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ABSTRACT

ENHANCEMENT OF XYLANASE ACTIVITY IN
XYLOOLIGOSACCHARIDE PRODUCTION FROM
LIGNOCELLULOSIC BIOMASS

Xylo-oligosaccharides (XOS) with prebiotic properties are obtained through
xylan hydrolysis. Previously organosolv was found to be an effective pretreatment for
XOS production from corncob. However, this process suffered from low XOS vyields
because of the limited hydrolysis of xylan in the pretreated biomass. This study was
designed to test some approaches toward increasing the efficiency of xylanases on the

organosolv-treated corncob.

The two commercial enzymes (Shearzyme 500L and Veron 191S) used in this
study showed a synergistic effect yielding higher XOS compared to single enzyme
application. Partial removal of acetyl groups on the xylan in organosolv-treated corncobs
enhanced XOS production significantly. The solid loading above 10% decreased XOS
yield as it resulted in a highly viscous slurry that may have limited heat and mass transfer.
Fed-batch addition of enzyme and biomass did not play a role in the improvement of
hydrolysis. In sequential batch mode, the residual enzyme activity from the previous
batch could release more XOS from the fresh biomass, though the yield was low. Addition
of fresh enzymes to the previous hydrolysate together with biomass provided a more
concentrated XOS solution (15.4 g/l) after the second batch. The addition of surfactants
into the hydrolysis media to prevent enzyme binding to lignin did not improve XOS
production. This study showed that organosolv could be considered an effective treatment
for XOS production from corncob and the enzymatic hydrolysis could be improved by

optimizing the conditions.



OZET

LIGNOSELULOZIK BiYOKUTLEDEN KSILOOLIGOSAKKARIT
URETIMINDE KSILANAZ AKTIVITESININ ARTTIRILMASI

Prebiyotik 6zelliklere sahip ksilo-oligosakkaritler (KOS), ksilan hidrolizi yoluyla
elde edilir. Daha 6nce organosolv metodunun misir koganindan KOS iiretimi igin etkili
bir 6n islem oldugu bulunmustur. Bununla birlikte, bu islem, onceden islenmis
biyokiitlede ksilanin sinirli hidrolizinden dolay: diisilk KOS verimlerine sebep oldugu
bilinmektedir. Bu ¢alisma, organosolv uygulanmis misir kogani iizerinde ksilanazlarin

etkinligini arttirmaya yonelik bazi yaklagimlari test etmek i¢in tasarlanmigtir.

Bu ¢aligmada kullanilan iki ticari enzim (Shearzyme 500L ve Veron 1918S),birlikte
kullanildig1 kosullarda tek enzim uygulamasina kiyasla daha yiiksek KOS
konsantrasyonlar1 ile sinerjik bir etki goOstermistir. Organosolv ile iglenmis misir
kocanlarinda ksilan lizerindeki asetil gruplarinin kismen uzaklastirilmasi, KOS tiretimini
onemli Olcilide arttird1. %10'un iizerindeki kati yiikleme, sinirlt 151 ve kiitle transferine
sahip olabilen oldukca viskoz bir bulamagla sonug¢landigr icin KOS verimini azaltti.
Enzim ve biyokiitlenin kesikli ilavesi, hidrolizin iyilestirilmesinde bir rol oynamadi.
Ardisik partt modunda, onceki partiden kalan enzim aktivitesi, verim diisiik olmasina
ragmen taze biyokiitleden daha fazla KOS iiretimini tesvik edebilir. Onceki hidrolizata
biyokiitle ile birlikte taze enzimlerin eklenmesi, ikinci gruptan sonra daha konsantre bir
KOS c¢ozeltisi (15,4 g/l) sagladi. Enzimin lignine baglanmasin1 6nlemek icin hidroliz
ortamina siirfaktanlarin eklenmesi, KOS iiretimini 1yilestirmedi. Bu ¢alisma, organosolv
yaklagiminin musir koganindan KOS {iretimi icin etkili bir islem olarak kabul
edilebilecegini ve enzimatik hidrolizin kosullar1 optimize ederek iyilestirilebilecegini

gosterdi.
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CHAPTER 1

INTRODUCTION

Xylooligosaccharides (XOS) are sugar oligomers with xylose units linked
together through B (1—4)-xylosidic linkages. These sugars occur naturally in various
sources, such as bamboo shoots, fruits, vegetables, milk, and honey. They are industrially
produced by hydrolyzing xylan, a component of lignocellulosic biomass (LCB). XOS has
gained significant market value in recent years due to its prebiotic effects in humans and
animals, even at low doses. It has been associated with various health benefits, including
reduced blood cholesterol, increased calcium absorption, antioxidant effects,
maintenance of gastrointestinal health, decreased risk of colon cancer, cytotoxic effects

on leukemia cells, and potential benefits for individuals with type two diabetes mellitus.

In 2017, the primary use of XOS was in the feed industry, followed by health and
medical products, food and beverages, and other applications. The growing interest in
XOS is reflected in the increasing number study about this field. Additionally, utilizing
lignocellulosic biomass for XOS production can contribute to sustainable development
and the economy, considering the abundance of agricultural residues available
worldwide. The prebiotics market, including XOS, will expand significantly in the
coming years. VVarious companies have obtained safety certifications for XOS production,
and the market price ranges from US $25,000 to US $50,000 per ton, depending on purity

levels.

XOS production commonly involves hydrolyzing xylan from lignocellulosic
biomass. However, the best methodologies, catalysts, and substrates for XOS production
need investigation. Lignocellulosic biomass has a complex structure, so it needs
pretreatment. Developing and selecting a pretreatment method play a critical role in the

production process, as they must be feasible and cost-effective (Koppram et al., 2014).
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These methods are typically used to disrupt the cell structure and make the substrate more
accessible for subsequent enzymatic hydrolysis processes. Xylanase enzymes, which
hydrolyze the bonds in xylan, are preferred for hydrolysis. Due to the complex structure
of xylan polymer, multiple hydrolytic enzymes with different modes of action are
required. These enzymes are commercially produced as a complex because they
synergize. Therefore, the enzymatic hydrolysis conditions should be optimized for the
desired product (xylose, short-chain XOS, long-chain XOS). For example, the efficiency

of XOS production through enzymatic hydrolysis can be enhanced by optimization.

Within this project's scope, considering the limitations of alkaline and
autohydrolysis methods in XOS production preferred, the organosolv method. Corn cob
subjected to the organosolv process was further treated with deacetylation to remove
acetyl groups, and efficient and high-concentration XOS production through enzymatic
hydrolysis was investigated. Several factors that affect the optimization of the hydrolysis
process, such as substrate loadings, enzyme loadings, inhibitors, and surfactants, were

evaluated in this study.



CHAPTER 2

LITERATURE REVIEW

2.1. Lignocellulosic Biomass

Biomass is a renewable energy source that is sustainable, readily available, and
environmentally friendly. Due to these benefits, the interest in obtaining energy and
value-added products from biomass has increased in recent years. Agricultural food and
forestry wastes are a potential source for obtaining value-added products because they are
formed in high amounts. These materials can be used to obtain useful bio-based chemicals
and fuels by going through various biotechnological processes (Arthur et al.,2018;
Routledge et al., 2011; Silva et al., 2013; Saini et al., 2015)

Food and agricultural wastes are used in many ways, such as animal feed,
fertilizer, energy, and heat. Using lignocellulosic wastes in producing value-added
products creates an environmentally friendly and sustainable resource potential (Anwar
et al., 2014). Global annual lignocellulosic biomass production is approximately 181.5
billion tons (Paul & Dutta,2018). The use of agricultural wastes consisting of
lignocellulosic materials as biomass has advantages such as abundant raw material, a
renewable resource, and cost-effective production (Brinchi, 2013). LB can be used second
in the generation of biofuel productions. Some of these LB are rice straw, sugarcane

bagasse, wheat straw, cotton stalk, switchgrass, bamboo, sugarcane tops, and paper waste.

Lignocellulosic biomass is an abundant and sustainable resource. Bioethanol,

biomethane, biohydrogen, organic acids, lignocellulolytic enzymes, and other value-
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added products have considerable potential for production in lignocellulosic biomass.
Various agricultural residues such as deciduous and coniferous trees, paper industry

waste, and energy crops are called lignocellulosic biomass.

Lignocellulosic biomass was composed of three natural structures cellulose (a
carbohydrate polymer), hemicelluloses (another carbohydrate polymer), and lignin (an
aromatic polymer). These three polymers are in tight and compact associations in the
plant cell walls. The remaining content of lignocellulosic biomass includes proteins, fats,
and ash (Peng et al., 2010). These polymers are the building blocks for various industrially
highly valuable products because of their composition and structure differences. (Von
Schenck et al., 2013; Schutyser et al., 2018; Yao et al., 2018; Lee et al., 2019; Collett et
al., 2019); Zhao et al., 2020).

Hemicellulose

Microfibril

Hemicellulose

Cellulose

Lignin

Figure 2.1. Lignocellulosic biomass structure (Doherty et al., 2011)

Technology for producing biofuels (such as ethanol, butanol, or various
hydrocarbons) and biobased chemicals from lignocellulosic material is experiencing
significant advances to meet global energy and chemical needs. Examples of
lignocellulosic biomass materials considered feedstocks for bioethanol production

include crop residues such as corn stover and wheat straw, woody residues from forest



thinning and paper production, cool and warm season grasses such as switchgrass and
fescue, and crops such as sorghum (Sticken, 2008).

Enzymatic hydrolysis provides to convert lignocellulosic materials to fermentable sugar.
The fermentable sugar is derived from cellulose and hemicelluloses in lignocellulosic
materials.

2.1.1. Cellulose

Cellulose is an organic compound that is the most abundant polymer. It comprises
unbranched chains of glucose molecules linked via B-(1—4) glycosidic bonds. Cellulose

has an important role in plant wall structure and strength.

(l‘HZOH
H (| 2 OH OH
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|/H \l OH o
2 . ~ "HO Q
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| [ n
H HO
glucose cellulose

Figure 2.2. Cellulose structure

Cellulose is non-digestible for the human body and food for herbivores like cows,
horses, and deer. They keep it long enough to be digested by microorganisms in the
digestive tract; Like termites, protozoans in the guts of insects also digest cellulose. It is
used in many applications in industry. Some of these are listed below. Cellulose has great
economic importance. It is processed to produce paper and paper products and chemically

modified to obtain substances used in the manufacture of products such as plastics,



photographic film, insulation paper, and biofuel. Other cellulose derivatives are used in
food adhesives, explosives, thickening agents, and moisture-resistant coatings.

2.1.2. Hemicellulose

Hemicelluloses are heteropolysaccharides and have an amorphous structure
containing pentoses (xylose, arabinose) and hexoses (glucose, mannose, galactose) that
can be substituted by phenolic, uronic, or acetyl groups (Saha, 2003; Gong et al., 1981;
Girio et al., 2010).

The most common hemicelluloses are xylans and glucomannans; Hardwood
hemicelluloses mostly contain xylan, while softwood hemicelluloses mostly contain
glucomannans (Girio et al., 2010). Xylans and mannans can be used to develop
bioproducts from lignocellulosic biomass. Xylans are the main structure of the secondary
cell walls found in herbaceous and hardwood plants. Xylan is made up of a xylose
backbone with different substitutions. Xylan is composed of B-(1—4) D-xylopyranose
with short branches of D-glucuronic acid, L-arabinose, D-galactose, L-galactose along
with 4-O-methyl-ether-modified glucuronic acid. (Ebringerova et al., 2005; Saha, 2003;
Jietal., 2012; Girio et al., 2010). While glucomannans have a backbone made up of both
D-glucopyranose and D-mannopyranose, and both have a variety of possible branching
carbohydrates, galactomannans, for example, only have a backbone made up of D-
mannopyranose linked by f-(1—4) bonds. (Ebringerova et al., 2005; Willfor et al., 2008).

Furthermore, galactomannans are typically branched, with galactose as the main
branching component. Individual chains behave as random coils and, within
lignocellulose, produce an aggregate network structure regardless of these monomeric
variances. Large hemicellulose polymers (70 to 200 monomers, change to species) that
establish interpolymer connections make up this network structure. The cellulose and

lignin fractions of lignocellulose are also embedded in the network.
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Figure 2.3. Products derived from hemicellulose degradations (Harahap, 2020).

2.1.3. Lignin

Lignin is a phenolic polymer that provides structural strength to the plant. Its
structure is made of the condensation of phenylpropene units. P-hydroxyphenyl alcohol,
guacyl alcohol, and syringyl alcohol are lignin precursors. Lignin holds the cellulose and
hemicellulose fibers together, which functions as a glue in the cell wall structure . The
key factor preventing biomass resistance during the separation process is the presence of
lignin in lignocellulosic biomass. Lignin functions as a barrier to protect plant cells from
microbial attack and permeability, preventing the destruction of plant cells (Sixta, H.,

2006). Due to its complex structure of lignin isolation, characterization, and analysis



methods, it is not defined as a clearly defined compound like other carbohydrates, named

as a class of natural phenolic polymers (Ghaffar & Fan, 2014).

OH
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HC—0,

OH: \

< o CHy=—0
o/ @ o/ Sinapyl alcohol
OMe

OH

M_@,R

p-Hydroxyphenyl
(H)

H;C =0,

HO R
Guaiacyl (G)

HyC =0,

HO R

CHy~—0Q

Syringyl (S)

Figure 2.4. Chemical structure of lignin modified from Prieur et al., 2017 red linkage

shows the B -O-4 ,B-5,B—P .

Agricultural wastes are among the lignocellulosic materials containing the lowest
(3-15%), conifer bark the highest (30-60%) lignin. With the lignin structure, different
products can be obtained like these (Holloday et al., 2007; Zhang et al., 2011). power,

fuel, and syngas products, macromolecules, and low-molecular-weight aromatic or

phenolic compounds. Lignin products' quality and parameters standards and control are

difficult because lignin has a heterogeneous polymer.



2.2. Pretreatments

Lignocellulosic materials have complicated structures, with highly crystalline
cellulose coated by lignin and hemicellulose. Due to cellulose's rigid affiliation with a
three-dimensional complex lignin biopolymer, one of the issues with employing
lignocellulosic materials for the value-added material is the low accessibility of cellulose
to enzymes. Only up to 20% of the native cellulose (not altered or damaged by any
pretreatment operations) is converted to sugars by these barriers, hemicellulose and
lignin. (Salehi et al., 2012; Mood et al., 2013; Kumar et al., 2009).

Pretreatment is crucial for the efficient release of sugars from the lignocellulosic
material. Pretreatment breaks down the lignin structure and disrupts the crystalline
structure of the cellulose fibers, thereby making biomass accessible to hydrolyzing
chemicals or enzymes. Hemicellulose can be hydrolyzed to sugar components by
physical, chemical, and enzymatic processes. Chemically acting on hemicelluloses is
easier than hydrolysis of cellulose due to the heterogeneous structure and composition,
low degree of polymerization, and low crystallinity. The first step of hemicellulose-based
fuel or chemical production is lignocellulose pretreatment, and different pretreatment

methods have been developed.

The pretreatment process aims to modify these properties to prepare enzymatic
degradation materials. The pretreatment required is important because lignocellulose is

so complex (Kristiani et al., 2013).

Various pretreatments exist for the selective fractionation of hemicelluloses from
biomass. These pretreatments can be classified into four main groups based on physical,
chemical, physicochemical (combined), and biological techniques. These can be used
individually or in combination (Beheraet et al., 2014). These techniques include the use
of acids, water (liquid or steam), organic solvents, and alkaline agents (the techniques
used are listed in the figure) (Lee et al., 1999; DOE US 2006; Mosier et al., 2005).
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Figure 2.5. Pretreatment of lignocellulosic material, schematic representation of

lignocellulosic biomass pretreatment (adapted from Luo et al., 2022).

Alkaline and organic solvent approaches are not selective towards hemicellulose
because they also remove lignin, which can inhibit the fermentation or bioconversion
process of hemicellulose sugars. Determining the process to be used has great importance
on the efficiency and productivity of the process. Depending on the pretreatment and
application conditions, hemicellulose sugars can be broken down into weak acids, furan
derivatives, and phenolics during pretreatment (Larsson et al., 1999). These compounds
can hinder further fermentation, leading to lower yields and productivity. Raw material
characteristics, such as the proportions of cellulose, hemicellulose, and lignin, production
capacity, and intended product types, are considered when choosing these pretreatment
techniques (Wang et al., 2012).

Pretreatment strongly affects downstream costs by determining fermentation
toxicity, enzymatic hydrolysis rates, enzyme loadings, and other process variables
(Wyman et al., 2005). Therefore, it is important to consider the effect of the selected

process on the whole condition and the key step limiting the process.
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Figure 2.6. Pretreatments methods (Adapted from Volynets et al., 2017).
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2.2.1. Milling

This pretreatment is a mechanical pretreatment in which milling breaks the
lignocellulosic biomass into smaller pieces. A mechanical pretreatment aims to reduce
particle size and crystallinity. Reducing the particle size increases the available specific
surface and decreases the degree of polymerization (DP) (Palmowski and Muller, 2000)
Milling also causes the shearing of biomass. Depending on the type of biomass, grinding
type, and processing time, an increase in specific surface area and a decrease in DP are
the factors that increase the total hydrolysis efficiency of lignocellulose (Hendriks &
Zeeman, 2009). It also reduces the technical degradation time during hydrolysis by 23-
59% (Delgenés et al., 2003; Hartmann et al., 2000). Thus, the rate of hydrolysis is

increased.

2.2.2. Acid Pretreatment

Acid pretreatment can occur at a high temperature and low or low temperature and
high acid concentration. While acid pretreatment can be used for inorganic acids such as
nitric, hydrochloric, and phosphoric, the most common is sulfuric acid. Temperature, acid
type, concentration, solid-liquid ratio, and other factors affect acid pretreatment. High-
temperature pretreatment of biomass can enhance enzymatic hydrolysis (Taherzadeh &
Karimi, 2007). However, pretreatments at high acid concentrations are important, as this
operation can be corrosive and dangerous. Therefore, special construction or expensive

equipment is needed. (Wyman, 1996; Sun et al., 2004).

Diluted acid hydrolysis is one of the most widely used methods. This method is
preferred for large-scale production as diluted acid pretreatment produces less

degradation than concentrated acid pretreatments (Wyman et al., 2005; Pingali et al.,
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2010). There are some restrictions like the formation of undesirable and inhibitory by-
products such as furanic aldehydes, weak acids, and phenolic compounds (Palmqvist &
Hahn-Hagerdal, 2000b; Thomsen et al., 2009; Klinke et al., 2004). These undesirable by-
products inhibit the hydrolytic enzymes that release sugars in the hemicellulose structure
and the growth and metabolism of microorganisms used in the subsequent fermentation
process. (Heer & Sauer, 2008; Jing et al., 2009; Klinke et al., 2004; Palmqvist & Hahn-
Hagerdal, 2000b).

These compounds have antagonistic roles in the downstream processes. Furfural
and 5-hydroxymethyl furfural (HMF) cause reduce the process yield and productivity due
to lignocellulosic hydrolysate (Almeida et al., 2007; Thomsen et al., 2009). The acid dose,
application temperatures, and process time affect the formation of by-products.
Therefore, preventing inhibitor formation during biomass pretreatment is vital (Wierckx
etal., 2011; Kumar et al., 2009).

2.2.3. Organosolv Pretreatment

Organosolv pretreatment is extracting lignin from lignocellulosic raw materials
using organic solvents or their aqueous solutions. Pretreatment with an organic solvent
ensures that high-purity cellulose is isolated with minimal degradation (Zhang et al.,
2016). While most lignin and hemicellulose are dissolved in organic solvents, cellulose
is recovered as solids. As a result, removing lignin and hemicellulose increases cellulose
surface area, reduces lignin resistance, and increases enzymatic accessibility to
hydrolysis, thus improving the yield of bioethanol produced during fermentation (Koo et
al., 2011). Organosolv pretreatment is an environmentally friendly technology that shows
great promise in biomass processing. It involves using solvents to penetrate the pores of
biomass, resulting in the solubility of lignin and facilitating the physical breakdown of
the lignocellulosic structure (Taherzadeh & Karimi, 2008; Zhang, Pei & Wang, 2016).

When compared to acid-catalyzed saccharification, Pye et al., (2008) research showed
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that pretreatment with organic solvents increased cellulose saccharification yields and
conversion rates with the application of organosolv, the main components of the biomass
can be efficiently fractionated and recovered in separate process streams. The cellulose
in the biomass remains in the solid phase and can be converted into biofuels and other
valuable chemicals. Hemicellulose, which can be converted to bioethanol, biobutanol,
and xylitol, is partially hydrolyzed. Phenolic and/or epoxy resins, polyurethane and
polyurethane foam, and antioxidants can be developed by precipitating high-purity lignin
products from the liquor (Carvalho et al., 2013). In addition, high-quality lignin contains
superior properties such as no sulfur, narrow molecular weight, and water repellency.
Because of these properties, they can be turned into high-value products such as veneers,
construction, plywood, specialty adhesives, and resins (Arato et al., 2005; Zhang et al.,
2016).

Organosolv pretreatment using various organic solvents has been developed to
improve the enzymatic digestibility of lignocellulosic biomass (Zhang et al., 2016; Zhang
et al., 2016b). Some of these solvents are classified into two groups. Lower boiling points
of methanol and ethanol, and higher boiling points of ethylene glycol, glycerol,
tetrahydrofurfuryl alcohol, and other classes of organic compounds, dimethyl sulfoxide,
and ethers, can be used as solvents in the process. The most common solvent is ethanol
for the pretreatment of biomass because ethanol is low price, has good solubility of lignin,
no toxicity, miscibility with water, and recovers easily. (Zhao, et al., 2017; Yanez et al.,

2013; Yanez et al., 2014).

Lignins and hemicelluloses are typically selectively removed during ethanol-
organosol pretreatment, but most cellulose is kept in the substrate for enzymatic
hydrolysis. (El Hage et al., 2010; Hallac et al., 2010; Yanez et al., 2013) Organic solvent
pretreatment shows higher efficiency for hemicellulose fractionation compared to

conventional processes. (Zhao et al., 2009).

Organosolv pretreatment can be performed with or without additional catalysts in
the 100-250°C (Muurinen, 2000). If pretreatment is done at high temperatures (185—
210°C), adding acid is unnecessary as it is believed to act as a catalyst for lignin-
degradation of organic acids released from the biomass. Carbohydrate complex (Duff &
Murray, 1996). If acid catalysts are added, the delignification rate increases, and higher

xylose yields are obtained. In addition, the organic solvents used can be recycled to reduce
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costs. In addition, solvents must be removed from the system because solvents can inhibit

the growth of organisms through enzymatic hydrolysis and fermentation. Therefore, most

processes involve the washing step (Zhao et al., 2009).

Organosolv pretreatment advantages and disadvantages showed in the Figure 2.8.
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Figure 2.7. Organosolv pretreatment procedure
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Figure 2.8. Organosolv pretreatment advantages and disadvantages

2.2.4. Deacetylation Pretreatment

Deacetylation is a reverse reaction that removes the acetyl group from the
molecule. Since acetyl groups may decrease the activity of the xylanase enzyme, it may
cause a decrease in the efficiency of enzymatic hydrolysis (Chang & Holtzapple, 2000).
Therefore, removing acetyl groups from the backbone of xylan in the feedstock by
deacetylation can increase xylan digestibility and enzymatic hydrolysis of cellulose (Chen
et al., 2012). A deacetylation step using a diluted alkali solution is advised to release
acetyl groups from the xylan backbone and facilitate enzymatic hydrolysis (Li et al., 2016;
Chen et al., 2019). Reasons for improved biomass saccharification by deacetylation are

given below.

First, deacetylation reduces the degradation of hemicellulose and the formation of
inhibitors (Chen et al., 2019; de Assis Castro et al., 2017). Thus, less inhibition of
cellulose hydrolysis occurs. Deacetylation increases the susceptibility of xylan to
enzymatic degradation (Wu et al., 2020; Wang et al., 2019; Hu et al., 2018), which may
reduce biomass resistance and plays a role in deacetylation partially removing lignin and
ash, increasing biomass-specific surface area, or introducing significant nanoscale
porosity to biomass, Tang et al., 2018; Wang et al., 2019; Lima et al., 2019) thereby

promoting the accessibility of cellulose. Deacetylation reduces acetic acid production
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during the pretreatment (Kuhn et al., 2020), which lowers the production of pseudo-lignin

and lignin droplets on the fiber surface.

2.3. Enzymatic Hydrolysis

A complex heterogeneous catalytic process, enzymatic hydrolysis involves
several processes, such as reaction kinetics and molecular mass transfer kinetics (Zhang
et al., 2021). Numerous experimental studies have been conducted by researchers to
optimize the conditions to increase conversion efficiency and lower cost. Many factors
affect enzymatic hydrolysis. These can be diversified as enzyme-related, substrate-
related, hydrolysis conditions, inhibitory effects, and surface-active additives. (Amit et
al., 2018). These factors significantly affect the rate and effect of hydrolysis, so
optimizing these parameters determines the effect of enzymatic hydrolysis. Because these

factors are all interrelated, repeated testing is needed to identify conditions.

Enzymatic hydrolysis is a more popular method in the food industry because it
provides a controlled process and it, does not produce undesirable by-products, or
produce high amounts of monosaccharides, and does not require special equipment that
can be operated under high temperatures or pressure (Aachary & Prapulla, 2011; Akpinar
et al., 2009). Research on XOS production to improve the existing systems has focused
on applications with enzymatic hydrolysis (Amorim et al., 2019). The digestibility of
enzymatic hydrolysis can be improved using various pretreatment systems (Pihlajaniemi
etal., 2016). Enzyme loading plays an important role in influencing enzymatic hydrolysis.
However, the high cost of enzymes has prompted research to explore techniques that can
adequately activate the enzyme or reduce enzyme load while keeping enzymatic
digestibility at the same level (Zhang et al., 2018).
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Xylanase enzymes play a vital role in xylan hydrolysis to produce XOS. Literature
studies focus on selecting suitable xylanase enzymes, optimizing enzyme dosage and
reaction conditions (pH, temperature, substrate concentration), and investigating the
hydrolysis kinetics. Endo-xylanases, which hydrolyze the $-1,4 glycosidic links in xylan,
are responsible for the enzymatic synthesis of XOS. To prevent the release of xylose,
which can limit endo-xylanase activity, xylanase preparations with low exo-xylanase
activity and/or B-xylosidase activity are desirable (Vazquez et al., 2000; Escarnot et al.,
2012). To obtain a good XOS yield and enable large-scale production, it is crucial to
evaluate its use in commercial xylanase hydrolysis of xylan and to understand its
xylanolytic activities, optimum pH and temperature, thermal stability, and kinetic

properties.
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2.3.1. Batch Hydrolysis

Batch enzymatic hydrolysis is a process used to break down complex biomaterials,
such as cellulose or hemicellulose by enzymes. It involves mixing the biomaterial with
an enzyme solution in a batch reactor and allowing the enzymatic reaction to occur over
a specified period. During the process, the enzymes catalyze the hydrolysis of the
biomaterial into smaller parts. Thus, they break down into smaller components such as
sugars or oligomers. The reaction conditions like pH, temperature, and reaction time, are
carefully controlled to optimize the efficiency of the enzyme and achieve the desired level

of hydrolysis.

Batch enzymatic hydrolysis has some advantages. It is a relatively simple and
cost-effective method that can be easily scaled up for large-scale production. It allows for
precise control over reaction conditions, enabling researchers to study the effects of
different parameters on the hydrolysis process. Additionally, batch hydrolysis can be
performed with a variety of enzymes, allowing for customization based on the specific
material and end products. However, batch enzymatic hydrolysis has some limitations.
The reaction progress is typically slower compared to other hydrolysis methods, which
can prolong the overall processing time. The presence of inhibitory compounds or
enzyme deactivation over time may also affect the efficiency of the hydrolysis reaction.
Therefore, optimization of enzyme dosage, reaction conditions, and process parameters

is necessary to maximize the yield and efficiency of the hydrolysis process.

Solid loading in the process has a significant impact on capital and operating costs
(Modenbach & Nokes, 2013). High doses of expensive commercial enzymes are often
required to achieve high conversion efficiencies from biomass (Leathers, 2003;
Chundawat et al., 2008; Qing et al., 2010). Therefore, optimization of the enzymatic
hydrolysis step is a key goal in the cost-effective production of value-added from
lignocellulosic source. With high solids loading in the process, it serves to cost-effectively
produce high XOS concentrations and minimize water usage (Hodge et al, 2008;
Kristensen et al., 2009; Leathers, 2003; Chundawat et al.,2008; Qing et al., 2010; Hodge
et al., 2008; Kristensen et al., 2009).
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Considering all these reasons, the advantages and disadvantages of high solid
loading are listed below.

Low solids loadings cause losses in terms of production capacity, time and cost to
produce the product at low concentrations. On the other hand, running the hydrolysis at
high solids loading may create some technical difficulties due to the high initial viscosity
of the material, which makes mixing difficult and causes mass and heat transfer problems
(Hoyer et al., 2013; Joy et al.,2022).

2.3.2. Fed-Batch Hydrolysis

Fed-batch enzymatic hydrolysis involved the incremental addition of biomass and
enzyme throughout the reaction to maintain optimal conditions and improve the
efficiency of the hydrolysis process. In contrast to conventional batch hydrolysis, where
all components are added at the start, fed-batch hydrolysis enables controlled addition of
the biomass and enzyme during the reaction. This approach overcomes challenges such
as substrate inhibition and enzyme deactivation that can occur in the early stages of the
process (Gong et al., 2020; Xue et al., 2015). By adding the biomass and enzyme
incrementally and in a controlled manner, the reaction conditions remain favorable,
allowing the hydrolysis process to proceed at the desired rate. This method improves
enzyme utilization and enhances the overall yield of desired products, such as sugars or
oligomers. Fed-batch enzymatic hydrolysis offers several benefits. It mitigates the
negative impacts of substrate inhibition and enzyme deactivation, resulting in enhanced
efficiency and higher yields. Moreover, it provides flexibility in controlling reaction
parameters and facilitates process optimization. However, the successful implementation
of fed-batch hydrolysis requires careful monitoring and control of addition rates to
maintain desired conditions throughout the reaction. The complexity of the process and
the need for precise control may present challenges in terms of process optimization and
scalability (Liu et al., 2015; Gong et al., 2020).
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2.3.3. Xylanases

Xylanase enzymes are classified as endo-acting enzymes and belong to the
glycoside hydrolase enzyme family. Xylanase enzymes play a crucial role in the
hydrolysis of xylan, a polysaccharide found abundantly in lignocellulosic materials. Their
enzymatic action breaks down the -1,4 glycosidic bonds of xylan molecules, producing

xylooligosaccharides (Carvalho et al., 2013).

The catalytic mechanism of xylanase enzymes involves binding the enzyme to the
xylan substrate and the subsequent hydrolysis of the glycosidic bonds. This process
occurs within the enzyme's three-dimensional structure, where a catalytic site facilitates
the cleavage reaction, enabling the internal breakdown of xylan (Carvalho et al., 2013).
The optimal activity of xylanase enzymes often requires the presence of cofactors, such
as calcium or magnesium ions. Researchers have explored different sources of xylanase
enzymes, such as bacteria, fungi, and plant tissues, for their effectiveness in breaking
down xylan chains. These enzymes are commonly isolated from microbial sources that
can degrade plant cell walls. The production of xylanase enzymes can be influenced by
factors such as the type of microorganism, cultivation conditions, and the presence of
inducers in the growth medium. Based on the biochemical classification, xylanolytic
enzymes primarily belong to the glycosidase hydrolases (GH) group, with some enzymes
classified as esterases. Furthermore, these enzymes can be categorized based on their
substrate specificity.
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Endo-1, 4-p-xylanase, also known as 1, 4-B-D-xylan xylanohydrolases (EC 3.2.1.8), is

an enzyme that plays a crucial role in the degradation of xylan, a complex polysaccharide

found in plant cell walls. This enzyme acts on the interior xylose B (1,4) linkages within

the xylan backbone, leading to the hydrolysis of these bonds and the generation of short

chain xylooligomers. The effectiveness of endo-1, 4-p-xylanase depends on the presence

of a xylan backbone consisting of consecutively unsubstituted xylopyranose units. The

unique hydrolytic activity of endo-1, 4-p-xylanase makes it an essential tool in various

biotechnological applications, including producing xylooligosaccharides (XOS) with
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potential prebiotic properties. The ability of this enzyme to selectively hydrolyze the
xylan backbone into shorter oligomers contributes to the production of XOS with

different degrees of polymerization (DP), such as xylobiose (DP2) and xylotriose (DP3).

Exo-1,4-B-xylanase is an enzyme that is involved in the degradation of xylan, a complex
polysaccharide present in plant cell walls. It specifically acts on the exterior xylose 3 (1,4)
linkages of xylan, hydrolyzing them and producing shorter-chain xylooligosaccharides.
The activity of Exo-1,4-p-xylanase is dependent on the structure of xylan, including its

length and branching patterns.

B-Xylosidase (1,4-B-D-xylanohydrolase, EC 3.2.1.37) hydrolyzes short-chain
oligosaccharides or xylobiose into xylose monomers, starting from the non-reducing end.
It may not be effective on polymeric xylans and can be inhibited by the presence of xylose
end-products.

Acetyl xylan esterase (EC 3.1.1.6) removes O-acetyl groups from [B-D-pyranosyl
residues in acetylated xylan. This enzyme plays a significant role in the hydrolysis of
xylan, as acetyl side chains can impede the action of other enzymes targeting the

backbone, such as endo-xylanase.

Other xylanolytic enzymes include a-arabinofuranosidase (EC 3.2.1.55), which
removes non-reducing o-arabinofuranose residues from arabinoxylans, and a-
glucuronidase (EC 3.2.1.131), which hydrolyzes a-1,2 glucosidic linkages between D-
glucuronic acid and B-D-xylopyranosyl in glucuronoxylan, releasing D-glucuronic acid
(Marais, 2008; Collins et al., 2005; Hu et al., 2016; Serensen et al., 2007).
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2.3.4. Surfactants and Non-Catalitic Proteins Effect on Enzymatic
Hydrolysis

Lignin increases the mechanical strength of the plant cell wall and makes the plant
durable (Ludwig & Sarkanen, 1971). It is known that lignin is one of the most important
factors limiting the hydrolysis of biomass by cellulolysis and hemicellulolytic enzymes
(Dijkerman et al., 1997; Jung et al., 2000; Mussatto et al., 2008). The negative effect of
lignin on cellulase activity has been investigated in various studies (Berlin et al., 2005;
Berlin et al., 2006; Pan et al., 2004; Pan, 2008). Binding enzymes on lignin is the main
inhibitory mechanism for enzyme action on biomass and reduces hydrolysis rates and
efficiency. Lignin in the pretreated biomass disrupts hydrolysis by physically blocking
the enzyme's access to polysaccharides and enzymes (Palonen, 2004; Varnai et al., 2010).
In addition, soluble phenolic compounds released in the pretreatment can affect the
activity of enzymes (Kellock et al., 2017). It has been mentioned in the literature that
cellulase prevents specific binding to cellulose and that lignin can directly inhibit
hydrolytic enzymes (Yoon et al., 2006; Jung et al., 2000; Qi et al., 2011; Tu et al., 2009;
et al., 1984; Morrison et al., 2011). The choice of the pretreatment method also has a
significant effect on enzymatic hydrolysis since removing lignin can provide the removal
of barriers on hydrolysis. On the other hand, organosolv and other lignin-efficient
pretreatments to be applied in this project did not completely remove lignin; part of its
effect is due to the displacement of lignin and the breaking of its bonds with
polysaccharides (Van & Pletschke, 2012). Based on the hypothesis that lignin inhibits the
enzyme's binding to the substrate, various methods have been applied to prevent this.
Exogenous proteins such as bovine serum albumin (BSA), peptides, and soybean protein,
as well as Tween 20 and Tween 80, Triton X100, polyethylene glycol (PEG),
polyvinylpyrrolidone (PVP), and lignosulfonates are effective in improving the
enzymatic hydrolysis of pre-processed lignocellulosic biomass (Tejirian & Xu,2011;
Eckard et al.,2012). Some of these proteins showed the Fig. 2.3.4. Eriksson et al. (2002)
added dodecyl-trimethyl-ammonium-bromide (DoTAB), Triton X-100, Triton X-114,
sodium dodecylsulfate (SDS), Tween 20 and Tween 80 to steam-treated spruce, Tween
20 and Triton provide the best cellulase conversion. However, Triton is both
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environmentally harmful and unsuitable for large-scale processes. Surfactants interact
hydrophobicity with the lignin portion of the substrate, thereby releasing the non-
specifically bound enzyme (Eriksson et al., 2002).
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Figure 2.11. Chemical formulas of surfactants

The purpose of these substances is to prevent the non-specific binding of the
enzyme to lignin. In addition, these substances increase cell wall permeability, help cell
wall-bound enzymes to be released into the liquid phase, and protect cellulases from
surface inactivation. In previous studies, the effect of various additives on cellulase
conversion and enzyme adsorption was investigated, and it was observed that non-ionic
surfactants had the most positive effect (Tejirian & Xu,2011; Sipos et al.,2011). It has
been stated that Tween 20 and 80 swell the fiber and increase the surface area, improve
the adsorption of the enzyme to cellulose, and thus enable the development of enzymatic
hydrolysis (Bhagia et al., 2017; Alkasrawi et al., 2003). Qing et al. (2010) showed that
pretreatment with Tween-80 makes the surface of solids more hydrophilic. Kaar &
Holtzapple (1998) treated corn straw with Tween 80 and Tween 20 and found that it
improved enzymatic hydrolysis. Tu et al. (2009) concluded that Tween 80 exhibits
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competitive binding with cellulases, thereby reducing cellulase adsorption to lignin. They
stated that this decreases the amount of enzyme required during hydrolysis. Also, Chen
et al. (2008) found that adding Tween 80 improved hydrolysis, while Jeya et al. (2010)
achieved the best results with Tween 20. Kumar & Wyman (2009) examined the effect
of BSA, Tween 20, and PEG 6000 and stated that hydrolysis efficiency increased with all
these additives, and Tween 20 showed the best performance. Kristensen et al. (2007)
treated wheat straw with five different pretreatment techniques and added Tween 80, PEG
(2000-4000-6000), Berol 08, and BerolOX-91-8. They continued their studies with PEG
6000, which has the highest molecular weight among PEG 2000, 4000, and 6000. This
was explained as the increase in cellulose conversion with increasing molecular weight
(Borjesson et al., 2007). In the Kristensen study, it was found that PEG 6000 improved
enzymatic hydrolysis better than Berol 08, and it was stated that the effect of surfactants
on xylan conversion was not as pronounced as the effect of increasing glucose (Kristensen
et al., 2007).

Zhang et al. (2018) added BSA, Tween 80, organosolv lignin, sulfonated lignin,
and PEG 4000 to the medium during hydrolysis and observed an increase in glucose
yields, excluding organosolv lignin. Among these, the best results were obtained when
using PEG 4000 (44.6% increase in yield). This is due to the hydrophobic interactions
and hydrogen interaction between lignin and PEG, and it has been stated that PEG forms
a hydrated layer on the lignin surface and prevents the inefficient binding of cellulase to
lignin. The 29.5% increase in yield with BSA was due to the lignin coating of BSA. As
the hydrolysis time increased, all glucose yields gradually increased. When the hydrolysis
time reached 6 h, glucose yields with the addition of BSA, Tween 80, organosolv lignin,
sulfonated lignin, and PEG 4000 were observed as 85.9%, 92.5%, 88.4%, 87.4%, and
83.3%, respectively. Tween 80 presented the equivalent of glucose (93.8%) obtained after
72 h without additives in 6 h, and it was also observed that similar yield values were
achieved with fewer enzymes (Zhang et al., 2018). It has been said that the non-specific
competitive binding of BSA on lignin can be a good strategy to reduce its irreversible
adsorption and enzyme requirements for cellulose hydrolysis. It has also been said that
solids with high lignin content have a greater effect when BSA is added than those with
reduced lignin content (Yang & Wyman, 2006; Yang et al., 2009). It has been observed
that Tween 20 increases the hydrolysis efficiency of wheat straw by blocking the lignin
surface (Qi et al., 2010). Another study reported that bovine serum albumin (BSA) had a
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significant effect on dilute acid-treated solids but had a low effect on hot water-treated
solids, probably due to differences in lignin hydrophobicity (Bhagia et al., 2017). Also,
Ouyang et al. (2010) used PEG 4000 as an additive and found that in addition to a higher
enzyme recovery, hydrolysis was improved by 91%, and the addition of PEG stabilized
the enzymes. They observed no effect and could not explain why it only affected glucan
yield. Sipos et al. (2011) showed that the varying degrees of increased free cellulase
activity obtained by the addition of PEG were based on various lignin structures in the
substrates. It was concluded that phenolic hydroxyl groups exposed on the lignin surface
interact with PEG via hydrogen bonding, forming a PEG layer on the lignin surface that
prevents the inefficient binding of cellulases on lignin. Other studies have also shown that
adding surfactants prevents cellulase from sticking to lignin (Kumar et al., 2012; Harrison
etal., 2014).

2.4. Xylooligosaccharides (XOS)

Xylooligosaccharides (XOS) derived from lignocellulosic materials have gained
significant attention in the health supplement industry due to their beneficial prebiotic
effects on humans and animals (Ma et al., 2019). The global XOS market has experienced
consistent growth in recent years, with a substantial annual production volume. In 2019,
the global XOS market was valued at $240 million, and it is projected to reach $410
million by 2026, demonstrating a compound annual growth rate (CAGR) of 1.5% (Liao
et al., 2021). The production of XOS is a significant investment for the food industry,
given the high market value of these manufactured products. As the functional ingredient
market continues to evolve rapidly, there is a growing demand for research on various
microbial xylanases, xylan species, and novel technologies to obtain XOS with high
purity and low degree of polymerization (DP) (Moure et al., 2006; Vegas et al., 2008;
Samanta et al., 2015).
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Xylooligosaccharides (XOS) are xylose-based oligosaccharides that may have
varying proportions of substituents, such as acetyl groups and uronic acids, depending on
the xylan structure of the raw material and the production process (Kabel et al., 2002).
XOS with a degree of polymerization (DP) between 2 and 6 have higher prebiotics in
conditions where xylobiose (DP2) and xylotriose (DP3) are more abundant.
Xylooligosaccharides (XOS) are preferred in functional food production due to their
consumption by probiotic bacteria (Kiran et al., 2013; Jiang et al., 2004; Gullon et al.,
2011; Seesuriyachan et al., 2017). Despite being a sugar-free compound, the sweetness
of xylobiose is 30% of sucrose, allowing it to be used in anti-obesity diets (Goldman,
2009).

2.4.1. Chemical Structure of XOS

Xylooligosaccharides are sugar oligomers of xylose units linked via § (1 — 4)
xylosidic bonds. XOSs formula is C5nH8n + 204n + 1, degree of polymerization 2 to 6,
which is obtained by xylan hydrolysis (Kumar & Satyanarayana, 2011; Moniz et al.,
2014; Samanta et al. 2015).

XOS production typically involves extracting xylan from lignocellulosic biomass
using an alkali agent, followed by xylanase hydrolysis (Moure et al., 2006; Rajagopalan
etal., 2017). This method offers several advantages, including relatively high XOS purity
and low levels of by-products (Rajagopalan et al., 2017). XOSs are named according to
the number of xylose monomers they contain, such as xylobiose (two monomers),
xylotriose (three monomers), xylotetraose (four monomers), Xxylopentaose (five
monomers), Xylohexose (six monomers), etc. (Kumar & Satyanarayana, 2011).
Additionally, according to some authors, molecules with a xylose polymerization degree
of 20 or less (DP) < 20 can also be classified as XOS, broadening the chemical variety of
these substances (Mikeldinen et al., 2010).
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Figure 2.12. Oligosaccharide structures taken from Mano et al., 2018.

The types of oligosaccharide and sugar residues, interactions, ring topologies, and
anomeric arrangements all have an impact on how stable XOS is. In general, hexoses are

more tightly bound than pentoses (Carvalho et al., 2013).

2.4.2. Prebiotics and Functional Properties of XOS

The xylan in waste lignocellulosic materials, which are abundant and not suitable
for human consumption, can be used as raw materials to produce value-added products,

xylooligosaccharides (XOS) and xylose. When XOS is consumed by humans and animals
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with food, it passes through the digestive system without being broken down and
absorbed, and then reaches the large intestine. It has a prebiotic effect by being
metabolized by beneficial bacteria such as Bifidobacterium species. Gibson and
Roberfroid defined prebiotics as “an indigestible food ingredient that beneficially affects
the host by selectively stimulating the growth and/or activity of one or a limited number
of bacteria in the colon, thereby improving host health” (Gibson & Roberfroid, 1995). A
prebiotic substrate is selectively utilized by beneficial components of the intestinal flora
but does not favor potential pathogens such as toxin-producing Clostridia, proteolytic
bacterioids, and toxigenic Escherichia coli. In this way, a "healthier" microflora
composition is obtained, in which Bifidobacteria and/or Lactobacteria predominate in
the gut and exert possible health-promoting effects (Manning & Gibson, 2004). Not all
dietary carbohydrates are prebiotic; prebiotic food ingredients must resist hydrolysis by
mammalian enzymes, gastrointestinal absorption, fermentation with intestinal microflora,
and specifically stimulate the growth and/or activity of gut bacteria that promote health

and well-being.

Inulin, fructo-oligosaccharides (FOS), galacto-oligosaccharides (GOS), isomalto-
oligosaccharides, soybean oligosaccharides and lactulose are common prebiotics
(Macfarlane et al., 2006). Xylo-oligosaccharides (XOSs) produced from a wide variety
of raw materials containing xylan are recommended as excellent candidates for new
generation prebiotics (Moure et al., 2006). XOSs cannot be digested by stomach or
pancreatic enzymes but can be used by a certain group of beneficial intestinal microflora.
It has many beneficial physiological properties such as improving bowel function,
increasing mineral absorption, reducing the risk of colon cancer and helping to control
type 2 diabetes (Scheppach et al., 2001). In addition, it exhibits effects such as
antioxidant, immunomodulation, antimicrobial, anti-inflammatory, anti-carcinogenic
effects and reducing high cholesterol levels and triglycerides in blood plasm (Kaprelyants
etal., 2017; Aachary & Prapulla, 2011).
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Figure 2.13. Xylooligosaccharides benefits on health

Since it has a lower requirement (1.4-2.8 g/day) than other prebiotic
oligosaccharides to exert its prebiotic effect, the price of XOS is advantageous and
competitive (Amorim et al., 2019). However, the cost of XOS is high in terms of price
per unit weight, so there is a need to develop new methods for cost-efficient production.
XOSs are used in the animal feed, pharmaceutical, cosmetic, and functional food
industries (Vazquez et al., 2000; Gupta et al., 2016). The monomer xylose, obtained by
the complete hydrolysis of xylan, is used as a sweetener by individuals who are diabetic
or want to make healthy dietary choices (Chattopadhyay et al., 2014). In addition, xylitol

obtained by hydrogenating xylose is used as a food, cosmetic and pharmaceutical
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additive. Xylitol is a popular sweetener for its anti-caries properties (Sugar Alcohols
(Polyols) and Polydextrose Used as Sweeteners in Foods - Food Safety - Health Canada,
2005). As a result, the conversion of xylan to KOS and xylose to obtain value-added
products can be beneficial both in terms of human and animal health and economically
(Samanta et al., 2015).

2.4.3. XOS Production Methods

With the increasing demand for prebiotics, researchers are working to develop an
economical and efficient process to produce XOS from various plant biomass. After
extracting xylan from agricultural biomass, XOS can be obtained by methods such as
chemical (Samanta et al., 2012a), enzymatic, or a combination of chemical and enzymatic
(Jayapal et al., 2013; Samanta et al.,2015).

The degradation of xylan polymer obtains XOS, one of the structural
polysaccharides of the cell wall of many plant species. Lignocellulosic biomass left over
from agriculture, forestry and some food industry activities is a cheap and sustainable
source of xylan. However, lignocellulosic biomass cannot be directly hydrolyzed due to
its complex structure. Studies on XOS production mainly focused on alkali extraction
followed by enzyme hydrolysis. Other than these, autohydrolysis and acid hydrolysis are
thermal processes used for XOS production. Experiments include enzymatic hydrolysis
following microwave pretreatment and direct fermentation of brewery waste grains
by Trichoderma reseei (Wang et al., 2013; Amorim et al., 2019).

However, these methods have some disadvantages. After the xylan extraction
from biomass with alkali, high amounts of alkali and acid are used to produce XOS by
hydrolysis with xylanases. In autohydrolysis, which is another method, biomass is treated
with water under high temperature and pressure, and high energy demand and release of
sugar degradation products into the environment are important disadvantages of this
method. XOS production with ethanol-based organosolv process has advantages such as

recycling, low toxicity, and obtaining digestible pre-treated solid. In the process of
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obtaining xylose or XOS, xylan is separated from the biomass by pretreatment and then
hydrolyzed. In another approach, pretreatments that leave the xylan in the solid are
applied, and hydrolysis of the xylan in the solid is achieved. The enzyme xylanase, which
hydrolyzes the bonds in xylan, is preferably used for hydrolysis. Due to the complex
structure of the xylan polymer, many hydrolytic enzymes with various modes of action
are needed (Polizeli et al., 2005). These enzymes are commercialized as complexes
because they have a synergistic effect together. Therefore, enzymatic hydrolysis
conditions should be optimized for the target product (xylose, short XOS, long XOS). For
example, to increase the efficiency of XOS production by enzymatic hydrolysis,
conditions must be found where the endo-xylanase activity is maximum, and the exo-
xylanase and beta-xylosidase activity is minimum. On the other hand, environmental
factors such as pH and temperature should be adjusted to obtain high XOS production
efficiency (Goswami & Rawat, 2015; Aachary & Prapulla, 2011).

2.5. Agricultural Wastes and Corn Cob

Recently, the world has set goals to achieve carbon neutrality, which includes
reducing greenhouse gas emissions from human activities as much as possible and
absorbing and eliminating the remaining greenhouse gases to reduce actual emissions to
zero. More than 100 countries have committed to take action to achieve carbon neutrality
by 2020. (Wu et al., 2021). Globally, billions of tons of agricultural residues (for example,
cereal straw, corn residues, and wheat straw) are produced each year. Such residues can
harm the environment when disposed of (Jittin et al., 2021). The remains are typically
incinerated, buried and recycled. Incineration of agricultural wastes can have adverse
effects on humans and the environment. Outdoor burning releases large amounts of
pollutants into the atmosphere, including particulate matter (PM), CO and hydrocarbons,
causing severe local and regional environmental impacts (Li et al., 2007; Tiammee &
Likasiri, 2020). Such reasons have led many researchers to focus on using abundant and

inexpensive agricultural residues as sustainable materials (Tarrés et al., 2017). Non-edible
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residues are formed during the cultivation and processing of agricultural products
(Pagano et al., 2021). Agricultural residues form vegetable residues during the primary
growing process and secondary residues that are disposed of after food processing
(Santana-Méridas et al., 2012). Various types of agricultural residues produce 140 billion
tons of biomass per year (Zuin & Ramin, 2018).

Corncob is a lignocellulosic material that contains approximately 40%-45%
cellulose, 25%-35% hemicelluloses, 17%-20% lignin, and small amounts of ash and
extractives. Due to its high xylan content (>30%), corncob is commonly used as a
valuable resource for producing xylooligosaccharides (XOS) (Han et al., 2020; Ling et
al., 2017; Boonchuay et al., 2014; Kawee-ai et al., 2016, Yang et al., 2005).

Figure 2.14. Corn cob and grains

XOS is generally produced in lignocellulosic material by hydrolysis of xylan, and
corn cob is currently one of the primary raw materials due to its high hemicellulose
content and widespread availability (Poletto et al., 2020; Kadam & McMillan, 2003).
Over the last ten years, the amount of corn grain produced worldwide has increased by
40%. 47-50% of the residue is made up of the stems, leaves, quick balls, husks, and
corncobs that are produced by corn. Since there are typically 18 kg of corn cobs produced

for every 100 kg of maize grain produced, corn cobs are the primary inedible residues left
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over from maize production and contain significant amounts of maize residues globally
each year (Tsai et al., 2001). Corn waste is a large volume of solid waste from the sweet
corn processing industry. According to 2017-18 International Grain Council (IGC) data,
corn is the most produced grain, with a production amount of 1.045 million tons, and is
grown in vast geography (International Grain Council, 2018). Corn is the second largest
biotech crop after soybean (Torney et al., 2007). In Turkey, approximately 71% (11.1
million hectares) of total agricultural land has grain. According to TUIK, wheat ranks
first at 69%, barley ranks second at 22%, and corn ranks third with a share of 6% (Toprak
Mahsulleri Ofisi, 2018). In Turkey, 6.9 million tons of corn waste (stalk, cob) is produced
annually (Sumer et al., 2016). Although Turkey ranks 21st in corn production, it has high
yields. While the world corn yield is 580 kg/da, Turkey's average yield varies between
700-1000 kg/da .

According to numerous research (Czajkowski et al., 2019; Menardo et al., 2015;
Takada et al., 2018), corn cob is a rich source of biomass. The corncob has cellulose,
hemicellulose, and lignin are porous sponge structures (Takada et al., 2018). Thanks to
their chemical composition, corn residues show great potential as a renewable raw
material to produce various value-added chemicals (Rivas et al., 2004). As a result of
these informations, corn cob is a precious and widely recognized resource due to its

abundance, availability, and significant waste utilization potential.
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CHAPTER 3

MATERIALS AND METHODS

3.1. Materials

The chemicals used in this study and their sources are listed below.
- Corncob (Ministry of Agriculture and Forestry, Aegean Agricultural Research Institute)
- Ethanol (96 %, Isolab)
- Veron 191S (AB Enzymes)
- Shearzyme 500L (Novozymes)
- Trisodium Citrate Dihydrate (Isolab)
- Citric Acid Monohydrate (Sigma Aldrich)
-Magnesium Sulfate Heptahydrate (Sigma-Aldrich)
- Sulphuric Acid (95-98%)(Sigma)
-Methanol (99%,HPLC Grade Isolab)
- Calcium Carbonate (99%)(Sigma-Aldrich)
- Acetic acid, Glucose Monohydrate, Xylose, Arabinose (99%)(Sigma-Aldrich)
- Xylobiose, Xylotriose, Xylotetarose, Xylopentaose, Xylohexaose (99%) (Megazyme)

- Xylan from beechwood (>90%)(Megazyme)
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- DNS (3,5 dinitro salicylic acid) (99%)(Sigma-Aldrich)
- Phenol (Fluka)

- Polyethylene Glycol (Sigma-Aldrich)

3.2. Methods

Pretreatments applied to lignocellulosic material and xylooligosaccharide

production methods and analysis are listed in this section.

3.2.1. XOS Production from the Corn Cob

Corn cob was obtained from the Aegean Agricultural Research Institute (izmir,
Tiirkiye) in ground form. It was stored in airtight packages at room temperature. To
ensure the corncob was dry, it was kept in an oven at 60 degrees overnight. It was ensured
that it reached a constant weight. Raw corncob, with a particle size lower than 1 mm, was
put in the 1g/l H2SO4 solution, and acid pretreatment was applied on a water bath at 60
°C for 14 h. Detailed information given in the Chapter 3.2.1.1. The acid-pretreated solid
was dried to constant weight. Then, organosolv pretreatment was applied. For the
organosolv treatment twenty-five grams of acid-pre-treated corn cob was mixed with 250
ml of 70% ethanol. This mixture was kept in a pressurized reactor at 170 degrees for 1
hour. After the organosolv pretreatment, this solid was deacetylated. 0.4 mM NaOH
solution was added to the solid, and the application was carried out as described in Section
4. The solids obtained from the pretreatments were added to 50mM citrate buffer at
optimum pH (5.5) and subjected to enzymatic hydrolysis at the selected enzyme

37



concentrations. Enzymatic hydrolysis was carried out at different temperatures, times,
and solid-to-liquid ratios to optimize the XOS production conditions. In Figure 3.3., XOS

production steps are explained in detail.

3.2.1.1. Acid Pretreatment

Dilute acid pretreatment was applied to ground dry corn cobs. In this step, H2SO4
solution (1.0 g/l) was mixed with the corn cob at a solid-to-liquid ratio of 1:8 (200 ml
solution was prepared in a 400 ml shot bottle using 25 g of corn cobs.). This mixture was
incubated in a water bath (Termal, Turkey) at 60 °C for 14 h. The pre-treated solid was
washed with distilled water. The washing liquor pH was measured with a pH meter
(Hannah Instrument), and washing was continued until the pH was 6-7. It was then, filtered
through cheesecloth and then filter paper under vacuum with the help of a vacuum pump.

The solid was dried at 60 °C in an oven (Memmert) until it reached constant weight.

3.2.1.2. Organosolv Pretreatment

The process to be carried out in the 600ml pressure reactor (Berghof, Germany)
(Figure 3.2.1.2) at a solid-liquid ratio of 1:10. Twenty-five grams of acid-pre-treated corn
cob was mixed with 250 ml of 70% ethanol. After the biomass-liquid mixture was placed
in the reactor, the reactor cover was closed, and the heating was started. The reaction took
place under isothermal conditions when the temperature of 170 °C was reached. (Temelli,
2020). The pedal mixer was operated at 300 rpm for 1 h excluding heating and cooling
periods, which took about 1 h (Fig.3.1.) After the reaction time was completed, the tap
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water, which circulated in the cooling coil, provided rapid (15- 20 min) cooling. When the
reactor temperature dropped to 60°C, the pressure valves were opened and the lid was

opened.

The product, which comes out of the reaction in solid and liquid phases, was subjected to
filtration for phase separation. The product was passed through four layers of cheesecloth
and filtered with a vacuum pump to separate the solid phase. The volume of the liquid
fraction (liquor) was measured. The solid phase remaining on the cheesecloth was washed
with water to remove the ethanol, which may otherwise have a negative effect on the

enzymatic action.

Figure 3.1. High-Pressure Reactor and Data Logger Berghof (Germany)

39



180 High Pressure Reactor Temperature Profile

170
160
150
140
130
120

[EEN
[EEN
o

100 N
90

Temperature (°C)

60 "

50 ] M Heater Power
|

20 % m

1° Y
0 B

80
70 Temp
40
30
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95
Time(min)

Figure 3.2. The temperature profile of organosolv pretreatment (data taken from the data

logger software BTC 3000)

The solid was filtered through coarse filter paper under a vacuum to remove the
remaining liquid in the biomass. The solid remaining on the filter paper was dried at 60°C
overnight. The dried solid was taken into a desiccator and weighed after cooling. After
weighing, the amount of dissolved solid was compared with the solid put into the reactor.
The dried biomass was milled and homogenized with a kitchen-type grinder (Sinbo,
Turkey). The ground pre-treated solid was stored in airtight polyethylene bags at room
temperature.
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3.2.1.3. Deacetylation Pretreatment

In this study, experiments were carried out at different NaOH concentrations (0.2,
0.4, 0.6 ,0.8 mM) on the organosolv treated solid, and it was aimed to increase the
enzymatic hydrolysis efficiency by removing the acetyl groups from the solid. (Zhang,
2014). Deacetylation was carried out in a 50 ml flask containing 24 ml NaOH solution and
2 g of organosolv-treated corncob in a shaking incubator (ZHWY-200-B, Zhicheng,
China) at 160 rpm at two temperature values (30°C and 60°C) for 3h. The deacetylated
solid was washed with distilled water until the washing liquid reached neutral pH. The
washed solid was filtered through filter paper under a vacuum. The solid was dried
overnight at 60°C. The dried solid was taken into a desiccator and weighed after cooling.
The amount of dissolved solid was compared with the solid put into the reactor. The dried
biomass was milled and homogenized with a kitchen-type grinder (Sinbo, Turkey). The
ground pre-treated solid was stored in airtight polyethylene bags at room temperature. In
order to control the removal of the acetyl group in the treated solid, acid hydrolysis was
applied to the solid and acetic acid released was analyzed in HPLC. The acetate was
calculated according to the equation 1.

CAAHPLC x Volume x Conversion factor

% Acetate = ODWsample

x 100 Egn 1

Where:

CaaHpLc=concentration in mg/ml of acetic acid determined by HPLC

Volume= volume of filtrate, 87 ml

Conversion factor= (59/60): 0.983, the conversion from acetic acid to acetate in biomass

ODWsample = oven dry weight, the weight of biomass mathematically corrected for the

amount of moisture present in the sample at the time of weighing.
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3.2.1.4. Enzymatic Hydrolysis

Enzymes are active at wide pH ranges and show significant activity at temperatures
above those experienced under natural conditions (Pavasovic et al., 2004). However,
optimum pH and temperature conditions in which specific enzymes can work are
significant for enzymatic hydrolysis. In this study, two different commercial xylanase
enzymes, namely Shearzyme 500L (Novozymes, Denmark) originated from Aspergillus
oryzae and Veron 191S (AB Enzyme, Finland) originated from Aspergillus niger were
used. Aspergillus oryzae and Aspergillus niger xylanase enzymes generally have the
highest activity level at slightly acidic pH conditions (pH 4-6). However, they can also
operate between pH 2 and 9 and generally show the highest catalytic activity at operating
temperatures between 40-60°C. The working temperatures for the main activities for
Shearzyme 500L is 35-75 °C and Veron 191 is 40-60 °C according to information
supplied by product sheets. In this study, enzymatic hydrolysis for Veron 191S and
Shearzyme 500 L enzymes was adjusted using 50 mM citrate buffer at pH 5.5 and
temperature at 50 °C. According to Guido et al. (2019) supported that 5.5 is the optimum
pH for Shearzyme 500L. For this study, enzymatic hydrolysis conditions changed for the
different experiments. For the Shearzyme 500L and Veron 191S hydrolysis was
conducted at 50°C, 180 rpm in a 25 ml flask with 10 ml working volume. These
experiments carried out 5% solid- liquid ratio. Hydrolysis was also carried out at 10%,
12.5% and, 16.67% solid loadings. For these experiments, two biomass samples namely
organosolv-treated corn cob and deacetylated organosolv-treated corn cob were used. The
activity of Shearzyme 500L and Veron191S enzymes in the samples from the hydrolyses
during the 48-h incubation period were stopped by keeping the sample tubes in a 100°C
water bath (Termal, Turkey) for 5 min (Biiyiikkileci & Siirek, 2017). The tubes were
cooled in a cold-water bath and then centrifuged. The supernatant was taken and put in

the new tube. Samples were stored at -20°C until analysis.

HPLC was used to determine the amounts of XOS and xylose in the hydrolysis
samples. According to the values, the best conditions, where the amount of XOS is high,
and the amount of xylose is low, were determined. The parameters to produce XOS were

selected by calculating the following yield values.
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Amount of released XOs and xylose (g)

% Conversion = x 100 Eqn.2

Amount of xylan in pretreated biomass(g)

(Released XOs in hydrolysate )(g)
Amount of xylan in pretreated biomass(g)

% XOS Yield = x 100 Eqn.3

(Released X1 in hydrolysate)(g)
Amount of xylan in pretreated biomass(g)

% Xylose Yield = x 100 Egn.4

XOS = X2+X3+X4+X5+X6 Eqn.5

where, X1: xylose, X2: xylobiose, X3: xylotriose, X4: Xxylotetraose, Xb5:
xylopentaose, X6: xylohexaose.
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3.2.1.4.1. Sequential Batch Hydrolysis

Deacetylated organosolv-treated corn cob hydrolysis experiments were performed
in 50 mM citrate buffer at pH 5.5 (Fig. 3.3). The reactions were initiated by mixing the
buffer and biomass with the enzyme in an Erlenmeyer flask. The solid-liquid ratio of this
hydrolysis is 1:10. The experiments were performed in an incubator shaker at 50 °C with
gentle agitation inverting the tubes at 180 rpm. As detailed in Fig. 3.3, the deacetylated
organosolv solid was hydrolyzed with 26.5U/g per biomass Shearzyme 500L and 26.5U/g
per biomass Veron 191S for 24 h. After hydrolysis, the solid-liquid solution was separated
into solid and liquid phases with the help of a vacuum pump and filter. A part of the liquid
was taken for analysis, boiled at 100°C for 5 min, and then cooled in a cold-water bath.
This liquid was diluted 10-fold and analyzed by HPLC .The hydrolysate was divided into
equal volumes without stopping the remaining enzyme activity. To half of this liquid,
enzyme (26.5U/g per biomass Shearzyme 500L and 26.5U/g per biomass Veron 191S)
and deacetylated organosolv-treated corn cob were added. This mixture was subjected to
hydrolysis for 24 h. Then, this hydrolysate was filtered and analyzed in HPLC. The
remainder of the divided liquid was subjected to hydrolysis for 24 h by adding only fresh
deacetylated organosolv solid. Solid and liquid were also separated by vacuum filtration.
The remaining liquid and solid phases were separated. Furthermore, a sample was taken
from the filtered liquid for condition G. New solid was added to the separated liquid
phase. Hydrolysis was carried out with this liquid for 24 h, and the sample was taken for
condition H. Apart from that, the solid and liquid phases separated after hydrolysis, solid
phase was washed with pure water. In this process, which was done with a vacuum pump
and filter, washing continued until the liquid's pH was neutral. With this process, the
enzyme and buffer attached to the solid were removed. Then, the liquid and the solid

removed from the enzyme were dried in an oven at 60 °C until constant weight.

45



3.2.1.4.2. Investigation of Synergistic Activity of Enzymes

Two commercial enzymes at 5.5 pH and 50 °C temperature values were used for the
enzymatic hydrolysis. Enzymes were tested at different concentrations when used
individually and mixed. These mixed forms was Shearzyme 500L-Veron191S used
together. The enzyme concentration at which the best XOS production was achieved was

determined.

3.2.1.4.3. Addition of Surfactant and Non-Catalytic Proteins

Organosolv treated corn cob hydrolysis experiments were performed in 50 mM
citrate buffer at pH 5.5 in the presence of several additives. The reactions were initiated
by mixing the buffer and biomass with the additives in a 25 ml Erlenmeyer flask with a
10 ml working volume. The solid-liquid ratio of this hydrolysis was 1:20. The
experiments were performed in an incubator shaker at 50 °C with gentle agitation
inverting the tubes at 180 rpm. Tween 20, Tween 80 and polyethylene glycol (PEG6000),
and bovine serum albumin (BSA), these materials were added to be 0,5 % of the
hydrolysis medium. The biomass, buffer solution, and additives were mixed in a 50°C
incubator for 15 minutes. Additives were added before the enzymes were added to ensure
the samples were thoroughly mixed and partially heated to the hydrolysis temperature. In
order not to give heat shock to the enzymes, the enzyme was added before the samples
reached 50 °C in the first 15 minutes. (Sipos et al., 20011; Helle et al., 1993; Borjesson
et al., 2007; Kristensen et al., 2007; Ooshiama et al., 1986: Seo et al., 2011; Kaar &
Holtzapple, 1998) After warming up for 15 min, Tween 20, Tween 80, BSA and PEG
were added to three parallel flasks. The concentration of additives was adjusted to be 10%
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biomass. For each one, 0.1 g of additive was added to 1 g of biomass and subjected to
enzymatic hydrolysis in 10 ml buffer. Experimental explanation was visualized in detail
in the Fig.3.4. The samples were subjected to hydrolyses for 24 h, and the samples were
analyzed in HPLC. The effect of improving the enzymatic hydrolysis of lignocellulosic

biomass was investigated by comparing the additives with the control.

| g organosolv
treated corn cob Enzyme

i ¢ : |

0.1g
o>+ Buffer = Ry = — N
Additives @] (4 @1 i
0h —_ ~
50°C, 180rpm,15 min 50°C, 180rpm,24h

Figure 3.4. Additives Addition Procedure

3.3. Analyses

This section describes the analysis methods used in this study.

3.3.1. Moisture Content

According to National Renewable Energy Laboratory (NREL) NREL/TP-510-

42621 method, corncobs were dried at 105°C overnight in an oven (Memmert, Germany).
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They were kept in the desiccator until they reached constant weight. Considering the
equation, the moisture content was calculated by weighing it on the analytic balance.

Weight of Dried Sample (g)

i 04 — _
Moisture Content (%) = 100 Weight of Analyzed Sample (3)

x 100 Egn.6

3.3.2. Ash Content

The ash content of corncob and pretreated solids was measured by burning the

biomass in an ashing furnace (Carbolite, UK) at 575 °C according to the American Society

for Testing and Materials (ASTM) E 1755-01 (ASTM, 2001).

3.3.3. Characterizations of Structural Component

Determination of the cellulose, hemicellulose and lignin of raw biomass and
pretreated solids were performed using the NREL/TP-510-42618 method (Sluiter et al.,
2012). According to the method, 3 ml of 72% (w/w) H.SO4 was added to 10 ml glass tubes
containing 0.3 g solid sample and incubated for 1 h under room temperature by frequent
vortexing to increase solid-liquid interaction. Then, this mixture and 84 ml of water were
added to a 250 ml schot bottle, so that the acid concentration was diluted to 4%. Then
diluted solution was autoclaved at 121°C for 30 min. After the autoclave, solution pH was
increased to 5-7 with CaCOg, the samples were centrifuged at 4 °C and 6000 rpm for 20min
(Centurion K241R, UK) to remove solids. It was then filtered with 0.45 um PTFE
membrane filters. The sample was diluted and analyzed in the HPLC system. Glucose,
xylose, arabinose and acetic acid concentrations of the filtered samples were determined.

Acid hydrolysis breaks down cellulose and hemicellulose in the biomass into their
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monomers, which were determined by the HPLC For the calculation of the concentration
of cellulose and xylan, glucose six was multiplied by the anhydro factor 0,9 (162/180)
while xylose and arabinose by 0,88 (132/150) (Sluiter et al., 2008). To calculate the acetyl

content, acetic acid released upon acid hydrolysis was multiplied by 0,983(59/60) is used.

Concentration of Sample (%) =

Concentration of hyrolyzed sample determined by HPLC (%)Xvolume of filtrate (I)Xconverison factor

x 100 Eqn.7

Hydrolyzed dry sample(g)

Concentration of glucose determined by HPLC (%)x0,087 (1)x0,90
0,3 (9)

Glucan (%) = x 100 Eqgn.8

Concentration of xylose—arabinose determined by HPLC (g)x0,087 ()xo0,88

1
03 (9)

Xylan — Arabinan (%) x 100 EQgn.9

Concentration of acetic acid determined by HPLC (%)X0,087 (1)x0,983
0,3 (9)

Acetyl group (%) = x 100 Eqgn.10

Solid particles were filtered through the porcelain crucibles under a vacuum. The
remaining part of the solid included lignin and ash. The ash content was determined
gravimetrically. The crucibles were firstly dried overnight at 105°C and weighed. Then
they were incubated at 525°C for 3 h. Using equation 11, the amount of acid-insoluble

lignin was calculated.

Weight of the Dried Samples after Acid Hydrolysis (g)—Weight of Ash (g)

Acid insoluble lignin =
039

x 100 Eqgn.11

3.3.4. High-Performance Liquid Chromatography (HPLC) Analysis

HPLC analyzes for characterization of solid composition and enzymatic

hydrolysis liquid are given below.
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3.3.4.1. Determination of Biomass Structure

Analyzes were performed on a Thermo Fisher Scientific HPLC system using a
BIORAD Aminex HPX-87H (300 x 7.8 mm) column. (HPLC is visualized given in figure
3.2.1.4.3). Micro-guard columns (Biorad) were used to protect the column during the

analysis. When the resolution starts to drop, the cartridge has been washed or regenerated.

For carbohydrate structure, Injection volume: 20 pL, Flow rate of mobile phase (5SmM

H2S04): 0.6 mL min™, Column temperature: 65 °C, Detector: RID, Analysis Time: 20 min

For the acetyl group, HMF and furfural, Injection volume: 20 pL, Flow rate of mobile
phase (5mM H2S04): 0.6 mL min, Column temperature: 65 °C, Detector: RID and UV
(210nm), Analysis Time: 50 min

Figure 3.5. The HPLC equipment, images show the pump, autosampler, oven and UV

detector respectively (Thermo Fisher Scientific).
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Calibration curves given in Appendix A were obtained using standard solutions at
certain concentrations. With these calibration curves concentrations of the samples were

calculated from the peak areas in the chromatogram.

3.3.4.2. Determination of Xylooligosaccharides

Analyzes of enzymatic hydrolysates were done using HPLC. To determine xylose
and XOS content lead ionic form column Rezex RPM-monosaccharides Pb+2 300 x 7.8
mm column (Phenomenex, USA) was used. The samples were filtrated through 0.45 pm
PTFE membrane filters and then analyzed by HPLC (Thermo Fisher Scientific) with an RI
detector system. For this analysis, the security guard column Rezex RPM-Monosaccharide
Pb+2 50 x 7.8 mm (Phenomenex) is used to protect the column. This security guard
provides to extend the life of the column by capturing sample contaminants that can cause
an increase in backpressure and affect baseline noise. When the resolution starts to drop or
backpressure is increased, the cartridge was washed or regenerated.

For this column, filtrated ultrapure water was used as the mobile phase. P column

with guard analysis conditions is given below.

For xylose and XOS structure, the injection volume is 20 puL, the flow rate of the
mobile phase is 0.6 mL min™, Column temperature is 80 °C, the detector is RID, Analysis

time is 20 min.

For calibration curves of xylose and xylobiose, xylotriose, xylotetraose, and
xylopentaose for low-DP oligosaccharide analysis were prepared for different
concentrations. Calibration curves given in Appendix A were obtained using standards at
specific concentrations. With these calibration curves, concentrations of the samples were
calculated from the peak areas in the chromatogram for the sample preparation hydrolysate

diluted ten times with filtered ultra-pure water.
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3.4. Fourier Transform Infrared Spectroscopy (FTIR) Analysis

Mid-infrared spectroscopic profiles were collected with a Fourier transform
infrared spectrometer (Spectrum 100, Perkin Elmer, USA). Raw and pretreated samples
were analyzed by a DTGS-FTIR spectrophotometer (Spectrum 100, Perkin Elmer, USA)
for their characterization. Spectra were recorded in the 4000-400 cm™! range, with 128
scans at 4 cm™ resolution taken per sample. For this purpose, all solid samples were mixed
with KBr (3%), and mid-infrared spectra of corn cob-KBr and pretreated solids-KBr

pellets were obtained with 128 scans at 4 cm™ resolution.

3.5. Xylanase Enzyme Activity Assay

The xylanase activity was measured using the dinitro salicylic acid (DNS) method
(Bailey et al., 1992; Yegin, 2017). Beechwood xylan was used as a substrate. Beechwood
xylan was soluted in the 50mM citrate buffer (pH 5.5). The concentration of this solution
is 0.5% (w/v). 900 ml of xylose stock solution at different concentrations was prepared
in 10 ml glass tubes, then 100 ml of the enzyme was added. This mixture was incubated
in a water bath at 50°C for 5 min. After the incubation of these samples, 1500 pul DNS
solution was added, and the sample was kept for 5 min in the water at 100°C bath, which
changed the color and stopped the enzyme activity. After stopping the activity, these tubes
were cooled for 1 min before the analysis. By introducing the enzyme before the boiling
phase rather than before incubation, blank samples for each enzyme concentration were
created. This indicates that there was no response in these samples and that the enzyme’s
lack of an impact on color is eliminated in the spectroscopic results (Yegin, 2017).

The color change formed by the reaction of the reducing sugar and DNS formed by
the degradation of the substrate after enzymatic hydrolysis was read absorbance by the

spectrophotometer against water at a wavelength of 540 nm. By removing the blank, the
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enzyme-dependent absorbance change was obtained. Determination of the concentration
for the standard calibration curve, xylose stock solution was prepared as 2 mg /ml. Xylose
stock solution was diluted 0-200 pg with the pH 5.5, 50 mM citrate buffer. As a blank,
only buffer solution was used instead of xylose solution. After removing the absorbances
of the samples from the blank, the color change depending on the xylose concentration
was obtained, and the standard graph was drawn with these absorbance values. The
amount of reducing sugar resulting from the enzyme effect was found in free xylose using

the standard graph.

The enzyme activity unit (U/ml) is 1 pmol xylose per minute at 50°C and pH 5.5
conditions. It was defined as the amount of enzyme that liberates equivalent reducing

sugars. Enzyme activity was calculated with equations 12-13 below.

mg xylose 1 x 1
MW of xylose  Incubation time(min) Addition of enzyme(ml)

Xylanase Acivity(%) = X Dilution factor Eqn.12

__mgxylose
150,13

X % x - x Dilution factor Egn.13

Xylanase Acivity (%) o1

3.6. Statistical analysis

All experiments were performed in duplicate ANOVA was performed using Minitab 17.
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CHAPTER 4

RESULTS AND DISCUSSIONS

4.1. Effect of pretreatments on the chemical composition of corn cob

The images of all solids are shown in Fig. 4.1., indicating that the applied
processes have caused changes in the physical structures of the materials. The structural
carbohydrates, acetyl groups, lignin, and ash levels of raw and treated corn cobs were
determined. The primary components of the raw biomass were found to be cellulose and
xylan as 42.1% and 26.1%, respectively. The impacts of a 1% sulfuric acid treatment
applied to corn cob at 60 °C for 14 h at solid to liquid ratio of 1:8, the effect of an
organosolv treatment using 70% ethanol at 170 °C for 1 hour on an acid-pretreated corn
cob at a solid to liquid ratio of 1:10, and the effect of the deacetylation process conducted
with 0.4 mM NaOH at a solid-to-liquid ratio of 1:12 on the biomass composition are given
in the Table 4.1.
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Figure 4.1. Photographs of ground corn cob biomass, a) Raw corn cob, b) Acid-treated

corn cob, ¢) Acid and organosolv-treated corn cob d) Deacetylated acid and

organosolv-treated corn cob

Table 4.1. Lignocellulosic composition of raw and pretreated biomass solids (% of dry

matter, mean value of triplicates & standard deviations)

Material Composition of Solid (%)
Lignin (acid  Acetyl
Glucan Xylan ]
insoluble) Group
Corncob 42.0+1.5 26.13+090 17.66+1.13 4.46 £0.27
Organosolv- treated
4831 £0.75 3456+0.75 12.88+0.79 4.01£0.46
corn cob
Deacetylated
organosolv-treated 4540+ 0.83  34.50+090 12.40+1.10 2.38+0.15

corn cob
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Raw corn cob was composed of approximately 42.0% glucan, 26.1% xylan, 17.7%
acid-insoluble lignin, and 4.5% acetyl group. The acid-treated corn cob was treated with
organosolv treatment. Based on Hildebrand and Scott’s theory of polymer solubility
modified by Hansen solubility parameters, the addition of an organic solvent to water by
organosolv pretreatment makes the solvent mixture dissolve lignin due to chemical
similarities between the aromatic macromolecule and organic solvents (Thoresen et al.,
2020). According to Bhutto et al. (2017), hemicellulose and cellulose-rich solid are
obtained by removing lignin in the organosolv process. Lignin is a complex polymer that
inhibits the enzymatic hydrolysis of xylan, and its removal helps improve the efficiency
of xylan conversion (Kellock et al., 2022). The organosolv-treated con cob composition
showed glucan and xylan content up to approximately 48.3% to 34.6%, respectively. The

acid-insoluble lignin decreases to 12.9% and the acetyl group to 4.0%.

Furthermore, a deacetylation process was carried out on the organosolv-treated
material. The composition of the deacetylated organosolv-treated corn cob revealed a
glucan content to around 45.4%, xylan remains relatively unchanged at 34.5%. The acetyl
group content decreases significantly to 2.4%. In summary, the Table 4.1. illustrates the
composition changes for each treatment stage. The acid pretreatment leads to a reduction
in glucan while increasing the acetyl group content. The organosolv treatment increases
the glucan and xylan but decreases acid-insoluble lignin (Li et al., 2023; Buyukkileci et
al, 2023).

Solid samples were analysed by FTIR for detailed examination of the chemical
content of the biomass. FTIR spectra have characteristic vibrational bands of different
chemical bonds. Therefore, the FTIR spectrum of the solid was used as a tool to determine
the chemical bonds it contains and the changes in structure with the treatments. The Fig.
4.1.2. shows the FTIR frequency spectra representing the functional group and
compositional analysis of the solid samples collected for corn cob, acid-pretreated corn

cob, organosolv corn cob, deacetylated corn cob, and enzymatic hydrolysis solids.

The cellulose spectrum have five distinct peaks at 1431, 1373, 1338, 1319, and
1203 cm™ (Adapa et al,2011). Similarly, xylan have prominent peaks at wavenumbers of
1606, 1461, 1251, 1213, 1166, and 1050 cm™. The lignin spectrum showed characteristic
peaks at a wavenumber of 1599, 1511, 1467, 1429, 1157 and 1054 cm. In single-band

chemical imaging, specific vibrational frequencies are associated with certain
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components in cellulose, hemicellulose, and lignin. The C—O-C vibration in cellulose and
hemicellulose is detected at 1157 cm™, while the aromatic skeleton in lignin is observed
at 1504 cm™ (Tomak, 2014). Additionally, the non-conjugated C=0 in hemicellulose
appears at 1734 cm™. The presence of ketones can be indicated by the carboxyl C=0
stretching vibrations, which exhibit absorbance within the range of 1640-1714 cm™.
Similarly, the presence of benzene substitutes can be identified by a prominent
absorbance peak between 1014 and 1088 cm™. Furthermore, the absorbance peak
between 1250 and 1390 cm™* suggests the presence of C-N stretching vibrations in amines
(secondary and tertiary amines), C-O stretching vibrations in ethers and esters, C-S
stretching vibrations in sulfides, C-H bending vibrations in alkanes and alkyl groups.
When examining these spectra, it becomes evident that they contain similar chemical
bonds. At a wavelength of 1200 cm™, there are O-H groups present, which are
characteristic of cellulose and hemicellulose polymers. The absence of this peak in the
enzymatic hydrolysis solid further supports the findings from the acid hydrolysis
characterization, indicating a decrease in the hemicellulose and cellulose structure of the
hydrolysis solid. An increase in guaiacyl lignin is observed in the 1270 band, suggesting
a decrease in lignin content in the deacetylated organosolv solid and the enzymatic
hydrolysis layer. Considering all the peaks, it can be concluded that corn cob, acid-
pretreated corn cob, and organosolv solids exhibit similar profiles, while the deacetylated
organosolv solid and enzymatic hydrolysis active layer share similar functional groups

furans.
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Figure 4.2. FTIR spectra of raw corn cob and pretreated corn cobs

It is worth noting that there are variations in the intensities of these peaks. For the
determination of acetyl group removal FTIR spectra especially related with 1730 cm—1,
1372 em—1, and 1237 cm—1 delegated for C double bond O, -C-CH3, —-C-O-,
respectively (Zhao et al., 2008). When these wavelengths are closely analysed, the
deacetylated organosolv solid and it is observed that the solid remaining after hydrolysis
performed under the condition where Shearzyme 500L 26.5 U/g biomass and Veron 191S
26.5 U/g biomass, which are called spent solid, are used together, does not give peaks in
these areas. These results support the decrease in the acetyl group ratio in structural

carbohydrate analyses, which should be theoretically expected.
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4.2. Enzymatic XOS Production from Organosolv-treated Corn Cob

Enzymatic hydrolysis is one type of hydrolysis widely used in producing value-
added products from lignocellulosic materials, mostly to degrade polysaccharides into
smaller units. Generally, enzymatic hydrolysis is affected by various factors such as pH,
temperature, time, enzyme concentration, substrate loading and additives (Viera et al.,
1995; Liaset et al., 2000; See. et al., 2011; Prabha et al., 2013). Optimization of these
parameters is necessary to obtain maximize process efficiency. In the following sections,

information about the efforts to optimize the hydrolysis conditions is given.

4.2.1. Synergistic Effect of Xylanases

Determining enzyme type and loading is one of the most critical parameters
affecting hydrolysis efficiency. Xylanolytic enzyme systems comprise endo-xylanase,
exo-xylanase, B-xylosidase, and debranching enzymes (Aachary et al., 2011). Most endo-
xylanases are hindered by substituents present in xylan, and they preferentially randomly
cleave unsubstituted xylan, producing unsubstituted and branched XOS (Katapodis et al.,
2008). Although the presence of side chain groups partially hinders the enzyme from
binding to the substrate, it enhances the solubility of polysaccharides (Puls, 1997).
Consequently, the complete enzymatic degradation of complex hemicelluloses relies on
the cooperative action of different enzymes (Den Haan et al., 2003). When the literature
is searched for obtaining less xylose and more low DP XOS with this approach, xylanase
preparations with low exo-xylanase activity and/or B-xylosidase activity were preferred
(Véazquez et al., 2000; Escarnot et al., 2012).
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In this study, two different commercial xylanase enzymes, namely Shearzyme
500L (Novozymes, Denmark) originated from Aspergillus oryzae and Veron 191S (AB
Enzyme, Finland) originated from Aspergillus niger were applied at different enzyme
dosages. Shearzyme 500L and Veron 191S were used in pH 5.5 and 50 °C enzyme dosage
tests. It was studied over 3.5-138 U/g biomass (organosolv-treated corn cob). Table 4.2.
shows that organosolv-treated corn cob solid was loaded with Shearzyme 500L and Veron
191S enzymes at different enzyme dosages, and their effect on xylooligosaccharides and
xylose formation was investigated. According to the data in the table, two different
enzymes were used, Veron 191S and Shearzyme 500L, and different dosages were tested
for each enzyme. Also, in some cases, combinations of two enzymes were included in the
experiments. First, when the conditions under which enzymes are added individually are
examined; It was observed that the concentration of XOS and xylose products increased
with increasing enzyme dosage. For example, for the Veron 191S enzyme, at 35 U/g
biomass dosage, the total low DP XOS concentration was 1.37 g/I, while it increased to
1.69 g/l at 53 U/g biomass dosage. Similarly, for the Shearzyme 500L enzyme, it was
observed that increasing the dosage increased XOS and xylose products. For example,
while the total low DP XOS concentration was 1.41 g/l at 35 U/g biomass dosage, it
increased to 1.74 g/l at 70 U/g biomass dosage. Enzyme loading is an essential factor in
the rate of enzymatic reaction and product concentrations. According to the data in the
Table 4.2., XOS and xylose concentrations generally increase as the enzyme loading
increases. However, this increase was only sometimes linear, and a complex relationship
between enzyme loading and the resulting concentrations may exist. Here, after a specific
dosage for Shearzyme 500L, enzyme loading did not have a hydrolysis-enhancing effect.
In experiments using Veron 191S, the XOS and xylose concentrations appear low. On the
other hand, higher concentrations of XOS and xylose were obtained in experiments using
Shearzyme 500L. Maximum product formation was obtained with Shearzyme 500L
enzyme at 53U/g biomass enzyme dosage. Under this condition, 1.98 g/l total low DP
XOS was accepted, and when Veron 191S was loaded with the same enzyme dosage, the
total low DP XOS amount was less with 1.69 g/L. The findings of Kiran et al. (2013)
supported these results. They showed that Shearzyme 500L showed better activity on
xylan backbones than Veron 191S. In their study, Kiran et al. evaluated the synergistic
effects of enzymes in lignocellulosic material extracted with alkali, while in this study,
the synergistic effects of enzymes were evaluated in organosolv-treated corn cob, as it

offers an approach where xylan remains solid.
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Many studies in the literature describe the improvement in hydrolysis by the
cooperation or synergistic effect of enzymes (Wong and Maringer, 1999; Sorensen et al.,
2003; Raweesri et al., 2008). When the studies were examined, it was revealed that while
higher concentrations should be used per biomass in conditions where enzymes were used
individually, using fewer enzymes combined could achieve the same efficiency. Thus,
for in-depth evaluation, a matrix with two enzymes combined, and control groups were
formed to evaluate the synergistic effects of enzymes (Table.4.2.). Shearzyme 500L and
Veron 191S were used together to investigate the synergistic effect of these two enzymes'
different loading. Table 4.2. shows the results of a series of experiments where different
combinations and enzyme loading were tested to increase the yields of XOS and xylose
from organosolv-treated corn cob. The combination of Shearzyme 500L and Veron 191S
was also effective and increased the concentration of XOS and xylose products when
used at different dosages (17.5-17.5, 26.5-26.5 and 35-35). When these combinations
were compared with the conditions in which the enzymes were used individually, the
synergitstic usages were found to be more successful. When the same enzyme
concentration was used in total, the conditions in which the two enzymes were used
together gave better results in indiviaidual all enzyme loadings. This was because two
xylanases may have acted on different parts of the biomass, thus increasing the hydrolysis
efficiency. When the studies are examined, it has been revealed that while higher
concentrations should be used per biomass in conditions where enzymes are used
individually, it can be achieved by using fewer enzymes in with the synergistic effect of
enzymes to provide the same concentration. Thus, for in-depth evaluation, two enzymes
combined, and control groups were formed to evaluate the synergistic effects of enzymes.
The conditions under which maximum XOS production and transformation occur,
keeping the total enzyme unit low in this matrix, were chosen for further analysis.
Furthermore, other experiments were continued on these determined conditions.
Consequently, the combination of Veron 191S and Shearzyme 500L, where enzymes
may have acted synergistically, was identified as the most suitable condition. Other
studies in the literature provide supporting evidence for this (Wong and Maringer, 1999;
Sorensen et al., 2003; Raweesri et al., 2008). The simultaneous use of different xylanase
preparations has been found to enhance the breakdown of complex xylan structures and
reduce the formation of unwanted xylose (Kiran et al., 2013). Two enzymes were founded
to improve the hydrolysis rate of corn stalks effectively pretreated with sodium hydroxide

using xylanase and B-xylosidase from white rot fungus (Zhuo et al., 2018). Moreover,
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the combined use of xylanase preparations with different specificities can target and
hydrolyze specific regions of the polymer more effectively, thereby facilitating the
production of xylo-oligosaccharides (XOS). These results show that the use of two
different enzymes together is more effective in obtaining XOS and xylose products by
creating a synergistic effect. From the table, it is seen that the best enzyme condition is
"Shearzyme S00L & Veron 1918 (26.5-26.5 U/g Biomass) combination". The total low
DP XOS concentration obtained in this combination is 3.51 g/1, which is the highest value
compared to the other conditions. Some of the benefits of using two enzymes together
compared to using a single enzyme likes the use of different enzymes together creates a
synergistic effect. This can result in an effect that cannot be achieved when each enzyme
is used separately. The synergistic effect allows the substrate to be degraded more
efficiently and higher product concentrations to be obtained. As a result, the use of a
combination of enzymes has increased the efficiency of the hydrolysis process of XOS
and xylose products and higher product concentrations can be obtained. Utilizing low
enzyme dosages, the optimal condition for achieving low DP XOS content and low xylose
content was determined to be Veron 191S at 26.5 U/g biomass along with Shearzyme
500L at 26.5 U/g biomass. Under this condition, xylobiose content was high , which was
desirable,since XOS with lower DP can be more quickly consumed by colon bacteria and
exhibit higher prebiotic activity (Ghosh, 2012; Remon et al., 2019). When all these results
were evaluated, it was decided to use Veron 191S and Shearzyme 500L condition of 26.5-

26.5U/g biomass in the following experiments.
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Table. 4.2. The effects of enzyme dosages on XOS and xylose concentration (g/l) under

5% (w/v) solid loading at 50 °C, 5.5 pH 48h hydrolysis with organosolv

treated corn cob. Each data point is the average of at least three replicate

measurements.
Enzyme
Enzyme Loading x4 X3 X2 X1 Total Low
_ DP XOS
(U/g Biomass)
Veron 191
eron191S 35 008 054 075 022 137
Shearzyme 500L 35 024 042 075 017 1.41
Vveron 1915 >3 0.61 004 104 038 169
h L
Shearzyme 500L. 53 061 004 133 038 198
Shearzyme 500L 70
019 029 126 027 174
Shearzyme 500L
o e 175175 040 098 167 044 3.05
Shearzyme 500L
e 265265 0.49 099 203 057 351
Shearzyme 500L  5¢ oc 048 062 104 067 214

& Veron 191S

*X1: xylose, X2: xylobiose, X3: xylotriose, X4: xylotetraose
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4.2.2 Enhancement of Enzymatic Hydrolysis Efficiency by Deacetylation

Deacetylation is a reverse reaction that removes the acetyl group from the
molecule. Since acetyl groups may decrease the activity of the xylanase enzyme, it may
cause a decrease in the efficiency of enzymatic hydrolysis (Chang & Holtzapple, 2000).
The presence of an acetyl group on the substrate might result in structural and chemical
alterations that disrupt the interaction between the enzyme and the substrate and impair
the efficiency of the hydrolysis reaction, decreasing the reaction's yield. The acetyl group
can change the substrate's electrical characteristics, which can change how the substrate
interacts with the enzyme's active site. As a result, the rate of enzymatic hydrolysis may
slow down, which could lower the reaction's overall yield. Therefore, removing acetyl
groups from the backbone of xylan in the feedstock by deacetylation can increase xylan
digestibility and enzymatic hydrolysis. For this purpose, it was aimed to remove acetyl
groups, which are constraints to enzymatic hydrolysis, and to increase the enzymatic

hydrolysis of xylan.

In this study, 0.8, 0.6, 0.4 and 0.2 mM NaOH solutions were added to the
organosolv-treated corn cob to perform deacetylation and these solids were treated at two
different temperatures at 30 and 60° C. (Detailed information is given in Section 3.2.1.3.).
The aim was to remove acetyl groups from the solid. The results of the acetyl groups
remaining in the solid are shown in Table 4.3. According to the table, the effect of
deacetylation treatment on XOS and xylose production on organosolv-treated corn cob
was studied. The deacetylation process was carried out at different NaOH concentrations
and temperature conditions and the results were obtained after 48 hours. There was a
correlation among NaOH concentration, temperature, and acetyl percentage . Temperature
is one of the important factors that determine the rate of chemical reaction. In general, the
higher the reaction rate, the higher the temperature. That is, the deacetylation reaction
occurs faster at higher temperatures and proceeds more slowly at lower temperatures. For
this, the effect of two different temperatures on deacetylation was investigated. The acetyl
group amount, which was 4.46% before the treatment, decreased with the applied

deacetylation processes. Deacetylation reduced the amount of residual acetyl groups in
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organosolv-treated corn cob. The decrease in residual acetyl groups increased the
production of XOS and xylose. Acetyl groups were able to be removed 1.5% in the
organosolv treated corn cob sample, which was exposed to 0.2 mM NaOH concentration
at 30 °C. It was revealed that the deacetylation process at this temperature and
concentration did not make a significant difference in acetyl group removal. When the
NaOH concentration was increased to 0.4 mM at 30 °C, the removal rate of acetyl groups
increased to 42%. Acetyl group removal increased to 58% and 82% when the temperature
was kept constant and the NaOH concentration was increased to 0.6 mM and 0.8 mM,
respectively. This indicates that the NaOH concentration plays an important role in the
deacetylation process. As NaOH acts as a base in the deacetylation reaction and reacts to
remove acetyl groups, it increases the reaction rate by providing more OH- ions at higher
NaOH concentrations. This means a faster deacetylation process. The acetate percentage
of the organosolv solid treated with 0.8 mM NaOH concentration and 60 °C temperature
decreased from 4.46% to 0.41%, and acetyl groups were 90% removed. The percentage
of acetyl group was 0.80% at 0.8 mM NaOH concentration 90% removal, but at a
temperature reduced to 30 °C with this conditions 82% acetyl group removal. In this
case, the effect of temperature on the removal of acetyl from biomass was evident.
Similarly, when the organosolv treated corn cob was exposed to different NaOH
concentrations (0.6, 0.4 and 0.2 mM) at 60 °C, it was observed that the acetyl group
became more difficult to remove as the NaOH concentration decreased. For example, at
0.2 mM NaOH concentration and 60 °C, the percentage of acetate was 3.04%, while the
removal of acetyl group increased as the NaOH concentration increased while the
temperature remained the same. In this study, the highest removal of acetyl group was
obtained by hydrolyzing the solid treated with 0.8 mM NaOH at 60 °C.

After the removal of acetyl groups in the solids with deacetylation process, these
solids were subjected to enzymatic hydrolysis to investigate whether acetyl groups are an
obstacle to enzymatic hydrolysis or have a role in the production of XOS. In the Table
4.4. the results of enzymatic hydrolysis of solids subjected to deacetylation under
different NaOH concentrations and temperatures are provided. An overall increase in the
concentrations of xylotetraose, xylotriose, xylobiose, and xylose compounds were
observed with an increase removal of acetyl groups. Similarly, temperature also has an
impact on this increase. High temperature and high NaOH concentrations provide the
removal of acetyl group of the xylan backbone and promote the formation of low-DP
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XOS. It was observed that acetyl groups were more effectively removed at high
temperatures and high NaOH concentrations (Table 4.3.).

Table. 4.3. Effect of deacetylation of organosolv-treated corn cob on XOS and xylose
production (5% (w/v) solid loading, 26.5 U/ g organosolv-treated corn cob
Shearzyme 500L & 26.5 U/ g organosolv-treated corn cob Veron191S used
together, 48h results)

Remaining
NaOH Temperature Acety|
a

Group Concentration (g/1)
(mM)  (°C) (Whw6)

%4 %3 %o %1 Total Low
DP XOS
60 0.41 033 086 525 059 6.45
08 30 0.80 038 1.04 513 059 655
60 1.48 047 137 553 066 7.37
00 30 1.83 056 148 397 068 6.01
60 2.38 069 163 450 061 6.83
04 30 2.59 057 088 160 006 3.04
0 60 3.04 015 078 178 041 272
30 4.39 019 080 167 064 266
0 60 4.46 025 070 170 059 265

*X1: xylose, X2: xylobiose, X3: xylotriose, X4: Xylotetraose

When solid samples were deacetylated at concentrations of 0.8, 0.6, 0.4, and 0.2
mM at 60°C, enzymatic hydrolysis resulted in XOS concentrations of 6.45, 7.37, 6.83,
3.04 and 2.72g/I after 48 h, respectively. For instance, enzymatic hydrolysis of the solid
treated with 0.8mM NaOH concentration at 60°C resulted in a low-DP XOS
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concentration of 6.45 g/I. Similarly, at 60°C in reactions carried out with 0.6 mM NaOH
concentration, a low DP XOS concentration of 7.37 g/l was obtained. Temperature also
plays a role in the low DP XOS concentrations. For instance, in reactions conducted at
0.4mM NaOH concentration, the low DP XOS concentration decreased to 3.04 g/l at
30°C. Considering the result given in the Table 4.3. the effect of solids deacetylated at
higher temperature on enzymatic hydrolysis was higher in solid processes performed at
60 °C and 30°C. While there was no improvement in enzymatic hydrolysis with 0.2mM
NaOH compared to the control, an increase in XOs concentration from 2.65 g/l to 6.83
g/l was observed with 0.4mM NaOH at 60°C.

Similar results to these results have also been reported in the literature. According
to the literature, the removal of acetyl groups during pretreatment has a notable impact
on enzymatic saccharification (Chen et al., 2012). Wu et al., (2020) found that
deacetylation significantly enhanced the hydrolysis of both cellulose and hemicellulose
with both NaOH and mild KOH treatments. In this study corn stover was treated with
alkali of different strengths. According to the study, the addition of either NaOH (at 80
°C) or mild KOH (at 25 °C) to corn stover prior to mechanical refining led to greater than
80% deacetylation. Hemicellulose deacetylation increases the exposure of xylan to
enzymes, which enhances the hydrolysis of both cellulose and hemicellulose (Wu et al.,
2020). Grohmann et al., (1989) demonstrated that removing 75% of the acetyl groups
from xylan before pretreatment significantly improved xylan digestibility compared to
native xylan, increasing it by 5-7 times. Additionally, deacetylation enhanced the
digestibility of the remaining cellulose fraction by 2-3 times by improving enzyme
accessibility. In addition to this study according to Chen et al., (2012) the deacetylated
corn stover feedstock is approximately 20% more digestible compared to pretreated corn
stover controls and this indicates that eliminating acetyl groups improves the degradation
of cellulose and xylan, which are the primary constituents of corn stover. As a result, the
removal of acetyl groups enhances the accessibility of cellulose and xylan for enzymatic

saccharification.

As a result, as the NaOH concentration increased (from 0.2 mM to 0.8 mM), the
total low DP XOS concentration increased (from 2.72 g/l to 7.37 g/l). The combination
of high temperature (60 °C) and high NaOH concentration (0.6 mM) gave the highest
total low DP XOS concentration (7.37 g/l). However, since there was no significant

difference with 0.4 mM NaOH, the 6.83 g/l condition was chosen as a model for further
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experiments. Thus, to achieve similar results with reduced chemical usage and
environmental considerations. The concentrations of XOS and xylose products were
generally lower in deacetylation processes carried out at low temperature (30 °C). The
reduction of acetyl groups remaining in the organosolv-treated corn cob as a result of the
deacetylation process increased the production of XOS and xylose. According to Table
4.4., deacetylation, the process of removing acetyl groups from organosolv-treated corn
cob feedstock, has been demonstrated to significantly enhance the digestibility of the
biomass following pretreatment. A study revealed that deacetylated organosolv-treated
corn cob feedstock exhibited higher digestibility compared to untreated organosolv
controls. This indicates that the elimination of acetyl groups improves the breakdown of
cellulose and xylan, the primary constituents of corn cob, thereby rendering them more
accessible for enzymatic hydrolysis Overall, deacetylation plays a crucial role in
enhancing the XOS and xylose production from the organosolv-treated corn cob
feedstock. Consequently, it can be observed that the deacetylation and hydrolysis
processes applied to the treated solid were strongly influenced by the factors of NaOH
concentration and temperature, leading to a significant impact on the formation of xylo-
oligosaccharide compounds. These findings indicate the potential to establish an
optimized reaction process that can yield a higher production of xylo-oligosaccharides

under these specific conditions.

In addition to the above studies (Section 4.2), increasing the enzyme dosage was
tested to increase the enzyme loading for deacetylated organosolv-treated corn cobs of
Shearzyme 500L and Veron 191S enzyme. The reason for this additional study was that
enzymatic hydrolysis improved with deacetylation and it was investigated whether better
conditions could be achieved with higher enzyme loadings with the deacetylated solid.
These experiments were carried out at 10% solid loading. Since no changes were
observed 48 hours after hydrolysis, the reaction was terminated at 24 hours and the results
are given in Table 4.4. In these experiments, it was observed that increasing the enzyme
dosage beyond a certain value did not increase the XOS concentration and conversion.
For this evaluation, enzymes were loaded at 2, 3, and 4 times the optimum enzyme
dosage, as a result of which the effect of increasing the synergistic enzyme dosage is
shown in the table over the total low DP XOS.
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In the deacetylated organosolv treated (DO)solid with 53U/g biomass enzyme for
24 h, the X4 content was 0.552 g/l, X3 content was 1.066 g/l, X2 content was 6.844 g/I,
and X1 content was 0.774 g/l, resulting in a total XOS content of 8.461 g/l. For the DO
solid treated with 106 U/g biomass enzyme for 24 h, the X4 content was 0.524 g/l, X3
content was 0.804 g/l, X2 content was 6.726 g/l, and X1 content was 1.053 g/I, resulting
in a total XOS content of 8.054 g/l. In the DO solid treated with 159U enzyme for 24 h,
the X4 content was 0.548 g/l, X3 content was 0.508 g/l, X2 content was 6.484 g/, and
X1 content was 1.408 g/l, resulting in a total XOS content of 7.540 g/l. For the DO solid
treated with 212 enzymes for 24 h, the X4 content was 0.530 g/l, X3 content was 0.330
g/l, X2 content was 5.585 g/l, and X1 content was 1.475 g/l, resulting in a total XOS
content of 6.445 g/l. These results indicate that increasing the enzyme dosage led to a
decrease in XOS content, particularly in the higher molecular weight XOS compounds
(X4 and X3).

When look at the table, higher total low DP XOS concentration was obtained at
24 hours at 10% solid loading at the same enzyme dosage compared to 48h results at 5%
solid loading. With the systematic increase of the enzyme dosage, it was observed that
the amount of xylose increased, but xylotriose and xylobiose concentrations decreased.
There was no particular difference in xylotetraose concentrations. Here, increasing the
enzyme dosage had a limiting effect for xylobiose and xylotriose. Excessive presence of
xylanase enzyme in the medium may cause product inhibition. Xylanase is an enzyme
that breaks down the polysaccharide called xylan found in lignocellulosic materials. This
enzyme converts [3-1,4 glycosidic bonds attached to xylose. The xylose formed because
of the reaction can stop or slow down the catalytic activity of xylanase. Here, as the
amount of xylose formed in the medium increased, it may have prevented xylanase from

working, which may have caused a decrease in the total amount of low DP XOS.
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Table 4.4. Effect of enzyme loading on XOS production with deacetylated organosolv
treated corn cob (Enzymatic hydrolysis conditions was 50°C, %10 solid

loading and conditions was designed Shearzyme 500L & Veron 191S used

together)
Conditions Concentration (g/l)
Time ng%me Total
Solid Type Enzyme 9 X4 X3 X2 X1 LowDP
(h) (Ulg YOS
biomass)
Deceaed  stuayme
g 24 500L & 265& 265 055 1.07 6.84 077 8.46
treated corn
Veron 191S
cob
Deceoed s
g 24 500L & 53 & 53 0.52 0.80 6.73 1.05 8.05
treated corn
Veron 191S
cob
Deceaed Sy
g 24 500L & 80 & 80 0.55 0.51 6.48 141 7.54
treated corn
Veron 191S
cob
Deacetylated
Shearzyme
organosolv
24 500L & 106 & 106 0.53 0.33 5.59 1.48 6.45
treated corn
Veron 191S

cob

* X4: xylotetraose, X3: xylotriose, X2: xylobiose and X1: xylose

4.2.3. Effect of Solids Loading

In this part of the study, solid material pretreated with 0.4 mM NaOH at 60°C as
described in Section 4.3. was used. The hydrolysis conditions that gave the best results at
5% solid loading in Table 4.4., where Shearzyme 500L and Veron 191S were used

together, were selected to observe the effect of solid loading. In order to examine the
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hydrolysis in detail, hydrolysis samples were taken at 6, 12, 24, 36 and 48 hours and
analyzed. These results shown in Table 4.5. When the enzyme efficiency was analyzed,
the highest efficiency was observed in the first 6 hours at 1:20, 1:10, 1:8 and 1:6 solid-
liquid ratios, and the efficiency decreased as the hydrolysis progressed. A significant
decrease in efficiency was observed especially after 24 hours (Appendix B). Looking at
the results, the highest total low DP was obtained at XOS 10% solids loading. In this
condition, 8.25 g/l of low DP XOS was obtained at 24 hours and increased to 11.34 g/l at
48 hours. At 12.5% (w/v), the low DP XOS concentration increased from 8.43 g/l to 9.98
g/l in 24 hours. Although the 24 h result was higher at 12.5%, no increase in concentration
was observed after 36 h. At 12.5% (1:8) and 10% (1:10), no significant difference was
observed in the amount of final product obtained in 48 hours. Some difficulties were
encountered in hydrolysis at 12.5% (1:8) and 16.67% (1:6) conditions. These are
difficulties in mixing, heat and mass transfer (Chen et al., 2017; Hernandez et al., 2018).
Considering the conversions, 33.8% of xylan was converted to low DP XOS with 5%
solid loading, while 63.8% with 10%, 44.56% with 12.5% and 28.14% with 16.67% were
obtained. More substrate loading leads to the formation of more enzyme-substrate
complexes and therefore more product formation. However, at some point all active sites
of the enzyme reach saturation and further substrate addition cannot increase the reaction
rate. In this case, the conversion rate is no longer dependent on the substrate concentration
and becomes a limiting factor. At conditions above 10%, the conversion rate did not
increase with increasing solid loading. The reason for the decrease in solid conversion
could be the low working volume, mixing problems due to less liquid in the medium and
adhesion of the enzyme to the solid could be an option. In practice this problem was
encountered because the mixture was not sufficiently mixed as it attracted the solid-liquid
and reduced the buffer in the medium. Since these conditions are difficult to apply on a
large scale, it was decided to continue with the optimum condition of 10% solids loading.
The decrease in hydrolysis efficiency in case of high solid:liquid ratio can explain the
decrease in 16.67% solid loading. High solids loading in enzymatic hydrolysis can cause
a drop as it results in a highly viscous slurry that can cause heat and mass transfer
limitations when operated in a reactor. This decrease can generally be explained by lignin
binding to the enzyme or low mass transfer rate and solubility (Gatt et al., 2019; Quifiones
et al., 2015; Akpinar et al., 2009). However, high solids loading is preferred to achieve
higher product concentration as it will reduce the distillation cost and make the process

economical (Chen et al., 2017; Hernandez et al., 2018).
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Table. 4.5. Solid loading effect on XOS Production (26.5 U/g-26.5 U/g Shearzyme 500L
& Veron 191S deacetylated organosolv-treated corn cob hydrolyzed at 50°C)

Solid Concentration (g/l)
Loading  Time(h) ) ) Total Low
%) Xylotetraose Xylotriose  Xylobiose  Xylose DP XOS
6 0.13+£0.01 0.69+0.02 1.39+0.27 0.10+0.01 220+0.3
12 0.17£0.01 1.09+0.07 2.42+0.2 0.08 £0.01 3.68+0.2
5 24 0.11+0.08 1.10+0.06 2.97+0.13 0.22+0.02 421+0.2
36 0.14+0.0 1.08+0.08 3.22+0.20 0.33+0.02 444+0.2
48 0.14+0.01 1.23+£0.04 3.87+£0.21 0.47+0.07 5.24+0.3
6 033+0.01 1.40%+0.012 3.04+0.03 0.08+0.04 4.77 £0.08
12 0.40+0.04 1.89+0.04 4.86+0.03 0.26+0.08 7.14 +£0.09
10 24 0.33+0.01 1.99+0.04 5.93+0.07 0.60=+0.01 8.25+0.13
36 035+0.01 2.19+0.01 7.14+£0.01 1.10%£0.11 9.68 +0.04
48 038+0.07 2.44+022 853+£0.31 1.44+0.12 11.34+0.4
6 0.21£0.06 135+0.04 3.78+0.3 0.30+£0.2 5.35+0.56
12 0.25+£0.04 1.65+0.2 489+0.01 0.44=+0.01 6.79+0.5
12.5 24 0.27+0.0 1.76 £ 0.05 6.40+0.2 1.05+0.01 8.43+0.2
36 033+0.03 1.81+0.013 7.84+0.04 1.68=+0.05 9.98 £0.5
48 031+0.02 1.72+£0.01 7.88+£0.09 1.89+0.09 9.98 +0.2
6 0.21+0.03 1.09+0.01 2.78+0.04 0.13+0.03 4.07+£0.06
12 0.24+£0.02 1.28+0.05 3.89+0.5 0.35+0.07 541+0.5
16.67 24 0.22+0.09 0.77+£0.06 4.06+£0.07 0.87+0.4 5.06+0.6
36 0.22+0.01 1.15+£0.02 4.86+0.03 1.01+0.04 6.23 +£0.03
48 0.27+£0.05 1.37+0.064 6.72+0.3 1.65+0.03 8.36 £0.09

The concentration of XOS (g/L). Different letters indicate statistically significant difference. (p < 0.05,
One-way ANOVA and Tukey test.
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4.2.4. Other Operational Modes of Enzymatic XOS Production

In this section, fed batch and sequential batch approaches are investigated for the

improvement of the batch hydrolysis conditions.

4.2.4.1. Fed Batch

Fed-batch strategies have the advantages of mass transfer of substrates and
enzymes, overcoming mixing difficulties due to maintaining low viscosity in the
hydrolysis system and decreasing yields of high solids enzymatic hydrolysis. Compared
to the single-step batch, the mixing power input requirement is lower (Mukasekuru et al.,
2018 ; Xu et al., 2019 ; Gao et al.,2014). Fed-batch enzymatic hydrolysis involved the
incremental addition of biomass and enzyme throughout the reaction to maintain optimal
conditions and improve the efficiency of the hydrolysis process. Fed-batch hydrolysis
provides an ongoing supply of substrate, allowing enzymes to function at their best for
more extended periods. Higher yields of the intended product are produced as a result,
improving production. This approach overcomes challenges such as substrate inhibition
and enzyme deactivation that can occur in the early stages of the process (Gong et al.,
2020; Xue et al., 2015). In the batch enzymatic hydrolysis tests, the optimum solids
loading was found as 10%, which was set as the target for the fed-batch type hydrolysis.
The pretreated corn cob and/or the enzymes were fed into the hydrolysis medium in three
different approaches (detailed infromation given in the Table 4.6. this table shows the
addition time of biomaas and enzyme) and they were compared with the batch hydrolysis.
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In Fig. 4.3., a batch hydrolysis condition was created by adding biomass and
enzyme to the buffer at the beginning of the reaction, which were targeted to react in
condition A. And the reaction started with the initial addition of all the inputs. In
condition B, the amount of enzyme included in batch hydrolysis was added to the buffer
at the beginning of the reaction. Solid was added in batches in 4 different time periods, in
total the same amount as batch hydrolysis. All enzymes and biomass that were react at
the end of 24 hours have been completed in the hydrolyzate. In the C condition, the
enzyme and biomass batch were added in 4 time periods to provide the amount of
hydrolysis. As in condition B, the amount entering the batch condition was provided in
24 hours. In the D condition, it was worked with 5% solid loading. Here, batch hydrolysis
was applied by adding enzyme and biomass at the beginning of the reaction. Here, the
reaction started as a batch, and after 24 hours, the solid was washed and a fresh buffer
was added. The reason for washing the solid here is to remove the enzymes attached to
the solid and the remaining ions from the buffer. Fresh buffer was added to the washed
solid in such a way that 5% solids were liquid to meet the initial condition. And the
enzyme was calculated according to the amount of added solid. The results of these
experiments are given in Table 4.7. In order to compare the batch conditions and fed batch
conditions, 10% solid loading conditions and 5% solid loading batch conditions and the
condition with fresh buffer & enzyme added after 24 h were added to the table.For the
5% solid loading condition in batch hydrolysis, the concentration of Xxylotetrose,
xylotriose, xylobiose, xylose, and low DP XOS increases with increasing hydrolysis time.
The highest concentration of low DP XOS is observed after 48 h of hydrolysis. After 48
h of hydrolysis, the xylobiose concentration increases to 3.9 g/l, and the low DP XOS
concentration increases to 5.24 g/l. When 5% solid loading and D condition were
compared, 5.24 g/l low DP XOS was obtained in batch hydrolysis, while 5.62 g/l low DP
XOS was obtained by adding fresh buffer and enzyme in D condition. The aim of this
approach was to maintain the hydrolysis of unhydrolyzed xylan in the processed corn cob
by changing buffer and adding fresh enzyme. Thus, the questions of whether the product
in the environment creates an obstacle to hydrolysis were investigated. While 4.39 g/l
total low DP XOS was obtained in 24h with 5 grams of deacetylated organosolv solid,
1.23 g/l total low DP XOS was obtained with 4 grams of spent solid. After this approach
was observed to be promising, an experimental model was created by evaluating spent
solid in further experiments. This experimental model is given in Section 4.5.3.In the

batch hydrolysis with 10% solid loading in, after 24 h of hydrolysis, the xylobiose
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concentration is 3.17 g/l, and the low DP XOS concentration is 4.51 g/l. After 48 h of
hydrolysis, the xylobiose concentration further increases to 8.526 g/l, and the low DP
XOS concentration increases to 11.34 g/l. Comparing 5% solid loading and 10% solid
loading, 33.2% conversions and 63% conversions were made. In the condition of adding
fresh buffer, a total of 35.3 % conversion was achieved. For the 10% solid loading in fed-
batch biomass hydrolysis condition, after 24 h of hydrolysis, the xylobiose concentration
Is 2.62 g/l, and the low DP XOS concentration is 3.86 g/l. After 48 h of hydrolysis, the
xylobiose concentration increases to 4.80 ¢/l, and the low DP XOS concentration
increases to 6.53 g/l. For the 10% solid loading in fed-batch biomass with enzyme
hydrolysis condition, after 24 h of hydrolysis, the xylobiose concentration is 2.80 g/l, and
the low DP XOS concentration is 4.08 g/l. After 48 h of hydrolysis, the xylobiose
concentration further increases to 4.90 g/l, and the low DP XOS concentration increases
to 7.27 g/l. Higher concentrations were obtained at the 6th and 12th hours, since higher
enzyme was provided in the hydrolysate at the zero hour in the B condition. In the C
condition, however, the enzyme was added in 4 different hours and hydrolysis therefore
took place more slowly. However, after a total of 48 hours, 0.73 g/l more total low DP
XOS was obtained in the C condition. It can be interpreted that the act of the enzyme on
the solid becomes easier. From the comparisons, it can be observed that higher solid
loading generally leads to higher concentrations of xylobiose and low DP XOS.
Additionally, the presence of enzymes in the hydrolysis process (C condition at Figure
4.3.) results in higher concentrations compared to the hydrolysis without enzyme addition
(fed-batch biomass). The solid loading and presence of enzymes in the hydrolysis process
also play a role in determining the concentrations of these components. Based on the
results obtained under these conditions, it has been decided to select the 10% batch

condition for further experiments.
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Table 4.6. Fed-Batch Enzymatic Hydrolysis Addition Procedures

Total Solid _
_ Hydrolysis ) -
Loading o Time(h) Addition Step
Conditions
(%, wiv)
0 2.5 gram Biomass
10 Fed-Batch 6 2.5 gram Biomass
Biomass 12 2.5 gram Biomass
24 2.5 gram Biomass
0 2.5 gram Biomass + 132.5U Enzyme
Fed-Batch )
_ 6 2.5 gram Biomass + 132.5U Enzyme
10 Biomass & )
12 2.5 gram Biomass + 132.5U Enzyme
Enzyme
24 2.5 gram Biomass + 132.5U Enzyme
0 5 gram Biomass + 265U Enzyme
Buffer & gram =l e
24 Solids wash
S) Enzyme
Change fresh buffer & enzyme
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10-gram
Biomass

!

) Enzyme — «— 100 ml Buffer
265U Veron
265U Shearzyme 0h 6 h
2.5-gram 2.5-gram
Biomass Biomass
Enzyme — <«— 100 ml Buffer
B) 265U Veron
265U Shearzyme oh 6 h

12 h 24 h 36 h 48 h
2.5-gram  2.5-gram
Biomass  Biomass
12 h 24 h 36 h 48 h
10-gram Biomass
100 ml Buffer

265U Veron 1918 + 265U Shearzyme 500L

Figure 4.3. Enzymatic hydrolysis step A) Batch-type enzymatic hydrolysis 1:10 solid-liquid ratio, B) Fed-batch type biomass addition enzymatic

hydrolysis 1:10 solid-liquid ratio, C) Fed-batch type biomass and enzyme addition enzymatic hydrolysis 1:10 solid-liquid ratio, D)

Buffer change type enzymatic hydrolysis 1:10 solid-liquid ratio.
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2.§-gram 2.5-gram 2.5-gram 2.5-gram
Biomass Biomass Biomass Biomass
Enzyme i 100 ml Buffer Enzyme Enzyme i Enzyme
C) 66.25U Veron —* «— 66.25U Veron—r 66.25U Veron —* 66.25U Veron —
66.25U Shearzyme 66.25U Shearzyme  66.25U Shearzyme ~ 66.25U Shearzyme
0h 6h 121 24h  36h  48h
10-gram Biomass
100 ml Buffer
265U Veron 1918 +265U Shearzyme 500L
4-gram
Solid Washed
BS -gram Washing Solid
10mass Filtration l
Enzyme i - @ Enzyme
D) 132.5U Veron — «—100 ml Buffer = 106U Veron ~— ™ +—80 ml Buffer
132.5U Shearzyme 106U Shearzyme
0h 6h 12h 24h 36 h 48 h

Figure 4.3. (cont.)
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Table 4.7. Batch, Fed-Batch & Sequential Enzymatic Hydrolysis Effect on XOS

Solid o
Loading Hydr(-)l-y5|s Time Concentration (g/l)
(W) Conditions (h)
Low
Xylotetraose Xylotriose Xylobiose Xylose DP
XOS
6 0.125 0.688 1.389 0.100 2.201
12 0.169 1.093 2.415 0.077 3.677
5% Batch 24 1.108 1.229 3.170 0.222 4.506
36 0.135 1.085 3.219 0.329 4.839
48 0.143 1.230 3.866  0.470 5.239
6 0.330 1.401 3.043 0.078 4.774
12 0.397 1.888 4.857 0.256 7.143
10% Batch 24 0.328 1.993 5.928 0.598 8.248
36 0.346 2.190 7.144 1.099 9.680
48 0.376 2.440 8.526 1.442 11.341
6 0.095 0.420 0.878 0.052 1.393
12 0.113 0.703 1.605 0.096 2.422
10% Fe(.:i-Batch 24 0.155 1.081 2.620 0.288 3.856
Biomass
36 0.174 1.303 3.445 0.431 4.923
48 0.209 1.522 4.801 0.509 6.532
6 0.038 0.346 0.616 0.036 1.000
Fed-Batch 12 0.111 0.676 1.285 0.043 2.072
10% Biomass & 24 0.149 1.138 2.797 0.143 4.084
Enzyme 36 0.174 1.321 3.534 0.244 5.030
48 0.215 1.504 4.901 0.649 7.269
6 0.138 0.795 1.593 0.045 2.525
After 24h 12 0.143 0.969 2.169 0.078 3.281
5% Fresh 24 0.157 1.167 3.065 0.220 4.390
Buffer 36 0.019 0.140 0.294  0.057 0.453
48 0.028 0.719 0.479 0.058 1.226
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4.2.4.2. Sequential Batch

Sequential batch is used to express that the hydrolysis process is carried out step
by step or sequentially. This means that different hydrolysis reactions or steps are carried
out one after the other. A new experiment was designed to reuse the enzymatic hydrolysis
liquid and solid and to obtain XOS from this solid and liquid part. The constructed
experiment is shown in Fig. 4.4. and explained in detail conditions in Section 3.2.1.5.
These experimental results are shown in Fig. 4.4. was lettered, and the results are given
in Table 4.8. Sustainable enzymatic hydrolysis conditions for both solid and liquid were
investigated with the sequential batch. With one of these approaches, it is aimed to reuse
the active enzyme remaining in the hydrolysate. By removing the solid residue from the
hydrolysate, new biomass was added to the liquid hydrolysate containing the enzyme,
and by this means, the continuity of the hydrolysis was tried to be ensured by utilizing
the active enzyme in the liquid. In this study, experiments were performed using Veron
26.5U/g biomass and Shearzyme 500L 26.5U/g biomass enzyme mixture at 10% solid-
liquid ratio at 50°C. In condition E, 6.84 g/l xylobiose and 8.46 g/l total low DP XO were
obtained after 24 hours. The solid and liquid coming out of the hydrolysis were separated
by the filter and the liquid volume was divided into 2 equal parts. By adding only solid
biomass to the first liquid to provide 10% solid liquid ratio, the continuity of the
hydrolysis was tried to be ensured by making use of the active enzyme in the liquid
(Condition G). In this way, the active enzyme in the liquid was able to continue the
hydrolysis without the need to add new enzymes. In addition, it is aimed to prevent the
accumulation of solids and the adhesion of enzymes to the biomass, thus reducing the
enzyme activity and slowing the reaction rate by separating the non-hydrolyzed solid in
the medium. When only the solid was added, 2.49 g/l of xylobiose and 3.5 g/l of low DP
XOS were obtained. This condition indicates that the active enzyme was still present in
the liquid and could act on the xylan in the new solid. And in this way, the total low DP
XOS in the liquid has increased to 11.9 g/l. In condition H, after the initial hydrolysis, a
new solid was added 3.29 g/l of xylobiose and 4.93 g/l of low DP XOS were obtained.
When solid was added to the liquid again, the total low DP XOS concentration increased
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up to 13.39 g/I. This allowed us to conclude that the activity of the enzyme continues and
the xylan in the solid hydrolyzes to obtain a higher concentration hydrolysate. In this case,
the volume can be reduced to obtain concentrated liquid and to reduce the required
equipment size. The purification process is also facilitated by the highly concentrated
liquid. However, the product concentration facilitating purification cannot be understood
by evaluating the product concentration in the reaction medium alone. Other factors
affecting purification processes should also be evaluated. Besides the XOS obtained
because of the reaction, by-products and contaminants may also be formed. These by-
products and contaminants can complicate the purification process and require
unnecessary processing. However, since organosolv treated corn cob is used in this
process, in which xylan remains solid, there are no by-products such as furans, aliphatic
acids, and HMF in the hydrolysis medium, so the obstacles in the purification process are

removed.

Another reason for the decrease in yield may be xylan derivatives produced in the
environment. Studies for cellulase have shown that xylan derivatives inhibit cellulase.
Qing et al. (2010) observed the effects of xylose and xylan derivatives on the initial
hydrolysis rates of enzymatic hydrolysis by adding different concentrations (1.67 mg/ml,
12.5 mg/ml) of xylan, xylose and xylo-oligomer to cellulase. As the concentration of
added xylan, xylose and XOS increased, the initial rate of enzymatic hydrolysis decreased
and an inhibitory effect was observed. Kont et al. (2013) proposed two scenarios for the
inhibition of cellulose hydrolysis by polymeric xylans and KOS: (i) xylans bind to the
cellulose surface, limiting the accessibility of cellulose to cellulases, and (ii) xylans bind
to the active sites of cellulases, competing with the binding of the cellulose chain. Also,
Kont et al. (2013) emphasized that oligosaccharides (GOS, XOS) are 100 times more
potent inhibitors than cellobiose. Zhang & Viikari (2012), in their article examining the
effects of XOS and xylose on the activity of cellulase, stated that xylobiose and
xylotrioses, which bind to the active site of cellobiohydrolase I, reduce the activity of
cellulases and that XOS are potent inhibitors. In another study supporting these studies,
the inhibitory effect of XOS for cellulases was mentioned and the effect of XOS lengths
on binding was also examined (Baumann et al., 2011). Also, Kim et al. (2011) observed
that XOS and xylose instantly inhibit cellulases, especially in the early stages of
enzymatic hydrolysis. As a result of these studies with cellulase enzyme in the literature,
it has been stated that xylan derivatives, xylose and xylooligosaccharides cause product
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inhibition and decrease hydrolysis efficiency. In this study, in order to investigate whether
components such as xylooligosaccharides and xylose in the hydrolysate are an obstacle
to the hydrolysis of xylan, the condition in which the other half of the separated liquid is
added together with the enzyme and biomass was created. When the enzyme and new
solid were added to this liquid, the concentrations increased to 12.81 g/l of xylobiose and
15.43 g/l of total XOS. It was determined that there was no product inhibition in
sequential hydrolysis, almost the same amount of product was obtained compared to
batch hydrolysis. . With the help of the same liquid, higher concentration XOS could be
obtained. In this case, it facilitated purification.

In contrast, 15.43 g/l of total XOS could be obtained from 2 grams of biomass
under the experimental condition with enzyme supplementation. The enzyme addition
was adjusted based on the amount of xylanase added per xylan in the deacetylated
biomass, as the xylan content of the solid resulting from enzymatic hydrolysis decreased.
It was observed that the enzyme was still active even though less increase in concentration
was observed compared to the first hydrolysis. 13.39 g/l low DP XOS could be obtained
without the addition of enzyme. Since non-hydrolyzed xylan remains in solid after
hydrolysis, it was aimed to use this xylan in the hydrolysis again. And this solid (spent
solid), which came out of hydrolysis, was subjected to hydrolysis by adding enzyme and
a new buffer. For the investigate spent solid, under condition I, 2.56 g/l of xylobiose and
3.02 g/l of total low DP XOS were obtained in 24 h, while 3.54 g/l of xylobiose and 4.1
g/l of total low DP XOS were obtained in 48 h.
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Table 4.8. Sequential Batch (Figure shows the means of E, F, G, H, I, J)

Condition Concentration (g/l)
Xylotetraose Xylotriose Xylobiose Xylose Total Low DP

XOSs

E 0.55 1.07 6.84 0.77  8.46

F 0.82 1.80 12.81 2.04 1543

G 0.73 1.91 9.33 116  11.96

H 1.08 2.18 10.13 136  13.39

I 0.13 0.33 2.56 054 3.02

J 0.24 0.32 3.54 1.01 410

As a result, when comparing conditions F and G, it can be observed that both
processes lasted 48 h and utilized the same amount of biomass. However, in condition F,
a higher amount of enzyme was added, resulting in a 4 g/l increase in the concentrations.
In condition I, although the hydrolysis also lasted 48 h, the drying of the solid took
additional time. However, if the weight of the solid is known, it can be hydrolyzed without
the need for drying. In this condition, the concentration of XOS obtained from hydrolysis
decreased due to the reduced amount of xylan available for the enzyme to act upon. This
suggests that while a portion of xylan was hydrolyzed, another portion remained
unhydrolyzed. There is unhydrolyzed xylan in the biomass and this xylan can be used. In
condition H, the addition of a new solid along with a new enzyme and buffer after the
initial hydrolysis is not logical. It would be more efficient to use a new solid with fresh
enzyme and buffer to achieve better results. In order to benefit from sequential batch in
industrial XOS production, cost calculation for biomass, enzyme and buffer is important

for the condition to be selected.
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4.2.5. Effect of Surface-active Additives and Non-Catalytic Proteins on

Enzymatic Hydrolysis

In previous studies in the literature, surfactants and BSA were shown to exert a
positive effect on cellulase, as they prevent the non-specific binding of the enzyme to
lignin, increase cell wall permeability, help cell wall-bound enzymes to be released into
the liquid phase, and protect cellulases from surface inactivation. (Tejirian & Xu ,2011,;
Sipos et al.,2011 Bhagia et al.,2017). It has been stated that Tween 20 and 80 swell the
fiber and increase the surface area, improve the adsorption of the enzyme to cellulose,
and thus enable the development of enzymatic hydrolysis (Bhagia et al., 2017; Alkasrawi
et al., 2003). PEG, lignosulfonate, BSA, Tween 20 and Tween 80, which were shown
previously to prevent cellulase enzyme from adhering to biomass, were tested to increase
the effect of xylanase on solid biomass. Although there are studies on cellulase enzyme
in the literature on this subject, there is limited information about the effect of xylanase
enzyme with additives on lignin and its effect on improving the benefit of enzymatic
hydrolysis. In order to improve this limited information, the effect of surfactant and non-
catalytic proteins on xylanase enzyme and biomass was investigated in this study. The
effect of additives on enzymatic hydrolysis of lignocellulosic biomass was investigated
by comparing the additives with the control. These experiments were carried out using
70U/g biomass Shearzyme 500L with 5% solid loading at 50°C, pH 5.5 conditions as a
substrate organosolv treated corn cob used. The results are presented in Fig. 4.5. and 4.6.

showing the concentrations of xylobiose and xylose, respectively.
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It was decided not to use surfactants in further experiments, as they did not
represent a significant value for development. Therefore, other approaches have been
sought to improve enzymatic hydrolysis. These results showed that additives that showed

a positive effect for the cellulase enzyme did not show the same effect for the xylanase
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enzyme. Bhagia et al (2017) mentioned that BSA and Tween 20 were used to block the
lignin surface. No effect of BSA on xylan yield was observed, and it is not known why it
only affects glucan yield. In another study by Kristensen et al. (2007), surfactants' effect
on xylan conversion was not as pronounced as the effect of increasing glucose. As a result,
the positive effects of additives on xylanases could not be observed in the literature and

this study.
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CHAPTER 5

CONCLUSIONS

Xylo-oligosaccharides (XOS) demonstrate significant potential for various
industries such as food, pharmaceuticals, feed formulations, and agriculture. In this field,
XOS offers distinct advantages over other oligosaccharides in terms of their positive
health effects and optimal concentration levels. Alkaline extraction, autohydrolysis and
acid hydrolysis are the commonly used methods for XOS production. The use of strong
bases and chemicals such as ethanol is quite high for XOS obtained by alkaline extraction
and enzymatic hydrolysis. At the same time, extraction methods are multi-step and take
a long time. In autohydrolysis, sugar degradation products are formed at high
temperatures and hydrolysate with mixed degree of polymerization is formed and
different degradation products are present in the hydrolysate. Nevertheless, the relatively
higher costs associated with their production indicate the need for new approaches in this
regard on the market. Therefore, additional enhancements in processing technology are

required to facilitate a wider adoption of XOs and accelerate market development.

The main approach in this work was to use the organosolv method, where the
xylan was retained in the solid part and then hydrolyzed enzymatically, thus avoiding the
need for extraction and the formation of degradation products. In this study, various
approaches were used to increase xylanase enzyme activity and develop efficient
processes for XOS production. Commercial xylanases (Shearzyme 500L and Veron
191S) were evaluated separately and in combination, and it was revealed that they
allowed higher XOS concentrations and conversions when used together. This means that
the two enzymes have different modes of action and with the synergistic effect can
enhance enzymatic hydrolysis. Deacetylation of organosolv-treated corn cob was

performed to remove acetyl groups and the effect on hydrolysis efficiency of deacetylated
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biomass at different NaOH concentrations and temperatures was evaluated. The presence
of an acetyl group on the substrate can cause structural and chemical changes that impair
the interaction between the enzyme and the substrate and reduce the efficiency of the
hydrolysis reaction, in which case the removal of acetyl groups may be associated with
increasing the efficiency of hydrolysis. Different solid loadings were tested to improve
the enzymatic hydrolysis efficiency by utilizing the synergistic effects of enzymes and
deacetylated organosolv-treated corn cob. In these experiments, hydrolysis efficiency
was improved when the solid loading was increased from 5% to 10%, while a decrease
in hydrolysis efficiency was observed when the solid loading was increased to 12.5% and
16.6%. The decrease in solid conversion may be due to the low working volume, mixing
problems caused by the low amount of liquid in the medium and the adhesion of the
enzyme to the solid. Here, it can be said that mass and heat transfer may have become
difficult due to high viscosity in the hydrolysate, therefore, xylan in the solid could not
be efficiently converted to XOS. Hydrolysis was tested with fed and sequential batch
approaches with 10% solid loading, which has the highest efficiency in batch. In these
experimental conditions in which enzyme and biomass were added intermittently, no
increase in efficiency was achieved, and it was revealed that there was no substrate
inhibition in batch hydrolysis with these experiments. The conversion of xylan to XOS
with fed-batch addition of biomass was slower than in batch conditions, which may be
due to the inability to form an enzyme-substrate complex because the xylan ratio in the
medium was limited while the initial enzyme concentration was high. Another approach
was to sustain the hydrolysis of xylan in pretreated corncobs by changing the buffer and
adding fresh enzymes. With this approach, the same amount of XOS obtained in batch
hydrolysis. The sequential batch is like a fed-batch, except that the fresh solid and enzyme
were added in bulk. New enzyme and solid were added and no product inhibition was
observed. New solid was added and production continued, indicating that the enzyme was
still active. In the other approach, the presence of non-hydrolyzed xylan in the biomass
was proven and it was observed that this spent solid was reusable. However, we can also
conclude that a small part of the solid was not used. As a result, high XOS concentration
was obtained in this case, thus facilitating purification. In the Sequential Batch approach,
it has been shown that since the enzyme and buffer can be reused, the cost reduction and
the convenience of working with lower-volume equipment can be achieved. Another
approach for the enhancement of xylanase activity for XOS production was using surface

active materials. Surfactants known to enhance cellulase enzyme performance were tested
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to overcome limitations in enzymatic hydrolysis. However, these additives did not

demonstrate a positive effect on the xylanase enzyme.

In conclusion, the approach to XOS production with deacetylated organosolv-
treated corn cob can contribute to the development of a sustainable process for industrial
production by enabling efficient use of the substrate and generating product-rich

solutions. With this approach, other lignocellulosic materials can also be expanded.
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Figure A2. Standard calibration curve of xylobiose for HPLC analysis.
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Figure A3. Standard calibration curve of xylotriose for HPLC analysis.

119



1,8
1,6
1,4

1,2

0,8

0,6

Peak Area(ThermoHPLC)

0,4

0,2

Figure A4. Standard calibration curve of xylotetrase for HPLC analysis.
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Figure A5. Standard calibration curve of glucose for HPLC analysis.
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Figure A6. Standard calibration curve of arabinose for HPLC analysis.

12

10 Rz = 0,9995.

(e}

0 0,2 0,4 0,6 0,8
Standard Concentrations (g/l)

Figure A7. Standard calibration curve of acetic acid for HPLC analysis.
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The productivity graphs show solid loading effect on XOS production.
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APPENDIX B

PRODUCTIVITY GRAPH
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Figure B.1. Solid Loading effect on Productivity at 50°C a) 5%, b) 10%, c) 12.5%, d)
16.67% (All productivity values are calculated based on total low DP XOS
concentrations, total low DP XOS values included xylotetraose, xylotriose

and xylobiose concentrations)
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