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a b s t r a c t

One characteristic necessary to make ethanol production from biomass economically feasible is to
optimize enzymatic dosage, since enzymes production is expensive. This work investigated the efficacy
of different enzymes dosages and solid loadings on wheat straw enzymatic hydrolysis, aimed at
obtaining process conditions that lead to good sugars yields from pretreated material. Alkaline extrusion
was employed as pretreatment at 70 �C and 10% NaOH solution (w/v). Enzymatic hydrolysis was per-
formed at 5, 10, 15 and 20% solids loading (w/v). Enzyme doses ranged from 6.92 to 20 FPU/g of glucan.
Cellulase was also supplemented with xylanase at various proportions. Alkaline extrusion provided a
substrate easier to hydrolyze than untreated material. Even the assay with the lowest enzyme dosage
(6.92 FPU) achieved a good carbohydrate hydrolysis yield in relation to the theoretical; the glucose yield
was 73.8% and xylose yield was 82.8%. A medium containing 100 g/L of fermentable sugar was obtained
at 20% solids loading (w/v) and 20 FPU/g of glucan. The supplementation of cellulase with xylanase at U
to FPU activity ratio of 3.11:1 improved the glucose yield about 21% over the assay with no xylanase.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The conversion of lignocellulosic biomass to biofuels represents
a viable option for improving energy security and could potentially
reduce greenhouse gas emissions by up to 86% compared to fossil
fuels [1]. Wheat straw a lignocellulosic biomass source widely
available for conversion into biofuels, such as bioethanol, and is the
second most abundant biomass feedstock on Earth, behind rice
straw [2].

Lignocellulosic materials have resilient structures that consist of
a carbohydrate polymer matrix, mainly cellulose and hemi-
celluloses. They are cross-linked and strongly bound to lignin. This
structural complexity, defined as biomass recalcitrance, severely
restricts enzymatic andmicrobial accessibility [3]. Pretreatment is a
key unit operation in bioethanol production, due to the need to
deconstruct this structure. The pretreatment step improves the rate
of production as well as the total yield of liberated sugars in hy-
drolysis step [4]. The objectives are to increase the surface area and
Coimbra).
porosity of the substrate, reduce the crystallinity of cellulose and
disrupt the heterogeneous structure of lignocellulosic materials.
However, degradation of sugars may occur during pretreatment
and thus, it is necessary to find a good balance between low in-
hibitors formation and high substrate digestibility to optimize the
overall efficiency of the pretreatment process [5].

Among the several pretreatment reactor systems that are being
currently studied, extrusion stands out for its ability to provide high
shear, rapid heat transfer, and effective and rapid mixing. Twin-
screw extrusion pretreatment is a technology that can effectively
open the recalcitrant structure of lignocellulosic biomass into its
constituents at mild temperature and chemicals conditions, pre-
venting the formation of inhibitory by-products [6]. It can achieve
high-efficiency mixing via a high shear force and a high
throughput; further, it can be adapted to many different processes
[7].

Several studies have shown that extrusion pretreatment is
efficient in increasing the cellulose and hemicellulose digestibilities
of barley straw [6,8], rice straw [9], Miscanthus [10], corn stover
[11], rapeseed straw [12] and soybean hulls [13]. The alkaline
extrusion of barley straw resulted in glucose and xylose yields 4.0�
and 5.8� higher than for the untreated barley straw, respectively
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[8]. Soybean hulls subjected to thermo-mechanical extrusion at
80 �C showed a glucose yield, from enzymatic hydrolysis, 132.2%
higher, when compared to the untreated soybean hulls [13].
However, there is no published paper regarding the extrusion of
wheat straw, specifically about sugar production for bioethanol
conversion.

Following pretreatment, hydrolysis using appropriate enzymes
represents the most effective method to liberate monosaccharides
from lignocellulose. Three major enzymes namely, endo-glucanase,
exo-glucanase and b-glucosidase are involved in hydrolysis of cel-
lulose to glucose and their actions are synergistic. Endo-glucanase
attacks regions of low crystallinity in the cellulose fiber and cre-
ates free chain-ends. Exo-glucanase degrades the molecule further
by removing cellobiose units from the free chain-ends, which is
then cleaved to glucose by the action of b-glucosidase. The enzy-
matic hydrolysis can be influenced by substrate and end-product
concentrations, enzyme activity and reaction conditions [14]. In-
clusion of lytic polysaccharides monooxygenases also improves the
effectiveness of cellulases. Use of cellulase enzyme supplemented
with other enzymes can raise the rate of enzymatic hydrolysis. It is
well known that supplementing cellulases with hemicellulases
may result in a higher ultimate sugar production. Cellulase dosage
of 10e30 FPU/g of cellulose is often used in studies; however, en-
zymes loadings may vary depending on the pretreatment, type and
concentrations of raw material [15].

Even for biomass pretreated under optimum conditions by
leading pretreatment technologies, very high enzyme doses are still
required to achieve high-yield conversion of polymeric cellulose
and hemicellulose into monosaccharides that can be utilized by
fermentative microorganisms [16]. Thus, the costs of enzymes and
pretreatment are the major barriers to low cost processing of
biomass, and must be lowered substantially to make the cost of
cellulosic ethanol competitive with that of fossil fuels or corn and
sugarcane ethanol [17].

In this context, the objectives of this work are: i) evaluate the
improvement of glucan and xylan digestibility from wheat straw
after a pretreatment that combines a twin-screw extruder with
sodium hydroxide solution and ii) investigate the efficacy of
different solids loading and enzymes dosages on the release of
fermentable sugars from wheat straw extrudates, aimed at
obtaining a condition that allows for high sugars yields at reason-
able enzyme loading, without inhibitors formation.

2. Materials and methods

2.1. Raw material

Wheat straw (6% moisture content) was coarsely crushed to
about 5 mm particle size using a laboratory hammer mill (Retsch),
homogenized and stored in an oven at 40 �C until used. Composi-
tion of raw material is presented in Table 2.

2.2. Alkaline extrusion

Extrusion was performed in a twin-screw extruder (Clextral
Processing Platform Evolum® 25 A110, Clextral, France), composed
of 6 modules of 100 mm length each. The modules have a heating
and cooling system, which temperaturewas set at 70 �C throughout
extrusion process. The screws are composed of different elements
(diameter 25 mm) and they were configured to produce transport,
mixing and shearing effects along the process. One metering pump
connected to the extruder was used to supply the catalyst (NaOH
solution at 10%, w/v) to the process. The NaOH solution was pum-
ped into the extruder at feeding flow of 0.3 L/h, in order to achieve
an alkaline ratio of 6 g NaOH per 100 g of dry wheat straw. Biomass
feeding was done through a volumetric feeder KMV KT20 (Cope-
rion K-Tron, Sewell, NJ) with a continuous feed rate of 0.6 kg/h. A
fixed motor speed of 150 rpm was used and at this condition the
residence time of the biomass inside the extruder was about 2 min.
These operational parameters were selected based on results from
a previous optimization study that used barley straw [6]. The
moisture of wheat straw entering and exiting the extruder was
around 12 and 39%, respectively.

After extrusion, solid extruded material was recovered and the
pH adjusted using 85% phosphoric acid (w/v) by adding a ratio of
1 mL of acid per 49 g of dry extrudate. After homogenizing the acid,
the material was thoroughly washed 3 times with distillate water
(without recycling), in a ratio of 80 mL of distilled water per 6 g of
dried extrudate. Filtrates from the 3 washes were collected and
analyzed for sugar concentration as described below. Likewise, a
portion of the washed solid fraction was analyzed for main com-
ponents composition (see below) and the remainder was stored at
4 �C in hermetic plastic bags until used in enzymatic hydrolysis
experiments.

2.3. Enzymatic hydrolysis

The solid fraction from the alkaline extrusion step was used as
substrate for enzymatic hydrolysis. The hydrolysis experiments
were performed in 0.05 M sodium citrate buffer (pH 4.8), in 100 mL
Erlenmeyer flasks on a rotary shaker at 150 rpm and 50 �C. The final
workload was 50 mL for all assays. Enzymatic cocktail consisted of
commercial cellulase (CelliCTec 2e enzymatic activity 72.08 FPU/g)
and xylanase (CellicHTec2 - enzymatic activity 898.34 U/g), kindly
provided by Novozymes A/S (Denmark). The cellulase activity was
determined following the filter paper activity (FPU) methodology,
according to Ghose [18]. The xylanase activity was determined
according to the method described by Bailey et al. [19].

Different enzymatic hydrolysis (EH) experiments were designed
in triplicate to determine the best process conditions in terms of
enzymes and solid loading, in order to attain a medium with a
suitable amount of sugars for added-value products production,
such as bioethanol. Table 1 presents a summary of all enzymatic
hydrolysis tests performed, with the solids loadings and enzymes
amounts employed. For the solids loading, the percentage weight/
volume (w/v) refers to the amount of wheat straw extrudates (dry
weight) in relation to the total volume in the solution (sample
moisture plus buffer solution).

The first enzymatic hydrolysis test (EH I) was performedwith 5%
(w/v) dry extrudate solids loading. A mixture of cellulase and
xylanase was used, reaching a total enzyme load of 12 or 33% (g
enzyme/g glucan), and with xylanase substituted for 20 and 15% of
the total added enzymes, corresponding to U to FPU activity ratio of
3.11:1 and 2.33:1, respectively.

The second enzymatic hydrolysis test (EH II) was performed
with 10% (w/v) dry extrudate load. The total enzyme load was 12%
(g enzyme/g glucan), with 10, 15 or 20% weight of total enzyme
corresponding to xylanase, which account for U to FPU activity ratio
of 1.38:1, 2.20:1 and 3.11:1, respectively. An assay without xylanase
was also performed for comparison purposes. As a control, un-
treated wheat strawwas tested at the same conditions above, using
0 and 10% of xylanase in total enzyme loading.

The third enzymatic hydrolysis test (EH III) was carried out with
10, 15 and 20% (w/v) dry extrudate load, with a total enzyme
loading of 33% (g enzyme/g glucan), with 15% of total enzyme
weight corresponding to xylanase, which account for U to FPU ac-
tivity ratio of 2.33:1.

For all assays, samples were taken after 0, 24, 48 and 72 h, in
triplicate, and an aliquot of each one was centrifuged at 8085 g for
5 min. The supernatant was analyzed by high pressure liquid



Table 1
Enzymatic hydrolysis (EH) experiments conducted on wheat straw alkaline washed-extrudates.

Tests Assays Solids loading (% w/v) Enzyme loading cellulase/xylanase (units/g glucan) % Xylanase in total enzyme loadinga U/FPU ratiob

EH I 1 5% 6.92 FPU/21.56 U 20% 3.11:1
2 20 FPU/46.64 U 15% 2.33:1

EH II 3 10% 8.65 FPU/0 U 0% 0
4 7.78 FPU/10.77 U 10% 1.38:1
5 7.35 FPU/16.17 U 15% 2.20:1
6 6.92 FPU/21.56 U 20% 3.11:1
7 controlc 8.65 FPU/0 U 0% 0
8 controlc 7.78 FPU/10.77 U 10% 1.38:1

EH III 9 10% 20 FPU/46.64 U 15% 2.33:1
10 15% 2.33:1
11 20% 2.33:1

a Percentage of xylanase in total enzyme loading (w/w).
b U to FPU activity ratio. Cellulase activity 72.08 FPU/g. Xylanase activity 898.34 U/g.
c Assays carried out with untreated wheat straw.

Table 2
Composition of untreated wheat straw and wheat straw alkaline-extrudates (% dry
weight).

Untreated Extrudate

Cellulose 37.8 ± 1.9 46.9 ± 0.1
Hemicellulose 28.2 ± 0.5 28.7 ± 0.1
Xylan 24.0 ± 0.8 24.3 ± 0.1
Arabinan 2.7 ± 0.1 3.0 ± 0.0
Galactan 1.3 ± 0.0 1.2 ± 0.0
Mannan 0.2 ± 0.0 0.2 ± 0.0

Lignin 19.8 ± 0.3 15.4 ± 0.1
Acid insoluble 18.3 ± 0.5 14.4 ± 0.1
Acid soluble 1.5 ± 0.0 1.1 ± 0.0

Extractives 7.1 ± 0.5 6.7 ± 0.1
Ash 3.7 ± 0.0 3.3 ± 0.0
Acetyl groups 2.5 ± 0.0 0.0 ± 0.0
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chromatography (HPLC) for glucose and xylose concentrations, as
described below. For assays with 15 or 20% solids loading, in the
beginning of reaction, the solution was very dense and mass diffi-
cult to shake using 150 rpm. In these conditions, mass transfer
limitations may be occurring. To help to solve this drawback, in the
first 24 h a manual agitation of the Erlenmeyer was carried out to
facilitate the liquefaction and as the solution was became fluid, the
agitation using 150 rpm was possible. To calculate the concentra-
tion of glucose and xylose at 0 and 24 h, for assays with 15 or 20%
solids loading, 1 g of sample (well homogenized) was diluted with
10 mL of water, then, the mixture was centrifuged at 8085 g for
5 min and the supernatant analyzed for sugars concentration,
taking into account the dilution factor.

In all the experiments carried out in this work, sugars were
measured at time 0 to account for any residual sugars present
despite the wash steps. These sugars are referred as concentration
or yield at time ¼ 0 throughout this manuscript. The enzymatic
hydrolysis yield is used to evaluate the hydrolysis performance,
which is defined as the amount of glucose/xylose released during
the hydrolysis divided by the potential amount of glucose/xylose
that could be released if 100% hydrolysis would occur (calculated
based on glucan/xylan content of the solid extrudate), and
expressed as percentage. The amount of sugars present in the
enzymatic preparations was previously measured by HPLC and
subtracted out for this calculation.

2.4. Analytical methods

Laboratory Analytical Procedures (LAP) for biomass analysis
from National Renewable Energy Laboratory (NREL, CO, USA) [20]
were used to determine carbohydrates, acid insoluble lignin, acid
soluble lignin, acetyl groups, extractives and ash content in raw
material and wheat straw solid extrudates.
The soluble fraction after completion of enzymatic hydrolysis

tests was analyzed for its content in monomeric and oligomeric
sugars (glucose and xylose). The oligosaccharides ratio was deter-
mined as the difference in monomeric sugars concentration before
and aftermild acid hydrolysis (4% v/v H2SO4,121� and 30min) of EH
media.

Sugars concentration in EHmedia and filtrates was measured by
high-performance liquid chromatography (HPLC) in a Waters 2695
liquid chromatograph with refractive index detector, as described
by Cara et al. [21].

Furfural and HMFwere analysed by HPLC (Hewlett Packard, Palo
Alto, CA), using an Aminex ion exclusion HPX-87H cation-exchange
column (Bio-Rad Labs, Hercules, CA) at 65 �C. Mobile phasewas 89%
5 mM H2SO4 and 11% acetonitrile at a flow rate of 0.7 mL/min.
Column eluent was detected with a 1040A Photodiode-Array de-
tector (Agilent, Waldbronn, Germany).

3. Results and discussion

3.1. Characterization of untreated wheat straw and wheat straw
extrudates

The composition of untreated wheat straw and wheat straw
after being subjected to alkaline extrusion (extrudate) is detailed in
Table 2. The content of the three main components in untreated
wheat straw was: cellulose 37.8%, hemicellulose 28.2% and lignin
19.8%, all values on a dry weight basis (dwb). A minor fraction of
wheat straw composition is formed of water and ethanol soluble
substances (extractives, 7%) and ash (3.7%). Moreover, acetyl groups
are 2.5% of the dry wheat straw. The structural carbohydrates ac-
count for 66.1% of the dry weight, making the wheat straw a very
promising substrate for sugar production and conversion to high
added-value products such as bioethanol, after a suitable
pretreatment.

These data are in the range reported by other authors for this
material, i.e., 37.4%, 28.3% and 17.4% [22], 40.7%, 27.6% and 17.0%
[23] and 35.2%, 22.2% and 22.1% [24], for glucan, hemicellulose and
lignin, respectively. The composition of structural carbohydrates
and lignin in the wheat straw may slightly differ depending on the
species of wheat, fertilizer used during cultivation, mineral content
of the soil, grain maturity attained at the time of harvest and
weather conditions [4].

Alkaline extrusion followed by washing altered the composition
of the wheat straw (Table 2). The most significant changes were an
increase of cellulose content (46.9% in the straw extrudate and
37.8% in the untreated straw), a decrease of lignin (15.4% in the
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straw extrudate and 19.8% in the untreated straw) and the complete
solubilization of the acetyl groups. Besides the changes in the
composition, it was possible to notice a clear modification in the
appearance, color and texture of wheat straw after the extrusion
(Fig. 1).

In general, the alkaline pretreatment of biomass is highly
effective for hemicellulose and lignin removal, but the result de-
pends on the catalyst concentration. The present study combined
sodium hydroxide pretreatment solution with a twin-screw
extruder, which can homogenize and reduce particle size. The
high shearing force of the twin-screw extruder is very effective in
reducing particle size and mixing the alkaline solution with the
lignocellulosic biomass [10]. Therefore, the sodium hydroxide can
more easily react with the surface of wheat straw, causing reduc-
tion in lignin even with a short reaction time. Our results support
this hypothesis, resulting in a lignin removal of 22% of the content
in untreated biomass.

Other studies using alkaline extrusion as lignocellulosic biomass
pretreatment also reported a decrease in the lignin content. Duque
et al. [6] reported that the lignin content of the untreated barley
straw (18.2%) decreased to 14.5% and 15.6%, after extrusion with
10% NaOH solution (w/v) at 50 and 100 �C, respectively. Kang et al.
[10] observed a lignin removal between 17.3% and 55.3% after the
extrusion of Miscanthus with temperature and concentration of
NaOH in the range of 50e100 �C and 0.3e0.9 M, respectively.

Lignin is one of the main obstacles for the enzymatic hydrolysis
of cellulose [25]. Thus, efficient removal of lignin and high recovery
of biomass in the pretreatment are important to a suitable perfor-
mance of the enzymatic hydrolysis and to achieve an efficient
bioethanol production from lignocellulosic materials. According to
Akhtar et al. [26], the use of sodium hydroxide 2% provided an
efficient removal of lignin and increased enzymatic digestibilities of
wheat straw, rice straw and bagasse by 33.0%, 25.5% and 35.5%,
respectively.

In addition, the alkaline pretreatment causes a partial solubili-
zation of hemicellulose, resulting in a partial extraction of the xylan
component [4,27]. Our results show that the acetyl groups from
hemicellulose were completely removed from wheat straw after
extrusion, which was confirmed by other studies. In the alkaline
extrusion of straw, without washing, acetyl groups remain in the
straw [8]. Moreover, part of the inorganic salts and other non-
structural compounds were also solubilized with the extrusion,
which can be verified by some decrease in ash and extractives
contents in wheat straw extrudates.
Fig. 1. Untreated wheat straw (A) and wh
The filtrates obtained by washing the wheat straw extrudates
were analyzed for dissolved solids and carbohydrate oligomers and
monosaccharides. The dissolved solids in the first two filtrates were
2.08 and 0.5% (w/w), which correspond, according to the volume
filtered, to 20.02% of the dry raw material. The glucose content in
the three filtrates (after mild acid hydrolysis) ranged from 0.06 to
0.5 g/L; these concentrations are equivalent to around 2% (w/w) of
the glucan contained in the raw material, considering the total
volume filtered. Thus, little glucose is lost, and the greater loss of
other components during washing increased the percentage of
cellulose in extrudate in comparison to the raw material. However,
the solubilization of xylose was higher, around 1.15 g/L (after mild
acid hydrolysis), equivalent to around 4.4% (w/w) of the xylan
contained in the rawmaterial, considering the total volume filtered.
This finding may explain the fact that hemicellulose content in
extrudate is the same as in the raw material, since the amount
solubilized compensates for the increase that the loss of other
soluble compounds would produce. It is important to note that
most of solubilized glucose and xylose were present in oligomeric
form in the filtrate.

As a result of the changed composition from pretreatment, the
percentage of structural carbohydrates in the wheat straw extru-
date increased to 75.6%, in comparison to 66.1% in untreated wheat
straw. It is relevant that much of the xylan remained in the extru-
date, which can be hydrolyzed in the subsequent enzymatic hy-
drolysis step.

Some authors have reported that the extrusion process does not
generate inhibitory compounds such as furfural or hydrox-
ymethylfurfural (HMF) in experiments conducted at low temper-
ature [6,28,29], and our results support this fact; no furfural or HMF
were detected in filtrates from the washing step. Alkaline pre-
treatment also reduces furan formation in comparison to acid
based catalyzed pretreatments. This is one of the main advantages
of this pretreatment over other thermochemical methods which
are carried out at higher temperature conditions. For example, the
hydrothermal treatment of wheat straw with temperatures up to
205 �C led to formation of furfural and HMF in the range of
0.027e1.212 g/L and 0.007e0.289 g/L, respectively, with increased
concentrations of these compounds at higher temperatures [30].
Furfural and HMF are formed by the degradation of pentoses and
hexoses, respectively, and when present in the fermentation me-
dium, they can reduce cell growth, ATP formation and ethanol
production [31].

In short, the use of alkaline extrusion for pretreatment of wheat
eat straw after alkaline extrusion (B).
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straw was efficient because it promoted the reduction of lignin and
increased structural carbohydrates, without the formation of
inhibitory compounds. All these aspects are important to obtain
satisfactory yields of fermentable sugars in the enzymatic hydro-
lysis step.

3.2. Enzymatic hydrolysis of wheat straw extrudates

EH I test was carried out with 5% (w/v) solids loading and
enzyme loading (g enzyme/g glucan) of 12% (6.92 FPU and 21.56 U/g
glucan) or 33% (20 FPU and 46.64 U/g glucan), with 20% and 15% of
total enzymes corresponding to xylanase, respectively. The mono-
meric glucose and xylose contents observed for assays 1 and 2 and
the hydrolysis yields for glucan and xylan in percentage of theo-
retical are detailed in Fig. 2, panels A and B, respectively. The
method for calculation of enzymatic hydrolysis yield for glucan and
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Fig. 2. Concentration of glucose and xylose and hydrolysis yield for glucan (panel A) and xyla
1e12% of enzyme and assay 2e33% of enzymes (w/w, g enzyme/g glucan). Percentage of x
xylan is shown in point 2.3.
In assay 2, 24 and 48 h was necessary to release most of the

sugars for the low and high enzyme loadings, respectively. How-
ever, after 72 h of hydrolysis, both enzyme loadings attained similar
concentration of sugars (approximately 30 g/L). The assays 1 and 2
achieved hydrolysis yields for glucan of 73.8 and 75.7% (Fig. 2, panel
A); and for xylan of 82.8 and 92.8% (panel B), respectively.

Ertas et al. [32] analyzed the enzymatic hydrolysis of autohy-
drolyzed wheat straw at 180 �C and 20 min. Enzymatic hydrolysis
was carried out with cellulase dosages of 4 and 10 FPU/g of sub-
strate with 5% w/w solids loading for 96 h. Glucose yields for the
assays with 4 and 10 FPU were 24.9 and 24.6 g of glucose per 100 g
of dry substrate. Xylose yields for the two assays remained below
6 g per 100 g of dry substrate. The authors attributed this low xylose
content to the loss of xylan in the pretreated solid and further
degradation of xylose to byproducts (furfural and HMF). Similar to
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the present work, the increased enzyme dosage did not produce a
significant increase in the glucose content at the end of enzymatic
hydrolysis (after 96 h incubation). However, the hydrolysis yield for
glucan and xylan (in g per 100 g of substrate) obtained in assays 1
and 2 were 35 and 20 g, respectively, which were higher than those
obtained by Ertas. This is another advantage of alkaline extrusion
pretreatment: xylan is not lost in this step and, after the enzymatic
hydrolysis, a medium rich in glucose and also xylose can be ob-
tained, which is favorable to increase the ethanol yield production
by fermentation.

To check the effect of an increase of the solids loadings on the
hydrolysis yield and seeking to obtain a medium with a higher
fermentable sugars content, EH II test was conducted at 10% solids
and 12% enzyme load, and percentages of xylanase in total enzyme
load ranging from 0 to 20%. Two assays with untreated material
were also conducted, to check the efficiency of the alkaline extru-
sion as a pretreatment for enzymatic hydrolysis of wheat straw.

Fig. 3 shows the sugar concentrations and theoretical yields
following enzymatic hydrolysis for EH test II. Assays 3e6 are
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Fig. 3. Concentration of glucose and xylose and hydrolysis yield for glucan (panel A) and x
(assays 3 to 6) and untreated wheat straw (assays 7 and 8). Assays carried out with 12% o
each assay: 3 e 0%, 4e10%, 5e15%, 6e20%, 7 e 0%, 8e10%.
presented in decreasing order of cellulase activity (from 8.65 to
6.92 FPU/g of glucan) and increasing order of xylanase activity
(from 0 to 21.56 U per g of glucan). Assays 7 and 8 were performed
with untreated wheat straw and enzyme activities of 8.65 and 7.78
FPU and 0 and 10.77 U per g of glucan, respectively.

Comparing the results from the wheat straw extrudates (3e6)
with those from the untreated wheat straw (7 and 8), it can be
observed that alkaline extrusion significantly increased the
amounts of glucose and xylose released by enzymatic hydrolysis.
Regarding assay 6 (in which the best results were obtained), the
glucose and xylose yields were 13� and 11� higher than for the
untreated wheat straw, respectively. This assay 6, with 20% of
xylanase in total enzyme load (U to FPU activity ratio of 3.11:1),
resulted in the highest content of glucose monomers (30.2 g/L) and
glucan hydrolysis yield of 62.7%, after 72 h of reaction. Others au-
thors have reported the positive effects of extrusion on enzymatic
hydrolysis yields [8,13,29,33].

Increasing the proportion of xylanase ratio from 0 to 20%
enhanced the yield of glucose (assays 3 to 6, Fig. 3, panel A). This is
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demonstrated by the differences in increasing glucose concentra-
tions between assays 4, 5 and 6, that were significant (p < 0.05). On
the other hand, highest percentage of xylanase in total enzyme load
did not have much influence on the release of xylose, since the
xylose content was very similar in all EH II assays conducted with
wheat straw extrudates (Fig. 3, panel B). Xylan hydrolysis yields
were quite high (around 77%), even in the assay with absence of
xylanase (assay 3). This finding seems to indicate that the cellulase
preparation displays sufficient xylanase activity to hydrolyze the
xylan present in extrudates. In fact, some authors have reported the
presence of xylanase activity in cellulase enzymes supplied by
Novozymes, which is why they did not need to add hemicellulases
to obtain satisfactory xylose yields [24,34,35]. With extrusion pre-
treatment, the hemicellulose becomes very susceptible to enzy-
matic hydrolysis, which can be confirmed by the presence of a high
xylose oligomers concentration, about 8 g/L, at time 0 (data not
shown).

The improved glucan hydrolysis yield with the use of hemi-
cellulases shown in this work has also been described in other
studies. Qing and Wyman [15] reported that the addition of xyla-
nase and b-xylosidase increased glucose yield from corn stover,
compared to hydrolysis with only cellulase. The increase was about
8% when the biomass was pretreated with dilute acid, and about
26% when the biomass was submitted to AFEX (ammonia fiber
expansion), pretreatment that results in a higher xylan content
than the dilute acid process. The authors concluded that the
increased efficiency in the assays containing xylanases was due to
the xylooligomers reduction, which are potential inhibitors of cel-
lulose hydrolysis. Even low xylooligomers concentrations of 1.67 g/
L can decrease the initial rate of hydrolysis and the final glucose
content [36]. In the present study, all the assays presented a very
similar xylooligomers concentration (data not shown), but this
value is obtained after mild acid hydrolysis and thus, it is not
possible to know which types of xylooligomers are present. As
xylanase is an endoxylanase, the higher concentration of this
enzyme could improve the formation of smaller xylooligomers
chains. This fact may cause less inhibition, since xylose, xylobiose
and xylotriose has progressive impact on hydrolysis rates [37].
Another factor which could explain the improved glucose yield
with the increase in percentage of xylanase is that the highest
hemicellulase dosage acted more significantly on the hemicellulose
branches, opening the structure of the biomass and improving
cellulase accessibility to glucan.

Alkaline extrusion pretreatment followed by washing the ma-
terial provided a substrate easy to hydrolyze and reasonable
amounts of enzymes showed glucan and xylan hydrolysis yields of
about 60 and 80% (monomers), respectively. This is a good yield,
considering that a reasonable enzyme dosage of 6.92 FPU/g of
glucan (3.25 FPU/g of substrate) was employed in EH II test. For a
process to be economically viable enzyme dosages need to be about
4e5 FPU/g of substrate, due to the high cost of enzymes [32].

The glucan and xylan hydrolysis yields obtained in assay 6 (EH
II) are similar or slightly above others reported in wheat straw. For
example, Toquero and Bolado [24] pretreated wheat straw with 5%
sodium peroxide for 60 min at 50 �C followed by enzymatic hy-
drolysis with 10% (w/v) solids loading and 10 FPU/g of glucan of
enzyme NS50013 (Novozymes). The glucose and xylose contents
were 31.82 and 13.75 g/L, corresponding to a yield of 63.7 and
55.2%, respectively. It is important to note that evenwith the higher
enzyme dosage used by the authors, the total content of glucose
and xylose did not reach the 50 g/L as in this study. Bellido et al. [38]
obtained 23.77 and 11.29 g/L of glucose and xylose with the enzy-
matic hydrolysis (10% solids load, w/v) of wheat straw pretreated by
steam explosion at 210 �C and 10 min, values that are also below
those obtained in the present work.
To check if a higher enzyme dosage could increase the hydro-
lysis yield and contribute to obtain a medium with higher content
of fermentable sugars, EH III test was conducted at 10, 15 and 20%
solids loading, at an enzyme load of 20 FPU per g of glucan, and 15%
xylanase in total enzyme load (U to FPU activity ratio of 2.33:1). The
values of glucose and xylose content (monomers) found in assays 9,
10 and 11 and their respective yields are detailed in Fig. 4.

It can be seen that the glucose and xylose content (g/L)
increased with increasing solids loading, reaching 64.06 and
39.60 g/L of glucose and xylose at 20% solids content, respectively,
accounting for about 100 g/L of total fermentable sugars (assay 11).
Considering the production of glucose and xylose in relation to both
glucan and xylan in the extrudate, a global sugar production yield of
67% can be calculated. However, the hydrolysis yield for glucan
dropped from about 80% to 60% (panel A) and from 88% to 81% for
xylan (panel B), when the solids loading increased from 10% to 20%.
Many authors have described that increasing solids loadings in-
hibits enzymatic hydrolysis because of mass transfer limitations
and enzyme inhibition by the final product (glucose and cellobiose)
occur, which can affect the final efficiency of the hydrolysis
[37,39,40]. Our results are in agreement with these previous
findings.

Comparing assay 9 with assay 6 (also with 10% solids, but with
lower enzyme dose of 6.9 FPU per g of glucan), increasing the
enzyme dosage increased the content of sugars from 30 g/L to 40 g/
L. Likewise, glucan hydrolysis was 62% (of theoretical) at the lower
enzyme dosage and 80% at 20 FPU per g of glucan. The same pos-
itive effect was found in xylose (monomer) production, the xylan
hydrolysis yield increased from 78% to 88% as enzyme dosage levels
increased. However, in the EH I test, with 5% solids, increasing the
enzyme activity did not produce significant changes in hydrolysis
yield at 72 h incubation. Probably, the lowest enzyme dosage was
sufficient to achieve good hydrolysis performance at 5% solids, but a
higher enzyme dosage is required for a larger amount of straw to be
hydrolyzed.

In assays 9, 10 and 11 (EH III), the carbohydrates hydrolysis yield
leveled out after 48 h. This limitation in enzymatic hydrolysis at
consistencies of 10% and over have been already described [41,42].
Reasons for this could be shear or denaturation of the enzymes or
that the remaining substrate is less accessible for the enzymes that
require increasingly more time to degrade the substrate [43].

The highest glucose and xylose contents were reached in the
assay 11 (EH III). Taking into account the 20% solids loading, the
yield of about 60% for glucan and 81% for xylan is quite acceptable.
Others studies have obtained high sugar yields, even higher than
the present one, but these authors conducted the enzymatic hy-
drolysis at lower solids loading. Qing andWyman [15] achieved 90%
and 60% glucan to glucose and xylan to xylose conversion,
respectively, but they carried out the assays at 2% (w/v) solids
loading. Duque et al. [6] obtained enzymatic hydrolysis yield of 90%
and 88% for glucose and xylose, respectively, but the assays were
conducted at 5% (w/v) solids loading. From an industrial point of
view, operating at high solids conditions is essential to make
feasible bioethanol production [44]. There are numerous advan-
tages by operating the process at high solids loading of which the
final high ethanol concentration and consequently the lower cost
for distillation are the most obvious. Also capital and production
costs are more beneficial due to reduced equipment size and
reduced energy consumption for processing [45].

Another global sugar release yield can be calculated, from the
raw material, including the losses of glucose and xylose during the
pretreatment and washing steps. For the assay 11, considering the
percentage of 20% dissolved solids, a global sugar yield of 41.4 g of
sugars (glucose and xylose) per 100 g of raw material can be
calculated. In the same way, the glucose and xylose release yields
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Fig. 4. Concentration of glucose and xylose and hydrolysis yield for glucan (panel A) and xylan (panel B) (monomers) released in EH III test on wheat straw alkaline-extrudates.
Assays were conducted with 33% of enzymes (w/w, g enzyme/g glucan) of which 15% was xylanase. Solids loading for each assay: 9e10%, 10e15%, 11e20%.
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were 25.6 g and 15.8 g per 100 g of raw material, respectively.
Although the enzymatic dosage of assay 11 was the highest one

employed in this work (20 FPU and 46.64 U per g of glucan), it is
comparable to other enzyme loadings reported in the literature.
Enzyme activities of 10e30 FPU/g of glucan are often used in lab-
oratory studies, because they result in an efficient hydrolysis with
high glucose yield in a reasonable time (48e72 h) [5].

4. Conclusions

Alkaline extrusion produced changes in composition of wheat
straw and promoted enzymatic digestibility of the extruded sub-
strate. The pretreatment generated a material with lower propor-
tion of lignin and larger proportion of cellulose, compared to
untreated wheat straw. As a result of changes produced by alkaline
extrusion, enzymatic digestibility of wheat straw increased 13
times for glucan and 11 times for xylan hydrolysis, respectively,
over the untreated material.
Enzymatic hydrolysis of wheat straw extrudates reached
acceptable glucan and xylan hydrolysis yields with reasonable
enzyme dosages from 6.9 to 20 FPU of cellulase per g of glucan in
experiments at 5%e20% (w/v) solids loading. The addition of higher
percentage of xylanase enzyme increased the glucose released but
did not improve the release of xylose. The supplementation of
cellulase with 20% xylanase (w/w), corresponding to U to FPU ac-
tivity ratio of 3.11:1, improved the glucan hydrolysis yield about
21% over the assay with no xylanase. A medium containing 100 g/L
of fermentable sugar (60 g/L glucose and 40 g/L xylose) was ob-
tained using 20% solids loading (w/v) with 20 FPU/g of glucan
reacted for 48 h.

Briefly, alkaline extrusion stands out as an effective pretreat-
ment for wheat straw that promotes enzymatic digestibility of
extruded material. It shows certain advantages over other pre-
treatment methods such as it can be run at moderate temperature
and pH, which grants the recovery of almost all carbohydrates in
the extrudate and avoids the generation of toxics. Moreover, it
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presents high potential based on the possibility to design a vast
range of pretreatment configurations (i,e, neutralization inside the
extruder that allows minimizing downstream operations, combi-
nation with other pretreatments, etc.), which makes this process
technology highly versatile and enhances its prospective
application.
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