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nanohybrid exhibited ultra-rapid kinet-
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Maximum F~ adsorption capacity was
8.61 mg/g at pH 6.5 and 16.07 mg/g at
pH 4.0.

Both electrostatic interaction and sur-
face complexation participated in the
F~ removal process.

The nanohybrid has the potential for use
in high throughput defluoridation
systems.
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ABSTRACT

The presence of excess fluoride (F~ > 1.5 mg/L) in drinking water affects more than 260 million people globally
and leads to dental and skeletal fluorosis among other health problems. This study investigated fluoride removal
by graphene oxide-ceria nanohybrid (GO-CeO,) and elucidated the mechanisms involved. The nanohybrid ex-
hibited ultra-rapid kinetics for fluoride removal and the equilibrium (85% removal, 10 mg F~/L initial concentra-
tion) was achieved within 1 min which is one of the fastest kinetics for fluoride removal reported so far. Fluoride
removal by the nanohybrid followed Langmuir isotherm with a maximum adsorption capacity of 8.61 mg/g at pH
6.5 and that increased to 16.07 mg/g when the pH was lowered to 4.0. Based on the experimental results and
characterization data, we have postulated that both electrostatic interaction and surface complexation partici-
pated in the fluoride removal process. The O~ ions present in the CeO, lattice were replaced by F~ ions to
make a coordination compound (complex). While both Ce** and Ce>" were present in ceria nanoparticles
(CeO, NPs), Ce>* participated in fluoride complexation. During fluoride removal by GO-CeO,, the GO sheets
acted as electron mediators and help to reduce Ce** to Ce** at the CeO, NPs-GO interface, and the additional
Ce>* enhanced fluoride removal by the nanohybrid.
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1. Introduction

Fluoride (F™) is an essential trace element necessary for human
teeth and skeletal health (Chouhan and Flora, 2010). However, exces-
sive intake of fluoride can lead to fluorosis of teeth and bones
(Gbadebo, 2012). Chronic intake of fluoride may also lead to muscle
fiber degeneration, low hemoglobin level, excessive thirst, skin rashes,
depression, growth retardation, and DNA structural changes
(Gbadebo, 2012; Meenakshi and Maheshwari, 2006). Fluoride is mainly
released into groundwater via slow dissolution of geogenic fluoride
bearing minerals such as fluorite, fluorospar, cryolite, theorapatite,
phosphorite, apatite, topaz, villiaumite, sepiolite, and palygorskite in
rocks (Banerjee, 2015; Jagtap et al., 2012; Yadav et al., 2018). Fluoride
is also generated by industries producing glass and ceramics, chemicals
and metals with effluent from these industries having fluoride levels
ranging from 10 to 10,000 mg/L (Bhatnagar et al., 2011). The world
health organization (WHO) recommends a threshold of 1.5 mg F~/Lin
drinking water (WHO, 2004). The United States Environmental Protec-
tion Agency (USEPA) has established a maximum contaminant level
(MCL) of 4 mg/L to prevent skeletal fluorosis and a secondary maximum
contaminant level (SMCL) of 2 mg/L to protect against dental fluorosis
in human (USEPA, 2009). More than 260 million people worldwide
use drinking water containing fluoride in excess of the WHO recom-
mended limit of 1.5 mg/L (Amini et al., 2008; Jagtap et al., 2012).

While precipitation/coagulation, membrane processes, ion ex-
change, and adsorption are used for fluoride removal from drinking
water (Meenakshi and Maheshwari, 2006; Mohapatra et al., 2009), ad-
sorption is the most widely used because of its low cost, simple design,
high removal efficiency, and economic viability (Bhatnagar et al., 2011).
Activated carbon (Araga and Sharma, 2017, Araga et al., 2017; Chen
et al., 2017; Rashid and Bezbaruah, 2020), carbon-based composites
(Di et al., 2007; Kuang et al., 2017; Ruan et al., 2017; J. Zhang et al.,
2019), metal oxides (Mukhopadhyay et al., 2017), alum sludge
(Sujana et al., 1998), metal-organic frameworks (MOFs) (Karmakar
et al., 2016), nanoscale zero-valent iron (Cao et al., 2021) and layered
double hydroxides (Lv et al., 2007) are the popular adsorbents for fluo-
ride removal. Among them, rare earth metal oxides have shown high
binding affinities for fluoride (Chigondo et al., 2018b; Li et al., 2010;
Mukhopadhyay et al., 2017; Y.Y. Zhang et al., 2019). The mechanism
of fluoride removal by metal oxides involves the exchange between
fluoride ions and surface hydroxyl groups of the adsorbents
(Karmakar et al., 2016; Yu et al., 2018). The hydroxyl groups either
exist on the metal hydroxide surface or can be formed through the hy-
droxylation of metal oxides and metal organic frameworks in aqueous
environments (Wendt et al., 2006).

Among the rare earth metal oxides, cerium oxide (Ceria, CeO,) has
been used for aqueous arsenic (Sakthivel et al., 2017), chromium
(Xiao et al., 2009), lead (Sharma et al., 2018), mercury (Sharma et al.,
2018), and organic dyes (Yu et al., 2015) removal. Ceria exhibits facile
transformation between +3 and + 4 oxidation states depending on
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the redox environment making it a versatile adsorbent for various con-
taminants (Chigondo et al., 2018b; McCormack et al., 2014; Sakthivel
et al., 2017). Cerium-loaded mesoporous zirconium phosphate (Dash
et al,, 2015), carbon nanotube supported ceria nanoparticles (Di et al.,
2007), cubical ceria nanoparticles (Dhillon et al., 2016), CeO,-ZrO,
nanocages (Wang et al., 2013), hydrous cerium-magnesium oxides
(Chigondo et al., 2018b), and cerium(IV)-incorporated hydrous iron
(Ill) oxide (Mukhopadhyay et al., 2017) have been reported to remove
fluoride. However, these ceria-based materials needed 40-2750 min
contact time to remove fluoride (Table 1) (Chigondo et al., 2018b;
Dash et al., 2015; Dhillon et al., 2016; Di et al., 2007; Mukhopadhyay
et al.,, 2017; Wang et al., 2013; J. Zhang et al., 2019), and that limits
their use as a high contact time translates to a large reactor (filter) vol-
ume. Other materials with high fluoride adsorption capacity such as
MOFs (Karmakar et al., 2016), layered double oxides (Lv et al., 2007),
and composites of different metal oxides (Liu et al., 2016) have also
shown slow adsorption kinetics.

Additionally, typical ceria nanoparticles are 3-12 nm in size (Zhang
et al.,, 2002) and they agglomerate quickly (Rohder et al., 2014; Safi
et al,, 2010) and that limits their use in the aqueous environment. The
agglomeration problem can be addressed by embedding (decorating)
ceria nanoparticles onto graphene oxide sheets (Sakthivel et al., 2017).
Graphene oxide (GO) provides a unique two-dimensional (2-D) plat-
form with high specific surface area (theoretical value = ~2400 m?/g
(Zhang et al., 2020)), low bulk density (0.06-0.3 g/cm> (Kovtun et al.,
2019)), high oxygen-containing functional group density (C/O ratio:
2-4 (Perreault et al., 2015)), and unique physicochemical properties
(Mkhoyan et al., 2009; Perreault et al., 2015). Further, its two available
basal planes can support nanomaterials (Perreault et al., 2015).

This paper reports for the first time the use of a GO-CeO, nanohybrid
(ceria nanoparticles supported on GO sheets, referred to as GO-CeO, in
this paper) to remove aqueous fluoride. We hypothesized that the GO
support will keep the ceria nanoparticles (CeO, NPs) as discrete entities
(non or less agglomerated) and help in aqueous dispersion. Further, the
GO sheets will also act as electron mediators and help in maintaining
enough Ce>" in the nanohybrid for effective adsorption of fluoride. Spe-
cifically, the role of the GO sheets as electron reservoirs and how that
helps in fluoride removal have been explored. The fluoride adsorption
capacity of GO-CeO, (nanohybrid) was tested under various experi-
mental conditions of pH, the presence of co-existing anions, and ionic
strength. A possible fluoride removal mechanism has been proposed
based on experimental results and characterization data.

2. Materials and methods
2.1. Materials

All chemicals were used as received unless otherwise specified. A
multi-layered graphene oxide (GO) was obtained from Garmor, Inc.

Table 1

Comparison of fluoride removal by different ceria-based material.
Adsorbent pH Dosing Initial conc Contact time Sorbent/sorbate % Source

(g/L) (mg/L) (min) (g/mg) removal
Hydrous CeO,-Fe;0, decorated polyaniline fibers 6.0 0.6 40 120 0.015 90.0 (Chigondo et al., 2018b)
Ce0,-Rod 35 0.5 50 2750 0.010 70.0 (Kang et al., 2017)
Mn-Ce oxide 6.0 0.1 10 180 0.010 73.5 (Deng et al., 2011)
Ce-Fe bimetal oxides NR 0.5 10 40 0.050 90.0 (Tang and Zhang, 2016)
Ce0,-Zr0, nanocages 4.0 0.2 10 1440 0.020 70.0 (Wang et al., 2013)
Cerium (IV)-incorporated hydrous iron(Ill) oxide 7.0 0.5 10 120 0.050 85.0 (Mukhopadhyay et al., 2017)
Cerium loaded mesoporous zirconium phosphate 6.0 1.0 10 60 0.100 84.7 (Dash et al., 2015)
Cubical ceria nanosorbent 7.0 1.0 10 120 0.100 95.0 (Dhillon et al., 2016)
Mg-Al-Ce triple-metal composites 7.0 0.2 50 180 0.004 38.0 (Chi et al., 2017)
GO-CeO, nanohybrid 6.5 1.0 10 1 0.100 85.0 This work
4.0 100.0

NR = Not reported (pH was not reported in the paper).
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(Orlando, FL) and used without further modification. The list of
chemicals is in SI (Section S1.1).

2.2. Synthesis of GO-CeO, nanohybrid

The GO-Ce0, was synthesized in a one-pot hydrothermal synthesis
process using GO and cerium(IIl) nitrate hexahydrate as the starting
materials as per our previously published method (Sakthivel et al.,
2017). Details in SI (Section S1.2).

2.3. Characterization

High-resolution transmission electron microscopy (HRTEM), Scan-
ning Electron Microscopy (SEM), X-ray photoelectron spectroscopy
(XPS), and a Zetasizer were used for material characterization. Details
in SI (Section S1.3).

2.4. Batch studies

The batch kinetic, isotherm and interference studies were conducted
with GO-CeO, and control experiments were run with GO or CeO,
nanoparticles as needed. The kinetic studies were conducted at an initial
fluoride concentration (Co) of 10 mg/L over time. Isotherm studies were
carried out by varying the Cy from 5 to 40 mg/L. The effect of pH was
evaluated in the pH range of 4 to 10. The interference study was con-
ducted using different concentrations of sulfate (S037), phosphate
(PO3™-P), bicarbonate (HCO3), chloride (CI™), and nitrate (NO3 -N).
In this study we used SPADNS method (UV spectrophotometer) to de-
tect fluoride in water (Hach, Model DR 5000, Method 8029, detection
range: 0.02-2.00 mg/L). Details in SI (Section S1.4 and S1.5)

2.5. Quality control and statistical analysis

All experiments were conducted in triplicates and the average
values are reported here along with the standard deviations. One-way
ANOVA analysis was done using Minitab to determine statistically sig-
nificant differences in the data sets and Tukey's pairwise comparison
was used to identify the data that were significantly different.

3. Results and discussion
3.1. Characterization

The nanostructure and morphology of the GO-CeO, were observed
in TEM micrographs (Fig. 1a-b). The CeO, NPs (some dispersed and
some aggregated, Fig. 1b) were attached onto the GO sheet (gray
sheet, Fig. 1a) and the CeO, NPs were 10-20 nm in the size (Fig. 1b).
HRTEM image (Fig. 1c) shows the crystallites with an estimated d-
spacing 0.327 nm relating them to (111) plane of CeO, (cubic

Science of the Total Environment 793 (2021) 148547

structure). These findings are in agreement with previous report
(Sakthivel et al., 2017). The morphology of GO-CeO, was also studied
using SEM. SEM micrographs show that GO-CeO; has a flaky structure
with irregular size and shape (Fig. 1d).

Zeta potentials (¢) of GO, CeO, NPs, and GO-CeO, were measured in
0.01 M NaCl medium (solution pH ~7). The GO remained well dispersed
in aqueous media due to its high £ (—42.99 + 1.73 mV). Particles with ¢
> |425| mV are known to make a stable suspension (ISO, 2000). While
CeO, NPs with their low ¢ (3.18 4 0.28 mV) agglomerated easily, the
GO-Ce0, with a high ¢ (33.99 + 0.44 mV) made a stable dispersion.

3.2. Batch studies

3.2.1. Effectiveness of GO-CeO,

The comparison of fluoride removal efficiency of GO-CeO, and the
controls (CeO, NPs and GO) showed that the GO-CeO, has a high re-
moval efficiency (85%) which is significantly higher than that of CeO,
NPs (12% fluoride removal, p = 0.000, o« = 0.05) or GO (1%, p =
0.000, o = 0.05) used alone (Fig. 2a). The potential quick aggregation
of CeO, NPs (when used alone) might have decreased their reactivity
(Safi et al., 2010) and they exhibited poor fluoride removal efficiency
(12%). However, the nanohybrid had an improved fluoride removal ef-
ficiency which was ~73% higher compared to only CeO, NPs. It is logical
to infer that the use of GO as a platform for CeO, NPs increased the re-
activity of the nanoparticles and enhanced fluoride removal was
achieved. Enhanced dispersion (¢ of 33.99 + 0.44 mV) of the
nanohybrid potentially influenced fluoride removal (also see Fluoride
Removal Mechanisms).

3.2.2. Effect of adsorbent dose

At Co = 10 mg F /L, fluoride removal efficiency increased from 18%
to 100% with the increase of adsorbent (GO-CeO,) dosage from 0.2 to
1.5 g/L (Fig. 2b). Given, the recommended WHO threshold of 1.5 mg
F~/L in drinking water, the optimal adsorbent dose was decided as 1
g/L (85% removal) in this study; this dosing was sufficient to achieve
the recommended WHO limit for fluoride in drinking water and keep-
ing some fluoride in the water for human nutritional requirements.
Similar adsorbent doses were reported by others (Table 1). All experi-
ments reported henceforth used 1 g/L of the nanohybrid.

3.2.3. Kinetics

The results of fluoride removal by GO-CeO, over time (till 120 min,
Co = 10 mg F~/L and adsorbent dose of 1 g/L) showed that the fluoride
adsorption by GO-CeO, follows very fast kinetics (Fig. 2c) compared to
the materials reported by others including MOFs, mesoporous ZrO,,
GO-Zr, and Ce-Zr composites (Chen et al., 2016a; Karmakar et al.,
2016; Mohan et al., 2016; Wang et al., 2017; Yu et al., 2018; Zhang
et al., 2017). GO-CeO,, achieved 85% fluoride adsorption within 1 min
and reached equilibrium at the same time (Fig. 2c inset). We have

Fig. 1. (a) TEM micrograph of the GO-CeO, (nanohybrid) at lower magnification. The micrograph shows that the ceria particles (black dots) are present on the graphene oxide matrix (gray
sheet); (b) TEM micrograph at higher magnification show the CeO, NPs deposited on the GO sheets were 10-20 nm in size; (c) HRTEM image of the GO-CeO, shows the crystallites with an
estimated d-spacing 0.327 nm relating them to (111) plane of CeO, (cubic structure); and (d) SEM micrographs of GO-CeO, show that it has a flaky structure.
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Fig. 2. (a) Fluoride removal by GO-CeO, and the controls (CeO, NPs and GO); adsorbent dose = 1 g/L; Co = 10 mg F~/L; (b) Effect of GO-CeO, dosing on fluoride removal. Dosing of 1 g/L
yielded 85% fluoride removal (C, = 10 mg F~/L) reducing bulk fluoride concentration to 1.5 mg F~/L (WHO recommended limit for drinking water), and so 1 g/L was selected as the
optimal dose; (c) Removal of fluoride by GO-CeO, over time (Co = 10 mg F~/L) (Inset: Initial 5 min data zoomed in). The fluoride removal reached equilibrium within 1 min which is
one of the fastest fluoride removal kinetics reported so far; and (d) Fluoride adsorption capacity of GO-CeO, at different concentrations of fluoride. The maximum fluoride adsorption
capacity was found to be 8.6 mg/g. GO-CeO, dose = 1 g/L and initial pH 6.5. The data points are connected with straight lines for ease of reading only and they do not represent

trendlines, and the vertical error bars represent + standard deviations.

compared the results with other reported ceria-based materials
(Table 1) and as well as other standard materials (activated carbon, ac-
tivated alumina, and calcium-based adsorbents) (Table S1). Our mate-
rial showed ultra-rapid kinetics which is 40-2750 times faster than
other ceria-based materials (nano and non-nano, Table 1) and 20-780
times faster than the typical (non-nano, Table S1) fluoride adsorbents
even when high adsorbent doses were used by others. For example,
Ce-Fe bimetal oxides reached equilibrium (90% fluoride removal) in
40 min and our nanohybrid needed 1 min to reach equilibrium (85%
fluoride removal). Therefore, our nanohybrid exhibited kinetics which
is 40 times faster than the Ce-Fe bimetal oxides. Again, contact time to
reach equilibrium in fluoride removal (70%) by CeO,-Rod was 2750
min, and that makes our nonhybrid kinetically 2750 times faster than
CeO,-Rod. This makes GO-CeO, much superior to all previously re-
ported fluoride adsorbents. To rule out the dose-effect (sorbent to sor-
bate ratio) on the observed fast kinetics, additional kinetic studies
were conducted with different GO-CeO, dosages (0.2 to 1.0 g/L). The
rapid kinetics (equilibrium reached in 1 min) was observed irrespective
of the sorbent to sorbate ratio used (SI, Fig. S1) indicating that the rapid
kinetics was not affected by the sorbent dose used and, hence, other fac-
tors might have played roles. This rapid adsorption translates to a short
detention time which will lead to a small reactor (treatment unit) vol-
ume and thus reduced infrastructure cost. With its fast reaction kinetics,
GO-Ce0O, is a potential candidate for use in high throughput
defluoridation systems for both point-of-use and centralized water
treatment systems.

The kinetic study data were fitted into the Webber-Morris intra-
particle diffusion model (Weber and Morris, 1963) (Eq. (1)) to find
out the potential rate-controlling steps such as film diffusion or intra-
particle diffusion.

q = Kt (1)

InEq. (1), K,, is the intra-particle diffusion rate in mg/g/min®> and q,
is the adsorption capacity (mg/g) at time t. If the plot of g, vs t*° passes
through the origin then intra-particle diffusion is the only rate-
determining step. In this study, the plot showed bilinearity (SI, Fig. S2)
with the first section (solid line) representing the external mass trans-
port across the boundary layer, and the second section (dashed line)
being the equilibrium stage (Sadeghi et al., 2020). The equilibrium
was reached within 1 min, we could not get any data points between
0 min and 1 min to investigate intra-particle diffusion which might
have occurred during that time along with film diffusion. Sadeghi
et al,, while treating arsenic with graphene oxide nanoribbons achieved
near-equilibrium within 2 min and reported that both intra-particle dif-
fusion and film diffusion participated in the removal process (Sadeghi
et al,, 2020). While we cannot conclusively prove that intra-particle dif-
fusion took place, it is highly likely given the structure of our
nanohybrid. In the multi-layered GO we used, CeO, NPs were decorated
on both faces of each GO sheet and a stacked GO-CeO, was formed.
Others also reported similar nanoparticle deposition patterns (Wu
et al.,, 2012). Fluoride ions might have interacted with the CeO, nano-
particles inside the staked layers via intra-particle diffusion. We can
infer that both intra-particle diffusion and film diffusion were rate-
limiting in our experiment with the caveat that we did not have any ex-
perimental data points between 0 and 1 min.

3.2.4. Isotherm studies

The maximum fluoride adsorption capacity (qe max) of GO-CeO, was
found to be 8.60 mg/g (initial pH 6.5) (Fig. 2d). We also conducted iso-
therm studies at pH 4 (SI, Fig. S3) as maximum fluoride removal was
achieved at pH 4 (see Effect of pH) and the maximum adsorption capac-
ity increased to 16.07 mg/g. However, 8.60 mg/g at near-neutral pH is
the more relevant value. We compared our result with two conven-
tional adsorbents (acidic alumina and granular activated alumina)
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(Ghorai and Pant, 2005; Goswami and Purkait, 2012) typically used for
drinking water fluoride removal. Our nanohybrid recorded similar ad-
sorption capacity as the acidic alumina (AA, adsorption capacity 8.4
mg/g) and acted 3.5 times better than the granular activated alumina
(GAA, 2.41 mg/g). While GAA was tested at pH 7, AA was effective at
pH 4.4 only. Dissolution of aluminum complexes from aluminum-
based adsorbent poses a human health risk as aluminum ion and its
aluminofluoride complexes are known neurotoxins (Martyn et al.,
1989; Strunecka and Patocka, 1999), so use of AA and GAA are increas-
ingly being questioned (George et al., 2010). Further, our nanohybrid
exhibited kinetics which is 90 times faster compared to AA and 360
times faster than GAA, and that too at near-neutral pH (6.5), making it
a superior adsorbent for use in a high throughput defluoridation system.

To determine the relationship between adsorbent and adsorbate,
and to understand the mechanism(s) of fluoride removal, the experi-
mental adsorption data were fitted onto Freundlich and Langmuir iso-
therm models (SI, Section S2.4). The data fitted well onto Langmuir
isotherm (R? = 0.9995) rather than Freundlich (R? = 0.0103) (SI,
Fig. S4) indicating that the adsorption of fluoride by GO-CeO, is a mono-
layer and homogenous phenomenon, and the maximum adsorption ca-
pacity calculated as 8.61 mg/g (Table 2) which tallies with our
experimental value (8.60 mg/g). The dimensionless constant R; values
calculated for the fluoride concentrations (5, 10, 20, 30, and 40 mg/L)
used in this study are in the range of 0.003-0.025 (between O and
1) (Table 2) suggesting that fluoride adsorption onto GO-CeO, is
favorable.

3.2.5. Effect of pH

As the pH increased from 4 to 6 a significant decrease (100% to 83%,
p = 0.000, o = 0.05) in fluoride removal was observed and the removal
efficiency gradually decreased to 66% at pH 10. The point-of-zero-
charge (PZC) of GO-CeO, was measured as 2.7 (Fig. 3b). The surface of
the nanohybrid remained positively charged below pH 2.7, and took
up the fluoride ions electrostatically (Dash et al., 2015; Dhillon et al.,
2016; Mukhopadhyay et al., 2017; Wang et al., 2013). The maximum
fluoride removal was achieved at pH 4. At pH » PZC, the F~ removal ef-
ficiency decreased significantly (Fig. 3a) due to the generation of nega-
tive charges on the adsorbent surface engendering repulsion for the
fluoride ions. Further, at higher pH, more OH™ were available near
the GO-CeO, surface competing for available adsorption/ion-
exchange sites (Chai et al., 2013; Dash et al., 2015). However, the ef-
ficiency of fluoride removal did not go down below 66% even at pH
10 indicating that the fluoride removal by GO-CeO, was not domi-
nated by electrostatic interaction only but chemisorption was also
possibly involved.

3.2.6. Effect of co-existing ions

Groundwater contains anions such as chloride (ClI™), nitrate (NO3"),
bicarbonate (HCO3'), sulfate (SOZ~), and phosphate (PO3™~) in addition
to fluoride in contaminated waters. The potential interferences by co-
existing ions were examined by adding individual interfering anions
(CI~, NO3, PO3~, HCO3, and SO3; 0, 10, and 100 mg/L) to the bulk
fluoride solution (Co = 10 mg/L and adsorbent dose = 1 g/L). The con-
centration range was selected based on actual chemical composition of
groundwater contaminated with fluoride (Narsimha and Sudarshan,
2017; Bhagawan et al., 2019; Thakur and Mondar, 2017). In case of
phosphate, 100 mg/L is not a relevant concentration. However, to

Table 2
Adsorption isotherm parameters for fluoride adsorption onto GO-CeO, nanohybrid.

Freundlich isotherm?®

Langmuir isotherm
am(mg/g)  b(Lmg) R Ry R?

8.61 7.9

0.9995 0.003-0.025 0.0103

3 The isotherm parameters for Freundlich isotherm are not shown as the R? value is
very low meaning the data do not fit the model.
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keep the concentration range same for all interfering ions 100 mg/L
was used for phosphate as well. Significant interferences (p =
0.000-0.037, oc = 0.05) in fluoride adsorption was observed in the pres-
ence of all anions (Fig. 3¢). However, CI~ and NO3™ showed the least ef-
fect (85% fluoride removal with no CI~ and NO3 -N, 83% at 100 mg Cl~ /L
and 80% at 100 mg NO3-N/L); CI™ and NO3 being a low-affinity ligand
did not compete for the fluoride adsorption sites (Chen et al., 2016b;
Mohanty et al., 2005). The presence of POz~ significantly decreased
fluoride removal from 85% (no PO3~-P) to 46% (10 mg PO3-P/L) and
then to ~7% (100 mg PO3~-P/L). The presence of SOZ~ also significantly
decreased fluoride removal from 85% (no SO3 ™) to 56% (10 mg SO3 /L)
and then to ~38% (100 mg SOZ~/L). HCO3 also showed a significant neg-
ative effect on fluoride removal (dropped to 19% at 100 mg/L) possibly
because of hydrolysis of HCO3  (HCO3™ + H,0 = H,CO3 + OH ™) leading
to more OH™ being present to compete with fluoride for the adsorption
sites (Deng et al., 2011; Wang et al., 2013). The order of interference of
the co-existing anions was POz~ > HCO3 > SO3~ > NO3 > Cl™. The
order of interference is related to the charge/radius (Z/R) values of the
competing anions (except HCO3 ): POz~ (3/3.40) > SO7~ (2/2.40) >
NOs3 (1/2.81) > CI~ (1/1.81). The greater the Z/R, the more likely that
the specific anion was attracted to the adsorbent surface leading to
more interference with fluoride adsorption (Liu et al., 2016; Zhao
etal., 2010). Working with cubical ceria (Dhillon et al., 2016), ceria-iron
bimetal oxides (Tang and Zhang, 2016), and CeO,-Fe304 decorated
polyaniline fibers nanocomposite (Chigondo et al.,, 2018a), others have
observed interferences from POz~ (Chigondo et al., 2018a), HCO3
(Tang and Zhang, 2016), SOz~ (Dhillon et al., 2016), and NO3
(Dhillon et al., 2016) (SI, Table S2). The typical concentration of phos-
phate in groundwater is <100 pg/L, and therefore, will have minimal ef-
fect on fluoride removal by GO-CeO,. The interference by bicarbonate
can be minimized by adjusting the pH (<7.0). Pretreatments may be
necessary to reduce the interferences of some of the ions. Narsimha
and Sudarshan (2017) reported that SO3~ concentration in groundwa-
ter in one of the worst fluoride affected areas in India varied from 21 to
137 mg/L; we expect GO-CeO, to work reasonably well with low sulfate
concentration but more adsorbent may be needed to treat water with
high sulfate levels.

3.2.7. Effect of ionic strength

The effect of ionic strength on fluoride adsorption by GO-CeO, was
evaluated (Co = 10 mg F~/L) to find out whether the outer-sphere com-
plexation (electrostatic interaction) was participating in fluoride re-
moval. The fluoride removal efficiency decreased from 85% to 59%
with the increase of ionic strength from 0 M to 1 M (Fig. 3d) indicating
that the electrostatic interaction significantly impacted the overall fluo-
ride adsorption onto GO-Ce0O,. The outer-sphere complexes were sup-
pressed when ionic strength increased due to the competition
between the electrolyte ions (i.e., CI™) and adsorbing anions (F~ here)
for available surface sites (Liu et al., 2015). The electrolyte concentration
might have also affected the interfacial potentials and that led to a de-
crease in adsorption activity as suggested by Hayes et al. (1988). The
electrolyte ions and outer-sphere complexes are present in the same
plane (-plane of the diffuse double layer around the adsorbent surface)
in a bulk solution (Hayes et al., 1988). Therefore, outer-sphere com-
plexes are expected to be more sensitive than the inner-sphere com-
plexes to ionic strength variation. We can infer that outer-sphere
complexation (electrostatic interaction) was contributing to fluoride re-
moval in this study.

3.2.8. Desorption study

A desorption study was conducted over a 3-month period to find out
the stability of fluoride adsorbed onto the GO-CeO,. Batches of GO-CeO,
(20 mg) were saturated with fluoride by putting the nanohybrid in 20
mL of fluoride solution (10 mg/L) in 40 mL glass vials and shaking the
vials end-over-end for 24 h. The saturated GO-CeO, were then sepa-
rated and the bulk solution fluoride concentration was measured to
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Fig. 3. (a) Effect of initial pH on fluoride adsorption onto GO-CeO,; (b) Point-of-Zero-Charge (PZC) of GO-CeO, was found to be 2.7; (¢) Effect of co-existing ions on fluoride adsorption onto
GO-Ce0,. The order of interference is PO3 ~ > HCO3 > SO3~ > NO3 > Cl™. The concentration of nitrate is in mg NO3 - N/L and phosphate concentration is in mg PO3~-P/L; and (d) Effect of
ionic strength on fluoride removal by GO-CeO,. While there was no significant change at 0.01 M NaCl (compared to 0 M NaCl), the fluoride removal efficiency decreased with the increase
of ionic strength beyond 0.01 M. The findings indicated that the outer-sphere complexation also contributed to fluoride removal by GO-CeO,; and (e) Desorption of fluoride from the used
GO-CeO, (Inset: percent desorption in 90 days with the Y-axis limited to 3.25%). The secondary axis shows fluoride adsorbed onto GO-CeO,. Note: The data points are connected with
straight lines for ease of reading only and they do not represent trendlines, and the vertical error bars represent 4 standard deviations.

determine the amount of fluoride adsorbed by GO-CeO,. The decanted
solution was then replaced with DI water and the contents (fluoride
saturated GO-CeO, and DI water) were shook for another 24 h. After
that, the GO-CeO, was separated again from the solution by centri-
fugation and the bulk solution was analyzed to estimate the amount
of desorbed fluoride in the elapsed time. This process was continued
at regular intervals for 3 months, and each time fresh DI water was
used to replace the bulk solution. Results showed that the adsorbed
fluoride remained strongly bound to GO-CeO, over the study period
(Fig. 3e). About 1% of adsorbed fluoride got desorbed after the first
day. After that only 1-2.8% of adsorbed fluoride got desorbed after
each time period. After the 3-month time period, total fluoride
desorbed was found to be 1.19 mg/g (11.9%). During fluoride re-
moval by GO-CeO., fluoride complexed with Ce** to form insoluble
coordination compound in the ceria lattice (Menon et al., 1986;
Valicsek et al., 2019) (see Fluoride Removal Mechanisms), and for
that reason desorption was not that high. The ~12% desorption ob-
served in this study was possibly from the fluoride adsorbed onto
GO-CeO,, via outer-sphere complexation (electrostatic interaction).

3.3. Fluoride removal mechanisms

3.3.1. Mechanisms involved

In the pH studies (Fig. 3a), the maximum fluoride removal was re-
corded at pH 4 (»>PZC, 2.7) and substantial removal occurred (~66%)
even at pH 10. These observations indicate that not only electrostatic in-
teraction was responsible for fluoride removal by GO-CeO, but chemi-
sorption was also potentially playing a role.

The fluoride removal by GO-CeO, decreased with the increase of
ionic strength (Fig. 3d) indicating outer-sphere complex formation
and electrostatic interaction of fluoride with GO-CeO,. However, the
presence of PO3~ and SO3~ significantly decreased fluoride adsorption
onto GO-CeO, (Fig. 3c). Inner-sphere complexation governs the adsorp-
tion of POz~ (Dhillon et al., 2016; McCormack et al., 2014), and SO~
(Kuang et al., 2017) onto CeO,. Given that PO3~ and SO3~ interfered
with fluoride adsorption in our study, it is safe to assume that POz~
and SO7~ were targeting the same inner-sphere sites that fluoride
would have otherwise occupied. So, we can infer that fluoride adsorp-
tion by GO-CeO, might have occurred due to the formation of inner-
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sphere complexes as well. Others have reported similar phenomena
where fluoride adsorption by ceria-based material was governed by
inner-sphere complexation, and the presence of PO3~ and SO3~ signif-
icantly decreased the fluoride removal efficiency (Chigondo et al.,
2018b; Dhillon et al., 2016; Kuang et al., 2017). While both outer-
sphere and inner-sphere complexations played a significant role in fluo-
ride removal by GO-CeO,, the substantial removal (~66%) at high pH
(pH 10 » PZC) (Fig. 3a) and low desorption (~12%) from adsorbed
phase during the desorption experiment (Fig. 3e) indicate that inner-
sphere complexation (chemisorption) was more dominant than
outer-sphere complexation.

To investigate the fluoride removal mechanism further, samples of
the GO-CeO, before and after fluoride adsorption were characterized
using XPS (Fig. 4). The peaks from the deconvoluted XPS Ce 3d spectra
before and after fluoride adsorption (Fig. 4a) can be distinguished and
ascribed to unique oxidation states. Peaks at ~880, 885, 898, and
903 eV belong to Ce3* oxidation state and peaks at ~882, 888, 899,
901, 908, and 917 eV belong to Ce** oxidation state (Seal et al., 2020).
The XPS data have confirmed that the GO-CeO, used in this study
contained both Ce** and Ce™ before and after fluoride adsorption.
We synthesized GO-CeO, via a hydrothermal process at a high temper-
ature (140 °C) in a closed reaction vessel. Exposure to high temperature
and/or reducing gas conditions (i.e., low oxygen partial pressures) led to
the loss of oxygen from ceria crystal surface to the gas phase, generating
intrinsic oxygen vacancies (defects) (Dutta et al., 2006; Schmitt et al.,
2020). In ceria lattice, when an oxygen vacancy is created, two electrons
are released and those electrons reduce Ce** to Ce>" oxidation state
(Campbell and Peden, 2005; Schmitt et al., 2020; Sayle et al., 2016).

The concentration of Ce** before fluoride adsorption was 16% but
increased to 34% after adsorption (Fig. 4a). The changes to the surface
Ce** (or Ce*™) oxidation state after fluoride adsorption was also highly
visible in the deconvoluted Ce 3d XPS spectrum. The increase of Ce>**
after fluoride adsorption indicates that additional oxygen vacancies
were created in the ceria lattice (Ahmad et al., 2014). The chemical
shifts and changes in valence state concentrations (Fig. 4a) of cerium
on the surface of GO-CeO, after fluoride adsorption reveal that charge
transfer interaction occurred between the GO-CeO, (adsorbent) and
F~ ions. The C 1s spectral lines in the XPS spectra for the nanohybrid be-
fore and after fluoride adsorption (Fig. 4c) show that the peaks
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belonging to GO (C—C/C=C, C—0—C, and 0-C=0) have shifted
(change in binding energies) after the adsorption of fluoride which
also confirms the charge transfer interaction between GO-CeO, and
F~ ions.

In addition, the O 1s envelops were analyzed and deconvoluted into
four peaks (C=0, C—O0, Ce>™—0?", and Ce*"™—0?~, Fig. 4b) (Kang
et al., 2017). The major peak at a binding energy of ~529 eV represents
the lattice oxygen of Ce**-0%~ and the peak at a binding energy of
~530 eV can be ascribed to the Ce**-0?" lattice oxygen (Ahmad et al,,
2014; Kumar et al., 2009). Because the ionic radii of F~ (0.133 nm)
and 02~ (0.140 nm) are almost of the same size (Slater, 1964), the
added fluoride in this study might have replaced the 0%~ ions in the
ceria lattice via ion exchange (Fig. 5¢, ii). This in turn led to a charge im-
balance promoting conversion of Ce** to Ce*>* which is reflected in our
XPS data (Ce>* concentration increased after adsorption, Fig. 4a). The
reduced Ce®** continuously adsorbed fluoride and made fluorine com-
plex in the ceria lattice (Ahmad et al., 2014). The presence of a strong
F 1s peak at binding energy ~684.5 eV (Fig. 5a) in our used (i.e., after
fluoride adsorption) nanohybrid confirms the presence of the chemi-
cally bound fluoride in ceria lattice indicating that fluoride was effec-
tively adsorbed by the GO-Ce0,. A similar phenomenon was reported
by Ahmad et al. (2014) where a fluoride-doped ceria nanocrystal was
used for oxidative coupling of benzylamines, and they observed that
the doped fluoride can occupy the oxygen sites of CeO, lattice and re-
ported that Ce*>* forms complex with F~ ions. Further, they found a
higher concentration of Ce*>* upon fluoride doping because of charge
compensation due to F~ incorporation onto the 0%~ sites which is in
line with our observation of reduction of Ce** to Ce3™.

From the adsorption behavior and XPS data, we can propose that the
removal of fluoride by GO-CeO, happened in two steps (Fig. 5c):
(1) first, fluoride was taken up by the nanohybrid electrostatically
(outer-sphere complexation), and then (2) fluoride replaced 0>~ and
incorporated itself into the ceria lattice (inner-sphere complexation) re-
leasing two electrons in the process. The released electrons reduced Ce*
T to Ce>T, and the Ce>* complexed with fluoride after adsorption.

3.3.2. Rapid kinetics and role of graphene oxide
To understand the rapid kinetics, we conducted a separate kinetic
study with pristine CeO, NPs alone (not hybridized with GO), and
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Fig. 4. XPS spectra of GO-CeO, (a) Ce 3d; (b) O 1s; and (c) C 1s before and after fluoride adsorption. The red line in Ce3d belongs to the Ce** oxidation state and the blue line is for Ce>*.
There are two additional peaks (S1 and S2) identified after fluoride adsorption, and they belong to the satellite peaks of Ce>*. The vertical dotted lines in O 1s and C 1s are for the ease of

identification of the chemical shifts that occurred after fluoride adsorption.
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observed that even though CeO, NPs exhibited poor removal of fluoride
(13.4%), they exhibited fast kinetics till 1 min (Fig. 5b, SI, Fig. S5). It can
be inferred that the rapid removal (adsorption/capture) of fluoride by
GO-Ce0, was mostly because of the CeO, NPs. When only CeO, NPs
(not hybridized with GO) showed poor fluoride removal of only 13.4%
compared to 85% with GO-CeO, which indicates that GO might have
played a major role in achieving the ~72% increase in fluoride removal
(Fig. 2a). While effective dispersion of the CeO, NPs on the GO sheets
(See TEM micrograph in Fig. 1a) possibly helped in enhanced fluoride
removal, the GO-CeO, hybrid configuration might have also played ad-
ditional roles. It is also worth noting that we used a dose of 1 g/L of CeO,
NPs and GO-CeO, where the amount (mass) of CeO, was not the same
(while CeO, was pure, GO-CeO, was a hybrid of GO and CeO, and 1 g of
the nanohybrid contained less than 1 g of CeO,). The role of GO is worth
investigating.

When an oxygen vacancy is created in CeO, NPs, two electrons are
released and left at the vacancy site of CeO, NPs, and these electrons re-
main localized in the f level of two cerium atoms and eventually help to
reduce Ce?™ to Ce>* (Joung et al., 2011; Pirmohamed et al., 2010;
Skorodumova et al,, 2002). GO sheets have both mobile holes and mo-
bile electrons (Yeh et al., 2013). When CeO, nanoparticles are decorated
onto GO sheets (in GO-CeO,), the electrons in CeO, (localized in the f

level) interact with the mobile holes of GO sheets via electrostatic inter-
action (Joung et al., 2011) (Fig. 5¢, iii). Therefore, the mobile holes of GO
sheets get trapped at the oxygen vacancy sites of CeO, NPs, and as a re-
sult, the mobile electrons present in GO sheets now face less resistance
and can move along the GO sheets easily (Fig. 5¢, iii). The mobile elec-
trons present in the GO sheet move to the CeO, lattice (in GO-Ce0O,)
and reduce more Ce** to Ce3* at the CeO, NPs-GO interface (Wang
et al., 2018; Xia et al., 2017) (Fig. 5¢, iii). The new Ce>* also interacts
with F~ ions to form complex, and that creates more oxygen vacancies.
The GO sheets in this study might have facilitated the adsorption of fluo-
ride onto GO-CeO,, by serving as an effective electron carrier. Others also
reported electron transfer between metal oxide nanoparticles and GO
sheets while reporting aqueous arsenic (Das et al., 2020) and methylene
blue (Mohamadi and Ghorbanali, 2020) removal by other types of GO-
based nanohybrids.

Our claim that GO was playing a major role in achieving high fluo-
ride removal needed additional validation by ruling out major CeO,
NP surface area impact on fluoride removal. We conducted two sets of
experiments (details in SI, Section S2.7) with only CeO, NPs (no GO)
where we sonicated the nanoparticles in one experiment (SI, Fig. S6a)
and used Tween 20 surfactant (SI, Fig. S6b) in another to disperse the
nanoparticles. Increased dispersion (reduced agglomeration) enhanced
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the removal performance slightly (from 9% to 12% with sonication and
9% to 25% with Tween 20) but did not match the removal performance
of GO-CeO, (85%). These results indicate that the reactive surface area is
not the only factor that playing a role in the increase of fluoride removal
efficiency. While the dispersion of CeO, NPs in the GO sheet reduces
nanoparticle agglomeration to make them more reactive, the GO-CeO,
hybrid configuration drastically enhances the reactivity of the ceria by
possibly mediating an electron transfer process between the GO sheet
and ceria.

3.4. Environmental application

The synthesis of graphene oxide ceria nanohybrid (GO-Ce0,) is a
simple and scalable process. The fluoride removal capacity of GO-CeO,
is comparable or better than commercially available adsorbents (SI,
Table S1). GO-CeO, is effective in a wide range of pH (4—10) (Fig. 3a)
and the inferences by coexisting ions are comparable to the commer-
cially available adsorbents (SI, Table S3). GO-CeO, can potentially be
used for point-of-use and community treatment units. Assuming 5
mg/L raw water fluoride and a 1.5 mg F~/L limit as per WHO guidelines,
we calculated the amount of GO-CeO, needed for a household treat-
ment unit (filter) to treat 30 L of water per family per day and compared
that with two conventional fluoride adsorbents (detailed calculations in
SI, Section S2.8, and Table S3). If the unit is run in near-neutral pH,
445 kg of GO-Ce0, will be needed per year, but the running unit with
adjusted raw water pH of 4 would reduce the amount to 2.38 kg per
year. Further, minimal desorption of the adsorbed fluoride from the
used GO-CeO-, (Fig. 3e) makes it even more attractive. Before any field
application, further studies are needed to optimize the material perfor-
mance under continuous flow conditions and with actual F~ contami-
nated groundwater. In addition, the leaching of metal (cerium) ions in
the effluent should be investigated before field applications.

4. Conclusions

This study has evaluated the performance of a GO-CeO, nanohybrid
for the fast capture of fluoride from water and investigated the mecha-
nisms involved. The GO-CeO, nanohybrid exhibited ultra-rapid kinetics
for fluoride removal by reaching the equilibrium within 1 min which is
at least 40 times faster than other ceria-based materials reported for
fluoride removal and at least 20 times faster than all other materials re-
ported including typical aluminum-based adsorbents. The adsorption
capacity of GO-CeO, was found to be 8.61 mg/g. The GO-CeO, exhibited
effective fluoride removal over a wide range of pH (4-10). This novel
material contains highly effective Ce*"-0?" in the lattice which plays
a major role in the fast capture of aqueous fluoride via ion exchange.
The GO sheet facilitated the fluoride removal process by serving as an
effective electron mediator to reduce Ce*™ to Ce**, and Ce>* continu-
ously adsorbed more fluoride to make an insoluble complex. Because
of its extremely rapid kinetics, the nanohybrid has the potential for
use in high throughput defluoridation systems. To the best of our
knowledge, this is the first time that fluoride removal by GO-CeO,
nanohybrid and the possible mechanisms involved are reported.
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