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Abstract—Excessive fluoride in groundwater is becoming a worldwide environmental problem increasing the risk of
fluorosis. In this study, an eco-friendly new defluorination resin (AI-CPCM) was synthesized by a modified emulsion
method. The skeleton of the resin is cross-linked N-methylene phosphonic chitosan and the incorporated Al(III) is the
binding site of fluoride. The batch experiments conducted using pure synthetic sodium fluoride solutions showed that
Al-CPCM exhibited a fast fluoride removal within 30 min, maintained stability from pH 3-10. Effect of presence of
other anions was studied by adding one extra anion at a time and it was observed that presence of phosphate and car-
bonate ions significantly degraded the adsorption capacity of the resin. The maximum adsorption capacity was
15.067 mg/g at 30 °C and the adsorption behavior was well-fitted with the pseudo-second-order kinetic model and Hill
isotherm model. The results of in-situ flow ATR-FTIR and thermodynamics studies show that the fluoride adsorption
dominantly implemented by ion exchange with surface hydroxyl of chelated AI** in the resin. In addition, the adsorp-
tion capacity only decreased by 5.5% after six successive sorption/desorption cycles, indicating a better regeneration
efficiency among other defluorinated resins. Finally, a column experiment was performed using ground water and, in
this case, it is observed that the adsorption capacity of the resin was much lower and the decrease in adsorption capac-
ity after elution/regeneration is was larger (both mainly due to the presence of alternate anions/cations in the feed solu-
tion). More elaborate column experiments with real-life groundwater samples are required to assess the suitability of
the proposed resin for use as a commercial adsorbent.
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INTRODUCTION

Fluorine pollution in groundwater has gradually become a com-
mon crisis in recent years for groundwater used as drinking water.
The excessive fluorine is from the dissolution of fluorine-contain-
ing minerals and industrial production. In some areas of the world,
the fluoride content in groundwater has been found to exceed the
1.5mg/L allowable limit set by the WHO and BIS several times
[1-3]. Long-term intake of high levels of fluoride will greatly in-
crease the risk of fluorosis [4-6], causing damage to teeth and bones.
Thus, this higher concentration of fluoride needs as a contaminant
to be removed in time.

Special fluorine removal resin is an effective defluorination tech-
nology to separate excess fluoride in water, which is generally made
of cationic chelating resins by chelating polyvalent metal ions on
themselves [7,8]. The principle of fluorine removal using resin is
based on the hard-soft-acid-base (SHAB) theory, which shows that
the strongly hydrated fluoride anions easily combine with the harder
polyvalent metal ions, such as AI(IIT), Fe(IIT), La(III), Ce(IV), Ti(IV)
and Zr(IV). Among these, Al(IIT) has become the first choice for
resin loading due to its comprehensive advantages in performance
and cost [9].
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In addition to the loaded metals, defluorination performance of
the resin is also related to the chelating group. At present, sulfon-
ated monophosphonic acid group, iminodiacetic acid group and
methyl phosphonic acid group are most commonly used in com-
mercial resins [9-11]. The resins are prepared by grafting these func-
tional chains on the polymer framework, such as the most widely
used polyacrylic acid and polystyrene [12-14]. These common poly-
mers have good chemical stability, ensuring a sufficient strength
for resin. But in fact most of them are non-degradable in the natu-
ral environment, and their synthesis from monomers is not envi-
ronmentally friendly either [15,16].

As a kind of biomass extracted from shells, chitosan is non-toxic,
biodegradable and easily available. The resin cross-linked or polym-
erized with chitosan as the monomer not only exhibits excellent
physical and chemical properties, but also can overcome those com-
plications of common polymers [17,18]. Due to the amino and
hydroxyl groups in the structure of chitosan, the polyvalent metal
ions can be directly chelated on the cross-linked chitosan and then
can be used as a fluorine removal resin [19,20]. However, inhib-
ited by the steric hindrance of the glycoside ring, its amount of
metal loaded is inferior to most commercial resins, unless more
chelating groups are grafted [21]. Actually, it is feasible to graft
other side chains with the amino group on chitosan through Schiff
base reaction [22]. Thus in this study; a cross-linked N-methylene
phosphonic chitosan microspheres was synthesized and chelated
with AI(III) to be a new fluorine removal resin. The removal per-
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formance and mechanism of the resin were investigated and dis-
cussed. And to the best of our knowledge, such research has not
been reported yet.

MATERIALS AND METHODS

1. Materials

Chitosan powder, with a degree of deacetylation of 85% and
average molecular weight of 48,000 g/mol, liquid paraffin, ethyl ace-
tate and Tween 80 were from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China). Epichlorohydrin, dimethyl phosphate and
petroleum ether were supplied by Macklin Biochemical Co., Ltd
(Shanghai, China). Formaldehyde solution (36.8-38%) was pur-
chased from Sigma-Aldrich Chemical Inc. (Saint Louis, USA). The
total ionic strength regulator for fluoride electrode method (TISAB
IT) was by Thermo Scientific (Waltham, USA). Other reagents used
in this study, including AL(SO,);-18H,0, NaOH, HCl, NaCl and
NaF were obtained from Sinopharm Chemical Reagent. And all
the chemicals were analytical or higher grade and utilized directly
without further purification.
2. Synthesis of the CPCM and Al-CPCM

The synthesis scheme of Al-CPCM is displayed in Fig. 1. About
5g of the chitosan was dissolved in 90 mL of 1% acetic acid (v/v)
solution. Then 10 mL of 3 mol/L dimethyl phosphate was added
to it with stirring. Almost an hour later at room temperature, this
solution was heated to 70 °C and kept for 30 min after being added
dropwise with 5 mL of formaldehyde solution. Then, stirring was
continued followed by addition of 150 mL of liquid paraffin, 10
mL of ethyl acetate and 4 mL of Tween 80 to ensure emulsification
and pore formation. After 20 min, the crosslinking agent epichlo-
rohydrin (5mL) was injected into the resultant dispersion and its
alkalinity was adjusted to pH 10 drop by drop with 1 mol/L sodium
hydroxide through a burette 30 min later. The shaped resin beads
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Fig. 1. The synthesis scheme of AI-CPCM resins.
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dimethyl phosphate

epichlorohydrin

could be obtained 2 hours later after separated and washed with
petroleum ether and DI water alternately. This was the cross-linked
N-methylene phosphonic chitosan microspheres, labeled as CPCM.
Analogously, the beads synthesized by the same process except
replacing the dimethyl phosphate with DI water were the cross-
linked chitosan microspheres, labeled as CCM. The aluminum che-
lated cross-linked N-methylene phosphonic chitosan microspheres
(Al-CPCM) were obtained by impregnation of saturated AL(SO,);
solution from CPCM. The changes of molecular structure during
the synthesis process of AI-CPCM resins are described in Fig. 2.
3. Characterization

The swelling of those microspheres was verified according to
the method reported by Singh et al. [23]. About 0.1 g of the resins
was weighed after being dried at 70 °C for 12 h, and the value was
recorded as W,. After that, the resins were swollen in DI water for
3 h following and then separated and blotted by filter paper to re-
move the surface water. At this time, the resin was weighed again
and its weight was recorded as W,. Thus, the swelling characteris-
tics, equilibrium swelling ratio (E,) and equilibrium water content
(E,,.) could be calculated through Eq. (1) and Eq. (2):

W,-W,
O (1)
Wd
W.-W
Bue= =S @

The size and surface morphology of the microspheres were ob-
served by field-emission scanning electron microscopy (FE-SEM,
Quanta 450, FEI, USA). And the surface elements were analyzed
through the energy-dispersive X-ray (EDS) spectroscopy, an acces-
sory of SEM. The crystalline information was analyzed by X-ray
diffraction (XRD) using a X-ray diffractometer (XPert PRO, PANa-
lytical, Netherlands) with Cu Ke radiation at 40 kV/40 mA, scan-
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Fig. 2. The changes of molecular structure during the synthesis process of AI-CPCM resins.

ning angle 26 from 10° to 80°. The BET surface area and pore
structure were characterized by N, adsorption at —196 °C, supported
by an automated gas ad-desorption system (AutosorbiQ-C, Quan-
tachrome Instruments, USA). The thermostability was obtained
by a thermogravimetric analyzer (SDTQ600, TA instruments, USA)
with a heating rate of 10 °C/min under 100 mL/min nitrogen flow,
from room temperature to 500 °C.

ATR-FTIR and in situ flow-cell ATR-FTIR spectroscopy (Nico-
let iS50, Thermo Scientific, USA) were used to investigate the sur-
face chemical composition and the change of complexation during
adsorption. The in situ flow-cell ATR-FTIR was conducted in a sin-
gle crystal germanium flow cell. A solution containing 2 mg/L of
fluoride, which was adjusted to pH 7, was pumped through it by a
chromatography pump, with the spectrum recorded every interval.
4. Batch Experiments

The batch adsorption experiments of F~ were conducted to inves-
tigate the effect on capacity, including initial pH, adsorbent dosage
and co-existing anions, and obtain the process parameters of kinet-
ics and thermodynamics to establish the mechanism. Typically;, a
certain volume of fluoride stock solution was added to a 50 mL
centrifuge tube, and the stock solution was 500 mg-F/L prepared
by the dissolution of sodium fluoride in DI water. After that, some
granular adsorbents were weighted into it and then the tube was
placed in a shaker with a temperature controlled incubator at 220
rpm for full contact. At every sampling time, 0.5 mL of solution was
drawn with a syringe, filtered through a 0.22 um filter and mixed

with the same volume of ionic strength modifier so that the con-
centration could be recorded by fluoride selective electrode (Alpha,
Thermo Scientific, USA). All experiments were performed in trip-
licate, and 0.04 M NaCl was added as background in all experi-
ments except for that of co-existent anions.

4-1. Effect of pH, Adsorbent Dosage and Coexisting Anions

The effect of pH on the fluoride ion adsorption of resins was
investigated in the range of pH 2 to 12. The experiments were car-
ried out by adding 0.12 g of wet resins into a centrifuge tube con-
taining 40 mL fluoride solution with the concentration of 20 mg/L,
at 20°C, for a contact time of 24 h. Before reaction, the initial pH
of the solutions was adjusted by 0.01 or 0.1 M HCl or NaOH. How-
ever, the initial pH in experiment of adsorbent dosage was fixed at
7, but the weight of resins added varied from the solid-liquid ratio
of 02 g/L to 10 g/L. After 24 hours, the residual fluorine concen-
tration was recorded as well as the leaching aluminum, detected
by ICP-OES (Optima 8000, PerkinElmer, USA).

The experiments of coexisting anions were performed by intro-
ducing the sodium salt of the corresponding anion. They were
prepared to stock solutions of 2 g/L and injected into the reaction
system before the adsorbent was added. The molar concentration
of each coexisting ions was set to be equal, 5 times and 20 times to
that of fluoride ions.

4-2. Kinetics

The adsorption kinetics was investigated in an Erlenmeyer flask

containing 200 mL of fluoride solution. The concentration of fluo-
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ride was 20 mg/L and the dosage of the wet resins was 0.6 g. The
interval of time for sampling increased from 10 to 360 min. The
kinetic results were analyzed by three common kinetic models:
pseudo-first-order (PFO), pseudo-second order (PSO) and Elovich
kinetic model. The three kinetic equations tried are those given
below as integrated forms [24]:

Q=Q,(1-¢ 3)
Qi

Q= m (4)

Q= éln(a'ﬁ- 0 5)

where Q, is the adsorption capacity of fluoride ions from initial to
time t (mg/g); Q, is the equilibrium adsorption capacity (mg/g); k,
and k, are the rate constants of PFO (min") and PSO (g/(mg-
min)) kinetic model, respectively; « is the initial adsorption rate
(mg/(g-min)) and Sis the desorption constant (g/mg).
4-3. Isotherms and Thermodynamics Analysis

The equilibrium adsorption experiment was performed at fixed
solid-liquid ratio of 3 g/L and initial pH of 7, while with variable
initial concentration of F from 2.5 mg/L to 250 mg/L and differ-
ent temperatures of 20 °C, 30 °C and 40 °C. Residual fluoride ions
were detected after 24 h and the results were fitted to three isotherm
models: Langmuir, Freundlich and Hill. The non-linear forms of
them are shown in Eq. (6), Eq. (7) and Eq. (8), respectively:

_ quLCe
%=1k,C, ©
1
q,=k:C;’ ?)
nCe
q,= ®)
K,+C,"

where the g, is the maximum theoretical adsorption capacity on a
monolayer surface (mg/g); k; is Langmuir constant (L/mg), which
reflects the energy of adsorption; k; is Freundlich constant, related
to the amount of the fluoride ions on per gram of beads at the equi-
librium concentration (mg'~"-L"".g™"); n refers to the strength of
the adsorption process and the distribution of active sites on the
surface heterogeneity; k;; is the Hill constant (mg/L), and ny; is the
Hill cooperativity coefficient, which is a sign that reflects whether
there is mutual influence between active sites, if ny=1, there is no
mutual interference, if n;>1, positive cooperativity, and negative
cooperativity when ny<1 [25].

The thermodynamics analysis was applied based on the data of
isotherms. In the equilibrium process, Gibbs free energy AG’ (J/mol)
could be calculated in each concentration as shown in Eq. (9):

AG’=~RTIn[ C:) ©)
where R is the universal gas constant (8.314 J/mol-K '); T is the tem-
perature (K); pis the dried density of adsorbent; and q, and C, are
the same as in the isotherm.

The enthalpy change (AH’, J/mol) and entropy change (AS’, J/
mol-K™') in adsorption could be regressed by van't Hoff equation
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(Eq. (10)):

Rln(?j =AS’ - ATH (10)
4-4. Desorption and Reusability

Reusability of the Al-CPCM resins was evaluated by six rounds
of adsorption/desorption cycles. The condition of the adsorption
experiment was the same as that of the kinetic experiment. Each
round of adsorption lasted for 24 h followed by desorption after the
fluorine adsorption capacity was recorded. For desorption experi-
ment, the used 2 g of beads were separated and soaked in 20 ml of
100 g/L AL(SO,); solution for 6 h, and then washed with DI water
until the eluate was neutral for tge next round. Before this, the
concentration of AIF; in the AL(SO,); solution was measured by
the electrode and recorded [26].

5. Column Experiments

The column experiments were performed in a @16x100 mm
class tube with an inner diameter of approximately 12 mm. A vol-
ume of 10 mL of AI-CPCM resins was filled into it. The height of
the resin bed was 89 mm with an approximate voidage of 0.46. The
groundwater sample was pumped to flow through the column at
different empty bed contact times (EBCTs) of 2.5min (24 BV/h),
5min (12BV/h) and 10 min (6 BV/h). The groundwater sample
was taken from a tube well in Yingjing County, Sichuan Province,
PRC, and its detailed parameters are presented in Table S1. The
pH of the effluent and the concentration of F~ and A’ in it were
monitored during the whole process.

The regeneration of the column was completed by pumping 30
mL of high-concentration aluminum sulfate solution (100 g/L of
AlL(SO,)5-18H,0) cyclically for 3 h with a flow a rate of 30 BV/h at
room temperature. The AIF;  in the elution was detected every 10
min. Then 60 mL of fluorine-free water was pumped to wash for
next adsorption.

The breakthrough data of column experiments were fitted by the
Dose-Response model. This is an empirical model without any
assumptions about fundamental uptake behavior and can provide
the best description of fluoride breakthrough, as shown in Egs.
(11) and (12):

C£:1_ 1 - (11)
in ‘Qf)
(3
bCin
Q0= m (12)

where C is the current concentration of effluent (mg/L); C,, is the
concentration of inlet solution (mg/L); v, is the volume of solu-
tion discharged out of the column (L); a and b are model con-
stants; q is the theoretical dynamic maximum adsorption capacity
of resin (mg/g); and the m is the dry mass of resin (g).

RESULTS AND DISCUSSION
1. Synthesis and Characterization of the AI-CPCM Resins

1-1. Synthesis
As shown in Fig. 2, when formaldehyde and dimethyl phosphate
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were added to the chitosan solution, the amino groups on chitosan
formed Schift bases-NHCHO with formaldehyde [22,27], which
thus provided a dehydration grafting site for dimethyl phosphate,
generating N-methylene phosphonic esterified chitosan (P1) [28].
In the structure of this intermediate, except for the hydroxyl groups
on chitosan, there were no other sites that reacted with the cross-
linking agent, epichlorohydrin [29]. Therefore, the P2 was obtained
through the cross-linking reaction in the emulsion. As the alkalin-
ity of the mixture increased, cross-linked polymers became hard-
ened and the phosphonic esters hydrolyzed to P3 [30]. This ob-
tained product was cross-linked N-methylene phosphonic chitosan
microspheres (CPCM). And it has ability to chelate polyvalent metal
like other amino-methyl phosphonic resins. Thus, the AI-CPCM
resins (P5) were obtained by complexing CPCM with A",

The whole synthesis process would was further illustrated based
on followed characterizations. For comparison, cross-linked chi-
tosan (CCM, P5) was also synthesized, and formaldehyde was also
needed to avoid the reaction between amino group and epichloro-
hydrin [31], to obtain the same polymer structure as CPCM.

1-2. Swelling Characteristics

The equilibrium swelling ratio and equilibrium water content of
CCM, CPCM and Al-CPCM calculated from Eq. (1) and Eq. (2)
are given in Table 1. It was shown that these polymer microspheres
all showed good swelling characteristics with high water content.
The E, and E,, values of CPCM sample increased considerably
compared with CCM, but they both dropped significantly after
being complexed with AI**. This was related to the change in hy-
drophilicity caused by the introduction and conversion of phos-
phonic groups [32,33].
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Table 1. The swelling behavior of CCM, CPCM and Al-CPCM

. Equilibrium swelling Equilibrium water
Resin .
ratio (%) content (%)
CCM 42.85 30.28
CPCM 2574 72.33
Al-CPCM 20.51 17.21

1-3. Morphology and BET Analysis

The SEM image of pre- and post-adsorbed Al-CPCM micro-
spheres is shown in Fig. 3(a) and (b). It is shown that the polymer
beads synthesized in the emulsion are a regular spherical shape with
all particle sizes less than 1 mm. For a more micro scale below 1 pum,
the rough surface of the resin with rich pore structure can be ob-
served. And no obvious difference was found in morphology of
the two microspheres samples before and after adsorption. Besides,
the EDS analysis results of them are given in Fig. 3(c) and (d), respec-
tively. The weight percentage of 8.21% of aluminum in pre-adsorbed
sample revealed its effective complexation with CPCM, which was
close to the value of 829% calculated from TGA curves of Al-
CPCM and CPCM (Fig. S1). Besides, the significant appearance of
fluorine content in post-adsorbed sample donated the successtul
fluoride adsorption by Al-CPCM.

Fig. S2 shows the results of BET N, adsorption-desorption char-
acterization for CPCM and Al-CPCM. The adsorption-desorp-
tion curves of both two samples presented type IV isotherm with
an H2 hysteresis loop, which suggests the disordered pore struc-
ture and the various pore types [34,35], including macro-, meso-,
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Fig. 3. The SEM images and EDS analyzation of pre- and post-adsorbed Al-CPCM.
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Fig. 4. The FTIR spectra of CCM, CPCM and Al-CPCM.

and micropores. The BET specific surface area (Sgz), pore volume
and average pore diameter of CPCM resin was 15.07 m’/g, 0.23
cm’/g and 58.67 nm, respectively. However, compared with CPCM,
Al-CPCM had a larger Sy of 36.74 m*/g but a smaller pore vol-
ume and size decrease of 0.18 cm’/g and 19.39 nm, respectively. This
might be attributed to the complexation of AI'* between adjacent
chitosan molecules in the network structure [36,37], as P4 in Fig. 2.
1-4. Spectroscopy Analysis

The FTIR spectra in Fig. 4 illustrate the transmutation of the
functional groups in synthesis of Al-CPCM. It is obvious that the
CPCM obtained by cross-linking after phosphorylation some iden-
tical major bands remained with the CCM. The attribution of these
common peaks is listed in Table S2. Compared with the spec-
trum of CCM, the peak of -CHO at 1,715 cm™" was not found in
the spectrum of CPCM, which was attributed to the methylene
phosphorylation. Meanwhile, the formation of -NH-CH,- also ob-
structed the vibration of N-H, leading to a weaker response peak,
and gave a slight enhancement to the peak of C-N bending vibra-
tion at 1,629 cm™' [33,38]. The stretching vibration peaks of C-O
in the spectrum of CPCM were overlapped by two new ones pres-
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ent at 1,062 and 972 cm™". The former was the stretching vibration
peaks of P-O and the latter was attributed to the triply degener-
ated asymmetric stretching of phosphonic group. The bending
vibration peak of P-O emerged at 520 cm™' [39,40]. These above
might demonstrate the successful N-methylene phosphorylation.

In the spectrum of AI-CPCM, the intensity of peak at 972 cm ™"
became weaker, compared with that of CPCM. The inhibition of
asymmetric stretching of phosphonic group indirectly suggests the
formation of P-O-Al. And the new shoulder peak emerged at
1,105 cm ™" might be ascribed to the stretching of Al-O of the sur-
face hydroxyl of complexed AI** [41,42]. In addition, the vibration
peak of O-H and N-H in hydroxyl and imino groups of chitosan
became further weaker and broader, which might indicate the
coordination between AI’* and them.

The XRD patterns are shown in Fig. S3. The diffraction pat-
terns of all three samples confirm an overall amorphous character-
istic of chitosan. The broadband around 20° and the shoulder band
at 12° indicates the low crystalline Form I and Form II by intra-
molecular hydrogen bond [43]. The decrease of the intensity of
shoulder band suggests that the both methylene phosphonate and
AP* complexation might reduce crystallinity. In the XRD pattern
of Al-CPCM, the broadband around 20° occurs, an obvious shift-
ing towards large 2@angle, and this might be attributed to the che-
lation of A" between adjacent molecular of chitosan, which could
increase the layer spacing of the polymer [44,45].

2. The Batch Adsorption Performance
2-1. Effect of Adsorbent Dosage and Initial pH

Fig. 5(a) shows changes of fluoride adsorption as a function of
the concentration of AI-CPCM. It is shown that the removal effi-
ciency of F~ increased with the addition of resins, ascribed to more
active sites available for adsorption. Further, it no longer increased
significantly at the dosage up to 0.3 g/L. Hence, the solid-liquid ratio
of 0.3 g/L was selected for the subsequent adsorption ratio.

To explore the influence of the initial pH on the adsorption of
fluoride, the pH edge experiment was carried out and the results
are given in Fig. 5(b). It is obvious that the initial pH affected the
fluoride ion adsorption on Al-CPCM beads. The F~ removal effi-
ciency stayed higher than 85% on average from pH 3 to pH 10.
And the leaching of aluminum was also able to be maintained
below 30 pg/L. There was a little improvement of the removal capac-
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Fig. 5. The results of effects of (a) adsorbent dosage; and (b) initial pH on fluoride adsorption (Experimental conditions: adsorbent dosage:
3 g-wet beads/L; initial pH 7; initial concentration of F: 20 mg/L; temperature: 20 °C; shaking speed: 220 rpm; contact time: 24 h;

background: 0.04 M NaCl).

February, 2022



Synthesis of AI(IIT) chelated cross linked N-methylene phosphonic chitosan resin for fluoride removal

ity at pH 4 and 5, probably related to the protonation of imino in
Al-CPCM [46]. However, no matter when the pH was beyond 10
or below 3, the adsorbed fluoride ion content decreased signifi-
cantly. This was largely because of the decomplexation of AI** due
to the amphoterism of aluminum [9,47], which made F~ lose its
binding site, with almost no adsorption capacity of CPCM for flu-
orine (shown in Fig. $4). The decomplexation could also be con-
firmed by the massive Al** leaching at pH 2, 11 and 12. Nevertheless,
Al-CPCM still performed a wide adaptation for effective F~ ad-
sorption.
2-2. Adsorption Kinetics

The kinetic data of the adsorption of fluoride ions on Al-CPCM
resins fitted by the PFO, PSO and Elovich models are presented in
Fig. 6. As can be seen, fluoride adsorption onto Al-CPCM took
place rapidly in the first 40 min, attributed to excess binding sites
of chelated AI'* [11]. Compared with the PFO and Elovich PFO
kinetic models, the PSO kinetic model had the highest fitting degree
with an R* of 0.998, and the calculated value of Q, was more con-
sistent with the experimental one. It indicated that the PSO kinetic
model could better describe the adsorption process of F~ on Al-
CPCM, which might assume the chemical adsorption of electron-
sharing or transfer between the adsorbate and adsorbent. There-
fore, the removal of fluoride by the resins might be dominated by
a coordination interaction like surface complexation [10,48]. R* of
the PSO kinetic model was above 0.98, suggesting that intraparti-
cle diffusion was also not negligible. And the experimental data
obtained did not fit well the Elovich kinetic model, indicating the
insignificant change of activation energy in the adsorption of F~ [49].
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Fig. 6. The adsorption kinetic fitting curves and parameters of flu-
oride on Al-CPCM resins (Experimental conditions: adsor-
bent dosage: 3 g-wet beads/L; initial concentration of F: 20
mg/L; initial pH 7; temperature: 20 °C; shaking speed: 220
rpm; background: 0.04 M NaCl).

2-3. Isotherms and Thermodynamics Analysis

Fig. 7(a)-(c) illustrate the fitting results of experimental data by
Langmuir, Freundlich and Hill isotherm models at various tem-
peratures, and the relevant parameters are shown in Table 2. It is
obvious that the fitting results of the Langmuir and its improved
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Fig. 7. The adsorption isotherms at 15°C (a), 30°C (b) and 45 °C (c), and effect of coexisting anions of fluoride on AI-CPCM resins (d)
(Experimental conditions: adsorbent dosage: 3 g-wet beads/L; initial pH 7; shaking speed: 220 rpm; contact time: 24 h; background:

0.04 M Nacl for isotherm).
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Table 2. The fitting parameters of isotherms

J. Fan et al.

288K 303K 318K
Langmuir model
Q (mg/g) 20.841+0.663 15.067+0.414 10.891+0.242
k, (L/mg) 0.026+0.002 0.033+0.003 0.034+0.002
R’ 0.993 0.992 0.994
Freundlich model
ke (mg' ™" L"".g7") 1.799+0.316 1.775+0.378 1.314+0.284
1/n 2.312+0.198 2.586+0.307 2.614+0.318
R? 0.965 0.926 0.921
Hill model
ky; (mg/L) 33.649+1.931 32.353+7.621 34.059+6.584
Q. (mg/g) 23.158+5.314 14.862+0.831 10.578+0.433
ng 1.153+0.103 0.947+0.096 0.942+0.073
R? 0.995 0.991 0.995
Table 3. The thermodynamics data of fluoride adsorption on AI-CPCM
F concentration AH (K/mol) AS® (J/mol K AG’ (kJ/mol)
(mg/L) 293K 303K 313K
2.5 -13.55 93.5 —13.4654 —~14.6442 162712
5 -13.46 932 -13.3418 —14.8023 -16.1364
10 -12.52 89.7 -13.1997 —14.8736 —15.8901
15 -11.86 87.7 -13.3318 -14.8071 -15.9614
20 -9.04 77.4 -13.1698 —14.5593 -15.4917
40 -11.13 81.2 —12.1483 -13.6727 —14.5846
60 -11.32 79.3 —11.4934 —12.7540 -13.8725
100 -14.76 88.3 -10.6374 —-12.0563 —13.2865
150 -14.16 83.5 -9.8710 —-11.1506 —-12.3755
250 -15.69 852 —8.8461 —-10.1456 —11.4031

form Hill model suitable to describe the adsorption process of F,
due to the high values of R’, located in the range of 0.991 to 0.995
at all three temperatures. The Langmuir maximum adsorption
capacity of 15.067 mg/g at 30°C was satisfactory. And it might
assumed that the adsorbate combined onto specific homogeneous
sites of the adsorbent with a monolayer coverage, rather than the
electrostatic multi-layer adsorption confirmed from Freundlich iso-
therm model. In addition, the ny; value of Hill model at each tem-
perature was near to 1, signifying that there was almost no com-
petition between fluoride and chloride in the background. This
was verified in the co-existing anion experiment [50,51].

The regression data of thermodynamics analysis is listed in Table
3. The negative values of AG’, the negative values of AH’ and the
positive values of AH’ suggest that the adsorption process is spon-
taneous, exothermic and has increased entropy. The AG’ value de-
crease with the increase in temperature confirmed that a relatively
low temperature was favorable to the adsorption of F~ on AI-CPCM.
The value of |AH’| reduced with the adsorbate increase, indicating
that the physical adsorption would become more dominant with
the equilibrium concentration of fluorine. And the values of AS’
revealed the increase of the randomness at the solid/liquid inter-
face and the interaction between F and the active sites of AI-CPCM
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resins [52,53].
2-4. Effect of Coexisting Anions

The effect of coexisting anions on the removal efficiency of flu-
oride is shown in Fig. 7(d). As can be seen, the existence of chlo-
ride, sulfate and nitrate presents almost no negative effect on the
removal efficiency of fluoride, even when the concentrations of them
are much higher than that of fluorine. However, the presence of
both carbonate and phosphate could bring a considerable decrease
in the removal efficiency of F~, and the inhibitory becomes more
severe with the increase of their concentration. Because the solu-
tion had been adjusted to pH 7 after adding the co-anions, this
negative effect should not be attributed to alkalinity but might be
competitive adsorption. Fluoride ions may directly form inner com-
plexes with chelated aluminum in AI-CPCM, so that it was not
interfered by the common anions like chloride, adsorbed on the
outer spheres [9,54].
2-5. Desorption and Reusability

The result of successive sorption/desorption cycles of fluoride
on Al-CPCM is presented in Fig. S5. Having in mind that the
decomplexation of AI** occurred under investigation in this work
at a high acidity or alkalinity, it was presumed that the desorption
and regeneration could be achieved by aluminum sulfate solution
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with high-concentration, like some commercial defluorinated res-
ins did [55]. As can be seen in Fig. S5, the adsorption capacity of
the next round is basically equal to the desorption capacity of the
previous round. The adsorption capacity of F~ decreased with 4.32%
to 5.75 mg/g in the second round, compared with the 6.01 mg/g of
the first round, which might be attributed to the few irreversible
complexation sites [56]. Nevertheless, no appreciable loss in the
adsorption capacity was found during the next five rounds of con-
secutive sorption/desorption cycles, with a stable fluorine adsorp-
tion capacity of about 5.68 mg/g. These results show that the Al-
CPCM resin could be almost completely regenerated and repeat-
edly used.
3. Adsorption Mechanism

The proposed adsorption mechanism of fluoride on the AI-CPCM

resins is shown in Fig. 8. According to the results of several char-
acterizations, kinetics, isotherms and thermodynamics, the ion
exchange process based on chemisorption was more convincing
[10,36,57]. As can be seen in Fig. 8, except for the slight electrostatic
attraction of protonated imino group under slightly acidic condi-
tions, the dominant binding sites of fluoride ion were the chelated
AP in various forms. In particular, the F~ would replace the sur-
face hydroxyl of the chelated AI’* in AI-CPCM, which was con-
firmed by the emerging Al-F bond in Al 2p XPS spectra of post-
adsorption resin and the negative absorbance of the v(Al-OH)
peak at 1,105 cm ™" in in-situ FTIR spectra (Fig. S6). Moreover, this
process was mainly affected by pH. As shown in Fig. S6, there was
another negative peak in the in-situ FTIR spectra at pH 3 and pH
11, respectively. This suggests the decrease of P-O-Al and reveals
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Fig. 8. The proposed adsorption processes of fluoride on Al-CPCM resins.

Table 4. The fluoride adsorption capacity comparisons of different resins

Resin . Adsorption Decrease of
Concentration . . . .
Adsorbents dosage of F- (mg/L) capacity Desorption Cycle times  adsorption Ref.
(g/L) & (mg/g) capacity
Zr*" incorporated
. . 2 20 4.33 0.05 M NaOH 5 26.1% [45]
chitosan resin
Al chelated
(V
Monoplus TP 260 15 25 6.11 123.49 g/L Al,(SO,), 3 17.6% (11]
La™* chelated
0,
MTS9501 resin 10 500 5.07 0.01 M NaOH 5 15.1% [57]
Purolite
0, 0 0,
A520E resin 2 5 1.85 6% NaCl at 50 °C 3 2.4% [58]
AP’* chelated
0, 0,
Indion ER10 resin 50 3 0.478 0.1 M HCI+10% AL(SO,); 3 10% [59]
Al-CPCM resin 3 20 5.68 100 g/L AL(SO,); 6 5.5% This study

*The comparison is based on data collected on pure, synthetic NaF solutions
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the dissociation of chelated aluminum, which is consistent with
the result of Section 3.2.1.
4. Fluoride Adsorption Capacity Comparisons Among Dif-
ferent Adsorbents

Aiming for a better investigation, the fluoride adsorption perfor-
mance comparisons among various fluorine selective resin are con-
cluded in Table 4. Practically; as the polyvalent metal-incorporated
resin, the AI-CPCM demonstrates a satisfactory capacity of 5.68
mg/g and an advantage of stable regeneration. The remarkable per-
formance is at least not inferior to other chelating resins modified
by AI(IIT), Zr(IV) and La(III).
5. Column Experiments

The results of column adsorption of fluoride from actual ground-
water by AI-CPCM resin are shown in Fig. 9, including break-
through curves of two rounds of dynamic adsorption at three
different flow rates in Fig. 9(a)-(c) and their elution profiles in Fig.
9(d). The breakthrough curves are well described by Dose-Response
model with the fitting data listed in Table S3, and some adsorp-
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tion/desorption capacities are summarized in Table 5. Here, the
breakthrough point was set at a concentration of F~ lower than
1.5 mg/L, which was the limit value of fluoride in drinking water
from WHO [60]. The breakthrough point at rates of 6 BV/h, 12
BV/h and 24 BV/h in first round are 800 BV, 480 BV and 350 BV,
respectively. The accumulated fluoride adsorption capacity was
1.55 mg/g, 0.93 mg/g and 0.64 mg/g. All of them decreased with
the increase of flow because of the insufficient contact at fast feed-
ing. It is worth noting that the accumulated fluoride adsorption
capacity was much lower than the capacity obtained in static ad-
sorption. In addition to the restricted mass transfer in the column,
the large amount of phosphate and carbonate in groundwater might
be the main reason for this decrease [57,61].

The elution was performed before the second adsorption. As
seen in Fig. 9(d), the fluoride concentration in the eluate of 6 BV/
h, 12 BV/h and 24 BV/h feeding rates all increased rapidly and sta-
bilized at 467 mg/L, 295 mg/L and 207 mg/L, respectively, within
80 min. The calculated desorption capacities were 1.402 mg/g, 0.889
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a second round F
o first round pH
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a second round pH
0 —— 3
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Fig. 9. The (a) breakthrough curves of the column experiment for fluoride adsorption on Al-CPCM resins at flow rate of (a) 6 BV/h, (b)
12BV/h and (c) 24 BV/h; (d) elution curves of the column experiment for three different feeding flow rates (Experimental conditions:
column volume: 10 mL, @=10 mm; elution: 100 g/L of AL(SO,);-18H,0; elution method: circulate for 3 hours at 30 BV/h).

Table 5. The column data for fluoride removal from groundwater by Al-CPCM resins

Flow rate (BV/h) o 12 A

Round 1 Round 2 Round 1 Round 2 Round 1 Round 2
Break point (BV) 800 750 480 450 350 340
Breakthrough capacity (mg/g wet resin ) 1.471 1.342 0.824 0.763 0.591 0.553
Total capacity (mg/g wet resin) 1.554 1.389 0.934 0.882 0.645 0.616
Total desorption capacity (mg/g wet resin) 1.402 0.887 - 0.623 -
Total elution efficiency 90.22% 94.96% - 96.61% -
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mg/g and 0.623 mg/g with the elution efficiency was 90.22%, 94.96%
and 96.61%, respectively. It could be found that slower flow rate
had a negative effect on the elution efficiency. This might be caused
by more irreversible sites being occupied at low flow rate. In the
second round, the breakthrough point decreased to 750 BV, 450
BV and 340 BV, respectively, and the total adsorption capacity of
each flow rate was 1.389 mg/g, 0.882 mg/g and 0.616 mg/g, which
was almost equal to the desorption capacity in elution.

Aluminum in effluent was analyzed five times at 10, 100, 400,
700 and 1,000 BV during adsorption in both two rounds of each
feeding rate. The concentrations were always below 50 ug/L, indi-
cating the chemical stability of AI-CPCM in actual groundwater.

CONCLUSION

AI(III) incorporated cross-linked N-methylene phosphonic chi-
tosan microspheres (Al-CPCM) were obtained by cross-linking chi-
tosan with epichlorohydrin from an improved emulsion method.
As a defluorinated resin, its adsorption performance for aqueous
fluoride was thoroughly investigated. It exhibited high adsorption
capacity from pH 3 to 10, fast adsorption rate, favorable selectivity
relative to CI', SO;~ and NOj in batch experiments employing
pure, synthetic sodium fluoride solutions. The result of XPS, FTIR
as well as the isotherms and thermodynamics studies supported
that the chelated AI** was the dominant binding site of fluoride. F~
adsorption onto it through ion exchange with surface hydroxyl was
spontaneous and exothermic. Also, the result of sorption/desorp-
tion experiment (handling synthetic NaF solution) revealed better
regeneration efficiency of AI-CPCM among other defluorinated res-
ins. Column experiment with a ground water sample indicated
lower adsorption efficiency of the resin and larger decrease in ad-
sorption efficiency after elution. This must be attributed to the pres-
ence of alternate anions and cations in ground water. More elaborate
studies with ground water in adsorption columns are required to
establish the commercial acceptance of the proposed resin/adsorbent.
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Fig. S5. The adsorption/desorption cycles of fluoride on Al-CPCM resins (Adsorption conditions: adsorbent dosage: 3 g-wet beads/L; initial
concentration of F: 20 mg/L; initial pH 7; shaking speed: 220 rpm; contact time: 24 h; background: 0.04 M NaCl. Desorption condi-

tions: 1 M AL(SO,);, 6 h).
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Table S1. The parameters of actual groundwater sample

Detection value Detection method
General parameters
pH 8.09-8.31 pH electrode
TDS (mg/L) 566-597 TDS probe
Turbidity 0.84-1.17 Scatterometer
Anions
Fluoride (mg/L) 2.14 ISE probe
Chloride (mg/L) 233.9 IC
Sulfate (mg/L) 18.65 IC
Nitrate (mg/L) 8.84 IC
Bicarbonate (mg/L) 27.3 titration
Phosphate (mg/L) 13.95 IC
Silicate (mg/L) 5.76 1C
Arsenite (ug/L) 33 LC-AFS
Arsenate (ug/L) 144.8 LC-AFS
Cations
Na' (mg/L) 295.1 ICP-OES
K* (mg/L) 1.14 ICP-OES
Ca®* (mg/L) 16.78 ICP-OES
Mg™" (mg/L) 38.64 ICP-OES
Mn”™" (mg/L) 0.57 ICP-OES
Fe’*/Fe™ (mg/L) BD ICP-OES
Cu** (mg/L) BD ICP-OES
Cd* (mg/L) BD ICP-OES

Geographic information: 29°48'13"N, 102°5206" E; Well depth: 20 m.

Table S2. The common peaks assignment of FTIR spectra

Location Assignment Ref.
3,500-3,200 cm™* Stretching vibrations of O-H and N-H in hydroxyl and amino (imino) [2]
2,930-2,850 cm™ C-H stretching vibrations in -CH,- and -CH, [3]
1,155cm™ Glycosides (C-O-C) skeletal vibration [4]
1,073 and 1,037 cm ™' C-O stretching vibration peaks of hydroxyl on chitosan [5]
1,631-1,261 cm™ Stretching and deformation of different amide groups (Amide I, II, III) [6]

Table S3. The fitting data of column experiment by the Dose-Response model

Flow rate (BV/h) 6 12 2
Round 1 Round 2 Round 1 Round 2 Round 1 Round 2
a 6.7706 6.3767 4.1021 3.9152 4.2426 3.9775
b (mg-L/g-dry resin) 204.5296 194.6113 116.5548 108.8418 83.7633 76.8593
qo (mg/g-dry resin) 83.3269 79.2861 47.4853 44.3429 34.1258 31.3131
R? 0.9973 0.9977 0.9951 0.9951 0.9964 0.9953
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