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a b s t r a c t

Wheat straw was fractionated using a three-step biorefining approach: (1) aqueous pretreatment for
hemicellulose prehydrolysis into sugars, (2) organosolv delignification, and (3) enzymatic cellulose
hydrolysis into glucose. Prehydrolysis was applied to avoid degradation of hemicellulose sugars during
organosolv delignification. Maximum xylose yield obtained was 67% or 0.17 kg/kg straw (prehydrolysis:
175 �C, 30 min, 20 mM H2SO4) compared to 4% in case of organosolv without prehydrolysis (organosolv:
200 �C, 60 min, 60% w/w aqueous ethanol). Prehydrolysis was found to reduce the lignin yield by organo-
solv delignification due to the formation of ‘pseudo-lignin’ and lignin recondensation during prehydroly-
sis. This reduction could partly be compensated by increasing the temperature of the organosolv
delignification step. Prehydrolysis substantially improved the enzymatic cellulose digestibility from
49% after organosolv without prehydrolysis to 80% (20 FPU/g substrate). Increasing the organosolv delig-
nification temperature to 220 �C resulted in a maximum enzymatic glucose yield of 93% or 0.36 kg/kg
straw.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Biorefining is the sustainable processing of biomass into a spec-
trum of marketable products (food, feed, materials, and chemicals)
and energy (fuels, power, and heat) (definition International
Energy Agency, Bioenergy Task 42). Lignocellulosic biomass is a
versatile renewable feedstock for biorefining, of which the main
constituents are the biopolymers cellulose, hemicellulose, and
lignin. Efficient fractionation of lignocellulosic biomass into its
main constituents, such that all fractions can be valorized, is a pre-
requisite for an economic lignocellulosic biorefinery. In particular,
the use of lignocellulosic agricultural and forestry residues for
biorefineries seems promising because of high availability,
relatively low costs and no direct competition with food and feed
production. An agricultural residue that is often considered as a
feedstock for biorefining is wheat straw (Talebnia et al., 2010).
Wheat straw has also been chosen as feedstock for the work
reported here.

Different lignocellulosic biorefinery concepts exist (Kamm et al.,
2006). Within the so-called sugar platform, the cellulose fraction is
first hydrolyzed into glucose, which can then be converted into e.g.
bioethanol by fermentation. In case of enzymatic cellulose hydro-
lysis, direct hydrolysis of lignocellulose is very inefficient and
pretreatment is required to render the cellulose fibrils more acces-
sible to enzymes (Hendriks and Zeeman, 2009; Wyman et al.,
2005). The aims of the pretreatment step include delignification,

hemicellulose removal and reduction of the degree of polymeriza-
tion and crystallinity of the cellulose fraction (Mosier et al., 2005;
Taherzadeh and Karimi, 2008).

Organosolv is a pretreatment technology which has been
reported to produce readily hydrolysable cellulose substrates in
addition to lignin (Pan et al., 2005a; Zhao et al., 2009). The copro-
duction of a high-purity lignin stream is a major advantage of
organosolv compared to other pretreatment routes like steam
explosion and mild acid pretreatment. Lignin is a potential renew-
able source for aromatic chemicals, like phenolics, and performance
products, like resins (Zakzeski et al., 2010). Vice versa, valorization
of co-products (lignin as well as hemicellulose derivatives) is essen-
tial for an economic organosolv process (Pan et al., 2005a).

Hemicellulose is the most reactive of the three major structural
constituents of lignocellulosic biomass. In this study, the aim is to
convert wheat straw hemicellulose into sugars. A drawback of the
organosolv process is that the conditions required to delignify lig-
nocellulosic feedstocks may lead to low yields of hemicellulose
sugars due to degradation and subsequent formation of humins
and condensation products with lignin (Huijgen et al., 2010; Zhao
et al., 2009). In earlier work on autocatalytic acetone-based
organosolv pretreatment of wheat straw, we reported that, at con-
ditions yielding maximum enzymatic digestibility (205 �C), the
yield of the major hemicellulose sugar xylose was only �4% of its
theoretical maximum or 1% w/w raw wheat straw (Huijgen et al.,
2010). The yield of furfural was only slightly higher.

A possible approach to avoid degradation reactions of hemicel-
lulose sugars is prehydrolysis of the hemicellulose fraction into
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sugars prior to organosolv delignification. In this way, the hemicel-
lulose fraction does not have to be exposed to the relatively severe
process conditions required for delignification. In general, aqueous
treatment has been widely studied as a means to convert hemicel-
lulose into sugars (as well as other chemicals such as furfural and
acetic acid) (Carvalheiro et al., 2008; Garrote et al., 1999). In addi-
tion, aqueous treatment leads to the removal of part of the extrac-
tives and water-soluble ash minerals such as the alkalis. The
resulting solid residue from the aqueous treatment consists mainly
of lignin and cellulose and contains less inorganic and organic
extractives compared to the starting material. As a consequence,
this ‘‘extractive-poor’’ lignin–cellulose residue seems a better feed-
stock for the production of pure lignin and cellulose by organosolv
delignification than the raw biomass.

During the last years, experimental studies on hydrolysis of
hemicellulose prior to organosolv treatment have been published
with steam (Chen and Liu, 2007), dilute acid presoaking (Brosse
et al., 2009) and hydrothermal pretreatment (El Hage et al.,
2010; Romaní et al., 2011; Ruiz et al., 2011). However, in most of
these studies the prehydrolysis–organosolv fractionation approach
is not compared with direct organosolv treatment of the biomass.
Only El Hage et al. made such a comparison, but for a different type
of biomass, i.e. Miscanthus (El Hage et al., 2010). Such a compari-
son is required to elucidate the influence of the prehydrolysis step
on the delignification during subsequent organosolv treatment and
the resulting enzymatic digestibility of the cellulose fraction.

In this paper, we present a study on the fractionation of wheat
straw by aqueous pretreatment (prehydrolysis), organosolv delig-
nification and enzymatic hydrolysis. The aim of the prehydrolysis
step is to hydrolyze the hemicellulose fraction into sugars, xylose
in particular. During the organosolv step, the prehydrolyzed wheat
straw is delignified with the help of ethanol as solvent and a
cellulose-enriched substrate for enzymatic hydrolysis is produced.
Results of prehydrolysis–organosolv fractionation are compared
with direct organosolv treatment. The objective of the research
described in this paper was to study the effectiveness of the prehy-
drolysis step and its influence on organosolv delignification and
enzymatic digestibility of the resulting pretreated wheat straw.

2. Methods

2.1. Materials

2.1.1. Raw material
Wheat straw (cut to <2 cm) was provided by Abengoa Bioenergy

New Technologies, Spain, in the framework of the EU-FP6 project
BioSynergy. The average moisture content of the raw material
was �8% w/w. The summative composition of the wheat straw
was (% w/w dry biomass): extractives, 11.2 ± 1.2 (H2O) and
2.0 ± 0.0 (ethanol); glucan, 34.6 ± 1.0; xylan, 21.5 ± 0.7; arabinan,
2.1 ± 0.1; galactan, 0.5 ± 0.0; mannan, 0.2 ± 0.1; acid insoluble lig-
nin, 15.1 ± 0.1; and acid soluble lignin, 1.0 ± 0.0 (Huijgen et al.,
2010). The ash content of the straw was 8.5% w/w dry biomass.
The elemental composition of the wheat straw was (% w/w dry bio-
mass): C, 43.8; O, 41.7; H, 5.4; Si, 2.4; K, 1.4; Cl, 0.5; N, 0.2; and Ca,
0.2 (other elements <0.1) (Huijgen et al., 2010).

2.1.2. Chemicals and enzyme
Ethanol 96% was purchased from Merck, Germany with a spec-

ified purity of 92.6–95.2% w/w. An average purity of 94% w/w was
used in the calculations. The enzyme mixture that was used for
enzymatic cellulose hydrolysis (Accellerase 1500) was kindly
provided by Genencor, Rochester, NY. The sugar content of the
enzyme mixture was found to be negligible for calculation of the

enzymatic glucose yields. All chemicals and enzymes were used
without further purification.

2.2. Fractionation

Table 1 gives an overview of the conducted fractionation exper-
iments. Fractionation experiments consisted of two steps: (1)
aqueous pretreatment (prehydrolysis) and (2) organosolv delignifi-
cation. Fig. 1 shows a scheme of the experiments performed. Both
process steps were performed in an autoclave reactor (2 L Hastel-
loy Kiloclave, Büchi Glas Uster AG, CH) using an anchor stirrer at
a rate of 100 rpm.

Experiments were carried out in two series (series 1: experi-
ments 1–4 and 9–11, series 2: experiments 5–8). A typical temper-
ature profile of the autoclave reactor is given in Fig. 2. The
temperature profile of the reactor in both series differed to some
extent due to changes made in the control software. For example,
heating to 175 �C was about 13 min faster in series 1 than in series
2 (prehydrolysis step). Repetition of experiment 2 using the heat-
ing profile of the second series showed that the changes in the
temperature profile of the reactor had limited effect on the results
compared to the effects of the process parameters, as varied in this
study (data not shown).

2.2.1. Prehydrolysis
Wheat straw was suspended in acidified water (0–20 mM

H2SO4, liquid-to-solid (L/S) ratio = 7.5 L/kg dry biomass) and
heated in the autoclave reactor to a reaction temperature of 160–
190 �C. After 30–120 min at the reaction temperature, the auto-
clave was cooled down to a temperature below 40 �C. The product
slurry was filtered quantitatively over a Whatman GF/D-filter. The
solid product was washed with demineralized water. The two
resulting liquors were combined and stored in a refrigerator for
analysis. The washed solid was divided in two portions. A part of
the solid was dried at 50 �C under vacuum for analysis and deter-
mination of the pulp yield. The rest of the solid product was kept
overnight in a refrigerator for organosolv fractionation.

2.2.2. Organosolv
The pulp resulting from the prehydrolysis step was mixed with

demineralized water and ethanol to obtain a slurry with a L/S-ratio
of 10 L solvent/kg dw biomass and an ethanol–water ratio of
60:40% w/w. After heating the reactor to the reaction temperature
(190–220 �C), the reactor was kept isothermal during the reaction
time (t, 60 min), and subsequently cooled down to below 40 �C.

After organosolv treatment, the product suspension was filtered
quantitatively over a Whatman GF/D-filter. The solid fraction
remaining after organosolv was washed with 60% w/w aqueous
ethanol and divided into two portions. One part was stored in a
refrigerator for enzymatic hydrolysis tests. The other part was
washed with water and dried overnight under vacuum at 50 �C
for analysis and determination of the pulp yield. The ‘organosolv
liquor’ and the first washing liquor were combined and stored in
a refrigerator for analysis and lignin recovery. Lignin was precipi-
tated from the liquor upon dilution with refrigerated water
(water:solution 3:1 w/w) following a procedure that has been
described earlier (Huijgen et al., 2010).

2.3. Analyses

2.3.1. Prehydrolysis and organosolv liquors
The prehydrolysis and organosolv liquors were analyzed for

their pH and content of monomeric and oligomeric sugars, sugar
degradation products and organic acids. Analysis of monomeric
sugars was performed with High Performance Anion Exchange
Chromatography with Pulsed Amperometric Detection (HPAEC-
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PAD, ICS3000, Dionex, Sunnyvale, CA) equipped with a CarboPac
PA1 column and post-column addition of 0.2 mL/min 0.25 M
NaOH. A gradient of NaOH was used as eluent (0.25 mL/min):
15 mM (0–2 min), 0 mM (2–30 min), from 0 to 200 mM (30–
35 min), 200 mM (35–40 min), from 200 to 15 mM (40–45 min),
and finally 15 mM (45–50 min). Liquors resulting from the first
series of experiments were analyzed without the use of an internal
standard. Deviations due to drift in the detector’s response within a
series of analyses were estimated to be <2.5% for these liquors
based on the response of monomeric sugar calibration standards
before and after each measurement series. Liquors resulting from
the second series of experiments were analyzed using lactose as
an internal standard to compensate for the detector’s drift. The su-
gar analyses were performed both directly and following post-
hydrolysis of the sample (post-hydrolysis conditions: 1 M H2SO4,
100 �C, 2 h). The concentration of oligomeric sugars in the liquors
was calculated from the difference between the two analyses.

Analysis of the sugar dehydration products HMF (5-(hydroxy-
methyl)-2-furaldehyde) and furfural (2-furaldehyde) as well as
acetic, formic, and levulinic acid was performed with HPLC-RI/UV
(with BIO RAD Aminex HPX-87H column, 65 �C, 5 mM H2SO4,
0.60 mL/min).

2.3.2. Moisture and ash content solids
The moisture and ash contents of solid samples were measured

according to the protocols NREL/TP-510-42621 and 42622, respec-
tively (National Renewable Energy Laboratory (NREL), 2009). The
moisture content was measured with a halogen moisture analyzer
(Mettler Toledo HR83). The ash content was measured by combus-
tion at 550 �C.

2.3.3. Summative composition fractionated solids
The summative composition of solids was analyzed using pro-

cedures described in earlier work (Huijgen et al., 2010, 2011).

Table 1
Experiments.

Experimental series Experiment a Process conditions

Feedstock Solvent b T (�C) t (min) [H2SO4] (mM)

Organosolv w/o prehydrolysis 1 Straw 60% EtOH 200 60 0
Organosolv with prehydrolysis 2 A Straw H2O 175 30 0

B Pulp 2A 60% EtOH 200 60 0
T prehydrolysis 3 A Straw H2O 160 30 0

B Pulp 3A 60% EtOH 200 60 0
4 A Straw H2O 190 30 0

B Pulp 4A 60% EtOH 200 60 0
t prehydrolysis 5 A Straw H2O 175 60 0

B Pulp 5A 60% EtOH 200 60 0
6 A Straw H2O 175 120 0

B Pulp 6A 60% EtOH 200 60 0
[H2SO4] prehydrolysis 7 A Straw H2O 175 30 10

B Pulp 7A 60% EtOH 200 60 0
8 A Straw H2O 175 30 20

B Pulp 8A 60% EtOH 200 60 0
T organosolv 9 A Straw H2O 175 30 0

B Pulp 9A 60% EtOH 190 60 0
10 A Straw H2O 175 30 0

B Pulp 10A 60% EtOH 210 60 0
11 A Straw H2O 175 30 0

B Pulp 11A 60% EtOH 220 60 0

a A = prehydrolysis step. B = organosolv delignification step.
b 60% EtOH = 60% w/w aqueous ethanol.

Fig. 1. Schematic representation of experiments.
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These procedures are modified versions of the NREL standard bio-
mass analytical procedures (National Renewable Energy Labora-
tory (NREL), 2009). In short, the content of lignin, hemicelluloses,
and cellulose was determined in duplicate by hydrolysis. The sam-
ple was milled with a cutting mill and hydrolyzed in two steps: (1)
12 M (72% w/w) H2SO4 (30 �C, 1 h) and (2) 1.2 M H2SO4 (100 �C,
3 h). The solid residue was determined gravimetrically and its
ash content was measured. The acid-insoluble lignin (AIL) content
was based on the amount of ash-free residue. Finally, the hydroly-
sate was analyzed for monomeric sugars (with HPAEC-PAD as de-
scribed in Section 2.3.1, sample neutralized first with BaCO3) as
well as acid-soluble lignin (ASL, UV–VIS absorption at 205 nm,
absorption coefficient of 110 Lg�1 cm�1 used according to TAPPI
UM-250 (Technical Association of the Pulp (TAPPI), 1976).

In the NREL protocols, the sugar concentrations in the hydroly-
sates are corrected for potential sugar degradation during the

hydrolysis steps by the use of ‘sugar recovery standards’ (National
Renewable Energy Laboratory (NREL), 2009). However, this correc-
tion is known to probably be an overestimation (Sluiter et al.,
2010). Therefore, no correction was applied in this study although
this might have lead to an underestimation of the xylan and glucan
contents of the solids. The main consequence of this is that the
enzymatic glucose yields might be slightly overestimated.

2.3.4. Enzymatic digestibility
The enzymatic digestibility of (pretreated) wheat straw was

measured in duplicate according to NREL/TP-510-42629 (National
Renewable Energy Laboratory (NREL), 2009) as described in earlier
work (Huijgen et al., 2010, 2011). All pretreated wheat straw sam-
ples were enzymatically hydrolyzed without intermediate drying.
Samples were kept until enzymatic hydrolysis in 60% w/w aqueous
ethanol in a refrigerator to prevent bacterial growth. Before enzy-
matic hydrolysis, pulps were thoroughly washed with water to
remove any ethanol.

A suspension of 1.5 g dw biomass in 50 mL 0.05 M Na-acetate
buffer (pH 4.8) was shaken in an incubator. Thirty microliter Pen-
Strep (5000 U/mL penicillin and 5 mg/mL streptomycin) was added
as an antibiotic to eliminate potential bacterial growth. After heat-
ing to 50 �C, enzyme was added at 20 FPU/g dry substrate and incu-
bation was continued for 72 h. At fixed intervals, samples were
taken from the mixture for glucose determination. Glucose concen-
trations were determined with a colorimetric protocol as reported
earlier (Huijgen et al., 2010). The enzymatic glucose yield was cal-
culated on the basis of the maximum glucose concentration over
time in the hydrolysate.

2.4. Error analysis

Prehydrolysis at initial conditions (175 �C, 30 min, no acid) was
performed four times: experiments 2A, 9A, 10A, and 11A (Table 1).
The standard deviations in the results of these experiments were
used as an estimation of the error made in all experiments

Fig. 2. Temperature and pressure profiles of the prehydrolysis and organosolv
process steps (experiments 2A and B).

Table 2
Solids: pulp yield and summative composition of pulps and raw wheat straw.

Experiment a Pulp yield (dw%) b Composition (% w/w dry solid) c

AIL ASL Ara Xyl Man Gal Glc Ash Total

Wheat straw d 15.1 1.0 2.1 21.5 0.2 0.5 34.6 8.5 96.9
1 57.9 8.5 0.6 0.2 18.3 e 0.1 57.1 9.9 94.6
2 A 69.4 23.4 0.9 0.5 13.4 0.2 47.7 7.1 93.1

B 74.5 (51.7) 11.9 0.4 0.1 11.1 63.5 9.2 96.2
3 A 84.4 20.7 1.1 1.4 21.4 0.4 39.0 6.2 90.3

B 66.2 (55.9) 9.7 0.6 0.2 16.6 57.6 8.8 93.5
4 A 61.7 29.1 1.0 0.1 3.9 0.1 53.6 8.7 96.4

B 82.9 (51.2) 17.5 0.3 3.8 64.0 10.4 96.0
5 A 63.1 26.2 0.8 8.5 50.6 9.2 95.3

B 81.5 (51.4) 15.4 0.4 7.4 60.5 10.6 94.3
6 A 63.9 29.6 1.0 4.9 50.1 8.2 93.8

B 83.6 (53.4) 19.4 0.3 5.3 60.2 9.7 94.9
7 A 62.8 25.2 0.8 0.3 10.2 51.1 8.3 95.9

B 73.6 (46.2) 13.3 0.4 6.6 63.8 10.6 94.7
8 A 58.6 27.0 0.7 6.2 53.9 8.7 96.5

B 84.3 (49.4) 14.9 0.3 5.0 62.6 11.0 93.8
9 A 69.9 23.1 0.9 0.5 13.4 0.2 48.4 8.0 94.5

B 81.0 (56.6) 13.4 0.5 0.2 11.8 0.1 58.7 9.8 94.6
10 A 69.2 23.0 0.8 0.5 13.7 0.2 49.3 8.1 95.6

B 73.4 (50.8) 10.5 0.4 8.7 66.4 10.7 96.6
11 A 69.1 23.1 0.9 0.5 13.5 0.2 48.8 8.1 95.0

B 68.7 (47.5) 10.2 0.4 6.7 68.5 10.5 96.3

a A = prehydrolysis step. B = organosolv delignification step.
b dw: dry weight. Pulp yields of individual process steps given. Overall pulp yield of prehydrolysis and organosolv delignification given between brackets.
c Average of duplicate analyses. Abbreviations used: arabinan (Ara), xylan (Xyl), mannan (Man), galactan (Gal), glucan (Glc), acid insoluble lignin (AIL), and acid soluble

lignin (ASL).
d (Huijgen et al., 2010). Extractives: 11.2% w/w (H2O) and 2.0% w/w (EtOH).
e Empty cell: below detection limit.
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performed. The average pulp yield was 69.4 ± 0.4% w/w dry bio-
mass. The standard deviations calculated for the glucan, xylan,
AIL, and ash contents of the pretreated solid were 0.7%, 0.2%,
0.2%, and 0.5% w/w dry biomass, respectively. The absolute stan-
dard deviations for the resulting xylan, glucan, and lignin recovery
in the pretreated solid were 0.5%, 1.2%, and 1.0%, respectively. The
standard deviation for the yield of monomeric and oligomeric
xylose and furfural were 0.4%, 0.8%, and 0.4% of their theoretical
maximum yield, respectively.

For the enzymatic digestibility, an estimation of the experimen-
tal error was made based on a reference sample that was included
in every series of enzymatic hydrolysis tests performed. The stan-
dard deviation found for the glucose concentration after 72 h was
3.7% (n = 9). Similar experimental errors have been reported in
earlier work (Huijgen et al., 2010, 2011).

3. Results and discussion

3.1. Definitions

Pulp yield and composition of wheat straw and pulps are ex-
pressed in % w/w dry biomass. Delignification degree and lignin
yield are given as % w/w of the amount of lignin present in the
raw wheat straw. The yields of xylan and glucan derivatives, such
as sugars and furans, are expressed in % of their theoretical
maximum based on the composition of the raw wheat straw,

respectively. Enzymatic digestibility is determined as % of the the-
oretical maximum glucose yield based on the glucan content of the
substrate.

3.2. Organosolv fractionation without prehydrolysis

First, a reference organosolv fractionation experiment was car-
ried out without prehydrolysis (experiment 1, Table 1). The process
conditions of this reference experiment (200 �C, 60% w/w ethanol–
water, 10 L/kg dry wheat straw, 60 min, no acid) were selected
based on earlier studies (Diaz et al., 2011; Huijgen et al., 2010).

Table 2 shows the yield and composition of the resulting pulp.
The pulp yield is 57.9% and the resulting pulp is enriched in glucan
compared to the raw material (57.1 vs 34.6%). The lignin and xylan
contents decrease from 16.1% to 9.1% and from 21.5% to 18.3%,
respectively. In other words, 67% of the lignin and 51% of the xylan
are removed from the wheat straw during the organosolv treat-
ment (Figs. 3 and 4). At the same time, 95% of the glucan remains
in the solid fraction (Fig. 5). In spite of the 51% xylan removal, the
xylose yield is only 4% based on the xylan content of the feedstock.
This xylose is mainly present in the form of oligomers (Table 3). In
total, residual xylan and identified xylan derivatives (including a
furfural yield of 2%) account for only 56% of the original xylan in
the feedstock (Fig. 3). The remaining 44% has reacted into uniden-
tified products including possibly condensates with lignin (Huijgen
et al., 2010). The pH of the organosolv liquor is 4.9 (Table 3). The

Fig. 3. Product distribution of xylan based on xylan content raw wheat straw. Yields:% of theoretical maximum. (A) prehydrolysis. (B) organosolv delignification.
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enzymatic digestibility of the produced cellulose-enriched pulp is
51% compared to 15% for untreated raw wheat straw (Fig. 6).

3.3. Prehydrolysis prior to organosolv

In experiments 2–8 prehydrolysis was performed prior to
organosolv delignification. Organosolv was performed at identical
conditions as used for the organosolv experiment without prehy-
drolysis (Section 3.2). The influence of temperature, reaction time
and addition of H2SO4 as catalyst were studied around the initial
experiment (experiment 2, Table 1). The conditions of this experi-
ment were selected based on earlier work on aqueous pretreat-
ment (Huijgen et al., 2010; Wild de et al., 2009) and the
influence of the reaction temperature (Section 3.3.1).

3.3.1. Temperature
The prehydrolysis step was performed at 160, 175 and 190 �C

(experiments 3, 2 and 4). Prehydrolysis effectively removes the xy-
lan fraction. At 190 �C, the xylan content of the prehydrolyzed pulp
is only 3.9% corresponding to 89% xylan removal. However, at
190 �C a substantial part of the xylose reacts further to furfural
(yield 25%) and degradation products like humins and lignin–fur-
fural condensates (loss xylan: 26%, Fig. 3). The maximum yield of
monomeric and oligomeric xylose (44% in total) occurs at 175 �C.

At this condition, almost all (96%) xylose is present in oligomeric
form (Fig. 3).

The amount of lignin recovered in the pulp apparently increases
compared to the lignin present in the raw wheat straw. At 190 �C,
the lignin recovery is 115% (Fig. 4). This effect is most probably due
to formation of ‘pseudo-lignin’ (i.e., products, such as lignin-extrac-
tives, lignin–protein, and lignin–furfural condensation products,
that cannot be distinguished from Klason lignin by the analytical
method used (Garrote et al., 1999; Huijgen et al., 2010; Pan
et al., 2005b). Besides, formation of lignin recondensation products
during aqueous thermal treatment of biomass has been reported
extensively in literature (Li and Gellerstedt, 2008; Li et al., 2007).
The formation of these products is known to occur especially at
longer reaction times (typical for the use of a batch reactor because
of the heating and cooling times involved) (Aravamuthan et al.,
1989; Lora and Wayman, 1978). In flow-through reactor systems
with short contact times lignocellulosic biomass can actually be
partly delignified using aqueous pretreatment (Liu and Wyman,
2004).

The use of a prehydrolysis step influences the delignification
during the subsequent organosolv step as well as the enzymatic
digestibility of the resulting pulp. The delignification as well as
the lignin yield by precipitation (both based on raw wheat straw,
Fig. 4) decrease compared to the reference organosolv case without
prehydrolysis in spite of the lower pH of the organosolv liquor

Fig. 4. Product distribution of lignin based on lignin content raw wheat straw. (A) prehydrolysis. (B) organosolv delignification and lignin precipitation from the organosolv
liquor.
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(Table 3, pH 4.2–4.6 for 2B-11B cf. pH 4.9 for 1). At more severe
prehydrolysis conditions (i.e., higher temperature), delignification
is reduced more strongly (to 43% at 190 �C). Apparently, the lignin
becomes more stable (condensed) due to the aqueous pretreat-
ment and is therefore harder to extract during the organosolv step.
This phenomenon has also been reported by El Hage et al. (2010).
In addition, the removal of the salts during prehydrolysis may play
a role in reduction of subsequent organosolv delignification since
salts have been reported to catalyze organosolv pulping (Yawalata
and Paszner, 2004). In contrast to lignin removal, the overall xylan
removal is obviously higher when prehydrolysis is included. Thus,
the xylan content of the resulting organosolv pulp is lower (3.8% at
190 �C) than without prehydrolysis (18.3%, Table 2). The total glu-
can recovery is not affected by prehydrolysis at the conditions
studied (glucan recovery: 93–95%). Finally, prehydrolysis prior to
organosolv delignification increases the enzymatic digestibility of
the resulting pulp (up to 77% vs 51% based on the glucan content
of the pulp, Fig. 6). Apparently, the reduced xylan content of the
pulp and the changed nature of the lignin enhance the enzymatic
digestibility in spite of the higher lignin content (17.8% vs 9.1%
for experiment 2).

3.3.2. Reaction time
In experiments 5 and 6, the reaction time was extended to 60

and 120 min in an attempt to further increase the 44% yield of xy-
lose obtained in experiment 2 (30 min, 175 �C). The xylan content

of the pulp resulting from prehydrolysis decreases from 13.4%
(30 min) to 4.9% (120 min) (Table 2). The xylan removal degree in-
creases from 57 (30 min) to 86% (120 min) (Fig. 3). The yield of
oligomeric xylose shows a maximum of 47% at 60 min and a strong
decline to 8% upon extension of the reaction time to 120 min. The
yield of monomeric xylose, but also that of furfural, increase with
reaction time from 2% and 3% (30 min) to 16% and 26%
(120 min), respectively. The loss of xylan derivatives to products
like humins and lignin–furfural condensation products increases
simultaneously to 34% at 120 min. Overall, the highest yield of xy-
lose has been obtained at 60 min (57%) as well as the highest yield
of total identified products resulting from xylan (66%).

Even at longer reaction times, no significant glucan hydrolysis
occurs (Fig. 5). However, the formation of ‘pseudo-lignin’ is pro-
moted by extending the reaction time to 120 min (at 120 min,
residual ‘lignin’ in pulp is 122% of lignin present in the raw mate-
rial). As a consequence, the pulp yield of the 120 min experiment
and its AIL content are even slightly higher than that of the
60 min experiment (Table 2).

A longer hemicellulose prehydrolysis time reduces the suscepti-
bility of the resulting pulp to organosolv delignification. Residual
lignin in the organosolv pulp increases from 40% (30 min) to 66%
(120 min) of the lignin present in the wheat straw. The AIL content
of the organosolv pulp increases from 11.9% to 19.4%. On the other
hand, the xylan content decreases at the same time from 11.1% to
5.3%. As a consequence, the enzymatic digestibility of the organo-

Fig. 5. Product distribution of glucan based on glucan content raw wheat straw. Yields:% of theoretical maximum. (A) prehydrolysis. (B) organosolv delignification and
enzymatic hydrolysis.
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solv pulps increases from 67% (30 min) to 85% (60 min). The enzy-
matic digestibility of sample 6 (120 min) is only 62% (Fig. 6). How-
ever, it seems questionable whether this low number is correct. The
reference sample in this enzymatic hydrolysis series (see Sec-
tion 2.3.4) shows a significantly lower enzymatic glucose yield than
average (data not shown) and has been considered an outlier in
determination of the experimental error involved (see Section 2.4).

3.3.3. Addition of H2SO4

The use of sulfuric acid during the prehydrolysis step (experi-
ments 7 and 8) clearly promotes xylan hydrolysis up to 83%

(20 mM H2SO4). At this acid dose, also the maximum yield of
monomeric xylose (49%) has been obtained. The yield of oligomeric
xylose shows a maximum at 10 mM H2SO4 (49%). The maximum
yield of total monomeric and oligomeric xylose is 67% at 20 mM
H2SO4, which is also the maximum obtained during the prehydro-
lysis step in this study. Addition of H2SO4 has a small effect on the
glucan recovery, which decreases to 91% at a 20 mM dose. Products
formed include 3% oligomeric glucose, 1% monomeric glucose and
1% HMF. No indications for increased formation of pseudo-lignin
have been found. The lignin recovery of the prehydrolysis step is
101% at 20 mM H2SO4.

Table 3
Liquors: pH and composition of prehydrolysis and organosolv liquors.

Experiment a pH (–) Sugars (mg/kg liquor) b Others (mg/kg liquor) c

Monomeric Oligomericd

Ara Glc Xyl Ara Glc Xyl Furfural HMF Acetic acid Formic acid

1 4.9 49 11 81 99 127 894 327 48 2617 798
2 A 4.2 824 5 457 649 1221 11868 528 62 1702 272

B 4.6 31 12 235 54 60 935 425 35 653 115
3 A ND e 88 5 23 1025 853 272 47 22 781 86

B 4.6 53 10 156 80 65 1271 445 39 1852 444
4 A ND 385 269 5087 39 1051 4714 4200 204 3821 815

B 4.4 13 76 11 46 52 482 60 211 f

5 A 3.9 655 193 2566 221 1100 12307 1574 122 2598 561
B 4.5 19 147 74 473 354 44 302

6 A 3.6 248 316 4238 7 832 2186 4384 263 3474 899
B 4.6 21 65 58 83 733 70 258

7 A 3.6 1229 342 3524 238 1125 13034 1285 182 1620
B 4.6 17 24 207 48 79 876 399 56 395

8 A 2.9 1487 702 12445 177 1147 4782 2613 256 2126
B 4.4 12 40 172 86 315 379 73 226

9 A 4.2 659 130 404 811 1040 11467 349 41 946 150
B 4.6 44 17 187 52 46 806 237 17 330

10 A 4.2 964 194 592 551 1053 11909 473 62 1564 263
B 4.4 23 19 428 33 62 749 546 62 654

11 A 4.0 934 189 606 539 1020 11829 490 62 1580 287
B 4.2 7 22 244 16 69 451 522 92 795

a A = prehydrolysis step. B = organosolv delignification step.
b Only major sugars shown. Abbreviations used: arabinose (Ara), xylose (Xyl), and glucose (Glc).
c In all samples the concentration of levulinic acid was below the detection limit of 125 mg/kg.
d Expressed as monomer equivalents.
e Not determined.
f Empty cell: concentration below detection limit. Detection limit depends on the matrix.

Fig. 6. Enzymatic digestibility of raw wheat straw and solid products. Enzymatic glucose yield: maximum glucose yield during 72 h of enzymatic hydrolysis based on glucan
content of substrate. Yield:% of theoretical maximum.
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Addition of sulfuric acid during the prehydrolysis step results in
an organosolv pulp with a lower xylan content (5.0% at 20 mM),
but a higher lignin content (15.2%) (Table 2). The use of H2SO4 in
prehydrolysis has no clear effect on the delignification during the
organosolv step (58% (0 mM), 60% (10 mM) and 52% (20 mM)). It
might be that the use of acid during prehydrolysis somewhat
reduces delignification during organosolv, similarly to reaction
temperature. However, this cannot be concluded from the experi-
ments performed. The enzymatic digestibility has been found to
increase from 67% (0 mM H2SO4) to 90% (10 mM and 20 mM
H2SO4) (Fig. 6). The glucan recovery of organosolv experiment 7B
is only 92% compared to 98–100% for all other organosolv experi-
ments at 200 �C following prehydrolysis. As a result, the maximum
overall enzymatic glucose yield is 80% from raw wheat straw to
glucose for experiment 8 in spite of the slight glucan hydrolysis
during experiment 8A. The reason for the somewhat lower glucan
recovery of experiment 7B is unknown.

3.4. Organosolv delignification following prehydrolysis

As discussed in Section 3.3, application of hemicellulose prehy-
drolysis before organosolv delignification reduces the delignifica-
tion degree during organosolv due to the formation of lignin
condensation products during prehydrolysis. In the final series of
experiments, we tried to compensate for this reduction by increas-
ing the severity of the organosolv delignification step. The process
temperature of the organosolv fractionation step following prehy-
drolysis at 175 �C was varied between 190 and 220 �C (experi-
ments 9–11).

A higher organosolv reaction temperature improves both the
delignification, the hydrolysis of residual xylan and the enzymatic
digestibility of the resulting pulp. The increase in enzymatic
digestibility between 200 and 210 �C is remarkable (Fig. 6). At
220 �C, the overall delignification is similar to that of organosolv
fractionation without prehydrolysis (i.e., delignification 69% (exp
11) compared to 67% (exp 1), Fig. 4). At this temperature, 85% of
the residual xylan is hydrolyzed, 96% of the glucan is recovered
and 99% of the glucan in the resulting pulp is enzymatically digest-
ible (Fig. 6). The overall enzymatic glucose yield from feedstock to

glucose is 93%. However, even at 220 �C, the lignin yield is lower
(60%) than that of reference experiment 1 (74%) (Fig. 4). Since
the delignification degree is similar, apparently the lignin precipi-
tation efficiency is lower. Possibly, the high temperature applied
causes formation of smaller lignin fragments, which are more
difficult to precipitate from the organosolv liquor upon water
addition.

3.5. Product yields

Table 4 shows the mass yields of the products for experiment 8.
Experiment 8 (i.e., prehydrolysis with 20 mM H2SO4 followed by
organosolv delignification at 200 �C) has resulted in the highest
yield of xylose obtained during this study and is therefore selected
as example. The total mass yield of all products resulting from the
prehydrolysis step is 83%. Components that are not taken into ac-
count for this total mass yield include the soluble part of the ash
fraction of the wheat straw, organic water-soluble extractives
and gases formed. The total mass yield of all products resulting
from the organosolv step is 98% based on the feedstock for the
organosolv step. At the process conditions of experiment 8, the
yields of the main products by prehydrolysis–organosolv fraction-
ation are 0.31, 0.17 and 0.07 kg/kg dry straw of glucose, xylose and
lignin, respectively.

4. Conclusions

The use of a prehydrolysis step prior to organosolv delignifica-
tion of wheat straw was found to improve the yield of xylose
and the enzymatic cellulose digestibility. A maximum yield of
67% xylose (oligomers) or 0.17 kg/kg dry straw was obtained by
prehydrolysis at 175 �C using 20 mM H2SO4. Increasing the organo-
solv delignification temperature from 200 to 220 �C resulted in a
maximum enzymatic glucose yield of 93% or 0.36 kg/kg straw.
However, the use of a prehydrolysis step reduced the lignin yield
by subsequent organosolv treatment probably due to the forma-
tion of ‘pseudo-lignin’ and lignin recondensation during
prehydrolysis.

Table 4
Example of mass yields based on dry raw wheat straw (experiment 8). Main products given in bold.

(kg/kg Dry wheat straw) Input Output

Wheat straw Prehydrolysis Organosolv Enz. hydr.

Solids
Wheat straw (pulp) 1.00 0.59 0.49
Consisting of: Glucan 0.35 0.32 0.31

Xylan 0.21 0.04 0.02
Lignin 0.16 0.16 0.08
Other 0.28 0.07 0.08

Lignin precipitated 0.07

Liquor
Glucose (mon.) 0.01 0.00 0.31
Glucose (olig.) 0.01 0.00
Xylose (mon.) 0.12 0.00
Xylose (olig.) 0.05 0.00
Arabinose (mon.) 0.01 0.00
Arabinose (olig.) 0.00 a

Furfural 0.03 0.00
HMF 0.00 0.00
Acetic acid 0.02 0.00
Formic acid a a

Levulinic acid a a

Sum 1.00 0.83 0.58b

a Below detection limit.
b Based on dry feedstock (i.e., prehydrolysis pulp 8A): 98% w/w.
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