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Abstract
Fluoride removal by traditional precipitation generates huge amounts of a water-rich sludge with low quality, which has no commercial
or industrial value. The present study evaluated the feasibility of recovering fluoride as low water content cryolite from industrial
fluoride-containing wastewater. A novel pilot-scale reaction-separation integrated reactor was designed. The results showed that the
seed retention time in the reactor was prolonged to strengthen the induced crystallization process. The particle size of cryolite increased
with increasing seed retention time, which decreased the water content. The recovery rate of cryolite was above 75% under an influent
fluoride concentration of 3500 mg/L, a reaction temperature of 50°C, and an influent flow of 40 L/hr. The cryolite products that
precipitated from the reactor were small in volume, large in particle size, low in water content, high in crystal purity, and recyclable.

Key words: fluoride-containing wastewater; cryolite; crystallization; low water content; reaction-separation integrated reactor
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Introduction

In various industries, including the production of fluoride
salts, large amounts of fluoride-containing wastewater
with a high fluoride concentration are produced. Fluoride
wastewater is a typical effluent due to the hazardous effects
such as mottling of teeth, softening of bones, and ossifica-
tion of tendons and ligaments (Reardon and Wang, 2000).
The conventional method for fluoride removal generally
involves chemical precipitation and coagulation (Wu and
Lu, 2003; Turner et al., 2005; Meenakshi and Maheshwari,
2006). However, due to its high water content and low
quality, the sludge has no commercial or industrial value
and has to be disposed with increasing costs (Aldaco et al.,
2005; Kristel et al., 2003).

In 2009, the world fluorspar reserves were estimated at
230 million tons. The worldwide consumption of “acid
grade” fluorspar is currently approximately 4 million tons
per year (Aldaco et al., 2007). The known reserves are
estimated to be adequate to approximately 50 years supply.
Hence, the recovery of fluoride from industrial wastewater
is presented as an important target of the fluorine industry.

As important raw materials of fluoride salt, calcium
fluoride and cryolite can be precipitated from fluoride-

* Corresponding author. E-mail: zhoukg63@163.com

containing wastewater by adding calcium salt (Eq. (1)) or
sodium aluminate (Eq. (2)), respectively.

Ca2++2F−= CaF2 (1)

3Na++Al3++6F−= Na3AlF6 (2)

The traditional stirred tank reactor and fluidized bed
reactor are widely used for calcium fluoride recovery. The
calcium fluoride recovered in the traditional stirred tank
reactor could not be dehydrated and reused economically
due to its high water content and fine particle size (Lee et
al., 2001). The fluidized bed reactor is developed based on
the crystallization process (Aldaco et al., 2007; Hirasawa
et al., 2002; Corre et al., 2009). The water content of
sludge is greatly decreased while the seed retention time is
prolonged. However, the optimal hydraulic retention time
and fluidization state of seed, which are both determined
by influent flow, are difficult to control. Moreover, the
recovery of calcium fluoride from wastewater with high
concentrations of aluminum and fluoride is not feasible
(Jiang et al., 2012). Therefore, an alternative option is to
recover cryolite instead of calcium fluoride (Wang et al.,
2012; Shi et al., 2012). However, little attention has been
paid to the crystallization process of cryolite.

This study aims to recover cryolite with low water
content and large particle size cryolite from a high fluoride-

http://www.jesc.ac.cn
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containing wastewater by the crystallization process. A
novel pilot-scale reactor called reaction-separation inte-
grated reactor was designed. Continuous experiments were
carried out to validate the feasibility of the process.

1 Materials and methods

1.1 Materials

Both synthetic wastewater and industrial wastewater were
used as influent. The synthetic wastewater (2700 mg/L)
was prepared with hydrofluoric acid (HF, analytical grade).
The industrial wastewater was obtained from a fluoride
chemical factory in Hunan Province, China. The detailed
composition of the industrial wastewater are as following
(mg/L): F 3500, Mg 340, Al 60, S 120, K 210, Si 590,
Na 1090 and Ca 40 mg/L, pH = 2.5. The precipitant of
cryolite, sodium aluminate, was prepared by dissolving
industrial-grade aluminium hydroxide (Al(OH)3) and sodi-
um hydroxide (NaOH) at 90°C. The molar ratio of sodium
oxide (Na2O) to aluminum oxide (Al2O3) in sodium alu-
minate was defined as αk.

1.2 Reactor design and process description

The reactor consisted of a polypropylene cylindrical vessel
(40 L), a deceleration mixer, a cubic container (100 L), an
electric heater, and two pumps. The cylindrical vessel was
divided into an inner space (200 mm × 600 mm) and an
outer space (315 mm). During operation, the wastewater
and precipitant were added into the inner space from the
top of the reactor. The F/Al molar ratio and reaction pH
were adjusted by the flow of precipitant. The deceleration
mixer was used to mix the wastewater and precipitant,
which was different from the fluidized bed reactor. The
temperature was controlled by the electric heater and
thermostats. When the reaction solution flowed into the
outer space, the turbulence of solution was decreased under
the action of a clapboard. Subsequently, the solid phase
retained on the bottom of the reactor, and the liquid phase
flowed out of the reactor from the outlet. The schematic of
the reactor is shown in Fig. 1. The operation conditions are
shown in Table 1.

Table 1 Operational conditions in the pilot-scale experiments

Operational Run 1 Run 2 Run 3 Run 4
conditions

Wastewater Synthetic Synthetic Synthetic Industrial
wastewater wastewater wastewater wastewater

Influent flow 40 40 20–80 40
of wastewater
(L/hr)
Reaction pH 3.0–9.0 3.0–9.0 5.0–7.0 2.5–7.0
αk 3.00 3.00 3.00 1.88–3.25
Temperature 50 30–60 50 35–50
(°C)

αk: molar ratio of sodium oxide (Na2O) to aluminum oxide (Al2O3) in
sodium aluminate.

5 6

7

2 1

3

4

8

7

Fig. 1 Schematic of the pilot-scale reactor for recovery of cryolite.
(1) inner space; (2) out space; (3) clapboard; (4) deceleration mixer;
(5) wastewater inlet; (6) precipitant inlet; (7) effluent outlet; (8) cryolite
outlet.

1.3 Sampling and analysis

The effluent was sampled from the outlet every 0.5 hr.
The wet samples of cryolite were sampled from the outlet
on the bottom of the reactor. The residual fluoride con-
centration of the effluent was measured by ion-selective
electrodes. The wet samples of cryolite were dried at
40°C for 10 hr. The hygroscopic water of dry samples
was determined by standard of YS/T273.1-200 (China).
Dry samples of cryolite were analyzed by X-ray diffraction
(XRD, TTR III, Japan), X-ray photoelectron spectroscopy
(ZSX Primus II, Japan), and scanning electron microscopy
(SEM, JSM 6360LV, Japan). The arithmetic mean particle
size of cryolite was measured by a computer program
Smile View based on the SEM image.

Water content of wet samples (w) was determined by Eq.
(3):

w = (m1 − m2)/m1 × 100% (3)

where, m1 (g) and m2 (g) are the masses of wet and dry
samples, respectively. The recovery of cryolite (R) was
defined by Eq. (4):

R = (Fin ×Cin − Fout ×Cout)/Fin ×Cin (4)

where, Cin (mg/L) and Cout (mg/L) are the fluoride con-
centration of the influent and effluent, respectively; and
Fin (L/hr) and Fout (L/hr) are the flow of the influent and
effluent, respectively. The stirring reaction time of cryolite
(t, hr) was defined by Eq. (5):

t = Fin/V1 (5)

http://www.jesc.ac.cn
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where, V1 (L) is the volume of inner space in the reactor.
The molar ratio of the cryolite product was defined as
Na/Al molar ratio.

The cryolite products recovered from the traditional
stirred tank reactor in a fluoride chemical factory were
sampled and analyzed for comparison.

2 Results and discussion

2.1 Recovery of cryolite from synthetic wastewater

2.1.1 Influence of F/Al molar ratio on the recovery rate
of cryolite

Figure 2 shows the influence of F/Al molar ratio on the
recovery rate of cryolite and reaction pH (Run 1). The
reaction pH increases with decreasing F/Al molar ratio.
This result can be explained by the constitution of the
influent and the precipitant. As shown in Section 1.1, the
H/F molar ratio in the influent is 1:1, and the OH/Al
molar ratio in the precipitant is 6:1 at αk = 3.00. Under
this condition, the reaction pH is determined indirectly by
the F/Al molar ratio. Therefore, we use reaction pH as
a parameter to estimate the F/Al molar ratio trend while
maintaining constant αk and wastewater matrix.

At pH 3.0 to 4.0, the recovery rate of cryolite increases
with decreasing F/Al molar ratio. At pH 4.0 to 8.0, the
recovery rate reaches 75% to 80% with corresponding F/Al
molar ratio from 2.7 to 6.0. This result indicates that the
dosage of the precipitant is sufficient. At pH 8.0 to 9.0,
the recovery rate of cryolite slightly decreases, which may
be attributed to the fact that the concentration of free Al3+

ions decreases when Al(OH)3 precipitates in the solution
at high pH (Chang, 2008).
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Fig. 2 Influence of F/Al molar ratio on the recovery rate of the cryolite
products and reaction pH. Influent flow: 40 L/hr, reaction temperature:
50°C, αk = 3.00.

2.1.2 Influence of reaction temperature on the recovery
rate of cryolite

Figure 3 shows the influence of reaction temperature on
the recovery rate of cryolite (Run 2). The recovery rate of
cryolite increases at pH 3.0 to 4.0 and retains between 72%
and 82% at pH 4.0 to 7.0. Therefore, reaction temperature
has minimal influence on the recovery rate of cryolite.

2.1.3 Influence of influent flow of wastewater on the
recovery rate of cryolite

Figure 4 shows the influence of influent flow on the
recovery rate of cryolite (Run 3). The recovery rate of
cryolite reaches above 75% at an influent flow of 20
to 80 L/hr on the operation. According to Eq. (5), the
stirring reaction time of cryolite varies from 56 to 14 min
with increasing influent flow. Therefore, the precipitation
reaction of cryolite occurs within 14 min. This result
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Fig. 3 Influence of temperature on the recovery rate of the cryolite
products as a function of pH. Influent flow: 40 L/hr, pH: 3.0 to 9.0, αk
= 3.00.
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Fig. 4 Influence of influent flow on the recovery rate of the cryolite
products as a function of operation time. Reaction temperature: 50°C,
pH: 5.0 to 7.0, αk = 3.00.
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Fig. 5 SEM images of the cryolite products recovered from synthetic wastewater as a function of seed retention time (t). Influent flow: 40 L/hr, reaction
temperature 50°C, pH: 5.0 to 7.0, αk = 3.00.

indicates that stirring reaction time is not a key factor
influencing the recovery rate of cryolite.

2.1.4 Influence of seed retention time on the particle
size and water content of cryolite

As shown in Fig. 5, the fine particles of cryolite grow
gradually to sandy particles with a dense surface. The
particle size of cryolite increases with increasing operation
time. The cryolite seed can retain on the bottom of the
reactor. Therefore, the operation time is equal to seed
retention time. Solution retention time and seed retention
time in the integrated reactor are separated, which is
the significant advantage to the traditional stirred tank
reactor. As a result, the seed retention time is prolonged
to strengthen the induced crystallization process at a high
influent flow.

During the operation, the retention of cryolite precipi-
tation on the bottom of the reactor forms a “seed zone”
with a high solid holdup. Subsequently, fine particles are
absorbed on the surface of the seed by fluid shear stress
and collision/contact interaction (Ding and Tan, 1985)
when passing through the “seed zone”. Therefore, the fine
particles grow continuously by absorption and aggregation
with the seed.

Figure 6 shows the influence of particle size on the
water content of cryolite. The water content of cryolite
decreases from 45% to 21% with increasing particle size.
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Fig. 6 Influence of particle size on the water content of the cryolite
products. Influent flow: 40 L/hr, reaction temperature 50°C, pH: 5.0 to
7.0, αk = 3.00.

If one ton dry product of cryolite is precipitated, the weight
lost during the dehydration of cryolite decreases from
0.818 ton to 0.266 ton when the water content decreases
from 45% to 21%. Thus, the weight lost during dehydra-
tion decreases by 67%, which indicates that the load and
cost of dehydration and drying are reduced greatly.
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2.2 Recovery of cryolite from industrial wastewater

2.2.1 Recovery rate of cryolite during operation
Figure 7 shows the recovery rate of cryolite during opera-
tion (Run 4). The recovery rate of cryolite increases at pH
2.5 to 4.0, and retains between 70% and 85% at pH 4.0
to 7.0, which is consistent with the phenomenon shown in
Fig. 3. Therefore, the recovery rate of cryolite could be
maintained above 70% at pH 4.0 to 7.0 during the step of
using synthetic wastewater and industrial wastewater.

2.2.2 Chemical analysis of the cryolite products
Table 2 shows the quality of cryolite precipitated from
industrial wastewater and National Standard of synthetic
cryolite (GB/T 4291-2007) in China. As shown in Table 2,
fluorine, aluminum, and sodium are the major components
of the cryolite products, accounting for more than 52.88%,
13.39%, and less than 29.93%, respectively. In addition,
silicon dioxide (SiO2) is the main contaminant in cryolite.
The amount of SiO2 in cryolite increases from 0.12%
to 0.30% with increasing αk, which is attributed to the
precipitation of Na2SiF6 (KopoHubIH, 1983). Compare
with the Chinese National Standard of synthetic cryolite,
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Fig. 7 Recovery rate of the cryolite products during operation. Influent
flow: 40 L/hr; reaction temperature 50°C; pH: 2.5 to 7.0; αk = 3.25.

the above chemical results of the cryolite products match
very well. This finding demonstrates that the cryolite
products with high quality could be used as a raw material
in the aluminum electrolytic industry.

In addition, the water content of the cryolite prod-
ucts decreases from 35.36% to 19.30% as the molecular
ratio of cryolite products increases. This result can be
explained by the relationship between the species and
crystal water of sodium aluminum fluoride (KopoHubIH,
1984). Generally, Na3AlF6·0.167H2O, Na5Al3F14·0.5H2O
and NaAlF4·0.83H2O are three main species of sodium
aluminum fluoride. Therefore, the products with a higher
molecular ratio show less crystal water and low water
content.

2.2.3 SEM morphology of the cryolite products
The SEM images of the cryolite products recovered from
industrial wastewater are shown in Fig. 8. As shown in
Fig. 8a–d, the particle size of the cryolite increase slightly
with increasing αk in sodium aluminate, and the surface
of particle becomes more dense. The cryolite product
recovered in the integrated reactor is large in size, low in
water content, and easy to dehydrate, which are consistent
with the result shown in Section 2.1.4. In contrast, the
cryolite products recovered in the stirred tank reactor are
mainly composed of fine particles (Fig. 8e). The water
content of the products is above 42%, which is attributed
to the particle size of cryolite.

2.2.4 Crystal phases of the cryolite products
The phase analysises of the recovered cryolite products are
shown in Fig. 9. The phases of the cryolite product match
well with the standard phase of Na3AlF6. In addition,
Na5Al3F14 is the main contaminant of cryolite products
at αk = 1.88 to 2.95, which causes the decreasing of the
molecule ratio of the cryolite products. According to the
phase diagram in the NaF-AlF3-H2O system (Lu, 1997),
the high molecular ratio of cryolite is stable while the
concentration of sodium fluoride is above 1% (10 g/L).
This result demonstrates that the cryolite with a high
molecular ratio cannot be obtained from wastewater due
to its low sodium fluoride concentration.

Table 2 Chemical analysis and physical properties of the cryolite products and Chinese National Standard of synthetic cryolite (GB/T4291-2007)

No. αk Temperature F Al Na SiO2 SO4
2− Hygroscopic Water content of Molar ratio

(°C) water wet samples (%)

a 1.88 50 ≥ 53.34 ≥ 15.21 ≤ 25.65 ≤ 0.12 ≤ 0.01 0.07 35.36 1.98
b 2.45 50 ≥ 54.54 ≥ 14.60 ≤ 25.95 ≤ 0.20 ≤ 0.01 0.14 27.33 2.09
c 2.95 50 ≥ 54.00 ≥ 13.52 ≤ 29.93 ≤ 0.25 ≤ 0.01 0.16 23.00 2.60
d 3.25 35 ≥ 52.88 ≥ 13.39 ≤ 29.48 ≤ 0.30 ≤ 0.01 0.10 19.30 2.59
CH-0 ≥ 52 ≥ 12 ≤ 33 ≤ 0.25 ≤ 0.6 0.20 1.0–2.8
CH-1 ≥ 52 ≥ 12 ≤ 33 ≤ 0.36 ≤ 1.0 0.40 1.0–2.8
CM-0 ≥ 53 ≥ 13 ≤ 32 ≤ 0.25 ≤ 0.6 0.20 2.8–3.0
CM-1 ≥ 53 ≥ 13 ≤ 32 ≤ 0.36 ≤ 1.0 0.40 2.8–3.0

No. a–d: the cryolite products recovered in the integrated reactor. No. CH-0 and CM-1: the standard samples of synthetic cryolite. The seed retention
time for recovery of cryolite products (No. a–d): 5.5 hr.
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Fig. 8 SEM images of the cryolite products recovered in the reaction-separation integrated reactor, (a) αk = 1.88; (b) αk = 2.45; (c) αk = 2.95; (d) αk
= 3.25 (influent flow: 40 L/hr, pH: 2.5 to 7.0); and (e) the cryolite products recovered in the stirred tank reactor of the fluoride chemical factory.
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Fig. 9 XRD patterns of the cryolite products recovered from industrial
wastewater. Influent flow: 40 L/hr, pH: 2.5 to 7.0.

3 Conclusions

A reaction-separation integrated reactor was designed for
the recovery of cryolite with low water content from
synthetic and industrial fluoride-containing wastewater.
The main conclusions are as follows: The recovery rate
of cryolite precipitated from synthetic wastewater is above
75% at pH 4.0 to 7.0 and 14 min stirring reaction time.
The particle size of cryolite increases with increasing seed

retention time, which decreases the water content. The fine
particles of cryolite grow up by absorption and aggregation
with the seed. The recovery rate of cryolite precipitated
from industrial wastewater is above 70% at a reaction
temperature of 50°C. The cryolite products with large size,
low water content(< 20%), and high quality could be used
as a raw material in the aluminum electrolytic industry.
This result demonstrates that the recovery of cryolite with
low water content is feasible in the reaction-separation
integrated reactor.
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