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A B S T R A C T
 

Oil Palm Frond (OPF) juice has been the focus of Malaysian bioenergy producers through acetone-butanol-

ethanol (ABE) fermentation. However, due to the high concentration of phenolic compounds in the hydrolysate, 

usually gallicacid and ferulic acids, the fermentation medium turns acidic which hinders the growth of most 
microorganisms. A suitable method of phenolic compound removal with a minimal effect on the sugar stability 

of OPF juice has been employed using Amberlite XAD-4 resin. During the detoxification process, the effects of 

temperature and pH on the removal of phenolic compounds and sugar stability were also assessed. The Amberlite 

XAD-4 resin managed to adsorb about 32% of phenolic compound from the OPF hydrolysate at an optimum 

temperature of 50 °C and hydrogen ion concentration (pH) of 6. In addition, it maintained as much as 93.7 % of 

the sugar in the OPF juice. The effect of detoxifying OPF hydrolysate was further tested for biobutanol 
production in batch culture using strain Clostridium acetobutylicum SR1, L2, and A1. Strain L2 gave the highest 

improvement in biobutanol and total solvent production by 22.7% and 14.41%, respectively, in medium with 

detoxified OPF juice. Meanwhile, compared to non-detoxified OPF juice, the acid production of strain L2 
significantly decreased by 2.99-fold when using detoxified OPF juice, despite a 1.2-fold increase in sugar 

consumption. Conclusively, using Amberlite XAD-4 resin to detoxify OPF hydrolysate at pH 6 and 50 °C 

removed the phenolic compound while increasing the strain L2 capability to improve biobutanol and total 
solvent production. 

https://doi.org/10.30501/jree.2023.374488.1512  

1. INTRODUCTION1 

Oil palm frond (OPF), empty fruit brunch (EFB), palm kernel 

shell (PKS), oil palm trunk (OPT), palm oil mill effluent 

(POME), and mesocarp fibre are generated annually in huge 

amounts, especially after pruning or harvesting the fresh bunch. 

According to the 2013report by Malaysian Palm Oil Board 

(MPOB), Malaysia in its agricultural activities produces 

approximately 168 million tonnes of biomass waste. Of all the 

biomass generated in the oil palm industry, OPF accounts for 

more than 50% of the total quantity. As a result, it has become 

one of the most significant biomass materials generated during 

oil palm production (Kumneadklang et al., 2019). The use of its 

juice as a substrate for bioenergy production has currently 

derived a remarkable interest from bioenergy producers as an 

appropriate feedstock for sustainable, economic, and 

environmentally-friendly energy production. Among the 

different types of solvents produced as bioenergy, biobutanol is 

considered the most attractive. It undoubtedly possesses 
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superior properties over ethanol owing to its high energy 

density, low volatility, hygroscopicity, and low greenhouse gas 

emission(Nimbalkar et al., 2019). Apart from being a solvent 

for various industrial applications, biobutanol is an essential 

chemical precursor for producing paints, polymers, and plastic 

Numerous researchers have attempted to use OPF hydrolysate 

for biobutanol production, and recent studies have highlighted 

its potential as a rich source of reducing sugars suitable for 

various industrial applications (Kee et al., 2022), (Asri et al., 

2019). However, one of the major challenges of using the juice 

from OPF biomass as the substrate to produce biobutanol is the 

generation of various inhibitory compounds during 

pretreatment (Satari et al., 2019). Microbes are generally 

sensitive to these phenolic inhibitors such as ferulic, gallic acid, 

ρ-coumaric, and vanillic acids in the resulting hydrolysate, 

which hindered their metabolism and, as a result, biobutanol 

production (Kourilova et al., 2021). For efficient conversion of 

this hydrolysate into biobutanol, it is important to get rid of 

these compounds to permit the efficient activity of the microbe 

during acidogenesis and solventogenesis. However, these 
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compounds are completely mixed with the hydrolysate, making 

it difficult to separate them from the reducing sugars(Galbe and 

Wallberg, 2019). 

 

Scientists have recently focused on developing a method to 

facilitate fermentation activity by removing these inhibitory 

compounds from the hydrolysate before inoculating the 

microbes. Detoxification of hydrolysate to improve 

fermentation efficiency has been demonstrated through 

physical, chemical, and biological methods (Kordala et al., 

2021; Singh et al., 2019). However, most of the current 

methods are very expensive due to the ineffectiveness of the 

method to remove a significant percentage of these phenolic 

compounds produced in the hydrolysate as a result of lignin 

degradation while retaining a greater amount of its original 

sugars. 

 

In recent years, there have been quite a number of compound 

extraction methods that involve the ion-exchange process, such 

as electro-membrane extraction and hollow-fibre liquid-phase 

microextraction (Pedersen-Bjergaard, 2019). One of these 

techniques that has a high potential for removing phenols from 

hydrolysate is ultrafiltration with prior polymerization by the 

use of laccase (EC 1.10.3.2), i.e., a multi-copper oxidase that 

catalyzes the oxidation of one electron of a wide range of 

phenolic compounds in the presence of excess molecular 

oxygen. In this method, the reactive phenolic compounds that 

serve as toxic compounds are oxidized by laccase and they react 

spontaneously further with polymers with a large molecular 

weight. In doing so, the juice is detoxified as the polyphenols 

are retained by the ultrafiltration(Morsi et al., 2020). However, 

this method cannot always be applied due to the loss of natural 

juice properties, which could vehemently affect the sugar 

contents. While Zeolites are known to selectively remove 

hydroxymethylfurfural, furfural, and vanillin from juices, 

enabling efficient inhibitor recovery, they are also associated 

with significant sugar loss (Wikandari et al., 2019). 

 

A process used to separate phenolic compounds from apple 

pomace involves the adsorption of phenolic constituents by a 

hydrophobic styrene-divinylbenzene copolymer. After elution 

with methanol, the polyphenolics usually become concentrated 

in vacuum and stabilized by lyophilization. Finally, an 

Amberlite XAD 16HP is used for the adsorptive removal of 

phenolic compounds with the resin (Wikandari et al., 2019). 

Even though this technique provides an efficient and reliable 

method for phenol removal from fruit and vegetable juices, 

there are no reports in the literature concerning the effect of 

using this method on the sugar content of the juices. Hence, the 

technique still needs further investigation in order to stabilize 

juices after removing phenolics. Besides, there are various 

factors that affect the adsorption capacity of resins for the 

removal of phenols (Mohammed et al., 2019). Temperature and 

hydrogen ion concentration (pH) are key factors influencing the 

adsorption of phenolic compounds (Chen et al., 2022; Liu et al., 

2019). It has been reported that at acidic pHs, the uptake of 

phenolics by different adsorbents is enhanced because the 

phenols are undissociated and the dispersion interactions 

predominate, whereas at alkaline pH, adsorption decreases 

since dissociation of hydroxyl from carboxyl groups 

occurs(Wei et al., 2021). However, another report indicated 

zero influence of pH (keeping in the acidic range) on the 

adsorption of phenolic on resins (Waheed et al., 2019). 

Temperature also influences adsorption in two ways: (i) by 

increasing the rate of transport across the external boundary 

layer and within the pores due to decreased solution viscosity, 

and (ii) by changing the capacity of the adsorbent. High 

temperatures may promote irreversible interactions (Karimi et 

al., 2019). Therefore, both positive and negative effects of 

temperature have been reported, especially for ACs, minerals, 

and resins, whereas in some applications, higher temperatures 

favor adsorption. The current study investigated the effects of 

hydrolysate temperature and pH on Amberlite XAD-4 

adsorption efficiency and sugar stability and then, compared 

the bacteria ability to ferment both detoxified and non-

detoxified OPF hydrolysates for biobutanol production. 

 

2. METHODOLOGY 

2.1 Oil Palm Frond Collection and Preparation  

Fresh and basal parts of OPF petioles with an average length of 

1-1.5 m were obtained from Kampung Terjun Rimba, Pontian 

Johor, Malaysia, located at latitude 1° 27' 59.20'' N, longitude 

103° 27' 20.50'' E. To minimize the intrusion of microbes and 

dirt, freshly harvested petioles were cut at both edges and 

spread with 70 % (v/v) ethanol just before being put in sealed 

plastic bags and immediately transported to the juice processing 

site for juice extraction. To obtain the juice, a sugarcane juicing 

machine (Hisaki, TFS3777) was employed to press the OPF 

petiole repeatedly until the juice content could be completely 

removed. To collect juice, 1 L of sterilized Scott bottle was 

used. 

 

2.2.1 OPF Juice Detoxification 

In this part of the study, a polymeric Amberlite XAD-4 resin 

with particle size of 20-60 mesh and surface area of 750m2/g 

was used for the adsorptive removal of phenolic compounds. 

40 g of the resin was poured into a glass column (XK 50×100) 

in three different beds, which were then demarcated with very 

thin cotton and washed with five volumes of distilled water to 

remove impurities (Fan et al., 2021). The OPF juice was then 

applied to the column at a flow rate of 100 mL/h (Nagasawa et 

al., 2019), and the initial fractions of sugar-containing juice 

were collected separately in conical flasks (Figure 1) for sugar 

and phenolic compounds analysis. To investigate the effect of 

temperature on phenolic removal and sugar stability, the OPF 

juice extract was preheated in a water bath for 25 minutes (until 

thermal equilibrium was reached) before being applied to the 

column, while the control treatment was performed without any 

prior heating of the OPF juice. The effect of 5 different pH 

levels was assayed (3, 4, 5, 6, and 7), and 1 M of NaOH and/or 

HCl was used for the pH adjustment. All the experiments were 

conducted in triplicate, and the averages of the results were 

recorded as responses. 
 



A. Abubakar et al./JREE:  Vol. 10, No.4, (Autumn 2023)   89-98 

 

 

91 

 

Figure 1. Oil palm frond juice detoxification technique using 

Amberlite XAD-4 resin. 

2.2.2 Resin Regeneration 

Regeneration of resin is an economic practice that takes 

exhausted ion exchange resin beads and removes the ions that 

have been adsorbed during the filtration process so that the 

resin can be re-used. This process varies depending on the resin 

properties and the type of compound adsorbed. Phenolic 

compounds are reported to have high affinity to Amberlite 

XAD-4 resin, and the regeneration recovery strategies may 

therefore depend on the solvent used (Din et al., 2021). While 

some studies have achieved >80% resin recovery, most studies 

have failed to achieve even 70% recovery due to the low 

concentration of solvent used. Hence, the current research 

regenerates the resin by pre-washing it with 95 % methanol 

(32.02 g/mol) to release the adsorbed phenolic compound from 

the resin, as described by Pailliè-Jiménez et al. (2020). 

However, the methanol was allowed to completely evaporate, 

and the residual water was removed by lyophilization, making 

>80% of the resin ready for re-use. 

2.3 Microorganism Procurement and Preparation 

The solvent-producing bacteria, Clostridium acetobutylicum 

SR1, L2, and A1, used in this study were obtained from the 

Biorefinery Technology Laboratory, Department of 

Bioscience, Universiti Teknologi Malaysia. The Reinforced 

Clostridial Medium (RCM) was used for the development of 

inoculums. Before being transferred into the inoculum bottles, 

the stock culture was heat-shocked at 80 °C for 10 minutes to 

activate bacterial spore germination and kill both the vegetative 

forms of the bacteria and the weaker spores(Narita et al., 2020). 

After cooling, 1 mL of stock culture was transferred into an 

inoculum bottle (100 mL) containing RCM medium and 

incubated at 35 °C until cells reached a stable exponential phase 

(24 hours). 

 

2.4Maintenance Medium- Reinforced Clostridia Medium 

(RCM) 

 

Reinforced Clostridia Medium (RCM) was used for the growth 

of the microorganisms. This medium served as an enrichment 

medium, which allowed the growth of Clostridium sp. and 

specific bacterial strains that could grow in anaerobic 

conditions. During the preparation of the medium in a 100 mL 

serum bottle, the medium was filled to a volume where a small 

space on top of the bottle was left empty. This space was 

required to provide anaerobic conditions for the culture. The 

inoculated medium was kept at room temperature prior to the 

experiment. The RCM was prepared by adding meat extract (10 

g), peptone (10 g), yeast extract (3 g), glucose (5 g), starch (1 

g), NaCl (5 g), and sodium acetate (3 g). The contents were 

sterilized by autoclaving at 121 °C for 15 minutes. After 

cooling the contents to room temperature, L-cysteine HCl (0.5 

g), para-aminobenzoic acid (0.001 g), and biotin (0.008 g) were 

added separately via filter sterilization using an Agilent PTFE 

0.2 µm membrane filter. 

2.5 Production Medium (P2 medium) 

In order to conduct the fermentation using detoxified OPF 

juice, production medium (P2) was used as fermentation 

medium containing the following composition (in g/L): yeast 

extract, 5; MgSO4.7H2O, 0.2; MnSO4.7H2O, 0.01; 

FeSO4.7H2O, 0.01; NaCl, 0.01; and ammonium acetate, 2.0. 

About70 % v/v of detoxified and non-detoxified OPF 

hydrolysates containing a total of 47.5 g/L of reducing sugar 

was used as the sole carbon source for bacterial growth and 

metabolism (Khunchit et al., 2020). After autoclaving the 

samples at 121oC for 15 minutes, KH2PO4, 0.5 g/L; K2HPO4, 

0.5 g/L, and vitamin solution containing 0.001 g/L of para-

aminobenzoic acid, thiamin, and biotin were filter-sterilized 

into the sample mixture using an Agilent PTFE 0.2µm 

membrane filter (pore size 47 mm diameter). Then, 140 mL of 

the samples were dispensed into their respective 150-mL serum 

bottles until there was only a small space at the top, which was 

used to degas the sample with oxygen-free nitrogen gas. The 

medium was degassed following a slight modification of the 

method described by Miller and Wolin (1974). This experiment 

was conducted in duplicate, while samples were withdrawn 

from the fermentation broth every 6 hours for the analysis of 

acids, solvent, reducing sugar utilization, and bacterial growth. 
 

 

 
Figure 2. Process of media degassing for efficient anaerobic culture.
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2.6 Functional Group Analysis Using Fourier Transform 

Infrared Spectroscopy (FTIR)  

The chemical structure of the resulting oil palm frond juices 

was studied, and the infrared spectra of oil palm frond juice 

were measured with an FTIR spectrophotometer (Nicolet 

iS5FT-IR Spectrometer, Thermo Fisher Scientific Inc., USA) 

to elucidate the functional groups that are present in the juice 

before and after the resin adsorptive detoxification process. 

This technique was used to provide important information 

about the structure modification of oil palm frond juice, which 

is widely used for other structural characterizations. To 

accomplish this, approximately 0.2-0.5 mL of juice samples 

were placed on the provided sample area; the spectra were 

recorded between 600-3500 cm-1 and the samples were scanned 

for available compounds.  

2.7 Determination of Reducing Sugar and Phenolic 

Compounds 

The total reducing sugar concentration was determined via the 

dinitrosalicyclic (DNS) method (Miller, 1959). A glucose 

monohydrate solution of 1 g/L was used as a standard solution, 

and the absorbance of both the samples and the standards was 

read at 540 nm. On the other hand, the Folin-Ciocalteu 

technique was utilized to determine total phenolic compounds 

before and after the detoxification with an absorbance read at 

765nm and here, gallic acid was utilized as the benchmark 

(Way et al., 2020). The concentration of individual sugars in 

the hydrolysate was determined using an Agilent 1100 series 

high-performance liquid chromatography (HPLC) technique 

with Rezex RPM-monosaccharide Pb+2 columns and a lead ion 

(Pb2+) as the stationary phase. Glucose, fructose, sucrose, 

xylose, arabinose, mannose, and galactose were used as the 

sugar standards. To determine the individual phenolic 

compounds in the hydrolysate using HPLC, a C18 column was 

used following the method described by Krstonošić et al. 

(2020) and finally, gallic acid was set as the standard solution. 

2.8 Determination of Acids and Solvent Using Gas 

Chromatography (GC) 

The concentration of acids such as acetic acid and butyric acid 

and solvents such as acetone, butanol, and ethanol were 

determined using gas chromatography equipped with a DB-

WAX column and Flame Ionized Detector (FID). The carrier 

gas was helium, with a flow rate of 25 mL/minute. The 

temperatures of the oven, column inlet, and detector were 200, 

300, and 300 °C, respectively (Abe et al., 2020). Prior to the 

GC analysis, solvent-solvent extraction was conducted to 

separate the products (acids and solvents) from the broth. At 

first, 0.1 M of HCl was used to acidify the broth in order to 

separate the culture from the sample, and the acidified sample 

was extracted with an equivalent amount of dichloromethane 

(DCM). The mixture was then centrifuged at 10,000 rpm for 30 

minutes, where the top layer was discarded and the bottom, 

which is expected to contain the acids and solvents, including 

the DCM, was injected into the column using auto-injection. 

Acids and solvents of analytical grade (Sigma Aldrich, USA) 

were used as standards. The concentration of acids and solvents 

in the sample was determined by comparing the areas of the 

peaks of each sample with those of standards for acids (acetic 

acid and butyric acid) and solvents (acetone, butanol, and 

ethanol) (Raganati et al., 2020). 

3. RESULTS AND DISCUSSION 

3.1. Phenolic compounds removal from oil palm frond juice. 

The result for the phenolic compound removal from OPF 

hydrolysate using Amberlite XAD-4 resin for an adsorptive 

filtration is shown in Table 1, and the total concentration of 

phenolic compounds and fermentable sugars is compared with 

their original amounts in the juice before the removal. It is 

found that the resin filtration is able to remove about 21% of 

the total concentration of phenolic compounds when compared 

with the control, that is, from 0.332 ± 0.04 (control) to 0.261 

± 0.07 g/L (filtered). Nevertheless, a slight reduction of sugar, 

which is about 5.5% of the total concentration of the 

fermentable sugar, was observed. The 21% of the phenolic 

compound removed that is observed in this study is relatively 

lower than the percentage of phenolic compound removed from 

orange juice by the same resin, which is about 32.97% (even 

though the resin applications considerably reduced some 

bioactive compounds such as ascorbic acid)(Akyıldız et al., 

2022). However, temperature, pH, feed composition, and 

concentration are some of the factors that influence the 

adsorption capacity of resins for the removal of phenolic 

compounds. According to the research conducted by Phung et 

al. (2015), solution viscosity is very critical in determining the 

rate at which transport occurs across and within the resin pores, 

thereby changing the capacity of the adsorbent. Temperature 

can thus enhance or limit phenolic compound removal 

depending on the material used as an adsorbent and the type of 

hydrolysate. It is therefore important to further investigate the 

effect of various temperatures and pH on the phenol removal 

and sugar stability of the OPF hydrolysate for effective 

utilization in biobutanol production. 

Table 1. Comparison of biobutanol production using detoxified and non-detoxified OPF juices 

 

Parameters 
Before detoxification 

of OPF juice 

After detoxification 

of OPF juice 
% of reduction 

Initial total phenolic compound (g/L) 0.332 ± 0.04 0.261 ± 0.07 21.39 

Gallic acid concentration (g/L) 0.264 ± 0.01 0.212 ± 0.05 19.70 

Ferulic acid concentration (g/L) 0.061 ± 0.02 0.043 ± 0.00 29.51 

Total fermentable sugar (g/L) 69.03 ± 1.61 65.16 ± 2.18 5.61 

Glucose concentration (g/L) 43.61 ± 1.45 43.27 ± 1.02 0.46 

Fructose concentration (g/L) 16.53 ± 0.85 14.24 ± 0.41 13.86 

Sucrose concentration (g/L) 8.19 ± 1.25 6.94 ± 0.43 15.26 



A. Abubakar et al./JREE:  Vol. 10, No.4, (Autumn 2023)   89-98 
 

 

93 

3.2 Effect of Temperature 

Table 2 shows the effect of temperature on the resin 

adsorptive performance on phenolic compound removal and 

the sugar stability of OPF hydrolysate. It was observed that 

the adsorptive performance increased with an increase in 

temperature up to a certain level. The removal of phenolic 

compounds at 50oC yielded the highest percentage of 

approximately 31% with a fermentable sugar loss of only 

0.04%. This indicated that the increase in temperature up to 

50oC did not significantly affect the stability of the sugar 

content of the hydrolysate. However, a further increase in 

temperature to 60oC did not show an increase in phenol 

removal, but also exhibited a decrease in the sugar content of 

the hydrolysate, indicating the loss of sugar content at 

temperatures higher than 50oC(Ghorbannezhad and Abbasi, 

2021). 

The amounts of glucose and fructose remain stable after cycles 

1 and 2 of phenolic compound removal. However, the 

concentration of sucrose continually decreases by about 11.4 

%, which is from 8.19 ± 1.25 to 7.05 ± 0.54 across the 

temperature range of 40 to 70oC. This might be due to the 

disaccharide nature of the sucrose, which is more susceptible to 

hydrolysis at higher temperatures(Milewska et al., 2022). A 

significant effect of higher temperature on hydrolysate 

detoxification via resin filtration was observed for ferulic acid 

as well as another phenolic compound (gallic acid). Even 

though the concentration of gallic acids fluctuated, the 

concentration of ferulic acid continually decreased as the 

temperature increased to 60oC (though it remained the same at 

70oC), indicating the effectiveness of resin for the adsorptive 

removal of ferulic acid from OPF hydrolysate. Hence, the 

present study suggests that the most favorable temperature for 

phenolic compound removal from oil palm frond hydrolysates 

is at 50oC. 
 

 
Table 2. Effect of OPF hydrolysate temperature on the Amberlite XAD-4 resin adsorptive performance 

 

Parameters
 Different temperature(°C) 

30 40 50 60 70 

Initial total phenolic compound (g/L) 0.332± 0.04 0.332± 0.04 0.332± 0.04 0.332± 0.04 0.332± 0.04 

Final total phenolic compound (g/L) 0.267± 0.02 0.251± 0.01 0.228± 0.03 0.262± 0.01 0.281± 0.02 

Total phenolic compound removed (%) 19.58 24.40 31.32 21.08 15.36 

Initial gallic acid (g/L) 0.264± 0.01 0.264± 0.01 0.264± 0.01 0.264± 0.01 0.264± 0.01 

Final gallic acid (g/L) 0.211± 0.03 0.195± 0.04 0.207± 0.02 0.218± 0.02 0.237± 0.01 

Initial ferulic acid (g/L) 0.061± 0.02 0.061± 0.02 0.061± 0.02 0.061± 0.02 0.061± 0.02 

Final ferulic acid (g/L) 0.050± 0.01 0.055± 0.01 0.060± 0.04 0.044± 0.02 0.044± 0.03 

Initial total fermentable sugar (g/L) 69.03± 1.61 69.03± 1.61 69.03± 1.61 69.03± 1.61 69.03± 1.61 

Final total fermentable sugar (g/L) 66.49± 1.14 68.27± 0.53 68.33± 0.24 68.80± 0.12 68.14± 0.026 

Fermentable sugar stability (%) 96.30 98.80 98.90 99.60 98.70 

Initial glucose (g/L) 43.61± 1.45 43.61± 1.45 43.61± 1.45 43.61± 1.45 43.61± 1.45 

Final glucose (g/L) 41.53± 2.04 43.41± 0.62 42.56± 0.44 43.50 ± 0.02 42.67± 0.03 

Initial fructose (g/L) 16.53± 0.85 16.53± 0.85 16.53± 0.85 16.53± 0.85 16.53± 0.85 

Final fructose (g/L) 15.31± 0.17 15.87± 0.04 16.53± 0.02 16.42± 0.18 16.98± 0.01 

Initial sucrose (g/L) 8.19± 1.25 8.19± 1.25 8.19± 1.25 8.19± 1.25 8.19± 1.25 

Final sucrose (g/L) 8.00± 0.07 8.11± 0.02 7.91± 0.42 7.05± 0.54 7.05± 0.61 

 
 
3.3 Effect of pH 

Compared to the temperature effect, the pH of the OPF 

hydrolysate had a lesser impact on the adsorptive performance 

of the resin for removing phenolic compounds from the 

hydrolysate. Substrate pH values of 3, 4, 5, 6, and 7 were tested 

in this experiment to determine the most suitable and optimum 

substrate pH for the adsorptive efficiency of resin for phenolic 

compound removal from OPF hydrolysate. As can be observed 

in Table 3, the highest amount of phenolic compound removed 

from the hydrolysate was attained at pH 6, which is about 

32.64%. However, good phenolic compound removal 

efficiency was also demonstrated at other substrate pH values 

of 3, 4, and 5. However, at a pH of 7, the efficiency was found 

to decrease by about 22.6% when compared to the efficiency at 

pH 6. Even though some scientists reported a zero effect of pH 

on the performance of resin for the removal of phenolic 

compounds (Wei et al., 2021), the research only focused on the 

acidic pH, which was also observed with less effect in the 

present research. This is in agreement with the study conducted 

on the cobalt removal from environmental water samples, 

showing that an increase in the pH level to a certain level 

enhanced the cobalt extraction and recovery (Ghasemi et al., 

2021). On the other hand, the effect of OPF juice pH on sugar 

stability after the resin adsorptive removal of phenols was 

assessed. An increase in pH from 5 up to 7 was found to 

negatively affect the sugar stability by almost 6.3 %, which is 

2 folds higher than when the substrate pH was between 3 and 

4. Although the acidic pH demonstrated good sugar stability 

compared to alkaline, the improvement of phenolic compound 

removal provides a superior advantage for bacterial growth and 

metabolism. 
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Table 3. Effect of OPF hydrolysate pH on the Amberlite XAD-4resin adsorptive performance 

Parameters
 pH 

3 4 5 6 7 

Initial total phenolic compound (g/L) 0.332± 0.04 0.332± 0.04 0.332± 0.04 0.332± 0.04 0.332± 0.04 

Final total phenolic compound (g/L) 0.223± 0.01 0.236± 0.01 0.225± 0.03 0.221± 0.02 0.247± 0.06 

Total phenolic compound removed (%) 30.23 29.12 32.23 32.64 25.61 

Initial gallic acid (g/L) 0.264± 0.01 0.264± 0.01 0.264± 0.01 0.264± 0.01 0.264± 0.01 

Final gallic acid (g/L) 0.191± 0.03 0.190± 0.02 0.186± 0.02 0.191± 0.03 0.203± 0.01 

Initial ferulic acid (g/L) 0.061± 0.02 0.061± 0.02 0.061± 0.02 0.061± 0.02 0.061± 0.02 

Final ferulic acid (g/L) 0.032± 0.01 0.043± 0.02 0.043± 0.02 0.030± 0.01 0.044± 0.00 

Initial total fermentable sugar (g/L) 69.03± 1.61 69.03± 1.61 69.03± 1.61 69.03± 1.61 69.03± 1.61 

Final total fermentable sugar (g/L) 67.54± 1.11 67.17± 0.70 67.25± 0.29 64.70± 0.84 65.46± 0.36 

Fermentable sugar stability (%) 97.8 97.3 97.4 93.7 94.8 

Initial glucose (g/L) 43.61± 1.45 43.61± 1.45 43.61± 1.45 43.61± 1.45 43.61± 1.45 

Final glucose (g/L) 41.23± 0.01 42.41± 0.01 42.44± 0.02 40.17± 0.01 41.48± 0.03 

Initial fructose (g/L) 16.53± 0.85 16.53± 0.85 16.53± 0.85 16.53± 0.85 16.53± 0.85 

Final fructose (g/L) 16.01± 0.01 16.42± 0.06 16.30± 0.05 16.24± 0.14 15.98± 0.62 

Initial sucrose (g/L) 8.19± 1.25 8.19± 1.25 8.19± 1.25 8.19± 1.25 8.19± 1.25 

Final sucrose (g/L) 8.69± 0.02 8.61± 0.05 7.88± 0.12 7.41± 0.32 7.35± 0.19 

3.4 Functional Group Analysis of OPF Segments using  

FTIR Spectroscopy 

The spectroscopic investigation of OPF hydrolysates was 

conducted to determine the functional groups and 

conformational structural changes that occur on the substrate 

after the detoxification process. The functional group of the 

non-detoxified sample was equally determined and served as a 

control. The spectra produced a profile of the samples with a 

distinctive molecular fingerprint, which was used to scan the 

samples for many different components, and the results are 

presented in Figure 3 (a & b). 

 

 

 
 

Wavelength (cm-1) 

 
Figure3. FTIR-ATR spectra showing structural modification between (a) OPF juice before detoxification and (b) OPF juice after 

detoxification 
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Table 4. Effect of juice detoxification on the functional groups in the OPF juice  

 

S/N 
Wave 

number cm-1 

Juice before 

detoxification 

Juice after 

detoxification 
Vibration Source 

1. 769-992 ×  ✓  C-C Alkene 

2. 1020-1220 increased Reduced 
C-O Hydroxyl 

group 
Phenols 

3. 1363.58 ✓  ✓  O-H bending Phenols 

4. 2126 ✓  ✓  C-N  

5. 1637 ✓  ✓  OH (water) Water 

6. 3296-3306 ✓  ✓  
O-H linked 

shearing 
Sugars 

 
  

The most observed differences between the two spectra of oil 

palm frond hydrolysate (before and after detoxification) were 

found within the region from 1400 to 700 cm -1. The absorption 

bands at 1228 and 1217 cm-1 were not clearly observed in the 

spectra of the hydrolysate after detoxification (Figure. 2b). 

These absorptions are attributed to the esterified phenolic 

functional groups that are associated with phenolic compounds 

before the oil palm frond hydrolysate is detoxified. Figure 2a 

shows absorption bands that must be emphasized; the bands at 

1080 and 1036 cm-1 show a drastically reduced spectrum from 

the original juice before detoxification. These two absorption 

bands are important because the reduction of the detoxified 

OPF hydrolysate spectra indicated that some of the phenol 

compounds were removed. The removal of phenolic 

compounds was confirmed by the HPLC results presented in 

Table 4, which showed reduced amounts of gallic acid and 

ferulic acid in the hydrolysate of the detoxified sample 

3.5 Effect of Detoxification Process of OPF Hydrolysate 

on Biobutanol Production 

Table 5 shows the effect of ABE fermentation by three 

Clostridial species using detoxified OPF hydrolysate 

containing 47.5 g/L reducing sugar concentration. The 

fermentation using a non-detoxified OPF hydrolysate 

containing the same initial sugar concentration using these 

isolates was equally performed as a control. The results 

indicated that all three strains of bacteria demonstrated 

improved biobutanol production (1.3 folds) from detoxified 

OPF hydrolysate when compared with the ABE produced from 

the controls (non-detoxified OPF hydrolysate). As shown in 

Table 5, the butanol production from detoxified OPF 

hydrolysate using strain L2 to ferment demonstrated the highest 

improvement towards biobutanol production when compared 

with the other two isolates. The solvents and acids produced by 

the strain L2 were almost 1.77 times higher than the control 

using the same isolate and fermentation conditions. The 

maximum butanol of 2.64± 0.03 g/L and total solvent of 5.41± 

0.07 g/L were produced with a butanol productivity of 0.29×10-

3 g/L/h, being about 1.3 folds as compared with the control, in 

which only 2.04± 0.01 g/L of butanol was produced with a 

productivity of 0.21×10-3 g/L/h and total solvent of 4.63± 0.08 

g/L. This enhancement was achieved because of the reduction 

of the phenolic compound that was present in the hydrolysate, 

which could have distressed bacterial metabolisms 

Similar enhancements were observed with a relatively low 

improvement from the fermentations of detoxified OPF 

hydrolysate using strain A1. Here, the results indicated 1.23 

folds of butanol production when comparing the fermentation 

of detoxified and non-detoxified OPF hydrolysates using the 

same A1 strain. However, for C. acetobutylicum SR1, only a 

1.02-foldenhancement was observed in the biobutanol yields. 

Nevertheless, the improvement of the fermentation products, 

particularly when the detoxified OPF hydrolysate was 

fermented by strain L2, indicated that the phenolic compound 

concentration had a great negative impact on the fermentation 

media and that the isolates could better adopt a medium with a 

lower concentration of phenolic compounds than the higher 

(Khanna et al., 2019). This was further proved by the rapid 

growth of all three isolates in the media containing the 

detoxified OPF hydrolysate when compared with their growth 

in the media with non-detoxified samples. Even though folic 

acid, which is also a phenol compound, has been shown to 

stimulate bacterial metabolism during ABE fermentation, 

leading to increased butanol production (Shahryari et al., 2018), 

its effects are only efficient when present at very low 

concentrations (1-100 mg/L) in the fermentation medium 

(Mosele et al., 2015), which is far below the amount of gallic 

acid present in the OPF hydrolysate. The current study aims to 

reduce both the total and individual amounts of phenolic 

compounds. 

During the 96 hours of batch culture fermentation, it was 

observed that the acidogenic phase of most of the strains ranged 

between 12 and 24 hours of the fermentation, where acetic acid 

and butyric acid were the main products produced. The specific 

growth rates of the isolates were 0.127, 0.025, and 0.015 g/L/h 

for C. acetobutylicum SR1, L2, and A1, respectively, which 

were faster than the growth rates of the isolates in the non-

detoxified samples with 0.121, 0.019, and 0.007 g/L/h. The 

growth of these isolates was also seen in terms of their sugar 

utilization. Strain L2, which was seen to have utilized 62% of 

its sugar at a rate of 0.37 g/L/h using the non-detoxified OPF 

hydrolysate, was able to utilize 69% of its reducing sugar 

(almost 1.2 folds) at a rate of 0.31 g/L/h. This result further 

supports the suggestions made by several researchers that 

phenolic compounds not only inhibit the growth of bacteria but 

also hinder the rate of sugar utilization, ultimately reducing the 

metabolic processes of the microorganisms (Bottery et al., 

2021; Robak and Balcerek, 2018). 
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Table 5. Comparison of biobutanol production using unfiltered and partially optimized filtered OPF juices 

  

 

Parameters 

Result obtained from fermentation of ND-OPFJ and D-OPFJ Using three strains 

Strain SR1 Strain L2 Strain A1 

ND-OPFJ D-OPFJ ND-OPFJ D-OPFJ ND-OPFJ D-OPFJ 

Acetone (g/L) 0.38± 0.02 0.72± 0.05 0.92± 0.04 1.25± 0.01 2.59± 0.03 1.82± 0.04 

Butanol (g/L) 1.96± 0.04 2.01± 0.02 2.04± 0.01 2.64± 0.03 2.12± 0.05 2. 32± 0.03 

Ethanol (g/L) 2.30± 0.06 1.53± 0.05 1.67± 0.03 1.51± 0.02 1.53± 0.05 0.11± 0.23 

Total ABE (g/L) 4.58± 0.11 3.61± 0.12 4.63± 0.08 5.41± 0.07 6.44± 0.12 5.05± 0.31 

Acetic acid (g/L) 1.35± 0.04 0.18± 0.06 0.25± 0.02 1.31± 0.03 0.19± 0.06 0.23± 0.02 

Butyric acid (g/L) 2.90± 0.03 1.23± 0.01 0.90± 0.06 1.54± 0.02 1.23± 0.04 0.65± 0.06 

Total acid (g/L) 4.25± 0.07 1.42± 0.07 1.05± 0.08 2.85± 0.05 1.42± 0.10 0.89± 0.08 

Acetone productivity (g/L/h) 0.03×10-3 0.1×10-3 0.08×10-3 1.7×10-3 0.15×10-3 3.4×10-3 

Butanol productivity (g/L/h) 6.0×10-3 0.12×10-3 0.21×10-3 0.29×10-3 0.33×10-3 0.14×10-3 

Ethanol productivity (g/L/h) 10.0×10-3 0.5×10-3 1.2×10-3 20×10-3 13.0×10-3 1.2×10-3 

Acetic acid productivity (g/L/h) 0.02×10-3 0.04×10-3 0.06×10-3 0.05×10-3 0.02×10-3 0.02×10-3 

Butyric acid productivity (g/L/h) 0.6×10-3 0.13×10-3 0.08×10-3 3.2×10-3 0.08×10-3 0.09×10-3 

Overall acetone productivity (g/L/h) 0.02×10-3 0.07×10-3 0.05×10-3 0.13×10-3 0.11×10-3 0.13×10-3 

Overall butanol productivity (g/L/h) 0.04×10-3 0.09×10-3 2.1×10-3 0.15×10-3 0.21×10-3 0.13×10-3 

Overall ethanol productivity (g/L/h) 0.62×10-3 0.39×10-3 0.93×10-3 1.5×10-3 0.08×10-3 0.12×10-3 

Overall total solvent productivity (g/L/h) 0.13×10-3 0.55×10-3 0.36×10-3 3.0×10-3 0.4×10-3 0.24×10-3 

Overall acetic acid productivity (g/L/h) 0.010×10-3 0.17×10-3 0.021×10-3 0.3×10-3 0.01×10-3 0.01×10-3 

Overall butyric acid productivity (g/L/h) 0.23×10-3 0.065×10-3 0.061×10-3 2.4×10-3 0.74×10-3 0.03×10-3 

Overall total acids productivity (g/L/h) 0.24×10-3 0.182×10-3 0.082×10-3 2.7×10-3 0.75×10-3 0.042×10-3 

Initial total fermentable sugar (g/L) 47.50± 1.06 47.50± 1.06 47.50± 1.06 47.50± 1.06 47.50± 1.06 47.50± 1.06 

Final total fermentable sugar (g/L) 18.2 15.4 19.5 12.2 13.4 14.7 

Percentage of sugar consumed (%) 66.7 67.4 59.1 68.2 69.1 71.8 

Sugar utilization rate (g/L/h) 0.33 0.36 0.31 0.37 0.35 0.34 

Xmax (g/L) 0.317 0.364 1.051 1.138 0.372 0.425 

Specific growth rate (g/L/h) 0.121 0.127 0.019 0.025 0.007 0.015 

Maximum specific growth rate (h-) 0.993 0.254 0.038 0.050 0.014 0.010 

Doubling time td (h-) 1.395 2.728 0.659 0.609 1.863 1.630 

Note: ND-OPFJ = Non detoxified oil palm frond juice and D-OPFJ = detoxified oil palm frond juice 

 

3.6 Toxicity tolerance of the isolates 

The toxicity tolerance of the three tested strains during the 

fermentation using non-detoxified OPF hydrolysate is 

presented in Table 5. Strain A1 was found to produce the 

highest concentration of butanol and other solvents with a 

better production rate and faster biomass formation compared 

to strains SR1 and L2. However, after the detoxification of the 

OPF hydrolysate, the strain L2 exhibits the most significant 

improvement (1.3 folds) in the biobutanol production, biomass 

formation, and sugar utilization compared to the SR1 and A1. 

This could possibly be explained due to the differences in 

phenolic compound resistance conferred by the various 

isolates. This assertion is in agreement with the suggestions 

previously made on the response of different microbes to 

certain inhibitors, such that some inhibitors are highly 

detrimental to a particular strain while some strains resist them 

(Ezeji et al., 2007). Hence, depending on the type of inhibitor, 

concentration, and other physicochemical parameters of the 

culture medium, such as temperature and pH, the effects of a 

variety of phenolic compounds usually vary among different 

organisms and strains applied for the fermentation process. For 

example, acetates, furfural, and HMF at concentrations less 

than 1.9 g/L were reported to be less toxic to C. beijerinckii 

BA101 growth or butanol production (Nimbalkar et al., 2019), 

whereas solvent production by C. acetobutylicum was reported 

to have collapsed, particularly when the cells were in a medium 

with pH decline due to rapid accumulation of acetic and butyric 

acids (Nimbalkar et al., 2019). 

4. CONCLUSIONS 

With the increasing concerns about the low biobutanol 

production from lignocellulosic hydrolysate, it has been 

speculated that the presence of phenolic compounds could be 

responsible for the poor fermentation. Ferulic, gallic, ρ-

coumaric, and vanillic acids are known as phenolic compounds 

with a critical inhibitory effect on Gram-positive bacteria, 

especially solvent-producing Clostridia. However, the current 

research uses the resin filtration technique as a means to 

decrease the amount of these inhibitory compounds in OPF 

hydrolysate. The results of the research indicated a significant 

removal of phenolic compounds at an optimum temperature of 

50 °C and pH 6. The removal of approximately 32% of the 

phenolic compound from the hydrolysate resulted in improved 

biobutanol production and productivity, as well as decreased 

acid production that may have hindered the fermentation 

process. The impact of the detoxification process also seems to 

improve and hasten biomass formation as well as sugar 

utilization. 
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