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ABSTRACT: This work reports the fabrication of nanomagnetite- e -
and nanotitania-incorporated polyacrylonitrile nanofibers |
(MTPANS) by an electrospinning process, which has the potential
to be used as a membrane material for the selective removal of
Cd(1I) and As(V) in water. The fiber morphology was characterized
by scanning electron microscopy (SEM). The incorporation of Q,
nanomagnetite and nanotitania in the composite fiber matrix was
confirmed by energy-dispersive X-ray spectroscopy (EDX), X-ray
diffraction (XRD), and Fourier transform infrared (FT-IR)

spectroscopy. The fibers doped with nanomagnetite and nanotitania | — =
(MPAN and TPAN fibers, respectively), as well as MTPAN and E,,ﬂ,,;,,m,m,,;n,s
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°C in air, were assessed for their comparative As(V)- and Cd(II)-ion
removal capacities. The isotherm studies indicated that the highest adsorption of Cd(II) was shown by MTPAN, following the
Langmuir model with a g,, of 51.5 mg/m? On the other hand, MPAN showed the highest As(V)adsorption capacity, following the
Freundlich model with a K of 0.49. The mechanism of adsorption of both Cd(II) and As(V) by fibers was found to be
electrostatically driven, which was confirmed by correlating the point of zero charges (PZC) exhibited by fibers with the pH of
maximum ion adsorptions. The As(V) adsorption on MPAN occurs by an inner-sphere mechanism, whereas Cd(II) adsorption on
MTPAN is via both surface complexation and an As(V)-assisted inner-sphere mechanism. Even though the presence of coexistent
cations, Ca(1I) and Mg(II), has been shown to affect the Cd(II) removal by MTPAN, the MTPAN structure shows >50% removal
efficiency even for minute concentrations (0.5 ppm) of Cd(Il) in the presence of high common ion concentrations (10 ppm).
Therefore, the novel polyacrylonitrile-based nanofiber material has the potential to be used in polymeric filter materials used in water

purification to remove As(V) and Cd(II) simultaneously.

1. INTRODUCTION

The engineering of advanced materials for water purification
applications is an area of research that has been extensively
explored. Conventional nonmembrane techniques for water
purification include multistep coagulation, flocculation, sed-
imentation, filtration, ion exchange, ozone treatment, precip-
itation, adsorption, and disinfection."™” These conventional
methods have a number of drawbacks, which can be overcome
by novel membrane-based technologies.® Membrane systems
give improved selectivity, high separation efficiency, high
stability, and the possibility of different modes of separation
such as adsorption and ion exchange.” They can also effectively
remove microorganisms and organic pollutants without
producing any harmful secondary pollutants.® As a result, a
number of different membrane types, including organic
polymers, inorganic materials (such as ceramics, oxides, and
metals), and mixed-matrix or composite systems, have been
investigated for water purification. It is recognized that
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polymer membranes are generally more favorable in membrane
technology due to their high mechanical,® thermal,® chemical,
and corrosion resistance.'’ Polymeric nanofiber membranes
are further advantageous in terms of their high surface-to-
volume ratios and other special characteristics such as the
possibility of introducing selectivity for target impurities by
surface modification during synthesis."’

Electrospinning is one route of producing polymer-based
nanofibers. The resultant electrospun nanofibrous membranes
(ENMs), having pore sizes ranging from nanometers to
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micrometers, with interconnected open pore structures are
very attractive in water purification due to their high
porosity,]2 hi§h permeability,w and high surface area per
unit volume.'” ENMs are often considered to be one of the
most versatile, simple, and efficient modes of membrane
technology.® Electrospun membranes commonly explored in
water treatment include those constructed from polyvinylidene
fluoride,"*"* polysulfone,'®'” polyacrylonitrile (PAN),*'®
polyvinyl alcohol,”"” cellulose acetate,”” and polyurethane.”!
Of these polymers, electrospun PAN fibers have attracted
much attention owing to their ability to capture a wide range of
pollutants including inorganic,”*** organic,”**® and biological
contaminants.””** To improve the filtration properties of PAN
membranes, various chemical treatment methods have been
employed to enhance hydroghilici‘cy,29 flux,**~** and mechan-
ical and thermal properties’” and also to make them more
fouling-resistant.”* ™

The optimization of PAN-based membranes to achieve high
metal-ion adsorption capacities in water treatment has typically
been achieved by functionalizing fibers. Amination is one of
the most commonly used strategies, and PAN fibers function-
alized with diethylenetriamine have shown a higher adsorption
capacity for Zn** and Fe®* ions than their nonfunctionalized
counterparts.”® Similarly, ammonium molybdophosphate
functionalized polyacrylonitrile ENMs exhibit high removal
capacities for Co*', Sr*, and Cs*.”” In addition, hydrazine-
modified PAN fibers have shown increased adsorption of Cu**
and Pb**.** The formation of metal oxide nanoparticle
composites of PAN is another method that can be used to
enhance their metal-ion adsorption capacity. High Pb**
removal capacity has been noted with PAN-silica nanosphere
systems,”” while PAN doped with a mixture of titania and silica
nanoparticles has been reported to be potent in adsorbing
As(ITT) and As(V).*” The potential of titania-functionalized
PAN systems in photocatalytic membrane reactors for water
purification has also been demonstrated.*"** Further,
zirconium-manganese oxide/PAN composite spheres have
been used in Sr* adsorption® and iron(III) chloride-doped
porous PAN nanofibers in Cr-ion removal.** Additionallzr, the
doping of PAN fibers with minerals such as pumice*’ and
halloysite® has also been identified as competent materials for
removing heavy metal ions.

In many of the reported studies, the functionalization of
PAN fibers has been targeted for the capturing of either cations
or anions. However, a membrane that is capable of capturing
both cations and anions is significantly more attractive for
practical water purification applications. Hence, the objective
of this study is to fabricate a PAN-based membrane system
that is able to adsorb both arsenic and cadmium ions
simultaneously since these two ions have been identified as
potential risk factors for chronic kidney disease of unknown
etiology (CKDu), a major problem in Sri Lanka affecting more
than 100 000 people in the country.*®*” For this purpose, the
PAN fibers were doped with both anatase and magnetite, and
this is the first report on the fabrication of PAN nanofibers
doped simultaneously with both magnetite and anatase. In a
previous study, a hybrid structure consisting of Fe;O, and
TiO,* was used for arsenic adsorption. Moreover, the use of
goethite for the simultaneous removal of arsenate and
cadmium ions has been previously explored.”” However, the
practical use of a nanomaterial structure alone in water
purification applications remains challenging. Even though a
system of activated carbon fibers doped with bulk magnetite>’

has been reported for arsenic adsorption, no report is available
for testing a similar type of PAN fiber system doped with
binary metal oxide nanoparticles to simultaneously remove
As(V) and Cd(II). The fabrication of such a composite
nanofiber structure of magnetite and titania nanoparticles in
PAN makes it practical for use in water purification
applications. In other words, the novelty of this work remains
not only in composite fiber materials but also its application in
removing dual ions with opposite electrical charges. Further,
the nanoparticles embedded in a polymeric matrix have lesser
chances of being leached out during their use. A systematic
optimization of the electrospinning parameters, carbonization
conditions of the nanomagnetite and nanotitania-doped PAN
fibers, and adsorption conditions are also reported here.

2. RESULTS AND DISCUSSION

2.1. Optimization of MTPAN Fiber Electrospinning
Parameters. During the spinning of 6% (w/v) polymer/
nanoparticle suspensions at 10 #L/min and with an electrode
distance of 20 cm, when the applied voltage was increased
from 15 to 25 kV, the fiber diameter was reduced from 1-3
pm to 800—400 nm (Supporting Information, Figure S1). This
occurs as with the increase in voltage, the electrostatic
repulsive force on the charged jet increases, thereby narrowing
the fiber diameter.”' Further, bead formation was also
minimized with increased applied voltage (see Figure S1)
due to the enhanced drawing of the polymer jet.52 Hence, 25
kV was selected as the optimal voltage for the spinning of
titania- and magnetite-doped polyacrylonitrile fibers.

Spinning of 7% (w/v) suspensions at 25 kV and a 4 yL/min
flow rate with electrode distances of 12, 15, and 20 cm resulted
in fibers with dimensions of 3, 1—3, and 1—2 um, respectively
(Figure S2). This observation is consistent with previous
reports, where little longer distances are known to favor
thinner fibers due to the additional drawing time, which allows
the jet to become narrow further, hence giving rise to thinner
fibers.”” Subsequently, the optimal working distance selected
for the MTPAN fiber spinning process was thus set at 20 cm.

Morphological analyses of the fibers spun at different
polymer concentrations at 25 kV with a 4 pL/min flow rate
and a distance of 20 cm indicated that even though bead
formation is minimized with increased polymer concentration,
the fiber size also tends to increase (Figure S3). Hence, 6%
(w/v) was selected as the optimal concentration, where a
reasonable balance between the fiber diameter and the minimal
bead formation could be achieved.

Next, the flow rate of the 6% (w/v) polymer suspension was
varied from 4 to 10 pL/min while having a constant 25 kV
voltage and a 20 cm working distance. The fiber dimensions
obtained were 500—1000, 300, and 100—200 nm, respectively
(Figure S4), indicating that the 10 yL/min rate gives optimum
fibers with the narrowest fiber diameters. The literature
suggests that, for a given voltage, there is a corresponding
feed rate at which a stable Taylor cone develops, resulting in
the formation of more uniform fibers.>> In our case, it was
observed that the flow rate of 10 uL/min facilitated the
formation of fibers with the most favorable dimensions under
the provided conditions.

2.2. Fiber Characterization. Figure 1 shows the
morphologies of the as-synthesized MTPAN, MPAN, TPAN,
and PAN fibers, fabricated at 25 kV with a flow rate of 10 uL/
min and a working distance of 20 cm wusing polymer/
nanoparticle suspensions with a 6% (w/v) total concentration.
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Figure 1. Scanning electron microscope images of (a) MTPAN, (b) MPAN, (c) TPAN, and (d) PAN.

All four fiber types show random distributions of uniform
fibers, and there are nodes or bulges present at some points.
The average diameters of MTPAN, MPAN, TPAN, and PAN
fibers are 124 + 42, 151 + 30, 234 + 40, and 245 + 49 nm,
respectively (see Figure SS for histograms). The scanning
electron microscopy (SEM) images of titania and magnetite
nanoparticles are given in Figure S6, which confirms that both
magnetite and titania nanoparticles are of size <50 nm,
enabling them to be encapsulated within the polymer filament.
The Brunauer—Emmett—Teller (BET) surface areas of
MTPAN, MPAN, TPAN, and PAN fiber mats were 4.35,
428, 2.53, and 4.15 m?/g, respectively (see Figure S7 for
isotherms).

The energy-dispersive X-ray spectroscopy (EDX) analysis
confirms the uniform distribution of the titania and magnetite
nanoparticles within the fibers (Figure S8). However,
concentrations of magnetite and titania are more prominent
in areas with nodes. As far as MTPAN fibers are concerned,
the distribution of both titania and magnetite along with fibers
is visible and the existence of magnetite in bulges is more
prominent, while in TPAN, the existence of TiO, in those
bulges is clear. Further, the comparison of Fourier transform
infrared (FT-IR) spectra of the magnetite, titania, and
MTPAN fibers (Figure S9) confirms the incorporation of the
nanomaterials in the composite fibers. Vibration bands
corresponding to Fe—O at 596 cm™' and Ti—O at 552 cm™'
are clearly visible in the spectrum of the MTPAN fibers but are
absent in that of pure PAN fibers. Also, the intensities of these
peaks increase with increasing nanomaterial concentration in
the composite fibers, which further supports their immobiliza-
tion within the composite fibers.

X-ray diffraction (XRD) patterns of the four fibers are given
in Figure 2. All of the fiber samples show Bragg reflections at
20 = 17 and 22°. These correspond to the (100) and (002)
planes of the hexagonal lattice of polyacrylonitrile®® and are an
indication of the crystalline microstructure of the PAN-based
fibers.>>* Reflections at 26 = 35.5 and 43° in the XRD pattern

(101)
Anatase (3(:4) (2100) mn

Magnetite (220) /\(311) (400)

\/\w

\J\/\\—LA_MEAA
MPAN
—(100]_(00%)(100) PAN

T T T T T

10 20 30 40 50 60
20

Normalized Intensity

Figure 2. X-ray diffraction patterns of MTPAN, MPAN, TPAN, PAN,
anatase, and magnetite.

of magnetite correspond to its (311) and (400) planes,
respectively.”* These can also be identified in the XRD
patterns of MPAN and MTPAN fibers. Reflections at 20 = 25
and 48° in the XRD pattern of anatase corresponding to its
(101) and (200) planes’” are clearly observed in MTPAN and
TPAN. Further, the Bragg reflections at 20 = 17, 22, and 29° in
the three composite fibers are very intense and sharp compared
to those in the XRD pattern of the pure PAN fibers, which is
indicative of the influence of the nanomaterials on the
crystallinity of PAN-based fibers. It has been reported that
when such composite fibers are formed, there is increased
crystallization of the polymer filament during electrospin-
ning.52

2.3. Thermal Stabilization. Thermogravimetric analysis
of MTPAN, which was executed as stated in experimental
section 4.0, is shown in Figure 3. According to the results, a
weight loss of 19% of the MTPAN fibers was observed during
the first oxidation step, while 58 and 73% weight losses were
observed during the second and third steps, respectively. Upon
heating up to 280 °C, cyclization of the nitrile groups with the
polymer backbone occurs, and during further heating up to
700 °C, aromatization of the rings happens with dehydrogen-
ation, whereas in the third step at 1100 °C, graphitization
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100 ] iso @275 °C/ 0, Table 1. Point of Zero Charge of MTPAN, MPAN, TPAN,
90+ iso @700 G/ N, and PAN Fibers in As(V) and Cd(II) Solutions (Extracted
_ :z: iso @1100 °C/ N, from Figure S8)
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Figure 3. Thermogravimetric analysis of MTPAN fibers.

occurs with further dehydrogenation.*® However, reduction of
the fiber yield to 27% is not favorable for practical concerns.

On the other hand, the Raman analysis provides more
information about the extent of defects present in the structure
based on the I,/ ratio, which is indicative of the number of
defects present in a graphene-like structure.”” Usually, D and G
bands are present in all polyaromatic hydrocarbons.”® The G
peak is due to the bond stretching of sp” atoms in both rings
and chains. The D peak is due to the breathing modes of sp*
atoms in rings.58 Hence, the lesser the sp rings, the lower the
Ip with respect to I, thereby lowering the Ip/Ig ratio.”’
According to the Raman analysis of the carbonized MTPAN
fibers, the Ip/Ij ratio varies from 1.32 to 1.28 to 1.18 during
the three carbonization steps (Figure S10). Here, the change in
the Ip/Ig ratio from the first to the second step could be
considered as less considerable, whereas when going through
the third step, the change is somewhat substantial with a 0.1
change in the Ip/Ig ratio. However, for practical concerns, a
compromise has to be made between the thermal stabilization
of the fibers and the fiber yield after carbonization. Thermal
stabilization is important prior to using the electrospun PAN-
based fibers as it converts thermoplastic fibers to nonplastic
cyclic or ladder compounds.”® This thermal stabilization is
important to obtain nonsticky versatile membranes that are
easy to handle during real-case applications. Therefore,
thermally stabilized MTPAN fibers at 275 °C for 30 min
were selected as the optimal condition for fiber preparation for
this study as higher temperatures lower the yield.

2.4. Adsorption Studies. Adsorption studies were
performed on MTPAN, MPAN, TPAN, and PAN fibers
thermally stabilized at 275 °C in air.

2.4.1. Effect of pH. Figure Slla summarizes the As(V)
removal efficiency by the four fiber types at pH 3, 5, 7, and 9.
The highest removal efficiency for As(V) was shown by MPAN
fibers at pH 7, whereas TPAN shows the lowest removal
efficiency for As(V). The maximum adsorption efficiency of
As(V) by all four fiber types is observed around pH 6. This is
similar to the observations in previous reports, where it has
been identified that H,AsO, ™ ions are the prominent species at
this pH, as consecutive acid-dissociation constants of H;AsO,
are 2.2, 7.0, and 11.5.%° The estimated point of zero charge
(PZC) values for MTPAN, MPAN, TPAN, and PAN fibers
within the As(V) solution are 7.0, 7.1, 6.0, and 6.8, respectively
(Table 1), as calculated by the pH drift method (Figure S12a).
The PZC is a concept related to the phenomenon of
adsorption, and it describes the condition when the electrical
charge density on a surface is zero. It is usually determined in
relation to an electrolyte’s pH, and the PZC value is assigned
to a given substrate. Even though PZC and the isoelectric point

(IEP) are closely related phenomena, they are not always the
same. According to Jolivet,”’ in the absence of positive or
negative charges, the surface is best described by the point of
zero charge, whereas if positive and negative charges are both
present in equal amounts (e.g., amino acids), then this is the
isoelectric point.60 Hence, the observation of MTPAN,
MPAN, and PAN surfaces giving the highest adsorption of
As(V) can be explained by the positively charged fiber surfaces
existing between pH 5—7 attracting H,AsO,™ anions.

On the other hand, the maximum Cd(II) adsorption
efficiency was observed with MTPAN at pH 9 among the
pHs tested, and the lowest adsorption was given by MPAN.
This trend of observing a higher sorption with increasing pH
(Figure S11b) agrees with the previously reported study.” In
our study, pH higher than 9 was not chosen as it will lead to
the formation of Cd(OH),(s) according to Ksp calculations.
As summarized in Table 1, the estimated PZCs for MTPAN,
MPAN, TPAN, and PAN fibers in the Cd(II) solution are 5.2,
5.1, 3.0, and 5.0, respectively (Figure S12b). Therefore, when
the maximum adsorption of Cd(II) happens, all four fibers are
negatively charged to attract Cd(1I) cations. Hence, the main
mechanism of adsorption for both As(V) and Cd(II) can be
identified as being electrostatically driven.

Therefore, the experiments to understand the adsorption
isotherms were conducted without any pH adjustments by
dissolving As(V) and Cd(II) ions in an aqueous medium, for
which the pHs were found to be around 7 and 6, respectively.

2.4.2. Adsorption Isotherms. To understand the adsorption
phenomena, Langmuir (eq 1) and Freundlich (eq 2) isotherms
were generated for MTPAN, MPAN, TPAN, and PAN fibers
for both As(V) and Cd(II) (Figures S13 and S14).

c 1 C,

q, Ky, 4, (1)

1

Ing, =InK; + nln C. )
The term C, (mg/L) is the equilibrium concentration of the
adsorbate in solution, q. (mg/g) is the equilibrium
concentration of the adsorbate in the adsorbent, q,, (mg/g)
is the maximum equilibrium concentration of the adsorbate in
the adsorbent (monolayer coverage of the surface), K (L/ m§)
is a constant related to the heat of adsorption, Kj (mg(l_1 ")
L7 g71) is related to the adsorption capacity of the adsorbent,
and 1/n is a constant known as the heterogeneity factor, which
is related to surface heterogeneity.”

According to the isotherm analysis (Figures S13 and S14),
As(V) data is better matched with the Freundlich isotherm
(Table 2). When comparing the Freundlich constants (Kg) of
MTPAN, MPAN, TPAN, and PAN fibers for As(V)
adsorption, a key observation is that MPAN shows the highest
As(V) adsorption capacity compared to neat PAN fibers. This
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Table 2. Freundlich and Langmuir Isothermal Parameters for MTPAN, MPAN, TPAN, and PAN for As(V) and Cd(II)
Adsorption
Freundlich isotherm As(V) adsorption Langmuir isotherm Cd(II) adsorption
sample 1/n KF(mg(l_l/”) LY g™ R? gm(mg/m?) K;x10® (L/m?) R?
MTPAN 0.78 0.195 0.965 51.54 0.194 0.995
MPAN 0.22 0.492 0.992 24.46 0.088 0.993
TPAN 0.87 0.026 0.984 41.74 0.042 0.963
PAN 1.01 0.006 0.998 26.00 0.062 0.932
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Figure 4. Adsorption mechanism of As(V) on MPAN and Cd(II) on MTPAN.

observation is consistent with the previous literature where
magnetite was shown to absorb As(V) by forming a binuclear
bidentate (inner-sphere) complex.”” Further, TPAN also
shows an enhanced As(V) adsorption compared to PAN
even though that enhancement is not much prominent. The
As(V) adsorption by TPAN can again be attributed to the
affinity of anatase for As(V) adsorption, which is again proven
to occur via a bidentate binuclear complex formation.”” In
other words, the results of this study provide a comparative
study for the use of both magnetite and titania in removing
As(V) by adsorption, where magnetite remains to be much
promising for this purpose. However, when both anatase and
magnetite are present in equimolar quantities, the adsorption
capacity is in between PAN and MPAN. This can be explained
by having a higher concentration of magnetite (0.0005 mol/g)
in the MPAN fiber than it is in the MTPAN fiber (each
magnetite and anatase in 0.00025 mol/g). This observation
further confirmed that the As(V) adsorption by magnetite
under the given conditions is more prominent than that of
anatase. Hence, for practical applications in As(V) removal,
PAN fibers doped with magnetite nanoparticles would be
better than MTPAN.

According to Table 2, adsorption data for Cd(II) with all
four fiber types agree well with the Langmuir isotherm model.
Based on the g,, values calculated, a higher adsorption capacity
for Cd(II) is exhibited by TPAN than MPAN. It is also clear
that the effect of magnetite showed very little improvement
compared to PAN. Nevertheless, the MTPAN fibers show the
highest adsorption of Cd(II), unlike in the case for As(V).
Hence, a synergistic effect of both anatase and magnetite can
be expected to exist, as both titania®" and magnetite®* have

been shown to adsorb Cd(II) via surface complexation.
Further, when both As(V) and Cd(II) are present together,
As(V)-assisted Cd(II) adsorption mechanism on goethite
occurs, as has been previously reported,*” which is also a
possible mechanism for the enhanced Cd(II) adsorption
observed here. Therefore, this study provides evidence for
using multiple nanomaterial-doped PAN fibers for Cd(II)
removal in practical scenarios. Further, the MTAPN fibers will
serve the purpose of simultaneous removal of Cd(1I) cations as
well as As(V) anions. In addition, the surface complexed
Cd(II) can be removed by the flushing mechanism, whereas
the chemisorbed As(V) is the most likely to cause the fouling
of membranes in practical applications. However, further
research should be done to study the reusability of the
membrane. For our further investigations, MPAN was used for
As(V) adsorption and MTPAN was used for Cd(II)
adsorption. Figure 4 summarizes the As(V) and Cd(II)
adsorption mechanisms on MPAN and MTPAN, respectively.

Moreover, the isotherm parameters reported for As(V) and
Cd(1I) adsorption by the nanocomposite fibers in this study
are lower than those reported for free Fe;0,—TiO,*
nanoparticle hybrids, goethite nanoparticles," and mixtures
of carbon fibers and magnetite nanoparticles.”” This can be
mainly attributed to the high availability of surface functional
groups in the free nanoparticles compared to those in the
composited polymeric fibers. However, embedding nano-
particles in the polymer matrix will have the advantage over
using bulk nanoparticles by preventing the expulsion of
nanoparticles into water streams, which is an important
concern for real-world applications.
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The FT-IR spectra of MTPAN and MPAN after Cd(II) and
As(V) adsorption are given in Figure S15. The MTPAN after
Cd(II) adsorption shows a band at 409 cm™, which is absent
from that of the MTPAN before adsorption, which is due to
the Cd—O bond.*® The As(V) adsorption in the MPAN
structure is also confirmed by the comparison of the FT-IR
spectra before and after adsorption, where the shoulder around
696 cm™! can be attributed to the adsorbed As(V).°® Further,
the SEM images of MTPAN after Cd(II) adsorption and
MPAN after As(V) adsorption are given in Figure S16,
together with the EDX profiles. The fibers do not show any salt
depositions (fouling signs) after adsorption studies, which is a
positive implication. Moreover, the EDX spectra confirm the
capturing of respective ions by the fibers, whereas the
quantitative data are of no significance as they are site-specific.
The heavy metal adsorption capacities calculated for the
composite fibers used in this study are slightly lower than in
some previous studies,"”>> which had used the neat nanoma-
terial for the adsorption study. This can be attributed to the
fact that during the composite nanofiber formation by the
spinning process, the available active sites (nanomaterial) per
unit adsorbate mass are lowered compared to that of the neat
nanomaterial. However, immobilization of the nanomaterial in
a matrix material will be advantageous as it minimizes the
leaching-out probability of the nanomaterial into water besides
minimizing costing aspects.

2.4.3. Coadsorption of As(V) and Cd(ll). Figure S compares
the removal efficiencies of As(V) by MPAN fibers and Cd(II)

—+«=MTPAN Cd(ll) adsorption
—+=MTPAN Cd(ll) co-adsorption
—.=MPAN As(V) adsorption
—+=MPAN As(V) co-adsorption

100
90
80
70
60
50
40
30
20
10

Removal efficiency (%)

0 1000 2000 3000 4000 5000 6000
¢, (ppb)

Figure S. Comparison of the removal efficiencies of As(V) by MPAN
and Cd(II) by MTPAN fibers from an equimolar mixture of As(V)
and Cd(II).

by MTPAN fibers. In this experiment, as given under Section
4.7, adsorption studies were carried out for individual ions as

well as for a mixture of equimolar amounts of both As(V) and
Cd(II). According to the results, the removal efficiency of
Cd(II) remains almost the same irrespective of individual
adsorption or coadsorption. However, the minor reduction
observed when coadsorption happens can be attributed to the
presence of As(V) with more affinity to magnetite, thereby
nullifying the available adsorption sites for Cd(II). On the
other hand, the As(V) adsorption by MPAN fibers exhibits a
considerable reduction in their removal efliciencies, as clearly
visible at lower equilibrium concentrations (C,). This may be
due to the surface complexation of electrostatically driven
Cd(1I) on magnetite, thereby hindering adsorption sites for
As(V). The adsorption of Cd(I) and As(V) is further
confirmed by the XPS analysis of the MTAPN (Figure S17)
and MPAN (Figure S18) fiber structures. Figure 6 shows the
XPS analysis of MTPAN and MPAN fibers after coadsorbing
Cd(11) and As(V). The MTPAN fibers show prominent peaks
corresponding to Cd at 405.4 and 4122 eV (Figure 6a),
whereas MPAN shows prominent peaks corresponding to As
at binding energies of 44.1 and 47.8 eV (Figure 6b). These
As(V) and Cd(II) coadsorption results are very closely
correlated with a previous study that had used a pure goethite
nanomaterial for simultaneous As(V) and Cd(II) adsorption,*’
with regard to adsorption dynamics, effect of pH, ionic
strength, and the adsorption mechanism.

2.4.4. Effect of Ca(ll) and Mg(ll) lons on the MTPAN
Adsorption Capacity. One of the major challenges in using
membrane-based water filtration is the adsorption of
competitive ions, which are present at higher concentrations
compared to heavy metals. Generally, Ca(Il) and Mg(II) ions
are present as competitive ions in most part of the dry zone of
Sri Lanka, where a higher number of CKDu cases is reported.
According to the results, the MTPAN fiber system has the
tendency to adsorb other positively charged co-ions such as
Ca(II) and Mg(II). Therefore, it is imperative to assess the
effect of such coexistent ions on the adsorption capacity of
Cd(11) with MTPAN and As(V) with MPAN sorbent systems.
Figure 7 shows the effect of Ca(1l) and Mg(Il) in water on
As(V) and Cd(II) removal efficiencies at pH 6—7. It is
intuitive to believe that Mg(II) and Ca(II) would interact with
the sorbent in the same way as Cd(II) (due to the positive
charge), whereas the mechanism should be different for
AsO,*” owing to its negative charge. Hence, it can be expected
that the competitive adsorption of Ca(Il) and Mg(II) would
matter more for Cd(II) removal than for As(V) removal. As
expected, the observed removal efficiency patterns show that
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Figure 6. XPS analysis for the elemental composition of fiber surfaces (a) MTPAN and (b) MPAN after the adsorption of Cd(II) and As(V),

respectively.
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Figure 7. Effect of the co-ion concentration on the removal
efficiencies of As(V) by MPAN and Cd(II) by MTPAN.

the removal efficiency of As(V) by the MPAN fibers shows
only about 15% reduction, whereas that of Cd(II) is around
45%, when the co-ion concentration increased from 0 to 100
ppm. A similar effect of Ca(II) on Cd(1I) adsorption by zeolite
has been shown in a previous study®” where it was attributed
to the fact that a larger Ca(II) cation binds comparatively less
tightly with water (lower hydration energy) and hence has a
better chance to be adsorbed onto the adsorbent surface than
staying as the hydrated form. However, the proposed MTPAN
structure shows >50% removal efliciency for lower concen-
trations (0.5 ppm) of Cd(II), even in the presence of very high
common ion concentrations (10 ppm)—the conditions
generally encountered in using these membranes in real-
world water purification applications. Further, this study also
shows that even though the performance of the proposed
sorbent system slightly decreases with increasing ionic strength
of the inlet water stream, notably it remains functional even at
extremely high ionic strength conditions. Nonetheless, the
adsorption dynamics of the targeted heavy metals can be
affected by other ordinary cations commonly found in
groundwater such as Na® and K', anions such as CI7, F7,
SO,*7, and PO, as well as by organic matter such as humic
acid, citric acid, etc. Hence, it is worth carrying out a
comprehensive analysis on these effects, which is beyond the
scope of this study but worth recommending as future work in
determining the potential of this novel material in real-world
water purification applications.

3. CONCLUSIONS

Out of the four fiber types synthesized, the MTPAN fiber
composite showed the highest adsorption capacity for Cd(1l),
whereas MPAN fibers showed the highest adsorption capacity
for As(V) adsorption. The Cd(II) adsorption follows the
Langmuir isotherm model, whereas the As(V) adsorption
agrees well with the Freundlich isotherm pattern. The
mechanism of adsorption of both Cd(II) and As(V) by fibers
was found to be electrostatically driven, which was confirmed
by correlating the point of zero charges (PZC) exhibited by
fibers with the pH of maximum ion adsorptions. The As(V)
adsorption on MPAN occurs by an inner-sphere mechanism,
whereas Cd(1I) adsorption on MTPAN is via both surface
complexation and As(V)-assisted inner-sphere mechanism.
The entrapment of Cd(II) and As(V) impurity ions by the
functionalized PAN fibers is confirmed by the XPS and FT-IR
analyses. Even though the presence of coexistent cations,
Ca(II) and Mg(1I), has been shown to effect Cd(II) removal
by MTPAN, the MTPAN structure shows >50% removal
efficiency even for minute concentrations (0.5 ppm) of Cd(1I)

in the presence of high common ion concentrations (10 ppm).
This is very important as these are the conditions generally
encountered in real-world (natural) water purification
applications. Therefore, the polyacrylonitrile fiber-based
novel adsorbent system developed in this study shows
potential in using it in the simultaneous removal of As(V)
and Cd(II) from drinking water in water purification
applications.

4. EXPERIMENTAL SECTION

4.1. Materials. All chemicals used in this study were of
analytical grade. For the preparation of polymer suspensions,
polyacrylonitrile (PAN, Sigma Aldrich) with a molecular
weight of 10201 g/mol and dimethylformamide (99.5%, DMF,
Sigma Aldrich) were used. Magnetite nanoparticles were
synthesized using ammonium hydroxide (25%, Sigma Aldrich),
ammonium ferrous sulfate (>98%, Sigma Aldrich), and
ammonium ferric sulfate (99.0%, Fischer). Titanium dioxide
(TiO,) (anatase, 99.7%) was purchased from Sigma Aldrich.
For the adsorption studies, sodium arsenate (Na,HAsO,
7H,0, >98%, Sigma Aldrich), cadmium nitrate tetrahydrate
(Cd(NO;),-4H,0, 99%, Riedel-de-Haen), calcium nitrate
tetrahydrate (Ca(NO;),-4H,0, 99%, Sri Chem), and
magnesium nitrate hexahydrate (Mg(NO;),-6H,0, 99%, Sri
Chem) were used, and the aqueous solutions were prepared
with ASTM Type I water obtained from Industrial Technology
Institute, Sri Lanka.

4.2. Synthesis of Magnetite Nanoparticles. For the
preparation of magnetite (Fe;O,) nanoparticles, an alkaline
precipitation method was used. A solution of Fe* (0.1 M) was
mixed with an Fe?* (0.1 M) solution in a 2:1 volume ratio. The
Fe’*/Fe** ion solution mixture was purged with N, (g) for a
few minutes. Next, an excess of an aqueous SM NH,OH
solution was added dropwise to the solution under continuous
stirring. The resulting black slurry was centrifuged at 9000 rpm
for 45 min, and the black precipitate obtained was dried in air.

4.3. Preparation of Polymer Solutions. PAN/DMF
solutions with polymer concentrations of 5% (w/v) were
prepared (0.5 mg of PAN in 8 mL of DMF), and from them,
suspensions of Fe;O,/PAN and TiO,/PAN were prepared.
The PAN in the DMF solution was stirred at 400 rpm at 90 °C
for 30 min until obtaining a transparent polymer solution. For
the preparation of PAN/Fe;0,/TiO, (MTPAN) suspensions,
the nanoparticles were first dispersed in DMF by stirring for 15
min followed by ultrasonication (UP400S Hielscher probe tip
sonicator, diameter: 1.3 cm, operating power output 430 W at
24 kHz) for 15 min. A concentrated PAN solution in DMF was
added to the nanoparticle dispersion (0.1 mg of nanoparticles
in 2 mL of DMF) to give a suspension with a total solid
content of 6% w/v (5% polymer, 0.5% Fe;O,, 0.5% TiO,, i.e.,
0.5 mg of PAN and 0.05 mg of each nanoparticle in 10 mL of
DMF). The final mixture was sonicated for another 30 min.
Similarly, polymer suspensions of Fe;O,/PAN (MPAN) and
TiO,/PAN (TPAN) were also prepared with a 6% (w/v) total
solid content (5% polymer, 1% nanoparticles, i.e., 0.5 mg of
PAN and 0.1 mg of TiO, in 10 mL of DMF). The PAN
suspensions with no nanoparticles impregnated were prepared
from the 6% (w/v) PAN polymer in DMF (0.6 mg of PAN in
10 mL of DMF) to maintain the same total solid content in the
solution used for the electrospinning process. For the polymer
concentrations of 7% (w/v) and 8% (w/v) used in
optimization of electrospinning conditions (discussed in
Section 2.1), polymer concentrations of 6% (w/v) and 7%
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(w/v) were used, respectively, with 0.5% (w/v) of Fe;O, and
TiO, (weight measurements were taken in the same way as
described earlier). To identify the immobilization of two
nanoparticle types in the fiber structures using FT-IR analysis
(as discussed in Section 2.2), fibers with 5% (w/v) polymer
and 1% (w/v) of each Fe;O, and TiO, nanoparticles were also
prepared following the above-mentioned similar procedure.

4.4. Electrospinning. The polymer suspensions were
loaded in a S mL syringe fitted with a 0.3 mm (23 G)
stainless steel needle. The needle was connected to a high-
voltage power supply (MATSUSADA Precision Inc.). A flat
piece of Al foil was used as the grounded collector. The
solution was dispensed using a syringe pump (New Era Pump
systems, NE 300). The electrospinning process was carried out
at 25 °C and ~55% relative humidity. During optimization, the
feed rate was set at 4, 8, and 10 #L/min. The voltage was fixed
at 15, 18, 20, and 25 kV, while the distance between the needle
tip and the collector was varied from 12 to 15 c¢m and 20 cm.
The electrospun fiber mats were oven-dried at 45 °C to
remove any residual traces of DMF before further analysis. To
select the best electrospinning conditions, morphological
analyses were performed using scanning electron microscopy
(SEM, Hitachi SU 6600 instrument).

4.5. Characterization. The optimal nanofibers, generated
with 6% (w/v) polymer/nanoparticle suspensions at 25 kV,
utilizing a flow rate of 10 #L/min and a working distance of 20
cm, were characterized in detail. Morphological observations
were undertaken using SEM, and energy-dispersive spectros-
copy (EDX; Oxford Instruments X-Act) analysis was also
performed to determine the elemental composition of the
synthesized fibers. The surface areas were approximated by N,
adsorption at 77 K (Beckman Coulter Sorption Analyzer
3100) and calculated using the Brunauer—Emmett—Teller
(BET) isotherm model. The samples were degassed at 40 °C
for 24 h, prior to each analysis. Powder X-ray diffraction
patterns were collected with the aid of a Bruker D8 FOCUS
instrument supplied with Cu Ko radiation, operating at 25 kV
and 30 mA. Fourier transform infrared (FT-IR) spectroscopy
was undertaken on a Bruker FT-IR Vertex 80 instrument in the
attenuated total reflectance (ATR) mode with a ZnSe crystal.
Transmittance spectra were recorded in the 400—4000 cm ™'
wavenumber range with a 4 cm™' resolution and 32 scans per
sample.

4.6. Thermal Stabilization. The thermal characteristics of
the MTPAN fibers as synthesized in Section 4.5 were analyzed
using thermogravimetric analysis (TGA; TA Instruments, SDT
Q600 instrument) in oxygen and nitrogen atmospheres, at a
heating rate of 5 °C/min. The same MTPAN nanofibers were
thermally stabilized at three different conditions: (1) fibers
were heated up to 275 °C at a 5 C/min heating rate in air and
held for 30 min; (2) fibers stabilized at 275 °C were heated to
700 °C at a S °C/min rate under N, and held for 30 min; and
(3) fibers consecutively stabilized at 275 °C and 700 °C were
further heated to 1100 ° C at 5§ °C/min under N, and held for
30 min.*® After each carbonization step, the percentage weight
loss was calculated. Further, the effect of pyrolysis temperature
on defect removal in the fibers was studied using Raman
spectroscopy (Bruker Senterra instrument).

4.7. Adsorption Experiments. Adsorption studies in-
cluded the isotherm analyses, measuring the adsorption
capacity at different pHs, and studying the effect of other co-
ions present in natural water bodies on AsO,’” and Cd**
adsorption. For the static adsorption studies, the fiber

composites were used in their mat forms rather than using
them as membranes. In all experiments, a 0.2 g/L adsorbent
dosage was used and experiments were conducted at room
temperature (25 °C). For isotherm analysis, the MTPAN,
MPAN, TPAN, and PAN fibers thermally stabilized at 275 °C
in air were immersed in 10.0 mL aliquots of As(V) and Cd(II)
solutions with concentrations of 0.1, 0.2, 0.4, 0.6, 1.0, 2.0, and
5.0 ppm for 22 h, using a shaker (Benchmark Scientific, Incu-
Shaker Mini). The adsorption reactions were terminated by
filtering the solutions using 0.22 ym nylon syringe filters. The
As(V) and Cd(II) concentrations before and after adsorption
processes were quantified using inductively coupled plasma-
mass spectrometry (ICP-MS, Agilent 7900 instrument). In
assessing the effect of pH, MTPAN and PAN fibers were
reacted with S ppm As(V) and S ppm Cd(II) solutions
separately for 20 hrs, with the initial pH set at 3, 5, 7, and 9.
The pH of the medium after the reaction was also measured,
and the point of zero charge (Pszc) was estimated using the
pH drift method.”” The MTPAN and MPAN fibers after
Cd(II) and As(V) adsorption studies were analyzed by SEM,
EDX, and FT-IR. The effect of the presence of co-ions such as
Ca(II) and Mg(1I) was studied by conducting the adsorption
experiments for 20 hrs, in aliquots of solutions containing each
of As(V) and Cd(II) at 0.5 ppm concentration and Ca(II) and
Mg(II) at 0, 10, 25, SO, and 100 ppm concentrations.
Elemental compositions of fiber surfaces after coadsorption
of Cd(II) and As(V) were analyzed using X-ray photoelectron
spectroscopy (XPS) with the EXCALABXi* hemispherical
electron energy analyzer (Thermo Fisher Scientific, the United
States). The incident radiation was monochromatic Al Ka X-
rays (1486.6 eV) with a spot size of 900 ym. Survey scans and
high-resolution scans were collected with pass energies of 150
and 20 eV and with step sizes of 1.0 and 0.05 eV, respectively.
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