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ABSTRACT

EFFECT OF BIOMASS PRETREATMENT CONDITIONS ON THE GLUCOSE
AND BIODEGRADABLE FILM PRODUCTION FROM LIGNOCELLULOSIC
WASTES

Bahgegiil, Ering
Ph.D., Biotechnology Graduate Program
Supervisor  : Prof. Dr. Ufuk Boliikbast
Co-Supervisor: Prof. Dr. Necati Ozkan

September 2013, 118 pages

Process parameters during the conversion of lignocellulosic agricultural wastes
including corn cobs and cotton stalk into glucose and biodegradable polymeric
materials were investigated. The investigated parameters were pretreatment type,
pretreatment temperature, lignocellulosic biomass particle size prior to pretreatment,
hemicellulose extraction temperature, salt type, salt concentration and polymer
processing technique. Pretreatments applied to corn cobs including dilute acid,
alkaline and ionic liquid pretreatments gave similar glucose yields (73 — 84%) upon
enzymatic hydrolysis where the lowest and highest glucose yields were obtained for
dilute acid and ionic liquid pretreatments, respectively. The ionic liquid pretreatment
efficiency was shown to depend on the lignocellulosic biomass particle. 1-ethyl-3-
methylimidazolium chloride functioned more efficiently at smaller biomass particle
sizes (<0.15 mm and 0.15 — 0.5 mm) compared to larger ones (0.5 — 1.0 mmand 1.0 —
2.0 mm), while opposite was true for the ionic liquid 1-ethyl-3-methylimidazolium
acetate in terms of glucose production. During the co-production of glucose and
hemicellulose based films, the hemicellulosic part of the process, which is related to
the film production, was shown to be much more sensitive to the changes in the
alkaline pretreatment temperature compared to the cellulosic part of the process that
considers glucose production. It was also shown that the salt potassium acetate, which
can be found together with hemicelluloses, was beneficial for the films. Finally
extrusion was used as a new processing technique for the hemicellulose based
polymers where the produced materials showed an ultimate tensile strength of 76 MPa
and an elongation at break of 35%.

Keywords: Lignocellulosic, cellulose, hemicellulose, pretreatment, glucose



0z

BIYOKUTLE ON ISLEM KOSULLARININ LIGNOSELULOZIK TARIMSAL
ATIKLARDAN GLIKOZ VE BIYOBOZUNUR FiLM URETIMI UZERINDEKI
ETKISI

Bahgegiil, Ering
Doktora, Biyoteknoloji Yiiksek Lisans Programi
Tez Yoneticisi : Prof. Dr. Ufuk Boliikbast
Ortak Tez Yéneticisi: Prof. Dr. Necati Ozkan

Eyliil 2013, 118 sayfa

Maisir kogani ve pamuk sapi gibi tarimsal atiklarin glikoz ve biyobozunur malzemelere
doniistiiriilmesi  siirecindeki parametreler incelenmistir. Incelenen parametreler
arasinda On islem tiirii, 6n islem sicaklig, lignoseliilozik biyokiitlenin 6n islem oncesi
parcacik boyutu, hemiseliiloz oziitleme sicakligi, tuz tiirli, tuz konsantrasyonu ve
polimer isleme teknigi yer almaktadir. Misir kocanlarina uygulanan seyreltik asit,
alkali ve iyonik sivi On islemlerini takiben uygulanan enzimatik hidroliz sonucunda
benzer glikoz verimleri elde edilmis (%73 — 84), en disiik ve en yiiksek verimlere
sirastyla seyreltik asit ve iyonik s1v1 &n islemleri sonrasinda ulasilmistir. fyonik siv1 ile
6n iglem verimliliginin lignoseliilozik biyokiitlenin 6n islem dncesi pargacik boyutuna
bagli oldugu gosterilmistir. 1-etil-3-metilimidazolyum klorid kiigiik pargacik
boyutlarinda (<0.15 mm and 0.15 — 0.5 mm) biiyiik pargacik boyutlarina (0.5 — 1.0
mm and 1.0 — 2.0 mm) kiyasla glikoz iiretimi agisindan daha verimli ¢aligirken, 1-etil-
3-metilimidazolyum asetat igin tersinin gegerli oldugu belirlenmistir. Glikoz ve
hemiseliiloz temelli filmlerin birlikte iiretimi siirecinin film tretimiyle ilgili olan
hemiseliilozik kisminin, glikoz iiretimiyle ilgili olan seliilozik kismina gore alkali 6n
islem sicakligindaki degisimlere daha duyarli oldugu gosterilmistir. Buna ilaveten
hemiseliilozlarla bir arada bulunabilen potasyum asetat tuzunun filmler agisindan
faydal1 oldugu belirlenmistir. Son olarak hemiseliiloz temelli polimerler islenmesi i¢in
yeni bir teknik olan ektriizyon yontemi kullanilmis ve bu sekilde elde edilen
malzemelerin 76MPa ¢ekme mukavemeti ve %35 kopmada uzama degerlerine sahip
olduklar1 belirlenmistir.

Anahtar kelimeler: Lignoseliilozik, seliiloz, hemiseliiloz, 6n iglem, glikoz
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CHAPTER 1

INTRODUCTION

Petroleum has been and currently is a crucial resource, which serves as the main raw
material for the production of a large variety products including fuels, polymers and
numerous chemicals with a great number of application areas. However the problem
with petroleum is that in addition to being a non-renewable resource, many of the
countries in the world are not self-sufficient in terms of their petroleum needs, which
make these countries dependent on a few other countries with large petroleum
reserves. Furthermore the petroleum prices are rather volatile, with a serious potential
to impact a nation’s economy in an adverse manner. The undesired environmental
impact of the petroleum based products is also another widely recognized aspect of a
petroleum based economy. All of these undesired issues have eventually created the
need for the development of processes and technologies that enable the utilization of
renewable resources as raw materials for the production of similar range of products
obtained from petroleum. Due to the direct and strong link of these efforts to the
critical macro concepts including energy production, sustainable economy and
sustainable environment, renewable resource based studies have become one of the
hottest research areas of our time.

Lignocellulosic biomass, which is a composite biopolymeric structure mainly made up
of three different types of biopolymers including cellulose, hemicellulose and lignin
(Brandt et al., 2013), is considered as a serious alternative to fossil resources as a
renewable bioresource (Dale and Ong, 2012). These biopolymers are capable of
serving as raw or starting materials for the production of a large variety of products,
which can substitute their petroleum based counterparts including fuels, polymeric
materials and other chemical commodities. In addition to its very low economic value,
lignocellulosic biomass is an excessively abundant bioresource and these two factors
appear as the main drivers for the interest to the lignocellulosic biomass conversion
research (Lynd et al., 1991; Ragauskas et al., 2006).

An important issue related to the utilization of lignocellulosic biomass for the
production of value added products is that lignocellulosic feedstocks are not consumed
as food by the society. The importance of this point becomes evident when it is
considered that currently starch is being utilized for the production of various
products, especially fuels (such as ethanol) and polymeric materials on an industrial
scale. Compared to lignocellulosic biomass, conversion of starch to the previously
mentioned products is relatively easier. However using starch for such a purpose



creates the quite famous “food vs. fuel” competition since crops that possess starch
(such as corn) are consumed as food and fertile farming lands have to be dedicated for
the production of these crops (Somerville et al., 2010). In other words, due to the
nutritional qualities of starch possessing crops, the food function of these crops
compete with their industrial function. This competition is a significant one since the
target products (fuels and polymeric materials) have enormous demands in the market
and thus they have to be produced in excessive quantities. Eventually, doing so will
not only raise the prices of the starch rich crops, but since more and more farm lands
will have to be allocated for these crops, an overall increase in the prices of other
crops that are solely utilized as food will also take place as well. Due to the increased
awareness on this issue, currently there is a shift from the starch based production
processes to the lignocellulosic based ones (Waltz, 2008).

1.1. Lignocellulosic biomass

Lignocellulosic biomass is almost everywhere and it is a very abundant and easy to
access renewable bioresource. Wood is one of the most common types of
lignocellulosic biomass where numerous agricultural wastes also possess a
lignocellulosic structure. Different parts of plants make up the lignocellulosic
agricultural wastes. Some examples to this type lignocellulosic biomass would be corn
cobs, corn stover, cotton and sunflower stalks, switchgrass, rice straw and wheat
straw. The shells of many agricultural products such as hazelnut, walnut, peanut and
sunflower seed also possess a lignocellulosic structure. From a different perspective,
lignocellulosic biomass is also produced as a by-product of industrial processes. For
instance corn cobs are a by-product of the glucose-fructose syrup production processes
while brewers spent grain is a by-product of the beer production process where
brewers spent grain is the portion that is left after the fermentation step. Wood
industry also produces by products that have a lignocellulosic structure in the form of
flour or shavings that can be utilized as lignocellulosic biomass resource for the
production of value added products.

As mentioned previously, the lignocellulosic structure is composed of three different
types of biopolymers, which are cellulose, hemicellulose and lignin. Although it can
vary from one lignocellulosic biomass to the other, the distribution of these
biopolymers in the lignocellulosic biomass network is roughly 40 — 50% cellulose, 20
— 40% hemicellulose and 18 — 35% lignin (Sun et al., 2011).

In the composite structure of lignocellulosic biomass, cellulose appears as rigid
bundles, closely packed together into columns where each cellulose column is
surrounded with hemicellulose and this structure is referred to as a microfibril
(Sannigrahi et al., 2010). These microfibrils are held together with lignin and all



together this structure makes up the plant cell wall (Sannigrahi et al., 2010; Brandt et
al., 2013).

Cellulose is a carbohydrate polymer and almost always it is the major component of a
lignocellulosic biomass. It is considered as the most abundant biopolymer on earth. As
shown in Figure 1.1, glucose is the monomer of the cellulose polymer while cellobiose
is the name given to the dimer. As reviewed by Klemm et al. (2005), the monomer
units of cellulose are connected to each other via the C1 and C4 atoms and this linkage
is termed as the P-1—4 linkage. A key issue regarding cellulose structure is the
hydroxyl groups where each monomer carries three of these groups, which are
responsible for the characteristic properties of cellulose including its hydrophilicity
and degradability in addition to the crystalline structure of cellulose that occurs due to
the hydrogen bonding between these hydroxyl groups (Klemm et al., 2005). The
degree of polymerization of a specific cellulose may vary dramatically from one
source to another while the range for the degree of polymerization of cellulose is
between 800 — 10000 (Klemm et al., 2005).
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Figure 1.1. Structure of cellulose, its arrangement into microfibrils and its relation to
the plant. (U.S. Department of Energy Genomic Science Program;
http://genomicscience.energy.gov)



Compared to cellulose, hemicellulose has a lower degree of polymerization and a
rather more complicated structure, since it has different types depending both on its
monomer units as well as on the side groups a hemicellulose possesses (Brandt et al.,
2013). Xylan and mannan are the two most common types of hemicelluloses and the
main difference between these is that while xylose constitutes the backbone of xylan,
it is replaced with mannose for mannan (Ebringerova et al., 2005). In addition to the
monomer units that make up the hemicellulose backbone, hemicelluloses almost
always possess side groups which can be hexoses and pentoses such as glucose,
galactose and arabinose in addition to glucuronic acid residues (Ebringerova et al.,
2005; Brandt et al., 2013). The presence of the side groups arabinose and glucuronic
acid is especially important while determining the sub type of xylans since xylans are
further categorized as glucuronoxylans, arabinoxylans and arabinoglucuronoxylans
depending on the presence, absence or co-presence of these side groups (Ebringerova
and Heinze, 2000). Two different hemicelluloses, which were obtained from cotton
stalks and corn cobs, were utilized during the studies performed within the context of
the present thesis. The hemicelluloses found in the corn cobs is previously reported to
be of arabinoglucuronoxylan type since backbone made up of xylose monomers
contains both of the arabinose and glucuronic acid side groups (Ebringerova et al.,
1992). On the other hand, due to the absence of the arabinose side group and the
presence of glucuronic acid residues, hemicelluloses found in cotton stalks are
categorized as glucuronoxylans (Akpinar et al., 2011).

The third polymer to mention within the structure of lignocellulosic biomass is lignin.
Lignin is considered to hold the entire lignocellulosic structure together, by acting as
some kind of a paste filled between cellulose blocks surrounded with hemicellulose
(Sannigrahi et al., 2010). Unlike the cellulose and hemicellulose, lignin is not a
carbohydrate polymer and its structure is considered to be much more complicated
while it is not yet fully understood (Yuan et al., 2013). Lignin is mainly constituted of
three different types of monomers, which are coumaryl, coniferyl, and sinapyl
alcohols and there are several different types of linkages between these three units as
well as the linkage between the lignin molecule itself and the carbohydrate molecules
(Yuan et al.,, 2013). The main difference between the lignin molecules found in
different plants is the different amounts of the three monomer units or their ratio to
each other (Sannigrahi et al., 2010).

1.2. Lignocellulosic biorefinery concept

In a similar manner to the petroleum refineries, the biorefinery concept is considered
to be the framework that includes the processes and technologies required for the
conversion of renewable resources into fuels, polymers and other chemicals that can
replace those produced from non-renewable resources (Bozell and Petersen, 2010). In



a very significant majority of today’s biorefineries, in which ethanol production is the
core objective, starch serves as the main renewable resource where agricultural
products rich in starch such as corn are used as raw materials. These biorefineries are
generally referred to as 1% generation biorefineries and due to the problems mentioned
above related to the utilization of starch as an industrial raw material, there is a serious
shift to the 2™ generation biorefineries, which are called as lignocellulosic
biorefineries (Waltz, 2008).

A very important notion regarding the lignocellulosic biorefinery concept is the multi-
product perspective (Zhang, 2008). A rather self-explanatory term, multi-product
perspective means the production of multiple products, especially products that
accompany ethanol or another type of biofuel, in the product range of a lignocellulosic
biorefinery (Zhang, 2008; Bozell and Petersen, 2010). Such an approach makes
lignocellulosic biorefineries more feasible, since the revenues are increased as
compared to producing just a single type of product (such as ethanol) while also
providing flexibility to the biorefinery concept by increasing the variety of the
products (Zhang, 2008). The value of the products is very crucial at this stage since
low value products that has to be produced in huge volumes such as ethanol should be
balanced with high value chemicals co-produced with ethanol in order to increase the
feasibility of a lignocellulosic biorefinery (Bozell and Petersen, 2010). The choice of
the products to be produced depends on a variety of factors including the type of the
lignocellulosic biomass used and the type of the biorefinery and the processes taking
place inside this biorefinery (Fernando et al., 2006; FitzPatrick et al., 2010).

In terms of the products and the three components that make up the lignocellulosic
biomass, cellulose is mostly considered to serve as the resource for glucose
production, since as mentioned earlier cellulose is made up of glucose monomers.
Glucose can be considered as a key intermediate product since once you have glucose,
you can obtain a large variety of products from it via fermentation. The most notable
of these products are biofuels including ethanol. In addition to the biofuels, glucose
can be utilized by the microorganisms for the production of valuable organic acids,
enzymes as well as vitamins. Starting from glucose, it is also possible to obtain
polymers and polymeric materials. The most popular example of this is the production
of lactic acid from glucose via fermentation, followed by the polymerization of lactic
acid into polylactic acid. Overall glucose provides a lot of flexibility and options in
terms of the final product choices.

The case with hemicellulose is a little different and hemicellulose based products can
be considered by thinking on the basis of the degree of polymerization of
hemicellulose (Zhang, 2008). At high degrees of polymerization or in other words
when the hemicellulose is obtained from the biomass without much degradation,
hemicellulose can be used for the production of emulsifiers, thickeners and adhesives



(Zhang, 2008) as well as for the production of biodegradable polymeric films as also
demonstrated in the present thesis study. Hemicelluloses can also be used for the
production of hydrogels (Gabrielii and Gatenholm, 1998; Gabrielii et al., 2000; Li and
Pan, 2010). If the hemicellulose is degraded to the monomer form the xylose obtained
can be used for the production of organic acids and ethanol via microorganisms
capable of fermenting xylose while the production of the sweetener xylitol is also
made from the fermentation of xylose (Zhang, 2008). Further degradation of the
xylose molecules yields furfural, which is used as a solvent and which can also be
used for production of Nylon-6 (Zhang, 2008).

Lignin is also considered as a bioresource that can be utilized for the production of a
large variety of products depending on its modification and depolymerization during
its extraction from the lignocellulosic biomass (Sannigrahi et al., 2010). Products that
can be obtained from lignin include adhesives, adsorbers, dispersants, carbon fibers as
well as solvents such as benzene, toluene and xylene (Zhang, 2008; Yuan et al., 2013).

1.3. Lignocellulosic biomass pretreatment
1.3.1. General aspects of pretreatment

Pretreatment is the name given to a series of operations that can involve chemicals,
microorganisms, heat and pressure applied to a lignocellulosic biomass in order to
make the production of the above mentioned products possible or to increase the yield
of these products, which would be irrationally lower without pretreatment.
Pretreatment operations aim to alter or to deconstruct the native organization of the
lignocellulosic structure in order to achieve higher sugar yields by increasing the
working efficiency of the enzymes (Chang and Holtzapple, 2000; Mosier et al., 2005;
Samayam et al., 2011) and/or to enable the separation of the three major components
of biomass to a certain extent (Mosier et al., 2005). A conventional and widely studied
route for the conversion of lignocellulosic biomass into value added products,
particularly to ethanol, is the pretreatment of lignocellulosic biomass followed by the
enzymatic hydrolysis of the pretreated material in order to obtain sugars, particularly
glucose, where glucose is finally converted to ethanol via fermentation (Hendriks and
Zeeman, 2009). In this sequence of processes, pretreatment is considered to be one of
the most costly steps (Mosier et al., 2005). Since this cost is eventually reflected to the
final products including ethanol in which achieving lower prices is of prime
importance and since pretreatment has significant impacts on the processes that should
be conducted before and after it, pretreatment is considered as the “key to unlocking
low cost cellulosic ethanol” (Yang and Wyman, 2008).

A given pretreatment process might be evaluated on the basis of a large number of
considerations with respect to the changes taking place in the lignocellulosic structure



where such changes are important from the enzymatic hydrolysis point of view
(Mosier et al., 2005). Increase in the surface areas accessible to enzymes, reduction in
the crystallinity of cellulose, removal of hemicellulose and lignin and the alteration of
the native lignin structure at the end of a given type of pretreatment are desired aspects
since these improve the performance of the enzymes that will be used to break down
the cellulose in the lignocellulosic biomass (Mosier et al., 2005). In addition to the
glucose production via enzymatic hydrolysis, another important consideration for a
pretreatment is its effect on the fermentation step conducted by microorganisms for
the production of ethanol or other fermentative products (Hendriks and Zeeman,
2009). A pretreatment might adversely affect the fermentation step if it results in the
formation of inhibitory compounds, which are toxic to the microorganisms taking
place in the fermentation step where these inhibitory compounds can arise either from
the cellulose or the hemicellulose fractions of the lignocellulosic biomass (Hendriks
and Zeeman, 2009). Furfural, hydroxymethyl furfural and phenolic compounds are the
three major inhibitory compounds that might occur as a result of a specific type of
pretreatment (Hendriks and Zeeman, 2009). The compound furfural occurs as a result
of the dehydration of xylose and it is thus related to the hemicellulose component
while hydroxymethyl furfural occurs due to the dehydration of glucose, which makes
up the cellulose fraction of lignocellulosic biomass. On the other hand phenolic
compounds are not of carbohydrate origin and they arise from the depolymerization of
the lignin component of lignocellulosic biomass.

The large number of different pretreatments techniques available increases the
importance of the above mentioned evaluation criteria since different pretreatment
techniques have advantages and disadvantages regarding the issues described in the
previous paragraph. Liquid hot water, hot water flow through, steam explosion,
ammonia fiber expansion (AFEX), biological, mechanical (size reduction due to
grinding), dilute acid, alkaline and ionic liquid pretreatments are examples to different
pretreatment types (Mosier et al., 2005; Hendriks and Zeeman, 2009; Dale and Ong,
2012). For example both the hot water flow through and the steam explosion
pretreatments increase the surface area of lignocellulosic biomass accessible to
enzymes and both techniques are good at hemicellulose solubilization (Hendriks and
Zeeman, 2009). However water flow through pretreatment is better at solubilizing
(and thus removing) lignin and it also results less furfural and hydroxymethyl furfural
to occur compared to the steam explosion pretreatment, making is more advantegous
in terms of its effect on the post-pretreatment operations (Hendriks and Zeeman,
2009).

In addition to the post-pretreatment related factors mentioned above, more general
considerations are also important while evaluating a given type of pretreatment. Such
general considerations can be the pretreatment time, water consumed during
pretreatment, co-product potential, fermentation compatibility, feedstock flexibility,



toxicity of the pretreatment, severity of temperature and pressure applied during
pretreatment and the relative ease of the process control during the pretreatment in
addition to the economic aspects including the costs of energy, chemicals and capital
costs (Dale and Ong, 2012). For example, the biological pretreatment has significant
advantages compared to most other pretreatment types in terms of the low costs
associated with the water, energy and chemical consumption as well as a low capital
cost, operation at atmospheric conditions, fermentation compatibility and non-toxicity
(Dale and Ong, 2012). However this type of pretreatment has two important
drawbacks. First it requires days to be completed while all other types of pretreatments
require minutes or hours and additionally it works well only with certain types of
lignocellulosic biomass and not with the others, giving it a low degree of feedstock
flexibility (Dale and Ong, 2012).

Wyman et al. (2005) compared the efficiency of seven different types of pretreatments
applied to corn stover with respect to the sugar yields obtained. All the seven methods
gave similar glucose yields at the end of the enzymatic hydrolysis performed
following the pretreatments where the glucose yields were between 82 — 96% on the
basis of the theoretical maximum amount of glucose that could be obtained from
native corn stover based on its cellulose content (Wyman et al., 2005). The rather
narrow range of glucose yields indicates that for corn stover, the choice of
pretreatment did not have a major impact on the glucose production efficiency via
enzymatic hydrolysis. In another study where poplar wood was used instead of corn
stover as the lignocellulosic feedstock, different results regarding the glucose yields
were observed (Wyman et al., 2009). In the poplar wood case, the range of glucose
yields was much broader (48 — 97%) where the lowest glucose yield obtained from
enzymatic hydrolysis was observed for the aqueous ammonia recycle pretreatment
while sulfur dioxide catalyzed steam explosion technique gave the highest glucose
yields followed by the rather simple lime pretreatment (Wyman et al., 2009). When
these two studies are considered together it appears that the choice of lignocellulosic
feedstock can have a major impact on the pretreatment efficiencies where some
feedstocks are suitable for a large range of pretreatments while others can only be
pretreated efficiently with certain specific pretreatment types.

Within the scope of the present thesis study, three types of pretreatments were studied,
which are dilute acid, alkaline and ionic liquid pretreatments. The dilute acid
pretreatment is one of the oldest and most studied pretreatment techniques and it is
easy to apply on the lab scale. During dilute acid pretreatment, the pretreatment
reagent is an aqueous solution of acid where the concentration of the acid is generally
between 0.5 — 2%. Sulfuric acid is considered to be the most popular choice of acid
used in dilute acid pretreatments (Mosier et al., 2005). The acidic solution is incubated
together with the biomass generally at a temperature around 100°C. At the end of the
pretreatment, the solids are removed from the suspension, washed with water,



neutralized and finally dried prior to the enzymatic hydrolysis. Dilute acid
pretreatment is effective at increasing the surface area accessible to enzymes and
removing hemicelluloses from the lignocellulosic structure while it is not effective for
lignin removal and for reducing the crystallinity of cellulose (Mosier et al., 2005).
Dilute acid pretreatment mainly owns its effect to the depolymerization it induces on
the carbohydrates found in the lignocellulosic structure and thus fermentation
inhibitory furfural and hydroxymethyl furfural are accumulated during this type of
pretreatment (Mosier et al., 2005; Hendriks and Zeeman, 2009).

Alkaline pretreatment is on the opposite end of the pH scale compared to dilute acd
pretreatment in terms of the pretreatment reagents it utilizes, which are aqueous
solutions of different bases such as KOH or NaOH at a concentration between 5 —
30% wi/v. Conventional alkaline pretreatment is a batch operation and the pretreatment
temperatures are generally lower compared to acid pretreatment where pretreatment
durations can be a few times higher. Alkaline pretreatment’s major effect is the partial
solubilization of hemicellulose together with lignin in the alkaline solution (Hendriks
and Zeeman, 2009). Alkaline pretreatment increases the accessible surface area and
results in the formation of the inhibitory compounds in lower amounts as compared to
dilute acid pretreatment.

Silverstein et al. (2007) have compared the dilute acid and alkaline pretreatments
applied to cotton stalks for their effect on the enzymatic hydrolysis of the pretreated
biomass. H,SO, and NaOH were used at a concentration of 2% (w/v) for the dilute
acid and alkaline pretreatments, respectively, where the pretreatment temperature was
121°C for both of the pretreatments for a duration of 1 h. Alkaline pretreatment was
shown to be much more efficient compared to dilute acid pretreatment where 61% of
the cellulose found in the cotton stalks was converted to glucose while this conversion
was only 24% for dilute acid pretreatment at the end of 72 h of enzymatic hydrolysis.
The better performance of the alkaline pretreatment under identical conditions was
attributed to the higher lignin removal achieved by alkaline pretreatment compared to
dilute acid retreatment (Silverstein et al., 2007).

Due to its dissolution capacity towards hemicellulose, alkaline pretreatment can also
be considered as a way to isolate hemicellulose from lignocellulosic biomass (Figure
1.2). In other words, the hemicelluloses dissolved in the basic liquid phase during
alkaline pretreatment already form an alkaline solution of hemicellulose and lignin
where these polymers can be recovered from the solution via precipitation by adding
ethanol and acetic acid (Zilliox and Debeire, 1998) or via spray drying (Gabrielii et
al., 2000). This issue regarding the alkaline pretreatment is worth mentioning since
hemicelluloses used in the present study were isolated with this technique.



Figure 1.2. Appearance of hemicelluloses isolated from wheat bran (a), sunflower
stalk (b), corn cob (c¢) and cotton stalk (d) via alkaline extraction (Bahgegiil, 2009).

The work by Lawther et al. (1996) is a very informative experimental study that
examines a large set of parameters regarding the alkaline extraction of hemicelluloses
from lignocellulosic biomass, namely wheat straw. In this work, the authors examine
the effect of alkaline concentration, alkaline type, extraction time, extraction
temperature and boric acid concentration on the hemicellulose and cellulose fraction
yield in addition to the molecular weight of the isolated hemicelluloses and together
with their sugar compositions. Lawther et al. (2006) showed that increasing the
pretreatment time beyond 5 h did not cause any significant increase in the
hemicellulose yield while increasing the KOH concentration above 10% also did not
cause any significant improvements in the hemicellulose yield, which was roughly
30%. Among the different alkali types studied including Ca(OH),, NaOH, KOH and
LiOH, the last three gave similar hemicellulose yields where KOH was suggested as
the ideal alkali for hemicellulose extraction. The reason for this suggestion was that
the salt KOH forms with acetic acid during the neutralization step, which is potassium
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acetate, is more soluble in ethanol compared to the other salts that could form from the
reaction of acetic acid with the other bases. This higher solubility was perceived as an
advantage since the removal of the salts from the recovered hemicelluloses was
thought to be necessary as the salts were accepted as undesired impurities. The authors
have also examined the effect of extraction temperature and found that no important
change in the hemicellulose yield takes place above room temperature up to a
temperature of 50°C. The molecular weight of the extracted hemicelluloses were
found to decrease with increasing KOH concentration used during extraction, while
the sugar composition of the hemicelluloses in terms of xylose and arabinose contents
varied depending on the extraction conditions employed where this was most evident
for the arabinose content of the polymers that changed by a factor of two depending
on the extraction conditions.

Celebioglu et al. (2012) studied the extraction of hemicellulose from three different
lignocellulosic feedstocks including corn peel, corn stalk and sugar beet pulp where
different alkaline extraction parameters were evaluated in terms of their effect on the
hemicellulose yield and purity. It was found that using lower NaOH concentrations
(10%) and lower temperatures (30°C) resulted in hemicelluloses with higher purities
(65%). Removal of fat and proteins prior to alkaline extraction was also shown to
increase the purity of the isolated hemicelluloses. The effect of lignocellulosic
biomass particle size during the extraction on the hemicellulose yields obtained from
corn peel and sugar beet pulp were also investigated. It was found that increasing the
particle size of corn peels from 0.8 mm to 1.1 mm increased the hemicellulose yields
from roughly 30% to 45%, while no statistically significant change could be observed
for the case where sugar beet pulp was used as the lignocellulosic feedstock
(Celebioglu et al., 2012).

1.3.2. lonic liquid pretreatment

Compared to dilute acid and alkaline pretreatments, ionic liquid pretreatment is a
much recent technique and it can be considered as the most popular pretreatment
technique in the literature within the last few years. lonic liquids are salts, which are at
liquid phase at room temperature or at moderate temperatures less than 100°C (Mora-
Pale et al., 2011). A key property of ionic liquids is their negligibly low vapor
pressure, making them green solvents especially when compared to the conventional
volatile solvents (Lopes et al., 2013). lonic liquids are composed of a cation and an
anion where the properties of the ionic liquids such as melting temperature,
degradation temperature, toxicity, polarity, viscosity, solubilization power towards a
given solute, thermal and electrical conductivity are all determined by the
combinations of the cations and anions, which implies that ionic liquids with desired
specific properties can be synthesized by choosing the necessary combination (Mora-
Pale et al., 2011; Tadesse and Luque, 2011).
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The trick that made ionic liquids so popular for lignocellulosic biomass pretreatment is
their capability to dissolve cellulose (Swatloski et al., 2002; Brandt et al., 2013).
Currently, the dissolution capability of ionic liquids towards cellulose is explained on
the basis of the hydrogen bonding between the ionic liquid anion and the hydroxyl
groups found on the cellulose backbone (Remsing et al., 2006; Sun et al., 2011). The
hydrogen bond basicity of the anion, which is defined as the Kamlet-Taft parameter f,
is the determining factor for the dissolution capability of ionic liquids where f values
greater than 0.8 are required for the dissolution of 10% or more cellulose in an ionic
liquid (Doherty et al., 2010; Brandt et al., 2013). Although not yet fully understood,
the cation is also accepted to have a role in the cellulose dissolution, which appears to
be less significant compared to the anion where increase in the length of the cation is
considered to be undesired for efficient cellulose dissolution (Sun et al., 2011; Brandt
etal., 2013).

Swatloski et al., (2002) have shown that the ionic liquid 1-butyl-3-methylimidazolium
chloride (BMIMCI) was capable dissolving cellulose up to a concentration of 25%
depending on the solubilization procedure. While the dissolution of cellulose in
BMIMCI could not be observed at room temperature, heating BMIMCI to 70°C gave a
solution of 3% cellulose concentration where further heating BMIMCI to 100°C gave
a 10% cellulose solution in BMIMCI. The authors have also noted that by using
microwaves at 3 — 5 second pulses for heating, cellulose solutions of 25% with high
viscosity could be obtained.

Zavrel et al., (2009) employed a high-throughput screening method in order to
investigate the cellulose dissolution capabilities of 21 different ionic liquids where
most of the ionic liquids tested composed of 1-butyl-3-methylimidazolium (BMIM) or
1-ethyl-3-methylimidazolium (EMIM) cations including 1-allyl-3-methylimidazolium
(AMIM) while chloride (CI), acetate (Ac), bromide (Br) and iodide (I) constituted the
majority of the anions. 6 of these ionic liquids were found to completely dissolve 5%
cellulose at 90°C, which were AMIMCI, EMIMCI, EMIMAc, BMIMCI, 1,3-
dimethylimidazolium-dimethylphosphate (ECOENG) and 1-butyl-3-
methylpyridinium-chloride (BMPYCI) (Zavrel et al., 2009).

The dissolution of cellulose in ionic liquids is important since the dissolution of
cellulose followed by its precipitation, which is referred as cellulose regeneration,
from the solution with an anti-solvent (such as water) modifies the closely packed,
organized and rigid structure of crystalline cellulose in to a more amorphous form,
which is loosely packed and thus much more accessible by the enzymes (Dadi et al.,
2006; Kuo and Lee, 2009). The appearance of a regenerated (precipitated) cellulose
sample pictured while the cellulose was in the ionic liquid-water solution is shown in
Figure 1.3.
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Figure 1.3. Picture of regenerated cellulose right after its precipitation by the addition
of water to the ionic liquid cellulose solution (Haykir, 2013).
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As shown by Dadi et al. (2006), microcrystalline cellulose subjected to BMIMCI
pretreatment at temperatures between 130°C — 150°C for 10 — 180 min showed a
glucose conversion of around 90% at the end of 48 h of enzymatic hydrolysis while
this value was 60% for the untreated microcrystalline cellulose. The authors have also
investigated the effect of the anti-solvent used to precipitate the cellulose from the
cellulose-BMIMCI solution where the precipitation step is rather typical for ionic
liquid dissolution processes and it is conducted to recover the solubilized polymers in
the solution. Cellulose samples dissolved in BMIMCI and precipitated in three
different anti-solvents (water, ethanol and methanol) gave similar initial reaction rates
in terms of reducing sugar formation during enzymatic hydrolysis indicating the
choice of anti-solvent did not have a major effect on the initial rate of enzymatic
digestibility. At this point it is important to mention that the initial reaction rate of
reducing sugar formation was enhanced for roughly 50 fold for all the BMIMCI
processes samples compared to the native microcrystalline cellulose, which
demonstrates another important feature of cellulose dissolution and subsequent
precipitation in ionic liquids (Dadi et al., 2006).

Fort et al. (2007) used the cellulose dissolution capability of BMIMCI for the
extraction of cellulose from the lignocellulosic structure of wood where partial
dissolution of wood took place. Depending on the type of wood, around 40 — 50% of
the initial cellulose in the woods was extracted via partial BMIMCI dissolution at
100°C for 24 h (Fort et al., 2007).

On the other hand, Kilpelainen et al., (2007) reported complete dissolution of wood in
ionic liquids including BMIMCI and AMIMCI and pointed out the importance of
particle size of lignocellulosic biomass for ionic liquid dissolution. The authors have
stated that while big wood particles (chips) were only partially soluble, smaller wood
particles including wood powder, wood sawdust or wood fibers were completely
soluble at a lignocellulosic biomass concentration of 2 — 8% depending on the ionic
liquid type, dissolution temperature and time. The dissolution of the wood particles
and their subsequent regeneration (precipitation) was shown to reduce the crystallinity
of the lignocellulosic biomass. Kilpelainen et al. (2007) have also subjected the
regenerated wood particles to enzymatic hydrolysis and showed that around 60%
glucose yield was obtained from AMIMCI pretreated wood particles while the glucose
yield was only 10% for the native wood particles, which was a result that
demonstrated the effectiveness of ionic liquids as lignocellulosic biomass pretreatment
agents.

As opposed the complete solubilization approach, Lee et al., (2009) have
demonstrated that highly efficient ionic liquid pretreatments could be made despite of
the partial dissolution of the biomass in the ionic liquid EMIMAC, which is one of the
two ionic liquids used in the present thesis study together with EMIMCI. Lee et al.
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have attributed to the increases in the glucose yield to lignin extraction performed by
EMIMACc, which was also capable of dramatically reducing the crystallinity of
cellulose in wood without completely solubilizing it. The authors have shown that at a
biomass loading of 5% (Wpiomass/Wionic liquic) iNcreasing the pretreatment temperature
from 50°C to 130°C also increased the amount of lignin extracted (removed) from
lignocellulosic biomass, resulting in higher digestibility of cellulose during the
subsequent enzymatic hydrolysis step where this was also true for increasing
EMIMAC pretreatment time. Removal of roughly 50% of the initial lignin in the
lignocellulosic biomass was determined to be sufficient for achieving cellulose
digestibility values of around 90% since the reduction of lignin was accompanied by
the reduction of cellulose crystallinity. Lee at al. (2009) have also shown that
EMIMAC could be reused at least up to 4 times without falling below the 90%
cellulose digestibility limit, which is a critical point taking into account the high prices
of ionic liquids. Similar results regarding the lignin extraction performed by EMIMAC
pretreatment, which resulted in increased enzymatic hydrolysis efficiency were also
reported by Fu et al. (2010).

Singh et al. (2009) studied the dissolution of switchgrass in EMIMAC and observed
that prior to dissolution observed at 120°C, swelling of the plant cell walls took place,
which was recognized as the disruption of the hydrogen bond network between and
within the cellulose and lignin polymers by EMIMAc. On the basis of the reducing
sugars obtained, which were determined via the dinitrosalicylic acid (DNS) assay, the
authors have reported an enzymatic digestibility of around 73% for EMIMAC
pretreated switchgrass where only 17% digestibility could be achieved for the
untreated samples (Singh et al., 2009).

Arora et al., (2010) have studied the effects of pretreatment time and temperature for
the EMIMAC pretreatment of switchgrass. The authors reported that pretreatment
temperature had a dramatic impact on the surface area and pore volume of the
pretreated biomass where increasing the EMIMAC pretreatment temperature from
120°C to 160°C resulted in an increase of around 23 and 57 folds for the surface area
and pore volume, respectively. These increases were correlated with the improvements
that took place for the initial enzymatic hydrolysis rate, which successively increased
as the EMIMAC pretreatment temperature raised from 110°C to 160°C in 10°C
increments. The authors observed similar digestibility values between the samples that
were treated at 160°C for 3 h and at 120°C for 3 h, 24 h and 5 days while very low
digestibility values (similar to that of untreated samples) were obtained for the
pretreatments conducted at 160°C for 24 h. Based on their results, the authors
suggested that pretreatment temperature was more important than pretreatment time in
terms of its influence on the enzymatic hydrolysis (Arora et al., 2010).
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Li et al., (2010) have shown that the density of the lignocellulosic biomass subjected
to ionic liquid pretreatment via AMIMCI could influence the pretreatment efficiency.
The authors suggested the pulverization of biomass particles for 2 — 5 days prior to
ionic liquid pretreatment, since this was shown to increase the enzymatic hydrolysis
efficiency compared to the samples pretreated without pulverization. Unlike the
results reported by Lee et al. (2009), Li et al. (2010) determined that notable decreases
in the pretreatment efficiency took place upon the reuse of the recycled AMIMCI
during pretreatments due to the presence of various lignocellulosic biomass
components left in AMIMCI from previous pretreatment runs (Li et al., 2010).

As mentioned previously, in the beginning, there appears to be an emphasis on the
complete dissolution of lignocellulosic biomass for an efficient pretreatment where
later on this complete dissolution view was challenged with the partial dissolution
approach, which is advantageous simply because it is not restricted with the solubility
limit of the biomass in the ionic liquid. The work of Wu et al., (2011), fully exploits
this strategy since very high solid loadings of up to 50% (Wpiomass/Wionic tiquia) Were
pretreated with EMIMAC and shown to result in improved enzymatic hydrolysis
efficiency. The authors have worked with solid loading between 5 — 50% during the
pretreatment corn stover with EMIMAc at 125°C for 1 h. Glucose yields of around
80% were reported regardless of the increase in the solid loading while increasing the
solid loading during pretreatment to 41% and 50% reduced the glucose yield to
approximately 70% and 60%, respectively, which are still good values taking into
account how high the solid loading is. The authors have shown that increasing the
solid loadings resulted in a decrease in the lignin extraction efficiency of EMIMAC.
However this did not adversely affect the enzymatic hydrolysis up to the 33% solid
loading threshold since all the samples experienced similar reductions in their
crystallinity. The crystallinity of the samples for 41% and 50% solid loadings were
higher compared to cases where EMIMAC pretreatment was applied at lower solid
loadings, which resulted in decreased glucose yields a t the end of enzymatic
hydrolysis. Based on the correlations between lignin extraction, crystallinity reduction
and glucose yields, the authors suggested that the crystallinity of the samples was a
more important issue compared to lignin removal from the samples in terms of
pretreatment efficiency (Wu et al., 2011).

Ninomiya et al., (2012) have used a range of ionic liquids, including EMIMCI and
EMIMACc for the pretreatment of kenaf powder where it was shown that EMIMAC
pretreatment gave better results in terms of the cellulose digestibility compared to
EMIMCI, BMIMCI and AMIMCI. Ultrasonication following the ionic liquid
pretreatment was shown to dramatically increase the cellulose digestibility during the
enzymatic hydrolysis where an increase of more than 4 fold in cellulose digestibility
was reported following the ultrasonication assisted EMIMCI pretreatment of
lignocellulosic biomass compared to EMIMCI pretreatment alone. On the other hand,
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no significant increase in the cellulose digestibility due to ultrasonication took place
since the digestibility values following the EMIMAC pretreatment were already high
except for the case where EMIMAC pretreatment was conducted for only 15 min.

Pezoa et al., (2010) used EMIMCI for the pretreatment of corn, wheat, eucalyptus and
lenga residues at three different pretreatment temperatures (80 — 121 — 150°C).
Increasing pretreatment temperature also increased the glucose yields upon enzymatic
hydrolysis and this was most evident for the pretreatment temperature of 150°C where
similar glucose yields to that of untreated samples were obtained from eucalyptus
residues pretreated at 80°C and 121°C with EMIMCI, indicating the ineffectiveness of
EMIMCI pretreatment at relatively low temperatures (Pezoa et al., 2010).

Li et al. (2010) compared the performance of EMIMAC pretreatment applied to
switchgrass with that of the conventional dilute acid pretreatment technique where
both types of pretreatments were conducted at 160°C with a solid loading of 3%.
EMIMACc was much more effective compared to dilute acid in terms of reducing the
crystallinity and increasing the enzymatic hydrolysis rate, in which over a 16 fold
increase was observed when EMIMAC pretreatment was applied as compared to dilute
acid pretreatment. The authors have also reported that while the lignin content of
dilute acid pretreated switchgrass was 29%, this was reduced to 14% for the EMIMAC
pretreated switchgrass, indicating that EMIMAC pretreatment was much better in
terms of lignin removal. As it can be expected from the results regarding the lignin
content and crystallinity, EMIMACc pretreated samples had a much higher cellulose
digestibility of 96% compared to dilute acid pretreated samples, which were only
48%.

Haykir et al., (2013) have compared the pretreatment efficiencies of several different
ionic liquids including 2-hydroxy ethyl ammonium formate (HEAF) in addition to
EMIMCI, EMIMAc, BMIMCI and AMIMCI. The authors showed that HEAF
performed in a similar efficiency as a pretreatment agent compared to the chloride
containing ionic liquids while EMIMAC pretreatment resulted in higher biomass
digestibility (around 2.5 times higher) compared to other ionic. The deconstruction of
the native lignocellulosic structure of cotton stalks by EMIMAC pretreatment was
clearly demonstrated via scanning electron microscopy where it was also shown that
the deconstruction power was retained upon recycling of EMIMAC (Figure 1.4).
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Figure 1.4. Scanning electron microscopy images of untreated cotton stalks (a) and
cotton stalks following EMIMAC pretreatment (b) (Haykir, 2013).

18



Tatli (2013) used peanut shells as a lignocellulosic resource for the production of
sugars and lignin from lignocellulosic biomass with the aim of using lignin as an
additive to concrete preparations in order to increase the flowing properties of
concrete. EMIMACc and EMIMCI ionic liquids were used for the pretreatment of
peanut shells where lignin was obtained as the residue remaining after the enzymatic
hydrolysis of the pretreated samples. Both the reducing sugar and the lignin yields
obtained upon EMIMAC pretreatment were higher compared to the EMIMCI
pretreatment.

1.4. Enzymatic hydrolysis

So far, one of the most frequently addressed notions in the present thesis study has
been enzymatic hydrolysis, which is an essential step for the production of glucose
from lignocellulosic biomass within the described lignocellulosic biomass conversion
framework. The role of the enzymes during the glucose production via enzymatic
hydrolysis is to breakdown the cellulose polymer, preferably down to its monomer,
which is glucose. This is accomplished by the utilization of cellulase enzymes during
enzymatic hydrolysis.

Cellulases are a class of hydrolytic enzymes that are composed of two domains or two
task specific components, which are the binding domain that enables the enzymes to
bind to the cellulose molecules and the catalytic domain in which the hydrolytic
reactions related to the breakdown of cellulose take place (Henrissat, 1994). The word
cellulases actually refers to an enzyme system composed of three different hydrolytic
enzymes, each capable of acting on different parts or forms of cellulose (Bubner et al.,
2013). These enzymes are endoglucanases, exoglucanases and B-glucosidases where
endo and exoglucanases act on interior and exterior (chain ends of the cellulose)
portions of cellulose, respectively, while B-glucosidases act on smaller cellulose
molecules in order to convert them into glucose (Zhang and Lynd, 2004; Bubner et al.,
2013).

The first event during the enzymatic hydrolysis of cellulose by the cellulase enzymes
is the binding of cellulases to the cellulose molecules, which is defined as cellulase
adsorption. At this point it should be remembered that cellulose molecules are
insoluble in aqueous medium, in which the enzymatic reactions are conducted, but
they are solubilized as their degree of polymerization (DP) is reduced to the
oligomeric level. As described by Zhang and Lynd (2004), following the cellulase
adsorption, three different reactions take place at the same time since the three types
of cellulases work together in a synergistic manner. Upon cellulase adsorption to
cellulose, changes related to the chemical and physical properties of the cellulose
takes place including the reduction of the DP of cellulose and the increase of surface
area accessible to enzymes. The second step that takes place is the liberation soluble
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cellulose fragments in to the hydrolysis medium from the larger insoluble cellulose
molecules where this step is called as the primary hydrolysis. The third step as
described by Zhang and Lynd (2004) is the breakdown of the soluble fragments
released in the second process to smaller molecules, down to the monomer level,
which is glucose where this third process is referred to as secondary hydrolysis and it
proceeds faster compared to the primary hydrolysis. As it can be understood from this
description, the reduction in the DP of cellulose is especially important since it starts
the rather complicated simultaneous events by detaching cellulose fragments from the
intact cellulose molecule. The reduction of DP occurs due to the action of both the
endo- and exo-glucanases but since the endoglucanases act on the interior portions of
the cellulose molecules as compared to the exoglucanases that act only on the chain
end, the effect of endoglucanases on the reduction of DP more prominent compared to
the incremental effect of exoglucanases (Zhang and Lynd, 2004). In relation to the
reduction of cellulose DP, an important point to mention is that unlike the endo and
exoglucanases, B-glucosidases can only act during the liquid phase of the hydrolysis or
in other words once the DP of the cellulose is reduced to the point where it becomes
soluble in the aqueous enzymatic hydrolysis medium (Zhang and Lynd, 2004). A
schematic representation of the description provided here is given in Figure 1.5.

Thinking the cellulose hydrolysis within the context of lignocellulosic biomass
conversion complicates the issue of enzymatic hydrolysis since the lignocellulosic
biomass is not solely composed of cellulose. An important component of the
lignocellulosic structure to consider related to the enzymatic hydrolysis is lignin, since
it adversely effects the working efficiency of cellulases due to various reasons (Chang
and Holtzapple, 2000; Eriksson et al., 2002; Studer et al., 2011).

As shown by Eriksson et al., (2002) cellulase enzymes have a problem of
unproductive binding to lignin where unproductive means no products occur as a
result of this binding in which only the binding domain (not the catalytic domain) of
the cellulases participate. As a result of unproductive binding, the bound enzymes
cannot be utilized efficiently during the enzymatic hydrolysis of cellulose, resulting in
slower rates and lower glucose yields. Eriksson et al. (2002) have explained the
unproductive lignin binding of cellulases on the basis of the hydrophobic amino acids
that take place in the primary structure of the cellulase enzymes where the interactions
between these hydrophobic groups and those on the lignin was proposed to result in
this unproductive binding. It can be illuminating to mention at this point that like all
enzymes, cellulases are proteins, which are biopolymers made up of amino acid
monomers where the sequence and the nature of these monomers determine the
properties of the protein molecule and thus the enzyme.
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Figure 1.5. A schematic representation of primary and secondary hydrolysis of
cellulose via cellulase enzymes.

A rather less complicated adverse effect of lignin on the performance of cellulase
enzymes is that lignin simply acts as a physical barrier between the cellulose
molecules and the cellulase enzymes, preventing the enzymes binding to cellulose
simply because the enzymes cannot reach their substrates (Chang and Holtzapple,
2000). By analyzing the enzymatic hydrolysis of 147 different lignocellulosic biomass
samples (poplar wood), each pretreated with different pretreatment parameters in
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order obtain samples with different lignin contents (between 0.7 — 26%) and
crystallinity, Chang and Holtzapple (2000) have shown that lower lignin contents (or
higher lignin removal from the lignocellulosic biomass samples) leads to more
efficient enzymatic hydrolysis where the reduction in the crystallinity of the samples
also led to similar results.

The adverse effects reducing the performance of the cellulase enzymes not only occurs
due to the factors associated with the structure of lignocellulosic biomass but
pretreatment agents, particularly ionic liquids, can also adversely affect the cellulase
enzymes, reducing the efficiency of enzymatic hydrolysis as well as decreasing the
sugar yields (Turner et al., 2003; Zhao et al., 2009; Li et al., 2009). The negative effect
of ionic liquids on cellulases was reported to be irreversible, occurring due to the
denaturation of the proteins, which eventually led to their inactivation (Turner et al.,
2003). Protein denaturation is a process that affects the 3D structure of the protein and
it is related to the disruption of the way in which a protein is folded in 3D space where
the original folding patterns of a protein are important simply because they make up
the certain sites related to the specific function of a given protein. Zhao et al., (2009)
have attributed this denaturation to the interactions between the ionic liquid anion and
the cellulase enzymes since ionic liquids with higher anion hydrogen bond basicity
(those with acetate anions) reduced the cellulase activity much more than BMIMCI,
which has chloride anion of lower basicity compared to acetate anion. The implication
of these findings during application can be seen in the work of Li et al. (2009) where
the authors showed that washing the ionic liquid pretreated wheat straw samples with
water prior to enzymatic hydrolysis was vital to achieve high sugar yields since
residual ionic liquid left on the samples due to poor washing led to an almost 50%
decrease in the sugar yields.

1.5. Hemicellulose based films

Just like the production of glucose from lignocellulosic biomass followed by the
utilization of this glucose for the production of biofuels such as ethanol, production of
environmentally friendly, biodegradable materials is also a subject that draws a lot of
attention. Although the durability of synthetic plastics against environmental effects is
a desired property for many applications, such durability is generally more than
necessary considering the excessively long degradation periods of plastics in nature
once their useful periods are over. On the other hand materials produced from
biodegradable polymers degrade in nature within a few years provided that the
adequate environmental conditions are met. Plastics are a daily part of our lives and
they are produced in very large quantities where their disposal is problematic due to
their resistance against environmental factors, which results in environmental
pollution. The research and product development regarding biodegradable polymers
with a broad range of application areas is thus crucial for a sustainable environment.
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Biodegradable polymers can be defined as polymers that can be degraded due to
biological effects related to the attack of microorganisms to the polymer structure
followed by its consumption, which results in the conversion of the polymers to CO, +
H,O or CH,4 + H, under aerobic and anaerobic conditions, respectively (Chiellini and
Solaro, 1996). The number of polymers that can be referred as biodegradable is very
high including cellulose, hemicellulose, lignin, proteins, chitin, chitosan (Gandini,
2011; Johansson et al., 2012). However in terms commercial availability in the form
of polymeric materials such as films, bags, cups and bottles, starch and polylactic acid
(PLA) can be considered as the two major biodegradable polymers each with roughly
dozens of different producers around the world (Vroman and Tighzert, 2009).

In a similar context with that of the starch based biofuel production, production of
starch and PLA also create a competition between the nutritional function of starch
containing (or sugar containing) crops and their function as raw materials for the
biodegradable polymer production. A competition for the farm lands also takes place.
Starch based polymers contain the starch directly where the starch is mostly obtained
from corn. PLA is synthesized from lactic acid, which is produced via the
fermentation of sugars where these sugars are obtained from the hydrolysis of starch
found in corn or directly from sugar cane or sugar bagasse (Chiellini and Solaro,
1996). This is one of the major points where the rationale of producing biodegradable
polymers and materials from hemicelluloses is based upon since these polymers can
be obtained from lignocellulosic biomass, which does not have any function as a food.

As described previously, hemicellulose is one of the major components of
lignocellulosic structure and it accounts for around 20 — 40% of a lignocellulosic
biomass depending on the type of the biomass. The form of the polymeric materials
that are produced from hemicelluloses is generally polymer films or coatings (Hansen
and Plackett, 2008; Mikkonen and Tenkanen, 2012). In addition to being
biodegradable and renewable, an important property of hemicellulose based films is
their barrier property (or low permeability) against oxygen, aroma and grease, making
them suitable for food packaging applications and thus increasing their economic
value (Hansen and Plackett, 2008; Mikkonen and Tenkanen, 2012;
www.xylophane.com).

So far, a large variety of lignocellulosic resources were utilized for the production of
hemicellulose based films including aspen wood (Gabrielii et al., 2000; Grondahl et
al., 2004), maize bran (Peroval et al., 2002; Fredon et al., 2002), corn hull (Zhang and
Whistler, 2004), barley husks (Hoije et al., 2005), cotton stalks (Goksu et al., 2007;
Bahgegiil, 2009), sunflower stalks (Bahgegiil, 2009), corn cobs (Bahgegiil, 2009;
Toraman, 2012), rye (Hoije et al., 2008) and oat spelts (Mikkonen et al., 2009). Other
than directly obtaining hemicelluloses from lignocellulosic biomass, hemicelluloses
that are found in the by-product streams of wood processing operations can also be
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recovered and utilized for the production of hemicellulose based films (Hartman et al.,
2006a; Hartman et al., 2006b; Edlund et al., 2010; Ryberg et al., 2011; Ibn Yaich et
al., 2012). Appearance of a hemicellulose based film is shown in Figure 1.6.

Figure 1.6. A hemicellulose based polymeric film pictured in front of the cotton stalks
it was obtained from.

Properties of hemicellulose based films are dependent on the properties of the
hemicelluloses they are made from where the extraction procedure used for the
isolation of the hemicelluloses from lignocellulosic biomass can have dramatic effects
on the properties of the isolated hemicelluloses. Glasser et al. (2000) have shown that
using alkaline extraction enabled the isolation of hemicelluloses at higher yields and
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higher molecular weights compared to hemicellulose extraction via steam explosion.
The authors have used poplar and barley husks as lignocellulosic biomass where it
was shown that the steam explosion technique prevented the hemicelluloses to be
isolated in polymeric form while opposite was true for alkaline extraction. For
instance hemicelluloses isolated from barley husks had 10 times higher DP compared
to those isolated via steam explosion (Glasser et al., 2000). These findings are
especially important from the hemicellulose based film production point of view since
the DP and thus the molecular weight of the polymers significantly affect the material
properties including mechanical properties.

Hoije et al. (2005) have also investigated the effects of isolation conditions where
different pretreatments prior to alkaline extraction of hemicelluloses were applied to
barley husks followed by the preparation of hemicellulose based films from the
isolated fractions via solvent casting. The authors reported that the best films were
obtained from hemicelluloses that were isolated from delignified barleyhusks where
the delignification was accomplished by chlorite treatment. These films were
homogeneous and transparent and their UTS and e, values were 50 MPa and 2.5%
(Hoije et al., 2005).

Film formation, which is observed upon solvent casting, is a crucial point that should
be mentioned regarding the hemicellulose based films since utilization of plasticizers
and/or polymers other than hemicelluloses in order to aid in the intact film formation
in addition to improving the mechanical properties is a quite common approach.
Gabrielii and Gatenholm (1998) observed that film formation could not be obtained
for the xylan type hemicelluloses isolated from birchwood while addition of 10%
chitosan to the film forming solution on a dry weight basis was needed in order to
obtain continuous and intact films. Similar results were also reported by Gabrielii et
al. (2000) for the hemicelluloses isolated from aspen wood where it was reported that
while pure hemicelluloses could only form very small fragments of film like structures
with roughly 1 x 1 mm dimensions, 10% chitosan was again necessary to induce
complete film formation upon solvent casting. The authors have also reported that
increasing the hemicellulose to chitosan ratio of the composition of the films resulted
in more brittle films (Gabrielii et al., 2000). Kayserilioglu et al. (2003) followed a
different approach compared to these two studies where hemicelluloses from
birchwood were used as additives in wheat gluten films. It was shown that wheat
gluten based films could tolerate up to 40% birchwood xylan in terms of film
formation while further increases in the hemicellulose content impaired the film
formation. Mikkonen et al. (2008) used another biodegradable polymer, polyvinyl
alcohol (PVA) in order to improve the mechanical properties of the mannan type
hemicellulose based films and reported that despite of the significantly positive effects
of the PVA addition at increasing concentrations, the two polymers were not totally
compatible to each other since phase separations were observed in the films.
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Carboxymethyl cellulose, a water soluble cellulose derivative, was used in a series of
studies between a concentration of 30 — 50% where mannan type hemicelluloses were
used as the base polymer matrix for the production of oxygen barrier films and
coatings (Hartman et al., 2006a; Hartman et al., 2006b; Edlund et al., 2010; Ryberg et
al., 2011; Ibn Yaich et al., 2012). The reason for the utilization of CMC was explained
on the basis that films composed of solely hemicelluloses were fragile and CMC
addition improved the mechanical properties as well as the moisture resistance of the
films where CMC was identified to be compatible with the hemicellulose since no
phase separation was observed in the films (Hartman et al., 2006a). Hartman et al.
(2006a) have also shown that compared to the addition of the plasticizers sorbitol and
xylitol, CMC addition resulted in lower oxygen permeability, which is a desired result
since it means the enhancement of the oxygen barrier properties of the films.

Edlund et al. (2010) used CMC and chitosan separately as additives during the
preparation of mannan type hemicellulose based films and coatings with oxygen
barrier properties where the hemicelluloses were obtained from spruce wood
hydrolysate. Films composed of hemicellulose and chitosan at a 1:1 ratio had an
oxygen transmission rate of 10.8 cm®m? day, which was reduced to 0.3 cm*m? day
when CMC was used instead of chitosan, showing that CMC was a better option
compared to chitosan if oxygen barrier performance is the crucial criteria. The authors
also provided the oxygen transmission rate of polyethylene terephthalate (PET) as
38.9 cm*/m? day, which emphasized that films containing hemicellulose together with
CMC are really good barriers against oxygen when compared to the conventional
synthetic plastics. Edlund et al. (2010) have also demonstrated that the solutions of
these polymers can be coated on to PET where a coating of approximately 6 pum in
thickness resulted in the oxygen transmission rate of PET to decrease from 38.9
cm®m? day to 4.2 cm*/m? day in the case of hemicellulose blended with CMC. In
addition to oxygen barrier properties of the films the authors have also investigated the
effect of preferring CMC over chitosan in terms of the tensile properties of the films
where it was found that unlike the oxygen transmission rate case, blends of
hemicellulose and chitosan have better mechanical properties compared to the films
prepared with CMC. However the differences in the oxygen transmission rates due to
the preference of CMC over chitosan were much higher compared to the differences
taking place in the mechanical properties of the films and thus CMC can be considered
as a better option compared to chitosan (Edlund et al., 2010).

Grondahl et al. (2004) added the plasticizers xylitol and sorbitol at concentrations of
20, 35 and 50% to xylan type hemicelluloses obtained from aspen wood where
complete film formation could not be obtained when hemicellulose was used alone. In
this case, instead of intact films, very brittle fragments were observed where the
authors associated this with the high glass transition temperature of the hemicellulose
and added plasticizers in order to lower it. Of the tested plasticizers, sorbitol showed a
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better performance compared to xylitol since slightly higher elongation at break values
were obtained with this plasticizer. The poorer performance of xylitol compared to
sorbitol was explained on the basis of the crystallization of this plasticizer at high
loadings. Films containing 35% sorbitol as plasticizer were also tested for their
oxygen barrier properties and it was found that the oxygen permeability of
hemicellulose based films were similar to that of ethylene vinyl alcohol (EVOH) film,
which is a conventional oxygen barrier film widely utilized for food packaging
purposes in the market.

A different application of hemicelluloses in terms of food packaging was
demonstrated by Zhang and Whistler (2004) where grapes were coated with film
forming solutions composed of hemicellulose and sorbitol. The idea that
hemicellulose based polymers could be used as edible coatings on foods was
emphasized. The effect of hemicellulose based edible coatings on the water loss of the
grapes was compared to uncoated grapes where it was found that the hemicellulose
based coatings caused a significant reduction in the water loss of the grapes at the end
of seven days of storage from 25% water loss for the uncoated grapes to 15% for the
grapes coated with hemicellulose and sorbitol solution. The authors have also prepared
films other than coatings and inspected the effect of the plasticizers propylene glycol
(PG), glycerol and sorbitol. Among the three plasticizers glycerol was most effective
in increasing the elongation at break values but it also severely reduced the tensile
strength of the films (Zhang and Whistler, 2004).

The mechanical properties of a polymeric material are of major importance for their
utilization in a given application area since a material is expected to maintain its
integrity against forces that it might be exposed to. The mechanical properties of
different hemicellulose based films containing various additives and other polymers in
terms of ultimate tensile strength (UTS), elongation at break (ep) and elastic modulus
(E) are given in Table 1.1 in order to provide an overall picture of the issue. Based on
the literature values shown in Table 1.1, it can be said that UTS values of
hemicellulose based films can reach around 50 MPA or slightly higher, which can be
considered as satisfactory values. However a rather typical problem of the
hemicellulose based films appears to be their very low elongation at break values or
their ductility.

In terms of industrial production, a Swedish company named Xylophane
(www.xylophane.com) is currently conducting pilot scale production of xylan type
hemicellulose based films where the application will be in the form of dispersion
coating of the hemicellulose solution as an oxygen barrier layer applied on to other
packaging materials made of paper, cardboard or synthetic plastics.
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Table 1.1. Mechanical properties of hemicellulose based films produced from different
types of lignocellulosic biomass (Adapted from Toraman, 2012).

Additives

UTS

€p

Biomass _ E (MPa) (MPa)| (%) Reference
Polymer | Plasticizer
Wheat
gluten (60- | Glycerol ~20-
Birch wood | 90%) (2%) ~20-200 ~2-8 380
Wheat oo
Kayserilioglu
gluten et al., 2003
Corn cob (80%) - ~10 ~1 ~620 B
Wheat
gluten
Grass (80%) - ~35 ~3 ~40
Xylitol
Aspen wood ) (20-50%) |~100-900 |5-40 |2-8 |Grondahl et
Sorbitol al., 2004
(20-50%) |200-5000 |[6-40 |2-11
- 1316 54 6
Glycerol
(0-22%) |365-1148 |10-47 |6-12
Zhang and
Corn hull - Propylene Whistler,
Glycol 2004
(0-22%) [1225-1320 |53-61 |6-8
Sorbitol
(0-22%) |463-1161 |20-48 |6-9
Hoije et al.,
Barley husk - i 2930 50 3 2005
Hoije et al.,
Rye - } 630-1750 |37-58 |5-10 |2008
Glycerol
(10-40%) |~100-1100 |~4-28 |~5-11 | Mikkonen et
Oat spelt - : al. 2009
Sorbitol "
(10-40%) |~300-700 |~9-17 |~4-9
CMC
Softwood | (20-50%) - 1624-2432 |10-51 |1-3 Edlund et al.,
hydrolysate | ~pitosan 2010
(40-50%) - 1915-2365 |48-62 |6-7
Norway - 2785 > 3 Escalante et
spruce Sorbitol al., 2012
- (5-25%) [1163-2612 |26-57 |3-4
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The multilayered packaging materials produced in this manner are proposed for the
packaging of oxygen sensitive products (such as dairy products) or aroma rich
products including spices and coffee.

1.6. Obijective of the study

Biorefineries capable of utilizing lignocellulosic biomass as raw materials for the
production of fuels, chemicals and materials are considered as central facilities for the
transformation of petroleum based products to renewable and environmentally
friendly products. As mentioned in the previous sections, production of multiple
products is essential for developing an economically realistic lignocellulosic
biorefinery strategy. Based on the importance of this multi-product approach, the
present thesis study aims the investigation of the effects of various process parameters
during the conversion of lignocellulosic agricultural wastes to glucose and
hemicellulose based polymeric materials. Different types of biomass pretreatments
and pretreatment parameters were studied in addition to different hemicellulose
extraction strategies and two types of polymer processing techniques. The studied
process parameters were mainly evaluated with respect to their effect on the glucose
yield and on the mechanical properties of hemicellulose based films.
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CHAPTER 2

MATERIALS AND METHODS

2.1. Materials

Corn cobs and cotton stalks were obtained from Hatay and Adiyaman (Turkey),
respectively. lonic liquids 1-ethyl-3-methylimidazolium chloride (EMIMCI, purity >
95%) and 1-ethyl-3-methylimidazolium acetate (EMIMACc, purity > 90%), which were
produced by BASF, were purchased from Sigma-Aldrich. The enzymes Celluclast
1.5L (Cellulase mixture) and Novozyme 188 (B-glucosidase) were obtained from
Novozymez (Denmark). Sulfuric acid, sodium hydroxide, potassium hydroxide, tri-
sodium citrate dihydrate, citric acid monohydrate, sodium azide, D-glucose and D-
xylose were purchased from Merck (Germany). Potassium sodium tartarate, 3,5-
dinitrosalicylic acid, phenol, sodium sulfate, cellobiose, potassium acetate, sodium
chloride, sorbitol and alkali lignin were purchased from Sigma—Aldrich (USA).

2.2. Pretreatments
2.2.1. Dilute acid pretreatment

Dilute acid pretreatment was applied to corn cobs. Dilute acid pretreatment was based
on a previously reported procedure (Silverstein et al., 2007). 5 grams of corncob at a
solid loading 10% (w/v) was incubated with 2% (w/v) H,SQ, in an autoclave at 121°C
for 1 h. At the end of pretreatment, the recovered biomass was washed with 200 ml
deionized water for 3 times. During the final wash, the pH of the suspension was
adjusted to 4.8 via NaOH and the biomass was rinsed with deionized water. The
pretreated biomass was dried in an incubator at 60°C for 16 h and weighted prior to
enzymatic hydrolysis.

2.2.2. Alkaline pretreatment

2.2.2.1. Alkaline pretreatment of corn cobs

Alkaline pretreatment applied to corn cobs was conducted identically to dilute acid
pretreatment with the exception that NaOH was used instead of H,SO, during

pretreatment and the pH adjustment was made with acetic acid instead of NaOH
(Silverstein et al., 2007).
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2.2.2.2. Alkaline pretreatment of cotton stalks

The alkaline pretreatment applied to cotton stalks had different parameters compared
to that applied to corn cobs. Alkaline pretreatment procedure applied to cotton stalks
was mainly derived from the previously reported procedures by Lawther et al. (1996)
and Zilliox and Debeire (1998). 5 grams of cotton stalk was swelled in 100 ml water
for 1 h at room temperature with magnetic stirring. The suspension was filtered and
the cotton stalks were incubated with 50 ml of 10% (w/v) KOH solution at three
different temperatures (25, 60 and 90°C) for 3 h. Pretreatment vessels were placed in a
silicon oil bath, which was placed on a magnetic stirrer equipped with a PT 1000.60
temperature sensor (IKA RCT Basic Safety control, Germany) in order to provide
magnetic stirring at 400 rpm and to maintain desired pretreatment temperatures. At the
end of pretreatment, the biomass was obtained by filtration. The pretreated samples
were washed with 200 ml of deionized water for 3 times, where during the final wash
the pH of the suspension was adjusted to 4.8 via the addition of acetic acid. Finally,
the pretreated biomass was rinsed with de-ionized water and dried in an incubator at
60°C overnight and weighted. Cellulosic portion recovery is defined as the ratio of
alkaline insoluble biomass recovered after pretreatment to untreated cotton stalks
subjected to pretreatment.

2.2.3. lonic liquid pretreatment
2.2.3.1. lonic liquid pretreatment of corn cobs

EMIMACc was used for the ionic liquid pretreatment of corncobs. 1.5 g of corncob was
incubated with EMIMAC at a solid loading of 10% (w biomass / w ionic liquid) in an
open atmosphere. The beakers containing corncob and ionic liquid were placed in a
silicon oil bath placed on a magnetic stirrer equipped with a temperature sensor in
order to control the temperature of the oil bath. The pretreatment was conducted at
150°C for 1 h with magnetic stirring at 400 rpm. At the end of 1 h, 75 ml of deionized
water was added to the pretreatment system and the suspension was filtered to recover
the pretreated biomass. The recovered biomass was washed extensively with 75 ml of
deionized water for 5 times in order to prevent cellulase deactivation due to the ionic
liquid, which may adversely affect the subsequent enzymatic hydrolysis (Turner et al.,
2003; Li et al., 2009; Zhao et al., 2009) and dried at 60°C for 16 h prior to enzymatic
hydrolysis.

2.2.3.2. lonic liquid pretreatment of cotton stalks
Cotton stalks with four different particles sizes were subjected to pretreatment via the

EMIMACc and EMIMCI ionic liquids. Cotton stalks were milled with a Thomas-Wiley
mill (Arthur Thomas Co., USA) and separated via sieves into four different particles
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sizes (<0.15 mm, 0.15-0.5 mm, 0.5-1.0 mm and 1.0-2.0 mm). Prior to pretreatments
cotton stalks were dried at 105°C for 2 h followed by their incubation with the ionic
liquids at a solid loading of 5% (w biomass/w ionic liquid). The pretreatments were
conducted at open atmosphere in glass vessels immersed in a silicon oil bath placed on
a magnetic stirrer equipped with a temperature sensor to control the temperature of the
oil bath while providing magnetic stirring at 400 rpm. All pretreatments were
conducted at 150°C for 30 minutes. Complete dissolution of cotton stalks in the ionic
liquids was not observed for any of the pretreatments. Identical steps to those reported
for corn cobs were followed during the washing and drying steps conducted at the end
of 30 minutes of pretreatment. All kinds of pretreatments in the present study were
conducted in duplicates.

2.3. Enzymatic hydrolysis

Enzymatic hydrolysis of biomass samples was conducted via the Celluclast 1.5L and
Novozyme 188 enzyme preparations where the cellulase activity was determined as 75
filter paper units (FPU)/ml for the Celluclast 1.5L (Haykir, 2013) and the pB-
glucosidase activity for Novozyme 188 was reported as 480 cellobiose units
(CBU)/ml. Enzymatic hydrolysis was performed in glass bottles with screw caps.
Untreated and pretreated lignocellulosic biomass samples was subjected to enzymatic
hydrolysis at a biomass loading of 3% (w/v) in 0.05 M sodium citrate buffer at pH 4.8.
Enzyme loadings were 50 FPU/g biomass and 60 CBU/g biomass for the cellulase and
B-glucosidase enzymes, respectively. Enzymatic hydrolysis suspensions also
contained sodium azide at a concentration of 0.02 w/v in order to prevent the growth
of microorganisms thoroughout the course of enzymatic hydrolysis, which lasted for
72 h in some cases (Selig et al., 2008). The enzymatic hydrolysis systems were placed
in a shaking incubator (Infors Minitron, Switzerland) at 50°C and 150 rpm and at the
required time intervals. Samples were pipetted from the bottles into 1.5 ml centrifuge
tubes. Following the collection of the samples from the enzymatic hydrolysis systems,
the tubes were immersed into boiling water for 5 minutes in order to stop the
enzymatic reaction. Following this the samples in the tubes were centrifuged at 10000
x g for 5 minutes and the supernatants were collected for reducing sugar and glucose
analysis. Each enzymatic hydrolysis was conducted in duplicates.

2.4. Compositional analysis

The compositional analysis of corn cobs were conducted according to the National
Renewable Energy Laboratory (NREL) analytical procedure (Sluiter et al., 2008). This
procedure is based on the digestion of the lignocellulosic biomass via sulfuric acid in
two steps. In the first step 300 mg of biomass was added to 3 ml of 72% H,SO, in
glass tubes. The tubes were placed in a water bath at 30°C for 1 h where at every 5
minutes the suspensions in the tubes were stirred with glass rods. At the end of 1 h, the
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H,SO, was diluted to 4% with the addition of deionized water and the suspensions
were transferred to autoclave bottles with screw caps. The bottles were placed in an
autoclave for 1h at 121°C. The bottles were removed from the autoclave, cooled to
room temperature and the suspensions were filtered through crucibles in order to
recover the insoluble material in the suspensions, which was the acid insoluble lignin
content. The crucibles were dried and the lignin content was calculated as the
difference between the initial and final weights of the crucibles. On the other hand, the
filtrate, which contains the sugar monomers, was subjected to HPLC analysis for the
determination of the cellulose and hemicellulose content of the samples following the
neutralization step performed by the addition of calcium carbonate to the samples until
the samples pH reached 6.

2.5. HPL.C analysis

A Shimadzu LC-20A HPLC system (Japan) was used for the HPLC analysis of the
samples by using a refractive index detector. BIORAD Aminex HPX-87H column was
installed to the HPLC system where the analysis conditions were 55°C with a flow
rate of 0.6 ml/min. 5 mM H,SO, was used as the mobile phase. D-glucose and D-
xylose were used as standards. All samples to be analyzed in the HPLC system were
syringe filtered through 0.22 pum filters into the HPLC auto sampler vials.

2.6. DNS assay

The reducing sugar contents of the enzymatic hydrolysates were determined via
dinitrosalicyclic acid (DNS) assay (Miller, 1959). This assay relies on the reaction of
the reducing ends of the sugars with the DNS reagent where increasing reducing sugar
concentration results in a stronger color development upon reaction, which is
quantified by using a spectrophotometer at 540 nm wavelength. Appropriately diluted
samples were reacted with the DNS reagent in tubes submerged into boiling water for
5 minutes. The tubes were cooled to room temperature and the absorbance of the
samples was determined at 540 nm. D-glucose was used as the standard.

2.7. Glucose determination via blood glucose monitors (BGMs)

4 different BGMs were used in order to measure the glucose concentrations in the
enzymatic hydrolysates of biomass samples. BGMs and their corresponding strips
were purchased from a local pharmacy. According to the manufacturer’s
specifications, Optium Xceed (Abbott Diabetes Care, UK) uses test strips (Optium
Plus) containing glucose dehydrogenase with nicotinamide adenine dinucleotide
cofactor (GDH-NAD) while OneTouch Select (LifeScan Inc., USA) uses test strips
with glucose oxidase (GOx). The test strips used with Bayer Contour Ts (Bayer
Consumer Care AG, Switzerland) contain glucose dehydrogenase with flavin adenine
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dinucleotide cofactor (GDH-FAD). All three BGMs are amperometric biosensors,
where the sample is automatically withdrawn into the test strip upon the contact of the
strip’s tip with the sample. Accu-Chek Active (Roche Diagnostics GmbH, Germany)
is a colorimetric device where the sample is applied on the designated area on the
strip, which results in the development of a certain color in a circular area on the other
side of the strip where this color is read by the BGM and converted to a glucose
concentration. This measurement is conducted via the pyrrologuinoline quinone
dependent glucose dehydrogenase (GDH-PQQ) mediator reaction. All the BGMs used
in the study were capable of performing measurements within 5 to 8 seconds with
sample volumes of 0.6 — 1 ul according the manufacturer’s specifications. Prior to the
measurements, each device was first coded according to the directions of the
manufacturers for its own LOT# of strips via inserting a coding bar (Optium Xceed),
entering the code manually to the device (One Touch Select) or inserting a coding chip
to the side of device (Accu-Chek Active) where no coding was required for Contour
Ts. For each BGM, strips with the same LOT# were used throughout the study.

Standard solutions of glucose and cellobiose in 0.05 M sodium citrate buffer at pH 4.8
were prepared in order to measure the response of the BGMs to glucose and cellobiose
at a concentration range of 0.5 — 4.0 mg/ml and to obtain the calibration curves and
equations used to calculate glucose concentrations in the enzymatic hydrolysates of
biomass samples. The samples from the enzymatic hydrolysis systems were diluted in
order to obtain readings within the glucose concentration range used to obtain the
calibration curves. The dilutions were made with the same buffer used to obtain the
calibration equations in order to eliminate the effect of pH, which might influence the
readings made with the BGMs to a certain extend depending on the type of the BGM
used (Choy et al., 2007, FitzGerald and Vermerris, 2005). Each measurement was
conducted in duplicates. The % error made by each BGM was calculated based on the
following equation:

Crpny — C
% Error = Coon — Crmicl 100

Chrrc
Cgem is the glucose concentration obtained with BGM and Cpp.c is the glucose
concentration obtained via HPLC. Each measurement with a given BGM was
conducted twice.
2.8. Hemicellulose extraction

2.8.1. Hemicellulose extraction from cotton stalks

Hemicellulose extraction from cotton stalks is actually performed during the
pretreatment applied to cotton stalks as described in section 2.2.2.2 where the isolation
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of hemicelluloses is conducted following the removal of the removal of the alkaline
insoluble portion from the pretreatment suspension. The filtrate was centrifuged at
8000 x g for 10 min in order to obtain a clear solution free of any remaining small
alkaline insoluble particles. Following the centrifugation, 125 ml of precipitation
solution, which is composed of 1:10 volumetric ratio of acetic acid to ethanol, was
added to the solution as suggested by Zilliox and Debeire (1998). The precipitated
material, which is regarded as the hemicellulosic portion, was collected by filtration
and dried at ambient conditions and weighted upon drying. Hemicellulosic portion
recovery is defined as the ratio of precipitated biomass recovered after pretreatment to
untreated cotton stalks subjected to pretreatment. Extractions were conducted in
duplicates.

2.8.2. Hemicellulose extraction from corn cobs for the production of films via
solvent casting

The procedure of hemicellulose isolation from corn cobs was adapted from previously
reported procedures (Lawther et al., 1996; Zilliox and Debeire, 1998). Prior to the
alkaline extraction, corn cobs were milled with a Thomas-Wiley mill to a particle size
of less than 2 mm. 20 g of ground corn cobs was swelled in water and filtered with a
filtering cloth. The wet corn cob particles were suspended in 170 ml of 10% KOH
solution at room temperature with magnetic stirring. At the end of 3 hours the
suspension was filtered and centrifuged at 8000 x g for 10 minutes. The hemicellulose
in the alkaline solution was precipitated with 500 ml of ethanol-acetic acid solution,
which had an ethanol:acetic acid volumetric ratio of 10:1, and the precipitated
polymers were recovered via filtration. In order to remove the salts formed during
precipitation due to the acid-base reaction between KOH and acetic acid, the
recovered polymers were partially dissolved in 100 ml of water followed by their
precipitation by adding 300 ml of ethanol into the medium. This cycle was repeated
for three times prior to the final filtration and recovery of the polymers. This last step
was not conducted for the case in which KAc was intentionally retained together with
the hemicellulose. KAc content of the isolated polymers was determined via
inductively coupled plasma optical emission spectrometry (ICP-OES). The polymers
were dissolved in ultra-purified water and the solutions, which were syringe filtered
through a 0.22 um filter, were analyzed with a Perkin Elmer Optima 4300DV ICP-
OES instrument to determine the potassium content of the samples. Extractions were
conducted in duplicates.

2.8.3. Hemicellulose extraction from corn cobs for the production of strips via
extrusion

The isolation of xylan from corn cobs was conducted according to a previously
reported procedure by Zilliox and Debeire (1998) with some modifications. Corn cobs
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were milled to a particle size of less than 2 mm and 100 g of milled corn cobs were
swelled in water at room temperature for 15 minutes. Following filtration, swelled
corn cobs were suspended in 850 ml of 24% KOH solution at room temperature with
magnetic stirring for two hours. The suspension was filtered with a filtering cloth and
centrifuged at 5000 x g in order to obtain an alkaline xylan solution. The xylan
polymers in the alkaline solution were precipitated by the addition of a 2.5 L of acetic
acid and ethanol solution (1:10 volumetric ratio of acetic acid to ethanol). The
precipitated polymers were recovered from the suspension via a filtering cloth. The
recovered polymers were partially solubilized in 200 ml of water and re-precipitated
by the addition of 600 ml of ethanol. This step was repeated 3 times and finally the
precipitated polymers were recovered and left to dry at room temperature. Extractions
were conducted in duplicates.

2.9. Solvent casting
2.9.1. Solvent casting of hemicelluloses extracted from cotton stalks

0.5 grams of hemicellulosic portion was dissolved in 15 ml of de-ionized water at
85°C in a period of 45 minutes on a magnetic stirrer equipped with a temperature
sensor. After the dissolution, the solutions were poured into petri dishes with a
diameter of 9 cm. Films were dried and aged for 2 days upon drying in ambient
conditions with a temperature of 21 + 2°C at 42 + 3% relative humidity as determined
by a thermo-hygrometer with data logging function (TFA Dostmann Klima Logger,
Germany). The water content of the films was determined by drying the films at
105°C in an oven until they reached a constant weight. The lignin content of the films
was analyzed by dissolving the films in de-ionized water and measuring the
absorbance at 280 nm with a UV-Vis spectrophotometer as suggested by Westbye et
al. (2007). Alkali lignin was used as the standard during the determination of the
lignin content of the films.

2.9.2. Solvent casting of hemicelluloses extracted from corn cobs

A stock solution of the desalted hemicelluloses in water was prepared with a
concentration of 1 g of hemicellulose/37.5 ml of water. The solution was divided
equally into separate beakers where the amount of hemicellulose in each beaker was
0.4 g on a dry basis. Separate solutions of each additive (Potassium acetate, sodium
chloride and sorbitol) were prepared and the corresponding volumes of these solutions
were transferred to the hemicellulose solutions in order to obtain the film forming
solutions containing the specified amount of the additives (10% or 25% w/w on a dry
basis). For the films obtained from hemicelluloses containing potassium acetate, the
film forming solution was obtained by dissolving 0.4 g of hemicellulose in 15 ml
water. The film forming solutions were poured into plastic petri dishes with a diameter
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of 9 cm and left to dry at ambient conditions where the temperature and the relative
humidity of the surroundings were recorded as 22 + 1°C and 47 + 2% throughout the
drying period with a thermo-hygrometer. The films were detached from the petri
dishes and used in further characterizations. Each type of film was prepared in
duplicates.

2.10. Extrusion

A twin-screw, co-rotating extruder (Thermo HAAKE MiniCTW) with conical screws
(Screw diameter: 4-15 mm, screw length: 109.4 mm) and two heating zones was used
for the extrusion of xylan polymers (Figure 2.1). An important feature of this extruder
is its capability to work with small amounts of material where 5 grams of polymer is
sufficient to obtain the desired extrudate. A ribbon die plate with a rectangular
opening of 5x0.5 mm (width X length) was attached to the extruder in order to obtain
the extruded material in the form of a strip. The strip coming out of the extruder was
collected on a mini moving belt. The extrusion parameters, including extrusion
temperature and screw speed, were controlled via a PC connected to the extruder by
using the software supplied together with the extruder.

Prior to extrusion, xylans were first conditioned at three different relative humidities
(10%, 55% and 90%) for 24 h in order to obtain polymers with different water
contents. For each batch of conditioned polymers, 3 extrusion temperatures (60, 90
and 120°C) were studied. The extrusions were performed at a screw speed of 50 rpm
and 5 g of xylan polymers were manually fed to the extruder for each run. Each
extrusion trial was conducted twice by using two different batches of xylan polymers.
All parts of the extruder including the barrel, screws and the die were thoroughly
cleaned before starting a new trial in order to eliminate any possible effect the residual
xylan polymers left from previous runs might have on the new extrusion trial.
Polylactic acid (NaturePlast PLI005) was also extruded in the same extruder at a
screw speed of 50 rpm where extrusion temperature was set to 170°C (Baouz et al.,
2013).

2.11. Tensile testing

The tensile properties of the films and strips obtained from hemicelluloses were
determined with a universal testing machine (Zwick/Roell Z250, Zwick GmbH & Co.,
Germany) found at Middle East Technical University (METU) Central Laboratory. If
the samples to be tested were films, they were cut into dog-bone shaped specimens
with a manual cutting press. If strips were to be tested, rectangular specimens
wereobtained by cutting the strip obtained from the extruder to pieces with 8 cm
length. For the testing of the dog bone shaped film samples, a 100 N load cell and
pneumatic grips were used while for the testing of the strips a 10 kN load cell together
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with wedge grips was installed to the testing machine. The tests were performed at a
cross-head speed of 5 mm/min. The conditions of the testing room, in terms of relative
humidity and temperature, were controlled by means of a climatic room conditioner
(Tecnair LV) with special designed air ducts installed to the testing room. During the
test, the relative humidity and temperature were between the limits of 50 + 5% and 23
+ 1°C. The results of the tests were obtained from the software (Testexpert 2)
accompanying the universal testing machine. Ultimate tensile strength (UTS),
elongation at break (ep), elastic modulus (E) and toughness were the determined
properties during tensile testing measurements. The corresponding locations of these
values in the stress-strain diagram are shown in Figure 2.2. At least 5 specimens were
tested for each type of material.

”r R ,/f//,/"‘/"" &

Figure 2.1. Pictures of the extruder used for the extrusion of hemicelluloses into strips.
Top left: Upper half of the extruder barrel removed to show the twin screws. Top
right: Extruder barrel closed with the die assembly placed at the exit. Bottom:
Complete view of the extrusion system including the mini conveyor belt.
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Figure 2.2. lllustration of the different tensile properties on the stress-strain curve.

2.12. Indentation testing

The indentation tests were conducted at METU Central Laboratory with a
nanoindentation tester (CSM Instruments, Switzerland). The load was applied to the
specimens with a Berkovich tip and the maximum value of the load was fixed at 30
mN. The data were analyzed by the nanoindentation tester’s software by using Oliver-
Pharr method (Oliver and Pharr, 1992) in order to determine the hardness and elastic
modulus values. The water content of the films was determined from the weight loss
of the films that took place upon drying at 105°C for 24 hours. The films were
conditioned for 2 days at 33% relative humidity at a temperature of 23°C prior to
indentation tests and water content measurements.

2.13. Scanning electron microscopy (SEM)
SEM analysis were performed at the METU Central Laboratory. A Quanta 400F

scanning electron microscope was used to characterize the cross-sectional morphology
of the films and strips at a voltage of 5 kV. The samples were immersed into liquid
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nitrogen and fractured in order to obtain the necessary cross-sectional surface. The
samples were coated with gold/palladium prior to SEM analysis.

2.14. X-ray diffraction analysis

Rigaku Ultima 1V X-ray diffractometer (Japan) was used for the X-ray diffraction
analysis of samples, which was conducted between 260 = 5-40° with a scanning speed
of 0.5° min "' at a step size of 0.02°. The analysis were performed at METU Central
Laboratory.

2.15. Equations used during the calculations

The following equations were used to calculate the results obtained upon pretreatment
and the following enzymatic hydrolysis including solid recovery, digestibility,
conversion to glucose and glucose yields. The explanation of each symbol is given
below the corresponding equation.

W
Solid recovery (%)= 3 PR . 100

]"U'I

Wit is the weight of biomass recovered after pretreatment and Wy is the weight of
untreated biomass subjected to pretreatment.

T

Cra=V
Digestibility (%)= —=

Wn = 100
Ce=V
Conversion to glucose (%)= —— = 100
Wg

Crs and Cg are the reducing sugar and glucose concentrations in the enzymatic
hydrolysates, respectively. V is the volume of the enzymatic hydrolysis system, Wg is
the weight of biomass subjected to enzymatic hydrolysis.

 Rec(%) x [Con(%)/100]
Gl 1d (%)= 100
weose yield (%)= — e P < 11T

Rec (%) is the solid recovery (taken as 100 if no pretreatment was applied), Con (%)
is conversion to glucose and Cellulose (%) is the cellulose content of untreated
biomass. 1.11 is the correction factor for glucose since 1 g of cellulose liberates 1.11 g
glucose upon hydrolysis.
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CHAPTER 3

UTILIZATION OF BLOOD GLUCOSE MONITORS AS A RAPID AND
PRACTICAL METHOD FOR THE DETERMINATION OF GLUCOSE IN
THE ENZMATIC HYDROLYSATES OF PRETREATED
LIGNOCELLULOSIC BIOMASS

The following chapter investigates the possibility of using blood glucose monitors
(BGMs) for measuring the glucose concentration in the enzymatic hydrolysates of
lignocellulosic biomass. BGMs are affordable devices that are available in the drug
stores and they can measure the glucose concentration in the blood in around 5
seconds. BGMs are generally used by people who have diabetes so that they can easily
monitor their blood glucose levels by themselves at home without going to a hospital
or a fully equipped laboratory.

A BGM has 2 main components, the first component is the device itself equipped with
a digital display that shows the measured glucose concentration. The second
component is a strip (single use, consumable) that gets into contact with the patient’s
blood. In order to perform a measurement with a BGM, the strip is first inserted to the
device and then the other end of the strip is lightly contacted to a very small drop of
the patient’s blood, which is created by the patient by lightly piercing his/her finger’s
tip. The blood is drawn into the strip upon contact while in some BGM models the
blood has to be dropped on to a specific area on one side of the strip.

The enzymes loaded into the strips of the BGMs are redox enzymes (oxidoreductases),
which are categorized into two groups: Glucose oxidases (GOx) and glucose
dehydrogenases (GDH) where the GDH has three different types depending on its
cofactor (Ferri et al., 2011). These cofactors are flavin adenine dinucleotide (FAD),
nicotinamide adenine dinucleotide (NAD) and pyrrologuinoline quinone (PQQ) and
the GDH enzymes utilizing these cofactors are designated as GDH-PQQ, GDH-FAD
and GDH-NAD (Ferri et al., 2011). In other words, the BGMs of today use one of the
GOx, GDH-PQQ, GDH-FAD or GDH-NAD enzymes during the determination of
glucose concentration in the blood. All four of these enzymes catalyze the oxidation of
the glucose molecule by acting on its reducing end, and depending on the type and
measurement mechanism of BGMs the oxidation products are detected
amperometrically or colorimetrically (Heller and Feldman, 2008; Wang, 2008; Ferri et
al., 2011). An important issue related to the enzymes used in the strips of the BGMs is
their selectivity towards glucose and their sensitivity to environmental factors.
Measurements made with BGMs utilizing GOx enzyme are sensitive to the oxygen
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concentration in the blood (Heller and Feldman, 2008; Ferri et al., 2011) while BGM
utilizing GDH-PQQ have a selectivity problem associated with the rather broad range
of sugars it is sensitive to, as discussed in the upcoming sections of this chapter. The
enzymes GDH-FAD and GDH-NAD can thus be considered as more suitable enzymes
for BGMs since they take advantage of both the substrate specificity and the oxygen
insensitivity of the GOx and GDH-PQQ enzymes, respectively (Heller and Feldman,
2008).

Measuring the glucose concentration in the enzymatic hydrolysates of lignocellulosic
biomass is among the most frequently performed tasks in a research lab working on
lignocellulosic biomass pretreatment. Glucose in a solution can be determined via
HPLC, bench top biochemistry analyzers and enzymatic glucose determination Kits
(Choy et al., 2007; Decker et al., 2009). HPLC can be considered as the standard
method for measuring the glucose concentration in the enzymatic hydrolysates.
Certain types of glucose determination Kits that rely on the UV/Vis spectrophotometry
are also quite popular in many research labs since HPLC is a rather expensive device
and thus for some researchers access to a HPLC system can be hard or not possible at
all. Here the word “hard” refers to the case where multiple research groups uses a
single HPLC with each group using a different HPLC column. Furthermore, HPLC is
a time consuming technique and need a lot of preparation before performing the actual
measurements. For instance, before an HPLC analysis, a period of 2 days may be
needed for the conditioning of the HPLC column, preparation, filtration and degassing
of the mobile phase and filtration of each sample one by one. In other words, it might
not be always possible to obtain the results instantly with a HPLC system. Such efforts
can especially be tiresome if only a few samples need to be analyzed. Also someone
with a certain level of experience is needed to operate the HPLC and also to prepare
the samples for analysis. Problematic issues related to time consumption, personnel
training and cost (including both the capital and the operational cost) can also arise
during the utilization of biochemistry analyzers or glucose determination kits (Choy et
al., 2007).

Fitzgerald and Vermerris (2006) investigated the performance of two BGMs that
utilize GOx and GDH-PQQ enzymes for the determination of glucose in two different
buffers. Although a comparison with a reference method such as HPLC was not made,
the authors reported the accuracy of the GDH-PQQ utilizing device to be higher
compared to the GOx utilizing device based on the known glucose concentration
values. The GDH-PQQ utilizing device was also shown to be less affected from the
changes in the pH of the buffer compared to GOx utilizing device. The authors have
thus suggested the utilization of the GDH-PQQ using BGM and measured the glucose
concentration in the enzymatic hydrolysates of untreated maize stover with this BGM.
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Sopade and Gidley (2009) used a GDH-PQQ utilizing BGM and compared its
performance to a GOx based colorimetric enzymatic assay for the determination of
glucose during the enzymatic hydrolysis of starch. The authors have reported similar
results for the glucose concentrations determined via BGM and GOx assay. Choy et
al. (2007) used GOx and GDH-PQQ utilizing BGMs for the determination of glucose
in the fermentation medium where results obtained via BGMs were reasonably close
to those obtained via HPLC and biochemistry analyzer. In addition to these studies
where the performance of the BGMs were evaluated in terms of their accuracy, BGMs
utilizing GOx or GDH-PQQ enzymes were also used for the determination of glucose
concentrations in the enzymatic hydrolysates of dilute acid pretreated bagasse
(Alriksson et al., 2009), waste fiber sludge (Cavka et al., 2011) and native or ionic
liquid pretreated micro crystalline cellulose (Jones and Vasudevan, 2010).

In a lignocellulosic biomass conversion research lab, there might be numerous
occasions where one wants to easily and quickly obtain the results of an enzymatic
hydrolysis in terms of glucose produced from the lignocellulosic biomass subjected to
enzymatic hydrolysis. BGMs can be good tools to utilize at this stage since they are
inexpensive, easy to access and operate. Virtually, no one needs to be trained to use a
BGM and results are obtained approximately in 5 seconds.

There are different brands and models of BGMs in the market and as mentioned
previously an important difference between these is the enzyme used in the strips of
these devices. Considering this issue, this chapter investigates the applicability of four
different BGMs for the determination of glucose concentration in the enzymatic
hydrolysates of pretreated lignocellulosic biomass where each of the BGMs uses a
different enzyme (GOx, GDH-PQQ, GDH-FAD or GDH-NAD) to determine the
glucose. Since pretreatment is a key issue at this stage, the lignocellulosic biomass,
which is corn cob in this case, was pretreated with three different techniques (alkaline,
acid and ionic liquid pretreatments) in order to determine if the type of pretreatment
has any effect on the accuracy of the readings made by the BGMs regarding the
glucose concentration with respect to the values obtained via HPLC.

3.1. Selectivity and linearity of the response demonstrated by BGMs to glucose
and cellobiose

While choosing or developing a method for the determination of a specific compound
in a medium, one of the most important issues is the selectivity of the method towards
the compound that needs to be determined. In the current case, glucose is the target
compound to be determined. However, in the enzymatic hydrolysate of a given
lignocellulosic biomass, glucose will not be the only molecule that is liberated from
the lignocellulosic structure. Especially, due to the incomplete hydrolysis of cellulose,
the glucose dimers called cellobiose will also be present in the hydrolysate together
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with other cellooligomers. So it is important for the tested BGMs not to respond to
various cellobiose concentrations since if they do so, the glucose concentrations
calculated by the BGMs would be misleading as these would be overestimated values.

Among the tested BGMs, only Accu-Chek Active responded to cellobiose while the
other three BGMs did not respond to any of the cellobiose concentrations tested,
which were between 0.5 — 4 mg/ml. As shown in Figure 3.1, the response of the Accu-
Chek Active to cellobiose had a fine linearity.

£ 0ne Touch Select
0Accu-Chek Active (Glucose)
< Optium Xceed
| oContour TS
x Accu-Chek Active (Cellobiose)

BGM reading (mg/ml)
w TN

pv]
I

0 T T T T
0 1 2 3 4 5

Actual concentration (mg/ml)

Figure 3.1. Values displayed by the blood glucose monitors vs. the actual glucose and
cellobiose concentrations.

46



This response is likely related to the enzyme used in Accu-Chek Active, which is
GDH-PQQ. Tatsumi et al. (2006) have previously shown that this enzyme could be
used in a biosensor to detect cellobiose. Other Accu-Chek BGM models, which also
use the enzyme GDH-PQQ, were shown to respond to molecules other than glucose
including xylose and arabinose (FitzGerald and Vermerris, 2005) and maltose and
lactose (Sopade and Gidley, 2009).

The response of the all four BGMs to increasing glucose concentrations from 0.5 — 4
mg/ml is shown in Figure 3.1. A comparison of the BGM readings (The glucose
concentration value digitally displayed by the devices) with the actual glucose
concentrations shows that the devices either overestimate or underestimate the glucose
concentration. Contour Ts was the only device that displayed underestimated values
while the other three displayed overestimated values. Taking into account that these
devices were produced for the determination of the glucose concentration on the
human blood, such a result is not surprising since the calibrations of these devices
must have been made according to the human blood. However in the current case,
glucose concentration in 0.05 M sodium citrate buffer (pH=4.8) was measured, which
resulted in the utilization of these devices in an originally unintended medium.
Nevertheless the response of all four BGMs to increasing glucose concentrations were
quite linear with certain differences between the BGMs. As shown in Figure 3.1,
among the all four BGMs, Accu-Chek Active gave the most linear response in the 0.5
— 4 mg/ml concentration range. The linearity of the responses given by the other
BGMs was lost to a certain extent as the glucose concentration increased, which was
especially obvious for Optium Xceed. Therefore for the three BGMs other than Accu-
Chek Active, the 0.5 — 2 mg/ml region was selected as the concentration range in
which the calibration equation was valid. As shown in Table 3.1, The R? value is
greater than 0.99 for Optium Xceed and One Touch Select in this concentration range
while R?=0.998 for Accu-Chek Active in the 0.5 — 4 mg/ml range indicating a very
high linearity for the response of this BGM to glucose in sodium citrate buffer. The
lowest R? value between 0.5 — 2.0 mg/ml was obtained for Contour Ts as 0.981.

Table 3.1. The linear concentration range and corresponding calibration data for
BGMs

BGM Model Enzyme Calibration Calib_ration R?
Range equation
(mg/ml glucose)
Optium Xceed GDH-NAD 05-20 y=1.17x +17.78 0.991
One Touch Select GOx 05-20 y =1.55x-25.00 0.997
Contour Ts GDH-FAD 05-20 y=0.65x+7.75 0.981
Accu-Chek Active ~ GDH-PQQ 05-4.0 y=1.16x +6.38  0.998
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3.2. Performance of BGMs as compared to HPLC and DNS methods for the
measurement of glucose concentration in the enzymatic hydrolysates of
pretreated corn cobs

All four BGMs were used to determine the glucose concentration in the enzymatic
hydrolysates of corn cobs pretreated with 3 different methods, which were dilute acid,
alkaline and ionic liquid pretreatments. The values displayed by the BGMs were
substituted into the calibration equations given in Table 3.2 in order to calculate the
glucose concentrations in the hydrolysates. These values were then compared with the
values obtained via HPLC and dinitrosalicylic acid (DNS) assay (Miller, 1959) in
order to assess the accuracy and thus the suitability of each BGM for the
determination of glucose in the hydrolysates. The DNS assay is used to measure the
reducing sugar concentration in a solution on a colorimetric basis and involves the
utilization of a UV/Vis spectrophotometer.

The glucose concentration values measured by the BGMs as well as the values
measured by HPLC and DNS methods are shown in Figure 3.2 for both the 1% and the
24™ hour of enzymatic hydrolysis. Taking the HPLC values as the actual or reference
values, it can be seen that the accuracy of the BGMs depend not only on the type of
pretreatment but also on the duration of the enzymatic hydrolysis.

A rather interesting result shown in Figure 3.2 is the close values obtained from the
Accu-Chek Active BGM and the DNS method, which is especially true for the 24"
hour of enzymatic hydrolysis regardless of the type of the pretreatment applied to corn
cobs. For instance, among the pretreated samples, the largest difference between the
Accu-Chek Active BGM and the DNS method occurred for the enzymatic
hydrolysates of the ionic liquid pretreated sample. While Accu-Chek Active measured
a concentration of 19.7 mg/ml, DNS method gave a reducing sugar concentration of
18.6 mg/ml, which results in a difference of approximately 6% between the two
methods. Such a difference might be regarded as tolerable, provided that very precise
measurements are not necessary. For the dilute acid pretreatment case, this difference
was smaller where the measured concentrations were 20.0 mg/ml and 20.8 mg/ml for
the BGM and DNS method, respectively, which correspond to a difference less than
4% between the two methods. The two methods gave the closest results for the
alkaline pretreatment case (31.9 mg/ml and 31.7 mg/ml, respectively for BGM and
DNS method) where the difference was less than 1%.

The DNS method is frequently used for the colorimetric determination of reducing
sugars via UV/Vis spectrophotometry. Thus it appears that Accu-Chek Active BGM
might be a suitable device that can be used for the determination of reducing sugars
especially towards the later stages of enzymatic hydrolysis. Using the Accu-Chek
Active BGM instead of the DNS method for the determination of reducing sugars in
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Figure 3.2. Glucose concentrations of the enzymatic hydrolysates measured with the
blood glucose monitors, HPLC and DNS method following different pretreatments. ()
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hydrolysis are shown separately.
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the enzymatic hydrolysates might be advantageous since DNS method is much more
dependent on the individual that performs it as compared to the BGM measurements.
Additionally, DNS method is time consuming as compared to BGM measurements
since it includes boiling and cooling stages.

Table 3.2 shows the % errors made by the BGMs for the measurement of glucose
concentration as compared to the glucose concentration values obtained via HPLC for
both the 1% and the 24™ hour of enzymatic hydrolysis. As expected due to its response
to cellobiose in addition to its response to xylose, which was previously demonstrated
by FitzGerald and Vermerris (2005), Accu-Chek Active, which utilizes the enzyme
glucose dehydrogenase with pyrroloquinoline quinone co-factor (GDH-PQQ), made
the highest errors overall that were between 70 — 80% for the alkaline and ionic liquid
pretreated samples. An important point here is that this BGM made much lower errors
for the dilute acid pretreated samples (around 10% to 12% depending on the duration
of the enzymatic hydrolysis). The most likely reason for this decrease in the error is
that dilute acid pretreatment already causes a depolymerization of cellulose during the
pretreatment stage prior to enzymatic hydrolysis, resulting in the absence of cellobiose
at the end of enzymatic hydrolysis (Kumar and Wyman, 2009). Indeed, the HPLC
analysis of the enzymatic hydrolysates in the present study also showed that cellobiose
was absent for the dilute acid pretreatment case unlike the alkaline and ionic liquid
pretreatments.

For the 1% hour of enzymatic hydrolysis, the lowest errors considering the analysis of
the pretreated samples was made by Contour Ts for the dilute acid and alkaline
pretreated samples where the errors were 0.7% and 4.2%, respectively. This BGM
made a much higher error of 30% regarding the ionic liquid pretreated samples, which
was also repeated at the end of 24" hour of enzymatic hydrolysis. It thus appears that
residual ionic liquid present in the enzymatic hydrolysates interfere with the
measurement mechanism of this device since the error was at least doubled compared
to the dilute acid and alkaline pretreated samples. Such an undesired interference does
not appear to take place with the other three BGMs.

Optium Xceed also performed well for the 1% hour of enzymatic hydrolysis where the
errors were between 4 — 9% depending on the type of the pretreatment applied. The
error range was also similar (between around 5% - 11%) when the enzymatic
hydrolysis time was increased to 24 hours. This BGM thus seems to be consistent with
the readings it makes regardless of the pretreatment type or the enzymatic hydrolysis
duration.

One Touch Select was the BGM that effected most significantly from the duration of

the enzymatic hydrolysis in terms of its accuracy. While the error made by this device
was around 23% for all three types of pretreatments, it was reduced to a range between
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around 8 — 12%, the lowest error resulting from the alkaline pretreated samples. It thus
appears that while pretreatment is the critical parameter for the accuracy of some
BGMs, the duration of the enzymatic hydrolysis might be critical for the accuracy of
others.

The final important point related to the results shown in Table 3.2 is the low accuracy
of all three BGMs (except Accu-Chek Active) regarding the measurement of the
glucose concentration of the enzymatic hydrolysates of the untreated or native
samples. While the Accu-Chek Active made an error of 12% and 0.6% for the
hydrolysis durations of 1 hour and 24 hours, other BGMs made an error of at least
18% at the 24™ hour of enzymatic hydrolysis. The least error was made by Optium
Xceed where the errors were more for all the BGMs when the enzymatic hydrolysis
time was reduced to 1 hour (between 21 — 44%). The most likely problem regarding
the untreated samples is the low glucose concentration, which results in the presence
of other compound at higher proportions as compared to the pretreated samples where
the glucose concentration is much higher. Since the calibration equations for the
BGMs were obtained by using solely glucose and sodium citrate buffer, these foreign
compounds (such as residual pretreatment agents, enzymes or lignin related phenolic
compounds that are liberated during the enzymatic hydrolysis due the
depolymerization of the lignocellulosic structure) might be interfering with the
measurement mechanism of the devices resulting in poor accuracies.

3.3. Comparison of the efficiencies of different pretreatments applied to corn
cobs in terms of glucose yields

As mentioned in the previous sections, three different types of pretreatments were
applied to corn cobs, which were the dilute acid, alkaline and the relatively recent
ionic liquid pretreatment. Sulfuric acid and sodium hydroxide were the agents used for
the dilute acid and alkaline pretreatments, respectively where the ionic liquid 1-ethyl-
3-methyl imidazolium acetate (EMIMAC), which is in liquid form at room
temperature, was used for the ionic liquid pretreatment. The composition of the corn
cobs were determined as 35.3 = 1.1% cellulose, 31.1 + 0.8% hemicellulose and 18.0 +
0.3% lignin.

The results of the pretreatments are shown in Table 3.3, including the solid recoveries
in addition to the conversion to glucose values and glucose yields. The results in Table
3.3 include those obtained with the HPLC system as well as those obtained via a BGM
in order to provide additional comparison when it comes to evaluating the final values
of the pretreatment and the following enzymatic hydrolysis process. Based on the
consistent results obtained from Optium Xceed regardless of the pretreatment type the
24™ hour of enzymatic hydrolysis, this BGM was chosen for this part of the study to
accompany the HPLC.
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The term “solid recovery” in Table 3.3 refers to the weight of the corn cobs that was
collected at the end of pretreatment on a dry basis. As seen here, the highest solid
recovery was obtained for the ionic liquid pretreatment where 87% of the corn cobs
subjected to pretreatment were recovered at the end of the pretreatment period. Dilute
acid and alkaline pretreatments had lower solid recoveries around 46 — 53%, implying
that corn cobs subjected to these pretreatments lost more of their material during
pretreatment as compared to ionic liquid pretreatment.

“Conversion to glucose” is defined in the present study as the fraction of the pretreated
corn cobs that was converted to glucose. For instance the conversion to glucose value
for the dilute acid pretreatment case is 61% as determined via HPLC. This value
means that 61% of the fraction that was recovered at the end of dilute acid
pretreatment was converted to glucose upon enzymatic hydrolysis. In terms of the
conversion to glucose values, dilute acid and alkaline pretreatments had almost 2
times higher conversion values (~60%) compared to ionic liquid pretreatment. This
result is not surprising since as implied by the low solid recovery values, the fraction
of cellulose in the dilute acid and alkaline pretreated samples should be higher than the
fraction of cellulose in the ionic liquid pretreated samples.

The glucose yield in Table 3.3 is defined on the basis of the cellulose content of the
corn cobs prior to being subjected to pretreatment. In other words, the glucose yields
given in Table 3.3 are the percentiles of the theoretical maximum amount of glucose
that could be obtained from native corncobs. All three kinds of pretreatments gave
similar glucose yields, which were approximately around 73 — 84%, being around 3.5
times higher compared to the case where no pretreatment was applied to the corn cobs.

Table 3.3 can also be used to compare the above mentioned values with those obtained
via a BGM instead of the HPLC. As it can be predicted from the results given in the
previous section, the largest difference between the HPLC and BGM results occurred
for the untreated samples. On the other hand, the differences between the two methods
for all three kinds of pretreatments were reasonably small, indicating the suitability of
using the Optium Xceed BGM as an alternative to HPLC if a high level of accuracy is
not a necessity. However, it must also be noted that if the only type of pretreatment
applied to corn cobs would be alkaline pretreatment, then One Touch Select or
Contour Ts would be better options than Optium Xceed since these two BGMs had
lower error values compared to Optium Xceed for the alkaline pretreatment case.
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CHAPTER 4

EFFECT OF LIGNOCELLULOSIC BIOMASS PARTICLE SIZE ON THE
IONIC LIQUID PRETREATMENT EFFICIENCY

As shown in the previous chapter, applying pretreatment to a lignocellulosic biomass
significantly enhances the following enzymatic hydrolysis step, dramatically
increasing the amount of glucose produced compared to the enzymatic hydrolysis of
untreated biomass. A given type of pretreatment has several parameters depending on
its kind, such as the pretreatment temperature, time, pressure as well as the
concentration of the pretreatment agents and the solid to liquid ratio, meaning the ratio
of the lignocellulosic biomass to the pretreatment agent. In addition to these, one of
the most important parameters of the pretreatment is the particle size of the
lignocellulosic biomass prior to pretreatment. The importance of this parameter is
mainly due to the fact that the particle size reduction (grinding) is a very energy
consuming and thus economically costly step. This issue makes the pretreatment
systems capable of working at larger biomass particle sizes more advantageous and
feasible compared to the pretreatments that demand smaller particle sizes to work
efficiently (Yang and Wyman, 2008; Zhu and Pan, 2010; Vidal Jr. et al., 2011).

The present chapter focuses on the effect of lignocellulosic biomass particle size on
the pretreatment efficiency of two ionic liquids, namely 1-ethyl-3-methyl imidazolium
acetate (EMIMAC) and 1-ethyl-3-methyl imidazolium chloride (EMIMCI). Cotton
stalks were subjected to grinding and the collected particles were separated into four
different particle size ranges via sieving. The cotton stalk particles were subjected to
ionic liquid pretreatment followed by enzymatic hydrolysis. The changes that took
place in the appearances, lignin content and crystallinity of the particles were
investigated. Following the pretreatment, pretreated cotton stalk particles were
subjected to enzymatic hydrolysis in order to determine the differences in their
enzymatic digestibility and the glucose yields they give.

4.1, Effect of different ionic liquids on the structural properties of pretreated
cotton stalks with respect to different biomass particle sizes

After the pretreatment, the recovered cotton stalk particles were dried and they were
pictured together with the untreated cotton stalk particles in order to inspect their
visual appearances in a comparative manner as shown in Figure 4.1. Each row in
Figure 4.1 represents a different pretreatment category where for the top row the
particles were not subjected to pretreatment. Each column represents a different
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particle size where as you go from left to right the particle size of cotton stalks prior to
pretreatment increases from less than 0.15 mm up to the 1.0 — 2.0 mm range. All the
photographs depicted in Figure 4.1 were taken from the exact same vertical distance in
order to enable a realistic comparison between the images.

Inspection of the middle row reveals that the particles having the two smallest
particles sizes underwent obvious changes as a result of the EMIMCI pretreatment as
compared to their untreated counterparts. However, increasing the particle size to 0.5
— 1 mm range and further to 1 — 2 mm range resulted in particles having similar
appearances with those of the untreated particles. There was only a slight darkening in
the color of the particles where the appearances looked almost identical implying that
a lower degree of modification might have taken place with these particle sizes as
compared to the smaller ones.

Q
P
D

Figure 4.1. Appearance of cotton stalks at different particle sizes prior to and after
ionic liquid pretreatment with two different ionic liquids.
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On the other hand EMIMAC pretreatment appears to have caused more significant
changes during pretreatment independent of the particle size. Especially for the 0.5 - 1
mm and 1 — 2 mm particles sizes, the large and intact body of the particles prior to
pretreatment seems to be lost and these were replaced with rather fibrous like
structures found together in the form of lumps. Therefore, it can be predicted that
EMIMAc was more successful in terms of modifying or deconstructing the
lignocellulosic structure of cotton stalks compared to EMIMCI especially at larger
particle sizes when the appearance of the native cotton stalks are considered.

A key and a beneficial aspect of the ionic liquid pretreatment from the enzymatic
hydrolysis perspective is its effect on the crystalline structure of cellulose as well as
lignocellulosic biomass as a whole. lonic liquid pretreatment renders the cellulose and
the lignocellulosic biomass more amorphous compared to its native form, which in
turn enhances the enzymatic hydrolysis that follows the pretreatment step (Kilpelainen
et al., 2007; Samayam et al., 2011; Wu et al., 2011). Determining the changes in the
crystallinity of the lignocellulosic biomass samples after the pretreatment step is
therefore important.

The X-ray diffractograms of the cotton stalks before and after ionic liquid
pretreatment are given in Figures 4.2 (a) and (b). As it can be seen in the
diffractograms of untreated cotton stalks, there are two peaks appearing in the native
sample at 20 = 22° and at 20 ~ 16°, which are indicative of the samples’ crystallinity.
For the EMIMACc pretreatment (Figure 4.2 a) the peak at 20 = 16° completely
disappears except for the largest particle size (1 — 2 mm) where for this sample this
peak is decreased in its intensity and takes the form of a shoulder. The peak at 20 =
22° shifts to lower angles for all the EMIMAc pretreated samples while it also
broadens and loses its intensity where these changes are most evident for the three
smallest particle sizes. These changes that took place following the EMIMAcC
pretreatment show that the crystalline structure of cotton stalks were disrupted as a
result of the pretreatment leading to a more amorphous form, especially for the
samples with particle sizes of <0.15 mm, 0.15 — 0.5 mm and 0.5 — 1.0 mm. In other
words EMIMAC was successful at altering the native crystalline structure of cotton
stalks regardless of the change in their particle sizes prior to the ionic liquid
pretreatment where this alteration was most obvious for the three smallest particle
sizes.

Inspection of Figure 4.2 (b) reveals that EMIMCI pretreatment resulted in different
outcomes compared to EMIMACc. The two largest particle sizes (0.5 —1.0 mm and 1.0
— 2.0 mm) gave almost identical diffractograms with both of the peaks in place. For
the particle size of 0.15 — 0.5 mm, intensity decrease can be observed for both of the
peaks indicating that for EMIMCI to alter the crystalline structure of cotton stalks, this
particle size might be regarded as a minimum threshold. With that said the change that
took place for this particle size is not as dramatic as its EMIMACc counterpart.
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Figure 4.2. X-ray diffractograms of cotton stalks prior to and after ionic liquid
pretreatment. (2) EMIMAC pretreated and (b) EMIMCI pretreated cotton stalks.
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The most significant change regarding the peak shapes and positions for the EMIMCI
the peak at 20 = 16° mostly disappeared while the peak at 26 = 22° broadened and
shifted to lower angles together with a decrease in its intensity. These results regarding
the EMIMCI pretreatment show that this ionic liquid needs smaller particle sizes to be
effective in disrupting the native crystallinity of cotton stalks and that overall it is not
as good as EMIMAC in transforming the original structure of cotton stalks into a more
amorphous form.

Other than the crystallinity, another important property of a lignocellulosic biomass
that will be subjected to enzymatic hydrolysis is its lignin content. The presence of
lignin in lignocellulosic biomass is known to hinder the enzymatic hydrolysis by
assuming different roles such as acting as a physical barrier for the enzymes or
binding to them irreversibly (Chang and Holtzapple, 2000; Eriksson et al., 2002;
Studer et al., 2011). Therefore the presence of lignin in the substrates during the
enzymatic hydrolysis is generally considered as a negative aspect and lignin removal
as a result of a given type of pretreatment is desired, which makes monitoring the
lignin content of a lignocellulosic biomass prior to enzymatic hydrolysis an important
issue. The compositional analysis of cotton stalks shows that it contains a significant
amount of lignin (25.6 + 0.6%) while the cellulose and hemicellulose contents were
determined as 40.7 + 0.6 and 16.0 = 0.2, respectively.

30

25 A

20 A

15

10 1

5 | ——EMIMAc
——EMIMCI

Lignin content after pretreatment
(g/ 100 g pretreated biomass)

Untreated <0.15 0.15-05 05-1.0 1.0-2.0

Particle size of cotton stalks prior to
pretreatment (mm)

Figure 4.3. Lignin content of cotton stalks prior to and after ionic liquid pretreatment.
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The lignin content of the EMIMACc and EMIMCI pretreated cotton stalks with respect
to different particle sizes is shown in Figure 4.3 where untreated stands for the case in
which no pretreatment was applied to the cotton stalks. Overall, EMIMAC appears to
be better agent compared to EMIMCI for the removal of lignin. For the EMIMCI
pretreatment, the reduction of the lignin content was rather stable with respect to
increasing particle size where lignin content was reduced from approximately 26% to
around 20 — 22% with a slight increase taking place for the two larger particle sizes. It
thus appears that particle size did not have a dramatic effect on the lignin extraction
capability of EMIMCI. On the other hand, the reduction of lignin content was more
dramatic for the EMIMAC pretreatment where the initial lignin content of 26% was
reduced to the 12 — 19% range. As opposed to the EMIMCI case, EMIMACc was much
more sensible to the increase in the cotton stalk particle size during pretreatment in
terms of its lignin extraction capability. While the two smallest particle sizes had
similar lignin contents between 12 — 13%, increasing the particle size beyond the 0.5 —
1.0 mm range caused an increase in the lignin content of the samples where for the
largest particle size the lignin content was quite close to that obtained with the
EMIMCI pretreatment.

4.3. Effect of different ionic liquids on the digestibility of cotton stalks with
respect to different biomass particle sizes

A quite practical as well as a realistic way to assess the efficiency of a pretreatment
process applied to a lignocellulosic biomass is to measure the digestibility of the
pretreated biomass during a given enzymatic hydrolysis period. The digestibility of
pretreated and untreated cotton stalks during the course of enzymatic hydrolysis at
different time periods (1%, 5™ and 24" hours of enzymatic hydrolysis) are shown in
Figure 4.4. The digestibility values given here are calculated on the basis of the
reducing sugars released from cotton stalks as determined via the DNS method
(Miller, 1959). In other words, a higher reducing sugar yield means a higher
enzymatic digestibility, which is taken as a measure of the efficiency of the ionic
liquid pretreatments conducted via EMIMCI (Figure 4.4 b) and EMIMACc (Figure 4.4
¢) as compared to the digestibility of untreated samples (Figure 4.4 a) at four different
particle sizes.

As shown in Figure 4.4 (a), there is a consistent relation between the particle size of
untreated cotton stalks prior to pretreatment and their digestibility. Increasing the
particle size successively from < 0.15 mm to 1.0 — 2.0 mm range caused a decrease in
the digestibility values for all the three time intervals. This result is quite expected
since smaller particle size means a larger surface area, enabling a better interaction of
the enzymes with the biomass. The highest digestibility in this case was approximately
17%, which was obtained for native cotton stalks smaller than 0.15 mm while a
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digestibility of only 8% could be obtained for the cotton stalks with the largest particle
size.
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Figure 4.4. Digestibility of cotton stalks prior to (a) and after EMIMCI (b) and
EMIMAC (c) pretreatments with respect to different particle sizes.
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For EMIMCI pretreatment (Figure 4.4 b), there appears to be 2 different outcomes
depending on the particle size prior to pretreatment. The digestibility values for the
two smallest particle sizes were significantly higher compared to the digestibility
values of the other larger particle sizes (0.5 — 1.0 mm and 1.0 — 2.0 mm). The two
smaller particle sizes (< 0.15 mm and 0.15 — 0.5 mm) gave around 40% digestibility at
the end of 24 hours of hydrolysis where this value was decreased to 22% for the larger
particle sizes, indicating a 2 fold increase in the digestibility depending on the particle
size prior to pretreatment. Another important point to mention at this point regarding
the course of the enzymatic hydrolysis is that the process was almost completed at the
end of 5 hours enzymatic hydrolysis since no dramatic change has taken place after
this period regarding the digestibility unlike the untreated samples where the
hydrolysis continued after the 5™ hour (Figure 4.4 a). This is indicative of the fact that
the EMIMCI pretreatment applied to cotton stalks enabled a faster enzymatic
hydrolysis, which is beneficial from the economical point of view.

The results obtained for the EMIMAC pretreatment case are rather surprising since
unlike the untreated or EMIMCI pretreated cotton stalks, smaller particle sizes had
lower digestibility values compared to the two larger particle sizes (Figure 4.4 ¢). The
digestibility values for both of the smaller particle sizes (< 0.15 mm and 0.15 — 0.5
mm) were around 61%, while it was 70% for the 1.0 — 2.0 mm particles and 77% for
the 0.5 — 1.0 mm ones. Similar to EMIMCI pretreatment, cotton stalks pretreated with
EMIMAC were also hydrolyzed rapidly with the enzymatic hydrolysis reaction being
almost completed at the end of 5™ hour. The enzymatic hydrolysis speed of the
EMIMAC pretreated samples can be better understood when it is considered that the
digestibility of the particles with 0.5 — 1.0 mm size reached 46% just at the end of the
1% hour of hydrolysis, being higher than the digestibility of any of the EMIMCI
pretreated samples at the end of 24 hours of hydrolysis.

Considering the digestibility results overall, EMIMAC pretreatment was much more
effective than the EMIMCI pretreatment where the difference between the digestibility
values reached up to around 3 fold for the two larger cotton stalk particle sizes in favor
of the EMIMAC pretreatment.

It is worth mentioning that the digestibility values shown in Figure 4.4 are in very
good agreement with the previous results on the visual appearances and the
crystallinity of the cotton stalks before and after the pretreatments. It was mentioned
previously that the two larger particles sizes pretreated with EMIMCI had very similar
appearances to the untreated cotton stalks at the same particle size where these also
had very similar diffractograms to the untreated cotton stalks. Indeed these two
particle sizes (0.5 — 1.0 mm and 1.0 — 2.0 mm) had the lowest digestibility values
following the EMIMCI pretreatment and these values very close to each other. On the
other hand all the EMIMAC pretreated samples, regardless of their particle sizes prior
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to pretreatment, had deconstructed visual appearances and obviously different
diffractograms compared to the untreated samples. In accordance with these results,
EMIMAC pretreated samples had the highest digestibility values overall where the
digestibility was enhanced at least more than 3 fold (< 0.15 mm particle size) and up
to approximately 9 fold (1.0 — 2.0 mm particle size) compared to the untreated
samples.

On the basis of the results obtained so far, EMIMAC pretreatment appears to be more
effective compared to EMIMCI pretreatment applied to cotton stalks. The primary
difference between these two ionic liquids is their anion where EMIMAC bears an
acetate anion with chloride being the anion of EMIMCI. Previous studies report the
key importance of the ionic liquid anion regarding the lignocellulosic biomass
pretreatment ((Brandt et al., 2010; Brandt et al., 2011; Doherty et al., 2010; Nguyen et
al., 2010; Wu et al., 2011). The important issue at this point is the basicity of the anion
since it was shown that higher anion basicity positively influences the ionic liquid
pretreatment efficiency, resulting in higher glucose yields during the enzymatic
hydrolysis (Doherty et al., 2010). Therefore, a possible explanation for the better
performance of EMIMAC as a pretreatment agent for cotton stalks compared to
EMIMCI could be the higher anion basicity of EMIMAC.

4.4, Effect of different ionic liquids on the glucose yields obtained from cotton
stalks at different biomass particle sizes via enzymatic hydrolysis

In addition to digestibility, the enzymatic hydrolysis process was also evaluated from
the glucose yield perspective as shown in Figure 4.5. Here the glucose yield is defined
on the basis of the theoretical maximum amount of glucose that can be obtained from
native cotton stalks with respect to its cellulose content, which was determined as 40.7
+0.6% (Haykir 2013).

In a good agreement with the digestibility results given in the previous section,
EMIMAC pretreated cotton stalks gave higher glucose yields for all the four particle
sizes compared to EMIMCI pretreated samples. The glucose yield obtained from
untreated cotton stalks showed a quite linear decrease with increasing biomass particle
size where the glucose yield ranged between 9 — 20%. The increase in the biomass
particle size had a different effect on the glucose yield obtained from EMIMCI
pretreated samples. The glucose yield in this case was approximately 50% for the two
smallest particle sizes. However increasing the biomass particle size further caused a
dramatic decrease in the glucose yield down to 33%, indicating that EMIMCI favors
smaller particle sizes to function more efficiently in terms of the glucose yields. This
situation was different for the EMIMAC pretreatment since the smallest particle size (<
0.15 mm) gave the lowest glucose yield, which was 57%. As opposed to the EMIMCI
pretreatment, increasing the biomass particle size further caused an increase in the
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Figure 4.5. Glucose yields obtained at the end of 24 hours of enzymatic hydrolysis
applied to cotton stalks at different particle sizes prior to ionic liquid pretreatment.

glucose yields, which were similar and were between 71 — 78%. Considering this
different response of the EMIMAC and EMIMCI pretreatments to increasing particle
sizes, it appears that the correct particle size of a lignocellulosic biomass prior to
pretreatment can be different for each type of ionic liquid. The glucose vyields
presented in Figure 4.5 also show that using small lignocellulosic biomass particle
sizes during pretreatments does not always gives the best results.

The critical question to ask at this stage would be: Why did the smallest particle size
give the lowest glucose yield for the EMIMAC pretreatment? Biomass particles with
the smallest size had the largest surface area, which should result in a better
interaction with the ionic liquid compared to the larger particle sizes having smaller
surface areas. A better interaction with EMIMACc should have resulted in a more
effective pretreatment, finally resulting in a higher glucose yield at the end of
enzymatic hydrolysis. However, this was not the case for the EMIMAC pretreatment
applied to cotton stalks with the smallest particles size of < 0.15 mm. The results
given in Table 4.1 can be useful at this stage.
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As shown in Table 4.1, while the biomass recovery was between 71 — 78% for the
three larger particle sizes, it was reduced to 54% for the smallest particle size. This
means that around half of the biomass was lost during the pretreatment cotton stalks
with a particle size of < 0.15 mm. However, the conversion of the remaining fraction
to glucose (48%) was similar to that of the others, which were between 43 — 50%,
indicating that the decrease in the glucose yield was due to the lower amount of
material to be hydrolyzed. In other words, there must have been less amount of
substrate during the enzymatic hydrolysis where the substrate for the production of
glucose is cellulose. It thus appears that during the EMIMAC pretreatment of cotton
stalks with a particle size of < 0.15 mm, some of the cellulose in the lignocellulosic
structure was lost. The most likely way for this to happen is that cellulose was
degraded during pretreatment down to the water soluble cellooligomer range or to
even smaller molecular weights. As a result of this degradation, during the
precipitation step, which was conducted by adding water to the pretreatment medium,
the water soluble cellooligomers were retained together with the water and thus they
could not be recovered together with the pretreated biomass. In other words, the
degraded cellulose fractions were retained in the filtrate during the separation of the
pretreated biomass from the water-ionic liquid-biomass suspension formed at the end
of the precipitation step.

The degradation of cellulose during ionic liquid pretreatment was reported previously
in various studies. A reduction in the cellulose recovery following the EMIMAC
pretreatment of rice straws was reported for a rice straw particle size of < 2mm
compared to larger particle sizes (Nguyen et al., 2010). Furthermore, the formation of
water soluble compounds emerging from the polysaccharides dissolved in ionic
liquids was reported in a series of previous studies (Miyafuji et al., 2009; Nakamura et
al., 2010a; Nakamura et al., 2010b). It was shown that the composition of the
atmosphere had an essential influence on the formation of these water soluble
compounds in which the air, as compared to other atmospheres deficient in air, was
found to strongly promote the degradation of cellulose dissolved in the ionic liquid
EMIMCI to smaller molecular weight compounds including not only cellooligomers
but also cellobiose and glucose (Nakamura et al., 2010b). On the basis of this finding
reported by Nakamura et al. (2010b), it would be rational to propose that a fraction of
the cellulose in the lignocellulosic structure of cotton stalks was lost due to
degradation since the experiments were performed under air atmosphere. Of course
the high temperature of the ionic liquid pretreatment process (140°C) should also have
a major role in the degradation process.

Finally, it would be wise to question why the proposed degradation of cellulose took
place for the smallest particle size studied but not occurred (or not occurred as
dramatically as in the case of the smallest particle size) with the larger particle sizes.
As reported previously, lignocellulosic biomass with smaller particle sizes dissolve
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faster in the ionic liquids compared to larger particle sizes (Viell and Marquardt, 2011;
Kilpelainen et al., 2007) where this faster dissolution is related to the larger surface
area of the biomass with the smaller particle size (Sun et al., 2009). Therefore cotton
stalks with a particle size of < 0.15 mm must have dissolved in the EMIMACc before
the cotton stalks with larger particle sizes. As mentioned shortly, dissolution is closely
related to degradation and thus cotton stalks with the smallest particle size must have
more time to degrade into smaller molecular weight water soluble compounds
compared to the particles with larger sizes. Eventually, this extra time likely resulted
in the loss of cellulose during the pretreatment and finally to a lower glucose yield due
to the partial absence of the substrate to the enzymes during the hydrolysis period.
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CHAPTER 5

EFFECT OF ALKALINE PRETREATMENT TEMPERATURE ON THE
GLUCOSE YIELD AND ON THE MECHANICAL PROPERTIES OF
HEMICELLULOSE BASED FILMS OBTAINED FROM COTTON STALKS

In the previous two chapters, the emphasis was on the production of glucose from the
lignocellulosic biomass by conducting a pretreatment step followed by the enzymatic
hydrolysis of the pretreated biomass. As mentioned in the introduction chapter,
production of multiple products is a very important aspect of a feasible lignocellulosic
biorefinery. Therefore the production of the principal product, which is generally
considered to be a fuel such as ethanol that is produced from glucose, should be
coupled with additional products (Zhang, 2008; Bozell and Petersen, 2010).

The present chapter considers the co-production of glucose and environmentally
friendly biodegradable polymeric materials. Within this framework, all three
components of the lignocellulosic biomass were utilized where the cellulose fraction
was utilized for the glucose production while hemicellulose and lignin fractions were
used for the production of polymeric films. Thus, more of the lignocellulosic biomass,
which is cotton stalks in this case, was converted to value added products since not
only cellulose but also hemicellulose and lignin were utilized as base biopolymers.

For co-production of glucose and hemicellulose based films cotton stalks were
subjected to alkaline pretreatment at three different temperatures. The pretreatment
also functioned as a means of extracting hemicelluloses from cotton stalks at different
temperatures, which were used for the production of polymeric films by using the
solvent casting technique. The effect of the pretreatment temperature on the properties
of hemicellulose based films in addition to its effect on the enzymatic hydrolysis
process was investigated and the optimum pretreatment temperature for this multi-
product approach was determined.

Another important issue about this chapter is that it functions as a bridge between the
previous and the upcoming chapters since it includes both the lignocellulosic biomass
pretreatment (and the glucose production related to the pretreatment) and the
hemicellulose based film production, which is the main topic of the next two chapters.
Finally, the present chapter uses the blood glucose monitor (BGM) method described
in Chapter 3 for the determination of glucose obtained from the alkaline pretreated
cotton stalks via enzymatic hydrolysis.
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5.1. Effect of alkaline pretreatment temperature on the yields of cellulosic and
hemicellulosic fractions and on the digestibility of the cellulosic fraction obtained
from cotton stalks

Two important notions regarding this chapter of the thesis study are the phrases
“cellulosic fraction” and “hemicellulosic fraction”. Cellulosic fraction is defined as the
alkaline insoluble fraction obtained at the end of the alkaline pretreatment. Since this
fraction is insoluble in the alkaline medium, it was recovered from the medium via
filtration. This fraction is termed “cellulosic” because it is the fraction rich in cellulose
since hemicellulose and lignin found in the lignocellulosic structure together with
cellulose are dissolved in the alkaline medium during the alkaline pretreatment and
thus they are removed from the lignocellulosic structure. On the other hand,
hemicellulosic fraction is the name given to the portion that dissolved in the alkaline
medium together with lignin where this fraction was obtained by the precipitation of
the dissolved polymers followed by the recovery of the precipitates from the
suspension via filtration.

The recovery data regarding these two fractions is given in Table 5.1 where the
recovery is defined on the basis of the initial weight of cotton stalks subjected to
pretreatment. As shown in Table 5.1, the recovery of the cellulosic fraction decreased
from approximately 58% to 42% with increasing pretreatment temperature most likely
because more hemicellulose and lignin were dissolved in the alkaline medium due to
the increasing pretreatment temperature (Lawther et al., 1996). The increase in the
recovery of the hemicellulosic portion confirms this assumption where an almost two
fold increase in the hemicellulosic fraction recovery was observed. Here, it must be
noted that the serious increase in the hemicellulosic fraction recovery was obtained as
a result of the increase in the pretreatment temperature from 25°C to 60°C where only
a minor increase of around 10% was observed when the pretreatment temperature was
increased further to 90°C.

Table 5.1. Recovery of the cellulosic and hemicellulosic fractions obtained from
cotton stalks upon alkaline pretreatment conducted at various temperatures.

Pretreatment Recovery (%)

temperature ( °C) Cellulosic Portion Hemicellulosic Portion
25 574 +0.1 9.8+0.1

60 499+1.0 16.2+0.5

90 41.9+0.3 18.2+0.7
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The recovered cellulosic fractions were subjected to enzymatic hydrolysis and their
digestibility was assessed by the reducing sugars released from the samples in a
similar manner to that described in the previous chapter. As shown in Figure 5.1,
increasing the pretreatment temperature caused an increase in the digestibility of the
cellulosic fractions while the native (untreated) cotton stalks had the lowest
digestibility as expected. The response of the systems in terms of their digestibility to
increasing pretreatment temperatures were rather consistent as each increase in the
pretreatment temperature resulted in an increase of 1.2 fold considering the
digestibility at the 24" hour of enzymatic hydrolysis. For all the pretreatment
temperatures, the digestibility of the samples increased dramatically compared to the
untreated cotton stalks with 4.8, 5.8 and 7 folds for the pretreatments conducted at
25°C, 60°C and 90°C, respectively.
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Figure 5.1. Digestibility of alkaline pretreated (at three different temperatures) and
untreated cotton stalks during the course of enzymatic hydrolysis.

Another result that can be drawn from Figure 5.1 is that when compared with the
digestibility results regarding the pretreated cotton stalks given in Section 4.3 of
Chapter 4, it appears that EMIMAC pretreatment enables a much faster hydrolysis
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compared to the alkaline pretreatment. While the enzymatic hydrolysis reaction was
almost over at the end of 5" hour for the EMIMAC pretreatment (Figure 4.4), the
hydrolysis kept on going even after the 48" hour for the alkaline pretreated cotton
stalks. Although the pretreatment conditions differ considerably for the two cases,
such comparison still gives an idea about how fast ionic liquid pretreated cotton stalks,
particularly those pretreated with EMIMAC, can be hydrolyzed.

5.2. Effect of alkaline pretreatment temperature on the properties of
hemicellulose based polymeric films

The hemicellulosic fraction, which was extracted from cotton stalks during the
alkaline pretreatment, was converted into polymeric films via the solvent casting
technique. Film forming solutions prepared by the dissolution of the hemicellulosic
fraction in water, were poured into petri dishes and following the evaporation of the
solvent via drying, the films were formed on the surface of the petri dishes. The films
were removed from the petri dishes and they were then subjected to various analysis.
It is worth mentioning that the films did not contain any additives that could impair
their biodegradability.

The visual appearance of the films following their removal from the petri dishes is
shown in Figure 5.2. While the films produced from the hemicellulosic fraction
obtained at 25°C had a yellowish color, hemicellulosic fractions obtained at higher
temperatures had darker colors where the color of the film obtained from the
hemicellulosic fractions isolated at 90°C was dark brown. Polymers or polymeric
films with inherent colors, although these are of natural origin, particularly dark ones,
might be undesired during certain packaging applications. From this point of view, the
pretreatment temperature of 25°C seems to be the best choice while the pretreatment
temperature of 90°C would be the least preferable temperature.

Another important point regarding the appearance of the film in Figure 5.2 is the film
forming property of the isolated hemicellulosic fraction. It is seen in Figure 5.2 that
the film produced from the biopolymers isolated at 90°C is not intact or totally
continuous as it has large cracks that almost entirely crosses the diameter of the film.
Such a situation is not observed for the films produced from the polymers obtained
atlower temperatures since these films does not have any crack related defects on them
and they are totally intact. Therefore it can be commented that the alkaline
pretreatment temperature of 90°C hinders the film forming property of the
hemicellulosic fraction isolated from cotton stalks and is not a suitable pretreatment
temperature if a multi-product perspective considering the co-production of glucose
and hemicellulose based polymeric films is to be embraced.
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Figure 5.2. Appearance of the polymeric films produced from the hemicellulosic
fractions isolated from cotton stalks at different pretreatment temperatures.

The mechanical properties of the films, including ultimate tensile strength (UTS),
elongation at break (e,) and elastic modulus (E) values are given Table 5.2 together
with the water contents and lignin contents of the films. The water content of the films
was measured by drying the films for 24 h at 105°C. The water contents of the films
were determined following the conditioning of the films at 50% RH for 24 h. The
lignin content of the films increases consecutively by more than 2 fold and 3 fold as
the pretreatment temperature is increased from 25°C to 60°C and to 90°C. Solely,
lignin itself has a quite dark brown color. Therefore the reason for the darkening of the
film colors shown in Figure 5.2 must be due to the increased lignin content of the
films with increasing pretreatment temperature.

Overall the e, values of the films shown in Table 5.2 are generally low since they were
between 1.6 — 3.1%, indicating that the films were rather brittle. Increasing the
pretreatment temperature from 25°C to 60°C did not cause a notable change in any of
the mechanical property values. However, further increase of the pretreatment
temperature to 90°C decreased the UTS from approximately 52 MPa to 46 MPa while
also decreasing the e, by a half. Westbye et al. (2007) has shown that lignin induced
the agglomeration of the hemicellulose-xylan complexes. Such an agglomeration
eventually affects the mechanical properties of the material in a negative way.
Recalling that the highest amount of lignin was present in the film produced from the
polymers isolated at a pretreatment temperature of 90°C, the lower mechanical
properties of this type of film in terms of the UTS and e, values can be attributed to its
high lignin content. Water content of the films is also another important parameter
capable of affecting the mechanical properties since water is a plasticizer for
hemicellulose based films (Grondahl et al., 2004; Sternemalm et al., 2008; Ying et al.,

73



SO0FTEI T'0F6 Tl  FEETFOEOTE EO0FOT O0EF95F 08
SOFLTT EOFTET  6BIIFSLETE 90FET  8IFTIS 0o

EOFTS COFEET  S¢PCFO0QB0E SO0FTE TEFLIS 5T

(oI (e (RIVDSLO (Do) Amendway

(2g) U2UOD WILETT  (94) IU2AIUOD INEA, Apadord [eaTwEyIARY 1UAUNEIDAL]

"SJUBIUOD UIUBI| pue JaJem J1sy) Yl Jayiabol swiiy paseq asojn||aoiwsy
ay) Jo sanjeA (3) sninpow onse|a pue (%) Meaiq 1e uonebuols (SL1N) Yyibuans ajisusy aewnin ‘2's ajgel

74



2011). However, the water content of all three types of films are very similar to each
other (between 12.9% and 13.3%), which further strengthens the claim that high lignin
content was responsible for the decrease in the mechanical properties of the films.

In spite of the negative aspects discussed above, presence of lignin in the
hemicellulose based films has a positive effect as well. Zhu Ryberg et al. (2011) has
shown that presence of lignin in the hemicellulose based films enhances the oxygen
barrier performance of the films by more than 5 fold as compared to the films obtained
from hemicelluloses deficient in lignin. Taking into account this finding, it might be
thought that the pretreatment temperature of 60°C is more advantageous to 25°C as
the former enables the production of films with more than twice the lignin content of
the latter without negatively affecting the mechanical properties of the films. This
could enable these films to act as better oxygen barriers compared to the films
produced following the pretreatment conducted at 25°C.

5.3. Effect of alkaline pretreatment temperature on the co-production of glucose
and hemicellulose based films with respect to glucose yield and film toughness

In order to evaluate the influence of the alkaline pretreatment temperature on the
proposed multi-product approach, glucose yields obtained from the cellulosic fraction
was considered together with the toughness values of the films produced from the
hemicellulosic fraction. Toughness, also known as tensile energy to break, was the
chosen mechanical property to consider at this stage, since its value is dependent on
both the UTS and e, providing an overall measure of the mechanical properties of the
hemicellulose based films rather than just focusing on one of these properties. The
toughness value is obtained by calculating the area under the stress-strain curve,
therefore higher UTS and e, values lead to higher toughness values.

The response of the glucose yield and film toughness to the pretreatment temperature
is given in Figure 5.3. The untreated cotton stalks gave the lowest glucose yield as
expected, and after alkaline pretreatment glucose yields obtained were between 37 —
39%, which were around 4 times higher than the glucose yield obtained from
untreated cotton stalks. The response of the films to increasing pretreatment
temperature in terms of their toughness was different where a large range of toughness
values from 1.1 MJ/m® down to 0.4 MJm® were observed with increasing
pretreatment temperature from 25°C to 90°C. It appears that while the cellulosic
portion of the process was not sensible to the changes in the pretreatment temperature,
increasing the pretreatment temperature adversely affected the mechanical properties
of the films to a certain extent. When Figure 5.3 is observed, a decrease in the
toughness value
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Figure 5.3. Effect of alkaline pretreatment temperature on the glucose yields and on
the toughness values of hemicellulose based films.

from approximately 1.1 MJ/m® to 0.8 MJ/m*® might be noted as the pretreatment
temperature is increased from 25°C to 60°C. However this decrease in the toughness
value is not statistically significant on a 95% confidence level (p-value = 0.16) while
the statistically significant decrease occurs for the case in which the pretreatment was
conducted at 90°C as compared to 60°C (p-value = 0.027). Thus the pretreatment
temperature of 90°C is detrimental for the toughness of the films and it does not cause
any notable increase on the glucose yield. In other words, it is apparent that increasing
the pretreatment temperature up to 90°C would be irrational within the context of the
proposed multi-product framework. Additionally, considering that the hemicellulosic
part of the proposed multi-product strategy was much more sensitive to the changes in
the pretreatment temperature compared to the cellulosic part of the process that
involves glucose production, it appears that the pretreatment temperature should be
determined by considering the hemicellulosic part of the process.
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5.4. Effect of alkaline pretreatment temperature on the total product yield
produced from cotton stalks

The final issue to take into account is the total product yield obtained from cotton
stalks for each of the pretreatment temperatures, which is shown in Figure 5.4. Here
total product yield is defined as the sum of the glucose and hemicellulosic fraction
produced from cotton stalks. Since the entire hemicellulosic fraction is converted into
films, hemicellulosic fraction itself is considered as a product together with glucose.
Since no separation can occur without any pretreatment, the only product obtained in
the case of no pretreatment is glucose, which is produced via the enzymatic hydrolysis
of native cotton stalks where the product yield in this case is only around 4%.
Applying room temperature pretreatment to cotton stalks dramatically improves the
product yield to 26% where the major contributor to this yield is the cellulosic portion
of the process since glucose produced accounts for around 16% of cotton stalks
initially subjected to pretreatment. Increasing the pretreatment temperature to 60°C
improves the total product yield by approximately 30% compared to the room
temperature pretreatment case. Here the contribution of the hemicellulosic part of the
process to total product yield is almost equal to that of the cellulosic part and the 30%
increase in the total product yield is almost entirely due to the increase in the amount
of hemicellulosic fraction extracted from cotton stalks compared to the room
temperature pretreatment case. Further increasing the pretreatment temperature to
90°C causes only a 5% increase in the total product yield.

Considering the results given in Figure 5.4 together with the previously reported
results in this chapter, the optimum alkaline pretreatment temperature for the co-
production of glucose and hemicellulose based appears to be 60°C. Compared to the
case in which the pretreatment was conducted at 25°C, the higher temperature of 60°C
resulted in obtaining considerably more products from cotton stalks without any
significant decrease in the material properties of the films where the higher lignin
content of these films might also be beneficial in terms of their oxygen barrier
properties (Zhu Ryberg et al., 2011). The pretreatment temperature to 90°C is the
worst choice among all three temperatures since it causes only a minor increase in the
total product yield while adversely affecting the material properties of the films
including the formation of continuous and intact films.
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CHAPTER 6

EFFECT OF THE SALTS FORMED DURING THE ISOLATION OF
HEMICELLULOSES VIA ALKALINE EXTRACTION ON THE
PROPERTIES OF HEMICELLULOSE BASED FILMS

As also demonstrated in the previous chapter, alkaline extraction is one of the most
popular techniques for the isolation of hemicelluloses from various lignocellulosic
bioresources. This isolation process typically involves a neutralization step conducted
by the addition of an acid into the medium, resulting in the formation of salts due to
the reaction between the base and the acid, which are typically removed from the
medium via techniques such as dialysis or ultrafiltration. It was previously shown that
the presence of these salts, including sodium chloride and sodium acetate, together
with the hemicelluloses has an adverse effect on the mechanical properties of the
hemicellulose based films and therefore it was suggested that purity of the
hemicelluloses should be carefully monitored prior to their conversion into
hemicellulose based films (Mikkonen et al., 2009). This view can be considered as
typical across a wide range of studies that deal with the hemicellulose based films.

The present chapter investigates whether or not all the salts are undesired impurities
that adversely affect the properties of the hemicellulose based films. This is an
important point since the purification step conducted in order to remove the salts
increases the costs associated with the production of hemicellulose based films by
adding an extra step to the process. Thus the demonstration of the beneficial effect of a
salt on the film properties would be a significant improvement towards the feasible
production of hemicellulose based films.

Two different kinds of salts, sodium chloride (NaCl) and potassium acetate (KAc)
were investigated for their effects on the properties of hemicellulose based films.
These salts were chosen on the basis that they are frequently encountered during
alkaline extractions and the subsequent neutralizations conducted with rather popular
bases and acids. KAc is formed as a result of the alkaline extraction conducted by
using KOH if acetic acid is used during the neutralization stage. NaCl is also formed
in a similar manner if NaOH and HCI are used during the extraction and neutralization
steps.
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6.1. Film forming capability of isolated hemicelluloses

Following the extraction of hemicellulose from corn cobs into the alkaline solution,
the polymers dissolved in the potassium hydroxide solution were precipitated by the
addition of acetic acid and ethanol. In order to remove the KAc formed during the
precipitation step as a result of the reaction between potassium hydroxide and acetic
acid, the recovered hemicelluloses were partially dissolved in water and re-
precipitated by the addition of ethanol. This process was repeated three times in order
to remove the salts present together with the precipitated hemicelluloses. The
polymers obtained this way are referred as “desalted hemicelluloses” throughout the
present text. Alternatively, KAc was retained together with hemicelluloses simply by
not conducting the solubilization and re-precipitation steps where these polymers are
referred to as “salted hemicelluloses”. The ICP-OES analysis revealed that the KAc
content of the salted hemicelluloses was 14% where it was reduced to 1.8% for the
desalted hemicelluloses. Once the recovered polymers were dried, film forming
solutions were prepared by the dissolution of the desalted and salted hemicelluloses in
water. Film forming solutions of desalted hemicellulose also contained sorbitol and
KAC separately.

The film forming solutions were cast into petri plates and upon the evaporation of
water, films or film fragments were formed as shown in Figure 6.1. The desalted
hemicellulose was not capable of forming an intact film where large cracks were
observed between the film fragments (Figure 6.1 a). Addition of sorbitol (10% w/w on
dry basis) improved the film formation, however cracks ranging approximately from
0.5 to 2 cm in length could still be observed in the sorbitol containing desalted
hemicellulose based films (Figure 6.1 d). Unlike desalted hemicellulose, retaining the
salt together with hemicellulose at the end of the extraction resulted with the
formation of intact films without any visible cracks (Figure 6.1 c). Addition of 10%
KAc (w/w on dry basis) into the film forming solution composed of desalted
hemicellulose also enabled the formation of a whole film (Figure 6.1b). Thus, it
appears that KAc is more effective than sorbitol in terms of enabling the formation of
a crack free intact hemicellulose based film and retaining KAc at the end of the
extraction process is useful in terms of film formation.

6.2. Mechanical properties of hemicellulose based films

The mechanical properties of polymeric films are of prime importance for various
applications including packaging. The mechanical properties of the strips obtained
from the films or film fragments were characterized by means of a universal testing
machine. The UTS, e, and E values for each type of film were determined in addition
to toughness values. As in the previous chapter, toughness was taken as a measure of a
film’s overall mechanical property since both the UTS and ey, values contribute to the

80



toughness values. The mechanical property data for different type of films are given in
Figure 6.2. As mentioned in the previous section, the desalted hemicellulose did not
form films but instead film fragments upon solution casting. However, the mechanical
properties of these fragments were still determined so that the effect of the presence of
additives KAc and sorbitol in the films could be better evaluated.

Figure 6.1. Appearance of hemicellulose based films with different compositions. (a)
Film fragments obtained from desalted hemicellulose. (b) Desalted hemicellulose
based film containing 10% KAc as an additive (c) Film obtained from hemicellulose
retaining KAc formed during hemicellulose isolation (d) Desalted hemicellulose based
film containing 10% sorbitol as an additive.
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hemicellulose based films. This result is quite surprising since it implies that the
presence of KAc in the films results in the increased plasticization of the films
compared to sorbitol, which is one of the most frequently used plasticizers in the
hemicellulose based film literature. Furthermore sorbitol appears to work more
efficiently as a plasticizer when it is present together with KAc in the films. Films
containing 10% sorbitol together with salts had the highest e, value among all the
films (20.6%). Presence of 5% (w/w) sorbitol together with 5% (w/w) KAc in the
desalted hemicellulose based films also results in a higher e, value of 8.1% as
compared to the films containing 10% sorbitol alone, which has an e, value of 3.3%.

It was previously shown that the presence of 5% and 10% sodium chloride (NaCl) or
sodium acetate (NaAc) in the hemicellulose based films containing 40% sorbitol
lowered the UTS of the films by approximately 1.5 to 2 fold, while no significant
change in the ey, values of the films were determined (Mikkonen et al., 2009). On the
contrary, it was found in the present study that in addition to the improved film
formation induced by KAc, presence of 10% KAc in the films only slightly reduced
the UTS of the films from 60.7 MPa to 51.2 MPa while increasing the e, from 2.2% to
7.8% compared to the additive free film made up of desalted hemicellulose.
Furthermore, presence of 5% KAc together with 5% sorbitol in the films also
increased the e, up to 8.1% while resulting in similar UTS values with the additive
free film.

Based on their observations regarding the undesired effect of NaCl and NaAc salts on
the mechanical properties of hemicellulose based films, Mikkonen et al. (2009) was
right to suggest that the purity of the isolated hemicelluloses, in terms of being free of
residual salts, is crucial in order to obtain films with good mechanical properties.
However, from the comparison of the two studies, it appears that not all the salts are
the same in terms of their effect on the mechanical properties of hemicellulose based
films. Purity of a product is a critical issue but from an industrial point of view, more
purity almost always means more cost as this will raise the need for additional
purification steps, which is obviously undesirable for the large scale production of the
intended commodity.

Regarding the hemicellulose based coatings and films, this issue was also emphasized
from a different perspective in two recent studies where it was shown that instead of
pure hemicelluloses, using rather crude hemicellulose fractions obtained from the
wood hydrolysate could be advantageous when it comes to achieving lower oxygen
permeability (Ryberg et al., 2011; Ibn Yaich et al., 2012) Based on the mechanical
properties of the KAc containing films in the present study, it appears that it is not
always necessary to remove the salts formed at the end of the alkaline extraction of
hemicelluloses from lignocellulosic biomass in order to obtain hemicellulose based
films with satisfactory mechanical properties.

83



6.3. Effect of KAc and NaCl concentration on the indentation hardness and
modulus of the films

In order to understand the effect of KAc on the film properties more thoroughly, KAc
at two different concentrations (10% and 25%) was added to the desalted
hemicellulose based films and these films were subjected to indentation testing in
order to characterize their indentation hardness and modulus. This procedure was also
repeated for the films containing NaCl at the same concentrations with that of KAc,
with the thought that the comparative data obtained in this manner could provide more
insight about the positive effect of KAc on the film properties.

Figure 6.3 shows the indentation hardness test results for the films containing different
salts at different concentrations. Compared to the film that was composed solely of
desalted hemicelluloses, increasing the KAc concentration in the films resulted in an
increase in the penetration depth while an inverse trend was observed for the NaCl
containing films. This implies that the presence of KAc made the films softer while
the presence of NaCl resulted in harder films compared to the film made up of
desalted hemicellulose, which is also supported with the indentation hardness data
presented in Table 6.1. At a salt concentration of 10%, NaCl containing films are
around 1.6 times harder than the KAc containing films, while the gap is increased to 4
fold in the favor of NaCl when the concentration of the salts in the films is increased
to 25%, indicating that the presence of NaCl results with significantly harder films as
compared to KAc. Similar to their effect on the film hardness, the presence of KAc
reduced the elastic modulus of the films while increasing the concentration NaCl in
the films resulted in increased modulus values as shown in Table 6.1. Based on these
findings, it is apparent that the hemicellulose based films might give totally different
responses to the presence of different salts in their structure.

The softening of the films with increasing KAc concentration implies that the presence
of KAc results in the plasticization of the films. Taking into account that KAc is a
highly hygroscopic salt, which is capable of absorbing significant amounts of moisture
from the surroundings, the conventional explanation to the observed plasticization of
the films would be related to their water contents. Since water acts as a plasticizer for
hemicellulose based films (Grondahl et al., 2004; Sternemalm et al., 2008; Ying et al.,
2011) higher KAc content in a film could have resulted in a higher water content,
which would decrease the hardness of the films by acting as a plasticizer. However, as
shown in Table 6.1 the water contents of the films containing KAc are not
significantly different from the salt-free film under the conditions in which the
indentation tests took place. Therefore, it appears that it is not the water that is
responsible for the plasticization of the films, which takes place with increasing KAc
content. It was recently shown that the salt choline chloride itself acts as a plasticizer
when it is included into the hydrophilic polymer starch, thereby increasing the
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Figure 6.3. Load-Displacement curves obtained from indentation testing of the
hemicellulose based films containing different salts at two different concentrations.

flexibility of the starch based films (Abbott et al., 2012). In the light of this finding
and taking into account the similar water contents of the films with and without KAc,
a possible explanation for the softening of the films in the presence of KAc could be
that KAc acts as a plasticizer in the hemicellulose based films, which was not the case
for NaCl. The reason for this could be the different compatibilities of these two salts
with the polymer matrix in addition to their different solubility in water since the films
contain around 8 — 9% water.

6.4 Cross-sectional and surface morphologies of the films containing different
types of salts

In order to understand the reason behind the different response of the hemicellulose
based films to KAc and NaCl, the cross-sectional and surface morphologies of the
films, which contained only desalted hemicellulose or either one of the salts as
additives, were characterized by means of scanning electron microscopy (SEM) and
optical transmission light microscopy, respectively.

85



Table 6.1. Hardness, elastic modulus and water content data for hemicellulose based
films containing different additives

Additive Hardness (MPa)  Elastic Modulus (MPa)  Water Content (%)
No salt added  172.6+15.0 755+ 16 8.9+0.2
KAc 10% 139.5+12.6 543+9 9.0+0.1
KAc 25% 93.4+5.7 469 + 6 9.2+0.1
NaCl 10% 222.3+264 841 + 26 8.4+03
NaCl 25% 366.6 +12.4 1285+ 11 7.7+0.4

Figures 6.4, 6.5 and 6.6 show the SEM images obtained from the cross-sections
(fracture surfaces) of the desalted hemicellulose based film and the films containing
10% KAc or NaCl as additives. As it can be easily noted from the SEM images, the
three types of films displayed totally different cross-sectional morphologies.
Compared to the film made up of desalted hemicellulose (Figure 6.4), addition of KAc
resulted in a much more continuous and homogeneous appearance (Figure 6.5). This
smoother appearance as compared to the rather coarse and irregular appearance of the
desalted hemicellulose based film might be attributed to the plasticization induced by
the presence of KAc. A quite similar transition from an irregular structure to a
smoother one was also observed by Abbott et al., when choline chloride salt was used
in addition to urea in order to plasticize starch (Abbott et al., 2012). On the other hand,
dendrite like shapes were observed in the cross-sections of NaCl containing film
(Figure 6.6) and its bottom fraction was swarming with cubic structures (Figure 6.7),
which were identified as NaCl particles via EDX, indicating a serious compatibility
problem of NaCl with the polymer matrix unlike KAc. The dramatic differences in the
cross-sectional morphologies of the KAc and NaCl containing films make it evident
that different salts may behave differently in a hemicellulose based polymer matrix.
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Figure 6.4. Scanning electron microscopy images of the hemicellulose based film
prepared without any additives at 500x (top) and 3000% (bottom) magnification.
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Figure 6.5. Scanning electron microscopy images of the hemicellulose based film
containing 10% potassium acetate at 500 (top) and 3000x (bottom) magnification.
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Figure 6.6. Scanning electron microscopy images of the hemicellulose based film
containing 10% sodium chloride at 1000x (top) and 3000x (bottom) magnification.
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Figure 6.7. Scanning electron microscopy image (at 10000x magnification) of the
sodium chloride cubes located at the bottom surface of the hemicellulose based film
containing 10% sodium chloride.

The surface morphologies of the films were characterized by means of optical
transmission light microscopy and they were consistent with the observations made on
the cross-sectional morphologies of the films. As shown in Figure 6.8, the KAc
containing films (Figure 6.8 b and c) and the additive free film (Figure 6.8 a) had
smooth and homogeneous surface morphologies while imperfections were present on
the rough surface of the NaCl containing films (Figures 6.8 d and €). The surface of
the NaCl containing films were crowded with tiny particles, which were most likely
made up of NaCl due to its segregation from the polymer matrix, where pathways
could be observed between them. Thus, the surface images of the films comply with
and further support the observation that different salts may dramatically vary in their
compatibility to the hemicellulose matrix.
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Figure 6.8. Optical transmission light microscopy images of the film surfaces
containing; No additive (a), 10% KAc (b), 25% KAc (c), 10% NaCl (d) and 25% NaCl

(e).
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CHAPTER 7

PRODUCTION OF HEMICELLULOSE BASED MATERIALS VIA
EXTRUSION

In Chapters 5 and 6, hemicelluloses based films were produced via the solvent casting
technique, which is based on the dissolution of the polymer in a suitable solvent
followed by the evaporation of the solvent from the solution, which was cast on a flat
surface. Solvent casting is a favorable method on the lab scale, since it is relatively
easy to apply. However this is not the case from an industrial point of view since
solvent casting is a costly procedure as it requires solvents for the solubilization of the
polymers and the subsequent evaporation of the solvents from the solution in order to
obtain the desired material. Furthermore, most of the polymer processing plants today
do not have solvent casting equipment since a great majority of commercial polymers
products of today are not produced via solvent casting causing problems related to the
infrastructure for the production of hemicellulose based materials via solvent casting.

Unlike solvent casting, extrusion is mostly a single step production method where the
polymer is fed into an extruder and flows through the extruder barrel and extruder
screws where it is forced out of the extruder die, which enables the shaping of the
polymers to the desired profile at this stage. Dissolution of the polymers and
evaporation of the solvent are not necessary steps during extrusion making it a faster,
easier and a more feasible way of producing polymeric materials compared to solvent
casting. Since the production process of a very large majority of polymer products on
the market already includes the utilization of extruders, the infrastructures needed for
the processing of a polymer via extrusion is readily available in the polymer
processing plants.

Despite the above mentioned superiority of extrusion compared to solvent casting,
solvent casting is the dominant method in the literature for the production of
hemicellulose based materials where extrusion is not utilized for the production of
materials from hemicelluloses.

The present chapter investigates the applicability of the extrusion technique for this
purpose. Hemicelluloses were extracted from corncobs via alkaline extraction as in the
previous two chapters. The polymers were then loaded with different water contents
and extrusion trials were made at different extrusion temperatures. The extruded
materials, which were in the form of strips, were characterized for their cross-sectional
morphology and mechanical properties.
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7.1. Effect of water content and extrusion temperature on the extrudability of
hemicelluloses

Following the alkaline extraction and drying, the hemicelluloses extracted from corn
cobs were loaded with different water contents by keeping them in desiccators at
different relative humidities. At the end of 24 hours, polymers with three different
water contents were obtained and these polymers were fed to the twin-screw micro
extruder at three different temperatures to see if any extrudate could be obtained from
the extruder. As shown in Table 7.1, only a single combination of water content and
extrusion temperature resulted in the formation of the hemicellulose extrudate, which
was 90°C extrusion temperature and 27% polymer water content. In other words, none
of the other two extrusion temperatures (60°C and 120°C) gave hemicellulose
extrudates while the two lower water contents, which were approximately 7% and
12%, also gave no extrudates at any of the three temperatures studied. Therefore it
appears that both the water content of the hemicelluloses prior to extrusion and the
extrusion temperature are essential factors to render hemicelluloses extrudable.

Table 7.1. Extrusion temperatures, water content of hemicelluloses prior to extrusion
and the resulting extrudability of the hemicelluloses.

Texirusion (°C) Water Content (%) Extrudability
60 7.2
11.4
28.5
90 6.7
12.9
26.9
120 6.6
12.1
28.3

XXX X X X XX

Sugar beet pulp, which is composed of cellulose and pectin in addition to
hemicellulose, was previously converted into polymeric materials via extrusion
(Rouilly et al., 2006a; Rouilly et al., 2006b; Rouilly et al., 2009). Water content was
shown to be a crucial parameter for the extrusion of sugar beet pulp too, since under
the correct temperature, sufficient water content enabled the desired polymer flow
within the extruder because of the plasticization induced by water to the system, which
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subsequently resulted in sugar beet pulp extrudates (Rouilly et al., 2006b).
Considering the results given in Table 7.1 together with this finding, it might be
thought that within the set of the water contents studied, a water content of 27% was
needed together with an extrusion temperature of 90°C to create the necessary
polymer flow within the extruder so that the extrudates could be obtained through the
extruder die. When the extrusion temperature was increased to 120°C, the water
content of the hemicelluloses within the extruder was probably lost to a certain extent
due to evaporation, which subsequently disabled their flow properties due to the
reduced plasticization of the polymers within the extruder barrel. On the contrary,
insufficient temperature must be responsible for the unsuccessful extrusion trials made
at 60°C, since compared to the two higher temperatures studied, the loss of water
content must have been much lower in this case.

The extrusion of hemicelluloses with a water content of 27% at 90°C resulted in the
formation of an extrudate, which was obtained in the shape of a strip with a thickness
and width of roughly 0.5 mm and 5 mm, respectively, as shown in Figure 7.1. It
should be noted that the strips contained neither plasticizers nor any other types of
additives that could be detrimental for their biodegradation properties. This strip was
collected on to a mini conveyor belt with adjustable speed that was placed right after
the extruder die. The length of the extruded strip eventually depends on the amount of
material fed to the extruder. In the present case, 5 g of hemicellulose was fed to the
extruder and this resulted in a strip with approximately 1.5 m in length.

Closer inspection of the hemicellulose strip by transmission optical light microscopy
reveals an important aspect, which further supports the claim that the water content is
of key importance for the extrusion of the hemicelluloses. The beginning and the end
of the hemicellulose strip or in other words the portion of the strip that initially comes
out of the die and the portion that comes at the end of the extrusion when the entire
polymer is depleted, was subjected to inspection. Although both portions were intact
and continuous to the naked eye, the initial portion of the strip was more
homogeneous (Figure 7.2 a) compared to the final part of the strip (Figure 7.2 b),
which contained segments comprised of small cracks separated with quite clear
borders from the rest of the strip. The speed at which the strip comes out of the die
slows down towards the final stages of extrusion. Due to this reason, the residence
time of the polymers towards the final stages of extrusion is more than the ones that
are extruded at the initial stages of the extrusion. Therefore the polymers with higher
residence times must have lost more of their water content compared to those with
lower residence times, which likely caused the inhomogeneous structure shown in
Figure 7.2 (b) due to insufficient water content.
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Figure 7.1. Appearance of hemicelluloses extracted from corn cobs prior to being fed
to the extruder (left) together with a hemicellulose strip produced from these polymers
via extrusion (right).

The SEM images of the cross-sections of the hemicellulose strip is shown in Figure
7.3, where it can be seen that the internal structure of the strip is quite homogeneous
indicating that extrusion technique indeed appears to be suitable for the production of
hemicellulose based materials.

7.2 Mechanical properties of hemicellulose based strips obtained via extrusion

The strips obtained from the extruder were cut into samples 8 cm long and they were
subjected to tensile testing. In addition to the hemicellulose strips, strips obtained from
polylactic acid (PLA), which were also produced with the same extruder used for the
production of hemicellulose strips, were also tested for their mechanical properties.
The reason for this is to compare the mechanical performance of the hemicellulose
strips with one of the most popular biodegradable polymers, which is already available
in the market. The PLA polymers, which were in the form of pellets, were extruded
into a PLA strip at an extrusion temperature of 170°C as suggested previously (Baouz
etal., 2013).

The mechanical properties of the strips together with the literature values given for the
materials produced from sugar beet pulp (SBP) via extrusion are given in Table 7.2.
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Figure 7.2. Transmission optical microscopy images of the initial (a) and final (b)
portions of the hemicellulose strip’s surface.
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Figure 7.3. Cross-sectional appearances of a hemicellulose strip as obtained via
scanning electron microscopy at 1000% (top) and 5000 (bottom) magnification.
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The hemicellulose strips had good mechanical properties, which were superior to
those of the PLA strips where the UTS and e, values of hemicellulose strips were
around 1.5 and 3 times higher, respectively, compared to the PLA strips. Additionally
the hemicellulose strips also had much better mechanical properties compared to the
materials produced from SBP via extrusion as shown in Table 7.2. These results
indicate that polymeric materials produced from hemicelluloses can be promising
candidates, at least in terms of their mechanical properties, for being popular
biodegradable polymeric materials of the near future.

Table 7.2. Ultimate tensile strength (UTS), elongation at break (ep) and elastic
modulus (E) values for polymeric materials obtained from three different types
biodegradable polymers including polylactic acid (PLA) and sugar beet pulp (SBP).

Polymer UTS (MPa) e, (%) E (MPa) Reference
Hemicellulose 76+ 6 35+8 1073 + 86 Present study

PLA 5242 12+2 708 + 88 Present study

SBP ~3-19 ~1-7 ~100-2000 Rouilly et al., 2009
SBP 6.5-9.2 4.1-115  317-744 Liuetal., 2011
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CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE STUDIES

Lignocellulosic agricultural wastes are renewable, cheap, widely available and
excessively abundant sources of biopolymers, which can be converted into a large
variety of products capable of substituting those produced from non-renewable fossil
resources. In this context, second generation biorefineries that utilize lignocellulosic
biomass as raw materials for the production of these products are considered to be of
primary importance. A feasible as well as flexible second generation biorefinery
should be capable of producing more than just a single product while utilizing all the
three biopolymers (cellulose, hemicellulose and lignin) found in the lignocellulosic
biomass as much as possible. On the basis of these points, the present study has
focused on the production of glucose and biodegradable polymeric materials from
different components of lignocellulosic agricultural wastes. Various process
parameters employed during the conversion of the lignocellulosic agricultural wastes
to glucose and biodegradable polymeric materials were evaluated with respect to their
effects on the quantity and properties of the products.

Three different types of pretreatments, namely dilute acid (via H,SO,), alkaline (via
NaOH) and ionic liquid (via 1-ethyl-3-methylimidazolium acetate) pretreatments,
were applied to corn cobs. The glucose yields obtained via the enzymatic hydrolysis of
the pretreated biomass samples were between 73 — 84%, where the highest glucose
yield was obtained from the ionic liquid pretreated samples. The effect of ionic liquid
pretreatment on the lignin content, crystallinity and digestibility of the biomass was
investigated in addition to the glucose yields with respect to increasing lignocellulosic
biomass particle size prior to ionic liquid pretreatment conducted with 1-ethyl-3-
methylimidazolium acetate (EMIMAC) and 1-ethyl-3-methylimidazolium chloride
(EMIMCI). The particle size of the biomass samples prior to pretreatment was
determined to have different effects on the performances of the two ionic liquids.
Among the four biomass particle size studied (<0.15 mm, 0.15 — 0.5 mm, 0.5 — 1.0
mm, 1.0 — 2.0 mm), EMIMCI pretreatment gave the highest glucose yields for the two
smallest particle sizes (49%) while for the EMIMAC pretreatment the smallest particle
size gave the lowest glucose yield (57%), compared to the glucose yields obtained
upon the pretreatment of larger particle sizes with EMIMAc (>71%) most likely due
to the degradation of cellulose during pretreatment. It was therefore shown that the
ideal particle size of lignocellulosic biomass depends on the selection of the ionic
liquid that is to be used in the pretreatment step. The pretreatment process was also
investigated in terms of its effect on the co-production of glucose and hemicellulose
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based films where alkaline pretreatment was used for the extraction of hemicelluloses
from lignocellulosic biomass in order to separate the biomass into cellulosic and
hemicellulosic fractions, which were used for glucose and polymeric film production,
respectively. Alkaline pretreatment was conducted at three different temperatures (25,
60 and 90°C) and it was determined that while the increase in the pretreatment
temperature did not impose any significant change in the glucose yield obtained from
pretreated cotton stalks, the toughness values of the films produced by the solvent
casting technique were decreased with increasing pretreatment temperature from 1.1
MJ/m® down to 0.4 MJ/m®. The highest pretreatment temperature studied (90°C) was
also shown to impair the film forming property of the isolated hemicelluloses. The
pretreatment temperatures were also evaluated in terms of the total amounts of the
final products (glucose + hemicellulose based films) where increasing the pretreatment
temperature form 25°C to 60°C was shown to be useful since an increase in the total
product yield was obtained upon this increase to a certain extent. Upon the evaluation
of the overall results, 60°C was determined as the ideal alkaline pretreatment-
extraction temperature.

The alkaline extraction also results in the formation of salts together with
hemicelluloses during the hemicellulose recovery step, which are regarded as
undesired impurities during the preparation of hemicellulose based films. This issue
was investigated by either retaining or excluding the potassium acetate salts formed
during the alkaline extraction of hemicelluloses from corn cobs. Polymers and films
containing the salt potassium acetate was determined to show better film forming and
mechanical properties compared to the desalted samples where the toughness values
were improved for 2 — 5 folds. Furthermore comparison of potassium acetate with
sodium chloride revealed that different salts induce dramatically different effects on
the properties and structure of the solvent cast films due to their level of compatibility
with the polymer matrix. Increasing potassium acetate concentration in the films
resulted in softening, which was indicative of the plasticization of the films where
opposite was true for the sodium chloride. While the presence of potassium acetate
made the cross-sections of the films smoother and more homogeneous compared to
the desalted films, sodium chloride resulted in the formation of dendrites and different
sections in the films. The results related to the presence of potassium acetate in the
films imply that the salt removal step, which is conventionally conducted prior to the
preparation of the films via solvent casting, is not always necessary and it can be
avoided. This finding has important implications from the economic point of view
since it reduced the number of steps and separation needs associated with the
production of hemicellulose based films. Another economically essential issue that
was studied regarding the production of hemicellulose based materials was the
utilization of the extrusion technique instead of solvent casting, which involves
solvents, long processing times as well as multiple steps including dissolution of the
polymer and evaporation of the solvent. It was found that the trick that made
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hemicelluloses extrudable was their water content where hemicellulose polymers with
a water content of 27% could be extruded at 90°C extrusion temperature into
hemicellulose strips. The extruded strips had a homogeneous cross-sectional
appearance and showed good tensile properties with an ultimate tensile strength of 76
MPa and elongation at break of 35% that were superior to the tensile properties of the
strips extruded from polylactic acid, which is one of the most popular biodegradable
polymers on the market, demonstrating the potential of hemicelluloses and polymeric
materials produced from them.

Further studies related to the topics covered in the present thesis can focus on a
number of points. lonic liquid pretreatment can be conducted with an extruder in order
to perform a continuous pretreatment instead of the conventional batch style
pretreatment. A mixture of ionic liquid and lignocellulosic biomass can be fed to the
extruder, which is operated at various screw speeds and temperatures. A synergistic
effect could arise from the deconstructive power of the ionic liquid and the shear force
of the extruder. Such an approach could also decrease the pretreatment times
necessary in order to achieve high glucose yields down to a few minutes.

Another future study could be the modification of the entire lignocellulosic structure
with ionic liquids in order to make the entire biomass (not just the hemicellulosic
fraction) extrudable. Based on the findings of the present study, it would be a good
approach to load the modified biomass samples with sufficient water content where
the extrusion temperature would probably be different than 90°C due to the
involvement of modified cellulose and lignin. This approach could lead to the
formation of a natural composite in a different arrangement compared to its native
form in nature and could yield materials with better mechanical properties.

Nanocomposite materials based on hemicelluloses could also be produced with the
extrusion technique described in the present study. Addition of plasticizers, which are
frequently used during the solvent casting based studies, to the hemicelluloses during
or prior to extrusion can also be studied to further enhance the ductility of the
hemicellulose based materials.
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