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Abstract: Empty fruit bunches (EFBs) are lignocellulosic wastes from palm oil industry. Due to their low cost and domestic 
availability, they are potential raw materials to be used for bioethanol production. This study aimed to determine the 
potential fermentation inhibitors formed during acid hydrolysis of the EFBs and to study the efficiency of their detoxification 
methods. The dilute-acid hydrolysis process was performed using 2% and 6% sulfuric acid at 121oC for 30-60 min. The 
results showed that various sugars including glucose, mannose, galactose, rhamnose, xylose and arabinose were found in the 
hydrolysate of EFBs. The maximum total sugars obtained were 19.77 g/L when the EFBs were hydrolyzed with 6% sulfuric 
acid at 121oC for 45 min. The hydrolysates contained xylose as a major sugar, followed by arabinose, and glucose. The 
inhibitors formed during hydrolysis stage were acetic acid, furfural and phenolic compounds. The levels of all inhibitors 
increased with the increased reaction time and acid concentration. The detoxification methods, namely evaporation, activated 
charcoal treatment and over-liming could effectively remove the inhibitors but in the different extents. 
 
  
I. INTRODUCTION 
 
Palm oil industry is growing rapidly as the increasing 
demand for direct consumption and biofuel 
production. Empty fruit bunches (EFBs) are residual 
by-products from palm oil extraction process. They 
are abundant and low-cost lignocellulosic materials. 
EEBs are composed of about 42-65% cellulose, and 
17-34% hemicelluloses [1], which are a rich source of 
sugar for bioethanol production. 
Hydrolysis of lignocelluloses is normally completed 
by means of an acid pretreatment, which generally 
results in hydrolysis of hemicellulose and cellulose. 
Cellulose can be degraded into glucose and 
hemicelluloses can be degraded into mannose, 
galactose, xylose and arabinose. However after pre-
treatment/hydrolysis, not only sugars are produced 
but also various decomposed compounds from 
saccharides and lignin-derived products are obtained 
simultaneously which often acts as fermentation 
inhibitors. These inhibitors include three groups; 
firstly, furan derivatives (HMF and furfural), 
secondly, weak acids (levulinic acid, formic acid and 
acetic acid) and thirdly, phenolic compounds. 
Hexoses can be degraded into hydroxymethyfurfural 
(HMF) and HMF can further be degraded into formic 
acid and levulinic acid, while pentose degradation can 
generate furfural and formic acid. Moreover, phenolic 
compounds are mainly liberated from breakdown of 
lignin [3-4]. These compounds commonly inhibit cell 
growth anfrequently result in decreased viability, 
productivity and ethanol yield [2, 3]. 
 

 
However, several detoxification methods has been 
reported to be used for removing the inhibitors from 
hydrolysate such as evaporation [4], ion exchange, 
overliming [5], activated charcoal and enzymatic 
treatment [6]. These methods have been proved to be 
able to improved ethanol production. Chandel et al. 
(2007)[7] reported that detoxification of sugarcane 
bagasse hydrolysate with activated charcoal could 
remove 38.7% furans and 57.5 % total phenolics. 
Fermentation of the detoxified hydrolysates with 
Candida shehatae NCIM 3501 showed ethanol yield 
of 0.42 g/g, while un-detoxified hydrolysate gave 
only 0.22 g/g.  
 
Meanwhile, different detoxification method such as 
over-liming can reduce furan derivatives and phenols 
in sugarcane bagasse hydrolysate by 25% and 17%, 
respectively. The detoxified hydrolysate gave ethanol 
yield of 0.18 g/g when fermented with the 
recombinant xylose utilizing Saccharomyces 
cerevisiae, whereas 0.13 g/g was obtained using the 
un-detoxified hydrolysate [8]. 
 
In this study, we determined the potential inhibitors 
formed during dilute-acid hydrolysis of the EFBs. 
Sulfuric acid at concentration of 2 and 6% and 
reaction time period between 30-60 min with the 
operated temperature of 121oC were applied. Besides, 
the effect of three different detoxification methods 
including over-liming, activated charcoal adsorption 
and evaporation was compared.  
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II. DERAILS EXPERIMENTAL 
 
2.1 Raw materials  
EFBs used in this study were obtained from a palm 
oil mill located in Satun province, Thailand. The 
EFBs were air-dried, ground using a crusher (SF130 
FnB Machinery & Solution Co., Ltd, Thailand) and 
sieved to obtain a particle size between 0.2-0.5 mm. 
The sample was stored at room temperature in zip 
lock plastic bags until needed. 
 
2.2 Dilute acid hydrolysis  
To prepare hemicellulosic hydrolysate, the EFBs 
were mixed with 2 or 6% dilute sulfuric acid with a 
solid:liquid (EFBs:H2SO4 ) ratio of 1:10 (w/v) and 
hydrolyzed in an autoclave at 121oC for 30-60 min 
[9], The EFBs hydrolysate was separated from the 
solid phases by filtration. The hydrolysate pH was 
adjusted to neutral with 1M NaOH. Then, the 
neutralized hydrolysate was filtered using 0.20 µm 
filters before the sugar contents and degradation 
products were analyzed. While, the solid residual was 
washed by distilled water until neutral pH obtained. 
Subsequently, it was dried at 60oC for 24 h and 
analyzed for chemical composition. 
 
Detoxification methods  
3.1 Overliming 

The pH of the hydrolysate was increased to 10 with 
Ca(OH)2. After that, it was heated to 90oC for 30 min 
with thoroughly mixing. The pH was then readjusted 
to 5.5 with H2SO4. The precipitate was separated 
from the liquid fraction by filtration (whatman no. 1 
filter paper) [10]. 
 
3.2 Activated charcoal treatment 

A granular activated charcoal (an average particle 
size of 2.5 mm) was kindly provided by a 
manufacturer (Carbokarn Co., Ltd, Thailand). The 
charcoal was equilibrated by soaking in 0.4 M HCI 
for 1 h, washed with water and dried at room 
temperature. The activated charcoal was mixed with 
hydrolysate at a ratio of 1:10 (w/v) and well-stirred at 
room temperature for various periods (1, 5 or 10 h). 
Then, the detoxified hydrolysate was removed by 
filtration  [11].  

 
3.3 Evaporation 

The hydrolysate was vacuum evaporated by BÜCHI-
Rotavapor R-100 (Switzerland) at 70oC and 170 mbar 
for 30, 60, 90, 120, or 130 min [12]. Then, the 
concentrated hydrolysate was added with water to 
return to its original volume. 

After treatment with different detoxification methods, 
all detoxified hydrolysates were pH adjusted to 
neutral and further analyzed for concentrations of 
sugars and inhibitors including furfural, 5-HMF, 
acetic acid and phenolic compounds.  
 
3.4 Analytical methods 
Monosaccharides (glucose, mannose, galactose, 
rhamnose, fructose, xylose and arabinose) were 
analyzed by high performance liquid chromatography 
(HPLC) with a refractive index detector (RID) using 
azorbax NH2 column (250 mm x 4.6 mm). The 
system was operated at 40oC with 75% acetonitrile as 
the mobile phase at a flow rate of 0.5 mL/min [13]. 
Types and concentrations of phenolic compounds 
were determined by HPLC with a diode array 
detector (DAD) using an Mightysil RP-18 GP aqua 
column (250 mm x 4.6 mm). The column oven was 
set at 40oC and 0.1% (v/v) sulfuric acid and 50% 
acetonitrile were used as the mobile phases at a flow 
rate of 0.5 mL/min [14]. 
Weak acid (acetic acid), furan derivatives (5-HMF 
and furfural) and ethanol were analyzed  by gas 
chromatography-flame ionization detector (GC-FID) 
equipped with HP-INNOWAX column (30 m x 0.32 
mm ID, 0.25 µm). Helium was used as a mobile 
phase. The oven and detector temperatures used in 
the analysis were 60oC and 240oC, respectively [13]. 
 
III. RESULTS AND DISCUSSION 
 
4.1 Sugars in hydrolysate  
The EFBs contained 37.2% cellulose, 22.8% 
hemicelluloses and 9.3% lignin. After acid 
hydrolysis, various free sugars including glucose, 
mannose, galactose, rhamnose, xylose and arabinose. 
were found in the hydrolysate derived from the EFBs  
(Table 1). The increase in acid concentration from 
2% to 6% gave higher yield of sugars. At the same 
acid concentration, the amount of sugar tended to 
increase when the reaction time was increased. 
However, the increase of reaction time to 60 min with 
6% H2SO4 gave much less sugar than 30-45 min. This 
reduction in sugar concentration may have occurred 
as a result of degradation of sugars into inhibitors 
[2,15]. The best hydrolysis was observed at 6% 
H2SO4 for 45 min. Under this condition, the 
maximum total sugars obtained were 19.77 g/L. The 
hydrolysates contained xylose as a major sugar with 
11.68 g/L, followed by arabinose (5.04 g/L), and 
glucose (3.05 g/L), respectively. The amount of sugar 
recovered is dependent on the temperature, reaction 
time, and concentration of acid used in the hydrolysis 
and pretreatment of the lignocellulosic materials [16]. 
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4.2 Inhibitors formed during hydrolysis  
Three groups of fermenting inhibitors including weak 
acids (acetic acid), furan derivatives (5-HMF, 
furfural) and phenolic compounds were determined in 
this study. No 5-HMF was detected in the EFBs 
hydrolysate. The formation of furfural, acetic acid 
and phenolic compounds under different hydrolysis 
conditions is shown in table 2 and 3. It can be seen 
that the levels of furfural and acetic acid increased 
from 0.57 to 1.63 g/L and 1.44 to 2.87 g/L 
respectively with the increased reaction time and acid 
concentration (Table 2). 
 
The change of concentrations of phenolics 
compounds showed the same trend with the other two 

inhibitors (Table 3). Two groups of phenolic 
compounds were detected namely phenolic acids and 
phenol (table 3). The individual phenolic compounds 
were identified as gallic acid, protocatechuic acid, 4-
hydroxybenzoic acid, 4-hydrocxyphenylacetic acid, 
caffeic acid, syringic acid, vanillic acid, p-coumaric 
acid, ferulic acid and phenol. Under the best 
condition (6% H2SO4 and 45 min) for recovered 
sugars, the levels of inhibitors with 1.47 g/L furfural, 
2.72 g/L acetic acid and 0.25 g/L phenolics were 
generated. It was reported that acetic acid is primarily 
formed by hydrolysis of hemicellulose, while furfural 
is produced by degradation of pentose sugars and 
phenolic compounds are liberated from partial 
decomposition of lignin [2, 17].  
Previous reports showed that the presence of low 
level of acetic acid can improve ethanol production 
by Saccharomyces cerevisiae but the yield tended to 

decrease at higher concentration of acetic acid (>100 
mmol/L) [2]. Bellido et al. (2011) [18] reported the 
increase in acetic acid concentration resulted in the 
decrease in ethanol productivity by Pichia stipitis and 
complete inhibition was observed at 3.5 g/L. The 
same authors also found that the presence of furfural 
led to the delay of sugar consumption rates, while 
HMF did not have any effect.    
 
Furfural was found to inhibit growth and ethanol 
production of S. cerevisiase when its concentration as 
low as 0.5 g/L and complete inhibition occurred at 4 
g/L [19]. Roberto et al. (1991) [20] studied ethanol 
production by the yeast P. stipites and found that 
furfural concentrations lower than 0.5 g/L had a 
positive effect on cell growth, whereas concentration 
above 2 g/L inhibited cell growth almost completely. 
Inhibition mechanisms of phenolic compounds on S. 
cerevisiae and other microorganisms have not yet 
been clarified because of the various groups of 
phenolics present in the hydrolysate and the 
limitation of accurate qualitative and quantitative 
analyses. However, Parajo et al. (1996) [21] reported 
that lignin degradation products were more toxic to 
microorganisms than HMF and furfural, even when 
their concentrations were low. Based on the results 
from this study, it is therefore necessary to remove 
these inhibitors from the hydrolysates prior to 
fermentation process. 

 
4.3 Effect of detoxification methods 
The comparison of three detoxification methods 
namely, over-liming, evaporation and activated 
charcoal adsorption was made to study their removal 
efficiency for all inhibitors. Among them, the 
evaporation was the best strategy to remove acetic 
acid (Table 4). The removal performance of this 
method corresponded with the experimental time. 
The complete elimination of acetic acid was obtained 
after 90 min evaporation. About 4.7-88.6% furfural 
was removed by evaporation process.  

Table 2 Concentrations of acetic acid and furfural 
formed during acid hydrolysis of EFBs 
 

H2SO4 
(%) 

 Time 
(min) 

 Acetic 
acid (g/L) 

 Furfural 
      (g/L) 

  30  1.44±0.11  ND 
2  45  1.43±0.20  ND 

  60  1.45±0.22  ND 
  30  1.45±0.90  0.57±0.17 

6  45  2.72±0.50  1.47±0.44 
  60  2.87±1.28  1.63±0.75 
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Although, this method could reduce the phenolic 
compounds (2.5-36.9%), the efficiency is lower than 
that of activated charcoal treatment (Table 5). 
This results was supported by previous studies that 
evaporation can effectively remove volatile 
compounds such as acetic acid and furfural from the 
hydrolysates [2,22]. Converti et al. (2000) [23] 
reported that the detoxification of Eucalyptus 
globulus wood hydrolysate after steam explosion  

process by over-liming and adsorption by activated 
charcoal could effectively remove lignin-derived 
compounds. Meanwhile, the evaporation was capable 
of eliminating acetic acid and furfural from 1.2 to 0.5 
g/L and 31.2 to 1.0 g/L, respectively. Consequently, 
the detoxified hydrolysate contained the inhibitors 
under their inhibitory levels for the fermentation by 
Pachysolen tannophilus. 
 
 

 

Table 3  Concentrations of individual phenolic compounds formed during acid hydrolysis of EFBs 
H2SO

4 
(%) 

 Time 
(min
) 

Ga
l 

Pro 4-HBA 4-HPA Caf Syn Van p-cou Fer  Phe Total 
(g/L) 

  30 N
D 

0.07
4 

0.191 ND 0.005 0.009 ND 0.002 0.001  ND 0.044 

2  45 N
D 

0.10
7 

0.275 ND ND 0.014 ND 0.004 0.003  0.021 0.080 

 
 60 N

D 
0.12
5 

0.039 ND ND 0.016 ND 0.005 0.004  0.021 0.098 

  30 N
D 

ND 0.128 0.015 0.011 ND 2.44 0.004 0.003  0.024 0.189 

6  45 N
D 

ND 0.150 0.027 0.012 ND 12.05 0.007 0.004  0.034 0.246 

  60 N
D 

ND 0.149 0.032 0.023 ND 21.03 0.010 0.008  0.038 0.283 

ND = Not detected, Gal = Gallic acid, Pro = protocatechui, 4-HBA = 4-hydroxybenzoic acid,  
4-HPA = 4- hydrocxyphenylacetic acid, Caf = caffeic acid, Syn = syringic acid, Van = vanillic acid, 
p-cou = p-coumaric acid, Fer = Ferulic acid,  Phe = phenol 
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Over-liming process has been reported to enhance the 
removal of volatile inhibitors such as furfural and 
hydroxymethyl furfural (HMF)[24]. Similarly, it was 
the most effective method to remove furfural (34.3%) 
in this study. Also, this process could eliminate 
15.1% phenolic compounds and 7.4% acetic acid in 
the EFBs hydrolysate.Chandel et al. (2007) [7] 
performed the detoxification of sugarcane bagass 
hydrolysate using over-liming and found 45.8% 
furans and  35.87% phenolics removal.  
 
On the other hand, the activated charcoal treatment 
was the most efficient strategy to remove phenolic 
compounds in this stud as it has lots of pores and 
large surface area in its structure. The increase in 
contact time from 1 to 10 h could eliminate total 
phenolics by 52.5 to 80.7%. Parajo et al. (1996) [21] 
observed that 88.8 % phenolic compounds in wood 
hydrolysate was removed by the activated charcoal 
with one day contact time.  
 
This period was enough to reach the adsorption 
equilibrium. In the present study, however, the 
adsorption method caused the maximum reduction of 
acetic acid and furfural of 22.7 % and 22.0%, 
respectively with 10 h of contact time. 
 
However, the use of detoxification methods did not 
only reduce toxic compounds but it also cause sugars 
reduction. Table 6 shows the sugar losses during 
detoxification process. 
 
 
 

 
 

 
 
The evaporation and activated charcoal treatment 
caused sugar losses about 4.4-90.6% and 13.3-56.0%. 
The increase in treatment time of these two methods 
resulted in the decrease in sugars in the hydrolysates. 
The maximum sugar loss (90.6%) was found when 
the evaporation process was applied which was 
similar to the removal efficiency of acetic acid. The 
Over-liming treatment with Ca(OH)2 could reduce 
most of the furfural content but this was accompanied 
by large sugar losses of 67.8 %.  
 
The efficiency of each detoxification method for the 
removal of different inhibitors mainly depend on  
the hydrolysate composition, which differs according 
to the raw material used, and the 
hydrolysis/pretreatment conditions employed. Each 
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detoxification method is specific to remove certain 
types of compounds. In addition, the level of 
elimination of each inhibitors is based on the degree 
of microbial inhibition caused by the compounds. 
 
CONCLUSION 

 
Various sugars including glucose, mannose, 
galactose, rhamnose, xylose and arabinose were 
found in the hydrolysate of EFBs after dilute-acid 
hydrolysis. The maximum total sugars obtained were 
19.77 g/L when the EFBs were hydrolyzed with 6% 
H2SO4 at 121oC for 45 min. The hydrolysates 
contained xylose as a major sugar, followed by 
arabinose, and glucose. The inhibitors formed during 
hydrolysis stage were acetic acid, furfural and 
phenolic compounds. The levels of all inhibitors 
increased with the increased reaction time and acid 
concentration. The detoxification methods, namely 
evaporation, activated charcoal treatment and over-
liming could effectively remove the inhibitors but in 
the different extents. The best result for minimal a 
sugar loss was treated with evaporation time of 30 
min. This method was able to remove 79.0% acetic 
acid, 4.7% furfural and 2.5 % phenolic compounds.  
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