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Sodium Hydroxide-Steam Explosion Treated Oil Palm 
Empty Fruit Bunch: Ethanol Production and Co-
Fermentation with Cane Molasses  
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Oil palm empty fruit bunch (OPEFB) was pretreated by NaOH-steam 
explosion and then fermented to ethanol by separate hydrolysis and 
fermentation (SHF) and simultaneous saccharification and fermentation (SSF) 
processes using Kluyveromyces marxianus G2-16-1 at 40 ºC. The maximum 
ethanol production by the SHF and SSF processes was 8.09 g/L (22.21 g/L 
reducing sugar, 0.08 g/g OPEFB) and 13.658 g/L (0.136 g/g OPEFB), 
respectively, at 48 h. The OPEFB hydrolysate mixed with molasses to 22% 
(w/v, total sugar) gave an ethanol yield of 61.60 g/L (0.38 g/g total sugar) at 
72 h, while molasses alone gave 53.89 g/L (0.34 g/g total sugar). The OPEFB 
slurry (OPEFBS; OPEFB hydrolysate containing the solid residue of 
pretreated OPEFB) gave a maximum ethanol yield of 68.77 g/L (0.44 g/g total 
sugar) when it was mixed with molasses. Scanning electron micrographs of 
the solid OPEFB residue in the OPEFBS showed yeast cells adsorbed to the 
OPEFB fibers. The results indicated that ethanol production from molasses 
mixed with OPEFB hydrolysate was equal to the cumulative sum of ethanol 
production from each raw material, and the solid OPEFB residue in the 
OPEFBS increased the ethanol production in the co-fermentation of molasses 
and OPEFB hydrolysate. 
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INTRODUCTION 
 
 Oil palm empty fruit bunch (OPEFB), a lignocellulosic waste of the palm oil 

industry, is the oil palm fruit bunch after its fruits are removed by steam treatment. More 

than a million tons of OPEFB are generated annually in Thailand (DIT 2014). OPEFB is 

typically composed of 62.9% cellulose (w/w), 28% hemicellulose (w/w), and 18.5% acid-

insoluble lignin (w/w) (Law et al. 2007). OPEFB is an interesting source of fermentable 

sugar for bio-ethanol production due to its high cellulose content, and it is available year-

round as a non-food waste product. Therefore, a high efficiency pretreatment method for 

OPEFB is important to maximize its subsequent enzymatic saccharification to ethanolic 

fermentable sugars. Lignin encases cellulose and hemicellulose in a structure that protects 

them from enzyme digestion (Ariffin et al. 2008). The lignin content of a lignocellulosic 

biomass has the highest impact on its enzymatic digestion, as lignin reduces enzyme 

efficiency (Choi et al. 2013).  
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Alkaline pretreatment by using sodium hydroxide (NaOH) is one of the most 

effective pretreatment methods for lignocellulosic biomass because it directly reduces the 

lignin content. It breaks cross-linkage between lignin and xylan, resulting in an increase of 

porosity in the biomass (Silverstein et al. 2007), and it causes the lignocellulosic structure 

to swell, which increases an internal surface of the biomass and decreases the 

polymerization degree and crystallinity of cellulose (Sun and Cheng 2002). Although 

NaOH pretreatment takes much more time than acid pretreatment, the NaOH doesn’t 

degrade the desired fermentable sugar (Mosier et al. 2005). Moreover, the NaOH-dissolved 

lignin could be recovered by acid precipitation for using as value substrate in other 

applications (Ramos 2003).  

Steam pretreatment is one of promising pretreatment methods for OPEFB. The 

tightly packed structure of OPEFB changes to a loosened structure after treatment with 

steam at either 121 °C and 15 psi or 240 °C and 40 psi, where both the lignin and 

hemicellulose contents are removed. In addition, higher temperature removes greater 

amounts of lignin and hemicellulose (Ariffin et al. 2008).  Likewise, steam treatment at 

180 C or above removes silica bodies from the OPEFB structure, increasing enzyme 

accessibility to the internal layers of OPEFB (Bahrin et al. 2012). A combination of NaOH 

and steam pretreatment has an even greater effect (Ariffin et al. 2008); lignin is effectively 

removed from OPEFB treated with NaOH and steam at 160 °C (Choi et al. 2013). 

Subsequent fermentation to ethanol of the pretreated OPEFB by the simultaneous 

saccharification and fermentation (SSF) process yields ethanol at 29.4 g/L or 0.18 g/g 

OPEFB. The steam explosion was also reported to be an effective pretreatment method for 

other lignocellulosic biomass.  Steam explosion pretreated olive tree pruning (230 C, 5 

min) and vineyard pruning residues (210 C, 10 min) gave maximum ethanol  0.072 and 

0.089 g ethanol/g  by the SSF process (Cara et al. 2008) and the separate hydrolysis and 

fermentation (SHF) process (Buratti et al. 2014), respectively. In this study, OPEFB was 

pretreated with NaOH followed by steam explosion. Ethanol was fermented by separate 

hydrolysis and fermentation (SHF) and SSF processes using Kluyveromyces marxianus 

G2-16-1, a thermotolerant yeast strain that hydrolyzes cellobiose, a feed-back inhibitor of 

cellulose hydrolysis, to glucose. Due to the low sugar content of the OPEFB hydrolysate, 

the pretreated OPEFB hydrolysate was co-fermented with molasses for an economic 

optimization, and ethanol production was investigated after adding the solid fiber residue 

after pretreatment of OPEFB to the molasses/OPEFB hydrolysate mixture. 

 
 
EXPERIMENTAL 
 

Materials                              
Source of OPEFB 

 The OPEFB was collected from the Thai Tallow and Oil Co. Ltd., Surajthani 

Province, Thailand. It contained 47.9% (w/w) cellulose, 16.8% (w/w) hemicellulose, and 

18.3% (w/w) acid-insoluble lignin. The OPEFB was shredded, hammer-milled, sieved to 

yield fibers of 0.25 to < 2 mm, 2 to < 10 mm, or 10 mm in length, and stored at 4 °C.  

 

Microorganism 

 Kluyveromyces marxianus G2-16-1 is a cellobiase-producing yeast that was 

isolated at 40 °C from a sugar factory in Thailand. A single colony of K. marxianus G2-
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16-1 grown on yeast extract peptone dextrose (YPD) medium (10% (w/v)) glucose, 0.3% 

(w/v) peptone, 0.3% (w/v) yeast extract, and 2% (w/v) agar, pH 5.0) at 40 °C for 24 h was 

inoculated into 50 mL of YPD broth and incubated at 40 °C and 200 rpm for 24 h. The 

culture was centrifuged, and the precipitated cells were used as the inoculum.  

 

Methods 
Optimal conditions for the steam explosion pretreatment of OPEFB 

OPEFB was soaked in 0.5 M NaOH at 10% (w/v) for 16 h and then recovered via 

a stainless steel sieve. The NaOH-treated OPEFB was then pretreated by the steam 

explosion method using a high-pressure reactor (Parr Instrument Company, model 4523, 

USA) at 3% (w/v) substrate loading and 200 °C for 2 min. The pretreated OPEFB was 

separated from the pretreatment hydrolysate by filtration, washed with distilled water until 

the pH reached 7.0, and then hydrolyzed by cellulase (AccelleraseTM 1500; Genencor, 

Finland) at 298 carboxymethyl cellulose (CMC) units (U)/g and 77.44 p-nitrophenyl-

glucoside (pNG) U/g OPEFB dry weight (DW). The enzymatic hydrolysis was performed 

by suspending the pretreated OPEFB at 10% (w/v) DW in 100 mM sodium citrate buffer 

pH 6.0 and incubating at 50 °C for 6 h. The amount of reducing sugar liberated into the 

enzymatic hydrolysate was analyzed by the Somogyi-Nelson method (Somogyi 1952). The 

pretreatment condition was optimized by sequential univariation of the OPEFB fiber length 

(0.25 to <2 mm, 2 to <10 mm, and 10 mm), substrate loading level (2, 3, and 4% (w/v) 

final), NaOH concentration (0 to 2.5 M), pretreatment time (2, 5, and 10 min), and 

pretreatment temperature (160, 200, and 240 °C). In each case, the condition that produced 

the highest reducing sugar was used in subsequent experiments. 

 

Optimal conditions for enzymatic hydrolysis of OPEFB  

 Cellulase hydrolysis of the pretreated OPEFB was optimized by adjustment of the 

pH (4 to 6) and enzyme dosage (298 to 1192 CMC U/g OPEFB). The condition that 

produced the highest reducing sugar was used in the subsequent experiments. 

 

Ethanol production from OPEFB by the SHF process 

 Pretreated OPEFB at 10% (w/v) in 50 mL of 100 mM sodium-citrate buffer (pH 

4.5) was hydrolyzed by the optimized dose of AccelleraseTM 1500 at 50 °C for 6 h. Next, 

the hydrolysate was separated from the solid OPEFB residue by centrifugation, 

supplemented with 0.6% (w/v) yeast extract and 0.9% (w/v) peptone, and then sterilized 

by autoclaving (121 °C, 15 lb/in2 for 3 min). The K. marxianus G2-16-1 inoculum was 

added to 108 cells/mL, and the culture was incubated at 40 °C and 130 rpm under an 

oxygen-limited condition for 72 h. After centrifugation, the supernatant was analyzed for 

ethanol content by gas chromatography (GC) as reported by Jutakanoke et al. (2012) and 

for the residual reducing sugar concentration. The oxygen-limited condition was performed 

by closing the airtight screw cap of the 100-mL fermentation (Duran) bottle. 

 

Ethanol production from OPEFB by the SSF process 

 The pretreated OPEFB suspension at 10% (w/v) in 50 mL of 100 mM sodium 

citrate buffer (pH 5.0) was supplemented with 0.6% (w/v) yeast extract and 0.9% (w/v) 

peptone and then sterilized by autoclaving (121 °C, 15 lb/in2, 3 min). AccelleraseTM 1500 

at the optimized dose was added along with the K. marxianus G2-16-1 inoculum (to 108 

cells/mL final concentration) and incubated at 40 °C and 130 rpm with limited oxygen for 
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72 h. After incubation, the culture was centrifuged (4 °C, 8000 rpm, 15 min), and the 

supernatant was analyzed for ethanol and residual reducing sugars. 

 

Co-fermentation of cane molasses and OPEFB hydrolysate to ethanol 

 Cane molasses diluted to 22% (w/v) total sugar in 100 mM sodium-citrate buffer 

(pH 4.5) was supplemented with 0.2% (w/v) (NH4)2SO4, 0.6% (w/v) yeast extract, and 

0.9% (w/v) peptone. It was fermented to ethanol by K. marxianus G2-16-1 (108 cells/mL) 

at 40 °C, 130 rpm, and limited oxygen for 96 h. The supernatant obtained after 

centrifugation was analyzed for the ethanol and residual sugars. 

 Co-fermentation of cane molasses and OPEFB hydrolysate was performed by 

mixing the OPEFB hydrolysate or OPEFB slurry (OPEFBS; hydrolysate containing the 

solid residue of pretreated OPEFB) with the diluted molasses. Ethanol fermentation was 

performed by the same procedure as above, and the total sugar concentration was analyzed 

by the phenol sulfuric method (Dubois et al. 1956). 

 

Analytical procedures 

 The cellulose and hemicellulose contents were analyzed by the TAPPI T203 cm-

99 method (1999), while the lignin contents of OPEFB were analyzed by TAPPI T222 om-

02 (2002).  
 

 

RESULTS AND DISCUSSION 
 
Optimal Conditions for the Steam Explosion Pretreatment of OPEFB 

OPEFB fibers of different lengths (0.25 to < 2 mm, 2 to < 10 mm, and 10 mm) were 

soaked in 0.5 M NaOH at 10% (w/v, DW) for 16 h and then subjected to steam explosion 

pretreatment. Then the OPEFB fibers were washed with distilled water and hydrolyzed by 

AccelleraseTM 1500 for 6 h. The 2 mm to < 10 mm long OPEFB fibers liberated the most 

reducing sugar (6.031 g/L), which was dramatic more than the other fiber lengths (Fig. 1); 

these fibers were used thereafter. These differences reflect that the longer OPEFB fibers 

(10 mm) and the short (0.25 to < 2 mm) OPEFB fibers which formed clump had a lower 

total surface area for enzyme activity than (2 mm to < 10 mm) OPEFB fibers. 

 

 
 
 

Fig. 1. Effect of the (A) OPEFB fiber length and (B) the substrate loading level on the amount of 
reducing sugar liberated by cellulase digestion. Data are shown as the means ± SD derived from 
3 independent repeats. Means with different letters are significantly different (p < 0.05). Digests 
were performed using OPEFB fibers of (A) the indicated size or (B)  2 to < 10 mm length (A) 3% 
(w/v) or (B) the indicated dose. 

 

(B) (A) 
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The NaOH-treated OPEFB fibers (2 to < 10 mm in length) were subjected to steam 

explosion pretreatment at substrate loading levels of 2, 3, or 4% (w/v) and analyzed for 

reducing sugar. Because the highest reducing sugar (6.03 g/L) was found at a 3% (w/v) 

substrate loading (Fig. 1); this condition was used thereafter. The lowest substrate loading 

level (2%, w/v) could generate low reducing sugar level, while the highest substrate loading 

level (4%, w/v) generated the lowest reducing sugar, which is likely due to reduction of 

heat transfer into substrate reduced efficiency of the steam treatment. 

OPEFB fibers (2 to < 10 mm) were soaked in various concentrations of NaOH (0, 

0.25, 0.5, 0.75, 1, 1.5, 2, and 2.5 M) and then pretreated by steam explosion at a 3% (w/v) 

substrate loading level. The reducing sugar liberated by cellulase hydrolysis was highest 

when the OPEFB was soaked in 2 M NaOH (Fig. 2), which reflects that the removal of 

lignin from the OPEFB fibers increased with higher concentrations of NaOH (Choi et al. 

2013). Thus, pretreatment with 2 M NaOH was used for subsequent experiments. 

 

 
 

Fig. 2. Effect of the NaOH concentration used for soaking OPEFB fibers on the reducing sugars 
liberated by cellulase digestion. Data are shown as the means ± SD derived from 3 independent 
repeats. Means with a different letter are significantly different (p < 0.05).  

 

The OPEFB fibers (2 to < 10 mm length) treated with 2 M NaOH were then treated 

by steam explosion with the temperature varied at 160, 200, or 240 °C. The highest 

reducing sugar level (8.40 g/L) after cellulase hydrolysis was obtained using the steam 

explosion treatment at 200 °C (Fig. 3A).  

 

  
 

Fig. 3. Effect of the pretreatment (A) temperature and (B) time on the amount of reducing sugar 
liberated by cellulase digestion. Data are shown as the means ± SD derived from 3 independent 
repeats. Means with a different letter are significantly different (p < 0.05).  
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In addition, the extension of pretreatment time from 2 to 5 min increased the amount 

of reducing sugar to 8.86 g/L (Fig. 3B). Thus, a higher temperature and longer reaction 

time promoted more lignin removal (Ariffin et al. 2008; Choi et al. 2013). However, as 

more lignin was released into the solution (at 240 °C, 10 min), it was re-adsorbed into the 

cellulose/hemicellulose scaffold of the treated OPEFB fibers. This re-adsorbed lignin 

inhibited and unproductively adsorbed the cellulase enzyme and decreased the reducing 

sugar yield (Zheng et al. 2013). Regardless, the tightly packed OPEFB structure became 

more swollen and loose after pretreatment in optimized conditions (Fig. 4). 
 

                  
 

Fig. 4. SEM (35x magnification) of the OPEFB fibers (A) before and (B) after the NaOH-steam 
treatment in optimized conditions (2 M NaOH at 10% (w/v) DW for 16 h and steam-treated at 3% 
(w/v) at 200 °C for 5 min). Scale bars represent 500 µm. The micrographs shown are representative 
of at least 10 fields of view per sample and 3 independent samples. 

 

Optimal Condition for Enzymatic Hydrolysis of Pretreated OPEFB Fibers 
The OPEFB fibers (2 to <10 mm length) pretreated at optimized conditions were 

hydrolyzed by 298 CMC U/g of AccelleraseTM 1500 at various pH values (4.0, 4.5, 5.0, 

5.5, or 6.0). At pH 4.5, the pretreated OPEFB liberated the highest amount of reducing 

sugar (13.23 g/L), which decreased with increased or decreased pH (Fig. 5A). Increasing 

the amount of AccelleraseTM enzyme from 298 to 894 CMC U/g (232.4 pNG U/g) DW at 

pH 4.5 increased the reducing sugar yield to 22.21 g/L (0.22 g/g OPEFB) (Fig. 5B). 

Increasing the amount of enzyme above 894 CMC U/g DW had no noticeable effect on the 

reducing sugar, suggesting that the substrate was saturated at that enzyme dose. 
 

 
 

Fig. 5. Effect of the (A) pH and (B) amount of cellulase enzyme on the reducing sugar yield. Data 
are shown as the means ± SD derived from 3 independent repeats. Means with a different letter 
are significantly different (p < 0.05). Digests were performed with (A) 298 CMC U/g enzyme at 
various pH values or (B) various enzyme loadings at pH 4.5 for 6 h at 40 °C. 

(A)  (B) 

(B) (A) 
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Ethanol Production from OPEFB by the SHF and SSF Processes 
 Ethanol was produced from the NaOH- and steam-pretreated OPEFB by the SHF 

process; the pretreated OPEFB was hydrolyzed with the optimal dose of cellulase (894 

CMC U/g). After solid residue was removed, the pretreated OPEFB hydrolysate was 

supplemented with yeast extract and peptone, sterilized, and inoculated with K. marxianus 

G2-16-1. The maximum ethanol production (8.09 g/L or 0.39 g ethanol/g reducing sugar) 

occurred after 48 h of incubation (Fig. 6). For the SSF process, the same optimized dose of 

AccelleraseTM 1500 and K. marxianus G2-16-1 were added simultaneously to ferment the 

pretreated OPEFB. The maximum ethanol level (13.66 g/L) was also obtained after 48 h, 

but it was 1.7-fold higher than that obtained by SHF. 
      

 
 

Fig. 6. Ethanol production from OPEFB by the SHF and SSF processes. Data are shown as the 
means ± SD derived from 3 independent repeats. Fermentation was performed with 894 CMC 
U/g AccelleraseTM 1500 at 40 °C and pH 4.5.  
 

The optimal condition for the NaOH-steam pretreatment was soaking the 2 to  < 10 

mm long OPEFB fibers at 10% (w/v) in 2 M NaOH for 16 h, with steam explosion 

treatment at a 3% (w/v) substrate loading, and 200 °C for 5 min. These conditions resulted 

in the maximum yield of reducing sugars and glucose (22.21 and 15.31 g/L, respectively) 

during a 6-h hydrolysis with 894 CMC U/g (232.35 pNG U/g) cellulase. The maximum 

ethanol production amounts by K. marxianus G2-16-1 using the SHF and SSF processes 

were 8.09 and 13.66 g/L (0.08 and 0.136 g/g OPEFB), respectively, after a 48-h incubation.  

These values are lower than those previously reported for OPEFB. When OPEFB 

was treated with NaOH and steam treatment at 160 °C for 11 min 20 s and fermented by 

SSF using Saccharomyces cerevisiae L3262a and CTec2 cellulase (40 FPU/g glucan), 0.18 

g ethanol/g OPEFB was produced after 30 h (Choi et al. 2013). The different enzyme and 

dose used, hydrolysis time, fermentation temperature, and yeast strain might account for 

the differences in reducing sugars, ethanol yield, and ethanol productivity. 

 
Co-fermentation of the Molasses/OPEFB Hydrolysate Mixture 
 Cane molasses diluted in 100 mM sodium-citrate buffer to 22% (w/v) total sugar 

and supplemented with (NH4)2SO4, yeast extract and peptone was fermented to ethanol by 

K. marxianus G2-16-1, as described above. The maximum ethanol concentration obtained 

was 53.89 g/L (0.34 g/g total sugar) at 72 h (Fig. 7), and with the OPEFB hydrolysate, the 

mixture gave a maximum ethanol concentration of 61.60 g/L (0.39 g/g total sugar) at 72 h 

(Fig. 7). As the SHF ethanol production from the OPEFB hydrolysate alone was 8.09 g/L 
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(Fig. 6), the ethanol production from the molasses/OPEFB hydrolysate mixture was equal 

to the cumulative sum of ethanol production from the molasses and the OPEFB hydrolysate 

(61.98 vs. 61.6 g/L). Thus, there did not appear to be inhibitors of yeast growth or 

fermentation in the OPEFB hydrolysate. 

            The mixture of the molasses and OPEFB hydrolysate containing solid residue of 

treated OPEFB fibers (OPEFBS) gave a maximum ethanol concentration of 68.77 g/L 

(0.44 g/g total sugar) at 72 h (Fig. 7). The ethanol production was 1.13-fold higher than 

that of the molasses-OPEFB hydrolysate because the solid residue of treated OPEFB fibers 

in the OPEFBS acted as an immobilization support to protect the yeast cells from 

environmental stresses during fermentation. The solid residue of treated OPEFB fibers was 

examined after fermentation by scanning electron microscopy; the yeast cells were 

adsorbed onto the solid residue of OPEFB (Fig. 8).  

 

 
 

Fig. 7. Ethanol fermentation of molasses alone, molasses plus OPEFB hydrolysate, and 
molasses plus OPEFB hydrolysate with residual solids. Data are shown as the means ± SD 
derived from 3 independent repeats.  
 

 

(A) 
 

(B) 

Fig. 8. SEM of the solid pretreated OPEFB residue after ethanol fermentation at (A) 1500x and 
(B) 5000x magnification. Scale bars represent (A) 10 µm and (B) 5 µm. The micrographs shown 
are representative of at least 10 fields of view per sample and 3 independent samples. 
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This result is consistent with previous reports where, for example, ethanol 

production by Candida shehatae was increased in the presence of palm-pressed fiber 

(PPF), a solid waste extracted from OPEFB through decortation, and the C. shehatae cells 

were immobilized on the PPF (Riansa-ngawong et al. 2012). The pretreatment of the PPF 

by size reduction and delignification improved its immobilization support. In addition, 

several agro-industrial wastes, such as wine pomace, corncobs, and sugar beet pulp, 

function as immobilization supports in ethanol production (Genisheva et al. 2011; 

Vucurovic and Razmovski 2012). The advantages of using cells immobilized to a natural 

immobilization support are the ease of operation, less adverse affects, and the natural 

replacement of old cells with new active fermenting ones. 

 

 

CONCLUSIONS 
 
1. Ethanol was economically produced from NaOH-steam explosion pretreated oil palm 

empty fruit bunch (OPEFB) hydrolysate by co-fermentation with molasses.  

2. Increases in ethanol production from the co-fermentation of OPEFB hydrolysate and 

molasses were achieved by including solid residue from pretreated OPEFB. 
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