Indian Institute of THE UNIVERSITY
Technology Delhi OF QUEENSLAND

AUSTRALIA

Lignocellulosic Biomass Valorisation using Deep Eutectic

Solvents for Sustainable Biorefineries
by
VALLARI R. CHOURASIA

Submitted

in fulfilment of the requirements for the joint degree of

DOCTOR OF PHILOSOPHY

to the

INDIAN INSTITUTE OF TECHNOLOGY DELHI
&
UNIVERSITY OF QUEENSLAND

JULY 2023



Indian Institute of THE UNIVERSITY
Technology Delhi OF QUEENSLAND

AUSTRALIA

Lignocellulosic Biomass Valorisation using Deep Eutectic

Solvents for Sustainable Biorefineries
by
VALLARI R. CHOURASIA

Submitted

in fulfilment of the requirements for the joint degree of

DOCTOR OF PHILOSOPHY

to the

INDIAN INSTITUTE OF TECHNOLOGY DELHI
&
UNIVERSITY OF QUEENSLAND

JULY 2023



This thesis is dedicated to
my dearest APPA

(My Grandfather- Nilkanth Kashinath Joshi)

Whose love has been the beacon of light in every era of darkness.

Who has been my supreme pillar of strength, inspiration, and encouragement.

Whose memory will forever be a source of solace and blessing.

Even though you never got to see this, you re in every page!



Certificate

This is to certify that the thesis entitled “Lignocellulosic Biomass Valorisation with Deep
Eutectic Solvents for Sustainable Biorefineries” being submitted by Ms. Vallari R.
Chourasia to the Indian Institute of Technology Delhi and University of Queensland for the
award of degree of Doctor of Philosophy is a record of bonafide research work carried out by
her. Ms. Vallari R. Chourasia has worked under our guidance and supervision and has
fulfilled the requirements for the submission of this thesis, which to our knowledge has reached
the requisite standard. The results contained in this thesis are original and have not been
submitted, in part or full, to any other University or Institute for the award of any other degree

or diploma.

(B £ 7%&7

Prof. K. K. Pant Prof. Robert Henry

Department of Chemical Engineering Queensland Alliance for Agriculture
Indian Institute of Technology Delhi and Food Innovation

Hauz Khas New Delhi - 110016 University of Queensland

St. Lucia, Australia - 4076



Abstract

Concerns regarding the depletion of fossil fuel reserves and the environmental consequences
of their use have motivated the development of renewable fuels. This has created a demand for
alternative fuel resources derived from non-food substrates with low net carbon emission and
has inspired the need to identify sustainable, inexpensive sources of biomass for an
economically sustainable biorefinery proposition. Lignocellulosic biomass (LBM) represents
a renewable, widespread, and low-cost source which can potentially be converted into high
value products including biofuels with zero net CO emissions. This research aimed to develop
a sustainable bioprocess to utilise Sugarcane Bagasse (SB), an abundant lignocellulosic
feedstock, from different sugarcane varieties. The study utilised advanced ionic liquids such as
deep eutectic solvents (DESs) for increasing the pre-treatment efficiency by selective
extraction of lignin and subsequently enhancing the digestibility of SB for further enzymatic
saccharification and conversion to bioethanol. Physico-chemical characterizations performed
using FE-SEM, FTIR, TGA and XRD analysis consistently indicated decomposition of bagasse
structure after DES pre-treatment. Glucose recovery was predominantly influenced by the
glucan content, as high sugar SB variety demonstrated the highest recovery of 92.8% for
choline chloride: glycerol (ChCl:GLY) DES pre-treatment. However, maximum
delginification of 81.2% with an enzymatic digestibility of 98.5% was achieved using choline
chloride: lactic acid (ChCLI:LA) DES. A one-pot pre-treatment and saccharification process in
which DESs, and enzymes are utilised concurrently, resulted in the elimination of many
intermediate and washing steps and a bioconversion method that is both cost-effective and
energy-efficient. The biocompatibility of DESs was demonstrated with 90% of the stability of
enzymes being retained in ChCl:GLY (10% w/v) after 24 h and a maximum glucan conversion
of 72.6%, in a one-pot process. The one-pot process parameters were optimised for maximum

saccharification yield using response surface methodology (RSM). The model suggested that



at optimal conditions, a maximum saccharification yield of 70.4% can be obtained and the
glucose conversion was mainly impacted by enzyme concentration, followed by biomass
loading and finally time. To analyse the kinetics of enzyme concentration on reaction rate, a
modified Michaelis-Menten kinetics model was applied that demonstrated high agreement with
experimental data. Additionally, to further improve the process dynamics, the DES pre-
treatment process was integrated with microwave heating for delignification of SB. Moreover,
the conventional DESs used were incorporated with Lewis acids (MgCl,.6H»0, NiCl>.6H20) in
an effort to provide the acidity essential for fractionation while preserving the maximum
biocompatibility of DESs. Furthermore, the effect of water addition to these DESs was
investigated to enhance their efficacy. In this context, choline chloride: ethylene glycol:
NiCl,.6H,0 (ChCLEG:NI) at a molar ratio 1:2:0.016 with 20 w% water as a co-solvent
produced the most promising results, with 84% delignification and 99% enzyme digestibility.
A combined experimental and kinetic investigation of the delignification process utilising
traditional binary ChCL:EG DES and the novel ternary ChCL:EG:NI DES in a microwave-
assisted pre-treatment using Py-GC/MS and TGA studies was conducted. Py-GC/MS analysis
of lignin demonstrated that DES pre-treatment of SB with ChCl:EG:NI resulted in the lowest
release of phenolic compounds, indicating the highest delignification efficiency. Furthermore,
the kinetic studies confirmed higher delignification efficiency of the ChCL:EG:NI DES,
resulting in activation energy of 115.70 £+ 1.83 and 129.36 + 1.18 kJ/mol using the NL-INT
and NL-DIF models respectively, as compared to the 126.89 + 2.5 and 140.35 £+ 1.65 kJ/mol
for the untreated SB. Further, a comparative study between multi-unit operations and one-pot
integrated process for mass balance, economic and environmental analysis was established.
The one-pot integrated process led to the production of 43.6 g/L of ethanol with 8.7 g ethanol
per 100 g dry SB. In this case, 50.6% maximum theoretical yield of ethanol was attained.

Moreover, a preliminary cost analysis revealed that the net selling price of ethanol reduced by
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30% in the integrated approach with an estimated net selling price of 9.75 $/gal. Additionally,
the life cycle assessment demonstrated the environmental effect of both processes, indicating
that the multi-unit process had a 10% greater impact on global warming and a 4% greater
impact on water depletion than the one-pot technique. Thus, this research illustrates the
potential of biocompatible DESs, and provides new opportunities for developing an effective

and sustainable biomass conversion process.
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