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Abstract: The influence of magnesium and aluminum salts as impurities on the hydrolysis of titanyl sulfate was investigated. The
degree of TiOSO,4 conversion to hydrated titanium dioxide (HTD) and the particle size of HTD were measured as functions of the
concentrations of MgSO, and Aly(SO,); in the TiOSO, solution. The Boltzmann growth model, which focuses on two main
parameters, namely the concentrations of Mg®" and AI** (p(Mg”") and p(AI*"), respectively), fits the data from the hydrolysis process
well with R>>0.988. The samples were characterized by ICP, SEM, XRD, and laser particle size analyzer. It is found that the addition
of MgSO, simultaneously improves the hydrolysis ratio and the hydrolysis rate, especially when F' (the mass ratio of H,SO, to TiO,)
is high, hydrolysis ratio increases from 42.8% to 83.0%, whereas the addition of Al,(SO4); has negligible effect on the chemical
kinetics of HTD precipitation during the hydrolysis process, hydrolysis ratio increases from 42.8% to 51.9%. An investigation on the
particle size of HTD reveals that the addition of MgSO,4 and Al,(SO,); clearly increases the size of the crystallites and decreases the

size of the aggregates.
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1 Introduction

Titanium dioxide (TiO;) has
applications in pigments, plastics, rubber, paper, and
photocatalysis, as well as in the ceramics, cosmetics, and
textile industries [1—5]. The primary routes for TiO,
production include the sulfate process and the chloride
process [6—8]. In China, the sulfate process is the main
method for producing TiO,, as the ilmenite and Ti slag
are easy to be obtained from titanomagnetite mineral,
which accounts for more than 90% of the titanium
reserve in China.

Hydrolysis of titanyl sulfate (TiOSO,) is an
essential step in the sulfate process, since the quality of
the final TiO, pigment is directly affected by the
properties of the hydrated titanium dioxide (HTD).
While the hydrolysis of TiOSO, has been widely studied,
little is known about the particle formation mechanism.

a variety of

Although TiO, precipitation is presumed to involve many
mechanisms, it is generally agreed that the hydrolysis
process involves three steps: nucleation, growth, and
agglomeration [9]. Particles with three-dimensional
scales have been found to precipitate during the
hydrolysis process. The smallest particles (6.0—8.0 nm)
are called crystallites and are generated during the
nucleation process. These crystallites form primary
agglomerates (60—100 nm), and subsequently, the
primary agglomerates form aggregates (0.5—2.0 um)
[9,10].

Many studies have examined the factors that affect
the hydrolysis process, such as TiOSO, concentration,
free H,SO, concentration, nuclei, stirrer speed, heating
rate, and the impurities [10—17]. The impurities in the
TiOSO, solution vary with the type of raw materials
used. For example, the Fe ion was found to be the
primary admixture in TiOSO, solutions obtained from
ilmenite. Further, it was found that Fe(II) (up to 5%) has
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a positive effect on the hydrolysis rate, whereas the
reverse phenomenon was observed in the case of Fe(IlI)
(up to 1.5%) [14]. In contrast, Mg and Al salts were the
predominant impurities in the Ti slag obtained in China.
For instance, the slag found in Panzhihua, Sichuan
Province of China, has a significant amount of titanium;
the typical chemical composition of this Ti-rich slag is
TiO, (42.0%—44.0%), MgO (15.0%—-16.0%), ALO;
(18.0%-19.0%), and SiO, (18.0%—19.0%). TiOSO,
obtained from this Ti-rich slag also contains a large
amount of impurities, with the typical concentrations of
Mg®" and AI*" impurities being 25.1 g/L and 17.6 g/L,
respectively [18]. Therefore, it is necessary to take Mg**
and AP’" impurities into account in the design of the
TiOSO,4 hydrolysis process. However, little is known
about the influence of Mg and Al salts on the hydrolysis
process.

The aim of this work was to study the hydrolysis
kinetics and HTD synthesis by the hydrolysis of TiOSO,4
containing MgSO,; and Aly(SO4);. The
hydrolysis ratio and particle size of the HTD were
investigated by varying the initial concentration of
MgSO, and Al,(SOy); in the solutions. In addition, the
Boltzmann growth model was used to fit the hydrolysis
ratio curves to better understand the influence of the
concentrations of Mg®* and AI’" on the hydrolysis
process.

solution

2 Experimental

An optimal 5300DV inductively coupled plasma
optical emission spectrometer (ICP-OES, Perkin-Elmer,
USA) was used to determine the chemical composition,
such as Mg”", A’ and Ti*". The solid-phase analysis was
done by X-ray power diffraction (XRD, X’Pert PRO
MPD, PAnalytical, Netherlands) using Cu K, radiation at
40 kV and 30 mA. The aggregates size of HTD was
detected by laser particle size analyzer (Malvern,
Mastersizer 2000, England). A field emission gun SEM
(JSM—6700F, Electron Company, Japan) was used to
observe the changes in the particle size of the aggregates
and other morphological features.

All chemicals were of analytical-grade purity, and
deionized water was used in all of the experiment.

The hydrolysis experiment was conducted without
seed because of the instability of the hydrolysis seed.
Hydrolysis was performed in a 500 cm’ three-necked
round-bottomed split reactor at atmospheric pressure,
with an agitator (rotation speed 300 r/min) and reflux
condenser. The titanium sulfate solution was heated to
boiling state (101-104 °C), and hydrolysis time was
counted from then on. The samples, each of which was
approximately 7 cm’, were extracted at every 12 or
30 min, and filtered to obtain the filter cake and the

filtrate. The filter cake was used for particle size
distribution (PSD), and the vacuum dried filter cake was
used for scanning electron microscopy (SEM). Ti
concentration (p,) in the filtrate was examined by
titration, and the hydrolysis ratio (x) was calculated by
x=[(~ )/ po1x100% (1)

During the titration, Ti*" was reduced to Ti’" with
aluminum sheet and titrated with 0.1027 mol/L
ammonium iron (III) sulfate, using acid ammonium
thiocyanate as an indicator. The concentration of sulfuric
acid was titrated with 0.2833 mol/L NaOH solution,
using methyl orange as an indicator.

The crystallite size (d) of HTD was calculated by
applying the following Debye—Scherrer formula on the
anatase (101) diffraction peaks:

KA
d_ﬁcos9 @)

where K is a constant (given here with a value of 0.89), 4
is the wavelength of the X-ray radiation (0.15406 nm),
is the full width at half maximum of the intensity peak,
and 6 is the diffraction angle.

The measurement was operated under step-scan
mode at increments of 0.02° (26) and scanning speed of
0.03 (°)/s. The width of the peak at half maximum was
calculated taking into account the instrumental
broadening. This parameter was determined on the basis
of the sample of coarse crystalline silicon.

3 Results and discussion

3.1 Growth models

Mathematical models are often used to elucidate the
hydrolysis process in order to better understand it. The
Avrami nucleation-growth equation (x(¢)=1—exp(—k¢"))
has been typically used to describe the S-shaped kinetic
curve [19]. However, the parameters of the equation are
inappropriate for describing the TiOSO4 hydrolysis
process. Recently, the Boltzmann equation has been used
to fit the hydrolysis process, and it was found that the
hydrolysis ratio curves satisfy the equation very well
[20,21]. In this study, we have adopted the Boltzmann
equation for fitting the hydrolysis ratio curves.

The Boltzmann function is given by

Al — AZ

x=A4,+
1+exp[(t—1t,)/dt]

3)

where A; and A, represent the initial and final
hydrolysis ratios, respectively; #, is the time when
x=(4,tA,)/2; and dt is a parameter that describes the
width of the curve along the time axis. As the value of 4,
could be negative, we define 7, as the time when
x=(0+4,)/2. All parameters are calculated using the data
for x and .



Fu-giang FANG, et al/Trans. Nonferrous Met. Soc. China 25(2015) 3475-3483

3.2 Influence of concentrations of MgSO,; and
Al>(SO4)3 on hydrolysis process

Figures 1 and 2 show the hydrolysis ratio curves at
different concentrations of Mg”" and AI’", respectively
(p(Mg”") and p(AI’") were used instead of p(MgSO,) and
p(Aly(S0,);) for easy calculation in this work). The
Boltzmann growth model (Eq. (3)) was used to fit the
hydrolysis ratio curves. The results of the parameters of
Eq. (3) obtained are summarized in Table 1. Figure 1
shows that the hydrolysis ratio increases with the
increase of Mg®" concentration. This is particularly
evident for F of 2.10 (where F is the mass ratio of H,SO,
to TiO,, F = 2.10 corresponds to p(H,SO4)=378 g/L),
where the final hydrolysis ratio increases from 42.8%
(for p(Mg*)=0 g/L) to 83.0% (for p(Mg*")=30 g/L).
Similarly, the decrease of #,, from 5.149 to 3.400 h listed
in Table 1 also indicates that the addition of Mg”" can
improve the hydrolysis rate. Meanwhile, for the F value
of 1.80 (corresponding to p(H,SO,)=324 g/L), tip
reduces from 2.841 to 1.190 h, illustrating that the
addition of Mg*" can greatly accelerate the hydrolysis
velocity. In addition, the final hydrolysis ratio increases
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slightly. The hydrolysis ratio curves for different F
values also demonstrate that the lower the concentration
of H,SOyis, the higher the hydrolysis rate and ratio are.
The results presented in this study are consistent with
previously published results [13].

Figure 2 shows the simulations of the hydrolysis
ratio curves at different p(AI’") values, with the same
p(TiO,) and different F values. In Fig. 2, the
concentrations of AI’" are 10 and 20 g/L. Al (SOy);
crystallizes when p(Al’) is increased to 30 g/L. The
hydrolysis ratio curves in Fig. 2(a) show that for F value
of 2.10, the final hydrolysis ratio is improved only
slightly from 42.8% to 51.9%, which indicates that the
addition of AI’" has a weaker influence on the hydrolysis
process compared with Mg”". Meanwhile, the hydrolysis
ratio curves in Fig. 2(b) almost overlap, indicating that
the addition of AI’" has little effect on the hydrolysis
process, when the value of F is 1.80.

The influence of Mg and Al salts on the hydrolysis
process as described above may be explained by two
main factors. Firstly, the addition of MgSO, and
Aly(SO4); would lead to an increase in the concentration
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Fig. 1 Simulation of hydrolysis ratio curves with constant TiO, concentration (p(TiO,)=180 g/L) at different Mg** concentrations and

F values: (a) F=2.10; (b) F=1.80
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Fig. 2 Simulation of hydrolysis ratio curves with constant TiO, concentration of (p(TiO,)=180 g/L) at different AI** concentrations

and F values: (a) £=2.10; (b) F=1.80



3478 Fu-giang FANG, et al/Trans. Nonferrous Met. Soc. China 25(2015) 3475-3483

Table 1 Various parameters in Boltzmann model with p(TiO,)=180 g/L at different Mg®*, AI**, and H,SO, concentrations in TiOSO,

solution
Concentration/(g-L) F R? A, tip/h X0 dx A,
p(Mg>)=0 2.10 0.9948 42.76 5.149 3.227 3.215 -17.49
p(Mg>H)=10 2.10 0.9955 53.61 4915 1.531 3.604 —42.20
p(Mg*)=15 2.10 0.9939 64.60 4.780 —0.2558 4.238 —73.99
p(Mg”H)=20 2.10 0.9874 77.76 3.442 1.600 2.382 —45.00
p(Mg”H)=30 2.10 0.9962 83.00 3.400 1.387 2.532 —52.57
p(Mg>)=0 1.80 0.9969 96.97 2.841 0.5878 2.414 -74.85
p(MgH)=10 1.80 0.9959 97.16 1.082 —11.09 1.588 -101367
p(Mg”H)=20 1.80 0.9972 98.80 1.480 0.6762 1.218 -51.74
p(Mg”H)=30 1.80 0.9985 97.42 1.190 —0.4344 1.211 -139.3
p(AH=0 2.10 0.9948 42.76 5.149 3.227 3.215 -17.49
p(APH=10 2.10 0.9922 44.82 4.467 0.9161 3.555 —38.43
p(AH=20 2.10 0.9923 51.92 4.920 3.153 2.991 -21.12
p(AH=0 1.80 0.9969 96.97 2.841 0.5878 2.414 -74.85
p(APH=10 1.80 0.9935 98.48 3.045 0.3148 2.560 -95.91
p(APFY=20 1.80 0.9947 97.13 3.071 2.235 1.844 —28.48
p(Mg>)=0, p(AP")=0 2.10 0.9948 42.76 5.149 3.227 3.215 -17.49
p(Mg>)= 10, p(A*H)= 10 2.10 0.9917 85.06 3.658 1.774 2.408 —47.31
p(Mg”>")= 10, p(A*")= 20 2.10 0.9889 79.51 3.488 1.744 2.341 —43.11
p(Mg”")= 20, p(A*")= 10 2.10 0.9948 92.14 2.993 2.595 1.280 -16.73

of SO,* in the TiOSO, solution. SO~ forms HSO, with
free H', resulting in a decrease in the free H'
concentration. This process can be explained by chemical
equilibrium, which is described in Eq. (4). Many
researcher agreed that the first step of hydrolysis was a
dehydrogenation process to form complex ion, the
complex ion combined each other with olation bridge to
form dipolymer, H' in olation bridge removed to form
more stable oxolation bridge, and then the nucleation
occurred [9,22]. Since both oxolation and olation are
dehydrogenation processes, the decrease in the free H'
concentration will accelerate the hydrolysis and increase
the final hydrolysis ratio [12,13,23].

SO; +H"'==HSO0, 4)

Secondly, the additional A" may hydrolysis with
H,O to produce free H', as shown in Eq. (5), which
results in an increase in the concentration of free H'.

AP* 4+ 6H,0 ==[AI(OH) (H,0), 1" +xH" (5)

Meanwhile, the effect of hydrolysis of Mg®" with
H,0 producing free H' is so weak that the free H'
generated can be ignored. Therefore, the addition of
MgSO, has a great effect on the hydrolysis process than
the addition of Al,(SO,); from the viewpoint of chemical
kinetics. In addition, the former effect (SO,>~ combining

with H") is great when the concentration of H,SOy is
high (F=2.10), thus the hydrolysis ratio increases with
the addition of both MgSO, and Al,(SO,);. In contrast,
when the concentration of H,SO, is low (£=1.80), the
latter effect counteracts the former effect, resulting in a
weak acceleration of the hydrolysis process. As
mentioned above, Fe*" (up to 5%) has a positive effect on
the hydrolysis rate, whereas Fe'* (up to 1.5%) slows
down the hydrolysis rate. This phenomenon may also be
explained by the above speculation, i.e., Fe’" could
hydrolyze with H,O more easily than Fe**.

3.3 Influence of concentrations of MgSO, and
Al>,(SO,);3 on size of aggregates and crystallites
SEM images of the aggregated anatase particles are

presented in Figs. 3 and 4. It is clear from the images that

the Mg®" and AI’" concentrations exert a significant
influence over the final aggregate size. At p(Mg®") or
p(AP)=0 g/L, the aggregates appear to be larger than
that observed at higher Mg*" and AI’* concentrations.
Figures 5 and 6 show the change in the mean
particle size of the aggregates with time, for various
concentrations of Mg”" and AI’", respectively. The data
were obtained from the volume distribution data
measured using a Malvern Mastersizer 2000 size
analyzer. The mean size increases as a function of the
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Fig. 3 SEM images of anatase particle aggregates recovered at different concentrations of Mg”" with F=2.10: (a) p(Mg>")=0 g/L;
(b) p(Mg*)=10 g/L; (c) p(Mg*)=20 g/L; (d) p(Mg*)=30 g/L

Fig. 4 SEM images of anatase particle aggregates recovered at different concentrations of AI** with F=2.10: (a) p(A’")=0 g/L;
(0) p(AF)=10 g/L; () p(AF")=20 g/L; (d) p(AP)=30 g/L

duration of the hydrolysis process and the final size evident from Fig. 5 that the size of the aggregates is
reaches at a hydrolysis duration of approximately 10 h. affected by the Mg”" concentration, i.e., the higher the
The plots also indicate that the growth rate of the Mg®" concentration, the smaller the aggregate size.

particles slows down after 4 h of precipitation. It is This effect is more noticeable at F=1.80 (from 5.61 to
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3.37 ym and 1.27 pm corresponding to p(Mg%) =0, 10,
and 30 g/L) compared with F=2.10 (from 5.70 to
4.24 um and 2.25 pm corresponding to p(Mg”") = 0, 10,
and 30 g/L). Similarly, the aggregate size clearly depends
on the concentration of AI’*, as shown in Fig. 6. Smaller
aggregate size is achieved at higher AI’" concentrations.
Similar to the case of Mg®', the size reduction is more
intense at £=1.80 (from 5.61 um to 3.35 um and 0.84 pm
corresponding to p(AI*")=0, 10, and 20 g/L) compared
with F=2.10 (from 5.70 um to 4.55 pm and 1.44 pm
corresponding to p(AI**)=0, 10, and 20 g/L).

The XRD measurements of the dried HTD were
performed in the 26 range of 5° to 45°, since the
strongest peak for anatase is at approximately 25.4°. The
XRD patterns of the samples with different
concentrations of Mg”" and AI’" are shown in Figs. 7(a)
and (b), respectively. The crystallite sizes of HTD were
calculated using Eq. (2), and the results are summarized
in Table 2. The results show that the crystallite sizes
increase gradually from 6.5 to 11.0 nm, with the increase
of Mg*"and AP’ concentrations.

\
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Fig. 5 Curves of aggregate size with constant TiO, concentration of 180 g/L at different Mg**
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The reduction in the aggregate sizes with increase in
the Mg®" and AI’" concentrations could be explained by
two factors. Firstly, when the crystallite size increases,
the number of positive charges related to the amount of
Ti decreases sharply, since the charges are located on the
surface where growth occurs [9]. This leads to a more
difficult birth of coalescence and aggregation, resulting
in smaller HTD aggregate sizes. Secondly, the addition
of Mg and Al salts enhances the viscosity of the TiOSO,
solution, which negatively affects the collision of the
particles, resulting in smaller size aggregates. And the
reason why crystallite size increases could be that, the
addition of Mg and Al salts increases the ionic strength of
the solution, which accelerates the nucleation of the
nuclei, leading to larger crystallite size.

3.4 Influence of combination of Mg and Al salts on
hydrolysis of TiOSO,
The combined influence of Mg” and AI’* on
the TiOSO, hydrolysis process was investigated next
by conducting a series of experiments where different
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Malvern Mastersizer 2000: (a) F=2.10; (b) F=1.80 (The aggregate size was detected by using Malvern Mastersizer 2000)
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Fig. 6 Curves of aggregates size with constant TiO, concentration of 180 g/L at different AI** concentrations and F values, using
Malvern Mastersizer 2000: (a) F=2.10; (b) F=1.80 (The aggregate size was detected by using Malvern Mastersizer 2000)
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Fig. 7 XRD patterns of dried HTD at different concentrations
of Mg®" (a) and AI** (b) with F=2.10

Table 2 Characteristics of HTD with different concentrations of
salts at F=2.10

Concentration/(g'L ™) Crystallite =~ Mean aggregate
Mg% NES size/nm size, Dso/um

0 0 6.8 5.70

10 0 7.5 4.24

20 0 8.1 3.03

30 0 10.9 2.25

0 10 7.5 4.55

0 20 7.8 3.23

0 30 10.1 1.44

amounts of MgSO, and Aly(SO,4); were added into the
TiOSO, solution. Figure 8 shows the influence of the
combination of Mg”" and AI*" on the hydrolysis ratio and
the aggregate size of HTD. The hydrolysis ratio curves
show that the addition of MgSO, improves both the
hydrolysis rate and the final hydrolysis ratio at a given
concentration of Al,(SOy);. This is in agreement with the
results obtained by adding MgSO, alone. Moreover, the
combination of salts improves the final hydrolysis ratio
to 85.0% (p(AI’")=10 g/L, p(Mg>")=10 g/L) and 92.1%

(p(A)=10 g/L, p(Mg>")=20 g/L), whereas the addition
of Mg”" alone improves the final hydrolysis ratio to
53.6% (p(Mg>)=10 g/L) and 77.8% (p(Mg”>")=20 g/L),
and the addition of AI’" alone increases the final
hydrolysis ratio to 44.8% (p(AI’")=10 g/L). This implies
that the combination of salts exerts a greater effect on the
hydrolysis ratio than the sum of the effect of adding the
two salts alone. This also indicates that the Al salt may
enhance the acceleration effect of the Mg salt during the
hydrolysis process when the two salts are added together.
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Fig. 8 Simulation of hydrolysis ratio curves (a) and HTD
particle size curves (b) at different Mg® and AL’
concentrations with p(TiO,)=180 g/L and F=2.10

It is interesting that the final hydrolysis ratio of the
sample with p(A*")=10 g/L and p(Mg*")=10 g/L (85.1%)
is higher than the sample with p(AI’)=20 g/L and
p(Mg>")=10 g/L (79.5%). We consider that the hydrolysis
effect between AI** and H,O to produce free H' becomes
stronger than the combined effect of SO,* and H" when
the SO427 concentration reaches a certain value, resulting
in an increase in the free H' concentration and restrain
the hydrolysis process.

Similar to the previous result, the aggregate size of
HTD is influenced by both Al and Mg salts. The
aggregate size clearly decreases with increasing the
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concentration of the component.
4 Conclusions

1) The influence of MgSO, and Aly(SO4); on the
hydrolysis of TiOSO4 was studied. The results show that
the addition of MgSOy not only results in an increase in
the hydrolysis ratio but also increases the hydrolysis rate,
especially when F is high.

2) The addition of Aly(SOy4); can slightly increase
the final hydrolysis ratio at #=2.10, and has little effect
on the hydrolysis ratio at =1.80.

3) The effect of the simultaneous addition of both
the salts (MgSO,4 and Aly(SO,);) on the hydrolysis ratio
exceeds the sum of the effects of adding each salt
separately.

4) With the increase of the initial concentration of
Mg®" or AP’ in the solution, the mean size of the
crystallites (ranging from 6 to 11 nm) increases, and
smaller sizes of the aggregates are achieved. The results
can help to achieve appropriate particle size of HTD by
controlling the initial concentrations of Mg®* and AI’* in
the TiOSO, solution.
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1. FERBERBRS, 6 100049;
2. WEEMER SR TR IR ST L m H AR R TR =, JE5 1001905
3. PEBES SR TR AT il RS TR E ML, Jbad 100190

. WU N 2RI GRBRERIER BRED ST TiOSO, KL FEMI R . 5Kl fEdh, kFE1k
28 R A T oL A L P VAV v s T R P IR P TR AR A 0 o SR Boltzmann AR KA A /K i 28 &k, T
BRI A 45 1 H R2>0.988. 48] ICP. SEM. XRD FIOGK AL MBI T RAL . 50K, BRRRaEY
I T 8 ey 7K AT 2R R B 28 (R /K AR 28, MR R BRIV FE(BRIR S TiO, IR 4 Lh) B i I, IR A& A0 B 2
OKARZE R 42.8% 52 A 83.0%), TR FRES N K AR 2 (1 5E M AN B K AR 28t 42.8%2 R A 51.9%). T8I X i BK 1R
RARIIG LRI, it TR RNt R B 2% BB 0% 1 8 M 38 n lc  bor 12 2 ik IR R R SR B ki 12
KRR BRIREKVAVE: KM, AKOBERL; RIREE: MRE: Bikikifsg
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