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ABSTRACT

Lignocellulosic biomass, available in the form of agriculture and forest residues is
an abundant renewable source of energy and products. Cellulose nanocrystals and
fermentable reducing sugars are amongst the major bioproducts derived from
woody biomass. Herein, the thesis explores developing non-conventional
approaches of extraction cellulose nanocrystals (CNCs) and fermentable reducing
sugars from Spruce wood.

First, acetosolv pulping-alkaline hydrogen peroxide bleaching of spruce wood
were employed to produce bleached wood pulp (BWP) for the derivation of CNCs.
Treatment of BWP using sulfuric acid at concentration of 65.0 wt.% and 62.0 wt.%
led to CNCs yield of 8.0+3.2 wt.% of dry wood and 25.1+0.7 wt.%, respectively. The
ultrasonic treatment of acid hydrolyzed pulp at 80.0 % amplitude for 5.0 min resulted
in obtaining good quality CNCs with high aspect ratios (length/width) up to 48.1 and
crystallinity index of 80.8+1.7%.

For fermentable reducing sugars production, different pretreatments of spruce
wood were explored to improve the enzymatic digestibility of spruce wood.
Acetosolv pulping-alkaline peroxide bleaching was the most effective pretreatment
method, leading to total reducing sugar (TRS) yield of ~95.0 wt.% of total
hydrolysable sugars (THS) in 144.0 hours of enzymatic hydrolysis process.
Additionally, the impact of enzyme pretreatment on enzymatic hydrolysis yield was
further investigated. It was found that prolonged scCO2 pretreatment (16.0 MPa,
46.0 °C, 24.0 h) of enzyme cocktail decreased sugars yield in the subsequent
enzymatic hydrolysis from 44.6+1.3 wt.% (untreated enzyme) to 6.3+1.1 wt.%
(pretreated enzyme) at 24.0 h of enzymatic hydrolysis of BWP.

The optimized enzyme cocktail was immobilized into silica oxide aerogel by
sol-gel synthesis followed by scCO:2 drying. The cocktail aerogel at 144.0 mg
enzyme/g aerogel retained a residual yield of >50.0 % after fourth cycle of reuse
compared to first cycle under atmospheric pressure. The activity was decreased
due to leaching of enzyme and reduction in surface area and porous volume of
aerogel enzyme over the cycles. TRS yield by the cocktail aerogel was <10.0 wt.%
in second cycle of reuse under scCO2 due to enzyme leaching from aerogel to
hydrolysate showing unfavorable conditions for cocktail aerogel in high pressure
system.
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LIST OF ABBREVIATIONS USED

LC Lignocellulose

SCF Supercritical fluid

TGA Thermogravimetric analysis

DSC Differential scanning calorimetry

XRD X-ray diffraction

Crl Crystallinity index

S-IR Solid state infrared spectroscopy

FTIR Fourier Transform Infrared Spectroscopy

ssNMR 13C solid state NMR

UV-Vis Ultraviolet—visible spectroscopy

SEM Scanning electron microscope

TEM Transmission electron microscope

AFM Atomic force microscopy

HPLC-RID high-performance liquid chromatography refractive index
detector

DLS Dynamic light scattering

CHF Coconut husk fiber

BSKP Bleached softwood kraft pulp

MCC Microcrystalline cellulose

CMC Carboxymethyl cellulose

TEMPO 2,2,6,6-tetramethylpiperidine-1-oxyl

CNCs or NCC Cellulose nanocrystals or Nanocrystalline cellulose

CNF Cellulose nanofiber

DMAc N,N-dimethylacetamide

DMSO Dimethyl sulfoxide

TBAF tetrabutylammonium fluoride

NMMO N-methyl morpholine-N-oxide

GPC Gel permeation chromatography

ILs lonic liquids

HTC Hydrothermal treated cellulose

THS Total hydrolyzable sugars

MFC Micro fluidized cellulose

TRS Total reducing sugar

CBH Cellobiose from nonreducing

CLEA Crosslinking of enzyme aggregates

MOF Metal-organic framework

BET Brunauer-Emmett-Teller

BJH Barrett-Joyner-Halenda
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CHAPTER1 INTRODUCTION

1.1. Background
In the year 2020, the energy consumption from fossil resources (including coal, oil,
and natural gas) amounted to 601.7 Terajoules out of a total consumption of 742.8
Terajoules, which led to the release of 31.4 Gigatons of CO2 (99.3% of total CO2
emissions) . According to the International Energy Agency (IEA)’s projection, the
world energy demand is forecast to increase by 24.0 % in 2040 [, Statistics
published in the IEA report have shown that biofuels and waste-derived energy
contributed to around 9.8% of the total energy supply in 2020 1. In 2019,
lignocellulosic biorefinery produced more than 138 billion liters of bioethanol, 33.0
billion liters of biodiesel, and US $8.7 billion valued chemical bioproducts [,
Lignocellulosic (LC) biomass is primarily available in feedstocks in biorefinery as
an alternative to petroleum refineries using fossil resources as feedstocks.
Additionally, it has no serious competition with animal food resources like the
first-generation feedstock of biofuels . The lignocellulosic biorefinery concept
involves the upgradation of woody and agricultural residues to energy and value-
added bioproducts 8. Implementing a biorefinery, in which multiple products are
derived from renewable resources, offers significant potential for a circular system
where waste production is minimized and the use of biomass is maximized, aiming
at enhancing social and economic prosperity and environmental quality 212,
Developing a sustainable process with a high product yield remains a bottleneck
in research and development. LC biomass is composed of anhydrous sugar

polysaccharides (cellulose and hemicellulose) and aromatic polymer (lignin) as the

1



major components, and protein, extractives (lipophilic resins), and ash as minor

components 13, The composition of LC feedstock varies depending on the type of

biomass due to their cell wall composition, as seen in Table 1-114l |t is worth

mentioning that sum of the individual component of the LC biomass may not be

100 % of dry matter due to the variation and analytical errors in different methods

(15-17]

Table 1-1. Fractional composition of major polymers and acetyl groups in various lignocellulosic

feedstocks (wt.% of dry matter)

Feedstock® Cellulose  Hemicellulose Lignin Acetyl Extractive Ash Others Ref.
group content content *
Agricultural residues
Sorghum stalk 40.5 22.7° 19.5 - - 2.8 14.5 el
Wheat straw 38.5 24.9 17.7° 2.7 - 10.7 8.2 18l
Wheat bran 34.2 221 24.3 - 11.5 0.5 7.4 19
Corn stover 30.0 26.1 11.0 - 28.0 4.9 - 128]
Corn stover 40.6 24.7 4.2 - - - 22.8 129
Corn cob 36.8 26.3° 242 21 - 3.2 7.4 21
Sugarcane bagasse  40.5 28.5 21.6 4.8 4.2 3.7 - 122
Grasses

Switchgrass 45.6 27.3 8.6 - - - 18.5 23
Mixed perennial  36.0 24.5 6.9 - - - 24.4 1201
grass

Elephant grass 34.6 24.3 15.7° 4.8 21.9 10.1 - un

Woody feedstock materials

Eucalyptus 41.4° 12.52 29.8 - - - 12.1 24
Harwood chips 40.0° 17.0° 31.0 2.7 2.0 2.0 8.0 125
Aspen 44.0° 25.9 24.8 5.5 0.8 - 4.5 28]
Mongolian oak 41.2° 23.5 26.4 - 0.5 0.5 7.9 27
Pine 41.3 221 31.6 - 1.7 0.6 2.7 28]
Spruce 43.0 20.6 29.6 - - - 6.8 29
Poplar 46.1 34.7 19.1 - - - 0.1 =a

* Determined by difference; The chemical composition of feedstock biomass is mentioned as per

the reported studies. Acetyl group is part of hemicellulose. The sum of cellulose, hemicellulose,

lignin, extractive, ash and other component may or may not be 100% due to the variation in the



analytical methods used in corresponding studies; @ determined as xylan; ® determined as Klason

lignin; ¢ determined as glucan.

Each biopolymer comprises one or more basic structural units (Figure 1-1).
Cellulose is a carbohydrate polymer that constitutes 40.0-48.0 wt.% dry weight of
woody biomass 2% [24] 27] Cellulose is composed of a repeating unit of cellobiose
in the form of crystalline and amorphous subregions. Cellobiose is a dimer of
anhydrous glucose with reducing and non-reducing ends. The amorphous region
is unorganized, whereas the crystalline region is a well-organized glucan microfibril
stacked structure. Hemicellulose constitutes 12.0-34.0 wt.% dry weight of woody
biomass 34 [24] [27] |t js composed of pentose (C5) and hexose (C6) anhydrous
sugars polymers that include xylose, arabinose, mannose, galactose sugars, and
some organic acids (i.e., acetic acid, galactoglucoronic acid). Lignin is an aromatic
biopolymer composed of three aromatic units: p-coumaryl alcohol or p-
hydroxyphenyl unit (P), coniferyl alcohol or guaiacyl unit (G), and sinapyl alcohol
or sinapyl unit (S) BYU. These three aromatic units form lignin and are found in
varying contents in grass, softwood, and hardwoods. Softwood contains 27.0-33.0
% lignin with guaiacyl (G) as the dominant unit, hardwood contains 20.0-26.0 %
lignin mainly composed of guaiacyl (G) and syringyl (S) units, and herbaceous
plants that contain a lower amount of lignin 13.0-19.0 % with all three monolignol
units (Figure 1-1) B4, These biopolymers are the source of a wide spectrum of
bioproducts that can be produced by chemical, biological, physical- and
thermochemical methods. Therefore, the biorefinery concept is a contemporary
solution to meet these future needs of useful chemicals, polymers, and energy and

to reduce the dependency on finite fossil resources 3,
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Figure 1-1. Structural units of lignocellulosic biomass - cellulose, hemicellulose, and lignin B4

Plentiful lignocellulosic biomass material is available worldwide in the form of
forests, crops, and grass. Geographically, the Russian Federation, Brazil, and
Canada have significant forest lands in square kilometers, as shown in Figure 1-2
1391 The global production of forest residues amounted to approximately 1.2 billion
tons in 2018. These residues include by-products from wood processing, such as
sawdust, plywood waste, and shavings [2€!,

THE COUNTRIES HAVING THE HIGHEST FOREST

LAND GLOBALLY.
Australia, Indonesia, Peru, 738054.00
1250590.00_ 903256.00 India, 708604.00
Russian
Congo, Dem. Rep. Federation,
1522665.90 8148895.00
China,
2098635.00
United States,
3103700.00
Braril,
Canada, 4925540.00

3470224.10

Figure 1-2. The countries with the highest forest land globally parks and gardens are excluded (World data

bank, 2019) 82 37,



The carbohydrate polysaccharides in the LC biomass contribute more than
60.0-80.0 wt.% of the composition and, therefore, the most utilized fraction. The
major intermediate bioproducts derived from cellulose are nanocellulose in the
form of cellulose nanocrystals (CNCs), cellulose nanofibers (CNF), and
fermentable reducing sugars. These intermediate bioproducts are further
converted to different platform commodities such as biosensors, membranes,
biodegradable polymer additives, drug delivery ingredients, functionalized
hydrogels, and xylitol, sorbitol, polylactic acid, bioethanol, biobutanol 1% 38441 The
"Global Nanocellulose Fiber Market Report" published in 2020 by Research
Insights predicted that the global Nanocellulose market will experience an annual
growth rate of 18.8 % from 2018 to 2025 and is expected to reach $2.7 billion by
2025 B8, CNC is one of the three major types of nanocellulose (nanocrystals,
nanofibers, spherical nanocellulose) derived from either plant or bacterial cell-
walls. Each type of nanocellulose has a different preparation method,
characteristic features, and specific application ©549 |n the lignocellulosic
materials, these nanocellulose fibers stack to form microcrystalline fibers, and
these microcrystalline fibers are complex with hemicellulose and lignin to form as
rigid, complex structure in plant’s cell walls to provide rigidity to lignocellulosic
biomass %52, The cellulose is structured in a very organized hierarchy from

nanoscale fibers to microscales Figure 1-3.
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Figure 1-3. Schematic representation of cellulose and nanocellulose structures in the wood.

In the CNCs production process, cellulose is extracted from the biomass,
then the amorphous cellulose is hydrolyzed, and finally, the individual nanocrystals
are disintegrated by mechanical dispersion 46 53581 The cellulose is extracted from
LC biomass by harsh chemicals (i.e., chlorite and sulfite- NaOCI, NaClOz2, Na2SOs,
Na2S0s4), which results in pure and white-colored cellulose pulp. However, this
process generates wastewater contaminated with lignin and chlorinated toxic
compounds, also known as adsorbable organic halides (AOX) B2, Organosolv
pulping are an alternative method to fractionate the cellulose pulp from LC biomass
with a potential of reusability of solvents and recovery of solubilized lignin [60-63],
Further, CNCs are extracted by acid hydrolysis or 2,2,6,6-tetramethylpiperidine-1-
oxyl (TEMPO) oxidation methods 24 58 64681 Acid hydrolysis is a well-established
method used in commercially producing CNCs 9. After hydrolysis of the
amorphous cellulose, the crystalline cellulose remains in the form of clumps of
nanocrystals, further disintegrating by mechanical dispersion. Due to significant
water consumption and wastewater generation by intense chemical methods,
some emerging methods include dilute acid hydrolysis, sub- and supercritical

water treatment, and enzymatic hydrolysis 272 However, these methods are still



under development and limited to lab scales. The qualitative properties (surface
area and aspect ratio, surface functional groups, zeta potential, hydrophilicity, and
others) and yield (wt.% of cellulose or wt.% of initial feedstock) determine the
application of CNCs. Method of extraction and process parameters (i.e.,
temperature, reaction time, acid concentration, mechanical power) influence CNC
yield and properties of CNCs and, therefore, are important to investigate and
optimize.

On the other hand, fermentable reducing sugars from renewable sources are
feedstock for biofuels and bioenergy production (i.e., bioethanol and biobutanol)
[44, 60, 73-75] The LC biomass is the source of second-generation (2G) bioethanol,
which relies on converting polysaccharide constituent of biomass to fermentable
sugars followed by microbial fermentation to produce ethanol. The primary
bottleneck in the LC biorefinery is the large-scale fermentable sugars extraction.
Extracting monomeric sugars (C5 & C6) from the LC biomass, irrespective of the
type of biomass, requires pretreatment to disrupt the structure by deconstructing
the bonding of lignin with hemicellulose ©4 76771 The pretreatment process
enhances the enzymatic digestibility of pretreated solids due to the destruction of
a complex network of lignin-hemicellulose and crystalline cellulose; therefore,
enzyme accessibility to carbohydrate polymers increases &7  Typically,
conventional strategies for biomass pretreatment involve the use of single-stage
alkali solutions (such as NaOH, KOH, NH3s, and Na2CO3), inorganic acids (primarily
H2S04, H3PO4, HCI, and HNO3), or water-based techniques (such as hot water,

hydrothermal, sub-critical water, and steam explosion) 8289, Due to the severity of



pretreatment processes, the degradation of sugars and lignin occurs, which
reduces yield and results in the formation of chemicals (i.e., furfuraldehyde, 5-
hydroxymethyl furfural, levulinic acid) that inhibit the fermentation process 9.
Such processes lead to the generation of significant wastewater that makes the
process environmentally unsustainable. As an alternative to intense chemical
treatment methods, emerging technologies are being developed using ionic
liquids, microwave-assisted methods, supercritical fluid treatments, ultrasound,
and organosolv treatment. These methods generate less wastewater than the
abovementioned methods, enable solvent recycling, and enhance the process's
sustainability and economic viability £1-961,
1.2. Knowledge gap
Significant work has been done in the field of nanocellulose and sugar production
from lignocellulosic biomass. However, most of the work is based on conventional
methods that use chemical-intensive treatment, resulting in significant water
consumption that raises environmental concerns. Therefore, emerging
technologies for deriving products from biomass should be explored. The specific
knowledge gaps which were the focus of this thesis include:

1. The majority of the processes developed for nanocellulose preparation rely
on the extraction of cellulose from LC wood biomass by conventional
chemical treatment such as kraft pulping and sodium chlorite bleaching [~
1031 Such processes face the challenge of wastewater containing reactive
chemicals. Organosolv pulping, such as acetosolv pulping and ethanosolv

pulping, has been a cleaner approach to fractionate LC biomass into sulfur-



free lignin, hemicellulose, and cellulose [B7 1041051 However, most of the
studies have been conducted on agricultural feedstocks, and a very limited
studies explored woody biomass, specifically spruce wood with higher
cellulose contents. To the best of our knowledge, the acetosolv pulping and
alkaline hydrogen peroxide treatments have not been explored for
nanocellulose production from spruce wood. CNCs production from the LC
biomass is a multistep process that includes particle size reduction of wood
biomass, delignification by pulping and bleaching, acid hydrolysis, and
mechanical dispersion of the individual CNC. The type of biomass and
process conditions influence the CNC's characteristics and yield. The effect
of acid hydrolysis reaction conditions and type of mechanical dispersion
methods on CNC properties and yield has only been studied to a limited
extent and explored to a great extent in this thesis.

Use of supercritical fluids pretreatment of agricultural biomass prior to
enzymatic hydrolysis for fermentable sugar production has been explored to
a greater extent compared to woody biomass [5 18 106-110] The obtained
sugar yield varies depending on the type of biomass and process condition
011121 Ultrasound pretreatment is another emerging physicochemical
pretreatment method that is less chemical-intensive compared to
conventional methods. The efficacy of these pretreatment methods highly
depends on the process conditions and biomass type, and therefore, it is

worthwhile to further investigate under varying process conditions.



3. There are reports on the enhancement of enzyme activity under a high-
pressure environment due to a molecular-level rearrangement in the
enzymes’ microenvironment (i.e., activation volume, reorientation of water
molecule) 113l Enzymatic hydrolysis in the presence of scCOz2 in one pot has
been studied to hydrolyze microcrystalline cellulose for reducing sugar and
nanocellulose production from microcrystalline cellulose (MCC) in just two
different studies 5% 114 However, there is a significant knowledge gap with
respect to the enzymatic hydrolysis of spruce wood in the presence of scCO2
and water.

4. The cost of enzymes is one of the bottlenecks in biomass conversion to
fermentable sugars. Therefore, the recovery of the enzyme is an important
consideration. Only a few studies evaluated the performance of immobilized
cellulase under the supercritical CO2 13, Additionally, the effect of enzyme
load in immobilization (such as silica aerogel) on hydrolysis yield,
morphology, and reusability have not been explored for cellulolytic enzymes.

1.3. Research Objectives

The thesis aims to produce cellulose nanocrystals with rod-shaped morphology

and fermentable reducing sugar production from the spruce wood biomass with a

greener approach. Therefore, the thesis explored less chemical-intensive and

reusable solvents to address the above-discussed knowledge gap. The objectives
are outlined as follows:
1. Developing an understanding of the influence of process parameters

affecting the purity and morphology of the cellulose nanocrystals (CNCs)
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derived from spruce wood using acetosolv pulping-alkaline hydrogen
peroxide treatment.

2. Optimization of cellulolytic enzyme cocktail for enzymatic hydrolysis of
pretreated spruce wood for fermentable reducing sugar production.

3. Investigation of the effect of various mild or less intense chemical
pretreatment methods of spruce wood biomass on enzymatic digestibility
by cellulolytic enzyme cocktail.

4. Immobilization of cellulolytic enzyme cocktail into silica oxide by
entrapment for enzymatic hydrolysis carboxymethyl cellulose and spruce
wood pulp. Understanding the effect of enzyme concentration in aerogel
on its reusability and morphology and its use under supercritical COx2.

1.4. Research scope

Among the variety of pretreatment methods, ultrasound, organosolv, and scCO:
are emerging physicochemical pretreatment methods with the advantage of
reduced wastewater generation or reusability of solvents 16119 The
polysaccharides in the pretreated biomass are hydrolyzed to monomeric and
oligomeric sugars by cellulolytic enzymes, which are among the expensive
components of the process. Therefore, reducing the enzyme cost and enhancing
the enzymatic hydrolysis rate are strategies to improve the process economics.
The synergistic effect of enzymes increases the rate of hydrolysis by changing
hydrolysis patterns 128121 Thijs study explored a greener and sustainable process
with less chemicals or reusable solvents for processing LC biomass, which could

significantly eliminate the discharge of contaminated wastewater from
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lignocellulosic biorefineries. This study focused on understanding the effect of
process parameters on the yield of CNCs and fermentable sugar production using
spruce wood biomass.

The production of nanocellulose crystals and fermentable reducing sugars
under the proposed plan is schematically present in Figure 1-4. In this thesis,
spruce wood was used as starting feedstock material for CNCs extraction. The
process involved acetosolv pulping-alkaline hydrogen peroxide bleaching to
extract purified microcrystalline cellulose followed by optimization of acid
hydrolysis and mechanical disintegration of individual CNCs. The goal was to
develop an understanding of the effect of process on yield and quality of CNCs.
In the context of fermentable sugar production from spruce wood, the effect of
various pretreatment (scCOz2, alkali-assisted ultrasonic treatment, and acetosolv-
alkaline hydrogen peroxide) on enzymatic hydrolysis yield was investigated. The
enzyme cocktail consists of endoglucanase, exoglucanase, and (-glucosidase
from cellulase, hemicellulase, B-glucanase, and pectinase from Viscozyme L
enzyme complex. In addition, the enzyme cocktail prepared by response surface
optimization for concentration, pH, and temperature was pretreated under scCO:
to understand the effect of scCO2 on enzyme activity and performance in the
enzymatic hydrolysis of bleached wood pulp (BWP) (Figure 1-5).

Additionally, the enzyme cocktail was filtered to remove sugar and impurities
and immobilized into the silica oxide aerogel by entrapment. The performance of
the immobilized enzyme cocktail was evaluated for hydrolysis of the water-soluble

form of derivatized cellulosic substrate, sodium carboxymethyl cellulose (CMC),
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and water-insoluble BWP produced by acetosolv-alkaline peroxide pretreatment.
Additionally, CMC was used to explore the potential of enzymatic hydrolysis under

scCOz2 by an immobilized enzyme cocktail (Figure 1-6).

Delignification by
acetosolv pulping

v

Bleaching by alkaline-H,0,

*—I

Effect of acid hydrolysis —
---1 Optimum acid >
concentration

Ultrasonic treatment
optimization

*—I

Product: Nanocrystalline
cellulose

Co-Product: Fermentable Sugar Byproduct: Lignin

Figure 1-4. Production of nanocellulose crystals from Spruce wood acetosolv pulping -alkaline peroxide

bleaching followed by acid hydrolysis
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CHAPTER 2 LITERATURE REVIEW

This chapter provides a review of literature primarily focused on the production of
nanocellulose and fermentable reducing sugars from lignocellulose cellulosic
biomass. The production of nanocellulose, its characterization, application, and
future perspective have been discussed in section 2.1. The supercritical COz2
pretreatment of wood and agricultural biomass has been discussed in section 2.2.
In section 2.3, the influence of high pressure and scCO:2 on free and immobilized
cellulolytic enzymes has been critically analyzed.

2.1. Nanocellulose production, characterization, and application
2.1.1.Nanocellulose

Cellulose is well known for its outstanding physical and mechanical properties due
to the hydroxyl group on its surface and strong hydrogen bonding network.
Cellulose is mainly available in the form of microfibrils in the cell wall of the plants
and bacterial cells B%52 The ordered structure on the fibrils with inter-chain
hydrogen bonding leads to formation of crystalline region whereas disorder
structure forms the amorphous region of the cellulose microfiber 22, Due to the
very ordered packing in the crystalline region, the hydrolysis of crystalline cellulose
is difficult and takes substantially longer than the amorphous cellulose 121,
Therefore, a controlled digestion of cellulosic materials leads to formation of
nanocrystalline cellulose (NCC) which has at least one dimension in nanometers.
NCC is categorized into two major classes - cellulose nanocrystals (CNCs) and
cellulose nanofibers (CNFs). CNCs could be in different morphological shape
depending upon the feedstock and process parameters — spherical, spindle, or

rod-shape [123-1251 CNCs have diameter of few nanometers and length below a
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micrometer whereas CNFs have diameter of few nanometers and length up to
several micrometers 122 Another term bacterial nanocellulose (BNC) is used for
the nanocellulose synthesized by microorganisms such as bacteria from genera
Agrobacterium, Aerobacter, Achromobacter, Azotobacter, Komagataeibacter 1291,
BNC is also gaining significant attention in the area of research [126-128]
Nanocellulose have gained interest owning their biodegradability, biocompatibility,
lightweight-low density, and high surface area along with higher stiffness and
strength than the Kevlar and cast irons 122-131],

Due to the attractive physicochemical characteristics’ of nanocellulose, a
Stockholm, Sweden based research and innovation institute ‘Innventia’ had
announced the first pilot-scale plant operation in 2010 132 |n 2012, CelluForce,
Montreal, Canada based company celebrated world's first nanocrystalline
cellulose (NCC) demonstration plant and ramped up its production capacity to
1,000 kg NCC per day. CelluForce used Kraft pulp in the acid hydrolysis process
for the production of different types of NCCs 133l In a market insight report (2018-
2023), ‘Fior Markets’ estimated a global annual growth rate to be 18.8% for
nanocellulose attaining a market size of US$1076.43 Million where Europe itself
had 48% of total nanocellulose market volume around the world 134, There are
several commercial producers of nanocellulose in different types (i.e., Aqueous
CNCs and CNFs or spray/freeze dried powders). In a recent report (2023-2028),
‘IMARC group’ expects that the nanocellulose companies will expand their product
variants and the market will grow at global annual growth rate of 19.6% attaining a

market size of US$ 1,476.9 Million by 2028. Currently operating companies in
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nanocellulose industry and their establishment years are Borregaard AS (Norway,
1889), Cellucomp Ltd. (United Kingdom, 2005), CelluForce (Canada, 2010),
FiberLean Technologies GmbH (Germany, 2008), GranBio Technologies (Brazil,
2011), Nippon Paper Industries Co. Ltd. (Japan, 1949), Stora Enso Oyj (Finland,
1998) (1351,

2.1.2.Isolation of nanocellulose

Cellulose is the source polymer to produce nanocellulose which is available in the
form of LC biomass pulp and microcrystalline cellulose (MCC). LC biomass is
readily available and is the cheapest feedstock [B8. The production of
nanocellulose from LC biomass is divided into two major stages. The first stage is
dedicated to isolation microcrystalline cellulose pulp by pretreating the biomass. In
the second stage, the isolated pulp is transformed to nanocellulose. In a
conventional pulping process, the LC biomass is pretreated using reactive
chemicals such as NaOCI, NaCIlOz, Na2SOs, Na2S0O4 to extract the cellulose pulp
where non-cellulosic (hemicellulose and lignin) components are removed and
remain unused. Kraft and sulfite pulping are the well-known and established
conventional method of producing cellulose pulp at commercial scales specifically
in paper and pulp industry 7191 However, these methods have concerns of high
volume water consumption and wastewater generation contaminated with lignin
and chlorinated toxic compounds 2. In recent years, emerging methods are being
studied to develop an integrated LC biorefinery which focuses on efficient
utilization biomass components (36, The emerging methods of LC biomass
treatment includes reusable and advanced solvent such as organic solvent

(methanol, ethanol), weak organic acids (formic acid, acetic acid), ionic liquid (ILs
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- [BMIM]MeSO4), deep eutectic solvents (DES — choline chloride with imidazole or
oxalic acid) [61-62, 137139 Dye to environmental concerns of conventional methods,
non-conventional methods could be the alternative to develop a sustainable and
environmentally friendly process of cellulose pulp and nanocellulose extraction
from the LC biomass.

In the first stage, the process begins with the grinding of dry biomass to ~60.0
mesh sieve or lower size followed by removal of wax and extractive components
by Soxhlet extraction 142141 The lignin and hemicellulose are removed by primary
and secondary bleaching steps such as soaking in the alkaline pretreatment such
as 3.0-6.0 wt.% potassium hydroxide (KOH) or 2.0-13.0 wt.% sodium hydroxide
(NaOH), or calcium hydroxide (Ca(OH)2), for 5.0-24.0 h at room temperature
following high temperature ~80.0 °C for 2.0-3.0 h reaction (4 57 1041 These alkali
pretreatments saponify the ester bonds of lignin and hemicellulose 52. Chen et al.,
(2011) prepared chemically-purified cellulose pulp using poplar wood powder
treated with acidified sodium chlorite at 75 °C to remove lignin followed by 3.0-6.0
wt.% KOH to leach the hemicellulose 141 Whereas Heidarian et al., (2017)
involved 1.0-3.0 M hydrochloric acid hydrolysis of aspen wood sawdust in between
the primary and secondary bleaching stages in the process of producing cellulose
nanofibers. The primary bleaching was carried out with 3.0 % (w/v) hydrogen
peroxide (H202) and acetic acid (CHsCOOH) treatment to weaken the lignin —
polysaccharides interactions. After acid hydrolysis treatment, secondary bleaching
was carried out with 2.0 wt.% NaOH that leached out the soluble lignin, pectin and

hemicellulose. This alkali step reduced the need of harsh of secondary bleaching
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by acidified sodium chlorite 149, Delignification and bleaching are the essential
requirement in order to prepare purified cellulose pulp from LC biomass to produce
nanocellulose with minimum non-cellulosic components and higher crystallinity
and thermal properties [193, 140, 142]

In the second stage, bleached Kraft wood pulp is the most commonly used in
nanocellulose production as it is easily available from the paper and pulp industries
[46, 143-144] The bleached pulp undergo acid hydrolysis, TEMPO oxidation,
enzymatic hydrolysis, and/or mechanical disintegration that produces the
individualized CNCs and CNFs [25 1451 Acid hydrolysis is the well-established
process in nanocellulose production. However, the physicochemical properties of
the produced nanocellulose varies due to several factor over the sequential steps
involved in the process (48, The bleached pulp is hydrolyzed with acid at a very
mild temperature ~45 °C to hydrolyze the amorphous subregion 147, Strong acids
such as sulfuric acid (H2SO4) and phosphoric acid (HsPOa4) are used for the acid
hydrolysis 52 148-149] For example, Camarero Espinosa et al. (2013) hydrolyzed
Whatman filter paper with 6.2-10.7 M phosphoric acid at 50.0-100.0 °C under for
30.0-90.0 min. The morphology and size of the cellulose nanocrystals were varied
based on the severity of the reaction and homogeneous CNCs were observed for
the reaction at 100.0 °C for 90.0 min 159, The sulfuric acid hydrolysis (62.0 wt.%,
44.0 °C, 90.0 min) of pinewood acetosolv pulp led to CNCs yield of 2.3 wt.% of the
pulp with 67.8 % crystallinity 5. Whereas sulfuric acid hydrolysis (58.0 wt%, 56.0
°C, 180.0 min) of bleached eucalyptus Kraft pulp resulted in 68.0 wt.% CNCs yield

with 76.2 % crystallinity 54, The yield, morphology, and properties of CNCs are
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considerably dependent on the temperature and acid concentration as well as the
process of cellulose pulp isolation from the biomass 159, After hydrolyzing the
amorphous cellulose, crystalline cellulose is treated with mechanical treatment to
individualize the nanocrystals and nanofibers. Sonication, grinding, cryo-crushing,
and high-pressure homogenization are commonly used methods. Mechanical
treatment disperses the individual nanofibers homogeneously in the suspension
(2, 57, 104, 140-141]  Fyrther, nanocellulose is characterized for physicochemical
properties such as crystallinity index, thermal degradation, surface functional
groups, surface charge and aspect ratio for its end-use applications.
2.1.3.Nanocellulose characterization

Characterization of nanocellulose enables researchers to determine the
physicochemical properties, quality improvement, and their potential applications.
For the characterization, various parameters are analyzed using different
equipment. Crystallinity index (Crl) is among the most important parameter for
nanocellulose material. The nanocellulose are highly crystalline materials after
removal of non-cellulosic and amorphous cellulose content from the pulp and

microcrystalline cellulose 8 1511521 The crystallinity index is measured mainly by

using an X-Ray diffraction pattern of the nanocellulose material. However, the
calculation of crystallinity index is done by two methods — (1) Ratio of peak areas
and (2) ratio of peak intensities of crystalline and amorphous regions 1531541 The
most used method for reporting the Crystallinity index of nanocellulose is based
on the ratio of peak intensity also known as Segal method 153, The measured
crystallinity index has substantial differences based on the mentioned methods.

For example, Thygesen et al., (2005) analyzed crystallinity index of different
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cellulosic materials including Whatman filter paper, spruce, cotton linter cellulose,
corn stover. The crystallinity index determined by peak intensity-height ratio
method showed significantly higher results for all the materials. 134, Therefore, it
is very important to mention the method of crystallinity index analysis and its
comparison with the literature.

Thermal stability of the nanocellulose is another important parameter which
shows the thermal tolerance of the nanomaterials. Thermogravimetric analyzer
(TGA), differential thermogravimetry (DTG), and differential scanning calorimetry
(DSC) are used in a wide range of temperatures (30.0-550.0 °C) which shows the

thermal decomposition of the nanocellulose materials [BZ 155157 |nfrared

spectroscopy (IR) analysis shows the presence of various bonds and functional
group. IR spectra confirms the structural changes (lignin and hemicellulose
removal, sulfate group grafting on surface, exposure of more hydroxyl groups and
hydrogen bonding) over the different chemical treatments of biomass and pulp in
production of nanocellulose [122 159],

Transmission electron microscopy (TEM), scanning electron microscopy
(SEM), and atomic force microscopy (AFM) are the most common visual imaging

equipment used in morphological analysis of nanocellulose [155-156, 158-159] - gy;ch

equipment uses a certain accelerating voltage and dyeing of the sample before
visualization. In the preparation, samples are dispersed in the distilled water and
diluted to 0.005-0.01 wt.% concentration of nanocellulose followed by
ultrasonication for 1.0-2.0 minutes 143 1601 The particle size and aspect ratio

analysis are usually done by measuring the size of individual nanocrystals and
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nanofibers from microscopy images where Imaged is the most widely used
software tool. The aspect ratio of the CNCs is the ratio of length to width. Higher
aspect ratio enables it to have more functionalization capacity on its surface for
various application [45 161],

2.1.3.Nanocellulose applications and future perspectives

Production of nanocellulose from different feedstock source along with different
chemical and mechanical treatments processes, has the potential to be tailored
according to end applications U122 Xu et al., (2019) studied the nanocellulose
suspension rheology, colloidal phase behavior, and ordering of nanocrystals and
pointed out that the morphology and dimensions of CNCs considerably vary based
on the source and production process 182, Nanocellulose has wide range of
applications in different fields such as biomedical, composite material, adhesive,
Pickering emulsions, nano paper and packaging materials 1631661 For example,
surface modified CNCs with amino-propyl-tri-ethoxy-silane (APTES) increased
contact angle between the CNCs and urea-formaldehyde resin adhesive by 26.4
% U871 In the evolution of nano-biomaterials, extensive research has been reported
and others being continued employing nanocellulose in the field of biomedical (i.e.,
tissue repair, drug delivery, biosensing) due to its biocompatibility,
biodegradability, no/low toxicity, high surface area-to-volume ratio, and mechanical
characteristics, rheology, potential of functionalization and modification. Due to the
nanoscale dimension, CNCs may enter cells, cause inflammatory response,
oxidative stress [168&169 However, such concerns could be addressed by
functionalization of nanocellulose with specific groups of interest 122 1701 For

instance, Ntoutoume et al.,, (2016) synthesized a CNC/curcumin/cyclodextrin
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complex where CNCs were functionalized by B-cyclodextrin (CD) and the
synthesized complex exerted an antiproliferative effect on colorectal and prostatic
cancer cells 11, On the other hand, extensive research has been focused on the
application of nanocellulose in contaminated water treatment and dye removal 165
1724731 Similarly, there have been numerous studies showing the growing potential
of nanocellulose in the different. The variety of feedstock source availability and
tailorability of nanocellulose, these is a wide scope for the development of cost-
effective and environmentally sustainable method for nanocellulose production

and further functionalization for different applications.
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2.2. Conversion of lignocellulosic biomass to reducing sugars in high pressure

and supercritical fluids: greener alternative for biorefining of renewables

Section 2.2 of this chapter has been published in Journal of Advanced Sustainable
Systems:

Pawan Kumar, Azadeh Kermanshahi-pour, Satinder Kaur Brar, and Marianne Su-
Ling Brooks. 2021. ‘Conversion of Lignocellulosic Biomass to Reducing Sugars in
High Pressure and Supercritical Fluids: Greener Alternative for Biorefining of
Renewables’, Advanced Sustainable Systems, 5: 2000275.

2.2.1.Abstract

Supercritical fluids offer great potential to be employed in lignocellulosic biomass
(LCB) fractionation in biorefinery. Supercritical carbon dioxide and water are
greener alternatives compared with conventional reagents (e.g., acid or base) and
have been investigated for the pretreatment and hydrolysis of lignocellulosic
biomass. This review is focused on examining the fundamentals that govern the
function of supercritical fluids in pretreatment stage, as well as in the main
hydrolysis reaction. Sub/Supercritical carbon dioxide is used in pretreatment and
sub/supercritical water has been the solvent of choice in hydrolysis of LCB.
Significant research has been gone into understanding the effect of process
parameters such as temperature, pressure, co-solvent and use of external catalyst
on the sugar yield in biorefining of the LCB in supercritical fluids. It is identified that
processes with reduced environmental impact and energy consumption can
significantly enhance biorefining of LCB at commercial scale. Enzymatic hydrolysis
of LCB in supercritical carbon dioxide is a promising approach that can
accommodate mild reaction condition. Developing an understanding on
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performance of enzymes in high pressure systems and designing carriers for
enzyme immobilization and further recycling will enable one pot pretreatment and
hydrolysis and will be a milestone in processing renewable resources for deriving
biofuel and value-added chemicals.

2.2.2.Introduction

Increased consumption of non-renewable resources for energy production and the
release of carbon dioxide associated with the production and consumption of fossil
fuel are amongst today’s most pressing sustainability challenges. According to the
International Energy Agency (IEA)'s projection, the world energy demand is
forecast to increase by 24.0% in the year 2040 [2. Implementing a biorefinery, in
which multiple products are derived from renewable resources offers significant
potential for a circular system where the production of waste is minimized, and the
use of biomass is maximized aiming at enhancing social and economic prosperity,
and environmental quality 121, Additionally, in the circular economy, the waste and
byproducts generated is used as feedstock for producing another product U174,
Lignocellulosic (LC) biomass mainly consists of three heterogenous biopolymers:
- cellulose (16.0-56.0 %), hemicellulose (13.0-33.0 %), and lignin (4.0-55.0 %). The
most common feedstock used in LC biorefinery includes softwood, hardwood,
bagasse, stover, and straw [22 175177] The world is rich in LC biomass with a wide
distribution around the globe. For example, Russia, Brazil, and Canada have the
highest forest land area, while China, India, and the United States are the primary
producers of crops 178, Despite the abundance of LC biomass, commercial LC
biorefineries face significant sustainability challenges and they are not widely

implemented. LC biorefineries require the feedstocks undergoing a pretreatment
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process to remove or disrupt the recalcitrant lignin and hemicellulose network.
Crystalline cellulose can also be partially converted to amorphous cellulose in the
pretreated solids (181171 Conventional pretreatment methods are classified into
biological (e.g., fungal and bacterial pretreatment), physical (e.g., milling,
ultrasonic, microwave, mechanical extrusion); chemical (e.g., acid hydrolysis,
alkaline  hydrolysis, organosolv, oxidation delignification, ozonolysis),
physicochemical pre-treatment (e.g., steam explosion, ammonia fiber explosion)
methods 1161191 Emerging technologies are developed based on the use of ionic
liquids (ILs), deep eutectic solvents (DES), microwave-assisted methods,

sub/supercritical fluids (SCFs), aiming at enhancing the recyclability of

solvents/reagents of pretreatment processes [1:24. 96, 179-181] Thege advanced
solvents are recyclable and have high selectivity for removing non-cellulosic
fractions of the LC biomass 4% 182l DES are versatile for sustainable biorefinery
applications and evaluated to be readily biodegradable U7 183-186]  (Qn the other
hand, DES and ILs are expensive and some of them are toxic, requiring the use of
ammonium salt, urea, and choline chloride 72 183-186] Processing of LCB in ILs
and DES solvents requires solvent recovery as well as thorough washing of the
pretreated solid for further hydrolysis reaction 0871,

Sub and supercritical fluids (SCFs) have been used in pre-treatments since
the last quarter of the 20" century 18189 |t has gained attention in the past few
years for use as reaction media and co-solvents in lignocellulosic biorefinery 19 42,
77, 190191]  SCFs are different from the high pressure or hot water and possess

unique properties at critical points 192194 \When the temperature and pressure of
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a substance is above its critical temperature (Tc) and pressure (Pc), the properties
of the fluid are between those of a gas and a liquid, with viscosity and diffusivity
closer to those of gas and density closer to that of liquid 1251961 As evident, when
density is considered, SCF (200.0-900.0 kg/m?) is more likely to behave as liquids
(600.0-1200.0 kg/m?), while its range of viscosity is closer to that of gas (SCF:
0.01-0.09 Pa.s; Gases: 0.01-0.03) 197, Physicochemical properties of fluids can
be changed significantly in response to small fluctuations in temperature and
pressure, near the critical points that can result in favorable conditions such as
enhanced dissolution of feedstock components, higher mass and heat transfer,
and facile product separation 192 198-202] Dyring the past few years, supercritical
water (SCW, 22.1 MPa, 374.2 °C) has been gaining interest as a suitable reaction
medium for biomass fractionation in a biorefinery 28. ScCO: is also recognized for
processing of woody biomass in recent years because of its role as an autocatalyst
in the presence of water in modern biorefineries 2931,

Water and CO:2 are considered as environmentally benign solvents due to
their non-toxic nature and particularly in the case of COz2, due to its lower critical
temperature and pressure (scCOz, 31.0 °C, 7.4 MPa) U2 Deploying sub and
supercritical CO2 or water in processing LCB eliminates need for the use of acid
and alkaline solution for hydrolysis, which are commonly employed pretreatment
technologies and addresses the concerns related to large amount of high strength
wastewater and the need for waste neutralization. Incorporation of enzymes into
the SCF-based technologies will likely enhance sustainability, considering

renewability and recyclability of enzymes and require milder rection conditions.
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Therefore, supercritical fluid-based technologies are considered as potential
greener alternatives compared to conventional methods. However, the knowledge
gap towards enhancing the sustainability of such systems should be identified and
thus the goal of this review paper is to provide an overview of the current state of
research and development on the application of SCFs in processing LCB for sugar
production (Figure 2-1) as well as identifying the knowledge gap and path forward
toward innovating more sustainable approaches.

The fundamental phenomena governing the function of sub/supercritical
carbon dioxide and water in pretreatment and hydrolysis of LCB are discussed
(Section 2). Pretreatment of biomass in high-pressure and subcritical fluid (section
3) and supercritical carbon dioxide (section 4) followed by either acid or enzymatic
hydrolysis are reviewed. Current advancement on the application of
sub/supercritical water and carbon dioxide as the sole hydrolysis reaction media is
investigated (section 5). The influence of the system parameters and reaction
conditions (T, P, co-catalyst, feedstock particle size, etc.) on sugar yield (sugar
released per amount of biomass and sugar released per amount of hydrolysable
sugars) are critically analyzed (section 3,4,5). The performance of the enzymes
under high pressure and potential for integration of scCO2 and enzyme in one pot
system (section 6) is examined. Moreover, the commercial status of the current
technologies has been investigated (section 7).

Several review articles have been published in the area of bioenergy and
bioproducts derived from LCB [0 3843 Some works have particularly focused on

the use of advanced solvents and supercritical fluids for processing different types
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of biomass such as plant, lignin, and seaweeds for derivation of bioproducts,
whereas others have paid attention to SCF application on liquefaction, gasification
and pyrolysis with catalysts for LC biomass valorization 10 4243, 204-206] |y thijs
review we particularly focused on processing agricultural and woody biomass in
sub/supercritical fluids for derivation of sugars and made a significant effort in
collecting and processing the data related to the pretreatment sugar yield as well
as the overall yield (e.g., combined pretreatment and enzymatic hydrolysis) for
comparing the performance of various sub/supercritical fluid-based systems.
Another important aspect of our work, which has been overlooked in prior critical
reviews is examining the potential of one scCO2 pretreatment and enzymatic
hydrolysis in one pot with respect to the reaction mechanisms and recent

advancement in the field.
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Figure 2-1 Application of supercritical fluids in lignocellulosic biorefinery to derive reducing sugars as

intermediates to further produce platform chemicals.

2.2.3.Fundamentals of sub/supercritical carbon dioxide pretreatment and
sub/supercritical water hydrolysis of lignocellulosic biomass

Different types of alkaline solutions, mineral acids, ionic liquids, and organic acids,
are applied in the conventional pretreatment of lignocellulosic biomass for
bioproduct production, including sugars 297299 Strong acids are widely applied on
a commercial scale to pretreat or hydrolyze LC biomass [16. 210211 Technical and
environmental challenges associated with the conventional pretreatment methods,
including sugar degradation, equipment corrosion, high water consumption, and

generation of the large volume of waste, limit their sustainability /6 2121 The use of
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sub and supercritical COz2 in the presence of H20 as co-solvent eliminates the need
for the use of acid and alkaline solution and addresses the concern related to waste
neutralization. The major role of sub/supercritical carbon dioxide in the
pretreatment of lignocellulosic biomass is hemicellulose fraction hydrolysis and
disruption of recalcitrant and crystalline structure 1& 2131, The hydrolysis process is
catalyzed by the in-situ formation of carbonic acid due to the high pressure of

sub/supercritical CO2, as shown in Equation (1) and (2).

HCO; + H,0 & COZ + Hy0* @)

As can be seen in the above equilibrium reaction, the formed carbonic acid
(H2CO23) is unstable in the reaction and CO: is released once the pressure reduced
to atmospheric pressure 18 214 The solubility of CO2 in water increases with
increasing the pressure (i.e., solubility increases from 0.5 % to 2.0 % molar fraction
of COz2 in water when pressure is increased from 2.5 MPa to 30.0 MPa, at 85.0
°C), whereas increasing the temperature reduces the amount of dissolved CO:2
(i.e., 3.2 % to 2.25 % molar fraction of COz in water when temperature increased
from 15.0 °C to 85.0 °C, at 30.0 MPa) [213],

The presence of acetyl groups (CH3CO) in LC biomass such as sugarcane
bagasse and aspen wood facilitates hydrolysis by the release of acetic acid due to
hydrolysis of hemicellulose 25 176. 216 Thjs weak acid is strong enough to catalyze
the hydrolysis of hemicellulose, whereas the cellulose fraction mainly remains
intact 1781771 Temperature and pressure of the high-pressure fluid, pH of the
solution, and reaction time are the most influential parameters that drive the

hydrolysis in high pressure CO2-H20 systems. At high pressure systems, as
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pressure increases, the solubility of CO2 in water increases to an optimum,
resulting in pH reduction and promoting hydrolysis [17-218] |ncreasing the
temperature results in a decrease in the solubility of COz2 in water, which is not
favorable for hydrolysis. However, temperature influences hydrolysis reaction, as
demonstrated in Equation (3) and therefore, must be optimized to increase the
rate, while minimizing sugar degradation 2172181 The combined effect of reaction
time and temperature is termed the severity factor. The severity factor of the
reaction R, is defined in Equation (3):

log R, = log [N, t;. exp (F=2)] (3)

Tf. R
Eq

® = (4)

Where fj is the retention time, T; is pretreatment temperature; T, is the base
temperature (100.0 °C), and i & n is denoted for ith pretreatment stage in total n
number of stages. The empirical parameter w with a value of 14.75, depends on
the average temperature of the experiment (Tr), Gas constant (R), and activation
energy (Ea) 252192201 The combined severity factor, which considers the collective
effect of temperature, reaction time, and pH on CO2-H20 driven reactions, is
expressed by Equation (5) 229,

Combined Severity = logR, — pH (5)

Walsum (2001) studied the xylan hydrolysis using sub and supercritical CO2
in the presence of water as co-solvent, that is governed by the carbonic acid
formation.[229 Based on their study in varying partial pressure of CO2 (0-13.7 MPa),
reaction time (0.5-28.5 min) and temperature (170.0-230.0 °C), theoretical pH
dependency was expressed in terms of temperature (T) and partial pressure of
CO2 (Pco2) in Equation (6).
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pH = [8 x (ﬁ)z] +[2.09 x (==)] = [0.216 x In(Peo2)] +3.92 (6)

It is difficult to measure the exact pH during the reaction. Therefore, it could be
predicted using Equation (6) with dependencies on the temperature and partial
pressure. Morais, et al, (2014) calculated the pH using Equation (6) and compared
it with the final measured pH of hydrolysate produced as the result of supercritical
carbon dioxide pretreatment of agricultural biomass under varying severity
conditions. Their measured pH (3.5 —4.0) was close to calculated pH (3.71 — 4.21)
using Equation (6). This difference was attributed to the acetic acid released from
acetyl groups 2131,

Walsum (2001) reported the hydrolysis of xylan to xylose with yield up to 26.4
wt.% of total hydrolysable sugars (THS) at 190.0 °C, 5.5 MPa and 28.5 min of
reaction time (220 The optimal severity factor of the hydrolysis reaction
corresponds to the highest sugar yield with minimum degradation products. The
optimum range of temperature for hemicellulose hydrolysis during pretreatment,
has been reported within 160.0-200.0 °C with pressure in the range of 5.0-6.0 MPa
by various research groups [1& 22 1761 A temperature of higher than ~200.0 °C with
long reaction time may cause degradation of the hydrolyzed sugar, resulting in
decrease in the overall yield. Therefore, the combined effect of temperature and
pressure to retain the dissolved CO:2 in water, and its subsequent role in pH
adjustment plays a crucial role in the high-pressure and sub/supercritical fluid
system to release the hemicellulosic sugars [229,

It is hypothesized that the predominant mechanism in sub/supercritical CO2-

based systems is based on the penetration of CO2 to biomass, which is enhanced
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by the presence of water. When sudden depressurization is applied after
completing the pretreatment, strong shear forces, along with significant thermal
changes in sub/supercritical water, result in collapsing the structure of LC biomass
(explosion effect) and subsequent increase in porosity and decrease in crystallinity
(177, 221-222] The secondary mechanism is attributed to the interaction of water and
CO2 and subsequent carbonic acid formation, resulting in mild hemicellulose
hydrolysis 2231, Both of these mechanisms make cellulose and hemicellulose more

exposed to the subsequent step of hydrolysis (acid or enzymatic hydrolysis),

resulting in improved sugar yield 177, 221-223]

There are some reports, indicating an attempt to optimize the influential
parameters such as temperature, pressure, water content and reaction time in
order to achieve both hydrolysis and explosion effects 214 223 Higher severity
factor can be achieved in supercritical fluid pretreatment compared to high
pressure and subcritical-fluid based pretreatment. In most studies, sub-critical
CO2 treatment, water to solid ratio of higher than 1.0 is used as opposed to typically
less than 1.0 water to biomass ratio in the case scCO2 (Table 2-1, Table 2-2, and
Table 2-3).

Water—solid ratio below one is commonly used in scCO2-based pretreatment
to understand the effect of pretreatment on the enzyme digestibility of the biomass
11, 214] For instance, Srinivasan and Ju (2010) used a water-solid ratio of 0.65 for
guayule biomass, and reported that there was no release of sugars during the
scCOz2 pretreatment (200.0 °C, 27.5 MPa & 30.0 min) and the polysaccharides

were only present in residual solid 223, However, Morais et al., (2014) obtained
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28.5 % of the THS released in the subcritical CO2—based pretreatment (215.0 °C,
5.4 MPa & 38.9 min) of wheat straw, when water-solid ratio of 10.0 was used [213],
However, regardless of whether sub or supercritical CO2 is employed, hydrolysis
of hemicellulose and subsequent release of monomers and oligomers into the
liquor results in increased porosity of the residual solid along with loosening the
rigid structure of the biomass [25 213, Therefore, the LC biomass pretreated in
sub/scCO2, results in increased cellulosic fraction in comparison to other
biopolymers and high sugar yields in pretreatment step 224,

There is potential for the formation of sugar degradation products (e.g., 5-
hydroxymethylfurfural (5-HMF), furfural, formic and acetic acids) in CO2-H20
pretreatment processes at a higher temperature and longer reaction time, which
results in reduction in sugar yield 22 22 216 Additionally, these degradation
products are inhibitory in downstream enzymatic hydrolysis and reducing sugars
fermentation. The potential for sugar degradation may be reduced either by
reducing the severity of reaction or functionalization to form stable intermediates.
The stabilization of the reactive intermediate using chemical functionalization has
been recently reviewed by Luterbacher and co-workers [225, Sugar degradation is
catalyzed by the dissociated ions of water, resulting in conversion of glucose to
fructose, and further decomposition to 5-HMF 2262271 The fructose is formed by
keto-tautomerization reaction of glucose and then these hexoses are further
decomposed to 5-HMF, erythrose, glycolaldehyde, glyceraldehyde and other
byproducts 2281, Decomposition rate of glucose increases with an increase in the

temperature 2281, These degradation product formations by different pathways are
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represented in Figure 2-2. The hydrolysis of cellulose to glucose and
decomposition of glucose under supercritical water is significantly influenced by
the presence of ions of water molecules. Glucose isomerization to fructose and its
further dehydration to produce 5-HMF are highly dependent on ions concentration.
The concentrations of H* ions as well as OH~ ions of water, decrease from 10 to
10-'2 M, when temperature increases from 300.0 °C to 400.0 °C at pressure 23.0
MPa, favoring radical reaction over ionic reaction 227, Decrease in ion
concentration (increase in pOH/pH), results in minimizing glucose isomerization to
fructose and further dehydration of fructose to 5-HMF (Figure 2-2). At this condition,
the retro-aldol condensation pathway, which results in glycolaldehyde production was
enhanced instead of isomerization/dehydration pathway, which results in 5-HMF
production 228 Furfural, 5-HMF and acetic acids are detected degradation
products of C5 and C6 sugar in both pretreatment and main hydrolysis in

sub/supercritical water [107. 229],
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Figure 2-2. Conversion of cellulose to glucose, followed by the formation of degradation production where 1,2
- Retro — aldol condensation of glucose lead to the formation of erythrose and further to glycolaldehyde 3-
Isomerization of glucose through keto tautomerization and conversion of glucose and fructose to 5-HMF; 4 -

Glucose conversion to glyceraldehyde.

2.2.4.High pressure and subcritical fluids pretreatment of lignocellulosic biomass,
followed by enzymatic hydrolysis

High pressure and subcritical fluids (CO2 and water) are being applied for
pretreatment of both agricultural and woody biomass. These pretreatments are
carried out either at elevated temperature or the elevated pressure, but it does not
meet the supercritical fluid conditions. The pretreatment step is often followed by
enzymatic hydrolysis to complete the hydrolysis of polysaccharides. The yield unit
reported in various studies vary in different units (i.e., simple percentage (%),

mol.%, g/kg, wt.%). Therefore, overall yield of pretreatment and enzyme hydrolysis
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is reported based on the two standard units: the weight of Cs and Cs sugars mono-
and oligomers released per 100 g weight of the initial feedstock (IF) and weight of
Cs and Cs sugars mono- and oligomers released per 100.0 g weight of THS (wt.%)
().18 The two types of yield based on THS and IF (wt.%) can be calculated using

the Equation (7) and (8):

Weight of obtained sugar
Weight of initial biomass

Sugar Yield (wt.% of Initial Feedstock) = X 100 (7)

Hydrolysable Sugar Yield (wt.% of Initial Polysaccharide) =

Weight of obtained sugar
Weight of glucan in biomass Weight of hemicellulosic polysaccharide in biomass
t
0.9 0.88

x 100 (8)

Where 0.90 (162.0/180.0) is the anhydrous correction factor for glucan, and 0.88
(132.0/150.0) is the anhydrous correction factor for xylan. These correction factors
have been obtained from the ratio of molecular weight of glucose in glucan to the
molecular weight of free glucose, and molecular weight of xylose in xylan to the
molecular weight of free xylose, respectively 223, Pretreatment yields, shown in
Table 2-1 and Table 2-3 were calculated based on the major reported products
(i.e., arabinose, xylose mannose, glucose, xylo-oligosaccharides, or cellu-
oligosaccharide (also termed as gluco-oligosaccharide)) released during the
pretreatment. The overall yield is calculated by summing the sugars produced in
two steps (pretreatment & enzyme hydrolysis) and using the Equation (7) and (8).
The denominator in Equation (8) represents the corresponding polymer of the
released sugar in individual reactions.

Several studies on biomass pretreatment under high pressure and subcritical
CO2and water have demonstrated yield of 11.2-28.5 % of THS, releasing glucose
& xylose, and gluco-oligosaccharides (GluOS) & xylo-oligosaccharides (XOS)

sugars during the pretreatment (Table 2-1). The total monomeric and oligomeric
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Cs and Ces sugar yield of the overall process, including both pretreatment and
enzyme hydrolysis, ranges 63.0-93.0 wt.% of THS (Table 2-1) [213. 216] The
pretreatment temperature was varied 170.0-220.0 °C under a pressure of 5.0-6.0
MPa, whereas longer reaction time up to 80.0-100.0 min was used at lower
temperatures 170.0-180.0 °C [196. 2241 The residual solids after pretreatment, are
further hydrolyzed by cellulases enzyme to produce reducing sugars [22 176
Feedstock slurry with water to solid ratio in the range of 5.0-10.0 was used for
processing lignocellulosic biomass (Table 2-1). As discussed in the previous
section, the presence of water helps CO:2 to penetrate the biomass to explode and
disrupt the crystalline structure, resulting in improvement of enzyme accessibility
in the subsequent stage.

The particle size of feedstock is another parameter that influences the
reaction yield. Subcritical CO2-H20 pretreatment of sugarcane bagasse with
particle size less than 1.0 mm, followed by enzymatic hydrolysis led to 93.0 wt.%
of THS 224 |t was found that particle size smaller than 1.0 mm has high surface
area and a significant influence on penetration of reaction media into the
polysaccharides during the pretreatment of LC biomass but going beyond 0.4 mm
was not giving any further improvement in sugar yield 110 2301,

The presence of acetic acid as a co-catalyst influence hemicellulose
hydrolysis during the pretreatment. It reduces the pH of the reaction and catalyzes
the reaction. Li et al., (2020) studied the effect of acetic acid (0—0.5 mol/L) as a co-
catalyst to hydrolyze the hemicellulosic fraction of the wheat straw under high-

pressure CO2—H20 (180.0 °C, 5.0 MPa). The hydrolysis yields were increased from
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48.1 wt.% to 63.5 wt.% of xylan to xylose and XOS and 21.1 wt.% to 24.3 wt.% of
THS in the presence of 0.3 mol/L acetic acid 178, Morais et al. (2014) reported that
a decrease in pH due to the presence of acetyl group in hemicellulose and
dissociated carbonic acid under severe reaction conditions, might increase the
degradation of the released sugar in the hydrolysate 2131,

Some studies focused on reducing sugar degradation using multi-stage
pretreatment system [22 25 For example, a single stage subcritical water
pretreatment (200.0 °C, 20.0 min) of hardwood followed by enzyme hydrolysis was
carried out. The hydrolyzed xylan based sugar recovery was maximum than 70.0
% at expense of more than 15.0 % sugar degradation.23 The overall sugar yield
of 63.7 wt.% of the THS was obtained in single staged pretreatment followed by
enzyme hydrolysis. On the other hand, in three stage subcritical water
pretreatments at 180.0 °C, 20.0 min (stage I), 200.0- 220.0 °C, 5.0-10.0 min (stage
II) & 210.0-230.0 °C, 7.5-15.0 min (stage lll), followed by enzymatic hydrolysis, an
optimum overall yield of 81.0 wt.% of THS was obtained. The three-stage
pretreatment allowed to recover the hydrolyzed pentoses sugars in three different
stages of the pretreatment. This enables the researchers to prevent sugar
degradation and improve the yield of the overall sugar production. The multi-stage
pretreatment yielded 28.78 wt. % of THS with recovery of 92.0-95.0 wt.% of
solubilized xylose in during pretreatment with reduced degradation from 15.0 % (in
single stage) to 3.0 % (in multi stage) of THS of solubilized pentoses 25,

The high pressure and subcritical fluids (CO2 and H20) offer relatively mild

pretreatment conditions (160.0-230.0 °C, 5.0-6.0 MPa) (Table 2-1) and improve
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the enzymatic yield of sugars in comparison to conventional pretreatment
methods. The high pressure and subcritical pretreatment reaction are carried out
in high-pressure reactors. Most of the reactors used are made of stainless steel
with a high wall thickness of 0.5 inches to prevent corrosion, and some coupled
with turbines to provide in-situ mixing of biomass 8 2291 Majority of subcritical CO2-
H20 pretreatment processes are performed in lab-scale batch reactors of varying

reactor volume 30.0 mL to 1000.0 mL with the headspace at least 25.0 % [22 224],
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Table 2-1. High pressure and subcritical pretreatment before enzymatic hydrolysis of agricultural and lignocellulosic biomass as feedstock.

Pretreatment step reaction conditions !

Enzyme hydrolysis reaction conditions

Overall yield (wt.%) !

g/100g
SCF/ Co- Reactor Pr"‘:tr’::.t:;e .';ea:/m’ g/100 g Total
Feedstock solvent/ T P t (min) Configuratio rodutj:ts/ T t V?I)ume Enzvme Sugar Initial hydro- Ref.-
liquid (°C) (MPa) n/ Volume pre o (°C) (h) y Product feedstock lysable Note
. . yield % (mL)/ AR
solid ratio (mL)/mode (THS) * @ (rpm) (IF) sugar
P (THS)
Agricultural Biomass
High
pressure Falcon
Elephant  CO/ M0/ 555 5 - stirred Xylose& | 55 75 tupeiqs  veetypesof g ce 36.1 * 63.4* 2161 .o
grass 10 XO0S/13.27 Accellerase ®
reactor/ 160/ 150
Batch
Stirred tank
Sugarcane  COdf H0/ 4q 5 100 reactor/ - 50 72 FlaskiS0 Cellulase Glucose 38.5 93.0 (2241 0
bagasse 6.67 0/ 150
1000/Batch
High
Falcon
Sugarcane COy/ HO/ pressure Xylose & Three types of
220 5 - stirred 50 72 tube/15/ Glucose 47.3* 69.6* (2181 c, d)
bagasse 10 reactor/ XOS/ 18.0 150 Accellerase ®
160/Batch
Cellulase
GIuOS, (Celluclast)
Wheatstraw  COZHMO/ o5 54 389 - XOS & - 9%  —I—— and p- Glucose 55.3* 84.7 2131 ¢
10 Xylose/ glucosidase
28.5 (Novozyme-
188)
High Cellulase
XO0S & (Cellic CTec3)
Sugarcane COy HO/ 190 5 ) pressure Xylose/ 50 } - 110/ 200 and Glucose & 57.0% 73.9 221
bagasse 10 vessel/ 16.32 hemicellul xylose
250/Batch 6.3 emicellulase
(Cellic HTec3)
Woody Biomass
Harwood )
) _ 180, Stainless Xylose
Mchlps H,O/—/ 210, 20,5,7. steel Xylose/ 50 72 CeI‘IuIase galactose & 50.9 81 [25] 9)
(Mascoma 5.67 230 5 Batch/33.7 24.5 (Cellic Ctec) Glucose

Corporation)




19974

Stainless .
XOS & Flask/50 Commercial
170 5 80 steel 50 60 0/150 cellulase

Batch/1000  XYlose/ 113

CO2/H0/

10 Glucose 50.6 84.1*

Eucalyptus

106

" Author calculated yield for comparing yield with consistent units using Equation (7) and (8).

a) The pretreatment major product yield is calculated based on the reported monomers and oligomers released from corresponding polysaccharide using
Equation (8).

b) Overall reducing sugar yield obtained in the combination of pretreatment and enzymatic reaction.

©) A reaction carried out at 5.0 MPa initial pressure of CO>. Stirring speed at 200.0 rpm is used. Carbon dioxide was applied in its subcritical condition.

4 Zero reaction holding time at isothermal temperature at 220.0 °C isothermal reaction temperature, the reactor was cooled down to room temperature by
quenching with cold water once the temperature reached to set point.

€) The sugar yield was calculated for xylan to xylose. The overall sugar yield and minimum furfural concentration were obtained at 215.0 °C and 5.4 MPa.
) Reaction carried out at 5.0 MPa initial pressure of CO2 with zero reaction holding time at isothermal temperature at 190.0 °C isothermal reaction
temperature, where 6.85 MPa was the corresponding pressure at 190.0 °C.

9 The temperature and reaction time correspond to three stages of pretreatments.



2.2.5.Supercritical carbon dioxide pretreatment of lignocellulosic biomass prior to
acid/enzymatic hydrolysis

Supercritical carbon dioxide pretreatment prior to acid and enzymatic hydrolysis
has been applied to process both woody and agricultural biomass and to determine
the effect of pretreatment on overall sugar yield. Temperature (70.0-210.0 °C),
pressure (12.4-27.5 MPa), and water/biomass ratio (0.5-4.0) varied during
pretreatment to optimize the overall sugar yield 15 20. 23,221,223, 229] ' Ag discussed in
the previous section, acid or enzymatic hydrolysis is required after pretreatment to
hydrolyze cellulose into glucose. Enzymatic hydrolysis offers a greener alternative
compared to acid or alkaline hydrolysis because it is conducted in aqueous solvent
under mild reaction condition and does not produce harmful byproducts or
generate large amount of waste streams. Additionally, enzymes are renewables
and can be recycled for multiple use when immobilized on suitable support material
(231-233] - Acid hydrolysis, which typically has a faster reaction rate compared to
enzymatic hydrolysis, is also used after LC pretreatment (Table 2-2) 221, The
overall sugar yields of the acid hydrolysis of supercritical fluid pretreated biomass
were varied in the range of 44.4 — 50.7 wt.% of THS. Liu et al., (2014) used dilute
sulfuric acid at 1.0 wt.% to hydrolyze scCO2-H20 pretreated corncob, corn stalk
and rice straw (100.0 °C, 15.0 MPa, 30.0 min). The yield of acid hydrolysis of
pretreated biomass was comparable to the enzyme hydrolysis yield. However, acid
hydrolysis was completed within 3.0 mins at 160.0 °C as opposed to enzymatic

hydrolysis, which was often completed at 24 — 72 h (Table 2-2 and Table 2-3).
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Table 2-2. Application of supercritical carbon dioxide in pretreatment prior to acid hydrolysis of agricultural biomass for sugar production.

Pretreatment Reaction conditions

Acid hydrolysis reaction conditions

Reaction Yield (wt.%) 2

/100g
Mode of . g/ 100 g 9
Feedstock
SCF/ Co-solvent process/ | T (°C)/ P AC'dt it Product Initial hydrolyﬁibsle Ref - Not
liquid solid ratio Volume | (MPa)  coneentrati  t(s) roduc feedstock 5192 (THS) ef.- Note
(mL) on (IF) polysaccharid
es
_ :
Corncob COuH,0 /1 Batch/30 | 160/0.1 | Wt% 180 Reducing 39.6 458+ 2211 )
H,SO, 0 sugars
1 wt.% 180 Reducing N [221] b)
Cornstalk COH,0 /1 Batch/30 | 160/0.1 L o o . 27.4 44.4
, .
Rice straw COLH,0 /1 Batch/30 | 160/0.1 | . Wt% 180 Reducing 36.6 50.7 * 12211 b
H2SO4 0 sugars

1%

"The yields are calculated by the authors for comparing yield with consistent units Equation (7) and (8).

a) The reducing sugar yield is presented for the overall two-step process.

b) 1.5 g water was added to 1.5 g biomass to gain 50.0 % moisture content, resulting in the liquid - solid ratio of 1. The acid hydrolysis was

conducted in an oil bath.



Enzymatic hydrolysis of the scCO:z pretreated biomass is more widely
explored compared to acid hydrolysis (Table 2-3). Enzymatic hydrolysis of sc-CO2
pretreatment showed up to 3-4 fold increase in sugar yield compared to the case
of non-pretreated biomass, although a long pretreatment time of 12.0-60.0 h may
be necessary in some cases where lower temperature ranges (50.0-80.0 °C) are
used U3, The improved sugar yield was attributed to the presence water with
scCOz at higher pressure of 17.5-25.0 MPa for 24.0 h, which easily penetrates into
the biomass, causing swelling and explosion effects 191,

Luterbacher et al., (2010 and 2012) used scCO2-H20 to investigate the effect
of a two-stage pretreatment process on enzyme digestibility of pretreated biomass
[20. 23] The two-stage pretreatment involved a hydrolysis process conducted at a
higher temperature and shorter reaction time (210.0 °C, 1.0 min for switchgrass,
and 210 °C, 16.0 min for hardwood) followed by a lower temperature and longer
reaction time (160 .0°C, 60.0 min) maintained under backpressure of heated
reactor at 20.0x1.0 MPa. The results indicated that highly amorphous
hemicellulose was hydrolyzed at a faster rate in the first stage than the residual
hemicellulose hydrolyzed in the second stage [23. The overall sugar yields of 55.0
wt.% and 65.0 wt.% of THS were obtained for switchgrass and hardwood,
respectively 23, Also, the continuous stirring in large reactor (1.0 L) prevented the
formation of hot spots and allowed to use large particles (up to 9.5 mm), whereas
particles less than 1.0 mm had shown reduced yield lower by 10.0 wt.% of THS
compared particle size 1.0-9.5 mm in large volume reactor (231 The formation of

hotspots due to high temperature leads to polysaccharide hydrolysis at a faster
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rate and further sugar degradation, which is not desirable 23, The stirring of the
biomass during the reaction favors the hydrolysis of hemicellulose and reduces the
degradation of sugars by providing uniform temperature in the reactor 22231,

Solid loading of biomass is another important parameter that influences the
reaction performance 23, High solid loading requires strong mixing to avoid the hot
spot formation, leading to higher power consumption. Using the scCO2 can
enhance the mass transfer rate and subsequently reduce power consumption due
to mixing 22 231, Given that the applied CO2 can be recovered and reused for further
reactions, high pressure and SCFs pretreatment and hydrolysis offer the benefits
of negligible cost of reaction solvents and easy recovery of the solvent and

products 197, 234]
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Table 2-3. Supercritical carbon dioxide pretreatment prior to enzymatic hydrolysis of agricultural and lignocellulosic biomass as feedstock.

8Y

Pretreatment conditions Enzyme hydrolysis conditions Reaction yield (wt.%) *®
Pretreatment
Feedstock  scr) co- major Reactor g100g 911009
sﬁi]vueirc‘itl T P t Cor?f‘iegﬁ:g:ion products/ T t V-:))I,E:\/e Enzyme Sugar Initial hyd:ug:? ble Ref.-
° i ield % (THS °
solia  (C) (MPa) (min) o emy Yeld%((MHSI I oy ) AR Products feedks"“ polysaccharide N°t€
ratio (rpm) s
Agricultural biomass
Cellulase,
CO,/ . . xylanase,
Switchgrass ~ H,0/1.5 170 20 o  batchreactor H:l:":fs”;";’z'c 50 72 ——— B- Glucose | 28.33* 81 (20
—4 9 ’ glucosidas
e
Cellulase,
xylanase,
210 16 . . C5 and
Switchgrass | C°27 . and 20  ang Stired reactor/ ; 50 72 ——i— cellobiase, c6 31.1+ 55 1231 )
0.5 g0 60 1000 B- sugars
glucosidas 9
e
COy/ Cellulase
. Batch reactor/ ) Conical tube/ and B- * 214] d)
Switchgrass H205/0.7 150 24 60 047 47 24 50/ — glucosidas Glucose 14 42.0
e
Cellulase,
. CO,/ . . xylanase,
Big H,015 170 20  eo  Batchreactor  Hemicellulosic | g5 o5 _,_,_ B- Glucose | 27.6* 66 20
bluestem — sugars / 4.2 .
—4 glucosidas
e
Cellulase,
Mixed COf Batch reactor/  Hemicellulosic xylanase,
perennial H,0/1.5 170 20 60 50 72 ——— B- Glucose 27.2* 68 20
- sugars / 4.0 .
grass -4 glucosidas
e




6v

Sugarcane
bagasse

Corn stover

Corn stover

Corn stalk

Corn stalk

Corn cob

Corn cob

Guayule

Guayule

COo
H20/0.8

COo
H.0/0.7
5

COo
H,0/1.5

COo/
H20/0.5

COo/
H20/0.5

COof
H,0/0.5

CO,/
H,0/0.5

COof
H,0/2

COo/
H20/0.6

187

150

160

170

170

170

170

180

200

15.6

24

20

20

20

20

20

124

27.5

40

60

60

150

150

30

30

30

30

Stainless steel
reactor/50

Batch reactor/
94.7

Batch reactor/

Batch reactor /
30

Batch reactor /
30

Batch reactor /
30

Batch reactor /
30

High-pressure
vessel/ 250

Batch reactor/
500

Hemicellulosic
sugars / 4.4

50

a7

50

50

50

50

50

50

50

72

24

72

72

72

72

72

48

72

— ==

Conical tube/
50/ —

Conical flask/
100/ 100

Conical flask/
100/ 100

Conical flask/
100/ 100

Conical flask/
100/ 100

Flask/ 250/
250.

Conical flask/
125/ 200

Cellulase
(CTec-2)

Cellulase
and 8-
glucosidas
e

Cellulase,
xylanase,

glucosidas
e

Cellulase

Cellulase

Cellulase

Cellulase

Cellulase,
glucosidas
e,
xylanase

Cellulase,
glucosidas
€,
xylanase

Glucose

Glucose

Glucose

C5 and
C6
Reducing
sugars

C5 and
C6
Reducing
sugars

C5 and
C6
Reducing
sugars

C5 and
C6
Reducing
sugars

C5 and
C6
Reducing
sugars

C5 and
C6
Reducing
sugars

30

38.3~

243~

164~

58.5*

41.7*

420~

328~

97.8

66.5 *

85

46.4

30.0

87.0

62.0

82.8

86

111] e)

214] ).

[20]

[221] 9)

221] h)

[221] i)

[221]

[229]

[223]



0S

C5&Cé6

Sorghum COyf Batch tubular Conical flask/ . N 12381 ),
stalk H,0/3 60 30 360 reactor/ 30 - 50 48 50/ 100 Cellulase reducing 45.5 64.2 K
sugars
CO2/H,0 Stainless steel Conical flask/ (e%gl‘l’gaiz” C5Casnd
Corn stover 73 2 70 225 2880 /80 - 50 48 100/ 100 ase and B- Reducin 39.2 62.2 sl
glucosidase 9
) sugars
Wood Biomass
Cellulase,
xylanase,
. 210 16 . . C5 and
Mixed COf and 20 and Stirred reactor/ } 50 72 i cellobiase, c6 4125 * 65 23] o)
hardwood H,0/1.5 1000 B-
160 60 . sugars
glucosidas
e
Cellulase,
. COyf . . xylanase,
Ha'\ftlj)\(/\?:o g HOAS 170 20 60 Batch reactor/ H:J”gg';‘g’zc 50 72 ——i— B- Glucose | 34.7* 73 (20
—4 9 ' glucosidas
e
CO./ High-pressure Reducing
Aspen H,0/0.7 165 21.4 30 vessel/ — - 50 72 —/—/ 100 Cellulase sugar 63.3* 84.7 w2
3
Southern CO./ High-pressure Reducing
. H,0/0.7 165 21.4 30 - 50 72 —/—/ 100 Cellulase — 27.3 12)
yellow pine 3 vessel/ — sugar

" Author calculated yield for comparing yield with consistent units Equation (7) and (8).

a) The pretreatment major product yield is calculated based on the major monomer and oligomer released from a polysaccharide Equation (8).

b) The reducing sugar yield is presented for the overall pretreatment and hydrolysis stages.

) Two-stage pretreatment method (I shorter time high temperature + Il longer time low temperature).
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4 Switchgrass composition (cellulose 45.6 %, hemicellulose 27.3 % & lignin 8.6 %) was obtained from reference in order to calculate the yield (THS)
23],

©) The pretreatment was done in two subsequent steps by scCOz2, followed by hydrogen peroxide prior to enzyme hydrolysis.

) The corn stover composition (cellulose 40.6 %, hemicellulose 33.6 % & lignin 4.2%) was obtained from reference in order to calculate the yield (THS)
201,

9 Treated also by ultrasound at 20 kHz, 600 W, 80 °C for 8 h. The composition of corncob (cellulose 35 %, hemicellulose 25 % & lignin 23%) was
obtained from reference in order to calculate the yield (THS) 21,

P The corn stalk composition (cellulose 30.9 %, xylan 15.7%, arabinan 2.25 % & lignin 23.5 %) was obtained from reference in order to calculate the
yield (THS) [236],

) Treated also by ultrasound at 20 kHz, 600 W, 80 °C for 6 h. The composition of corncob (cellulose 35 %, hemicellulose 25 % & lignin 23%) was
obtained from reference in order to calculate the yield (THS) 21,

) Biomass composition (glucan 40.5%, xylan 22.7% & lignin 19.5%) of sorghum stalk information was obtained from reference in order to calculate the
yield (THS) U8,

k) Supercritical carbon dioxide pretreatment was combined with ultrasonic treatment at 50 °C for 5 h. The ultrasonic treatment (0.2 g biomass in 10 mL
buffer, at 50 °C, 5 h, 100 W, 40 kHz) was performed prior to scCO: treatment.

) The aspen composition (glucan 44 %, xylan 19 %, mannan 2.4 % & lignin 24.8%) was obtained from reference in order to calculate the yield (THS)
(26],



In an integrated innovative approach, scCO2 with water as co-solvent,
pretreatment of sugarcane bagasse was sequenced with ultrasound and alkaline
hydrogen peroxide treatments, individually in separate processes. The pretreated
biomass was further hydrolyzed with enzyme to produce sugars. ScCO:2
pretreatment followed by enzymatic hydrolysis (control) resulted in 61.3 wt.% of
THS for glucose. The combined process of scCOz—alkaline hydrogen peroxide
pretreatment and scCOz2—ultrasound pretreatment processes coupled with enzyme
hydrolysis resulted in overall yield of 97.8 wt.% and 65.8 wt.% of THS for glucose,
respectively 111, Yin et al., (2014) used the ultrasound treatment prior to scCO2
pretreatment reported an improved C5 & C6 reducing sugar yields from 62.0 wt.%
(control) to 87.0 wt.% THS of corncob 221, The ultrasound energy wave loosens
the cellulose fiber bundles and exposes more surface area that improves the
enzyme digestibility. Whereas alkaline hydrogen peroxide helps in the
delignification of the feedstocks (1, Therefore, a combination of these techniques
to supercritical technology has shown improved yield of reducing sugars.

In these experiments conducted to study the effect of scCO: pretreatment on
the performance of enzymatic hydrolysis of pretreated biomass, the pretreatment
step has been carried out in high pressure-batch reactors at lab scales and the
enzyme hydrolysis reaction were carried out in shaking flasks with agitation speed
of 100.0-250.0 rpm (Table 2-4) 122, 2291 Mixing is necessary in enzymatic hydrolysis
to provide a homogeneous mixture and for an increased contact of biocatalyst and
its substrate. The reaction time of enzymatic hydrolysis was reported in the range

of 24.0-72.0 hours to ensure the completion of the enzymatic reaction [214. 224, 235]
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2.2.6.Sub/supercritical fluid for hydrolysis of woody and agricultural
lignocellulosic biomass for sugar production

In addition to the applications in pretreatment, SCFs have also been used as a
sole reaction medium for the one-step hydrolysis of woody and agricultural
biomass. Pressure, temperature, and reaction time have been studied extensively
to maximize hydrolysis yield and minimize sugar degradation products. As shown
in (Table 2-4), high yields were obtained upon using SCFs for a single stage for
sugar production from a variety of feedstocks such as microcrystalline cellulose
(>95.0 wt.% of THS), agricultural biomass, (73.0 wt.% of THS) and hardwood
mixed biomass, (71.2 wt.%, of THS) [2 227, 234 Sypercritical CO2 and H20 have
been applied as hydrolysis reaction media without any involvement of enzyme.
Variety of LC biomass have been treated at different pressure (1.0-34.1 MPa),
temperature (40.0-400.0 °C), and reaction time (0.02—1500.0 s) with the reported
sugar yield ranging from 43.2 to 95.0 wt.% of THS (Table 2-4) 077, 227-228, 237]
Hydrolysis of the polysaccharides in the bamboo by compressed
hydrothermal treatment (170.0-180.0 °C, 1 MPa, 25.0 min of hydrolysis reaction)
was carried out to produce C5 and C6 reducing sugars. The hydrolysis yield was
improved from 25.5 to 42.2 wt.% of THS with an increase in the temperature from
170.0 to 180.0 °C. Further increase in temperature led to a reduction in the total
reducing sugars (TRS) yield, to less than 18.0 wt.% of THS at 220.0 °C due to the
sugar decomposition to degradation products 2281, Additionally, at 180.0 °C, the
overall xylose and arabinose yields were notably higher than yields of glucose and
fructose. This shows that hemicellulose is hydrolyzed faster than cellulose in

compressed hydrothermal treatment 228,
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Sasaki et al., (2000) reported that cellulose hydrolysis rate was higher than
the glucose and cellobiose decomposition rates, when it was treated at a
temperature above 350.0 °C with supercritical water (SCW). They reported >99.0
% conversion of cellulose at 400.0 °C temperature and 25.0 MPa with a yield of
57.1 wt.% of THS including 14.5 wt.% of gluco-oligomers and 42.6 wt.% of
monomers (glucose & fructose) within 0.15 s of reaction time 2381, Kazachkin et al.,
(2015) reported 49.2 wt.% of THS for the monomeric sugars from hardwood within

1 sec of reaction time using subcritical water at 370.0 °C, 23.1-24.1 MPa 121,
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Table 2-4. Application of Sub/Supercritical fluids as sole reaction media in single-step biomass hydrolysis for sugar production using woody and agricultural
lignocellulosic biomass as a feedstock.

Sub/supercritical hydrolysis reaction conditions

Reaction Yield @

Feedstock SCF/ Co- P ) Reactor B g /100 g of
solvent T (MP Time Configuration/ Product g /100 g of Initial Hydrolyzable Ref-
Nliquid solid (°C) a) (s) Volume (mL)/ Mode Feedstock Sugar Note
ratio of Process polysaccharide
Agricultural biomass
Sugarcane High pressure . 237] b)
bagasse CO./H,0/0.65 40 10 120 vessel/ — Batch Glucose 28.7 53.8
_ Batch stirred tank 18] o)
Wheat straw CO,/ H,0/10 200 6 reactor / 600/ Batch X0Ss 12.9 70.6
. Xylose,
Wheat straw COJ/H,0M10 200 6 - Batch stired tank 5 2pinose mono- 15.2* 60.5* 181 o
reactor / 600/ Batch :
and oligomers
CO,/C,Hs0H- 7.5 Batch tubular _ [234] )
Corn stover H,0/3 285 to 8 180 reactor/1.2/ Batch Xylose 51.7
Series of tubular lucose. and
Cellulose H,0/—/12.3 400 25 0.02 reactor/0.12 to 8/ 9 ; ’ - >95.0 2211 )
. ructose
Continuous
e Ultra-fast reactor/ —/ C5 and C6 « 239
Sugar beet pulp H,O/—/ 390 25 0.11 Continuous sugars 27.14 66.4
Micro-reactor (pilot
Wheat bran H,0/—/0.082 400 25  0.19  scale) 0.05to 8/ C5 and C6 423+ 73.0 tis1
. sugars
Continuous
Woody biomass
_ Stainless steel C5 and C6 " 228] b)
Bamboo H,0/—/20 180 1 1500 vessel/ 500/ Batch sugars 42.2 59.0
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. CO2/H20 (I) & Two-stage pilot plant Xylose
ggrkdé"%‘?fcg“ﬂl'gu‘g COJCHOH 250 10 60 reactor/ —/ monomers and 17.3* 89.4* 234] )
(Ihy/—=/10 Continuous oligomers
Hardwood moips 384 2T —/3.6/ Continuous ~ >1C0Se: xylose, 30.9 * 44.6* 177
2 383 44 : mannose : :
Glucose, xylose,
Softwood moips 384 2N —/ —/ Continuous arabinose, 27.9* 434" 177
2 383 4, mannose, : :
’ galactose

" Author calculated yield for comparing yield with consistent units Equation (7) and (8).
a) The reducing sugar yield is presented for overall sugar production.
b) The reducing sugars were estimated by the DNS method to measure reducing sugars. However, the calculation is made based on glucose.

) The reported results correspond to the condition in which high sugar with minimum amounts of furfural as an inhibitory material was
obtained.

9 The solid biomass (1 g) was mixed in water-ethanol (1:1) mixture (3 g), and xylose was solubilized with lignin and remaining retained as
cellulose in solid.

€) The 7.5 % cellulose suspension along with heated water was fed to make final concentration of cellulose in the reactor at 1.5 w/w %.
) No additional water other than moisture content was used in the process.

90.01-0.1 % (w/w) H2SO4 was used to catalyze the hydrolysis reaction, and 0.1 % concentration of sulfuric acid was found to be optimum.

M THS yield corresponds to only xylan-based sugars in two stage hydrolysis.



scCO2 with water and alcohol as co-solvents were used in the one-step
hydrolysis of both agricultural and woody biomass 234, Kilambi et al., (2012)
reported supercritical alcohol assisted fractionation of lignin, hemicellulose, and
cellulose from the biomass. They used corn stover and mixed hardwood of oak &
birch as their feedstocks and obtained 51.7 wt.% and 89.4 wt.% of THS of xylose
and XOS sugars from solubilized biomass, respectively 224, The hardwood mixture
was hydrolyzed at pilot scale with processing capacity of 100 kg dry biomass a day
in two stage process, where in first stage, scCO2 with water as co-solvent, and in
second stage, scCO2 with butanol as co-solvent were used. The application of
supercritical COz2 (250 °C, 10 MPa, 1 min) with subcritical water and supercritical
ethanol (1:1, vol) as co-solvent in the hardwood biomass fractionation, hydrolyzed
the hemicellulose along with dissolving lignin (>90%), while cellulose was retained
in solid. A yield of 51.7 wt.% of THS based on xylose, was obtained in this process
[234]

Completing hydrolysis reaction in sub/supercritical water requires high-
pressure reactor. Reactor corrosion due to a high concentration of water
dissociated ions at high temperatures can be regarded as a notable concern of
sub/supercritical water technologies. However, it could be controlled by employing
corrosion resistant materials such as stainless steel and liners in the reactors 249,
SCW hydrolysis requires more severe reaction conditions compared to those of
scCO2-H20. However, this system offers a fast hydrolysis process that can be
completed in a few seconds and have been evaluated in different reaction modes,

including batch, semi-continuous, and continuous mode 18 227, 234]
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Although there are significant compositional differences in the type of LC
biomass (wood, agricultural plant, grass), the effect of pretreatment condition also
varied in different studies listed studies in Tables (2-1 to 2-5), and therefore, the
sugar yield range are similar for the different biomass. However, the high
temperatures lead to partial hydrolysis of the hemicellulose fraction in presence of
water. Since agricultural plant and grass LC biomasses have higher hemicellulose
and other non-cellulosic component (i.e., extractives, ash, protein), the enzymatic
digestibility could significantly improve in comparison to woody biomass. It would
be beneficial if the different types of LC biomass would be pretreated with same or

closely related instrument under similar reaction parameter.

2.2.7.Enzyme-assisted supercritical CO2 for hydrolysis of lignocellulosic biomass

There have been interests in developing an understanding on the effect of high
pressure on enzymes’ activity and stability. Although the main application of high
pressure is enzyme activation, there are several reports on enhanced enzyme
activity under high pressure systems 13, 241-242]

The effect of pressure on the function of enzymes is influenced by factors
such as temperature, pH, salt and substrate concentrations 241 2431 The increase
in temperature and pressure increases the enzyme’s kinetic parameters— turn over
number and effective substrate concentration, whereas the enzyme efficiency of
turning substrate to product remains near constant 241, The elevated pressure
strengthens the hydrogen bonds and limits the hydrophobic interactions 224, Salts
molecules might pair up with the hydration layer of enzyme that can change the

activation volume due to disorganization of water molecule. Therefore, salts can
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enhance or reduce the enzyme activity by affecting the pressure stability of enzyme
[243]

Eyring and Magee (1942) developed mathematical models to explain the
effect of high pressure on reaction rate based on the molecular level changes in
the enzyme and reaction conditions, as expressed in Equation (9) 245,

(%), = % ©

Where k is the specific reaction rate constant, P is pressure, AV* is activation

volume, R is gas constant, and T is the absolute temperature of the reaction. The
activation volume could be negative, positive, or neutral depending upon reaction
conditions and changes in structural conformation of the enzyme [246-247],

The effect of high pressure by lowering the activation volume of the transition
state complex favours the enzyme activity 241 2431 |f the active enzyme
conformation is stable at high pressure, an increase in the enzymatic reaction rate
may be observed in response to an increase in pressure 2431, Activity and stability
of enzyme under high pressure condition depends on several parameters such as
enzyme structural conformation, inter— and intramolecular hydrogen bonds, the
arrangement of the secondary and tertiary structure, presence of aqueous layer
around the enzyme active site, hydroxyl groups, charged groups, and presence of
organic solvents, and depending on the reaction conditions, increasing pressure

can enhance or inhibit enzyme activity and increase or decrease enzyme stability

[50, 113, 243, 248-250]

For example, Eisenmenger & Reyes-De-Corcuera (2009) have reviewed 25
enzymes that include peroxidases, dehydrogenases, amylases, B-glucosidase,

mainly lipases, which have been studied for activity under high-pressure condition
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3] It was shown that higher pressure (1.0-500.0 MPa) results in enhancing
enzyme stability and activity to a certain extent (13l For instance, high pressure of
470 MPa atm increased the enzyme activity of a—chymotrypsin (a—CT) to 6.5 folds
in aqueous solution and decelerated the thermal inactivation at high temperature
(up to 55.0 °C). The enhanced enzyme activity was claimed due to the changes in
the hydration layer of the active site and conformational rearrangement 259, For
cellulase enzyme, up to 26.0 % increase in the enzyme activity was reported for
enzymatic reaction under pressure of 50.0-100.0 MPa at 50.0 °C and pH of 5.0
23] The effect of high pressure on the interaction of water and charged molecules
of the enzyme is explained by Mozhaev et al., (1996), where high pressure causes
a decrease in the activation volume due to the reduced hydrophobic and
electrostatic bonds of the enzyme. The water molecules in the hydration layer of
the charged groups, become oriented in an ordered manner that leads to a
reduction in the activation volume 239, |In a recent study, the enzyme activity of
free enzymes (a—CT and horseradish peroxidase) were compared with
immobilized enzymes on different interfaces (positively and negatively charged,
polar and nonpolar) materials under high pressure reaction conditions.
Immobilized enzymes with positive activation volume change were found to be
deactivated, while enzymes with negative activation volume change showed
enhanced enzyme activities as a result of increase in pressure 252,

In sub/supercritical fluid conditions, COz2 can interact with the hydration layer
surrounding the surface functional groups of the enzyme B2 249 The possibility of

stripping off the water molecules from the hydration layer of enzyme’s active site
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by nonpolar scCOz, is less compared with polar solvents, given that COz2 is less
soluble in water compared to polar solvents 2531, This hydration layer is stripped off
or desorbed when polar solvents such as methanol, n-propanol, n-butanol are
present in the reaction media. Gorman and Dordick (1992) reported that the
presence of methanol in enzymatic reaction media desorbed 38.0 % of the water
from the enzyme, while the non-polar solvent such as toluene and hexane
desorbed only 10% 2531, This is due to the fact that non-polar (hydrophobic)
solvents are immiscible in water and keep the enzyme’s native structure unopened
[254]

The maximum activity of lipase under supercritical CO2 was found to be at
15.0 MPa, 35.0-50.0 °C 249, The high temperatures (>65.0 °C or the higher than
optimum temperature) led to thermal deactivation of the enzyme by breakage of
the non-covalent bonds in the enzyme 252571 The lipase activity was enhanced
by increasing the pressure to 15.0 MPa and exposure duration to 2.5 h, whereas
increasing the pressure beyond 15.0 MPa or the exposure duration above 2.5 h
reduced the enzyme activity 249 |t was hypothesized that below the threshold
pressure value, scCOz2 interacts with tryptophan and tyrosine residues present in
enzyme, leading to conformational changes and more accessibility of active site of
enzymes to substrate 258, Above the threshold value, the free enzyme activity
decreases, which is attributed to the strong chemical interaction of CO2 with
tryptophan and tyrosine with irreversible changes 249, Loss of hydration layer of
the enzyme’s microenvironment is caused by the presence of scCOo. Li et al.,

(2020) investigated the cellulose structure and enzymatic conformational changes
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in the presence of scCO2 (8.2 MPa, 50.0 °C). On the effect of scCO2 on cellulose,
an increase in the content of free hydroxyl groups in the cellulose was observed,
resulting in decrease of cellulose crystallinity and increase in the enzyme’s
accessibility to cellulose BY. The helical structure content of cellulase decreased
due to the destroyed intracellular hydrogen bond structure of cellulase, resulting in
a decrease in the stability of the enzyme 52 2491,

There are scarce studies conducted for the LC material hydrolyzing enzymes
(cellulases and hemicellulases) under a high-pressure environment. For example,
Paljevac et al., (2007) used one pot treatment method for the hydrolysis of
carboxymethyl cellulose by an immobilized enzyme in a supercritical CO2—H20
system (Table 2-5) 141, There are advantages of employing simultaneous scCO2—
H20 based pretreatment and enzymatic hydrolysis in one-pot such as conducting
hydrolysis under mild reaction conditions, one step sugar production, and reduced
processing costs. The major advantage of the supercritical CO2 driven
pretreatment method is the lower critical point (31°C, 7.4 MPa), which can
accommodate the enzymatic hydrolysis at the same reaction condition used for
pretreatment instead of using a two-step treatment. The temperature range of
enzymatic hydrolysis reaction typically lies between 40 — 55 °C. There has been
on-going effort to develop enzymes with stability at high temperatures. For
example, particular cellulosic enzyme has been derived from Caldicellulosiruptor
bescii that has thermal stability up to 73 °C for hydrolysis of crystalline cellulose to

reducing sugar 259,
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Table 2-5. Simultaneous pretreatment and enzyme hydrolysis in one pot under scCO:2

Yield
SCF /co-
solvent/ T . Reactor/
Feedstock  jiquidsolid (o) P (MPa) t(min) o imel rpm Enzyme Product | g/ 10097 g/ 100 g hydrolyzable Ref
ratio initia N
I biomass sugar polysaccharides
Carboxy - Cellulase
CO2/H0/1. Autoclave/ (Celluzyme 0.7T) 114
methyl 67 40 10 300 —/500 immobilized on Glucose 73 73 AL
cellulose silica-gel




Despite several advantages of the application of enzyme in high pressure
systems, long-term stability and reusability hinders the industrial application of
these natural biocatalysts. Extensive efforts have gone to overcome the drawbacks
of the enzyme applications by immobilizing the enzyme on various support
materials to recycle enzymes for their repeated application [232 260-2621 However,
development of the immobilization support materials to be used in high pressure

and SCFs based technologies is still largely unexplored.

2.2.8.Commercial status: application of sub/supercritical fluids in lignocellulosic
biorefinery

In the LC biorefinery, a broad spectrum of bioproducts can be produced from the
sugars derived from the cellulose and hemicellulose fraction of the biomass via
chemical and biochemical pathways. Glucose followed by xylose and mannose
sugars offer high potential for transformation to bioproducts of commercial interest
due to their abundance in biomass [283-265] For example, glucose is converted to a
range of intermediates or final products such as 5-HMF, isosorbide, polylactic
acid, and valeric acid via catalytic hydrogenation, dehydrogenation, dehydration,
and oxidation in the presence of acid or metal-supported catalysts such as Ru/C,
Cu-Ru/C, SnCl2, Amberlyst-15 at 90-240 °C [263-264, 266-267] Ethgnol, lactic acid,
succinic acid and adipic acid are produced via biochemical pathways through
fermentation 2682701 These value—added bioproducts are platform chemicals for
various industries with a variety of applications, ranging from organic solvents to
liquid fuels.

Industrial interest is growing for the use of sub/supercritical fluid-based

technologies due to the tunable properties of these solvents, which can be
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deployed for the fractionation of biomass to produce a range of bioproducts within
a biorefinery scheme by minimizing the waste. A recent study was conducted at
Hanwha Chemical, Seoul, the Republic of Korea at pilot-scale (capacity 50 kg/day)
to produce sugar and ethanol from Quercus mongolica using supercritical water in

continuous mode. 2]

Biomass
Biomass Slurry
Water | containing 0.05% H,S0, : ______ = — Solid
1l 380°C, I I
MixingY" || 230 bar |, | |
== === ==mmm— Point . ! Hydrolysate
Deionized : | . .

1
[ [ P,
Supercritical water | Furnace 2 L ... [
1
1
1

water ———— )
380°C, 230 bar Chiller Pack

Furnace 1

Figure 2-3. Pilot scale production of sugar from woody biomass for upgradation to ethanol using supercritical

water.

As shown in Figure 2-3, the biomass slurry, containing 0.05% sulfuric acid as
a catalyst is brought in contact with supercritical water for 1 sec reaction time at
380 °C and 23 MPa. After the reaction, the hydrolysate containing glucose and
xylose and residual solid is cooled in a chiller. This process leads to the production
of 27.3 kg of sugar monomers per 100 kg of biomass 24, Renmatix Inc. has
developed a commercial scale supercritical fluid-based technology, which applies
supercritical water for producing C5 and C6 sugars. The continuous process
produces multi tons of sugar per day in the Renmatix Inc. plant located in
Kennesaw, Georgia.l2! In 2011, three tones of dry biomass, including hardwoods,
softwoods, and agricultural residues (e.g., corn stover, palm residues, bagasse),
and grasses (e.g., switchgrass, miscanthus) were converted into sugar by the

supercritical technology, called Plantrose® process.222 Among several patented
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processes of high pressure and sub/supercritical fluid technology, one of the
developed processes was patented in 2015 and has been elaborated here. The
biomass is first chopped, ground, and mixed with water to make a slurry. The slurry
goes through a pretreatment reactor operated with hot compressed water with 5%
of scCOz2 (240 °C, 10 MPa, 1 min) to hydrolyze the hemicellulose to xylose and
XOS sugars. Hydrolysate is separated from residual biomass and is further
hydrolyzed in the presence of hot compressed water and 0.2 % sulfuric acid as
catalysts. In the next step, the pretreated solid is mixed with water to make a slurry,
which is further heated to reach supercritical water condition (367 °C, 22.5 MPa, 1
sec) to hydrolyze the cellulose fraction into glucose and glucose oligosaccharide
(GluOS) sugar. The aqueous glucose and GluOS are separated from lignin and
undergo further hydrolysis to produce glucose using 0.2 % sulfuric acid-catalyzed
subcritical water (240.0 °C, 10.0 MPa, 1.0 sec) hydrolysis reaction (Figure 2-4) 0911,
To our best knowledge, Renmatix Inc. is the only industry producing sugar from
lignocellulosic biomass using supercritical water technology at commercial scale
[273-274]  Recently, Renmatix Inc. secured $14.0 million in support to increase the
annual production capacity of cellulosic sugars to one million tons with supercritical

fluid technology 23],
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Figure 2-4. Pilot scale C5 and C6 production process using supercritical fluid technology developed by

Renmatix Inc.

2.2.9. Summary and outlook

Supercritical fluid-based technologies have been explored for biorefining of
renewable resources, leading to success in commercialization in some cases such
as supercritical water-based systems. The use of supercritical fluids can overcome
the environmental burden of the conventional LC biomass processing by
enhancing recyclability and reducing water consumption and waste stream
generation. The application of sub/supercritical carbon dioxide and water has been
reviewed in both pretreatment and hydrolysis reaction for reducing sugar
production from LC biomass. In the pretreatment process, sub/scCO--water were
the common media employed, resulting in reducing cellulose crystallinity
and partial hemicellulose hydrolysis. Pretreatment of LC biomass
using sub/scCO:.is often followed by enzymatic hydrolysis to convert the
remaining polysaccharides into reducing sugars. Multistage pretreatment such as
ultrasound, or alkaline hydrogen peroxide pretreatment sequenced with SCFs
pretreatment have shown improved sugar yields when combined with enzyme

hydrolysis. The small particle size in the range of 0.4-1 mm has shown improved
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yield in stirred reactor where the high solid loading up to 40 wt.% can be used with
two staged scCO2-H20 pretreatments followed by enzyme hydrolysis. Among the
several studies, the use of sub/supercritical CO2-H20 pretreatment of LC biomass
including wood and agricultural biomass have shown similar

The cost of enzymes and slow enzymatic reaction rate (e.g., reaction time
of 24-72 hours) challenge the industrial application of enzymes in the energy
sector. These challenges can be overcome by research into enzyme
immobilization, improving enzymes recyclability and stability. Supercritical water is
being used as the main reaction media in LC biomass for hydrolysis, eliminating
the need for the pretreatment stage and enzymatic hydrolysis in the overall process
and their associated cost. Hydrolysis in supercritical water is completed within a
very short period (e.g., fraction of a second or a few seconds). However, this fast
reaction is achieved at the expense of high temperature (e.g., critical temperature
of 374 °C), and degradation of sugars to furfurals and organic acids to some extent.
Safety feature consideration and the use of corrosion-resistant materials in design
and construction of supercritical water-based reactors contribute to their
complexity.

An important step towards enhancing the sustainability of LCB valorization
systems is the use of supercritical carbon dioxide and enzymes in one pot system,
which enables conducting the hydrolysis reaction under milder condition. There
are some reports on enhanced stability of enzymes’ structure and their activity at
high pressure, highlighting that exploring one pot supercritical carbon dioxide

pretreatment and enzymatic hydrolysis is a very worthwhile effort. However, there
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is only a very limited number of studies available on the hydrolysis of cellulose and
hemicellulose by free and immobilized enzymes under high pressure and
supercritical fluid reactions. Developing an understanding the parameters that
influence the stability and activity of hydrolytic enzymes under high pressure,
development of thermophilic enzymesto improve hydrolysis rate,
designing materials as enzyme carriers, and enzyme immobilization methods to
enhance the enzyme reusability can significantly enhance the environmental

benefits and process economics and pave the route towards commercialization.
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2.3. Influence of elevated pressure and pressurized fluids on microenvironment

and activity of enzymes

This chapter has been published in Journal of Advance Biotechnology:
Pawan Kumar, Azadeh Kermanshahi-pour, Satinder K. Brar, Quan Sophia He, and
Jan K. Rainey. 2023. 'Influence of elevated pressure and pressurized fluids on

microenvironment and activity of enzymes', Biotechnology Advances: 108219.
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2.3.1.Abstract

Enzymes have great potential in bioprocess engineering due to their green and
mild reaction conditions. However, there are challenges to their application, such
as enzyme extraction and purification costs, enzyme recovery, and long reaction
time. Enzymatic reaction rate enhancement and enzyme immobilization have the
potential to overcome some of these challenges. Application of high pressure (e.g.,
hydrostatic pressure, supercritical carbon dioxide) has been shown to increase the
activity of some enzymes, such as lipases and cellulases. Under high pressure,
enzymes undergo multiple alterations simultaneously. High pressure reduces the

bond lengths of molecules of reaction components and causes a reduction in the
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activation volume of enzyme-substrate complex. Supercritical COz2 interacts with

enzyme molecules, catalyzes structural changes, and removes some water

molecules from the enzyme's hydration layer. Interaction of scCOz2 with the enzyme

also leads to an overall change in secondary structure content. In the extreme,

such changes may lead to enzyme denaturation, but enzyme activation and

stabilization have also been observed. Immobilization of enzymes onto silica and

zeolite-based supports has been shown to further stabilize the enzyme and provide

resistance towards perturbation under subjection to high pressure and scCOz.

2.3.2.Highlights

Enzymatic reaction under high pressure alters enzyme structure at
molecular level

Hydration layer at active site and enzyme surface is essential for enzyme
activity

Immobilization protects enzymes from high pressure and enhances
activity/stability

Each enzyme may behave differently due to its unique enzyme structure

and source

2.3.3.Keywords

Enzyme activity; cellulase; enzyme activation; pretreatment; high pressure;

supercritical COs..
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2.3.4.Introduction

Enzymes play vital roles in the bioprocessing of biomass in a green and
sustainable approach. However, due to challenges, such as the recalcitrant
structure of lignocellulosic (LC) biomass, the high cost of enzyme and its recovery,
and slower reaction rates, biocatalysts have been underutilized compared to
chemical catalysts. Most LC biomasses require a pretreatment process to remove
or disrupt the recalcitrant lignin and hemicellulose network to facilitate the
enzymatic digestibility by enzymes to hydrolyze the polysaccharides constituent to
monomeric sugars. In order to enhance reaction rate and enzyme recovery,
several studies have evaluated enzymatic reactions under high pressure or
supercritical CO2 (scCOz2) using free or immobilized enzymes 276283 High
pressure has been investigated as a physicochemical factor in enzymatic reactions

since the early 1900s 284, However, exploring this parameter for enhancing the

enzyme activity has been started since the late 1980s [243, 246-247, 257, 279, 282, 285-291]
The influence of high hydrostatic pressure (HHP) and scCO2 on enzymes,

particularly molecular level changes, are investigated [241, 247-248, 251, 285, 289, 292]

Importantly, HHP and scCO2 do not contribute to chemical waste generation. The
density of the scCOz2 is controlled by its temperature and pressure, providing a
range of solvent characteristics with gas-like mass transfer and liquid-like solvating
capability 282, The attractive physicochemical properties and low critical
temperature and pressure of CO2 (31.0 °C and 7.3 MPa, respectively) make scCO2
a greener solvent than other supercritical fluids [ 2931 |t js also worth mentioning
that HHP differs from a pressurized or scCO2 high-pressure environment. HHP

creates a high pressure inside the reactor due to hydraulic pressure and may alter
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the enzyme structure, dielectric constant of reaction media, and the activation
volume of the enzyme-substrate complex [282 284295 QOn the other hand, scCO2
systems are pressurized by COz. In addition, CO2 forms carbonic acid in presence
of water (or moisture) which decreases the pH of the medium. Further the scCO2
interacts with amine group of lysine and histidine amino acids of enzyme molecule
and forms carbamate bond 2262971 CQs: is released when the reaction vessel is
depressurized to atmospheric pressure conditions, and carbamate is reverted to
amine groups as well as carbonic acid to water.

High pressure has been used for the pretreatment of enzymes before
enzymatic reactions at atmospheric pressure as well as for one-pot enzymatic
reactions where the substrate and enzyme are placed under high pressure during

the reaction U115 282:283, 298299 For example, Senyay-Oncel and Yesil-Celiktas

(2013) pretreated the immobilized a-amylase on sodium zeolite support under
scCO2 (24.0 MPa, 41.0 °C, 4.0 g/min CO2 flow and 2.5 h) that increased the
enzyme activity by 67.7% 229 whereas Zheng and Tsao (1996) hydrolyzed avicel
cellulose by cellulase enzyme under scCO2 (13.6 MPa, 46.0 °C, 24.0 h) that
produced 75.0 wt.% glucose sugars yield 282, Studies of enzyme treatment by
high-pressure or scCO2 systems have shown that enzyme activity and stability may
be either positively or negatively altered compared to atmospheric conditions 44
113, 2411 High pressure simultaneously affects several parameters of the enzymatic
reaction, such as the enzyme's molecular structure and hydration layer. In addition,
there have been studies evaluating the effect of pressure on free and immobilized

enzymes. Enzyme immobilization allows the enzyme to be reused, reduces the
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overall cost, and protects the enzyme under high pressure and in scCOz2 systems
[300] [301]

Similarly, cellulases and hemicellulase are a group of enzymes used in the
paper and pulp, ethanol, detergent, and textile industries 292303 However, there
are limited studies to understand the effect of high-pressure systems on enzyme
molecular structure and activity. The application of enzymes is growing in various
industries, such as a- & B-amylase and B-glucanase in the brewing industry and
lipase in the oil and dairy industry 8%-307] Despite their high degree of utilization,
even cellulases are not well explored under the high pressure and scCO: reaction
conditions.

In this review, the role of high pressure and scCO2 on enzyme activity with
respect to molecular-level changes such as the primary, secondary, and tertiary
structure of the enzyme, the activation volume of the enzyme-substrate complex,
and the water content and arrangement in the hydration layer of the active site and
at the protein surface have been critically analyzed. In addition, the role of
immobilization methods and available support matrices that could be used in the
enzymatic reaction under high pressure have been reviewed. Among the various
enzymes, lipase enzyme has been widely studied for the molecular level reaction
mechanisms such as activation volume change of the intermediate compounds
and CO: interaction with amino acids of protein under high pressure. Therefore,
this study has reviewed the different enzymes, including lipases and cellulases in
free and immobilization forms, and their performance under high-pressure reaction

systems.
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2.3.5.Enzymatic reactions in high-pressure systems

The effect of high pressure on the enzyme activity and stability is influenced by
several parameters such as reaction solvent, substrate concentration,
temperature, and pH 2411 Under high pressure, the conformation of enzymes is
changed by modulation of interactions with solvent, electrostatic charge
interactions, van der Waals forces, and hydrogen bonds. Several studies have
found that high pressure (1.0-500.0 MPa) leads to increased enzyme activity and
stability compared to atmospheric reaction conditions 113l For example, the
enzyme activity of a-chymotrypsin (a-CT) was increased by 6.5-fold in an aqueous
reaction under high pressure (20.0 °C, 470.0 MPa of HHP) with reduced thermal
denaturation (up to 55.0 °C) compared to atmospheric reaction conditions (0.1
MPa, 20.0 °C) 289 The active conformation of an enzyme may be stabilized at
high pressure due to enzyme-substrate binding that protects the enzyme from
denaturation and due to the reduction in the activation volume (the volume of
enzyme-substrate complex or enzyme volume in active state) that leads to
increased activity (285 2891 However, all substrates may not protect a given enzyme
(a-CT) from denaturation under high pressure, as observed for a-chymotrypsin. a-
Chymotrypsin was stabilized by N-succinyl-L- phenylalanine-p-nitroanilide
substrate with increased activity but poorly stabilized by another substrate (p-
nitrophenyl acetate) 289, Mozhaev et al. (1996) explained that HHP reduces an
enzyme’s hydrophobic and electrostatic bonds and systematically reorients the
hydration layer's water molecules around charged groups. These changes cause
a reduction in the activation volume that may enhance the reaction rate 289,
Another study investigated ginsenoside saponin extraction from ginseng roots by
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cellulase and B-amylase enzymes at HHP of 100.0 MPa, 50.0 °C, and pH 5.0,
where the reaction yields were increased by 26.0 % and 19.0 %, respectively, in
comparison to atmospheric pressure conditions. Here, the increased yield was
attributed to the effect of high pressure on the solubility of the ginsenoside from
ginseng roots. However, no analyses were performed on the enzyme’s molecular
structure 231, In recent studies, scCO2 was used to pretreat the cellulase enzyme
to enhance its activity 280 283, 300] Hojnik Podrepsek et al. (2019) reported a 47%
increase in enzyme activity of free cellulase with cellulose after scCO2 (10.0 MPa,
40.0 °C, 3.0 h) pretreatment of enzyme (289,

Although the effect of high pressure on an enzyme’s structure in correlation
with enzyme activity is not apparent, some studies suggest various effects on the
enzyme caused by applying a high-pressure system. The effects can be divided
into subcategories, as discussed in the following subsections, to develop an
understanding of the effect of the high-pressure system on the enzyme.

2.3.51. Effect on activation volume of enzyme-substrate complex

The activation volume of the enzyme-substrate (transition) complex is influenced
by structural changes in the active site and the reorientation of water molecules
around the enzyme, reduction in bond lengths, and modulation of bond angles.
Eyring and Magee developed mathematical models that relate the dependence of
the activation volume of the substrate-enzyme complex to the reaction rate
constant under HHP, as expressed in Equation (9) [243I;

(%), =~ % ©)

where K is the reaction rate constant at pressure P, and temperature T, the change

in activation volume of enzyme-substrate complex due to pressure is AV#, and R
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is the gas constant. The activation volume varies with both the pressure and the
temperature at which the reaction is carried out, and this change can be negative,
positive, or zero 2452471 The activation volume is a kinetic property of the enzyme-
substrate transition state, which may be estimated using experimental data
through linear regression of the relationship between reaction rate constant (In k)
and pressure (P) [247. 3081 Changes in activation volume are mainly caused by
electrostriction (a tendency of ordering the water molecule) of charged groups,
packing defects or unfolding of polypeptides, and solvation of exposed surfaces
29 The rate constant should increase based on Equation (9) as the activation
volume decreases upon an increase in pressure. However, several parameters
associated with an enzymatic structure and denaturation (i.e., hydration layer, pH,
the temperature of enzyme) influence enzyme activity simultaneously. For
example, Melgosa et al. (2017) reported decreased activation volume and
increased reaction rate of lipase-catalyzed ethanolysis of fish oil. In contrast,
Marszatek et al. (2019) used scCO2 and HHP to inactivate the horseradish
peroxidase (POD) and polyphenol oxidase (PPO) enzymes. The authors observed
a decrease in the activation volumes of POD and PPO enzymes, as shown in Table
2-6, as well as a substantial reduction (>80%) in the enzyme activity by the high

pressure of HHP and scCO2 2%,
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Table 2-6. Changes in activation volumes of enzyme-catalyzed reactions due to high pressure and scCO:2

treatment
Enzyme Change in activation volume * (AV*) mL/mol Effect on enzymatic Ref.
reaction

Immobilized lipase from  -47.7 to -158.0 under scCO, (9.0-30.0 MPa, 50.0- Increased reaction rate 278
Rhizomucor miehei 80.0 °C)
Horseradish peroxidase  -4.8 to —9.8 under HHP (200.0-600.0 MPa, 5.0- Enzyme inactivation 308
from Amoracia rusticana  45.0 °C)
roots (EC 1.11.1.7)

-20.5 to —25.6 under scCO, (10.0-60.0 MPa, 5.0-

45.0 °C)
Polyphenol oxidase from  -2.5 to —4.0 under HHP (200.0-600.0 MPa, 5.0- Enzyme inactivation 08
Agaricus bisporus 45.0 °C)
(PPOs) (EC 11.14.18.1)

—-34.0 to —44.7 under scCO, (10.0-60.0 MPa, 35.0-

65.0 °C)
Cellulase from 6.17 under HHP (0.1-200.0 MPa, 30.0 °C) in buffer ~ Decreasing activity 1209
Aspergillus niger solution

-6.3 under HHP (200.0-400.0 MPa, 30.0 °C) in

buffer solution, Increasing activity

1.68 under HHP (500.0-675.0 MPa 30.0 °C) in

buffer solution

. Decreasing activity
1.58 under HHP (200.0-600.0 MPa, 30.0 °C) in
10.0 % [Bmim]ClI solution
Increasing activity
310

a-chymotrypsin from
bovine pancreas

-2.2+0.1 in pure Tris-HCI buffer under

-3.1£0.5 in 1M trimethylamine-N-oxide (TMAO)
-4.1+0.8in 2.0 M urea

-0.9£0.4in 1.0 M TMAO

under HHP (0.1-200.0 MPa, 20.0 °C)

keat increases by about 15.0-

20.0 %

keat increases by about 20.0-

25.0 %

keat increases by about 35.0

%

No Significant effect

*Activation volumes were estimated from linear regression of In k versus P using the Eyring

equation (Equation 9).
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2.3.5.2. Effect on protein structure

The effect of high pressure on the structure of enzymes may be analyzed at
primary (1°), secondary (2°), and tertiary (3°) levels. For example, de Souza
Melchiors et al. (2017) treated the enzyme lysozyme with different pressurized
gases or fluids (scCO2 and liquified petroleum gas (LPG), and 1,1,1,2-
tetrafluoromethane (R134a)) at a range of pressures (10.0-20.0 MPa), ionic
strengths (0.0-50.0 mM), and depressurization rates ( 0.1-0.5 MPa/min). The
activity of treated enzymes was compared with untreated enzyme activity and
correlated to changes in the structures at primary (1°), secondary (2°), and tertiary
(3°) levels B, The primary structure was investigated using matrix-assisted laser
desorption ionization-time of flight coupled with mass spectrometry (MALDI-TOF-
MS) and sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE) B11-312 No protein degradation or chemical modification in the scCO2
pretreated enzymes (i.e. lysozyme, Lipases) has been observed in several studies
based on their molecular weight analyses [258.311-312] Gimilar results for the primary
structure were observed for lipases by Liu et al. (2012) and Liu, Chen, and Wang
(2013) 1258 312] Secondary structure has typically been investigated using circular
dichroism (CD) spectropolarimetry B11-312] Fgr-yltraviolet (far-UV) CD spectra are
influenced by protein secondary structure as a linear combination at a given
wavelength of contributions from a-helix, B-sheet, b-turn, disordered, and other
structural elements. Based on the results of de Souza Melchiors et al. (2017)
shown in Table 2-7, a decrease in the a-helix and an increase in 3-sheet content
was observed for lysozyme, which had increased enzyme activities compared to
the untreated enzyme. The changes in the secondary structure introduced by
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treatment with different pressurized fluids were attributed to promoted substrate
access to the active site of the enzyme and, therefore, enhancement in the enzyme
activity B, Li et al. (2020) found a similar result for cellulase enzyme where the
proportion of a-helix was reduced and while B-sheet and b-turn content increased,
consistent with loss of H-bonds in a-helical regions concomitant with new H-bond
formation in B-sheets and b-turns B9, In contrast, Liu et al. (2012) observed
significantly increased enzyme activity, from 100.0 % to 188.0 %, in the treated
lipase, which had increased a-helical and decreased B-sheet content after the
scCOz treatment of the enzyme lipase compared to the untreated enzyme. After

scCOz2 treatment, the activity in all conditions increased by 1.6-1.9-fold 12581,

Table 2-7. Elements of the secondary structure of enzymes before and after treatment in a pressurized system,
including scCO:2

Treatment a-Helix (%) B-Sheet (%) Residual Activity (%)’ Ref.
Egg-white lysozyme e
Control (untreated enzyme) 342+22 142+1.6 101.3+1.3

Treated with LPG (15.0 MPa, 40.0 °C, 2.0 h) 27.2+0.0 221+£0.1 131.9+0.3
Treated with scCO;(15.0 MPa, 40.0 °C,2.0h)  31.1 0.0 16.6 £ 0.0 119.1+34

Treated with R134a (15.0 MPa, 40.0 °C, 2.0h) 26.3+0.0 18.8+0.0 132.5+0.5

Cellulase 189
Control (untreated enzyme) 13.0+0.3 45+ 0.2 100.0 £ 5.0

Treated with scCO; (8.2 MPa, 50°C, 3.0 h) 3.1+0.5 48.8+0.2 96.0 +5.0

Lipase (Candida rugosa Lip7) 1258]
Control (untreated enzyme) 134 30.6 100.0

6.0 MPa CO,, 35.0°C, 0.5 h 13.6 21.6 161.0 £ 4.1

10.0 MPa CO,, 40.0 °C, 0.5 h 21.5 30.0 188.0 £ 2.1

10.0 MPa CO,, 40.0 °C, 2.5 h 13.5 29.5 176.0 £ 1.1

*Activity is defined as the ratio of activity remaining after treatment to initial activity without
treatment.
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Fluorescence spectroscopy has been employed to evaluate tertiary structural
perturbation by monitoring intrinsic tryptophan fluorescence. Namely, both the
intensity and position of the emission maximum for tryptophan are sensitive to the
local environment around the side chain of this amino acid, with changes in tertiary
structuring, thus also potentially modulating the observed tryptophan fluorescence
313 Using this experimental strategy, the intrinsic tryptophan fluorescence
intensity increased for scCO2 pretreated lysozyme, implying a change in tertiary
structuring and a concomitant increase in residual enzyme activity B In contrast,
the intrinsic tryptophan fluorescence intensity decreased for scCO:2 pretreated
Candida antarctica lipase B (CALB) in conjunction with increased residual enzyme
activity B12, scCOz-treated cellulase also had a reduced tryptophan fluorescence
intensity compared to the untreated enzyme. However, in this instance, enzyme
activity did not significantly change B9, Also, Li et al. (2020) studied cellulose
hydrolysis by placing cellulase and cellulose substrate in an autoclave reactor and
conducting the hydrolysis reaction under scCO:2 (8.2 MPa, 50.0 °C, 24.0 h) (also
known as one-pot method). The hydrolysis reaction happened at a faster rate, and
the sugar yield was approximately double as compared to atmospheric reaction
conditions over a 24.0 h period. Converse to this, pretreated cellulase under scCO2
(8.2 MPa, 50.0 °C, 180.0 min) produced a similar sugar yield compared to the
atmospheric reaction with untreated enzyme upon hydrolysis of cellulose 59,
Finally, in another study, although tryptophan fluorescence of scCO2-treated
hydrolases suggested no enzymatic conformational change, there was a slight

reduction in the stability of the enzyme 257,
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Related to both far-UV CD spectroscopy and fluorescence spectroscopy but
typically somewhat less sensitive in terms of response to conformational or
environmental change, UV absorption spectroscopy is another method that has
been applied to compare enzymes before and after treatment with scCO2 Y,
Namely, absorption by backbone peptide bonds (i.e., in the far-UV) and aromatic
sidechains (i.e., in the near-UV) may be influenced by enzyme conformational
change through changes to secondary structuring and through modulation of the
local environment upon tertiary structure change. In a study on cellulase, for
example, a decrease in absorbance in the near-UV was attributed to a tertiary
structural change that led to aromatic sidechain exposure to solvent &Y. In general,
UV absorption spectroscopy would be expected to provide a correlated response
to changes observed by CD and/or fluorescence spectroscopy. Still, it would be
less straightforwardly interpretable in its own right.

In summary, the studies reviewed herein have shown a lack of primary
structure perturbation due to high pressure. However, under high-pressure
reaction conditions, the hydrogen bonds in the enzyme could be expected to get
shortened and thus strengthened. Electrostriction of the water molecules of
hydration layer could also decrease the molar volume, with the water molecules
being compressed and the inter-atomic electrostatic forces weakening due to the
increased distance between atoms 288 Such physicochemical changes may

promote conformational rearrangements in the secondary and tertiary structure of

the enzyme [50, 258, 311-312]
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2.3.5.3. Effect on hydration layer of enzyme

The hydration layer is bound to the enzyme’s active site and polar surfaces, an
essential part of catalytically active enzymes. The formation of the hydration layer
is thermodynamically favored in polar and charged regions. Still, it should be noted
that not all surfaces of the enzyme necessarily need to be covered by the hydration
layer. Namely, this may be localized to the enzyme’s polar surface at a minimum
314 The hydration layer of enzymes holds significant importance, especially for
enzymes employed in hydrophobic substrate reactions within organic solvent-
based reaction media. Among these processes, the esterification reaction
catalyzed by lipase (a hydrophilic enzyme) has been extensively studied under
high pressure and scCO:2 conditions 215316 The nature of the solvent (polar or
nonpolar), pressure, and temperature of the system affect the water content in the
hydration layer. Under the high pressure environment with scCO2 and other
solvent, the water molecules of hydration layer (partially or completely) may
interact with the solvents molecules depending on their water solubilizing power,
and therefore, water may leave the enzyme molecule during the depressurization
of reactor [253 314,317 The water solubility in COz2 varies from 0.25 % to 3.0 % mole
fraction for increase in pressure and temperature from 10.0 MPa, 0 °C to 40.0 MPa,
100.0 °C 318319 The ability of stripping off the bound water of an enzyme by non-
polar scCO: is lower than the polar solvents such as methanol, n-propanol, and
acetone. For example, Gorman and Dordick (1992) found that methanol removed
38.0% of the water from an enzyme hydration layer. In contrast, nonpolar organic
solvents (hexane and toluene) removed only 10.0 % water from the enzyme [253],

Up to this point, there is a scarcity of evidence confirming the restoration of enzyme

83



activity upon rehydration following exposure to scCO2. The presence of organic
solvent in an enzymatic reaction mainly affects the hydration layer of the enzyme
[320-321] Sypercritical carbon dioxide acts as a nonpolar organic solvent that forms
unstable carbonic acid (Equations (1 and 2)) in aqueous conditions B22. However,
CO2 has very low solubility in water, which further varies with the temperature and
pressure of the system. For example, COz2 solubility in water increased from 0.5 to
2.0 % mole fraction when the pressure increased from 25.0 to 30.0 MPa at 85.0
°C. In contrast, the solubility of COz in water decreased from 3.2 % to 2.25 % mole
fraction in water when the temperature increased from 15.0 °C to 85.0 °C at 30.0

MPa pressure [323],

€O, + 2H,0 < HCO3 + Hy0* (1)
HCO3 + H,0 & CO3™ + H;0% (2)
Hobbs & Thomas (2007) proposed the hypothesis that lysine residues on an

enzyme surface will form carbonate with CO2 and destabilize the enzyme, leading
to inactivation. On the other hand, some researchers suggest that carbamate
formation is useful in bio-catalysis 2962971 Using molecular dynamics simulation to
evaluate post-translational modifications (PTMs), Monhemi & Housaindokht
(2016) compared acetylation, carboxylation, and phosphorylation of lysine side
chain to analyze the relative stability of a lipase enzyme in scCO2 because these
modifications convert the positive charge (of lysine) to negative charge on the
enzyme surface 324 Acetylation and phosphorylation were not found to modulate
stability. In contrast, carboxylation seemed to improve the enzyme stability
significantly in scCO2 because the carboxylate's net negative charge on the

enzyme's surface restricts the CO:z interaction from forming carbamate. The
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formation of an excess hydrogen bond or negative charge on an enzyme surface
has the potential to perturb enzyme structure, leading to its destabilization and
inactivation in scCO2 [324],

23.54. Effect of temperature and pH

An enzyme’s activity under high pressure depends on local changes in the
enzyme’s microenvironment governed by pressure and temperature. In the liquid
phase equilibrium of the H20-CO:2 biphasic system, the solubility of COz increases
with an increase in pressure and decreases with an increase in temperature.
Therefore, the pH of the aqueous medium changes in response to the amount of
solubilized CO2 in water 223251 Changes in pH due to scCO: lead to changes in
the microenvironment of the enzyme and, therefore, the activity and product yield
[202]

There was no change in the optimum pH of cellulase after scCO:2
pretreatment of this enzyme. However, the optimum temperature for pretreated
cellulase increased slightly (54.0 °C vs. 50.0 °C) compared to untreated cellulase
(283] Muratov, Seo, & Kim (2005) found that three cellulases from different species
(Trichoderma viride, Trichoderma reesei, and Aspergillus niger) released 20.0-
26.0 % more reducing sugars from cotton fibres under scCO2 (10.0-16.0 MPa, 50.0
°C, pH 5.0 of 0.1 M acetate buffer) in a one-pot hydrolysis reaction than the
atmospheric reaction condition with untreated enzymes at 100 rpm shaking
conditions in 48.0 h reaction time. However, no observation was made for the pH
of the enzymatic reaction under the scCO2 2281, Under scCOz, the pH of enzymatic

reaction in aqueous media will be lower than the optimum pH of the enzyme at
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reaction at atmospheric conditions and therefore, analyzing the effect pH of one-
pot reactions would bring more insights.

2.3.5.5. Effect of pressurization-depressurization of reactor

It is challenging to observe the exact effect of high pressure of HHP or scCO2 in
different stages — pressurization, holding time, and depressurization during the
pretreatment of the enzyme. The pressurization step does not affect enzyme
structure or performance because there is a slow mass transfer between CO2 and
the reaction mixture [827-328] During the pretreatment holding time, scCO: interacts
with the enzyme, which may form carbamate bonds. Finally, dissolved scCO:2 gets
released from the reaction medium during the depressurization of the reactor. The
release of COz is critical because it can strip off the enzyme's essential hydration
layer and alter the enzyme's conformation 22, The release of scCO2 could thus
cause partial structural unfolding. Here, S-S bonds play a critical role in preventing
the unfolding of enzyme structure, and the enzymes with S-S bridge should
preferably be used in scCOz2 solvents. For example, Kasche et al. (1988) studied
a-chymotrypsin and trypsin (monomeric enzymes) with an S-S bridge and penicillin
amidase (oligomeric enzyme) without an S-S bridge under dry and humid scCOz..
The enzymes with the S-S bridge were partially denatured less than those without
the S-S bridge. The partial denaturation might have been caused due to the
depressurization step. Kasche et al. (1988) further reported that depressurization
rates between 1.0-2.0 MPa min™' showed a negligible degree of inactivation of
enzyme in dry scCO2 compared to humid (moisture content 3.0 % w/v) scCO2 2881,

Kamat et al. (1992) and Zheng & Tsao (1996) found that the loss of cellulase
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activity could be prevented by releasing pressure more gradually than 1.0-2.0 MPa
min~" [282, 287]

The denaturation of a protein depends more on the number of
depressurization steps than the time of exposure to scCO2. Aucoin & Legge (2001)
investigated the effect of applying multiple pressurization-depressurization cycles
(1, 3, & 5) of the reactor along with holding time (4.0, 8.0, & 12.0 h) and
depressurization rate (0.43-0.45 MPa min~"', 0.86—0.89 MPa min~', & 8.6-8.9 MPa
min~") on the lipase enzyme Lipozyme. The 5-time pressurization-depressurization
over 12.0 h exposure time using the lowest depressurization rate (0.43-0.45 MPa
min~") showed the highest activity for the immobilized enzyme (229, Conversely,
another study showed slightly decreased enzyme activity of immobilized lipase
when the number of pressurization-depressurization cycles was increased from
1.0 to 3.0 using 3.0 h incubation time under scCO2 (10.0-25.0 MPa, 50.0 °C). Also,
a longer exposure time (3.0-6.0 h) was shown to reduce the enzyme activity 249,
A high depressurization rate leads to the formation of cracks and rough surfaces
in the case of immobilized enzymes, which could increase the porosity and the
mass transfer of substrate and COz to the enzyme, enhancing enzyme activity 242
2831 However, there would be a risk of loss of enzymes from the cracks over time,
leading to a loss of the ability to reuse of enzymes. Therefore, a slow
depressurization rate has been proposed to be positive in most studies of free and
immobilized enzymes under high pressure and scCOa.

2.3.5.6. Influence of external parameters

The high-pressure treatment of the enzymes under HHP or scCO2 has various

effects at the molecular level. However, external parameters such as instrumental
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configurations and enzyme amino acid sequences can be categorized as external
parameters. Various studies have used differently designed equipment and
enzymes sourced from different microorganisms with distinct amino acid
sequences.

2.3.5.6.1. Effect of instrumental configuration

Various types of reactor models and configurations have been used in the
literature, with different pressurization methods, sample-holding compartments,
and instrument configurations. In HHP, the MVV2 chamber (Unipress, Poland) has
been used to achieve pressure ranges up to 900.0 MPa with quick pressurization.
HHP equipment with a sample cell of 2.0 mL volume in a stainless steel jacket was
used to treat the enzyme a-chymotrypsin to characterize the effect of high
pressure. Specifically, the reaction mixture in a 2.0 mL quartz cuvette closed with
a flexible membrane was subjected to 470.0 MPa pressure for up to a 0.67 h min
treatment at 20.0-65.0 °C. The activity of a-chymotrypsin was observed to be
stimulated more than 80.0 % of atmospheric activity by high pressure 0.1-350.0
MPa, and decelerated by a further increase in pressure 350.0-450.0 MPa 289 |n
another study, separately, 3.0 mL of polyphenol oxidase (PPO) and horseradish
peroxidase (POD) enzyme solutions were pressurized 200.0-900.0 MPa within
80.0-90.0 s and depressurized in 2.0-4.0 s, which are very high pressurization and
depressurization rates. This configuration was used to inactivate the enzymes by
high-pressure treatment. In this instance, the high-pressure treatment was
observed to lead to the residual enzyme activity of 20.0 % at 900.0 MPa and 25.0

°C with a 10.0 min holding time. This significant activity reduction was attributed to
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the change in the enzyme's molecular structure that changed the activation volume
[308]

Compared to HHP, scCOz2 treatment systems use lower pressure, typically
around 10.0-25.0 MPa, and a slower depressurization rate. scCOz2 interacts with
enzyme molecules and alters the enzyme structure, activation volume, and
hydration layer. Reaction vessel volumes vary substantially in different studies. For
example, a Speed, SFE 4 (Applied Separations, USA) system with a 50 mL volume
vessel was used in scCOz2 treatment (10.0-65.0 MPa for 10.0-30.0 min at 35.0-65.0
°C) of 5.0 mL volumes of PPO and POD enzyme solutions, separately. The reactor
was pressurized at 60.0 MPa/min and depressurized at 5.0 min (~12.0 MPa/min).
The enzyme activities were reduced from 100.0 % to 12.0 % at 65.0 MPa at 45.0-
50.0 °C in 10.0-30.0 min %81 A scCO2 system with a series of high-pressure cells
was used to treat free enzyme solution and liquid-free immobilized enzyme using
a 3.0-10.0 mL internal reactor volume. The reactor was placed in a thermostatic
water bath at 35.0-75.0 °C and pressurized to 10.0-25.0 MPa in 0.5 min for a
holding time of 1.0-6.0 h. Increased activity has been observed in most
experimental conditions (i.e., 10.0-15.0 MPa, 35.0-50.0 °C, 1.0-3.0 h) except with
long exposure to very high pressure (i.e., 25.0 MPa, 50.0 °C and 3.0 h) that led to
decreased residual activities. The authors claimed that the scCO2 reaction
conditions are critical parameters affecting enzyme activity 2491, Another parameter
that may affect the enzymatic reaction could be the flow rate of scCO2 during a
dynamic reaction where the reaction is pressurized by scCO2. Senyay-Oncel and

Yesil-Celiktas observed that increasing the COz2 flow rate could reduce the mass
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transfer resistance, but it was not mentioned that the reaction was carried out in
static or dynamic conditions 283 The increased flow rate may also remove
unwanted water from the reaction environment to reach optimum enzyme activity
[330] Namely, the configuration of high-pressure systems, such as the reactor's
internal volume, pressurization, depressurization rate, and static or dynamic flow
of COz2 (in the case of scCO2 based reactor system), may influence the reaction
conditions and, therefore, the enzyme.

2.3.5.6.2. Effect of enzyme amino acid sequence

The amino acid sequences of individual enzymes are enzyme-specific and
species-dependent, with a corresponding potential to change secondary, tertiary,
and quaternary structuring as well as stability and response to environmental
factors. Therefore, the properties of the same enzyme, i.e., cellulase (EC3.2.1.4)
from different microorganisms, show differences in reaction conditions. An enzyme
treated with high pressure using HHP or scCO2 may behave differently with an
increase or decrease in enzyme activity. For example, the cellulases produced by
different microorganisms exhibit different 3D structure, ligand and water
arrangements. These enzymes also have different molecular weight, number of
amino acid residues and peptide chains [331-334] Bgsed on the amino acid
sequences and the corresponding 3D structure of the active site of an enzyme,
high pressure and scCO: alter the enzymatic reactions, which could enhance the
accessibility of substrate to the active site and activation of the enzyme. In contrast,

deformation could obstruct substrate-enzyme interactions, leading to inactivation

[276, 308, 324
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There has been substantial research using different enzymes from different
sources under high pressure, either by HHP or scCOz2. The results of these studies
show both positive and negative effects on enzyme activity, even in situations
where similarites had been observed in the enzyme structure or
microenvironment. After high-pressure treatment, an enzyme may form a specific
stable state with increased or decreased enzyme activity. Therefore, each potential
enzyme might need to be investigated for its behavior under high pressure.
Possible changes include the rearrangement of enzyme secondary and tertiary
structure, inter- and intramolecular hydrogen bonds, the aqueous layer around the
enzyme active site, hydroxyl groups, charged and polar groups, and the presence
of organic solvents B9 2482491 Apart from these effects, the solubility of the
substrate and co-solvent in a compressed/pressurized medium, viscosity, and

mass transfer also significantly affect enzyme activity in high-pressure systems 243

249, 317]

There is also a rich history of nuclear magnetic resonance (NMR)
spectroscopy studies of enzymes under high-pressure conditions. This class of
study provides the potential to elucidate atomic-level detail about the effects of
pressure upon a macromolecule in real-time [335336] with most modern studies
relying upon a commercially available apparatus using a hydrostatic pump
connected through pressure-safe tubing to a specialized NMR cell that allows
solution-state samples to be subjected in a dynamic and controllable manner to
pressures of up to 300.0 MPa 37, Kitahara et al. (2000) showed clear pressure

dependence of E. coli dihydrofolate reductase confirmation 238, This enzyme is in
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a conformational equilibrium between occluded and open forms. Over pressures
of 3.0-200.0 MPa, and pressure-dependent increase in the population of the open
form is observed, in turn, linked to a large negative AV# which is proposed to arise
both from compression of cavities within the protein and due to a concomitant
increase in hydration. Because the open form is critical for cofactor binding and,
thus, enzyme activity, the ability to observe this pressure-dependent increase in
the open conformation and characterization of this state of the enzyme provides
key thermodynamic and conformational detail and demonstrates the potential for
elevated pressure to modulate an enzyme’s conformational ensemble in a
functionally critical manner. Thus, high-pressure NMR spectroscopy has enormous
potential to provide insight into enzyme conformational changes and dynamic
processes induced by pressure. Importantly, this allows these changes to be
evaluated in real time as a function of pressure.

2.3.6.Enzyme immobilization

Immobilization of enzymes has shown a substantial potential to protect enzymes
from harsh reaction conditions such as high pressure or alcoholic media
components 1115 280 283 Therefore, it is worth looking at the methods of
immobilization and the available support matrices that can be potentially used in a
high-pressure system.

2.3.6.1. Methods of immobilization

Immobilization is the handiest approach in promoting the recovery and reusability
of enzymes in bioprocess engineering. It further enhances stability and prevents
adverse impacts of reaction conditions such as autolysis, denaturation by heat, or

organic solvents B%. 339 Enzymes are immobilized to various support materials
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using different methods, including support binding, adsorption, entrapment,

encapsulation, and cross-linking (Figure 2-5).
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Enzyme Encapsulation Support bound enzyme - Adsorption

Figure 2-5. lllustration of different types of enzyme immobilization techniques
The entrapment and encapsulation methods are similar, with the minor
difference that additional cross-linking agents are applied to covalently attach the
encapsulated enzyme 2493411 The enzyme is entrapped in a polymeric gel material
based on the molecular size of the enzyme and the pore size of the matrix support
material in case of enzyme entrapment. In comparison, the enzyme is
encapsulated in a mesoporous semipermeable membrane (i.e., zeolitic
membranes) of support material in the enzyme encapsulation method to trap the
enzyme molecules with covalent bonds. For example, the enzyme B-galactosidase
encapsulated in the hybrid carrier alginate-gelatin-calcium phosphate (AGCaP)
has shown good mechanical stability and minimal enzyme inactivation by physical

immobilization and results in a material that prevents the leakage of the enzyme

93



(242 Silica-based sol-gel has been utilized as a well-known entrapment method of
immobilization that leads to form silica-based aero- and xerogels 243344 However,
the entrapment method has the disadvantage of diffusional limitation and is better
for only small-sized substrates of enzymes.

Support binding may occur due to physical or chemical interactions (van der
Waals, physisorption and/or hydrophobic interactions) or through covalent linking
of amino, phenolic rings, sulfhydryl, and hydroxyl groups of an enzyme to reactive
functional groups (i.e., silanol, epoxy) of the support matrix [245:346] Physically
adsorbed enzymes tend to have weak interactions that keep the enzyme
immobilized onto the support. In contrast, ionic and covalent bonded immobilized
enzymes show insignificant disintegration or leaching out from the support during
the reaction 301, 339, 345, 347] 'For example, the enzyme lipase was immobilized on a
silica-based mesoporous support matrix by applying adsorption and covalent
bonding techniques. Firstly, lipase was immobilized on succinated hyperbranched
polyethyleneimine (PEI, MW = 60,000.0) grafted mesoporous silicate materials
(MCM-41) termed MCM-41@PEI by physical adsorption. Then cross-linking agent
glutaraldehyde was used for covalent immobilization to cross-link between lipase
and amino groups on the surface of MCM-41@PEI (Figure 2-6) 343, Covalently
binding methods have the advantage of minimal enzyme leakage over other
methods but the prone to loss of enzyme active site due to chemical interactions

of enzyme with support matrix.
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Functionalized support Covalently bonded
matrix immobilized enzyme

Figure 2-6. Schematic representation of enzyme immobilization by covalent bonding on the functionalized
support matrix.

Metal-organic frameworks (MOFs) are emerging supports for the entrapment
technique of enzyme immobilization (Figure 2-7) (2483491 MOFs are a crystalline
network of organic and inorganic materials with tunable porosity like zeolites. In
MOFs, p-block elements, alkaline earth metals, and actinides are typically used in
combination with multidentate organic linkers such as amines, nitrates,
carboxylates, phosphate, and sulfonates to form different frameworks. The primary
advantage of MOFs is the flexibility with which they can be tailored with respect to
porosity, large surface area, high thermal and mechanical stability, and magnetic

and optical properties (2481,

Metal organic frameworks (MOFs)

MOF Immobilized enzyme

Figure 2-7. lllustration of enzyme immobilization in metal-organic frameworks
Cross-linking of enzymes using a bifunctional reagent is a carrier-less

covalent immobilization technique. This technique requires fewer steps to prepare
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an immobilized enzyme without using carriers, making it economically attractive
(3391 Carrier-free immobilized enzymes, such as cross-linked enzyme aggregates
(CLEASs) and cross-linked enzyme crystals (CLECs), offer low production cost,
high stability, and concentrated enzyme activity B39, Preparing CLEAs involves the
precipitation of the water-soluble protein by adding a salt that does not denature
the protein (Figure 2-8). Subsequently, the addition of cross-linking agents makes
the enzyme permanently insoluble as an aggregate 242 351 The appropriate
selection of the precipitant can improve the activity of cross-linking immobilized
enzymes before aggregation. For example, polyethylene glycol precipitated
cellulase-derived CLEA exhibited 40.0 % of the initial activity of immobilized
enzyme after the fourth reuse cycle. In contrast, tert-butyl alcohol deactivated the
enzyme during precipitation, and ammonium sulphate precipitated CLEA showed

only 10.0 % residual activity after the first cycle 59,

T
T TN
|, ()
Precipitant i.e., PEG, IJ JI !j Cross-linking agents
ammonium sulfate 4 IJ-.J f i.e., glutaraldehyde
| J
G g
| o ()
-9 1} J--_}
<
R 5 9
Enzyme solution Enzyme Aggregates CLEAs

Figure 2-8. lllustration of Cross-linking immobilization

2.3.6.2. Type of support materials

The immobilization support material can be a natural biopolymer, synthetic organic
polymer, composite metal support, or hybrid support [32:340, 348] Gelecting a
suitable material is essential for higher enzyme stability and increased activity 2511,

For example, the affinity of the functional groups of the support for those of the
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enzyme should be high enough for covalent bonding to prevent the enzyme from
leaching into the reaction solution, or the entrapment gel matrix should be thin and
strong enough to contain the enzyme without mass transfer issue. The active site
should also be exposed to the reaction solution in adsorption-based immobilization
to reduce diffusional limitations (2513521 Alftrén and Hobley used non-porous silica-
coated superparamagnetic particles to immobilize a mixture of cellulase enzymes.
They reported 80.0 % of the initial activity of the immobilized enzyme, and 66.0 %
of the free enzyme’s initial activity was retained after the second reuse cycle 253,
On the other hand, nanotechnology is being increasingly applied in immobilization
applications. Nanomaterials provide several desired characteristics, such as an
increased surface area to volume ratio, high enzyme loading, easy
functionalization, high mechanical stability, and reduced diffusional resistance 224,
The MOFs-based method also introduced above uses magnetic metal
nanoparticles, which provides several benefits: increased enzyme loading,
inhibitor tolerance, increased stability and catalytic efficiency, and easy recovery
for reusability 359,

Various support materials have been used, including recently developed
techniques for immobilizing enzymes (Table 2-8). From the industrial application
perspective, problems associated with the recovery of immobilized enzymes by
filtration and centrifugation techniques may cause decreased activity due to the
internal mass transfer limitation. Centrifugation or filtration techniques can result in
the compression and squeezing of immobilized enzymes, particularly those that

are cross-linked or entrapped. This compression can lead to a reduction in pore
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size, which in turn limits the internal mass transfer of the substrate during
subsequent cycles of enzyme reuse 2561, The application of magnetic nanoparticles
(MNPs) has been proposed as the most suitable immobilization method because
of their easy recovery, stability and reusability 257, A functionalized magnetic core
is mostly used to immobilize the enzymes on to the surface by making covalent

bonding between functional group of support and the enzymes [255 3581,

Table 2-8. Immobilization of cellulase enzymes on different support materials and their reaction conditions for

converting cellulose to glucose under atmospheric pressure.

Immobilization Support Enzyme Substrate Reaction Reusability Ref.
technique materials conditions
Covalent 1 um non-porous  CellicCTec2 Wheat straw 6.0 FPU/g, pH  Retention of 1353
bonding silica-coated Cellulase 4.8, 50.0 °C, 80.0 % of
super- Carboxymeth ~ 72.0h activity in 2™
paramagnetic yl cellulose cycle
particles (CMC)
Covalent 40 nm magnetic Recombinant ~ hemp hurd 20.0 CMCase  30.0 % of the 1359]
cross-linking nanoparticles Cellulase from  biomass, unit, pH 4.0, initial activity
T. reesei 60.0°C,0.5h was retained
CMC after 10" cycle
on CMC
substrate
Covalent Salt-precipitated Novozymes hydroxyethyl 16.0 U/g, pH 40.0 % of the 12501
cross-linking cellulase cross- Cellulase cellulose 5.0, 37.0°C, initial activity
linked to (HEC) 24.0h retained after 41
glutaraldehyde- cycle
based CLEA
Covalent Carrageenan Cellulase CMC pH 5.0, 50.0 60.0 % relative 1260
cross-linking polymeric gel °C,0.5h active remained
coated with after the 7"
cationic polymer cycle.
Immobilized
enzyme had a
broader range of
temperatures.
Covalent Magnetic UIO- Commercial CMC 25.0 U/g, pH Increased 1255
cross-linking 66-NH; based Cellulase 5.0, 50.0 °C, tolerance to
MOF composite 48.0h inhibitor
support compounds, i.e.,
formic acid,
vanillin
Adsorption 100 nm silica Cellulase Cellulose, 10.0 FPU/g, ~96.0 % of 1358
particles pH 4.8, 50.0 activity retained
enzymogel B-Glucosidase  Cellobiose °C,72.0h after hydrolysis
support
10.0 CBU/g,
pH 4.8, 50.0
°C,6.0h
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Adsorption Silica-coated CEL Cellulase  p-nitrophenol-  16.0 U/g, pH 75.0 % recovery 1381

magnetic from Sigma- cellobiose (p- 5.0, 37.0°C, without leaching
nanoparticles Aldrich NPC) 24.0h of enzyme
Adsorption Commercial Cellulase from  Methylcellulos  pH 4.8, 30.0 70.0 % of the [362]
activated carbon  Aspergillus e powder °C,1.0h initial activity
powder niger (Tylose was maintained
MH1000) till the 5% cycle
of reuse.

2.3.7.Free and immobilized enzymes under high pressure and in sub/supercritical
fluids

Immobilized enzymes are a key target for several industrial applications due to
their recoverability, improved activity, stability, and resistance to environmental
variation. It should be noted that the residual activity of immobilized enzymes,
compared to free enzyme activity, may increase or decrease, provided the type
and source of the enzyme, the nature of the support material, and the reaction
conditions. Considering the solubility of the substrate in the reaction media is
crucial when studying the effects of high pressure and scCO2 in enzymatic
reactions. The solubility of the of the substrate and scCO:2 in reaction aqueous or
non-aqueous media could be increased by adding cosolvent as modifier which will
increase the mass transfer and therefore, the reaction rate [263-365],

Melgosa et al. (2015) studied four commercial lipases treated with scCOz2 in
free and immobilized forms. The free recombinant lipases (from R. miehei and C.
antarctica) enzymes under mild conditions of pretreatment improved the enzyme
activity (around 112.0-135.0 % residual activity) due to confirmational change in
the tertiary structure, whereas activity decreased for immobilized enzymes in all
conditions of scCO:2 pretreatment with a range of 80.0-99.5 % residual activities
(2491 |n contrast, Nyari et al. (2018) used scCO2 (12.0 MPa, 37.0 °C, 1.0 h) for the

activation of lipase from Candida antarctica, immobilized in polyurethane and
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additionally used the activated immobilized enzyme in esterification reaction. The
activated lipase had 315.0 % residual activity and 113% conversion yield
compared to untreated enzyme. The authors inferred that the polyurethane support
prevents the scCOz2 to form the carbamate with the immobilized lipase 2691,

Badgujar and Bhanage (2015) investigated the enzyme activity of
immobilized lipase entrapped in a biocompatible support matrix developed from
polyvinyl alcohol and chitosan (PVA/CHI). The immobilized enzyme had 42.0 %
higher activity than the free enzyme without scCO2 treatment. In addition, the
immobilized lipase had a 94.0 £ 1.5% yield. Whereas the free enzyme had only
23.0 % yield when the reaction was conducted to synthesize the laurate
compounds by free and immobilized lipase under scCO2 (8.8 MPa, 46.0 °C, 3.5 h).
The activity was decreased when the free enzyme was exposed to scCOz2, and
after the 5" cycle of reuse of free enzyme, a total 65.0 % reduction in the yield was
observed, which might be due to continuous exposure to an alcoholic substrate,
high-pressure and washing during the recovery of immobilized enzyme B9,

A silica-based sol-gel immobilized cellulase has been used for carboxymethyl
cellulose (CMC) hydrolysis at atmospheric and supercritical conditions of CO2
(10.0 MPa, 40.0 °C, 5.0 h). The activity of pre-incubated (10.0 MPa, 40.0 °C, 24.0
h) immobilized cellulase on a Tetramethoxysilane (TMOS) support was increased
to 461.0 % of the free enzyme activity at atmospheric pressure, and the reusability
significantly improved with 15 consecutive cycles for the hydrolysis reaction at
atmospheric pressure and up to 20 cycles under scCOo. It was postulated that the

increased activity over 20 cycles observed under scCO2 might be due to an
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increase in the pore size of the immobilized support upon application of high
pressure 1181, Senyay-Oncel and Yesil-Celiktas (2015) characterized zeolite (NaY)
supported immobilized cellulase enzyme activity and reusability after scCO2
pretreatment (18.0 MPa, 54.0 °C, 2.0 h). The enzyme activity of the scCO2-treated
immobilized cellulase was enhanced to 148.0 % of the untreated immobilized
cellulase activity. After reusing the scCOz-treated immobilized enzyme for four
cycles in enzymatic reaction at atmospheric pressure, the activity was decreased
to <60.0 % of the initial activity. The activity was interestingly regenerated by scCO:
treatment (18.0 MPa, 54.0 °C, 10.0 min), regaining 85.0 % of the initial activity with
activity decreased <55.0 % after 3-4 cycles of reuse. 65.0 % of the initial activity
was retained after 10 cycles of reuse of scCO2-treated immobilized enzyme, with
three cycles of regeneration of enzyme activity by scCO2 treatment included. The
activity could not be revived significantly after the 10" cycle, with less than 50.0 %
residual activity at that point 2831, The immobilized cellulase prepared by cross-
linking of the aggregates (CLEAs) was exposed to scCO2 (10.0 and 20.0 MPa, at
40.0 and 50.0 °C for 1.0 to 24.0 h) to investigate their stability. The residual activity
of the enzyme demonstrated a consistent decrease in from 100.0% (untreated) to
approximately 85.0% at 10.0 MPa, 40.0 °C, 24.0 h, and 63.0 % at 20.0 MPa, 40
.0°C, 24.0 h of incubation. However, intriguingly, the residual activity surpassed
100.0% (untreated), reaching 143.0%, when the enzyme was exposed to 10.0
MPa at 50.0 °C for an incubation up to 3.0 hours. High pressure and long exposer
(4.0-24.0 h) decreased the residual activity of CLEAs enzyme to up to 65.0 %. The

free cellulase substantially benefited from the scCO:2 treatment and the residual
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activity were reached to 147.0 % for 10.0 MPa, and 138.0 % for 20.0 MPa for 3.0
h incubation time at 40.0 °C 29, The increase in the activity of free cellulase could
be attributed to changes in the conformation changes in the enzyme and the
presence of lysine residues on the surface. These surface lysine amino acids are
involved in the cross-linking reaction of CLEAs formation which would not have
interacted with COz2 in case of immobilized enzyme. The CLEAs enzymes were
found to be advantageous for their stability under the scCO:2 reactions and
reusability applications 280,

The utilization of scanning electron microscopy (SEM) analysis on
immobilized enzymes subjected to high pressure and scCO2 treatment facilitates
the identification of physical and morphological changes. Melgosa et al. (2015)
used external agitation for mixing and still observed the cracks on the surface of
immobilized lipase from Rhizomucor miehei on Duolite A568 (a macro-porous
hydrophilic granular weak base anion exchange resin) and Lipozyme 435 from
from C. antarctica expressed in Aspergillus niger, immobilized on Lewatit VP OC
1600 (a macro-porous hydrophobic resin presented in spherical beads) 249, |n
contrast, Santos et al. (2016) did not find any wear and tear on the scCO2 (20.0
MPa, 40.0 °C, 6.0 h) treated immobilized lipase from Candida antarctica (Lipozyme
435) on a macro-porous anionic resin 278 Under high pressure and scCOz, the
immobilized enzyme exerts mechanical stress due to stirring if internal agitation
such as magnetic stirring or impeller is used, and may cause additional
morphological deformation 287, SEM analysis showed that the immobilization

support was affected by minor hole and crack formation due to scCO: treatment.
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The cracks may have allowed for increased mass transfer and exposed more
enzymes to the substrate, however, the activity of treated enzyme firstly increased
and then decreased below 65.0 % after 2-3 cycles of reuse 283, Qliveira et al.
(2006) found that the roughness of surface of immobilized lipase enzyme
(Novozym 435) was increased after scCO2 treatment, and the activity was
decreased. In comparison, the same immobilized lipase was treated with
compressed n-butane and there was no impact on the surface of immobilized
lipase, and the activity was increased as well 268,

Enzymatic reactions conducted under high pressure or scCO2 have been
summarized in Table 2-9, including the reaction conditions and the reactor
instruments used. The free enzyme activity has been compared with the high-
pressure-treated free enzyme, with the immobilized enzyme under atmospheric
and high pressure, wherever possible. Studies on cellulase enzymes have shown
similar or increased activity after exposure to high pressure, relating to the
molecular-level comparison of enzymes under high pressure analyzed in section

2.
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Table 2-9. Comparison of untreated and treated enzyme activity under scCOz2 or high pressure in the free and immobilized state.

Enzyme Reaction conditions Analyses Reactor arrangements  scCO, treated Ref.
enzyme activity
(T/P/t/pH/Substrate/CO; flow)
Cellulase enzyme
Free cellulase (Cellusoft conc. 40.0 °C, 10.0 MPa, 3.0 h, -, DNS method for sugar; 120.0 mL batch reactor; 147.0 % 1280} =
L) from Novozymes # cellulose Bradford method for protein; No mixing
FTIR for immobilization
Immobilized CLEA cellulase 40.0 °C, 10.0 MPa, 3.0 h, -, 143.0 % 12801
cellulose
Cellulase from Trichoderma 50.0 °C, 12.0 MPa, 48.0 h, cotton Glucose oxidase-peroxidase 250 mL SS316 reactor 120.0 % 326] a
viride * cellulose method for sugar vessel; magnetic bar
mixing 100 rpm
Commercial cellulase powder 54.0 °C, 18.0 MPa, 2.0 h, DNS method for sugar; NMR; SFE 100, Thar 148.0 % 12831 b
from Trichoderma Phosphate buffer pH 4.8, cellulose =~ SEM Instruments, Inc., UK,
2006; dynamic mode
longibrachiatum * (100 mL); No mixing
NaY zeolite immobilized 156.0 % 1283} ¢
cellulase
Crude cellulase from fungus H.  35.0 °C, 10.0 MPa, 24.0 h, 4.8, DNS method for sugar; Folin- 500 rpm mixing; BSTR 101.7% (115
insolens (Celluzyme 0.7T) # cellulose Lowry assay for protein reactor detail NA;
TMOS Immobilized cellulase 35.0 °C, 10.0 MPa, 24.0 h, 4.8, 461.0 % 1)
from fungus H. insolens phosphate-citrate buffer, cellulose,
(Celluzyme 0.7T)*#
Other enzymes than cellulases
Lysozyme from egg-white 40.0 °C, 15.0 MPa, 2.0 h, cell wall Primary structure by MALDI- Customized system; 141.0 % [y d
of Micrococcus lysodeikticus TOF-MS; 2° structure by CD syringe pump; SS
spectra; 3° structure by reactor with 28 mL
fluorescence spectroscopy volume
Powdered a-amylase from 41.0 °C, 24.0 MPa, 4.0 g/min CO, DNS method for sugar; NMR; SFE 100, Thar 167.7 % 298] e

Asperqgillus oryzea

flow, 2.5 h

SEM

Instruments, Inc., UK,
2006; dynamic mode
(100.0 mL); No mixing




Gol

Free lipase (from Burkholderia ~ 46.0 °C, 8.8 MPa, 3.5 ml/min CO,  GC-MS, SEM, TGA, NA 91.0-93.0 % 3001 ¥
cepacia) flow, 3.5 h

PVA/CHI immobilized lipase 46.0 °C, 8.8 MPa, 3.5 ml/min CO, GC-MS, SEM, TGA, NA 98.2-98.7 % 007 7
(from Burkholderia cepacia) flow, 3.5 h

#* Enzyme is not available commercially — either discontinued or information not available.

" Cellulase in buffer solution was treated in scCOz in a batch reactor.

@ The cotton fibers were hydrolyzed under scCO2 condition for 48.0 h and increased productivity to 1.2 times.
b The scCO:2 treatment was done at a flow rate of 2.0-14.0 g/min, and 10.0 g/min was optimum.

¢ Repeated treatment of scCO2 was done when the activity of reused enzyme reached below the untreated enzyme until the maximum
activity decreased below the untreated enzyme activity.

d The depressurization rate was optimized at 3.0 MPa/min. Enzyme solution loaded in the reactor and pressurized with fluid CO2, LPG
¢ 500 mg enzyme powder was placed in the sample cartridge of 100.0 mL reactor vessel SFE 100 system from Thar instrument, Inc. UK.

f The influence of scCO:2 incubation at different temperatures, pressure, and time were recorded and compared with untreated enzyme
activity of free and polyvinyl alcohol-chitin (PVA/CHI) immobilized lipase. The product yield under scCO: by free and immobilized enzymes
was 23.0 % and 94.0+1.5 %.



2.3.8.Conclusion and Future perspectives

Enzymes are biocatalysts and are sensitive to variation in reaction conditions such
as temperature, pH, and substrate. Pressure is another factor that can affect an
enzyme’s performance significantly. Several studies have explored enzymatic
reactions under high pressure created by high hydrostatic pressure or supercritical
CO2. Upon exposure to the pressurized pretreatment/reaction, enzymes have
been shown to undergo molecular level changes (i.e., electrostriction, reduced
bond length, hydrogen bonds), which leads to a change in the activation volume
of the enzyme-substrate transition complex and, therefore, the activity. Notably, no
consistent trend was observed in the correlation of molecular changes to enzyme
activity for different enzymes from different sources.

Nevertheless, there is clear potential for altering enzymatic activity using high
pressure. In addition, the immobilization of enzymes has been shown to have the
potential to protect enzymes from harsh reaction conditions and has positive
effects on enzymatic activity under pressure. For some enzymes, such as oxidase
and peroxidase, the pressure-induced activation volume reduction causes enzyme
activation, whereas lipases and cellulase have shown increased enzyme activities.
COz2 influences the performance of enzymes under scCOz2 in equilibrium with the
aqueous medium by reducing the instantaneous pH and forming carbamate bonds.
Though COz2 reverts to gas and disappears from the reaction medium, it can
catalyze changes in the enzyme’s secondary structural composition and
tertiary/quaternary structural arrangement and in water molecules present in the
microenvironment of active sites. The immobilization of enzymes provides more

stability and protects the enzyme at molecular levels from harsh reaction
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conditions. After scCO2 pretreatment, cellulases have mainly shown increased
enzyme activity, enhancing up to 156.0 % compared to untreated cellulase at
atmospheric reaction conditions. Various immobilization support materials have
been synthesized from natural and synthetic materials. However, only a few have
been studied under pressurized or scCO2 systems with an immobilized enzyme.
Silica-based sol-gel from tetra-methoxy-silane (TMOS) has shown strong stability
for the cellulase enzyme under scCO2 with more than 20 cycles of reuse with 461.0
% residual activity.

The majority of studies on enzymes under high pressure and scCO:2
conditions have focused on lipases, with some research conducted on cellulases.
There is wide scope for further exploration of the effects of high pressure and
scCOz2 on enzymes, as well as their substrates and reaction components, which
can influence the performance of enzymes. To gain a broader understanding, it
would be beneficial to consider the maximum achievable yield of both treated and
untreated enzymes in both free and immobilized conditions. Additionally,
investigating the impact of such systems on the nature of immobilization support
materials (e.g., hydrophilic, hydrophobic, synthetic, or natural) with a consistent set
of enzymes would aid in selecting appropriate support materials for use in high
pressure and scCOz2 systems. The loss of lipase activity caused by water depletion
from the hydration layer presents a significant challenge, which can be mitigated
by immobilizing the enzyme onto a suitable support material. Future research
could explore the possibility of restoring activity by rehydrating the enzymes in

subsequent cycles.
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Each enzyme has a unique molecular structure and active site that may be
related, non-trivially, back to its amino acid sequence. Therefore, for a given
enzyme, characterization of catalysis under high pressure or scCO2 is required to
determine the effects of high pressure and to allow for optimization of conditions.
From this perspective, in order to understand the trends or patterns of enzyme
activity as a function of high pressure in correlation to the corresponding molecular
changes, it would be worth exploring different enzymes from different sources with
a similar pressurized system to eliminate dissimilarities in instrumental
configurations and operating conditions. Although — to the best of our knowledge
— not yet been performed, in situ evaluation of the effects of scCO2 upon enzymes
by high pressure-NMR spectroscopy may also be fruitful given the long history of
evaluating chemical catalysts in scCO2 by NMR spectroscopy.
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CHAPTER 3 NANOCRYSTALLINE CELLULOSE DERIVED FROM SPRUCE
WOOD: INFLUENCE OF PROCESS PARAMETERS

This chapter has been published in Journal of Biological macromolecules:

Pawan Kumar, Kimberly Miller, Azadeh Kermanshahi-pour, Satinder Kaur Brar,
Ramon Filipe Beims, and Chunbao Charles Xu. 2022. 'Nanocrystalline cellulose
derived from spruce wood: Influence of process parameters', International Journal

of Biological Macromolecules, 221: 426-34.

3.1. Abstract

Developing processes that rely on the use of less hazardous and toxic reagents
for the production of cellulose nanocrystals (CNCs) are of significant interest. This
study employed acetosolv pulping followed by alkaline peroxide bleaching,
eliminating highly reactive chemicals such as Na-chlorites and Na-sulfite for
microcrystalline cellulose (MCC) extraction from spruce wood. A yield of
41.5310.68 wt.% of dry wood was obtained as bleached wood pulp with a
crystallinity index of 85.0 %. MCC was hydrolyzed with 59-65 wt.% H2S0O4 followed
by ultrasonic treatment to produce CNC. Further optimization of ultrasonic
treatment and acid hydrolysis resulted in CNCs with high aspect ratios
(length/width) up to 48.0 and yields from 8.03+£3.17 wt.% to 25.06+0.74 wt.% of the
original wood biomass. Mechanical treatment of the acid hydrolyzed suspensions,
aimed at improving CNC dispersion and particle morphology, showed no effect on
crystallinity index based on the statistical analysis. The extracted CNC showed
high crystallinity index of 80.8+1.7 %, aspect ratio up to 48, low residual
hemicellulose (<2.0 %) and lignin (<0.66 %) content, and high-char content of 26.7

wt.% from thermal degradation.
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Composition Appearance Yield

C: 47.06+2.21 wt.% .
H:20.10£0.75wt.% |
L: 29.35£0.22 wt.%

| 100 wt.% dry wood
(Initial material)

CNC59 CNC62 CNC65

C: 78.19+2.46 wt.% [}
H:4.73+£0.52 wt.% WiR¥.
L: 5.02+0.54 wt.%

Acetosolv pulp

Y= 48.49+0.62 wt.% _ o _ o . o
i Y=40.0610.25 wt% || Y=25.0610.74 wt.% || Y=8.0313.17 wt.%

Acetosolv plp—;— of dry wood of dry wood of dry wood

C: 88.5020.71 Wt.% Bleached pulp C:88.97+0.98wt.%  C:89.88+1,12wt.%  C: 93.26:0.54 wt.%
H: 6.2040.70 wt.% |- ' v-a153:068we% | Hi3.2650.50Wt%  H;2.57:0.08wt%  H:1.9620.26Wt.%
A "o INTARA T T of dry wood L: <0.66 wt.% L, <0.66 wt.% L: <0.66 wt.%

L: <0.66 wt.% Bleached pulp— 4 A 4
Sulfuric acid hydrolysis 59 wt.?é H,S0, 62 Wt.% H,50, 65 w‘t."lﬁ: H,S0,

C - Cellulose; H - Hemicellulose; L - Lignin; Y - Yield; CNC - Cellulose nanocrystal

3.2. Keywords: Nanocellulose, Nanocrystals, Acetosolv pulping, Alkaline
peroxide bleaching, Acid hydrolysis, Lignocellulosic biomass.
3.3. Highlights
¢ S and Cl free pulping and bleaching processes were used for cellulose extraction.
e Pure cellulose nanocrystals from spruce were obtained in high yield.
¢ High aspect ratio of up to 48 and crystallinity index of 80.8+1.7 % were achieved.

¢ Ultrasonic treatment showed no negative impact on the crystallinity index of CNCs.

3.4. Introduction

Nanocrystalline cellulose (NCCs), also known as cellulose nanocrystals (CNCs),
consist of whisker-shaped or rod-like nanoparticles with high surface areas and
particle sizes varying from 2.0-20.0 nm diameter and 100.0-500.0 nm length.
CNCs can be extracted from lignocellulosic (LC) and bacterial biomass by
hydrolyzing the (-1,4-glycosidic bond present at amorphous regions of cellulose
22l CNCs are an important additive of reinforced and composite materials with
biodegradability, biological compatibility, and a potential candidate for remediation
of wastewater 3623721 The hydroxyl groups form inter- and intramolecular hydrogen
bonds within cellulose chains that maintain a significant, cohesive force to hold
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nanocellulose chains together. It makes the composite or reinforced materials
mechanically  stronger, thermally stable, lightweight, and enhances
biodegradability 733741 |ncreased surface area and aspect ratio (length/diameter)
of CNCs allow further functionalization of nanocellulose for adsorption of
hazardous pollutants in water [371. 3751,

Currently, commercial MCC production processes involve highly reactive
chemical treatments such as pulping and bleaching of wood with chlorite and
sulfite (i.e., NaOCI, Na2S0a4), which results in high purity and white-colored MCC
[37-1001 |n recent studies, there have been some development less intensive
treatment of lignocellulosic biomass using organic solvent in the presence of acid
catalysts. Extraction of CNCs is dominantly carried out by acid hydrolysis of MCC
pulp using 58.0—-64.0 wt.% sulfuric acid at 35.0-65.0 °C under atmospheric
pressure [68 376379  This process results in hydrolysis of the amorphous
substructure, and the crystalline cellulose remains intact primarily in the form of
micro-clumps of hundreds and thousands of CNC particles with sulphate groups
grafted over the surface. Therefore, mechanical treatment such as ultrasonic
treatment, high-pressure homogenization, microfluidization is required following
the sulfuric acid hydrolysis to individualize the small chains in the form of needle-
like nanocrystals 57, 380-381]

Production of high-quality MCC and CNCs extraction requires a better
understanding of the influential process parameters on yield and properties of the
final product. The yield of MCC and CNC and their properties (i.e., chemical purity,

degree of polymerization, crystallinity index, thermal properties) could vary with the
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type of biomass species and extraction process conditions 9. Pinewood pulp
hydrolyzed in sulfuric acid (62.0 wt.%, 44.0 °C, 1.5 h) led to CNC yield of 2.3 wt.%
of the pulp with 67.8 % crystallinity 57, In contrast, hydrolysis of bleached
eucalyptus Kraft pulp in sulfuric acid hydrolysis (58.0 wt.%, 56.0 °C, 3 h min)
resulted in 68.0 wt.% CNC yield with 76.2 % crystallinity 4],

The mechanical treatment is applied at different intensities or pressures (i.e.,
ultrasonic probe treatment, high-pressure homogenization, micro fluidization) to

disintegrate the individual nanocellulose crystals [B7 380-3811 '|n particular ultrasonic

dispersion of CNC, varying range of intensity has been used, such as amplitudes
of 25.0-85.0 % for a few minutes to as long as 30 min in multiple studies [20 152, 380,
382-383]

To the best of our knowledge, the collective effect of sulfuric acid
concentration, the intensity of the mechanical treatment on CNC yield, and its
properties (i.e., crystallinity index, particle morphology) is not well explored.
Additionally, obtaining CNC with high yields and desirable properties (i.e., high
surface area, high crystallinity) under mild process conditions is challenging in the
current practices. In this study, acetic acid pulping and alkaline peroxide bleaching
were used to extract MCC from Spruce wood to reduce the environmental footprint
of the pulping and bleaching processes. Further, MCC was hydrolyzed using
sulfuric acid followed by mechanical treatment to extract CNC. The lignin was also
recovered and characterized for molecular size and purity. Our goal was to develop
an understanding of the effect of sulfuric acid and ultrasonic treatment on yield,

morphological properties, thermal stability, and crystallinity of CNC-derived spruce.
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3.5. Materials and Methods

3.51. Materials

Spruce wood chips were grinded using a coffee grinder (Hamilton Beach, Canada)
to a particle size range of 63.0-180.0 ym, sieved with stacked ASTM mesh
screens #80/230 and used as starting material. Analytical grade glacial acetic acid,
hydrogen peroxide 30.0 wt.%, hydrochloric acid 37.0 wt.% were purchased from
VWR chemicals BDH (Canada), and sodium hydroxide pellets, calcium hydroxide
powder, and toluene were purchased from Sigma-Aldrich (Canada), The sulfuric
acid 95.0-98.0 wt.% used in the experiments was purchased from EMD (USA).
3.5.2. Moisture, ash, and extractive content analysis

The moisture content of the wood powder was determined by drying at 105.0 °C
in an oven (Across International) under active vacuum (~-30.0 in Hg) for four hours
or until the weight stabilized (no change >0.1 mg). Ash content was determined by
ashing the moisture-free wood powder in the muffle furnace at 575.0£25.0 °C for
24.0+2.0 h.

The lipids extractives of the wood powder were removed by Soxhlet
extraction with water and then a toluene-ethanol (2:1, v/v) mixture. Each extraction
was carried out over six hours with six reflux cycles per hour. The extractive
content was measured as the mass recovered in the solvents during Soxhlet
extraction and reported as the wt.% of the dried wood used.

3.5.3. Cellulose extraction from wood
Cellulose pulp was isolated from extractive and moisture-free wood powder using
acetosolv pulping followed by an alkaline hydrogen peroxide bleaching reaction,

as described in Ditzel et al. (2017) B4. The wood powder was heated isothermally

113



for 3.0 h with 92.9 wt.% acetic acid in the presence of a hydrochloric acid catalyst
(0.3 wt.%) at 115.0+2.0 °C using 10.0 mL/g of solid. The reaction was carried out
in a flat bottom boiling flask under a reflux setup with 400-450 rpm magnetic
stirring. Acetosolv pulp was filtered using 11.0 pm filter paper and washed with
92.5 wt.% acetic acid and water until pH of ~7.0 was reached. Acetosolv filtrates
were collected for lignin recovery, and the pulp was dried at 55.0 °C under active
vacuum for 24.0 h.

The dried acetosolv pulp was then treated with 4.0 wt.% sodium hydroxide
and 13.5 wt.% hydrogen peroxide in a solid-liquid ratio of 1:40 (g/mL) by
suspending 1.0 g of solid in 20.0 mL of sodium hydroxide solution and adding 20.0
mL of hydrogen peroxide solution, dropwise. Following the addition of hydrogen
peroxide, the slurry was held isothermally, with stirring (350.0-400.0 rpm), for 2.0
h at 50.0+2.0 °C. The bleached pulp was filtered and washed with water until a pH
7.0 was reached. The pulp was dried in oven at 55.0 °C under active vacuum for
24.0 h.

3.54. Lignin recovery

The lignin was recovered from acetosolv filtrate by adapting the method described
by Nascimento et al. (2014). The filtrate black liquor collected from acetosolv
pulping was concentrated to one-tenth volume by removing acetic acid using rotary
evaporator. The concentrated black liquor was quenched with 10-fold distilled
water and treated at 75.0+£5.0 °C with magnetic stirring of 300.0-350.0 rpm for 0.5
h. A further 10-fold volume of water was added at room temperature to the solution
before holding stagnant for 24.0 h for the lignin to precipitate and settle.

Precipitated lignin was filtered and washed with distilled water until a pH of ~7.0
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before drying at 55.0 °C for 24.0 h under an active vacuum. The obtained lignin
was characterized by infrared spectroscopy (IR) and gel permeation
chromatography (GPC).

3.5.5. Acid hydrolysis

The oven-dried bleached pulp was used in sulfuric acid hydrolysis reactions in
three different concentrations 59.0 wt.%, 62.0 wt.%, and 65.0 wt.% in pulp to acid
ratio of 1:10 (g/g) for 1.5 h isothermally at 44.0 °C with continuous magnetic stirring
at 600.0-650.0 rpm. The reaction was quenched by adding a 5-fold volume of cold
distilled water, and the hydrolyzed pulp solid was separated by centrifugation at
9500.0 rpm or 13,117.0 g-force (Eppendorf 5804/FA-45-6-30 rotor) for 5.0 min.
The initial supernatant was collected as acid hydrolysate to analyze the released
sugar for mass balance. The remaining solids were washed (2-3 cycles) with
distilled water until the supernatant started to become turbid. The washed pulp was
dialyzed using a semi-permeable membrane (cutoff weight 14.0 kDa) for 2-4 days
until a pH of 7.0.

3.5.6. Mechanical treatment

The dialyzed pulp suspensions were diluted to 1.0 wt.% in water prior to
mechanical treatments. Firstly, three methods of mechanical treatment were
applied on 62.0 wt.% sulfuric acid hydrolyzed pulp treated sample, magnetic
stirring (1000.0 rpm, 15.0 min), sonication bath (Branson m1800, 15.0 min), or an
ultrasonic probe (Sonics ultrasonic processor, VCX750, 13.0 mm probe diameter,
80.0 % amplitude for 5.0 min). Then ultrasonic probe treatment was further
investigated for optimization of the amplitude (30.0-80.0 %) and treatment time

(5.0-15.0 min) for the acid hydrolyzed pulp at 62.0 wt.% sulfuric acid concentration.
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The ultrasonic probe treatment was performed using an ice bath to dissipate the
generated heat and maintain the ambient temperature. The crystallinity index was
considered the response factor and was statistically analyzed with three center
points.

3.5.7.Freeze drying

The aqueous suspensions obtained after ultrasonic treatment were dried for 72.0
h by a freeze dryer (FreeZone 2.5 L, Labconco) at -50.0 °C. Prior to freeze-drying,
the suspension was frozen in a 20.0 mL vial using liquid nitrogen.

3.5.8.Solid characterization

3.5.8.1. Yield and chemical composition analysis

The yield of the bleached wood pulp and CNC were calculated based on the weight
of dry wood used as starting material. For the chemical composition analysis, 300.0
mg of the wood produced pulp, and nanocellulose samples were individually
hydrolyzed in a two-step acid hydrolysis. The resulting hydrolysates were analyzed
using the NREL method for cellulose, hemicellulose, and lignin content [384],
Samples (300.0 mg) were first treated in 3.0 mL of 72.0 wt.% sulfuric acid at
30.0£2.0 °C for 1.0 h using a 120.0 mL pressure tube (Ace Glass) with a water
bath. Following treatment, the acid concentration was diluted to 4 wt.% in a
pressure tube, then closed and hydrolyzed in an autoclave at 121.0 °C, 15.0 psi
for 1.0 h. The acid hydrolysate was filtered over a glass filter and analyzed by the
HPLC-RID method (described in supporting information) after neutralizing to pH
5.0-6.0 using calcium hydroxide. The solids on the filter were dried under an active

vacuum at 55.0 °C for 24.0 h before measuring the acid-insoluble lignin content.
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3.5.8.2. Particle morphology analysis

The morphology of produced CNCs were analyzed using a scanning electron
microscope (FE-SEM, Mira3 LMU, Tescan, Czech Republic), and using a
transmission electron microscope (JEOL 1230 TEM) at 80.0 kV accelerating
voltage. The particle’s length and diameter were measured for 100 particles using
digital image analyzing software (ImageJ) and the data plotted in Origin software
for particle size distribution analysis.

3.5.8.3. Infrared (IR) spectroscopy analysis

The dried pulps and CNCs were analyzed as solids on the Smart iTX accessory
with high-efficiency optic reflectors and diamond ATR crystal attenuator in the
wavenumber range of 400.0 cm! to 4000.0 cm™" at a 0.4 cm resolution using by
solid-state infrared spectroscopy using a Thermo Scientific Nicolet iS10 FTIR
Spectrometer with a helium-neon laser.

3.5.8.4. Thermal stability

The thermal stabilities of the samples were analyzed using a Mettler Toledo
TGA/DSC?3*-thermogravimetric analyzer (Mettler Toledo, Canada) by heating from
30.0 to 575.0 °C at a rate of 10.0 °C/min under nitrogen gas flow rate of 50.0
mL/min. Samples (5.0-10.0 mg) were weighed directly into a hermetic aluminum
pan with a pinhole for analysis.

3.5.8.5. Crystallinity index

The X-ray diffraction spectra were collected using Bruker D8 Advance equipped
with an LYNEYE detector in reflection mode. X-ray diffractograms were collected

at the scan rate of 3 step/sec in a 20 range of 4-45° (wavelength = 1.54 A) using
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an X-ray tube setting of 40.0 kV and 15.0 mA. The crystallinity indices of samples
were determined using Equation (11) as defined by Segal et al. (1959) [153I;

Crl (%) = 22— x 100 (11)
200

Where [200 represents the peak intensity of crystalline phase containing crystalline
and amorphous domains maximum intensity at 20 of 22-23° and /am represents
the peak intensity for the amorphous domain maximum intensity at 20 of ~18.5°.

3.5.8.6. Statistical analysis

The ultrasonic treatment for optimizing amplitude and time with respect to
crystallinity index was performed using the center-point method considering the
significance level of 95.0 % (p < 0.05).

3.6. Results and discussion

3.6.1. Chemical composition and yield

The chemical composition analysis of wood showed that total polysaccharide
content was 67.17 wt.%. It was composed of 47.01 wt.% cellulose, 20.10 wt.%

hemicellulose, and 29.35 wt.% lignin (Table 3-1).

Table 3-1. Chemical composition of spruce wood as starting material g/100 g original wood (starting material)
(n=3).

Cellulose Hemicellulose Lignin extractives Ash Moisture

47.06x2.21 20.10+0.75 29.35+0.22 3.90+0.28 0.20 £ 0.02 4.32+0.45

The acetosolv pulping reaction of the extractive and moisture-free wood
sample resulted in a 48.49+0.62 wt.% yield compared to the original sample mass
of dry wood. Most of the lignin and hemicellulose (91.7 % and 88.6 % of the initial
content) were removed from the produced acetosolv pulp. Some of the solubilized

lignin was deposited on the surface of the pulp. Therefore, the appearance was
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dark brown, as shown in (Figure 3-1). The lignin in the acetosolv filtrate was
recovered by precipitation in water at 75.0+5.0 °C, and the yield of the recovered
lignin was 90.77 wt.% of the original lignin content in the wood sample with a purity
of 83.15+£2.14 % (analyzed by acid hydrolysis as described in the supplementary
information (S| section 11)). The alkaline hydrogen peroxide bleaching treatment
oxidized the residual lignin from the pulp. It resulted in a yield of 85.65+1.54 wt.%
of used acetosolv pulp, representing 41.5310.58 wt.% of the dry wood as the
overall yield of microcrystalline cellulose pulp. The alkaline peroxide bleaching
process oxidized the residual lignin from the pulp. The yield of overall bleached
pulp is significantly improved compared to the 33.0 wt.% in B4 and 11.0 wt.% in &3]
using a similar method but different biomass.

The nanocrystalline cellulose produced by acid hydrolysis at three sulfuric
acid concentrations (59.0 wt.%, 62.0 wt.%, and 65.0 wt.%), followed by the
ultrasonic treatment, were designated as CNC59, CNC62, and CNC65. The key
effects of increasing the acid concentration were a significant reduction in yield,
improved cellulose purity up to 93.25+0.54 wt.%, and an increased aspect ratio of
CNC. The yield decreased from 40.06£0.25 wt.% to 25.06+0.74 wt.% and
8.03+3.17 wt.% of dry wood when the acid concentration was increased from 59.0
wt.% to 62.0 wt.% or 65.0 wt.%. The hemicellulose content in the CNCs decreased
from 3.26+0.59 wt.% to 2.57+£0.08 wt.% and 1.96+0.26 wt.% of the pulp. The CNC
yield from 62.0 wt.% and 65.0 wt.% treated samples are significantly higher than
2.3 wt.% extracted from pinewood pulp (62.0 wt.% H2S0O4, 44.0 °C, 1.5 h) as

reported in Ditzel et al. work 52,
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Figure 3-1. The appearance of the pulp and CNC samples, experimental yields, and the corresponding
chemical composition of cellulose, hemicellulose, and lignin, where Y is yield and CNC is cellulose

nanocrystals.

3.6.2.Solid characterization
3.6.2.1. Mechanical treatment for nanocellulose crystals dispersion

Acid hydrolyzed pulp (at 62.0 wt.%) was subjected to mechanical treatments of
magnetic stirring (1000.0 rpm, 15.0 min), water bath sonication (15.0 min), and
ultrasonic probe treatment (80.0 % amplitude, 5.0 min), intensity varying from very
mild to very intense treatments. The particle morphology of the samples was
analyzed using FE-SEM. Magnetic stirring had the least impact on the dispersion

of the CNC particles, with most particles appearing as microparticles. The water
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bath sonicator resulted in a mixture of nanoparticles and microparticles. In
contrast, treatment with the ultrasonic probe treatment resulted in a dispersion of
nanocellulose with no micron-sized particles observable by SEM (Figure 3-2). The
ultrasonic probe treatment was found as an effective mechanical treatment to
disperse the individual CNC, but it harmed CNC structure when used for more than
5 min (Figure S7-3). Amiralian et al. (2017) used an ultrasonic probe with an
amplitude of 25.0 % and 500.0 W output energy for 20.0 min to disperse the CNC
after acid hydrolysis (40.0 wt.% sulfuric acid, 45.0 °C, 3.0 h) of the bleached pulp,
which produced a high aspect ratio of 144.0 and Crl of 76.0 % from spinifex grass
(385 Zhao et al. (2019) used high-pressure grinding at 1500.0 rpm in a Super Mass
Collider for CNC preparation from rice straw and poplar, producing CNC with an
aspect ratio of 16.0 and 13.4 and a Crl of 68.0 % and 72.9 %, respectively (8,
Mohd Ishak et al. (2020) used ultrasonic treatment at 60.0-90.0 % amplitude for
5.0-20.0 min for CNC preparation following the ionic liquid (BmimCI) hydrolysis of
MCC, producing CNC with aspect a ratio of 9.0-17.0 with Crl of up to 73.0 % (382
The dispersion of particles and their morphology strongly relies on the extent of

hydrolysis and the penetration of sulfuric acid molecules inside the cellulose chains

[385],
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Magnetically Stirred Sonication bath treated Ultrasonic probe treated
(1000 rpm, 5 min) (15 min) (80 % AMP, Smin)

Figure 3-2. SEM images of (a) magnetic stirred at 1000.0 rpm for 5.0 min, (b) water bath sonicated for 15.0

min, and (c) ultrasonic probe treatment at 80.0 % amplitude for 5.0 min

Ultrasonic probe treatment was optimized for the amplitude and duration of
the treatment and analyzed for particle morphology by TEM and crystallinity index
of freeze-dried CNC. TEM analysis showed that the sample treated for 5.0 min at
30.0 % and 80.0 % amplitudes had a needle-like morphology, whereas the sample
treated for more than 5.0 mins had destroyed the CNC morphology (Figure S7-3
and Figure S7-3). Much less dispersion of CNC was observed when 30.0 %
amplitude was used, whereas a setting of 80.0 % amplitude for 5.0 min resulted in
a homogeneous dispersion of CNC (Figure 3-3). Further, the acid hydrolyzed
suspensions produced by acid hydrolysis at 59.0 wt.%, 62.0 wt.%, and 65.0 wt.%
were treated with the ultrasonic probe at 30.0 % and 80.0 % for 5.0 min. The
average size of 100 particles analyzed from the TEM image of each sample is
listed in Table 3-2, and typical distribution plots are presented in Figure 3-3 and
Table 3-2 show that the high concentration of 65.0 wt.% sulfuric acid has better
penetration into MCC chains. Therefore, it had better dispersion of CNC and fine
diameter of 4.95+1.1 nm, and a high aspect ratio of 48.0. However, more of the

MCC was hydrolyzed with increased acid concentration. The extracted
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nanocrystals were well dispersed by ultrasonic treatment at 30.0 % and 80.0 % of
amplitudes in 5.0. min, possibly due to the charged surfaces impacted by the
sulfate groups. In comparison, the 59.0 wt.% sulfuric acid-treated sample had a
high yield (97.0 wt.% of bleached pulp) due to little penetration into the cellulose
chains and insignificant hydrolysis. This result was confirmed with electron

microscopic analysis (Figure S7-3).

Table 3-2. Particle size analysis CNCs produced by acid hydrolysis (59 wt.%, 62 wt.%, and 65 wt.% sulfuric
acid concentrations) followed by ultrasonic treatment at 30 % and 80 % amplitudes for 5 mins (Average  std.

dev. of 100 particles)

Sulfuric acid concentration (wt.%)

Amplitude 59.0 % 62.0 % 65.0 %
Particle length
(nm) 306.7£113 218.6+£80.5 181.17462.90
30 % Particle diameter
(nm) 16.34+3.8 8.68+1.7 10.44+1.8
Aspect ratio 18.77 25.18 17.35
Particle length
(nm) 306.7+99.6 225.4164.5 237.7490.6
80 % Particle diameter
(nm) 16.9+5.21 19.6+4.9 4.95+1.1
Aspect ratio 18.14 11.48 48.06
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Figure 3-3. TEM Images of CNCs produced from acid hydrolyzed samples using 62.0 wt.% and 65.0 wt.% sulfuric acid followed by ultrasonic treatment
where samples were treated with (a-b) 30.0 % amplitude, CNC62; (c-d) 80.0 % amplitude, CNC62; (e-f) 30.0 % amplitude, CNC65; and (g-h) at 80.0 %
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3.6.2.2. Infrared spectroscopic analysis

The presence of different functional groups was identified using IR absorption
spectroscopy. The absorption bands of characteristic bonds and their functional
groups have been interpreted based on the information available in the literature

and briefly listed in Table S7-8.

C=0 stretching, -CH,, & -CH; from

Acetosolv pulp )
aromatic lignin & hemicellulose
Bleached pulp R N
59 wt.% acid hydrolyzed pulp H-O-C=0 of :
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Figure 3-4. Comparison of solid-state IR spectra of wood pulp and CNCs from different chemical treatments.

During chemical treatment, acetosolv pulping removed most of the lignin and
hemicellulose, and the residual lignin was removed during the bleaching process.
These chemical changes can be observed in Figure 3-4 at 1457.0-1593.0. cm™,
which corresponds to the C=C stretching vibration of lignin and hemicellulose, with
the characteristic absorption band at 700.0-900.0 cm' for the aromatic —CH> as
the chemical environment was significantly changed during bleaching. Increased
intensities of bands corresponding to the hydrogen bonding environment of the O-
H group (3330.0 cm™), the anti-symmetric C—H stretch (2890.0 cm'), and C-O-C
stretch of the pyranose ring (1050.0 cm') were observed in CNC samples as

compared to acetosolv and bleached pulps [169 387-388] The reduced transmittance

125



between 800.0-900.0 cm™' was more visible in CNC samples, specifically in
CNC65, than bleached pulp due to the presence of S—OH among CNCs. The
absorption band intensity for fiber absorbed water at 1640.0 cm" was significantly
increased for the CNC samples due to the high hydrophilicity [155 381 A
characteristic solid band at 1732.0 cmin acetosolv was observed and correlated
to the acetyl and ester groups of the hemicellulose or aromatic acid of the lignin.
The presence of —C=0 stretching, —CHz2, and —CH3s aromatic deformations were
observed with the lignin in the region of 1457.0-1593.0 cm! and mainly observed
in acetosolv and bleached pulp samples 329,

3.6.2.3. Crystallinity index (Crl) analysis

The crystallinity index of the processed samples was determined by calculating the
peak intensity height ratio using the method of Segal et al. (1959) 153l The Crl of
wood samples was determined to be 67.4+0.6 %, and the crystallinity of samples
was increased to 85.1+1.2 % for bleached pulp as the non-cellulosic component
was removed from the wood during the pulping and bleaching processes.

Some studies have indicated that ultrasonic treatment intensities reduce the
Crl of the cellulose 158 382 The ultrasonic treatment was optimized to disperse the
CNC by maintaining the crystalline structure, whisker-like morphology, and high
aspect ratio while reducing energy spent over the ultrasonic shearing process. The
results showed that the optimization model had a high p-value (0.19), showing the
insignificant impact of ultrasonic treatment on Crl (Table S7-5). However, the
whisker shape of the nanocrystals was destroyed at treatment times more than 5.0
min by the ultrasonic probe (Figure S7-4). The Crl of CNC decreased compared to
the bleached pulp, possibly due to the freeze-drying and presence of moisture in
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CNC samples (Figure 3-5). Pen et al. (2013) have observed reduced crystallinity
of freeze-dried samples compared to spray dried due to the heat treatment during

the spray drying that occurs at 50.0-100.0 °C 211,
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Figure 3-5. Diffraction patterns of acetosolv pulp, bleached pulps, and CNCs.

3.6.2.4. Thermal degradation analysis

The thermal degradation analysis was performed on the acetosolv pulp, bleached
pulp, and CNC samples. Before performing thermal degradation analysis, the
acetosolv pulp and bleached pulp samples were oven-dried at 55.0 °C for 24.0 h,
and the CNC samples were freeze-dried over 2 days. The thermal degradation of
the samples revealed a moisture content of 4.5-8.0 wt.%, indicating hydrophilicity
of the nanocellulose due to the high surface area with hydroxyl and sulfate groups
on the surface. The mass yield of the char produced at 575.0 °C was low for
acetosolv pulp (11.8 wt.%) and bleached pulp (18.0 wt.%) and high for CNC59
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(22.9 wt. %), and 26.3 wt.% and 26.7 wt.% for CNC62 and CNCG65 due to increasing
crystalline content. As shown in Figure 3-6, single-step degradation of acetosolv
and bleached pulps was observed. In contrast, the thermal degradation of CNCs
occurred over two steps due to the sulfate group grafted onto the surface during
acid hydrolysis. Similar behavior was observed for bleached pulp and CNC

samples reported in previous studies [392:393]

1 —— Acetosolv pulp —— Bleached pulp —— CNC59 —— CNC62 —— CNC85

T T T T T T T T T T T 1
0 100 200 300 400 500 600
Temperature (°C)

Figure 3-6. Thermal degradation profile of (a) acetosolv pulp, (b) bleached pulp, (c) CNC59, (d) CNC62, and
(e) CNCB65.

The degradation of CNCs occurred over two steps with a corresponding mass
loss of 50.0-55.0 wt.%. The first mass loss occurred between 240.0-280.0 °C with
a mass loss of 38-42 wt.%, and the second mass loss of 22.0-28.0 wt.% occurred
at 280.0-575.0 °C during pyrolysis. The remaining 22.9-26.7 wt.% was leftover as

char. The thermal stability of the nanocellulose could be further improved by
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neutralizing the residual sulfate groups 2%, These sulfate groups increase the
electrostatic repulsion force among the nanocellulose chains and disperse them in
suspension solution. However, it harms the thermostability of the nanocellulose as
the sulfates catalyze the thermal degradation reactions at high temperatures.
However, this degradation could be minimized by neutralizing sulfate groups on
NCC [324-395]

3.7. Conclusions

Spruce wood has a high cellulose content and could be used during high yield
nanocrystalline cellulose production. The study resulted in a significantly high yield
of 25.06+0.74 wt.% of dry wood using 62.0 % acid concentration. Further
increasing concentration helped in improving the dispersion of CNC with a high
aspect ratio of 48.0 at the expense of low yield of 8.03+3.17 wt.% of dry wood.
Mechanical treatment of the acid hydrolyzed suspensions, aimed at improving
dispersion and particle morphology, did not affect the crystallinity index based on
the statistical analysis. The ultrasonic treatment with 80.0 % amplitude for 5.0
minutes provided sufficient nanocrystals dispersion. Using 65.0 wt.% sulfuric acid
produced an aspect ratio of 48.0 with minimal impurity. It could be a potential
candidate for functionalization in applications such as heavy metal remediation.

In contrast, applications such as the formulation of composite materials could
benefit from the higher yield production of CNCs observed with 62.0 wt.% sulfuric
acid. The selection of acid hydrolysis reaction conditions, mechanical treatment
parameters, and therefore the yield would depend on the end-use of the produced

CNC. The overall process replaced reactive chemicals by utilizing organosolv
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pulping and chlorine-free bleaching processes. As a conventional method, the
outcome of this study showed the influence of process parameters to improve the
desired characteristics of CNC with a high yield. Still, it is strongly recommended
to develop an alternative method of acid hydrolysis to further the overall goal of

developing an environmentally friendly process with reduced wastewater effluents
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CHAPTER 4 ENZYMATIC DIGESTIBILITY OF LIGNOCELLULOSIC WOOD
BIOMASS: EFFECT OF ENZYME TREATMENT IN SUPERCRITICAL CARBON
DIOXIDE AND BIOMASS PRETREATMENT

The chapter is considered for the peer reviewed journal publication.

4.1. Abstract

Energy and resource intensive mechanical and chemical pretreatment along with
the use of hazardous chemicals are major bottlenecks in widespread
lignocellulosic biomass utilization. Herein, the study investigated different
pretreatment methods on spruce wood namely supercritical CO2 (scCO2)
pretreatment, ultrasound-assisted alkaline pretreatment, and acetosolv pulping-
alkaline hydrogen peroxide bleaching, to enhance the enzymatic digestibility of
wood using optimized enzyme cocktail. Also, the effect of scCO2 pretreatment on
enzyme cocktail was investigated after optimizing the concentration and
temperature of cellulolytic enzymes. The impact of scCO2 and ultrasound-assisted
alkaline pretreatments of wood were insignificant for the enzymatic digestibility,
and acetosolv pulping-alkaline hydrogen peroxide bleaching was the most
effective pretreatment that showed the release of total reducing sugar yield (TRS)
of ~95.0 wt.% of total hydrolyzable sugars (THS) in enzymatic hydrolysis. The
optimized enzyme cocktail showed higher yield than individual enzymes with
degree of synergism 1.34 among the enzymes, and scCO: pretreatment of cocktail
for 0.5-1.0 h at 10.0-22.0 MPa and 38.0-54.0 °C had insignificant effect on the

enzyme’s primary and global secondary structure of cocktail and its activity.
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4.3. Highlights

e Wood and enzyme pretreatment performed separately prior to enzymatic
hydrolysis
e scCOz2 and alkali assisted-ultrasonic methods were ineffective for wood

pretreatment

e Short exposure (0.5-1.0 h) of enzyme to scCO2 does not affect the
enzyme activity

e Sugar yield of ~95.0 wt.% was achieved in enzymatic hydrolysis by
acetosolv pulping

4 4. Introduction
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Lignocellulosic (LC) biomass is one of the most abundant sources for the
production of commodity and value-added chemicals. However, the polymeric
network of cellulose, hemicellulose and lignin is complex and resistant to
conversion to monomeric components 24 3% Bjomass must go through different
pretreatment processes to disrupt the recalcitrant structure to enhance the
saccharification of polysaccharides (cellulose & hemicellulose) to reducing sugars
(cellobiose, glucose from cellulose, xylose, mannose, arabinose from
hemicellulose) by enzymatic hydrolysis. Agricultural biomass has been studied
more extensively compared to woody biomass. Conventional pretreatment
including Kraft or sulfite pulping and chlorinated bleaching methods are effective
in enhancing the enzymatic digestibility of biomass [327-4%01 A performance
evaluation based study showed that the combination of methods such as alkali-
peroxide, mechanical and enzymatic treatment, is less energy intensive and
generate lower amount of waste compared to conventional biomass pretreatment

methods such as chemical soaking and thermochemical treatments [7, 401-402]

Although the use of chemicals is not eliminated in these methods, the amount of
hazardous chemicals and therefore the environmental impact associated with
hazardous waste management are reduced. Therefore, it is very worthwhile to
explore such non-conventional method on wood biomass. Among the variety of
such pretreatment methods available, ultrasound, organosolv, and supercritical
CO2 (scCO2) pretreatment are emerging as physicochemical pretreatment
methods with the advantage of reduced wastewater generation and potential for

solvent recyclability 1161191 Qrganosolv pulping using organic solvents and acids
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such as ethanol, formic acid, and acetic acid in the presence of mineral acids (i.e.,
sulfuric acid, hydrochloric acid) to catalyze the breaking of the ether bonds of lignin
and initiate solubilization. The process loosens the biomass structure exposing the
polysaccharides [158 403-404]  |Jltrasound pretreatment in an alkaline aqueous
medium produces hydroxyl radicals and results in high temperature and extreme
shear force due to cavitation, which breaks linkages in the lignin and hemicellulose
network [£054061 |n addition, an alkaline medium leads to a lower extent of sugar
degradation compared with acid or thermal pretreatments 4%, The scCO2 as a
pretreatment solvent, has the advantage of high diffusivity and low viscosity,
penetrating the moistened LC biomass solids and forming unstable carbonic acid,
which catalyzes hemicellulose hydrolysis. Additionally, scCO2 disrupts the

polymeric network of biomass by an explosion effect upon rapid pressure release

[214, 221

The polysaccharides in the pretreated biomass are hydrolyzed to monomeric
and oligomeric sugars by cellulolytic enzymes. Cellulase enzyme is a mixture of
endoglucanase, exoglucanase, and 3-glucanase enzymes, which are produced by
a variety of microbial species. Reducing the enzyme loading and enhancing the
enzymatic hydrolysis rate are the strategies to improve the process economics.
The synergistic effect of enzymes increases the rate of hydrolysis by changing
hydrolysis patterns 129, For example, cellulose hydrolysis mechanisms of two
enzymes (free cellulase cocktail named Ctec2 and cellulosomes or self-
assemblies of macromolecular enzyme complex) were observed by transmission

electron microscope. The free cellulase hydrolyzed from the edges of cellulose
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fibers, whereas the cellulosome separated the cellulose microfibrils and increased
the surface area. The avicel cellulose was completely hydrolyzed in 24 h using
cocktail of enzymes whereas the free cellulase and cellulosome enzymes
hydrolyzed ~70 % and ~100 %, respectively, of cellulose in 48 h when used
separately 121, Another emerging strategy for enhancing enzymatic hydrolysis rate
or/and yield is the pretreatment of an enzyme under scCO:z. It has been reported
in recent studies that enzymes exposed to scCO2 have shown improved stability
and activity in free and immobilized conditions 119 280, 283, 298-299, 311]

This study explores a greener and more sustainable process with mild
reaction conditions for processing LC biomass resources, which could significantly
reduce the discharge of contaminated wastewater from lignocellulosic
biorefineries. The goal of this study is to explore the use of scCO2 as a greener
and less chemical-based pretreatment method to understand its impact on the
enzymatic digestibility of spruce wood. In the course of this study, we have
specifically developed an understanding on the effect of the scCO2 treatment of
cellulose-degrading enzyme cocktails on enzyme activity and performance in
hydrolysis of spruce wood. Therefore, the current work specifically investigated the
effect of scCO2 pretreatment, ultrasound-assisted alkaline pretreatment, and
acetosolv pulping-alkaline peroxide pretreatment of spruce wood biomass on its
enzymatic digestibility for total reducing sugar (TRS) production. Improved
enzymatic activity has been reported for scCO2-treated enzymes and is considered
as an emerging method for enhancing enzyme activity 4%l Therefore, the effect of

scCO2 pretreatment of enzyme cocktail on enzymatic hydrolysis of pretreated
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wood for the total reducing sugar (TRS) production was also investigated.
Exploration of such pretreatment methods could substantially reduce the use of
chemicals and wastewater generation that could help to approach a more
sustainable process [409-410],

4.5. Materials and methods

4.51. Materials

Spruce wood chips were ground using a coffee grinder (Hamilton Beach, Canada)
and screened to a particle size range of 0.5-1.0 mm with ASTM mesh screens
#18.0/35.0. Extractives from the biomass were removed by a Soxhlet extraction
apparatus using distilled water followed by a toluene-ethanol mixture (2.0:1.0, v/v)
separately for 6 h each. The extractives-free biomasses were dried at 105.0 °C in
an oven under an active vacuum. Liquid COz2 (99.9% with eductor) was sourced
from Praxair, Inc.

Cellulase (lyophilized powder of purified enzyme) from Trichoderma reesei
ATCC 26921 (C8546-10KU) and cellulolytic enzyme complex Viscozyme L
(solution containing xylanases, pectinases, 3-glucanase enzymes along with high
concentration glucose and xylose sugars) from Aspergillus aculeatus (V2010-
50ML), and all chemicals were obtained from Sigma-Aldrich unless otherwise
noted. Cellulase powder was dissolved in distilled water at 15.0 g/L. Sodium citrate
buffer (1.0 M) was prepared by mixing citric acid monohydrate and sodium
hydroxide, diluted to 10.0 mM, and pH was adjusted to 5.0 using sodium hydroxide
4111 0.002 % (w/v) sodium azide was used as an antimicrobial agent 212, Enzymes
were used without further purification and enzymatic reactions were conducted at

pH 5.0 of 10 mM concentration citrate buffer to facilitate hydrolytic activity of
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enzymes. Cellulase and Viscozyme L were mixed at an optimum concentration
determined by the response surface method (RSM) to prepare the enzyme cocktail
to be used in the enzyme hydrolysis reaction (detailed in supplementary
information section 2).

4.5.2. Analytical methods

The protein content of enzyme solutions was determined by colorimetric assay
using Pierce™ bicinchoninic acid (BCA) reagents, (Thermo Scientific) using bovine
serum albumin (BSA) for calibration curve development 413l The reducing sugars
were analyzed by high-performance liquid chromatography (HPLC) with a
refractive index detector (RID) (Agilent 1260 infinity IlI) with water as mobile phase
at 0.6 mL/min, Agilent Hi-plex H (300.0x7.7 mm, particles size 8.0 ym) at
temperature 65.0 °C, and RID temperature at 55.0 °C.

4.5.3. Chemical composition of biomass

The total hydrolyzable sugars (THS) in the wood samples were determined by their
compositions using national renewable energy laboratory (NREL) standard
method for carbohydrate and lignin analysis before and after the pretreatments
(3841 The biomass was dried in the oven at 105.0 °C for 6.0 h under an active
vacuum to determine the moisture content. Further, 0.3 g of dry solid were treated
with 3.0 mL of 72 wt.% sulfuric acids in a pressure tube for 1.0 h at 30.0 °C in a
water bath. After 1.0 h, 83.0 mL water was added to the reaction tube to reach an
acid concentration of 4.0 wt.%. The reaction mixture was autoclaved (Sterilmatic
Market Forge) for 1.0 h at 121.0 °C and 0.1 MPa (15.0 psi). The solution was
cooled to ambient temperature and filtered using an 11.0 ym glass filter to separate

the insoluble lignin. The insoluble lignin on the glass filter was dried by oven at
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105.0 °C for 6.0 h under an active vacuum. The filtrate was neutralized to pH 5.0-
6.0 using calcium hydroxide, filtered using a 0.2 ym syringe filter and analyzed by
HPLC-RID 93],

4.54. Pretreatment of lignocellulosic biomass

4.5.4.1. Supercritical CO2 pretreatment

Spruce wood was pretreated with scCOz2 at different temperatures (100.0, 140.0,
and 180.0 °C) and times (0.5, 1.0, 2.0, and 4.0 h) under pressure (15.0, 20.0, and
25.0 MPa) with a water to solid ratio of 2.0 mL/g (2.0 mL water with 1.0 g wood) in
a 20.0 mL scintillation vial. Further, the effect of water solid ratio was investigated
in the range of 1.0,2.0, 4.0, and 10.0 mL water per g wood. The scintillation vial
containing water and biomass was placed in the 100 mL supercritical fluid reaction
vessel and closed the reactor (Figure 4-1). The reactor vessel was pressurized
with liquid CO: after preheating the reactor. The COz: inlet and outlet valve were
closed, and the reaction was carried out in static conditions. After supercritical CO2
pretreatment, the reactor was depressurized rapidly (3.0-4.0 MPa/min). The
pretreated wood was dried and resuspended in 10 mL distilled water to determine
the hydrolyzed sugars during the scCO2 pretreatment. Before the enzymatic
digestion, the pretreated wood was washed with distilled water followed by drying

in an oven at 105.0 °C for 6.0 h under an active vacuum.
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Figure 4-1. Schematic diagram of supercritical CO; reactor configuration

4.54.2. Ultrasound pretreatment

Spruce wood samples (2.0 g) were pretreated with an ultrasound probe (Sonics
ultrasonic processor, VCX750, 13.0 mm probe diameter) at 90.0 % amplitude for
20.0 min in 40.0 mL of 2.0 % w/v NaOH solution without temperature control. To
evaluate the effect of NaOH, 2 g wood was treated in 40.0 mL of 2.0 % w/v NaOH
solution at 70.0 °C for 20.0 min at 125.0 rpm (revolutions per minute) without any
ultrasound treatment as control. About 2.0 g wood was also treated with an
ultrasonic probe at 90.0 % amplitude for 20.0 min in 40.0 mL water instead of 2.0
% wi/v NaOH solution as the second control. After pretreatment, wood samples
were adjusted to a neutral pH (6.5-7.0) by washing with distilled water.

4.54.3. Acetosolv pulping followed by alkaline-peroxide bleaching
pretreatment

The extractive-free spruce 20.0 g was pretreated using 198.6 mL of 92.5 % w/w
acetic acid in the presence of 1.4 mL hydrochloric acid catalyst (0.3 % w/w) for 3.0
h at 115.0£2.0 °C. The pulp obtained was bleached by 13.5 % w/w hydrogen

peroxide in 4.0 % w/v sodium hydroxide solution for 2.5 h at 50.0 °C 4%, The pulp
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from acetosolv pulping and bleaching was then adjusted to neutral pH (pH 6.5-7.0)
by washing with distilled water and dried in the oven at 55.0 °C under active
vacuum for 24.0 h as described in 4931,

4.5.5. Supercritical CO2 pretreatment of enzyme

The enzyme cocktail (cellulase 1.94 mg with cellulolytic complex enzymes 131.0
mg) in sodium citrate buffer was pretreated with supercritical CO2 (8.0 mL enzyme
cocktail in a 20.0 mL scintillation vial) in a 100.0 mL reactor vessel (Figure 4-1).
The reactor was pressurized to set pressure with liquid CO:2 at set temperature,
the effects of temperature (38.0-54.0 °C), pressure (10.0-22.0 MPa), and holding
time (30.0-60.0 min) were examined. The reactor was depressurized at a slow rate
of 0.3-0.4 MPa/min after the holding time. The enzyme cocktail was also pretreated
for 24.0 and 48.0 h time at 46.0 °C, 16.0 MPa to investigate the effect of exposure
of enzyme cocktail to scCOz2 for a longer time.

4.5.6.Enzymatic hydrolysis

Each of the untreated and pretreated wood were subjected to enzymatic hydrolysis
in 25.0 mL Erlenmeyer flasks at 150.0 rpm in a Corning LSE Benchtop Shaking
Incubator. Enzymatic hydrolysis reactions were performed at 2 % (w/v) substrate
in 10 mL sodium citrate buffer (10.0 mM, pH 5.0) containing 0.002 % (w/v) sodium
azide as an anti-microbial agent. The enzyme loads per g biomass for each
enzyme separately as well as for the enzyme cocktail, and temperature were
optimized at a range of concentrations (5.9-38.8 mg cellulase/g spruce wood and
44 .4-625.4 mg Viscozyme L/g spruce wood) and temperatures (30.0-55.0 °C) by
response surface method (RSM) (supplementary information). During enzymatic

hydrolysis, samples were withdrawn from the reaction over time to investigate the
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hydrolysis profile. Specifically, the yield of reducing sugars was determined using
Equation (8) where total reducing sugar (TRS) is represented by the sum of the
cellobiose, glucose, and xylose released in reaction. The residual activity of the
enzyme after the scCOz2 pretreatment was calculated using Equation (10).

. _ total released sugar (mg)
TRS yleld (Wt % Of THS) " cellulose in feedstock (mg) | hemicellulose (mg) X 100 (8)

0.9 0.88

Sugar yield by pretreated enzyme
Sugar yield by untreated enzyme

Residual activity (%) = x 100 (10)

For comparison of the enzyme load, the enzyme activity was determined by
filter paper hydrolysis at optimum temperature of enzyme. One filter paper activity
unit (FPU) is defined by release of 1.0 ymol of reducing sugars per min per mg of
enzyme in one hour reaction. The synergy between the two enzymes was
evaluated following by Andersen et al., (2008) using Equation (12) where the

enzymatic reactions with cellulase, cellulolytic enzyme complex, and the cocktail

were conducted under their optimum conditions [414-415]

. Extent of conversionceiulase+cellulolytic enzyme complex
Degree of synergism = - r— t (12)
Extent of conversionceyuiase+Extent of conversionceyuiolytic enzyme complex

4.5.7. Structural characterization of enzyme
4.5.7.1. Primary structure analysis

The effect of scCO2 on the primary structure enzymes was analyzed using SDS-
PAGE (sodium dodecyl sulfate—polyacrylamide gel electrophoresis). The treated
and untreated enzyme (cellulase, cellulolytic complex enzymes , and cocktail)
protein samples were prepared by mixing equal volumes of 4.0 mg/mL protein
sample and 2.5x SDS-PAGE reducing loading buffer and heated at 90.0 °C for
10.0 minutes. The samples and a molecular weight ladder (Precision Plus Protein

Unstained Stained Standards, Bio-Rad Laboratories) were resolved by
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electrophoresis using a 15.0 % sodium dodecyl-sulfate polyacrylamide gel (200.0
V for 50.0 minutes) and visualized by staining with Coomassie Brilliant Blue R-250.

4.5.7.2. Secondary structure analysis

Fourier transform infrared (FTIR) spectra were collected (32.0 scans, 4.0 cm"'’
resolution, range of 4000.0 to 700.0 cm™") using a Nicolet iZ10 spectrometer
(Thermo Fisher Scientific) equipped with a liquid nitrogen cooled mercury cadmium
telluride (MCT) detector (Thermo Fisher Scientific) and a ConcentratorlR2 Multiple
Refraction Attenuated Total Reflection (ATR) attachment with a Silicon ATR crystal
(Harrick Scientific Products Inc.) at room temperature (22.5 + 2.5 °C). 15.0 uL of
each protein sample in 20.0 mM sodium citrate buffer at pH 5.0 were deposited on
the ATR crystal immediately prior to data acquisition. Data collection and analysis
were performed using Omnic version 9.11.745 (Thermo Fisher Scientific) with
OriginPro version 10.0.0.154 used for visualization. Following baseline correction,
the amide | region (1600.0-1700.0 cm-') was deconvoluted to evaluate protein
secondary structure using Byler and Susi (1986) for wavelength attributions to
secondary structure 4181,

Circular dichroism (CD) spectra were acquired using an Olis DSM20 CD
Spectrophotometer with integration time determined as a function of High Volts in
Olis SpectralWorks Version 5.888.272. CD spectra were acquired at room
temperature (22.5 + 2.5 °C) from 270.0-180.0 nm with a 1.0 nm step size using
quartz cuvettes of 0.01 mm path length (Hellma). Spectra were obtained by
averaging three individual scans. The spectra of 20.0 mM sodium citrate blanks
were measured before the samples and were subtracted from the 0.1 mg/mL
protein sample CD spectra. Since the samples are mixtures of proteins and, hence,
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molarity is not known, to directly compare from sample to sample each spectrum
was normalized to its respective minimum in the far-UV regime 47, The secondary
structure was analyzed using two popular method FTIR and CD spectra to provide
a qualitative difference between the results.

4.5.8. Statistical analysis

All the experiments were performed using at least independent duplicates. The
Data was analyzed with one way-ANOVA at 95 % confidence level (p<0.05) for the
statistical significance. A paired t-test (P<0.05) was used to analyze the
significances of different pretreatment conditions of enzyme pretreatment on TRS
yield. The statistical analyses were performed in Minitab® 21.4.

4.6. Results and discussion

4.6.1. Chemical composition of spruce wood and enzymes

The chemical composition of the untreated and pretreated spruce wood was
analyzed using the NREL method and the compositions are shown in Table 1. The
spruce wood polysaccharide content is 65.0-70.0 wt.% similar to reports in the
literature 22 418 The scCO:2 treatment of the untreated wood did not have a
significant influence on the chemical composition of the solids. The ultrasound-
assisted alkaline pretreatment of the wood showed a reduction in total
polysaccharide component from 67.0 wt.% to 54.0 wt.% whereas lignin content
slightly increased from 29.0 to 32.0 wt% because of polysaccharide
decomposition (Table 4-1). The polysaccharide content was increased from 65.0-
67.0% to 95.0-96.0% after acetosolv pulping followed by alkaline hydrogen
peroxide bleaching treated wood, a process which removed most of the lignin. The

wood pulp derived from acetosolv pulping followed by alkaline-peroxide bleaching

143



was also pretreated with scCO2 and no significant change in the chemical

composition was observed (data not shown).

Table 4-1. Chemical composition of untreated and pretreated spruce wood in wt.% (n=3)

Biomass Untreated biomass scCO; pretreatment (20.0 MPa, Ultrasound-assisted 2.0 Pulping-bleaching
Component 180.0 °C, 1.0 h, 2.0 g/mL) wt.% NaOH pretreatment pretreatment
Cellulose 471122 39.7+0.8 36.2+0.7 88.5+0.7
Hemicellulose 20.1+0.8 19.3+0.9 17.8+0.7 6.2+0.7
Lignin 2941+0.2 31.1+0.6 294+29 <0.7

Before enzymatic hydrolysis of the untreated and pretreated biomass, the
commercial enzymes cellulase and Viscozyme L were used to prepare the enzyme
cocktail and characterized for their sugar and protein content. Sugar and protein
were analyzed by HPLC and BCA protein assay, respectively (Table 4-2). Since
the cocktail is made up of a crude enzyme complex solution (Viscozyme L), the
protein concentrations of cocktail are substantially high in comparison to cellulase
from T. reesei. The prepared enzyme cocktail using the commercial enzymes was
used without further filtration, and therefore, an initial sugar concentration of
15.2+0.4 g/L was present in the reaction mixture at the beginning of the reaction.
However, there was no significant influence of initial sugars concentration on the
activity and TRS yield (Figure S8-6).

Table 4-2. The commercial enzyme (as received) characterization for sugar and protein content (n=3)

Commercial enzyme Sugar Protein concentration Enzyme activity (FPU/g),
concentration temperature (°C), pH
Cellulase None 1.2 £ 0.0 g dissolved protein/g 75.2+0.4, 46.3, 5.0

enzyme powder

Cellulolytic complex enzymes 289.7 £+ 6.8 g/L 210.8 % 8.4 g/L enzyme solution 23.0+3.3, 37.4,5.0
(Viscozyme L)
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4.6.2. Optimum concentration and temperature of individual enzymes in the
cocktail mixture

Optimal enzyme concentration (cellulase 5.9-34.1 mg, cellulolytic complex
enzymes 44.4-256.5 mg) and temperature (30.0-58.0 °C) were investigated using
TRS yield (wt.% of total hydrolyzable sugars) as a response in RSM (Table S8-1
— Table S8-7). The TRS yields from wood by individual enzymes showed that
cellulase has an optimum temperature of 46.3 °C and cellulolytic complex enzymes
have 37.4 °C (Figure S8-1 and Figure S8-2) in sodium citrate buffer (10.0 mM, pH
5.0). The differences in the optimum temperature and activities of enzymes are
highly dependent on the source microorganism growth and reaction conditions 412
4211 The optimum concentrations of these commercial enzymes in the enzyme
cocktail were 9.7 mg cellulase and 598.4 mg cellulolytic complex enzymes per
gram of untreated spruce wood substrate at 2.0 wt.% substrate concentration in
10.0 mL sodium citrate buffer (10.0 mM, pH 5.0) at 42.5 °C and 150.0 rpm. Under
optimized condition for the enzyme cocktail, the untreated wood showed a
maximum total reducing sugars (TRS) yield of 14.1+£0.8 wt.% of total hydrolyzable
sugar (THS) in 72.0 h at atmospheric pressure (Figure S8-4).

Under the same optimized reaction conditions of cocktail, the bleached wood
pulp (BWP) showed a TRS yield of 74.9+0.8 wt.% of THS in 72.0 h. Therefore,
BWP was used as a substrate for the enzyme cocktail to investigate the synergy
between the two enzymes present in the cocktail. The BWP was hydrolyzed by
individual enzymes at the same amount as is present in the enzyme cocktail and
the reaction was carried out at their optimum temperatures for 96.0 h. In individual

runs, cellulase released 44.9 wt.% TRS at 46.3 °C and cellulolytic complex
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enzymes released 20.0 wt.% TRS at 37.4 °C whereas the TRS yield increased to
86.9+1.78 wt.% by the enzyme cocktail in 96.0 h at 42.5 °C. The synergism
between enzymes was 1.3 showing the performance of the enzyme cocktail to be
34.0 % higher than individual component’s performance (Figure 4-2). The
Viscozyme L commercial enzyme was used as hemicellulase equivalent enzymes
hydrolyzes arabinan and xylan from the hemicellulosic network [©#22:423]
Endoglucanase has also been found in Viscozyme L cellulolytic complex enzymes
which hydrolyzes the glucan chains in cellulose from the interior and releases short
chains of glucan 424, The exposed chains of cellulose are easily accessible for
exoglucanase and [B-glucanase enzymes that release cellobiose and glucose
monomers. Simultaneously, hemicellulase also acts on hemicellulose chains and
releases hemicellulosic monomers (i.e., xylose, mannose). The presence of these
enzymes in the enzyme cocktail released around ten times more xylose than the

cellulase alone and synergism between enzymes led to higher TRS yield.

—— Cellulase 9.7 mg/g pulp
100 O Viscozyme 598.4 mg/g pulp
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Figure 4-2. Synergistic effect between the cellulase and cellulolytic complex enzymes for TRS yield from
bleached wood pulp over time (Cellulase 9.7 mg/g pulp, Viscozyme 598.4/g pulp separately as well as

combined in cocktail) (n=2)

4.6.3. Effects of pretreatments on spruce wood

The pretreated wood was enzymatically digested with the enzyme cocktail under
its optimized reaction condition (2.0 % solid, enzyme cocktail: Cellulase 9.7 mg/g
pulp, Viscozyme 598.4/g pulp biomass, 42.5 °C) and compared with the TRS yield
from untreated biomass.

4.6.3.1. Effect of supercritical CO: pretreatment on spruce wood

The effectiveness of the scCO2 pretreatment on spruce wood was analyzed by
enzymatic digestibility of pretreated solids using an enzyme cocktail under
optimized conditions. The spruce wood was pretreated with 2.0 mL water per g
wood (dry weight) under 20.0 MPa pressure at temperatures 100.0-180.0 °C for
0.5-4.0 h holding time. The total reducing sugar of 4.0 wt.% of THS at maximum
were released at high temperature (180.0 °C) and 10.0 mL/g water-solid ratio
whereas lower temperature (100.0-140.0 °C) did not show any detectable amount
of sugar during the scCOz2 pretreatment. The temperatures below 180.0 °C were
not able to disrupt the recalcitrant structure of wood and the TRS yield from
pretreated wood was similar to untreated wood (Figure 4-3). The increase in the
water-solid ratio from 1.0 mL/g to 10.0 mL/g in scCO2z pretreatment at the
respective temperature and pressure of 180.0 °C and 20.0 MPa, had shown
slightly increased vyield from 16.1£1.8 wt.% to 19.5£1.0 wt.% at 72.0 h in the
subsequent stage of enzymatic hydrolysis for pretreatment. The effect of
pretreatment was also done on agricultural biomass cornstalk to verify the

instrumental setup. The enzymatic digestibility of scCO2 pretreated cornstalk (20.0
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MPa, 170.0 °C, 2.5 h) showed slightly improved TRS yield from 21.89+2.9 wt.%
(untreated) to 29.3+2.6 wt.% of THS at hydrolysis time of 96.0 h at water-solid ratio
of 0.5 mL/g whereas increasing the water-solid ratio to 4.0 or 10.0 mL/g did not
enhance the enzymatic digestibility of pretreated cornstalk (Figure S8-5).

Under the same condition of pretreatment, Yin et al., (2014) observed an
increase from 16.6 wt.% (untreated cornstalk) to 46.4 wt.% of THS for pretreated
cornstalk in 72.0 h at water-solid ratio of 0.5 mL/g, however, effect of water to solid
ratio was not investigated 221, A few studies have reported that scCO:2
pretreatment enhanced enzymatic digestibility, showing 27.3-84.7 wt.% of THS
yield from different wood biomass (i.e., aspen wood 84.7 % M2 Southern yellow
pine 27.3% 12 mixed hardwood 73.0 % [2%). However, the reported yields vary
significantly depending on the biomass type and pretreatment conditions. For
example, aspen wood was pretreated with scCOz2 (21.4 MPa, 165.0 °C, 0.5 h) with
a water to solid ratio of 0.7 mL/g leading to 84.7 wt.% of THS yield in enzymatic
hydrolysis. Whereas only 27.3 wt.% of THS yield was obtained in the enzymatic
hydrolysis of scCOz2 pretreated southern yellow pine under the same condition as
the aspen wood M2, The higher yield observed with hardwood biomass could be
related to its distinct chemical composition as well as to the pretreatment conditions
employed. The high temperature with scCO2 conditions hydrolyzes the
hemicellulose fraction and reduces the crystalline structure of biomass which
improves the enzyme-carbohydrate interaction in the pretreated biomass 29 112],
Another major reason could be the presence of higher lignin content which may

form non-productive binding with enzyme and reduce enzyme-carbohydrates
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interaction 4254261 The |ower lignin content in hardwood compared to softwood
may lead to substantial differences in the enzymatic hydrolysis yield after the
scCOz2 pretreatment. The collective effect of lignin content and hemicellulose
hydrolysis during pretreatment could be attributed to the substantial difference in
the yield softwood compared to yield from hardwood [22 1121 However, woody
biomass is generally under-explored as a LC biomass for scCO2 pretreatment;
therefore, further investigation with respect to a comparative study of softwood and
hardwood biomass from different species would provide greater insight into the

effect of wood type-dependent chemical composition on hydrolysis yield.
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Figure 4-3. (a) Effect of scCO:2 pretreatment (Pressure, Temperature, holding time) keeping the water-solid
ratio constant at 2.0 mL/g and (b) effect of water solid ratio at 180.0 °C, 20.0 MPa for 1.0 h scCO2 pretreatment
on spruce wood for TRS yield in enzymatic hydrolysis (n=2).

After sub and supercritical CO2 pretreatment, agricultural biomass of various
species had shown a TRS vyield of 42.0-97.8 wt.% of THS upon enzymatic
hydrolysis (i.e., sugarcane bagasse 97.8 % 11, switchgrass 42.0-80.0 % [20. 23, 214]

corn stover 66.5-85.0 % [20 2141 Guayule 82.8-86.0 % 223 2291) For example, Phan
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& Tan (2014) used scCOz2 pretreatment of sugarcane bagasse (15.6 MPa, 187.0
°C, 0.67 h) followed by hydrogen peroxide treatment before enzymatic hydrolysis
of the pretreated solid that yielded 97.8 wt.% of THS whereas untreated biomass
had a yield of only 13.4 wt.% of THS 111, | uterbacher et al. (2010) obtained a yield
that increased from 53.0+2.0 wt.% (untreated corn stover) to 85.0 wt.% of THS
yield in enzymatic hydrolysis of scCOz2 pretreated (20.0 MPa, 160.0 °C, 1.0 h) corn
stover biomass without any additional pretreatment 29,

4.6.3.2. Effect of ultrasound-assisted alkaline pretreatment

Alkaline pretreatment at low alkali concentration (2.0 wt.% NaOH) at 70.0 °C for
20.0 min, ultrasound-assisted alkaline pretreatment, and ultrasound pretreatment
without an alkaline solution were performed to investigate the effect of ultrasound
treatment and alkaline pretreatment. Ultrasound pretreatment of wood in an
aqueous solution of 2.0 % NaOH showed an increased yield (20.0+2.8 wt.% of
THS) in enzymatic hydrolysis in comparison to the yield from untreated wood
(14.1£0.8 wt.% of THS) in 72.0 h. Pretreatment with alkaline conditions and
ultrasound pretreatment without alkaline conditions both led to slightly increased
TRS yield in enzymatic hydrolysis in comparison to untreated wood (Figure 4-4).
However, the increase in the TRS yields was statistically significant (p=0.13). The
ultrasound treatment generates hydroxyl radicals from water, high temperature,
and extreme shear force due to cavitation which helps in the deconstruction of the
lignin and hemicellulose network 4054081 However, a lower concentration of sodium
hydroxide at low temperatures (rose to 70.0 °C by the 20.0 min ultrasound
treatment, measured by thermocouple) and lower treatment duration (20.0 min)
was not sufficient to facilitate enhanced enzymatic digestibility, with the spruce
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wood polymeric structure remaining intact. The chemical composition of the spruce
before and after the pretreatment was compared (Table 4-2) and it was found that
the lignin content remained the same whereas the cellulose and hemicellulose
contents were hydrolyzed partially during ultrasound-assisted alkaline
pretreatment of wood. Similar compositional results (hemicellulase decreased from
20.8 to 13.9 %, and lignin remained at 28.3 to 27.6 %) were obtained for spruce
wood after pretreatment with 7 wt.% sodium hydroxide at -15.0 to 100.0 °C for 2.0
h but cellulose content increased (from 43.0 to 50.6 %) in all the conditions without
ultrasound treatment 427, Increasing the concentration of sodium hydroxide and
the treatment duration may help to enhance the enzymatic digestibility of

pretreated wood, but it would lead to wastewater generation.
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Figure 4-4. Effect of alkali and ultrasound-assisted pretreatments of wood for TRS yield in enzymatic

hydrolysis (n=2)
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4.6.3.3. Acetosolv pulping-alkaline peroxide bleaching pretreatment

The acetosolv pulping process hydrolyzed 19.4 % of the initial cellulose, 88.6 % of
the initial hemicellulose, and 91.7 % of the initial lignin was removed during
acetosolv pulping and >95.0 % overall delignification was achieved after bleaching
of the acetosolv pulp in alkaline hydrogen peroxide solution. The pulping and
bleaching process disrupts the lignin and hemicellulosic network and exposes the
cellulose, allowing it to be more readily accessed by the enzymes 1%l The
enzymatic hydrolysis of BWP by enzyme cocktail released a TRS yield of 74.9+0.8
wt.% of THS in 72.0 h and reached ~95.0 wt.% in 144.0 h. The acetosolv pulping-
bleaching method produced high-purity pulp (lignin <0.7 wt.%) equivalent to a pure
cellulosic substrate for enzymatic hydrolysis. However, the presence of 6.2+0.7
wt.% hemicellulose in the bleached pulp led to significant resistance for enzymatic
hydrolysis by cellulase alone and the TRS yield was only 44.9 wt.% of THS in 96.0
h at46.3 °C, whereas the TRS yield reached 88.9 wt.% in the presence of xylanase
from the Viscozyme L in the cocktail enzyme (xylose yield increased to 10.0 folds)
at 42.5 °C. Also, it is worth noting that the enzyme loading is substantially lower
(0.15 FPU cellulase with 2.79 FPU cellulolytic complex enzymes) for bleached
wood pulp in comparison to other organosolv pulping methods where a minimum
of 15.0 FPU cellulase enzymes have been used to yield similar of sugar at similar
rates €0 428429, (Tgple 4-3). The synergy between the two enzymes (cellulase and
cellulolytic complex enzymes), as well as the optimization of enzyme amount per
gram of substrate and the temperature led to achieving a lower enzyme loading

requirement.
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Table 4-3. Comparison of organosolv pulping pretreatment method and their enzymatic digestibility by different

enzyme loads

Biomass Organosolv De- Enzymatic hydrolysis TRS yield by Ref.
pretreatment (solvent, lignification (substrate concentration, enzymatic
catalyst, temperature, enzyme U/g substrate) hydrolysis
time)
Eucalyptus Propanol 70.0 % v/iv, 73.9% 79.4%in72.0h
wood None, 220.0 °C, 2.0 h
5.0 % solid, 15.0 FPU 428
Propanol 50.0 % v/v, 81.3% Cellic@CTec2 88.6 % in72.0 h
None, 220.0 °C, 2.0 h
Norway Ethanol 63.0 % v/v,0.05M  65.0 % 1.0 % cellulose, 30.0 FPU  100.0 % in 48.0 &
spruce formic acid, 235.0 °C, 1.5 Celluclast 1.5 L with 32.0 h
h pNPGU
Eucommia Ethanol 50.0 % viv, 1 % 70.4 % 50 % sold, 150 FPU ~88.0 % in 96.0 42
ulmoides HCI, 180.0 °C, 0.5 h cellulase h
Oliver wood
Spruce Acetic acid 93.0 % v/v, 0.3 >95.0% 20 % solid, 0.15 FPU 86.9%in96.0h This
% HCI wiw, 115.0 °C, 3.0 cellulase with 2.79 FPU study*
h cellulolytic complex
enzymes

* Acetic acid pulping was followed by alkaline peroxide bleaching and net delignification was >95.0
%.

It has been found that enzyme works inefficiently in the presence of lignin
due to adsorption of enzyme protein on lignin by hydrophobic, electrostatic, and
hydrogen bonding interactions which block the enzyme-carbohydrate interaction
[426, 430-431] Several lignin-blockers have been shown to be effective in reducing this
effect on enzymes, such as surfactants (i.e., TWEEN and poly ethyl glycol) and
non-catalytic proteins (i.e., bovine serum albumin, soy protein) [432:434] For
example, Luo et al. (2019) used a soy protein for the hydrothermally pretreated
wood biomass that blocked the attachment of enzyme to lignin and enhanced the
enzymatic hydrolysis efficiency and TRS yield up to 200 % 4331, Biomass pretreated
with scCO2, and alkali-assisted ultrasonic pretreatment methods did not result in

lignin and hemicellulose removal which resulted in inefficient enzyme-
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carbohydrate interaction and no substantial improvement in TRS yield. In contrast,
the acetosolv pulping-alkali peroxide method, which is capable of lignin removal,
successfully achieved high yield at a very low load (3.0 FPU in total) of enzyme

cocktail.

4.6.4.Effect of supercritical CO2 pretreatment on enzyme cocktail

Under the strategy of exploring the effect of scCO2 pretreatment of enzyme, the
enzyme cocktail was treated under scCO2 and characterized for enzyme activity
and structural changes. SDS-PAGE analysis of untreated and scCO:2 pretreated
enzyme cocktail solution showed that there was no breakage or agglomeration in
the primary structure of the enzymes (Figure 4-5). Namely, the profile of resolved
proteins observed for the untreated enzymes were present and maintained the
same ratio of intensities in the pretreated enzyme solutions. All enzymes in the
cocktail thus appear resilient at the primary structural level to high pressure for up
to 24.0 h of static exposure of scCOz2 at 10.0-22.0 MPa and 38.0-54.0 °C (Figure
4-5). The individual enzyme mixtures were also resolved by SDS-PAGE, showing
the expected presence of multiple constituents with different molecular weights in

both the cellulase and cellulolytic complex enzyme mixtures.
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Figure 4-5. Comparison of untreated and scCO: pretreated enzyme's primary structure analyzed by SDS-
PAGE (n=2) where TRS yield is from enzymatic hydrolysis of BWP by untreated and pretreated enzyme
cocktail in 96.0 h.

The enzyme cocktail pretreated for short time (0.5-1.0 h) under scCO:2 at
38.0-54.0 °C and 10.0-22.0 MPa, did not have any significant change in the
enzyme activity in comparison to the untreated enzyme for hydrolyzing the
bleached wood pulp (BWP). The TRS yield profile in enzymatic hydrolysis with
scCOz pretreated enzyme has been shown along with untreated enzyme in Figure
4-6a. The protein secondary structure content of the untreated and treated enzyme
cocktails was analyzed using both FTIR and CD spectroscopy (Figure 4-6b and 4-
6¢). In both cases, the global secondary structural composition is observed,
reflecting the overall ensemble-averaged structuring of all the different enzymes
(endoglucanase, exoglucanase, and B-glucosidase from cellulase, and xylanases,
B-glucanase, pectinases, hemicellulases from Viscozyme L enzyme complex)
present in the enzyme cocktail.

Spectral decomposition was carried out for the amide | band of FTIR spectra

(Figure S8-7), allowing evaluation of protein structural composition for each
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cocktail. In each case, a mixture of a-helical, b-strand/sheet content, turn, and
disordered structuring is observed, with b-strand/sheet being the predominant
structural component (Figure 4-6b). This is fully consistent with structural
expectations for these typically b-sandwich or mixed b-sheet/a-helical enzymes.
Based on ANOVA test, the observed differences in secondary structure content
are insignificant (p=0.27). The secondary structure of untreated enzymes as well
as the samples with the greatest and least TRS yield were also analyzed using CD
spectroscopy. The virtually unchanged far-UV CD spectral lineshape regardless of
condition clearly indicates that the treatments did not significantly alter the global
secondary structure composition of the enzyme cocktail (Figure 4-6¢). The single
minimum band observed at approximately 216.0 nm is consistent with predominant
b-strand/sheet composition in the cocktail “38, following the FTIR-based spectral

decomposition.
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Figure 4-6. (a) Effect of scCO2 pretreatment on TRS yield (n=2), (b) the enzyme's secondary structure
analyzed by FTIR and corresponding TRS yield profile for BWP hydrolysis, and (¢) secondary structure
analyzed by CD specroscopy (n=3).

Although the enzyme cocktail is a mixture of proteins, changes in secondary
structuring  of individual enzyme components of the  mixture
upon scCO:z2 treatment will be reflected in spectroscopically observable changes in
the global secondary structure composition providing valuable information about
cellulolytic enzyme treatment with high pressure and scCQO2 59 4364371 Herein, FTIR
and CD spectroscopy thus independently demonstrate that enzyme’s global
secondary structuring is not substantially perturbed by pretreatment. Considering
the lack of protein truncation observed in SDS-PAGE and the lack of global

secondary structural perturbation apparent by both FTIR and CD spectroscopy,
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this is consistent with the tertiary structure of the enzymes in the cocktail also
generally being insensitive to the pretreatment process given consistent hydrolytic
activity It is worth mentioning that there might have been changes in the secondary
and tertiary structures of individual enzymes, which cannot be observed in a
cocktail or mixture of enzymes. Therefore, further separation of enzymes and
treatment of individual enzymes will be beneficial to understand the effects on their
secondary structures influenced by the scCO: and high pressure [£38439]
Conversely, the enzyme cocktail pretreated with long exposure to scCO2 (16.0
MPa, 46.0 °C, 24.0 h) had a substantial reduction in yield from 44.6£1.3 wt.%
(untreated enzyme) to 6.3+1.1 wt.% (pretreated enzyme) of THS at 24.0 h of
enzymatic hydrolysis of BWP. Oliveira et al. (2006) and Melgosa et al. (2015) had
also observed negative influence on enzyme activity of different lipase enzymes
for the long exposure (3.0-6.0 h) at high pressures (25.0-28.0 MPa) of scCO> [24%
368 The reason for this decreased hydrolytic activity could be the structural
changes in the microenvironment of enzyme, its active sites, and the low pH due
to carbonic acid formation by CO2 under high pressure 239, |n contrast to this latter
finding, Paljevac et al. (2007) exposed crude cellulase to scCO2 (10.0 MPa, 35.0
°C, 24.0 h), and the activity remained at 101.7 % of the untreated enzyme 113, The
influence of exposure time on cross linked enzyme aggregates (CLEAs) of
cellulase enzyme was investigated by Hojnik Podrepsek et al. (2019). They found
that the short exposure at low pressure of scCO2 (10.0 MPa, 40.0 °C, 1.0-3.0 h)
treatment had enhanced residual activity (147%) whereas long exposure of 4.0 to

24.0 h had residual activity of <80.0 % 284, The cellulase and lipase enzymes have
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shown enhanced enzyme activities after scCO2 pretreatment. Senyay-Oncel &
Yesil-Celiktas investigated the effect of scCOz2 on cellulase enzyme under 12.0-
24.0 MPa, 41.0-67.0 °C for 1.5-2.5 h of pretreatment time. The cellulase activity
was increased from 6.25 U/mL (untreated) to 9.27 U/mL (148.3 % residual activity)
after scCOz2 pretreatment at optimum condition (18.0 MPa, 54.0 °C, 2.0 h) and 10.0
g/min CO2 flow rate whereas the activity was decreased to a residual activity of
4.61 U/mL at 12.0 MPa, 41.0 °C, 2.5 h and 4.0 g/min flow rate. The study showed
that the enzymes have an active conformation at certain optimum condition of
scCOz2 and apart from that the enzyme could be partially inactivated 283, However,
the effect of scCOz2 on the structure of enzyme for increased or decreased activity
was not investigated [28% 281 Since the enzymes are biomolecules and have
different primary, secondary, and tertiary level structures, each enzyme may
behave differently.

4.7. Conclusions

The focus in LC biorefinery is to explore alternative approaches to traditional
chemical pretreatments of lignocellulosic biomass. This study aims to investigate
the comparative effectiveness of greener alternatives in enhancing the enzymatic
digestibility of spruce wood biomass. Supercritical COz2, acetosolv pulping-alkaline
peroxide bleaching, and ultrasound-assisted alkaline pretreatment methods were
used to disrupt the resilience of spruce wood biomass structure to enhance the
enzymatic digestibility for producing reducing sugars. The pretreated solids were
hydrolyzed with an enzyme cocktail, a mixture of cellulolytic enzymes at optimized

reaction conditions (i.e., enzyme concentration, temperature). The mixture of
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enzymes (commercial cellulase from Trichoderma reesei ATCC 26921 (9.65 mg
enzyme/g solid) and cellulolytic enzyme complex Viscozyme L from Aspergillus sp.
(599.4 mg enzyme/g solid)) showed a TRS yield of ~95.0 % at 42.5 °C at pH 5.0
in citrate buffer in 144.0 h with degree of synergism of 1.34 between enzymes.
Acetosolv pulping followed by alkaline peroxide bleaching was the most effective
method among the three pretreatment methods examined in this study. The scCOz2
(20.0 MPa, 180.0 °C, 1.0 h) pretreatment of wood at high water-solid ratio of 4.0-
10.0 mL/g slightly increased the TRS yield from 14.1+£0.8 wt.% to 19.5+0.8 wt.% of
THS. However, the improvement in enzymatic digestibility of spruce wood by
scCO2 was not substantial in comparison to acetosolv pulping method of
pretreatment. Furthermore, when subjected to short-term pretreatment under
supercritical carbon dioxide (scCOz2), the enzymes present in the enzyme cocktail
exhibited no significant alterations in their primary and secondary structures. This
outcome aligns with the observed preservation of enzyme activity during the
pretreatment process. However, the activity declined to 25.0 % of untreated
enzyme activity for prolonged exposure (24.0 h) under scCO2. This study, along
with the literature, indicates that enzymes derived from different sources exhibit
varying levels of effects (positive, negative, or neutral) on enzyme activity after
pretreatment under scCO2. The outcomes of this study suggest that the acetosolv
pulping-alkali peroxide bleaching method has promising yield from the spruce
wood biomass and therefore the study could be extended to its application on
various biomass and scaling up to large scale in order to explore industrial

potential. Additionally, the use of acetosolv pulping method could be explored
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under supercritical CO2 condition in order to investigate the potential effect. It is
worth mentioning that scCO2 is a non-polar solvent and therefore, it may need to
use a polar co-solvent to extract the solubilized component during the scCOz2
assisted-acetosolv pulping pretreatment under the safe operating condition
(associated hazards: flammable solvent, high temperature). Further exploration of
cellulolytic enzymes and biomass using greener pretreatment methods, as
demonstrated in this study, could aid in achieving the goal of developing
sustainable and environmentally friendly methods for utilizing abundantly available
lignocellulosic biomass.
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CHAPTER 5 EXPLORING THE USE OF SUPERCRITICAL CARBON
DIOXIDE IN ENZYMATIC HYDROLYSIS OF CELLULOSIC SUBSTRATE

This chapter has been considered for journal publication.

5.1. Abstract

Enzymes are among the key components for production of fermentable sugars in
lignocellulosic biorefineries. Herein, the enzymatic hydrolysis of cellulosic
substrates was investigated with a prepared enzyme cocktail in free and
immobilized form under atmospheric and supercritical CO2 (scCO2) conditions.
The cocktail was immobilized into silica oxide aerogel at different enzyme loads
(36.0 to 144.0 mg enzyme/g aerogel) using sol-gel entrapment method using
scCOz2 drying. The free cocktail enzyme produced total reducing sugar (TRS) yield
of 50.5+0.3 wt.% of total hydrolysable sugars (THS), whereas the cocktail aerogel
showed a TRS yield of 36.0+3.8 wt.% in 72 h under atmospheric condition. The
immobilized cocktail at 144.0 mg/g aerogel enzyme load retained a relative TRS
yield of >50.0 % after fourth cycle of reuse. In contrast, relative yield of lower
enzyme loads decreased by <50.0 % after third cycle compared to first cycle under
atmospheric pressure. TRS yield by the cocktail aerogel was below 10.0 wt.% in
second cycle of reuse due to enzyme leaching from aerogel to hydrolysate under
scCO2 showing unfavorable conditions for cocktail aerogel in high pressure
system. Further, characterization of unused and reused cocktail aerogels showed
decreased surface area and porous volume over the reuse cycles under

atmospheric condition.
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5.2. Highlights
e Cellulolytic enzyme cocktail formulation was optimized for enhanced
activity.
e Enzyme immobilized into silica oxide aerogel by entrapment method for
enzyme reuse.
e Enzymatic hydrolysis of water-soluble/insoluble cellulose conducted under
scCOsz.
e Surface area and porous volumes of aerogel reduced over reuse cycles.
5.3. Keywords
Lignocellulosic biomass; Enzyme entrapment; enzyme immobilization;
supercritical COz2; enzyme aerogel; Fermentable sugars.
5.4. Introduction
Lignocellulosic (LC) biomass is an abundant resource and is available in the form
of agricultural and forest residues. Cellulose and hemicellulose are major
constituents of the LC biomass, which can further be hydrolyzed to monomeric
(hexoses and pentoses) sugars as the platform chemicals to produce bioethanol
and a variety of bioproducts ¥4 4401 The biomass first undergoes mechanical,
chemical, thermal, or supercritical fluid pretreatments to enhance the enzyme
accessibility to polysaccharides [26 43 111, 4414421 Then the polysaccharides in
pretreated biomass are hydrolyzed to fermentable monomeric sugars by the
cellulase (endoglucanase, cellobiohydrolase, and B-glucosidases) and accessory

enzymes (i.e., xylanases and lytic polysaccharide monooxygenase (LPMO)

164



Auxiliary Activities Family 9) [203, 420, 443445 The gccessory enzyme helps the
cellulase to hydrolyze the substrate faster in a synergistic manner.

Enzymes are generally among the most expensive components of
biochemical reactions. The cost of enzymes is one of the bottlenecks in LC
biorefineries. For example, cellulase is estimated to account for 25.0-30.0% of the
operational cost in the second generation of biorefinery 448 Additionally, the free-
state enzymes in reaction solutions have limitations in their applicability for
industrial applications. These limitations include instability in reaction mixtures,
lack of reusability, and sometimes low tolerance to high temperatures, pH
variations, salt concentrations, metal ions, and product contamination [447-448]
Immobilization techniques help to reduce these barriers and enhance the
productivity of enzymatic processes. Adsorption, covalent bonding, cross-linking,
encapsulation, and entrapment methods are commonly used for enzyme
immobilization (240341, 4081 Cross-linking and covalent immobilization firmly attach
enzymes to the support materials. However, in this process, the enzyme's active
site may get distorted and lost by the covalent formation and, therefore, shows
reduced performance of enzymes [301, 339, 345, 347]

On the other hand, encapsulation and entrapment methods provide limited
interaction of the support material and the enzyme's active site, and hence, the
enzyme performance is preserved. However, encapsulation and entrapment
methods face the issue of enzyme leakage over the reuse cycles, and productivity
decreases over time (42 The existing knowledge about the performance of

immobilized cellulolytic enzymes under high pressure and supercritical COz2
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(scCOz2) is very limited. For example, Senyay-Oncel and Yesil-Celiktas (2015)
treated cellulase immobilized on to a sodium zeolite (NaY) support material under
scCO2 (18.0 MPa, 54.0 °C, 2.0 h) prior to using it for hydrolysis of cellulosic
substrate. The enzymatic activity was increased to 148.0 % relative to the
untreated immobilized enzyme, and a 60.0 % decrease in the residual activity of
the immobilized enzyme after the fourth cycle was observed compared to the first
cycle [283],

The enzyme aerogels are prepared by sol-gel synthesis followed by drying
using different methods, namely simple evaporation, vacuum drying, and
supercritical drying which leads to different extents of the aerogel/xerogel
shrinkage. The shrinkage of the aerogel/xerogels depends on the capillary
contraction stress. The scCOz2 drying limits the capillary contraction stress due to
the fluid exchange; therefore, the meso- and macropores remain abundant 449,
The aerogels possess highly mesoporous structures and are known for their low
density, high porosity, and surface area 5. Such properties of the sol-gel
entrapped enzyme immobilization method offer several advantages, including
biocompatibility, structural uniformity and chemical stability, low processing
temperature, and non-toxic and environment-friendly immobilization material 41,

This study investigated the immobilization of cellulolytic enzyme cocktail by
entrapment method into an aerogel support matrix to explore (1) the impact of
scCO2 on enzyme activity, (2) the reusability of immobilized enzyme, and (3) the
effect of enzyme loading on morphology and performance of immobilized enzyme

under atmospheric and scCO2 environment. Therefore, the enzyme cocktail has
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been optimized for concentration, pH, and temperature, and immobilized into silica
oxide using the sol-gel entrapment method. The immobilized enzyme was also
used to compare the enzyme activity under atmospheric and scCO2 conditions. It
is hypothesized that the immobilization of the enzyme cocktail may enhance the
enzyme stability and activity under the scCO2 conditions and increase the
hydrolysis rate of cellulosic substrates. Furthermore, the performance of free
enzymes cocktail and cocktail aerogel was investigated for enzymatic hydrolysis
of water-insoluble cellulosic substrate bleached wood pulp (BWP) to determine the
applicability of aerogel enzyme on insoluble cellulose in comparison to soluble
cellulose. The reusability of immobilized enzymes was investigated, and the
surface morphology of immobilized enzymes was characterized to elucidate the
effects of the reuse of immobilized enzymes. The outcome of this study will
contribute to filling a crucial knowledge gap with respect to the application of
aerogel-immobilized enzymes under different hydrolysis conditions and the
cellulosic substrates.

5.5. Materials and methods

5.5.1.Substrate and chemicals
Cellulase (lyophilized powder) from Trichoderma reesei ATCC 26921 (C8546-

10KU) and cellulolytic enzyme complex Viscozyme L (crude enzyme solution) from
Aspergillus sp. (V2010-50ML), tetramethoxysilane (TMOS), ammonium hydroxide
(338818-100ML, 28.0 % solution of NH3), and carboxymethyl cellulose (CMC,
419273-100G) were purchased from Sigma-Aldrich, Canada. Spruce wood chips
were used as starting material to prepare the bleached wood pulp (BWP) by

method as described in Kumar et al. (2022) 449, Cellulase enzyme powder was
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dissolved in distilled water at 15.0 mg/mL concentration. The enzymatic reactions
were conducted in sodium citrate buffer (10.0 mM) of pH in the range of 3.0-6.0
with sodium hydroxide in presence of 0.002 % (w/v) sodium azide as an
antimicrobial agent B11-412],

5.5.2. Analytical method

The protein content of enzyme solutions was determined by colorimetric assay
using Pierce™ bicinchoninic acid (BCA) reagents (Thermo Scientific, US) using
bovine serum albumin (BSA) for calibration standard curve preparation [32]. The
total reducing sugars (TRS) released in the enzymatic hydrolysis reaction were
determined by the 3, 5-dinitrosalicylic acid (DNS) method of sugar estimation using
glucose as standard sugar 4524531 The TRS yield was calculated using the
Equation (8). The total hydrolysable sugars (THS) in the substrate CMC and BWP
were determined by the NREL method of acid hydrolysis for total carbohydrate

content determination in biomass.

. _ total released sugar (mg)
TRS yLEZd (Wt' % Of THS) " cellulose in feedstock (mg) , hemicellulose (mg) x 100 (8)
0.9 N

0.88

Sugar yield by pretreated enzyme
I TP 2 % 100 (10)
Sugar yield by untreated enzyme

Residual yield or activity (%) =
The residual yield or activity (%) in Equation (10) was used to determine the effect
of different reaction conditions on the TRS yield relative to the optimum yield at
atmospheric pressure conditions.

5.5.3.Chemical composition analysis of biomass and pulp

The chemical composition of bleached wood pulp (BWP) derived from spruce and
CMC was analyzed using the NREL standard method for cellulose and

hemicellulose sugars with modification in sugar quantification by using the DNS
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method instead of HPLC method to determine the total hydrolysable sugar content
in cellulosic substrates [384],
5.5.4.Enzyme immobilization

5.5.4.1. Sol-gel synthesis
The silica precursor TMOS (4.0 g) was added to 16.0 g anhydrous ethanol and

stirred with a magnetic stir bar for 15 minutes. The aqueous solution of the enzyme
cocktail in 10.0 mM buffer was added to the TMOS-ethanol mixture to maintain a
1:10 mol ratio of TMOS to water (Appendix: Supplementary information). The
enzyme load in silica-based supports has been reported in range of 10.0-200.0 mg
enzyme/g aerogel 4544991 This study used 36.0, 72.0, and 144.0 mg enzyme
cocktail/g aerogel. A 0.091 mL of 28.0 wt.% of NH3 solution was added after 1 min
stirring of enzyme and TMOS solution at 1000.0 rpm until the alcogel was formed
(3.0-4.0 min). The headspace was purged with nitrogen gas to remove air and
closed the vial. The vial was left at room temperature (~21.0 °C) for 24.0 h and

then moved to the refrigerator (4.0 °C) for 72.0 h [458],
5.5.4.2.  Supercritical CO2 drying of gel

The aged alcogel was transferred to the scCO:2 reactor (Supercritical Fluid
Extractor SFT-110, USA) with a 100.0 mL vessel, and the alcogel was submerged
in anhydrous ethanol to avoid the evaporation of solvent from alcogel. The vessel
was preheated to 40.0 °C at CO2 tank pressure (5.5 MPa) and pressurized by
pumping liquid COz2 into the reactor. Ethanol was replaced with CO2 during the
scCO2 drying process over 4.0-5.0 h. At the end of drying, the reactor was

depressurized at 0.3-0.4 MPa per min (10.0 MPa in ~0.5 h). The cocktail aerogel
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was recovered and dried in a vacuum oven at 35.0 °C for 2.0 h under active
vacuum. Assuming all the enzymes were entrapped into the aerogel, the enzyme
content (mg protein per g aerogel) was determined by the weight of the aerogel
after drying. The aerogel was stored at 4.0 °C for further use in enzymatic reaction.
5.5.5. Optimization of working parameters for free and immobilized enzyme

The pH, temperature and individual enzyme concentration of the free enzyme
cocktail were determined by the response surface optimization model using a pH
range (3.1-5.5), temperature range (31.8-54.2 °C), cellulase (0.9-4.3 g/L), and
Cellulolytic enzyme complex Viscozyme L (13.5-61.5 g/L) as described in the
supplementary information (Table S9-1). The pH and temperature optima of the
cocktail aerogel was determined in a range of temperature (33.0-53.0 °C) and pH
(3.0-5.5) for CMC hydrolysis in a 10.0 mM sodium citrate buffer for 2.0 h. The
reaction was stopped by placing the vials in boiling water for 5.0 minutes. The TRS
yield was determined by DNS assay.

The effect of free enzyme cocktail and cocktail aerogel concentration in the
reaction was investigated using different concentrations of free enzyme (4.1-12.3
g/L) and aerogel (7.5-45.0 g/L or equivalent free enzyme of 1.0-6.2 g/L). Further,
the effect of enzyme concentration in the aerogel was investigated by immobilizing
the different amounts of enzyme cocktail 36.0-144.0 mg per g aerogel during
preparation. The effect of substrate concentration in the reaction was investigated
using different concentrations of CMC (7.5-30.0 g/L) at optimum reaction

conditions of free and immobilized enzymes.
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5.5.6.Fed-batch process

The potential of the fed-batch hydrolysis reaction with intermittent introduction of
substrate was investigated to compare with the batch process to explore the
potential for reusing the enzyme. The reaction started with a 10.0 mL reaction
mixture in a 25.0 mL flask at CMC substrate concentration of 22.5 g/L and optimum
pH and temperature of free (pH 3.3, 43.0 °C) and cocktail aerogel (pH 4.0, 48.0
°C) as determined by section 2.5. A 5.0 mL of CMC solution in the same buffer
was subsequently added to the reaction after reaching plateau TRS concentration.
5.5.7.Enzymatic hydrolysis of bleached wood pulp

The bleached wood pulp (BWP) is a water-insoluble cellulosic substrate derived
from spruce wood. The BWP was hydrolyzed by free enzyme cocktail and cocktail
aerogel under the optimum reaction conditions od CMC by substituting the CMC
with BWP substrate in the reaction.

5.5.8.Enzymatic hydrolysis under supercritical CO2

The enzymatic hydrolysis of CMC was conducted at optimum temperature, pH,
substrate, and enzyme concentration under scCO:2 in the same reactor used for
aerogel preparation in section 2.4.2. The reaction was performed at different
pressures (10.0-22.0 MPa) and temperature (42.0-54.0 °C) to understand the
influence of scCO2 on the enzymatic reaction and compare the free to immobilized
enzyme activity under atmospheric and scCO2 conditions. The effect of mixing on
enzymatic hydrolysis was investigated in the SFT-110 reactor equipped with

MagneDrive overhead stirrer-six-bladed turbine impeller.
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5.5.9.Reusability and morphological characterization of immobilized enzyme

The enzymatic hydrolysis of the CMC substrate was conducted under the
optimized reaction condition of the immobilized enzyme for 72.0 h reaction per
cycle under the atmospheric condition and 4.0 h per cycle under the scCO2
condition. The aerogel enzyme was recovered by vacuum filtration on a 0.2 ym
membrane filter, washed with buffer, and dried in a vacuum oven for 2.0 h at 35.0
°C.

The morphology of the aerogel was analyzed with a scanning electron
microscope (SEM, Zeiss Sigma 300 FESEM) and Brunauer-Emmett-
Teller/Barrett-Joyner-Halenda  (BET/BJH) nitrogen  adsorption-desorption
apparatus (Micromeritics 3FLEX, GA, USA). The aerogel samples (1) aerogel with
no enzyme (control), (2) Aerogel with enzyme load of 36.0, 72.0, and 144.0 mg
enzyme/g aerogels before use in the reaction, (3) aerogels after three cycles of
use were analyzed to understand the effect of protein load and recycling/reusing
of immobilized enzyme. The SEM samples were prepared with gold sputter coating
of thickness 5.0 nm and analyzed at 5.0 kV accelerating voltage.

5.5.10. Statistical analysis

All the experiments were performed using at least independent duplicates. The
Data was analyzed with one-way ANOVA (analysis of variance) at 95.0 %
confidence level (p<0.05) for statistical significance. A t-test (P<0.05) was used to
analyze the significance of TRS yield at different reaction conditions treated under
supercritical CO2. The statistical analyses were performed in Minitab® 21.4.

5.6. Results and Discussion
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5.6.1.Chemical composition of cellulosic substrates
The total hydrolysable sugars (THS) in the cellulosic substrates CMC and BWP

were analyzed by the NREL method of carbohydrate content analysis, which
showed that the water-soluble cellulosic substrate CMC has 38.4+0.3 g total
reducing sugars per 100.0 g dry weight. The bleached wood pulp (BWP, water-
insoluble) derived from wood had 108.4+0.9 g total reducing sugars per 100.0 g
dry weight of BWP, which is similar to pure microcrystalline cellulose (MCC)
derived from cotton linters with 103.2+4.6 g TRS per 100.0 g dry weight of MCC

(Table 5-1).

Table 5-1. Composition analysis of cellulosic substrate for total reducing sugars (n=3).

Total hydrolysable sugars (g

Cellulose substrates THS/100 g substrate)

Carboxymethyl cellulose (CMC) 38.4+0.3
Microcrystalline cellulose (MCC)  103.214.6

Bleached wood pulp (BWP) 108.4+0.9

The enzyme cocktail was prepared by adding two commercially available
enzymes at optimized conditions after analyzing the total protein content in the
enzyme (Appendix: supplement information). The Viscozyme enzyme is a crude
mixture of several enzymes, including cellulase, hemicellulases, B-glucanase, and
pectinase as well as reducing sugars; therefore, the total protein and sugar
concentration in the enzyme (as received) were analyzed (Table 5-2). The high
concentration of sugars and other impurities in the Viscozyme crude enzyme
interfered with the polymerization reaction of the sol-gel immobilized process.
Therefore, the Viscozyme enzyme was filtered using Spin-X® UF Concentrators

(Corning) with a molecular cutoff weight of 10.0 kDa to remove the sugar before
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enzyme cocktail preparation. The filtration process removed 91.0-95.0 wt.% of the
sugars and 49.0 wt.% of the protein without significant loss of enzyme activity

(Appendix: Supplementary information).

Table 5-2. Commercial enzyme (as received) characterization for sugar and protein content (n=3).

Commercial enzyme Sugar concentration Protein concentration Enzyme activity
(FPU/g), temperature
(°C), pH
Cellulase None 1.2 £ 0.0 g dissolved protein/g 75.240.4, 46.3, 5.0
enzyme powder
Cellulolytic complex 289.746.8 g/L enzyme  210.8 £ 8.4 g/L enzyme solution 23.0+3.3, 37.4,5.0
enzyme solution solution

(Viscozyme L)

5.6.2. Enzyme activity
5.6.2.1. Effect of pH and temperature

The pH and temperature optima of the free enzyme cocktail were determined by
the response surface optimization model, which showed the optimum activity at
pH 3.3 of 10.0 mM citrate buffer and 43.5 °C temperature (Appendix:
Supplementary information). The optimized cellulase concentrations (2.7 g/L) and
filtered Viscozyme L (38.2 g/L) in the enzyme cocktail was immobilized into
aerogel. The pH and temperature optima of cocktail aerogel was determined by
conducting enzymatic hydrolysis of CMC reaction with equivalent enzyme load as
the free condition in a range of pH (3.0-5.0) and temperature (33.0-53.0 °C) at
150.0 rpm of agitation speed. The optimum activity of the cocktail was found to be
at pH of 4.0 and 48.0 °C, slightly higher than the free enzyme condition (Figure

5-1).
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Figure 5-1. Identification of optimum pH and temperature at 4.1 g/L of free enzyme cocktail concentration (a
& b) and at 29.6 g/L aerogel immobilized (equivalent 4.1 g/L free) enzyme cocktail concentration (c & d).
Concentration of carboxymethyl cellulose substrate was maintained at 15.0 g/L. Reactions were done at 150

rpm for 2 h reaction time (n=3).

The optimum pH and temperature of the immobilized enzymes may vary from
the free enzyme due to the protein's structural arrangement in support materials
(115, 457-488] For example, Celluclast 1.5 L (Trichoderma reesei CCN 03116) showed
pH optimum at 4.8 and 5.0 for covalently bond immobilized and free enzyme,
respectively 2431, Silica oxide immobilized Cellulase (fungus Humicola insolens)
and free Cellulase showed optimum temperature at 40.0 °C and 30.0 °C,
respectively. Optimum pH was the same for both conditions (15,

5.6.2.2. Effect of enzyme concentration

Figure 5-2a shows that the enzyme load in aerogel linearly increased the TRS
yield. However, the increase in TRS yield is economically insignificant for an

increase in the amount of enzyme. The effect of enzyme load increase from 36.0
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to 144.0 mg/g aerogel was investigated, which increased the TRS yield from
28.7+0.36 to 33.8+0.4 wt.% of THS at 72.0 h of enzymatic hydrolysis of CMC

(Figure 5-2b and 5-2c).
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Figure 5-2. Enzymatic hydrolysis of CMC (15.0 g/L) with cocktail aerogel (15.0 g/L) where (a) Total reducing
sugars (TRS) yield vs. enzyme concentration, (b) TRS concentration (c) TRS yield for varying enzyme
concentration in aerogel; and (d) TRS yield vs. aerogel concentration in reaction, (e) TRS concentration and

(f) TRS yield for varying aerogel concentration.

By fixing the enzyme cocktail load at 144.0 mg/g aerogel, the effect of aerogel
concentration in the reaction was investigated using aerogel concentration range
from 7.5 to 45.0 g/L (equivalent to 1.0 to 6.2 g/L of free enzyme concentration).
Concentration of aerogel was increased from 7.5 to 15.0 g/L that led to an increase
in TRS yield from 36.810.2 to 38.91£0.5 wt.% of THS. Further increasing the aerogel
concentration from 15.0 to 45.0 g/L did not increase in the TRS yield (Figure 5-2e-
f). The increase in the aerogel concentration led to an increase in the initial rate of
hydrolysis, but all the aerogel concentrations reached the same yield at 72.0 h.

These results suggest that a limited number of the active sites of entrapped
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enzymes in the aerogel can hydrolyze the CMC substrate. Further increase in
enzyme load into the aerogel or the aerogel concentration in the reaction may not
be economically favorable. Therefore, 15.0 g/L aerogel (equivalent free enzyme
21 g/L) with an enzyme load of 144.0 mg/g aerogel was used in further
investigations.

5.6.2.3. Effect of substrate concentration

The effect of substrate concentration in the reaction was investigated by using a
range of substrate concentration (7.5-30.0 g/L) in the reaction and with 4.1 g/L of
free enzyme cocktail or 15.0 g/L aerogel enzyme (equivalent to 2.1 g/L free
enzyme). The result showed that increasing the substrate concentration from 7.5
to 30.0 g/L increased the TRS concentration from 1.5+0.1 g/L to 5.6£0.1 g/L
(Figure 5-3a) with no significant effect on corresponding TRS vyield of 51.3+2.2 to
48.1+1.2 wt.% for the free enzyme cocktail (Figure 5-3b). In the case of cocktail
aerogel, TRS concentration increased from 0.9+0.0 g/L to 3.5+0.0 g/L (Figure 5-3c)
for the cocktail aerogel without any significant impact on the corresponding TRS
yield (Figure 5-3d). An increase in the substrate concentration led to mass transfer
limitation due to the increasing viscosity of the CMC solution. Therefore, the TRS
yield slightly decreased at 30.0 g/L of CMC in reaction and further increased CMC

concentration would not be beneficial under the investigated condition.
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Figure 5-3. Enzymatic hydrolysis of carboxymethyl cellulose (7.5-30.0 g/L) with free (4.1 g/L) and cocktail
aerogel | (15.0 g/L) where (a) Total reducing sugars (TRS) concentration & (b) TRS yield with free enzyme
cocktail at pH 3.3 at 43.5 °C, and (c) TRS concentration & (d) TRS yield from cocktail aerogel at pH 4.0 and
48 °C (n=2).

Studies claim that the reduction in the hydrolysis rate is due to the (-
glucosidase enzyme inhibition by the accumulation of glucose produced over time
[459-460]  |n contrast, Figure 5-3a and Figure 5-3c showed that the sugar
concentration increased with the substrate concentration; however, the TRS yield
profile did not show any substantial change (Figure 5-3b and Figure 5-3d). Further
increase in substrate leads to the increased viscosity reaction solution due to the
high viscosity of CMC at higher concentrations. It could lead to a decreased
hydrolysis rate and TRS yield, which explains the reason that several studies used

lower concentrations of CMC (2.5-10.0 g/L) in the enzymatic reaction [461-462]
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These results further agree that depletion in the amorphous cellulose leaves the
crystalline cellulose hydrolyzed at a slower rate than the amorphous cellulose 4631,
5.6.3.Fed-batch process of CMC hydrolysis

The fed-batch processes are widely used to enhance the cumulative substrate
conversion efficiency while maintaining the low viscosity in the reaction. Therefore,
substrate and enzyme introduction in a fed-batch mode received attention [464-466]
In this study, the fed-batch process of enzymatic hydrolysis of CMC was started
with 22.5 g/L CMC under optimized reaction conditions of free enzyme cocktail (pH
3.3, 43.0 °C) and cocktail aerogel (pH 4.0, 48.0 °C) in 10.0 mL reaction volume
where all the enzyme was introduced prior to the start of reaction. CMC solution in
buffer was subsequently fed at every 48 h when the hydrolysis rate decreased to
plateau. The fed-batch strategy in Figure 5-4 showed that more than double the
amount of the substrate was fed into the reaction compared to the batch strategy
without any significant loss in the yield and the enzyme activity over the 144.0 h
hydrolysis duration. The TRS yield remained in the range of 46.7-50.1 wt.% of THS
for free enzyme cocktail and 32.3-34.7 wt.% for cocktail aerogel (Figure 5-4).
Previous studies on the fed-batch process have reported positive, negative, or
negligible effects on the yield compared to the batch process. A similar result was
observed for hydrolysis of filter paper cellulose in fed-batch vs. batch operation
using free cellulase. The glucose yield was 47.0-49.0 % in the fed-batch and 48.0
% in the batch operation 4841, The higher substrate loading in the batch operation
could face several difficulties, including improper mixing and non-uniform enzyme

availability of free and immobilized catalysts [467-468],
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Figure 5-4. Enzymatic hydrolysis of carboxymethyl cellulose (22.5 g/L) with free (4.1 g/L) and cocktail aerogel
(15.0 g/L) at their optimum pH and temperatures. (a) Total reducing sugars (TRS) concentration and (b) TRS

yield in fed-batch process, reaction volume of 10 mL (n=2).

5.6.4. Comparison of enzymatic hydrolysis of CMC and BWP
The cellulosic substrates (22.5 g/L) CMC and BWP were hydrolyzed using free

enzyme cocktail (enzyme conc. 4.2 g/L, pH 3.3, 43.0 °C) and cocktail aerogel (15.0
g/L, pH 4.0, 48.0 °C) under atmospheric pressure. A TRS yield of 61.1+0.3 wt.%
of THS was achieved in the case of BWP hydrolysis with free enzyme cocktail,
whereas only 14.8+0.1 wt.% TRS yield was obtained by cocktail aerogel in 72.0 h
of hydrolysis (Figure 5-6). In comparison to the BWP substrate, a yield of 51.7+0.8
wt.% was achieved from CMC with free enzyme cocktail and 32.3+0.1 wt.% vyield
with the cocktail aerogel under the same reaction conditions as the BWP (Figure
5-7c-d). The substantial difference in the yields from BWP by free and immobilized
enzymes could be attributed to the mass transfer limitation to the water-insoluble
substrate, which might not have reached the entrapped enzyme cocktail into the
porous aerogel compared to the water-soluble CMC. Due to the partial hydrolysis
of BWP with aerogel, the separation of cocktail aerogel was not reusable with

water-insoluble cellulosic substrate.
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Figure 5-5. Enzymatic hydrolysis of cellulosic substrate (22.5 g/L) BWP (a & b) and carboxymethyl cellulose
(c & d) with free enzyme cocktail (4.1 g/L) and cocktail aerogel (15.0 g/L) (n=3).

5.6.5.Enzymatic hydrolysis under supercritical CO2

The enzymatic hydrolysis of CMC was further investigated under supercritical CO2
at different pressures, temperatures, and reaction times in a batch mode. The
temperature and pressure showed substantial influence on the enzyme activity.
The optimum temperature remains the same as the atmospheric condition (48 °C)
(Figure 5-6a). The scCOz2 pressure of 10.0-16.0 MPa was optimum, and a further
increase in pressure reduced the enzyme activity (Figure 5-6b). The cocktail
aerogel under scCOz2 (without mixing) showed an increased TRS yield of 27.3+2.2
wt.% at 48.0 °C and 10.0 MPa as compared to atmospheric pressure yield of

21.4+0.2 wt.% in 4.0 h reaction time (Figure 5-6¢).
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Figure 5-6. Enzymatic hydrolysis of carboxymethyl cellulose (22.5 g/L) using free enzyme cocktail (4.1 g/L)
and cocktail aerogel (15.0 g/L) under scCO2 where (a) effect of temperature, (b) effect of pressure and (c)

hydrolysis reaction time on TRS yield in comparison with atmospheric reaction (n=2).

Additionally, the effect of mixing under the scCO2 reactor was investigated in
the supercritical reactor with an overhead stirrer with a six-bladed turbine impeller
at 150.0 rpm at 10.0 MPa, 48.0 °C. Conducting the reaction under continuous
mixing led to a higher TRS yield 32.1+£1.1 wt.% compared to yield achieved under
scCO2 without mixing (27.3+2.2 wt.%) and atmospheric pressure reaction
(21.4£0.2 wt.%) (Table 5-3). However, the BCA protein assay of the hydrolysate
showed that the enzyme cocktail (27.0+£3.0 % of initial enzyme in aerogel) leached
out of the aerogel to the hydrolysate and it may have worked as a free enzyme

(Table S9-6). The leached free enzyme cocktail led to increased yield compared
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to cocktail aerogel under atmospheric condition. Additionally, there was no
substantial effect on TRS yield by free enzyme cocktail under scCO2 (10.0 MPa,

43.0 °C, 4.0 h) with or without mixing (Figure 5-6¢ and Table 5-3).

Table 5-3. Comparison of total reducing sugars (TRS) yield under different conditions of enzyme and reaction

environment: free enzyme cocktail (4.1 g/L) or aerogel cocktail (15.0 g/L), carboxymethyl cellulose 22.5 g/L,

4.0 h (n=2).
Reaction condition Atmospheric condition scCO; condition
Free enzyme (pH 3.3, 43 °C) 43.1+0.4% (150 rpm) 41.4+2.3% (0 rpm)
Immobilized enzyme (pH 4.0, 48 °C) 23.340.2% (150 rpm) 27.3+2.2% (0 rpm)
Free enzyme (pH 3.3, 43 °C) 44.3+0.2% (150 rpm) 47.1+2.4% (150 rpm)
Immobilized enzyme (pH 4.0, 48 °C) 21.420.2% (150 rpm) 32.1£1.1% (150 rpm)

5.6.6.Reusability of immobilized enzyme aerogel

The reusability of the cocktail aerogel was investigated at an enzyme aerogel
concentration of 14.8 g/L with three different loads of enzyme cocktail in the
aerogel: 36.0-144 mg enzyme per g aerogel enzyme under atmospheric
conditions. The reaction was conducted using CMC (15.0 g/L) at pH 4.0, 48.0 °C,
and 150.0 rpm agitation speed for 72.0 h per cycle under atmospheric pressure.
The TRS yield decreased from 29.3 to 10.1 wt.% after the reuse cycle of the
immobilized enzyme (144 mg per g aerogel) (Figure 5-7). Cocktail aerogel retained
53.0 % residual yield after the fourth cycle and decreased below 50.0 % in the fifth
cycle. The aerogel with lower enzyme concentrations (36.0 mg and 72.0 mg/g
aerogel) showed a sharp decrease in the TRS yield over three cycles of reuse, and
the residual yield reached <50.0 %. A similar residual yield of below 50.0 % was
observed for silica aerogel entrapped cellulase, where the reaction time was 24.0

h per cycle 343 Retention of residual yield around 50.0 % after 4 cycles is still
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beneficial over the other immobilization support matrices such as polyvinyl alcohol
nanofibers, which showed residual activity below 40.0 % after the fourth cycle of
reuse with 0.5 h reaction time, and sodium alginate immobilized cellulase from
Bacillus subtilis TD6, which retained 45.0 % residual yield after third cycles with
reaction time 0.5 h 4824701 The decreased residual activity could be due to several
reasons, including enzyme leaching, porosity, surface area reduction, and stability

over time [356. 471]
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Figure 5-7. Reusability test of cocktail aerogel with carboxymethyl cellulose (15.0 g/L) for a reaction time of
72 h per cycle: (a) absolute total reducing sugars (TRS) yield and (b) residual TRS yield relative to the cycle
1 where corresponding TRS yield from free enzyme is presented in first bars.

Herein, the enzyme leaching from the aerogel could be attributed to impurities
(specifically sugars) in the enzyme cocktail, which may cause improper entrapment
of enzyme molecules in the aerogels. For comparison, the pure cellulase enzyme
was immobilized under the same procedure at an enzyme concentration of 111.0
mg cellulase per g aerogel (Figure S9-4). The immobilized cellulase retained 64.6

% residual yield after the fifth reuse cycle compared to the first cycle. It was
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consistently stable at 64.6-65.4 % residual yield in the subsequent three cycles, as
shown in Figure S9-4. Although the aerogels are mesoporous, the entrapment of
enzyme molecules may need further optimization for different enzymes to achieve
the proper entrapment and retain the enzymes and reaction yield to facilitate the
reusability of immobilized enzymes. On the other hand, reusing the cocktail
aerogel under scCO2 condition was not feasible under the investigated condition
due to the substantial enzyme leaching. In contrast, Paljevac et al. (2007) used the
aerogel-immobilized cellulase enzyme under the scCO2 (10.0 MPa, 40.0 °C, 5.0
h) condition to hydrolyze the carboxymethyl cellulose (CMC) substrate. The
aerogel-immobilized cellulase was used for 20.0 reuse cycles without loss of
enzyme activity 119, Compared to immobilized cellulase under atmospheric
pressure (40.0 °C, 5.0 h), the reaction under scCO2 (10.0 MPa, 40 °C, 5.0 h) did
not significantly improve the TRS yield in the first cycle. However, over the 15.0
cycles of enzyme reuse for 5.0 h per cycle, the relative yield gradually increased
to ~150.0 % U1 However, the authors did not report the morphological
characterization of the enzyme aerogels over the reuse cycles, which could have
been beneficial to understanding the effects of recovery and reuse. On the other
hand, there are a few studies with co-valent bonded, cross-linking methods of
enzyme immobilization which have shown up to 99.0-167.0 % relative activity after
with pretreatment under scCO2 compared untreated immobilized enzymes
including cellulase, lipase, amylase from different microorganisms 498l Therefore,
the co-valent bonding method of enzyme immobilization may be beneficial for the

enzymatic reaction under high pressures including scCO> 283 300]
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5.6.7.Aerogel immobilized enzyme morphology characterization

The cocktail aerogel at different concentrations were further analyzed with SEM
before and after reusing in three cycles. The aerogel surface morphology appeared
more well-packed than the unused aerogels (Figure S9-5). However, visual
differences among the aerogel surfaces of different enzyme concentrations were
undistinguishable for significant differences. The aerogels were further analyzed
with a BET/BJH instrument to measure surface area and porous volume. a-g
shows that the isotherms of aerogel samples are type IV hysteresis, which is
attributed to the mesoporous internal structure of the solids “/2. As enzyme
concentrations were increased (0.0, 36.0, 72.0, and 144.0 mg/g aerogel), the
amount of adsorbed and desorbed nitrogen gas decreased, reflected in the surface
area and porous volumes in Figure 5-8h. The control aerogel with no enzyme
showed the highest surface area and porous volume (Figure 5-8a). Also, the
surface area and porous volume were decreased after recovering and reusing the
aerogels for three cycles (Figure 5-8b-g). The leaching of enzyme molecules from
the aerogel and the reduction in the porous volume and surface area caused the

reduced TRS yield after the subsequent reuse of immobilized enzymes.

186



2000 2000

(a) 36 mg E/g Aerogel (unused) (b) 36 mg E/g Aerogel (Reused)
1600 1 1600
1200 - ] F1200
800 . 800
400 - ] L 400
E_“‘ 2000 T T T T T T T T T T T T T 2000 E‘-
5 1{c) 72 mg E/g Aeragel (unused)  |(d) 72 mg E/g Aerogel (Reused) P~
o 1600+ 1600 o
L] L]
£ l =
£ 12004 1200 2
el =]
8 ] 2
£ 800+ -800 -
[77] ] 77]
o )
< 4004 +400 ©
Py ] =
s 2000f—7"——F—T—7— . . . . 2000 &
C:; (e} 144 mg E/g Aerogel (unused)  |(f) 144 mg E/g Aerogel (Reused) 3
1600+ . 11600
1200+ 8 41200
800 A 800
400+ 400
0 T T T T = = T — " T G
0.0 0.2 0.4 06 08 1.0 0.2 04 06 0.8 1.0
Relative Pressure (p/p°) Relative Pressure (p/p®)
02500 25000 1000 - 200 —
0 (g) Control aerogel b (h) FEE88 surface area &
= 2000 120002 S 800- —o— Porous volume | 460 @
5 S§E E
- 1500 4 1500 o 600 K=
2 o o ©
= 2 © =
210004 1000 2 o 400 3
2 Lz g
= 500 500 =z Z 200 g
€ < i
S o . . . . 0 3 0 Q
© 00 02 04 06 08 10 ©
Relative Pressure (p/p°®)
=
@
&

Figure 5-8. BET isotherms of enzyme cocktail aerogels unused (a, ¢, €) and after three reused cycles (b, d, f)
and corresponding surface area and porous volume of unused and reused aerogel samples (g) and BET

isotherm of control aerogel with no enzyme (h).
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5.8. Conclusion

Enzyme immobilization into the aerogel support materials offers better internal
mass transfer for the soluble substrates due to its high surface area and
mesoporous structures. However, the soluble substrate has better reach to the
active sites of the entrapped enzyme into the aerogel as it was observed in this
study with carboxymethyl cellulose (CMC) which had TRS yield of 36.0+3.8 wt.%
of total hydrolysable sugars (THS) with cocktail aerogel whereas water insoluble
bleached wood pulp substrate had only 14.8+0.1 wt.% TRS yield of in 72.0 h under
atmospheric condition. The morphological characterization of the cocktail aerogel
showed that increase in enzyme concentrations reduced the porous volume and
surface area of aerogel. The reuse of enzyme with enzyme concentrations 36.0-
144.0 mg enzyme/g aerogel showed retention of >50.0 % residual activity after
fourth cycles by 144.0 mg/g aerogel whereas lower enzyme concentrations had
residual activity <50.0 % under the atmospheric pressure reactions. On the other
hand, the cocktail aerogel showed significant enzyme leaching under scCO: in the
first cycles and lost more than 90.0 % of the activity that implies to unsuitable
conditions for aerogel entrapped enzyme under scCO:2 for its reusability.
Furthermore, the morphological analysis of unused and reused cocktail aerogel
after three cycles showed that the surface area and porous volume were
decreased which may also be attributed to reduction in residual activity of enzyme
over reuse cycles under atmospheric pressure. Therefore, the aerogel immobilized
enzyme cocktail under investigated conditions did not result the desired outcome.

The method aerogel entrapment could be further extended to optimization of
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immobilization process to achieve the retention of enzyme in aerogel over the
recycle process. Additionally, it is recommended to explore different methods of
enzyme immobilization including co-valent bonding and cross-linking of enzyme
on immobilization matrices. Additionally, use of enzymes from different sources
and their characterization after treatment under pressure and scCO2 would benefit
future research.
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CHAPTER 6 CONCLUSION

6.1. Conceptual highlights

The cellulose pulp extracted from the acetosolv pulping-alkaline peroxide
bleaching process has a threshold requirement of the acid concentration
under certain temperature and treatment duration in order penetrate into the
cellulose chains and hydrolyze the amorphous region. However, there should
be a certain amount of sulfate group on CNCs in order to get better dispersion
without having an adverse effect on their thermal stability because sulfate
group catalyze the thermal degradation of CNCs.

Ultrasonic dispersion of acid hydrolyzed cellulose pulp to individual
nanocrystals depends on the extent of sulfate groups attached to the surface
of CNCs. Therefore, the time and amplitude of ultrasonic treatments are
critical to disperse CNCs without damaging their rod-shape morphology.
The longer hydrolysis reaction time may reduce the product yield by individual
enzyme due to several reasons such as loss of activity over time. Use of
combination of enzyme with different hydrolytic action on the same substrate
enhances the overall rate of reaction due to synergistic activity of enzyme.
Deconstruction of lignin-hemicellulose network requires a certain amount of
water molecules and chemical catalysts under mild to moderate reaction
conditions such boiling point temperature of reaction solvent. In other case,
using degradation temperature (>200 °C) of hemicellulose during

pretreatment could hydrolyze the hemicellulose in presence water molecules.
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Removing the lignin and hemicellulose exposes the cellulose chains to the
enzyme and therefore, the enzymatic digestibility of pretreated biomass gets
enhanced.

o The enzymes are biological molecules and their molecular structure vary
based on the sources. Upon exposure to high pressure or supercritical COz,
the structural rearrangement in secondary and tertiary structure affects the
enzyme activity. Additionally, investigation of such changes in enzyme
structure requires to analyze the individual peptide of the enzymes presentin
the enzyme solution.

o The presence of sugars and other components of microbial growth media
interferes with the silica precursor (i.e., tetramethoxysilane) and reduces the
aerogel structural stability. As a consequence, the entrapped enzyme
leaches out under harsh reaction condition.

6.2. Research conclusion

The study focused on using wood biomass to produce cellulose nanocrystals

(CNCs) and fermentable reducing sugars using greener and reusable chemical

and biochemical methods to fill the knowledge gap and respective research

questions observed in the literature review. The study's primary objective was to
understand the influence of process parameters on the yield and characteristics of
the targeted bioproducts. Therefore, the research objectives were divided into the
following three phases. (1) Cellulose nanocrystals production, (2) pretreatment of

wood and enzyme cocktail for fermentable sugar production, and (3) enzyme
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cocktail immobilization into silica oxide aerogel for fermentable sugar production
under atmospheric and supercritical CO2 (scCO2) conditions.

The acetosolv pulping followed by alkaline-hydrogen peroxide pretreatment
of spruce wood resulted in cellulose-rich pulp with lignin content <0.7 wt.% of dry
weight of the pulp. Further hydrolyzing the bleached wood pulp with sulfuric acid
concentration (62-65 wt.%) produced well-individualized cellulose nanocrystals
with high cellulose content and crystallinity index. The ultrasonic treatment of acid-
hydrolyzed pulp released rod-like cellulose nanocrystals at high ultrasonic
amplitude for a short duration (80%, 5 min) without a significant impact on the
crystallinity index, whereas the lower amplitude was not enough for individualizing
CNCs. Longer ultrasonic treatment led to the destruction of the rod-shaped
morphology of CNCs. The physicochemical characteristics (i.e., yield, crystallinity
index, purity, surface area) of CNCs produced in this study were comparable to
commercial CNCs.

On the other hand, the spruce wood was pretreated with three different
methods that, include acetosolv pulping-alkaline peroxide bleaching treatment,
alkali-assisted ultrasonic treatment, and scCO:2 pretreatment for fermentable
reducing sugars production by enzymatic hydrolysis of pretreated wood by a
cellulolytic enzyme cocktail. The cellulolytic enzyme cocktail was developed by
optimizing the enzyme concentrations and temperature and showed a synergism
of 1.34 among the enzymes present in the cocktail. The ultrasound-assisted-alkali
pretreatment and scCO2 pretreatment had the least effect on the spruce wood.

They showed a slight improvement in the total reducing sugar (TRS) yield with a
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maximum of 19.5+1.0 wt.% of THS at 72.0 h for a water solid ratio of 10 (g/g) for
scCOz2 (20 MPa, 180 °C, 1 h) and 20.0£2.8 wt.% of THS for ultrasound-assisted
alkali pretreatments. In contrast, the acetosolv pulping-alkaline hydrogen peroxide
pretreatment showed a TRS yield of ~95.0 wt.% in 144.0 h due to the removal of
the non-cellulosic component during pretreatment. Furthermore, the scCO:2
pretreatment of the enzyme for a short time of 0.5-1 h did not substantially
influence the enzymatic hydrolysis yield of BWP. However, the more prolonged
pretreatment of the enzyme for 24 h showed a substantial reduction in the TRS
yield of 6.3+1.1 wt.% THS in 24 h.

Further, the enzyme cocktail was immobilized in the silica oxide aerogel
prepared by sol-gel entrapment method using scCOz2 drying (10 MPa, 40 C, 5 h).
Three enzyme concentrations were immobilized into the aerogel (36-144 mg
enzyme/g aerogel) to understand its effect on enzymatic hydrolysis reaction and
aerogel morphology. Further, the aerogel was used under atmospheric and scCO2
conditions to hydrolyze the water-soluble substrate carboxy methyl cellulose
(CMC) and the reusability of cocktail aerogel. The results showed that the higher
enzyme concentration in aerogel retained >50 % of the residual yield of the first
cycle of the immobilized enzyme. In contrast, the lower enzyme concentrations in
the aerogel retained <50 % residual yield after four reuse cycles. BET/BJH analysis
of unused and used aerogel showed reduced surface area and porous volume
after the recovery and reuse of the cocktail aerogel after three cycles under
atmospheric pressure. On the other hand, the cocktail aerogel showed significant

enzyme leaching under scCO:z in the first cycles and lost more than 90 % of the
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activity, which implies unsuitable conditions for aerogel-entrapped enzyme under
scCO:z for its reusability. The protein assay of the hydrolysates showed that 27 %
of the initial enzyme amount in aerogel was leached out to the hydrolysate, leading
to <10 % residual activity retention in the second cycle under scCO2. Therefore,
the aerogel entrapment method of enzyme immobilization may not be suitable for
enzymatic reaction under scCOa.

6.3. Future recommendations

The study showed promising results for the sustainable process development to
move to large-scale production of CNCs from spruce wood under the
corresponding optimization at different levels of CNCs production. The scope of
this study covered only spruce wood, and therefore, there is a broad scope to study
other wood biomass with high cellulosic composition. A comparative study of
different wood under the developed process may add insights into the impact of
the type of feedstock on CNCs yield and its physicochemical properties. The lignin
component was removed and recovered up to 91 % of the initial mass in wood,
which could be further studied to enhance the circularity of the biomass
components under a biomass circular economy. Additionally, life cycle assessment
and techno-economic analysis may further bring insights to improve CNC
production's process cost and environmental sustainability in the non-conventional
approach. The acid hydrolysis stage in the developed process of CNCs production
could be substituted by developing an enzymatic hydrolysis process that will

further improve the environmental sustainability of the process.
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Using an enzyme cocktail is a synergistic approach to reduce the cost of the
enzyme and improve the product yield. In this study, Cellulase from Trichoderma
reesei ATCC 26921 and cellulolytic enzyme complex Viscozyme L (solution
containing xylanases, pectinases, B-glucanase enzymes along with high
concentration glucose and xylose sugars) from Aspergillus aculeatus were
investigated. Several other commercial enzymes could also be investigated to
minimize the enzyme dose per g of cellulosic substrate. The emerging study of
enzyme pretreatment under high pressure and scCO2 has shown varying
influences on different enzymes from different microbial sources. Therefore,
applying scCO2 pretreatment on different enzymes will be beneficial to
understanding the impact of enzyme source and structure on the outcome of
scCOz2 pretreatment.

Further, the immobilization of enzymes is a broad area with various support
matrices that could be investigated. Herein, the results showed that the aerogel-
entrapped enzyme cocktail has better reusability under atmospheric pressure than
the scCOz2 reaction condition. However, only a few enzymes (cellulase, lipase, and
amylase) have been explored under scCO:2 reaction conditions in free state or
immobilized on/in limited immobilization matrices. Therefore, there is a huge
opportunity to explore the area using different immobilization support materials
under high pressure and scCO2 conditions with different enzymes from various

sources.
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APPENDIX A: CHAPTER 3 SUPPLEMENTARY INFORMATION

1.1 HPLC method used for sugar estimation in acid hydrolysates

The hydrolysate from the acid hydrolysis was neutralized with calcium hydroxide
and analyzed by high-performance liquid chromatography (HPLC) installed with a
refractive index detector (RID). Agilent Hi-plex H (6.5 x 300 mm, particles size 8
Mm) column was used to analyze the released sugars (glucose, cellobiose, xylose,
mannose, and arabinose). Water was used as the mobile phase at a 0.6 mL/min
flow rate. Column and RID temperature were set at 65 °C and 55 °C, respectively.
The pH was neutralized (5-6) hydrolysate with calcium hydroxide. It was injected
(10 pL volume) by an autosampler and analyzed using a 20 min isocratic method.
The samples were filtered using a syringe filter (0.22 um) before injecting them into

the HPLC.

1.2. Chemical composition analysis of processed materials

The chemical composition analysis was performed as per the NREL method as
described in the manuscript. The determined compositions of the wood, pulps, and

CNC samples are listed in Table S7-1.

Table S7-1. The Chemical composition of the initial feedstock material, pulp, and CNC samples, where the

numbers are reported as the mean + standard deviation of triplicate samples (g/100 g wood).

Sample name Cellulose Hemicellulose Lignin
Wood 47.06+2.21 20.10+0.75 29.35+0.22

Acetosolv pulp 78.19+2.46 4.73+0.52 5.02+0.54

Bleached pulp 88.5+0.71 6.20+0.70 <0.66
CNC59 88.97+0.98 3.26+0.59 <0.66
CNC62 89.88+1.12 2.57+0.08 <0.66
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CNC65 93.26+0.54 1.96+0.26 <0.66

1.3. Yield calculation

The yield of the acetosolv pulp obtained in acetosolv pulping reaction is calculated

using Equation S3-1.

Weight of oven dry acetosolv pulp obtained (g)
Weight of wood used (g)

The vyield of bleached pulp obtained from alkaline hydrogen peroxide bleaching

Acetsolv pulp yield (per 100 g wood) = x 100 (S3-1)

reaction is calculated using Equation S3-2.

Weight of oven dry bleached pulp obtained (g)
Weight of oven dry acetosolv pulp used (g)

Bleached pulp yield = X 100 (S3-2)

The overall yield of bleached pulp (microcrystalline cellulose) from the wood was

calculated using Equation S3-3.

Weight of ovent dry pulp (g) 100 (83-3)
Weight of extractive and moisture free wood (g)

Bleached pulp yield =

The solid recovered from the sulfuric acid hydrolysis reaction was used for the
mechanical treatment where the microparticles transformed into nanoparticles,
and therefore, the nanocellulose yield was calculated as the weight of solid

obtained after acid hydrolysis using equation 4:

dry weight of acid hydrolyzed solid (g)
dry weight of bleached pulp used (g)

Nanocellulose yield (wt.% of Bleached pulp) = %X 100 (S3-5)

dry weight of acid hydrolyzed solid (g)
dry weight of bleached pulp used (g)

The yield of the CNCs produced at different concentrations of sulfuric acid are as

Or Nanocellulose yield (wt.% of dry wood) = x 100 (S3-4)
mentioned in Table S7-2

Table S7-2. Triplicate analysis of the acid hydrolysis reaction at three different sulfuric acid concentrations
(g/100 g of bleached pulp).

Sulfuric Acid concentration. (% w/w) CNC yield (n=3) MeanSd
59 97.59 96.53 97.33 97.2+0.6
62 60.09 59.44 62.85 60.8+1.8
65 28.38 15.87 14.33 19.5+7.7
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1.4. Mass balance of acid hydrolysis reaction

The mass balance of the acid hydrolysis reaction at three concentrations of sulfuric
acid was analyzed. The 65 wt.% sulfuric acids hydrolyzed more of the pulp and
some of the sugars were lost during the washing and dialysis of the cellulose
nanocrystals after the acid hydrolysis. The mass balance analysis was performed

in duplicates as shown in Figure S7-1 and Table S7-3.

Table S7-3. Mass balance of acid hydrolysis reaction (g/100 g bleached pulp)

Acid Total wt. of pulp Anhydrous sugars in Solid in washing Sum (A+B+C), Mass loss*,
Concentration solid (A), (9) hydrolysate (B), (g) effluent (C), g (9) %
59 wt.%_1 97.590 3.151 - 100.741
59 wt.%_2 96.330 3.117 - 99.447

Mean + SD of (A+B+C) 100.1£0.91 0
62 wt.%_1 60.090 13.151 5.933 79.174
62 wt.%_2 59.440 11.204 5.120 75.764

Mean + SD of (A+B+C) 77.47£2.41 22.53
65 wt.%_1 14.330 36.220 11.060 61.610
65 wt.%_2 15.870 35.501 12.200 63.571

Mean + SD of (A+B+C) 62.59+1.39 37.41

*The loss of mass during acid hydrolysis at 59 wt.%, 62 wt.%, and 65 wt.% sulfuric acid
concentrations could be assumed to be sugars that were released lost during the washing and
dialysis stage.
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Bleached pulp (A =1.5 g)
Acid hydrolysis
Centrifugation

Pulp solid Hydrolysate

Centrifuge washing HPLC analysis

Total anhydrous sugars

effluent (B g)

Chemical & HPLC analysis
Figure S7-1. Mass flow of acid hydrolysis reaction and analysis for mass balance.

1.5. SEM sample preparation:

The samples for SEM were prepared by diluting the suspension sample to a
concentration of 0.005 wt.% in water. The 40-50 yL samples were placed on
double-sided adhesive carbon tape, supported on aluminum stab, and kept at
room temperature for 24 h to evaporate the water. The samples were then placed
in an oven at 55 °C under an active vacuum for 24 h to remove excess moisture
from the sample. The dried samples were sputter-coated with gold to a thickness
of 5 nm prior to characterization using a scanning electron microscope (FE-SEM,

Mira3 LMU, Tescan, Czech Repubilic).

1.6. TEM sample preparation:

Samples prepared using an ultrasonic probe were analyzed using a transmission

electron microscope (JEOL 1230 TEM) at 80 kV accelerating voltage. Samples
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were prepared at a concentration of 0.005 wt.% and a drop of the suspension was
placed on a formvar-coated 200 mesh copper grid, stained with uranyl acetate

(1wt.%), and left to dry in ventilated place for 24 h prior to analysis by TEM.

1.7. Statistical analysis of crystallinity index for ultrasonic treatment

The optimization of the ultrasonic treatment was performed at different intensities
where amplitude varied from 30-80% and treatment time from 5-15 min. A total of
7 runs was performed using four corner points and three center points as shown

in Figure S7-2.

80%0 o

L

B

Amplitude %
®

30%0 o

15

Time (min)

Figure S7-2. Ultrasonic intensity optimization model (4 corner points and 3 center points) for crystallinity index
in response to amplitude and time as input factors

The ultrasonically treated samples were analyzed by TEM for particle length and
diameter. Further, the samples were freeze-dried for 3-4 days and analyzed for crystallinity
index. The crystallinity index was measured based on area as well as the Seagal intensity
ratio. The results of the particle size, crystallinity index, and the spent energy in
corresponding runs were mentioned in Table S7-4. The ANOVA response (Table S7-5)
of the ultrasonic treatment for crystallinity index showed a high p-value of 0.19 for the
model which means an insignificant change in the crystallinity index of CNC prepared at

a varying range of amplitude and time.
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Table S7-4. Design of experiments (two factors two levels with three center points) for ultrasonic treatment

optimization of amplitude and time parameters as input for crystallinity index as the response, particle size,

and spent energy.

Crystallinity index (Crl %)*

Crystallinity index

Particle

Run Amplitude  Time (Crl %) Particle . Energy
o . diameter
Order (%) (min) ) . . length (nm) spent (J)
. intensity ratio (nm)
area ratio based
based
Control - - 70.8+1.6 83.542.1 18540+1305 392042650 -
1 30 15 66.1+£0.8 76.1+1.1 BDL BDL 14658
2 Ct Pt 55 10 66.41+0.6 76.2+3.5 BDL BDL 16054
3 CtPt 55 10 61.7+£0.9 74.7+2.3 BDL BDL 14517
4 30 5 68.6+1.2 78.3x2.7 215.4+80 123 5275
5 80 15 62.7+0.8 75.6+2.2 BDL BDL 34163
6 Ct Pt 55 10 64.5+1.9 76.7+1.3 BDL BDL 17223
7 80 5 63.240.2 74.3+1.2 225374845 19,6314.88 18553

Values with standard deviation are from three runs on the same sample. BDL- below detection limit.

Table S7-5. ANOVA response of ultrasonic optimization model for crystallinity index % in response to

amplitude % and time (min) as input factors.

Source Sum of squares df Mean square F-value p-value Result

Model 6.06 2 3.03 2.58 0.1910 not significant
Amplitude 6.00 1 6.00 5.10 0.0869

Time 0.0625 1 0.0625 0.0531 0.8291

Residual 4.71 4 1.18

Lack of fit 2.60 2 1.30 1.24 0.4473 not significant
Pure error 2.1 2 1.05

Cor total 10.77 6
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1.8. TEM analysis of CNC released after acid hydrolysis and without/with
ultrasonic treatment

The acid hydrolysis released some of the small cellulose chains which were
observed under TEM microgrid at 20000X resolution while the 2000X
magnification showed that the acid hydrolyzed (at 62 wt.% sulfuric acid
concentration) samples and microparticles of CNC (Figure S7-3).

(@) | No Sonication () l el Sanicatian

- b

)

800 nm

HV=80.0kV HV=80.0kV

Direct Mag: 20000x Direct Mag: 2000

Figure S7-3. CNC from the suspension released during acid hydrolysis (at 62 wt.% sulfuric acid concentration)
was stirred at 500 rpm without ultrasonic treatment (a) at 800 nm scale bar and (b) at 8 um scale bar of TEM

analysis of the same sample.

Further, the ultrasonically treated samples were observed under TEM which
showed the cellulose nanocrystals were formed when it was treated for 5 min at
30 % and 80 % amplitudes. The samples treated for more than 5 min showed no

whisker like CNC morphology (Figure S7-4).
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Figure S7-4. TEM images of CNCs from different ultrasonic treatments for optimization of amplitude and time.
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Figure S7-5. TEM images of CNCs from different micron and nano scales show the homogeneity of dispersed
nanocrystals.

1.9. Comparison of the characteristics of cellulose nanocrystals (CNCs)
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Table S7-6. Comparison of the characteristics of cellulose nanocrystals from different biomass and methods of cellulose extractions

Initial material Methods Pulp purity CNC yield (g/100 g |Nanocellulose dimensi Characterization Ref
of bleached pulp) ons (L, D nm); Crl
Beached eucal 58 wt.% sulfuric Glucan 68 % 216+ 34,10+ 2;76.2% Treated by (=4
yptus kraft pulp| acid hydrolysis at 56 °C | 88.5+0.3%,Xylan ultrasonic cleaner
for3h 11.0£0.5%, Lignin (45 kHz, 180 W) for
0.5:8.5:1 (sulfuric <0.1% 81 % 264 + 114, 16+ 3; 79.9 %| 10 min before imaging.
acid, acetic acid & water
mass ratio) at 80 °C for
3h
Pine wood 62 wt.% sulfuric NA 2.3 % 220.2 (mean Homogenized at s
acid hydrolysis at 44 °C spherical diameter), -; 1000 rpm for 5 min
for1.5h 67.8 %
Microcrystalline 25.5 % of MCC 28.2 nm (mean
cellulose spherical diameter), -;
79.3 %
Corn cob 6.0 % 30.0-70.0 nm (mean
spherical diameter), -;
70.9 %
Bleached softw 0.3 wt.% sulfuric Cellulose 87.9 15.78 % CNC 150 ~500 nm, 10~40 |Ultrasound treatment by | “~
ood kraft pulp | acid hydrolysis 160 °C 0.5 %, along with 69 % CNF |nm; 77.35 % to 79.32 % |probe for 5 min for CNC,
for2 h Hemicellulose Microfluidizer 25,000 psi
0211 %,
Lignin 0.25 + 0.01
%
Bleached suga 46.8 wt.% sulfuric Only lignin 58 % 25555 nm, 4+2 nm; 87 Suspension s
rcane bagasse | acid hydrolysis at 45 °C | content analyzed, % ultrasonicated for 5 min
for 30 min 5.8 %
Bleached pulp | 62 wt.% sulfuric acid, [Cellulose 91.05+0. 60.8+1.8 % 225.4+64.5 nm, 19.6+4.9 Ultrasonic This
from spruce | 44 °C for 90 min, 650 6%, nm; probe treatment for 5 | Study
rpm Hemicellulose 5.3 79.842.6 % min
10.2%,

Lignin <0.66 %




1.10.FT-IR characteristic bands for bonds qualitative observation of
functional groups in wood, pulps, and lignin

Various bonds and functional groups present in the wood, acetosolv pulp,
bleached pulp, lignin, and CNC were identified by their presence or absence in the
IR spectra of the corresponding samples. The characteristic absorption bands are
listed in Table S7-7 and Table S7-8. The IR spectra of the recovered lignin has

been shown in Figure S7-6.

Table S7-7. Characteristic bands identified in lignocellulose biomass and pulps by infrared spectroscopy (IR)
(155, 160, 387-390;

Biomass Wavenumber (cm™) Characteristic bonds Corresponding functional group
component or compound
Cellulose 3500-3000 H---OH Intermolecular H-bonds

2890 H-C-H alkyl

1640 Fiber---OH Absorbed water

1170-1082 C-0-C Pyranose ring skeletal

1108 C-OH Acid, methanol

897 C-0-C B-glycosidic linkages
Hemicellulose 2890 H-C-H Alkyl, aliphatic

1765-1715 Cc=0 Ketone, carbonyl, O=C-OH group

of the glucuronic acid in
hemicellulose

1108 OH Acid, methanol

Lignin 2890 H-C-H Alkyl, aliphatic
1730-1700 Aromatic ring Aromatic ring
1632 Cc=C Benzene ring stretching
1613-1450 Cc=C Aromatic skeletal
1430 O-CH3 Methoxy group
1270-1232 C-0-C Aryl-alkyl ether
1215 C-0 Phenol
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1108 OH C-OH

700-900 C-H Aromatic hydrogen

The KBr pellet method was used with a Perkin-Elmer Frontier FTIR spectrometer
in the range of 600-4000 cm-'. About 10 mg of lignin were mixed with 200 mg of

fine potassium bromide (KBr) powder and pressed into a 13 mm diameter pellet.

Transmittance|

-—100
-—90
-—80
_—70

- 60

Transmittance (%)

L 50
L 40

30

I 4 T T T T T T T 4 T T T T T T T
4500 4000 3500 3000 2500 2000 1500 1000 500
Wavelength (cm-1)

Figure S7-6. FT-IR spectrum of the recovered lignin from acetosolv pulping

Table S7-8. FT-IR characterized peaks of major functional groups present in the recovered lignin [475-477)

Peaks (cm™) Corresponding functional groups/bonds of lignin
3340 of O-H in aliphatic/phenolic structure

2930 aromatic ring vibrations

1600 -OH, phenolic groups

1515 C=C aromatic skeletal vibrations

1365 syringyl ring

1270 guaiacyl ring

1.11. Gel Permeation Chromatography analysis of lignin:

Gel Permeation Chromatography (GPC) analysis was carried out using a Waters
Breeze GPC-HPLC instrument (1525 binary pump, UV detector set at 270 nm,

Waters Styryl gel HR 1 column at a column temperature of 40 °C). Tetrahydrofuran
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(THF) was used as the eluant at a 1.0 mL/min flow rate, and linear polystyrene
standards were used for the molecular weight calibration curve. The recovered
lignin was acetylated before GPC to improve its solubility in THF, following the
method described by Mahmood et al. (2013) B28. The acetylation was carried out
as follows: 1 g of oven-dried lignin was dissolved in a 1:1 (v/v) mixture of pyridine
(5 mL) and acetic anhydride (5 mL) in a vial followed by stirring for 48 h. The
acetylated lignin was then precipitated in 100 mL of ice-cooled 1 wt.% HCI solution,
followed by washing with distilled water until the filtrate reached pH 7. The
acetylated lignin was dried at 105 °C for 24 h to remove residual water before use.

From the GPC analysis, it was found that the average molecular weight (Mw)
was 10,282 g/mol and number average molecular weight (Mn) 1,565 g/mol.

Therefore, the polydispersity index (PDI) was determined as 6.57.

1.12.Lignin purity analysis

The purity of the obtained crude lignin was determined using the acid hydrolysis
method as described by Shui et al. (2016) ©2. Approximately 0.3 g of lignin was
loaded into a glass tube with 4.92 g of 72 wt.% solution H2SO4 and stirred for 2 h
in a shaker bath (~30 °C). After 2 h, the mixture was transferred to a 100 mL glass
pressure reactor and diluted with 84 g of water. The mixture was heated at 121 °C
for 60 min. After the time elapsed, the reactor was cooled down to room
temperature, followed by filtration and washing with distilled water until the filtrate
was pH ~7. The obtained solid was then dried in an oven at 105 °C under an active

vacuum for 24 h.

final mass (m
™) 100

tgnin purity initial mass (ml)
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Table S7-9. Lignin purity analysis by acid digestion of crude lignin.

Test m; (g) ms (g) Purity (%)
01 0.2967 0.2534 85.41
02 0.3027 0.2509 82.89
03 0.2902 0.2355 81.15
Average: 83.15
St. dev.: 2.14
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APPENDIX B: CHAPTER 4 SUPPLEMENTARY INFORMATION

2.1. Enzyme activity

The enzyme activity was analyzed using 2 % (w/v) microcrystalline cellulose, MCC
(also known as cotton linters) substrate and enzyme concentration 0.050 mg/mL
in 2 mL reaction volume. The reaction temperature was 55 °C, pH of 5.0 of 10 mM
sodium citrate buffer at shaking speed of 150 rpm. After enzyme hydrolysis of MCC
substrate for 60 min, the enzyme activity was calculated using Equation 13 and

Equation 14.

1pmol glucose
0.180 mg glucose (1 3)
Enzyme volume (mL) X60 min

total sugar released (mg)x

Enzyme activity (U/mL) =

g .. Enzyme activity —UL
Specific activity (U/mg enzyme) = - m
Enzyme protein concentration (H)

(14)

2.2. Enzyme concentration and temperature optimization of individual
enzyme

The enzyme concentration and optimum temperature for both enzymes cellulase
and Viscozyme L were optimized separately using untreated wood substrate.
Cellulase and Viscozyme L have specific enzyme activities of 0.342 U/mg cellulase
at pH 5.0, 55 °C, and 0.046 U/mg Viscozyme L at 5.0 and 45 °C. Spruce wood of
0.5-1.0 mm particle size has been used as substrate in both enzymes. The total
sugar released in control (without enzyme or without substrate) and in the reaction,
was calculated using DNS method. The sugar yield in terms of wt.% of total
hydrolyzable sugars (THS) was calculated as below:

. _ total sugar released (mg)
SUQar yleld (Wt% Of THS) ~ cellulose in feedstock (mg) , hemicellulose (mg) X 100 (8)

0.9 0.88
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Table S8-1. Response surface method (RSM) for optimizing individual enzyme (cellulase and cellulolytic

enzyme complex Viscozyme L) concentration and temperature at atmospheric pressure

Factors

+a

Temperature (X1)

Enzyme concentration (Xz)

-o -1
36.9 40
(U enzyme/g-wood) 2.04 3.46

58.1

11.80

Table S8-2. Design of experiment for optimizing cellulase concentration and temperature using for response

surface method using 4 factorial, 4 axial, and 4 center points.

Run Order Pt Type Temperature (°C) Enzyme (U/g biomass) Sugar yield (wt.% of THS)
1 -1 58.1 6.92 1.95
2 1 40.0 3.46 2.74
3 0 475 6.92 3.59
4 1 55.0 3.46 2.52
5 -1 47.5 2.04 2.88
6 -1 47.5 11.80 3.49
7 0 47.5 6.92 3.23
8 1 55.0 10.38 2.79
9 0 475 6.92 3.49
10 1 40.0 10.38 2.73

11 -1 36.9 6.92 2.93
12 0 47.5 6.92 3.59

Table S8-3. Design of experiment for optimizing individual cellulolytic enzyme complex Viscozyme L

concentration and temperature using for response surface method using 4 factorial, 4 axial, and 4 center

points.
Run Order Temperature (°C) Enzyme (U/g biomass) Sugar yield (wt.% of THS)
1 58.1 6.92 0.42
2 40.0 3.46 3.48
3 47.5 6.92 4.33
4 55.0 3.46 0.51

240



5 -1 47.5 2.04 2.22

6 -1 47.5 11.80 9.52
7 0 47.5 6.92 5.71
8 1 55.0 10.38 0.55
9 0 47.5 6.92 3.76
10 1 40.0 10.38 5.95
1" -1 36.9 6.92 5.33
12 0 47.5 6.92 3.62

The enzymatic hydrolysis reaction at atmospheric condition were conducted for 72
h and samples were taken at 0, 2, 4, 8, 16, 24,48, 72 h. A 300 pL from the reactions
was taken at sampling times and diluted three time by adding 600 pL distilled
water. The enzymatic reaction was stopped by heating the diluted solution in water
bath (100 °C) for 5 min. The hydrolysates were analyzed by HPLC for the sugar
released in the hydrolysate.

The RSM analysis showed that the purified cellulase from Trichoderma reesei
ATCC 26921, has optimum temperature between 45-48 °C at 7-9 activity U of
enzyme per g of wood substrate in 10 mM citrate buffer. In the chosen range of
temperature and enzyme concentration, Temperature has the major significant
effect. The optimized condition of cellulase was 8.31 U/g wood at 46 °C (Figure
S8-3). The RSM analysis of Viscozyme L (from Aspergillus sp.) showed that the
Viscozyme L enzyme has optimum temperature ~37-42 °C at enzyme
concentration of above 11 activity U per g of wood substrate in 10 mM citrate buffer
solution. The optimum condition of Viscozyme L was above 11.61 U/g wood at 37

5 °C (Figure S8-1).
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Pareto Chart of the Standardized Effects

(response is Sugar conversion (wt.% THS), o = 0.05)
Term 2.447

Factor  Name

AA A Temperature (C)
‘ B Enzyme (U)
BB ‘
B |
AB ]
! Surface Plot of Sugar conversion (wt.% THS) vs Enzyme (U), Temperature (C)
A |

0.0 15 3.0 4.5 6.0 i
Standardized Effect

24
igar conversion (wt.5 THS) €

Contour Plot of Sugar conversion vs Enzyme (U), Temperature (C)

Sugar conversion (wt
% THS) €

< 15 Temperature (C)
1.5 - 2.0 12 Enzyme (U)
20 - 25
25 - 30
30 - 35

> 35

Enzyme (U)

Temperature (C) = 46.3088
Enzyme (U) = 8.20718
Sugar conversion (wt.% THS) C = 3.51596

40 44 48 52 56
Temperature (C)

Figure S8-1. Pareto, surface, and contour plot of the response surface method of optimization model for

purified cellulase enzyme (n=4 center points)

Table S8-4. Analysis of Variance for the cellulase enzyme.

Source DF Adj SS Adj MS F-Value P-Value
Model 5 2.41852 0.48370 8.36 0.011
Linear 2 0.15489 0.07744 1.34 0.331
Temperature (°C) 1 0.00138 0.00138 0.02 0.882
Enzyme (U) 1 0.15351 0.15351 2.65 0.154
Square 2 1.94303 0.97152 16.79 0.003
Temperature (°C)*Temperature (°C) 1 1.91400 1.91400 33.08 0.001
Enzyme (U)*Enzyme (U) 1 0.19475 0.19475 3.37 0.116
2-Way Interaction 1 0.01960 0.01960 0.34 0.582
Temperature (°C)*Enzyme (U) 1 0.01960 0.01960 0.34 0.582
Error 6 0.34717 0.05786
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Lack-of-Fit 3 0.26047 0.08682 3.00 0.195
Pure Error 3 0.08670 0.02890

Total 1" 2.76569

Pareto Chart of the Standardized Effects
(response is Sugar conversion (wt.% THS) V, a = 0.05)
Term 2.447

Factor Name
A Temperature (C)
B Enzyme (U)

A
AA
AB

B
BB

1
i
i
i
i
i
i
i
i
2.5

T T T T
0.0 0.5 1.0 15 20
Standardized Effect

f
Sugar conversion (wi.5 THS) V

Contour Plot of Sugar conversion vs Enzyme (U), Temperature (C)

Sugar

conversion

(wt% THS) V

|| < 0

— W oo- 2
2 m 2- 4
o 0 4- 6
g. B - 8
s W s- 10
| 10

Temperature (C) = 37.3917
Enzyme (U) = 11.6141
Sugar conversion (wt.% THS) V = 11.0286

40 44 48 52 56
Temperature (C)

Figure S8-2. Pareto, surface, and contour plot of the response surface method of optimization model for

cellulolytic enzyme mixture Viscozyme L (n=4 center points)

Table S8-5. Analysis of Variance of Viscozyme L enzyme.

Analysis of Variance

Source DF Adj SS Adj MS F-Value P-Value
Model 5 79.9723 15.9945 9.9 0.007
Linear 2 15.0793 7.5396 4.67 0.06
Temperature (°C) 1 11.1043 11.1043 6.87 0.04
Enzyme (U) 1 3.9749 3.9749 2.46 0.168
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Square 2 8.6814 4.3407 2.69 0.147

Temperature (°C)*Temperature (°C) 1 5.1589 5.1589 3.19 0.124
Enzyme (U)*Enzyme (U) 1 1.9278 1.9278 1.19 0.317
2-Way Interaction 1 4.9506 4.9506 3.06 0.131
Temperature (°C)*Enzyme (U) 1 4.9506 4.9506 3.06 0.131
Error 6 9.6963 1.616
Lack-of-Fit 3 8.8501 2.95 10.46 0.043

2.3 Optimization enzyme concentrations and temperature of cocktail
enzyme

Further, the enzyme concentration (cellulase 5-15 U/g wood and Viscozyme L 10-
30 U/g wood) and temperature (30-50 °C) were optimized for the mixture of
cellulase, and Viscozyme L enzymes based on the optimized condition of cellulase
(8.31 U/g wood at 46 °C) and Viscozyme L (11.61 U/g wood at 37 5 °C). The
cellulase and Viscozyme L enzymes were mixed to make enzyme cocktail. The
concentrations of the two enzymes and the temperature were optimized by RSM
where concentration of enzymes and temperature were the factors and total sugar

yield (wt.% of THS) was the response as shown in Table S8-6.

Table S8-6. Response surface optimization model for enzyme concentration and temperature of combination

of cellulase and Viscozyme L enzymes (n=4)

Cellulase Viscozyme L Temperature Sugars (C5+C6) Xylose (C6) Glucose (C5)

(U/g-wood) (U/g-wood) (°C) wt.% of THS wt.% of THS wt.% of THS
7.50 17.00 29.89 4.60 2.92 1.68
5.00 10.00 35.00 8.78 6.10 2.68
10.00 10.00 35.00 7.50 5.08 242
5.00 24.00 35.00 14.97 9.64 5.33
10.00 24.00 35.00 11.53 7.40 4.13
7.50 17.00 42.50 15.10 9.62 5.48
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11.70 17.00 42.50 13.07 9.03 4.05

7.50 28.77 42.50 14.46 9.85 4.62
7.50 17.00 42.50 13.00 8.97 4.03
7.50 17.00 42.50 12.30 8.44 3.83
7.50 5.23 42.50 6.79 4.92 1.86
7.50 17.00 42.50 12.85 7.99 4.86
3.30 17.00 42.50 1217 7.83 4.34
10.00 10.00 50.00 9.56 6.26 3.30
10.00 24.00 50.00 16.33 10.56 5.76
5.00 24.00 50.00 14.39 9.02 5.36
5.00 10.00 50.00 8.35 5.48 2.87
7.50 17.00 55.11 4.52 277 1.75

Based on the above observation of optimum temperature and enzyme
concentration, cellulase concentration (Factor A) in rage of 5-10 U/g wood, and
Viscozyme L concentration (Factor B) in range of 10-24 U/g, and the temperature
(Factor C) in range of 35-50 °C wood will be used for used to determine the
optimum condition of enzyme mixture concentration and Temperature for the sugar
conversion of biomass.

The enzymatic reaction of mixed enzyme system is completed and analyzed with
the Minitab software for analysis of variance (ANOVA) and response optimum

conditions to validate the model. Below are the ANOVA and validation conditions

in Table S8-7.
Table S8-7. Analysis of Variance for sugar conversion in 72 h of enzymatic digestion of untreated spruce wood
powder
Source DF Adj SS Adj MS F-Value P-Value
Model 9 198.361 22.0401 6.34 0.008
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Linear 3 96.917 32.3058 9.30 0.006

Cellulase (U/g-wood) 1 0.000 0.0002 0.00 0.994
Viscozyme L (U/g-wood) 1 94.525 94.5253 27.21 0.001
Temperature (°C) 1 2.392 2.3919 0.69 0.431
Square 3 92.608 30.8692 8.89 0.006
Cellulase (U/g-wood)*Cellulase (U/g-wood) 1 0.960 0.9602 0.28 0.613
Viscozyme L (U/g-wood)*Viscozyme L (U/g-wood) 1 2.337 2.3369 0.67 0.436
Temperature (°C)*Temperature (°C) 1 83.815 83.8150 24.13 0.001
2-Way Interaction 3 8.836 2.9454 0.85 0.506
Cellulase (U/g-wood)*Viscozyme L (U/g-wood) 1 0.256 0.2556 0.07 0.793
Cellulase (U/g-wood)*Temperature (°C) 1 7.742 7.7421 2.23 0.174
Viscozyme L (U/g-wood)*Temperature (°C) 1 0.839 0.8385 0.24 0.636
Error 8 27.792 3.4740
Lack-of-Fit 5 23.260 4.6520 3.08 0.192
Pure Error 3 4.532 1.5106
Total 17 226.153

The ANOVA analysis of the RSM model showed that the model is significant with
Viscozyme L as the influencing factor for maximizing the sugar conversion. It could
be observed in the contour and surface response plot of Viscozyme L and cellulase
enzyme that the increasing concentration of cellulase has no significant effect
whereas the increase in the Viscozyme L concentration lead to increase in the
sugar conversion (Figure S8-3 and Figure S8-4). Effect of temperature with respect
to two enzymes, 36 °C to 48 °C is the most effective range of the temperature for

the mixed enzyme system with optimum at 42.5 °C.
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Surface Plot of Sugar conversion (wt.%) vs Viscozyme (U/g-wood), Cellulase (U/g-wood)
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Surface Plot of Sugar conversion (wt.%) vs Temperature (C), Viscozyme (U/g-wood)

Figure S8-3. Surface response plot of sugar conversion with respect to Viscozyme L, cellulase, and

temperature in enzyme cocktail at atmospheric pressure reaction.

247



Contour Plot of Sugar conver vs Viscozyme (U/g-wood), Cellulase (U/g-wood) Contour Plot of Sugar conver vs Cellulase (U/g-wood), Temperature (C)
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Figure S8-4. Surface response of cellulase, Viscozyme L and temperature variable for sugar conversion
The optimized reaction condition of the mixed enzyme system for untreated spruce
wood hydrolysis is listed in the Table S8-8 below:

Table S8-8. Optimized concentration of enzymes in cocktail enzyme for 200 mg substrate in 10 mL citrate
buffer

Components (stock concentration) Amount (in 10 mL citrate buffer (10 mM, pH 5.0))
Spruce wood biomass 200.00 mg

Cellulase (14.69 mg/mL) 9.7 mg enzyme/g wood (or 0.132 mL)

Viscozyme L (220 mg/mL) 598.4 mg enzyme/g wood (or 0.544 mL)

Sodium Azide (0.002% w/v) 0.04 mL

Buffer (50 mM) 2mL

Water 7.284 mL

2.4. Effect of supercritical CO2 pretreatment of cornstalk
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FZ777 Untreated comstalk
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Figure S8-5. Effect of scCO2 on enzymatic digestibility of cornstalk agricultural biomass

2.6. Influence of initial sugar concentration in enzyme cocktail

The presence of sugars in the commercial Viscozyme L enzyme introduces a
significant 141.9 mg/L sugar concentration in the enzyme cocktail. However, the
effect of sugar removal was investigated to analyze its influence on the enzymatic
activity. Therefore, enzyme cocktail was purified using a spin concentrator and
used to hydrolyze the cellulosic substrate (bleached wood pulp). Total protein
content of enzyme cocktail decreased to 51.75 from 102.92 mg per 10 mL cocktail
solution along with 90-95% initial sugar concentration. There was no significant

loss in enzyme activity of the enzyme cocktail (Table S8-9 Figure S8-6).
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Figure S8-6. Influence of initial sugar concentration on enzyme activity

Table S8-9. Enzyme cocktail purification using spin concentrator to remove sugars

Sample Protein mass (mg/mL) Sugar mass
(mg/mL)

Enzyme cocktail original 10.3 141

Enzyme cocktail purified 5.2 1.0

Filtration waste 51 13.8

2.6. Secondary structure analyses

2.6.1. Fourier transform infrared (FTIR) spectra were collected using a liquid
nitrogen-cooled Nicolet iZ10 spectrometer (Thermo Fisher Scientific) equipped
with a ConcentratorlR2 Multiple Refraction Attenuated Total Reflection (ATR)
attachment with a Silicon ATR crystal (Harrick Scientific Products Inc.) (32 scans,
4.000 cm-1 resolution, range of 4000 to 700 cm-1) at room temperature (22.5 +/-
2.5 °C). Data collection and analysis were performed using the software Omnic
version 9.11.745 (Thermo Fisher Scientific). Following baseline correction, the
amide | region (1600 — 1700 cm-1) was deconvoluted to evaluate protein

secondary structure.
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Figure S8-7. FTIR deconvoluted spectra of untreated and scCO: pretreated enzyme cocktail enzyme

2.6.2. Circular dichroism (CD) spectra were collected on an Olis DSM20
Circular Spectrophotometer (Bogart, GA) with integration time determined as a
function of High Volts in Olis SpectralWorks Version 5.888.272. CD spectra were
acquired from 270-180 nm with a 1 nm step size using quartz cuvettes of 0.01 mm
path length (Hellma Canada Limited; Concord, ON). Spectra were obtained by
averaging three individual scans. The spectra of 20 mM sodium citrate blanks were
measured before the samples and were subtracted from the 0.1 mg/mL protein

sample CD spectra. The spectra were normalized to their respective minima.
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APPENDIX C: CHAPTER 5 SUPPLEMENTARY INFORMATION

3.1. Enzyme cocktail optimization

3.1.1. Design of experiment

The optimization of enzymes in cocktail solution and its temperature with wood
biomass as substrate has been done in second manuscript work. In the current
work, CMC is being used a model substrate (water soluble) and there for another
set of experiments are being used to optimize the concentration, pH and
temperature of the cocktail enzyme with CMC substrate. The tables listed below
are the previous data that are being used to determine the boundary condition of

enzymes in new optimization model (Table S9-1 and Table S9-2).

Table S9-1. Optimization of enzyme concentrations, pH, and temperature of the cocktail enzyme solution

Factors Unit -a -1 0 +1 +a

pH (X+) - 3.05 35 4.25 5.0 5.45

Temperature (Xz) (°C) 31.8 36.0 43.0 50.0 54.2

Cellulase concentration (X3)  (mg Enzyme/g-CMC) 5.8 10.0 17.0 24.0 28.8

Xi(s;:ozyme L concentration (mg Enzyme/g-CMC) 90.0 150 250.0 350.0 410
4

Viscozyme L enzyme protein concentration: 106.2 mg/mL (after filtration) from 200.8 mg/mL (without filtration).

Table S9-2. Design of experiment for optimizing the pH, Temperature, and enzyme concentrations of cellulase
and filtered Viscozyme L (n=6)

Run#  Point Type H Temperature (°C) Cellulase  (mg  Viscozyme L (mg ;rthS"/) yieﬁ
yp P P E/g CMC) E/g CMC) 7
plateau
1 -1 4.25 31.8 17 250 43.12
2 1 3.5 36 24 150 4493
3 1 5 36 10 150 38.30
4 1 3.5 36 10 150 46.19
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5 1 5 36 24 150 39.56

6 1 5 36 10 350 37.31
7 1 5 36 24 350 39.68
8 1 35 36 24 350 46.94
9 1 35 36 10 350 46.31
10 -1 4.25 43 17 90 48.09
11 0 425 43 17 250 47.03
12 0 4.25 43 17 250 48.00
13 0 4.25 43 17 250 48.65
14 0 4.25 43 17 250 48.49
15 -1 305 43 17 250 52.08
16 -1 4.25 43 5.8 250 47.51
17 0 4.25 43 17 250 48.33
18 -1 4.25 43 28.2 250 48.33
19 0 4.25 43 17 250 47.19
20 -1 5.45 43 17 250 41.00
21 -1 4.25 43 17 410 45.56
22 1 5 50 24 150 40.98
23 1 3.5 50 24 150 46.82
24 1 35 50 10 150 46.04
25 1 5 50 10 150 40.35
26 1 5 50 10 350 41.10
27 1 3.5 50 24 350 47.26
28 1 35 50 10 350 45.36
29 1 5 50 24 350 41.26
30 -1 4.25 54.2 17 250 49.14

3.1.2. Optimization result

The analysis of variance results showed that the pH and temperature have
significant influence on the TRS yield with p-value <0.05 (Table S9-3). The
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interaction of the parameters has been plotted in contour plots that shows the

range of optimal parameter conditions (Figure S9-1).

Table S9-3. ANOVA result of the optimization runs

Analysis of Variance (ANOVA)

Source F-Value P-Value
Model 15.64 0
Blocks 10.58 0.006
Linear 37.07 0
pH 135.54 0
Temperature 10.9 0.005
Cellulase 1.72 0.211
Viscozyme L 0.11 0.741
Square 11.77 0
pH*pH 12.25 0.004
Temperature*Temperature 15.67 0.001
Cellulase*Cellulase 3.84 0.07
Viscozyme L*Viscozyme L 10.13 0.007
2-Way Interaction 0.51 0.788
pH*Temperature 2.24 0.156
pH*Cellulase 0.21 0.653
pH*Viscozyme L 0.11 0.742
Temperature*Cellulase 0.01 0.929
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Figure S9-1. Response surface plot of the TRS vyield versus two parameters while holding the other two at
center point. (A) TRS yield (wt.% THS) versus cellulase and Viscozyme L enzyme concentrations (mg
Enzyme/g CMC), (B) TRS yield (wt.% THS) versus cellulase enzyme concentrations (mg Enzyme/g CMC)
and temperature (°C), (C) TRS yield (wt.% THS) versus Viscozyme L enzyme concentrations (mg Enzyme/g
CMC) and temperature (°C), (D) TRS yield (wt.% THS) versus cellulase enzyme concentrations (mg Enzyme/g
CMC) and pH, (D) TRS yield (wt.% THS) versus Viscozyme L enzyme concentrations (mg Enzyme/g CMC)
and pH, (E) TRS yield (wt.% THS) versus temperature (°C) and pH.

The optimum condition of the individual parameters has been shown in Figure
S9-2. Based on the model, optimized solution and validated result has been shown

in Table S9-4.
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Table S9-4. Model validation based on predicted optimized condition (1X)

pH 3.3
Temperature (°C) 43.8
Cellulase (mg E/g CMC) 18.1
Viscozyme L (mg E/g CMC) 254.8
Result
Model prediction (TRS yield, wt.% of THS) 50.63+1.8
Actual response (TRS yield, wt.% of THS) 51.0£0.9
. pH Temperat Cellulas Viscozym
Optimal
i High 5450 54.20 28.20 4100
09022 o [3.2682] [43.7919] [18.0182] [254.8485]
Low 3.050 31.80 5.80 90.0

N TN

TRS yiel
Maximum
y = 0.5063

d =0.90223

Figure S9-2. The optimum condition of individual parameters

3.1.3. Optimized model validation

To validate the optimized conditions, the enzymatic hydrolysis of CMC was
conducted at predicted conditions as mentioned in Table S9-4. The corresponding
result showed that the predicted conditions are at optimum points and the actual
result was similar to predicted value of TRS yield (Figure S9-3).

The enzyme cocktail load of the optimized concentrations of cellulase and filtered
Viscozyme L were used to validate the model and to find the optimum enzyme
load. The increase in the enzyme load of cocktail slightly increased the TRS yield.
However, the amount of enzyme load increased was three times to get increased

yield from 51% to 58.8%.
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Optimized response model validation

75.0%
60.0%
45.0%
30.0%

15.0

=S

TRS Yield (wt.% of THS)

0.0%
0 12 24 36 48 60 72 84

Enzymatic hydrolysis time (h)

Figure S9-3. Enzymatic hydrolysis of CMC at optimized condition and optimum load of enzyme cocktail

(predicted concentration).
3.2. Cocktail immobilization
For the cocktail immobilization, cellulase, filtered Viscozyme L, and the buffer
solution mixed in optimized concentrations to prepare the cocktail solution. The
immobilization procedure are as follows:
l.  Mix 4 g of TMOS to 16 g of anhydrous ethanol for 15 mins using magnetic
stirring
Il.  Add the 4.468 mL of enzyme cocktail solution, keep the solution on magnetic
stirring 500 rpm
[ll.  0.292 mL ammonium hydroxide (56.6 % w/w) solution was added as a catalyst
for sol-gel synthesis and stir at 1000 rpm for 2 min. it will form an opaque gel.
IV. The headspace of the gel containing vial was purged with N2 gas to remove
air and stored at ambient temperature for 24 h.

V. The alcogel was moved to refrigerator (4 °C) for next 72 hours for aging of gel.
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VI.

VII.

VIII.

To dry the alcogel to aerogel, the gel (covered in Kimwipe paper) will be placed
in 100 mL SFT vessel. The 45 mL anhydrous ethanol will be added to reactor
vessel to submerge the alcogel.

The reactor will be closed and pressurized to tank pressure to test the leak,
then after the oven temperature will be raised to 40 C for 15 min to preheat the
vessel.

The alcogel will be dried to aerogel by scCO:2 drying at 10 MPa (1450 psi), 40
°C for 4-6 h.

After drying, the reactor will be depressurized slowly in 30-40 min to recover
the aerogel.

The weight of aerogel will be measured and stored in refrigerator (4 °C) for

further analysis

3.3. Reusability of immobilized enzyme acerogel under atmospheric

pressure

The immobilized cellulase enzyme in the aerogel by entrapment method has been

in investigated for its reusability. The TRS yield obtained by immobilized cellulase

was around 70 % of TRS yield obtained by free cellulase (Figure S9-4). The TRS

yield remained 65-70 % of the TRS yield obtained in the first cycle of immobilized

cellulase and remained consisted after 5" cycles.
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Figure S9-4. Reusability test of immobilized enzyme cocktail aerogel (pH 4.0, temperature 48 C, 14.8 g/L
aerogel with 15.0 g/L CMC) for reaction time of 72 h per cycle along with immobilized pure cellulase enzyme
with reuse of 7 cycle at 120 h per cycle with CMC substrate under optimized conditions of pH 4.5, temperature

46 C at 22.5 g/L aerogel concentrations with 15.0 g/L. CMC substrate concentration

3.4. Aerogel immobilized enzyme morphology characterization

The surface morphology of the aerogel immobilized enzyme with different enzyme
concentrations was analyzed with SEM, as shown in Figure S5-5a-c. The SEM
images showed that the surfaces of the different aerogels, including the control,

had rough mesoporous surfaces. However, visual differences between the aerogel
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surfaces of different enzyme concentrations were undistinguishable for significant

differences.

Control (No Enzyme)

36 mg cocktail/g Aerogel

72 mg cocktail/g Aerogel

144 mg cocktail/g Aerogel

Unused Aerogel Reused for three cycles

Figure S9-5. Surface morphology of aerogel immobilized enzymes with different enzyme loads (no enzyme
as control a-c, 36 mg enzyme/g aerogel d-g, 72 mg enzyme/g aerogel h-k, and 144 mg enzyme/g aerogel |-
0), where unused aerogels (d-f, h-j, and I-n) reused aerogel after third cycles (g, k, and 0). Scale bar: a, d, h,

l'at 200 ym, b, e, I, m at 20 ym, and c, f, g, j, k, n, 0 at 0.4 pm.

3.5. Reusability of enzyme aerogels under scCO:

The enzyme aerogel reusability of was tested under the scCO2 conditions for the
cocktail aerogel as well as cellulase aerogel. The TRS yield was significantly higher

under scCO2 than the atmospheric conditions for the enzyme aerogels.

260



3.5.1. Comparison of TRS yield (wt.% of THS) under different conditions
of free and immobilized enzyme as well as under atmospheric and scCO2

conditions

Table S9-5. Comparison of TRS yield under different condition of enzyme and reaction environment where

the reaction was conducted for 4 h at listed pH and temperature of enzyme.

Reaction condition Atmospheric condition scCO; condition

Cellulase enzyme (0.25g/L cellulase or 11.2 g/L aerogel, 15 g/L CMC)
Free enzyme (pH 3.5, 46 °C) 45.2+0.1% 41.4+2.3%

Immobilized enzyme (pH 4.5, 46 °C) 26.3+0.1% 21.7+0.4%

Cocktail enzyme (1.1 g/L cocktail or 14.7 g/L aerogel, 22.5 g/L CMC)
Free enzyme (pH 3.3, 43 °C) 43.1+0.4% 41.4+2.3%
Immobilized enzyme (pH 4.0, 48 °C) 23.310.2% 27.3+2.2%

Cocktail enzyme with mixing effect (1.1 g/L cocktail or 14.7 g/L aerogel, 22.5 g/L CMC)

Free enzyme (pH 3.3, 43 °C) 44.3+0.2% 47.1+2.4%
Immobilized enzyme (pH 4.0, 48 °C) 21.4+0.2% 32.1+1.1%
3.5.2. Mass balance of enzyme protein in the reaction for the leaching of

enzyme from aerogel under scCO2 condition due to significant loss in the

TRS yield after first cycle of reuse

Table S9-6. Verification of enzyme leaching during the reuse of aerogel immobilized enzyme cocktail under

scCOz2 by mass balance of enzymes in aerogel and hydrolysate.

Total enzyme protein IN immobilized into aerogel Total protein OUT in the Hydrolysate

For cellulase aerogel

1.25 mg cellulase in aerogel 0.9540.36 mg cellulase in 5 mL hydrolysate
Leached out enzyme from aerogel 75.8+28.8 % enzyme mass
Loss in TRS Yield >90 % (TRS was below detection limit at 4 h)
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For cocktail enzyme

10.63 mg cocktail in aerogel 2.910.3 mg cocktail in hydrolysate
Leached out enzyme from aerogel 27.0£3.0 % enzyme mass
Loss in TRS Yield >90 % (TRS was below detection limit at 4 h)
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