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Abstract: Development of biofuels such as lignocellulosic
ethanol represents a sustainable alternative in the transport
sector. Wheat straw is a promising feedstock for bioethanol
production in Europe due to its large production and high
carbohydrates content. In a process to produce cellulosic
ethanol, previous to the enzymatic hydrolysis to obtain
fermentable sugars and the subsequent fermentation,
a pretreatment step to break down the recalcitrance of
lignocellulose fiber is essential. In this work, a range of
steam explosion pretreatment conditions were evaluated
according to different parameters: sugars recovery,
degradation products generation, and enzymatic hydrolysis
yields. Moreover, the enzymatic hydrolysis process was
also studied at high substrate loadings, since operating at
high solids loading is crucial for large scale development
of ethanol production. Pretreatment at 200°C - 10 min
resulted in higher enzymatic hydrolysis yield (91.7%) and
overall glucose yields (35.4 g glucose/100 g wheat straw)
but also higher production of toxic compound. In turn,
the characteristics of the pretreated wheat straw at lower
severity (Log R0=3.65) correspond to 190°C and 10 min, with
minimal sugars degradation and toxics formation indicated
a great potential for maximizing total sugars production by
using optimal enzyme combinations including accessory
enzymes in the enzymatic hydrolysis step.
Keywords: Biofuels, steam explosion, wheat straw,
pretreatment, enzymatic hydrolysis, sugars recovery,
lignocellulosic biomass
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1 Introduction
Alternative and renewable fuels and products derived
from lignocellulosic biomass offer the potential to
mitigate global climate change and turn the dependence
on fossil fuels into a biobased economy. Biofuels such as
ethanol represents an alternative in the transport sector
and its introduction into current fuel distribution is being
promoted by mandatory targets.
Among different lignocellulosic materials available
for ethanol production, agricultural residues such as
wheat straw are one of the main candidates for largescale ethanol production. According BIOCORE Project
[http://www.biocore-europe.org], the annual quantity of
potentially extractable, surplus wheat straw in European
countries is about 35 million metric tons of dry matter
that could produce 10 GL of bioethanol [1]. In Spain, grain
industry generates about 4.5 million tons of wheat straw.
Bioconversion of this residue to fuel ethanol represents
an interesting possibility to boost the development of
biofuels in Spain in a sustainable way.
The ethanol production process consists of three
steps namely, pretreatment, enzymatic hydrolysis and
fermentation. The pretreatment is an indispensable step to
disrupt the biomass recalcitrance, open the lignocellulose
structure and increase the accessibility of cellulose to the
enzymatic attack. Many pretreatment methods have been
evaluated for sugars and ethanol production [2]. Compared
to other pretreatment technologies, steam explosion offers
some outstanding features such as high potential for
energy efficiency, low environmental impact and capital
investment, unnecessary addition of acid catalyst (except
for softwoods), complete glucan recovery, high enzymatic
hydrolysis yields, etc. [3]. It is the most commonly used
pretreatment for herbaceous biomass, and it has been
developed and evaluated at pilot and demonstration scales
for bioethanol production from lignocellulose [3-5].
Autocatalysed steam explosion is a hydrothermal
treatment that joins both mechanical and chemical
effects on biomass without addition of external catalyst.
Autohydrolysis takes place when high temperatures
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causing the formation of acetic acid from acetyl groups in
the hemiceelulose fraction [2]. The mechanical effects are
caused because the suddenly reduction of pressure and
fibres are separated due to explosive decompression [3, 6].
The steam explosion pretreatment produces partial
hemicellulose solubilisation and lignin reorganization,
which increase the cellulose accessibility to enzymatic
attack by exposing the cellulose surface. From steam
explosion two fractions are obtained: a insoluble solid
fraction (rich in cellulose and lignin) and a liquid fraction
or prehydrolysate (rich in soluble sugars mainly from
hemicellulose solubilisation) [2]. This pretreatment also
produces partial sugars and lignin degradation, which
generates soluble compounds that are inhibitory or
toxics for the enzymes and fermenting microorganisms in
subsequent steps [3, 7, 8].
The most important variables affecting the effectiveness
of steam explosion are temperature, residence time, and
particle size. The combined effect of both temperature
(T) and time (t) is described by the severity factor (log Ro)
[log Ro= log (t*e[T-100/14.75])] [9]. The optima severity factor
value is greatly dependent on the biomass feedstock. This
is a critical point for large-scale implementation of steam
explosion pretreatment because operation conditions of
temperature and residence time have a relevant impact
on the process energy costs. In addition, the pretreatment
conditions influence the characteristics of the pretreated
materials and therefore determine the process configuration.
Usually, high severity conditions (high temperature and
residence time) rise removal of hemicelluloses and enhance
digestibility of biomass but also promote higher sugar and
lignin degradation and generation of toxic compounds for
the fermentation step. In contrast, milder pretreatment
conditions reduce energy cost and sugars degradation; but
reduce enzymatic hydrolysis yields. To improve enzymatic
hydrolysis yields the use of accessory enzymes such as
hemicellulases have been studied by different authors to
overcome the limitations of milder pretreatments [10-14].
Steam explosion pretreatment has been extensively
studied for bioethanol production from a wide range of
lignocellulosic biomass feedstocks such as poplar [15],
eucalyptus [16], olive residues [17], corn stover [18], wheat
straw [19,20], barley straw [21], sugarcane straw and bagasse
[4, 22], forage sorghum [23], hemp [24] and Brassica [25].
In this work, a range of non-catalyzed steam
explosion pretreatment conditions were evaluated
according to different parameters: composition of
pretreated substrates, glucose and xylose recovery,
generation of degradation products, enzymatic
hydrolysis yields and overall sugars yields. In addition,
since operating hydrolysis at high solids loading is
crucial for the commercialization of cellulosic ethanol
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technology, enzymatic hydrolysis using the enzyme
preparations Cellic CTec2 and Cellic HTec2 has been
studied at high substrate loadings.

2 Material and Methods
2.1 Raw material
Wheat straw harvested in Soria (Spain) with 6% of moisture
content was employed as raw material. It was milled in a
laboratory hammer mill, and sieved to obtain a particle size of
2-10 mm. The chemical composition of wheat straw feedstock
(expressed as % dry weight) was: glucan, 39.7±0.8; xylan,
23.8±0.9; galactan, 0.5±0.03; arabinan, 1.9±0.09; soluble
acid lignin, 1.7±0.07; insoluble acid lignin, 16.4±0.1; ashes,
4.9±0.06; extractives, 13.3±1.2. Except for studying the effect
of non-water impregnation, wheat straw was impregnated
with water in all cases previously to pretreatment.

2.2 Enzymes
The enzyme preparations NS 50013, NS 50010, Cellic CTec2
and Cellic HTec2 were provided by Novozymes (Denmark).
For standard enzymatic hydrolysis assays, NS 50013 (cellulase
activity, 60 FPU/mL)) and NS 50010 (cellobiase activity, 810
UI/mL) preparations were employed. While for enzymatic
hydrolysis assays at high solids loading novel enzyme
preparations Cellic CTec2 (cellulase with high beta-glucosidase
activity) and Cellic Htec2 (hemicellulase preparation with
endoxylanase activity) were used. Filter paper activity (overall
cellulase) and beta-glucosidase activity were measured
according to Ghose [26]. Xylanase activity was determined
using birchwood xylan as substrate [27].

2.3 Steam explosion pretreatment
Steam explosion pretreatment was conducted in a small
bath unit equipped with 2L reaction vessel. A water
impregnation of the raw material prior to steam explosion
pretreatment was carried out by soaking 150 g (dry
matter) of wheat straw in 1.5 L of water overnight, then the
excess liquid removed by filtration. Moisture content of
impregnate raw material was roughly 60%. The pressure
reactor was preheated at the set pretreatment temperature
with saturated steam, after substrate addition into the
reactor, it took less than 60 seconds to reach working
temperature. According to previous experience on
steam-explosion pretreatment of cereal straw [20], six
pretreatment conditions were selected for evaluation:
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170°C - 30 min., 180°C - 25 min., 190°C - 10 min., 190°C
- 20 min., 200°C - 10 min., and 210°C - 5 min.
To evaluate the pretreatment the whole slurries
obtained after the steam explosion were filtered and both
solid and liquid fractions were collected. The solid fraction
was washed with water and filtered for water insoluble
solids (WIS) fraction recovery. Composition of both the WIS
fraction and the liquid fraction were analysed to evaluate
the pretreatment. WIS fractions were employed in the
enzymatic hydrolysis assays as substrate.

2.4 Enzymatic hydrolysis
Enzymatic hydrolysis assays were performed in 100 mL
Erlenmeyer flasks in triplicates using WIS as substrate. The
assays were run in 0.05 M sodium citrate pH 5 buffer at 50°C
and 150 rpm. At 72 h, samples were withdrawn, centrifuged
(9300 g for 10 min) and the supernatants were analysed by
HPLC for sugars concentration determination, blanks of the
enzyme mixtures were also analysed. Average values of the
three replicates were presented.
Standard enzymatic hydrolysis assays were carried
out using as substrate WIS at 5% total solid (w/v); and a
mixture of the enzyme preparations NS 50013 (15 FPU/g
substrate)
and NS 50010 (15 IU/g substrate). Enzymatic
Glucan recovery (%) =
hydrolysis assays at high solids loading were performed
using as substrate WIS at 15% (w/w) of total solids, and a
Xylan recovery(%) =
mixture of the enzymes preparations Cellic CTec2 and Cellic
HTec2. The dosage of Cellic CTec2 was 0.15 g/g substrate
while the dosage of Cellic HTec2 was 0.06 g/g substrate.

2.5 Analytical methods and calculations
The carbohydrate and lignin content of both raw and
pretreated wheat straw (WIS) was quantified using the
Glucan recovery (%) =
Xylan recovery(%) =

Enzymatic hydrolysis yields were determined as the
ratio of g glucose (or xylose) obtained in the enzymatic
hydrolysis per 100 g of potential sugar in WIS.
Overall yields were calculated as a percentage of
Overall Glucose Yield (%) =
Overall Xylose Yield (%)=

NREL compositional analysis [28]. In the fraction liquid
(prehydrolysate) the sugars and degradation products
composition generated during the pretreatment
were also quantified. For sugars quantification in
prehydrolysates, a mild acid hydrolysis (4% (v/v)
H 2SO4, 120°C and 30 min) was carried out to convert
oligomers into monomers. The compositional analysis
was performed in triplicates and average values
were presented. The relative standard errors were
determined and were shown to be consistently below
5%.
Sugars and carboxylic acids concentration was
quantified by high-performance liquid chromatography
(HPLC) in a Waters chromatograph 2414 equipped with
a refractive index detector (Waters, Mildford, MA).
For sugars, separation was performed in a CarboSep
CHO-787 column (Transgenomic, San Jose, CA)
operated at 70°C with a flow rate of 0.5 mL/min using
ultrapure water as a mobile-phase . For carboxylic
acid, the separation was carried out in a IC Sep-ICE
Coragel 87H3 column (Transgenomic, San Jose, CA)
operated at 65°C with a flow rate of 0.6 mL/min
using 5mM H2SO4 as mobile phase.
Furfural,
5-hydroxymethylfurfural
(5-HMF),
4-hydroxybenzaldehyde, vanillin, syringaldehyde,
p-coumaric acid and ferulic acid were analysed
100 by
HPLC as described elsewhere [29]
The severity factor (log Ro) was calculated using
100
the formula log Ro= log (t*e[T-100/14.75]) [9]. Solid
recovery yield (%SRY) was estimated as dry weight
of WIS remaining after pretreatment referred to 100
g of raw material. Glucan and xylan recovery was
calculated as a percentage and considered the glucose
and xylose recovered in the WIS fraction and the
liquid fraction respect to the glucan and xylan content
in the raw material. They were calculated using the
following equations:
100
100

total glucose or xylose obtained in the liquid fraction
and after enzymatic hydrolysis step respect to the total
glucose or xylose content in the raw material. They were
calculated using the following equations:
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Where: %SRY is solid recovery yield, EH is the
enzymatic hydrolysis assay, LF: is liquid fraction; RM is
raw material

3 Results and discussion
3.1 Effect of water impregnation on steam
explosion
The effect of water impregnation of wheat straw prior to
steam explosion pretreatment was evaluated using the
conditions 180°C - 25 min, this conditions correspond
to those conditions that permits relatively low xylan
degradation. The results show that water impregnation
produced a slight increase in glucan content of WIS (from
60.1% to 62.8%) and a slight decrease in xylan content
(from 15.6% to 13.1%) (Table 1), while did not have a
significant influence on the liquid fraction composition
(not shown). In addition, water impregnation had a
significant positive effect on enzymatic hydrolysis of
the WIS fraction, increasing the yields from 65.9% to
73.5% for glucose and from 66.9% to 75.5% for xylose.
As a consequence overall glucose and xylose yield were
improved.
The mechanical effect of steam explosion is caused
by the sudden evaporation of interfibrillar water when
the explosion occurs and the pressure is reduced, which
creates shear forces that physically separate the fibres
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and disrupt the structure [30]. Water impregnation prior
to steam explosion could enhance this mechanical effect,
increasing hemicellulose removal. The improvement
in the enzymatic digestibility in samples previously
impregnated can be attributed to the enhanced removal of
hemicellulose in the solid residue.

3.2 Effect of steam explosion pretreatment
conditions
3.2.1 Composition of pretreated substrates and sugars
recovery
According to the results shown in the previous section,
in the subsequent study of different steam explosion
conditions the raw material was water impregnated prior
to pretreatment. Compositions of WIS and liquid fractions
were analysed to assess the effect of different pretreatment
conditions. The liquid fraction and WIS compositions for
each pretreatment condition are shown on Table 2.
It was apparent that the variety of steam explosion
conditions produced pretreated substrates with
different characteristics. In all cases the pretreatment
produced partial solubilisation of hemicellulose, which
concentrated cellulose and lignin in the pretreated
WIS fraction compared to the raw material. Cellulose ,
hemicellulose and lignin content in WIS are in the range
of 52.6–64.7%, 6.4–24.0%, 20.8–31.0% respectively.

Table 1. Effect of water impregnation prior to steam explosion pretreatment on WIS composition, glucan and xylan recovery, and enzymatic
hydrolysis (EH) and overall yields.
Parameter

180°C- 25 min (impregnated)

180°C-25 min. (not impregnated)

Solid insoluble recovery (%SR)

54.0

55.6

WIS composition

Glucan (%)

62.8±0.8 (33.9)

Xylan (%)

13.1±0.1 (7.1) *

15.56±0.3 (8.7) *

Lignin (%)

24.3±0.3 (13.1) *

24.0±0.2 (13.3) *

Glucan recovery
(% referred to raw material)

93.4

94.1

Xylan recovery
(% referred to raw material)

80.6

81.7

EH glucose yield (%)

73.5

65.9

EH xylose yield (%)

75.5

66.9

Overall glucose yield
(g glucose/100 g raw material)

31.8 (72.8%)

28.5 (65.9%)

Overall xylose yield
(g xylose/100 g raw material)

18.9 (71.5%)

18.7 (69.5%)

*

Data are expressed in parentheses as a percentage based on dry weight of raw material

*

60.0±0.9 (33.4) *
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The severity factors for the different pretreatment
conditions are also shown in Table 2. Steam explosion
pretreatments at lower severity (190°C - 10 min, and 170°C
- 30 min) solubilised less hemicellulose and therefore it was
detected in a higher proportion (24.0% and 17.5% of xylan,
respectively) in the WIS fraction (Table 2). Interestingly, the
highest proportion of xylan was determined in the pretreated
material at 190°C - 10 min (24.0 %), even though the lowest
severity factor (Log R0= 3.53, corresponds to 170°C - 30 min),
in which this highest value would be expected. In case of
pretreatments at increasing severity, solubilisation of xylan
was more extensive and glucan content in the WIS fraction
increased. This effect is well-known and agrees previous
steam explosion studies [31]. The highest severity factor
corresponds to the conditions 190°C - 20 min (Log R0=3.95),
however the pretreatment at 200°C - 10 min and 210°C
- 5 min solubilised more xylan and increased glucan content
in WIS (59.1% and 64.7%, respectively), which may indicate
that temperature was more important than residence time
to solubilise the hemicellulose.
The liquid fractions obtained after filtration of the
pretreated whole slurries contained soluble components,

mainly solubilised sugars and degradation products.
The most abundant sugar was xylose, but also contained
glucose, galactose, arabinose, and mannose. They were
found in monomeric and oligomeric form, and mostly
derived from hemicellulose hydrolysis. The degradation
compounds were produced as a consequence of the harsh
conditions during the pretreatment. The most abundant
were acetic acid, formic acid, furfural and 5-HMF. Acetic
acid was generated by hydrolysis of acetyl groups in
the hemicellulose fraction. Furfural and 5-HMF derived
from xylose and glucose degradation, respectively [8]. In
addition, some phenolic compounds were also detected
in the liquid fraction. Ferulic acid and p-coumaric acid
derived from cinnamic acids present in herbaceous plants
[32] and vanillin derived from lignin degradation [33] were
also detected. The presence of degradation compounds
produced during lignocellulose pretreatments has been
shown to affect negatively the enzymatic hydrolysis and
fermentation steps for ethanol production [7, 34].
Among the conditions evaluated, the highest total
xylose (monomeric and oligomeric form) concentration in
the liquid fraction (14.0-14.1 g/100g) was detected when the

Table 2. Liquid and solid fraction (WIS) composition after non-catalysed steam explosion pretreatment.
Pretreatment conditions

190°C
20 min

200°C
10 min

210°C
5 min

180°C
25 min

190°C
10 min

170°C
30 min

Severity (log Ro)

3.951

3.944

3.930

3.750

3.650

3.538

3.3
8.7
11.2
9.0
0.62
1.15
0.23
0.10
1.84
0.23
0.03
0.02
0.01

2.9
11.3
9.1
15.9
0.54
0.75
0.32
0.14
2.20
0.41
0.03
0.02
0.01

1.6
27.6
14.1
11.8
0.73
1.40
0.17
0.28
0.03
0.78
0.24
0.03
0.02
0.01

4.0
11.5
14.0
6.2
1.40
2.20
0.20
0.22
0.04
0.88
0.16
0.00
0.02
0.01

3.01
16.6
7.0
4.5
0.81
1.56
0.05
0.09
0.02
0.58
0.34
0.02
0.02
0.00

2.65
13.5
7.0
3.3
0.48
1.15
0.05
0.05
1.11
0.0
0.01
0.00
0.00

58.6±0.5
9.6±0.0
0.2±0.0
28.7±0.4
1.6±0.2

59.1± 2.1
6.4±0.2
0.1±0.0
31.0±0.3
0.5±0.1

64.7±1.9
7.9±0.4
25.6±0.6
1.3±0.2

62.8±0.8
13.1±0.1
0.2±0.1
0.8±0.1
24.3±0.3
2.8±0.8

56.1±0.9
24.0±0.2
1.1±0.1
2.0±0.1
20.8±0.6
1.6±0.3

52.6±0.9
17.5±0.2
0.6±0.1
24.5±0.2
1.1±0.1

Liquid fraction (g component/100 g raw material)
Sugars

Inhibitors compounds

Glucose
(% monomeric form)
Xylose
(% monomeric form)
Galactose
Arabinose
Mannose
Furfural
5-HMF
Acetic acid
Formic acid
Vanillin
Coumaric acid
Ferulic acid

WIS composition (w/w, %)
Glucan
Xylan
Galactan
Arabinan + Mannan
Acid insoluble lignin
Ashes
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Table 3. Summary of pretreatment parameters: severity factor, glucan and xylan recovery, enzymatic hydrolysis yields and overall yields.
Parameter

190°C
20 min

200°C
10 min

210°C
5 min

180°C
25 min

190°C
10 min

170°C
30 min

Severity (Log R0)

3.951

3.944

3.930

3.750

3.650

3.538

Glucan recovery
(% referred to raw material)

88.0

87.8

93.0

93.4

97.9

86.9

Xylan recovery
(% referred to raw material)

63.6

48.4

67.0

80.6

91.1

70.9

EH glucose yield (%) *

78.1

91.7

81.8

73.5

63.2

54.7

EH xylose yield (%) *

63.5

66.2

63.3

75.5

51.4

55.4

Overall glucose yield
g glucose/100 g raw material
(%)

31.0
(71.0%)

35.4
(81.1%)

33.5
(76.7%)

31.8
(72.8%)

28.4
(65.03%)

22.0
(50.4%)

Overall xylose yield
g xylose/100 g raw material
(%)

14.9
(56.4%)

11.7
(44.3%)

17.3
(65.5%)

18.9
(71.5%)

16.0
(60.6%)

13.7
(51.9%)

Overall glucose and xylose yield (%)

65.7

67.5

72.7

72.6

63.6

51.1

pretreatment was performed at 210°C - 5 min and at 180°C
- 25 min. Glucose was detected in concentrations ranging
from 1.6 to 4.0 g/100 g (Table 2). In general, pretreatments
at harsher conditions (190°C - 20 min, 200°C - 10 min, 210°C
- 5 min and 180°C - 25 min) produced higher hemicellulose
solubilisation but also higher sugars degradation and
production of inhibitors. As shown in Table 2, higher
severity led to higher xylose degradation into furfural
and formic acid, while milder conditions produced less
solubilisation of xylan and therefore a decrease in soluble
xylose. In general, acetic acid and phenolic compounds
(vanillin, p-coumaric acid and ferulic acid) concentration
also increased at higher severity conditions.
Glucan and xylan recovery (Table 3) was calculated
as a percentage and considered the glucose and xylose
recovered in the WIS fraction and the liquid fraction
respect to the glucan and xylan content in the raw
material. This result gives an idea of the degree of
sugars degradation occurred during the pretreatment.
As shown in Table 3, glucan recovery is high for all the
conditions since cellulose is more crystalline and difficult
to be degraded during steam explosion pretreatment. The
recovery values ranged from 86.9% to 97.9%. This indicates
that steam explosion at these conditions resulted in little
glucose degradation. More differences were observed for
xylan recovery. Pretreatments at 190°C - 20 min, 200°C 10 min and 210°C - 5 min led to higher xylose degradation
and consequently lower xylan recovery. Among them,
the pretreatment at 200°C - 10 min gave the lowest xylan
recovery value, indicating a high degradation degree of

xylan, which is also reflected in the highest concentration
of furfural detected (0.32 g/100 g). In contrast, the
pretreatment at 190°C - 10 min resulted in a xylan recovery
of 91.1%, with a low formation of toxic compounds such
as furfural, 5-HMF, formic acid and acetic acid (Table 2).
This type of pretreatment would be appropriate for some
bioconversion process configurations: on one hand low
formation of inhibitors is crucial when the whole slurry
after pretreatment is used directly without separation; on
the other hand high xylose recovery offers great potential
to improve ethanol fermentation yields when the process
includes the use of xylanases and xylose-fermenting
microorganisms.

3.3 Overall yields
WIS fractions from the different pretreatments were
submitted to standard enzymatic hydrolysis at 5% of
total solids with the mixture of enzymes (NS 50013-NS
50010). The calculated overall yields indicate the degree
of glucose and xylose that could be produced from the
raw material after the steam explosion pretreatment and
enzymatic hydrolysis.
Table 3 shows enzymatic hydrolysis yields obtained
for the different pretreatments. In general, the higher
pretreatment severity, the higher enzymatic hydrolysis
yields were achieved. The increasing temperature and
residence time in the pretreatment increased solubilisation
of hemicellulose and enhanced the accessibility of
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cellulose, which involves an increment in the enzymatic
hydrolysis yields. This effect agrees previous studies
evaluating the steam explosion pretreatment. Ballesteros
et al. reported a rise in the enzymatic hydrolysis yields
from 40% at 160°C to 70% at 200°C [20], while Palmarola
et al. also observed an increment in saccharification yield
at higher severity conditions, obtaining a glucose yield of
92.4% at 190°C and 10 min [35].
As expected higher severity pretreatments (190°C
- 20 min, 200°C - 10 min, 210°C - 5 min and 180°C 25 min) resulted in higher overall glucose yield because
of the accessibility of cellulose and therefore enzymatic
hydrolysis yields were increased. The highest enzymatic
hydrolysis yield (91.7%) and overall glucose yield (35.4
g/100 g raw material) were achieved for the pretreatment
performed at 200°C and 10 min. In contrast, with
this pretreatment the xylose overall yield reached the
lowest value (11.7 g xylose/ 100 g raw material). This
pretreatment also produced the highest concentrations
of degradation products, which indicate that these
conditions would be appropriate to obtain high glucose
and ethanol yields from filtered and washed pretreated
materials (WIS fractions).
The highest xylan recovery was obtain with lowest
severity pretreatments: 180°C - 25 min, 190°C - 10 min
and 170°C - 30 min (Table 3). In these cases degradation
of xylose was minimized. However, the highest xylose
overall yield were obtained at 210°C - 5 min and 180°C 25 min (17.3 g xylose/100 g raw material and 18.9 g xylose7g
raw material, respectively). When the conditions of
pretreatment were too mild, hydrolysis of xylan contained
in WIS was limited (Table 3) and therefore the overall yield
was significantly decreased. In this context, utilization of
hemicellulases could contribute to increase xylose yields.
In case of pretreatment at mildest conditions (Log
R0=3.54; 170°C - 30 min, toxics generation is low and
sugars recovery is high. However, the enzymatic hydrolysis
yields clearly decreased, which made the overall yields
significantly lower compared to the other pretreatment
conditions (Table 3).

3.4 Enzymatic hydrolysis at high solids consistency using Cellic enzyme preparations
The relevance of working at high substrate loadings in
the enzymatic hydrolysis process is crucial for large scale
development of biofuels production has been previously
disclosed [36], although said approach presents some
disadvantages such as end-product inhibition of
cellulolytic enzymes by glucose and cellobiose, mixing

and mass transfer limitations, and larger concentrations
of inhibitors in the media [29, 37-40].
Novel enzyme products such as Cellic CTec2 and
Cellic HTec2 have been specifically developed to
improve the enzymatic hydrolysis yields from pretreated
lignocellulosic substrates at high solids loadings. In this
context, the steam exploded substrates pretreated at
different conditions were studied in enzymatic hydrolysis
experiments at high solids loading (15% w/w) and using
the Cellic enzymes.
In the previous section it was shown that low severity
pretreatments resulted in high glucose and xylose
recovery and minimal inhibitors production. However
enzymatic hydrolysis yields were significantly lower than
those obtained with more severe pretreatments. An option
to combine the advantages of low severity conditions and
high enzymatic saccharification yields is the utilization of
accessory enzymes such as xylanases. Xylanases and other
hemicellulases have been shown to enhance accessibility
of cellulose and significantly improve the enzymatic
hydrolysis yields [10-14]. Thus, supplementation of Cellic
CTec2 with the hemicellulase preparation Cellic HTec2
was evaluated in enzymatic hydrolysis experiments at
15% (w/w). Figure 1 shows the enzymatic hydrolysis
assays yields and figure 2 shows the overall sugar yields,
calculated considering the sugars detected in the liquid
fraction and the sugars resulting from the enzymatic
hydrolysis at 15% (w/w) with the Cellic enzymes.
In all cases, Cellic HTec2 supplementation improved
enzymatic hydrolysis yields both for glucose and xylose,
even when substrates with low xylan content were
used. This observation agrees with previous studies [12].
Supplementation with the hemicellulase preparation
Cellic HTec2 improved glucose yields when using
pretreatments at lower severity such as 180°C - 25 min
and 190°C - 10 min. However, and similarly to standard
enzymatic assays at 5% totals solids, higher glucose yields
(enzymatic hydrolysis and overall yields) were obtained
when using pretreated materials at higher severity
conditions. The highest overall glucose yields were
achieved with the substrates pretreated at 200°C - 10 min
and 210°C - 5 min and with addition of Cellic HTec2. It was
obtained an overall yield of 34.4 and 35.6 g per 100 g of
raw material, respectively, which correspond to a yield
of 78.8% and 81.5% of potential glucose contained in the
raw material (Figure 2). Although the highest severity
factor corresponds to the conditions 190°C - 20 min (Log
R0=3.95), this pretreatment did not produce an increase in
glucose yields compared to the condition 200°C - 10 min,
indicating that temperature was more important than
residence time for the severity of the pretreatment.
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Figure 1. Enzymatic glucose yield (EHg) and enzymatic xylose yield (EHx) at 15% (w/w) total solids and using Cellic Ctec2 (cellulase) and
Cellic Htec2 (xylanase).

Figure 2. Overall yields at 15 % (w/w) total solids using Cellic CTec2 and Cellic HTec2 enzymes.

The highest xylose overall yields were achieved with
the pretreatments at 180°C - 25 min and 190°C - 10 min, and
Cellic HTec2 supplementation (18.7 g and 17.0 g per 100 g
of raw material, which correspond to a yield of 69.5% and
63.2%, respectively), improving significantly the xylose
yields obtained from pretreatments at higher severity. In
particular, with the pretreatment at 190°C - 10 min high
xylose and glucose recoveries, and low inhibitors formation
were achieved. Under those conditions the glucose overall
yields were lower than those obtained at higher severity
conditions, but interestingly when supplementing with
Cellic HTec2 the overall sugars (glucose+xylose) yield
reached 67.2%, which is a higher value than those obtained
at the harshest conditions without Cellic HTec2 addition:

64.4% for 190°C - 20 min and 64.8% for 200°C - 10 min.
It is well known that the remaining hemicelluloses in the
pretreated substrate decreases the cellulose accessibility
[12, 13], and hemicellulases have been shown to act
synergistically removing hemicellulose and enhancing
cellulose hydrolysis [10]. Therefore hemicellulases have
the potential to increase sugar conversion yields when the
pretreatment severity conditions are reduced to diminish
loss of sugars and energy costs. The characteristics of the
pretreated wheat straw at 190°C and 10 min (minimal
sugars degradation and toxics formation) indicate a great
potential for maximize sugars production by using optimal
enzyme combinations including accessory enzymes in the
enzymatic hydrolysis step.
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4 Conclusions
This study evaluates steam explosion conditions
for production of sugars from wheat straw. Several
parameters were analysed and the results illustrate
that the pretreatment conditions affect significantly
the characteristics of the resulting substrates and
consequently the further process configuration.
Pretreatments at high severity (R0= 3.94, corresponding
to 200°C, 10 min) resulted in higher glucose overall yields
(> 80%) but also higher production of toxic compounds.
Pretreatment wheat straw at these conditions suggests
a process configuration including a separation and a
washing step, and therefore the utilization of the WIS
fraction for enzymatic hydrolysis and fermentation. In
turn, the characteristics of the pretreated wheat straw
at lower severity (e.g. 190°C and 10 min, with minimal
sugars degradation and toxics formation) indicate a
great potential for maximizing total sugars production by
using optimal enzyme combinations including accessory
enzymes in the enzymatic hydrolysis step. This work
showed the potential of hemicellulases supplementation
to increase enzymatic hydrolysis yields and allow reducing
the severity on pretreatment step.
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