) are more important than reaction time (X2). One-way analysis of variance (Table
5.5) indicated that X1, X2, X3, X1X2, and X1X3 were significant with p-values of 0.009, 0.047, 0.000,
0.038, and 0.019, respectively (Table 5.5).
% 𝑙𝑖𝑔𝑛𝑖𝑛 𝑑𝑖𝑠𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 = 49.96 − 5.48𝑋1 − 3.63𝑋2 + 17.40𝑋3 − 3.72𝑋1 2 + 1.64𝑋2 2 −
2.34𝑋3 2 − 5.05𝑋1 𝑋2 + 6.05𝑋1 𝑋3 + 2.90𝑋2 𝑋3
(5.5)
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Table 5.5 - Analysis of variance (ANOVA) for percent lignin dissolution in pretreated solids
impregnated in H2O2.
Source
X1

Sum of square Degree of freedom Mean Square F-value P-value (prob > F)
409.99

1.00

409.99

14.20

0.009*

128.70

1.00

128.70

4.46

0.079

180.15

1.00

180.15

6.24

0.047*

24.81

1.00

24.81

0.86

0.390

4135.19

1.00

4135.19

143.23

0.000*

X32

50.57

1.00

50.57

1.75

0.234

X1X2

203.82

1.00

203.82

7.06

0.038*

X1X3

292.43

1.00

292.43

10.13

0.019*

X2X3

67.37

1.00

67.37

2.33

0.177

Error

173.22

6.00

28.87

Total SS

5742.97

15.00

(T)α
X12
X2
(t)β
X22
X3
(H2O2 Conc.)¥

R-square = 0.969, Adjusted R-square = 0.925, MS error = 28.87, * represents significant factors,
Temperature, β (t) represents time, and ¥ represents H2O2 concentration

α

(T) represents

5.2.1 Morphological characteristics of H2O2 assisted hydrothermally pretreated solid fraction
Scanning electron microscopy is a well-documented technique to study the morphology of
lignocellulosic biomass and has been proven useful to study structural characteristics at the
molecular level (Trajano et al., 2013). Native sugarcane bagasse and solid fractions of selected
pretreatments, based on CH4 yield, were compared for the ultrastructural differences by scanning
electron microscopy. The impact of H2O2 assisted pretreatment on visual appearance of sugarcane
bagasse at the lowest (146.4 °C) and highest (213.6 °C) studied temperature is depicted in Fig 5.4
The SEM micrographs of native Sugarcane bagasse and BOH, and KOH pretreatments are
shown in Fig 5.1 (A, B, and C). The SEM images show a distinct difference between the
morphology of raw Fig 5.1 (A) and pretreated samples Fig 5.1 (B, C). Raw sample (Fig. 5.1 A)
shows a smooth surface, rigid, and compact rather highly organized morphological structure.
Cellulosic fibers Fig 5.1 (B) are present in stripes (higher magnification) as tightly packed
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structures and encapsulated within lignin sheath, in addition, covered with extractives,
superficially. This kind of structure makes cellulosic microfibrils virtually inaccessible for
enzymatic action, and poses challenges to hydrolysis process.

Figure 5.1 – Comparison of SEM images; Raw (A), B-HO (B), and K-HO (C)
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Figure 5.2 – SEM images of B-HO indicating pseudo-lignin droplets on cell wall surface
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Figure 5.3 – SEM images of K-HO indicating porous surface due to lignin removal
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Figure 5.4 - Impact of H2O2 assisted hydrothermal pretreatment on visual appearance of
sugarcane bagasse; (A) Highest studied temperature (pretreatment run O-HO – 213.6 °C), (B)
Lowest studied temperature (pretreatment run P-HO – 146.4 °C)
A significant difference between pretreated samples cannot be seen at lower magnification,
a distinct difference can be observed at a higher resolution (Fig 5.3 & Fig 5.4 A, B, and C). Both
pretreated samples showed disorganized structure, characterized with scattered microfibrils;
bundles appear flexible because of twisted appearance (Fig. 5.1 B, C). Heather et al (Heather et
al., 2013) reported that presence of carbohydrates in the biomass influence the solubility of lignin
during pretreatment process. Cellulosic fibers are more exposed to the pretreated sample, which
allows better access to enzymes for higher hydrolysis yield (Martín et al., 2012; Cao and Aita,
2013). Complex agglomerated structures appeared on the surface (Fig 5.2 A, B, C) in the form of
droplets of varying sizes in B-HO. These structures have been reported as pseudo-lignin in several
other studies (Donohoe et al., 2008; Kumar et al., 2013; Nitsos et al., 2013; Sun et al., 2014). It
appeared that lower concentration of H2O2 (2 % v/v) did not help in removing the lignin, in spite
higher temperature (200 °C) showed significant impact on lignin phase transition and coalescence
and pseudo-lignin formation. Furthermore, pores were not visible on the surface that are
characteristic to lignin removal. The higher lignin content (23.2%) in B-HO solid fraction
correlated well with the lower CH4 yield (5.59 Nmmol g-1 TVS). Fig 5.3B depicts higher order
dismantled surface of biomass for K-HO pretreatment.
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Impregnation of bagasse at 7.36 (% v/v) H2O2 resulted in 73.09% delignification leading
to the perforated surface (Fig 5.3 C). It demonstrated that impregnation in higher H2O2
concentration facilitated the degradation reactions, thereby, breaking down the lignin structure and
evaporation of volatile compounds might have been resulted into the porous surface. The highly
dispersed and porous surface represents a loss of physical and morphological integrity due to lignin
removal owing to attack of degradation products; hydroxyl (HO-) and superoxide radical anions
(O2-) of H2O2 on lignin (Damaurai et al., 2014). The porous surface structure might helpful for
bacterial contact and further improve the degradation process during fermentation. Rezende et al
(Rezende et al., 2011) observed that delignification increased the fragility and holes in the cell
wall structure of sugarcane bagasse. Authors further observed detachment of fibers and
dismantling of vascular bundles as an impact of NaOH pretreatment on sugarcane bagasse.
Limiting residence time of depolymerized lignin moieties during pretreatment could significantly
improve lignin removal. Delignification promotes biomass swelling, which increases internal
surface area and median pore volume (Zhu et al., 2008).
Chandel and co-workers (Chandel et al., 2014) reported comparable results while studying
sodium hydroxide pretreatment on cellulignin obtained after dilute acid hydrolysis. Authors
reported substantial removal of lignin in response to alkali pretreatment and visibility of pores on
the surface. The morphological structure of sugarcane bagasse in the current study is further
strengthened by the finding of Corrales et al (Corrales et al., 2012) for the presence of round
elongated shaped lignin particles on the biomass surface.
5.3

Chemical composition of liquid hydrolysate obtained from H2O2 assisted hydrothermal
pretreatment
Liquid hydrolysate obtained from hydrothermal pretreatment was characterized by

chemical oxygen demand (COD), total carbohydrate content, total phenolic content, organic acids
and monomeric sugar compounds; glucose, and xylose.
Hydrothermal pretreatment results in breakage of chemical bonds within the lignincellulosic complex, thereby degrading structural compounds that make their route to liquid stream.
Hence, resulted into increase in chemical oxygen demand and carbohydrate content.
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Table 5.6 - Characterization of liquid hydrolysate obtained from H2O2 assisted hydrothermally
pretreated sugarcane bagasse
Pretreatment

Temperature
(°C)

Time
(min)

A-HO

200

19

H2O2
(v/v
%)
6

17.75

Total
Carbohydrate
(g L-1)
4.14

Phenolic
content
(ppm)
3,005.63

B-HO

200

19

2

9.98

3.17

1,578.75

C-HO

200

5

6

12.98

3.32

2,068.13

D-HO

200

5

2

12.53

3.99

1,316.25

E-HO

160

19

6

10.28

3.27

1,991.25

F-HO

160

19

2

10.10

2.48

941.25

G-HO

160

5

6

13.49

2.24

1,316.25

H-HO

160

5

2

9.84

3.92

741.25

I-HO

180

12

4

9.63

3.88

2,028.75

J-HO

180

12

4

11.94

3.39

2,053.75

K-HO

180

12

7.36

17.21

4.18

1,468.13

L-HO

180

12

0.64

8.07

2.85

1,116.25

M-HO

180

23.76

4

13.44

3.35

1,411.88

N-HO

180

0.24

4

9.87

3.03

1,303.75

O-HO

213.6

12

4

12.84

1.96

1,828.75

P-HO

146.4

12

4

10.34

3.00

1,478.75

COD
(g L-1)

As indicated in Table 5.6, approx. 2-fold decrease in chemical oxygen demand (COD) was
observed when H2O2 was decreased from 6 to 2% under similar conditions of temperature (200
°C) and time (19 min) for pretreatment A-HO and B-HO, respectively. On the other hand, 42%
decrease (17.75 to 10.28 g L-1) was noted when retention time (19 min) and H2O2 (6%) was held
constant and pretreatment temperature was decreased from 200 to 160 °C for pretreatment A-HO
and E-HO, respectively. A retention time of 5 min did not affect much on COD values with the
decrease in H2O2 (6% to 2%) at 200 °C, though it was higher from COD values at 160 °C except
for pretreatment G-HO, where it was bit higher (13.49 g L-1), than pretreatment C-HO, under
similar reaction time and H2O2 concentration. Pretreatment K-HO and L-HO showed 53.11%
decrease (17.21 to 8.07 g L-1) in COD with a decrease in H2O2 from 7.36 to 0.64% under similar
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conditions of temperature (180 °C) and reaction time (12 min). It implicates that H2O2 applied had
a notable impact on the release of organics into the liquid stream.
A maximum reaction time (23.76 min) studied in this study resulted in 26.56% decrease
(13.44 to 9.87 g L-1) in COD when compared to lowest (0.24 min) reaction time at pretreatment
temperature of 180 °C and 4 (% v/v) H2O2. While only 19.47% decrease (12.84 to 10.34 g L-1)
was observed between pretreatments with highest (213.6 °C) and lowest (146.4 °C) studied
temperature, keeping reaction time and H2O2 held constant. A decrease in COD solubilization at
highest temperature could be due to the formation of humic substances or maximum achievable
organic compounds degradation (Ahuja, 2015).
González-Fernández et al. (González-Fernández et al., 2012) reported that higher
temperature results in more solubilization of organic matter into liquid stream than lower
temperature. Hao et al (Hao et al., 2009) reported that COD of municipal solid waste increased
from 1.8 to 7.5 g L-1 when temperature was increased from 90 °C to 190 °C. Authors further
observed substantial increase in COD from 5.9 g L-1 to 12 g L-1, when NaOH was incorporated
from 1 g to 4 g 100 g-1 of biomass. Kaukuri et al. (Katukuri et al., 2017) reported an increase in
COD up to 6 g L-1 at 1% H2O2 for 24 h pretreatment and speculated that increase in COD with an
increase in H2O2 loading is a direct indication of degradation of organic compounds. Ana et al
(Anna et al., 2010) reported 4.22 g L-1 COD for paper tube residuals treated with 2% H2O2 at 190
°C for 10 min in comparison to 0.026 g L-1 for untreated ones. Higher COD in the current study is
a result of higher reaction temperature and higher H2O2 loading. The combination with treatments
of temperatures, times and H2O2 should be assessed in further studies for optimum COD
solubilization, however, was not the focus of this study.
Total carbohydrates content was in the range of 3.17 to 4.14 g L-1 at 200 °C for pretreatment
A-HO – D-HO. The decrease in temperature to 160 °C under a similar condition of retention time
and H2O2 resulted in a decrease in carbohydrate content in the range of 2.24-3.92 g L-1 for
pretreatment E-HO – H-HO. Lower total carbohydrates content in the liquid slurry is a result of
dehydration reactions of sugars to acids at a higher temperature. The argument is supported with
the lowest total carbohydrate content (1.96 g L-1) for the maximum temperature (pretreatment OHO – 213.6 °C) applied in this study. Maximum total carbohydrate content (4.18 g L-1) at
maximum H2O2 applied (180°C, 12 min, 7.36% H2O2) indicated maximum lignin removal
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(73.09% solubilization) making cellulose and hemicellulose readily available thereby increasing
overall carbohydrate content. Lucas et al (Lucas et al., 2012) reported that oxidative pretreatment
like H2O2 results into the extreme degradation of hemicellulose thereby making it unavailable for
the downstream fermentation process.
Since lignin is a complex phenolic polymer (Lange et al., 2013), alkaline oxidative H2O2
pretreatment resulted in the appreciable amount of phenolic components release into the liquid
stream. As presented in Table 5.6, phenolic compounds decreased (47.47%) with a decrease in
H2O2 (6 to 2 %) from 3,005.63 to 1,578.75 ppm at the similar reaction temperature (200 °C) and
time (19 min). When reaction time (19 min) and H2O2 (6% v/v) were held constant, a decrease in
pretreatment temperature from 200 to 160 °C resulted in 33.74% decrease in phenolic content
(3,005.63 to 1,991.25 ppm). A substantial decrease in phenolic contents was recorded at 160 °C
with a decrease in H2O2; phenolic content decreased 52.73% (1,991.25 to 941.25 ppm) when H2O2
decreased from 6 to 2% at 19 min reaction time while at reaction time of 5 min 43.68% (1,316.25
to 721.25 ppm) decrease was noted between pretreatment run 7 and 8.
A 23.97% decrease in phenolic content was observed between pretreatments with
maximum and minimum H2O2 employed at reaction temperature of 180 °C for 12 min. 19.4%
difference in phenolic content was seen between pretreatments with highest and lowest
temperature employed. The phenolic contents data in the hydrolysate indicated that pretreatment
temperature and H2O2 concentration utilized had effectively broken down the ester linkages
between lignin and hemicellulose thereby degrading lignin and release of phenolic monomers into
liquid hydrolysate. Katukuri et al (Katukuri et al., 2017) reported an increase in total phenolic
content with an increase in H2O2 concentration for Miscanthus floridulus (a perennial grass).
Harmsen et al (Harmsen et al., 2010) reported that phenolic contents are more toxic to fermenting
bacteria due to their capability to disintegrate microbial enzymes and speculated as more toxic
than furfural and 5-hydroxymehtylfurfural. However, studies are available representing the
consumption of phenolic compounds by several microbial guilds especially gut microbiota
(Mosele et al., 2015). This indicates that impact of phenolic compounds on microbial communities
is genera dependent.
Sugarcane bagasse was introduced to the hydrothermal reactor at approx. pH of 12 after
discarding H2O2. pH values of resulting liquid streams of different pretreatments are presented in
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Table 5.7. The decrease in pH is a direct indication of production of organic acids during
pretreatment due to degradation of structural components and break down of linkages within the
lignin-carbohydrate complex. Lowest pH 4.66 was noted for the pretreatment B-HO (200 °C, 19
min, 2% H2O2). However, a minimal decrease in pH (9.68) was observed for pretreatment P-HO
(146.4 °C, 12 min, 4% H2O2).
Table 5.7 - Selected organic acids, furanic compounds, and sugar monomers in liquid hydrolysate
obtained from H2O2 assisted hydrothermal pretreatment of sugarcane bagasse

2.63

Acetic
acid
(mg L-1)
201.23

Formic
acid
(mg L-1)
884.07

0.61

2.25

450.11

8.78

0.34

5.90

D-HO

5.35

0.25

E-HO

9.85

F-HO

Pretreatment

pH

Glucose
(mg mL-1)

Xylose
(mg mL-1)

Furfural
(mg L-1)

5-HMF
(mg L-1)

A-HO

8.23

0.19

0.00

5.25

B-HO

4.66

839.35

56.91

37.45

C-HO

409.56

851.00

0.00

56.60

8.55

581.02

736.67

0.00

8.01

0.44

3.93

280.00

654.83

0.00

7.47

8.65

0.18

4.45

255.78

54.95

0.00

12.69

G-HO

9.38

0.17

3.64

377.13

482.13

0.00

15.03

H-HO

8.64

0.20

4.52

550.94

144.43

0.00

32.00

I-HO

8.89

0.17

4.03

367.66

509.08

0.00

27.46

J-HO

8.19

0.17

3.84

189.84

504.06

0.00

18.31

K-HO

9.49

0.50

6.56

494.86

952.31

0.00

2.56

L-HO

5.2

1.29

9.60

199.93

222.69

7.62

39.00

M-HO

8.92

0.26

1.27

305.39

532.47

0.00

8.91

N-HO

8.91

0.78

7.48

107.42

151.77

0.00

21.78

O-HO

4.85

0.82

4.95

474.54

1108.02

27.46

46.44

P-HO

9.68

0.38

7.92

339.90

416.76

0.00

23.74

Low-molecular-weight carboxylic acids are produced during hydrothermal pretreatment
due to degradation mechanism of polymeric carbohydrates at high temperature. Selected acids
(Acetic and formic), furanic compounds (furfural and 5-hydroxymethylfurfural) as well as sugar
monomers produced in the current study are presented in Table 5.7. Acetic acid released from Oacetyl groups in hemicellulose results into lowering the pH during hydrothermal pretreatment that
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further facilitates the removal of sugar monomers (Chen et al., 2010; Shen et al., 2016). Another
possible reason for a decrease in pH during hydrothermal pretreatment could be hydrothermal
oxidation of different minerals present in sugarcane bagasse (Chandra et al., 2012).
Acetic acid varied in the range of 107.42 to 581.02 mg L-1 for H2O2 pretreated samples.
Concentration pattern of acetic acid in the liquid hydrolysate of sixteen pretreatments indicated
that pretreatment parameters had an effect on its production in relation to pH of the liquid
hydrolysate. Acetic acid is reported to be produced from the oxidation of levulinic and lactic acid
during hydrothermal pretreatment (Jin et al., 2005; Fang et al., 2012). Lower acetic acid
concentration could be attributed to its further degradation.
Quitain et al (Quitain et al., 2002) reported that formic and acetic acid are intermediate
products before their complete degradation to volatile carbon and water. Higher concentrations of
formic acid were observed at a higher temperature (200 °C) irrespective of the reaction time and
H2O2 concentration. However, Jin et al (Jin et al., 2008) reported that higher yields of formic acids
could be attained by adding base catalyst or H2O2 during hydrothermal pretreatment. The current
study revealed that formic acid could be produced in higher yields even at lower H2O2 at a higher
temperature; however, higher formic acid at lower temperature required higher H2O2 (pretreatment
K-HO – 7.36% H2O2, 12 min, 180 °C). Highest formic acid (1,108.02 mg L-1) was observed in
current study at pretreatment O-HO (213.6 °C, 12 min, 4% H2O2).
C5 sugars degrade into furfural while decomposition of C6 sugars results into 5-HMF, both
are further degraded into formic acid (Shen et al., 2016). Furfural was not observed in 13 of 16
pretreatments primarily due to higher pH. Furfural can be degraded into formic acid via hydrolytic
fission of aldehyde groups. Furfural was only observed in pretreatments where liquid hydrolysate
pH was approx. closer to 5.
5-HMF concentrations were ranging from 2.56 to 56.60 mg L-1. The lower furanic
compounds in H2O2 impregnated pretreatments are in agreement with Teixeira et al. (Teixeira et
al., 2014). The authors suggested that pH of reaction mixture must be kept between 4-7 to avoid
the formation of inhibitory compounds because this pH disfavors the formation of monomers,
carbohydrates retained in oligomeric form resulting into lower furanic compounds production.
However, Du et al (Du et al., 2010) presented another viewpoint that under alkaline conditions,
degradation of sugars might occur through some alternate pathway.
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Glucose and xylose in the liquid fraction were determined after Sluiter protocol (Sluiter et
al., 2011). Lower values of glucose were seen in liquid hydrolysate indicating that most of the
cellulose was retained in the solid fraction. On the other hand, relatively higher values of xylose
in the range of 1.27 – 9.60 mg mL-1 indicated removal of xylose as indicated by higher xylan
removal (Table 5.2). Su et al. (Su et al., 2015) conducted fractional pretreatment on corncob with
H2O2 to characterize its major components. Authors observed no xylose and arabinose in the liquid
fraction. However, the pretreatment strategy was different comparing to the present study. The
authors conducted pretreatment in a shaking water bath at 50 °C at pH 11. However, the present
study was realized in a hydrothermal reactor solubilizing xylan content leading to higher pentose
sugars in the liquid hydrolysate. The authors speculated that hemicellulose removal during
hydrogen peroxide is a dissolution mechanism and not reaction mechanism.
5.4

Methane production from solid fractions of H2O2 assisted hydrothermal pretreatment
Solid fractions of H2O2 impregnated hydrothermal pretreatments were tested for methane

production. Batch reactors were set up based on total volatile solids (TVS) according to CCD
matrix (Table 4.4). The composition of each reactor is presented in Table 9.1 (Appendix). Batch
reactors were supplemented with 1 g TVS of the pretreated substrate and inoculated with 2 g TVS
of inoculum. The actual substrate (g) and inoculum (g) values are presented in Table 9.1
(Appendix). The reactors were incubated in a neutral starting pH.
Total time of incubation was variable (600 to 1200 h) across different pretreatments based
on stable methane production in different reactors. Sugarcane bagasse is a heterogeneous material,
it requires a consortium of hydrolytic microorganisms to break down its polymeric structure for
the release of fermentable sugars for fermenting microbial. Methane production data (Nmmol g-1
TVS) was processed with modified Gompertz model (Zwietering et al., 1990). Modified Gompertz
model has been utilized to describe the progress of cumulative CH4 production in batch
experiments taking into account relationship between microbial growth and metabolism
(Ghasemian et al., 2016; Siripatana et al., 2016; Li et al., 2017).
In the first set of experiments, six pretreatments were tested for digestion experiments; BHO, C-HO, D-HO, E-HO, F-HO and H-HO besides control without substrate addition i.e., only
inoculum to subtract indigenous CH4. Pretreatment B-HO had presented longest lag phase of 88.45
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h (Table 5.9) before the methane production started. Higher lag phase in B-HO could be a result
of higher lignin (23.2%) content in the pretreated solid besides higher furanic compounds (furfural
0.06 g L-1 and 0.04 g L-1 5-HMF) in the pretreatment slurry.
Lignin structure resulting due to hydrothermal pretreatment is inhibitory to microbial
cellulase (Ko et al., 2015). Microorganisms need to acclimatize to the reactor conditions and
inhibitory compounds like furfural and 5-HMF (Monlau et al., 2014). Anna et al (Anna et al.,
2010) reported a lag phase of 5 days (120 h) for paper tube residuals treated at 190 °C with 2%
H2O2 for 10 min. Methane reached to a maximum level of 5.59 Nmmol g-1 TVS in 250 h afterward
its production started to decrease that could possible due to unavailability of fermentative products
due to higher lignin (23.2%) content in this pretreatment. Lignin makes it difficult for the microbial
cellulases to degrade polysaccharides due to their unproductive adsorption.
For other pretreatments in this set, lag phase varied in the range of 37.32 – 86.80 h. A rapid
increment in CH4 was seen in C-HO and E-HO after the lag phase in comparison to other
pretreatments. The CH4 value was 5.75 and 6.00 Nmmol g-1 TVS for pretreatment C-HO and EHO, respectively while for B-HO, D-HO, F-HO and H-HO it was 1.67, 2.28, 4.52, 4.22 Nmmol g1

TVS, respectively at approx. log phase of 132 h. Thereafter, CH4 production was observed in all

the pretreatments at relatively lower rate until it reached to plateau at approx. 348 h. Overall
methane production rate for this set was in the range of 0.03 – 0.12 Nmmol g-1 TVS h-1 (Table
5.9). The reactors were terminated at 600 h assuming stable production. However, as appeared in
Fig 5.5, if the reactors could let for further few days CH4 production might continue and there
might be a higher value of CH4 in the first set of experiments documented in this text. Positive
control (glucose) was also tested for methane production (Fig 5.5). Maximum methane 6.8 Nmmol
was recorded in 288 h afterward its production decreased and reactor was terminated after 408 h.
As indicated in Fig 5.5, methane production rate was high enough that in 24 h of incubation
methane production almost reached to its maximal point.
In the second set of experiments, I-HO, M-HO, N-HO, and O-HO were tested. The lag
phase of -35.73 h in I-HO indicated an abrupt production of CH4 in this pretreatment while in other
three pretreatments lag phase varied from 28.77 – 35.56 h. In 108 h, CH4 production reached to
5.9, 3.2, 3.06 and 4.21 Nmmol g-1 TVS (approx. log phase) for I-HO, M-HO, N-HO and O-HO,
respectively. However, a rapid increase in CH4 was observed in O-HO and M-HO afterward.
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Methane production continued to increase at a lower rate until it reached to stable phase in 659 h.
The reactors were discarded after observing not a significant increase in CH4 at 779 h. The overall
methane production rate for this set of experiments was ranging from 0.03 – 0.04 Nmmol g-1 TVS
h-1.
In the third set of experiments, six pretreatments namely A-HO, G-HO, J-HO, K-HO, LHO and P-HO were set up for digestion. A lower lag phase was observed in pretreatment P-HO (37.59 h) followed by G-HO (0.50 h). While, for other pretreatments lag phase varied from 14.35
– 24.44 h. After the lag phase, the instant increment in CH4 production was observed for A-HO,
G-HO, J-HO, and K-HO. CH4 reached to 6.18, 4.51, 3.0 and 4.45 Nmmol g-1 TVS in 108 h. On
the other hand, a relatively slower increment was seen for L-HO and P-HO even though minimum
lag phase was observed in P-HO. Relatively slower production of CH4 in L-HO and P-HO could
be justified with the pretreatment conditions; L-HO was pretreated with lowest H2O2 (0.64% v/v)
at 180 °C and 12 min, P-HO was pretreated at lowest pretreatment temperature 146.4 °C for 12
min and 4% (v/v) H2O2. These conditions might have not able to degrade sugarcane bagasse
structure for the action of microbial enzymes thereby resulting in the slower activity of hydrolytic
microbial consortia leading to a relatively slower increment in CH4.
As depicted in Fig 5.5, after a steep slope for CH4 around 108 h, CH4 production continued
to increase until it reached a maximum value. The reactors were discarded at 1200 h after verifying
no CH4 increment in overall production. Methane production rate for this set of experiments was
in the range of 0.01 – 0.05 Nmmol g-1 TVS/h. Lowest CH4 production rate for L-HO and P-HO
further strengthen the assumption that pretreatment conditions for these had barely impacted the
sugarcane bagasse structure.
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A comparison of the current study with literature is not possible because of pretreatment
conditions and feedstocks differences. Song et al. (Song et al., 2013) reported 88% (288 mL .g-1
VS, 12.8 mmol.g-1 VS) higher methane production in rice straw, however, the pretreatment
conditions are different from the current study. The authors conducted pretreatment at room
temperature 25 ± 2 °C by impregnating rice straw into H2O2 (1 – 4%) for 1-7 days.

Figure 5.5 - Time-course profile of cumulative methane production for solid fraction of H2O2
impregnated hydrothermal pretreatment
In another study, Michalsk and Ledakowiz (Michalsk and Ledakowicz, 2014) reported
better methane production at 5% H2O2 for 24 h impregnation at 25 °C. Rabelo et al (Rabelo et al.,
2011) conducted alkaline hydrogen peroxide pretreatment of sugarcane bagasse at 4 – 15 % DM
with 7.36% H2O2 at 25 °C for 1 h under 150 rpm and reported a production of 72.1 L CH4 per kg
of bagasse. Song et al (Song et al., 2012) conducted hydrogen peroxide impregnation study on rice
straw for 7 days at 4% and 3% H2O2 under room temperature conditions (25 °C) and reported
327.5 and 319.7 mL biogas per gram of VS. Anna et al (Anna et al., 2010) conducted explosive
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pretreatment on paper tube residuals at 220 °C for 10 min with the aid of 2% NaOH and 2% H2O2
and reported 493 Nml g-1 VS (22.0 Nmmol g-1 VS) methane, which was 107% higher than
untreated residuals. The current study revealed that higher concentration of H2O2 employed
resulted in higher methane production from the pretreated solid fraction owing to the higher
amount of contained glucan and lignin removal. Pretreatment 11 (180 °C, 12 min, 7.36 (% v/v)
H2O2) resulted in maximum methane production of 14.43 Nmmol g-1 TVS.
Microbial acclimatization to the reactor conditions where directed to methane production
also caused a simultaneous increase in COD due to the production of organic acids and sugar
monomers by the action of fermentative bacteria. As shown in Fig 5.6 COD values for the first set
of experiments in the start of digestion process was in the range of 121 ± 10.61 – 194.5 ± 10 mg.L1

depending upon pretreatment conditions.
Inoculum sludge could also influence initial COD value but since the same volume of

inoculum was supplemented on total volatile solids (2 g.kg-1) basis, its contribution to COD
assumed to be constant in all the pretreatments. A 2-fold increase in COD value was observed in
132 h ranging from 215.38 ± 7.06 to 329.5 ± 21.92 mg L-1. B-HO presented the lowest increase in
COD in 132 h from 194.5 ± 10.61 to 200.38 ± 7.06 mg L-1. This low increase justifies the presence
of higher lignin that inhibited bacterial cellulase from degrading the polymeric substrate.
COD was in the range of 122 ± 14.14 to 248.15 ± 18.17 mg L-1 at reactor termination.
Initial COD for the second set of experiments (Fig 5.6) was in the range of 129.5 ± 24.75 to 236.50
± 30.41 mg L-1, which subsequently increased to 302.0 ± 26.57 to 344.0 ± 29.70 mg.L-1 at approx.
log phase in 108 h. High variation in initial COD was due to pretreatment conditions. Highest
initial COD was for O-HO, which was conducted at 213.6 °C, while other pretreatments in this set
were realized at 180 °C.
Final COD for the second set of experiments was in the range of 238.50 ± 31.82 to 273.50
± 23.33 mg L-1. COD values for the third set of experiments (Fig 5.6) increased to 208.50 ± 10.68
to 312.60 ± 18.10 mg L-1 in 108 h and 228 h (L-HO and P-HO) from initial COD, which was in
the range of 189.86 ± 6.43 to 240.48 ± 21.21 mg L-1.
An increase in COD was noted with an increment in fermentation time due to the
production of organic acids. A maximum increase in COD was verified in pretreatment K-HO up
70

to 396.75 mg L-1, however, subsequently reduced to 186.85 mg L-1 at the end of digestion
indicating consumption of organic acids produced during the process. However, minimal increase
in COD was observed in pretreatment run 2 indicating minimal activity of fermenting bacteria
owing to higher lignin content resulting in lower organic acids production and ultimately lower
methane production.
Total carbohydrates (Fig 5.7) at the start of digestion experiments were in the range of
16.83 ± 4.4 to 38.55 ± 3.83 mg L-1 depending upon pretreatment conditions applied and
carbohydrates left in solid fraction after separation from the liquid hydrolysate. A subsequent
decrease in the total carbohydrate content (8.21 ± 1.64 – 30.59 ± 0.50 mg L-1) was observed during
the digestion process that is normal due to the action of acetogenic bacteria utilizing available
carbohydrates for the production of organic acids. The minimal decrease was observed in B-HO
from 37.25 to 30.59 mg L-1 that justify the higher klason lignin in solid fraction.
On the other hand, an increase in total carbohydrate content was noted for three
pretreatments; C-HO (27.63 – 33.55 mg L-1), E-HO (24.7 – 27.69 mg L-1), and K-HO (24.91 –
28.39 mg L-1). An increase in total carbohydrate content in these pretreatments could be justified
with the argument that since these were pretreated with higher H2O2 and resulted in efficient lignin
removal giving an opportunity for hydrolytic bacteria to act rapidly. The lowest total carbohydrate
consumption (45.10%) was observed in B-HO (37.25 – 20.45 mg L-1). On the other hand, approx.
100% consumption was seen in G-HO and J-HO where total carbohydrate was below the detection
limit. Lowest carbohydrate consumption in B-HO seems obvious due to methanogenic inhibition
owing to higher klason lignin content.
pH decrease is a direct indication of the release of organic acids, it decreased from
neutrality to a value in the range of 6.37 to 6.67 for different pretreatment conditions at 108 h, at
132 h, and at 228 h (Fig 5.8). These points are at around approx. log phase of methane curve for
respective pretreatments. pH remained lower for the entire digestion period. Final pH for reactors
was in the range of 6.15 to 6.61 (Fig 5.8). The optimal range for methanogenesis is reported to be
in the range of 6.8 – 7.5 (Alrawi et al., 2011).
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Figure 5.6 - COD variation during digestion experiments
As depicted in Fig 5.9, acetic acid was the most abundant organic acid encountered at the
initiation of batch digestion experiments in different pretreatment reactors ranging from 57.2 to
145.6 mg L-1 followed by iso-butyric acid in the range of 8.39 to 105.6 mg L-1. Propionic acid was
only observed in pretreatment E-HO (16.27 mg L-1). Butyric, valeric, isovaleric, and formic acid
were also found in low quantities ranging from 10.3 – 51.3, 3.0 – 15.3, 4.2 – 21.8, and 2.10 – 10.0
mg L-1, respectively. The relatively higher concentration of acetic acid, in addition to other factors,
might have helped in improved acclimatization of microbial biomass as indicated by lower lag
phase (14.35 h) for pretreatment run K-OH containing 145.26 mg L-1 acetic acid. The polymeric
carbohydrates contained in lignocellulosic biomass are degraded into glucose then to pyruvate,
which further converted to lactic acid or two molecules of acetyl-CoA and either formic acid or
CO2. With minor differences, lactate, acetate, ethanol, formate or CO2 production from pyruvate
is similar in Gram-positive and Gram-negative bacterial strains (Nielsen et al., 2011)
Cumulative VFAs production at the approx. log phase (108, 132 and 228 h) for different
pretreatments was in the range of 110.05 – 228.04 mg L-1. Lower production of organic acids at
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approx. log phase could be due to efficient utilization of organic acids, since bagasse is a
heterogeneous material and is not readily available for the microbial enzymatic action of hydrolytic
bacteria for the release of sugars to be consumed by fermentative bacteria producing organic acids.
It means methanogenic archaea are scavenging organic acids at a rate much higher than are
being produced by the acidogenic bacteria. Zhang et al (Zhang et al., 2011) reported similar
situation for total VFAs production at approx. log phase during digestion of cassava residue.
O’Sullivan and Burrel (O'Sullivan and Burrell, 2007) reported that lignocellulosics composition
and degree of lignification have a direct impact on the release and type of organic acids detected
in an acidification system.
Type and concentration of organic acids showed significant change at log phase comparing
with initiation phase. The concentration of formic acid reduced substantially at log phase as it is
directly taken up by methanogens besides acetic acid, methanol, methylamines, carbon dioxide,
methyl-sulfide and H2 (Li et al., 2016). Efficient utilization of acetic acid is reflected by the higher
acetotrophic methanogens community in comparison to lower hydrogenotrophic methanogens.
Acids produced in the digestion process are converted to the ultimate substrate for
methanogens; acetate, H2, CO2 and other substrates by various degradation pathways.
Isomerization of butyric acid into normal and iso- form of butyric acid is reported into anaerobic
digestion where propionic acid is an intermediate product (Lin and Hu, 1993). Since the samples
for VFAs were taken within 200 h of digestion, lower VFAs concentrations (Fig 5.9 )were
encountered; 65.72 – 159.24 mg L-1 acetic acid.
Lower propionic acid concentrations at reactor termination (2.15 to 15.74 mg L-1) is an
indication of stable digestion process as the accumulation of propionic acid is reported to be a sign
of process disturbance (Bjornsson et al., 2000; Murto et al., 2004). Propionic acid concentration
about 1-2 g L-1 is considered toxic to digestion process (Wijekoon et al., 2011), while, Wang et al
(Wang et al., 2009) reported that 900 mg L-1 propionic acid is enough to inhibit methanogens. The
low concentration of propionic acid accumulated during the initial phase of fermentation will
benefit subsequent anaerobic digestion because propionate-assimilating microorganisms are
among the slowest growing organisms due to low free-energy gain from the conversion of
propionate to acetate. Furthermore, their complicated syntrophic relation to hydrogen-utilizing
methanogens (Zhang et al., 2011).
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Butyric acid was observed in the range of 2.96 to 34.97 mg L-1). While, ethanol was only
observed at the end of digestion experiments in low concentrations 3.02 – 9.8 mg L-1) in some
reactors. Relatively higher acetic acid (13.53 - 103.30 mg L-1) at the end of digestion is an
indication that organic acids produced during the digestion process were converted to the principal
substrate for methanogenesis. Wang et al (Wang et al., 2009) reported that even higher
concentrations of acetic acid (2400 mg L-1) and butyric acid (1800 mg L-1) had not exerted
inhibition effect on methanogens.
Relatively higher concentrations of isovaleric acid were found at the end of digestion
experiments in the range of 7.5 to 15.4 mg L-1. Hill and Bolte (Hill and Bolte, 1989) reported that
isovaleric acid more than 15 mg L-1 is an indication of a problem in the system. However, opinions
vary in the literature regarding VFAs concentration for better digestion performance and inhibition
indicators. Angelidaki et al (Angelidaki et al., 1993) reported that different systems have their own
levels of VFAs being considered ‘normal’, furthermore, conditions considered abnormal in one
system might not be the same for the other system.
A higher production of acetic acid (159.24 mg L-1) at approx. log phase was recorded in
pretreatment run 3. However, it reached to methane value of 10.81 Nmmol g-1 TVS. Methane
production rate for this pretreatment was a bit higher (0.08 Nmmol g-1 TVS h-1) in comparison to
pretreatment 11 with a production rate of 0.04 Nmmol g-1 TVS h-1 even though acetic acid for this
pretreatment at log phase was 110.4 mg L-1.

74

Figure 5.7 - Total carbohydrates consumption during digestion experiments

Figure 5.8 - pH variation in digestion experiments

75

Figure 5.9 - Organic acids at three selected position on methane production curve; A (Initial stage
of reactor), B (approx. exponential phase), C (reactor termination)
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5.5

Statistical methane optimization with H2O2 assisted HT pretreatment
The proposed influential parameters; temperature (°C), time (min), and H2O2 (% v/v) were

explored with response surface methodology for individual impact and their interaction on CH4
yield (Nmmol g-1 TVS) from pretreated sugarcane bagasse in comparison to raw bagasse (Table
5.9). Quadratic regression analysis was conducted on the experimental data to explain CH4
production. Second-order polynomial equation was derived for the parameters is presented in
Equation 5.6
𝐶𝐻4 𝑌𝑖𝑒𝑙𝑑 = 12.34 − 0.48𝑋1 − 0.01𝑋2 + 2.28𝑋3 − 0.46𝑋1 2 − 0.55𝑋2 2 − 0.67𝑋3 2 −
0.26𝑋1 𝑋2 − 0.21𝑋1 𝑋3 + 0.73𝑋2 𝑋3

(5.6)

Where X1, X2, and X3 are coded values for temperature (°C), time (min), and H2O2 (% v/v),
respectively.
The statistical significance of the model was found by F-test (ANOVA) (Table 5.8).
Correlation coefficient (R2) value was found to be 0.8903. The R-square value indicated a measure
of variability in the observed response values. It implied that the model could explain 89.03% of
the sample variation and the model cannot explain only 10.97%. For a good statistical model R2
value should be in the range of 0.75 – 1.0 (Niladevi et al., 2009).
The magnitude and sign are important in the polynomial equation to explain the importance
of variables and their interaction. The model Equation indicated that linear model term of time
(X2) besides quadratic model term of temperature (X12) were insignificant (p>0.05) along with the
interaction of (X1X2) and (X1X3). While linear model terms of temperature (X1), H2O2 concentration
(X3) and quadratic model terms of time (X22) and H2O2 concentration (X32) and interaction of X2X3
showed significant impact (P<0.05) on CH4 yield. The model coefficient of linear model term X3
(2.28) and interaction of X2X3 (0.73) exerted positive effect while model coefficients of quadratic
model terms X22 and X32 exerted a negative impact on the model. The model coefficients explained
that H2O2 concentration has higher magnitude impact (2.28) in comparison to the interaction of
H2O2 concentration (X3) and time of pretreatment (X2) (0.76).
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Table 5.8 - Regression analysis for the experimental methane production for quadratic response
surface model fitting (ANOVA)
Source

Sum of square Degree of freedom Mean Square

F value

P-value (prob. > F)

X1 (T) α

3.15

1.00

3.15

194.62

0.0456*

X12

1.95

1.00

1.95

120.48

0.0578

X2 (t) β

0.00

1.00

0.00

0.13

0.7775

X22

2.84

1.00

2.84

175.44

0.0480*

70.91

1.00

70.91

4376.88

0.0096*

X32

4.21

1.00

4.21

259.84

0.0394*

X1X2

0.54

1.00

0.54

33.42

0.1090

X1X3

0.34

1.00

0.34

20.83

0.1373

X2X3

4.22

1.00

4.22

260.35

0.0394*

Lack of Fit

10.37

5.00

2.07

127.97

0.0670

Pure Error

0.02

1.00

0.02

Total SS

94.68

15

X3
(H2O2 conc.) ¥

R-square = 0.8903, Adjusted R-square = 0.7258, MS pure error = 0.0162, * represents significant factors,
represents Temperature, β (t) represents time, and ¥ (Conc.) represents H2O2 concentration

α

(T)

The interaction between temperature (°C) and time (min) on the methane yield (Nmmol g1

TVS) is presented in Fig 5.10. It can be seen from the curvature of the surface, an increase in

time and temperature up to 180 °C resulted in a maximum response. It might be due to the fact
that higher pretreatment temperature for longer exposure time results in more dissolution of lignin
into liquid hydrolysate resulting from the higher availability of carbohydrates in the solid biomass.
Higher temperature beyond 180 °C results into degradation products of sugars; furfural, 5-HMF
that have inhibitory effects on methanogenesis
The interaction between hydrogen peroxide and temperature showed that concentration of
H2O2 had a higher impact on the methane yield (Fig 5.11). Methane yield increased with increasing
the H2O2 concentration in the studied range. It seems obvious as being an oxidizing agent H2O2
has a large influence on lignin dissolution. Lignin content has a negative correlation with the
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methane yield (Kobayashi et al., 2004; Ahring et al., 2015). Fig 5.11 demonstrated that maximum
response could be obtained with higher H2O2 applied even at a lower temperature.
The interaction between time (min) and hydrogen peroxide (% v/v) on the methane yield
is shown in Fig 5.12. The curvature of the surface depicted that an increase in pretreatment time
coupled with an increase in H2O2 concentration resulted in a maximum response. Longer the
contact time of lignocellulosic biomass with H2O2 helped in an increase in delignification and
consequently higher methane yield.

Figure 5.10 - Interaction between temperature (°C) and time (min) on the methane concentration
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Figure 5.11 - Interaction between temperature (°C) and hydrogen peroxide (% v/v) on methane
concentration
5.6

Kinetics analysis of methane production
Table 5.9 shows the experimental methane (Nmmol g-1 TVS), percent variation in methane

over raw bagasse, and kinetics data (predicted methane volume, CH4 production rate, lag phase
and the goodness of fit; R2) obtained from experimental methane data of modified Gompertz
equation for H2O2 impregnated and hydrothermally pretreated sugarcane bagasse. The lowest
value obtained for percent variation was observed for pretreatment B-HO (-15.26 %) while the
highest was observed for pretreatment K-HO (118.16 %).
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Figure 5.12 - Interaction between hydrogen peroxide (% v/v) and time (min) on the methane
yield
The rate of methane production was not much affected by the pretreatment parameters. Xc
was limited in the range of 0.02 to 0.12 Nmmol g-1 TVS h-1. The highest lag phase of 82 h was
observed for pretreatment D-HO (200 °C, 5 min, 2% H2O2), while abrupt methane production was
observed for pretreatment I-HO (180 °C, 12 min, 4% H2O2) as evident from the lowest lag phase
of 0 h. It indicated that methane production started at once. Similar was noted (Xc 0 h) for
pretreatment P-HO (146.4 °C, 12 min, 4% H2O2). The goodness of fit (R2) values was observed in
the range of 0.94-1.00 for the 16 pretreatments. Graphs with fitted curves are presented in
Appendix.
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Table 5.9 - Kinetic parameters of methane production from H2O2 pretreated sugarcane bagasse
%
Experimental
variation
Methane
Designation
over
(Nmmol g-1
TVS)
SCB

Modified Gompertz Kinetic Data

Raw

6.59

-

6.63

XcA
Nmmol g-1
TVS h-1
0.02

A-HO

13.11

98.14

12.22

B-HO

5.59

-15.26

C-HO

10.81

D-HO

A¥
(Nmmol g-1
TVS)

KB
h

R2

0.00

0.988

0.05

24.44

0.971

4.94

0.05

88.45

0.945

63.51

10.25

0.08

57.22

0.992

9.17

38.75

8.76

0.06

86.80

0.993

E-HO

13.49

103.85

12.94

0.12

73.24

0.989

F-HO

8.12

7.87

7.89

0.03

34.97

0.965

G-HO

13.12

98.36

12.69

0.03

0.50

0.972

H-HO

7.69

5.32

7.55

0.03

37.32

0.971

I-HO

12.11

83.10

12.01

0.03

0.00

0.959

J-HO

12.29

85.82

11.67

0.03

19.21

0.968

K-HO

14.43

118.16

13.36

0.04

14.35

0.959

L-HO

7.80

18.14

7.84

0.01

21.09

0.989

M-HO

11.55

74.70

10.89

0.04

33.30

0.981

N-HO

11.36

71.85

11.19

0.04

35.56

0.997

O-HO

10.89

64.66

9.89

0.04

28.77

0.954

P-HO

12.57

89.99

11.47

0.02

0.00

0.936

¥

Predicted value obtained from Gompertz equation, A Rate of methane production (Nmmol g-1 TVS h-1), B
time elapsed before CH4 production started (lag phase),

5.7

Microbial community analysis
Microbial community structure was determined with fingerprinting technique DGGE for

bacterial and archaeal domains. Selected pretreatment runs were also analyzed with next
generation high throughput Illumina MiSeq sequencing.
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5.7.1 Denaturing Gradient Gel Electrophoresis
Microbial community structure for bacterial and archaeal domains in response to
pretreatment parameters i.e., temperature (°C), time (min) and H2O2 concentration (% v/v) was
determined by DGGE at the end of batch reactors. Pretreatment runs 15 (O-HO) and 16 (P-HO)
were excluded from the microbial community analysis based on extreme limits of temperature
applied during pretreatment.
Similarity coefficient (Sc) between pretreatment runs was calculated by Pearson
correlation. PCR-DGGE band profiles for bacterial and archaeal communities are presented as a
dendrogram in Fig 5.13 and 5.14, respectively. For bacterial community, Sc decreased with a
decrease in pretreatment time (19 – 5 min) at temperature of 200 °C from 83% (A-HO and B-HO)
to 44% (C-HO and D-HO), while under same conditions, but at lower pretreatment temperature
(160 °C) Sc increased from 68% (E-HO and F-HO) to 83% (G-HO and H-HO).

200 °C, 19 min, 6 % H2O2
200 °C, 19 min, 2% H2O2
200 °C, 5 min, 6 % H2O2
200 °C, 5 min, 2 % H2O2

160 °C, 5 min, 2% H2O2
160 °C, 19 min, 6% H2O2
160 °C, 19 min, 6 % H2O2
160 °C, 5 min, 2 % H2O2
180°C, 12 min, 4 % H2O2
180 °C, 12 min, 7.36% H2O2
180 °C, 12 min, 0.64 % H2O2
180 °C, 23.74 min, 4 % H2O2
180 °C, 0.24 min, 4 % H2O2

Figure 5.13 - Pearson Similarity Coefficient (Sc) of DGGE band patterns for bacterial communities
A decrease in H2O2 concentration from 6% to 2% resulted in a decrease in Sc from 67%
(A-HO and C-HO) to 44 % (B-HO and D-HO) at pretreatment temperature of 200 °C. Similar

83

trend was observed at 160 °C where only 7.3% decrease in Sc was recorded with a decrease in
H2O2 concentration.
Fig 5.13 depicted that the highest Sc of 92% was noted surprisingly between L-HO and MHO though both were pretreated at significantly different conditions; L-HO was pretreated for 12
min with 0.64 % (v/v) H2O2 and M-HO was pretreated with 4% (v/v) H2O2 at 23.7 min, though
both conditions met a similarity of temperature, 180 °C. Methane yield of both samples is also
quite different; 174.78 and 258.79 NmL g-1 TVS for L-HO and M-HO, respectively. It could
possibly mention that only the pretreatment temperature influenced such a high Sc between the
two samples.
Second highest similarity 91% was observed between I-OH and K-OH both pretreated at
180 °C and 12 min. it showed that change in concentration did not influence the bacterial
populations. Furthermore, it can also be seen bacterial populations thrive best when sugarcane
bagasse was pretreated at a temperature of 180 °C and 12 min irrespective of change in H2O2
concentration employed as indicated by the highest Sc.
Archaeal community bands on the PCR-DGGE gel as indicated in Fig 5.14 showed not
much variation across all the pretreatment runs. Sc varied from 67% to 98% from A-OH to N-OH.
The lowest Sc 67% was noted at between two pretreatment sets A-HO and B-HO, and A-HO and
C-HO at pretreatment temperature 200 °C, while the highest 98% Sc was observed between K-HO
and L-HO at pretreatment temperature of 180 °C. A comparison of archaeal community with the
volume of CH4 produced showed that the volume of CH4 produced was lowest (5.59 Nmmol g-1
TVS) for B-HO whereas 13.11 and 10.81 Nmmol g-1 TVS was recorded for A-HO and C-HO,
respectively. Even though the highest similarity was recorded between K-HO and L-HO, however,
the CH4 value was approx. 2-fold in K-HO (14.43 Nmmol g-1 TVS) in comparison to L-HO (7.80
Nmmol g-1 TVS).
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Table 5.10 - Microbial diversity (Shannon-Wiener and Dominance) for Bacteria and Archaea of
H2O2 assisted anaerobic digesters
Designation Temperature Time H2O2

A-HO
B-HO
C-HO
D-HO
E-HO
F-HO
G-HO
H-HO
I-HO
K-HO
L-HO
M-HO
N-HO

(°C)

(min)

(%
v/v)

200
200
200
200
160
160
160
160
180
180
180
180
180

19
19
5
5
19
19
5
5
12
12
12
23.76
0.24

6
2
6
2
6
2
6
2
4
7.36
0.64
4
4

Bacteria

Archaea

ShannonDominance ShannonWiener Dominance Wiener
0.11
0.07
0.14
0.06
0.08
0.05
0.07
0.07
0.08
0.08
0.04
0.04
0.04

2.26
2.67
2.10
2.91
2.57
3.11
2.70
2.72
2.72
2.64
3.18
3.22
3.18

0.08
0.07
0.07
0.07
0.07
0.07
0.07
0.08
0.07
0.07
0.06
0.07
0.07

2.72
2.78
2.79
2.79
2.78
2.76
2.78
2.75
2.83
2.77
2.86
2.78
2.76

Shannon-Wiener index (H) and Dominance (D) for bacterial communities computed from
the DGGE profile patterns is presented in Table 5.10. It indicates a decrease (6 – 2) in H2O2
concentration at 200 °C tends to increase the bacterial diversity and consequently lowers the
dominance. Dominance is approximately similar to 200 °C for same H2O2 concentrations
employed but a noticeable increase in the diversity was seen from 2.26 (A-HO) to 2.91 (D-HO)
with a decrease in H2O2 (% v/v) from 6 to 2 and pretreatment time (19 – 5 min).
Similar conditions of H2O2 and pretreatment time but a decrease in temperature to 160 °C
resulted in an increase in bacterial diversity. The decrease in H2O2 at pretreatment time of 5 min
did not affect the bacterial diversity indicated by approximate H values of 2.70 and 2.72 for GHO and H-HO, respectively. Interestingly, pretreatment time of 19 min induced a reasonable
increase in bacterial diversity as evident from H values of 2.57 (E-HO) and 3.11 (F-HO). The
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highest H value of 3.22 was noted for M-HO at pretreatment conditions of 180 °C, 23.76 min and
4 % (v/v) H2O2.
Surprising results were observed at 180 °C, an increase in H2O2 from 0.64 to 4 % (v/v) and
decrease in pretreatment time from 12 to 0.24 min did not impact bacterial diversity (H - 3.18),
while an increase in H2O2 (% v/v) from 4 to 7.36 resulted in negligible decrease in H value (2.72
– 2.64) at pretreatment time of 12 min. It could say that pretreatment temperature of 180 °C solely
impacts the bacterial diversity of batch reactors. Higher Shannon diversity implicates lower
dominance of community. H values are generally found between 1.5 – 3.5, while D value mostly
occurs between 0 – 1 in most ecological studies (Magurran, 2004).
Archaeal Shannon diversity (H) was approximately similar across all the pretreatment runs
in the range of 2.72 to 2.86. Table 5.10 indicates a change in temperature, pretreatment time, and
change in H2O2 did not much affect the archaeal community diversity. Even the H value of
pretreatment B-HO (2.78) didn’t differ much from the K-HO (2.77) where the former produced
the lowest methane (125.17 NmL g-1 TVS) and the later exhibited maximum methane 323.33 NmL
g-1 TVS.

200 °C, 5 min, 2 % H2O2
200 °C, 5 min, 6 % H2O2
200 °C, 19 min, 2 % H2O2
200 °C, 19 min, 6 % H2O2
160 °C, 19 min, 6 % H2O2
160 °C, 5 min, 6 % H2O2
160 °C, 19 min, 2 % H2O2
160 °C, 5 min, 2 % H2O2
180 °C, 12 min, 7.36 % H2O2
180 °C, 12 min, 0.64 % H2O2
180 °C, 23.76 min, 4 % H2O2
180 °C, 0.24 min, 4% H2O2
180 °C, 12 min, 4 % H2O2

Figure 5.14 - Pearson Similarity Coefficient (Sc) of DGGE band patterns for archaeal communities
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5.7.2 Illumina MiSeq Sequencing
Pretreatments B-HO, K-HO, and P-HO were selected for Illumina MiSeq sequencing to
determine the microbial community structure. The community structure was explored for bacteria
and archaea domains. In total, 35,128 sequences were retrieved after RDP classifier. Reads were
classified into operational taxonomic units (OTUs) based on 3% distance level for phylogenetic
estimation. Bacterial and archaeal OTUs obtained were 1,025 and 176, respectively. A total of 31,
32, and 33 phyla were noted for bacterial composition for pretreatment B-HO, K-HO, and P-HO,
respectively, where only Euryarchaeota was predominant phylum for the archaeal community.
Bacterial community in the selected samples was similar but abundance was quite different.
Pretreatment P-HO presented a higher Shannon (6.24) and Chao-1 (1314.1) than pretreatment BHO and K-HO.
5.7.2.1 Bacterial Diversity in H2O2 pretreated samples
A heterogeneous bacterial community was observed between pretreated samples. The
selected pretreated samples after phylogenetic analysis revealed relatively similar bacterial
diversity but quite different abundance at phylum level possibly because of the impact of
pretreatment conditions applied (Fig 5.15). Main phyla observed were Bacteroidetes,
Thermotogae, Firmicutes, Proteobacteria, Spirochaetes, and Chloroflexi. While Synergistetes,
Hyd24-12 lineage, and WWE1 lineage were in lower abundance.
Bacteroidetes was the dominant phylum with the relative abundance of 27.32, 48.66, and
28.96% for B-HO, K-HO and P-HO, respectively (Fig 5.15) The phylum Bacteroidetes consists
of four recognized classes Bacteroidia, Flavobacteria, Sphingobacteria and Cytophagia (Krieg et
al., 2010). However, only one class Bacteroidia was found in the current study with the relative
abundance of 27.05, 31.23, and 28.52% for pretreatment B-HO, K-HO, and P-HO, respectively.
Members of Bacteroidia are Gram-stain negative, non-motile, anaerobic, saccharolytic,
chemoorganotrophic and weakly proteolytic with acetate and succinate as major fermentation
products (Song et al., 2015).
Members of BLVii28 belonging to family Rikenellaceae root to phylum Bacteroidetes are
a rod or coccus-shaped bacteria producing extracellular hydrolase, supposed to contribute to
anaerobic degradation (Hirakata et al., 2016). BLVii28-related bacteria are previously reported in
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granular sludge in UASB reactor and anaerobic wastewater treatment facilities (Kaksonen et al.,
2004; Narihiro et al., 2009). Relatively higher BLVii28 abundance was recorded in pretreatment
K-HO (3.50 %) followed by pretreatment run B-HO (2.74 %) and pretreatment run P-HO (1.72
%). Relatively higher abundance of BLVIii28 in pretreatment K-HO might be due to higher
removal of lignin leaving behind easily accessible degraded cellulose
Thermotoage was the most abundant phylum in pretreatment B-HO (26.58%) followed by
pretreatment K-HO (13.06%) and P-HO (9.05%) (Fig 5.15). Thermotogae members are anaerobic
thermophilic gram-negative bacteria surrounded by sheath-like envelope called “toga”.
Thermotogae contains 10 genera with 41 validated species belonging to order Thermotogales that
roots to single class Thermotogae (Bhandari and Gupta, 2014). Thermotogales members are
anaerobic heterotrophs able to ferment a range of substrates including glucose and xylose. H2
severely inhibits the Thermotogales growth (Reysenbach, 2015).
Huber et al (Huber et al., 1986) reported that acetic acid, CO2 and H2 are the fermentation
products of Thermotogales. Phylogenetic analysis indicated two genera of Thermotogaceae for
this study; uncultured AUTHM297 and Kosmotoga, where former was abundant with the relative
abundance of 8-26% (Fig 5.17) and later was less than 1%.
Lower hydrogenotrophic activity in pretreatment run B-HO could be a reason for higher
AUTHM297 lineage abundance (26.58%) in comparison to pretreatment K-HO (13.06%) and PHO (9.05%) as indicated by the lower abundance of Methanobacterium (18.22%) for pretreatment
run 2. Briones et al (Briones et al., 2007) reported that AUTHM297 is capable of utilizing elemental
sulfur and/or thiosulfate as an electron acceptor to form H2S. Since, an H2S determination is
beyond the scope of the current study so the author unable to comment due to unavailability of
data for H2S and sulfates. Syntrophic activity of Thermotogales with Methanobacteriaceae is
reported by Balk et al (Balk et al., 2002) that only one member can serve as a syntrophic member
with Thermotogales.
Since, the current study was conducted under mesophilic conditions (37 °C) the presence
of Thermotogae was surprising. However, recently other studies (Nesbo et al., 2006; Briones et
al., 2007) have also been reported the presence of Thermotogae related members in mesophilic
conditions in anaerobic reactors treating sulfate-rich waste streams. Though digestion experiments
were conducted under mesophilic conditions (37 °C), interestingly AUTHM297 dominance
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followed the order of pretreatment temperature; 26.13% (pretreatment B-HO – 200 °C), 12.63%
(pretreatment K-HO - 180 °C), and 8.55% (pretreatment P-HO – 146.4 °C).
Firmicutes was abundant in pretreatment P-HO (19.47%) followed by pretreatment B-HO
(15.59%) and K-HO (7.89%). It is a renowned group for hydrolytic activity, most members stain
Gram-positive. Firmicutes contain three classes Bacilli, Clostridia, and Erysipelotrichia.
The current study revealed the presence of one major Class Clostridia with the relative
abundance of 15.31, 7.84, and 19.37%, respectively, for pretreatment B-HO, K-HO and P-HO.
Clostridia members perform hydrolysis and acidogenesis, in addition to acetogenesiss and
syntrophic acetate oxidation (Wirth et al., 2012; Ziganshin et al., 2013).

Figure 5.15 - Bacterial community classification at Phylum level. Relative abundance (RA%) less
than 1 in the samples was accumulated and presented as Others.
Clostridia are also efficient hydrogen producers. Clostridia may be saccharolytic,
proteolytic or bearing both metabolic pathways. Clostridium may metabolize carbohydrates,
amino acids, purines, steroids or other organic compounds (Rainey et al., 2015). Clostridia
represent the most prevalent bacterial class in full-scale mesophilic biogas plants fed with plant
biomass (Krause et al., 2008). Some species of the order Clostridiales are known to create
cellulosomes, which are intensively involved in the anaerobic digestion of recalcitrant cellulose,
supporting acetogens and methanogens with compounds necessary for their growth (Ziganshin et
al., 2013).
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Members of the clostridial family Ruminococcaceae are known to hydrolyze a variety of
polysaccharides by different mechanisms, e.g., the production of a cellulosome enzyme complex
and cellulose adhesion proteins (Morrison and Miron, 2000).They are able to ferment hexoses as
well as pentoses, which are the hydrolysis products from cellulose and hemicelluloses.
Clostridium genus was negligibly found in the pretreatment B-HO (0.63%) and K-HO
(0.28%). However, relatively higher abundance was recorded in pretreatment P-HO (5.23%).
Clostridium are rod-shaped Gram-stain-positive, endospore forming obligate anaerobes.
Clostridium spp. are extensively reported in biogas plants treating cellulosic biomass (Herbel et
al., 2010; Hanreich et al., 2013; Sun et al., 2015). The relatively higher abundance of Clostridium
in the pretreatment 16 could be justified by the lower pretreatment temperature (146.4 °C) applied
rendering lower glucan content 33.12 g 100 g-1 TS. Higher pretreatment temperature of 200 and
180 °C, respectively, for pretreatment B-HO and K-HO might have altered significantly the
lignocellulosic structure breaking lignin-carbohydrate matrix though leaving behind higher glucan
content 55.52 and 60.42 g 100 g-1 TS glucan content in the pretreated solids, However, in-depth
study is required to determine the behavior of clostridia under anaerobic conditions in response to
H2O2 impregnated substrates, as the glucan content was reasonably higher for K-HO (60.42%) in
comparison to P-HO (33.12%).
Proteobacteria is considered to play an important role in methane production in syntrophic
relation with archaea. Bacterial community of the tested samples at phyla rank showed higher
abundance for pretreatment P-HO (10.58%) followed by pretreatment K-HO (8.27%) and B-HO
(7.64%).
Class Deltaproteobacteria was dominant with the relative abundance of 6.55% in P-HO
followed by 4.98% (K-HO), and 3.61% (B-HO). Other classes alpha, beta, epsilon, and
Gammaproteobacteria were also found but in lower abundance. Syntrophus (Deltaproteobacteria)
was the only proteobacteria phylotype was above than 1% in relative abundance. Syntrophus are
Gram-negative, strictly anaerobic, chemoorganotrophic rod-shaped bacteria. Kuever and Schink
(Kuever and Schink, 2015) reported that Syntrophus could oxidize fatty acids only in the presence
of H2/formate-utilizing methanogenic archaea or sulfate-reducing bacteria. Furthermore,
incomplete oxidation could lead to acetate formation. Syntrophomonas-related bacteria are fattyacid-oxidizing bacteria, able to convert various organic acids to H2 and acetate for subsequent
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hydrogenotrophic methanogenesis (Baserba et al., 2012; Li et al., 2013). The lower but approx.
similar relative abundance of Syntrophus in the tested samples (1.08 – 1.88 %) reflected the
occurrence of the syntrophic relationship during methanogenesis.
Comparatively similar Synergistetes abundance was observed for B-HO and P-HO 3.29
and 3.92%, respectively. Members of Synergistetes phylum are gram-negative with various
morphologies and metabolism. It was recently characterized into phylum (Jumas-Bilak et al.,
2009). Synergistia was the only class encountered in the current study with relative abundance
between 1.6-3.92%. Aminiphilus (family Aminiphilaceae) was the only genus in the phylum
Synergistetes above than 1% relative abundance in pretreatment B-HO and P-HO

Figure 5.16 - Bacterial community classification at Family-level. Relative abundance (RA%) less
than 1 in the samples was accumulated and presented as Others
The candidate division WWE1 (Waste Water of Evry 1), an uncultured bacterium, was also
found in relatively higher proportion (6.38 - 4.77%) in pretreatments B-HO and P-HO,
respectively. WWE1 members are reported to act as amino acid degraders and capable of
propionate and butyrate oxidation as well as cellulose degradation (Sieber et al., 2012; Limam et
al., 2014). Cloacamonae was the only class with relative abundance between 2.1-6.4% was
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observed with two distinct phylotypes; uncultured W22 and Candidatus cloacamonas. W22 was
observed in relatively higher abundance in pretreatment B-HO (5.33 %) than pretreatment P-HO
(2.17 %) while negligibly found in pretreatment K-HO (0.48 %).
W22 related species are reported to degrade phenolic compounds under methanogenic
conditions (Ju and Zhang, 2014). Pretreatment B-HO had a higher lignin content. Lignin is a highly
complex phenolic polymer (Lange et al., 2013). Higher abundance (5.53%) of W22 in pretreatment
B-HO could be attributed to degradation of lignin. W22 related species metabolize amino acids
and butyrate during phenol metabolism (Ju and Zhang, 2014). Esquivel-Elizondo et al. (EsquivelElizondo et al., 2016) reported that W22 might responsible for propionate and butyrate
fermentation to H2, CO2, and acetate in the presence of hydrogenotrophic and acetoclastic
methanogens. Wong et al. (Wong et al., 2016) reported that W22 might contain unique enzyme
system and biochemical pathway relevant to lignocellulose conversion.
Candidatus cloacamonas was found in negligible abundance in pretreatment B-HO (0.67
RA%), K-HO (1.45 RA%) and P-HO (2.16 RA%). In silico Proteome analysis indicated that
C.clocomonas might attain energy from sugars in the Embden-Meyerhof pathway and from the
fermentation of amino acids, thereby, produces hydrogen and carbon dioxide. The occurrence of
the oxidative propionate degradation pathway in C. cloacamonas as well as the capability to
produce hydrogen via fermentation and its Fe-only hydrogenases are the reasons; the bacterium is
assigned as a syntrophic bacterium (Pelletier et al., 2008).
Phylum Spirochaetes found in less abundance with RA% of 5.79, 4.03, and 3.91,
respectively for pretreatment B-HO, K-HO, and P-HO. Spirochaetes generally unable to degrade
cellulose but are abundantly reported in anaerobic digesters (Liu et al., 2009; Lee et al., 2012).
Rainey et al. (Rainey et al., 1991 1490) isolated only one known cellulose degrading Spirochaetes
species. Though members of Spirochaetes unable to degrade cellulose they can ferment
carbohydrates and amino acids with major fermentation products; ethanol, acetate, CO2, and H2.
Spirochaetes interaction with cellulose degraders might be the reason of their abundance in the
anaerobic reactors (Azman et al., 2015). Only one notable class observed in the current study was
Spirochaetes. Spirochaetes class was higher for pretreatment B-HO with the relative abundance
of 5.27% in comparison to pretreatment K-HO (2.8%) and P-HO (3.11%).
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Figure 5.17 - Bacterial community classification at Genus-level. Relative abundance less than 1 in
the samples was accumulated and presented as ‘Others’
Treponema was the only phylotype significant in the current study with the relative
abundance of 5.23% while approx. similar abundance was noted for pretreatment K-HO (2.69%)
and P-HO (3.03%). Treponema members being homoacetogens produce acetate by consuming H2
and CO2 (Wang et al., 2013). Homoacetogenesis is typically observed under psychrophilic
conditions, as homoacetogens have a better ability to adapt to low temperatures compared with
hydrogenotrophic methanogens (Siriwongrungson et al., 2007).
It has been reported that homoacetogenesis cannot compete with hydrogenotrophic
methanogenesis under mesophilic or thermophilic conditions because of its lower energy yield.
The lower abundance of Treponema in this study might be a reason for the higher competing
interest of Treponema with hydrogenotrophic methanogenesis. Li et al. (Li et al., 2016) reported
that Treponema proliferation in anaerobic reactors could be used as a potential indicator of process
instability. Reactor failure for pretreatment B-HO can be justified with higher Treponema
abundance in comparison to pretreatment K-HO and P-HO with the argument reported by Li et al.
(Li et al., 2016). The genus Treponema consists of various species typically found in animal and
human gastrointestinal flora (Nordhoff and Wieler, 2005).
Chloroflexi (green non-sulfur bacteria) is one of the largest phyla with members having
various metabolic features. Filamentous morphology is the characteristic feature of its class.
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Members of Chloroflexi are Gram-negative, exhibiting gliding motility and do not contain
lipopolysaccharide containing outer membrane (Garrity and Holt, 2015). Class Anaerolineae
lineage in Chloroflexi has been reported in anaerobic digesters (Riviere et al., 2009; Narihiro et
al., 2012). Some researcher speculated Anaerolineae as semi-syntrophic having the capability of
reverse electron transfer via coupled mutualistic interaction with methanogens (Narihiro et al.,
2012). However, such interaction is not yet validated (Xia et al., 2016).
A significant difference was observed for Chloroflexi diversity at phylum level in the
current study. Maximum abundance was noted for pretreatment P-HO (10.02%) followed by KHO (5.87%) and B-HO (2.77%). Higher abundance of Chloroflexi in the pretreatment P-HO could
possibly support the argument that cellulose structure might not severely disturb owing to lowest
temperature 146.4 °C that might have helped to develop a higher population of Chloroflexi. This
argument could be strengthened by a recent study where Podosokorskaya et al. (Podosokorskaya
et al., 2013) reported a discovery of cellulolytic strain Ornatilinea apprima of class Anaerolineae.
Uncultured genus T78 of family Anaerolinaceae was noted in relatively higher abundance
in pretreatment P-HO (4.45 %) than pretreatment B-HO (1.09 %) and pretreatment K-HO (2.10
%). T78 is previously reported in co-digestion of whey permeate and cow manure. It is suggested
as carbohydrate utilizer (Miura and Okabe, 2008; Yamada and Sekiguchi, 2009). It also acts as
anaerobic degradation of oil hydrocarbons (Parnadi et al., 2007). The lowest abundance of the T78
population in pretreatment B-HO further strengthen the fact that higher lignin content resulted into
lesser development of carbohydrate degrader bacterial populations.
Uncultured Hyd24-12 members are globally distributed but morphological, ecological, and
physiological information about this phylum is not available in the literature. This phylum harbors
under mesophilic conditions. Genomic annotation and metabolic reconstruction implicate that
members of this phylum are Gram-negative. The Hyd24-12 lineage is delineated into four clades,
designated B-1AC, zEL51, Hyd-32 and B9.18 (Kirkegaard et al., 2016). The current study
revealed a lower abundance of Hyd24-12 lineage with RA% of 0.73, 2.48, and 2.22 for pretreatment
B-HO, K-HO, and P-HO, respectively.
As depicted in Fig 5.17, 49-67% reads at genus-level were not belong to any known phylum
indicating the potential for the new discovery of bacterial taxonomic groups for the samples treated
with H2O2. Such a higher proportion of unclassified reads could be justified by the reason that a
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huge number of bacteria are uncultured and are not classified into taxonomic groups. Furthermore,
it also indicated the potential for novel bacterial taxonomic groups that have not yet been
discovered.
5.7.2.2 Archaeal Diversity in H2O2 pretreated samples
Archaeal diversity in H2O2 pretreated samples at phylum-level indicated the prevalence
(99%) of phylum Euryarchaeota, while Crenarchaeota was found in less than 1%. Euryarchaeota
are rods, cocci, spiral-shaped, triangular, or squares shaped methanogens exhibiting Gram-positive
or Gram-negative characteristics (Garrity and Holt, 2015).
As depicted in Fig 5.18 at Class-level, that archaeal community was not as diverse as it
appeared for the bacterial population. Phylum Euryarchaeota contains eight classes (Gargaud and
Irvine, 2015). However, classes Methanomicrobia and Methanobacteria were predominant in the
current. Class Thermoplasmata was also observed in less than 1% in pretreatment 11 (0.77%) and
pretreatment 16 (0.69%). Its abundance was slightly higher in pretreatment 2 (1.19%). However,
Class Thermoplasmata is of no interest for methane production because it is a non-methanogenic
archaeal class (Bapteste et al., 2005). Uncultivated class MCG (Miscellaneous Crenarchaeota
Group) was observed in less than 1%. This taxon is a prominent archaeal group for dehalogenation
of aromatic compounds (Meng et al., 2014). The role of MCG in anaerobic digestion is largely
unknown; however, Collins et al (Collins et al., 2005) reported that MCG collocate with
Methanosaeta cells in granular digester biofilm suggesting a syntrophy interaction with
methanogens.
Class Methanomicrobia was predominant (76.26-79.52%) in the tested samples with the
prevalence of two families Methanoregulaceae (44.73-62.33%) and Methanosaetaceae (15.9430.42%). Members of Methanoregulaceae are hydrogenotrophic, however, each specie exhibits
different physiological features (Imachi and Sakai, 2015). Methanoregulaceae members are rod
and coccoid-shaped, Gram-negative strict anaerobes that require energy by CO2 reduction to form
methane utilizing H2 or formate as electron donors. Two phylotypes within family
Methenoregulaceae were observed in the current study (Fig 5.19); Methanolinea (24.52-34.86%)
and Candidatus methanoregula (4.43-4.77%).

95

Higher abundance (34.86%) of Methanolinea in pretreatment B-HO (Fig 5.20) in
comparison to approx. similar abundance in pretreatment run K-HO and P-HO (24.52-24.75%)
implicates higher hydrogenotrophic activity in pretreatment B-HO that is supported with lower
Methanosaeta (15.94%) where Methanosatea abundance was two-fold in pretreatment K-HO and
P-HO (26.7-30.4%). Methanosaeta are rod-shaped obligate anaerobes utilizing the only acetate as
an energy source while CO2 and acetate serve as a carbon source. Methanosaeta are unable to
utilize H2/CO2, formate, methanol, and methylamine for growth or methane production (Zinder et
al., 1987; KAMAGATA and MIKAMI, 1991). Methanolinea are reported previously in digestion
of grass Pennisetum (Pengyu et al., 2017) and food waste (Wilkins et al., 2015)
Class Methanobacteria was lower with the relative abundance of (18.56-22.14%).
Methanobacterium was the dominant (18.21-21.95%) genus while Methanobrevibacter was
encountered in less than 1%. Methanobacterium are Gram-positive strict anaerobes with optimum
growth temperature 37 – 45 °C. Although, some strains use formate, secondary alcohols, and CO,
CO2 reduction coupled to H2 oxidation is the major growth mechanism (Boone, 2015).
Methanospirillum, Methanomethylovorans, Methanomassiliicoccus, Methanocella were found in
less than 1%. 18.25-25.42% read could not be categorized into archaeal taxonomic groups at the
genus level (Fig 5.20).

Figure 5.18 - Archaeal community classification for selected H2O2 pretreated samples at Classlevel. All taxonomic groups with relative abundance less than 1% are accumulated and presented
as others
96

Figure 5.19 - Archaeal community classification for selected H2O2 samples at Family-level. All
taxonomic groups with relative abundance less than 1% are accumulated and presented as others

Figure 5.20 - Archaeal community classification for selected H2O2 samples at Genus-level. All
taxonomic groups with relative abundance less than 1% are accumulated and presented as others.
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5.8 Impact of sugarcane bagasse impregnation in H2SO4 before hydrothermal
pretreatment on pretreated solid characteristics
In the second phase of the study, sugarcane bagasse was impregnated with H2SO4 for 24 h
before hydrothermal pretreatment according to CCD (Table 4.5). The recovered solid after the
pretreatment was characterized for carbohydrate polymers (glucan, xylan), Klason lignin and
lignin recovery (Table 5.11).
Table 5.11 - Impact of H2SO4 impregnation of sugarcane bagasse before hydrothermal
pretreatment on Solid yield (%), Glucan (g 100 g-1 TVS), Xylan (g 100 g-1 TVS), Klason Lignin
(%), Glucan increase (%), xylan removal (%), and Lignin Recovery (%)

A-HSO

Solid
yield
(%)
12.27

Glucan
(g 100
g-1 TS)
14.34

Xylan
(g 100
g-1 TS)
0.00

Klason
lignin
(%)
84.61

2

B-HSO

17.83

44.15

0.00

53.20

40.60

100.00

213.84

3

C-HSO

22.04

20.98

0.00

76.74

-33.18

100.00

308.47

4

D-HSO

34.95

57.09

5.40

33.96

81.81

85.25

136.49

5

E-HSO

32.83

40.29

6.80

51.11

28.31

81.43

205.43

6

F-HSO

63.00

53.60

10.50

33.05

70.70

71.32

132.83

7

G-HSO

40.69

39.28

14.15

44.65

25.09

61.35

179.49

8

H-HSO

75.28

46.81

20.80

30.87

49.07

43.19

124.08

9

I-HSO

46.48

49.48

10.60

37.69

57.58

71.05

151.50

10

J-HSO

49.04

51.10

8.10

37.33

62.74

77.88

150.04

11

K-HSO

34.03

42.54

4.30

52.12

35.47

88.26

209.51

12

L-HSO

41.28

51.00

8.80

37.30

62.42

75.97

149.91

13

M-HSO

51.44

58.80

4.80

35.72

87.26

86.89

143.59

14

N-HSO

57.10

51.14

12.40

34.11

62.86

66.13

137.10

15

O-HSO

20.02

8.12

0.00

89.28

-74.14

100.00

358.85

16

P-HSO

64.52

41.80

16.90

39.80

33.12

53.84

159.99

Run

Designation

1

Where * -ve sign indicates decrease in glucan content
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Glucan
Xylan
Lignin
increase removal recovery
(%)
(%)
(%)
-54.33*
100.00
340.08

As indicated in Table 5.11, solid recovery increased with a decrease in reaction temperature
and H2SO4 concentration employed for impregnation of sugarcane bagasse. Solid recovery
increased from 12.27 to 17.83 (45.31%) when pretreatment temperature (200 °C) and reaction time
(19 min) held constant, and H2SO4 concentration decreased from 3 to 1% (w/v). While, when the
reaction time was decreased to 5 min for pretreatment C-HSO and D-HSO at the same reaction
temperature of 200 °C, a decrease in H2SO4 concentration resulted in 58.57% (22.04 to 34.95%)
increase in solid recovery.
It showed that a decrease in reaction time increased the solid recovery when reaction
temperature and H2SO4 concentrations were held constant. On the other hand, at a reaction
temperature of 160 °C, a decrease in H2SO4 from 3 to 1% (w/v) resulted into approx 2-fold increase
in solid recovery (32.83 to 63.00%) While, 85% increase (40.69 to 75.28%) was observed between
pretreatment G-HSO (160°C, 5 min, 3% H2SO4) and pretreatment H-HSO (160°C, 5 min, 1%w/v
H2SO4)
A comparison indicated that when reaction temperature was decreased from 200°C
(pretreatment A-HSO) to 160°C (pretreatment E-HSO) keeping reaction time (19 min) and H2SO4
concentration (3%) held constant, solid recovery improved 167.56% (12.27 to 32.83%). Similarly,
a decrease in temperature to 160°C resulted in 253.3% (17.83 to 63.00%), 84.61% (22.04 to 40.69),
and 115.39% (34.95 to 75.28%) increase for pretreatment runs F-HSO, G-HSO, and H-HSO,
respectively in comparison to pretreatment runs B-HSO, C-HSO, and D-HSO.
Solid recovery comparison for pretreatment runs K-HSO (3.68% w/v H2SO4) and L-HSO
(0.32% w/v H2SO4) indicated 116.69% (19.05 to 41.28%) increase where reaction temperature
(180 °C) and reaction time (12 min) held constant. Lesser increase (11%) was observed for
maximum (23.76 min) and minimum (0.24 min) reaction time studied at conditions; reaction
temperature of 180 °C and H2SO4 concentration (2%). Furthermore, a decrease in reaction
temperature from 213.6 to 146.4 °C resulted into 222.27% (20.02 to 64.52%) increase in solid
yield.
Lu et al (Lu et al., 2009) conducted H2SO4-catalyzed hydrothermal pretreatment of
rapeseed straw for ethanol conversion and reported maximum solid yield of 88.7% at H2SO4
loading of 0.5 (%w/w), 5 min reaction time, 20% (w/w) solid loading and reaction temperature of
180 C. In another study, Yang et al. (Yang et al., 2012) reported 92.4% solid yield for triploid
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poplar chips at reaction temperature of 100°C for 2 hrs reaction time and H2SO4 loading of 0.5 (%
v/v). In the current study, maximum solid yield (64.52%) was achieved at the lowest pretreatment
temperature (146.4 °C, 12 min, 2 % v/v H2SO4). Low solid yield in comparison to referenced
studies was due to higher H2SO4 concentration employed.
Glucan content was affected notably due to pretreatment parameters as represented in
Table 5.11. Glucan content in pretreatment run A-HSO and C-HSO were 14.34 and 44.15 g 100
g-1 TS indicating cellulose solubilization owing to lower than raw sugarcane bagasse 31.4 g 100 g1

TS for pretreatment A-HSO. However, pretreatment run B-HSO resulted in an increase in glucan

content showing lower H2SO4 concentration was unable to affect the cellulose crystallinity even
at 200 °C.
Cellulose is a very coherent and stabilized structure that reported to start to solubilize above
230 °C and completely decompose at 295 °C (Sakaki et al., 2002). However, the current study
revealed that cellulose degradation could be initiated at a lower temperature (200 °C) if substrate
solubilized with 3% H2SO4 before hydrothermal pretreatment. Pretreatments conducted at 200 °C
indicated that utilization of 3% H2SO4 resulted into cellulose solubilization.
Glucan content was in the range of 14.34 – 57.09 g 100 g-1 TS for the pretreatment set
conducted at 200 °C, lower H2SO4 concentration resulted in percent increase in glucan
complemented with xylan and lignin solubilization. While, glucan content was in the range of
39.28 – 53.60 g 100 g-1 TS for pretreatments conducted at 160 °C. Glucan content of 8.12 g 100
g-1 TS for pretreatment run O-HSO (213.6 °C, 12 min 2% H2SO4) indicated that even 2% H2SO4
could result into cellulose solubilization at temperature 213 °C complemented with 100% xylan
removal and 358.85% klason lignin recovery in pretreated solid. However, 146.4 °C (pretreatment
run P-HSO) could not dissociate cellulose structure with 2% H2SO4 as indicated by higher glucan
content 41.80 g 100 g-1 TS. Glucan recovery in the pretreated solid fraction was in the range of
25.83 – 187.01%.
Lu et al. (Lu et al., 2009) reported maximum of 105.1 % glucan recovery in the waterinsoluble solid fraction of H2SO4-catalyzed rapeseed straw at 1% H2SO4, 10 min reaction time
with solid content of 15% at 180 °C. However, current study could not be compared on the grounds
of different pretreatment conditions, H2SO4 employed and variation in feedstock composition.
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Xylan content indicated that most of the xylose was solubilized during the pretreatment as
it was not observed at higher severity (200 °C, 19 min 3% H2SO4). Hydrothermal pretreatment is
aimed at the removal of hemicellulose (xylan and arabinan) by xylan depolymerization and
cleavage of acetyl groups from hemicellulose as reported by (Xiao et al., 2011; Rocha et al., 2013;
Senila et al., 2014). H2SO4 further catalyze the process by lowering the pH. Xylan content was in
the range of 4.3 – 20.80 g 100 g-1 TS for various pretreatment conditions. Minimal xylan removal
was noted for pretreatment run H-HSO conducted at 160 °C, 5 min and 1% H2SO4 (% w/v). Xylan
removal was recorded in the range of 43.19 to 100%. Even though minimal temperature (146.4
°C) was studied for pretreatment P-HSO, xylan solubilization was lower on account of higher
H2SO4 concentration employed.
Yang et al. (Yang et al., 2012) reported 100% xylan removal for hydrothermal pretreatment
of triploid poplar at 200 °C catalyzed with 0.5 H2SO4. In another study, Lu and colleagues (Lu et
al., 2009) observed a decrease in xylan content from 19.6% to 1.4% for hydrothermal pretreatment
of rapeseed straw at 180 °C, 2% w/w H2SO4, 20 min reaction time and with a solid content ratio
of 5% (w/w).
Second-order polynomial equation was derived from the experimental data of glucan
content (g 100 g-1 TS) to determine the impact of pretreatment parameters; reaction temperature,
reaction time, and H2SO4 concentration on their availability in the solid fraction in response to
H2SO4 assisted hydrothermal pretreatment. Equation 5.7 represents the second order polynomial
equations for glucan (g 100 g-1 TS). The model equation presented that linear terms of temperature
(X1), H2SO4 concentration (X3), quadratic term of temperature X12, and interaction between
temperature and concentration X1X3 were negatively significant with magnitude values of 7.32,
7.39, 9.46, and 5.63, respectively. While, linear term of reaction time (X2), quadratic terms of
reaction time (X22) and H2SO4 concentration (X32), and interaction terms of X1X2 and X2X3 were
insignificant as indicated in ANOVA (Table 5.12).
𝐺𝑙𝑢𝑐𝑎𝑛 (g 100 g −1 𝑇𝑆) = 50.49 − 7.32𝑋1 + 0.08𝑋2 − 7.39𝑋3 − 9.46𝑋1 2 + 1.15𝑋2 2 −
1.75𝑋3 2 − 3.42𝑋1 𝑋2 − 5.63𝑋1 𝑋3 + 0.06𝑋2 𝑋3

Equation 5.7
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Table 5.12 - Analysis of variance (ANOVA) for glucan content (g 100 g-1 TS) in pretreated solids
impregnated in H2SO4
Source
X1 (T)α

Sum of square Degree of freedom Mean Square F value P-value (prob. > F)
733.206

1

733.2064

558.8102

0.026915*

X12
X2 (t)β

829.291

1

829.2913

632.0410

0.025309*

0.091

1

0.0913

0.0696

0.835781

X22
X3

12.208

1

12.2079

9.3042

0.201680

746.821

1

746.8206

569.1862

0.026669*

28.354

1

28.3536

21.6096

0.134893

X1X2

93.717

1

93.7170

71.4260

0.074979

X1X3

254.002

1

254.0018

193.5865

0.045677*

X2X3

0.033

1

0.0332

0.0253

0.899570

Lack of Fit

379.358

5

75.8717

57.8253

0.099496

Pure Error

1.312

1

1.3121

Total SS

3340.561

15

(H2SO4 Conc.)¥
X32

R-square = 0.886, Adj. R-square = 0.715 MS pure error =1.31, α (T) represents Temperature, β (t) represents time, and
¥
(Conc.) represents H2O2 concentration

Klason lignin increased with a successive increase in pretreatment temperature and H2SO4
concentration (Table 5.11). Klason lignin was in the range of 33.96 to 84.61% for pretreatment set
A-HSO – D-HSO conducted at 200 °C with varying retention time and H2SO4. A decrease in
H2SO4 (3 to 1%) resulted in 37.12% decrease in klason lignin keeping reaction time (19 min) and
reaction temperature 200 °C held constant. A predominant influence of decreasing reaction
temperature was observed on klason lignin where it was in the range of 30.57 to 51.11% for
pretreatments E-HSO – H-HSO.
Reaction temperature directly influence on the release of hemicellulosic sugar thereby have
a direct impact on klason lignin. Hydrothermal pretreatment not only increases the lignin content
but it also effectively modify the structure of lignin due to simultaneous de- and re-polymerization
reactions of lignin (Chang and Holtzapple, 2000; Li et al., 2007). Yang et al (Yang et al., 2012)
reported lignin redeposition on the polymeric structure during dilute acid pretreatment under
severe condition resulting into a physical barrier to enzymatic action.
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It was observed in the current study that a decrease in reaction temperature (200 to 160 °C)
resulted in 40% (84.61 to 51.11%) decrease in klason lignin for pretreatment run E-HSO in
comparison to pretreatment run A-HSO, where reaction time and H2SO4 conc held constant. It was
observed that decrease in reaction time from 23.76 to 0.24 min had virtually no impact on klason
lignin where pretreatment temperature (180 °C) and H2SO4 (2 % w/v) held constant. It indicated
that reaction temperature was a more important factor in comparison to reaction time for the release
of sugars and subsequently for klason lignin content.
In comparison, when reaction temperature was decreased from 213.6 to 146.6 °C, 55.42%
decrease in klason lignin was observed between pretreatment runs O-HSO and P-HSO. Yang et al
(Yang et al., 2012) reported an increase in klason lignin from 20.78 to 50.35% with increasing
severity for triploid poplar wood chips. A possible reason for an increase in klason lignin is
explained by (Hu and Ragauskas, 2012), that xylose depolymerized into furfural during
hydrothermal pretreatment. Repolymerization of furfural and other aromatic compounds produced
during pretreatment may turn into pseudo-lignin, which results in an increase in klason lignin.
Ramos et al (Ramos, 2003) reported that C5 sugars are the principal source of pseudo-lignin
formation.
Second-order polynomial equation (Equation 5.8) was derived from the lignin recovery
experimental data to determine the impact of studied parameters. Maximum lignin recovery
(358.85%) was observed for the maximum temperature employed (213.6 °C) for pretreatment run
O-HSO. The model explained that studied parameters; temperature X1, time X2, and H2SO4
concentration X3 showed significant impact as presented in ANOVA (Table 5.13).
The model presented that linear model terms X1, X2, X3 and quadratic model terms X12 and
X32 showed positive significant effect with magnitude values of 50.63, 11.32, 38.55, 40.59 and
12.41, respectively while quadratic model term X22 showed negative non-significant impact with
magnitude value of 1.51. The interaction of studied parameters indicated that X1X2 and X1X3
showed positive significant impact whilst X2X3 showed the negative non-significant effect on
lignin recovery in pretreated solids.
% 𝑙𝑖𝑔𝑛𝑖𝑛 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 = 149.87 + 50.63𝑋1 + 11.32𝑋2 + 38.55𝑋3 + 40.59𝑋1 2 − 1.51𝑋2 2 +
12.41𝑋3 2 + 9.28𝑋1 𝑋2 + 21.28𝑋1 𝑋3 − 3.57𝑋2 𝑋3
(5.8)
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Table 5.13 – Analysis of variance for percent lignin recovery in pretreated solids impregnated in
H2SO4
Source
X1 (T)α

Sum of square Degree of freedom Mean Square F value P-value (prob. > F)
35012.71

1

35012.71

33048.67

0.003502*

X12
X2 (t)β

15264.82

1

15264.82

14408.54

0.005303*

1749.63

1

1749.63

1651.49

0.015662*

X22
X3

21.02

1

21.02

19.84

0.140605

20295.47

1

20295.47

19157.00

0.004599*

1427.36

1

1427.36

1347.30

0.017340*

X1X2

689.28

1

689.28

650.61

0.024946*

X1X3

3621.49

1

3621.49

3418.35

0.010888*

X2X3

101.92

1

101.92

96.20

0.064683

Lack of Fit

6511.21

5

1302.24

1229.19

0.021651*

Pure Error

1.06

1

1.06

Total SS

87149.55

15

(H2SO4 Conc.)¥
X32

R-square = 0.925, Adj. R-square = 0.813.726, MS pure error =1.06, α (T) represents Temperature, β (t) represents time,
and ¥ (Conc.) represents H2O2 concentration

5.8.1 Morphological characteristics of H2SO4 assisted hydrothermally pretreated solid fraction
Only one pretreatment O-HSO was selected to determine the morphological characteristics
in response to H2SO4 impregnation before hydrothermal pretreatment because this pretreatment
resulted in the lowest methane 0.58 Nmmol g-1 TVS in this phase of the study. The surface of
untreated sugarcane bagasse showed smooth intact fibril symmetry rather compact structure (Fig
5.21 A) in comparison to an extremely shattered structure for O-HSO (Fig 5.21 B) that could be
attributed to cellulose disintegration and disturbance of lignin-carbohydrate meshwork. It further
describes a decrease in particle size that could play a significant role in the availability of larger
surface area for microbial action, but lignin deposition could severely affect enzymatic action.
Fig 5.21 B further indicated that hydrothermal pretreatment at higher severity (213.6 °C,
12 min, 2% H2SO4) significantly altered the structure at ultra-molecular level. A huge number of
drop-like structures are quite visible on the surface of pretreated residue (Fig 5.21 C). These
structures are reported as lignin droplets in literature. Several researchers reported about the
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presence of lignin droplets on the surface of pretreated residues, which have a negative impact on
cellulose hydrolysis in downstream processing (Donohoe et al., 2008; Li et al., 2014).

Figure 5.21 - Comparison between SEM images of untreated sugarcane bagasse (A) and O-HSO
(B, C)

105

Selig et al (Selig et al., 2007) speculated that at higher temperature lignin mass turns to
fluid (phase change) that could transfuse through cell wall matrix into the liquid stream and
redeposit on the surface, as spherical droplets (Fig 5.21 C). Commercial cellulase preparations are
reported to bind to lignin unproductively (Berlin et al., 2006; Yang and Wyman, 2006), thereby
impeding cellulose hydrolysis. This could be the reason that digestion experiments of O-HSO
resulted in methanogenic inhibition on the basis of unavailability of cellulosic material for
hydrolytic bacteria to initiate the chain process. The impact of H2SO4 assisted pretreatment on
visual appearance of sugarcane bagasse is depicted in Fig 5.22.

Figure 5.22 – Impact of H2SO4 assisted hydrothermal pretreatment on visual appearance of
sugarcane bagasse; (A) Highest studied temperature (pretreatment run O-HSO – 213.6 °C), (B)
Lowest studied temperature (pretreatment run P-HSO – 146.4 °C)
5.9

Chemical composition of liquid hydrolysate obtained from H2SO4 assisted Hydrothermal
pretreatment
Liquid hydrolysate fraction separated from pretreated slurry was characterized for

following parameters; chemical oxygen demand, total carbohydrate content, total phenolic content
(TPC), organic acids, sulfate (SO4-2) content, and monomeric sugars; glucose, xylose and
arabinose and furanic compounds; furfural and 5-hydroxymethylfurfural (Table 5.14 and 5.15).
H2SO4 impregnation of sugarcane bagasse facilitated the removal of hemicellulose
partially removing lignin and hydrating cellulose, therefore, resulting in the release of monomeric
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sugars, oligomers, and organic acids from cell wall matrix into hydrolysate. This resulted in an
overall increase in COD of resulting hydrolysate stream. In the current study, COD value of
hydrolysate affected by the joint impact of pretreatment parameters, H2SO4 concentration, reaction
time, and reaction temperature.
Table 5.14 - Characterization of liquid hydrolysate obtained from H2SO4 aided hydrothermal
pretreatment
Total
Phenolic SO4-2
Pretreatment Temperature Time H2SO4 CODs
content mg L(w/v
-1) Carbohydrate
run
(°C)
(min)
(g
L
-1
1
%)
(g L )
(ppm)
A-HSO
200
19
3
16.81
2.96
1014.38 4702.5
B-HSO
200
19
1
14.97
6.25
1101.88 1250
C-HSO
200
5
3
25.20
13.26
1399.69 5655
D-HSO
200
5
1
18.61
6.05
683.13
1445
E-HSO

160

19

3

21.79

11.19

1674.22

5245

F-HSO

160

19

1

15.02

12.98

708.13

1765

G-HSO

160

5

3

19.64

20.90

1008.13

5210

H-HSO

160

5

1

16.58

17.06

689.38

1520

I-HSO

180

12

2

8.91

5.74

808.13

4328.5

J-HSO

180

12

2

8.33

4.96

826.88

3657.5

K-HSO

180

12

3.68

20.09

12.56

1369.53

7240

L-HSO

180

12

0.32

11.77

8.20

596.72

360

M-HSO

180

23.76

2

9.24

7.26

901.88

3569.5

N-HSO

180

0.24

2

18.83

16.31

801.88

3811.5

O-HSO

213.6

12

2

24.07

8.55

1615.31

3338.5

P-HSO

146.4

12

2

17.01

13.06

658.13

3954.5

For a reaction temperature of 200 °C, COD value varied from 14.97 to 25.20 g L-1. Higher
reaction time (19 min) resulted in lower COD value (14.97-16.87 g L-1) for pretreatment runs AHSO and B-HSO in comparison to lower reaction time of 5 min., where it was in the range of
18.61-25.20 g L-1 for pretreatment runs C-HSO and D-HSO. Lower COD value at higher retention
time could be justified by the argument some organics converted into volatiles and water. Quitain
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et al (Quitain et al., 2002) reported that formic and acetic acids transformed to water and volatiles
thereby decreasing COD value.
For a reaction temperature of 160 °C, COD varied from 15.02 to 21.79 g L-1. Higher
reaction time (19 min) resulted in 31.06% (21.79 to 15.02 g L-1), while lower reaction time (5 min)
resulted in 15.58% (19.64 to 16.58 g L-1) decrease in COD value when H2SO4 concentration
decreased from 3 to 1% at a reaction temperature of 160 °C.
COD values at central points (pretreatment runs I-HSO and J-HSO) were not much differed
from each other as expected. A decrease in H2SO4 concentration from 3.68 to 0.32 % (w/v) resulted
into 41.41% (20.09 to 11.77 g L-1) decrease in COD, while a decrease in reaction time from 23.76
to 0.24 min resulted in 103.78% (9.24 to 18.83 g L-1) increase in COD. It implicated that H2SO4
and reaction time notably contributed to the release of organics into the liquid stream to aid in
COD value. The decrease in reaction temperature from 213.6 to 146.4 °C indicated 29.33%
decrease in COD value of hydrolysate.
Total carbohydrates are the amount of sugar monomers and oligomers released in response
to pretreatment. Table 5.14 indicated that pretreatment parameters collectively affected the total
carbohydrate content in the hydrolysate. Total carbohydrates varied between 2.96 and 13.26 g L-1
for pretreatments conducted at 200 °C implicating that reaction time and H2SO4 concentration had
an effect on the release of sugars.
Higher reaction time (19 min) resulted in lower total carbohydrates (2.96 to 6.25 g L-1) in
comparison to 5 min reaction time where it was higher 6.05 (pretreatment run D-HSO) and 13.26
g L-1 (pretreatment run C-HSO). It was seen that higher reaction time coupled with higher H2SO4
concentration resulted into lower carbohydrates released possibly due to degradation to organic
acids.
Pretreatments conducted at a reaction temperature of 160 °C and 5 min reaction time
presented higher carbohydrate content than at 19 min reaction time. Furthermore, pretreatment GHSO (3% w/v H2SO4) showed highest (20.90 g L-1) carbohydrate content in the tested conditions.
A comparison between pretreatment conducted at 200 and 160 °C, while keeping reaction time
and H2SO4 concentration constant, 278.04, 107.68, 57.62 and 181.98% increase was observed for
pretreatment runs E-HSO, F-HSO, G-HSO, and I-HSO,
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respectively, in comparison to

pretreatment runs A-HSO, B-HSO, C-HSO, and D-HSO. Central points differed only 13.58 %
from each other.
Total carbohydrate content in comparison to decrease in H2SO4 concentration from 3.68 to
0.32 (% w/v) indicated 34.71% (12.56 to 8.20 g L-1) decrease with other parameters held constant
at 180 °C and 12 min. On the other hand, a decrease in reaction time from 23.76 to 0.24 min
indicated 124.66% (7.26 to 16.31 g L-1) increase in carbohydrate content. Similarly, reduction in
reaction temperature showed 52.75% (8.55 to 13.06 g L-1) increase in total carbohydrate content
for pretreatment run P-HSO. Higher carbohydrate content at lower reaction time (0.24 min) in
comparison to pretreatment run M-HSO demonstrated a higher sugar degradation that longer the
sugarcane bagasse remain in contact with reaction medium higher degradation of sugars will result
and vice versa.
Total phenolic content varied from 683.13 to 1101.88 ppm for pretreatments conducted at
200 °C. Much lower phenolics were observed in hydrolysate of H2SO4 pretreatment in comparison
to H2O2 pretreatment where it was in the range of 1316.25 to 3005.63 ppm at 200 °C. This much
difference can be justified that H2SO4 primarily aimed to remove hemicellulose and partially
degrade lignin (Kim et al., 2005), while H2O2 principally act to delignify lignocellulosic biomass
(Chaturvedi and Verma, 2013).
Phenolic contents for pretreatments conducted at 160 °C varied between 689.38 to 1674.22
ppm. It was observed that decrease in H2SO4 from 3 to 1% resulted in 57.70% (1674.22 to 708.14
ppm) and 31.62% (1008.13 to 689.38 ppm) decrease in phenolic content for a reaction temperature
of 160 °C, 19 min and 5 min, respectively. A comparison between pretreatment conducted at 200
and 160 °C showed 65.05% (1014.38 to 1674.22 ppm) increase for pretreatment run E-HSO in
comparison to pretreatment run A-HSO. However, 35.73% and 27.96% decrease was noted in
phenolic contents for pretreatment runs F-HSO and G-HSO in comparison to pretreatment runs BHSO and C-HSO, respectively. Central points presented 2.32% difference in at reaction
temperature 180 °C, for 12 min and 2% (w/v) H2SO4. A decrease in H2SO4 from 3.68 to 0.32%
resulted in 56.43% (1369.53 to 596.72 ppm) decrease in phenolic content. On the other hand, a
decrease in reaction time from 23.76 to 0.24 min and decrease in reaction temperature (213.6 to
146.4 °C) resulted in 11.09% (901.88 to 801.88 ppm) and 59.26% (1615.31 to 658.13 ppm)
decrease in phenolic contents of liquid hydrolysate, respectively.
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Since sugarcane bagasse was impregnated in H2SO4 prior to hydrothermal pretreatment,
the appearance of sulfate in the liquid filtrate was inevitable; sulfate concentration in the liquid
was proportional to H2SO4 concentration employed for the impregnation. However, reaction
temperature and reaction time of hydrothermal pretreatment had an effect on sulfate concentration
in the liquid hydrolysate. Minimal concentration (360 mg L-1) was seen in pretreatment run LHSO, where 0.32 (% w/v) H2SO4 was used for impregnation, similarly impregnation in higher
concentration (3.68 %w/v) of H2SO4 resulted in maximum (7240 mg L-1) sulfate concentration for
pretreatment 11.
Sulfate concentration was in the range of 1250 – 5655 mg L-1) for pretreatment set A-HSO
– D-HSO following a similar pattern as described above. Higher reaction temperature
(pretreatment run O-HSO – 213.6 °C) and longer reaction time (pretreatment M-HSO – 23.76 min)
resulted into dissociation of sulfate thereby leading to lower concentration in the liquid filtrate.
Monomeric sugars concentration in the liquid filtrate of H2SO4 assisted hydrothermal
pretreatment are presented in Table 5.15. Relatively higher glucose concentration was seen in
comparison to xylose concentration. It demonstrated that xylose was much solubilized and further
degraded into organic acids and furanic compounds under higher severity conditions as evidenced
from higher furfural concentration (Table 5.15).
Highest glucose (13.53 mg mL-1) was noted at pretreatment run G-HSO (160 °C, 5 min,
3% H2SO4). It indicated that higher pretreatment temperature combined with higher H2SO4
concentration though resulted into more solubilization of hemicellulose and solubilization of
cellulose. However, monomeric sugars further degraded into organic acids and furanic
compounds. Higher contact time also resulted into lower glucose 1.93 mg mL-1 (pretreatment run
M-HSO – 180 °C, 23.76 min, 2% H2SO4) in comparison to higher glucose 6.65 mg mL-1 for less
reaction time (pretreatment run N-HSO – 180 °C, 0.24 min 2% H2SO4). Longer the contact time,
higher will be the degradation of monomeric sugar to organic acids and furanic compounds.
Similar is true for highest reaction temperature studied (213.6 °C). Pretreatment run O-HSO
resulted into lower glucose (2.51 mg mL-1) in comparison to pretreatment run P-HSO (146.4 °C)
it is strengthened by the almost 2-fold production of formic acid (3611.28 mg L-1) in pretreatment
15 comparing to 1405.49 mg L-1) for pretreatment 16.
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Though most of the xylose was solubilized at 200 °C (pretreatment set A-HSO – D-HSO),
lesser recovery in liquid filtrate indicated that it was further degraded into organic acids. Higher
recovery of xylose was recorded at 160 °C irrespective of H2SO4 concentration employed
(pretreatment set E-HSO – H-HSO). Higher xylose (13.87 mg mL-1) in liquid filtrate was noted at
pretreatment run H-HSO (160 °C, 5 min, 1% H2SO4), followed by pretreatment run N-HSO (180
°C, 0.24 min, 2% H2SO4) and pretreatment run P-HSO (146.4 °C, 12 min, 2% H2SO4).
Table 5.15 - Selected organic acid and furanic compounds in liquid hydrolysate obtained from
H2SO4 assisted hydrothermal pretreatment of sugarcane bagasse

1.12

Glucose
(mg mL1)
2.34

Xylose
(mg mL1)
1.03

Acetic
acid
(mg L-1)
1,892.73

Formic
acid
(mg L-1)
1,093.66

1,402.19

5-HMF
(mg L1)
147.36

B-HSO

1.48

4.86

1.44

1,114.61

834.35

1,080.94

471.52

C-HSO

1.22

4.40

0.43

2,205.76

2,425.46

1,321.73

493.70

D-HSO

1.76

2.54

2.06

1,435.21

688.31

3,013.14

342.74

E-HSO

1.19

4.00

4.92

2,080.82

2,668.62

2,216.47

970.08

F-HSO

1.65

5.23

9.30

2,031.71

1,463.78

1,839.84

174.94

G-HSO

1.20

13.53

8.09

1,927.23

1,977.09

2,181.24

713.26

H-HSO

1.60

3.02

13.87

1,408.34

1,003.07

925.77

70.95

I-HSO

1.50

2.77

2.56

1,608.05

799.22

1,239.33

178.80

J-HSO

1.49

2.36

2.03

1,435.73

729.84

1,122.86

168.93

K-HSO

1.38

7.81

1.97

2,198.89

2,384.15

1,774.14

788.62

L-HSO

2.86

2.83

2.66

1,888.45

788.04

1,674.15

285.99

M-HSO

1.42

1.93

1.49

1,445.42

796.93

939.89

245.89

N-HSO

1.36

6.65

12.69

1,685.85

1,763.46

1,283.79

130.57

O-HSO

1.65

2.51

0.73

2,191.82

3,611.28

1,135.85

296.11

P-HSO

1.81

3.26

10.29

1,750.05

1,405.49

1,178.81

106.38

Pretreatment
run

pH

A-HSO

Furfural
(mg L-1)

A higher concentration of organic acids (acetic and formic) and sugar degradation products
(furfural and 5-HMF) were noted in hydrolysate fraction of H2SO4 impregnated hydrothermal
pretreatment. Acetic acid was in the range of 1,114.61 – 2,198.89 mg L-1. Furthermore, it was
observed that higher H2SO4 conc. resulted in the higher acetic acid release into hydrolysate
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implicating higher removal of the hemicellulosic fraction. Formic acid was in the range of 729.84
– 3,611.28 mg L-1, it also demonstrated a similar trend to acetic acid release. However, highest
formic acid release (3,611.28 mg L-1) was noted for O-HSO (213.6 °C, 12 min, 2% H2SO4). Yang
et al (Yang et al., 2012) reported highest acetic acid and formic acid release of 109.96 and 130.15
mg L-1, respectively, at 200 and 130 °C for triploid poplar wood chips.
The relatively higher concentration of furfural (925.77 – 3,013.14 mg L-1) was observed
comparing to 5-HMF (70.95 – 970.08 mg L-1). A lower concentration of 5-HMF was expected
based on lower hexose content in hemicellulose, higher hexose resistance and higher 5-HMF
reactivity as reported by Mussatto et al. (Mussatto and Roberto, 2004). Another reason of lower
5-HMF concentration is its conversion into levulinic acid and formic acid under acidic
hydrothermal conditions (Nitsos et al., 2013). Yang et al (Yang et al., 2012) reported that furfural
and 5-HMF appeared in hydrolysate when pretreatment temperature was increased above 140 °C.
Similarly, Marasabessy et al (Marasabessy et al., 2012) reported that pretreatment temperature
above 160 °C did not result in an increase in pentose release due to degradation into furfural. A
lower concentration of pentose sugar in the hydrolysate of current study verify the above said
findings of Marasabessy and colleagues (Marasabessy et al., 2012) since reaction temperature
employed was much higher 180 °C up to 213.6 °C.
5.10 Impact of H2SO4 impregnation before hydrothermal pretreatment on methane production
H2SO4 impregnation of sugarcane bagasse for 24 h before hydrothermal pretreatment
according to CCD matrix (Table 4.5) was studied on the methane production (Nmmol g-1 TVS)
for obtained water-insoluble solid fractions. Reactor composition for each tested pretreatment is
presented in Table 9.2 (Appendix). Digestion experiments were realized at neutral pH
supplemented with 1g TVS substrate with 2 g TVS inoculum under mesophilic conditions (37 °C).
Total digestion time was 800 h. Experimental data of methane production was processed with
modified Gompertz model (Zwietering et al., 1990).
Table 5.16 presents the methane values obtained after incubation and percent increase or
decrease in comparison to methane (Nmmol g-1 TVS) obtained from raw sugarcane bagasse (6.60
Nmmol g-1 TVS). In the first set of experiments, eight pretreatments namely A-HSO, and B-HSO
were realized for biomethane potential. Cumulative methane production was 1.22 and 3.97 Nmmol
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g-1 TVS which was less than untreated sample (5.59 Nmmol g-1 TVS). In the second set, D-HSO,
F-HSO, H-HSO, I-HSO, J-HSO, M-HSO, and N-HSO were realized for biomethane potential.
Cumulative methane production for this set of experiments was in the range of 1.73 – 7.14 Nmmol
g-1 TVS. Cumulative methane value of the pretreated samples was less than untreated sugarcane
bagasse except for H-HSO, I-HSO, and N-HSO.
Fig 5.23 indicated that CH4 appeared after a lag phase of 150.75 h (Table 5.16) for A-HSO
but only reached to a maximum of 1.22 Nmmol g-1 TVS in 306 h thereafter the production was
ceased. An abrupt increase in methane was noted for pretreatment I-HSO, it reached to 4.2 Nmmol
g-1 TVS in 168 h afterward a slower increase was observed until it reached a maximum value of
7.14 Nmmol g-1 TVS. A similar trend was noted in rest of the pretreatments in this set of
experiments.
In the third set of experiments, C-HSO, E-HSO, G-HSO, K-HSO, L-HSO, O-HSO, and PHSO were realized for biomethane potential. Cumulative methane production was in the range of
0.55 – 5.77 Nmmol g-1 TVS. All the pretreatments in this set exhibited lower methane than
untreated sugarcane bagasse (6.60 Nmmol g-1 TVS). The lowest methane value 0.55 Nmmol g-1
TVS for pretreatment O-HSO (213.6 °C, 12 min, 2% H2SO4 (% w/v)) could be justified with the
highest klason lignin recovery (358.85%) in solid fraction of this pretreatment.
Since sugarcane bagasse was H2SO4 impregnated, the presence of SO4-2 is inevitable.
Lowest methane production might be a result of competition between methanogens and sulfate
reducers. Sulfate reducers could outcompete methanogens under higher SO4-2 concentrations.
Sulfate reducers compete with methanogens for acetate and H2/CO2 (MIZUNO et al., 1998).
Sulfate reducers outcompete methanogens and homoacetogens when H2 is deficient in the system
with higher SO4-2 availability (Muyzer and Stams, 2008).
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Figure 5.23 - Time-course profile of Methane production for solid fraction of H2SO4-catalyzed
hydrothermal pretreatment
Table 5.16 demonstrated that fermentation of solid fraction obtained from H2SO4
impregnated hydrothermal pretreatment resulted in methanogenic inhibition when compared with
the raw bagasse. Maximum production (7.15 Nmmol g-1 TVS) was observed at pretreatment IHSO corresponds to 8.18% increase over raw bagasse (6.59 Nmmol g-1 TVS). Maximum percent
decrease of 91.67% was noted at pretreatment O-HSO followed by 81.52% for pretreatment AHSO. It was observed that higher temperatures were chosen during HT pretreatment with higher
H2SO4 conc. resulted in methanogenic inhibition from solid fraction as evident from O-HSO
(213.6 °C, 2 % H2SO4) and A-HSO (200 °C, 3% H2SO4).
The possible reason for the lower methane production is the transfer of fermentable sugar
into liquid hydrolysate as indicated by higher glucose and xylose contents obtained in the liquid
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hydrolysate fraction (Table 5.15) resulting in a higher fraction of klason lignin content.
Pretreatment O-HSO exhibited the highest klason lignin value 89.28% followed by A-HSO
84.61%. Methane yield and lignin content are reported to have an inverse linear relationship i.e.,
higher the lignin content lower will be the methane and vice versa (Kobayashi et al., 2004; Liew
et al., 2012; Ahring et al., 2015). Current study reported the similar trend (Fig 5.24).
In contrast, a number of studies have been reported that lignin can be degraded
anaerobically (Yue et al., 2008; Ko et al., 2009) even into methane (Healy and Young, 1979;
Barakat et al., 2012). However, P-coumaric acid, a lignin monomer reported to severely inhibit
methane production. Den Camp et al (den Camp et al., 1988) reported that higher concentrations
(30 mM) of p-coumaric acid completely inhibit cellulose degradation and in turn methane
production. In another study, Schroyen et al (Schroyena et al., 2016) reported that 2000 mg L-1 pcoumaric acid resulted in 33% methanogenic inhibition.
Since, the impact of pretreatment on the release of lignin monomers was beyond the scope
of current study; therefore, further study is required to determine the impact of H2SO4 impregnated
hydrothermal pretreatment on sugarcane bagasse for the availability of p-coumaric acid in solid
fraction regarding its effect on the digestion process. The results of the current study could be
strengthened by the Giuseppe et al (Giuseppe et al., 2013). The authors observed methanogenic
inhibition for 24 h impregnated H2SO4 (2% w/w) pretreated Arundo donax (giant cane). In another
study, Jorn et al (Jörn et al., 2014) observed that a temperature of 220 °C led to lower degradability
and lower methane output for dairy cattle waste.
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Figure 5.24 - Relationship between klason lignin (%) and methane production
Fig 5.25 depicts the change in COD in time-course fashion. COD was in the range of 97.45
± 1.77 – 183.45 ± 12.52 mg L-1 for all the pretreatments at the start of digestion depending upon
pretreatment conditions applied. Minimal COD was observed for pretreatment L-HSO (180 °C,
12 min, 0.32% H2SO4). An increase in COD values was observed as the digestion proceeds. At
approx. log phase, COD values increased to 194 ± 7.95 – 316.5 ± 10.61 mg L-1 with a simultaneous
decrease in pH (Fig 5.27) implicating an increase in VFAs production. Final COD values at the
end of digestion process were in a range of 175.9 ±16.12 to 440.30 ±14.28 mg L-1. An increase in
COD was recorded at the end of digestion process in all the pretreatments comparing to initial
COD that might be justified by the fact that methane production was inhibited.
Total carbohydrates content were not notably reduced (Fig 5.26) during second-phase of
study i.e., digestion of H2SO4 pretreated solid fraction. Total carbohydrates were in the range of
39.65 ± 1.48 – 106.1 ± 10.04 mg L-1 depending upon pretreatment conditions at the initial stage of
digestion. Total carbohydrate contents decreased to 28.15 ± 1.34 – 90.6 ± 3.39 mg L-1 on approx.
log phase at respective pretreatments. Since hemicellulosic and cellulosic fractions are enclosed
within lignin cover as indicated in (Fig 5.21 C). It is difficult for the microbial enzymes of
hydrolytic bacteria to degrade cellulosic fractions. Acetogenic bacteria might have degraded the
freely available sugars present in the solid fraction after separation from liquid hydrolysate to
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VFAs. Since SRB (sulfate reducing bacteria) do not metabolize natural biopolymers; starch,
protein and lipid. Therefore, they have to depend upon the action of hydrolytic bacteria for their
degradation products. The SRB do not compete with fast-growing fermentative bacteria (Muyzer
and Stams, 2008)
Igarashi and fellows (Igarashi et al., 2011) reported that cellulase started cellulose
hydrolysis layer by layer from the surface by sliding in unidirectional form, therefore, when
cellulose surface is blocked by lignin droplet (Fig 5.21 C) it stopped cellulase access to inner layers
of cellulose. Two approaches are reported in the literature to address this situation to start cellulose
hydrolysis “traffic jam” approach and “enzymatic deinking”. In the former approach, accumulation
of enzyme molecules exerts a push to eliminate the lignin droplets to start cellulose hydrolysis
(Igarashi et al., 2011). In Enzymatic deinking approach, lignin droplets believed to be ‘peeled off’
from the cellulose surface due to loosening by enzymatic action. In the current study, it seemed to
be true as total carbohydrate content started to increase in P-HSO and L-HSO. It could also be a
reason of lower consumption of total carbohydrates that cellulose hydrolysis stopped and started
due to traffic jam approach resulting in production and consumption of fermentable sugars.
However, due to only one point selection during the digestion process this hypothesis could not be
verified.
A significant decrease in pH was seen as depicted in Fig 5.27 at approx. log phase except
for O-HSO, where it was interestingly increased to 7.1, but afterward decreased to 6.98 suggesting
the lowest production of organic acids supported with a lower decrease in total carbohydrate
content. After an initial decrease, pH appears to increase due to the buffering capacity of the
system.
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Figure 5.25 - COD (mg L-1) variation during digestion process of H2SO4 pretreated samples
Acetic acid was the predominant volatile fatty acid encountered at reactor initiation in the
range of 71.42 to 153.35 mg L-1. The formic acid, butyric acid, propionic acid, ethanol and furanic
compounds were observed in lower concentration. Only 4 mg L-1. 5-HMF was encountered at
initial digestion in pretreatment run H-HSO, while for other reactors its concentration was below
detection limit. Furfural concentration was also below the detection limit. Therefore, it could be
stated that methanogenic inhibition was solely the result of higher Klason lignin in solid fraction
and competition between SRB and methanogens. Even though a significant decrease in pH was
noted, VFAs appeared to below detection limit at the end of digestion period.

118

Figure 5.26 - Total carbohydrate content (mg L-1) during digestion process of H2SO4 pretreated
samples
It could be speculated that VFAs produced are taken up by sulfate-reducing bacteria as
indicated by their higher microbial flora at the end of digestion process (Fig 5.34). Therefore,
VFAs concentration at the approx. log phase was below detection limit. Since only one point was
selected during the digestion process. It is difficult to report VFAs production and consumption
along the digestion process. SRB show higher affinity for H2 than methanogens, which gives them
an additional competitive advantage (Colleran et al., 1995).
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Figure 5.27 - pH variation during digestion process
Kinetic data for digestion obtained from anaerobic reactors supplemented with H2SO4
pretreated sugarcane bagasse is presented in Table 5.16. Maximum predicted the value of methane
(Nmmol g-1 TVS) 6.87 was observed for I-HSO while the lowest was for O-HSO 0.54 (Nmmol g1

TVS). Methanogens are slow-growing microorganisms. Van Haandel and Lettinga (van Haandel

and Lettinga, 1994) reported a low specific growth rate of 0.0167 h-1 for methanogens though it
increased with temperature. A general rule for microbial growth is explained by Arrhenius
equation i.e., growth rate doubles with every 10 °C increase (Connors, 1990). For the current study,
the rate of methane production (Xc) ranges from 0.01 to 0.066 Nmmol g-1 TVS.
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Table 5.16 – Experimental value of methane (Nmmol g-1 TVS) and kinetic analysis data obtained
from Gompertz equation
Designation Experimental Percent
Methane
variation
-1
(Nmmol g
over
TVS)
SCB

Raw

6.60

A-HSO
B-HSO
C-HSO
D-HSO
E-HSO
F-HSO
G-HSO
H-HSO
I-HSO
J-HSO
K-HSO
L-HSO
M-HSO
N-HSO
O-HSO
P-HSO

1.22
3.97
1.73
5.26
1.33
5.96
3.54
6.73
7.15
6.25
3.94
5.69
5.86
6.93
0.58
5.86

-81.52
-41.06
-72.58
-22.12
-71.82
-14.24
-44.70
1.36
8.18
-12.27
-43.18
-14.09
-17.73
1.67
-91.67
-12.58

Kinetics analysis data

A¥
(Nmmol g1
TVS)
6.63
1.15
3.99
1.63
4.83
1.54
5.71
3.69
6.03
6.87
6.01
3.88
5.36
5.74
6.54
0.54
6.82

XcA
Nmmol g-1
TVS h-1
0.027
0.010
0.020
0.024
0.044
0.039
0.039
0.039
0.025
0.066
0.059
0.032
0.057
0.026
0.022
0.012
0.013

KB
h

R2

0
150.75
41.42
153.45
91.58
118.40
102.98
120.84
94.22
110.03
97.08
156.17
85.15
80.45
66.96
180.13
109.39

0.988
0.86
0.97
0.92
0.97
0.88
0.99
0.98
0.96
0.99
1.00
0.99
0.99
0.99
0.98
0.96
0.99

¥

Predicted value obtained from Gompertz equation, A Rate of methane production (Nmmol g-1 TVS h-1), B
time elapsed before CH4 production started (lag phase),

Similar Xc values of 0.012 and 0.013 Nmmol g-1 TVS h-1 were observed for the lowest
methane value (pretreatment run O-HSO, 0.54 Nmmol g-1 TVS) and second highest methane
production (pretreatment run P-HSO, 6.82 Nmmol g-1 TVS), respectively. It suggests that rate of
production does not depend upon the maximum methane harvest during the study. However,
maximum production rate (0.066 Nmmol g-1 TVS h-1) was noted for the highest methane produced
(6.87 Nmmol g-1 TVS).
Lag phase observed was too high ranging from 41.42 h (pretreatment run B-HSO – 200
°C, 1% H2SO4, 5 min) to 180.13 h (pretreatment run O-HSO – 213.6 °C, 2% H2SO4, 12 min).
Table 5.16 indicates that at 200 °C, 3% H2SO4 (pretreatment A-HSO and C-HSO) resulted in
higher lag phase compared to 1% H2SO4 (pretreatment B-HSO and D-HSO). While, change in
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pretreatment time from 19 to 5 min showed no impact on lag phase when compared with H2SO4
concentration at 200 °C. A decrease in pretreatment temperature to 160 °C (pretreatment run EHSO – H-HSO) resulted in a corresponding decrease in lag phase as compared to 200 °C, but with
similar trend i.e., 3% H2SO4 showed higher lag phase of 118.40 and 120.84 h for pretreatment EHSO and G-HSO, respectively.
Pretreatment temperature of 180 °C (pretreatment run I-HSO-N-HSO) showed lower lag
phase compared to 200 °C it could be explained with lower H2SO4 employed except pretreatment
K-HSO where highest 3.68 % H2SO4 was utilized resulting into a lag phase of 156.17 h. It is also
worth noting that pretreatment time of 23.76 h (pretreatment M-HSO) showed lower lag phase
80.45 h indicating that it is the pretreatment temperature that affects the lag phase as indicated by
180.13 h of lag phase exhibited by pretreatment run O-HSO (213.6 °C).
5.10.1 Response surface methodology
The second-order polynomial equation was derived from the experimental methane data
(Nmmol g-1 TVS) to interpret the effects of pretreatment parameters and their interaction on the
methane production. The equation is presented in Equation 5.9.
𝑀𝑒𝑡ℎ𝑎𝑛𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (𝑁𝑚𝑚𝑜𝑙 g −1 𝑇𝑉𝑆) = 6.54 − 1.068 𝑋1 − 0.499 𝑋2 − 1.177 𝑋3 −
1.354 𝑋1 2 − 0.325 𝑋2 2 − 0.806 𝑋3 2 + 0.123 𝑋1 𝑋2 + 0.105 𝑋1 𝑋3 − 0.013 𝑋2 𝑋3 (5.9)
The model Equation indicated that linear term of temperature (X1) and H2SO4 concentration
(X3) while the quadratic term of temperature X12 showed the significant negative impact on the
methane production. Linear term of time X2, quadratic terms of time X22, and concentration X32,
and interaction between temperature and time (X1X2), temperature and H2SO4 concentration
(X1X3), and time and concentration (X2X3) did not show significant impact on the methane yield.
Magnitude values 1.068 and 1.177 of linear terms of temperature (X1) and H2SO4 concentration
(X3), respectively as presented in equation 5.6 implied that pretreatment temperature and H2SO4
concentration must be decreased to get a higher methane.
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Table 5.17 – Multiple-regression analysis for experimental methane production for quadratic
response methodology
Sum of square

Degree of
freedom

Mean
square

F Value

p-value
Prob>F

(T)α

15.56

1.00

15.56

10.23

0.02*

X12

16.98

1.00

16.98

11.17

0.02*

(t)β

3.40

1.00

3.40

2.23

0.19

X22

0.98

1.00

0.98

0.64

0.45

(H2SO4 Conc.)¥

18.91

1.00

18.91

12.43

0.01*

X32

6.02

1.00

6.02

3.96

0.09

X1X2

0.12

1.00

0.12

0.08

0.79

X1X3

0.09

1.00

0.09

0.06

0.82

X2X3

0.00

1.00

0.00

0.00

0.98

Error

9.13

6.00

1.52

Total SS

66.04

15.00

X1

X2

X3

R-square = 0.862, Adj. R-square = 0.654, MS residual = 1.521, * represents significant factors,
Temperature, β (t) represents time, and ¥ (Conc.) represents H2O2 concentration

α

(T) represents

Table 5.17 presents the one-way analysis of variance (ANOVA) for the quadratic response
model presented in the equation in 5.6. Significant model parameters were determined at 5%
confidence interval. ANOVA described that linear terms of temperature (X1), H2SO4 concentration
(X3) and quadratic term of temperature (X12) were significant with a p-value less than 0.05. The
goodness of model fit was determined with F-value. R2 value of 0.862 indicated that model was
significantly supported with lower F tabulated value of 4.76 compared to the higher F-calculated
value of 11.27. R2 indicated that there is 86.2 % variation in the response data could be explained
by the model and only 13.8% could not be explained with proposed model.
The interaction between temperature X1 and time X2 on methane production in a response
surface curve (Fig 5.28) depicted a plateau for methane production for variable time X2 implicating
that changing the time variable had no impact on methane production after a specified temperature
limit. Maximum response was seen for X1 at around 180 °C, while changing the X2 value from 0
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to 16 min showed no increase in the in the response value. It could be explained by the fact that at
180 °C maximum sugars might have been released into liquid hydrolysate making solid fraction
sugar deficient with higher klason lignin.
The interaction between temperature (X1) and H2SO4 concentration (X3) is depicted in Fig
5.29. A critical analysis of the Fig 5.29 demonstrated that there is a significant effect on methane
production when H2SO4 conc. and pretreatment time is compared. A concurrent increase in the
response value (methane production) was observed with an increase in pretreatment temperature
and H2SO4 concentration up to a certain limit.
Maximum response value was observed at 180 °C for 1% (w/v) H2SO4 utilized for bagasse
impregnation. A further increase in in pretreatment temperature above 180 °C and higher H 2SO4
concentration resulted in lower methane production as depicted in the response curve.
Furthermore, response surface revealed that maximum response point was located within the
experimental region.
Effect on methane production in relation to the interaction between pretreatment time and
H2SO4 conc. is presented in Fig 5.30. The interaction of both parameters depicted that response
value had a plateau for reaction time; increase in pretreatment time above 12 min had a similar
impact on response value at 1% H2SO4 concentration. Furthermore, the visual inspection of the
graph depicted that maximum point was located within the experimental region.
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Figure 5.28 - Interaction between temperature (°C) and time (min) variable on Methane (Nmmol
g-1 TVS) production

Figure 5.29 - Interaction between temperature (°C) and H2SO4 (%w/v) variable on Methane
(Nmmol g-1 TVS) production
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Figure 5.30 - Interaction between Time (min) and H2SO4 (%w/v) variable on Methane (Nmmol g1
TVS) production
5.11 Microbial community Structure of H2SO4 impregnated sugarcane bagasse
5.11.1 Denaturing gradient gel electrophoresis for H2SO4 impregnated anaerobic reactors
Dendrogram for the bacterial community of anaerobic reactors supplemented with H2SO4
assisted hydrothermally pretreated sugarcane bagasse is depicted in Fig 5.31. The band pattern
showed notable variability in bacterial community structure among anaerobic reactors. Similarity
coefficient varied from 16% (K-HSO – L-HSO) to 88% between M-HSO and N-HSO. A decrease
in pretreatment time (19 – 5 min) with similar H2SO4 conditions resulted in a decrease in Sc from
69% (A-HSO – B-HSO) to 38% (C-HSO – D-HSO) at 200 °C. Similar trend was observed for 160
°C under similar condition where Sc decreased from 79% (E-HSO – F-HSO) to 61% (G-HSO –
H-HSO). It also indicated that a decrease in temperature from 200 °C to 160 °C resulted in increase
in bacterial similarity i.e., from 69% (A-HSO – B-HSO) to 79% (E-HSO –F-HSO)
An increase in similarity coefficient from 38% (A-HSO – C-HSO) to 77% (B-HSO – DHSO) was noted with a decrease in H2SO4 concentration (3 – 1 %w/v) with constant pretreatment
time at pretreatment temperature of 200 °C. While a decrease in pretreatment temperature to 160
°C resulted in a decrease in Sc value from 79% (E-HSO – G-HSO) to 61% (F-HSO – H-HSO) at
similar pretreatment time conditions. It can be seen when comparing H2SO4 concentrations a
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decrease in temperature (200 -160 °C) resulted in an increase in bacterial similarity (38% - 79%)
at 3% H2SO4, while a decrease in Sc value (77 – 61%) was observed for 1% H2SO4.

200 °C, 19 min, 1% H2SO4
200 °C, 5 min, 1% H2SO4
200 °C, 19 min, 3% H2SO4
200 °C, 5 min, 3% H2SO4

160 °C, 19 min, 1% H2SO4
160 °C, 5 min, 3% H2SO4
160 °C, 19 min, 3% H2SO4
160 °C, 5 min, 1% H2SO4
180 °C, 23.76 min, 2% H2SO4
180 °C, 0.24 min, 2% H2SO4
180 °C, 12 min, 0.32% H2SO4
180 °C, 12 min, 2% H2SO4
180 °C, 12 min, 3.68% H2SO4

Figure 5.31 - PCR-DGGE band profile for bacterial community structure for H2SO4 impregnated
anaerobic reactors
It is interesting to note that lowest and maximum similarity between reactors was observed
at 180 °C. It was noted at similar pretreatment time of 12 min a decrease in H2SO4 conc. from 2%
to 0.32% and an increase in H2SO4 conc. from 2% to 3.68% had no impact on bacterial composition
as evident from 16% Sc value between I-HSO – L-HSO and I-HSO – K-HSO, respectively.
Similarly, at similar H2SO4 conc. increase or decrease in pretreatment time did not affect the
bacterial community as represented by Sc value of 65% for I-HSO – M-HSO and I-HSO – N-HSO.
However, it was noted that change in pretreatment time resulted in higher bacterial similarity value
(65%) than a change in H2SO4 conc. (16%).
Archaeal PCR-DGGE profile for anaerobic reactors supplemented with H2SO4
impregnated sugarcane bagasse is shown in Fig 5.32. A critical look of DGGE gel indicated that
archaeal community is not much affected by the pretreatment parameters. Sc value for archaeal
community varied from 35% to 93% as indicated in Fig 5.32. It is indicated that a decrease in
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pretreatment temperature (19 -5 min) resulted in a decrease in Sc value from 93% (A-HSO – BHSO) to 83% (C-HSO – D-HSO) at similar H2SO4 conc. values under pretreatment temperature
of 200 °C. Keeping H2SO4 and pretreatment time values constant, a decrease in pretreatment
temperature resulted in a slight decrease in Sc value to 90% for E-HSO – F-HSO at 19 min while
a slight increase (92% Sc value) was observed for G-HSO – H-HSO at pretreatment time of 5 min.
It is shown that a decrease of 40 °C from 200 °C to 160 °C resulted in a minimal decrease in
archaeal similarity value at 19 min while the minimal increase was observed at 5 min pretreatment
time.
A notable increase in the archaeal Sc value was observed from 56% to 83% when H2SO4
conc. value decreased (3 – 1%) at pretreatment temperature of 200 °C. Conversely, at 160 °C
keeping pretreatment time and H2SO4 values same as at 200 °C, the archaeal similarity between
reactors was unaffected being 72% for E-HSO – G-HSO and F-HSO – H-HSO. A comparison of
Sc value at 200 °C and 160 °C for similar pretreatment times indicated approx. negligible decrease
in Sc values at 19 min (93 % – 90 %) and increase in Sc value from 83 to 92% at 5 min. A similar
comparison for H2SO4 conc. values indicated a decrease in temperature resulted in an increase in
archaeal similarity from 56 to 72% for 3% H2SO4 while a decrease in archaeal Sc value from 83
to 72% for 1% H2SO4 conc.
The lowest Sc values were noted between three pretreatment sets I-HSO – K-HSO, I-HSO
– M-HSO, and I-HSO – N-HSO where I-HSO, M-HSO, N-HSO were pretreated at 2% H2SO4 and
pretreatment time of 12, 23.7, and 0.24 min, respectively. While, K-HSO was pretreated for 12
min with 3.68 (%w/v) H2SO4. The lowest Sc value was satisfied owing to significant different
pretreatment conditions. The high Sc value of 88% between K-HSO and L-HSO at 180 °C
indicated that pretreatment time could be a possible reason for such a high archaeal similarity
between two pretreatments as both were pretreated at significant different H2SO4 conc. but at
similar pretreatment time of 12 min.
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200 °C, 19 min, 3% H2SO4
200 °C, 19 min, 1% H2SO4
200 °C, 5 min, 3% H2SO4
200 °C, 5 min, 1% H2SO4
160 °C, 5 min, 3% H2SO4
160 °C, 5 min, 1% H2SO4
160 °C, 19 min, 3% H2SO4
160 °C, 19 min, 1% H2SO4

180 °C, 12 min, 3.68% H2SO4
180 °C, 12 min, 0.32% H2SO4
180 °C, 23.76 min, 2% H2SO4
180 °C, 0.24 min, 2% H2SO4
180 °C, 12 min, 2% H2SO4

Figure 5.32 - PCR-DGGE band profile for archaeal community of H2SO4 impregnated anaerobic
reactors
Shannon diversity (H) and dominance (D) for bacterial and archaea communities are
presented in Table 5.18. Approximately negligible effect of pretreatment parameters was observed
on Shannon diversity (H) and dominance (D). H value ranged from 2.59 to 3.25 for pretreatment
temperature of 200 °C for Bacteria. Approx. similar values 3.12 and 3.25 were noted for A-HSO
and D-HSO, respectively though both were pretreated at distinctly different pretreatment
conditions. It indicated that change in pretreatment conditions did not have a significant effect on
bacterial diversity. A similar trend was observed for bacterial Shannon diversity at 160 °C. Approx.
values of 3.17 and 3.23 were recorded for E-HSO (19 min, 3% H2SO4) and H-HSO (5 min, 1%
H2SO4), respectively.
On the other hand, a distinct pattern was observed for archaeal diversity for pretreatment
time; decrease in pretreatment time resulted into increase in Shannon diversity. In other words, at
similar pretreatment time, change in H2SO4 conc. showed no impact on archaeal diversity at 200
°C.
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Table 5.18 – Microbial diversity (Shannon-Wiener and Dominance) for Bacteria and Archaea of
H2SO4 assisted anaerobic reactors
Designation Temperature Time H2SO4

A-HSO
B-HSO
C-HSO
D-HSO
E-HSO
F-HSO
G-HSO
H-HSO
I-HSO
K-HSO
L-HSO
M-HSO
N-HSO

(°C)

(min)

(%
w/v)

200
200
200
200
160
160
160
160
180
180
180
180
180

19
19
5
5
19
19
5
5
12
12
12
23.76
0.24

3
1
3
1
3
1
3
1
2
3,68
0.24
2
2

Bacteria

Archaea

ShannonDominance ShannonWiener Dominance Wiener
0.05
0.07
0.08
0.04
0.05
0.07
0.07
0.04
0.05
0.08
0.06
0.04
0.05

3.12
2.66
2.59
3.25
3.17
2.80
2.80
3.23
2.92
2.58
2.87
3.23
3.03

0.13
0.14
0.09
0.10
0.09
0.10
0.10
0.09
0.06
0.10
0.10
0.09
0.11

2.14
2.09
2.51
2.43
2.50
2.49
2.49
2.58
2.87
2.48
2.49
2.51
2.39

5.12 Illumina MiSeq Sequencing of selected H2SO4 pretreatments
5.12.1 Bacterial diversity for H2SO4 pretreated samples
Microbial community structure for H2SO4 pretreated samples was conducted for 3 selected
pretreatments D-HSO, I-HSO, and N-HSO to have an idea how pretreatment parameters impacted
the microbial diversity. RDP-classifier after Illumina MiSeq sequencing resulted into 220569,
189756, 206848, reads for D-HSO, I-HSO, and N-HSO, respectively. Phylogenetic estimation at
3% distance level resulted into 2700 and 2667 OTUs for Bacteria and Archaea domains,
respectively. Bacterial diversity was characterized into 23 phyla; however, only Bacteroidetes,
(16.82-34.16%), Firmicutes (18.40-19.83%), Chloroflexi (13.68-19.71%), Proteobacteria (11.9219.31%), Cloacimonates (5.25-6.52%), Thermotogae (6.24-9.17%), and Spirochaete (2.805.53%) were abundant. Furthermore, phyla with relative abundance less than 1% were
Actinobacteria, Planctomycetes, Caldiserica, Chlamydiae, Fusobacteria, Cyanobacteria,
Nitrospinae, Chlorbi, and Nitrospirae. Euryarchaeota (98.05-99.13%) was the only predominant
archaeal phylum.
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As depicted in Fig 5.33 bacterial community was not as diverse as the relative abundance
that might be due to pretreatment conditions. Bacterial diversity at genus-level indicated that it
was rich in lignin degrading (aromatic compound degraders) and sulfate-reducing phylotypes with
lower abundance of polysaccharide degrading microbial communities. Bacteroidetes was the
dominant phylum with 34.16% in pretreatment N-HSO where its abundance was almost half in DHSO (16.82%) and I-HSO (18.20%). Three of the four recognized classes in the tested sample
were Bacteroidia (9.04-14.80%), Flavobacteria (0.31-22.83%), and Cytophagia (1.54-2.22%).
Bacteroides and Anaerophaga were the predominant genera in class Bacteroidia while Cytophaga
and Flavobacterium were dominant of class Cytophagia and Flavobacteria, respectively.
Bacteroides abundance was approx. similar in D-HSO (10.64%) and I-HSO (11.54%), while it
was lower in N-HSO (7.14%). Bacteroides are known to metabolize cellobiose and xylose
(Pobeheim et al., 2010). Bacteroides is one of the bacterial populations involved in hydrolysis step
of digestion process (Anderson et al., 2003).
Anaerophaga was in lower abundance in D-HSO and I-HSO (2.56-2.83%) while was not
identified in N-HSO (0.85%). Anaerophaga are chemoorganotrophic, nonphotosynthetic strict
rod-shaped Gram-negative anaerobes bearing a fermentative type of metabolism, using organic
compounds as substrates. Anaerophaga members are unable to utilize inorganic electron acceptors
(Schink, 2015). Denger et al (Denger et al., 2002) reported that some strains of Anaerophaga
ferment hexoses and pentoses to equal molar amounts of acetate, propionate, and succinate. Lower
abundance of Anaerophaga in current study indicated lower fermentative activity. Furthermore,
complete removal of Anaerophaga in N-HSO might be justified by the competition among
bacterial strains for metabolites.
Members of Cytophagia are Gram-negative, microaerobic to strict anaerobic,
chemoorganotrophs with the capability to metabolize proteins, lipids, starch, and cellulose
(Nakagawa, 2015). Lower abundance (1.53-2.12%) of Cytophaga members indicated
inaccessibility of cellulose due to higher lignin sheath that has resulted owing to pretreatment.
Pandit et al (Pandit et al., 2016) reported Cytophaga as cellulose and hemicellulose degraders.
Flavobacterium (Family Flavobacteriaceae) astonishingly identified with maximum
abundance (22.82%) in N-HSO, while in other studied pretreatments it was (0.29 – 0.44%). Koga
et al. (Koga et al., 1999) reported Flavobacterium meningosepticum to grow on phenolic
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compounds. Some Flavobacterium spp. can degrade carboxymethylcellulose (Bernardet and
Bowman, 2015).
Desulfosporosinus (8.85-11.20%) and Clostridum (2.32-7.28%) belonging to Class
Clostridia of Firmcutes were abundant in the current study. Desulfosporosinus is a member of
sulfate-reducing bacteria; the majority of them belong to δ–proteobacteria (Moestedt, 2015).
Desulfosporosinus members are Gram-positive strict anaerobes with three documented species
(Hippe and Stackebrandt, 2015). Syntrophic relation of Desulfosporosinus with methanogens has
not been validated (Kato et al., 2015). Higher abundance of Desulfosporosinus could be justified
with the presence of higher lignin content (aromatic compounds) in the pretreated solids.
Desulfosporosinus members are frequently recovered in microbial consortia aimed to degrade
aromatic compounds (Fowler et al., 2014; Kuppardt et al., 2014). Clostridium population was in
the range of 2.32 to 7.23%, the lower population could be related to lower hydrolytic activity.
Geotoga (Family Thermotogaceae), a newly defined genus, was the only genus
encountered in the current study with relative abundance in the range of 6.13 – 9.09%. Geotoga
are Gram-negative, fermentative, strict anaerobes. They are moderate thermophilic i.e., grow in a
range of 30 to 60 °C (Davey et al., 2015). Geotoga could metabolize mannose, glucose, galactose,
maltose, sucrose as carbon and energy source, but could not grow on xylose. Furthermore, Geotoga
members are unable to utilize ethanol, lactate, acetate, and formate (Davey et al., 2015).
Chloroflexi categorized into two classes Anaerolinea and Dehalococcoidia were observed
in H2SO4 pretreated samples. Genera reported in this study under Anaerolinea were Bellilinea
(5.10-7.73%), Levilinea (1.60-4.03%), and Longilinea (1.75-2.02%) while Dehalococcoides
(3.35-4.89%) was an only abundant genus in class Dehalococcoidia. Bellilinea, Levilinea, and
Longinilea members are Gram-negative, nonsporulating, strict anaerobes. Bellilinea is newly
classified genus that is reported to grow under thermophilic conditions. The type strain Bellilinea
caldifistuale sp. nov. is reported to grow optimally at 55 °C (Yamada et al., 2007). In contrast,
relatively higher abundance was observed under mesophilic condition (37 °C). Furthermore, its
growth is supported with hydrogenotrophic methanogens. Levilinea spp. was identified in this
study even without supplementation of yeast extract. Yeast extract is reported to be a primary
growth factor for Levilinea spp. (Yamada, 2006). It exhibits optimum growth at 37 °C at pH 7.
Yamada et al (Yamada et al., 2007) reported that Levilinea members could not utilize sulfate,
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sulfite, thiosulfate and elemental sulfur as electron acceptors. Since these are the newly classified
genera literature is unable to furnish much information for discussion and comparison with other
studies.

Figure 5.33 - Bacterial community classification at Phylum-level. Relative abundance less than
1% of the samples was accumulated and presented as ‘Others’
Dehalococcoides were found in relatively lower abundance (3.35 – 4.88%) might be due
to the presence of higher lignin. Dehalococcoides are slow-growing, strictly anaerobic, diskshaped bacteria. 16S rRNA phylogeny revealed their cell-wall resemblance to archaea than to
Gram-positive or Gram-negative (Koukkou, 2011). Hydrothermal pretreatment resulted in phase
transition of lignin; solid to liquid to glass transition phase. It could happen over a range of
temperature 80 – 193 °C (Irvine, 1985; Trajano et al., 2013). Lignin is composed of methoxylated
derivatives of benzene called monolignols (coniferyl, sinapyl, and coumaryl alcohols) (Moore et
al., 2011). Lignin depolymerization and recondensation during hydrothermal pretreatment are
reported by Trajano et al (Trajano et al., 2013). Dehalococcoides identified in the three selected
samples could be attributed to degrade benzene monomers (Kublik et al., 2016).
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Proteobacteria is a diverse phylum harboring bacteria of varied physiological functions
and metabolic pathways. The genera identified in this study belonging to Proteobacteria were
sulfate-reducers and aromatic compound degraders. Bugg et al (Bugg et al., 2011) reported that
potential lignin-degrading bacteria are mostly derived from guts of wood-eating insects and
include Alphaproteobacteria, Gammaproteobacteria and Actinomycetes. Syntrophus (2.523.78%), Syntrophorhabdus (0.97-1.30%) and Geobacter (1.06-1.85%) root to class
Deltaproteobacteria while Pseudomonas (0.49-2.83%) and Sulfurovum (0.96-1.53%) belong to
class Gammaproteobacteria and Epsilonproteobacteria. Despite belonging to the same class, each
genus root to a different family.
Syntrophus (Family Syntrophaceae) were identified in lower abundance with approx.
similar abundance (2.52 - 3.78%) in tested samples. Members are strictly anaerobic, having the
fermentative type of metabolism and grow only in the presence of H2/formate-utilizing partners in
syntrophic associations. Substrates are oxidized either incompletely to acetate or completely to
carbon dioxide. Syntrophorhabdus are Gram-negative, nonsporulating, nonmotile strict anaerobe
having an obligate syntrophic metabolism. It is an aromatic compound degrader that exhibits
obligate syntrophic relation with H2 scavenging methanogen (Qiu et al., 2008). Lower abundance
(0.97-1.30%) of Syntrophorhabdus in the tested samples indicated unavailability of H2 for their
growth. Syntrophorhabdus members are previously reported in sulfate-reducing co-cultures from
sewage sludge treatment plants (Qiu et al., 2004).
Pseudomonas spp. recently reported to produce novel cellulolytic enzymes consisting of
an endoglucanase, exoglucanase, β-glucosidase and xylanase that could effectively hydrolyze
alkaline-pretreated bagasse, achieving over 95% monosaccharide yield (Cheng and Chang, 2011),
Pseudomonas identified in the current study for H2SO4 pretreated samples are in the range of 0.852.83%. Pseudomonas spp. reported to degrade cellulose and hemicellulose (Zhong et al., 2011).
Tian et al (Tian et al., 2014) reported that Pseudomonas could utilize biphenyl components of
lignin, which are nearly 10% constituents of total lignin depending upon the source of lignin. Some
strains of Pseudomonas reported exhibiting Beta-ketoadepate pathway, which is significant for
lignin degradation (Bugg et al., 2011). P. fluorescenswas reported producing extracellular lignin
peroxidase for lignin degradation (Kong et al., 2010). The difference in Pseudomonas abundance
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(0.49-2.83%) in the tested samples could be related to lignin degradation and release of phenolic
monomers depending upon pretreatment temperature employed.
Geobacter another Deltaproteobacteria member with similar abundance (1.06-1.85%) was
identified in tested samples. Members are non-fermenting, chemoorganotrophic mesophilic
anaerobes with the capability to oxidize acetate, C1-C5 organic acids and C2-C4 alcohols. Species
of this genus are reported to perform versatile physiological functions. Rotaru et al (Rotaru et al.,
2014) reported that Methanosaeta spp. directly accepts an electron from Geobacter spp. to reduce
CO2 into methane via direct electron transfer process instead of H2 inter-specie transfer. In another
study Childers et al (Childers et al., 2002) reported aromatic compounds degradation in Geobacter
metallireducens with Fe3+ as electron acceptor under anaerobic conditions suggesting the existence
of specific enzymes. Some species are also reported to oxidize monoaromatic hydrocarbons like
benzene and phenol (Roling, 2014).
Sulfurovum (Class Epsilonproteobacteria) were identified in lower abundance (0.951.53%). This genus was first described in 2004 after its discovery from hydrothermal vents.
Sulfurovum

members

are

Gram-negative,

non-motile,

coccoid-shaped,

mesophilic,

chemolithoautotrophic facultative anaerobes utilizing elemental sulfur or thiosulfate as an electron
donor (Inagaki et al., 2004). Organic acids, alcohols, sugars and hydrogen do not support the
growth of Sulfurovum lithotrophicum.
Treponema (Class Spirochaetia) abundance was in the range of 1.06 to 3.92% in tested
samples. Treponema species have been shown to interact with cellulolytic bacteria and increase
the degradation rate of cellulose. Bacteria from this genus likely are able to metabolize
exopolysaccharides produced by the primary cellulolytic bacteria, functioning as fermenters
(Warnecke et al., 2007).

135

Figure 5.34 Bacterial community classification for H2SO4 pretreated samples at Genus-level.
Relative abundance less than 1% of the samples was accumulated and presented as ‘Others’
5.12.2 Archaeal diversity in selected H2SO4 pretreated samples
Archaea belonging to Phylum Eurarychaeota were predominant in sequences with relative
abundance in the range of 98.05 to 99.22% of the tested samples. While, Crenarchaeota abundance
was between 0.86 to 1.94%. Class Methanomicrobia was the most dominant (71.43 – 83.22%)
followed by Methanobacteria (13.40 – 25.28%) and Thermoplasmata (1.29 – 2.43%) (Fig. 5.35).
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Figure 5.35 - Archaeal community classification for selected H2SO4 pretreated samples at Classlevel.
Representatives

belonging

to

Family

Methanoregulaceae

(57.3

–

68.3%),

Methanobacteriaceae (13.4 – 25.3%) and Methanosaetaceae (11.7 – 14.4%) were the most
prevalent in pretreatments D-HSO, I-HSO, and N-HSO (Fig 5.36). The family Methanoregulaceae
currently consists of three genera: Methanoregula, Methanolinea, and Methanosphaerula. The
family is affiliated with the order Methanomicrobiales, which were identified in D-HSO, I-HSO,
and N-HSO reactors at 59.4%, 58% and 68.9%, respectively. The members are slow-growing, rodshaped or coccoid, nonmotile methanogens that can use H2/CO2 and sometimes formate as
substrates for methanogenesis. The members are neutrophilic or slightly acidophilic mesophiles.
Some species of Methanoregulaceae were isolated in diverse habitats including reactors for the
anaerobic treatment of organic waste, and oil fields (Garcia et al., 2006) The most abundant genus
of Methanoregulaceae family, in current study using sulfuric acid, was Methanolineae that
grouped 51,9%, 51,2% and 63,1% in reactors D-HSO, I-HSO, and N-HSO, respectively.
Methanolineae is a methanogen that uses H2/CO2 and requires acetate for growth (Imachi et al.,
2008; Sakai et al., 2012)
Representatives belonging to Family Methanobacteriaceae comprehend morphologically
diverse microorganism with cell shape varying from cocci or short rods to long filamentous rods.
All species are strict anaerobes, and most members of the family obtain energy for growth from
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the reduction of CO2 with H2. Members of the family are widely distributed in anaerobic
environments including aquatic sediments, sewage treatment systems, gastrointestinal tracts of
animals, and in geothermal areas (Bonnin and Boone, 2006; Tabatabaei et al., 2010). In acid
pretreatment, the representative genus of Methanobacteriaceae was Methanobacterium (13.8 –
24.7%). Some species of Methanobacterium use formate, secondary alcohols, and CO, CO2
reduction coupled to H2 oxidation is the major growth mechanism (Boone, 2015).

Figure 5.36 - Archaeal community classification for H2SO4 pretreated samples at Family-level.
Relative abundance less than 1% of the samples was accumulated and presented as ‘Others’
The most abundant genera identified, in reactors under acid pretreatment, were
Methanolinea (51.15 – 63.06%), Methanobacterium (13.08 – 24.67%), Methanosaeta (11.77 –
13.99%), and Methanoregula (5.22 – 6.79%), while, Thermogymnomonas, Candidatus
nitrosocaldus and Methanomassiliicoccus grouped less than 3% (Fig 5.37)
Methanoregula represented 6.79% (D-HSO), 6.11% (I-HSO) and 5.22% (N-HSO),
respectively, of total sequences. Some species of this genus have been isolated from anaerobic
reactors (Brauer et al., 2011; Yashiro et al., 2011). The microorganism can use H2/CO2 and formate
in methane production, growth occurs at pH 7.0 – 7.6 and temperature range between 10 – 40 ºC.
Methanomassiliicoccus members are regular or coccoid shaped Gram-stain positive
obligate mesophilic anaerobes and slightly alkaliphilic. Methanomassiliicoccus luminyensis
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produces methane by methanol reduction with H2 as an electron donor. It is unable to produce
methane with methanol when H2 or methanol is the only energy source. Specie cannot produce
methane from a formate, acetate, trimethylamine, 2-butanol, 2-propanol, cyclopentanol, 2pentanol, and ethanol (Dridi et al., 2012). Candidatus nitrosocaldus is an autotrophic
crenarchaeota and not relevant to methane production; the major metabolism of this genus is
ammonia oxidation (De La Torre et al., 2008).

Figure 5.37 - Archaeal community classification for H2SO4 pretreated samples at Genus-level.
Relative abundance less than 1% of the samples was accumulated and presented as ‘Others’
5.13 Microbial community structure difference between positive control and pretreated samples
The microbial community of positive control (glucose) was also determined at the end of
the digestion by Illumina MiSeq sequencing. RDP-classifier resulted into 165901 reads that were
characterized into 2700 OTUs. Bacterial and archaeal diversity for the positive control (glucose)
indicated a distinct difference in comparison to the microbial community of H2O2 and H2SO4
pretreated samples.
Firmicutes (66.0%) and Proteobacteria (23.29%) were the dominant bacterial phyla along
with a lower abundance of Bacteroidetes (3.34%) and Chloroflexi (2.04%) in the positive control.
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Clostridia (63.12%) and Gammaproteobacteria (19.15%) were identified as the dominant classes
in the positive control whereas Chloroflexi, Firmicutes, Bacteroiedetes, Thermotogae,
Cloacimonetes, Spirochaetes were the dominant classes in H2O2 and H2SO4 samples. The Most
abundant bacterial genera (Fig 5.38 A) identified in the positive control were Clostridium
(55.68%), Aeromonas (13.37%), Tolumonas (5.48%), and Bacteroides (2.60%), whereas
Methanobacteirum (95.90%) was the sole abundant archaeal genus (Fig 5.38 B).
Since Clostridia bears saccharolytic, proteolytic or both metabolic pathways. Clostridium
encountered in the positive control could be of saccharolytic nature because glucose was the only
substrate provided. Clostridia are also efficient hydrogen producers. Kim et al. (Kim et al., 2014)
reported Clostridial proliferation in their study suggesting excessive H2 production. Clostridial
community (55.68%) in positive control supports higher Methanobacterium abundance (95.90%),
a hydrogenotrophic bacterium, suggesting that hydrogenotrophic methanogenesis might be the
sole mechanism for methane production in the positive control.
Aeromonas and Tolumonas of family Aeromonadaceae were abundant genera in the
positive control next to Clostridium. However, these genera were not identified in H2O2 pretreated
(B-HO, K-HO, and P-HO) and H2SO4 pretreated (D-HSO, I-HSO, and N-HSO) samples.
Aeromonas

are

Gram-negative,

chemoorganotrophic,

facultative

anaerobes

exhibiting

fermentative metabolism of D-glucose with optimum growth temperature in the range of 22 – 37
°C. Aeromonas exhibits versatile metabolic growth to utilize amino acids, carboxylic acids, and
carbohydrates for organic acid production (Brenner et al., 2004) that results in its rapid growth and
absolute abundance during reactor startup (Kim, 2007). Easy availability of substrate (glucose)
might be the reason of Aeromonas abundance in positive control as reported by (Kim, 2007) for
its rapid growth during the digestion process.
Tolumonas is facultative anaerobic, Gram-negative Gammaproteobacteria only identified
in the positive control (5.48%). It is reported to be isolated from wastewater and anoxic sediments
of freshwater (Fischer-Romero et al., 1996; Caldwell et al., 2011). Ethanol, acetate, formate, and
short chain organic acids are metabolic products when grown on glucose (Caldwell et al., 2011).
Lactobacillus, Ethanoligenens, and Bacteroides were also found in similar abundance in the
positive control with the relative abundance of 2.53%, 2.46%, and 2.31%, respectively.
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Lactobacillus and Ethanoligenens were not identified in pretreated samples, whereas
Bacteroides was observed in less than 1% abundance in H2O2 and 7.14 -10.64% in H2SO4
pretreated samples. Lactobacillus (Family Lactobacillaceae) is Gram-positive, non-spore-forming
bacteria with an optimum growth temperature of 30 – 40 °C. Lactobacillus generally possess
complex nutritional requirement; vitamins, salts, fatty acid esters, and fermentable carbohydrates.
Lactic acid is considered the sole product of carbohydrate metabolism by Lactobacillus (Walter,
2008).Oude et al. (Oude Elferink et al., 2001) reported that Lactobacillus buchneri could convert
lactic acid to acetic acid; a principal substrate for acetoclastic methanogenesis. The lower
abundance of Lactobacillus further confirmed that hydrogenotrophic methanogenesis was favored
in positive control.
Ethanoligenens (Family Ruminococcaceae) are Gram-positive, non-spore-forming,
chemo-organotrophic, obligate anaerobes with optimum temperature and pH range, respectively,
20 – 44 °C, and 3.5 – 9.0. Ethanoligenens can ferment several mono-, di-, and oligosaccharides.
Major fermentation products of glucose metabolism include ethanol, H2, CO2 and acetate (Xing et
al., 2006).
Methanobacterium was the only abundant genus in archaeal diversity (95.89%) where
Methanomassiliicoccus and Methanosaeta were present in lower abundance 1.57% and 1.3%,
respectively. It suggested that hydrogenotrophic methanogenesis was the only mechanism for
methane production in positive control.
To sum up, a distinct difference in the microbial community structure was observed
between positive control (Fig 5.38) and both pretreated samples; H2O2 (Fig 5.39) and H2SO4 (Fig
5.40) primarily because of difference in the substrate provided. Sugarcane bagasse is a
heterogeneous feedstock so a number of bacterial strains belonging to different taxonomic groups
needed to work together for the release of fermentable sugars to initiate the digestion process chain
whereas it was not the case for pure glucose; readily available for the microbial
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Figure 5.38 - Microbial community structure of positive control at Genus-level for bacteria (A) and archaea (B). All the taxonomic
groups less than 1% are accumulated and represented as ‘Others’
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Figure 5.39 - Microbial community structure of bacteria (upper row) and archaea (lower row) at Genus-level for selected H2O2 treated
batch digestion reactors. All the taxonomic groups less than 1% are accumulated and represented as ‘Others’
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Figure 5.40 - Microbial community structure of bacteria (upper row) and archaea (lower row) at Genus-level for selected H2SO4 treated
batch digestion reactors. All the taxonomic groups less than 1% are accumulated and represented as ‘Others’
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6

COMPARISON BETWEEN SULFURIC ACID AND HYDROGEN PEROXIDE
ASSISTED HYDROTHERMAL PRETREATMENT
Methane production from lignocellulosic feedstocks appears a favorable renewable energy

option to lower the world’s dependence on fossil fuels while at the same time mitigating Food vs.
Fuel dilemma. However, the recalcitrance of lignocellulosic material needs to be reduced to utilize
this valuable resource at its optimum potential. Pretreatment step is a mandatory requirement to
fractionate lignocellulosic material for downstream processing. The thesis focused on a novel
pretreatment strategy applied to the sugarcane bagasse; sugarcane bagasse was impregnated with
H2O2 and H2SO4 separately before hydrothermal pretreatment employing a central composite
design of three factors; temperature (°C), time (min), and chemical compounds concentration. The
notable results were obtained from the both pretreatments, which are contrasting to each other
primarily due to the difference in chemical compound utilized for the impregnation of sugarcane
bagasse. Chemical composition of solid and liquid fraction, morphological characteristics of solid
fraction, impact on subsequent digestion experiments, and impact on microbial community
structure will be briefly compared for the both pretreatments in this subsection.
A notable impact on the solid recovery after hydrothermal pretreatment was verified for
both pretreatments. Solid yield tends to decrease with an increase in temperature and chemical
compound (H2O2, H2SO4) utilized for sugarcane bagasse impregnation. H2O2 resulted in
significant lignin solubilization while H2SO4 effected hemicellulose thereby leading to breakdown
of inter-molecular bonding between polymeric sugars and lignin meshwork resulting in lower solid
recovery. The lowest solid yield (12.27 %) was observed for H2SO4 assisted hydrothermal
pretreatment (pretreatment run A-HSO – 200 °C, 19 min, 3% w/v H2SO4) in comparison to H2O2
assisted pretreatment where maximum solid yield (93.13 %) was noted for the lowest H 2O2
employed (pretreatment run L-HO – 180 °C, 12 min, 0.64% v/v H2O2). Compositional analysis of
solid fraction revealed significant lignin solubilization (73.09 %) for H2O2. On the other hand,
maximal lignin recovery (358.85 %) was recorded for H2SO4 assisted hydrothermal pretreatment.
A higher glucan content up to 75.21 g 100 g-1 TS was recorded in the H2O2 assisted hydrothermal
pretreatment (pretreatment run O-HO – 213.6 °C, 12 min, 4 % v/v H2O2) primarily due to lignin
solubilization and xylan removal to the liquid stream. Whilst, glucan degradation was observed in
the H2SO4 assisted hydrothermal pretreatment at higher reaction temperature (200 °C), reaction
time (19 min), and 3 % w/v H2SO4.
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Xylan content was also decreased in H2O2 assisted pretreatment. The lowest xylan removal
(12.11 %) was noted in pretreatment run H-HO (160 °C, 5 min, 2 % v/v H2O2). In contrast, H2SO4
assisted pretreatment indicated significant impact on xylan removal up to 100 % removal in a
number of pretreatments (A-HSO, B-HSO, C-HSO and O-HSO) depending upon the joint impact
of reaction temperature, reaction time and H2SO4 concentration.
Morphological characterization by scanning electron microscopy verified significant
differences in structural characterization of sugarcane bagasse in response to both studied
pretreatments besides raw sugarcane bagasse. Micrographs depicted compact and smooth surface
for raw sugarcane bagasse. However, selected H2O2 assisted pretreatment (pretreatment run K-HO
– 180 °C, 12 min 7.36 % v/v H2O2) displayed porous surface indicating lignin removal whereas
pretreatment run O-HSO (213.6 °C, 12 min, 2 % w/v H2SO4) resulted in repolymerization of
klason lignin (pseudo lignin) in droplets form on the cell wall surface.
Liquid hydrolysate characterization of both pretreatments resulted significant differences
in their chemical composition. Lower concentration of furfural and 5-HMF in the range of 0 –
56.91 mg L-1 and 2.56 – 56.60 mg L-1, respectively, were verified in liquid hydrolysate of H2O2
assisted hydrothermal pretreatment besides lower concentrations of glucose (0.50 – 1.29 mg L-1)
and xylose (1.27 – 9.60 mg L-1) and higher concentrations of acetic acid (107.42 – 581.02 mg L-1)
and formic acid (54.95 – 1108.02 mg L-1), COD (8.07 – 17.75 g L-1), total carbohydrate (1.96 –
4.14 g L-1), and phenolic content (741.25 – 3,005.63 ppm). In contrast, liquid hydrolysate of H2SO4
assisted hydrothermal pretreatment presented higher furanic compounds concentration; furfural
and 5-HMF in the range of 939.89 – 2,181.24 mg L-1 and 70.95 – 970.08 mg L-1, respectively.
Higher concentration of organic acids was also verified; acetic acid (1,114.61 – 2,198.89 mg L-1),
formic acid (688.31 – 3,611.28 mg L-1). Chemical oxygen demand was in the range of 8.33 – 25.20
g L-1, total carbohydrate content (2.96 – 20.90 g L-1). However, lower phenolic content 596.72 –
1674.22 ppm) was noted in comparison to H2O2 assisted pretreatment. Sulfate (360.0 – 7,240.0
mg L-1) was only determined for H2SO4 pretreatment. Furthermore, relatively higher
concentrations of glucose (1.93 – 13.53 mg L-1) and xylose (0.43 – 13.87 mg L-1) was verified
when compared to H2O2 assisted hydrothermal pretreatment for glucose (0.19 – 1.29 mg L-1) and
xylose (1.27 – 9.60 mg L-1), respectively.
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Biomethane potential assays for the solid fraction of both pretreatments indicated
significant differences in the methane yield. H2O2 assisted hydrothermal pretreatment resulted into
notably higher methane production primarily due to lignin solubilization and higher glucan content
in the solid fraction. Maximum methane production (14.43 Nmmol g-1 TVS) was recorded in the
pretreatment run K-HO (180 °C, 12 min, 7.36 % v/v H2O2), which was 118.16% higher than the
methane production of raw sugarcane bagasse 6.59 Nmmol g-1 TVS. However, H2SO4 assisted
hydrothermal pretreatment resulted in significant methanogenic inhibition in most of the studied
pretreatments. It could be explained with the logic that most of the fermentable sugars were
released into liquid fraction coupled with high klason lignin content in the solid fraction.
Microbial community structure determined with DGGE revealed that reaction temperature,
reaction time, and H2O2 concentration had a notable impact on Pearson similarity coefficient for
the bacterial community; similarity coefficient decreased with a decrease in reaction time and H2O2
concentration. However, increased with a decrease in reaction temperature. On the other hand, for
an archaeal community much difference in the Pearson similarity coefficient was not observed.
Shannon-Wiener (H) values were in the range of 2.10 – 3.18 and 2.72 – 2.86, respectively for
Bacteria and Archaea while Dominance values were in the range of 0.04-0.14 and 0.06-0.08,
respectively for Bacteria and Archaea.
DGGE band profile of H2SO4 assisted batch digestion reactors depicted notable variability
in Pearson similarity coefficient for bacteria; decrease in reaction time resulted in a decrease in
similarity coefficient value while a decrease in reaction temperature resulted in an increase in
similarity coefficient value. On the other hand, an increase in similarity coefficient value was
observed with a decrease in H2SO4 concentration. The archaeal population was not much affected
by pretreatment parameters. Shannon-Wiener (H) values were in the range of 2.59 – 3.23 and 2.09
– 2.51, respectively for Bacteria and Archaea. While Dominance values were in the range of 0.04
– 0.08 and 0.06 – 0.14, respectively for Bacteria and Archaea.
Illumina MiSeq sequencing of selected pretreatments identified the predominance of
uncultured AUTHM297 genera belonging to phylum Thermotogae in H2O2 assisted samples
whereas Flavobacterium, Desulfosporosinus, Bacteroides and Geotoga were abundant in H2SO4
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treated samples. However, Methanolinea was the abundant archaeal genus in H2O2 and H2SO4
treated samples.
7. CONCLUSIONS
The experimental studies are concluded with the following observations according to specified
objectives:

a) Compositional analysis of sugarcane bagasse verified that it is a suitable lignocellulosic
material for methane production owing to its higher polymeric sugar content (73%) and
lower ash content (1.2%). Morphological characterization depicted that its structure was
compact and smooth that necessitate a pretreatment step for further down processing.
b) Pretreatment severity of H2O2 assisted hydrothermal pretreatment did not influence the
formation of furfural and 5-hydroxymethylfurfural formation because of high pH value.
Furthermore, it indicated that pH value of resulting hydrolysate dictate the formation of
furanic compounds. On the other hand, H2SO4 assisted hydrothermal pretreatment
indicated that pretreatment severity resulted in high production of furfural and 5hydroxymethylfurfural formation. Increase in severity resulted in increased furanic
compounds concentration and vice versa.
c) Highest methane production 14.43 Nmmol g-1 TVS was obtained in H2O2 assisted
hydrothermal pretreatment for pretreatment run K-HO (180 °C, 12 min, 7.36 % v/v H2O2).
Whereas, methanogenic inhibition was encountered in most of H2SO4 assisted
hydrothermal pretreatment. Cumulative organic acids at approx. log phase was in the range
of 110.05 – 228.04 mg L-1 for batch anaerobic reactors treated with H2O2 assisted
hydrothermal reactors where acetic acid was the major organic acid observed. However, in
batch anaerobic reactors of H2SO4 assisted reactors organic acids were below the detection
limit.
d) Microbial community structure of selected pretreatments in both pretreatment conditions
indicated difference verified by Illumina MiSeq sequencing. Uncultured AUTHM297 was
predominant in batch reactors of H2O2 assisted pretreatments while Flavobacterium,
Desulfosporosinus, Bacteroides and Geotoga were abundant in batch reactors of H2SO4
assisted pretreatment. However, Methanolinea was abundant in both H2O2 and H2SO4
assisted hydrothermal pretreatments.
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8 FUTURE RECOMMENDATIONS
a) There is a need for improved understanding of the complex chemical reactions taking place
in the lignin and polysaccharide phases, which lead to the formation of acidic, furanic and
phenolic compounds
b) Enzymatic hydrolysis of pretreated solid fraction of H2O2 assisted HT pretreatment is
needed to be explored in future for enhanced glucose yield for further downstream
processing
c) H2O2 assisted HT pretreatment resulted into maximal lignin solubilization (73.09%) into
the liquid stream. Lignin is a valuable compound for various products including activated
carbon, binders, carbon fibers, and sorbents. Further research is needed to develop methods
to extract and purify lignin from solubilized liquid fraction for its potential application.
Therefore, H2O2 assisted HT could be used for the production of an array of products in a
biorefinery perspective
d) Author recommend a lower concentration of H2SO4 (% w/v) as an impregnation agent
before HT with minimal impregnation period. Hydrolysate of H2SO4-HT could further
study for digestion owing to higher COD and lower total phenolic contents with possible
longer lag phase due to appreciable furanic compounds.
e) A dedicated study is required with lower H2SO4 concentration to optimize HT pretreatment
for minimal monomeric sugar dehydration into furanic compounds.
f) H2O2 assisted HT would be a good option to scale-up for continuous methane production
but further study is required to minimize impregnation time to determine optimum lignin
solubilization
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APPENDIX

Table 10.1 – Batch reactor composition of H2O2 assisted hydrothermal pretreatment for
anaerobic digestion

A-HO

Reactor
Vol (ml)
1000

Working
Vol (ml)
500

2

Substrate
( g L-1)
2.44

Inoculum
(g L-1)
21.75

Nutrient
Sol (mL)
475.81

B-HO

1000

500

2

2.94

21.75

475.31

C-HO

1000

500

2

3.52

21.75

474.73

D-HO

1000

500

2

2.49

21.75

475.76

E-HO

1000

500

2

2.41

21.75

475.85

F-HO

1000

500

2

2.23

21.75

476.02

G-HO

1000

500

2

2.83

21.75

475.42

H-HO

1000

500

2

2.39

21.75

475.87

I-HO

1000

500

2

2.54

21.75

475.72

J-HO

1000

500

2

2.37

21.75

475.89

K-HO

1000

500

2

2.85

21.75

475.41

L-HO

1000

500

2

2.97

21.75

475.28

M-HO

1000

500

2

2.51

21.75

475.75

N-HO

1000

500

2

2.33

21.75

475.92

O-HO

1000

500

2

2.50

21.75

475.75

P-HO

1000

500

2

2.34

21.75

475.91

Index

Replication

189

Table 10.2 –Batch reactor composition of H2SO4 assisted hydrothermal pretreatment for
anaerobic digestion

A-HSO

Reactor
Vol (ml)
1000

Working
Vol (ml)
500

2

Substrate
( g L-1)
5.1

Inoculum
(g L-1)
22.9

Nutrient
Sol (mL)
471.9

B-HSO

1000

500

2

4.0

22.9

473.0

C-HSO

1000

500

2

2.8

22.9

474.3

D-HSO

1000

500

2

3.3

22.9

473.8

E-HSO

1000

500

2

2.4

22.9

474.7

F-HSO

1000

500

2

2.2

22.9

474.9

G-HSO

1000

500

2

2.4

22.9

474.7

H-HSO

1000

500

2

2.2

22.9

474.9

I-HSO

1000

500

2

2.7

22.9

474.4

J-HSO

1000

500

2

2.6

22.9

474.5

K-HSO

1000

500

2

4.1

22.9

472.9

L-HSO

1000

500

2

2.1

22.9

475.0

M-HSO

1000

500

2

2.4

22.9

474.6

N-HSO

1000

500

2

2.4

22.9

474.7

O-HO

1000

500

2

2.50

21.75

475.75

P-HO

1000

500

2

2.34

21.75

475.91

Index

Replication
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Modified Gompertz fit curves for H2O2 assisted hydrothermally pretreated samples

Figure 10.1 - Cumulative methane (Nmmol g-1 TVS) production with Modified Gompertz fit for
A-HO

Figure 10.2 - Cumulative methane (Nmmol g-1 TVS) production with Modified Gompertz fit for
B-HO
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Figure 10.3 - Cumulative methane (Nmmol g-1 TVS) production with Modified Gompertz fit for
C-HO

Figure 10.4 - Cumulative methane (Nmmol g-1 TVS) production with Modified Gompertz fit for
D-HO
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Figure 10.5 - Cumulative methane (Nmmol g-1 TVS) production with Modified Gompertz fit for
E-HO

Figure 10.6 - Cumulative methane (Nmmol g-1 TVS) production with Modified Gompertz fit for
F-HO
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Figure 10.7 - Cumulative methane (Nmmol g-1 TVS) production with Modified Gompertz fit for
G-HO

Figure 10.8 - Cumulative methane (Nmmol g-1 TVS) production with Modified Gompertz fit for
H-HO
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Figure 10.9 - Cumulative methane (Nmmol g-1 TVS) production with Modified Gompertz fit for
I-HO

Figure 10.10 - Cumulative methane (Nmmol g-1 TVS) production with Modified Gompertz fit for
J-HO
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Figure 10.11 - Cumulative methane (Nmmol g-1 TVS) production with Modified Gompertz fit for
K-HO

Figure 10.12 - Cumulative methane (Nmmol g-1 TVS) production with Modified Gompertz fit for
L-HO
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Figure 10.13 - Cumulative methane (Nmmol g-1 TVS) production with Modified Gompertz fit for
M-HO

Figure 10.14 - Cumulative methane (Nmmol g-1 TVS) production with Modified Gompertz fit for
N-HO
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Figure 10.15 - Cumulative methane (Nmmol g-1 TVS) production with Modified Gompertz fit for
O-HO

Figure 10.16 - Cumulative methane (Nmmol g-1 TVS) production with Modified Gompertz fit for
P-HO
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1

Modified Gompertz fit curves of H2SO4 assisted hydrothermally pretreated reactors

2
3
4

Figure 10.17 - Cumulative methane (Nmmol g-1 TVS) production with Modified Gompertz fit for
A-HSO

5
6
7

Figure 10.18 - Cumulative methane (Nmmol g-1 TVS) production with Modified Gompertz fit for
B-HSO
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8
9
10

Figure 10.19 - Cumulative methane (Nmmol g-1 TVS) production with Modified Gompertz fit for
C-HSO

11
12
13

Figure 10.20 - Cumulative methane (Nmmol g-1 TVS) production with Modified Gompertz fit for
D-HSO
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14
15
16

Figure 10.21 - Cumulative methane (Nmmol g-1 TVS) production with Modified Gompertz fit for
E-HSO

17
18
19

Figure 10.22 - Cumulative methane (Nmmol g-1 TVS) production with Modified Gompertz fit for
F-HSO
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20
21
22

Figure 10.23 - Cumulative methane (Nmmol g-1 TVS) production with Modified Gompertz fit for
G-HSO

23
24
25

Figure 10.24 - Cumulative methane (Nmmol g-1 TVS) production with Modified Gompertz fit for
H-HSO
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26
27
28

Figure 10.25 - Cumulative methane (Nmmol g-1 TVS) production with Modified Gompertz fit for
I-HSO

29
30
31

Figure 10.26 - Cumulative methane (Nmmol g-1 TVS) production with Modified Gompertz fit for
J-HSO
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32
33
34

Figure 10.27 - Cumulative methane (Nmmol g-1 TVS) production with Modified Gompertz fit for
K-HSO

35
36
37

Figure 10.28 - Cumulative methane (Nmmol g-1 TVS) production with Modified Gompertz fit for
L-HSO
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38
39
40

Figure 10.29 - Cumulative methane (Nmmol g-1 TVS) production with Modified Gompertz fit for
M-HSO

41
42
43

Figure 10.30 - Cumulative methane (Nmmol g-1 TVS) production with Modified Gompertz fit for
N-HSO
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44
45
46

Figure 10.31 - Cumulative methane (Nmmol g-1 TVS) production with Modified Gompertz fit for
O-HSO

47
48
49

Figure 10.32 - Cumulative methane (Nmmol g-1 TVS) production with Modified Gompertz fit for
P-HSO
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