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Abstract: Batch experiments were conducted to remove fluoride from simulated flue-gas scrubbing wastewater using 
La(NO3)3·6H2O. The effects of SO4

2− 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 SO4

2− mainly 
consisted of LaF3 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 SO4

2− concentration ascended. Subsequent 
addition of SO4

2− 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 SO4

2− (0.02 mol/L) after 
La(NO3)3∙6H2O 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 La3+ would emerge. 
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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 

emission. Taking metallurgical industry as an example, 
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 HCl, 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, CaF2 precipitation is the first 
choice for fluoride removal from industrial 
wastewater due to the low cost of precipitation 
reagent and low solubility product constant 
(5.3×10−9) of CaF2. However, CaF2 precipitation 
suffers from several problems, such as high final 
fluoride concentration (10−20 mg/L), sedimentation 
difficulty caused by fine CaF2 precipitates, and 
large amount of wet sludge resulted from    
CaSO4 [22]. Rare earth fluorides generally own low 
solubility product constant, especially LaF3 
(7.0×10−17). In addition, La2(SO4)3 has a much 
larger solubility than CaSO4, which could reduce 
wet sludge production. Therefore, lanthanum salts 
are more suitable for removing fluoride from 
FGSW than CaCl2 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. 
LaF3 precipitate could be formed only at La/F molar 
ratio ≤1:3.1. Otherwise, fluoride remained in the 
solution in the form of LaFx

3−x and cannot be 
removed from the aqueous solution. 

In our previous work, simulated FGSW was 
prepared with NaF, NaCl, HNO3, NaOH, and 
deionized water, among which HNO3 and NaOH 
were used for pH adjustment. None competing 
anions (NO3

−, CO3
2−, SO4

2−, PO4
3−) are considered in 

the simulated FGSW. However, some literature 
reported that competing anions (NO3

−, CO3
2−, SO4

2−, 
PO4

3−) 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 SO2 in the flue gas. 
Consequently, the effect of sulfate ion on the 
variation of solution pH and pF (−log(aF−)), 
precipitate mass, residual fluoride concentration, 
precipitate morphology, and precipitate composition 
were systematically investigated. It was observed 
that, in the presence of SO4

2−, 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, Na2SO4 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 
Na2SO4. The initial pH of the synthetic solution was 
adjusted to 5.0 using HNO3 or NaOH before each 
batch experiment. In this work, La(NO3)3·6H2O 
was used as the precipitant. All reagents mentioned 
above were in chemically pure grade, purchased 
from Sinopharm®, and used without further 
purification. 
 
2.2 Experimental procedure and characterization 

Batch experiments were conducted to remove 
fluoride from synthetic solution using 
La(NO3)3·6H2O. Typically, 200 mL of synthetic 
solution was added in a 250 mL beaker, then 
La(NO3)3·6H2O 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 ℃ 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 using 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 La3+ 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 
SO4

2− addition sequence. In batch experiments with 
SO4

2− addition after lanthanum salts, lanthanum salts 
were added into the sulfate-free synthetic solution 
and reacted for 30 min. Afterwards, SO4

2− was 
added in the form of Na2SO4, 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, La3+ 
and F− tend to form complexes (LaFx

3−x), such as 
LaF2+ and LaF2

+ ions. In the case of insufficient La3+ 
in the solution (La/F molar ratio < 1:3.0), LaFx

3−x 
could transfer to LaF3 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 
La3+ in the aqueous system, the residual fluoride 
concentration would surpass the required emission 
level. 

Interestingly, in the synthetic solutions 
containing 0.02 mol/L SO4

2− (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 La3+ 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 SO4
2−) 

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 La3+ in the form of LaF3 
(Eq. (2)) or complexes (Eqs. (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)  
La3++3F−=LaF3                                          (2)  
La3++F−=LaF2+                                           (3)  
La3++2F−=LaF2

+                                          (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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Fig. 1 Variation of pH (a) and pF (b) of synthetic 
solution (containing 0.02 mol/L SO4

2−) as function of 
reaction time at different La/F molar ratios (pF measured 
in real-time without pH adjustment) 
 

 
Fig. 2 Precipitate mass and residual fluoride 
concentration of solution (containing 0.02 mol/L SO4

2−) 
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 increases. Accordingly, the residual 
fluoride concentration decreases significantly. At 

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 LaF3. 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 LaF3, 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. 
 

 
Fig. 3 XRD patterns of precipitates formed in synthetic 
solutions (containing 0.02 mol/L SO4

2−) 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  



Xiao-cong ZHONG, et al/Trans. Nonferrous Met. Soc. China 33(2023) 3560−3569 3564 

 

 
Fig. 4 SEM images of precipitates obtained in synthetic 
solution (containing 0.02 mol/L SO4

2−) 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 LaF3 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 SO4

2− 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 LaF3. In the presence 
of sulfate ion (Fig. 5(b)), the content of S and O in 
the precipitates is 2.90 at.% and 11.72 at.%, 
respectively. Obviously, the S/O molar ratio is close 
to 4꞉1, signifying the presence of SO4

2− in the 
participates, which proves the analysis of the data 
shown in Fig. 2. Despite the existence of SO4

2− in 
the precipitate, the mass fraction of SO4

2− is only 
6.37 wt.%, denoting that the main component of the 
precipitates is still LaF3, 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 SO4

2− concentrations were 
measured, as shown in Fig. 6. It is apparent that 
precipitate mass increases as the SO4

2− concentration 
ascends, signifying that SO4

2− facilitates the 
formation of precipitates. Given that the precipitates 
are LaF3, 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 
SO4

2− concentration increases. Therefore, the 
increasing precipitate mass could be attributed to 
the incorporation of SO4

2− in the precipitates, which 
is in accordance with the analysis mentioned above. 

Considering the absence of characteristic 
peaks of other phase except LaF3 and the presence 
of SO4

2− in the precipitates, it is reasonable to infer 
that SO4

2− might be involved in the formation of 
amorphous phase. Since La[CO3]F is the main 
mineral of bastnasite [28], it is speculated that La3+ 
may combine with SO4

2− and F− to form La[SO4]F, 
which has similar structure with La[CO3]F. Due to 
the amorphous structure of La[SO4]F 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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Fig. 5 EDS spectra and elemental composition of precipitates obtained in synthetic solution without (a) or with (b) 
sulfate ions at La/F molar ratio of 1:3.1 
 

 
Fig. 6 Effect of SO4

2− concentration on precipitate mass 
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 LaF3. Additionally, the 
stoichiometric coefficient of F/La in La[SO4]F is 1, 
smaller than that in LaF3. Hence, the formation of 
La[SO4]F would reduce the atomic efficiency of 
La3+ for fluoride removal. This could explain the 
increasing residual fluoride concentration in 

synthetic solution as SO4
2− concentration ascends. In 

summary, the presence of SO4
2− 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 SO4 
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 SO4

2− concentrations. It can be found that 
in the absence of SO4

2−, the characteristic peak of 
LaF3 located at 28° exhibits the largest intensity  
and smallest half-height width. As the SO4

2− 
concentration increases, the characteristic peak at 
28° presents a smaller intensity and bigger 
half-height width, signifying that the increasing 
SO4

2− 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 SO4

2− concentration. 
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Fig. 7 XRD patterns of precipitates obtained in synthetic 
solutions with different SO4

2− 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 SO4

2− in the precipitation 
reaction, solution pH/pF variation, precipitate mass, 
residual fluorine concentration and precipitate 
morphology were investigated with different SO4

2− 
addition sequence. In these batch experiments, 
La(NO3)3·6H2O was added to the sulfate-free 
synthetic solution at the beginning, while SO4

2− 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 SO4

2−. Before the addition 
of SO4

2− (in the first 30 min), the fluoride in the 
solution mainly exists in the form of LaF3 or LaFx

3−x, 
which depends on the La/F molar ratio. As shown 
in Fig. 8, upon the addition of SO4

2−, 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 SO4

2− results in a larger stable pH and a 
lower stable pF value compared with those before 
SO4

2− addition. This result could be explained as 
follows. Upon the addition of SO4

2−, free F−, La3+, 
and SO4

2− in the solution could react and form 
La[SO4]F via Eq. (5). In addition, the LaFx

3−x or 
even LaF3 in the solution formed before SO4

2− 
addition could also transfer into La[SO4]F through 
Eqs. (6)−(8). As Eqs. (6)−(8) show, the formation of 
La[SO4]F is accompanied with release of free 
fluoride. Consequently, the addition of SO4

2− 
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. 
 
La3++F−+SO4

2−=La[SO4]F                   (5) 
 
LaF2

++SO4
2−=La[SO4]F+F−                             (6) 

 
LaF2++SO4

2−=La[SO4]F                    (7) 
 
LaF3+SO4

2−=La[SO4]F+2F−                           (8) 
 

 
Fig. 8 Variation of pH (a) and pF (b) of solution as 
function of reaction time (SO4

2− was added in form of 
Na2SO4 at 30 min) 
 

Figure 9 shows the precipitate mass and 
residual fluoride concentration in synthetic 
solutions after 60 min reaction (SO4

2− 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 SO4

2− and La3+ exerts slight 
effect on the precipitate mass. However, the 
subsequent addition of SO4

2− 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 SO4

2− is 
about 6.9 mg/L, while as 15.1 mg/L fluoride 
retaining in synthetic solution which contains SO4

2− 
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initially (adding SO4
2− before La3+). In the case of 

subsequent addition of SO4
2−, 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 La3+ would emerge. 
 

 
Fig. 9 Precipitates mass and residual fluoride 
concentration in synthetic solutions after 60 min reaction 
(SO4

2− was added in form of Na2SO4 at 30 min) 
 

To clarify the relationship between addition 
sequence of SO4

2−/La3+ with residual fluoride 
concentration, the morphologies of precipitates 
formed in different addition sequence of SO4

2−/La3+ 
have been observed and compared. Figure 10 shows 
the morphologies of precipitates obtained in batch 
experiments at different La/F ratios, during which 
La(NO3)3·6H2O was added at the beginning, while 
SO4

2− 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 SO4

2− after lanthanum 
salt facilitates the formation of LaF3 with high 
crystallinity, while as substantially reduces the 
content of amorphous phase in the precipitate. 
Namely, in the case of subsequent adding SO4

2− after 
lanthanum salt, the precipitates contain a larger 
proportion of LaF3 and less La[SO4]F, which 
improves the atomic efficiency of La3+ and 
contributes to lower residual fluoride concentration, 
as demonstrated in Fig. 9. The effect of addition 
sequence of La3+/SO4

2− 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 SO4

2− 
originally, upon the addition of La3+, 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 SO4

2−, upon the addition 

of La3+, LaFx
3−x or LaF3 formed in solution at the 

beginning. Upon the subsequent addition of SO4
2−, 

due to the limited free F− in the solution, La[SO4]F 
could only be generated through the transfer of 
LaFx

3−x or LaF3 (Eqs. (6)−(8)). Due to much slower 
kinetics of transferring of LaFx

3−x or LaF3 comparing 
with the homogenous reaction route (Eq. (5)), only 
a small part of LaFx

3−x or LaF3 could transfer into 
La[SO4]F. Consequently, the precipitates obtained 
in the case of adding SO4

2− 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 (SO4

2− was added in form of 
Na2SO4 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 LaF3 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 La3+, which results 
in ascending residual fluoride concentration as SO4

2− 
concentration increases. 

(3) Subsequent addition of SO4
2− after 

lanthanum salt could inhibit the formation of 
amorphous La[SO4]F in precipitates, which would 
further improve the atomic efficiency of La3+ and 
reduce the residual fluoride concentration. 

(4) The presence of sulfate ion could facilitate 
the fluoride removal in the form of LaF3 
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 La3+ 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. 
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摘  要：以 La(NO3)3·6H2O 为沉淀剂从模拟烟气洗涤废水脱除氟离子。采用氟离子选择性电极、SEM、EDS 和

XRD 研究 SO4
2−
浓度和添加顺序对残留氟浓度和沉淀性质(质量、形貌、物相和成分)的影响规律。结果表明，在含

SO4
2−
模拟烟气洗涤废水中生成的沉淀主要为不规则块状的 LaF3 晶体。然而，沉淀中同时存在无定形态颗粒，推

断其为 La[SO4]F。与 LaF3 相比，La[SO4]F 中 F/La 化学计量系数更小，La 原子利用效率更低。因此，随着模拟烟

气洗涤废水 SO4
2−
浓度增加，残留氟浓度上升。采用镧盐-SO4

2−
的添加顺序可以抑制无定形 La[SO4]F 的生成，有利

于降低残留氟浓度。当 La/F 摩尔比为 1:3.0，依次添加 La(NO3)3∙6H2O 和 SO4
2−(0.02 mol/L)，可将模拟烟气洗涤废

水氟离子浓度降至 6.9 mg/L，低于排放标准。进一步提高 La/F 摩尔比，可以获得更低的残留氟浓度(< 2 mg/L)，

然而可能导致 La3+残留的风险。 

关键词：除氟；镧盐；无定形颗粒；原子利用效率；添加顺序 
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