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a b s t r a c t
In this study, the simultaneous removal of F– and Cu2+ based on an induced crystallization mechanism 
using phosphate rock as a seed crystal was investigated. F– and Cu2+ could be effectively removed 
simultaneously until seed crystal phosphate rock (PR) was reused three times, but high Cu2+ lev-
els lead to more residual F– when the operations were performed more than three times. F– was 
removed by induced crystallization of Ca10(PO4)6F2 on the surface of PR, and Cu2+ was removed 
by co-precipitation with Ca10(PO4)6F2 as Ca10–x(Cu)x(PO4)6F2 on PR. The retarding effect of Cu2+ on 
the removal of F– may be explained as being due primarily to the obstruction by Cu2+ to the depo-
sition of lattice ion Ca2+ on the surface of PR, hence, this hindered the induced crystallization of 
Ca10(PO4)6F2. For an artificial multiple contaminants groundwater application, the concentration of 
F– was decreased from 2.88 to 0.9 mg L−1 while the other heavy metals (Cu2+, Zn2+ and Pb2+) were 
all removed absolutely with additional P to reach a P:F ratio of 6:1 and a contact time of 1 h. These 
findings highlight the application of induced crystallization for the removal of multiple pollutants, 
including F– and typical heavy metal ions, from groundwater.
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1. Introduction

Fluoride (F–) in groundwater (with the limit of 1.0 mg L−1) 
[1] improves skeletal and dental health in humans but 
excess intake can lead to enzyme activity disorders, a meta-
bolic imbalance of calcium and phosphorus, dental plaque, 
and joint deformation [2–4]. The F– in F–-containing ores 
(CaF2, Na3AlF6, and Ca10(PO4)6F2) get transported into the 
natural water [5]; in addition, many F–-containing waste-
water is discharged into natural water through metal pro-
cessing, aluminum electrolysis, glass and semiconductor 

manufacturing and phosphate production [6–9]. Therefore, 
excessive F– levels (>1.0 mg L−1) in groundwater are a prob-
lem worldwide. Su et al. [10] reported that the concentra-
tion of F– in groundwater can be as high as 8.3 mg L−1 in the 
Datong Basin, North China. Narsimha and Sudarshan [11] 
also reported concentrations of F– of 7.4 mg L−1 in Telangana, 
South India. Mirzabeygi et al. [12] reported F– at 5.6 mg L−1 
in Yazd, Iran.

Excess F– often co-exists with heavy metals in ground-
water [13–19]. Copper ion (Cu2+) is a particularly harmful 
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heavy metal; this is especially true for water ecosystems 
because it can readily accumulate to induce irreversible 
pollution and accumulation in the human body [20]. The limit 
of Cu2+ concentration is 1.0 mg L−1 according to the Chinese 
acceptable standards for drinking water [1]. Thus, it is often 
necessary to remove Cu2+ from groundwater.

Materials such as porous gelatin/acrylic acid, novel 
porous gelatin-silver/AcA [20], and phosphate rock (PR) 
[21] can serve as adsorbents to remove Cu2+ in water. In one 
study, the removal rate of Cu2+ was over 90% when PR was 
used as an adsorbent in solutions with less than 30 mg L−1 
of Cu2+ [21]. The Cu2+ immobilization by PR was attributed 
to chemisorption, surface adsorption and complexation [22].

Our previous research showed that the F– can be removed 
from 9.5 to 0.6 mg L−1 by induced crystallization using PR 
as a seed crystal [23]. Adding a quantitative PR seed crys-
tal and precipitating agents (PO4

3– and Ca2+) to the F– solu-
tions in order to control the crystallization of the inorganic 
substances (Ca10(PO4)6F2) proceeded under the condition of 
supersaturation. The Ca10(PO4)6F2 is formed on the PR sur-
face and gradually grew. Shanmugam et al [24]. reported 
that Ca10–x(Cu)x(PO4)6F2 (x = 0.05–2.0) is formed when F–, 
PO4

3–, Ca2+, and Cu2+ appeared in the solution concurrently. 
Thus, we inferred that the simultaneous removal of F– and 
Cu2+ by PR could be achieved through two pathways: (1) 
the formation of Ca10–x(Cu)x(PO4)6F2 (x = 0.05–2.0) on PR; 
and (2) the formation of Ca10(PO4)6F2 on PR in the solu-
tion. However, it is difficult to quantify the significance of 
the two mechanisms because they may act cooperatively. 
As such, the contribution of each mechanism should be 
determined.

The purpose of this study was to use PR as seed crys-
tals to remove F– and Cu2+ concurrently. The impacts of the 
Ca:P:F molar ratio, the reaction time, and the concentration 
of humic acid (HA) were investigated. The optimized con-
ditions of the experiments were determined. The kinetics 
was modeled, and the reaction rates were calculated. The 
mechanisms of the co-removal of F– and Cu2+ were explored 
using multiple complementary techniques including X-ray 
diffractometry (XRD), X-ray fluorescence (XRF), and scan-
ning electron microscope energy dispersive spectrometry 
(SEM-EDS).

2. Materials and methods

2.1. Materials

The PR was from Guizhou, China. It was pulverized and 
sieved into particle sizes of <80 μm. The PR was used as seed 
crystals. Six stock solutions containing F–, PO4

3–, Ca2+, Cu2+, 
Zn2+, Pb2+, and NOM (natural organic matter) were prepared 
by dissolving NaF, NaH2PO4·2H2O, CaCl2·2H2O, CuCl2·2H2O, 
ZnCl2, PbCl2, and humic acid sodium salt into distilled water, 
respectively. All of the experiments were performed at room 
temperature (25°C ± 2°C).

Humic acid sodium salt used in this study was purchased 
from Sigma-Aldrich Co. (St. Louis, USA). All of the other 
chemicals were of analytical grade and purchased from the 
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China) 
and the Tianjin Kermel Chemical Reagent Co. Ltd. (Tianjin, 
China).

2.2. Conditional experiments procedures

2.2.1. Effect of Ca:P:F mole ratio

First, 0.25 mM NaF solutions with different concentra-
tions of Cu2+ (0, 5, and 10 mg L−1) were put into polymethyl 
methacrylate beakers, and 100 g seed crystals were put into 
the solution. The mixtures were placed under a coagula-
tion test stirrer (MY3000-6, MeiYu, China) and agitated at 
400 r min−1 for 2 min. Then, NaH2PO4 and CaCl2 solutions 
were added in succession with Ca:P:F molar ratios of 5:3:1, 
8:4:1, 12:6:1, and 20:10:1. Finally, the solutions were stirred 
at 100 r min–1 for 1 h. The resulting supernatants were 
filtered through a 0.45 μm membrane filter for analysis.

2.2.2. Reaction time

The experiments were performed with a Ca:P:F molar 
ratio of 12:6:1 with Cu2+ masses of 0, 5, and 10 mg L−1. 
The experimental processes were consistent with the exper-
iments above. The changes in F–, P–PO4, Ca2+, and pH were 
recorded with reaction time.

2.2.3. Effect of HA

First, 100 g of seed crystals were added to the solutions 
that consisted of 0.25 mM NaF and 5, 10, 15, 20, 25, and 
30 mg L−1 of HA. The Ca:P:F molar ratio was kept at 12:6:1. 
The experimental procedures were roughly the same with 
previous ones. The resulting supernatants were also fil-
tered through a 0.45 μm membrane filter for the component 
analysis. These experiments were performed at different 
concentrations of Cu2+ (0, 5, and 10 mg L−1).

2.2.4. Reuse of PR

The experiments were performed with a Ca:P:F molar 
ratio of 12:6:1 and 0, 5, and 10 mg L−1 of Cu2+. The exper-
imental process was the same as that of the reaction in 
Section 2.2.1. The PR samples were flushed with distilled 
water eight times and dried in the oven at 110°C for 12 h. 
The dried materials were reused as seed crystals in the 
experiments; these procedures were conducted 10 times.

2.2.5. Artificial groundwater experiments

The groundwater used in these experiments was referred 
to the mine-impacted groundwater at the Phoenix mine 
(Nevada, USA) [25]. The concentrations of ions in the arti-
ficial groundwater were as follows: F– (2.88 mg L−1), Ca2+ 
(300 mg L−1), Cu2+ (9.45 mg L−1), Pb2+ (0.122 mg L−1), and Zn2+ 
(10.6 mg L−1). The pH value of artificial groundwater was 
4.2; it was adjusted with hydrochloric acid. Seed crystals PR 
(100 g) were put into 1 L of the artificial groundwater. The 
mixture was placed under a coagulation test stirrer and agi-
tated at 400 rpm for 2 min. Next, NaH2PO4 stock solution was 
added successively with P:F molar ratios of 5:1, 6:1, 8:1, 10:1, 
12:1, and 15:1. The remaining steps follow the previously 
mentioned experiments.

2.3. Analysis

The concentrations of F–, P–PO4, and Ca2+ in the result-
ing supernatant were tested using ion chromatography 
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(IC; ICS-1100; Thermo, USA). These samples were filtered 
with a 0.22 μm membrane filter before testing. The con-
centrations of Zn2+, Pb2+, and higher concentrations of Cu2+ 
(0.001–0.05 mg L−1) were measured using atomic absorp-
tion (AA, ICE-3300, USA). The lower concentrations of 
Cu2+ (Cu2+ < 0.001 mg L−1) were measured using inductive 
coupled plasma-atomic emission spectroscopy (ICP-AES, 
ELANDRC-E; USA). The pH values were determined with 
a pH meter (STARTER 3100 pro; OHAUS, USA). All of the 
samples to be tested were performed in triplicate, and the 
mean (±SD) is reported.

3. Results and discussion

3.1. Characteristics of PR

The components of the PR are presented in Table 1. The 
XRD data of the raw PR are presented in Fig. 1. The PR was 
composed of Ca10(PO4)6F2 and small amounts of CaCO3, SiO2, 
and FePO4. The SEM-EDS image shows that the raw PR were 
irregular and smooth (Fig. 2). The elemental content table also 
indicated that there were elements forming the Ca5(PO4)3F, 
CaCO3, and SiO2 that were the main compositions of PR.

3.2. Effect of Ca:P:F molar ratio

The residual F– concentration could not reach the drink-
ing water quality standard (F– < 1.0 mg L−1) when the Ca:P:F 
molar ratios were 5:3:1 and 8:4:1 (Fig. 3). However, the resid-
ual F– concentration could be satisfied when Ca:P:F molar 
ratios were 12:6:1, 16:8:1, and 20:10:1. The pH values were 6–8 
at any Ca:P:F molar ratios. The residual P-PO4 is maintained 
at a very low and stable value. The concentration of residual 
Ca2+ increased with increasing Ca:P:F molar ratios. The resid-
ual Ca2+ values steadily increase as the Cu2+ concentration 

increases. The Cu2+ ions are almost completely removed at all 
scales. Thus, the Cu2+ concentration met the drinking water 
standard (Cu2+ < 1.0 mg L−1).

Fig. 3c shows that the concentration of residual Ca2+ was 
greater than the initial Ca2+ concentration when the Cu2+ con-
centration was 10 mg L−1 with a Ca:P:F ratio of 5:3:1. There are 
several reasons for this phenomenon: (1) PR was composed 
of a small amount of CaCO3 (Fig. 1). CaCO3 was partially dis-
solved, as shown in the XRF results of PR (Table 1), and the 
weight portions of Ca2+ in the spent PR were smaller than that 
in the raw PR. (2) The Cu2+ coprecipitated with Ca10(PO4)6F2 
and led to the formation of Ca10–x(Cu)x(PO4)6F2 (x = 0.05–2.0) 
[24], which leads to a reduction of Ca2+ consumed. This phe-
nomenon could also be supported by the SEM-EDS results 
(Figs. 2c and d). The Cu2+ appeared on the surface of the spent 
seed crystals. These observations explain why the residual 
Ca2+ was larger than the initial Ca2+.

Importantly, both raw and spent PR were composed of 
Ca10(PO4)6F2, CaCO3, SiO2, and FePO4; no Cu-containing min-
eral was found in XRD patterns of spent PR (Fig. 1). Former 
researchers showed similar results that XRD pattern of Cu2+ 
substituted fluorapatite Ca10–x(Cu)x(PO4)6F2. This showed no 
differences with that of Ca10(PO4)6F2 in the peak positions 
except that the replacement of Ca2+ by Cu2+ decreased both 
the lattice parameters a and c of substituted fluorapatite 
phases slightly [21,24].

3.3. Crystallization kinetics

The kinetic experiments were performed with a Ca:P:F of 
12:6:1 at different Cu2+ concentrations. The changes of F–, P–
PO4, Ca2+, and pH with the reaction time are shown in Fig. 4. 
The concentration of F– rapidly fell to 1.0 mg L−1 after the 
CaCl2 stock solution was added into the solution at different 
Cu2+ concentrations; the concentration of F– remained below 

Table 1
Chemical composition of PR

Constituent Value (wt.%)

Raw PR Spent PR
(Cu2+ 0 mg L−1)

Spent PR
(Cu2+ 5 mg L−1)

Spent PR
(Cu2+ 10 mg L−1)

Ca 59.01 54.11 54.07 54.43
P 27.73 26.32 26.61 26.74
F 1.18 1.10 1.21 1.17
Cu – – 0.04 0.12
Na 0.29 0.27 0.27 0.28
Mg 0.78 0.65 0.65 0.64
Al 0.98 2.08 2.08 2.01
Si 5.54 6.95 7.06 6.98
S 1.66 2.97 3.05 3.13
K 0.29 0.39 0.37 0.34
Ti 0.13 0.19 0.17 0.17
Mn 0.13 0.17 0.17 0.18
Fe 2.03 3.60 3.60 3.64
Sr 0.08 0.08 0.08 0.09
Ba 0.17 1.12 0.57 0.08
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1.0 mg L−1 for the following 1 h. The trends of P–PO4 and 
Ca2+ concentrations are consistent with that of F–. The similar 
tendencies of F–, P–PO4, and Ca2+ indicate that these three 
substances are removed synchronously, which indirectly 
show the formation of the Ca10(PO4)6F2. The pH of the solu-
tion has no significant change and the values remain neutral. 
The residual Cu2+ concentrations were sharply decreased 
to the BLD (below limited detection) value during mixing 
within the first 2 min at Cu2+ concentrations of 5 and 10 mg L−1.  
The results are not shown here. The Cu2+ was removed by 
co-precipitation with Ca10(PO4)6F2 via the formation of 
Ca10–x(Cu)x(PO4)6F2 (x = 0.05–2.0).

Here, induced crystallization was determined by sur-
veying the change of the F– concentration and pH value 
as the crystallization formed. Fig. 4 shows that the pH 
value stabilizes at about 7 with more than half of the phos-
phates existing as HPO4

2– in the solution at this pH value.  

The amount of the crystallization may be calculated as the 
reduction of F– as described in the following formula:

10 6 2 62
4
2

10 4 6 2Ca  HPO  F Ca PO F  H+ − +−+ + → +( )  (1)

The pH change was related to the decrease of the con-
centration of F–, and the rate of Ca10(PO4)6F2 is connected 
to change of the F– concentration. The relationship can be 
expressed as follows:
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The relation between Eq. (2) and pH of the solution was 
studied via the kinetics of the struvite crystalization [26]. 
The left-hand side of Eq. (2) may be written as:
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The concentration of F– in the solution during the reac-
tion is calculated by Eq. (9). In particular, the concentration 
of P–PO4 in the resulting solution is calculated in accordance 
with the method of calculating F– as shown in Eq. (10). Next, 
the kinetic constants of the Ca10(PO4)6F2 crystallization were 
fitted to a suitable kinetic model. In this study, we used the 
pseudo-first-order and the pseudo-second-order kinetic 
models to show the calculated results. The linear form of 
the expression of the pseudo-first-order kinetics Eq. (11) and 
the pseudo-second-order kinetics Eq. (12) were written as 
follows:

ln lnc kt c= − + 0  (11)

1 1

0c
kt

c
= − +  (12)

where c = [F–] at any time, t (molar), c0 = [F–] at start time 
(molar), k = reaction rate constant, (1/min (the pseudo-
first- order kinetic), mg L–1 min–1 (the pseudo-second-order 
kinetic)), t = reaction time (min).

The results of the fitting are expected to be a straight line: 
This would demonstrate that the experimental results can be 
fitted with these two models.

The pseudo-first-order and the pseudo-second- order 
kinetic fittings of F– and P–PO4 carried out at various Cu2+ 

concentrations are described in Fig. 5. The changes in F– and 
P–PO4 concentrations are a better fit with the pseudo-first- 
order kinetics at 0 mg L−1 Cu2+. This is because the R2 of the 
pseudo-first-order is larger than that of the pseudo- second-
order kinetics. When Cu2+ was 5 mg L−1, the change in F– 
and P–PO4 concentrations both fit the pseudo-second- order 
kinetics. When Cu2+ was 10 mg L−1, the variation of F– and 
P–PO4 concentrations both nicely fitted the pseudo- second-
order kinetics. The rate constant of F– will first increase and 
then decrease with increasing Cu2+ concentrations with 
both kinetic fittings. The pseudo-second-order kinetics was 
a better fit than the pseudo-first-order kinetics for residual 
PO4–P. The rate constant of P–PO4 with pseudo-second-order 
kinetics fitting decreased slowly with increasing Cu2+ con-
centration. Because the seed crystals used in this study con-
tained CaCO3, the Ca2+ would simultaneously participate in 
the dissociation and precipitation of CaCO3 and Ca10(PO4)6F2 
so that the change of the Ca2+ concentration cannot be fitted 
with any kinetics model. Those results are not shown here.

3.4. Effect of natural organic matter

HA is a common macromolecular organic compound 
existing in natural water so the effects of HA on the changes 
of F–, P–PO4, Ca2+, pH, and Cu2+ with a Ca:P:F ratio of 12:6:1 
were studied (Fig. 6). The F– concentration was lower than 
1.0 mg L−1 at any HA concentration. The pH values were 
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stable and neutral at all of the conditions. The removal rates 
of P–PO4 were not significantly changed with changes of HA 
concentration. They increased slightly with increasing Cu2+ 
concentration. The change trend in the removal rate of Ca2+ 
is consistent with that of the removal rate of P–PO4. In the 
series of experiments, Cu2+ was almost completely removed 
at any initial Cu2+ concentration, and the values satisfy the 
water quality standard (Cu2+ < 1.0 mg L−1).

3.5. Reuse of PR

The residual F– concentration increased with increasing 
cycle numbers and initial Cu2+ concentrations (Fig. 7). The final 
pH decreased gradually from 7.0 to 5.5. The removal rate of 
P–PO4 increased with both an increase in initial Cu2+ concen-
tration and the cycle numbers. The residual Ca2+ concentra-
tions have similar change trends with the residual P–PO4. 
Without introducing Cu2+, the residual F– concentrations at 
cycles 1–10 were all less than 1.0 mg L−1. The F– was removed 
by the formation of Ca10(PO4)6F2 as described [27]. The XRD 
result showed that Ca10(PO4)6F2 was the main component of 
the raw PR (Fig. 1). The surface of the PR seed crystal nicely 
matched the Ca10(PO4)6F2 crystal to be formed. This showed a 

surface-catalytic effect [28]. Thus, the induced crystallization 
tended to form a structurally continuous coating on the seed 
crystals grain.

When the initial concentration of Cu2+ increased to 
5.0 mg L−1, the residual F– was above 1.0 mg L−1 after the sixth 
round. The concentrations of Cu2+ were less than 1.0 mg L−1. 
When the initial Cu2+ concentration reached 10 mg L−1, 
the residual F– was more than 1.0 mg L−1 after only four 
rounds. The level of Cu2+ was beyond 1.0 mg L−1 after the 
seventh round. Notably, at cycle 10, the residual F–, P–PO4 
and Ca2+ at Cu2+ 5 and 10 mg L−1 were still supersaturated 
with Ca10(PO4)6F2 after the induced crystallization process 
(Fig. 7). The retarding effect of Cu2+ on the crystallization of 
Ca10(PO4)6F2 might be because Cu obstructs the deposition 
of lattice ion Ca on the surface of PR [28], that is, the crys-
tallization of Ca10(PO4)6F2, Cu2+ was a foreign constituent. 
The co-precipitation of Cu2+ with Ca10(PO4)6F2 on the PR sur-
faces forms Ca10–x(Cu)x(PO4)6F2 (x = 0.05–2.0) [24]. The newly 
formed Ca10–x(Cu)x(PO4)6F2 coated surface do not match the 
Ca10(PO4)6F2 matrix. Thus, it slows down the growth kinetics 
of Ca10(PO4)6F2. As a result, F–, P–PO4 and Ca2+ remained in 
the system remained in the system although the solution was 
still supersaturated with Ca10(PO4)6F2.
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3.6. Simultaneous removal of F–, Cu2+, Zn2+, and Pb2+

Mining affects the environment, including groundwater, 
although the routes of pollution can vary. Polluted aquifers 
act as long-term pollution sources to the surrounding envi-
ronment even after the mining activities have ended [29]. The 
groundwater surrounding gold mines, copper mines, and 
polymetallic mines is often contaminated with aluminium, 
iron, nickel, zinc, copper, lead, etc. [25,29,30]. Thus, artificial 
groundwater experiments were conducted here.

Artifical groundwater was used along with ground-
water near the Phoenix mine in the Copper Canyon district. 
The concentrations of ions in the artificial groundwater were 
F– (2.88 mg L−1), Ca2+ (300 mg L−1), Cu2+ (9.45 mg L−1), Pb2+ (0.122 
mg L−1), and Zn2+ (10.60 mg L−1), and the pH was 4.2. The con-
centration of Ca2+ is about 50 fold higher than F– so no extra 
Ca2+ was added. Fig. 8 shows that the residual F– is below 1.0 
mg·L−1 with P:F ratios of 8:1, 10:1, 12:1, and 15:1. The removal 
rate of F– increased with increase in the P:F molar ratio. 
The final pH values were 6–8 and decreased gradually. The 
removal rate of P–PO4 decreased with increasing P:F molar 

ratios. The residual Ca2+ slightly decreased as the molar ratio 
of P:F increased. The heavy metals Cu2+, Zn2+, and Pb2+ were 
almost completely removed at every condition (Table 2).

4. Conclusions

We evaluated the simultaneous removal of F– and Cu2+ by 
induced crystallization using phosphate rock as a seed crys-
tal. The resulting concentrations of F– and Cu2+ were below 
the water quality limit (both 1.0 mg L−1) when the Ca:P:F 
molar ratios were 12:6:1, 16:8:1, and 20:10:1. The kinetic char-
acteristics of F– removal fit the pseudo-second-order model, 
and the reaction rate constants decreased with increasing 
Cu2+ concentrations. A high amount of Cu2+ was an obstacle 
to F– removal. The retarding effect of Cu2+ on the removal of 
F– can be explained as being due primarily to the obstruc-
tion by Cu2+ to the deposition of lattice ion Ca2+ on the sur-
face of PR. Hence, this hindered the induced crystallization 
of Ca10(PO4)6F2. The concentration of HA (5–30 mg L−1) does 
not have any negative impact on the removal of F– and Cu2+. 
When the artificial groundwater containing F–, Cu2+, Zn2+, and 
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Pb2+ ions was treated by this process, the residual concentra-
tions of these ions were all below the Chinese drinking water 
guidelines (P:F molar ratio above 6:1). This induced crystalli-
zation technology could be used in groundwater application 
for the removal of multiple contaminants including F– and 
typical heavy metal ions.
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Table 2
Residual concentrations of Cu2+, Zn2+, and Pb2+ with different P:F ratios

P:F proportion 3:1 6:1 8:1 10:1 12:1 15:1 WQSb

Concentration (mg L−1)

Cu2+ 0.0006 0.0007 0.0009 0.0003 0.0008 0.0015 1.0
Zn2+ BLDa BLD BLD BLD BLD BLD 1.0
Pb2+ BLD BLD BLD BLD BLD BLD 0.01

aBlow limited detection (Zn2+: <0.05 mg L−1, Pb2+: <0.001 mg L−1).
bWater quality standard.
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