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Chapter 1: Introduction

The mitigation of CO> emission from energy sector is possible through the switching over from
high carbon to low carbon fuels. The use of low-carbon renewable and sustainable biofuels,
derived from waste biomass can serve the purpose of reaching the current energy targets along
with reduction of CO> emissions. Globally, the lignocellulosic waste generated from agricultural
sector represents the major waste biomass. India, being rich in agriculture, produces a large
quantity of agro-waste, namely, rice husk and straw, jute stick, mustard stalk, mustard press cake,
wheat straw, corn stover, sugarcane bagasse, sugarcane tops and leaves rapeseed straw, banana
pseudo stem, maize straw, sesame stalks coconut shell, coconut coir and pith, areca nut, etc
(Chowdhury et al, 2018). Transformation of biomass to bioenergy is traditionally conducted by
employing different thermochemical (gasification, pyrolysis, torrefaction and hydrothermal
liquefaction) and biochemical (fermentation and anaerobic digestion) processes or through their
integration, e.g., syngas fermentation (Chen et al, 2022; Chowdhury et al, 2019; De Caprariis et
al, 2017; Ru et al, 2015). Commercialization of bioethanol production from lignocellulosic
biomass is one of the important areas under rigorous research and development to support the
national ethanol blend-in targets of India. Under Ethanol Blending Program (EBP20) by 2025, pan
India has to reduce crude import dependence and support “Atmanirbhar Bharat” and “Make in
India” initiatives. Lignocellulosic biomass can be converted to ethanol either through sugar or
syngas platform. In case of sugar platform biomass is first hydrolysed to simple sugars like hexose
(glucose), pentose (xylose, arabinose etc) and the cellulose part of pretreated biomass is
enzymatically converted to glucose. Ultimately glucose is fermented to ethanol. The biomass to
ethanol conversion through syngas platform is an integration of thermochemical and biochemical
pathways. Syngas, generated from biomass through gasification/pyrolysis, is converted to ethanol
(Chowdhury et al, 2019; Ru et al, 2015). As India still faces the pollution created by stubble
burning, the generation of bioethanol through sugar platform and syngas fermentation from Indian
biomass can amply reduce the problem of CO, emission. The lignocellulosic biomass can also be
converted into valuable products such as char, bio-oil and gaseous products via thermochemical
processes like hydrothermal liquefaction, torrefaction, etc (Chen et al, 2022; Pacheco et al, 2023;
De Caprariis et al, 2017). While char can be utilized as adsorbent, soil amendment and dye
removal, bio-oil and gaseous products can be upgraded to fuel and valuable chemicals (Harisankar
et al, 2022; Ru et al, 2015).



Considering the necessity of energy transition to address the issue of CO2 emission in India and
the abundance of agricultural lignocelluloses biomass the thrust areas of the present research are:
I) conversion of Indian agro-biomass to ethanol via sugar platform with possible analysis of each
step along with kinetic analysis, mathematical modeling and optimization; 11) conversion of Indian
agro-biomass to ethanol via syngas platform with possible analysis of each step along with kinetic
analysis, mathematical modeling and optimization; 111) conversion of Indian agro-biomass through
HTL and co-HTL and introspective analysis along with kinetic studies and optimization; iv)
conversion of Indian agro-biomass through torrefaction with kinetic studies and product

characterization

1.1 Production of ethanol from biomass through sugar platform

Pretreatment processes play the key role when lignocellulosic biomass has to be converted to
biofuels through sugar platform (Chen et al, 2022; Shen et al, 2022; Fakayode et al, 2021; Choi et
al, 2019; Chowdhury et al, 2019). The release of fermentable sugars is the pre-condition for the
conversion of lignocellulosic biomass (LCB) to biofuels via heterotrophic microorganisms. The
structure of LCB is constituted of carbohydrate polymers like cellulose and hemicellulose, tightly
bound to lignin backbone. Therefore, all pretreatment processes focus on the destruction of the
chemical bonds of carbohydrates responsible for their bonding to lignin and subsequent de-
polymerization. As the pretreatment process is actually an auxiliary step for biofuel production it
should be simple, less energy consuming and environmentally friendly. From this perspective a
few pretreatment processes like mild temperature liquid water pretreatment (LWP), dilute acid
pretreatment (DAP) and metal chloride pretreatment (MCP) are followed (Banerjee et al, 2022; Li
etal, 2022; Yang et al, 2013; Yu et al, 2010). All of these pretreatment processes are driven by the
catalytic action of the hydronium ion. Through all these processes xylose and glucose are released
from hemicellulose and cellulose respectively. It has been reported that in addition to xylose and
glucose, some valuable intermediate side products, namely, furfural, 5-hydroxymethyl furfural (5-
HMF), formic acid, acetic acid, levulinic acid etc are also generated during LWP, DAP and MCP
(Yan et al, 2014; Kamireddy et al, 2013). Furfural, 5-HMF and levulinic acid have been used for
the production of fuels and other valuable chemicals (Chai et al, 2013; Peng et al, 2010). Being
simultaneously an aromatic alcohol, aldehyde and a furan, 5-HMF is an important platform
chemical convertible to value-added chemicals (Marcotullio & Jong, 2010). On the other hand,
acetic acid and formic acid have many applications of their own. The pretreated solid obtained
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after the catalytic pretreatment becomes suitable for enzymatic hydrolysis for further glucose
release. Recently, hydronium ion based pretreatment processes, particularly, metal chloride and
acid based ones, have been also found effective for the enhancement of biogas generation
(Rahmani et al, 2022). Mild temperature liquid water pretreatment (LWP) below the
decomposition condition of biomass is also gaining importance because of the greenness of the
solvent and less severity of the operating condition. Although the acid pretreatment processes are
well studied for many lignocellulosic feedstocks, the data on LWP and MCP are limited. However,
unlike LWP and MCP, the liquid effluent of acid pretreatment poses environmental concern (Tang
et al, 2021; Chiment&o et al, 2104). The enzymatic hydrolysis of pretreated solid is conducted in
presence of enzyme (Zhang et al, 2018). The glucose produced from enzymatic hydrolysis, is
converted to bio-ethanol via fermentation using microorganism (Drapcho et al, 2008).

1.2 Production of ethanol from biomass through syngas platform

The syngas fermentation is a hybrid process through which syngas, mainly constituted of CO and
Ho, is generated from lignocellulosic biomass in the first step, and subsequently the gas is
fermented to bioethanol in the second step. In most of the cases syngas from biomass is produced
through gasification (Pacheco et al, 2023; Chowdhury et al, 2019). Pyrolysis of biomass generating
pyro-char, pyro oil and pyro-syngas is expected to play an important role in the development of
hybrid processes combining thermochemical and biochemical processes (Chowdhury et al, 2019).
As pyrogas usually contains CO, Hz and CO, it has a prospect to be used in syngas platform of
ethanol production. In case of high ash containing biomass, solid waste is generated during
gasification. Unlike gasification, the generation of pyro-syngas does not generate any wastes
because pyro-char is used as fuel, adsorbent and for soil amendment and pyro-oil can be used as a
liquid fuel after up-gradation (Li et al, 2023; Li et al, 2023; Chen et al, 2022; Faraji&Saidi, 2022;
Esquivel-Elizondo et al, 2017).

1.3 Hydrothermal liquefaction (HTL) of Biomass

Lignocellulosic biomass (LCB) can be converted into four fractions namely, hydrochar, bio-oil,
aqueous and gaseous phase products during hydrothermal liquefaction (HTL) in the temperature
range of 200-400 °C (Harisankar et al, 2022; De Caprariis et al, 2017). In HTL pretreatment
method, the lignocellulosic feedstocks are easily hydrolyzed to sugar molecules (poly-, oligo and
mono-saccharides) which are subsequently converted to cyclic ketones, phenols etc. via



isomerization step. Some alcohols, aldehydes for instance, are also formed particularly during the
decomposition of lignin. A part of xylan and glucan in biomass are also converted into small
organic compounds, obtained in aqueous phase. The gases namely, carbon mono-oxide (CO),
carbon di-oxide (CO2), hydrogen (Hz), methane (CHa4), nitrogen (N2) and ethane (C2Hsg) are present
in the gaseous fraction (Wang et al, 2023). Solid products are usually formed due to the re-
polymerisation of oligosaccharides. The oxygen and water contents of bio-oil, obtained from
biomass HTL, are less and the higher heating values (HHV) are, in turn more than those of oil
products of conventional pyrolysis (Harisankar et al, 2022; Mathanker et al, 2020). The biomass
composition (cellulose, hemicellulose, and lignin) and reaction temperature have a great influence
on the yield of the products (Harisankar et al, 2022). Indeed, the HTL pretreatment of LCB for
hydrochar, bio-oil and other bio-products is gaining high importance to scale up the biomass
conversion technologies. Unlike pyrolysis, HTL can handle wet biomass ensuring the avoidance
of pre-drying energy (Mathanker et al, 2020). As non-catalytic HTL does not need addition of
chemicals, there is no need of corrosion-resistant materials of construction for hydrolysis reactors
(Chandra et al, 2012).

The co-hydrothermal liquefaction of two biomass having different lignocellulosic composition is

also a subject of interest of many researchers in the recent years.
1.4 Torrefaction of biomass

Torrefaction has been considered as a promising technology for the production of valuable
products like biochar, volatile liquid, and non-condensable gaseous component from biomass at
lower temperature range (200 - 400 °C) in absence of air or oxygen (Priya et al, 2023; Jagadale et
al, 2023). Other than production of char, bio-oil and gas through structural decomposition,
torrefaction also improves flow properties and grindability of biomass (Ru et al, 2015).
Torrefaction also enhances the hydrophobicity of biomass and hence reduces the susceptibility to
microbial degradation. Under the scenario of the necessity to transport biomass from the sources
and subsequent mixing with coal etc. for power generation, torrefaction is considered as one of the
promising pretreatment technology (Khan and Chowdhury, 2021; Ru et al, 2015). Compared to
pyrolysis, torrefaction is low energy intensive process. All torrefaction products, namely bio-char,

bio-oil and gas have prospective usage.
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Chapter 2: Literature review

2.1 Ferric chloride Pretreatment for the Production of ethanol from Agro-biomass through

sugar platform

yield of ethanol
has been reported
as 0.434 g/ g of

glucose.

method has not

been developed.

» Relationship

between the
process severity
and the

Year | Biomass Treatment Salient findings Research References
of treated condition limitations
Publi
cation &Type of
hydronium
ion- based
treatment
2023 | Sugarcane | Concentration The maximum | » Hydronium-ion | Palliprath et
postharvest | of ferric degradation of based al.
leaves chloride:0.1M hemicellulose has mechanism has
Pretreatment been achieved as not been
time: 3 hours 85% whereas the explained
delignification was | > Kinetics of the
Pretreatment determined as 74%. pretreatment
temperature: The maximum methods  have
120°C yield of glucose not been
during enzymatic determined
hydrolysis has been | > Mathematical
found as 85.5%. model for the
The maximum pretreatment
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performance of
pretreatment
method has not
been
determined.
The kinetics of
enzymatic
hydrolysis  of
pretreated solid
has not been
determined.

Comparative

analysis of
ethanol  yield
from  biomass

with respect to
the variation of
pretreatment
parameters has
not been done.

2021

Wheat straw

Concentration

of ferric
chloride:0.02M
-0.1M
Pretreatment
time: 40
minutes
Pretreatment
temperature:
180 °C

The

degradation of

maximum

xylan has been
obtained as 97.2%
whereas the
delignification has
been determined as
35.2% for 0.1M
FeCls. The
recovery of glucan

has been reported

Hydronium-ion
based
mechanism has
not been
explained
Kinetics of the
pretreatment
methods  have
not been

determined

Tang et al.

12




as 50.1% for 0.1M

FeCls.
The maximum
xylose,  glucose,

furfural, 5-hydroxy
methyl furfural (5-
HMF), formic acid
and acetic acid
concentration have
been measured as
0.49/L,0.9¢/L,2.6
g/L, 1.1 g/L, 0.8
g/L and 19 g/L
respectively.

The

yield of glucose

maximum
during enzymatic
hydrolysis has been
found as 82.9%.

» Mathematical
model for the
pretreatment
method has not
been developed.

» Relationship
between the
process severity
and the
performance of
pretreatment
method has not
been
determined.

» The Kinetics of
enzymatic
hydrolysis  of
pretreated solid
has not been
determined.

» Comparative
analysis of
ethanol  yield

from  biomass

with respect to
the variation of
pretreatment

parameters has

not been done.

2018

Rapeseed

straw

Concentration

of ferric

The

degradation of

maximum

» Hydronium-ion

based

Romero

al.

et

13




chloride: 0.

0.3M
Pretreatment
time:

minutes

Pretreatment
temperature:
120-160 °C

1-

20

hemicellulose and
glucan have been
reported as 100%
and 33.2%
respectively  for
0.3M FeClz and
combined severity
(CS) 2.29.

At 229 CS, the
concentrations  of
glucose and xylose
have been
determined as 4.93
g/L and 1.09 g/L

respectively.

mechanism has
not been
explained.

Kinetics of the
pretreatment

methods  have
not been

determined

Mathematical
model for the
pretreatment

method has not

been developed.

Comparative

The maximum analysis of
yield of glucose ethanol  yield
during enzymatic from  biomass
hydrolysis is with respect to
63.08%. the variation of
pretreatment
parameters has
not been done.
2018 | Sugarcane | Concentration The maximum Hydronium-ion | Zhang et al.
bagasse of ferric degradation of based
chloride: 0.2M xylan and glucan mechanism has
have been reported not been
Pretreatment as 99.6% and explained
time: 20 34.8% Kinetics of the
minutes respectively. pretreatment
methods  have

14




Pretreatment
temperature:
160 °C

The vyield (g of
product/ 100 g of
rapeseed straw) of
glucose,  xylose,
5-HMF

and acetic acid

furfural,

have been
determined as 6.9,
5.2,6.6,0.5and 2.4

respectively.

not been
determined.
Mathematical
model for the
pretreatment
method has not
been developed.
Relationship
between the
process severity
and the
performance of
pretreatment
method has not
been
determined.
The kinetics of
enzymatic
hydrolysis  of
pretreated solid
has not been
determined.
Comparative
analysis of
ethanol  yield
from  biomass
with respect to
the variation of
pretreatment
parameters has

not been done.
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2015

Rice straw

Concentration
of ferric
chloride: 0.1M

Pretreatment
time: 30

minutes

Pretreatment
temperature:
170 °C

The

degradation of

maximum

xylan and glucan
has been reported
as 83.28% and
13.14%
respectively.

The

concentrations of

maximum
glucose,  xylose,
furfural and 5-
HMF have been
determined as 17.1
g/L, 3.18 g/L, 6.48
g/L and 0.232 g/L
respectively.

The

concentration  of

highest
glucose  obtained
from  enzymatic
hydrolysis of
pretreated rice
straw has been

determined as 11.9

g/L.

0.143 kg bio-
ethanol has been
produced from 1 kg

of rice straw.

» Hydronium-ion
based
mechanism has
not been
explained

» Kinetics of the
pretreatment
methods  have
not been
determined

» Mathematical
model for the
pretreatment
method has not
been developed.

» Relationship
between the
process severity
and the
performance of
pretreatment
method has not
been
determined.

» The kinetics of
enzymatic
hydrolysis  of
pretreated solid
has not been

determined.

» Comparative

Chen et al.
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analysis of
ethanol  yield
from  biomass
with respect to
the variation of
pretreatment

parameters has

not been done.

2013

Corn stover

Concentration
of ferric
chloride:
0.075M -
0.125M

Pretreatment
time: 10

minutes

Pretreatment
temperature:
150-160 °C

The maximum
concentration  of
glucose, furfural,
acetic acid and 5-
HMF have been
determined as 4.65
g/L, 1.96 g/L, 3.30
g/L and 0.52 g/L

respectively.

Hydronium-ion
based
mechanism has
not been
explained
Kinetics of the
pretreatment
methods  have
not been
determined
Mathematical
model for the
pretreatment
method has not
been developed.
Relationship
between the
process severity
and the
performance of
pretreatment
method has not

been

Kemireddy
etal.

17




determined.
The kinetics of
enzymatic
hydrolysis  of
pretreated solid
has not been
determined.
Comparative
analysis of
ethanol  yield
from  biomass
with respect to
the variation of
pretreatment
parameters has
not been done.

Research gap

While the mechanism of action of hydronium ions during ferric chloride pretreatment of biomass
has been elucidated in some published literature, there are scopes for the comprehensive
representation of a reaction scheme incorporating the role of both homogeneous and heterogeneous
reactions during pretreatment (Kamireddy et al, 2013). Ferric chloride pretreatment of different
types of biomass have been reported in literature using different experimental parameters, i.e.,
temperature range and pretreatment time for different pretreatment processes (Kamireddy et al,
2013; Romero et al, 2018). Comparative studies of Ferric chloride pretreatment using same
temperature range and pretreatment time for any biomass can only clarify difference in the
response pattern towards different pretreatment processes and the justification can be searched

through in-depth introspection of product patterns and characteristics as well as reaction kinetics

of degradation of carbohydrate polymers.
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Although a few studies have been reported on the FeClz pretreatment of rice straw, there is a dearth

of systematic data on the effects of pretreatment time, temperature and strength of ferric chloride

(Chen et al, 2015). It is understandable that for the implementation of any process in a large scale

based on laboratory scale data, it is important to develop the kinetic equations which can be used

in process simulation software, like ASPEN Plus. However, no such mathematical model is

available. The characterization of pretreated solid is also important for the further use through

enzymatic hydrolysis and the thermochemical application of the lignin-rich residual solid after

enzymatic hydrolysis. However, such data on FeCls pretreated rice straw are limited (Chen et al,

2015).

2.2 Production of Ethanol from Biomass through Syngas Platform

determined as 0.4
g/L  when the
reactor was

operated in batch

mode.

e FEthanol

concentration
was measured as
5.6 g/L when the

Syngas was not

generated  from
lignocellulosic
biomass.

Year | Composition of | Mode  of | Salient findings Research References

of syngas and operation limitations

Publi

. microorganism

cation
used

2022 | Pure CO has | Batch mode |[e¢ A dynamic CO |> No Ruggiero et
been used. and gas fermentation thermochemical | al.
Clostridium continuous model was process has been
carboxidivorans | mode developed. used for the
has been used. e Ethanol generation of

concentration was syngas.

19




reactor was

operated in
continuous
mode.

2020 | The composition | Continuous Ethanol No Benalcazar
of syngas was | mode concentration thermochemical | etal.
25%CO and was determined process has been
75%. as 1.304 g/L. used for the
Clostridium generation of
ljungdahlii  has syngas.
been used. Syngas has not

generated  from
lignocellulosic
biomass.

2019 | The composition | Continuous Ethanol No de Medeiros
of syngas was | mode concentration thermochemical | et al.
50% CO, 10% was determined process has been
COz, 20% H: as 45.0 g/L. used for the
and 15% inert. generation of
Clostridium syngas.
ljungdahlii  has Syngas has not
been used. generated  from

lignocellulosic
biomass.

2019 | The composition | Continuous Ethanol No Fernandez-
of syngas was | mode concentration thermochemical | Naveira et
30% CO, 10% was determined process has been | al.

COy;, 20% H>
and 40% No.

as 5.912 g/L.

used for the
generation of

syngas.
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Clostridium
carboxidivorans

has been used.

Syngas has not

generated  from
lignocellulosic
biomass.

Reaction Kkinetics
has not been
determined.

No mathematical
model is
developed.

Optimization of
the operation has

not been done.

2016 | The composition | Batch mode Ethanol No Vandecaste
of syngas was concentration thermochemical | ele J.
32% CO, 8% was determined process has been
CO2, 32% H: as 0.778 g/L. used for the
and 28% No. generation of
Clostridium syngas.
ljungdahlii  has Syngas has not
been used. been  generated
from
lignocellulosic
biomass.
Optimization of
the operation has
not been done.
2014 | The composition | Batch mode Ethanol No Singla et al.

of syngas was
20%CO, 15%
CO2, 20% Ho,

concentration
was determined
as 2.2 g/L.

thermochemical
process has been

used for the
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20% CHs; and
3% No.
Mixed

has been used.

culture

generation of
syngas.

Syngas has not
been  generated
from
lignocellulosic
biomass.
Reaction Kinetics
has not been
determined.

No mathematical
model is
developed.
Optimization of
the operation has

not been done.

2014

The composition
of syngas was
28%CO0, 60% H:
and 12% Na.
Alkalibaculumb
acchihas  been

used.

Continuous

mode

Ethanol
concentration
was determined
as 6.39 g/L.

No
thermochemical
process has been
used for the
generation of
syngas.

Syngas has not
been  generated
from
lignocellulosic
biomass.
Reaction kinetics
has not been

determined.

Liu et al.
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» No mathematical
model has been
developed.

» Optimization of
the operation has

not been done.

Research gap

In many cases, simulated gas mixtures are used for the syngas fermentation. Investigations should
be made using real syngas generated from thermochemical processes like gasification and
pyrolysis. The experimental data should be generated for pyro-syngas fermentation. Although pure
cultures are usually used, mixed culture can also be used for syngas fermentation. Very limited
studies on the production of bioethanol through syngas fermentation using mixed culture have
been reported (Singla et al, 2014).Some of the major challenges associated with syngas
fermentation are the limitation of mass transfer of the substrates (CO+H.) from the gas phase to
the liquid phase and inhibitory effects of CO on the fermentation process. Mathematical modelling
is an important tool to analyse the behaviour of syngas fermentation involving an array of parallel
and series microbial reactions simultaneously with gas-liquid mass transfer. It is actually a critical
task to develop mathematical model because both gas to liquid mass transfer and liquid phase
microbial kinetics play important roles in this process. Most of the modelling studies on syngas
fermentation are based on literature data of kinetic parameters, derived from experiments using
simulated gas mixture. No comparison of the model predictions has been made with the
experimental results of really integrated process of gasification/pyrolysis and fermentation. The
concentrations of CO and H: used in the existing models are much higher than that of typical pyro-

syngas.
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2.3 Hydrothermal liquefaction (HTL) of biomass (jute stick and rice straw)

Year | Biomass | HTL Salient findings Research References
of used condition limitations
Publi
cation
2023 | Soybean | The e The maximum | » Kinetics of the | Wang et al.
straw hydrothermal yield of bio-oil and HTL  method
liquefaction hydrochar ~ were have not been
was obtained  35.30% determined.

conducted at
320 °C for 30

minutes.

and 37.72%
respectively.

e The maximum
higher heating

value of bio-oil was

determined as
38.09 MJ/Kkg.
e The maximum

higher heating
value of hydrochar

was determined as

28.48 MJ/Kkg.
e Ketones and
phenol were

mainly present in

bio-oil.

¢ In the gaseous phase,

carbon dioxide
(COy), carbon mono
oxide (CO),
hydrogen (H2),

» Optimization
study has not
been done with
respect to bio-
oil yield.

» Any assessment
has not been
done with
respect to the
application  of

hydrochar.
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nitrogen (N2),
methane (CH4) and
ethane (CzHs) were

detected.

2023

Sugarcan

e bagasse

The
hydrothermal
liquefaction
was
conducted at
250 °C for 60
minutes using
5% (w of
catalyst/ w of
sugarcane
bagasse)
ruthenium on
carbon
(Ru/C) as
catalyst.

The yields of bio-
oil, hydrochar,
aqueous phase and
gaseous  products
obtained from
hydrothermal

liquefaction of
sugarcane bagasse
were 28%. 24%,
44% and 4%
respectively.

The

higher

maximum
heating
value of bio-oil was
determined as 31.6
MJ/Kkg.
In aqueous phase,
levulinic acid, 5-
HMF,
lactic

furfural,
acid,
levoglucosenone

were detected.

In the gaseous
phase, carbon
dioxide (CO2),
hydrogen (H2),

nitrogen (N.) and

Kinetics of the
HTL

has not

method
been
determined.
Co-HTL has not
been conducted.
Optimization
study has not
been done with
respect to bio-
oil yield.
No assessment
has been done
with respect to
the application

of hydrochar.

Kopperi et
al.
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methane (CHa)

were detected.

2022

Rice

straw

The
hydrothermal
liquefaction
was
conducted at
350 °C for 30
minutes using
milli-Q

water.

The yield of bio-
oil, hydrochar and
aqueous phase plus
gaseous products
obtained from
hydrothermal
liquefaction of rice
straw were 31%.
29% and 40%
respectively.

The higher heating
value of bio-oil and
hydrochar ~ were
determined as 24.8
MJ/kg and 15.6
MJ/kg
respectively.

In the bio-oil, linear
oxygenates, cyclic
oxygenates,
aromatic
oxygenates, phenol
and its derivative,
aromatic
compound,
aliphatic
compounds  were

detected.

Kinetics of the
HTL  method
has not been
determined.
Co-HTL has not
been conducted.
Optimization
study has
notbeen  done
with respect to
bio-oil yield.
Any assessment
has not been
done with
respect to the
application  of
hydrochar.

Harisankar

et al.
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2021

Wheat
straw
and pine

wood

The
hydrothermal
liquefaction
was
conducted at
400 °C for 10

minutes.

The yield of bio-oil
(samples obtained
from hydrothermal
liquefaction of
wheat straw and
pine wood) were
22% and 28%
respectively. The
yield of bio-oil
obtained from co-
hydrothermal

liquefaction of
wheat straw and
pine wood (blend
ration 1.1 by
weight) was 17%.
The

hydrochar (samples

yield  of

obtained from
hydrothermal
liquefaction of

wheat straw and
pine wood) were
10% and 13%
respectively. The
yield of hydrochar
(obtained from co-
hydrothermal

liquefaction of
wheat straw and

pine wood) (blend

> Kinetics of the
HTL

hasnot

method
been
determined.

» Optimization
study has
notbeen  done
with respect to
bio-oil yield.

» Any assessment

been

with

has not
done

respect to the
application  of

hydrochar.

Sharma et

al.
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ration 1.1 by
weight) was 22%.
The higher heating
value of bio-oil
samples obtained
from hydrothermal
liquefaction of
wheat straw and
pine wood were

35.50 MJ/kg and

33.66 MJ/kg
respectively. The
higher heating
value of bio-oil

obtained from co-
hydrothermal
liquefaction of
wheat straw and
pine wood (blend
ration 1.1 by
weight) was 33.67
MJ/Kkg.

2020

Corn
straw,
peanut
straw,
soybean
straw
and rice

straw

The
hydrothermal
liquefaction
was
conducted at
320 °C for 60

minutes.

The yield of bio-oil
(samples obtained
from hydrothermal
liquefaction of corn
straw, peanut
straw, soybean
straw and rice
straw) were 7.9%,

14.7%, 15.8% and

» Kinetics of the
HTL

has not

method
been
determined.

» Co-HTL has not
been conducted.

» Optimization
study has not

been done with

Tian et al.
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15.1%
respectively.

The vyield of
hydrochar (samples
obtained from
hydrothermal
liquefaction of corn
straw, peanut
straw, soybean
straw and rice
straw) were 35.5%,
34.4%, 24.5% and
31.2%
respectively.

The  vyield of
aqueous products
(samples obtained
from hydrothermal
liquefaction of corn
straw, peanut
straw, soybean
straw and rice
straw) were 40.0%,
31.1%, 36.8% and
34.0%
respectively.

The higher heating
value of bio-oil
(samples obtained
from hydrothermal

liquefaction of corn

respect to bio-
oil yield.

No assessment
has been done
with respect to
the application
of hydrochar.
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straw, peanut

straw, soybean
straw and rice

straw) were 33.24

MJ/Kkg, 33.78
MJ/kg, 32.98
MJ/kg and 33.70
MJ/kg
respectively.
Aromatics,
alkanes, alkenes,
ketones, phenolic
compounds,
alcohols,

carboxylic acid and

aldehyde were
detected in the bio-
oil.

In the gaseous
phase, carbon
dioxide (COy),
carbon mono oxide
(CO), hydrogen
(H2), methane
(CHa), ethane
(C2He) and propane

(CsHsg) were found.

2020

Corn

stover

The
hydrothermal
liquefaction

of corn stover

The maximum
yield of 27.15% of

heavy-oil was

> Kinetics of the
HTL

has not

method
been
determined.

Mathanker

et al.
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was

conducted at

250-375 °C
for 15-30
minutes.

obtained at 300 °C
for 15 minutes.

The maximum
yield of 15.60% of
aqueous oil
obtained at 250 °C

for 15 minutes.

was

The maximum
higher heating
value of 24.70
MJ/kg of
hydrochar was
determined.

The maximum
higher heating
value of 30.77

MJ/kg of heavy oil

was determined.

The maximum
higher heating
value of 10.95

MJ/kg of light oil
phase was
determined.

In the bio-oil, linear
saturated
hydrocarbon, linear
unsaturated
hydrocarbon,
phenol compounds

and its derivatives,

» Co-HTL has not
been conducted.

» Optimization
study has not
been done with

respect to bio-

oil yield.

» Any assessment
has not been
done with

respect to the
application  of

hydrochar.
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aldehyde, fatty
acids, fatty acid
alkyl esters were
detected.

In gaseous phase,

carbon dioxide
(COy), nitrogen
(N2), methane
(CHay), ethane
(C2He),  propane
(CsHs) were
detected.
2019 | Oak The The maximum Kinetics of the | Caprariis et
wood hydrothermal yield of bio-oil was HTL  method | al.
liquefaction reported as 40%. has not been
was The higher heating | determined.
conducted at value of bio-oil was Co-HTL has not
260-320 °C determined as 32.4 been conducted.
for 15 MJ/kg (at 320°C). Optimization
minutes. study has not
been done with
respect to bio-
oil yield.
Any assessment
has not been
done with
respect to the
application  of
hydrochar.
2019 | Black The The maximum Kinetics of the | Akalin et al.
pine hydrothermal yield of bio-oil HTL  method
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wood
and
Kukersit
e oil

shale

liquefaction
was

conducted at

250-350 °C
for 30
minutes.

(samples obtained
from hydrothermal
liquefaction of
black pine wood
and Kukersite oil
shale at 300 °C for
30 minutes) were
11.60% and 4.96%
respectively. The

maximum vyield of

bio-oil  obtained
from co-
hydrothermal

liquefaction of

black pine wood
and Kukersite oil
shale at 300 °C for
30 minutes (blend
ration 2 (black pine
wood):1(Kukersite
oil  shale) by
weight)
10.24%.

was

The higher heating
value of bio-oil
(samples obtained
from hydrothermal
liquefaction of
black pine wood
and Kukersite oil
shale) were 30.80

has not been
determined.

» Optimization
study has not
been done with

respect to bio-

oil yield.

» Any assessment
has not been
done with

respect to the
application  of

hydrochar.
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MJ/kg and 36.42
MJ/kg

respectively. The
maximum  higher

heating value of

bio-oil  obtained
from Cco-
hydrothermal
liquefaction  was
30.22 MJ/Kg.

The higher heating
value of hydrochar
(samples obtained
from hydrothermal
liquefaction of
black pine wood
and Kukersite oil
shale) were 18.19
MJ/kg and 5.24
MJ/kg

respectively. The
maximum  higher
heating value of
bio-oil  obtained
from co-
hydrothermal
liquefaction

16.64 MJ/Kg.

was

2017

Natural
hay, oak

wood

The
hydrothermal

liquefaction

The
hydrochar obtained

yields  of

from hydrothermal

> Kinetics of the
HTL

has not

method

been

Caprariis et

al.
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and
walnut
shell

was

conducted at

240-320 °C
for 30
minutes.

liquefaction of
natural hay, oak
wood and walnut
shell at 240 °C for
30 minutes were
34.0%, 43.5%, and
39.5%
respectively.

The maximum
higher heating
value of hydrochar
obtained from
hydrothermal
liquefaction of
natural hay, oak
wood and walnut
shell were 18.7
MJ/kg, 21.3 MJ/kg
and 18.9 MJ/kg
respectively.

The maximum
higher heating
value of bio-oil
obtained from
hydrothermal
liquefaction of
natural hay, oak
wood and walnut
shell were 315

MJ/kg, 27.5 Md/kg

determined.
Co-HTL has not
been conducted.
Optimization
study has not
been done with
respect to bio-
oil yield.

Any assessment
has not been
done with
respect to the
application  of

hydrochar.
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and 28,5 MJ/kg

respectively.

Research gap

A few studies have been reported on the hydrothermal liquefaction (HTL) of rice straw (Harisankar
et al, 2022; Tian et al, 2020). The effects of time, temperature and quality of water on the yield of
bio-oil have also been reported ((Harisankar et al, 2022; Tian et al, 2020). However, there is a
dearth of systematic data on the production and characterization of hydrochar obtained from
hydrothermal liquefaction of rice straw. More studies are needed on the production and
characterization of hydrochar. Although jute sticks are one of the by-products of jute industry in
South East Asian countries like India, Bangladesh etc., no attempt has been made to systematically

study the HTL conversion of jute sticks.

A few studies have been reported on the co-hydrothermal liquefaction (co-HTL) of two biomasses
having different lignocellulosic composition (Sharma et al, 2021; Akalin et al, 2019). The effects
of temperature and blend ratio on the yield of bio-oil obtained from co-HTL have been reported
(Sharma et al, 2021; Akalin et al, 2019). However, no data are available on the co-HTL of Indian

biomass.

2.4 Torrefaction of biomass

Year | Biomass | Torrefaction Salient findings Research limitations | References
of used condition
Publi
cation
2023 | Jute Torrefaction of |[e At 300 °C for | » Kinetics of the | Jagadale et
sticks jute sticks was 40 minutes, the torrefaction method | al.
conducted in a yield of bio- (Lumped  model/
fixed bed reactor char, bio-oil Distributed
at 200 °C, 250 and  gaseous Activation Energy
°C, 300 °C and product  were model) have not
350 °C for 20 determined as been determined.
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minutes, 40
minutes and 60
minutes

respectively.

77.38%,
11.15% and
11.47%
respectively.
The maximum
higher heating
value of bio-oil
was reported as
20.63 MJ/kg.
The range of
energy  yield
was found as
85.5% -99.9%.

> Environmental

analysis has not
been done.

2023 | Rice Torrefaction of At optimum | > Kinetics of the | Manatura et
straw rice straw was condition torrefaction method | al.
conducted at (208.1°C, 50 (Lumped  model/
200°C, 250°C minutes  and Distributed
and 300°C for rice straw: Activation Energy
10, 30 and 50 medium density model) has not been
minutes fireboard = 25: determined.
respectively. 75), the heater Environmental
heating value of analysis has not
bio-oil was been done.
determined as
22.1 MJ/Kkg.
2022 | Wheat Torrefaction  of Thermogravim Environmental Gajera et al.
straw wheat straw was etric  analysis analysis has not

conducted in a
muffle furnace at
250 °C for 120

minutes in

was conducted
at four different
heating  rates
i.e. 20 °C/min,

been done.
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absence of

oxygen.

30 °C/min, 40
°C/min and 50
°C/min
respectively.
The Kinetic
parameters was
calculated
using  Starink
model.

The  average
activation
energy of raw-
wheat  straw
was determined
as 240 kJ/mol.
The  average
activation
energy of
torrefied wheat
straw was
reported as 238

kJ/mol.

2022

Oak

wood

Torrefaction of
oak wood was
conducted in a
muffle furnace at
200 °C, 250 °C
and 300 °C for
90 minutes in
semi-inert

condition.

The maximum
yield of solid
was reported as
93.16%.

The maximum

higher heating
value of
torrefied

biomass  was

> Kinetics of the

torrefaction method
(Lumped  model/
Distributed
Activation Energy
model) has not been
determined.
Environmental

analysis has not

Ivanovski et

al.
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determined as
22.50 MJ/kg.

The maximum
energy  yield
was obtained as

95.67%.

been done.

2022 | Mustard | Thermogravimet The kinetic | » Environmental Patidar et
stalk ric analysis of parameters was analysis has not | al.

mustard  stalk calculated been done.

was conducted using  Flynn-
in the Wall-Ozawa
temperature (FWO) and
range of 100 °C- Kissinger-

700 °C at three Akahira-

different heating Sunose (KAS)
rates 5, 10 and methods.

20 °C/min. The activation
energy obtained
from pyrolysis
of mustard stalk
were  132.47
MJ/kg and
130.62 MJ/kg
for FWO model
and KAS model
respectively.

2021 | Mustard | Torrefaction of The maximum | > Kinetics of the | Patidar &
stalk and | mustard  stalk yield of solid torrefaction method | Varshishtha
straw and straw was was reported as (Lumped  model/

conducted in a 88.0%. Distributed

muffle furnace at

Activation Energy

39




200 °C, 250 °C
and 300 °C for
30, 45 and 60
minutes

respectively.

The maximum
energy Yield of
solid was
determined as
92.0%.

The maximum
fuel ratio was
found 0.85.

model) has not been
determined.
Environmental
analysis has not

been done.

2020

Sugarcan

e bagasse

Torrefaction of
oak wood was
conducted in a
muffle furnace at
200 °C, 225 °C,
250 °C and 275
°C for 30, 60
minutes

respectively.

The maximum
yield of solid
was reported as
95.54%.

The maximum
energy Yyield of
solid was
determined as
97.7%.

The maximum
higher heating
value of char
was determined

as 21.94 MJ/kg.

Kinetics of the
torrefaction method
(Lumped  model/
Distributed
Activation Energy
model) has not been
determined.
Environmental
analysis has not

been done.

Manatura
K.

Research gap

In recent years, the potential of torrefaction is being explored in the perspective of generation of

char and oil through thermochemical conversion of biomass. Torrefaction of different

lignocellulosic biomass such as jute stick, wheat straw, sugarcane bagasse, oak wood, etc have

been investigated (Jagadale et al, 2022; Gajera et al, 2022; Ivanovski et al, 2022; Manatura K,

2020). Although a few studies have been reported on the torrefaction of the mustard stalk (Patidar

et al., 2022; Patidar & Varshishtha, 2021), more investigation is needed on the charectarization of
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physical properties of biochar, lumped and distributed activation energy kinetics and life cycle

analysis.
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Chapter 3: Aims and objectives

The aims and objectives of the overall work has been tabulated in the following section.

Aim 1: Production of Ethanol from Indian Biomass through Sugar Platform

The main objectives and work plan for Aim 1 are as follows:

Objectives

Work Plan

Selection of biomass

The most abundantly available Indian
lignocellulosic agricultural biomass (Rice
Straw) is selected.

Pretreatment

biomass

of

Experimental studies on methods, like
autohydrolysis, dilute acid pretreatment and
ferric chloride pretreatment are to be
conducted with the variation of operating
parameters.

Pretreatment products are to be analysed and
the best conditions for each pretreatment
process are to be identified through
comparison of product quality.

Selection of most effective pretreatment
process is to be done through the comparison
of quality of hydrolysate and pretreated solid
obtained under best suitable condition for each
method.

The optimum conditions of time and
temperature for the generation of different
hydrolytic products are to be determined for
the most effective process.

The dependence of degradation of different
carbohydrate polymers (cellulose,

hemicellulose) on the “severity” of the best
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suitable method is to be determined.
A mathematical model for the most effective

pretreatment process is to be developed.

= Enzymatic hydrolysis
of pre-treated biomass :
= Ethanol production
from enzymatically =~ —m>

produced glucose

The solid residue obtained under the best
conditions of each pretreatment process is to
be enzymatically hydrolysed.

Kinetics of enzymatic hydrolysis of cellulose
in the solid residue obtained under best
operating condition of the most effective
pretreatment process are to be determined.
The overall and enzymatic glucose yields are
to be optimized with respect to severity of the
most effective pretreatment process and
enzyme loading.

Glucose  produced through enzymatic
hydrolysis of solid residue, obtained through
all pretreatment processes, under best
condition, is to be converted to ethanol using
Saccharomyces cerevisiae and the overall
yields of ethanol per unit mass of feed solid are

to be compared.

Aim 2: Production of Ethanol from Indian Biomass through Syngas Platform

The main objectives and work plan for Aim 2 are as follows:

Objectives

Work Plan

= Selection of biomass

e The

most abundantly available Indian

— > : : : : .
lignocellulosic agricultural biomass (Rice
Straw) is selected.
* Production of Pyro- e Experimental studies on pyrolysis of rice
e

syngas

straw in the temperature range of 400-700°C




are conducted.
Yields of products and the pyro-syngas

composition are determined.

= Selection of
microorganism for
syngas  fermentation
and determination of

growth Kinetics

—

Clostridial consortium, UACJUChEL is used
for pyro-syngas fermentation and its growth
Kinetics are determined using batch mode

experimental data.

= Conversion of pyro-

syngas to ethanol

—

Experimental runs are conducted in batch and
continuous stirred tank bioreactors
Mathematical models for both batch and
continuous stirred tank bioreactors are
developed

Optimization of both batch and continuous

stirred tank bioreactors are done

Aim 3: Hydrothermal liquefaction (HTL) of Indian Biomass (jute stick and rice straw)

The main objectives and work plan for Aim 3 are as follows:

Objectives

Work Plan

= Selection of biomass

Rice straw and jute stick are selected as the
feedstock for the hydrothermal liquefaction

process

= Performance of HTL of
Rice straw and jute
stick

Batch experiments are conducted on HTL of
rice straw and jute stick to determine the HTL
Kinetics

Product yields are determined

Bio-oil and hydrochar are characterized

Batch experiments are conducted on co-HTL
of rice straw and jute stick and the bio-oil has
been characterized
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e Optimization has been performed to maximize

the bio-oil yield from co-HTL
= Assessment of sorbent e Batch type adsorption experiments have been
property of hydro-char ——> conducted to determine the effectiveness of
from jute stick hydro-char from jute stick for dye like Congo-

red

Aim 4Torrefaction of mustard stalk

The main objectives and work plan for Aim 4 are as follows:

Objectives Work Plan

= Selection of biomass e —— e Mustard stalk are selected as the feedstock

for the torrefaction process

e Batch experiments in pyrolyser and in TGA
—_—> are conducted to determine Lumped and

=  Performance of

Torrefaction of Mustard
Distributed Activation Energy Kinetics of

stalk
Torrefaction of Mustard stalk
e Biochar and Bio-oil are characterized
= Life Cycle analysis of o Life cycle analysis of Torrefaction of
Torrefaction of Mustard Mustard stalk is conducted using SIMAPRO
stalk

Novelty of the research study

Based on the research gaps identified from literature review, presented in Chapter 2, the thrust of
the research study has been decided and the aims have been identified with the specific objectives
to achieve them. In comparison to the existing research data in the fields of ferric chloride

pretreatment for ethanol production from agro-wastes through sugar platform; syngas fermentation
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for ethanol production; hydrothermal liquefaction of local agro-wastes and torrefaction of

lignocellulosic biomass, the following novelties of the present study can be highlighted:

e The mechanism of ferric chloride and other hydronium-ion based pretreatment of agro-
wastes, rice straw in particular, is being elucidated from the chemical engineering concept
of shrinking core model for the first time.

e A deterministic mathematical model using the kinetics of each reaction, involved in multi-
step FeCls-based hydrolysis of hemicellulose and cellulose in Indian rice straw is being
developed and validated for the first time.

e The fermentative conversion of pyro-syngas to ethanol, using rice straw as the feedstock,
is being studied for the first time. Unlike pure strain, an attempt of using a unique clostridial
consortium, isolated from local agricultural field, is being attempted for the first time.

e The hydrothermal liquefaction of jute-stick and co-HTL of biomass pair, namely jute stick
and rice straw, with subsequent optimization of performance are being studied for the first
time.

e The distributed activation energy model for the torrefaction of mustard stalk using Tang
method is being determined for the first time. Other than the technical viability, the
addition of database through the life cycle analysis of torrefaction of mustard stalk under

this study is expected to facilitate the implementation of the process in industrial scale.
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Chapter 4: Materials and analytical methods

4.1 Materials
4.1.1 Feed material

The rice straw, jute stick and mustard stalk were collected from West Bengal, India. The rice straw
and jute stick samples were first cut into small size and the latter was ground to 1 mm particle size
using Ultra-Centrifugal Mill ZM 200 (Retsch GmbH, Germany).

4.1.2 Chemicals

For the investigation of rice straw pretreatment, sulfuric acid and ferric chloride (Sigma-Aldrich)
were used. Cellulase purchased from HiMedia, was used for enzymatic hydrolysis of solids. Milli-
Q water was used for experimental purposes. 2-(N-morpholino) ethanesulfonic acid (MES),
ammonium chloride (NH4CI), potassium chloride (KCI), magnesium sulfate heptahydrate (MgSO4
- 7 H20), sodium chloride (NaCl), calcium sulfate (CaCl>) were purchased from Merck, were used
to prepare the basal DSMZ 879 medium. HPLC grade ethanol (Sigma Aldrich) and acetic acid
(Sigma Aldrich) were used as standard. Acetone and butanol were purchased from Merck and were
used for solvent extraction. Yeast, peptone and dextrose (HiMedia) were used to prepare the YPD
(Yeast: 3g; Peptone: 10g; Dextrose: 20g and distilled water: 1L) medium.

4.1.3 Microorganism for ethanol production

The Saccharomyces cerevisiae (MTCC-173) purchased from MTCC, India and maintained in
YPD medium at 28 °C, was used for ethanol production through sugar platform. A mixed
clostridial consortium—UACJUChHEZL, isolated from local paddy fields in West Bengal, was used
for ethanol production through syngas platform (Ghosh et al., 2021).

4.2 Analytical Methods
4.2.1 Quantitative Analysis of hydrocarbon polymers (Cellulose-Hemicellulose-Lignin)

The composition of the raw biomasses and pretreated solid samples with respect to Cellulose-
Hemicellulose-Lignin were determined through a series of analytical methods following the
protocols described in the Technical Report of National Renewable Energy Laboratory
(NREL/TP-510-42618) on ‘Determination of Structural Carbohydrates and Lignin in Biomass:
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Laboratory Analytical Procedure (LAP) Issue Date: April 2008’ (Sluiter et al., 2008). The method,

following the NREL protocol, can be described as follows:

Overall, in the first step, 300mg of lignocellulosic sample was soaked with 3mL (4.929) 72%
sulfuric acid by thorough mixing. The mixture was placed in a water-bath maintained at 30+ 3°C
for 1 h. The reaction mixture was intermittently stirred. After this step, 84 +0.04 mL milli-Q water
was added to the mixture. Afterwards the reaction mixture was placed in an autoclave at 121+ 3°C
for 15 minutes and was subsequently cooled to room temperature. This step was followed by
filtration under vacuum. The concentration of xylose and glucose in the filtrate was determined
using proton nuclear magnetic resonance (H'NMR) spectroscopy and that of acid soluble lignin
(ASL) was determined using UV-VIS spectrophotometer at 320nm. The acid insoluble residual
solid, placed in crucible without lid, was exposed to 575 + 25°C in a muffle furnace for 24h. The
residual solid, left after 24h, was considered as ash. The mass of acid insoluble Klason lignin was
determined by subtracting the mass of ash from that of the acid insoluble residual solid, obtained
after filtration of the hydrolysis mixture. The experiments were conducted at University of Eastern
Finland.

4.2.2 Proximate analysis

The moisture, volatile matter and ash content of raw biomasses and char samples were determined
according to ASTM (D-3172-89) protocol. Fixed carbon was measured from equation 1 (Shaaban
etal., 2014).

Fixed carbon (%) = 100 — moisture (%) — volatile matter (%) — ash (%) 4.1)
4.2.3 Ultimate analysis

Ultimate analysis of raw biomasses, char and bio-oil samples were performed by using CHNOS

analysis using vario MICRO Element Analyser of ElementarAnalysensysteme GmbH.
4.2.4 Thermo-gravimetric analysis (TGA)

TG analyzer (Pyris Diamond TG/DTA, STA 6000, PerkinElmer) was used for the thermos-

gravimetric analysis of biomass and char samples.

4.2.5 Fourier Transform Infra-red analysis
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To assess the changes in the chemical bonds of different solid samples, Fourier Transform Infra-
red analysis was conducted using an FTIR analyzer (RX-1 FTIR system, Perkin Elmer). The
spectra have been generated in the range of 4000 — 400 cm™,

4.2.6 X-ray diffractive (XRD) analysis

The crystallinity of solid samples were determined by X-ray diffractive (XRD) analysis (Ultima
I11, Rigaku). The scattering angles (26) were varied from 5° to 60° in steps of 0.04° at time intervals
of 0.066 s.

The crystallinity index (Crl) was determined using the following equation (Segal et al., 1959).

Crl (%) = 22— x 100 (4.2)

002

Where I, is the intensity of the maximum peak at around 26 = 22.5° and I, is the minimum

intensity at about 26 = 18°;
4.2.7 Field emission scanning electron microscopy (FESEM) analysis

The surface morphological analysis of raw biomasses, pretreated solids and char samples were
studied by field emission scanning electron microscopy (FESEM) analysis (INSPECT F50). The
samples were mounted on a conductive tape. Gold was coated to the samples by using a Quorum
(Q150R).

4.2.8 Energy-dispersive X-ray spectroscopy (EDS) analysis

To assess the change in metal distribution due to FeCls, the metals in raw rice straw and pretreated
solid, obtained from FeCls pretreatment were detected by using energy-dispersive X-ray

spectroscopy (EDS) analysis (Bruker).
4.2.9 Nuclear magnetic resonance spectroscopy (NMR) Analysis

The compounds in the hydrolysate, obtained from different pretreatment processes were analyzed
using nuclear magnetic resonance spectroscopy (NMR). *H NMR data were obtained using a 600
MHz Bruker NMR spectrometer, equipped with a cryoprobe (Bruker Prodigy TCI 600 S3 H&F-
C/N D-05 Z) and an automatically cooled Sample Jet sample changer. Use of a 600 MHz
spectrometer significantly reduced the signal overlap of studied samples. Standard water-
suppressed measurements were applied by using ca. 15 s relaxation delay and 16 scans at 300K.
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Before the NMR measurements, 100 pL of the sample liquid was transferred to a 5-mm NMR
tube, which was followed by the addition of DO (425 pL) containing 3-(trimethylsilyl)-propionic-
d4 acid (1.5 mM). Studied compounds were identified based on two dimensional proton-proton
(COSY) and proton-carbon (HMBC, HSQC) NMR experiments or spiking. All measurements

were repeated in triplicate
4.2.10 Gas chromatography (GC)

The ethanol concentration and the gas phase concentrations of Oz, N2, CO, CO, CH4 and Hz were
measured using gas chromatograph (Thermo Fisher Scientific), equipped with Chromeleon
software and flame ionization detector (FID) and thermal conductivity detector (TCD). In case of
ethanol analysis, Hydrogen, air and nitrogen flow rates were set at 30, 300 and 30 mL/min
respectively (Mohammed et al., 2018). The oven and FID detector temperature were 40 and 250
°C respectively. TR-FAME capillary column was used to perform the experiment (Mohammed et
al., 2018). The gas was analyzed with TCD using helium as the carrier gas. The carrier gas flow
rate was maintained at 20 mL min. The TCD was maintained at 40 °C for 3 min and was

afterwards ramped up to 200°C.

4.2.11 High performance liquid chromatography (HPLC) analysis

The acetic acid concentration in the liquid sample, obtained from syngas fermentation was
analyzed using HPLC. The HPLC (Waters 2489) of Waters, Singapore, equipped with degasser,
binary pump, auto-sampler, and UV-Vis detector was used. The analytical column, used in the
HPLC, was C18 (250 mm x 4.6 mm x 5 um) of SunFire, Maynooth, Ireland.

4.2.12 Gas chromatography — mass spectrometry (GC-MS) analysis

The components, present in bio-oil from mono- and co-hydrothermal liquefaction of rice straw
and jute stick, were detected using GC-MS (Thermo-Scientific) in TG-5MS column (30 m x 0.25
mm % 0.25 um). The maximum oven temperature was set at 230 °C. The injector and MS detector
temperatures were set at 200 and 210 °C respectively. Helium was used as a carrier gas. The mass

line range was programmed from 50 to 600 amu.

The following two tables (Table 4.1 and 4.2) show the association of each material and method

with respective objectives, described in Chapter 3.
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Table 4.1 Association of Materials with Respective objectives

Materials Respective Objective/s

Rice straw Pretreatment of biomass under Aim1
Production of pyro-syngas under Aim 2
Performance of HTL of biomass under Aim 3

Jute stick Performance of HTL of biomass under Aim 3

Mustard stalk

Performance of torrefaction process of biomass under
Aim 4

Sulfuric acid

Pretreatment of biomass under Aim1

Ferric chloride

Pretreatment of biomass under Aim1

Cellulase Enzymatic hydrolysis of pre-treated biomass under
Aim 1
Milli-Q water Pretreatment of biomass under Aim1

2-(N-morpholino) ethanesulfonic acid

Conversion of pyro-syngas to ethanol under Aim 2

Ammonium chloride

Conversion of pyro-syngas to ethanol under Aim 2

Potassium chloride

Conversion of pyro-syngas to ethanol under Aim 2

Magnesium sulfate heptahydrate

Conversion of pyro-syngas to ethanol under Aim 2

Sodium chloride

Conversion of pyro-syngas to ethanol under Aim 2

Calcium sulfate

Conversion of pyro-syngas to ethanol under Aim 2

HPLC grade ethanol

Ethanol production from enzymatically produced
glucose under Aim 1
Conversion of pyro-syngas to ethanol under Aim 2

Acetic acid

Conversion of pyro-syngas to ethanol under Aim 2

Acetone

Conversion of pyro-syngas to ethanol under Aim 2
Performance of HTL of Rice straw and jute stick under
Aim 3

Performance of Torrefaction of Mustard stalk under
Aim 4

Butanol

Ethanol production from enzymatically produced

glucose under Aim 1.
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Yeast Ethanol production from enzymatically produced
glucose under Aim 1.

Peptone Ethanol production from enzymatically produced
glucose under Aim 1.

Eextrose Ethanol production from enzymatically produced

glucose under Aim 1.

Saccharomyces cerevisiae (MTCC-

Ethanol production from enzymatically produced

173) glucose under Aim 1.
Mixed clostridial consortium— Selection of microorganism for syngas fermentation
UACJUChE1 and determination of growth kinetics under Aim 2

Conversion of pyro-syngas to ethanol under Aim 2

Table 4.2 Association of Methods with Respective objectives

Methods

Respective Objective/s

Quantitative Analysis of hydrocarbon
polymers  (Cellulose-Hemicellulose-

Lignin)

Pretreatment of rice straw under Aim 1

Performance of HTL of Rice straw and jute stick under
Aim 3

Performance of torrefaction of mustard stalk under
Aim 4

Proximate analysis

Pretreatment of rice straw under Aim 1
Performance of HTL of Rice straw and jute stick

under Aim 3

Ultimate analysis

Pretreatment of rice straw under Aim 1

Performance of HTL of Rice straw and jute stick under
Aim 3

Performance of torrefaction of mustard stalk under
Aim 4

Thermo-gravimetric analysis (TGA)

Pretreatment of rice straw under Aim 1
Performance of HTL of Rice straw and jute stick under
Aim 3
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Performance of torrefaction of mustard stalk under
Aim 4

Fourier Transform Infra-red analysis

Pretreatment of rice straw under Aim 1

Performance of HTL of Rice straw and jute stick under
Aim 3

Performance of torrefaction of mustard stalk under
Aim 4

X-ray diffractive (XRD) analysis

Pretreatment of rice straw under Aim 1

Performance of HTL of Rice straw and jute stick under
Aim 3

Performance of torrefaction of mustard stalk under
Aim 4

Field emission electron

microscopy (FESEM) analysis

scanning

Pretreatment of rice straw under Aim 1

Performance of HTL of Rice straw and jute stick under
Aim 3

Performance of torrefaction of mustard stalk under
Aim 4

Energy-dispersive X-ray spectroscopy
(EDS) analysis

Pretreatment of rice straw under Aim 1

Nuclear magnetic resonance

spectroscopy (NMR) Analysis

Pretreatment of rice straw under Aim 1

Gas chromatography (GC)

Ethanol production from enzymatically produced
glucose under Aim 1
Production of Pyro-syngas under Aim 2

Conversion of pyro-syngas to ethanol under Aim 2

High performance liquid

chromatography (HPLC) analysis

Conversion of pyro-syngas to ethanol under Aim 2

Gas
spectrometry (GC-MS) analysis

chromatography -  mass

Performance of HTL of Rice straw and jute stick under
Aim 3
Performance of torrefaction of mustard stalk under
Aim 4

57




References

Ghosh, S., Pathak, S., Manna, D., & Chowdhury, R. (2021). Acidogenic mixed consortium isolated
from soil of agricultural field: Acid production behaviour and growth kinetics under the influence

of pretreatment hydrolysate of rice straw (RS). Indian Chemical Engineer, 63(2), 206-218.

Mohammed, A. H., Mohammed, A. K., Kamar, F. H., Abbas, A. A., & Nechifor, G. (2018).
Determination of ethanol in fermented broth bu headspace gas chromatography using capillary
column. Rev ChimBurcharest-Orig Ed, 69(11), 2969-2972.

Segal, L. G.J. M. A,, Creely, J. J., Martin Jr, A. E., & Conrad, C. M. (1959). An empirical method
for estimating the degree of crystallinity of native cellulose using the X-ray diffractometer. Textile
research journal, 29(10), 786-794.

Shaaban, A., Se, S. M., Dimin, M. F., Juoi, J. M., Husin, M. H. M., & Mitan, N. M. M. (2014).
Influence of heating temperature and holding time on biochars derived from rubber wood sawdust

via slow pyrolysis. Journal of Analytical and Applied Pyrolysis, 107, 31-39.

Sluiter, A., Hames, B., Ruiz, R., Scarlata, C., Sluiter, J., Templeton, D., & Crocker, D. L. A. P.
(2008). Determination of structural carbohydrates and lignin in biomass. Laboratory analytical
procedure, 1617(1), 1-16.

58



Chapter 5

Production of Ethanol from Indian

Biomass through Sugar Platform

59



Chapter 5: Production of Ethanol from Indian Biomass through Sugar

Platform

The most abundant lignocellulosic biomass in the world, rice straw is a post-harvesting residue
during rice processing. In India, about 44 million ha of land is used for the cultivation of rice. The
quantity of rice straw, produced annually in India, is as high as 141120 kiloton and is the highest
among all agro-wastes (Chowdhury et al, 2018; Hassan et al, 2021). To make the land ready for
the next crop cycle, rice straws are often burnt causing environmental pollution. Considering the
large availability, sustainable supply, suitable elemental composition, carbon content lying in the
range of 36.02% - 38.80%, rice straw is a prospective post-harvest agro-waste to appear as a
promising feedstock for producing 2G bioethanol (Chowdhury et al, 2018; Hassan et at, 2021).
Although many studies on acid pretreatment of rice straw is available in the literature, reports on
studies using other pretreatment methods using less polluting chemical reagents like metal
chlorides etc are limited. However, for the implementation of ethanol plants on rice straw in
commercial scale, thorough studies on the use of these alternative reagents are to be done along
with determination of rate kinetics of reactions involved in the pretreatment processes. This can
only enable the design of suitable reactors in large scale. As discussed in Chapter 3 the ethanol
production from Indian Biomass through sugar platform has been focused following the objectives
incorporated under aim 1

5.1 Pretreatment Processes
Obijectives

e Experimental studies on methods like autohydrolysis, dilute acid pretreatment and ferric
chloride pretreatment with the variation of operating parameters.

e Analysis of pretreatment products and identification of the best conditions for each pretreatment
process through comparison of product quality.

o Selection of most effective pretreatment process under study through the comparison of quality
of hydrolysate and pretreated solid obtained under best suitable condition for each method.

e Elucidation of hydronium-ion catalyzed mechanism during the pretreatment processes under
study

e Optimization of time and temperature for the generation of different hydrolytic products through
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the most effective process under study

e Determination of the dependence of degradation of different carbohydrate polymers (cellulose,
hemicellulose) on the “severity” of the best suitable method

¢ A mathematical model for the most effective pretreatment process is to be developed.

5.1.1 Experimental

A cylindrical stainless steel reactor of 60 mm inner diameter and 150 mm height was used for the
investigation of pretreatment of rice straw in batch mode. The reactor was equipped with
temperature controller and pressure gauge. The reactor used for pretreatment process is shown in
Fig 5.1.

(b) Rice strawl e
FeCly H,SO,/ Water ¢
—— I

Pressure gauge Yalve
(0 - 100 Bar)

Batch reactor
for pretreatment

Temperature controller I I
I Setvalue

B Measured value

T
1
1
1
| |
i RS———— I

Electricity connection =

Fig. 5.1 Reactor used for pretreatment process (a); Schematic diagram of the pretreatment

process (b)

In the present study, 10 g rice straw was subjected to 100 mL of 0.1 M ferric chloride solution or
0.1 M sulfuric acid or water under isothermal condition at the temperature of 140, 150, 160, 170
and 180°C for 10 minutes respectively. Subsequently the pressure was released and the treated
slurry was collected at 25 °C after natural cooling. The liquid and the solid phases of the cold
pretreated slurry were separated by passing through a vacuum filter. The pretreated liquor and the
residual solid were stored at 4 °C for further analyses. The products in liquid hydrolyzate (glucose,
xylose, furfural, 5-HMF, formic acid, acetic acid and levulinic acid) were determined by NMR
analysis. The composition (glucan, xylan and lignin) of pretreated solid was analyzed according
to NREL protocol. Experiments were also conducted with FeCls concentration of 0.15M and 0.2M.
All experiments were conducted in triplicate. The strength of FeCls corresponding to the maximum
degradation of hemicellulose and cellulose over 10 minutes at all temperature (140-180°C) was
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determined through comparison of experimental data. The rate kinetics of the reactions involved
in the hydrolysis pathways of both hemicellulose and cellulose, as proposed in the mathematical
model, were determined by conducting systematic batch experiments. For kinetic studies the
hydrolysis was run for 3, 6, 9, 12 and 15minutes separately in the reactor following the protocol,
described above. The most effective strength of FeCls with respective to degradation of cellulose
and hemicellulose over 10 minutes was maintained. The time concentration data of all components,
obtained after each pretreatment time at 150°C, 170°C and 190°C were used to determine the rate
kinetics. Separate experiments were conducted using pretreatment time of 5 and 15 minutes. For
the validation of mathematical model incorporating the kinetic data, determined under the present
study, the experimental data obtained at 5, 10 and 15 minutes have been compared with the

simulated ones.
5.1.2 Analytical

The moisture, volatile matter and ash content, fixed carbon of raw RS were determined according
to ASTM (D-3172-89) protocol. Ultimate analysis of raw RS was performed by using CHNOS
analysis. The thermos-gravimetric analysis (TGA) was carried out in the 50 — 900 °C temperature
range in a TG analyzer. The experiment was conducted at 20 K min heating rate. Untreated RS
and pretreated solids obtained from LWP, SAP and FCP at 180 °C were subjected to TGA
following the same protocol. To assess the changes in the chemical bonds of rice straw during
different pretreatment processes, Fourier Transform Infra-red analysis of feed rice straw and
pretreated solid residue was conducted using an FTIR analyzer. Raw RS and residual solids
obtained from LWP, SAP and FCP at 180 °C were subjected to FTIR analysis. The spectra have
been generated in the range of 4000 — 400 cm™.The crystallinity of raw RS and pretreated solid
were determined by X-ray diffractive (XRD) analysis (Ultima Ill, Rigaku). The scattering angles
(20) were varied from 5° to 60° in steps of 0.04° at time intervals of 0.066 s. The surface
morphological analysis of untreated and pretreated (LWP, SAP and FCP at 180 °C) rice straw
were studied by field emission scanning electron microscopy (FESEM) analysis (INSPECT
F50).To assess the change in metal distribution due to FeCls, the metals in raw-RS and pretreated
solid, obtained from FCP were detected by using energy-dispersive X-ray spectroscopy (EDS).
The compounds (xylose, glucose, furfural, etc) in the hydrolyzate, obtained from LWP, SAP and
FCP were analyzed using nuclear magnetic resonance spectroscopy (NMR) to determine sugars,
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platform chemicals and organic acids. *H NMR data were obtained using a 600 MHz Bruker NMR
spectrometer, equipped with a cryoprobe. All analytical methods have been described in detail in
Chapter 4.

The vyield of glucose, 5-HMF, formic acid and levulinic acid (Y, Yuwr, Yra and Yia) were
calculated from the equation 5.1. Similarly, the yield of xylose, furfural and acetic acid (Yx, Yr
and Y aa) were determined from the equation 5.2.

Mass of Glucose/5—HMF/Levulinic acid/Formic acidproduced (g)
1 kg of rice straw

Yc/umr/Fa/LA = (5.1)

Mass of xylose/Furfural/Acetic acid produced (g)

YX/F/AA = 1 kg of rice straw (6.2)

Glucan degradation and xylan degradation were determined from the equation 5.3 and 5.4

respectively.

Glucan in RS fed—glucan remaining in the pretreated RS

Degradation of glucan(%) = ( ) x 100 (5.3)

glucan in rice straw fed

Xylan in RS fed—Xylan remaining in the pretreated RS

Degradation of Xylan (%) = ( ) x 100 (5.4)

Xylan in rice straw fed

Weight of recovered solid residue

Solid recovery (%) = x 100 (5.5)

weight of rice straw fed to the reactor
5.1.3 Reaction kinetics for xylan and glucan degradation

As clearly indicated in previous literature, the rate of degradation of carbohydrate polymers can
usually be represented as a first order function of concentration of carbohydrate polymer (Krzeljet
al, 2020; Kapu et al, 2016). The 1% order rate kinetics for the xylan and glucan degradation through
liquid water pretreatment(LWP), sulfuric acid pretreatment(SAP) and ferric chloride pretreatment

(FCP) have been represented generally by the following rate equations:

AW Glucan _

- dt - kGlucanWGlucan (5-6)
dWXylan

- dt = kXylanWXylan (5-7)

Equation 5.6 on integration reduces to the following:
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Or, _fWGluCan M — kGluCan fot dt (561)

WGlucan'O WGlucan

w )
Or, In %zkmucant (5.6.2)
anGlucan'O
WGlucan
Or, kgiucan = (5-6-3)

t

Where, Weiucanro and Weican represent the weight of glucan at t=0 and at any time, t. (Basis: 10g

initial RS sample being hydrolysed).

Equation 5.7 on integration reduces to the following:

_ (Wxylan AWxylan _ t
or, fWXylan'O Wxylan kXylan J'O dt (571)
w ,
Or, In 720 eyt (5.7.2)
Xylan
anXylanrO
w
O, kxyian = ——" (5.7.3)

Where, Wyy1an,0 and Wyy,14, represent the weight of xylan at t=0 and at any time, t. (Basis: 10g

initial RS sample being hydrolysed).

The values of rate constants have been determined based on the experimental values of xylan and
glucan contents of the original and rice straw. Using the principle of integral method of analysis,

WXylan'O

In and In Zecane pave heen plotted against the reaction time to test the validity of 1%

Xylan Glucan

order reaction kinetics (Levenspiel, 1998).
5.1.4 Elucidation of Mechanism

The analysis of liquid hydrolysis products of LWP, SAP and FCP reveals that fermentable sugars
(glucose, xylose), platform chemicals (furfural, 5-hydroxymethyl furfural (5-HMF) and levulinic
acid) and organic acid (formic acid and acetic acid) are the major products. From the present
analysis and the literature it is clear that all three processes, LWP, SAP and FCP, are catalyzed by
hydronium ion.(Wen, 1968; Heidari et al, 2021; Bandura & Lvov, 2006). The hydronium ion
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catalyzes both in 1) heterogeneous and 2) homogeneous modes. During heterogeneous catalysis,
H;0% acts on the solid rice straw and mostly breaks the linkage of hemicelluloses with lignin and
depolymerizes most of the hemicellulose and a part of amorphous cellulose (Canales & Guardia,
2022). The monomers of hemicelluloses, namely xylose and that of cellulose, namely glucose are
transferred to the aqueous phase from the solid matrix (Yu et al, 2010; Yang et al, 2013). In the
aqueous phase xylose and glucose are respectively converted to furfural and 5-HMF under the
catalytic action of H;0%. In the aqueous phase, 5-HMF is again converted to levulinic acid and
formic acid (Kamireddy et al, 2013; Chai et al, 2022). The reactions involving hydronium ions, as

available in the literature, have been provided in Figures 5.2.
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Fig. 5.2. Proposed mechanisms for the formation of products obtained from HWP/SAP/FCP
pretreatment (a: Xylan hydrolysis; b: Formation of furfural and degraded products from

xylose; c: Conversion of glucan in presence of hydronium ions)
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In agreement with literature, a shrinking core behavior, as applicable in case of heterogeneous non-
catalytic solid-fluid chemical reaction, can be postulated for the heterogeneous catalysis of
hydronium ion (Bandura & Lvov, 2006; Guardia, 2022). In this case the catalyst is originally in
aqueous phase and the reactants (hemicelluloses, cellulose etc.) are in solid phase. Whatever may
be the type of pretreatment (LWP/SAP/FCP), the following steps appear to be common for this

mechanism (shown in the Figure 5.3a):

i.  The solid particles are submerged in either hot water or hot dilute acid or hot ferric chloride
solution and a stagnant liquid film is developed around each solid sphere.

Ii.  The hydronium ions reach the solid surface through the liquid film.

iii.  First the reaction starts at the surface and the reaction front propagates towards the centre
as hydronium ion diffuses through the reacted layer to the unreacted core.

iv.  As time progresses the radius of the unreacted core decreases although the overall size
remains almost unaltered. The reacted layers are expected to be porous as reactants
(Hemicellulose and amorphous cellulose) are removed.

v.  The products diffuse through the reacted layer to the aqueous phase and participate in
homogeneous catalytic reactions in presence of hydronium ions. As hydronium ion acts as

the catalyst, it remains unchanged and is again transferred to the aqueous medium.

The propagation of the reaction front in the postulated mechanism and the homogeneous catalytic

reactions are shown in Fig. 5.3b.
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H* Shrinking reactive core of Rice straw (Lignins Hemicellulose+ Cellulose)

H,0* L -
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i
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I 3 H30*+ Fe(OH)4 Pretreated layer of Rice straw (predominantly cellulose and lignin)
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(a)
Shrinking core-like propagation of R ion front heterog: catalytic action of Hydronium ion during
LWP/SAP/FCP

0" — H0

Xylose —————s Intermediate ————— Furfural
;0"

Glucose m——ee S5-HMF ——————r LA+ FA

— 3H0
(b)

Homogeneous reactions catalyzed by Hydronium ions during LWP/SAP/FCP

Fig. 5.3. Heterogeneous and homogeneous catalytic action of hydronium ions during
LWP/SAP/FCP (a: Shrinking core-like propagation of reaction front heterogeneous catalytic

action of hydronium ion; b: Homogeneous reactions catalyzed by hydronium ions)

Self-ionization of water occurs through the reaction, 2H,0 < H;0* + OH™ with the ionization

constant, Kyy = [H;0%][OH] (Bandura & Lvov, 2006). At each temperature, the concentration
of H;0" and [OH ™ Jions are equal (= /Kw).

In case of sulfuric acid, the dissociation follows the following steps (Bandura & Lvov, 2006):
H,S0, + H,0 < H;0* + HSO; (5.8)

HSO; + H,0 & H,0% + S02" (5.9)
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As reported in a recent literature, the acid diffuses through the cell wall during pre-hydrolysis
followed by hydrolysis of carbohydrate polymers (Zhibo et al, 2018). The hydrolysis products also

diffuse back to the liquid (aqueous) medium.

On dissolution, FeCls acts as a Lewis acid and water molecules are attracted by sharing electron
pairs towards the ferric cation (Fe3*). As reported in the literature a complex cationFe[H,0]3* of
radius 0.268nm is formed by the bonding of six water molecules through monodentate ligands
(Zhibo et al, 2018). H;07is formed through the following reactions:

[Fe(H,0)6]** & H™ + [Fe(OH)(H,0)5]** (5.10)
2[Fe(OH)(H,0)s]%* & [(H,0)sFeOFe(H,0)s]*" + H,0 (5.11)
5.1.5 Experimental Results and Discussion

5.1.5.1 Feedstock Characterization

The proximate analysis (moisture, fixed carbon, volatile matter and ash), elemental analysis
(carbon, hydrogen, nitrogen and sulfur), chemical composition (glucan, xylan, Klason lignin and
acid soluble lignin) and metal composition (silicon, potassium, calcium and iron) of rice straw

have been reported in Table 5.1 respectively.

Table 5.1 Proximate analysis, elemental analysis, chemical composition and metal

composition of rice straw

Proximate analysis Elemental analysis  Chemical composition Metal composition
% (w) % (w) % (w) % (w)

Moisture: 5.7 £ 0.11 Carbon: 37.3 Glucan: 38.8 £ 0.57 Silicon: 5.73
FC*:3.4+0.33 Hydrogen: 5.2 Xylan: 17.6 £0.12 Potassium: 6.34
VM*: 71.9+2.7 Nitrogen: 0.22 KL*:15.3+£0.15 Calcium: 0.04
Ash: 10.9 + 0.42 Sulfur: 0.27 ASL*:2.5+0.02 Iron: 0.01

(FC*, VM*, KL* and ASL refer as fixed carbon, volatile matter, Klason lignin and acid soluble

lignin respectively)

The most abundant biopolymer on earth is 8 — 1,4 glucan. Most of the plant cellulose is g —

1,4 glucan (Bulmer et al., 2021). Therefore, in the present study, cellulose has been considered
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as glucan (B — 1,4 glucan). In many reported articles on lignocellulosic biomass pretreatment,
cellulose and glucan have been used as synonyms (Wu et al., 2023; Han et al., 2020; Agbor et al,
2011). Hemicellulose is composed majorly of xylan and insignificant quantities of arabinan,
mannan and galactan (Ye and Zhong, 2022). Hence, in the present study, xylan has been
considered as hemicellulose. There are many other literature evidences where hemicellulose has

been considered as xylan (Scapini et al, 2021; Otieno and Ahring, 2012; Carvalheeiro et al, 2008).
5.1.5.2 Comparison of composition of Liquid hydrolysate

In Fig. 5.4, the yield (g of product / kg of RS) of fermentable sugars (glucose, xylose), platform
chemicals (furfural, 5-hydroxymethyl furfural (5-HMF) and levulinic acid) and organic acid
(formic acid and acetic acid) in the hydrolysate, obtained after 10 minutes of LWP, SAP and FCP
have been compared over the temperature range of 140 — 180°C. In Fig. 5.4a, 5.4c and 5.4e the
yield of xylose, glucose and furfural in the hydrolysate, obtained respectively through LWP, SAP
and FCP have been plotted respectively against temperature. Similarly, in Fig. 5.4b, 5.4d and 5.4f
the yield of 5-HMF, formic acid, acetic acid and levulinic acid in the hydrolysate, obtained
respectively through LWP, SAP (=0.1M) and FCP (=0.1M) have been plotted. Yields have been

determined using equations 5.1 and 5.2.
Scrutiny of production data of xylose, glucose and furfural

From the analysis of Fig. 5.4a, it has been clearly observed that the glucose and xylose yields from
LWP have an increasing trend with temperature right from 140 — 180°C during LWP. While the
yield of xylose has increased from 1.1 g/kg RS to 3.8 g/kg RS, that of glucose has increased from
0.5 g/kg RS to 3.1 g/kg RS as the temperature is increased from 140°C to 180°C. The structures of
lignocellulosic biomass is constituted of interconnected network of carbohydrate polymers,
cellulose, hemicellulose and lignin. According to literature, the microfibers of cellulose are
embedded on hemicellulose network through lignin aggregates (Smith, 2019). This can be
considered as the “skeletal structure” of lignocellulosic biomass. As reported in case of wheat
straw, it is expected that the skeletal structure is weakened at high temperature (Rahmani et al,
2022). Thus, the whole conversion of hemicelluloses during LWP, can be represented by the
following scheme: (I) Formation of surface radicals, acting as pre-hydrolysis step; (1) Dissociation
of hemicellulose from the structure through decarboxylation and release of acetic acid ; (Il1)

hydrolysis of hemicellulose to xylose, furfural, formic acid etc by the synergistic action of acetic
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acid and catalysis of hydronium ion, H;0%, released through the ionization of H,O. In parallel, the
amorphous portion of cellulose is decomposed to glucose in presence of H;0* generated by the
ionization of water. Further, there is a possibility of dehydration of xylose and glucose respectively
to furfural and 5-HMF through the homogeneous catalysis of hydronium ion. Thus it it is expected
that the whole process is influenced by the rate of release of hydronium ions. The value of
ionization constant of water, Kyy, as described in Section 3.3, increases with temperature
(Bandura&Lvov, 2006). As reported in Bandura and Lvov, the valuesof (—Ilog(Ky/))are
4.25,(i.e., Ky = 107%25),3.64, (i.e., Ky = 1073¢* ) and 3.31 (i.e., Ky = 107331) at 100°C,
150°C and 200°C respectively. Therefore, the concentration of H;O%ion also increases with
temperature under the present range of study (140-180°C). As shown in Figure 5.3, the released
hydronium diffuse through the rice straw and depolymerisation of both xylan and glucan has
occurred. Further, xylose is converted to furfural with the aid of hydronium ions. This can clearly
explain the increasing trend of concentration of xylose, glucose and furfural during LWP. At
140°C, no furfural is formed during LWP. The increasing trend in the yield of furfural has been
observed from 150°C. The yield of furfural has increased from 0.13 g/kg RS to 0.72 g/kg RS when
temperature is increased from 150°C to 180°C. As evident from the representation of reaction
network in Figure 5.3, furfural is generated through homogeneous dehydration of released xylose
through catalysis of H3O". As the release of hydronium ion is increased with the rise of
temperature, furfural is produced only at high temperature range during LWP. It is an established
fact that the severity of autohydrolysis increases with temperature due to the increase in the release
of H;0 in the subcritical condition and it passes through a maximum at 300°C (Sarkar et al, 2021;
Kumar et al, 2010).
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Fig. 5.4.The yield of products obtained from pretreated liquor at different temperatures; (a),
(c) and (e): the yield glucose, xylose and furfural obtained from LWP, SAP and FCP

respectively; (b), (d) and (f): the yield of 5-HMF, formic acid, acetic acid and levulinic acid
obtained from LWP, SAP and FCP

In case of SAP, it has been observed from the Fig. 5.4c that glucose yield follows an increasing

pattern with temperature over the range of 140-180°C during SAP. Xylose yield increases from
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140°C to 170°C after which it has decreased at 180°C. While xylose yield has increased from 41.2
g/kg RS at 140°C to the maximum of 115.9 g/kg RS at 170°C, glucose yield in the hydrolysate
varies from 30.9 g/kg RS to 65.7 g/kg RS as the temperature is increased from 140°C to 180°C.
Unlike the result of LWP, the Fig. 5.4c also shows that the furfural yield of 0.19 g/kg RS has been
detected even at 140°C for SAP and follows an increasing trend with the increase of temperature
up to 180°C. At 180°C, the furfural yield reaches the value of 31.3 g/kg RS through SAP. As
sulfuric acid is a strong acid, its dissociation, represented by Equations 5.8 and 5.9, is instantaneous
and the concentration of H;0% ions in the 0.1M H,S0,solution is 0.2M. Therefore, it is expected
that the rate of hydrolysis of both hemicellulose and cellulose is much faster in case of SAP,
compared to LWP. That is why the highest values of xylose and glucose concentration, obtained
in case of SAP are 35.9 fold and 21.0 fold higher than those obtained through LWP. However, as
in case of LWP, the drastic weakening of overall structure of the feedstock is expected at high
temperature. Therefore, as the temperature increases besides the enhancement of hydrolysis rate,
the resistance to internal diffusion of H; 0% is expected to be lowered and the overall rates of release
of products increase. The ever increasing trend of furfural yield and decreasing pattern of xylose
yield beyond 170°C clearly indicate that beyond a certain temperature, the rate of dehydration of
xylose to furfural is higher than the rate of xylose formation from xylan depolymerization.
Although both LWP and SAP are expected to follow the same mechanism driven by hydronium
ion, the concentration of hydronium ions is much higher than that of LWP leading to much more
depolymerisation of the carbohydrate polymers, xylan and glucan releasing xylose and glucose.
From the analysis of Fig. 5.4e it is clear that in case of FCP, yield-temperature pattern for xylose
is different from those observed for LWP and SAP. Although for LWP and SAP, increasing trend
is observed up to 180°C and 170°C respectively, xylose yield passes through a maximum at 150°C
beyond which it decreases in case of FCP. Xylose yield increases from 137 g/kg RS at 140 °C to
145 g/kg RS at 150 °C after which it has sharply decreased to 63.1 g/kg RS at 180 °C. The yield
of furfural exhibits an increasing trend with temperature throughout the entire temperature range.
Furfural yield increases from 2.7 g/lkg RS at 140°C to 52.5 g/kg RS at 180°C. The difference in
behavior of RS towards SAP and FCP is due to the influence of Bronsted acid behavior of ferric

chloride solution as represented by Equations 5.10 and 5.11.

The H*, and hence H;0" formed from complex cation, diffuses across the surface of rice straw

and catalyzes heterogeneous reaction. As in case of LWP and SAP, acetic acid is formed and
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hemicellulose is solubilized. With the help of the complex cation, protonation of ether bond in
hemicellulose occurs via hydronium (H;0%) ion (Sun et al, 2021). The hydrolysis products diffuse
to the medium. The decreasing trend of xylose right from 150°C indicates higher rate of
dehydration of xylose to furfural than that of production rate of xylose at temperature higher
than150°C. Glucose yield shows an increasing trend with temperature up to 170°C, followed by a
decreasing trend till 180°C. As the temperature is increased, glucose yield first increases from 22.9
g/kg RS at 140°C 93.1 g/kg RS at 170°C and then decreases further to 85.2 g/kg RS at 180°C. This
indicates that at higher temperature the conversion rate of glucose to 5-HMF, as described under
the reaction network (Figure 5.3), exceeds the rate of its formation from glucan.

When the highest values of xylose yield in the hydrolysate obtained through LWP (3.8 g/kg RS),
SAP (132.9 g/kg RS) and FCP (145.1 g/kg RS) are compared it can be inferred that there are 35.97
fold (or 3397%) and 38.18 fold (or 3718%) increase for SAP and FCP with reference to LWP.
Similarly, for the highest values of glucose yield, there is 21.0 fold (or 2000%) and 30.03 fold (or
2903%) increase for SAP and FCP with reference to LWP. When the highest yield of furfural
obtained after LWP (0.72 g/kg RS), SAP (31.3 g/kg RS) and FCP (52.5 g/kg RS) are compared it
is clear that 13.75 times (or 4247%) and 72.91 times (7191%) increase is achieved through SAP
and FCP respectively, compared to LWP. As reported in the literature the capability of Fe* to
attract six water molecules, as shown in Figure 5.3, facilitates the availability of hydronium ions
resulting in drastic depolymerization of carbohydrate polymers, particularly, xylan (Marcotullio
& Jong, 2010). For the same reason, the decomposition of cellulose is also accelerated to a greater
extent for FCP compared to LWP and SAP in the same temperature zone. Moreover, chloride ion
present in ferric chloride has been reported to catalyze the enolization of pentose xylose
(Marcotullio & Jong, 2010). That is the reason why the generation of furfural during FWP of RS
has occurred at a much higher rate compared to LWP and SAP.

Scrutiny of production data of Acetic acid, 5-HMF, Levulinic acid and Formic acid

From Fig. 5.4b, representing the yield-temperature pattern for LWP, it appears that the yield of
acetic acid has an increasing trend with the increase of pretreatment temperature from 140°C to
180°C. Fig. 5.4b also indicates that although 5- HMF appears at 150°C, there is an increase in the
yield up to 180°C. No formation of LA has been observed during LWP. From the inspection of

Fig. 5.4b, it is also observed that formic acid first appears at 160°C and there is an increase in the
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yield up to 180°C. Hydronium ion driven hydrolysis of rice straw, represented in Figure 5.3 can
explain the product trajectory. Acetic acid is released when xylan —lignin linkage gets broken.5-
HMF forms from the homogeneous catalysis of dehydration of glucose released from
depolymersation of cellulose. As the hydronium ion concentration is low at temperature 150°C, 5-
HMF is not produced. From Fig. 5.4d, used from SAP, it appears that the yields of both acetic
acid, 5-HMF and formic acid exhibit slightly increasing trends with the increase of pretreatment
temperature from 140°C to 180°C. This signifies that in case of SAP, the sufficient presence of
hydronium ion results in the formation of 5-HMF from a temperature as low as 140°C. From the
inspection of Fig. 5.4d Levulinic acid is not detected even in case of SAP. However, in some
reported works levulinic acid could be obtained by SAP of biomass either by elongating
pretreatment time, increase of acid strength, decrease in liquid: solid ratio and by the increase in
acid strength or by using two-step acid pretreatment (Elumalai et al, 2016; Lee et al, 2023; Liu et
al, 2020). In a rent study 114 g levulinic acid /kg sugar cane bagasse has been obtained at 170°C,
which is within the present experimental range (Shen et al, 2023). In that study the acid
concentration was 1.5% (i.e., 0.153M), pretreatment time was 2h and the liquid to solid ratio was
maintained at 6:1 (Shen et al, 2023). Therefore while the acid concentration and pretreatment time
are much higher (0.15M>0.1M; 120min>>10min) compared to those of the present study, the
liquid to solid ratio is much lower (6:1>10:1) (Shen et al, 2023). In case of FCP, as depicted by
Fig. 5.4f, the yield of acetic acid, 5-HMF and levulinic acid show increasing trend as the
temperature is increased from 140°C to 170°C. Although acetic acid exhibits a slightly decreasing
trend beyond 170°C, the increasing trend is maintained by 5-HMF and levulinic acid up to 180°C.
From FCP, the yields of all these products are much higher. The maximum vyield of products
(glucose, xylose, furfural, 5-HMF, formic acid, acetic acid and levulinic acid) obtained from
different pretreatment methods (LWP, SAP and FCP), have been reported in the Table 5.2.

Table 5.2 Maximum product yields obtained from LWP, SAP and FCP

Pretreatment Maximum products yield (g of product / kg of RS)

Type Glucose Xylose Furfural 5-HMF FA* AA* LA*

LWP 3.1 3.8 0.72 0.15 0.12 0.41 Nd*
+0.01 +0.012 +£0.015 +0.011 +0.009 +0.01

SAP 65.7 115.9 31.3 3.1 2.0 17.3 Nd*
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+3.1 +5.6 14 +0.16 +0.1 +0.59
FCP 93.1 145.0 52.5 9.4 7.4 17.0 5.67
+5.8 +6.0 +2.7 +0.081 +0.49 +0.69 *0.27

(FA*, AA*, LA* and Nd* referred as formic acid, acetic acid, levulinic acid and not detected

respectively).

The enhanced production of all hydrolysis products via FCP can be explained by the influence of
Fe®* ions attracting six water molecules, facilitating the release of hydronium ion at all temperature
under study. The influence of chloride ions also facilitates the enolization reaction during the

dehydration of xylose to furfural.

The yields of products obtained from LWP have been found to be comparable with literature
(Syaftika & Matsumura, 2018). However, in another reported higher value of glucose yield,
namely, 7-11 g/kg has been reported (Syaftika & Matsumura, 2018). In their analysis, they also
reported that for the same operating conditions, the glucose yield is higher from pure cellulose,
present in a simulated mixture of cellulose, hemi-cellulose and lignin in the same ration as in RS.
Therefore it is established that the structural bonding of the carbohydrates play a vital role during

hydrothermal pretreatment.

The yield of products achieved from SAP have been compared with the literature data on nitric

acid and sulfuric acid pretreatment of rice straw, as shown in Table 5.3 (Hsu et al., 2010).

Table 5.3 The yield of products from acid pretreatment on rice straw (literature and present

study)
Yield Temperature H2S04 H2S04
(g of product/kg of RS) °C) Pretreatment Pretreatment
Literature Present study
Glucose 140 - 30.9
160 43.0 45.8
180 63.1 65.7
Xylose 140 - 41.2
160 136.0 101.2
180 115.0 115.9
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Furfural 140 - 0.19

160 15.0 10.1
180 27.0 31.3
5-HMF 140 - 0.26
160 1.0 1.2
180 3.0 3.1
Acetic acid 140 - 10.1
160 13.0 13.5
180 17.0 17.3

[H2SO4 pretreatment literature (Hsu et al., 2010)]

It has been observed that the yield of products obtained from SAP in present study is slightly

higher than the yield of the products reported in literature (sulfuric acid pretreatment on rice straw).

The results of the present study are compared with the literature data for ferric chloride
pretreatment of rice straw and other lignocellulosic feedstocks such as wheat straw, rapeseed straw
and sugarcane bagasse (Chen et al, 2021; Tang et al, 2018; Romero et al, 2015; Zhang et al, 2018).

The comparison of the process parameters and composition of feedstock are reported in Table 5.4.

Table 5.4 Comparison the composition of feedstock, the process parameters for FeCls

pretreatment on lignocellulosic biomass

Feedstock Conditions of pretreatment Composition of feed (w/w) Reference

Conc. L:S* Temp  Time Glucan Xylan  Lignin

mol/L (viw)  (°C) (min) (%) (%) (%)
Ricestraw 0.1 10:1 170 30 31.3 313 15.5 Chenetal.
Wheat straw 0.1 10:1 180 40 28.7 17.4 20.0 Tang et al.
RSS* 0.1 8.3:1 160 20 31.6 13.2 17.8 Romeroet al.
SCB* 0.1 10:1 160 10 40.5 22.3 25.5 Zhang et al.
Rice straw 0.1 10:1 180 10 38.8 17.6 16.8 Present study

(L:S* referred as Liquid : Solid; RSS* and SCB* referred as rapeseed straw and sugarcane bagasse

respectively)
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The yields of different products in the hydrolysate, determined using equations 5.1 and 5.2 and %
degradation of glucan and xylan, determined using equations 5.3 and 5.4, are compared with

literature data, as provided in Table 5.5.

Table 5.5 Comparison the yields of products and degradation of xylan and glucan of present

study with literature

Study Yield of Products (g of product / kg of RS) Degradation (%)
Glu*  Xyl* Fur* HMF* FA*  AA* LA* Glucan Xylan
Chen et al. 67.0 1130 511 7.5 - - - 3.9 83.3
Tang et al. 9.0 5.0 26.0 3.0 8.0 190 O 19.0 97.2
Romeroetal. 36.2 96.12 - - - - - 17.0 78.2
Zhang et al. 35.0 520 37.0 2.0 - 26.0 - 16.4 100
Presentstudy 85.2 63.1 52.5 94 7.4 16.3 5.6 31.4 96.8

(Glu*, Xyl*, Fur*, HMF*, FA*, AA* and LA* referred as glucose, xylose, furfural, 5-

hydoxymethyl furfural, formic acid, acetic acid and levulinic acid respectively)

The vyields of products namely, xylose, glucose, furfural, 5-HMF, formic acid, acetic acid and
levulinic acid (obtained at 180 °C) for present study are comparable with literature data. In the
present study, the yield of glucose and furfural are higher than the data reported in literature.
Xylose yield at 180 °C for present study is lower than literature data. In the present study, at 150
°C, the yield of xylose is the highest. With increase in temperature, a major part of xylose is
converted to furfural and as a result the yield of xylose becomes lower. However, the performance
of ferric chloride in the pretreatment of Indian rice straw parameters seems to be the most effective

among the three processes.

5.1.5.3 Comparison of degradation kinetics of xylan and glucan during pretreatment

Dxytanog i Yetueano haye heen plotted against the reaction time (shown in the Figure 5.5)

WXylan WGlucan

using temperature (140°C -180°C) as a parameter for LWP, SAP and FCP. For all processes (LWP,

In

SAP and FCP), straight lines have been obtained at each temperature (for different reaction time
4, 6, 8 and 10 minutes).
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Thus it is proved that the degradation of both xylan and glucan follows first order rate kinetics
with respect to their respective concentrations. The rate constants have been determined from the
slope of the linear plots and are provided in Table 5.6. From the analysis of the Table 5.6 it is clear

that the rate constants increase with temperature. As per reported literature, the rate constants are
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functions of both temperature and concentration of hydronium ions (Krzelj et al, 2020).

78

against the reaction time using



All the rate constants have Arrhenius-type temperature dependence. However, different types of

E
functionality of rate constant on the hydronium ions are reported. Thus, k = koe"ﬁf(CHsm). An

usual representation of the functionality of rate constants on temperature and acid, in turn,

E
hydronium ion, concentration is k = kyA™e rT, where, A is the acid concentration, k, is pre-

exponential factor, E activation energy and R universal rate constant (Krzelj et al, 2020; Kapu et
al, 2016). As reported by Springer and Harris, there can be a change of H;0* concentration with
time due to the interaction with biomass leading to cation exchange following the reaction
BCOO~M* + H* - BCOO~H* + M™, where, B is biomass and M* is the cation on it (Springer
and Harris, 1985). As this increases the pH value by decreasing the quantity of H*or H;07 ions
in the solution, this is also called neutralisation effect. According to Springer and Harris, at a given
temperature a correlation ink = a = InH* + b was obtained for acid treatment of Aspen wood
(Springer and Harris, 1985). According to Kapu et al, for autohydrolys is f(Cy,o+) = a + bt, tis
hydrolysis time (Kapu et al, 2016). This signifies the dependence of k with time. This can be due
to the time dependent release of H* or H;0™ ions during hydrolysis in presence of only water
(Kapu et al, 2016). Under the present investigation, the concentration of acid (H.SO4) or metal
chloride (FeCls) has been kept constant i.e. 0.1 M. At each temperature, the function f (Cy,+) is

thus constant. The time dependence of rate constant during LWP is also not considered. Therefore,
the rate constant at each temperature incorporates a factor dependent on concentration of
hydronium ion. Under the present study, the hydronium ion concentration during hydrolysis has
not been determined. The temperature variation of rate constants, determined under the study,
incorporates the effects of temperature on the ionization of water, acid and ferric chloride as well
as the hydrolysis reactions. The comparison of rate contents of degradation of xylan and glucan
clearly indicates that at all temperature the highest value is obtained for FCP. The high values of
rate constant ensure that the same extent of hydrolysis at a particular temperature can be achieved
at much smaller time. The comparison of the rate constant thus reveals the dependence of the
hydrolysis kinetics of xylan and glucan of rice straw on the concentration of hydronium ion,
polymer concentration and temperature. This knowledge can further be utilized for reactor design
in the industrial scale. The glucan, xylan and lignin content in untreated rice straw are 38.84%,
17.59% and 16.85% respectively. The degradation (%) of glucan and xylan along with the

composition (glucan, xylan and lignin mass fractions) have been reported in the Table 5.6. The
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solid recovery (%), degradation of glucan and xylan (%) have been determined. It is observed that
the percentage of solid recovery has decreased with increase in temperature. At 180 °C, the solid
recovery (%) for LWP, SAP and FCP are 98.18, 89.53 and 69.69 respectively. The degradation of

xylan and glucan have also shown an increasing trend with temperature.

Table 5.6 Conversion of Xylan and Glucan along with degradation rate constants

Pretreatment Solid Composition (w/w) Degradation Rate Constant

Type Temp Residue Glucan  Xylan  Lignin Glucan Xylan  Kolucan ~ Kxylan

°C) (%) (%) (%) (%) (%) (%) (min?)  (min™)

LWP 140 99.71 + 38.81 17.57 16.89 0.36 0.40 0.0003 0.0001
0.03 +0.07 +0.01 *0.02

SAP 140 90.71 + 39.35 13.72 18.52 8.11 29.21 0.0083 0.0335
0.04 +0.10 +0.01 +0.04

FCP 140 7715 + 4598 3.31 21.65 8.67 85.41 0.0089 0.1918
0.32 +0.21 +0.03 *0.08

LWP 150 99.65 + 38.79 17.51 16.88 0.47 0.81 0.0004  0.0005
0.04 +0.08 +0.01 +0.01

SAP 150 87.3 + 40.27 10.69 19.17 8.10 46.91 0.0098 0.0622
0.10 +0.27 +0.02 +0.02

FCP 150 7355 + 45091 1.29 22.42 15.95 95.61 0.0161 0.2909
0.51 +0.09 +0.29 +0.13

LWP 160 99.14 =+ 38.63 17.47 16.97 1.39 1.53 0.0013  0.0007
0.05 +0.08 +0.03 +0.05

SAP 160 81.3 + 4201 6.28 20.55 4.05 70.94 0.0127 0.1226
0.54 +0.09 +0.05 *0.07

FCP 160 7190 =+ 40.92 1.17 22.43 25.25 95.22 0.0276  0.3029
1.09 +1.13 +0.07 +0.05

LWP 170 98.76 + 38.44 17.22 17.07 2.25 3.31 0.0022 0.0021
0.09 +0.10 +0.03 *0.08
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SAP 170 76.0 + 42.78 1.51 21.96 16.27 93.46 0.0176 0.2718
0.78 +0.03 +0.12 +0.12

FCP 170 69.81 + 38.92 1.03 21.20 30.04 95.91 0.0356 0.3186
1.31 +0.79 +0.19 021

LWP 180 98.18 + 3841 17.01 17.05 2.91 5.05 0.0028 0.0034
0.12 +0.01 +0.01 +0.02

SAP 180 75.07 + 42091 1.54 22.31 18.22 9351 0.0199 0.2724
0.89 +0.17 +0.03 =+ 0.11

FCP 180 69.69 =+ 38.23 0.79 21.03 31.40 96.87 0.0420 0.3453
1.29 +1.01 +046 +0.33

The maximum degradation of glucan and xylan occurred at 180 °C. The maximum Xxylan
degradation from LWP, SAP and FCP are determined as 5.05 %, 93.51 % and 96.87 %
respectively. Whereas, the maximum glucan degradation from LWP, SAP and FCP have been
reported as 2.91 %, 18.22 % and 31.40 % respectively. Thus the solid composition again

establishes the trend observed in case of products appearing in the hydrolysate.

5.1.5.4 Comparison of characteristics of untreated and pretreated rice straw
TGA and DTG of untreated and pretreated rice straw

Fig. 5.6 represents the thermos-gravimetric (TG) plots, showing the change in mass with
temperature in the range of 50°C to 900 °C RS and pretreated RS. From the Fig. 5.6a, showing the
TGA and DTG plots for RS, it appears that the % mass (with respect to initial sample mass) -
Temperature profile can be divided into four distinct regions, I: 50 —110°C; II: 110-220°C; lII:
220-370°C; IV: 370- 900 °C. In region I, there is 4% decrease in the mass, signifying the loss of
moisture. In Region Il there is no change in % mass and hence no thermal decomposition of rice
straw below 220 °C. Inregions 11 and IV, loss in mass has been observed, however the temperature
gradient of mass loss in these two regions are different. In Region Il (220-370°C), temperature
gradient of % mass loss is 0.3384%/°C as the % mass has decreased from 96% to 45%. Whereas
in Region 1V (370- 900 °C), % mass loss is 0.0547%/°C as the % mass has decreased from 45%
to 16%. Thus the gradient in region 1V is much lower than that obtained in Region IlI.
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Fig. 5.6 TG and DTG curves of RS (a); TG curves of RS and PRS (b)

As reported in the literature, hemicellulose, cellulose and lignin decompose at the temperature
range of 220 — 315 °C, 300 — 400 °C and 150 — 900 °C respectively (Waters et al, 2017). Therefore,
it can be envisaged that region Il signifies the thermal decomposition of hemicellulose and
cellulose. Region IV stands for the thermal decomposition of lignin. Although the rates of
decomposition of cellulose and hemicellulose increase sharply with temperature that of lignin

changes slowly with lesser sensitivity towards temperature.

As it is not the intention of the present work to combine the effect of thermal decomposition and
pretreatment, the temperate is chosen to be 180 °C where the effect of hydronium-ion based

catalytic pretreatment can be exclusively studied.

In Fig. 5.6b, the % mass (with respect to initial sample mass) -Temperature profiles of untreated
rice straw and pretreated rice straw obtained through LWP, SAP (=0.1M) and FCP (=0.1M) have
been plotted. Similar to the TG profile of untreated rice straw four regions are observed for treated
samples, except that obtained for FCP. In case of FCP, three regions are obtained. The temperature
span and the temperature gradient of %mass are different for the pretreated RS (PRS) obtained
through LWP, SAP and FCP. These are shown in Table 5.7.
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Table 5.7 Temperature span and gradient of %emass loss for RS and PRS following LWP,
SAP and FCP corresponding to four distinct regions in TGA.

Region | Temperature Span Temperature gradient of

(°C) % mass loss (°C™)

RS PRS-LWP PRS- PRS- RS PRS- PRS- PRS-

SAP FCP LWP SAP FCP

I 50-110  50-200 50-110 50-200 0.0705 0.0133 0.05 0.04
1 110-220 200-300 110-200  200-300 O 0.17 0.1333  0.19
" 220-370 300-400 200-300  300-900 0.3384 0.33 0.2 0.0733
v 370-900 400-900 300-900  Nil 0.0547 0.038 0.06 Nil

The difference in the TG profiles clearly reflects the effect of de-polymerization and removal of
carbohydrate polymers, namely, hemicellulose and amorphous part of cellulose during different

pretreatment process.
FTIR analysis of untreated and pretreated RS

From the Fig. 5.7a, it is clearly noted that the absorption peaks are obtained at 3333 cm™, 2919
cm™, 1625 and 1034 cm™. From the literature, it is known that the absorption peak at 3333 cm™
signifies O — H stretching produced by the vibration of hydroxyl group linked in lignin and
cellulose (Costa Lopes et al, 2013). The peak at 2919 cmIsignifies the C — H stretching from CH>
-group. The absorption peak at 1625 and 1034 cm™ indicate C = C and C — O stretching
respectively. At each position there is a decrease in the peak area for pretreated sample, in the
order of PRS- FCP < PRS- SAP < PRS-LWP<RS. In case of ferric chloride treatment on rice
straw, the peaks from 3500 — 2500 cmhavealmost disappeared. The FTIR spectra actually re-
establish the effectiveness of de-polymerization and removal of carbohydrate polymers during

different pretreatment process.
XRD analysis of untreated and pretreated RS

From the Fig. 5.7b, it has been observed that while the value of Crl (%) for RS is 37.08%, those
of PRS-LWP; PRS- SAP and PRS- FCP are 41.94%, 43.53% and 47.86% respectively. The

increment of Crl (%) through the pretreatment processes is due to the removal of hemicellulose
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and amorphous cellulose, as already established through the products identified in the aqueous

hydrolysate.
FESEM analysis of untreated and pretreated RS

The inspection of the Fig. 5.7c1 reveals that untreated RS has smooth, flat and fibrillary surface.
As observed from Fig. 5.7c2-c4, the external surface has developed cracks, pores and disruptions
through pretreatment in the order FCP>SAP>LWP. As postulated by shrinking core model, the
reaction front starts from the surface and progresses towards the centre and hence it is expected
that the structural breakdown appears on the surface of the pretreated solid due to each

pretreatment.
EDS analysis of untreated RS and pretreated solid

EDS analysis of PRS-FCP has been conducted to check how much containment of iron in the RS
occurs after pretreatment through FCP. Fig. 5.7d ascertains that some Fe metal is retained after
FCP- When compared with the EDS of untreated RS, it appears that besides the confirmation of
the presence of iron in PRS-FCP, the content of metals like Si, Ca and Mg increases. The content
of K however decreases. The increase in the content of Si, Ca and Mg is due to the decrease in the

total solid content.
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Fig.5.7. a: FTIR of untreated and pretreated RS (where T and v were the transmittance and
wavenumber respectively); b: Crystallinity index (Crl) of untreated rice straw and
pretreated rice straw; c: FESEM of untreated and pretreated RS (where cl: untreated RS,
c2, c3 and c4: pretreated solid obtained from LWP, SAP and FCP at different magnification
of image, 400 and 50 pm); d: EDS results (where d1: untreated RS and d2: pretreated solid
obtained from FCP)
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5.1.5.5 Effect of ferric chloride concentration on liquid hydrolysate

For all products of hydrolysis of both xylan and glucan (except xylose), higher values of
concentration are obtained using 0.2M FeClsz compared to those using 0.1 and 0.15 M strength
(shown in the Fig. 5.8). This is due to the increase of rate of hydronium ion-assisted
depolymerization of xylan and glucan with ferric chloride concentration. The highest yield (sum
of all products in liquid hydrolyzate) has been achieved at 170°C using 0.2M FeClz solution and
determined as 267.6 + 10.41(g of product / kg of rice straw).

120 Sum of products in liquid hydrolyzate

(g of product / kg of rice straw)

100 h 0.1 M FeCl, 237.3+7.27
0.15M FeCl, 258.6+8.20

80
0.2 M FeCl, 267.6+ 10.41

60

g of product per kg of RS

0.1 (M) FeCl3 m0.15 (M) FeCI3 00.2 (M) FeCI3
0 Iﬂ r’j.m Iﬂ m.ﬂ ml

Glucose Xylose Furfural 5-HMF Acetic acid Formic acid Levulinic acid

Fig. 5.8 Comparison the yield of products at different ferric chloride concentration
5.1.6Mathematical modelling for FeCls pretreatment of rice straw

A mathematical model has been developed for the conversion of xylan (into xylose and valuable
products) and cellulose (into glucose and valuable products) respectively. 0.2 M ferric chloride

solution has been used for experimental purpose.
5.1.6 .1 Conversion of xylan into xylose and other products

In the proposed model, reaction scheme has been used for the conversion of xylan series and
parallel reactions. According to this scheme, xylan in rice straw is first converted to soluble xylan.
The soluble xylan is subsequently converted to xylose and furfural following different reactions.
Xylose is also converted to furfural. Portions of xylose and furfural are also converted to
degradation products similar to the reaction mechanism of acid hydrolysis (Morinelly et al, 2009;
Lee et al, 1998; Dussan et al, 2015). The reaction scheme has been presented in Figure 5.9.a.
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Fig. 5.9. Mathematical model for xylan and cellulose conversion into valuable products (a:

Conversion of Xylan into xylose and other products; b: Conversion of cellulose into glucose

and other products) [* DP1 and DP2: decomposition products and xylose and furfural

degradation]

Except the reactions generating decomposition products, the reaction rate and stoichiometric

coefficients of different compounds in t

their values, in Table 5.8.

he corresponding reactions are represented, along with

Table 5.8 Reaction rates and Stoichiometric Coefficients of compounds in different reactions

Reaction Generalized Values of Component-wise Stoichiometric
Stoichiometric ~ Coefficient
Reaction  Coefficient Xy SXy Xyl F Ace
rate
k i -
Xy =y g Xy Ty ., 1 1 0 0 0
SXy ksﬁi Xyl Tsxyl ’9TLSxy1 0 -1 1 0 0
SXy ksxyll F Tsxyll 19ri5xy" 0 -1 0 1 0
SXy ksx_y”ﬁ Ace Tsxylln 19ris,cy,,, 0 -1 0 0 1
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Xyl g Tsxyl 9 0 0 1 1 0

i=any component (xylan (Xy), soluble xylan (SXy), xylose (Xyl), furfural (F) and acetic acid (Ace)

The mass balance equations for different components during xylan conversion are as follows:

dCxy

ac 19 rxy + 19Ts y11SXyI + ﬁery,,rSqu + 19r5xyIHTSXyIII + ﬂrxyeryl (5.12)
dC;txy _ 19sxyrxy + ﬁfs"ylrsxy, + ﬁery”rSXy,, + aerymrSXy,,, + 19rx Tyt (5.13)
dCd);yl _ 19Xyl Tey + 19rXSyl,7”SXyI + ﬁery,,T‘SXyn + ﬁery,,,TSXym + ’9rxyeryl (5.14)
ddt 1971'cher + 1971':Sxy1r5Xy1 + 1971":5953;11TSX)/II + 1971":5353;1117:§Xylll + 197nyer3;1 (5.15)
dcdice = ﬁécizerxy + ﬁ?ﬁtlsigurSXyl + ﬁécxizursxﬂl + ﬁ%ici;l]lrsxylll + ﬁécjlrxyl (5.16)

Time-concentration data, used for the determination of rate constants of reactions involved in the
hydrolysis pathways of xylan and glucan, as respectively represented in Figures 5.9a and 5.9b,

have been represented in Table 5.9 as follows:

Table 5.9 Time concentration data for kinetic study

Concentration | Temperature Reaction time (min)

of the product (°C) 0 3 6 9 12 15
Xylose 150 0 3.17 6.21 7.42 8.01 7.94
(g/L) 170 0 5.22 4.88 2.64 2.11 1.94
190 0 0.91 0.44 0.37 0.19 0.11
Furfural 150 0 0.74 1.22 1.59 1.76 2.15
(g/L) 170 0 3.75 4.32 4.92 4.81 4.79
190 0 6.46 7.59 7.14 6.46 6.19
Acetic acid 150 0 0.38 0.78 1.10 1.30 1.43
(g/L) 170 0 1.18 1.62 1.70 1.71 1.71
190 0 1.23 1.47 1.48 1.47 1.47
Glucose 150 0 1.58 3.04 5.49 6.01 6.89
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(g9/L) 170 0 4.17 6.18 7.92 7.83 7.71
190 0 5.49 7.70 6.99 6.43 5.70

5-HMF 150 0 0.19 0.26 0.63 0.71 0.86
(g/L) 170 0 0.29 0.61 0.95 0.87 0.83
190 0 0.43 0.64 0.61 0.54 0.49

Formic acid 150 0 0.01 0.02 0.21 0.33 0.51
(g/L) 170 0 0.03 0.16 1.24 1.46 1.58
190 0 0.08 1.21 2.40 3.17 341

Levulinic acid 150 0 0.01 0.03 0.97 1.42 1.37
(g/L) 170 0 0.04 0.87 2.37 2.68 2.59
190 0 1.12 2.70 4.61 6.99 7.81

From the time-trajectories of xylan (Xy), soluble xylan (SXy), xylose (Xyl), furfural (F) and acetic

. . . dac ac ac dc dac .
acid (Ace), represented in Figure 5.10, the values of d’;y, ;txy, d’;yl, —F and — < atdifferent

time have been determined by evaluating the slope of tangents to the corresponding trajectories at
that instant. Using those values of concentration derivatives, the set of equations (Eq. 5.12-5.16)
have been solved for the values of rates of reactions (7, 7sxy1, Tsxyir Tsxymr and 75x,,) at different
pretreatment time (5, 10, 15 min) using linsolve of MATLAB. As the values of concentration of
all the components (xylan, soluble xylan, xylose, furfural and acetic acid) are known at those time,
the rate constants for the first order reactions have been determined at each temperature (150-
190°C). According to the recommended form of linsolve, AX=B, the matrices A, B and X for the

equations 5.12 to 5.16 are as follows:

rdCxy -19Xy19Xy 19Xy Xy Xy A
dt Txy “VSxyl ~TSxyll ~TSxylll ~ Txyl
dCsxy Ty aSXyﬁSXy 195Xy SXy SXy
dt y Txy “TSxyl TSxyll ~VSxylll - Txyl
g = |l y _ Tsxyr |~ 9XVLgXYL Xyl Xyl oXyl |
- ? ’ = |7 sxyi1 |’ - Txy “TSxyl TSxyll ~VSxyIll ~Txyl |»
T
dﬂ er)?/;:l 197];cy197175xy11955xy11 ﬁfoyIIIﬁfxyl
dat 9AcegAce gAce gAce Ace
dCace Yxy “VSxyl ~TSxyll “TSxylI = Txyl

-odt - N -
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The elements of B, i.e., the time derivatives of concentrations of different components have been
determined from the slope of the tangent on the concentration-time profile of different
components. By making the inputs for B and A, X is evaluated using linsolve. The rate constants
have been evaluated by plotting the rates against the concentration of relevant components.

Considering all reactions, except those for the generation of decomposition products, involved in
the xylan hydrolysis pathway presented in Figure 9a, the differential mass balance equations for

different components can be written as follows:

o= —kyyCxy (5.17)
dCdStX = kxyCxy = ksxyiCsxy = KsxynCsxy — ksxyniCsxy (5.18)
dcd);yl = ksxyiCsxy = kxyuCxy (5.19)
dstF = kxyuCxy1 + KsxyuCsxy (5.20)
dcdice = ksxyinCsxy (5.21)

The initial conditions are as follows:
Att=0 [Cxy = Cxyo; Csxy = Cxy1 = Cr = 0] (5.22)
5.1.6.2 Conversion of cellulose into glucose and other products

Cellulose of rice straw is constituted of two fractions — crystalline and amorphous (Xiang et al.,
2003). According to the proposed model, the value of mass fraction of crystalline part of cellulose,
a, is determined to be 0.3708. According to the proposed scheme, due to the action of metal
chloride, only the amorphous fraction (1- a = 0.6292) of cellulose is converted to glucose. It is
proposed that a fraction () of glucose, produced through hydrolysis of amorphous cellulose is
converted to 5-HMF, and the residual fraction, (1-p), combines with acid soluble lignin (ASL) to
form Glucose-ASL complex (Qing et al., 2018; Tan-Soetedjo et al., 2017; Xiang et al., 2003). The
value of B has been used as an adjustable parameter and is evaluated to be 0.99. Ultimately, 5-
HMF is converted to levulinic acid and formic acid (Tian et al., 2021).The scheme is represented
in Figure 5.9.b.
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The reaction rate and stoichiometric coefficients of different compounds in the corresponding
reactions during glucan conversion through FCP are represented, along with their values, in Table

5.10.

Table 5.10 Stoichiometric Coefficient matrix for components participating in the reactions

in cellulose conversion to glucose and other products

Reaction Generalized Values of Component-wise

Stoichiometric  Stoichiometric Coefficient

Coefficient Cell Glc HMF LA FA
(1 — a)Cell 54 Glc e 9 o (l) 1 0 0 0
BGlc foel 5. HMF TGlct O e 0 -B 1 0 0
(1-p)Gle TGlcll vfel 0 -1 O 0 0
kci; Glc- ASL
5- HMF ™% pg THMFI L 0 0 -1 0 1
5-HMF IM LA THMFII 19TiHMF11 0 0 -1 1 0

i=any component (Cellulose (Cell), glucose (Glc), 5-HMF, formic acid (FA) and levulinic acid
(LA)

The mass balance equations for different components during glucan conversion are as follows:

% = ﬁfgellllrcell + 1979‘¢;ellclerlC1 + 7“919‘(;ellcl”rGlCII + ﬁf:ﬁperMFI + ﬁf:ﬁFUTHMFII (523)
% = 95 reen + 95 Yo + 05 Tarcn + 0P m TumEr + Of e THMEL (5.24)
% = ﬁﬁg’l’;rwu + ﬁT{-Ic;Al/IchGlCI + 197{_1(;Al/ICfITGlCII + ﬁ&%iITHMFI + ﬁ%%inrHMFII (525)
dz_l;A = ﬁfé”rCell + ﬁf(ﬁcerlcl + ﬁfécurmcll + ﬁf:MperMFI + ﬁf[fMF”rHMFII (526)
dZiA = ﬁ#é?llrce” + ﬁﬁgclrald + 1979(1;41c11r01611 + 191911.;11\/,p17'HMFI + ﬁ;‘:MF”THMpu (5.27)

From the time-trajectories of cellulose (Cell), glucose (Glc), 5-hydroxymethyl furfural (5-HMF),
formic acid (FA) and levulinic acid (LA), represented in Figure 5.11, the values of
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dCcent dCgic ACymr dCFra
dt ' dt ' dt ’ dt

slope of tangents to the corresponding trajectories at that instant. The set of equations (Eg. 5.23-

dCra

and at different time have been determined by evaluating the

5.27) have been solved for the values of rate of reactions (vceir, Ticr Yeicir Tamrr @Nd Tyarrr) at
different pretreatment time (5, 10, 15 min) using linsolve of MATLAB. As the values of
concentration of all the components (cellulose, glucose, 5-HMF, formic acid and levulinic acid)
are known, the rate constants for the first order reactions have been determined at each temperature
(150-190°C). According to the recommended form of linsolve, CY=D, the matrices C, D and Y

for the equations 5.23 to 5.27 are as follows:

[dCcey
dt
-.gCell gCell gCell qCell Cell A
dCGlc ﬁrCellﬁrclclﬁrGlcn197'HMFI197'HMFII
T, Glc qGlc 9Glc Glc Glc
dt rCell ﬁTCellﬁrGlclﬁrclcll197'HMFI19THMFII
dC Glcl HMF qHMF qHMF qHMF HMF
D = HMF ;Y = l Teicl l; C = ﬁrCell ﬁrczcl ﬁrGchIﬁTHMFIﬁrHMFII
dt FA 9FA qFA FA FA
dc Y HMFI 19rCelll9rGchﬁrGchIﬁrHMFIﬁTHMFII
FA THMFII 19LA 19LA 19LA 19LA ﬁLA
dt Tcell "TGlcl “TGlcll “THMFI ~THMFII
dcC i N i
LA
dt

The elements of D, i.e., the time derivatives of concentrations of different components have been
determined from the slope of the tangent on the concentration-time profile of different
components. By making the inputs for D and C, Y is evaluated using linsolve. The rate constants

have been evaluated by plotting the rates against the concentration of relevant components.

The differential mass balance equations for different components (for cellulose degradation) can

be written as follows:

% = —(1 — @)kceuCeen (5.28)
% = keeu Ceetr — kaiciCerc (5.29)
dcg% = keietBCeic — KumriCumr — KumrnCumr (5.30)
dZiA = KkumriCumr (5.31)
dZiA = kumr2Cumr (5:32)
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The initial conditions are as follows:

Att=0 [ Cceitu = Ccetnos Coic = Cimr = Cra = Cpa = 0] (5.33)
Arrhenius equation has been used to represent the functionality of all rate constants on temperature.
ki = kogexp (=) (5.34)
k; = rate constant of it" reaction; k,; = pre — exponential factor of it"reaction ;

E; = Activation energy of i*" reaction

The values of activation energies and pre-exponential factors have been determined through

regression analysis using natural logarithm of each rate constant, In(k;)against the inverse of

R . 1
temperature in kelvin, p

The series of differential equations, Eq. 5.17-5.21 and Eq. 5.28-5.32, along with respective initial
conditions, i.e., equations 5.22 and 5.33, have been solved simultaneously using ode45 solver of
MATLAB software.

5.1.6.3 Rate Constants
The values of pre-exponential factors and activation energies have been provided in Table 5.11.

Table 5.11 Values of the pre-exponential factors and activation energies for rate constants of

xylan and cellulose conversion reactions (FeCls concentration=0.2M)

Rate Pre- Activation Rate Pre- Activation
constants exponential energy constants exponential energy
factor (kJ/mol) factor (kJ/mol)
(min™) (min)
Kxy 3.3039x10% 99.56 Kcen 9.5420x10* 51.31
Ksxyi 1.7961x10* 37.75 Kaicl 3.4424x10* 45.99
Kxyll 6.3310x10%° 106.00 Kalcil 4.7791x10* 65.12
Ksxyii 5.5707x10%8 120.00 KrmFi 5.2538x10’ 67.25
Ksxyii 5.3198x10° 65.10 Krmrin 2.1279%10° 57.04
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5.1.6.4 Comparison of predictions of Model with Experimental Results

The simulated and experimental time histories of concentration of xylose, furfural and acetic acid
have been plotted in Figure 5.10 (a, b and c). Similarly, simulated and experimental dynamics of
concentration of glucose, 5-HMF, formic acid and levulinic acid have been plotted in Figure 5.11

(a, b, c and d). The component-wise comparative trends are described below:
Xylose

From the analysis of Figure 5.10a, it is observed that the release of xylose initially increases with
time up to 5 minutes and then decreases with the increase in time for 170°C and 190°C. This can
be due to the fact that initially the rate of xylose formation is higher than the rate of xylose
degradation to furfural. One of the major reasons is the decrease in the reactant, i.e., xylan. After
5 minutes, the rate of degradation of xylose is higher than the rate of formation of xylose. But in
case of 150°C, the concentration of xylose increases monotonically with time. It is also evident

from Figure 5.10a that the experimental trend agrees well with those predicted by Model.
Furfural

From the analysis of Figure 5.10.b, it is clear that the concentration of furfural increases
monotonically with the increase in time up to 10 minutes for 170°C. This signifies that the
availability of hydronium ion is greater as the time proceeds. As a result, the conversion of xylose
to furfural is facilitated to an extent greater than that of depolymerization of hemicellulose to
xylose. After 10 minutes the formation of furfural decreases. This behavior of furfural trend can
be explained from the scheme. Initially the rate of formation of furfural from xylose is higher than
the rate of conversion of furfural to degraded product. After 10 minutes the rate of degradation of
furfural is higher than the rate of formation of furfural. In case of 150°C, the concentration of
furfural increases monotonically with time. In case of 190°C, the release of furfural initially
increases with time up to 5 minutes and then decreases with the increase in time. The predicted

trend of Model is in agreement with the experimental one.
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Fig. 5.10 Experimental values and model prediction of xylose (a), furfural (b) and acetic acid
(c) concentration obtained from pretreatment of rice straw using 0.2M FeCls at 150-190°C
for 5-15 minutes

Acetic acid

From Figure 5.10c, it appears that there is an increasing trend of acetic acid with time up to 5
minutes. After 5 minutes, the yield of acetic acid is almost saturated with respect to time for 170°C
and 190°C. This is because of the fact that the acetic acid is released during the solubilization of
hemicellulose, the rate of which is very fast during FeCls assisted pretreatment. The predicted

value of Model is almost same which are very close to experimental values at each time.

Glucose

From the analysis of Figure 5.11a, it is evident that the release of glucose increases with time up
to 10 minutes and after that decreases with the increase in time for 170°C. This can be due to the
fact that initially the rate of formation of glucose from amorphous cellulose is higher than the rate

of degradation of glucose to 5-hydroxymethylfurfural and glucose-acid soluble lignin complex.
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After 10 minutes the degradation of glucose is higher than the formation of glucose. In case of
190°C, the release of glucose initially increases with time up to 5 minutes and then decreases with
the increase in time. In case of 150°C, the concentration of glucose increases monotonically with
time. It is clear from the figure that the predicted trend is in good agreement with the experimental

one.
a) b)
——Model (120°C) o Exp(150°C) 15 | —Model(1520°C) » Exp(150°C)
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Fig. 5.11 Experimental values and model prediction of glucose (a), 5-HMF (b), formic acid
(c) and levulinic acid (d) obtained from pretreatment of rice straw using 0.2M FeCls at 150-
190°C for 5-15 minutes

HMF

It is clear from the analysis of Figure 5.11b that the concentration of 5-hydroxymethylfurfural
increases with the increase in time up to 10 minutes for 170°C. After 10 minutes the release of 5-
HMF decreases. Initially, the rate of formation of 5-HMF from glucose is higher than the rate of
degradation of 5-HMF to formic acid and levulinic acid. After 10 minutes the rate of degradation
of 5-HMF is higher than the rate of formation of 5-HMF. In case of 190°C, the release of 5-HMF

initially increases with time up to 5 minutes and then decreases with the increase in time. In case

96



of 150°C, the concentration of 5-HMF increases monotonically with time. It is observed that the

simulated data are in good agreement with the experimental data.
Formic Acid

From the analysis of Figure 5.11c, it is evident that the rate of formation of formic acid increases
with time for all temperature. There are differences between the simulated and experimental values
of formic acid concentration at 10 minutes. This may be due to the participation of formic acid as

a catalyst for the conversion of xylose to furfural etc, which are not considered in the models.
Levulinic acid

From the analysis of Figure 5.11d, it is evident that the rate of formation of formic acid increases

with time for all temperature.

The discrepancy in the prediction of yields of formic acid and levulinic acid indicates the
possibility of involvement of some other reactions in the overall pathway of cellulose conversion.
Hence, there are scopes of modification of the pathway in future.

5.1.6.5 Normalized root mean square error (NRMSE)

For the assessment of the validity of the model, statistical parameter, namely normalized root mean

square error (NRMSE) has been calculated using the following equation (Soler et al, 2007):

n .— 02
Normalized RMSE = /w x 10 = 2% 100 (5.35)

Where M is the mean of the observed variable (Soler et al, 2007); Pi, Oiandn are predicted values,
observed experimental values, number of runs respectively (Soler et al, 2007).

The values of NRMSE for the predictability of the concentration of different hydrolysis products
are provided in Table 12.

It is clear from the Table 12 that the values of NRMSE for model are less than 10 in most of the
cases except for formic and levulinic acids. The NRMSE values for degradation of xylan and

glucan are also less than 10. Hence, the deterministic mathematical model is valid.
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Table 5.12 Values of normalized root mean square error

Glucose

Xylose

Furfural

5-HMF

AA*

FA*

LA*

NRMSE

9.76

9.69

6.97

7.33

3.11

>10

>10

(AA*, FA* and LA* refer to acetic acid, formic acid and levulinic acid respectively)

5.1.7 Degradation of polymer

Pretreated solid obtained using different temperature, time and FeCls concentration have been

reported in Table 13. The degradation of glucan and xylan (%) and solid recovery (%), have been

determined from equations 5.3-5.5.

Table 5.13 Solid recovery and composition of pretreated solid (obtained from 0.2M FeCls

pretreatment)

Parameter Solid Composition (w/w) Degradation
Time T recovery Glucan Xylan Lignin Glucan  Xylan
(min)  (°C) (%) (%) (%) (%) (%) (%)

5 150 69.03 £ 1.40 51.33+0.70 13.86+0.09 22.13+0.22 8.67 45.63
5 170 67.82 +£1.59 48.01+£0.99 10.01+0.11 22.78+0.41 16.08 61.42
5 190 66.31 + 1.02 46.57£0.23 5.22+0.03 23.17+0.21 2041 80.33
10 150 67.21 +1.31 36.20+0.79 257+0.19 2318%+0.21 37.29 90.18
10 170 64.85 +1.29 3431+0.27 041+0.02 23.99+0.23 42.65 98.49
10 190 62.54 + 1.07 32.01+£0.27 0.21+0.02 24.06+0.23 48.40 99.25
15 150 64.18 +1.31 35.17+0.79 0.33+0.19 2321+0.21 4182 98.75
15 170 61.57 +£1.29 3297+0.27 014+0.02 24.01+0.23 47.68 99.51
15 190 59.80 £ 1.07 32.03+0.27 0.01+0.02 24.17%0.23 50.63 99.96

It is observed that the percentage of solid recovery has decreased with increase in pretreatment
temperature and time. Whereas, the percentage of glucan and xylan degradation have increased
with increase in temperature and time. The maximum degradation of glucan and xylan have been
obtained as 50.63% and 99.96% at 190 °C for 15 minutes using 0.2 M FeClsrespectively.
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5.1.8 Optimization of the yield of major products and degradation of xylan and glucan

5.1.8.1 Optimization of the yield of major products through ferric chloride (0.2M) pretreatment

The response surface methodology (RSM) has been used to optimize the individual yield of major

products (xylose, glucose and furfural) through the FeCls (0.2M) pretreatment with respect to the

combined effects of pretreatment time and temperature. The 2-factor Central Composite statistical

design has been used. The coded levels of variablesused for the optimization of yields (g/ kg of

RS) of xylose, glucose and furfural have been reported in the Table 5.14.

Table 5.14 Coded levels of variables for the optimization of yields of xylose, glucose and

furfural
Input variables Unit  Coded variable level Model Response
-1 0 1
Pretreatment temperature (A) °C 150 170 190 (i) Xylose yield (g/ kg of RS)
Pretreatment time (B) min 5 10 15 (ii) Glucose yield (g/ kg of RS)

(iiii) Furfural yield (g/ kg of RS)

The RSM plot for the yield of glucose, xylose and furfural have been shown in the Fig. 5.12a, 5.12

and 5.12c respectively. The optimum yield of glucose, xylose and furfural have been reported in

the Table 5.15.
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Fig. 12 RSM plot for glucose (a), xylose (b) and furfural (c) yield (g/ kg of RS) obtained from
pretreatment of rice straw using 0.2M FeCls at 150-190°C for 5-15 minutes

Table 5.15 Condition for optimum production for glucose, xylose and furfural yield (g/ kg of
RS)

Temperature (°C) Time (min) Optimum Yield
(o/ kg of RS)
Glucose 166.673 9.499 70.82
Xylose 152.242 5.841 43.34
Furfural 183.591 7.807 70.21

100



5.1.8.2 Optimization of degradation of xylan and glucan through FeCls pretreatment

A 2-factor Central Composite statistical design in response surface methodology (RSM) has been

used to understand the effects of pretreatment temperature and time on the degradation of xylan

and glucan (%). Design-Expert Software (version 11) has been used for this purpose. The Table

5.16 represents the coded levels of

independent variables for degradation of carbohydrates.

Table 5.16 Coded levels of independent variables for degradation of carbohydrates

Input variables Unit Coded variable level Model Response

-1 0 1
Pretreatment temperature (A)  °C 150 170 190 (1) Xylan degradation (%)
Pretreatment time (B) min 5 10 15 (i) Glucan degradation (%)

The Table 5.17 represents ANOVA table for xylan degradation. The adjusted and predicted R?

values for the model are good.

Table 5.17 ANOVA Table for optimization xylan degradation

Source Sum of Squares
Model 4472.93
A-Temperature 2651.91
B-Time 321.10
AB 187.69
A2 1305.67
B? 52.61
Residual 82.95
Lack of Fit 82.95
Pure Error 0.0000
Cor Total 4555.88

df Mean Square F-value p-value
5 89459  75.49 <0.0001 significant
1 2651.91 223.79 <0.0001
1 32110 27.10 0.0012
1 187.69 15.84  0.0053
1 1305.67 110.18 <0.0001
1 52.61 4.44 0.0731
7 11.85
3 27.65
4 0.0000

12

(R?: 0.9818; adjusted R?: 0.9688; Predicted R?: 0.9259)
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The Table 5.18 represents ANOVA Table for glucan degradation. The adjusted and predicted R?

values for the model are good.

Table 5.18 ANOVA Table for optimization glucan degradation

Source Sum of Squares df Mean Square F-value p-value
Model 3050.65 5 610.13 586.83 <0.0001 significant
A-Temperature 223244 1 2232.44 2147.21 <0.0001
B-Time 29332 1 293.32 282.12 <0.0001
AB 11025 1 110.25 106.04 <0.0001
A2 37453 1 37453 360.23 <0.0001
B2 7749 1 77.49 7453 <0.0001
Residual 728 7 1.04

Lack of Fit 728 3 243

Pure Error 0.0000 4 0.0000

Cor Total 3057.93 12

(R?: 0.9976; adjusted R%: 0.9959; Predicted R?: 0.9831)

From the Fig. 5.13a, it is observed that, as expected, the pretreatment temperature and time have a
positive impact on the degradation of xylan. From the Fig. 5.13b, it is observed that the

pretreatment temperature and time have a positive impact on the degradation of glucan.

Xylan degradation (%)

Glucan degradation (%)

Fig. 5.13 Effect of pretreatment temperature and time on the response surface of xylan (a)

and glucan degradation (b)
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The optimum degradation of xylan and glucan have been reported in the Table 5.19.

Table 5.19 Optimum degradation of xylan and glucan

Temperature (°C) Time (min) % Optimum degradation
Xylan 165.277 11.477 97.344
Glucan 172.848 9.823 43.817

5.1.9 Effect of Combined severity on ferric chloride pretreatment

Combining the effects of time and temperature of thermal cycle of pretreatment and the pH of the
FeCls solution, the combined severity (CS) for hydrolysis of any component (hemicellulose,

cellulose etc.), i, has been defined as follows (Ruiz et al, 2021; Abouelela et al, 2023):
CS; = logRy; — pH (5.36)
Where, R,; represents the severity factor of pretreatment reaction of any component, i .

logRy; = log[Roingaring + Roioperaring + Roicoorine] (5.37)

T'(t)~TRefs

T(t)—-TRe Thy—TRe
logRy; = log[ftto1 exp (T”> dt + (t, — t;)exp (hyw—lRf) + fttzf exp ( )dt]

Where,
t T(t)-Tgr f .
ftol exp (Te) dt = Roi,heating )
Thy—TRef .
(tZ - tl)exp (yw—le) = Roi,ism

t T'(t)—TRef )
ftzf exp (Te) dt = Roi,cooling1

2

Where, to: initial time; Tg.: reference temperature; Ty, : hydrolysis temperature; T(t): time-

temperature profile on the heating cycles; T'(t): time-temperature profile on the cooling cycles;

2
w; = iﬁand t refers as time in minutes (Ruiz et al, 2021). The reference temperature has been

Ai

considered to be 100°C.Ey;is the activation energy of hydrolysis reaction of any component

(hemicellulose, cellulose etc.). The values of Ry; ;5. is dependent on time and temperature of
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isothermal hydrolysis. As the activation energies of hydrolysis of cellulose and hemicellulose are
different, the values of w and R, are also different. The definitions of R, and w, the hydrolysis

kinetics of hemicellulose and cellulose can be written as,

1 dCXy
ny dt

As there is no hydrolysis during the heating up and cooling down period,

_ 1 dCXy Exy
Cxy dt = kxyo exp( RT) (5.39)
_ 1 dlxy) _ _ Exy

or,—1In (ch = )_ Kyo — -2 (5.40)

Through Taylor series expansion, neglecting higher terms, around reference temperature Ty,

_ 1 dCXy _ EXy EXy

l (CXy dt ) l kXyO + RTRZT (T TR) (541)
1 dCxy _ _Exy (T-Tg)

A = kxyo exp( RTR) ex (RT z (T —Tr)) = kXyRexp< oxy ) (5.42)

RTR? E

g~ @i Ky €XP (=22) = Fa (5.43)
Cxy dC t (T-Tg) (T=T)

O fC;:; C;(y fO kXyR ( R )dt = kXthexp< waR > = kXyRROXy,iso (544)

Where,

_ (T-Tg)
ROXy,iso - texp w_Xy (5.45)

= severity factor for xylose degradation under isothermal condition (Ruiz et al, 2021)

Similarly, for hydrolysis of cellulose,

Cceltu ACcellu _ t (T_TR)) _ (T—TR) _ .
fCCe”uo Ccellu - fO kCellRexp (wCe”u dt = kCellRtexp (wCe”u) - kCellRROCellu,lso (5-46)
Where,
(T-Tg)
ROCellu,iso = texp (Teli) (5-47)
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= severity factor for Cellulose degradation under isothermal condition (Ruiz et al,

2021)

Under the present study, FeClz concentration has been chosen to be 0.2M and hence the pH (=1.38)
was same for all experiments. The choice of concentration was made based on literature data and
the best hydrolytic performance. Using Equation 5.36, the combined severity factors for xylose

and cellulose are as follows:

CSXy = lOgROXy - pH (548)
CSceuu = logRocery — PH (5-49)
The values of Ryx, and R, have been calculated using equations 5.45 and 5.47.

The combined parameters, CSyyand CS¢.y;,,have also been correlated with time and temperature

of isothermal hydrolysis using a 2-parameter Central Composite response surface design.

Table 5.20 Variables with coded level used for RSM for degradation of xylan and glucan (%)

Input variables Unit Coded variable level Model Response
-1 0 1

Pretreatment temperature (A) °C 150 170 190 Q) CSxy

Pretreatment time (B) min 5 10 15 (i) CSceiu

The combined severity has been correlated to pretreatment time and temperature using RSM. The

second order equations obtained are as follows:

CSy, = 2.81286 — 0.04780424 + 0.212355B + 0.000154B + 0.00020325142 —
0.00775B2 (5.50)

CScouy = 469605 — 0.0655614 + 0.188213B + (0.9251 X 10~7)AB + 0.00022185A42 —
0.00665B2 (5.51)

The corresponding plot of CS against pretreatment time and temperature is shown in Figure5.14.
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Fig. 5.14 CS against pretreatment time and temperature (CSx,:a;CS ceyry:0)

The value of CSy, varies from 1.28 to 2.99. Whereas, the value of CSc,y,, varies from 0.62 to

1.68.

The fit of the combined severity factor with xylan and glucan degradation is presented in the Figure
5.15.
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Fig. 5.15 a: xylan degradation versus CSy,; b: glucan degradation versus CS¢.y,

From the analysis Fig. 5.15, there is a non-linear (second order polynomial) relationship between
degradation of xylan/glucan and combined severity factor. The co-relation of xylan degradation &

CSyx, and glucan degradation & CS¢,;,, are written in the equation 5.52 and 5.53 respectively.
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Xylan degradation (%) = —34.069CSy,? + 173.67CSy, — 117.98 (5.52)

Glucan degradation (%) = —44.41CScoy” + 147.84CScoy — 71.528 (5.53)

5.2 Enzymatic hydrolysis
5.2.1 Experimental procedure

Enzymatic hydrolysis of raw-RS and pretreated solid from LWP, SAP and FCP was conducted in
a glass test tube at 50°C for 24, 48 and 72 hours with shaking at a speed of 150 rpm. 4 mL sodium
acetate buffer (0.05 M, pH 5.8) and 0.2 g solid (raw-RS and pretreated solid from LWP, SAP and
FCP) were taken. The enzyme, i.e., cellulase loading was 20 FPU/g dry substrate. After enzymatic
hydrolysis, the product was centrifuged at 10000 rpm for 5 minutes. The supernatants were
collected to determine the released glucose using NMR. All experiments of enzymatic hydrolysis

were conducted in triplicate.

The relative glucose yield was calculated from the equation 5.54 (Zhang et al., 2018).

Glucose produced during enzymatic hydrolysis

Glucose yield, Y; gy (%) = x 100 (5.54)

Glucan in pretreated solid x1.11
Where, 1.11 = conversion factor of glucan to its equivalent glucose ((Zhang et al., 2018)

The molar yield (%) of glucose, y; gy, is defined as follows:

Moles of Glucose produced during enzymatic hydrolysis
%) = ! D g enzy Yarolsis w100 5.55
G,EH

Moles of Glucan in pretreated solid
5.2.2 Comparison of Experimental Results of Enzymatic Hydrolysis

The glucose yields have been calculated from equation 5.8. It has been observed that the yields of
glucose have an increasing trend with time, shown in the Fig. 5.16. The glucose yields after 72
hours of enzymatic hydrolysis of untreated RS and pretreated solids (obtained from LWP, SAP
and FCP) are determined as 27.9%, 32.3%, 45.4% and 78.9% respectively. The results signified
that the FeCls pretreatment (concentration =0.1M) on rice straw is very efficient for glucose yield

during enzymatic hydrolysis.
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Fig. 5.16 Glucose yield (%) after enzymatic hydrolysis of untreated RS and pretreated
solids obtained from LWP, SAP and FCP
5.2.3 Mathematical model for enzymatic hydrolysis

A mathematical model for enzymatic hydrolysis has been developed based the reaction scheme

shown in the Figure 5.17.

k; k,
E+Cellu &=—/ E-Cellu —— E + Glucose
kK,

Ky

E l"duni\'alod

Fig. 5.17 Mathematical model for enzymatic hydrolysis

Kinetic parameters, yand k,have been introduced. The first order deactivation rate constant of the
enzyme is k;. According to the model, y is correlated to k, as %;t = k4 and another parameter,

ko = % (Yang and Fang, 2015). Figure 5.17, k, is the rate constant for the irreversible reaction
M
involved in the formation of the product, glucose from the cellulose-cellulase complex and K,, is

Michaelis-Menten constant. According to Briggs —Haldane quasi-steady state concept for the
ko+k_q

enzyme-substrate complex, K, = and according to rapid equilibrium concept of the

1

. . k_
reversible complexation of enzyme and substrate, K, = k—1

1
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On the basis of mole balance, the rate of change of molar yield of glucose can be written as,

dyg, _ 1
;tEH = ko (1+y1)? (1= Yeen) (559
dyceliu, _ 1
Cdli = =~k (1+y1)? (1= Yeen) 557
: SAPNNES (5.58)

-in(1-ygEn) ko ko

The equation of prediction glucose yield is given below

yG,EHPredicted =1—exp (_ kot) (5.59)

1+yt
Ye.en 1S the molar glucose yield.

5.2.3 Comparison of experimental and simulated yield of glucose during enzymatic hydrolysis

The parameters, y and k, have been calculated from the slope (%) and intercept (i) of —-———

ko ko —in(1-yg,eH)
versus t plot, shown in the Fig. 5.18a. The parameters, y and k, are 0.0297 h and 0.0738 h.
Figure 5.18 represents the simulated and experimental profile of glucose yield. From the close

analysis of the figure, it can be inferred that the model can predict the experimental trend.
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Fig. 5.18 Plot of ———

versus t (a); Comparison the yield of glucose during enzymatic

hydrolysis from Model with experimental data (b)
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5.2.4 Optimization of glucose yield of enzymatic hydrolysis and overall glucose yield

The response surface methodology (RSM) has been used to optimize the of glucose yield through
enzymatic hydrolysis of pretreated rice straw and overall glucose yield combining the quantities
of glucose obtained directly through pretreatment and that produced through enzymatic hydrolysis.
The combined severity (CS) of pretreatment and the enzyme loading are expected to influence
both the yields. The combined severity, representing a combined index of pretreatment time,
temperature and the strength of FeClsz solution, is expected to affect the composition of the
hydrolysate as well the pretreated solid. The composition of the pretreated solid is expected to
affect the behavior during enzymatic hydrolysis. The loading of enzyme, i.e. the enzyme to
pretreated solid ratio is expected to affect the hydrolysis process. The combined yield of glucose
is calculated based on the summation of quantities of glucose appearing in the pretreatment
hydrolysate and that obtained through enzymatic hydrolysis of pretreated RS. Therefore, glucose
yield through enzymatic hydrolysis (Y5 gy) and combined glucose yield during pretreatment and
enzymatic hydrolysis (Y ¢) are optimized with respect to combined severity (CS) of pretreatment
and the enzyme loading (FPU/ g of dry substrate using response surface methodology (RSM). The
2-factor Central Composite statistical design has been used. Design-Expert Software (version 11)
has been used for this purpose. During optimization, second order functionalities of Y gy and Y; ¢
with respect to combined severity (CScenu) of pretreatment and the enzyme loading have also been
obtained. The values of Y; zy have been calculated from Eq. 5.8. The combined glucose yield (%),
Y; ¢ incorporating the glucose released from both pretreatment and enzymatic hydrolysis has been

calculated as follows:

Combined Glucose yield, Y; (%) =

Glucose produced during enzymatic hydrolysis and pretreatment

x 100 (5.60)

Glucan in RS fed to the pretreatment process

The Table 5.21 represents the coded levels of independent variables used for the optimization of

Y; gy and Y ¢ respectively.
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Table 5.21 Coded levels of variables used for the optimization of Y gy and Y¢ ¢

Input variables

Coded variable level

Model Response

-1 0 1
A: Combined severity (CSceliu) 0.62 1.15 1.68 (1).Y5 g1 (%)
B: enzyme loading 10 20 30 (i1) Y5,c(%)

(FPU/ g of dry substrate)

The minimum value (0.62) and maximum value (1.68) of CS¢,;;, are obtained for 150°C for 5

minutes and 190°C for 15 minutes. The value of CS..;;,, at 170°C for 10 minutes is 1.18 which is

almost close to the mid-point of CS¢eyy, 1-€., 1.15, used in RSM. Thereafter, the data obtained at

170°C for 10 minutes are used.

The ANOVA tables for optimization of Y; g and Y - have been reported in the Table 5.22 and

5.23 respectively. It has observed that the R?, adjusted R?, predicted R? values are acceptable.

Table 5.22 ANOVA Table for optimization of Y gy

Source Sum of Squares df Mean Square F-value p-value
Model 36.54 5 731 4494  <0.0001 significant
A-CS 13.04 1 13.04 80.23  <0.0001
B-Enzyme loading 11.68 1 11.68 71.86 <0.0001
AB 3.39 1 339 20.82  0.0026
A2 0.0095 1 0.0095 0.0582 0.8163
B2 8.20 1 820 50.43  0.0002
Residual 1.14 7 0.1626

Lack of Fit 1.14 3 03794

Pure Error 0.0000 4 0.0000

Cor Total 37.68 12

(R?: 0.9763; adjusted R%: 0.9642; Predicted R?: 0.9471)
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Table 5.23 ANOVA Table for optimization of Y gy

Source Sum of Squares df Mean Square F-value p-value
Model 670.27 5 134.05 30.51  0.0001 significant
A-CS 41154 1 411.54  93.68 <0.0001
B-EH 66.94 1 66.94 15.24  0.0059
AB 2025 1 20.25 461 0.0689
A2 13915 1 139.15 31.67  0.0008
B2 5156 1 51.56 11.74  0.0110
Residual 30.75 7 4.39

Lack of Fit 30.75 3 10.25

Pure Error 0.0000 4 0.0000

Cor Total 701.02 12

(R?: 0.9652; adjusted R%: 0.9431; Predicted R?: 0.9132)

The equation obtained from ANOVA quadratic model for Y; gy (%) and Y (%), have been
provided in the Eq. 5.61 and 5.62.

Y e (%) = 81.6772 — 6.1829A4 + 0.355477B + 0.1735854B + 0.131274A% —

0.0108562B2

(5.61)

Y (%) = 40.66 + 31.5786A + 1.86648B — 0.424528AB — 15.9224% — 0.027225B% (5.62)

The impact of CScenu and enzyme loading on Y; gy and Y; - have been shown in the Fig. 19a and

19b respectively.
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Fig.5.19 Effect of CSc.y, @and enzyme loading (FPU/ g of dry substrate) on the response
surface for glucose yield during enzymatic hydrolysis (Y¢ gy) (2) and combined glucose yield

during pretreatment and enzymatic hydrolysis (Y¢ ¢) (b)

The optimum glucose yield for enzymatic hydrolysis (Y; gy) and combined glucose yield during

pretreatment and enzymatic hydrolysis (Y; ) have been reported in the Table 24.

Table 24 Optimum glucose yield for enzymatic hydrolysis (Y ¢ gg) and combined glucose yield

during pretreatment and enzymatic hydrolysis (Y¢ ¢)

Combined severity Enzyme loading Optimum yield
(CSceuw) (FPU/ g of dry substrate) (%)

Ys en 0.983 18.474 81.387

Yo 1.032 21.528 74.673
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5.3 Ethanol production
5.3.1 Experimental

Enzymatic hydrolysate (1.8 mL) of pretreated rice straw and untreated rice straw was inoculated
with 0.2 mL of 24h old stock culture of Saccharomyces cerevisiae(MTCC-173) and was allowed
for ethanol fermentation under anaerobic condition at 30 °C, under stirring (150 rpm). All
experiments were conducted in triplicate. The Saccharomyces cerevisiae(MTCC-173) was
purchased from MTCC, India. The bacterial culture was maintained in YPD medium (3 g yeast

extract, 10 g peptone, 20 g dextrose and 1 L distilled water) at 28 °C.
5.3.2 Analytical

The ethanol concentration of fermentation sample was determined in gas chromatography analyzer
(TRACE 1110, Thermo Fisher Scientific). The fermentation broth was centrifuged for 5 minutes
at 10000 rpm.1 mL of supernatant and 1.5 mL of 1-butanol (Merck) were mixed in a glass tube
closed with rubber cap. As ethanol is highly soluble in butanol, two layers — bottom layer
containing the aqueous phase were separated and top layer containing butanol-ethanol mixture.
The top layer was analyzed for ethanol concentration using GC with the aid of a standard curve
constructed using known concentration of ethanol in aqueous phase. The GC was equipped with
Chromeleon software and flame ionization detector (FID). Hydrogen, air and nitrogen flow rate
were set as 30, 300 and 30 mL/min respectively. The oven and FID detector temperature were 40
and 250 °C respectively. TR-FAME capillary column was used to perform the experiment.

The% relative yield of ethanol (on the basis of theoretical yield) Yginano1(%)was determined from

equation 5.66.

Ethanol produced (%)

YEthanol(%) = x 100 (5.63)

Theoretically achievable concentration of Ethanol (%)

Again, the stoichiometric equation for conversion of glucose to ethanol is as follows
(Drapcho&Nghim, 2008)

CeH1,04 + 2ADP + 2P - 2C,HsOH + 2C0O, + 2H,0 + 2ATP (5.64)

Therefore, from 1g glucose, theoretically achievable ethanol is as follows:
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2xMolecular weight of Ethanol (ﬂ)

&‘(ﬁ’g"; % 1g Glucose = 0.511g Ethanol (5.65)

Molecular weight of glucose (m01

Therefore, equation (5.53) can also be written as follows:

Ethanol produced (%) % 100 (5.66)

YEthanol(%) =

Initial glucose concentration (%) X 0.511

5.3.3 Comparison of Experimental Results

The ethanol productions from fermentable sugar namely, glucose released during enzymatic
hydrolysis of untreated RS and pretreated solids (obtained from LWP, SAP (0.1M) and
FCP(0.1M)) are determined as 2.01, 2.49, 3.41 and 5.01 g/L respectively, shown in the Fig. 5.20a.
Ethanol conversion yield (for FCP, calculated from equation 12) is 83.79 %.

a b
) " )
§ 'y Y @ Pretreated RS O Raw RS
S R
. 7 s
é g 5
e E 4
: 7 g
E 2 / S =
H 3 2
= 2
= P~
RS PRS-LWP PRS-SAP PRS-FCP

Time (h)

Fig. 5.20 Ethanol production after enzymatic hydrolysis of raw-RS and pretreated solids for
72 hours for LWP/ SAP/ FCP (a); Ethanol production after enzymatic hydrolysis of raw-RS
and pretreated solids (obtained at 170 °C, for 10 minutes using 0.2 M FeCls solution) for 24,
48 and 72 hours (b)

The ethanol productions (for batch time 72 hours) from fermentable sugar namely, glucose
released during enzymatic hydrolysis of untreated RS and pretreated solid (obtained from
pretreatment of rice straw at 170 °C, for 10 minutes using 0.2 M FeCls solution) are determined as

2.01 and 6.09 g/L for respectively.

Under the present study, the residual solid samples obtained from pretreatment, have been
subjected to enzymatic hydrolysis for the production of glucose. Glucose, released during
enzymatic hydrolysis, has been used for ethanol fermentation. As the hydrolysate is not being used
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for ethanol production, there is no chance of interference from furfural. For the utilization of
glucose from hydrolysate, separation processes for the recovery of each product have to be

adopted. A typical separation scheme can be represented as follows:

WASHING

MEM2

{I’URFURALH

=
ADSOR iicin

Fig. 5.21 Products separation from residual solid and liquid hydrolyzate obtained from the
ferric chloride pretreatment of rice straw (Unit operation and Process Blocks: PRETREAT:
pretreatment unit, VACUUMF1: vacuum filtration unit 1, REACTORZ1: reactor for lignin
solubilization, VACUUMF2: vacuum filtration unit 2, WASHING: washing unit, OVEN1:
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oven for drying cellulose, OVENZ2: oven for lignin precipitation, CENTRIFU: centrifuge,
VAC-DIST: vacuum distillation unit, MEM1: membrane 1, MEM2: membrane 2, ADSORP:
adsorption unit, MEM3: membrane 3, DISTLZ1: Distillation unit 1, EXT-DSTL.: extractive

distillation unit)

Streams: PRODUCT1.: products obtained from pretreatment, SOLIDPRO: pretreated solid, GVL-
WATER: GVL-water solution, PRODUCT?2: products obtained from REACTOR1, CELLULO1:
cellulose obtained from filtration unit, WETCELLU: wet cellulose, CELLULQS: high purity
cellulose, LIGN+ GVL: lignin-GVL mixture, PRODUCT3: products obtained from OVEN2,
GVL+WAT: GVL-water mixture as supernatant, LIQUIDHY: liquid hydrolyzate, XYL+GLU:
xylose and glucose, PRODUCT 4: permeate from membrane 1, FU+AA+FA: furfural, acetic acid
and formic acid, 5-HMF+LA: 5-hydroxymethylfurfural and levulinic acid, FORMIC-A: Formic
acid, ACETIC-A: acetic acid, LEVU-A: levulinic acid. In the pretreatment unit (PRETREAT),
rice straw can be treated with ferric chloride at 170°C for 10 minutes. The pretreated solid
(SOLIDPRO) and liquid hydrolyzate (LIQUIDHY) can be separated in a vacuum filter
(VACUUMF1). The pretreated solid containing cellulose and lignin can be mixed with GVL and
water in a unit (REACTORL1) at 80°C for 30 minutes ( L:S = 4:1) and lignin is solubilized in GV.
Thereafter, another vacuum filter (VACUUMF2) can be used where cellulose and lignin-GVL

mixture are separated.

In this process, high purity cellulose can be washed with water in a unit (WASHING block) and
subsequent dried in OVENL1 at 105°C. The separation of lignin and GVL can take place with the
addition of water and overnight exposure to a temperature of 40°C in OVEN 2. Afterwards,
through centrifugation in the CENTRIFU block, solid lignin can be recovered and GVL-rich
supernatant can be obtained for further purification (Alonso et al, 2017). GVL and water can be
separated using a distillation unit [VAC-DIST] (Li et al, 2018). The hydrolysate containing
glucose, xylose, 5-HMF, levulinic acid, furfural, acetic acid and formic acid can pass through a
membrane unit (MEM1) using TS40 to separate the mixture of glucose and xylose as retentate
(Zdarta et al, 2020). Xylose can be separated from glucose in a membrane unit (MEM2) using
Desal-5 DK, -DL and NF270 membranes in stack (Sjoman et al, 2007).The permeate can pass
through an adsorber (ADSORP) containing XAD761 to absorb 5-HMF and levulinic acid (Hu et
al, 2021). A membrane unit (MEM3) using anion exchange membrane- Neosepta ACS and cation
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exchange membrane- Neosepta CIMS can be used to separate 5-HMF and levulinic acid (Kim et
al, 2013). The exit stream of the adsorber (ADSORP) containing FU+AA+FA can be fed to a
distillation column (DISTL1) where furfural (boiling point 162°C) can be separated from the
mixture of acetic acid and formic acid having boiling points of 118°C and 100.8°C respectively
(Purrunen, 1978). Formic acid and acetic acid can be separated in an extractive distillation unit
(EXT-DSTL) using nitrobenzene as a solvent (Berg, 1997). From the reaction schemes, it is clear
that by changing the extend of reactions, different arrays of biomolecules can be produced. The
pervaporation technique using hydrophobic membrane, e.g., polydimethylsiloxane (PDMS) can
also be used to separate furfural (Qin et al, 2014). Reports are available on the extraction of 5-
HMF by using either methyl isobutyl ketone or tetrahydrofuran. Use of GVL along with the
solvents during the FeCls pretreatment can further enhance the recovery of HMF (Menegazzo et
al, 2018). Several studies revealed that levulinic acid can be recovered from the liquid effluent of
FeClz assisted pretreatment of biomass using methyl tetrahydrofuran efficiently (Wang et al,
2018). Therefore, FeCls can play a vital role to implement the concept of biorefinery using
abundantly available Indian agro-waste, namely, rice straw. The process will simultaneously
produce fermentable sugars, treated solid suitable for enzymatic hydrolysis and extractable
platform chemicals. As reported in recent literature, recovery of furfural during FeCls pretreatment
is possible by using y-valerolactone assisted lignin separation through pH control, followed by
extraction using ethyl acetate and finally separation through distillation (Ding et al, 2021). Further
studies are, therefore, required for the implementation of the scheme and is not included in the

present study.
5.4 Overall mass balance

The overall mass balance for LWP/ SAP (0.1M)/ FCP (0.1M) of rice straw followed by enzymatic
hydrolysis and fermentation has been shown in the Fig. 5.22, 5.23 and 5.24 respectively.

Pretreatment of rice straw takes place in the PRETREAT block. ENZYHYDR and FERMENTA
signify the enzymatic hydrolysis unit and fermentation unit respectively. The productions of
ethanol (kg ethanol / kg of rice straw) through LWP, SAP (0.1M) and FCP (0.1M) pretreatment of
rice straw followed by enzymatic hydrolysis and fermentation have been determined as 0.0444,
0.0609 and 0.0899 respectively.
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PRETREAT ENZYHYDR FERMENTA

1kg > @

0.9865 kg
SOLIDRES|

0.1223 kg

C> 0.0445kg

10 kg C>
50°C e
72 hour 2 houx
LIGNINR THERPR
b
10.0135kg 0.8642 kg 0.0778 kg
RS (Rice straw) SOILDRES (Solid residue) LIQUIDHY (Liquid hydrolyzate)
Glucan 0.3884 kg Glucan 0.3786 kg Glucose 0.0031 kg; Xylose 0.0020 kg
Xylan 0.1759kg Xylan 0.1716 kg Furfural 0.0007 kg; 5-HMF 0.0001 kg
Lignin 0.1685 kg Lignin 0.1680 kg Formic acid 0.0001 kg; Acetic acid 0.0004 kg
Other 0.2672 kg Other 0.2683 kg Other 0.0023 kg; Water 10 kg

Fig. 5.22 Overall mass balance for LWP of rice straw followed by enzymatic hydrolysis and

fermentation

PRETREAT ENZYHYDR FERMENTA

kg & (RS
0.7644 kg 0.1618 kg o
SOLIDRES] ETHANOL 0.0609 kg
10.098 kg > H2504
30°C
72 hour 72 hour
THERPR
10.3336 kg 0.6026 kg 0.1009 kg
RS H2504 SOILDRES LIQUIDHY
(Rice straw) (sulfuric acid solution) (Solid residue) (Liquid hydrolyzate)
Glucan 0.3884 kg H,80, 0.098 kg Glucan 0.3280kg Glucose 0.0657 kg; Xylose 0.1159kg
Xylan 0.1759 kg Water 10 kg Xylan 0.0117 kg Furfural 0.0313 kg: 5-HMF 0.0031 kg
Lignin 0.1685kg Lignin 0.1705kg Formic acid 0.0023 kg: Acetic acid 0.0173 kg
Other 0.2672 kg Other 0.2542 kg H,S0, 0.098 kg; Water 10 kg

Fig. 5.23 Overall mass balance for SAP of rice straw followed by enzymatic hydrolysis and

fermentation
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PRETREAT ENZYHYDR FERMENTA

1kg (> {R__S}
0.6969 k: 0.2101 k:
= - - ETHANOLF—) 0.0899 kg
10.1622 kg {FECL3}
30°C
72 hour
LIGNINR!
Iy v
\V4
10.4653 kg 0.4868 kg 0.1202 kg

RS FeCl3 SOILDRES LIQUIDHY
(Rice straw) (ferric chloride solution)  (Solid residue) (Liquid hydrolyzate)
Glucan 0.3884 kg FeCl; 0.1622 kg Glucan 0.2664 kg Glucose 0.0631 kg: Xylose 0.0843 kg: Furfural 0.0526 kg:
Xylan 0.1759 kg Water 10 kg Xylan 0.0055 kg 5-HMF 0.0094 kg: Formic acid 0.0074 kg; Acetic acid
Lignin 0.1685 kg Lignin 0.1665 kg 0.0163 kg; Levulinic acid 0.0056 kg; FeCl3 0.1622 kg;
Other 0.2672kg Other 0.2785kg Water 10 kg

Fig. 5.24 Overall mass balance for FCP (0.1M FeCls) of rice straw followed by enzymatic

hydrolysis and fermentation

The overall mass balance 0.2M FeClz pretreatment of rice straw followed by enzymatic hydrolysis
and fermentation has been shown in the Fig. 5.25. In this process, 0.0851 kg ethanol has been

produced from 1 kg of rice straw.
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Pretreatment Enzymatic hydrolysis Fermentation

1kg

Rice straw

0.0851kg
Bio-ethanol —C)

0.6954kg
Solid residue

0.2021Kg
Glucose

10.3244 kg

lﬂ}'—{ FeCl; Solution

30°C
72 hour

S0°C
72 hour

Other products
| Liquid hydrolyzate | Lignin rich solid 4
]110.629 kg 0.4933Kkg 0.1170kg
i & :
Rice straw FeCl, Solution Solid residue Liquid hydrolyzate
Xylan: 0.176 kg Water: 10 kg Xylan: 0.0034kg  Glucose: 0.0998kg  Xylose: 0.0167 kg
Glucan: 0.388 kg FeCl;: 0.3244kg  Glucan: 0.2221kg  Furfural: 0.0669kg  5-HMF: 0.0116 kg
Lignin: 0.165kg Lignin: 0.1601kg  Acetic acid: 0.0183kg  Formic acid: 0.02 kg
Other: 0.271kg Other:  0.3098 kg Levulinic acid: 0.034 kg Other: 0.0375 kg
Water: 10 kg FeCls: 0.3244 kg

Fig. 5.25 Overall mass balance 0.2M FeCls pretreatment of rice straw followed by enzymatic

hydrolysis and fermentation

5.5 Summary

The mechanism of hydronium-ion based pretreatment, namely, LWP, SAP and FCP of
hemicellulose and cellulose of rice straw has been explained through shrinking core model using
chemical engineering concept for the first time. The degradation rate constants of hemicellulose
and cellulose of rice straw have been compared for the first time. The analysis of hydrolysate and
the pretreated solid clearly indicate the most efficient action of FCP in comparison to acid
pretreatment in the present range of temperature (140-180°C). From this study it is clear that the
yields of all hydrolysis products, namely, xylose, glucose, acetic acid, furfural, 5>-HMF, levulinic
acid and formic acid are higher in case of FCP compared to LWP and SAP. As the amount of
furfural and 5-HMF, produced in case of FCP is high, they can be utilized as fuel additives and the
use of the hydrolysate part for ethanol production is not recommended due to their inhibitory
effects. As furfural, 5-HMF and levulinic acid contents increase monotonically with the increase

in temperature during FCP, one can strategize to focus on these products in the hydrolysate and
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production of glucose from the pretreated straw only. t is clear from the study that FCP can play a
vital role to implement the concept of biorefinery using abundantly available Indian agro-waste,
namely, rice straw for the production of ethanol, furfural, 5-HMF and levulinic acid as the main
products. From the best of our knowledge, a deterministic mathematical model for conversion of
xylan and cellulose into xylose and glucose (and valuable products) for ferric chloride pretreatment
of Indian rice straw has also been developed and validated for the first time. Deterministic
mathematical models for enzymatic hydrolysis has also been developed. The effect of combined
severity and enzyme loading on the yield of glucose have been investigated.
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Chapter 6: Production of Ethanol from Indian Biomass through Syngas

Platform

Syngas fermentation can play an important role to implement the concept of biorefinery as it can
serve as a platform to convert high-lignin biomass to biofuels. The syngas fermentation is a hybrid
process through which syngas, mainly constituted of CO and Hy, is generated from lignocellulosic
biomass in the first step, and subsequently the gas is fermented to bioethanol in the second step.
There is also scarcity of data on syngas fermentation of Indian rice straw. Studies have been
conducted according to the objectives under aim 2, as described in Chapter 3. The objectives are

as follows:

e Experimental studies on pyrolysis of rice straw in the temperature range of 400-700°C
e Determination of yields of products and the pyro-syngas composition
e Determination of growth kinetics of Clostridial consortium, UACJUChEL, used for pyro-

syngas fermentation using batch mode experimental data.

e Experimental studies on pyro-syngas fermentation in semi-batch and continuous stirred
tank bioreactors

e Development of mathematical models for both semi-batch and continuous stirred tank
bioreactors, used for pyro-syngas fermentation

e Optimization of both semi--batch and continuous stirred tank bioreactors, used for pyro-

syngas fermentation
6.1 Experimental methods
6.1.1 Pyrolysis of rice straw

The pyrolysis of rice straw was carried out in a semi-batch reactor (35 mm diameter and 210 mm
long) under isothermal condition at the temperature of 400, 450, 500, 550, 600, 650 and 700 °C in
an inert atmosphere maintained by nitrogen. The reactor equipped with furnace, temperature
controller (PID controller) and digital weight box. Rice straw was pyrolysed at a rate of 10g/hand
nitrogen flow rate was maintained at 2.5g/h, i.e., .The nitrogen flow rate was maintained at value
so that sufficient time is available for the reaction of higher molecular weight volatile compounds

to form gaseous compounds. For the recovery of pyro-oil, the volatile product from the pyrolyser
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was passed through a condenser using circulation of water at 20 °C. The non-condensable part of
volatile product constitutes pyro-syngas. The solid product, pyro-char, was collected after
atmospheric cooling of the pyrolyser. The schematic diagram of the pyrolyser is represented in the
Fig. 6.1. The yields of each product have been calculated and the pyro-gas was analyzed using gas

chromatograph (GC).
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Fig. 6.1 Schematic diagram of pyrolysis of rice straw

The yield of the pyro-products namely, pyro-char, pyro-oil, and pyro-gas have been determined

using the following equations:

mass of pyro—char obtained from pyrolysis
. X 100 (6.1)
mass of biomass fed to the reactor

% Yield of pyro — char =

mass o ro—oil obtained from pyrolysis
f vy : f PYTOWYSIS o 100 (6.2)
mass of biomass fed to the reactor

% Yield of pyro — oil =
% Yield of pyro — gas = 100 — Yields of (pyro — char + pyro — oil) (6.3)
6.1.2 Pyro-syngas fermentation

6.1.2.1 Microorganism

A mixed clostridial strain - UACJUChEL, isolated from local paddy field of West Bengal was used

as inoculum (Ghose et al, 2021).

6.1.2.2 Preparation of Modified clostridial medium for growth
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Modified clostridial medium was prepared according to ATCC (American Type Culture
Collection) 1754 medium. Similar to the protocol, followed by Vandecasteele, fructose, yeast
extract and sodium bi carbonate were excluded from the medium and a pH buffer, namely 2-(N-
morpholino)ethanesulfonic acid (MES) was used (Vandecasteele, 2016). The basal DSMZ 879
medium containing 1 g NH4Cl, 0.1 g KCI, 0.2 g MgSOs - 7 H20, 0.8 g NaCl, 0.1 g CaCl; - 2 H20,
100 mM MES, 10 ml reducing agent, 1 ml trace elements and 1 ml Wolfe’s vitamin solution per
liter was used. 1 mg of resazurin (10 mg/L), an indicator of anaerobic conditions, was also added
to 1L basal medium). The pH of the medium was adjusted to 6 using 0.1N NaOH. The basal
medium, thus prepared was transferred to sterile vessels (rubber sealed bottles/ Erlenmeyer
flasks/bioreactor) already degassed with nitrogen. The medium was further autoclaved and cooled
to 37°C. Gas (CO or simulated CO2-H> mixture or simulated pyro-syngas, i.e., CO-CO2-H2-CHa-
N2 mixture or pyro-syngas generated in the pyrolyser) transfer was done to prepare modified
clostridial medium as per requirement of the experimental runs. Only CO or CO; or CO and CO,
supplied either through pure gas (CO or CO2-H2 mixture or simulated CO-CO2-Hz2-CH4-N2
mixture) or from pyro-syngas, used according to experimental protocol, were the carbon source.
Gas was transferred through flushing of head space for 125mL bottles and 250mL conical flasks
used for pre-adaptation as well as stock culture and batch reactions for the determination of growth

Kinetics respectively. For the bioreactor, the gas was transferred through sparging.

6.1.2.3 Pre-adaptation of UACJUChE1to Simulated Pyro-syngas

From the analysis of the pyrolysis gas obtained in the temperature range of 400-700°C, it has been
observed that molar concentration (%) of CO, Hz, CO2 and CHys increases from 17.07%, 13.32%,
9.11% and 7.19% to 23.08%, 17.23%, 10.59% and 8.82%. In the present study the pyro-syngas,
generated from the pyrolyser, was ultimately fermented in a 3L bioreactor operated under semi-
batch and continuous modes. Therefore, the UACJUChEL consortium was exposed to simulated
pyro-syngas mixture containing CO, Hz, CO2, CH4 and N2 (25:20:15:10:35) for pre-adaptation.
The basal sterile medium, as described, of 25mL volume was transferred to 10 sterile and sealed
glass serum bottles of 125mL each. The medium in each bottle was inoculated with 4% (v/v)
UACJUChElculture and was subsequently flushed with the simulated pyro-syngas
(CO:H2:C0O2:CH4:N2::25:20:15:10:35) mixture to maintain a pressure of 100kPa in the head space.

All bottles were incubated at 37°C in an anaerobic chamber and orbital shaking of 150rpm was
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maintained. Anaerobic condition was maintained by the flow of pure nitrogen. After adaptation,
weekly transfer of 4% (v/v) inoculum to new serum bottles was followed to retain the activity of

the consortium.

6.1.2.4 Batch Experiments for determination of growth kinetics of UACJUChE1
Separate sets of batch experiments were conducted for the determination of growth Kinetics of
UACJUChE1L on CO and on CO; and Ha.

6.1.2.4.1 Experiments for Growth kinetics on CO

The basal sterile medium, as described, of 50mL volume was transferred to 250mL sterile and
sealed Erlenmeyer flask for each experiment. Batch experiments were conducted to know the
effect of gas phase concentration of CO on the growth dynamics of UACJUChEL. Considering the
concentration of CO in pyro-syngas, the inlet molar concentration of CO was varied in the range
of 15-25%. For each inlet concentration of CO, the growth dynamics were studied for 24h. To get
the data at 2h interval 12 Erlenmeyer flasks were used for each inlet molar concentration of CO of
15%, 17.5%, 20%, 22.5% and 25%. In each flask gas was transferred through flushing. All flasks
were inoculated with 4% (v/v) stock culture before the introduction of gas. For each experiment,
the initial pH was maintained at 6. Incubation was done under anaerobic condition at 37°C and
orbital shaking speed of 150rpm was maintained. All experiments were conducted in triplicate.
For any experiment, meant for each inlet CO concentration, the Erlenmeyer flasks, demarcated for
the particular sampling period was taken out of the incubator and the biomass concentration was

determined by the assessment of optical density at 600nm using spectrophotometer.

6.1.2.4.2 Experiments for Growth kinetics on CO2 and H>

The experimental protocol followed in case of the determination of growth kinetics on CO and
H> is similar to that used for the growth kinetics on CO. Considering the concentration of CO> and
H2 in pyro-syngas, the inlet molar concentration of CO, and H. were kept in the ranges of 8-12%
and 15-20% respectively. Nine sets of batch experiments were conducted using the inlet gas
composition of CO2:H> : :8:15; CO2:H> : :8:17.5; CO2:H> : :8:20; CO2:H> : :10:15; CO2:H> :
:10:17.5; CO2:H2 : :10:20; CO2:H> : :12:15; CO2:H2 : :12:17.5 and CO2:H> : :12:20. For each inlet
composition of CO2-H> mixture, the growth dynamics were studied for 24h under anaerobic
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condition. To get the data at 2h interval 12 Erlenmeyer flasks were used. In each flask gas was
transferred through flushing. All experimental parameters like temperature, pH, stirring speed etc.
were kept same as those maintained in case of growth on CO. The biomass concentration was
determined by the assessment of optical density at 600nm using spectrophotometer.

6.1.2.5 Stirred tank Bioreactor for Pyro-syngas Fermentation

Experiments were conducted in a 3L glass bioreactor of 135mm diameter and 235mm height
equipped with two 50mmRushton gas dispersion impellers, each with six flat blades mounted
vertically around a central horizontal disc and gas sparger. The impellers were spaced at a distance
of 60mm. The lower impeller is situated 30mm above the bottom. The bioreactor was provided
with inlet and outlet lines for both gas and liquid streams. The main gas sparger, connected with
the gas outlet was located in between the lower impeller and the bottom of the bioreactor. A
bioreactor, already existing in the laboratory, has been used in the present study. The values of
volumetric flow rate of liquid have been kept in a way so that the values dilution rate (inverse of
residence time) are always less than the specific growth rate, u, and do not lead to wash-out

condition leading to loss of microbial cells in the bioreactor (Fogler, 2010).

The bioreactor is shown in Figure 6.2.
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Fig. 6.2 Stirred bioreactor for pyro-syngas fermentation (a: schematic diagram; b: reactor

set-up)

6.1.2.5.1 Determination of effect of stirring speed and gas velocity on O, Mass transfer coefficient
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Experiments were conducted in the3L glass bioreactor at 37°C. The bioreactor was filled with 2.5L
basal sterile medium. Experiments were conducted to determine mass transfer coefficient of
0O..Before flowing oxygen, the vessel was flushed with pure N2. The oxygen flow rate was varied
from 0.6-10 LPM and the stirring speed was varied from 150-900 rpm. All the experiments were
conducted in triplicate. The correlation of k;a on gas phase superficial velocity, u,,determined by
dividing the volumetric flow rate of gas by cross sectional area of vessel, and power consumption
of gassed system per unit volume, P;/V,, as recommended by Gill et al, was validated from the

experimental data. The correlation is as follows (Gill et al, 2008):
P
kiap, = 0.224(V—‘L;)°-35(usg)o-52 (6.4)

The correlation between power consumption of gassed (P;)and ungassed (Pyg) System is as

follows:

P 0 -0.38 dei3p -0.18

re=0497(30s) () (65)
Pyc = NppN3d,® (6.6)

Np = Power number; N = stirring speed (rpm); p = density of solution; o =

surfacer tension
The value of power number has been considered to be 10 (Gill et al, 2008; Wang et al, 2019).

The value of k;a for any component, j can be determined by knowing the value of k;a of oxygen
as follows (Chen et al, 2015):

D .
klaj = kla,Oz # (67)
2

Accordingly, the k;a values for CO, CO, and H have been determined.
6.1.2.5.2 Strategy of operation of Bioreactor in Semi-batch and Continuous modes
6.1.2.5.2.1 Start-up

For both continuous and semi-batch operations, 2.5L basal sterile medium was first saturated with

pyro-syngas obtained at 700°C by running the bioreactor vessel at a stirring speed of 900rpm and
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inlet gas flow rate of 0.6L/h for 12h. The medium saturated with the pyro-syngas was transferred

to a storage tank and was fed to the bioreactor at the start-up.
6.1.2.5.2.2 Operation of bioreactor

In case of semi-batch operation continuous flow of gas was maintained at different values. No
input and output of liquid phase was used. For continuous mode of operation both gas and liquid
were fed and discharged at the respective same rates. While the semi-batch operation was
continued for 30hours, the operation time for continuous mode was 300h. The concentration of
ethanol was optimized through response surface methodology (RSM) using Design Expert
software. The experiments were conducted according to design of experiments. The operating
parameters used for semi-batch and continuous operations are represented in Table 6.1 and 6.2
respectively. For semi-batch operation, pyrolysis temperature, gas to liquid volume ratio (Vg /VL)
and volumetric flow rate of gas were used as parameters. The variation of pyrolysis temperature is
actually reflected in the composition of inlet gas. For continuous operation pyro-syngas obtained
at 700°C was fed continuously using gas to liquid volume ratio (Ve /VL ) and the ratio of gas to
liquid volumetric flow rates (qc /gL )as parameters. The sterile basal medium without any dissolved
gas was fed during continuous operation. As a result of variation of these parameters, the dilution
ratio, D (= qu/ VL) and gas residence time, GRT (=V/ qc) were varied from 0.0106-0.0133h%and
0.3-3.125h respectively. For both modes of operations, concentrations of ethanol, and gas phase
concentrations of CO, CO. and H> were measured using Gas Chromatograph and acetic acid
concentration was analyzed using HPLC. High performance liquid chromatography (HPLC) was
performed to analysis the liquid sample, obtained from syngas fermentation.

Table 6.1 Operating parameters used for semi-batch reactor according to RSM

SLNo. T(°C) Va/VL gc (L/h)  CO:CO2:H2:CH4:N2 Ve (L) V(L)

1 550 0.6 5.3 22.8:10.5:17.1:8.7:21.7 1.125 1.875
2 550 0.6 5.3 22.8:10.5:17.1:8.7:21.7  1.125 1.875
3 400 0.6 10 17.0:9.1:13.3:7.1:27.0  1.125 1.875
4 700 1 5.3 23.1:10.6:17.2:8.8:21.5 1.5 1.5

136



5 400 1 5.3 17.0:9.1:13.3:7.1:27.0 1.5 1.5

6 550 0.2 10 22.8:10.5:17.1:8.7:21.7 0.5 2.5

7 700 0.2 5.3 23.1:10.6:17.2:8.8:21.5 0.5 2.5

8 400 0.2 5.3 17.0:9.1:13.3:7.1:27.0 0.5 2.5

9 550 1 10 22.8:10.5:17.1:8.7:21.7 15 1.5
10 700 0.6 0.6 23.1:10.6:17.2:8.8:21.5 1.125 1.875
11 700 0.6 10 23.1:10.6:17.2:8.8:21.5 1.125 1.875
12 550 0.2 0.6 22.8:10.5:17.1:8.7:21.7 0.5 2.5
13 550 1 0.6 22.8:10.5:17.1:8.7:21.7 15 1.5
14 550 0.6 5.3 22.8:10.5:17.1:8.7:21.7 1.125 1.875
15 550 0.6 5.3 22.8:10.5:17.1:8.7:21.7 1.125 1.875
16 550 0.6 5.3 22.8:10.5:17.1:8.7:21.7 1.125 1.875
17 400 0.6 0.6 17.0:9.1:13.3:7.1:27.0 1.125 1.875

Table 6.2 Operating parameters for continuous operation according to RSM

SL No. Ve/VL qe/0L Ve (L) VL (L) e (L/h) qr (L/h)
1 1 500 1.5 1.5 10 0.02
2 1 30 1.5 1.5 0.6 0.02
3 0.6 265 1.125 1.875 5.3 0.02
4 0.6 265 1.125 1.875 5.3 0.02
5 0.6 265 1.125 1.875 5.3 0.02
6 0.2 30 0.5 2.5 0.6 0.02
7 0.6 265 1.125 1.875 5.3 0.02
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8 0.2 500 0.5 2.5 10 0.02

9 0.6 265 1.125 1.875 5.3 0.02
10 0.6 597.3 1.125 1.875 11.94 0.02
11 0.03 265 0.1 2.9 5.3 0.02
12 0.6 0 1.125 1.875 0 0.02
13 1.16 265 1.62 1.38 5.3 0.02

6.2 Theoretical Analysis

6.2.1 Kinetics of growth on CO

As evident from the literature, Haldane type growth kinetics is usually followed by clostridial
strains grown on CO as the carbon source (Abubackar et al, 2011). Therefore, Haldane type growth
model incorporating substrate inhibition along with inhibition of undissociated acetic acid, formed

as product, has been attempted for the growth on CO. This is as follows:

c K
— max co LUA
=i Cco® Krua+ Cua (6.8)
KCO+CCO+K1CO ’
. 1 dCyx . . .
Where,u = specific growth rate = o and Cy is biomass concentration
X

uqis specific growth rate on CO; u,™* is maximum specific growth rate on CO;
Cco is concentration of CO; K¢, is the saturation constant for CO and K; ¢, is the inhibition
constant for growth on CO; K; j4is the inhibition constant of undissociated acetic acid; Cy 4 is the

concentration of undissociated acetic acid.

10(PH-PKa)
Cya = Can (1 - m)

(6.9)

pH= 6.7; For acetic acid, pKa=4.77 at 37°C; C,, is acetic acid concentration.
Under this study p,™** has been adjusted to fit the experimental growth data, obtained using
different mole fraction of pure CO in gas phase in the Erlenmeyer flasks. The other constants

obtained by Vandecasteele for C. Ljungdahlii have been used (VVandecasteele, 2016).

6.2.2 Kinetics of growth on CO2-H, mixture
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The multiplicative growth kinetic model followed by C. Ljungdahlii, as reported by VVandecasteele
has been attempted (Vandecasteele, 2016). The form of the kinetic equation is as follows:

max __Ccoy CH, Kico™ Kiua (6.10)

Kco,+Cco, KHy+CHy Ki,co™ +Cco Krua+ Cua

Uz = Uz

Under this study u,™%* has been adjusted to fit the experimental growth data, obtained using pure
CO2-H2 mixture in the Erlenmeyer flasks. The other constants obtained by Vandecasteele (2016)
for C. Ljungdahlii have been used (Vandecasteele, 2016).

6.3 Mathematical Model

The reactions for the generation of ethanol from pyro-syngas are chosen according to
Vandecasteele as they used the effects of mixture of CO, CO and H; on syngas fermentation. As
they used C. Ljungdahlii and not any mixed culture like UACJUChEL, the some growth Kinetic
data determined under the present study have been used. Similar to C. Ljungdahlii the molecular
formula for UACJUChE1has been assumed to beCH; g, 0, 55Ny 24.-W00d-Ljungdahl pathway for

the production of Ethanol from syngas has been represented in Figure 6.3.
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Fig. 6.3 Schematic diagram of the Wood-L jungdahl pathway for the production of Ethanol
from syngas (Acetyl-CoA: Acetyl coenzyme A; CODH: Carbon monoxide dehydrogenase;
FDH: Formate dehydrogenase; Syngas: Synthesis gas)

The reactions under consideration of the model are as follows:

Biomass growth on carbon monoxide

39.91C0 + 19.04H,0 + 0.24NH; = CH, g;0055Ng 24 + 9.23CH;COOH + 19.44€0,(6.11)
Biomass growth on carbon dioxide and hydrogen

147.06H, + 73.55C0, + 0.24NH; — CH; g100 5§No 24 + 36.27CH;COOH + 74.20H,0(6.12)
Ethanol production from carbon monoxide

In this path, the production of ethanol is considered to take place through direct conversion of

acetyl-CoA into ethanol and is non-growth associated.

6C0 + 3H,0 - C,Hs0H + 4CO0, (6.13)
Ethanol production from carbon dioxide and hydrogen

2C0, + 6H, - C,HsOH + 3H,0 (6.14)
Conversion of acetate into ethanol in presence of CO

To reduce acetate to ethanol, the water-gas shift reaction can be used, in which CO acts as the

electron donor through the conversion of CO into CO> delivering the necessary reducing power.
CH3;COOH + 2CO + H,0 — C,HsOH + 2C0, (6.15)
Conversion of acetic acid into ethanol in presence of H»

Acetate can also be reduced by using hydrogen as the electron donor during the conversion of

molecular hydrogen to two protons and two electrons using the enzyme hydrogenase.
CH;COOH + 2H, - C,Hs0H + H,0 (6.16)
The biomass growth kinetics and the ethanol production kinetics are represented in Table 6.3.

Table 6.3 Process kinetics of growth by mixed clostridial strain - UACJUChE1
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Process Specific growth or product generation rate (1)

i) Biomass growth on CO Ceo Kiuya

max
U = g 2
Cco” Kyya+ Cya
Kico

KCO + CCO +

i) Biomass growth on CO2and H2

hy
CCOZ CHZ KI,CO KI,UA

Kco, + Cco, Ky + Cy, KI,cohy + Cco Kiua + Cya

iii) Ethanol production from CO _ max Cco Cya
g1 = 9E1 Cco’ Kyg + Cys
Kico

KCO + CCO +

iv) Ethanol production from COz2 and g,

H> Cco, Ch, Kico™ Cya

= g,
B2 Kco, + Ceoy Kry + Cuy Ky oo™ + Coo Kua + Cua

v) Conversion of acetate into ethanol max Cco Cya
. qr3 = qE3 Cc KA 4 C
using CO as electron donor Keo + Ceo + Ki va T Cua
I,Cco
vi) Conversion of acetate into ethanol Gon = Qo Cu, Cya K¢ o
using H. as electron donor B Ky 4 Cuy Kya™ + CyaKico™ + Ceo

s . 1 .dc . .
qg = specific production rate of ethanol = c_d_tEandCE is ethanol concentration.
X

The molar yield coefficients of different participating reactants and products with respect to
biomass have been calculated from their stoichiometric coefficients. Similarly molar yield
coefficients of different participating reactants and products with respect to ethanol have been
calculated from their stoichiometric coefficients.

Yield coefficient of any component, i with respect to biomass, Y;,x and with respect to ethanol,

Y,/ can be defined as follows:

Yi =35 (6.17)
X Tdt
ﬂ

Y/ =dc (6.18)

Mole Balance Equations

Semi-batch Reactor
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Gas Phase

The mole balance equations for CO, CO; and H2 in gas phase are as follows:

d
% = E—Z(Pcoin - Pco) (kLa)CO RT(PCOHCO CcoL) (6.19)
Where, p stands for partial pressure, R is universal gas law constant and T is temperature in Kelvin
dpy q v

dtz VZ (szm sz) - (kLa)H2 V_(L;RT (PHZHH2 - CHZL) (6.20)
dp 174

dctoz =1 (Pcozm pcoz) - (kLa)co2 V_(L;RT (PcozHco2 - CCOZL) (6.21)
Liquid Phase
dc
% = (k@) co(pcoHco — CcoL) + Tco (6.22)
dCy

dtzL = (kLa)HZ (PHZ Hy, — CHZL) + 14, (6.23)
dCco
TZL = (k@) co, (pCOZHCOZ - CCOZL) + T¢o, (6.24)
dc
d—tX =1y (6.25)
dAA
Tar a4 (6.26)
dc
d_tE = TE (627)
Where,
Tco = —(U1Ycosx + qe1Ycose + CIE3YCO/ECO)CX (6.28)
T, =—M2Yu,/x + qe2Yn, /6 + qea Vi /EHZ)CX (6.29)
Tco, = (U1Yco,/x + Qe1Yco, e t+ CIE3Yco2 %)- (U2Yco,/x + qE2Yco,/8) Cx (6.30)
ry = (U +p2) Cx (6.31)
Taa = ((#1Y%+#2Y1;A) (CIE3 Yid =0 + qE4YAA/EH ))Cx (6.32)
g = (qe1 + g2 + qe3 + qE4)CX (6.33)

Continuous Reactor
The dynamic mole balance equations (6.19-6.21) of components in gas phase are the same for the
semi-batch and the continuous reactors. As there are both input and output for the liquid stream in

the continuous reactor, the liquid phase dynamic mole balance equations take the following forms:

dc
ﬂ = (kLa)co(PcoHco CCOL) + Tco — %CCOL (6.34)
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dCdHfL = (ku @, (Pr Hit, = Cry, ) + Tty = &y, (6.35)
% = (kLa)co, (pcozHcoz - CCOZL) + Tco, — I%CCOZL (6.36)
= 7 Cx (6.37)
=T 7 Caa (6.38)
=T JEC (6.39)

C44and Cg stand for acetic acid and ethanol concentration respectively.
All the equations have been numerically solved using the initial concentrations, given in Equation

6.40. The values of p¢o,,; szmand Pco, have been set according to the concentration of inlet

pyro-syngas. Initial values of liquid phase concentration of CO, H2 and CO; have been set to the
saturation values because as per the strategy the sterile basal medium is saturated with the pyro-
syngas during the start-up of both semi-batch and continuous bioreactors. Initial condition is
presented in equation 6.40 as follows:

Pco =0
pu, =0
Pco, =0
CcoL = CEOL
Att=0 | Cu,, =Cy, (6.40)
CcozL = CEOZI
Cx = 0.05mol/L
Cygn =0
C-=0

6.4 Optimization of Ethanol concentration in Semi-batch and Continuous bioreactors

6.4.1 Syngas fermentation in Semi-batch bioreactor

For the bioreactors operated under semi-batch mode, a three-level, 3-factor Box-Behnken
statistical design of response surface methodology (RSM) has been used to fit the trend of
dependence of the response variable, namely, ethanol concentration, obtained at the time of
saturation, depicted by the simulated trend, represented in Figure 6.5. Three variables namely
temperature of pyrolysis (A), the ratio Vo/VL (B) and gc (C) have been considered as the
parameters. The variables (A, B and C) with coded level (-1, 0 and 1) are shown in the Table 6.4.
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Table 6.4 variables with coded level used for semi-batch experimental run

Input variables Unit Coded variable level Model Response
-1 0 1
Temperature (A) °C 400 550 700 Ethanol concentration (g/L)
Vae/VL (B) - 0.2 0.6 1 after 30h operation
gc (C) L/h 0.6 6.3 10

6.4.2 Syngas fermentation in continuous bioreactor

As indicated in the experimental description, the bioreactor was operated in continuous mode using
the inlet gas generated in the pyrolyser at 700°C. For the bioreactor operated under continuous
mode, a 2-factor Box-Behnken statistical design in response surface methodology (RSM) has been
used to fit the trend of dependence of the response variable, namely, ethanol concentration,
obtained after 300h, on different relevant operating variables by second-order models. Two
variables, namely, Ve/VL (A) and gc/qL (B) have been considered as the parameters. The ranges
of variables (A and B) with coded level (-1, 0 and 1) are shown in the Table 6.5.

Table 6.5 variables with coded level used for experimental run

Input variables Unit Coded variable level Model Response
-1 0 1
Ve/VL (A) - 0.2 0.6 1 Ethanol concentration (g/L)

after 300h operation
qe/qu (B) - 30 265 500

6.5 Result and discussion
6.5.1 Composition and volumetric flow rates of pyro-syngas

In Figure 6.4 the mole fractions of different constituent gases, namely, CO, Hz, CO2 and CHs in

pyro-syngas have been plotted against temperature.
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Fig. 6.4 Composition of pyro-syngas produced at different pyrolysis temperatures

It is evident that the mole fraction of each gaseous component increases with temperature up to

550°C after which a saturation trend is observed. Molar concentration (%) of CO, Hz, CO2 and
CHy increases from 17.07%, 13.32%, 9.11% and 7.19% to 23.08%, 17.23%, 10.59% and 8.82%
respectively as the pyrolysis temperature is increased from 400°C to 700°C. As the temperature
increases from 400°C to 700°C, gas flow rate increases from 30.3L/h to 51.41L/h.

6.5.2 Yield of the pyro-products

From the analysis of the Table 6.6, it appears that with the rise in temperature the yields of char

and oil decreases and increases respectively. The yield of pyro-oil, however passes through a

maximum at 500°C after which it decreases. The trends can be explained by the fact that with the

increase in temperature the extent of thermal degradation of rice straw increases releasing lower

molecular weight compounds, as compared to those obtained at lower temperature range.

Table 6.6 Yield of the pyro-products

Temperature Yield of pyro-products

°C Pyro-char Pyro-oil Pyro-syngas
400 41.39+1.97 27.01+1.12 31.60+1.01
450 37.98 £1.32 27.33+1.01 34.69+1.29
500 3491 +1.89 28.02+£1.39 37.07£1.33
550 30.09 £ 1.08 27.07 £1.02 42.84 +£1.40
600 28.51 £ 0.52 26.37 £0.72 46.12 £ 2.11
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650 26.34 +0.32 23.98 £0.15 50.68 +2.39

700 23.32+0.33 22.09+0.17 54.59 +2.42

6.5.3 Values of Parameters
6.5.3.1 k;a for Different Gases

The sterile basal medium was first saturated with pyro-syngas obtained at 700 °C by maintaining
a stirring speed of 900 rpm and an inlet gas flow rate of 0.6 L/h for 12 h. The values of k;a, for
CO, CO, and Hy, as determined experimentally and using Equations (6.4) and (6.7), are 144.9 h ™%,
166.9 h™?, and 123.6 h?, respectively. During semi-batch and continuous operations, the stirring
speed was maintained at 150 rpm and the volumetric flow rate of syngas was varied from 0.6-10
L/h. There is a wide variation of values of k;a because of their dependence on both the superficial
velocity of gas and hence the volumetric flow rate. With the increase of gas flow rate there is an
increase in the K, a values. According to Equations (6.4) and (6.7), the values of k;a for CO, COa,
and Hz have varied from 23.5 -100.7 h'%, 27 -116.7 h ™%, and 20 - 87.4 h™1, respectively, as the gas
flow rate is varied from 0.6 to 10 L/h. In the following table, the present values of mass transfer

coefficients have been compared with the literature data:

Table 6.7 Comparison the values k;a for present study with literature

k,a Value (h™) Reference

(kja)co 180.0 Puiman et al, 2023

(kja)co 374.4 Almeida Benalcazar et al, 2020
(kja)co 19.3 Ruggiero et al, 2022

(k@) co 23.5-100.7 Present study

(kja)cos 27 Vandecasteele, 2016

(kja)cos 352.2 Almeida Benalcazar et al, 2020
(kja)cos 27-116.7 Present study

(k@) po 266.4 Puiman et al, 2023

(kja) g 590.4 Almeida Benalcazar et al, 2020
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(kja) g 20-87.4 Present study

According to reported studies, the values of k;a for CO, CO, and H; have varied from 19.3-
374.4 ht, 27-352.2 h'l, and 266.4-590.4 h'!, respectively (Vandecasteele, 2016; Almeida
Benalcazar et al, 2020; Puiman et al, 2023; Ruggiero et al, 2022). Thus, it can be inferred that the
mass transfer rate in the present case is similar to those in the reported literature. Although the
mass transfer coefficients of hydrogen are a bit lower than the literature value, those of CO and
COz, the main carbon sources, are within the range. In case of stirred system, although the mass
transfer coefficient can be increase by increasing the stirring rate, it should be done cautiously as
there is a chance of microbial cells at high stirring rates. There are scopes of further studies to
determine the limiting values of stirring rate to maximize the mass transfer coefficients without

any detrimental effects on microbial cells due to shear (Bulut et al, 1999).
6.5.3.2 Model Parameters

The values of molar yield coefficients are provided in Table 6.8. Different model parameters,

namely mass transfer coefficients, Henry’s constants, and kinetic parameters are provided in Table

6.9.

Table 6.8 Yield coefficient for different process (Vandecasteele, 2016)

Process Yield Coefficients (mol/mol)
(i) Biomass growth on CO Yco =39.91, Y44 9.23, Yo, = 19.44
X X X
(ii) Biomass growth on CO; and H Y, =147.06, Y44 36.27, Yo, = 73.55
(iii) Ethanol production from CO Y%CO = 6, Yc_gz“’ =4
(iv) Ethanol production from CO; and H: Y%COZ =2,Y EZCOZ =

(v) Conversion of acetate into ethanol using

CO as electron donor
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(vi) Conversion of acetate into ethanol

using H: as electron donor

YEAA—HZ =2, YﬂAA—HZ —1

Table 6.9 Values of mass transfer coefficients, Henry’s constants, and kinetic parameters

Symbol Significance Unit Source
Product of mass transfer coefficient (mh™) and specific )
(K.a)co _ _ 23.5-100.7 h? Determined
surface area (m?/m3) of CO in the bioreactor
Product of mass transfer coefficient (mh™) and specific )
(K.a) co, _ _ 27-116.7 h' Determined
surface area (m?/m?®) of CO- in the bioreactor
Product of mass transfer coefficient (mh™) and specific )
(KLa)n, _ _ 20-87.4 h' Determined
surface area (m?/mq) of Hz in the bioreactor
(Green &
Heo Henry’s law constant of CO 0.0008 mol/L/atm
Perry, 2008)
(Green &
Hy, Henry’s law constant of CO 0.00066  mol/L/atm
Perry, 2008)
(Green &
Heo, Henry’s law constant of Ha 0.025 mol/L/atm
Perry, 2008)
Uy X Maximum specific growth rate on CO 0.192 ht Determined
u, M Maximum specific growth rate on CO2 and H> 0.045 ht Determined
) - ) (Vandecaste
q " Maximum specific production rate of ethanol from CO  0.20 h™
ele, 2016)
ax Maximum specific production rate of ethanol from CO> 0001 ht (Vandecaste
q:

and H»

ele, 2016)




Maximum specific production rate of ethanol through (Vandecaste

max -1
qs _ ) 0.20 h
conversion of acetate using CO as electron donor ele, 2016)
Maximum specific production rate of ethanol through (Vandecaste
qs" " : . 0.20 h
conversion of acetate using H> as electron donor ele, 2016)
) (Vandecaste
Kco Saturation constant for CO for growth 0.000078 mol/L
ele, 2016)
) (Vandecaste
Ky, Saturation constant for H, for growth 0.00022 mol/L
ele, 2016)
) (Vandecaste
Kco, Saturation constant for CO; for growth 0.00022 mol/L
ele, 2016)
Saturation constant of acetic acid for ethanol production (Vandecaste
Kya 0.0005 mol/L
from CO/CO> and H> ele, 2016)
Saturation constant of acetic acid for ethanol production (Vandecaste
Kya ™€ 0.0005 mol/L
from acetate ele, 2016)
o (Vandecaste
Kico Inhibition constant of CO for growth on CO 0.002 mol/L
ele, 2016)
o o (Vandecaste
K2 Inhibition constant of CO for growth on CO2 and H: 7x107°  mol/L
' ele, 2016)
Inhibition constant of acetic acid for growth on CO/CO: (Vandecaste
Kiva 0.0104 mol/L
and H» ele, 2016)

6.5.3.3 Significance of Model Parameters and Their Comparison with Similar Studies

The model parameters related to mass transfer are the values of K;a and Henry’s constants for
CO, COg, and H.. Henry’s constant, correlating the gas and liquid phase concentration of a

component under equilibrium, varies with temperature for all gases and hence is the same for all
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studies. In the present case, the growth of the clostridial consortium on CO as well as CO2 and H
has been considered. The maximum specific growth rate on CO has been determined to be 0.192
h~1, while for different clostridial strains, the value lies in the range of 0.22-0.37 h™* (Ruggiero et
al, 2022). The value of the maximum specific growth rate on Hz has been determined to be 0.045
h™L. In the literature, the maximum specific growth rate on H, has been reported to be 0.031-0.045
h™* (Vandecasteele, 2016; Ruggiero et al, 2022). Therefore, the growth rate for the presently used
consortium is comparable to other established pure clostridial strains. The values of the saturation
constant, signifying the substrate concentration corresponding to half of the maximum specific
growth rate, have also been determined for CO, Hz, and CO. and the values are 0.000078 mol/L,
0.00022 mol/L, and 0.00022 mol/L. This signifies that the specific growth rate reaches the
maximum at a lower value of CO concentration compared to H> and CO.. The reported values of
the saturation constants for CO and H are 0.000045-0.00039 mol/L and 0.00022—0.00071 mol/L,
respectively. This again proves that the saturation constants of the consortium are in the same
range as with the recognized strains. The inhibition constants of CO on the growth on CO itself
and on hydrogen are 0.002 mol/L and 7 x 10° mol/L, respectively. As the inhibition constant
signifies the concentration level of the component rendering a strong inhibitory effect, it is clear
that the growth on hydrogen is heavily inhibited by the presence of CO compared to CO-based
growth. Perhaps the growth on H> and CO> can only occur after CO is fully utilized. Similar
observations have been reported by other researchers (Vandecasteele, 2016; Ruggiero et al, 2022).

The yield coefficients, Y x,Y x,and Yco of the present study are 0.67 g/mol, 0.18 g/mol, and 6

co H; E
mol/mol, respectively whereas the reported ranges are 0.24—-2.6 g/mol, 0.20-0.37 g/mol, and 2—
10.5 mol/mol, respectively (Vandecasteele, 2016; Almeida Benalcazar et al, 2020; Mohammadi et
al, 2014; Puiman et al, 2023; de Medeiros et al, 2019; Ruggiero et al, 2022; Fox et al, 1996;
Rajagopalan et al, 2002; Ranzi et al, 2008). Therefore, the model parameters are very much

comparable with the literature data.
6.5.4 Performance of the Bioreactor in Semi-Batch and Continuous Modes
6.5.4.1 Bioreactor Dynamics in the Semi-Batch Mode

Using the mathematical model for semi-batch operation, the transient behavior of ethanol
concentration and acetic acid up to 30 h of operation at gc of 6.3 L/h has been presented in Fig.

6.5a and Fig. 6.5b respectively using Vc/VL, in the range of 0.2-1, as a parameter. It is observed
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that the concentration of ethanol almost gets saturated at 30 h of operating time. With the increase
of Ve/VL, there is a decrease in the concentration of both ethanol and acetic acid. This can be
explained by the fact that with the increase in the volume of head space, less mass transfer to the
liquid phase occurs, causing a decrease in the reaction rate and hence the concentration of both
products. The transient behavior of the conversion of different gaseous component, namely CO,

H>, and CO2 has been presented in Figure 6.5 c. The conversion of any gaseous component, i, has

been calculated by M From the Figure 6.5, it can be observed that after 12 h of operation

Piin

the gas phase conversion reached equilibrium. All the trends are very similar to those obtained by

other researchers (de Medeiros et al, 2019; Ruggiero et al, 2022).

(a) (b)
o For qG=53L/h For 4G =53 Lh
) —VGNVL=02 s o
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Fig. 6.5 Simulated profile for semi-batch reactor ((a): Ethanol; (b): acetic acid; (c): gas

conversion %)
6.5.4.2 Bioreactor Dynamics in the Continuous Mode
Simulated Profile for the Continuous Reactor

Using the mathematical model for continuous operation, the dynamics of ethanol concentration

and acetic acid up to 300 h of operation at gqe/qL of 250 have been presented in Fig. 6.6 using
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Va/VL in the range of 0.6-1 as a parameter. It has been observed that both ethanol and acetic acid
concentrations reach saturation after 180h of operation although the reactor was run for 300h. For
continuous reactor, the time has been chosen keeping similarity with the values used by other
researchers (Vandecasteele, 2016; Diender, 2019). Similar to the trend of Semi-batch operation,
the concentrations of both products decrease with the increase of Vo/VL. The transient behavior of
conversion of different gaseous component, namely, CO, Hz and CO> has been represented in Fig.
6.6. From the figure it can be observed that after 120 h of operation the gas phase conversion
reaches equilibrium. All the trends are very similar to those obtained by other researchers (de
Medeiros et al, 2019; Ruggiero et al, 2022).

() ®)
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Fig. 6.6 Simulated profile for the continuous reactor ((a): ethanol concentration; (b): acetic

acid concentration and (c): % gas conversion

6.5.5 Comparison of Simulated and Experimental Data

6.5.5.1 Semi-Batch Operation

In Fig. 6.7, the experimental and simulated values of ethanol concentration in the semi-batch

reactor were plotted against operation time (=6 h, 12 h, 18 h, 24 h and 30 h) in a bar-plot. The
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experimental results were obtained at a pyrolysis temperature of 600 °C, Vg/VL of 0.5, and g of
6 Lpm. From the analysis of the figure, it appears that the agreement between the model prediction

and the experimental results is very good.

12 Model prediction
10 BExperiment

Ethanol (g/L)

Fig. 6.7 Comparison of simulated and experimental time trajectory of ethanol concentration

in the semi-batch reactor (pyrolysis temperature = 600 °C, Ve/VL = 0.5, and qc = 6 Lpm)
6.5.5.2 Continuous Operation

The experimental and simulated values of ethanol concentration at 300 h of continuous operation
have been plotted against V¢/VL in the range of 0.6-1 at a fixed value of gc/qL of 250 in Figure
6.8a. Similarly, the experimental and simulated values of ethanol concentration at 300 h have been
plotted against qc/qL in the range of 30-250 at a fixed value of Ve/VL of 0.6 in Figure 6.8b. It is
observed that while the ethanol concentration decreases with the increase in Vg/VL, it shows an

increasing trend with the increase in ge/qL.
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For qG/qL =250 For VG/VL=0.6

L @ Model prediction kY
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Fig. 6.8 Comparison of simulated and experimental trends of ethanol concentration in the
continuous reactor with a) Ve/VL: 0.6-1; (b) ge/qL: 30-250 (pyrolysis temperature = 600 °C;
Ve/VL=0.5; 9gc =6 Lpm)

A decrease and increase in the mass transfer to liquid phase with the increase in gas volume
fraction, i.e., head space, and the gas velocity, respectively, and the increase in reaction time with
the decrease in liquid volume, i.e., the decrease in dilution rate, can explain this behavior.

For both semi-batch and continuous operations, the mathematical models appear to predict realistic

results.

6.5.6 Effect of Gas Residence Time (GRT) and Dilution Factor (D) on the Volumetric Productivity
of Ethanol

For the experimental ranges of the parameters for the continuous mode of operation, the ethanol
production behavior over 300 h has been assessed as a function of the gas residence time (GRT)

and dilution rate, D, in Fig. 6.9. The values of dilution rate have been calculated by dividing the
volumetric flow rate of liquid by the liquid volume, i.e., %, and the values of gas residence time
L
have been calculated by dividing the liquid volume by the volumetric flow rate of gas, i.e., z—L. In
G

this figure, the volumetric productivity of ethanol, calculated by the multiplication of D and the
ethanol concentration at 300 h, i.e., D * Cgtnanot at 300 h» N@S been plotted simultaneously against
D and GRT through a 3D plot using the meshgrid function in MATLAB software version R2016a.
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Fig. 6.9 Effect of the gas residence time (GRT) and dilution factor (D) on the volumetric
productivity of ethanol from syngas fermentation

From Fig. 6.9, it is evident that the increase of GRT has a positive impact on the volumetric
productivity of ethanol from syngas fermentation. The increment of D, however, has a negative

impact on the volumetric productivity of ethanol.
6.5.7 Optimization Results for Semi-Batch and Continuous Bioreactors
6.5.7.1 Semi-Batch Bioreactor

The second order regression equation, obtained to represent the relationships among the response
variable, ethanol concentration obtained after 30 h, and the operating variables, namely the

temperature of pyrolysis (A), the ratio Va/VL (B), and gc (C) is as follows:

Ethanol concentration (g/L) = 1.06651 + 0.003454964 + 3.2557B — 0.0558511C —
0.0119167AB + 0.00393617AC — 1.55984B((6.41)

The analysis of variance (ANOVA), presented in Table 6.10, shows that the model can represent

the trend of dependence of ethanol concentration on the selected operating variables.
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Table 6.10 ANOVA table for the semi-batch bioreactor

Source Sum of Squares  df Mean Square  F-value p-value
Model 534.72 6 89.12 34.53 <0.0001 significant
A-Temperature ~ 53.05 1 53.05 20.55 0.0011
B-Ve/VL 171.22 1 171.22 66.34 <0.0001
C-0e 243.21 1 24321 94.23 < 0.0001
AB 2.04 1 204 0.7923  0.3943
AC 30.80 1 30.80 11.93 0.0062
BC 34.40 1 3440 13.33 0.0045
Residual 26.81 10 2.58

Lack of Fit 26.81 6 4.30

Pure Error 0.0000 4 0.0000

Cor Total 560.53 16

(Std. Dev. 1.61; Mean 7.21; C.V. (%) 22.30; R? 0.9540; Adjusted R? 0.9263).

The comparison between the predicted and actual values of the response variables, is represented

in Figure 6.10.

Predicted vs. Actual

Predicted

0 5 10 15 20

Actual

Color points by value of
ethanol concentration (g/L):

001 [ 199

Fig. 6.10 Comparison between the RSM—predicted and experimental values of ethanol

concentration at 30 h of semi-batch operation

From the ANOVA table, it appears that the factors, B (=Vs/VL) and C (gc) significantly affect the

ethanol concentration obtained after 30 h of operation of the semi-batch reactor. Both factors bear
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linear relationships with the response. The pyrolysis temperature, however, does not have
significant effect. This can be due to close variation of gas composition in the present range of
pyrolysis temperatures. Three response surface 3D plots, representing the combined effect of
interaction between A-B, A-C, and B-C on the response variable, are shown in Figure 6.11.

@) (b)

Ethanol concentration (g/L)
Ethanol concentration (g/L)

Color points by value of
ethanol concentration (g/L):

001 [ 199

Figure 6.11 Response surface plots for the optimization of ethanol (g/L) production from

syngas fermentation ((a—c): interaction between AB, AC and BC respectively)

From Figure 6.11, it is evident that the increase of variable A and C had a positive impact on the
production of ethanol. This is because of the fact that with the increase of the pyrolysis
temperature, T (=A) the concentration of all carbon substrates (CO and CO3), and the electron
donors (H2 and CO) in the inlet gas increase, favoring the formation of ethanol. With the increase
of the gas flow rate, qc (=C), the mass transfer rate was enhanced and hence the growth rates and
ethanol generation rates, governed by the liquid phase concentration of CO, CO», and H; increased.
As a consequence, the ethanol concentration increased with the increase of C. The increment of
variable B (=Ve/VL) had a negative impact on ethanol production. This can be explained by the

fact that with the increase of Vg with respect to liquid volume, the effective mass transfer to liquid
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phase was lowered, causing an overall decreasing trend in ethanol concentration. The optimum
level of the independent variables, pyrolysis temperature, Ve/Vi, and e giving the maximum
ethanol concentration (=13.122 g/L) after 30 h of semi-batch operation are 648 °C, 0.46, and 6.7
L/h, respectively.

6.5.7.2 Syngas Fermentation in the Continuous Bioreactor

The second order regression equation, obtained to represent the relationships among the response,
i.e., ethanol concentration, obtained after 300 h and the operating variables, namely, Vc/VL (A),

and qa/qL (B) is as follows:

Ethanol concentration (%) = 10.9595 + 11.90484 + 0.0868944B + 0.0101862AB —
26.53164% — 0.000115026B2 (6.42)
From the comparison between the predicted and actual values of the response variables,
represented in Figure 6.12, and from the analysis of variance (ANOVA) presented in Table 6.11,

it appears that the model can represent the trend of dependence of ethanol concentration, obtained

under 300 h of operation on the selected operating variables, A and B, very well.

Predicted vs. Actual

Color points by value of
ethanol concentration (g/L):

0001 [ 207

Predicted
a

Fig. 6.12 Comparison between the RSM-predicted and experimental values of ethanol

concentration at 300 h of continuous operation.
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Table 6.11 ANOVA table for the continuous bioreactor

Source Sum of Squares  df Mean Square  F-value p-value
Model 1142.09 5 228.42 63.15 <0.0001 significant
A-VelVL 329.07 1 329.07 90.97 <0.0001
B-ga/qL 453.60 1 453.60 126.40 < 0.0001
AB 3.67 1 367 1.01 0.3475
A2 116.09 1 116.09 32.09 0.0008
B2 280.71 1 280.71 77.61 <0.0001
Residual 26.32 7 362

Lack of Fit  26.32 3 844

Pure Error ~ 0.0000 4 0.0000

Cor Total 1167.41 12

(Std. Dev. 1.90; Mean 19.06; C.V. (%) 9.98; R? 0.9783; Adjusted R? 0.9628).

From the ANOVA table, it appears that both factors, A (=Ve/VL) and B (ge/qL), significantly
affected the ethanol concentration obtained after 300 h of operation of the continuous reactor.
While Ve/V linearly affected the response variable, the change of qe/qL shows a combined effect
of second order and linear relationship. As the variation of gg/gL simultaneously affects the gas
residence time for the reaction and extent of mass transfer, the influence of this factor is large. A
response surface 3D plot showing the influence of both Ve/Vand ge/qL is represented in Figure
6.13.
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Figure 6.13 Response surface plots for the optimization of ethanol (g/L) production from

syngas fermentation

From Figure 6.13, it is evident that the increase of variable B had a positive impact on the
production of ethanol from syngas fermentation. However, an increment of variable A had a
negative impact on ethanol production. The optimum level of the independent variables, V&/VL
and ge/qL, giving the maximum ethanol concentration (=29.450g/L) after 300 h of continuous

operation are 0.28 and 336.148, respectively.
6.5.8 Comparison of Semi-Batch and Continuous Operation of a Pyro-Syngas Fermenter

As the semi-batch operation is always in an unsteady state, it is not suitable for large-scale

fermentation. On the contrary, continuous operation is always preferred for large

-scale operation. Over 30 h, 171 mL of liquid broth containing 13.12 g/L ethanol can be produced
under the optimum conditions of a semi-batch fermenter. For the continuous reactor, 0.02 L/h
liquid broth with an ethanol concentration of 29.45 g/L can be produced for 300 h. The average
optimum production rate of ethanol is 0.074.7 g/h, calculated by dividing the product of reactor
volume (=0.171 L) and ethanol concentration (=13.12 g/L) by operating time (=30 h) obtained in
semi-batch operation. In the case of continuous operation of the bioreactor, 0.589 g/h, calculated
by multiplying the liquid outlet rate with ethanol concentration, can be obtained through
continuous operation of the same reactor using same volumetric flow rate of gas of 6.7 L/h.
However, overall, the running cost of the semi-batch bioreactor is much lower than the continuous

one due to the savings in the inlet and outlet pumping rate of liquid.

160



6.5.9 Comparison with Similar Studies and Unigqueness

The operating parameters and the results of the present study are compared with similar studies in

Table 6.12.

Table 6.12 Comparison of operating parameters and results of the present study with similar

studies
Feed GasComposition Mode of Microorganism Maximum Ethanol  Reference
Operation Used Concentration (g/L)

CO:CO2:H2:N2 Batch Clostridium 0.778 Vandecasteele,
. .. 201

32:8:32:28 ljungdahlii 016

H2:CO Continuous Clostridium 1.304 Almeida

, . .. Benalcazar et

75:25 ljungdahlii al, 2020

CO:CO2:Ha:inert Continuous Clostridium 46.0 de Medeiros et
] . I, 201

55:10:20:15 ljungdahlii al, 2019

100% CO Batch Clostridium 0.4 Ruggiero et al,

L 2022

carboxidivorans

100% CO Continuous Clostridium 6.6 Ruggiero et al,

L 2022

carboxidivorans

CO:CO2:H2:CHa4: N2 Semi-batch Clostridial 13.1 Present

o o ) consortium,

17.0:9.1:13.3:7.1:27.0; UACJUChEL study

22.8:10.5:17.1:8.7:21.7;

23.1:10.6:17.2:8.8:21.5

CO:CO2:H2:CH4: N2 Continuous Clostridial 29.4 Present
consortium,

23.1:10.6:17.2:8.8:21.5 UACJUCHE1L study

Most of the modelling studies on syngas fermentation are based on literature data of Kinetic

parameters, derived from experiments using simulated gas mixture. From Table 6.12, it is clear

that the feed gas mixtures in those studies are mainly constituted of CO, Hz, and CO,. The

concentrations of CO and H: in the gas used in those studies usually range from 32-55% and 20—

161



32%, respectively. In the model developed by Ruggiero et al., pure CO was used (Ruggiero et al,
2022). No comparison of the model predictions was made with the experimental results of a truly
integrated process of gasification and fermentation. The concentrations of CO and H> used in the
existing models are much higher than those of typical pyro-syngas. The unique feature of the
present models for both semi-batch and continuous operation lies in the fact that the real pyro-gas
composition was used as the input instead of any arbitrarily chosen composition. It is also clear
from the table that although the concentrations of CO and H. of pyro-syngas, used in the present
study, are much lower than those used in other similar studies, the achieved ethanol concentration
is comparable with the reported ones. Although most of the studies reported the use of pure
clostridial strains, the UACJUChEZ, used in the present study is the first clostridial consortium,

isolated from Indian soil, which has proved to be capable of pyro-syngas fermentation.
6.6 Summary

A deterministic mathematical models along with experimental data on the bioconversion of pyro-
syngas to ethanol and acetic acid in a gas-sparged stirred tank reactor, operated in Semi-batch and
continuous modes, have been reported for the first time. The locally isolated clostridial consortium
UACJUChHEL1 has been proved to be capable of utilizing CO, CO2 and H. present in the pyro-
syngas. The mathematical models have been validated through the comparison of the predictions
with the experimental results. The optimization of the performance of the semi-batch and
continuous modes of operation has been done using response surface methodology. Since pyrolysis
has been used as the precursor process for syngas fermentation, other valuables products like pyro-
oil and pyro-char are also generated and the criterion of zero-waste generation for the circular

economy concept is fulfilled.
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Chapter 7: Hydrothermal liquefaction (HTL) of Indian Biomass (jute stick and

rice straw)

Hydrothermal liquefaction has been considered as a promising technology for the production of
hydrochar, bio-oil and aqueous hydrolysate rich in valuable chemicals. Lignocellulosic biomass
(LCB) can be converted into four fractions namely, hydrochar, bio-oil, aqueous and gaseous phase
products during hydrothermal liquefaction (HTL) in the temperature range of 200-400°C. The
present study was performed to investigate the effect of temperature and biomass composition on
the yield and quality of the bio-products, obtained from two biomass namely, jute stick (JS) and
rice straw (RS) having different lignocellulosic composition.Studies have been conducted

according to the objectives under aim 3, as described in Chapter 3. The objectives are as follows:

e Determination of the HTL kinetics of rice straw and jute stick through Batch experiments

e Determination of product yields

e Characterization of bio-oil and hydrochar

e Conduction of batch experiments on co-HTL of rice straw and jute stick and characterization of
bio-oil

e Optimization of rice straw -jute stick ratio, time and temperature to maximize the bio-oil yield
from co-HTL

e Determination of effectiveness of hydro-char from jute stick for adsorption of dye like Congo-

red through Batch type adsorption experiments

7.1 Experimental Methods for hydrothermal liquefaction

A cylindrical stainless-steel reactor of 45 mm inner diameter and 80 mm height was used for the
investigation of the hydrothermal liquefaction of jute stick and rice straw in batch mode. The
schematic diagram of the HTL of JS and RS pretreatment process under this study is represented

in Figure 7.1.

Under the present investigation, 5 g biomass was subjected to 50 mL of water (milli-Q) in the
cylindrical reactor. For incubation, the reactor was kept for30 minutes at 25 °C. Thereafter, the
reactor was placed in a programmable muffle furnace (Nabertherm GmbH, Germany), installed at

University of Eastern Finland. The experiment was carried out at three different temperatures of
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240, 300 and 360 °C. The heating rate was 10 °C/min until the reaction temperature was reached.
The reaction temperature remained constant for 30 minutes (holding time). For the experiments
meant for the determination of rate kinetics, different holding time (10, 15, 20, 25 and 30 minutes)
was used at three different temperatures, i.e., 240, 300 and 360 °C. At the end of the holding period,
the reactor was cooled to 25 °C for each experimental run. Residual solids and aqueous phase were
separated by filtration. Bio-oil was extracted from the solid residue by using acetone as the solvent.
Subsequently, the acetone was extracted and evaporated by using a rotary evaporator. After
washing the acetone, the solid residue was dried at 70°C for 1 hour and the dried mass was
considered as the hydrochar. The co-HTL of mixture of rice straw and jute stick was conducted
following the same experimental protocol. Optimum values of time, temperature and % blending
of jute stick in RS-JS mixture was determined to maximize the yield of bio-oil. The set of values
of input parameters was determined through design of experiments of Box-Behnken type response
surface methodology, as described under section 7.2. All experiments of HTL of JS and RS were

conducted in triplicate.

Water

1*: Vacuum Filtration

2*: Solvent Extraction

Aqueous
Phase

1*

Jute Stick

[, Solid ____

Phase 2>

Solid & Liquid
Products

Hydrochar

Fig. 7.1 Schematic diagram of hydrothermal liquefaction of jute stick and rice straw

The yields of hydrochar and bio-oil have been calculated using the following equations:

mass of hydrochar

% Yield of hydrochar =

x 100 (7.1)

mass of biomass

mass of bio—oil

% Yield of bio — oil = x 100 (7.2)

mass of biomass
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However, the combined yields of aqueous and gaseous phases of the samples have been
determined by the following standard equation described by Harisankar et al. (Harisankar et al,
2022).

% Yield of (aqueous + gas) phase = 100 — Yields of (hydrochar + bio — oil) (7.3)
7.2 Optimization

A three-level, 3-factor Box-Behnken statistical design in response surface methodology (RSM)
has been used to fit a second-order model to correlate the response variable, yield of bio-oil with
the most important operating factors, temperature (A), time (B) and % blending of jute stick in
RS-JS mixture (C).The % blending of jute stick in RS-JS mixture is defined by

mass of jute stick
mass of jute stick+ mass of rice straw

%X 100.The variables, A, B and C with coded level (-1, 0 and 1)

are shown in the Table 7.1. The three level of % blending of jute stick in RS-JS mixture in the
present study have been considered as 10 (0.5 g JS and 4.5 g RS), 50 (2.5 g JS and 2.5 g RS) and
90 (4.5 g JSand 0.5 g RS) respectively.

Table 7.1 Variables with coded level used for experimental run

Input variables Unit Coded variable level Model Response
-1 0 1

Temperature (A) °C 240 300 360 Yield of Bio-oil

Time (B) min 10 20 30 (%)

% blending of jute stick in - 10 50 90

RS-JS mixture (C)

The generalized form of second-order polynomial equation is mentioned as follows (Vashishtha
et al, 2021):

Y = ag+ Xty aix; + XE Yo ajxix; + Nig agx;’ (7.4)

Where Y is the predicted % yield of bio-oil, ao, a;, a;; and a;;are the constant coefficient, linear

coefficient, interaction coefficient and quadratic coefficient respectively and x; represents the

coded variables (A, B and C). The regression analysis and analysis of variance (ANOVA) have
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been performed with Design-Expert Software (version 11). The model has been used to predict the
optimum operating condition for the production of bio-oil from co-hydrothermal liquefaction of
jute stick and rice straw. In the present study, Box-Behnken statistical design is based on 17
experimental runs, detailed in Table 7.2.

Table 7.2 Operating parameters for production of bio-oil from co-HTL of JS and RS
according to RSM

Run Factor 1 Factor 2 Factor 3
A: Temp. (°C) B: Time (min) C: % blending of jute
stick in RS-JS mixture
1 240 20 90
2 300 20 50
3 360 20 10
4 300 20 50
5 300 10 90
6 360 10 50
7 360 30 50
8 300 30 10
9 360 20 90
10 300 10 10
11 240 10 50
12 240 20 10
13 240 30 50
14 300 20 50
15 300 30 90
16 300 20 50
17 300 20 50
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7.3 Lumped Kinetics of hydrothermal liquefaction

Lumped kinetics of hydrothermal liquefaction of jute stick and rice straw have been determined
using the experimental data. The reaction pathway represented by Fig. 7.2 has been considered for

HTL of Indian biomass (jute stick or rice straw) (Kumar et al, 2022). All reactions are assumed to

/ Bio-oil
k

"
Biomass = Aqueous phase

ky

be of first order.

Gas Phase

Fig. 7.2 Reaction network for hydrothermal liquefaction of biomass (jute stick or rice straw)

The differential mass balance equations are as follows:

AW Biomass !
_Bd—t = (kl + k2 + k3) WBiomass =k WBiomass (7'5)

Whel’e kl + kz + k3 = k,

AW Bio—oi

Z—tl = k1Whgiomass (7-6)
dW ueous

Adq—t = ka2Whgiomass (7-7)
dWgas

d_‘z = k3sWhgiomass (78)

The overall rate constant of HTL, k' has been calculated from Eq. 7.5.

In (M) = k't (7.9)

WBiomasst

Where Wgiomass, and Wgiomass,are the weight of solid residue at time t and initial weight of

biomass (jute stick or rice straw) respectively. Using the experimental data on the residual solid
mass after different holding time at different temperature, the validity of first order rate kinetics

WBiomasso

has been verified from the nature of the plots of ln< )against holding time, t, and the

Biomass¢t

values of k'have been determined from the slope if the plots are linear in nature. The plot has been
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shown in Figure 7.6a and Figure7.6b for JS and RS respectively. Although there are possibilities
of occurrence of some interactions between the products, like conversion of bio-oil to aqueous and
gaseous products through series reactions etc., no such secondary reactions are considered in this
model. The values of rate constants (ki1, k2 and ks) at different temperatures can be determined

using regression analysis of following equations (7.10), (7.11) and (7.12) respectively. As at time
t=0, Wgio—-oit)o = (WAqueous)O = (Wegas)o = 0,

Waio-oi)e = (o) Wiiomasso[1 — exp(—=k't)] (7.10)
k !
Wagueous)t = (k_f)WBiomasso[l —exp(—k't)] (7.11)
k ’
Weas)e = (k_?)WBiomasso[l —exp(—k't)] (7.12)

According to the present experimental investigation, the combined aqueous and gaseous phase
products have been determined.

k - !
(WAq—G)t = (%)WBiomasso[l — exp(—k't)] (7.13)

Where, k,,_ is the combined rate constant of generation of aqueous and gaseous phase products.

The applicability of first order rate kinetics has been checked from the nature of plots of
(Waio—oi)e and (Waq_¢)¢ against(% [1 — exp(—k't)]) and the values of k; and k4

have been determined from the slopes of the plots, if they are linear.
7.4 Results and discussion
7.4.1 Proximate analysis of jute stick and rice straw

The proximate analysis (moisture, fixed carbon, volatile matter, and ash) of jute stick and rice

straw have been reported in Table 7.3.

Table 7.3 Proximate analysis of jute stick and rice straw

Proximate analysis % (w)  Moisture Fixed carbon  Volatile matter Ash
Jute stick 781+030 12.72+056 77.89+3.11 3.58+0.11
Rice straw 569+0.12 11.42+048 71.91+2.04 10.99 £ 0.29
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7.4.2 Composition of jute stick and rice straw

The composition (w/w) of JS were determined as 31.67 % cellulose (glucan considering as
cellulose), 15.99 % hemicellulose (xylan 13.91 %, arabinan 2.01 % and mannan 0.07 %) and 32.77
% lignin (Klason lignin 31.17 % and acid soluble lignin 1.60 %) respectively. Whereas in rice
straw, 38.24% cellulose (glucan considering as cellulose), 21.17 % hemicellulose (xylan 17.61 %,
arabinan 3.27 and mannan 0.29 %) and 17.85 % lignin (Klason lignin 14.37 % and acid soluble
lignin 2.48 %) have been measured. The comparison of cellulose, hemicellulose and lignin present
in jute stick and rice straw are shown Fig. 7.3.

OJute stick ORice straw
40
T
£ -
£ 39 o e
= =
=
2
£ 20
S
)
S 10
0
Cellulose Hemicellulose Lignin

Fig. 7.3 Composition (cellulose, hemicellulose and lignin) of JS and RS

Cello:Hemi ratio (weight fraction of cellulose: weight fraction of hemicellulose) for biomass

(WeelloHemi) is defined as follows:

Weight (%) of cellulosein raw biomass
Wceuo =

(7.14)

Hemi Weight (%) of hemicellulose in raw biomass

The ratio, WceloHemi (cellulose: hemicelluloses (w/w)) for JS and RS are determined (using Eq.
7.14) as 1.98 and 1.81 respectively.

7.4.3 Product Yield obtained from HTL

In Fig. 7.4, the yield of hydrochar, bio-oil and combined gaseous and aqueous products have been
plotted against HTL temperature for JS and RS for holding period of 30 minutes. It is evident that
with increase in temperature, the yield of hydrochar decreases for both feedstocks. The rise in
temperature appears to increase the dissociation of chemical bonds and subsequently to increase

the depolymerization. As such the yield of hydrochar decreases from 43.97% - 22.15 % for JS and
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48.36% to 25.17% for RS when the temperature is increased from 240 to 360 °C. A rapid decrease
in the yield of hydrochar has also been observed at the temperature range of 240 — 300 °C. At each
temperature, the yield of hydrochar from JS is lower, in comparison to that from RS. This may be

due to the higher value of the ratio of Cello: Hemi, W ceuo , in JS compared to that of RS.

Hemi

—s—Hvdrochar —+—Hydrochar

60 (a) HTL of JS =iy (b) HTLof RS _5 pjo 031
P —o—Aqueous & Gas % 60 —o—Aqueous & Gas
g 2 50
& 2
& 40 &
3 g 20
= -]
T 30 - z
L ﬁ 30
L) 20 s 20

10 10

200 240 280 320 360 400 200 240 280 320 360 400
Temperature (°C) Temperature (°C)

Fig. 7.4 Product yield (%) at different temperature a: jute stick, b: rice straw) [Holding

period: 30 minutes]

The yield of bio-oil increases from 22.15% - 33.81% for jute sticks and 20.39% to 30.34% for rice
straw when the temperature is increased from 240 to 300 °C. When, the temperature is increased
from 300 to 360 °C, the yield of bio-oil decreases from 33.81% - 32.09% for jute sticks and 30.34%
to 28.31% for rice straw. The maximum bio-oil yield is obtained at 300°C.This trend for the yield
of bio-oil is also in agreement with the available reported data on HTL of LCBs (Akalin et al,
2019). Beyond 300°C, the yield of bio-oil decreases due secondary degradation of bio-oil to
gaseous products (Akalin et al, 2019).

The yield of bio-oil for RS has been observed somewhat lower than that of JS at each temperature.

This can be explained by the higher lignin content and larger value of Cello: Hemi, W ceuo , 0f JS

Hemi

with respect to RS (Wang et al, 2023; Tian et al, 2023). Similar impacts of lignin content and
Cello: Hemi ratio on bio-oil yield during the HTL of several LBs have also been reported in other
studies (Wang et al, 2023; Tian et al, 2023). For both JS and RS feedstocks, the combined yield of

aqueous and gaseous products has been observed to increase with the rise in temperature. This
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trend is also in agreement with the available reported data on HTL of LCBs (De Caprariis et al,

2017).
7.4.4 Kinetic parameters

The kinetic parameters of hydrothermal liquefaction of JS and rice straw RS have been determined
using the experimental data obtained after different holding time (5, 10, 15, 20, 25 and 30 minutes)
at each reaction temperature (240, 300 and 360°C).Time-trajectories of mass of solid residue,
Wapiomass, 010-0il, Wp;,_,;;, and combined aqueous ad gaseous products, Wy, _; have been shown
respectively for jute stick and rice straw in Figures 7.5 a and 7.5 d; Figures 7.5 b and 7.5eFigures

7.5 c and 7.5f respectively.

(="
N’
o

a) ¢ | For HTL of JS For HTL of RS
s

n

5 A —+—240°C —=—300°C —+-360°C N —*—240°C —+—300°C —+-360°C

Whiomass,t (g)
/
/
4
/
/
/
/
/
o
/
’
[
|
¢
|
|
‘

e

o

Whiomass,t (g)
-

I~
-

=
=

0 5 10 15 20 25 30 0 5 10 15 20 25 30
time (min) time (min)
b) For HTL of JS e) For HTL of RS
2 —+—240°C  —+—300°C 360°C 1.6 ——240°C —+—300°C 360°C
="
1.5 _—
- — e
1’ / pe® i
¥ i} e °
2 - = 1 2
2 e &
= 0s = =
0 ://
0 5 10 15 20 25 30
time (min) time (min)
c) For HTL of JS f) For HTL of RS
25 | —+—240°C —+—300°C —+—360°C 2% —+—240°C —+—300°C —=—360°C
2 z —
3 e I S
= 15 T - 15 // "
< =" - o s —
=z = 2 1 = -
2 & z -
0.5 o
/
=
0
15 20 25 20 0 5 10 15 20 25 30
tume (min) time (min)
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From the analysis of the figure it is evident that as per expectation, the trajectory of biomass has a

declining trend and those of bio-oil and combined aqueous and gaseous products follow increasing

trends.
a) For HTL of JS b) For HTL of RS
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Fig 7.6 Plot of In (%)against holding time, t (a: HTL of JS; b: HTL of RS)

Biomass¢

In Figures 7.6a and 7.6b, the values of In (M> , Obtained at different temperature (240°C,

Biomasst

300°C and 360°C) have been plotted against time of HTL for rice straw and jute stick respectively.
The linear nature of the plots prove the validity of the first order rate Kinetics. The rate constants

have been determined from the slopes of the plots at different temperatures.

The plots of Wi, Versus [% [1 — exp(—k't)]] for JS at 240°C, 300°C and 360°C are

!

shown in Figures 7.7 a, 7.7 b and 7.7 c respectively. Similarly, the plots of Whpio-oi1,, VETrsus

[% [1 — exp(—k't)]] for RS at 240°C, 300°C and 360°C are shown in Figures 7.7 d, 7.7 e

and 7.7 f respectively. The plots of Wy, versus [% [1 — exp(—k't)]] for JS at 240°C,
300°C and 360°C are shown in Figures 7.8 a, 7.8 b and 7.8 c respectively. Similarly, the plots of

Wag-g,,Versus [% [1 —exp(—k't)]] for RS at 240°C, 300°C and 360°C are shown in
Figures 7.8 a, 7.8 b and 7.8 c respectively. The linearity of all plots, represented in Figures 7.7a-f
and Figures 7.8 a-f proves the validity of first order rate kinetics for all the relevant reactions. Thus

the values of rate constants, k; and k4 are determined.
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a) For HTL of JS at 240°C d) For HTL of RS at 240°C
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of RS); Plot of Wg;s_oy, versus [@ [1 — exp(—k't)]] at 300°C (b: HTL of JS; e: HTL

of RS); Plot of Wpio—oi1, Versus [@ [1 — exp(—k't)]] at 360°C (c: HTL of JS; f: HTL
of RS)
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Fig. 7.8 Plot of W 4q_g, versus [“222420 [1 — exp(—k't)]] at 240°C (a: HTL of JS; d: HTL of
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RS)

All the rate constants involved in the HTL of JS and RS at different temperatures have been

provided in the Table 7.4.
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Table 7.4 Values of rate constants involved in the hydrothermal liquefaction of jute stick and

rice straw

For Rate constant At 240 °C At 300 °C At 360 °C

HTL of JS k' (min?t) 0.0273 0.0455 0.0502
ky(min?) 0.0108 0.0206 0.0208
kag—c (min™) 0.0166 0.0251 0.0309

HTL of RS k' (min?t) 0.0231 0.0401 0.0459
ky(min?) 0.0094 0.0176 0.0173
kag-c (min™) 0.0136 0.0227 0.0285

Arrhenius equation has been used to represent the functionality of rate constants on temperature

as follows:

ki = kosexp (=) (7.15)

Ej

Or, lnkl- = lnkoi -

k; = rate constant of i*" reaction; k,; = pre — exponential factor of i**reaction ;
E; = Activation energy of it" reaction;

The values of activation energies and pre-exponential factors of all rate constants for HTL of JS
and RS have been determined by plotting In(k;) against the inverse of temperature in kelvin (1/T).
They are provided in the Table 7.5.

Table 7.5 Activation energies and pre-exponential factors of rate constants for HTL of JS
and RS

For Rate constant Activation energy ~ Pre-exponential RZvalue
(mint) (kd/mol) factors (min?)
HTL of JS k' 13.97 0.7619 0.9569
k4 15.18 0.4137 0.8917
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HTL of RS

kAq—G
kl
kq

kAq—G

14.08

15.71

14.17

16.80

0.4611

0.9689

0.2846

0.7216

0.9836

0.9621

0.8893

0.9904

7.4.5 Elemental analysis of hydrochar and bio-oil

7.4.5.1 Elemental analysis of hydrochar

The elemental analyses (carbon, hydrogen, nitrogen, and oxygen) and higher heating value (HHV)
of RS and JS and those of their hydrochar, obtained through individual HTL at 240 °C, 300 °C and
360 °C, have been reported in Table 7.6. From the analysis, it is evident that the HHV of JS (14.31
MJ/kg) is higher than that of RS (9.50 MJ/kg). While the HHV of JS hydrochar varies from 19.01
MJ/kg to 20.72 MJ/kg, the HHV of RS hydrochar varies from 18.22 MJ/kg to 20.61 MJ/kg as the
HTL temperature is increased from 240 °C to 360°C.

Table 7.6 Ultimate analysis of hydrochar obtained from HTL of jute stick and rice straw

Sample Type Temp C H N @) H/C O/C  HHV
C)  (%w) (%w) (%w) (%w) (MJ/kg)

Jute stick  Raw - 4479 571 029 4921 151 0.824 1431
Rice straw Raw - 3728 513 022 5737 163 1.15 950

Jute stick  Char 240 58.63 408 16 35.69 0828 0456 19.01
Rice straw Char 240 5732 401 156 3711 0.832 0485 18.22
Jute stick  Char 300 59.37 429 211 3423 0.860 0432 19.82
Rice straw Char 300 58.32 427 198 3543 0.871 0455 19.23
Jute stick  Char 360 61.01 425 28 3194 0829 0.392 20.72
Rice straw Char 360 60.93 424 249 3234 0828 0.398 20.61
Peat - - 5450 510 165 33.09 1120 0455 2133
Lignite - - 6250 438 094 1720 0.840 0.206 24.45
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7.4.5.2 Elemental analysis of bio-oil

The elemental analysis and HHV of bio-oil obtained from HTL of JS and RS at different
temperatures, have been reported in Table 7.7. The atomic ratios H/C and O/C of bio-oil, as
obtained at different HTL temperatures, are less than that of both the raw feedstocks (JS and RS).
It has been observed that the trend of hydrochar, oxygen content of bio-oil of both JS and RS
decreases with HTL temperature. However, HHV of bio-oils shows an increasing trend with
temperature. The HHVs of bio-oil obtained from JS have greater values than those obtained from
at each HTL temperature level. Under the present investigation, the bio-oil obtained from JS at
360 °C appears to have the maximum HHV as 29.44 MJ/Kg.

Table 7.7 Ultimate analysis of bio-oil obtained from individual HTL of jute stick and rice

straw
Sample Type Temp C H N @) H/C O/C  HHV
°C)  (%w) (%w) (%w) (%w) (MJ/kg)

Jute stick  Oil 240 6189 7.63 098 305 1.275 0.369 24.70
Rice straw  Qil 240 60.12 7.11 0.7 33.07 1209 0412 22.90
Jute stick  Qil 300 6731 791 105 2573 1240 0291 2743
Rice straw Qil 300 63.18 7.32 0.73 29.77 1190 0.353 24381
Jute stick  Oil 360 69.34 7.19 1.06 2241 1234 0.242 29.44
Rice straw Qil 360 6701 767 097 2535 1184 0.283 27.39
Petroleum 85-87 14-15 0.1 0.2-2 1.4-15 0.01- 42-45
crude 0.02

Among all atomic components (C, H, N, O and S) present in a fuel, only C and H contribute
towards the heating value. Particularly, the oxygen content influences the heating value negatively.
Hence following the convention of Van Krevelen diagram, used for the assessment of quality of
fuel, H/C values of hydro char and bio-oil have been plotted against the corresponding O/C values

for JS and RS respectively (shown in the Fig. 7.9 a and b).

The H/C versus O/C plot of peat and lignite has been used as the reference. Both H/C and O/C

ratios of hydrochar of RS and JS, obtained at all HTL temperatures under this present study, are
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much less than the raw feedstocks. The O/C values of hydrochar of both feedstocks are in between
those of peat and lignite. For the hydrochar of both feedstocks, the value of H/C increases with
temperature up to 300 °C beyond which a decreasing trend has been observed. The O/C ratio shows
a decreasing trend with temperature in case of hydrochar for both feedstocks.

The H/C and O/C ratios of bio-oil of JS and RS, obtained at all HTL temperatures under the present
investigation are much less than the original raw feedstocks. The H/C and O/C values of bio-oil
decreases with increase in temperature. The H/C values of bio-oil obtained from JS and RS vary
from 1.275to0 1.234 and 1.209 to 1.184 respectively, while the O/C values of bio-oil obtained from
JS and RS fall in the range of 0.369 to 0.242 and 0.412 to 0.283 respectively. The amount of HHV
of bio-oil obtained from both feedstocks are less than petroleum crude.
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Fig. 7.9 Van Krevelen diagram for raw biomass, hydrochar and bio-oil of jute stick (a) and

rice straw (b)
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7.4.6 Thermal stability analysis of hydrochar obtained from individual HTL

In Fig. 7.10a, the thermogravimetric (TG) and derivative thermogravimetric (DTG) curves of jute
sticks have been shown. The weight loss of raw-JS in Stage | (50 — 297 °C), Stage 1l (298 — 369
°C), Stage Il (370- 690 °C) and stage IV (691 900 °C) have been determined as 2.83%, 51.38%,
34.34% and 0% respectively. In this present study, the peak of the DTG curve of JS occurs at a
temperature of 407 °C. The weight loss of hydrochar (obtained from HTL of JS at 300 °C) in Stage
I (50 — 297 °C), Stage Il (298 — 369 °C) and Stage 111 (370— 900 °C) have been measured as 2.27
%, 8.17 % and 73.72 % respectively (Fig.7.10b).
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Fig. 7.10 TG analysis raw-biomass and hydrochar (a, b: TGA and DTG of raw-JS and raw-
RS; ¢, d: TGA of raw-biomass and hydrochar of JS, RS respectively)

The TG and DTG curves of rice straw have been shown in Figure 7.10c. In the present
investigation, the percentage weight loss of raw-RS in Stage | (50 — 277 °C), Stage Il (278 — 371
°C) and Stage I11 (372— 900 °C) have been determined as 7.48, 31.21 and 47.90 respectively. The
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peak of the DTG curve of raw-RS occurs at a temperature of 329 °C. The weight loss of hydrochar
(obtained from HTL of RS at 300 °C) in Stage | (50 — 277 °C), Stage Il (278 — 371 °C) and Stage
11 (372— 900 °C) are 1.79 %, 2.99 % and 47.16 % respectively (Fig. 7.10d). The decomposition
of hemicellulose, cellulose and lignin generally occur at the temperature range of 220 — 315 °C,
300 — 400 °C and 150 — 900 °C respectively (Waters et al, 2017).

7.4.7 FTIR analysis of hydrochar obtained from individual HTL

In Fig. 7.11al and 7.11a2, the FTIR analysis of raw-JS, raw-RS and hydrochar (obtained from
HTL of JS, RS at 300 °C) have been shown respectively. As 400-4000cm™ are the most used
region for all organic compounds, peaks within this zone have been analyzed. The adsorption
peaks at 3329, 2879 and 1031 cm™ indicate O — H, C — H and C — O stretching respectively.
Whereas the adsorption peaks 3333, 2919 and 1034 cm™*show O — H, C — H and C — O stretching

respectively. In both cases, the areas under the stretch of hydrochar are less than that of the original

raw samples.
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Fig. 7.11 FT-IR analysis raw-biomass and hydrochar (a) (al: FT-IR of raw-JS and
hydrochar of JS; a2: FT-IR of raw-RS and hydrochar of RS respectively); XRD analysis
raw-biomass and hydrochar (b) (b1: XRD of raw-JS and hydrochar of JS; b2: XRD of raw-
RS and hydrochar of RS respectively)

7.4.8 XRD analysis of hydrochar obtained from individual HTL

The XRD analysis of raw JS, RS and hydrochar of JS and RS (obtained at 300°C) have been shown
in the Fig. 7.11b1 and 7.11b2 respectively. The characteristic peaks have been observed at 18.5°
and 22.5°C. The sharpness of the peaks for hydrochar in both case are reduced significantly
compared to raw jute stick and rice straw. This phenomena signifies that the crystalline structure

of cellulose is disrupted.
7.4.9 Surface morphology of hydrochar obtained from individual HTL

The FESEM analysis of raw-JS, raw-RS and hydrochar (obtained from HTL of JS and RS at 300
°C) are shown in Fig. 7.12. The surface of raw biomasses is smooth whereas thermal cracks have
been observed while they are transformed into hydrochar. The possible reason for the generation
of the thermal cracks is the cell disruption of cellulose and hemicellulose.

Fig. 7.12 FESEM analysis raw-JS (a), raw-RS (b), hydrochar of JS (c) and hydrochar of RS
(d)
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7.4.10 Bio-oil production from co-HTL of jute stick and rice straw

Using Box-Behnken statistical design, 17 experiments, described in Table 7.2, have been
conducted in triplicate basis to determine the yield of bio-oil from co-hydrothermal liquefaction
of mixture of jute stick and rice straw. The correlation of the yield of bio-oil with three variables
namely, temperature (A), time (B) and % blending of jute stick in RS-JS mixture (C) has been
obtained as follows:

Bio — 0il (%) = —165.433 + 1.031024 + 1.59437B + 0.109125C + 0.000291667AB —
0.000285417AC + 0.0013625BC — 0.0015986142? — 0.02525B% + 0.000109375C?(7.16)

The analysis of the adequacy and fitness of quadratic model generated from ANOVA is presented
in Table 7.8.

Table 7.8 ANOVA table for Quadratic model

Source Sum of Squares df Mean Square F-value p-value
Model 789.44 9 87.72 173.69 <0.0001 significant
A 24200 1 242.00 479.21 <0.0001
B 468.95 1 468.95 928.61 <0.0001
C 2581 1 2581 51.11  0.0002
AB 189 1 1.89 3.74  0.0942
AC 03080 1 0.3080 0.6100  0.4604
BC 1.19 1 1.19 235 0.1689
A2 3396 1 3396 67.25 <0.0001
B2 925 1 9.25 18.32  0.0037
C? 729 1 7.29 12.46  0.0096
Residual 353 7 0.5050

Lack of Fit 353 3 1.18

Pure Error 0.0000 4 0.0000

Cor Total 792.97 16

(A: temperature; B: time; C: % blending of jute stick in RS-JS mixture)
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The R?, adjusted R? and predicted R? of the present model are 0.99, 0.98 and 0.94 respectively.
From the analysis of the ANOVA table, it appears that the parameters, A (temperature), B (time)
and A?(square of temperature) are the significant parameters. According to this analysis, %
blending of jute stick in RS-JS mixture is not a significant parameter. Similar observation has been

reported by previous researchers (Akalin et al, 2019).
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Fig. 7.13 Response surface plots for optimization of bio-oil (%) production from co-HTL of
JS and RS (a: interaction between temperature and time; b: interaction between
temperature and % blending of jute stick in RS-JS mixture; c: interaction between time and
% blending of jute stick in RS-JS mixture; d: actual versus predicted response)

Three response surface 3D plots, representing the interaction between A-B, A-C and B-C, are
shown in the Fig. 7.13 (a, b and c) respectively. From Figure 7.13a and 7.13b it is evident that
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increment of temperature has a mixed impact (both positive and negative) for the formation of bio-
oil. The initial increment of temperature has enhanced the bio-oil yield but after a certain point,
the production of bio-oil has started to decrease. From the Fig. 7.13c, it is observed that the increase
of time and % blending of jute stick in RS-JS mixture have a positive impact on the production of
bio-oil from co-HTL of JS and RS. From the Fig. 7.13d, it is evident that the predicted and

experimental values are in good agreement.

The optimum condition for the maximum yield of bio-oil from co-HTL of JS and RS has been
reported in the Table 7.9.

Table 7.9 Model predicted and experimental values of the bio-oil yield from co-HTL of JS

and RS under optimum condition

Run A B C % Yield of Bio-oil
Model Predicted  317.2 28.1 83.1 32.76
Experimental 317.2 28.1 83.1 32.85+ 0.84

(A: Temperature (°C); B: Time (min) and C: % blending of jute stick in RS-JS mixture)

From Table 7.9, it is observed that the experimental result are in good agreement with the model
predictions. It further establishes the fitness of the model. For the purpose of comparison,
individual HTL of JS and RS has been conducted at the optimum condition of co-HTL. At the
optimal condition of co-HTL (temperature: 317.2°C and holding time: 28.1 minutes) the yields of
bio-oil of 34.14% and 30.73% have been obtained from JS and RS respectively. Therefore, the
yield of bio-oil from co-HTL lies in between that of JS and RS.

7.4.11 HHYV of bio-oil produced from co-HTL

At the optimal condition of co-HTL (temperature: 317.2°C and holding time: 28.1 minutes; %
blending of jute stick in RS-JS mixture: 83.1%), the ultimate analysis of bio-oils obtained from
individual and co-HTL have been conducted. The HHVs have also been determined. The values
have been reported in the Table 7.10.
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Table 7.10 Ultimate analysis and HHVs of bio-oils obtained from individual and co-HTL

Bio-oil C H N @) H/C o/C HHV
sample (%w) (%w) (%w) (%w) (kJ/kg)
HTL-JS 68.01 7.01 1.05 23.93 1.24 0.26 28.74
HTL-RS 64.18  7.53 0.79 28.50 1.22 0.33 25.94
Co-HTL 67.79 797 1.04 24.20 1.23 0.26 28.56

From the analysis of the Table 7.10, it is observed that the HHV of bio-oil obtained from co-HTL
of JS and RS (28.56 kJ/kg) is much greater than that of individual HTL of RS (25.94 kJ/kg) and is
slightly less than individual HTL of JS (28.74 kJ/kg). It is also observed that HHV of bio-oil
obtained from co- HTL (28.56 kJ/kg) is also greater than peat (21.33 kJ/kg) and lignite (24.45
kJ/kg) (the values of HHV of peat and lignite have been provided in the Table 7.6).

7.4.12 GC-MS analysis of Bio-oil obtained from individual and co-HTL

The main class of compounds present in bio-oils (obtained from HTL of JS, RS (at 317.2 °C for
28.1 minutes) and co-HTL of JS & RS (at 317.2 °C for 28.1 minutes and blending of jute stick in
RS-JS mixture 83.1%)) have been shown in the Fig. 7.14. The distribution of class of compounds
in the bio-oil, obtained from RS and JS is different. This is due to the fact that the lignocellulosic
composition of JS and RS is different. As the RS is much richer in cellulose content, the abundance
of aliphatic and cyclic compounds is higher. It has already been reported in the available literature
that cellulose, being a homo-polymer of glucose, usually decomposes to ketones, aldehydes,
furans, acids, esters, fatty acid alkyl esters, alcohols, and ether (Zhu et al, 2015). Compared to bio-
oil obtained through individual HTL of RS, that of JS is much richer in aromatics and phenolic
compounds which are usually generated from the decomposition of lignin. This can be justified by
higher content of lignin in JS with respect to RS. From the analysis of the Figure 7.14, it appears
that % area of GC-MS spectrum of bio-oil produced from co-HTL of JS and RS is dominated by
phenolic compounds (45.59%) followed by aromatic (24.28%), cyclic (11.79%) and aliphatic
(0.04%) compounds. More introspection is required to explain the distribution of compounds in
the bio-oil from co-HTL.
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Fig. 7.14 Main class of compounds present in bio-oils
The GC-MS analysis of bio-oils have been provided in the Table 7.11, 7.12 and 7.13 respectively.

Table 7.11 List of major compounds present in bio-oil obtained from HTL of JS (at 317.2 °C

for 28.1 minutes) from GC-MS analysis (R.T. stands for retention time in minute)

R.T. Major compounds Area (%)
2.1 2-Pentanone, 4-hydroxy-4-methyl- 3.83
2.5 Acetic acid 0.02
2.7 Furfural 2.42
3.3 2-Cyclopenten-1-one, 3-methyl- 1.62
35 2-Furancarboxaldehyde, 5-methyl- 4.21
3.9 2-Acetyl-5-methylfuran 1.19
55 2-Cyclopenten-1-one, 2-hydroxy, 3-methyl 2.14
5.7 Phenol, 2-methoxy- 9.01
7.3 Phenol, 2-methoxy-4-methyl- 4.33
7.6 Phenol 3.57
7.1 Phenol, 4-ethyl-2-methoxy- 7.87
7.2 Phenol, 2-methyl- 1.49
7.3 Phenol, 2-methoxy-4-propyl- 2.36
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8.8 Phenol, 2-methoxy-4-(1-propenyl)- 5.01

9.8 2-Furancarboxaldehyde, 5-(hydroxy methyl) 3.42
10.1 Vanillin 12.8
10.3 Phenol, 2-methoxy-4-propyl- 4.07
10.5 Ethanone, 1-(4-hydroxy-3-methoxy-phenyl) 4.68

10.6 Benzeneacetic acid, 4-hydroxy-3-methoxy, methyl ester ~ 7.49
Total 79.53

Table 7.12 List of major compounds present in bio-oil obtained from HTL of RS (at 317.2 °C
for 28.1 minutes) from GC-MS analysis

R.T. Major compounds Area (%)
2.1 2-Pentanone, 4-hydroxy-4-methyl- 1.93
2.5 Acetic acid 0.16
2.7 Furfural 3.97
35 2-Furancarboxaldehyde, 5-methyl- 4.01
3.9 2-Acetyl-5-methylfuran 2.02
4.8 2-cyclopenten-1-one, 2-methyl- 17.03
5.7 Phenol, 2-methoxy- 3.97
7.3 Phenol, 2-methoxy-4-methyl- 3.89
7.6 Phenol 3.01
7.1 Phenol, 4-ethyl-2-methoxy- 2.97
7.2 Phenol, 2-methyl- 0.59
7.3 Phenol, 2-methoxy-4-propyl- 1.04
8.4 2-cyclopenten-1-one, 2,3-dimethyl- 15.98
8.8 Phenol, 2-methoxy-4-(1-propenyl)- 3.01
9.7 2-cyclopenten-1-one, 2,3,4-trimethyl- 15.61
9.8 2-Furancarboxaldehyde, 5-(hydroxy methyl) 1.29
10.3 Phenol, 2-methoxy-4-propyl- 1.06
Total 80.54
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Table 7.13 List of major compounds present in bio-oil obtained from co-HTL of JS and RS
at optimum condition (at 317.2 °C for 28.1 minutes and 83.1% blending of jute stick in RS-
JS mixture) from GC-MS analysis

R.T. Major compounds Area (%)
2.1 2-Pentanone, 4-hydroxy-4-methyl- 3.49
2.5 Acetic acid 0.04
2.7 Furfural 2.83
3.3 2-Cyclopenten-1-one, 3-methyl- 3.79
35 2-Furancarboxaldehyde, 5-methyl- 4.31
3.9 2-Acetyl-5-methylfuran 1.31
4.8 2-cyclopenten-1-one, 2-methyl- 3.09
55 2-Cyclopenten-1-one, 2-hydroxy, 3-methyl 2.08
5.7 Phenol, 2-methoxy- 8.90
7.3 Phenol, 2-methoxy-4-methyl- 4.13
7.6 Phenol 3.45
7.1 Phenol, 4-ethyl-2-methoxy- 7.01
7.2 Phenol, 2-methyl- 1.33
7.3 Phenol, 2-methoxy-4-propyl- 2.19
8.8 Phenol, 2-methoxy-4-(1-propenyl)- 4.99
9.8 2-Furancarboxaldehyde, 5-(hydroxy methyl) 3.31
10.1 Vanillin 11.03
10.3 Phenol, 2-methoxy-4-propyl- 3.56
10.5 Ethanone, 1-(4-hydroxy-3-methoxy-phenyl) 4.97

10.6 Benzeneacetic acid, 4-hydroxy-3-methoxy, methyl ester ~ 7.89
Total 81.70
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7.4.13 Effectiveness of dye (Congo red) removal by JS-Hydrochar

Color removal tests of Congo red dye (Hi-media, India), was conducted in batch mode. 50 mL of
50 mg/L aqueous dye solution and 50 mg hydrochar, obtained from HTL of JS at 360°C, were
stirred in 100 mL beaker at 500 rpm in a magnetic stirrer at 30 °C. The pH and reaction time were
varied from 3-11 and 30- 90 minutes respectively. Following the protocol of previous researchers,
0.1M HNOz and 0.1M KOH solution were used to adjust the pH of the dye solution (Rubangakene
et al., 2023). After each batch time, the sample was taken and centrifuged at 6000 rpm for 10
minutes. The absorbance of the solution was determined at 498 nm. The known concentration of

dye solution was calibrated against absorbance.
Congo red removal (%) = % %x 100 (7.17)

Where, Ci and Cs are the initial and final concentration of the Congo red.

From the Figure 7.15, it is evident that the Congo red removal (%) increases when reaction time
has increased from 30 to 90 minutes. Whereas, the Congo red removal (%) decreases when the pH
of the aqueous solution is increased from 3 to 11. The maximum Congo red removal has been
determined as 87% at pH = 3 and stirring time of 90 minutes. From the results it is established that
hydrochar, obtained from hydrothermal liquefaction of jute stick, could be efficiently used for

Congo red dye removal.
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Fig. 7.15 Congo red removal (%0) at different reaction time at different pH
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The pseudo-second-order rate equation for adsorption Kinetics, represented in Equation 7.18, has

been attempted:

d
f = ka(qe — 1)’ (7.18)

where t is time (in minutes), k2 is the pseudo-second-order rate constant (g mg™* mint), g is the
amount of adsorbate adsorbed per unit mass of adsorbent at time t (mg g2) and ge is the amount
of adsorbate adsorbed at equilibrium (mg g™).

The concentration of adsorbate (dye) in the solid phase can be determined as follows:

(Co—CpV
g, = L= (7.19)

m

Where, Co and C; are the dye concentration in the aqueous phase at the beginning and at
equilibrium (mg/L), V is the solution volume (L) of aqueous solution and m is the mass of
adsorbent used (g).

Integration of 7.18 with the initial condition, g = 0 at t = 0, leads to the following:

t 1 t
@ ol (7.20)

From the experimental data, at pH=3, qi has been plotted against t in Figure 7.16.
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Fig. 7.16 Plot of qi versus t (the pH of the solution = 3)
t

The linearity of the plot validates the applicability of pseudo second order kinetics for adsorption

of Congo red dye using hydrochar. This has also been observed for other studies using biochar

(Bullen et al, 2021).The rate constant, k, and g.have been determined by plotting qiagainst t. The
t
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values of q, and k, are is 65.35 mg/g and is 0.00034 mg g™* min respectively. The plot at pH 3

is shown in Figure 7.16.

More in-depth studies, like determination of isotherms etc. are required for the ultimate application

of hydrochar as an adsorbent.
7.4.14 Comparison with available literature data

The findings of the present study (HTL of JS and RS) have been compared with the literature data
for hydrothermal liquefaction of different lignocellulosic biomass such as soybean straw (SS), corn
straw (CS), peanut straw (PS), barley straw (BS) and rice straw (RS). The comparison of the bio-
oil yield obtained from hydrothermal liquefaction of different biomasses are reported in Table
7.14.

Table 7.14 Comparison the yield of bio-oil of present study with literature for HTL

Bio- | HTL Composition of feedstock Yield Study
mass | Conditions Cellulose | Hemicellulose | Lignin | Bio-oil (%)
% (w) % (w) % (w)
SS 350°C, 60 min  27.25 20.28 29.57 21.6 I
CS 320°C, 60 min  30.81 25.50 16.76 7.9 I
PS 320°C, 60 min  36.56 20.27 18.36 14.7 Il
BS 300°C, 15 min  46.00 23.00 15.00 34.5 v
RS 350°C, 30 min  37.70 17.80 26.0 32.6 Vv
RS  317°C,28 min 38.24 21.17 16.85  30.7 Present
Js 317°C, 28 min  31.67 15.99 3277 341 Present

At 317.2 °C for 28.1 minutes, the yield of bio-oils obtained from individual HTL of JS and RS
under present study, are measured as 34.14% and 30.73% respectively. The yield of products
obtained from our study are comparable with literature data, as provided in Table 7.14 (Study-I
(Wang et al, 2023; Study-I1 (Tian et al, 2020); Study-I1I (Tian et al, 2020); Study-1V (Zhu et al,
2015); and Study V (Harisankar et al,2022)).

The findings of the present investigation on co-HTL of JS and RS have been compared with the

literature data for co-HTL on different pairs of feedstocks such as wheat straw (WS) and
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eucalyptus (EU), EU and pinewood (PW), PW and WS, black pine wood (BPW) and Kukersite oil
shell (KOS) (Sharma et al, 2024; Akalin et al, 2019) in Table 7.15. The comparison reveals that
the yield of bio-oil obtained from present study is comparable with the data of co-HTL of BPW-
KOS mixture and is higher than all others, available in the literature data, as provided in the table
(Study-V1 (Sharma et al, 2024); Study-V1I (Sharma et al, 2024); Study-VI1I (Sharma et al, 2024)
and Study-1X (Akalin et al, 2019)).

Table 7.15 Comparison the % yield of bio-oil of present study with literature for co-HTL

HTL Conditions Blending Yield of bio-oil (%) Study
400°C, 15 min WS: EU =50:50 17.6 Vi

400°C, 15 min EU: PW=50:50 17.2 Vii

400°C, 15 min PW:WS =50 :50 22.1 VI

300°C, 30 min BPW: KOS =66.7 : 33.3 31.8 IX

317°C, 28 min JS:RS=83.1:16.9 32.8 Present study

(WS contains 37.9% cellulose, 26.8% hemicellulose and 18.3% lignin; EU contains 43.2%
cellulose, 22.5% hemicellulose and 25.0% lignin; PW contains 43.6% cellulose, 24.9%
hemicellulose and 25.6% lignin; BPW contains 48.51% o cellulose and 28.2% lignin; The
composition of JS and RS have been provided in the Table 7.14)

Bio-oil can be considered as a renewable feedstock for the production of fuels and chemicals. The
oxygen content of bio-oil (25%w/w) is high with respect to that of diesel which contains negligible
quantity of oxygen (Azizian & Khosravi, 2019; McCarthy et al, 2011). As oxygen does not
contribute towards heating value, its presence in any fuel is actually detrimental for its energy
applications. Therefore, direct use of bio-oil as a substitute of fuel oil is not possible without de-
oxygenation. The blending of bio-oil with petroleum crude is a better option and is useful for the
production of different fuel cuts through further refining processes (Krutof & Hawboldt, 2016).
The HHVs of bio-oil of rice straw and jute stick have been compared with literature data in Table

7.16. In the same table, the HHVs of bio-oil have been compared with that of petroleum crude.
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Table 7.16 Comparison the HHV of bio-oil of present study with literature and Petroleum

crude oil

Feedstock Process parameters  HHV of Reference

bio-oil

(MJ/kg)
Rice straw 350°C; 30 min 24.80 Harisankar et al, 2022
Corn stover 300°C; 60 min 30.77 Matankar et al, 2020
Soybean straw 320°C; 60 min 32.98 Tian et al, 2020
Barley straw 300°C; 15 min 27.40 Zhu et al, 2015
Petroleum crude oil - 42 - 45 Ben et al, 2019
Rice straw 240-360°C, 30 min 22.9-27.3 Present study
Jute stick 240-360°C, 30 min 24.7-29.4 Present study

From the analysis of the Table 7.16 it is evident that the HHVs of bio-oil from rice straw and JS
are in the same range compared to the reported literature data on ligno-cellulosic biomass
(Matankar et al, 2020; Tian et al, 2020; Zhu et al, 2015 and Harisankar et al, 2022). The HHVs of
bio-oil from both biomass (RS and JS) are much less than that of petroleum crude. This is due to
the disparity in the oxygen content of petroleum crude which contains 2% oxygen — a value much
lower than that of bio-oil (25%). From the literature data, it is evident that while the range of HHVs
of bio-oil from different lignocellulosic biomass lies between 24.80 — 32.98 MJ/Kg, the range of
HHV of petroleum crude is 42.0 — 45.0 MJ/kg (Matankar et al, 2020; Tian et al, 2020; Zhu et al,
2015 and Harisankar et al, 2022). The HHVs of bio-oils obtained from individual HTL of JS and
RS under present study vary from 24.7 MJ/kg to 29.4 MJ/kg and 22.9 MJ/kg to 27.3 MJ/Kkg as the
HTL temperature is varied from 240°C to 300°C.

The HHVs of hydro-char, produced from HTL of JS and RS have been compared with the literature

data for different lignocellulosic biomass, peat and lignite in Table 7.17.

Table 7.17 Comparison the HHV of hydrochar of present study with literature

Feedstock Process parameters  HHV of hydrochar (MJ/kg) Reference

Rice straw 350°C; 30 min 15.60 Harisankar et al, 2022
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Corn stover 300°C; 30 min 21.97 Matankar et al, 2020

Barley straw  300°C; 15 min 27.40 Zhu et al, 2015
Peat - 21.33

Lignite - 24.45

Jute stick 240-360°C, 30 min 19.01 - 20.72 Present study
Rice straw 240-360°C, 30 min 18.22 - 20.61 Present study

The HHVs of hydrochar from RS and JS under the present study are comparable with literature
data on hydrochar those from other lignocellulosic wastes. Although the HHV of hydrochar of RS
is slightly less than peat and lignite, that of JS hydrochar is comparable. Thus, the hydrochar of
both feedstocks, particularly JS, can act as a substitute of peat and lignite.

7.5 Summary

Through the present systematic study, a data base has been generated for the hydrothermal
liquefaction of jute stick and jute stick -rice straw mixture in the temperature range of 240°C-
360°C. for the first time. It has been established that the HHV of hydrochar of JS is higher than
that of RS and lies in between the HHVs of peat and lignite. The HHVSs of bio-oil from both JS
and RS are less than petroleum crude. The bio-oil yield for co-HTL of JS and RS has been
optimized with respect to time and temperature of HTL as well as JS:RS mass ratio in their mixture.
It is observed that at optimum condition the HHV of bio-oil obtained from co-HTL of JS and RS
is much higher than that obtained through individual HTL of RS and is slightly less than individual
HTL of JS. It is expected that the results of HTL of JS and RS will open up a new arena in their

application in bioenergy sector of India.
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Chapter 8: Torrefaction of mustard stalk

As discussed in Chapter 3 the torrefaction of mustard stalk has been focused following the

objectives incorporated under aim 4. These are as follows:

e Determination of lumped and Distributed Activation Energy kinetics of torrefaction of mustard
stalk through semi-batch experiments in pyrolyser and in TGA respectively
e Biochar and Bio-oil are characterized

e Life cycle analysis of torrefaction of mustard stalk is conducted using SIMAPRO

Mustard stalk is also a post-harvesting residue. The mustard stalk is one of the Indian agro-wastes
which can be used for energy generation. The production of mustard stalk in India 12841 kiloton
(Chowdhury et al, 2018). As it is completely dry in nature, this feedstock is considered for
torrefaction.

8.1 Experimental methods

The semi-batch torrefaction process for mustard stalk was conducted in a 35 mm diameter and 210
mm long reactor, already existing in the laboratory. The existing reactor was indigenously
designed by the supervisor along with previous research scholars of the laboratory and was
manufactured by S. C. Dey & Co, Kolkata. The schematic diagram of the experimental setup of

torrefaction of mustard stalk is illustrated in the Fig. 8.1.

Minstard \stalk |@ Digital weighing machine
\

\
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\
Temperature controller \
Bio-char Bio-oil

Fig.8.1 Schematic diagram of experimental setup of torrefaction of mustard stalk
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The torrefaction was carried out under isothermal conditions in the temperature range of 200°C —
400°C, in an inert atmosphere maintained by the continuous flow of nitrogen for a duration of 30
minutes. The experimental setup included a reactor equipped with a furnace, a precise temperature
controller utilizing a PID controller, and a digital weight box. The experiment was conducted with
10 g mustard stalk (on dry basis). The volatile products exited from the pyrolyser passed through
a condenser through which cooling water at 20°C was circulated. Upon completion of the
experiments, the reactor was allowed to naturally cool to room temperature (30°C). The solid
product, i.e., biochar, resulting from torrefaction, was recovered from the reactor. The condensable
volatiles from the condenser were collected as liquid product and the non-condensable volatiles

were collected as gaseous product of torrefaction.

The yields of biochar, bio-oil, and gaseous products have been determined using the following

equations:

. . mass of biochar obtained from torrefaction
% Yield of biochar = x 100 (8.1)

mass of biomass fed to the reactor

. . . mass of bio—oil obtained from torrefaction
% Yield of bio — oil = x 100 (8.2)

mass of biomass fed to the reactor

% Yield of gaseous product = 100 — Yields of (biochar + bio — oil) (8.3)
8.2 Lumped kinetics of torrefaction of jute stick

The reaction pathway, considering parallel degradation reactions forming solid product (char) and

volatiles (oil and gas) has been represented by Equation (8.4) as follows

Mustard stalk — active_complex iv%lz)tci;zeasr (8.4)
Therefore, the differential mass balance equations are as follows:

‘Z—Vtv = —(k. + k)W = —kW (8.5)
T = kW = k Woexp(—kt) (8.6)
M — kW = k,Wyexp(—kt) (8.7)

dt
Where k = k. + k,
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The values of rate constantsk, k,,, k. and k at different temperatures have been determined using

regression analysis of following equations (8.8), (8.9) and (8.10) respectively,

W (t) = Wyexp(—kt) (8.8)

(W"(t)) = (%)[1 — exp(—kt)](8.9)

Wo

(W—(t)) = (%)[1 — exp(—kt) (8.10)

Wo

Using the experimental data on the residual solid mass after different holding time at different
temperature values of k have been determined by plottingln (%)against reaction time, t. The plot

has been shown in Figure 8.3. The values of k,, and k. have been determined from the slopes by

plotting W,, and W_against [% [1 — exp(—kt)]]. The plots have been shown in Figure 8.4.

8.3 Distributed activation energy model

The TG results can be demonstrated as a function of conversion (o)

m;—mg
a=——
mi—my

(8.11)

where m; and ms are the initial and final mass of sample respectively, whereas m: represents the

instantaneous solid mass. The conversion rate (do/dt) of solids can be illustrated as

da

L= BT =k(T) X f() (8.12)

where B is the heating rate (dT/dt, °C/min); k(T) refers to the reaction rate constant; f(a) is the
kinetic model function. According to Arrhenius equation k(T) can be expressed as —

k(T) = Ae 7t (8.13)

where A is known as the pre-exponential factor (min™) and Ea is the apparent activation energy
(kJ mol™?). R is the universal gas constant (8.314 J (mol-K)™?) and T is the absolute temperature

(K). At constant heating rate, combining Equations (8.12) and (8.13) yields

d _Ea
d—: = %e rTf () (8.14)
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d A T _Ea AE, —x AEgq
g(a) = anTZ) = EfToe RT AT = ﬁ_R xaex_zdx — ﬁ_Rp(x) (815)

Where, p(x) = [ < dx (8.16)

An estimation of the Arrhenius temperature integral was reported by Tang et al. (2003) as follows

() =( - ) (8.17)

x \1.001989x+1.873912

The relation between heating rate and inverse temperature takes the following form

In (—bresr ) = —1.00145033 () + ¢ (8.18)
Where C is a constant and equals to
In (R‘;’ig)) + 3.63504095 — 1.894661In(E,) (8.19)

The Ea values has been determined through the slope of —1.000145033Ea/R over straight lines of

1 . . .
In (T1.8§4661) Versus —over a series of a. Frequency factor has been evaluated by inserting Ea

values in equation 8.19.

8.4 Thermodynamic Analysis

The thermodynamic analysis was conducted utilizing data derived from TGA-DTG analysis and
kinetic parameters determined following the method developed by Tang. The analytical
methodology employed in this study aligns with the equations specified in the works of Liu et al.
(2021) and Al et al. (2021). The enthalpy change (AH), Gibbs free energy change (AG), and

entropy change (AS) have been calculated by using the equations below:

AH = E, — RT, (8.20)
AG = E, + RT,ln ("%) (8.21)
AS = 222 (8.22)

where E, is the activation energy; Ta is the temperature at a particular a; Tm is the highest
temperature at which extreme mass loss occurs; Kg is the Boltzmann constant (1.381 x 102 J/K);
and h is the Planck constant (6.626 x 1034J s).

8.5 Results and discussion

8.5.1 Composition of mustard stalk

207



The cellulose (%), hemicellulose (%) and lignin (%) present in mustard stalk have been determined

as 37.19 £ 0.72, 28.31 + 0.63 and 15.56 + 0.21 respectively.

8.5.2 Yield of product

In Fig. 8.2, the yield of biochar, bio-oil and gaseous product have been plotted against torrefaction
temperature of mustard stalk. The yield of biochar decreases from 67.91% - 34.33 % when the
temperature is increased from 200 to 400°C. The maximum bio-oil yield is 21.32% at 300°C. The
yield of gas increases from 20.31% - 44.75 % when the temperature is increased from 200 to

400°C.
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Fig. 8.2 Yield of products at different temperature (for 30 minutes reaction time)

It is observed that with increase in temperature, the yield of biochar decreases. The yield of bio-
oil increases when the temperature is increased from 200 to 300°C and beyond 300°C, the yield of
bio-oil decreases. Beyond 300°C, a part of bio-oil is converted to gaseous fraction and as a result

the yield of oil decreases. The yield of gaseous product increase with rise in temperature.
8.5.3 Kinetic parameters

8.5.3.1 Parameters used for lumped kinetics
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The Kkinetic parameters of torrefaction of mustard stalk have been determined using the
experimental data obtained after different holding time (5, 10, 15, 20, 25 and 30 minutes) at each
reaction temperature (200, 300 and 400°C).
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Fig. 8.3 Plot of In (%) versus time
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Fig. 8.4 Plot of W versus [% [1 — exp(—kt)]] at 200°C, 300°C and 400°C (a, b and c) and

Plot of W versus [% [1 — exp(—kt)]] at 200°C, 300°C and 400°C (d, e and f)

All the rate constants involved in the torrefaction of mustard stalk at different temperatures have

been determined and reported in the Table 8.1.

Table 8.1 Values of rate constants involved in the torrefaction of mustard stalk

Rate constant At 200 °C At 300 °C At 400 °C
k(min™) 0.0338 0.0558 0.0769
kv (min?) 0.0217 0.0316 0.0439
k. (min) 0.0121 0.0242 0.0330

Arrhenius equation has been used to determine activation energy and frequency factor, as follows:
ki = kojexp (=) (8.23)

L ol RT '
k; = rate constant of i*" reaction; k,; = pre — exponential factor of i**reaction ;

E; = Activation energy of it" reaction;

a) | b) ,
0.0p14  0.0016 0.0018 0.002 0.0022 00p14 00016  0.0018 0.002 0.0022
25 325

v = -1311.8x - 0.6089
% a5

Ink
Inkv

Ty = 1114.5x - 1.4845

35 375 :
-
4 4
VT T
3
c) -
) 0.0p14 0.0016 0.0018 0.002 0.0022
-
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v =-1616x - 0.9698
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-
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Fig. 8.5 Plot of Ink versus 1/T (a); Plot of Ink,, versus 1/T (b) and Plot of Ink, versus 1/T
(c)

The values of activation energies and pre-exponential factors have been determined by plotting
In(k;) against the inverse of temperature in kelvin (1/T) (shown in the Fig 8.5). The values of
activation energies and pre-exponential factors of all rate constants of torrefaction of mustard stalk

have been represented in the Table 8.2.

Table 8.2 Activation energies and pre-exponential factors of rate constants for torrefaction
and HTL reactions

Rate constant Activation energy  Pre-exponential RZvalue
(mint) (kd/mol) factors (min?)
k 10.91 0.5439 0.9973
k., 9.26 0.2266 0.9942
k. 13.43 0.3791 0.9865

8.5.3.2 Evaluation of kinetic parameters for distributed activation energy model and

thermodynamic triplets

TGA plots of raw-mustard stalk at different heating rate have been shown in Figure 8.6.Figure
8.7a illustrates the linear fitting results obtained for the torrefaction of MS. Parallel straight lines
have been obtained with satisfactory regression coefficients i.e., 0.92—0.99. The overall high R?
value for a> 0.05 signifies the activation energies obtained via the analysis are reliable. The profile
of the family of curves vividly displays the evolution of the thermal degradation process with an
increase in the heating rate. Notably, in Fig.8.7a that the gap between the lines is more pronounced
in the range 0=0.1 to 0.3, indicating a slow conversion rate MS torrefaction. This suggests that at
lower temperatures, the energy levels are insufficient to initiate the breakage of molecular bonds.
As the temperature gradually rises, it becomes adequate to break the molecular bonds, resulting in

the emergence of parallel straight lines beyond the conversion of 0.25.

Parallel straight lines has been obtained in the 0.3 to 0.7 conversion range. This parallel alignment
of lines implies that the activation energies for these reactions are closely distributed, indicating a
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relatively uniform reaction mechanism in this range. However, as a surpasses 0.7, the parallel
alignment of straight lines begins to diverge. This divergence suggests the possibility of different

torrefaction reactions occurring compared to those in the intermediate range (i.e., a = 0.3-0.7).
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Fig. 8.6 TGA plot of raw-mustard stalk at different heating rate (a: 10 °C/min; b: 20 °C/min;

¢: 30 °C/min; d: 40 °C/min)

Fig.8.7b display the development of Ea with the conversion for MS torrefaction. In the initial
conversion zone (o.= 0.1 — 0.25), the activation energy values remain relatively constant, hovering
around 122 to 123 kJ/mol. After that, a prominent increase in the Ea value is observed signifying
a change in the torrefaction dynamics. At a = 0.3, the Ea value increases to 130.23 kJ/mol, only to
follow an exponentially decreasing profile till a = 0.6 (109.31 kJ/mol). The peak at a = 0.3 is
indicative of the destruction of hemicellulose. The subsequent decline in Ea values in the range of
0.3 to 0.6 can be attributed to the decomposition of cellulose (Werner et al. 2014). With the
advancement in the torrefaction process lignin decomposition becomes more pronounced, as the

Ea values exhibit an exponential increase, reaching 166.18 kJ/mol at a = 0.85. It is important to
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note that for «>0.85, the Ea values become less reliable, as this phase corresponds to a stage of

passive pyrolysis (Gajera et al. 2022). The values activation energies are in a similar range with a

similar research on mustard stalk where KAS and FWO methods were used with a lesser reported
value of R =0.88-0.94 (Nawaz and Kumar,2021).
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Fig. 8.7 (a): Kinetic Plot for determination of kinetic parameters using Tang method and (b)

Evolution trend of Activation Energies against for Mustard Stalk (MS) Torrefaction

The pre-exponential factor or the frequency factor and thermodynamic triplets at four heating rates

have been estimated as per equation 18-20. The results at =10 K/min are shown in Tables 8.3.
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Table 8.3 Thermodynamic Triplets and Pre-exponential Factors for MS Pyrolysis at
p=10K/min

a Ta (K) A(s?h AH (kJ/mol) AG (kJ/mol) AS (J/mol)
0.05 560.61 1.15x108 127.55 191.7 -104.18
0.1 569.44 1.76x10’ 117.69 191.53 -119.92
0.15 o577 1.83x10’ 117.44 191.15 -119.71
0.2 584.09 2.26x10’ 118.43 191.11 -118.03
0.25 590.46 1.68x10’ 117.2 191.44 -120.59
0.3 598.73 8.05x10’ 125.26 191.56 -107.68
0.35 603.21 2.03x10’ 118.68 192.08 -119.22
0.4 607.21 4.24x10° 113.71 195.15 -132.27
0.45 610.98 3.13x10° 109.53 192.55 -134.84
0.5 614.46 1.50%10° 105.83 192.65 -141.02
0.55 617.84 1.11x10° 104.25 192.65 -143.57
0.6 621.23 1.27x10° 104.15 191.87 -142.47
0.65 625.15 1.48x10° 105.6 192.57 -141.24
0.7 629.84 4.16x10° 110.89 192.62 -132.74
0.75 635.46 2.03x10’ 119.12 192.8 -119.65
0.8 642.61 2.45x108 132.37 193.35 -99.04
0.85 652.57 4.69x10% 160.76 194.91 -55.47

The frequency factor (A) represents a fundamental kinetic parameter, the significance of which is
directly linked to the intricacy and reactivity of the feedstock under consideration. The values of
A have been found in the range of 10° to 10%° s within the conversion range of 0.05-0.85. For the
first-order reaction, the values of A can vary from 10 to 10'® s™*. Hence, the order of torrefaction

of mustard stalk could be analytically classified as a first-order (Maia et al. 2016).

At constant pressure, the change in enthalpy (AH) is a thermodynamic state function that indicates
the heat received or released (Ali et al. in 2021). In the early conversion zone (.<0.35) high energy

is required for torrefaction of mustard stalk to dissociate the bonds with enthalpy values around
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127.55 kJ/mol and the lowest being 117.2 kJ/mol. During this period, this high energy demand can
be attributed to removal of remaining moisture and dissociation of potential barriers of complex
bonds present in mustard stalk. Whereas for 0.35<a<0.7; less energy is required for torrefaction
of mustard stalk as the enthalpy values declines to 104.15 kJ/mol. For a>0.7; enthalpy value

increases as the process starts approaching the pyrolysis zone, reaching ~ 161 kJ/mol.

Gibbs free energy (AG) plays a pivotal role in determining the overall change in energy required
for the reactants to transition into an activated complex. A higher value of AG indicates a less
favourable reaction (Mian et al. in 2019). The AG values are in the range of 191 — 195kJ/mol. This

range of values signifies external heat source is required for torrefaction of mustard stalk.
8.5.4 Proximate analysis of biochar

The proximate analysis of raw-mustard stalk (MS) and biochar (obtained at 300°C) have been
reported in the Table 8.4. The fuel ratio (FR) of raw-mustard stalk and biochar are 0.21 and 0.29
respectively.

Table 8.4 Proximate analysis of raw-mustard stalk and biochar

Type VM (%w) FC (%w) Ash (%w) FR
Raw MS 77.98 16.32 5.79 0.21
Biochar 73.52 22.05 4.43 0.29

(VM: Volatile matter; FC: Fixed carbon)

Where fuel ratio (FR) has been defined as

FR = Fixed carbon (8.24)

Volatile matter

8.5.5 Elemental analysis of biochar and bio-oil

The elemental analysis (carbon, hydrogen, nitrogen, and oxygen), higher heating value (HHV),
energy densification ratio (EDR) and energy yield (EY) of biochar and bio-oil obtained through
torrefaction of mustard stalk (MS) at 300°C, have been reported in Table 8.5.
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Table 8.5 Elemental analysis of raw-mustard stalk, biochar and bio-oil

Type C H N 0 HHV EDR  EY
(%w) %w)  (%w)  (%w)  (MJkg) (%)

Raw MS 44.52 5.59 0.79 49.10 14.25 - -
Biochar 51.12 4.68 1.84 42.36 16.37 1.14 50.05
Bio-oil 54.32 5.89 1.06 38.73 19.85 1.39 29.63

Higher heating value of char

Where, Energy densification ratio (EDR)= (8.25)

Higher heating value of biomass

Energy vyield (EY)(%) = The yield of product (%) x EDR (8.26)

The HHV of raw MS, biochar and bio-oil have been measured as 14.25 MJ/kg, 16.37 MJ/kg and
19.85 MJ/kg respectively. The values of energy yield (EY) of biochar and bio-oil are 50.05% and
29.63% respectively.

8.5.6 Thermal stability analysis of biochar

The thermogravimetric curves of mustard stalk and biochar (obtained at 300°C) have been shown
in Fig 8.8a. The weight loss of raw-MS in Stage | (50 — 290 °C), Stage 11 (291 — 370 °C), Stage Il1
(371689 °C) and stage 1V (690- 900 °C) have been measured as 0.2%, 45.9%, 23.9% and 1.8%
respectively. The weight loss of biochar in Stage 1 (50 — 290 °C), Stage Il (291 — 370 °C) and Stage
[l (371- 900 °C) have been determined as 4.8%, 2.8% and 38.7% respectively. It has been
reported in a recent literature, the decomposition of hemicellulose, cellulose and lignin occur at
the temperature range of 220 — 315 °C, 300 — 400 °C and 150 — 900 °C respectively (Water et al,
2017).

8.5.7 FTIR analysis of biochar

The FTIR analysis of raw mustard stalk, biochar (obtained at 300°C) have been shown in the Fig.
8.8b. The peaks within 4000-400 cmregion have been analysed. The absorption peaks at 3330,
2879 and 1030 cm™ indicate O — H, C — H and C — O stretching respectively. The areas under the

stretch of biochar are less than the raw mustard stalk. The lowering of O-H, C-H and C-O peaks
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signify increase of hydrophobicity and decrease in ether and carboxylic bonds, present in

hemicelluloses.
8.5.8 XRD analysis of biochar

The XRD analysis of raw biomass, biochar (obtained at 300 °C) have been shown in the Fig. 8.8c.
The characteristic peaks have been observed at 18.5°and 22.5°C. The peaks for biochar are almost

flat. This phenomenon signifies that the crystalline structure of cellulose is disrupted.
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Fig. 8.8 TGA analysis of raw-MS and biochar (a); FTIR analysis of raw-MS and biochar (b);
XRD analysis of raw-MS and biochar (c)
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8.5.9 FESEM analysis of biochar

In the Fig. 8.9, the FESEM of mustard stalk and biochar (obtained at 300 °C) have been shown.
The surface of untreated mustard stalk is smooth. The thermal cracks have been generated when
mustard stalk is subjected to torrefaction. The thermal cracks appear due to the cell disruption of

cellulose and hemicellulose.

Fig. 8.9 FESEM analysis of raw-MS and biochar (a: raw-mustard stalk, b: biochar)

8.5.10 GC-MS analysis of bio-oil

Main class of compounds present in bio-oil obtained from torrefaction of mustard stalk at 300 °C,
are shown in the Fig. 8.10. Aliphatic and cyclic compounds are being produced from the
decomposition of hemicellulose and cellulose present in mustard stalk. Whereas, the aromatic and
phenolic compounds formed during decomposition of lignin. The % area occupied by aliphatic,

cyclic, aromatic and phenolic compounds, have been determined as 25.70, 12.82, 12.91 and 20.41.

% Area of major compound

Aliphatic Cyclic

Fig. 8.10 Main class of compounds present in bio-oil obtained from torrefaction of mustard
stalk
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The GC-MS results of bio-oil has been provided in the Table 8.6.

Table 8.6 List of major compounds present in bio-oil (produced from torrefaction of
mustard stalk at 300°C) from GC-MS analysis

R.T. Major compounds Area (%)
2.5 Acetic acid 25.7
2.7 Furfural 0.01
3.3 2-Cyclopenten-1-one, 3-methyl- 6.31
35 2-Furancarboxaldehyde, 5-methyl- 6.72
3.9 2-Acetyl-5-methylfuran 4.59
55 2-Cyclopenten-1-one, 2-hydroxy, 3-methyl 6.51
5.7 Phenol, 2-methoxy- 1.39
6.3 Phenol, 2-methoxy-4-methyl- 0.98
6.6 Phenol 3.75
7.1 Phenol, 4-ethyl-2-methoxy- 1.32
7.2 Phenol, 2-methyl- 0.60
7.3 Phenol, 2-methoxy-4-propyl- 1.14
8.8 Phenol, 2-methoxy-4-(1-propenyl)- 0.61
9.6 Guaiacol 2.80
10.1 Vanillin 1.96
10.3 Phenol, 2-methoxy-4-propyl- 1.24
10.5 Ethanone, 1-(4-hydroxy-3-methoxy-phenyl) 5.98
Total 71.64

8.5.11 Life cycle analysis

8.5.11.1 LCA Methodology

The ISO 14040 series, clearly disseminates the four steps of life cycle assessment (LCA) — goal
and scope definition, life cycle inventory (LCI), life cycle impact assessment (LCIA), and
interpretation, which are based on the environmental life cycle assessment approach (1SO14044,
2006). This study follows the generic guidelines of LCA as described by the ISO 14040 standards.
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8.5.11.2 Goal & Scope Definition

The environmental impact of the mustard stalk torrefaction process has been assessed using LCA
in SimaPro V 9.1 software. The temperature sensitivity of the impacts are also within the scope of
this study. The functional unit considered here was 1 kg of torrefied mustard stalk. A cradle-to-
gate approach was considered while preparing the inventory and a substitutional approach has been
taken to deal with the multi-functionality of the process. The system boundary of the processes

considered in the LCA are provided in Fig.8.11.

ﬁfeCycleAssessment Framework\ [ Applications \

4 \
Goal and _>( \ * Product/process
Scope  [€= development
Interpretation: " Strategic
Dataquality | f9)  planning
Inventory f=> check, * Informing
Analysis 1€ conclusions, seslsi“"l“ake“
: * Public policy
Suggestlor?s, W * Product labeling
and reporting or declarations

Impact .
* Benchmarking

@essment \ j u

Fig.8.11 System Boundary of LCA of Mustard Stalk Torrefaction

8.5.11.3 Life Cycle Inventory Analysis (LCI)

The inventory data of this process has been collected from the current experimental setup. A
transportation of the mustard stalk form the collection point to the torrefaction facility has been
assumed to be 30 km. Land requirement for the torrefaction process has been collected from Adam
et al. (2015) after proper interpolation according to the plant capacity of the present study.
Electricity for the process has been taken to be supplied from the Indian country mix of the eastern
zone. This data has been taken form the eco-invent data bank, already available in the SimaPro

software. The inventory of the process has been provided in the supplementary section.
8.5.11.4 Life Cycle Impact Assessment (LCIA)

Life Cycle Impact Assessment (LCIA) aims to assess the potential environmental impacts by
utilizing data derived from the LCI phase. The evaluation process was conducted using the

220



ReCiPe2016 Midpoint (H) and Endpoint (H) version 1.04 through Simapro software version 9.1.
ReCiPe 2016 Midpoint method represents the most current indicator approach available in LCA
analysis (Huijbregts et al. 2016). This method encompasses an extensive array of 18 midpoint
impact categories, encompassing factors such as human carcinogenic toxicity, non-carcinogenic
toxicity, particulate matter formation, ionizing radiation, ozone formation affecting human health,
among others. These midpoint impact categories are later consolidated into three endpoint
categories, reflecting the specific damages they cause—human health, ecosystem, and resources.
This comprehensive classification offers a holistic view of the environmental implications linked

with the evaluated systems and processes within the LCA framework.
8.5.11.5 LCA Results

The overall impact of the torrefaction process assessed following the ReCiPe 2016 Midpoint (H)

method for different temperatures has been listed in Table 8.7.

Table 8.7 Midpoint impacts of the torrefaction process at different temperatures

Impact category Unit Torrefaction Temperature

200°C 300°C 400°C

Global warming kg CO2eq 1.543 3.494 5.237
Stratospheric ozone depletion kg CFClleq 4.134E-7 9.366E-7 1.403 E-6
lonizing radiation kBg Co-60eq 0.004 0.009 0.013
Ozone formation, Human health kg NOxeq 0.004 0.008 0.012
Fine particulate matter formation kgPM2.5eq 0.004 0.009 0.014
Ozone formation, Terrestrial ecosystems kg NOxeq 0.004 0.008 0.012
Terrestrial acidification kg SO2eq 0.005 0.012 0.017
Freshwater eutrophication kg P eq 0.001 0.002 0.003
Marine eutrophication kg N eq 4619E-5 1.047E-4 1571E-4
Terrestrial ecotoxicity kg1,4-DCB 1.221 2.625 3.878
Freshwater ecotoxicity kg 1,4-DCB  0.031 0.069 0.104
Marine ecotoxicity kg 1,4-DCB  0.042 0.094 0.141
Human carcinogenic toxicity kg 1,4-DCB  0.064 0.146 0.219
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Human non-carcinogenic toxicity kg 1,4-DCB  1.395 3.153 4.725

Land use m2acropeq  0.392 0.889 1.333
Mineral resource scarcity kg Cu eq 0.001 0.001 0.002
Fossil resource scarcity kg oil eq 0.415 0.939 1.407
Water consumption m3 0.005 0.010 0.016

The results show an increasing trend of the environmental impacts as temperature is increased.
The GHG potential of the process is calculated to vary between 1.543-5.237 kg COzequivalent.
The results are at par to the results presented by Christoforou and Fokaides, (2016). Lower values
of GHG emission has been found to be reported in the work of Zhang et al. (2022). Main
contributor to the GHG emission in the present study is the transportation of the mustard stalk
from collection point to the torrefaction facility. Fig. 8.12 shows the normalized endpoint impacts
of the torrefaction process at different temperatures. The normalized endpoint impacts are
considerably low in each of the categories. However, the impact on human health is higher than

on resources and ecosystem.
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Fig. 8.12 Comparing Torrefaction at different temperatures Method: ReCiPe 2016 Endpoint
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8.6 Summary

An extensive study of torrefaction of mustard stalk has been performed in the present study. Yields
of char and bio-oil have been determined in the temperature range of 200-400 °C. The highest oil
yield has been determined to be 21.32% at 300°C beyond which a decreasing trend is observed
with the rise in temperature and it drops to 20.92% at 400°C mainly due to secondary cracking.
Parameters used for lumped kinetic and distributed activation energy model of torrefaction of
mustard stalk have been determined. The structural characterization of bio-char confirms porous
morphology indicating its potential applications as an adsorbent. The higher heating values of bio-
char and bio-oil, obtained at 300°C are 16.37 MJ/kg and 19.85 MJ/kg citing the energy potential
of the products. The values of energy yield (EY) of biochar and bio-oil are 50.05% and 29.63%
respectively. The environmental impact of the mustard stalk torrefaction process has also been
assessed using life cycle analysis. It is expected that the results of torrefaction of mustard stalk will
open up a new arena for the application of this agro-waste and similar feed-stocks in the bioenergy

sector of India.
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Chapter 9: Conclusions and Future Scope

As outlined in Chapter-1 the research studies have been conducted on 1) conversion of rice straw

to ethanol via sugar platform with possible analysis of each step along with kinetic analysis,

mathematical modeling and optimization; IlI) conversion of rice straw to ethanol via syngas

platform with possible analysis of each step along with kinetic analysis, mathematical modeling

and optimization; I11) conversion of rice straw and jute stick through HTL and co-HTL with kinetic

studies and optimization; I\V) conversion of mustard stalk through with kinetic studies and product

characterization. The salient findings of the present research are as follows:

9.1 Ethanol product from rice straw through sugar platform

The analysis of hydrolysate and the pretreated solid clearly indicate the most efficient
action of FCP in comparison to acid pretreatment in the present range of temperature.

The maximum yield (g of product/ kg of rice straw) of glucose, xylose, furfural, 5-HMF,
formic acid, acetic acid and levulinic acid have been determined as 93.1, 145.0, 52.5, 9.4,
7.4,17.0and 5.67 from 0.1 M ferric chloride treatment of rice straw at 180°C for 10 minutes
respectively.

The degradation rate constants of xylan and glucose for rice straw for LWP, SAP and FCP
have been compared for the first time.

From this study it is clear that the yields of all hydrolysis products, namely, xylose, glucose,
acetic acid, furfural, 5-HMF, levulinic acid and formic acid are enhanced during FCP. As
the amount of furfural and 5-HMF, produced in case of FCP, is high they can be utilized
as fuel additives and the use of the hydrolysate part for ethanol production is not
recommended due to their inhibitory effects.

As furfural, 5-HMF and levulinic acid contents increase monotonically with the increase
in temperature during FCP, one can strategize to focus on these products in the hydrolysate
and production of glucose from the pretreated straw only. Although the degradation rates
of xylan and glucan are slow in case of LWP, effectiveness of water points towards its
utilization as a green solvent for mild pretreatment in this temperature zone and beyond by
allowing more reaction time.

From the research outcome it is clear that the treatment time and hence the energy

expenditure can be saved to a great extent by using FCP instead of conventionally followed
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SAP. Although the pretreatment time requirement and hence the energy expenditure is
much higher, LWP is also attractive from the environmental perspective.

The glucose yields after 72 hours of enzymatic hydrolysis of untreated RS and pretreated
solids (obtained from LWP, SAP and FCP) are determined as 27.9%, 32.3%, 45.4% and
78.9% respectively.

A deterministic mathematical model for conversion of xylan and cellulose into xylose and
glucose (and valuable products) for ferric chloride pretreatment of Indian rice straw has
also been developed and validated for the first time.

A deterministic mathematical model for enzymatic hydrolysis has also been developed.
The effect of combined severity and enzyme loading on the yield of glucose have been
investigated.

The yields of ethanol (kg ethanol / kg of rice straw) through LWP, SAP and FCP (0.1M
FeClz) pretreatment of rice straw have been measured as 0.0444, 0.0609 and 0.0899
respectively. 0.0851 kg ethanol has been produced from 1 kg of rice straw when 0.2M
FeCls solution has been used for pretreatment.

It is clear from the study that FCP can play a vital role to implement the concept of
biorefinery using abundantly available Indian agro-waste, namely, rice straw for the
production of ethanol, furfural, 5-HMF and levulinic acid as the main products.

The outcomes of this study would be quite worthwhile and can be used in scaling up of
hydronium ion-driven pretreatment of LCB for the production of bio-fuels and bio-

chemicals.

9.2 Ethanol product from rice straw through syngas platform

The salient findings of ethanol production from rice straw through syngas platform are as follows:

Deterministic mathematical models along with experimental data on the bioconversion of
pyro-syngas to ethanol and acetic acid in a gas-sparged stirred tank reactor, operated in
semi-batch and continuous modes, have been reported for the first time.

The locally isolated clostridial consortium UACJUChEL was proved to be capable of
utilizing CO, CO2, and Hz present in the pyro-syngas.

The mathematical models have been validated through the comparison of the predictions

with the experimental results.
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The optimization of the performance of the semi-batch and continuous modes of operation
was achieved using response surface methodology.

The optimum level of the independent variables, pyrolysis temperature, Vo/Vi, and gc
giving the maximum ethanol concentration (=13.122 g/L) after 30 h of semi-batch
operation are 648 °C, 0.46, and 6.7 L/h, respectively.

The optimum level of the independent variables, Ve/VL and ge/qL, giving the maximum
ethanol concentration (=29.450g/L) after 300 h of continuous operation are 0.28 and
336.148, respectively.

Since pyrolysis is used as the precursor process for syngas fermentation, other valuables
products like pyro-oil and pyro-char are also generated, and the criterion of zero-waste
generation for the circular economy concept is fulfilled.

It is expected that the mathematical model developed in the present study can be used for
the scale-up purposes needed for commercialization.

The outcome of this research study can also be useful for the utilization of other

lignocellulosic agro-wastes of Indian and other origins.

9.3 Hydrothermal liquefaction of jute stick and rice straw

The salient findings of hydrothermal liquefaction of jute stick and rice straw are as follows:

The first attempt has been made to study the hydrothermal liquefaction of jute stick.

The yield of hydrochar decreases from 43.97% to 22.15 % for hydrothermal liquefaction
of jute stick and 48.36% to 25.17% for hydrothermal liquefaction of rice straw when the
temperature is increased from 240 to 360°C.

The yield of bio-oil increases from 22.15% - 33.81% for jute sticks and 20.39% to 30.34%
for rice straw when the temperature is increased from 240 to 300°C. When, the temperature
is increased from 300 to 360 °C, the yield of bio-oil decreases from 33.81% - 32.09% for
jute sticks and 30.34% to 28.31% for rice straw. The maximum bio-oil yield obtained at
300°C.

The kinetic parameters of hydrothermal liquefaction (HTL) of jute stick (JS) and rice straw
(RS) have been determined.
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The convention of Van Krevelen diagram, used for the assessment of quality of fuel, H/C
values of hydrochar and bio-oil have been plotted against the corresponding O/C values
for JS and RS respectively

The higher heating value of bio-oil samples obtained from hydrothermal liquefaction of
jute stick and rice straw have been determined as 28.74 kJ/kg and25.94 kJ/kg respectively.
The optimum bio-oil yield obtained from co-hydrothermal liquefaction of jute stick and
rice straw has been measured as 32.8% at 317.2 °C for 28.1 minutes with 83.1% blend
ratio.

The higher heating value of bio-oil obtained from co-hydrothermal liquefaction of jute
stick and rice straw has been measured as 28.56 kJ/Kkg.

The higher heating value of bio-oil samples obtained from HTL of JS, RS and co-HTL of
JS & RS are greater than peat (21.33 kJ/kg) and lignite (24.45 kJ/kg).

The area of GC-MS spectrum of bio-oil produced from co-HTL of JS and RS is dominated
by phenolic compounds (45.59%) followed by aromatic (24.28%), cyclic (11.79%) and
aliphatic (0.04%) compounds.

It is observed that hydrochar, obtained from hydrothermal liquefaction of jute stick, could
be efficiently used for Congo red dye removal.

It is expected that the results of individual and co-HTL of JS and RS will open up a new

arena in their application in bioenergy sector of India.

9.4 Torrefaction of mustard stalk

The salient findings of torrefaction of mustard stalk are as follows:

The yield of biochar decreases from 67.91% - 34.33 % when the temperature is increased
from 200 to 400°C. The maximum bio-oil yield is 21.32% at 300°C. The yield of gas
increases from 20.31% - 44.75 % when the temperature is increased from 200 to 400°C.
Parameters for lumped kinetic and distributed activation energy model of torrefaction of
mustard stalk have been determined.

The fuel ratio (FR) of raw-mustard stalk and biochar are 0.21 and 0.29 respectively.

The HHV of raw MS, biochar and bio-oil have been measured as 14.25 MJ/kg, 16.37 MJ/kg
and 19.85 MJ/kg respectively. The values of energy yield (EY) of biochar and bio-oil are
50.05% and 29.63% respectively.
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= The % area occupied by aliphatic, cyclic, aromatic and phenolic compounds, have been
determined as 25.70, 12.82, 12.91 and 20.41.

= The area of GC-MS spectrum of bio-oil produced from torrefaction of mustard stalk is
dominated by aliphatic compounds (25.70%) followed by phenolic (20.41), aromatic
(12.91%) and cyclic (12.82%) compounds.

= The environmental impact of the torrefaction of mustard stalk has also been assessed using
life cycle analysis in SimaPro software.

= It is expected that the results of torrefaction of mustard stalk will be of use for the

development of in bioenergy sector of India.

Among seventeen sustainable development goals (SDGs) of United Nations, the SDG7 stands for
“affordable clean energy” and the de-carbonization of energy sector is one of the main plans to
achieve the goal (2030-agenda-sustainable-development). The main thrust of the present research
is towards the achievement of SDG7. The generation of bioenergy from biomass is one of the
possible pathways of de-carbonization of energy resources. As agro-wastes are abundantly
available in India, the investigation on the performance of those as fuel source is under focus of
the study. The bioenergy generated from agro-wastes are expected to be either CO neutral or
sometimes CO: negative because of their generation as plant parts via photosynthetic route.
Therefore, there is a reduction in CO2 emission by the use of fuels generated from the agro-wastes.
Thus, the research outcomes are also expected to be useful for the achievement of SDG13 which
stands for “Climate Action”. For decentralized energy generation, the bioenergy production
facilities are to be set up near agricultural field, located in rural areas (2030-agenda-sustainable-
development). This ensures the generation of revenue and employment prospects in rural areas.
Therefore, the research outcomes are expected to strengthen the pathway of achievement of SDG
17 meant for “reduced inequalities” by reducing the economic gap between rural and urban
population and that between developing and developed countries under “clean development
management” (CDM) strategy (2030-agenda-sustainable-development). It is obvious that in the
achievement of SDGs, all countries have to concentrate on their own natural resources,
environmental condition and overall topographic characteristics. Therefore for the bioenergy
generation in India, agro-wastes like rice straw, mustard stalk, jute sticks etc. are chosen for their
natural abundance. However, the studies are made in such a way that the outcomes like

mathematical models, effect of mode of operation of reactors etc. can be generally applied for
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other similar feedstocks irrespective of the geographic location of their natural abundance.
Therefore, from the perspective of application towards the global achievement of SDGs 7 and 13

the present research outcomes have both national and international significance.
Future scope

The experiments (for sugar platform, syngas platform, hydrothermal liquefaction and torrefaction)
have been conducted in a wide range of values of different relevant parameters. Although the
results of all the studies establish the prospect of utilization of Indian agricultural wastes for the
production of fuels and chemicals, there are scopes for widening the range of parameters for the
ultimate application of the processes. As there is diversity in the characteristics biomass more data
should be generated to decide on a common strategy for utilization of agro-waste for bioenergy in
general. Process modelling using ASPEN Plus V10 etc. can further open up an arena for the
prediction of performance of large scale reactors based on the presently determined kinetic data
and the mathematical models, developed under the study (Pati et al, 2023). In addition to the
predictions of process models, economic and life cycle analyses are also important to assess the
viability of the thermochemical and hybrids of thermochemical and biochemical processes on large

and commercial scales.

Overall, further research studies should be conducted to generate more insights in the following

areas:

= To explore the possibility of using diverse Indian lignocellulosic biomasses, experiments
should be conducted with other feedstocks having different lignocellulosic composition.

= |n case of pretreatment of agro-wastes using metal chloride like FeCls, a strategic decision
can be made about the reaction period and temperature using the model predictions.
However, the scope for more research studies are open for the complete elucidation of
reaction mechanism and complete extraction of platform chemicals using such novel
sustainable solvents.

= For large scale implementation, process modelling can be carried out using standard
software like ASPEN Plus.

= Extensive life cycle analysis must be conducted for the proper implementation of research

outcomes.
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= In-depth studies on the integration strategies of different processes should be undergone

for the holistic development of the Indian Bioenergy sector.
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Appendix

MATLAB codes have been provided below:

a) Code for glucan conversion at 170°C using 0.2M FeCls (Sugar platform)

% function file

function dydt = glucanconversion(t, y)
a=0.1230;

a1=0.1550;

b=0.1616;

€=2.6316;

d=0.0197;

e=0.3314;

dydt = zeros(7,1);

dydt(1) = -a*y(1);

dydt(2) = a*y(1)-al*y(2);

dydt(3) = al*y(2)-b*y(3)-d*y(3);
dydt(4) = (b*y(3)*126/180)-c*y(4)-e*y(4);
dydt(5)= c*y(4)*(116.1/126);
dydt(6)= dydt(5)*(46/116);

dydt(7)= d*y(3);

end

% Script file

tspan = [0: 5: 15];

Y0=[38.8 000000];

[T, Y] = oded5(@(t, Y) glucanconversion(t, Y), tspan, YO0);
[TY]

plot(T,Y)




b) Code for xylan conversion at 170°C using 0.2M FeCl3 (Sugar platform)

% function file

function dydt = xylanconversion(t, y)
a=0.6017,

b1=0.8298;

b=0.5340;

¢=0.0200;

d=0.2237;

€=0.2464,

f=0.0502;

0=0.0721,;

dydt = zeros(7,1);

dydt(1) = -a*y(1);

dydt(2) = a*y(1)-b1*y(2);
dydt(3) = b*y(2)-c*y(3)-e*y(3);
dydt(4) = c*y(3)+d*y(2)-f*y(4);
dydt(5)=e*y(3);

dydt(6)=f*y(4);

dydt(7)=g*y(2);

end

end

% Script file

tspan = [0: 5: 15];

Y0=[38.8 000000];

[T, Y] = oded5(@(t, Y) xylanconversion(t, Y), tspan, YO0);
[T Y]

plot(T,Y)




c¢) Code for syngas fermentation in semi-batch reactor (Syngas platform)

% function file
function dydt = semibatch(t, y)
R=0.082;
T=310;
al=144.9;
a2=166.9;
a3=123.6;
H1=0.0008;
H2=0.00066;
H3=0.025;
vg=1.5;
vi=1.5;
qg=5.3;
pcoi=0.2307,;
phi=0.1723;
pcdoi=0.1059;
bl=(ag/vg);
b2=(vlivg)*(R*T);
cl=(vlivg);
m1=0.195;
m2=0.042,
m3=0.2;
m4=0.0;
m5=0.2;
m6=0.2;
k1=0.000078;
k2=0.00022;
k3=0.00022;
ki1=0.002;
ki2=0.002;




ki3=0.0104;

ki4=0.0005;

dydt = zeros(9,1);

dydt(1) = (b1*(pcoi-y(1)))-((al*b2)*((y(1)*H1)-y(4)));

dydt(2) = (b1*(phi-y(2)))-((a2*b2)*((y(2)*H2)-y(5)));

dydt(3) = (b1*(pcdoi-y(3)))-((a3*b2)*((y(3)*H3)-y(6)));

dydt(4) = (al*c1)*((y(1)*H1)-y(4))-
((39.91*(m1*y(4)*y(7))/(k1+y(4)+(y(4)"2)/ki1))*(ki3/(ki3+y(9))));

dydt(5) = (a2*c1)*((y(2)*H2)-y(5))-
((((m2*y(5)*y(7))/(k2+y(5))*((y(7))/(k2+y(6)))*(ki2/(ki2+y(4))))*147.06)*ki3/(ki3+y(9)));
dydt(6) = (a3*c1)*((y(3)*H3)-y(6))-
((((m2*y(5)*y(7))/(k2+y(5))*((y(7))/(k2+y(6)))*(ki2/(ki2+y(4))))*73.55)*ki3/(ki3+y(9)));
dydt(7)=
((m1*y(4)*y(7))/(k1+y(4)+(y(4)"2)/ki1)+((m2*y(5)*y(7))/(k2+y(5))*((m3*y(6)*y(7))/(k3+y(
6)))*(ki2/(ki2+y(4)))))*(ki3/(ki3+y(9)));

dydt(8)=

((m3*y(4)*y(7))/ (k1+y(4)+(y(4)"2)/ki1)+((y(5)/(k2+y(5))* ((m4*y(6)*y(7))/(k3+y(6)))* (ki2/(
ki2+y(4))))+(mS*y(4)*y(7))/(K1+y(4)+(y(4)"2)/ki1))+(((m6*y(5)*y(7))/(k2+y(5)))* (ki2/(ki2+
y(4)))))*(y(9)/(kid+y(9)));

dydt(9)=
((((m1*y(4)*y(7))/(K1+y(4)+(y(4)"2)/ki1))*9.23)+(36.27*(((M2*y(5)*y(7))/(k2+Y(5)))*(y(6)/(
k3+y(6)))*(ki2/(ki2+y(4))))))*(ki3/(ki3+y(9)))-
(((m5*y(4)*y(7))/(k1+y(4)+(y(4)"2)/ki1))+((ME*y(5)*y(7))/(k2+y(5)))* (ki2/(ki2+y(4)))))*(y
(9)/(kid+y(9)));

end

% Script file

tspan = [0: 10: 30];

Y0 =10.2199 0.1599 0.1089 0.0002 0.0001 0.0027 0.05 0 Q];

[T, Y] = oded5(@(t, Y) semibatch(t, Y), tspan, Y0);

[T Y]

plot(T,Y)




d) Code for syngas fermentation in continuous reactor (Syngas platform)

% function file
function dydt = continuous(t, y)
R=0.082;
T=310;
al=144.9;
a2=166.9;
a3=123.6;
H1=0.0008;
H2=0.00066;
H3=0.025;
vg=0.1;
vi=2.9;
q9=>5.3;
pcoi=0.2307;
phi=0.1723,;
pcdoi=0.1059;
bl=(qg/vg);
b2=(vl/vg)*(R*T);
cl=(vi/vg);
m1=0.195;
m2=0.042;
m3=0.2;
m4=0.0;
m5=0.2;
m6=0.2;
k1=0.000078;
k2=0.00022;




k3=0.00022;

ki1=0.002;

ki2=0.002;

ki3=0.0104;

ki4=0.0005;

dydt = zeros(9,1);

dydt(1) = (b1*(pcoi-y(1)))-((al*b2)*((y(1)*H1)-y(4)));

dydt(2) = (b1*(phi-y(2)))-((a2*b2)*((y(2)*H2)-y(5)));

dydt(3) = (b1*(pcdoi-y(3)))-((a3*b2)*((y(3)*H3)-y(6)));

dydt(4) = (al*c1)*((y(1)*H1)-y(4))-
((39.91*(m1*y(4)*y(7))/(k1+y(4)+(y(4)"2)/kil))*(ki3/(ki3+y(9))))-((0.02/vI)*y(4));

dydt(5) = (a2*c1)*((y(2)*H2)-y(5))-
((((m2*y(5)*y(7))/(k2+y(5))*((y(7))/(k2+y(6)))*(ki2/(ki2+y(4))))*147.06)*ki3/(ki3+y(9)))-
((0.02/vI)*y(5));

dydt(6) = (a3*c1)*((y(3)*H3)-y(6))-
((((m2*y(3)*y(7))/(k2+y(5))*((y(7))/(k2+y(6)))*(ki2/(ki2+y(4))))*73.55)*ki3/ (ki3+y(9)))-
((0.02/vI)*y(6));

dydt(7)=
((m1*y(4)*y(7))/(k1+y(4)+(y(4)"2)/ki1)+((m2*y(5)*y(7))/(k2+y(5))*((M3*y(6)*y(7))/(k3+y(
6)))*(ki2/(ki2+y(4)))))*(ki3/(ki3+y(9)))-((0.02/vl)*y(7));

dydt(8)=

((M3*y(4)*y(7))/ (k1+y(4)+(y(4)"2)/ki1)+((y(5)/(k2+y(5))* ((m4*y(6)*y(7))/(k3+y(6)))*(ki2/(
ki2+y(4))))+(m5*y(4)*y(7))/(K1+y(4)+(y(4)"2)/ki1))+(((m6*y(5)*y(7))/(k2+y(5))) *(ki2/(ki2+
y(4)))))*(y(9)/(kid+y(9)))-((0.02/vI)*y(8));

dydt(9)=
((((m1*y(4)*y(7))/(k1+y(4)+(y(4)"2)/ki1))*9.23)+(36.27*(((M2*y(5)*y(7))/(k2+y(5)))* (y(6)/(
k3+y(6)))*(ki2/(ki2+y(4))))))*(ki3/(ki3+y(9)))-
(((m5*y(4)*y(7))/(k1+y(4)+(y(4)"2)/ki1))+(((m6*y(5)*y(7))/(k2+y(5)))* (ki2/(ki2+y(4)))))*(y
(9)/(ki4+y(9)))-((0.02/v1)*y(9));

end




%Script file

tspan = [0: 100: 300];

Y0 =10.2199 0.1599 0.1089 0.0002 0.0001 0.0027 0.05 0 Q];
[T, Y] = oded5(@(t, Y) continuous(t, Y), tspan, YO0);

[TY]

plot(T,Y)
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ARTICLE INFO ABSTRACT

Keywords: The present investigation will focus on the catalytic effect of hydronium ion during liquid-water/ dilute sulfuric
Rice straw acid/ferric chloride pretreatment (LWP/ SAP/ FCP) on the hydrolysate and pretreated rice straw. The overall
Pretreatment

pretreatment process has been represented as a sequential catalytic reactions. The temperature range of pre-
treatment is varied in the range of 140-180 °C and the concentration of dilute sulfuric acid and ferric chloride is
0.1 M. The first order rate constants of xylan and glucan degradation have been determined for LWP/ SAP/ FCP.
The maximum xylan and glucan conversion of 96.8% w/wand 31.4%w/w respectively are achieved for FCP at
180 °C. Xylose, glucose, furfural, 5-hydroxymethyl furfural, acetic acid and formic acid appear as the main
products for all pretreatments. Only in case of FCP levulinic acid also appears as a hydrolysis product. The
thermal characteristics, functional groups, crystallinity, surface morphology of untreated and pretreated rice
straw have been evaluated. Among all pretreatment processes under study, the highest values of glucose yield of
78.96% (w/w) using enzymatic hydrolysis and 83.79% of theoretical yield of ethanol using Saccharomyces
cerevisiae have been achieved for ferric chloride pretreatment.

Hydronium-ion
Fermentable sugars
Bio-ethanol

1. Introduction

Pretreatment processes play the key role when lignocellulosic bio-
mass has to be converted to biofuels through sugar platform [1-5]. The
release of fermentable sugars is the pre-condition for the conversion of
lignocellulosic biomass (LCB) to biofuels via heterotrophic micro-
organisms. The structure of LCB is constituted of carbohydrate poly-
mers like cellulose and hemicellulose, tightly bound to lignin backbone.
Therefore, all pretreatment processes focus on the destruction of the
chemical bonds of carbohydrates responsible for their bonding to lignin
and subsequent de-polymerization. As the pretreatment process is ac-
tually an auxiliary step for biofuel production it should be simple, less
energy consuming and environmentally friendly. From this perspective
a few pretreatment processes like mild temperature liquid water pre-
treatment (LWP), dilute sulfuric acid pretreatment (SAP) and ferric
chloride pretreatment (FCP) are followed [6-9]. All of these three
pretreatment processes are driven by the catalytic action of the hy-
dronium ion. Through all these processes xylose and glucose are re-
leased from hemicellulose and cellulose respectively. It has been re-
ported that in addition to xylose and glucose, some valuable
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intermediate side products, namely, furfural, 5-hydroxymethyl furfural
(5-HMF), formic acid, acetic acid, levulinic acid etc are also generated
during LWP, SAP and FCP in the temperature range of 140 — 180 °C
[10,11]. Furfural, 5-HMF and levulinic acid have been used for the
production of fuels and other valuable chemicals [12,13]. Being si-
multaneously an aromatic alcohol, aldehyde and a furan, 5-HMF is an
important platform chemical convertible to value-added chemicals
[14]. On the other hand, acetic acid and formic acid have many ap-
plications of their own. The pretreated solid obtained after the catalytic
pretreatment becomes suitable for enzymatic hydrolysis for further
glucose release. Recently, hydronium ion based pretreatment processes,
particularly, FeCl; and acid based ones, have been also found effective
for the enhancement of biogas generation [15]. Mild temperature liquid
water pretreatment (LWP) below the decomposition condition of bio-
mass is also gaining importance because of the greenness of the solvent
and less severity of the operating condition. Although the acid pre-
treatment processes are well studied for many lignocellulosic feed
stocks, the data on LWP and FC are limited. However, unlike LWP and
FC, the liquid effluent of acid pretreatment poses environmental con-
cern [16,17].
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While the mechanism of action of HsO* ions during LWP/ SAP/ FCP
of biomass has been elucidated in some published literature, there are
scopes for the comprehensive representation of a reaction scheme in-
corporating the role of both homogeneous and heterogeneous reactions
during pretreatment [11,18,19]. Many studies on LWP/ SAP/ FCP of
same biomass have been reported in literature using different experi-
mental parameters, i.e., temperature range and pretreatment time for
different pretreatment processes [11,19,20]. Comparative studies of
LWP/ SAP/ FCP using same temperature range and pretreatment time
for any biomass can only clarify difference in the response pattern to-
wards different pretreatment processes and the justification can be
searched through in-depth introspection of product patterns and char-
acteristics as well as reaction kinetics of degradation of carbohydrate
polymers. The present article intends to address the above research
needs by studying LWP/ SAP/ FCP of rice straw in the same tempera-
ture range and pretreatment time. Rice straw (RS) has been selected
because it is the most abundantly available Indian lignocellulosic
agricultural waste which can be utilized for bioenergy generation
[21,22]. The article will focus on the complete depiction of the tra-
jectory of reaction front for the heterogeneous catalysis along with
subsequent homogeneous reactions occurring during the pretreatment
process and the comparative elucidation of response of RS towards
LWP, SAP and FCP with respect to A) composition of hydrolysate; B)
composition, structure and thermochemical properties of pretreated
solid rice straw and C)reaction kinetics of degradation of xylan and
glucan and D) hydrolytic capability and ethanol productivity of pre-
treated rice straw.

2. Materials and methods
2.1. Materials

2.1.1. Chemicals

In the present study, sulfuric acid and ferric chloride (Sigma-
Aldrich) were used. Cellulase purchased from HiMedia, was used for
enzymatic hydrolysis of solids. Milli-Q water was used for experimental
purposes.

2.1.2. Feed material

The rice straw was collected from West Bengal, India. The rice straw
samples were first cut into small size and the latter was ground to 1 mm
particle size using Ultra-Centrifugal Mill ZM 200 (Retsch GmbH,
Germany).

2.1.3. Microorganism for ethanol fermentation

The Saccharomyces cerevisiae (MTCC-173) was purchased from
MTCC, India and was maintained in YPD medium (3 g yeast extract,
10 g peptone, 20 g dextrose and 1 L distilled water) at 28 °C.

2.2. Methods

2.2.1. Analytical methods

2.2.1.1. Quantitative analysis of hydrocarbon polymers (cellulose-
hemicellulose-lignin). The composition of the untreated and pretreated
rice straw with respect to Cellulose-Hemicellulose-Lignin was
determined through a series of analytical methods following the
protocols described in the Technical Report of National Renewable
Energy Laboratory (NREL/TP-510-42618) on ‘Determination of
Structural Carbohydrates and Lignin in Biomass: Laboratory
Analytical Procedure (LAP) Issue Date: April 2008’ [23].

2.2.1.2. Proximate analysis. The moisture, volatile matter and ash
content of raw RS were determined according to ASTM (D-3172-89)
protocol. Fixed carbon was measured from Eq. (1) [24].
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Fixed carbon(%) = 100 — moisture(%) — volatile matter(%) — ash(%)
(@)

2.2.1.3. Ultimate analysis. Ultimate analysis of raw RS was performed
by using CHNOS analysis using vario MICRO Element Analyser of
ElementarAnalysensysteme GmbH.

2.2.1.4. Thermo-gravimetric analysis (TGA). The thermos-gravimetric
analysis (TGA) was carried out in the 50 — 900 °C temperature range
in a TG analyzer (Pyris Diamond TG/DTA, STA 6000, PerkinElmer).
The experiment was conducted at 20 Kmin~* heating rate. Untreated
RS and pretreated solids obtained from LWP, SAP and FCP at 180 °C
were subjected to TGA following the same protocol.

2.2.1.5. FTIR analysis. To assess the changes in the chemical bonds of
rice straw during different pretreatment processes, Fourier Transform
Infrared analysis of feed rice straw and pretreated solid residue was
conducted using an FTIR analyzer (RX-1 FTIR system, Perkin Elmer).
Raw RS and residual solids obtained from LWP, SAP and FCP at 180 °C
were subjected to FTIR analysis. The spectra have been generated in the
range of 4000 — 400 cm ™.

2.2.1.6. XRD analysis. The crystallinity of raw RS and pretreated solid
were determined by X-ray diffractive (XRD) analysis (Ultima III,
Rigaku). The scattering angles (28) were varied from 5° to 60° in
steps of 0.04° at time intervals of 0.066 s.

The crystallinity index (Crl) was determined using the following
equation [25].

Tooz — I
CrI(%) = 22— 2m » 100
Tooz 2
Where Iy, is the intensity of the maximum peak at around 26 = 22.5°
and I, is the minimum intensity at about 26 = 18°;

2.2.1.7. FESEM analysis. The surface morphological analysis of
untreated and pretreated (LWP, SAP and FCP at 180 °C) rice straw
were studied by field emission scanning electron microscopy (FESEM)
analysis (INSPECT F50). The samples were mounted on a conductive
tape. Gold was coated to the samples by using a Quorum (Q150R).

2.2.1.8. EDS analysis. To assess the change in metal distribution due to
FeCls, the metals in raw-RS and pretreated solid, obtained from FCP
were detected by using energy-dispersive X-ray spectroscopy (EDS)
analysis (Bruker). The solid residue obtained after other pretreatment
processes were not analyzed with respect to metal distribution because
no metal ions were present in those pretreatment agents.

2.2.1.9. NMR analysis. The compounds (xylose, glucose, furfural, etc)
in the hydrolyzate, obtained from LWP, SAP and FCP were analyzed
using nuclear magnetic resonance spectroscopy (NMR) to determine
sugars, platform chemicals and organic acids. 'H NMR data were
obtained using a 600 MHz Bruker NMR spectrometer, equipped with
a cryoprobe (Bruker Prodigy TCI 600 S3H&F-C/N D-05 Z).

2.2.1.10. GC analysis for ethanol concentration. The ethanol
concentration of fermentation sample was measured in gas
chromatography analyzer (Thermo Fisher Scientific). The

fermentation broth was centrifuged for 5minutes at 10,000 rpm.1 mL
of supernatant and 1.5 mL of 1-butanol (Merck) were mixed in a glass
tube closed with rubber cap [26]. As ethanol is highly soluble in
butanol, two layers — top layer containing butanol-ethanol mixture and
bottom layer containing the aqueous phase were separated. The top
layer was analyzed for ethanol concentration using GC with the aid of a
standard curve constructed using known concentration of ethanol in
aqueous phase. The GC was equipped with Chromeleon software and
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Fig. 1. Schematic diagram of the pretreatment process.

flame ionization detector (FID). Hydrogen, air and nitrogen flow rate
were set as 30, 300 and 30 mL/min respectively. The oven and FID
detector temperature were 40 and 250 °C respectively. TR-FAME
capillary column was used to perform the experiment [26].

2.2.2. Experimental methods

2.2.2.1. Pretreatment method. A cylindrical stainless steel reactor of
60mm inner diameter and 150 mm height was used for the
investigation of pretreatment of rice straw in batch mode. The reactor
was equipped with temperature controller and pressure gauge. The
schematic diagram was shown in Fig. 1.

In the present study, 10 g rice straw was subjected to 100 mL of
0.1 M ferric chloride solution or 0.1 M sulfuric acid or water under
isothermal condition at the temperature of 140, 150, 160, 170 and
180 °C for 10 minutes respectively. Subsequently the pressure was re-
leased and the treated slurry was collected at 25°C after natural
cooling. The liquid and the solid phases of the cold pretreated slurry
were separated by passing through a vacuum filter. The pretreated li-
quor and the residual solid were stored at 4 °C for further analyses. The
products in liquid hydrolyzate (glucose, xylose, furfural, 5-HMF, formic
acid, acetic acid and levulinic acid) were determined by NMR analysis.
The composition (glucan, xylan and lignin) of pretreated solid was
analyzed according to NREL protocol. All experiments were conducted
in triplicate. The yield of glucose, 5-HMF, formic acid and levulinic acid
(Y, Yumr, Yra and Yi4) were calculated from the Eq. (3). Similarly, the
yield of xylose, furfural and acetic acid (Yx, Yr and Yaa) were de-
termined from the Eq. (4).

Mass ofGlucose/ %produmd (€]

Formic acid

1kg of rice straw 3)

Yo /uMF/FA/LA =

Mass of xylose/Furfural/Acetic acid produced(g)

Y5 =
X/F/AA 1kg of rice straw “

Glucan degradation and xylan degradation were determined from
the Egs. (5) and (6) respectively,

Weight of recovered solid residue 100

Solid recovery(%) = - -
weight of rice straw fed to the reactor 5)

Degradation of glucan (%)

_ [ Glucan in RS fed — glucan remaining in the pretreated RS % 100
B glucan in rice straw fed

(6)

Degradation of Xylan (%)

_ [ Xylan in RS fed — Xylan remaining in the pretreated RS % 100
a Xylan in rice straw fed

)

Reaction kinetics for xylan and glucan degradation.

As clearly indicated in previous literature, the rate of degradation of
carbohydrate polymers can usually be represented as a first order
function of concentration of carbohydrate polymer [27,28]. The 1st
order rate kinetics for the xylan and glucan degradation through LWP,
SAP and FCP, have been represented generally by the following rate
equations are used:

d%lucan
— —tuean _ e ean We
dt Glucan YYGlucan (8)
dWXylan
- dt = kXylan WXylan 9)

Eq. (8) on integration reduces to the following:

Wl dw; t
Or, — f Ho —Dluean kGiucan ‘/01 dt

Walucan,0 %lucﬂn (81)
We )
Or, IDM = kGlucant
%lucan (82)
Wolucan:0
or,  Komean = lnwﬂ
5 Glucan ¢ (8.3)

Where, Waicanso and Wycqan represent the weight of glucan at t=0 and at
any time, t. (Basis: 10 g initial RS sample being hydrolyzed).
Eq. (9) on integration reduces to the following:

WXylan dWXylan t
Or, — f = kXylan f dt
Wxylan-0 WXylan 0

(9.1)

Whyians
Or, In 2am0 kxyiant
WXylan (92)
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Table 1
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Proximate analysis, elemental analysis, chemical composition and metal composition of rice straw.

Proximate analysis Elemental analysis
% (w) % (w)

Chemical composition Metal composition
% (w) % (w)

Carbon: 37.3
Hydrogen: 5.2
Nitrogen: 0.22
Sulfur: 0.27

Moisture: 5.7 + 0.11
FC*:11.4 = 0.33
VM*: 71.9 = 2.7
Ash: 10.9 = 0.42

Glucan: 38.8 + 0.57
Xylan: 17.6 + 0.12
KL*: 14.3 = 0.15
ASL*: 2.5 = 0.02

Silicon: 5.73
Potassium: 6.34
Calcium: 0.04
Iron: 0.01

(FC*, VM*, KL* and ASL refer as fixed carbon, volatile matter, Klason lignin and acid soluble lignin respectively).

Wxylan0
[n 2yand
Wxylan

Or, kXylan = ¢ 9.3)

Where, Wxyiano and Wyyq, represent the weight of xylan at t=0 and at
any time, t. (Basis: 10 g initial RS sample being hydrolyzed).

The values of rate constants have been determined based on the
experimental values of xylan and glucan contents of the original and
rice straw. Using the principle of integral method of analysis, In Mlano

WXylan

Walucan-0

and In have been plotted against the reaction time to test the

lucan

validity of 1st order reaction kinetics [29].

2.2.2.2. Engymatic hydrolysis. Enzymatic hydrolysis of raw-RS and
pretreated solid from LWP, SAP and FCP was conducted in a glass
test tube at 50°C for 24, 48 and 72hours with shaking at a speed of
150 rpm. 4 mL sodium acetate buffer (0.05M, pH 4.8) and 0.2 g solid
(raw-RS and pretreated solid from LWP, SAP and FCP) were taken. The
enzyme, i.e., cellulase loading was 20 FPU/g dry substrate. After
enzymatic hydrolysis, the product was centrifuged at 10,000 rpm for
5 minutes. The supernatants were collected to determine the released
glucose. All experiments of enzymatic hydrolysis were conducted in
triplicate. The glucose yield was calculated from the Eq. (10) [30].

Glucose produced during enzymatic hydrolysis
Glucan in pretreated solid x 1.11

Glucose yield (%) X 100

(10)

Where, 1.11 = conversion factor of glucan to its equivalent glucose
[29].

2.2.2.3. Ethanol fermentation. 1.8 mL of enzymatic hydrolysate was
inoculated with 0.2mL of 24h old stock culture of Saccharomyces
cerevisiae (MTCC-173) and was allowed for ethanol fermentation under
anaerobic condition at 30 °C, under stirring (150 rpm). All experiments
were conducted in triplicate. The% yield of ethanol (on the basis of
theoretical yield) Ygano(%)was determined from Eq. (14).

Ethanol produced (%)

Yethanot (%) = X 100

Theoretically achievable concentration of Ethanol(%)

an
Again, the stoichiometric equation for conversion of glucose to
ethanol is as follows [31]
CgH;,06 + 2ADP + 2P, — 2C,HsOH + 2CO, + 2H,0 + 2ATP (12)
Therefore, from 1 g glucose, theoretically achievable ethanol is as
follows:
4&

2 X Molecular weight of Ethanol( !
O % 1g Glucose = 0.511g Ethanol

Molecular weight of glucose(%
(13)
Therefore, Eq. (13) can also be written as follows:
Ethanol produced(%)
YEthanol(%) = e X 100
Initial glucose concentration(f) X 0.511 14)

3. Results and discussion
3.1. Feedstock characterization

The proximate analysis (moisture, fixed carbon, volatile matter and
ash), elemental analysis (carbon, hydrogen, nitrogen and sulfur), che-
mical composition (glucan, xylan, Klason lignin and acid soluble lignin)
and metal composition (silicon, potassium, calcium and iron) of rice
straw have been reported in Table 1 respectively.

3.2. Representation of sequential heterogeneous and homogeneous catalysis

From the analysis of the hydrolysate, obtained from LWP, SAP and
FCP in the present temperature range, it can be observed that fermen-
table sugars (glucose, xylose), platform chemicals (furfural, 5-hydro-
xymethyl furfural (5-HMF) and levulinic acid) and organic acid (formic
acid and acetic acid) are the major products of all hydrolysis processes.
From the observation of the product array in the hydrolysate and from
the data base of reported literature a common hydronium-ion catalyzed
mechanism is revealed for all three pretreatment processes [32-35]. It
is confirmed that all three processes, LWP, SAP and FCP, are catalyzed
by hydronium ion in 1) heterogeneous and 2) homogeneous modes. In
case of heterogeneous catalysis, H;O" acts on the solid rice straw and
mostly breaks the linkage of hemicelluloses with lignin and depoly-
merizes most of the hemicellulose and a part of amorphous cellulose
[7-10,36,37]. The monomers of hemicelluloses, namely xylose and that
of cellulose, namely glucose are transferred to the aqueous phase from
the solid matrix [8-11]. In the aqueous phase xylose and glucose are
respectively converted to furfural and 5-HMF under the catalytic action
of H;O". In the aqueous phase, 5-HMF is again converted to levulinic
acid and formic acid [10-14]. The reactions involving hydronium ions,
as available in the literature, have been provided in Fig. 2.

In agreement with literature, a shrinking core behavior, as applic-
able in case of heterogeneous non-catalytic solid-fluid chemical reac-
tion, can be postulated for the heterogeneous catalysis of hydronium
ion [29,32-34]. In this case the catalyst is originally in aqueous phase
and the reactants (hemicelluloses, cellulose etc.) are in solid phase.
Whatever may be the type of pretreatment (LWP/SAP/FCP), the fol-
lowing steps appear to be common for this mechanism (shown in the
Fig. 3a):

i. The solid particles are bathed in either hot water or hot dilute acid
or hot ferric chloride solution and a stagnant liquid film is devel-
oped around each solid sphere.

ii. The hydronium ions reach the solid surface through the liquid film.

iii. First the reaction starts at the surface and the reaction front pro-
pagates towards the center as hydronium ion diffuses through the
reacted layer to the unreacted core.

iv. As time progresses the radius of the unreacted core decreases al-
though the overall size remains almost unaltered. The reacted layers
are expected to be porous as reactants (Hemicellulose and amor-
phous cellulose) are removed.

v. The products diffuse through the reacted layer to the aqueous phase
and participate in homogeneous catalytic reactions in presence of
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Fig. 2. Proposed mechanisms for the formation of products obtained from LWP/SAP/FCP pretreatment (a: Xylan hydrolysis; b: Formation of furfural and degraded

products from xylose; c: Conversion of glucan in presence of hydronium ions).

hydronium ions. As hydronium ion acts as the catalyst, it remains
unchanged and is again transferred to the aqueous medium.

The propagation of the reaction front in the postulated mechanism
and the homogeneous catalytic reactions are shown in Fig. 3b.

Self-ionization of water occurs through the reaction,
2H,0 < H30% + OH~ with the ionization constant, Ky = [H;O*][OH]
[34]. At each temperature, the concentration of H;O*and[OH"Jions are
equal (= \/Ky).

In case of sulfuric acid, the dissociation follows the following steps
[34]:

H,80; + H,0 < H;0* + HSO; @5)

HSO; + H,0 « H;0* + SO;~ (16)

As reported in a recent literature, the acid diffuses through the cell
wall during pre-hydrolysis followed by hydrolysis of carbohydrate
polymers [38]. The hydrolysis products also diffuse back to the liquid
(aqueous) medium.

On dissolution, FeCl; acts as a Lewis acid and water molecules are
attracted by sharing electron pairs towards the ferric cation (Fe>*). As
reported in the literature a complex cationFe[H,0]3"of radius 0.268 nm
is formed by the bonding of six water molecules through monodentate
ligands [38]. H3O%is formed through the following reaction:

[Fe(H,0)** < H* + [Fe(OH)(H,0)s** a7

2[Fe(OH)(H,0)s** < [(H,0)sFeOFe (H,0)s]** + H,0 (18)

3.3. Comparison of composition of liquid hydrolysate

In Fig. 4, the yield (g of product / kg of RS) of fermentable sugars
(glucose, xylose), platform chemicals (furfural, 5-hydroxymethyl fur-
fural (5-HMF) and levulinic acid) and organic acid (formic acid and
acetic acid) in the hydrolysate, obtained after 10 minutes of LWP, SAP
and FCP have been compared over the temperature range of 140 —
180 °C. In Fig. 4a, c and e the yield of xylose, glucose and furfural in the
hydrolysate, obtained respectively through LWP, SAP and FCP have
been plotted respectively against temperature. Similarly, in Fig. 4b, d
and f the yield of 5-HMF, formic acid, acetic acid and levulinic acid in
the hydrolysate, obtained respectively through LWP, SAP and FCP have
been plotted.

3.3.1. Scrutiny of production data of xylose, glucose and furfural

From the analysis of Fig. 4a, it has been clearly observed that the
glucose and xylose yields from LWP have an increasing trend with
temperature right from 140 — 180 °C during LWP. While the yield of
xylose has increased from 1.1 g/kg RS to 3.8 g/kg RS, that of glucose
has increased from 0.5 g/kg RS to 3.1 g/kg RS as the temperature is
increased from 140 °C to 180 °C. The structures of lignocellulosic bio-
mass is constituted of interconnected network of carbohydrate poly-
mers, cellulose, hemicellulose and lignin. According to literature, the
microfibers of cellulose are embedded on hemicellulose network
through lignin aggregates [39]. This can be considered as the “skeletal
structure” of lignocellulosic biomass. As reported in case of wheat
straw, it is expected that the skeletal structure is weakened at high
temperature [15]. Thus, the whole conversion of hemicelluloses during
LWP, can be represented by the following scheme: (I) Formation of
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surface radicals, acting as pre-hydrolysis step; (II) Dissociation of
hemicellulose from the structure through decarboxylation and release
of acetic acid; (III) hydrolysis of hemicellulose to xylose, furfural,
formic acid etc by the synergistic action of acetic acid and catalysis of
hydronium ion, H;O%, released through the ionization of H,O. In par-
allel, the amorphous portion of cellulose is decomposed to glucose in
presence of H;O" generated by the ionization of water. Further, there is
a possibility of dehydration of xylose and glucose respectively to fur-
fural and 5-HMF through the homogeneous catalysis of hydronium ion.
Thus it is expected that the whole process is influenced by the rate of
release of hydronium ions. The value of ionization constant of water,
Kw, as described in Section 3.3, increases with temperature [34]. As
reported in Bandura and Lvov, the valuesof(—log(Ky))are 12.25,

>i. e. Ky = 107122, 11.64, (i. e. ,Kw = 1071)and 11.31
(i. e. ,Kw = 1071131) at 100°C, 150 °C and 200 °C respectively. There-
fore, the concentration of H;O%ion also increases with temperature
under the present range of study (140-180 °C). As shown in Fig. 3, the
released hydronium diffuse through the rice straw and depolymeriza-
tion of both xylan and glucan has occurred. Further, xylose is converted
to furfural with the aid of hydronium ions. This can clearly explain the
increasing trend of concentration of xylose, glucose and furfural during
LWP. At 140 °C, no furfural is formed during LWP. The increasing trend
in the yield of furfural has been observed from 150 °C. The yield of
furfural has increased from 0.13g/kg RS to 0.72g/kg RS when

temperature is increased from 150 °C to 180 °C. As evident from the
representation of reaction network in Fig. 3, furfural is generated
through homogeneous dehydration of released xylose through catalysis
of H;O0*. As the release of hydronium ion is increased with the rise of
temperature, furfural is produced only at high temperature range
during LWP. It is an established fact that the severity of autohydrolysis
increases with temperature due to the increase in the release of H;O" in
the subcritical condition and it passes through a maximum at 300 °C
[27,28,37,40].

In case of SAP, it has been observed from the Fig. 4c that glucose
yield follows an increasing pattern with temperature over the range of
140-180 °C during SAP. Xylose yield increases from 140°C to 170 °C
after which it has decreased at 180 °C. While xylose yield has increased
from 41.2g/kg RS at 140°C to the maximum of 115.9 g/kg RS at
170 °C, glucose yield in the hydrolysate varies from 30.9 g/kg RS to
65.7 g/kg RS as the temperature is increased from 140 °C to 180 °C.
Unlike the result of LWP, the Fig. 4c also shows that the furfural yield of
0.19 g/kg RS has been detected even at 140 °C for SAP and follows an
increasing trend with the increase of temperature up to 180 °C. At
180 °C, the furfural yield reaches the value of 31.3 g/kg RS through
SAP. As sulfuric acid is a strong acid, its dissociation, represented by
Egs. (13) and (14), is instantaneous and the concentration of H;O* ions
in the 0.1 M H,SOysolution is 0.2 M. Therefore, it is expected that the
rate of hydrolysis of both hemicellulose and cellulose is much faster in



D. Manna, R. Chowdhury, Md. K. Hassan et al.

Liquid water pretreatment
n 4 —o—Glucose
21 -
= —o—Xylose
o 3 ——Furfural
<
z 2
°
£
a
o 1
o /
0 < -

(a) 130 140 150 160 170 180 190
Temperature (°C)

Sulfuric acid pretreatment

—o—Glucose
—o—Xylose
——Furfural

et
[
]

|

g of product / kg of RS
o
[—]

(C) 130 140 150 160 170 180 190
Temperature (°C)
Ferric chloride pretreatment

- 160 —o—Glucose
E —o—Xylose
o 120 ——Furfural
A
E 80
-]
]
S 40
)
o0

0

130 140 150 160 170 180 190
(e) Temperature (°C)

Next Energy 3 (2024) 100112

Liquid water pretreatment

= ——5-HMF
E 04 | 4 Formic acid
° —x— Acetic acid
03
% 02
<
2
201
-]
o
0

(b) 130 140 150 160 170 180 190
Temperature (°C)

Sulfuric acid pretreatment
—x—5-HMF

» e

16 | ——Formic acid

e ——Acetic acid

2 1

E s

<

£

[

9 4

5 ‘_J—%
0

(d) 130 140 150 160 170 180 190
Temperature (°C)

Ferric chloride pretreatment

—x—5-HMF
——Formic acid
—=— Acetic acid
—+—Levulic acid

Ld
=

ot
i

g of product / kg of RS
n =

0
(D 130 140 150 160 170 180 190
Temperature (°C)
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case of SAP, compared to LWP. That is why the highest values of xylose
and glucose concentration, obtained in case of SAP are 34.9 fold and
21.0 fold higher than those obtained through LWP. However, as in case
of LWP, the drastic weakening of overall structure of the feedstock is
expected at high temperature. Therefore, as the temperature increases
besides the enhancement of hydrolysis rate, the resistance to internal
diffusion of H;O%is expected to be lowered and the overall rates of re-
lease of products increase. The ever increasing trend of furfural yield
and decreasing pattern of xylose yield beyond 170 °C clearly indicate
that beyond a certain temperature, the rate of dehydration of xylose to
furfural, as represented in Fig. 3, is higher than the rate of xylose for-
mation from xylan depolymerization (Fig. 3). Although both LWP and
SAP are expected to follow the same mechanism driven by hydronium
ion, the concentration of hydronium ions is much higher than that of
LWP leading to much more depolymerization of the carbohydrate
polymers, xylan and glucan releasing xylose and glucose. From the
analysis of Fig. 4e it is clear that in case of FCP, yield-temperature
pattern for xylose is different from those observed for LWP and SAP.
Although for LWP and SAP, increasing trend is observed up to 180 °C
and 170 °C respectively, xylose yield passes through a maximum at
150 °C beyond which it decreases in case of FCP. Xylose yield increases

from 137 g/kg RS at 140 °C to 145 g/kg RS at 150 °C after which it has
sharply decreased to 63.1 g/kg RS at 180 °C. The yield of furfural ex-
hibits an increasing trend with temperature throughout the entire
temperature range. Furfural yield increases from 2.7 g/kg RS at 140 °C
to 52.5 g/kg RS at 180 °C. The difference in behavior of RS towards SAP
and FCP is due to the influence of Bronsted acid behavior of ferric
chloride solution as represented by Equations17 and 18.

As represented in Fig. 3, the H*, and hence H;O" formed from
complex cation, diffuses across the surface of rice straw and catalyzes
heterogeneous reaction. As in case of LWP and SAP, acetic acid is
formed and hemicellulose is solubilized. With the help of the complex
cation, protonation of ether bond in hemicellulose occurs via hydro-
nium (H;O%)ion [41]. The hydrolysis products diffuse to the medium.
The decreasing trend of xylose right from 150 °C indicates higher rate of
dehydration of xylose to furfural than that of production rate of xylose
at temperature higher than150°C. Glucose yield shows an increasing
trend with temperature up to 170 °C, followed by a decreasing trend till
180 °C. As the temperature is increased, glucose yield first increases
from 22.9 g/kg RS at 140 °C 93.1 g/kg RS at 170 °C and then decreases
further to 84.2 g/kg RS at 180 °C. This indicates that at higher tem-
perature the conversion rate of glucose to 5-HMF, as described under
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Table 2
Maximum products yield obtained from LWP, SAP and FCP.

Next Energy 3 (2024) 100112

Pretreatment Maximum products yield (g of product/kg of RS)

Type Glucose Xylose Furfural 5-HMF FA* AA* LA*

LWP 3.1 £0.01 3.8 £ 0.012 0.72 + 0.015 0.15 = 0.011 0.12 + 0.009 0.41 = 0.01 Nd*

SAP 65.7 + 3.1 1159 + 5.6 31.3+1.4 3.1 +0.16 2.0 +0.1 17.3 + 0.59 Nd*

FCP 93.1 4.8 145.0 + 6.0 52.5 + 2.7 9.4 + 0.081 7.4 £ 0.49 17.0 + 0.69 5.67 + 0.27

(FA*, AA*, LA* and Nd* referred as formic acid, acetic acid, levulinic acid and not detected respectively).

the reaction network (Fig. 3), exceeds the rate of its formation from
glucan.

When the highest values of xylose yield in the hydrolysate obtained
through LWP (3.8 g/kg RS), SAP (132.9 g/kg RS) and FCP (145.1 g/kg
RS) are compared it can be inferred that there are 34.97 fold (or
3397%) and 38.18 fold (or 3718%) increase for SAP and FCP with re-
ference to LWP. Similarly, for the highest values of glucose yield, there
is 21.0 fold (or 2000%) and 30.03 fold (or 2903%) increase for SAP and
FCP with reference to LWP. When the highest yield of furfural obtained
after LWP (0.72 g/kg RS), SAP (31.3 g/kg RS) and FCP (52.5 g/kg RS)
are compared it is clear that 13.75 times (or 4247%) and 72.91 times
(7191%) increase is achieved through SAP and FCP respectively,
compared to LWP. As reported in the literature the capability of Fe* to
attract six water molecules, as shown in Fig. 3, facilitates the avail-
ability of hydronium ions resulting in drastic depolymerization of car-
bohydrate polymers, particularly, xylan [14]. For the same reason, the
decomposition of cellulose is also accelerated to a greater extent for FCP
compared to LWP and SAP in the same temperature zone. Moreover,
chloride ion present in ferric chloride has been reported to catalyze the
enolization of pentose xylose [14]. That is the reason why the genera-
tion of furfural during FWP of RS has occurred at a much higher rate
compared to LWP and SAP.

3.3.2. Scrutiny of production data of acetic acid, 5-HMF, levulinic acid and
formic acid

From Fig. 4b, representing the yield-temperature pattern for LWP, it
appears that the yield of acetic acid has an increasing trend with the
increase of pretreatment temperature from 140 °C to 180 °C. Fig. 4b also
indicates that although 5- HMF appears at 150 °C, there is an increase in
the yield up to 180 °C. No formation of LA has been observed during
LWP. From the inspection of Fig. 4b, it is also observed that formic acid
first appears at 160 °C and there is an increase in the yield up to 180 °C.
Hydronium ion driven hydrolysis of rice straw, represented in Fig. 3 can
explain the product trajectory. Acetic acid is released when xylan
-lignin linkage gets broken.5-HMF forms from the homogeneous cata-
lysis of dehydration of glucose released from depolymerisation of cel-
lulose. As the hydronium ion concentration is low at temperature
150 °C, 5-HMF is not produced. From Fig. 4d, used from SAP, it appears
that the yields of both acetic acid, 5-HMF and formic acid exhibit
slightly increasing trends with the increase of pretreatment temperature
from 140 °C to 180 °C. This signifies that in case of SAP, the sufficient
presence of hydronium ion results in the formation of 5-HMF from a
temperature as low as 140 °C. From the inspection of Fig. 4d Levulinic
acid is not detected even in case of SAP. However, in some reported
works levulinic acid could be obtained by SAP of biomass either by
elongating pretreatment time, increase of acid strength, decrease in
liquid: solid ratio and by the increase in acid strength or by using two-
step acid pretreatment [42-45]. In a rent study 114 g levulinic acid /kg
sugar cane bagasse has been obtained at 170 °C, which is within the
present experimental range [46]. In that study the acid concentration
was 1.5% (i.e., 0.153 M), pretreatment time was 2h and the liquid to
solid ratio was maintained at 6:1 [46]. Therefore while the acid con-
centration and pretreatment time are much higher (0.15M > 0.1 M;
120 min > > 10 min) compared to those of the present study, the li-
quid to solid ratio is much lower (6:1 > 10:1) [46]. In case of FCP, as

depicted by Fig. 4f, the yield of acetic acid, 5-HMF and levulinic acid
show increasing trend as the temperature is increased from 140 °C to
170 °C. Although acetic acid exhibits a slightly decreasing trend beyond
170 °C, the increasing trend is maintained by 5-HMF and levulinic acid
up to 180°C. From FCP, the yields of all these products are much
higher. The maximum yield of products (glucose, xylose, furfural, 5-
HMF, formic acid, acetic acid and levulinic acid) obtained from dif-
ferent pretreatment methods (LWP, SAP and FCP), have been reported
in the Table 2.

The enhanced production of all hydrolysis products via FCP can be
explained by the influence of Fe" ions attracting six water molecules,
facilitating the release of hydronium ion at all temperature under study.
The influence of chloride ions also facilitates the enolization reaction
during the dehydration of xylose to furfural.

The yield of products obtained from LWP have been found to be com-
parable with literature [8]. However, in another reported higher value of
glucose yield, namely, 7-11 g/kg has been reported [47]. In their analysis,
they also reported that for the same operating conditions, the glucose yield
is higher from pure cellulose, present in a simulated mixture of cellulose,
hemi-cellulose and lignin in the same ration as in RS. Therefore it is es-
tablished that the structural bonding of the carbohydrates play a vital role
during hydrothermal pretreatment. The yield of products achieved from
SAP have been compared with the literature data on nitric acid and sulfuric
acid pretreatment of rice straw, as shown in Table S1 provided in the
supplementary material [48,49]. It has been observed that the yield of
products obtained from SAP in present study is slightly higher than the yield
of the products reported in literature (sulfuric acid pretreatment on rice
straw). The yield of products obtained from nitric acid pretreatment is
higher than sulfuric acid pretreatment (except xylose and furfural). The
results of the present study are compared with the literature data for ferric
chloride pretreatment of rice straw and other lignocellulosic feedstocks such
as wheat straw, rapeseed straw and sugarcane bagasse [17,31,50,51]. The
comparison of the process parameters and composition of feedstock are
reported in Table S2. The yields of different products obtained from pre-
treated liquor, degradation of glucan and xylan are compared with literature
data, provided in supplementary material (Table S3). The yield of products
namely, xylose, glucose, furfural, 5-HMF, formic acid, acetic acid and le-
vulinic acid (obtained at 180 °C) for present study are comparable with
literature data. In the present study, the yield of glucose and furfural are
higher than the data reported in literature. Xylose yield at 180 °C for present
study is lower than literature data. In the present study, at 150 °C, the yield
of xylose is the highest. With increase in temperature, a major part of xylose
is converted to furfural and as a result the yield of xylose becomes lower.
However, the performance of ferric chloride in the pretreatment of Indian
rice straw, using present process parameters, seems very effective.

3.4. TGA and DTG of untreated and pretreated rice straw

Fig. 5, represents the thermos-gravimetric (TG) plots, showing the
change in mass with temperature in the range of 50°C to 900 °C. From
the Fig. 5a, it appears that the % mass (with respect to initial sample
mass) -Temperature profile can be divided into four distinct regions, I:
50 -110 °C; II: 110-220 °C; III: 220-370°C; IV: 370- 900 °C. In region I,
there is 4% decrease in the mass, signifying the loss of moisture. In
Region II there is no change in % mass and hence no thermal
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Fig. 5. TG and DTG curves of RS (a); TG curves of RS and PRS (b).

decomposition of rice straw below 220 °C. In regions III and IV, loss in
mass has been observed, however the temperature gradient of mass loss
in these two regions are different. In Region II (220-370°C), tempera-
ture gradient of % mass loss is 0.3384%/°C as the % mass has decreased
from 96% to 45%. Whereas in Region IV (370- 900 °C), % mass loss is
0.0547%/°C as the % mass has decreased from 45% to 16%. Thus the
gradient in region IV is much lower than that obtained in Region III.

As reported in the literature, hemicellulose, cellulose and lignin
decompose at the temperature range of 220 — 315 °C, 300 — 400 °C and
150 - 900 °C respectively [52]. Therefore, it can be envisaged that
region III signifies the thermal decomposition of hemicellulose and
cellulose. Region IV stands for the thermal decomposition of lignin.
Although the rate of decomposition of cellulose and hemicellulose in-
creases sharply with temperature that of lignin changes slowly with
lesser sensitivity towards temperature.

As it is not the intention of the present work to combine the effect of
thermal decomposition and pretreatment, the temperate is chosen to be
180 °C where the effect of hydronium-ion based catalytic pretreatment
can be exclusively studied.

In Fig. 5b, the % mass (with respect to initial sample mass) -Tem-
perature profiles of untreated rice straw and pretreated rice straw ob-
tained through LWP, SAP and FCP have been plotted. Similar to the TG
profile of untreated rice straw four regions are observed for treated
samples, except that obtained for FCP. In case of FCP, three regions are
obtained. The temperature span and the temperature gradient of %mass
are different for the pretreated RS (PRS) obtained through LWP, SAP
and FCP. These are shown in Table 3.

The difference in the TG profiles clearly reflects the effect of de-poly-
merization and removal of carbohydrate polymers, namely, hemicellulose
and amorphous part of cellulose during different pretreatment process.

3.5. Pretreated solid analysis
3.5.1. Composition analysis and reaction kinetics
3.5.1.1. Composition of untreated, pretreated RS. The glucan, xylan and

lignin content in untreated rice straw are 38.84%, 17.59% and 16.85%

Table 3

respectively. The degradation (%) of glucan and xylan along with the
composition (glucan, xylan and lignin mass fractions) have been
reported in the Table 4.

3.5.1.2. Rate equations and rate constants (;(f degradation reaction
kinetics. As discussed in Section 2.2.2.1, In—2 and lnm
have been plotted against the reaction time (é%own in the F1§;““’"6)
using temperature (140 °C —180°C) as a parameter for LWP, SAP and
FCP.

For all processes (LWP, SAP and FCP), straight lines have been obtained
at each temperature (for different reaction time 4, 6, 8 and 10 minutes).
Thus it is proved that the degradation of both xylan and glucan follows first
order rate kinetics with respect to their respective concentrations. The rate
constants have been determined from the slope of the linear plots and are
provided in Table 4. From the analysis of the Table 4 it is clear that the rate
constants increase with temperature. As per reported literature, the rate
constants are functions of both temperature and concentration of hydro-
nium ions [27]. All the rate constants have Arrhenius-type temperature
dependence. However, different types of functionality of rate constant on
the hydronium ions are reported. Thus, k = koe*%f (Chyot ). An usual
representation of the functionality of rate constants on temperature and
acid, in turn, hydronium ion, concentration is k = koA"e™ R*ET, where, A is the
acid concentration, k, is pre-exponential factor, E activation energy and R
universal rate constant [27,28]. As reported by Springer and Harris, there
can be a change of H;0% concentration with time due to the interaction
with biomass leading to cation exchange following the reaction
BCOO~M* + H* - BCOO~H* + M*, where, B is biomass and M™* is the
cation on it [53]. As this increases the pH value by decreasing the quantity
of Htor H;O" ions in the solution, this is also called neutralization effect.
According to Springer and Harris, at a given temperature a correlation
Ink = a*In H* + b was obtained for acid treatment of Aspen wood [53].
According to Kapu et al., for autohydrolysis f (Cp,o+ ) = a + bt, t is hy-
drolysis time [28]. This signifies the dependence of k with time. This can be
due to the time dependent release of H*orH;O* ions during hydrolysis in
presence of only water [28]. Under the present investigation, the

Temperature span and gradient of %mass loss for RS and PRS following LWP, SAP and FCP corresponding to four distinct regions in TGA.

Region Temperature Span (oC) Temperature gradient of % mass loss (0C-1)

RS PRS-LWP PRS- SAP PRS- FCP RS PRS-LWP PRS- SAP PRS- FCP
I 50-110 50-200 50-110 50-200 0.0705 0.0133 0.05 0.04
I 110-220 200-300 110-200 200-300 0 0.17 0.1333 0.19
I 220-370 300-400 200-300 300-900 0.3384 0.33 0.2 0.0733
v 370-900 400-900 300-900 Nil 0.0547 0.038 0.06 Nil
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Table 4

Conversion of Xylan and Glucan along with degradation rate constants.
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Pretreatment Solid Composition (w/w) Degradation Rate Constant
Type Temp (°C) Residue(%) Glucan(%) Xylan(%) Lignin(%) Glucan Xylan KGlucan Kxylan
(%) (%) (min™") (min™")

LWP 140 99.71 = 0.03 38.81 * 0.07 17.57 * 0.01 16.89 + 0.02 0.36 0.40 0.0003 0.0001
SAP 140 90.71 = 0.04 39.35 + 0.10 13.72 £ 0.01 18.52 + 0.04 8.11 29.21 0.0083 0.0335
FCP 140 77.15 * 0.32 45.98 = 0.21 3.31 £ 0.03 21.65 * 0.08 8.67 85.41 0.0089 0.1918
LWP 150 99.65 + 0.04 38.79 = 0.08 17.51 = 0.01 16.88 = 0.01 0.47 0.81 0.0004 0.0005
SAP 150 87.3 £0.10 40.27 = 0.27 10.69 *+ 0.02 19.17 + 0.02 8.10 46.91 0.0098 0.0622
FCP 150 73.55 = 0.51 44.91 = 0.09 1.29 = 0.29 22.42 + 0.13 14.95 94.61 0.0161 0.2909
LWP 160 99.14 + 0.05 38.63 = 0.08 17.47 = 0.03 16.97 = 0.05 1.39 1.53 0.0013 0.0007
SAP 160 81.3 = 0.54 42.01 = 0.09 6.28 = 0.05 20.55 * 0.07 12.05 70.94 0.0127 0.1226
FCP 160 71.90 * 1.09 40.92 = 1.13 1.17 = 0.07 22.43 = 0.05 24.25 95.22 0.0276 0.3029
LWP 170 98.76 + 0.09 38.44 = 0.10 17.22 + 0.03 17.07 + 0.08 2.25 3.31 0.0022 0.0021
SAP 170 76.0 = 0.78 42.78 + 0.03 1.51 + 0.12 21.96 = 0.12 16.27 93.46 0.0176 0.2718
FCP 170 69.81 = 1.31 38.92 £ 0.79 1.03 £ 0.19 21.20 = 0.21 30.04 95.91 0.0356 0.3186
LWP 180 98.18 = 0.12 38.41 = 0.01 17.01 + 0.01 17.05 + 0.02 291 5.05 0.0028 0.0034
SAP 180 74.07 = 0.89 4291 +0.17 1.54 + 0.03 22.31 = 0.11 18.22 93.51 0.0199 0.2724
FCP 180 69.69 = 1.29 38.23 £ 1.01 0.79 = 0.46 21.03 = 0.33 31.40 96.87 0.0420 0.3453
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Fig. 7. a: FTIR of untreated and pretreated RS (where T and v were the transmittance and wavenumber respectively); b: Crystallinity index (CrI) of untreated rice
straw and pretreated rice straw; c: FESEM of untreated and pretreated RS (where c1: untreated RS, c2, c3 and c4: pretreated solid obtained from LWP, SAP and FCP at
different magnification of image, 400 and 50 pum); d: EDS results (where d1: untreated RS and d2: pretreated solid obtained from FCP).

concentration of acid (H,SO4) or metal chloride (FeCls) has been kept
constant i.e. 0.1 M. At each temperature, the function f(Cy,o+ ) is thus
constant. The time dependence of rate constant during LWP is also not
considered. Therefore, the rate constant at each temperature incorporates a
factor dependent on concentration of hydronium ion. Under the present
study, the hydronium ion concentration during hydrolysis has not been
determined. The temperature variation of rate constants, determined under
the study, incorporates the effects of temperature on the ionization of water,
acid and ferric chloride as well as the hydrolysis reactions. The comparison
of rate contents of degradation of xylan and glucan clearly indicates that at
all temperature the highest value is obtained for FCP. The high values of
rate constant ensure that the same extent of hydrolysis at a particular
temperature can be achieved at much smaller time. The comparison of the
rate constant thus reveals the dependence of the hydrolysis kinetics of xylan
and glucan of rice straw on the concentration of hydronium ion, polymer
concentration and temperature. This knowledge can further be utilized for
reactor design in the industrial scale.
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The solid recovery (%), degradation of glucan and xylan (%) have been
determined from Egs. (5), (6) and (7) respectively. It is observed that the
percentage of solid recovery has decreased with increase in temperature.
At 180 °C, the solid recovery (%) for LWP, SAP and FCP are 98.18, 89.53
and 69.69 respectively. The degradation of xylan and glucan have also an
increasing trend with temperature. The maximum degradation of glucan
and xylan occurred at 180 °C. The maximum xylan degradation from LWP,
SAP and FCP are determined as 5.05%, 93.51% and 96.87% respectively.
Whereas, the maximum glucan degradation from LWP, SAP and FCP have
been reported as 2.91%, 18.22% and 31.40% respectively. Thus the solid
composition again establishes the trend observed in case of products ap-
pearing in the hydrolysate.

3.5.2. FTIR analysis of untreated and pretreated RS

From the Fig. 7a, it is clearly noted that the absorption peaks are
obtained at 3333cm™!, 2919cm ™}, 1625 and 1034 cm™!. From the
literature, it is known that the absorption peak at 3333 cm ™! signifies O
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Fig. 8. a: Glucose yield (%) after enzymatic hydrolysis of untreated RS and pretreated solids obtained from LWP, SAP and FCP; b: Ethanol production after enzymatic
hydrolysis of raw-RS and pretreated solids for 72 hours; c: Mass balance flow sheet for FeCl; pretreatment of rice straw followed by enzymatic hydrolysis and fermentation.

— H stretching produced by the vibration of hydroxyl group linked in
lignin and cellulose [54]. The peak at 2919 cm ~ !signifies the C - H
stretching from CH, -group. The absorption peak at 1625 and
1034 cm ! indicate C = C and C - O stretching respectively. At each
position there is a decrease in the peak area for pretreated sample, in
the order of PRS- FCP < PRS- SAP < PRS-LWP < RS. In case of ferric
chloride treatment on rice straw, the peaks from 3500 — 2500 cm ™!
have almost disappeared. The FTIR spectra actually re-establish the
effectiveness of de-polymerization and removal of carbohydrate poly-
mers during different pretreatment process.

3.5.3. XRD analysis of untreated and pretreated RS

From the Fig. 7b, it has been observed that while the value of Crl
(%) for RS is 37.08%, those of PRS-LWP; PRS- SAP and PRS- FCP are
41.94%, 43.53% and 47.86% respectively. The increment of Crl (%)
through the pretreatment processes is due to the removal of hemi-
cellulose and amorphous cellulose, as already established through the
products identified in the aqueous hydrolysate.

3.5.4. FESEM analysis of untreated and pretreated RS

The inspection of the Fig. 7c1 reveals that untreated RS has smooth,
flat and fibrillary surface. As observed from Fig. 7c2-c4, the external
surface has developed cracks, pores and disruptions through pretreat-
ment in the order FCP > SAP > LWP. As postulated by shrinking core
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model, the reaction front starts from the surface and progresses towards
the center and hence it is expected that the structural breakdown ap-
pears on the surface of the pretreated solid due to each pretreatment.

3.5.5. EDS analysis of untreated RS and pretreated solid

EDS analysis of PRS-FCP has been conducted to check how much con-
tainment of iron in the RS occurs after pretreatment through FCP. Fig. 7d
ascertains that some Fe metal is retained after FCP- When compared with
the EDS of untreated RS, it appears that besides the confirmation of the
presence of iron in PRS-FCP, the content of metals like Si, Ca and Mg in-
creases. The content of K however decreases. The increase in the content of
Si, Ca and Mg is due to the decrease in the total solid content.

3.6. Engymatic hydrolysis

In the present investigation, enzymatic hydrolysis of untreated RS
and pretreated solids have been performed. The glucose yields have
been calculated from Eq. (8). It has been observed that the yields of
glucose have an increasing trend with time, shown in the Fig. 8a. The
glucose yields after 72hours of enzymatic hydrolysis of untreated RS
and pretreated solids (obtained from LWP, SAP and FCP) are de-
termined as 27.9%, 32.3%, 44.4% and 78.9% respectively. The results
signified that the FeCl; pretreatment on rice straw is very efficient for
glucose yield during enzymatic hydrolysis. Although there are
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evidences that iron sometimes inhibits the enzymatic action of cellu-
lase, instead of any decrease there is an increase in glucose yield. This
can be due to the fact that the positive effect of significant increase in
pore size, presented in FESEM (Fig. 7c) has outweighed any inhibitory
effect, if any, of iron on cellulose [48]. Moreover there is a possibility of
reduction of non-specific binding of lignin to the active sites during
FCP, as reported in some literature [55].

3.7. Ethanol fermentation

The ethanol productions from fermentable sugar namely, glucose
released during enzymatic hydrolysis of untreated RS and pretreated
solids (obtained from LWP, SAP and FCP) are determined as 2.01, 2.49,
3.41 and 5.01 g/L respectively, shown in the Fig. 8b. Ethanol conver-
sion yield (for FCP, calculated from Eq. (12)) is 83.79%.

3.8. Overall mass balance

The overall mass balance for FeCl; pretreatment of rice straw fol-
lowed by enzymatic hydrolysis and fermentation has been shown in the
Fig. 8c. The overall mass balance for liquid water and sulfuric acid
pretreatment of rice straw for bio-ethanol production have been pro-
vided in the supplementary material (Figs. S1 and S2).

Pretreatment of rice straw takes place in the PRETREAT block.
ENZYHYDR and FERMENTA signify the enzymatic hydrolysis unit and
fermentation unit respectively. The productions of ethanol (kg ethanol
/ kg of rice straw) through LWP, SAP and FCP pretreatment of rice
straw followed by enzymatic hydrolysis and fermentation have been
determined as 0.0444, 0.0609 and 0.0899 respectively.

4. Conclusion

The analysis of hydrolysate and the pretreated solid clearly indicate
the most efficient action of FCP in comparison to acid pretreatment in
the present range of temperature. The degradation rate constants of
xylan and glucose for rice straw for LWP, SAP and FCP have been
compared for the first time. From this study it is clear that the yields of
all hydrolysis products, namely, xylose, glucose, acetic acid, furfural, 5-
HMF, levulinic acid and formic acid are enhanced during FCP. As the
amount of furfural and 5-HMF, produced in case of FCP, is high they
can be utilized as fuel additives and the use of the hydrolysate part for
ethanol production is not recommended due to their inhibitory effects.
As furfural, 5-HMF and levulinic acid contents increase monotonically
with the increase in temperature during FCP, one can strategize to focus
on these products in the hydrolysate and production of glucose from the
pretreated straw only. Although the degradation rates of xylan and
glucan are slow in case of LWP, effectiveness of water points towards its
utilization as a green solvent for mild pretreatment in this temperature
zone and beyond by allowing more reaction time. The yields of ethanol
(kg ethanol / kg of rice straw) through LWP, SAP and FCP pretreatment
of rice straw have been measured as 0.0444, 0.0609 and 0.0899 re-
spectively. From the research outcome it is clear that the treatment time
and hence the energy expenditure can be saved to a great extent by
using FCP instead of conventionally followed SAP. Although the pre-
treatment time requirement and hence the energy expenditure is much
higher, LWP is also attractive from the environmental perspective. It is
clear from the study that FCP can play a vital role to implement the
concept of biorefinery using abundantly available Indian agro-waste,
namely, rice straw for the production of ethanol, furfural, 5-HMF and
levulinic acid as the main products. The outcomes of this study would
be quite worthwhile and can be used in scaling up of hydronium ion-
driven pretreatment of LCB for the production of bio-fuels and bio-
chemicals.
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Abstract: Syngas fermentation can play an important role in implementing the concept of biorefinery
as it can serve as a platform to convert high-lignin biomass to biofuels. For the utilization of this
process in commercial scale, the generation of an experimental database supported by a determin-
istic mathematical model and optimization is necessary. In this study, a locally isolated clostridial
consortium, UACJUCKE1, was used to convert pyro-syngas to ethanol and acetic acid. Mathematical
models were developed and validated for a 3 L stirred and gas-sparged bioreactor operated in both
semi-batch and continuous modes. The volumetric productivity of ethanol was correlated with the
dilution rate and the gas residence time. The performance of the bioreactor, run in both semi-batch
and continuous modes, was optimized using response surface methodology. For the semi-batch
operation, a maximum ethanol concentration of 13.122 g/L after 30 h operation was achieved at
optimum values of pyrolysis temperature, ratio of gas to liquid volume (Vg /Vy), and volumetric gas
flow rate of 648 °C, 0.46, and 6.7 L/h respectively. For continuous operation, a maximum ethanol
concentration of 29.450 g/L after 300 h is obtained at optimum values of Vg /V and ratio of gas to
liquid volumetric flow rate of 0.28 and 335.148, respectively.

Keywords: pyro-syngas; semi-batch and continuous stirred bioreactor; mixed clostridial consortium;

mathematical modelling; optimization

1. Introduction

The switching over from high-carbon to low-carbon fuels aids in the mitigation of CO,
emissions. To reach the current energy targets, the utilization of low-carbon renewable and
sustainable biofuels derived from waste biomass can also serve the purpose of reducing
CO, emissions. In all countries, agro-waste represents the major waste biomass. Being
an agricultural country, India produces a large quantity of agro-waste dominated by rice
residues, like rice straw, rice husk, etc. [1]. According to recent literature, 165.8 Mt of rice
straw is produced annually in India [2]. Although India still faces the pollution created
by stubble burning, the generation of bioethanol from rice straw can amply reduce the
problem of CO; emissions. In an earlier publication by the present group, it was estimated
that under the 2030-2031 benchmark, 11,165 million L of bioethanol can be produced
with a potential of 6928 GWh energy with a reduction of 14,375 kt CO, emissions. In
that analysis, the generation of bioethanol through a sugar platform via the generation
of fermentable sugars (glucose, xylose, arabinose, etc.) from rice straw through medium
temperature hydrolytic pretreatment using dilute sulfuric acid was considered [3]. Rice
straw has a lignin content as high as 17% and due to recalcitrance of lignin, the generation

Energies 2024, 17, 562. https:/ /doi.org/10.3390/en17030562

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en17030562
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-0073-9513
https://doi.org/10.3390/en17030562
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en17030562?type=check_update&version=1

Energies 2024, 17, 562

2 of 26

of bioethanol through a syngas platform seems more suitable for the utilization of all
C-polymers including cellulose, hemicelluloses, and lignin in it [1,4].

Syngas fermentation is a hybrid process through which syngas, mainly constituting
CO and Hj, is generated from lignocellulosic biomass in the first step, and subsequently
the gas is fermented to bioethanol in the second step. In most cases, syngas from biomass is
produced through gasification [4,5]. As disclosed in the previous publication of the present
group, pyrolysis of biomass generating pyro-char, pyro-oil, and pyro-gas is expected to
play an important role in the development of hybrid processes combining thermochemical
and biochemical processes [4]. As pyro-gas usually contains CO, Hy, and COy, it has the
prospect of being used in a syngas platform of ethanol production. No such attempt has,
however, been reported in the literature. In the case of high ash containing biomass like
rice straw, solid waste is generated during gasification. Unlike gasification, the generation
of pyro-gas does not generate any waste because pyro-char is used as fuel, as an adsorbent,
and for soil amendment, and pyro-oil can be used as a liquid fuel after upgradation.
Although usually pyro-oil is considered as the target product, recent research studies have
also been reported with the focus on pyro-syngas generation [6-10].

In gasification, the biomass reacts with a sub-stoichiometric amount of oxygen, re-
quired for complete combustion. During syngas fermentation, while CO and CO, act as
carbon sources, CO and Hj act as electron donors [11]. Since most of the microorganisms
suffer from toxicity of CO, only those capable of utilizing CO as a carbon source are suitable.
Acetobacterium woodii and the clostridial strains, namely, C. ljungdahlii, C. aceticum, C. car-
boxidivorans, C. ragsdalei, C. autoethanogenum, C. thermoaceticum, etc. are usually employed.
Although Diender et al. reported that mixed clostridial culture can produce ethanol, only
a few studies are available in this regard [12]. The clostridial microorganisms are strictly
anaerobic and hence oxygen is detrimental for their growth. Therefore, it is expected that
pyro-gas can be a better substitute for syngas because the former never contains any oxygen
unlike the latter which sometimes contains unconverted gasifying reactant, i.e., oxygen.
Experimental data should be generated for pyro-syngas fermentation. In many cases,
simulated gas mixtures are used for syngas fermentation. Investigations should be made
using real syngas generated from thermochemical processes like gasification and pyrolysis.
Although pure cultures are usually used, mixed culture can also be used for syngas fermen-
tation. Very limited studies on the production of bioethanol through syngas fermentation
using mixed culture were reported [11]. Some of the major challenges associated with
syngas fermentation are the limitation of mass transfer of the substrates (CO + Hj) from
the gas phase to the liquid phase and inhibitory effects of CO on the fermentation process.
Mathematical modelling is an important tool to analyze the behavior of syngas fermentation
involving an array of parallel and series microbial reactions simultaneously with gas-liquid
mass transfer. It is actually a critical task to develop a mathematical model, because both
gas-to-liquid mass transfer and liquid-phase microbial kinetics play important roles in this
process. Different models were reported for syngas fermentation. In a successful attempt,
Siebler et al. synergistically combined a one-dimensional model with a computational
fluid dynamics (CFD) model for syngas fermentation in a bubble reactor [13]. Chen et al.
developed a mathematical model for a bubble reactor using C. ljungdahlii through metabolic
modelling in which they considered growth on CO and Hj [14]. As per Vandecasteele,
models were proposed for syngas fermentation by C. ljungdahlii using a mixture of CO,
Hj, and CO; [15]. Most of the possible metabolic reactions were considered with their
stoichiometric representations. They considered growth kinetics on CO following the
Haldane equation, along with inhibition by acetic acid; growth on CO, and H; with the
inhibition by CO and acetic acid; conversion of CO into ethanol incorporating inhibition
by acetic acid; production of ethanol from CO, and H, including inhibition by CO and
acetic acid; and direct conversion of acetic acid to ethanol through two reactions, one with
the participation of CO and another with the participation of H, [15]. Almeida Benalcazar
et al. proposed a hybrid model consisting of a bio-thermodynamic black box model and
fermenter hydrodynamics. They tested the model for a bubble bioreactor using (a) pure CO
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and (b) a mixture of CO, and H; [16]. Mohammadi et al. developed models for L. jungdahlii
using growth kinetics on a CO and Hj mixture [17]. Very recently, Puiman et al. developed
a scale-down model using a Euler-Lagrangean simulation to assess the fluctuations of
gaseous components, CO, Hy, etc. during the industrial-scale operation of syngas fermenta-
tion [18]. Elisa M. de Medeiros et al. developed a dynamic model using growth kinetics on
CO and H; and also dealt with optimization of the operation of a continuous stirred tank
bioreactor [19]. A comprehensive model of a gas-fed stirred tank reactor was reported by
Ruggiero et al. for the utilization of pure CO. They developed the model for Carboxidivorans
and simulated gas was used as the substrate. Other than the production of ethanol from
CO, they also considered direct production of ethanol from acetic acid. The inhibitory
effects of both acetic acid and ethanol were considered [20].

The present article focuses on the biochemical conversion of pyro-syngas to ethanol
using a mixed clostridial consortium, UACJUChE1, and a mathematical model was devel-
oped. To the best of our knowledge, both experimental studies and model development on
pyro-syngas fermentation to produce ethanol were conducted for the first time. The article
includes (1) an experimental study on the pyrolysis of Indian rice straw in the range of
400-700 °C along with the determination of the product yield and pyro-syngas composition;
(2) the performance of a 3 L stirred tank gas-fed bioreactor in semi-batch and continuous
modes of operation with mathematical modelling; and (4) the optimization of performance
of the semi-batch and continuous bioreactors.

2. Materials and Methods
2.1. Chemical Composition of Rice Straw

The rice straw was collected from West Bengal, India. The rice straw samples (¢
4.5 mm x 140 mm) were shredded to a shorter size (¥ 4.5 mm x 10 mm). The moisture
content of rice straw was 5.39%. The analysis of the lignocellulosic composition was carried
out through National Renewable Energy Laboratory (NREL) protocol [21]. The composition
is reported in Table 1 on a dry basis.

Table 1. Chemical composition of rice straw.

Component Cellulose Hemicellulose Lignin

% (w/w) 38.31 £1.67 21.09 +£0.92 +0.59

2.2. Pyrolysis of Rice Straw

The pyrolysis of rice straw was carried out in a semi-batch reactor (35 mm diameter
and 210 mm long) under isothermal conditions at the temperatures of 400, 450, 500, 550,
600, 650, and 700 °C in an inert atmosphere maintained by nitrogen [22,23]. The reactor was
equipped with a furnace, a temperature controller (PID controller), and a digital weight
box. The rice straw was pyrolyzed at a rate of 10 g/h. To provide sufficient reaction time
to convert the higher molecular weight volatile compounds to gaseous compounds, the
nitrogen flow rate was maintained at a value of 2.5 g/h. For the recovery of pyro-oil,
the volatile product from the pyrolizer was passed through a condenser using circulation
of water at 20 °C. The non-condensable part of the volatile product constituted pyro-
syngas. The solid product, pyro-char, was collected after atmospheric cooling of the
pyrolizer. A schematic diagram of the pyrolizer is represented in Figure 1. The pyro-gas
was analyzed using a GC. The GC (Thermo Scientific, Nashik, India TRACE1110) was
equipped with Chromeleon 7 software and a thermal conductivity detector (TCD). The
hydrogen, air, and nitrogen flow rates were set as 30, 300, and 30 mL/min, respectively.
The oven and TCD detector temperatures were 40 and 250 °C, respectively. A TR-FAME
(60 m x 0.22 mm x 0.25 um) column was used.
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Figure 1. Schematic diagram of the pyrolysis of rice straw.

The yield of the pyro-products namely, pyro-char, pyro-oil, and pyro-gas were deter-
mined using the following equations:

mass of pyro — char obtained from pyrolysis

Vo Yield of pyro = char = mass of biomass fed to the reactor X100 @

% Yield of pyro — oil — mass of pyro - oil obtained from pyrolysis < 100 )
mass of biomass fed to the reactor

% Yield of pyro — gas = 100 — Yields of (pyro — char + pyro — oil) 3)

2.3. Pyro-Syngas Fermentation
2.3.1. Microorganism

A mixed clostridial consortium—UACJUCHhEI], isolated from local paddy fields in West
Bengal, was used as inoculum [24].

2.3.2. Preparation of Modified Clostridial Medium for Growth

The modified clostridial medium was prepared according to ATCC (American Type
Culture Collection) 1754 medium. Similar to the protocol followed by Vandecasteele,
fructose, yeast extract, and sodium bicarbonate were excluded from the medium and a
pH butffer, namely 2-(N-morpholino) ethanesulfonic acid (MES), was used [15]. The basal
DSMZ 879 medium containing 1 g NHCl, 0.1 g KCI, 0.2 g MgSO4-7 H,O, 0.8 g NaCl,
0.1 g CaCl,-2 HyO, 100 mM MES, 10 mL reducing agent, 1 mL trace elements, and 1 mL
Wolfe’s vitamin solution per liter was used. A total of 1 mg of resazurin (10 mg/L), an
indicator of anaerobic conditions, was also added to 1 L basal medium. The pH of the
medium was adjusted to 6 using 0.1 N NaOH. The basal medium thus prepared was
transferred to sterile vessels (rubber sealed bottles/Erlenmeyer flasks/bioreactor) already
degassed with nitrogen. The medium was further autoclaved and cooled to 37 °C. Gas (CO
or simulated CO;-H, mixture or simulated pyro-syngas, i.e., CO-CO,-Hy-CHy4-N, mixture
or pyro-syngas generated in the pyrolizer) transfer was undertaken to prepare modified
clostridial medium as per the requirement of the experimental runs. Only CO or CO; or
CO and COy, supplied either through pure gas (CO or CO,-H; mixture or simulated CO-
CO,-H;,-CHy4-Nj mixture) or from pyro-syngas, used according to experimental protocol,
were the carbon source. Gas was transferred through flushing of the head space for 125 mL
bottles and 250 mL conical flasks used for pre-adaptation as well as stock culture and batch
reactions for the determination of growth kinetics, respectively. For the bioreactor, the gas
was transferred through sparging.
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2.3.3. Pre-Adaptation of UACJUCHKET to Simulated Pyro-Syngas and Maintenance of
Stock Culture

According to the results of the analysis of the pyrolysis gas obtained in the temperature
range of 400-700 °C, as provided in Section 4, it was observed that molar concentration
(%) of CO, Hy, CO,, and CHy increases from 17.07%, 13.32%, 9.11%, and 7.19% to 23.08%,
17.23%, 10.59%, and 8.82%. In the present study the pyro-syngas, generated from the py-
rolizer, was ultimately fermented in a 3 L bioreactor operated in semi-batch and continuous
modes. Therefore, the UACJUCHE1 consortium was exposed to a simulated pyro-syngas
mixture containing CO, Hp, CO,, CHy, and N (25:20:15:10:35) for pre-adaptation. The
basal sterile medium, as described, of 25 mL volume was transferred to 10 sterile and sealed
glass serum bottles of 125 mL each. The medium in each bottle was inoculated with 4%
(v/v) UACJUCHET culture and was subsequently flushed with the simulated pyro-syngas
(CO:Hy:CO,:CH4:N»::25:20:15:10:35) mixture to maintain a pressure of 100 kPa in the head
space. All bottles were incubated at 37 °C in an anaerobic chamber and orbital shaking
of 150 rpm was maintained. Anaerobic conditions were maintained by the flow of pure
nitrogen. After adaptation, a weekly transfer of 4% (v/v) inoculum to new serum bottles
was followed to retain the activity of the consortium.

2.3.4. Batch Experiments for Determination of Growth Kinetics of UACJUChE1

Separate sets of batch experiments were conducted for the determination of growth
kinetics of UACJUChKE1 on CO and on CO, and H,.

Experiments for Growth Kinetics on CO

The basal sterile medium, as described, of 50 mL volume was transferred to a 250 mL
sterile and sealed Erlenmeyer flask for each experiment. Batch experiments were conducted
to know the effect of gas phase concentration of CO on the growth dynamics of UACJUChET.
Considering the concentration of CO in pyro-syngas, the inlet molar concentration of CO
was varied in the range of 15-25%. For each inlet concentration of CO, the growth dynamics
were studied for 24 h. To obtain the data at 2 h intervals, 12 Erlenmeyer flasks were used
for each inlet molar concentration of CO of 15%, 17.5%, 20%, 22.5%, and 25%. In each
flask, gas was transferred through flushing. All flasks were inoculated with 4% (v/v)
stock culture before the introduction of gas. For each experiment, the initial pH was
maintained at 6. Incubation was performed under anaerobic conditions at 37 °C and an
orbital shaking speed of 150 rpm was maintained. All experiments were conducted in
triplicate. For any experiment meant for each inlet CO concentration, the Erlenmeyer flasks,
demarcated for the particular sampling period, were taken out of the incubator and the
biomass concentration was determined by the assessment of optical density at 600 nm
using a spectrophotometer.

Experiments for Growth Kinetics on CO, and H;

The experimental protocol followed, in case of the determination of growth kinet-
ics on CO, and H;, was similar to that used for the growth kinetics on CO. Consid-
ering the concentration of CO, and H; in pyro-syngas, the inlet molar concentration
of CO; and H; were kept in the ranges of 8-12% and 15-20%, respectively. Nine sets
of batch experiments were conducted using the inlet gas composition of CO,:H;::8:15;
CO,:H,::8:17.5; CO,:H,::8:20; CO,:H,::10:15; CO,:H,::10:17.5; CO,:H,::10:20; CO,:H,::12:15;
COy:Hj::12:17.5; and CO,:H;::12:20. For each inlet composition of CO,—H; mixture, the
growth dynamics were studied for 24 h under anaerobic conditions. To obtain the data at
2 hintervals, 12 Erlenmeyer flasks were used. In each flask, gas was transferred through
flushing. All experimental parameters like temperature, pH, stirring speed, etc. were kept
the same as those maintained in case of growth on CO. The biomass concentration was
determined by the assessment of optical density at 600 nm using a spectrophotometer.
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Syngas

Fresh medium

2.3.5. Stirred Tank Bioreactor for Pyro-Syngas Fermentation

Experiments were conducted in a 3 L glass bioreactor of 135 mm diameter and 235 mm
height, equipped with two 50 mm Rushton gas dispersion impellers, each with six flat
blades mounted vertically around a central horizontal disc and gas sparger. The impellers
were spaced at a distance of 60 mm. The lower impeller was situated 30 mm above the
bottom. The bioreactor was provided with inlet and outlet lines for both gas and liquid
streams. The main gas sparger, connected with the gas outlet, was located in between the
lower impeller and the bottom of the bioreactor. The bioreactor is schematically represented
in Figure 2.

D N Gas sampling and exhaust

o—. . Liquid Effluent
| BO

Pump 1 Pump 2

/Fel'mentation broth

L
L]
O
o)

-1
/ Gas bubble

“
loe]

Gas distributor
Figure 2. Schematic representation of the stirred bioreactor.

Determination of Effect of Stirring Speed and Gas Velocity on O, Mass Transfer Coefficient

Experiments were conducted in the 3 L glass bioreactor at 37 °C. The bioreactor was
filled with 2.5 L basal sterile medium, as described in Section 2.3.3. Experiments were
conducted to determine the mass transfer coefficient of O,. Before flowing oxygen, the
vessel was flushed with pure Nj. The oxygen flow rate was varied from 0.6-10 LPM, and
the stirring speed was varied from 150-900 rpm. All the experiments were conducted
in triplicate. The correlation of Ky a on gas phase superficial velocity, us, determined by
dividing the volumetric flow rate of gas by the cross-sectional area of the vessel, and the
power consumption of the gassed system per unit volume, P;/ V], as recommended by
Gill et al., were validated from the experimental data. The correlation is as follows [25]:

P
kig0, = 0.224(7(;)0.35<usg)0.52 "

The correlation between the power consumption of gassed (Pg) and ungassed (Pyc)
systems is as follows:

038 / \j2,3 .\ 018
P _ 0,497<<23> (Ndp) )
Nd

PUG i g

Puc = NppN°d,® 6)

Np = Power number; N = stirring speed (rpm); p = density of solution; ¢ = surface tension.

The value of the power number was considered to be 10 [25,26].

The value of k;, for any component, j, can be determined by knowing the value of k,
of oxygen as follows [14]:
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Dl,j
kiaj = kia,0, Dro )
2

Accordingly, the k;, values for CO, CO,, and H; were determined.

Strategy of Operation of the Bioreactor in Semi-Batch and Continuous Modes
Start-up

For both continuous and semi-batch operations, 2.5 L of basal sterile medium was first
saturated with pyro-syngas obtained at 700 °C by running the bioreactor vessel at a stirring
speed of 900 rpm and an inlet gas flow rate of 0.6 L/h for 12 h. The medium, saturated
with the pyro-syngas, was transferred to a storage tank and was fed to the bioreactor up to
a desired liquid volume, as set by the experimental strategy, at the start-up.

Operation of the bioreactor

In the case of semi-batch operation, a continuous flow of gas was maintained at dif-
ferent volumetric flow rates. No input and output of the liquid phase was used. For the
continuous mode of operation, both gas and liquid were fed and discharged at the respec-
tive same rates. While the semi-batch operation was continued for 30 h, the operation time
for the continuous mode was 300 h. The concentration of ethanol was optimized through
response surface methodology (RSM) using Design-Expert software (version 13). The
experiments were conducted according to the design of the experiments. The operating pa-
rameters used for semi-batch and continuous operations are represented in Tables 2 and 3.
For semi-batch operation, the pyrolysis temperature, gas to liquid volume ratio (Vg /VL),
and volumetric flow rate of gas were used as parameters. The variation of the pyrolysis
temperature is actually reflected in the composition of inlet gas. For the continuous opera-
tion, the pyro-syngas obtained at 700 °C was fed continuously using a gas to liquid volume
ratio (Vg/Vy) and the ratio of gas to liquid volumetric flow rates (qg/qr) as parameters.
According to the values of Vg / VL, the bioreactor was filled with the required volume of
sterile basal medium, already saturated with pyro-syngas, as described in Section 2.3.4, and
was subsequently inoculated with 4% (v/v) stock culture. Considering the shear sensitivity
of microorganisms, the stirring speed was maintained at 150 rpm. The sterile basal medium
without any dissolved gas was fed during continuous operation. As a result of variation of
these parameters, the dilution ratio, D (=qr./ V1) and gas residence time, GRT (=V./qg)
were varied from 0.0106-0.0133 h~! and 0.3-3.125 h, respectively. For both modes of op-
eration, the concentrations of ethanol, and gas phase concentrations of CO, CO,, and Hp
were measured using GC, and the acetic acid concentration was analyzed using HPLC.
HPLC was performed to analyze the liquid sample, obtained from syngas fermentation.
The HPLC (Waters 2489) of Waters, Singapore, consists of degasser, binary pump, auto-
sampler, and UV-Vis detector. The analytical column was C18 (250 mm X 4.6 mm X 5 um)
of SunFire, Maynooth, Ireland.

Table 2. Operating parameters used for the semi-batch reactor according to RSM.

SL No. T (OC) VG/VL qG (L/h) CO:C021H2:CH4:N2 VG (L) VL (L)
1 550 0.6 5.3 22.8:10.5:17.1:8.7:21.7 1.125 1.875
2 550 0.6 5.3 22.8:10.5:17.1:8.7:21.7 1.125 1.875
3 400 0.6 10 17.0:9.1:13.3:7.1:27.0 1.125 1.875
4 700 1 5.3 23.1:10.6:17.2:8.8:21.5 1.5 1.5
5 400 1 5.3 17.0:9.1:13.3:7.1:27.0 1.5 15
6 550 0.2 10 22.8:10.5:17.1:8.7:21.7 0.5 2.5
7 700 0.2 5.3 23.1:10.6:17.2:8.8:21.5 0.5 2.5
8 400 0.2 5.3 17.0:9.1:13.3:7.1:27.0 0.5 2.5
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Table 2. Cont.

SL No. T (DC) VG/VL qG (L/h) CO:COz:Hz:CH4:N2 VG (L) VL (L)
9 550 1 10 22.8:10.5:17.1:8.7:21.7 1.5 1.5
10 700 0.6 0.6 23.1:10.6:17.2:8.8:21.5 1.125 1.875
11 700 0.6 10 23.1:10.6:17.2:8.8:21.5 1.125 1.875
12 550 0.2 0.6 22.8:10.5:17.1:8.7:21.7 0.5 2.5
13 550 1 0.6 22.8:10.5:17.1:8.7:21.7 15 15
14 550 0.6 5.3 22.8:10.5:17.1:8.7:21.7 1.125 1.875
15 550 0.6 53 22.8:10.5:17.1:8.7:21.7 1.125 1.875
16 550 0.6 5.3 22.8:10.5:17.1:8.7:21.7 1.125 1.875
17 400 0.6 0.6 17.0:9.1:13.3:7.1:27.0 1.125 1.875

Table 3. Operating parameters for continuous operation according to RSM.
SL No. VG/VL qG/qL Vg (D) VL (D) qg (L/h) qr (L/h)
1 1 500 15 15 10 0.02
2 1 30 15 15 0.6 0.02
3 0.6 265 1.125 1.875 53 0.02
4 0.6 265 1.125 1.875 53 0.02
5 0.6 265 1.125 1.875 5.3 0.02
6 0.2 30 0.5 2.5 0.6 0.02
7 0.6 265 1.125 1.875 53 0.02
8 0.2 500 0.5 2.5 10 0.02
9 0.6 265 1.125 1.875 5.3 0.02
10 0.6 597.3 1.125 1.875 11.94 0.02
11 0.03 265 0.1 2.9 5.3 0.02
12 0.6 0 1.125 1.875 0 0.02
13 1.16 265 1.62 1.38 53 0.02

3. Theoretical Analysis
3.1. Growth Kinetics
3.1.1. Kinetics of Growth on CO

As is evident from the literature, Haldane-type growth kinetics are usually followed
by clostridial strains grown on CO as the carbon source [27]. Therefore, a Haldane-type
growth model incorporating substrate inhibition along with inhibition of undissociated
acetic acid, formed as a product, was attempted for the growth on CO. This is as follows:

Cco Kiua ®)
Cco® Krua + Cua
Kco 4+ Cco + Ko

]’ll — Vlmax

where, 11 = specific growth rate = & ‘f—tx and Cyx is biomass concentration.

1 is specific growth rate on CO; p1™% is the maximum specific growth rate on CO;
Cco is the concentration of CO; K¢ is the saturation constant for CO, and Kj o is the
inhibition constant for growth on CO; K] ;4 is the inhibition constant of undissociated
acetic acid; and Cy;4 is the concentration of undissociated acetic acid.

10(pH—pKa)

CUA = CAA(l - (10(pH7pKﬂ) I 1)

©)

pH = 6.7; for acetic acid, pKa = 4.77 at 37 °C; C 4 4 is the acetic acid concentration.

In this study u;™** was adjusted to fit the experimental growth data, obtained using
different mole fraction of pure CO in the gas phase in the Erlenmeyer flasks, as described in
the section titled “Experiments for Growth Kinetics on CO”. The other constants obtained
by Vandecasteele for C. ljungdahlii were used [15].
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3.1.2. Kinetics of Growth on CO,-H, Mixture

The multiplicative growth kinetic model followed by C. ljungdahlii, as reported by
Vandecasteele, was attempted [15]. The form of the kinetic equation is as follows:
Cco2 Ch2 K, co™ Kiua (10)
Kcop + Ccoz Kz + Cua K, co™ + Ceo Krua + Cua

,'142 — ‘uZmax

In this study ™" was adjusted to fit the experimental growth data, obtained using
pure CO,—H; mixture in the Erlenmeyer flasks, as described in the section titled “Experi-
ments for Growth Kinetics on CO; and H,”. The other constants obtained by Vandecasteele
(2016) for C. ljungdahlii were used [15].

3.2. Mathematical Model

The reactions for the generation of ethanol from pyro-syngas were chosen according
to Vandecasteele as they used the effects of the mixture of CO, CO,, and H; on syngas
fermentation. As they used C. [jungdahlii and not a mixed culture like UACJUCKEI, some
kinetic growth data were separately determined in the present study. Similar to C. [jung-
dahlii, the molecular formula for UACJUChE1 was assumed to be CHj g10¢ 58 Ng24. The
Wood-Ljungdahl pathway for the production of ethanol from syngas is represented in
Figure 3.

Syngas (CO, H,, CO,)

co, Easternor l
Methyl Branch CODH
2H* | FDP CO + H,0 < CO, +2H"+2¢"

HYA
v H, ¢ 2H"+2e"
CO, ‘Western or

HCOOH Carbonyl Branch
Enzymes CODH | 2H'
v
[CH;]-Co-FeS-P > CO < Co
ATP - — —
CO,
Acetyl-CoA > Bi

ATP < 7/ \
\ Acetic acid = Acetaldehyde — Ethanol

l

Acetic acid Ethanol

Figure 3. Schematic diagram of the Wood-Ljungdahl pathway for the production of ethanol from
syngas (Acetyl-CoA: Acetyl coenzyme A; CODH: Carbon monoxide dehydrogenase; FDH: Formate
dehydrogenase; Syngas: Synthesis gas).

The reactions under consideration of the model are as follows:

Biomass growth on carbon monoxide

39.91CO + 19.04H,0 + 0.24NHz — CH; 810058 No.24 + 9.23CH3;COOH + 19.44CO, (11)

Biomass growth on carbon dioxide and hydrogen

147.06Hy + 73.55C0O, + 0.24N'Hy — CHy 510058 No.24 + 36.27CH3;COOH + 74.20H,0 (12)

Ethanol production fromcarbon monoxide
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In this path, the production of ethanol is considered to take place through direct
conversion of acetyl-CoA into ethanol and is non-growth associated.

6CO +3H,0 — C;H50H +4CO;, (13)

Ethanol production from carbon dioxide and hydrogen

2C0O, 4+ 6Hy — CoH50H + 3H,0 (14)
Conversion of acetate into ethanol in the presence of CO

To reduce acetate to ethanol, the water—gas shift reaction can be used, in which CO
acts as the electron donor through the conversion of CO into CO, delivering the necessary
reducing power.

CH3COOH + 2CO + H>O — CyHsOH + 2CO, (15)

Conversion of acetic acid into ethanol in the presence of H;

Acetate can also be reduced by using hydrogen as the electron donor during the conver-
sion of molecular hydrogen to two protons and two electrons using the enzyme hydrogenase.

CH3COOH + 2H, — CoHsOH + H,O (16)

The biomass growth kinetics and ethanol production kinetics are represented in
Table 4.

Table 4. Kinetics of growth and kinetics of mixed clostridial consortium—UACJUChET.

Process Specific Growth or Product Generation Rate (1)
= py "o Cco . Kiua
(i) Biomass growth on CO Keo+Coot ;JC(C)O Kiua+Cua
R _ ., -max_Cco Chp Ky, co™ Krua
(ii) Biomass growth on CO, and H; H2 = H2 Kco2+Cco2 Kua+Chz K 0" 4Cco Kiua+Cua
_ max Cco Cua
. qE1 = 4qE1 z
(iii) Ethanol production from CO KCOJrCcoJr% Kua+Cua
. . _ max __Ccoy Cy Ky, co™ Cua
(iv) Ethanol production from CO, and Hj qE2 = 9E2"" Ko, +Ceor Knat+Cra K1 o™ +Ceo KuatCua
_ max Cco Cua
. . . qE3 = qE3 o T Ahac
(v) Conversion of acetate into ethanol using CO as electron donor Kco+Ceo+ g2y fua +Cua
. . . . Ges = Gpa™™ Ciip Cua K, co™
(vi) Conversion of acetate into ethanol using H; as electron donor E4 E4" Riat+Crz Kya™+Cun K1, co™+Ceo

Specific production rate of ethanol = Cl—X d% and Cf is ethanol concentration.

The molar yield coefficients of different participating reactants and products with
respect to biomass were calculated from their stoichiometric coefficients represented in
Equations (11) and (12). Similarly, molar yield coefficients of different participating reactants
and products with respect to ethanol were calculated from their stoichiometric coefficients
represented in Equations (13)—(16).

The yield coefficient of any component, i with respect to biomass, Y;,x and with
respect to ethanol, Y;, ¢ can be defined as follows:

Y, = (17)

(18)



Energies 2024, 17, 562

11 of 26

Mole Balance Equations
Semi-batch Reactor
Gas Phase

The mole balance equations for CO, CO,, and H; in the gas phase are as follows:

dpco _ 4c
dt Ve

V,
(Pcoin — Pco) — (kLa)coVTL;RT(PCOHco —Ccoy) (19)

where, p stands for partial pressure, R is universal gas law constant, and T is temperature
in Kelvin:

d \%
sz = q—G(szin — sz) — (kLH)HziLRT(PHZHHZ - CHZL) (20)
dt Ve Vi
d V
Pdctoz = %(Pcozm — pco2) — (kLﬂ)conTL;RT(PcozHcoz — Ccozt) (21)
Liquid Phase
dC,
% = (kra)co(pcoHco — Ceor) +7co (22)
dC
;tm = (kpa) o (PH2Hu2 — Cr2L) + T2 (23)
dC
% = (kra)cop(pcoz2Heoz — Ceoar) + o2 (24)
e
Ti’x =Trx (25)
dAA
dC
Ti’E =TE (27)
where,
rco = —(mYco/x +qe1Yco/E + ‘7E3Y(Ijq(34/_ECO)CX (28)
rH2= — (M2 Y2/ x + qE2Yr2/E + GeaYipay -)Cx (29)

rcoz = (1 Ycoa/x +9e1Yco2/E + QEaYé(§427go) — (12Yco2/x +qe2Ycoz/e) Cx - (30)

rx = (g1 +p2) Cx (31)
raa = ((MYAXA + HaYan) = (LIEBY%{*CO + ’1E4Yff/EH2)> Cx (32)
re = (9r1 + qe2 + 9E3 + qE4)Cx (33)

Continuous Reactor

The dynamic mole balance Equations (19)-(21) of components in the gas phase are the
same for the semi-batch and the continuous reactors. As there are both input and output
for the liquid stream in the continuous reactor, the liquid phase dynamic mole balance
equations take the following forms:

dcC
% = (kpa)co(pcoHco — Ccor) +rco — ‘%CCOL (34)
dC

;M = (kra) g (PH2HH2 — CH2L) + TH2 — %CHZL (35)
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dC
% = (kra)cop(pco2Hco2 — Ccoar) +rcoz — %CCOZL (36)
dCx qL
T rx A Cx (37)
dAA o qL
g —Taa— WCAA (38)
dCE qL
3 —F v, CE (39)

Ca4 and C stand for acetic acid and ethanol concentration, respectively.

The values of pco;,,, PH2i,, and pcoz;, Were set according to the concentration of inlet
pyro-syngas. The initial values of liquid phase concentration of CO, H, and CO, were set
to the saturation values because as per the experimental strategy, the sterile basal medium
was saturated with the pyro-syngas at the start-up of both semi-batch and continuous
bioreactors. The initial condition is presented in Equation (40) as follows:

pco =0
pr2 =0
pcoz2 =0
Ceor = CéoL
Att =0, Cmor = C}k{y (40)

Ccozr = C¢oy
Cx = 0.05mol/L
Ce=0

All the equations were numerically solved using the initial condition, given in Equation (40)
using ode45 of MATLAB software version R2016a.

3.3. Optimization of Ethanol Concentration in Semi-Batch and Continuous Bioreactors
3.3.1. Semi-Batch Bioreactor

For the bioreactors operated in the semi-batch mode, a three-level, three-factor Box-Behnken
statistical design of response surface methodology (RSM) was used to fit the trend of
dependence of the response variable, namely, ethanol concentration, obtained after 30 h,
on different relevant operating variables by second-order models. Design Expert software
(version 13) was used for this purpose. Three variables, namely the temperature of pyrolysis
(A), the ratio Vg / VL, (B), and qg (C) were considered as the parameters. According to the
method, 17 experiments were conducted at the set points recommended by the Design of
Experiment, represented in Table 2. The variables (A, B, and C) with coded levels (-1, 0,
and 1) are shown in Table 5.

Table 5. Variables with coded levels used for the semi-batch experimental run.

Coded Variable Level
Input Variables  Unit 1 0 1 Model Response
Temperature (A) C 400 550 700 Ethanol concentration
V6 /Vi (B) 02 06 ! (g/L) after 30 h operation
qc (©) L/h 0.6 5.3 10

The pyrolysis temperature was chosen as a parameter because it influences the input
gas composition. The ratio of the overhead volume and the liquid volume, Vg /Vy, was
considered as a parameter because it influences the driving force, i.e., the difference between
the interfacial concentration of nutrient gases (CO, Hy, and CO;) at the gas-liquid interface
under equilibrium and the bulk liquid concentration [20]. Ruggiero et al. also used a similar
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parameter, Vi, /(Vg + V1), i.e., the filling ratio, as a parameter [20]. The volumetric flow rate,
gG, was used as a parameter because it indirectly influences the mass transfer coefficient,
kja, by altering the gas phase superficial velocity, usg, as represented in Equation (4).
Refs. [19,20] also used this parameter in their model.

3.3.2. Continuous Bioreactor

As indicated in the experimental description, the bioreactor was operated in contin-
uous mode using the inlet gas generated in the pyrolizer at 700 °C. For the bioreactor
operated in the continuous mode, a two-factor Box-Behnken statistical design in response
to surface methodology (RSM) was used to fit the trend of dependence of the response
variable, namely ethanol concentration, obtained after 300 h, on different relevant operat-
ing variables by second-order models. Design Expert software (version 13) was used for
this purpose. Two variables, namely, Vg/ VL (A) and qg/qr (B), were considered as the
parameters. Accordingly, 13 experiments were conducted at the set points recommended
by the Design of Experiment, represented in Table 3. The ranges of variables (A and B) with
coded levels (—1, 0, and 1) are shown in Table 6. These parameters were used because they
actually influence the gas phase residence time, GRT, important for mass transfer and the
liquid phase residence time and hence the dilution rate (D) which is important for both
mass transfer and the fermentation reaction [19]. Elisa M. de Medeiros et al. used GRT and
D as the parameters of optimization in their study [19]. We separately analyzed the effects
of GRT and D on the volumetric productivity of ethanol during continuous operation.

Table 6. Variables with coded levels used for the experimental run.

. Coded Variable Level
Input Variables  Unit 1 0 " Model Response
Va/VL (A) - 0.2 0.6 1 Ethanol concentration
qc/qu (B) - 30 265 500 (g/L) after 300 h operation

4. Results and Discussion
4.1. Composition and Volumetric Flow Rates of Pyro-Syngas

In Figure 4, the mole fractions of different constituent gases, namely CO, Hy, CO,, and
CH, in pyro-syngas were plotted against temperature.

0.3 - C0 ——H2? —C02 —CH4

=
[
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Figure 4. Composition of pyro-syngas produced at different pyrolysis temperatures.
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It is evident that the mole fraction of each gaseous component increased with the
temperature up to 550 °C, after which a saturation trend was observed. Molar concentration
(%) of CO, Hy, CO,, and CHy increased from 17.07%, 13.32%, 9.11%, and 7.19% to 23.08%,
17.23%, 10.59%, and 8.82%, respectively, as the pyrolysis temperature was increased from
400 °C to 700 °C. As the temperature increased from 400 °C to 700 °C, the gas flow rate
increased from 30.3 L/h to 51.41 L/h.

From the analysis of Table 7, it appears that the yields of char and oil decreased and
increased respectively with the rise in temperature. The yield of pyro-oil, however, passed
through a maximum at 500 °C after which it decreased. These trends can be explained
by the fact that with the increase in temperature, the extent of thermal degradation of
rice straw increases, releasing lower molecular weight compounds as compared to those
obtained at a lower temperature range.

Table 7. Yield of the pyro-products.

Temperature Yield of Pyro-Products

°C Pyro-Char Pyro-0Oil Pyro-Syngas
400 41.39 £1.97 27.01 £1.12 31.60 £+ 1.01

450 37.98 £1.32 27.33 £1.01 34.69 £1.29

500 3491 +1.89 28.02 +1.39 37.07 £1.33

550 30.09 £ 1.08 27.07 £1.02 42.84 £1.40

600 28.51 £ 0.52 25.37 £0.72 46.12 £ 2.11

650 25.34 +£0.32 23.98 £0.15 50.68 + 2.39

700 23.32 £0.33 22.09 £0.17 54.59 +£2.42

4.2. Values of Parameters
4.2.1. Kpa for Different Gases

As described in Section 2.3.3, the sterile basal medium was first saturated with pyro-
syngas obtained at 700 °C by maintaining a stirring speed of 900 rpm and an inlet gas
flow rate of 0.6 L/h for 12 h. The values of K;a, for CO, CO,, and H,, as determined
experimentally and using Equations (4) and (7), are 1449 h=1,166.9 h~!, and 123.6 h~!,
respectively. During semi-batch and continuous operations, the stirring speed was main-
tained at 150 rpm and the volumetric flow rate of syngas was varied from 0.6-10 L/h. There
is a wide variation of values of Ky a because of their dependence on both the superficial
velocity of gas and hence the volumetric flow rate. With the increase of gas flow rate there
was an increase in the Ky a values. According to Equations (4) and (7), the values of Kja
for CO, CO,, and H, varied from 23.5 to 100.7 h— 1, 27 to 116.7 h™ !, and 20 to 87.4 h 1,
respectively, as the gas flow rate was varied from 0.6 to 10 L/h.

4.2.2. Model Parameters

The values of molar yield coefficients are provided in Table 8, and different model
parameter and constants are provided in Tables 8 and 9, respectively.

Table 8. Yield coefficient for different process [15].

Process

Yield Coefficients (mol/mol)

(i) Biomass growth on CO

(ii) Biomass growth on CO, and H;

(iii) Ethanol production from CO

(iv) Ethanol production from CO, and H;

(v) Conversion of acetate into ethanol using CO as electron donor

(vi) Conversion of acetate into ethanol using Hj as electron donor

Y% = 39.91, Y% 9.23, Y% =19.44

Y% = 147.06, Y% 36.27, Y% =73.55

Y%co — Y%co —4

Y%coz -2 Y%coz -6

Y 4y AA—CO _ 1 Yeo AA-CO _ o Y%AA—CO 2

E
Y AA-H2 — gy, AA-H2 _ 1
E E
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Table 9. Values of mass transfer coefficients, Henry’s constants, and kinetic parameters.
Symbol Significance Unit Source
Product of mass transfer coefficient (mh~1) and specific surface 1 .
(KLa)co area (m2/m?3) of CO in the bioreactor 23:5-100.7 h Determined
Product of mass transfer coefficient (mh~!) and specific surface 1 .
(KLa)cop area (m2/m?3) of CO, in the bioreactor 27-116.7 h Determined
Product of mass transfer coefficient (mh~!) and specific surface 1 .
(K8 area (m?/m?) of H, in the bioreactor 20-87.4 h Determined
Hco Henry’s law constant of CO 0.0008 mol/L/atm [28]
Hyo Henry’s law constant of CO, 0.00066 mol/L/atm [28]
Hcon Henry’s law constant of Hy 0.025 mol/L/atm [28]
ppmx Maximum specific growth rate on CO 0.192 h—! Determined
pp M Maximum specific growth rate on CO, and Hp 0.045 h! Determined
q1m Maximum specific production rate of ethanol from CO 0.20 h! [15]
g2 Maximum specific production rate of ethanol from CO, and H,  0.0001 h™! [15]
max Maximum specific production rate of ethanol through 0.20 h-1 [15]
93 conversion of acetate using CO as electron donor ’
max Maximum specific production rate of ethanol through 1
94 conversion of acetate using H 1 d; 0.20 h [15]
g Hj as electron donor
Kco Saturation constant for CO for growth 0.000078 mol/L [15]
Kyo Saturation constant for H; for growth 0.00022 mol/L [15]
Kcon Saturation constant for CO, for growth 0.00022 mol/L [15]
Saturati tant of ti id f th 1 duction f
Kus sz) 1;1‘(;;1 gz)r; flzn; Zam of acetic acid for ethanol production from 0.0005 mol/L [15]
Saturation constant of acetic acid for ethanol production
Kuahe L o P 0.0005 mol /L [15]
Kico Inhibition constant of CO for growth on CO 0.002 mol/L [15]
Kﬁcy o Inhibition constant of CO for growth on CO, and H, 7 x107? mol/L [15]
Kiua Inhibition constant of acetic acid for growth on CO/CO; and H,  0.0104 mol/L [15]

Different model parameters, namely mass transfer coefficients, Henry’s constants, and
kinetic parameters are provided in Table 9.

4.2.3. Significance of Model Parameters and Their Comparison with Similar Studies

The model parameters related to mass transfer are the values of Kra and Henry’s
constants for CO, CO,, and H,. Henry’s constant, correlating the gas and liquid phase
concentration of a component under equilibrium, varies with temperature for all gases and
hence is the same for all studies. The values of K;a for CO, CO,, and H; have varied from
23.5-100.7 h~1, 27-116.7 h~!, and 20-87.4 h~!, whereas in reported studies their values
have varied from 4.69-22.7 h™!, 2.54-26.2 h™1, and 6.67-19.4 h~!, respectively [15-20].
The value of Kza for CO has also been reported to be 198 h~! in one study [20]. Thus,
it is inferred that the mass transfer rate in the present case is similar to those in the
reported literature. In the present case, the growth of the clostridial consortium on CO
as well as CO, and H; has been considered. The maximum specific growth rate on CO
was determined to be 0.192 h™!, while for different clostridial strains, the value lay in
the range of 0.22-0.37 h—! [20]. The value of the maximum specific growth rate on H,
was determined to be 0.045 h~1. In the literature, the maximum specific growth rate on
H, was reported to be 0.031-0.045 h~! [15,20]. Thus, the growth rate for the presently
used consortium is comparable to other established pure clostridial strains. The values
of the saturation constant, signifying the substrate concentration corresponding to half
of the maximum specific growth rate, have also been determined for CO, Hj, and CO,
and the values are 0.000078 mol/L, 0.00022 mol/L, and 0.00022 mol/L. This signifies
that the specific growth rate reaches the maximum at a lower value of CO concentration
compared to Hy and CO;. The reported values of the saturation constants for CO and Hj
are 0.000045-0.00039 mol/L and 0.00022-0.00071 mol/L, respectively. This again proves
that the saturation constants of the consortium are in the same range as with the recognized
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strains. The inhibition constants of CO on the growth on CO itself and on hydrogen
are 0.002 mol/L and 7 x 1072 mol/L, respectively. As the inhibition constant signifies
the concentration level of the component rendering a strong inhibitory effect, it is clear
that the growth on hydrogen is heavily inhibited by the presence of CO compared to
CO-based growth. Perhaps the growth on H; and CO, can only occur after CO is fully
utilized. Similar observations have been reported by other researchers [15]. The yield
coefficients, Y X Y x , and Yco of the present study are 0.67 g/mol, 0.18 g/mol, and

H2 E
6 mol/mol, respectively whereas the reported ranges are 0.24-2.6 g/mol, 0.20-0.37 g/mol,
and 2-10.5 mol/mol, respectively [15-20,29-32]. Therefore, the model parameters are very
much comparable with the literature data.

4.3. Performance of the Bioreactor in Semi-Batch and Continuous Modes
4.3.1. Bioreactor Dynamics in the Semi-Batch Mode

Using the mathematical model for semi-batch operation, the transient behavior of
ethanol concentration and acetic acid up to 30 h of operation at qg of 5.3 L/h was presented
using Vg /Vy in the range of 0.2-1 as a parameter. It was observed that for ethanol and
acetic acid concentration, the increasing trend persisted even at 30 h. With the increase
of Vg / V1, there was a decrease in the concentration of both ethanol and acetic acid. This
can be explained by the fact that with the increase in the volume of head space, less mass
transfer to the liquid phase occurs, causing a decrease in the reaction rate and hence the
concentration of both products. The transient behavior of the conversion of different
gaseous component, namely CO, Hy, and CO;, was represented in Figure 5. The conversion
of any component, i, was calculated by W From the figure it can be observed that
after 12 h of operation the gas phase conversion reached equilibrium. All the trends are
very similar to those obtained by other researchers [19,20].

(a) (b)
" I
% —VG/VL=0.2 4 o
= 16 | —VGVL=06 —VG/VL=0.2
_g —VG/VL=1 —_ —VG/VL =0.6
g 12 %3 | —vevL=1
g =
% s g2
S 8
2 1 1
i <
=
0 0
0 6 12 18 24 30 0 6 12 18 24 30
Time (h) Time (b)
(©)
aG =5.3 L/h; VG/VL =0.6
60 —CO —H2 —CO02

50

40
30
20

Gas conversion (%)

10

0 6 12 18 24 30

Time (min)

Figure 5. Simulated profile for semi-batch reactor ((a): Ethanol; (b): acetic acid; (c): gas conversion %).

4.3.2. Bioreactor Dynamics in the Continuous Mode
Simulated Profile for the Continuous Reactor

Using the mathematical model for continuous operation, the transient behavior of
ethanol concentration and acetic acid up to 300 h of operation at qg/qr, of 250 were
presented using Vg / VL in the range of 0.6-1 as a parameter. It was observed that both
ethanol and acetic acid concentration reaches saturation after 180 h of running. Similar to
the trend of Semi-batch operation, the concentration of both products decreases with the
increase of Vg / VL. The transient behavior of conversion of different gaseous component,
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namely, CO, H; and CO, was represented in Figure 6. From the figure it can be observed
that after 120 h of operation the gas phase conversion reaches equilibrium. All the trends
are very similar to those obtained by other researchers [19,20].

(a) (b)
For ¢G/qL =250 For qG/qL =250
30| —VGVL=06 —VGNVL=08 —VGVL=1 5 ~—VGNVL =06 —VGVL =0.8 —VG/VL =1
3 g!
o 3
= u 2
& g
4 1
0
0 60 120 180 240 300 120 180 240 300
Time (min) Time (h)
(©) For qG/qL = 250; VG/VL =0.6
50
=
< 40
]
2
£ 30
4
g
g 20 —Co
2 —H2
L [} —Co2
0
0 60 120 180 240 300
Time ()

Figure 6. Simulated profile for the continuous reactor ((a): ethanol concentration; (b): acetic acid
concentration and (c): % gas conversion).

4.4. Comparison of Simulated and Experimental Results
4.4.1. Semi-Batch Operation

In Figure 7, the experimental and simulated values of ethanol concentration in the
semi-batch reactor were plotted against operation time (=6 h, 12 h, 18 h, 24 h and 30 h) in a
bar-plot. The results were obtained at a pyrolysis temperature of 600 °C, Vg /Vy, of 0.5, and
qc of 6 Lpm. From the analysis of the figure, it appears that the agreement between the
model prediction and the experimental results is very good.

12 o Model prediction
10 = Experim ent

Ethanol (g/L)

Time (min)

Figure 7. Ethanol production in the semi-batch reactor (pyrolysis temperature = 600 °C, Vg/Vp = 0.5,
and qg = 6 Lpm).

4.4.2. Continuous Operation

The experimental and simulated values of ethanol concentration at 300 h of continuous
operation were plotted against Vg /Vy, in the range of 0.6-1 at a fixed value of qg/qy, of
250 in Figure 8a. Similarly, the experimental and simulated values of ethanol concentration
at 300 h were plotted against qg/qy, in the range of 30-250 at a fixed value of Vg / V1, of
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@

Ethanol (g/L)

Ethanol concentration = 1.06651 + 0.00345496 x A + 3.2557 x B — 0.0558511 x C — 0.0119167 x A x B +
0.00393617 x A x C —1.55984 x B x C

0.6 in Figure 8b. While the ethanol concentration decreased with the increase in Vg / V1,
it showed an increasing trend with the in qg/qr.. A decrease and increase in the mass
transfer to liquid phase with the increase in gas volume fraction, i.e., head space, and
the gas velocity, respectively, and the increase in reaction time with the decrease in liquid
volume, i.e., the decrease in dilution rate, can explain this behavior.

)

=125
For qG/qL =250 For VG/VL=0.6
@ Mode prediction 3
i £ Model prediction
B Experim ent .
g 24 BExperiment
3 16
g
= 8
o 0
0.8 1
VG/VL

Figure 8. Ethanol production from syngas fermentation in the continuous reactor (model prediction
and experimental value). ((a):Variation of experimental and simulated ethanol concentration with
Vg /VL (=0.6-1) at a fixed value of qg/qr, = 250; (b) Variation of experimental and simulated ethanol
concentration with qg/qr (=30-250) at a fixed value of Vg /Vy (=0.6)).

The experimental and simulated values of ethanol concentration at 300 h of continuous
operation were plotted against Vg /Vy in the range of 0.6-1 at a fixed value of q¢/qr, of 250
in Figure 8a. Similarly, the experimental and simulated values of ethanol concentration at
300 h were plotted against qg/qr in the range of 30-250 at a fixed value of Vg /Vy, of 0.6 in
Figure 8b.

For both semi-batch and continuous operations, the mathematical models appear to
predict realistic results.

4.5. Effect of Gas Residence Time (GRT) and Dilution Factor (D) on the Volumetric Productivity
of Ethanol

For the experimental ranges of the parameters, preset according to Table 3 for the
continuous mode of operation, the ethanol production behavior over 300 h was assessed as
a function of the gas residence time (GRT) and dilution rate, D, in Figure 9. The dilution rate
was calculated by dividing the volumetric flow rate of liquid by the liquid volume, i.e., ‘%,
and the gas residence time was calculated by dividing the liquid volume by the volumetric
flow rate of gas, i.e., ;/—é In this figure, the volumetric productivity of ethanol, calculated by
the multiplication of D and the ethanol concentration at 300 h, i.e., D * Cgjia001 at 300 hy Was
plotted simultaneously against D and GRT through a 3D plot using the meshgrid function
in MATLAB software version R2016a.

From Figure 9, it is evident that the increase of GRT has a positive impact on the
volumetric productivity of ethanol from syngas fermentation. The increment of D, however,
has a negative impact on the volumetric productivity of ethanol.

4.6. Optimization Results for Semi-Batch and Continuous Bioreactors
4.6.1. Semi-Batch Bioreactor

The second order regression equation, obtained to represent the relationships among
the response variable, ethanol concentration obtained after 30 h, and the operating variables,
namely the temperature of pyrolysis (A), the ratio Vg/Vy, (B), and qg (C) is as follows:

(41)
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Figure 9. Effect of the gas residence time (GRT) and dilution factor (D) on the volumetric productivity

of ethanol from syngas fermentation.

The comparison between the predicted and actual values of the response variables,
represented in Figure 10, and the analysis of variance (ANOVA), presented in Table 10,
shows that the model can represent the trend of dependence of ethanol concentration of

the selected operating variables.

Predicted vs. Actual

25—

20—

Predicted
s
|

Actual

Color points by value of
ethanol concentration (g/L):

0.01 19.9

Figure 10. Comparison between the RSM-predicted and experimental values of ethanol concentration

at 30 h of semi-batch operation.

Table 10. ANOVA table for the semi-batch bioreactor.

Source Sum of Squares  df Mean Square  F-Value p-Value

Model 534.72 6 89.12 34.53 <0.0001  significant
A-Temperature 53.05 1 53.05 20.55 0.0011

B-Vg/VL 171.22 1 171.22 66.34 <0.0001

C-q¢ 243.21 1 243.21 94.23 <0.0001

AB 2.04 1 2.04 0.7923 0.3943

AC 30.80 1 30.80 11.93 0.0062

BC 34.40 1 34.40 13.33 0.0045

Residual 25.81 10 2.58
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(@)

Ethanol concentration (g/L)

Table 10. Cont.

Source Sum of Squares  df Mean Square  F-Value p-Value

Model 534.72 6 89.12 34.53 <0.0001  significant
Lack of Fit 25.81 6 4.30

Pure Error 0.0000 4 0.0000

Cor Total 560.53 16

(Std. Dev. 1.61; Mean 7.21; C.V. (%) 22.30; R? 0.9540; Adjusted R? 0.9263).

From the ANOVA table, it appears that the factors, B (=Vg/Vy) and C (qg) signifi-
cantly affect the ethanol concentration obtained after 30 h of operation of the semi-batch
reactor. Both factors bear linear relationships with the response. The pyrolysis temperature,
however, does not have significant effect. This can be due to close variation of gas com-
position in the present range of pyrolysis temperatures. Three response surface 3D plots,
representing the combined effect of interaction between A-B, A-C, and B-C on the response
variable, are shown in Figure 11.

(b)

Ethanol concentration (g/L)

Color points by value of
ethanol concentration (g/L):

001 [ 109

Ethanol concentration (g/L)

% {1‘/6) 08 6z »:

Figure 11. Response surface plots for the optimization of ethanol (g/L) production from syngas
fermentation ((a—c): interaction between AB, AC and BC respectively).

From Figure 11, it is evident that the increase of variable A and C had a positive
impact on the production of ethanol. This is because of the fact that with the increase of
the pyrolysis temperature, T (=A) the concentration of all carbon substrates (CO and CO5),
and the electron donors (H; and CO) in the inlet gas increase, favoring the formation of
ethanol. With the increase of the gas flow rate, qg (=C), the mass transfer rate was enhanced
and hence the growth rates and ethanol generation rates, governed by the liquid phase
concentration of CO, CO,, and H; increased. As a consequence, the ethanol concentration
increased with the increase of C. The increment of variable B (=Vg/ VL) had a negative impact
on ethanol production. This can be explained by the fact that with the increase of Vg with
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Ethanol concentration (g/L) = 10.9596 + 11.9048 x A + 0.0868944 x B +0.0101862 x A x B — 25.5316 x A% —
0.000115026 x B2

respect to liquid volume, the effective mass transfer to liquid phase was lowered, causing
an overall decreasing trend in ethanol concentration. The optimum level of the independent
variables, pyrolysis temperature, Vg /V], and qg giving the maximum ethanol concentration
(=13.122 g /L) after 30 h of semi-batch operation are 648 °C, 0.46, and 6.7 L/h, respectively.

4.6.2. Syngas Fermentation in the Continuous Bioreactor

The second order regression equation, obtained to represent the relationships among
the response, i.e., ethanol concentration, obtained after 300 h and the operating variables,
namely, Vg /VL (A), and qg/qy, (B) is as follows:

(42)

From the comparison between the predicted and actual values of the response vari-
ables, represented in Figure 12, and from the analysis of variance (ANOVA) presented
in Table 11, it appears that the model can represent the trend of dependence of ethanol
concentration, obtained under 300 h of operation on the selected operating variables, A
and B, very well.

Predicted vs. Actual

25—

20—

Color points by value of
ethanol concentration (g/L):

0001 [ 207

Predicted
i

Actual

Figure 12. Comparison between the RSM-predicted and experimental values of ethanol concentration
at 300 h of continuous operation.

Table 11. ANOVA table for the continuous bioreactor.

Source Sum of Squares  df Mean Square  F-Value p-Value
Model 1142.09 5 228.42 63.15 <0.0001  significant
A-VG/VL 329.07 1 329.07 90.97 <0.0001
B-qG/qL 453.60 1 453.60 125.40 <0.0001
AB 3.67 1 3.67 1.01 0.3475
A? 116.09 1 116.09 32.09 0.0008
B2 280.71 1 280.71 77.61 <0.0001
Residual 25.32 7 3.62

Lack of Fit 25.32 3 8.44

Pure Error 0.0000 4 0.0000

Cor Total 1167.41 12

(Std. Dev. 1.90; Mean 19.06; C.V. (%) 9.98; R? 0.9783; Adjusted R2 0.9628).

From the ANOVA table, it appears that both factors, A (=Vg/Vy) and B (qg/qL),
significantly affected the ethanol concentration obtained after 300 h of operation of the
continuous reactor. While Vg /Vp linearly affected the response variable, the change of
qg,qL shows a combined effect of second order and linear relationship. As the variation
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of qg/qL simultaneously affects the gas residence time for the reaction and extent of mass
transfer, the influence of this factor is large. A response surface 3D plot showing the
influence of both V5 /Vr, and qg/qy is represented in Figure 13.

Color points by value of
ethanol concentration (g/L):

Ethanol concentration (g/L)

30 02

Figure 13. Response surface plots for the optimization of ethanol (g/L) production from syngas
fermentation.

From Figure 13, it is evident that the increase of variable B had a positive impact on
the production of ethanol from syngas fermentation. However, an increment of variable
A had a negative impact on ethanol production. The optimum level of the independent
variables, Vg/Vy, and qg/qr, giving the maximum ethanol concentration (=29.450 g/L)
after 300 h of continuous operation are 0.28 and 335.148, respectively.

4.7. Comparison of Semi-Batch and Continuous Operation of a Pyro-Syngas Fermenter

As the semi-batch operation is always in an unsteady state, it is not suitable for
large-scale fermentation. On the contrary, continuous operation is always preferred for
large-scale operation. Over 30 h, 171 mL of liquid broth containing 13.12 g/L ethanol can
be produced under the optimum conditions of a semi-batch fermenter. For the continuous
reactor, 0.02 L/h liquid broth with an ethanol concentration of 29.45 g/L can be produced
for 300 h. The average optimum production rate of ethanol is 0.074.7 g/h, calculated by
dividing the product of reactor volume (=0.171 L) and ethanol concentration (=13.12 g/L)
by operating time (=30 h) obtained in semi-batch operation. In the case of continuous
operation of the bioreactor, 0.589 g/h, calculated by multiplying the liquid outlet rate with
ethanol concentration, can be obtained through continuous operation of the same reactor
using same volumetric flow rate of gas of 6.7 L/h. However, overall, the running cost of
the semi-batch bioreactor is much lower than the continuous one due to the savings in the
inlet and outlet pumping rate of liquid.

4.8. Comparison with Similar Studies and Uniqueness

The operating parameters and the results of the present study are compared with
similar studies in Table 12.

Table 12. Comparison of operating parameters and results of the present study with similar studies.

Feed Gas Mode of Microorganism  Maximum Ethanol

Composition Operation Used Concentration (g/L) Reference
CO:CO,:Hp:Np Clostridium

H,:CO . Clostridium

75:25 CONLNUOUS o odanii 1.304 [16]
CO:CO,:Hy:inert Continuous Clostridium 450 (9]

55:10:20:15 ljungdahlii
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Table 12. Cont.

Feed Gas Mode of Microorganism  Maximum Ethanol Reference

Composition Operation Used Concentration (g/L)

100% CO Batch Clostridium 0.4 [20]
carboxidivorans

100% CO Continuous Clostrz.dz.um 5.6 [20]
carboxidivorans

CO:CO,:H;y:CHy: Ny L s

17.09.11337.127.0, o .o Clgs”rlgﬁl 131 Present

22.8:105:17.1:87:21.7; ¢ ¢ &"AE?UChEi : study

23.1:10.6:17.2:8.8:21.5

CO:CO,:H;y:CHy: Ny . ClOStI‘lC.hal Present

23.1:10.6:17.2:8.8:21 5 Continuous consortium, 294 stud

.1:10.6:17.2:8.8:21. UACJUCHE y

Most of the modelling studies on syngas fermentation are based on literature data of
kinetic parameters, derived from experiments using simulated gas mixture. From Table 12,
it is clear that the feed gas mixtures in those studies are mainly constituted of CO, H;, and
COs,. The concentrations of CO and Hj in the gas used in those studies usually range from
32-55% and 20-32%, respectively. In the model developed by Ruggiero et al., pure CO was
used [20]. No comparison of the model predictions was made with the experimental results
of a truly integrated process of gasification and fermentation. The concentrations of CO
and Hj used in the existing models are much higher than those of typical pyro-syngas. The
unique feature of the present models for both semi-batch and continuous operation lies in
the fact that the real pyro-gas composition was used as the input instead of any arbitrarily
chosen composition. It is also clear from the table that although the concentrations of CO
and Hj of pyro-syngas, used in the present study, are much lower than those used in other
similar studies, the achieved ethanol concentration is comparable with the reported ones.
Although most of the studies reported the use of pure clostridial strains, the UACJUChKEI,
used in the present study is the first clostridial consortium, isolated from Indian soil, which
has proved to be capable of pyro-syngas fermentation.

4.9. Challenges, Model Critique, and Future Scope

The experiments were conducted in a wide range of values of different relevant
parameters. For semi-batch and continuous fermenters, 17 and 13 experimental data sets
were used, respectively. The agreement of the mathematical models is high for both the
semi-batch and continuous modes of operation. While the values of correlation coefficient
R? and normalized root mean square error (NRMSE) are 0.88 and 10.78, respectively, for
semi batch operation, those for continuous operation are 0.97 and 8.49, respectively. The
values of R? for the RSM model are 0.9540 and 0.9783 for semi-batch and continuous modes
of operation, respectively. The adjusted values of R? of the RSM model are 0.9263 and 0.9628
for semi-batch and continuous bioreactors, respectively. Thus, the predictability of the
model is comparable with the previously reported studies. However, widening the range
will always provide more insight into the performance of pyro-syngas fermentation reactors.
For any pyrolysis temperature, the pyro-syngas composition varies for different biomasses
due to the difference in the lignocellulosic composition [33]. Thus, it is expected that the
optimum temperature to maximize ethanol production for semi-batch and continuous
operation will vary for other feedstocks. The ethanol concentration obtained at a fixed
set of parameters will also vary if the biomass is changed. To explore the possibility of
using diverse lignocellulosic biomasses, experiments should be conducted with different
lignocellulosic feedstocks and their mixtures. However, process models using software like
ASPEN Plus V10 etc. can be used to predict the performance of pyro-syngas fermentation
of other feedstocks on lab and industrial scales without conducting any experiments [33].
In the ASPEN model, if the pyrolysis temperature, the composition of feedstocks with
respect to the contents of lignin, cellulose, and hemicellulose, and their respective reactions
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during pyrolysis are used as the inputs, the pyro-gas composition can be predicted. The
performance of the fermentation of the pyro-gas can be predicted if the present model can
be coupled with process modelling software. Similar studies have already been carried out
by the present group to predict the performance of integrated gasification and fermentation
processes for mixed lignocellulosic feedstocks [34]. In addition to the predictions of process
models, economic and life cycle analyses are also important to assess the viability of pyro-
syngas fermentation on large and commercial scales. Similar studies have already been
carried out by the present group to predict the performance of integrated gasification and
fermentation processes for mixed lignocellulosic feedstocks [35].

In the present study, pyrolytic conversion of rice straw in the temperature range of
400-700 °C was utilized for the generation of pyro-oil, pyro-gas, and pyro-char. As well
as using pyro-syngas for fermentation, pyro-oil can be upgraded to liquid fuel through
de-oxygenation and so on, while pyro-char can be used as an adsorbent for wastewater
treatment and soil amendment. Different chemicals can also be derived from the pyro-oil
portion [4]. As raw materials like rice straw etc. are agro-wastes, overall CO, avoidance is
expected to be high. Compared to syngas fermentation using gasification as the upstream
process, integration with pyrolysis seems to be more environmentally friendly, particularly
for the scope of application of pyro-char for soil amendment resulting in carbon capture.

Although not very unexpected, the capability of the present consortium to utilize Hy
and CO, besides CO may open up more research avenues. The scope of the study can
be enhanced by testing the model using the kinetic growth parameters of other syngas
fermenting microbial strains and consortia for further generalization.

5. Conclusions

Deterministic mathematical models along with experimental data on the bioconversion
of pyro-syngas to ethanol and acetic acid in a gas-sparged stirred tank reactor, operated
in semi-batch and continuous modes, have been reported for the first time. The locally
isolated clostridial consortium UACJUCKE1 was proved to be capable of utilizing CO, CO,,
and Hj present in the pyro-syngas. The mathematical models have been validated through
the comparison of the predictions with the experimental results. The optimization of the
performance of the semi-batch and continuous modes of operation was achieved using
response surface methodology. Since pyrolysis is used as the precursor process for syngas
fermentation, other valuables products like pyro-oil and pyro-char are also generated, and
the criterion of zero-waste generation for the circular economy concept is fulfilled. It is
expected that the mathematical model developed in the present study can be used for the
scale-up purposes needed for commercialization. The outcome of this research study can
also be useful for the utilization of other lignocellulosic agro-wastes of Indian and other
origins. Further data on the pyro-syngas fermentation should also be generated to check
the validity of the model for other feedstocks.

Author Contributions: Methodology, D.M., R.C., RK.C. and M.Y.M.; Software, D.M. and R.C;
Validation, D.M. and R.C.; Formal analysis, RK.C. and M.Y.M.; Investigation, D.M., R.C. and
R.K.C.; Resources, RK.C. and M.Y.M.; Writing—original draft, R.C.; Writing—review and edit-
ing, RK.C. and M.Y.M.; Supervision, R.C. All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author and R. Chowdhury (Research
supervisor) or Dinabandhu Manna (First author).

Acknowledgments: The publication is due to research collaboration between Ranjana Chowdhury of
JU, Kolkata and IBEaM, UiT. The authors are indebted to the learned reviewers for their valuable
suggestions for the improvement of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.



Energies 2024, 17, 562 25 of 26

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Chowdhury, R.; Ghosh, S.; Debnath, B.; Manna, D. Indian agro-wastes for 2G biorefineries: Strategic decision on conversion
processes. In Sustainable Energy Technology and Policies: A Transformational Journey; Springer: Singapore, 2018; Volume 1,
pp. 353-373.

Kaur, M.; Malik, D.P,; Malhi, G.S.; Sardana, V.; Bolan, N.S.; Lal, R.; Siddique, K.H. Rice residue management in the Indo-Gangetic
Plains for climate and food security. A review. Agron. Sustain. Dev. 2022, 42, 92. [CrossRef]

Hassan, M.K.; Chowdhury, R.; Ghosh, S.; Manna, D.; Pappinen, A.; Kuittinen, S. Energy and environmental impact assessment of
Indian rice straw for the production of second-generation bioethanol. Sustain. Energy Technol. Assess. 2021, 47, 101546. [CrossRef]
Chowdhury, R.; Ghosh, S.; Manna, D.; Das, S.; Dutta, S.; Kleinsteuber, S.; Strauber, H.; Hassan, M.K,; Kuittinen, S.; Pappinen, A.
Hybridization of sugar-carboxylate-syngas platforms for the production of bio-alcohols from lignocellulosic biomass (LCB)-A
state-of-the-art review and recommendations. Energy Convers. Manag. 2019, 200, 112111. [CrossRef]

Pacheco, M.; Moura, P; Silva, C. A Systematic Review of Syngas Bioconversion to Value-Added Products from 2012 to 2022.
Energies 2023, 16, 3241. [CrossRef]

Faraji, M.; Saidi, M. Experimental and simulation study of peanut shell-derived activated carbon and syngas production via
integrated pyrolysis-gasification technique. Process Saf. Environ. Prot. 2023, 171, 874-887. [CrossRef]

Li, N,; Pan, Y.; Yan, Z,; Liu, Q.; Yan, Y.; Liu, Z. Cornstalk pyrolysis for syngas in a two-stage electromagnetic induction reactor.
Fuel 2023, 336, 127124. [CrossRef]

Chen, D.; Zhuang, X.; Gan, Z.; Cen, K,; Ba, Y.; Jia, D. Co-pyrolysis of light bio-oil leached bamboo and heavy bio-oil: Effects of
mass ratio, pyrolysis temperature, and residence time on the biochar. Chem. Eng. J. 2022, 437, 135253. [CrossRef]

Li, X;; Liu, P; Huang, S.; Wu, S.; Li, Y,; Wu, Y;; Lei, T. Study on the mechanism of syngas production from catalytic pyrolysis of
biomass tar by Ni-Fe catalyst in CO, atmosphere. Fuel 2023, 335, 126705. [CrossRef]

Esquivel-Elizondo, S.; Delgado, A.G.; Rittmann, B.E.; Krajmalnik-Brown, R. The effects of CO; and H; on CO metabolism by
pure and mixed microbial cultures. Biotechnol. Biofuels 2017, 10, 220. [CrossRef]

Kennes, D.; Abubackar, H.N.; Diaz, M.; Veiga, M.C.; Kennes, C. Bioethanol production from biomass: Carbohydrate vs syngas
fermentation. J. Chem. Technol. Biotechnol. 2016, 91, 304-317. [CrossRef]

Diender, M. Exploration of Microbial Systems as Biocatalysts for Conversion of Synthesis Gas to Bio-Based Chemicals. Ph.D.
Dissertation, Wageningen University and Research, Wageningen, The Netherlands, 2019. Available online: https:/ /research.wur.
nl/en/publications/exploration-of-microbial-systems-as-biocatalysts-for-conversion-o (accessed on 12 October 2023).

Siebler, F.; Lapin, A.; Takors, R. Synergistically applying 1-D modeling and CFD for designing industrial scale bubble column
syngas bioreactors. Eng. Life Sci. 2020, 20, 239-251. [CrossRef] [PubMed]

Chen, J.; Gomez, ].A.; Hoffner, K.; Barton, PI.; Henson, M.A. Metabolic modeling of synthesis gas fermentation in bubble column
reactors. Biotechnol. Biofuels 2015, 8, 89. [CrossRef] [PubMed]

Vandecasteele, J. Experimental and Modelling Study of Pure-Culture Syngas Fermentation for Biofuels Production. Master’s
Thesis, Universiteit Gent, Gent, Belgium, 2016. Volume 356. Available online: https:/ /lib.ugent.be/catalog/rug01:002275054
(accessed on 10 October 2023).

Almeida Benalcazar, E.; Noorman, H.; MacielFilho, R.; Posada, ]J.A. Modeling ethanol production through gas fermentation:
A biothermodynamics and mass transfer-based hybrid model for microbial growth in a large-scale bubble column bioreactor.
Biotechnol. Biofuels 2020, 13, 59. [CrossRef] [PubMed]

Mohammadi, M.; Mohamed, A.R.; Najafpour, G.D.; Younesi, H.; Uzir, M.H. Kinetic studies on fermentative production of biofuel
from synthesis gas using Clostridium ljungdahlii. Sci. World |. 2014, 2014, 910590. [CrossRef] [PubMed]

Puiman, L.; Almeida Benalcazar, E.; Picioreanu, C.; Noorman, H.J.; Haringa, C. Downscaling Industrial-Scale Syngas Fermentation
to Simulate Frequent and Irregular Dissolved Gas Concentration Shocks. Bioengineering 2023, 10, 518. [CrossRef] [PubMed]

De Medeiros, E.M.; Posada, J.A.; Noorman, H.; Filho, R M. Dynamic modeling of syngas fermentation in a continuous stirred-tank
reactor: Multi-response parameter estimation and process optimization. Biotechnol. Bioeng. 2019, 116, 2473-2487. [CrossRef]
[PubMed]

Ruggiero, G.; Lanzillo, F,; Raganati, F.; Russo, M.E.; Salatino, P.; Marzocchella, A. Bioreactor modelling for syngas fermentation:
Kinetic characterization. Food Bioprod. Process. 2022, 134, 1-18. [CrossRef]

Sluiter, A.; Hames, B.; Ruiz, R.; Scarlata, C.; Sluiter, J.; Templeton, D.; Crocker, D.L.A.P. Determination of structural carbohydrates
and lignin in biomass. Lab. Anal. Proced. 2008, 1617, 1-16.

Chowdhury, R.; Sarkar, A. Reaction kinetics and product distribution of slow pyrolysis of Indian textile wastes. Int. J. Chem. React.
Eng. 2012, 10, A67. [CrossRef]

Sarkar, A.; Chowdhury, R. Co-pyrolysis of paper waste and mustard press cake in a semi-batch pyrolyzer—Optimization and
bio-oil characterization. Int. ]. Green Energy 2016, 13, 373-382. [CrossRef]

Ghosh, S.; Pathak, S.; Manna, D.; Chowdhury, R. Acidogenic mixed consortium isolated from soil of agricultural field: Acid
production behaviour and growth kinetics under the influence of pretreatment hydrolysate of rice straw (RS). Indian Chem. Eng.
2021, 63, 206-218. [CrossRef]

Gill, N.K.; Appleton, M.; Baganz, F; Lye, G.J]. Quantification of power consumption and oxygen transfer characteristics of a
stirred miniature bioreactor for predictive fermentation scale-up. Biotechnol. Bioeng. 2008, 100, 1144-1155. [CrossRef] [PubMed]


https://doi.org/10.1007/s13593-022-00817-0
https://doi.org/10.1016/j.seta.2021.101546
https://doi.org/10.1016/j.enconman.2019.112111
https://doi.org/10.3390/en16073241
https://doi.org/10.1016/j.psep.2023.01.052
https://doi.org/10.1016/j.fuel.2022.127124
https://doi.org/10.1016/j.cej.2022.135253
https://doi.org/10.1016/j.fuel.2022.126705
https://doi.org/10.1186/s13068-017-0910-1
https://doi.org/10.1002/jctb.4842
https://research.wur.nl/en/publications/exploration-of-microbial-systems-as-biocatalysts-for-conversion-o
https://research.wur.nl/en/publications/exploration-of-microbial-systems-as-biocatalysts-for-conversion-o
https://doi.org/10.1002/elsc.201900132
https://www.ncbi.nlm.nih.gov/pubmed/32647503
https://doi.org/10.1186/s13068-015-0272-5
https://www.ncbi.nlm.nih.gov/pubmed/26106448
https://lib.ugent.be/catalog/rug01:002275054
https://doi.org/10.1186/s13068-020-01695-y
https://www.ncbi.nlm.nih.gov/pubmed/32231709
https://doi.org/10.1155/2014/910590
https://www.ncbi.nlm.nih.gov/pubmed/24672390
https://doi.org/10.3390/bioengineering10050518
https://www.ncbi.nlm.nih.gov/pubmed/37237589
https://doi.org/10.1002/bit.27108
https://www.ncbi.nlm.nih.gov/pubmed/31286472
https://doi.org/10.1016/j.fbp.2022.04.002
https://doi.org/10.1515/1542-6580.2662
https://doi.org/10.1080/15435075.2014.952423
https://doi.org/10.1080/00194506.2020.1815597
https://doi.org/10.1002/bit.21852
https://www.ncbi.nlm.nih.gov/pubmed/18404769

Energies 2024, 17, 562 26 of 26

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

Wang, T.; Wang, Q.; Soklun, H.; Qu, G.; Xia, T.; Guo, X,; Lia, H.; Zhu, L. A green strategy for simultaneous Cu (II)-EDTA
decomplexation and Cu precipitation from water by bicarbonate-activated hydrogen peroxide/chemical precipitation. Chem.
Eng. J. 2019, 370, 1298-1309. [CrossRef]

Abubackar, H.N.; Veiga, M.C.; Kennes, C. Biological conversion of carbon monoxide: Rich syngas or waste gases to bioethanol.
Biofuels Bioprod. Biorefining 2011, 5, 93-114. [CrossRef]

Green, D.W.; Perry, R.H. Perry’s Chemical Engineers” Handbook; McGraw-Hill Education: New York, NY, USA, 2008.

Phillips, J.R.; Clausen, E.C.; Gaddy, J.L. Synthesis gas as substrate for the biological production of fuels and chemicals. Appl.
Biochem. Biotechnol. 1994, 45, 145-157. [CrossRef]

Mohammadi, M.; Mohamed, A.R.; Najafpour, G.; Younesi, H.; Uzir, M.H. Clostridium ljungdahlii for production of biofuel from
synthesis gas. Energy Sources Part A Recovery Util. Environ. Eff. 2016, 38, 427-434.

Fox, ].D.; Kerby, R.L.; Roberts, G.P.; Ludden, PW. Characterization of the CO-induced, CO-tolerant hydrogenase from Rho-
dospirillum rubrum and the gene encoding the large subunit of the enzyme. ]. Bacteriol. 1996, 178, 1515-1524. [CrossRef]
[PubMed]

Rajagopalan, S.; Datar, R.P.; Lewis, R.S. Formation of ethanol from carbon monoxide via a new microbial catalyst. Biomass
Bioenergy 2002, 23, 487-493. [CrossRef]

Ranzi, E.; Cuoci, A.; Faravelli, T.; Frassoldati, A.; Migliavacca, G.; Pierucci, S.; Sommariva, S. Chemical kinetics of biomass
pyrolysis. Energy Fuels 2008, 22, 4292-4300. [CrossRef]

Pati, S.; De, S.; Chowdhury, R. Exploring the hybrid route of bio-ethanol production via biomass co-gasification and syngas
fermentation from wheat straw and sugarcane bagasse: Model development and multi-objective optimization. J. Clean. Prod.
2023, 395, 136441. [CrossRef]

Pati, S.; De, S.; Chowdhury, R. Integrated techno-economic, investment risk and life cycle analysis of Indian lignocellulosic
biomass valorisation via co-gasification and syngas fermentation. J. Clean. Prod. 2023, 423, 138744. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.cej.2019.04.005
https://doi.org/10.1002/bbb.256
https://doi.org/10.1007/BF02941794
https://doi.org/10.1128/jb.178.6.1515-1524.1996
https://www.ncbi.nlm.nih.gov/pubmed/8626276
https://doi.org/10.1016/S0961-9534(02)00071-5
https://doi.org/10.1021/ef800551t
https://doi.org/10.1016/j.jclepro.2023.136441
https://doi.org/10.1016/j.jclepro.2023.138744

Energy Conversion and Management 200 (2019) 112111

Energy
Conversion
¢Management

Contents lists available at ScienceDirect

Energy Conversion and Management

journal homepage: www.elsevier.com/locate/enconman

Hybridization of sugar-carboxylate-syngas platforms for the production of R
bio-alcohols from lignocellulosic biomass (LCB) — A state-of-the-art review

and recommendations

Check for
updates

Ranjana Chowdhury®”*, Shiladitya Ghosh”, Dinabandhu Manna®, Sumona Das”, Sambit Dutta®,
Sabine Kleinsteuber”, Heike Strauber”, Md. Kamrul Hassan®, Suvi Kuittinen®, Ari Pappinen®
 Chemical Engineering Department, Jadavpur University, Kolkata 700032, India

® Department of Environmental Microbiology, UFZ — Helmholtz Centre for Environmental Research, Permoserstr. 15, 04318 Leipzig, Germany
©School of Forest Sciences, University of Eastern Finland, P.O. Box 111, 80101, Finland

ARTICLE INFO ABSTRACT

Lignocellulosic biomass (LCB), the most abundant renewable feedstock for bioenergy generation, is commonly
converted to second generation bioalcohols, the main drop-in fuels for petroleum gasoline, through three
technologies based on sugar, carboxylic acid and syngas platforms. The hybridization of either any two or three
platforms altogether is a novel concept aimed at improvement of yield and quality (high heating value) of
bioalcohols. This article reviews the present status of the integration techniques of hybrid platforms with an
overall assessment of their advancement with respect to their individual counterpart as well as the challenges
involved. It has been indicated that to extract the maximum benefit of hybridization, research studies should be
spurred in the fields of kinetic analysis of all thermochemical and biochemical processes, microbial interaction,
optimization of process parameters (pH, temperature), performance analysis of engine for the utilization of
mixed product bioalcohols, sustainability analysis through the development of mathematical models for lab-
scale operations and process simulation models for large scale units along with life cycle assessment. Moreover,
pyrolysis of LCB has been identified as a unique central process for the supply of all intermediate compounds,
namely, sugar, carboxylic acid and syngas during the hybrid networking of three platform technologies. In this
context, the scheme of CONVER-B, a joint research project under the INNO-INDIGO partnership program, aiming
at sustainable integration of the platforms to produce bio-alcohols from LCBs leaving zero effluent simulta-
neously with carbon sequestration potential has been introduced and discussed.
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feedstock for bioenergy generation is that it totally eliminates the up-
setting social issue of ‘food vs. fuel’ competition [4,8]. Conventionally,

1. Introduction

Lignocellulosic biomass (LCB) derived biofuels and bioproducts are
the key driver in the path of transition towards the bio-based economy
all over the world, establishing absolute alliance among energy, society
and environment [1,2]. It is well established that bioenergy, one of the
preeminent components of bio-economy, will be mainly dependent on
LCB as the chief renewable resource (feedstocks), mostly due to their
worldwide abundance [1,3]. Being the most abundant feedstock ap-
pearing as residues of agriculture, forestry and as effluents from food,
textile, pulping and other industrial processing, LCB could be used in
biorefineries to generate myriads of renewable bioproducts; biofuels
being the supreme product [4-7]. One of the advantages of using LCB as

* Corresponding author.

lignocellulosic wastes are converted to biofuels (gaseous: biogas/bio-
methane; biohydrogen; bio-syngas and liquid: bio-alcohols and bio-oil)
either through biochemical or thermochemical routes [9-14]. As re-
ported in the latest survey by the International Energy Agency (IEA),
conventional biofuel production reached 143 billion litres (4% incre-
ment on a year-on-year basis), in the year 2017, having an equivalent
energy value of 83 Mtoe [15]. Analyzing the ongoing trend of world
biofuel production, IEA forecasted a 15% growth estimating to be
165 billion litres (total energy value 97 Mtoe) by 2023, 119 billion li-
tres (approximately two-third) of which will come from bioethanol
alone [15]. This fact is already being implemented globally and is
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reflected in the renewable energy action plans of different countries.
The Indian government has planned to achieve a target of 10% blending
of fossil transport fuels with bioethanol and biodiesel by 2017 and
raised the target to 20% beyond 2017 [16]. The European Union (EU)
has set a new binding target, in form of renewable energy directive II
(RED II), to acquire at least 14% of their transport fuels from renewable
resources by 2030 [17]. In Finland, the target is set about 20%, by 2020
[18]. Bio-alcohols, namely; ethanol, butanol, hexanol etc. are already
proven suitable for the use in spark-ignition engines as low-emission
transport fuels and hence, are the biofuels of current interest [19-22]. A
recent study has shown that corn-based biobutanol can save 39-56%
automobile fossil fuels and reduce CO, emissions by 32-48% in com-
parison to gasoline [23]. This transition can only be sustained by em-
ploying strategic planning and utilization of LCB feedstocks in tech-
nologically advanced frameworks ensuring maximum conversion to
biofuels, minimization of waste generation and reutilization of all re-
sidues.

There are three pathways, namely sugar platform (SP), carboxylate
platform (CP) and syngas platform (SyP), mainly used for the conver-
sion of LCB feedstocks to bio-alcohols [24-26]. The names of the
platforms are derived from those of the intermediate precursors
through which organic or agricultural wastes are ultimately converted
to bioalcohols. The sugar platform directly coverts 6-carbon and 5-
carbon sugar/carbohydrate compounds obtained from LCBs through
pretreatment and enzymatic hydrolysis, to different bio-alcohols as the
major end product [24]. Conversely, in syngas and carboxylate plat-
forms, as described by many researchers, alcohol generation from LCBs
is mediated through formation of energy-rich precursor molecules and
their mixtures, namely bio-syngas and mixed carboxylic acids, respec-
tively [25,26]. Due to the astounding diversity of composition of lig-
nocellulosic wastes, having different distribution of cellulose, hemi-
cellulose and lignin, it appears that none of the platforms can provide
unique solution individually for the generation of bio-alcohols from
LCBs, in general. Recently, few research articles demonstrated that the
combination of any of the two platforms among sugar, carboxylate and
syngas ones can improve the quality and productivity of bio-alcohols
from LCB [27-30]. Although many informative review articles are
available on individual platforms, comprehensive review on the per-
formance and prospects of combination/hybridization of different
platforms for the generation of alcohols from LCBs is rare [25,31-34].
In this article, the present status of this briskly evolving ‘hybrid tech-
nology’ in the field of bio-alcohol production from LCB is thoroughly
revisited from all crucial perspectives. Ultimately, a novel “zero ef-
fluent” concept, namely; ‘CONVER-B’, of cascading of the three plat-
forms particularly focusing on bio-alcohol production from LCB with
carbon storage capability is recommended with the projection of higher
energy efficiency compared to that of stand-alone platforms.

2. Analysis of three platforms
2.1. Working principles and microorganisms

The conventional working principles of the three platforms, namely;
SP, CP and SyP, are technically summed up and depicted respectively in
Fig. 1A, B and C, for simple understanding. The platforms fundamen-
tally differ from each other regarding various operational aspects. Ac-
cording to the representation of Fig. 1A, B and C, all three platforms
convert lignocellulosic biomass to bioalcohols as the chief end-product.

It is clear from Fig. 1A that in the conventional sugar platform,
lignocellulosic biomass is first pretreated through hydrothermal pro-
cessing using dilute mineral acids (alkali, mineral salts, organic solvents
and some other catalysts are also used in different cases, acid pre-
treatment is considered as a representative process for all) whereby the
hemicellulose portion of LCB is primarily converted to pentose sugars,
namely, xylose and/or arabinose and a small part of cellulose is con-
verted to glucose [34-37]. The cellulose present in the solid part of
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pretreated mass is subsequently hydrolysed to glucose using enzymes
[35,36,38]. After hydrolysis, the hydrolysed mass is filtered. The filtrate
containing simple carbohydrates like pentoses and hexoses, is fer-
mented to generate alcohols, namely, ethanol and butanol [36] and the
solid filter cake containing lignin is considered either as waste stream or
directly combusted to generate electricity and steam in combined heat
and power (CHP) unit [39,40]. The liquid stream is passed through a
centrifuge and the cell concentrate is recycled Pure alcohol is recovered
in distillation column [39,40]. The bottom liquid effluent from the
distillation column is usually passed through waste water treatment
plant (WWT) and the treated water is recycled. The solid waste from the
WWT is sometimes utilized in an anaerobic digester (AD) to generate
biogas [39,40]. All these possible units have been presented in Fig. 1A.
The high temperature pretreatment and the alcohol recovery (distilla-
tion) steps require energy.

As depicted in Fig. 1B, in syngas platform the pre-dried LCBs are
first converted to syngas in a gasifier using steam and air mixture and
the gas-solid mixture is subsequently separated in series of two cyclones
[41-43]. While the char part is recycled to the gasifier, the ash, ob-
tained in the solid streams of the second cyclone appears as waste. Exit
gas stream from the second cyclone is sometimes passed through re-
former for enrichment of syngas [41]. The syngas is subsequently fer-
mented to ethanol [41,44]. The combined outlet stream of unconverted
syngas and alcohol-rich liquid product from the fermenter is usually
passed through a flash drum and the two phases are separated [37]. The
gas stream is bifurcated in to two lines, one recycled to the fermenter
and the rest directed to a CHP [41]. Electricity and steam are generated
in the CHP and steam is utilized in the gasifier, as much as possible. All
these units have been included in the general schematic representation
for SyP in Fig. 1B. The waste heat of flue gas from the CHP is exchanged
to dry the LCB fed to the gasifier [41]. In case of carboxylate platform
for alcohol generation, usually the carboxylic acids produced by
acidogenic mixed microbiomes of anaerobic digestion (AD) processes
are converted to alcohols either through catalytic thermochemical
processes or by the combination with other bioprocesses responsible for
reduction of acids to alcohols [25,45,46]. In this strategy, acetoclastic
methanogenesis during anaerobic digestion is deliberately inhibited so
that volatile fatty acids (VFAs) are mainly formed and hence it can be
termed as an incomplete AD (IAD) process [47]. It is understandable
that with selective suppression of the methanogens, any AD micro-
biome can be turned to an acidogenic microbiome that can be used in a
CP. Energy requirement of the IAD process is mainly for the mild pre-
treatment of feedstock which can be fully avoided for low-lignin con-
taining simple feedstocks [4]. On the other hand, the subsequent bio-
process generating alcohol requires energy for separation of alcohols
through distillation. The basic principle of carboxylate platform ex-
tended up to bio-alcohol generation has been depicted in Fig. 1C. For
both SyP and CP the methods of alcohol recovery and water treatment
processes are similar to those in the SP. In another option of carboxylate
platform, medium chain fatty acids (MCFAs) can be microbially derived
through reversed f-oxidation of short chain fatty acids (SCFAs) pro-
duced during IAD [48]. The MCFAs can be further converted to higher
alcohols with high carbon numbers and larger calorific values in sub-
sequent fermentation processes [48]. The ‘MIXALCO’ processes con-
verting carboxylic acids to corresponding alcohols through thermo-
chemical routes also belong to carboxylate platform [49,50]. In the
subsequent sections, discussions have been provided on basics of in-
dividual platforms in a comparative way.

In all three platforms, production of bioalcohol from simple sugar,
VFAs or bio-syngas is mediated by specifically dedicated microorgan-
isms exhibiting different metabolic ability and performance. Different
strains of the solventogenic yeast Saccharomyces cerevisiae are most
popularly used in the sugar platform to produce bioethanol utilizing
simple hexose (C6) sugars [51,52]. However, wild strains of S. cerevisiae
cannot ferment pentose (C5) sugars, such as xylose, arabinose etc.
genenerated through the de-polymerization of hemicellulose during the
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Fig. 1. Major processes, material streams and unit operations of the three individual platforms; A) Sugar Platform (SP); B) Syngas Platform (SyP); C) Carboxylate
Platform (CP); PRETREAT: Pretreatment; COOLER: Cooling unit; SEPA: Separation/Filtration unit; HYDROLYS: Enzymatic hydrolysis; FERMENT: Fermenter;
CENTRIFU: Centrifugation unit; DISTILL: Distillation tower; CHP: Combined Heat and Power; WWT + AD: Waste water treatment plant with anaerobic digestion
unit; LCB: Lignocellulosic Biomass; PROD1 (SP): Pretreated LCB; PROD2 (SP): Cooled pretreated LCB; SOLID1 (SP): Solid fraction of cooled pretreated LCB; PROD3
(SP): Enzymatically hydrolyzed LCB; NUTRIENT: Nutrient medium for fermentation; PROD4 (SP): Fermentation products; CELLS: Microbial cells; PROD5 (SP): Cell
free fermentation products; ETOHBUOH: Ethanol, butanol; WASTEWA: Waste water; CS: Cyclone separator; TARREFOR: Tar reformer; FLASHDR: Flash drum for
liquid-gas separation; DRYLCB: Dry lignocellulosic biomass; O: Oxygen; GASI-PR: Gas-solid mixture; PROD1, PROD 2 and PROD 3 (SyP): Fermentation products;
ETOH: Ethanol; HAC: Acetic acid; IAD: Incomplete anaerobic digestion; WETLCB: Wet lignocellulosic biomass; LIG + CELL: Lignin and cellulose; VFA: Volatile fatty

acid; H,: Hydrogen; PRODUCT1 and PRODUCT 2 (CP): Fermentation products; MALCOHOL: Medium alcohol; HALCOHOL: Higher alcohol; Energy 1 and 2: Input
energy streams.
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pretreatment of LCBs [53]. To tackle this problem, pentose-fermenting
bacterial strains, namely; Zymomonas mobilis and genetically en-
gineered strains of Escherichia coli etc. and another yeast, Pichia (or
Scheffersomyces) stipitis, are also gaining interest recently [54-57]. For
the production of butanol in the sugar platform, Clostridium acet-
obutylicum is extensively used to convert the carbohydrate monomers
(C5 and C6) generated from lignocellulosic biomass [58-61]. Although
C. acetobutylicum is the most typically used butanol producing strain in
the sugar platform, lately, C. beijerinckii, C. pasteurianum and C. sac-
charoperbutylacetonicum are also being used by many researchers
[62-64]. Research studies using combination of yeasts (S. cerevisiae
and/or P. stipitis) and bacteria (clostridial strains, E. coli or Z. mobilis) as
co-cultures for the simultaneous consumption and connversion of both
hexoses and pentoses to alcohols have recently been reported in many
studies on SP [65-69]. In the carboxylate platform, a mixture of cel-
lulolytic and acidogenic consortia of IAD processes act on the holo-
cellulose (cellulose and hemicellulose) fraction directly to produce
SCFAs, which can in turn be converted to alcohols through biological
processes using homoacetogenic microorganisms like Clostridium
ljungdahlii having reducing capabilities [25]. On the other hand, SCFAs
can be further converted to MCFAs under the action of reactor micro-
biomes and higher alcohols can be produced through the microbial
reduction of the latter acids. For the production of MCFAs the presence
of chain elongating bacteria, e.g., Clostridium kluyveri has to be ensured
[25]. In the conventional syngas platform, syngas (Hy + CO) is con-
verted by the acetogenic bacterium, Clostridium ljungdahlii to ethanol
and acetic acid [44,70]. Some other pure strains acetogenic/carbox-
idotrophic bacteria namely; Clostridium carboxidivorans, Clostridium
ragsdalei, Clostridium autoethanogenum etc. are also being used recently
for conversion of syngas to bioalcohols [71-74]. Among these bacteria,
C. carboxidivorans can also produce higher alcohols than ethanol,
namely; butanol and hexanol from syngas [71,75]. Besides these pure
strains, some recent studies reported use of mixed culture for syngas
fermentation producing mixed alcohols like, ethanol, propanol and
butanol [76,77].

2.2. Feedstocks and requirement for pretreatment

The lignin content of the LCB feedstocks is a vital factor for all
platforms because of its direct contribution to the recalcitrance [78]. In
a recent publication, the Indian lignocellulosic feedstocks have been
categorized according to their lignin content; high lignin (1-10%),
medium lignin (10-20%) and low lignin (> 20%) to provide a basis for
the selection of most viable conversion routes [4]. The primary aim of
the SP and CP is to overcome the lignin barrier to gain access to the
cellulose and hemicellulose fractions of the LCBs (Fig. 1A and C). Se-
lection of proper LCB feedstocks based on the lignin content for the
particular platform is a prerequisite, which can facilitate better con-
version and complete utilization of the LCB feedstocks.

As per the requirement of the bioprocesses involved in the SP and
CP, the use of LCBs containing low, and low-to-medium lignin content
are suitable for the sugar and carboxylate platforms respectively. As the
microorganisms involved in SP can only accept hexose (glucose) and
pentoses (xylose, arabinose), mainly low lignin LCBs [56-67], requiring
mild delignification and easy pretreatment steps for the conversion of
cellulose and hemicellulose to respective monomeric simple sugar are
suitable. On the other hand the bioavailability of cellulose and hemi-
cellulose for the action of cellulolytic bacteria in the reactor micro-
biome is the major decisive factor for the efficient conversion of LCBs in
CP [9]. To avoid energy intensive delignification process prior to the
entry in CP, medium and preferably low lignin LCBs are acceptable in
carboxylate or volatile fatty acid platform using an IAD microbiome
[79]. This is limited in dry biomass and at high lignin content. The SyP
is not influenced by the lignin content since the gasification prior to
fermentation is a thermochemical process that can accept any carbon
source as its reactant/feedstock [79]. Although dry LCBs are not
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preferred in SP and CP, the feedstock for SyP should be preferably dry.
Therefore, any dry lignocellulosic biomass can be handled by this
platform irrespective of the lignin content. The SP essentially requires
extensive pretreatment and enzymatic hydrolysis steps of LCB feed-
stocks [57,60-64]. Besides the conventional high temperature acid/
alkali pretreatment, use of ultrasonication, microwave treatment, ex-
traction with ionic liquid, organoslv pretreatment, eutectic solvent etc.
have also been demonstrated to be effective [79,80]. Literature review
reveals that mild pretreatment of agricultural waste like rice straw and
wheat straw yields better yield of product in CP used for biogas gen-
eration [81,82]. However, many CP are run without pretreatment of
biomass [83]. Currently, biochemical pretreatment of LCBs employing
lignocellulolytic microorganisms are also attracting interest due to their
functional effectiveness and better techno-economic-environmental at-
tributes than the conventional pretreatments [84]. In SyP, absolutely no
pretreatment step is required.

2.3. Array and yields of product, by-products and residues

From SP, usually ethanol and butanol are obtained by using pure
culture of dedicated solventogenic microorganisms, namely yeast and
Clostridia, respectively, as already mentioned in Section 2.2 [54-64]. In
case of butanol production through this platform, acetone and ethanol
are also produced as solvent by-products. A study by Wu et al., 2008,
revealed that a bio-butanol plant with a capacity of 2589.12 Mg/d
(1 Mg/d = 1 t(metric)/d) corn grain produces about 466 Mg/d butanol
with additionally 261.6 Mg/d and 11.28 Mg/d of acetone and ethanol,
respectively, as by-products [23]. This study also envisaged that 0.22L
biobutanol can be obtained from 1 kg of corn. The yield of ethanol using
solventogenic yeast is about 0.41 L/kg when dry-milled corn grain is
used as feedstock [85]. A study on syngas platform showed that using
the gaseous product generated from a gasification unit consuming
1200 Mg/d switchgrass, a subsequent bioethanol plant produces
298.77 Mg/d ethanol [86]. Holtzapple and Granda, 2009, reported a
comparative theoretical analysis of the potential of SP, CP and SyP, for
ethanol production from standard LCB [49]. However, in this study the
Sp and CP have been defined a bit differently from the conventional
ones. Contribution of lignin as the substrate in these two platforms is
included with the help of an additional gasification step generating Hj
as reducing agent for CO, (sugar platform) and acetic acids (carbox-
ylate platform) producing enhancing overall ethanol yield [49]. On the
basis of a mole of standard biomass, composed of 31.7% lignin
(CH;.1200.377) and 68.3% holocellulosic (cellulose + hemicellulose)
polysaccharides (CgH100s) on ash free basis, 3 mol of ethanol is pro-
duced through SP and CP, whereas, the SyP produces 2.5 mol ethanol
[49]. It has been estimated that both sugar and carboxylate platforms
have the equal ethanol production potential of 175 gallon/ton,
whereas, the ethanol production potential of syngas platform is about
145 gallon/ton standard biomass [49]. The ethanol production poten-
tial of the syngas platform is less because of the partial oxidation of
carbon present in the biomass feedstock during the generation of syngas
in the gasification process. The yield of volatile fatty acids
(acetic + propionic + butyric acids in the ratio 6:1:3 to 5:1:5) in the CP
ranges from 0.118 to 0.61 g/g volatile solids [45].

During the production of biobutanol from conventional feedstocks,
residues amounting to 31.1% of the total solids are formed, which are
called DDGS (dried distillers grains with solubles) and comprise the
solid wastes from upstream (cooking) and downstream (separation)
processes [23,87]. Previous literature indicates that DDGS corresponds
to 40% energy content of corn fed to the system [23]. Moreover, fatty
acids generated in the fermenter are not recovered or utilized. The SyP
generates 74 Mg/d ash and/or char and 49Mg/d cell cake in a
1200 Mg/d switchgrass-based plant [86]. Since the first step in the al-
cohol production through carboxylate platform is IAD process (Fig. 1C),
the feedstocks are generally silages, spent grains and other wet biomass
solid. Digestate, generated in the IAD, is usually used as fertilizer after
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Table 2

Advantages and disadvantages of different platforms for bio-alcohol production.
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Platform Advantages

Disadvantages

Sugar platform (SP) ® Specificity of end products (the bio-alcohols).
® Maturity of technology.

® High yield of alcohol (ethanol production by yeast).

® Simultaneous generation of H, (another biofuel) when

butanol is produced (ABE fermentation pathway).
® Maximum conversion of the sugars to bio-alcohols.
® Capability to directly convert recalcitrant lignin.
® No requirement of pretreatment.
® No requirement of external addition of enzymes.

Syngas platform (SyP)

® Specificity of end products (ethanol and acetic acid).
® Scope of waste heat recovery to self-sustain the gasification

process.

Carboxylate platform ® Requirement of very moderate or no pretreatment.

(CP) ® No requirement of external addition of enzyme or chemical

catalyst.
® No requirement of sterilization of feedstock.

® High yield of VFAs and MCFAs as precursors for alcohol

production.
® Biogas production from the digestate and residue of
downstream processing is possible.

® Necessity of energy intensive pretreatment, in case of LCBs.

® Necessity of expensive enzymes for hydrolysis.

® Generation of lignin-rich waste streams.

® Prominent end-product inhibition exerted by the bio-alcohols on the
solventogenic microorganisms.

® Necessity of catalyst in the gasification process to maintain the quality of
syngas.

® Mass transfer limitation in syngas fermentation.

Chance of intoxication of the microorganism/s by traces of condensable

volatiles (tar) present in the syngas.

® Generation of ash during gasification and necessity of ash handling

® The technology is at a nascent state.

® The interaction between the microorganisms involved in carboxylate platform
is yet to be explored.

® Mixed products (fatty acids of varying chain length).

Stringent requirement of pH control and suppression of methanogenesis during

IAD for generation of SCFAs and MCFAs as end products.

® Requirement of hydrogen or other electron donors for the conversion of
carboxylic acids to alcohols.

production through CP is not much available.

Table 1 represents the comparative performance of different in-
dividual platforms with respect to material and energy balances as well
as cost.

3. Integration of platforms for bio-alcohol production - state of
the art

The principal processes, feedstocks, microbes, patterns of genera-
tion of products, by-products and residues, energy efficiencies and
conversion data of individual SP, CP and SyP have been indicated in
Table 1. The advantages and disadvantages of the individual platforms
meant for production of bio-alcohols, as discussed in section 2 are
compiled in Table 2. Although each platform involves combination of
different processes having inherent merits and demerits, only the major
ones affecting the sustainability of three production platforms are
mentioned in a collective manner.

The disadvantages encountered in an individual platform, as listed
in Table 2, can be tackled through the strategic inter-integration of the
platforms with each other. Through the integration of different plat-
forms, the by-product or effluent streams of one platform can be (re)
used as the feed for another platform. The availability of literature on
the integration of platforms for bio-alcohol production is scarce. So far,
four types of twinning of platforms have been reported according to
their operating sequence, namely; 1) carboxylate platform followed by
sugar platform (CP-SP); 2) syngas platform followed by carboxylate
platform (SyP-CP); 3) carboxylate platform followed by syngas platform
(CP-SyP) and 4) sugar, carboxylate and syngas platforms operated in
sequence (SP-CP-SyP). Although from the classical definition of car-
boxylate platform, carboxylic acids or volatile fatty acids generated
through incomplete AD are precursors, in this review, the studies based
on the volatile fatty acid intermediates produced from other biopro-
cesses using mixed or pure strains are also considered. The reactions
occurring in all individual and hybrid platforms, under review, are
presented in Table 3.

Different pros and cons of the reported research outcomes on in-
tegration of platforms are being revisited. Their operating strategies are
presented in Figs. 2-7 and the salient features of their performances are
being discussed in the following sections.

3.1. CP-SP hybrids

Two types of CP-SP hybrids have been reported in the literature. In

strategy-I, represented in Fig. 2, digestate from the acidogenic stage of
the IAD process, using mildly pretreated lignocellulosic biomass, is
enzymatically hydrolyzed prior to conversion through the sugar fer-
mentation process [83,84]. According to strategy-Il of CP-SP hy-
bridization, represented in Fig. 3, supernatant from the carboxylate
platform is directly fed to sugar platform. In some reported articles,
instead of coupling carboxylate platform producing solely carboxylic
acid through IAD, partial AD process generating biogas up to a period
less than the saturation level has been considered as the representative
one [92,97]. Partial AD is followed so that some of the hydrolysable
sugar polymers (cellulose, hemicellulose) remain unconverted in the
digestate. Hence, it can directly be introduced to enzymatic hydrolysis
process and the severity of overall pretreatment step is reduced [97]. It
is expected that the liquid effluent of the partial AD would contain some
carboxylic acid and sugar monomers. In another report, instead of IAD,
a stable mixed culture of cellulolytic, xylanolytic and acidogenic bac-
teria including butyrate producing ones has been used to generate
carboxylic acid from lignocellulosic feedstocks [27]. The carboxylic
acid fed to the sugar platform is expected to be converted to alcohol in
solventogenic phase of clostridial bacteria used in the sugar platform
for butanol production [27].

3.1.1. CP-SP hybrid (Strategy-I)

In a recent research study, a partial AD process has been used as a
pretreatment step for the sugar platform [97]. Diverse lignocellulosic
waste, namely, rice straw, sycamore and pinewood were used as feed-
stocks. It was claimed that for rice straw, sycamore and pinewood, the
ethanol yield was increased from 32%, 19% and 10.7% of the theore-
tical value to 69.5%, 40% and 22.1% respectively due to this pre-
treatment process instead of conventional ones [97]. The maximum
increase of yield in case of rice straw was explained by its lowest lignin
content facilitating the hydrolytic activity of the AD microbiome. On
the other hand, the presence of guaiacyl type lignin in pinewood was
pointed out to be responsible for minimum increase of yield in case of
pinewood [97]. The investigators also showed that most of the hemi-
cellulose was utilized to form methane during the AD process of rice
straw. The increase of cellulosic content of pretreated biomass, parti-
cularly for rice straw was also identified through the determination of
crystallinity index [97]. Taking both biogas and ethanol into account,
the total energy yield from rice straw and pinewood was determined to
be 8.2MJ/kg and 4.1 MJ/kg. Although partial AD process is supposed
to generate (not discussed) liquid effluent rich in VFA and enzymatic
hydrolysis step of solid digestate of partial AD process would have
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Table 3

Reactions involved in individual and hybrid platforms.

Energy Conversion and Management 200 (2019) 112111

Conversion

Reactions

Platform

Glucose to ethanol
Xylose to ethanol
Glucose to butanol
Xylose to butanol
Glucose to acetone
Xylose to acetone
Syngas to acetic acid

Syngas to ethanol

Glucose — 2Ethanol + 2CO;

3Xylose — 2Ethanol + 5CO,

Glucose — Butanol + 2CO, + H,O

6Xylose — 5Butanol + 10CO; + 5H,0

Glucose + H,O — Acetone + 3CO;, + 4H,

Xylose — Acetone + 2CO; + 2H,

4H, + 2CO, — acetate™ + HY + 2H,0

4CO + 2H,0 — CH3COOH + 2CO,

acetate™ + H* + 2H, — ethanol + H,O
CH3COOH + 2CO + H,O — ethanol + 2CO, + H,0

SP, CP-SP(I), SP-CP- SyP

SP, CP-SP(I), SP-CP- SyP

SP, CP-SP(II), SP-CP- SyP
SP, CP-SP(1l), SP-CP- SyP
SP, CP-SP(II)

SP, CP-SP(I)

SyP, SyP-CP, SyP-CP- SyP

SyP, SyP-CP, SyP-CP- SyP

Glucose — 3Acetic Acid
2Xylose — 5Acetic Acid

Glucose to acetic acid
Xylose to acetic acid
Glucose to butyric acid
Xylose to butyric acid
Acetic acid to butyric acid
Butyric acid to caproic acid
Acetic acid to ethanol
Butyric acid to butanol
Caproic acid to hexanol

Glucose — Butyric Acid + 2CO, + Hy

6Xylose — 5Butyric Acid + 10CO, + 5H,0
ethanol + Acetic Acid n — butyrate™ + H,O
ethanol + Butyric Acid — caproic acid + H,O
acetate™ + H* + 2H, — ethanol + H,O

butyric acid + 2H, — n — butanol + H,O
caproic acid + H* + 2H, — n — Hexanol + H,0

CP, CP-SP (II), SyP-CP(1-stage)

CP, CP-SP (II), SyP-CP(1-stage)

CP, SyP-CP(1-stage), SyP-CP- Syp, Sp-CP- Syp

CP, SyP-CP(1-stage), SyP-CP- SyP, Sp-CP- SyP
SyP-CP(1-stage), SyP-CP- SyP, SP-CP- SyP
SyP-CP(1-stage), SyP-CP- SyP, SP-CP- SyP

SP, CP-SP(L,I)

SP, CP-SP(1,II), SyP-CP(1-stage and 2-stage), SP-CP- SyP
SyP-CP(1-stage), SyP-CP- SyP, SP-CP- SyP

Ccp — SP

x 1 Biogas
Liquid
L Effluent
LCB PT 1 IAD (Waste)
’ Ename Fermentation Ethanol
Digestate Hydrolysis
Lignin
(Waste)
Fig. 2. Scheme of CP-SP hybrid (Strategy-I).
CP L o 2 SP
Hydrolysed pretreated
H, biomass
VEAs |
LCB \ PT —_ ) CP Fermentation Butanol
Digestate
(waste)

Fig. 3. Scheme of CP-SP hybrid (Strategy-II).

produced lignin rich solid residue, no attempt was made to utilize these
wastes. There is a scope for the addition of ABE fermentation, a re-
presentative of SP, if the liquid effluent is rich in butyric acid. Other-
wise, the carboxylic acids in the liquid effluent can be fed to a SyP to
generate higher alcohols. Similarly, lignin rich waste can be introduced
to a SyP so that alcohol can be generated by using the syngas produced
through gasification of the solid residue.

SyP L e 4

SyP ¢ty CP
Mizxed culture * Butyrate
Syngas (C. autoethanogenum * n-Butanol
(H, + CO) ar + Caproate
C. kluyveri) * n- Hexanol

Fig. 5. Scheme of single stage SyP-CP hybrid.

Anaerobic digestion process using rumen fluid of cattle was also
claimed to be effective in the enhancement of ethanol production from
rice straw [98]. The group used solid digestate from the rumen fluid
digestion process and the results were very similar to those using the
inoculum obtained from partial AD process in biogas plant [97]. It is
notable that the acidogenesis conducted by rumen microbiome pro-
duced significant amount of VFAs (Acetic acid: 159 g, Propionic acid:
83, Butyric acid: 24) when 2.5% loading of rice straw was used [98].
Inhibition of methanogens from this microbiome may turn it into a
major acidogenic microbiome producing VFAs/SCFAs that can be ulti-
mately converted in their corresponding bio-alcohols.

3.1.2. CP-SP hybrid (Strategy-II)

In a very recent attempt, rice straw was converted to biobutanol
through a two-stage fermentation process [27]. The first stage re-
presented the CP in which pretreated (alkali treated) rice straw was
predominantly converted to VFAs, mainly, butyric acid and hydrogen
under the action of a mixed culture, named as DCB17, dominated by
cellulolytic, xylanolytic and butyric acid producing bacteria [99]. In the
second stage, the butyric acid rich supernatant of the first stage (SFS)

CP

EtOH + Acetic acid
Syngas
Fermentation

Syngas
(H, + CO)

Chain elongation using
microorganism/s

MCFA [ Alcohol

Fig. 4. Scheme of two stage SyP-CP hybrid.
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Fig. 6. Scheme of multi-stage hybridization of SyP-CP-SyP.

was co-fermented with enzymatically hydrolyzed pretreated rice straw
(HPRS) using C. beijerinckii NCIMB 8052 to butanol [27]. The ratio of
SFS:HPRS used was 2:8 on mass basis. Bio-butanol was produced along
with hydrogen, acetone and ethanol as co-products. In comparison to
butanol production of 80.3 g and 146 g per kg rice straw, respectively,
by C. acetobutylicum NRRL B-591 and a mixed culture dominated by
clostridia from pretreated and enzymatically hydrolyzed rice straw re-
ported in two other studies [100,101], 230 g butanol/kg rice straw was
obtained in this integrated CP-SP process [27]. The specific energy yield
(9633.7 kJ/kg) of the two-stage process was much higher than that
obtained using clostridial microflora (8043.5 kJ/kg) considering both
butanol and hydrogen as the energy carriers in the products [27,100].
Studies showed that the enhancement of bio-butanol yield is highly
influenced by the continuous supply of butyric acid, which down-reg-
ulates the enzymatic activities of acetate kinase, acetate phospho-
transacetylase, phosphate butyryl transferase during solventogenesis in
ABE fermentation [102-104].

Thus, the synergistic integration of carboxylate and sugar platforms
not only enhances the butanol production, it also eliminates the ne-
cessity of the application of costly enzyme cocktails that is used in the
conventional sugar platform. However, even after this integration, a
considerable portion of biomass fraction is lost as digestate of the
acidogenic stage (CP) and concentrated lignin portion during conven-
tional enzymatic hydrolysis in the sugar platform. Thus, further atten-
tion is needed to facilitate utilization of these energy-rich effluents. A
syngas platform using a thermochemical step, namely, gasification or
pyrolysis could have been beneficial for recalcitrant lignin rich part.
Similarly, the digestate of the acidogenic stage could have been utilized
for biogas generation through AD process, the digestate of AD to be
used as fertilizers. However, no investigation has been reported in this
respect.

3.2. SyP-CP hybrids

The SyP-CP hybrids can be categorized as two stage and single stage
ones. In the two-stage category, represented in Fig. 4, the product
stream of syngas platform is fed to the carboxylate platform for further
conversion of short chain fatty acids through chain elongation to
MCFAs which can in turn be used as precursors for production of higher

SP
Pre-treated Enzyme Sugar
LCB Hydrolysis Fermentation

G—l

EtOH + SCFAs

bio-alcohols. Steinbusch et al., 2008, reported the conversion of dif-
ferent volatile fatty acids to corresponding alcohols by a mixed culture
at high hydrogen pressure and low pH [105]. In the single stage hy-
brids, represented in Fig. 5, both the syngas fermentation and the
biochemical processes involved in CP occur simultaneously in a single
reactor for the production of MCFA. Medium chain fatty acids are ul-
timately converted to bio-alcohols by syngas fermenting microbes,
namely, C. ljungdahlii or C. autoethanogenum present in the microbiome
of the integrated system.

3.2.1. Two-Stage SyP-CP hybrids

Vasudevan et al., 2014, reported the sequential combination of SyP
and CP, whereby, the effluent of the syngas fermentation process con-
taining acetic acid and ethanol was fed to an anaerobic bioprocess
driven by open reactor microbiome [28]. The mixed acidogenic con-
sortia led to chain elongation of carboxylic acids (from acetic acid to n-
caproic acid via n-butyric acid) in the presence of ethanol prevailing in
the SyP effluent. The well established reversed (-oxidation pathway
was proposed to be responsible for the chain elongation in this two
stage hybrid of SyP and CP [28]. Although their aim was to produce n-
caproic acid as the major end product, the fermentation effluent was
more enriched in n-butyric acid. While the maximum value of n-caproic
acid production rate reached only 1.7gL~'d ™!, n-butyrate production
rate as high as 20gL~'d ™' was achieved [28]. The self-inhibitory
nature of n-caproic acid even at low concentration on the chain elon-
gating microbes and hyper-sensitivity of the microbiome to pH were
identified as the inherent causes for the high n-butyrate titer [28]. The
maintenance of favorable pH and the avoidance of methanogenesis
were suggested to be the necessities for chain elongating reactions to
proceed. In another attempt, instead of mixed consortia, a pure strain of
Clostridium kluyveri was used successfully for the integration of SyP with
CP [29]. Continuous extraction of medium chain fatty acids, namely n-
caproic acid, from the reactor was used to maintain its concentration
below inhibitory level. C. kluyveri also produced n-caprylic acid in this
system. The chain-elongation performance of C. kluyveri was observed
to be better at a low ethanol to acetate ratio (3:1) and neutral pH [29].
Although these studies were not focused on alcohol production as the
end-product, it was envisaged that by maintaining high partial pressure
of hydrogen ultimate conversion to higher alcohols would have been

CP SyP
Syngas (H, + CO)
i Fatty acid LS Syngas ‘ Medium chain
platform Fermentation | alcohols
Lignin
(waste)

Fig. 7. Scheme of multi-stage hybridization of SP-CP-SyP.
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possible, using mixed culture and low system pH [106,107]. In another
study conducted by Kucek et al., 2016, the enhancement of specific
production of n-caprylic acid was investigated [108]. A basal medium
containing substrate ratio of 15 (COD basis) obtained by mixing high
ethanol to low acetate was fed to an UAB with continuous product
extraction and inoculated with a reactor microbiome grown on effluent
of ethanol rich beer fermentation. From the 186 days operation of the
UAB highest n-caprylic acid productivity of 19.4g COD/L/d was
achieved [108]. The microbe Rhodocyclaceae K82 sp. was identified as
the major chain elongating bacterium in the microbiome with a relative
abundance of 70.8%.

It is expected that the excess hydrogen produced in the thermo-
chemical step (gasification/pyrolysis) of syngas platform can be used to
produce higher alcohols from MCFAs by the activity of potential mi-
crobiomes. The hybrid processes, similar to MixAlco type hybridization
in which the MCFA are thermochemically converted to ketones and
ultimately to corresponding alcohols, can also be used [49,50,109].

3.2.2. Single-Stage SyP-CP hybrids

Diender et al., 2016, studied the performance of production of
MCFA and higher alcohols (butanol, and hexanol) by co-culturing
C.kluyveri and C. autoethanogenum using synthetic medium and syngas
[106]. They reported that although the feeding of acetate (and ethanol)
was not a pre-condition for growth of the co-culture, it drastically en-
hanced the higher alcohol production.

They reported that the production rates of butanol and hexanol
were 3.5 * 0.69 and 2.0 *+ 0.46 mmol/l/d, respectively, and those of
butyrate and caproate were 8.5 = 1.1 and 2.5 = 0.63 mmol/l/d, re-
spectively [106]. pH sensitivity and toxicity of produced caproate were
suggested to be major constraints for chain elongation. Like many other
mixed culture driven bioprocesses as demonstrated by Ghosh et al.,
2016, in this system a clear commensal interaction can be noticed be-
tween C. kluyveri and C. autoethanogenum, where the latter organism
protects the former from being intoxicated by the CO [110]. Ganigué
et al.,, 2016, studied the production of mixed fatty acids and higher
alcohols using a syngas-enriched mixed culture [107]. They observed
that although low pH triggered the production of alcohols, it was det-
rimental towards the growth of chain elongating bacteria, i.e. C. kluy-
veri. Richter et al., 2016, aimed at analyzing the production patterns of
higher alcohols like butanol, hexanol and even octanol by co-culturing
syngas fermenting and chain elongating bacteria, namely C. ljungdahlii
and C. kluyveri, in a single reactor [30]. The optimal pH range was
observed to be very narrow (pH at 6.0, but not ideal) due to inherent
discrepancies between the pH optima of the two organisms [30].
Therefore, it was suggested to use organisms with very close optimum
values of pH for overcoming this problem. The study found that a
competitive relationship exist between the organisms for the substrate,
namely SCFAs, as one organism (C. ljungdahlii) uses it for reduction to
alcohols and the other one (C. kluyveri) for chain elongation [30].

3.3. Multistage cascading of different platforms

3.3.1. SyP-CP-SyP cascading

From literature review it is clear that a multistage process, namely,
SyP-CP-SyP type hybrids, whereby, the carboxylate platform is in-
tegrated with the syngas platform performing ethanol and higher al-
cohol production and reduction of MCFAs has a high prospect
[30,111,112].

In SyP-CP-SyP cascading, represented in Fig. 6, the products
(ethanol and acetic acid) of the first syngas platform are fed to the
carboxylate platform for their conversion to medium-chain carbox-
ylates (MCFAs) using a chain elongating microorganism and ultimately
the product MCFAs of Carboxylate platform are fed to the second
syngas fermenter for the reduction of fatty acids to corresponding bio-
alcohol. The problem occurring in single stage integration of SyP-CP
(Fig. 5) due to pH discrepancy should disappear if separate reactors are
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used. More facts are to be revealed before taking the strategic decision
on optimal combination.

3.3.2. SP-CP-SyP cascading

A contemporary study reported the integration of three platforms
whereby the carboxylate platform was preceded and succeeded by
sugar and syngas platforms, respectively [113]. The SP-CP-SyP hybrid
process is depicted in Fig. 7.

The reactor effluent of the yeast driven sugar platform using corn
kernel as the feedstock was fed to a carboxylate platform where mixed
fatty acids with varying chain length (C2-C6) were generated and
continuously extracted from the reactor. The carboxylate platform ef-
fluent was fed to the syngas fermenter where a mixture of corre-
sponding alcohols was produced exploiting the reductive power sup-
plied by the syngas by C. ljungdahlii [113]. This process ensured the
sequential utilization of the liquid effluent of sugar and carboxylate
platforms as well as decreased the expenses incurred for the synthetic
fermentation medium for the syngas platform. Higher alcohols, namely
butanol and hexanol, were obtained in the ultimate product stream
from the last stage of the integrated process [113].

A few research studies have also been reported on SP-CP combi-
nations for the generation of MCFA from LCB [114,115]. Kucek et al.,
2016, collected the liquid effluent ‘wine lees’ from a winery and used it
as the source of nutrients and substrate in an upflow anaerobic bior-
eactor (UAB) for production of MCFAs, namely, n-caproic and n-
caprylic acids. The wine lees is rich in residual ethanol with a con-
centration of 180.5 gCOD/L (40% ethanol, COD basis) which served as
the major electron donor for the chain elongation process [114]. The
UAB was inoculated with a chain-elongating reactor microbiome
adapted to ethanol rich beer fermentation effluent. The UAB was op-
erated at acidic pH of 5.2 with continuous extraction of products by
pertraction. Maximum MCFA productivity of 3.9 g COD/L/d was ob-
tained corresponding to 67% MCFA yield at an organic loading rate of
5.8g COD/L/d of diluted wine lees [114]. The microbiome analysis
revealed that the MCFA production in this study was conducted by the
microbial members of Bacteroides sp., Oscillospira sp. and Clostridium sp.
The typical chain elongating bacterium C. kluyveri was not present in
the microbiome [114]. Scarborough et al., 2018, in a very recently
performed study attempted to incorporate the unfermented carbohy-
drate (mainly xylose) rich part originating from the distillation stage of
a preceding ethanol fermentation process as substrate for MCFA pro-
duction [115]. The ethanol fermentation was conducted by a mutant
strain of Saccharomyces cerevisiae Y128 using pretreated and en-
zymatically hydrolysed switchgrass. Analysis of the fermentation sam-
ples showed that the glucose fraction was almost fully consumed, but
there was significant xylose (47% utilized) remained as unconverted
carbohydrate in the fermenter [115]. Post-fermentation the effluent of
the fermenter was processed in a glass distillation unit for alcohol re-
covery and the bottom product was recovered as the xylose and organic
rich stillage. This stillage was fed to a bioreactor inoculated with sludge
of an acid-phase WWTP. The microbes present in the sludge conducted
mixed culture fermentation of the stillage and produced MCFAs, mainly
caproic and caprylic acids as the end products with productivity values
of 2.6 + 0.3g/L/day and 0.27 * 0.04 g/L/day [115]. Community
analysis of the microbiome of the MCFA reactor identified Lactobacillus,
Pseudoramibacter and Roseburia as the most abundant microbial species
and hence the major of producer MCFA. Based on these results it was
proposed by the investigators that Lactobacillus produced lactate and
acetate by hetero-fermentative conversion of xylose of stillage. After-
wards, the lactate is used as the initial precursor for chain elongation to
the MCFAs by Pseudoramibacter and Roseburia [115]. The liquid effluent
generated after MCFA recovery was processed in an AD unit to biogas.
The biogas, the leftover bio-solids of the AD process and lignin residues
generated at any point of the process was converted to heat and elec-
tricity using a CHP unit. The economic analysis of this system (gen-
erating ethanol, electricity and MCFAs) indicated that due to the
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Table 5
Special characteristics of pyrolysis process regarding hybridization.
Characteristics Refs.
® Pyro-gas can be used in the syngas platform for bio-alcohol generation. [118]
® Levoglucosan can be converted to glucose and fermented to bio-alcohols. [127,131-135]
® Cellobiosan can be converted to reducing sugars. [136,137]
® Acetic acid can be converted to acetyl-CoA, the central precursor for the production of fatty acids and in turn alcohols by many organisms. [138]
Pyro-char can be used [139-141]|

® as an enhancer of acidogenic step in AD (and IAD processes).
® as a biosorbent in alcohol recovery from bioprocesses
® for soil amendment and hence carbon sequestration

[142143,144]

utilization of the stillage for the MCFA production the minimum
ethanol selling price was 1.76 USD/gallon, which was 18% reduced
price of ethanol (2.15 USD/gallon) obtained from another similar study
(generating ethanol and electricity) which does not recover and use the
stillage [115]. It is expected that integration of these type of SP-CP
hybrids can also be extended to a SP-CP-SyP cascade just by the addi-
tion of a syngas fermentation process either in single or in combination
with the CP stage.

4. Limitations of the present integration strategies for hybrid
platforms

Figs. 2-7 represent different strategies of integrating sugar, car-
boxylate and syngas platforms. The foregoing discussions clearly de-
monstrated the up-to-the-minute status of the hybridization of the
platforms for bioalcohol production from lignocellulosic biomass. The
performance of different hybrid platforms from the perspective of
processes involved, the advantages and the products have been com-
pared, at a glance, in Table 4.

From the review of the current scenario it is revealed that the solid
digestate of the carboxylate platform, proceeding via incomplete AD,
can be used in the sugar platform after enzymatic hydrolysis and
without an energy-intensive pretreatment process. Carboxylate plat-
form can also serve as a complementary process for the syngas platform
and vice-versa for the production of higher alcohols. The hybridization
of the three platforms has been claimed to be one of the best combi-
nations regarding production of bio-alcohols [113]. However, an in-
depth scrutiny further reveals some facts that should also be in-
corporated in future research endeavors attempting hybridization of SP,
CP and SyP. From the analysis of Figs. 27, it is evident that in the CP-
SP combinations, studied so far, only few attempts have been made to
utilize the liquid effluent and solid digestate of the carboxylate plat-
form. The anaerobically pre-treated digestate can be used as a source of
simple sugar and the liquid product of this process can act as precursors
for butanol in a subsequent sugar platform, other than ethanol pro-
duction. In case of SyP-CP and SyP-CP-SyP combinations, most of the
previous studies have been focused on simulated systems where the
starting points of SyP-CP are syngas and bioreactor-ready medium
containing externally added carboxylic acid [30,113]. In fact, when
complex lignocellulosic compounds are to be handled in reality, even in
these attractive combinations there will be generation of digestate in
the carboxylate platform and ash in the syngas platform, if gasification
is used as the thermochemical process. Although the synergistic in-
tegrations of AD and pyrolysis (PY) in the form of AD-PY, PY-AD and
AD-PY-AD have been successfully studied for the generation of biogas,
no attempt has been made to incorporate these for bio-alcohol gen-
eration [89,116,117]. However, pyrolysis processes can be in-
corporated in the syngas platform in place of gasification [118]. Besides
the utilization of pyrogas in the syngas platform, other products of
pyrolysis, namely, pyro-liquid and pyro-char can also be incorporated
in the sugar and carboxylate platforms respectively leading to a hybrid
system with zero effluent. The interesting characteristics of pyrolysis
along with the general definition of the process are provided in the
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following section.

5. Special characteristics of pyrolysis and its prospective role in
hybrid platforms

Pyrolysis is a thermochemical process popularly used to effectively
convert lignocellulosic biomass to pyro-oil, pyro-gas and pyro-char in
the temperature range of 300-900 °C [13,119-122]. While cellulose
and hemicellulose are converted to anhydrous-sugars, namely, le-
voglucosan, cellobiosan etc. and acetic acid, respectively, lignin is
converted to phenols and other aromatic compounds and char is pro-
duced constituting unconverted solid fractions [123-127]. Some recent
studies show high yields of pyro-gas (27.8-34.8% (w/w), pyro-oil
(31-53.5% (w/w)) and pyro-char (18.7-34.2% (w/w)) during pyrolysis
of lignocellulosic agro-waste (rice straw and sugarcane bagasse) and
forest wastes (pine wood) [128-130]. The sugars and acids appear in
the aqueous phase of pyro-oil. The pyro-gas is mainly constituted of CO,
CO, and Hy, closely resembling the syngas [118]. Some special char-
acteristics of the pyrolysis process have been tabulated (Table 5) and
assessed to judge its suitability to be employed as a candidate process of
a hybrid platform for bio-alcohol production.

From Table 5, it can be inferred that PY can be incorporated in the
integration efforts, which will fulfill the zero-effluent criterion of a
circular economy [145,146]. By incorporation of PY, besides the
syngas, anhydrous sugars and acetic acid in the aqueous pyro-liquid
(APL) can be fermented to alcohol using potential microorganism,
while biochar and the non-aqueous phase of bio-oil can be obtained as
valuable by-products in conventional ways [127-142]. Although it has
been identified by many researchers that pyrolysis can serve as a po-
tential process for the generation of intermediates, namely, sugar,
syngas and carboxylic acid for SP, SyP and CP respectively, information
on its incorporation in hybridization is not available. In one patent
(US20120073199A) a low temperature long residence time pyrolysis
process was claimed to convert high-lignin LCB to pyro-liquid, which
can be fermented to bio-ethanol using yeast [147]. The Table 6 provides
some reported facts on conversion of APL, obtained from fast pyrolysis
of biomass to bioethanol.

It is clearly indicated that the anhydro-sugar, namely levoglucosan
present in APL is converted, either directly or indirectly via hydrolysis
to glucose and ultimately to ethanol. It is thus expected that the en-
richment of levoglucosan in APL is directly related to increase in al-
cohol yield. A recent research article on pyrolysis of oak wood suggests
that low concentration oxygen in the sweeping gas leads to higher yield
of hydrolysable sugar [149]. It was recommended that the AD of pyro-
liquid for the generation of biogas could be another option for produ-
cing biomethane as the biofuel [147]. Some studies also suggest that
biochar obtained through pyrolysis enhances the yield of ethanol
during fermentation of syngas [150]. The addition of biochar is bene-
ficial during the chain elongation reaction using ethanol and. acetic
acid. Biochar has been reported to enhance the yield of caproic acid up
to 21.1 g/L in comparison to 14.4 g/L obtained for control in absence of
biochar [151]. Although there is also a scope for the co-fermentation of
carboxylic acid (mainly acetic acid) present in the aqueous part of pyro-
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Table 6
Production of ethanol from levoglucosan (LG) of LCB-derived pyro-oil.
LCB feedstock And Pyrolysis LG content of pyro-oil %(w/w) and APL (g/L) used for LG to Glucose Microorganism Ethanol yield Ref.
Temperature Pretreatment/direct fermentation %(w/w)
Red oak 2.8 NA* E. coli KO11 + Igk 0.235g/g LG [126,131]
500°C 36 = 1g/L 0.65 = 0.08 g/L
Scots pine 7.8 216 S. cerevisiae T2 0.46 g/g glucose  [132,148]
450-500°C 87¢g/L
Waste cotton cellulose 43 166** S. cerevisiae 2.399  0.45g/g glucose  [133]
400°C 104.3 g/L*** 16.1g/L
Z. mobilis 10,232 0.44 g/g glucose
1.8g/L
Pichia sp. YZ-1 0.42 g/g glucose
15.1g/L

* Directly fermented as per description in reference.
** Calculated from corresponding values in reference.
*** Calculated from corresponding value (10.43% (w/w)) in reference.

liquid with pyro-gas, containing mainly CO, H, and CO,, to higher al-
cohols in presence of chain elongating and syngas-fermenting bacteria
either in cascades or in single stage, the invention did not consider this
avenue.

6. Recommendations

Although, hybridization of platforms for bio-alcohol production
from LCB seems to be a very captivating research field in recent times, it
involves challenges of biochemical reaction kinetics, complex mixed
microbial systems, reactor design with efficient process control strate-
gies, thermochemical reactions, mass transfer limitations, recycling of
enzymes and catalysts, product recovery, utilization of bio-alcohols in
engines either solely or as drop-in fuels, economic viability, energy and
environmental sustainability, and hence entails an interdisciplinary
approach.

Analyzing the combination of different platforms for bio-alcohol
production from a holistic approach, the incorporation of the following
research objectives can be useful in upgrading the present status:

e Coupling of platforms for the utilization of wastes from all in-
dividual platforms in as many ways as possible.

e Ensuring implementation of zero-waste concepts by incorporating
processes like pyrolysis generating products (char) for carbon se-
questration.

e Enhancing overall energy efficiency by incorporating AD processes
generating biogas from the effluents of all platforms.

e Improvement of each individual platform (sugar, carboxylate and
syngas) from the perspective of microbial and thermochemical re-
action kinetics, better reactor design, mass transfer enhancement
(syngas platform), process/bioprocess control, knowledge on mi-
crobial interactions, re-use of hydrolytic enzymes (sugar platform),
catalyst design (gasification/pyrolysis) for improved gas yield, effi-
cient downstream processing for bio-alcohol recovery.

e Development of microscopic and macroscopic mathematical models,
whatever necessary, from basic material and energy balances to
predict hybrid system performance and facilitation of scaling up.

e Development of process simulation models for the prediction of

performance of large scale units.

Testing of compatibility of bio-alcohols with gasoline engines.

Process performance based life cycle assessment (LCA).

Keeping all these issues in consideration, a research strategy ex-
ploring the possibility of coupling platforms at any stage to generate
bio-alcohols from lignocellulosic biomass with zero effluent is re-
commended from the perspective of economic, environmental and en-
ergy sustainability.

12

6.1. CONVER-B: an advanced model of hybridization of SP-CP-SyP
platforms

The collaborative project CONVER-B (the acronym for the INNO-
INDIGO research project, “Development of efficient biomass conversion
routes for biofuel production and utilisation”) among the present re-
search groups from India, Finland and Germany focuses on the hy-
phenation of the three platforms using this strategy as the blueprint
[152]. It is intended to produce bio-alcohols, particularly higher ones
(butanol, hexanol etc.) simultaneously, with biogas, hydrogen, non-
aqueous pyro-oil and pyro-char as by-products with zero-waste gen-
eration from various agro-wastes as well as distillery waste, silage etc.
Economic viability as well as energy and environmental sustainability
will also be examined along with the proof-of-concept study of usability
of the biofuels in existing gasoline engines. The conceptual framework
of the research scheme ‘CONVER-B’ is represented in Fig. 8.

The scheme of project has been designed in such a manner that most
of the challenges of different hybrid platforms, as discussed in section 4,
can be addresses. Table 7 highlights the strategies of CONVER-B to
address different shortcomings of existing hybrid cascades.

It is expected that the research outcomes of the project can be uti-
lized to develop sustainable alcohol production units on hyphenated
platforms running on various LCB feedstocks having diverse composi-
tion regarding cellulose, hemicellulose and lignin as well as elemental
analysis (C,H,N,O,S). It is clear that although the presence of nitrogen
and sulfur is beneficial for fermentative processes, thermochemical
processing, particularly, gasification of LCBs rich in S and N is expected
to generate SOx and NOyx. While high moisture content is a must for
biochemical processing, thermochemical processes become en-
ergetically inefficient when wet biomass is to be handled. The project is
aimed to follow a zero-effluent criterion as each waste biomass can be
converted by the best-suited approach within the overall combined
process. Implementation of the research outcomes will be particularly
useful for making the energy balance of rural regions of India positive,
i.e., surpassing the consumption of energy by its supply from locally
available agro-wastes and hence for the overall up-gradation of societal
standard of those regions [4]. In Germany, the agricultural biogas
sector is well developed [153,154]. However, the conversion of energy
crops to biogas, which is burned in combined heat and power (CHP)
plants, is economically not viable without subsidies. The implementa-
tion of advanced biorefinery concepts as envisaged in the CONVER-B
approach by re-fitting the existing biogas infrastructure will open up
new perspectives for the biogas sector after feed-in tariffs for biogas-
generated electricity run out, and more sustainable value added chains
can be established in the agricultural sector. As Finland is rich in forest
residues, the implementation of outcomes of CONVER-B will be highly
beneficial from the perspective of establishment of biorefineries in fu-
ture [155].
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Fig. 8. Framework of the CONVER-B research scheme of hybrid platforms producing bio-alcohol from LCBs.

The results from twinned platforms clearly indicate that a mixture of
alcohols would be produced particularly when the carboxylate platform
relying on microbiomes is used [30,156]. Therefore, the assessment of
performance of existing engines with mixtures of alcohols or their
blends with gasoline by experiments and through modeling is crucial
[157-160]. Although recent studies showed that the correlation be-
tween process parameters such as pH, temperature etc. with the dy-
namics of active microorganisms in the mixed consortia or the reactor
microbiome governs the process efficiency of the carboxylate platform,
data in this direction is scarce [161-164]. Since in many cases single
stage arrangements for the integration of different biochemical steps
are used, studies on interactions between microorganisms of different
platforms are essential. Attempts of mathematical and process modeling
of multi-platform systems for the prediction of performance of large
scale installations or life cycle assessment have not yet been made de-
spite their essentiality for future development of sustainable bio-alcohol
units based on lignocellulosic waste. Therefore, future research should
address these shortcomings.

7. Conclusions

C-5 and C-6 carbohydrates, carboxylic acids and syngas are im-
portant precursor compounds which are ultimately converted to bio-
alcohols in three popular pathways, namely, sugar, carboxylate and
syngas platforms. As all the platforms involve some technical loopholes,
the research studies on the hybridization of any two or all three of the
platforms are gaining interest. The present article focuses on the ana-
lysis of pros and cons of each platform along with the review of the

Table 7
Challenges of hybrid platforms and addressing strategies in CONVER-B scheme.

present state-of-art of the hybrid platforms for the first time. It is re-
vealed that higher alcohols can be generated by the combination of
syngas and carboxylate platforms through the utilization of reducing
and chain elongating properties of microorganisms present in the
former and latter ones respectively. It has been identified that the
correlation between process parameters such as pH, temperature etc.
with the dynamics of active microorganisms in the mixed consortia or
the reactor microbiome governs the process efficiency of the carbox-
ylate platform, and hence in the hybrid platform. Pyrolysis has been
earmarked as a potential process to be used in syngas, sugar and car-
boxylate platforms simultaneously. From the thorough analysis of the
present status of hybrid platforms important objectives for future re-
search studies in this area have been presented. Ultimately the blue-
print of research project, CONVER-B, an INDO-EU project taking care of
all aspects of hybridization of SP, CP and SyP pathways for the gen-
eration of bio-alcohols from lignocellulosic wastes ensuring zero ef-
fluent has been highlighted.

Declaration of Competing Interest
The authors declare that they have no known competing financial

interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgement

The corresponding author sincerely acknowledges DST, India for
funding the INNO-INDIGO Research project CONVER-B (Sanction Ref.

Platform Challenges Addressing Strategy in CONVER-B
CP-SP-1 Unutilized VFA-rich liquid stream from IAD Chain elongation of VFA to MCFA by combining with SyP
Unutilized Lignin-rich solid from enzyme hydrolysis step Pyrolysis/gasification of lignin stream and utilization of syngas and aqueous part
of pyro liquid in SyP and SP respectively.
CP-SP-II Unutilized digestate of IAD process Digestate of IAD is converted to biogas in an anaerobic digester

Unutilized Lignin-rich solid from enzyme hydrolysis step

Single stage
SyP-CP Microbial interaction (commensalism, mutualism etc.)
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This study assessed the energy and environmental impacts in terms of second-generation (2G) bioethanol pro-
duction, renewable electricity generation and greenhouse gas (GHG) emissions reduction potential of surplus rice
straw (SRS) in India. National rice production database, and standard procedures for life cycle assessment of rice
straw to 2G bioethanol production using two different pretreatment technologies namely, dilute acid (DA) and
steam explosion (SE) pretreatments were explored for the analysis. Two scenarios (benchmark and resource-
efficient) were constructed to evaluate the availability of SRS and to determine the potential from 2020 to 21
to 2030-31. Under benchmark for the year 2030-31, the potential from SRS using DA and SE pretreatment
methods for the production of 2G bioethanol and the surplus renewable electricity generation were estimated to
be 10,547 and 11,165 million L; and 5295 and 6928 GWh, respectively, and the corresponding GHG emissions
reduction potential were assessed to be 11,954 and 14,375 kt COqeq., respectively while generated renewable
electricity replaces crude oil-driven grid electricity, and 11,498 and 14,498 kt COzeq., respectively while
generated renewable electricity replaces coal-driven grid electricity. The study revealed that both the availability

of SRS and the choice of pretreatment method play decisive roles in the determination of its potential.

Introduction

Globally, biofuels have gained interest in recent years for their
enormous potential to mitigate the burgeoning gap between energy
demand and supply, avoid carbon dioxide (CO3) emissions associated
with the prolific use of petro-fuels, and improve energy security and
sustainability [1]. Liquid biofuels are particularly suitable for the
transport sector both from the perspective of environmental and eco-
nomic benefits and to enhance national energy security and interna-
tional stability by reducing risks associated with overdependence on
fossil fuel imports. The use of liquid biofuels to replace gasoline, diesel
and jet fuel has been strongly emphasized in the Kyoto Protocols and
Paris Agreement. The diversification of types and sources of biofuels has
become a critical energy issue in many developed and developing
countries, due to environmental and energy policies that promote sus-
tainable development [2].

Bioethanol is one of the most common liquid biofuels and is used as
an alternative to transport fuel in the USA, Brazil, and many other
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countries. Presently, most of the commercial bioethanol is produced
primarily from edible food crops, such as grains, sugarcane, and vege-
table waste [3]. The production of this first-generation (1G) bioethanol
has been increasingly questioned, over the critical concerns about food
versus fuel competition. The increasing criticism around the sustain-
ability of 1G bioethanol production systems has focused the attention on
the development of processes for second-generation (2G) bioethanol
from diverse lignocellulosic biomass (LCB) resources [4,5]. LCBs can be
obtained as crop residues, non-edible agricultural crops, dedicated en-
ergy crops, forest residues, woody biomass, and municipal waste ma-
terials. They are almost evenly distributed globally and appear to be key
resources to ensure a continuous supply of renewable feedstock for 2G
bioethanol production [6]. In comparison to other fuels, the production
of 2G bioethanol from LCBs has a lower greenhouse gas (GHG) emissions
during the life cycle [7]. Biofuel production from biomass mainly in-
volves four types of conversion technologies: thermal (use of heat with
or without the presence of oxygen to convert biomass into forms of
energy by direct combustion, pyrolysis, torrefaction process, etc.);
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thermochemical (application of heat and chemical processes to convert
biomass into forms of energy by gasification, liquefaction, carbox-
ylolysis, syngas process, etc.); chemical (use of chemical agents to
convert biomass into forms of energy by transesterification, catalytic
conversion, etc.); and biochemical (use of enzymes, bacteria or other
microorganisms to convert biomass into forms of energy by anaerobic
digestion, methanogenesis, anaerobic fermentation, etc.) [8-13]. How-
ever, biomass conversion to cellulosic ethanol production mainly in-
volves two platforms i.e. sugar platform (through biochemical
conversion routes) and syngas platform (through thermochemical con-
version routes) [14].

Growing energy demands, coupled with a limited supply of petro-
fuels, the geo-politics of oil and environmental concerns have
compelled India to seek different options for renewable and sustainable
energy. Because of the dominance of the agricultural sector in India,
biofuel generation from agro-wastes is one of the country’s main areas
for upcoming renewable energy programs [15]. For developing coun-
tries like India, the promotion of biofuels is associated with multiple
goals, including the enhancement of energy security, increasing local
investment, new job creation, rural development and the reclamation of
degraded and waste lands [16]. The government of India introduced its
Ethanol-Blended Petrol Programme (EBPP) in 2003 and its “National
Policy on Biofuels” in 2018. Both policies are directed toward the
development of 1G bioethanol from glucose-rich feedstocks (e.g., sugar
cane, sugar beet, sweet sorghum) and from starch-rich corn, cassava,
etc.; 2G bioethanol from LCBs (e.g., straw, bagasse, other crop residues,
wood waste and forest residues); 3-G bioethanol from algae and bio-
diesel from vegetable oils (both edible and non-edible) and animal fat
[17]. An indicative blending target was set: 5 % ethanol to petroleum
fuels by 2012. This was subsequently raised to 10 % by 2017 and to 20 %
after 2017 [18]. Currently, sugarcane molasses is one of the main
sources of feedstock for producing bioethanol in India. However,
because of slow growth in area and yield of sugarcane together with
other competing usages of sugarcane molasses such as in pharmaceuti-
cals and food industry — it seems not to be possible to produce bioethanol
sustainably to meet the EBPP national blending targets [19]. A sensitive
analysis on sugarcane molasses-based bioethanol production system in
the country showed that the current production system is neither
economically viable nor sustainable with available technology [19].
Therefore, it is imperative to focus on production of 2G-bioethanol from
diverse feedstock like agricultural crop residues and other LCBs. Many
developing countries have already made plans to reduce emissions by
using bioethanol as an alternative transportation fuel to gasoline. India
poses a daunting challenge to achieve its nationally determined contri-
butions targets. The country must promote the production and use of
alternative liquid biofuels to achieve its EBPP targets, and to reduce its
dependence on imports to meet its energy requirements.

Rice is a short-lived, water-loving crop that grows in a wide range of
semi-aquatic (irrigated or rainfed) environments (i.e., lowland to up-
land). It takes around 3-6 months to grow from seeds to mature plants,
depending on the variety and environmental conditions. Rice straw (RS)
is obtained as a post-harvesting residue during rice processing, which is
recognized as one of the most abundant LCBs in the world. The struc-
tural composition of RS mainly constitutes cellulose (35-40 %), hemi-
cellulose (17-25 %), lignin (10-20 %), silica (8-15 %) and a significant
amount of extractives (12 %) [20,21]. The cellulose and hemicellulose
fractions of RS can be converted through pretreatment and enzymatic
hydrolysis processes, respectively, to pentose (xylose, arabinose) and
hexose (glucose) sugars, and thereafter, these can be further fermented
into ethanol [22]. In addition, the residual lignin and extractives can be
utilized for the generation of heat and electricity and can be coupled
with bioethanol production processes in a RS-based biorefinery plant
[23-25]. A life cycle assessment (LCA) study indicates that the conver-
sion of RS to 2G bioethanol and biogas through the biochemical pathway
produces the highest environmental sustainability in terms of reduction
of GHG emissions and resource depletion potentials in comparison to
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other conversion routes, namely, direct combustion for electricity,
production of biofertilizer and thermochemical conversion to dimethyl
ether while environmental performance is taken into account [26]. As
such, the conversion of RS to 2G bioethanol production seems very
attractive. RS has gained considerable interest, amongst many rice
producing countries, for the production of renewable energy (e.g., in the
form of bioethanol, heat and electricity) and GHG emissions reduction.
However, there is a lack of understanding related to the amount of RS
that is accessible as feedstock in the long-term, as well as its potential for
renewable energy and its environmental impacts at local to national
level. These gaps in understanding are recognized as the major hin-
drances to the development and scaling up of RS-based bioethanol
production in India.

Rice is the staple crop of India, where it is consumed daily by hun-
dreds of millions of people. The country is not only a leading consumer
of rice; it is also the second largest rice producing country, after China.
About 44 million ha of land is used for the cultivation of rice in India.
This produces about 157 million tons (MT) of rice grain, leaving about
157-236 MT of RS annually [25]. In India, the most common practice for
the management of RS is to leave a large proportion as surplus rice straw
(SRS), either at the farmyard and/or at the cultivated land site. Often
these are frequently burnt to make the land ready for the next crop cycle.
Considering the colossal availability, sustainable supply, and viability of
the feedstock, and in need of 2G-bioethanol production in India - rice
straw appears a promising and potential candidate for producing 2G
bioethanol [27]. The utilization of SRS for 2G bioethanol production
through biorefinery is encouraged since the process could enhance en-
ergy security, contribute to achieve EBPP targets and meet increasing
transport fuel demands, reduce environmental pollution, and improve
the rural economy. Although in India, several studies have focused on
the prospect of utilizing crop residues for 2G bioethanol production,
most of these studies have mainly concentrated on the technological
aspects (i.e., energy conversion pathways) [28]. Only a few studies
[29,30] have put attention on evaluating the environmental impacts. A
detailed quantification of the potential of SRS regarding energy (i.e., in
terms of 2G bioethanol and renewable electricity) production and
environmental impacts (i.e., in term of COzeq. emissions reduction) at
the state or national level is still absent. Thus, the present study con-
centrates on a national-level overview of the availability of SRS (as
feedstock) in India under two supply scenarios (i.e., benchmark and
resource-efficient) along with the quantification of its potential for 2G
bioethanol production, renewable electricity generation and reduction
of GHG emissions, from the perspective of a biofuels transition in India.
This research is the first ever to undertake a comprehensive impact
assessment of SRS for energy and environmental benefits in India. The
study adopted novel methodological approaches to present its findings.
A state-level assessment was undertaken, to consider the twelve major
rice producing states of India. The study explored a rice production
database, and standard procedures for the LCA of rice straw conversion
process to bioethanol production using two pretreatment technologies i.
e., dilute acid (DA) and steam explosion (SE) pretreatments, and for
GHG emissions calculations. This paper also focuses on the availability
of SRS and their utilization potential up to the year 2030-31, as well as
on the trade-offs involved in the commercialization of a rice straw-based
2G bioethanol biorefinery plant through an intensive literature review.
It is expected that this study will act as an aid to policy makers, energy
entrepreneurs, investors, scientific communities, governmental organi-
zations, non-governmental organizations, international organizations,
and other relevant stakeholders in the development of a RS-based 2G
bioethanol biorefinery plant in India.

Methodology
Collection and analysis of rice production data

The data for the study were collected via field visits and database
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enquiries. Preliminary rice production data were gathered from the
archive of literatures available online and by exploring several national
agricultural databases (www.agricoop.nic.in & http://eands.dacnet.nic.
in) available from the Indian government’s Department of Agriculture,
Cooperation & Farmers Welfare (DAC & FW) and Ministry of Agriculture
& Farmers Welfare [31]. Physical field observation was also carried out
in some of the states. The National rice production statistics for the year
1950-51 to 2018-19 were reviewed, and the latest eight years (2011-12
to 2018-19) rice production statistics in twelve major rice producing
Indian states were explored and used for future data projections. Stan-
dard methods were followed to predict rice straw production in future
years [32,33].

Terminologies used in defining crop residues and their potential

Crop residues are non-edible organic materials that can be catego-
rized into two groups: 1) crop residues and 2) agricultural industrial
residues. Crop residues are plant materials that are either generated
during harvesting or co-produced during processing. Agricultural in-
dustrial residues are generated as by-products after the post-harvest
processing of crops i.e., cleaning, delisting, sieving, crushing, and mill-
ing. The major Indian crop residues are available as straw, husk,
bagasse, leaves, pods, press cakes, shells, stalk, peels, pseudo-stems,
piths, etc. The total energy potential of the major Indian agro-residues
has been reported, based on their annual availability and the higher
heating values of the different residues [34]. The potential of crop res-
idues for biofuel generation can be classified into three groups: theo-
retical potential, available potential, and economic potential [35].
Theoretical potential is assessed by including all the produced crop
residues. Available potential is a subset of theoretical, which considers
only those crop residues that are available. Economic potential is a
subset of available potential and refers to the part of said available po-
tential that meets the criteria of economic profitability within a given
framework. This study has applied available potential in the estimation of
SRS as feedstock for 2G bioethanol production and renewable electricity
generation.

Determination of gross rice straw and surplus rice straw

Rice straw is the non-edible parts of the rice crop plant and consti-
tutes the largest portion by weight. It is traditionally collected during
rice harvesting as a biproduct. The quantity of RS is dependent on the
variety, cultivation methods, environmental conditions, harvesting
methods and height of the stem cutting. Typically, the generation of
gross rice straw (GRS) is directly proportional to the amount of rice
production and the straw to grain ratio (SGR). The SGR of a rice crop
differs according to variety, environmental conditions, cultivation
practices and technological inputs. The SGR value ranges between 1 and
1.5 [4]. However, a typical representative SGR value of 1.5 has been
reported by several researchers for Indian rice [36,37]. This signifies
that, in India, 1.5 kg of straw is generated per 1 kg of rice grain pro-
duced. We thus have considered and used the SGR value of 1.5
throughout, in our calculations.

The GRS for any state n, can be determined as follows:

GRS(n) = ARP(n)*SGR )

where, GRS (n) = gross production of rice straw in state n in ton, ARP(n)
= annual rice production in state n in ton, SGR = straw to grain ratio. n
= number used for the indexing of a state.

Equation (1) gives only the estimated GRS, which is generated at the
farm level. However, RS generated from farms is used for a wide range of
rural applications, such as ruminant feeding, roof thatching, fuel for
cooking, mulching, poultry litter, mushroom cultivation, and manuring.
Therefore, SRS is calculated after subtracting the portion of GRS utilized
for non-biofuel applications. The availability of SRS depends on
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different factors, such as farm size, rice cultivation area, productivity,
the quantities of RS used for various farm applications and agro-
ecological area.

The coefficient value of SRS to GRS for major rice producing states in
India is reported to be between 0.23 and 0.28 [37,38], with an exception
in some states such as Punjab and Haryana, where large quantities of
SRS are available [15,39]. This means that 230-280 g of rice straw re-
mains as surplus for every kilogram of gross production of rice straw.
The following equation was used to estimate SRS availability:

SRS(n) = GRS(n) x CvGS (2)

where, SRS(n) = surplus rice straw production in state n in ton, CvGS =
coefficient value of gross rice straw to surplus rice straw production.

Nevertheless, the coefficient value of 0.23 is often used for estima-
tion of 2G bioethanol potential from SRS [25,40]. In this study, two
scenarios were constructed using CvGS values of 0.23 (S1), and 0.28 (S5).
Based on the availability of SRS, the scenarios are described as Si:
benchmark, and S,: resource efficient.

In the above calculations, for instances, the determination of GRS,
SGR, SPS and the construction of SRS supply scenarios, we followed
standard methodologies described in few earlier studies [37-42].

Biofuel conversion technologies and system boundary under consideration
of this study

In the present case study, a sugar platform-based conversion of SRS
to bioethanol and renewable electricity has been considered. Typically,
sugar platform-based LCB conversion to bioethanol production involves
four steps: 1) pretreatment that breaks down the structure of the
lignocellulosic matrix, 2) enzymatic hydrolysis that depolymerizes cel-
lulose to glucose by means of cellulolytic enzymes, 3) fermentation that
metabolizes the glucose to ethanol by means of yeast strains and 4)
distillation-rectification-dehydration that separates and purifies the
ethanol to meet the specific fuel form [14]. The process description of
bioethanol production from RS, considered in this study, is shown in
Fig. 1.

Pretreatment is the first and most intensive step that exposes the
cellulose present in the biomass more accessible to enzymes by breaking
the lignin encasing, for rapid conversion of carbohydrate polymers into
fermentable sugars with high yields [43]. Suitable pretreatment
methods, such as DA, SE, alkali, organosolv, ionic liquids, deep eutectic
solvents, liquid hot water and ammonia are commonly used for the
production of RS and other LCBs into cellulosic ethanol [4,28]. How-
ever, this study selectively explored the LCA data available for two
pretreatment methods, i.e., DA and SE, which are used for rice straw-
based cellulosic ethanol production in a pilot biorefinery plant located
at the Indian Oil Corporation Limited (IOCL) in Faridabad, India [29]. In
the LCA, the entire value chains (the cradle to grave) of rice straw to
bioethanol production pathways (i.e., the energy and emissions related
to all inputs including RS harvesting, collection, baling, and trans-
portation; chemicals use, water use, steam generation, and feedstock
conversion processes) were taken into account. The features of the
biorefinery technology, methodological approaches and assumptions,
system boundary and functional unit, process parameters and LCA data
used by Soam et al. [29] were adopted and reproduced for the present
study (Fig. 1 and Table 2.). Moreover, DA and SE pretreatment tech-
nologies were considered for an assessment tool for this study since the
technologies were known to be used very popularly in the conversion of
rice straw to 2G bioethanol production at pilot/demo plants [44,45].

Estimation of bioethanol, renewable electricity and GHG emissions
reduction potential

The study followed an indirect approach to estimate the potential of
SRS for the production of bioethanol, renewable electricity generation,
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Fig. 1. Process description of bioethanol production from rice straw (RS) through biochemical conversion pathway using dilute acid (DA) and steam exploision (SE)
pretreatment methods (reproduced from the information described by Soam et al. [29]).

and GHG (i.e., CO2eq.) emissions reduction. Indeed, the recovery rate of
bioethanol from RS varies with variety of rice plant, quality of RS and
adopted conversion technologies [22,26], however, in our study, we
examined and analyzed the process parameters and LCA data for the
conversion of typical Indian RS to cellulosic ethanol production through
DA and SE pretreatments, enzymatic hydrolysis and fermentation, as
well as the relevant information utilized by Soam et al. [29]. In addition,
the databases of the Ministry of New and Renewable Energy
(https://mnre.gov.in/) were explored, to gather and analyze the infor-
mation on policy, frameworks, and programs regarding current biofuels
development in India. The following series of equations were applied for
the estimations of 2G bioethanol production from SRS through
biochemical conversion pathway using DA and SE pretreatment
technologies:

BET(n) = SRS(n) x BET (ptrs) 3)

where, BET(n) = amount of bioethanol production in state n (in L (litre)/
kg), SRS(n) = surplus rice straw production in state n, and BET (ptrs) =
bioethanol production in L/kg from one ton of typical Indian RS through
the biochemical conversion pathway, using DA and SE as pretreatments.

It is assumed that during the biochemical conversion process of rice
straw to bioethanol - renewable electricity is generated as a co-energy-
product from burning of lignin-rich solids (i.e., from an integrated bio-
refinery system). We estimated the renewable electricity generation by
applying the following equation:

REC(n) = SRS(n) x REC(ptrs) (C))

where, REC(n) = amount of renewable electricity generation in state n in
GWh (gigawatt hour), and REC (ptrs) = renewable electricity generation
(in kWh/GWh) from one ton of RS through the biochemical conversion
pathway, using the DA and SE pretreatments.

The generated renewable electricity is often needed to be adjusted
with the energy inputs for the physio-chemical and the biochemical
processes of rice straw to bioethanol production, as described in Fig. 1.
Hence, the following equation is applied for the estimations of generated
surplus renewable electricity:

SREC(n) = SRS(n) x (REC(ptrs) — GEI(ptrs)) 5)

where, SREC(n) = amount of surplus renewable electricity generation in
state n in GWh, and GEI (ptrs) = grid electricity (in kWh/GWh) input for
processing of a unit ton of RS through the biochemical conversion
pathway, using DA and SE pretreatments, for bioethanol production.
However, to assess the effectiveness in reduction of GHG (i.e.,
CO9eq.) emissions from RS-based 2G bioethanol when it is used as an

alternative fuel replacing gasoline; the following equations were applied
for the calculations:

A=(X-Y)/X (6)

where, A = actual COzeq. reduction rate, X = amount of CO»eq. emis-
sions reduction (kg COseq./kg) when bioethanol is used instead of
gasoline, i.e., CO5 that can be reduced in accordance with the principle
of carbon neutrality (CO2eq. emissions generated during the conversion
process of RS to bioethanol production were not included). Y = the
amount of COseq. emissions (kg CO2eq./kg) produced during the con-
version process of RS to bioethanol production (the emissions from
entire energy inputs during the conversion processes were included).
Taking into account the estimations of CO.eq. reduction rate (i.e.,
equation (6)), the value of X and Y were calculated using the following
equations:

Cvbet
X = Cvg x (l) x EMcvg @
Cvg

where, Cvg = calorific value of gasoline (GJ/kg), Cvbet = calorific value
of bioethanol (GJ/kg), EMcvg = COzeq. emissions (kg COzeq./GJ) per
unit calorific value of gasoline.

Y = ENbp x EMenbp (8)

where ENbp = the amount of energy input (GJ/kg) during the entire
processes of RS to bioethanol production, EMenbp = net COseq. emis-
sions per unit calorific value of energy input (kg CO2eq./GJ) during the
processes of RS to bioethanol production. While calculating the EMenbp,
the credit emissions (i.e., emissions through the replacement of elec-
tricity that is produced either from crude oil or coal by the renewable
electricity produced under the present study) were taken into consid-
erations. The amounts of credit energy (i.e., that is produced through the
biochemical conversion pathway using the DA and SE pretreatments),
the calorific ration of ethanol and input fuel (i.e., either crude oil or
coal), and CO.eq. emissions per unit calorific value of input fuel were
used to determine the credit emissions (for the values see Table 1 and
Table 2).

Indeed, this study applied the carbon neutrality principle, hence the
CO, emissions produced from using of bioethanol were not considered
into the calculations. Thus, the amount of COzeq. emissions that could
be produced from the use of gasoline that would had been considered as
the amount of COyeq. emissions reduction. Yet, the net CO2eq. emissions
reduction rate EMR(r) can be determined by multiplying the values of X
and A, hence, the quantities assessment of COzeq. emissions reduction
potential when bioethanol from SRS is used as an alternative to gasoline
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Table 1
Values of different fuels properties that used in the calculations of this study
[46].

Fuel properties

Type of fuel Density (kg/m%) LHV (MJ/kg) CO,EF (kg/GJ)
Ethanol 789 26.7 -

Gasoline 737 32.7 70.8

Crude oil 856 43.05 73.5

Coal 798 25.75 95.7

N.B. LHV = Lower heating value; CO.EF = CO, emission factor.

Table 2

Values of key LCA data and assumptions for rice straw to bioethanol conversion
process using DA and SE pretreatment technologies that used in the calculations
of this study [24,29,47].

LCA parameters and assumptions Unit DA method SE method
Rice straw (input) ton 1 1

Fossil energy (input) MJ 2660 2471

Grid electricity use kWh 136 146

Net energy use MJ 1736 1378
Bioethanol (output) L 239 253
Generated renewable energy (output) MJ 924 1093
Generated renewable electricity kWh 256 303

(while taking into account the entire LCA, including COy emissions
during the bioethanol production processes) were evaluated using the
equation (9).

EMRP(n) = EMR(r) x BET(n) 9

where, the net COzeq. emissions reduction rate (kg COgeq./kg)
EMR(r) = X x A (i.e., the values of X and A from equations (6) and (7),
respectively), and EMRP (n) = COyeq. emissions reduction potential in
state n in kg CO2eq., when bioethanol from SRS is used as an alternative
fuel to gasoline.

In this study, the calculations of CO5 emissions reduction potential
from the use of SRS-based bioethanol to gasoline were performed in
compliance with the GHG emissions calculation guidelines set by the
Intergovernmental Panel on Climate Change (IPCC) [48]. For additional
information on the methods of GHG emissions reduction calculations,
please see the supporting publications [49,50]. In our calculations,
standard values for basic fuel properties (i.e., calorific value at lower
heating value, density, COy emission factor) of different fuels (i.e.,
ethanol, gasoline, crude oil, coal), and key LCA data and assumptions for
RS to bioethanol production were applied. For the values, see Table 1
and Table 2. Moreover, exploration of available literature was con-
ducted to gather data on status of commercial 2G bioethanol production
from RS and other LCBs. During the implementation of the present
scheme (Fig. 1) of RS to ethanol production, it is recommended to
construct the plant near/adjacent to the site of generation of RS. This
will ensure easy collection and aid to the net environmental impact of
the process in a positive way, due to avoidance of the transportation
using fossil fuels and consequent emission of GHG.

Results and discussion
Statistics of rice production in India

In India, rice is grown as a “Kharif” crop (planting/sowing occurs in
April-June; harvesting in September-October), an “Autumn” crop
(planting/sowing in June-July; harvesting in November-December) and
as a “Rabi” crop (planting/sowing in November-February; harvesting in
March-June). Growing rice has long been and an important part of the
national economy of the country as it is the staple diet of Indians. Be-
tween the fiscal years 1950-51 and 2018-19, the rice cultivation area in
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India increased from 30.81 million ha (Mha) to 43.79 Mha. At the same
time, rice production increased from 20.58 to 116.42 MT. Over the
period, the area of rice cultivated, and the production of rice increased
annually by 0.62 % and 6.85 %, respectively. The irrigated rice culti-
vation area significantly increased from 31.7 % in 1950-51 to about 60
% in 2018-2019. The rice yield level increased from 0.67 ton/ha in
1950-51 to 2.6 ton/ha in 2018-19, which amounts to a massive (288%)
increase. Rice is grown in nearly all states of India, with West Bengal,
Uttar Pradesh, Punjab, Andhra Pradesh, Odisha, Telangana, Chhattis-
garh, and Tamil Nadu being the leading states in terms of annual pro-
duction. Nationally, West Bengal, Uttar Pradesh and Punjab together
accounted for about one-third of the country’s rice cultivation area and
38 % of all national rice production in 2018-19. The national rice yield
rate is about 2576 kg/ha; however, the rates vary widely among the
Indian states. The highest yields occur in Punjab (4132 kg/ha), followed
by Tamil Nadu (3748 kg/ha), Andhra Pradesh (3733 kg/ha), and
Telangana (3436 kg/ha).

From a comparative analysis of rice production data over the past
eight fiscal years (2011-12 to 2018-19), it was revealed that, India
experienced a fluctuation in the annual rice growth rate at the national
level. This varied between —0.7 % in 2012-13 and 5.5 % in 2016-17. At
the state level, there was no uniformity in the annual rice production
growth rate among the states. Similar negative growth rates were also
reported in parts of India by Goyal and Singh [51]. The production trend
indicates that, rice production in India will increase until 2030-31 as a
result from the implementation of governmental policies, frameworks,
and programmes. India has a strong institutional capacity to expand rice
production. Yet high labor costs, the use of low yield varieties, poor
adoption of farming technologies, the low economic status of farmers,
the shifting of rice cultivation land to other land-uses, and climate
change impacts (i.e., erratic rainfall, flash floods, drought) are consid-
ered major constraints to boosting rice production in the country.
Similar types of observations were made by Gupta and Mishra [52].

Estimation of rice straw and surplus rice straw availability

The states of West Bengal, Uttar Pradesh, Punjab, Andhra Pradesh,
Odisha, Telangana, Chhattisgarh, Tamil Nadu, Bihar, Assam, and Har-
yana are hot spots for RS availability. Seasonal variation has an influ-
ence on the availability of RS in many states in India. For instance, RS is
available year-round in West Bengal, Assam, Bihar, Jharkhand, Karna-
taka, Kerala, and Odisha, whereas in states like Telangana, Uttar Pra-
desh, and Uttarakhand—RS is only available in the “Kharif” and “Rabi”
seasons. In some states, such as Punjab, Chhattisgarh, Haryana, Madhya
Pradesh, and Gujarat - it is available only in the “Kharif” season.
Therefore, a robust storage mechanism is required for its year-round use
if its valorization from the perspective of biofuel generation is targeted.
Analysis of the last eight fiscal years of rice production data suggests an
overall increasing trend of RS production in Indian states, with 167.89,
179.88 and 191.86 MT estimated for 2020-21, 2025-26 and 2030-31,
respectively. However, estimated SRS in Indian states for 2020-21,
2025-26 and 2030-31 under the S; scenario were 38.61, 41.37 and
44.13 MT, respectively and under the S, scenarios were 47.01, 50.37
and 53.72 MT, respectively. Estimated SRS availability in major rice
producing states of India under S; and S, scenarios, are shown in Fig. 2.
The analysis revealed that SRS availability under S; was 21.74 % higher
than under S;.

The RS produced after rice grain harvesting has traditionally been
used for a wide range of farm activities, i.e., ruminant feeding, poultry
litter, thatching, mulching, manuring, mushroom production, and
cooking fuels, as well as different commercial activities, such as paper
making, alcohol production, energy, and power generation. The quan-
tity of SRS depends on local demands, as well as on the income attained
by the farmers from collection, processing transportation and sales.
Furthermore, the pattern of RS utilization varies widely amongst regions
in India. For instance, a large proportion of RS in West Bengal and Assam
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Fig. 2. Estimated surplus rice straw (SRS) availability for 2G bioethanol pro-
duction in the major rice producing states of India in the year 2020-21,
2025-26 and 2030-31 under S; (S1) and S, (S2) scenarios (N.B. (WB = West
Bengal, UP = Uttar Pradesh, PB = Punjab, AP = Andhra Pradesh, OD = Odisha,
TS = Telangana, CG = Chhattisgarh, TN = Tamil Nadu, BR = Bihar, AS =
Assam, HR = Haryana, MP = Madhya Pradesh, OS = Other Sates).

is used for farm activities, mainly for cattle feeding and thatching of
cattle sheds. In states like Bihar, Gujarat, Maharashtra where forest re-
sources are not enough - rural people use RS for domestic cooking. In
Punjab, Haryana, and Uttar Pradesh, however, RS is used neither for
cattle feeding nor domestic cooking; it is left as uncollected residue in
the field and burnt in situ. Nevertheless, numerous researchers have
estimated SRS at the state and national levels in India. At the state level,
SRS availability is reported to vary from a minimum of 21 % in Aru-
nachal Pradesh to a maximum of 48 % in Haryana and Punjab. At the
national level, the value of SRS varies from a minimum of 23 % [40] to a
maximum of 33 % [53]. However, the Ministry of New & Renewable
Energy reported that an average of ~ 28 % of crop residues remains as
surplus at the national level. Hence, the SRS fractions used in our study
for the development and projection of scenarios are rational, timely and
consistent with the previous studies.

Concurrently, several studies have reported that a large proportion of
RS is not utilized and is left in the fields after rice grain harvesting and
burnt in situ [53,54]. According to the IPCC, on an average 25 % of total
crop residues in India are burnt on the farm, however, the share of RS to
the total crop residues burnt is about 34 % [53]. Jain et al. [55] have
reported that the fraction of crop residue subjected to burning in situ
ranges from 8 to 80 % for rice crop across all states. The highest (80 %) in
situ RS burning rates occur in Punjab, Haryana, and Himachal Pradesh,
followed by Karnataka (50 %) and Uttar Pradesh (25 %). During
2014-15, about 8.75 and 1.29 MT of RS were burnt in Punjab and
Haryana, respectively [54]. The RS is burnt in situ because farmers opt
for a quick and inexpensive way to manage large quantities of residue
and make the fields ready for the next crop. High labor costs and the
mechanization of harvesting techniques were also observed reasons for
in situ RS burning [56]. The burning of RS has several strong adverse
impacts. For example, it is a source of atmospheric pollutants; it depletes
air quality; it liberates soot particles into the air; it is a cause of health
hazards to humans, animals and birds; and it leads to deterioration in
soil health and fertility at regional and national levels [53]. This un-
sustainable practice also creates adverse environmental impacts that go
far beyond India. To avoid these adverse effects and to take advantage of
the huge volume of RS waste, some studies have suggested that it can
instead be utilized in the bio-energy sector (e.g., production of biogas,
biochar, bioethanol, biobutanol); industrial sector (e.g., manufacture of
paper, composites, building materials); and agriculture sector (e.g.,
production of compost, soil fertilizer, animal feed) [39,53]. In the
context of India, it has been emphasized that the utilization of SRS for
bioethanol production, as a means to prevent the adverse impacts from
RS burning - as well as to enhance energy security; to provide
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alternatives to fossil fuels; to improve the rural economy; and to
contribute to the achievement of national determined contribution
(NDC) goals, national biofuel targets and EBPP targets [17,19]. Taking
into account the huge quantities of unused RS and the adverse impacts of
burning, our study has investigated the utilization of SRS for bioethanol
production and for possible GHG emissions reduction benefits - which
could thus offer an alternative means for the sustainable use of this
waste resource.

Nevertheless, the two scenarios developed in this study, to predict
SRS availability up to 2030-31, were based on a hierarchical order of RS
uses. These scenarios simply highlight the availability of SRS for ethanol
production, regardless of different plausible and consistent assumptions.
Indeed, various assumptions may attribute to the estimation of SRS
under each scenario. For instance, the challenges and uncertainties
related to land-use change, rice cropping patterns, farmers’ willingness,
or unwillingness to cultivate rice, the extent of use of RS for on-farm and
non-farm activities, the success of agriculture and food policy imple-
mentation, and climate change impacts may have significant influence
on crop production and crop residue availability. Similar types of
challenges and uncertainties, related to rice crop production and rice
residue availability in India, have been reported in several studies
[51,52]. Additionally, the fractions applied for the estimation of SRS
under S; and S, were based on the consequences of high (77 %), and
medium (72 %) fractions of RS use for various on-farm and non-farm
activities, which have been endorsed by several studies. Recent studies
[53,54] have emphasized that in states, such as Punjab and Haryana - a
lower amount (20 %) of RS is used for different farm purposes, with the
majority (80 %) left unutilized as waste. However, these are state spe-
cific or case specific and similar situations may not exist in other states.
Hence, the estimations made regarding the availability of SRS, which is
considered a readily available feedstock for bioethanol production and
having consequent GHG emissions reduction potential under the
different scenarios—may apply to average Indian conditions. Moreover,
the availability of SRS was projected to be greatest during 2030-31, due
to high production of rice resulting from the expected continuation of
strategic policy framework implementation and technological develop-
ment of the rice crop. As already mentioned earlier that this will also
lead to generation of increased volume of RS and simultaneously SRS,
due to the directly proportional correlation of rice to RS. Therefore, a
clear and unmistakable hint of enhancement of feedstock potential of
RS/SRS can be noticed regarding the future progress of RS based bio-
ethanol and biorefineries in India, which has been demonstrated in the
following section. In our analysis, the literature reports on strategic
policy framework in rice crop production in India have been used as a
guideline [52,57].

Estimation of bioethanol production potential from surplus rice straw

Our study estimated that, in 2020-21, in Indian states, bioethanol
production from SRS using DA and SE pretreatments could reach 9229
and 9770 ML, respectively, under S;; and 11,235 and 11,893 ML,
respectively, under Sy The analysis has revealed that bioethanol pro-
duction in all scenarios was greater (by 5.86 %) in cases when the SE
pretreatment was used (compared to the DA treatment). By 2025-26,
national bioethanol potential from SRS using DA and SE pre-
treatments—is forecasted to be 9888 and 10,467 ML, respectively, under
S1; and 12,037 and 12,743 ML, respectively, under Sy; and by 2030-31,
would be 10,547 and 11,165 ML, respectively, under S;; and 12,840 and
13,592 ML, respectively, under Sp. Table 3a and Table 3b show the
estimated 2G bioethanol production and surplus renewable electricity
generation from SRS with DA and SE pretreatment methods in the major
rice producing states of India in year 2020-21, 2025-26, and 2030-31
under S; and S, scenario.

Numerous authors have examined the bioethanol yield from RS,
using DA and SE pretreatments. For example, Karimi et al. [58] inves-
tigated ethanol production from DA-pretreated RS by SSF (simultaneous
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Table 3a
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Estimated 2G bioethanol production and surplus renewable electricity generation from surplus rice straw (SRS) with dilute acid (DA) and steam explosion (SE)
pretreatment methods in the major rice producing states of India in year 2020-21, 2025-26, and 2030-31 under S; scenario (Bioethanol production in ML and surplus
renewable electricity generation in GWh).

2020-21 2025-26 2030-31
State DA SE DA SE DA SE

BioE SREC BioE SREC BioE SREC BioE SREC BioE SREC BioE SREC
WB 1299 652 1375 853 1392 699 1473 914 1485 745 1571 975
UP 1158 581 1226 761 1241 623 1313 815 1323 664 1401 869
PB 1004 504 1063 660 1076 540 1139 707 1147 576 1215 754
AP 636 319 673 418 681 342 721 447 726 365 769 477
oD 622 312 659 409 667 335 706 438 711 357 753 467
TS 437 219 462 287 468 235 495 307 499 251 529 328
CG 545 274 577 358 584 293 618 384 623 313 659 409
TN 482 242 511 317 517 259 547 339 551 277 584 362
BR 580 291 614 381 621 312 657 408 662 333 701 435
AS 437 220 463 287 468 235 496 308 500 251 529 328
HR 359 180 380 236 385 193 407 253 410 206 434 270
MP 311 156 329 204 333 167 353 219 356 179 376 234
oS 1359 682 1438 893 1456 731 1541 956 1553 780 1644 1020
Al 9229 4634 9770 6063 9888 4965 10,467 6495 10,547 5295 11,165 6928

N.B. BioE = Bioethanol; SREC = Surplus Renewable Electricity; Al = All India.

Table 3b

Estimated 2G bioethanol production and surplus renewable electricity generation from surplus rice straw (SRS) with dilute acid (DA) and steam explosion (SE)
pretreatment methods in the major rice producing states of India in year 2020-21, 2025-26, and 2030-31 under S, scenario (Bioethanol production in ML and surplus
renewable electricity generation in GWh).

2020-21 2025-26 2030-31
State DA SE DA SE DA SE

BioE SREC BioE SREC BioE SREC BioE SREC BioE SREC BioE SREC
WB 1581 794 1674 1039 1694 851 1794 1113 1807 907 1913 1187
UpP 1410 708 1492 926 1510 758 1599 992 1611 809 1705 1058
PB 1222 614 1294 803 1310 658 1386 860 1397 701 1479 918
AP 774 389 819 508 829 416 878 545 884 444 936 581
oD 758 380 802 498 812 408 859 533 866 435 916 569
TS 532 267 563 349 570 286 603 374 608 305 643 399
CG 664 333 702 436 711 357 753 467 758 381 803 498
TN 587 295 622 386 629 316 666 413 671 337 710 441
BR 706 354 747 464 756 380 800 497 806 405 854 530
AS 532 267 563 350 570 286 604 375 608 305 644 400
HR 437 220 463 287 468 235 496 308 500 251 529 328
MP 379 190 401 249 406 204 430 267 433 217 458 284
(O] 1654 830 1751 1087 1772 890 1876 1164 1890 949 2001 1242
Al 11,235 5641 11,893 7380 12,037 6044 12,743 7907 12,840 6447 13,592 8434

N.B. BioE = Bioethanol; SREC = Surplus Renewable Electricity; Al = All India.

saccharification and fermentation). They found that 1 kg of RS contains
390 g cellulose, from which the cellulose-driven ethanol production was
208 mL, and the xylose-driven ethanol was 83 mL, with a total ethanol
yield of 291 mL or 291 L from 1 ton of RS. In addition to ethanol, the
study enumerated the yields of other byproducts from 1 kg of RS as:
glycerol (18.7 mg/g), lactic acid (59.4 mg/g), acetic acid (3.4 mg/g) and
pyruvic acid (1.2 mg/g). Lee et al. [44] observed the ethanol yield from
RS using DA pretreatment to be at 0.2 g/g, or 253 L ethanol from 1 ton of
RS. Higher ethanol yields have also been reported by Zhu et al. [59]
where RS was pretreated in a two-step process using DA and sulfome-
thylation reagent and produced approximately 430 mL ethanol and 162
g of lignin residue from 1 kg of RS, or 430 L of ethanol and 162 kg of
lignin from 1 ton of RS. Ethanol yield was reported to be 230 L/dry ton
RS from an integrated bioprocess demonstration facility located in the
Biochemical Engineering Research Center at IIT Delhi with a capacity of
50 L bioethanol per day [60]. Although the DA pretreatment process
seemed to be efficient, economic, and environmental sustainability were
not evaluated. Relatively higher ethanol yields from RS, using SE pre-
treatment, have been reported by several authors. For example, Kami
Delivand et al. [61] found that ethanol yield is about 260 L/ dry ton RS
using lime and DA and SE pretreatments. Meanwhile, Nakamura et al.,

[62] reported an ethanol yield rate from RS (using the SE pretreatment
method) of about 0.32 g/g or 405 L bioethanol/dry ton of RS, with a
recovery rate of 86 % (w/w). A slightly higher theoretical recovery rate
of 420 L bioethanol/dry ton of RS was reported by Zhu et al. [59].
Banoth et al. [63] investigated the optimization of bioethanol produc-
tion using an improved SE pretreatment method and observed an
ethanol yield from RS hydrolysate of 0.44 g/g, with a fermentation ef-
ficiency of 87.03 %. However, Sharma et al. [45] studied the SE pre-
treatment method and the mass balance for higher sugar recovery from
RS. They found that water- and sulfuric acid-assisted SE pretreatments
perform well, producing a total saccharification yield of 81.8 and 77.1
%, respectively, and thereby an enhanced ethanol yield. However, the
trade-offs between the advantages and disadvantages of the processes,
and their applicability for large-scale plants - are still unknown.

As described earlier, cellulose, hemicellulose and lignin are the
major molecular fractions of RS, although variations of these composi-
tions affect the yield of bioethanol production [22]. Cellulose is a
polysaccharide that is composed of d-glucose and can be degraded
chemically or enzymatically into a homopolymer of repeating sugar
units of glucose linked by f-1, 4 glycosidic bonds [64]. Hemicellulose is
also a polysaccharide but is a relatively short and highly branched
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polymer. Unlike cellulose, it is derived from a heterogeneous group of
sugars, mostly composed of d-xylose, d-mannose, d-galactose, 1-arabi-
nose, and 4-O-methyl-d-glucuronic acid. Glucose (sugar containing six
carbons) is produced from cellulose via pretreatment and hydrolysis,
whereas xylose (sugar containing five carbons), arabinose (sugar con-
taining five carbons) and mannose (sugar containing six carbons) are the
main products of pretreatment stage only. These are produced from
hemicellulose via pretreatment [65]. Subsequently, the sugars can be
converted into biofuels (i.e., bioethanol, biobutanol) via fermentation.
Lignin is a cross-linked phenolic polymer (i.e., monolignols that are
aromatic alcohols) and is not composed of carbohydrate (sugar)
monomers. It is hydrophobic in nature and composed of phenylpropenyl
(C9) randomly branched units, mostly a 3-dimensional aromatic poly-
mer of p-hydroxyphenylpropanoid units connected through carbon-
—carbon and carbon-oxygen-carbon bonds. However, in the sugar
platform-based conversion process, bioethanol (as the main product)
is produced through pretreatment, hydrolysis, fermentation, and distil-
lation. Lignin is retained as a residue, which can be used as a source of
heat and electricity generation through combustion [66].

In the sugar platform, pretreatment is an essential step that reduces
RS recalcitrance by altering the interactions of cellulose, hemicellulose,
and lignin. It increases cellulose accessibility, removes lignin-
carbohydrates complexes, reduces cellulose crystallinity, and helps
enhance the susceptibility of the RS substrates to enzymatic actions. It
thereby increases bioethanol yields [67]. Several pretreatment methods
(i.e., dilute acid, alkali, steam explosion, organosolv, AFEX (ammonia
fiber explosion), ionic liquid, fenton and deep eutectic solvents) are
proven to be suitable for the conversion of RS biomass to bioethanol
production. However, the DA and SE pretreatment technologies are the
most popular, due to their low cost, their low (for DA) or zero (for SE)
chemical requirements, and their high recovery of monomeric sugar, for
instance [44,45]. A number of studies [68-70] have also evaluated the
performance of pretreatment technologies for bioethanol production
from RS and other LCBs. However, most of these studies are either at
laboratory scale or contain insufficient data to evaluate the LCA at pilot
scale and/or at a demonstration biorefinery plant. In the context of
India, Soam et al. [29] undertook a LCA of cellulosic ethanol from
baseline data obtained from the IOCL-owned pilot-scale biorefinery
plant at Faridabad. The LCA data provided crucial statistics on the RS to
bioethanol production process in a good-sized biorefinery plant. Hence,
the LCA default values were explored and used in our estimations.

Estimation of renewable electricity and surplus electricity generation
potential from surplus rice straw

Renewable electricity can be generated from RS using a wide range
of technologies that include chemical, biological, electrolytic, photo-
lytic, thermochemical, and biochemical processes. This study has
highlighted the estimation of renewable electricity potential produced
through biochemical conversion of RS to ethanol production. During the
cellulosic ethanol production process, RS-driven hydrolysate mixtures
are processed through fermentation and distillation to recover anhy-
drous ethanol where the lignin rich solids are separated as process by-
products. These solids are mainly composed of lignin, which is subse-
quently transformed into electricity at the energy plant. Electricity is
thus generated from the utilization of the waste lignin fraction. Our
study showed that, in 2020-21, the national potential for renewable
electricity generation from SRS using DA and SE pretreatments could
amount to 9885 and 11,700 GWh, respectively, under S;; and to 12,034
and 14,244 GWh, respectively, under S,. By 2025-26, the nation po-
tential is projected to be 10,591 and 12,536 GWh, respectively, under Sy;
and 12,894 and 15,261 GWh, respectively, under Sy, and by 2030-31, to
be 11,297 and 13,371 GWh, respectively, under S;; and 13,753 and
16,278 GWh, respectively, under S;. However, while taking into account
the amount of grid electricity input for the RS conversion to bioethanol
processes - in the base year 2020-21, the national potential of surplus
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renewable electricity generation from SRS using DA and SE pre-
treatments could amount to 4634 and 6063 GWh, respectively, under Sy;
and to 5641 and 7380 GWh, respectively, under S;. Table 3a and
Table 3b represent the co-generated amount of surplus renewable
electricity generation from SRS with DA and SE pretreatment methods in
the major rice producing states of India in year 2020-21, 2025-26, and
2030-31 under S; and Sy scenario, respectively. Our analysis has
revealed that renewable electricity (18.4 %) and surplus renewable
electricity generation (30.8 %) were optimum, in all scenarios, with the
SE pretreatment method.

Nevertheless, studies evaluating surplus renewable electricity gen-
eration employing bioethanol recovery technologies (i.e., biochemical
conversion method) from RS are scarce. Kazi et al. [47] found that
surplus electricity production from DA pretreatment of LCB to ethanol
production is about 1.07 kWh/L ethanol. Meanwhile, Kumar and Mur-
thy [24] found surplus electricity production through DA and SE pre-
treatments to be about 0.77 and 1.78 kWh/L ethanol, respectively, with
an efficiency of 30 % of lignin energy to electricity conversion. However,
Soam et al. [29] reported that surplus electricity production through DA
and SE pretreatment of RS from a RS-based ethanol pilot biorefinery
plant was 1.07 and 1.20 kWh/L ethanol, respectively. This has been
explored in our estimation. However, in the process to evaluate the net
renewable electricity credit, several important assumptions should be
considered besides the practical factors. These include renewable elec-
tricity production efficiency from solids, as well as tradeoffs in feedstock
costs, enzymes, pretreatments, downstream processing technologies and
other investment costs associated with the biomass to bioethanol con-
version process. In many cases, the electricity produced from lignocel-
lulosic ethanol plants may lead to a lower electricity credit than the
baseline (i.e., when LCBs is used for electricity production through
thermal conversion) case. Indeed, the electricity produced from ligno-
cellulosic ethanol plants leads to lower net electricity consumption
during the production process due to the counterbalance created
through the ‘consumption-generation’ of electricity. At the same time,
significant electricity benefits are observed when compared to the
electricity consumption and co-generation of electricity by the plant
[23].

Estimation of GHG emissions reduction potential

Bioethanol is one alternative to petroleum’s use as a ‘drop-in’
transportation fuel in existing gasoline vehicles. For use in a vehicle,
ethanol is blended with gasoline to a specific level (i.e., E5 - a mixture of
5 % ethanol by volume; E10 a mixture of 10 % ethanol by volume; E20 -
a mixture of 20 % ethanol by volume). This can offer emissions benefits
regarding vehicular emissions, depending on the vehicle type, engine
calibration and blend level. Our study highlighted the GHG emissions
reduction potential from SRS-derived bioethanol, when used as an
alternative fuel to gasoline. In the base year (2020-21), the emissions
reduction potential in Indian states from the use of SRS-derived bio-
ethanol, using DA and SE pretreatments, would amount to about 10,460
and 12,579 kt COzeq., respectively under S;; and 12,734 and 15,313 kt
CO-9eq., respectively, under Sy when the generated renewable electricity
replaces crude oil-driven grid electricity. In contrast, when the gener-
ated renewable electricity replaces coal-driven grid electricity, the
values are 10,061 and 12,687 kt CO2eq., respectively, under S;; and
12,249 and 15,445 kt COzeq., respectively, under S,. The projected CO4
emissions reduction potential from SRS, through DA and SE pre-
treatments, in India’s major rice producing states for the year 2020-21,
2025-26 and 2030-31 under S; and S5 scenario are shown in Table 4a
and Table 4b, respectively. In comparison to gasoline, the emissions
reduction potential from SRS-derived bioethanol using DA and SE pre-
treatments was 76 and 86.3 % when the generated renewable electricity
replaced crude oil-driven grid electricity; and 73.1 and 87.1 % when the
generated renewable electricity replaced coal-driven grid electricity.
Our analysis reveals that the emissions avoidance potential is greater
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Table 4a
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Estimated carbon dioxide (CO,) emissions reduction potential from surplus rice straw availability (SRS) with dilute acid (DA) and steam explosion (SE) methods in the
major rice producing states in India in 2020-21, 2025-26, and 2030-31 under S; scenario (Emissions in kt CO, eq.).

2020-21 2025-26 2030-31

State E}(DA) E!(SE) E%(DA) E%(SE) E}(DA) E!(SE) E2(DA) E2(SE) E}(DA) E(SE) E2(DA) E2(SE)
WB 1472 1771 1416 1786 1577 1897 1517 1913 1683 2023 1618 2041
UP 1312 1578 1262 1592 1406 1691 1352 1705 1500 1804 1443 1819
PB 1138 1368 1095 1380 1219 1466 1173 1479 1300 1564 1251 1577
AP 720 866 693 874 772 928 742 936 823 990 792 999
oD 705 848 678 855 756 909 727 917 806 969 775 978
TS 495 595 476 601 531 638 510 643 566 681 544 686
cG 618 743 594 749 662 796 637 803 706 849 679 856
N 547 657 526 663 586 704 563 710 625 751 601 758
BR 657 790 632 797 704 846 677 854 751 903 722 911
AS 496 596 477 601 531 639 511 644 566 681 545 687
HR 407 490 392 494 436 524 420 529 465 559 447 564
MP 353 424 339 428 378 454 363 458 403 485 388 489
0s 1540 1852 1481 1868 1650 1984 1587 2001 1760 2116 1693 2134
Al 10,460 12,579 10,061 12,687 11,207 13,477 10,780 13,593 11,954 14,375 11,498 14,498

N.B. E! = Emissions reduction potential from SRS by using ethanol instead of gasoline when the generated renewable electricity replaces crude oil-driven grid
electricity; E2 = Emissions reduction potential from SRS by using ethanol instead of gasoline when the generated renewable electricity replaces coal-driven grid

electricity.

Table 4b

Estimated carbon dioxide (CO5) emissions reduction potential from surplus rice straw availability (SRS) with dilute acid (DA) and steam explosion (SE) methods in the
major rice producing states in India in in 2020-21, 2025-26, and 2030-31 under S, scenario (Emissions in kt CO, eq.).

2020-21 2025-26 2030-31

State E'(DA) E'(SE) E2(DA) E(SE) E'(DA) E'(SE) E%(DA) E(SE) E'(DA) E'(SE) E%(DA) E(SE)
WB 1792 2155 1724 2174 1920 2309 1847 2329 2048 2463 1970 2484
03 1598 1921 1537 1938 1712 2058 1646 2076 1826 2196 1756 2214
PB 1385 1666 1333 1680 1484 1785 1428 1800 1583 1904 1523 1920
AP 877 1055 844 1064 940 1130 904 1140 1002 1205 964 1216
oD 859 1033 826 1041 920 1106 885 1116 981 1180 944 1190
TS 603 725 580 731 646 777 621 783 689 828 663 836
CG 752 904 723 912 806 969 775 977 859 1034 827 1042
TN 666 800 640 807 713 858 686 865 761 915 732 923
BR 800 962 769 970 857 1030 824 1039 914 1099 879 1108
AS 603 726 580 732 646 777 622 784 689 829 663 836
HR 496 596 477 601 531 639 511 644 566 681 545 687
MP 429 516 413 521 460 553 442 558 491 590 472 595
0S 1875 2254 1803 2274 2009 2415 1932 2436 2142 2576 2061 2598
Al 12,734 15,313 12,249 15,445 13,643 16,407 13,123 16,547 14,552 17,500 13,998 17,650

N.B. E! = Emissions reduction potential from SRS by using ethanol instead of gasoline when the generated renewable electricity replaces crude oil-driven grid
electricity; E? = Emissions reduction potential from SRS by using ethanol instead of gasoline when the generated renewable electricity replaces coal-driven grid

electricity.

with SE pretreatment than with DA pretreatment by 20.3 and 26.1 %,
respectively when the generated renewable electricity replaces crude
oil-driven grid electricity and coal-driven grid electricity. The reasons
might be due to lower requirements of chemicals and net energy input,
and higher amount of energy production (in the form of bioethanol as
the major product) during RS conversion process of RS in SE pretreat-
ment - compared to DA pretreatment. Furthermore, the projection data
has revealed that, by 2030-31, the emissions reduction potential from
the alternative use of SRS-derived bioethanol to gasoline can reach
14,375 and 17,500 kt CO»eq. under S, and Sy, respectively, when the
SRS is processed using SE pretreatment and the generated renewable
electricity from the biorefinery plant replaces crude oil-driven elec-
tricity; while the values would reach at 14,498 and 17,650 kt COzeq.
under S3, and Sy, respectively, when the generated renewable electricity
replaces coal-driven electricity - indicated that the SE pretreatment
maximizes the emissions reduction potential while the generated elec-
tricity replaces coal-driven grid electricity.

Indeed, detailed studies on LCA to analyze the energy potential and
environmental impacts of lignocellulosic-based power and 2G bio-
ethanol production technologies are scarce, only a few [27,29] have
focused on the LCA of 2G bioethanol obtained from RS. The environ-
mental aspects mainly deal with GHG emissions during the entire

process of bioethanol production and its use as an alternative fuel to
gasoline in the transport sector. Nevertheless, various factors such as the
method use in cellulosic ethanol production (especially the pretreatment
process), the hydrolysis and fermentation processes, and varying system
boundaries exhibit impact on the ethanol production [24]. As such, the
variability in factors produces a range of results in different ethanol LCA
studies. For example, a study from Thailand showed that the net GHG
emissions reduction potential from RS-based bioethanol option (24 ML
capacity) and electricity option (10 MWh capacity) would be 504 and
447 kg CO9eq./dry ton of RS, respectively [61]. This indicated that RS-
based bioethanol option offers comparatively greater GHG emissions
reduction potential than the electricity option. The underlying reason
might be, during the biochemical conversion process of RS - the unused
lignin-rich solids are burnt to produce electricity that compensates for
energy consumption and, thereby, lowers net GHG emissions from the
biorefinery plant itself. A contemporary study from Japan revealed that
the alternative use of RS-based bioethanol (versus gasoline) can provide
a net emissions reduction of 1.69 kg COzeq./L bioethanol or 1690 kg
CO.eq./m> bioethanol, when RS is processed through an intensive RT-
CaCCO process [71]. The study indicated that the biochemical conver-
sion pathway of RS to bioethanol production provides higher environ-
mental benefits. Meanwhile, Silalertruksa and Gheewala [26] made a
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comprehensive LCA study of RS-based bioethanol in a cogeneration
plant in Thailand and they found that the net GHG emissions reduction
potential using DA pretreatment was about 283 kg CO»eq./dry ton of RS.
This accounts for 60 % GHG emissions reduction, compared to con-
ventional gasoline. They concluded that the biochemical conversion of
RS to the bioethanol pathway provides the highest environmental ben-
efits, in terms of emissions reduction and resource depletion.

Soam et al. [29] examined the LCA data from a pilot study at a RS-
based bioethanol plant in India and reported that the use of RS-driven
bioethanol (E100) instead of gasoline has enormous environmental
benefits, regarding emissions reduction and environmental sustainabil-
ity. They found that bioethanol production from RS with DA and SE
pretreatments provides a net emission reduction of 77 % and 89 %,
respectively, compared to gasoline. This is consistent with the findings
in our study. This GHG performance of RS-based 2G bioethanol pro-
duction complies with the binding criteria for saving a minimum of 60 %
and 71 % GHG emissions (compared to gasoline), as set by the US EPA
(US EPA 2018) and the EU-RES Directives, respectively. In the context of
India, guidelines, methods, procedures, and protocols for the standard
quality and GHG performance criteria of ethanol and other biofuels are
currently being defined. However, the Bureau of Indian Standards (BIS)
has evolved a standard (IS-15607) for biodiesel (B 100). Likewise, it has
adopted the American Standard ASTM D-6751 and European Standard
EN-14214, which describe the requirements and test methods for bio-
diesel blends.

Trade-offs on commercialization of straw-based 2G bioethanol production
and relevance to India

The 2G-bioethanol production from LCBs through biochemical con-
version route is known to reach the maturity stage. The technology is
gaining considerable interest for commercial applications [72]. Avail-
able data showed that until the end of 2015, some 69 existing and 21
proposed cellulosic ethanol plants with an annual capacity of 1390 and
1747 million L, respectively were confined across the world, which are
mainly concentrated in EU countries, USA, Canada, Brazil, and China
[73]. The existing cellulosic ethanol plants are known to operate for
producing 2G bioethanol from LCBs either at demo level or at full-scale
commercial level. Indeed, the projects and plants in those countries vary
significantly in their technological approaches and feedstocks used to
deploy 2G-bioethanol production facilities. Straws are largely used as
the main feedstock in many of the existing plants. The Beta Renewables
in Crescentino Biorefinery, Italy is the world’s first commercial-scale 2G-
bioethanol plant that processes about 200 000 tons of dry residue
biomass (mainly wheat straw, RS, and giant reed) to produce 40,000
tons of 2G-bioethanol and 13 MWh of renewable electricity annually.
The Clariant-sunliquid in Munich, Germany; the Inbicon in Kalundborg,
Denmark; and the Abengoa in Salamanca, Spain have developed straw-
based demo level 2G bioethanol plant with an annual capacity of 1.2, 5.4
and 5 million L, respectively. Apart, the Clariant-sunliquid has recently
established a demo straw-based 2G bioethanol plant in southern
Romania with a capacity of 50,000 tons per year. Nonetheless, the USA
poses the top in terms of the number of 2G-bioethanol plants and
installation capacity. The country has 28 existing 2G-bioethanol plants
with an annual capacity of 480 million L. The notable straw-based 2G
bioethanol plants are the INEOS New Planet BioEnergy at Vero Beach,
Florida (capacity 30 million L and 6 MWh renewable electricity per
year), the Poet-DSM Advanced Biofuels LLC at Emmetsburg, Iowa, the
Abengoa Bioenergy Biomass of Kansas LLC located at Hugoton, the
DuPont Cellulosic Ethanol LLC plant at Nevada, lowa and the ZeaChem
Boardman Biorefinery LLC at Broadman, Oregon. Notwithstanding, the
Iogen Corporation located at Ottawa (capacity 2 million L per year), and
the Shell located at Sombra in Ontario are the notable Canadian’s
commercial scale straw-based 2G bioethanol facilities. Yet, China is the
second most country in production of 2G bioethanol from its 12 existing
plants with an annual capacity of 340 million L. The Novozymes,
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Longlive Biotechnology, Shandong Zesheng Biotech, Henan Tianguan
Group, COFCO Zhaodong, Jilin Fuel Alcohol, and Beta Renewables-
Fuyang Bioproject are notable 2G bioethanol facilities where RS is used
as the main feedstock. In January 2020, the Anhui Guozhen and the
Chemtex Chemical Engineering announced to establish a commercial
biorefinery in Fuyang, China with an annual capacity of 50,000 tons 2G
bioethanol from RS and other crop residues using Clariant’s sunli-
quid®cellulosic ethanol technology. However, in India the production of
2G bioethanol from straw and other LCBs is still at its nascent stage.
Until now, only a demo plant has been established at Kashipur in
Uttarakhand where daily about 10 tons of various LCBs (mainly RS,
wheat straw, cotton stalk, corn stover and bagasse) are used to produce
2G bioethanol, yet the techno-economic viability of the plant is
unknown.

Although many countries are producing 2G-bioethanol from straw
and other cellulosic biomasses at different developmental stages, there
are concerns remain about the economic viability of its large-scale
commercial production mainly due to high conversion processing cost
[74]. Studies showed that the high capital investment cost, high pro-
duction and operational costs, lack of market competitiveness, and low-
profit margin were the significant challenges to ensure the economic
viability of a commercial 2G bioethanol plant [75], and in context of
biofuels perspectives in India - these are highly relevance to produce 2G
bioethanol from mainly RS and other crop residues [27,30]. To reduce
the production cost, several considerations are needed to be addressed -
these include collection, transportation, and procurement costs of RS,
conversion processing (i.e., cost for pretreatment, enzymatic hydrolysis,
and microbial fermentation) costs and other operational costs. A study
from Thailand revealed that without governmental biofuels subsidies -
the straw collection cost at a price of $25/ton from a transport distance
beyond 90 km, the utilization of straw for 2G-bioethanol production is
no longer economically feasible [26]. Another study from Japan
revealed that, despite the higher environmental benefit potential of RS-
based bioethanol production, the economic viability of the system is
doubtful unless the innovative technologies along with the renewable
energy policy and stakeholders participation are taken into consider-
ation [71]. Therefore, low costs for straw collection and supply chain
logistics, low operational costs, and governmental subsidies are essential
to promote the economic sustainability of a 2G bioethanol biorefinery
plant. In addition, in-depth studies of novel and efficient conversion
technologies (i.e. efficient pretreatment, enzymatic hydrolysis, fermen-
tation, and separation methods), central and state-level policy (i.e. na-
tional policy on biofuels — 2018, national policy for management of crop
residues etc.) and scheme supports (i.e. ban of burning of paddy straw,
mandatory biofuels blend etc.), introduction of supporting services
(biofuels’ market subsidies, financial supports, tax, duty, levy in-
centives, lending facilities, carbon financing opportunities, investment
facilities, biofuels marketing facilities etc.), development of infrastruc-
ture for biofuels, development of biofuels and biochemicals standards/
certification schemes, institutional and governance arrangements,
ensuring the roles of various stakeholders like private sector, non-
governmental organizations, public agencies, and development of in-
ternational cooperation (i.e. international expert, foreign funds) are
vitally important, to aid in the commercialization of a RS-based bio-
ethanol production in India. In the meantime, our study has drawn an
empirical picture of the potential of SRS-based 2G bioethanol produc-
tion and GHG emissions reduction in India’s major rice producing states.
This potential could be attractive for policy makers, investors, bioenergy
research community, and other stakeholders—and may accelerate the
development of commercial 2G bioethanol production from this abun-
dant bio-resource in India and other rice producing countries in the near
future.

Conclusions

The present study has estimated SRS and assessed the energy and
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environmental impacts in terms of 2G bioethanol production, renewable
electricity generation and GHG emissions reduction potential consid-
ering the major rice producing states of India. Nationally, an estimated
amount of 168 MT gross RS is produced of which about 39 to 47 MT
(23-28 %) of rice straw is available as surplus. West Bengal, Uttar Pra-
desh, Punjab, Andhra Pradesh, Odisha, Telangana, Chhattisgarh, Assam,
and Tamil Nadu are the leading rice producing states in India. Large
quantities of SRS are known to be available as unused virgin waste in
states like Punjab, Andhra Pradesh, and Haryana. The SRS could be
utilized as a great feedstock for bioethanol production. This resource not
only offers bioethanol production, renewable electricity generation and
GHG emissions reduction; it also prevents resource depletion, and im-
proves environmental, economic, and social sustainability. The bio-
ethanol production, surplus renewable electricity generation and GHG
emissions reduction potential would be substantial, if RS is pre-
processed using the SE pretreatment method (compared to the DA
method). GHG emissions benefits could likewise be maximized if the
generated renewable electricity replaces coal-driven grid electricity.
Bioethanol is a *drop-in’ renewable fuel it can be used in the transport
sector as an alternative to gasoline. However, the commercial produc-
tion of 2G bioethanol from RS has not yet been developed in India, due
to several factors including improper resources management, lack of
adequate governmental policies supports, lack of efficient conversion
technologies that must be overcome to make commercially RS-based
bioethanol economically viable. Intensive R&D activities, govern-
mental and public support, cooperation from relevant experts and pri-
vate entrepreneurs are, therefore, of critical importance. Data on other
externalities must also be quantified, prior to the establishment of a
commercial RS-based bioethanol plant. These include trade-offs
regarding the willingness or unwillingness of farmers to cultivate rice,
straw generation, handling and consumption patterns, production of
food versus energy issues, analysis of economic viability and social as-
pects. Therefore, further site-specific technoeconomic research is
recommended.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

Financial support for the research study was received from CONVER-
B, a joint (EU-India) R&D project under the INNO INDIGO partnership
program, funded by the Academy of Finland (AKA Grant no. 311972).
The Indian authors sincerely acknowledge the Department of Science &
Technology (DST), Govt. of India for extending the financial support
necessary for this collaborative research (Sanction Ref. DST/IMRCD/
INNO-INDIGO/CONVER-B/2017). Authors sincerely express their grat-
itude to the anonymous reviewers for providing encouraging comments
that were very useful in the betterment of the scientific merit of the
present article.

References

[1] Mustapha WF, Kirkerud JG, Bolkesjg TF, Trgmborg E. Large-scale forest-based
biofuels production : Impacts on the Nordic energy sector Balmorel. Energy
Convers Manage 2019;187:93-102. https://doi.org/10.1016/j.
enconman.2019.03.016.

Kashanian M, Pishvaee MS, Sahebi H. Sustainable biomass portfolio sourcing plan
using multi-stage stochastic programming. Energy 2020;204:117923. https://doi.
0rg/10.1016/j.energy.2020.117923.

Melikoglu M, Turkmen B. Food waste to energy : Forecasting Turkey ’ s bioethanol
generation potential from wasted crops and cereals till 2030. Sustainable Energy
Technol Assess 2019;36:100553. https://doi.org/10.1016/j.seta.2019.100553.
Ghosh S, Chowdhury R, Bhattacharya P. Sustainability of cereal straws for the
fermentative production of second generation biofuels : A review of the efficiency

[2

=

[3

=

[4

[

11

[5]

[6]

[7]

[8]

[9

—

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

Sustainable Energy Technologies and Assessments 47 (2021) 101546

and economics of biochemical pretreatment processes. Appl Energy 2017;198:
284-98. https://doi.org/10.1016/j.apenergy.2016.12.091.

Yang M, Xu M, Nan Y, Kuittinen S, Kamrul Hassan Md, Vepséaldinen J, et al.
Influence of size reduction treatments on sugar recovery from Norway spruce for
butanol production. Bioresour Technol 2018;257:113-20. https://doi.org/
10.1016/j.biortech.2018.02.072.

Brethauer S, Studer MH. Biochemical conversion processes of lignocellulosic
biomass to fuels and chemicals - A review. Chimia 2015;69(10):572-81. https://
doi.org/10.2533/chimia.2015.572.

Spatari S, Bagley DM, MacLean HL. Life cycle evaluation of emerging
lignocellulosic ethanol conversion technologies. Bioresour Technol 2010;101(2):
654-67. https://doi.org/10.1016/].biortech.2009.08.067.

Hoque E, Rashid F, Aziz M. Gasification and Power Generation Characteristics of
Rice Husk , Sawdust , and Coconut Shell Using a Fixed-Bed Downdraft Gasifier
2021:1-19.

Abdelhady S, Borello D, Shaban A. Techno-economic assessment of biomass power
plant fed with rice straw : Sensitivity and parametric analysis of the performance
and the LCOE Techno-economic assessment of biomass power plant fed with rice
straw : Sensitivity and parametric analysis of the performance and the LCOE.
Renewable Energy 2017;115:1026-34. https://doi.org/10.1016/j.
renene.2017.09.040.

Darmawan A, Biddinika MK, Huda M, Tokimatsu K. Toward Sustainable
Agricultural : Integrated System of Rice Processing and Electricity Generation
2018;70:1669-74. https://doi.org/10.3303/CET1870279.

Kung C, Zhang N. Renewable energy from pyrolysis using crops and agricultural
residuals : An economic and environmental evaluation 2015;90:1532-44. https://
doi.org/10.1016/j.energy.2015.06.114.

Ghosh S, Dutta S, Chowdhury R. Ameliorated hydrogen production through
integrated dark-photo fermentation in a flat plate photobioreactor: Mathematical
modelling and optimization of energy efficiency. Energy Convers Manage 2020;
226:113549. https://doi.org/10.1016/j.enconman.2020.113549.

Ghosh S, Das S, Chowdhury R. E ff ect of pre-pyrolysis biotreatment of banana
pseudo-stem (BPS) using synergistic microbial consortium : Role in deoxygenation
and enhancement of yield of pyro-oil. Energy Convers Manage 2019;195:114-24.
https://doi.org/10.1016/j.enconman.2019.04.094.

Chowdhury R, Ghosh S, Manna D, Das S, Dutta S, Kleinsteuber S, et al.
Hybridization of sugar-carboxylate-syngas platforms for the production of bio-
alcohols from lignocellulosic biomass (LCB) — A state-of-the-art review and
recommendations. Energy Convers Manage 2019;200:112111. https://doi.org/
10.1016/j.enconman.2019.112111.

Hiloidhari M, Das D, Baruah DC. Bioenergy potential from crop residue biomass in
India. Renew Sustain Energy Rev 2014;32:504-12. https://doi.org/10.1016/j.
rser.2014.01.025.

Ravindranath NH, Sita Lakshmi C, Manuvie R, Balachandra P. Biofuel production
and implications for land use, food production and environment in India. Energy
Policy 2011;39(10):5737-45. https://doi.org/10.1016/j.enpol.2010.07.044.

Das S. The National Policy of biofuels of India — A perspective. Energy Policy 2020;
143:111595. https://doi.org/10.1016/j.enpol.2020.111595.

Saravanan AP, Mathimani T, Deviram G, Rajendran K, Pugazhendhi A. Biofuel
policy in India: A review of policy barriers in sustainable marketing of biofuel.

J Cleaner Prod 2018;193:734-47. https://doi.org/10.1016/j.jclepro.2018.05.033.
Parappurathu S. India * s biofuels production programme : Need for prioritizing the
alternative options. Indian J Agric Sci 2011;81:391-7.

Raj T, Kapoor M, Gaur R, Christopher J, Lamba B, Tuli DK, et al. Physical and
chemical characterization of various indian agriculture residues for biofuels
production. Energy Fuels 2015;29(5):3111-8. https://doi.org/10.1021/
ef5027373.

Krishania M, Kumar V, Sangwan RS. Integrated approach for extraction of xylose,
cellulose, lignin and silica from rice straw. Bioresource Technology Reports 2018;
1:89-93. https://doi.org/10.1016/j.biteb.2018.01.001.

Takano M, Hoshino K. Bioethanol production from rice straw by simultaneous
saccharification and fermentation with statistical optimized cellulase cocktail and
fermenting fungus. Bioresources and Bioprocessing 2018;5(1). https://doi.org/
10.1186/540643-018-0203-y.

Kazi FK, Fortman JA, Anex RP, Hsu DD, Aden A, Dutta A, et al. Techno-economic
comparison of process technologies for biochemical ethanol production from corn
stover. Fuel 2010;89:520-8. https://doi.org/10.1016/].fuel.2010.01.001.

Kumar D, Murthy GS. Life cycle assessment of energy and GHG emissions during
ethanol production from grass straws using various pretreatment processes. Int J
Life Cycle Assess 2012;17(4):388-401. https://doi.org/10.1007/5s11367-011-
0376-5.

Abraham A, Mathew AK, Sindhu R, Pandey A, Binod P. Potential of rice straw for
bio-refining: An overview. Bioresour Technol 2016;215:29-36. https://doi.org/
10.1016/j.biortech.2016.04.011.

Silalertruksa T, Gheewala SH. A comparative LCA of rice straw utilization for fuels
and fertilizer in Thailand. Bioresour Technol 2013;150:412-9. https://doi.org/
10.1016/j.biortech.2013.09.015.

Singh R, Srivastava M, Shukla A. Environmental sustainability of bioethanol
production from rice straw in India: A review. Renew Sustain Energy Rev 2016;54:
202-16. https://doi.org/10.1016/j.rser.2015.10.005.

Jahnavi G, Prashanthi GS, Sravanthi K, Rao LV. Status of availability of
lignocellulosic feed stocks in India: Biotechnological strategies involved in the
production of Bioethanol. Renew Sustain Energy Rev 2017;73:798-820. https://
doi.org/10.1016/j.rser.2017.02.018.

Soam S, Kapoor M, Kumar R, Borjesson P, Gupta RP, Tuli DK. Global warming
potential and energy analysis of second generation ethanol production from rice


https://doi.org/10.1016/j.enconman.2019.03.016
https://doi.org/10.1016/j.enconman.2019.03.016
https://doi.org/10.1016/j.energy.2020.117923
https://doi.org/10.1016/j.energy.2020.117923
https://doi.org/10.1016/j.seta.2019.100553
https://doi.org/10.1016/j.apenergy.2016.12.091
https://doi.org/10.1016/j.biortech.2018.02.072
https://doi.org/10.1016/j.biortech.2018.02.072
https://doi.org/10.2533/chimia.2015.572
https://doi.org/10.2533/chimia.2015.572
https://doi.org/10.1016/j.biortech.2009.08.067
https://doi.org/10.1016/j.renene.2017.09.040
https://doi.org/10.1016/j.renene.2017.09.040
https://doi.org/10.1016/j.enconman.2020.113549
https://doi.org/10.1016/j.enconman.2019.04.094
https://doi.org/10.1016/j.enconman.2019.112111
https://doi.org/10.1016/j.enconman.2019.112111
https://doi.org/10.1016/j.rser.2014.01.025
https://doi.org/10.1016/j.rser.2014.01.025
https://doi.org/10.1016/j.enpol.2010.07.044
https://doi.org/10.1016/j.enpol.2020.111595
https://doi.org/10.1016/j.jclepro.2018.05.033
http://refhub.elsevier.com/S2213-1388(21)00558-0/h0095
http://refhub.elsevier.com/S2213-1388(21)00558-0/h0095
https://doi.org/10.1021/ef5027373
https://doi.org/10.1021/ef5027373
https://doi.org/10.1016/j.biteb.2018.01.001
https://doi.org/10.1186/s40643-018-0203-y
https://doi.org/10.1186/s40643-018-0203-y
https://doi.org/10.1016/j.fuel.2010.01.001
https://doi.org/10.1007/s11367-011-0376-5
https://doi.org/10.1007/s11367-011-0376-5
https://doi.org/10.1016/j.biortech.2016.04.011
https://doi.org/10.1016/j.biortech.2016.04.011
https://doi.org/10.1016/j.biortech.2013.09.015
https://doi.org/10.1016/j.biortech.2013.09.015
https://doi.org/10.1016/j.rser.2015.10.005
https://doi.org/10.1016/j.rser.2017.02.018
https://doi.org/10.1016/j.rser.2017.02.018

Md.K. Hassan et al.

[30]

[31]

[32]

[331]

[34]

[35]

[36]

[371

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

straw in India. Appl Energy 2016;184:353-64. https://doi.org/10.1016/].
apenergy.2016.10.034.

Singh A, Basak P. Economic and environmental evaluation of rice straw processing
technologies for energy generation: A case study of Punjab, India. J Cleaner
Product 2019;212:343-52. https://doi.org/10.1016/j.jclepro.2018.12.033.

Govt. of India M of A& FW. Agricultural Statistics at a glance 2019. Minist Agric
Farmers Welf Dep - Dep Agric Coop Farmers Welf Dir Econ Stat. <https://eands.
dacnet.nic.in/PDF/At%20a%20Glance%202019%20Eng.pdf> [retrieved at
20.08.20].

Tunio A, Magsi H, Solangi MA, Agri 1J, Agri R. Analyses of growth trends and
production forecast of cash crops in Pakistan. Int J Agri Agri Res 2016;9:
2223-7054.

Hassan MK, Pelkonen P, Pappinen A. Assessment of Bioenergy Potential from
Major Crop Residues and Wood Fuels in Bangladesh. J Basic Appl Sci Res 2011;1:
1039-51.

Chowdhury R, Ghosh S, Debnath B, Manna D. Indian agro-wastes for 2G
biorefineries: Strategic decision on conversion processes. Green Energy and
Technology 2018:353-73. https://doi.org/10.1007/978-981-10-7188-1_16.
Hassan MK. Supply and demand of biomass based energy: rural people’s
perspectives in Bangladesh. vol. 2015. 2015. https://doi.org/10.14214/df.210.
Cardoen D, Joshi P, Diels L, Sarma PM, Pant D. Agriculture biomass in India: Part 2.
Post-harvest losses, cost and environmental impacts. Resour Conserv Recycl 2015;
101:143-53. https://doi.org/10.1016/j.resconrec.2015.06.002.

Hiloidhari M, Baruah DC. Rice straw residue biomass potential for decentralized
electricity generation: A GIS based study in Lakhimpur district of Assam. India.
Energy for Sustainable Development 2011;15(3):214-22. https://doi.org/
10.1016/j.esd.2011.05.004.

Yadav GS, Lal R, Meena RS, Datta M, Babu S, Das A, et al. Energy budgeting for
designing sustainable and environmentally clean/safer cropping systems for
rainfed rice fallow lands in India. J Cleaner Prod 2017;158:29-37. https://doi.org/
10.1016/j.jclepro.2017.04.170.

Kaur A. Crop Residue in Punjab Agriculture-Status and Constraints. Journal of
Krishi Vigyan 2017;5:22. https://doi.org/10.5958/2349-4433.2017.00005.8.
Gadde B, Menke C, Wassmann R. Rice straw as a renewable energy source in India,
Thailand, and the Philippines: Overall potential and limitations for energy
contribution and greenhouse gas mitigation. Biomass Bioenergy 2009;33(11):
1532-46. https://doi.org/10.1016/j.biombioe.2009.07.018.

Anshar M, Ani FN, Kader AS. Potential surplus of rice straw as a source of energy
for rural communities in Indonesia. Applied Mech Mater 2014;695:806-10.
https://doi.org/10.4028/www.scientific.net/amm.695.806.

Piotrowski S, Carus M, Essel R. Sustainable biomass supply and demand: A scenario
analysis. Open Agriculture 2016;1:18-28. https://doi.org/10.1515/0pag-2016-
0003.

Mosier N, Wyman C, Dale B, Elander R, Lee YY, Holtzapple M, et al. Features of
promising technologies for pretreatment of lignocellulosic biomass. Bioresour
Technol 2005;96:673-86. https://doi.org/10.1016/j.biortech.2004.06.025.

Lee C, Zheng Y, VanderGheynst JS. Effects of pretreatment conditions and post-
pretreatment washing on ethanol production from dilute acid pretreated rice straw.
Biosyst Eng 2015;137:36-42. https://doi.org/10.1016/j.
biosystemseng.2015.07.001.

Sharma S, Kumar R, Gaur R, Agrawal R, Gupta RP, Tuli DK, et al. Pilot scale study
on steam explosion and mass balance for higher sugar recovery from rice straw.
Bioresour Technol 2015;175:350-7. https://doi.org/10.1016/j.
biortech.2014.10.112.

Staffel I. The Energy and Fuel Data Sheet 2011. University of Birmingham, UK.
<https://www.academia.edu/1073990/The_Energy_and_Fuel Data_Sheet>
[retrieved at 18.09.20].

Kazi FK, Fortman J, Anex R. Techno-economic analysis of biochemical scenarios
for production of cellulosic ethanol. NREL 2010.

IPCC. 2006 IPCC Guidelines for National Greenhouse Inventories — A primer,
Prepared by the National Greenhouse Gas Inventories Programme, Eggleston H.S.,
Miwa K., Srivastava N. and Tanabe K. Iges 2006:20.

Koga N, Tajima R. Assessing energy efficiencies and greenhouse gas emissions
under bioethanol-oriented paddy rice production in northern Japan. J Environ
Manage 2011;92(3):967-73. https://doi.org/10.1016/j.jenvman.2010.11.008.
Yamashita M, Aimoto H. Can bio-ethanol be regarded as carbon neutral?
Assessment of the effect of reducing oil use. Resour Environ 2012;2(5):240-7.
https://doi.org/10.5923/j.re.20120205.07.

Goyal SK, Singh JP. Demand versus supply of foodgrains in india: implications to
food security. 13th Int Farm Manag Congr 2002:1-21.

Gupta R, Mishra A. Climate change induced impact and uncertainty of rice yield of
agro-ecological zones of India. Agric Syst 2019;173:1-11. https://doi.org/
10.1016/j.agsy.2019.01.009.

Bhuvaneshwari S, Hettiarachchi H, Meegoda J. Crop residue burning in India:
Policy challenges and potential solutions. Int J Environ Res Public Health 2019;16
(5):832. https://doi.org/10.3390/ijerph16050832.

12

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

Sustainable Energy Technologies and Assessments 47 (2021) 101546

Lohan SK, Jat HS, Yadav AK, Sidhu HS, Jat ML, Choudhary M, et al. Burning issues
of paddy residue management in north-west states of India. Renew Sustain Energy
Rev 2018;81:693-706. https://doi.org/10.1016/j.rser.2017.08.057.

Jain N, Bhatia A, Pathak H. Emission of air pollutants from crop residue burning in
India. Aerosol Air Qual Res 2014;14(1):422-30. https://doi.org/10.4209/
aaqr.2013.01.0031.

Erenstein O. Cropping systems and crop residue management in the Trans-Gangetic
Plains: Issues and challenges for conservation agriculture from village surveys.
Agric Syst 2011;104(1):54-62. https://doi.org/10.1016/j.agsy.2010.09.005.
Central Rice Research Institute. Vision 2030. Indian Council of Agricultural
Research, Cuttack 753 006, India; 2011. <http://www.crri.nic.in/crri_vision2030_
2011.pdf> [retrieved at 18.11.19].

Karimi K, Kheradmandinia S, Taherzadeh MJ. Conversion of rice straw to sugars by
dilute-acid hydrolysis. Biomass Bioenergy 2006;30(3):247-53. https://doi.org/
10.1016/j.biombioe.2005.11.015.

Zhu S, Huang W, Huang W, Wang K, Chen Q, Wu Y. Pretreatment of rice straw for
ethanol production by a two-step process using dilute sulfuric acid and
sulfomethylation reagent. Appl Energy 2015;154:190-6. https://doi.org/10.1016/
j-apenergy.2015.05.008.

Sukumaran RK, Surender VJ, Sindhu R, Binod P, Janu KU, Sajna KV, et al.
Lignocellulosic ethanol in India: Prospects, challenges and feedstock availability.
Bioresour Technol 2010;101(13):4826-33. https://doi.org/10.1016/j.
biortech.2009.11.049.

Kami Delivand M, Barz M, Gheewala SH, Sajjakulnukit B. Environmental and socio-
economic feasibility assessment of rice straw conversion to power and ethanol in
Thailand. J Cleaner Prod 2012;37:29-41. https://doi.org/10.1016/j.
jclepro.2012.06.005.

Nakamura Y, Sawada T, Inoue E. Enhanced ethanol production from enzymatically
treated steam-exploded rice straw using extractive fermentation. J Chem Technol
Biotechnol 2001;76(8):879-84. https://doi.org/10.1002/(ISSN)1097-
466010.1002/jctb.v76:810.1002/jctb.465.

Banoth C, Sunkar B, Tondamanati PR, Bhukya B. Improved physicochemical
pretreatment and enzymatic hydrolysis of rice straw for bioethanol production by
yeast fermentation. 3. Biotech 2017;7:1-11. https://doi.org/10.1007/s13205-017-
0980-6.

Pérez J, Munoz-Dorado J, de la Rubia T, Martinez J. Biodegradation and biological
treatments of cellulose, hemicellulose and lignin: An overview. Int Microbiol 2002;
5(2):53-63. https://doi.org/10.1007/5s10123-002-0062-3.

Hendriks ATWM, Zeeman G. Pretreatments to enhance the digestibility of
lignocellulosic biomass. Bioresour Technol 2009;100(1):10-8. https://doi.org/
10.1016/j.biortech.2008.05.027.

Tye YY, Lee KT, Wan Abdullah WN, Leh CP. The world availability of non-wood
lignocellulosic biomass for the production of cellulosic ethanol and potential
pretreatments for the enhancement of enzymatic saccharification. Renew Sustain
Energy Rev 2016;60:155-72. https://doi.org/10.1016/j.rser.2016.01.072.

Kim SB, Lee SJ, Jang EJ, Han SO, Park C, Kim SW. Sugar recovery from rice straw
by dilute acid pretreatment. J Ind Eng Chem 2012;18(1):183-7. https://doi.org/
10.1016/j.jiec.2011.11.016.

Chen WH, Tsai CC, Lin CF, Tsai PY, Hwang WS. Pilot-scale study on the acid-
catalyzed steam explosion of rice straw using a continuous pretreatment system.
Bioresour Technol 2013;128:297-304. https://doi.org/10.1016/].
biortech.2012.10.111.

Saga K, Imou K, Yokoyama S, Minowa T. Net energy analysis of bioethanol
production system from high-yield rice plant in Japan. Appl Energy 2010;87(7):
2164-8. https://doi.org/10.1016/j.apenergy.2009.12.014.

Prasad A, Sotenko M, Blenkinsopp T, Coles SR. Life cycle assessment of
lignocellulosic biomass pretreatment methods in biofuel production. Int J Life
Cycle Assess 2016;21(1):44-50. https://doi.org/10.1007/s11367-015-0985-5.
Roy P, Tokuyasu K, Orikasa T, Nakamura N, Shiina T. A techno-economic and
environmental evaluation of the life cycle of bioethanol produced from rice straw
by RT-CaCCO process. Biomass Bioenergy 2012;37:188-95. https://doi.org/
10.1016/j.biombioe.2011.12.013.

Balan V. Review of US and EU initiatives toward development , demonstration ,
and commercialization of lignocellulosic biofuels 2013. https://doi.org/10.1002/
bbb.

United Nations. Second Gneration Biofuel Markes: Sate of Play, Trade and
Developing Countries Perspectives. 2016. <https://unctad.org/en/
PublicationsLibrary/ditcted2015d8_en.pdf.> [retrieved at 22.09.20].

Passoth V, Sandgren M. Biofuel production from straw hydrolysates: current
achievements and perspectives. Appl Microbiol Biotechnol 2019;103(13):5105-16.
https://doi.org/10.1007/500253-019-09863-3.

Ren J, Yu P, Xu X. Straw utilization in China-status and recommendations.
Sustainability (Switzerland) 2019;11:1-17. https://doi.org/10.3390/5u11061762.


https://doi.org/10.1016/j.apenergy.2016.10.034
https://doi.org/10.1016/j.apenergy.2016.10.034
https://doi.org/10.1016/j.jclepro.2018.12.033
http://refhub.elsevier.com/S2213-1388(21)00558-0/h0160
http://refhub.elsevier.com/S2213-1388(21)00558-0/h0160
http://refhub.elsevier.com/S2213-1388(21)00558-0/h0160
http://refhub.elsevier.com/S2213-1388(21)00558-0/h0165
http://refhub.elsevier.com/S2213-1388(21)00558-0/h0165
http://refhub.elsevier.com/S2213-1388(21)00558-0/h0165
https://doi.org/10.1007/978-981-10-7188-1_16
https://doi.org/10.1016/j.resconrec.2015.06.002
https://doi.org/10.1016/j.esd.2011.05.004
https://doi.org/10.1016/j.esd.2011.05.004
https://doi.org/10.1016/j.jclepro.2017.04.170
https://doi.org/10.1016/j.jclepro.2017.04.170
https://doi.org/10.5958/2349-4433.2017.00005.8
https://doi.org/10.1016/j.biombioe.2009.07.018
https://doi.org/10.4028/www.scientific.net/amm.695.806
https://doi.org/10.1515/opag-2016-0003
https://doi.org/10.1515/opag-2016-0003
https://doi.org/10.1016/j.biortech.2004.06.025
https://doi.org/10.1016/j.biosystemseng.2015.07.001
https://doi.org/10.1016/j.biosystemseng.2015.07.001
https://doi.org/10.1016/j.biortech.2014.10.112
https://doi.org/10.1016/j.biortech.2014.10.112
http://refhub.elsevier.com/S2213-1388(21)00558-0/h0235
http://refhub.elsevier.com/S2213-1388(21)00558-0/h0235
https://doi.org/10.1016/j.jenvman.2010.11.008
https://doi.org/10.5923/j.re.20120205.07
http://refhub.elsevier.com/S2213-1388(21)00558-0/h0255
http://refhub.elsevier.com/S2213-1388(21)00558-0/h0255
https://doi.org/10.1016/j.agsy.2019.01.009
https://doi.org/10.1016/j.agsy.2019.01.009
https://doi.org/10.3390/ijerph16050832
https://doi.org/10.1016/j.rser.2017.08.057
https://doi.org/10.4209/aaqr.2013.01.0031
https://doi.org/10.4209/aaqr.2013.01.0031
https://doi.org/10.1016/j.agsy.2010.09.005
https://doi.org/10.1016/j.biombioe.2005.11.015
https://doi.org/10.1016/j.biombioe.2005.11.015
https://doi.org/10.1016/j.apenergy.2015.05.008
https://doi.org/10.1016/j.apenergy.2015.05.008
https://doi.org/10.1016/j.biortech.2009.11.049
https://doi.org/10.1016/j.biortech.2009.11.049
https://doi.org/10.1016/j.jclepro.2012.06.005
https://doi.org/10.1016/j.jclepro.2012.06.005
https://doi.org/10.1002/(ISSN)1097-466010.1002/jctb.v76:810.1002/jctb.465
https://doi.org/10.1002/(ISSN)1097-466010.1002/jctb.v76:810.1002/jctb.465
https://doi.org/10.1007/s13205-017-0980-6
https://doi.org/10.1007/s13205-017-0980-6
https://doi.org/10.1007/s10123-002-0062-3
https://doi.org/10.1016/j.biortech.2008.05.027
https://doi.org/10.1016/j.biortech.2008.05.027
https://doi.org/10.1016/j.rser.2016.01.072
https://doi.org/10.1016/j.jiec.2011.11.016
https://doi.org/10.1016/j.jiec.2011.11.016
https://doi.org/10.1016/j.biortech.2012.10.111
https://doi.org/10.1016/j.biortech.2012.10.111
https://doi.org/10.1016/j.apenergy.2009.12.014
https://doi.org/10.1007/s11367-015-0985-5
https://doi.org/10.1016/j.biombioe.2011.12.013
https://doi.org/10.1016/j.biombioe.2011.12.013
https://doi.org/10.1007/s00253-019-09863-3
https://doi.org/10.3390/su11061762

Indian
Chemical

Indian Chemical Engineer

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/tice20

©

Taylor & Francis

Taylor & Francis Grou

P

Energy and environmental performance of a near-
zero-effluent rice straw to butanol production
plant

Sambit Dutta, Shiladitya Ghosh, Dinabandhu Manna & Ranjana Chowdhury

To cite this article: Sambit Dutta, Shiladitya Ghosh, Dinabandhu Manna & Ranjana
Chowdhury (2021) Energy and environmental performance of a near-zero-effluent
rice straw to butanol production plant, Indian Chemical Engineer, 63:2, 139-151, DOI:
10.1080/00194506.2020.1831406

To link to this article: https://doi.org/10.1080/00194506.2020.1831406

[N
h View supplementary material &'

% Published online: 13 Oct 2020.

\J
G/ Submit your article to this journal &

||I| Article views: 153

A
& View related articles &'

® View Crossmark data (&'

CrossMark

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=tice20


https://www.tandfonline.com/action/journalInformation?journalCode=tice20
https://www.tandfonline.com/loi/tice20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/00194506.2020.1831406
https://doi.org/10.1080/00194506.2020.1831406
https://www.tandfonline.com/doi/suppl/10.1080/00194506.2020.1831406
https://www.tandfonline.com/doi/suppl/10.1080/00194506.2020.1831406
https://www.tandfonline.com/action/authorSubmission?journalCode=tice20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=tice20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/00194506.2020.1831406
https://www.tandfonline.com/doi/mlt/10.1080/00194506.2020.1831406
http://crossmark.crossref.org/dialog/?doi=10.1080/00194506.2020.1831406&domain=pdf&date_stamp=13 Oct 2020
http://crossmark.crossref.org/dialog/?doi=10.1080/00194506.2020.1831406&domain=pdf&date_stamp=13 Oct 2020

INDIAN CHEMICAL ENGINEER
2021, VOL. 63, NO. 2, 139-151
https://doi.org/10.1080/00194506.2020.1831406

Taylor & Francis
Taylor & Francis Group

Energy and environmental performance of a near-zero-effluent
rice straw to butanol production plant

Sambit Dutta, Shiladitya Ghosh, Dinabandhu Manna and Ranjana Chowdhury

Chemical Engineering Department, Jadavpur University, Kolkata, India

ABSTRACT

Present article focuses on the energy and environmental performance of a
rice straw (RS) biorefinery producing bio-butanol as the main product,
ethanol and acetone as the by-products and combined heat and power.
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The analysis highlights the strategic usage of RS-derived glucose and  environmental analysis

xylose as primary substrates for biobutanol production. The principle
of utilization of total carbon and the fulfillment of the criterion of
zero-waste management has been followed along with the generation
of in-house energy to offset the energy expenditure and reduce CO,
emission. The overall yields of butanol, ethanol and acetone are
28.53kg, 0.84kg and 6.61kg respectively from 100kg RS. By performing
energy analysis in this system for 100kg RS, energy content of lignin,
extractives and biogas introduced to CHP have been estimated to be
674.78MJ. Net energy input to the steam turbine of the CHP is
539.83MJ and the outputs of electricity and heat energy are 130MJ and
194MJ, respectively. While the energy efficiency of CHP is 87%, the
overall efficiency of the biorefinery through generation of alcohol/
solvents and recovery of waste energy in the CHP is 68.2%. Due to the
substitution of gasoline by butanol and through electricity generation,
reduction of CO, emission by 36.14kg is possible.
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1. Introduction

Surge in the consumption of non-renewable energy sources for functioning of various engines has
led to an overexploitation of fossil fuels [1]. It led to increasing demands for energy sources for
industry and motorised vehicles as we move forward in the twenty-first century. Presently, fossil
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fuels contribute to 80% of global primary energy source consumed by the world, of which
58% is consumed by the transport sector [2]. Although fossil fuels are used as the efficient
energy source around the globe, they are the chief root causes for the release of greenhouse
gases during the combustion of their hydrocarbon compounds. To reduce the carbon dioxide
(CO;) emission which poses a threat to the environment, we must explore alternative sources
of energy mainly for motorised vehicles. Due to their renewability, energy efficiency and pro-
creating acceptable quality exhaust gas, biofuels can replace fossil fuels. Although the pro-
duction of bioethanol from lignocellulosic biomass is being focused by scientists for years,
the disadvantages of ethanol as drop-in fuel is also being highlighted by many researchers.
Highly hygroscopic nature, low calorific value and high volatility of ethanol have been ident-
ified as some of the detrimental properties for blending with gasoline [3-6]. However, bio-
butanol, another second-generation (2G) alcohol, having a higher heating value, low
volatility and low moisture absorptivity is much attractive as a drop-in fuel [4]. It is mainly
derived from the fermentation of simple sugars present in organic feedstocks or processed
lignocellulose [7]. The most common method of producing biobutanol is the fermentation
of simple sugars in biomass feedstock such as food crops, agricultural waste, municipal
waste, industrial waste, waste cooking oils and animal fats [7]. The dilute mineral acid
pre-treatment and that followed by enzymatic hydrolysis releasing, mainly xylose and glucose,
respectively, are the pre-processes for butanol fermentation [8]. Clostridium acetobutylicum
and clostridium beijerinckii are the main microorganisms those use glucose and xylose to
produce biobutanol [9]. Unlike S. cerevisiae used for bioethanol production, both pentose
and hexose sugars are proficiently metabolised by Clostridium sp [9]. Although biobutanol
yield is lower by 20% than bioethanol, its energy content is 32% higher than the latter. Uti-
lising glucose and xylose either directly or from hydrolysates of lignocellulosic feedstocks,
biobutanol yields through batch and continuous fermentation processes are 0.17-0.49 g/g
[10,11] and 0.40-0.52 g/g [12,13], respectively. Rice straw (RS) is a relatively cheap and
the most abundant agricultural waste in India [14]. The contents of cellulose and hemicellu-
lose of rice straw are also favourable for extraction of fermentable sugar for 2G bio alcohol
production. In spite of this, field firing of such agricultural wastes very often creates pol-
lution. To mitigate these issues, RS can be utilised for biobutanol production. For the plan-
ning of RS-based large-scale butanol plants and its integration in 2G-biorefineries, an energy
and environmental impact assessment is necessary. Although reports are available on the
assessment of feasibility of using lignocellulosic waste-to-ethanol processes in biorefineries
through energy and environmental analysis, such studies for bio-butanol are rare [15]. In
a pioneering study, the effects of composition of different lignocellulosic wastes on bioethanol
yield and economic and environmental performances in an integrated biorefinery co-produ-
cing combined heat and power (CHP) have been made through a comprehensive process,
economic and life cycle assessment modelling [15].

The main focus of this article is to perform an energy and environmental analysis of a 100 kg RS-
to-biobutanol-based 2G-biorefinery, producing butanol as the main product, ethanol and acetone
as the by-products and combined heat and power utilising all waste streams of the process as energy
outputs. Basic principle followed in the case of ethanol production has been followed in this analysis
[15]. The other relevant data, including enzymatic hydrolysis, fermentative production of butanol,
distillation, generation of heat and power, etc., have been obtained from the literature.

2. Materials and methods
2.1. Rice straw

Rice straw, obtained from a local farm house, was used as waste lignocellulosic biomass feedstock
for the production of fermentable sugars in the present RS-to-biobutanol-based 2G-biorefinery.
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2.2. Analytical methods

Composition of structural carbohydrates and lignin in Indian rice straw was determined using
NREL protocol [16]. The results of the analysis were supplied by the University of Eastern Finland
that had generated the data following the protocols described in the Technical Report of National
Renewable Energy Laboratory (NREL/TP-510-42618; Revised August 2012) on ‘Determination of
Structural Carbohydrates and Lignin in Biomass:Laboratory Analytical Procedure (LAP) Issue
Date: April 2008 Revision Date: August 2012 (Version 08-03-2012) [16-18]. The composition
has been reported on dry basis. The moisture content and percentage of acid insoluble ash in
the rice straw were also obtained from the method.

2.3. Method for energy and environmental performance assessment

Energy and environmental performance assessment of rice straw to biobutanol biorefinery has
been estimated based on the generic scheme represented in Figure 1. The sequences of processes
and unit operations are (1) drying, (2) crushing, (3) dilute mineral acid pre-treatment, (4) separ-
ation and detoxification of solid pre-treated RS and liquid hydrolysate of pre-treatment, (5) enzy-
matic hydrolysis of pre-treated solid, (6) separation of lignin and enzymatic hydrolysate, (7)
simultaneous fermentation of hydrolysates of pre-treatment and enzymatic hydrolysis, (8) recov-
ery of butanol through distillation, (9) energy recovery from lignin stream using co-generation of
heat and power, (10) anaerobic digestion of waste stream from distillation unit for generation of
biogas and utilisation in CHP unit, as shown in Figure 1. Figure 1 has been constructed using the
Aspen plus® V11 software.

3. Theoretical analysis

Assumptions

1. The behaviour of constituent carbohydrate polymers (glucan, xylan, arabinan, etc.) and lignin
towards different pre-treatment processes (acid and enzymatic hydrolysis) remain the same irre-
spective of the lignocellulosic biomass if the processes are conducted under identical conditions.
The consideration has been made by Sadhukhan et al., during their analysis [15].

2. The behaviour of microorganisms regarding product and biomass yields during the growth on
hexose (glucose) and pentose (xylose, arabinose etc.) sugars remains the same irrespective of
the source of sugars (conventional sugar cane, beetroot or non-conventional lignocellulosic
wastes).

3. The microorganism (C. acetobutylicum) can only convert glucose and xylose and cannot convert
arabinose.

4. Water used in the overall process does not affect the mass balance of components containing
carbon and hence water balance is avoided.

5. The CHP plant is based on steam turbine in which electrical energy to heat energy output ratio
(a) is 1.49 and the electricity generation efficiency is 35% [19,20].

In this work, biochemical conversions used by NREL [21] have been taken as the basis for
energy and environmental analysis. The mild acid pre-treatment data of RS, based on NREL
protocol, with a solid loading of 30% (w/w) and 1.1% (w/w) sulphuric acid loading at a temp-
erature of 158°C and a pressure of 5.57 bar for 5 mins, were considered [21]. Accordingly, con-
versions of glucan (cellulose) to glucose, xylan to xylose and arabinan to arabinose through pre-
treatment have been considered to be 9.9% (w/w) and 90% (w/w) for the other two carbohydrate
polymers, respectively. During acid hydrolysis, 5% (w/w) of each of xylan and arabinan is con-
verted to furfural and 0.3% of glucan is converted to 5-HMF. Detoxification and neutralisation
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Figure 1. Major processes, material streams and unit operations of RS-to-biobutanol; PRE-TREAT: Pre-treatment; DETOXSEP:
Detoxification and separation; HYDROLYS: Enzymatic hydrolysis; FERMENT1: Fermentation; CENTRIFU: Centrifugation unit; DIS-
TILL: Distillation tower; CHP: Combined heat and power; WWT + AD: Waste water treatment plant with anaerobic digestion;
MRS: Moist rice straw; RS: Rice straw; PROD1: Pre-treated RS; PROD2: Detoxified pre-treated RS; INSOLID: Insoluble solids;
GLU1 and GLU2: Glucose; XYL: Xylose; PROD3: Fermentation products; PROD4: Cells free fermentation products;H25S04: Sulphuric
acid; NH3G: Ammonia gas CELLS: Microbial cells; ACETONE: Acetone; ETOH: Ethanol; BUOH: Biobutanol; B1,2: Bottoms; WASTEWA:
Wastewater; ENERGY1,2,3,4,5: Energy Input Streams.

of pre-treatment products by ammonia gas result in losses of xylose and glucose of 1% and 0%,
respectively [15]. Enzymatic hydrolysis of mild acid pre-treated RS with a solid loading of 20%
(w/w) and cellulase loading of 20 mg protein/g cellulose at a temperature of 48°C for 84 h was
considered following NREL protocol [21]. In enzymatic hydrolysis unit, conversion of cellulose
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to glucose is 90% as per NREL. Biobutanol yields from glucose and xylose using
C. acetobutylicum are 0.196 and 0.213 g/g, respectively [22]. While yields of ethanol and acetone
from glucose are 0.024 and 0.045 g/g, respectively those from xylose are 0.0236 and 0.0566 g/g,
respectively with respect to sugar utilised by microorganism [22].

The theoretical yields (KT_’}[@ or Y™ ) of butanol, acetone and ethanol with respect to
xylose and glucose in the fermentation unit have been calculated using the following reactions
[23]:

CeH120¢ — C4H;O + 2CO, + H,0 I
6CsH;005 — 5C4H;00 + 10CO, + 5H,0 (D
CeH 2,06 — 2C,HgO + 2CO, (I
3CsH,;005 — 2C,HeO + 5CO, Iv)
CeH,06 + H,O — C3HgO + 3CO; + 4H, 4%
CsH,005 — C3HgO + 2CO; 4 2H; (VD)

The actual values of yields (YﬁCXEor YACL ) have been obtained from a reported research study on

butanol production [24]. Fractional theoretical conversions have been defined as follows:

ACT

i—X
ﬁ?xy = YlT_Ig(,‘V (A)
=&y
Y‘-ALCT
fi-gle = Y’THG’C (B)
i—Glc

where i =butanol (bu) or ethanol (eth) or acetone (ace); -Xy = with respect to xylose; -Glc = with
respect to glucose.

According to the consideration of the present model, the liquid effluent from the fermenter
enters the centrifuge, the sedimented cells are recycled to the fermenter and the liquid, containing
acetone, butanol and ethanol, enters the distillation unit. In accordance with NREL, losses in the
fermentation unit of 3%, and hence an output of 97% of the produced butanol, ethanol and acetone
have been considered [21] Solvent recovery of 99.5% has been considered according to Wu et al.
[25] assuming the same operational conditions of the distillation unit to be considered as per
characteristics of butanol, ethanol and acetone. Tar constituted of all furfural and 5-HMF generated
in acidic pre-treatment process and all lignin remaining as a solid residue of enzymatic hydrolysis
process is fed to CHP unit for energy generation. The bottoms of distillation unit along with all
unconverted feedstock components except tar and lignin are fed to an anaerobic digestion unit
via a waste water treatment plant. Biogas generated is also fed to the CHP unit for energy
generation.

3.1. Energy efficiency analysis

Basis of calculation: 100 kg dry Rice straw (25 wt% moisture)
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Mass of butanol (Wyytanol), €thanol (Wegano1) and acetone (Wcetone) have been calculated using
Equations (1)-(3), respectively:

Wbutanol - Rdbu X (1 - L;erm) [(nylan (X)?;;[;Xy(l - LgyTX) Yg;H,Xy X ﬁaquy)

W g O 1+ (1= XA KB OV s

Wethanol = Raeth X (1 = Lp™™) [(Wytan (Xigyn_x, (1 = LRy ) Yol y, X fernoxy) o)
+ (ngucan(XéﬁlT—clc +(1 - XéEqT—Glc)Xgl}nlu—Glc)Yg;f—Glc X feth—Glc)]

Wacetone = Rabu X (1= Ly™) [(Wigtan (X, (1 = L) Yol ) X fuce xy) o
+ (Watnean (X a1 + (1 = X&1" 01 Xen-cie) Yaeo— e X Jace—cic)]

Warabinose = Warabinan*Xare_ ara 4)

From the mass balance, the total organic mass fed to anaerobic digestion (Fap) is calculated by
equation (5), where W; is the percentage mass composition of component i in native RS.

Fap =100 — Wiisture — Wash — WKlassonlignin — Wuad — Whutanol — Wethanol

APT APT APT APT
- Wacetone - ((1 - Xxyn—fur + XXyn—Xy) X nylan) - ((1 - Xxyn—fur + XArn—Ara) X Warabinan)

— (1 = XGh s + XS 1) X (1= XGit_G10) X Wetucan) — Year
5)

Yield of tar (Wy,) via 5-hydroxymethylfurfural (HMF) and furfural produced in pre-treatment
stage from disintegration of xylan, and glucan corresponds to Equation (6):

Ytar = (X%I;szur X nylan) + (X?yizfur X Warabinan) + (XéﬁlT_hmf X ngucan) (6)

Biogas yield from the anaerobic digestion unit is estimated to be 30% [26] and thus calculated in
Equation (7):

Ybiogas = Yﬂ X FAD (7)
D

Lignin, unspent fraction of cellulose and hemicellulose, biogas and tar are fed to the CHP unit.
Thus, total energy content of the waste stream per 100 kg of RS fed is calculated using Equation (8):

ECHPm = CVbiogas X Ybiogas + CVlignin X (WKlassonlignin + Wuacl) + CVeellulose X Weleft
+ CVhemicellulose X Wheeft + CViar X Yiar (8)
Energy content of steam generated for the utilisation in the steam turbine of CHP and in-house
consumption for the production of butanol and the by-products (ethanol and acetone) is calculated

from Equation (9) in MJ per 100 kg of RS fed by assuming an energy efficiency of the boiler to be
80% [15,27].

Esteam =0.8 x ECHP;,, (9)

Net energy consumed for the total solvent i.e. acetone, butanol and ethanol (A-B-E) is estimated to
be 4.68 M] per kg of solvent production. Therefore, the in-house energy (Ery) consumption is as
follows:

EIH = (468 X (Wbiobutanol + Wethanol + Wacetone)) (10)
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Energy input to steam turbine of CHP
Est = Esteam — Emn (11)

According to assumption 5, the electrical efficiency of CHP is 35%. Therefore, the net energy output
can be assessed in MJ per 100 kg of RS fed by Equation (12):

EE =0.35 x EST (12)

Again, according to assumption 5, the ratio of output of heat to electrical energy output (a) of the
CHP is 1.49. Therefore,

E
a="E_ 149 (13)
Egg
Hence, the thermal energy output is
The efficiency (n¢yp) of the CHP is
Ep + Ey
Ticup = E (15)
ST

The overall energy efficiency of the bio-refinery is

n= (Whut X CVput) + (Weth X CVem) + (Wace X CVace) + Eg + En

16
100 x CVgg (16)

Using the equations 1-16, material and energy balance calculations were carried out using the
MATLAB (version R2018a) software and the data provided in Table 1. Details of the sample calcu-
lations are provided in the supplementary material for clarification Table S1.

3.2. Environmental impact analysis

By comparing the heating value of biobutanol (23.652M]/L) with that of gasoline (35.724M]/L), the
capability of substitution of gasoline by biobutanol, expressed in % (v/v), can be determined as fol-
lows:

M
Heating value of biobutanol(23.652—l)
*100

9% substitution (Z> = (17)

. . MJ
Heating value of gasoline 35'724T

The value of CO, factor (Fco,) i-e. kg CO, emitted/M] of energy generated in an Indian coal-
based power plant, has been taken from the literature [31]. The electricity generated in the
butanol plant avoids the usage of the same quantity of grid energy supposed to be generated
in coal-based power plant, particularly in India. Therefore, reduction in CO, emission (Rco»)
as a result of electricity generated from this biorefinery can be estimated using the following
equation:

Rco2 = Eg(M]) x Fco, (18)

Fco2=0.278 kg CO,/M]J electricity produced (or, 1 kg CO,/kWh electricity produced)
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Table 1. Yield factors and parameters for energy efficiency analysis.

Composition of Rice Straw Mass Fraction (%) [This study]

ngucan nylan Warabinan Wklasson lignin Wacid soluble lignin Wmoisture Wash
38.2 17.5 3.2 14.3 2.5 0 243
Heating Values (MJ/kg) [15,28,29,30]
CVRS CVIignin Cvacetone vautanol Cvethanol vaiogas Cvtar Cvcellulose CVhemi«:ellulose
22.33 235 29.6 344 26.7 23 36 27.5 26.5
Conversion during Pre-treatment [21]
XAPT XAPT XAPT
Xyn—Ara GIn—Glc Arn—Ara
0.9 0.099 0.9
Formation of Tar during Pre-treatment [15]
XAPT XAPT XAPT
xyn—fur ara—fur GIn—hmf
0.05 0.05 0.003
Loss during detoxification [15]
DT DT
Xy Ara
0.01 0.01
Conversion of glucan to glucose by enzymatic hydrolysis [21]
élﬂ—Glc
0.9
Fermentation
Conversion of xylose to butanol [23,24]
YTH fo YACT
bu—Xy bu—Xy bu—Xy
0.66 0.88 0.59
Conversion of glucose to butanol [23,24]
YTH fo YACT
bu—Glc bu—Glc bu—Glc
0.66 0.88 0.58
Conversion of xylose to acetone [23,24]
YTH froa YACT
ace—Xy ace—Xy ace—Xy
0.5 0.27 0.1361
Yzz—tlz.le—Glc face—Glc Y:cg—Glc
0.227 0.1361
Conversion of xylose to ethanol [23,24]
yTH for ACT
eth—Xy eth—Xy eth—Xy
0.26 0.064 0.0173
Conversion of xylose to ethanol [23,24]
YTH Foer YACT
eth—Glc eth—Glc eth—Glc
0.66 0.026 0.0173
Mass fraction of product loss in fermentation [15]
LFerm =0.03
A .
Biogas yield from anaerobic digestion unit [26]
Ybg/ap = 0.3
Product recovery by distillation [25]
Butanol Acetone Ethanol
0.995 0.995 0.995
Mass fed to CHP unit (in kg)
Cellulose Hemicellulose Ash Unconverted Klasson Lignin
acid soluble
lignin
343 1.035 243 2.375 14.3

4. Results and discussion

The structural carbohydrates and lignin composition of native RS on dry basis are glucan (38.2% w/
w), xylan (17.5% w/w), arabinan (3.2% w/w), Klasson lignin (14.3% w/w) and acid soluble lignin
(2.5% w/w). The same RS having this composition has been recently used in another study and
reported by our group [32]. The moisture content and percentage of acid insoluble ash (dry
basis) in the native rice straw have been determined to be 25% (w/w) and 24.3% (w/w), respectively.

4.1. Biobutanol yield and energy analysis

In Figure 2, the complete material and energy balances of the present bio-refinery producing buta-
nol as the main product and acetone and ethanol as the by-products along with integrated CHP
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Figure 2. Complete (A) Material flow and (B) Energy flow, diagrams of the RS to butanol biorefinery.

have been represented. The complete material flows (black lines) among all process units have been
indicated in Figure 2(A). Figure 2(B) is distinctly showing the energy flows (red lines) among all
process units of the biorefinery. Specific numerical values for each material component and energy
component, as considered for the detailed material and energy balance of the biorefinery, are pro-
vided in Table S1, supplementary section. All the data have been obtained through the energy analy-
sis, described in section 3.1.

The flow sheet (Figure 2(A,B)) illustrates the complete block-wise performance of the refinery. It
is evident that there is a loss of xylose due to detoxification. When mixed sugar stream containing
xylose and glucose is fed to the fermenter, butanol yield of 0.2853 g butanol/g rice straw is achieved.
Similarly, ethanol yield is 0.0084 g ethanol/g rice straw, respectively, while that of acetone is
0.0661 g acetone/g rice straw is achieved. The tar is constituted of all furfural and 5-HMF generated
in the acidic pre-treatment process. As per the calculation, elaborated in the supplementary section,
the composition of tar is 90.03% furfural and 9.975% HMF.
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From the heating value of biogas, lignin, unspent cellulose and hemicellulose and tar, the net
energy available from the wastes has been calculated to be 674.78M] per 100 kg RS fed. Steam gen-
erated utilising the waste energy amounts to 539.83M]J. Out of this, 168.6M] is consumed in-house
for conducting different processes to produce butanol and the by-products (acetone and ethanol)
from RS. The rest energy (371.23M]) is fed to the steam turbine of the CHP. The electrical and ther-
mal energy outputs of the CHP amount to 130M] and 194M]J, respectively. A Table S has been pro-
vided in the supplementary section incorporating all material and energy flow streams. Energy
efficiency of the biorefinery has been calculated to be 68.2%, while that of the CHP unit is 87%.
Results of overall energy analysis are provided in Figure 3. Therefore, it is clear that the energy
efficiency of a biorefinery producing butanol is much higher than that obtainable in the case of etha-
nol-based ones lying in the range of 20.7%-48.9%, as reported in the literature [15]. This is because
of higher calorific value of butanol, compared to ethanol. Moreover, high contents of cellulose and
lignin in rice straw are also responsible for the high output of energy due to (1) easy conversion of
cellulose to glucose to be converted to butanol; (2) high power generation in CHP from residual
lignin. The findings are in agreement with those of biorefineries based on the production of ethanol
and combined heat and power from straw-type agricultural residues, as reported in the literature.

Details of all calculations are provided in the supplementary material.

4.2. Environmental analysis of biobutanol production

The electricity generation from this biorefinery can offset conventional energy generation by con-
suming fossil fuels. Biobutanol can replace gasoline, which can result in the preservation of fossil
fuel thus leading to environmental savings. As described in section 3.2, 1L of biobutanol has the
capability to replace 0.662L (or 66.2 vol%) of gasoline. As determined in section 3.2, electricity gen-
erated in the biorefinery can reduce CO, emission to the extent of 36.14 kg by avoiding the use of
grid energy generated in a coal-based power plant. High value of CO, avoidance clearly indicates a
positive environmental impact. This is possible because of the utilisation of energy generated in the
in-house CHP, principally based on the lignin residues, causing reduction in the consumption of
grid power generated in coal-based power plants in India.
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Figure 3. Generation and consumption of energy in the biorefinery; ECHPin: Total energy content of the waste; Esteam: Energy
content of steam generated for the utilisation in the steam turbine of CHP; EST: Energy input to steam turbine of CHP; EIH: In-
house energy requirement; EE: Total electrical energy generated; EH: Thermal energy output.
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As no previous data are available in the literature on energy and environmental analysis of
biorefineries producing bio-butanol and CHP using rice straw, comparison with literature data is
not possible. From the energy and environmental analyses, it is established that rice straw, an abun-
dantly available Indian agricultural residue, containing considerable amount of cellulose and lignin
is a suitable feedstock for biorefineries.

5. Conclusion

RS-based biorefinery, producing biobutanol and heat and power, has been evaluated on the basis of
energy and environmental point of view. Theoretically obtained values of xylose (15.75 kg) and glu-
cose (3.78 kg), generated through mild acid catalysed hydrothermal pre-treatment of RS, have been
used in the analysis. Glucose concentration (30.87 kg) in the liquid hydrolysate of the enzymatic
hydrolysis unit was calculated from the real content of glucan (38.2% w/w) in RS used, considering
the percentage of glucan conversion during hydrolysis for LCB reported by NREL. The values of
yield of butanol in the fermentation unit and recovery in the distillation unit have been used
from the reported literature. The above analysis defines the strategic use of glucose and xylose
from lignocellulosic RS as chief substrates for production of biobutanol along with total carbon util-
isation and utilisation of all waste streams of pre-treatment, hydrolysis, fermentation and distilla-
tion stage to achieve the criteria of zero waste management. This process also sheds light on in-
house energy generation to offset energy expenditure and to export energy in order to reduce
CO, emission. The inference of the study is that the results can aid to direct future research
efforts to make the process sustainable and economically viable.
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Abstract Biorefineries are globally contemplated as the viable platforms for the
highly anticipated substitution of fossil-based economy by the bio-based economy.
A biorefinery offers the advantage of converting a remarkable variety of biomass
feedstocks to different types of biofuels and biochemicals. A great extent of rig-
orous effort is currently being made for the upgrading of existing biorefinery
frameworks to fully attain the sustainability standards required to warrant their
full-scale implementation. As a consequence of the mandatory inclusion of the
sustainability goals into the biorefinery concept and the escalating concern on the
‘food-fuel conflict’, the second generation (2G) of biorefineries are garnering quick
popularity over their first-generation counterparts. In India, there exist huge pro-
spects of development of 2G biorefineries exploiting the abundant resources of the
lignocellulosic agro-wastes. Indian agro-wastes display an extraordinary variety of
lignocellulosic biomass and round-the-year availability in copious amounts.
Unfortunately, due to lack of awareness and poor valorization, these valuable
agro-wastes are often destroyed in mass scale for waste management instead of
being utilized in a productive way. The major focus of the present chapter is to
present a categorical classification of Indian agro-wastes based on their appearance
in the supply chain. The adaptability of Indian agro-wastes towards 2G biorefinery
has been assessed using their availability, thermochemical properties and compo-
sition of a few specific feedstocks, namely, rice straw, rice husk, wheat straw, oil
seed press cakes, sugarcane bagasse, coconut shell, banana peels and stems. The
analytic hierarchy process (AHP) has been used to decide on the strategy of
application of stand-alone biochemical or thermochemical processes and their
hybrids for the conversion of different candidate feedstocks in the 2G biorefineries
with respect to sustainability parameters.
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1 Introduction

Notable attempts for the switch over from ‘fossil-dominated’ to ‘bio-based’ econ-
omy have already been initiated worldwide [1, 2]. Rapid decline in fossil fuel
reserves and consequent tremendous future energy insecurity, rapid environmental
deterioration due to GHG emission, progressive global warming and threatening
issues of stagnation of socio-economic growth are the prime drivers of this para-
digm shift [1-3]. The utilization of renewable resources (biofuels, biochemicals,
biomaterials) in place of exhaustible non-renewables (petro-fuels and petrochemi-
cals) bears the vital significance in this particular context and should be made
compulsory worldwide through governmental enforcements. As envisioned by the
international energy agency (IEA), this will require the ultimate diversification of
primary energy sources by the countries around the world as an immediate measure
[4]. Biomass, more specifically the solid lignocellulosic ones, originated from
different natural resources can become the dependable alternatives of petro-based
fuels as the primary energy source upon proper planning and implementation [5-7].
Significant technological progress made in the past few decades in the conversion
of solid biomass to different liquid and gaseous biofuels has incremented the effi-
cacy of end use of the biomass to several folds [8—13]. However, the current status
of biofuels regarding competition with the conventional fossil fuels is far behind the
baseline required to replace their usage as primary energy source. The major bar-
riers are absence of proper categorization and poor valorization of biomass,
unplanned use in non-compatible conversion processes resulting in incomplete
recovery of energy and waste of valuable by-products due to lack of planning. It is
apparent that the biofuels can never attain a competitive space with the crude-oil
fuels if the high cost of production is not scaled down to significant extents [14, 15].
To achieve this particular goal, IEA has brought the focus of bioenergy planners on
the concept of ‘bio-refining of biomass’ to facilitate the simultaneous production of
(bio)chemicals, heat, power, food, feed and (bio)materials along with (bio)fuels
from different variety of biomass in a single facility combining multi-step pro-
cesses, popularly known as a ‘biorefinery’ [4]. The biorefinery concept has quickly
garnered widespread acceptance all over the world and now exhibits a myriad of
conceptual, technological and regional variants.

The developing countries with dynamically emerging industrial and economic
growth, like the BRICS (Brazil, Russia, India, China and South Africa), display
massive requirements of energy in form of oil and other fossil-based fuels to sustain
the pace of rapid development [15, 16]. Demand of energy and security of energy
availability differ significantly among these countries. Regarding energy security,
India portrays a precarious nature, reflected from a history of continually increasing
dependence (roughly 30% of energy demand) on imported sources of primary
energy vectors [17]. According to the latest report by MPNG, India imports 14, 70
and 30% of its primary energy demand, respectively, in terms of coal, oil and
natural gas, totalling in almost worth 150 billion USD [17]. It is being envisaged
that cost of this energy import will reach a soaring 3.6 trillion USD by 2030 if
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alternative measures are not administered urgently [17]. In this context, the con-
version of varieties of Indian lignocellulosic biomass, often mistreated as just waste
materials, to energy efficient biofuels has become a supreme concern of Indian
bioenergy researchers as well as energy policy makers [18, 19]. India is largely
known as an agriculture-based country with huge land coverage of productive
agricultural fields spread throughout the country’s vast rural expanse. Naturally,
enormous quantities of agro-residues are annually generated in India as by-products
of the crop cultivation and crop-processing sectors [19, 20]. Besides year-round
availability, most of these agro-residues possess suitable biochemical composition
and excellent energy content to be utilized as potential candidate feedstocks for the
development of agro-waste-based biorefineries [21, 22]. Strategic planning and
successful implementation of such biorefineries hold great promise in lessening of
the country’s forthcoming energy insecurity and existing wide gap between the
energy demand and supply.

2 Classification of Biorefineries

As already mentioned in the preceding section, biorefineries currently display
myriads of variants based on different basis of classification. Biorefineries have
been majorly classified based on the sources of feedstock, generation technology
and biomass conversion routes used and/or product/s targeted [23, 24]. Cherubini
et al. classified the biorefineries based on four selected features namely platforms,
products, feedstocks and processes in a recently published article [25]. In the article,
they clearly stated that ‘classification approach is flexible’ for biorefineries, as new
subgroups are continually appearing from the rapid progress of the emerging field.
Taking advantage of this flexibility of classification, a simplistic approach of
classifying the biorefineries has been adopted keeping direct accordance with the
well-known generations of biofuels based on feedstock sourcing [23, 26, 27]. On
the basis of origin and type of feedstock to be handled, we have simply classified
the biorefineries into three major ‘generations’ as the following: (1) first-generation
(1G) biorefinery, (2) second-generation (2G) biorefinery and (3) third-generation
(3G) biorefinery. The classification of biorefineries is schematically represented in
Fig. 1.

The 1G biorefineries use different simple sugar, cereal starch, vegetable oils and
animal fats as feedstocks for production of biofuels and biochemicals [23]. The 2G
biorefineries, also referred as the advanced biorefineries, will particularly use sev-
eral lignocellulosic feedstocks including agro-wastes, energy crops, woody forestry
residues and lignocellulosic fraction of industrial and municipal solid wastes
(MSW) as feedstocks [23]. 3G biorefineries will rely on different freshwater and
marine algal biomass as the feedstocks for biofuel and biomaterial production. It is
distinctively ascertained that the feedstocks used in the 1G biorefineries are having
food/feed value and are fit for human consumption, whereas all feedstocks of the
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Fig. 1 Three classes of biorefineries based on feedstock sourcing

2G biorefineries are completely non-food in nature [28, 29]. This distinction in
feedstock resourcing renders superiority of the 2G biorefineries over the 1G ones
from the perspective of ‘food versus fuel’ issues, which makes the 1G technology
highly unsustainable [28, 29]. In our discussion, we will specifically focus on the
2G biorefineries meant for the conversion of various Indian lignocellulosic
agro-wastes to biofuels and multiple added-value products. The usage of dedicated
energy crops has been intentionally excluded due to another controversial issue of
‘land versus fuel” [28], which should be avoided in an exclusively
agriculture-oriented country like India. Most compatible combinations of ‘feed-
stocks and conversion routes’ will be assessed and recommended for future
implementation based on the maximized level of attainable sustainability standard
in the Indian context.

3 Categorization of Indian Agro-wastes

Before planning the utilization of different Indian agro-wastes as feedstock for
biofuel production either through individual conversion routes or in a 2G biore-
finery facility, proper categorization is a requisite. This will greatly help in
assessing the probable economic value of the particular feedstocks and eventual
valorization through policy making from the perspective of their usage in biofuel
and biochemical production. This is rather a difficult job because of the existence of
extremely diverse types of Indian agro-biomass [18—-20]. To categorize the Indian
agro-wastes, primarily they have been divided into two distinct classes, depending
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on their appearance on the supply chain (from the cultivation field to the
agro-processing sectors). First class is the agro-wastes directly produced during or
after the harvesting of the crop/agricultural plants, termed as ‘post-harvesting
residues’. Post-harvesting leftovers may also be regarded as the ‘field residues’ as
most of the times these are left in the field at/or close to the site of cultivation.
Second class of agro-biomass is represented by the remainings generated as
by-products of different processing units handling the crops to harness the edible
parts, termed as ‘post-processing residues’. Varieties of different major Indian
agricultural crops and the residual agro-wastes derived from them [18, 19, 30], both
post-harvesting and post-processing, have been tabulated in Table 1.

Depending on the variation in climatic conditions and soil properties, different
types of agricultural crops are cultivated in different parts if India. Rice, being the
staple food of majority of Indians, is the most prominently cultivated crop in India.
Rice is cultivated in mass scale in 21 states among the total 28 major states of the
country [30]. Naturally, quantity-wise a huge fraction of the Indian agro-wastes is
dominated by the residues produced from rice. Besides rice, the other crop varieties
cultivated in large scale are reported in Table 1 along with the agro-wastes sub-
sequently produced from them. The lignocellulosic agro-wastes generated from all
these crops can serve as potential feedstocks for generation of bioenergy through
different conversion routes.

Table 1 Major types of Indian crops and the post-harvesting and post-processing residues derived
from them

Indian crops Post-harvesting residue Post-processing residue
Rice Straw/stalk, leaves, stubble, Husk/hull

‘Wheat Straw/stalk, leaves, stubble Pod/panicle
Sugarcane Top, leaves Bagasse

Maize Stalks Cobs

Banana Leaves, pseudo-stem, fruit branch Pith, fruit peels
Mustard Stalks Husk, press cakes
Sesame Stalks Press cakes

Castor Stalks Husk, press cakes
Soybean Stalks N.A.

Coconut Fruit brunch, fronds Husk/coir, pith, shell
Areca nut Fruit brunch, fronds Husk

Groundnut Stalks Shell

Bajra Stalks Husk, cobs

Jowar Stalks Husk, cobs

Ragi Stalks N.A.

Pulses* Stalks Husk

Sourced from [18, 19, 30], *Arhar, gram, masoor, moong, urad
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4 Availability and Conventional Use of Indian
Agro-wastes

Table 1 provides an overview of the extremely diversified agro-waste varieties
produced in India. Most of the tabulated agro-wastes are available round the year
due to the continuous production of the crops in rotational manner for the pro-
duction of food and feed to satiate the hunger of the huge population of India. As a
natural consequence, the non-edible lignocellulosic agro-residues originating from
the cultivation and processing of the Indian food crops are absolutely huge for the
prime crop varieties [18, 19, 30]. Regarding the quantity, agro-wastes produced
from rice, wheat, sugarcane, maize, banana, oilseed crops (mustard, sesame, castor),
nuts (coconut, areca nut, ground nut), millets (jowar, bajra, ragi) and pulses are
substantially huge in India [19]. Annually available amount of these agro-wastes
have been tabulated and presented in Table 2.

From the data presented in Table 2, it is evident that among the Indian
agro-wastes generated through the cultivation and processing of crops, residues of
rice hold the majorly significant fraction of produced agro-wastes. Other than rice,
wheat, sugarcane, banana, maize, coconut, groundnut, jowar, bajra are the other
Indian crop varieties, which produce significantly high amount of lignocellulosic
wastes. Agro-wastes produced from the oilseeds are also considerably high, par-
ticularly for mustard (Table 2). However, the availability of data on the quantity of
the ‘press cakes’ produced as post-processing residues from the oilseeds is scarce,
which can be significantly added to the agro-wastes of Indian oilseeds. Also,
quantitative data on the amount of stubble of rice and wheat are not available,
which are important lignocellulosic agro-wastes of these two cereal crops.

Clearly, there is an absolute abundance of agro-wastes in India, which also poses
difficulties in proper management and handling of the massive volume of solid
biomass continuously being produced. In India, there are mainly two conventional
ways/methods, through which the agro-wastes are managed. The first method has a
long history of traditional usage in India, which is the use of dry agro-residues as
solid fuel in earthen/clay ovens or house stoves in the rural areas for cooking and
producing heat [31]. Huge amount of GHGs (particularly CO,, NO,, SO,) and
respirable particulates are produced during the burning of the lignocellulosic
agro-residues in this method of usage [31]. This is neither an eco-friendly nor a
healthy way of utilization of the agro-wastes. It notably adds up to the atmospheric
GHG load in one hand, and on the other, it adversely affects the respiratory system
of the persons directly exposed to the smoke caused during the burning [31]. The
straws or stalks, residual leaves, nut shells and fronds of the crop plants are pri-
marily used through this method. The second way of agro-waste management
practiced in India is leaving the wet parts of the agro-wastes openly in the site of
cultivation for the amendment of soil by the fertilizer produced through the
microbial decay of the biomass. This process, although apparently looks harmless,
causes emission of another potent GHG, viz. CH, to the environment in mass
scales. The CH,4 is produced during the microbial degradation of the agro-biomass



Indian Agro-wastes for 2G Biorefineries ...

359

Table 2 Annual availability of agro-wastes of major agricultural crop varieties of India

Indian crops (corresponding agro-wastes) Annual availability (Kt/year) Reference
Rice waste 161893.00 [20]
Rice straw 141120.00

Rice husk 20773.00

Wheat (straw) 122991.00 [20]
Sugarcane wastes 114761.00 [20]
Sugarcane bagasse 73775.00

Sugarcane tops and leaves 40986.00

Maize waste 33720.00 [20]
Maize straw 28396.00

Maize cobs 5324.00

Banana waste 67776.00 [20]
Banana fruit peels 393.00

Banana pseudo-stem 67383.00

Mustard waste 16877.00 [20]
Mustard press cake 2681.00

Mustard seedpod 1355.00

Mustard stalks 12841.00

Sesame (stalks) 1207.70 [19]
Soybean husk 671.00 [20]
Coconut waste 9060.00 [20]
Coconut fronds 7769.00

Coconut shell 726.00

Coconut coir pith 565.00

Areca nut (fronds, husk) 1000.80 [19]
Groundnut (shells) 1385.00 [20]
Bajra(stalks, cobs, husk) 15831.80 [19]
Jowar (cobs, stalks, husk) 24207.80 [19]
Ragi (straw) 2630.20 [19]
Cotton waste 38281.00 [20]
Cotton stalks 35397.00

Cotton hull 2884.00

Pulses* (stalks, husk) 13462.90 [19]

*Arhar, gram, masoor, moong, urad

by the native decaying microorganisms present in the soil. So, from an environ-
mental perspective, this method is also not eco-friendly. This method is particularly
used for the agro-biomass of the pulses for recycling back the nitrogen into the soil
in a traditional belief. Another commonly practiced method for managing the
enormous volume of straw and stubble is the open-field burning for mass
destruction of the dry agro-wastes [32, 33]. It is easily understandable that this is an
environmentally detrimental process due to the massive GHG (CO,, CO, NOy, SOx
etc.) emission, during the open-air combustion of the carbonaceous straws/
stubbles [33]. Lack of awareness and infrastructural inabilities are the two major
reasons for the persistence of these malpractices in India. True valorization of the
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Indian agro-wastes through proper identification of their prospects for the pro-
duction of biofuels and additional value-added products is urgent to stop the mis-
handling of the immensely valuable agro-wastes.

5 Characterization of Indian Agro-wastes

It is of crucial importance to clearly understand the physico-chemical characteristics
of the lignocellulosic agro-wastes to facilitate optimal processing and efficient
conversion into biofuels and other value-added products in a 2G biorefinery.
Principal components of all of the tabulated agro-wastes, both post-harvesting and
post-processing, are the three complex biopolymers, namely lignin, cellulose and
hemicellulose [34]. Lignin is the rigid aromatic hetero-biopolymer which forms the
outermost protective layer of all lignocellulosic biomass [35]. The polysaccharide
duo, cellulose and hemicellulose form the core carbohydrate moiety of lignocel-
luloses and are the target components for biofuel production [35]. Contents of
lignin, cellulose and hemicellulose substantially vary among various lignocellulosic
biomass depending on species, season, region and climatic conditions [19, 30, 34,
35]. Owing to the natural recalcitrance and compositional complexity, lignin con-
tent plays the pivotal role regarding the choice of the conversion route, namely
biochemical or thermochemical or their hybrid, for the generation of biofuels from
the agro-residues. Hence, it seems beneficial to primarily select the route of con-
version for the Indian agro-wastes to biofuels based on the lignin content; this
strategy is discussed in detail in a later section. Lignin, cellulose and hemicellulose
contents of some major agricultural wastes have been presented in Table 3.

5.1 Lignin-Based Classification of Indian Agro-wastes

Based on the lignin contents of the Indian agro-wastes, as reported in Table 3, a
three-class categorization has been done. The three classes of agro-wastes are
namely low lignin (LL), medium lignin (ML) and high lignin (HL). The charac-
teristic range of lignin contents (%) of the three classes are 1-10 (LL), 10-20
(ML) and HL (above 20), respectively. According to this lignin-based classification,
the distribution of different agro-wastes (Table 3) is as follows:

1. HL: rice husk, sugarcane tops, sugarcane leaves, coconut shell, groundnut shell,
barley straw.

2. ML: rice straw, wheat straw, sugarcane bagasse, maize stems, coconut coir.

3. LL: mustard stalks, soybean husk, sesame press cake, banana pseudo-stem.
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Table 3 Lignocellulose contents of different Indian agro-wastes

Agro-waste Lignin (%) Hemicellulose (%) Cellulose (%) Reference
Rice straw 17.00 22.00 42.00 [20]
Rice husk 24.60 31.60 43.80 [34]
Wheat straw 13.00 30.00 42.00 [20]
Mustard press cake - 3.00 4-5 [46]
Mustard stalks 2.20 18.70 39.50 [47]
Soybean husk 9.88 17.15 33.49 [48]
Sesame press cake 1.00 - - [49]
Sugarcane bagasse 13.40 9.20 58.20 [20]
Sugarcane tops 21.70 32.00 39.70 [50]
Sugarcane leaves 22.70 28.70 40.80 [50]
Maize stems 19.90 21.10 - [51]
Coconut shell 28.70 25.10 36.30 [52]
Coconut coir 17.80 25.90 47.70 [52]
Banana pseudo-stem 8.07 18.40 44.00 [53]
Groundnut shell 30.20 18.70 35.70 [52]
Barley straw 20.78 - - [54]

5.2 Elemental Analysis

The elemental composition of different Indian agro-wastes has been presented in
Table 4.

5.3 Energy Potential of Indian Agro-wastes

Estimation of total energy potential of candidate agro-wastes in a year-wise basis is
an important consideration to select the most promising feedstocks for 2G biore-
finery. This will help in the primary decision-making process considering the
abundance and higher heating value (HHV) of a particular agro-waste ensuring its
uninterrupted availability. The elemental composition, particularly C-H—O analysis
of any lignocellulosic biomass, affects the energy content of the feedstock. The
higher heating values (HHV) of the Indian agro-wastes have been calculated using
the Dulong’s equation as follows [36]:

HHV (kl/kg) = [(337.7 x C) + {1437.9 x (H — (0/8))}] (1)

The values of C, H and O have been obtained from Table 4.

Table 5 represents the quantitative data on the HHV and total energy potential of
some major Indian agro-wastes, calculated based on the annual availability of the
wastes, as provided in Table 2.
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Table 4 Elemental composition of different agro-wastes and their higher heating values

Agro-waste C (%) H (%) O (%) N (%) S (%) Reference
Rice straw 38.80 6.70 38.80 0.20 0.20 [55]
Rice husk 39.80 5.70 39.80 0.50 0.20 [55]
Wheat straw 41.70 5.00 41.70 0.40 0.30 [55]
Mustard press cake 40.26 6.03 46.14 6.46 1.11 [46]
Mustard seedpod 44.30 8.80 43.00 0.38 0.19 [20]
Mustard stalks 43.80 5.90 43.80 0.30 0.30 [55]
Castor shell 49.80 5.30 43.90 0.90 0.10 [56]
Soybean husk 43.10 6.40 44.50 0.80 0.09 [20]
Sesame press cake 45.19 7.55 39.27 7.26 0.72 [57]
Sesame stalks 49.16 6.59 34.06 0.85 0.31 [58]
Sugarcane bagasse 48.60 5.90 42.80 0.16 0.04 [20]
Sugarcane tops and leaves 39.80 5.60 46.80 1.70 - [20]
Maize straw 47.09 5.54 39.79 0.81 0.12 [20]
Maize cobs 41.40 6.00 51.30 0.14 0.01 [20]
Coconut fronds 48.60 5.80 42.40 - - [20]
Coconut shell 52.30 6.60 39.50 0.30 0.80 [20]
Coconut coir pith 50.30 5.10 39.60 0.45 0.16 [20]
Banana pseudo-stem 43.28 6.23 49.02 0.98 0.49 [59]
Banana fruit peels 35.58 4.62 57.16 2.19 0.45 [59]
Areca nut husk 44.70 3.80 51.20 0.40 - [60]
Groundnut shell 33.90 2.00 59.90 1.10 0.12 [20]
Cotton stalks 41.50 6.20 47.50 1.81 0.02 [20]
Cotton hull 50.40 8.40 39.80 1.40 0.10 [20]
Barley straw 45.67 6.15 38.26 0.43 0.11 [61]
Barley chaff 46.77 5.94 39.98 1.45 0.15 [61]

From the data presented in Table 5, it is evidently seen that agro-wastes derived
from rice possess the highest annual energy potential and are much greater than any
other agro-wastes. This is followed by wastes of wheat, banana, sugarcane, cotton
and maize; the annual energy potentials of which are also significantly high for
India. Other noteworthy agro-wastes with substantially high energy potential
ranging between 100 and 200 PJ/year are namely mustard and coconut. Hence, it is
assessed that agro-wastes of these crops can serve as abundant source of feedstocks
for an Indian agro-waste-based 2G biorefinery. Total annual energy potential of the
agro-wastes of 8591.67PJ is comparable to the total coal-based thermal power of
194553 MW in India [37]. The actual potential is, however, dependent on the
efficiency of the conversion process to be selected for the generation of energy from
the wastes.
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Table 5 Total annual energy potential of selected Indian agro-wastes

Agro-waste HHV Energy potential in PJ/year (= Annual Reference
MlJ/kg) availability * HHV)
Rice straw 15.76 2224.05 [55]
Rice husk 14.48 300.79 [55]
Wheat straw 13.77 1693.58 [55]
Mustard press cake 13.97 37.45 [46]
Mustard seedpod 19.88 1.37 [20]
Mustard stalks 15.40 197.75 [55]
Soybean husk 15.76 10.57 [20]
Sesame stalks 19.95 24.09 [58]
Sugarcane bagasse 17.20 1268.93 [20]
Sugarcane tops 13.52 554.13 [20]
and leaves
Maize straw 16.72 474,78 [61]
Maize cobs 13.39 71.29 [20]
Coconut fronds 17.06 132.54 [20]
Coconut shell 20.05 14.55 [20]
Coconut coir pith 17.20 9.72 [20]
Banana 14.77 995.25 [59]
pseudo-stem
Banana fruit peels 8.38 3.29 [59]
Groundnut shell 3.55 491 [20]
Cotton stalks 14.39 509.36 [20]
Cotton hull 21.94 63.27 [20]
Total 8591.67

6 Biomass Conversion Processes of 2G Biorefinery
Platform

Lignocellulosic biomass can be converted to an array of various biofuels and
chemicals/biochemicals via selection of different route of conversion. Both ther-
mochemical and biochemical conversion processes are in common practice
worldwide [9, 38]. As individual processes, all of the biomass conversion routes
produce some energy products (heat and fuels) and some material products
(chemicals, biochemicals, biomaterials). In a 2G biorefinery platform, more than
one of these processes are advantageously used together to increase the extent of
biomass conversion, number of marketable products and reduction of waste gen-
eration. However, selection of particular conversion processes in 2G biorefinery
platforms in different countries is highly dependent on several factors. Type and
availability of biomass, awareness and willingness of the biomass producers to
supply biomass residues to conversion plants, progress in biomass conversion
technologies and proper planning of utilization by the bioenergy leaders are some
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prime driving factors. As a primary focus of this chapter, suitability of different
conversion routes for the conversion of Indian agro-wastes, categorized on the basis
of lignin content, has been assessed. Table 6 provides the thermochemical, bio-
chemical conversion routes and their hybrids under consideration.

7 Strategies for the Utilization of Indian Agro-wastes
in 2G Refinery

Lignin is the most recalcitrant substance present in all lignocellulosic materials,
including the agro-wastes; it highly influences the rate of conversion of biomass
through any route, particularly the biochemical ones [35]. Hence, it seems bene-
ficial to primarily select the specific route, either thermochemical or biochemical, to
ensure maximum biomass conversion with enhanced efficiency. It is understandable
that biomass with very high percentage of lignin is not suitable as feedstocks for
biochemical routes due to the requirement of extensive pre-treatments. Although it
is not very easy to assess the difficulties or advantages of using any agro-waste as
feedstock for any conversion route, an assessment considering major influencing
factors is necessary. To facilitate the clear understanding on proper and specific
selection of biomass and its most compatible conversion route, a strategic
decision-making approach has been adopted here. In the approach, lignin content of
the agro-wastes has been considered as the first basis of categorization to be used
for the selection of the best conversion route among available options. Afterwards,
a well-known strategic decision-making tool has been used to assess the feasibility
of agro-waste conversion in a 2G biorefinery framework shown in Fig. 2.

Figure 2 depicts the overall scheme of the proposed 2G biorefinery framework
comprising all options of biomass classes, pre-treatment units, conversion routes
and product series. In Fig. 2, the three-class categorization of lignin-based biomass
has been shown along with their probable point of entry in different option of
conversion routes. For the three biomass classes, a total of five conversion routes
(Table 6) have been proposed as options as following:

A. Thermochemical routes (no biomass pre-treatment is considered)

1. Gasification (GA)

2. Gasification followed by Fischer—Tropsch synthesis (GA-FT)

3. Pyrolysis (PY)

B. Biochemical routes (acid hydrolysis (AH) of biomass is considered as an initial
step)

1. Anaerobic digestion (AH-AD)

2. Alcohol fermentation (AH-AF)

C. Hybrid process (thermochemical + biochemical)

1. Gasification followed by alcohol fermentation (GA-ALF)
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Fig. 2 Schematic of the Indian agro-waste-based 2G biorefinery framework

After defining all the available options for biomass and conversion routes,
feasibility analysis has been conducted to clearly assess the suitability of conversion
of particular agro-wastes from Indian context.
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7.1 Analytical Hierarchical Process (AHP) Model

The analytical hierarchical process (AHP) in this study has been carried out using
the super decision software following the basic steps proposed by Saaty [39—43].
The AHP used in this study is a four-tier structure consisting of one goal, one
criteria cluster, one sub-criteria cluster and one alternatives cluster illustrated in
Fig. 3.

The goal of this study is to find out the best compatible route for conversion of
biomass of varying lignin content in the Indian context. The criteria set for the
analysis is environmental aspects, economical aspects and the maturity of the
technologies considered for conversion of biomass. The sub-criteria have been set
to be different lignin content of biomass, i.e. high lignin content, medium lignin
content and low lignin content. The alternatives chosen are pyrolysis (PY), gasi-
fication followed by alcohol fermentation (GA-ALF), gasification followed by
Fischer-Tropsch process (GA-FT), anaerobic digestion with acid hydrolysis as
pre-treatment (AH-AD) and alcohol fermentation with acid hydrolysis as

PY
High GA-FT
Environmental \ —_ Lignin
/ \
Best Route / \
for Biomass Ec ical Madiion
Conversion \ ~OROHNES '-\ Lignin GA-ALF
\\ \ L
\
\ \
\ \ \\\
\ \
Technology
Maturity
AH-AD
AH-ALF

Fig. 3 Four-tier AHP model of the Indian agro-waste-based 2G biorefinery
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Fig. 4 Variation of criteria in Variation of Criteria
case 1 and 2 0.6

= Case 1
= Case 2

ENV ECO TECH

pre-treatment (AH-ALF). Since direct conversion through biochemical route is
impracticable for high lignin biomass, the alternatives are set to PY, GA-ALF and
GA-FT. For both medium and low lignin biomass, all the five alternatives are
applicable. The ratings have been provided by means of detailed literature review,
subsequent analysis and brain-storming sessions. The Saaty scale has been strictly
followed for this purpose [44, 45]. In order to avoid any ambiguity and biasness
towards the ratings, the AHP has been carried out twice by assigning different
weightage to the environmental and economic criteria, defined as case 1 and case 2,
respectively (Fig. 4). The technological maturity has been left unperturbed as that
dictates a fact or current status about that technology, and introducing perturbation
in that is meaningless. On a scale of 100, for case 1, weightages on economics,
environmental impact and technological maturity are set in the ratio of
26:41.2:32.8. In case 2, the weightages on environment and economics have been
interchanged. Thus, the eco: env: tech is set as 41.2:26:32.8.

7.2  AHP Results for Three Classes of Biomass

7.2.1 High Lignin Biomass

For high lignin content biomass, for case 1, the pyrolysis is the most preferable
route followed by GA-ALF and GA-FT. This is justifiable as pyrolysis has lesser
environmental footprint than gasification process. In addition to that, the pyro-char
obtained as a product of pyrolysis is used in soil fixation which has positive
environmental footprint. With respect to the economical preference (case 2) for high
lignin biomass, GA-FT is the best suitable route followed by GA-ALF. In this case,
GA-FT is the best solution because the economics of this process is well established
and the demands of the final products are also high. Also, gasification is a
self-sustained process compared to pyrolysis, and no additional cost is required to
maintain an inert atmosphere inside the reactor. Pyrolysis comes as second option
as the process is economically feasible more than the GA-ALF process as the yield
is less in case of GA-ALF. The results are depicted in Fig. 5.
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Fig. 5 AHP rating for High Lignin
suitable conversion processes 0.7
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7.2.2 Medium and Low Lignin

For medium and low lignin biomass, pyrolysis followed by AH-AD and AH-ALF
is the most suitable options, and GA-ALF and GA-FT are the least suitable options
when the analysis is biased on environmental impact. Due to the positive envi-
ronmental footprints, as discussed before, pyrolysis comes up as the best preference
compared to AH-AD and AH-ALF, as both the latter processes have energy
requirement and water footprint. In addition to that, AH-AD have higher footprint if
methane leakage occurs. GA-ALF and GA-FT are least preferable options as the
overall environmental footprint is much higher. For case 2 with higher biasness to
economics, AH-AD, pyrolysis and GA-FT are the best suitable routes, whereas
AH-ALF and GA-ALF are the least suitable routes. AH-ALF and GA-ALF lag
behind mainly due to low conversion. AH-AD dominates the top position as
installation cost, operating cost and maintenance cost are less compared to pyrolysis
and GA-FT. The results are depicted in Fig. 6.

06 Medium Lignin W - Low Lignin
= Env Imp ® EnvImp
051 sEcolmp 051 # Eco Imp
0.4 0.4
03 03 1
02 1 02 |
A w F 5
0 £ 0+
PY  GA-FT GA-ALF AH-AD AH-ALF GAFT GA-ALF AH-AD AHALF

Fig. 6 AHP rating for suitable conversion processes for ML and LL
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8 Recommendation on Strategic Decision on Feasible
Conversion Processes

From the AHP analysis, it is clear that the choice of the conversion processes to be
used in the 2G biorefineries depends on the type of agro-waste and the environ-
mental and economic impacts of the process. Different sets of conversion processes
are suitable if the biasness on environment and economics is interchanged.
Therefore, for the setting up of a 2G refinery in any agricultural hub, the policy
makers have to decide on the priority consideration, i.e. whether environmental
impact or economic returns is to be given more stress. For the same level of
environmental impact, better economy is expected if the technological maturity
increases. Hence, more thrust should be given on research and development to
unwind the mechanisms to address the challenges of the conversion processes. The
analysis also indicates that parallel processing of high, low and medium lignin
feedstocks should be done using different conversion processes in the same 2G
biorefinery to exploit the maximum benefit from all agro-residues.

9 Conclusions

From the available database, an assessment on the abundance of Indian
agro-residues and their overall energy potential has been made. Based on the lignin
content, the residues have been classified as high lignin, medium lignin and low
lignin ones. Considering an array of thermochemical, biochemical and hybrid
processes, an AHP model has been developed to draw a guideline for the strategic
decision on the utilization of the conversion path for different types of biomass in a
single 2G refinery. The analysis clearly indicates that the suitability of routes
changes with the interchange of priority on environmental impact and economic
return. It is expected that the findings presented in the article will be useful for the
scientists to focus on the research and development on suitable conversion pro-
cesses for different types of agro-residues and for the policy makers to decide on
setting up of 2G biorefineries near agricultural hubs in rural sectors.
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