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Abstract. The potential of oil palm empty fruit bunches (OPEFB) as a raw material for membrane 

production has not been fully explored. OPEFB waste contains a relatively high cellulose content, a 

natural polymer that can serve as a precursor for plastic and membrane synthesis. Membranes are 

semi-permeable barriers commonly employed in applications such as clean water purification and 

liquid waste treatment. To utilize cellulose from OPEFB, it must first be converted into cellulose 

acetate (CA) via an acetylation reaction. Cellulose acetate is a biodegradable polymer known for its 

hydrophilic nature, high chemical stability, and mechanical strength, making it a widely used ma-

terial in membrane technology. Moreover, CA is suitable as a matrix for developing nanocomposite 

membranes with enhanced performance characteristics. Membranes are typically fabricated using 

the phase inversion technique, involving solvents such as acetone or dimethylformamide (DMF). 

The resulting membrane properties—including morphology, porosity, and chemical interactions—

depend on the choice of polymer and additives in the casting solution. Additives such as nano-silica 

and polyethylene glycol (PEG) are often incorporated to improve tensile strength, increase hydro-

philicity, and control pore size distribution. Optimizing the composition ratios of cellulose acetate, 

solvent, and additives is essential to achieve desirable properties, particularly for ultrafiltration (UF) 

applications. OPEFB offers promising potential as a sustainable, renewable resource for producing 

UF membranes, supporting circular economy principles and waste valorization in environmental 

applications. 
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1. Introduction 

Water is an essential resource for humans and other living organisms. However, not all regions have access to 

adequate water supplies. Coastal areas and small islands located at river mouths or in the open sea often suffer from a 

scarcity of clean water sources, which becomes particularly critical during prolonged dry seasons. The quality of 

groundwater in these regions is highly dependent on rainfall. During dry periods, the lack of freshwater recharge from 

rainfall allows seawater intrusion, leading to contamination of groundwater. This results in elevated concentrations of 

chloride salts and total dissolved solids (TDS), often exceeding 3,000 ppm. 

Membrane technology is an effective method for water treatment, offering advantages in terms of energy efficiency, 

cost-effectiveness, and space utilization. A membrane is a thin, porous, semi-permeable film that acts as a barrier to 

remove pollutants and undesirable substances. In Indonesia, membrane technology is widely applied; however, most 

membranes are still imported. This dependence on imports makes membrane replacement both costly and time-

consuming. Common materials used in membrane-based water purification include polysulfone (Mamah et al., 2021; 

Rahmat et al., 2020) and cellulose acetate (Alvianto et al., 2022; Apriani et al., 2017;Handayani et al., 2017; Oprea & Voicu, 

2023). Notably, cellulose-based membranes can be synthesized from waste biomass such as oil palm empty fruit 

bunches (OPEFB). 
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Indonesia is the world’s largest producer of palm oil, supported by vast plantation areas dedicated to its cultiva-

tion. For every fresh fruit bunch (FFB) harvested, approximately 22–23% of the biomass becomes oil palm empty fruit 

bunch (OPEFB) waste. This implies that for every 100 tons of palm oil produced per hour, around 22–23 tons of OPEFB 

waste are generated (Apriani et al., 2017). From 2016 to 2022, the area of palm oil plantations in Indonesia has steadily 

increased, and national palm oil production is projected to continue its upward trend through 2022 (Direktorat Jendral 

Perkebunan, 2020). Based on data from the Indonesian Ministry of Industry, the total OPEFB waste generated in Indo-

nesia was estimated to reach 51 million tons in 2022. Utilizing OPEFB as a raw material for cellulose production not 

only addresses environmental concerns but also adds economic value to agricultural waste. OPEFB solid biomass is 

composed of approximately 45.95% cellulose, 22.84% hemicellulose, and 16.49% lignin (Pratama & Sa’diyah, 2023). 

Therefore, this study aims to explore the potential of OPEFB waste as a sustainable membrane material for water puri-

fication applications. 

Cellulose extracted from oil palm empty bunches (OPEFB) will be reacted with acetic acid to produce cellulose 

acetate (Darmawan, et al., 2018; Handayani et al., 2019; Purba et al., 2023). The reaction for forming cellulose acetate is 

illustrated in equation (1). 

C6H7O2((OH)3)x(s) + 3x(CH3CO)2O(l)  → C6H7O2((OCOCH3)3x(s) + 3xCH3COOH(l)                      (1) 

    cellulose    anhydrite cellulose    cellulose acetate      acetic acid 

Cellulose acetate is a versatile material with a wide range of applications, including coatings, films, plastic textiles, 

and synthetic polymer membranes. Its specific applications are largely determined by the degree of substitution (DS), 

which refers to the number of hydroxyl (-OH) groups replaced by acetyl groups during the acetylation process. For 

example, cellulose diacetate, with a DS of approximately 2.4–2.5, is commonly used for membrane fabrication (Gaol et 

al., 2013). Cellulose acetate is soluble in solvents such as acetone, dimethylformamide, acetic acid, and dioxane. It is a 

widely used polymer recognized for its biodegradability and hydrophilicity. In addition, it demonstrates high chemical 

and mechanical stability, is non-toxic, possesses excellent film-forming capabilities, and is readily available. 

Furthermore, cellulose acetate is biocompatible, renewable, and cost-effective, making it a suitable substrate for the 

development of nanocomposites with enhanced functional properties. 

Cellulose acetate derived from OPEFB can be fabricated into membranes with the addition of nano-silica as an 

additive to enhance mechanical strength and hydrophilicity. Nano-silica is obtained from the ash produced by burning 

OPEFB in boilers (Handayani et al., 2023). This silica nanoparticle product is synthesized from palm shell boiler ash, 

which contains a silica content ranging from 27.62% to 61.1%. Through a combination of mechanical and chemical 

processes—specifically, sol-gel extraction—nano-silica with a purity of up to 97.44% and SiO₂ content of 98.85% can be 

produced, with particle sizes ranging from 100 to 150 nm. The resulting nano-silica has been shown to meet quality 

standards for chemical applications such as paint formulations and molecular sieves (Handayani et al., 2024). 

The distinctions among microfiltration, ultrafiltration, nanofiltration, and reverse osmosis technologies are 

primarily based on differences in membrane pore size, operating pressure, water permeability, and separation 

performance. These parameters determine the suitability of each membrane type for various industrial and 

environmental applications. In this study, an ultrafiltration membrane is selected due to its effectiveness in treating 

river water, groundwater, and brackish water, as well as in processing wastewater and food products. A comparative 

overview of the characteristics and applications of microfiltration, ultrafiltration, nanofiltration, and reverse osmosis 

membranes is provided in Table 1. 
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Table 1. Comparison between microfiltration, ultrafiltration, nanofiltration, and reverse osmosis 

 Microfiltration Ultrafiltration Nanofiltration Reverse osmosis 

Pore size 0,1 – 20 µm 0,01– 0,1 µm 0.002-0.005 µm 1-15 Å 

Operating pressure 0,2 – 2 bar 2 – 5 bar 5 - 10 bar 10 - 100 bar 

Membrane permeability  > 50 

L/(m2.jam.bar) 

10 – 50 

L/(m2.hour.bar) 

1,4 – 12 

L/(m2.hour.bar) 

0,005 – 1,4 

L/(m2.hour.bar) 

Retained compounds Small particles, 

bacteria, oil, 

protein 

Colloidal, 

bacteria, viruses, 

macromolecular 

compounds 

Bacteria, viruses, 

macromolecular 

compounds, 

sugar, divalent 

salts 

Bacteria, viruses, 

macromolecular 

compounds, 

sugars, 

monovalent salt 

Source : Mulder, 1996. 

Membranes can be classified according to the level of pressure applied as the driving force in the filtration process: 

1. Microfiltration 

Microfiltration is a membrane-based separation technique that employs a porous membrane with pore sizes 

typically ranging from 0.1 to 20 µm. This method is effective in removing larger particles, such as bacteria and 

suspended solids, from liquid streams. It generally targets particles larger than 1000 nanometers, making it 

suitable for eliminating microbial contaminants and particulate matter. A notable advantage of microfiltration 

is its chemical-free operation, which makes it particularly suitable as a preliminary stage in water treatment 

processes. However, it is important to highlight that microfiltration is ineffective against much smaller particles, 

such as viruses. 

2. Ultrafiltration 

Ultrafiltration is a membrane separation process that utilizes a semipermeable membrane to separate molecules 

based on their molecular size. Ultrafiltration membranes are typically used to retain molecules with a molecular 

weight greater than 10,000 Daltons. This process can be applied either to purify a solution by removing un-

wanted macromolecules or to concentrate target molecules of interest. 

3. Nanofiltration 

Nanofiltration (NF) is a membrane separation process that operates between ultrafiltration and reverse osmosis 

in terms of the size range of particles it can separate. Nanofiltration membranes possess smaller pore sizes than 

those used in ultrafiltration, enabling the selective removal of divalent ions, organic compounds, and small 

particles, while still allowing partial passage of some monovalent ions. This characteristic makes nanofiltration 

particularly suitable for applications such as water softening, color removal, and partial desalination. 

4. Reverse Osmosis 

Reverse osmosis (RO) is a water purification process that employs a semi-permeable membrane to remove ions, 

molecules, and larger particles from water, with membrane pore sizes typically ranging from 0.1 to 1 nanome-

ter. This process is highly effective in producing high-purity drinking water and is widely applied in both resi-

dential and industrial water treatment systems. 

 

2. Result and Discussion 

2.1. Cellulose acetylation process 

Cellulose acetate is widely used in packaging applications due to its excellent clarity and ease of processing. It was 

also the first thermoplastic material to be utilized in injection molding. Low-viscosity cellulose acetate is employed in 
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the production of paints and as a coating material for substrates such as paper, metal, glass, and other surfaces. 

Additionally, it serves as an adhesive for topographic films. The relationship between the acetyl content of cellulose 

acetate and its corresponding applications is presented in Table 2. 

Table 2. Acetyl content in cellulose acetate and its uses 

Acetyl content (%) Degree of substitution Solvent Suitable  Use 

13 – 18.6 0.6 – 0.9 Water - 

22.2 – 32.2 1.2 – 1.9 2-methoxy-ethanol Plastic, laker paint 

36.5 – 42.2 2.0 – 2.8 Acetone Thread, topografi film, membrane 

43 – 44.8 2.8 –  3.9 Cloroform Cloth, thread wrapping 

 

Factors influencing the acetylation reaction: 

1. Temperature 

Elevated temperatures can cause the degradation of cellulose and cellulose acetate, which may subsequently 

reduce product yields. 

2. Acetylation Time 

Prolonged acetylation times may also lead to the degradation of cellulose and cellulose acetate, thereby resulting 

in reduced product yields. 

3. Stirring Speed 

An increased stirring speed enhances mass transfer, thereby accelerating the reaction rate and ultimately 

improving the product yield. 

4. Amount of Acetic Acid 

An increased quantity of reactants raises the likelihood of collisions between them, thereby affecting the speed 

of the acetylation reaction. 

5. Amount of Solvent 

The amount of solvent influences the homogeneity of the reaction mixture. However, an excessive volume of 

solvent can dilute the reactants, reducing the frequency of molecular collisions and consequently decreasing the 

product yield. 

 

Description of the cellulose acetylation process for cellulose acetate synthesis: 

Acetylation is a critical chemical modification step in the synthesis of cellulose acetate, in which the hydroxyl 

groups (–OH) on the cellulose polymer backbone are converted into acetate groups (–OCOCH₃) through an esterifica-

tion reaction with acetic anhydride. The starting material is typically α-cellulose, which is commonly derived from 

biomass sources such as oil palm empty fruit bunches (EFB), and undergoes extraction and purification prior to the 

acetylation process (Apriani et al., 2017; Gaol et al., 2013). 

The dry cellulose is first mixed with glacial acetic acid, which serves as the solvent medium. Acetic anhydride is 

then introduced as the acetylating agent, typically in the presence of an acid catalyst such as sulfuric acid or hydrochloric 

acid to accelerate the esterification reaction (Darmawan et al., 2018; Handayani et al., 2019). The reaction is generally 

conducted at temperatures ranging from 30°C to 60°C for a duration of 1 to 5 hours, with continuous stirring to ensure 

uniform mixing of the reactants (Apriani et al., 2017; Handayani et al., 2019). 

The degree of substitution (DS), defined as the average number of hydroxyl groups replaced by acetate groups per 

anhydroglucose unit, plays a critical role in determining the physical and chemical properties of the resulting cellulose 

acetate. For membrane applications, optimal DS values typically range from 2.4 to 2.9 (Apriani et al., 2017; Gaol et al., 

2013). Upon completion of the acetylation reaction, the product is precipitated by the addition of water, followed by 

repeated washing with water and organic solvents such as methanol to remove residual reactants and acid catalysts 

(Apriani et al., 2017; Handayani et al., 2019). 

The final cellulose acetate product is dried at low temperatures to obtain a fine powder suitable for membrane 

fabrication (Apriani et al., 2017). Characterization techniques such as Fourier-transform infrared spectroscopy (FTIR), 
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X-ray diffraction (XRD), and solubility testing are employed to verify the success of the acetylation process and to eval-

uate the enhanced thermoplastic properties relevant for filtration membrane applications (Gaol et al., 2013; Handayani 

et al., 2019). 

 

2.2. Preparation of Membrane 

Cellulose acetate is one of the most widely utilized polymers in membrane fabrication, commonly processed 

through the phase inversion method. This technique involves the transformation of a homogeneous polymer solution 

into a solid membrane via a controlled phase transition from liquid to solid. The process typically begins by casting the 

polymer solution onto a flat substrate, followed by immersion in a coagulation bath—commonly distilled water. This 

immersion facilitates the exchange between solvent and nonsolvent, promoting solvent removal from the polymer 

matrix and leading to the formation of a thin membrane layer (Murni, 2010). For successful membrane formation, it is 

essential that the polymer is fully soluble in the selected solvent. Moreover, several parameters—including the presence 

of additives, temperature, immersion time, polymer concentration, and the type of solvent—have a substantial influence 

on the kinetics of phase separation and the resulting membrane structure (Marlina et al., 2017). 

Phase inversion is a widely applied technique for membrane fabrication, wherein a homogeneous polymer solution 

undergoes a transformation from a liquid phase to a solid membrane form through phase separation (Mulder, 1996). 

During the initial stage, the polymer solution separates into two immiscible liquid phases. One of these phases, enriched 

with a higher concentration of polymer, subsequently solidifies to form the fundamental structure of the membrane 

(Purkait et al., 2018). This technique enables the formation of porous polymer membranes with diverse morphological 

characteristics. The final membrane structure, including its porosity, mechanical properties, and surface characteristics, 

is significantly influenced by the type of polymer and the specific additives incorporated into the casting solution 

(Purkait et al., 2018). 

The immersion deposition method involves the formation of cellulose acetate membranes through a phase 

inversion process. Initially, the polymer is completely dissolved in an appropriate solvent to form a homogeneous 

casting solution. Upon immersion into a nonsolvent bath, phase separation is induced, prompting the polymer to 

migrate from the solvent-rich phase into the nonsolvent phase. This migration results in polymer precipitation and the 

formation of a solid matrix, which subsequently develops into a membrane. The demixing behavior during this phase 

inversion is significantly influenced by the solvent–nonsolvent exchange kinetics (Purkait et al., 2018). 

Two distinct demixing mechanisms are generally observed: 

1. Instantaneous Demixing: This occurs immediately after the casting solution is immersed in the nonsolvent 

bath. The rapid exchange between solvent and nonsolvent leads to the formation of a porous surface layer 

accompanied by finger-like macrovoid structures in the sublayer. 

2. Delayed Demixing: In this mechanism, solvent–nonsolvent exchange occurs more gradually, resulting in a 

slower phase separation. Consequently, the membrane exhibits a dense top layer with fewer microvoids and 

a sponge-like substructure (Purkait et al., 2018). 

Several factors influence membrane morphology and performance during the phase inversion process, including 

polymer type, selection of solvents and non-solvents, polymer solution composition, coagulation bath composition, 

solution temperature, precipitation medium, incorporation of additives, and evaporation time. Each of these parameters 

plays a critical role in determining the pore structure, mechanical properties, and separation efficiency of the resulting 

membrane. 

a. Polymer selection 

Polymer selection is a fundamental step in membrane fabrication, as the type of polymer used significantly 

influences the resulting membrane's mechanical strength, flexibility, chemical resistance, and overall perfor-

mance (Kaner et al., 2017). The chemical structure of the polymer—including functional groups, molecular 
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weight, and chain configuration—plays a pivotal role in determining its interactions with solvents and non-

solvents, as well as the hydrophilic or hydrophobic nature of the membrane. 

Key mechanical properties, such as tensile strength and elasticity, along with thermal characteristics like the 

glass transition temperature (Tg), are critical in assessing the polymer's suitability for specific membrane appli-

cations. Furthermore, the chemical resistance of the polymer to various operating environments is essential, 

particularly for applications involving harsh chemicals or biological compatibility. For instance, biomedical 

membranes require polymers that are non-toxic and biocompatible. Thus, the selection of an appropriate poly-

mer fundamentally determines the structural and functional characteristics of the membrane and its applicabil-

ity across diverse fields. 

b. Selection solvent and non-solvent 

To ensure the formation of a homogeneous polymer solution, the selected solvent must be capable of com-

pletely dissolving the polymer. In addition to solubility, the solvent’s volatility plays a critical role during the 

evaporation phase. Excessively high volatility can cause rapid solvent loss, leading to irregular pore formation 

and non-uniform membrane structures. On the other hand, solvents with very low volatility may hinder the 

membrane formation process by delaying solvent removal. 

Non-solvents are equally important in the membrane fabrication process, as they induce phase separation 

and promote polymer precipitation, thereby contributing to pore development. The interactions among the 

polymer, solvent, and non-solvent are key determinants of the resulting membrane's pore morphology and 

permeability. Therefore, careful selection of solvent–non-solvent combinations is essential, as these parameters 

directly influence pore size, pore distribution, and membrane thickness (Marino et al., 2018). 

For effective membrane formation, the solvent must be capable of fully dissolving the polymer. In the case 

of cellulose acetate, commonly used solvents include dimethylacetamide (DMAc), acetone, dioxane, acetic acid, 

and formic acid. The selection of an appropriate solvent can be guided by the concept of solubility parameters, 

which quantify the cohesive energy density of a substance and reflect the strength of molecular interactions.  

A key principle in solvent selection is that a smaller difference in solubility parameters (Δδ) between the 

polymer and the solvent indicates stronger compatibility and improved solubility. For cellulose acetate, the 

solubility parameter is approximately 19.96 MPa. Table 3 presents the solubility parameters of various solvents 

commonly employed in the dissolution of cellulose acetate, enabling a comparative assessment for optimal sol-

vent selection. 

Table 3. Solubility Parameters 

Solvent Solubility  

(δ (MPa1/2) 

∆δ (Solubility different) 

With cellulose acetate 

Dioxane 20.6 0.64 

Acetone 20.3 0.34 

DMAc 22.1 2.14 

Acetic acid 20.7 0.74 

Formic acid 24.8 4.48 

DMF 24.8 4.84 

 

c. The composition of the polymer solution 

The composition of the polymer solution is a critical factor in the membrane fabrication process, significantly 

influencing both the structural characteristics and functional properties of the resulting membrane (Kahrs & 

Schwellenbach, 2020). Achieving a homogeneous polymer solution is essential to ensure consistent membrane 
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quality. The addition of other components to the polymer solution may induce phase separation (demixing), 

potentially disrupting the membrane formation process and leading to undesired morphologies. 

The polymer concentration directly affects the solution’s viscosity, which in turn influences membrane for-

mation. Low-viscosity solutions tend to produce brittle membranes due to insufficient polymer content, 

whereas excessively high viscosities may hinder casting and result in processing difficulties. Furthermore, the 

type and proportion of solvents used play a vital role in determining pore morphology and membrane perme-

ability. An ideal solvent should exhibit strong polymer solubility and possess suitable volatility to facilitate 

controlled evaporation. The appropriate combination of solvents can promote uniform pore development and 

improve overall membrane performance (Yao et al., 2019). 

d. Coagulation tank composition 

The amount of solvent present in the coagulation bath plays a critical role in determining the resulting mem-

brane structure. The maximum allowable solvent concentration in the bath is constrained by the binodal line in 

the ternary phase diagram (see Figure 1). As the binodal line shifts closer to the polymer–solvent axis, a greater 

amount of solvent can be incorporated into the bath without inducing immediate phase separation. In contrast, 

when the coagulation bath consists solely of pure water without any added solvent, the polymer–water mixture 

undergoes instantaneous demixing due to the composition falling outside the stable phase boundary, resulting 

in rapid phase separation (Purkait et al., 2018). 

 
Figure 1. Schematic representation of a ternary phase diagram illustrating the phase inversion mechanism in 

membrane formation via water-induced phase separation (adapted from Purkait et al., 2018). 

e. Polymer solution temperature 

Temperature variations during the membrane formation process significantly influence membrane mor-

phology, pore structure, and overall performance (Wang et al., 2019). An increase in temperature generally re-

duces the viscosity of the polymer solution due to enhanced molecular kinetic energy, thereby facilitating the 

casting process and membrane formation. Additionally, higher temperatures improve the solubility of poly-

mers in solvents, which in turn affects phase separation kinetics and the resulting pore structure. Moreover, 

elevated temperatures accelerate solvent evaporation, potentially altering the surface morphology and reducing 

the thickness of the membrane’s active layer. 

f. Precipitation Medium 

Water is widely utilized as a precipitating agent in membrane fabrication due to several advantageous prop-

erties. Firstly, it enables the formation of membranes with higher flux compared to other commonly used non-

solvents such as isopropanol or methanol. Secondly, given that membrane production typically requires large 

volumes of precipitating agents, which must be replenished frequently, the selection of an environmentally 

benign agent is crucial. In this context, water is a favorable choice, as it is non-toxic, non-polluting, and poses 
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minimal environmental risk. Moreover, water is abundantly available and cost-effective, further supporting its 

suitability for large-scale membrane manufacturing. 

g. Addition of additives 

Additives used in the membrane fabrication process, particularly via the casting method, play a critical role 

in modifying both the physicochemical properties and structural characteristics of the membrane. For instance, 

the incorporation of monosodium glutamate (MSG) can accelerate polymer deposition, whereas other additives 

such as benzene may inhibit this process. Careful selection of additives is essential to achieve a membrane with 

the desired sponge-like morphology. Ideally, the selected additive should be highly soluble in the solvent yet 

exhibit low volatility. Such a property ensures the additive remains in the casting solution during solvent evap-

oration, thereby significantly influencing pore formation within the membrane. 

h. Evaporation Time 

The duration of solvent evaporation during the membrane fabrication process has a significant influence on 

the resulting pore structure of the membrane (Junoh et al., 2020). Solvents play a critical role in pore formation; 

however, prolonged evaporation can cause the initially formed pores to merge, leading to reduced pore size 

and density. In contrast, shorter evaporation times generally result in a higher number of larger pores. It is 

important to consider that under high operating pressures, membranes with excessively large pores and thin 

selective layers are more prone to mechanical failure. Therefore, optimizing the evaporation time is crucial for 

achieving a membrane with a desirable pore morphology suitable for specific applications (Dong et al., 2021). 

Furthermore, the evaporation rate is affected by factors such as the type of solvent, ambient temperature, and 

relative humidity. 

 

2.3. Membrane Performance Test 

The primary parameters used to evaluate the performance of filtration membranes are flux and rejection. Flux is 

defined as the volume of permeate produced per unit membrane area per unit time during membrane operation. 

𝐽𝑣 =
𝑉

𝐴 𝑡
                     (2) 

Information: 

Jv  = volume flux (L/m2.jam) 

A = membrane surface area (m2) 

t = time (hour) 

v = permeate volume (L) 

Membrane selectivity (or rejection) refers to the membrane's ability to separate specific components from the feed 

stream. The selectivity is quantitatively expressed by Equation (3). 

𝑅(%) =
𝐶𝑓𝑒𝑒𝑑−𝐶𝑝𝑒𝑟𝑚𝑒𝑎𝑡

𝐶𝑓𝑒𝑒𝑑
𝑥100%                  (3) 

 

Information : 

R   = Rejection percentage (%) 

Cfeed  = concentration of particles in the feed 

Cpermeate = concentration of particles in the permeate 
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Flux is typically measured over one hour of membrane operation with a specific volume of feed solution. A higher 

flux value indicates greater permeability, meaning that water passes more easily through the membrane. Conversely, a 

decrease in flux suggests fouling due to the accumulation of contaminants on or within the membrane pores. As a result, 

periodic membrane cleaning is necessary. Several flux values reported in studies using cellulose acetate membranes are 

summarized in Table 4. 

Table 4. Comparison of flux value results from various references 

Researches Membrane Pressure Flux Information 

Li et al. (2016) CA 15% w/v 2 bar 45 L/(m²h) The effect of polymer concentration 

on membrane flux CA 18% w/v 32 L/(m²h) 

Ahmad et al. (2018) CA/PVP 3 bar 85-95 L/(m²h) The increase of flux is attributed to 

the pore forming effect of PVP which 

increases membrane porosity 

Chen et al. (2020) CA modified TiO2  

nanopartikel  

2.5 bar 120 L/(m²h) The significant improvement is due to 

increased hydrophilicity and the 

formation of more efficient water 

flow paths 

Wang et al. (2021) CA/PEG 5% 2 bar 65-75 L/(m²h) The value varies depending on the 

concentration of PEG added 

 

A schematic diagram of the conversion process from oil palm empty fruit bunches (OPEFB) to an ultrafiltration mem-

brane is presented in Figure 2. 
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Figure 2. Schematic diagram illustrating the transformation of oil palm empty fruit bunches (OPEFB) into ultrafiltra-

tion membrane components. 
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Pretreatment :
- Washing
- - Drying

Cellulose Extraction :
- Delignification

- HemicelluloseRemoval

Cellulose Acetate Synthesis :
Cellulose Acetylation

Polymer Solution Preparation :
- Solvent Dissolution

- Addition of Additives (PEG, nanoparticles)

Membrane Fabrication :
- Phase inversion process
- Film Casting & Immersion

Membrane Characterization :
Porosity, flux, permeability,

rejection, filtration performance
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Table 5. Comparation of OPEFB membranes and conventional commercial membrane: environmental and 

sustainability aspects 

Aspect OPEFB Membrane (cellu-

lose acetate from OPEFB) 

Conventional Commercial 

Membrane (Polysulfone, 

Polyethersulfone) 

Main references 

Raw Material 

Source 

Local agricultural waste,  

renewable, abundant 
Petroleum, non-renewable 

Direktorat Jendral Perke-

bunan (2020); Oprea & 

Voicu (2023) 

Carbon Emissions 
Lower, simple process, local 

materials 

Higher, complex synthesis 

and transportation 

Dong et al. (2021); Kahrs & 

Schwellenbach (2020) 

Recyclability &  

Biodegradability 

Biodegradable, easily  

decomposed or recycled 

Difficult to degrade, waste 

hard to manage 

Dong et al. (2021); Purba et 

al. (2023)  

Energy Usage in  

Production 

Low due to simpler chemical 

process 

High for polymerization and 

mass production 

Kahrs & Schwellenbach 

(2020); Marino et al. (2018) 

Impact on  

Agroindustry 

Reduces empty fruit bunch 

waste, adds value to oil palm 

farmers 

No positive impact 

Direktorat Jendral Perke-

bunan (2020); Handayani 

et al. (2019) 

Circular Economy  

Potential 

High, uses waste material 

and supports circular  

economy 

Low, dependent on fossil 

materials and hard-to- 

manage waste 

Oprea & Voicu (2023); 

Purba et al. (2023) 

Production Cost 
Lower (waste-based raw  

material, simple process) 

Higher (synthetic polymer 

raw material, energy- 

intensive processes) 

Apriani et al. (2017); Rah-

mat et al. (2020) 

 

2.4. Commercial Potential and Challenges of Implementation Membrane from OPEFB 

Several studies have reported the successful fabrication of cellulose acetate membranes derived from oil palm 

empty fruit bunch (OPEFB), exhibiting favorable physical and mechanical properties, including porosity suitable for 

ultrafiltration and competitive filtration performance (Apriani et al., 2017; Handayani et al., 2019). The relatively simple 

phase inversion method, when combined with surface modifications using TiO₂ nanoparticles or natural antibiofouling 

agents, has been shown to improve membrane performance by enhancing fouling resistance and operational durability 

(Alvianto et al., 2022; Chen et al., 2020; Rahmat et al., 2020). 

From a commercialization perspective, the abundant availability of raw materials and relatively lower production 

costs compared to conventional synthetic membranes represent significant advantages. The utilization of oil palm 

empty fruit bunch (OPEFB) waste not only offers potential appeal to the water treatment industry and environmentally 

conscious product developers, but also aligns with efforts to enhance agro-industrial waste management strategies 

(Direktorat Jendral Perkebunan, 2020). 

However, the transition from laboratory-scale membrane fabrication to industrial-scale production entails several 

technical and economic challenges, including: 

1. Raw Material Quality Consistency 

The chemical composition and physical properties of oil palm empty fruit bunch (OPEFB) waste are influenced 

by environmental factors and variations in palm oil processing techniques (Gaol et al., 2013). This inherent 

variability may compromise reproducibility and membrane quality, thereby underscoring the need for 

standardized raw material specifications and optimized pretreatment protocols. 

2. Process Scalability 

Laboratory-scale membrane fabrication using the phase inversion method must be scaled and optimized to 

accommodate industrial production demands, with particular emphasis on precise control of processing 

parameters such as temperature, immersion time, and polymer solution composition (Kahrs & Schwellenbach, 
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2020; Mulder, 1996). Such process optimization is essential to achieve consistent membrane morphology, 

structural integrity, and operational reliability. 

3. Laboratory-scale membrane synthesis via phase inversion must be adapted to meet industrial production 

volumes, including precise control of processing parameters such as temperature, time, and polymer solution 

composition composition (Kahrs & Schwellenbach, 2020; Mulder, 1996). Such optimization is critical to ensure 

consistent membrane properties and reliable performance. 

4. Fouling Control and Membrane Longevity 

Fouling remains one of the primary challenges in membrane-based water filtration systems (Kaner et al., 2017; 

Mamah et al., 2021). Although surface modifications using nanoparticles or antibacterial agents have 

demonstrated potential in mitigating fouling, their long-term performance and stability under real-world 

operational conditions warrant further in-depth investigation. 

5. Production Costs and Infrastructure 

Although raw materials are relatively inexpensive, overall production costs are significantly affected by the 

processing technologies and chemical treatment methods employed. Investment in large-scale manufacturing 

infrastructure, quality assurance systems, and product distribution logistics constitutes a critical component of 

techno-economic feasibility assessments (Purkait et al., 2018). 

6. Regulatory Compliance and Product Certification 

Membranes fabricated from novel materials such as oil palm empty fruit bunch (OPEFB) fibers must meet 

established water treatment standards, including assessments of toxicity, mechanical durability, and long-term 

stability (Handayani et al., 2017; Oprea & Voicu, 2023). The certification process may entail considerable time, 

technical validation, and regulatory compliance efforts 

3. Conclusion 

Oil palm empty fruit bunches (OPEFB) contain a substantial amount of cellulose, accounting for approximately 12.4 

million tonnes (40% of 31 million tonnes of OPEFB generated in 2022), which holds significant potential for the 

production of membranes, bioplastics, and other value-added materials. To convert cellulose into a membrane material, 

it is first acetylated with acetic acid to form cellulose acetate. Cellulose acetate is a versatile material widely used in 

applications such as coatings, films, textile fibers, and synthetic polymer membranes. The specific application of 

cellulose acetate largely depends on its degree of substitution (DS), which refers to the number of hydroxyl (–OH) 

groups replaced by acetyl (–OCOCH₃) groups during the acetylation process. For membrane fabrication, the optimal 

DS typically ranges from 2.4 to 2.5. Cellulose acetate membranes are commonly prepared using the phase inversion 

technique, a process influenced by several factors, including polymer type, solvent and non-solvent selection, polymer 

solution composition, coagulation bath conditions, solution temperature, precipitation medium, the addition of 

additives, and evaporation time. Commonly used solvents for dissolving cellulose acetate include acetone, 

dimethylformamide (DMF), and acetic acid. The evaporation duration prior to phase inversion critically affects 

membrane pore size, enabling the fabrication of membranes suitable for microfiltration, ultrafiltration, nanofiltration, 

or reverse osmosis. Utilizing cellulose derived from OPEFB as a raw material for ultrafiltration membranes presents a 

promising avenue for environmentally sustainable technological innovation with potential economic benefits. However, 

further research is required to address key challenges such as raw material standardization, process optimization, 

fouling control, and comprehensive economic analysis and regulation is crucial to facilitate the transition from 

laboratory-scale development to practical industrial applications.  
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