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ABSTRACT

The present work focuses on the removal of hydrogen sulphide (H2S) from biogas via
sustainable approach. So, this study aims to develop an adsorption based hydrogen sulphide
removal reactor using char and spent slurry of biodigester. De-oiled cakes of pongamia is used
for production of biogas in a 20 cubic meter digester. The study is divided into two levels
namely, initial feasibility study and performance study of a model packed bed reactor. As the
primary targeted users in this study are rural entrepreneurs, the char was produced using waste
leaves, Mixed Leaf waste was carbonised at three different temperatures 200 °C, 300 °C and
400 °C through slow pyrolysis for a period of 3 hours using a traditional kiln. Consequently,
biochar prepared from mixed leaf waste at different temperatures 200 °C, 300 °C and 400 °C,
are denoted as LWB200, LWB300, and LWB400, respectively. The biochar generated in the
kiln was ground to a mesh size less than 500 microns. A detailed characterization of prepared
biochar as well as H2S adsorbed biochar (after saturation) was done. Moreover, freshly
prepared biochar and saturated biochar were characterized using series of characterizations
including CHNS elemental analysis, Brunauer—-Emmett-Teller (BET) analysis, Attenuated
Total Reflectance Fourier Transform Infrared spectroscopy (ATR-FTIR), X-ray Diffraction
(XRD), Scanning Electron Microscopy and Energy Dispersive Spectrometer (SEM-EDX) to

develop an insight into the adsorption mechanism.

After detailed characterization, LWB400 was found to be a promising adsorbent for
desulphurization of biogas with high H2S removal efficiency during feasibility study. Thus,
LWB400 leaf waste biochar was used for further detailed performance study. An evaluation of
the adsorption capacity of leaf waste biochar in terms of mg H2S removal per gram of biochar

was also determined. Also, a suitable equilibrium isotherm model was identified to describe
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the current adsorption process. The detailed optimization of parameters like the effect of flow
rate and the effect of pressure was done. The adsorption isotherm equilibrium models were
examined for comprehending the adsorption process of H2S better and their associated
parameters were determined. This optimization would help to determine the best suitable
pressure and flow rate required for efficient Hz2S removal. It was concluded that the highest
adsorption capacity is 15.9 mg H2S/g with removal efficiency of 98.6 % was obtained at flow
rate of 3 m%h and pressure of 3 bar. However, at flow rate, 3 m3/h and pressure 2 bar with the
adsorption capacity of 15.1 mg H2S/g and removal efficiency 98.4 %, which was found to be
the best possible condition for biogas desulphurization in terms of breakthrough time and lesser
energy consumption. The isotherm analysis results showed that the Freundlich isotherm model
with a higher R? value of H2S is 0.9903, which is the most suitable to describe the adsorption
isotherm of H2S. So, it was concluded from the current adsorption isotherm data that the
adsorption process is multilayer, not monolayer. These obtained results provides an insight into
the H2S adsorption mechanism onto the biochar. This was attributed to higher pH which led to
an increased rate of dissociation of H2S and higher elemental sulphur conversion rates.
Amongst several factors affecting Hz2S adsorption, the surface area played an important role in
adsorption along with the associated factors like higher alkaline pH, carbonization temperature
and mineral elements present on the surface of biochar. The SO4*" produced in the biochar was
more likely to combine with Ca and K (mineral elements) to form useful sulphates for soil
health enhancement. Finally, the reusability and practical applications of the saturated biochar
as a soil ameliorant were investigated to reduce environmental impact and solve problems
associated with the saturated adsorbent disposal. S-enriched biochar is proven as a beneficial
agricultural S fertilizer for promoting mustard crops or other oil-producing crops, which can
become bioavailable to plants as S-micronutrient. Therefore, the plot experiments of saturated

biochar were done to utilize S-enriched biochar for crop production of Brassica nigra (Mustard
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seeds). From the results, it was observed that the amending S-enriched biochar resulted in
significant enhancement of the physiological indexes including plant height, fresh and dry
weight, and accumulation of nutrients like N, P, K, S, Na, Mg, and Fe in mustard crop with 4
times increase in S content as compared to plot with no amendment (Blank).So it was
concluded that the present approach of H2S removal results in the sustainable production of

organic nutrient with efficient H2S removal via a holistic approach.

On the other hand, an alternative technology for utilizing biogas digested slurry for biogas
desulphurization is discussed as well as nutrient value enrichment in saturated slurry. It was
observed that the highest removal efficiency of 88.7% obtained at pressure 1 bar and flow rate
2 m3/h with outlet H2S concentration 115 ppm. The total experiment run was of 41 hours for
25 L (5% TS) of biogas slurry with a total of 73.5 m® biogas was treated. After saturation, the
spent slurry was assessed for nutrient value addition. From the results, it was witnessed that
after treatment digested slurry gets enriched about two times with sulphur S (%) than initial
sulphur S (%) present in the untreated slurry. Also the P (%) and N (%) showed a visible

increase after Hz2S treatment.
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R31KY

IaAA P fehrF Tfehior & AT T TP T g8sIel Towgs (HoS) &
g W Higd &1 STTAT, 3T IEITA HT 32T AR 3R TRAEEIEN & T
fehT 9T Gl ST 3UANT e Teh HGAT TR HoS gere Rueex [aehiad e
g1 TeNTAAT & der Ied Feh d 3TINET 20 GeT He SBokeX A AR & 3caTgel
& forw foRam STar 1 3regaa & of TRt & Janfora fhar s=r §, RS cgagidar
3T IR Uk Alsel Yeh 95 RUFe &1 Y eaael |9 58 eag= # yrufas
SIfeId 3TANThRdT IMHT 3IAT §, TAER H 3cdigsd ShR ol I 3TANT Feh
frar =T a1, AT gedY & I FH diT FSI-3719T argHTT 200°C, 300°C 3k
400°C WX el gRITATEE & ALIH ¥ 3 ¢ HT 39y & fv grRaRe e &
3UAET Fch PEIASST [hAT I-T AT| HS H 3ol SR DI 500 microns H FHe
FI STl & PR H 9T &AT =7 AT Adielded, eldr-3Teler drgaeT 200°C, 300°C
HR 400°C W APAT Techl & e & IR SR S AT LWB200, LWB300
3R LWB400 & &9 # 2T Sl g1 IR¥ER IR & & a6, IR SEER &
WY-HY H,S HE dTel IR (FCT & d16) T [aEgd ofa1or auier fear |
SH% 7T, dlell R SRR 3R H@Jcd SRR & HTaUATa(CHNS) drfcas
fagereT, SR-TFAT-Cor ((BET)) faRelwor, Teegues alce Rupelerle GRIT SHbia
SRS TAFEIFRIdT (ATR-FTIR), taa-Y felhaeia (XRD) Tfgd s fAAwamsit &
39T Xk fAAwar & a8 ARG dF 7 3ideie [ARfd #te & fov Thfaer
Soldglel ATShIEHIUT AR TS B3Eafda e (SEM-EDX)|

o o&ToT auid & d1g, LWB400 &I SR & fSHemigeRe & fav us
3TRMTSTTh HIGAT & ®9 H 917 9197, S LWB200, LWB300 3K LWB400 & &=
IeATH FAST TAER §| 58 TGN, Y5 95 RUFT H FHerel H,S vt s
& faU ofith aFc IR (LWB400) &1 3uier fa&dd 3readsr & fav fhar sar
¢l 38 3ty # Y9 95 Nuaey # s TP # Algg HoS &1 gard §7d ofid
dEC TGN $T WG T &THAT ol Hediehel ThaT I-AT| SHeb ITcATal, TTHTT HIGAT
UfshaT & 0T & & [T Teh 3Ugerd Helol SHIYA  HISHT I GgdTel T Sl




gl UaTg X & 9Td 3R cald & YoMd S AUCs! @ faEdd efehelel fohar amar
AT WGAT FAAN HJolel HAISel & ST HT a5 dlieh HoS 1 Aiwer gfswar s
IER &1 § FHAST o & 3R 39 g&fa Avest 1 Auror fear @ g
37efehelel HAA H,S gl & AT 3HTaedeh Felfead 3ugeFd gard 3R varg X fuiia
el H FAGE PN | Tg Tsy Ahrem a3 fF 98.6% Hr fosewraed gatar & @y
3TIdH Q@ &7 T 15.9 mg H,S/g &, St 3 m*h & varg e 31k 3 IR & eaig
W g & IS oY

grelifeh, Jarg & 9 3 m°h 3 &g 2 bar 15.1 mg H.S/g & WG &THAT 31T
98.4% @Il HT &HAAT & WY, S & Theldl & TAI & AHAS H IARE
Taewmtsea & fov Tafcaa asa Rufa 3R &7 For & @ua oE 71§ o4 |
zAITH faRewor & aRUmAT & aar gem § & H,S & 3Ta R A & ary wrasfera
gelied Aise 0.9903 &, Sl HoS o WEer SEIYH &1 qulel oA & [T qod 3ugerd
g1 3afou, adAT AET SEYH 3T ¥ Ig sy e =1 o @r@ar wishar
IEIA B, o o #AeAleRR| A gred aRomE SRR W HpS WG dF 7 U Haefte
Yeld aXd gl Ig 3= pH & TaU FFAGR ST a7 AT T8 &ROT HoS &
JUFHOT H W A FeT Hifdw IR T TR XGRE §S | HoS AT
JHTTAT el dTel s PRI H, AAE &1F o 3T &I pH, FSfABLT daHT
3R IR $ ddg W AlGg TfAe dedl S deag SRS & T @t 7 Ageaqor
HfFH eS| SRER & 3cafea SO, & Ca 3R K (@l dea) & @y fAee
A & TIELT A 9e & [T 3YIRN othe doled hT 3T JHET &1 379 H,
Hel GURS & & & HJod TR & Yo YA 3R cAagiRen 3qoien 6 s
TATERONY GHIE A HH Ao AR Tod QT AU § S FHEIBN H g
A & AU T 7S ANl S-FHE TR WA H BHAl AT 30T el 3clceh Hal
F JeIaT A & T TF AHER FN SINF & F A g gar g, o dut &
fau S-g&H 9we dcd & & H SAa3Uelsy g Hehdl ol SHTAV, Brassica nigra
(BXET & Ael) & BHT 3cUleeT & AU TH-HHE TR & 3TAET &l & v
"o IR & Telle 9ANT fhu av | qRumAT |, Jg Sr I3 foh weee (Rera)
arel @S HHIT A S-THg TR & IRUTATTET diet H F=rg, den AR g
asiel, N, P, K, S, Na, Mg, Fe SI& Ui¥eh dcdl & HI Higd AR Faehieh H




SWﬁ4ﬂmﬂﬁﬂﬁaﬁ§élsﬂﬁva€ﬁwmw%H28wﬁ
% AT EISChIVT o YRUTHAEARY THI TIOChHIUT & HETH F FA HpS el o
Y HyF 9N deq 1 TART 3cures giar g

cad 3R, TP SHEHUSRE & fiU SR sEote Foll & 39T & U
U dehfedd ddelle & -8 Hod Ol # GIN6 ded Hed §avs 9 & ==
T IS &1 Ig <@r AT fF 3m3ceie HoS Tahardar 115 ppm & &Y &a1d 1 bar 3R
yarg 2 m’h W 88.7% & ITAdH fAShHA ZaTT 9o g1 FeT 73.5 m® SRR
& WY TR 8T & 25 ofieT (5% TS) & AT FHol YT 41 € &7 AT| HJfed
& dIg, N9 ded Hedatd & [T T U a0 6 &1 Hedichel fohar = |
gRomAT &, Ig W1 AT T IUYR & & g 'gfmaﬁ?ra@uama’lﬂﬁmag
IRTAE B S (%) T Jolell H IYAR & TG B S (%)  oIHT &1 AT HHG
& ST ¥ @I & P (%) 3R N (%) F HS 379R & a1 s T Iy R




Certificate

TABLE OF CONTENTS

Acknowledgements

Abstract

Table of Contents

List of Figures
List of Tables

List of Symbols and Abbreviations

CHAPTER

11
1.2
13
1.4

1.5

1.6

1.7

1.8

CHAPTER
2.1
2.2
2.3

| INTRODUCTION

Bioenergy: The next big alternate energy

An introduction to biogas and biogas purification
Biogas desulphurization: An overview

Sulphur from hydrogen sulphide: Step towards sustainable
production of organic nutrients (S)

Contribution of sulphur to the sustainable agriculture
Motivation for the present research

Description of present scientific approach
Organization of the Thesis

I LITERATURE REVIEW

Occurrence of HzS in biogas
Need for H2S removal
H2S removal technologies
2.3.1 In-situ desulphurization method
(a) Micro-aeration
(b) Iron chloride dosing
2.3.2  Biological methods
2.3.3  Absorption
2.3.4  Adsorption methods

VIl

g w w -

10

12-43
12
13
14
15
15
16
16
16
17



2.4
2.5
2.6

2.7

2.8

2.9

2.10

2.11

2.12

2.13

2.14

CHAPTER

3.1

3.2

3.3

3.4

2.3.4.1 Adsorption via metal oxides

2.3.4.2 Adsorption via MOFs

2.3.4.3 Silica based adsorbents

2.3.4.4 Adsorption via carbon-based materials
Activated carbon
Adsorption on biochar

2.3.4.5 Biochar as a substitute for activated carbon

(AC)

H2S removal using anaerobically digested slurry-based materials
Regenerative and non-regenerative technologies

Commercially available technologies

Sustainable organic farming: An overview

Benefits of the production of organic nutrients

Major nutrients and their bioavailability

Sulphur: An essential nutrient in sustainable agriculture
Bioavailability of sulphur from biogas desulphurization
Captured sulphur as a bionutrient

Summary of literature review and identification of research gaps
Scope of present work and research objectives

1 Synthesis of leaf waste char as an adsorbent for H>S
capturing from raw biogas

Rationale for selection of leaf waste as a precursor material for
biochar production

Selection of precursor material and biochar preparation
3.2.1 Biochar yield

3.2.2 Proximate analysis of precursor material and prepared
biochar

Fabrication of packed bed reactor and experimental setup for Hz2S
adsorption

Results and Discussions

18
19
19
20
20
21
22

24
25
28

28

29

31

35

38

40

41

43

44-58

45

46
48

52



3.5

CHAPTER

4.1

4.2

4.3

4.4

4.5

34.1 Proximate analysis of leaf waste and prepared biochar

34.2 Fabrication of packed bed reactor
Conclusions
3.5.1 Biochar preparation

3.5.2. Design and development of continuous reactor system

v Characterization and Performance Evaluation of
Synthesized Adsorbents

Rationale behind choosing leaf waste biochar for H2S removal and
need for detailed characterization of biochar

Experimental setup for H2S adsorption

Characterization of prepared biochars derived from leaf waste and
their utilization for H2S removal

4.3.1 Physico-chemical characterization of biochar
4.3.2 Brunauer—-Emmett—Teller (BET) analysis
4.3.3 Attenuated Total Reflectance - Fourier Transform

Infrared Spectroscopy (ATR-FTIR)

4.3.4 Scanning Electron Microscopy Energy - Dispersive X-
ray Spectroscopy (SEM-EDX)

4.3.5 Powder X-ray Diffraction

Results and discussions

4.4.1 H2S removal by leaf waste biochar

4472 Physico-chemical characterization of biochar
443 Brunauer—Emmett-Teller (BET) Analysis

4.4.4 Attenuated Total Reflectance - Fourier Transform
Infrared Spectroscopy (ATR-FTIR)

4.4.5 Scanning Electron Microscopy Energy - Dispersive X-
ray Spectroscopy (SEM-EDX)

4.4.6 Powder X-ray Diffraction

Conclusions

52

54
56
56
58

59-85

60

61
63

63

64

64

64

65

65
65
66
68
70

74

81
85



CHAPTER

5.1

5.2
5.3
54
5.5

5.6

5.7

5.8

5.9
CHAPTER

6.1

6.2
6.3
6.4

6.5

\ Developing an Efficient H>S Removal Technique for
Prepared Adsorbents in a Continuous System and
Assessment of Sulphur Addition in the Soil
Conditioning

Biochar as an adsorbent for H2S and S-enriched fertilizer after
saturation

Production of S-enriched biochar
Design and development of continuous reactor system
Construction details of reactor and accessories

Optimization of parameters (pressure, flow rate) for efficient
removal of H2S from raw biogas

55.1 Effect of pressure
55.2 Effect of biogas flow rate
55.3 Effect of pH
Adsorption studies
(A) Breakthrough studies
(B) Adsorption capacity
(C) Isotherm study
Assessment of sulphur addition in a saturated adsorbent

Proposed mechanisms of HzS removal by leaf waste based biochar

Conclusion

VI Utilization of Biogas Digested Slurry (BDS) for
Biogas Desulphurization and Nutrient Value
Enrichment

Biogas Digested Slurry (BDS): Its two-in-one role as an absorbent
and a fertilizer

Preparation of biogas digested slurry
Experimental setup for H2S removal using biogas digested slurry

Study of efficacy of H2S removal by cow dung digested slurry in a
reactor at specific pressure and flow rate

Assessment of sulphur addition in slurry after Hz2S treatment
6.5.1 Nutrient composition analysis

6.5.2 Attenuated Total Reflectance - Fourier Transform

Xl

86-109

87

89
89
91
92

93
94
94
95
95
98
99
102
105
107
111-120

112

113
113
115

116
116
117



6.6
CHAPTER
7.1
7.2
7.3

7.4

7.5

7.6

Infrared Spectroscopy (ATR-FTIR)
Conclusions
Vil Conclusions and Scope of Future Studies
H2S removal using biochar
H2S removal using biogas digested slurry

Superiority of biochar over biogas digested slurry for biogas
desulfurization

Research contribution to knowledge and practice
7.4.1 Contribution to the theory

7.4.2 Contribution to the society

7.4.3 Contribution to the industry
Suggestion for future studies

7.5.1 Leaf waste based biochar for biogas desulfurization

7.5.2 Biogas Digested Slurry (BDS) for biogas desulfurization
Possibilities on viability of scaling-up/ implementation of the
developed lab-scale desulphurization system with macro system
assumptions

References

List of Publications and Biodata

Xl

118
120-126
121
122
123

123
124
124
124
125

125
126
127

129-154
155-159



Figure No.

Fig.1.1

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

2.1

2.2

2.3

2.4

2.5

3.1

3.2

3.3

3.4

3.5

3.6

4.1

4.2

4.3

4.4

4.5

LIST OF FIGURES

Figure Title
An overview of biogas desulphurization system
An overview of H2S removal technologies
Benefits of production of organic nutrients
Bioavailability of major plant nutrients
Various functions of sulphur in plants
Representation of natural occurrence of sulphur
Overview of process methodology
Line-diagram and photograph of traditional kiln

The real photo (a) and schematic diagram (b) respectively, for
the H2S adsorption system

Grounded biochar for H2S removal experiment

Biochar generated using leaf waste

Internal arrangement of packed bed reactor

Process flow diagram of H2S removal experimental setup

FTIR spectrum of prepared samples synthesized at: (a) 200°C,
(b) 300°C, (c) 400°C

Scanning electron microscope micrographs alongwith the
elemental analysis using EDX for samples (a) LWB200 and
(b) LWBs200

Scanning electron microscope micrographs alongwith the
elemental analysis using EDX for samples (a) LWB300 and
(b) LWBs300

Scanning electron microscope micrographs alongwith the
elemental analysis using EDX for samples (a) LWB400 and
LWBs400

X1

Page No.

23
31
33
36
37
47

49

53
54
56
63

71-73

74-75

76-77

78-89



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

4.6

5.1

5.2

5.3

5.4

5.5

5.6

5.7

5.8

5.9

6.1

6.2

6.3

XRD pattern of prepared LWB and LWBs samples at different
temperatures: (a) 200°C, (b) 300°C, (c) 400°C respectively

Internal arrangement of packed bed reactor

The schematic diagram and real photo respectively, for the
H2S adsorption system

Breakthrough curves of H2S on prepared biochar at different
pressures and flow rate 1 m%h

Breakthrough curves of H2S on prepared biochar at different
pressures and flow rate 2 m%h

Breakthrough curves of H2S on prepared biochar at different
pressures and flow rate 3 m¥h

Langmuir adsorption isotherm of H2S onto biochar adsorbent
Freundlich adsorption isotherm of H2S onto biochar adsorbent

Pictorial representation of Brassica nigra crop cultivation in
plot experiments

Proposed H2S removal mechanism onto leaf waste biochar.

Schematic diagram and real photo of biogas slurry based
desulphurization system.

The average RE (%) and outlet H2S concentration (ppm) w.r.t.
time.

FTIR analysis of biogas digested slurry before and after H2S
removal, (where, S1: Untreated slurry; S2. During H2S
treatment; S3: After Hz2S treatment).

XV

81-82

91

92

96

97

97

100

102

104

107

114

116

118



Table No.
Table 2.1

Table 2.2

Table 3.1
Table 4.1

Table 4.2

Table 5.1

Table 5.2

Table 6.1

Table 7.1

LIST OF TABLES

Title
Biogas utilization technologies with their HzS tolerance limits

Comparison of various regenerative and non-regenerative
techniques

Proximate analysis of leaf waste before and after pyrolysis
Physico-chemical characterization of biochar

BET surface area, pore volume and micropore volume of
biochar samples

Langmuir and Freundlich isotherm model parameters and
correlation coefficients for adsorption of H2S on the prepared
biochar

Effect of S-enriched biochar amendments on nutrient uptake and
sulphur levels in dry weight of plant Brassica nigra (black
mustard ) over 60 days studies

Composition (%) of N, P, K and S in biogas digested slurry

Details of the leaf waste based desulphurization system

XV

Page No.
14

26-27

52
68
70

102

105

117

128



SYMBOLS AND ABBREVIATIONS

% = Percent

& = And

/ = Per

< = Lower than

> = Greater than

0 = Degree

p = Density

n = Efficiency

u = Viscosity

oC = Degree celsius

C = Carbon

H = Hydrogen

C/N = Carbon to nitrogen ratio
H2S = Hydrogen sulphide
CH4 = Methane

cm = Centimetre

kg = Kilo gram

CNG = Compressed natural gas
SO2 = Sulphur dioxide
CO2 = Carbon dioxide
Conc. = Concentration

Cin = Inlet concentration
Cout = Outlet concentration
Co = Initial concentration
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