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Xylooligosaccharides (XOS) are useful food and pharmaceutical additives, which can be produced from

various xylans. However, the XOS prepared from lignocellulosic materials are difficult to purify due to the

complexity of the degradation products. Thus, hemicelluloses with a high-purity will be the preferred

feedstock for XOS production. In this work, acid hydrolysis and enzymatic hydrolysis were applied to

prepare XOS from the residual hemicelluloses of the dissolving pulp. The results showed that the highest
XOS vyield (45.18%) obtained from the acid hydrolysis was achieved with 1% sulfuric acid at 120 °C for

Received 27th August 2018
Accepted 9th October 2018

60 min, and xylohexaose accounted for 47% of the XOS. For enzymatic hydrolysis, under optimal

conditions, the highest XOS yield of 42.96% was observed, and xylobiose and xylotriose comprised
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1. Introduction

Generally, XOS are a mixture of neutral oligosaccharides made
up of two to ten xylose units linked by B-1,4 bonds."* XOS have
various features in common, including non-toxicity, non-
digestibility, low available energy, low sweetness, and so on.?
Furthermore, XOS have many biological properties, such as
immunomodulatory activity, anti-cancerous activity, anti-
microbial activity, blood- and skin-related effects, antiallergy
properties, anti-infection properties, anti-inflammatory prop-
erties, etc.* Previous reports showed that XOS can improve the
intestinal microbial environment by increasing the number of
bifidobacteria, which promote metabolism and reduce the risk
of colon cancer.>® Additionally, XOS can effectively improve the
blood ammonia levels in patients with liver cirrhosis.” Nowa-
days, XOS have been widely used as ingredients for functional
foods to improve bowel function, lipid metabolism and calcium
absorption, prevent tooth decay, increase the presence of
beneficial bacteria, etc.>®°

Given the importance of XOS, the production of XOS from
various lignocellulosic materials by different methods has been
extensively explored over the last decade.'*° Typically, XOS can

“Beijing Key Laboratory of Lignocellulosic Chemistry, Beijing Forestry University,
Beijing, 100083, China. E-mail: caoxuefei@bjfu.edu.cn; rcsun3@bjfu.edu.cn
*Shandong Longlive Bio-Technology Co., Ltd., Shandong 251200, China

“Jining Mingsheng New Materials Co., Ltd., Xinglong Industrial Park, Yanzhou District,
Jining City, Shandong Province, 272101, China

T Electronic  supplementary
10.1039/c8ra07140c

information  (ESI) available. See DOL

This journal is © The Royal Society of Chemistry 2018

90.5% of the XOS. It is suggested that the distribution of the XOS could be controlled significantly
according to the enzymatic or acid hydrolysis conditions used.

be produced from various xylans by chemical methods, enzy-
matic hydrolysis or a combination of chemical and enzymatic
treatments.* Alvarez et al."* collected the hemicelluloses from
the steam explosion pretreated wheat straw and further inves-
tigated the obtained hemicelluloses for XOS production by
enzymatic hydrolysis. The results indicated that over 90%
xylans could be transformed into XOS by using endo-xylanase
and B-glucosidase. Bian et al.'® explored the production of XOS
from sugarcane bagasse hemicelluloses by microwave-assisted
acid hydrolysis, and the maximum XOS yield of 290.2 mg g~ *
hemicelluloses was obtained with 0.24 M H,SO, for 31 min.
Yang et al.*® studied the production of XOS from corncob by
a combination of acid pretreatment and enzymatic hydrolysis.
The results showed that the cumulative yield of XOS after
enzymatic hydrolysis was close to 67.7 g/100 g (based on xylan in
raw material). However, the isolation and purification of the
XOS from the complex hydrolysate of biomass containing the
lignin is difficult and costly.

Dissolving pulp is a highly purified pulp with a high cellulose
content (95-98%) and very low hemicelluloses and lignin
content, which can be used to manufacture various cellulose-
based products, such as cellulose ethers, cellulose esters,
viscose fiber, etc.>'">* With the increasing demand for dissolving
pulp, large quantities of chemical pulp were used to prepare
dissolving pulp for viscose fiber production.*** Thus, large
amounts of hemicelluloses were generated from the alkali
extraction stage of the chemical pulp. These hemicelluloses can
be easily separated from the alkali solution by acidification or
membrane filtration to give hemicelluloses with a high purity
and uniform structures. These high-purity hemicelluloses
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extracted from the dissolving pulp are promising candidate for
XOS production. To date, only few studies investigated the
production of XOS from the hemicelluloses of the dissolving
pulp‘25,26

In this work, the structural properties of the hemicelluloses
extracted from the dissolving pulp were first characterized by
NMR. Then, the hemicelluloses were hydrolyzed by acid and
xylanase, respectively, under different conditions to obtain XOS.
The XOS yields and the products distribution were compara-
tively evaluated during the acid hydrolysis and enzymatic
hydrolysis processes. The effects of sulfuric acid concentration,
hydrolysis temperature, and reaction time on the XOS yield were
investigated in acid hydrolysis process. The influences of
enzyme concentration and incubation time on the yield of XOS
were studied in the process of enzymatic hydrolysis.

2. Materials and methods

2.1. Materials

The xylan-rich hemicelluloses extracted from the dissolving
pulp were kindly provided by a viscose fiber mill (Xinjiang Fu
Lida Fiber Co. Ltd, China). A typical production process for the
hemicelluloses from the chemical pulp was conducted in three
steps: (i) the pulp boards were soaked in aqueous alkali to
dissolve the hemicelluloses, and the cellulose-rich solid was
separated from the mixture; (ii) the above solution was treated
by membrane filtration to recover most of the alkaline and
water, resulting in concentrated hemicelluloses solutions; (iii)
sulfuric acid was added to the concentrated hemicelluloses
solutions to precipitate the hemicelluloses.>® Xylanase was
kindly supplied by Utel biochemical Co. Ltd. Solvents and
reagents were all of analytical grade and used as received.

2.2. Acid hydrolysis

The hemicelluloses (1.0 g) were suspended in different
concentrations of dilute sulfuric acid solution with a solid to
liquor ratio of 1 : 20 (g mL™") in 35 mL high-pressure flask. The
reaction was carried out with different acid concentrations (0.1,
0.3, 0.7, 0.9, 1.0, 1.2, 1.5, and 2.0 wt%) at moderate tempera-
tures (70, 90, 105, 120, and 135 °C) for the scheduled times (15,
30, 45, 60, and 75 min) under stirring. As soon as the acid
hydrolysis was completed, the reactant was cooled to room
temperature for further analysis. The yields of xylose and XOS,
including xylobiose (X2), xylotriose (X3), xylotetraose (X4),
xylopentaose (X5), and xylohexaose (X6), were further detected.
All experiments were performed in duplicate, and the results
were averaged.

2.3. Enzymatic hydrolysis

The hemicelluloses were subjected to enzymatic hydrolysis by
endo-xylanase in 250 mL conical flasks. The concentration of
hemicelluloses was adjusted to 2 wt%. In order to optimize the
production of XOS by the endo-xylanase, different enzymatic
hydrolysis times (1, 2, 6, 8, 10, 12, 20, and 24 h) and enzyme
dosages (50, 80, 120, and 150 IU g ' substrate) were evaluated.
The enzymatic hydrolysis was carried out at pH 5 and 50 °C in
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a 50 mM sodium acetate buffer solution in the incubator with
the shaking speed of 150 rpm. At certain time intervals, samples
were taken and boiled at 100 °C for 5 min to inactivate the
enzyme. After that, the content of xylose and XOS in the
hydrolysate was quantified.

2.4. Analytical methods

The compositions of hemicelluloses were determined according
to the standard laboratory analytical procedures from the
National Renewable Energy Laboratory (NREL/TP-510-42618).””
Released monosaccharide, uronic acid and oligosaccharide
were quantified by high-performance anion exchange chroma-
tography (HPAEC, Dionex ICS 3000) using a CarbopacTM PA-
100 column (4 x 250 mm, Dionex) with a PA-100 guard
column (4 x 50 mm, Dionex)."” The amount of hexoses and
pentoses is multiplied by a constant factor of 0.9 and 0.88,
respectively, to obtain the content of sugars in polymeric form.
The by-products were examined using high-performance liquid
chromatography (HPLC, Agilent 1200 series, US) with the
method described by a previous literature.”® The molecular
weights of hemicelluloses were determined by gel permeation
chromatography (GPC) with a refraction index detector using
a PL aquagel-OH 50 (300 x 7.7 mm) column. The column was
operated at 30 °C, and eluted with 0.02 M NaCl in 0.005 M
sodium phosphate buffer (pH = 7.5) at a flow rate of 0.5
mL min . All the hemicellulosic samples (4 mg) were dissolved
in 2 mL of sodium phosphate buffer (pH = 7.5). PL pullulan
polysaccharide standards (peak average molecular weights of
783,12 200, 100 000, 1 600 000, Polymer Laboratories Ltd.) were
used to calibrate the data of GPC. The solution-state NMR
spectra of the samples were recorded on a Bruker NMR spec-
trometer (AVIII, 400 MHz, Germany) according to the previous
report.”® The XOS obtained from the acid and enzymatic
hydrolysis were analyzed by HPAEC according to the procedure
described in a previous publication.'® The XOS and xylose yield
was calculated by following equations:

(X2 4+ X3 + X4 + X5 4 X6) in hydrolysate (g)
xylan in hemicelluloses (g)

XOS yield (%) =

x 100%

xylose in hydrolysate (g)

0,
xylan in hemicelluloses (g) X 100%

Xylose yield (%) =

3. Results and discussion

3.1. Physicochemical properties of the hemicelluloses
extracted from the dissolving pulp

The determination of the physicochemical properties of the
hemicelluloses is critical for the XOS production.** The hemi-
celluloses extracted from the dissolving pulp were characterized
using GPC (Table S1f), 'H NMR (Fig. S1f), and *C NMR
(Fig. S2t). Additionally, more detailed structural information
was analyzed by the 2D-HSQC NMR technique (Fig. 1). The

This journal is © The Royal Society of Chemistry 2018
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Fig.1 2D-HSQC NMR spectrum of the hemicelluloses extracted from
the dissolving pulp.

chemical composition of the hemicelluloses was determined by
HPAEC, and the results were presented in Table 1. Clearly, the
hemicelluloses were mainly composed of xylan (82.04%), and
a small amount of glucose, galactose, arabinose, and glucuronic
acid was also detected. The weight-average molecular weight
(My) and polydispersity index (M,/M,) of hemicelluloses was
14343.5 g mol ' and 1.54, respectively, implying that the
hemicelluloses were relatively uniform polymers. The major
cross-signals at 102.4/4.30, 73.6/3.19, 75.1/3.37, 75.8/3.68, 63.3/
3.99, and 63.3/3.27 ppm observed in the HSQC spectrum of the
hemicelluloses, are originated from the C;-H;, C,-H,, C3;-Hj,
C4Hy, Cseq~Hseq, and Csqa—Hsqax Of the (1—4)-linked B-p-Xylp
units, respectively.®® The results indicated that the hemi-
celluloses extracted from the dissolving pulp were mainly
comprised of (1—4)-linked B-p-xylans.

3.2. Acid hydrolysis of the hemicelluloses for XOS
production

The compositions of the hydrolysate from the hemicelluloses
were determined by HPAEC. It should be noted that the content
of XOS was only determined from X2 to X6 because of the lack of
the XOS standard larger than X6.'*3> The effects of reaction
conditions on the XOS and xylose yields during the acid
hydrolysis process are presented in Fig. 2. The yields of the XOS
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and xylose under different sulfuric acid concentrations at
120 °C for 60 min are shown in Fig. 2a and d. It was observed
that the content of X6 was much higher than other XOS when
the acid concentration was lower than 1.5%. However, results
from Zhang et al. showed that the X4 content was the highest
one when acetic acid was used at 120 °C for 30 min.* It sug-
gested that the distribution of the XOS could be varied signifi-
cantly with the acid used.*” The content of X4, X5, X6, and total
XOS (X2 + X3 + X4 + X5 + X6) in hydrolysate increased with the
increase of the sulfuric acid concentration from 0.1 to 1%, and
then decreased when the acid concentration was higher than
1%, while the yields of xylose, X2, and X3 increased continu-
ously with the increase of the acid concentration. This indicated
that the hemicelluloses first degraded into XOS with relatively
high DP values during the acid hydrolysis process, and then
these XOS further hydrolyzed into XOS with low DP values and
xylose. The degradation of the hemicelluloses and the forma-
tion of XOS and xylose are closely related to the acid concen-
tration. The highest yield of XOS (45.18%) was achieved with 1%
sulfuric acid at 120 °C for 60 min.

The effect of the reaction time of acid hydrolysis on the yields
of XOS and xylose at 120 °C with 1% sulfuric acid is illustrated
in Fig. 2b and e. It was found that the major component of the
XOS was still X6. The total XOS yield increased gradually as the
hydrolysis time increased from 15 to 60 min, but it began to
decrease when the reaction time extended to 75 min. Mean-
while, similar trend was also observed for X6. However, the yield
of xylose increased significantly with the prolonging of the
reaction time. Obviously, a suitable reaction time was required
to achieve a high yield of XOS.** In this work, the optimal
reaction time for the acid hydrolysis of hemicelluloses at 120 °C
with 1% sulfuric acid was 60 min. Additionally, the influence of
the reaction temperature on the XOS yield was also explored at
constant acid concentration (1%) and reaction time (60 min)
and the results are shown in Fig. 2c and f. It was found that
when the temperature was lower than 120 °C, the yield of XOS
was increased with the reaction temperature. However, when
the temperature was beyond 120 °C, the total XOS yield declined
from 45.18% (120 °C) to 37.61% (135 °C), and the yield of xylose
dramatically increased from 18.78 to 66.13%. It suggested that
a relatively high yield of XOS could be obtained at 120 °C under
the given conditions. Therefore, in this work, an optimized XOS
yield by acid hydrolysis could be obtained at 120 °C with 1%
sulfuric acid for 60 min.

3.3. Enzymatic hydrolysis of the hemicelluloses for XOS
production

Enzymatic hydrolysis is a relatively mild method for the
production of mono- and oligosaccharides from poly-
saccharides. It has been reported that considerable yield of XOS

Table 1 The chemical composition of the hemicelluloses extracted from the dissolving pulp

Composition Xylan Glucan Galactan

Arabinan Glucuronic acid Ash Klason lignin

Concentration (%) 82.04 3.24 0.16

This journal is © The Royal Society of Chemistry 2018
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Fig.2 Effects of sulfuric acid concentration (a and d), reaction time (b and e), and reaction temperature (c and f) on the yields of XOS and xylose.

could be obtained from lignocellulosic materials by enzymatic
hydrolysis.'”** In this work, the effects of enzyme digestion time
and enzyme dosage on the production of XOS from the hemi-
celluloses of the dissolving pulp were investigated. The yield of
the XOS under different reaction conditions is shown in Fig. 3.
Overall, when the enzymatic hydrolysis was conducted at 50 IU
g~ ! substrate, the yield of the XOS gradually increased with the
extending of the digestion time, indicating that relatively long
reaction time could be used to improve the yield of XOS.
However, as the enzyme concentration increased from 80 to 150
IU g~ ' substrate, the XOS yield dramatically increased in the
first 8 h, and then it decreased to some degree. This may result
from the inhibition of the end-products to xylanase activity and
the conversion of XOS to xylose.'7** As shown in Fig. 3, the
hydrolysis rate and yield of XOS significantly increased with the
enzyme concentration varied from 50 to 120 IU g~ " substrate.
Samanta and Akpinar et al.***® also respectively found that the
xylan hydrolysis yield and rate increased with the enzyme
dosage. However, the yield of XOS was almost unchanged when
the enzyme concentration further increased from 120 to 150 IU
g~ " substrate. Similar results had been observed by Yang et al.'?
when triploid Populas tomentosa was used to prepare XOS. It was
probably because the ability of enzyme protein to bind its

35214 | RSC Adv., 2018, 8, 35211-35217

substrate reached a plateau at a certain enzyme concentration.?”
Based on the results obtained, the highest XOS yield (42.96%)
from enzymatic hydrolysis was achieved at 120 IU g~ ' substrate
enzyme loading for 8 h.

The yields of XOS (X2-X6) and xylose as a function of
reaction time under the optimal enzymatic dosage (120 IU g~ *

50

—4—501U/g
—=—80 1U/g

—¥—1201U/g
—8—150 IU/g

XOS (%)

30
Time (h)

Fig. 3 Effect of enzyme concentration on the yield of XOS.
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Fig. 4 Effect of reaction time on the yields of XOS (a) and xylose (b) under the optimum enzyme dosage.

substrate) are shown in Fig. 4. As illustrated in Fig. 4a, the XOS
of the enzymatic hydrolysate was mainly composed of X2 and
X3, and only a small quantity of X4, X5, and X6 was detected.
Furthermore, the XOS yield gradually increased with the
enzyme digestion time extended from 1 to 8 h, and the highest
yield of X2 (20.32%) and X3 (18.56%) was achieved at 8 h.
When the enzyme digestion time further extended, the yield of
X2 and X3 decreased continually but changed slightly after
12 h. In addition, the yields of X4, X5, and X6 changed slightly,
and similar results had been reported by Bian et al*® The
xylose in the hydrolysate was also detected and shown in
Fig. 4b. A small amount of xylose was observed in the enzy-
matic hydrolysate of hemicelluloses, and its content increased
significantly with the enzyme digestion time. This suggested
that the xylanase employed in this work contained a large
amount of endo-xylanase and few xylosidase and/or exo-xyla-
nase.*® Most of the endo-xylanase is used to degrade of the
xylan main chain to XOS.* When the enzyme digestion time
was greater than 8 h, the yield of xylose increased rapidly. This
result was in accord with the decreasing of XOS yield after 8 h.
Clearly, a small quantity of XOS was degraded to xylose by
xylosidase.*®

3.4. Comparison of the acid hydrolysis and enzymatic
hydrolysis

For acid hydrolysis, generally, a relatively high temperature and
corrosion-resistant equipment may be required due to the
utilization of sulfuric acid. In contrast, the reaction condition
for enzymatic hydrolysis was mild but relatively long reaction
time was needed. However, the XOS yield from the acid hydro-
lysis and enzymatic hydrolysis was similar, and the XOS yield
from acid hydrolysis (45.18%) was slightly higher than that
from enzymatic hydrolysis (42.96%). Furthermore, it should be
noted that the XOS from the acid hydrolysis of hemicelluloses
were mainly consisted of X6, which accounted for 47% of XOS,
and a quantity of X2, X3, X4, and X5 were also contained in the
hydrolysate. However, X2 and X3 were the major ingredients in
the enzymatic hydrolysate, which took up 47.3 and 43.25% of
the XOS, respectively. Additionally, the xylose yield from the
enzymatic hydrolysis was much lower than that from the acid
hydrolysis. These suggested that the corresponding enzymatic
hydrolysis or acid hydrolysis method can be used to obtain the
optimal XOS yield according to the XOS distribution required.

This journal is © The Royal Society of Chemistry 2018

4. Conclusions

The residual hemicelluloses extracted from the dissolving pulp,
mainly consisted of B-p-Xylp units, were applied to produce
XOS. The influences of acid hydrolysis and enzymatic hydrolysis
of hemicelluloses on the production of XOS were evaluated. The
acid hydrolysis performed with 1% sulfuric acid at 120 °C for
60 min produced the highest XOS yield of 45.18%. Meanwhile,
a maximum XOS yield of 42.96% was obtained with 120 IU g~*
substrate for 8 h. Although the yields of XOS from the acid and
enzymatic hydrolysis were similar, the main products of XOS in
the hydrolysate were obviously different. The major ingredient
of the XOS from acid hydrolysis was X6, while X2 and X3 were
the main products of the enzymatic hydrolysis.
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