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It is still a challenge to eliminate efficiently fluoride ion from groundwater, especially to design and syn-
thesis an adsorbent possessing high adsorption capacity, recyclability and wide pH application condi-
tions. Herein we present millimeter-sized sulfate-type zirconium alginate hydrogel beads with 3D net-
work structure (AHB@Zr-SO,4%~) that exhibited a maximum adsorption capacity of 101.3 mg/g with wide
pH applicability (pH 3-9). This material have ~2.5 times higher adsorption capacity than that of pure

Keywords: zirconium alginate hydrogel beads (AHB@Zr) and it was ascribed to ion exchange between SO42~ and F~
Fluoride ion on the surface of AHB@Zr-SO42~, which was verified via ion chromatography measurement coupled with
Zirconium alginate X-ray photoelectron spectroscopy (XPS) and Fourier Transform Infrared Spectrometer (FTIR Spectrometer)
Sulfate

analysis. Density functional theory (DFT) calculations indicated that the ion exchange process between
S04~ and F~ in AHB@Zr-S042~ was energetically favorable than OH- and F~ in AHB@Zr. In addition,
310 bed volumes (BV) of effluent was realized via column adsorption of groundwater containing fluoride

Adsorption capacity
Ion exchange

on AHB@Zr-S0,4%~ and indicated that it is a promising candidate for mitigating the problem of fluoride-

containing groundwater.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Fluoride pollution in groundwater is regarded as a global envi-
ronmental problem threatening human health. World Health Orga-
nization (WHO) standardized the fluoride concentration in drink-
ing water should not exceed 1.5 mg/L. To guarantee this standard,
various technologies, included co-precipitation [1], membrane sep-
aration [2], electrodialysis [3] and adsorption [4,5], are developed
to purify fluoride-containing water bodies. Adsorption was consid-
ered as the most promising method due to its low cost, easy opera-
tion, and high efficiency, especially at a low fluoride concentrations
[6].

Various adsorbents had been applied to remove fluoride in
aqueous solutions, such as zirconium oxide [7], aluminum oxide
[8], iron oxide [9], layered double hydroxides (LDHs) [10], and
metal-organic frameworks (MOFs) [11] etc. It should be noted that
Zr(IV)—based adsorbents, including zirconium oxide [12], hydrous
zirconium oxide [7], and Zr—MOFs [13] etc., were a kind of widely
popular remediation materials for fluoride. Zr(IV) featured a 4d°
configuration acted as Lewis acid, endowing its strong coordina-
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tion ability to fluoride by Lewis acids—bases interactions. How-
ever, most of zirconium-based adsorbents applied for fluoride re-
moval were in powder form (nanoscale or a few to dozens of mi-
crons), which were detrimental to solid-liquid separation, regener-
ation, and fixed-bed adsorption process [14-16]. Thus, millimeter-
scale supported adsorbents had been developed to solve the prob-
lems. Representative supports include activated carbon [17], ion
exchange resin [10], natural polymer [18] and so on. Whereas, in-
ternal channel of the supports were easily blocked after loading
the zirconium-based adsorbents, which impeded the liquid-solid
mass transfer process between fluoride ion and the interface of
adsorbent. In addition, due to the poor interaction between these
supports and the active components of adsorbent, there was a pos-
sibility that the inside adsorbent may fall off from the supports.
When sodium alginate sol was dropped into Zr*t ion solu-
tion, millimeter-sized hydrogel beads with 3D network structure
inside were fabricated via ion-crosslinking between Zr** ion and
monomer structure of 8-D mannuronic acid (G) in alginate [19,20].
The adsorbent prepared by this method was completely different
from the supported zirconium-based adsorbents mentioned above,
by which a single phase adsorbent of Zr*+ ion—crosslinked alginate
hydrogel beads (AHB@Zr) was produced. The removal of fluoride
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was realized via ion exchange of fluoride ion with hydroxyl group
on the zirconium site of AHB@Zr. AHB@Zr was expected to show
excellent fluoride removal performance, however, it was difficult
to be applied in actual water due to its low adsorption capacity
and narrow pH applicability. In order to enhance the ability of flu-
oride removal, recent studies have shown that sulfate anion could
serve as active group on adsorbents for the removal of fluoride ion.
For instance, Chai et al. reported that sulfate-doped Fe;04/Al,05
nanoparticles was a novel adsorbent to remove fluoride ion from
drinking water [21]. Jia et al. prepared sulfate-treated porous 2-line
ferrihydrite/bayerite composites (LFBC) [22] and Chen et al. syn-
thesised sulfate-doped hydroxyapatite [23], all of them improved
fluoride removal performance. Therefore, introducing sulfate group
into the AHB@Zr would be an effective method to improve the ad-
sorption performance of fluoride, unfortunately, this research has
not yet been reported.

In this work, sulfate group was anchored on the millimeter-
scale Zr** ijon-crosslinked alginate hydrogel beads (denoted as
AHB@Zr-S042~) via mild sol-gel process (Scheme 1). The effects
of pH, coexisting anions, adsorption kinetics, and initial concen-
trations on fluoride ion removal performance were studied. And,
the column adsorption and cycle performance experiments were
carried out to evaluate the potential for practical application. The
adsorption mechanism was discussed by X-ray photoelectron spec-
troscopy (XPS) and Fourier transform infrared (FTIR) spectrometer
analysis combined with ion chromatography measurement. In or-
der to understand the mechanism of adsorption at the molecular
level, adsorption energies were analyzed based on density func-
tional theory (DFT) calculations.

In order to determine the morphology and structure of the syn-
thesized sample, scanning electron microscope (SEM), FTIR Spec-
trometer and X-ray diffraction (XRD) were employed here. As could
be seen from Figs. S1a and b (Supporting information), their sur-
face possessed highly developed macropores that were conducive
to expose more active sites and mass transfer. In addition, the re-
sults of element mapping analysis indicated that the sulfur ele-
ment was successfully riveted on the AHB@Zr. The specifics ar-
eas and pore size of AHB@Zr and AHB@Zr-SO,2~ were tested by
N, adsorption-desorption isotherms. The results (Fig. S2 in Sup-
porting information) showed that both of them were type IV with
H3 type of hysteresis loop, indicating that the material possessed
mesoporous structure. The pore sizes of AHB@Zr and AHB@Zr-
S04%2~ were 3.76 nm and 2.86 nm, and the specific surface area
were 7.28 m?/g and 2.52 m?2/[g, respectively. The decrease of spe-
cific surface area of AHB@Zr-SO42~ may be due to the effect of the
ion-crosslinking between Zr*+ ion and monomer structure of 8-D
mannuronic acid (G) in alginate when introduction of sulfuric acid.
At the same time, we also compared the BET specific surface area
of the adsorbent synthesized at different zirconium ion concentra-
tions (Table S1 in Supporting information). We found that the spe-
cific surface area decreased when the zirconium ion concentration
exceeded 0.2 mol/L. This is because excessive hydrogen ions de-
stroyed the gel of zirconium alginate. This result is also consistent
with that the specific surface area of AHB@Zr-SO42~ is lower than
that of AHB@Zr.

The information of the functional groups on the surface of
AHB@Zr and AHB@Zr—S042~ were represented by FTIR spec-
troscopy. For two materials, absorption peaks at 3416 cm~! and
1077 cm~! were ascribed to the stretching vibration of hydroxyl
group (Fig. S1c in Supporting information), indicating the pres-
ence of adsorption water or crystallization water [24]. Strong
sharp peaks appeared at 1665 cm~! and 1412 cm~! were as-
signed to asymmetric stretching vibration and symmetric stretch-
ing vibration of carboxyl group, respectively. For AHB@Zr and
AHB@Zr—S0,42-, the movement from 1665 cm~! to 1654 cm™!
indicated that Zr** was cross-linked with carboxyl group of gu-
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luronic acid in alginate sodium. Meanwhile, strong peaks at 1125
cm~! and 1027 cm~! were assigned to the sulfate ion of AHB@Zr-
S042- [25], indicating that a coordination bond was formed be-
tween sulfate and zirconium sites in AHB@Zr-SO,42~. Interestingly,
the peak intensity increased with the increasing of the molar ra-
tion of S042~ to Zr** from 0:1 to 2:1, while the peak intensity de-
creased in the range of 2:1-4:1, which was probably because that
the excessive hydrogen ion destroyed the binding ability between
sulfate and zirconium sites. It could be found that the peaks of car-
boxyl group returned to the previous position. With the increase of
sulfate ion concentration, the peak intensity of carboxyl functional
group becomes weaker, because the excessive acid destroys the gel
structure of zirconium alginate. Besides, we could see from the re-
sults of XRD in Fig. S1d (Supporting information) that the material
was amorphous [26]. This was related to the aperiodic structure of
sodium alginate.

The mechanism of adsorbent synthesis was confirmed by XPS
analysis. Survey and high resolution XPS spectra of C 1s, Zr 3d
and O 1s were depicted in Fig. 1. The sodium ion on sodium al-
ginate (SA) disappeared because the zirconium ion replaced the
sodium ion of SA to achieve the crosslinking of zirconium ion with
carboxyl mentioned above. For AHB@Zr-SO42~, the appearance of
S 2p characteristic peak further confirmed the formation of co-
ordination bond of SO42~ with Zr** on the surface of AHB@Zr.
C 1s spectra of SA was convoluted into three peaks at 284.6 eV,
286.2 eV, and 288.1 eV (Fig. 1b), which were assigned to C-C,
C—0-C and 0-C=0, respectively [27]. Binding energy of O—C=0
in SA increased from 288.1 eV to 288.5 eV than that in AHB@Zr
[28], which was due to the shift of the electron cloud density af-
ter zirconium ion cross-linked with carboxyl group (Fig. 1c). Af-
ter being modified by SO42-, the binding energy of carboxyl group
was increased by 0.1 eV, suggesting that a coordination bond (Zr-
S042~) was formed (Fig. 1d). And O 1s spectra was convoluted into
three peaks at 530.5 eV, 531.9 eV and 533.0 eV, which assigned
to Zr-0, C=0, and C-O, respectively. Moreover, a new peak ap-
peared at 532.4 eV after modified by SO42~, which corresponded
to S—O. This could further confirm that sulfate was introduced into
the surface of AHB@Zr [16]. Fig. 1f shows that the binding energies
of Zr 3ds; and Zr 3d3), increased from 182.6 eV and 184.9 eV to
183.0 eV and 185.5 eV after being modified by SO4%~ [29], which
indicated that the electron cloud density on the Zr decreased after
the Zr**+ connected to SO42-.

In order to determine the best adsorbent, we optimized the
adsorbent gradually. Fourteen kinds of alginate hydrogel beads
(AHB@M) (M = Zr#+, A3+, Fe3t, La3t, Ce3+, Cr3+, Mn?t+, Sn*t,
Cu2*, Co%*, Ni%+, Zn2t, Ba?t, or Ca?t ion) were synthesized to
compare their defluorination ability. We could clearly see from
Figs. 2a and b that fluoride removal ability of AHB@Zr was much
higher than other AHB@Ms at pH 7 and 9. In order to further im-
prove the fluoride removal performance of AHB@Zr and broaden its
pH application range, we innovatively introduced sulfate into the
surface of zirconium alginate, and formed Zr-SO42~ on AHB@Zr-
S042-. At the same time, considering that whether other anions
(ClI7, NO3~ and H,P0O4~) would also improve the fluoride removal
performance of AHB@Zr, we replaced sulfuric acid with other acids
(HClI, HNO3, and H3PO,4) during the preparation process. The re-
sults (Fig. 2c) showed that other anionic surface-modified AHB@Zr
did not significantly improve the removal of fluoride ion compared
to the pure AHB@Zr. This further showed that the sulfate played a
unique role of active group in AHB@Zr, which may benefit from the
strong binding ability of sulfate and zirconium sites on AHB@Zr-
S042-. But Cl-, NO3~ and H,P0O,~ also increase the fluoride re-
moval performance, because there were still hydrochloric acid, ni-
tric acid and phosphoric acid on the surface of the adsorbent,
which are released during the adsorption process to promote the
adsorption performance. The adsorption capacity of AHB@Zr-S042~
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at different molar ratio of SO42~ to Zr** were shown in Fig. 2d.
The adsorption capacities of AHB@Zr-SO42~ increased with the in-
crease of the molar ratios of SO4%~ to Zr**+ from 0:1 to 2:1. This
result showed that sulfate does strengthen the adsorption capacity
of AHB@Zr. However, the adsorption capacity declined when the
molar ratio of SO42~ to Zr*+ exceeded 2:1. The excessive sulfuric
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acid destroyed the ion-crosslinking process, thus reduced the con-
tent of sulfate on AHB@Zr-SO42~, which can be confirmed by the
FTIR characterization. Based on this, we determined that the molar
ratio of SO4%~ to Zr*t in AHB@Zr-S042~ was 2:1.

The pH of solution was a very important factor that affecting
the species of ions and the surface charge of adsorbent, which de-
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termined the adsorption performance. Fig. S3a (Supporting infor-
mation) shows the adsorption capacities of the two adsorbents at
different pH (2.0-11.0). The adsorption capacity of AHB@Zr-SO4%~
was always higher than that of AHB@Zr. While when pH exceeded
9, the adsorption capacity dropped sharply, this was attributed to
the competition of excessive hydroxide ions in the solution with
fluoride ions. In order to verify the effect of surface charge on flu-
oride removal behavior of AHB@Zr and AHB@Zr-SO42~, we tested
the point of zero charge (pHp.c) of the two adsorbents. It was
observed that the pHp,c of AHB@Zr-SO42~ was 6.71, while the
pHpzc of AHB@Zr was 4.78 (Fig. S3b in Supporting information).
For AHB@Zr, the adsorption process was favorable when pH <
pHpzc [30], hydroxyl group on its surface was protonated with pos-
itive charge, thus the fluorine ion in solution could be adsorbed by
electrostatic attraction (Eqs. 1 and 2). In addition, hydroxyl group
on the surface of AHB@Zr would undergo an ion exchange pro-
cess with F~ (Eq. 3). For AHB@Zr-SO42~, the SO42~ on the its sur-
face would also undergo an ion-exchange process with F~ (Eq. 4).
However, when pH < 2, F~ existed in the form of HF which re-
duced the adsorption efficiency to some extent. In particular, the
Egs. 1-3 were susceptible to pH variation, while the Eq. 4 was un-
affected. This was why the pH applicability of AHB@Zr-SO42- was
broader than AHB@Zr. In actual fluoride-containing groundwater,
there were some co-existing anions (Cl~, S042~, NO3~, HCO3~ and
PO43~) that would compete with fluoride for adsorption sites. So
we investigated the effect of co-existing anions on fluoride adsorp-
tion performance and the results were shown in Fig. S4 (Support-
ing information).

AHB@Zr — OH + H* — AHB@Zr — OH; (1)

AHB@Zr — OHJ + F~ — AHB@Zr — OHj - - - F~ )
AHB@Zr — OH + F~ — AHB@Zr—F~ + OH~ (3)
AHB@Zr — SO3~ + 2F~ — AHB@Zr — 2F~ + S0%~ (4)

In order to explore the saturated adsorption amount and ad-
sorption characteristics, the adsorption isotherms of AHB@Zr and
AHB@Zr-SO42~ were conducted. The parameters fitted by Langmuir
[31] and Freundlich models were listed in Table S2 (Supporting
information). We could clearly see that the maximum adsorption
capacity of AHB@Zr was ~40 mg/g, which was much higher than
previously reported porous zirconium alginate adsorbents [32]. The
improvement of adsorption performance might be attributed to the
enhanced interfacial mass transfer by confined water in the pore
channels of AHB@Zr. We further introduced sulfate on AHB@Zr,
and as expected, the adsorption capacity of AHB@Zr improved
greatly (Fig. S5 in Supporting information). The adsorption capac-
ity of AHB@Zr-SO42~ (101.3 mg/g) was ~2.5 times that of AHB@Zr,
which were better than most previously reported adsorbents (Table
S3 in Supporting information). More importantly, unlike frequently
reported powder adsorbents, AHB@Zr-SO42~ was a millimeter level
in appearance, which not only facilitated solid-liquid separation
but also could be used in fixed bed adsorption. Temperature could
affect the interface adsorption-desorption process and promote or
inhibit the removal performance of F~. While we found that when
the reaction temperatures were (25 °C, 35 °C and 45 °C), it had
no effect on the adsorption of F~. In actual application process,
the kinetics of F~ removal were important for selecting the opti-
mum operating conditions. As shown in Fig. S6 (Supporting infor-
mation), only after 4 h, both adsorbents reached equilibrium. At
the same time, we performed a fitting analysis on the adsorption
kinetics. It could see that the R? value of the pseudo-second-order
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model was higher than the pseudo-first-order kinetic model, indi-
cating a chemical adsorption process, and the fitting parameters
were showed in Table S4 (Supporting information).

We used AHB@Zr and AHB@Zr-SO42~ to conduct fixed

bed operation tests respectively in simulated ground-
water containing F-. The information of groundwa-
ter was as follows: pH 8.0-83, F: 41 mg/L, Cl:
746 mglL, S042~: 672 mg/L, HCO3;~: 201 mg/L, NO3~:

16.7 mg/L, total P: 0.11 mg/L. As shown in Fig. 3a, the pro-
cessing capacity of AHB@Zr-SO42~ was 310 bed volumes (BV),
which was far more than AHB@Zr (~15 BV). In addition, we tested
the CI-, SO42~, HCO3~, NO3~, total P concentrations in the solu-
tion when the adsorbent reached the adsorption saturation state,
and the results are listed in Table S5 (Supporting information).
We can find that the concentration of CI~ and NOs;~ basically did
not change, but the concentrations of total P and HCO5;~ reduced
significantly. This result is also consistent with the results of the
competitive ion experiment in the static adsorption experiment.
The increase in SO42~ concentration is due to ion exchange
between the adsorbent and fluoride ion. For a batch adsorption
process, the optimal dosage could not only ensure the effective
removal of fluoride, but also reduced the cost of adsorbent. So
we investigated the effect of AHB@Zr-SO4%~ (0.1-0.8 g/L) dosages
on fluoride removal performance and the results were showed in
Fig. 3b. It could see that an increase of AHB@Zr-SO42~ dosages
from 0.1 g/L to 0.8 g/L had positive effect on fluoride removal and
the removal rate increased from 45.29% to 97.21%, this could be
attributed to the increase of adsorption sites. And it could meet
WHO drinking water standard (below 1.5 mg/L) when AHB@Zr-
S042~ dosage reached above 0.53 g/L (C; = 30 mg/L) . Moreover
we used AHB@Zr-SO42~ to treat the actual fluorine-containing
surface water in western China (pH 9, C; = 15.83 mg/L), the
results were shown in Fig. S7 (Supporting information). When the
dose of the adsorbent was greater than 0.65 g/L, the fluoride ion
concentration in the actual fluoride-containing surface water could
be reduced to below 1.0 mg/L. Furthermore, column adsorption
experiment was conducted on this actual fluoride-containing sur-
face water. As shown in Fig. S7, AHB@Zr-SO4%~ column was able
to generate less than ~26 BV of purified water ([F] < 1.0 mg/L)
from F~ contaminated water successively.

The reusability of the adsorbent was an important aspect to
evaluate its potential in practical application. As shown in Fig. 3c,
only NaOH was used for desorption, the adsorption performance
was only 20% of the fresh adsorbent. This was due to the consump-
tion of sulfate ion during adsorption process but no supplemen-
tation. So we used sodium sulfate solution to regenerate the ad-
sorbent after being desorbed with sodium hydroxide. Furthermore,
the pH of sodium sulfate solution had significant effect on the
defluoridation performance of the regenerated adsorbent. When
sodium sulfate was in acidic environment, it was beneficial to the
regeneration of adsorbent, this might be attributed to the coordi-
nation of SO42~ with Zr*+ under acidic conditions, and the results
were consistent with the preparation process of S042~ modified
AHB@Zr. The adsorption performance of the regenerated adsorbent
by sodium sulfate solution (pH 3) could reach 95% of the fresh ad-
sorbent, and after five cycles of desorption-regeneration, the de-
fluorination performance of adsorbent still maintained above 80%,
this meant that the adsorbent had good reproducibility (Fig. 3d).

The adsorption mechanism of AHB@Zr-SO42~ was studied by
using FTIR analysis. The FTIR spectrum of AHB@Zr-SO42~ adsorbed
by different concentrations of fluoride (25 mg/L, 50 mg/L, 75 mg|/L,
100 mg/L) and the results were showed in Fig. 4a. As the concen-
tration of F~ increased, the peak intensity gradually disappeared,
indicating that the adsorption mechanism was ion exchange be-
tween SO42~ and F~. At the same time, we also monitored the
concentration of F~ and SO42~ in the solution during adsorption
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process, and the results were showed in Fig. 4b. We found that the
concentration of F~ decreased with increasing the concentration of
S042~. After reaching adsorption equilibrium, the molar concentra-
tion ratio of adsorbed F~ and released SO42~ was about 2:1, which
could effectively prove that the removal mechanism was ion ex-
change between SO42~ and F~.

XPS analysis was used to study the defluorination mechanism
of AHB@Zr-SO42~. As shown in Figs. 4c-e. After AHB@Zr-SO42~
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adsorbed F~, F 1s spectrum appeared and S 2p spectrum disap-
peared, indicating the adsorption mechanism was ion exchange be-
tween SO42~ and F~. After fluoride adsorption, the binding energy
of Zr 3d did not change significantly, which meant that the elec-
tron cloud density around Zr had no significantly change when F~
replaced SO42~. The defluoridation mechanism of AHB@Zr was fur-
ther confirmed by XPS analysis. Fig. S8 (Supporting information)
showed O 1s spectra was convoluted into three peaks at 530.7 eV,
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532.2 eV, and 533.3 eV, which assigned to Zr-0, Zr—OH and C-0,
respectively. After AHB@Zr adsorbed F~, the peak area of Zr—OH
decreased by 11.9% (Fig. S8), which proved that the adsorption
mechanism is ion exchange between the hydroxyl on the zirco-
nium site and fluoride ions. As shown in Fig. S9 (Supporting infor-
mation) there was no obvious change in the structure of AHB@Zr-
S042~ before and after adsorption, indicating that AHB@Zr-SO42~
had good stability. Moreover, it could see from the energy disper-
sive X-Ray spectroscopy (EDS) spectrum that sulfur element dis-
appeared basically after the adsorption of F~ by AHB@Zr-SO,%-,
which again proved that the defluorination mechanism was ion ex-
change.

Density functional theory (DFT) calculations were conducted to
study the reason why F~ removal performance of AHB@Zr-SO42~
was better than AHB@Zr and to study the energy changes before
and after adsorption at molecular level. The results of DFT calcu-
lations displayed that the binding energy of AHB@Zr during F~ re-
moval process was —1.09 eV, the negative value meant that the
process of F~ removal by AHB@Zr was thermodynamically feasi-
ble. F~ attacked the chemical bond between zirconium and hy-
droxyl group (i.e., Zr—OH) and further to form a stronger zirconium
fluoride bond (Zr—F). The binding energy of AHB@Zr-SO,%~ dur-
ing F~ removal process was —3.80 eV, it was more negative than
the binding energy value of AHB@Zr, which meant a more ther-
modynamically feasible process (Fig. S10 in Supporting informa-
tion). Therefore, F~ was easier to exchange with SO42~ on AHB@Zr-
S04%~than AHB@Zr.

In this work, AHB@Zr—S042~ was fabricated via introducing
sulfate groups to zirconium sites on the surface of AHB@Zr to re-
alize 3D porous structure with abundant macropores and meso-
pores. Thus, its stable defluorination ability in the wide pH range
of 3-9 was better than that of AHB@Zr, which was due to the dif-
ference of adsorption energy between AHB@Zr-SO42~ and AHB@Zr
(—=3.18 eV vs. —1.09 eV). The maximum adsorption capacity of
AHB@Zr-SO4%~ was up to 101.3 mg/g, this was significantly bet-
ter than other millimeter-scale and some nano-scale adsorbents.
More importantly, the exhausted adsorbent could be used via
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desorbtion—regeneration to realize reuse. After 5 cycles, the ad-
sorption capacity could be maintained above 80%. By means of
characterization analysis and DFT calculation, we proved the mech-
anism of fluoride removal was ion exchange between F~ and
S0,42~. This provided a new strategy for the preparation of low-
cost and high-capacity bio-based adsorbents.
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