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ABSTRACT

“

Anaerobic digestion of lignocellulosic biomass faces the challenges of lower
biodegradability and biogas yield due to its complex recalcitrant chemical structure. To
improve the biodegradability and biomethanation of lignocellulosic biomass, the development
of an efficient lignocellulolytic microbial consortium is necessary. Rumen microorganisms are
recognized as efficient degraders of lignocellulosic biomass than conventional anaerobic
digester microorganisms due to their inherent capacity to break down substrates rich in
cellulosic fibers. Biochar has emerged as a promising additive in anaerobic digestion due to its
inherent properties, such as hydrolysis promotion, immobilization capability, facilitation of
direct interspecies electron transfer, and buffering capacity. This Ph.D. thesis aimed to enhance
the biomethanation of rice straw by employing a combination of strategies: utilizing a robust
rumen fluid microbial consortium and incorporating lignocellulosic biomass-derived biochar
as an additive. The rumen fluid microbial consortium was pre-acclimatized to rice straw
through a series of batch subcultures to enrich and stabilize the microbial consortium.
Subsequently, a biomethane potential assay was conducted using this enriched consortium,
resulting in promising biogas and methane yields of 321.4 + 31.2 mL/g VS and 158.9 + 20.8
mL/g VS without any physical, chemical, or biological pre-treatment of the rice straw.

The influence of biomass type and pyrolysis temperatures on the physicochemical
properties of biochar was studied. Three biomass feedstocks — rice straw, sugarcane bagasse,
and corn stover were pyrolyzed at temperatures ranging from 400 °C to 600 °C at a heating
rate of 10 °C/min for 1 hour of residence time. Pyrolysis temperature significantly influenced
the physicochemical properties of the biochars. Increasing pyrolysis temperature from 400 °C
to 600 °C resulted in an increase in ash content, fixed carbon content, pH, BET surface area,
and total pore volume of biochar. Conversely, moisture content, volatile matter, hydrogen,

nitrogen, oxygen content, mean pore diameter and the abundance of acidic and polar surface



functional groups decreased with increasing pyrolysis temperature. A batch anaerobic
digestion experiment was conducted to investigate the impact of the substrate-to-inoculum ratio
(1:1 and 1:2), biochar types (rice straw biochar, corn stover biochar, and sugarcane bagasse
biochar), and dosages (1%, 2% and 3% w/v) on biogas and methane production from rice straw.
The highest cumulative methane yield of 245.3 + 3.9 mL/g VS was obtained at the substrate-
to-inoculum ratio of 1:1 with 2% (w/v) corn stover biochar addition, followed by 2% sugarcane
bagasse biochar addition and substrate to inoculum ratio of 1:2, which yielded 232.9 + 9.8
mL/g VS of methane yield. The Pearson Correlation analysis revealed the correlations between
the physicochemical properties of biochar and cumulative methane yield. The O/C ratio, H/C
ratio, BET surface area, and total pore volume of the biochar were positively correlated with
cumulative methane yield. Contrarily, the mean pore diameter and pH of the biochar were
negatively correlated with cumulative methane yield.

Optimization of anaerobic digestion process parameters and biochar dosage is necessary to
improve methane production. Therefore, two independent optimization experiments were
conducted. These experiments employed an artificial neural network-genetic algorithm and
response surface methodology. Different dosages of biochar, along with varying loading rates
of rice straw and inoculum, were added for these experiments. In the first optimization
experiment, the optimal operational conditions predicted by response surface methodology
yielded cumulative biogas yield, cumulative methane yield, and volatile solids reduction values
of 533.1 £ 22.3 mL/g VS, 269.7 £ 11.3 mL/g VS, and 80.3 + 2.9%, respectively. The optimal
operational conditions predicted by response surface methodology showed higher cumulative
biogas yield (7.8%), cumulative methane yield (6.7%), and volatile solids reduction (8%) than
the genetic algorithm. In the second optimization experiment, the optimal operational

conditions predicted by genetic algorithm yielded cumulative methane yield of 293.7 + 7.3
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mL/g VS. The methane yield obtained at optimal conditions of the genetic algorithm was 8.6%
higher than the response surface methodology.

Continuous pilot-scale anaerobic digestion was conducted in 307 L digesters (working
volume: 192 L) for a study period of 64 days. The corn stover biochar supplementation
exhibited the daily average specific biogas and methane yield of 368.6 + 81.6 L/kg VS and
230 + 54.4 L/kg VS, which were 35% and 37% higher than the control. Principle component
analysis indicated that the volatile solids reduction positively correlated with the daily average
specific biogas and methane yield. Metagenomic analysis revealed that the corn stover biochar
supplementation facilitated microbial colonization with the enrichment of unclassified genera
from families Planococcaceae, Clostridiaceae, and Ruminococcaceae, and genus Clostridium
and methanogenic archaea (Methanosarcina and Methanobacterium). The co-occurrence
network revealed a notable shift in microbial interactions following the supplementation of

corn stover biochar as an additive in anaerobic digestion.
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fARIAG® Jrufere) & A TRET B BROT 3BT AT UTe AT ot exdT 8|
&7 {Ufersel  Sg-31eeT bl o H Bld! & 3R TRUTAERY SN BT ITe Hi HH 8idl 8|
fA RIS IR & SH9-3798e 3R TRMAAA $Y Je® M & oy, Th Fa
fA R GE GeAsTard THRRT BT fdBRT 3Maeded g1 e 63 dTel STHER) & e & 81
arel gegHsiial Bl URuRe gersiial ol gorl § [ RIegalde Sy & 3Tfdd $od
37TETH &b BU H A YW &, HRilfcb STH HogeilToies 20T H HYY HeHT Pl dle hl 3TdND
ST BIdT 81 STATER 319 3idffed i, SR gregifafaa wHver, fEeRiauT &HdT, Tcdef 3iaR-
TSI Sl EATaRUT bl T 3R BRI &HAT & BRUT (ARIE e H Teb 3T2ATSTHDb
gIoTeh b BY H I 21 T UITIST 2 BT 3827 TTac] b HH &b IATHAIBIUT Bl 6 &b feiy
ST AR dTed STIHeR] & U & o H YTt Jausitdl & TR AR feibeg el safere d
Tt TR BT Hgerd 3T PBIch Teb YT YOI ferehlEd AT 81 STt bR dTed STHeRT
% U2 P gd W UTY ST dTel YgAsilal Pl I Febeer fafd & raet & Y& & fev srgepfad fear
TIT| 9 HfshAT P ATEH F YgHsild] T U Aotd 3R R Iqer fdeafdd far mar| sadb
S1e, 9 HYg T BT 3YAIT &eh Yeh ST &HdT URI&f0T feba 1, forares gRumzassa
feT foodit gd-3ueR & 321.4 + 31.2 mL/g VS 3R 158.9 + 20.8 mL/g VS & 372 ST
37R HIT 30U T g |

IR & Hifdp-IErIfe 0T IR IR & YbR 3R YRRITAR dTIHH & JHTd BT

37 o 7| I STATH Bleeia - ATael BT HET, 7T foatesl 3R HeRbT BT €31 Pl
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400°C ¥ 600°C & ATIHM W 10°C/fAe BT d10 R W 1 8 & oy UrRIcATgsT fdar |
IRRITAEE dI9AE 7 IR & Hifde-IMRIHe ol &l Agaqul B ¥ g9Tiad fear|
IRRITAREH dTIHM D1 400°C H 600°C deb T8I I I bl AT, SR brel Bl AT, e, gt
g &3 3R IR & Pl (g 3ad H gig gS | 39 [, ged IR a1 & |
THY DT A=, arsaefie garef, gTgereid, ATsgreid, e Ioid bl I, 31d B &g 3R 37w
31R YT Iefe BrafcHed Frgl &t FRRdT § BT 377 | TTdel b I J STa1g 3cd1ed bl 3ifeibdd
B &b Ay fafi=T Fedge-g-gaipad srgurdl (1:1 3R 1:2), fafi= 96R & IR (@@d &
A, HBT b S 3R 7T TSt A d) 37K fafi= A1 # IR (1%, 2% 3R 3% wiv) &
HTd T 37T B & Tl G &1 s7aradt ured 93T fosam 1| gROTmHT § gdl el fos 1:1 5
AH2-Z-SAIGEH FATd 3R 2% (w/v) FIHT F $3¢1 & SRR Bl e IR T 31feres e
(2453 + 3.9 mL/g VS) 9T« §31TI SHP d1G 2% T [ScTdhl TR—IR 3R 1:2 &b Heded-g-
SAIPCTH 31UTd W 232.9 + 9.8 mL/g VS HIST YT 3171 U HeHe faoeisor & Udl <ell &
fo aTITER & Wifdes-Tmafies o1 3R #AT 3T & dte gob M1 HeY €1 IR W hred-
HTSRAIST 7FUTd, BIEH-BTS IS 37701, SiSEt Hag & 3R P 85 3mId BT HidA e &
JTel AT e U1 17| 39 AR, SRR & 319d fog g 3R divg &1 Mo 3916 &

1o fauia S&e 91T T |

AT U fshaT & HTUCE] AR TRIER @l GRIP BT BT HIAT IcdTed § GUR &
6T 3maege g1 Safeiv, & Fds 3ped YANT fby Y| & FAN H Ueb PiH el Acdch-

TP TATRen 3R wfdfshar Hdg Ugfd @1 3ugiT fésam mar| 9w & foig SR Bl
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fafi=1 TRTep, T2l 8 TMaet B Y@ 3R SAIPeTH DI 3TeTTT-37T elfeT ATfHe &t Ul 3rggper
AT H, gfdfshar dag ugld gRT 3igATHa gead uRare RAfaal & Ferit qriniiy 3usT, et
HIZT 399 31K arsaeited oI wH! & HIF ALl 533.1 + 22.3 mL/g VS, 269.7 + 11.3 mL/g VS
3R 80.3 + 2.9% UTed g¥ | Wldfehar Hde Ugfd gRT 3rgATiHA Svead ufRene feafdar ¥ smgdfere
TN b JoiT H 3= Aot TN 30T (7.8%), Ferdil HIdA 30T (6.7%), 31K arsaeitel ol
FH (8%) fR@TE| GEX 3He WA H, Al TEMRT gRT 3Rt gead IRare
fefaal & 293.7 + 7.3 mlL/g VS & Fait HIdT 30T UTed g8 1 3NTgdfeies TlNeW 6l gean
et o yred HieH 3usT ufdfehar s dgfd &Y get T | 8.6% 31feie &t

307 e &b UTdh (BRINA 3Md: 192 de) B 64 &A1 &Y 3rafd & fav fFRar uraeie-Tba
AT YT BT T 1T TAT| HerbT & $6d & IR & I 1 Ufdfer 3iia fafere
RN 3R T 3UST BHL: 368.6 + 81.6 L/kg VS 31R 230.0 + 54.4 L/kg VS U&fefd &1, oY
{307 &Y GoaT | AR 35% 3R 37% 3ifee ot Hfua buHe gafafaw 3 dea & fé

arsqefte 31 uerdf ot Y A 31iaa faforse aram 31k H19H 39T & A1 BRIHD ©BF I

Heddg &l | HeT-SHIHep fdeeTsuT § Udl Tel feb Herehl & 51 b IR o YXeh o Wi lep !,
FATRESUHT 3R SfHATBIBHT URART I 3RFeTigpd SIART 3R FRSISTH ST19 37K A
T (HATERIGAT 3R HAISARIRAN) &b THIG0T & 1ol ggAsiid IufaL Mo Bl gfar
U&H DI | HE-HeAT Acdeh 7 IarIdId U H Hebl & el P SR bl Aloich &b BY H Jeb

B &b g1 geasidr 3id:fopansil # U Ieeia@ 1 SealTd &l Idl @i
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