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Fluoride is a natural contaminant of water — that endangers many people worldwide when
present in concentrations higher than 2 ppm. Here, fluoride removal by four different nanos-
tructured colloidal particles (Si0O,@ZrO,"¢, SiO,@Zr0,¢, @ZrO,"¢, and @Zr0,) was measured
in batch systems within a period of 24 h. Surprisingly, these materials removed fluoride from
the water solutions and reached equilibrium in less than 10 min. The combination of high
specific surface and fast fluoride removal placed these materials among the top materials
currently known in fluoride removal. Also, the impact of element leaching was measured
and quantified. The influence of time, pH, and fluoride concentration on leaching of Zr and Si
was evaluated with a response surface methodology. Leaching of Zr and Si continued for sev-
eral hours and depended on first-order, quadratic and cross-product coefficients. Previous
studies of fluoride removal with zirconium oxide often assumed that a decrease in fluoride
concentration in the solution indicated that fluoride was bound to the surface of the oxide.
Zirconium oxide’s solubility in water is low, but not zero. Hence, Zr might have formed sol-
uble fluorocomplexes. This is the first report of fluoride removal with zirconium oxide that

studied the leaching of the solid to exclude the formation of soluble fluorocomplexes.
© 2021 SECV. Published by Elsevier Espana, S.L.U. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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RSM

Eliminacién rapida de fluoruro del agua utilizando nanoparticulas
nucleo@cascara y @cascara de Si0,@Zr0O, y @Zr0,. Investigacion de los
mecanismos involucrados e impacto de la lixiviacién elemental

RESUMEN

El fluoruro es un contaminante natural del agua, el cual pone en peligro a muchas per-
sonas en todo el mundo cuando estd presente en concentraciones superiores a 2 ppm.
Aqui, la eliminacién de fluoruro por cuatro particulas coloidales nanoestructuradas difer-
entes (Si0,@Zr0O,"¢, Si0,@Zr0,¢, @ZrO,"¢ y @Zr0,°) se midid en sistemas estancos en un
periodo de 24 h. Sorprendentemente, estos materiales eliminaron el fluoruro de las solu-
ciones acuosas y alcanzaron el equilibrio en menos de 10 minutos. La combinacién de una
superficie especifica alta y una rapida eliminacién de fluoruro colocé a estos materiales
entre los mejores actualmente conocidos en la eliminacién de fluoruro. Ademads, se midié
y cuantificé el impacto de la lixiviacién de elementos. La influencia del tiempo, el pH y la
concentracién de fluoruro en la lixiviacién de Zr y Si se evalué con una metodologia de
superficie de respuesta. La lixiviacién de Zr y Si continué durante varias horas y dependié
de coeficientes de primer orden, cuadraticos y de productos cruzados. Los estudios previos
de eliminacién de fluoruro con éxido de circonio a menudo asumian que una disminucién
en la concentracién de fluoruro en la solucién indicaba que el fluoruro estaba unido a la
superficie del 6xido. La solubilidad del éxido de circonio en agua es baja, pero no nula.
Por tanto, Zr podria haber formado complejos fluorados solubles. Este es el primer reporte
de eliminacién de fluoruro con 6xido de circonio que estudié la lixiviacién del sélido para
excluir la formacién de fluorocomplejos solubles.

© 2021 SECV. Publicado por Elsevier Espaiia, S.L.U. Este es un articulo Open Access bajo
la licencia CC BY-NC-ND (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Fluoride, a natural contaminant of water worldwide [1,2], is
toxic for humans in concentrations higher than 2 parts per
million (ppm) [3]. Therefore, several groups from the scientific
community focused their interest on fluoride removal from
water.

Zirconium-based materials emerged as promising candi-
dates to remove fluoride from water [4-7]. The strong affinity
between zirconium and fluoride is a critical driving force
behind these materials’ potentiality in fluoride removal. Syn-
thesis protocols for zirconium-based materials with high
specific-surface-areas (>100m? g~1) are available in the scien-
tific literature [8-10].

When researching fluoride removal, scientists indirectly
determined the amount of fluoride attached to the solid.
These indirect measurements consider that fluoride drops its
concentration in solution because it binds to the solid’s sur-
face. Some scientists considered this assumption valid for
a range of pH values from 3 to 10. For example, Dou et al.
[11] reported that hydrous zirconium oxides reached fluoride
removal capacities of 120mg/g at pH 3. At the same pH value,
Liao and Shi [12] reported that zirconium impregnated colla-
gen fibers reached fluoride removal capacities of 37 mg/g.

Assuming that fluoride can only change its concentration
because it binds to the solid may understate what happens
in the system. First, zirconium chemically reacts with flu-
oride forming soluble fluorocomplexes. Second, zirconium’s
solubility skyrockets when pH turns acid in the presence of
fluoride (hydrofluoric acid). Both facts suggest that fluoride

may chemically react with the zirconium-based material and
form soluble fluorocomplexes. Hence, fluoride may change its
concentration in solution because of other chemical reactions
that consume fluoride.

This work aims to preliminary assess the assumption that
supports the indirect method of fluoride quantification in
water. This work hypothesizes that silicon and zirconium
would leach from the solid during batch experiments, but sol-
uble fluorocomplexes would not significantly form. We will
test our hypothesis with four different types of nanostructured
particles of zirconium oxide in batch systems.

Materials and methods
Synthesis of nanostructured colloidal particles

A set of four different types of spherical colloidal particles
was prepared following a procedure described elsewhere
[8,10]: Si0,@Zr0O,"¢, Si0,@Zr0,¢, @Zr0O,™¢, and @ZrO,° (see
Fig. 1 for a more comprehensive description of synthesis
pathway and particle’s structure). In the first step of the syn-
thesis, monodisperse colloidal silica particles were formed.
In the second step, these silica spheres were individually
covered with a nanometer-thick, homogeneous layer form-
ing a core@shell architecture where both core and shell
were non-crystalline (symbolized SiO,@ZrO,"¢). From these
Si0,@ZrO,"¢ particles, two different pathways followed. First,
the silica core was selectively dissolved with aqueous NaOH
1N to form hollow, non-crystalline zirconium oxide spheres
(@Zr0O,"¢). Second, the shell crystallized upon been subjected
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Fig. 1 - Flow-chart of the synthesis of the four types of nanostructured colloidal particles used in this study: two types of
core@shell and two types of @shell (i.e., hollow) spheres. Silica is non-crystalline. The superscripts indicate whether the
zirconia shell is non-crystalline (nc) or crystalline (c). The four types of particles are the following: Si0,@Zr0O,"¢, Si0,@Zr0,°¢,

@Zr0O,"¢, and @Zr0O,°. .

to a thermal treatment but not the silica core forming a new
type of particles (SiO,@Zr0;). In the last step of the synthesis,
Si0,@Zr0,¢ particles treated with aqueous NaOH 1N convert
into hollow spheres of crystalline zirconium oxide (@ZrO;°).

Particle characterization

Field-emission scanning electron microscopy

Field-emission scanning electron microscopy (Hitachi-H7100,
Japan) was used to analyze the morphology (shape, size, and
size distribution) of nanostructured core@shell and @shell par-
ticles.

X-ray diffraction

X-ray diffraction (Diffractometer Philips PW 3710, Goniome-
ter Philips 3020, Cu K, radiation, 40kV, 35mA, range 20-40°
20, step 4s) was used to identify crystalline phases (or their
absence) in all four types of particles. Based on Powder
Diffraction Data Base version PDF-2 from International Centre
for Diffraction Data (ICDD), we assigned reflexes in diffrac-
tograms.

Light scattering

The particle sizes were measured using a laser diffraction
equipment Mastersizer S, Malvern He-Ne LASER, A =632.8 nm).
The different core@shell or @shell particles were dispersed in
water and measured.

Fluoride removal in batch experiments

The ability of all four types of nanostructured colloidal
particles to remove fluoride from the water was tested in
batch mode. 25.0 mL of NaF solution (10.00 ppm) was poured
into a polypropylene flask (25mlL, screw cap) containing
30mg of solid. Closed flasks were shaken mechanically for
0 to 1500min. Subsequently, the solid was separated from
the solution by centrifugation (6 min; 5000 rpm). Then, fluo-
ride concentration was determined spectrophotometrically

following a previously reported procedure [13]. Briefly, 5g of
the solution recovered from the batch system was mixed with
45g of MQ water, and 10.67 g of SPANDS-Zr solution into a
polypropylene flask (150 mL, screw cap). Blank measurements
were obtained with a solution of SPANDS in the HCI solution.
The UV-vis spectrometer (HP 8453, tungsten lamp) was
calibrated using a standard solution of fluoride (1.000 ppm,
Chem-Lab). Absorbance was measured at A=570nm.

Leaching test in batch mode (design of experiment)

A response surface methodology (RSM) [14] using a face-
centered central composite experimental design was used to
study the leaching process of elements from the nanostruc-
ture colloidal particles during the removal of fluoride. This
experimental design was performed by measuring dissolved
concentrations of Na, Si, and Zr, which compose the solid par-
ticles used in this study [8]. The influence on the leaching
process of three factors (time, pH, and initial F~ concentra-
tion ([F~];) at two levels each was investigated in the proposed
experimental design. The assessment ranges for those factors
were: time (0, 48 h), pH (4.5, 8.5), and initial fluoride concentra-
tion (2, 10 ppm). To estimate the experimental error, the design
included center points analysis in triplicate. Table 1 shows the
codification used for this experimental design.

Solutions for batch systems used in leaching experiments
were prepared with the following chemicals: High-purity
water with a resistivity of 18.2MQcm provided by a Milli-Q
water purification system (Millipore, Etobicoke, ON, Canada);
KOH (Fisher Scientific, Ottawa, ON, Canada) and HNO3 (Ana-
chemia Chemical, Montreal, QC, Canada) to adjust pH; KNO3
(Anachemia Chemical, Montreal, QC, Canada) to adjust ionic
strength; and KF (J.T. Baker Chemical Co., Phillipsburg, NJ, USA)
to set the fluoride concentration.

Moreover, batch mode samples were prepared by mixing
0.1mL of an aqueous suspension of the solid particles (ca.
1ppm) with 0.1mL of KNO3 0.1M and 4.8 mL of an aqueous
solution with the proper pH and fluoride ion concentration.
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Table 1 - Codification used in the experimental design using a face-centered central composite experimental design with

center points analysis.

Code Time (h) pH [F~]1 (ppm)
1 0 4.5 2
2 0 4.5 10
3 0 8.5 2
4 0 8.5 10
5 0 6.5 6
6 24 4.5 6
7 24 8.5 6
8 24 6.5 2
9 24 6.5 10
10 24 6.5 6
11 24 6.5 6
12 24 6.5 6
13 48 4.5 2
14 48 4.5 10
15 48 4.5 2
16 48 8.5 10
17 48 8.5 6

Upon mixing the constituents, some samples were immedi-
ately centrifuged (t =0) or shaken for a specified period of time
(t=24 or 48h) prior to centrifugation (4700 rpm, 30 min).

After centrifugation, dissolved concentrations of Na, Zr,
and Si were quantified using an ICP-MS/MS (Agilent 8800 ICP-
MS). Using this instrument, detection limits (LOD) based on Eq.
(1), where o and m represent the standard deviation of blanks
triplicates and the instrumental sensitivity for the analyte
of interest, respectively. LOD were calculated to be 3.8, 73.6,
and 0.3 pgL~! for Na, Si, and Zr, respectively. By computing
the measurements using the statistical software JMP 10 (SAS
Institute Inc., Cary, NC, USA), we obtained several indicators
such as least squares method, analysis of variance, factors and
quadratic graphical analysis as well as the response profiles.
Statistical significance for an alpha value of 0.05 was selected.

Lop= ¢ ()
m

Estimating the fluoride concentration required to form
hexafluorocomplexes

Both Zr and Si can form hexafluorocomplexes that are solu-
ble in water. Therefore, fluoride ions may chemically attack
particles during the batch mode experiment by entering the
coordination sphere of either Zr or Si and forming soluble fluo-
rocomplexes. Such a process is unwelcomed as the aim of the
removal process is to bind fluoride to the solid, nanostructured
particles.

Eq. (2), that relates the amount of fluoride removed from
the solution with the amount of Zr (or Si) dissolved, can help
understand whether such a process occurs. Derived from stoi-
chiometry (see SI), the proposed formula enables to determine
the percent of fluoride removed from the solution that could
be explained by the formation of soluble hexafluorocomplexes
with Zr (or Si):

600 - [Zr] - AWE

Fluoride% =
[F—] - AWz,

where [Zr] represents the Zr concentration measured in the
aqueous phase (in ppm), [F~] the fluoride concentration (in
ppm), AWr the atomic weight of fluoride, and AWz, the atomic
weight of Zr. To derive a similar formula that would estimate
the percent of fluoride involved in the formation of hexaflu-
orocomplexes of silicon, [Zr] and AWz, should be replaced by
[Si] and AWg;, respectively.

Changes in colloidal particles with fourier transformed
infrared spectroscopy

Before and after experiments performed in batch mode,
chemical groups in nanostructured colloidal particles were
analyzed by Fourier transformed infrared spectroscopy. Spec-
tra were recorded in transmission mode in the range of
4000-400 cm~! with a resolution of 2 cm~! using a Perkin Elmer
FTIR Spectrum 100 equipment. Pellets were prepared by homo-
geneously mixing 1mg of the material with 300mg of KBr.
The deconvolution of spectra was performed using Gaussian
curves by Origin program.

Results
Synthesis of core@shell and @shell particles

All four types of particles (SiO,@ZrO,"¢, SiO,@Zr0,¢, @ZrO,"<
and @Zr0,¢) were successfully synthesized. X-ray diffraction
confirmed the absence of crystalline peaksin SiO,@ZrO,"¢ and
@Zr0,"¢, but showed sharp reflexes associated with a crys-
talline tetragonal phase of ZrO; in SiO,@ZrO,¢ and @ZrO;¢
(01-079-1767) (diffractograms not shown). Field emission scan-
ning electron microscopy images of all four types of particles
highlighted the formation of spherical monodisperse particles
(Fig. 2). Additionally, light scattering experiments demon-
strated that all four types of nanostructured particles tend to
cluster when dispersed in an aqueous solution. These clus-
ters had a mean diameter ranging from 2 to 4 um depending
on the nature of the nanostructured particles. Besides, a small
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Fig. 2 - Scanning electron microscopic image representative of @ZrO," particles showing holes that shows hollow cores.
Inset: One magnified broken @shell particle that shows a hollow core and part of the ejected shell hanging on the right of

the opening (scale bar 500 nm).
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Fig. 3 - The concentration of fluoride (ppm) in the liquid
phase from the batch system formed by SiO,@ZrO,"¢ and
standard solution of fluoride (10 ppm) depicted as a
function of time (min). Inset: [F~] in the liquid phase (right
column) for the four types of materials (left column) at 24 h.
The horizontal dashed line represents the maximum
guideline value for fluoride in the water suggested by the
World Health Organization.

portion of @Zr0,° particles aggregated to form more massive
clusters with an average size of 15 and 20 um (Fig. S1).

Fluoride removal from water solutions

Fluoride concentration decreased in solution with all four
tested materials in less than 10 min. As a representative exam-
ple, Fig. 3 exposes the fluoride concentration in solution when
contacted with SiO,@ZrO,". In this experiment, fluoride con-
centration sharply decreased from 10 to 1.2 ppm in less than

10min and remained constant after that (24h). The other
three types of nanostructured colloids also exhibited similar
behaviors with final concentrations below 1.1 ppm (see insetin
Fig. 3). Summing up, all synthesized colloidal particles rapidly
decontaminated the water from its fluoride content, as the
final concentration in water was below the ca. 2 ppm threshold
recommended by the WHO [3].

Leaching of atoms from the solid into the solution followed
by ICP-MS

A detailed study showed that time, pH and fluoride con-
centration (all variables from the batch mode experiment)
influenced on the leaching of Na, Si, and Zr from the solid
to the solution. The experimental design determined that the
leaching process depended on time, pH, and fluoride con-
centration (first-order coefficients), those variables interacting
with themselves (quadratic coefficients), and the interaction of
two different variables (cross-product coefficients). Table 2 sum-
marizes the information obtained from these experiments.
Those variables that significantly influence (ANOVA, « =0.05)
the leaching of those elements carry a black dot.

Table 2 offers some crucial pieces of information. First,
leaching of Si and Zr continued from the dispersed colloidal
particles in most cases long after fluoride concentration equi-
librated (ca. 10min). Si and Zr concentrations significantly
changed with time in most cases. Also, their dependence on
quadratic coefficients and cross-product coefficients showed a
more complicated dependence of leaching with experimental
variables.

Second, @shell particle, but not core@shell particles,
leached Na. Leaching of Na from @hollow particles did not
significantly change with time (first-order coefficient). Still,
it did significantly depend on the interaction of time with
itself (quadratic coefficients) and with pH (cross-product coef-
ficient). As hollow spheres formed by dissolving the silica core
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Table 2 - First-order coefficients, quadratic coefficients, and cross-product coefficients of the quadratic RSM model that

showed a statistically significant influence (ANOVA, -=0.05) present a star (*) in the table. The measured values of

element concentration are available in Table S1 (supplementary information).

Solid Elements in solution First order coefficients Quadratic coefficients Cross-product coefficients
t pH C t*t pH*pH c*C t*C pH*C t*pH
SiOQ @21’02nC Na
Si L] L] L]
Zr . . .
Si0,@Zr0,¢ Na
Si 0 .
Zr L3 . () °
@ZrO,"¢ Na . .
Si L] L] L] L] L]
Zr
@21’02C Na .
Si . . .
Zr o . () o

in 1N NaOH solution, the observed behavior suggests that
some Na ions remained in hollow spheres despite the careful
washing of the particles with distilled water.

Third, only particles with a crystalline shell showed a sig-
nificant change in the amount of leached Zr with fluoride
concentration. Leaching of Zr did not significantly change in
particles with non-crystalline shells.

Leaching experiments showed that Si and Zr left the sur-
face and diffused into the bulk solution (see concentrations in
Table S1) long after fluoride concentration reached its equi-
librium value. However, the chemical nature of the soluble
species involving Si and Zr remained unclear. Those elements
could have been aquo-complexes but also fluoro-complexes
that formed after fluoride adsorption onto the surface.

Eq. (2) proved that the amount of dissolved zirconium
accounted for less than 1% of the fluoride removed from a solu-
tion in most cases (see Table 3). In only 4 out of 68 experiments,
the concentration of dissolved Zr could explain between 2%
and 7% of the fluoride removal process. Equation (2) assumes
the formation of hexafluorocomplexes of Zr (ZrFg%~). If fluo-
ride would react with zirconium to form soluble complexes
with less than 6 fluorides per Zr atom, then the amount of
fluoride removed from solution by formation of soluble fluo-
rocomplexes would be even lower.

Furthermore, Eq. (2) modified for Si proved that the amount
of dissolved Si did neither satisfactorily explain the removal of
fluoride from the solution as hexafluorocomplexes of silicon
(SiF¢%~). Under this assumption, the amount of Si in solution
would explain only partial removal of fluoride in about half of
the conditions tested, suggesting that a second removal mech-
anism would be necessary to explain the complete removal of
fluoride (Table 4). In the other half of the conditions tested
(Table 4), there was not enough fluoride to explain the total
silicon concentration in the solution. Again, another leaching
mechanism should occur to explain the total silicon concen-
tration measured. Thus, it seems unlikely that the fluoride
concentration in solution rapidly decreased because of the
formation of soluble silicon fluorocomplexes.

So far, by studying fluoride removal kinetic and element
leaching, we established a clearer picture of the process occur-
ring as fluoride was removed using core@shell or @shell

—— @4Zr0 2cr before NaF
—— @Zr02cr after NaF

Absorbance (a.u.)

1 1 1 1 1 1 1 L 1

400 800 1200 1800 ZOCO 2400 2S00 3IZ00 JIBOO 4000

Wavelenght (nm})

Fig. 4 - FTIR spectra of @ZrO,° before and after fluoride
absorption.

materials: fluoride ions diffused toward the material interface,
were adsorbed, and reached equilibrium in less than 10 min,
whereas element leaching continued long after fluoride con-
centrations had equilibrated.

FT-IR analyses were performed on the materials before and
after been subjected to leaching. The obtained results suggest
that fluoride bound to zirconium oxide displacing hydroxyl
groups. For @Zr0,™ and @Zr0,°, a band at 1360cm™! and a
doublet at 1570cm™! are visible. Those bands are associated
with bending vibration of Zr-OH groups and Zr-OH vibration,
respectively. Both bands sharply decrease after the nanos-
tructured particles were contacted with fluoride solution
(Fig. 4), confirming that fluoride replaced -OH groups [11,15].
In the case of Si0,@Zr0O,™¢ and Si0,@Zr0O,¢, the exchange of
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Table 3 - The maximal amount of fluoride (in %) that disappeared from the solution that could be explained if ZrFs2~

formed in a batch system for all four materials in all 17 experimental conditions tested for each material.

Sample X=
Si0,@ZrO,"¢ Si0,@Zr0,¢ @Zr0,°¢ @ZrO,"¢

X,1 1.49 0.10 0.56 0.61
X,2 0.28 0.08 0.16 0.15
X,3 3.11 0.03 0.62 0.61
X4 0.49 0.03 0.17 0.15
X,5 0.35 0.02 0.24 0.20
X,6 0.60 0.02 0.21 0.25
X,7 0.43 0.02 0.25 0.24
X,8 1.46 0.02 0.56 0.76
X,9 0.24 0.01 0.17 0.19
X,10 0.58 0.01 0.23 0.21
X,11 0.54 0.01 0.25 0.28
X,12 0.25 0.01 0.25 0.33
X,13 3.62 0.03 0.41 1.15
X,14 3.73 0.02 0.12 0.22
X,15 6.88 0.01 0.50 0.51
X,16 6.33 0.01 0.14 0.17
X,17 2.17 0.01 0.20 0.22

Table 4 - The maximal amount of fluoride (in %) that disappeared from the solution that could be explained if SiFs2~

formed in a batch system for all four materials in all 17 experimental conditions tested for each material.

Sample X=
Si0,@ZrO,"¢ Si0,@Zr0,¢ @Zr0,°¢ @ZrOy"¢

X,1 121 27 331 253
X,2 24 5 69 51
X,3 128 27 344 253
X,4 26 6 70 51
X,5 56 9 115 84
X,6 65 9 119 101
X,7 61 10 121 96
X,8 142 28 369 284
X,9 29 6 72 57
X,10 47 9 119 97
X,11 47 9 119 96
X,12 46 10 119 95
X,13 167 29 375 338
X,14 37 6 73 65
X,15 160 30 356 301
X,16 35 6 72 61
X,17 51 9 118 99

hydroxyl group by fluoride ions could not be observed as for
the proper bands (1000-1300 cm—1).

the materials reported in the literature, mesostructured zir-
conium phosphate was able to reduce 96% of the fluoride
concentration (10 ppm) in ca. 15min [16]. Carboxylated chi-
tosan beads loaded with Zr were able to reach equilibrium
in 40min [5]. Iron(Ill)-zirconium(IV) hybrid oxide particles
removed 90% of adsorbed fluoride (initial concentration range

Discussion and conclusion

We found that all nanostructured spheres (SiO,@ZrO,"c,
Si0,@Zr0,¢, @Zr0,"¢, and @Zr0,°) tested in our work reduced
fluoride concentration from 10 ppm down to non-toxic values
inless than 10 min. In all cases, fluoride bound to the solid par-
ticles without forming soluble fluorocomplexes. These results
manifest that these four types of colloidal architectures with
a shell of zirconium oxide are particularly interesting for flu-
oride removal.

The rapid extraction kinetics of the materials in this study
(equilibration time <10 min) place these materials among the
top materials currently known in fluoride removal. Among

5.0-25.0 ppm) in 45 min, though required more than 90 min to
reach equilibrium [17]. Nanosized hydrous zirconium oxide
within a polystyrene anion exchange resine exposed to flu-
oride solution (200-600 ppm) reached equilibrium within two
hours [6]. Finally, granular zirconium-iron oxide in contact
with fluoride solutions of 10 - 30 ppm equilibrated within 3h,
but then again, more than 10h were required when the ini-
tial concentration was 50-100 ppm [7]. Interestingly, though,
none of these studies considered leaching of elements nor
formation of soluble fluorocomplexes as parameters in their
investigations.
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The materials tested in this study have some additional
advantages regarding fluoride removal. First, they have a high
specific surface area (ca. 160-300m? g~1), as already shown
in previous works [8,18]. Since fluoride removal is assumed
to be a surface driven process, their higher specific surface
areas are a welcome feature. Second, because of their size (ca.
500nm), they can be more easily separated from water than
zirconium oxide nanoparticles having a similar specific sur-
face area. Third, colloidal particles with zirconium oxide are
generally less toxic than nanometer-sized particles, as already
highlighted in previous studies [18,19]. Finally, the rapid flu-
oride removal process makes these nanostructured colloids
outstanding candidates for experiments in continuous flow-
through conditions.

We found that fluoride bound to zirconium oxide while a
complex process occurred at the interface. Element leaching
(Na, Si, and Zr) continued long after fluoride concentration
stabilized in the batch systems. Though, leaching due to a
chemical attack of fluoride that produces soluble fluorocom-
plexes of either Zr or Si seemed unlikely.

These findings support the image of a somewhat more
complicated process taking place at the solid-liquid interface
than usually assumed. While fluoride binds to zirconium after
displacing hydroxyl groups, fluoride diffuses from the bulk of
the solution toward the surface of the particles during the first
10 min until the fluoride concentration equilibrates. Besides,
partial dissolution of the solid enables diffusion of Na, Si, and
Zr away from the solid to the solution. Si and Zr diffuse away
from the surface but not as fluorocomplexes.

This study tends to demonstrate a very critical point: when
studying the performance of solid aiming at removing pollu-
tants from water, scientists should consider element leaching.
One reason is that elements may leach because of a chemical
reaction occurring between the solid surface and the pollu-
tant. Another reason is that elements going from the solid
to the solution due to a partial dissolution may play a key
role in removing a pollutant. Without this consideration, the
whole picture that emerges in a study about the process at the
interface may be quite different from what occurs during the
pollutant removal process.

In summary, our findings show that a complex process
occured at the interfaces during fluoride removal. Fluoride
anions diffused toward the surface where they attached to
Zr, reaching equilibrium in less than 10min. Moreover, Na,
Si, and Zr leached from the surface in a process that contin-
ued at least several hours. Besides, this study suggests that
we should consider the leaching of elements when planning
experiments aiming at studying the removal of pollutants
from water, because leaching may trigger processes that inter-
fere and compete with pollutant removal.
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