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highest ethanol (7.23 g/L) was detected at 24 h of fermen-
tation process. Under optimized conditions of inoculum, 
30  mL; hydrolysate, 78.85  mL; pH, 4.50; and incubation 
time, 94.01 h, the highest ethanol yield was 13.79 g/L.
Conclusions The results obtained from this study proved 
that OPF hydrolysate obtained from enzymes hydroly-
sis has high potential to be used as feedstock for ethanol 
production.

Keywords Bioethanol · Biological pretreatment · 
White-rot fungus · Oil palm frond hydrolysate · Cellulase · 
Hemicellulase

Introduction

Fluctuations of oil prices, gradual depletion of fossil fuel 
sources and increased greenhouse gas emissions have 
stimulated global efforts in finding a sustainable alterna-
tives way to replace fossil fuels in order to satisfy the ever-
growing energy requirement [1]. The conversion of plant 
biomass/products into biofuels and biochemical has gained 
attentions due to the feasible alternative processes available 
to convert the complex biomass into biofuels and biomate-
rials [2]. There were a variety of materials that have been 
used for the biofuel production previously whereby each 
group of materials were categorized from ‘first generation’ 
biofuel to the ‘fourth generation’ biofuel.

The ‘first generation’ bioethanol are produced using 
raw materials containing simple sugars or starches which 
are mainly come from consumable [3]. On the other hand, 
‘second generation’ bioethanol are those that are mainly 
produced using non-consumable sources such as ligno-
cellulosic [3]. Another category of bioethanol is known 
as the ‘third generation’ bioethanol. These bioethanol are 
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Purpose Present study aims to use oil palm frond (OPF) 
hydrolysate obtained from enzymatic hydrolysis as feed-
stock for ethanol production.
Methods Pretreated OPF was used in this study. Optimi-
zation of ethanol production was performed using central 
composite design of response surface methodology. TAPPI 
Standard Methods were used to analyze the chemical com-
position of the pretreated OPF.
Results The results obtained indicated that the biomass 
contains 63.68% of cellulose, 21.92% of hemicellulose and 
14.4% of lignin content. Enzymatic hydrolysis of pretreated 
OPF showed that the highest reducing sugar of 2444.6 µg/g 
was obtained when the biomass was hydrolysed using cel-
lulase (40 U/g) and hemicellulase (10 U/g) for 150 min at 
50 °C. The kinetic study indicated that the specific growth 
rate of S. cerevisiae HC10 during ethanol production was 
0.034  h−1 with about 20.39  h of doubling time. The bio-
mass yield coefficient and ethanol yield coefficient obtained 
were 0.1623  g cell/g sugar and 0.1191  g ethanol/g sugar, 
respectively. The highest ethanol yield was 79.4%. Fermen-
tation profile for ethanol production demonstrated that the 
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produced from algal biomass, which has a very distinc-
tive growth yield as compared with the second generation 
bioethanol [4]. Finally, the ‘fourth generation’ biofuels are 
identified as photobiological solar fuels and electro-fuels 
[5]. The principle behind this infant-staged idea is that 
through synthetic biology, solar energy will be directly con-
verted into fuel [5].

Lignocellulosic biomass was chosen as one of the pre-
ferred materials to be used for bioethanol production in 
Malaysia because of the country’s global-scale palm oil 
plantation industry. With huge oil palm plantation area, 
comes a high generation of wastes or by-products. The 
palm oil mill waste (POMW) can be divided into two cate-
gories; liquid-based waste and solid-based (biomass) waste 
[6]. Palm oil mill effluent (POME) is the liquid-based waste 
[6] while others, such as empty fruit bunches (EFB), palm 
pressed fibers (PPF), oil palm trunk (OPT), oil palm frond 
(OPF) and shells are biomass wastes. Around 51% of these 
wastes are come from oil palm frond (OPF) [7]. The dis-
posals of OPF are either done by natural decaying process 
or by on-site burning. The distinctive drawback is that the 
natural decaying process consumes time and does not effec-
tively decompose the whole OPF. In addition, on-site burn-
ing of the OPF is a clear violation of environmental law. 
Thus, alternative ways to utilize and/or dispose of OPF are 
needed.

A Huge amount of OPF waste has attracted researcher’s 
attention for utilizing the source as feedstock for bioethanol 
production [8]. Only a few studies have focused on utiliz-
ing the lignocellulosic components of OPF [9]. Almost all 
plant material is composed of cellulose, hemicelluloses and 
lignin. Both cellulose and hemicellulose are the sugars pol-
ymers that can be hydrolyzed into simple sugars for bioeth-
anol fermentation. On the other hand, lignin is a complex, 
aromatic polymer [10] that does not possess any fermenta-
tive value. Generally, lignin is responsible for the overall 
protection of the plant cell in such a way that it provides 
mechanical strength, resistance toward water permeation 
across the cell, and protection against pathogen attack [10]. 
Due to its protective nature of the plant cell, lignin some-
how prevents the hydrolysis of sugars. Therefore, some 
pretreatment steps are needed in order to degrade lignin. 
There are a wide range of pretreatment techniques that can 
be used, such as physical, chemical, physicochemical and 
biological pretreatment. In biological pretreatment method, 
white-rot fungus (WRF) is preferred since the fungus 
contains ligninolytic enzymes that are effective for lignin 
degradation. Next, specific enzymes such as cellulase and 
hemicellulase are often used to enhance the hydrolysis of 
simple sugars for fermentation.

Fermentation can be divided into two types according to 
the state of the media used for the fermentation, which are 
solid state fermentation (SSF) and submerged fermentation 

(SmF) [11]. Generally, in SSF system fungi are often used 
during biological pretreatment process for bioethanol pro-
duction. Meanwhile, in SmF system yeast or bacteria are 
used. Hydrolysate, which is the liquid derived from enzy-
matic treatment can be fermented by microbiological 
agents such as yeast and bacteria. Yeast such as Saccharo-
myces cerevisiae, is notable for its application in bioethanol 
fermentation due to its robustness and rapid rates of ethanol 
production [12, 13].

Thus, in this project OPF substrate which is previ-
ously treated with white rot fungus (Phanerochaete chrys-
osporium CK1) was subjected to enzymatic hydrolysis 
using commercial enzyme such as Cellulase A “Amano” 
3 and Hemicellulase “Amano” 90 (Amano, Japan) either 
individually or in combination. The fermentable sug-
ars released in the hydrolysate were used as feedstock in 
bioethanol production process using yeast (S. cerevisiae 
HC 10). Factors which affect biological pretreatment of 
OPF using P. chrysosporium CK1 (fermentation time and 
inoculum size) have been examined by previous research-
ers [14]. On top of that, factors which affect enzymatic 
hydrolysis of pretreated OPF (cellulase, hemicellulase and 
combination, enzyme loading and incubation time) were 
determined. Finally, the efficiency of bioethanol produc-
tion using hydrolysate as feedstock were determined and 
optimized.

Materials and Methods

Source and Preparation of Pretreated Oil Palm Frond

Fresh OPF were obtained from Federal Land Consolida-
tion and Rehabilitation Authority (FELCRA) Plantations 
in Balik Pulau, Penang. The leaves of the OPF were cut 
off and discarded. The fronds (center part) were cleaned 
and dried under the room temperature to remove excess 
water. The skin of the clean OPF was peeled off and cut 
into smaller size. Then, OPF was pressed using sugarcane 
pressing machine and the OPF juice was collected for other 
uses. The OPF biomass was dried in an oven at 70 °C for 
48 h to prevent any microbial growth. The dried OPF was 
ground into a smaller size and sieved using 1.5 mm sieve. 
The sample was kept at room temperature for further usage. 
P. Chrysosporium CK 1 obtained from School of Industrial 
Technology, USM was used to pretreat the OPF. Under 
the optimized conditions of inoculum size of 0.5 × 107 
spore/mL and incubated at room temperature for 3 weeks 
using The Japan Industries Standard (JIS) broth medium, 
the highest percentage of lignin removal was about 51%, 
which are significantly different (P < 0.05) compared 
with untreated OPF. Analysis using TAPPI Standard Test 
Methods shows that cellulose, hemicellulose and lignin 
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content of OPF after P. Chrysosporium CK 1 treatment 
were 63.68%, 21.92% and 14.4%, respectively [14].

Enzymatic Hydrolysis of Pretreated OPF Using 
Commercial Enzyme

The commercial enzymes used in this study were Cellulase 
A “Amano” 3 and Hemicellulase “Amano” 90 which were 
obtained from Amano Pharmaceutical Co., LTD (Nagoya, 
Japan). The enzymes used were either individually or in 
combination during hydrolysis of pretreated OPF. Three 
grams of pretreated OPF were mixed with 50 mL of Citric-
NaOH buffer (50mM, pH 5) in an Erlemenyer flask. The 
sample was pre-incubated at 50 °C for 5  min before the 
appropriate concentration of enzyme was added. The sam-
ple was mixed well and the flask was continued incubated 
for another 60 min. After incubation, the supernatant was 
separated using Whatman No.1 filter paper to remove the 
debris. The reducing sugars content was determined using 
3,5-dinitrosalicylic acid (DNS) method and the samples 
were measured spectrophotometrically at 540  nm using 
sugar (glucose or xylose) as standard [15]. For samples 
obtained from enzymes combination, the reducing sug-
ars were measured using phenol–sulfuric method. Factors 
which affect enzymatic hydrolysis of pretreated OPF such 
as enzyme loading (10, 20, 30, 40, 50 U/g) and incubation 
time (30, 60, 90, 120, 150 min) were examined.

Bioethanol Production Process

Yeast Strain and Inoculum Preparation

Saccharomyces cerevisiae HC 10 which was obtained 
from School of Industrial Technology, USM was used in 
this study for bioethanol production. Yeast strain previ-
ously grown on agar slant was diluted with sterile distilled 
water to obtain a standardized inoculum with optical den-
sity (OD) of about 0.8 at 600 nm. Nutrient broth (98 mL) 
was prepared and the pH of the medium was adjusted to 
4.5 prior to autoclaving at 121 °C for 15  min. The ster-
ile medium was inoculated with 2  mL of standardized 
inoculum and incubated at 30 °C for 24  h and agitated at 
150 rpm. This medium was used as inoculum in fermenta-
tion process for bioethanol production.

Growth Profile of S. Cerevisiae HC 10 and Fermentation 
Process for Bioethanol Production

Inoculum (2%, v/v) was transferred into 200  mL steri-
lized nutrient broth containing 30 ml of hydrolysate from 
enzymatic hydrolysis of pretreated OPF. The sample was 
incubated at 30 °C for 60 h and agitated at 150 rpm. Sam-
ple (10 mL) was taken out every 6 h interval for 60 h and 

immediately stored at −20 °C until further analysis. Kinetic 
studies of the fermentation process were performed in order 
to further understand the fermentation process.

Optimization of Bioethanol Production Process

Optimization of the fermentation process for bioethanol 
production was performed using central composite design 
(CCD) of response surface methodology (RSM) from 
Design-Expert® version 7 program. The experiments were 
conducted using Erlenmeyer flask system and 30 experi-
mental runs with different conditions proposed by the CCD 
model were performed. Factors taken into consideration 
in these studies included inoculum size (mL), Hydrolysate 
(%), initials medium pH and Incubation time (h). The sam-
ple volume (nutrient broth + hydrolysate) was kept in con-
stant (100 mL) for each run. After fermentation, the sample 
was analyzed for yeast biomass, sugar residual, and etha-
nol production. For optimization, the fermentation process 
was performed according to the best combination condi-
tion suggested by the by the Design-Expert® program. An 
experimental run was performed in order to verify the sug-
gested best condition.

Analysis

Determination of Reducing Sugar

The supernatant of the sample was prepared by separating 
the debris and slurry. For sample obtained from individual 
enzyme hydrolysis, the reducing sugar (glucose or xylose) 
produced was determined according to DNS method 
[15]. While for the sample obtained from a combination 
of enzymes hydrolysis, the reducing sugar produced was 
determined using phenol–sulfuric method [16].

Determination of Yeast Biomass

The yeast biomass was determined by measuring the cell 
dry weight. The cell suspension was vacuum-filtered 
through 0.45 μm filter paper and rinsed 2 times with dis-
tilled water. The filtered papers were dried in an oven at 
65 °C for 2 days until a constant weight was obtained. The 
cell dry weight was obtained by weighing the dried filter 
papers using an analytical balance [17].

Determination of Bioethanol

Ethanol produced was analyzed using gas chromatogra-
phy (GC) equipped with Flame Ionization Detector (FID). 
Helium (He) was used as a carrier gas and the column used 
was Rt-Q-BOND column (30  m length × 0.25  µm film 
thickness × 0.32  mm inner diameter). The temperature of 
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the column, injector, and detector was set at 200 °C. The 
flow rate and operating pressure used were 21.9  mL/min 
and 71.1 KPa, respectively. Five min holding time was used 
for each sample [18].

Statistical Analysis

Statistical analysis was performed using Statistical Package 
for the Social Science, SPSS version 20. The significant 
difference between each test variable was determined using 
one-way ANOVA analysis and Least Significance Test. All 
the tests were carried out in triplicates with a confidence 
interval of 95%.

Results and Discussions

Effect of Enzyme Loading on Hydrolysis Pretreated 
OPF

Five different enzyme loadings (10, 20, 30, 40, 50  U/g) 
were used in this study. The pretreated OPF was hydro-
lyzed by cellulase for 60  min. The results obtained indi-
cated that with an increase in cellulase loading from 10 U/g 
to 50 U/g, the glucose produced was significantly increased 
(P < 0.05) from 1385 µg/g (10 U/g) and reaching maximum 
value of 2317 µg/g (50 U/g) (Fig. 1). On the other hand, the 
result obtained was within expectation because the rate of 
OPF hydrolysis to generate glucose increased with increas-
ing the enzyme concentration used.

For hemicellulase hydrolysis of pretreated OPF for 
xylose production, the results obtained showed a simi-
lar pattern compared with cellulase hydrolysis (Fig. 1). In 
addition, with an increase in hemicellulase loading for OPF 
hydrolysis, xylose produced was increased from 1041 µg/g 
(10  U/g) to 1756 (50  U/g). Statistical analysis indicated 
that xylose released by hemicellulase hydrolysis was sig-
nificantly different (P < 0.05) compared with other enzyme 
loading used except 40 U/g. On top of that, when compared 
with glucose content (cellulase hydrolysis), xylose pro-
duced (hemicellulase hydrolysis) was lower. This is due to 
the cellulose content (63.68%) in pretreated OPF was much 
higher compared with xylan content (21.92%) [14].

The reducing sugars produced from by combining 
cellulase and hemicellulase to obtain an enzyme load-
ing of 50 U/g are shown in Fig. 2. As shown in Fig. 2, 
cellulase plays a major role in reducing sugar released 
since the amount of reducing sugars registered increased 
when increasing of cellulase loading. For example, 
about 2351  µg/g of reducing sugar was generated from 
40 U/g of cellulase and 10 U/g of hemicellulase hydroly-
sis compared with 2066  µg/g when 10  U/g of cellulase 
and 40 U/g of hemicellulase was used. In addition, sta-
tistical analysis also indicated that these differences are 
significant (P < 0.05). The conditions that gave the low-
est reducing sugar content was 50 U/g of hemicellulase 
loading. This can be explained by cellulose accounting 
for a much larger portion in lignocellulosic biomass as 
compared to hemicellulose [14, 19]. In addition, Sun and 
Cheng [20] reported that the used of cellulase mixture 
from different microbes or a mixture of cellulase with 

Fig. 1  Effect of cellulase 
and hemicellulase loading on 
hydrolysis of pretreated OPF
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other enzymes exhibited a significant increase in cellu-
lose conversion in lignocellulosic materials. In addition, 
Lin et al. [21] also reported that the used of xylanase and 
cellulase mixture can increase the hydrolysis efficiency 
by 160%. In conclusions, cellulase alone hydrolysis pro-
duced higher reducing sugar compared to hemicellulase 
alone hydrolysis. In order to study the effect of enzyme 
hydrolysis time on reducing sugar production a combi-
nation of 40 U/g of cellulase and 10 U/g of hemicellu-
lase were selected because it gave the highest reducing 
sugars content.

Effect of Hydrolysis Time on Pretreated OPF

Five different hydrolysis times (30–150  min with 30  min 
intervals) on pretreated OPF was carried out in this stud-
ies. The results obtained showed that there are an increas-
ing trend of glucose and xylose produced with an increase 
in hydrolysis time (Fig.  3) and reaching maximum at 
150 min (2421 µg/g). Thus, more cellulose was converted 
to glucose. No significant different (P > 0.05) on glucose 
produced at 90 min when compared to 120 and 150 min. 
On the other hand, the result obtained was in an agree-
ment with Tye et al. [22] who recorded that the enzymatic 
hydrolysis of water pretreated kapok fiber incubated for 

Fig. 2  Effect of combination 
of cellulase and hemicellu-
lase loading on hydrolysis of 
pretreated OPF. C cellulase, H 
Hemicellulase

Fig. 3  Effect of cellulase and 
hemicellulase hydrolysis time 
on pretreated of OPF
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60 min gave a better yield than those incubated for 45 min. 
No significant increase (P > 0.05) in glucose content after 
90  min hydrolysis may probably due to end production 
inhibition, in which when the glucose (end product) con-
centration is high enough in a reaction mixture; it will 
become an inhibitor for cellulase.

Hemicellulase hydrolysis of pretreated OPF showed a 
similar increasing pattern with cellulase hydrolysis (Fig. 3). 
The xylose released reaching maximum level of 2418 µg/g 
at 150 min hydrolysis which was closed to cellulase alone 
hydrolysis (2421 µg/g). Statistical analysis showed no sig-
nificant different (P > 0.05) for xylose obtained at 120 and 
150 min of hydrolysis. Xylan content in pretreated OPF was 
lower compared with cellulose content. Thus, the reducing 
sugar produced from hemicellulase hydrolysis was lower 
compared with cellulase hydrolysis. But, the xylose pro-
duced from hemicellulase hydrolysis was kept on increas-
ing throughout the experiment. This showed that no end 
product inhibition occurred during hemicellulase hydroly-
sis. In addition, as shown in Fig.  2, the xylose produced 
from hemicellulase hydrolysis is marginally increased from 
30  min up to 150  min of hydrolysis. But, no drastically 
increased in glucose was detected for cellulase hydrolysis.

The combination of cellulase and hemicellulase hydrol-
ysis of pretreated OPF at different hydrolysis time also 
showed an increasing trend from 30  min (2109  µg/g) to 
150 min (2445 µg/g) (Fig. 4). However, statistical analysis 
showed no significant different (P > 0.05) for all the dif-
ferent hydrolysis time used except for 30  min. The result 
obtained was in an agreement with the previous researcher 
who stated that the sugars yield was little change when the 
pretreatment time was too long and higher yield was only 
obtained at the early stage of pretreatment. In addition, 

prolonging of pretreatment time will increase the cost and 
loss of feedstock. Therefore, it is crucial to make a balance 
between the pretreatment time and fermentable sugar yield 
[23].

Fermentation Process for Bioethanol Production

Profile of Yeast Biomass, Ethanol Production, and Sugars 
Consumption

No lag phase was observed in the growth profile because 
the same medium was used for inoculum preparation and 
the fermentation process. Thus, yeast strain had good 
adaptation when transferred into the fermentation medium 
(Fig. 5). From 1 to 22 h of fermentation period, the growth 
of yeast was exponential and the consumption of sugars 
was high during this period. During this period the yeast 
was undergone active metabolism to produce components 
needed for growth. The growth profile of yeast entered 
deceleration phase from 22 to 24 h, in which 24 h was the 
end of the exponential phase and the beginning of the sta-
tionary phase. The growth rate becomes slower starting 
from 24 h and at the same time, the rate of sugars consump-
tion was also slowed down. While, from 24 to 36 h of fer-
mentation time, the growth of yeast was slowed down and 
the biomass concentration started to reduce. This may due 
to a number of new (or viable) cells are less than the num-
ber of dead cells. This occurred may due to the high con-
centration of ethanol produced that will either inhibit the 
growth or harmful to the yeast [24]. From 36 h until the end 
of the fermentation process (60 h), the biomass concentra-
tion remained constant.

Fig. 4  Effect of combination 
of cellulase and hemicellulase 
hydrolysis time on pretreated 
of OPF



545Waste Biomass Valor (2018) 9:539–548 

1 3

Ethanol production profile showed that the ethanol pro-
duction continued increased from the beginning of fermen-
tation and reaching the maximum value (7.23  g/L) after 
24  h (Fig.  5). Beyond 24  h, ethanol concentration started 
to decrease and reach a minimum of 3.04  g/L at the end 
of fermentation. Reduction in ethanol was due to microbial 
stress factor such as high ethanol concentration in the fer-
mentation medium that starts to take place [25]. On top of 
that, decreased in ethanol concentration until the end of the 
fermentation may due to low sugar residual in the medium 
and also ethanol being used up as an alternative carbon 
source to sustain the yeast growth. In addition, ethanol may 
lose on evaporation during the fermentation process. Previ-
ous researcher also using oil palm frond juice as feedstock 
for bioethanol production and the highest ethanol obtained 
was 6.81  g/L, which was lower than in this study. This 
likely due to the total free sugars used in the fermentation 
medium was lower [26].

Kinetic Study of S. cerevisiae HC10 Fermentation 
for Bioethanol Production

A better understanding of fermentation process for bioetha-
nol production can be achieved via kinetic study. The spe-
cific growth rate (µ) and double time obtained from this 
study were 0.034 h−1 and 20.63 h−1, respectively (Table 1). 
However, the specific growth rate obtained from this 
study was lower compared to Lee and Abdul Halim [26] 
(0.037 h−1) and Maya Emira [27] (0.1 h−1). Although the 
specific growth rate obtained from this study was low, but 
according to Boender et  al. [28], µ value in the range of 
0.03–0.40 h−1 is considered relevant and suitable for being 

used in industrial application. On the other hand, previous 
researcher obtained a specific growth rate of 0.38 h−1 [29] 
and 0.47  h−1 [30] in their studies through a fermentation 
process. Thus, this showed that in cell growth, the specific 
growth rate is depends on environmental conditions and 
most of the specific growth rate achieved is still relevant for 
industrial application. In term of double time, although the 
value obtained from this work is considered high and rep-
resented a faster growth in the natural environment because 
in natural environments the double time of cells are much 
higher due to cell growth was constrained by the limited 
amount of growth-limiting nutrients [31].

Throughout the fermentation process, about 12.57  g/L 
of sugars have been consumed by S. cerevisiae HC 10 for 
growth and ethanol production. For every gram of sugar 
consumed, 0.1623 g of biomass and 0.1191 g of bioethanol 

Fig. 5  Profile of S. cerevisiae 
HC10, reducing sugar and etha-
nol production during fermenta-
tion process

Table 1  Kinetic values obtained from fermentation process by S. 
cerevisiae HC10 for ethanol production

Kinetic parameter Value

Specific growth rate (µ) 0.0336 h−1

Doubling time  (td) 20.63 h
Sugar consumption 12.57 g/L
Biomass yield coefficient  (Yx/s) 0.1623 g cell/g sugar
Ethanol yield coefficient  (Yp/s) 0.1191 g ethanol/g sugar
Maximum productivity of biomass 0.3250 g/L/h
Final productivity of biomass 0.0923 g/L/h
Maximum productivity of ethanol 0.3010 g/L/h
Final productivity of bioethanol 0.0507 g/L/h
Percent yield of ethanol 79.40%
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were produced. Biomass yield coefficient obtained from 
this study was slightly higher than those reported by Estela-
Escalante [32] but lower when compared to Lee and Abdul 
Halim [26]. On the other hand, Lee and Abdul Halim [29] 
recorded ethanol yield coefficient  (Yp/s) of 0.4 g ethanol/g 
sugar which was about 0.28 g ethanol/g sugar higher than 
the value obtained from present study. A study of ethanol 
production using batch fermentation showed that the eth-
anol yield coefficient (Y p/s) was 0.06 g of ethanol per g 
of glucose which was lower than in this study [33]. This 
likely may due to the higher glucose concentration present 
in the fermentation process [26] since the ethanol produc-
tion is directly correlated with the concentration of sugar 
present in the fermentation medium. On the other hand, 
ethanol yield obtained from present study was 79.4% which 
was lower compared to ethanol yield recorded by Lee and 
Abdul Halim [26] and Maya Emira [26] of 80 and 82%, 
respectively. In addition, Chen et  al. [34] obtained about 
90% of ethanol yield from the study. This was due to the 
used of concentrated tropical maize syrup in the fermenta-
tion process.

Optimization of Bioethanol Production Process Using 
Shake Flask System

Response surface methods (RSM) is commonly used to 
investigate the interactions between variables and to find 
the optimum conditions for the multi-variable system. The 
Design-Expert software had suggested 30 combination of 
experimental run for determination of the best combina-
tion conditions for optimization of bioethanol production. 
Optimization using CCD design was suitable because the 

result obtained was most fit to quadratic model. But there is 
a considerable probability of having a significant lack of fit.

Table 2 indicated the fit summary analysis of sequential 
model sum of squares and model summary statistics. The 
suggested model is quadratic with insignificant sequen-
tial model sum of squares. The Model Summary Statistics 
gave an acceptable standard deviation of 2.36 (Table 3). In 
addition, the fitness of the model was expressed by the  R2. 
From Table 3, a value of 0.7054 was obtained which indi-
cated 70.54% of the response variability in bioethanol pro-
duction. The closer the  R2 to 1, the stronger the model and 
the better the response prediction.

The statistical significance of respective model equation 
was checked using F-test analysis of variance (ANOVA) 
(Table  4). The report implies that the model was signifi-
cant (F-value: 2.57) with P-value obtained was significant 
(P < 0.05). In addition, only inoculum, hydrolysis time and 
interaction between hydrolysis time and pH factors bring 
significant effect (P < 0.05) in ethanol production. The nor-
mal plot of residuals shows approximately linear thus no 
transformation correction is needed. Numerical optimiza-
tion was carried out in order to determine the conditions 
which gave the highest ethanol production. The optimiza-
tion for bioethanol production was carried out by setting the 
inoculum “within” the range of 10 to 30 mL. The hydro-
lysate was set in the range of 40 to 80  mL. The pH was 
targeted at 4.50. The hydrolysis time was set in the range 
of 48 to 96 h. The response of this experiment, bioethanol 
production were set to maximum.

An experiment was conducted according to the sug-
gested conditions (inoculum, 30  mL; hydrolysate, 
78.85  mL; pH, 4.50; and hydrolysis time, 94.01  h) to 

Table 2  Fit summary analysis 
(sequential model sum of 
squares [Type 1])

Source Sum of squares df Mean square F value p value
Prob > F

Mean 1944.60 1 1944.60 Suggested
Linear 85.76 4 21.44 2.72 0.0526
2FI 62.39 6 10.40 1.46 0.2429
Quadratic 51.50 4 12.87 2.32 0.1048 Suggested
Cubic 69.30 8 8.66 4.30 0.0350 Aliased
Residual 14.09 7 2.01
Total 2227.64 30 74.25

Table 3  Fit summary analysis 
(model summary statistics)

Source SD R-squared Adjusted 
R-squared

Predicted R-squared Press

Linear 2.81 0.3030 0.1915 −0.0464 296.18
2FI 2.66 0.5234 0.2726 −0.5691 444.13
Quadratic 2.36 0.7054 0.4304 −0.6023 453.51 Suggested
Cubic 1.42 0.9502 0.7937 −3.0405 1143.62 Aliased
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validate the suggested combination. The results obtained 
demonstrated that ethanol production was 14.21 g/L, which 
was closed to the suggested value of 13.79  g/L. In addi-
tion, the difference was only 3%, which is in the acceptable 
range of 5%. This percentage error value was calculated 
from the validation experiment which proved that the opti-
mization process by CCD was dependable and capable of 
ethanol production from OPFJ using S. cerevisiae HC10.

Conclusions

In this study, combinations of cellulase and hemicellulase 
enzymes for the hydrolysis of pretreated OPF produced 
higher reducing sugar release as compared to cellulase or 
hemicellulase used individually. The ethanol fermentation 
profile indicated that the highest ethanol yield was 79.4%. 
Besides, under optimized fermentation conditions, the 
highest ethanol concentration obtained was 13.79 g/L. The 
results obtained from this present study demonstrated that 
OPF hydrolysates obtained from combination cellulase and 
hemicellulase hydrolysis have a potential to be used as a 
feedstock for ethanol production.
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