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ABSTRACT

cationic-dye wastewater treatment.

Textile effluents containing cationic dyes such as methylene blue (MB) pose persistent envi-
ronmental and health risks, and practical adsorbents must combine high capacity with ease )
of recovery. Here we report electrospun polyacrylonitrile/polyvinylpyrrolidone (PAN/PVP)
nanofiber membranes loaded with natural zeolite (clinoptilolite, Tanggamus, Indonesia) at
four levels (0, 0.1, 0.3, and 0.5 g; denoted PAN/PVP, PAN/PVP/Ze1, PAN/PVP/Ze3, and
PAN/PVP/Ze5). The as-spun membranes were thermally stabilized at 200 °C under N,
and characterized by SEM, EDS, XRD, and FTIR. Scanning electron microscopy revealed
continuous, bead-free fibers whose mean diameter increased monotonically from 62657
to 902+68 nm with zeolite loading, while EDS showed a simultaneous rise of Si (0 —
10.68 wt%) and Al (0.37 — 2.90 wt%). Progressive emergence of clinoptilolite reflections at
20 ~ 22.5° and 29.6" in the XRD patterns and a red-shifting Si-O-Si/Si-O—Al asymmetric
stretching band (1067 — 1040 cm~1) in the FTIR spectra confirmed that the zeolite framework was preserved and its effective content increased
with loading, without perturbing the PAN (~2242 cm~—1 C=N) or PVP (~1659 cm~! C=0) signatures. In 10 ppm MB adsorption tests, PAN/PVP/Ze5
achieved ~100% dye removal after 300 min with an experimental adsorption capacity of 14.0 mg g, compared with 58.7% and 8.2 mg g~ " for
the pristine PAN/PVP control. The kinetic data for all samples were well described by the pseudo-second-order model (R > 0.984), indicating
a chemisorption-controlled uptake dominated by electrostatic and ion-exchange interactions with the aluminosilicate framework. The results
demonstrate that natural-zeolite-loaded PAN/PVP nanofiber membranes are a low-cost, recoverable, and composition-tunable platform for
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1. Introduction

Synthetic dyes discharged from textile, printing, leather,
and paper industries constitute one of the largest sources
of coloured wastewater worldwide, with hundreds of thou-
sands of tonnes released annually into surface waters [1,2].
Methylene blue (MB), a thiazine cationic dye, is widely used
as a model pollutant because of its intense absorption at
664 nm, slow biodegradation, and documented toxicity to
aquatic organisms and humans at low concentration. Resid-
ual MB in effluents impairs photosynthesis by reducing light
penetration, induces ocular and respiratory irritation upon
exposure, and is difficult to remove by conventional primary
treatment. The development of efficient, low-cost, and easily
recoverable adsorbents for MB remains therefore a central
goal of dye-wastewater research [3,4,5].

Among the available removal strategies (coagulation,
membrane filtration, advanced oxidation, and adsorption)
[6,7,8], adsorption is the most practical choice at small-to-
medium scale because it is simple to operate, requires no
complex reagents, and can achieve near-complete removal
when the adsorbent is well matched to the dye chemistry
[9,10]. Activated carbon, clays, biochar, and natural zeolites
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have all been investigated as bulk adsorbents, but powder-
form adsorbents suffer from difficult recovery, secondary
pollution, and pressure drop in column operation [11,12,13].
Immobilizing the active phase in a self-supporting membrane
eliminates these drawbacks [14,15]. Electrospun polymer
nanofibers are particularly attractive for this purpose: their
interconnected porosity, high surface-to-volume ratio, me-
chanical integrity, and tunable chemistry make them a versa-
tile host for functional fillers, and the resulting nanofibrous
mat can be handled, regenerated, and reused as a single piece
[16,17,18,19].

Polyacrylonitrile (PAN) is one of the most widely used
electrospinning matrices for adsorbent membranes because
its nitrile groups provide polar sites for interaction with
cationic species and its backbone is chemically and thermally
stable. Polyvinylpyrrolidone (PVP) is commonly blended
with PAN to improve spinnability, increase hydrophilicity,
and promote pore interconnection during post-treatment
[20,21,22]. On the filler side, natural zeolite, in particular
clinoptilolite, a microporous aluminosilicate characterized
by channels populated with exchangeable Na®, K*, and
Ca?* cations, offers a large cation-exchange capacity toward
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cationic dyes and is abundantly available as a low-cost min-
eral in several regions of Indonesia, including the Tangga-
mus area of Lampung Province [23,24,25]. Incorporating
natural zeolite into PAN/PVP nanofibers should therefore
combine the recoverability of a polymer membrane with the
ion-exchange selectivity of the mineral, producing a hybrid
adsorbent that is inexpensive, locally sourced, and easy to
deploy.

Although several recent studies have examined PAN-
based nanofiber adsorbents loaded with engineered metal ox-
ides or synthetic zeolites [26,27], systematic work on natural-
zeolite-loaded PAN/PVP nanofibers with a loading series
spanning pristine to high filler content, full structural charac-
terization, and quantitative kinetic analysis of MB adsorption
is still scarce. In this work we address this gap by preparing
electrospun PAN/PVP membranes with four zeolite loadings
(0,0.1,0.3, and 0.5 g of Tanggamus clinoptilolite) under oth-
erwise identical spinning conditions, thermally stabilizing
them at 200 °C under Ny, and characterizing their morphol-
ogy, composition, crystalline structure, and chemical bonding
by SEM, EDS, XRD, and FTIR. The MB uptake kinetics at
10 ppm initial concentration are quantified over 300 min and
fitted to pseudo-first-order and pseudo-second-order models
to identify the rate-limiting step. The results reveal a mono-
tonic enhancement of both adsorption rate and equilibrium
capacity with zeolite loading, culminating in essentially com-
plete MB removal at the highest loading, and establish natural
zeolite from Tanggamus as an effective, low-cost functional
filler for PAN/PVP adsorbent nanofibers.

2. Materials and Methods

2.1 Materials

Polyacrylonitrile (PAN, M, = 150,000 g molfl) and
polyvinylpyrrolidone (PVP, M, ~ 1,300,000 g mol~')
were obtained from Sigma-Aldrich (Singapore). N, N-
Dimethylformamide (DMF, Merck, Germany) was used as the
common solvent. Natural zeolite (clinoptilolite) was supplied
by PT Paragon Perdana Mining and mined from Tanggamus,
Lampung Province, Indonesia. The as-received zeolite was
ground, sieved through a 200-mesh screen, and dried at 80 °C
for 6 h before use. Methylene blue (MB, C.I. 52015, Merck,
Germany) was selected as a representative cationic dye pollu-
tant. Deionized water was used throughout. All chemicals
were used as received.

2.2 Preparation of PAN/PVP/Zeolite nanofiber membranes
A base polymer solution was prepared by dissolving 0.8 g
of PAN and 0.5 g of PVP in 10 mL of DMF at 60 °C under
magnetic stirring (600 rpm, 4 h) until a transparent, viscous,
and homogeneous dope was obtained. Four separate batches
were then prepared by incorporating 0, 0.1, 0.3, and 0.5 g
of sieved natural-zeolite powder into individual aliquots of
the base solution, followed by an additional 2 h of stirring
and 30 min of ultrasonication to promote uniform disper-
sion. The corresponding samples are designated PAN/PVP,
PAN/PVP/Zel, PAN/PVP/Ze3, and PAN/PVP/Ze5, where the
numerical suffix indicates the zeolite mass in tenths of a gram
(Table 1).

Electrospinning was carried out on a digital spinning
platform (ILMI-N101, Integrated Laboratory of Materials and
Instrumentation, Bandung, Indonesia). Each solution was
loaded into a 10 mL plastic syringe fitted with a 21-gauge
stainless-steel needle and deposited onto a rotating drum col-
lector under the following fixed conditions: applied voltage
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Table 1. Sample designation and composition of the electro-
spinning dopes used in this study.

Sample PAN (g) PVP(g) Zeolite(z) DMF (mL)
PAN/PVP 0.8 0.5 0.0 10
PAN/PVP/Zel 0.8 0.5 0.1 10
PAN/PVP/Ze3 0.8 0.5 0.3 10
PAN/PVP/Ze5 0.8 0.5 0.5 10

9 kV, feed rate 0.5 mL h™1, needle-to-collector distance 10 cm,
and collection time 16 h, at ambient temperature and humid-
ity. The as-spun membranes were peeled from the collector
and dried at 60 °C. All samples were subsequently subjected
to a post-spin heat treatment at 200 °C for 2 h in a tube fur-
nace under Nj atmosphere at a heating rate of 5 °C min~!
to promote partial cyclization of the PAN backbone while
preserving the zeolite framework and the overall fibrous ar-
chitecture. The electrospinning parameters are identical to
those employed in our earlier study of PAN/PVP/Nb,Os5
nanofiber adsorbents to enable a direct comparison between
the two filler systems.

2.3 Materials characterization

Fiber morphology was examined using a scanning electron
microscope (SEM, JEOL JSM-6510) operated at 15 kV, after
sputter-coating the samples with a thin layer of Au. The ele-
mental composition was obtained from energy-dispersive X-
ray spectroscopy (EDS) integrated with the SEM. Mean fiber
diameters and their standard deviations were determined
from SEM micrographs by measuring at least 100 randomly
selected individual fibers per sample using Image]J software.
Chemical bonding was investigated by Fourier-transform in-
frared spectroscopy (FTIR, Shimadzu IRSpirit) in attenuated-
total-reflectance (ATR) mode over 4000-500 cm 1. Crystallo-
graphic phase analysis was performed by X-ray diffraction
(XRD, Rigaku SmartLab SE Basic) using Cu Ka radiation
(A = 1.5406 A) over a 20 range of 10-80°. UV-visible absorp-
tion spectra were recorded on a UV-Vis spectrophotometer
over 400-800 nm.

2.4 Adsorption studies
The dye-removal performance of the nanofiber membranes
was evaluated using methylene blue as a representative
cationic dye. In each experiment, 0.05 g of membrane was
immersed in 100 mL of a 10 ppm MB solution contained in
a 100 mL glass beaker. A 5 mL aliquot was withdrawn im-
mediately before adding the membrane to determine the ini-
tial concentration, Cy. The adsorption was conducted in the
dark at room temperature with magnetic stirring at 400 rpm.
Aliquots were withdrawn at predetermined intervals (10, 20,
30, 60, 120, 180, 240, and 300 min), and the residual MB con-
centration was determined from UV-Vis absorbance at 663 nm
against a calibration curve built from 2, 5, 6, 8, and 10 ppm
standards. The adsorption capacity at time t, g; (mg g~ 1),
was calculated from the mass-balance expression
(Co—C)V

qr = . 1)
where Cy and C; (mg L~1) are the initial and time-dependent
dye concentrations, V (L) is the solution volume, and m (g) is
the membrane mass.

The removal efficiency is given by

Removal (%) = (Co — Ct)/Co x 100 2)
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2.5 Kinetic modelling

The kinetic behaviour of MB adsorption on the
PAN/PVP/Zeolite nanofiber membranes was analysed
using the linearized pseudo-first-order (PFO) and pseudo-
second-order (PSO) models, expressed as

k
log(qe - qt): logqt’ - 23103 t’ (3)

t 1 t
- = s (4)
a kog?  qe

where g, and ¢; are the adsorption capacities at equilibrium
and at time ¢ (mg gfl), and k; (min—1) and k, (g mg*1 min~1)
are the rate constants of the PFO and PSO models, respec-
tively. Model adequacy was judged from the coefficient of
determination (R?) and the agreement between experimental
g+ and model-fitted g,; the model with higher R? and closer
agreement with the experimental data was interpreted as the
dominant kinetic regime.

3. Results and Discussion

3.1 Morphology and elemental composition
Figure 1 shows SEM micrographs of the four electrospun
samples at three magnification levels (1000x, 3000x, and
10,000 %), together with the fiber-diameter distributions ob-
tained from Image]J analysis of at least 100 fibers per sample.
All four samples produced continuous, bead-free, randomly
oriented nanofibers with a uniform three-dimensional net-
work topology, indicating that the addition of natural zeo-
lite up to 0.5 g does not destabilize the electrospinning jet.
The mean fiber diameter increases monotonically with zeo-
lite loading, from 62657 nm for PAN/PVP to 725+68 nm
for PAN/PVP/Zel, 794+69 nm for PAN/PVP/Ze3, and
902468 nm for PAN/PVP/Ze5. The narrow and compa-
rable standard deviations (57-69 nm) across the four samples
confirm that the diameter distributions remain similarly uni-
modal, while the steady shift of the mean reflects the increase
in dope viscosity produced by the progressive incorporation
of solid filler into the PAN/PVP/DMEF solution. At 10,000 x
magnification, zeolite particles appear as nodular features
that are embedded in or partially protrude from the poly-
mer fibers rather than being deposited as loose aggregates
on the surface, demonstrating that the spinning conditions
successfully encapsulate the filler inside the fiber matrix [28].
The EDS spectra and quantitative elemental analysis of
the four samples are shown in Figure 2, and the correspond-
ing atomic-percent composition is summarized in the bar
chart of Figure 3a. The pristine PAN/PVP membrane (Fig-
ure 2a) contains only C (22.99 wt%), N (44.70 wt%), and O
(31.93 wt%), consistent with the nominal PAN/PVP chemistry,
together with a negligible Al contribution (0.37 wt%) that can
be attributed to EDS background. With the incorporation of
natural zeolite, both Si and Al appear and increase monoton-
ically across the loading series: Si rises from 4.38 wt% (Zel,
Figure 2b) to 9.54 wt% (Ze3, Figure 2c) and 10.68 wt% (Ze5,
Figure 2d), while Al rises from 1.38 to 2.66 and 2.90 wt% over
the same series. The same monotonic trend is clearly visible
in atomic percent in Figure 3a. The Si/Al ratio remains in
the range 3.2-3.7 across all three loadings, in good agreement
with the stoichiometry expected for clinoptilolite and con-
firming that the crystalline framework of the aluminosilicate
is transferred intact from the raw mineral to the nanofiber
matrix [29,30]. Together, the SEM and EDS results demon-
strate that the nanofiber architecture is preserved, the filler is
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genuinely embedded rather than merely deposited, and the
effective zeolite content can be tuned proportionally to the
mass of precursor added to the dope.

3.2 Structural and chemical characterization

The X-ray diffraction patterns of the four samples together
with the natural-zeolite reference are presented in Figure 3b.
All four membranes exhibit a broad halo centered at 20 ~ 17°,
which is assigned to the (100) reflection of the semi-crystalline
PAN backbone superimposed on the amorphous contribution
of PVP. On top of this polymer halo, progressively sharper
diffraction features attributable to clinoptilolite emerge as the
zeolite content is increased. In PAN/PVP/Zel, low-intensity
reflections are already visible at 20 ~ 9.8° and 11.2°, which
are characteristic of the (020) and (200) planes of clinoptilolite
[31,32,33]. In PAN/PVP/Ze3, a strong new reflection appears
at 20 ~ 22.6°, and in PAN/PVP/Ze5 this peak sharpens
further and is accompanied by an additional reflection at 26 ~
29.6°, which is another diagnostic clinoptilolite feature. The
progressive emergence and intensification of these reflections
without the appearance of any secondary or shifted phase
demonstrate that the crystalline aluminosilicate framework is
preserved through electrospinning and the subsequent 200 °C
heat treatment under Ny, and that the effective loading of
clinoptilolite in the nanofiber matrix scales monotonically
with the precursor mass.

The FTIR spectra in Figure 3¢ confirm the compositional
integrity of the polymer matrix and the progressive incorpo-
ration of the zeolite filler. All samples show the character-
istic bands of PAN/PVP: a broad O-H/N-H envelope near
3400 cm 1, aliphatic C-H stretching around 2930 cm™~ !, the
sharp C=N stretch of the PAN nitrile at ~2242 cm~!, the C=O
stretch of the PVP pyrrolidone ring at ~1659 cm~!, CH, bend-
ing around 1450 cm !, and C-N/C-O backbone vibrations
near 1288 cm~!. These polymer-associated bands remain
essentially unchanged in both position and relative inten-
sity across all Ze-loaded samples, indicating that neither the
compositing step nor the 200 °C thermal stabilization signifi-
cantly disrupts the PAN/PVP chemistry. A new and growing
absorption band associated with the asymmetric stretching
vibration of Si-O-5i / Si-O-Al bonds emerges in the ~1000-
1100 cm~! region [32,33]. Its position shifts progressively
to lower wavenumber as the zeolite content increases, from
1067 cm ™! in PAN/PVP/Zel to 1042 cm™! in PAN/PVP/Ze3
and 1040 cm~! in PAN/PVP/Ze5, while the corresponding
band depth deepens from ~96% to ~86% transmittance. A
second, weaker Si-O band centered around 520-540 cm ™!
follows the same trend. The red-shift and intensification of
the aluminosilicate fingerprint, together with the unchanged
polymer bands, provide clear spectroscopic evidence that
clinoptilolite is successfully embedded in the PAN/PVP ma-
trix and that its effective loading increases monotonically
from Zel to Ze5, in full agreement with the XRD and EDS
trends.

3.3 Methylene blue adsorption kinetics

The time-dependent UV-Vis absorption spectra of 10 ppm
MB solutions exposed to each membrane, together with the
derived adsorption kinetics, are shown in Figure 4. The char-
acteristic MB absorption peak at 663 nm decreases monoton-
ically with contact time for all four samples (Figure 4a—d),
confirming progressive dye uptake. The rate and extent of
the decrease, however, depend strongly on the zeolite content.
For pristine PAN/PVDP, the absorbance decreases only slowly
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Figure 1. SEM images of electrospun (a) PAN/PVP, (b) PAN/PVP/Zel, (c) PAN/PVP/Ze3, and (d) PAN/PVP/Ze5 nanofiber
membranes after heat treatment at 200 °C, imaged at 1000, 3000 x, and 10,000 x magnification. Bottom-row insets show the
fiber-diameter distributions obtained from Image] analysis (n > 100 per sample).

and retains a clearly visible peak at 300 min, corresponding
to ~58.7% removal and an experimental adsorption capacity
of 8.2 mg g~ 1. The introduction of even a modest amount of
zeolite dramatically accelerates the uptake: PAN/PVP/Zel
reaches 91.7% removal (12.8 mg g~ 1), PAN/PVP/Ze3 reaches
96.5% removal (13.5 mg g~ 1), and PAN/PVP/Ze5 reaches
essentially complete removal (~100%, 14.0 mg gfl) within
the same 300 min. The time-resolved adsorption-capacity
curves in Figure 4e confirm this monotonic enhancement and
show a classical two-stage profile for all samples: a fast initial
uptake within the first 30-60 min, during which the majority
of the accessible surface sites are rapidly populated, followed
by a gradual approach to equilibrium as the remaining sites
are filled.

The linearized PFO and PSO plots are shown in Fig-
ure 4f and Figure 4g, and the corresponding fitted param-
eters are collected in Table 2. The PSO model describes the
data consistently better than the PFO model across the entire
loading series: the PSO coefficient of determination is uni-
formly high (R? > 0.984 for all samples, with R? = 0.996 for
PAN/PVP, PAN/PVP/Zel, and 0.993 for PAN/PVP/Ze3),
whereas the PFO fit degrades noticeably at low loading, reach-
ing R> = 0.885 for the pristine PAN/PVP control. Fur-
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thermore, the PSO-fitted g. values are in close agreement
with the experimentally observed adsorption capacities at
300 min, while the PFO-fitted values systematically underes-
timate them by roughly a factor of two. This combined evi-
dence, namely the higher R? and closer agreement with the
experimental plateau, identifies the PSO model as the domi-
nant kinetic regime and suggests that MB adsorption on the
PAN/PVP/Zeolite nanofiber membranes is rate-limited by a
chemisorption-type surface interaction rather than by pure
film diffusion. The PFO rate constant k; increases from 0.010
t0 0.021 min~—! as the zeolite content increases from 0 to 0.5 g,
reflecting the faster uptake observed in Figure 4e. The PSO
rate constant k, decreases from 0.007 to 0.001 g mg~! min~!
over the same series; this decrease does not indicate a slow-
down of the real kinetics but arises from the inverse g2 depen-
dence of the PSO expression, which mathematically couples
a rising g, to a declining k;. We note that the PSO-fitted g,
values for PAN/PVP/Ze3 and PAN/PVP/Ze5 (16.08 and
16.69 mg g~ !, respectively) exceed the instantaneous mass-
balance ceiling CoV/m ~ 13.96 mg g~ ! at the measured
initial concentration; this is a known characteristic of the
linearized PSO model, whose fitted g, is an asymptotic ex-
trapolation of the t/q; vs t regression rather than a direct
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Figure 2. EDS spectra and quantitative elemental composition (wt% and atomic %) of (a) PAN/PVP, (b) PAN/PVP/Zel, (c)
PAN/PVP/Ze3, and (d) PAN/PVP/Ze5 nanofiber membranes.
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Figure 3. (a) Quantitative EDS elemental composition (at%) of C, N, O, Al, and Si for all four nanofiber membranes. (b) X-ray
diffraction patterns of natural zeolite (clinoptilolite), PAN/PVP, PAN/PVP/Zel, PAN/PVP/Ze3, and PAN/PVP/Ze5 nanofiber
membranes; shaded bands highlight the main clinoptilolite reflections at 26 a2 22° and 30". (c) Fourier-transform infrared spectra
of the same samples; the shaded region highlights the Si-O-Si / Si-O-Al asymmetric stretching band.
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Figure 4. Methylene blue (10 ppm) adsorption by (a) PAN/PVP, (b) PAN/PVP/Zel, (c) PAN/PVP/Ze3, and (d) PAN/PVP/Ze5
nanofiber membranes monitored by UV-Vis spectroscopy over 0-300 min. (e) Adsorption capacity g; as a function of contact
time with pseudo-first-order (PFO, dashed) and pseudo-second-order (PSO, solid) kinetic fits. (f) PFO linearization log(g. — q:)
vs t. (g) PSO linearization ¢/g; vs t. Adsorption conditions: 0.05 g membrane, 100 mL of 10 ppm MB solution, 400 rpm stirring in
the dark, room temperature.

experimental quantity, and should be interpreted as the equi-
librium capacity predicted by the model if the experiment
were run to infinite time.

The mechanistic picture that emerges from the combined
SEM/EDS/XRD/FTIR/kinetic results is internally consis-
tent. Pristine PAN/PVP already exhibits moderate MB up-
take thanks to the polar nitrile groups on the PAN backbone,
which can engage in dipolar and 77— interactions with the
aromatic framework of the cationic dye. Adding natural ze-
olite introduces a much larger density of high-affinity sites
for MB™: the negatively charged aluminosilicate framework
provides electrostatic attraction for cations, the exchange-
able Na*, K, and Ca?* cations in the clinoptilolite channels
enable direct cation-exchange uptake, and the internal mi-
croporosity further contributes through physical pore filling.
Because the effective zeolite content in the fiber rises mono-
tonically with the precursor mass (as shown by the Si/ Al EDS
values in Figures 2 and 3a, the intensifying clinoptilolite XRD
reflections in Figure 3b, and the deepening Si-O-5i/Si-O-Al
FTIR band in Figure 3c), the density of these high-affinity
sites increases in the same order, explaining the PAN/PVP <
Zel < Ze3 < Zeb5 ranking of both the initial uptake rate and
the equilibrium adsorption capacity. PAN/PVP/Ze5 removes
essentially all MB from solution within 300 min at 10 ppm,
demonstrating the practical effectiveness of the composite
under conditions representative of dilute textile effluents.

© 2026 The Authors | CC-BY 4.0 @ ®

4. Conclusions

Electrospun PAN/PVP nanofiber membranes loaded with 0.1,
0.3, and 0.5 g of natural zeolite (clinoptilolite) from Tangga-
mus, Indonesia, were successfully prepared and thermally
stabilized at 200 °C under Ny, and their morphology, com-
position, structure, chemistry, and MB adsorption kinetics
were characterized in detail. SEM imaging revealed continu-
ous, bead-free fibers whose mean diameter increased mono-
tonically from 626 to 902 nm with zeolite loading, and EDS
confirmed a parallel rise in Si (up to 10.68 wt%) and Al (up
to 2.90 wt%) with a Si/ Al ratio consistent with clinoptilolite.
XRD showed the progressive emergence of clinoptilolite re-
flections at 20 ~ 9.8°,22.5°, and 29.6 , and FTIR showed a
red-shifting and intensifying Si-O-5i/Si-O-Al asymmetric
stretching band (1067 — 1040 cm ™) alongside unchanged
PAN (C=N at 2242 cm~!) and PVP (C=0 at 1659 cm ™) sig-
natures, jointly demonstrating that the aluminosilicate frame-
work is preserved and its effective loading scales with the
precursor mass without disturbing the polymer host. In
10 ppm MB adsorption tests, zeolite loading systematically
enhanced both the uptake rate and the equilibrium capacity,
culminating in essentially complete (~100%) dye removal by
PAN/PVP/Ze5 at 300 min with an experimental capacity of
14.0 mg g_l, compared with 58.7% and 8.2 mg g_1 for the
pristine PAN/PVP control. The kinetic data were well de-
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Table 2. Pseudo-first-order (PFO) and pseudo-second-order (PSO) kinetic parameters for methylene blue (MB) adsorption (10
ppm, 100 mL, 0.05 g adsorbent) onto PAN/PVP and PAN/PVP /Zeolite nanofiber membranes.

Adsorbent PFO kinetics PSO kinetics

Je (mg g ™) ky (min~?) R? ge (mgg™h) ky (g mg~" min~1) R2
PAN/PVP 4.86 0.010 0.8853 8.44 0.007 0.9956
PAN/PVP/Zel 8.68 0.014 0.9376 13.96 0.003 0.9955
PAN/PVP/Ze3 12.57 0.018 0.9274 16.08 0.001 0.9931
PAN/PVP/Ze5 13.86 0.021 0.9956 16.69 0.001 0.984

scribed by the pseudo-second-order model (R? > 0.984 for all
samples), identifying a chemisorption-controlled mechanism
governed by electrostatic attraction, cation exchange, and mi-
cropore filling at the clinoptilolite sites. These results establish
natural-zeolite-loaded PAN/PVP nanofiber membranes as an
effective, low-cost, and recoverable platform for cationic-dye
wastewater treatment. Future work will address reusability
over multiple adsorption/regeneration cycles, equilibrium
isotherm and thermodynamic analyses, the selectivity of the
composite toward anionic dyes, and tests on real textile efflu-
ents.
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