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Abstract: Bioconversion of lignocellulosic materials into
ethanol requires an intermediate pretreatment step for
conditioning biomass. Sugar yields from wheat straw
were previously improved by the addition of a mild alkali
pretreatment step before bioconversion by the white-rot
fungus Irpex lacteus. In this work, an alternative alkaline
treatment, which significantly reduces water consumption,
was implemented and optimized. Sugar recovery increased
117% with respect to the previously developed alkaline
wash process at optimal process conditions (30°C, 30
minutes and 35.7% (w/w) of NaOH). In order to further
reduce operational costs, a system for alkali recycling was
implemented. This resulted in the treatment of 150% more
wheat straw using the same amount of NaOH. Finally,
enzymatic hydrolysis was optimized and resulted in a
reduction of enzyme dose of 33%.
Keywords:
Alkaline
pretreatment,
Bioethanol,
Lignocellulosic materials, Wheat straw, Biological
pretreatment.

1 Introduction
With the aim of displacing petroleum-based products many
processes based on the bioconversion of sugar crops have
been developed [1]. First generation bioethanol, as well
as chemicals like lactic acid or poly-hydroxyalkanoates
are being produced from cereals or other energy crops
*Corresponding author Thelmo A. Lu-Chau, Department of Chemical
Engineering, Institute of Technology, University of Santiago de
Compostela, 15782, Santiago de Compostela, Spain, E-mail: thelmo.
lu@usc.es
María García-Torreiro, Miguel Álvarez Pallín, María López-Abelairas,
Juan M. Lema, Department of Chemical Engineering, Institute of
Technology, University of Santiago de Compostela, 15782, Santiago
de Compostela, Spain

[2]. Nevertheless, current bioethanol production is not
sufficient to replace the worldwide consumption of fossil
fuels. Furthermore, first generation biofuels have raised
concerns about the use of food crops as raw material for
fuels production and has encouraged greater research
focus on the use of non-edible renewable substrates for
bioethanol production [3].
Second generation bioethanol uses non-edible
wastes and crops such as lignocellulosic materials as
feedstock, which do not compete with food markets.
However, their use requires additional processing. The
first step in the conversion of biomass into ethanol
consists of size reduction of the materials and the
hydrolysis of carbohydrates. Due to the resistant nature of
lignocellulosic biomass, enzymatic hydrolysis of untreated
biomass results in poor sugar yield [4]. Untreated biomass
is principally limited by high lignin and hemicellulose
content, high cellulose crystallinity, and the low
accessible surface area [5]. Thus, pretreatment is carried
out with the objective of disrupting cellulose structure
and providing an easy access to fermentable sugars.
Pretreatments can be categorized by their mechanism as
physical, physicochemical, chemical or biological.
Biological pretreatment uses the ability of some
microorganisms to break down recalcitrant lignin,
gaining access to hemicellulose and cellulose. The white
rot basidiomycete, Irpex lacteus, has been successfully
applied for the pretreatment of several lignocellulosic
materials [6-9]. Although, biological pretreatment require
long residence times and results in some reduction in sugar
yield due to microorganism growth, it does not generate
toxic compounds unlike other types of pretreatment [10].
Biological pretreatment can be combined with other
types of pretreatments to improve the overall effectiveness
of the process [6, 11, 12]. In particular, biological
pretreatment can improve sugar recovery during an
alkaline wash by increasing lignin, hemicellulose and
cellulose solubilization [9].
Alkaline treatment can also be used as single
chemical pretreatment step. Compared with other
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pretreatments, it requires lower temperatures, residence
times and pressures [13]. It acts through the saponification
of intermolecular ester bonds which crosslink xylan
hemicelluloses and other components, increasing the
porosity of the pretreated materials. NaOH pretreatment
causes swelling of the lignocellulosic materials, leading
to an increase of the internal surface area, a decrease in
the degree of polymerization and crystallinity, separation
of structural linkages between lignin and carbohydrates,
and disruption of the lignin structure [14]. Nevertheless,
the degree of deconstruction is dependent on the lignin
content of the materials. The NaOH delignification effect
has been tested on different substrates such as wheat
straw, cotton stalk, Miscanthus, and rice straw [15-18].
Nonetheless, the combination of biological and alkaline
pretreatment has been less studied [6, 11].
The objective of this work was to study the effect of
the main parameters involved in the alkaline treatment
(temperature, alkali concentration and residence time) of
biological pretreated wheat straw to find the operational
conditions to maximize sugar recovery under the mildest
treatment parameters. Finally, pretreated wheat straw was
used to optimize the dosage of cellulases and hemicellulases
required for its subsequent enzymatic hydrolysis.

in a cutting mill until a particle size between 1 and 5 cm
was achieved. Then, 3.3 L of water was added to each
kilogram of wheat straw and the mixture was sterilized
in plastic buckets at 121°C for 20 min. Finally, the sterile
straw was transferred to a solid-state fermentation (SSF)
reactor with a volume of 20 L in a laminar flow cabinet.
The SSF reactor used in this study was designed and built
to scale up the fungal digestion previously carried out at
flask scale [19].
The straw was inoculated with 0.5 L of Irpex
lacteus (as pellets) per kilogram of substrate, which
corresponded to 1.5 g of fungal biomass per kilogram
of straw. The SSF reactor was operated in packedbed mode, with force aeration through the biomass.
Sterilized humidified air was continuously fed to the
reactor with a flow rate between 0.14 and 0.19 vvm. The
humidity of wheat straw was measured using an on-line
sensor and controlled by modifying the water saturation
of the inlet air. The temperature was maintained at 28°C
by modifying the inlet air temperature. After 21 days of
pretreatment, wheat straw was removed from the SSF
reactor, kept overnight at −20 °C, freeze-dried, and stored
at room temperature until further use.

2 Materials and methods

2.3 Alkaline wash and alkaline treatment

2.1 Microorganisms and inocula preparation
The basidiomycete I. lacteus (Fr. 238 617/93) was obtained
from the culture collection of the Chemical Engineering
Department of the University of Santiago de Compostela
(Spain). Mycelium production in static cultures and
fungal inoculum preparation was carried out as described
by Salvachúa et al. [8].
Saccharomyces cerevisiae (Ethanol Red ®Dry Yeast,
Fermentis, France) was used for the fermentation of wheat
straw hydrolysate and kindly provided by Bioetanol Galicia
SA (Teixeiro, A Coruña, Spain). Inoculum medium consisted
of 40 % (v/v) water and 60 % (v/v) synthetic medium (150 g/L
glucose, 2 g/L yeast extract, 2 g/L peptone, 4 g/L (NH4)2SO4
and 2 g/L KH2PO4), 1.705 g/L urea and 0.341 g/L yeast. The
culture was incubated at 150 rpm and 32.5 °C for 10 h.

2.2 Fungal pretreatment in a solid-state
fermentation reactor
Wheat straw (Triticum aestivum) provided by Abengoa
Bioenergy (Babilafuente, Salamanca, Spain) was chopped

Conditions for alkaline wash of biopretreated wheat straw
were based on those reported by Salvachúa et al. [8]. In brief,
600 mg of pretreated biomass was added to 100 mL flask
containing 6 mL of water (10% w/v) with 0.102 mL of NaOH
(25% w/v) per g of wheat straw. Flasks were incubated with
shaking at 165 rpm at 50°C for 1 h. This treated biomass was
filtered and washed with water until a pH of 5 was reached,
consuming 100-200 mL of water per gram of straw. Alkaline
treatment was conducted using the same conditions as the
alkaline wash with the exception that the biomass was left
unfiltered and the pH of the resulting slurry was adjusted to
5 by the addition of H2SO4.

2.4 Optimization of the alkaline treatment
Temperature, residence time, and NaOH concentration
were optimized following a one-factor-at-a-time (OFAT)
experimental design. The basal pretreatment conditions
were those previously described for the alkaline wash. The
experimental range of each parameter was determined
taking into account a literature review of alkaline
treatments applied to grasses. A summary of this review
is presented in Table 1.
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The order of evaluation of the parameters was
determined by taking into account the differences
in the severity factor calculated using the lowest and
highest values of each parameter, and maintaining
constant the other two parameters at the basal values.
The parameter that obtained the lowest difference was
evaluated first, and the one presenting the greatest
difference was tested last.
Residence time was the first parameter tested. The
influence of using shorter (30 minutes) and longer
(2 and 24 hours) residence times on sugar release
from biopretreated wheat straw was studied at the

basal (2.55% w/w) and the highest (35.7% w/w) NaOH
concentrations. Then, the effect of temperature on sugar
release was studied at the optimal residence time using
also the basal and the highest NaOH concentrations. The
temperature range chosen for the study was from 30 to
115°C.
Finally, with the optimized values of temperature and
time, a wider range of alkali concentrations was tested:
2.55, 12.75, 17.85, 25.5 and 35.7% (w/w). These values
correspond to 1, 5, 7, 10 and 14 times the basal NaOH (1x
NaOH) concentration, respectively.

Table 1: Summary of studies on lignocellulosic biomass pretreated with alkali and/or fungus.
log M0
Raw material
Pretreatment
Time (min) Tª (°C)
NaOH doseb
Solids loading
(%w/w)
(% w/v)

Sugar yield
(g/g)

Reference

Miscanthus

NaOH

240

70

12.0

5.7

16.7

0.45**/0.29*

[17]

Cotton stalk

NaOH (high P)

60

121

20.0

7.5

10.0

0.39**/0.30*

[16]

Rice straw

NaOH

180

55

4.0

3.3

20.0

0.14

[18]c

Grass

NaOH

15

121

7.5

5.2

10.0

0.26*

[12]

Corn stalks

FP + NaOH

120

30

15.0

4.6

6.7

0.40

[6]

FP + NaOH

30

60

15.0

4.9

6.7

0.40*

NaOH

120

60

15.0

5.5

6.7

0.40*

Oilseed rape straw NaOH (high P)

30

130

50.4

9.0

5.0

0.44*

Switchgrass

NaOH

720

50

10.0

5.3

10.0

0.45 /0.26

[32]

NaOH

1440

25

20.0

6.0

5.0

0.29*

[29]

Sugarcane tops

NaOH (high P)

60

121

3.0

4.3

15.0

**

0.38

[33]

Wheat straw

FP + NaOH

10

115

40.0

7.7

5.0

0.39**

[11]

NaOH

10

115

40.0

7.7

5.0

0.41

NaOH

8640

20

60.0

8.5

2.5

NA

NaOH

1440

40

50.0

8.0

2.0

0.32

[30]

NaOH

360

80

40.0

8.2

5.0

NA

[34]

NaOH

60

100

8.0

5.3

12.5

0.32

[35]

NaOH

30

121

20.0

7.2

10.0

0.52*

[13]

FP + NaOH

60

50

8.5

3.9

5.0

0.28

[9]

NaOH (high P)

60

121

10.0

6.3

10.0

0.27*

FP + NaOH 14x

30

30

35.7

5.5

FP + NaOH recycling

30

30

14.3

3.9

Letter code: FP, fungal pretreatment; P, pressure; NA, not available data.
b

Alkali dose expresed as g NaOH/g biomass.

c

Unwashed alkaline treatment.

**
*

Total reducing sugar per gram of raw material.

Glucose per gram of raw material.

*

*

**

[31]
*

**

[26]
**

**

*

[25]

10.0

*

0.46 /0.22

This studyc

10.0

0.49**/0.21*

This studyc

**
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2.5 Alkali recycling system

2.7 Alcoholic fermentation

NaOH recycling process consists of the consecutive reuse
of the liquid fraction recovered from the previous alkaline
incubation to treat new portion of biologically treated
biomass. First, lignocellulosic material was incubated at
optimal conditions of temperature, treatment time and alkali
concentration, using a solids concentration of 10% (w/v).
Subsequently, the solid and liquid phases were separated
by filtration. The volume of the alkaline liquid phase was
quantified and new wheat straw was added to the liquid
phase at a 10% (w/v) of solids concentration. The new
biomass was incubated again at the same conditions like in
the first batch. This process was repeated two more times.
Finally, solid and liquid fractions were collected and pooled
together. The retention of liquid by wheat straw limits the
number of batches that can be treated with the same amount
of NaOH. At lab scale it was possible to treat four straw
batches, nevertheless this number could be increased using
more efficient filtering systems at a larger scale.

Following enzymatic hydrolysis, alcoholic fermentation
was carried out in triplicate in 250 mL Erlenmeyer flasks
using 100 mL of hydrolysate at 32.5°C and 150 rpm during
48 hours. A seed culture of S. cerevisiae was inoculated at
5 % (v/v) and the concentrations of total reducing sugars,
glucose, ethanol and biomass were determined in samples
taken periodically during fermentation.

2.6 Enzymatic hydrolysis and dosage
optimization
Before enzymatic hydrolysis, the pH was adjusted to 5 by
adding H2SO4 (72% w/v). The conditions of enzymatic
hydrolysis were previously described and optimized by
López-Abelairas et al. [20]. The enzymatic cocktail found
to be optimal for fungal pretreated biomass was composed
of: Cellic HTec2, Cellic CTec2 and NS50010. Commercial
enzymatic cocktails used were kindly provided by
Novozymes. In these cocktails, cellulase and β-glucosidase
were supplemented by adding CTec2 and NS50010, and
β-xylosidase and xylanase by HTec2. The standard doses
of each cocktail were 128, 36, and 15 μL/g wheat straw,
which correspond to initial activities of 12.8 FPU cellulase,
46.8 IU xylanase and 12.15 IU β-glucosidase per g of wheat
straw, provided by the cocktails Cellic CTec2, Cellic HTec2
and NS50010, respectively. The enzyme dosage previously
optimized for the hydrolysis of biopretreated biomass using
a soft alkaline wash [20] was applied in this case. Hydrolysis
was carried out in 0.1 M citrate buffer, pH=4.8, with a solid
loading of 15% for 60 h in an orbital shaker at 50°C and
180 rpm. Antibiotics (tetracycline and cycloheximide) were
added to prevent contamination. The optimization of the
enzymatic hydrolysis of the optimized combined biological
and alkaline pretreated biomass was conducted following
an OFAT experimental design, which tested each enzyme
cocktail separately by maintaining the other two enzyme
cocktails concentrations at the standard value.

2.8 Analytical protocols
2.8.1 Raw material composition determination
An adapted protocol from NREL (National Renewable
Energy Laboratory, Golden, USA) was used for the
determination of the biomass composition in cellulose,
hemicellulose and lignin [21]. Acid hydrolysis allows
lignin separation from sugar fraction so it can be
determined by weight. The concentration of polymeric
sugars, hemicellulose and cellulose, were calculated from
the concentration of the corresponding monomeric sugars
using an anhydro correction of 0.88 for C-5 sugars and a
correction of 0.9 for C-6 sugars, respectively.

2.8.2 Cellulose and hemicellulose digestibility
Cellulose (Dc) and hemicellulose (Dh) digestibility were
evaluated and expressed, according to Equation (1),
as the quotient between the percentage of glucose
(Gr) and xylose (Xr) released from the biomass after
pretreatment (including the enzymatic hydrolysis step)
and the theoretical maximum amount of glucose (GS) and
xylose (XS) available in the raw material, respectively.
Total digestibility is calculated using the total amount
of reducing sugars, instead of glucose or xylose. This
parameter gives an idea of how available the fermentable
sugars are.

D c or Dh (%) 

gGr or X r
gGs or X s

Equation (1)

2.8.3 Determination of substrate, product and biomass
concentrations
Glucose content was measured using HPLC [21] and
an enzymatic colorimetric method (GOD-PAP/Trinder,
Spinreact, GI, Spain). No significant differences were found
between HPLC and enzymatic method, for that reason the

 t  100 
M 0  t  C n  exp 

 14.75 
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enzymatic method was used as the routine method for
glucose determination. Total reducing sugars (TRS) were
determined by the dinitrosalicylic acid (DNS) method [22].
The concentration of ethanol was determined using an
HPLC system (Hewlett Packard 1100, USA) equipped with
an Aminex HPX-87H column. H2SO4 (5 mM) was used as
the mobile phase. Samples were filtered through 0.22 mm
membranes prior to HPLC.
Biomass growth during alcoholic fermentation was
determined by measuring the optical density. Biomass
was harvested by centrifugation at 4000 rpm for 10 min
and washed twice with distilled water. Optical density was
determined by measuring the absorbance of the sample at
600 nm.

2.8.4 Determination of the severity factor (M0)

gGr or X r
 treatment
D c or of
Dthe
h (%)
The harshness
alkaline
gGs or X s was estimated using

a single parameter that relates time, temperature and alkali
concentration, in order to obtain a relationship between
pretreatment severity and improvement of digestibility.
Overend and Chornet [23] initially defined the severity
parameter to relate temperature and time for steam explosion
pretreatment, later, Chum et al. [24] and Silverstein et al. [16]
adapted this relationship for alkaline pretreatment. This
latter relationship is shown in Equation 2.

 t  100 
M 0  t  C n  exp 

 14.75 

Equation 2
Where M0 is the modified severity parameter; t is the
residence time (min); C is the chemical concentration
(% w/w), in this case of NaOH; T is the reaction
temperature (°C) and n is an arbitrary constant fitted to be
3.90 for sodium hydroxide [16].

2.9 Data analysis
A statistical analysis was conducted to determine
the optimal enzymes dosage and alkaline treatment
parameters using the software R v.2.12.0 (The R Foundation
for Statistical Computing). First, a one-way analysis of
variance (ANOVA) was carried out to determine if the
results obtained at different conditions were significantly
different. Then, if the ANOVA confirms the existence of
a significant difference (p < 0.05), a post-hoc analysis
(Tukey’s HSD) was used to determine between which
values the difference was significant, considering a level
of significance (a) of 0.05.

3 Results
Raw wheat straw used in this study was composed of 32.5
± 1% cellulose, 35.5 ± 0.6% hemicellulose, 19.9 ± 0.2%
lignin and 4.2 ± 0.1% ash. After biopretreatment, 30%
of total substrate weight was lost due to fungal growth
and the resulting wheat straw composition was altered.
Hemicellulose increased to 36.8 ± 1%, while cellulose,
lignin and ash were reduced to 28.8 ± 0.8, 15.9 ± 0.6 and 1.7
± 1%, respectively. Despite the partial loss of fermentable
sugars, lignin content was significantly reduced (~44% of
initial lignin was consumed by the fungus).

3.1 Alkaline treatment optimization
After alkali incubation of the biopretreated biomass, the
alkali-enriched liquid phase could be separated (alkaline
wash) or not (alkaline treatment). These two different
alternative alkaline processes are shown in Figure 1. By
measuring the composition of the liquid fraction after
filtration in the alkaline wash process, it was found that
36% of lignin was solubilised together with a meaningful
percentage of cellulose and hemicellulose (21 and
45%, respectively). Furthermore, since free water is not
available, additional water may be required for biomass
washing to allow filtration when high-solid loadings
(≥ 20%) are used. The typical amount of water used in
most studies is in the range of 100-200 mL water/g initial
straw used in the alkaline step.
Sugar release, measured as the concentration of
monomeric sugars in the liquid fraction during the
alkaline treatment of biopretreated wheat straw (BWS)
was evaluated at different times in order to determine
the optimal duration to maximize sugar yield. Incubation
time between 30 min and 24 hours was studied at the basal
temperature (50°C) at two alkali concentrations (2.55 and
35.7% w/w), which correspond to the basal concentration
of NaOH (1x NaOH) and to 14 times the basal concentration
(14x NaOH), respectively.
As observed in Figure 2A, increasing in treatment
time did not result in either a negative or positive effect
on sugar release in the liquid fraction for the tested
alkali concentrations. The significance of the time and
concentration on sugar release was checked by statistical
analysis of the data, a summary of which is presented in
Table S1 (Supplementary Material; time coded as T1 to T4,
respectively).
Increasing the concentration of NaOH from (1x NaOH)
to (14x NaOH) resulted in an increase from 96 mg of glucose
released per gram of BWS to 220 mg/g respectively. ANOVA
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Figure 1: Schematic representation of alkaline wash and alkaline treatment configurations for biopretreated biomass. Letter code: C, cellulose; HC, hemicellulose and L, lignin.

Figure 2: Optimization of the alkaline pretreatment as a function of xylose and glucose release (mg sugar/g BWS) from fungal pretreated
wheat straw. A. Influence of residence time for two different alkali concentrations: 1xNaOH (light blue bars) and 14x NaOH (black bars). B.
Effect of temperature on the alkaline pretreatment applied for 30 min at alkali concentrations of 1xNaOH (light blue bars) and 14x NaOH
(black bars). C. Effect of alkali concentration (1x NaOH (light blue bars); 5x NaOH; 7x NaOH; 10x NaOH (orange bars, the three of them) and
14x NaOH (black bars)) on the alkaline pretreatment applied for 30 minutes at 30°C.
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confirmed that there was no significant difference in sugar
release for the tested incubation times at either for 1x or
14x NaOH concentrations (0.200 < p < 0.800). According
to these results it would be possible to apply the shortest
treatment time (30 min) without a loss in the efficiency of
the process.
The effect of temperature on sugar release at low
and high alkaline concentration (1x and 14x NaOH) was
determined by fixing the duration of the alkaline treatment
at 30 min. As observed in Figure 2B, at the basal alkali
concentration, temperature had a significant effect on
sugar release (coded as C1 to C6, respectively) (p < 0.001).
Glucose yield increased to 155 mg/g when temperature
was increased from 50 to 115°C, using the 1x NaOH. The
post-hoc analysis showed significant differences between
the two highest temperatures (p < 0.002) and the others;
however, temperatures lower than 90°C resulted in no
significant temperature effect (p > 0.05). At high alkaline
concentration (14x NaOH), temperature had a null effect
on sugar release (p < 0.001). Contrary to what was observed
at basal alkali concentration, sugar recovery at 115°C was
significantly lower than at the other five temperatures
(0.001 < p < 0.033). Thus, the effect of alkali concentration
has a higher impact on sugar yield than either temperature
or time. Taking this into account the lowest temperature
(30°C) was selected as the optimal temperature. At this
temperature, sugar yield obtained after applying the
alkaline treatment with the 14x NaOH concentration was
225.5 mg glucose/g BWS.
Finally, applying the best values found for
temperature (30°C) and time (30 min), a wider range of
alkali concentrations were tested with the aim of finding
a lower alkali concentration which results in similar sugar
yields to the 14x concentration.
As observed in Figure 2C, sugar release increased
with increasing alkaline concentrations (p < 0.001). All
of the tested NaOH concentrations were significantly
different except the results obtained with 5x and 7x NaOH
(alkali concentration was coded as D1 to D5, respectively)
which were not significantly different between them (p
= 0.286). The highest sugar recovery was obtained using
the 14x NaOH concentration (p < 0.001) and all the others
concentrations tested resulted in lower sugar recoveries.
Digestibility was calculated for the different
treatments as the percent of the theoretical maximum
glucose and/or xylose release. The digestibility of
cellulose, hemicellulose and total digestibility of BSW
after the basal alkaline treatment (60 min, 50°C and
1x NaOH) was 28.2 ± 3.3%, 29.5 ± 1.1% and 28.9 ± 1.1%
respectively, while total digestibility of untreated straw
was 20.8 ± 2.3%. Digestibility increased to 70.5 ± 0.9% for

cellulose, 56.8 ± 1.6% for hemicellulose, and 62.7 ± 0.8%
total for the optimized conditions of 30 min, 30°C and 14x
NaOH concentration. Optimization resulted in a larger
difference in cellulose digestibility than hemicellulose.
Overall, in terms of sugar release, 122 mg of glucose and
100 mg of xylose per gram of BWS was obtained.

3.2 NaOH recycling
A study of NaOH recycling was conducted at the optimal
alkaline treatment conditions obtained in this work.
Straw was treated in consecutive batches (recycling
steps) reusing the same alkali solution. Loss of liquid
phase due to its absorption onto the wheat straw during
the treatment limited the number of batches that could
be applied at laboratory scale to four. Hemicellulose
and cellulose digestibility were measured after each
batch (Figure 3). Sugar released from the hemicellulose
fraction increased after each recycling step due to the
accumulation of the xylose fraction in the liquid phase.
However, total digestibility after the recycling process
(67.5 ± 0.5%) was slightly higher than that obtained by a
single pass of the 14x NaOH treatment (62.7 ± 0.8%). The
final values of sugar released after the recycling process
was 117.2 mg of glucose and 118.6 mg of xylose per gram of
BWS. ANOVA was used to confirm that the results differed
significantly (0.001 < p < 0.004).
Applying the alkaline treatment with liquid recycling
resulted in the treatment of 150% more wheat straw than
using a simple alkaline wash with the same amount
of NaOH. With the recycling process an overall NaOH
concentration of 14.3% (w/w) was used, while each batch
was actually treated with 35.7% (w/w) NaOH. This allows
us to obtain higher digestibility than simply using 14.3%
NaOH, which would correspond to an alkali concentration
of approximately 5.6x NaOH. Thereby, alkali recycling
resulted in a 60% reduction in NaOH consumption with
respect to the optimal value, while maintaining the same
final digestibility.

3.3 Severity factor
Severity factor of each alkaline treatment was calculated
for all of the combinations tested. In Figure 4, severity
factor is represented as a function of total digestibility
obtained for each treatment. For a severity factor (log
M0) lower than 2, total digestibility was not significantly
different (p = 0.996). From 2 to 6, digestibility increased
linearly (r2 = 0.96), while for severe treatments greater than
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Figure 3: Cellulose (grey bars), hemicellulose (striped bars) and total (black bars) digestibility (%) of wheat straw during the alkali recycling
process. Data showed for each step of recycling (Batch n°1-4) and the global digestibility at the end of the process (Total).

5.77, biomass digestibility did not show any improvement
(from 5.77 to 7.54, 0.052 < p < 1.000) or even negatively
affected the total digestibility (severity of 8.28, p < 0.05).
The optimal conditions found in this study for alkali
pretreatment correspond with a severity factor of 5.47,
which closely corresponds to the maximum severity that
produces a positive effect on total digestibility (5.77).

3.4 Enzymatic hydrolysis optimization
Hemicellulases, cellulases and β-glucosidases (provided
by HTec2, CTec2 and NS50010 supplementation,
respectively) were optimized separately, by maintaining
the dosage of two of these cocktails to their initial values
and varying the concentration of the third. Each enzyme

cocktail was optimized by testing a wide range of enzyme
concentrations using the wheat straw pretreated at
optimal conditions (Figure 5).
Statistical analysis was conducted to determine the
optimal enzyme dosage in each case as a function of
total digestibility (Table S2, Supplementary Material).
Significant differences were detected among the assayed
concentrations for each enzyme (0.001 < p < 0.006). Posthoc analysis for CTec2 optimization (enzyme doses coded
as C1 to C6, respectively) showed no significant difference
in total digestibility obtained between 128 μL Ctec2/g BWS
and the next lower dose (96 μL Ctec2/g BWS, p = 0.480).
During HTec2 optimization (enzyme doses coded as H1
to H7, respectively), a clear effect on total digestibility was
observed using doses in the range of 0 to 18 μL HTec2/g
BWS (0.001 < p < 0.040). However, total digestibility

Figure 4: Total digestibility (%) for different treatments at their calculated severity factors (log M0). Severity factors are shown classified as
log M0<2 (crosses), 2 ≤ log M0 ≤ 6 (squares) and log M0 > 6 (triangles).
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Figure 5: Total digestibility (%) during the optimization of the doses (μL enzyme/g wheat straw) of the enzyme cocktails Htec2 (squares),
CTec2 (diamonds) and NS50010 (triangles) for the enzymatic hydrolysis of pretreated wheat straw. Grey symbols mark the initial enzyme
concentration (before the optimization) and white symbols mark the optimised concentration for each enzyme.

obtained with doses 18 or 36 μL HTec2/g BWS presented
no significant difference (p = 0.387).
Moreover, in the case of NS50010 optimization
(enzyme doses coded as N1 to N6, respectively), the effect of
increasing the doses from 5 and 150 μL NS50010/g BWS on
total digestibility was not significant (0.054 < p < 1.000). This
individual testing indicated that the dosage of CTec2, HTec2
and NS50010 could be reduced from 128 to 96, 36 to 18, and
15 to 5 μL/g BWS, respectively, without compromising total
digestibility. The performance of the new doses of each
cocktail together was tested and compared to the standard
doses (as control). The total digestibility obtained with the
standard and optimal doses were not significantly different
(p = 0.281; 72.5 ± 2.7 and 75.4 ± 3.0%, respectively) validating
the enzyme reduction.

Finally, wheat straw pretreated using the optimal
conditions (Figure 6) was fermented to ethanol using
S. cerevisiae. Biomass growth, determined by optical
density, did not increase due to the anoxic conditions
required for alcoholic fermentation. Nevertheless, a yield
of 0.42 g EtOH/g glucose or 0.28 L EtOH/kg raw straw was
obtained, which corresponds to 84% of the maximum
theoretical yield.

4 Discussion
The mechanism of the alkali treatment on lignocellulosic
biomass implies partial solubilisation of lignin [14].
For this reason, the most common practice for biomass
delignification removes the liquid from the slurry before

Figure 6: Bioethanol production from fungal and alkali pretreated wheat straw with S. cerevisiae: optical density (crosses), ethanol
(squares) and glucose (diamonds) concentrations (g/L).
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washing the solids with water. Washing has three main
purposes: i) lignin removal from the biomass; ii) pH
biomass neutralization and iii) removal of possible
inhibitory compounds, either produced during alkaline
treatment (i.e. aromatic compounds or acetyl derivatives)
or already present in the reaction medium (i.e. sodium
ions) which could negatively affect subsequent enzymatic
hydrolysis or fermentation [12, 17, 25]. However, in this
study washing of biopretreated biomass resulted in a loss
of fermentable sugars due to the solubilisation of cellulose
and hemicellulose in the liquid phase (Figure 1).
Alkaline treatment, as proposed in this study, is rarely
applied in favour of alkaline wash. However, this approach
has several potential advantages over an alkaline
wash step, most notably, a higher amount of sugars are
preserved, higher solids loadings can be treated, and
a significantly lower amount of water is required. All of
these aspects have a direct impact on the manufacturing
costs and energy requirements of the process. On the
other hand, lignin (as solid and solubilised fractions) and
potentially inhibitory compounds are not removed by the
alkaline treatment. Furthermore, an acid solution, which
could increase the presence of inhibitory salts, is used for
pH neutralization. Nevertheless, in a previous study [18],
it was proven that alkaline treated rice straw resulted in
equivalent glucose conversion ratios and higher glucose
yields than alkaline washed samples. Thus suggesting no
inhibition during enzymatic hydrolysis.
Alkaline treatment was used in order to retain as
much of the released sugars as possible. Since lignin was
partially solubilised, but not removed by filtration and
washing, digestibility and total sugar release were used as
the best indicator for optimizing operational parameters
instead of the traditional decrease in lignin content. The
presence of inhibitory compounds was indirectly assessed
by the subsequent enzymatic hydrolysis and ethanol
fermentation.
A huge variety of alkali incubation times, from a few
minutes [11, 12] to several days [26] have been previously
evaluated on wheat straw and other grasses (see Table
1). Longer residence times usually correspond to milder
treatment conditions (lower alkali concentrations and
temperatures), while shorter residence times (<1 hour) are
usually applied to harsher treatment conditions (higher
alkali concentrations and temperatures).
While the optimized alkaline treatment allowed an
important reduction in treatment time and temperature,
the use of the highest alkali concentration (35.7% (w/w),
14x) would lead to an increase in pretreatment costs.
For this reason, the reuse of the alkali solution was
investigated in this study. Recovery and reuse of the
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unconsumed alkali in lignocellulosic pretreatment has
been previously studied by Pavlostathis and Gossett [27].
They found that the effectiveness of the process was not
reduced and the total amount of alkali used was reduced
by 3% (g NaOH/g straw). In this study, alkali consumption
was reduced in 60%, without comprising process efficacy.
An overview of the previously studied process
conditions for alkaline treatment is presented in Table
1. Different types of non-woody lignocellulosic materials
are represented (all of them grasses). The chemical
composition of wheat straw is similar to that of e.g. rice
straw, cotton stalks, corn stalks, etc. Several studies
presented combined fungal pretreatment with an alkaline
wash [6, 9, 11]. The severity factor (log M0) was calculated for
the summarized studies, considering only the parameters
implied in the alkaline part of treatment. Although it
is clear that temperature, incubation time, and alkali
concentration are the main factors affecting pretreatment
efficiency, many other parameters or processes could
affect biomass disruption [28]. Raw material structure, the
combination of alkali with a different kind of pretreatment,
enzymatic hydrolysis conditions or biomass conditioning
(e.g. ground, autoclave, etc) can also affect sugar recovery.
For this reason it was not possible to find a clear correlation
between severity factor and sugar recoveries.
As it can be observed in Table 1, usually long
residence times are combined with mild temperatures [26,
29, 30] and, on the contrary, shorter times are combined
with higher temperatures [11-13, 31]. The temperature
and residence time values found optimal in our work are
within the lowest values of the table. Alkali concentrations
used in the different studies are in the range from 3 to
60% (w NaOH/w biomass) and the global severity of the
alkaline treatments varies from 3.28 to 8.52. In this study
the recycling process reduced the severity factor from 5.47
to 3.92.
Solids loading varied from 2 to 20% (w/v);
nevertheless, around 10% (w/v) is the most commonly
used value among the studies presented in Table 1. Due
to the mixing and filtration used during the alkaline wash
process, higher solids concentrations will hinder the
process. Similarly, an increase in solid loading will cause
difficulties during alkaline treatment with recycling due
to the filtration required between consecutive recycling
steps.
After disrupting the lignocellulosic structure using
biopretreatment and alkaline treatment, cellulose and
hemicellulose became more accessible for enzymatic
action. Moreover, the improvement in the accessibility
of these polysaccharides and the enhancement of
the material’s digestibility due to alkaline treatment
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optimization lead to a significant reduction in the
enzyme doses required for hydrolysis (33%). Finally, in
order to assess the inhibitory activity due to the use of
alkali and acid chemicals during the pretreatment, the
resultant slurry obtained after optimal alkaline treatment
conditions using the NaOH recycling configuration and the
optimal enzyme doses, was fermented to ethanol using a
commercial strain of S. cerevisiae. An ethanol yield similar
to that previously reported by López-Abelairas et al. [9]
(0.48 g EtOH/g glucose) using biologically pretreated
wheat straw, was obtained.
A novel approach for the alkaline treatment of
biopretreated lignocellulosic biomass was implemented
and optimized in this study. The alkaline treatment, carried
out without washing of the treated biomass, resulted in
higher sugar recoveries at lower temperatures and shorter
treatment time, using less water. Larger amounts of
substrate can be treated with the same amount of alkali,
by reusing the liquid phase three times, in order to reduce
process costs derived from the use of NaOH.
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