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The membrane technology in water treatment and desalination offers great po-
tential in thin-film composite nanofiltration. This study utilized the electrospin-
ning approach to fabricate nanofibers from recycled plasticized and unplasticized
poly(vinyl chloride) (PVC) as a membrane for effective wastewater purification. The
physicochemical properties and purification performance of the membranes were in-
vestigated. The obtained membrane showed potential as an adsorbent for cationic
dyes in water. The pH-dependent study revealed optimal activity at pH of 7.0 for
crystal violet (CV) and pH of 10 for methyl violet (MV) with plasticized PVC
(PVC-P) showing enhanced ability compared to unplasticized PVC (PVC-R). Ad-
ditionally, PVC-P shows a dye removal efficiency of 80% and 55% for CV and
MV, respectively. Thus, the study could serve as an innovative dual-purpose ap-
proach to recycling spent PVC-based materials and wastewater treatment. The
thermogravimetric analysis and tensile tests revealed that PVC-R fibers exhibited
higher thermal stability (Tonset =~ 282°C) and tensile strength (~10.6 MPa) com-
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pared to PVC-P fibers, while PVC-P fibers showed greater elasticity (elongation at
break ~40 %) but lower thermal resistance (Tonset & 250 °C). These results highlight
the distinct structural behavior of rigid and plasticized PVC fibers under thermal
and mechanical stress.

Keywords: PVC waste, adsorption, recycling, crystal violet, methyl violet, electrospun
fibers.
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Symbols and abbreviations

20/100/PVC-P — membrane based on PVC-P obtained at conditions: 20kV and 100 uL min™*,
20/150/PVC-P — membrane based on PVC-P obtained at conditions: 20 kV and 150 uL min™*,
23/100/PVC-P — membrane based on PVC-P obtained at conditions: 23 kV and 100 pL min™!,
23/150/PVC-P — membrane based on PVC-P obtained at conditions: 23 kV and 150 uL min™*,
20/100/PVC-R — membrane based on PVC-R obtained at conditions: 20 kV and 100 uL min™",
20/150/PVC-R — membrane based on PVC-R obtained at conditions: 20 kV and 150 L. min™*,
23/100/PVC-R — membrane based on PVC-R obtained at conditions: 23 kV and 100 uL min™",
23/150/PVC-R — membrane based on PVC-R obtained at conditions: 23 kV and 150 L, min™*,
Co — initial concentration of dye solution [mol -dm™?],
C, — concentration of the dye after adsorption [mol - dm™?],
CV — crystal violet,
DINP - diisononyl phthalate,
DMF - dimethylformamide,
H% — adsorption effectiveness,
k — adsorption rate constant,
k1 — adsorption rate constants for the pseudo-first-order kinetic model,
k2 — adsorption rate constants for the pseudo-second-order kinetic model,
KNO3 — potassium nitrate,
m — mass of adsorbent [g],
MV — methyl violet,
NaCl — sodium chloride,
NaOH - sodium hydroxide,
pHzpc — pH at zero point of charge,
PVC-R — unplasticized PVC,
PVC-P - plasticized PVC,
R? — correlation coefficient,
SEM - scanning electron microscopy,
THF — tetrahydrofuran,
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t — time [s],
TGA — thermogravimetry,
Tonset — Onset temperature,
Q. — amount of adsorbate at equilibrium,
@+ — amount of adsorbate at a time t,
UV-vis — ultraviolet-visible light,

V — volume [dm™?].

1. Introduction

Poly(vinyl chloride) (PVC) is an extensively utilized thermoplastic polymer
widely used in daily life for its performance, including chemical and weathering
resistance. Additionally, its broad use leads to the generation of post-consumer
and post-process waste. This waste can be reprocessed; however, conventional
mechanical and thermal recycling routes face important constraints arising from
the diversity of formulation additives that affect processing and define end-use
properties. Repeated reprocessing is further hindered by the inherently low ther-
mal stability of PVC leading to partial or even extensive degradation, requiring
moderation of the processing conditions. These limitations motivate the devel-
opment of innovative methods for PVC reuse. Solvent-based dissolution emerges
as a promising complementary route, as it enables the removal of low-molecular-
weight additives from polymer blends and/or targeted re-modification of their
properties [1-4].

The service performance of PVC strongly depends on the presence of plas-
ticizers and other modifiers. Unplasticized PVC (PVC-R) is a rigid, durable,
chemically resistant and UV-resistant polymer, widely used in building products
such as window frames, water pipes, fencing, and other industrial applications.
Plasticized PVC (PVC-P) incorporates low-molecular-weight plasticizers that
reduce interchain interactions, improving flexibility and low-temperature perfor-
mance. PVC-P is typically used in cable insulations, automotive interiors, floor
coverings, and coating layers [1, 5]. Depending on additives such as plasticizers
the recycling of PVC remains challenging and requires a change of experimental
conditions during processing. Dissolution of PVC as a complementary recycling
technique allows the use of other techniques, including electrospinning which en-
ables fibrous structures fabrication. However, in the case of PVC, the process is
limited by the low solubility of the polymer in typical organic solvents and the
relatively high viscosity of its solutions. Previous studies on the electrospinning
of poly(vinyl chloride) were concerned with the pristine polymer and focused pri-
marily on the selection of solvent and their mixtures (mainly DMF and THF) [6],
as well as on the optimization of electrospinning parameters such as the polymer
concentration, applied voltage, and flow rate of the solution in order to obtain
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uniform nanofibers with the desired diameter [7, 8]. Electrospinning also enables
incorporation of other ingredients such as plasticizers or other organic materi-
als, e.g. PVP and/or inorganic fillers, e.g. MWCNTSs [9], silver and titanium
dioxide [10] to modify physicochemical characteristics of the material, including
adsorptive properties.

The obtained PVC fibers were characterized by a large specific surface area,
flexibility, and good dielectric properties, which create prospects for their appli-
cation in insulations and filtration technologies [11, 12].

In this work, we present results on the use of electrospinning in the recycling
of plasticized and unplasticized PVC waste to fabricate fibrous membranes to
be used in water purification. Membranes were used to remove cationic dyes
such as crystal violet and methyl violet 2B which are emerging contaminants
affecting ecosystems [13-15] from aqueous solutions. Besides that, thermal and
mechanical properties were examined. Unlike previously reported studies focused
mainly on the electrospinning of pristine or modified PVC with synthetic fillers,
the present research introduces a novel approach that utilizes both aged unplas-
ticized (PVC-R) and plasticized (PVC-P) post-consumer wastes as precursors
for electrospun nanofibrous membranes. This dual-purpose strategy simultane-
ously addresses the challenges of PVC recycling and the development of efficient,
low-cost adsorptive materials for wastewater treatment, which has not been pre-
viously reported in the literature.

2. Experimental

2.1. Chemicals and methods

Poly(vinyl chloride) nanofibers were produced from a blend of unplasticized
PVC S61 (Anwil S.A., Wloctawek, Poland) with the following composition:
Poly(vinyl chloride) PVC Neralit 601 100 phr, Organotin Patstab 2310 2 phr, Cal-
cium stearate Ceasit [ 1.2 phr, Fatty acid ester Loxiol G-32 1.5 phr, Acrylic-based
polymer Poraloid K-125 1 phr, Acrylic-based polymer Poraloid K-175 1 phr, Par-
affin Naftolube FTP 0.5 phr. Diisononyl phthalate (Sigma-Aldrich) was used as
a plasticizer. Tetrahydrofuran (Sigma-Aldrich) and Dimethylformamide (Sigma-
Aldrich) were used to prepare PVC solutions. Crystal violet, methyl violet,
KNOj3, and NaOH were supplied by Warchem Sp. z o0.0., Warsaw, Poland. HCI
was supplied from POCH, Gliwice, Poland. Water was purified using HYDRO-
LAB water filtering system, HYDROLAB, Gliwice, Poland.

Tensile properties were determined on strips 50 mm in length, 10 mm in width,
and 0.06 +0.005 mm in thickness (gauge length 30 mm). Measurements were per-
formed on a Zwick/Roell Z010 testing machine (Ulm, Germany) at 23 °C, with
a crosshead speed of 10 mm/min. Thermogravimetric analysis (TGA) was per-
formed using a TG 209 F3 device (Netzsch Group, Germany) in the temperature
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range from 30 °C to 600 °C at a heating rate of 10 °C/min under a nitrogen atmo-
sphere. The morphology of electrospun PVC-based materials was studied using
Scanning Electron Microscopy (SEM), Merlin, Carl Zeiss, Stuttgart, Germany.
The contact angle was measured using the Ossila L2004 goniometer by placing
1uL of distilled water onto the PVC-P and PVC-R materials. The measure-
ment was performed 20 times, with each droplet placed in a different location on
the material. The pH was measured with the Elmetron CP-411 pH-meter. The
UV-vis spectrometer Lambdal050+ (PerkinElmer) was used to measure the ad-
sorption effectiveness. Determination of the functional groups in the materials
was performed using the SpectrumTwo ATR (Perkin Elmer), while the Ther-
mogravimetric Analyzer (TGA) TG8000 (Perkin Elmer) was used to determine
the thermal stability of the materials. UV-vis, ATR, and TGA were supplied
by the Pro-Environment Sp. z o0.0., Warsaw, Poland.

2.2. Procedures

2.2.1. Preparation and aging of poly(vinyl chloride)

Unplasticized poly(vinyl chloride), also called rigid PVC (PVC-R), samples
were prepared by extrusion and pressing. PVC was extruded using the co-rotating
twin-screw extruder EHP-2x24 M (Zamak Mercator Ltd.) at a maximum tem-
perature of 185°C. Then, the material was granulated and pressed using a hy-
draulic press. The pressing process parameters were: temperature 190 °C, pres-
sure 100 bar, time 5min. Plates with dimensions of 120 x 120 x 2 mm were ob-
tained. Plasticized PVC (PVC-P) plates were prepared by mixing the PVC dry
blend with a diisononyl phthalate (DINP), which is a widely used plasticizer in
PVC materials production (50 phr) at 110°C for 2h. The prepared blend was
extruded and pressed in the same way as unplasticized PVC, but the maximum
extrusion temperature was 165°C, and the pressing temperature was 170°C.
The obtained materials were subjected to photodegradation and thermal aging
(exposure to UV radiation and high temperature of 70 °C for 500 h).

2.2.2. Methodology of electrospinning of PVC

To produce electrospun PVC nanofibers, the polymer plates obtained af-
ter accelerated degradation were ground and dissolved in a THF/DMF mixture
(1:1 w/w), producing 20 % PVC-R and PVC-P solutions, respectively. Electro-
spinning was carried out on a custom-built apparatus under the following param-
eters: voltages of 20kV and 23 kV, flow rates of 100 uL min~—! and 150 uL min~—?!,
the needle-to-collector distance of 10 cm. Electrospinning was performed on a fixed
metal plate covered with aluminum foil, using 5mL of solution for each sam-
ple. The materials were labeled as follows: for nanofibers obtained at 20kV
and 150 uL. min~! from unplasticized PVC, the sample designation was 20/150/
PVC-R. Similarly, samples obtained under 23kV and 150 uL min—!, 20kV and
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100 uL min~!, 23kV and 100 uL min~—! were labeled as 23/150/PVC-R, 20/100/
PVC-R, 23/100/PVC-R, respectively. PVC-P samples were labeled in the same
way, using PVC-P abbreviation: 20/150/PVC-P, 23/150/PVC-P, 20/100/PVC-P,
and 23/100/PVC-P.

3. Results

3.1. Selection of electrospinning parameters
for aged rigid and soft PVC

The selection of appropriate electrospinning parameters for plasticized and
rigid PVC was based on thermal analysis and mechanical properties of the ob-
tained fibrous mats. Table 1 shows thermal stability, tensile strength, and elon-
gation at break for fibers obtained under all tested electrospinning conditions. As
can be seen, depending on the experimental conditions during the electrospin-
ning, samples are characterized by different mechanical properties. The highest
thermal stability, tensile strength, and resistance to stretching among PVC-R
and PVC-P samples show 23/150/PVC-R and 20/100/PVC-P samples.

Table 1. Thermal stability and mechanical properties of PVC-R and PVC-P fibers obtained
under different electrospinning conditions.

Electrospinning parameter Tg"set Tensile strength at teErllgﬂeg EZ,ttlroe?lgth
[°C] [MPa] (%]
20/100/PVC-R 277.7 £0.5 10.5 +1.8 1.4 £0.1
20/150/PVC-R 279.9 £0.3 6.3 £1.9 1.1 £0.3
23/100/PVC-R 270.6 £0.7 6.8 £1.7 1.4 £1.2
23/150/PVC-R 282.0 £0.2 10.6 £1.8 1.8 £0.3
20/100/PVC-P 249.7 £0.9 4.0 0.8 39.6 +6.4
20/150/PVC-P 236.4 +£1.0 1.9 +0.5 34.7 £3.7
23/100/PVC-P 235.8 £2.1 2.5 0.1 34.8 £3.0
23/150/PVC-P 228.5 £3.4 2.7 +£1.1 40.4 +5.8

Figures 1a and 1b present the TGA curves and tensile curves, respectively, for
materials obtained under the most favorable electrospinning conditions. Thermal
analysis revealed that PVC fiber degradation followed the typical two-stage pat-
tern for this polymer. The first stage, associated with polymer dehydrochlorina-
tion, occurred between ~150°C and 325°C. The second stage, between 350°C
and 425°C, corresponds to carbon-based chain degradation. PVC-R exhibits
higher thermal stability than PVC-P, which relates to the presence of plasti-
cizer that changes durability and mechanical properties of the material [16-19].
In PVC-R, an additional degradation stage was observed up to ~125°C, which
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Fig. 1. a) TGA curves, and b) stress change as a function of elongation of PVC-R and PVC-P
fiber-based membranes.

is assigned to solvent residue evaporation. This stage was absent in PVC-P,
suggesting strong binding of the plasticizer to the polymer [20, 21]. Due to sol-
vent residues, found mainly in PVC-R samples, the extrapolated onset temper-
ature (Tonset) Was used as a measure of thermal stability. Based on the analysis,
the most favorable electrospinning conditions for aged PVC-R were 23kV and
150 uL min—!, and for PVC-P, 20kV and 100 uL min~!.

Figure 1b shows the tensile curves, and the tensile strength and elongation
at break for electrospun mats from PVC-P and PVC-R, which are presented in
Table 1. PVC-R samples showed significantly higher tensile strength, reaching
10.6 MPa for 23/150/PVC-R, but low elongation at break (~2 %), which is in-
dicative of high stiffness and brittleness for this material. The sharp increase
in stress at low strain suggests limited ability of PVC-R fibers to reorganize and
undergo plastic deformation before failure. PVC-P samples displayed the oppo-
site trend, reaching the maximum tensile strength of 4.0 MPa (20/100/PVC-P)
and elongation at break of ~40% [22, 23]. The gradual increase in stress with
strain and the absence of a clear yield point are characteristic of materials
with high flexibility and chain mobility. The results confirm that the presence
of plasticizer significantly modifies the mechanical properties of PVC-based elec-
trospun mats, increasing deformability of the material. The applied plasticizer
was strongly bound to the polymer chain and did not migrate into the solvents,
as evidenced by the mechanical properties typical of plasticized PVC [20, 24].

These results indicate that the selection of electrospinning parameters for
aged PVC fibers should be matched to the polymer type and application require-
ments. For the tested PVC blends, the most favorable parameters were 23kV
and 150 uL min~"! for PVC-R, and 20kV and 100 uL min~—' for PVC-P. Further
studies were carried out using materials produced under these conditions.
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3.2. Morphology and contact angle measurements

Morphology studies using the Scanning Electron Microscopy (SEM) clearly
show differences between the PVC-P and PVC-R, indicating a key role of the
plasticizer in the electrospinning of the fibrous membrane. In Fig. 2a PVC-P-
based material reveals a textile-like structure made of micron-sized fibers that
stack to each other forming flat, tight and highly porous membranes. The lack of
plasticizer in the PVC-R sample caused a much looser structure made of much
thicker fibers compared to the PVC-P. The images presented in Fig. 2b illustrate
distilled water droplets onto PVC-P and PVC-R samples, where differences in
the contact angle are seen. The contact angle for PVC-R is about 94.36 +2.58,
PVC-P is about 84.81 £3.99. These values are much lower than the contact angle
presented in the literature for the PVC-based electrospun fibers [25], which can
be caused by different fibers morphology. Lower values result in more effective
wetting of the membrane that can work not only as the mechanical barrier for
the particle-based water pollutants but also as the adsorbent.

a)

23/150/PVC-R

b) PVC-R PVC-P

Fig. 2. a) SEM images, and b) images from the contact angle measurement for 23/150/PVC-R
and 20/100/PVC-P.
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3.3. Adsorption studies

The proposed electrospun membranes based on the recycled PVC were tested
as adsorbents on dye-based organic pollutants. First, the point of zero charge
(pHzpc) was measured to determine the affinity of the proposed membranes to
cationic or anionic dyes. Measurements were performed in 0.05 M KNOgs, where
30 mg of both materials, PVC-R and PVC-P, were added to the 30 mL of solution,
and the pH change after 24 h was recorded; pH was set using HCl and NaOH. As
can be seen in Fig. 3a, the isoelectric point is about 5.92 for PVC-R and 5.82 for
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Fig. 3. a) pHPZC study for both materials (20/100/PVC-R and 23/150/PVC-P), adsorption
effectiveness of CV and MV 20/100/PVC-R: b) as a function of time at pH 8.0, ¢) change of
the dye concentration as a function of time, d) in different ionic strength moderated
with NaCl.
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PVC-P, while positive charge occurs below pHzpc and negative charge appears
in the alkali media. The obtained values are similar to the pHzpc presented in
the literature for PVC-based microplastics that may contain different additives,
e.g., 5.8 [26], 6.43 [27]. A similar trend is recorded for both PVC-R and PVC-P-
based materials. Therefore, cationic dyes, in particular crystal violet (CV) and
methyl violet 2B (MV), were chosen as model pollutants in adsorption studies
for the negative charge appearance onto membranes in the alkali media. As can
be seen, the PVC-P may adsorb cationic dyes even in the neutral pH, while for
PVC-R the surface may have a positive charge, which can affect cationic dyes
removal in neutral pH.

The adsorption studies were performed using 10 ppm of both CV and MV
dyes, where 30 mg of adsorbents, 23/150/PVC-R and 20/100/PVC-P, were added
to 30 mL of CV and MV solutions. Then, the solution was mixed using a magnetic
stirrer (250 rpm) for the uniform wetting of the fibrous membrane in the solution.
Importantly, PVC-P samples tend to wet more effectively than PVC-R ones but
undergo disassembly under mixing into separate fibers that can relate to the lower
contact angle after the plasticizer introduction into the PVC-R. The adsorption
effectiveness (H%) was estimated using Eq. (1) [28]:

Co— C

H% = Co T x 100 %, (1)

where Cj is an initial concentration of dye solution [mol-dm~3]; C, stands for
the concentration of the dye after adsorption [mol-dm™3].

The adsorption effectiveness reaches just ~8 % for CV removal and similarly
~10 % for MV as seen in Fig. 3b. Moreover the change of dye concentration dur-
ing the adsorption process also was not effective (Fig. 3c). However, with increas-
ing ionic strength the effectiveness of adsorption processes was improving: for
concentration of 0.02mol - dm ™3 the H% removal of MV is about 60 %, while for
CV about 15 %. Therefore, increasing NaCl concentration in the solution causes
a decrease in the effectiveness of the adsorption process to ~45% for MV and
~10% for CV, respectively. Importantly, the PVC-R-based membrane changes
its texture in the solution into fibrous, making it difficult to remove from the
aqueous solutions. Figure 3e shows both 20/100/PVC-P and 23/150/PVC-R
samples before and after the CV and MV treatment, where the removal ef-
fectiveness is clearly seen through the different coloration with dyes. The in-
crease in ionic strength even worsened the texture, so for the following adsorption
effectiveness studies at various pH the 20/100/PVC-P sample was chosen.

The adsorption capacity during the time (Q;) was estimated using Eq. (2) [28]
as follows:

Q) = M) (2)

m
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where Cj — initial concentration of dye solution [mol-dm™3], C, — concentra-
tion of the dye after adsorption [mol-dm™3], V — volume [dm ™3], m — mass of
adsorbent [g].

Complementary to the spectrophotometric analysis, both types of membranes
were investigated with FTIR before and after the adsorption of CV and MV to
confirm the effectiveness of adsorption. First, bare 23/150/PVC-R and 20/100/
PVC-P materials were compared to ascribe the peaks that are related to the
presence of plasticizer in the material. Figure 4a shows normalized T% spectra,
where the peaks located around (608, 637, 699, and 741) cm~! can be ascribed
to the C—Cl vibration in the PVC chain and/or peaks at 699 cm~! and 741 cm ™!
can come from the out-of-plane and in-plane aromatic ring bending, respec-
tively. The following peak at 951 cm™! relates to v(C-H) vibration in CHy of
the alkyl chain. The peak 1041cm™! that appears in PVC-P comes from the
C-0O vibrations from the DINP plasticizer. For the PVC-R sample, a minor peak
located at 1069 cm ™! is recorded. Its presence can be related to the C-O vibra-
tion from the solvent residues in the polymer matrix. A sharp peak that appears
at 1123cm™! in the PVC-P sample can be ascribed to the C-O-C vibration
from the DINP plasticizer, while the peaks at 1202cm™! possibly come from
C-C and/or C-O vibrations. The following peaks at 1256 cm~! and 1273 cm ™!
can be related to the C-O stretching and C-N stretching, respectively. Next,
1424 cm~"! and 1461 cm™! can also be related to the -C—H bending vibrations,
while the peaks located at 1578 cm ™' and 1593 cm ™! that are seen in the PVC-P
sample are characteristic of the C=C stretching in the aromatic ring from the
DINP plasticizer, likewise, the peak at 1720cm™' comes from C=O vibration
in DINP. Bands located at 2849 cm™' and 2917 cm™! are characteristic of the
symmetric and asymmetric vibrations of CHy group, while bands at 2870 cm ™!
and 2956 cm ™! can be ascribed to symmetric and asymmetric vibrations in CHj
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Fig. 4. Normalized FTIR spectra of a) bare 23/150/PVC-R and 20/100/PVC-P,
and b) 20/100/PVC-P before and after CV and MV treatment.
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functional groups in the alkyl chain [29]. The different intensities, as well as the
number of bands, come from the compositional differences related to the plasti-
cizer presence in the PVP-P sample. The spectra of PVC-P before and after CV
and MV treatment, that are presented in Fig. 4b, confirm the dyes’ adsorption
onto the adsorbent through the appearance of a band located at 1539 cm ™! that
relates to the N—H vibration in the dye molecules adsorbed onto the membranes,
as well as through the different ratio between —CHy and —CHjs-related bands in
the 2800-3000 cm ™! region. Additionally, the shift of the band at 1202cm ™' to-
ward lower wavenumbers and a shift of the bands at 1164 cm™! are in the region
for C-O—C and/or C—N vibrations. The changes in the spectra after dyes’ adsorp-
tion come from the intermolecular interactions between the membrane and dyes
through the electrostatic interactions, hydrogen bonds, van der Waals, and/or
m—m interactions (rings in the dye and plasticizer).

As the wastewater can have a different pH, its influence on the H% was eval-
uated, where the contact time of about 550 min was chosen. Adsorption studies
performed in solutions of different pH show that 20/100/PVC-P is an effective
adsorbent. Due to this, the effectiveness increased to ~80 % for CV, and to ~55 %
for MV, at the same pH value, respectively (Fig. 5a). The amount of remain-

a) b)
100 10
e v 18 e cv
o MV § 5 o Mv
80 - 3 3 ]
8
3 3 3
60 : = E z
T ? 3 2 o 6 %i a
=z @ o 3
E . 2 3 E @ LI
40 3 T 4 a &
2’ { %
3
@9 ;
204 a 24 3
e
0l¢ T T T T T 0l T T T r r
] 100 200 300 400 500 600 0 100 200 300 400 500 600
t (min) t (min)
c) d)

4 5 7 8 9 10

0 0.02 0.05 0.1
pH £ 0.05 Craci (m°|-dm-3)
Fig. 5. Adsorption effectiveness of CV and MV of 20/100/PVC-P: a) as a function of time
at pH 8.0, b) change the dye concentration as a function of time, c¢) in various pH ranges,
d) in relationship to the varying ionic strength.
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ing dyes after the process was ~1.5mg-g~! for CV, and 4.3mg-g~' for MV
(Fig. 5b). However, the highest effectiveness was recorded for pH 7.0 for CV
and 10.0 for MV. It is associated with the negative charge of the membrane at
those pH values (Fig. 5). Nevertheless, with the increasing salinity of the solu-
tions, the effectiveness of the adsorption process decreases of about ~5 % for MV,
and 30 % for CV, respectively (Fig. 5d). For comparison, commercial polymeric
membranes such as PVDF, PAN, or PES typically achieve cationic dye removal
efficiencies of 60 % to 90 % depending on surface modification [30-34]. The ad-
sorption performance of the PVC-P membrane (80 % for CV and 55 % for MV)
is therefore comparable to or only slightly lower than that of modified com-
mercial membranes, confirming its potential as a cost-effective and sustainable
alternative derived from recycled waste.

The kinetic study of 20/100/PVC-P material was investigated at pH equal to
8.0 and 7.0, where the highest CV and MV removal effectiveness was measured,
using linear equations (3) and (4) for:

— pseudo-first-linear order:

k
log (Qe — Qt) =log Qe — <2‘3103> t, (3)

— pseudo-second-linear order:

t 1 t
Qt k'2 Qe ’

where (). — amount of adsorbate at equilibrium; @); — amount of adsorbate

at time ¢; k1 and k9 — adsorption rate constants for the pseudo-first-order

and pseudo-second-order kinetic models, respectively.

Q2 + (4)

Based on the correlation coefficient (R?) the adsorption process for the data
presented in Fig. 6 for both dyes in both pH conditions undergoes pseudo-first-
order kinetics. Importantly, as the amount of adsorbent from the calculations cor-
responds to the amount of adsorbent from the experimental data, it means that
both substances achieved an equilibrium state. Table 2 shows a set of parameters
for different kinetic models.

The adsorption of CV and MV onto 20/100/PVC-P is based on the physical
interactions, where adsorption is faster at the initial stage for the access to many
active sites on the surface of the membrane. Then, it slows down as active sites
get filled with adsorbed molecules as long as the adsorbent reaches equilibrium,
where the active sites are no longer available. As the studies confirm only weak
interactions between the membrane and dye-based model pollutants, the adsor-
bent can be reused; however, the desorption of the dyes should be optimized.

Membranes made of bare PVC are not commonly reported in the litera-
ture for the removal of different types of organic dyes. Literature shows mainly
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Fig. 6. Linear kinetics order at various pH values for 23/150/PVC-P sample: a) I kinetic order
at pH equal 8.0, b) I kinetic order at pH equal 7.0, c) II kinetic order at pH equal 8.0,
d) II kinetic order at pH equal 7.0.

Table 2. Parameters of fitting kinetics order for PVC-P at different pH values.

Dye r;ire Movaer. [mg?l] [mgfgil] K R

(Y% pseudo-|9.812 40.343 | 9.419 £0.174| 2.602-1072 £1.742-10"* min™" | 0.9447
MV | oy go | first [7.724 £0.309|7.554 £0.078|2.303- 10 £7.803- 10> min ™" |0.98869
A% pseudo-| 9.812 +0.343 | 8.584 +0.071| 4.301 0.184 g-mg~' -min~! |0.83850
MV second | 7724 +0.309|9.412 £0.045| 2.057 £0.126 g-mg ' -min~! [0.68181
(Y% pseudo-| 9.637 £0.385 | 8.276 +0.031| 5.919-1073 +3.137- 10" *min ' | 0.98869
MV | oy 7.0 | first 5409 £0.1353.724 £0.504|5.113-10"* £5.042- 10" min™" |0.90247
(Y% pseudo-|9.637 £0.385 | 9.741 £0.145| 8.287 £0.057 g-mg~ ' -min~" |0.94054
MV second |5 409 +0.135|7.097 £0.056 | 3.972 +0.009 g-mg~ ' -min~' |0.84768

PVC-based composites to be used for membrane fabrication. Agaguena et al. [35]
reported the adsorption of methylene blue by a membrane composed of PVC/
PVC-based copolymer with PDMAEM(N+) reaching 87.23 % adsorption effi-
ciency of methylene blue. However, for crystal violet, the H% was only about
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1.66 % at pH 7.0, and the process followed a pseudo-second-order kinetic model [35].
Landarani et al. [36] presented an iron(III)-polyvinyl chloride (PVC)-Schiff base
adsorbent for the removal of methyl orange, achieving nearly 90 % removal at
a dye concentration of 20 ppm at pH 7.0, following a pseudo-second-order kinetic
model. The H% values presented in this work are much higher than those that
are mentioned in the literature for differing materials. The effect relates to the
different composition and morphology of the membranes resulting in different
interactions between the dyes and a surface of the membrane.

4. Conclusions

Recycling of poly(vinyl chloride) is hindered due to low thermal stability of
the polymer as well as the use of various organic and mineral additives during
its processing. In this work, we present a simple method for reusing PVC waste,
based on its dissolution in an organic solvent followed by electrospinning, to
prepare a textile-like membrane made of fibers for water purification. To obtain
the membrane with desired physicochemical characteristics, unplasticized PVC
and PVC containing DINP plasticizer were used. The SEM images revealed dif-
ferences in the plasticized and unplasticized electrospun fiber-based membranes,
where PVC-P offered a quite tight fibrous structure compared to the PVC-R ma-
terial. Contact angle studies revealed much better wetting of the PVC-P material
over the PVC-R, which correlated with the adsorption studies using cationic dyes
like CV and MV. Those dyes were removed from the aqueous solutions with the
highest effectiveness above pHzpc values in slightly alkali media. Kinetic studies
show the possibility of reusing the membrane by implementing the desorption
of dyes. The results demonstrated that PVC waste can be successfully utilized
in electrospinning, and the obtained fibrous membranes show great potential for
the application in water treatment processes, e.g., for industrial purposes.
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