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Abstract: Batch experiments were conducted to remove fluoride from simulated flue-gas scrubbing wastewater using
La(NOs)3-6H,0. The effects of SOif concentration and addition sequence on residual fluoride concentration and
precipitates properties (mass, morphology, phase structure and composition) were investigated using fluorine
ion-selective electrode, SEM, EDS and XRD. The results show that precipitates obtained in the presence of SO?[ mainly
consisted of LaF; in irregular bulk shape with high crystallinity. However, amorphous particles were observed in the
precipitates, which were speculated to be La[SO4]F. Due to the smaller stoichiometric coefficient of F/La in La[SO4]F
compared to that in LaF3, the residual fluoride concentration increased as the SO, concentration ascended. Subsequent
addition of SOi_ after lanthanum salt could inhibit the formation of amorphous particles, and further reduce the residual
fluoride concentration. At a La/F molar ratio of 1:3.0, the subsequent addition of SOi_ (0.02 mol/L) after
La(NO3)3:6H>0 could obtain a residual fluoride concentration of 6.9 mg/L, lower than the required fluoride emission
level. Further increasing the La/F molar ratio could reduce residual fluoride concentration to below 2 mg/L, while the
risk of retaining La*" would emerge.
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emission. Taking metallurgical industry as an example,

1 Introduction

Excessive intake of fluoride in the long term
could lead to dental fluorosis, bone fractures, and
skeletal fluorosis [1]. Generally, fluoride in drinking
water originates from the geological composition of
soils and bedrock [2]. However, semiconductor
industry, fluorochemical industry, and metallurgical
industry are also significant sources of fluoride

in the smelting process operated at elevated
temperature, fluorine and chlorine in the minerals
tend to be volatilized into flue gas in the form of
HF and HCI, respectively, which would further
merge into the flue gas scrubbing wastewater
(FGSW) [3-6]. Along with the recycling of
FGSW, the fluoride/chloride concentration of the
FGSW gradually ascends to above 300 mg/L,
greatly threatening the community water security.
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According to a standard (GB 8978—1996) issued
by the Ministry of Ecology and Environment of
China, the fluorine content in industrial effluent
should be less than 10 mg/L. Therefore, the fluoride
in FGSW must be removed to the required emission
level before discharge.

Several methods are developed to remove
fluoride from the groundwater or industrial waste-
water, such as chemical precipitation [7-9],
adsorption [10—13], coagulation [14], -electro-
dialysis [15], and reverse osmosis [16]. Among these
methods, adsorption is most widely reported due to
its advantages of large adsorption capacity, low
residual fluoride concentration (<1 mg/L), and high
availability of adsorbent options [17—20]. However,
adsorption method is not cost-effective when
treating effluents with high fluoride concentration
due to large adsorbent consumption [21]. Hence, in
this work, chemical precipitation method is adopted
to remove fluoride from FGSW due to its low cost
and simple operation.

Conventionally, CaF, precipitation is the first
choice for fluoride from industrial
wastewater due to the low cost of precipitation
reagent and low solubility product constant
(5.3x107%) of CaF,. However, CaF, precipitation
suffers from several problems, such as high final
fluoride concentration (10—20 mg/L), sedimentation
difficulty caused by fine CaF, precipitates, and
large amount of wet sludge resulted from
CaSOg4 [22]. Rare earth fluorides generally own low
solubility product constant, especially LaF3
(7.0x107'7). In addition, Lax(SOs); has a much
larger solubility than CaSOs, which could reduce
wet sludge production. Therefore, lanthanum salts
are more suitable for removing fluoride from
FGSW than CaCl, or lime. In our previous
work [23], the chemical behavior of lanthanum and
fluorine in simulated FGSW was investigated. The
results showed that the distribution of fluoride was
significantly determined by the La/F molar ratio.
LaF; precipitate could be formed only at La/F molar
ratio <1:3.1. Otherwise, fluoride remained in the
solution in the form of LaF, " and cannot be
removed from the aqueous solution.

In our previous work, simulated FGSW was
prepared with NaF, NaCl, HNOs;, NaOH, and
deionized water, among which HNO3; and NaOH
were used for pH adjustment. None competing
anions (NO;, CO:, SO; , PO;) are considered in

removal

the simulated FGSW. However, some literature
reported that competing anions (NO;, CO3, SO; ,
PO;") could exert adverse effects on the fluoride
removal efficiency of La-loaded adsorbents [24—27].
Hence, the effects of anions on the fluoride removal
process using lanthanum salt should be clarified.
Generally, sulfate ion is the most common anion in
FGSW due to the presence of SO, in the flue gas.
Consequently, the effect of sulfate ion on the
variation of solution pH and pF (—log(ar)),
precipitate mass, residual fluoride concentration,
precipitate morphology, and precipitate composition
were systematically investigated. It was observed
that, in the presence of SOf_, an amorphous phase
was formed in the precipitates during fluoride
removal from FGSW using lanthanum salts. Based
on the SEM, EDS, XRD and batch experiment
results, the generation route of the amorphous phase,
and its effects on the fluoride removal process were
discussed.

2 Experimental

2.1 Reagents

Synthetic solution was used to stimulate the
FGSW. Specifically, synthetic solution was
prepared with NaF, NaCl, Na,SO4 and deionized
water. The fluoride and chloride concentration of
the synthetic solution was set as 300 and 1200 mg/L,
respectively. Sulfate ion was added in the form of
NaSOs. The initial pH of the synthetic solution was
adjusted to 5.0 using HNOs; or NaOH before each
batch experiment. In this work, La(NOs);-6H,O
was used as the precipitant. All reagents mentioned
above were in chemically pure grade, purchased
from Sinopharm®, and wused without further
purification.

2.2 Experimental procedure and characterization

Batch experiments were conducted to remove
fluoride  from  synthetic  solution  using
La(NOs);-6H,0. Typically, 200 mL of synthetic
solution was added in a 250 mL beaker, then
La(NOs);-6H.O was added into the synthetic
solution targeting a specific La/F molar ratio. The
precipitation reaction was carried out under
electromagnetic stirring at 300 r/min and 30 °C for
30 min. A fluoride ion-selective electrode and a pH
meter were used to monitor the pF and pH of the
solution during the precipitation reaction. It is
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noteworthy that pF was measured in real-time
without pH adjustment. After the precipitation
experiment (30 min), the solution was vacuum-
filtrated to collect the precipitates. The pF of the
filtrate was measured after adjusting the filtrate pH
to 5.5, and it was used to calculate the residual
fluoride concentration of the filtrate. The precipitates
collected were washed with water three times, dried
at 80 °C overnight and weighed using electronic
balance. Furthermore, the morphology, chemical
composition, and phase structure of the precipitates
were analyzed wusing scanning electronic
microscopy (SEM), energy dispersive spectroscopy
(EDS), and X-ray diffractometer (XRD).

In order to clarify the effect of sulfate ion on
the chemical behavior of La** and F~, the pF/pH
variation, residual fluoride concentration,
precipitate mass, precipitate morphology and phase
structure were investigated during fluoride removal
process with different sulfate ion concentration and
SOf_ addition sequence. In batch experiments with
SOf addition after lanthanum salts, lanthanum salts
were added into the sulfate-free synthetic solution
and reacted for 30 min. Afterwards, SOf_ was
added in the form of Na;SO4, and the reaction
continued for another 30 min.

3 Results and discussion

Figure S1 (Supplemental Information, SI)
shows the digital photos of sulfate- free synthetic
solutions after 30 min of precipitation reaction at
different La/F molar ratios. It can be found that
La/F molar ratio has a significant effect on the
fluoride removal process. At a La/F molar ratio
lower than 1:3.0 (Figs. S1(a, b)), after 30 min of
reaction, the solution became turbid, and a large
number of suspended particles appeared. However,
at a La/F ratio > 1:3.0 (Figs. S1(c—e)), the solution
remained transparent after 30 min of reaction.
Namely, adding a theoretical amount or excessive
lanthanum salts fails to obtain precipitates. This
result was reported in our previous work, which
could be explained by the following facts. In
aqueous solution with La/F molar ratio > 1:3.0, La**
and F~ tend to form complexes (LaF; "), such as
LaF?" and LaF; ions. In the case of insufficient La*
in the solution (La/F molar ratio < 1:3.0), LaF; "
could transfer to LaF; precipitate. Therefore, in a
sulfate-free synthetic solution, fluoride removal

could be achieved only at a La/F molar ratio lower
than 1:3.0. However, due to the insufficiency of
La’* in the aqueous system, the residual fluoride
concentration would surpass the required emission
level.

Interestingly, in the synthetic solutions
containing 0.02 mol/L SOf (Fig. S2 in SI),
regardless of the La/F molar ratio, the synthetic
solutions became turbid, and precipitates were
observed after 30 min of reaction. Namely, in the
presence of sulfate ion, adding excessive or
insufficient lanthanum salts could remove fluoride
in the form of precipitates. This result signifies that
sulfate ion has a significant effect on the chemical
behavior of La* and F.

3.1 Fluoride removal from synthetic solution at

different La/F molar ratios

Figure 1 shows the variation of pH and pF of
the synthetic solution (containing 0.02 mol/L SOﬁ_)
as a function of reaction time. As shown in Fig. 1(a),
upon the addition of lanthanum salt, the pH of the
solution dropped sharply and leveled off after 100 s.
As the La/F molar ratio increases, the stable pH of
the solution decreases correspondingly. Similarly,
the pF value of the solution also changed rapidly at
the beginning and reached a stable value in 100 s
(Fig. 1(b)). Increasing the La/F molar ratio results
in a greater stable pF value and lower residual
fluoride concentration. These results can be
explained by following facts. As a weak acid, the
ionization of HF is reversible and keeps in an
equilibrium state in the solution (Eq. (1)). Upon the
addition of lanthanum salt, a large amount of free
F~ was bounded with La*" in the form of LaF;
(Eq. (2)) or complexes (Egs. (3) and (4)), leading to
an immediate drop of free F~ concentration and
increasing pF value. The decreasing of free F~
concentration further enhances the ionization of HF,
resulting in a larger H' activity and decreasing pH
value of the solution.

HF-H"+F~ (1)
La*"+3F =LaF; )
La*+F =LaF* 3)
La>+2F =LaF, 4)

Figure 2 shows the precipitate mass and

residual fluoride concentration of the solution after
30 min of reaction at different La/F molar ratios.
Obviously, at each La/F molar ratio investigated,
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concentration of solution (containing 0.02 mol/L SO?[)
after 30 min reaction at different La/F molar ratios

precipitates are obtained in the solution, as
demonstrated in Fig. S2. As the dosage of
lanthanum salt increases, the mass of precipitates
obtained Accordingly, the residual
fluoride concentration decreases significantly. At

Increases.

the La/F ratio of 1:2.8, the precipitate mass reaches
0.246 g, and the residual fluorine concentration
decreases to 8.4 mg/L.

It is worth noting that, according to the total
mass of fluorine (60 mg) in each batch experiment,
the theoretical production of LaF3 should be 0.206 g
in the case of 100% removal efficiency. As shown
in Fig. 2, in sulfate-containing solution, the mass of
precipitates is greater than theoretical production
regardless of the La/F molar ratio. Specifically, at
the La/F ratio of 1:3.0, about 0.232 g precipitate
was obtained, exceeding the theoretical production
of LaFs;. Moreover, further increasing the La/F
molar ratio (adding excessive lanthanum salt)
results in a larger precipitate mass. Therefore, it is
reasonable to infer that the precipitate would be
more complicate than LaF;, and sulfate ion might
involve in the precipitation reaction.

The phase structure of the precipitates
obtained in synthetic solution was analyzed by
XRD, as shown in Fig. 3. It can be found that the
La/F molar ratio barely shows effects on the phase
structure of the precipitates. In synthetic solutions
with La/F molar ratios ranging from 1:3.2 to 1:2.8,
the main phase of the precipitates is LaF3 regardless
of the La/F molar ratio. Even though it is inferred
that sulfate ion would be involved in the
precipitation reaction, there is no relative phase
observed in the XRD patterns.

1:3.2
1:3.0

1:2.8

PDF#82-0686 LaF,

. || P R || 1 | M Y |
10 20 30 40 50 60 70 80
20/(°)

Fig. 3 XRD patterns of precipitates formed in synthetic
solutions (containing 0.02 mol/L SOi_) at different La/F
molar ratios

Figure 4 shows the SEM images of precipitates
obtained in synthetic solutions at different La/F
molar ratios. It can be found that the precipitates
obtained exhibit two structural characteristics: one
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solution (containing 0.02 mol/L SO?[) at different La/F
ratios: (a) 1:3.2; (b) 1:3.0; (c) 1:2.8

is irregular dense particles with high crystallinity,
and the other is loose amorphous particles. This
result is also reported in our previous work [23].
According to the XRD results, these dense particles
with high crystallinity should be the LaF3, while the
composition of amorphous particles will be
discussed below. Comparing the morphologies of
precipitates formed at different La/F molar ratios, it
can be found that as the La/F ratio increases, the
particle size of LaF; phase becomes larger, and the
amount of amorphous phase seems to increase. This
result indicates that excessive lanthanum salts
facilitate the formation of amorphous particles.

To elucidate the effect of sulfate ion on the
chemical composition of precipitates, the
precipitates obtained in synthetic solutions
without/with SO;  at La/F ratio of 1:3.1 were

analyzed by EDS, as shown in Fig. 5. It can be
found that in the absence of sulfate ion (Fig. 5(a)),
the content of S and O in the precipitate is 0.14 at.%
and 0.52 at.%, respectively, which is neglectable.
The main elements of the precipitate are La and F,
and their contents are 25.8 at.% and 73.5 at.%,
respectively. The La/F molar ratio is close to 3:1,
confirming the formation of LaF;. In the presence
of sulfate ion (Fig. 5(b)), the content of S and O in
the precipitates is 2.90at.% and 11.72 at.%,
respectively. Obviously, the S/O molar ratio is close
to 4:1, signifying the presence of SOf in the
participates, which proves the analysis of the data
shown in Fig. 2. Despite the existence of SOf_ in
the precipitate, the mass fraction of SOf is only
6.37 wt.%, denoting that the main component of the
precipitates is still LaFs;, which is in accordance
with the XRD results.

3.2 Effect of sulfate concentration on fluoride

removal from synthetic solution

To evaluate the influence of sulfate ion on the
fluoride removal process, the precipitate mass
and residual fluoride concentration in synthetic
solutions with different SOf concentrations were
measured, as shown in Fig. 6. It is apparent that
precipitate mass increases as the SOf concentration
ascends, signifying that SOf facilitates the
formation of precipitates. Given that the precipitates
are LaFs, as the precipitates mass increases, the
residual fluoride concentration is supposed to
descend. However, as shown in Fig. 6, the residual
fluoride concentration of the solution ascends as
SOZi concentration increases. Therefore, the
increasing precipitate mass could be attributed to
the incorporation of SOf in the precipitates, which
is in accordance with the analysis mentioned above.

Considering the absence of characteristic
peaks of other phase except LaF; and the presence
of SOf in the precipitates, it is reasonable to infer
that SOf might be involved in the formation of
amorphous phase. Since La[CO;]F is the main
mineral of bastnasite [28], it is speculated that La**
may combine with SOf and F~ to form La[SOu]F,
which has similar structure with La[COs]F. Due to
the amorphous structure of La[SO4JF in the
precipitates, there is no apparent characteristic peak
in XRD pattern which could be assigned to
La[SO4]F. Since La[SO4]F has a larger molar mass
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and residual fluoride concentration of solutions after
30 min reaction at La/F ratio of 1:3.0

than LaF3, the precipitates show greater mass than
the theoretical production of LaFs. Additionally, the
stoichiometric coefficient of F/La in La[SO4]F is 1,
smaller than that in LaFs;. Hence, the formation of
La[SO4]F would reduce the atomic efficiency of
La*" for fluoride removal. This could explain the
increasing residual fluoride concentration in

synthetic solution as SOf_ concentration ascends. In
summary, the presence of SOf_ in FGSW would
lead to the formation of amorphous La[SO4]F, and
further reduce the fluoride removal efficiency.
Therefore, when treating FGSW with high SO
concentration, the dosage of lanthanum salt should
be increased slightly.

Figure 7 shows the XRD patterns of the
precipitates obtained in synthetic solutions with
different SO, concentrations. It can be found that
in the absence of SO; , the characteristic peak of
LaF; located at 28° exhibits the largest intensity
and smallest half-height width. As the SOf_
concentration increases, the characteristic peak at
28° presents a smaller intensity and bigger
half-height width, signifying that the increasing
SOf_ concentration leads to lower crystallinity of
the precipitates. This result could be attributed to
the larger proportion of amorphous La[SO4]F in
precipitates obtained in synthetic solution with
increasing SO, concentration.
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Fig. 7 XRD patterns of precipitates obtained in synthetic
solutions with different SOif concentrations after 30 min
reaction at La/F ratio of 1: 3.1

3.3 Effect of sulfate addition sequence on

fluoride removal from synthetic solution

To uncover the role of SOf_ in the precipitation
reaction, solution pH/pF variation, precipitate mass,
residual fluorine concentration and precipitate
morphology were investigated with different SOf_
addition sequence. In these batch experiments,
La(NOs);-6H,O was added to the sulfate-free
synthetic solution at the beginning, while SOf_ was
added at the 30th min. Figure 8 shows the variation
of solution pH and pF as a function of time before
and after the addition of SO; . Before the addition
of SOf_ (in the first 30 min), the fluoride in the
solution mainly exists in the form of LaF; or LaF; ",
which depends on the La/F molar ratio. As shown
in Fig. 8, upon the addition of SOf_, the solution pH
ascends sharply, and the pF drops substantially. At
the end of the test, regardless of the La/F ratio, the
addition of SOf_ results in a larger stable pH and a
lower stable pF value compared with those before
SO; addition. This result could be explained as
follows. Upon the addition of SOf_, free F-, La’",
and SOf in the solution could react and form
La[SO4]F via Eq.(5). In addition, the LaF; * or
even LaF; in the solution formed before SO;
addition could also transfer into La[SO4]F through
Egs. (6)—(8). As Egs. (6)—(8) show, the formation of
La[SO4]F is accompanied with release of free
fluoride. Consequently, the addition of SOf
contributes to the increase of free fluoride
concentration in the solution, which could explain
the descending pF value. The increasing free
fluoride concentration further facilitates the

association of H" and F~, leading to the decrease of
H" activity and increase of solution pH.

La*+F+SO; =La[SO4]F (5)
LaF;+S0; =La[SO4]F+F (6)
LaF*'+S0; =La[SO4]F (7)
LaF3+SO; =La[SO4]F+2F" (®)
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Figure 9 shows the precipitate mass and
residual fluoride concentration in synthetic
solutions after 60 min reaction (SO; added at the
30th min) at different La/F molar ratios. Comparing
the data shown Figs. 2 and 9, it can be found that
the addition sequence of SO; and La** exerts slight
effect on the precipitate mass. However, the
subsequent addition of SOﬁf is beneficial to reduce
the residual fluoride concentration, regardless of the
La/F molar ratio. Specifically, at a La/F ratio of
1:3.0, the residual fluoride concentration in batch
experiment with subsequent addition of SOf_ is
about 6.9mg/L, while as 15.1 mg/L fluoride
retaining in synthetic solution which contains SOf
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initially (adding SOf before La*"). In the case of
subsequent addition of SOi_, further increasing the
La/F molar ratio (>1:2.9), a lower residual fluoride
concentration (<2 mg/L) could be obtained, while
the risk of retaining La** would emerge.
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Fig. 9 Precipitates mass and residual fluoride

concentration in synthetic solutions after 60 min reaction
(SO; was added in form of Na,SOx at 30 min)

To clarify the relationship between addition
sequence of SO, /La** with residual fluoride
concentration, the morphologies of precipitates
formed in different addition sequence of SO /La*"
have been observed and compared. Figure 10 shows
the morphologies of precipitates obtained in batch
experiments at different La/F ratios, during which
La(NOs);-6H,0O was added at the beginning, while
SOf_ was added at the 30 min. Comparing the
morphologies of precipitates shown in Figs. 6
and 10, it is apparent that regardless of La/F molar
ratio, subsequent addition of SO; after lanthanum
salt facilitates the formation of LaF; with high
crystallinity, while as substantially reduces the
content of amorphous phase in the precipitate.
Namely, in the case of subsequent adding SOZi after
lanthanum salt, the precipitates contain a larger
proportion of LaFs and less La[SO4]F, which
improves the atomic efficiency of La** and
contributes to lower residual fluoride concentration,
as demonstrated in Fig. 9. The effect of addition
sequence of La**/ SOf on the content of amorphous
La[SO4]F in the precipitate would be explained by
the different kinetics of two La[SO4]F generation
routes. In synthetic solution containing SOf
originally, upon the addition of La*", the La[SO4]F
could quickly formed through homogenous reaction
via Eq. (5), resulting in precipitates with a larger
amount of amorphous La[SO4]F. However, in
synthetic solution without SOf_, upon the addition

of La’*", LaF, " or LaF; formed in solution at the
beginning. Upon the subsequent addition of SOf_,
due to the limited free F~ in the solution, La[SO4]F
could only be generated through the transfer of
LaF, " or LaF; (Egs. (6)—(8)). Due to much slower
kinetics of transferring of LaF, " or LaF; comparing
with the homogenous reaction route (Eq. (5)), only
a small part of LaF, " or LaF; could transfer into
La[SO4]F. Consequently, the precipitates obtained
in the case of adding SO; after lanthanum salt
presents much lower content of the amorphous
La[SO4]F.

Fig. 10 SEM images of precipitates obtained in synthetic
solution after 60 min reaction at different La/F ratios:
(a) 1:3.2; (b) 1:3.0; (c) 1:2.8 (SOi_ was added in form of
Na,SO;4 at 30 min)

4 Conclusions

(1) In simulated flue gas scrubbing wastewater
with sulfate ions, regardless of the La/F molar ratio,
fluoride could be removed in the form of
precipitates. The precipitates obtained in sulfate-
containing solution consist of LaFs; with high
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crystallinity and amorphous particles, and the latter
was speculated to be La[SO4]F.

(2) The formation of amorphous La[SO4]F
reduces the atomic efficiency of La®", which results
in ascending residual fluoride concentration as SOf_
concentration increases.

(3) Subsequent addition of SOif after
lanthanum salt could inhibit the formation of
amorphous La[SO4]F in precipitates, which would
further improve the atomic efficiency of La*" and
reduce the residual fluoride concentration.

(4) The presence of sulfate ion could facilitate
the fluoride removal in the form of LaFs
precipitates even at high La/F molar ratios (>1:3.0).
However, the formation of amorphous La[SO4]F
would reduce the atomic efficiency of La*" and lead
to higher residual fluoride concentration. When
treating flue gas scrubbing wastewater with high
sulfate concentration, the dosage of lanthanum salts
should be increased reasonably.

Acknowledgments

This work was financially supported by the
National Key Research and Development Program
of China (No. 2019YFC1908405), Natural Science

Foundation of Jiangxi  Province, China
(No. 20202BAB214015), Training Plan  for
Academic and Technical Leaders of Major
Disciplines in  Jiangxi  Province, = China

(No. 20212BCJ23006), Program of Qingjiang
Excellent Young Talents, Jiangxi University of
Science and Technology, China, Guangdong Basic
and Applied Basic Research Foundation, China
(No. 2021A1515012268),  China  Postdoctoral
Science Foundation (No.2021M702504), and
Distinguished Professor Program of Jinggang
Scholars in Institutions of Higher Learning, Jiangxi
Province, China.

Supplemental Information

Supplemental Information in this paper can be
found at: http://tnmsc.csu.edu.cn/download/25-
p3560-2022-0677-Supplementary Information.pdf.

References

[1] DIAZ-FLORES P E, ARCIBAR-OROZCO J A, FLORES-
ROJAS A I, RANGEL-MENDEZ J R. Synthesis of a chitosan—
zeolite composite modified with La(Ill): Characterization
and its application in the removal of fluoride from aqueous
systems [J]. Water, Air, & Soil Pollution, 2021, 232(6): 235.

(2]

(3]

(4]

(3]

(6]

(7]

(8]

(9]

[10]

(1]

[12]

[13]

[14]

[15]

Xiao-cong ZHONG, et al/Trans. Nonferrous Met. Soc. China 33(2023) 3560—3569

CHAE G T, YUN S T, MAYER B, KIM K H, KIM S Y,
KWON, J S, KIM K, KOH Y K. Fluorine geochemistry in
bedrock groundwater of South Korea [J]. Science of the
Total Environment, 2007, 385(1/2/3): 272—283.
CINARSAHIN C, DERIN B, YUCEL O. Chloride removal
from zinc ash [J]. Scandinavian Journal of Metallurgy, 2000,
29(5): 224-230.

KAHVECIOGLU O, DERIN B, YUCEL O. Carbothermal
recovery of zinc from brass ash [J]. Mineral Processing and
Extractive Metallurgy, 2003, 112(2): 95-101.

MARTINS J M, DUTRA A J B, MANSUR M B,
GUIMARAES A S. Comparison of oxidative roasting and
alkaline leaching for removing chloride and fluoride from
brass ashes [J]. Hydrometallurgy, 2021, 202: 105619.

LATY Q, YANG K, YANG C, TIAN Z L, GUOW C, L1 J.
Thermodynamics and kinetics of fluoride removal from
simulated zinc sulfate solution by La(IlI)-modified zeolite [J].
Transactions of Nonferrous Metals Society of China, 2018,
28(4): 783-793.

TURNER B D, BINNING P, STIPP S L S. Fluoride removal
by calcite: Evidence for fluorite precipitation and surface
adsorption [J]. Environmental Science and Technology, 2005,
39(24): 9561-9568.

CHANG M F, LIU J C. Precipitation removal of fluoride
from semiconductor  wastewater [J]. Journal of
Environmental Engineering, 2007, 133(4): 419—-425.

HUANG H M, LIU J H, ZHANG P, ZHANG D D, GAO F
M. Investigation on the simultaneous removal of fluoride,
ammonia nitrogen and phosphate from semiconductor
wastewater using chemical precipitation [J]. Chemical
Engineering Journal, 2017, 307: 696—706.

YANG K, LI Y F, TIAN Z L, PENG K, LAI Y Q. Removal
of fluoride ions from ZnSO4 electrolyte by amorphous
porous AlOs; microfiber clusters: Adsorption performance
and mechanism [J]. Hydrometallurgy, 2020, 197: 105455.
RAVURU S S, JANA A, DE S. Performance modeling of
layered double hydroxide incorporated mixed matrix beads
for fluoride removal from contaminated groundwater with
the scale up study [J]. Separation and Purification
Technology, 2021, 277: 119631.

SADHU M, BHATTACHARYA P, VITHANAGE M,
SUDHAKAR P P. Adsorptive removal of fluoride using
biochar—A potential application in drinking water treatment
[J]. Separation and Purification Technology, 2021, 278(3):
119106.

HUANG L, YANG Z H, YAN L J, ALHASSAN S I, GANG
H Y, WANG T, WANG H Y. Preparation of 2D carbon
ribbon/Al203; and nitrogen-doped carbon ribbon/AlOs by
using MOFs as precursors for removing high-fluoride water
[J]. Transactions of Nonferrous Metals Society of China,
2021, 31(7): 2174-2188.

SANDOVAL M A, FUENTES R, NAVA J L, CORENO O,
LI Y M, HERNANDEZ J H. Simultaneous removal of
fluoride and arsenic from groundwater by electrocoagulation
using a filter-press flow reactor with a three-cell stack [J].
Separation and Purification Technology, 2019, 208:
208-216.

BELKADA F D, KITOUS O, DROUICHE N, AOUDJ S,
BOUCHELAGHEM O, ABDI N, GRIB H, MAMERI N.



[16]

[17]

[18]

[19]

[20]

(21]

Xiao-cong ZHONG, et al/Trans. Nonferrous Met. Soc. China 33(2023) 3560—3569

3569

Electrodialysis for fluoride and nitrate removal from [22] HEJY, YANGY, WU ZJ, XIE C,ZHANG K S, KONG LT,
synthesized photovoltaic industry wastewater [J]. Separation LIU J H. Review of fluoride removal from water
and Purification Technology, 2018, 204: 108—115. environment by adsorption [J]. Journal of Environmental
SHEN J J, RICHARDS B S, SCHAFER A I. Renewable Chemical Engineering, 2020, 8(6): 104516.

energy powered membrane technology: Case study of St. [23] ZHONG X C, CHEN C, YAN K, ZHONG S P, WANG R X,
Dorcas borehole in Tanzania demonstrating fluoride removal XU Z F. Efficient coagulation removal of fluoride using
via nanofiltration/reverse osmosis [J]. Separation and lanthanum salts: Distribution and chemical behavior of
Purification Technology, 2016, 170: 445—452. fluorine [J]. Frontiers in Chemistry, 2022, 10: 859969.
MILLAR G J, COUPERTHWAITE S J, WELLNER D B, [24] ANNOUAR S, MOUFTI A, MOUNTADAR S,
MACFARLANE D C, DALZELL S A. Removal of fluoride MOUNTADAR M, SOUFIANE E A. The influences of the
ions from solution by chelating resin with imino-diacetate presence of ions counter on the removal capacity fluorides
functionality [J]. Journal of Water Process Engineering, 2017, ions by chitosane [J]. Oriental Journal of Chemistry, 2016,
20: 113-122. 32(1): 399-406.

YAN L, TU HW, CHAN T S, JING C Y. Mechanistic study [25] ARAHMAN N, MULYATI S, LUBIS M R, TAKAGI R,
of simultaneous arsenic and fluoride removal using granular MATSUYAMA H. The removal of fluoride from water based
TiO2-La adsorbent [J]. Chemical Engineering Journal, 2017, on applied current and membrane types in electrodialysis [J].
313:983-992. Journal of Fluorine Chemistry, 2016, 191: 97—102.

WANG J, WU L Y, LI J, TANG D D, ZHANG G K. [26] ZHANG J F, BRUTUS T E, CHENG J M, MENG X G.
Simultaneous and efficient removal of fluoride and Fluoride removal by Al, Ti and Fe hydroxides and coexisting
phosphate by Fe—La composite: Adsorption kinetics and ion effect [J]. Journal of Environmental Sciences, 2017, 57:
mechanism [J]. Journal of Alloys and Compounds, 2018, 753: 190-195.

422-432. [27] KUNDU S, CHOWDHURY I H, SINHA P K, NASKAR M
HE Y X, ZHANG LM, AN X, WAN G P,ZHU W J, LUO Y K. Effect of organic acid-modified mesoporous alumina
M. Enhanced fluoride removal from water by rare earth (La toward fluoride ions removal from water [J]. Journal of
and Ce) modified alumina: Adsorption isotherms, kinetics, Chemical and Engineering Data, 2017, 62(7): 2067-2074.
thermodynamics and mechanism [J]. Science of the Total [28] OWENS C L, NASH G R, HADLER K, FITZPATRICK R S,

Environment, 2019, 688: 184—198.

ZHOU J, ZHU W K, YU J, ZHANG H P, ZHANG Y D, LIN
X Y, LUO X G. Highly selective and efficient removal of
fluoride from ground water by layered Al—Zr—La Tri-metal
hydroxide [J]. Applied Surface Science, 2018, 435: 920—-927.

ANDERSON C G, WALL F. Zeta potentials of the rare earth
element fluorcarbonate minerals focusing on bastnésite and
parisite [J]. Advances in Colloid and Interface Science, 2018,
256: 152—162.

SO: M MRS & R K IRE PR A2 M

ARRRER L2 ROR L, B OB, KRBT, Al thEg?
1. VLPEH T K% MRNA S22 2E358, M 341000,
2. HARFREE TR LR SRS E TSI =, BN 341000;
3. BTG A 4 5 B TR AR I G, B 341000,
4. THREREER M RERE SRR, TN 510650

& ZE: LL La(NO3)36H20 HUTTE M B Bt ik K B BR A 1o SRR ik Bk st SEM. EDS Hl
XRD WFFE SO 4% AR MG F 65 5% Bk FE ALV e R O it TR AR R BM S e, 4 SR, 745
SOF BEIUE B BEK th A B TVE B AU HOIRIN LaFs Sk, SATT, VUIE th I A7 05 A5 ke, 4
Wi 4 La[SO4]F. 15 LaFs #HLL, La[SO4]F o' F/La 22 1H & RECE /D, La JE 7R HARTEMG. Fik, FEEBLH
YRR SO, YREERIIN, Bk S RIKEE Bt . SRAI4IER-SO; (IR R T LA JC 52 7% La[SO4F I,
TRARTR B RIRE . 2 La/F BE/REGA 1:3.0, MU La(NO3)s-6H20 A1 SO; (0.02 mol/L), A B S e ik 1%
KR TIRFEERE S 6.9 mg/L, KTHUhRME. B3 La/F BE/REL, AT LIRS SEAR A 7% B SR (< 2 mg/L),
SR AT 8 AL Lad 5k B A XS -
KRR BRAG B JoERRRL R TR HRCE: B

(Edited by Xiang-qun LI)



