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In order to study the influence mechanism of HCO3
− on the fluoride removal by AlCl3 and Al13, the residual 

fluoride concentration, residual aluminum concentration and pH value in coagulation effluent were measured at 
different HCO3

− concentrations. Electrospray ionization time-of-flight mass spectrometry (ESI-TOF-MS) was used 
to analyze the aluminum species in the supernatant after coagulation, and the flocs collected were analyzed by 
nuclear magnetic resonance (NMR) and X-ray photoelectron spectra (XPS). The results show that AlCl3 is used as 
a coagulant, when the concentration of HCO3

− increases from 100 mg/L to 300 mg/L, Al3+ and HCO3
− are double 

hydrolyzed to form Al(OH)3 alum flower after adding AlCl3, and the removal rate of fluoride rapidly increases 
from 9.55 % to 78.0 %. When the concentration of HCO3

− increases from 300 mg/L to 1000 mg/L, the precip-
itation of Al(OH)3 will gradually dissolve to form Al(OH)4

− and the removal rate of fluoride drops from 78.0 % to 
56.2 %. When Al13 is used as a coagulant, with the increase of HCO3

− from 100 mg/L to 1000 mg/L, its double 
hydrolysis with Al-F complexes is enhanced, resulting in the formed Al6F2, Al7F2 and Al9F3 gradually dissociate, 
and the removal rate of fluorine decreases from 78.8 % to 59.4 %.  

Abbreviations: Al13, [AlO4Al12OH24(H2O12]7+; ESI-TOF-MS, electrospray ioniza-tion time-of-flight mass spectrometry; NMR, nuclear magnetic resonance spec-
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1. Introduction 

Fluoride removal has attracted wide attention due to dental fluo-
rosis, skeletal fluorosis and other diseases caused by the excessive intake 
of fluoride [1]. High-fluoride water in China is widely distributed and 
seriously harmed [2]. So, defluorination of water body is an urgent task 
to be solved. From the viewpoint of engineering application, the main 
feasible methods of drinking water defluorination are coagulation [2,3], 
adsorp-tion [4–6], membrane separation [7,8], etc. Coagulation is one 
of the most commonly used methods to remove fluoride. In the process 
of coagulation, many factors have influence on the effect of defluori-
nation, such as the dosage of coagulant, pH value of raw water, mixing 
strength and time, reaction strength and time, sedimentation time, 
temperature of raw water, coexisting interference ions in water, 
turbidity, hardness, etc [9]. Among them, the common anions in water 
such as HCO3

− will compete with F− [10], which greatly reduces the 
efficiency of fluoride removal by aluminum salts. However, we found in 
the experiment that low concentrations of HCO3

− can promote AlCl3 to 
remove fluoride, which seems to contradict the previous conclusion. 

Li [11] systematically summarized the water quality characteristics 
of natural high-fluorine groundwater at home and abroad, and found 
that they often showed the basic hydrochemical characteristics of high 
pH value and high bicarbonate content. Generally, HCO3

− concentration 
in surface water is very high, which can reach hundreds of milligrams 
per liter. For example, the average content of HCO3

− in the surface water 
collected from Linhuan mining area of Huaibei is 423.0 ± 41.1 mg/L 
[12], and HCO3

− content in mine drainage is as high as 505.1 mg/L [13]. 
The content of HCO3

− once reached 827 mg/L in Southern sub-basins in 
the middle reaches of the Heihe River Basin [14]. HCO3

− in water has a 
significant effect on coagulation efficiency [15], resulting in poor effect 
of defluorination. Tchomgui et al. [16] found that other coexisting ions 
may have competitive adsorption on F− in the process of defluorination 
by coagulation precipitation. Because Al3+ has strong complexation 
ability with a variety of anions, especially in weak acid environment. 

At present, most of the reports about the influence of common anions 
in water on the defluorination efficiency focus on the study of the in-
fluence of anions on the coagulation efficiency of Al3+. When the con-
centration of common anions in water is high, the adsorption capacity of 
F− by Al(OH)3 (am) alum formed during coagulation will be signifi-
cantly reduced [17]. In 2020, Wang et al. [18] studied the mechanism of 
fluoride removal by AlCl3 and Al13, and fully discussed the role of 
aluminum speciation, but did not consider the influence of anions. 
Nigussie et al. [19] found that HCO3

− was disadvantageous to defluori-
nation and SO4

2− , Cl− had no obvious effect on defluorination. Yuan et al. 
[20] found that the introduction of HCO3

− led to a sharp increase in the 
amount of residual fluorine when aluminum sulfate was used as coag-
ulant, but the mechanism of the effect was not elucidated. Especially, the 
influence mechanism of HCO3

− in water on the defluorination process of 
polymer aluminum salt (such as Al13) is not clear. Al13 
([AlO4Al12(OH)24(H2O)12]7+) is an important intermediate product in 
the process of Al (III) hydrolysis, and it is a kind of cluster compound 
with nanometer size [21]. Compared with the monomer aluminum salt, 
it has a particularly superior removal efficiency of water fluorine (F− ) 
[22]. After adsorbing a small amount of fluorine ions, Al13 is still posi-
tively charged, and continues to do its work of coagulation through the 
mechanism of charge neutralization, so it has a wide application pros-
pect in water defluorination [21]. However, we found that HCO3

− also 
had an effect on the coagulation efficiency of Al13. Therefore, it is of 
great significance to study the mechanism of HCO3

− on the coagulation 
process of using Al13 as coagulant. 

In this study, the effect of fluoride removal by AlCl3 and Al13 at 
various concentrations of HCO3

− was compared, we herein focused on 
the study of the influence mechanism of HCO3

− on defluorination pro-
cess. First of all, the optimal dosage and pH of AlCl3 for defluorination 
were screened by coagulation experiment. Then, the defluorination ef-
ficiency by AlCl3 and Al13 were studied at various concentrations of 

HCO3
− . After coagulation, the morphology of Al-F complex in the su-

pernatant was characterized by ESI-TOF-MS. The precipitate was 
analyzed by XPS and NMR, and the influence mechanism of HCO3

− on 
coagulation defluorination was discussed. 

2. Materials and methods 

2.1. Materials and reagents 

All the reagents in the experiments were analytical grade and ul-
trapure water (electrical resistivity of 18.2 MΩ cm) was used to prepare 
the stock solutions. The preparation and purification of Al13 was carried 
out by sulfate precipitation and nitrate metathesis from a PACl with 
basicities of 2.2 [23]. The characters of AlCl3 and Al13 were detected by a 
UH5300 Double-Beam UV–vis spectrophotometer (Japan) (Ferron timed 
complex-colorimetric method) [24]. The Ferron characterization results 
of these two aluminum coagulants were shown in Table 1. 

2.2. Jar tests 

Coagulation tests were carried out using a six-paddle stirrer (MY 
3000-2 J/4 J, QianJiangMeiYu Instruments, China) at room tempera-
ture which is equipped with six500 mL beakers. A 500 mg/L fluoride 
stock solution was prepared by dissolving 1.1053 g NaF in 1 L ultrapure 
water. Before the experiment, 3.0 mg/L F− , 5.0 mmol/L NaNO3, and 
different concentrations of HCO3

− were added into the beaker, then 
diluted to 500 mL with deionized water, and adjusted its pH with 1 mol/ 
L HCl and 1 mol/L NaOH solutions. In Jar test, 30 s rapid mixing at 
200 rpm was applied, after the water sample was mixed evenly, a certain 
amount of coagulant was added, and then the fast stirring was continued 
at 200 rpm for 1 min, and then the slow stirring was performed at 
40 rpm for 15 min. After settling for 30 min, the supernatants were 
filtered through a 0.45 μm membrane and analyzed [25]. Inductively 
coupled plasma optical emission spectroscopy (ICP-OES) (ICPE-9800, 
Shimadzu, Japan) and inductively coupled plasma massspectrometry 
(ICP-MS, NexION 2000, USA) were used to deter-mine the aluminum 
concentration in filtrates, and the fluorine concentration in the filtrate 
was determined by ion chromatography system (ICS, Dionex 2000, 
USA). The equilibrium pH of the filtrate was determined by a pH meter 
(FE20, Mettler-Toledo, Switzerland). In addition, after the rapid stirring, 
a small amount of sample (about 5 mL) was taken for zeta potential 
analysis (Zetasizer nano zs90, Malvern, USA). 

2.3. Characterization of XPS 

The flocs after jar test were separated from the solution by centri-
fugation and lyophilized for XPS analysis. The XPS spectra was acquired 
using a K-Alpha X-ray photoelectron spectrometer (ESCALAB250Xi, 
Thermo Fisher Scientific, USA). The binding energy and nuclear level 
characteristic peaks of C1s in the range of 100− 1000 eV were measured. 
The peak positions were internally referenced to the C1s peak at 
284.8 eV. The XPS data were analyzed with the software provided by the 
spectrometer. 

2.4. ESI-TOF-MS analyses 

After coagulation test, the supernatant was first filtered by 0.22 μm 
membrane and then tested by ESI-TOF-MS. The ESI-TOF-MS spectra 
were recorded on a high-performance liquid chromatography/tandem 

Table 1 
The aluminum species of the coagulants used in this study (%).  

Coagulants Ala Alb Alc 

AlCl3 95.66 4.34 0 
Al13 3.71 87.62 8.68  
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quadrupole time-of-flight mass spectro-meter (2695 XE Micro, Waters, 
USA). Before detection, sodium formate solution was used to correct 
mass spectrometry, and leucine enkephalin solution was used for real- 
time calibration to ensure the accuracy of mass spectrometry. All mass 
spectra were performed in positive ion mode. The instrument conditions 
were as follows: capillary voltage 3500.0 V, sample cone voltage 90 V 
(40, 70 and 150 V), extraction cone voltage 5 V, source temperature 
120 ◦C, solvent removal temperature 150 ◦C, and cone gas (N2) flow rate 
300 L/h, mass range 50–1000 [22,26,27]. 

2.5. NMR analyses 

The flocs after jar test were separated from the solution by centri-
fugation and lyophilized for Solid 27Al NMR analysis. 27Al NMR spectra 
were obtained by a Bruker Advance 400 MHz NMR spectrometer 
equipped with a 5 mm resonant broadband probe. The main 

experimental parameters included pulse width of 0.3 s, period delay of 
1 s, spectral line broadening of 60 Hz, and rotating speed of 7 kHz [28]. 

3. Results and discussion 

3.1. Evaluation of coagulation process 

3.1.1. Selection of coagulation conditions 
Fig. 1 showed the change of defluorination efficiency and zeta po-

tential by AlCl3 with its dosage and initial pH. According to Fig. 1(a), the 
optimal dosage of AlCl3 to remove fluorine in this experiment was 
25.0 mg/L (calculated by aluminum). It can be seen from Fig. 1(b) that 
under the optimal dosage of AlCl3, the fluorine removal rate and zeta 
potential showed very similar changing trends with the change of pH. 
The optimal pH range of AlCl3 for fluoride removal was 7.0~8.5, and the 
optimal initial pH value selected in this experiment was 7.0. When Al13 

Fig. 2. Residual fluorine (a), residual aluminum (b) and pH value (c) in coagulation effluent at different concentrations of HCO3
− .  

Fig. 1. The removal rate varies with (a) the dosage and zeta potential of AlCl3 (initial pH 7.0), (b) the initial pH value and zeta potential (dosage = 25.0 mg/L).  
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was used as coagulant to remove fluorine, the optimum dosage (calcu-
lated by aluminum) and initial pH value were the same as those of AlCl3. 

3.1.2. Analysis of coagulation effluent 
Under the condition of initial pH value of 7.0, the effect of different 

concentrations of HCO3
− on fluoride removal by aluminum-based co-

agulants was studied. After passing through 0.45 μm membrane, the 
residual fluorine, aluminum and pH value in the effluent were measured 
and analyzed. 

Fig. 2(a) showed the defluorination of two aluminum salt coagulants 
at different concentrations of HCO3

− . When the concentration of HCO3
−

increased from 100 mg/L to 200 mg/L, no flocs were formed after AlCl3 
coagulation, and the residual fluorine in the effluent decreased from 
2.71 mg/L to 2.40 mg/L.When the concentration of HCO3

− was 300 mg/ 
L, the residual fluoride of AlCl3 coagulation effluent reached the lowest 
value of 0.66 mg/L. In the process of HCO3

− increased from 100 mg/L to 
300 mg/L, no flocs were formed after Al13 coagulation, and the residual 
fluorine in the effluent increased from 0.64 mg/L to 0.74 mg/L. In the 
range of HCO3

− 300 mg/L~1000 mg/L, the residual fluorine of the two 
coagulants increased with the increase of HCO3

− concentration, both 
reached 1.26 mg/L and exceeded the national drinking water standard 
limit. 

The residual aluminum in the coagulation effluent was shown in 
Fig. 2(b). When the concentration of HCO3

− increased from 100 mg/L to 
200 mg/L, the residual aluminum in the effluent decreased from 
22.6 mg/L to 21.4 mg/L, which indicated that aluminum mainly existed 
in a dissolved state in water. At this time, the residual fluorine was more 
than 2.3 mg/L, which indicated that fluorine removal by AlCl3 mainly 
depended on the physical adsorption of F− by the Al(OH)3 (am) alum 
flower [29] generated by hydrolysis. For the Al13 coagulation system, 
when the concentration of HCO3

− increased from 100 mg/L to 300 mg/L, 
almost no flocs were formed. At this time, the residual aluminum in the 
effluent decreased from 18.5 mg/L to 1.65 mg/L. When the concentra-
tion of HCO3

− was 500 mg/L~1000 mg/L, the two coagulants formd a 
milky white translucent floc after coagulation. At this time, the residual 
aluminum in AlCl3 coagulation effluent increased from 0.05 mg/L to 
0.10 mg/L, and the residual aluminum in Al13 coagulation effluent was 
less than 0.005 mg/L. 

It can be seen from Fig. 2(c) that the initial pH value was controlled 
at 7.0, the pH value of AlCl3 coagulation effluent was increased from 4.7 
to 7.2. Because AlCl3 was hydrolyzed immediately after administration 
(Eq. (1)), the pH value was decreased rapidly. At the same time, HCO3

−

hydrolysis was promoted to produce OH- (Eq. (2)), and the pH rised 
rapidly with the increase of HCO3

− concentration. When the concentra-
tion of HCO3

− exceeded 300 mg/L, Al(OH)3 dissolved to form Al(OH)4
− , 

which consumed a part of OH− and slowed the rise of the pH of the 
effluent. Al13 is relatively stable in water [30], and the pH value of the 
effluent after it coagulation slowly increased from 7.0 to 7.6. This may 
be due to the substitution of OH− in Al13 by HCO3

− .  

Al3+ + 3H2O ⇌ Al(OH)3 ↓ + 3H+ (1)  

HCO3
− + H2O ⇌ H2CO3 + OH− (2)  

3.2. Influence mechanism of HCO3
− on fluoride removal by aluminum 

salts 

3.2.1. NMR analysis of flocs 
When the concentration of HCO3

− was 100 mg/L~200 mg/L, no 
obvious Al(OH)3 flocs were formed after AlCl3 coagulation, which was 
difficult to collect. When the concentration of HCO3

− was 300 mg/ 
L~1000 mg/L, the flocs were formed by AlCl3 coagulation and analyzed 
by solid-state NMR. The results were shown in Fig. 3(a), in the flocs 
produced by AlCl3 coagulation, the peak at 10.5 ppm represents octa-
hedral coordination AlO6 [31], and the peak at 42.3 ppm represents 
pentahedral coordination AlO5 [32], indicated that there were AlO5 and 
AlO6 coordination in flocs. According to references [31,33], it was 
inferred that the flocs formed were amorphous aluminum hydroxide. In 
addition, with the increase of HCO3

− from 300 mg/L to 1000 mg/L, the 
flocs of Al(OH)3 decreased gradually, which was also proved by the 
increase of residual aluminum concentration in the supernatant. This 
was due to the hydrolysis of HCO3

− during this process gradually rose the 
pH value of the system, resulting in the gradual dissolution of Al(OH)3 
formed by the hydrolysis of AlCl3 to form Al(OH)4

− . 
When the concentration of HCO3

− was 100 mg/L~300 mg/L, no 
obvious flocculant was formed after All3 coagulation, which was difficult 
to collect. When the concentration of HCO3

− was 500~1000 mg/L, the 
flocs were formed by Al13 coagulation and analyzed by solid-state NMR. 
The peak at 14.6 ppm represents octahedral coordination AlO6 [34], and 
the peak at 68.4 ppm represents tetrahedral coordination AlO4 [35], 
indicating that AlO4 and AlO6 coordination exist in flocs after Al13 
coagulation. According to the literature [36,37], the Al13 structure in-
cludes 12 edge-shared AlO6 octahedra in four sets of triple linked trimers 
around a central AlO4 tetrahedron. The majority of F− bound and 
precipitated with Al13, which was still the main species in flocs [22]. 

3.2.2. XPS analysis of flocs 
The XPS spectra of flocs after AlCl3 coagulation were shown in the 

Fig. 4(a), (b) and (c). The wide scan spectrum results showed that the 
flocs were mainly composed of elements Al, F, O and C. The results of 
narrow scan spectrum showed that C(1s) had two peaks, Al(2p), F(1s), O 
(1s) had only one peak, and the peak shape was also symmetrical, which 
indicated that all elements in the flocs were basically in the same 
chemical environment [29]. The binding energy of each element in the 
flocs after AlCl3 coagulation was shown in Table 2. The binding energy 
of Al 2p and O 1s of flocs was close to that of the Al(OH)3 flocs adsorbed 
F− , which further proved that the flocs after AlCl3 coagulation was Al 
(OH)3 flocs. The F 1s binding energy of the flocs was quite different from 
that of AlF3⋅3H2O (686.33 eV) and Na3AlF6 (685.19 eV), which 

Fig. 3. 27Al NMR spectra of flocs formed by coagulation of AlCl3 (a) and Al13 (b) at different con-centrations of HCO3
− .  
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indicated that fluoride and flocs were not formed by Al-F bond [30]. It 
may be adsorbed on the surface of Al(OH)3 flocs through physical action. 

The XPS spectra of flocs after Al13 coagulation were shown in the 
Fig. 4(d), (e) and (f). The wide scan results showed that the flocs are 
mainly composed of elements Al, F, O and C. The results of narrow scan 
spectrum showed that C(1s) had two peaks, Al(2p), F(1s), O(1s) had only 
one peak, and the peak shape was also symmetrical, which indicated 
that all elements in the flocs were basically in the same chemical envi-
ronment. The binding energy of each element in the flocs after Al13 
coagulation was shown in Table 3. The O 1s binding energy and Al 2p 
binding energy of the flocs were quite different from the Al(OH)3 flocs 
adsorbed F− , which indicated that the flocs in Al13 coagulation were not 

Fig. 4. XPS spectra of F− -loaded flocs of AlCl3. (a) Wide scan spectra, (b) Al 2p, (c) O 1s; XPS spectra of F− -loaded flocs of Al13. (d) Wide scan spectra, (e) Al 2p, (f) O 
1s (initial pH 7.0). 

Table 2 
The XPS binding energies of each element in the flocs after AlCl3 coagulation.   

Binding Energy (eV) 

Al 2p F 1s O 1s 

HCO3
− 300 mg/L 74.55 685.65 532.30 

HCO3
− 500 mg/L 74.55 685.80 532.35 

HCO3
− 700 mg/L 74.70 685.85 532.45 

HCO3
− 1000 mg/L 74.70 685.70 532.45 

Al(OH)3 flocs adsorbed F− 74.57 685.40 532.40 
AlF3⋅3H2O 76.28 686.33  
Na3AlF6 75.31 685.19   

B. Wang et al.                                                                                                                                                                                                                                   



Colloids and Surfaces A: Physicochemical and Engineering Aspects 615 (2021) 126124

6

Al(OH)3. The F 1s binding energy of the flocs was similar to that of 
Na3AlF6, indicating that the fluoride and the flocs were formed by Al-F 
bonding. Combined with nuclear magnetic analysis and related litera-
ture [18,22], the flocs formed at this time are a new type of Al-F-OH 
co-precipitation, and Al13 was still the main component inside. 

With the concentration of HCO3
− increases, the relative area of Al-OH 

in the flocs formed by the two aluminum salts gradually decreases, 
which indicated that HCO3

− can also replace OH− in Al-OH through ion 
exchange (Eq. (3)) [18, 29], caused the pH of the solution to rise. This 
competed with the substitution of F− for OH− (Eq. (4)), caused a part of 
F− to be released into the water, which impeded the removal of fluoride 
in the water body.  

Al-OH + HCO3
− → Al-HCO3 + OH− (3)  

Al-OH + F− →Al-F + OH− (4)  

3.2.3. Mass spectra analysis of residual aluminum 
In this study, ESI-TOF-MS was used to analyze the morphology of 

residual aluminum in coagulation effluent, which provided reference for 
the speculation of coagulation mechanism. Fig. 5. showed the distribu-
tion of aluminum clusters in the supernatant after AlCl3 coagulation at 
the action of different concentrations of HCO3

− . 
When the concentration of HCO3

− was 0 mg/L, the main aluminum 
species were AlF (m/z = 117), Al7F2 (m/z = 186) and Al9F3 (m/z = 274) 
in the supernatant after coagulation. At this time, F− was hardly 
removed from the supernatant; When the concentration of HCO3

− was 
100 mg/L, the aluminum species in the supernatant increased, mainly 
including Al5 (m/z = 124), Al13 (m/z = 213, 328), Al7F2 (m/z = 222), 
Al5F (m/z = 108) and Al13F (m/z = 329), and most of them were in-situ 
hydrolytic form, and Al(OH)3 alum was not formed. At this time, the 
removal rate of fluoride in the supernatant was 9.55 %; When the con-
centration of HCO3

− increased to 200 mg/L, the main form of aluminum 
in the supernatant was Al5F (m/z = 108), and the removal rate of 
fluoride was 20.0 %. When the concentration of HCO3

− increased from 
200 mg/L to 1000 mg/L, Al7 (m/z = 129) always occupied the main 
form, and the percentage content of Al5F (m/z = 108) and AlF (m/ 
z = 81) gradually decreased to zero. This indicated that the increase of 
HCO3

− concentration promoted the dissociation of Al-F complex (Eqs. (5) 
and (6)).  

AlF(OH)(H2O)+ + HCO3
− → Al(OH)2(H2O)+ + CO2↑ + F− (5)  

Al5FO(OH)9
3+ + HCO3

− → Al5O(OH)10
3+ + CO2↑ + F− (6) 

The mass spectra of Al clusters after Al13 coagulation under different 
HCO3

− concentrations was shown in Fig. 6. When the concentration of 
HCO3

− was 0 mg/L, there were two main decomposition pathways of 
Al13 by F− attack in coagulation, one of which was to decompose into Al9 
(m/z = 274), and Al9 was further decomposed into Al5 (m/z = 107, 108) 
and Al4 (m/z = 105, 318). Another pathways was to decompose into Al6 

(m/z = 183) and Al7 (m/z = 186). The strongest peak was in situ Al5 (m/ 
z = 107); When the content of HCO3

− was 100 mg/L, after Al13 was 
attacked by HCO3

− again, the form and content of aluminum in the su-
pernatant after coagulation are roughly the same as those after F−

attack, but the strongest peak belonged to Al5F. At this time, the removal 
rate of fluoride is 78.8 %. 

With the concentration of HCO3
− increased from 200 mg/L to 

1000 mg/L, the form of aluminum remained basically unchanged, and 
the proportion of each form changed. Al5F (m/z = 108) basically occu-
pied the most dominant form, the percentage content of Al6F2 (m/ 
z = 183), Al7F2 (m/z = 186), Al9F3 (m/z = 274) gradually decreased, 
and the percentage content in-situ Al5 (m/z = 107), Al7 (m/z = 159), 
and Al9 (m/z = 244) gradually increased. In this process, the removal 
rate of fluoride in water dropped from 76.7%–59.4%. 

3.2.4. Influence mechanism of HCO3
− on fluoride removal by AlCl3 and 

Al13 
The foremost Influence mechanism of HCO3

− on fluoride removal by 
AlCl3 and 

Al13 are depicted in Fig. 7. When the concentration of HCO3
− in-

creases from 100 mg/L to 300 mg/L, Al3+ and HCO3
− are double hy-

drolyzed to form Al(OH)3 alum flower after adding AlCl3 (Eq. (7)). When 
the concentration of HCO3

− reached 300 mg/L, aluminum mainly exists 
in the form of Al(OH)3, and its produce reached the maximum. In this 
process, the removal rate of fluoride rapidly increases from 9.55 % to 
78.0 %. When the concentration of HCO3

− increased from 300 mg/L to 
1000 mg/L, more OH− will be produced through hydrolysis as its con-
centration increases, so that the precipitation of Al(OH)3 will gradually 
dissolve to form Al(OH)4

− (Eqs. (2) and (8)) [38]. In this process, the 
aluminum forms in the solution are mainly Al(OH)3 and Al(OH)4

− , and 
the removal rate of fluoride drops from 78.0 % to 56.2 %.  

Al3+ + 3HCO3
− = Al(OH)3↓ + 3CO2↑                                               (7)  

Al(OH)3 + OH− = Al(OH)4
− (8) 

After Al13 is coagulated, various aluminum clusters will appear in the 
solution. With the increase of HCO3

− from 100 mg/L to 1000 mg/L, the 
formed Al6F2, Al7F2, Al9F3 and other complexes gradually dissociate, in- 
situ Al5, Al7 and Al9 gradually increase, and the removal rate of fluorine 
decreased from 78.8%–59.4%. Because of the double hydrolysis of Al-F 
complex and HCO3

− , the AlxOy(OH)
n+
z− mFm is dissociated (Eq. (9)). The 

higher the HCO3
− concentration, the stronger the effect, and the more F−

will be dissociated, resulting in the gradual increase of fluoride con-
centration in the effluent. 

AlxOy(OH)
n+
z− mFm + mHCO3

− ⇄AlxOy(OH)
n+
z− m(HCO3)m + mF−

= AlxOy(OH)
n+
z− m+1 + CO2↑ + mF− (9)  

4. Conclusions 

In this study, we explored the influence mechanism of HCO3
− on the 

removal of fluoride by AlCl3 and Al13. When the concentrations of HCO3
−

in water was less than 300 mg/L, it will help AlCl3 to remove fluoride. 
When the concentrations of HCO3

− in water exceeds 300 mg/L, it will 
hinder AlCl3 to remove fluoride. The main reason is that low concen-
tration of HCO3

− promotes the formation of Al(OH)3 flocs, while high 
concentration of HCO3

− will dissolve part of Al(OH)3 to form Al(OH)4
− . 

When Al13 is used as a coagulant, with the increase of the concentrations 
of HCO3

− , the double hydrolysis between it and the Al-F complex in-
creases, the more F− will be dissociated, resulting in a gradual increase 
in the fluoride concentration in the effluent. In addition, compared with 
AlCl3, Al13 coagulation effluent has stable water quality. 

Table 3 
The XPS binding energies of each element in the flocs after Al13 coagulation.   

Binding Energy (eV) 

Al 2p F 1s O 1s 

HCO3
− 500 mg/L 74.20 685.20 532.00 

HCO3
− 700 mg/L 74.10 685.15 531.90 

HCO3
− 1000 mg/L 74.10 685.10 531.90 

Al(OH)3 flocs adsorbed F− 74.57 685.40 532.40 
AlF3⋅3H2O 76.28 686.33  
Na3AlF6 75.31 685.19   
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Fig. 5. The mass spectra of Al clusters after AlCl3 coagulation under different concentrations of HCO3
− .  
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Fig. 6. The mass spectra of Al clusters after Al13 coagulation under different concentrations of HCO3
− .  
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