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Abstract Sugarcane bagasse is a by-product from the
sugar and ethanol industry which contains approximately
70 % of its dry mass composed by polysaccharides. To
convert these polysaccharides into fuel ethanol it is nec-
essary a pretreatment step to increase the enzymatic
digestibility of the recalcitrant raw material. In this work,
sugarcane bagasse was pretreated by an alkaline-sulfite
chemithermomechanical process for increasing its enzy-
matic digestibility. Na,SO5; and NaOH ratios were fixed at
2:1, and three increasing chemical loads, varying from 4
to 8 % m/m Na,SOj3;, were used to prepare the pretreated
materials. The increase in the alkaline-sulfite load
decreased the lignin content in the pretreated material up
to 35.5 % at the highest chemical load. The pretreated
samples presented enhanced glucose yields during enzy-
matic hydrolysis as a function of the pretreatment sever-
ity. The maximum glucose yield (64 %) was observed for
the samples pretreated with the highest chemical load.
The use of 2.5 g1~' Tween 20 in the hydrolysis step
further increased the glucose yield to 75 %. Semi-simul-
taneous hydrolysis and fermentation of the pretreated
materials indicated that the ethanol yield was also
enhanced as a function of the pretreatment severity. The
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maximum ethanol yield was 56 £ 2 % for the sample
pretreated with the highest chemical load. For the sample
pretreated with the lowest chemical load (2 % m/m NaOH
and 4 % m/m Na,SO;), adding Tween 20 during the
hydrolysis process increased the ethanol yield from
25+3t0395£1 %.

Keywords Semi-simultaneous hydrolysis and
fermentation - Tween 20 - Cellulose - Ethanol - Lignin

Introduction

Sugarcane bagasse is an agro-industrial by-product
resulting from plant crushing to obtain a sucrose-rich
juice used for sugar and ethanol production. In the
Brazilian mills, the majority of sugarcane bagasse is used
to produce steam and electricity; however, part of this
sugarcane bagasse can be derived for producing second-
generation ethanol due to increasing liquid fuel demand
[1-3]. Sugarcane bagasse contains appreciable amounts
of cellulose and hemicelluloses, which can be depoly-
merized by chemicals or enzymes into simple sugars
such as glucose and xylose, respectively. The hydrolysis
of sugarcane bagasse into fermentable sugars is a crucial
stage, which mainly determines the overall process effi-
ciency. Compared to chemical treatments, hydrolytic
enzymes can be advantageously used to convert
polysaccharides into monosaccharides because these
enzymes require mild conditions in the process and avoid
corrosion problems [4].

After polysaccharide hydrolysis, fuel ethanol produc-
tion from biomass involves a fermentation step. However,
pretreatment is necessary to increase enzymatic hydroly-
sis efficiency because it can break down the complex
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structure of the biomass, which increases its accessibility
to cellulases [4, 5]. Alkaline-sulfite chemithermome-
chanical processing has been proposed to pretreat sugar-
cane bagasse since the process is very selective for
delignification [6, 7]. The pretreated solids are delignified
up to 50 % depending on the reaction conditions, retain
most of the polysaccharide fraction, and present residual
lignin partially sulfonated [6-8]. The main advantage of
this physical-chemical treatment is that it is already
practiced industrially, i.e. it has machinery available with
basis on the pulping industry, with minor environmental
and technological barriers for commercialization. More-
over, the liquor generated in the process, and the recov-
ery of energy, chemicals, and lignin are steps already
established [8].

The use of surface active additives, or surfactants, in
enzymatic hydrolysis processes has increased the conver-
sion efficiencies of several lignocellulosic substrates [9—
14]. Surfactants are amphiphilic substances that usually
contain a hydrophilic head and a hydrophobic tail. Non-
ionic surfactants, such as fatty acid esters of sorbitan
polyethoxylates (Tween 20, Tween 80), are the most
effective additives evaluated for enhancing enzymatic
hydrolysis of lignocellulosic materials. The surfactants
tend to increase the enzymatic hydrolysis yield through
hydrophobic interactions with the lignin, thus reducing
unproductive adsorption or increasing desorption of cellu-
lases in the substrate fibers, which allows the enzymes to
catalyze another cycle of reactions [9, 11-13, 15]. In
addition, it has been demonstrated that Tween 80 can
reduce the inactivation of adsorbed cellulases on the sub-
strate [14]. Recently, Morando et al. [16] evaluated alka-
line hydrogen peroxide pretreatment of sugarcane bagasse
followed by enzymatic hydrolysis in the presence of Tween
80. Under optimized conditions, a 29 % improvement in
the glucose concentration compared to that without Tween
80 was observed. The effect of surfactants on enzymatic
hydrolysis of alkaline sulfite-pretreated sugarcane bagasse
and the subsequent fermentation of the sugar streams have
not been investigated.

For the development of the present work, sugarcane
bagasse samples were processed with three different loads
of delignification agents (Na,SOz and NaOH) to obtain
sugarcane bagasse pulps that contain reduced lignin con-
tent. Then, milled bagasse samples and the pretreated
materials were hydrolyzed with a commercial cellulase
cocktail. For the different substrates, the use of non-ionic
surfactants (Tween 20 or Tween 80) was assessed during
the enzymatic hydrolysis steps to increase the glucose
yield. Finally, selected samples were hydrolyzed and fer-
mented with Saccharomyces cerevisiae for bioconversion
into ethanol.

@ Springer

Materials and methods

Alkaline-sulfite chemithermomechanical processing
of sugarcane bagasse

The raw material used in this work was sugarcane bagasse
obtained from sugarcane cultivars commonly planted by
small farmers in Brazil (Itajuba, MG). The mature sugar-
cane stalks were mechanically crushed to remove most of
the sucrose juice. The collected sugarcane bagasse samples
were then immersed in water and washed thoroughly to
remove any residual sucrose. The washed samples were air-
dried and stored under dry conditions until the samples were
used in the pretreatment experiments. Pretreatment was
performed with approximately 25 g of bagasse (on a dry
mass basis) impregnated with alkaline-sulfite liquors at a
bagasse/liquor ratio of 1:8 (m/v). Impregnation was per-
formed by applying vacuum to the air-dried biomass con-
tained in a Kitasato flask for 30 min. One hundred
milliliters of liquor was then displaced in the flask, and an
additional 15 min of vacuum was applied. After that,
100 ml of distilled water was added and vigorously mixed.
The final alkaline-sulfite liquors corresponded to varied
loads of 2 g/4 g, 3 g/6 g, or 4 g/8 g of NaOH/Na,SO; per
100 g of bagasse. The impregnated biomass was cooked at
120 °C for 2 h. Then, the material was washed with distilled
water, disaggregated in an industrial blender with 2.25 1 of
distilled water for 15 min, centrifuged (10 min, 3000x g at
10 °C), and further filtered on analytical filter paper.

Chemical characterization of sugarcane bagasse
and pretreated samples

The bagasse samples were characterized for their extrac-
tive, polysaccharide, and lignin content according to Ferraz
et al. [17]. The sugarcane bagasse and pretreated samples
were milled to pass through a 0.5-mm screen and extracted
with 95 % (m/m) ethanol for 6 h in a Soxhlet apparatus.
The percentage of extractives was determined based on the
dry mass of the extracted and non-extracted milled sam-
ples. Ethanol-extracted samples were hydrolyzed with
72 % m/m sulfuric acid at 30 °C for 1 h (300 mg of sample
and 3 ml of sulfuric acid). The acid was diluted by adding
79 ml of distilled water, and the mixture was heated at
121 °C and 1 atm for 1 h. The resulting material was
cooled and filtered through a porous glass filter number 3.
The solids were dried to a constant mass at 105 °C, which
was determined as the insoluble lignin. The soluble lignin
in the filtrate was read in a standard UV cuvette (1-cm path
length) at 205 nm. An absorptivity (extinction coefficient)
value of 105 1 g~ cm was used to calculate the amount of
acid-soluble lignin present in the hydrolysates. The 205-nm
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absorptivity reported for most lignocellulosic materials
falls within the range of 88-1131g~' cm. The value of
1051 g~' cm used in this protocol represents an average of
the values found for different materials. Soluble sugars in
the hydrolysates were quantified by HPLC using an HPX-
87H column, heated at 45 °C and eluted with 5 mmol 17*
sulfuric acid at 0.6 ml min~'. Acetic acid and sugars were
detected with a temperature-controlled refraction index
detector. Glucan values were derived from acid-released
glucose. C-5 polysaccharides values were derived from
calculations, considering the acid-released monomers ara-
binose and xylose. Variation between analysis triplicates is
shown as standard deviations in the “Results and discus-
sion” section.

Enzymatic hydrolysis

The enzymatic hydrolysis experiments used an enzyme
preparation produced by Trichoderma reesei (Multifect®
CX 15L, Genencor/Danisco, Brazil), containing approxi-
mately 30 filter paper units (FPU) per ml of crude enzyme
extract (cocktail). The total cellulase activity was deter-
mined according to the IUPAC recommendations [18].
Dosages of 20 or 60 FPU per gram of substrate were used
during the hydrolysis steps. Each hydrolysis experiment
was carried out in 125-ml Erlenmeyer flasks containing 1 g
of substrate in 50 mmol 1~' sodium acetate buffer at pH
5.0 and the enzyme extract (final consistency of 5 % m/v).
To avoid microorganism growth during the hydrolysis
period, 0.01 % m/v sodium azide was added in the flasks.
The flasks were incubated at 45 °C under reciprocal agi-
tation of 120 cycles min~'. The reaction was sampled at
defined periods from 14 to 96 h, and followed by cen-
trifugation (3400xg) at 10 °C for 10 min. For each reac-
tion time, two replicate experiments were performed. After
centrifugation, hydrolysates were immediately analyzed to
determine the glucose concentrations using the glucose
oxidase kit (Bioclin-Quibasa, Brazil). The glucose yields
were expressed as the percentage of the theoretical maxi-
mum glucose yield from the treated biomass. The effect of
two surfactants, Tween 20 (polyoxyethylene sorbitan
monolaurate) and Tween 80 (polyoxyethylene sorbitan
monooleate), on enzymatic hydrolysis was evaluated. For
this, 2.5 g 17! surfactant (5 % m/m) [11] was added in the
reaction medium before enzyme addition. The variation
between the hydrolysis replicates is shown as error bars in
the “Results and discussion” section.

Semi-simultaneous hydrolysis and fermentation
(SSHF)

For ethanol production from alkaline-sulfite pretreated
bagasse samples, SSHF was adopted in this study

according to Franco et al. [19]. For this, the Erlenmeyer
flasks containing the pretreated samples (containing
approximately 90 % m/m humidity) were autoclaved at
1 atm, 120 °C for 15 min. The solids were suspended (final
consistency of 5 % m/v) in 50 mmol 17! sodium acetate
buffer (pH 5), containing cellulase activity of 20 FPU g~ '
and supplemented with 3 g 17" yeast extract, 3 g 1™ pep-
tone, 1 g 1~! ammonium chloride, 1 g 1! KH,PO,, and
0.5 g 17" magnesium sulfate. After 24 h of enzymatic
hydrolysis at 45 °C, 4 g 1™ commercial S. cerevisiae was
inoculated in the flasks, and the temperature was set to
30 °C.

The ethanol concentration was determined in each flask
after 24 h fermentation. For this, a small liquid fraction
was centrifuged (3400xg, 10 °C, 10 min), filtered on
analytical filter paper and analyzed for ethanol concentra-
tion according to Majkic-Singh and Berkes [20] with
modifications. Five microliters of alcohol oxidase prepa-
ration (Sigma, St. Louis, MO) was diluted in 5 ml of
50 mmol 17! sodium phosphate buffer (pH 7.5). Horse-
radish peroxidase (HRP 2500 IU 171, Sigma, St. Louis,
MO) was also prepared in the same buffer containing
2 mmol 17! 2,2-azino-bis-(3-ethylbenzothiazoline-6-sul-
fonate) (ABTS). Afterward, 10 ul of the fermentation
sample was reacted with 0.1 ml of diluted alcohol oxidase
solution and 2.5 ml of solution containing ABTS and HRP.
The mixture was left in a water bath at 37 °C for 30 min.
The readings at 410 nm were performed using an UV-Vis
spectrophotometer (Biochrom Libra S50). A calibration
curve was prepared using pure standard-grade ethanol. The
ethanol yield was expressed as the percentage of the the-
oretical maximum calculated from the glucose derived
from the pretreated biomass samples.

The SSHF experiments were performed with samples
pretreated at the three alkaline sulfite loads. In one of the
SSHF experiments (the sugarcane bagasse sample pre-
treated at the lower alkaline-sulfite load), the SSHF was
also carried out in the presence of 2.5 g 17" Tween 20.
Variation between the SSHF replicates is shown as devi-
ations from the average values in the “Results and dis-
cussion” section.

Results and discussion

Sugarcane bagasse was used as a raw material to prepare
fermentable C-6 sugars for subsequent ethanol production
by S. cerevisiae. Untreated sugarcane bagasse contained
22.8 % total lignin, 41.2 % glucan, 21.4 % C-5 polysac-
charides, and 2.9 % m/m acetyl groups. The acid hydro-
lysates of the C-5 polysaccharides were mainly composed
of xylose (91.1 % of the total C-5) with minor amounts of
arabinose (8.9 %) (Table 1). This chemical composition
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Table 1 Chemical composition of sugarcane bagasse samples and mass balances after pretreatment with the alkaline-sulfite process

Mass balance of bagasse components (g/100 g of original

bagasse)

Treatment
yield (%)

Bagasse components (g/100 g of pretreated material)

Chemical load in the

treatment (% m/m)

Lignin Ethanol

Acetyl
groups

Glucan Xylan + arabinosyl

Acetyl Lignin Ethanol

groups

Xylan + arabinosyl

Glucan

solubles

solubles

3.5
1.9

0.9

22.8

2.90
0.93
0.42
0.28

21.4

41.2

100

35+ 04

232 +£0.7 2.1+£0.1

21.8 £ 0.2

290 £0.03 228 +0.1

Untreated sugarcane bagasse 41.2 +0.2 214 £ 0.1

21.6

22.8

43.1

93.0

1.0£0
0.50 £+ 0.01
0.33 £ 0.02

245+ 0

6 % NaSO; + 3 % NaOH 485+ 0.3 259+ 0.3

4 % NaySO3; + 2 % NaOH  46.3 + 0.1

18.2

21.6

40.5

83.5
84

1.1 £ 0.1

1.8

14.7

21.8

42.6

3

174 £05 22404

50.6 £0.7 259 £0.7

8 % Na,SO; + 4 % NaOH

40

304

20

Glucose yield (%)

10 1

0 T T T T
0 24 48 72 96

hydrolysis time (h)

Fig. 1 Glucose yields of milled sugarcane bagasse after enzymatic
hydrolysis using 5 % m/v substrate, and 20 FPU g~' (open circle) or
60 FPU g™ ! (filled circle). The error bars represent variation between
two hydrolysis replicates. When not visible, the error bars were
smaller than the symbol size

was consistent with data previously reported for sugarcane
bagasse [6, 21, 22]. C-5 polysaccharide composition was
characteristic of partially acetylated arabinoxylans already
described as the major hemicellulose in sugarcane bagasse
[21, 22].

Enzymatic hydrolysis of untreated sugarcane bagasse
with a cellulase load of 20 FPU g~ of substrate yielded a
limited amount of glucose in solution. Enzymatic hydrol-
ysis was not increased by using a higher cellulase load (60
FPU g~ ') in the reaction medium, since both enzyme
dosages produced the same maximum glucose yield of
25 % (Fig. 1). Another unsuccessful attempt to increase the
glucose yield during enzymatic hydrolysis of the raw
sugarcane bagasse involved the use of Tween 20 and
Tween 80 surfactants in the hydrolysis medium (Fig. 2).

Low glucose yields during enzymatic hydrolysis of
untreated sugarcane bagasse were expected owing to its
high recalcitrance, which is characteristic of lignified
grasses [22-25]. Moreover, the diffusion of surfactants is
limited into non-pretreated materials [13]. To improve the
glucose yields during the enzymatic hydrolysis step, sug-
arcane bagasse was submitted to a chemithermomechanical
pretreatment at three increasingly alkaline sulfite loads
(Table 1). Lignin removal increased with increased
chemical loads in the pretreatment step. Maximum lignin
removal corresponded to 35.5 % of the original amount
present in the untreated sugarcane bagasse. Fiber bundles
also disaggregated noticeably at the highest chemical
loads. Mass balances for the polysaccharide fractions
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Fig. 2 Glucose yields of milled sugarcane bagasse after 48 h of
enzymatic hydrolysis using 5 % m/v substrate, 20 FPU g~', and 5 %
m/m surfactants. The error bars represent variation between the two
hydrolysis replicates

indicated that glucan and C-5 polysaccharides were almost
completely retained in the pretreated materials (Table 1).
In a biorefinery concept, C-5 polysaccharides could be
recovered for production of high-value bioproducts,
derived from typical C-5 fermenting processes [26] or even
as polymeric xylan for use as additives in the pulp and
paper industry [27]. Thus, the alkaline-sulphite pretreat-
ment seems advantageous, since C-6 and also C-5
polysaccharides are preserved after pretreatment. High
acetyl group removal was reached (around 90 %) during
the pretreatment step owing to the alkali-labile acetyl ester
groups present in the hemicellulose. This effect is inter-
esting because the subsequent enzymatic hydrolysis step
would not release toxic acetate/acetic acid [25, 28] to the
fermentable monosaccharides stream.

All pretreated sugarcane bagasse samples were hydro-
lyzed with commercial cellulases (Fig. 3). Increasing the
chemical loads in the pretreatment caused more efficient
delignification and increased digestibility of the substrates.
Most of the glucose was released from the substrates in the
first hours of hydrolysis. Hydrolysis rates decreased with
the reaction time because the substrates become more
recalcitrant. The residual cellulose should be enriched in
crystalline portions [29] as well as more encapsulated by
embedding lignin and hemicelluloses [30]. Sulfonation of
residual lignin by the increased chemical load could also
explain the increased digestibility of the pretreated mate-
rials [7]. del Rio et al. [31] also observed that adding sul-
fonic groups to lignin diminished the non-specific binding
of the enzymes due to the probable electrostatic repulsion
between lignin and cellulases. Thus, the sulfonation
decreases the hydrophobicity of the pulp, reducing the
unproductive adsorption of cellulases. In addition, previous
works have demonstrated that CTMP pulps from sugarcane
bagasse showed higher water retention due to the lower
hydrophobicity of the samples [6, 7].

80

60 1

40 -

Glucose yield (%)

20 -

0 X 1 I T T

0 24 48 72 96
hydrolysistime (h)

Fig. 3 Glucose yields of pretreated sugarcane bagasse samples after
enzymatic hydrolysis using 5 % m/v substrate, and 20 FPU g ":
pretreated samples with 2 % m/m NaOH plus 4 % m/m Na,SO;
(diamond); 3 % m/m NaOH plus 6 % m/m Na,SOj; (square); and 4 %
m/m NaOH plus 8 % m/m Na,SO; (triangle). The error bars
represent variation between the two hydrolysis replicates. When not
visible, the error bars were smaller than the symbol size

The maximum glucose yield obtained from the most
severely pretreated sample was 64 %. A similar glucose
yield was observed by Morando et al. [16]. Under opti-
mized conditions, these authors obtained 64.8 % of glucose
yield at 120-h hydrolysis from diluted acid-pretreated
delignified sugarcane bagasse using 4.1 FPU g~ substrate,
18.2 CBU g~ substrate (B-glucosidase), and 0.95 % m/v
Tween 80. Using wet oxidation (195 °C, 15 min and
alkaline pH), Martin et al. [32] observed that the highest
cellulose digestibility, around 75 %, was achieved after
enzymatic hydrolysis of the pretreated material by using
commercial preparations of T. reesei cellulases (25
FPU ¢! substrate) and B-glycosidase (0.46 CBU ml™}).
This highest conversion of cellulose can be attributed to the
high solubilisation of hemicelluloses in the pretreatment
[32], whereas in the present work, C-5 polysaccharides
were retained in the pretreated materials, probably dimin-
ishing the accessibility to the cellulases.

The effect of non-ionic surfactants on the hydrolysis of
the pretreated materials is shown in Fig. 4 for hydrolysis
periods of 48 h. The hydrolysis yield of the sample with the
highest lignin content (23.2 %, resulting from the mildest
pretreatment) was increased from 25 to 40 % by both
surfactants (increase of 60 % in hydrolysis efficiency).
According to the literature, the effect of surfactants
depends on the substrate composition [11, 12, 15]. Inter-
estingly, Eriksson et al. [11] reported that Tween 20
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Fig. 4 Glucose yields of pretreated sugarcane bagasse samples with
2 % m/m NaOH plus 4 % m/m Na,SO; (white), 3 % m/m NaOH plus
6 % m/m Na,SOj3 (gray), and 4 % m/m NaOH plus 8§ % m/m Na,SO;
(black) after 48 h of enzymatic hydrolysis using 5 % m/v substrate,
20 FPU g~', and 5 % m/m surfactants. The error bars represent
variation between the two hydrolysis replicates

increased the enzymatic hydrolysis yield of steam-pre-
treated spruce much more than the conversions of lignin-
free cellulose substrates (Avicel and delignified steam-
pretreated spruce). They proposed that the surfactant
adsorption to lignin prevents the unproductive binding of
the enzyme to lignin, resulting in increased hydrolysis.

The maximum glucose yield obtained after 48 h of
enzymatic hydrolysis in the evaluated data set was 75 %,
an increase of 17 %, which resulted from the hydrolysis of
the sugarcane bagasse sample pretreated under the highest
chemical load and hydrolyzed in the presence of the Tween
20 surfactant. In a study with alkaline-pretreated maize
straw, Chen et al. [33] found that the addition of 0.5 % m/v
Tween 80 increased the hydrolysis yield from 81.2 to
87.3 % at 48 h of reaction (an enhancement of 7.5 %).
Morando et al. [16] studied the enzymatic hydrolysis of
diluted acid-pretreated delignified sugarcane bagasse in the
presence of 0.95 % m/v Tween 80. The authors observed
an enhancement of cellulose hydrolysis efficiency from
41.4 to 48.8 % at 48 h of reaction (an increase of 17.8 %).
This value was similar to the increase observed in the
present work.

A critical question in the hydrolysis studies of this type
of pretreated samples is the fermentability of the prepared
sugar streams. In the present work, S. cerevisiae was used
to access the fermentability of the glucose present in the
sugar streams prepared under four different experimental
conditions. Table 2 presents the ethanol yields from the
SSHF experiments. With increasingly chemical loads, the
glucose yields were increased, and consequently, the

@ Springer

Table 2 Ethanol yield from semi-simultaneous hydrolysis and fer-
mentation of sugarcane bagasse pulps by S. cerevisiae

Pulp samples Ethanol yield (%)*

4 % Na,SO; + 2 % NaOH 25+£3
6 % Na,SO; + 3 % NaOH 45+ 4
8 % Na,SO; + 4 % NaOH 56 + 2
4 % Na,SO5 + 2 % NaOH + Tween 20 395+ 1

The deviations represent variation between the two fermentation
replicates

4 Expressed as the percentage of the theoretical maximum feasible to
be obtained from the C-6 fraction of the pretreated biomass

ethanol yields increased from 25 to 56 %. The ethanol
yield reported here was expressed based on maximum
theoretical ethanol yield obtained from the C-6 polysac-
charides present in the pretreated substrates. For all pre-
treated samples, only minimum amounts of glucose were
not converted into ethanol, suggesting that the combined
process produced a non-toxic sugar stream. The presence
of the Tween 20 surfactant in the experiment that used the
sample pretreated under the mildest condition showed a
significant increase in the ethanol yield (from 25 to
39.5 %). This increase corresponds to a 56 % increase in
the final ethanol yield, which could have been the result of
improved saccharification during the hydrolysis step. This
result also supports that S. cerevisiae’s ability to ferment
the released glucose was not significantly affected by the
presence of 2.5 g 17! Tween 20 in the fermentation med-
jum. In contrast, only 1 g 17" of this surfactant inhibited
Dekera clausenii [10]. Other published data also indicated
that ethanol yields increased during the fermentation of
biomass hydrolysates in the presence of surfactants. For
example, Ooshima et al. [34] showed that the simultaneous
hydrolysis and fermentation (SHF) rate of microcrystalline
cellulose (Avicel) was slightly increased by the addition of
Tween 20. In another study, Ballesteros et al. [35] observed
that adding Tween 80 to SHF of steam-pretreated poplar
increased the final ethanol yield by 6 % without affecting
the yeast viability.

Conclusion

Alkaline-sulfite chemithermomechanical pretreatment was
efficient for delignify sugarcane bagasse, and preserved the
polysaccharide fraction. Increasingly chemical loads up to
4 % m/m NaOH/8 % m/m Na,SOj; intensified sugarcane
bagasse delignification and consequently enhanced the
glucose yields. The maximum glucose yield after 48 h of
enzymatic hydrolysis was 64 and 75 % in the absence and
presence of Tween 20, respectively. The semi-simultane-
ous hydrolysis and fermentation of pretreated samples
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yielded a maximum 56 % ethanol yield from the sample
pretreated under the highest chemical load. Adding Tween
20 enhanced the enzymatic hydrolysis step and did not
inhibit the glucose fermentation by S. cerevisiae.
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