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a  b  s  t  r  a  c  t

The  public  interest  in  usage  of lignocellulosic  biomass  as  a renewable  resource  has  grown  strongly  during
the  last  decade.  Hemicelluloses  are the  second  most  abundant  constituents  of  wood  biomass,  but have
yet  received  less  attention,  compared  to cellulose.  In  this  work  hydrolysis  of  xylan,  as  an  example  of
hemicelluloses,  was  studied  at  moderate  temperatures  between  70 and  90 ◦C and  pH values  ranging
from  0.5  to 3 with  different  liquid  (HCl,  H2SO4, triflouroacetic  acid,  oxalic  acid)  and  solid  (Smopex-101)
catalysts.  Experimental  results  showed  complete  cleavage  of xylan  with  xylose  yields  of  up to  95%.

©  2015  Elsevier  B.V.  All  rights  reserved.

1. Introduction

As the society at large is becoming more convinced that fossil
resources need to be and will be replaced by renewables, research
is more and more focusing on the application of renewables. Waste
biomass, mostly of plant origin, is a main renewable feedstock for
both biofuels and basic or specialty chemicals. Despite ongoing
attempts to establish biorefinery concepts, there is still a lack of
fundamental knowledge in some areas of biomass conversion. One
of these gaps are hemicelluloses, being part of lignocellulose which
is the most abundant biomass representing almost 70% of the total
plant biomass. Lignocellulose contains micro fibrils of cellulose,
hemicelluloses, lignin and to a minor extent structural proteins,
lipids and ash. Wood is one of the most common “non-food” renew-
able resources containing large amounts of hemicellulose, which
strongly depends on the type of biomass.

Compared to cellulose, hemicelluloses have a lower degree of
polymerization (DP) (hemicelluloses: 100–300, cellulose: 10,000)
and an amorphous structure. The polysaccharide chain is shorter,
branched and the chain is composed of several sugar units i.e. hex-
oses and pentoses [1,2]. Hence, the thermal and chemical stability
of hemicelluloses is lower than that of celluloses [3]. The DP is
defined as the ratio of the weight average molar mass (Mw)  per
Mw of the monosaccharides [4].
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Hemicelluloses are heteropolysaccharides, which consist
of pentoses (d-xylose, l-arabinose), hexoses (d-mannose, d-
glucose and d-galactose), acids (4-O-methyl-d-glucuronic acid,
d-galacturonic acid and d-glucoronic acid) and small amounts
deoxyhexoses (l-rhamnose and l-fucose) [4–6]. These sugar units
are branched while forming the polysaccharides [2]. Classification
of hemicelluloses is based on the main sugar unit (such as xylan,
mannan and galactan) in the backbone of the polysaccharide. The
chemical composition and the structure of hemicelluloses are very
different and depend on the species, the location in the cell wall
and the developmental stage [7,8].

The hemicelluloses of hardwood and softwood consist of a lin-
ear polysaccharide xylan, whereas the structure and the content
depend on the wood type and species [9]. The xylan of hard-
wood is O-acetyl-(4-O-methylglucurono)-xylan (glucuronoxylan)
and is the main component with a content between 15% and 30% of
the dry material, which varies according to the hardwood species.
Softwood contains typically 5–10% of arabinoglucuronoxylan, also
depending on the softwood species [2,4]. Furthermore, xylans are
present in grasses, cereals and herbs [10].

In the present work, the utilized hemicellulose was extracted
from the hardwood species silver birch (Betula pendula). O-acetyl-
(4-O-methylglucurono)-xylan will be denoted as “xylan” from here
on.

Among the main routes of converting hemicelluloses are
gasification bio-based syngas, pyrolysis to bio-oil, hydrolytic
hydrogenation to polyols and hydrolysis to monosaccharides.
Processing of hemicelluloses through the latter process is based
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Table  1
Overview on all conducted experiments and reaction conditions.a

Exp. Nr. Xylan conc. [wt.%] Temp. [◦C] Catalyst type Catalyst conc. [pH] [H+]

I 0.5 90 HCl 1 0.1
II  0.5 90 H2SO4 1 0.1
III  0.5 90 CF3COOH 1 0.1
IV  0.5 90 HCl 3 0.001
V  0.5 90 HCl 2 0.01
VI  0.5 90 HCl 0.5 0.316
VII  0.5 80 HCl 1 0.1
VIII  0.5 70 HCl 1 0.1
IX  0.5 90 Oxalic Acid 1 0.1
X  2.5 90 HCl 1 0.1
XI  5 90 HCl 1 0.1
XII  0.5 90 Smopex-101 ∼2.0 0.01

a Experiment duration was 24 h with 12 samples taken.

on the cleavage of the glycosidic bond in the polysaccharides by
the addition of water in the presence of mineral, organic or solid
acids [7,10,11].

The acid hydrolysis of hemicelluloses can be accomplished eas-
ier and faster, compared to cellulose, because of amorphous and
heterogeneous structure of hemicelluloses and lower degree of
polymerization [7,12,13]. The released monosaccharides can be
dehydrated into degradation products such as furfural or HMF,
which is promoted by higher temperatures as well as strong acidic
concentrations [1].

Common acids for the hydrolysis are mineral acids e.g. sulfu-
ric acid (H2SO4), phosphoric acid (H3PO4), nitric acid (HNO3) and
hydrochloric acid (HCl) as well as organic acids such as: trifluo-
roacetic acid (CF3COOH), oxalic acid (HOOC COOH) and acetic acid
(CH3COOH) [14,15].

Dhepe and Sahu [16] investigated the catalytic conversion of
hemicelluloses over different solid Brønsted acid catalysts. The
highest yields of arabinose and xylose were achieved with HUSY,
a zeolite catalyst made of microporous crystalline material with a
pore diameter of 0.74 nm and a Si/Al ratio of 15. Furthermore, they
carried out recycling studies for the catalyst and showed that it can
be reused up to five catalytic runs with almost the same activity.

Kusema et al. [17] demonstrated selective hydrolysis of
arabinogalactan and O-acetyl-galactoglucomannan (GGM) over
heterogeneous catalysts Smopex-101 and Amberlyst-15. The
hydrolysis of AG and GGM showed similarities for both catalysts. In
the case of O-acetyl-galactoglucomannan hydrolysis, an interesting
self-accelerating effect was observed: the hydrolysis rate was very
slow in the beginning, but accelerated as the hemicellulose macro-
molecule was cleaved. Long reaction times were thus needed (24 h
or more) to complete the hydrolysis. The process was very selec-
tive, the main reaction products were the sugar monomers; minor
amounts of oligomers but no low-molecular degradation products
were detected. The result was a parabolic kinetic curve, which was
modelled with a novel kinetic approach [18].

The hydrolysis rate of the individual sugar units of the polysac-
charide is different as their structure and conformation within
the polysaccharides influences the reaction. In the present work,
hydrolysis of xylan into monosaccharides was studied in the tem-
perature range 70–90 ◦C using a range of homogeneous catalysts.
For comparison, the heterogeneous catalyst Smopex-101 was also
utilized.

2. Experimental

2.1. Setup

The experiments were carried out in a jacketed glass batch reac-
tor. The temperature was kept constant using a heating jacket
connected to a water-filled thermostat. Atmospheric pressure

during heating was  maintained via a standard glass condenser fit-
ted to the top of the reactor, which was  independently cooled with
cold water. Mixing was realized by a lateral stirrer made of PTFE,
running at minimum 500 rpm.

2.2. Experiments

The aim of the experiments was to investigate the acid-
catalyzed hydrolysis of xylan to xylose at moderate reaction
conditions with common mineral and organic acids, as well as
solid catalyst Smopex-101. The following main reaction parameters
were varied during the experiments (Table 1):

(a) type of the acid catalyst (HCl, H2SO4, trifluoroacetic acid/TFA,
oxalic acid, Smopex-101),

(b) catalyst loading, influencing proton concentration (pH 0.5–3;
H+ 0.361–0.001 mol/l),

(c) temperature (70–90 ◦C),
(d) xylan concentration (0.5–5 wt.%).

The variation of temperature and pH gave the necessary experi-
mental data to conduct kinetic modelling and determine the kinetic
parameters (activation energy and pre-exponential factor).

2.3. Analysis

The preparation of the samples for the GC analysis of the
polysaccharide was  performed accordingly to the previously
described procedures [12,19].

The carbohydrate and the monomer content of the samples were
analyzed by GC-FID, which was a PerkinElmer Clarus 500 instru-
ment. The column (25 m × 0.2 mm)  was coated with cross-linked
methyl polysiloxane (HP-1). The heating process of the column
oven was  as follows: start at 100 ◦C, ramp at 2 ◦C/min to 170 ◦C,
then 12 ◦C/min to 290 ◦C and holding this final temperature for
4 min. The used carrier gas was  H2 with a flow rate of 40 ml/min.
The split injector had a temperature of 260 ◦C and the ratio was
1:15. A sample volume of 100 �l was injected in the GC.

The oligomer content was  determined with a PerkinElmer
Autosystem XL GC with FI-detector. The size of the used column
was 7.5 m × 0.53 mm and the coating is the same as for the previ-
ously described column. The column was heated as follows: from
100 to 340 ◦C (12 ◦C/min) and then put on hold for 10 min. The flow
rate of the carrier gas H2 was 7 ml/min. The column injector had a
temperature of 80 ◦C and a sample volume of 0.5 �l was injected in
the GC.

Degradation products were identified via a GC–MS equipped
with a MSD  5973 HP detector. The column (HP-5) parameters are
as follows: 25 m × 200 �m with 5% phenyl methyl siloxane. The
settings for the column oven parameters were: 45 ◦C, raise with
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