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ABSTRACT: While phosphorus (P) is an essential nonrenewable resource and a key nutrient for agricultural production, its
excessive accumulation in the environment can cause overgrowth of water plants and algal blooms that produce dangerous
toxins and create “dead zones” in the body of water, leading to eutrophication. Main approaches to remove P in its most
abundant and stable form, phosphate (PO,*"), involve the use of carbon-based adsorbents that are relatively nonspecific, have
limited sorption capacity, and cannot be used to recover this critical resource. Herein, we report a ceria (CeO,)-based adsorbent
that has the capability to rapidly and reversibly capture PO,>~ enabling its further recovery for potential reuse. The adsorbent
consists of ceria nanoparticles patterned on mesoporous silica (CeO,—Si0,), which can bind PO,*” through ion exchange and
Lewis-acid based interactions. The adsorbent shows excellent sorption/desorption capability of up to 110 mg/g with 99%
removal within 60 min. The adsorbent maintained high removal efficiency over a pH ranging from 4 to 8.5 and showed no
significant effect to common coexisting anions, indicating high selectivity for PO,*". A procedure to regenerate the adsorbent by
hydrogen peroxide (H,0,) treatment was developed which enabled the reuse of the adsorbent for up to six cycles and the
recovery of the PO,*". The designed CeO,—SiO, provides an example of regenerable high-performance adsorbents based on
ceria chemistry that can be used to control and manage PO,>~ levels in environmental water systems to address issues related to
eutrophication.
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batch adsorption

1. INTRODUCTION

Water management is a challenging problem at local and global
levels.' The availability of clean and safe water resources is
essential for ensuring the water needs for human consumption
and natural ecosystems. Industrial activities and agricultural
practices can affect water quality and impact the nutrient cycle,
affecting a variety of processes in the ecosystem, with one of
the most altered involving the phosphorus (PO,—P) cycle. The
use of P-based fertilizers and detergents generate an oversupply
of P compounds in inland and coastal waters.” A large amount
is entering the water circuit through soil leaching from the use
of fertilizers or food waste (1 million tons).” Excessive P in the
environment causes overgrowth of water plants and toxic algal
blooms and creates “dead zones” in the body of water,
resulting in changes of habitats and raising drinking water
treatment costs. It is estimated that about 40% of rivers and
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water streams in the US are P rich, leading to poor water
quality and an inability to support aquatic life,* making P
pollution a serious challenge.’

Given the essential role of P in the environment, it is critical
to develop solutions to improve the overall management of the
P-cycle and ensure an overall nutrient balance, while preserving
the beneficial uses of P for agricultural food production.
Therefore, effective strategies to remove the excess of P are
needed to prevent algal growth and minimize cyanotoxin
formation. Removal of P is also needed to create a source of
recycled P-compounds. Previous work has demonstrated the
use of adsorbent for the removal of P species, particularly the

Received: August 7, 2019
Accepted: October 7, 2019
Published: October 7, 2019

DOI: 10.1021/acsanm.9b01512
ACS Appl. Nano Mater. 2019, 2, 7008—7018


www.acsanm.org
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsanm.9b01512
http://dx.doi.org/10.1021/acsanm.9b01512

ACS Applied Nano Materials

most abundant form as inorganic phosphate (PO,*”), using
materials such as activated carbon,’ zirconium hydroxide” and
zirconia-functionalized graphite oxide,® zeolites,” amorphous
calcium carbonate,'® and iron(III) oxides."" While these
adsorbents have shown good performance for phosphate
removal, they lack selectivity, do not allow for the recovery of
PO,*” and cannot be reused.

Ceria (CeO,) and CeO,-based adsorbents have received
great interest as promising adsorbent for water treatment. The
high surface charge density, rich functionalities, and the high
affinity of surface hydroxyl groups facilitate rapid formation of
cerium-ion (e.g, phosphate, arsenic, etc.) complexes to their
surface,">™'* making them effective adsorbents for environ-
mental remediation. Few recent reports described the potential
of CeO, in nanoparticles'> and hydrous forms loaded on
porous silica microsphere (Ce-SiO,)'® and Fe,0,@Si0,
magnetic nanoparticles'’ as potential candidates for the
removal of PO,*". While PO,*~ adsoption on CeO, has
been reported, none of these studies address evident needs to
regenerate and recycle the sorbent.

Herein, we describe a recyclable CeO,-based adsorbent that
has the capability to catch and release PO,’”, enabling its
recovery, and the reuse of the adsorbent. To design the
adsorbent, we use the high binding ability of CeO,
nanostructures for PO,’", by forming cerium phosphate
complexes at the CeQO, surface. To fabricate the adsorbent,
CeO, nanostructures were grafted on mesoporous SiO,, which
can be conveniently used in the fabrication of membranes and
filters or as packing media for separation columns. The high
surface area and affinity of CeO, for these compounds make
them suitable adsorbents for PO,*~ removal and recovery. This
is the first study demonstrating the regenerability of CeO,-
based materials as reusable adsorbents for the selective PO,*~
removal and environmental remediation applications.

2. EXPERIMENTAL SECTION

2.1. Materials. The cerium(III) nitrate hexahydrate (Ce(NO;)5:
6H,0, 99%) was of analytical grade and was purchased from Sigma-
Aldrich. Silica gel (60—200 Mesh) and sodium sulfate were purchased
from ].T. Baker. Dipotassium hydrogen phosphate (K,HPO,,
>99.9%), sodium chloride, sodium flouride were purchased from
Fisher. Ascorbic acid was purchased from LabChem. Ammonium
molybdate (para) tetrahydrate ((NH,)¢Mo,0,,-4H,0), antimony
potassium tartrate hydrate (CgH,K,0,,Sb,-H,0, 98%), and sodium
perchlorate were purchased from Alfa Aesar. Stock solutions were all
prepared with ultrapure water.

2.2. Preparation of Adsorbent. The adsorbent material (i.e.,
Ce0,—Si0,) was prepared via coating silica gel beads with CeO,
nanostructures. Seeding of CeO, onto SiO, was achieved using a
modified synthesis procedure reported in literature."® Two hundred
milliliters of Ce(NO;);-6H,0, 0.2 M was preheated to 95 °C and
then was mixed with 10 g of silica gel into 20 mL of H,O. Afterward,
300 mL of NH,OH (0.2 M) was added under vigorous stirring. Then
the mixture was kept at this temperature and stirred for 6 h. The
product was filtered and washed thoroughly with water to eliminate
unbound cerium nitrate or ceria. Finally, the product was dried at 80
°C overnight and placed in a capped container.

2.3. Instrumentation. The spectroscopic analysis was performed
using UV—vis spectrophotometer (UV-2401PC, Shimadzu) (1.5 mL
methacrylate cuvettes, Fisher Sci.) and Fourier transform infrared
(FTIR) equipped with Attenuated total reflectance (ATR-FTIR)
(iS10 FT-IR, ATR diamond crystal, Thermo Nicolet). For surface
charge measurement, zeta ({) potential of the adsorbent solutions
using Zeta PALS analyzer (Brookhaven) were measured at 25 °C with
n = S. Thermogravimetric analysis (TGA) of the adsorbent was
performed using an Exstar TG/Differential Thermal Analyzer (DTA)
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6200 analyzer, (Seiko). All tests were performed with a heating rate of
20 °C/min under N, atmosphere in the range of 30—600 °C. To
study the elemental composition and oxidation state of species at the
surface of the adsorbents, X-ray photoelectron microscopy (XPS)
(SSX-100, Surface Science (ESCA)) was used equipped with a
monochromatic Al Ka X-ray source (1486.6 eV) at 1 mm diameter
beam size, a 55° emission angle, an operating pressure of ~2 X 10~
Torr, 150 V pass energy for wide/survey scans, and 50 V for high-
resolution scans. For charge neutralization of nonconductive samples
a flood gun was used. The surface morphology and chemical
composition were evaluated using field emission scanning electron
microscopy (FE-SEM), (JEOL JSM-7400F) equipped with an energy-
dispersive X-ray analysis (EDS) using a. The samples were applied on
carbon tape, vacuum-dried, and coated with gold (Au)/palladium
(Pd) film (60:40%) for 40 s for conductivity purposes. High-
resolution transmission electron microscopy (HRTEM), (JEOL JSM-
2010) was further used for morphology analysis. The samples were
deposited on a TEM copper grid (obtained from Ted Pella) and dried
under vacuum before analysis.

To evaluate the crystallinity of the adsorbents a D-8 X-ray
diffractometer (Bruker), using Cu Kal radiation source was used. To
study the surface area, nitrogen (N,) adsorption/desorption
isotherms using Autosorb IQ automated gas sorption analyzer
(Quantachrome) were carried out. Results were calculated using the
Brunauer—Emmett—Teller (BET) method at 77 K. The pore size
distribution were obtained based on the quenched solid density
functional theory (QSDFT). Survey samples were degassed at 100 °C
for 20 h prior to the measurements.

2.4. Phosphate Isotherm Adsorption Study. The PO,*”
adsorption capacity by the CeO,—SiO, adsorbent was measured by
using a batch adsorption methodology. Working PO,*~ solutions were
prepared from a stock solution of PO,>~ (1000 mg/L) prepared in DI
water. Briefly, 2 mg/mL of CeO,—SiO, was added into centrifugation
tubes containing PO43’ at a concentration range of 0.5—100 mg/L.
Thereafter, the centrifugation tubes were placed in an automatic
shaker (Vari-Mix, Thermolyne) and mixed for 60 min. The sample
tubes were further centrifuged and filtered using 0.2 ym filters. Finally,
supernatants were taken and analyzed by the molybdenum blue (MB)
method for PO~ concentration.'? SiO, beads were tested as control
using the same procedure. The PO,*” removal effeciency (¢%) and
the amount of adsorbed PO,*~ was calculated using

(Ci - Ce)
q% = ———* x 100
G (1)
_ (Cl - Ce)V
7w )

where ¢, is the adsorbed PO,>~ onto the CeO,—SiO, surface (mg/g),
C; and C, are the initial and equilibrium concentrations of PO,*”
(mg/L) in solution, V is the volume of the sample (L), and W is the
weight of CeO,—Si0,, (g).

2.5. Kinetic Study of PO,>~ Adsorption. The kinetic of PO,
adsorption was studied by batch experiments at different incubation
times. In these experiments, CeO,—SiO, (2 mg/mL) was added to
centrifuge tubes containing 17.5 mg/L of PO,>~ placed on a shaker
(Vari-Mix, Thermolyne) and mixed for different time periods from 1
to 60 min at room temperature. The concentrations were optimized
based on the molybdenum blue method. After incubation, the
supernatant was analyzed for residual PO,>” concentration.

2.6. Adsorbent Dosage and pH Effects. The CeO,-SiO,
dosage was optimized by testing amounts of adsorbent in the range
of (0.5, 1, 2.5, S, and 10 mg/mL), The adsorbent was exposed to
PO,>(17.5 mg/L) mixed and placed on shaker for 60 min. The
samples were then centrifuged and filtered and the amount of PO,*~
was analyzed using the MB method for PO,*>~ detection. The pH
range investigated was between 4 and 10. Solutions of different pH
values were obtained by adjusting the pH of PO,>~ solutions (50 mL
of 17.5 mg/L) with 0.1 M NaOH or HClL. Two mg/mL of CeO,—
SiO, adsorbent were added to the PO,* solutions of different pH
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Scheme 1. Schematic Representing the Functionalization of SiO, with CeO, NPs
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Figure 1. SEM images of SiO, beads (A) and CeO,—SiO, adsorbent (C) with their corresponding EDS analysis (B and D, respectively). (E) The

corresponding elemental mapping of CeO,—SiO, adsorbent.

values, and the adsorbed PO,’~ was determined using the same
procedure as in the adsorption study.

2.7. Recyclability and Regeneration. Regeneration of the
adsorbent was achieved by washing with H,0O,, which competitively
displaces the adsorbed PO,*". To regenerate the CeO,—SiO,, the
spent adsorbents were added to H,O, solution (0.1 M) and then
mixed on a shaker for 1 h. The CeO,—SiO, was washed with DI
water, and then centrifuged and dried at 100 °C to decompose the
adsobed Ce-peroxide and regenerate the adsorbent. Thereafter, six
repetitive experiments of PO,’ adsorption/desorption cycles for
were carried to evaluate the reusability of the adsorbent.
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Note: All experiments were carried out with solutions at a pH 7.0
(except for the pH study), at room temperature. The calibration curve
for PO,>” using the MB method was developed based on three
replicates (n = 3).

3. RESULTS AND DISCUSSION

3.1. Adsorbent Characterization. Silica beads offer a
strongly hydrophobic environment with the ability to entrap
and anchor metal oxides in/onto its microstructure producing
a highly uniform conjugate.”® In particular, CeO, is known to
form strong Ce—O-—Si bonds with the SiO, surface. By
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Figure 2. HR-TEM migrographs of (A) SiO, and (B) CeO,—SiO, adsorbent. Panels C and D are the HRTEM images of CeO,—SiO, adsorbent at
high magnification with the corresponding fast Fourier transformation (FFT) pattern.
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Figure 3. Chemical structure characterization of the CeO,—SiO, adsorbent: (A) UV—vis spectra, (B) XRD patterns, and (C) TGA profiles.

depositing a nanostructured CeO, on the SiO, beads, we
create a high surface area structure with high density capturing
sites for PO,>” species. It is known that PO,’” can interact
strongly with CeO, and promote CePO, formation.”' The
procedure for preparing the CeO,—SiO, adsorbent consists in
direct CeO,NPs precipitation onto the SiO, surface as
illustrated in Scheme 1. The pH value of the as-prepared
Ce0,—Si0, has a point of zero charge (pzc) at pH 4.1, higher
than the pH associated with the pzc of the initial SiO, beads
(3.6) (Figure S1). The change in {/pH evolution is the first
confirmation of a successful CeO, coating of the silica beads.

The morphology and the chemical composition of the
adsorbent were assessed by SEM and EDS analysis. The SEM
images of both SiO, and CeO,—SiO, (Figure 1A and C) show
that the morphology of the material is maintained after
functionalization. The chemical composition was confirmed by
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EDS analysis (Figure 1B and D). As compared to the EDS
spectrum of SiO,, the CeO,—SiO, shows the presence of Ce
indicating the successful modification of SiO, with CeO,.
Additionally, the corresponding elemental (Si and Ce)
mapping of CeO,—SiO, adsorbent (Figure 1E) illustrates a
homogeneous distribution of CeO, over the SiO, surface.
The surface properties and the porosity analysis of the SiO,
beads and the CeO,—SiO, adsorbent are shown in (Figure S2)
the parameters are displayed in Table S1. The N, adsorption/
desorption isotherms exhibit a similar type IV curve for both
materials: SiO, andCeO,—SiO, beads. The specific surface
area (Spgr) value of SiO, decreased slightly from 287.5 (SiO,)
to 274.0 m*/g (CeO,—Si0,). The values of the pore volume
also decreased from 1.033 (SiO,) to 1.025 cm?/g (CeO,—
Si0,). These results demonstrate that the CeO,—SiO,
maintained a mesoporous structure after functionalization.
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Figure 4. Effect of (A) contact time, (B) adsorbent dosage, and (C) pH on the adsorption capacity of PO,*". [PO,* ], = 17.5 mg/L. n = 3.

Surface modification of SiO, by CeO, was further studied by
HR-TEM analysis. Figure 2 shows a spherical shape which is
maintained after functionalization. The HR-TEM of the
Ce0,—Si0O, adsorbent at high magnification (Figure 2C)
confirms the presence of CeO, NPs with a spherical-like shape
structure distributed on the SiO,. The image also shows fine
particles in the range of average size of 5—15 nm uniformly
distributed in the sample and possess a lattice fringe
characteristics of a d-spacing of 0.31 nm attributed to the
(111) facet of fcc of CeO, NPs. The fast Fourier trans-
formation (FFT) data (Figure 2D) are consistent with a
diffraction pattern of fcc crystals in the (111) planes.

Further characterization was performed by UV—vis, XRD,
and TGA (Figure 3) techniques. The UV—vis spectrum of
SiO, (Figure 3A) shows an absorbance peak at 280 nm. After
CeO, was precipitated onto the SiO, beads, a new absorbance
peak with a maximum wavelength at ~300 nm is present. This
peak is a well-known characteristic of CeO,, confirming its
presence on the SiO, surface. The PXRD pattern of the SiO,
(Figure 3B)shows a broad peak around 26 = 22° associated
with an amorphous structure of this material. After introducing
CeO,, the intensity of this peak is reduced, which is associated
with the appearance of 26 diffraction peaks at 28.4°, 32.8°,
47.2° and 56.1°. These peaks are characteristics of the 111,
200, 220, and 311 planes, assigned to the face-centered cubic
(fec) CeO, structure.”” The interplanar spacing and the
crystallite size of the CeO, estimated by considering the (111)
plane were 0.31 and 4.4 nm, according to the Scherrer
equation. These spectroscopic and structural data confirm the
presence and the nanosized feature of the CeO, in agreement
with the HR-TEM data. The TGA profiles of both SiO, and
Ce0,—Si0,(Figure 3C) show an initial loss of ~2.5% in the
range of 50—150 °C because of the loss of the adsorbed water.
An extra slight weight loss of ~1.5% up to 600 °C was
observed which can be attributed to the condensation of
silanol groups.23 For the CeO,—SiO,, a ~9% weight loss at
150—250 °C was observed. Since the synthesized CeO,
contains hydrated ceria onto the surface, this loss is due to
the elimination of water.”*

Surface modification was further investigated using ATR-
FTIR and XPS techniques. The ATR-FTIR spectra of bare and
CeO,-coated SiO, shown in (Figure S3A) exhibits bands at
960 and 1632 cm™ corresponding to the (Si—O or Ce—O)
vibrations in bare SiO, and CeQ,—SiO,, respectively.”> The
very intense and broad band at ~1110 cm™" and the band at
805 cm™' both correspond to the Si—O—Si stretching
vibration.”® The small shoulder at 960 cm™ is assigned to
the stretching of (Si—OH or Ce—OH).”” For Ce0,—SiO,,
these peaks shift to lower wavenumbers due to the insertion of
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CeQ, in the silica framework, with formation of Ce—O-Si
bonds. In addition, new peaks at 1385 and 1462 cm™! are also
seen after functionalization, associated with the Ce—O—Ce
and Ce—OH vibrations.”

XPS analysis (Figure S3B and C) in the range of 0—1200 eV
shows the Si 2p signal in both SiO, and CeO,—SiO, samples
with the signal shifted from 104.7 for SiO, to 103.8 eV for
Ce0,—Si0,. This 0.9 eV shift toward lower binding energy
could be explained by the interaction of Si with Ce ions. As
expected, Ce 3d was absent in the SiO, sample and observed
only in the CeO,—SiO, sample as can be seen from the (Figure
S3B and C), respectively. The Ce 3d spectrum of CeO,—
SiO,(inset of Figure S3C) showed evidence of a mixed
oxidation state (Ce**/Ce*"). The peaks at 886 and 906 eV are
due to Ce in the 3+ state, while the peaks at 882, 900, and 916
eV are attributed to Ce in the 4+ oxidation state.”” These
results indicate the presence of CeO, onto SiO, confirming the
successful preparation of the CeO,—SiO, adsorbent.

3.2. Adsorption of PO,*>~ on Ce0,-Si0,. CeO, NPs are
known for their ability to interact with PO,* creating cerium
phosphate (Ce-PO,) at their surface.’®’’ Therefore, deco-
ration of CeQO, onto the surface of porous support provides
sites for PO,>” adsorption on and within the mesoporous
structure, significantly enhancing the adsorption capacity of
this material. It was also reported that binding of phosphate
anions induces changes in the redox state of CeO, (i.e, Ce**/
Ce*") through coordination to cerium cations on Ce*-rich
CeO, without affecting the crystal structure of CeQ,.°””" A
recent computational study reports a preferential interaction of
PO,*” with Ce*" and highlights the role of hydroxyl groups in
the phosphate ion adsorption, although it was suggested that
the interaction between phosphate (PO,*”) and hydroxyl
(OH™) groups appear to be minimal and independent of the
OH concentration.” However, CeO, NPs could suffer from
agglomeration because of the van der Waals interactions or
leaching through filtration or separation. As a result, the
sorption capacity, selectivity, and mechanical strength are
significantly decreased making them less feasible for use in
water systems. To overcome this disadvantage, CeO, NPs were
decorated on mesoporous SiO, beads, which are commonly
used as packing or filtration material. The effect of solution pH,
contact time, and chemical composition was studied further to
understand the effect of these parameters on PO,*~ adsorption
by CeO,—Si0O,.

3.2.1. Study of the Contact Time Effect on PO/~
Adsorption. Incubation times ranging between 1 and 180
min were tested to determine the optimum adsorption of
PO,*". Batch sorption experiments were used in these studies.
For comparison, PO,>” adsorption on the CeQ,—SiO, was
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compared with that obtained on unmodified SiO, as a control.
Bare SiO, (Figure 4A) showed almost no PO,*” adsorption,
while the CeO,—SiO, displayed a fast time dependent
adsorption process. The % amount of PO,’~ adsorbed by
Ce0,—Si0, increased with time from 74% due to increase of
the contact between the PO,*” and the adsorbent until it
reached equilibrium at 60 min, with more than 99%
adsorption. Extending the contact time above 60 min did
not show a significant change in the amount of adsorbed
PO,*", indicating that the adsorption phase reached equili-
brium. This behavior suggests that the kinetics is fast at the
earlier stages of the adsorption process due to the accessibility
of the active binding sites, followed by slow kinetics due to
blocking of binding sites of CeO,—SiO, by PO, species.”

3.2.2. Adsorbent Dosage Effect. CeO,—SiO, concentra-
tions in 0.25—4 g/L range were tested to determine the
adsorption capacity of PO,>” (Figure 4B). According to the
results of the batch adsorption experiments, the equilibrium
between the surface adsorption and adsorbent concentration
was reached at 2 g/L which corresponds to an adsorption
capacity of up to 99% with g, of 14.6 mg/g.

3.2.3. pH Effect. One of the key factors that play a role in
the adsorption process is the pH of the solution, since the pH
affects the surface charge of both the adorbent and adsorbate.
The effect of pH on the adsorption capacity of PO,*~ by
Ce0,—Si0, was studied in the pH range of 4 to 10. Results in
Figure 4C show that the removal of PO,*” by CeO,-SiO,
occurs at a similar rate for pH values between 4 and 8.5, with a
sligh enhancement at acidic pH. When the pH exceeded 10,
the adsorption capacity decreased. This is in agreement with
previous reports indicating that higher pH values tend to
facilitate PO,>~ desorption.””** The lack of pH dependency
demonstrates that the adsorption process is independent of the
hydroxyl concentration in this pH range and the P—CeO, are
very stable over a wide range of pH.

3.3. Adsorption Study. 3.3.1. Adsorption Isotherm
Study. Adsorption isotherms describing the relationship
between the amount of the PO,>” adsorbed by the CeO,—
SiO, were then assessed. The amount of the adsorbed PO,*~
by the CeO,—SiO, was calculated using eq 2 The Langmuir
and Freundlich isotherm models were used to calculate the
adsorption parameters by applying eqs 3 and 4. The Langmuir
model is applicable when the surface is energetically
homogeneous and the extent of adsorbate coverage is limited
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to a monolayer. For accurate representation of the equilibrium
data, the nonlinear Langmuir model isotherm form was

applied.

C 1 C
— = + — (linear form)
9, Kg_ 4,
K,C,
q. = T (nonlinear form)
¢ 1+ KC, (3)

where q,, in (mg/g) is the maximum adsorption capacity and
Ky, represents the Langmuir adsorption constant, associated
with the adsorption bonding energy (or the affinity of the
binding sites (L/mg)). The Freundlich model describes an
adsorption process when the heterogeneous surface of an
adsorbent is available. The adsorbate coverage is limited to a
multilayer and adsorption sites are energetically not equal. The
Freundlich isotherm model is expressed as

1
log q, = log K; + — log C (linear form)
n

q, = KfCel/" (nonlinear form) (4)
where K; is the Freundlich constant associated with the
adsorption capacity and 1/n indicates the extent of adsorption
favorability.

Experimental data and the nonlinear fitted equilibrium
curves using the nonlinear forms of Langmuir and Freundlich
equilibrium isotherms models are shown in Figure S4. The
nonlinear Langmuir isotherm exhibited a good fit with a
correlation coefficient of (R? 0.99). The maximum
adsorption capacity (g,,) of PO,>~ onto CeO,—SiO, is high
with a value of 110 mg/g. The nonlinear fitting of the isotherm
data of Ce0,—SiO, using the Freundlich model also exhibited
a good fit with a correlation coefficient of (R* = 0.96). In
addition, the values of 1/n is <1, indicating a favorable
adsorption of PO,>” on CeO,—SiO,. The parameters
calculated by using the nonlinear forms of Langmuir and
Freundlich models are tabulated in Table S2. These results
suggest that the Langmuir model more favorably describe the
PO,*" adsorption behavior onto CeO,—SiO,.

3.3.2. Adsorption Kinetics. The adsorption mechanism was
further investigated by applying the pseudo-first-order and
pseudo-second-order kinetics models to fit the experimental
data according to eqs 5 and 6
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pseudo-second-order kinetics model
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9, Ky~ 4,

Kq 't
q, = ———= (nonlinear form)
1+ K1‘1et (6)

In the present work, the kinetics study was performed at
different PO,*~ adsorption times by employing the nonlinear
forms of pseudo-first- and second-order kinetics. According to
the regression data presented in Figure SS and Table S3, the
calculated equilibrium adsorption capacity (q.) values are 14.2
and 15.3 mg/g for the pseudo-first-order and pseudo-second-
order models, respectively. In addition, the correlation
coefficient (R?) of the pseudo-first- and pseudo-second-order
models are 0.52 and 0.86, respectively. These suggest that the
pseudo-second-order model offers a satisfactory adsorption
kinetic fitting, indicating that the chemical adsorption
mechanism (i.e., chemisorption) is the rate controlling step,
and consequently, it may involve chemical valence forces
through sharing or exchanging electrons.”

3.4. Interference Study. To study the effect of the
coexisting ions on PO~ adsorption, several ions that are
concurrently present in groundwater and wastewater, such as
S0,*7, NO,~, CI7, Br~, CO,*7, and ClO,” in 1:1 ratio were
investigated (Figure SA). The results show no significant
interference of these ions, demonstrating selectivity of the
Ce0,—Si0, adsorbent for PO,>".

3.5. Recyclability and Regeneration. In the next set of
experiments, we examined the possibility of recycling the
adsorbent for six consecutive adsorption—desorption cycles by
using an ion exchange mechanism with peroxide treatment’
(Figure SB). The reaction of CeO, with H,0, is known to
form stable cerium-oxo and peroxide bonds onto the CeO,
surface.”” We used this process to competitively replace the
adsorbed PO,*~ by formation of Ce—0,, creating a pathway
for PO,* recovery. The adsorbed O,”” can further be
decomposed by slightly heating at 100 °C,** enabling the
reuse of the adsorbent.

The effect of H,O, treatment on the CeO,—SiO, surface
was measured by ATR-FTIR and UV-vis after several
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consecutive adsorption—desorption cycles. After H,O, treat-
ment, the solid adsorbent was removed by centrifugation,
washing with DI water, and drying under vacum. The ATR-
FTIR spectrum (Figure 6A) shows that the CeO,-SiO,
adsorbent treated with H,O, developed a new peak at 872
cm™' that is absent in the spectra of both bare and the PO,
treated adsorbent. A peak in the same 830—950 cm™ region
reappears after regeneration of the adsorbent by heating. This
peak corresponds to the formation of Ce—0,”” complexes
onto the CeO,—SiO, surface formed after H,0O, addition,
proving a ligand exchange mechanism on the surface of the
Ce0,.”"*” To evaluate the regenerative capability of CeO,—
Si0, after PO,*” adsorption by H,O,, untreated and treated
adsorbents were also analyzed by UV—vis. When CeO,—SiO,
was exposed to H,0,, a colorimetric change from colorless to
dark yellow/orange was developed. The initial peak position
associated with Ce in the UV—vis spectrum shifted to a higher
wavelength in the H,0,-treated sample due to Ce** to Ce**
oxidation.”*** When the CeQ,—SiO, with sorbed PO,>~ was
treated with H,0,, the color intensity decreased slightly and a
red shift was noticed (Figure 6B). These findings can be
explained by a partial blocking of the CeO, surface by PO,*".
The zeta potential measurement (Table S4) of the PO,*”
exposed to CeO,—Si0O, adsorbent shows a decrease in stability
from —18 to —13 mV after H,0, treatment. This result agrees
with the UV—vis data and the regeneration study (Figure SB)
both of which showed decreased adsorption of PO,*" after the
first regeneration cycle. There was no significant decrease in
the adsorption capacity for the next regeneration cycles; the
PO,*" recovery was nearly identical for the remaining five
cycles. Overall, these results prove that H,O, is able to
exchange the PO,’>~ species adsorbed on the adsorbent. On the
basis of these results, we can conclude that the adsorbent can
be successfully regenerated and reused multiple times.
Additionally, the adsorbed PO,*” can be recovered and further
reused.

3.6. Adsorption Mechanism. To further understand the
mechanism of PO,*~ adsorption by the CeO,—SiO, adsorbent,
the nature of the chemical species formed at the CeO,—SiO,
surface before and after exposure to PO,’” was studied by
ATR-FTIR and XPS analysis. ATR-FTIR spectra after PO,*~
adsorption (Figure S6) show significant decrease in the main
bands at 960, 1385, 1632, and 3405 cm™}, corresponding to
the Ce—O and C—O, and O-H stretching and bending
vibrations. This indicate that PO,’” ions were successfully
replaced with the surface hydroxyl groups of the CeO,."'
Unfortunately, the characteristic bands of P—OH and P=0
stretching overlap with the characteristic bands of Si—O—Si

DOI: 10.1021/acsanm.9b01512
ACS Appl. Nano Mater. 2019, 2, 7008—-7018


http://pubs.acs.org/doi/suppl/10.1021/acsanm.9b01512/suppl_file/an9b01512_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsanm.9b01512/suppl_file/an9b01512_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsanm.9b01512/suppl_file/an9b01512_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsanm.9b01512/suppl_file/an9b01512_si_001.pdf
http://dx.doi.org/10.1021/acsanm.9b01512

ACS Applied Nano Materials

A

Intensity (a.u.)

Ce3*

1 | | | I | |
400 350 300 250 200 150 100 50 O gz
Binding Energy (eV)

| ] | | |
0O 920 910 900 890 880 8
Binding Energy (eV)

| | ] |
536 532 528 524

Binding Energy (eV)

]
540

P2p

140 138 136 134 132
Binding Energy (eV)

Intensity (a.u.)

Ce3+

| | 1 | I | | J
400 350 300 250 200 150 100 50 O 93
Binding Energy (eV)

| ] | | | | |
0O 920 910 900 890 880 870
Binding Energy (eV)

| | | | |
636 832 528 524

Binding Energy (eV)

|
540

Figure 7. XPS spectra of CeO,—SiO,: (A) Survey, (C) Ce 3d, and (E) O 1s. Panels B, D, and F are the survey, Ce 3d, and O s, respectively, of

Ce0,—Si0,/PO,*" (inset in survey is P 2p spectrum).

(or Ce—O-Si) in the region of 1000—1250 cm™'. These
significant changes are in line with previous findings indicating
a reaction of the PO,’” with the hydroxyls of metal oxide
surface™ and supports a ligand exchange process in which the
hydroxyl oxygen on the surface of the metal oxide is replaced
by the phosphate oxygen.*’

Further insight was gained from the XPS analysis of the
Ce0,—Si0, adsorbent before and after incubation with PO,*~
(Figure 7). The P 2p peak at binding energy of 135 eV was
only observed in the sample exposed to PO,*~ (Figure 7B).
The deconvolution of this peak results into two peaks at 135.6
and 134 eV associated with P(+5) state."* The presence of this
peak is clear evidence of phosphate species adsorption (PO,*,
HPO,*, and H,PO,”)." The Ce 3d peaks of CeO,—SiO, and
Ce0,-Si0,/PO,* are presented in (Figure 7C and D). The
relative concentration of the different Ce species™® can be
evaluated from the peaks area integration associated with the
Ce(+3) and Ce(+4) states before and after exposure to PO,*".
The relative content of Ce*" was found to increase from 48.2%
for Ce0,—SiO, to 62.3% for Ce0,—Si0,/PO,*, supporting
the theory that PO,*~ binding alters the redox sites of CeO,.*"
A Ce*" percentage increase as a result of phosphate adsorption
was also reported in a recent computational study of PO,>-
treated CeO, nanoparticles.”' Next, we analyzed the O 1s XPS
spectra (Figure 7E and F). The fitted and deconvoluted O 1s
XPS spectrum of CeO,—SiO, at binding energies of 529.6 and
532.3 eV are assigned to the oxygen bound to Ce®* and Ce*,
respectively, while that at 533.7 eV is assigned to hydroxyl
groups (—OH) or absorbed H,0 molecules.”’ ™" In the O 1s
XPS spectrum of CeO,—Si0,/PO,*”, these three peaks shifted
to higher binding energy at 530, 532.8, and 534.4 eV by
differences of 0.4, 0.5, and 0.7 €V for the Ce(**/**)—0 and
Ce—(OH/H,0), respectively. These changes may be due to
surface defects induced by the adsorption of PO,*~ and might
involve a ligand exchange with the surface hydroxyl groups
(—OH) to form Ce—O-P.
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At pH below the pzc (pH = 4.1), the adsorbent possesses a
positive charge on its surface. The hydroxyl groups of the
CeO, surface in the aqueous environment provide a site for
ligand exchange. This might take place by formation of inner
sphere complexes in which the phosphate anions react with
Ce* on the structure of the hydroxylated CeO, surface,
leading to complex formation and the release of hydroxyl
anions (OH™) from the CeO, surface.”* Furthermore, the pH
of the solution containing CeO,—SiO, increased from 4.9 to
6.9 after PO,*~ adsorption, which suggests the replacement of
OH™ by PO,’". Considering the successive pK values of
H,PO, dissociation (2.13, 7.2 and 12.33), in the pH range of
our study (4—9), the main species are HPO,*~ and H,PO,”, as
well as PO,*". In this case, inner-sphere complexation of
phosphate ions with the metal (hydro)oxide can lead to
monodentate or bidentate phosphorus compounds.*”** Since
the adsorption process is independent in a pH range from 4 to
8.5 (Figure 4C), where the adsorbent surface is negatively
charged, the contribution of electrostatic forces is minimal.
These results suggest a mechanism involving ion exchange and
Lewis acid—base interactions that implies electron donor—
acceptor between the hydroxylated CeO, sites and phosphate
anions.”* Figure 8 provides a schematic illustrating the
proposed mechanisms of phosphate adsorption by CeO,—
SiO,.

3.7. Comparison with Other Adsorbents. Table 1
summarizes the performance of the CeO,—SiO, with
previously reported PO,*” adsorbents. The CeO,—SiO,
exhibits higher adsorption capacity (110 mg/g) compared
with other adsorbents, including several types of metal oxides
and activated carbon. The adsorption obtained with our
Ce0,—Si0, is rapid with up to 99% removal and equilibrium
being achieved after 1 h. This is an important factor for
increasing treatment efficiency. By incorporating a redox-based
regeneration process using H,0,, we presented evidence that
the adsorbent can be regenerated and reused for 6 multiple
cycles without losing adsorption capacity. While other
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adsorbents such as activated carbon are available, their
adsorption capacity is low due to the minimal and nonspecific
binding of PO,*~ on carbon materials. In future developments
of this technology, this adsorbent could be grafted or
incorporated on different materials, such as polymers or
graphene composites, or can be used to construct membranes
and separation columns to further increase removal efficiency
and develop practical systems based on these materials. These
results demonstrate very promising characteristics of the CeO,-
based adsorbent to reversibly reuse the adsorbent and remove
the bound PO,*".

4. CONCLUSION

In summary, a CeO,—SiO, adsorbent was synthesized and
characterized for the removal of PO,*>". The CeO,—SiO, was
obtained by grafting nanostructured CeO, onto the surface of
mesoporous SiO, beads through Si—O—Ce bond formation.
The modification of SiO, with CeO, was found to provide
enhanced PO,*>” adsorption of bare SiO,, and impart
selectivity. The material shows a maximum adsorption capacity
of 110 mg/g with 99% removal reached within 1 h. Kinetic
models fitted with the experimental batch adsorption data,
indicating chemical adsorption as a rate controlling step.
Furthermore, the Langmuir model and the analysis of surface
properties suggest a monolayer adsorption mechanism
involving ion exchange and Lewis acid—base interactions.
The process shows high tolerance to changes in pH in the
range between pH 4 and 8.5 and the adsorption was selective,

with no interferences from coexisting anions. Results also show
that the adsorbent can be regenerated and reused for up to 6
consecutive cycles without a significant decline in performance.
The removal efficiency was superior to that of other adsorbents
and demonstrates advantages of these materials for use in
environmental remediation applications. Our work highlights
the potential of CeO,-based adsorbents for the removal of
PO,*". The Ce0,—SiO, developed in this work can be further
integrated in separation devices, for example, membranes,
filters, and column reactors, to improve treatment and recovery
of P-based nutrients from environmental waters.
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