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Abstract The yield of ethanol from oil palm empty fruit
bunches (EFB) was increased on exploiting maleic acid
pretreatment combined with fermentation of the pretreated
whole slurry. The optimized conditions for pretreatment
were to expose EFB to a high temperature (190 °C) with
1 % (w/v) maleic acid for a short time duration (3 min
ramping to the set temperature with no holding) in a
microwave digester. An enzymatic digestibility of 60.9 %
(based on theoretical glucose yield) was exhibited using
pretreated and washed EFB after 48 h of hydrolysis.
Simultaneous saccharification and fermentation (SSF) of
the whole slurry of pretreated EFB for 48 h resulted in
61.3 % theoretical yield of ethanol based on the initial
amount of glucan in untreated EFB. These results indicate
that maleic acid is a suitable catalyst not requiring detox-
ification steps for whole slurry fermentation of EFB for
ethanol production, thus improving the process economics.
Also, the whole slurry fermentation can significantly
increase the biomass utilization by converting sugar from
both solid and liquid phases of the pretreated slurry.

Keywords Pretreatment - Maleic acid - Ethanol -
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Introduction

Oil palm empty fruit bunches (EFB) are the major wastes
of the oil palm industry. Approximately, 25.9 million and
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19.8 million tons of EFB are annually produced from
Indonesia and Malaysia, respectively [1, 2]. Owing to their
abundant mass and high cellulose and xylan contents, EFB
have attracted much attention as an ideal biomass for
producing bioethanol [3, 4]. At present, EFB are left in
waste ponds for self-decomposition or are burnt in the field
for producing ash for fertilizer [4, 5].

The major obstacle in producing ethanol from EFB is
the high recalcitrance of EFB [6]. There have been several
attempts to alleviate the recalcitrance of EFB by various
pretreatment methods using ammonia, dilute sulfuric acid,
sodium hydroxide, or steam [3, 7-10], in which, however,
only washed biomass from pretreated slurry was used for
ethanol production. The overall yield of ethanol from EFB
could be increased by utilizing the soluble sugar in the
liquid fraction of the pretreated slurry. Thus, in the present
study, a maleic acid pretreatment step was introduced,
which is known to produce less inhibitors [11, 12] as
compared to using a strong acid such as sulfuric acid that
generates substantial inhibitors from the degradation of
sugar and lignin [13].

In general, although during the acid or alkali pretreat-
ment [14, 15], a substantial amount of sugar is solubilized
from hemicellulose and cellulose, most studies were
focused on the hydrolysis and/or fermentation of the
washed pretreated biomass [16—19]. To reduce the pro-
cessing cost regarding the solid/liquid separation and to
enhance the sugar recovery yield after pretreatment, both
liquid and solid fractions should be utilized together as the
whole slurry. So far, only a few studies have used the
whole slurry of pretreated lignocellulose for ethanol fer-
mentation [20, 21]. However, they all applied detoxifica-
tion steps to the liquid phase of pretreated biomass for
enhancing the ethanol yield. In this study, because of the
toxicity of sulfuric acid in the process of whole slurry
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fermentation [21], maleic acid was applied in the pre-
treatment step as an alternative catalyst. Then, to decrease
the cost of the solid and liquid separation process and to
increase the sugar utilization, the whole slurry of maleic
acid-pretreated EFB was used in simultaneous saccharifi-
cation and ethanol fermentation without any additional
treatments including detoxification or conditioning steps.

Materials and methods
Biomass and its composition analysis

Oil palm EFB were obtained from the Tropical Chase
(Kuala Lumpur, Malaysia). The EFB were washed and
milled to obtain particle sizes of 125-706 pum using a
high-speed rotary cutting mill (MF 10; IKA, Staufen,
Germany) and were further analyzed according to the
Laboratory Analytical Procedure (LAP) of National
Renewable Energy Laboratory (NREL; Golden, CO,
USA) [22]. The carbohydrate and organic acid composi-
tion of pretreated or untreated EFB was analyzed by a
high performance liquid chromatography (HPLC; Agilent
1100, Agilent Technologies, Waldbronn, Germany)
equipped with a refractive index detector (G1362A, Agilent
Technologies). HPLC was carried out on an SP0810
column (Pb2+ form; Shodex, Showa Denko, Kawasaki,
Japan) to quantify sugars such as glucose, xylose, gal-
actose, arabinose, and mannose, or on an Aminex HPX-
87H column (H+ form; BioRad, Hercules, CA, USA) to
determine the concentration of ethanol or inhibitors
including furfural, hydroxymethylfurfural (HMF), acetic
acid, formic acid, and levulinic acid, and glycerol. All
analyses were conducted in triplicate.

Maleic acid pretreatment of EFB

EFB were suspended in various concentrations of maleic
acid at a solid-to-liquid (S/L) ratio of 1:10 in SK-12 type
vessels with an internal volume of 100 mL equipped with a
thermocouple in an Ethos EZ Microwave Digestion Lab-
station (Milestone, Shelton, CT, USA). The EFB and
maleic acid mixture slurry was digested for various holding
times with 3 min ramping to a set temperature. To deter-
mine the enzymatic digestibility of pretreated EFB, the
solid fraction separated from the pretreated slurry was
washed with distilled water and filtered through a filtration
cloth (pore size: 22-25 pum; Calbiochem, La Jolla, CA,
USA) using distilled water until the pH of the wash water
reached 6—7. The insoluble solids were transferred to alu-
minum dishes and vacuum-dried in a drying-oven (SH-450;
BioFree, Seoul, Korea) at 45 °C for more than 3 days. For
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the whole slurry fermentation, the solid and liquid fractions
were not separated.

Enzymatic digestibility of pretreated EFB

The effect of maleic acid pretreatment was validated by
enzymatically hydrolyzing pretreated and washed EFB
with cellulase (Celluclast 1.5 L, 58.7 FPU/mL; Novo-
zymes, Bagsvaerd, Denmark) and B-glucosidase (Novo-
zyme 188, 812.8 CBU/mL; Novozymes), according to the
LAP of NREL [23]. Pretreated (test) or untreated (control)
EFB were added to 10 mL of 0.05 M sodium citrate buffer
(pH 4.8) at the final glucan concentration of 1 % (w/v). The
extent of enzymatic saccharification was detected by HPLC
or the dinitrosalicylic acid (DNS) assay [24]. One-way
ANOVA with post hoc least significant difference (LSD)
test was implemented using Statistica (Version 7.1, Stat-
Soft, Tulsa, OK) to estimate the statistical significance of
differences among experimental conditions.

Simultaneous saccharification and fermentation of EFB

Simultaneous saccharification and fermentation (SSF) was
carried out to produce ethanol from untreated or pretreated
EFB. Pretreated and washed EFB were added to the SSF
media at the final glucan concentration of 3 % (w/v). SSF
of untreated EFB and whole slurry of pretreated EFB was
carried out by adding the biomass to the SSF media at the
final biomass concentration of 6 % (w/v) based on
untreated EFB. The pH of the whole slurry was adjusted to
4.8 (£ 0.2) using 28 % (w/w) ammonia solution (Junsei
Chemical, Tokyo, Japan) before SSF. The SSF media were
autoclaved at 121 °C for 30 min, after which cellulase
(Celluclast 1.5 L, 30 FPU/g glucan) and B-glucosidase
(Novozyme 188, 30 CBU/g glucan) were added along with
a 5 % (v/v) inoculum of Saccharomyces cerevisiae DsA
(ATCC 200062) pre-cultured in YP media containing 1 %
(w/v) yeast extract and 2 % (w/v) peptone. SSF was carried
out for 72 h at 30 °C in flasks that had been equipped with
needle-pierced silicone stoppers.

Growth of S. cerevisiae in the presence of maleic acid

The effect of maleic acid on the growth of S. cerevisiae
was evaluated by adding various concentrations of maleic
acid into the culture media composed of 1 % (w/v) yeast
extract, 2 % (w/v) peptone, and 5 % (w/v) glucose in a
0.05 M citrate buffer. The final pH of the media was
adjusted to 4.8 with 28 % (w/w) ammonia solution. The
sterilized media were inoculated with pre-cultured S. ce-
revisiae DsA at 5 % (v/v) and incubated at 30 °C and
shaken at 200 rpm for 48 h. The cell growth was monitored
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spectrophotometrically at 600 nm (Mark Microplate
Spectrophotometer, Bio-Rad, Hercules, CA, USA).

Results and discussion
Effect of pretreatment variables

Acid pretreatment is known to aid the release of mono-
meric or oligomeric sugars by the almost complete solu-
bilization of hemicellulose and the partial saccharification
of cellulose [14, 25-27]. Therefore, in an acid pretreatment
protocol, the total amount of sugar released may be related
to the effectiveness of the pretreatment. In this study, the
released reducing sugar was quantitatively determined by
the DNS assay.

The optimum temperature for the maleic acid pretreat-
ment of EFB was determined by assaying for the total
reducing sugars released at various temperatures (such as at
130, 150, 170, and 190 °C) by fixing other conditions such
as 1 % (w/v) of maleic acid and 1:10 of S/L ratio for the
90 s holding with a 3 min ramping to the set temperature.
Upon increasing the temperature from 130 to 190 °C, the
yield of the reducing sugar measured after enzymatic
hydrolysis (at 50 h) significantly increased. On raising the
temperature from 150 to 170 °C, the sugar yield concom-
itantly rose from 6.9 to 9.0 g reducing sugar/g EFB, as
shown in Fig. la, which could be attributed to a higher
reaction rate constant at a higher temperature akin to
observations made in other pretreatment studies [11, 28,
29]. The highest yield of the reducing sugar was obtained
at 190 °C (p < 0.1), this was selected as the optimum
pretreatment temperature for further maleic acid pretreat-
ments of EFB.

The EFB pretreatment was carried out to find an optimal
holding time (Fig. 1b, from 0 to 600 s) after ramping for
3 min at 190 °C in the microwave digester, with a fixed
acid concentration and an S/L ratio at 1 % (w/v) and 1:10,
respectively. It was observed that the yield of the reducing
sugar rather decreased with increasing the pretreatment
holding time. Thus, for further experiments, the holding
time after 3 min of ramping was considered unnecessary.

The influence of acid concentration on the amount of
reducing sugar released from EFB was studied by varying
the maleic acid concentration (0-2 %) while maintaining
the other conditions (i.e., 190 °C, 3 min ramping time, and
1:10 of S/L ratio). Consequently, from the control pre-
treatment experiment without using maleic acid (i.e.,
water), 5.5 g of reducing sugar was obtained from 100 g
EFB, whereas pretreatment with 0.5 % (w/v) maleic acid
raised the yield to 8.5 g/100 g EFB. The highest yield for
reducing sugar (i.e., 15.3 g/100 g EFB) was obtained at
1 % (w/v) maleic acid. In another study involving the use
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Fig. 1 Effect of (a) pretreatment temperature, (b) pretreatment time,
and (c) maleic acid concentration on the yield of reducing sugar (by
DNS) from 100 g of EFB. In the pretreatment, the EFB solids
concentration was 10 % (w/v), and the temperature was increased to
the set temperature with a 3 min ramping in a microwave digester

of maleic acid for cellobiose hydrolysis, the optimum

concentration of maleic acid was determined to be 0.6 %
(w/v) [30]. This difference in the optimum maleic acid
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concentration could be because of the higher recalcitrance
of EFB compared with that of cellobiose [3, 28]. Conse-
quently, 1 % (w/v) was selected as the optimum concen-
tration of maleic acid for further pretreatment experiments.

Compositional analysis of pretreated EFB

The composition of untreated EFB was determined to be
39.2 % (w/w) glucan, 17.4 % xylan, 2.5 % galactan,
4.5 % arabinan, and 31.8 % lignin on a dry weight basis
(Table 1). The pretreatment of EFB was carried out at the
optimal conditions of 190 °C, 3 min ramping to 190 °C
without holding, and 1 % (w/v) acid concentration at 1:10
of S/L ratio. The insoluble solids recovery yields based on
the initial dry weight of EFB were found to be 63.3 % (w/
w), which was similar to that of aqueous ammonia pre-
treatment [3]. For instance, the higher amount of glucan
compared to hemicellulose was retained in the insoluble
solids of maleic acid-pretreated EFB. However, 73.6 % of
xylan was solubilized into the liquid fraction of pretreated
EFB. Conversely, only 27.4 % of lignin was removed,
which was significantly lower than that from ammonia-
pretreated EFB (41.1 %) [3]. This difference could be

Table 1 Composition of maleic acid-pretreated or untreated EFB

Component Maleic acid Untreated
(8/100 g initial dry EFB) Insoluble Soluble

solids solids
Glucan 295+£07 - 392+ 1.3
Glucose and oligomers - 4.1 +£0.2% -
Xylan 2615 - 174 £ 1.1
Xylose and oligomers - 12.8 + 0.2* -
Galactan 05+00 - 25+04
Galactose and oligomers - 0.7 + 0.6* -
Arabinan 02+£00 - 45 +£0.0
Arabinose and oligomers - 0.2 £ 0.1* -
Lignin 231 +18 - 31.8 £ 02
Acetic acid - 20+ 04 -
Glycerol - 0.6 +£ 0.2 -
Furfural - NDP -
HMF - NDP -
Levulinic acid - NDP -
Formic acid - NDP -

Acid pretreatment conditions were 190 °C, 3 min ramping with no
holding time, 1 % (w/v) acid concentration, and 10 % (w/v) solids
loading

Experimental data were expressed as mean =+ standard deviation

Percent compositions were calculated on the basis of 100 g dry
weight of initial EFB prior to pretreatment

4 Carbohydrate weight was expressed in its polymeric form
® Not detected by HPLC
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because of the fact that while acid acts on hemicellulose,
alkali mainly targets lignin [14, 15]. Acetic acid, which is
known to be derived from the acetylation between hemi-
cellulose and lignin [13], was found to be the only
inhibitor among the detected by-products or degradation
products such as furfural, HMF, levulinic acid, and formic
acid from the liquor fraction of maleic acid-pretreated
EFB. In this study, the low levels of degradation products
could be attributed to the use of maleic acid and the short
pretreatment time (3 min) using the microwave digester.
Moreover, others have reported that maleic acid pre-
treatment of lignocellulose formed a lower concentration
of furfural as compared to that produced on using sulfuric
acid [11]. Thus, owing to the less formation of inhibitors,
maleic acid is considered as a suitable acid catalyst [12,
26, 30-32].

Enzymatic digestibility of maleic acid-pretreated EFB

Pretreated (190 °C, 3 min ramping, and 1 % (w/v) maleic
acid) and water-washed EFB were hydrolyzed with 60 FPU
cellulase per gram of glucan for 48 h, resulting in the
highest enzymatic digestibility of maleic acid-pretreated
EFB (60.9 %; Fig. 2), which was significantly higher than
that (41.4 % enzymatic digestibility with 60 FPU/g glucan)
obtained from EFB pretreated by soaking in aqueous
ammonia [3]. In addition, despite the decreased lignin
removal in the maleic acid pretreatment (27.4 %) com-
pared to that in the ammonia pretreatment (41.1 %) [3], a
relatively higher enzymatic digestibility was observed in
the maleic acid pretreatment. Therefore, it could be con-
cluded that the extent of lignin removal was not a key
factor in determining the enzymatic digestibility of maleic
acid-pretreated EFB.
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Fig. 2 Enzymatic digestibility of EFB pretreated at the optimal
conditions using maleic acid. Enzymatic hydrolysis was carried out
using 15, 30, or 60 FPU of Celluclast 1.5 L and 30 CBU of Novozyme
188 per gram of glucan at pH 4.8 and 50 °C for 48 h
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Fig. 3 Simultaneous saccharification and ethanol fermentation of
untreated EFB, washed and pretreated EFB, and whole slurry of
pretreated EFB. The SSF media for untreated EFB and the washed
and pretreated EFB contained EFB loadings based on the final
concentration of 3 % (w/v) glucan. In the SSF media for the whole
slurry of pretreated EFB, the loading amount of the whole slurry of
pretreated EFB referred to the final concentration of 6 % (w/v) of
untreated EFB (before pretreatment). The SSF media containing EFB
were incubated with Saccharomyces cerevisiae DsA and 30 FPU
Celluclast 1.5 L and 30 CBU Novozyme 188 per gram of glucan at
pH 4.8 and 30 °C for 48 h

Table 2 Concentration of sugars and inhibitors in the culture media
for simultaneous saccharification and ethanol fermentation of whole
slurry of pretreated EFB

Concentration in SSF media (g/L)

Glucose 0.9 £ 0.1
Acetic acid 04 £+ 0.1
Glycerol 0.1 £0.0
Furfural ND?*
HMF ND?
Levulinic acid ND?*
Formic acid ND?*

Experimental data were expressed as mean =+ standard deviation
? Not detected by HPLC

SSF of maleic acid-pretreated EFB

SSF of untreated EFB, washed insoluble solids from pre-
treated EFB, or the whole slurry of pretreated EFB was
carried out (Fig. 3). For more fundamental yield analysis,
the ethanol yield was expressed as a percentage of the
theoretical maximum yield of ethanol (i.e., 51 % (w/w)
ethanol/glucose) based on the total glucan content of initial
EFB, prior to pretreatment. The ethanol yields after 48 h of
SSF were 9.7 and 39.0 % from the untreated EFB and the
pretreated and washed EFB, respectively. In the case of the
whole slurry fermentation of pretreated EFB, the ethanol
yield after 48 h SSF increased to 61.3 %, which was
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Fig. 4 Effect of maleic acid concentration on the cell growth of
Saccharomyces cerevisiae DsA on YPD (pH 4.8)

57.2 % higher than that of the pretreated and washed EFB.
This difference could be attributed to the increased amount
of soluble sugars in the liquid fraction of the whole slurry
along with low levels of the inhibitors from sugar degra-
dation (Table 2). According to the whole slurry fermenta-
tion using sulfuric acid-pretreated lignocellulose in a
previous study [21], only around 50 % ethanol yield was
obtained because of the higher inhibition by pretreatment
byproducts in the sulfuric acid-pretreated slurry (.e.,
higher furfural formation) and neutralization salt. More-
over, if a yeast that is metabolically engineered to ferment
xylose is used in the SSF of the whole slurry, the ethanol
yield could further increase.

Effect of ammonium maleate on growth of S. cerevisiae

The inhibitory effect of neutralization salt (i.e., ammonium
maleate) on the growth of S. cerevisiae DsA was investi-
gated by batch culture in YPD medium containing various
concentrations of maleic acid at 30 °C for 48 h (Fig. 4).
Until 48 h of cultivation, the addition of maleic acid up to a
concentration of 2 % (w/v) did not show any significant
negative effect on the cell growth. Therefore, it could be
presumed that the neutralized maleic acid salt of 1 % (w/v)
used in this study for the whole slurry of pretreated EFB
did not affect the yeast cell growth. Further increasing
maleic acid concentration to 3 % (w/v) inhibited cell
growth. Overall, the neutralized maleic acid salt showed
less inhibitory effect on the yeast cell growth in compari-
son with the neutralized sulfuric acid salt [21]. Therefore,
although acid is neutralized, the amount of a neutralized
acid catalyst needs to be taken into account when designing
an ethanol production process using the whole slurry of
lignocellulose.
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Conclusions

This study showed that maleic acid would be a suitable
catalyst for the production of ethanol from EFB, especially
for the fermentation of pretreated whole slurry. Under the
optimized conditions, 60.9 % enzymatic digestibility was
obtained from pretreated EFB with 60 FPU of cellulase and
30 CBU of B-glucosidase per gram of glucan in 48 h of
enzymatic hydrolysis. On using the pretreated whole slurry
of EFB for SSF, 61.3 % of the theoretical maximum eth-
anol yield based on the initial glucan in untreated EFB was
attained without any detoxification process. Thus, maleic
acid pretreatment followed by fermentation using the
whole slurry warrants a significantly high yield of ethanol
from EFB with minimizing the solid/liquid separation cost
and utilizing sugar in the liquid fraction of the whole slurry
as well.
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