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ABSTRACT

Synthetic dyes such as methylene blue (MB) and Congo red (CR) are persistent water
pollutants requiring efficient removal. This study examines the effect of composition and mor-
phology on the adsorption performance of electrospun polyacrylonitrile/polyvinylpyrrolidone
(PAN/PVP) nanofiber membranes. PAN/PVP fibers with different PAN loadings (0.7-1.0 g,
total polymer mass 1.3 g) were fabricated by electrospinning and subjected to hot-water
soaking at 80 °C followed by thermal treatment at 200 °C. SEM and FTIR confirmed con-
tinuous nanofibrous networks containing both PAN and partially removed PVP, with only
subtle morphological differences among compositions. Batch adsorption tests showed
preferential uptake of MB over CR, with the highest MB capacity of 8.38 mg g~ obtained
for the PAN/PVP-8 membrane and the highest CR capacity of 3.32 mg g~ obtained for
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the PAN/PVP-10 membrane, with only modest variation among the other ratios. Kinetic
analysis revealed that MB and CR adsorption follow a pseudo-second-order model, indicating surface-controlled uptake and suggesting that further

improvement will require targeted surface functionalization.
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1. INTRODUCTION

The discharge of textile wastewater has emerged as a major
contributor to global water pollution [1]. The textile indus-
try accounts for approximately 54% of hazardous organic
pollutants, and it is estimated that 15-20% of synthetic dyes
used in textile processing are not adequately treated and are
subsequently released into the environment [2,3]. Globally,
this corresponds to nearly 280,000 tons of dyes entering water
bodies annually, leading to severe water contamination and
posing significant risks to human health and aquatic ecosys-
tems [4]. These dyes are commonly classified into cationic
and anionic types [5]. Among them, methylene blue (MB)
is one of the most widely used cationic textile dyes and is
frequently detected in effluents due to its high stability and
persistence [6]. Congo red (CR), an anionic azo dye widely
used in the textile industry, is likewise often found in wastew-
ater and is known for its potential toxicity and long-term
environmental persistence. Therefore, the removal of haz-
ardous dyes such as MB and CR from textile wastewater is of
critical importance [7].

Various techniques have been explored for the re-
moval of MB and CR from wastewater, including coagu-
lation/flocculation, ion exchange, photodegradation, mem-
brane filtration, and adsorption [8,9]. Among these methods,
adsorption stands out as an effective and extensively stud-
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ied approach owing to its simplicity, relatively low cost, and
high removal efficiency. However, the overall performance
of the process is strongly governed by the physicochemical
properties of the adsorbent material, such as its surface area,
porosity, surface chemistry, and stability [10].

Advances in nanotechnology have led to increasing use
of nanostructured adsorbents for the removal of organic
pollutants from aqueous media. In particular, electrospun
polymeric nanofibers have attracted considerable attention
due to their high specific surface area, interconnected poros-
ity, and tunable morphology, all of which are beneficial for
adsorption-driven separation processes [11]. Polyacryloni-
trile (PAN) is widely employed in water treatment applica-
tions because of its chemical and mechanical stability, non-
toxicity, and ease of surface functionalization. Its porous
structure can be tailored by incorporating pore-forming
agents such as polyvinylpyrrolidone (PVP), which can in-
crease pore density while maintaining pore size and distribu-
tion [12,13,14,15,16,17,18,19,20].

While PAN/PVP fibrous materials have been investigated
for various separation and removal applications, the inter-
play between blend composition, post-treatment-induced
changes in PVP content, nanofiber morphology, and dye ad-
sorption behaviour, particularly for representative cationic
and anionic dyes such as MB and CR, remains insufficiently
understood. In this context, the present work focuses on
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PAN/PVP electrospun nanofiber membranes with different
PAN/PVP ratios subjected to hot-water soaking and subse-
quent thermal treatment. The influence of these parameters
on nanofiber morphology and chemical structure is exam-
ined by SEM and FTIR, and their impact on the adsorption
performance toward MB and CR is evaluated through equilib-
rium and kinetic studies. By correlating the partial removal
of PVP, the broadly similar morphologies, and the adsorp-
tion behaviour described by pseudo-second-order kinetics,
this study aims to clarify the extent to which variations in
PAN/PVP ratio and post-treatment affect dye uptake, and
to identify the most promising PAN/PVP formulation as a
platform for further performance enhancement via surface
modification.

2. MATERIALS AND METHODS

2.1 Materials

Polyacrylonitrile (PAN, M,, = 150,000 g/mol) and
polyvinylpyrrolidone (PVP, My, = 1,300,000 g/mol) were
purchased from Sigma-Aldrich and used to prepare polymer
blend solutions, with N,N-dimethylformamide (DMF, Merck,
Germany) as the solvent. Methylene blue (MB) and Congo
red (CR) were employed as model dyes for the adsorption
studies and purchased from Merck, Germany. Deionized
water was used for the preparation of dye solutions and for
all rinsing procedures.

2.2 Preparation of PAN/PVP nanofibers

Electrospinning solutions were prepared by varying the mass
ratio of PAN to PVP while keeping the total polymer mass
constant at 1.3 g. The PAN:PVP ratios used were 54:46, 62:38,
69:31, and 77:23, corresponding to PAN masses of 0.7, 0.8,
0.9, and 1.0 g, respectively (see Table 1). Each solution was
magnetically stirred at 500 rpm and 60 °C for 3 h, until a
homogeneous polymer solution was obtained. The prepared
polymer solution was loaded into a 10 mL Terumo syringe
equipped with a 21G needle and mounted on a syringe pump
connected to an electrospinning apparatus (ILMI-N101 Elec-
trospinning). The electrospinning process was carried out at
an applied voltage of 9 kV and a flow rate of I mLh~!. The
distance between the needle tip and the collector was fixed
at 15 cm. The collector, covered with aluminium foil, was
designed as a rotating drum to ensure uniform fibre deposi-
tion on the substrate. After the nanofibre mats were obtained,
they were subjected to post-treatment. The samples were
immersed in distilled water at 80 °C for 2 h and then dried
at room temperature until completely dry. The dried nanofi-
bres were subsequently thermally treated in a tube furnace
at 200 °C for 2 h, with a heating rate of 3 °C min~!, under a
nitrogen (N,) atmosphere.

Table 1. Composition of PAN/PVP electrospinning solutions
with varying PAN:PVP mass ratios for nanofibre preparation.

Sample name PAN PVP DMF PAN:PVP
mass (g) mass (g) volume ratio
(mL)
PAN/PVP-7 0.7 0.6 10 54:46
PAN/PVP-8 0.8 0.5 10 62:38
PAN/PVP-9 0.9 0.4 10 69:31
PAN/PVP-10 1.0 0.3 10 77:23
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2.3 Materials characterization

The morphology of the electrospun PAN/PVP membranes
was examined using scanning electron microscopy (SEM,
JEOL JSM-6510). The chemical composition and functional
groups were analysed by Fourier-transform infrared (FTIR)
spectroscopy using a Shimadzu IRSpirit-X compact spectrom-
eter in the range of 4000-500 cm ! under ATR mode.

2.4 Adsorption investigations

The dye removal performance of the nanofibre membranes
was evaluated using MB and CR dyes, representing cationic
and anionic dyes, respectively. For each experiment, 0.05 g of
the nanofibre membrane was immersed in 100 mL of MB or
CR solution at an initial concentration of 5 ppm in a 100 mL
glass beaker. Before the membrane was added, a 5 mL aliquot
of the dye solution was withdrawn to determine the initial
concentration (Cp). The adsorption experiments were con-
ducted under dark conditions (in the absence of light) with
continuous stirring at 400 rpm. At predetermined time in-
tervals of 10, 20, 30, 60, 120, 180, 240, and 300 min, samples
were withdrawn to determine the residual dye concentra-
tion. Each collected sample was transferred into a vial using
a micropipette and analysed by UV-Vis spectrophotometry
at wavelengths of 663 nm for MB and 498 nm for CR. For
the quantitative evaluation of dye uptake, the dye concentra-
tions at each sampling time were determined from a standard
calibration curve (2, 5, 6, 8, and 10 ppm) obtained by UV-
Vis spectrophotometry. The absorbance values measured at
the characteristic wavelength of each dye were converted
to concentration using this calibration plot. Based on these
concentration values, the adsorption capacity at time f (g;,
mgg~!) was calculated using the standard mass balance
equation (Eq. 1):

(G-C)V
qt = - 0
where Cy and C; (mg L~1) are the initial and time-
dependent dye concentrations, respectively, V (L) is the so-
lution volume, and m (g) is the membrane mass. After equi-
librium was reached, the residual dye concentration (C.) was
determined spectrophotometrically, and the equilibrium ad-
sorption capacity (ge, mg g~ ') was calculated accordingly.
The kinetic behaviour of MB adsorption on the PAN/PVP
nanofibre membranes was evaluated using the pseudo-first-
order (PFO) and pseudo-second-order (PSO) kinetic models,
which are widely applied in dye adsorption studies. The
linear form of the PFO model is expressed as (Eq. 2):

In(ge — qt) =Inge — ky t (2)

where ge and g; (mg g_1) are the adsorption capacities at
equilibrium and at time ¢, respectively, and k; (min~') is the
PFO rate constant. The corresponding linear form of the PSO
model is (Eq. 3):
t 1 t
=t )
9 kaqz e

where k; is the PSO rate constant (g mg ™! min™1).

3. RESULTS AND DISCUSSION

The SEM images in Figure lab confirm the successful
formation of continuous PAN/PVP nanofibre membranes
by electrospinning. At low magnification (Figure 1a), all
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Figure 1. SEM images of electrospun PAN/PVP nanofibre membranes at different magnifications: (a) 1000 x, (b) 10000x, and (c)
the corresponding fibre diameter distribution.

compositions (PAN/PVP-7, PAN/PVP-8, PAN/PVP-9, and
PAN/PVP-10) display highly entangled, three-dimensional
nanofibrous networks. The mats appear homogeneous over
the observed areas without macroscopic defects or film-like
regions. Higher-magnification images (Figure 1b) reveal
that the individual fibres possess smooth surfaces and well-
defined cylindrical shapes, with no noticeable bead formation
or fused regions, indicating stable jet formation and adequate
spinnability of the polymer solutions [13]. The correspond-
ing diameter distributions are presented in Figure lc. Fibre
diameters were determined from 100 measurement points
for each sample using Image] software applied to the SEM
micrographs. Quantitative analysis shows that the average
fibre diameters for PAN/PVP-7, PAN/PVP-8, PAN/PVP-9,
and PAN/PVP-10 are 0.44 & 0.05 um, 0.61 & 0.09 um, 0.65
=+ 0.07 pm, and 0.58 % 0.05 um, respectively. These values
confirm that all samples remain within a comparable submi-
crometer diameter range, with only moderate variation in
mean diameter among the different PAN/PVP ratios.

Direct SEM comparison between untreated and post-
treated PAN/PVP-7 nanofibre membranes (Figure 2a) reveals
that the overall fibrous network is largely preserved, but
subtle morphological changes do occur. The untreated sam-
ple exhibits smooth, straight fibres with well-separated junc-
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tions [21], whereas the post-treated membrane shows slightly
wrinkled fibre surfaces and occasional fused contact points
at fibre intersections [22]. These features suggest a mild ther-
mally induced relaxation of the PAN/PVP chains and local
softening of the PVP-rich phase during the stabilization step,
rather than severe melting or collapse of the network. Despite
this partial wrinkling and junction fusion, the mats remain
highly porous and continuous, with no evidence of extensive
bead formation or large-scale densification. Consequently,
post-treatment can be considered to introduce only minor
morphological modifications, which are not sufficient to dom-
inate the macroscopic methylene blue adsorption behaviour
when compared with the concurrent changes in composition
and surface chemistry.

Figure 2b compares the FTIR spectra of untreated and
post-treated PAN/PVP-7 nanofibre membranes. The un-
treated sample exhibits a relatively intense and broad band
in the 3600-3000 cm ™! region, attributed to O-H stretching
vibrations from adsorbed moisture and water-soluble species
associated with PVP [23]. After hot-water washing and ther-
mal stabilization, the intensity of this O-H band decreases,
indicating partial removal of physically adsorbed water and
loosely bound hydrophilic residues. At the same time, the
nitrile band of PAN at 2243 cm~! (C=N stretching) retains

& 10.62755/9sm.2026.05 | Page 3 of 8


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.62755/gsm.2026.05

Hanifah et al.

o

(a) Untreated-PAN/PVP-7

Greensusmater, 3 (2026) 05

PAN/PVP-7

Sy

—— PAN/PVP-7 — PAN/PVP-8 —— PAN/PVP-9 PAN/PVP-10

) 3
8 &
(V] (]
Q ()
e c
(3] ©
= b=
€ c —\/\/——‘r—_\f\/\m
v (%]
c c
© c
~ =
X X

— untreated PAN/PVP-7 C-H C=N cc

— PAN/PVP-7 o c=0

T T T T T T T T T T
4000 3000 2000 1000 3750 3000 2250 1500 750

Wavenumber (cm™2)

Wavenumber (cm™)

Figure 2. Morphology and FTIR spectra of electrospun PAN/PVP nanofibre membranes. (a) SEM images of untreated and
post-treated PAN/PVP-7 nanofibre membrane, (b) FTIR spectra comparison between untreated and post-treated PAN/PVP-7, (c)
FTIR spectra of post-treated PAN/PVP membranes with different PAN/PVP compositions.

its position and overall profile, whereas the carbonyl band
of PVP in the 1660 cm ™1 region (C=0 stretching) decreases
in intensity. This change in relative peak intensities suggests
that the PAN component is largely preserved, while part of
the PVP phase is removed or structurally degraded during
the post-treatment, leading to a net reduction of PVP contri-
butions in the infrared spectrum.

The FTIR spectra of the post-treated PAN/PVP mem-
branes with different PAN/PVP ratios are shown in Figure
2¢. All compositions display the same set of characteristic
bands: the C=N stretching of PAN at 2243 cm 1, the C=0
stretching of PVP at 1660 cm ™!, aliphatic C-H stretching
at 2941 cm 1, and backbone C-C/CHj, bending vibrations
around 1451 cm~! [12,24,25]. As indicated by the comparison
between untreated and treated PAN/PVP-7 in Figure 2b, the
washing and thermal steps lead to a modest overall reduction
of PVP-related signals, while preserving the PAN framework.
Within Figure 2c, however, all samples have undergone the
same post-treatment; therefore, the systematic decrease in
the relative C=O band intensity with increasing PAN content
is primarily attributed to the lower PVP concentration used
during nanofibre fabrication, rather than to differential PVP
removal. In other words, the spectra reflect both a slight com-
mon loss of PVP due to treatment and a compositional effect,
with the dominant differences among the post-treated sam-
ples arising from their initial PVP fraction in the PAN/PVP
blends [26].

The time-resolved UV-Vis spectra of MB solutions in con-
tact with the PAN/PVP nanofibre membranes are presented
in Figure 3(a—d) for the different PAN/PVP ratios. In all
cases, the intensity of the main MB absorption band at around
663 nm decreases steadily with increasing contact time, re-

© 2026 The Authors | CC-BY 4.0 @ ®

flecting a continuous reduction in MB concentration due to
adsorption on the nanofibre membranes [27]. Throughout the
experiment, the overall spectral profile remains essentially un-
changed, with no additional bands or significant peak shifts,
suggesting that MB removal occurs predominantly via ad-
sorption rather than via photodegradation or conversion into
other species [28,29]. The qualitative similarity of the spectral
evolution for PAN/PVP-7, PAN/PVP-8, PAN/PVP-9, and
PAN/PVP-10 indicates that all membranes are capable of
effectively capturing MB from solutions, albeit with some
differences in the rate and extent of peak attenuation that
are examined quantitatively in the kinetic analysis. The pho-
tographs of the membranes after exposure to MB (Figure
3e) show pronounced blue coloration for all compositions,
confirming dye uptake by the fibrous mats. The visual in-
tensity and uniform distribution of the colour over the mem-
brane surface are consistent with the progressive decrease in
solution absorbance, supporting the interpretation that MB
molecules are immobilized within and on the surface of the
PAN/PVP nanofibre networks.

The adsorption capacities of MB as a function of contact
time, calculated according to Eq. 1, are shown in Figure 4a.
For all PAN/PVP compositions, MB uptake increases rapidly
during the first 30-60 min and then gradually approaches
an apparent plateau after approximately 180-240 min. The
equilibrium adsorption capacities (ge) are 7.448, 8.379, 6.345,
and 6.805 mg g~! for PAN/PVP-7, PAN/PVP-8, PAN/PVP-9,
and PAN/PVP-10, respectively, with PAN/PVP-8 exhibiting
the highest MB capacity and PAN/PVP-9 and PAN/PVP-10
showing slightly lower values. The kinetic behaviour of MB
adsorption was analysed using the pseudo-first-order (PFO)
model (Eq. 2) and the pseudo-second-order (PSO) model
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Figure 3. Adsorption of MB on PAN/PVP nanofibre membranes with different PAN/PVP ratios. (a—d) Time-resolved UV-Vis

spectra of MB solutions during contact with PAN/PVP-7, PAN/PVP-8, PAN/PVP-9, and PAN/PVP-10 membranes, respectively.

(e) Photographs of the corresponding PAN/PVP membranes after adsorption, evidencing different degrees of blue coloration
associated with MB uptake.

(Eq. 3), as shown in Figure 4b,c. The PFO plots (Figure 4b)
yield relatively low correlation coefficients (R? ~ 0.26-0.72),
indicating that this model does not satisfactorily describe
the experimental data. In contrast, the PSO plots (Figure 4c)
exhibit excellent linearity, with R? values above 0.98 for all
PAN/PVP compositions, demonstrating that the PSO model
provides a much more appropriate representation of MB ad-
sorption kinetics [30,31].

Figure 4d presents the adsorption capacities of CR, again
calculated using Eq. 1, as a function of contact time. As for
MB, the uptake increases rapidly at short times and then tends
toward equilibrium; however, the equilibrium capacities are
much lower: ge = 0.778, 3.215, 2.843, and 3.316 mg g_l for
PAN/PVP-7, PAN/PVP-8, PAN/PVP-9, and PAN/PVP-10,
respectively. The differences among compositions are modest,
and all values are markedly smaller than those obtained for
MB, evidencing a weaker affinity of CR for the PAN/PVP
nanofibre surface under the conditions employed. The cor-
responding PFO and PSO kinetic analyses for CR, obtained
using Eq. 2 and Eq. 3, are shown in Figure 4e,f. As in the
case of MB, the PFO plots (Figure 4e) exhibit scattered data
and generally lower correlation coefficients, whereas the PSO
plots (Figure 4f) provide high R? values, typically in the range
0.93-1.00. This again indicates that the PSO model is better
suited to describe the adsorption kinetics than the PFO model
for all PAN/PVP compositions. The consistent preference
for the PSO model for both dyes suggests that the overall
adsorption rate is governed by a second-order process re-
lated to interactions between dye molecules and active sites
on the nanofibre surface, rather than by a simple first-order
dependence on the number of vacant sites [32].

The pronounced difference in equilibrium capacity be-
tween MB (6.345-8.379 mg g~ 1) and CR (0.778-3.316 mg g~ 1)
can be rationalized by their molecular structures and charge
characteristics [33]. Methylene blue is a cationic thiazine dye
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bearing positive charge in aqueous solution and aromatic
rings with heteroatoms capable of interacting with polar func-
tional groups on the PAN/PVP surface, such as C=N from
PAN and C=0 from PVP [34]. These features favour elec-
trostatic attraction and dipole—dipole interactions, leading
to higher uptake [35]. Congo red, in contrast, is an anionic
azo dye containing sulfonate groups and a more extended,
rigid aromatic framework [36]. Under the present conditions,
its negative charge and bulkier geometry are less compati-
ble with the PAN/PVP surface, resulting in weaker overall
interactions and lower adsorption capacities [37].

Taken together with the relatively small morphological
differences among the fibres and the similar FTIR signatures,
the equilibrium and kinetic results derived from Eq. 1-3 indi-
cate that all PAN/PVP compositions follow a broadly similar
adsorption mechanism dominated by surface interactions.
Within this common mechanism, the chemical nature and
charge distribution of the dye molecules, rather than subtle
variations in nanofibre morphology induced by PAN/PVP ra-
tio and post-treatment, play the dominant role in determining
the absolute adsorption capacity.

4. CONCLUSIONS

PAN/PVP nanofibre membranes with varying polymer ratios
were successfully fabricated by electrospinning and subse-
quently subjected to hot-water soaking at 80 °C followed
by thermal treatment at 200 °C. SEM and FTIR analyses con-
firmed the coexistence of both polymer components after post-
treatment and revealed only modest morphological and chem-
ical variations among the different compositions. FTIR, in par-
ticular, showed a decrease in the PVP-related C=0 band while
the PAN C=N signal remained essentially unchanged, indi-
cating partial removal of PVP-rich, water-soluble domains
during soaking and heating, but not complete depletion of
PVP from the fibrous matrix. Batch adsorption experiments
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Figure 4. Kinetic analysis of MB and CR adsorption on PAN/PVP nanofibre membranes with different PAN/PVP ratios.
(a) Experimental MB adsorption capacity as a function of contact time together with PFO and PSO model fits. (b,c) Linear PFO
and PSO plots for MB adsorption, respectively. (d) Experimental CR adsorption capacity as a function of contact time with PFO
and PSO model fits. (e,f) Linear PFO and PSO plots for CR adsorption, respectively.

demonstrated that all membranes preferentially adsorb MB
over CR, with the highest equilibrium capacity of 8.38 mg g~
for MB obtained on the PAN/PVP-8 membrane and the high-
est CR capacity of 3.32 mg g~ ! obtained on the PAN/PVP-10
membrane, thereby highlighting the dominant role of dye
charge and molecular structure in governing adsorption be-
haviour. Although one composition exhibits slightly higher
capacities for each dye, the overall differences in adsorption
performance among the four PAN/PVP ratios remain mod-
erate, reflecting broadly similar behaviour across the series.
Kinetic analysis based on the PFO and PSO models showed
that the pseudo-second-order model provides an excellent fit
for both MB and CR uptake, supporting a rate-limiting step
governed by surface-dye interactions at active sites on the
nanofibre surface. Taken together, these results suggest that,
within the composition and post-treatment window explored
here, partial PVP removal and variation in PAN/PVP ratio
produce only incremental improvements, and that more sub-
stantial enhancement of adsorption performance will likely
require targeted surface modification or functionalization
rather than simple adjustment of blend composition. Future
work should therefore focus on introducing specific func-
tional groups or tailored active sites to further enhance dye
affinity and selectivity.
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