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ABSTRACT

The thesis deals with the studies on “Studies on Pretreatments and Reactors for
Methane Fermentation from Lignocellulosic Biomass”. These lignocellulosic biomasses
have been considered as main resource to produce bio—energy and bio—products for
second generation of bio—fuels production. Lignocellulosic biomass contains high
percentages of lignin, which is hard to biodegrade in the biological process of energy
conversion. Therefore, pretreatment is required to enhance energy recovery. In this
study, four types of pretreatments, i.e., dilute acid, alkali, combination of calcium
hydroxide-sodium carbonate, and grinding were applied on wheat straw to enhance the
efficiency of methane fermentation. Methane fermentation of untreated and pretreated
substrates was carried out at 35 °C temperature in 5 L glass bottle reactors. Cumulative
methane production yields of these pretreated substrates were found as 0.125, 0.370,
0.380 and 0.241 m*/kg of VS, respectively, for WS: 2% H,SO., WS: 2% NaOH, WS: 3%
Ca(OH), + 3% Na,COsz , and WS: PHY treatments compared to that of untreated
treatment WS as 0.191 m*/kg of VS. Alkali (2% NaOH on weight/volume ratio basis)
and calcium hydroxide with sodium carbonate combination (3% Ca(OH), + 3% Na,CO3
on weight/volume ratio basis) pretreatments have been found to improve biogas and
methane production yields by 94.0% and 99.0%, respectively in comparison to the

untreated wheat straw substrate.

The efficient pretreatment was further optimized by using response surface
methodology (RSM) by software Design of Experiments. The RSM was performed to
optimize the combinations of catalysts pretreatment with time and temperature for the
enhanced production of methane. The experimental results showed that both
concentration and time had interactions with temperature, and the interactions had
significant effects on the hydrolysis and methanogenesis of pretreated wheat straw. The
maximum methane yield was 0.383 m®kg VS observed. The model of RSM study also
supported with the experimental results and showed almost similar methane yield.
According to the regression equation obtained by using RSM technique, nearly the
theoretical yield was obtained under the following conditions: catalyst concentration 2.89
%, temperature 33.66 °C, incubation time 27.87 h. RSM with the Box-Behnken design
has been found very useful tool for identifying the important factors influencing methane



production from pretreated wheat straw and predicting the methane production yield
from lignocellulosic substrates.

The optimized pretreated wheat straw with the proper ratio of cattle manure
(40:60) was further analyzed in different reactors for field level study. Evaluation of the
performance of different semi-continuous reactor configuration in the present study
showed that anaerobic digestion of wheat straw as substrate is feasible in FFR and CSTR
reactors. With FFR, maximum methane yield of 0.342 m*/kg VS could be obtained at an
OLR of 2.2 kg VS/m*/d and HRT of 90 d. On the other hand, the same process in CSTR
reactor was found less efficient at the same substrate concentration which resulted into
0.289 m%kg VS. FFR reactor showed 41 % higher efficiency than control BR and CSTR
showed only 10 % increased in methane production efficient compared to control BR.
Co-digestion of wheat straw with cattle manure were improved the methane yields in
both the reactors. Thus, anaerobic digestion of wheat straw for biogas production was
improved the overall energy and the economy of the biorefinery concept in semi-

continuous reactor FFR for pretreated straw with cattle manure ratio (40:60).

Furthermore, kinetic study was performed for both batch and semi-continuous
reactors. Gompertz model used to analyze the kinetic behavior of anaerobic digestion
process in the batch reactor. Kinetic study indicates that Gompertz equation best
described the cumulative gas production as a function of the digestion time. The study
indicates that the Gompertz equation best describe the cumulative gas production as a
function of the digestion time in batch reactors. The biogas yield potential, A was
observed maximum for pretreatment substrate WS: 3% Ca(OH), + 3% Na,COs as 1.1620
m3/kg of VS. Shortest lag phase, B was exhibited by the pretreatment substrate WS: 3%
Ca(OH); + 3% Na,COg3 as 9.34 days. The biogas production rate, Cfor pretreatment
substrate WS: 3% Ca(OH), + 3% Na,CO; was observed lowest as 0.035 m®kg of
VS/day. Further, the Chen-Hashimoto model best describe the Kinetic in the semi-
continuous reactors. The best fit equation results in a value of the regression coefficient
as 0.998 and 0.996 in semi-continuous rectors FFR and CSTR. The minimum value of
retention time to achieve a stable rate of methane production was found as 14 days in

both reactors compared to the control reactor (BR).

Vi



Sl. No.
Chapter - 1
11
1.2
1.3
14
14.1
1.4.2
1.4.3
144
1.5
1.6
1.7
1.8
Chapter - 2
2.1
2.2
2.2.1

CONTENTS

Title

Certificate
Acknowledgments
Abstract

Contents

List of Figures
List of Tables

Symbols and Abbreviations

Introduction

World Energy Scenario
Indian Energy Scenario
Indian Renewable Energy Scenario

Biomass and Bioenergy

Biofuels from biomass
Feedstocks for biomethanation systems
Socioeconomic and environmental benefits of biogas

Status of methane fermentation technology as biofuel and its
need

Scope of Work
Aim of Present Research Work

Objectives
Organization of the Thesis

Literature Review

Anaerobic Digestion Process

Operational Parameters for Biomethanation

Temperature

vii

Page No.

Vil
xiii
XVii

XiX

12
13

15
18
19

21
22

24
25
27 -52

27
29

29



SI. No.

2.2.2
2.2.3
2.2.4
2.2.5
2.2.6
2.2.7
2.2.8
2.2.9

2.3

24
24.1
2.4.2
2.4.3
24.4
245
2.4.6

2.5

2.6

2.7

2.8

2.9

Chapter - 3

3.1

3.2
3.2.1
3.2.2
3.2.3
3.24

Title

pH

Fatty acids

Solid concentration

Hydraulic retention time (HRT)

C: N ratio

Mixing

Additives and nutrients

Microbial biomass

Composition and Structure of Lignocellulosic Substrate
Pretreatments for Lignocellulosic Biomass
Alkali pre-treatment

Ammonia fiber explosion (AFEX)

Steam treatment
Acid/thermochemical pre-treatment

Radiation treatment
Milling
Co-digestion of Substrates for Methane Fermentation

Reactors for Biomethanation

Statistical and Multivariate Analysis of Response Using

Response Surface Methodology

Kinetics of Biomethanation in Batch and Continuous Reactors

Research Gaps

Characterization of Feed Materials and Its Co-Digestion

for Methane Fermentation

Proximate, Ultimate and compositional Analysis of Feed
Materials

Proximate Analysis
Moisture content
Fat content

Total solids content

Volatile solids content

viii

Page No.

30
30
31
31
32
32
33
33
34
36
37
39

39
40

41

41
45

45

50
51
53-70

53

54
54
54
55
56



SI. No.

3.2.5
3.3
3.3.1
3.3.2
3.3.3
3.4
34.1
342
3.4.3
3.4.4
35
3.6
3.6.1
3.6.2
3.7
Chapter - 4
4.1
41.1
412
4.1.3
414
4.2
4.3
4.4
4.5
4.6
46.1

Title

Non-volatile solid content

Ultimate Analysis

Carbon, hydrogen and nitrogen contents
Phosphorus content

Potassium content

Compositional Analysis

Estimation of cellulose

Estimation of hemicellulose

Analysis of lignin

Estimation of sugar

Investigation on Methane Fermentation of Wheat Straw Co-
digested with Cattle Manure

Results and Discussion

Characterization of wheat straw, cattle manure and inoculum
Effect of co—digestion of wheat straw with cattle manure
Conclusions

Experimental Analysis of Pretreatment Methods for
Enhancing the Hydrolysis of Lignocellulosic Biomass for
Anaerobic Co-Digestion

Pretreatments to Wheat Straw for Biomethanation

Dilute acid combined with steam pretreatment

Alkali pretreatment
Physical pretreatment

Pretreatment combinations

Batch Assay Methane Fermentation Setup
Analytical Methods and Tools

Errors in Measurements

Application of Response Surface Methodology for Analysis of
Efficient Pretreatment Methods for Wheat Straw

Results and Discussion

Effect of chemical pretreatments on composition of wheat straw

Page No.

56
57
57
58
60
61
61
62
64
65
66

67

67

69

70
71-105

72
72

73
73

73
73
75
76
77

81
81



SI. No.

4.6.2

4.6.3

464

4.6.5

4.6.6

4.6.7

46.8
4.7
Chapter - 5
51

5.1.1

512

5.1.3
5.2

52.1

522
5.3
54
Chapter - 6
6.1

6.1.1

6.1.2
6.2

6.2.1

6.2.2
6.3

Title

Analysis on changes in structure of wheat straw due to
pretreatments

Biogas and methane production yields
Volatile fatty acids profile and pH

Development of a model for enhanced methane yield from
efficient pretreatment

Analysis of variance (ANOVA) for the quadratic model
Effect of parameters on methane yield

Optimization and adequacy of the model

Conclusions

Pilot Scale Study on Selected Types of Bioreactors for
Methane Fermentation of Lignocellulosic Agricultural
Biomass

Experimental Setup of Reactors

CSTR experiment

FFR experiment

BR experiment

Results and Discussion

Analysis of the performance of fixed film reactor (FFR)
Analysis of the performance of CSTR

Manurial Values of Digested Slurry of Different Reactors
Conclusions

Kinetics of Methane Fermentation Reactors in Batch
and Semi—Continuous Feed Operations

Kinetic Study for Biomethanation Reactors

Kinetics Analysis of Batch reactors

Kinetics Analysis of Semi-Continuous Reactors
Results and Discussion

Kinetics parameters of batch reactors

Kinetics parameters of semi-continuous reactors

Standard errors

Page No.

84

86
88
92

94

97

101

104
107- 122

108
109
110
111
114
114
119
121
121
123 - 135

123

125
127
128
128
132
134



SI. No.

6.4
Chapter - 7
7.1
7.2

Title

Conclusions

Conclusions and Recommendations
Conclusions

Recommendations for Future Scope of Work

References
Appendices

Xi

Page No.

135
137- 140
137
140

141-165
167-187



	TH-4437.pdf



