
INTRODUCTION

In recent years, with the sharp increase of the production

capacity of non-ferrous smelting industry, a large number

of fluoride, chloride and heavy metal ions transferred to the

smelting flue gas in the process of roasting, smelting and

blowing. Acid making with flue gas process will produce a lot

of waste acid in smelters. The waste acid contains large

amounts of fluoride, chloride, sulfate and heavy metal ions,

which has been recognized as one of the major problems

smelting industry. This imposes a serious threat to human

health and environmental issues. Thus, a renewed interest in

the ions removal from industrial wastewaters has been greatly

increased1-6. Removal of fluorine is an unavoidable problem

to cyclic utilization and standard discharge of waste acid. At

present, lime precipitation treatment is still widely used as an

important method7-9. Additionally, electrodialysis10-12, sorp-

tion13-16, ion exchange resins17-20 and membrane technology21-25

have been reported.

Lime method is low cost, but it will generate a lot of waste

residue, inconvenience of subsequent disposal and results in

second pollution. Electric flocculation and ion exchange

method are difficult to deal with the high concentration of

fluoride and result in high energy consumption, more proce-

ssing costs. According to the above finding and requirements

of the handling of waste acid in smelter, we make use of

materials containing rich lead oxide which come from smelter

production process as defluoridation reagents. This paper

mainly makes a theoretical analysis of the fluoride removal

from waste acid based on smelter rich lead oxide materials,
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which is of great significance for the smelter waste acid

treatment.

Theoretical analysis: The complex formation reactions

of lead ion with fluoride ion in the lead- fluoride ion-water

system are shown as follows:
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where  K1, K2, K3, K4 are the concentration equilibrium cons-

tants referred to a given temperature and a fixed ionic strength.

These equilibrium constants at a ionic strength (I = 1) and

25 ºC is shown in Table-126.

TABLE-1 

EQUILIBRIUM CONSTANTS OF LEAD AND 
FLUORIDE COMPLEX ION IN SOLUTION 

Complex log K1 log K2 log K3 log K4 

Pb2+-F– 1.44 2.54 3.42 3.08 

 
From the above complex formation reaction and the equili-

brium constants, the relation of the total lead concentration
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[Pb2+]T with the equilibrium concentration of uncomplexed

lead ion[ Pb2+] can be represented by:
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The total fluoride ion concentration [F–]T can be repre-

sented by:
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In aqueous solution, reactions of hydrogen fluoride are

included as follows27:
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In general, waste acid in lead smelter is neutralized. The

pH value of the waste acid will rise to 5-7. Because the hydrogen

fluoride ion concentration [HF2
–] is very low, it is usually to

be neglected in concrete calculation.

At 25 ºC, we can obtain the distribution fraction of fluoride

ion and hydrogen fluoride in the aqueous solution as shown

in Fig. 2:

Fig. 1 shows the distribution fraction diagram (δ) of

fluoride ion and hydrogen fluoride at different pH. When the

solutions have pH values greater than 5-7, hydrogen fluoride

were almost dissociated. Under this condition, we can also

ignore the coordination of lead ion and hydroxide ion when

the concentration of lead ion is no more than 0.05 mol L-1.

 Fig. 1. Relationships between distribution of fluoride and pH value

Eqns. 1 and 2 are of great significance in analyzing the

equilibrium relationships of the complex system under consi-

deration. The controllable quantities [Pb]T and [F]T can be

linked together with the equilibrium variables [ Pb2+] and [F–],

respectively. At the same time, according to the principle of

simultaneous equilibrium with the various lead ion species in

solution, there is only one electrode potential being possibly

measured, that is Pb/PbFPb/PbFPb/Pb )aq(2
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following expression:
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Eqn. 3 shows that at a given temperature and a know value

of [Pb]T the equilibrium electrode potential of solid lead

decreases as [F–] increases. When the fluoride ion concentration

is lower, the concentration of total lead in solution and the

fluoride ion concentration relationship is shown in Fig. 2:
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Fig. 2. Relationship of [Pb]T and [F–] at 25 ºC

However, on the one hand, the product of [Pb2+] and [F–]2

in solution is greater than the solubility product Ksp at a given

temperature when [F–] increases to a certain limit. As a result,

the precipitation of solid lead fluoride occurs. On the other

hand, the product of [Pb2+] and [F–]2 is smaller than Ksp if the

concentration of fluoride ion [F–] in solution continues to

increase. Then, the lead fluoride will be dissolved. This means

that in the lead-fluoride ion-water system the sparingly soluble

salt PbF2(s) can stably exist only within a certain limit of fluoride

ion concentration. The limit of fluoride ion concentration for

the stability region of solid lead fluoride can be determined

from the E – log [F–] diagram for the lead-fluoride ion-water

system. For this purpose, we use eqn. 1 and the following eqn.

4 to calculate the electrode potential dependence on log [F–]

at a given temperature and a given total concentration of lead

[Pb]T.
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Fig. 3 shows that the sparingly soluble salt PbF2(s) can

stably exist only within a certain limit of area under the given

conditions. In Fig. 3, the area within the bounds of the equili-

brium fluoride ion concentration located at the points α and
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Fig. 3. E-log [F–] diagram of lead-fluoride ion-water system under [Pb]T =

0.03 mol L-1 at 25 ºC

β will be the stability region of solid lead fluoride at the given

conditions.

Fig. 4 shows the E-log [F–] diagram for the lead-fluoride

ion-water system at different [Pb]T at 25 ºC. From Fig. 4, it

can be seen the different [Pb]T corresponds to the different

points α and β. The stability region of lead fluoride enlarges

with increase of [Pb]T. On the contrary, it becomes smaller.

 Fig. 4. E-log [F–] diagram of lead-fluoride ion-water system at different

[Pb]T at 25 ºC

The equilibrium concentrations of fluoride ion corres-

ponding to those as shown by points α and β in Fig. 4 can be

determined by the following equation:

2
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3
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which is derived from the relationship that the electrode

potentials Pb/Pb2E +  and Pb/PbF )aq(2
E  at either point α or β are

equal to each other.

Solubility product   of lead fluoride is 2.7 × 10-8 at 25 ºC.

Thus, in compliance with eqn. 5 together with eqns. 1 and 2,

the total concentration of fluoride ion [F–]T corresponds to the

total concentration of fluoride ion [Pb]T at the points α and β
can be calculated. Based on these data, the solubility curve of

lead fluoride at 25 ºC is shown in Fig. 5.

The solubility curve has a minimum point. The values of

[Pb]T and [F]T at this minimum point is really in agreement

with the value when the stability region of lead fluoride on the

Fig. 5. Solubility curve of lead fluoride at 25 ºC

E-log [F–] diagram has just disappeared. This value can be

calculated in the following manner:
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Then differentiating the function ])Cl([f][Pb[ T
−=  from

eqn. 6 and setting the result equal to zero. We get the following

equation after rearrangement
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Using the value of [F–] calculated from eqn. 7, we obtain

corresponding value of [Pb2+] according to the relation of

.
]F[

K
]Pb[

2

sp2

−

+ =  Finally, with the aid of eqns. 1 and 2, we

can get the corresponding total lead ions concentrations and

total fluoride ions concentration at the minimum point on the

solubility curves.

To achieve the objective of fluoride ion removal, we can

adjust the concentration of total lead to control the total fluoride

concentration in the solution. Table-2 shows the relationship

of [Pb2+]T and [F]T in the solution.

TABLE-2 

RELATIONSHIP OF [Pb2+]T, [F–] AND [F] T 

IN AQUEOUS SOLUTION 

[Pb2+]T (mol L-1) [F-] (mol L-1) [F]T (mol L-1) 

0.0005 8.22 × 10-3 8.45 × 10-3 

0.0050 2.40 × 10-3 2.75 × 10-3 

0.0080 1.88 × 10-3 2.28 × 10-3 

0.0100 1.68 × 10-3 2.14 × 10-3 

0.0120 1.53 × 10-3 2.04 × 10-3 

 
Significance of thermodynamic analysis on the experi-

ment and production: The total fluoride concentration is up

to 3-5 g L-1 in waste acid in some of the lead smelter, thus lead

ion to fluoride removal has prominent effect. We can use

containing lead oxide materials such as blast furnace, lead ash

reducing fluoride ion concentration in solution. Using the

appropriate concentration of lead ion, the fluoride ions in the

solution concentration will be less than 40 mg L-1. The pre-

cipitation residue can be returned lead smelting system, which

avoids the shortcoming of the traditional method producing a

lot of waste residue.
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At room temperature, 20 mL of acetic acid, a suitable

amount of water and 3 kg lead ash were mixed with agitation

speed of 300 rpm. Then, 10 L waste acid was added the

serofluid of the lead ash with the velocity of flow of 50 mL

min-1. Reaction was ended when the pH value increased to

6-7. After the liquid-solid separation, the residue was sent to

smelter for pyrometallurgical treatment. Through the above

approaches and measures, the sulfuric acid of the waste acid

removal ratio exceeded 95 %, the fluoride removal ratio

exceeded 90 %.

 Conclusion

• The thermodynamic analysis shows that the materials

containing lead oxide can effectively remove the fluoride in

the fluoride solution. Lead ion concentration is adjusted by

acetic acid at room temperature. When the pH value is about

6-7, the fluoride in the solution can be remove to less than 40

mg L-1.

• In lead smelter, lead dust can be used as precipitant to

remove the fluoride in waste acid. Under appropriate conditions,

the removal rate of fluoride is up to 90 % in the waste acid.
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