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with ceria nanoparticles for water
decontamination†
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Meng Sun a and Menachem Elimelech a

This study demonstrates the fabrication of nanoceria-immobilized silica nanofibers for efficient water

decontamination with easy reuse and regeneration properties. Commercially-available ceria (CeO2)

nanoparticles were immobilized on electrospun silica nanofiber mats. Optimal conditions for both

oxidation of model trace organic compounds (TrOCs) and hydroxyl-radical formation were determined

in batch experiments with ceria nanoparticles. Kinetic experiments showed comparable oxidation rates

of positively- and neutrally-charged TrOCs (95 and 98%, respectively) by the nanofiber composites at pH

2 in 0.5 mM H2O2. We demonstrated the reuse properties of the ceria nanofiber composites, finding less

than a 15% reduction in oxidation performance after 10 cycles. In addition to this oxidative performance,

the electrospun CeO2 nanofiber composites are also applicable for adsorbing the persistent contaminant

perfluorooctanesulfonic acid (PFOS) through electrostatic interactions. Regeneration of the fibers was

enabled through a one-hour heat treatment at 550 �C in air. Overall, results from this study show that

the nanoceria-immobilized silica nanofibers can be used as efficient oxidative and adsorptive media to

treat TrOCs in acidic waters, without use of an additional catalyst separation stage from solution.
1. Introduction

Contamination of water sources is a major global problem in
both developing and industrialized countries.1 Of particular
concern are organic pollutants that are toxic at trace quantities,
such as pharmaceuticals, polyuorinated compounds,
hormones, and pesticides.2,3 The growing number of such trace
organic compounds (TrOCs) and recent proposed regulations
regarding their presence in water sources has created a need to
develop more efficacious removal technologies to ensure
contaminant-free and clean water.

Conventional methods for water decontamination involve
physicochemical separation and chemical oxidation. Speci-
cally, advanced oxidation processes (AOPs) are frequently used
to oxidize non-biodegradable, recalcitrant, and toxic organic
pollutants through in situ production of reactive radicals.4 One
of the earliest AOPs is the Fenton process, involving activation
of hydrogen peroxide (H2O2) to generate hydroxyl (OH) radicals
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through a catalytic reaction with the dissolved Fe2+/Fe3+ redox
pair.5 However, homogeneous Fenton reactions suffer from
fundamental drawbacks such as operation at low pH values
(below 4), slow reduction kinetics, and signicant accumulation
of undesired iron sludge aer neutralization.

In recent years, nanotechnology-based approaches have
been increasingly explored to enhance or replace traditional
decontamination methods. Through manipulation of material
size, morphology, and chemical structure, nanomaterials can
gain exceptional adsorptive and catalytic properties useful for
water decontamination.6 Among nano-assisted AOPs, hetero-
geneous iron-free Fenton-like processes frequently rely on
nanoscale transition metal oxide catalysts to facilitate effective
contaminant degradation, many times overcoming the limita-
tions of traditional Fenton processes.7

Cerium oxide (CeO2 or ceria)-based materials are widely used
in catalytic industrial applications, as well as in mechanical
polishing, UV-shielding, and solid-oxide fuel cells.8 Specically,
catalytic redox reactions on the surface of ceria are mainly
promoted by the formation of oxygen vacancy defects.9 The
surface oxygen vacancy is generally accompanied by the reduc-
tion of Ce4+ ions to Ce3+ to balance the change in charge,
resulting in both “oxygen buffering” behavior and potential
catalytic reactivity of the ceria surface.10,11 Therefore, ceria
nanoparticles (nanoceria) have gained considerable attention as
a catalytic material due to their increase in effective surface
concentration of surface Ce3+ species.12–14
This journal is © The Royal Society of Chemistry 2019
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Nanoceria is a versatile catalyst having both pro- and anti-
oxidant actions. While the latter has been demonstrated as
a strategy for scavenging reactive oxygen species (ROS) and
eliminating oxidative stress in biological systems,15–18 nano-
ceria's intrinsic oxidation activity can be used to oxidize
organics via the hydroxyl adduct route in environmental
systems.19,20 Nanoceria usually exhibit strong oxidizing ability in
the presence of an oxidizing agent (e.g., H2O2), but has also been
reported to exhibit oxidative capabilities even in the absence of
a strong oxidizing agent.17

Different approaches have been suggested to improve the
catalytic activity of nanosized ceria, including changes in mate-
rial design to enhance surface-to-volume ratio and increase the
oxygen vacancy defect density, or by changes in operational
design to maximize redox reactions. Material-based factors
affecting nanoceria's redox reactions may include crystal struc-
ture, size distribution, and exposed facets.21 In liquid-phase
applications, operational factors such as ion and redox agent
presence, pH, and oxygen level can affect nanoceria's reactivity,
even leading to crystallite dissolution and reprecipitation.22

Changes in nanoceria's colloidal stability and potential
effects on living cells23–25 are limiting factors in using nanoceria
in water treatment applications such as adsorption,26 photo-
catalysis,27 and oxidation processes.20 Another limiting param-
eter in decontamination using suspended nanoparticles is the
challenge of separating and recycling the nanoparticles aer
use. To address this limitation, ceria micro/nanocomposite
structures—as opposed to nanoceria in suspension—have
been suggested for facile separation and recycling aer use.26,28

For example, ceria ower-like particles and hollow bers have
been suggested as recoverable and regenerable structures for
both antimicrobial and adsorptive purposes.26,28

In the context of nano-assisted water treatment technologies,
electrospun nanobers have attracted much attention as
excellent nanomaterial carriers due to their high surface area,
high porosity, and robust mechanical strength.29–31 Electrospun
bers can be tuned to achieve a desired chemical composition,
structure, and stability, and can be post-treated to alter their
chemical and structural properties.32 Affixing nanomaterials to
the high surface area of electrospun bers allows a high exposed
surface area/mass ratio of the nanomaterial and, because the
nanomaterial is irreversibly bound to the surface of the bers,
minimizes the risk of nanomaterial release to the environ-
ment.33 The exposed surface area/mass ratio of nanomaterial is
especially important in decontamination because surface area,
among other factors, can be related to functionalities like
adsorption and oxidative capacity.34

In this study, we fabricated a reactive brous matrix by
coating electrospun silica nanobers with nanoceria for effi-
cient water decontamination with easy reuse and regeneration
properties. To optimize the oxidative operational conditions of
ceria nanoparticles, they were analyzed both for their ability to
oxidize of carbamazepine (CBZ) as a model TrOC as well as for
their ability to generate OH-radicals. These studies were con-
ducted in the presence and absence of hydrogen peroxide, as
well as across pH values. Using the resultant optimal opera-
tional conditions, the synthesized ceria nanober composites
This journal is © The Royal Society of Chemistry 2019
were used for oxidation and adsorption of a set of emerging
TrOCs, such as CBZ, propranolol (PRO) and per-
uorooctanesulfonic acid (PFOS). Finally, the facile reuse and
regeneration properties of the ceria nanober composites were
elucidated, rendering the electrospun ceria/silica nanober
composites as a promising material for removal of a myriad of
water contaminants of different chemical characteristics.
2. Experimental
2.1. Fabrication of electrospun ceria/silica nanober
composites

Tetraethyl orthosilicate (TEOS, Sigma-Aldrich), phosphoric acid
(85%, Sigma-Aldrich), and deionized (DI) water (Milli-Q) were
mixed together in the molar ratio of 1 : 0.01 : 11, respectively, for
6 h. An aqueous solution containing 10 wt% poly(vinyl alcohol)
(PVA, Mw ¼ 89 000–98 000, Sigma-Aldrich) was prepared by dis-
solving PVA powder in DI andmixing for 12 hours at 80 �C. Equal
volumes of the TEOS gel and the PVA solution (5mL of each) were
mixed for 6 hours, and subsequently loaded in a 10 mL Luer-Lok
Tip syringe (Becton Dickinson & Co., Franklin Lakes, NJ) tted
with an 21G � 1 inch PrecisionGlide needle (Becton Dickinson &
Co.). Aer placing the syringe horizontally on the syringe pump
(Harvard Apparatus, Plymouth Meeting, PA), an electrode of
high-voltage supply (Gamma High Voltage Research Inc.,
Ormond Beach, FL) was connected to the syringe's needle tip. A
grounded sheet of aluminum foil (10.5 cm � 38.5 cm) was used
as a nanober collector and installed on a rotating drummoving
at approximately 16 cm min�1. The needle-to-collector distance,
ow rate, and voltage were 11 cm, 0.5 mL h�1, and 13 kV,
respectively. The electrospinning was performed in a closed
chamber under controlled temperature (30 �C) and relative
humidity (30%). Fibers were collected for 10 hours, removed
from the collector, and subsequently calcined in a furnace
(Thermolyne 48000) at 700 �C for 2 hours.

To immobilize CeO2 nanoparticles on the surface of the
calcined silica bers, 1 mg mL�1 suspension of cerium(IV) oxide
nanoparticles (30 nm particles in powder form, Sigma-Aldrich)
at pH 2 (10 mM buffer acetate) was rst sonicated in an ultra-
sonication bath (FS60, Fisher Scientic) for 15 min. Following
sonication, 10 mL of the CeO2 nanoparticle suspension was
poured over 10 mg of silica bers in a Petri dish and mixed
overnight on an orbital shaker (KJ-201BD, Kangjian). Aer CeO2

immobilization, the ceria/silica nanober composites were
washed three times with 10 mL of deionized water and dried at
60 �C overnight. The CeO2 mass immobilized on the bers'
surface was estimated by weighing the dry ber mats before and
aer dip-coating in the CeO2 suspension. A schematic illustra-
tion of the electrospun ceria/silica nanober composites fabri-
cation is provided in Fig. S.1 in ESI.†
2.2. Characterization of ceria nanoparticles and electrospun
ceria/silica nanober composites

Surface morphologies of commercial nanoceria and the nano-
bers before and aer modication with nanoceria were
examined with a Hitachi scanning electron microscope (SEM)
RSC Adv., 2019, 9, 19408–19417 | 19409
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SU-70. Before SEM imaging, samples were dried at 60 �C over-
night and then sputter-coated with an 8 nm coating of iridium
(208HR, Cressington). Acceleration voltage of 5.0 kV was
applied during SEM analysis for all samples. The distribution of
ber diameters was determined from a random sampling of
�30 bers frommultiple SEM images of the same sample using
ImageJ soware (National Institutes of Health, Bethesda, MD).

The specic surface areas of nanoceria particles, electrospun
silica nanobers, and nanoceria-immobilized silica nanobers
were determined using a Micromeritics 3Flex static volumetric
system with Kr as the analysis adsorptive. To assure moisture-
free samples, samples were dried overnight and degassed
under vacuum at 110 �C for at least 10 hours.

To determine both dispersed aggregate size and zeta
potential of the nanoceria, suspensions of the nanoparticles
(0.5 mg mL�1) were prepared in 10 mM acetate buffer aqueous
solution at pH 2 and bath-sonicated for 10 minutes. To deter-
mine aggregate size, samples were immediately analyzed aer
sonication by dynamic light scattering (DLS, ALV-GmbH) using
a multi-detector light scattering unit with a neodymium-doped
vanadate laser (Verdi V2, Coherent, 78 Inc., Santa Clara, CA)
operating at a wavelength of 532 nm. DLS analysis was con-
ducted at 90 �C for 12 runs, with 30 seconds of data collection
for each run. To determine zeta potential, electrophoretic
mobility measurements were taken using the NanoBrook Omni
(Brookhaven Instruments, NY) with a 659 nm wavelength laser.
The average and standard deviation of zeta potentials (using
Smoluchowski approximation) were determined from 10 runs
(30 cycles per run) for each sample.

The presence of nanoceria on the nanober composites was
investigated by Fourier-transform infrared spectroscopy (FTIR)
andRaman spectroscopy. FTIR spectra were recorded from 450 to
4000 cm�1 using a Thermo Nicolet 6700 spectrometer. Raman
spectroscopy conrmed the binding of nanoceria to the bers'
surface, with spectra acquired using a 532 nm laser excitation on
a Horiba Jobin Yvon HR-800 Raman spectrometer.

The hydrophilicity of the bers was determined by the water
contact angle using the sessile drop method and a goniometer
(OneAttension, Biolin Scientic). A water droplet (5 mL) was
placed on the bers and photographed using a digital camera
for 15 s. The le and right contact angles were analyzed from
the digital images by post-processing soware (OneAttension
soware) and averaged over six measurements (three contact
angle measurements on two nanober samples).

Fiber porosity was estimated by gravimetric analysis. The
oven-dried electrospun bers were weighed and subsequently
submerged in 2-propanol for one hour. Aer removal, the bers
were layered between nylon fabric (supplied by VWR), lightly
pressed with Kimwipes for removal of excess 2-propanol and
weighed. The porosity (4) was estimated using

4 ¼ Vpore

Vtotal

¼
mIPA

rIPA
Vpore þ Vpolymer

¼
mIPA

rIPA
mIPA

rIPA
þ mpolymer

rpolymer

(1)

where V, m, and r represent volume, mass, and density,
respectively, IPA represents the 2-propanol, and polymer
19410 | RSC Adv., 2019, 9, 19408–19417
represents the electrospun mat. This procedure was performed
three times, and the nal porosity values were averaged.

The pore-size distribution was evaluated using the wet/dry
ow method with a custom-made porometer setup.31 The elec-
trospun bers were cut by a 1/2-inch diameter puncher and
placed on a 13 mm stainless steel lter holder (Whatman,
Maidstone, UK). Nitrogen gas pressure was controlled with
a digital pressure regulator (Control Air Inc, Amherst, NH), gas
ow across the membrane was monitored by a ow meter
(Porter, Hateld, PA), and pressure was monitored by a pressure
transducer (Honeywell, Morris Plains, NJ).
2.3. Optimization of nanoceria oxidative and adsorptive
performance

The oxidative and adsorptive performance of the nanoceria
suspension toward carbamazepine (CBZ) and per-
uorooctanesulfonic acid (PFOS) was tested in the presence of
hydrogen peroxide (H2O2, Sigma-Aldrich) at different concen-
trations (up to 10 mM) and across a pH range (2–6). The pH was
adjusted using sodium hydroxide (NaOH pellets, J. T. Baker)
and hydrochloric acid (HCl, Sigma-Aldrich). In a typical exper-
iment, environmentally-relevant concentrations of 1 mg L�1

model contaminant (i.e., CBZ or PFOS) was mixed with 1 mg
mL�1 CeO2 nanoparticles in 10 mL of buffer acetate solution (10
mM) for one hour. Following this interaction, the mixed solu-
tion was centrifuged (13 000 rpm for 10 minutes) to remove
ceria nanoparticles, and the supernatant was analyzed to
quantify CBZ or PFOS removal as described in the analytical
quantication of TrOCs subsection.

In a set of parallel oxidation experiments, OH-radical
formation was quantied using a tertiary butanol assay.35

Tertiary butanol was added in excess (100 mM) to a buffered
1 mg mL�1 CeO2 nanoparticle suspension (10 mM acetate
buffer) to readily react with OH-radicals (rate constant of 6 �
108 M�1 s�1). The main product formed by this reaction is
formaldehyde, which was quantied by the Hantzsch method.36

A reagent solution (2 M ammonium acetate, 0.05 M of acetic
acid, and 0.02 M acetylacetone in water) was mixed with the
tertiary butanol/CeO2 supernatant with a 1 : 1 volume-to-
volume ratio. The mixture was heated for 10 minutes at 50 �C,
and the change in color was measured spectrophotometrically
at 412 nm. Finally, OH-radical yield could be calculated using

½OH� ¼ Fe � F0

3
DY

�
OH

F

�
(2)

where Fe is the absorbance of the sample, F0 is the absorbance
of a blank (i.e., without CeO2 nanoparticles), 3 is the formal-
dehyde transformation product (diacetyldihydrolutidine)
extinction coefficient (8000 M�1 cm�1), D is the dilution factor

with reagent (i.e., 2), and Y
�
OH
F

�
is the correction factor of

hydroxyl radical to formaldehyde yields (�2).35 This method is
oen used when fast competitive reactions with radicals are
expected (e.g., during ozonation of wastewater),37 but can be
used here to efficiently scavenge all OH-radicals formed during
interaction.
This journal is © The Royal Society of Chemistry 2019
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2.4. Oxidation experiments with electrospun CeO2 nanober
composites

The oxidative performance of the electrospun CeO2 nanober
composites toward three TrOCs was tested at pH 2 in the
absence and presence (0.5 mM) of hydrogen peroxide. The
TrOCs—CBZ, propranolol (PRO), and peruorooctanesulfonic
acid (PFOS)—were chosen based on their environmental rele-
vance and differing charge in acidic solution. Chemical struc-
tures and properties of the TrOCs are shown in Table A.1.†
Oxidation experiments were performed in triplicate with
1 mg L�1 CBZ, PRO, or PFOS (separately) at pH 2 in a buffered
solution. CeO2 nanober composites were added to the solu-
tion, with nal concentration approximately 1 mg CeO2 (on
bers) per 1 mL of TrOC solution. Samples were taken period-
ically, and the TrOC residual concentration was determined
through HPLC (for CBZ and PRO) or HPLC-MS analysis (for
PFOS). To quantify ceria release from the composite bers
during oxidation, cerium ion concentration in the nal solution
(following 2 hours of interaction) was measured by inductively
coupled plasma mass spectrometry (ICP-MS, PerkinElmer,
DRC-e) with a Meinhard nebulizer and argon plasma.
2.5. Analytical quantication of TrOCs

Concentrations of CBZ and PRO were determined using HPLC
(Shimadzu LC-20AD) equipped with an Eclipse Plus C18 column
(1.8 mm, 4.6 � 50 mm, Agilent) and a UV/Vis detector (SPD-
20AV). A sample volume of 100 mL was injected using an iso-
cratic mobile phase of solvent comprising 35% acetonitrile and
65% water with 0.1% (v/v) phosphoric acid at a ow rate of 1.3
mL min�1. PFOS concentration was determined using HPLC
(Agilent 1290 Innity Series) coupled with a mass spectrometer
(Agilent 6550A iFunnel Q-TOFMS). A sample volume of 1 mL was
injected into an Eclipse Plus C18 column using a mobile phase
gradient of solvent comprised of 40% methanol and 60% water
with 20 mM ammonium acetate at a ow rate of 0.5 mL min�1.
Methanol was increased from 40% to 98% in 5 min, held for
1 min, dropped back to 40%, and stabilized for 1 min. The Q-
TOF MS was operated using an electrospray ionization (ESI)
interface in negative mode.
3. Results and discussion
3.1. Characteristics of ceria nanoparticles and electrospun
ceria/silica nanober composites

SEM micrographs (Fig. 1A, top) illustrate that commercial ceria
nanoparticles aggregate into large aggregates. Changes in ceria
nanoparticle aggregate size were also analyzed in aqueous
solutions at pH 2 and 6 (Fig. S.2 in ESI†). At pH 2, the ceria
nanoparticles had a large zeta potential (45.1 mV, Table 1) and
the aggregate size did not change over one hour (43.0 nm, Table
1), indicating colloidal stability at low solution pH. However, at
pH 6, the ceria nanoparticles rapidly aggregated, which could be
explained by reduced electrostatic repulsion between nano-
particles when solution pH is close to their point of zero-charge
(�6.5).38 As we discuss later, anchoring ceria nanoparticles to
silica ber mats could eliminate aggregation during water
This journal is © The Royal Society of Chemistry 2019
decontamination while enabling easy separation of the particles
from treated solution. The specic surface area of ceria nano-
particles was 37.2 � 0.2 m2 g�1, similar to previous measure-
ments reported in literature.9

Silica nanobers were chosen as the substrate material for
catalytic nanoceria because of their thermal stability (allowing
facile thermal regeneration), negative surface charge39 (attract-
ing positively charged nanoceria), and outstanding mechanical
properties. Representative characteristics of silica ber mats are
outlined in Table 1. SEMmicrographs (Fig. 1A, center) illustrate
the cylindrical structure of electrospun glass bers which were
devoid of beads or branched structures. The ber diameters
follow a typical Gaussian distribution (Fig. 1B) with an average
ber diameter of 176.6 nm. The silica nanober mats are
porous (Fig. S.3 in ESI†) and hydrophilic with a contact angle of
<10� (Table 1), consistent with previous studies on electrospun
silica bers.40

Surface modication of the silica nanobers with ceria
nanoparticles was characterized through SEM, Raman spec-
troscopy, and FTIR. SEM micrographs for electrospun silica
nanobers (Fig. 1A, center) and ceria/silica nanober compos-
ites (Fig. 1A, bottom) illustrate nanoceria bound to the surface
of the silica ber mats. Using ImageJ image processing so-
ware, an average nanoceria aggregate size of 52 � 21 nm was
determined using at least 100 ceria nanoparticles from three
representative SEM images. Using a mass balance of six sets of
dry ber mats, the typical loading was 18.0 � 3.7 mg CeO2 per
35.0 � 1.2 mg of bers. No signicant change was seen in the
nanocomposite specic surface area (27.2 � 0.1 m2 g�1) as
compared to that of pristine silica nanobers (27.1 � 0.2 m2

g�1). This minimal change in surface area aer surface func-
tionalization with ceria nanoparticles is mainly due to the
moderate ceria loading (�34% by weight), and because ceria
clusters (rather than nanoparticles) are bound to the surface of
the bers.

The functionalization of the silica bers with ceria nano-
particles was also conrmed by Raman spectroscopy (Fig. 1C).
For the pristine electrospun silica mats, no prominent bands
between 200–3500 cm�1 were observed. However, upon modi-
cation with nanoceria, a sharp single peak at �465 cm�1

appeared, representing the optical Raman F2g mode attributed
to the symmetric breathing of oxygen atoms in the CeO2

lattice.41

FTIR was used to demonstrate the bonding of ceria to the
active functional groups (Si–OH and Si–O�) on the silica
nanobers, both before and aer ceria deposition (Fig. 1D). The
peaks at 1100 cm�1 and 1090 cm�1 in the silica ber sample
illustrate asymmetric stretching and deformation of Si–O and
Si–O–Si bonds, respectively,42,43 while the peak at 950 cm�1

indicates the stretching of Si–OH bonds and SiO� groups. The
peaks at 810 cm�1 and 470 cm�1 are related to the symmetrical
stretching and in-plane bending of the Si–O–Si modes, respec-
tively. Aer addition of CeO2 to the bers, the Ce–O and Ce–Si
peaks become distinguishable in the range between 400 and
450 cm�1.44,45 Corroborating this evidence of ceria on the
surface of the bers is the decrease in the peak at 950 cm�1,
which arises from dangling oxygen atoms, as well as a shi in
RSC Adv., 2019, 9, 19408–19417 | 19411

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra03467f


Fig. 1 Characteristics of electrospun ceria/silica nanofiber composites. (A) SEM images of ceria aggregate (top), pristine fibers (center), and
CeO2-immobilized fibers (bottom). Inset scale bar is 100 nm. (B) Diameter distribution of ceria/silica nanofiber composites. (C) Raman and (D)
FTIR spectra of pristine fibers (red) and ceria/silica nanofiber composites (blue), indicating the presence of ceria nanoparticles on the surface of
the nanofibers.
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the Si–O–Si asymmetrical stretching at 1100 cm�1; both
changes are associated with electropositive cerium ions bound
to electronegative oxygen in the silica nanobers.46
3.2. Optimization of operational conditions for TrOC
removal by ceria nanoparticles

To optimize the oxidative and adsorptive conditions for TrOC
removal, pristine CeO2 nanoparticles were tested for removal of
a model compound, carbamazepine (CBZ), across pH values (2–
6) and H2O2 concentrations (up 10 mM). As shown in Fig. 2
(blue open circles), higher CBZ removal was associated with
19412 | RSC Adv., 2019, 9, 19408–19417
higher OH-radical formation, suggesting that CBZ was oxidized
by the formed radicals rather than adsorbed to the ceria
nanoparticles. Appearance of secondary peaks in HPLC chro-
matographs strengthen this claim, as they indicate possible
formation of CBZ transformation products during oxidation by
the ceria nanoparticles (Fig. S.4 in ESI†).

Decreasing solution pH resulted in higher removal efficiency
of CBZ as well as higher OH-radical formation (Fig. 2A), sug-
gesting that ceria nanoparticles act as an oxidizing heteroge-
neous catalyst in acidic conditions. When H2O2 was added to
a pristine CeO2 nanoparticle suspension, the color of the
This journal is © The Royal Society of Chemistry 2019
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Table 1 Key properties for ceria nanoparticles and glass fibers. Ceria nanoparticle aggregate size and zeta potential were measured using a 0.5
mg mL�1 nanoparticle suspension in 10 mM acetate buffer aqueous solution at pH 2

Ceria nanoparticles Dispersed aggregate sizea (PDI)b (nm, �) 43.0 (0.24)
Zeta potential (mV) 45.1 � 0.5
Specic surface area (m2 g�1) 37.2 � 0.2

Glass bers Average ber diameter (nm) 176.6
Isoelectric point �2 (ref. 39)
Water contact angle (�) <10
Fiber mat mean pore sizec (mm) 1.59
Specic surface area (m2 g�1) 27.1 � 0.2
Fiber mat porosity (%) 96.5 � 0.4

a Determined by dynamic light scattering (averaged over one hour of data collection). b Polydispersity index. c Based on pore-size distribution
(Fig. A.3B in ESI).
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suspension promptly changed from nearly colorless to yellow,
providing a visible indication of formation of surface peroxide
complex.47 A hydrogen peroxide concentration of 0.5 mM
maximizes both removal efficiency of CBZ and OH-radical
formation (Fig. 2B), indicating that ceria nanoparticles cata-
lyze a Fenton-like reaction with hydrogen peroxide.11 Higher
concentrations of hydrogen peroxide did not produce a signi-
cantly higher concentration of OH-radicals or increase CBZ
removal efficacy.

Control kinetic experiments suggest that exposure to either
H2O2 (i.e., without ceria addition) or ceria nanoparticles (i.e.,
without H2O2 addition) is not sufficient to induce CBZ removal
(Fig. 2C). These results are similar to those of Abdelkader et al.,
who found a synergistic relationship between a cerium oxide
polishing powder and H2O2 in the oxidation of neutral red dye.48

In their study, a homogeneous H2O2 system achieved 12.58%
oxidation of the dye and the cerium oxide powder achieved
67.36% oxidation, each aer 60 minutes. However, a heteroge-
neous system of both the cerium oxide powder and H2O2 ach-
ieved 85.9% oxidation aer 60 minutes, illustrating a synergetic
effect from increased OH-radical production. Similarly, our
control experiments at low solution pH (2) show negligible CBZ
oxidation by H2O2 and ceria nanoparticles (3–4% in both
experiments, Fig. 2C) aer 60 minutes, while heterogeneous
system of both the ceria nanoparticles and H2O2 achieved over
Fig. 2 Effect of (A) pH and (B) H2O2 concentration on the removal efficien
by 1mgmL�1 CeO2 nanoparticles in 10mMbuffer acetate solution after 1
maximum removal efficiency and OH radical generation: pH 2 and 0.5 m
ceria nanoparticles (NPs) at pH 2 in the presence of 0.5 mMH2O2 (blue lin
of H2O2 (black line) without ceria NP addition and ceria NPs in the absenc

This journal is © The Royal Society of Chemistry 2019
99% oxidation aer 60 minutes. The reaction rate for oxidation
of 1 mg L�1 CBZ (0.08 min�1) is similar to that achieved by
homogenous Fenton (�0.1 min�1).49

Cerium has been illustrated as a redox-cycling metal capable
of generating highly-reactive radicals in the presence of
peroxide.50 This catalytic behavior was directly related to the
ceria's ability to cycle between the 3+ and 4+ states at oxygen
vacancy sites. However, as Ce3+ is an intermediate valence state
of ceria that could be rapidly oxidized to Ce4+ in the presence of
the H2O2,9,51 we could only observe the 4+ state on the surface of
ceria nanoparticles by XPS analysis prior to and following
addition of 0.5 mM H2O2 (Fig. S.5 in ESI†). Interestingly, ceria-
based materials have also shown promise as antioxidants and
radical scavengers in both cell culture models and animal
studies.15–17,52 These seemingly contradictory phenomena are
likely due to differences in media (i.e., biological and environ-
mental media) and applied dosages of ceria.

In addition to their oxidative performance, positively-
charged CeO2 nanoparticles have the potential to adsorb
negatively-charged persistent TrOCs through electrostatic
attractions, as demonstrated in experimentation with per-
uorooctanesulfonic acid (PFOS) as a representative compound
(Fig. 3). Adsorption of PFOS was evaluated at several pH values
and H2O2 concentrations. Not surprisingly, adsorption of PFOS
was signicantly higher at low solution pH, far from the CeO2
cy of 1 mg L�1 carbamazepine (blue) and OH-radical formation (green)
hour ofmixing. Experiments were carried out under ideal conditions for
M H2O2. (C) Removal kinetics of 1 mg L�1 carbamazepine by 1 mg L�1

e) and best-fit line (pseudo-first order, dashed grey line). Isolated effect
e of H2O2 (red line) on carbamazepine removal was determined as well.
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point of zero-charge (�6.5).38 Due to the very low pKa value of
PFOS (�3.27), electrostatic attraction is likely to be responsible
for its adsorption even at low pH.53,54

Addition of hydrogen peroxide to the CeO2 adsorptionmatrix
decreased the removal of PFOS at all pH values tested (Fig. 3A).
This decrease in PFOS adsorption upon addition of hydrogen
peroxide is possibly due to competition over reactive sites on the
ceria nanoparticle surface. The kinetics of sorption (Fig. 3B)
illustrate a rapid and signicant decrease in PFOS concentra-
tion in the supernatant (i.e., following separation from nano-
particles) aer ten minutes of adsorption, which resulted in
98% removal of PFOS by the ceria nanoparticles.
3.3. Oxidation and adsorption of TrOCs by electrospun
ceria/silica nanober composites

Optimal batch conditions of pH 2 and 0.5 mM H2O2 were used
to establish removal kinetics of PRO, CBZ, and PFOS using the
electrospun ceria/silica nanober composites (Fig. 4). In the
absence of hydrogen peroxide, no PRO and CBZ were removed,
suggesting that the nanober composites had negligible
adsorptive capacity toward these TrOCs. However, addition of
0.5 mM H2O2 resulted in almost-complete oxidation of the
positively- and neutrally-charged TrOCs (95 and 98%, respec-
tively) following two hours of interaction with similar pseudo-
rst order kinetics (0.03 min�1). Control experiments showed
that pristine nanobers had minor effect on PRO and CBZ
removal (Fig. S.6 in ESI†) under optimal oxidation conditions
(i.e., pH 2 and 0.5 mM H2O2), indicating oxidation by the
immobilized ceria as the sole removal mechanism. The removal
kinetics by the nanober composite (i.e., when ceria was
immobilized on the composite) was signicantly lower than
that of the nanoparticles alone (Fig. 2C) due to a decrease in
both available reactive nanoparticle surface area and proba-
bility of interaction with pollutants.

We note that even when ceria nanoparticle aggregation was
prevented through immobilization onto the silica nanobers,
experiments at higher pH (e.g., pH 6) in the presence of
hydrogen peroxide showed negligible removal of both PRO and
Fig. 3 (A) Effect of pH on the adsorption efficiency of 1 mg L�1 per-
fluorooctanesulfonic acid (PFOS) by 1 mg mL�1 ceria nanoparticles
after 1 hour of mixing in the absence (blue) and presence (green) of
0.5 mM H2O2. (B) PFOS adsorption kinetics and best-fit line (pseudo-
first order) at pH 2.

19414 | RSC Adv., 2019, 9, 19408–19417
CBZ by the ceria/silica nanobers (Fig. S.6 in ESI†). This limited
oxidation performance at higher solution pH is indicative of the
inherent catalytic characteristics of nanoceria, which rely on the
existence of oxygen vacancies on the surface of ceria nano-
particles to allow for redox mechanisms in catalysis as well as
activation by oxygen containing compounds (e.g., H2O2).19,20

Removal of PFOS reached 69% aer two hours of interaction
with the ceria/silica nanober composite (Fig. 4C). Control
experiments showed that pristine nanobers adsorb approxi-
mately 19% of the PFOS aer 2 hours, illustrating that ceria
does not account for all adsorption achieved by the nano-
composite. Because the bers adsorb PFOS, it can be inferred
that the ceria nanoparticles on the bers are responsible for less
than 69% removal of PFOS (the total amount removed by the
nanocomposite), which is a signicant decrease in PFOS
adsorption achieved by the same loading of ceria nanoparticles
in suspension (98%, Fig. 3B).

This decrease in adsorption performance of the ceria/ber
nanober composite as compared to the rapid and full PFOS
adsorption with suspended nanoceria (Fig. 3B) could possibly
be explained by limitations in both ceria surface area and
contaminant diffusion toward ceria's adsorptive sites. Ceria
nanoparticles alone have a surface area of 37.2� 0.2 m2 g�1, but
when added to the surface of the bers, they impart a negligible
change in the nanocomposite surface are (which, as mentioned
previously, increases from 27.1 � 0.2 m2 g�1 to 27.2 � 0.1 m2

g�1 aer ceria immobilization). In addition, by anchoring ceria
on the bers, ceria's contact with contaminants is limited
because the ceria nanoparticles now cannot move freely in
suspension, limiting their number of interactions with
contaminants of concern.

Our results collectively suggest that although immobilized
ceria nanoparticles can serve as an efficient oxidative media in
acidic conditions, they have limited adsorption performance.
For practical application, ceria nanoparticles could be coupled
with a conventional adsorbent (e.g., activated carbon), strate-
gically imparting oxidative capabilities on materials typically
known for their singular adsorptive capability.

Both oxidative and adsorptive performances of the electro-
spun ceria/silica nanober composites are maximized in acidic
conditions, limiting the applicability for water decontamina-
tion. However, such a system should be considered not only
when pH can be adjusted for optimal treatment, but also for
niche applications, such as treatment of contaminated acidic
waters. For example, wastewaters that may benet from
decontamination at low pH are acid mine drainage (with mostly
inorganic contamination and some secondary organic pollu-
tion)55,56 as well as some industrial wastes such as metal
plating57 and dairy wastes58 laden with veterinary antibiotics59,60

and detergents.61 To increase the feasibility and potential of
these bers in treating a variety of contaminants (as opposed to
only organic contaminants, as studied herein), future studies
are recommended in the use and regeneration of these bers in
the context of inorganic pollutant removal. The concentration
of H2O2 (i.e., 0.5 mM) needed to oxidize pollutants (at
a concentration of �5 mM) is within the lower range of
concentrations used for a typical H2O2/UV advanced oxidation
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Removal kinetics and best-fit line (pseudo-first order) of 1 mg L�1 (A) propranolol (purple), (B) carbamazepine (blue), and (C) per-
fluorooctanesulfonic acid (red) by electrospun ceria/silica nanofiber composites for a final concentration of 1 mg nanoceria per mL of treated
solution, through oxidation (solid circles) at pH 2 in 0.5 mM H2O2 and adsorption (open circles) at pH 2 and no H2O2.
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process, which is dictated by the low molar absorption coeffi-
cient of H2O2 as well as the need to overcome scavenging effects
by constituents in the treated waters.62
3.4. Reuse and regeneration of electrospun ceria/silica
nanober composites

Using CBZ as a model TrOC, experiments were conducted to
determine the oxidative performance of the composite bers
aer multiple oxidation cycles and regeneration. The ceria/
silica nanober composites could be reused for oxidation
many times, with only an approximate 15% drop in oxidative
performance aer 10 cycles (Fig. 5A). The bers were then
regenerated by facile heating at 550 �C in air for one hour. Aer
regeneration, the bers regained their initial oxidative perfor-
mance (99% recovery). This performance is quite impressive, as
multiple oxidation cycles cause very little drop in performance
(allowing much more treatment of water before eventual
regeneration) and the bers immediately return to their initial
performance aer regeneration. Because of the high energy
requirements for heating the bers to 550 �C, other regenera-
tion options should be considered, such as pH change, as has
Fig. 5 (A) Reuse cycles of electrospun ceria/silica nanofiber composites f
right axis shows leaching of cerium from the nanofiber composites to th
perfluorooctanesulfonic acid adsorption in the absence of H2O2 (bars). In
was added to nanofiber composites for a final concentration of 1 mg nan
shows nanofiber composite recovery following a thermal regeneration a

This journal is © The Royal Society of Chemistry 2019
been illustrated by desorption of cationic organics from
negatively-charged silicate surfaces.63

Using PFOS as a model TrOC, experiments were also con-
ducted to determine the reuse of the composite bers over
multiple cycles of adsorption as well as aer regeneration. As
opposed to the multiple cycles of oxidative use before necessary
regeneration, only three cycles of adsorption were possible
before regeneration was necessary (Fig. 5B). This difference in
time required before regeneration is due to the consumption of
adsorption sites on ceria nanoparticles. When oxidation is the
predominant mechanism of removal, as opposed to adsorption,
the reactive sites continue to remain effective aer use.
However, when a contaminant sorbs to an adsorption site, that
sorption site cannot be used in future adsorption. This explains
the decrease in adsorption by approximately 50% aer each
subsequent cycle. Regeneration of the bers aer adsorption,
however, can be accomplished similarly to regeneration aer
oxidation (i.e., heating to 500 �C in air for one hour).

Leaching of cerium ions from the bers was also evaluated
over the course of multiple oxidative cycles of reuse. The rst
cycle of oxidation incurred a leaching of 800 mg L�1, which was
approximately 5% of the total ceria on the surface of the
or carbamazepine oxidation in the presence of 0.5mMH2O2 (bars). The
e solution (solid squares). (B) Reuse cycles of nanofiber composites for
each cycle, 1 mg L�1 pollutant solution at pH 2 (10 mM buffer acetate)
oceria per mL of treated solution for 2 hours of mixing. The figure also
t 550 �C in air for one hour.
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composite bers (Fig. 5A). There are currently no federal stan-
dards for cerium leaching,64,65 so further studies are recom-
mended to elucidate the effect of this level of leaching. Aer
repeated cycles, however, the leaching per cycle decreased to
less than 1%. In practice, a possible way to avoid the higher
ceria leaching of the rst cycle is to soak the fresh composite
bers in DI water before beginning oxidative cycles.

4. Conclusions

This study proposes the design of regenerable nanoceria/silica
nanobers for decontamination of water through both Fenton-
like oxidation reactions and adsorption. In ideal batch condi-
tions (determined using ceria nanoparticles alone), the nano-
composite bers achieve 95% and 98% oxidation of positively-
and neutrally-charged model trace organic compounds, respec-
tively. Over the course of 10 oxidation cycles using the nanoceria/
silica nanobers, performance drops by less than 15%, and aer
heating, is brought back to the levels of initial performance. Using
a different mechanism, i.e. through adsorption, these bers also
achieve more than 65% removal of a negatively-charged model
trace organic compound (peruorooctanesulfonic acid) through
electrostatic attraction. Aer multiple adsorptive cycles, the same
regenerative process as with oxidation can be used to reclaim the
bers for additional adsorption cycles. These bers therefore
prove themselves as multifunctional, regenerable nano-
composites, able to both oxidize and/or adsorb multiple trace
organic compounds of concern.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

We acknowledge the National Science Foundation (NSF)
Nanosystems Engineering Research Center for
Nanotechnology-Enabled Water Treatment (Grant EEC-
1449500). Facility use was supported by Facility for Light Scat-
tering, YINQE, and West Campus Analytical Core. The authors
would like to thank Dr Chiheng Chu, Prof. Jea-Hong Kim, and
Dr Igal Gozlan for their support with HPLC analysis and Dr
Amanda Lounsbury and Danielle Lee for their advice and help
with data analysis. BET measurements were conducted at the
Particle Testing Authority in Munich by Dr Torben Sick as well
as Adi Ben-Yaakov and Omer Shenkman, both representatives
of Dr Golik Scientic Solutions. We also acknowledge the YIBS
Postdoctoral Fellowship and Tel Aviv University Presidential
Postdoctoral Fellowship awarded to I. Z. and the Scientic and
Technological Research Council of Turkey (TUBITAK) Depart-
ment of Science Fellowships and Grant Programs
(1059B191501137) for nancially supporting N. D.

Notes and references

1 M. A. Shannon, P. W. Bohn, M. Elimelech, J. G. Georgiadis,
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