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Article Info Abstract

Article history: This study developed cellulose acetate-zeolite mixed matrix membrane
adsorbers (CA-zeolite MMMAs) using cellulose acetate synthesized from OPEFB
as the polymer matrix and natural mordenite zeolite as the adsorptive inorganic
filler. The membranes were fabricated to enhance ammonia-nitrogen removal

from synthetic ammonia solution and palm oil mill effluent (POME). Zeolite
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incorporation improved several membrane properties, including pure water
flux, swelling degree, and porosity, compared with pristine cellulose acetate
membranes. However, tensile strength and elongation decreased after zeolite
addition, indicating a trade-off between adsorption-related properties and
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mechanical flexibility. The optimum adsorption performance was achieved using
the CA-zeolite MMMA with 30% zeolite loading and a contact time of 70 min,
producing an ammonia adsorption capacity of 1.051 mg/g under the selected
operating conditions. Adsorption kinetic analysis showed that the pseudo-
second-order model provided a better fit than the pseudo-first-order model,
with an R? value of 0.9104. The adsorption equilibrium was better represented
by the Langmuir isotherm model, with an R? value of 0.9247. The optimized
membrane also showed regeneration potential, with first-cycle regeneration
efficiencies of 83.37% using NaCl and 73.52% using HCl. When applied to actual
POME, the membrane reduced ammonia concentration from 173.93 mg/L to
50.161 mg/L in batch adsorption and 52.136 mg/L in filtration, corresponding
to removal efficiencies of 71.16% and 70.02%, respectively. Although the treated
effluent remained above the regulatory discharge limit of 20 mg/L, the results
demonstrate that OPEFB-derived CA-zeolite MMMAs have potential as
pretreatment or polishing materials for ammonia-nitrogen removal from POME.
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INTRODUCTION

The palm oil industry constitutes a critical sector in the economies of many countries, including
Indonesia. Its primary product, crude palm oil (CPO), is widely utilized across various industries,
ranging from food to cosmetics. Despite its economic importance, the industry faces significant
challenges in managing both liquid and solid waste streams generated during production.
Wastewater from palm oil mills or palm oil mill effluent (POME) contains hazardous substances, such
as oil, grease, and ammonia, which may cause severe environmental pollution if inadequately treated.
In addition to POME, oil palm empty fruit bunches (OPEFB) are generated in large quantities as
lignocellulosic solid residues. Although often underutilized, OPEFB contains cellulose that can be
converted into cellulose acetate, thereby supporting biomass valorization and circular-economy-
oriented wastewater treatment materials.

The disposal of industrial and agricultural waste has substantial social, economic, and
environmental implications. A major nitrogenous pollutant in palm oil mill effluent (POME) is
ammoniacal nitrogen, which may exist as unionized ammonia (NH3) and ionized ammonium (NH4*),
depending on pH and temperature. These species are toxic to aquatic organisms and contribute to
eutrophication when discharged into water bodies without proper treatment. Eutrophication can
lead to excessive algal growth, depletion of dissolved oxygen, and ultimately the mortality of aquatic
organisms. Ammonia, in both its molecular (NH3) and ionic (NH4*) forms, exhibits high toxicity even
atlow concentrations and poses serious risks to aquatic ecosystems and human health (Rohani et al,,
2021). Therefore, reducing ammonia or ammoniacal nitrogen concentration before discharge is
essential to meet environmental quality requirements and protect receiving water bodies.

The palm oil milling industry represents a significant source of ammonia-containing
wastewater. Indonesia has 34 palm oil industrial companies registered with the Ministry of Industry
and distributed nationwide. In Aceh Province alone, there are 55 palm oil mills, with plantation areas
ranging from approximately 200,000 to 400,000 hectares. The expansion of palm oil processing
facilities has resulted in increased crude palm oil (CPO) production (Wibowo et al, 2018),
accompanied by a substantial rise in by-product waste, particularly in the form of palm oil mill
effluent (POME). Under the Indonesian wastewater discharge regulation, the allowable ammonia
concentration for discharge is 20 mg/L; therefore, POME with ammonia concentrations exceeding
this limit requires further treatment before being released into the environment (Ministry of
Environment of the Republic of Indonesia, 2014).

Conventional ammonia removal methods typically involve pond systems, including biological
ponds and lagoons. However, these approaches present several limitations, such as large land
requirements, long hydraulic retention times, inconsistent nutrient removal performance, possible
odor generation, and the need for additional treatment or stabilization before the effluent can meet
regulatory discharge standards (Ministry of Environment of the Republic of Indonesia, 2014).
Membrane technology has emerged as a promising alternative due to its high efficiency in
contaminant separation and removal. Nevertheless, challenges related to membrane stability, fouling
resistance, and performance under varying operational conditions persist. Consequently, integrated
approaches, such as Mixed Matrix Membrane Adsorbers (MMMAs), have been proposed. MMMAs
combine membrane separation with adsorption, thereby enabling contaminant removal through
both physical retention and interaction with active adsorptive sites. This approach may offer shorter
processing times and more compact treatment units compared with conventional pond-based
systems, thereby contributing to improved water resource management.

Mixed Matrix Membrane Adsorbers (MMMAs) represent an advancement in membrane
technology through the integration of organic and inorganic materials to enhance performance. In
this study, cellulose acetate was selected as the organic matrix due to its biodegradability and
environmental compatibility, while zeolite was employed as an inorganic filler owing to its ion-
exchange properties and affinity toward ammonium species. This combination is expected to yield
membranes with enhanced performance for ammonia removal from palm oil mill effluent. MMMAs
offer several advantages, including relatively simple preparation, high filler selectivity, and the
potential to improve selected physicochemical properties, such as porosity, hydrophilicity,
permeability, and adsorption capacity (Qadir et al., 2017). Furthermore, they are reusable and
amenable to scale-up, as they integrate adsorption and filtration processes within a single system.
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However, the incorporation of inorganic particles may also affect membrane mechanical strength,
particle dispersion, and structural integrity; therefore, these properties must be carefully evaluated.

Based on these considerations, this study focuses on the fabrication of composite membranes
(MMMAs) using cellulose acetate synthesized from oil palm empty fruit bunches as the membrane
matrix, optimized through the incorporation of natural mordenite zeolite particles as fillers. Previous
research by Sanaeepur et al. (2015) developed zeolite Y/cellulose acetate MMMAs via an ion-
exchange process; however, their study focused on CO;/N; separation. In contrast, the present study
investigates the application of natural zeolite and cellulose acetate membranes derived from oil palm
empty fruit bunch fibers for ammonia adsorption in wastewater. Unlike previous cellulose acetate-
zeolite mixed matrix membrane studies that mainly focused on gas separation or general water
filtration, this study develops OPEFB-derived cellulose acetate-natural mordenite zeolite MMMAs
specifically for ammonia removal from actual POME. The fabricated membranes were subsequently
characterized and applied to reduce ammonia or ammoniacal nitrogen concentrations in palm oil
mill effluent.

Therefore, this study aims to synthesize cellulose acetate from OPEFB, activate natural
mordenite zeolite, fabricate cellulose acetate-zeolite MMMAs with different zeolite loadings,
characterize their physicochemical, morphological, permeability, and mechanical properties,
evaluate ammonia adsorption performance under different operating conditions, analyze adsorption
kinetics and isotherms, assess membrane regeneration potential, and test the optimum membrane
using actual POME.

METHOD

The research was conducted at the Physical Chemistry Laboratory, Department of Chemistry, Faculty
of Mathematics and Natural Sciences, Universitas Syiah Kuala, Darussalam, Banda Aceh, from
February to August 2024. Fourier Transform Infrared (FT-IR) analysis was performed at the Analysis
and Instrumentation Laboratory, Faculty of Mathematics and Natural Sciences, Universitas Syiah
Kuala. Scanning Electron Microscopy-Energy Dispersive X-ray (SEM-EDX) and X-ray Diffraction
(XRD) analyses were carried out at the Chemistry Laboratory, Institut Teknologi Bandung (ITB),
Indonesia.

Equipment/ Materials/Reagents

The equipment used in this study included standard laboratory glassware (Pyrex or Duran),
glass plates, an oven (Memmert), an analytical balance, graduated cylinders, volumetric flasks,
Erlenmeyer flasks, volumetric pipettes, dropper pipettes, pipette fillers, sample bottles, a hot plate, a
magnetic stirrer, a Soxhlet apparatus, a reflux system, a pH meter, a digital micrometer, a blender,
aluminum foil, a ball mill, a stainless-steel hammer, a shaker, scissors, a sonicator, a centrifuge, and
a UV-Vis spectrophotometer. Instrumental analyses were conducted using FT-IR, XRD, and SEM-EDX
instruments. A casting applicator or casting knife was used to control membrane casting thickness
during membrane preparation.

The primary raw materials used in this study were oil palm empty fruit bunches obtained from
PT Beurata Subur Persada (Nagan Raya) and natural zeolite sourced from Klaten, Central Java. Palm
oil mill effluent (POME) samples were collected from the fourth (aerobic) pond of PT Socfindo, Nagan
Raya Regency. The chemicals used in this study included ethanol (C;HsOH), sodium hydroxide
(NaOH), hydrochloric acid (HCI), sodium hypochlorite (NaOCl), formic acid (CH,0,), sulfuric acid
(H2S04), glacial acetic acid, acetic anhydride, ammonium chloride (NH4Cl) as the ammonia-nitrogen
standard, distilled water (H,0), sodium chloride (NaCl), acetone (C3H¢0), and dimethylformamide
(DMF).

Experiment
Isolation of Cellulose from Qil Palm Empty Fruit Bunches

0il palm empty fruit bunches (OPEFB) were used as the raw material for cellulose isolation,
following the method reported by Saiful et al. (2024). The OPEFB fibers were initially washed with a
1% detergent solution and rinsed with distilled water until the rinse water became colorless. The
fibers were then dried and cut into small pieces. Subsequently, the fibers were subjected to Soxhlet
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extraction using 200 mL of 70% (v/v) ethanol for 6 hours. The extracted fibers were washed with
distilled water to remove residual ethanol and then dried. A total of 10 g of the treated fibers was
suspended in a mixture of 100 mL of 10% NaOH and 100 mL of 10% NaOCI. The suspension was
covered with aluminum foil and autoclaved at 121°C for 1 hour. The fibers were subsequently rinsed
repeatedly until the washing water became colorless. In the next step, the fibers were immersed in a
solution containing 20% formic acid and 10% NaOCl and heated in a water bath at 85°C for 2 hours.
The fibers were then washed with 10% formic acid, followed by rinsing with distilled water, yielding
light yellow cellulose. To obtain purified cellulose, the material was further treated with a mixture of
10% NaOCl and 10% NaOH at 60°C for 90 minutes. The resulting white cellulose was then collected
and dried to constant weight before further use.

Synthesis of Cellulose Acetate

Cellulose acetate was synthesized according to Saiful et al. (2024), beginning with an activation
step. A total of 10 g of isolated cellulose was reacted with 250 mL of glacial acetic acid and stirred at
38°C for 3 hours. The acetylation step was then carried out by adding 75 mL of acetic anhydride and
0.5 mL of sulfuric acid as a catalyst, followed by stirring at 30°C for 2.5 hours until a homogeneous
yellowish-brown solution was obtained. Subsequently, 25 mL of distilled water and 50 mL of glacial
acetic acid were added, and the mixture was stirred for an additional 30 minutes. The hydrolysis step
was performed by adding 2 g of sodium acetate and stirring for 5 minutes. The resulting solution was
diluted with distilled water at a ratio of 1:2 and vigorously shaken until a white precipitate formed.
The precipitate was filtered, washed with distilled water until the acetic acid odor was no longer
detectable, and dried in an oven at 30°C for 24 hours or until constant mass was reached. The final
product, obtained as a white powder, was characterized using FT-IR to confirm the formation of
cellulose acetate.

The cellulose acetate yield was calculated based on the dry mass of cellulose acetate obtained
relative to the initial dry mass of cellulose. Because acetylation introduces acetyl groups into the
cellulose structure, the product mass may exceed the initial cellulose mass; therefore, a yield above
100% was interpreted with consideration of acetyl-group substitution and possible mass gain during
derivatization. The degree of substitution or acetyl content was not determined in this study;
therefore, FT-IR analysis was used as qualitative evidence for successful acetylation. This limitation
is acknowledged because degree of substitution and acetyl content provide quantitative information
on cellulose acetate quality.

Activation of Natural Zeolite

Natural zeolite obtained from Klaten, Central Java, was sieved using a 100-mesh sieve prior to
activation, corresponding to a particle size of approximately less than 149 micrometers. The
activation process was conducted by treating the zeolite with 6% HCl at a solid-to-liquid ratio of 1:10
under magnetic stirring for 3 hours. The treated zeolite was then filtered and washed repeatedly with
distilled water until neutral pH was achieved. The washed zeolite was dried at 110°C for 2 hours and
subsequently calcined at 500°C for 3 hours. The activated zeolite was characterized using SEM-EDX
and XRD to confirm successful activation and to identify its crystalline structure. BET surface area,
pore volume, and cation exchange capacity were not measured in this study; therefore, the
interpretation of adsorption performance was based on XRD, SEM-EDX, and adsorption data.

Fabrication of Cellulose Acetate-Zeolite MMMAs

The fabrication of cellulose acetate-zeolite mixed matrix membrane adsorbers (MMMAs)
followed the method reported by Saiful et al. (2024) with modifications. Membranes were prepared
using the phase inversion method. The dope solution consisted of 11 wt% cellulose acetate, 69 wt%
acetone, and 20 wt% dimethylformamide (DMF). The mixture was stirred for approximately 15
hours until a homogeneous solution was obtained. Zeolite was incorporated into the polymer
solution at different loading levels (0, 10, 20, and 30 wt%) to impart adsorption properties. Prior to
casting, the zeolite-containing dope solution was dispersed by stirring and sonication for [insert
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actual sonication duration] to improve particle distribution in the polymer matrix. The resulting
mixture was cast onto a glass plate using a casting thickness of [insert actual casting gap/thickness]
and was immersed in the coagulation bath after an evaporation time of 0 min because the cast film
was immediately immersed after casting. The coagulation bath contained distilled water at [insert
actual coagulation bath temperature]°C, followed by washing with running water to remove residual
solvents. The membranes were stored [insert wet/dry storage condition] before characterization
and adsorption testing. Final membrane thickness was measured using a digital micrometer and
should be reported for each formulation. The zeolite loading percentage was calculated using the
following equation:

Loading (%) = Weeolite x100% (1)

Wzeolite + Wcellulose acetate

Table 1. Composition of MMMAs with varying zeolite loading.

Zeolite Loading (%) Cellulose Acetate (g) Zeolite (g)
0 2,75 0
10 2,75 0,305
20 2,75 0,687
30 2,75 1,178

Characterization was performed on both pristine cellulose acetate membranes and cellulose
acetate-zeolite MMMAs. The analyses included Fourier Transform Infrared (FT-IR), Scanning
Electron Microscopy-Energy Dispersive X-ray (SEM-EDX), X-ray Diffraction (XRD), flux
measurement, tensile strength testing, swelling degree determination, and porosity analysis.
Membrane thickness was measured at [insert number] different positions, and the average value was
used for membrane property evaluation. Possible zeolite agglomeration at high filler loading was
evaluated from SEM images.

Analysis of Ammonia in the Filtrate Using a UV-Vis Spectrophotometry Preparation of
Nessler Reagent

Nessler reagent was prepared by dissolving 50 g of potassium iodide (KI) in 50 mL of cold
distilled water. A saturated mercury(Il) chloride (HgCl,) solution was prepared separately by
dissolving approximately 22 g of HgCl, in 350 mL of distilled water. The HgCl, solution was then
added dropwise to the KI solution until a precipitate formed. Subsequently, 500 mL of 5 M sodium
hydroxide (NaOH) was added, and the solution was diluted to a final volume of 1 L with distilled
water. The mixture was filtered, and the clear filtrate was stored in a dark bottle.

Preparation of Standard Solutions

A 1000 mg/L ammonia-nitrogen (NH3-N) stock solution was prepared by dissolving 3.819 g of
ammonium chloride (NH4Cl), previously dried at 100°C for 2 hours, in distilled water and diluting to
1000 mL in a volumetric flask (Nurman et al., 2022). A 10 mg/L NH3-N working solution was then
prepared by pipetting 10 mL of the stock solution into a 1000 mL volumetric flask and diluting to
volume with distilled water.

Determination of Maximum Wavelength

The maximum absorbance wavelength (Ana) was determined by mixing 5 mL of a 10 mg/L
NH3-N standard solution with 1 mL of Nessler reagent. The mixture was allowed to react, and
absorbance was measured using a UV-Vis spectrophotometer over the wavelength range of 300-600
nm.

Calibration Curve Construction

A calibration curve was constructed using NHs-N standard solutions with concentrations of 0.2,
0.4, 1.0, 1.5, 2.0, and 3.0 mg/L. For each standard, 2 mL of solution was transferred into a test tube,
followed by the addition of 1 mL of Nessler reagent, 1.25 mL of sodium potassium tartrate (Rochelle
salt), and 0.75 mL of distilled water to obtain a total volume of 5 mL. The mixtures were allowed to
react for 10 minutes, and absorbance was measured at 425 nm. Samples with concentrations above
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the calibration range were diluted using distilled water before analysis, and the final concentration
was calculated by multiplying the measured value by the dilution factor.

Batch Adsorption of Ammonia

Batch adsorption experiments were conducted in 100 mL Erlenmeyer flasks containing 25 mL
of NH3-N solution. A membrane sample (0.1 g) was added, and the mixture was maintained at room
temperature (27 °C) under shaking at 200 rpm. For the contact time study, adsorption was conducted
for 10, 30, 50, 70, 90, and 110 minutes. For the pH study, adsorption was performed at the
equilibrium contact time with pH values adjusted to 3-9 using HC1 0.1 M/NaOH 0.1 M used for pH
adjustment. To evaluate the effect of zeolite loading, membranes containing 10%, 20%, and 30%
zeolite were used. For the initial concentration study, NH;-N concentrations were varied at 3, 6, 9,
12,and 15 mg/L. The residual NH3-N concentration after adsorption was determined using a UV-Vis
spectrophotometer (UVmini-1240, Shimadzu) with Nessler reagent. Adsorption performance was
expressed in terms of adsorption capacity, following Marlina et al. (2020). All adsorption
experiments were conducted in duplicate and the results are presented as mean +/- standard
deviation where applicable. The adsorption capacity and removal efficiency were calculated using
Equations (2) and (3):

e = ((Co - Ce)V)/m (2)
Removal efficiency (%) = ((Co - Ce)/Co) x 100 (3)

where qe is the adsorption capacity (mg/g), Co is the initial NH3-N concentration (mg/L), Ce is the
equilibrium NH3-N concentration (mg/L), V is the solution volume (L), and m is the mass of
membrane adsorbent (g).

Adsorption Isotherms

Langmuir and Freundlich isotherm models were used to evaluate adsorption behavior. The
isotherm analysis was performed using equilibrium data obtained from initial NH3-N concentrations
of 3,6,9, 12, and 15 mg/L at the optimum contact time. Langmuir parameters were calculated using
using the linearized Langmuir equation, while Freundlich parameters were determined using the
linearized Freundlich equation. The calculations were based on initial and equilibrium adsorbate
concentrations, adsorbent mass, and solution volume. The model parameters were rechecked to
ensure consistency between the calculated maximum adsorption capacity and the experimentally
observed adsorption capacity. The Langmuir and Freundlich models were expressed as follows:

1 1 K, 1
= 4+ —5 x—
qeq qm qm Ceq (4)

log g. = log Kr + (1/n) log C. (5)

where Ce is the equilibrium NH3-N concentration (mg/L), ge is the adsorption capacity at equilibrium
(mg/g), qm is the Langmuir maximum adsorption capacity (mg/g), Ks is the Langmuir affinity
constant (L/mg), Kr is the Freundlich adsorption capacity constant, and n is the Freundlich
adsorption intensity parameter.

Membrane Regeneration

Membranes exhibiting optimum adsorption performance were subjected to regeneration tests.
Desorption of adsorbed species was carried out using NaCl and HCl solutions at concentrations of 1
N, 2 N, and 3 N. The membranes were immersed in the respective solutions and shaken for 1 hour,
followed by rinsing with distilled water until neutral pH was achieved and drying in an oven at 70 °C
for 3 hours. The regenerated membranes were subsequently evaluated for adsorption performance.
Because strong acid may affect cellulose acetate stability, the possible effect of HCl regeneration on
membrane integrity was considered in the interpretation of regeneration performance.
Regeneration efficiency was calculated using Equation (6):
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Regeneration efficiency (%) = (qe, regenerated/qe, fresh) x 100 (6)

where qe, regenerated is the adsorption capacity of the regenerated membrane and ge, fresh is the
adsorption capacity of the fresh membrane under the same adsorption conditions. Regeneration was
conducted for two consecutive cycles to evaluate reusability.

Adsorption and Filtration Tests Using Palm Oil Mill Effluent

Palm oil mill effluent (POME) samples were collected from the wastewater treatment facility
of PT Socfindo Indonesia (Nagan Raya), specifically from the fourth (aerobic) pond. A total of 5 L of
wastewater was collected using a plastic container and transferred into a jerry can. Personal
protective equipment (PPE) was used during sampling. The samples were stored at [insert actual
storage temperature]°C and analyzed within [insert actual holding time] to minimize changes in
ammonia-nitrogen concentration. Before UV-Vis analysis, POME samples were diluted using distilled
water when necessary to fit within the calibration range. The batch adsorption procedure described
above was then applied to the POME samples to evaluate membrane performance under actual
wastewater conditions.

For the filtration test, the optimum CA-zeolite MMMA was mounted in a filtration module with
an effective membrane area of 0.00255 m2 and operated at 1 bar. The permeate was collected and
analyzed for NH3-N concentration using the Nessler method. Removal efficiency for real POME was
calculated using Equation (3).

RESULTS AND DISCUSSION
Synthesis of Cellulose Acetate

Cellulose acetate was synthesized from OPEFB-derived cellulose through activation,
acetylation, hydrolysis, and precipitation steps. In the activation stage, glacial acetic acid was used as
a swelling agent to expand the cellulose fiber structure and increase the accessibility of hydroxyl
groups. This treatment facilitates the diffusion of acetic anhydride and sulfuric acid into the cellulose
matrix during acetylation (Darmawan et al., 2018). The acetylation reaction was then carried out
using acetic anhydride as the acetylating agent and sulfuric acid as the catalyst. During this process,
some hydroxyl (-OH) groups in cellulose were substituted by acetyl (~-COCH3) groups, resulting in
the formation of cellulose acetate (Darmawan et al., 2018).

The acetylation reaction was maintained for 2.5 h to promote acetyl substitution while
minimizing possible cellulose degradation or excessive reduction in acetyl content, which may occur
under prolonged reaction conditions (Gaol et al, 2013). The subsequent hydrolysis step was
performed to remove excess acetyl groups and reduce the formation of sulfuric acid ester by-
products. This was achieved by adding glacial acetic acid and distilled water, followed by
neutralization of the sulfuric acid catalyst using sodium acetate (Darmawan et al., 2018).

The synthesis produced cellulose acetate as a white powder. From 20 g of cellulose, 40.18 g of
cellulose acetate was obtained, corresponding to a product mass yield of 200.9%. The yield exceeding
100% can be attributed to the introduction of acetyl groups into the cellulose structure, which
increases the mass of the final derivative relative to the initial cellulose mass. Therefore, this value
should be interpreted as product mass yield rather than conversion efficiency. Complete drying and
removal of residual reagents are also important to ensure accurate yield determination.

FTIR Analysis of Cellulose Acetate Derived from OPEFB

Fourier Transform Infrared (FTIR) spectroscopy was used to confirm the successful synthesis
of cellulose acetate from OPEFB-derived cellulose by identifying changes in characteristic functional
groups before and after acetylation. The FTIR spectra of commercial cellulose, OPEFB-derived

cellulose, OPEFB-derived cellulose acetate, and commercial cellulose acetate are presented in Figure
1.
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The spectra of commercial cellulose and OPEFB-derived cellulose show broad absorption
bands at 3415 and 3426 cm™?, respectively, corresponding to O-H stretching vibrations associated
with hydroxyl groups and hydrogen bonding in cellulose. The bands at 2900 and 2905 cm™ are
attributed to aliphatic C-H stretching vibrations. Absorption bands observed at 1366 and 1362 cm™*
correspond to C-H bending vibrations, while the bands at 1248 and 1251 cm™ are associated with
C-0 stretching vibrations in the cellulose structure. The bands at approximately 1640 and 1637 cm™*
are attributed to O-H bending vibrations of absorbed water, which are commonly observed in
cellulose-based materials.

After acetylation, the OPEFB-derived cellulose acetate spectrum shows a distinct absorption
peak at 1745 cm™, which is assigned to ester carbonyl (C=0) stretching vibrations. This peak is also
observed in commercial cellulose acetate at 1759 cm™, confirming the presence of acetyl groups in
the synthesized cellulose acetate. In addition, the absorption band at 1235 cm™" in OPEFB-derived
cellulose acetate and 1266 cm™ in commercial cellulose acetate corresponds to C-0 stretching of
acetyl groups. The band at 1374-1375 cm ™! is associated with C-H bending of acetyl methyl groups,
while the bands at 2954 and 2949 cm™ correspond to aliphatic C-H stretching.

The similarity between the FTIR spectrum of OPEFB-derived cellulose acetate and that of
commercial cellulose acetate indicates that cellulose extracted from OPEFB was successfully
converted into cellulose acetate. The appearance of the ester carbonyl peak at 1745 cm™, together
with the C-0 acetyl absorption band at 1235 cm™, provides strong evidence of successful acetylation.

Commercial cellulose
|—— OPEFB Cellulose
|—— OPEFB Cellulose acetate

Commercial cellulose acetate)|

2900 1640 266
3415 1248
s (a)
N 2905 2354 1362
< 1637 75 15511032
§ 3426 I |
& | (b)
£ 2954 1745 1374
E 3‘|‘55 1235
= [od
= (c)
2949 1759 1266
3488 1375
(d)
T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wave number (Cm™)

Figure 1. FTIR spectra of (a) commercial cellulose, (b) OPEFB-derived cellulose, (c) OPEFB-
derived cellulose acetate, and (d) commercial cellulose acetate. The appearance of ester carbonyl
peaks at approximately 1745-1759 cm™ and C-0 acetyl peaks at approximately 1235-1266 cm™

confirms the successful acetylation of cellulose.

Figures 1(a) and 1(b) present the FTIR spectra of commercial cellulose and OPEFB-derived
cellulose, respectively. The absorption band at approximately 3415-3426 cm™ corresponds to O-H
stretching vibrations, indicating the presence of hydroxyl groups and hydrogen bonding within the
cellulose structure (Haafiz et al., 2013; Filho et al., 2008; Lismeri et al., 2016). The absorption bands
at 2900-2905 cm™ are attributed to C-H stretching vibrations of CH, groups of an aliphatic chain.
Additionally, bands at 1362-1366 cm™* correspond to CH, bending vibrations, reflecting structural
deformation in cellulose (Aditama et al.,, 2017), while bands at 1248-1251 cm™ are associated with
C-H bending vibrations (Haafiz et al., 2013).

Figures 1(c) and 1(d) show the FTIR spectra of cellulose acetate derived from OPEFB and
commercial cellulose acetate, respectively. The appearance of a strong absorption peak at
approximately 1745 cm™ in OPEFB-derived cellulose acetate, and at 1759 cm™ in commercial
cellulose acetate, indicates the presence of carbonyl (C=0) groups, which are characteristic of ester
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carbonyl functionalities in cellulose acetate (Lismeri et al., 2016). Furthermore, absorption bands at
1235 cm™* (OPEFB-derived) and 1266 cm™ (commercial) confirm the presence of C-O stretching
vibrations associated with acetyl groups (Ginting et al.,, 2023). The band observed at approximately
3465 cm™ corresponds to residual O-H groups, indicating incomplete substitution of hydroxyl
groups, while the peak at 2954 cm™ is attributed to aliphatic C-H stretching vibrations. The
similarity between the FTIR spectra of OPEFB-derived cellulose acetate and commercial cellulose
acetate confirms the successful acetylation of cellulose. A detailed comparison of functional groups
is presented in Table 2.

Table 2. FTIR functional group analysis of OPEFB-derived and commercial cellulose acetate
Wavenumber (Cm-1)
OPEFB Commercial Vibrational

Commercial OPEFB . Description
Cellulose Cellulose Cellulose Cellulose assignment
Acetate Acetate
3415 3426 3465 3488 O-H stretching Alcohols, phenols
2900 2905 2954 2949 C-H stretching Aliphatic C-H stretching
1640 1637 1745 1759 C=Ostretching ~ Cster carbonyl of cellulose
acetate
1366 1362 1374 1375 C-H bending -CH;, from cellulose
1248 1251 1235 1266 C-0 acetyl Alcohols, ester, carboxylic

acids, anhydrides

Characterization of Natural Zeolite
XRD Analysis

X-ray diffraction (XRD) analysis was conducted to determine the crystalline structure of the
natural zeolite before and after activation. The diffraction patterns are presented in Figure 2, while
the corresponding 26 data are summarized in Table 3.

Table 3. 20 data of natural zeolite before and after activation

Before Activation After Activation
20 Desc 20 Desc

13,38 Zeo-M 13,42 Zeo-M
19,61 Zeo-M 19,56 Zeo-M
20,79 02Si-Q 20,73 02Si-Q low
22,17 Zeo-M 22,19 Zeo-M

- - 23,7 02Si-Q
25,54 Zeo-M 25,50 Zeo-M
26,57 02Si-Q 26,56 02Si-Q low
27,53 Zeo-M 27,61 Zeo-M
30,83 Zeo-M 30,79 Zeo-M
35,56 Zeo-M 35,66 Zeo-M
36,50 02Si-Q 36,34 02Si-Q low

- - 39,37 02Si-Q

These results correspond to JCPDS database references 96-153-1897(Cas.4 (Al7.4 Si40.6 096)
(H20)31), 96-900-0777 (SiO2), and low-quartz SiO; standards. The activated zeolite exhibited well-
defined diffraction peaks, indicating increased crystallinity, which is consistent with Renni et al.
(2018). The activation process may remove impurities and improve pore accessibility, thereby
improving the zeolite's adsorption performance (Renni et al.,, 2018). Another characteristic feature
of zeolites is the presence of diffraction peaks at 20 values between 0° and 50°, with sharp peaks
typically observed at angles between 20° and 30° (Ojumu et al., 2016). In this study, both samples
exhibited peaks within this range; however, the difference in peak intensity between the activated
and unactivated zeolite at 2theta approximately 25.6° was small; therefore, successful activation was
interpreted together with SEM-EDS evidence rather than from peak intensity alone.
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Figure 1. XRD diffractograms of natural zeolite before and after activation

Mordenite is a microporous zeolite with an orthorhombic crystal structure and well-defined
channels that facilitate the transport of water molecules and relatively large ions (Muttaqi et al.,
2019). Due to its channel structure, mordenite functions effectively as both a molecular sieve and an
adsorbent (Atikah, 2017). Its exchangeable cations also make it suitable for ammonium removal
through ion-exchange mechanisms.

SEM-EDS Analysis
Scanning Electron Microscopy-Energy Dispersive X-ray (SEM-EDS) analysis was performed to
evaluate the morphology and elemental composition of natural zeolite before and after activation.

SU350040.0KVX5.00K SE

(b)

Figure 2. Morphology of Klaten natural zeolite: (a) before activation and (b) after activation

As shown in Figure 3(a), the unactivated zeolite surface was covered with impurities that
blocked pore openings. In contrast, Figure 3(b) shows that the activated zeolite exhibited a cleaner
and more ordered surface with more clearly defined pores. This observation is consistent with
Setiawan et al. (2018), who reported that calcination effectively removes surface impurities. These
impurities, which may include organic and inorganic compounds, are typically eliminated during acid
activation (Septommy and Badriyah, 2022), thereby improving pore accessibility and adsorption
performance (Sofith etal., 2020). Although BET surface area was not measured in this study, the SEM
observation suggests improved surface accessibility after activation.
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Figure 3. SEM-EDS analysis of zeolite: (a) before activation and (b) after activation

The SEM-EDS results (Figures 4a and 4b) indicate changes in elemental composition
following activation. The concentrations of Mg and Ca decreased after activation decreased after
activation, likely due to ion exchange between zeolite cations and H* ions from HCl (Septommy and
Badriyah, 2022). Al decreased slightly, while K and Fe increased in relative percentage, which may
reflect the removal of other components and the semi-quantitative nature of EDS analysis rather than
absolute enrichment. Acid treatment facilitates the dissolution of oxide impurities and enhances pore
structure, resulting in improved pore accessibility and improved adsorption capacity. Based on
Table 4, Si and O were the dominant elements in both samples. After activation, the zeolite
composition was dominated by 0 (43.15%), Si (39.56%), and Al (87.86%), which is consistent with
the typical aluminosilicate framework of zeolites. A higher Si content is associated with improved
stability and increased surface polarity, which enhances adsorption performance (Septommy and
Badriyah, 2022). Other elements, such as K, Fe, and Ca, represent exchangeable cations associated
with the zeolite framework.

Table 4. Elemental composition of natural zeolite before and after activation based on SEM-EDS
analysis

Mineral Composition (%)

Type of zeolite 0 Mg Al Si K Ca Fe
Before activation 42.12 0.14 8.12 39.53 2.45 3.90 3.76
Activated zeolite 43.15 0.01 7.86 39.56 3.01 2.24 4.17

Preparation of Pure and Adsorptive Membranes

Membrane fabrication was carried out using the phase inversion method, in which a polymer
solution is transformed into a solid membrane through controlled phase separation (Bahmid et al.,
2013). The physical appearance of pure cellulose acetate membranes (CA 0%) and zeolite-modified
membranes (CA-Z10%, CA-Z20%, and CA-Z30%) is shown in Figure 5. The pure cellulose acetate
membrane exhibited a uniform white appearance, whereas the cellulose acetate-zeolite membranes
showed a slightly yellowish color. Morphologically, the modified membranes exhibited a denser
surface with a slightly fibrous texture. This difference is attributed to the incorporation and
distribution of activated zeolite particles within the membrane matrix and on the membrane surface.
At higher zeolite loading, particle agglomeration may occur and may influence membrane
morphology, permeability, and mechanical properties.
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Figure 4. Membrane (a) CA 0% (b) CA-Z 10% (c) CA-Z 20% (d) CA-Z 30%

Membrane Characterization
Membrane Permeability (Flux Test)

Membrane permeability was evaluated through pure water flux measurements using pristine
cellulose acetate (CA) membranes and cellulose acetate-zeolite mixed matrix membranes (MMMAs).
The membranes had an effective surface area of 0.00255 m? and were tested under an applied
pressure of 1 bar. The results are presented in Figure 6. Flux data are shown for the pristine CA
membrane and the CA-zeolite MMMA with 30% zeolite loading, which was selected based on its best

adsorption performance.

100

©
o

86,86 l

Flux (L/mh)

80

70

Cellulose acetate Cellulose acetate-Zeolite 30%
Figure 5. Flux performance of pristine CA and CA-zeolite MMMAs with 30% zeolite loading

The pristine CA membrane exhibited a lower flux (86.86 L-m~2-h™') compared to the CA-zeolite
MMMA (98.60 L-m~2-h™1). The increased flux in the mixed matrix membrane is attributed to the
incorporation of zeolite, which enhances membrane porosity and permeability. The presence of
zeolite particles contributes to the formation of additional transport pathways and enlarged pore
structures, thereby facilitating higher water flux. However, flux values for all zeolite loadings should
be reported in future work to provide a more complete understanding of the relationship between
filler loading and permeability.

Swelling Degree and Porosity
The swelling degree and porosity of pristine CA membranes and CA-zeolite MMMAs (30%

loading) are presented in Figure 7.
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Figure 6. Swelling degree and membrane porosity of pristine CA and CA-zeolite MMMAs with 30%
zeolite loading

The swelling degree of pristine CA membranes and CA-zeolite MMMAs (30%) was 44% and
58.13%, respectively. These values are higher than those reported in previous studies, such as
(26.15% and 33.47%) and (38.89% and 41.44%) (Saiful et al.,, 2024). The porosity values for pristine
and modified membranes were 15.72% and 21.44%, respectively. The increase in porosity in CA-
zeolite MMMAs is attributed to interactions between zeolite particles and the polymer matrix, which
create additional voids and increase inter-chain spacing. This results in a more open membrane
structure. The increased porosity also enhances membrane hydrophilicity, leading to a higher
swelling degree (Ho et al.,, 2025). These results indicate that zeolite incorporation improved water
uptake and permeability-related properties, although these improvements must be evaluated
together with the mechanical-property changes discussed below.

Membrane Tensile Strength

Tensile testing was conducted to evaluate the mechanical properties of the membranes,
including tensile strength and elongation. The test was performed on pure cellulose acetate
membranes and cellulose acetate-zeolite MMMAs (30%), which exhibited the best adsorption
performance. The results are shown in Figure 8.
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Figure 7. Tensile properties of pristine CA membranes and CA-zeolite MMMAs with 30% zeolite
loading

The pristine CA membrane exhibited higher tensile strength (16.16 kgf-mm™2) compared to
the CA-zeolite MMMA (2.84 kgf-mm™2). This reduction in mechanical strength may be attributed to
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non-uniform membrane thickness and the presence of zeolite particles that are not fully integrated
into the polymer matrix, which can induce brittleness. Similarly, elongation at break decreased from
14.01% for the pristine membrane to 3.70% for the modified membrane, indicating reduced
flexibility upon zeolite incorporation. Therefore, zeolite incorporation did not improve all membrane
properties. Instead, it produced a trade-off: adsorption-related properties, swelling degree, porosity,
and flux increased, whereas tensile strength and elongation decreased. This mechanical weakening
may be associated with weak interfacial compatibility between cellulose acetate and zeolite, particle
agglomeration, and defect formation within the polymer matrix.

Morphological Analysis (SEM)

Scanning Electron Microscopy (SEM) was used to examine membrane morphology, including
surface and cross-sectional structures, for both pristine CA membranes and CA-zeolite MMMAs
(30%). The results are presented in Figure 9. The pristine CA membrane exhibited a relatively
smooth surface with limited visible pores, while the CA-zeolite MMMA showed a rougher surface due
to the dispersion of zeolite particles. The bottom surface of the membranes appeared smoother and
less porous than the top surface. The rougher top surface indicates the presence of zeolite particles
on or near the membrane surface, which may increase the number of available adsorption sites for
ammonium species.

The cross-sectional structure of the CA-zeolite membrane was denser, which may be
attributed to increased solution viscosity and zeolite agglomeration during membrane casting. These
factors slow solvent-non-solvent exchange during phase inversion, resulting in a denser structure
(Amira et al, 2021). In addition, the surface of the cellulose acetate-zeolite MMMAs appeared
rougher than that of the pristine cellulose acetate membrane due to the dispersion of zeolite particles
across the membrane surface and within the pore layers. The increased surface roughness and
presence of zeolite particles are expected to enhance ammonia adsorption capacity. The denser
cross-section does not necessarily contradict the increased porosity and flux, because additional
interfacial voids and surface pores around zeolite particles may improve water transport even when
parts of the cross-section appear compact.

Cross-section Bottom surface

()

AT & # ik
Top surface Cross-section Bottom surface
(b)
Figure 8. SEM images of (a) pristine CA membrane and (b) CA-zeolite MMMAs with 30% zeolite
loading
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FTIR Analysis

Fourier Transform Infrared (FTIR) analysis was performed to identify functional groups and
confirm the incorporation of zeolite into the cellulose acetate membrane matrix. The spectra are
presented in Figure 10. Figure 10 (a) and (b) show the spectra of cellulose acetate membranes and
zeolite-modified cellulose acetate membranes, respectively. The cellulose acetate membrane was
successfully identified by the absorption band at 3439.23 cm™, corresponding to hydroxyl (O-H)
groups. This is consistent with previous studies by Safiah., & Sri, M. (2018), who reported O-H groups
at 3380 cm™, and Amira et al. (2021) at 3484 cm™™. The absorption at 1741.80 cm™ indicates the
presence of ester carbonyl (C=0) groups in cellulose acetate, in agreement with Safiah., & Sri, M.
(2018) at 1750 cm™ and Batu et al. (2023) in the range of 1738-1751 cm™*. Furthermore, the band
at 1374.34 cm™ corresponds to C-H bending vibrations of the cellulose acetate structure, consistent
with Amira et al. (2021), who reported bending vibrations at 1434 cm™, and Safiah., & Sri, M. (2018)
at 1380 cm™. Ester functional groups (C-0) appear at 1233.53 cm™* and 1035.82 cm ™%, in agreement
with Amira et al. (2021), who identified ester groups at 1054 cm™* originating from glycosidic units,
and Safiah., & Sri, M. (2018), who reported peaks at 1050 and 1240 cm™".

Figure 10(b) shows that the spectrum of zeolite-modified cellulose acetate membranes
exhibits shifts in wavenumbers for each functional group due to the addition of zeolite. The hydroxyl
group appears at 3425.72 cm™, carbonyl (C=0) at 1743.72 cm™?, C-H vibration at 1376.27 cm™?, and
ester (C-0) at 1226.78 cm™* and 1057.04 cm™'. Additionally, a new functional group, Si-0, appears
at 803.16 cm™}, indicating the presence of zeolite within the cellulose acetate membrane and
confirming the success of the modification process. This finding is supported by Amira et al. (2021),
who reported Si-O groups at 906 cm™. A detailed comparison of functional groups is presented in
Table 5.
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Figure 9. FTIR spectra of (a) Pristine CA membrane and (b) CA-zeolite membrane

Table 5. FTIR functional group analysis of pristine CA and CA-zeolite
Wavenumber (cm-1)

Pure cellulose Cellulose acetate- Functional Group Description
acetate zeolite

3439 3425 O-H stretching Alcohol, phenol

1741 1743 C=0 stretching Ester carbonyl of cellulose acetate

1374 1376 C-H stretching -CHz from cellulose
Alcohol, ester, carboxylic acid,

1233 1226 C-0 acetyl anhydride
Alcohol, ester, carboxylic acid,

1035 1057 C-0 acetyl anhydride

803 Si-0 Silanol (zeolite)

International Journal of Hydrological and Environmental for Sustainability |89



International Journal of Hydrological and Environmental for Sustainability
Riski et al., 2026 0il Palm Empty Fruit Bunch-Derived Cellulose . . .

Adsorption Performance
Effect of Contact Time

The optimum contact time was determined by evaluating adsorption capacity at different
contact times between the membrane and a 6 mg/L NHz-N solution. The contact time variations used
in this study were based on Nurman et al. (2021) for 10, 30, 50, 70, 90, and 110 minutes. The results
are presented in Figure 11.
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Figure 10. Effect of contact time on NH3-N adsorption capacity

As shown in Figure 11, the adsorption capacity increased with contact time. The highest
adsorption capacity was achieved at 70 minutes, reaching 1.0779 mg/g, which was identified as the
optimum contact time. Beyond this point, the adsorption capacity decreased slightly at 90 minutes
to 0.990 mg/g and remained relatively constant at 110 minutes. This behavior indicates that
equilibrium was reached at approximately 70 minutes, after which the active sites on the membrane
became saturated. The subsequent decrease in adsorption capacity may be attributed to weak
interactions between ammonium species and the adsorbent surface, leading to partial desorption
(Nuryoto et al., 2020). This value represents the adsorption capacity obtained in the contact-time
experiment using 6 mg/L NHs3-N and should be distinguished from capacities obtained under
different initial concentrations or material comparisons.

Effect of Zeolite Loading Percentage

The zeolite loading percentage, defined as the proportion of zeolite incorporated into the
membrane matrix, significantly influences adsorption capacity. The effect of zeolite loading on NH3-
N adsorption is presented in Figure 12.
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Figure 11. Effect of zeolite loading percentage on NH3-N adsorption capacity
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As shown in Figure 12, adsorption capacity increased with increasing zeolite loading. The
cellulose acetate-zeolite MMMA with 10% loading exhibited an adsorption capacity of 0.439 mg/g,
while the 30% loading reached 1.051 mg/g. This trend is attributed to the higher number of available
active sites provided by increased zeolite content, thereby enhancing the adsorption of ammonium
species through adsorption and ion-exchange interactions (Maelan et al., 2024). Although 30%
zeolite loading produced the highest adsorption capacity among the tested membranes, excessive
filler loading may increase particle agglomeration and weaken mechanical properties, as indicated
by the tensile test results.
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Figure 12. NH3-N Adsorption capacity of pristine membrane, zeolite, and CA-zeolite MMMAs

Based on Figure 13, the pure cellulose acetate membrane exhibited a low adsorption capacity,
while zeolite-containing materials showed higher adsorption capacity. The adsorption capacity
values should be interpreted according to the tested material and experimental condition to avoid
confusion among the values obtained from contact-time, loading, concentration, and material-
comparison experiments. This result indicates that zeolite has strong potential as an adsorbent for
reducing ammonia levels in palm oil mill effluent (POME). Table 6 presents a comparison of natural
zeolites used in different studies for ammonia or ammonium adsorption.

Table 6. Comparison of ammonia adsorption capacities of various natural zeolites

Type of Zeolite Mineral Phase Adsorbate  Adsorption Capacity (Mg/G) Reference
Natural zeolite Clinoptilolite NH3 13,4 Wang & Peng, (2010)
Natural zeolite Clinoptilolite NH3 10,8 Zhou & Boyd, (2014)
Natural zeolite Mordenite NH3 0,42 Amini etal, (2017)
Natural zeolite Mordenite NH3 1,40 This study

The pure cellulose acetate membrane exhibits a very low adsorption capacity of 0.024 mg/g,
highlighting the need for the incorporation of activated natural zeolite to enhance performance. The
combination of cellulose acetate membranes with zeolite powder yields a high adsorption capacity
of 1.051 mg/g under the selected zeolite-loading condition, whereas powdered zeolite showed an
adsorption capacity of 1.40 mg/g under the material-comparison test. These values confirm that
zeolite is the main contributor to NH3-N adsorption, while the cellulose acetate matrix provides the
membrane structure for filtration and handling.

Effect of pH

The degree of acidity (pH) is a critical parameter in adsorption processes, influencing the
distribution of ammonia species, especially the equilibrium between NH4+ and NH3, as well as the
activity of functional groups on the membrane. Adsorption capacity generally decreases with
increasing acidity (Cozmuta et al., 2012). The effect of pH is shown in Figure 14.
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Figure 13. Effect of pH on NH3-N adsorption capacity

As illustrated in Figure 14, the highest adsorption capacity was achieved at pH 7, with a qe
value of 0.822 mg/g. This finding is consistent with Marlina et al. (2020). At lower pH values (pH 6),
adsorption capacity decreased, and a significant decline was observed at pH 8. At acidic to neutral
pH, ammonia nitrogen predominantly exists as NH4*, whereas the proportion of unionized NH3
increases under alkaline conditions. Because natural zeolite commonly removes ammonium through
cation exchange, adsorption at pH 7 may be favored by the availability of NH4+ and sufficient active
exchange sites on the zeolite surface. Under more acidic conditions, excess H* may compete with NHa*
for exchange sites, reducing adsorption capacity. Under more alkaline conditions, the increasing
fraction of NH3 and possible changes in surface interaction may also reduce removal efficiency. The
pHpzc concept should be interpreted cautiously because the pHpzc value of the membrane was not
measured in this study. Therefore, pH 7 was selected as the optimum condition for subsequent
experiments.

Effect of Initial Concentration
The optimum adsorbate concentration was determined by varying NH3-N concentrations (3, 6,
9,12, and 15 ppm), using 0.1 g of adsorbent and a contact time of 70 minutes. The results are shown

in Figure 15.
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Figure 14. Effect of initial NH3-N concentration on adsorption capacity

Figure 15 shows that adsorption capacity increases with increasing initial NH3-N
concentration, from 0.287 mg/g at 3 mg/L to 2.350 mg/g at 15 mg/L. This trend indicates a direct
relationship between initial concentration and adsorption capacity. Higher concentrations increase
the concentration gradient and provide more NH4+ ions available for adsorption and ion exchange
with active sites on the zeolite-containing membrane, leading to increased adsorption (Raja, 2016).
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Thus, the optimum adsorption capacity was achieved at an initial concentration of 15 mg/L. This
value was obtained from the initial-concentration experiment and should not be directly compared
with the 1.051 mg/g value obtained under the selected zeolite-loading condition without considering
differences in experimental conditions.

Adsorption Kinetics
The kinetics of NH3-N adsorption were analyzed using two common models: pseudo-first-
order (PFO) and pseudo-second-order (PSO). The results are presented in Figure 16 and Table 7.

0,20 . 1 1200
2 Time (Minute) ? @
0,00 ® 1000 | Y= 0,6682x + 31,097
: ) R2=0,9104
020 ° 40 60 80 100 120 -
S 040 & 600
el g
& 060 ) 40,0
= 2 |
s -0.80 y=-0,009% + 0,042 20,0
= 100 R2=0,5442 . 0,0
555 0 20 40 60 80 100 120
: Time (minute)
a b
Figure 15. Adsorption kinetics models: pseudo-first-order (PFO) (a) and pseudo-second-order
(PSO) (b)

Based on Table 7, the ge value for the pseudo first order (PFO) model is 1.015 mg/g, with a
rate constant (k) of 0.0207 min~?, indicating that 1 g of adsorbent can adsorb 0.0207 mg of adsorbate
per minute. For the pseudo second order (PSO) model, the qe value is 1.4965 mg/g, with a rate
constant of 0.0215 g mg! min-.. The coefficient of determination (R?) for PFO is 0.5442, while the
PSO model shows a higher R* of 0.9104, indicating a better empirical fit than the PFO model.
Therefore, NH3-N adsorption using cellulose acetate-zeolite MMMAs is better described by the
pseudo-second-order model. However, PSO fitting alone does not conclusively prove chemisorption;
itindicates that the adsorption rate may be associated with the availability of surface active sites and
interactions between NH4+ and the zeolite-containing membrane (Rosa et al.,, 2012).

Table 7. Adsorption kinetics parameters
Parameter Pseudo-first-order (PFO) Pseudo-second-order (PSO)

qe 1,015 mg/g 1,4965 mg/g
K 0.0207 min-! 0,0215 g mg! min-!
R? 0,5442 0,9104

Adsorption Isotherms

Adsorption behavior was evaluated using the Langmuir and Freundlich isotherm models. The
Langmuir isotherm was determined by plotting 1/Ce versus 1/Qe, while the Freundlich isotherm for
NH3-N adsorption using the CA-zeolite MMMAs with 30% zeolite loading was obtained by plotting
log ge versus log Ce based on batch adsorption data at varying initial NH3-N concentrations. The
corresponding plots are presented in Figure 17, and the calculated parameters are summarized in
Table 8. The isotherm parameters should be verified to ensure consistency between the fitted
Langmuir maximum capacity and the experimentally observed adsorption capacity.

Table 8. Adsorption isotherm parameters
Freundlich Isoterm Langmuir Isoterm
Kr n R2 Qm (m/g) b R2
0,0944 0,4978 0,8351 0,6131 0,1773 0,9247

Note: Kr (Freundlich constant), n (adsorption intensity), Qm (maximum adsorption capacity), b (Langmuir constant) and
R2 (regression coefficient).
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Figure 17. Freundlich (a) and Langmuir (b) adsorption isotherm models

Based on Table 8, the coefficient of determination (R?) indicates that NHs-N adsorption using
cellulose acetate-zeolite MMMAs is better described by the Langmuir isotherm model, as evidenced
by an R? value of 0.9247 (close to 1). According to the Langmuir isotherm parameters, the maximum
adsorption capacity (Qm) was determined to be 0.6131 mg/g, representing the maximum amount of
adsorbate that can be adsorbed onto a monolayer surface. However, this Qm value is lower than the
experimentally observed adsorption capacity at 15 mg/L; therefore, the Langmuir calculation, units,
and linear fitting should be rechecked before drawing a strong conclusion regarding maximum
capacity. The Langmuir constant (b) value of 0.1773 indicates interaction between the adsorbate and
adsorbent surface. However, the moderate value of b suggests that the interaction is not particularly
strong, implying that the adsorption process is likely dominated by physical interactions and ion-
exchange contributions, rather than strong chemical bonding. Furthermore, the Freundlich constant
(Kf) value of 0.0944 and the n value of 0.4978 (n < 1) require cautious interpretation because
favorable adsorption is commonly associated with n > 1 or 0 < 1/n < 1, depending on the equation
form used. Therefore, the Freundlich parameter interpretation should be verified. Nevertheless,
since the R? value of the Langmuir model is higher, the adsorption process is better described by the
Langmuir isotherm, indicating possible monolayer adsorption on a relatively homogeneous surface
(Aulia et al.,, 2021).

Membrane Regeneration

In this study, NaCl and HCI solutions with concentrations of 1 N, 2 N, and 3 N were used as
regenerating agents, with an immersion time of 60 minutes. The regeneration process was conducted
for two consecutive cycles, in which the membrane regenerated in the first cycle was reused for the
second regeneration cycle and subsequently tested using a standard NH3-N solution with a
concentration of 6 ppm.
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Figure 18. Regeneration performance of cellulose acetate-zeolite MMMAs using (a) NaCl and (b)
HCl

The adsorption capacity under optimal conditions, obtained from previous experiments, was
used as a reference to evaluate regeneration efficiency. The results indicate a clear difference in
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performance between the two regenerating agents. Regeneration with NaCl consistently resulted in
higher regeneration efficiency compared to HCL. The highest regeneration efficiency was achieved
using 3 N NaCl, reaching 83.37%, whereas the optimum performance for HCl was also observed at 3
N, with a lower efficiency of 73.52%. These results indicate that the regenerated cellulose acetate-
zeolite MMMAs can still be used effectively as an NH3-N adsorbent; however, its adsorption capacity
decreased slightly compared to that of the fresh membrane. Furthermore, the membrane subjected
to the second regeneration cycle exhibited a further decline in adsorption performance compared to
the first regeneration cycle. In the second regeneration, the maximum regeneration efficiency was
obtained with 3N NaCl (46.08%), while regeneration with 3N HCl resulted in 28.47%.

The results indicate that membrane regeneration in the first cycle maintains good adsorption
performance, whereas performance declines significantly in the second cycle. The first regeneration
retained over 75% efficiency (83.37%), indicating good initial adsorption potential. However, long-
term stability remains limited, as the second regeneration showed a sharp decrease to 46.08%. This
decline is likely due to irreversible ammonium retention, pore blockage, membrane fouling, zeolite
leaching, membrane compaction, or possible acid-induced degradation of cellulose acetate,
particularly when HCl is used as the regenerating agent. These findings are consistent with previous
studies (Jiang et al.,, 2024; Pérrez-Botella et al.,, 2023), which reported that repeated adsorption-
desorption cycles lead to performance degradation due to adsorbate retention in smaller or less
accessible pores. In addition, the use of concentrated NaCl and HCl may generate secondary waste,
which should be considered in future process optimization.

Application of Cellulose Acetate-Zeolite MMMASs in POME Treatment

The performance of cellulose acetate-zeolite mixed matrix membrane adsorbers (MMMAs) for
ammonia removal from palm oil mill effluent (POME) was evaluated through batch adsorption and
filtration processes. The results are summarized in Table 9.

Table 9. Ammonia removal performance for POME samples

Parameter Regulatory con(fglllttl:;tion Adsorption result Filtration result
standard (mg/L) (Batch) (mg/L) (mg/L)
(mg/L)
Ammonia 20 173,93 50,161 52,136

As shown in Table 9, the initial NH3-N concentration in Pond 4 was 173.93 mg/L, exceeding
the permissible discharge limit of 20 mg/L. After treatment using the cellulose acetate-zeolite
MMMAs, both batch adsorption and filtration processes resulted in a substantial reduction in
ammonia concentration. The batch adsorption test reduced the NH3-N concentration to 50.161 mg/L,
corresponding to a removal efficiency of 71.16%, while the filtration module reduced the
concentration to 52.136 mg/L, with a removal efficiency of 70.02%. The reduction in NH3-N
concentration observed in both batch and filtration tests demonstrates that the membrane
effectively reduced ammonia-nitrogen concentration. This performance is attributed to the
membrane's dual function as both an adsorption medium and a filtration barrier within a single
treatment step.

As the wastewater passes through the membrane, components larger than the membrane pore
size, such as suspended and dissolved solids, are retained and prevented from passing through the
membrane. Consequently, the permeate obtained is cleaner and contains a lower concentration of
contaminants. Based on these findings, it can be concluded that the cellulose acetate-zeolite mixed
matrix membrane exhibits strong potential as a pretreatment or polishing component for NH3-N
removal in palm oil mill effluent (POME) treatment. However, the treated effluent remained above
the regulatory limit of 20 mg/L, indicating that the membrane should not yet be considered a
complete standalone treatment and requires further optimization or integration with other
treatment methods. The comparison of POME pollutant removal methods used in this study with
other methods reported in previous studies is presented in Table 10.

In the present study, the batch adsorption/filtration method demonstrated a reduction of NH3-
N from 173.93 mg/L to 50.161 mg/L. While this represents a significant decrease, direct comparison
with other POME treatment techniques should be made cautiously because several previous studies
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reported total nitrogen rather than ammonia or NHz-N. Total nitrogen includes organic nitrogen,
nitrate, nitrite, and ammoniacal nitrogen, whereas this study focused specifically on NH3-N. For
instance, Yuniarti et al. (2019) utilized the aeration method, which achieved a remarkable reduction
in total nitrogen from 91.12 mg/L to just 0.31 mg/L. This shows that aeration is much more efficient
in removing total nitrogen compared to batch adsorption/filtration, which focuses primarily on
ammonia. In addition, Elystia et al. (2021) used the HRAR (High Rate Alga Reactor) system, which
reduced total nitrogen from 408.88 mg/L to 80.28 mg/L.

Table 10. Comparison of POME treatment methods for ammonia, ammonium, or total nitrogen

removal
No. Removal Method Parameter Initial Value Final Value Reference
(mg/L) (mg/L)
1. Aeration method Total nitrogen 91,12 0,31 Yum;(r)tllst al,
HRAR (High Rate Alga . Elystia et al,,
2. Reactor) System Total nitrogen 408,88 80,28 2021
3. Constructed Wetland Method Nltrogf:n 14,26 1,4 Ujang etal,
Ammonium 2021
4. Open pond system Total nitrogen Not specified 84,798 Vleg%azit al,
5. Batch Adsorption/ filtration NH3-N 173,93 50,161 This study

This result is better than the batch adsorption/filtration method in terms of total nitrogen
removal. The HRAR system relies on microalgae to absorb nitrogen, offering a biologically
sustainable approach, though it requires more complex management and longer processing times
than the batch method. Similarly, Ujang et al. (2021) reported results using the constructed wetland
method, which focused on ammonium removal, reducing ammonium from 14.26 mg/L to 1.4 mg/L.
While effective for ammonium removal, this method does not perform as well in reducing total
nitrogen compared to aeration or HRAR. Therefore, the present CA-zeolite MMMA should be
interpreted as a promising ammonia-nitrogen removal material, but not directly ranked against
total-nitrogen removal systems without considering differences in pollutant parameters, initial
concentrations, operating conditions, and treatment objectives.

Overall, the results of this study indicate that batch adsorption/filtration is effective for NH3-
N removal, but the final concentration remains above the discharge standard. Because aeration and
HRAR studies often report total nitrogen, their performance should not be directly compared with
the NH3-N removal efficiency of the present membrane system. The choice of method should be
based on the specific treatment goals, such as whether ammonia, ammonium, or total nitrogen needs
to be addressed. For practical POME treatment, the CA-zeolite MMMA may be more suitable as a
pretreatment or polishing unit combined with biological or physicochemical treatment to achieve
regulatory compliance.

CONCLUSION
Based on the results of this study, cellulose acetate-zeolite mixed matrix membrane adsorbers
(MMMASs) were successfully developed from oil palm empty fruit bunch-derived cellulose acetate
and natural mordenite zeolite for ammonia-nitrogen removal from palm oil mill effluent (POME). The
incorporation of zeolite improved membrane properties, particularly flux, porosity, and swelling
degree, although tensile strength and elongation decreased compared to pristine cellulose acetate
membranes. The optimum adsorption performance was achieved at a zeolite loading of 30% and a
contact time of 70 minutes, yielding an adsorption capacity of 1.051 mg/g under the selected
operating condition. The MMMAs also exhibited satisfactory first-cycle regenerability, with
maximum regeneration efficiencies of 83.37% (NaCl) and 73.52% (HCI) in the first cycle. Application
to real POME samples resulted in significant ammonia-nitrogen removal, with efficiencies of 71.16%
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for batch adsorption and 70.02% for filtration. However, the treated effluent did not meet the
regulatory discharge standard, indicating that further process optimization or integration with
additional treatment methods is required. A notable limitation is the decline in adsorption
performance over successive regeneration cycles, suggesting limited long-term stability. Future
work should focus on enhancing membrane durability through material modification, improving
zeolite dispersion, optimizing membrane thickness, reducing mechanical-property loss, evaluating
lower-impact regeneration agents, and integrating the membrane with biological or physicochemical
treatment methods to improve reusability, operational lifespan, and regulatory compliance.
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