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Abstract—Because the salts (NH4);TiO,Fs and (NH,4);FeFg are isostructural, precipitation of the titanium
peroxy salt from the (NH4),TiF¢—(NH4);FeFc—NH,F-H,0, system is accompanied by crystal-chemical
substitution of ions. As a result of partial peroxolysis, the iron salt coprecipitates with ammonium
peroxypentafluorotitanate. If the degree of precipitation is higher than 20%, TiO, samples of high whiteness
can be prepared from the hydrolysis product isolated from such solutions, after annealing at 850°C.
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Separation of ammonium fluorotitanates(IV) and
fluoroferrates(Ill) is one of the most important
problems in the fluoride method for breakdown of
titanium-containing raw materials with ammonium
fluorides, which is now under development [1-3]:

FeTiO; + 12 NH,F + 0.250,
= (NH,);FeFs + (NH,),TiFs + 3.5H,0 + 7 NH;,

FeTiO; + 6 NH,HF, + 0.250,
= (NH,);FeFs + (NH,),TiFs + 3.5H,0 + NH;.

A procedure is known for separation of titanium
and iron, based on partial coprecipitation of ammoni-
um oxofluorotitanates and iron compounds from am-
monium fluoride solutions prepared by breakdown of
titanium-containing raw materials. The precipitation
occurs when pH is increased to 6.5-7.5 by adding an
ammonia solution [4]. In so doing, the reaction vol-
ume increases, which is undesirable.

A study of the solubility in the (NH,), TiFs—(INH,):FeFs—
NH4F-H,O system showed that, with an increase in
the NH4F concentration, the solubility of the titanium
and iron complex salts decreases, but the Ti/Fe weight
ratio in solution increases, reaching a maximum (3260)
in 28.5% NH,F solution [5]. In such solution, the
solubility of (NH,4),TiFs decreases, compared to that in
water, from 24.09 to 8.63 g/100 g, which results in
undesirable dilution of the reaction mixture.
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To look for better procedures for separation of Fe(III)
from Ti(IV), we examined the effect of H,O, on the
behavior of the iron and titanium salts present
simultaneously in the (NHy),TiF¢—(NH,);FeFc—NH,F—
H,0; system.

It is well known that fluoride ion can act as a stabi-
lizing agent in hydrogen peroxide solutions [6]; in
addition, fluoride ion exerts a buffer effect on solutions

[7].

As noted in [6], the calculated and actual pH
values of hydrogen peroxide solutions differ from each
other because of the presence of CO, contributing to
the total acidity of the solution. Therefore, the pH
values that we obtained for 1.2-8.0% H,O, solutions
are lower than the theoretical values. Addition of
ammonium fluoride to a hydrogen peroxide solution
allows pH of the NH4,F-H,0, system to be maintained
in the range 5.96-6.90 owing to the buffer effect of the
F ion. There is a linear correlation between pH and
H,0, concentration in NH4F solutions, and with an
increase in the ammonium fluoride concentration from
3.4 to 10.0% pH of the system slightly increases and
becomes close to 7 (Fig. 1).

It is known that base hydrolysis of ammonium
hexafluorotitanate in peroxide solutions at pH 4-5
is accompanied by formation and precipitation of
(NH4);TiO,F5 [8]. Therefore, addition of (NH,4),TiF¢to
the NH,F-H,0O, system with pH close to 7 will lead to
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Fig. 1. Influence of H,O, concentration on pH of the
NH4F-H,0, system. NH,F concentration, %: (1) 0, (2) 3.4,
(3) 6.8, and (4) 10.0.
peroxolysis without adding an alkaline agent, accord-
ing to reaction (1):

(NHy),TiF¢ + NH4F + HO, — (NH4);TiO,Fs + 2HF. @)

Under these conditions, the peroxolysis of the tita-
nium salt occurs only partially, because the release of
HF in the reaction leads to a decrease in pH of the
solution to a value at which the peroxolysis stops. As
seen from Table 1, after adding (NH,),TiFs to the
NH4F-H,0, system, pH of the solution decreases from
6.9-5.96 to 5.46-4.60.

The possibility of replacement of F~ by O3 in the
coordination sphere of titanium without adding an
alkaline agent is provided by the stabilizing effect of
NH,F, resulting in formation of hydroperoxide ions in
solution owing to proton transfer from H,O, molecule
to fluoride ion [scheme (2)], and also by the fact that
pH of the solution corresponds to the onset of
peroxolysis of the titanium salt:

Table 1. pH values of NH,F-H,O, solutions before and
after peroxolysis of (NH,4),TiFg in them

System 3.4 wt % | System 6.8 wt % | System 10 wt %
NH,F-H,0, NH,F-H,0, NH,F-H,0,
I II I II I I

H,0,,
wt %

1.2 6.33 5.15 6.70 5.36 6.90 5.46

3.0 6.22 4.88 6.62 5.13 6.80 5.25

4.7 6.12 4.76 6.51 5.01 6.69 5.12

8.0 5.96 4.60 6.34 4.717 6.54 4.96

* (D) Initial NH4F-H,O, solution and (II) NH,F-H,O, solution after
peroxolysis of (NH,),TiFs in it.

H,0, + F = HF + OOH". 2)

Thus, at comparable strength of the ligands F~ and
07, it is possible to control the ligand substitution and
formation of mixed fluoroperoxy compounds of
titanium.

When studying the (NHy),TiF¢—NH4F-H,0, sys-
tem, we found that the degree of peroxolysis of the
starting ammonium fluorotitanate depends on the con-
centrations of H,O, and NH4F. According to reaction
(2), an increase in the concentration of one of the
components at a constant concentration of the other
component shifts the equilibrium toward formation of
the hydroperoxide ion. As a result, the weight of the
precipitated (NH4);TiO,Fs increases. In a solution
containing 8.0% H,0, and 10.0% NH,F, the degree of
peroxolysis of (NH4),TiFs reaches a maximum. As a
quantitative characteristic of the peroxolysis we chose
the degree of precipitation (A, %) relative to the
dissolved salt (NH,4),TiF4 (Table 2).

We found that, when the peroxolysis was per-
formed in the (NH4)zTiFG—(NH4)3F€F6—NH4F—H202
system, iron salts coprecipitated with (NH4);TiO,Fs,
which led to a decrease in the Fe(IIl) concentration in
solution. As seen from Table 2, TiO, samples obtained
from solutions with Ti/Fe > 3000 (by weight) have a
whiteness of 94.1-97.6%. The high degree of
separation of Fe from Ti is ensured by partial peroxol-
ysis of solutions containing 6.8% NH,F + 4.7 or 8.0%
H,0,, or 10.0% NH4F and any H,O, concentration
from the examined range. We believe that the factor
responsible for the separation of Fe(IIl) from fluoride—
peroxide solutions of Ti(IV) salts is that the
compounds (NH4);TiO,Fs and (NHy);FeFs are iso-
structural. The peroxolysis of (NHy),TiFs and
formation of the complex compound (NH,);TiO,Fs can
be accompanied by heterovalent isomorphous sub-
stitution of a group of ions with close ionic radii (R
0.69 A, Rre+ 0.67 A), according to scheme (3) [9]:

Ti* + 05 > Fe*" + F. (3)

As a result, (NHy);FeFg coprecipitates with (NHy); -
TiO,Fs, and with an increase in the degree of
peroxolysis of the starting titanium salt the precipitate
weight and the probability of crystal-chemical substi-
tution by scheme (3) will increase. This conclusion
agrees with data of Table 2, which show that the sep-
aration of iron salts from titanium is the most efficient
when the degree of precipitation A exceeds 22%.
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Table 2. Characteristics of the (NH,),TiFs—(NH,);FeFe—NH4F-H,0, system and of hydrolysis products (HP) and TiO,

samples obtained

NH4F 1.2 wt % H202 3.0 wt % H202 4.7 wt % H202 8.0 wt % H202
congentra- O%,’ 5 O%,’ .

tion . . Oy, % . . 05, %
i A, % | Ti/Fe % W,% | A4, % | TilFe | . W, % | A, % | Ti/Fe % W, % |A, % | Ti/lFe | . W, %

wt % . in HP . in HP

in HP in HP

34 10.1 | 1000 | 2.6 729 |10.7 | 1050 100 | 735 | 11.3 | 1220 | 150 | 743 | 11.4 | 1650 | 188 | 77.0
6.8 18.4 12280 | 2.7 90.6 |21.4 | 2770 10.2 | 92.6 |22.2 | 3550 | 155 | 96.4 | 26.1 | 3880 | 20.8 | 97.4
10.0 27.0 | 3120 | 2.7 94.1 |29.6 | 3400 10.8 | 95.2 [33.0 | 3610 | 15.7 | 96.9 | 33.6 | 3940 | 223 | 97.6

This assumption could be confirmed by proving
that the hydrolysis of (NHy);FeF¢ in the NH4F-H,0,
system starts at higher pH values than the peroxolysis
of (NHy),TiFs. Therefore, we performed potentio-
metric titration of (NH4);FeFs—NH F-H,O, solutions
with 0.1 M ammonia solution. It is known [10] that
the hydrolysis with ammonia of an aqueous solution of
the complex iron fluoride salt formed by addition of
ammonium fluoride to a FeF; solution to an NH4F : F;
ratio of 3 : 1 is accompanied by precipitation of iron
hydroxide on reaching pH 5.5 and is complete at pH
~7.2. As a result, Fe(OH); is precipitated virtually
completely with a stoichiometric amount of ammonia.
If Fe(OH); is precipitated from solutions with NH,F :
FeF; > 3 : 1, an excess of hydroxide ions is required,
increasing with an increase in the excess amount of
ammonium fluoride.

Figure 2 shows the potentiometric titration curves
with NH4OH of solutions prepared by dissolving
(NH4);FeFg in water and in solutions of 8.0% H,O,,
3.4 or 6.8% NH.F, 1.2% H;0, + 3.4 or 6.8% NH4F,
and 8.0% H,0, + 6.8% NH,F.

As we showed, the hydrolysis of a saturated solu-
tion of (NHy);FeFs in H,O starts immediately in the
course of dissolution, when the pH of the initial solu-
tion is 4.86. On adding NH,OH, the solution becomes
yellow, and at pH 5.21 a reddish-brown precipitate
starts to form. Further addition of ammonia leads to a
slow increase in pH, and at pH 7.18 the hydrolysis is
complete.

The potentiometric titration curve of a solution of
(NH,4)sFeFg in 8.0% H,O, lies below the titration curve
in water. On adding the first milliliter of the ammonia
solution, pH sharply increases, and a reddish-brown
precipitate is formed, which immediately dissolves,

and the solution becomes orange-red. On adding 3 ml
of the ammonia solution, the ascent of the curve
becomes less steep, and pH at the moment of
precipitate formation changes insignificantly. The
potential jump corresponding to the end of titration is
observed at pH 7.32.

In titration of (NHy4);FeFq in 3.4 and 6.8% NH4F
solutions, the hydrolysis starts at pH 7.32 and 7.97,
and in solutions with the same NH4F concentration in
the presence of 1.2 and 8.0% H,0,, at lower pH val-
ues, 7.12 and 7.52, respectively (cf. curves 3 and 4, 5
and 6). At the same NH,F concentration, the hydrol-

| I I |
2 0 2 4 6 8

1 1
10 12 14 16 18 20
Volume of NH,OH solution, ml

Fig. 2. Potentiometric titration of the (NHg4);FeFs—NH4F—
H,0, system with a 0.1 M NH,OH solution: (/) 3.6x10™ mol
of (NH,);FeFqin H,0, (2) 5.1 x 107 mol of (NH4)sFeF, in
8.0% H,0,, (3) 2.5x10™ mol of (NH,);FeF; in 3.4% NH,F,
(4) 2.7 x 107 mol of (NH,);FeFg in 3.4% NH,F and 1.2%
H,0,, (5) 1.6 x 10 mol of (NH,);FeF; in 6.8% NH,F,
(6) 3.3 x 10™* mol of (NH,);FeFs in 6.8% NH,F and 8.0%
H,0,, and (7) 2 x 10~ mol of (NH,);FeF; in 6.8% NH,EF
and 1.2% H202.
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ysis of (NHy4);FeFs starts at lower pH values in solu-
tions with a higher H,O, concentration (curves 6 and
7). For example, in solutions containing 6.8% NH4F
and 1.2% H,0,, the hydrolysis starts at pH 7.78, and in
a solution with 6.8% NH,F and 8.0% H,0,, at pH
7.52.

The higher the NH4F concentration, the larger
excess of ammonia should be added to the solution to
precipitate Fe(III) salts (this is associated with the
buffer effect of fluoride ions). Experiments show that
even at a large excess of ammonia the iron precipita-
tion is incomplete. The end point in the titration curves
is lacking. Figures 1 and 2 show that hydrolysis of
(NH4);FeFs in the NH4F-H,0, system starts at pH
values that are higher than the pH values of the starting
solutions with the same concentrations of ammonium
fluoride and hydrogen peroxide. Therefore, after
dissolution of (NH,),TiF¢ in the (NH4);FeFs—NH4F-
H,0, system, the titanium salt undergoes peroxolysis,
whereas the iron salt is not hydrolyzed.

The solution purified to remove Fe(Ill) was then
subjected to hydrolysis with ammonia, with isolation
of the hydrolysis product (HP). It is known [11] that, at
the molar ratio H,O,/Ti < 2, the HP (I) consists of a
mixture of titanium oxy- and peroxyfluorides (NHy), -
TiOF4, (NH4)3TIOF5, and (NH4)3TiOzF5, whereas at
the molar ratio HyO,/Ti > 2 the HP (II) consists only
of peroxofluorotitanates (NH,);TiO,Fs and (NHy)5Ti -
(O,),F5. The higher the H,O,/Ti ratio, the higher the
weight fraction of (NH4);Ti(O,),F; in the precipitate.
Therefore, hydrolysis of solutions with 1.2 and 3.0%
H,0, results in precipitation of product II, whereas
from solutions with 4.7 and 8.0% H,O, product II is
precipitated. According to X-ray phase analysis, the
compounds (NHy);TiOFs, (NH,);TiO,Fs, and (NH4);Ti
(O,),F;5 are isostructural. Therefore, the presence of
particular compound can be confirmed by determining
the weight fraction of peroxide oxygen in precipitates
I and II [(NH,4);TiO-F5 contains 14.0 wt %, and (NH,); -
Ti(0,),F;, 28.7 wt % O3 1.

Thus, when introducing hydrogen perpoxide into the
(NHy),TiFs—(NH4);FeF¢—NH4F-H,O  system, partial
base hydrolysis of ammonium fluorotitanates can be
replaced by partial peroxolysis occurring under these
conditions without adding ammonia, i.e., without
dilution of the solution. By so doing, Ti(IV) and Fe(IlI)
can be separated. The pyrohydrolysis of the titanium
hydrolysis products isolated from the purified
solutions yields TiO, samples of high whiteness, 94.1—
97.6% (Table 2).

EXPERIMENTAL

To prepare solutions, we used chemically pure
grade (NHy4),TiFs, analytically pure grade NH4F, me-
dical grade 40% H,O,, and analytically pure grade
25% NH4OH. (NHy4)s;FeFs was prepared as described
in [12].

The hydrogen peroxide concentration was deter-
mined by permanganatometric titration, and the am-
monium fluoride concentration, by titration with a 0.5
N NaOH solution in the presence of Formalin [13].

The concentrations of Ti(IV) and Fe(Ill) in solu-
tions were determined by atomic emission spectros-
copy with inductively coupled argon plasma on a
Plasmoguant 110 device. The pH measurements and
potentiometric titrations were performed with an I-500
pH-meter in the termal compensation mode at 25°C
using a combined electrode (Hanna). The composi-
tions of solid samples were studied by X-ray phase
analysis on a D8 ADVANCE diffractometer (Cuk,
radiation). The whiteness (W) of TiO, samples was
calculated from the reflection coefficients p; [14]. The
reflection coefficients were measured with a U 3010
spectrophotometer relative to MgO reference (100%).
Titanium dioxide samples were compacted in pellets
35 mm in diameter under a pressure of 1.5 MPa.

In H,O, solutions of a known concentration (1.2,
3.0, 4.7, and 8.0%), after adding the required amount
of NH,F to prepare solutions of concentrations 3.4,
6.8, and 10.0%, we dissolved (NHy);FeFs with stirring
for ~1 h to obtain a solution saturated at room
temperature. To 25 g of the resulting solution, we
added (NH,),TiF, first in the amount corresponding to
the solubility of the titanium salt at the given NH4F
concentration [5]. Then, after separating the yellow
precipitate of (NH4);TiO,F;5 formed in the process, we
added a further amount of (NH,4),TiFs and performed
the dissolution for ~1 h to obtain a saturated solution.
The resulting solution was hydrolyzed to pH 9 with
25% NH,OH. The hydrolysis product was filtered off
and subjected to stepwise pyrohydrolysis at tempera-
tures of up to 450°C and then to annealing in a dry
atmosphere at 850°C as described in [11]. The final
product was titanium dioxide of anatase structure.
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