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Abstract—It in has been found in the course of studying the phase transformations of X-ray amorphous tita-
nium hydroxide during its mechanical activation in the presence of additives in the form of zinc compounds
that finely ground powders can polymorphically transform into other nonequilibrium crystalline phases.
Judging by the increase in the intensity of the peaks in the diffraction patterns, one can state that the amor-
phous phase crystallizes in the form of anatase and brookite as a result of high-energy exposure. It is shown
that the lower the degree of hydration of titanium hydroxide, the higher the efficiency of the mechanical effect
of the additive on the phase transformations. The following trend in the effect of the introduced modifier is
observed: ZnSO47H,0 > Zn(NO;),-6H,0 > ZnO. This dependence is determined by the combination of physi-
cal and chemical transformations of the material located in the field of intense mechanical influence, confirmed
by the calculated data on the crystallite size and microstrains. The conversion of excess mechanical energy into
thermal energy initiates chemical processes resulting in the formation of solid titanium-zinc solutions that acceler-
ate the restructuring of the crystal structure upon calcination of the modified titanium hydroxide according to the
scheme anatase—brookite—rutile. The obtained results can find practical applications in the production of the so-
called “rutile” nuclei used in the industrial production of multipurpose titanium dioxide.
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INTRODUCTION

Titanium dioxide, which has several structural
modifications, such as anatase, rutile, and brookite,
find applications in the manufacture of various prod-
ucts. Widespread use of titanium dioxide and espe-
cially rutile is determined by its stable structure and,
accordingly, high resistance to temperature, aggressive
media, and solar radiation [1]. Anatase has a metasta-
ble structure and is used in considerably smaller
amounts. Brookite has not found practical applica-
tions owing to even lower technical characteristics
than those of anatase. In the traditional production of
titanium dioxide aimed predominantly at obtaining
rutile, the modification of the titanium hydroxide
(THO) precipitate that separates in the course of the
thermal hydrolysis of titanium(IV) sulfate or oxychlo-
ride solution is used. The modification of titanium
hydroxide accelerates the structural transformations of
the material that occur during calcination [2, 3]. As a
rule, the process is conducted in an aqueous titanium
hydroxide suspension in the presence of modifiers. In
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this case, more than one modifier is used each of
which performs definite functions. The best-known
modifiers that accelerate the formation of the rutile
modification of titanium dioxide are compounds of
zinc, aluminum, and zirconium. In addition, “rutile
nuclei” are also introduced [4]. The method for pro-
ducing “rutile nuclei” is rather difficult to implement;
it involves the formation of a large amount of acid
wastewater that requires utilization [5]. In [6], a new
technique for producing zinc-containing “rutile
nuclei” has been developed based on a homogeneous
solid-phase process that proceeds under mechanical
activation of titanium hydroxide with addition of a
modifier. In the course of mechanical activation under
high-energy impact on solid particles, they undergo
phase transformations that cause both physical and
chemical transformations in the system. Whereas the
mechanical activation of titanium dioxide is discussed
in numerous publications [7—9], the mechanical acti-
vation of titanium hydroxides of different degree of
hydration has not received sufficient attention, espe-
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Table 1. Objects of research

No. Composition of the mixture prior
to mechanical activation
1 Starting THO + ZnO
2 Starting THO + Zn(NO3),6H,0
3 Starting THO + ZnSO,-7H,0
4 THO dried at 105°C + ZnO
5 THO dried at 105°C + Zn(NO3),"6H,0
6 THO dried at 105°C + ZnSO,7H,0
7 THO dried at 250°C + ZnO
8 THO dried at 250°C + Zn(NO3),6H,0
9 THO dried at 250°C + ZnSO,4-7H,0

cially their mechanical activation in the presence of
other oxides or their salts. On the other hand, the
application of additives, in particular, zinc com-
pounds, allows for the structure and activity of the
processed particles to be controlled since the mecha-
nism of action of such additives consists in increasing
the concentration of point defects that facilitate the
formation of solid solutions [10].

This work is aimed at the investigation of the phase
transformations in the titanium hydroxide—zinc(II)
solid-phase system under high-energy grinding condi-
tions in a ball mill, which is necessary to understand
the mechanisms of transformation of the surface and
structural properties of the components that form the
basis for physical and chemical transformations.

EXPERIMENTAL

The main object of the study was titanium hydrox-
ide that was precipitated by thermal hydrolysis from a
binary (NH,),TiO(SO,),-H,O salt solution with a
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Fig. 1. Diffraction patterns of THO samples: (/) starting
THO, (2) THO dried at 105°C, and (3) THO dried at
250°C.
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concentration of TiO, of 100 g/L [11]. The resulting
precipitate was thoroughly washed with water to
remove the acid mother solution. The washed material
was a wet powder white in color (the starting THO).
Further, in the experiment, titanium hydroxide sam-
ples dried in a drying cabinet at temperatures of 105
and 250°C were used. The weight losses of titanium
hydroxide upon its heat treatment were (wt %) 49.0 at
105°C and 54.1 at 250°C. Zinc oxide ZnO and
Zn(NO;),6H,0 and ZnSO, 7H,0 salts were used as
modifying additives. For the experiment, the test sam-
ples composed of a mixture of titanium hydroxide and
zinc compounds were prepared in an agate mortar (see
Table 1).

The consumption rate of the modifier was calcu-
lated as 5% ZnO of TiO, in titanium hydroxide. The
mechanical activation (MA) of the resulting mixture
was conducted in a Fritsch Pulverisette-7 planetary
mill. The grinding jar lining and the grinding balls
were made of titanium metal. The working capacity of
the grinding jars was 50 mL; the weight of the grinding
balls 10 mm in diameter was 60 g; the ball weight to
mixture weight ratio was 10 : 1; the drum rotation
speed was 750 rpm; and the treatment time was 2 h.
The mechanical activation conditions were similar to
those presented in previous publications on mechani-
cal activation of solid substances, in particular, tita-
nium dioxide [12—15]. The mechanically activated
mixture was calcined at 750—850°C for 2 h.

The phase composition of the mixtures upon
mechanical activation and calcination was determined
using a Shimadzu XRD-6000 diffractometer.

RESULTS AND DISCUSSION

In the traditional technology of producing tita-
nium-containing raw materials, the titanium hydrox-
ide to titanium dioxide conversion is performed by cal-
cination. For targeted structuring of a hydroxide prod-
uct and, accordingly, formation of titanium dioxide
with desired properties, prior to calcination, a modi-
fier is introduced into titanium hydroxide during the
liquid-phase process. We have explored the possibility
of a solid-phase introduction of the modifier initiating
the process by mechanical activation.

X-ray diffraction analysis of the starting titanium
hydroxide sample has shown its X-ray amorphous
state or weak crystallinity with the anatase structure of
the heat-treated samples (Fig. 1).

The influence of the temperature on the surface
properties of the titanium hydroxide samples under
investigation determined by nitrogen gas adsorption—
desorption using a TriStar 3020 Micromeritics ana-
lyzer are provided in Table 2.

It has been noted that, with increasing tempera-
ture, the specific surface area S, of the samples
decreases and, judging by a reduction in the porosity
parameter V,,,, the structure of the TiO, particles is
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Table 2. Effect of the temperature on the surface properties of titanium hydroxide
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THO samples Processing . Specific surface area Total pore volume, Pore diameter
. temperature of starting ) 3 D
(Flg 1) THO. °C Sspa m /g Vpora cm /g por> nm
1 20 46.3 0.062 31.4
2 105 19.1 0.042 23.8
3 250 16.4 0.046 19.3

Table 3. Surface properties of THO samples upon mechanical activation

Processing . Specific surface area| Total pore volume, Pore diameter
Samples upon MA | temperature of starting S, me Vo em/e D...nm
THO, °C sp» por por
1-MA 20 42.5 0.058 29.0
2-MA 105 28.1 0.062 21.4
3-MA 250 31.3 0.066 15.1

densified, which is related to the formation of anatase
crystals. The morphological evolution of powders
being ground depends on their mechanical properties.
The presence in the powders of water of constitution
and free (surface) water influences the degree of
mechanical impact of the balls on the solid particles
[16]. Thus, the impact of high stresses during grinding
of an X-ray amorphous powder (sample 1) is sup-
pressed by a surface water layer on the particles.
Therefore, the parameter S, hardly changes (Table 3).
With the decreased intermediate water layer (heat-
treated samples 2 and 3), the intensity of high-stress
impact increases, which causes both mechanochemi-
cal reactions, namely, the destruction of oxo- or
hydroxo-structure bridges resulting in the formation
on the surface of crystal grains of the amorphous layer,
and mechanophysical phenomena, namely, the for-
mation of microdefects on the particles, which, over-
all, leads to an increase in the S, parameter.

High-energy mechanical impact on the titanium
hydroxide—modifier mixture (Figs. 2a—2c) is accom-
panied by phase transformations in the samples, which
is expressed in an increase in the intensity of the peak
owing to the increase in the content of the anatase (A)
crystalline phase and a phase similar to brookite (B).
In some publications, the brookite phase is interpreted
as the TiO,II [15] or TiO,-X phase [18]. The anatase
crystallites present in starting mixtures 2 and 3 (see
Table 1) serve as a seed that accelerates the crystalliza-
tion process. Obviously, under mechanical activation,
the physical and chemical structural transformations
proceed simultaneously. The physical transformations
involve the reduction in the particle size accompanied
by the formation of a new active surface of the parti-
cles. In all probability, the deformation of the struc-
ture of the components of the mixture also occurs. The
excess mechanical energy is converted into thermal
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energy, initiating chemical processes; in particular,
solid titanium-zinc solutions are formed that acceler-
ate the restructuring with crystalline phases formed in
the titanium hydroxide matrix [14]. The presence of
such solid formations cannot be identified in X-ray
diffraction patterns because of their small amount. It
should be noted that rutile is not present in mechani-
cally activated sample 1-MA and is observed in an
insignificant quantity in some diffraction patterns of
samples 2-MA and 3-MA. The transformations occur
predominantly in the amorphous titanium hydrox-
ide—anatase—brookite system, which is consistent
with the data of [17, 18].

The nature of the modifier influences the structur-
ing of titanium hydroxide under mechanical activation
in the following way: It is noted that, upon mechanical
activation, in diffraction patterns of the titanium
hydroxide samples heat-treated in the presence of
modifiers, there are practically no individual peaks
that are evidence of the presence of the brookite phase.
One can judge whether it is present only on the basis of
split peaks that, owing to superposition, belong to both
anatase and brookite. In the diffraction patterns of the
mechanically activated X-ray amorphous titanium
hydroxide and modifier, sufficiently distinct individ-
ual peaks of brookite are observed. According to the
influence of the nature of modifiers on the efficiency
of restructuring of both the starting and the heat-
treated titanium hydroxide, the following trend can be
suggested: ZnSO,7H,0 > Zn(NO,),'6H,0 > ZnO.

The heat treatment of the mechanically activated
samples was conducted at temperatures of 750, 800,
and 850°C for 2 h. It was stated (Table 4) that, within
the temperature variation range under investigation,
there was no brookite phase in the calcined samples.
Judging from the data provided, the amount of each
phase depends on the nature of the zinc-containing
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Fig. 2. Diffraction patterns of mixtures of titanium hydrox-
ides with additives (a) ZnO, (b) Zn (NOj3),"6H,0, and
(c) ZnSO4 7H,0; titanium hydroxide: (/) wet, (2) dried at
105°C, and (3) dried at 250°C.

additive and the calcination temperature of the sam-
ples. An increase in the temperature initiates a phase
transition in the modified powders, and at 850°C, the
rutile phase is practically completely formed.

Analysis of diffraction reflections yielded the data
on the size and microstrains of the crystallites. The
analysis was performed by approximating the reflec-
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Fig. 3. Shapes of the reflections after their transformation
using Cauchy functions.

tions using pseudo-Voigt functions (superposition of
the Gaussian and Lorentzian functions) as [20—22]

571
V®) = ca{l +O=5) _290) }
0,

) (D
+ (I —c)aexp {—w}

0
where c is the relative contribution of the Lorentzian
function to the total intensity of the reflection; 6, and
0, are the Lorentzian and Gaussian distribution
parameters, respectively; a is the normalizing factor of
the intensity; and 6, is the position of the maximum of
the function.

The diffraction patterns were taken in CuK radia-
tion and each reflection is the sum of the pulses of a
doublet (a;, 0,,). As a result, to describe one reflection,
two pseudo-Voigt functions were used. The mutually
overlapping reflections were separated using Cauchy
functions. As an example, in Fig. 3, the shapes of sep-
arated anatase and brookite reflections are shown in
the region 26 = 25°.

The separation of the reflections allows the calcu-
lation of the coherent scattering regions (CSRs) for
individual phases. The size of the CSR and the magni-
tude of the microstrain of the crystallite lattice were
determined by lines (210) and (321) of TiO, (brookite)
using the formula [23]

(Bcosb)’ = (%)2 + (4esin 0)’, ()

where B is the physical broadening of the line of the o,
reflection, A is the wavelength of the copper radiation,
D is the size of the CSR, and € is the magnitude of the
microstrain of the crystal lattice. The obtained results
are presented in Table 5.

The calculated results made it possible with a cer-
tain degree of probability to establish the trend in the
changes in the found values depending on the thermal
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Table 4. Dependence of the phase composition of the activated samples on the calcination temperature

Sample Calculated phase composition, wt %
characteristic 750°C 800°C 850°C
Modifier ZnO
1 R—40; A—55; amorphous—up to 5 R—65; A—35 R—95; A—upto 5
2 R—45; A—55 R—70; A—30 R—100
3 R—50; A—55 R—73; A—27 R—100
Modifier ZnSO4-7H,0
1 R—55; A—45 R—90; A—10 R—100
2 R—60; A—40 R—95; A—S5 R—100
3 R—65; A—35 R—95; A—5 R—100
Modifier Zn(NO3),'6H,0

1 R—45; A—55 R—70; A—30 R—100
2 R—50; A—50 R—70; A—30 R—100
3 R—55; A—45 R—75; A—25 R—100

Table 5. Size of the CSR and magnitude of the microstrain of the lattice

No. Composition of the r'nix"[ure for mechanochemical CSR size, D, nm Microstrain magnitude, ¢
activation
1 Starting titanium hydroxide + ZnO 6 2.7 x 1077
2 | Starting titanium hydroxide + Zn(NO3),:6H,0 1.9 x 108
3 | Starting titanium hydroxide + ZnSO,7H,0 11 8.3 x 1077
4 | Titanium hydroxide dried at 105°C + ZnO 9 1.2 x 1077
5 | Titanium hydroxide dried at 105°C + Zn(NO3),"6H,0 10 53 %1078
6 | Titanium hydroxide dried at 105°C + ZnSO,7 H,0O 10 1.8 x 1077
7 | Titanium hydroxide dried at 250°C + ZnO 9 3.2 x 1077
8 | Titanium hydroxide dried at 250°C + Zn(NO3),6H,0 10 1.3 x 108
9 Titanium hydroxide dried at 250°C + ZnSO,-7H,0 10 1 x 1077

pretreatment of the starting titanium hydroxide. In
particular, the size of the crystallites, irrespective of
the additive used during mechanical activation,
reaches its limit when titanium hydroxide is processed
at 105°C and remains approximately at the same level
at 250°C (Fig. 4). The water of crystallization con-
tained in titanium hydroxide plays in this case the role
of a surface-active component that enhances the Reh-
binder effect during mechanical activation. The results
of calculating the magnitude of microstrains show that
there are practically no microstrains.

The obtained results underlie the development of
technology for production of “rutile” nuclei used in the
modern technology for large-scale production of indus-
trial titanium dioxide pigment. The newly developed
technology consists of several sequential stages [24]:

INORGANIC MATERIALS: APPLIED RESEARCH Vol

(i) heat treatment of titanium hydroxide at a tem-
perature of 110—120°C for 3h;

(ii) mixing of titanium hydroxide with a modifier,
in particular, zinc sulfate, in the amount of 3.5—5%
ZnO of the mass of TiO, in titanium hydroxide;

(iii) mechanical activation of the mixture in a plan-
etary ball mill at 650—750 rpm for 2—3 h; and

(iv) addition of water to the mill up to a S : L ratio
of 1 : (2—2.5) and homogenization of the mixture for
3—5h at 500 rpm.

The fulfilment of the above conditions ensures the
generation of a stable suspension with a size of the
solid-phase particles of 0.3—0.5 um (Fig. 5), the
aggregate stability of which holds for ten days.

12
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Fig. 4. Change in crystallite size depending on the drying tem-
perature of the starting THO. Additives: (/) ZnSO47H,0,
(2) Zn(NO»),"6H,0, and (3) ZnO.

Fig. 5. SEM image of rutile particles in the resulting sus-
pension of nuclei.

CONCLUSIONS

Finely ground titanium hydroxides can polymor-
phically transform into other nonequilibrium crystal-
line phases. The study of the phase transformations of
titanium hydroxide during mechanical activation with
addition of ZnO, Zn(NO;),"6H,0, and ZnSO,-7H,0
has revealed that in the mixture phase transformations
occur, which is expressed in an increase in the inten-
sity of the peak owing to the increase in the content of
the anatase and brookite crystalline phases. The
reduction in the degree of hydration of titanium
hydroxide enhances the effect of the additives on the
phase transformations. The following trend in the
effect of the additives has been revealed: ZnSO,-7H,0 >
Zn(NO;),-6H,0 > ZnO. This dependence is appar-
ently explained by the combination of the physical and
chemical transformations in the material exposed to
the field of an intense mechanical impact. The physi-
cal transformations contribute to the reduction in the
particle size, which results in the formation of a new
active surface.
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The values of the microstrains and sizes of the crys-
tallites obtained in the course of supergrinding calcu-
lated using pseudo-Voigt functions based on the anal-
ysis of the broadening of the diffraction reflections
allow for a more accurate evaluation of the influence
of the parameters of a ball mill on the properties of the
ground powders. It has been shown that the deforma-
tion changes in the anatase crystallites have a positive
effect on the phase restructuring that occurs during
heat treatment; in particular, a reduction in the tem-
perature of the anatase-to-rutile phase transition by
almost 100°C is observed. The chemical processes,
especially the formation of solid titanium-zinc solu-
tions, initiate the conversion of excess mechanical
energy into thermal energy. Further, the presence of
solid solutions in the titanium hydroxide during calci-
nation accelerates the anatase—brookite—rutile
restructuring of the crystal structure.

The results obtained can find practical applications
in the production of the so-called “rutile” nuclei used
in the traditional industrial production of titanium
dioxide. The proposed method is significantly simpler
and more environmentally friendly than the estab-
lished technology. Given the large scales of the pro-
duction facilities in operation, the implementation of
the new technology may produce a significant eco-
nomic effect.

Furthermore, mechanically activated hydrated
titanium dioxide powders may be of interest as such
and can also serve as precursors for the preparation of
classical materials the direct synthesis of which
involves a number of technological and ecological
drawbacks or as matrices for inclusion of required
components to produce composite materials.
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