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Keywords: ABSTRACT. This study investigated the optimization of a Polymer Inclusion Membrane (PIM) for
Malachite Green (MG) transport by evaluating the effects of source-phase pH, receiving-phase
concentration, membrane thickness, carrier concentration, and transport time. The PIM was
prepared using 10% copoly eugenol divinyl benzene (Co-EDVB) as the carrier, polyvinyl chloride
(PVC) as the base polymer, and dibutyl ether (DBE) as the plasticizer. Transport experiments
employed an aqueous MG solution as the source phase and nitric acid (HNOs) as the receiving
phase. Optimal transport conditions were obtained at a source phase pH of 7, a receiving phase
concentration of 1.00 M HNOs, an optimized membrane thickness containing 0.03 mmol carrier,
and a transport time of 12 hours, achieving a maximum MG removal efficiency of 85.67%.
Transport efficiency increased with pH, carrier concentration, and transport time until reaching
optimal conditions, then declined beyond those values. Fourier transform infrared (FTIR)
spectroscopy confirmed interactions between MG and membrane components. Scanning electron
microscopy (SEM) analysis revealed surface damage and pore formation after transport, indicating
partial leaching of membrane components. Overall, these findings emphasize the importance of
membrane stability and the optimization of both physical and chemical parameters to enhance MG
transport performance in PIM systems.
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polymer inclusion
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INTRODUCTION

Industrial development causes environmental pollution and the degradation of natural resources. Synthetic
dyes are widely used because they are practical, inexpensive, stable, and bio-oxidation resistant (Ling and Suah,
2017). However, they harm biodiversity and human health by causing irritation, cancer, and mutations. The textile
industry is the main source of non-degradable dye waste (Abu-Hussien ef al., 2022), which contains hazardous
substances such as dyes, nitrates, acetic acid, soap, chromium, and toxic heavy metals (Soo et al., 2021). Malachite
green (MG) is widely used due to its low cost, ease of use, and attractive color. Although effective against bacteria,
MG is banned by the United States Food and Drug Administration (US FDA) and Ministerial Decree No.
52/KEPMEN-KP/2014. MG waste blocks light in water, harms aquatic life, and is carcinogenic, genotoxic,
mutagenic, and teratogenic (Mazumder and Rano, 2022). MG toxicity increases with time, temperature, and
concentration, while the safe water limit is 0.01 ppm (Mohammed e? al., 2023).

Various MG treatment methods include adsorption with microalgae biochar (Pathy er al., 2022),
photocatalytic degradation using fly ash—silver oxide nanoparticles (FA-Ag:O NAP) (Mazumder and Rano, 2022),
ozonolysis with titanium dioxide (Ti0:) (Bahrami et al., 2020), and separation using Polymer Inclusion Membrane
(PIM) (Ling and Suah, 2017). Conventional methods such as coagulation, flocculation, and activated carbon
adsorption often show limited effectiveness for MG removal due to its high solubility, stable aromatic structure,
and strong interaction with aqueous media (Bahrami et al., 2020). In addition, MG is known to be resistant to
biodegradation, photodegradation, and repeated washing, which contributes to its persistence in aquatic
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environments. Liquid membrane systems such as Bulk Liquid Membrane (BLM), Emulsion Liquid Membrane
(ELM), Supported Liquid Membrane (SLM), and Polymer Inclusion Membrane (PIM) have therefore been
developed as more effective alternatives for MG separation (Ling and Suah, 2017).

PIM is widely used due to its high selectivity, operational simplicity, energy efficiency, and flexibility (Sadiq
et al., 2023). PIM employs polyvinyl chloride (PVC) as the base polymer to prevent solvent leakage and dibutyl
ether (DBE) as a plasticizer to enhance membrane stability (Kiswandono et al., 2024b). This system integrates
liquid-liquid extraction into a single membrane phase by immobilizing organic solvents within polymer pores
(Kiswandono et al., 2022). PIM offers advantages such as low carrier consumption, high stability, high flux, and
simple operation (Arabi et al., 2021). Benosmane et al. (2018) reported phenol recovery of up to 95% depending
on pH, while Soo et al. (2021) demonstrated successful PIM applications in various separation processes, including
MG extraction.

Carrier compounds play a key role in separation (Mohammed et al., 2023). Poly(eugenol) from eugenol
polymerization (Kiswandono et al., 2022) contains allyl, hydroxyl, and methoxy groups (Kowalewska and
Majewska-Smolarek, 2023). Other carriers such as dioctyl phthalate (DOP) (Soo et al., 2021), di-(2-ethylhexyl)
phosphoric acid (D2EHPA) (Raval et al., 2022), poly(eugenol) (Kiswandono et al., 2024b), and 2-
aminomethylpyridine (2-AMP) (Qiu et al., 2021) are also effective. Polymerization increases molecular weight
and active sites such as —OH groups and benzene rings for selective transport (Kiswandono et al., 2024a). Copoly
eugenol divinylbenzene (Co-EDVB), a diene-based compound, increases active sites and can be synthesized at
room temperature (Kiswandono et al., 2022). Polymerization with dienes and epoxides forms crosslinked
structures (Kowalewska and Majewska-Smolarek, 2023), improving molecular weight and transport efficiency
(Carner et al., 2020). Previous studies reported 97% MG removal using PIM and bis(2-ethylhexyl) phosphate
(B2EHP) (Soo et al., 2021), 90% using SLM (Ashraf et al., 2019), and 94.99% using ELM and D2EHPA (Raval
etal.,2022).

Although numerous studies have demonstrated the effectiveness of Polymer Inclusion Membranes (PIMs)
for Malachite Green (MG) removal using various carrier compounds, most previous research has primarily focused
on achieving high removal efficiency or examining the influence of carrier molecular structure and molecular
weight sites. While increasing carrier molecular weight has been reported to enhance membrane stability and
transport performance, systematic optimization of operational and membrane parameters remains limited,
particularly for newly developed carrier materials (Abu-Hussien et al., 2022). To date, there is a lack of
comprehensive studies examining the combined effects of source-phase pH, receiving-phase concentration,
membrane thickness, carrier concentration, and transport time on MG transport using PIM systems (Soo ef al.,
2021). Moreover, the application of copoly eugenol divinyl benzene (Co-EDVB) as a carrier in PIM, especially at
a defined composition of 10%, has rarely been investigated, and its optimal operating conditions have not yet been
clearly established (Mazumder and Rano, 2022; Mohammed et al., 2023). Therefore, this study aims to fill this
research gap by systematically optimizing key transport and membrane parameters for MG separation using a PIM
containing 10% Co-EDVB as the carrier. In addition, this study evaluates membrane stability to better understand
the relationship between carrier characteristics, operating conditions, and PIM performance. The results are
expected to provide practical guidance for the design and optimization of stable and efficient PIM systems for dye
removal.

RESEARCH METHODS

The equipment used in this study includes scanning electron microscope (SEM, ZEISS EVO MA 10), Fourier
transform infrared spectroscopy (FTIR, Agilent Carry 630), and UV-Vis Spectrophotometer (Lab Junction LJ-
2371), analytical digital balance (Mettler Toledo AB54-S), chamber with a diameter of 3.5 cm, pH meter (pH 60
VioLab pH-Mv-Orp-T), 5 cm membrane mold, thickness gauge (Mitutoyo 7301). The materials used in this study
include malachite green (MG) (CAS No. 14426-28-9), Synthesis result of Co-EDVB 10%, polyvinyl chloride
(PVC) (Ashahimas Chemical), dibenzyl ether (DBE) (Sigma-Aldrich), tetrahydrofuran (THF) (Sigma-Aldrich),
nitric acid (HNOs) (Sigma-Aldrich), lead carbonate (PbCO:s) (Sigma-Aldrich), and copper(Il) sulfate pentahydrate
(CuSO04:5H-0) (Sigma-Aldrich).

PIM Membrane Preparation
The PIM membranes were fabricated with total masses of 0.2700 g, 0.5400 g, and 1.0800 g (Table 1). The

membranes were composed of Co-EDVB 10% as the carrier compound, PVC as the base polymer, and DBE as
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the plasticizer. Each membrane was dissolved in 10 mL of tetrahydrofuran (THF) to homogenize the mixture in
the mold. The membranes were then left undisturbed for three days to allow the solvent to evaporate naturally.

Table 1. Composition ratio of membrane components (10:32:58) (Kiswandono et al., 2024a).

Type of Membrane Co-EDVB (g) PVC (g) DBE (g) Total Mass (g)
Ty 0.0270 0.0864 0.1556 0.2700
Tsy 0.0540 0.1728 0.3132 0.5400
Tos 0.1080 0.3456 0.6264 1.0800

After the PIM membrane was cast, it was weighed before use in the MG transport process in the transport
chamber. The source phase contained 25 ppm MG solution, while the receiving phase contained HNO; as the
binding agent. Membrane characterization before and after transport was conducted using FTIR and SEM.

Determination of the Maximum Wavelength of MG
The maximum wavelength of MG was determined by measuring its absorbance over 400-800 nm using a

UV-Vis spectrophotometer (Khairati et al., 2025). The absorbance of 5 mL samples from the source phase,
receiving phase, and standard MG solutions (10, 15, 20, 25, 30, 35, and 40 ppm) was measured at the maximum
wavelength.

pH Variation in the Source Phase
The cast PIM membrane was placed in the transport chamber. A total of 50 mL of 1 M HNOs was added as

the receiving phase, and 50 mL of 25 ppm MG solution was added as the source phase with pH variations of 5, 6,
7,8, and 9. The system was sealed and stirred for 9 hours using a magnetic stirrer. After the process, 5 mL samples
were collected from both phases, and the MG concentrations were measured using a UV-Vis spectrophotometer
at the maximum wavelength.

Variation of HNOs Concentration
HNO:s solutions with concentrations of 0.50, 0.75, 1.00, 1.25, and 1.50 M were prepared from 13 M

concentrated HNOs. The PIM membrane was placed in the transport chamber. A total of 50 mL of HNOs was
added as the receiving phase, and 50 mL of 25 ppm MG solution at the optimum pH was added as the source
phase. The system was sealed and stirred for 9 hours. After the process, 5 mL samples were collected from both
phases, and the MG concentrations were analyzed using a UV-Vis spectrophotometer at the maximum wavelength.

Variation of Membrane Thickness
PIM membranes with thin (T»7), normal (Ts4), and thick (Tos) thicknesses (Kiswandono et al., 2020) were

tested. A total of 50 mL of HNO:s at the optimum concentration was added as the receiving phase, and 50 mL of
25 ppm MG solution at the optimum pH was added as the source phase. The system was sealed and stirred for 9
hours. After the process, 5 mL samples were collected from both phases, and the MG concentrations were
measured using a UV-Vis spectrophotometer at the maximum wavelength.

Variation of Carrier Amount (mmol)
PIM membranes with optimum thickness and various carrier amounts (Table 2) were tested. A total of 50

mL of HNO:s at the optimum concentration was added as the receiving phase, and 50 mL of 25 ppm MG solution
at the optimum pH was added as the source phase. The system was sealed and stirred for 9 hours. After the process,
5 mL samples were collected from both phases, and the MG concentrations were determined using a UV-Vis
spectrophotometer at the maximum wavelength.

Table 2. Total mass of membrane casting solution.

Membrane Co-EDVB 10 % (mmol) Mass of Co-EDVB 10% (g) PVC (g) DBE (g)

1 0.01 0.0144 0.1728 0.3132

2 0.02 0.0288 0.1728 0.3132

3 0.03 0.0540 0.1728 0.3132

4 0.04 0.0576 0.1728 0.3132

5 0.05 0.0721 0.1728 0.3132
481
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Transport Time Variation
The PIM membrane with optimum thickness and carrier concentration was placed in the center of the

transport pipe. Then, 50 mL of HNOs at the optimum concentration was added as the receiving phase, and 50 mL
of 25 ppm MG solution at the optimum pH was added as the source phase. The transport pipe was sealed and
stirred using a magnetic stirrer for 4, 8, 12, 18, and 24 hours. After stirring, 5 mL samples were taken from both
phases. MG concentrations were measured using a UV-Vis spectrophotometer at the maximum wavelength.

RESULTS AND DISCUSSION
PIM Membrane Preparation Results

The PIM membrane was prepared with total mass variations: T»7 (0.2700 g), Ts4 (0.5400 g), and T s (1.0800
g), each producing an orange membrane with a diameter of 4 cm. The membranes were thin, flexible, and sheet-
shaped. Membrane thickness was measured using a thickness gauge by placing the sensor on the membrane surface
(Khairati et al., 2025). The PIM membrane containing Co-EDVB 10% is shown in Figure 1, and the thickness of
each fabricated PIM membrane was measured, and the results are presented in Table 3.

(b)

Figure 1. PIM membranes containing Co-EDVB 10% (a) T27, (b) Tss, and (c) Tios.

Table 3. Total component mass, membrane mass, and PIM membrane thickness before transport.

Type of Total Mass Average Membrane Mass  Average Membrane Thickness
Membrane (g) (2 (mm)

T,7 (Thin) 0.2700 0.2426 0.11

Ts4, (Normal) 0.5400 0.4512 0.28

T, 05 (Thick) 1.0800 0.8452 0.43

Maximum Wavelength of MG
The maximum wavelength of MG was determined using a UV-Vis spectrophotometer within the wavelength

range of 586 — 642 nm. The measurement results showed that the maximum wavelength of MG was at 614 nm
(Figure 2). This wavelength was then used as the operational wavelength for MG concentration analysis in the
subsequent tests (Kiswandono et al., 2024b).

0.30 -
614 nm (Absorbance =0.259)

s =
S~
S

Absorbance
(=]
[y
h

580 590 600 610 620 630 640 650
Wavelength (nm)
Figure 2. Maximum wavelength of MG.

Several previous studies have reported the maximum wavelength of MG. Bahrami et al. (2020) reported a
maximum wavelength at 618.07 nm, while Ling and Suah (2017) observed it at 617.0 nm. Minor variations in the
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reported maximum wavelength can be attributed to differences in solvent environment, blank composition
(distilled water), and instrumental characteristics, such as light source stability and detector sensitivity of the UV—
Vis spectrophotometer used.

pH Variation in the Source Phase

The difference in hydrogen ion concentration between the source and receiving phases plays a crucial role in
membrane diffusion. Therefore, pH significantly affects MG transport efficiency. In this study, the source phase
contained 25 ppm MG solution, the membrane phase used 10% Co-EDVB, and the receiving phase contained 0.1
M HNO:. The pH of the source phase was varied at 5, 6, 7, 8, and 9 for 9 hours. The MG % removal results were
52.11%, 58.23%, 75.55%, 62.14%, and 52.76%, respectively. The optimum condition occurred at pH 7 with
75.55% removal, where MG tends to form hydrogen bonds that increase solubility and interaction with the carrier
in the membrane, enhancing transport efficiency (Khairati ez al., 2025). This result aligns with Aprilia ef al. (2025),
who found neutral pH to be the most effective for dye separation. Ling and Suah (2017) also reported optimal MG
transport at pH 7 — 9. At low pH, transport efficiency decreases due to changes in MG ionic species.

Although chromophore stability of MG may decrease under strongly alkaline conditions, the pH range
applied in this study (pH 5 — 9) remains within the operational range commonly reported for spectrophotometric
analysis of MG transport. The decrease in removal efficiency observed at higher pH values (pH 8 — 9) is therefore
interpreted as a result of changes in MG ionic species and interaction behavior with the membrane, rather than
analytical inaccuracy. This interpretation is supported by consistent trends between % removal data and FTIR
spectral changes, which confirm specific MG—membrane interactions under different pH conditions. Furthermore,
the spectrophotometric method used in this study was applied consistently across all pH variations, ensuring
relative comparability of the results. Any potential reduction in chromophore stability would affect all
measurements systematically and would not alter the identification of the optimum pH condition. The optimum
transport at pH 7 is also corroborated by previous studies reporting neutral pH as the most favorable condition for
MG transport (Aprilia et al., 2025; Ling and Suah, 2017). The effect of pH in the source phase is presented in
Figure 3.

100 -
90 1

50 §

30 1

20 ;P//"\—.

10 4

Malachite Green (%)
238

S 6 7 8 9
pH of the Source Phase

—8—%MG in the Receiving Phase =~ —#—%Removal

Figure 3. The effect of MG pH in the source phase on the transported MG concentration (%Cs: MG concentration
in the source phase; % Removal: MG concentration in the membrane and receiving phases).

Ashraf et al. (2019) found that pH changes beyond the optimum condition can cause dissociation of the —-OH
groups in MG, leading to reduced color intensity due to the loss of chromophore stability. Excessively alkaline
conditions may also fade the color because of reactions with the acidic receiving phase. The characterization results
of the PIM membrane before and after MG transport at various source phase pH levels are shown in Figure 4.

Figure 4 shows the shift of the O—H or N-H band from 3584.28 cm™ to 3305.77 cm™, indicating the
formation of hydrogen bonding interactions between MG and functional groups in the membrane. Although water
molecules may also contribute to hydrogen bonding, the observed band shifts are attributed to MG—membrane
interactions, as the spectral changes appear only after MG transport and are accompanied by shifts in aromatic
bands associated with MG structure. This suggests that the interactions are not solely due to membrane hydration
but involve specific interactions with MG molecules. The disappearance of the aliphatic C—H band at 2929.32
cm! suggests possible interactions between the alkyl groups of PVC or DBE with MG. The shifts in the aromatic
bands from 1650.35 cm™ to 1649.05 cm™ and from 736.82 cm™ to 698.05 cm™ indicate the presence of n—n
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stacking interactions (Kiswandono ef al., 2024b). These FTIR changes confirm that MG transport involves
hydrogen bonding and specific interactions with the membrane. Despite the band shifts, the membrane structure
remained stable and undamaged during the transport process. This result proves that the membrane effectively
recognizes and transports MG, influenced by pH conditions.

Transmittance (a.u)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm)
Figure 4. FTIR spectra of the membrane: (a) before transport, (b) after transport with pH variation in the source
phase.

Variation of HNOs Concentration in the Receiving Phase

The concentration of the receiving phase is a key parameter in optimizing MG transport. This study used
HNO:s solutions with concentrations of 0.50, 0.75, 1.00, 1.25, and 1.50 M at the optimum pH of 7 for 9 hours
(Kiswandono et al., 2024b). The MG % removal achieved was 75.40%, 75.66%, 76.85%, 74.49%, and 73.32%,
respectively. The optimum condition was obtained at 1.00 M HNOs with 76.85% MG removal. The HNOs
concentration is crucial because it generates NOs~ and H:O" ions. The effect of HNOs concentration in the receiving
phase on MG transport optimization is shown in Figure 5.

100
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0,50 0,75 1,00 1,25 1,50

HNO; Concentration (M)

—8—%MG in the Receiving Phase =~ —®—%Removal
Figure 5. The effect of HNO3 concentration variation in the receiving phase on the transported MG concentration.

The increase in HNOs concentration enhances the stripping ability of the receiving phase by providing
protons to release MG from the carrier. However, excessively high HNOs concentrations may lead to over-
protonation of the carrier and increased ionic strength, which can reduce the effective regeneration of active sites
and decrease the overall transport flux. Similar trends have been reported by Ling and Suah (2017) and Ashraf et
al. (2019), indicating that an optimum acid concentration is required to maintain efficient and continuous MG
transport. FTIR characterization of the membrane before and after MG transport at varying HNOs concentrations
in the receiving phase is shown in Figure 6.
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Figure 6. FTIR spectra of the membrane: (a) before transport, (b) after transport with varying HNO:
concentrations in the receiving phase

Figure 6 shows a shift in the absorption band from 3584.28 cm™ to 3329.74 cm™!, indicating hydrogen
bonding between the membrane and MG. The shift of the aliphatic C—H band from 2929.32 cm™ to0 2932.12 cm™!
and the C=0 band from 1730.92 cm™ to 1726.32 cm™ indicates interactions between the polymer and MG
(Kiswandono et al., 2024b). Additionally, the band at 736.62 cm™ disappears and shifts to 689.28 cm™, showing
aromatic structural involvement during transport. These changes confirm functional interactions between MG and
the membrane without damaging the polymer structure.

Membrane Thickness Variation
PIM membranes were prepared in three thicknesses: thin (T27), normal (Tss), and thick (Ties) (Table 3). Each

membrane was installed in the transport pipe with 50 mL of 1.00 M HNO: as the receiving phase and 50 mL of 25
ppm MG solution at pH 7 as the source phase, stirred for 9 hours. The MG % removal was 67.50% (T»7), 80.02%
(Ts4), and 63.68% (T0s), with optimum efficiency at Tss. Thin membranes (T,7) had limited carrier content,
reducing effectiveness, while thick membranes (T¢s) increased diffusion resistance, lowering transport efficiency.
These results are consistent with Kiswandono et al. (2024b), who stated that excessive thickness can hinder MG
transport. The effect of membrane thickness on MG % removal is shown in Figure 7.

100
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= 80
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E'.'n
260
Q
P
= 40
~
5 30
o
= 20
10

0
T2 Tsa Ties

Membrane Thickness

==@=9MG in the Receiving Phase = ==lll==9% Removal
Figure 7. The effect of membrane thickness on the transported MG concentration.

Plasticizers play a crucial role in forming membrane structure and compactness. Low plasticizer content
reduces viscosity, while excessive amounts increase membrane thickness and clog pores, thus hindering MG
diffusion (Kiswandono et al., 2024b). In Tiog membranes, excess plasticizer blocks interactions between MG and
the carrier compound, reducing transport efficiency. Higher membrane viscosity results in lower MG transport
rates (Kiswandono et al., 2024b). FTIR characterization of the membrane before and after MG transport at different
membrane thicknesses is shown in Figure 8.
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Figure 8. FTIR spectra of the membrane: (a) before transport (b) after transport with varying membrane thickness.

Based on the FTIR spectrum in Figure 8, the free —OH band at 3584.28 cm™ before transport shifted to
3322.96 cm™! after transport, indicating the formation of hydrogen bonds between the membrane and MG. The
aliphatic C—H band shifted from 2929.32 cm™ to 2930.11 cm™, and the C=0 band shifted from 1730.92 cm™ to
1726.54 cm™, showing dipole interactions and hydrogen bonding (Khairati et al., 2025). In the aromatic ring
region, the band at 736.82 cm™ shifted to 697.11 cm™, indicating aromatic interactions between MG and the
membrane carrier. The optimum T54 membrane thickness allows maximum interaction and effective MG
transport.

Carrier Compound Concentration Variation

PIM membranes with Tss thickness and various carrier amount (mmol) (Table 2) were installed in the
transport pipe. The chamber was filled with 50 mL of 1.00 M HNO:s as the receiving phase and 50 mL of 25 ppm
MG solution as the source phase. The system was sealed and stirred with a magnetic stirrer for 9 hours. Carrier
amount (mmol) variation aimed to examine its effect on MG transport optimization, as shown in Figure 9.

100
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—8— %MG in the Receiving Phase —&—9%Removal
Figure 9. The Effect of carrier amount (mmol) on the transported MG concentration.

Transport results with carrier concentrations of 0.01, 0.02, 0.03, 0.04, and 0.05 mmol showed MG removal
percentages of 72.95%, 77.57%, 82.45%, 61.99%, and 53.67%, respectively. The optimum concentration was 0.03
mmol, achieving the highest removal efficiency of 82.45%. The increase from 0.01 to 0.03 mmol was due to the
additional —OH active groups in Co-EDVB 10%, which facilitated n—r interactions between MG and the aromatic
structure in DVB (Kiswandono et al., 2022). However, further increases in carrier concentration (>0.03 mmol)
resulted in decreased transport efficiency due to changes in membrane properties, such as increased membrane
density and viscosity, which reduce membrane porosity and hinder MG diffusion and effective access to active
sites (Kiswandono ef al., 2024b). FTIR characterization of the membrane before and after MG transport at different
carrier concentrations is shown in Figure 10.
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Figure 10. FTIR spectrum of the membrane (a) before transport and (b) after transport with variations in carrier
compound concentration.

The FTIR spectra before (a) and after transport (b) showed shifts in absorption bands at 1730.92 cm™! (C=0),
2929.32 cm™! (-CH), and 3584.28 cm™ (—OH), along with the appearance of a new band at 696.85 cm™. These
changes indicate interactions between Co-EDVB and MG ions. The 0.03 mmol (0.0540 g) concentration proved
optimal for MG transport without compromising membrane stability (Khairati ef al., 2025).

Transport Time Variation

Transport time significantly affects MG transport efficiency. Longer interaction times increase the formation
of hydrogen and n—7 bonds between MG and the carrier compound (Kiswandono et al., 2022). The experiment
was conducted under optimum conditions: source phase pH 7, HNOs concentration 1.00 M, Ts4 membrane, and
0.03 mmol carrier concentration. Transport times of 4, 8, 12, 18, and 24 hours resulted in MG removal percentages
of 77.28%, 82.47%, 85.67%, 74.08%, and 71.69%, respectively. The optimum transport time was 12 hours. The
effect of transport time on MG removal is presented in Figure 11.
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Figure 11. The effect of transport time on the transported concentration of MG.

Transport efficiency increased with time and reached a maximum at 12 hours, indicating effective interaction
between MG and the carrier under optimum conditions. At longer transport times (18 — 24 hours), a moderate
decrease in removal efficiency was observed. This behavior suggests the onset of gradual membrane instability,
such as partial leaching of membrane components, which may reduce the availability of active sites and slightly
limit transport flux. Importantly, this trend reflects a cumulative effect of prolonged operation rather than sudden
membrane damage (Radzyminska-Lenarcik et al., 2020). SEM analysis was therefore conducted at the optimum
transport time (12 hours) to represent membrane morphology under maximum performance conditions rather than
to assess time-dependent degradation. FTIR characterization of the membrane before and after transport at
different times is shown in Figure 12.
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Figure 12. FTIR spectrum of the membrane (a) before transport (b) after transport with variations in transport
time.

The FTIR spectrum before transport showed strong absorption bands at 3584.28 cm™ (—OH group), 2929.32
cm™! (aliphatic C-H), 1730.92 cm™ (C=0), and 736.82 cm™" (aromatic ring of eugenol). After 12 hours of transport,
the —OH band at 3584.28 cm ™ disappeared, indicating interaction with MG. The C—H band shifted from 2929.32
cm ! t02907.30 ecm™!, and the C=0 band shifted from 1730.92 cm™ to 1602.80 cm™'. The aromatic band at 736.82
cm! remained, confirming the stability of the aromatic structure (Khairati et al., 2025). Thus, 12 hours was the
optimum transport time for effective MG transport.

Membrane characterization using SEM was conducted to observe surface morphology and pore distribution
of the PIM membrane before and after transport. SEM analysis aimed to evaluate surface structure and potential
changes during MG transport. The surface morphology of the PIM membrane containing Co-EDVB 10% before
and after transport at the optimum time (12 hours) is shown in Figure 13.

Mag= 500X Sgral A=SE1  Date12Apr2022  UPTLTSIT Mag= 100KX SgniA=SE1  Date12Apr2022  UPTLTSIT
WO = 8.0mm ENT=1000K/  Time:102816 Time :1028:14

WD = 9.0mm ENT = 1000k

(b)

Map= 100KX SguiA=SE!  Date<10.Jun2025
WD = 8.5 mm BNT=2000k/  Tme:43000  UPTLTSIT

() (d)
Figure 13. Surface morphology of the PIM membrane: (a) before transport at 500x magnification, (b) before
transport at 1000 magnification, (c) after transport at 500% magnification, and (d) after transport at
1000x magnification at the optimum transport time (12 hours).

The PIM membrane surface before transport (a) showed a relatively homogeneous morphology with fine
pores and a dense, intact surface. In contrast, the membrane after MG transport (b) exhibited a heterogeneous
morphology with an uneven, fibrous surface. This change indicates that MG molecules dominated and expanded
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the membrane pores. This condition was likely influenced by leaching, the release of membrane components such
as the carrier, base polymer, or plasticizer during transport. Leaching not only caused structural inhomogeneity
but also altered pore distribution. According to Aprilia ef al. (2025), this change allows MG molecules to occupy
pores previously filled by leached components.

The PIM membrane containing 10% Co-EDVB exhibited a smooth and relatively dense surface before
transport, while after the transport process, distinct and enlarged pores were clearly observed. These structures
appear as well-defined cavities with clear boundaries, which are characteristic of pores rather than deposits or
attached particles. If the observed features were magnesium carbonate adhering to the membrane surface, irregular
agglomerates or surface coatings would be expected instead of open holes penetrating the membrane matrix. This
observation is consistent with the morphological behavior of PIM membranes reported in previous studies.
Compared to PIM membranes containing polyeugenol reported by Kiswandono et al. (2024a), which already
exhibited large and homogeneous pores before use, the Co-EDVB-based membrane showed superior structural
stability prior to transport. Polyeugenol, lacking a crosslinking agent, contains polar hydroxyl (~OH) groups that
tend to phase-separate within the hydrophobic PVC matrix, leading to early pore formation. During transport,
these pores enlarge irregularly due to interactions between the carrier and the transported solution.

In contrast, Co-EDVB utilizes divinylbenzene (DVB) as a crosslinking agent, forming a strongly crosslinked
and hydrophobic polymer network. This structure results in a smooth membrane surface before transport and
controlled pore enlargement after transport, indicating pore formation induced by component leaching rather than
particulate attachment (Prasetya et al., 2019). Therefore, the observed SEM features after transport can be
confidently interpreted as pores formed within the membrane matrix, not magnesium carbonate adhering to or
diffusing through the membrane.

CONCLUSION

Based on the results of the study, it can be concluded that the optimization of the PIM membrane for the
transport of Malachite Green (MG) was achieved under the following conditions: a source phase pH of 7, | M
HNO:s as the receiving phase, the use of Tss membrane type, and the addition of 10% Co-EDVB carrier at a
concentration of 0.03 mmol, with a transport duration of 12 hours. These conditions yielded optimal MG transport
efficiency. The SEM characterization revealed an uneven, porous membrane surface, resulting from leaching
during the transport process. This finding is supported by the FTIR results, which showed band shifts and decreased
intensities, indicating chemical interactions between the membrane components and MG throughout the transport
process.
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