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Abstract

Xylan is a renewable polysaccharide, readily available in agricultural and forestry residues. It can be hydrolyzed to produce
xylooligosaccharides (XOS) with prebiotic activity and xylose, a precursor for several industrial chemicals. Enzymatic
hydrolysis of xylan in the lignocellulosic biomass to obtain xylose and XOS requires a pretreatment to facilitate xylanase
activity. In this study, organosolv was evaluated for the delignification of corncob while retaining xylan in the pretreated
biomass. The treatment at 170 °C for 1 h with 70% ethanol provided 50% lignin removal and 81% xylan recovery. Increasing
temperatures and decreasing ethanol fractions decreased the pH and the xylan recovery. Loss of xylan in the organosolv at
190 °C and in the liquid hot water treatment could be prevented by the addition of 100 mM MgO, without compromising
lignin removal. Pretreated corncob was suspended in citrate buffer and hydrolyzed by commercial xylanases. Accellerase
XY (250 U/ml) at pH 5.5 and 55 °C and Econase XT (0.6 U/ml) at pH 6.0 and 70 °C provided around 65% xylan digestibility
and generated xylose (9.8 g/1) and XOS (10.9 g/l), respectively. This approach could decrease xylan loss and degradation in
the pretreatment step and yield clear hydrolysates composed of essentially xylose or XOS. Lignocellulosic biorefineries can
benefit from the efficient utilization of xylan, increasing sustainability.
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1 Introduction food/feed uses, residual LCB has the potential to develop a

more sustainable industry for bio-based products [2]. Vari-

The biorefinery approach is based on the utilization of bio-
mass to obtain multiple value-added products, such as biofu-
els, biomaterials, industrial chemicals, food/feed, and other
bioproducts, analogous to a petroleum refinery. Lignocellu-
losic biomass (LCB) contributes to this approach since it is
composed mainly of polysaccharides cellulose and hemicel-
lulose and aromatic polymer lignin. LCB includes agricul-
tural residues such as stalk, straw, bagasse, stover, husk, and
cob; some food industry wastes such as peel, pomace, and
shell; and forestry residues [1]. Compared to first-generation
feedstocks like corn and sugar cane/beet, which also have
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ous materials, chemicals, and biofuels can be manufactured
by the efficient utilization of LCB through thermochemi-
cal and biochemical routes [3]. The biochemical approach
involves the application of hydrolytic enzymes and microor-
ganisms on carbohydrates derived from LCB to synthesize
bioproducts. However, the enzymes generally cannot show
activity on the native LCB. The strong network of cellu-
lose, hemicellulose, and lignin in the plant cell wall provides
recalcitrance against enzymatic attack. Various physical,
chemical, physicochemical, and biological pretreatments are
available to overcome the resistance of the lignocellulosic
network. These can alter the composition and micro and
macro structures of LCB and promote the enzyme attack on
the substrates, such as cellulose and hemicellulose [4, 5].
Cellulose constitutes the largest portion of LCB and is
very abundant in nature [1]; therefore, most of the LCB-
related research has focused on cellulose hydrolysis and
utilization. Many bio-based products can be produced by
fermentation using glucose derived from cellulose by enzy-
matic hydrolysis [6]. Lignin and hemicellulose have been
considered mostly barriers to cellulolytic enzymes [7].
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Hemicellulose is the other carbohydrate polymer (a heter-
opolymer) commonly found in the LCB. Xylans are the most
abundant type of hemicellulose widely found in hardwoods
and herbaceous plants [8]. Although xylan structure and
components vary in plants, the most common component is
the xylose linked with B-1,4 bonds. Xylose chains can carry
substitutions, such as arabinose (some are feruloylated),
4-O-methyl glucuronic acid, and acetyl groups. Industrial
microorganisms generally cannot assimilate xylose to grow,
or the xylose assimilation is repressed by glucose present
in the medium [9]. These prevent efficient utilization of
xylose in microbial processes. Therefore, xylose and xylan
are overlooked in many studies and discarded after pretreat-
ments before cellulose hydrolysis [10]. Still, there have been
many attempts to find xylose-assimilating microorganisms
or genetically manipulate the organisms to add xylose assim-
ilation capability [10]. The significant chemicals that can be
produced from xylose by wild-type or improved microor-
ganisms include ethanol [11], lactic acid [12], succinic acid
[13], and others [10]. Xylitol can be produced from xylose
microbially [14] or chemically synthesized by hydrogenation
of xylose [15]. Dehydration of xylose yields furfural, which
is a platform chemical and finds several uses in the chemi-
cal industry [16]. Xylan and xylooligosaccharides (XOS)
obtained by partial hydrolysis of xylan show prebiotic activ-
ity, which is the proliferation of some beneficial bacteria in
the colon of the host, improving health [17].

The most common method to extract xylan from LCB is
alkaline extraction, which cleaves the ester linkages between
hemicellulose and lignin and solubilizes both components
to some extent. It involves treatment with a concentrated
alkaline solution, neutralization with concentrated acids, and
precipitation of xylan with alcohol [18]. Organic solvents,
hot water, microwave irradiation, ultrasonication, steam
explosion, and supercritical CO, are among the other meth-
ods proposed for the extraction of xylan [16, 18, 19]. In most
of the conventional treatments used in LCB biorefineries,
xylan is hydrolyzed into xylose, XOS, and its substitutions,
such as acetic acid and arabinose. For example, in dilute
acid, steam explosion, and hot water treatments, xylan is
solubilized and hydrolyzed due to high temperatures and
low pH values (because of added or spontaneously formed
acids) [10]. Under severe treatment conditions, the monosac-
charides formed may be further converted into degradation
products, such as furfural, formic acid, acetic acid, and oth-
ers [20, 21], which may be toxic to the organisms. Therefore,
xylan, either in polymeric or smaller forms, is in a mix-
ture composed of LCB-derived compounds. This increases
the complexity and cost of the purification steps applied to
obtain high-purity xylan and its hydrolysis products or the
products derived from those.

An alternative approach is the enzymatic hydrolysis
of xylan in the LCB without extracting it from the solid
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biomass. However, the enzymes are unable to act on the
native LCB, thus a pretreatment that does not solubilize
the xylan, but decreases the recalcitrance of the lignocel-
lulosic network is required for this approach. Organosolv,
which uses organic solvents for the delignification of LCB
[22], can serve this purpose. Generally, it is applied to dis-
solve lignin and hemicellulose simultaneously to decrease
the recalcitrance of LCB, thus increasing the digestibility
of cellulose in post-enzymatic hydrolysis [23]. Ethanol is
the most common solvent in organosolv treatments, and it
is generally used in a mixture of water. An acid catalyst
may be added to improve the treatment effectiveness [24].
Even without the acids, the xylan is partly solubilized and
hydrolyzed during the organosolv treatment because of the
hydronium derived from water and acetic acid from xylan, as
occurs in other high-temperature treatments, such as dilute
acid hydrolysis, liquid hot water treatment, and steam explo-
sion [24]. Enzymatic hydrolysis of xylan in the pretreated
LCB was tested in some previous studies. Gong et al. [25]
treated corn stover with alkaline organosolv (5% NaOH in
methanol) at 80 °C, which retained most of the xylan as well
as cellulose and removed lignin. Hydrolysis of the pretreated
biomass at a high solid loading with a commercial enzyme
complex (Cellic Ctec2 (Novozymes, Denmark)) yielded a
mixture of monosaccharides and oligosaccharides. Aqueous
ammonia was used to delignify corn stover and cob, which
were then hydrolyzed by xylanases into XOS and xylose
with a digestibility of around 69% [26]. Li et al. [27] showed
that adding 80 mM MgO (a Lewis base catalyst) to aque-
ous ethanol (50%) in the organosolv treatment could recover
71% of the xylan in the corn stover, in addition to the 89% of
the cellulose. The authors hydrolyzed the pretreated biomass
with Accellerase 1500 (DuPont, USA), which is an enzyme
complex with exo- and endoglucanase, p-glucosidase, and
hemicellulase activities, and observed 78% glucose and 41%
xylose yields. Li et al. [28] applied an aqueous solution of
MgO (100 mM) to corn stover at 190 °C for 40 min and
could recover 42% of the xylan, which was twice the amount
obtained without MgO addition (liquid hot water (LHW)
treatment). This provided a 13% increase in xylose yield
without affecting the glucose yield in the enzymatic hydroly-
sis using Accellerase 1500 enzyme complex. (Note that the
last two papers ([27, 28]) were retracted due to some flaws
in the experimental method.)

To date, organosolv has typically been applied to decrease
the recalcitrance of the lignocellulose to obtain glucose using
cellulolytic enzymes, which release some xylose as well due to
the xylanolytic enzymes present in the enzyme cocktail. On the
other hand, when the xylan in the organosolv-treated biomass
is hydrolyzed by xylanases, it may be possible to obtain pure
xylose and XOS solutions. In this study, this was explored by
application of organosolv to the corncob aiming to increase
xylan digestibility and obtain xylose and XOS solutions with
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no cellulose-derived mono or oligosaccharides. Organosolv
conditions were adjusted to maximize xylan recovery and
lignin removal, and selected pretreated corncob samples were
hydrolyzed by two commercial xylanase enzymes.

2 Materials and methods
2.1 Materials

Ground corncob (particle size <2 mm) was provided
kindly by Dr. Hiiseyin Ozpinar from Aegean Agricul-
tural Research Center in izmir, Turkey. The commercial
enzymes, namely Accellerase XY and Econase XT, were
gifts from Dupont (USA) and AB Enzymes (Germany),
respectively. According to the manufacturers, the Accel-
lerase XY hemicellulose complex was designed to aid
cellulase for the saccharification of LCB, while Econase
XT was an endo-xylanase and used to convert xylan in
animal feed into XOS. Both enzymes were produced with
genetically modified strains of Trichoderma reesei. The
xylan from beechwood and xylooligosaccharide stand-
ards (xylobiose, xylotriose, xylotetraose, xylopentaose,
and xylohexaose) were purchased from Megazyme (Ire-
land). All other chemicals were of analytical grade and
purchased from Merck (Germany).

2.2 Organosolv treatment

The organosolv treatment was performed in a 500 ml
stainless-steel high-pressure reactor (Berghof BR-500,
Germany). The treatment conditions were selected based
on prior reports on organosolv treatment [29]. Dry corncob
powder was mixed with a water—ethanol mixture at a lig-
uid-to-solid ratio of 10 ml/g (250 ml solvent and 25 g bio-
mass). The mixture was heated to set temperatures (150 °C,
170 °C, and 190 °C) with continuous stirring at 300 rpm.
After holding the reactor at the set temperature for 1 h, the
reactor was cooled to 60 °C in 20-25 min with tap water
circulating in the cooling coil. The liquid and solid phases
were separated by filtration through cheesecloth under a
vacuum. The pH values of the liquids were recorded. The
solids were washed with water and dried at 45 °C over-
night. The dry weights of the biomass were measured. The
cellulose and xylan recoveries and lignin removal were
calculated using Eq. 1, Eq. 2, and Eq. 3, respectively.
Cellulose in pretreated corncob (g)

Cellul = x 100
ettutose recovery Cellulose in raw corncob (g) o))

Xylan i treated b
Xylan recovery = ylan in p.re reated corncob (g) % 100
Xylan in raw corncob (g)
2

Lignin in raw corncob (g) — Lignin in pretreated corncob (g) % 100

3

Lignn removal =

Lignin in raw corncob (g)

2.3 Enzymatic hydrolysis

The pretreated corncobs were hydrolyzed with commercial
xylanases. Accellerase XY was in liquid form and used as
received. Solid Econase XT was mixed with citrate buffer
at a concentration of 4% (w/v) to obtain an enzyme solu-
tion. The suspended solids were removed by centrifugation
at 5000 g for 4 min at 4 °C (Centurion K241R, UK), and
the supernatant was used in the hydrolyses.

The xylanase activities of the enzymes were determined
by measuring the reducing sugars released upon incubating
the enzymes with xylan [30]. Xylan from beechwood was
used as the substrate (0.5% (w/v)) in 50 mM citrate buffer
at pH 5.5. The diluted enzyme solution (100 pl) was mixed
with 900 pl substrate, and the mixture was incubated in a
water bath at 50 °C for 5 min. After incubation, 1500 ul DNS
solution was added, and the sample was kept in a boiling
water bath for 5 min, which developed the color and stopped
the enzyme activity. The tubes were cooled in ice-cold water
for 1 min before analysis. The amount of reducing sugars
released was determined by measuring the absorbance at
540 nm. One unit of xylanase activity was defined as the
amount of enzyme required to release 1 pmol of xylose
equivalent per min under the assay conditions (pH 5.5 and
50 °C). The calibration curve was drawn using xylose as the
standard reducing sugar (Supplementary Fig. S1).

The cellulase activity was determined by measuring the
glucose released by the enzyme from Whatman Grade 1
filter paper [31]. Filter-paper strip (1.0X 6.0 cm) in 1.0 mL
50 mM sodium citrate buffer (pH 5.5) was incubated with
0.5 mL enzyme solution at 55 °C for 60 min in a water
bath. The reaction was stopped by the addition of 3.0 mL of
DNS reagent, and the absorbance of the solution was read
at 540 nm. One filter paper unit (FPU) of enzyme activity
was defined as the amount of enzyme that released 1 pmol
of reducing sugar in 1 min under the assay condition.

For the hydrolysis, the pretreated corncob was sus-
pended in 50 mM citrate buffer at a liquid-to-solid ratio
of 20 ml/g. The pH of the buffer was adjusted to 5.5 for
Accellerase XY and 6.0 for Econase XT, according to the
recommendations of the manufacturers. The xylose pro-
duction was carried out using Accellerase XY (250 U/ml)
at 55 °C, while XOS production using Econase XT (0.6
U/ml) was at 70 °C in a water bath. The hydrolysis condi-
tions were based on preliminary tests and a parallel study
conducted by our group (unpublished results). The sam-
ples were taken at regular intervals, and the solids were
separated by centrifugation at 25,000 g for 5 min. The
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Accellerase XY activity in the samples was terminated
by keeping them in a water bath at 100 °C for 5 min. The
activity of thermostable Econase XT was stopped by the
addition of four volumes of cold concentrated acetone,
which was then evaporated in a boiling water bath. The
supernatants were stored at — 18 °C until HPLC analysis.
Xylan digestibility and xylose and XOS yields were cal-
culated using Eq. 4 and Eq. 5, respectively.

Xylan converted to xylose or XOS (g)

Xylan digestibility = x 100 )

Xylan in pretreated corncob (g)

Xyl X0S ted
Xylose or XOS yield = yose o'r generated (g) x 100
Xylan in raw corncob (g)
®)

2.4 Analyses

Before structural carbohydrate analysis, extractives were
removed by treating the biomass sequentially with ultra-
pure water and 96% ethanol in a Soxhlet apparatus (Isolab,
Germany). The unpretreated and pretreated corncobs were
analyzed for structural components according to the NREL/
TP-510-42,618 method [32]. Briefly, 3 ml of 72% H,SO,
solution was added to 300 mg dry biomass and incubated
for 1 h at room temperature. After the acid concentration
was decreased to 4% with the addition of 84 ml of water, the
solution was kept at 121 °C for 1 h in an autoclave (ALP,
Japan). The mixture was cooled down to room temperature
and filtered through porcelain filtering crucibles under a vac-
uum to collect the remaining solids for lignin and ash analy-
ses. The solids retained were washed with 250 ml water. The
crucibles were dried overnight at 105 °C and weighed. Then
the ash amount was determined gravimetrically after the cru-
cibles were kept at 525 °C for 3 h. Acid insoluble lignin con-
tent was calculated by subtracting ash content from the dry
weight of the solid sample remaining after acid hydrolysis.
For the determination of the fractions of cellulose and xylan
in the samples, the monomers released in acid hydrolysis
were analyzed with HPLC after neutralization with CaCO,
[32]. Using the monomer concentrations, the polymers in the
solids were calculated by multiplying by the anhydrous fac-
tors (0.88 for five-carbon sugars; 0.9 for six-carbon glucose,
and 0.72 for acetyl groups).

After enzymatic hydrolysis, hydrolysates were ana-
lyzed without further processing with HPLC to determine
the amounts of the xylose and the XOS with a degree of
polymerization (DP) from two to six. To determine the total
amount of XOS (sum of low and high DP XOS), the liquid
samples were acid-hydrolyzed to convert all soluble oligom-
ers into the monomer (xylose). Into the 5 ml of liquid sam-
ple, 174 pl of 72% (w/w) H,SO, solution was added, and
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the mixture was kept at 121 °C for 1 h in the autoclave [33].
The total XOS concentration was calculated by subtracting
the xylose concentration in the original hydrolysate from
the xylose concentration measured after the acid hydrolysis.

Monosaccharides, xylooligosaccharides, and acetic acid
in the samples from pretreatments and enzymatic hydrolyses
were measured with HPLC (Perkin Elmer Series 200, USA)
equipped with a refractive index (RI) detector. All samples
were filtered through 0.45 um regenerated cellulose syringe
filters (Isolab, Germany) to eliminate any impurities. Rezex
RPM-monosaccharide column (Phenomenex, USA) was
used at 80 °C in the analysis of monosaccharides. Ultra-pure
water was used as the eluent at a flow rate of 0.6 ml/min.
A deashing guard column (Biorad, USA) was used before
the column in the analysis of samples that were hydrolyzed
by acid. XOS were detected using the Aminex HPX-42A
oligosaccharide column (Bio-Rad, USA) under the same
conditions. Acetic acid was measured using Aminex HPX-
87H organic acid column (Bio-Rad, USA) at 60 °C. The
mobile phase was 5 mM H,SO, at 0.6 ml/min. Calibration
curves were prepared using standard solutions of analytes
with known concentrations.

The experiments were carried out at least in duplicates,
and average values + standard deviations were reported.
Standard deviations were represented as error bars in the
figures.

3 Results and discussion
3.1 Organosolv treatment

The structural analysis of the corncob used in this study
showed that it was composed mainly of cellulose and xylan
(Table 1). This corncob was treated with ethanol-based orga-
nosolv under several different conditions. The treated solids
were weighed to determine the solid recovery and analyzed
for structural components, such as cellulose, xylan, and
lignin (Table 2). The compositions were compared with that

Table 1 Composition of corncob as a percentage of dry weight

Component Content?
Cellulose (as glucan) 419+1.75
Hemicellulose

Xylan (as polymeric xylose) 26.8+1.12

Arabinose 243+0.17

Acetyl 3.76 +£0.43
Lignin (acid insoluble) 18.8+1.60
Ash 0.21+0.04
Extractives (water and alcohol-soluble) 7.86+1.59

*Values are the average of two measurements. + standard deviation
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Table 2 Effect of organosolv pretreatment conditions on the corncob composition®

Organosolv conditions Solid recovery® Solubilization Liquor Composition of Solid (% by weight)
temperature-ethanol %-catalyst % by weight H

(temperatu ’ 0 @ (% by weight) P Cellulose Xylan Lignin
Untreated Corncob 41.91+1.75 26.83+1.12 18.78 +1.60
150 °C-70% 19.9 20.2 5.33 43.59+1.24 28.71+1.17 13.68 +£0.47
150 °C-70%-MgO 20.2 19.3 7.65 42.775+2.12 28.15+1.15 13.12+0.87
170 °C-0% 11.1 55.6 3.83 63.20+0.06 13.99+0.24 23.75+£0.07
170 °C-0%-MgO 154 36.6 6.33 52.58 +1.04 29.40+1.79 21.86+£0.11
170 °C-50% 14.8 40.8 4.62 53.15+0.31 24.72+£0.25 14.18 +£0.60
170 °C-70% 17.8 29.0 5.15 50.08 +0.64 30.56 +2.00 12.78 +£0.52
170 °C-70%-MgO 19.3 22.7 6.86 46.22+0.72 30.25+2.48 11.21+£0.71
190 °C-70% 12.3 50.8 4.81 70.62+1.44 19.39+£0.79 8.84+0.10
190 °C-70%-MgO 14.9 40.4 6.45 58.31+0.03 31.84+0.81 9.65+£0.02

#Values are the average of two measurements. + standard deviation

“Tnitial corncob was 25 g

of the raw corncob to evaluate the effect of the treatments.
The corncob was also treated with LHW for comparison.

The effect of ethanol concentration was tested at three
concentrations (0% (LHW), 50%, and 70% ethanol in water
by volume) keeping treatment temperature and time constant
at 170 °C and 1 h, respectively. An increase in the etha-
nol concentration achieved higher xylan and total biomass
recovery values (Fig. 1a and Table 2). When the corncob
was treated with 70% ethanol, xylan recovery was 81%,
whereas it was 55% and 23.5% with 50% and 0% ethanol,
respectively. Similarly, more cellulose was recovered with
increasing ethanol. Around half of the lignin was removed
from the corncob with 50% and 70% ethanol. Omitting etha-
nol could also remove 41% of lignin from the biomass; how-
ever, it did not contribute to the aim of this study due to low
xylan recovery. Figure 1a shows that the effect of ethanol
was more notable in the xylan recovery in comparison to
cellulose recovery and lignin removal.

In LHW, hydronium from water ionization and the acetic
acid released by the removal of acetyl groups from hemi-
cellulose decrease the pH and act as acid catalysts, which
facilitates both xylan removal and autohydrolysis [23]. The
higher xylan solubilization with 50% ethanol compared to
70% ethanol could also be ascribed to the comparably higher
water content in the organosolv medium; thus, ionization
and autohydrolysis effects were notable [34, 35]. The pH of
liquor obtained after LHW was 3.83, which was consider-
ably lower than that of the organosolv liquors (5.15 and 4.62
with 70% and 50%, respectively). The lower cellulose recov-
ery in LHW can also be explained by the same phenomenon.
The positive effect of increasing ethanol concentrations on
the recovery of hemicellulose and lignin removal was also
documented in previous reports [27, 36-38].

It is well-known that, in organosolv, the lignin removal
increases with temperature, as well as carbohydrate

solubilization and degradation [29]. In this study, the corn-
cob was treated at 150 °C, 170 °C, and 190 °C for 1 h using
70% ethanol as the solvent to quantify the effect of organo-
solv treatment temperature (Fig. 1b). Higher temperatures
solubilized more of the biomass (Table 2). The pH of the
liquors after the treatments was slightly different, decreasing
with temperature [36]. The composition of the biomass pre-
treated at 150 °C was comparable to that obtained at 170 °C.
The cellulose and xylan recoveries were around 80-85%. At
190 °C, similar cellulose recovery, but much lower xylan
recovery (36%) was observed. Almost three-quarters of the
lignin could be separated from the corncob at this tempera-
ture, so that, biomass with low lignin and xylan and high
cellulose was obtained. This could be a convenient feedstock
to obtain glucose after post-enzymatic hydrolysis and can
be used as a carbon source in bio-productions [22, 39, 40].
The effect of MgO as a catalyst in organosolv treatment
was tested at 150 °C, 170 °C, and 190 °C using 70% ethanol
as the solvent (Table 2 and Fig. 1c). pH of the treatment lig-
uors decreased with increasing temperature in the presence of
MgO like in its absence; however, the values were considera-
bly higher (pH 6.45-7.65) compared to the tests without MgO
at the same temperatures (pH 4.81-5.33) (Table 2). At 150 °C,
the solubility and the composition of the treated corncob were
very close with and without MgO despite the difference in
the pH value of about 2.4. At 170 °C, MgO provided slightly
higher biomass recovery. A small increase in xylan recovery
from about 81% to 87% was observed with the addition of
MgO at 170 °C. Cellulose recovery and lignin removal values
were comparable with and without MgO. The most drastic
effect of MgO was pronounced in the xylan recovery in the
organosolv at 190 °C, increasing to 70.1% from 36% (without
MgO at 190 °C). The biomass recovery increased, and cellu-
lose recovery did not change with MgO at 190 °C. The lignin
removal was high (68.1%), only 10% lower than obtained

@ Springer



6390

Biomass Conversion and Biorefinery (2023) 13:6385-6394

100 a
90
~ I
< 80
g 70 ~
g 60
(0]
50
8
%, 40
% 30
ég 20
10
0
50 70
(LHW)
Ethanol (%)
100
90

Recovery or Removal (%)

80 1 E 2t
70
60
50
40
30
20

10

0

150 170 190

Temperature (°C)

100 +100mM MgO
90
S 80
s 70
Q
g 060
Q
~ 50
5
g 40
> 30
]
E 20
10
0
170 (MgO
treatment)

Temperature (°C)

Fig. 1 Effect of organosolv pretreatment conditions on the cellulose
(light grey bars) and xylan (dark grey bars) recoveries and lignin
removal (black bars) from corncob. a effect of ethanol concentration
by volume (7=170 °C). b effect of temperature (ethanol concentra-
tion=70%). ¢ effect of MgO (100 mM) at different temperatures (0%
ethanol in the MgO treatment, 70% ethanol in the others)
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without MgO. Overall, these results are supporting that lower
xylan solubilization (higher recovery) can be explained by
the higher organosolv liquor pH values observed with MgO
[28]. To extend the understanding of the effect of MgO on pH,
MgO was also tested for the treatment of corncob at 170 °C, in
the absence of ethanol (MgO treatment). This treatment was
similar to LHW, but 100 mM MgO was included. It resulted
in a liquor pH of 6.33, which was a 2.5 pH value increase from
the treatment without MgO. The catalyst increased the solid
recovery to 15.4 g, which was around 40% higher. Under this
condition, lignin removal (25.0%) was poorer compared to
other treatments. The xylan was recovered to a great extent
(69.5%) with a two-fold increase from the recovery without
MgO. Separation of xylan from the biomass was hindered by
the presence of MgO, which fitted well with the aim of this
work; however, the lignin removal was limited. These findings
further support the idea that metal oxides can be effective to
prevent pH decrease in the thermochemical treatment of LCB
[41]. Previously, MgO pretreatment [28] and MgO-catalyzed
organosolv treatment [27] were applied on corn stover. In the
former, MgO provided higher xylan recovery in the biomass,
but no improvement in lignin removal compared to LHW. In
organosolv, however, they observed enhanced lignin removal
in agreement with this study, with reduced monosaccharide
degradation. Ye et al. [42] also treated corncob with MgO
to improve lignin removal and reported looser surface area,
higher crystallinity, and cellulose content compared to the
raw material.

3.2 Xylan digestibility

The enzymatic hydrolysis tests were performed using four
pretreated corncob samples selected based primarily on the
xylan recovery and the lignin removal values. The biomasses
containing 28.7-30.6% xylan obtained after treatments at
150 °C and 170 °C either with or without MgO were used
in the tests. They were hydrolyzed by xylanases to check
the extent of xylan digestibility. The xylanase activities in
Accellerase XY and Econase XT (4% solution) were found
to be 28,400 U/ml and 1300 U/ml, respectively. The cellu-
lase (filter paperase) activity of Accellerase XY was 74 FPU/
ml, while no cellulase activity was detected in Econase XT.

Accellerase XY was applied at 55 °C for 24 h to hydro-
lyze the xylan in the pretreated corncob into xylose. The
maximum xylan digestibility was 65%, which was obtained
with the sample treated at 170 °C in the presence of MgO
(Fig. 2). Under this condition, 9.8 g/L xylose was released
into the hydrolysis medium. Xylose yield based on the initial
xylan in the feedstock was calculated as 57%, corresponding
to 15.3% of the raw corncob (dry basis). Without MgO, the
digestibility and yield decreased slightly to 58% and 47%,
respectively. In the hydrolysis of samples treated at 150 °C
with and without MgO, 43% and 33% of the xylan in the
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Fig. 2 Digestibility (mass percent) of xylan in the pretreated corncobs
into xylose using xylanase (Accellerase XY). squares: pretreated at
150 °C; circles: pretreated at 170 °C. closed symbols: no MgO; open
symbols: 100 mM MgO

pretreated samples were hydrolyzed into xylose, respec-
tively. No glucose was detected in the enzymatic hydro-
lysate, which was ascribed to the very low cellulolytic activ-
ity (0.65 FPU/ml) in the hydrolysis medium.

The compositions of the pretreated corncob samples used
in hydrolysis were similar (Table 2); however, their digest-
ibility differed considerably. For example, an increase in
organosolv pretreatment temperature from 150 to 170 °C had
only a slight effect on the xylan and lignin contents, whereas
the digestibility increased more than 1.5 times. Similarly,
the inclusion of MgO in the organosolv at 150 °C did not
change the breakdown of the compositions but increased
digestibility. The effect of MgO in the organosolv at 170 °C
was profoundly less on xylan digestibility. It is apparent
from these results that the extent of lignin removal, or cel-
lulose and xylan recovery were not the primary determinants
in the xylan digestion of organosolv-pretreated corncob. The
higher temperature and presence of MgO as a catalyst may
have rendered the xylan in the biomass more open to enzy-
matic hydrolysis. This showed that the effect of the organo-
solv treatment was not only through delignification but also
the disruption of the interaction among the components of
the pretreated biomass was effective in the post-enzymatic
hydrolysis. This effect was more pronounced at higher tem-
peratures and when MgO was used as a catalyst. Such effects
of pretreatments including organosolv have been generally
discussed for cellulose digestibility by enzymes, ascribing
to the accessible area, cellulose crystallinity, pore volume,
particle size, and degree of polymerization as well as the
hemicellulose and lignin contents [23, 39].

To understand the potential of organosolv for XOS pro-
duction, another enzymatic hydrolysis under a different con-
dition was carried out. The corncob pretreated at 170 °C

12
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Fig.3 Xylooligosaccharides (XOS) production from pretreated
(170 °C, 70% ethanol, no MgO) corncob by enzymatic hydrolysis
using xylanase (Econase XT). Solid square: total XOS; open square:
XOS with low degree of polymerization; star: xylose; solid circle:
xylobiose; open circle: xylotriose; triange: xylotetraose

without MgO was selected for this test based on the results
of xylose production. It was hydrolyzed at 70 °C using
another commercial xylanase, Econase XT, which showed
better performance for XOS production than Accellerase
XY in the preliminary experiments. The XOS production
started rapidly and in 8 h most of the xylan conversion was
completed (Fig. 3). Total XOS, which accounted for all the
xylan-based oligomers dissolved in the hydrolysis medium,
reached 9.6 g/L in 8 h. This corresponded to approximately
65% conversion of the xylan in the pretreated corncob into
XOS and 53% XOS yield based on the feedstock xylan.
The XOS yield on raw corncob was calculated as 14%.
Extending the hydrolysis time to 24 h increased the total
XOS concentration slightly to 10.9 g/L.. XOS production
was accompanied by xylose and in 24 h, 1.9 g/L xylose was
released. Xylose formation during XOS-oriented hydrolysis
was generally indispensable and reported also in other stud-
ies [43-46].

The degree of polymerization is a prominent parameter
for the prebiotic activity of XOS [47]. Most of the XOS
was in the form of a dimer (xylobiose). Unlike total XOS,
xylobiose synthesis did not finish in 8 h and increased in
24 h to 6.5 g/L. Between 8 and 24 h, some of the large
XOS may have been hydrolyzed into xylobiose. In line
with that, there was approximately 1 g/L of other XOS
(xylotriose and xylotetraose) after 8 h, but their concentra-
tions decreased in the later stages. Between 24 and 48 h,
there was no considerable change in the concentrations.
The XOS obtained from the organosolv pretreated corncob
to a large extent had low DP, which are known to promote
better the growth of Bifidobacterium in the colon [47]. The
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degree of polymerization of XOS and the fraction of XOS
with low DP depend on the characteristics of the xylanase
used for the hydrolysis, as well as the type of feedstock
and the pretreatment conditions [48]. Application of xyla-
nase for 48 h on the untreated (raw) corncob yielded only
0.96 g/l total XOS, which confirmed the requirement of
pretreatment for the enzymatic hydrolysis of LCB [49, 50].
Like in xylose production by Accellerase XY, there was no
detectable amount of glucose released during XOS produc-
tion by Econase XT, owing to the lack of cellulase activity.

When organosolv was applied under specific conditions,
it could retain most of the xylan in the corncob biomass,
while the biomass was partially delignified simultaneously.
Unlike the organosolv treatment at high temperatures or
in the presence of an acid catalyst, the xylan was not solu-
bilized or hydrolyzed extensively. In this way, the forma-
tion of carbohydrate degradation products can be kept
to a minimum. The pretreated biomass can be separated
easily from the pretreatment liquor and washed; thus, the
enzymatic hydrolysate may have contained no (or a small
amount of) compounds that originated in the organosolv
and carried along with the solid biomass. This is unlike the
organosolv at high severities and the LHW treatment. In
those treatments, the xylose and XOS are collected in the
treatment liquor, which contains the extractives from the
biomass as well as the carbohydrate degradation products
[20, 23]. The resulting corncob biomass was amenable to
xylanase activity on the xylan, so that it could be hydro-
lyzed into xylose and XOS. The high selectivity of the
commercial xylanase towards xylan hydrolysis provided
a hydrolysate composed of primarily xylan hydrolysis
products. Proper selection of the enzyme source and the
hydrolysis conditions directed the hydrolysis toward either
xylose or XOS exclusively.

Organosolv treatment is a costly process because of the
high energy demand to provide high temperatures and the
requirement of special equipment that should withstand high
pressure. The cost of the proposed process may also increase
due to the enzyme cost. Besides, the xylose yield in this
approach (around 57% based on the initial xylan) was lower
than the ones obtained by dilute acid hydrolysis, which can
be as high as over 90% [51], whereas XOS yield (53%) was
comparable to previous studies [52]. On the other hand, the
xylose and XOS purification cost following the process pro-
posed in this study could be low since the hydrolysates do
not contain any other carbohydrates, plant components, and
sugar degradation products. In addition to that, the cellulose
recovered can be hydrolyzed into glucose without any other
pretreatment since most of the xylan and lignin are removed.
It is also possible to recover the lignin from the organosolv
liquor [53]. So, glucose and lignin can be used as feedstock
for value-added products.

@ Springer

4 Conclusion

The current study showed that organosolv pretreatment
under specific conditions combined with an enzymatic
post-hydrolysis can be an alternative approach to obtaining
xylose and XOS from xylan in LCB. For improved yields,
the dissolution and degradation of xylan in the pretreat-
ments should be prevented. This was achieved in this study
by using a high ethanol fraction (70%) in the organosolv
pretreatment while adding MgO further improved the xylan
recovery. Higher pretreatment temperature had a positive
effect on xylose yield in enzymatic hydrolysis, while MgO
had a slight effect. Organosolv pretreatment also allowed
enzymatic XOS production composed extensively of xylo-
biose, having a high prebiotic potential. The absence of
sugar degradation and cellulose digestion products in the
enzymatic hydrolysates, unlike dilute acid and hot water
hydrolysates, and not requiring concentrated acid and alkali
are the primary advantages of the proposed method. This
approach can be applied in lignocellulose biorefineries aim-
ing to add value to xylan in addition to cellulose and lignin,
thus increasing the feasibility.
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