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Succinic acid, a dicarboxylic platform chemical, serves as a highly versatile building block in the production of biodegradable plastics, pharmaceuticals, skincare products, cosmeceuticals, and food additives. Increasing global emphasis on sustainability has driven the growth of bio-based succinic acid from renewable resources as an alternative to conventional petrochemical routes. In this study, sugar polymers derived from oil palm lignocellulosic biomass particularly empty fruit bunches (EFB) was explored as sustainable feedstocks for succinic acid production. EFB are abundantly generated by the palm oil industry, are rich in polysaccharides yet remain underutilised, presenting significant potential for conversion into fermentable sugars and subsequently succinic acid. An efficient bioconversion process was developed, involving a pretreatment step utilising dilute ferric chloride to catalytically break down the complex lignocellulosic matrix, thereby enhancing the accessibility of their fermentable sugars. Optimisation of the pretreatment process was performed by varying reaction temperatures, metal chloride concentrations and reaction time to fractionate hemicellulose from the biomass and improve efficiency of enzymatic hydrolysis of the retained cellulose in the pretreated solids. Effective hemicellulose removal through dilute iron salt pretreatment significantly improved the enzymatic hydrolysis of EFB relative to untreated biomass. Bioproduction of succinic acid via fermentation of EFB hydrolysate using Actinobacillus succinogenes achieved a yield of 0.53 g/g and a productivity of 1.01 g/L·h. Among the downstream processing steps, the selection of an appropriate activated carbon was pivotal in achieving maximum decolourisation efficiency and enhancing the physical appearance of the purified product. This bioprocess is well suited for integration into a biorefinery approach for the cost-effective production of high-grade succinic acid and other bioproducts from oil palm biomass, contributing to Malaysia’s circular bioeconomy and sustainable development goals.
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Introduction
With the depletion of petroleum-based resources and the growing demand for environmentally friendly material resources, the biosynthesis of succinic acid from renewable resources is drawing increasing attention. As a C4 dicarboxylic acid, succinic acid serves as a key starting material for the production of a wide range of fine chemicals, food additives, biodegradable plastics, surfactants, and other chemical products. Its broad applicability positions it as a highly promising fundamental chemical compound (Zhou et al., 2023).

Oil palm biomass is a promising source of lignocellulosic materials for bioconversion. The transformation of renewable oil palm biomass such as empty fruit bunch (EFB) into value-added products may propel the bio-based industry with economic and sustainability potential to substitute petroleum-based resources. As per other lignocellulosic biomass, EFB is a polysaccharide-based biomaterial containing cellulose (mainly C6 sugar polymers), hemicellulose (mainly C5 sugar polymers) and lignin (aromatic polymers). EFB contains about 70-80% holocellulose (Loh, 2017), which can be subjected to succinic acid bioconversion. Given its lignocellulosic nature, the biomass is highly recalcitrant to enzymatic degradation for saccharification and fermentation. Hence, an appropriate pretreatment method is necessary to effectively deconstruct the lignocellulosic components of the biomass.  

The conversion of EFB into value-added product such as succinic acid will have significant role in the economic viability of lignocellulose bioconversion process. Much effort has been made to produce succinic acid from inexpensive and renewable feedstocks, which is intended to provide a competitive edge over petroleum-derived chemicals (Dessie et al., 2018). All the major steps in a typical bioconversion process such as pretreatment, enzymatic hydrolysis and fermentation are important to be screened before selection is made. In this case, pretreatment step with minimum inhibitors is desired to ensure smooth operation of enzymatic and fermentation steps. Nevertheless, there are still some challenges to be properly addressed before an efficient succinic acid production process can be realised. As the most promising succinic acid-producing catalyst, Actinobacillus succinogenes has been investigated extensively by employing several fermentation strategies to improve product yield (Yang et al., 2020).

In terms of succinic acid recovery, various separation and purification methods have been developed. These include precipitation, crystallization, reactive extraction, adsorption, electrodialysis, distillation, membrane-based separation, and chromatography (Luthfi et al., 2020). All of these recovery methods can be applied to purify crude succinic acid, with differences in efficacy of purification and quality of the resultant product. The lack of downstream process optimisation can be a bottleneck for efficient recovery of succinic acid due to the associated matrix complexity in the presence of carboxylic acids. This study investigated the effectiveness of various adsorbents in decolorising the succinic acid fermentation broth, with the aim of identifying materials that offer high selectivity for removing color impurities while preserving succinic acid content.
Methodology
1.1 Materials
EFB samples were ground into smaller pieces (<10 mm) using a laboratory stainless steel grinder prior to storage. Commercial cellulase was used for enzymatic saccharification. A. succinogenes DSM 22257 was purchased from the German Collection of Microorganisms and Cell Cultures (DSMZ, Brunswick, Germany) and used for succinic acid production. 

2.2 Methods

2.2.1 Metal chlorides pretreatment
The pulverised EFB samples at 10% (w/v) solid loading were immersed in a solution containing various types of metal chlorides (1-5%, w/v of KCl, NaCl, BaCl2, CaCl2, CuCl2, CoCl2, NiCl2, MgCl2, MnCl2, ZnCl2, FeCl2, FeCl3, AlCl3) for screening. The samples were autoclaved at 120°C for 60 min. After screening, the best metal chloride was selected for further optimisation. The treatment parameters (i.e. temperature, concentration, and reaction time) were varied to determine the best conditions for high xylose recovery. The samples were autoclaved using ferric chloride (FeCl3) at different concentration (1-5% w/v), temperature (105-130°C), and reaction time (15-60 min). The prehydrolysates were collected for sugar analysis using high performance liquid chromatography (HPLC). 
2.2.2 Enzymatic hydrolysis
Enzymatic hydrolysis of the FeCl₃-pretreated EFB was performed using commercial cellulase at 15 FPU per gram of substrate (FPU/g). The samples were incubated at 50ºC and 150 rpm for 72 h (Bukhari et al., 2021).  At the end of the hydrolysis, the samples were collected for sugar and organic acid analyses.

2.2.3 Succinic acid production
The fermentation process of EFB hydrolysates as carbon source was carried out using A. succinogenes. The bacteria were cultivated in vials through an inoculum expansion process using Brain Heart Infusion (BHI) medium. The hydrolysates were dispensed into serum bottles, capped with butyl rubber stopper and clamped with aluminium seals. A 10% (v/v) inoculum of the total working volume was added under sterile conditions. Small-scale fermentations were carried out in 100-mL serum bottles with a working volume of 50 mL. The medium was supplemented (per litre) with 15.0 g of yeast extract (YE) and 30.0 g of magnesium carbonate (MgCO3). Additionally, fermentation was conducted using a defined medium as a reference for comparison. The defined medium, similar to that of EFB hydrolysate, was supplemented with (per litre): 0.2 g magnesium chloride hexahydrate (MgCl2.6H2O), 0.2 g calcium chloride dihydrate (CaCl2.2H2O), 3.0 g potassium dihydrogen phosphate (KH2PO4), 1.0 g sodium chloride (NaCl), 15.0 g YE and 30.0 g MgCO3. The cultures were incubated at 37°C and 200 rpm for 72 h (Bukhari et al., 2021).

2.2.4 Succinic acid purification
For the recovery of succinic acid from the fermentation broths, centrifugation was first used to remove bacterial cells. The resultant products were subjected to decolorisation through treatment with various absorbents i.e. clay pebbles, vermiculite, cellulose, hydrogen peroxide, and activated carbon (AC). Subsequently, the decolourised broth was acidified at pH 2.0 with hydrochloric acid (HCl) followed by vacuum distillation and precipitation to yield purified succinic acid. The solution was cooled to 4ºC to produce succinic acid crystals, which was then dissolved in distilled water to check its purity. The purity of succinic acid was determined by quantifying the mass of succinic acid in the purified product (dried crystals) using HPLC.  

2.2.5 Analytical methods
Sugars and acetic acid contents of EFB hydrolysates were quantified using HPLC (Waters 2707, MA, USA) equipped with a Phenomenex Rezex™ ROA column (300 × 7.8 mm) (Sunnyvale, CA, USA) at 60°C. Sulphuric acid (H2SO4) at 2.5 mM was used as the eluent at a flow rate of 0.6 mL/min. The system was integrated with an auto sampler (Waters 2707, MA, USA), a refractive index detector (Waters 2414, MA, USA) set at 40°C, and an isocratic HPLC pump (Waters 1515, MA, USA).
The succinic acid (product) yield from EFB was calculated as gram of product per gram of sugar consumed (g/g). The productivity (g/L·h) was calculated based on the tangent to the slope of the product formation curve. All experiments were performed in triplicates.
Results and Discussion
3.1 Metal chlorides pretreatment
The pretreatment of EFB aimed to identify the best catalyst in hydrolysing hemicellulose out using 11 types of metal chlorides. This screening showed that xylose was the main product being released, suggesting that hemicellulose is more easily degraded than cellulose during the pretreatment. Among the metal chlorides used, FeCl3 was the most efficient in hydrolysing the hemicellulose fraction of EFB, producing a maximum xylose concentration of ~20 g/L (data not shown). FeCl3 can undergo hydrolysis and generate hydronium ions, leading to depolymerisation of hemicellulose via selective hydrolysis of glycosidic linkages to form acetic acid, which further catalyses hemicellulose hydrolysis (Huo et al. 2018; Zhang et al., 2018). 
[bookmark: _Hlk222472614]FeCl3 pretreatment was carried out under different reaction temperatures (105-130°C), concentrations (1-5%, w/v), and reaction time (15-60 min) to fractionate hemicellulose from the biomass and enhance the enzymatic hydrolysis of the retained cellulose in the pretreated solids. Hemicellulose removal increased steadily as the temperature increased (Figure 1a). Reaction at 130°C showed the highest hemicellulose removal (over 90%), indicating that higher temperatures significantly enhance pretreatment effectiveness. Figure 1b shows that increasing the FeCl3 concentration from 1% to 2% results in a significant increase in hemicellulose removal, while at concentrations from 2% to 5% show similar values. A 2% FeCl3 concentration is therefore efficient and sufficient to achieve high hemicellulose removal with less chemical usage. In terms of reaction time, 30 min was identified as the optimal reaction time (Figure 1c). Extending the reaction beyond 30 min gives minimal additional benefit. Overall, the best conditions for FeCl3 pretreatment of EFB were achieved at 130°C using 2% FeCl3 for 30 min.
  
Figure 1: Key factor affecting FeCl3 pretreatment (a) Temperature, (b) Concentration and (c) Reaction time.
3.2 Enzymatic hydrolysis
Enzymatic hydrolysis of the FeCl3-pretreated EFB was carried out using cellulase for 72 h. A total of 37.9 g/L of glucose was produced compared to only ~5.8 g/L from unpretreated EFB. The high removal of hemicellulose during FeCl3 pretreatment significantly enhanced the enzymatic hydrolysis of EFB, resulting in approximately 6.5-fold higher glucose yield than that of untreated EFB. Subsequently, batch fermentation was performed using the FeCl3-pretreated EFB hydrolysate as medium using A. succinogenes.  

3.3 Succinic acid production
Fermentation of EFB hydrolysates and was compared with that in a defined medium to evaluate the succinic acid production profile of A. succinogenes. The defined medium was formulated to mimic the sugar composition of the EFB hydrolysate, serving as a reference for comparison. The fermentation performance of both substrates was assessed in terms of succinic acid concentration, yield, productivity, and byproduct formation (Table 1).

 Table 1: Comparison of succinic acid production utilising EFB hydrolsate and defined medium
	Parameters
	Defined medium
	EFB hydrolysate

	Succinic acid titer (g/L)
	21.51 ± 0.26
	24.21 ± 0.13

	Yield (g/g)
	0.44
	0.53

	Productivity (g/L·h)
	0.90
	1.01

	Formic acid (g/L) (by-product)
	7.57 ± 0.28
	6.90 ± 0.12

	Acetic acid (g/L) (by-product)
	8.72 ± 0.15
	13.95 ± 0.11



The fermentation of EFB hydrolysate resulted in a higher succinic acid concentration (24.21 g/L) compared to the reference medium (21.51 g/L). This indicates that the EFB hydrolysate, having been pretreated with FeCl3, provided sufficient fermentable sugars and nutrients to support effective microbial growth and acid production. In terms of yield, it was also higher for the EFB hydrolysate (0.53 g/g) than for the reference medium (0.44 g/g). This suggests more efficient substrate utilisation when biomass-derived feedstock was used, potentially due to the presence of additional micronutrients or a favourable sugar composition in the hydrolysate. Productivity was also superior for the EFB hydrolysate (1.01 g/L·h) compared to the reference medium (0.90 g/L·h). This reflects a faster conversion rate, making the bioprocess more time-efficient when biomass feedstock was used. 
In addition, there were differences in by-product formation observed with the EFB hydrolysate. Formic acid production was slightly lower in the EFB hydrolysate (6.90 g/L) compared to the reference medium (7.57 g/L), suggesting a marginal shift in metabolic flux away from this side product. However, acetic acid concentration was significantly higher in the EFB hydrolysate fermentation (13.95 g/L) compared to the reference (8.72 g/L), which may be attributed to the presence of native acetylated compounds in the lignocellulosic feedstock, or variations in microbial metabolism in response to the more complex substrate matrix.
In this study, although FeCl3 pretreatment effectively enhanced sugar release, it may also contribute to the formation of inhibitory by-products, particularly organic acids and soluble phenolics. The relatively high acetic acid concentration observed during fermentation of EFB hydrolysate could be partially attributed to the release of acetyl groups from hemicellulose during pretreatment. While A. succinogenes is known to tolerate certain levels of inhibitors, excessive accumulation may shift metabolic flux towards by-product formation rather than succinic acid synthesis.
Nevertheless, the comparable or improved fermentation performance observed in this study suggests that the inhibitor levels in the EFB hydrolysate were within a tolerable range. This could be due to the optimisation of pretreatment conditions (moderate FeCl3 concentration and reaction time), which helped minimise excessive degradation of sugars into toxic compounds. Additionally, the presence of nutrients in the hydrolysate may have supported microbial robustness and partially mitigated inhibitory effects.
The results demonstrate that the EFB hydrolysate outperforms the defined reference medium in succinic acid production. This highlights the potential of using oil palm biomass as a low-cost, sustainable feedstock for succinic acid production. Its superior yield and productivity make it an attractive alternative for industrial-scale bioprocesses, aligning with the goals of green chemistry and circular bioeconomy.
3.4 Succinic acid purification 
A downstream process for the separation and purification of succinic acid was developed, beginning with the decolourisation of the fermentation broth. Various adsorbents were screened to assess their effectiveness in removing colour impurities and improving broth clarity. Table 2 presents the efficiency of various absorbent or decolorising agents in removing colour from the EFB fermentation broth, a crucial step in downstream processing for products such as succinic acid. The results showed that the powdered AC demonstrated the highest decolourisation efficiency at 95.26%. Its high surface area and fine particle size likely contributed to the superior adsorption of coloured compounds. In contrast, coarse AC achieved only 49.91% efficiency, which was significantly lower than that of the powdered AC, indicating that particle size can impact adsorption capacity. 

   Table 2: Screening of absorbent/decolorising agent for colour removal of EFB fermentation broth
	Type of absorbent/ decolorising agent
	Colour removal efficiency (%)

	Clay pebbles 
	25.53 ± 0.37

	Vermiculite
	-43.59 ± 4.93

	Cellulose
	-24.27 ± 1.16

	Hydrogen peroxide
	72.64 ± 0.44 

	Activated carbon (coarse)
	49.91 ± 0.13

	Activated carbon (powdered)
	95.26 ± 3.88



Hydrogen peroxide achieved 72.64% efficiency, likely due to its oxidative action in breaking down colour-causing compounds. Clay pebbles demonstrated a modest efficiency at 25.27%, providing some physical adsorption but lacking chemical interaction with colourants. On the other hand, vermiculite (-43.59%) and cellulose (-24.27%) were ineffective, showing negative efficiencies. The negative values suggest that leached pigments or impurities returned to the broth, worsening the colour. These materials may be chemically incompatible with the broth or poorly processed. Similarly, powdered AC prepared via H3PO4 activation of hydrothermally treated corncob exhibited excellent performance, achieving 99% decolourisation in removing pigments from citric acid fermentation broth (Qin et al. 2017). In another study, powdered AC also outperformed granular AC in the removal of metaldehyde from water, which was attributed to its higher surface area and broader pore size distribution (Kamarudin et al. 2024). Therefore, powdered AC was identified as the most suitable decolourising agent in this study, likely due to its high porosity and surface area, and was selected for the subsequent purification step.
The decolourised broth was then treated with HCl to lower the pH to 2.0 ± 0.1. This acidification step converts succinate salts to succinic acid and precipitates impurities as insoluble chlorides (Thuy and Boontawan, 2017). Prior to succinic acid crystallisation, volatile carboxylic acids (i.e. formic acid and acetic acid) were removed from the broth via vacuum distillation at 90°C. These compounds have significantly lower boiling points than succinic acid and therefore vaporised along with the majority of water. 

A higher concentration of succinic acid led to a higher recovery of its crystals, given the limited solubility of succinic acid. Once the concentration exceeds its crystallisation point, succinic acid could no longer remain dissolved in the solution, prompting crystallisation (Li et al., 2010; Luthfi et al., 2020). The concentrated solution was cooled to 4ºC to produce precipitated succinic acid crystals, which were then dissolved in distilled water for a purity check. The evaporative crystallisation process developed in this study enabled the production of pure succinic acid (100% purity) with a satisfactory recovery rate of 90.6% from the EFB fermentation broth.
Conclusion
The study successfully demonstrated the feasibility of producing bio-based succinic acid from EFB through an integrated bioconversion process. The use of FeCl3 pretreatment effectively enhanced hemicellulose removal and significantly improved enzymatic hydrolysis efficiency, resulting in a substantial increase in glucose yield compared to untreated biomass. Subsequent fermentation using Actinobacillus succinogenes showed that EFB hydrolysate is a highly effective substrate, achieving superior succinic acid yield, concentration and productivity compared to a defined medium. These findings highlight the potential of lignocellulosic biomass not only as a sustainable feedstock but also as a performance-enhancing medium for microbial fermentation.

In addition, the downstream processing strategy, particularly the use of powdered activated carbon for decolourisation, proved to be highly effective in improving product quality. The developed purification process enabled high-purity succinic acid recovery with an excellent recovery rate, demonstrating the practicality of the overall process. Overall, this work supports the integration of EFB valorisation into a biorefinery framework, contributing to waste minimisation, value-added product generation, and the advancement of Malaysia’s circular bioeconomy. Future studies should focus on process scale-up, cost optimisation, and minimisation of by-product formation to further enhance industrial applicability.
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