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ABSTRACT: Using the industrial low-concentration TiOSO4 solution as the raw material, the hydrolysis kinetics and structural
evolution of metatitanic acid was investigated. The samples were characterized by TiO2 content, XRD analysis, particle size
distribution, FT-IR spectroscopy, Raman analysis, and HRTEM. The curves of hydrolysis yield showed S type shape, and the
hydrolysis process consisted of the induction period, rapid hydrolysis period, and mature period. The rapid hydrolysis period was the
first-order reaction, and increasing of hydrolysis temperature would shorten the induction period and hydrolysis period while
prolonging the mature period had an approximate linear positive correlation on the hydrolysis yield and hydrolysis rate. The actual
hydrolysis yield at the graying point was consistent with the calculated hydrolysis yield. The calculated pre-exponential factor k0 was
1.40 × 1018 min−1 and activation energy Ea was of 147.6 kJ/mol. With the hydrolysis temperature increasing, the grain size increased,
the lattice stress decreased, the average particle size of metatitanic acid decreased, and the sulfur content decreased, resulting from
the growth and adjustment of crystals and colloidal particles. Also, the SO4

2− ions promoted the formation of anatase TiO2 crystals.
The formation of the precipitated particles underwent processes such as gel, crystal growth, aggregation, and condensation.

1. INTRODUCTION
As the third largest inorganic chemical, titanium dioxide is
widely used in many fields due to its excellent performance,
and its market demand is enormous. The industrial production
methods of TiO2 are the sulfate process and the chloride
process. Hydrolysis of industrial TiOSO4 solution is the core
step in the preparation of TiO2 by the sulfate process, which is
a complex physiochemical process, having a prominent impact
on the particle size and its distribution of metatitanic acid
(hydrated TiO2, abbreviated as MA) and ultimately determines
the structure, quality, and applications of the final TiO2
pigment. The hydrolysis product of the TiOSO4 solution is
orthotitanic acid (Ti(OH)4) at a lower temperature (25−80
°C) while the product became MA (TiO(OH)2) at a higher
temperature (80−110 °C).1 The formation of MA in the
thermal hydrolysis of TiOSO4 solution goes through a series of
steps, involving an ionic reaction, olation and oxolation,
nucleation, grain growth, and aggregating to the final
precipitation form.2 Reaction kinetics is the study of the

effects of various physical and chemical factors (such as
temperature, pressure, concentration, medium in the reaction
system, catalyst, flow field, temperature distribution, etc.) on
the reaction rate, as well as the corresponding reaction
mechanism and mathematical expressions. The concentration
of titanyl sulfate and sulfuric acid obviously influenced the
kinetics of the titania film growth, following the sigma type.3

By investigating the influence and hydrolysis kinetics in
TiOSO4 solution by the sodium hydroxide molten salt method,
it was found that the main influence factors in the hydrolysis
process were the initial concentrations of TiOSO4 and sulfuric
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acid.4 The transition from the amorphous state to crystalline
anatase phase was determined according to the Kissinger’s
equation, and the calculated activation energy (Ea) was of 160
± 2 kJ/mol and the rate constant (k0) was of 2.86 × 1011
min−1.5 The influences of hydrolysis factors and the character-
istics of precipitation of TiOSO4 solution were also
investigated, and the obtained population balance equations
could be used to calculate the average size of the elementary
particles and the aggregates during the hydrolysis process.2

The precipitation kinetics, nucleation, and growth mechanism
at a temperature range of 70−90 °C and a Ti4+ concentration
of 0.5−1.5 mol/L were investigated, by using forced hydrolysis
of aqueous TiCl4 solution to produce rutile nanostructured
powders. It was found that the precipitation kinetics followed
the Avrami model, exhibiting a slow induction nucleation stage
and an accelerating growth stage.6 The hydrolysis degree of
TiOSO4 conversion to the hydrated TiO2 clearly depended on
the concentrations of Fe2+ and Fe3+, the Fe2+ (up to 5 wt %)
had significant promoting effects on the hydrolysis process and
the hydrolysis conversion degree while Fe3+ exhibited
inhibitory effects on the hydrolysis process.7 There were two
mainstream theories of the hydrolysis mechanism of Ti4+ ions,
which could be described as H+ ion transfer theory and colloid
aggregation theory. The TiO2 morphology was highly
dependent on concentrations of TiOSO4, and the TiOSO4
concentration exerted a strong influence on the shape and
surface structure of the produced TiO2 particles. The resultant
TiO2 consisted of round agglomerates of 5−10 nm primary
particles at a higher concentration of TiOSO4, and the size of
secondary particles depended mainly on the H2SO4 concen-
tration.8 The hydrolysis of Ti4+ ions relied on a bonding
rearrangement process inside an inorganic polymer causing
crystalline phase formation,9 and the hydrolysis degree and
particle size of the obtained hydrated titanium dioxide
depended on the initial concentration of TiOSO4 and
H2SO4.

10 The electrokinetic measurements of the anatase
TiO2 formed by the sol−gel method suggested that the dopant
ions tended to accumulate on the surface of the particles.11

The hydrolysis conditions of the TiOSO4 solution affected the
structures, compositions, and properties of hydrated MA and
TiO2.

12−16 The hydrolysis system of the industrial TiOSO4
solution was very complex due to its high concentration of
TiOSO4, H2SO4, ferrous ion, and other impurities, which could
increase the density, viscosity, and total ion concentration of
the solution and affect the hydrolysis process and the
precipitation of MA. Most literature on the hydrolysis of
Ti4+ used pure titanium sources such as tetrabutyl titanate,
TiCl4, or Ti(SO4)2 as hydrolysis raw materials.17−19 Compared
to the actual use of high-concentration industrial TiOSO4
solution in traditional TiO2 production, low-concentration
industrial TiOSO4 solution can save energy consumption
caused by the concentration, playing a very important role in
energy conservation and consumption reduction. Unlike
previous literature reports, the hydrolysis kinetics of low-
concentration TiOSO4 solution was conducted under the
conditions of high TiO2 concentration, high acidity, and high
impurity content, which would have different effects on the
hydrolysis rate, nucleation process, crystal and particle growth,
aggregation process, etc. Also, these effects would ultimately
determine the structure and application performances of MA
and TiO2. Studying the hydrolysis kinetics of a low-
concentration industrial TiOSO4 solution was of great value
for practical TiO2 production control and the quality of MA

while there were few reports on the hydrolysis kinetics of
industrial TiOSO4 systems.
The aim of this work was to investigate the hydrolysis

kinetics of low-concentration industrial TiOSO4 solution and
its effects on the hydrolysis yield and structure of MA, which
would be of great significance to control the hydrolysis
conditions to obtain hydrolyzed MA with a good structure and
high yield.

2. EXPERIMENTAL SECTION
2.1. Hydrolysis Kinetics Experiments. The hydrolysis

kinetics experiments of the low-concentration industrial
TiOSO4 solution were conducted in a flask with stirring and
condensation reflux and placed in an oil bath in a thermostat.
The industrial TiOSO4 solution was taken from a titanium
dioxide factory in Panzhihua, with a total TiO2 concentration
of 184 g/L, F value of 1.91 (F value meant the mass ratio of
free sulfuric acid and sulfuric acid combined with Ti4+ to TiO2,
with a free H2SO4 concentration of 1.29 mol/L), Fe/TiO2 of
0.39 (with Fe2+ ion content of 1.28 mol/L), and Ti3+ ion of
2.14 g/L. The typical hydrolysis reactions were carried out at
the temperature of 96, 98, 100, 102, and 104 °C via the
authigenic seed thermal hydrolysis method as the following
steps and controlling the temperature fluctuations within a
range of ±0.1 °C. Deionized water with a 15% volume ratio
(60 mL) as to the TiOSO4 solution was used as the induced
water and was preheated to 96 °C in the flask. The industrial
TiOSO4 solutions with the corresponding one volume (400
mL) placed in the beaker were separately preheated to the
hydrolysis temperature as mentioned above, then pumped into
the induced water through the peristaltic pump in 20 min, and
then, the setting hydrolysis temperature was maintained. After
the hydrolysis mixture turned to gray color, the slurry was
extracted from the hydrolysis system at different times as the
analytical samples. The extracted slurry was immediately
cooled with ice water and separated at the speed of 12,000
rpm for 10 min with a high-speed centrifuge. Supernatant
obtained by centrifugation was used to determine its TiO2
concentration for calculating the hydrolysis yield. Using the
end of feeding as the beginning of hydrolysis time (t = 0 min),
the hydrolysis process was completed after 210 min at different
hydrolysis temperatures. The slurry was filtered and washed
with 2000 mL of deionized water, and a portion of the MA
filter cake was dried at 105 °C for 2 h and then the MA
samples were obtained, marked as 1#, 2#, 3#, 4#, and 5#,
respectively.
2.2. Characterization. The hydrolysis yield was deter-

mined by measuring TiO2 content in the supernatant,
according to the standard ISO 591-1:2000 “Titanium dioxide
pigments for paints”, hydrolysis yield (η) was calculated using η
= (C0 − Ct)/C0, where C0 is the initial Ti4+ concentration and
Ct is the Ti4+ concentration hydrolyzed at t min. The crystal
structure of the MA samples was determined by an X-ray
diffractometer (X’ Pert3Powder, PANalytical), and the anatase
grain size L(101) for crystal plane (101) was calculated
according to the Scherrer equation. The lattice strain of MA
crystals in the C-axis direction was obtained by refining the
crystal structure through the ref lex module of Materials Studio
software. Particle size distribution of the MA samples was
determined with a Malvern particle size analyzer (Mastersizer
2000, Malvern). The FT-IR test and analysis were carried out
on an infrared spectrometer (Nicolet-380, Thermo, USA).
Raman spectra for the MA samples were obtained from a
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micro confocal Raman spectroscopy by using a laser with a
wavelength of 532 nm for measurement (inVia, Renishaw,
UK). The morphology and the lattice fringes of sample 5#
were determined by a field-emission transmission electron
microscope (Tecnai G2 F20 S-TWIN, USA). The sulfur
content of MA was measured on a high-frequency infrared
carbon sulfur analyzer (CS230, Leco, Thermo Fisher).

3. RESULTS AND DISCUSSION
The curves of hydrolysis yield for industrial TiOSO4 solution
at different times are shown in Figure 1. It showed that the

hydrolysis yield increased gradually with the hydrolysis time
increasing, and the curves were in shapes of S type. The lower
hydrolysis the temperature was, the smaller the hydrolysis yield
was, and the hydrolysis yield gradually increased with the
increase of hydrolysis temperature. The hydrolysis yield curves
could be divided into three sections, the induction period,
rapid hydrolysis period, and mature period. In the induction
period, due to a small amount of hydrolyzed seed in the
solution, the hydrolysis yield was very small and changed
slowly, and the activity of nucleus seed was high. At this stage,
the hydrolysis system mainly formed crystal nuclei to induce
the hydrolysis process. After forming a large number of
hydrolysis nucleus at the end of the induction period, the
hydrolysis reaction turned into the rapid hydrolysis period and
the hydrolysis yield changing curve showed a steep straight line
upward. This indicated that the hydrolysis reaction at this stage
was mainly a first-order reaction controlled by the surface
growth of hydrated TiO2 particles. After that, the hydrolysis
reaction turned into the mature period; it was mainly
controlled by the surface diffusion process as the free Ti4+
concentration used to form crystals decreased, the positive
driving force of the hydrolysis reaction gradually weakened,
leading to a gradual decrease in the hydrolysis rate. With
hydrolysis temperature increasing, the induction period and
the hydrolysis period were shortened, while the mature period
was prolonged, and the hydrolysis rate was accelerated
obviously.
The derivative curves of hydrolysis yield at different

hydrolysis times are shown in Figure 2. The changes of the
hydrolysis rate could clearly be seen, indicating the velocity of
the hydrolysis reaction rate. The maximum values of the curves
corresponded to the graying point, with the fastest hydrolysis

rate. The steepness of the curve changes also reflected the
hydrolysis velocity, with the steeper the curve, the faster the
hydrolysis rate. In the induction period, the hydrolysis rate was
very slow. After turning into the hydrolysis period, the
hydrolysis rate rapidly increased until reaching the maximum
value at the graying point and then gradually decreased. As the
hydrolysis proceeded, the total TiO2+ ion concentration
decreased, and the hydrolysis rate gradually stabilized and
turned into the mature stage. When TiOSO4 solution was
hydrolyzed, a large number of colloidal microcrystals (7−8
nm) were first formed, and then, these microcrystals
aggregated and formed the primary agglomerates (60−100
nm). The size and distribution of these primary agglomerates
were important factors to determine the structure, properties,
and applications of TiO2. The primary agglomerates
reaggregated to form the secondary aggregates with a particle
size of 1−2 μm, which was the final appearance of MA
precipitation particles.20,21

In the rapid hydrolysis period, there was a linear relationship
between the hydrolysis yield and hydrolysis time due to its
first-order reaction. By linear regression, the corresponding
regression equations at different hydrolysis temperatures were
obtained using eqs 1−5. The regression correlation coefficient
R2 values were all greater than 0.99, indicating that the linear
correlation of the regression fitting equation was very
significant. The coefficient of hydrolysis time in the regression
equation reflected the magnitude of the hydrolysis rate,
indicating that hydrolysis temperature played a very important
role in the hydrolysis reaction rate. The higher the hydrolysis
temperature, the faster the hydrolysis rate. The reaction rate
would increase by 0.358 times for every 1 °C increase of the
hydrolysis temperature.

t R104 C: 0.00498 0.23379 0.99812° = =
(1)

t R102 C: 0.00406 0.26321 0.99782° = =
(2)

t R100 C: 0.00308 0.21667 0.99892° = =
(3)

t R98 C: 0.00249 0.19159 0.99872° = =
(4)

Figure 1. Curves of hydrolysis yield at different hydrolysis times.

Figure 2. Derivative curves of hydrolysis yield at different hydrolysis
times.
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t R96 C: 0.00180 0.14782 0.99902° = =
(5)

where η is the hydrolysis yield and t is the hydrolysis time in
minute unit.
The time and hydrolysis yield at the graying point at

different hydrolysis temperatures are listed in Table 1. The

higher the hydrolysis temperature, the shorter the time for the
hydrolysis system to reach the graying point. In a certain
concentration of the TiOSO4 solution hydrolysis system, there
was a good linear relationship between the graying point time
and the hydrolysis temperature, which was negatively
correlated. At different hydrolysis temperatures, the actual
graying point time and calculated graying point time were
basically the same, with a relative error of within 2.5%,
indicating that the fitting equations were more accurate in
evaluating the graying point. The actual hydrolysis yield at the
graying point ranged from 16.5 to 17.9%, while the calculated
hydrolysis yield ranged from 15.5 to 17.9%, with a relative
error of less than 7.2%, meeting the requirements of industrial
production for controlling the hydrolysis graying point. There
were two main reasons for the higher actual hydrolysis yields
compared to the calculated ones. On the one hand, the
sampling and separation process would take a certain amount
of time, leading to an increase in hydrolysis yield. On the other
hand, due to the small size of MA particles, there was no
significant color change when reaching the graying point,
leading to a delay in the artificial determination of the graying
point, and resulting in a high hydrolysis yield. The prediction
of hydrolysis yield and judgment of the graying point were of
great significance for the actual TiO2 production control.
The relationship between the rate constant of a chemical

reaction and temperature satisfied the Arrhenius equation k =
k0 × Ea/RT. The following eq 6 was obtained by taking the
natural logarithm on both sides of the equation.

k k
E
R T

ln ln
1

0
a= ×

(6)

Using ln k as the vertical axis and 1/T as the horizontal axis,
we fitted the equations at different hydrolysis temperatures and
obtained a linear relationship between ln k and 1/T, as shown
in Figure 3.
Also, obtained the linear regression as expressed in eq 7

k
T

ln 41.78 17747.41
1

R 0.9972= × =
(7)

The pre-exponential factor k0 of the hydrolysis reaction
calculated by substituting the fitted values obtained was 1.40 ×
1018 min−1, and the activation energy Ea was of 147.6 kJ/mol.
The value of Ea showed great influences of temperature on the

hydrolysis rate for the TiOSO4 solution. The calculated
activation energy Ea was higher than that reported in the
literature.22 This might be due to the fact that when the
hydrolysis reaction was carried out under a high concentration
and acidity, high acidity inhibited the hydrolysis reaction,
which increased the activation energy of the hydrolysis
reaction. Also, the corresponding ionic strength of a high-
concentration TiOSO4 solution was larger, the effective
concentration actually involved in the reaction was lower,
which weakened the effective collision, and the energy barrier
through which the reaction passed was higher, resulting in a
higher apparent activation energy.
The hydrolysis yield, compositions, and structures for MA at

different hydrolysis temperatures are listed in Table 2. As the
hydrolysis temperature increased, the hydrolysis rate increased,
and the hydrolysis yield of the TiOSO4 solution gradually
increased, showing a linear positive correlation as shown in
Figure 4, with a linear correlation coefficient R2 of 0.99678.
This was closely related to the temperature-promoting effects
on the hydrolysis reaction rate.
The XRD patterns for the MA samples obtained at different

hydrolysis temperatures are shown in Figure 5, agreeing
obviously with the standard anatase TiO2 phase (JCPDS 21-
1272), proving their anatase crystal. With the hydrolysis
temperature increasing, the peak intensity increased, and the
peak width narrowed, showing that the crystallinity of the MA
crystals gradually increased. As the hydrolysis temperature
increased from 96 to 102 °C, the grain size L(101) ranged from
8.7 to 10.1 nm in Table 2, presenting an approximate linear
relationship, indicating that the growth of MA crystals below
the boiling point was controlled by the diffusion of
constructing crystal ions and surface growth. Under the boiling
hydrolysis state, the grain size of MA crystals rapidly grew to
11.8 nm, mainly due to the increase in the hydrolysis
temperature and the enhancement of system disturbance
stirring. The Ti4+ ions had higher polarizability, which could
bind hydroxyl groups to form the complexes such as
[Ti(OH)2SO4(H2O)3]0 and [Ti(OH)2(SO4)2(H2O)2]2−. In
the TiOSO4 solution, the complexes could constitute the Ti−
O6 octahedron.23,24 The presence of SO4

2− ions would alter
the hydrolysis process of TiOSO4 solution, resulting in a lower
hydrolysis nucleation temperature, longer nucleation time, and
wider temperature range.25 Because the hydroxyl sites were

Table 1. Time and Hydrolysis Yield at the Graying Point at
Different Hydrolysis Temperatures

no

hydrolysis
temperature

(°C)

actual
graying

point time
(min)

calculated
graying point
time (min)

actual
hydrolysis
yield (%)

calculated
hydrolysis
yield (%)

1# 96 180 180 17.7 17.6
2# 98 152 149 17.9 17.9
3# 100 125 128 17.1 17.7
4# 102 105 104 16.5 15.9
5# 104 80 78 16.7 15.5

Figure 3. Curve of velocity constant at different hydrolysis
temperatures.
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occupied by SO4
2− ions, the SO4

2−ions were bound to the Ti−
O bond through chelating coordination and bidentate
coordination, and the corresponding anatase phase was formed
by edge arrangement of the Ti−O6 octahedron. At the same
time, the TiO2+ ions were easily connected to each other to
form multiple nuclei, due to its large specific surface area,
colloidal structure, and strong surface tension, and they were
more prone to aggregation. Moreover, the aggregation rate of
the primary crystals and colloidal particles was much greater
than the crystallization rate, which caused most of the
precipitated particles to form an amorphous TiO2 structure.
Only a small amount of anatase TiO2 arranged with the
corresponding crystal structure, which could be reflected by
the XRD diffraction peak width. The lattice strain for the MA
crystals showed a slightly decreasing trend, decreasing from

0.548 to 0.524%. When the hydrolysis temperature was low,
the corresponding grain size was small, the structure was
relatively loose, and the corresponding lattice stress was high.
After the hydrolysis temperature increased, the grain growth
accelerated, the crystal structure became more compact, the
lattice arrangement became more regular, and the correspond-
ing lattice stress gradually decreased. The minimum lattice
strain was 0.524% at the boiling point, indicating that the
boiling point temperature helped to reduce lattice stress,
promote grain growth, and obtain well-structured MA crystals.
The D50, MA and DAV, MA for the wet MA samples are also

listed in Table 2. With the hydrolysis temperature increasing,
the average particle size (DAV, MA) decreased from 1.52 to 1.33
μm, and the D50, MA decreased from 1.42 to 1.22 μm. The
measured particle size corresponded to the secondary
aggregates, which were formed by the primary agglomerates
composed of many crystal particles. Due to the presence of a
large number of crystals in the system, with the crystal size of
MA crystals increasing, the primary agglomerates would be
larger, and the secondary aggregates would be smaller. The
sulfur content (S %) in Table 2 showed a gradually decreasing
trend with the increase of hydrolysis temperature, ranging from
12.15 to 3.56%. This was mainly due to the small crystal size,
strong colloidal properties, and more sulfate ions, whose role
was to reunite the primary agglomerates into the secondary
aggregates, closely related to the structure and colloidal
properties of MA obtained at different temperatures.
About 95% of water and 16% of H2SO4 would be removed

from MA after drying at 105 °C.26 The FT-IR spectra for the
MA samples are shown in Figure 6. The FT-IR peaks at about
1628 cm−1 were the bending vibration peaks of the physically
adsorbed molecular water H−O−H, and the absorption
shoulder peaks with a wide range of 3400−3500 cm−1 were
the stretching vibration of surface hydroxyl O−H.27 The peaks
at 1039 and 1137 cm−1 were the characteristic absorption

Table 2. Hydrolysis Yield, Compositions, and Structures for MA at Different Hydrolysis Temperatures

no temperature (°C) hydrolysis yield (%) L(101),MA (nm) lattice strain (%) D50, MA (μm) DAV, MA (μm) S (%)

1# 96 22.87 8.7 0.548 1.42 1.52 12.15
2# 98 28.41 9.1 0.539 1.38 1.47 8.76
3# 100 34.78 9.5 0.537 1.34 1.43 7.64
4# 102 39.57 10.1 0.531 1.28 1.37 5.23
5# 104 46.52 11.8 0.524 1.22 1.33 3.56

Figure 4. Hydrolysis yield regression curve at different hydrolysis
temperatures.

Figure 5. XRD patterns of MA obtained at different hydrolysis
temperatures.

Figure 6. FT-IR spectra for MA obtained at 104 °C.
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peaks of the bidentate coordination sulfate ion,28,29 which
bonded with Ti−O and possessed the properties of super
acids.30 The presence of sulfate ions and water would help the
MA particles to form pore structures during the hydrolysis
process.31 There was a positive correlation between the relative
intensity of the sulfate peaks and the sulfur content in MA. As
the hydrolysis temperature increased, the infrared absorption
intensity of sulfate ions gradually weakened, indicating a
decrease in sulfur content in the MA samples, which was
consistent with the measurement results of the S content in
Table 2.
The Raman spectra for the MA samples are shown in Figure

7. The spectral deconvolution was used to determine the peak

position and width, and the peak positions were consistent
with the Raman shift of anatase TiO2. The phonon
confinement model was used to explain the broadening and
shifts of the Raman line shapes.32,33 As hydrolysis temperature
increased, the peak positions shifted to the higher wavenumber
position, and its corresponding peak width also narrowed,
indicating that the grain size of the MA samples increased,
which was consistent with the previous XRD analysis.
The HRTEM photograph for sample 5# is shown in Figure

8. The photograph showed there were only discontinuous
anatase-phase lattice fringes in the MA crystals, and the fringe
spacing was 0.352 nm, corresponding to the anatase (101)

crystal plane spacing. However, most images did not show
lattice fringes, indicating that MA particles mainly existed in an
amorphous form, which was consistent with the results of XRD
diffraction with wide peaks and a small grain size. Super-
saturation, the driving force for crystallization was examined
from a thermodynamic perspective and combined with the
Burton−Cabrera−Frank crystal growth model to obtain a
simple and consistent method to analyze crystal growth data
and obtain kinetics with only a single constant.34 The smaller
particles, aggregated on the surface of nucleus seed particles,
would continue to grow in size during precipitation.21 The
larger anatase particles formed by directional aggregation
between smaller anatase particles. The large binding energy of
the Ti−O bond tended to align and sterically hinder SO4

2−

bonded on the surface of the small grains, resulting in a fan-
shaped arrangement of lattice fringes.
The hydrolysis of the TiOSO4 solution was begun with the

gel form. The hydrated TiO2 gel with an electric double layer
was formed by olation and oxolation of Ti−O−Ti in the
induction period in the TiOSO4 hydrolysis system. The center
of the electric double layer was hydrated anatase TiO2 acting as
induced nuclei, the inner layer included SO4

2− and H2O, and
the outer layer included H+ and H2O. The charges of the
electric double layer depended on the pH and SO4

2−

concentration. The electric double layer between small
particles and the presence of SO4

2− would prevent nucleation,
crystal growth, and aggregation. The TiO2 colloidal particles
were induced with anatase-phase structure as nuclei, and the
nuclei activity depended on the number of suspended
unsaturated bonds on its surface and the hydrolysis conditions
(temperature and pH). The smaller anatase nucleus particles
were formed directly from the TiOSO4 solution, through the
combined effects of homogeneous and secondary nucleation.21

When the number of nuclei reached a certain number, the
hydrolysis rate increased rapidly, and the hydrolysis process
turned into a rapid hydrolysis period, where the agglomeration
and aggregation of the hydrated TiO2 particles began to
dominate.

4. CONCLUSIONS
The hydrolysis kinetics of industrial low-concentration
TiOSO4 solution and structure changes of MA have been
investigated in detail. The curves of hydrolysis yield at different
times were in shapes of S type, and the hydrolysis process
could be divided into the induction period, rapid hydrolysis
period, and mature period. In the rapid hydrolysis period,
hydrolysis was a first-order reaction, controlled by the surface
growth of hydrated TiO2 particles. When the hydrolysis
reaction reached the graying point, the actual hydrolysis yield
at the graying point ranged from 16.5 to 17.9% at different
temperatures, basically consistent with the calculated hydrol-
ysis yield. The hydrolysis temperature had an approximate
linear positive correlation on the hydrolysis yield and
hydrolysis rate. According to the hydrolysis kinetics calcu-
lations, the pre-exponential factor k0 was 1.40 × 1018 min−1,
and the activation energy Ea was of 147.6 kJ/mol. With the
hydrolysis temperature increasing, the grain size gradually
increased, the lattice stress decreased, promoting the growth
and adjustment of crystals and colloidal particles for MA, and
the corresponding average particle size of MA gradually
decreased. The higher the hydrolysis temperature, the lower
the sulfur content, which was determined by the structure and
colloidal properties of MA. The presence of SO4

2− ions

Figure 7. Raman spectrum for MA obtained at 104 °C.

Figure 8. HRTEM photograph for sample 5.
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promoted the formation of anatase TiO2 crystals, and the
obtained MA particles were predominantly amorphous
components, containing a small amount of anatase crystal
structure, formed by the induction and the steric hindrance of
SO4

2− ions in the bidentate ligand on the MA surface. The gel
structure of MA was first formed in the TiOSO4 hydrolysis
system and then the corresponding precipitated particles of
MA were gradually formed through crystal growth, aggrega-
tion, condensation.
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