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Abstract

Basing on model solutions, the conditions have been determined for purifying wastewater containing
10 mg/L of fluorine in the form of Alei and/or Feij complex anions, by means of cerium compounds.
For real wastewaters of the enterprises of the Kola region (Apatite JSC and Lovozero Mining-Concentrating
Combine) optimum modes have been determined for the purification from fluorine impurities using titanium
compounds up to the standard content of fluorine and sulphate ion established for potable water reservoirs.
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INTRODUCTION

There are several hydrogeochemical prov-
inces in the territory of Russia whose under-
ground waters are characterized by an increased
content of fluorine [1—7]. The excess content
of fluorine is inherent in the waters of the
Moscow artesian freshwater basin [2], the Le-
ningrad [3], Nizhniy Novgorod [4] and the Vo-
logda [5] Regions, Mordovia (including its cap-
ital, the Saransk city) [6], Khakassia [7]. In
many cases the subsoil waters contain fluorine
in the form of FeF; complex. A similar pic-
ture is observed for many countries of Asia,
Africa, America where fluorine content in su-
perficial and subsoil waters amounts up to 3
and 35 mg/L, respectively [8—12].

Wastewaters with increased content of flu-
orine in the form of stable inorganic complex-
es are formed in the manufacture of metal alu-
minium [13], in the processing of apatite and
phosphorite concentrates into mineral fertiliz-
ers [14, 15], in the process of etching titanium
alloys and special steel. Industrial wastewaters
formed are polluted with fluorine in the form

of complex anions SiF;", AlF; , and FeF; .

According to the recommendations of the
World Health Organization, the permissible con-
tent of fluorine in potable water ranges within
0.1-0.5 mg/L. At a lower content of fluorine
there is a risk of teeth caries, whereas dental
fluorosis develops at fluorine content >1.5 mg/L
and pathological skeleton transformations be-
gin at fluorine content of 6 mg/L [16].

The content of fluorine in fish industry res-
ervoirs higher than 0.7 mg/L results in benthos
destruction and, as consequence, in disappear-
ance of some fish species.

A variety of methods for wastewater treat-
ment from inorganic fluorine compounds were
offered. However, all of them or are either in-
applicable for purifying large-scale volumes of
wastewater (10°-~107 m3/year), or they do not
provide the efficiency for purification. Moreover,
the use of these methods often results in a sec-
ondary pollution of treated wastewater to an
unacceptable extent with the components of
reagents used as well as in the formation of
solid waste products whose burial requires for
creation of special ranges.

At low concentration in an aqueous solution
(10 mg/L as recalculated for fluorine) fluorine-
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containing complex anions can be arranged
according to the following sequence of the
hydrolytic stability: SiF; < FeF; ~ TiF; <
ZrF” < AIF)” [17]. The authors of [18]
demonstrated the possibility for purification of
wastewater containing up to 10 mg/L of
fluorine in the form of F~ ion and complex
anion SiF; , with the use of titanium sulphate
compounds [17]. In this case the recovery of
titanium sulphate compounds from sediment and
the isolation of fluorine compounds those could
further find practical application is provided [19].
However, it follows from the hydrolytic stability
order listed above that this method is unsuitable
for purifying the wastewater containing fluorine
in the form of AIF;” and FeF; .

The purpose of this work consisted in the
development of methods for wastewater puri-
fication from fluorine impurities these are
present in the form of stable inorganic com-
plexes AlF;” and FeF; as well as in verifying
the approach developed earlier [18, 19] based
on the use of titanium compounds, for the pu-
rification of real wastewaters from ore dress-
ing enterprises of the Kola industrial region.

EXPERIMENTAL

The investigation was carried out with the
use of model solutions and real wastewaters
from the enterprises of the Kola industrial re-
gion. To fluorine-containing solutions was en-
tered a preset amount of a reagent. The preset
value of pH was maintained by adding NaOH
concentrated solution. After stirring the sedi-
ment formed was separated via sedimentation
or centrifugation. The level of fluorine removal
was estimated from the residual fluorine con-
tent in the solution determined by means of
ionometric method using an ionometer I-160
with Volta 3000 fluorine selective electrode. The
measurement was carried out at pH 8, which
provided completeness for the hydrolysis of flu-
orine containing complexes [17].

For a number of experiments we addition-
ally determined the amount of fluorine passed
into the sediment. For this purpose the sedi-
ments were processed with NaOH solution
(pH 12), the solid and liquid phases were sepa-
rated by means of centrifugation and then the

content of fluorine in the solution obtained was
determined using an ionometric method. No dis-
crepancy in the balance of fluorine was observed.

RESULTS AND DISCUSSION

Studies on defluoridation of aqueous solutions

containing fluorine in the form of FeF]™ and AIF]~

The experiments were carried out with the
use of model solutions containing 10 mg/L of
fluorine in the form of complex compounds
such as (NH,);FeFg or (NH,);AlFs. The chosen
value of the fluorine content was caused by
the fact that the total content of fluorine in
various anionic forms does not usually exceed
10 mg/L both for the wastewater of enterprises
and subsoil water from artesian wells contami-
nated with fluorine. In the studies of methods
for wastewater purification from the impuri-
ties of fluorine presenting in the form of sta-
ble inorganic complexes, the main part of the
results is obtained for the most hydrolytically
stable complex such as AlF; .

The purification of solutions from fluorine
is possible provided that the fluorine complex
with a precipitating sorbent formed is hydro-
lytically much more stable, than the fluorine
complex presenting in the solution. Moreover,
it is necessary that the water solubility of the
anew formed complex be low enough.

At the initial stage we have investigated the
possibility to use water-soluble compounds of
cerium (IV) for the purification from fluorine.
The choice of cerium (IV) cation for binding
fluorine as a constituent of FeF;” and AIF;"
anions is based on the following reasons:

(i) It has been demonstrated earlier [17] that
in subacid media (pH 5—5.6) such anions as
FeF;” u AIF; at low concentration are hy-
drolyzed to a considerable extent;

(if) we have found no data concerning the value
of water solubility for CeF,, however this value
should be, to all appearance, comparable to the
solubility of ThF,, equal to 2 - 107 mass % [20];

(iii) The solubility product value for Ce(OH),
is equal to 2 - 107*® [21], therefore the solubility
of Ce(OH), amounts to 2.0 - 107 mg/L.

We have hypothesized that fluorine is ei-
ther precipitated in the form of low-soluble



TABLE 1

Purification of solutions of fluorine impurities entered in the form of NazAlF using calcium compounds

WASTEW ATER PURIFICATION FROM INORGANIC FLUORINE COMPOUNDS

Compound Ca?" consumption, Molar ratio pH Residual fluorine (F~) content,
g/L Ca?"/F~ mg /L
CaCl, 0 0 5.65 15.0
0.144 4.6 6.10 12.0
0.580 18.3 6.20 9.0
Ca(OH), 0.220 6.8 12.00 10.5
0.430 13.7 12.23 84
0.650 20.5 12.45 7.2

CeF,, or adsorbed by cerium (IV) hydroxide
formed due to the hydrolysis Ce(SO,), at pH > 2.7
[22] In this case one could achieve a negligible
secondary pollution of wastewater with Ce** ion.

It has been demonstrated earlier [23] that at
the content of fluorine >10 mg/L, a part of
fluorine from the solutions containing fluoride
ion F should be preliminary precipitated in
the form of CaF, with using Ca(OH), or CaCl,
in order to reduce the consumption of rare-
earth salts as well as to decrease the secondary
contamination of the solution with the anion
of a salt used for sedimentation,

From the data of Table 1 one can see that
fluorine presenting in the solution in the form
of Na;AlFy is more difficult to precipitate by
calcium compounds, and its content can be re-
duced only down to #7 mg/L. It is connected
with the fact that under increase in CaCl, con-
centration in the solution there is an increase in
the secondary contamination of the solution
with chlorine and calcium, whereas the increase
in concentration Ca(OH), is limited by its water
solubility value equal to 1.6 g/L.

We used Ce(SO,), - 4H,0O as a water-soluble
cerium (IV) compound. The technique for the
investigation of fluorine sedimentation efficien-
cy is similar to that described earlier in [17].

In order to study the effect of solution pH
at fixed Ce(SO,), - 4H,O consumption on the ef-
ficiency of fluorine sedimentation, a solution
of NajAlFg was placed into four glasses 250 mL
in capacity, to each of them was added 100 mg
of Ce(SO,), - 4H,0 and then a reaction was run
at the solution pH value of 4, 5, 6 or 7, re-
spectively. For adjusting the acidity value NaOH
was used. After 60 min passed, the residual con-
tent of fluorine was determined.

Data concerning the sedimentation of fluo-
rine present in the solution in the form of
Na;AlF depending on solution pH are tabulat-
ed below (the molar ratio Ce*" : F~ = 1.88):

pH Fluorine content
in purified solution, mg/L

3.0 3.8
3.5 3.9
4.0 3.9
5.0 4.0
6.0 4.2
7.0 7.0

One can see that for pH value ranging within
3—6 the efficiency of fluorine sedimentation
changes insignificantly, but at pH 7 the effi-
ciency of fluorine sedimentation is reduced in
an abrupt manner, which indicates a consider-
able increase in the hydrolysis level for cerium
compound precipitated. At pH 3—5 one can ob-
serve the formation of fine-dispersed sediment
with a low sedimentation rate, whereas at pH
6—7 a much coarser with a high sedimentation
rate is formed. In this connection the further
experiments were carried out at pH value of
5.5—6, which provided a high enough efficien-
cy of fluorine sorption with a plausible sedi-
mentation rate.

We have investigated the kinetics of fluo-
rine binding with cerium (IV) in Naj;AlFg solu-
tion (Table 2). For this purpose to 1000 mL of
Na;AlFg solution containing 10 mg/L F, was
added 1400 mg of Ce(SO,),- 4H,0. The solu-
tion was stirred maintaining the acidity of the
solution to be within the range of pH 5.5—6.0
by adding NaOH, and then we measured the
residual content of fluorine with a periodical
sampling. The data obtained concerning the re-
sidual fluorine content are somewhat underes-
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TABLE 2

Fluorine content in the solution depending on the time
interaction between AIF:7 and Ce(SO,), - 4H,0O (molar
ratio Ce*t : F~ = 5.65)

Interaction pH Fluorine content
time, min of determination in purified solution,
mg/L

5 5.6 2.2

10 6.0 1.80

15 6.0 1.20

20 6.0 1.10

60 5.80 1.05

timated (see Table 2) since the measurements
were carried out at pH 5.5-6.0 (the authors of

[17] demonstrated that the hydrolysis of AlF;"

completes at pH 7.7, whereas the measure-
ments at pH 6 result in a relative error of
~30 %). Nevertheless, one can see that the pro-
cess of sorption completes, in the main, ap-
proximately within 15 min.

Table 3 demonstrates the data concerning
the influence of cerium (IV) consumption upon
the efficiency of purification for the solutions
containing 10 mg/L fluorine in the form of
(NH,);FeFg or NazAlF.

As one would expect from the comparative
analysis of the data for hydrolytic stability of
AlF;” and FeF; anions, the purification of the
solution containing fluorine in the form of AIF;"
proceeds in a somewhat more difficult manner
as compared to the purification of the solution
containing fluorine in the form of FeF; .

The reduction of fluorine content down to
the level regulated for water reservoirs of
drinking purposes (1.5 mg/L) is achieved at the
consumption of Ce(SO,), - 4H,0O amounting to
1200 and 1400 mg/L for wastewater contain-

TABLE 3
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Fig. 1. IR spectrum of the sediment formed due to

Ce(SO,), - 4H,0 hydrolysis (interpretation according to[ 24]).

ing 10 mg/L fluorine in the form of FeF;  and
AIF;”, respectively. As the consumption of
Ce(SO,), - 4H,0 increased, a more profound flu-
orine separation from the solution is attained.

The data presented in Table 3 allow one to
conclude that the main part of fluorine (~80 %)
is precipitated rather readily, whereas in or-
der to reduce its content down to <2 mg/L a
significant consumption of a precipitating agent
is required. Judging by the molar ratio Ce** : F~,
fluorine is precipitated by no means in the form
of fluoride CeF,.

According to IR spectroscopy, the fluorine-
containing sediment represents basic cerium (IV)
sulphate (Fig. 1). On the one hand, this fact de-
termines the decrease in the secondary contam-
ination level for the solution with sulphate ion
which level at the residual fluorine content
<1.5 mg/L reached is equal to 285 and 330 mg/L
for the solutions containing FeF; and AIF; ,
respectively. These values meet the standards
concerning the content of sulphate ion for wa-
ter reservoirs of drinking purpose (500 mg/L).

On the other hand, the fluorine-containing
sediment represents by no means hydroxide,
but basic cerium (IV) sulphate, therefore due

Sedimentation level for fluorine in the form of (NH,);FeFy nmn NazAlF; depending on Ce(SO,), - 4H,0O consumption

(the solution acidity during defluorination process corresponds to pH ~ 5.5—6.0)

Reagent consumption, mg/L Molar ratio Ce*': F~

Fluorine content in purified solution*, mg/L

800 3.76
1200 5.65
1400 6.69
1600 7.53

1.75/2.00
1.30/1.70
1.25/1.35
0.65/1.00

*The first and the second values stand for the use of (NH,);FeFs and Na,AlFg, respectively.
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to Ce(SO,), - 4H,0 hydrolysis there is the forma-
tion of only two rather than four hydroxyl
groups falling on each cerium atom those could
be replaced by F~ anion. In this connection, in
order to study the possibility for a more efficient
utilization of cerium in the process of fluorine sed-
imentation we have carried out experiments with
the participation of Ce(III) water-soluble salts
whose hydrolysis results in the formation of three
hydroxyl groups falling on each Ce(III) atom.

To Na;AlFg solutions containing 10 mg/L F |
was added 0.705 g/L of Cey(SO,); - 8H,O. A pre-
set pH value was maintained with the use of
Na,CO;. Data concerning the effect of pH val-
ue on the purification from fluorine (at the
molar ratio Ce®" : F~ = 3.76, interaction time

of 120 min, the temperature of 18.5°C) are
presented below:

pH Fluorine content
in the solution purified, mg/L

4.0 2.90
5.0 2.90
6.0 1.30
7.0 1.42

From the comparative analysis of the above
listed results and the data of Table 3 it fol-
lows that the efficiency of purification with
the use of cerium (III) is almost in 1.5 times
higher than in other cases at the identical val-
ues of pH and molar consumption of cerium
(the residual content of fluorine decreases from
2 to 1.3 mg/L).

Wastewaters from AIF?(? or/and Feﬁ; (fluorine concentration >7.5 mg/L)

Ca(OH)y __

Calcium fluoride sedimentation

Water precipitation

CaF, sediment «— Decantation

|

Ce(SO,), 4H,0 Wastewaters from AlF5 or/and FeFj (fluorine concentration <7.5 mg/L)

Stirring

pH adjusting

Water precipitation

Decantation

Solution Sediment
Filtration

Solution Ce(OH)y_,.F.

'

Discharge into
water reservoir

Filtration HF

/

Ce(SO,)y 41,0 H,SO,
— T

Sulphatization at 170—180 °C

H,SO,

!
/ '

Absorption

Fig. 2. Schematic diagram for the purification of wastewater containing fluorine in the form of AIF:7
or/and Feij anions to meet the standards established for water reservoirs of drinking purpose.
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With the use of cerium (III) and pH <5 a
fine-disperse sediment is also formed. At pH 5.8
coarse flakes are formed those precipitate al-
most completely within 15 min (the solution layer
height being of 0.4 m). A fine-disperse fraction
remaining in the solution precipitates during 15—
18 h. The maximum efficiency of fluorine extrac-
tion from solutions is attained at pH 6. In this
case the residual content of fluorine and sulphate
ion (285 mg/L) meets the standards established
for water reservoirs of drinking purpose.

Figure 2 presents a schematic diagram for
the purification of wastewater containing flu-
orine in the form of AlF;” or/and FeF; an-
ions that provides the regeneration of
Ce(S0O,), - 4H,0, the isolation of a fluorine-con-
taining product excluding the increased second-
ary contamination of wastewater with sulphate
ion. A variant which provides the use of
Cey(S0O,); or CeCl; and somewhat differs in the
regeneration of cerium compound used for flu-
orine sedimentation is also possible. The use of
CeCl; allows one to meet the standards estab-
lished for water reservoirs of drinking purpose
with respect to the content of both fluorine
and chloride ion.

The residual content of cerium was deter-
mined using a ICPS-9000 Shimadzu plasma
emission spectrometer. It has been revealed that
this value depends on pH of the solution and
sedimentation time, amounting to 0.010—
0.012 mg/L, or (0.7-0.86) - 10~" mol/L under the
conditions optimal for the purification from flu-
orine (pH 5.5—6.0).

The maximum permissible concentration in
water for cerium and other lanthanides is not
established in Russia. The authors of [25]
demonstrated that at the concentration values
<107% mol/L lanthanides do not influence the
process of hemolysis. From this it follows that

TABLE 4
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the secondary contamination of water by ceri-
um, to all appearance, is of no hazard.

Purifying the Kola regional mining enterprises
wastewaters from fluorine impurities

For the experiments we used aqueous solu-
tions such as wastewaters from the concentrat-
ing factory ANOF-II of the Apatite JSC and
the Karnasurt mine of the Lovozero MCC. Ta-
ble 4 presents data concerning the content of
fluorine and some impurities those could influ-
ence the removal of fluorine.

The content of aluminium and iron impuri-
ties appeared low enough; therefore we inves-
tigated the possibility for purifying these waste-
waters by means of titanium compounds.

From the data presented in Table 5 one can
conclude that the use of titanium compounds
is rather efficient: the residual content of fluo-
rine and a sulphate ion in water does not ex-
ceed the standards set-up for water of drink-
ing purpose. It has been established that the
process temperature (4—21 °C) exerts no effect
on the results of purification. The sedimenta-
tion rate value for a reagent containing fluo-
rine amounted to 0.026—0.03 m/h, and attempts
to increase it by entering a coagulant (polyacryl-
amide) appeared unavailing. However, after
18 h the final content of fluorine in the solu-
tion with polyacrylamide is lower than fluorine
content in the solution without polyacrylamide.

The content of fluorine could be lowered to
meet the standard established for water reser-
voirs of fish industry purpose; however, in this
case the secondary contamination with sulphate
ion would increase.

Experiments on the regeneration of a pre-
cipitating sorbent were carried out. The fluo-
rine-containing sediment isolated from the so-

Content of some impurities in wastewaters from the enterprises of Apatite JSC

(ANOF-II) and Lovozero MCC (the Karnasurt mine)

Enterprise pH Impurity content, mg/L

F Fe Al ca0 SO, P,0,
Apatite JSC 8.90 84 <05 <1.0 20 7 n/d
Lovozero MCC 7.86 11 <10 1.2 n/d n/d 16

Note. n/d — not determined.
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TABLE 5

579

Efficiency of fluorine removal from waste waters from the ANOF-II Apatite JSC and the Karnasurt mine

of Lovozero MCC (initial content of fluorine being of 8.4 and 11 mg/L, respectively, room temperature)

depending on the consumption of TiOSO, - 2H,0

TiOSO, - 2H,0 consumption, SOT content in purified

Final fluorine content, mg/L

mg/L solution, mg/L
ANOF-II
640 313 1.3
800 392 1.1
1200 588 0.8
1400 686 0.5
Karnasurt mine
640 313 1.6
800 392 1.5
1200 588 0.9
1400 686 0.8

lution was treated with NaOH or Na,CO, solu-
tion under permanent stirring. Fluorine there-
with quantitatively passes into the solution and
titanium oxohydroxide is formed. The solution
of NaF could be used as raw material for the
manufacture of fluorine-containing products.
Titanium oxohydroxide separated from NaF
solution was dried; then it was mixed with a
stoichiometrical amount of sulphuric acid
(93 %), which was determined according to
equation TiO, + H,SO, — TiOSO, - H,O. Fur-
ther the mixture was heated up to the temper-
ature of 150 °C and held under these condi-
tions for 4 h. A fragile cake well soluble in wa-
ter or in 5 9% H,S0, solution was obtained. The
level of titanium extraction into sulphate solu-
tion in searching experiments amounted to 90 %.
The solution of TiOSO, - H,O obtained is suit-
able for using as a precipitating sorbent.

CONCLUSIONS

1. The possibility is established and the con-
ditions are determined for purification of waste-
waters containing 10 mg/L of fluorine in the
form of complex AIF; and/or FeF; anions
with the use of cerium (IV) sulphate up to the
values meeting the standards in the content of
fluorine for drinking water reservoirs.

Fluorine removal down to a level meeting the
standards set-up for water reservoirs of fish in-

dustry purposes is observed to be possible; how-
ever, the secondary contamination of wastewa-
ters with sulphate ion exceeds a permissible value.

2. The use of cerium (IIT) compounds for the
purification from fluorine is considered to be
more efficient in comparison with the use of
cerium (IV) compounds. The optimum acidity
of the solution providing both efficient waste-
water purification from fluorine, and minimal
secondary contamination of wastewaters with
cerium cations, corresoonds to pH = 6.

3. The use of cerium (III) chloride (simple
lanthanide tetrachlorides are unknown [26]) al-
lows one perform the purification of wastewa-
ter containing fluorine even in the form of com-
plex anions such as AlF;” and/or FeF; , up
to meeting the standards established for water
reservoirs of fish industry purpose.

4. The possibility is established as well as
optimum modes are determined for purifying
wastewater of the enterprises of the Kola re-
gion (Apatite JSC, Lovozero MCC) to remove
fluorine impurities using titanium compounds
up to meeting the standards concerning the con-
tent of fluorine and sulphate ion established
for drinking water reservoirs.

The potentiality is demonstrated for process-
ing fluorine-containing sediments formed with
the regeneration of a titanium compound used
for the sorption as well as the isolation of a
fluorine-containing product.
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