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Lignocellulosic material breakdown by hydrolysis is an important step to open new perspectives for
bioenergy and special foods production like prebiotic xylooligosaccharides. Improvement of lignocellu-
lose and arabinoxylan alkaline extraction from sugarcane bagasse and enzymatic hydrolysis were per-
formed. Treatments 1 (10% KOH at 70 °C), 3 (5% KOH at 121 °C) and ZD method (24% KOH at 35 °C)
showed solid lignocellulose recovery of respectively 75.2%, 74.2% and 73%. A range of 24.8-27% extracted
material with high arabinoxylan content (72.1-76.3%) was obtained with these treatments. Treatment 1
and 3 exhibited great KOH reduction in the method reaction, 54.1% and 76.2%, respectively. Likewise, in
treatment 3 there was a decrease in ethanol consumption (40.9%) when compared to ZD method. The
extracted arabinoxylan showed susceptibility to enzymatic hydrolysis with high solid loading (7%) since
Trichoderma reesei Xylanases were advantageous for xylose production (54.9%), while Aspergillus
fumigatus xylanases achieved better XOS production (27.1%).
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several disadvantages, such as contributing to climate change,
pollution and being a non-renewable resource (Sindhu et al.,

1. Introduction

The lignocellulosic materials (LCM) currently represent the lar-
gest biomass source in the world (Carvalho et al., 2013). If conve-
niently separated into cellulose, xylan and lignin, these materials
could be alternatives for the production of food and bioenergy,
given the limitations of agricultural areas and the future scarcity
of fossil fuels (Kim et al., 2015). In addition, fossil fuels present
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2015). Lignin can be burned for bioenergy generation or chemical
production, and cellulose and xylan are important substrates for
second generation ethanol or opportunities for production of
healthier foods (Carvalho et al., 2013).

The main drawback using LCM is due to its recalcitrance char-
acteristic since hemicellulose is found in a complex organization
with cellulose and lignin in the cell wall (Kumar et al., 2016;
Machado et al., 2016). Besides the recalcitrance, the LCM can be
conveniently hydrolyzed with applications in the production of
microbial biomass, fermentable sugars, enzymes, bioenergy
(biofuels) and many other products (Sharma and Arora, 2013;
Weber and Agblevor, 2005; Sun and Cheng, 2002). In addition,
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the lignocellulosic biomass is a renewable alternative for the pro-
duction of high-value products (Kim et al., 2015; Sindhu et al,,
2015; Zhang et al., 2015). However, the LCM hydrolysis is difficult
and currently expensive because of the chemical breakdown resis-
tance (Sindhu et al., 2015). Some pretreatments are necessary to
break the bonds that link hemicellulose, lignin and cellulose. The
pretreatments improve the ability of enzymes to release sugars
and other products from LCM (Sindhu et al., 2015).

LCM could be a new source in the nutritional field providing
food and nutraceutical ingredients responsible for health benefits,
such as prevention of diseases (Hutkins et al., 2016; Bitzios et al.,
2011). Nowadays, several studies have been conducted to produce
new molecules to modulate the proper functioning of the body
(Maslowski and Mackay, 2011). Among these food, supplements
are the prebiotics that selectively stimulates the growth of benefi-
cial bacteria, mainly Bifidobacterium and Lactobacillus, in the intes-
tine of animals (Hutkins et al., 2016; Wasilewski et al., 2015; Al
Sheraji et al., 2013).

In the last decades, there was an increasing interest in develop-
ing new prebiotic, including the xylooligosaccharides (XOS) (Jain
et al, 2015; Rastall and Gibson, 2015; Samanta et al., 2015;
Wasilewski et al., 2015). These oligomers are constituted of xylose
units linked by B(1-4) bonds, which have beneficial effects on
intestinal flora, stimulating a greater number of bifidobacteria in
the gut (Chen et al.,, 2016, 2014; Jain et al., 2015; Mdkeldinen
et al,, 2010; Gullén et al., 2008). In recent reviews, some health
benefits related to the food supplementation with XOS were
observed, such as enhancing intestinal functions, calcium absorp-
tion and providing positive effects on the immune and cardiovas-
cular system, improving allergenic and anti-inflammatory
activities (Brienzo et al., 2016a; Jain et al., 2015; Samanta et al.,
2015).

The industrial XOS production can be performed by enzymatic
hydrolysis of xylan present in the LCM residues, such as corn cobs,
rice husks, barley straw, tobacco stalk, cotton stalk, sunflower
stalk, wheat straw and sugarcane bagasse (Samanta et al., 2015).
XOS can be obtained directly by acid hydrolysis of LCM, but require
additional purification steps (Otieno and Ahring, 2012). Alterna-
tively, XOS can be produced in two stages that consist of the xylan
extraction first, which may be an alkaline treatment. In a second
stage, an acid or enzymatic hydrolysis of xylan can be performed
with a consequent reduction in the purification step requirement
(Samanta et al, 2015; Carvalho et al, 2013). The hemicellulose
extraction methods and XOS production technology were recently
reviewed by Brienzo et al. (2016a).

The breakage of chemical bonds present in LCM is relatively dif-
ficult and costly, which limits the solubilization of pure hemicellu-
lose and XOS production with high yield (Brienzo et al., 2016a,b).
Therefore, methods that reduce the costs of hemicellulose extrac-
tion processes are important for industrial scale. In the present
work, the improvement of hemicellulose and lignocellulose extrac-
tion aiming at the decrease of chemical consumption and simplifi-
cation of the process were considered. Moreover, the enzymatic
hydrolysis of hemicellulose was analyzed by different important
enzymes from fibrolytic microorganisms.

2. Material and method
2.1. Microorganisms

Aspergillus fumigatus M51 and Trichoderma reesei QM 9414 were
obtained from Tropical Culture Collection (CCT), André Tosello
Foundation, Campinas, SP, Brazil, with codes CCT 7732 and 2768,
respectively. Microorganisms were maintained as a stock culture
at 7 °C on Potato Dextrose Agar (PDA).

2.2. Cultivation and enzyme production

A. fumigatus and T. reesei strains were cultivated by submerged
fermentation (SmF) in Erlenmeyer flasks (250 mL) containing
50mL medium (m/v): 3.0% napier ground, 0.1%
(NH4),S04, 0.0017% MgS04-7H,0, 0.1% K,HPO,4, 0.0028% ZnSO,,
0.1% NH4H,PO,4, 0.06% KCl, 0.1% yeast extract and 0.1% sucrose at
pH 4.5 (Silva et al., 2013). The culture medium was inoculated with
106 spores/mL counted by microscopy in a Neubauer chamber. The
flasks were incubated at the optimal growth temperature with an
orbital shaker (Tecnal mod. 421, Piraciba, Brazil) at 180 rpm for
144 h. The biomass was separated by filtering through gauze and
filter paper. The liquid fraction was used as a raw extract of
xylanase enzymes.

2.3. Arabinoxylan extraction

The method described by Zilliox and Debeire (1998) (ZD
method) was considered reference in this work and was adapted
for sugarcane bagasse for arabinoxylan extraction. The sugarcane
bagasse (Usina Agua Bonita - Tarum3, SP) was washed and
grinded, pre-incubated at 60 °C for 16 h in 400 mL of deionized
water and afterward drained. After this process, 250 mL of a 24%
(m/v) KOH and 1% (m/v) NaBH,; solution was added for reaction
with 8% (m/v) sugar cane bagasse during 3 h at 35 °C. The liquid
fraction was filtered with gauze until no solids were observed in
the liquid phase. The arabinoxylan in the liquid fraction was pre-
cipitated by the mixture of 60% (v/v) ethanol, 6.7% (v/v) acetic acid
and 33.3% (v/v) arabinoxylan solution. The precipitated material
(arabinoxylan) was centrifuged at 4000xg for 15 min. This mate-
rial was washed 4 times with 1 vol ethanol solution (50% ethanol,
50% deionized water and 0.5% EDTA): 1 vol arabinoxylan, before
being dried at 60 °C (Zilliox and Debeire, 1998; Akpinar et al.,
2009). The scheme in Fig. 1 shows the general sequence of
procedures.

Other treatments were applied changing the sugarcane bagasse
percentage, with or without pre-incubation at 60 °C for 16 h, the
percentage of KOH, temperature, time of reaction, ethanol and
acetic acid ratio used for precipitation of arabinoxylan and the
number of washes (Table 1). The washes were made until neutral
pH has been achieved.

2.4. Enzymatic hydrolysis of arabinoxylan at high solid loading

The enzymatic hydrolysis was conducted applying 120 U/g of
endoxylanase, produced by A. fumigatus (M51) and T. reesei QM
9414, per gram of arabinoxylan extracted (Table 1). The substrate
was 20 mL of 7% arabinoxylan in 100 mM acetate buffer at pH
5.5 (Carvalho et al., 2015). The reaction was incubated in a shaker
(Tecnal TE 421, Piracicaba, Brazil) at 50°C with agitation of
130 rpm during 24 h. Samples of 2 mL were collected at O h, 12 h
and 24 h. Hydrolysis reactions were stopped heating the samples
during 10 min in a boiling water bath.

2.5. Analytical methods

2.5.1. Enzymatic activity

Endoxylanase activity was assayed at 50 °C in a reaction with
0.1 mL raw extracts and 0.65 mL of 0.5% xylan Birchwood solution
(Sigma-Aldrich) in 250 mM sodium acetate buffer, at pH 5.0 (Bailey
et al., 1992). The amount of reducing sugar was quantified by the
dinitrosalicylic acid method (Miller, 1959). One unit (U) of
xylanase activity was defined as the amount of enzyme that
releases 1 pmol of reducing sugar per minute per mL of reaction.
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Fig. 1. Schematic representation of arabinoxylan solubilization from sugarcane
bagasse for the ZD method and treatments 1, 2 and 3. The experimental condition
applied to each treatment is described in the Table 1.

The Yield of Extracted Material (Ym), Yield of Xylan (Yx) and
Efficiency in Xylan Extraction (Ex) based on dry mass were
calculated by equations:

Eq. (1): Ym =(Me/Mb) x 100, expressed in percentage, where:
Me = mass of extracted material (g) and Mb = mass of sugarcane
bagasse (g).

Eq. (2): Yx=(Mx/Mb) x 100, expressed in percentage, where:
Mx = xylan mass (g) (Me x Cx) and Cx = concentration of xylan
in the Me (g x 100 mL).

Eq. (3): Ex=(Mx/Mxb) x 100, expressed in percentage, where:
Mxb = mass of xylan quantified in sugarcane bagasse (g)
(Mb x Cxb) and Cxb = concentration of xylan in the Mb
(g x 100 mL).

2.5.2. Chemical composition of sugarcane bagasse, lignocellulose and
arabinoxylan

The moisture content of sugarcane bagasse and the extracted
material were obtained by an oven at 105 °C. The percentages of
total lignin, arabinoxylan and cellulose (glucan) were obtained
according to Sluiter et al. (2008). Total salts were performed at
800 °C for 5 h in a muffle furnace (Marconi MA385, Piracicaba, Bra-
zil), according to biomass ash methodology. The potassium per-
centage was obtained by the total salts dissolved in HCl with
subsequent reading in atomic absorption (Agilent 55B AA).

2.5.3. Xylooligosaccharides determination

The XOS and xylose released in the enzymatic hydrolysis were
quantified using High-Performance Liquid Chromatography
(HPLC). The analyses were performed with an Agilent 1100 system
with a refractive index detector. A Bio-Rad HPX-87C column at
65 °C was eluated with purified water (Milli-Q). The elution time
was 20 min with a flow rate of 0.5 mL/min. The standards used
were arabinose, xylose (Sigma-Aldrich), xylobiose, xylotriose and
xilotetraose (Megazyme International). Total XOS is the sum of
oligosaccharides, except xylose. Statistical analyzes were per-
formed to compare the arabinoxylan extraction, production of
XO0S and xylose using ANOVA by BioEstat 5.0 software.

The yield of XOS and xylose were determined by the following
equations:

Eq. (4): XOS (%) = (total XOS (g)/arabinoxylan (g)) x 100
Eq. (5): Xylose (%) = (total xylose (g)/arabinoxylan (g)) x 100

Result and discussion
3.1. Arabinoxylan extraction and chemical characterization

This study focused on the comparison of method conditions to
solubilize/extract hemicellulose from sugarcane bagasse. Although
there are some reports about the hemicellulose solubilization
(Akpinar et al., 2009; Brienzo et al., 2009; Zilliox and Debeire,
1998), the methods condition still prohibitive for industrial appli-
cation due high chemicals consumption.

The chemical composition of sugarcane bagasse (6% moisture)
in this study showed 40.3% cellulose/glucan, 25.1% arabinoxylan
(sum of 1.9% arabinan, 0.5% galactan, 21.9% xylan, 0.8% mannan),
25.2% total lignin (1.7% soluble and 23.5% insoluble) and 4.5% ash
(Table 2). According to the literature, sugarcane bagasse presents
a chemical composition in the range of 24-29% of total arabinoxy-
lan, 19-25% of total lignin, 38-50% of cellulose and 1-7% of ash
(Brienzo et al., 2009; Gouveia et al., 2009). The arabinoxylan con-
tent in the sugarcane suggests this material is a good source for
this macromolecule production. Moreover, the amount of bagasse
produced in several countries inspires to studies of the xylan with
an industrial application interest.

Table 1
Alkaline treatment for arabinoxylan extraction with the modified experimental conditions.
Bagasse (%) Pre-incubation (60 °C/16 h) KOH (%) (m/m) Temp. (°C) Time (h) Ethanol and acetic acid:hydrolyzed (v/v) Washes

ZD method 8 Yes 24 35 3 2:1 5
Treatment 1 8 Yes 10 70 3 2:1 4
Treatment 2 8 Yes 5 70 3 1:1 4
Treatment 3 8 No 5 121 0.5 2:1 1
Treatment 4 12 No 5 121 0.5 2:1 1
Treatment 5 8 No 5 121 0.5 1:1 1

" Xylan washes times with deionized water, ethanol and EDTA; ZD method (Zilliox and Debeire, 1998).



F.C. de Figueiredo et al./Bioresource Technology 228 (2017) 164-170 167

Table 2
Chemical composition of the solid fraction from arabinoxylan extraction.

Glucan (%) Lignin (%) Xylan (%) Salts total (%) Others (%) Solid recovery (%)
Sugarcane bagasse 40.3 £ 0.03 25.2+0.18 25.1 £0.66 4.5+0.52 n.s. n.s.
ZD method 38.9+0.29ac 22.8+0.10ad 7.0+0.27ad 3.7+£0.05a 0.6 +0.34a 73 +0.46a
Treatment 1 39.9+0.21b 22.4+0.08b 6.8+0.18a 3.7+0.04a 2.4+0.25a 75.2 £ 0.60be
Treatment 2 39.9 £ 0.30ab 23.2+0.12c 8.8+0.29b 3.4+0.16b 8.7+0.41b 84 +0.75c
Treatment 3 39.3+0.54ab 22.6+0.12ab 6.0+0.37c 3.9+0.02c 2.4+0.76a 74.2 £0.92ab
Treatment 4 39.2 +0.2abc 22.7+0.13a 7.7 £0.19d 3.9+0.01c 8.6 +0.14b 82+0.04d
Treatment 5 38.3+0.22¢ 23.0+0.04 cd 8.6 +0.43b 3.7+0.01a 3.0+0.19a 76.5 £ 0.08e

" Data not shown.

™ Values followed by the same letter were not significantly different in ANOVA followed by Tukey test.

Table 3
Yield of Extracted Material (Ym), yield of arabinoxylan (Yx) and Efficiency in Xylan
Extraction (Ex) from sugarcane bagasse.

Yield of extracted Yield of Efficiency in xylan

material (Ym %) xylan (Yx %) extraction (Ex %)
ZD method 27.0+£1.9a 19.6 £0.3a 78.0+0.2a
Treatment 1 24.8+0.9a 18.0+£0.2a 72.0+0.1a
Treatment 2 16.0+1.2b 10.3 £0.5b 41.3+0.3b
Treatment 3 258+ 1.6a 18.3+0.2a 729+0.1a
Treatment 4 18.0+0.2b 12.6 £0.1c 50.1 +0.1c
Treatment 5 23.5%0.1a 15.4+0.3d 61.6 £0.2d

" Values followed by the same letter were not significantly different in ANOVA
followed by Tukey test.

The yield of extracted material (Ym) from sugarcane bagasse
was statistically similar to the treatments 1, 3 and ZD method,
respectively 24.8%, 25.8% and 27% (Table 3). The treatment 2, 4
and 5 showed lower Ym compared to treatment 1, 3 and ZD. Sim-
ilar trend was observed for a yield of xylan (Yx) and Efficiency in
xylan extraction (Ex). As industrial application desires, the solid
loading or sugarcane percentage was increased. The increase in
the sugarcane bagasse solid loading to 12% in the treatment 4
did not result in an increase in the percentage of extracted mate-
rial, yield of xylan or efficiency in xylan extraction, 18%, 12.6%
and 50.1%, respectively (Table 3). These results were probably
due to an increase in the acetic acid available to react with the
KOH since the consumption of this acid in the KOH reaction did
not increased. Other limitation could be the high viscosity (data
not shown) which can difficult the KOH catalyst action
(Jorgensen et al., 2006).

The treatment 2 showed the lower results for yield of extracted
material (16%), Yx (10.3%) and Ex (41.3%) (Table 3). The treatment
5 showed a good Ym with 23.5%, close to the values of the treat-
ments 1, 3 and ZD. However, the arabinoxylan content in the mate-
rial extracted was lower (61.6%) compared to the treatments 1, 3, 4
and ZD method (Table 3).

The treatment 1, which used 54.1% lower KOH than ZD method
(Table 5), showed similar results of arabinoxylan concentration in
the extracted material (purity), with 72.8% and 72.1%, respectively
(Table 4). However, treatment 3 showed a slightly but statistically
higher arabinoxylan concentration (76.3%) (Table 4). Except for

Table 4
Chemical composition of extracted material using ZD method and treatments 1-5.

treatments 1 and 4, all the treatments showed statistically signifi-
cant differences in arabinoxylan concentration/purity (ANOVA and
Tukey test p < 0.05, 95% confidence level) compared to ZD method.
These differences in the treatments with higher arabinoxylan con-
tent (1, 3 and ZD method) compared to treatments 2 and 5 could be
related to the proportion of ethanol and acetic acid used during the
precipitation process.

The proportion of only 40% (v/v) of ethanol and 10% (v/v) of
acetic acid to 50% (v/v) of arabinoxylan solution were used in the
treatments 2 and 5. On the other hand, 60% (v/v) ethanol and
6.67% (v/v) acetic acid to 33.3% (v/v) arabinoxylan solution were
used in the treatments 1, 3 and ZD method. The data indicate the
need for a higher proportion of ethanol and lower concentration
of acetic acid to arabinoxylan separation. Another important aspect
was a lower salt residue after precipitation, verified in the treat-
ments in which more solvents were used (treatments 1, 3, 4 and
ZD method) and consequently, a simpler wash step decreased
the ethanol consumption.

Treatments 1, 3 and ZD method showed greater Yx values (18%,
18.3% and 19.6%, respectively) and Ex values (72%, 72.9% and 78%,
respectively) (Table 3). If the arabinoxylan content in the treat-
ment 3 is considered (76.3%), this result was higher than the
extraction with 12% KOH combined with steam explosion of the
sugarcane bagasse, since only 53% of xylan content was extracted
(Jayapal et al., 2013). The xylan extraction (71.9%) from sugarcane
bagasse using ZD method as reported by Carvalho et al. (2015) was
also lower than treatment 3. However, a combination of steam
explosion and a higher 12% NaOH could be responsible for higher
xylan content (85%) extracted (Jayapal et al., 2013).

3.2. Solid recovery

Although a higher amount of arabinoxylan can be extracted
with a alkaline method, it still prohibitive for industrial scale. On
the other hand, method combination could be applied in the pro-
cess where more than a macromolecule is the target. From this
perspective, this topic evaluated the solid recovery from the arabi-
noxylan extraction.

A range of 73 to 84% of the fraction containing water insoluble
solids or lignocellulose was obtained after hemicellulose extrac-
tion. These materials showed composition of 38.3-39.9% of glucan

Arabinoxylan (%) Glucan (%)

Lignin Total (%) Salts total (%) Potassium (%)

ZD method 72.1 £0.6ad 3.4 +0.2ac
Treatment 1 72.8 £0.3a 1.10+0.5b
Treatment 2 64.8 £0.9b 1.08 £ 0.5ab
Treatment 3 76.3 £ 0.4c 240 £ 1.3ab
Treatment 4 69.5 £0.2d 2.72 £ 0.6ab
Treatment 5 65.9 £ 0.6b 4.88 +0.5¢

9.4+0.7ad 16.13 £0.6a 2.27+03a
11.2+0.2b 16.54 £ 0.5a 2.18+0.1ab

7.8+02cd 22.09+0.3b 2.49 +0.2bd
10.3+0.3ab 13.06 +0.1c 1.11+£0.5¢
10.0 £ 0.3abe 12.07 £0.3c 1.00+0.1c

8.7£0.1de 16.82 £0.2a 1.86 £0.2d

" Values followed by the same letter were not significantly different in ANOVA followed by Tukey test.

™ Based on total salts.
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Table 5

Comparison of inputs used in different alkaline treatments for arabinoxylan extraction.

Ethanol/Arabinoxylan (mL/g)

Total KOH/xylan (g/g) KOH reduction (%) Total time (h)

Precipitation Washes Total Reduction/increase (%)
ZD method 52.9 73.5 126.4 0 11.76 0 20.25
Treatment 1 58.7 65.2 1239 -1.98 5.40 54.1 20
Treatment 2 40.0 100 140.0 +10.8 4.16 64.6 20
Treatment 3 60.0 14.7 74.7 —40.9 2.80 76.2 0.75
Treatment 4 52.9 14.7 67.6 —46.5 245 79.2 0.75
Treatment 5 27.3 17 443 —65.0 2.84 75.9 0.75

" Considering pre-incubation (0-16 h), alkaline extraction (30 min-3 h) and washes (15 min/wash), except precipitation (15 min) and drying (24 h), because both are the

same in all experiments.

Table 6

XO0S and xylose production from enzymatic hydrolysis of arabinoxylan from sugarcane bagasse.
Microorganisms KOH (%) Extraction temperature (°C) Arabinoxylan hydrolysis (%) Xylose (%) XOS (%)
T. reesei
ZD method 0 h 24 35 0 0 0
ZD method 12 h 24 35 21.90+0.08 6.79 £0.09 15.05 £ 0.07
ZD method 24 h 24 35 40.30£0.75 28.73+1.94 11.57 £0.15
Treatment 1 0 h 10 70 0 0 0
Treatment 1 12 h 10 70 21.64+0.14 7.29+£0.10 14.36 £0.15
Treatment 1 24 h 10 70 55.50£0.14 42.51+£0.10 12.96 £0.16
Treatment 3 0 h 5 121 0 0 0
Treatment 3 12 h 5 121 26.91 +0.08 9.09 £ 0.08 17.83 £0.08
Treatment 3 24 h 5 121 70.61 £0.16 54.91 £0.29 15.70£0.10
A. fumigatus
ZD method 0 h 24 35 0 0 0
ZD method 12 h 24 35 17.76 £0.16 0.03+0.19 17.73 £0.08
ZD method 24 h 24 35 5491 +0.21 28.93+0.44 2599 +0.12
Treatment 1 0 h 10 70 0 0 0
Treatment 1 12 h 10 70 53.34+0.07 28.33+£0.17 25.87 £0.02
Treatment 1 24 h 10 70 46.53 £0.51 19.60 +0.78 27.10+0.12
Treatment 3 0 h 5 121 0 0 0
Treatment 3 12 h 5 121 44.84 £0.10 26.33+0.19 18.51 £0.06
Treatment 3 24 h 5 121 38.21+1.24 19.23+0.44 18.99+0.14

" Based on dry mass used in the hydrolysis; 7% of arabinoxylan, 120 U of xylanases per gram of substrate, pH 5.5, 130 rpm, at 50 °C.

and 22.4-23.2% of lignin, with arabinoxylan content lower than 9%
(Table 2). Considering the glucan and lignin content in the raw sug-
arcane bagasse, respectively 40.3% and 25.2%, there was a great
recovery of both components. In fact, the content of lignin and
residual arabinoxylan was similar for all the treatments applied
in this study. The results showed around 22% of lignin and 8% of
arabinoxylan, with some statistical differences for materials from
ZD method, treatments 1 and 3. For lignin, treatment 1 was statis-
tically different from ZD and treatment 3, while these two were
similar. However, for arabinoxylan, ZD and treatment 1 were sim-
ilar, while treatment 3 displayed a statistically significant differ-
ence (Table 2). In order to evaluate if cellulose can be easily
released by enzymatic hydrolysis, further tests with cellulases
are necessary.

Moreover, the literature reports indicate the success of using
KOH, even compared to NaOH, in the pretreatment of rice straw
and corn over enzymatic hydrolysis of the cellulose (Ong et al.,
2010; Kaar and Holtzapple, 2000). 0.5% KOH at 21 °C during 12 h
was enough for provide good digestibility of the cellulose
(Sharma et al., 2013). Comparing these conditions with the present
work, the time was longer but the concentration of the alkali was
lower. According to Wu et al. (2011) sugarcane bagasse treated
with NaOH during a 30 min to 2 h period at room temperature
showed low loss of glucan, since 95% of glucose was recovered
from the original in the lignocellulosic biomass. Xylan and lignin
were greatly solubilized, with a maximum of 75% of xylan extrac-
tion with 2.5 M NaOH, improving the enzymatic hydrolysis of the
cellulose. A study using corncob pretreated with a combination
of 2% H,S04 and 2% NaOH in high temperatures (80-121 °C) for

45 min resulted in a recovery of 91.1% of glucan and this combina-
tion was effective in removing lignin and hemicellulose, conse-
quently making the enzymatic process easier (Zhang et al., 2010).

3.3. Chemicals input and reaction time reduction

The treatment conditions can influence the arabinoxylan
extraction yield and quality, e.g. the severity of the process. The
higher severity could result in higher macromolecule extraction
and cellulose digestibility. However, moderate conditions could
result in comparable extraction yield and quality. Decreasing the
chemical input, water use, and reaction time can make the indus-
trial scale up viable. In order to determine cost of these extraction,
considering input-output chemicals/components, a properly eco-
nomic evaluation is necessary.

The treatments evaluated showed an overall reduction in the
chemicals required and time consumed. The treatments 3, 4 and
5 showed over 75% reduction of KOH per gram of extracted arabi-
noxylan and an ethanol reduction over 40% in relation to ZD
method (Table 5). For these treatments, the reaction time was a
27 times lower than ZD method. In addition, the removal of the
pre-incubation step and reduction of 4 washes simplified the pro-
cess. In the treatments 1 and 2, the reaction time was similar to ZD
method, saving only 15 min provided by the removal of 1 wash.
Although the increase of 35 °C (ZD method) to 70 °C (treatments
1 and 2) and 121 °C (treatments 3, 4 and 5) resulted in an increase
of energy used, all treatments showed reduction of the chemical
inputs in relation to ZD method. The treatment 2 can be exclude
since there was a 10.8% increase in ethanol consumption (Table 5).
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In conclusion treatments 1 and 3 showed better results for ara-
binoxylan extraction based on: a) higher arabinoxylan percentage
(Table 4); b) similar salt content in arabinoxylan extracted from
these treatments when compared with ZD method (Table 4); c)
decrease in the chemicals used since treatment 1 reduced KOH
by 54.1% and ethanol consumption by 1.98%, and treatment 3
decreased KOH by 76.2% and ethanol consumption by 40.9%
(Table 5); d) decrease of time from 20.25h (ZD method) to
0.75 h (treatment 3) (Table 5).

3.4. Enzymatic hydrolysis of the arabinoxylan

Probably one of the most interesting uses of arabinoxylan is via
enzymatic hydrolysis process. To evaluate the susceptibility of the
extracted arabinoxylan as influenced by the different treatments,
xylanases from fungal raw extracts were applied. Both the xylose
and xylooligosaccharides, products for bioenergy and food industry
respectively, were evaluated.

The enzymatic hydrolysis was carried out with fungal enzymes
of T. reesei and A. fumigatus using the arabinoxylan extracted from
ZD method and the treatments 1 and 3 as substrate. A high xylose
production and low release of xylobiose (X2), xylotriose (X3) and a
trace of XOS with a higher degree of polymerization (DP) were
obtained from T. reesei enzymes hydrolysis.

The highest percentage of arabinoxylan hydrolysis was
observed in 24 h of reaction with T. reesei enzymes. The effect of
KOH decrease with the increase of temperature in the arabinoxylan
extraction improved the enzymatic hydrolysis and conversion into
xylose and XOS, since ZD method, treatment 1 and 3 showed
respectively 40.3%, 55.5% and 70.6% (Table 6). The highest yields
of xylose were shown in 24 h of reaction, with 28.7% in the ZD
method, 42.5% in the treatment 1 and 54.9% in the treatment 3.

The XOS production was higher at 12 h of reaction at a similar
level to the ZD method and treatment 1, with a yield of 15% and
14.4%, respectively. These enzymatic hydrolyses were with 7% ara-
binoxylan, and the main products were X2 and X3. In treatment 3,
the XOS production was slightly higher since 17.8% and 15.7% was
obtained in 12 and 24 h, respectively (Table 6). A greater XOS pro-
duction (20%) in a short reaction time (6 h) was obtained using T.
reesei enzymes and 3.8% xylan (Brienzo, 2010). The author con-
cluded that increasing the reaction time from 6 to 24 h favored
the release of xylose. This fact could be explained by the higher
reaction time stimulating the action of B-xylosidase to breakdown
the XOS, releasing xylose. In addition, T. reesei is a producer of B-
xylosidase (Poutanen and Puis, 1988; Mata et al., 1992) and xyla-
nase enzymes. According to the literature, studies with other
microorganisms reported that high concentrations of xylose inhibit
the xylanase activity, which converts xylan into XOS (Aro et al.,
2005; Vazquez et al., 2000).

The enzymatic hydrolysis performed with A. fumigatus M51
enzymes released a higher amount of X2 and X3. In this reaction
XOS with higher DP was not detected. The xylose released was in
lower amounts, except for the arabinoxylan extracted with the
ZD method (Table 6). The arabinoxylan hydrolysis extracted by
the treatments 1 and 3 showed the higher percentage of hydrolysis
in 12 h, with 53.3% and 44.8%, respectively (Table 6). The ZD
method showed a similar percentage of arabinoxylan hydrolysis
(54.9%) in 24 h of reaction to the treatment 1 in 12 h. Unlike the
previous hydrolysis, the increase in temperature and decrease of
KOH consumption in arabinoxylan extractions decreased the per-
centage of enzymatic hydrolysis. The highest yield of xylose was
verified with arabinoxylan from the treatment 1 (28.3%) and 3
(26.3%) in 12 h of reaction (Table 6). The xylose release profile
was different from the ZD method, which showed low release after
12 h but a peak of xylose (28.9%) in 24 h.

For all arabinoxylans extracted, XOS production using A. fumiga-
tus enzymes was higher than T. reesei enzymes. The releases of XOS
were 26.0%, 27.1% and 19%, respectively using arabinoxylan from
ZD method, treatment 1 and 3 in 24 h (Table 6). These results were
higher than the yield of only 8.6% XOS using 2% xylan extracted by
alkaline pretreatment of sugarcane bagasse and enzymes of Tricho-
derma viridae in 8 h of reaction (Jayapal et al., 2013). In another
study, using tobacco stalk as a substrate for xylan extraction
through alkaline method, only 11.4% of XOS was obtained with
enzymes of Aspergillus niger after 24h of reaction at 40°C
(Akpinar et al., 2009). However, a longer reaction time (48-96 h)
and lower substrate concentration (2% xylan extracted from sugar-
cane bagasse) were necessary to obtain 37.1-37.6% of XOS yield at
50 °C using enzymes of A. fumigatus (Carvalho et al., 2015) or Ther-
moascus aurantiascus (Brienzo et al., 2010).

The enzymatic hydrolysis with T. reesei enzymes showed were
shown to be advantageous for xylose production, particularly
when using arabinoxylan treated with 5% KOH at 121 °C for
30 min. On the other hand, experiments with enzymes of A. fumi-
gatus were shown to be more efficient for the XOS production,
especially xylobiose and xylotriose.

Although the XOS production with enzymes of A. fumigatus did
not present a statistically significant difference (ANOVA p = 0.28)
in the enzymatic reactions with arabinoxylan extracted from dif-
ferent treatments, the treatment with 10% KOH exhibited a more
interesting result for the efficient XOS production with lower
release of xylose and the reduction in the amount of KOH, resulting
in purer product and significant savings with this chemical
(Table 5).

4. Conclusions

Alkaline method for arabinoxylan extraction from LCM depends
on temperature to reduce inputs, such as KOH and ethanol. Water
insoluble solids obtained after the arabinoxylan extraction showed
higher mass recovery with great glucan and lignin content. Hydrol-
ysis with A. fumigatus enzymes presented a higher XOS yield, while
enzymatic hydrolysis with T. reesei enzymes was advantageous for
xylose production. Altogether, treatment with moderate condi-
tions provided high arabinoxylan extraction with good susceptibil-
ity to enzyme action for production of both xylose and XOS. In
addition, the recovered solid is rich in cellulose and lignin, with
possible process integration for use of these macromolecules.
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