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In recent decades, the increased use of polyvinyl chloride  waste PVC Pipe
(PVC) in industries and households has led to a surge in PVC waste
pollution, which mandates developing solutions for the removal of waste
PVC from the environment. We report upcycling, the conversion of waste
material to a high-value-added product, of PVC-based products to
electrospun (ES) fibers (mats). As two common PVC products, waste
PVC pipe and waste PVC pool float were upcycled to ES fibers for water
treatment. The fabrication process and fiber characteristics, such as
morphology, surface charge, and mechanical strength of upcycled fibers, were studied and compared with the same fibers fabricated
using research-grade (RG) PVC (commercial PVC powder). In addition, the effect of additives such as calcium carbonate in PVC
waste products on the physicochemical properties of upcycled fibers was evaluated. The results showed that upcycling of waste PVC
to ES fibers is feasible since the upcycled fibers showed similar or superior properties compared to their equivalent fibers from RG-
PVC. Finally, the performance of upcycled fibers on the removal of dyes from the water was evaluated. The upcycled fibers from
waste PVC pipes and pool float outperformed the RG PVC fibers in removing methylene blue from water by showing more than
97% removal efficiency. In addition, the upcycled PVC ES fibers showed more than 80% reusability after five adsorption—desorption
cycles.

plastic pollution, adsorption, clean environment, wastewater treatment

contribute to the reduction of solid waste contamination while
also producing high-value products, implying significant
economic and scientific opportunities.

Polyvinyl chloride (PVC) is a thermoplastic material that is
widely used in different applications such as pipes, packaging
materials, window frames, cables, bottles, and even in medical
devices due to its advantageous physical, chemical, and anti-
degradable properties such as high mechanical strength,
durability, excellent resistance to acids and bases, and low
production costs.””"> PVC is the second most-produced
thermoplastic after polyethylene.g’14 In 2015, 38 million tons
of PVC were produced, and 16 million tons of PVC waste was
generated."

Electrospun (ES) technology has evolved into one of the
most widely used methods for producing high-quality nano-
fiber material/mats for applications in water treatment.'®'”
The advantages of ES technology include simple manufactur-
ing devices, low spinning costs, a diverse range of spinnable

Synthetic polymers have been widely used in various
commercial and household applications since the 1940s
because of their low cost, light weight, corrosion resistance,
and processability.”” Due to the slow biodegradation of
plastics, their accumulation in the environment is fast, which
causes several environmental problems. Currently, there are
different disposal and treatment methods, such as landfll
disposal, incineration, and plastic recycling, as solutions for the
plastic pollution problems.” However, there are a few
challenges with each of these methods. For instance, the
primary purpose of recycling is to remake and reuse the same
plastics and not to change their life cycle,”™> incineration of
plastic waste is harmful to the environment,” and landfilling
leads to the accumulation of different plastics and occupies a
lot of space.” A better method for dealing with plastic pollution
is upcycling.” Upcycling is defined as the process of converting
low-cost wastes into high-performance fuels, chemicals, and
materials (new polymers, composite materials, membranes,
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and nanofibers) by extracting the embedded value present in May 10, 2023
the form of carbon, hydrogen, chemical, energy, or macro- May 29, 2023
molecular structure.” Upcycling processes may provide novel May 30, 2023

approaches to dealing with real-world plastic wastes, June 27,2023

particularly those that cannot be recycled thermomechanically.
As a result, there is no doubt that upcycling plastic waste would
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materials, and precise and controllable processes.'® ES
nanofibers have extraordinary properties, such as enhanced
porosity, high flux, energy efficiency, a well-interconnected
network, significant internal surface area, a three-dimensional
fibrous system, and exceptional separation ability, making them
suitable to remove various pollutants from water.'”'” A few
studies reported the fabrication of micro- and nanofibers from
waste plastics using electrospinning. For instance, nanofibers
were successfully electrospun from pure polyethylene tereph-
thalate (PET), polystyrene (PS), and polycarbonate (PC), and
it was concluded that the mechanical properties of the
nanofibers generated from the mixed waste of the three
polymers were superior to those of the commercial polymers
with the same molecular weight.'® In another study, nano-
fibrous membranes were successfully electrospun from waste
PET, PS, and PC, where the effect of changing electrospinning
parameters, such as the applied voltage and needle diameter,
had on the properties of the final materials, such as fiber
diameters and fiber distribution, was reported.'”*’ Upcycling
plastics to high-added-value products is a promising approach
but needs more experimental and practical results to show the
capability of current approaches and their pros and cons.

In this paper, we studied upcycling waste PVC pipe and
PVC pool float to the high value-added product of ES
nanofibers for water treatment. The waste PVC was acquired
from a plumbing pipe and a pool float and was transformed
into ES fibers using the electrospinning method. We
systematically investigated the electrospinning fabrication
process and the resulting physicochemical properties of ES
fibers, such as morphology, fiber diameters, surface chemistry,
surface charge, and mechanical stability and benchmarked
them with ES fibers fabricated using research-grade (RG)
PVC. In addition, we investigated the effect of CaCO;, a
common additive to PVC pipe and pool float, on the
properties of ES fibers. Finally, we examined the performance
of the upcycled ES fibers (mat) to remove methylene blue
(MB) dye from water. The main advantage of reported
upcycled fibers as the adsorbents is that they were synthesized
using “waste” PVC plastic. Therefore, they have a low material
cost. Also, they showed comparable performance in terms of
adsorption percentage and adsorption capacity compared with
the other ES adsorbents reported in the literature (Table 2).

Waste PVC pipes and PVC pool float were collected from the landfill
directly. The RG PVC powder (M,, ~ 50,000 g/mol and M, ~ 35,000
g/mol) was purchased from Sigma-Aldrich (Milwaukee, W1, United
States). Calcium carbonate (CaCO;) was purchased from Fisher
Scientific (New Jersey, United States). Tetrahydrofuran (THF)
(purity, >99.9%) was purchased from Honeywell-Burdick & Jackson
(Muskegon, MI, United States). N,N-Dimethylformamide (DMF)
(purity, >99.9%), hydrochloric acid, and potassium chloride (KCI)
were purchased from VWR (Suwanee, GA, United States) and
sodium hydroxide (NaOH) was purchased from BeanTown Chemical
(BTC) (Hudson, United States). MB (C,¢H,(CIN;S-H,0, 4 = 665
nm) was purchased from Merck (Darmstadt, Germany).

After water washing the collected waste PVC pipes, they were soaked
in acetone for softening and cutting. The pipe was then cut into small
pieces with an average size of (L: 1.19, W: 0.94, H: 0.386 cm) and
then, the samples were left to dry for 1 week, allowing all the acetone
to evaporate. The pieces were then washed with deionized water and

1925

dried at room temperature. No pretreatment was done for the PVC
pool float, and they were only cut into smaller pieces (L: 1.32, W:
1.01, H: 0.029 cm).

Six different casting solutions were prepared by dissolving an
appropriate amount of (1) PVC pipe, (2) PVC pool float, (3) RG
PVC, (4) a mixture of 3 wt % CaCOj; and 12 wt % RG (3%-CaCO;-
RG), (5) a mixture of 8 wt % CaCO, and 7 wt % RG (8%-CaCO;-
RG) in THF and DMF in a volume ratio of 2 to 3, respectively.
Sample 3 was chosen as the control to be compared with both waste-
PVC samples. Samples 4 and S were designed to study the effect of
CaCOj; and polymer content ratio in comparison to waste-PVC and
RG-PVC samples. One separate casting solution (sample 6) was
prepared by centrifuging the PVC pipe casting solution and separating
the supernatant. For the preparation of the casting solution of samples
1, 2, and 3, 15 wt % of the PVC pipe, PVC pool float, and RG PVC
were used. Since the commercial PVC pipe and pool float possess
CaCOj as an additive, samples 4 and S were prepared using RG PVC
with 3 and 8% CaCO; to examine the effect of CaCO; on the
upcycled ES fibers. To investigate the impact of soluble and insoluble
components of commercial PVC, sample 6 was prepared by
centrifuging the casting solution of the PVC pipe at 4000 rpm for
90 min using an Eppendorf Centrifuge 5810 machine. The
supernatant was separated from the precipitate and used as a casting
solution for electrospinning. All the casting solutions were prepared
by stirring at 400 rpm at 23 °C for 19 h. The casting solutions were
degassed for 4 h before electrospinning.

All six casting solutions were electrospun under the same conditions
using a horizontal electrospinning setup (Figure 1). A 12 mL plastic
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Figure 1. Roadmap of the upcycling process of PVC waste materials,
which consists of PVC pipes and PVC pool float converted to ES
nanofibers for water treatment (dye removal). The schematic
illustrates the horizontal electrospinning setup that consists of a
syringe (12 mL), needle (19 gauge), high-voltage DC power supply
(15 kV), an injection pump used to control the flow rate of the
polymer solution (1 mL/h), and a rotating drum collector (700 rpm).

syringe having an internal diameter of 15.7 mm was filled with the
casting solution. A 19 gauge, 0.81 mm internal diameter metal needle
was attached to the syringe. The syringe was placed in a syringe pump,
and the casting solution was injected at a rate of 1 mL/h. The syringe
was angled at agproximately 10° horizontally to avoid falling drips at
the capillary tip”® and to ensure that the Taylor cone under the action
of gravity is aligned with the center of the rotating collector. The
positive terminal of the high-voltage DC power supply was connected
to the metal needle, and the ground potential was given to the
rotating collector. An aluminum foil was wrapped around the
cylindrical collector for fiber collection. The potential difference
between the needle and collector was set to 15 kV. The rotation of the
collector was set to 700 rpm. The distance between the needle tip and
the collector was set to 15 cm.”’ Electrospinning was performed
under the ambient temperature of 22.2 °C. The casting solutions were
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electrospun for 7 h and fibers were collected on the rotating collector.
The fibers were dried for 1 day in open air.

The isotherm adsorption of MB by the ES fibers was studied using the
initial dye concentration of 0.05 g/L in a pH range between 3 and 11.
The pH of the solutions was adjusted using 0.1 M HCl and 0.1 M
NaOH. Batch adsorption experiments were performed by adding 10
mg of each fiber (adsorbent) in 40 mL dye solution vials and shaking
at 220 rpm for 24 h at room temperature, 23 °C.”>** After finishing
the adsorption cycle, fibers were removed from the vials, and the
concentration of the solution in the vials was measured using
ultraviolet—visible spectroscopy at a wavelength of A = 665 nm. A
minimum of three replicates of each solution were prepared and
tested, and an average value was reported. The adsorption percentage
was determined using eq 17>

Co - Cf
X 100
G 1)

where C, is the initial concentration of MB in mg/L and Cyis the final
concentration of MB in mg/L.
The adsorption capacity Q. (mg/g) was calculated using eq 2

% adsorption =

26,27
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where C, (mg/L) and C, (mg/L) are the initial and final
concentrations, respectively, V is the volume of the solution (L),
and m is the mass of the adsorbent (fibers) (g). The adsorption
behavior was studied based on Langmuir and Freundlich adsorption
isotherm models.

The Langmuir adsorption model is based on the assumption that
monolayer (single layer) adsorption takes place on the surface of the
adsorbate, and the thickness of the adsorbed layer is equal to one

adsorbed molecule.*® The equation describing the Langmuir model
. 26
is

_ QOKLCe
T T xC, (3)
where ¢, is the adsorption capacity at equilibrium (mg/g), C, is the
concentration of dye solution at equilibrium (mg/L), K is the
Langmuir constant (L/g), which relates the affinity of the adsorbate
toward the active sites, and Q, is the maximum adsorption capacity
(mg/g).

The Freundlich isotherm model assumes that there is multilayer
adsorption.”” The derivation of the Freundlich model is based on the
assumption that the surface is heterogeneous and the distribution of
adsorption heat over a surface is non-uniform.”®* The Freundlich
model is quantified by’

1
In =InK;+ —InC
Qeminfer G )

where 1 (dimensionless) is the adsorption intensity of the adsorbent
n

and K; is the Freundlich constant (Ll/"mgl*l/"gfl) (adsorption
capacity at unit concentration).

In addition to adsorption models, the adsorption kinetics for all the
fabricated fibers were studied.

The reusability of the fibers was investigated by performing five
adsorption—desorption cycles. After each adsorption cycle, desorption
was carried out by immersing the fibers in 0.01 M sodium hydroxide
(NaOH) solution and shaking the solution at 220 rpm for 20—2$
min, followed by washing the fibers several times with DI water to
remove the excess dye and NaOH from the fibers. The fibers were
then dried for use in the next adsorption cycle.”® Each adsorption
cycle was performed for 24 h. The dye removal percentage was
calculated after each adsorption cycle using eq 1.
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Gel permeation chromatography (GPC) was performed using a
Malvern Viscotek gel permeation chromatograph equipped with a
refractive index detector, an automatic sampler, a pump, an injector,
an inline degasser, a column oven (60 °C), and two in-series Malvern
T6000M SEC columns. DMF was used as the mobile phase at a flow
rate of 1 mL/min. The gas permeation chromatograph was calibrated
against narrow molecular weight PS standards. A Brookfield
viscometer (Cole-Parmer, Illinois, USA) was used to measure the
viscosity of the casting solutions. The electrical conductivity of the
casting solutions was measured using the Thermo Fisher conductivity
meter (Waltham, Massachusetts, USA). The surface morphology of
the ES fibers was determined using scanning electron microscopy
(SEM, JEOL FE 7000, JEOL, Tokyo, Japan) with gold-coated
samples. Energy-dispersive X-ray spectroscopy (EDX) (JEOL 7000,
JEOL, Tokyo, Japan) was employed for elemental composition and
map tracking of the ES fibers. Fourier transform infrared (FTIR)
(PerkinElmer, Waltham, Massachusetts, USA) was used to determine
the types of chemical bonds and functional groups in the fibers. The
water contact angle (WCA) of the fibers was determined using the
Bio Scientific Attention Theta Lite instrument (Avondale, Arizona,
USA). The surface charge of the fibers was measured using Surpass 3
(Anton Paar, Houston, Texas, USA). The mechanical strength of the
fibers was measured using the Test Resources Newton instrument
(Shakopee, Minnesota, USA). The XRD analysis was conducted using
a Bruker D2 Phaser powder X-ray diffractometer (Billerica,
Massachusetts, USA) with a Cu tube as the X-ray source, a voltage
of 30 kV, and a current of 10 mA.

The molecular weight of the polymer impacts the solution
viscosity, which controls the properties of the fiber.”® The
number-average molecular weight (M, ), weight-average
molecular weight (M,,), and polydispersity index (PDI) of all
the samples were measured via GPC (Table 1), which was
calibrated versus monodisperse PS standards.

Table 1. Number-Average Molecular Weight (M,,) (g/mol),
Weight-Average Molecular Weight (M,,) (g/mol), and PDI
of the PVC Pipe, PVC Pool Float, and RG PVC Using GPC

type of sample M, M, PDI
RG PVC 90,664 175,451 1.9
PVC pipe 67,019 147,570 22
PVC pool float 101,760 180,656 1.7

The PVC from the pool float had a higher observed
molecular weight than that of the PVC from the pipe, which is
a consequence of the various grades of PVC used in the
manufacturing of these materials (Table 1).

Since both the PVC pipe and PVC pool float are commercial
products containing several additives, XRD analysis was done
on an actual PVC pipe and PVC pool float to better
understand the additives in their structure. The XRD pattern
of the PVC pipe (Figure 2a) clearly showed the existence of
calcium carbonate in the PVC pipe as the sharp (hkl) peak at a
20 value of 29.4° corresponds to the (104) crystallographic
plane of calcium carbonate.”® The XRD pattern of the PVC
pool float (Figure 2b) exhibited structures that confirm the
existence of muscovite (mica) in the PVC pool float used as a
filler to provide a silky/shiny luster. The sharp peaks at 26
values of 9.03, 17.8, 26.7, 35.9, and 45.2° match exactly with
the XRD peaks of muscovite reported in the literature.”””* The
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Figure 2. XRD pattern of a solid sample of the (a) PVC pipe and (b) pool float. FTIR of a solid sample of the (c) PVC pipe and (d) pool float. The

PVC pipe samples were sanded before FTIR analysis.

FTIR spectra of a solid PVC pipe (Figure 2c) and a solid PVC
pool float (Figure 2d) indicated the presence of additives such
as adipate in the PVC pipe by the characteristic adipate peak at
1685 cm™" and muscovite in the PVC pool by the peak at 1020
cm™', which represent the stretching and bending vibrational
motions of Si—O bonds in the range of 950—1100 cm™ and
phthalates in the PVC pool float at 1730 cm™' (C=O0
stretching vibration), the peak at 1575 cm™" (C—C stretching
vibration), the peak at 1599 cm™ (C—C stretching vibration
peaks of the benzene ring), and the peak at 745 cm™ (ortho-
substituted benzene stretching vibrations).”***> The FTIR of
the solid PVC pipe (Figure 2c) and solid PVC pool float
(Figure 2d) also showed the presence of calcium carbonate
(CaCO;) at 876 and 712 cm™1.*°

The viscosity at different shear rates for all six casting
solutions is shown in Figure 3. All casting solutions show a
Newtonian behavior, nearly constant viscosity at all shear
rates.”” The effects of two factors, including the polymer
(PVC) concentration and additive (CaCO;) concentrations,
on the rheological behavior of casting solutions were studied.
In one group of samples, the fixed amount (15 wt %) of RG
PVC, PVC pipe, and PVC pool float was dissolved into the
solvent, and their viscosity behaviors were compared. The RG
PVC casting solution showed a higher viscosity compared to
the other two casting solutions. The higher viscosity of RG
PVC might be caused by the higher amount of PVC in the RG
PVC casting solution since both the PVC pipe and PVC pool
float had additives in their structure, which might have reduced
their viscosity. In other words, portions of the added 15% (wt
%) PVC pipe and PVC pool float were not pure PVC.

To clarify the effect of additives on viscosity, the viscosities
of casting solutions with 3 and 8% CaCOj and 12 and 7% RG
PVC were measured. The lower viscosities of 3 and 8% added
CaCOj; samples compared to pure RG PVC confirmed the
reduction of viscosity due to the lower amount of polymer and
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Figure 3. Viscosity (cP) vs shear rate (1/s) for the PVC pipe
(orange), PVC pool float (blue), RG PVC (light green), centrifuged
PVC pipe (dark green), 3% CaCO;-RG (12%) (maroon), 8%
CaCO;-RG (7%) (purple), 3% CaCO5-RG (15%) (pink), and 8%
CaCO;-RG (15%) (red) casting solutions. All casting solutions were
prepared by dissolving an appropriate polymer concentration in a
mixture of DMF and THF (v/v), 3:2, at 23 °C after stirring at 400
rpm for 19 h, followed by degassing for 4 h.

the existence of CaCO;. In addition, a sample of the
centrifuged PVC pipe casting solution in which most of the
precipitated mass, including CaCOj;, was removed showed a
lower viscosity compared to that of the PVC pipe, which
confirms the role of polymer concentration in the viscosity of a
casting solution. However, the addition of 3 and 8% (wt %)
CaCO; while keeping a constant polymer content (15 wt %)
increased the viscosity of samples since the presence of
suspended insoluble CaCOj particles obstructed the flow of
the casting solution during the applied shear rate and raised the
flow resistance, i.e., the viscosity.

The electrical conductivity of the casting solutions is an
important factor in electrospinning because it is strongly linked
to the electrostatic force acting on the polymer casting
solution.”® The magnitude of this electrostatic force
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determines the fiber diameters of the ES fibers.>’ In general,
the higher conductivity of the casting solution, i.e., the more
electrostatic force acting on the casting solution, results in the
generation of more stretched fibers and smaller fiber
diameters.* Figure 4 shows that all PVC casting solutions
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Figure 4. Conductivities of the PVC pipe, PVC pool float, RG PVC,
centrifuged PVC pipe, 3% CaCO;-RG, and 8% CaCO;-RG casting
solutions were measured at 23 °C after stirring at 400 rpm for 19 h,

followed by degassing for 4 h.

had very low conductivity. The highest conductivity was only
33.8 uS/cm for the PVC pipe. The reason for low conductivity
lies in the PVC structure with strong carbon, hydrogen, and
chlorine covalent bonds, which did not dissociate into ions
after dissolving in the solvent. The conductivities of the PVC
pipe and centrifuged PVC pipe casting solutions, followed by
the PVC pool float, were significantly higher than those of the
other solutions. Since the conductivity of CaCO;-containing
samples was in the same range as that of the RG PV, the
presence of CaCOj; in solutions was not the reason for the
different conductivities. It is unclear at this time what causes
the differences in conductivity. The adipate and phthalates are
common additives to PVC products; however, since they exist
in the ester form, they are not able to ionize and change the
conductivity. Therefore, the change in conductivity might be

due to the existence of trace quantities of other unknown
additives that need to be investigated.

The chemical bonds and functional groups present in the fibers
were investigated by FTIR spectroscopy (Figure 5). The FTIR
spectra of all six fibers were recorded at room temperature in
the 450—4000 cm™' range. Most of the signals in the FTIR
spectra of PVC pipe fibers and PVC pool fibers matched the
signals in the FTIR spectra of the RG PVC fibers; however,
there were a few new peaks. The matching signals in all three
spectra include the peaks at 618, 636, and 689 cm™
corresponding to C—CI stretching, the peak at 960 cm™
indicating rocking CH,, the peak at 1097 cm™'representing a
stretching C—C bond, the two peaks at 1252 and 1330 cm™
are for deformation of the C—H bond of CHCI, the peak at
1428 cm ™' represents deformation (wagg) of CH,, the peak at
2912 cm™' corresponds to stretching of the C—H bond of
CH,, and the peak at 2973 cm™" indicates stretching of the C—
H bond of CHCL The signals at 712 and 875 cm™ in the PVC
pipe spectra correspond to calcium carbonate (CaCO;) and
the signal at 728 cm™" indicates calcium carbonate in the PVC
pool float.

The FTIR spectra of centrifuged PVC pipe fibers were very
similar to those of the RG PVC fibers, which showed that most
of the additives of the PVC pipe were separated into the
centrifuged sediment. In the FTIR of centrifuged PVC pipe
fibers, the peak from 600 to 690 cm™' represents the C—Cl
gauche bond. The peak at 844 cm™' corresponds to C—Cl
stretching. The peak at 961 cm™' represents Trans-CH
wagging. The peaks from 1240 to 1257 cm™' indicate CH
rocking. The CH, deformation peak appears at 1339 cm™".
The peaks from 2890 to 2958 cm™" are for CH stretching."’
The FTIR spectra of the centrifuged sediment, solid content at
the bottom of the vial after the PVC pipe casting solution was
centrifuged, clearly showed the existence of calcium carbonate
(CaCOs,) (Figure Sf). The peak at 870 cm™" indicates the out-
of-plane bending absorption of carbonate ions. The peak at
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Figure S. FTIR spectra of (a) PVC pipe fibers, (b) PVC pool float fibers, (c) RG PVC fibers, (d) 3 and 8% CaCO5-RG fibers, (e) centrifuged PVC
pipe fibers, and (f) white solid (CaCO;) deposited at the bottom of the vial after centrifuging the PVC pipe casting solution. See Figure S1 for the

magnified plots.
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Figure 6. SEM image of (a) PVC pipe fibers, (b) RG PVC fibers, (c) PVC pool float fibers, (d) 8% CaCO5-RG fibers, (e) 3% CaCO5-RG fibers,
and (f) centrifuged PVC pipe fibers. All fibers were made at the THF/DMF (2:3) volume ratio, 15 wt % total casting solution concentration, 1
mL/h solution injection rate, a 15 kV applied voltage, a 15 cm tip to collector distance, and a 700 rpm collector speed. Prior to SEM, the samples

were gold sputtered at a 6 mA current for 90 s.
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Figure 7. Fiber diameter (nm) distribution of (a) PVC pipe fibers, (b) RG PVC fibers, (c) PVC pool float fibers, (d) 8% CaCO3-RG fibers, (e) 3%
CaCO4-RG fibers, and (f) centrifuged PVC pipe fibers measured at 100 different points using Image] software.

1080 cm™ represents the symmetric stretch of the carbonate
on.*® The FTIR spectra of 3 and 8% CaCO;-RG showed
peaks that confirmed the presence of both CaCOj; and PVC.
The peaks from 600 to 650 cm™' represent the C—Cl gauche
bond in PVC.*" The peak at 700 cm™ represents the in-plane
bending of the carbonate ion. The peak at 961 cm™ represents
Trans-CH wagging in PVC. The peak at 1080 cm™" is for the
symmetric stretch of the carbonate ion. The PVC peak
between 1240 and 1257 cm™" represents CH rocking while the
peak at 1339 cm™! represents CH, deformation. The peak at
1420 cm™ is for the asymmetric stretch of the carbonate ion.
The PVC peak from 2890 to 2958 cm™' indicates C—H
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stretching.’**” The FTIR spectra of the PVC pool float
showed the presence of phthalate. The peak at 1730 cm™
corresponds to C=0 stretching vibration. The peaks at 1575
and 1599 cm™" are for the C—C stretching vibration peaks of
the benzene ring. The band at 745 cm™" represents ortho-
substituted benzene stretching vibrations.”* As it was observed
in the FTIR spectrum of a solid sample of the PVC float, the
stretching and bending vibrational motions of Si—O in the
range of 950—1100 cm ™" imply the presence of muscovite. The
peaks between 500 and 1300 cm™" correspond to vibrations in
the aluminosilicate layers in muscovite.”> Furthermore, the
presence of adipate in the PVC pipe and centrifuged sediment
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(white solid) is represented by the characteristic adipate peak
at 1685 cm™', which represents the stretching vibration of the
—COOH groups.*

SEM was employed to analyze the morphology of the six ES
nanofibers (Figure 6). All fabricated fibers showed the typical
randomly organized nanofibrous structure of ES fibers
although they differed based on fiber diameter and bead
formation. Different fiber properties for each sample were
observed from the SEM images. The casting solution
conductivity and viscosity are the two main factors controlling
the fiber morphology.” In general, higher conductivity of a
casting solution and lower viscosity of the casting solution
result in more stretching of the fibers during electrospinning,
which generate thinner fibers.”” The fiber diameters followed
the order of PVC pipe < centrifuged PVC pipe < PVC pool
float < 8% CaCO;RG ~ 3% CaCO;-RG < RG PVC (Figure
7). As discussed earlier (Figure 4), the PVC pipe and
centrifuged PVC pipe casting solutions had higher conductiv-
ities than those of other casting solutions. Therefore, their ES
fibers were generated in a more stretched form with thinner
fiber diameters. The PVC pool float also had a higher
conductivity than 8 and 3% CaCO;-RG and RG PVC; hence it
produced fibers of lower diameters. 8 and 3% CaCO;-RG
casting solutions had almost the same electrical conductivities,
resulting in nearly the same mean fiber diameters. As
mentioned earlier, the viscosity of the casting solution is the
other factor affecting the fiber diameter. A higher viscosity
provides more entanglement between the polymer chains and,
therefore, enhanced resistance to stretching during the
electrospinning process, which may result in a thicker fiber
diameter. In this regard, the thicker fibers of RG PVC can be
attributed to its high viscosity among all the casting solutions
(Figure 3).*** It can also be observed from SEM images and
the fiber diameter distribution plots (Figures 6 and 7) that the
addition of CaCOj; reduced the fiber diameter compared to the
RG PVC. PVC consists of polar molecules via dipole—dipole
interaction between the chlorine atom of one molecule to a
hydrogen atom in another molecule.'"® One possible
explanation for the reduced fiber diameter of CaCO;-
containing samples could be the enhanced extension of PVC
fibers due to the repulsion of positively charged CaCO; under
the positive charge field applied on the needle during
electrospinning that causes the PVC chains to move further
apart from one another. The SEM images (Figure 6) show that
the alignment orientation of centrifuged PVC pipe nanofibers
is least random, i.e., the nanofibers are more aligned compared
to nanofibers in other fibers.

The alignment of nanofibers is affected by the electrical
conductivity and viscosity of the solution. The possible reason
for more aligned nanofibers with the centrifuged PVC pipe
casting solution compared to other fibers is that it has a higher
electrical conductivity and lower viscosity compared to the
other solutions. Higher electrical conductivity leads to larger
electrostatic force and faster movement of fibers to the
collector, thereby reducing chain defection (whipping
instabilities) and producing aligned/oriented nanofibers.
Lower viscosities caused fibers to experience less gravitational
force and hence less deflection in the vertical direction, leading
to the formation of aligned/oriented nanofibers. The low
molecular weight/concentration/viscosity and low charge
density are the two main causes of bead formation in
electrospinning.” Fluids with a low relaxation time or shear
viscosity tend to form beads. The stretching force to elongate
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the solution is represented by the charge density on the
electrospinning jet. Inadequate charge density causes insuffi-
cient elongation viscosity to counteract Rayleigh instability,
resulting in the formation of beads.***” Also, additives might
affect the bead formation based on their solubility in the
solvent.**™°

In general, a soluble additive such as a salt leads to higher
conductivity of the casting solution and an increased net
charge density on the jet, which strengthen the elongation
force and decrease the bead formation.*® The presence of
insoluble additives (e.g., CaCO;) leads to additive particles
blooming along the fiber due to a higher degree of the local
particle agglomeration during the electrospinning process,
which can lead to increased bead formation. The local particle
agglomeration might be caused by a heterogeneous distribu-
tion of the particles in casting solutions during electro-
spinning.*” Figure 8 shows that PVC pipe fibers possessed a
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Figure 8. Number of beads in the PVC pipe, PVC pool float, RG
PVC, 3% CaCO;-RG, 8% CaCO;-RG, and centrifuged PVC pipe
fibers. The reported data are the result of analyzing at least three
different samples of each fiber.

higher number of beads than the RG fibers. The viscosity of
the PVC pipe was lower than that of RG PVC (Figure 3),
while the conductivity of the PVC pipe was higher than that of
RG (Figure 4). Thus, it can be concluded that the effect of
viscosity was more dominant than conductivity on the bead
formation. It should be noted that, in general, the conductivity
of all samples was relatively low (3—32 uS/cm), which
confirms the lower conductivity effect on bead formation. Also,
the higher number of beads in the PVC pipe might be due to
the aggregation of CaCO; during electrospinning, which
resulted as beads in the fibers. The CaCO; aggregation was
confirmed by detecting clusters of CaCO; with a higher
number of CaCOj particles inside the beads compared to the
rest of the fibers (Figure 9).* In addition, the higher number
of beads in 8% CaCO;-RG and 3% CaCO;-RG fibers
compared to the RG PVC confirmed the effect of CaCO,
and viscosity on the bead formation. The centrifuged PVC
pipe fibers showed a lower number of beads compared to all
the CaCOj-containing samples, which confirmed that the
removal of CaCOj; by centrifugation resulted in less bead
formation. Also, the lower number of beads on centrifuged
PVC pipe fibers (mats) compared to the non-centrifuged PVC
pipe should be due to the removal of CaCOj since the
viscosity and conductivity of the PVC centrifuged casting
solution were lower than that of the pipe (Figures 3 and 4).
Surface hydrophilicity is an important factor in the
separation or adsorption process. The chemical composition
and surface topography (surface roughness) are the key points
controlling the hydrophobicity of ES fibers.”’ The hydro-
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Figure 9. EDX mapping of (a) 8% CaCO5-RG fibers and (b) PVC pipe fibers confirming calcium carbonate (CaCOj5) clusters inside the beads.

philicity degree of the fibers was determined using the WCA. A
surface is hydrophobic when the contact angle is greater than
90° and hydrophilic when it is less than 90°.°>°*

Figure 10 shows the mean WCA measured at a minimum of
15 different points on each of the six ES fibers. The
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Figure 10. WCA for PVC pipe fibers, PVC pool float fibers, RG PVC
fibers, 3% CaCO;-RG fibers, 8% CaCO;-RG fibers, and centrifuged
PVC pipe fibers.

interactions of PVC with water molecules are due to strong
dipole—dipole interactions between the partial negative
chlorine atom of PVC and the partially positive hydrogen
atom of a water molecule. The presence of other hydrophobic
additives such as adipate and phthalate (Figure Sa,b) (Figure
S2a,c) in the PVC pipe and pool float could be the reason for
the higher hydrophobicity of these fibers.”* Another factor that
physically affects the hydrophobic behavior of the ES fibers is
fiber diameter. In general, larger fiber diameters contribute to
lower WCA.> The larger the fiber diameter (cylinders with a
larger radius), the more the surface area the fiber has, which
provides an extended surface for water, leading to a decrease in
contact angle and hence hydrophilic behavior (Figure $3a,b).>
Therefore, the higher hydrophobicity of the PVC pipe and
PVC pool float compared to RG PVC might also be due to the
smaller diameter of fibers in the PVC pipe and PVC pool float
(Figure 7). Furthermore, beads on the fibers also contribute to
a higher WCA.**° Beads can be assumed to act as spheres
with a much smaller surface area than fibers (with cylindrical
geometry) on which a water drop can spread. Hence, beads
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increase the contact angle and make the surface more
hydrophobic (Figure S3c).” Also, because the beads possess
agglomerated CaCO; (Figure 9), the surface of the beads
possessed a hills and valleys structure or protuberant
characteristics, contributing to the increased hydrophobicity
of the PVC pipe. The fibers fabricated using the centrifuged
PVC pipe casting solution also showed higher hydrophobicity
compared to RG PVC but lower than the PVC pipe fibers.
This might indicate the presence of plasticizers such as
adipates or phthalates (which are hydrophobic in nature due to
their long hydrocarbon chains and the aromatic benzene ring,
respectively) in the supernatant of the centrifuged solution,
which did not sediment by centrifugation.>*

The surface charges of all six fibers were measured in a range
of pH (3—11) as shown in Figure 11. All fibers showed a
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Figure 11. Zeta potential of PVC pipe fibers, PVC pool float fibers,
RG PVC fibers, 3% CaCO;5-RG fibers, 8% CaCO;-RG fibers, and
centrifuged PVC pipe fibers in acidic (pH 3—S5), neutral (pH 7), and
basic (pH 9—11) pH.

negative surface charge. It was reported by other groups that
this behavior could be due to defects in the PVC structure or
additives.””*® The reason for the higher negative surface
charge of the PVC pipe and pool float compared to RG PVC
might be the presence of additives, including calcium
carbonate (CaCOj;). Almost all the ES fibers showed a similar
surface charge except the fibers fabricated by the centrifuged
PVC pipe casting solution and pool float. Centrifuged PVC
pipe fibers showed the least negative surface charge among the
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Figure 12. Stress—strain curves for (a) PVC pipe fibers, (b) RG PVC fibers, (c) PVC pool float fibers, (d) 3% CaCO;-RG fibers, (e) 8% CaCO;-

RG fibers, and (f) centrifuged PVC pipe fibers.

ES fibers. However, the exact roles of various additive
variations in zeta potential are unclear.

The ES fibers were tested for mechanical strength, and the
stress—strain plots of all six fibers are shown in Figure 12.

The maximum bearable stress of centrifuged PVC pipe fibers
(mat) is much higher than the maximum bearable stress of
other fibers (Figure 12). The reason for this behavior lies in
the alignment orientation of ES fibers. A major factor that
influences the mechanical properties of fibers is the anisotropy
of fibers.”’ Randomly distributed fibers lead to a lower
mechanical strength compared to oriented nanofibers.”'

As was discussed based on the SEM images (Figure 6), the
centrifuged PVC pipe nanofibers possessed a more aligned
fiber structure (due to the higher electrical conductivity and
lower viscosity) compared to fibers in other mats, resulting in
the high bearable stress of 21.03 MPa. It is also observed that
the PVC pipe fibers showed the second-highest strain at break
among the samples. One reason for the higher mechanical
strength of the PVC pool and PVC pipe might be the existence
of additives in these materials. The 3 and 8% CaCO;-RG
samples did not show a significant difference compared to the
RG PVC, which indicates that CaCOj; did not have any effect
on the strength of fibers. One possible justification for the PVC
pipe fibers might be their small fiber diameter (198.65 nm)
among the fibers. Generally, a decrease in nanofiber diameter
resulted in enhanced tensile strength since at a lower diameter
of ES nanofibers, the molecular orientation and degree of
crystallinity of the nanofibers are increased, leading to
improved mechanical strength and stiffness.”"*”

The adsorption performances of all the fabricated fibers were
evaluated using MB as a common contaminant in water.”” The
removal efficiency of all six fibers was tested by calculating the
percentage of MB adsorbed by the fibers at different pH values
(Figure 13).

The adsorption of MB on the fibers was confirmed through
EDX mapping of the fibers after adsorption. EDX showed the
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Figure 13. Adsorption performance (%) of ES fibers for the removal
of MB from water. Static adsorption was performed using an initial
MB concentration of SO ppm (0.05 g/L), 10 mg of each fiber, a
shaking speed of 220 rpm for 24 h, and a room temperature of 23 °C.

presence of nitrogen and sulfur atoms of MB in addition to the
carbon and chlorine atoms of the PVC fibers (Figure 14).

Figure 13 shows that throughout the pH range from pH 3 to
11, the MB removal percentage by fibers follows the order of
PVC pool float > PVC pipe > 8% CaCO3-RG > 3% CaCO;-
RG > RG PVC > centrifuged PVC pipe mat. The reason for
this trend is the electrostatic adsorption mechanism between
the fibers and MB where at all pH values, the surface charge of
the fibers followed the order of most negative to least negative:
PVC pool float > PVC pipe > 8% CaCO3-RG > 3% CaCO;-
RG > RG PVC > centrifuged PVC pipe mat (Figure 11). MB,
a cationic dye with a positive zeta potential at all pH values,
was electrostatically attracted to the negative surface of the
fibers.””**°" The higher the negative surface charge of the
fibers, the more the electrostatic interaction between the fibers
and cationic MB; hence, the greater the adsorption of MB by
the fibers. The highest adsorption takes place at pH 7.

The reason for the highest adsorption at pH = 7 is the
different interactions between fibers and MB at acidic and
basic pH. Due to the abundance of H' in acidic pH, H*
competes with MB in interaction with fibers (adsorption) and
therefore reduces the number of active sites for the adsorption
of MB.“***> Moreover, in acidic pH, the surface charge of the
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Figure 14. EDX mapping of fibers after adsorption of MB shows the presence of nitrogen and sulfur on the fibers, hence confirming the adsorption
of MB. Static adsorption was performed using an initial MB concentration of SO ppm (0.05 g/L), 10 mg of each fiber, a shaking speed of 220 rpm
for 24 h, and a room temperature of 23 °C.

Table 2. Comparison between the Performance of Upcycled PVC Fibers (PVC Pipe and PVC Pool Float) with Other ES
Fibers in Dye Removal from Water

initial MB removal (%) or
adsorption time  concentration  adsorption capacity
type of fibers min) of MB (ppm) (mg/g) references
cellulose acetate nanofibrous membranes modified by polydopamine 1440 S0 93.21% 61
PAN/f-CD nanofiber membrane 600 300 108.66 mg/g 65
P-cyclodextrin-based ES nanofiber membranes 360 40 826.45 mg/g 66
p(N-isopropyl acrylamide-co-f-cyclodextrin) (PNCD) and 700 S0 1722.1 mg/g 67
p(N-isopropyl acrylamide-co-methacrylicacid) (PNMA) polydopamine microsphere
(PDA-MP) composite fibers (PNCD-PNMA/PDAs-MPs)
polyvinyl butyral/bentonite 420 100 86% 68
polylactic acid (PLLA) and polyacrylonitrile (PAN) coated with chloride-doped (PLLA/PANI) 300 135 mg/g 62
polyaniline (PANT) 1440
(PAN/PANI) 300 140 mg/g
1440
gelatin/alginate composite nanofiber membranes 240 500 1937 mg/g 69
polyether sulfone and hydroxypropyl cellulose (PES/HPC) 1440 400 259.74 mg/g 70
PVC pipe 1440 S0 96.39% this work
(192.78 mg/g)
PVC pool float 1440 N 97.64% this work

(195.28 mg/g)

TTTTTT T T T T T T T T T 7T T lPVC Pool Float
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Figure 15. Regeneration cycles (adsorption—desorption cycles) of all fibers. All fibers were regenerated using 0.01 M NaOH and each adsorption
cycle was performed for 24 h.

fibers was less than pH = 7 (Figure 11), leading to weaker Furthermore, in acidic pH, there would be hydrogen bonding
electrostatic interactions between the dye and fibers. between the lone pair of highly electronegative N atoms in MB
1933 https://doi.org/10.1021/acsaenm.3c00245
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and positive hydrogen ions. Hydrogen bonding is stronger
than the electrostatic attraction between MB and the negative
surface of the fibers, leading to decreased adsorption of MB by
the fibers.’* In basic pH, there are more OH™ ions, and hence
MB can have electrostatic interactions with these OH™ ions,
which might reduce the number of MB molecules electrostati-
cally interacting with the negative fibers.”’ In addition, there
might be hydrogen bonding between MB and OH™ ions, which
results in a lower number of available MB to interact with the
surface of the fibers, which decreases the adsorption of MB by
fibers in basic pH.** The performance of both upcycled PVC
fibers (PVC pipe and PVC pool float) was compared with that
of other ES fibers fabricated by other polymers, as shown in
Table 2. It is evident that the adsorption of MB by PVC pipe
and PVC pool float fibers is in the range or even higher than
other reported data, showing the feasibility of the upcycled
PVC fibers in water and wastewater treatment. The results
showed that the adsorption behavior best fitted the Freundlich
adsorption model, which indicates the multilayer adsorption of
MB onto the surface of the nanofiber and a heterogeneous
surface of the nanofiber mats (adsorbent).”® A kinetic study
indicated that the adsorption mostly follows pseudo-1*-order
kinetics, which implies physisorption (electrostatic interaction)
mechanism as discussed earlier. The kinetic study revealed the
adsorption equilibrium of S h for the PVC pipe and PVC pool
float fibers, 6 h for RG-PVC, 3% CaCO;-RG and 8% CaCO;-
RG fibers, and 7 h for centrifuged PVC pipe fibers.

The results of S cycles of adsorption—desorption are presented
in Figure 15. All the fibers showed a decrease in dye removal
during the regeneration process. The waste PVCs (PVC pool
float and PVC pipe) showed the highest adsorption even after
S cycles, with a removal efficiency of more than 80%, while the
removal efficiency of RG PVC after S cycles was around 71%.
The results show that both upcycled PVC pipe and pool
showed acceptable re-generality, with only around 16.3 and
16.6% reduction of adsorption, respectively.

In this study, waste PVC materials such as the PVC pipe and
PVC pool float were successfully upcycled to fibers by the
electrospinning process. The upcycling process of the waste
PVC pipe and waste pool float to fibers was evaluated based on
the fiber fabrication process and fiber performance in water
treatment and was compared to that of the RG PVC. In terms
of fiber fabrication, the viscosity and conductivity of casting
solutions impacted the fiber morphology, fiber diameter, and
mechanical stability of ES fibers. The waste PVC pipe casting
solutions showed higher electrical conductivity and lower
viscosity than the RG casting solution, resulting in a thinner
fiber diameter. In addition, the effect of additives such as
CaCO; in the waste PVC pipe and PVC pool float on the
upcycled fibers was studied. It was found that the presence of
CaCOj; in the waste PVC pipe resulted in higher hydro-
phobicity, lower fiber diameter, and higher mechanical strength
compared to RG PVC. In addition, the presence of CaCOj in
the waste PVC pipe increased the hydrophobicity and
mechanical strength of the ES fibers compared to ES fibers
fabricated from RG PVC. Both waste PVC pipe and pool float
fibers showed higher negative surface charge compared to RG
PVC fibers. In terms of water treatment performance as
adsorptive fibers, both upcycled PVC pipe and PVC pool float

1934

fibers showed enhanced removal efficiencies of 97.64 and
96.39%, respectively, compared to 89.41% removal by RG
PVC fibers. Furthermore, the reusability of the fabricated fibers
was investigated by performing five adsorption—desorption
cycles. The results indicated that the upcycled PVC pool PVC
pipe showed an acceptable removal efficiency of over 80%.
This study clearly shows the potential of upcycling PVC waste
materials from landfill into fibers for enhanced water treatment
as a promising solution to the current plastic pollution.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsaenm.3c00245.

Information on molecular weight measurements; FTIR
spectra and EDX analysis of different fibers; effect of ES
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Langmuir and Freundlich adsorption isotherms; adsorp-
tion kinetics; FTIR peaks, low-resolution SEM images of
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