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Abstract. Synthetic dyes such as Rhodamine B (RhB) released by the textile
industry represent a persistent environmental pollutant that poses significant
risks to aquatic ecosystems and human health. Although heterogeneous
photocatalysis has emerged as a promising remediation strategy, the
practical deployment of powdered photocatalysts remains constrained by
difficulties in post-treatment separation and particle agglomeration. This
study synthesized a Fe2O3/CuO composite photocatalyst immobilized within
a polyvinylidene fluoride (PVDF) polymer membrane via coprecipitation
and phase inversion techniques. Three PVDF/Fe203-CuO membranes were
prepared at catalyst loadings of 10%, 15%, and 20% (w/w) and characterized
using X-ray diffraction (XRD), Fourier-transform infrared spectroscopy
(FTIR), and scanning electron microscopy with energy-dispersive
spectroscopy (SEM-EDS). Photocatalytic performance was assessed by
degradation of 10 ppm RhB solution under UV irradiation over 90 minutes.
The 20% PVDEF/Fe.0s;-CuO membrane achieved the highest degradation
efficiency of 86.45% with a pseudo-first-order rate constant (kapp) of 0.0222
min~'. XRD confirmed co-existence of hematite (a-Fe20s) and tenorite
(CuO) phases without new phase formation, while FTIR verified physical
interfacial interaction between PVDF and the metal oxide. These results
demonstrate that PVDF/Fe.0;-CuO composite membranes offer a
structurally stable, recoverable, and effective photocatalytic platform for
industrial wastewater treatment.

1 Introduction

The rapid expansion of textile manufacturing in developing countries, particularly Indonesia,
has contributed substantially to the contamination of water bodies with recalcitrant synthetic
dyes. Among these, Rhodamine B (RhB), a xanthene-based cationic dye, is widely employed
in fabric coloring due to its intense fluorescence and chemical stability. Its release into
wastewater, even at trace concentrations, imparts visible coloration, impedes photosynthesis
in aquatic plants, depletes dissolved oxygen, and poses mutagenic and carcinogenic risks
through bioaccumulation in the food chain [1, 2]. Conventional treatment methods, including
coagulation-flocculation and biological degradation, are largely ineffective against RhB due
to its structural complexity and resistance to microbial attack [3].
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Heterogeneous photocatalysis has gained considerable attention as an advanced oxidation
process (AOP) capable of mineralizing persistent organic pollutants under light irradiation.
The mechanism involves photogenerated electron-hole pairs on a semiconductor surface that
produce reactive oxygen species (ROS), principally hydroxyl radicals (*OH) and superoxide
anions (*O2"), which non-selectively oxidize dye molecules to COz, H20, and inorganic ions.
Iron(III) oxide (Fe20s, hematite) is an attractive photocatalyst due to its narrow band gap
(=2.1 eV) enabling visible-light absorption, low cost, and environmental benignity [4].
Copper(Il) oxide (CuO), a p-type semiconductor with a band gap of 1.2-2.1 eV, complements
Fe20s by creating a type-II heterojunction that facilitates charge separation and suppresses
electron-hole recombination [5, 6].

Nevertheless, the practical application of powdered Fe.0s/CuO composites is hindered by
two critical drawbacks: nanoparticle agglomeration driven by high surface energy, and the
difficulty of post-treatment recovery. Polyvinylidene fluoride (PVDF) is a chemically
resistant, mechanically robust, semi-crystalline fluoropolymer widely used in membrane
fabrication. Its hydrophobic character and flexible microstructure make it an ideal host matrix
for photocatalyst immobilization, enabling the formation of self-supporting membranes with
accessible catalyst surfaces [7, 8]. The present study addresses this research gap by
fabricating PVDF membranes incorporating Fe.Os/CuO composites at three distinct loading
levels (10%, 15%, and 20% w/w) and rigorously characterizing the resulting materials and
their photocatalytic performance.

2 Methodology

2.1 Synthesis of Fe, O3 /CuO Composite

CuS0a4-5H20 (2 g) was dissolved in 100 mL of distilled water, and CTAB (1 g) was added
as a surfactant and stirred for 30 minutes. Fe2Os (1.5 g) was subsequently introduced, and the
suspension was stirred for an additional 30 minutes. Aqueous NH.OH (0.1 M) was added
dropwise until pH 10, whereupon a greenish precipitate formed. The precipitate was filtered,
washed with distilled water and ethanol, dried at 70°C for 18 hours, and calcined at 550°C
for 2 hours.

Fig. 1. Fe20:/CuO composite precipitate during filtration after coprecipitation synthesis.

2.2 Fabrication of PVDF/Fe, O; -CuO Membranes

PVDF membranes were prepared by dissolving PVDF (1.0 g) in DMAc (10-12 mL) with
Fe20:/CuO loadings of 10%, 15%, and 20% (w/w relative to PVDF mass) to produce
homogeneous casting solutions. The compositions are summarized in Table 1. Each dope
solution was cast on a flat glass plate using a glass rod and dried at 80°C in an oven for 2
hours to allow controlled solvent evaporation and membrane solidification via phase
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inversion. The resulting membranes exhibited a jelly-like texture and a reddish-brown

coloration.

Table 1. Composition of PVDF/Fe203-CuO membranes at three catalyst loading levels.

Composition Fe:05/CuO (g) PVDF (g) DMAc¢ (mL)
10% 0.11 1.00 10
15% 0.17 1.00 11
20% 0.25 1.00 12

Fig. 2. Resulting PVDF/Fe203-CuO membranes (left to right: 10%, 15%, 20%) exhibiting reddish-
brown coloration.

2.3 Characterization

Phase analysis was performed by powder X-ray diffraction (XRD) over a 28 range of 10-80°
at 40 kV/40 mA. Functional group identification was conducted by FTIR spectroscopy over
400-4000 cm™. Surface morphology and elemental composition were examined by SEM
coupled with EDS. Analyses were performed at PT Alcemy Lab Sains Indo, Serpong,
Indonesia.

2.4 Photocatalytic Degradation Tests

A standard curve was constructed by measuring UV-Vis absorbance (554 nm) of RhB
solutions at 0, 2, 4, 6, 8, and 10 ppm. Each membrane (0.1 g) was immersed in 100 mL of 10
ppm RhB solution under UV irradiation. Absorbance was recorded every 10 minutes for 90
minutes. Degradation efficiency was calculated as:

%Degradation = [(Ao — A¢)/Ao] % 100%
where Ao and A are the initial and time-t absorbances. Pseudo-first-order kinetics were

analyzed by plotting In(A¢/A;) versus time, with the apparent rate constant Kay, derived from
the slope [9].

3 Results and Discussion

3.1 XRD Analysis

X-ray diffraction patterns of pure PVDF, Fe:0s;-CuO powder, and the composite
PVDEF/Fe:0;-CuO membranes are displayed in Fig. 3. The PVDF membrane showed a
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characteristic broad diffraction hump centered at 20 =~ 18-21°, consistent with the semi-
crystalline a-PVDF phase. The Fe0:-CuO composite exhibited sharp, high-intensity peaks
at 20 = 24°, 33°,35°,41°, 49°, 54°, and 64° assigned to hematite (a-Fe20s), alongside peaks
at 20 = 35°, 38°, 48°, 53°, and 58° corresponding to tenorite (CuO), confirming successful
co-synthesis without secondary phases [10]. In the composite patterns, oxide diffraction
peaks were still discernible but with reduced intensity, attributed to dispersion of oxide
crystallites within the amorphous PVDF matrix [11]. No new diffraction peaks emerged,
confirming that the PVDF-oxide interaction is purely physical rather than chemical.

——PVDF
—— PVDF/Fe203-CuO
——Fe203-Cu0

Intensity (a.u.)

10 20 30 40 50 60 70 80 90
26 ()

Fig. 3. XRD diffractograms of (a) pure PVDF, (b) PVDF/Fe203-CuO composite membrane, and (c)
Fe203-CuO powder, showing characteristic peaks of a-Fe2Os and tenorite CuO phases.

3.2 FTIR Analysis
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Fig. 4. FTIR spectra of pure PVDF and PVDF/Fe.03-CuO composite membrane (20%), showing
characteristic CF2/C-F bands and additional Fe-O/Cu-O stretching bands.

FTIR spectra of pure PVDF and the PVDF/Fe.03-CuO membrane are presented in Fig. 4.
The pure PVDF spectrum displayed characteristic absorption bands at 835-876 cm™ (CF2
bending), 1015-1232 cm! (C-F stretching), and 1399 cm (CH: wagging). Upon
incorporation of Fe20s/CuO, all characteristic PVDF bands were retained with essentially
unaltered positions, confirming intact PVDF backbone and physical interaction. New
absorption bands appeared at 434—527 cm™ attributable to Fe-O and Cu-O metal-oxygen
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stretching vibrations [12], confirming successful incorporation of both oxide phases into the
PVDF matrix.
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Fig. 5 SEM micrographs: (a, b) pure PVDF; (c, d) 10% PVDF/Fe203-CuO at 10 pm and 5 pm scales;
(e, f) 15% PVDF/Fe203-CuO; (g, h) 20% PVDF/Fe.03-CuO showing increased particle density and
agglomeration.
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3.3 SEM-EDS Analysis

SEM micrographs revealed pronounced morphological evolution with increasing Fe.Os/CuO
loading (Fig. 5). The pure PVDF membrane displayed a smooth surface with minimal
porosity. At 10% loading, oxide particles began to emerge on the PVDF matrix with sparse
distribution and no significant agglomeration. At 15% loading, a markedly rougher and more
porous surface was observed with quasi-homogeneous particle distribution, maximizing
effective surface area. At 20% loading, particle density increased substantially but with
localized agglomerate clusters [13].

EDS spectra of the composite membrane confirmed the presence of C and F from the
PVDF matrix along with Fe, Cu, and O signals, verifying successful incorporation of Fe.O;
and CuO phases (Fig. 6). Detection of Fe and Cu on the membrane surface confirms that
photocatalyst particles are surface-exposed, essential for efficient light absorption and
contact with the dye solution [14].
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Fig. 6. EDS spectra of (a) pure PVDF membrane and (b) PVDF/Fe:03-CuO composite membrane,
confirming elemental composition.

3.4 Photocatalytic Degradation of Rhodamine B

A Rhodamine B standard curve yielded a linear regression y = 0.2215x + 0.0333 with R?=
0.9991, validating the spectrophotometric method. Photocatalytic degradation profiles under
UV irradiation for 90 minutes are shown in Fig. 7.

All three membrane variants exhibited progressively increasing degradation with
irradiation time. The 20% PVDEF/Fe20:-CuO membrane achieved the highest degradation of
86.45%, followed by 15% (67.52%) and 10% (49.56%) after 90 minutes. The mechanistic
basis involves UV photon absorption by Fe.0s/CuQO generating electron-hole pairs, which
react with H2O and O: to yield *OH and *O- radicals that oxidize the RhB chromophore. At
10% loading, limited active sites generate insufficient ROS for rapid degradation. At 15%,
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more homogeneous particle distribution increases accessible active surface area. At 20%,
despite onset of agglomeration, the absolute number of surface-exposed active sites remains
highest, explaining continued improvement [15].

Table 2. Absorbance data for Rhodamine B standard curve at 554 nm (R?= 0.9991).

Concentration (ppm) Absorbance
0 0.000
2 0.492
4 0.937
6 1.390
8 1.801
10 2.225

100
PVDF/Fe203-CuO 10%!
PVDF/Fe203-Cu0 15%)
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Fig. 7. Percentage of Rhodamine B degraded as a function of UV irradiation time for PVDF/Fe.0;-

CuO membranes (10%, 15%, 20%).

3.5 Pseudo-First-Order Kinetic Analysis

Photodegradation kinetics were analyzed using the pseudo-first-order Langmuir-
Hinshelwood model [9]. A plot of In(Ao/A;) versus irradiation time yielded linear
relationships for all three membranes (Fig. 8), confirming adherence to first-order kinetics.
The apparent rate constants and coefficients of determination are summarized in Table 3.
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Fig. 8. Pseudo-first-order kinetic plots [In(Ao/A,) vs. time] for PVDF/Fe203-CuO membranes at 10%,

15%, and 20% catalyst loading.

Table 3. Pseudo-first-order kinetic parameters for Rhodamine B photodegradation.

Membrane Variant Kapp (min™) R? Degradation at 90 min (%)
PVDF/Fe:05-CuO 10% 0.0076 0.9612 49.56
PVDEF/Fe20:-CuO 15% 0.0125 0.9743 67.52
PVDEF/Fe203-CuO 20% 0.0222 0.9887 86.45

The kqpp value for the 20% membrane (0.0222 min™") is 2.9-fold higher than that of the 10%
membrane (0.0076 min™!), directly reflecting the increased catalyst active site density. The
20% membrane's k., compares favorably with literature values for powdered Fe.0s/CuO
systems (0.012-0.028 min™') and TiO.-based PVDF membranes (~0.015 min™) [7],
underscoring the competitive performance while offering the additional advantage of catalyst

recoverability.

3.6 Linear Sweep Voltammetry Analysis
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Fig. 9. Linear Sweep Voltammetry (LSV) curves for PVDF/Fe203;-CuO membranes at 10%, 15%, and
20% catalyst loading, showing minimal photocurrent due to insulating PVDF matrix.
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LSV measurements revealed minimal photocurrent density across the potential window (—2
to +2 V) for all PVDF/Fe203-CuO membrane variants (Fig. 9). This result can be rationalized
by the insulating/dielectric character of the PVDF matrix, which creates a large resistance
network around individual Fe.Os/CuO particles that prevents effective transfer of
photogenerated charge carriers to the working electrode. SEM analysis corroborates this: the
Fe20:/CuO particles are dispersed as discrete, non-contiguous islands within the PVDF
matrix, precluding formation of a percolating conductive network. This highlights a
fundamental distinction: while external charge collection requires a continuous conductive
pathway, in situ ROS generation at particle surfaces drives photocatalytic degradation
independently of macroscopic electrical conductivity.

4 Conclusions

This study demonstrates the successful synthesis of Fe:O3s/CuO composite photocatalysts via
CTAB-assisted coprecipitation and their effective immobilization within PVDF polymer
membranes through phase inversion at three catalyst loadings (10%, 15%, 20%). XRD
confirmed the co-existence of crystalline a-Fe>Os and tenorite CuO phases without phase
contamination, while FTIR verified that PVDF-oxide interaction is physical. SEM-EDS
revealed loading-dependent morphological evolution. The 20% PVDF/Fe.0;-CuO
membrane achieved the highest RhB degradation efficiency of 86.45% in 90 minutes under
UV irradiation, with a pseudo-first-order ki, of 0.0222 min™'. This work establishes
PVDF/Fe:0;-CuO composite membranes as a practically viable, recoverable photocatalytic
platform for the treatment of dye-contaminated wastewater.
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