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REMOVAL OF HIGH-CONCENTRATION
FLUORIDE WASTEWATER BY CALCINED HYDRATED
CALCIUM ALUMINATE WITH A TWO-STEP PROCESS

Hydrated calcium aluminate for fluoride removal of high-concentration fluoride-containing
wastewater was prepared by thermal activation. X-ray fluorescence spectroscopy (XRF), X-ray dif-
fraction (XRD), field emission scanning electron microscope (FE-SEM), The Fourier transform infra-
red spectrometry (FT-IR) were used to study the adsorption process. The results showed that the main
component of the modified calcium aluminate cement (CAC) was 12Ca0O-7A1203 (C12A7), and a large
amount of calcium and aluminum ions were released during the fluoride removal process. The calci-
nation of hydrated calcium aluminate improved the removal rate of fluoride. After a two-step treatment,
adsorption and pH modification, the concentration of fluoride-containing solution from 300 mg/dm?
was reduced to less than 1 mg/dm?. Fluoride removal relies primarily on adsorption at low concentra-
tions, whereas chemical precipitation dominates at high concentrations. The process involves three
mechanisms: chemical precipitation, ion exchange, and electrostatic interaction.

1. INTRODUCTION

Fluoride-containing wastewater is discharged from many industries, such as metal
smelting, aluminum electrolysis, rare earth separation, photovoltaic industry, lithium-
-ion batteries, etc., which is harmful to human health and the environment [1]. This type
of wastewater can be discharged to a receiver when the fluoride ion concentration is
reduced to below 10 mg/dm?® according to the Chinese industrial wastewater discharge
standard. To reduce the harm to the water environment, it is usually required to carry
out stricter emission standards, even below 1.5 mg/dm® according to the Chinese re-
gional standard DB 32/4440-2022.
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Many removal methods of fluoride are used, such as precipitation, ion exchange,
electrochemistry, membrane separation, adsorption [2], etc. Adsorption and precipita-
tion methods are widely used because of their high removal rate, simple operation, and
low cost. The precipitation method is often the first choice for treating high-concentra-
tion fluoride-containing wastewater [2]. Al, Ca, Fe, and other metal elements have a high
affinity for fluoride ions, especially Al and Ca compounds are widely used to remove
fluoride by precipitation [2]. For example, CaSO4:2H,0 nanorods are used to treat high-
-concentration fluoride-containing wastewater. The fluoride removal process is domi-
nated by precipitation, and the removal rate reaches over 95%, but the fluoride concen-
tration in the effluent is still more than 10 mg/dm? [3]. Porous alumina hollow spheres
prepared by hydrothermal and calcination treatment can remove over 95% of fluorides
in a wide pH range, but it is only suitable for low-concentration fluoride-containing
wastewater [4]. The fluoride removal efficiency can be further enhanced by compound-
ing metal oxides. CaO-2Al1,0; (CA;), synthesized by the calcination of CaO and Al,Os
reduces the fluoride ion concentration to below 1.5 mg/dm?. However, it is not suitable
for the treatment of high-concentration fluoride-containing wastewater [5]. Composite
materials prepared by in-situ doping CaO-Al,O3 (CA) into the diatomaceous earth skel-
eton increase the unit adsorption capacity to 18.22 mg/g as Ca®" ions are released during
the fluoride removal process. But it is difficult to meet the requirements of high-con-
centration fluoride-containing wastewater treatment [6].

Cement-based materials, such as Portland cement and aluminate cement, etc. have the
feasibility of fluoride removal because of high content of calcium and aluminum [7]. The
hydrated Portland cement particle filter reduces the fluoride concentration from 407 mg/dm?
to less than 1 mg/dm® owing to chemical precipitation and adsorption of calcium, and re-
moves other anionic pollutants simultaneously [8]. The aluminate cement (calcium) con-
taining CA, CA,, and 12Ca0-7A1,0s (C12A7) has a good removal ability for low-concentra-
tion fluoride-containing wastewater [9], and further modification by calcination improves
its fluoride removal performance, but the fluoride concentration after treatment is still over
10 mg/dm? [10]. The sulphoaluminate cement modified by the hydrochloric acid increases
the specific surface area and activity, but it is still difficult to remove the high concentration
(> 100 mg/dm?®) fluoride-containing wastewater to below 10 mg/dm? [11]. The treatment of
high-concentration fluoride-containing wastewater to a lower concentration, especially be-
low 1 mg/dm?, is still very difficult. In this study, a novel two-step treatment process of high-
-concentration fluoride-containing wastewater by the modified CAC was investigated.

2. MATERIALS AND METHODS

Raw materials. CAC was purchased from Zhengzhou Sijihuo Refractory Co., Ltd.
Its chemical composition (shown in Table 1) was mainly Al,Os and CaO, and a small
amount of Na,O, SiO,, Mg,0, Fe,03, and K,0.
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Table 1

Chemical composition of the CAC

Component | ARO3 | CaO | NaxO | SiO2 | MgO | Fe2O3 | K20
Content, % | 70.97 | 26.63 | 0.706 | 0.563 | 0.225 | 0.207 | 0.021

All chemical reagents used were obtained from the Sinopharm Group Chemical Re-
agent Co., Ltd., except for HNO; from Dongfang Chemical Reagent Co., Ltd. All chem-
icals were analytical grade.

Preparation of modified CAC. The CAC and distilled water were thoroughly mixed
ata 1:1 ratio (Fig. 1), then the mixture was hydrated in a sealed plastic bag at 25 °C for
3 days. The hydrated CAC sample was simply rinsed with distilled water and crushed,
and then calcined in a furnace at 400~800 °C for 6 h. The calcined CAC was naturally
cooled to room temperature in the furnace, and then ground into powder (< 0.1 mm) for
fluoride adsorption. And part of them were ground using an agate mortar for XRD de-
termination. The samples calcined at 400, 600, and 800 °C were designated as CAC-4,
CAC-6 and CAC-8, respectively.
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Fig. 1. Process of CAC modification and fluoride removal

Defluoridation test. 50 cm® of fluoride-containing solution, prepared by analytical
grade sodium fluoride reagent, with modified CAC was added to a 125 cm® PTFE bottle,
then put it into a water bath oscillator. At the set time, the supernatant was sucked and
passed through a 0.45 um filter membrane for the determination of F~. The pH of the
solution was adjusted with 0.1 mol/dm* HNO; and 0.1 mol/dm® NaOH solutions, and the

ionic strength was adjusted with NaNOs. The CO;™, PO; , NO; and SO; anions in water
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were simulated by adding NaCOs, NaH,PO4:2H,0, NaNO; and Na,SOs. The superna-
tant after the water bath oscillation reaction with modified CAC was taken to another
beaker for the deep defluoridation, and the pH of the supernatant was adjusted with HCI
and maintained for 30 min. After the reaction, the supernatant was filtered through
a 0.45 um filter membrane for the second determination of F~.
The fluoride removal rate », % is given by
= COC—C x100% (1)

0

where Cy, C., mg/dm?, are the initial and final F~ concentrations.
The adsorption capacity Q., mg/g, is

0, == —=txV 2)

where Q., mg/g, is the equilibrium adsorption capacity according to the adsorption test,
V, dm?, is the volume of fluoride solution, m, g, is the mass of the added adsorbent.

Material analysis. The chemical compositions of the samples were determined by
an X-ray fluorescence (XRF) method with an ARLAdvant’X Intellipower™3600 X-ray
fluorescence spectrometer of Thermo Fisher Scientific. The X-ray diffraction spectrum
(XRD) was determined using a Bruker D8 ADVANCE X-ray diffractometer, with the
scanning range of 5-80 deg and the scanning speed of 5 deg/min. Field emission scan-
ning electron microscopy (FE-SEM) was performed using a NANO SEM430 (FEI).
Fourier transform infrared (FT-IR) spectra were recorded using a Nicolet 6700 FT-IR
spectrometer (Thermo Nicolet Corporation) with a scanning range of 4004000 cm™,
a resolution of 1 cm™, and a continuous scanning mode.

The fluoride concentration was determined by the fluoride ion electrode method accord-
ing to the Chinese standard Determination of Fluoride in Water Quality (GB 7484-87). The
calcium and aluminum ion concentrations were determined by the EDTA titration method
according to the Chinese standard Chemical Analysis Methods of Aluminate Cement” (GB
/T 205-2008).

Adsorption isotherm. Two-parameter isotherm models, Langmuir (Eq. (3)) [12] and
Freundlich (Eq. (4)) [13], were used to describe the isothermal adsorption process.
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where: O, mg/g, is the theoretical saturated adsorption capacity fitted by the Langmuir
model, K;, dm3/g, the adsorption equilibrium constant (or the adsorption coefficient),
Kr, dm®/g, the Freundlich adsorption equilibrium constant, 7 is the adsorption intensity
reflecting surface heterogeneity.

3. RESULTS AND DISCUSSION
3.1. MINERAL CHANGES DURING HYDRATION AND CALCINATION
The early hydration products of CAC were mainly metastable CaO-Al,O3-10H,O

(CAH,) and 2Ca0O-Al,0;:-8H,0 (C>AHs), which gradually transformed into stable 3CaO
-Al,O3-6H,0 (C3AHg) [14]. C3AHg was the main hydration product at 3 days (Fig. 2).
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Fig. 2. XRD patterns of CAC after hydration and calcination
The hydration reaction of CAC is given in Egs. (5) and (6) [15]:
3CA+21H,0 - CAH,, + C,H, + AI(OH)3 ®)]
CAH,, +C,AH, —» C,AH, + Al(OH)3 +9H,0 (6)

C3AHs dehydrated and decomposed after calcination at 300 °C; the characteristic
diffraction peaks of C3;AH¢ disappeared, and the characteristic peaks of CA appeared.
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When the calcination temperature increased to 400 °C, Ci2A7 appeared, and its diffrac-
tion intensities increased with the increase of the calcination temperature, which had
a better affinity for fluoride than C3AHs [10]. The decomposition reaction during calci-
nation at a high temperature is given by [15]:

7C,AH, - C,A, +9Ca0 + 42H,0 7)

Fig. 3. SEM images of CAC: a) original,
Sommm 0) hydrated, c) CAC-4, d) CAC-6) e) CAC-8
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Raw CAC consisted mainly of irregular granular particles with a smooth surface
(Fig. 3). After hydration, the particle surface became uneven, and many needles and
floccules of hydration product C3;AHs grew on the surface of the CAC particles. After
calcination at 400 °C, flocs and needles gradually disappeared due to the dehydration of
C3AHs and the appearance of flaky Ci2A7. With the calcination temperature increased
to 600 °C and 800 °C, the sheets grew more, which indicated that all C3AHg transformed
to Ci2A1.

3.2. FLUORIDE REMOVAL

Fluoride anions removal by modified CAC. As shown in Fig. 4a, the hydration treat-
ment of CAC increased the removal rate of fluoride ions from 59.10 to 82.32%, and the
removal rate furtherly improved to over 95% after calcination. This was because the
main minerals in CAC were CA and 2CaO-SiO; (C,S), which could not be completely
hydrated within 1 hour, while the main mineral in fully hydrated CAC was C3AHs, and
AI(OH); generated during the hydration process. Both showed good affinity for F-, im-
proving its removal efficiency. After calcination, the original C3AHg transformed into
Ci2A7 and CaO with a stronger affinity for F-, while AI(OH);3 transformed into Al>Os.
During the process of fluoride removal, the generated CaO could also undergo chemical
precipitation with F-, which finally showed a high fluoride removal rate.

Figure 4b showed that the rate of fluoride removal by CAC-6 was very high, and ex-
ceeded 95% after 5 min, and then slowly increased until the reaction equilibrium after 1 h.
Ca®" concentration in the solution rapidly increased to a high value of about 303 mg/dm?
due to the quick hydration of C;,A-, and reacted with F~ to form CaF, sediment. At the
same time, the new generation of AI(OH); had good adsorption ability of F~. Hydration
product C3AHs was also a better adsorbent for the F~[16]. The hydration reactions of
CAC-6 were as follows

CLA, +15H,0 — 4C,AH,+ 6Al(OH), (8)
C,S8+H,0 — Ca(OH),+ CSH 9)

As shown in Fig. 4c, the increase of initial pH from 2 to 3 improved the F~ removal
rate, and the removal rate of fluoride ions by CAC-6 remained at about 99% when the
initial pH of fluoride ion solution was in the range of 3 to 12. The hydration reaction of
C12A7 occurred immediately after CAC-6 was added to water. Ca** ions quickly released
into the solution and their concentration increased to 303 mg/dm? (shown in Fig. 6). The
final pH of the solution quickly increased to 5.5 after CAC-6 adding, and then gradually
increased to 12, and maintained at about 11.5 with the initial pH from 4 to 11, which
was conducive to the formation of CaF, precipitation reaction by Ca** and F~. When the
initial pH was 2, the solution after the reaction was still acidic, pH ca. 5.5, because CaO
generated by hydration could not consume H ions in the solution. As a result, F~ existed
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as HF under acidic conditions, which was unfavorable for fluoride removal by Ca?* [17].
The solubility of CaF,, increasing under acidic conditions, also resulted in a decrease in
the fluoride removal rate [18]. When the initial pH was 12, the fluoride removal rate
decreased. The pH,p. of CAC-6 was 9.93 [10], so the surface of CAC-6 deprotonated
and the electrostatic repulsion was generated between fluoride ions and the CAC-6 par-
ticle surfaces; meanwhile, the competition adsorption between OH™ and F~ reduced the flu-
oride removal rate [19]. And Ca ion in the solution mainly existed in the form of Ca(OH)*
and Ca(OH)z(aq) [20], which were not conducive to the generation of CaF, precipita-
tion. As a result, the fluoride removal rate decreased at pH of 12.
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Figure 4d shows that the fluoride removal rate by CAC-6 was positively correlated
with the initial concentration, which differed from typical adsorbents. The increase in
fluoride ion concentration enhanced the hydration reaction rate of Ci2A7, which released
more Ca®" and amorphous Al(OH); and improved the precipitation reaction of CaF..
The Ca*" concentration was 303 mg/dm?, according to the solubility product principle,
a higher F~ concentration was beneficial to the CaF, precipitation reaction. The final F~
concentration by CAC-6 removal increased with the increase in the initial F~ concentra-
tion. It reached about 7-8 mg/dm? and remained almost unchanged when the initial F~
concentration increased to more than 30 mg/dm?®. It was close to the theoretically calcu-
lated concentrations of F~ precipitation by lime precipitation [21].

Figure 4e shows that the CO", SO, and PO; anions inhibited the removal of flu-
oride by CAC-6, and higher anion concentration resulted in a stronger inhibitory effect,
while NO; hardly affected the fluoride removal. The inhibiting order was expressed as PO}

> CO; > SO; > NOj;, which agreed with the charge/radius (Z/r) order, PO, > CO;
>S0; > F > NO;. The ion ranked ahead of F~ in the Z/r order had a stronger affinity
with Ca?* than F~. As a result, PO}, CO; , and SO; ions inhibited the fluoride re-
moval [22], especially PO and CO; ions in 0.1 mol/dm? solutions had a great effect on
the fluoride removal. The rank of NO; was behind F~, so the adsorption of fluoride was not

affected by NO;, even at higher concentrations.

Table 2
The solubility product constants Ksp at 25 °C
Compound | Ksp at 25 ° C[23] | Ion-concentration product, Isp | Saturation index = Isp/Ksp
Cas(PO4)2 2.07x1073 4.32x10° 1 2.09x10%
CaCO:s 3.36x10° 7.56x107 22500
CaF2 3.45x10° 1 7.56x107 21913
CaSO4 3.14x107 756x107° 2.4
Ca(NOs)2 soluble —

<

Table 2 shows the solubility product constants of the PO, , CO;", SO, NO;
with Ca?"ions. When the concentrations of cations and anions were equal, the saturation
index followed the order Ca(NOs): < CaSO4 < CaF: < CaCOs < Cas(PO4)2. This indi-
cated that Cas(POa). and CaCOs were more likely to precipitate than CaF2, especially
Cas(POa)2, while CaSOs did not precipitate. As a result, PO, and CO> decreased the
F~removal rate by CAC-6, because those anions preferentially reacted with Ca** in the
solution and covered the surface of CAC-6 particles or consumed the Ca®".
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Fluoride anion removal by pH modification. After the fluoride ion solution was
treated by CAC-6, the pH of the filtrate was about 11.5, and the F~ ion concentration
was 11.30 mg/dm®. After the pH was diminished to under 10, the solution became tur-
bid, and the fluoride removal rate increased (Fig. 5). When the pH was decreased from
8 to 5, the fluoride removal rate increased to more than 95%, and the fluoride concen-
tration decreased below 0.5 mg/dm’. If the pH was modified to under 5, the solution
gradually became clear, and the fluoride removal rate decreased. Therefore, the fluoride
ions were deeply removed by modifying the pH of the solution after CAC-6 treatment.
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Fig. 5. Effect of pH on deep fluoride removal
3.3. CALCIUM ION AND ALUMINUM ION LEACHING

Calcium ion leaching. Figure 6 shows that the leaching concentration of Ca?" of
CAC in distilled water was 207.77 mg/dm? and reduced to 118.32 mg/dm? after hydra-
tion treatment, and then increased after calcination treatment. When the calcination tem-
perature reached 400, 600, and 800 °C, the concentration of Ca*" increased to 261.88,
303.00, and 431.42 mg/dm’, respectively.

500
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400 4 D 300mg/L F-containing water Z 7

300

Lot

CAC hydrated-CAC CAC4 CAC-6 CAC-8 Flg' 6. C32+ leaching from CAC7
Eretreatment process CAC dose 5 g/dm’, reaction time 1 h

Ca™ leaching (mg/L)

The main minerals of untreated CAC were CA and C,S, which reacted with water
to generate Ca(OH),, resulting in the release of Ca?* into water. After hydration, CA
transformed to low solubility C3AHg, and C»S transformed to hydrated calcium silicate,
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which reduced the dissolution of Ca**. The C;AHs decomposed to C12A7 and lime (CaO)
after calcination at high temperature [24]. The hydration of C;,A7 was faster than that
of C3A. As a result, the calcined hydrated CAC released more Ca®* in a short time after
being added to water. According to the chemical reaction, 7 mol C3AHs decomposition
produced 9 mol of CaO and 1 mol of Ci2A7(Eq. (7)), and a higher temperature was
beneficial to the decomposition of C3AHs and generated more CaO and Ci2A7, so the
concentration of Ca?" increased at a higher temperature. The concentration of Ca*" in
the fluoride solution was lower than that in distilled water (Fig. 6) because F~ ions re-
acted with Ca?" and generated CaF», which partly covered the surface of CAC-6 particles
and decreased their dissolution. Ca®" leaching of CAC-6 played an important role in
fluoride removal by CAC-6. The CaF- ion concentration product from the Ca?** leaching
of CAC with different treatment methods was calculated at a fluoride ion concentration
of 303 mg/dm?. Concerning the results shown in Table 3, it is evident that the I, cal is
greater than the K, constant of CaF, (3.45x107!"), so the precipitation of CaF, formed.

Table 3

Calculation results of ion product

Material | Calcium ion leaching concentration (mol/dm?) | I cat = [ Ca>]x[F ]
Original 5.18x1073 8.17x1073
Hydrated 2.95x107 4.66x107°
CAC+4 6.53x1073 1.03x10~*
CAC-6 7.56x1073 1.19x10*
CAC-8 10.76x1073 1.70x10~
400 12.6
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Fig. 7. Time profiles of Ca?* concentration (a) and pH (b) in F- solutions; CAC-6 dose 5 g/dm?

The Ca?" leaching concentration of CAC-6 in the solution containing fluoride de-
creased with the increase of fluoride concentration, while pH increased with the increase
of fluoride concentration (Fig. 7). The leaching concentration reached equilibrium in
about 3 h, which was similar to the equilibrium time of fluoride removal. The chemical
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precipitation of CaF, was more likely to occur with the increase of fluoride ion concen-
tration. The theoretical consumption of Ca?>" was much larger than the actual reduction
when the fluoride ion concentration in the solution was higher than 30 mg/dm?. It meant
that the material increased the release of Ca®" in the actual fluoride removal process,
and the release of Ca*"increased the pH of the solution.

Aluminum leaching. The concentration of dissolved AI** of CAC-6 in distilled water
and 300 mg/dm? fluoride ion solution was 149.63 mg/dm? and 375 mg/dm?, respectively
(Fig. 8). The concentration of AI** increased significantly in F~ solution, because CaF,
precipitates with Ca?" and F-, which promoted the hydration of Ci2A7 and released more
AI** into the solution.
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When the pH of the filtrate was decreased to 7.5 and 6.5, the solution became turbid,
and the residual concentration of aluminum ions in the supernatant sharply decreased to
7.43 and 4.65 mg/dm?, respectively. Under alkaline conditions, Al existed in the form
of AI(OH); ions [25], and transformed to insoluble AI(OH); when pH decreased. There-
fore, the concentration of Al in the solution was reduced [26]. The newly generated
Al(OH); was a good adsorbent for F~ due to the electrostatic interaction and ion ex-
change [27]. As a result, the concentration of F~ sharply decreased. When the pH was
decreased to less than 5, Al mainly existed in the form of AI**ions, which was unbene-
ficial to F~ removal. A little Al existed in the form of AI(OH)4 at pH 7, resulting in the
residual concentration of AI** in the effluent higher than 0.2 mg/dm?>.

3.4. MECHANISM ANALYSIS

As seen in Fig. 9a, the Ci2A7 characteristic peaks of CAC-6 after adsorption disap-
peared, while new diffraction peaks at 26 of 28.266°, 47.004° and 55.763° appeared,
which belonged to CaF, (PDF#35-0816). The diffraction peak at 25.229° belonged to
AlF; (PDF#44-0231), and the diffraction peaks at 19.450°, 24.098°, 25.576°, 31.339°
and 63.685° belonged to Ca,AlF;-H,O (PDF#33-0249). The appearance of CaF,, AlF;



Removal of high-concentration fluoride wastewater 95

and Ca,AlF7-H,O after fluoride removal indicated that CAC-6 successfully captured
fluoride ions in the solution during the treatment. In addition, the appearance of CaF,
proved the chemical precipitation of Ca?>" and F-, and the appearance of AlF; and
Ca,AlF7-H,0 after the reaction indicated that there was also chemical adsorption in the
process of fluoride removal.
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Fig. 9. XRD spectra of samples after adsorption (a) and pH modification (b)

Al,O3 was the main component of the sediment during pH modification, and a few
F~ions existed (Table 4). The existence of Al,O3 was due to the hydration of Ci2A7 and
the precipitation of AI** by pH modification. The diffraction peaks at 20 of 14.001°,
28.199°, 38.287°, 49.325° 65.031° and 72.222° (Fig. 9b) belonged to AIOOH
(PDF#49-0133). And the diffraction peak at 26 of 27.745° was consistent with the XRD
standard spectrum of AlIF; (PDF#47-1659), which indicated that fluoride ion was ad-
sorbed and removed by flocculation and precipitation. It was the reason for F~ removal
during the pH modification process.

Table 4

Chemical compositions of sediment during pH modification process

Chemical component | AbOs | F | CaO | MgO | SiO2 | NaxO
Content, % 97.80 1 1.55]0.308 1 0.110 | 0.081 | 0.026

The FT-IR spectra of CAC-6 (Fig. 10a) showed that the vibration band of CAC-6
at 3434 cm™! was assigned to the expansion and contraction of hydroxyl groups after
water absorption, and 1the band at 632 cm™! was assigned to the vibration peak formed
by the bending of hydroxyl groups after water absorption [28]. The band at 1418 cm™
was assigned to an asymmetric expansion and contraction vibration of CO; , which
was due to the introduction of CO; in the air into the solution during the defluoridation
reaction [29]. The band at 1033 cm™" belonged to the aluminum functional group, and
the absorption bands at 825, 575, and 461 cm™' belonged to the metal bond (M-0),
which was assigned as AI-O and Ca—O according to chemical composition [30]. After
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fluoride removal by CAC-6, the absorption band at 825 cm™ was weaker, indicating
that AI-O or Ca—O played a role in the reaction process [31].
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Fig. 10. FT-IR spectra of CAC-6 (a) and deep defluoridation precipitates (b)

Figure 10b showed that the flocculated sediment in distilled water displays vibration
peaks formed by the stretching and bending of hydroxyl groups at 3445 and 1637cm™!,
the vibration peaks formed by the asymmetric and symmetric bending of AIOOH at
1384 and 1050cm™, and the vibration peaks at 923, 710, 647, and 537 cm™ [32]. In
contrast, the absorption peaks of the flocculated sediments of the second-stage defluor-
idation all shifted, indicating the formation of Al-F, while the absorption peak was
weaker at 1385 cm™!, indicating that the AI-OH bond was broken. At the same time,
during the flocculation and precipitation of AI-OH, the hydroxyl groups in it would ex-
change ions with F~ in the solution, thus realizing the deep removal of fluoride ions [31].

3.5. ISOTHERMAL ADSORPTION FITTING

The results presented in Fig. 11 and Table 5 show that if the initial fluoride concen-
tration was not higher than 30 mg/dm?, the fitting coefficients (R?) of Langmuir and
Freundlich models were 0.865 and 0.993, respectively. Thus, the adsorption behavior
of CAC-6 was better described by the Freundlich model. It meant that it was a multi-
layer adsorption of fluoride ions at lower concentrations [33]. As the initial concentra-
tion of fluoride ions continued to increase (> 30 mg/dm?), the experimental data devi-
ated from the fitting curves of the two models, indicating that the defluoridation mech-
anism of CAC-600 at this time was not only surface adsorption. In addition, with the
increase of the initial concentration of fluoride, the equilibrium fluoride concentration
decreased, and tended to be about 8 mg/dm® when the initial concentration was over
100 mg/dm?. This was because the chemical precipitation between Ca*" and F~ generally
occurred at high concentration, and fluoride ions could only be reduced to a certain level
(about 8 mg/dm?). Therefore, at low initial concentration, the fluoride removal of CAC-6
was mainly dependent on adsorption, and the equilibrium fluoride concentration in-
creased with the initial fluoride concentration. When the fluoride concentration was
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high, the adsorption gradually reached saturation, but the fluoride concentration in the
system was still high at this time, and the chemical precipitation of Ca?* and F~ occurred
more easily.
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Fig. 11. Fitting of isothermal adsorption Langmuir (a) and Freundlich (b) models

Table 5

Isotherm model parameters at 25 °C

Langmuir isotherm Freundlich isotherm
Qm Ky 2 Kr 2
mg/e] | [amig] | *° Jpamg| " | *
1.4229| 0.095 [0.865| 0.155 |1.4514]0.993

During the massive precipitation of CaFa, the leached Ca**ions were consumed contin-
uously, which further promoted the release of Ca** and AI** in CAC-600 and enhanced the
fluoride removal to a certain extent, so the equilibrium fluoride concentration appeared at
the initial concentrations of 60 mg/dm* and 100 mg/dm?3. However, with the continuous
increase of the initial concentration, the enhancement of this part was not significant, and
the equilibrium fluoride concentration began to increase. The equilibrium fluoride concen-
tration was maintained at about 8 mg/dm? due to the sufficient concentration of Ca®*. The
fitting results of the two models further pointed out that there were two mechanisms of flu-
oride removal in CAC-6, namely surface adsorption and chemical precipitation, and the sur-
face adsorption was more obvious at low concentrations, but the chemical precipitation
gradually replaced it and dominated at high concentrations [34].

4. CONCLUSIONS

e The main component of CAC-6 is Ci2A7, which has excellent fluoride removal
performance in a wide pH range. The removal rate increases with the increase of fluo-

ride ion concentration, but it is inhibited by PO, , CO; and SO; , and the fluoride
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removal process is faster. Two-step treatment, adsorption and pH-value adjustment, can
remove the fluoride from 300mg/dm? to less than 1 mg/dm®.

o The defluoridation process of CAC-6 depends on chemical precipitation, as well
as some surface and electrostatic adsorption. The chemical precipitation plays an im-
portant role in high concentration, while the adsorption shows a main effect in low con-
centration. The defluoridation during the pH modification process mainly depends on
the reaction of F~ and AIOOH and the adsorption.
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