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Extraction of soluble fibre food ingredients within integrated biorefineries
Abstract

Integrated biorefineries, in which several co-products are produced in ways that exploit
interaction opportunities for enhancing efficiency and reviving economics, are necessary in
order to make bioethanol commercially viable, while offering the opportunity to create new
product markets. Arabinoxylans (AX) are potentially a novel class of food ingredients that
could be extracted from cereal bran; production of AX involves precipitation with ethanol,
hence the extraction could be integrated within bioethanol biorefineries. Having established
this as a viable proposition in principle, now greater understanding of the functional properties
of arabinoxylans is required, as these properties vary according to feedstock and extraction
techniques. In order to investigate functional properties in food systems, significant quantities
of AX extracts are necessary. Thus, the objective of the current research is to screen a range of
pre-treatments approaches and extraction conditions for the purpose of facilitating the scale-up
of AX from two biomass sources, wheat bran and sugarcane bagasse.

AX was extracted at lab-scale from wheat bran (WB) and sugar cane bagasse (SCB) via several
extraction methods: alkaline extraction (pH 11.5, 60°C, 4 Hours), alkaline oxidative extraction
(pH 11.5, H202 2%, 60°C for 4 hours) and enzymatic extraction utilizing three xylanases (§3-
xylanase, 1,4-B-D-xylanase, and Endo-1,4-B-xylanase) and feruloyl esterase. Several pre-
treatment techniques were examined including cellulase treatment for 24 hours, milling and
autoclaving. Purification of the extracts was investigated via two methods: firstly, washing the
bran (water, 60°C for 20 minutes) prior to the extraction; and secondly, applying amylase and
protease during the extraction. The samples were concentrated by ultrafiltration using a 10 kDa
membrane, prior to ethanol precipitation, to reduce the ethanol requirement. Crude yields and
total protein content were measured for all extracts.

Preliminary results demonstrated that the enzymatic extraction yield was the lowest, ranging
between 4.6-9.3% for WB and 7.0-8.2% for SCB, while the alkaline extraction yielded 17.6
and 13.8% for WB and SCB, respectively, and the alkaline oxidative extraction yielded 33.7%
for WB and 16.3% for SCB. Autoclaving wasn’t successful in improving the yields, while
milling increased the yield from WB and SCB to 39.79% and 18.2%, respectively. Higher
yields were obtained by using cellulase pretreatment, reaching 40.12% and 23.8% for WB and
SCB, respectively. The protein content in SCB samples was relatively low (0.6-0.8%) and
much higher in WB samples (12.7-14.2%). Protease treatment reduced the protein content in
the WB extracts to 8.2%. Preliminary monosaccharide analysis utilising HPEAC-PAD was
undertaken. Unfortunately, these analyses were not sufficiently reliable, perhaps due to
incomplete hydrolysis of samples. Nevertheless, significant progress was made towards
understanding the basis for enhancing AX extraction yields from these feedstocks.

MRes thesis Mohammad Alyassin December 2016
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1. Arabinoxylans, a potential co-product of integrated biorefineries

1.1. Biorefineries in the recent UK and global context

The finite food and fuel natural resources imposes unprecedented global challenges due to the
rise in the human population, expected to reach 9 billion by 2050 (Alexandratos, 2006).
Beddington, the UK’s chief scientific advisor, described a “perfect storm” scenario with the
world’s demand of food, potable water and energy increasing by 50%, 30% and 50%,
respectively (Beddington, 2009). This report indicates that failure to fulfil these needs is likely
to lead to tragic consequences including public turmoil, cross-border conflicts and mass

migrations.

Providing sufficient energy is an essential requirement for modern civilisation and its major
challenge in the face of the progressive shortage of fossil fuel and increasingly urgent
environmental issues. Renewable energy sources are constantly being considered as
replacements for fossil fuel, including wind, tidal, wave, solar and biofuels (Valentine et al.,
2012). Among these, biofuels are the sole option to supply energy as a liquid transport fuel
form, in contrast to the other renewable energy sources. Furthermore, biofuels are not
intermittent and do not require energy storage systems or employing other fuel technology as
a backup, as is the situation with the wind, wave and tidal. The United Kingdom currently has
a total biofuel production capacity of over 1,500 million litres per year. Figure 1-1 shows the
increase in cumulative production capacity of commercial scale bioethanol and biodiesel plants
in the UK (operational and planned), from which it is clear the biodiesel originally dominated

UK biofuel production, while bioethanol has come to dominate in recent years.
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Figure 1-1 cumulative production capacity of commercial scale bioethanol and biodiesel plants in the UK.
Source: (Alberici & Toop, 2013)

About 95% of the world’s bioethanol production is in the USA, Brazil, China and Europe,
utilising starch as the starting material (Stein, 2007). The production is chiefly from maize and
soybeans in USA, sugar cane in Brazil, maize in China, and sugar beet, wheat and barley in
Europe. In spite of the installed capacity to produce biofuel, the production of biofuel has been
limited by many reasons such as the fluctuations and rise in food commaodity prices (Alberici
& Toop, 2013). Meanwhile, fossil fuels remain economically more attractive than bioethanol.
Following substantial investment in bioethanol capacity, since 2009 UK bioethanol output has
been remarkably lower than the available capacity, particularly in 2011 and 2012 when
production was limited to only 6% and 17% of capacity, respectively, as Figure 1-2 displays
(Alberici & Toop, 2013).
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Figure 1-2 The Actual bioethanol production in UK. (Alberici & Toop, 2013)
*insufficient data
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Economically-viable production of biofuels is a challenge in the face of the low cost of oil-
derived fuels. Looking at a crude oil refinery, it is apparent that the number of commodities
produced in these refineries contributes to their economic performance (Asche et al, 2003).
Production of a portfolio of products, such that “not a drop of oil is wasted”, not only confers
as much added value as possible to the whole feedstock, it also gives scope for highly integrated
and hence efficient and economic processes. The same model, of integrated production of
chemicals, materials, food and feed, is required for the feasible and competitive operation of
biorefineries. Integrated biorefineries produce several bio-based chemicals beside fuel grade
ethanol, for example, non-food starch, cellulose fibres and cellulose derivatives, oils, fatty

acids and fermentation products such as ethanol and citric acid (de Jong et al., 2012).

Although a portfolio of co-produced products is key for biorefinery competitiveness, both for
generating a range of revenue streams and for providing integration opportunities as exploited
within oil refineries, not everyone working in biorefineries is as alert to the integration aspect
as they are to the revenue stream aspect. Thus, for example, the definition developed by the

International Energy Agency Bioenergy Task 42 Biorefinery reads:

“Biorefinery is the sustainable processing of biomass into a spectrum of
marketable products (food, feed, materials, chemicals) and energy (fuels,

power, heat).”

This definition emphasises the spectrum of marketable products, but makes no reference to
integrated processes that allow economic co-production of these products. In this respect a
better definition is that given by the USA’s National Renewable Energy Laboratory

(www.nrel.gov/biomass/biorefinery.html):

“A biorefinery is a facility that integrates biomass conversion processes
and equipment to produce fuels, power and chemicals from biomass. The
biorefinery concept is analogous to today’s petroleum refineries, which

produce multiple fuels and products from petroleum.”
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1.2. Arabinoxylans as a co-product of bioethanol production / context of the research

In order to be economically competitive and commercially viable, UK biorefineries must
produce several co-products, with ethanol as one of them, and must seek to exploit integration
opportunities arising from co-production. The major co-product of bioethanol production in
cereal biorefineries is the distiller’s dried grain with solubles (DDGS), a relatively low-value
product that goes to animal feed. DDGS come from the non-starch fraction of the cereals,
mainly the bran, along with leftover protein and yeast biomass. Cereal bran is the problematic
fraction of cereals for biorefineries as it comprises a large fraction of the raw material and is
underexploited economically. Thus, extracting components of the bran appears to be the most

feasible route towards producing added-value products.

Recently, studies have focused on arabinoxylans production, a component of lignocellulosic
biomasses, and a potential co-product of biorefineries that could provide a novel class of food
ingredients and non-food products. One process for producing arabinoxylans involves
precipitating with ethanol, giving opportunities for integration with bioethanol production
within biorefineries. Previous work from our group has established that co-production of AX
integrated with bioethanol could be economically feasible (Misailidis et al., 2009) and has
established extraction protocols to produce AX from maize, wheat, and sugarcane bagasse.
However, the properties of extracts as functional food ingredients, as affected by source and
extraction conditions, have not been completely studied. Greater understanding of
arabinoxylans’ functional properties is required, as these properties vary according to feedstock
and extraction conditions. Early studies on arabinoxylan extracts sometimes gave conflicting

results due to differences in composition and purity of extracts (Biliaderis et al., 1995).

For the purpose of undertaking extensive functional property investigations in food systems,
AX extracts need to be available in relatively large (kg) quantities. There is currently no
commercial source of AX at this scale. Hence, to progress this line of research, there is a need

to establish facilities for routine production of relatively pure AX in kg quantities.

The main objective of the current research is to enhance the extraction of arabinoxylans, in
terms of increasing the resultant yields and rising the AX extract purity level, to facilitate
further pilot scale extraction work and subsequent functionality studies. The studies reported

in the current thesis follow on from an earlier proof-of-concept project, funded in 2015 by the
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Lignocellulosic Biorefinery Network (LBNet), which investigated enzyme-assisted AX
extraction from wheat bran and sugarcane bagasse. Substantially, the current study was an
extension of this previous project, looking at a wider range of sample pre-treatments and

extraction techniques.

1.3. Thesis Scope

Arabinoxylans are potentially a class of healthy soluble fibre food ingredients with a range of
functional properties including viscosity enhancement, foaming, gel formation and prebiotic
activity. One of the processes for producing arabinoxylans uses ethanol for precipitation; co-
production of AX with bioethanol production therefore gives scope for integrated processing
and economic production of a portfolio of AX and AX oligosaccharide (AXOS) products.

The evolving Arabinoxylans story in the context of UK cereal biorefineries is presented in

more detail in Chapter 2 along with the description of arabinoxylan structure and classification.

Chapter 3 describes the physico-chemical properties of arabinoxylans and the relation of these
properties with the structure of the polysaccharide, AX solubility, viscosity, water holding

capacity, gel formation and foam stabilising effects.

Chapter 4 describes the materials and procedures used in the current work and the
investigations undertaken using these materials and procedures. Chapter 5 presents the results
of these investigations and discusses their significance in relation to the evolving knowledge

base for commercial arabinoxylans production and use.

Chapter 6 concludes the thesis by summarising the main findings from the current work and
makes recommendations about how extraction of AX could be progressed in a research based
capacity for industrial application.
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2. Arabinoxylans: Structure and Physicochemical Properties

2.1. Introduction

Arabinoxylans are novel polysaccharides that can be produced from biomasses, as they
comprise a major portion of hemicellulose. AX is a non-starch polysaccharide that consists of
a backbone of xylose with arabinose side chains. This chapter reviews AX structure,
classification and occurrence along with physicochemical properties and their relation to the

structure.
2.2. Brief background of arabinoxylans

Early in the 1920s, Hoffmann and Gortner (1927) extracted a gummy non-starch
polysaccharide composed mainly of xylose and arabinose from wheat flour, and named the
new gum as ‘pentosans’. Better understanding of these pentosans was developed after
describing the nature of araban-xylan association in cereals (rye, wheat and barley) as a simple
type of molecule (Preece & Hobkirk, 1953). Subsequently, more reports stated the presence of
AX in the outer-layers of cereal grains such as wheat, corn, rice, barley, oat, rye and sorghum
(Vinkx & Delcour, 1996). AXs have evolved as test subjects in the field of cereal science and
bioresource technology in the last few decades. According to bibliographic research, using the
keyword “Arabinoxylan” in ScienceDirect (August 2016), the number of publications which
include the keyword in their title, abstract or keyword has been significantly elevated in the
last twenty years (Figures 2-1).
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Figure 2-1 Number of publications about Arabinoxylans. Source: ScienceDirect (August 2016).
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It is notable that the greater portion of the publications about AX are located in the same
countries involved in biofuel and renewable energy studies as Figure 2-2 demonstrates (sample

of top 180 relevant articles were counted).

Figure 2-2 the geographic distribution of AX related researches.

Some of these studies describe methods for the extraction and isolation of AX at lab-scale.
Scaling up the extraction is hampered chiefly by two factors: firstly, the cost of the extraction
as it requires the use of ethanol in large quantities; and secondly, the absence of a clear market
to commercialise it. This has maintained AX as a theoretical material that might have a

promising future.

In order to stimulate markets for AX, an important number of studies have focused on the
benefits of AX in the fields of human health and prebiotic properties, bread making and food
industry, excipient in pharmaceutical industry and food packaging. However, the lack of
commercial scale production of AX is a main problem, as sufficient amounts of AX are not
available to demonstrate the uses of AX and promote their uptake in industry. In addition,
differences in extraction methods and raw materials have led to conflicting results. Recently,
with the evolving of integrated biorefinery concept, AX has appeared to be a promising co-
product in biorefineries. Misailidis (2009) demonstrates that co-production of AX with ethanol

within wheat biorefineries could be economically viable.
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2.3. Structure of Arabinoxylans

Arabinoxylans constitute the main group of hemicelluloses, and exists mainly in the outer layer
and endosperm cell walls of cereals associated with cellulose and lignin (lzydorczyk &
Biliaderis, 1995). AX consist of a linear chain of s-D-xylopyranosyl linked via (1-4) glycosidic
linkages. lzydorczyk (2008) stated that monomeric o-L-arabinofuranoside residues are
attached to some of the xylopyranosyl chains at O-3, O-4 and/or both O-2,3 positions. The
same study reported that, depending on arabinofuranoside position and number of substitution,
four main structural units can be observed: monosubstituted xylopyranosyl at O-2 or O-3,
disubstituted xylopyranosyl at both O-3,4 and unsubstituted xylopyranosyl (lzydorczyk &
Dexter, 2008). Figure 2-3 illustrates the structure of AX.

»%%m%%mvﬁb’w\x

OH

CH HO OH [e] OH OH H
Figure 2-3 Structure of AX (Déring, Jekle, & Becker, 2015)

The sequence of the distribution of these four structural units varies depending chiefly on the
source of arabinoxylans (Gruppen et al., 1993). Izydorczyk (1995) reported that the greater
population of arabinofuranoside residues in AX is present as monomeric substituents, and
minor proportion consisting of two or more residues linked via 1-2, 1-3, and 1-5 linkages can
be seen (Izydorczyk & Biliaderis, 1995). The amount of AX embranchment can be estimated
by the Arabinose/Xylose (A/X) ratio, which varies between sources and between different parts
of the same plant, for instance, A/X of wheat endosperm AX was reported 0.7 (Rattan et al.,
1994), whereas wheat bran has a higher ratio of 1.07 (Shiiba & Nagao, 1993).

Hydroxycinnamic, ferulic and p-coumaric acids were reported esterified to O-5 of arabino-
furanoside residues in cell wall polysaccharides (Smith & Hartley, 1983). Ferulic acid esters
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can form dimers of dehydrodiferulate esters, as seen in Figure 2-4, which are responsible for
covalent cross-linking between AX chains and between AX and other cell wall components

(e.g., lignin, proteins, etc.) (Santiago et al., 2006).

Figure 2-4 Dehydrodiferulate esters (Ferulic acid dimer) source: (Santiago & Malvar, 2010)

The unsubstituted xylan chains tend to form a three-fold, left-handed helix with three xylose
residues per turn, which appears like an extended twisted ribbon (Courtin & Delcour, 2002;
Fincher & Stone, 1986). This relatively flexible conformation is formed by hydrogen bonds
between adjacent xylose residues (lzydorczyk & Biliaderis, 1995). Courtin (2002) suggested
that substitutions on the xylan chain distort this structure, as arabinose side units sterically
hinder this formation and a random coil conformation is suggested. Moreover, the presence of
diferulic acid bridges between adjacent AX chains might form high molecular weight

molecules with changed conformational properties (Courtin & Delcour, 2002).
2.4. Classification of arabinoxylans

Arabinoxylans are categorised according to the structural configuration of the sample used
(Vinkx & Delcour, 1996). Thus, AX could be either water-extractable AX (WEAX) or water-
unextractable AX (WUAX).

WEAX are so called because of the cell wall of these AX are loosely attached, causing easy
migration of aqueous solution around the surface. This can be explained by an incomplete
cross-linking with other components, small structural differences or initial enzymatic

degradation ( lzydorczyk & Biliaderis, 1995).
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WUAX are not easily extractable with water as they are held in the cell wall matrix by non-
covalent (e.g. hydrogen bonds) and covalent interactions (e.g. ester and ether bonds, diferulic
acid bridges) with other AX molecules or with other cell wall constituents (Fengler &
Marquardt, 1988; lzydorczyk & Biliaderis, 1995).

2.5. Occurrence of arabinoxylans

Arabinoxylans are the major non-starch non-cellulosic polysaccharides in cereal grains (the
most known and studied source of AX). They were reported in the outer layers of cereal grains
such as wheat, corn, rice, barley, oat, rye, and sorghum (Fincher & Stone, 1986; Saeed et al.,
2011; Vinkx & Delcour, 1996; Zhang et al., 2014). Also, AX were reported in tissues of other
plants such as bamboo (Ishii et al., 1990), ryegrass (Hartley & Jones, 1976), sugarcane bagasse
(Sun et al., 2004), grape pomace (Minjares-Fuentes et al., 2016), garlic straws (Kallel et al.,
2015), mucilage of tomatoes (Nascimento et al., 2016) and the bark of cinnamon (Pape-Gowda
et al., 1980). Arabinoxylans form a major part of hemicellulose which occurs in a wide variety
of plants and plays a key role in strengthening the cell wall by tethering the components of the
cell wall (Scheller & Ulvskov, 2010).
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2.6. Physicochemical Properties of Arabinoxylans

Arabinoxylans physicochemical behaviour is primarily attributed to its structural features, i.e.,
the length of xylan chain, the degree of substitution (DS) (or the A/X ratio) and the oxidative
linking of ferulic acid residues (Courtin & Delcour, 2002; 1zydorczyk & Biliaderis, 1995). The
main physicochemical properties of interest are water solubility, viscosity, water holding

capacity and oxidative gelation, which depend on the structure of AX.
2.6.1. Water Solubility

The solubility of AX in water, in general, depends on structural factors such as chain length,
degree of substitution, and substitution pattern (Saulnier et al. 2007). Degree of substitution is
the major factor affecting AX solubility, as arabinose residues hinder the intermolecular
aggregation of unsubstituted xylose residues (Andrewartha et al., 1979). This was
demonstrated clearly by the significant decrease in solubility after removing the arabinose
residues enzymatically (Andrewartha et al., 1979). In general, AX with higher DS are expected
to exhibit more water solubility. However, AX molecular weight (MW) also affects the
solubility, as decreasing MW increases the solubility (Mares and Stone 1973). Bian et al.
(2010) who confirmed these observations, precipitated AX with graduated concentrations of
ethanol (10, 20, 30, 45, 60 and 80%). It was found that the high MW AX with fewer branches
were precipitated with lower concentrations of ethanol (less water soluble) while the lower
MW AX with more branches precipitated in lower concentrations of ethanol (more water
soluble) (Bian et al., 2010).

2.6.2. Viscosity

Owing to the relatively high molecular weight, stiff and semi-flexible random coil
conformation, AX present the ability to form viscous solutions exhibiting a pseudoplastic
behaviour (Girhammar & Nair, 1992). The viscosity of wheat flour AX is higher than the
viscosity of other polysaccharides such as dextran and arabinan (Fincher & Stone, 1986). MW,
pH, AX concentration and ferulic acid content have been observed to affect viscosity of AX
solution in varying levels. Girhammar and Nair (1992) stated that the main factor affecting AX
viscosity is its higher MW. In addition, pH affects the viscosity of AX solutions, with the

highest viscosity obtained at neutral pH values (Girhammar & Nair, 1992). Of course, the
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concentration of AX has the greater effect on the solution viscosity (Saulnier et al., 2007).
Ferulic acid presence significantly increase the viscosity as it forms cross-links, which in turn
increases the MW. Thus, the higher FA content results in more viscous solutions (Dervilly-
Pinel et al. 2001; Saulnier et al., 2007)

2.6.3. Water Holding Capacity

Courtin and Delcour (2002) reported that AX are capable of absorbing water and swelling,
WUAXSs are capable of holding 7-10 times their weight in water, whereas WEAXSs present
slightly lower water-binding capacity at 4-6 times their weight. These findings were obtained
by adding AX to bread dough while monitoring the Farinograph water absorption changes.
Using Farinograph absorption method for the determination of water holding capacity is a
questionable method as the increase in water absorption might be a result of the interaction of
AX with other components in the dough, not due to the AX on its own (Courtin & Delcour,

2002). Thus, further investigations are required to determine AX water holding properties.
2.6.4. Oxidative Gelation and Gel-Forming Capacity

Izydorczyk et al. (1990) demonstrated that AX oxidative gelation occurs in the presence of
oxidising agent (e.g. hydrogen peroxide or peroxidase), which catalyses the formation of
covalent cross-linkages by dimerisation of ferulic acid residues (lzydorczyk et al., 1990),

Figure 2-5 shows the oxidative coupling of ferulic acid.

Figure 2-5 Oxidative coupling of ferulic acid (Ddring et al., 2015)

These cross-linkages give rise to an augmentation in viscosity and eventually the formation of
a gel (Dervilly-Pinel et al., 2001a; Vinkx et al., 1991). In general, high MW, high content of

ferulate residues and relatively unsubstituted xylan chain (low A/X) are precursors of extensive
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cross-linking (lzydorczyk & Biliaderis, 1995). However, the rigidity of the gel seems to be
determined chiefly by the intrinsic viscosity, rather than the content of ferulate residues
(Dervilly-Pinel et al., 2001a). Other linkages contribute in gel strengthening such as hydrogen
bonding and van der Waals interactions (Saulnier et al., 2007).

2.6.5. Foam Stabilising

Arabinoxylans exhibit the ability of stabilising protein films against thermal disruption by
increasing the viscosity of the interlamellar liquid, altering the drainage properties of foam
films and mediating interactions between proteins in the absorbed layer (lzydorczyk et al.,
1991; Sarker et al., 1998).

2.7. Summary

AX is a non-starch polysaccharide that consists of a back chain of xylose with side branches
of arabinose; these side chains can be attached to ferulic acid via ester bonds. The molecular
properties such as the length of the xylose chain, the number of arabinose substitutions and the
content of ferulic acid are dependent on the source of AX. These molecular properties
determine the physicochemical properties of AX. The higher the molecular weight of AX, the
lower the water solubility with increase in viscosity and water holding capacity. In addition,
more arabinose-substituted molecules exhibit greater water solubility than the less substituted

ones. Moreover, the high ferulic acid content can promote more oxidative gelation.

In general, AX properties are subject to the molecular properties that in turn are subject to the
extraction method. Since the extraction of AX depends on the solubilisation of the chains and
breaking down the bonds between AX and other cell wall components, it follows that the
extraction method will determine the properties of the extracted AX. The next chapter discusses
the extraction methods of arabinoxylans and potential uses in industry, leading to the objectives
for the current research.
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3. Arabinoxylans extraction, analysis and potential use
3.1. Introduction

The fractionation of biomasses in order to produce valuable materials has attracted a great deal
of attention recently. Insolating AX has been investigated utilising enzymatic and chemical
methods. This chapter reviews the efforts addressed at extracting AX, discusses the effect of
the extraction method on the final product and addresses the main potential uses of AX.

3.2. Arabinoxylans extraction methods

The liberation of the arabinoxylans from the cell wall matrix is restricted by the intricate and
massive structure tying cell wall components together (Courtin & Delcour, 2001). The presence
of ester and/or ether lignin-polysaccharide complexes, and hydrogen bonds between
polysaccharides chains, limits the release of AX (Ebringerovad & Heinze, 2000). Generally,
rigorous treatment is needed to separate AX from other cell wall constituents (Courtin &
Delcour, 2001). Extraction of AX typically consists of three major treatments: solubilising,
mechanical-assisted hydrolysing, and purification.

3.2.1. Hydrolysing and solubilising of AX
3.2.1.1.Water extraction

It is suggested that water extraction can insulate high MW arabinoxylans and reserve the native
structure of the molecule, but in low yields (Ebringerova & Heinze, 2000). Lower yields can
be explained by the strong bonds to lignin or cellulose through ferulate links and hydrogen
bonds between xylose chains and the cellulose (Maes & Delcour, 2002; Vinkx & Delcour,
1996). The non-covalent bonds are relatively weak chemical bonds, but when present
excessively they can prevent the solubility under moderate extraction conditions (Biliaderis &
Izydorczyk, 2006).

Higher temperature and pressure can be applied in water extraction in order to get higher yields.
However, applying higher temperatures was reported to produce higher yield, lower purity,

and lower degree of polymerisation (Schooneveld-Bergmans et al., 1999).
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3.2.1.2.Alkaline Extractions

Alkaline solutions possess the ability of inducing modifications of the hydrogen and covalent
bonds through breaking down the ester linkages and loosening the tethering between AX and
other cell wall components (Cyran et al., 2004; Fincher & Stone, 1986). The extraction
temperature exerts great influence on the yields; in a study by Bergmans et al. (1996), yield
increased from 29% at 20°C to 50% at 90°C. By contrast, elevating the alkaline (NaOH)
concentration from 0.25 to 0.5 M has no effect on the results (Ayala-Soto et al., 2016).

The nature of the alkali is suggested to affect the extraction yield (Chanliaud et al., 1995).
Bergmans et al. (1996) reported that substitution of barium hydroxide with sodium hydroxide
reduced the yield. Among various alkalis tested, only Ba(OH). conferred a relatively pure
arabinoxylans extract with a high yield (Bergmans et al., 1996; Gruppen et al., 1991). The
mechanism behind this selectivity is not clear, but it was presumed that the presence of Ba®*
prevents the solubilisation of f-glucans (Gruppen et al., 1991).

Alkaline extraction can be associated with lignin removal using dilute concentrations of
hydrogen peroxide (Maes & Delcour, 2001). Vinkx and Delcour (1996) argued that the
oxidation might solubilise recalcitrant materials. Also, AX may undergo non-enzymatic
oxidative gelation, the mechanism of this oxidative gelation is explained by the oxidative
coupling of ferulate residues, forming cross-linking of AX molecules (Vinkx & Delcour,
1996). Oxidative gelation significantly increased the yields of alkaline extraction of AX; a
concentration of 2% H>0O- at a pH of 11.5 for 4 h at 60°C recovered successfully 77% of the
total arabinose and 65% of the total xylose (Maes & Delcour, 2001). Thus, alkaline oxidative
extraction of AX is considered one of the most reliable methods of AX extraction.

3.2.1.3.Acids Extractions

The conversion of pentosans in acidic conditions into furan products such as 5-hydroxy methyl-
furfural and 2-furfural aldehyde hindered development of this route of extraction (Almeida et
al., 2007; Pedersen et al., 2010). Especially under severe conditions, e.g. high temperature,
these furfural products could be converted into unpleasant compounds such as formic and

levulinic acids (Larsson et al., 1999). However, it was reported that a formula of formic acid,
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acetic acid, H20O in a ratio of 30:60:10 was effective to yield 76.5% of the total hemicelluloses
of wheat straws (Xu et al., 2006).

3.2.1.4.Enzyme extraction

Some enzymes, viz., xylanases, are capable of hydrolysing the AX main backbone into a lower
molecular weight or shorter chain or even into its constructional monosaccharides (Dekker,
1985). Xylanases have been categorized into two main groups according to their mechanism:
Exo-xylanases, which attack the terminal unit of the polysaccharide; and Endo-xylanases,
which attack the polysaccharide’s backbone in an arbitrary manner resulting in a general
decrease in degree of polymerisation (Araki & Kitamikado, 1982; McCleary et al., 1982).
Xylanases were found in wheat grain (Kulp, 1968; Preece & MacDougall, 1958), wheat bran
(Bergmans et al., 1996), wheat flour (Cleemput et al., 1997), barley (Taiz & Honigman, 1976)
and in germinated barley (Slade et al., 1989). Also, they were isolated from bacteria (Gilbert
& Hazlewood, 1993; Paice et al, 1986), fungi (Haltrich et al., 1996; Polizeli et al., 2005),
marine algae, protozoans, crustaceans, insects, snails and seeds of land plants (Sunna &
Antranikian, 1997).

Endo-4-(1,4)-xylanases (EC 3.2.1.8) are the most common among the xylanases group
(Escarnot et al., 2012), which is from microbial origin and belonging to glycanase families
GH10 and GH11 (Biely et al., 1997). Generally, xylanases are classified according to the
similarities in their amino acid sequence into two main families, GH10 and GH11 (Henrissat,
1991). Xylanases are used in AX extraction as they can attack the polysaccharide main
backbone and release (solubilise) portions of WUAX (Courtin & Delcour, 2001). GH11
xylanases were reported to be more effective than GH10 in extracting AX from destarched
wheat bran, with yields of 41% and 18% respectively (Maes et al., 2004). GH11 xylanases
were assumed to be more selective to insoluble AX (Maes et al., 2004) or to have greater ability

to penetrate the cell wall matrix (Beaugrand et al., 2004).

Other enzymes have been exploited in the extraction of AX in combination with xylanases,
including feruloyl esterase (Faulds et al., 2003; Kroon et al., 1999). Feruloyl esterases
cooperate with xylanases to release AX by breaking down the ester linkage between AX and
ferulic acid (Faulds et al., 2002; Faulds & Williamson, 1995). Furthermore, cellulase in

combination with endoxylanases resulted in greater yields of AX extracted from spelt bran
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(Escarnot, Aguedo, & Paquot, 2011). Also, a-L- arabinofuranosidases shave the arabinose side
branches, thereby longer regions of unsubstituted xyloses will be formed, which are more
degradable by xylanases, resulting in more solubilised AX (Figueroa-Espinoza & Rouau,
1998). In contrast, the combination of different xylanases together did not enhance the yields
(Beaugrand et al., 2004; Escarnot et al., 2012).

Enzymatically extracted AX showed a lower A/X ratio as xylanases prefer attacking low
substituted AX (Beaugrand al., 2004), and much lower yields compared to alkaline hydrogen
peroxide method (Zhou et al., 2010).

3.2.2. Mechanically assisted extraction

With respect to the increase of the effectiveness of the AX extraction process, many mechanical
approaches have been investigated in favour of solubilising AX or loosening the cell wall to
allow the release of AX.

3.2.2.1.Ultrasound treatment

Ultrasound technique was applied in the process of AX extraction in combination of both
enzymatic and alkaline routes. With both methods, ultrasound increased the yields of the
extraction (Ebringerova et al., 2002; Minjares-Fuentes et al., 2016; Wang et al., 2014).
Changes in the functional properties of the extracted AX were observed such as weak “gel
properties” and lower intrinsic viscosity; this could be a result of ultrasound degradation and
decreasing AX MW (Ebringerova & Hromadkova, 1997; Sun et al., 2002).

3.2.2.2.Steam explosion

In this method, raw material is exposed to high pressure steam, then the pressure is released
rapidly leading to an explosive depolymerisation (Cara et al., 2006). It is considered
environmentally friendly and an effective procedure to break down the cell wall matrix
(Avellar & Glasser, 1998). It is suggested that steam explosion breaks down the interpolymeric
phenolic cross-links which loosens the cell wall structure (Merali et al., 2015). However, steam
explosion notably depolymerised AX into its oligosaccharide and monosaccharide constituents
(' Sun et al., 2005). This degradation is the main disadvantage of steam explosion, as it affects
the functional properties of the extracted AX.
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3.2.2.3.Extrusion

Twin-screw extrusion was investigated for AX extraction, yields were relatively low with
significantly lower purity (Jacquemin et al., 2015). However, extrusion exhibited many
advantages such as short treatment time, lower water consumption and an environmentally

friendly process (Jacquemin et al., 2012; Zeitoun et al., 2010).
3.2.3. Purification of AX

After the extraction, purification of crude AX extracts is usually necessary. Typically, the
purification involves the inactivation of the enzymes used in the extractions, and the
employment of hydrolytic enzymes to hydrolyse starch and protein in the crude extracts,

followed by concentration and precipitation of the final AX.
3.2.3.1.Amylase and protease purification

Dervilly et al. (2000) applied a-amylase and amylo-glucosidase to degrade starch, leading to
partial elimination of the starch from the extracts. In the same manner, protease was used to
reduce the protein content and the extracts contained slightly less protein after the treatment
(Dervilly et al., 2000).

3.2.3.2.Concentrating methods

Dialysis membranes method is one of the first concentration processes used at a laboratory
scale, and the most commonly used method (Preece & Hobkirk, 1953). Ultrafiltration is a
promising concentration method as it can be used in pilot and industrial scales (Krawczyk et
al., 2008). In previous unpublished work in the University of Huddersfield, ultrafiltration
successfully decreased the volume of the extracts (prior to the ethanol precipitation) to one-
fifth the original volume, thus significantly reducing the amount of ethanol required for

precipitation and hence the cost and safety hazards.
3.2.3.3.AX precipitating

Regardless of the extraction method, precipitating AX is required. Ethanol has successfully
been used to separate AX from the suspension. Several studies showed that the concentration

of ethanol used to precipitate AX affects the A/X ratio; the increase in ethanol concentrations
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results in higher ratio of A/X in the extracts (Gruppen et al., 1992; Viétor et al, 1992). Bian et
al., (2010) studied the effect of ethanol concentration on AX precipitating process by applying
gradual concentrations of ethanol (10, 20, 30, 45, 60 and 80%). Differences in the branching
distribution was observed according to the ethanol concentration, i.e., the higher MW AX and
lower branching AX were precipitated by lower concentrations of ethanol; and by increasing
the ethanol concentration, the lower MW AX with higher branches precipitated (Bian et al.,
2010).

Ammonium sulphate can be used for AX precipitation. Izydorczyk et al. (1992) demonstrated
the effect of ammonium sulphate concentration on AX by applying gradual concentrations of
the salt in the precipitation process (60, 70, 80, and 95%). the results showed that increasing
the concentration of ammonium sulphate increased the A/X ratio of the resultant AX and
precipitated lower MW AX (lzydorczyk & Biliaderis 1992).

3.3. Characterisation of Arabinoxylan

AX consists of a linear chain of p-D-xylopyranosyl and branches of a-L-arabinofuranoside,
which are attached to the xylan chain. The most fundamental element of the structural
characterisation of AX polysaccharides is the determination of the monosaccharide
compositions, based on two essential terms, the identification of monomers and the relative
A/X ratio.

3.3.1. Monomer Analysis

There are numerous analytical methods used for the analysis of saccharides such as high
performance liquid chromatography with refractive index detector, and colorimetric methods
(Henshall, 2001). However, the most frequently used methods for both quantitative and
qualitative analysis of monosaccharides are chromatographic methods viz. gas
chromatography (GC) and high pressure anion exchange chromatography (HPEAC)
(Albersheim et al., 1967; Blake & Richards, 1970; Gerwig et al. 1978).

Prior to the sample analysis process, polysaccharide depolymerisation is required, usually by

acid hydrolysis. Applying gas chromatographic analysis necessitates the implementation of a
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derivatization step in order to convert the monosaccharide compounds into volatile equivalents
(Henshall, 2001).

High pressure anion exchange chromatography with pulsed amperometric detection (HPEAC-
PAD) has been widely used for polysaccharide analysis. The HPEAC-PAD analytical method

is superior to GC as it does not requires the derivatization step (Rocklin & Pohl, 1983)
3.3.1.1.HPEAC-PAD:

HPEAC-PAD is a relatively recently developed technique for the identification and
quantification of monosaccharides. Principally, HPEAC-PAD is a high performance anion
exchange chromatographic separative method coupled with pulsed amperometric detector
(Gruter et al. 1992, 1993; Lemoine et al., 1997; Levander et al., 2001). In fact, the concept of
this technique relies on the variable degree of ionization of monosaccharides corresponding to
the change in pH of ambient medium; monosaccharides tend to ionise under high pH
conditions, thereby allowing for the ease of separation in an ion exchange column (Corradini
et al., 2004; Speight, 2005).

Predominantly, in anion exchange chromatography, strong anions are retained towards the
oppositely positive charged resin (the stationary phase) due to ion-pair formation (Corradini et
al., 2004). The extent of retention of the saccharide compounds depends on the degree of
ionization in the mobile phase. Generally, the inverse relationship between the pKa value of
the hydroxyl ion and the ionisation degree aids on the high retention of the targeted analyte
through the chromatographic system (Rocklin & Pohl, 1983).

Subsequently, after the completion of separation step through the chromatography column, the
detection is achieved with the pulsed amperometric detector utilization, which functions as an
electric current changes monitoring through a gold or platinum electrode. When a
monosaccharide reaches the surface of the electrode an oxidization process occurs as a result
of potential variations of the detector.; this generates a current that can be measured (Rossello-
Mora, 2003).

The absence of derivatization and the relatively rapid separation make HPEAC-PAD an
advantageous selection to perform the intended analytical separation. Moreover, this technique
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possesses valuable features including the ability of detecting low quantities of the saccharide
compounds (in the pico-mole ranges) through the PAD detector; furthermore, the eluents are
cost-effective and safe to be handled (Henshall, 2001; Speight, 2005).

3.3.1.2.Gas Chromatography-Mass Spectrometry

GC and GC-MS are considered as highly appropriate techniques for the analysis of
carbohydrates; notwithstanding, the preparation of adequate derivatives is a prime requirement.
The main feature of GC separation is the greater separation capacity. Indeed, various
monosaccharides can be separated through this technique, the retention times are relatively

short with high resolution.

Specifically, monosaccharides, classified as a polar and relatively non-volatile compounds,
require to be derivatized to a higher volatility state prior to the gas chromatographic analysis
(GOmez-Gonzélez et al., 2010; Medeiros & Simoneit, 2007; Ruiz-Matute et al., 2011).

Many published related derivatization methods are mostly addressing the substitution of the
polar groups of the sugar entity through their stipulated methodological approaches.
Particularly, the popular derivatives of carbohydrates are the methyl ethers, acetates,
trifluoroacetates and trimethylsilyl ethers (Albersheim et al., 1967).

3.3.1.3.Capillary Electrophoresis (CE)

The use of capillary electrophoresis (CE) has been described extensively as a vital separation
method for the analysis of sugar compounds. In fact, CE has emerged recently as a highly
promising technique for the analysis of mono- and oligosaccharides. The presence of the
negative charge in alkaline solutions of monosaccharides can permit their ease of separation
through the tubular capillary under a fixed electric field. The detection can be feasibly
performed utilizing a pulsed amperometric detector or mass spectroscopy (Henshall, 2001; Q.
Wang & Fang, 2004).

3.4. Potential usage of AX

The functional and structural properties of arabinoxylans promote potential uses in the food

industry, particularly in the bread making industry. Due to the unique properties of AX such
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as water holding capacity and viscosity, AX can have a prominent impact on the process of
bread making and the quality of the finished bread product i.e., loaf volume, crumb texture,
and firming characteristics (Biliaderis et al., 1995; Saulnier et al., 2007). AX can also inhibit
the ice formation during freezing of dough, which improves the quality of frozen dough (Wang
et al., 2016).

In addition, the literature reported several healthy effects associated with AX such as
decreasing the levels of blood cholesterol and low-density lipoprotein (Anderson & Hanna,
1999), improving glycaemic control as it reduces postprandial blood glucose and insulin levels
(Slavin, 2005), in addition to the prebiotic effect that AX and AXOS can play (Grootaert et al.,
2007; Hughes et al., 2007).

Furthermore, AX properties have promoted its use as a natural pharmaceutical excipient as it
showed a promising results a binder and dispenser excipient (Erum et al., 2015). Also, AX

presents a pH-independent sustained release coating material (Igbal et al., 2011).

In the increasing demands for deploying films from renewable sources in food packaging, AX
appears to form a promising packaging films (Stepan et al., 2012; Stepan et al., 2014, Stevanic
et al., 2011; Velkova et al., 2015).

3.1. Research objectives

The larger scale production of AX extracts is an absolute requirement permitting the optimum
utilization of this entity into variable sectors.

Substantially, the fundamental step in arabinoxylan production sequence is the precipitation
phase through ethanol utilization. Thus, integrating bioethanol production with AX production
can promote the commercial viability and the economical competitiveness of biorefineries

through the effective investment of resources and raw materials.

Accordingly, several extraction methods have been evaluated including acid, alkaline and

enzymatic extraction. Further potential extraction approaches need to be investigated
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thoroughly, aiming for enhancing the extraction output in terms of extraction effectiveness

aspects and elevating the purity of the yielded extracts.

Therefore, the objective of the current research was to screen a range of pre-treatments
approaches and extraction conditions for the purpose of obtaining AX from two biomass
sources, wheat bran and sugarcane bagasse. The experimental studies included the appraisal of
xylanases capability of releasing arabinoxylan, in comparison with the chemical routes. A
further objective was to compare the merits of enzymatic (viz. cellulase) and mechanical pre-
treatments (viz. milling and thermal treatment). Finally, the value of enzymatic purification

(via protease and amylase) of AX extracts was investigated.Summary

A great deal of attention has been paid in the research literature to find a suitable extracting
method for AX. This chapter has reviewed the main extraction methods in the literature viz.,
water, acids and alkaline extraction. Water extraction appears to be the only method that
preserves the original structure of AX molecules, but the low yields hinder the transition of
water extraction to larger scales. Enzymatic extraction show promising potential as it offers
low cost and an environmental friendly process, but the xylanases alter the molecular shape of
AX and produce relatively lower MW AX. This will affect the functional properties of AX
products, as the MW is a key factor in AX functionality. Among all the reviewed methods,
alkaline extraction is the most convenient method in term of yields. The changes in molecular
properties are less in the chemical extraction, maintaining the main functional properties such
as viscosity and water holding and gel formation, which are essential for introducing AX to the
food industry. Mechanically-assisted extraction utilising ultrasound and steam explosion
increases the yields and affects the properties of AX, as both tend to hydrolyse AX to its
oligosaccharides. Purification of the extracted AX is needed as the impurities such as protein,
cellulose and lignin can alter and change the characteristics of the extracts. Enzymatic
purification along with ultrafiltration seems to be a realistic method to purify the extracts.
Ethanol precipitation is the main method used for recovering the extracted AX, though it adds
cost and brings in safety issues in handling the ethanol. The objective of the current work was
to investigate a range of pretreatment and extraction conditions, along with post-treatmetn with

enzymes, to enhance the yield and purity of AX extracts from wheat bran and bagasse.
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4. Materials & Methods

The current and the following chapter describe the investigations of arabinoxylans extraction
from two biomass sources, wheat bran and sugarcane bagasse, through exploiting chemical and
enzymatic methods. The influence of applying pre-treatment strategies on the extraction, the
effectiveness of protease and amylase for extracts purifications, and crude extract
characterisation are addressed. The current chapter presents the materials and methods utilized

to accomplish these investigations; the subsequent chapter expounds and discusses the results.
4.1. AX Extraction

Initially, arabinoxylans were extracted from wheat bran (WB) and sugarcane bagasse (SCB)
raw materials through the employment of three methodologies, alkaline, alkaline oxidative and
enzymatic methods. Then, Samples were pre-treated using milling, autoclaving, and cellulase
pre-treatment. Enzymatic purifications of extracts using protease and amylase were extensively

investigated.

4.1.1. Materials used

Wheat bran and sugarcane bagasse were provided by AB Sugar (Peterborough, UK).
4.1.1.1.Chemicals, Enzymes and Instruments

4.1.1.1.1. Chemicals

Sulphuric acid, Hydrogen peroxide (>30%w/v), Methylated industrial spirit (MSI) and citric acid were
purchased from (Fisher Scientific UK Limited, analytical grade). Sodium hydroxide disodium
phosphate from (Sigma-Aldrich, UK). The antifoaming agent used is Dimeticon SILFAR® SE 4
(Wacker Chemie AG, Germany).

4.1.1.1.2. Enzymes

B-Xylanase (C.mixtus, PRO-E0051), Endo-1,4-B-Xylanase (N.Patriciarum, PRO-E0062), 1,4-B-D-
Xylanase (O.terroe, PRO-E0301) and Feruloyl esterase (A.cellulolyticus, PRO-E0356) from Prozomix
UK. Cellulase (nsibc-91) from Novozymes UK. Protease (P-4860) and amylase ( alpha-amylase 9001-
19-8) from Sigma-Aldrich, UK.
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4.1.1.1.3. Instruments

During the extraction process samples were centrifuged utilising Beckman centrifuge model GS-6S
(Beckman instruments, Inc., Palo Alto, California). Samples were concentrated utilising Sartorius™,
Stedim Vivaflow™200 Ultrafiltration System equipped with a membrane of 10 kDa molecular weight
cut-off, the filtration runs on (2.5-3) bar pressure (Sartorius Stedim Biotech, Goettingen, Germany).
The drying was performed employing Christ Freeze Dryer Alpha 1-4 1d plus, Germany. For milling the

raw material and the extracts a domestic coffee grinder was used (Andrew James, Co. Durham, UK).
4.1.2. Methodologies
4.1.2.1.AX Extraction from Wheat Bran

Figure 4-1 demonstrates the general extraction process of AX from wheat bran. The extraction
was screened in terms of three levels: the efficiency of the main hydrolysis and extraction
method; the importance of pre-treatment; and the possibility of producing extracts featuring

with higher purity through utilizing the enzymatic treatment.

Starting Material (Wheat Bran)

N/

Pre-treatment
Milling Washing cellulase Autoclaving

Hydrolysis and extraction
Enzymes AlK and ALK+OXI

NS

Neutralisation, Centrifuge, And Filtration

S

Protease and Amylase Tretment

Ultrafiltration 10kDa

NS

Ethanol Precipitation 65%

NS

Freeze Drying

Figure 4-1 the extraction process from WB, *coloured steps are studied
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4.1.2.1.1. Enzymatic and alkaline oxidative extraction

Both Alkaline oxidative (ALKOXI) and enzymatic methods were executed punctually as

following:

Alkaline oxidative method: 30 g of WB was transferred carefully into 1 litre Duran bottle,
then, and 270 ml water was added, followed by a gradual addition of 15 ml of 5M NaOH under
continuous vigorous stirring. Then, 10 drops of anti-foaming agent and 20 ml of H20, 30%
were both added in small proportions (2 ml at a time) while the stirring was persisted.
Observably, after H>O, addition, foaming starts to grow as Figure 4-2 illustrates, consequently,
extra few drops of anti-foaming agent, under continuous stirring, were added to control the

foaming.

Figure 4-2 Foaming occurs with ALKOXI method

The resultant bottles containing the dispersions were placed in a water bath pre-heated to 60°C
for 4 hours, the pH values were monitored and adjusted accordingly through the extraction
process. The total measured volume of the slurry was approximately 350 ml with solid/liquid
ratio of 1:11 for WB. Thereafter, the bottles were reserved under ambient conditions to
equilibrate to room temperature (~23°C), then, neutralization with 4 M sulphuric acid to pH
7+0.2 was performed. Subsequently, the resultant sludge was transferred to 750 ml centrifuge
bottles, then, centrifugation was implemented (3500 rpm for 15 min). Filtration process were
performed in order to obtain the desired supernatant, which moved to a clean Duran bottle, two
washing steps for the remaining solid were executed with 300 ml water under constant stirring
for 10 minutes then centrifuged. The produced filtrates were pooled to the former resultant one.
The total volume of the repetitive filtrates washing steps was approximately 900 ml of AX-rich
solution. Figure 4-3 shows the water bath, the centrifuge instrument, and the filtration step of

the tested samples.
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Figure 4-3 Water bath, Beckman Centrifuge, and filtering

The solution was concentrated using Stedim Vivaflow™200 ultrafiltration system in order to

reduce the volume to 200 ml. Figure 4-4 shows the ultrafiltration process.

Figure 4-4 Viv flow 200 Ultrafiltration system

AX was precipitated from the 200 ml retentate by the addition of 400 ml of 99% methylated
industrial spirit (MIS), aiming to achieve ~65% concentration of ethanol. The precipitation
occurs immediately after the addition of MIS as Figure 4-5 shows. In order to assure the

maximum precipitation of AX, the bottles were kept overnight under fixed temperature (4°C).

Figure 4-5 AX precipitation with 65% ethanol
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Subsequently, the produced suspensions were centrifuged, supernatants, which contains the
ethanol were discarded, and AX-rich extract was recovered quantitatively. The samples were
transferred into suitable petri-dishes prior to freeze drying. Figure 4-6 illustrates the wet AX

extract sample.

Figure 4-6 the wet AX extract

Despite the implementation of the freezing step under a very low temperature on the resultant
sample (approximately —14°C), unfortunately, some samples exhibited incomplete freezing

which could be due to the authentic cryostabilising properties of AX.

Consequently, the prepared petri-dishes were frozen in a styropor box with the presence of a
dry ice (=78°C) for 1 hour in order to assist the complete freezing of the extracts. Thereafter,
extracts were placed in the freeze dryer manifold chamber, as displayed in Figure 4-7. The

pressure was adjusted to 0.02 mbar allowing water sublimation.

Figure 4-7 Freeze Dryer

The dried extracts were recovered, weighed for the purpose of yield calculation, milled using
a coffee miller in order to reach the form of fine powder formation, and reserved for further
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analysis. The sample was coded as WB1. Experiments of all samples were performed in

triplicate.

Enzymatic extraction: 30 g of WB was measured accurately into Duran bottles, and 300 ml
of phosphate buffer (pH 6.5) was added (107.4 ml of 0.2 M disodium phosphate, 42.6 of 0.1
M citric acid and 150 ml of water). Using a micropipette, 30 ul of B-Xylanase E0051 (XYL51)
and 30 pl of feruloyl esterase E0356 (FER356) were added to the intended bottles. The resultant
solutions were stirred for 2 hours in a 40°C water bath. Thereafter, the same steps of the
chemical method were applied (i.e., cooling to room temperature, centrifuging, washing,

ultrafiltration, alcohol precipitation and freeze-drying). Sample was coded as WB2.
4.1.2.1.2. Cellulase in enzymatic method

WB samples were treated by integrating a combination of 30 ul XYL51, 30 ul of FER356 and
250 ul of cellulase nsibs-91 ( CEL91) for 2 hours following the extraction procedure steps

described above. Sample was coded WBS3.
4.1.2.1.3. Enzymes treatment time

Sample WB3 conditions were repeated, but with extended incubating times of 4 and 6 hours
(samples WB4 and WB5). In addition, three prepared reference samples containing only the
buffer were incubated for 2, 4, and 6 hours (CON1, CON2 and CON3).

4.1.2.1.4. Applying different xylanases

1,4-B-D-xylanase E0301 (XYL301) and Endo-1,4-B-xylanase E0062 (XYL62) were tested
under the previous conditions (i.e., 30 ul xylanase with 30 ul FER356 and 250 ul CEL91 for 4
hours’ treatment). Samples were coded WB6 and WB7 for XYL301 and XYL62, respectively.

4.1.2.1.5. Cellulase pre-treatment

Exploiting cellulase as a pre-treatment method in the alkaline oxidative extraction was

investigated in two approaches:

WB8 was treated with 250 ul CEL91 for 24 hours followed by chemical extraction, which was

performed for 4 hours.
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WB9 was incubated with 250 ul CEL91 for only 4 hours followed by chemical extraction for

2 hours.
4.1.2.1.6. Combining cellulase pre-treatment with alkaline extraction

Alkaline extraction was carried out with and without the cellulase pre-treatment steps as

follows:
WB10 was implemented using 0.1 M sodium hydroxide only for 4 hours.

WB11 was pre-treated with CEL91 for 24 hours. Thereafter, extraction with sodium hydroxide
utilisation for only 4 hours.

4.1.2.1.7. Milling the bran

WB was milled using a coffee miller (details). Then, 30 g were extracted using ALKOXI
method, sample was coded (WB14).

4.1.2.1.8. Auto clave pre-treatment

30 g of WB were soaked in phosphate buffer at pH 7 and autoclaved for 1 hour at 121°C
followed by ALKOXI extraction.

4.1.2.1.9. Bran washing

30 g of raw bran were placed into 1 litre Duran bottle containing 800 ml distilled water, the
bottle was heated to 60°C for 20 minutes using the water bath applying vigorous stirring.
Subsequently, the bottle was removed from the water bath, and left under ambient condition to
permit precipitation of the solids materials. The separated liquid phase was poured into a clean
container, then the precipitated remaining solids were re-extracted with ALKOXI (WB12).
The liquid phase was concentrated utilising the rotary evaporator, freeze dried and reserved for

further analysis and quantifications.
4.1.2.1.10. Starch and protein removal

30 g of WB were washed following the exact procedure (as in sample WB14), followed by

CEL91 treatment (250 ul) for 24 hours and chemical extraction. Prior to the ultrafiltration step,
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the solution was treated with amylase protease and cellulose for 4 hours at 60°C. Sample was
coded as WB13.

Table 4-1 lists all the prepared samples on wheat bran.

Sample
WB1
WB2
CON1
WB3
CON2
WB4
CON3
WB5
CON4
WB6
WB7
WBS
WB9
WB10
WB11
WB12
WB13
WB14
WB15

Table 4-1 Wheat Bran AX extraction methodologies

Procedure Time
ALKOXI 4H
XYL51+ FER356 2H
Buffer 2H
XYL51 + FER356 + CEL91 2H
Buffer 2H
XYL51 + FER356 + CEL91 4H
Buffer 4H
XYL51 + FER356 + CEL91 6 H
Buffer 6 H
XYL301+ FER356 + CEL91 4H
XYL62 + FER356 + CEL91 4H
CEL91 + ALKOXI 24 H + 4H
CEL91 + ALKOXI 4H+2H
ALK ONLY 4H
CEL91 + ALK ONLY 24 H + 4H
Washing + ALKOXI 4H
Washing + CEL91 + ALKOXI+ PRT + AML 24 H + 4H + 6H
Milling + ALKOXI 4H
Autoclave + ALKOXI 1H+4H

4.1.2.1.11. Yield Calculations

The extraction yields were calculated as the percentage of the weight of the freeze-dried crude

extract to the weight of the starting raw material:

) weight of the freeze_dried crude extract
Yield % = - — x 100
weight of the original sample
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4.1.2.2.AX Extraction from Sugarcane Bagasse

Figure 4-8 illustrates the AX extraction process variations investigated for sugarcane bagasse.

Sugarcane Bagasse

7

Pre-treatment
Milling cellulase Autoclaving

Hydrolysis and extraction
Enzymes AlK and ALK+OXI

NS

Neutralisation, Centrifuge, And Filtration

NS

Ultrafiltration 10kDa

NS

Ethanol Precipitation 65%

NS

Freeze Drying

Figure 4-8 the extraction process from SCB, *coloured steps are studied
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4.1.2.2.1. Alkaline oxidative extraction

Starting with only 10 g of sugarcane bagasse (SGB), as it forms a very thick slurry when mixed
with water, the extraction was carried out in the same steps as in case of wheat bran with two

significant differences:
e The solid/liquid ratio of the extraction was 1:33

e The amount of anti-foaming agent needed was less as the oxidation produced less

foaming with the bagasse.
These resultant samples were coded as SCB1. All samples were executed in triplicate.
4.1.2.2.2. Enzymatic extraction

Two xylanase enzymes were utilised in this trial: XYL301 and XYL62 in combination with
FER356 and CEL91 for 4 hours. The resultant samples were coded as SCB2 and SCB3 for
XYL301 and XYL62, respectively.

4.1.2.2.3. Cellulase pre-treatment

The efficiency of cellulase pre-treatment was tested following the same approach of WB pre-

treatment procedure:

SCB4 was treated with CEL91 for 24 hours followed by alkaline oxidative extraction process

performed for 4 hours.

SCB5 was incubated with CEL91 for only 4 hours, then alkaline oxidative extraction was

implemented for 2 hours.
4.1.2.2.4. Combining cellulase pre-treatment with alkaline extraction
SCB6 was carried out using sodium hydroxide for 4 hours only.

SCB7 was pre-treated with CEL91 for 24 hours. Thereafter extraction with sodium hydroxide

was performed for 4 hours.
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4.1.2.2.5. Auto clave pre-treatment

10 g of SCB was soaked in phosphate buffer at pH 7. The produced sample was subjected to
autoclaving for 1 hour at 121°C. Thereafter, ALKOXI extraction was performed for 4 hours,

sample was coded as SCB8.
4.1.2.2.6. Milling the bagasse

In order to convert SCB into a fine powder form, milling was executed with the utilisation of
a coffee grinder. Then, 10 g of the sample was utilised in AX extraction by ALKOXI method

for 4 hours. The resultant sample was coded as SCBO.

Table 4-2 lists the investigations performed on SCB samples.

Table 4-2 Sugarcane Bagasse AX extraction methodologies

Sample Procedure Time
SCB1 ALKOXI 4H
CON5 Buffer 4 H

SCB2 XYL301+ FER356 + CEL91 4H

SCB3 XYL62 + FER356 + CEL91 4H

SCB4 CEL91 + ALKOXI 24 H + 4H
SCB5 CEL91 + ALKOXI 4H+2H
SCB6 ALK ONLY 4H

SCB7 CEL91 + ALK ONLY 24 H + 4H
SCB8 Autoclave + ALKOXI 4H

SCB9 Milling + ALKOXI 4H
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4.2. Protein Content Determination
4.2.1. Materials and apparatus used
4.2.1.1.Chemicals

Sulphuric acid, methyl red (pH indicator) and hydrochloric acid were purchased from Fisher
scientific (Loughborough, UK). Kjeltabs® digestion catalyser, sodium hydroxide and boric acid
were supplied from SIGMA-ALDRICH (Poole, United Kingdom)

4.2.1.2. Apparatus

Kjeldahl digestion system utilised in this analysis is Turbotherm Rapid Digestion Systems,
Gerhardt®, Model TT125 supplied from Gerhardt (Bonn, Germany). Steam Distillation System
Gerhardt Kjeldahl VAPODEST®, model Vapodest-10 provided from Gerhardt (Bonn,
Germany). Auto titrator Schott TITRONIC® basic titration burette obtained from Schott
Instruments (GmbH, Germany).

4.2.2. Methodology

The Kjeldahl approach for total nitrogen determination method was followed aiming for
acquiring the protein contents of both starting materials (i.e. WB and SCB) and the AX-rich

extracts. Kjeldahl method consisted of three stages: digestion, distillation and titration.

During the first digestion stage: 1 g of the tested subject was placed into digestion tubes along
with 2 Kjeltabs , anhydrous sodium sulphate and a catalyst . Then , 20 ml concentrated sulphuric
acid was added along with few drops of anti-bumping agents for prevention of bubbling.
Consequently, digestion process converted the nitrogen into ammonia (NH4SOs), and other

organic matter to CO> and H20.

Accordingly, a control sample was prepared, then digested for 1 hour and 20 minutes period
following the former digestion procedure. Thence, at the end stage of the digestion, a greenish
blue colour was developed as an indication for the digestion process completion. Basically,
increasing the digestion time was needed in order to obtain the intended green colour as

recommended by the manufacturer manual.
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At the termination of the digestion process, digestion tubes were left to equilibrate with the

ambient room temperature.

The Gerhardt Kjeldahl Vapodest distillation unit was used aiming for the conversion of the
ammonium sulphate into ammonia gas by the addition of sodium hydroxide. The formed
ammonia was distilled to a receiving flask containing 25 ml of 3% boric acid and 2 drops of
methyl red (pH indicator). Boric acid was utilised aiding for the conversion of the ammonia

into ammonium borate.

Lastly, the estimation of the nitrogen content was executed through titration procedure of the
formed ammonium borate along with 0.1 M hydrochloric acid, the average titration volumes
were obtained and the blank titre value were used for calculating the nitrogen percentage

presented in the samples.

Sample titration volume (ml)—Blank titration volume(ml)]xMolarity of HClx14x100

o%N = |

Weight of sample (mg)

After the determination of the total nitrogen content, the resultant nitrogen was converted to a
protein percentage context by the protein conversion factor multiplication (F =5.7) for wheat
products (AOAC 979.09).

% Protein content = %N X F
4.3. Monomer Analysis

Aiming for evaluating the degree of purity for the most promising resultant extracts,
monosaccharide analysis was executed utilising HPAEC-PAD. An hydrolysis step was

implemented before introducing the sample to the chromatographic instrument.
4.3.1. Standards preparation

The monosaccharides standards were purchased from SIGMA-ALDRICH (Poole, United
Kingdom). Preliminarily, a stock standard solution containing 1000 ppm of each of the three

sugar compounds, arabinose, glucose and xylose, was prepared. Subsequently, three standard
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solutions were prepared at concentrations of 20, 40 and 60 ppm by diluting the stock solution
as illustrated in Table 4-3.

Table 4-3 The preparation of standards solution

St 20 ppm St 40 ppm St 60 ppm
ml of stock St 0.1 0.2 0.3
ml of ultra-purified
4.9 4.8 4.7
water

4.3.2. Sample preparation/Hydrolysis

The prime aim of the hydrolysis phase is to induce chemical bonds cleavage through water
addition, which can facilitate the conversion of arabinoxylans into its sugar moieties sub-
components (Manns et al., 2014). For attaining this purpose, 4.0 mg of AX extract was
transferred carefully into a pressurized tube. 2 ml of 2M trifluoroacetic acid (Fisher Scientific,
UK) was added to the former tube. Tubes were placed in a hot oil-bath 120°C for 2 hours, then
removed from the oil-bath and left to equilibrate to the ambient room temperature. A constant
stream of nitrogen gas at 60°C was exploited in order to stimulate the complete sample dryness

upon evaporation.

Subsequently, the dried residues were dissolved in 4 ml of ultra-purified water. The hydrolysis
phase yielded the intended monomeric solution which was ready to proceed through further
analytical procedure utilizing HPAEC-PAD. The selected most promising extracts were
assigned as WB1, WB8, WB13, SCB1, SCB4, SCB5 and SCBY.

4.3.3. High Performance Anion Exchange Chromatography Pulsed Amperometry
Detection (HPAEC-PAD)

The HPAEC Instrumentation used in this research was a Dionex [CS-3000 Ilon
Chromatography System (Dionex Corporation, CA, USA), which comprises the Dionex Auto
Sampler, Dionex ICS 3000 Eluent Organiser, Dionex ICS 3000 Detector Chromatography,
Dionex ICS 3000 Dual Pump System and Dionex ICS 3000 Eluent Generator Reagent-Free

lon Chromatography. The column used was a CarboPac® PA20 analytical column, 3x150 mm,
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6.0 um particle size. The chosen mobile Phase was 10mM NaOH with adapted flow rate of
0.45 ml/min and injection volume of 25.0 ul. The pressure was adjusted to 2815 psi.

Chromeleon® Xpress software was utilised for data processing.
4.4. Ultrafiltration maintenance

Evidently, arabinoxylans are responsible, for a specific extent, in affecting the filtration
performance in beer production (Krawczyk et al., 2008). AX residual caused the fouling of the
membrane during the filtration process. Unfortunately, the filtration time was extended due to
this issue, and the efficiency of the filtration process was decreased.

Owing to the fact that sodium hydroxide can solubilise partially both AX and lignin; it can be
used for the removal of the fouling. The ultrafiltration membrane made of polyethersulfone can
withstand the high alkalinity of the 1M sodium hydroxide based on the manufacturer
recommendations. Washing the ultrafiltration membrane with 0.1M NaOH appeared to be
advantageous in cleaning the membrane and boost the filtration efficiency. Elution of the
ultrafiltration cassettes with sodium hydroxide was performed after three experimental runs for

at least 6 hours.

Moreover, in order to control the effectiveness and the quality of the ultrafiltration method,
the samples from the filtrates were collected periodically, and preserved for further molecular

weight distribution analysis.
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5. Results and Discussion

5.1. Introduction

After extracting AX from both sugarcane bagasse and wheat bran, the resultant extraction
products were calculated and total nitrogen content analysis was performed. The results are

presented and discussed in this chapter.
5.2. Wheat Bran AX Extracts
5.2.1. Wheat Bran AX Extract Physical state and appearance:

Wheat bran AX-rich extract colours varied according to the extraction methods; enzymatically
and alkaline extracted AX gave a yellowish darker off-white colour, whereas the alkaline
oxidative produced extracts were more whitish. This could be as a result of lignin oxidation
bleaching.

In general, all the extracts were odourless and have a non-crystalline starchy appearance (after
milling). However, the physical appearance of the extracts could be subject to the high content
of impurities (i.e., lignin, protein, starch). Nevertheless, further investigation of the

composition of the extracts needs to be conducted.
5.2.2. Wheat Bran AX Extracts Yields

Figure 5-1 illustrates the enzymatic method of WB2, utilising the mixture of both XYL51 and
FER356 without releasing AX as expected in comparison to the control buffer (CON1),
whereas the alkaline oxidative method (WB1) gained higher crude yield of AX-rich extract.
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Figure 5-1 Extraction yields of samples WB1, WB2 and the control Buffer

Figure 5-2 shows that utilising cellulase in the enzymatic extraction (WB3) slightly increased
the yield of the extraction. In addition, increasing the enzymes treatment time (WB4, WB5)
slightly decreased the yield compared to the buffer.
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WB3 WB4 WB5 CON2 CON3 CON4

Figure 5-2 Extraction yields of XYL51 after 2, 4, and 6 H Treatment

Irrespective of the xylanases used, higher yields were not observed in the samples WB6, WB7.
As Figure 5-2 demonstrates, the yields obtained by the three enzymes are close to the control
buffer and ranged between 5.6-9.3%.
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Figure 5-3 Extraction yields for XYL51, XYL62, and XYL301

Figure 5-4 illustrates that cellulase pre-treatment with alkaline oxidative extraction (24 h

treatment) (WB8) gave the highest yield (40.12%) among all the tried approaches, whereas 4

hours pre-treatment followed by only 2 hours chemical extraction gave almost the same yield

as 4 hours chemical extraction without pre-treatment.

45

40

35

30

25

YEILD%

20

15

10

40.12

33.17 326

WB1 WB8 WB15

Figure 5-4 Cellulase pre-treatment yields
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Alkaline extraction (WB10) yielded only 17.6%, which is almost half the yield of the alkaline-

oxidative method. Unexpectedly, cellulase pre-treatment (WB11) did not enhance the

extraction and the yield was 17.4%. Figure 5-5 compares the obtained results for alkaline

extraction and alkaline oxidative extraction.
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Figure 5-5Alkaline extraction yields

Washing the bran (WB12) with water at 60°C for 20 minutes slightly reduced the yield
(31.54%) of ALKOXI extraction. In addition, enzymatic removal of starch and protein (WB13)

significantly reduced the extraction yield to 28.2%.

Figure 5-6 shows that autoclaving (WB15) as a thermal pre-treatment did not increase the

yields. In contrast, milling the bran (WB14) significantly increased the yields of the extraction.
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Figure 5-6 illustrates the effectiveness of autoclaving, milling, and cellulase pre-treatment.
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Figure 5-6 ALKOXI extraction without pre-treatment, cellulase, autoclaving, and milling pre-treatment.
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Table 5-1 and Figure 5-7 summarise the results of extracting AX from wheat bran.

Table 5-1 AX extraction from WB methodologies and yields

Time

Sample Procedure Yield %
(Hour)
WB1 ALKOXI 4 33.17
WB2 XYL51 + FER356 2 4.64
CON1 Buffer 2 3.91
WB3 XYL51 + FER356 + CEL91 2 8.28
WwB4 XYL51 + FER356 + CEL91 4 5.63
CON2 Buffer 4 7.8
WB5 XYL51 + FER356 + CEL91 6 6.65
CON3 Buffer 6 10.53
WB6 XYL301+ FER356 + CEL91 4 9.36
WB7 XYL62 + FER356 + CEL91 4 8.93
WBS CEL91 + ALKOXI 24 +4 40.12
WB9 CEL91 + ALKOXI 4 +2 33.5
WB10 ALK ONLY 4 17.6
WB11 CEL91 + ALK ONLY 24 +4 17.42
WB12 Washing + ALKOXI 4 31.54
WB13 CEL91 + ALKOXI + PRT + AML 24+4+6 28.2
WB14 Milling + ALKOXI 4 39.79
WB15 Autoclave + ALKOXI 4 32.6
50
45 Enzymatic extraction 40.12 39.79
40 — —
35 [33.17 Control - Buffer 33.5 3154 326
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Figure 5-7 AX extraction yields from WB
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5.3. Sugarcane Bagasse AX Extracts
5.3.1. SCB AX Extract Physical state and appearance:

The colour of SCB AX-rich extracts, just like WB extracts, varied according to the extraction
method, however the extracts were much darker than WB extracts and had a brownish colour

as Figure 5-8 illustrates.

Figure 5-8 WB-AX and SCB-AX Crude extracts

All the extracts were odourless and had a non-crystalline appearance. The physical appearance
of the extracts could be subject to the content of impurities, especially lignin.

5.3.2. SCB AX Extracts Yields
The extraction yields were calculated with respect to the methods detailed in Section 5.2.2.
5.3.2.1.Enzymatic and Alkaline Oxidative Extraction

Figure 5-9 compares the alkaline oxidative extraction (SCB1) and the enzymatic extraction
(SCB2, SCB3). The results show that the chemical method gave much higher yield.
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Figure 5-9 Extraction yields of SCB-AX in ALKOXI and enzymatic methods
5.3.2.2.Cellulase pre-treatment

Figure 5-10 shows cellulase treatment for 24 hours (SCB4) yielded 21.77% and treatment for
4 hours followed by 2 hours’ chemical extraction (SCB5) yielded 23.8%.
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Figure 5-10 Cellulase pre-treatment prior to ALKOXI extraction

-56 -



5.3.2.3.Alkaline extraction

Extracting AX from SCB with alkaline solution only yielded 13.8% AX from SCB6, whereas,
the cellulase pre-treatment (SCB7) notably increased the yield to 18.7%. Figure 5-11 compares
the alkaline method to the alkaline oxidative method (with/without pre-treatment).
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Figure 5-11 ALKOXI and alkaline extraction with an without cellulase pre-treatment
5.3.2.4.Autoclaving and milling

Figure 5-12 demonstrates that treating the bagasse with autoclave did not offer any
improvement to the extraction yield as the yields did not change after this treatment (SCB8).
Milling the bagasse SCB9 increased the extraction yields to some extent.
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Figure 5-12 SCB-AX with Autoclave and milling pre-treatment

To sum up, enzymatic extraction did not result in acceptable yields (the yields ranged between
8.23 and 7.02%). Chemical extraction seems a more effective way as the yields reached 23.8%
with cellulase pre-treatment. Figure 5-13 and Table 5-2 summarise the extraction of sugar cane

bagasse arabinoxylans.

Table 5-2 AX extraction from SCB methodologies and yields

Sample Procedure Time Yield %
(Hour)

SCB1 ALKOXI 4 16.3
CONS5 Buffer 2 6.2
SCB2 XYL301+ FER356 + CEL91 4 7.03
SCB3 XYL62 + FER356 + CEL91 4 8.23
SCB4 CEL91 + ALKOXI 24 +4 21.77
SCB5 CEL91 + ALKOXI 4 +2 23.8
SCB6 ALK ONLY 4 13.8
SCB7 CEL91 + ALK ONLY 24 +4 18.7
SCB8 Autoclave + ALKOXI 4 16.5
SCB9 Milling + ALKOXI 4 18.2
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Figure 5-13 AX extraction yields from SCB
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5.4. Protein Content Determination

Table 5-3 presents the titres obtained for each sample, the calculated average titre, the %

nitrogen, and the % protein content.

Table 5-3 AX-rich extracts total protein determination

Avera | Avera
Sample Titrel Titre2 Titre3  ge ge N % Protein %
Titre Blank
Bran 23.9 23.7 24.4 24 1.4 3.16 18
WB1 19.2 19.1 19.2 19.17 1.4 2.49 14.2
WB6 17.7 17.6 17.4 17.57 14 2.26 12.9
WBS8 18.9 18.8 19.1 18.9 14 2.45 14
WB9 19 19.3 19.2 19.17 1.4 2.49 14.2
WB10 17.1 17.2 17.4 17.2 1.4 2.22 12.6
WB11 175 17.3 17.1 17.3 1.4 2.23 12.7
WB12 19 19 195 19.17 14 2.49 14.2
WB13 11.8 12 11.3 11.7 1.4 15 8.2
WB14 19.3 19.1 19 19.13 1.4 2.48 14.2
WB15 18.3 18.1 18.5 18.3 14 2.37 13.5
Bagasse 3.1 3 2.7 2.9 1.4 0.21 1.2
SCB1 2.4 2.3 2 2.23 1.4 0.12 0.7
SCB4 2.2 2.1 2.2 2.17 1.4 0.11 0.6
SCB6 2.5 2.2 2.4 2.37 1.4 0.14 0.8
SCB7 2.1 2.4 2 2.17 1.4 0.11 0.6
SCBS8 2.3 2.3 2.1 2.23 1.4 0.12 0.7
SCB9 2.3 2.1 2.2 2.2 1.4 0.11 0.6

5.4.1. Wheat Bran AX protein content

The protein content in the raw bran was 18%, the protein content in AX crude extracts ranged
between 12.6 and 14.2%. The protease treatment reduced the protein content from 14.2 to
8.2%. Furthermore, washing the bran (WB12) had no effect on the protein content in the

extract; this indicates that stronger protein removal approaches are required.
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Figure 5-14 presents the protein content in chemically extracted AX from wheat bran.
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Figure 5-14 WB-AX extracts Protein Content
5.4.2. Sugarcane Bagasse AX protein content

The raw bagasse protein content was 1.2% and the protein content in the crude extracts ranged
between 0.6 and 0.8 %. Figure 5-15 presents the protein content in chemically extracted AX

from sugarcane bagasse.
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Figure 5-15 SCB-AX extracts protein Content
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5.5. Monomer Analysis

Both samples and standards were analysed via HPEAC-PAD as previously described in the
materials and methods section (4.3). Calibration curves were constructed for the three

consecutive standards. Thereafter, the samples sugar contents were determined.
5.5.1. Calibration Curves Construction

The mixed standard solutions were injected carefully into the instrument, then, the area under
the curve (AUC) for each peak was calculated. The peaks were identified by injecting three
different solutions each contains a single sugar. Then, a comparison between sugar retention

times (RT) was performed. Figure 5-16 illustrates the standards mixture chromatogram.
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Figure 5-16 Standards separation chromatogram

Retention times were recorded as a robust tool to provide a valid comparative background
between the injected analysed samples. Table 5-4 demonstrates the calculated retention times

corresponded to the three saccharides compounds: arabinose, glucose and xylose.
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Table 5-4 Retention times of the standard monosacchrides

Sugar RT (min)
Arabinose 4.38 +0.06
Glucose 5.82 + 0.07
Xylose 6.71 £0.03

To construct calibration curves, AUC values were calculated via the chromatographic software
Chromeleon®. Tables 5-5 displays the AUC of the standards peaks.

Table 5-5 AUC of the standards peaks

Standard Concentration (ppm) AUC
20 10.24 +0.12
Arabinose (ppm) 40 18.50 £ 0.25
60 24.53 +0.24
20 9.785 + 0.08
Glucose (ppm) 40 17.01 £0.27
60 22.35+0.20
20 10.61+0.12
Glucose (ppm) 40 18.93+0.28
60 25.28+ 0.12

Calibration curves were plotted in order to provide a representation about the relationship
between the AUC belongs to each peak against the standard concentration. Figures 5-17, 5-18
and 5-19 show the resultant curves.
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Figure 5-18 Glucose calibration curve
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Figure 5-19 Xylose calibration curve
5.5.2. Extract’s Monosaccharides Content

After hydrolysing each extract, the yielded hydrolysed solutions were introduced to the
HPEAC instrumentation. Comparisons were implemented between the resultant peaks and the
standards aiming for identification and quantification purposes. Figures 5-20 and 5-21 illustrate
the chromatographic diagrams of wheat bran and sugarcane bagasse sugar content analysis.
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Figure 5-20 Chromatographic diagrams of wheat bran saccharides
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Figure 5-21 Chromatographic diagrams of sugarcane bagasse saccharides

The calculated concentrations of sugars in the extracts were determined according to the plotted
calibration curves. Table 5-6 and Figure 5-22 summarise the extracts’ sugar contents.

Table 5-6 The percentage of monosaccharides in the studied samples

% WB | WB1 | WB8 | WB13 | SBC | SBC1 | SBC4 | SBC5 | SBC7
Arabinose | 2.6 3.7 4.1 6.45 0.9 2.23 1.14 0.57 2.56
Glucose 8.44 6.82 8.44 8.69 3.3 2.51 1.72 0.96 3.4
Xylose 3.1 3.27 3.36 6.15 | 8.51 9.5 6.86 4.69 2.9
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Figure 5-22 The percentage of monosaccharides in the studied samples

Arabinoxylans content in the yielded extracts was calculated as [(arabinose + xylose) x 0.88].
The (0.88) factor accounts for the addition of a water molecule during the hydrolysis. Table 5-

7 and figure 5-23 show the AX contents in the studied samples.

Table 5-7 AX content in the studied samples

WB WB1 |wB8 |WB13 |SBC SBC1 | SBC4 | SBC5 | SBC7
AX% | 5.02 6.13 6.56 111 8.28 | 10.32 | 7.04 4.63 4.81
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Figure 5-23 AX content in the studied samples

The branching ratio was calculated as the arabinose to xylose ratio, table 5-8 and figure 5-24

illustrate the A/X for the analysed samples.

Table 5-8 A/X ratio in the analysed samples

WB wB1 |wB8 |WBI13 |SBC SBC1 | SBC4 | SBC5 | SBC7
A/X 0.84 1.13 1.22 1.05 0.11 0.23 0.17 0.12 0.88
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Figure 5-24 A/X ratio in the analysed samples
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5.6. Discussion
5.6.1. Extraction yields

It is important to clarify that the calculated yields are for crude extracts. These crude extracts
contain a significant amount of impurities such as starch, protein and lignin; the protein content
analysis showed that WB AX-rich extracts contained about 14% protein. It has not yet been
possible to undertake monosaccharide analysis of these samples; this forms part of the future

work plan. For the moment, the crude yields give an indication of the extraction effectiveness.
5.6.2. Enzymatic AX extraction

The xylanase enzymes used in this work were not able to release AX from the cell wall matrix
significantly compared to chemical routes. There was an insignificant variation in the
effectiveness of the three xylanases, but in general, the yields were much lower than from the
chemical method. The use of ultrafiltration might be a key factor affecting the yields of
enzymatic extraction, as Xxylanases tend to produce small molecular weight AX. This is
supported by the lower yield gained by increasing the xylanase treatment time. Measurement

of AX in the filtrate is required to confirm this hypothesis.
5.6.3. Chemical extraction

Alkaline oxidative extraction method was the most effective of the methods investigated.
Foaming is the main disadvantage of this method, requiring the use of anti-foaming agent.
Alkaline extraction with sodium hydroxide seemed to be less effective in the case of wheat
bran, but for sugarcane bagasse, it might be effective if coupled with an effective pre-treatment

method.
5.6.4. Cellulase pre-treatment

Pre-treating wheat bran and sugar cane bagasse with cellulase offers a promising pre-treatment
method for extracting arabinoxylans; it distinctly helped to break open the tenacious cell wall
matrix, allowing more AX to be solubilised. However, further analysis is required to identify
the composition of the extracts and to determine the increased component after the cellulase

treatment.

-70 -



5.6.5. Autoclaving pre-treatment

Autoclaving the bran and the bagasse showed no improvement in the extraction yields.
Apparently, the temperature and pressure in the autoclave was not adequate to loosen the

coherent cell wall structure.
5.6.6. Bran Washing

Washing the bran with water did not add any obvious improvement to the extraction of AX,
the yield decreased 2 g after washing the bran. This decrease might be a result of partial
removal of the starch associated with the bran and a lower starch content in the AX-rich extract.

Washing the bran had no effect on protein content.
5.6.7. Protease and Amylase purification

Treating the extracts with protease and amylase enzymes, prior to the ultrafiltration step, in
order to reduce protein and starch content significantly reduced the weight of the extract. The
total protein analysis clarifies the effectiveness of protease treatment as the protein content
decreased from 24.2 to 8.2%. The results suggest that more purification can be achieved by
increasing the protease dose or treatment time. Monosaccharide analysis should confirm that
the reduction in protein increased the purity of the extracts.

Following amylase treatment, the decrease in the extraction yield from 33.2 to 29.2% indicates

that alpha amylase usage reduced the starch content in the extracts.
5.6.8. Monomers Analysis

The chromatographic separation conditions conducted throughout this research were capable
of producing a good resolution between the monosaccharides peaks. The use of calibration
curves constructed based on the obtained sugars standards AUC is considered as a valid
representative tool intended for illustrating the relationship between the calculated

concentrations and their corresponding measured responses.

Nevertheless, notwithstanding the successful separation with high resolution between the
analysed compounds peaks, unexpectedly, the starting material produced results that were

significantly lower than anticipated. The calculated total content of AX in the wheat bran was
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5.02% db, which is much lower than reported AX contents from wheat bran sources of typically
around 25-28% db (Hollmann & Lindhauer, 2005). Similarly for the sugarcane bagasse, the
calculated content of AX was 8.28% db, much lower than reported AX contents of up to 27%

of the dry weight.

The rationale behind conducting the hydrolysis phase is to induce a full liberation of the
monosaccharides moieties to be readily ionised and detected. Therefore, it seems the hydrolytic
procedure was inadequate to achieve full chain breakage between AX chemical bonds, hence,
low monosaccharides yields were released and detected, leading to the low contents of AX

calculated.

However, the results advocate and support the efficiency of the enzymatic purification, proved
by the high AX percentage quantified in the purified sample (WB13, 11.1%) among wheat

bran extracts.

The bagasse samples showed, as expected, a noticeably lower A/X ratio in comparison with
the wheat bran AX. The relatively elevated A/X ratio in wheat bran samples suggests that the
hydrolysis of arabinose branches is more achievable than the hydrolysis of the main xylose
backbone.

Overall, the results suggest the effectiveness of the alkaline oxidative approach upon yielding

the highest purity of AX among the rest of oxidative strategies.

5.6.9. Ultrafiltration

The use of ultrafiltration in the AX extraction gives the disadvantage of discarding the lower
MW water extractable arabinoxylans. On the other hand, ultrafiltration offers the extraction
process two major benefits: firstly, reducing the amount of ethanol used for the precipitation
of AX up to one fifth the original volume; and secondly, with enzyme purification,
ultrafiltration can be beneficial in isolating the broken starch and proteins. Sacrificing WEAX

in order to achieve lower extraction cost and higher purity may be a sensible approach.
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5.7. Summary

Based on the calculated extraction yields and the total protein contents obtained from the
preliminary results of the AX extraction investigations, the alkaline oxidative method
generated the greater yields (33.7% for WB and 16.3% for SCB). In contrast, the enzymatic
extraction yields were the lowest, ranging between 4.6-9.3% for WB and 7.0-8.2% for SCB.

In regards to the pretreatment methods, cellulase pretreatment conferred higher yields, reaching
up to 40.12% and 23.8% for WB and SCB, respectively. Autoclaving did not offer any
enhancement to the extraction process. The total protein content analysis results demonstrated
that SCB extracts had a relatively low protein content (0.6-0.8%), while WB extracts contained
a greater amount of protein (12.7-14.2%). Enzymatic purification with amylase and protease

appeared to be effective in reducing the protein and starch contents in the extracts.

The work presented in this chapter has given insights into approaches for extracting and
characterising arabinoxylans and has pointed towards further studies. Chapter 6 summarises

the conclusions from the work so far and recommends future investigations.
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6. Conclusions and Recommendations

6.1. Progress made in the current work

In the context of exploring strategies for enhancing the economic income from biorefineries,
the literature advocates the integrated biorefinery approach as an effective basis for exploiting
interaction opportunities arising from the co-production of several products. Biorefineries are
currently derived principally from ethanol production, and ethanol can serve as a precipitating
agent for arabinoxylans, which makes arabinoxylans potentially a natural co-product of
bioethanol production, and raising the opportunity for bringing a new class of functional food

ingredients to the market.

Arising from this literature review, the primary objective of the current work was identified
earlier as screening a range of pre-treatments approaches and extraction conditions in the
purpose of obtaining AX from two biomass sources, wheat bran and sugarcane bagasse.
Additional objectives were to investigate mechanical and enzymatic pretreatments and along
with post-extraction enzymatic purification of AX extracts. The purpose of these preliminary
studies was to provide information relevant to future plans to scale up AX extraction to pilot
scale, in order to produce kg quantities of AX for functionality studies in food and other

systems.

The current study has addressed the prime objective in order to provide a background for
understanding the arabinoxylan extraction phases and purification methods and to establish
methodological characterisation and additional requirements needed for adequate
characterisation. The investigation of AX extraction techniques included enzymatic
approaches (i.e. xylanases and feruloyl esterase) and chemical approaches (i.e. alkaline and
alkaline oxidative). Several pretreatment methods, autoclaving, milling and cellulase

incubation, were investigated.

The results demonstrated that the alkaline oxidative extraction method appears to be the most
efficient technique for the production of AX. However, cellulase pretreatment may offer an
effective option for enhancing the extraction process in terms of yield. Enzymatic purification
utilising amylase and protease, coupled with a functional ultrafiltration system, can elevate the
opportunities of producing more pure AX extracts in a cost effective manner.
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The chromatographic analysis resulted data were not adequately reliable to complement and
support these conclusive points; in future, efforts need to be dedicated towards optimising the

hydrolysis process of the studied biomasses.
6.2. Recommendations for future work

Investigations of the arabinoxylan extraction from biomasses within biorefineries offers a
valuable opportunity to produce commercial products with higher value and to increase the

profitability of biorefineries.

The current project focused on the possibility of improving AX extraction process utilising
enzymes and other pretreatment techniques. The investigation presented in this work suggests
the viability of implementing enzymatic pretreatment process for enhancing the outcomes of
the extraction process.

Aiming for optimisation, further investigations exploiting different enzymatic strategies for
pretreatment process, such as feruloyl esterase and laccase, need to be conducted and screened.
Moreover, exploring the utilisation of gluco-amylase alongside alpha amylase and protease
within the purification approach is required, as current extracts appear to contain substantial
residual starch.

Overall, a greater understanding of the characteristics of arabinoxylan and the effect of the
extraction process on these characteristics is necessary. Routine production of kg quantities of
AX from different feedstocks and under different processing conditions is an essential next
step for taking arabinoxylan studies further towards commercialisation.

Arabinoxylans are a promising food ingredient that can be co-produced within biorefineries
from the under-valorised by-products. This approach has the potential to increase the
commercial viability of biorefineries and thus to enhance the benefits of bioethanol production,
while bringing additional benefits in the form of new functional food ingredients.
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