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The nanosized iron oxides-based adsorbent has been widely used to alleviate water eutrophication. However, it is
challenging to industrialize the application of nanosized iron oxides-based adsorbent due to their poor stability,
difficult separation and recovery.
Herein, hematite and tetra-n-butylammonium bromide incorporated polyacrylonitrile (PAN/Fe,05/TBAB) com-
posite nanofibers with a controlled diameter (i.e., 66 to 305 nm) and composition were systematically synthe-
sized as an adsorbent for phosphate removal from water using surfactant-mediated electrospinning. During
the electrospinning process, polar TBAB surfactant enhanced the migration of Fe,03 nanoparticles toward the
surface of nanofibers resulting in Fe,O3 nanoparticles/TBAB surface enriched nanofibers. The synthesized nano-
fiber membranes were used for phosphate removal, and their adsorption kinetics, adsorption mechanism, and
reusability were investigated. Data showed that adsorption kinetic followed the pseudo-second-order model
whereas the adsorption mechanism follows the Langmuir model. The phosphate removal was mainly derived
from the chemisorption of surface-enriched o-Fe,05 nanoparticles at acidic and circumneutral pH values, with
a small contribution from anion exchange at TBAB sites. The maximum phosphate removal capacity was approx.
8.76 mg/g (i.e., 23.1 mg/g, P/active materials) at pH 3. Additionally, the synthesized nanofiber membrane also
shows excellent reusability.
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1. Introduction

Phosphorus is one of the major nutrients for the growth of all life
forms. However, excessive release of phosphorus through agricultural
runoff and sewage discharge can cause undesirable eutrophication,
which contributes to the death of aquatic species, algal blooms and par-
asite infection (Dodds et al., 2009; Fang et al., 2017). To recover the
phosphorus resource and prevent this phenomenon, various remedia-
tion technologies such as chemical precipitation, biological uptake, ion
exchange, and adsorption have been explored, and have demonstrated
different degrees of remediation efficiency (Lalley et al., 2016; Liu
et al,, 2017; Nguyen et al., 2014; Xia et al., 2020). Among these remedi-
ation techniques, adsorption is one of the simplest, most effective and
economical methods for wastewater purification (Cui et al., 2020;
Singh et al., 2018).

Recently, nanosized metal oxides/hydroxides (e.g., Fe, Zn, Al, Mg,
Ca, etc.) have been investigated for their potential for phosphorus
removal because of their abundance, low cost, environmental friend-
liness, and chemically stability (Bacelo et al., 2020; Li et al., 2018;
Lofrano et al., 2016; Tan et al., 2016; Zhao et al., 2018; Zhao et al.,
2011). Although the nanosized metal oxides/hydroxides have a
high efficiency of phosphate removal due to their high affinity for
phosphate, it is challenging to industrialize the application of
nanosized metal oxides-based adsorbents due to their poor stability,
difficult separation and recovery. Meanwhile, membrane filtration
technology in water treatment needs high efficiency, low cost and
mass-produced functional membranes (Suja et al., 2017; Zhao
et al., 2017). Nanofiber based non-woven membranes have high
interconnecting porosity with adjustable pore size, which can lead
to very promising filtration capabilities in terms of permeability,
selectivity, and low fouling (Li et al., 2020).

Nanofibers can be produced via several different methods, including
drawing, template synthesis, phase separation, self-assembly, and
electrospinning. Among these methods, electrospinning has become
more popular due to its easy set-up, high-yield, scalable manufacturing
process and the ability to tune nanofiber diameter, producing robust
nanofiber membranes ideal for environmental application (Chen et al.,
2020; Ding and Yu, 2014; Greenstein et al., 2019; Liao et al., 2018;
Peter et al., 2016; Xue et al., 2017). Previously, we have discovered
that the integration of surfactants and metal oxides into electrospun
polymeric nanofibers yielded promising functional nanofibers for se-
questration of common (oxy)anionic water pollutants. The quaternary
ammonium salts like TBAB accumulated at the polymer-air interface
during curing, resulting in surface enrichment of not only cationic qua-
ternary ammonium binding sites but also Fe,O3 nanoparticles (Peter
et al, 2017; Peter et al., 2018).

Herein, we demonstrated the surfactant TBAB could promote the
enrichment of the commercial a-Fe,03 nanoparticles to the PAN
nanofiber surface via a one-pot electrospinning technique. The
resulting PAN/Fe,03/TBAB nanofiber membranes displayed surface-
enriched active binding agents (i.e., Fe;03 nanoparticles and TBAB),
low bead density, and exhibited a balance of high adsorption capac-
ity for phosphate and adequate mechanical property. The adsorption
behaviors of the PAN/Fe,03/TBAB nanofiber membranes were evalu-
ated by adsorption kinetics and equilibrium isotherm models. The
pH effect on the phosphate removal efficiency, adsorption mecha-
nisms and reusability of PAN/Fe,03/TBAB nanofiber membranes
were investigated to determine their potential for phosphate re-
moval and recovery.

2. Materials and methods
2.1. Reagents

Polyacrylonitrile (PAN; Myy = 150,000), tetra-n-butylammonium
bromide (TBAB; >98%), and potassium antimony tartrate hydrate
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(299%) were purchased from Sigma-Aldrich. Iron oxide (99.95%, 3 nm
APS powder, S.A. 250 m?%/g), iron oxide nanorods (o-Fe,0s, 98%,
30-50 nm APS powder) and ammonium molybdate tetrahydrate (99%)
were purchased from Alfa Aesar. Potassium dihydrogen phosphate
(KH,POy4; 99.3%), N, N-dimethylformamide (DMF; 99.9%), sulfuric acid,
ascorbic acid (99.4%), hydrochloric acid and sodium hydroxide were ob-
tained from Fisher Chemical. All reagents were used as received without
further treatment.

2.2. Preparation of PAN/Fe;03/TBAB nanofiber mats

PAN/Fe,03/TBAB nanofiber mats were fabricated by the
electrospinning technique (Yu and Myung, 2018). The detailed proce-
dure is as follows: Fe,03 nanoparticles (~3 nm) or Fe,03 nanorods
were added to DMF and then dispersed under ultrasonic treatment for
1 h at 0.86-3 wt% relative to the total solution mass. PAN (4-7 wt%)
and TBAB (1 wt%) were added to the vial containing either pure DMF
or the abovementioned Fe,03-DMF dispersions, which was then sealed
for magnetic stirring in a water bath at 60 °C for 2 h. Then, the composite
solutions were stirred at room temperature for 12 h to obtain the
electrospinning solution.

Electrospinning was conducted by injecting the prepared solution
through a 5-mL BD Luer-Lok syringe with a 25-gauge stainless steel nee-
dle, using a syringe pump (New Era, NE-100). Negative voltage was ap-
plied to the needle tip, while the drum collector wrapped with
aluminum foil, rotating at 420 rpm, was grounded to collect the sample.
Electrospinning and environmental conditions such as applied voltage,
feed rate, temperature, and absolute humidity were fixed at 16 kV,
0.5 mL/h, 25 + 1 °C, 0.0064 + 0.0008 kg H,O/kg dry air, respectively.
Hereafter, the as-prepared PAN/Fe,03/TBAB nanofiber mats derived
from «a-Fe,03 nanoparticles were referred to as “PANx-Fe,O3y-TBAB1”
and the PAN/Fe,05/TBAB nanofiber mats derived from a-Fe,03 nanorods
were referred to as “PANx-Fe,Oz(nanorods)y-TBAB1” where x and y de-
note PAN and Fe,03 loadings, respectively.

2.3. Characterization

2.3.1. Electrospinning solution properties

For studying the effect of variable solution conditions on the resulting
nanofiber properties, three solution properties - viscosity, surface tension,
electrical conductivity - were measured. The viscosity was measured
using a rotational Brookfield viscometer (DV-I Prime, Brookfield
Engineering Laboratories, USA) at 23 °C. The surface tension was tested
by an automatic surface tensiometer (QBZY-1, Shanghai Fangrui Instru-
ment Co., Ltd., China) with a Wilhelmy small platinum plate at 23 °C.
The electrical conductivity was measured using a glass-body electrical
conductivity probe (K = 0.1, Oakton) paired with an embedded conduc-
tivity circuit (EZO-EC™, Atlas Scientific) at 23 °C. All measurements were
repeated three times and then averaged. Solution properties were mea-
sured immediately before or after electrospinning to most closely corre-
late them to nanofiber properties.

2.3.2. Nanofiber morphology

The morphology including dimensions and bead (defect) density
of the nanofiber mats were observed through a scanning electron
microscope (SEM, VEGA3, TESCAN Ltd., Czech Republic) with a
10 kV acceleration voltage. The nanofiber mats were coated with a
thin layer of gold by Electron Microscopy Sciences 575-X sputter at
20 mA (current) for 30 s before observation. SEM images were
used to measure the nanofiber diameter, which was averaged over
50 unique measurements, as well as the bead density concerning
the area of the SEM image obtained. Transmission electron micros-
copy (TEM) samples were collected by placing a carbon-coated cop-
per grid directly in front of the drum collector for 1 min during
electrospinning. TEM images were captured using FEI/Philips
Tecnail2 TEM (FEI Company, USA) at 120 kV.
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2.4. Batch adsorption experiments

To evaluate the efficiency of PAN/Fe,03/TBAB nanofiber membranes
for adsorption of phosphate, kinetics studies were carried out using
40 mg of the PAN-based nanofiber membranes in 40 mL of phosphate
solution with initial pH of 5.6 and concentration of 2, 5, 10, 15 and
20 mg/L, respectively. The experiment was performed in a 50-mL sealed
polypropylene centrifugal tube at 23 °C. The solution was collected
using a 5-mL BD Luer-Lok syringe with a syringe filter attached
(0.22 pm, PTFE Teflon filter) at different time intervals (0.25, 0.5, 1, 2,
4, 8 and 24 h). The phosphate concentration of collected samples was
measured at 880 nm with a UV-vis spectrophotometer (Agilent Cary
60) based on the ascorbic acid molybdate blue method (Doolittle,
2014).

2.4.1. Effect of pH

The effect of initial pH was tested using a similar procedure at an ini-
tial phosphate concentration of 10 mg/L and adsorbent dosage of 1 g/L.
The pH of phosphate solutions was adjusted to the desired values rang-
ing from 2 to 13 by adding 0.1 M HCl or NaOH solution. Then, the PAN/
Fe,03/TBAB nanofiber membranes were immersed into the centrifuge
tubes containing the phosphate solutions, which were sealed then
gently shaken.

2.4.2. Adsorption kinetics and isotherm experiments

The equilibrium adsorption experiments were individually carried
out in 2, 5-, 10-, 15-, and 20-mg/L phosphate solutions with 1 g/L
PAN/Fe,03/TBAB nanofiber mat at an initial pH of 5.6. The phosphate
equilibrium adsorption capacity (q.) was calculated by the following
equation:

g, = Co=Ca) XV (1)

m

where g. (mg/g) is the adsorption capacity at time t; Cy and C, are the
initial and equilibrium phosphate concentration in the solution
(mg/L), respectively; Vis the volume of the solution (L); and m is the ad-
sorbent amount (g).

The adsorption performances of nanofiber membranes were investi-
gated using the pseudo-first-order and the pseudo-second-order equa-
tions (Egs. (2) and (3))

qr = qe x (1—exp (—kqt)) (2)
t/q, =1/(koq?) +t/q, 3)

where k; is the rate constant of pseudo-first-order adsorption
(min™"); ks is the rate constant of pseudo-second-order adsorption
(g-mg~!'-min~'); ge is the amount of phosphate adsorption at
equilibrium (mg/g); g is the amount of phosphate adsorption at
time t (min) in mg/g.

Table 1
Effect of solution compositions on the solution and nanofiber properties.
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The adsorption isotherms of nanofiber membranes were investi-
gated using the Langmuir and Freundlich adsorption models
(Egs. (4) and (5))

Ce/qe = 1/(KLQmux) + Ce/qmax (4)
Inq, = InKr + (1/n)InC, (5)

where g4 is the maximum adsorption capacity in mg/g; C, is the equi-
librium phosphate concentration in mg/L; n is the parameter of the
Freundlich adsorption isotherm; and K; (L/mg) and K are the equilib-
rium constants related to the Langmuir and Freundlich adsorption iso-
therms, respectively.

24.3. Desorption experiments

To study the reusability and recovery of the PAN/Fe,05/TBAB nano-
fiber membranes, the phosphate desorption experiment was carried out
using alkaline regeneration. Firstly, the equilibrium adsorption experi-
ments were carried out with 10 mg/L phosphate solutions and 1 g/L
PAN5.5-Fe;032.36-TBAB1 nanofiber mat at an initial pH of 3 and 5.
After the phosphate adsorption, the nanofiber mat was regenerated in
the 1 M NaOH solution for 2 h. Then the mat was immersed in distilled
water for 20 h, during which the water was replenished with fresh dis-
tilled water every 5 h. The resulting PAN5.5-Fe,032.36-TBAB1 nanofiber
mat was dried at 60 °C, completing the 1 regeneration cycle. The five
cycles of adsorption-desorption experiments were performed by re-
peating the same procedure.

3. Results and discussion
3.1. Design of experiment (DOE) analyses

Systematic variation of working conditions for electrospinning
Fe,03-embedded nanofibers was performed using a two-factor, three-
level design of experiment (DOE). The two factors were PAN content
in wt% and PAN-to-Fe,05 ratio by wt%; the low and high levels of each
factor were fixed at 4 and 7 wt% PAN and 1:0 to 3:7 PAN: Fe,03, respec-
tively, while the middle level was fixed at the median of the range. All
sample names derived from this DOE, along with their solution and
nanofiber properties, are summarized in Table 1.

3.1.1. Effect of solution conditions on solution properties

DOE methodology was employed to first identify and rank the ef-
fects of the two factors on the resulting solution properties like viscosity,
surface tension, and electrical conductivity. DOE analysis of viscosity,
surface tension, and electrical conductivity as a function of solution
compositions are shown in Fig. 1. The viscosity of solutions increased
sharply with the increase of both PAN concentrations and Fe,03/PAN ra-
tios. Notably, the effect degree of PAN concentration was bigger than
that of iron oxide. This was attributed to the polymer concentration

Sample Solution properties Nanofiber properties

Viscosity (cP) Surface tension (dynes/cm) Electrical conductivity (uS/cm) Average fiber diameter (nm) Bead density (bead/um?)
PAN4-TBAB1 237 £ 1.2 36.0 £ 0.1 1176 + 4 66 + 16 2.0
PAN4-Fe,030.86-TBAB1 293 £ 23 36.8 + 0.05 1155+ 6 188 + 31 0.002
PAN4-Fe,051.72-TBAB1 38.6 + 2.6 359 £ 0.1 1149 + 8 71 £ 15 1.51
PAN5.5-TBAB1 554 + 3.1 36.9 + 0.03 1040 &+ 7 149 + 29 0.01
PAN5.5-Fe,051.18-TBAB1 758 £ 36 36.8 + 0.03 1033.5 + 13 90 + 22 0.54
PANS5.5-Fe;032.36-TBAB1 107 £ 69 373 £ 0.1 1130 + 8 147 £ 32 0.009
PAN7-TBAB1 141 4+ 3.7 372 £ 0.1 939 £ 25 157 4+ 34 0.014
PAN7-Fe,051.5-TBAB1 259 + 2.7 372 £ 0.1 918.1 £ 7 273 £+ 41 0.001
PAN7-Fe,043-TBAB1 8172 £ 8 37.3 £ 0.03 911.1 £ 9 305 + 48 0
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being the key factor to affect the chain entanglement. When the poly-
mer concentration increased, polymeric chains reduced in mobility in
solution due to chain entanglement formation, which prevented
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the chain re-ordering and raised the solution viscosity (Chisca et al.,
2012).

When high voltage is applied during electrospinning, the solution
becomes highly charged, and as a result, the solution droplet at the tip
will experience two major types of forces, the electrostatic repulsion
force and surface tension. Because nanofibers will only form when the
electrostatic repulsion exceeds that of the surface tension in the solu-
tion, controlling the surface tension is also critical in achieving
electrospinning stability (Xue et al., 2019). As shown in Fig. 1b, the sur-
face tension of the solution generally remained at a level of 36.8 dynes/
cm. As it is generally controlled by the presence or absence of a surfac-
tant, surface tension was not affected by the PAN concentrations or
Fe,03/PAN ratios.

Typically, with the increase of the electric conductivity of the solu-
tion, there is a significant decrease in the diameter of the electrospun
nanofibers. With low electrical conductivity of the solution, on the
other hand, insufficient elongation of a jet by electric force may lead
to the formation of beads (Bhardwaj and Kundu, 2010; Ding and Yu,
2014). The effect of solution conditions on the electrical conductivity
of the solution shown in Fig. 1c exhibited unexpected behavior; it ap-
pears controlled solely by the concentration of the polymer, while the
addition of the Fe,03 nanoparticles had a negligible effect. This might
be because a lower-viscosity solution allowed for higher mobility of
the polar molecules (Ding and Yu, 2014; Xue et al.,, 2019), shown by
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the electrical conductivity in the 1100s pS/cm for 4 wt% PAN-based so-
lutions compared to that in 900s pS/cm for 7 wt% PAN-based solutions.

3.1.2. Effect of solution conditions on nanofiber morphology

A total of 9 solutions were electrospun under the same
electrospinning and environmental conditions to study the effect
of solution conditions on the resulting nanofiber properties -
namely, the average nanofiber diameter and bead density, as well
as the overall morphology. The SEM images of the PAN/Fe,03/
TBAB nanofiber mats are presented in Fig. 3, which can provide vi-
sual information from the topographic view. The images of SEM
has been analyzed by Image] software to measure the diameter
and bead density of nanofibers (Table 1). Control PAN nanofibers
that did not contain TBAB exhibited average diameters of 88 +
26 and 228 + 37 nm for PAN4 and PAN7 nanofiber mats, respec-
tively. With the introduction of 1 wt% quaternary ammonium
salts (TBAB) to the electrospinning solution, the average diameter
of the resulting nanofibers decreased to 66 + 16 and 157 +
34 nm, respectively. The average diameter of nanofiber mats in-
creased with the increase of PAN concentration, which was ex-
pected as solution viscosity, largely controlled by polymer
concentration, is a known contributor to nanofiber diameter. DOE
analysis (Fig. 2) further showed that PAN concentration and
Fe,03/PAN ratios had a competing effect on the nanofiber average
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diameter and bead density. The higher PAN concentration would
lead to higher nanofiber diameter and lower bead density, which
could be attributed to the more stable formation of nanofiber jet
with higher-viscosity solutions. Except for the two nanofiber sam-
ples (i.e., PAN4-Fe,051.72-TBAB1 and PAN5.5-Fe,051.18-TBAB1),
the bead density of PAN/Fe,03/TBAB nanofiber mats was lower
than 0.009 bead/um?.

3.1.3. Effect of TBAB content on the physical properties of nanofiber mats
To demonstrate the surfactant TBAB function in the electrospinning
procedure and the effect of Fe,05 dimension on the properties of nanofi-
ber mat, we selected two types of ai-Fe,03 (nanoparticles and nanorods)
and different TBAB content (0, 0.1 and 1 wt%) to obtain the resulting
nanofiber mats. The solution and nanofiber properties of nanofiber mats
were listed in Table S1. The introduction of the surfactant TBAB in the
polymer precursor solution will increase the electrical conductivity and
decrease the viscosity of the solution. The SEM images of the PAN/
Fe,03/TBAB nanofiber mats were shown in Fig. S1. With the increase of
surfactant TBAB content, the PAN/Fe,03/TBAB nanofibers were more uni-
form and low bead density in the mat. Usually, beads are products of the
instability of the jet under the electric field. The higher the charge density
and the lower the surface tension, the bead formation is suppressed (Park
et al., 2008). For the a-Fe;O3 nanoparticles, the change of viscosity of the
polymer solution and charge density are the main factors to produce a

Fig. 3. SEM images of PAN/Fe,05/TBAB nanofibers. (a) PAN4-TBAB1, (b) PAN4-Fe,050.86-TBAB1, (c) PAN4-Fe,051.72-TBAB1, (d) PAN5.5-TBAB1, () PAN5.5-Fe,051.18-TBAB1,
(f) PAN5.5-Fe,052.36-TBAB1, (g) PAN7-TBAB1, (h) PAN7-Fe,031.5-TBAB1 and (i) PAN7-Fe,033-TBAB1.
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trend of resulting high nanofiber diameter and low bead density. In com-
parison, the nanofiber of PAN5.5-Fe,05(nanorods)2.36-TBAB1 presented
the more smooth surface, uniform diameter and low bead density. When
the introduction of 1 wt% TBAB, the resulting nanofiber mat with low
bead density can be easy to handle and peel off to facilitate it applied to
membrane filtration technology.

3.2. Nanofiber morphology

3.2.1. SEM

Morphological studies of the electrospun nanofiber mats were done
using scanning electron microscopy, which provides visual information
of the topographic view and the cross-sectional structure of the mem-
brane. As shown in Fig. 3, the SEM image of the PAN/Fe,03/TBAB nano-
fiber mats revealed randomly oriented three-dimensional nonwoven
membranes with a uniform diameter ranging from 66 to 305 nm,
which was a typical random deposition aggregate structure of
electrospinning nanofibers. For a higher PAN concentration, PAN/
Fe,03/TBAB nanofibers were defect-free, because there were more
PAN chain entanglements and less chain mobility hardening the jet ex-
tension, which reduced the disruptions during the electrospinning pro-
cess, favoring the formation of large-diameter nanofibers. The SEM
images in Fig. 3 were similar to the previous results (Peter et al., 2017)
of surfactant-assisted dispersion of nanomaterials in the PAN nanofiber
surface. PAN/Fe,05/TBAB nanofiber surfaces appeared rough in Fig. 3,
indicating the Fe,03 nanoparticles were mostly present as aggregates,
with some at or near the nanofiber surface. This was attributed to the
interactions between the surfactant and Fe,O3; nanoparticles
(e.g., formation of surfactant mono- or bi-layers on nanoparticle sur-
faces), which improved Fe,05 dispersion and minimized clogging dur-
ing solution injection.

322 . TEM

For confirming the dispersion state of Fe,O3 within the PAN nanofi-
ber, the Fe,03 nanoparticles and PAN/Fe,03/TBAB nanofibers were eval-
uated by TEM. A typical TEM image of oi-Fe;O3 nanoparticles is shown in
Fig. 4a, which was mostly aggregates of tiny particles (3 nm). The TEM
images (Fig. 4b-d) of PAN/Fe,03/TBAB nanofibers with the same
Fe,03/PAN ratio demonstrated the surface enrichment of Fe,O3 nano-
particles when used in tandem with surfactant TBAB, a phenomenon
we previously observed for PAN composites containing surfactants
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(CTAB and TBAB) and ferrihydrite nanoparticles (Peter et al., 2017).
This was attributed to nanoparticle-quaternary ammonium salts inter-
actions; surface segregation of TBAB during electrospinning helped
“pull” the Fe,03 nanoparticles to the nanofiber surface and minimized
free energy. Although aggregation of Fe,03 nanoparticles was observed
throughout the PAN/Fe,03/TBAB nanofibers, most of the Fe;03 nano-
particles were enriched at the surface of the nanofiber. Without surfac-
tant TBAB, the TEM image (Fig. 4e) of PAN5.5-Fe;052.36 displayed most
of the Fe,05 nanoparticles were buried in the nanofiber. With the in-
crease of surfactant TBAB content, most Fe,03 nanoparticles have
enriched the surface of the nanofiber. Surfactant TBAB medicated
PAN/Fe,03/TBAB nanofibers not only reduce bead density of nanofibers,
but also increase the active binding agents like Fe,03 nanoparticles and
TBAB on the nanofiber surface. It was thus hypothesized that the active
binding agents such as Fe,0O5; nanoparticles and TBAB can come into di-
rect contact with pollutants, thus improving the removal efficiency of
pollutants when the as-spun PAN/Fe,03/TBAB nanofiber mats are
used in water treatment. As shown in Fig. 4h, the a-Fe,03 nanorods
are presented 30-50 nm length and several nanometers width. When
introduction of 1 wt% TBAB in the PAN5.5-Fe,03(nanorods)2.36-
TBAB1 nanofibers (Fig. 4g), the oi-Fe;03 nanorods aggregation were
aligned along nanofiber axis direction, not displayed the surface-
segregation and just buried in the nanofibers. This is attributed to the
high aspect ratio and asymmetric shape of a-Fe,03 nanorods makes
them aligned along the nanofiber axis while the nanofiber is pulled
out from the syringe needle during electrospinning. So the phosphate
removal efficiency of PAN5.5-Fe,;03(nanorods)2.36-TBAB1 nanofiber
mats was low due to the active binding agents a-Fe,03 nanorods buried
in the nanofibers.

3.3. Adsorption kinetics

Phosphate removal in batch systems helps establish the equilibrium
time and removal rate of phosphate from aqueous solution by the ad-
sorbent. Two popularly used kinetic models, the pseudo-first-order
and pseudo-second-order (Egs. (2) and (3)) were used to fit the batch
experiment data. The kinetics data of the phosphate adsorption onto
different PAN/Fe,03/TBAB nanofiber membranes at 23 °C and pH 5.6
are shown in Fig. S2 and Fig. 5. The kinetic processes of phosphate ad-
sorption onto the PAN/Fe;03/TBAB nanofiber membranes could be di-
vided into two stages: relatively rapid adsorption during the first 2 h

Fig. 4. TEM images of Fe,03 nanoparticles, Fe;03 nanorods and PAN/Fe,05/TBAB nanofibers. (a) Fe,03 nanopatrticles, (b) PAN4-Fe,031.72-TBABT1, (c) PAN5.5-Fe,052.36-TBAB1, (d) PAN7-
Fe,043-TBAB1, (e) PAN5.5-Fe;052.36, (f) PAN5.5-Fe,052.36-TBABO.1, (g) PAN5.5-Fe,03(nanorods)2.36-TBAB1 and (h) Fe,O3 nanorods.
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Fig. 5. Effect of initial phosphate concentrations on the adsorption kinetics of PAN/Fe,05/TBAB nanofiber membranes at 23 °C. Lines represent modeled results using the pseudo-second-
order equations. (a) PAN4-Fe,050.86-TBAB1, (b) PAN4-Fe,031.72-TBABI1, (c) PAN5.5-Fe;031.18-TBAB1, (d) PAN5.5-Fe,052.36-TBAB1, (e) PAN5.5-Fe;032.36-TBABO.1, (f) PAN5.5-
Fe,052.36, (g) PAN7-Fe,031.5-TBAB1 and (h) PAN7-Fe,033-TBABI1.
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followed by a slower adsorption step. The kinetics correlation coefficients
are summarized in Table S2 from the data fitted by the pseudo-first-order
and pseudo-second-order kinetic models. The correlation coefficients
(R?) obtained according to the pseudo-second-order equation were
higher than 0.9921 except for that of PAN5.5-Fe;032.36 nanofiber
(0.9776). Based on the results of R?, it was determined that the kinetics
of the adsorption of phosphate on the PAN/Fe,05/TBAB nanofiber mem-
branes can be best described by the pseudo-second-order adsorption
model, which suggests that chemisorption occurred between phosphate
and the adsorbents. As shown in Table S2, the phosphate adsorption ca-
pacity at equilibrium (g.) increased with both Fe,03 and TBAB content,
and the maximum value of ¢, varied with the initial phosphate concentra-
tion from 2 to 20 mg/L. TBAB could not only segregate the iron oxide
nanoparticles on the nanofiber surface but also synergistically improved
the phosphate removal efficiency. For the same Fe,03/TBAB ratio of
three nanofiber membranes (i.e. PAN4-Fe,031.72-TBAB1, PAN5.5-
Fe,032.36-TBAB1 and PAN7-Fe,033-TBAB1) with various diameter, the
ge of PAN4-Fe,041.72-TBAB1 was up to 6.82 mg/g for the 15 mg/L phos-
phate solution. This might be attributed to the smaller diameter of nano-
fibers leading to larger surface area and thus more active binding agents
available on the nanofiber surface. Therefore, the g. of PAN/Fe,O3/TBAB
nanofiber membranes were determined by the Fe,05; and TBAB loading
and the amount of active binding agents on the nanofiber surface.

3.4. Adsorption isotherms

To further understand the adsorption mechanism, classical Langmuir
and Freundlich equilibrium isotherm models (Egs. (4) and (5)) were
applied to fit the experimental data. These equilibrium models
highlighted the adsorbate-adsorbent binding interaction and gave in-
sights into possible adsorption mechanisms (Almasri et al., 2019). The
Langmuir and Freundlich adsorption isotherms of PAN/Fe,03/TBAB
nanofiber membranes are presented in Figs. 6 and S3, respectively;
the parameters for both isotherms are listed in Table 2. The correlation
coefficients (R?) obtained according to the Langmuir isotherms were
more than 0.9974 except for that of PAN5.5-Fe;052.36 nanofibers
(0.9846). Based on the results of R?, the Langmuir isotherm best fit
the experimental data for the adsorption of phosphate on the PAN/
Fe,03/TBAB nanofiber membranes. This might be because the Langmuir
isotherm is based on monolayer adsorption onto the active sites; the ac-
tive binding agents (Fe,03 and TBAB) on the nanofiber surface were rel-
atively uniform and thus a monolayer of phosphate coverage likely
dominated the adsorption process. The phosphate adsorption capacity
of nanofibers improved with increasing Fe,O3; and TBAB content and
with decreasing nanofiber diameter. According to the Langmuir adsorp-
tion isotherms, the PAN4-Fe,051.72-TBAB1, PAN5.5-Fe,032.36-TBAB1
and PAN7-Fe;033-TBAB1 exhibited the maximum adsorption capacities
of 6.9, 6.35 and 5.23 mg/g (17.05, 16.74 and 14.38 mg/g, P/active mate-
rials) for the phosphate removal, respectively.

3.5. Effect of pH

Solution pH plays an essential role in the adsorption process and
particularly on the adsorption capacity; it influences not only the solu-
tion chemistry like the dominant phosphorous species, but also the sur-
face acid-base properties of the adsorbent. Phosphate has pKj values of
2.15, 7.2 and 12.33, and thus can exist in the form of H3PO4, H,POZ,
HPOZ~ or PO3 ™~ depending on the solution pH. The fraction of species
for phosphate at different pH from MATLAB simulated data are pre-
sented in Fig. 7b, while the pH in uptake experiments was varied from
2 to 13 in this work. Although the PAN4-Fe,051.72-TBAB1 nanofiber
mat exhibited the best maximum adsorption capacity of 6.9 mg/g, the
nanofiber mat was hard to peel off from aluminum foil after
electrospinning and to handle as a freestanding membrane. Considering
the balance of adsorption capacity and mechanical property,
PAN5.5-Fe,032.36-TBAB1 nanofiber mat was thus chosen to study the
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pH effect. Fig. 7a shows the impact of the initial solution pH on phos-
phate removal efficiency using PAN5.5-Fe,052.36-TBAB1 nanofiber
mat. Phosphate adsorption onto the nanofiber surface was clearly pH-
dependent and tended to decrease with increasing pH, consistent with
the active binding sites primarily occurring on hematite. Specifically,
the effect of the initial solution pH on phosphate removal efficiency
could be divided into two stages: pH-dependent continuous decline
stage (pH = 2-9) and low phosphate removal efficiency stage (pH =
11-13). This is consistent with pH-edge behavior for an anion on hema-
tite, which has a reported pHp,. (pH at point of zero surface charge)
ranging from 8.4 to 9.5 (Sverjensky, 2005).

When the solution pH was lower than pH,,. (approx. 9), the adsor-
bent surface was positively charged and thus the negatively charged
phosphate species like H,POz and HPO3 ™~ preferred to adsorb. With
the decrease of pH, the PAN5.5-Fe;032.36-TBAB1 nanofiber mat had a
higher affinity toward phosphate species. The dominant mechanism of
phosphate adsorption onto PAN/Fe,03/TBAB nanofiber mat was as-
sumed to be chemisorption (electrostatic attraction and ligand ex-
change) and the strong phosphate adsorption depended on the
solution pH. At the acidic condition, the increased H* in solution
would react with the surface hydroxyl groups on Fe,03 to form some
protonated hydroxyl groups. The electrostatic attraction existed in
both protonated hydroxyl group of Fe,O3 particles and ammonium
ions of TBAB on the nanofiber surface with phosphate for adsorption.
Besides, inner-sphere complexation or ligand exchange could readily
occur (pH 4 and 5) between H,PO; and the surface OH™ groups to
form complexation like Fe-H,PO,. This exchange reaction could be in-
ferred from the increased solution equilibrium pH (5.2 and 5.73) after
adsorption showed in Fig. 7a, which is consistent with hydroxide ion re-
lease. Notably, phosphate removal capacity of the PAN5.5-Fe;032.36-
TBAB1 nanofiber mat was up to 8.89 and 8.76 mg/g (23.44 and
23.1 mg/g, P/active materials) at pH 2 and 3, respectively.

When the solution pH was higher than pHp,., the adsorbent surface
was negatively charged, which leads to the formation of deprotonated
hydroxyl groups. The phosphate adsorption onto hematite was mainly
affected by the electrostatic repulsion, which increases with increasing
pH. The active binding agents Fe,O3 on the nanofiber surface are
deprotonated and negatively charged along with phosphate species
(Li et al., 2016). Instead, we attribute most phosphate uptake at higher
pH values above the pHp,. of hematite to favorable electrostatic attrac-
tion of positively charged quaternary ammonium ions of TBAB with
phosphate.

3.6. Desorption and reusability

It is well known that in actual wastewater remediation applications,
the reuse of adsorbent could improve the adsorption efficiencies and re-
duce the costs. Hence, the adsorbent reusability was examined by deter-
mining how much of the original adsorption capacity was retained after
each regeneration cycle. Fig. 8 shows the phosphate adsorption capacity
of PAN5.5-Fe,0352.36-TBAB1 nanofiber mat at pH 3 and 5 through 5 con-
secutive cycles via the alkaline regeneration method. The result of cycle 0
was assigned to the phosphate adsorption capacity of the original as-spun
PANS5.5-Fe;032.36-TBAB1 nanofiber mat at pH 3 and 5. As shown in Fig. 8,
the phosphate adsorption capacity of the original electrospun PAN5.5-
Fe;032.36-TBAB1 nanofiber mat decreased after each regeneration
cycle, but the degree at which it decreased was affected by the pH of
the initial phosphate solution. The reusability of the PAN5.5-Fe,032.36-
TBAB1 nanofiber mat at pH 3 was better than that of the nanofiber mat
at pH 5. The amount of phosphate adsorption capacity for the 1% regener-
ation cycle maintained at 80.6% and 50.9% of the original adsorption ca-
pacity at pH 3 and 5, respectively. It is worth mentioning that the
phosphate adsorption capacity of PAN5.5-Fe;052.36-TBAB1 nanofiber
mat at pH 3 after 5 cycles of regeneration could still reach 4.94 mg/g
(56.4% of that at cycle 0). In contrast, the phosphate adsorption capacity
at pH 5 after 5 cycle regeneration was only 1.01 mg/g (17.7% of that at
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Fig. 6. Langmuir adsorption isotherms for the adsorption of PAN/Fe,03/TBAB nanofiber membranes. (a) PAN4-Fe,030.86-TBAB1, (b) PAN4-Fe,051.72-TBABI1, (c) PAN5.5-Fe;031.18-
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Table 2
The parameters for the Langmuir and Freundlich isotherms and the correlation coeffi-
cients for the phosphate adsorption of PAN/Fe,03/TBAB nanofiber membranes.

Adsorbents Langmuir isotherm Freundlich isotherm
qmax (mg/g) I(L R2 n KF RZ

PAN4-Fe,0,0.86-TBAB1 3.91 7.496 0.9979 5.798 2.662 0.8274
PAN4-Fe,051.72-TBAB1 6.9 5111 0.9997 4.115 4.233 0.8397
PAN5.5-Fe,031.18-TBAB1 ~ 3.328 737 0.9988 7.654 2.452 0.87

PAN5.5-Fe,032.36-TBAB1  6.351 3.138 0.9999 4.099 3.714 0.8893
PANS5.5-Fe,032.36-TBAB0.1 3.819 4469 09994 7.534 2.754 0.9556
PANS5.5-Fe,032.36 2.908 4733 09846 5.998 1.946 0.854
PAN7-Fe,051.5-TBAB1 3.583 3.171 09974 6.396 2.424 0.9164
PAN7-Fe,043-TBAB1 5.231 4256 0.9999 5.259 341 0.8795

cycle 0). This pH effect on the reusability might be explained by the differ-
ence of adsorption mechanism changing from the pH of phosphate solu-
tion. The electrostatic attraction dominated in adsorption mechanism at
pH 3, while the adsorption mechanism was a combination of electrostatic
attraction and ligand exchange at pH 5. Compared to the electrostatic at-
traction, the complex Fe-H,PO, formed by ligand exchange was relatively
difficult to desorb through the alkaline regeneration method.

4. Conclusion

Surfactant-mediated electrospinning of PAN/Fe,03/TBAB nanofiber
membranes was designed and successfully prepared via a one-pot
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Fig. 7. (a) Effect of the initial solution pH on phosphate removal efficiency using PAN5.5-
Fe;032.36-TBAB1 nanofiber mat and (b) Fraction of species for phosphate at different pH
from MATLAB simulated data. Initial phosphate concentration 10 mg/L, contact time 24 h,
T = 23 °C, adsorbent dosage 1 g/L.
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electrospinning technique. PAN concentration and PAN/Fe,03 ratio
were systematically varied according to the design of experiment to elu-
cidate their effect on the nanofiber diameter and bead density. The vis-
cosity of the solution, largely dictated by the PAN concentration, was the
main factor in controlling the nanofiber diameter. The higher PAN con-
centration would lead to higher nanofiber diameter and lower bead
density. Both SEM and TEM images clearly showed the Fe,03 enriched
at the nanofiber surface. The adsorption of phosphate onto the
PAN5.5-Fe;032.36-TBAB1 nanofiber membrane followed the pseudo-
second-order kinetic model and fitted well with the Langmuir adsorp-
tion isotherm with an adsorption capacity of 8.76 mg/g (23.1 mg/g, P/
active materials) at pH 3. The phosphate adsorption was pH-
dependent and tended to decrease with increasing pH. At the low initial
solution pH of 3, the PAN/Fe,03/TBAB nanofiber membranes displayed
good reusability for phosphate removal, maintaining 56.4% of its initial
adsorption capacity (i.e. 4.94 mg/g). The adsorption mechanism was
mainly derived from the chemisorption of Fe;O3; nanoparticles at the
surface of the nanofibers and partly originated from anion exchange
of TBAB.
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