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Abstract

Background: Empty fruit bunch (EFB) has many advantages, including its abundance, the fact that it does not
require collection, and its year-round availability as a feedstock for bioethanol production. But before the significant
costs incurred in ethanol production from lignocellulosic biomass can be reduced, an efficient sugar fractionation
technology has to be developed. To that end, in the present study, an NaOH-catalyzed steam pretreatment process
was applied in order to produce ethanol from EFB more efficiently.

Results: The EFB pretreatment conditions were optimized by application of certain pretreatment variables such as,
the NaOH concentrations in the soaking step and, in the steam step, the temperature and time. The optimal
conditions were determined by response surface methodology (RSM) to be 3% NaOH for soaking and 160°C,
11 min 20 sec for steam pretreatment. Under these conditions, the overall glucan recovery and enzymatic
digestibility were both high: the glucan and xylan yields were 93% and 78%, respectively, and the enzymatic
digestibility was 88.8% for 72 h using 40 FPU/g glucan. After simultaneous saccharification and fermentation (SSF),
the maximum ethanol yield and concentration were 0.88 and 29.4 g/l respectively.

Conclusions: Delignification (>85%) of EFB was an important factor in enzymatic hydrolysis using CTec2. NaOH-catalyzed
steam pretreatment, which can remove lignin efficiently and requires only a short reaction time, was proven to be
an effective pretreatment technology for EFB. The ethanol yield obtained by SSF, the key parameter determining
the economics of ethanol, was 18% (w/w), equivalent to 88% of the theoretical maximum yield, which is a better
result than have been reported in the relevant previous studies.

Keywords: Empty fruit bunch, NaOH-catalyzed, Steam pretreatment, Response surface methodology,
Delignification, Optimization, Simultaneous saccharification and fermentation, Ethanol yields
Background
Amid growing concerns over global warming and oil
shortages, the Korean government recently announced
an ambitious implementation target for transport bio-
fuels. According to the plan, biofuels will account for
about 17% of total transport fuel consumption by 2030
[1]. Since Korea can supply only 30% of the necessary
biomass feedstocks, most are imported from foreign
countries. Southeast Asia, given its geographical proxim-
ity to Korea, is the most promising biomass-supplier
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region. Its main agricultural crop in this regard is palm
oil. Great amounts of palm oil residues, including empty
fruit bunch (EFB), fronds, and leaves, are generated an-
nually. Among them, EFB is the most advantageous
feedstock for ethanol production, because it does not re-
quire collection. Additionally, EFB is obtainable in huge
quantities, and can be collected year-round [2].
The key step in the production of bioethanol from EFB is

sugar fractionation. If the pretreatment employed can lead
to a significant cellulosic and hemicellulosic improvement
and is also cost effective, it can be considered to be ideal.
Many review papers have reported that pretreatment is one
of the most expensive units in the cellulosic ethanol pro-
duction process and, indeed, that the development of cost-
effective pretreatment technologies has become the most
important challenge of biorefinement [3-7].
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Since most lignocellulosic biomasses have unique physico-
chemical characteristics, different pretreatment technologies
should be applied to maximize sugar recovery during bio-
mass fractionation [8,9]. These pretreatments break the in-
ternal lignin and hemicellulose bonds and separate the lignin
and hemicellulose fractions that potentially can be converted
to useful products. Several investigations have reported very
promising results for processes such as alkaline pretreatment
[10-12], aqueous ammonia-soaking pretreatment [13], low-
acid pretreatment [14], steam pretreatment [2], and se-
quential pretreatment with diluted acid and then alkali
[15]. However, nonetheless, they require further study and
testing in order to fulfill specific EFB biorefinement needs
[10-15], obtain high glucose yields in enzymatic hydroly-
sis, and simplify the pretreatment process without ignor-
ing economic concerns.
Steam pretreatment, entailing several minutes’ simultan-

eous treatment with high-pressure and high-temperature
steam, can degrade the complex structure of lignocellulosic
biomass. Steam pretreatment of EFB for ethanol production
in a palm oil mill is in fact the most economical option
implementable. However, the use solely of steam pretreat-
ment might not fully remove lignin, leading to low enzym-
atic digestibility. Delignified samples, significantly, are more
easily hydrolyzed by enzymes than lignin-rich ones. Indeed,
lignin is very commonly implicated in the prevention of
efficient polysaccharide hydrolysis in the cell walls of lig-
nocellulosic materials. For effective enzymatic hydrolysis,
alkaline (NaOH) pretreatment, specifically as a means of
reducing the C5 (xylan) and lignin contents in EFB and,
thereby, enhancing enzymatic digestibility while remaining
within the economic constraints, is necessary. In this
work, NaOH-catalyzed steam pretreatment was incorpo-
rated into an efficient EFB-pretreatment technology. The
effects of several major pretreatment parameters including
NaOH concentration, temperature, and reaction time on
sugar yields and enzymatic digestibility were investigated,
and the pretreatment conditions were optimized. Simul-
taneous saccharification and fermentation (SSF) subse-
quently was conducted to determine the fermentability of
the pretreated EFB and the ethanol yields.

Results and discussion
H2SO4 and NaOH pretreatment of EFB
For effective fermentation of EFB into bioethanol, pretreat-
ment to reduce its hemicellulose and lignin contents is re-
quired. Acid pretreatments have been reported to be
effective in removing hemicellulose, as have alkaline pre-
treatments in removing lignin from biomass, which pro-
cesses improve the accessibility of cellulose to enzymes.
H2SO4 and NaOH were employed as the acid and alkaline
solutions, respectively, in the preliminary pretreatments.
The batch reactions performed in this work are summa-

rized in Table 1. The reactors (internal volume: 13.5 cm3)
were constructed of 1/2" stainless steel tubing. The reac-
tion temperatures were controlled in oil baths. The initial
series of experiments were conducted with 0.2, 0.5, and
0.8 wt.% H2SO4 and 1.5, 3.0, and 4.5 wt.% NaOH at differ-
ent temperatures (range: 140 ~ 200°C and reaction times
(range: 0 ~ 60 min.). These batch reactions were under-
taken in order to compare the characteristics of EFB pre-
treatment by acid and alkaline solutions. The maximum
glucan recovery by these two chemical pretreatments at
the optimal reaction time, and the maximum glucose yield
by enzymatic hydrolysis of the pretreated EFB, were deter-
mined. In the H2SO4 pretreatment, the glucan recovery
was decreased and the glucose yield was increased as the
reaction temperature increased. By the batch reaction with
0.8 wt.% H2SO4 at 200°C for 50 min., the maximum glucan
recovery and glucose yield were 63.2% and 73.4%, respect-
ively. By the 3.0 wt.% NaOH pretreatment at 200°C for
40 min., the maximum glucan recovery and glucose yield
were 87.4% and 81.4%, respectively. Evidently then, the
NaOH pretreatment achieved, under similar reaction con-
ditions, a higher glucan recovery yield than did the H2SO4

pretreatment. To achieve the maximum glucan recovery
and glucose yield in the batch reactions, more than 40 min
of reaction time was needed.
A large-scale (1.0 L) batch reactor was used so as to

maximize the cellulose recovery from EFB by H2SO4 treat-
ment at reaction temperatures between 121 and 190°C.
Reaction times and H2SO4 concentrations in the 1.06 ~
240 min and 0.2 ~ 0.8% ranges, respectively, were tested.
The reaction temperatures were controlled by insertion of
live steam and operation of an electrical heating jacket
covering the outside of the reactor. In the steam pretreat-
ment, a biomass was simultaneously treated with high-
pressure and high-temperature steam for several minutes
in order to degrade the complex lignocellulosic structure,
This successfully reduced the reaction time to the pretreat-
ment optimum. Under these runs with a similar Severity
Index (2.7-3.1) [16], C6 (glucan) was preserved at a higher
than 88.6% level in the pretreated biomass basis of raw
EFB, while 80% of C5 (xylan) was released to the pre-
treated liquor. The delignification relative to the raw EFB,
however, was lower than 35%. In these runs, the enzymatic
digestibility of the pretreated biomass obtained with a 30
FPU dosage of enzyme was lower than 50%, insufficient for
ethanol conversion. That lignin is a factor hindering the en-
zymatic hydrolysis of lignocellulose is well-documented
[17,18].
With NaOH treatment, the processes were conducted at

reaction temperatures between 120 and 170°C, over reac-
tion times between 4.2 min and 120 min, and with an
NaOH concentration of 1.0%. The high reaction tempera-
tures coupled with relatively longer reaction times induced
severe degradation of the solubilized carbohydrates (C5,
C6) along with higher delignification.



Table 1 Maximum glucan recoveries and glucose yields by H2SO4 and NaOH batch reactions

Temp. (°C) Concentration of H2SO4 (%) Concentration of NaOH (%)

0.2 0.5 0.8 1.5 3.0 4.5

140 95.5a / 53.1b 94.2 / 54.3 93.0 / 55.6 98.1 / 50.4 97.3 / 51.6 97.0 / 50.0

160 90.1 / 58.8 88.6 / 60.3 85.3 / 61.7 94.5 / 56.6 94.3 / 58.7 94.2 / 61.6

180 77.4 / 62.8 75.8 / 63.1 71.6 / 63.9 89.3 / 67.3 89.1 / 71.5 87.6 / 73.2

200 69.9 / 69.4 68.0 / 72.6 63.2 / 73.4 88.0 / 78.1 87.4 / 81.4 87.1 / 78.5

a: maximum glucan recovery after batch pretreatment.
b: maximum glucose yield by enzymatic hydrolysis with pretreated biomass.
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The enzymatic digestibility tests carried out using pre-
treated EFB contained relatively higher and lower amounts
of C6 (glucan) and lignin, relatively. Under the NaOH pre-
treatment conditions, that is, a reaction time of 4 min
32 sec and a temperature of 170°C, the glucan yield was
92% that of the raw EFB, and the enzymatic digestibility of
the pretreated EFB was 87%.
In comparing the H2SO4 and NaOH pretreatments of

EFB, the glucan recoveries were found to be similar. The
H2SO4 pretreatment was more effective for C5 hydrolysis
than delignification; the NaOH pretreatment achieved
higher delignification, and obtained the same profile of en-
zymatic digestibility. In both cases, the rate and extent of
the enzymatic hydrolysis of the biomass correlated better
Table 2 NaOH-catalyzed steam pretreatment conditions, com
digestibility

No. Temp. (°C) Time
(min)

Concentration
of NaOH

soaked (%)

Solid
remaining

(%)

Wast
liquor

1 127 8 3.0 73.5 175

2 140 6 3.0 74.3 255

3 140 8 1.5 81.3 150

4 140 10 4.5 66.8 244

5 160 6 4.5 63.8 360

6 160 10 1.5 77.3 350

7 160 4 min
40 sec

3.0 70.7 335

8 160 8 0.5 80.0 255

9 160 11 min
20 sec

3.0 68.0 430

10 160 8 5.5 54.5 410

11 160 8 3.0 60.1 365

12 160 8 3.0 70.2 375

13 160 8 3.0 69.3 400

14 180 6 1.5 74.0 504

15 180 8 4.5 61.2 446

16 180 10 3.0 65.7 515

17 193 8 3.0 63.8 480
with the removal of alkaline-insoluble lignin than with the
removal of xylan [19].
NaOH-catalyzed steam pretreatment
The alkaline impregnation (NaOH-soaking) stage was
introduced to improve the enzymatic digestibility of
EFB. Complementarily, NaOH-catalyzed steam pretreat-
ment was conducted for enhanced EFB-pretreatment
effectiveness. The fractionation process variables, includ-
ing reaction temperature, reaction time, and NaOH
concentration, were selected, by preliminary tests, as
the experimental design (response surface methodology:
RSM) factors. The EFB was pre-soaked in 0.5 ~ 5.5%
position of pretreated biomass, and enzymatic

e
(ml)

Composition of pretreated
EFB (%)

Recovery (%) Enzymatic
digestibility (%)

C6
(glucan)

C5
(xylan)

Lignin C6
(glucan)

C5
(xylan)

46.5 29.1 18.4 87.0 83.3 77.7

48.6 29.7 19.0 92.0 85.8 73.1

44.9 28.3 19.8 93.0 89.6 63.4

52.6 29.5 17.0 89.5 76.6 86.5

56.0 28.8 14.6 91.0 71.5 89.7

45.0 27.0 21.4 88.6 81.1 61.7

53.1 27.5 16.1 95.5 75.5 80.1

43.9 25.0 22.1 89.5 77.9 46.3

53.7 29.4 14.3 93.1 77.7 88.8

56.4 25.4 15.8 77.8 51.6 93.5

52.7 26.7 15.7 80.2 63.5 83.8

50.1 28.2 16.6 89.5 76.9 87.8

54.5 30.1 15.2 96.2 81.1 84.1

49.9 28.7 18.8 94.1 82.5 62.2

58.7 28.8 13.3 91.4 68.6 89.6

56.4 29.9 14.0 94.4 76.5 87.3

58.0 27.0 13.8 94.3 67.0 80.7
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Figure 1 Effects of lignin contents on enzymatic digestibility in
pretreated EFBs.

Figure 2 Time course of SSF of NaOH-soaked EFB (10% w/w)
pretreated under different conditions: (a) 1.5% NaOH, 160°C,
10 min; (b) 3.0% NaOH, 160°C, 10 min; (c) 3.0% NaOH, 160°C,
11 min 20 sec. The SSF was performed with 40 FPU of Cellic
CTec2/g glucan at 30°C and 200 rpm for 36 h in a 500 ml flask.
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concentrations of NaOH at room temperature for 12 h
by application of pressurized steam at temperature of
127 ~ 193°C for times ranging from 4 min 40 sec to
11 min 20 sec using a 1.0 L batch reactor. The initial
biomass loading was 60 g, and solid/liquid ratio during
pretreatment was 1/3 ~ 1/8. The compositional changes
in the solid samples (p ≤ 0.05), the solid remaining, and
the contents of glucan and xylan after pretreatment var-
ied according to the reaction temperature and NaOH
concentration (Table 2). From the RSM analysis, the fol-
lowing solid remaining, glucan and xylan recovery and
enzymatic digestibility values were obtained:

A ¼ 159:213−0:792xþ 1:932y þ 0:003xxþ 0:308yy
þ 0:220zz−0:041xy−1:416yz−0:029zx
þ 0:008xyz R2 ¼ 0:888

� �

B ¼ 172:351−0:659x−4:790y þ 0:003xx
þ 0:552yy−0:708zz−0:034xy−0:809yzþ 0:002zx
þ 0:007xyz R2 ¼ 0:523

� �

C ¼ 211:006−1:063x−2:151y þ 0:003xx
þ 0:425yy−1:142zz−0:039xy−0:849yz−0:012zx
þ 0:009xyz R2 ¼ 0:731

� �

D ¼ −88:473þ 1:759x−1:842y−0:006xx−0:118yy
−2:552zz þ 0:020xy þ 1:736yzþ 0:125zx
−0:007xyz R2 ¼ 0:964

� �

where A is the solid remaining, B is the C6 recovery, C
is the C5 recovery, D is the enzymatic digestibility, x is
the temperature, y is the time, and z is the NaOH
concentration.
As can be observed, there was little effect by the

cellulosic composition change on the reaction
temperature or reaction time, suggesting that after the
NaOH-catalyzed steam treatment, the C6 (glucan) and
C5 (xylan), due to their rigid structures, remained
largely intact in the biomass. By contrast, the lignin
levels were substantially affected by the concentration
of NaOH. In fact, in this study, NaOH was the most ef-
fective variable with respect to the delignification of EFB.
Under the same pretreatment conditions, the higher-
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concentration NaOH-catalyzed steam treatment removed
more lignin from the EFB. Moreover, the C6 (glucan) and
C5 (xylan) contents in the pretreated samples were increased
(Table 2). The C6 (glucan) recovery was higher than 80% in
the solid fraction under all of the above-noted reaction con-
ditions, and approximately half of the C5 (xylan) was solu-
bilized even at high NaOH dosages. Additionally, the
enzymatic digestibility of the pretreated samples was in-
creased. The most significant such increase was a function
of the lignin content of a pretreated sample (Figure 1). This
indicated that the lignin content had the greatest impact on
biomass digestibility, due to the enzymes adsorbed onto
making the enzyme ineffective, and, further, that the lignin
played a larger role than the xylan as an enzyme-reaction
resister. Delignification was particularly important, in that
the CTec2, the cellulase enzymes applied for enzymatic hy-
drolysis, seemed to have a higher affinity for lignin than do
other commercial cellulase enzyme products [20,21]. A
clear correlation was observed between the enzymatic di-
gestibility and the lignin content of the pretreated EFB. The
enzymatic digestibilities of the pretreated EFBs, which had
been more than 85% delignified (lignin content: < 15%)
relative to the raw EFB, were higher than 85%. In the case
of the pretreated EFBs containing a higher than 20% lignin
proportion, the enzymatic digestibility was decreased, dra-
matically, below 60%. According to these findings, 80 ~
85% of lignin should be removed from EFB in order to
hydrolyze more than 80% of cellulose by CTec2.
The carbohydrate (glucan and xylan) level was directly

and positively related to the yields of fermentable sugars
and ethanol; therefore, minimization of carbohydrate
loss during the pretreatment process is important [8].
Moreover, when the SSF of the treated solids was con-
sidered, the amount of residual carbohydrates was, again,
directly related to the ethanol yield. Correspondingly,
optimal pretreatment conditions must be determined
based not only on higher delignification but also on
higher carbohydrate retention.
For the purposes of maximizing C6 (glucan) and C5

(xylan) recovery as well as enzymatic digestibility, the
Table 3 Summary of SSF conditions

Pretreatment conditions Cellulase loading
(FPU/g glucan)

1.5% NaOH, 160°C, 10 min1 40

3% NaOH, 160°C, 8 min1

3% NaOH, 160°C, 11 min 20 sec1

3% NaOH, 160°C, 11 min 20 sec1 20

40

60

3% NaOH, 150°C, 30 min2 40

1: SSF in 500 ml flask.
2: SSF in 5 L fermentor.
3: Based on the theoretical yield: 0.51 g/g.
optimal conditions of NaOH-catalyzed steam pretreat-
ment were determined. The particulars were as follows:
3% NaOH impregnation (soaking during 12 h under an
ambient room temperature) by 160°C steam treatment for
11 min 20 sec of reaction time. Under these conditions,
the recoveries of glucan and xylan were 92% and 78%, re-
spectively, and the enzymatic digestibility was 87% using
an enzyme dosage of 30 FPU/g glucan (Table 2). The car-
bohydrates (glucan and xylan) of EFB were thus well-
preserved in the solid fraction during the NaOH-catalyzed
steam pretreatment with high delignification of the liquid
fraction, which is a very important beneficial factor in
bioethanol production overall.

SSF of pretreated EFB
The efficiencies of the pretreatment methods were eval-
uated by SSF. When the three kinds of pretreated EFB
solids (1.5% NaOH for 10 min, 3% NaOH for 8 min, and
3% NaOH for 11 min 20 sec) were applied at a concen-
tration of 10% (w/w) with cellulase (40 FPU/glucan), al-
most all of the glucans were saccharified, thereby
affording an ethanol yield that was more than 88% of
the theoretical yield. The highest ethanol yield was, as
correspondent with the results of enzymatic saccharifica-
tion, obtained with EFB solids pretreated with 3% NaOH
for 11 min 20 sec. And as expected, a higher saccharifi-
cation yield was obtained in the SSF process than in the
saccharification reaction, due to the release of product
inhibition on the enzymatic activity by consecutive con-
version of generated glucose to ethanol. Under the pre-
treatment and SSF conditions, the ethanol yields from
the EFB lignocellulosic materials were estimated to be
80.2%, 85.2%, and 88.0% of the theoretical yield, respect-
ively (Figure 2, Table 3).
Subsequently, using the pretreated EFB that had pro-

vided the highest ethanol yield, the effects of enzyme
loadings on the SSF performances were evaluated. When
the enzyme amounts were reduced from 40 FPU/g to 30
FPU/g and 20 FPU/g, the ethanol yields were propor-
tionally decreased (Figure 3, Table 3). Next, an SSF
Maximum ethanol
concentration (g/L)

Productivity
(g/L-h)

Ethanol
yield, % 3

22.5 0.68 80

28.0 0.84 85

29.4 0.89 88

23.7 0.72 71

25.3 0.77 76

29.4 0.89 88

25.6 0.78 78



Figure 3 Time course of SSF of 3% NaOH-soaked EFB (10%
w/w) pretreated under 160°C, 11 min 20 sec condition
with different Cellic CTec2 cellulase loadings: (a) 20 FPU/g
glucan; (b) 40 FPU/g glucan; (c) 60 FPU/g glucan. The
fermentation was performed at 30°C and 200 rpm for 36 h
in a 500 ml flask.

Figure 4 Time course of SSF of 3% NaOH-soaked EFB (10%
w/w) pretreated under 150°C, 30 min condition with 40 FPU/g
glucan. The fermentation was performed at 30°C and 200 rpm for
36 h in a 5 L fermentor.
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experiment using a 5 L bioreactor was conducted under
the same conditions as those holding for the flask exper-
iments (Figure 4). In the results, the ethanol yield was
slightly decreased, to 78% of the theoretical yield. Thus,
the reproducibility of SSF scale-up from 50 ml in 500 ml
flasks to 500 ml in a 5 L bioreactor was determined to
be fairly good.

Overall mass balance
Pretreatment of EFB by the NaOH-catalyzed steam
process was highly effective in reducing the lignin content
and enhancing the enzymatic digestibility. The ethanol
SSF of the pretreated EFB using NaOH-catalyzed steam
was conducted without any disturbance. The process,
achieving an overall mass balance of raw EFB by NaOH-
catalyzed steam pretreatment complemented by SSF, is
summarized in Figure 5. For the pretreatment stage,
68.0 g of solid residues were obtained from a solid
fraction based on an initial 100 g of dry EFB. The rest
of it was released from the liquid fraction as minor
contents of glucan and xylan and major contents of
lignin including degraded materials. It may be as-
sumed that the removal of lignin by NaOH-catalyzed
steam pretreatment greatly increased the porous sur-
face area of the biomass, which in turn improved the
accessibility of the pretreated EFB to cellulase en-
zymes. The pretreated EFB (68.0 g) contained the car-
bohydrates in the forms of 36 g of glucan and 20 g of
xylan, which were fermentable sugars and ethanol to
be converted ideally. However, in our enzyme system,
the glucan could be a countable sugar, and glucose was
the available carbon source for ethanol fermentation.
After the SSF of the pretreated EFB was conducted,
18.0 g of ethanol was, finally, obtained. This was the
overall ethanol yield by NaOH-catalyzed steam pre-
treatment of EFB, the most promising EFB-pretreatment
method derived to date (Table 4).

Conclusions
In the overall results, EFB delignification was particularly
important to hydrolysis by CTec2. The level of EFB



Figure 5 Mass balance for NaOH-catalyzed steam pretreatment of EFB (3% NaOH soaked, 160°C, 11 min 20 sec).
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delignification necessary for effective enzymatic digest-
ibility was 85%. The NaOH-catalyzed steam pretreat-
ment of EFB was highly effective in removing lignin,
enhancing enzymatic hydrolysis, and maximizing ethanol
yield. This process integrated the advantages of the effects
of alkaline (NaOH) soaking and steam pretreatment under
a short reaction time. The determined optimal conditions
were 3% NaOH impregnation (soaking for 12 h under am-
bient room temperature) and 11 min 20 sec steam-
treatment reaction time at 160°C. The final ethanol yield
was 0.18 g/g EFB. This study showed that delignification
of EFB coupled with SSF can enable the obtainment of
high ethanol yields from biomass.

Methods
Raw materials
EFB was obtained from a local palm oil mill in Saba,
Malaysia. The EFB was dried in an oven at 45°C for 48 h,
milled, screened to select the less-than-5 mm particle size
fraction, and homogenized in a single set. The chemical
composition of the representative feedstock was as follows:
36.3% glucan, 21.4% xylan, 21.3% Klason lignin. It was ana-
lyzed following the standard methods for determination of
sugar, lignin, and ash contents [22].
Additionally, for the purposes of enzymatic digestibil-

ity tests, Cellic® CTec2 cellulase was purchased from
Novozymes Korea (Seoul, Republic of Korea) and used
for enzymatic digestibility tests.

Pretreatment, enzymatic hydrolysis, and SSF
Sixty grams of dried EFB was soaked in 300 ml of a cer-
tain concentration of sodium hydroxide solution at room
Table 4 Comparison of EFB-pretreatment performances

Pretreatment technology Glucan yields (%) Enzyma

3% NaOH-soaked - steam pretreatment 92

Aqueous ammonia 78.3

2% NaOH - 121°C 60

Steam 89

4% NaOH 92

H2SO4 82.1 8
temperature. The slurry was allowed to stand overnight
and then was filtered (Whatman No. 1 glass filter) to re-
cover the insoluble solids. The recovered solids were
washed with distilled water several times and transferred
into an autoclave (working volume: 1 L) preparatory to
steam pretreatments. The steam pretreatments were con-
ducted under the designated temperature and reaction-
time conditions in a vessel pressurized by nitrogen to
20 bar.
The enzymatic digestibility test was performed in du-

plicate according to the NREL standard procedures [23].
The enzymatic digestibility was defined as the percent-
age of theoretical glucose remaining after 72 h of incu-
bation with cellulase enzyme. The enzyme loading was
40 FPU of CTec2/g-glucan of biomass supplemented
without β-glucosidase. The enzymatic digestibility test
conditions were 50°C and pH 4.8 (50 mM sodium citrate
buffer) in a shaker bath agitated at 200 rpm.
To investigate the fermentability of the pretreated

EFB, SSF was performed. Saccharomyces cerevisiae
L3262a obtained from the Korean Collection for Type
Culture (KCTC, Daejeon, Republic of Korea) was used
in the SSF. Seed cultures were prepared in a 100 mL
YPD medium in a 500-mL Erlenmeyer flask, and were
grown at 30°C in a shaking incubator at 200 rpm for
12 h until the OD at 600 nm was 10, indicating a dry cell
weight of 0.5 g. The SSF was performed using 10%
(w/w)-pretreated EFB as a substrate at a 50 ml culture
volume in a 500 mL flask with certain cellulase loadings
specified in the text. The seed culture, prepared previ-
ously, was inoculated into a fermentation medium at a
concentration of 5% (v/v). The cultures were grown as
tic digestibility (%) Ethanol yields (g/ 100 g EFB) References

87 (30 FPU) 18.0 This work

41.4 7.3 13

70 5.2 11

30 5.0 2

86.4 13.6 10

8.6 (60 FPU) 17.5 14
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they were agitated at 200 rpm. SSF was performed also
in a 1 L working-volume medium in a 5 L stirring bio-
reactor (Bioengineering, Switzerland). The pH of each
culture was adjusted to 5.2 ± 0.2 with sulfuric acid, and
cultures were grown as they were agitated at 200 rpm.
Fermentation samples were clarified by centrifugation
for 10 min at 10,000 × g, filtered with 0.2-μm filters and
injected into the analytical HPLC system.

Analysis methods
The concentrations of sugars in the acid hydrolysate were
analyzed by high-performance liquid chromatography
(HPLC, Waters, USA). The HPLC system consisted of a
1525 HPLC pump, a 717 plus autosampler, a 2487 UV
absorbance detector, and a 410 refractometer. The analyt-
ical column used was an Aminex HPX-87H column for
sugar and organic-acid analysis (Bio-Rad Laboratories,
Richmond, CA). The operating temperature of the column
was maintained at 85°C. The mobile phase was a 5 mM
H2SO4 aqueous solution to which a volumetric flow rate of
0.6 ml/min was applied. The sample-injection volume was
20 μl.
The concentrations of sugars and metabolites in the

fermentation samples were analyzed by high-performance
liquid chromatography (HPLC) with a YL 9170 refractive
index detector (Young-Lin, Republic of Korea) and a
Rezex ROA-Organic Acid H + column 7.8 × 300 mm
(Phenomenex, USA) at 65°C. The mobile phase was
2.5 mM sulfuric acid at a flow rate of 0.5 mL/min. The
ethanol yield was calculated as the percentage of the theor-
etical ethanol yield of 0.51 g ethanol per gram of glucose.
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