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Study on the grain size control of metatitanic acid
in a mixture acid system based on Arrhenius and
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Herein, to control the particle size of metatitanic acid produced via titanium thermal hydrolysis in sulfuric—
chloric mixture acid (SCMA) solutions, the relationship between its grain size and hydrolysis parameters is
discussed, and the corresponding mathematical model was established using the experimental data. Firstly,
Ti(OH)(SO4(CD(H,0)s was selected as the most likely initial structure in the SCMA solution by comparing
the experimental and corresponding simulated Raman spectra by density functional theory (DFT). Secondly,
according to the predicted initial structure of TiO?* and the experimental data for the hydrolysis process,
with an increase in the concentration of TiO?" and reaction temperature, the hydrolysis rate and grain size
increased, while the agglomerate particle size decreased. Finally, a mathematic model was established and
fitted by the Arrhenius equation and the Boltzmann distribution to describe the relationship between the
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1. Introduction

Metatitanic acid is an important intermediate for the prepara-
tion of titanium dioxide, which is mainly obtained via the
hydrolysis of titanyl sulfate solution." Controlling the particle
size of metatitanic acid is the key step in the whole process since
it directly decides the pigment performance. Thus, determining
the relationship between particle size and hydrolysis parame-
ters is an important reference for the flexible regulation of this
process.>® Generally, suitable TiO, products are only available
through doping and calcinating metatitanic acid with a particle
size of 1-2 um, which originates from hydrolysis.>*™* Therefore,
to obtain the appropriate metatitanic acid, the relationship
between particle size and hydrolysis parameters, such as solu-
tion composition, acidity, and reaction temperature, must be
clarified.

In current popular single sulfuric/chloric systems, the
hydrolysis degree and particle size of the obtained metatitanic
acid significantly depends on the concentration of the titanium
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parameters, as

In(nso +n)+2In(ny) —In(1—n)—5In>_n+1+3n)+ =

follows:  1.38 x 107 3T{2 In(ny + 27) + In(nc + n)+

(r-027° { (r—0.2)} } - (0.2)°
r—(r— 0.2)3 r—(r— 0.2)3

oxyacid salt (TiOSO,/TiOCl,) and the acid used (H,SO,/HCI).%*?
The temperature is also an important effective factor in the
hydrolysis process."* Hence, these parameters are frequently
applied in mathematical models, e.g. Siamak developed
a mathematical model to predict austenite phase trans-
formation based on the Avrami model and the finite element
method.* Zhang et al.*®* used a mathematical model based on
the Avrami equation to study the precipitation and growth
process of metatitanic acid particles in titanium sulfate solution
and established a series of empirical expressions, but for
agglomerated particles, these expressions are valuable only if
their data is adapted to the titanium conversion rate and time
variation. Based on single acid leaching data and mathematical
models, it was found that the hydrolysis process typically
undergoes three steps: (i) grain formation of crystallization, (ii)
nuclei growth and hydrated titania precipitation, and (iii)
hydrated titania aggregation and composition changes in the
precipitate.” Among these steps, the step of grain formation
and growth plays an important role in particle growth and
agglomeration, which influences the particle size and product
properties during agglomeration. The other steps are related to
the crystallization environment,'® nuclear growth and precipi-
tation rate, thereby changing the aggregated particle size and its
distribution."”

In other research, Ti cluster structures'® were proposed to
explain the grain size formation and growth process. Using
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Raman spectroscopy,'® two complexes of [Ti(OH),SO,4] (aq.) and
[Ti(OH),(S04),]>~ (aq.)’ were shown to exist in sulfuric solution,
and [Ti(OH),Clg_,]" existed in TiOCl, solution, which represent
the essential intermediates in the hydrolysis processes. Based
on these proven titanium intermediate structures, Wang et al.*
used the Boltzmann growth model to describe the influence of
the initial concentration of TiOSO, and sulfuric acid on the
hydrolysis process and also proposed the mechanism of tita-
nium hydrolysis in titanyl sulfate solution.”

However, in the above single sulfuric acid system, the low
acidolysis rate problem for the perovskite phase titanium slag
(CaTi0s) is still not fundamentally resolved due to the relatively
high stability of CaTiO; and relatively low solubility of
CaS0,,>»** although the thermal hydrolysis method was
proposed to alleviate this problem based on its higher reaction
rate and higher solubility. However, although in single chloric
acid systems, the acidolysis rate problem can be resolved due to
the solubility of CaCl,, the reaction rate is too fast and the
particle size of metatitanic acid cannot be adjusted effectively in
this system, resulting in poor quality titanium dioxide.

It is well known the Cl™ has strong coordination ability, but
if C1” is added to the sulfuric acid system, strong coordinating
interaction will occur between the titanium ions and Cl™
anions, which will result in different clusters of titanium and
more complicated structures in this mixture acid solution.
Therefore, the relationship between primary particle size of
metatitanic acid and hydrolysis parameter is of great signifi-
cance for predicting the particle size and scale production of
metatitanic acid. In addition, density functional theory (DFT)
calculation was successfully introduced to study the hydrolysis
process of metal ions.”*** Meanwhile, Raman spectroscopy is
also a very appropriate tool to study the fundamental physical
properties of phase transitions and structural characteristics.”®
Thus, the use of DFT calculation together with Raman

CaTiO,
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spectroscopy can give information about the possible cluster
structures existing in solution.””

In this work, the sulfuric-chloric mixture acid (SCMA) system
for TiO, production is proposed for the first time as a new
method to treat perovskite-phase titanium slag (Fig. 1). Based on
DFT calculations, a series of TiO*" structures in SCMA solution
were first simulated and optimized using the DMol® program
and their most suitable structures were evaluated by comparing
the theoretical and experimental Raman spectra. The influence
of the concentration of titanium and the reaction temperature on
the titanium hydrolysis was determined via experimental and
theoretical investigation. A series of hydrolysis relationships
between the grain size and TiO** concentration was fitted to
further predict the grain size of metatitanic acid, providing
a meaningful basis for this new hydrolysis process.

2. Experimental and computational
details
2.1 Experimental details

To maintain consistency with the titanium and acid concen-
tration in the actual solutions and avoid the effect of impurities
and other effects, the TiO*" simulative solution was obtained by
dissolving chemically pure solid Ti(SO,),, aqueous HCl and
deionized water, shown as Fig. 2. In this process, CaCO; was
used for CaSO, precipitation to decrease the acidy of H in HCI
and HSO, , shown in eqn (1).* However, in this solution, the
concentration of SO,2~ was much more than that of Ca*" and
the concentration of Ca®>" was only about 0.1 g L™'. Thus, the
effect of Ca*>* could be ignored in this work.

These solutions, prepared with ny;: ny o ratios of 22.98,
21.31, 19.65 and 17.98, corresponding to the titanium concen-
trations of 1.62, 1.75, 1.85, 1.97 mol L™, respectively, were

Modified titanium slag
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Fig. 1 Flow chart of the hydrolysis process.
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Fig. 2 Schematic diagram of the preparation of titanium SCMA solution.

hydrolyzed in the temperature range of 110-150 °C for 4 h. The
hydrolyzed metatitanic acid was leached and washed with
deionized water and its properties were characterized via X-ray
diffractometer (XRD, X'Pert PRO MPD, PANalytical, Nether-
lands) to determine the crystal phase and its composition. It
also confirmed the grain sizes of 4, B, and C and lattice
parameters of a, b and ¢ using the formula D = kA/(8 cos 6). The
agglomerated particle size and its distribution were determined
using a Mastersizer 2000 laser size analyzer (Malvern Instru-
ments Co., Ltd., UK). The morphology characteristics were
measured via SEM (JSM-7001F, Electron Company, Japan).
Raman spectra were measured using a confocal laser Raman
system (Horiba Jobin Yvon, LabRAM HR800, England) with
a full area CCD detector and an Ar laser operating at 514.5 nm
with 50 mW incident power. The Ti concentration (C;) in the
filtrate was examined by titration, where Ti*" was reduced to
Ti** with aluminum sheets and titrated with 0.10 mol L™*
ammonium iron(u) sulfate using acid ammonium thiocyanate
as an indicator. Also, the hydrolysis ratio («) was calculated
using the equation a = [(C, — C,)/C,] X 100%.

2.2. Theoretical calculation method

To ensure TiO** clusters were present in the SCMA solution, all
the calculations were performed using the DMol® software
package with fine quality and geometry optimization conver-
gence criteria at a threshold of 10~° for the density conver-
gence during the self-consistent field (SCF) minimization.
According to the “d” electron present in titanium,** the
simplest calculation method was pseudopotential simulation.
Besides, the solvation model** with effective core potentials®*
was performed, which replaced the chemically inert core
electrons with an effective potential, and used to incorporate
the dominant effects of relativity and has the advantage that

This journal is © The Royal Society of Chemistry 2020

the size of the basis set needed to treat the molecule can be
significantly reduced. To consider the hydrogen polarization
in solution, we used the DNP (double-numerical with “d” and
“p” polarization) basis set and generalized-gradient approxi-
mation (GGA) density functional of Perdew-Burke-Ernzerhof
(PBE).*?

After full geometry optimization, the Raman activity and
intensities of the vibrational modes were calculated. The
Raman spectra were fitted as a function of intensity at 298 K,
incident light wavelength of 514.5 nm and smearing of 20 cm ™.
All the structural figures were described using the Vesta
software.*

3 Results and discussion
3.1 Structures of stable TiO** clusters in SCMA solution

In SCMA solution, the TiO** clusters have complex coordination
structures composed of Cl~, SO4>~, HSO, , OH™ and H,O.
According to the reported sulfate method, the Ti*" ion exists in
the form of TiO*" in solution.?* Therefore, its initial structure
began with the already accepted models, regarded as the TiO**-
HSO, -(H,0)5-Cl™ cluster, considering the internal hydrogen
bonds. Also, its optimized structure could be described as
TiOH*'-S0,> -(H,0);-Cl~, as shown in Fig. 3(b). However, the
internal hydrogen bond of the SO,>~ in the titanium cluster was
formed by H,O combined with Ti, so that there was no HSO,~
structure in the cluster. Thus, structure (a) was obtained with
a lower energy than that of structure (b) of 7.876 k] mol " based
on the DFT calculation results. Moreover, the structure of (a)
was also more stable than that of (b) even in the water envi-
ronment (embedded Ti clusters in ice super cell).**

To find the most reasonable structures from them, the
calculated Raman spectrum by DFT** was compared with the
experimental data.*® The corresponding Raman spectra highly
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(2) Ti(OH)(SO4)(CDH(H,0)s

agreed with the experimental result (TiO, concentration of
1 mol L") in the range of 200-1300 cm . It can be clearly seen
from Fig. 4(c) that the Raman peaks of the experimental data
were very close to that of [Ti(SO4)CI(H,0),]" having Cs point
group symmetry but there was a strong peak caused by the
vibration of Ti-O at 564 cm ™. By contrast, this peak at 564 cm "
was not found in the simulated structures of Ti(OH)(SO,)
Cl(H,0); (both (a) and (b)). However, the other main peaks were
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Fig. 4 Experimental and theoretical Raman spectra of (a) TiO?*
clusters in SCMA solution and comparison with the Raman spectrum
of (b) H,SO4.
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Fig. 3 Theoretical structures of (a) Ti(OH)(SO4)Cl(H,0)s, (b) Ti(OH)(SO4)Cl(H,0)s and (c) [Ti(SO4)(CH(H,0)4]".
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(©) [Ti(SO4)(CH(H,0)4]"

shifted compared to the experimental results. Thus, the effects
of removing H' from [Ti(SO,)CI(H;0),]" was mainly reflected in
two aspects: (i) the original symmetry (Cy point group) was
destroyed and the number of peaks changed and (ii) the peak
position varied with bond length. According to the structures in
Fig. 3(a and b), the peaks associated with S-O (6) shifted to
a lower wavenumber (peak B) due to the hydrogen bond formed
by H" and the O* on SO,>~ due to its longer bond length and
higher bond energy. Similarly, the peaks related to Ti-O bond
(5) shifted to a higher wavenumber (peak A) because H,O
became OH™ due to its shorter bond length and lower bond
energy. In summary, a reasonable explanation is that the
internal hydrogen bond composed of H,0 and SO,>” was
overestimated (the ability of DFT to calculate H still had some
deviation), but regardless of the structure, it can be considered
that the TiO*" cluster has a structure between Ti(OH)(SO,)
CI(H,0); and [Ti(SO,)CI(H,0),]". The full vibration analysis is
shown in ESI Fig. 1 and 2.7 After eliminating the influence of
S0,>~ and HSO, , as shown in Fig. 4(b), the structure of
Ti(OH)(SO,)Cl(H,0); presented in SCMA solution was consid-
ered as the basis for controlling the metatitanic acid grain size.

3.2 Calculation process between concentration of titanium
and hydrolysis temperature

3.2.1 Reaction process. To determine the relationship
between particle size and hydrolysis parameters, the reaction
process was first analyzed. The titanium hydrolysis process is
represented by eqn (2) and (3):*

TiO**(aq) + H,O — TiOx(s) + 2H"(aq) (1)
AG = —RT{2 In[H"] + In[TiO,] — In[H,0] — In[TiO**]}  (2)

Generally, the solid term of In[TiO,] and the liquid term of In
[H,O] were not considered in the reaction calculation, but eqn
(3) did not give the grain size species. In this calculation, it was
assumed that all the Ti clusters were the most stable cluster
structure of Ti(OH)(SO,)(Cl)(H;0);. Therefore, the hydrolysis
process can be expressed as Table 1.

When hydrogen ions enter the solution, they form hydro-
nium ions, as shown in eqn (3):

H+ + I’leO «> H2n+10+ (3)
To simplify the calculation, we made n = 1. Before and after

the reaction (Table 1), because H' combined with H,O to form

This journal is © The Royal Society of Chemistry 2020
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Table 1 The reaction balance expressions
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Simplified TiO2(HS0a)a(Cl)s(H20)a-0-6(H*)a+s > TiO: +
expression 1

Simplified TiO2(HSO4)(Cl)(H20)2(H*)2 - TiO2 +
expression 2

Initial value 1 0
Balance value 1-n n

H;0", the amount of free water can seem to have no change
under this condition.*® In Table 1, ¢, nso, and n,, represent the
number of free anions of Cl~, SO,>~ and free H,O, respectively,
and =n is regarded as their sum. In the hydrolysis calculation,
the concentration (mol L™') was replaced by the ratio of the
number of particles before and after the reaction to the number
of particles participating in the reaction. Therefore, eqn (3)
could be estimated using the following formula, where 7%
represents the hydrolysis rate:

AG = —kgT{2 In[(ng + 2n)/(En+ 1+ 3n)] + In[(nc; + n)/(En + 1 +
3]+ In[(nso + MI(En + 1+ 3n)] + 2 In[(ny)/(En + 1 + 3n)] — In[(1
— m/(En + 1 + 3n)] + In[TiO,]} ()

Simply eqn (4):

AG = —kgT{2 In(ny + 2n) + In(nc; + n) + In(nso + 1) + 2 In(ny,) —
In(1 — 1) — 5In(En + 1 + 3n) + In[TiO,]} (5)

3.2.2 Calculation of In[TiO,]. To obtain the value of AG, the
In[TiO,] term must be calculated. Herein, the relevant term of
titanium was understood as the energy of TiO*" ions accumu-
lated in TiO, particles transferred into crystal grains, as shown
in eqn (6):*

ET = —kBT ln[TlOQ] (6)

The value of Er included two aspects, on the one hand, it
represents the energy of TiO®" ion migration and aggregation
related to the reaction temperature (the molecular average

. . . 1 3 .
kinetic equation (ekz Emv2 = EkBT)) and the distance

between the Ti-Ti bond (concentration of titanium); on the
other hand, it is related to the temperature and intergranular
distance grain migration and aggregation energy.*’

We assumed that the chemical reaction can be completely
converted to titanium redistribution energy. The nucleation and
growth of titanium dioxide crystals were also considered to be
the same process. The results showed that the particles corre-
sponding to the polymerization of titanium dioxide exist in two
states: (i) in addition to the Ti-O-Ti bonds, other bonds such as
Ti-S0O,>~ and Ti-Cl, were inherited from the TiO*' cluster
structures on the surface of the nucleus. In this state, the
number of Ti particles was ng; and (ii) Ti atoms were surrounded

This journal is © The Royal Society of Chemistry 2020

bCl~ + aHSO4~ + (a +b)H* + (4 - a-b)H:0
cl- + HSO4~ + 2H* + 2H,0
Na nso NH Nw
na+n nso+n na+2n Nw

by O atoms and existed inside the crystal nucleus, and the
number of Ti particles in this state was labeled as n;.

nTiO; — (TiOy),, + (TiOy),, (7)

The agglomeration may be due to the surface adsorption of
TiO,. The grain was treated as a processing object and may exist
in two states, as shown below. (i) The surface of the particles
deposited on the surface of the agglomerates was labeled as m
and (ii) the surface of the particles inside the agglomerates was
labeled as m;.

}’n(’TiOZ)nS - ((TiOZ)n,)m, + ((’Ti()Z)m)ms (8)

We assumed that the number of particles and the corre-
sponding energy distribution could be solved using the Boltz-
mann distribution.**

E —E
Yi_ & ex {7 1 0}

T 9)

(2 81

After deformation, an equation similar to the Arrhenius
equation was obtained as eqn (10):

El — Eo = —kBTln(UflllI’O) - E1 — EO = —kBTln(nllno) (10)

Grain generation satisfied the following relationships (eqn

(11)—(13)):

n=n;+ ng (11)
mk, + nE, =nEr (12)
E, — E, = —kgTIn(nn,") = 4, (13)
So the E,, and E, was deformed to:
E, = Er, + %An (14)
E, = Er,+ 4, (15)

After grain formation, the agglomeration process could be
regarded as the grain growth and agglomeration competition,
and the following relationships (eqn (16)-(18)) should be
satisfied.

RSC Adv, 2020, 10, 1055-1065 | 1059
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m=m; + mg (16)
miE,, + mE,, = m(nE, + Er ) 17)
E, — E, = —kgTIn(mm,"") = 4, (18)

So the E,, and E,, was deformed to:

E,. = nE, + Er, + =4, (19)
m

Eyp. = nE, + Er, — 4, (20)
m

Combine eqn (11)-(15) to eqn (19) and (20):

n; m

E’“n = nSETn + ETm — N _lAn + _SAm (21)
n m

E‘mS = nsET,, + ET,,, — N EAH - njAm (22)
n m

Finally:

n; m;

nEr, + Er, = E,,, +n,—4, + —[Am (23)
n m

Therefore, the relationship between these different parts of

energy is shown in Fig. 5. Based on the Boltzmann distribution and
Arrhenius equation, the mathematical equations of the hydrolysis
process can be established. It can be described as eqn (24):

AG = —kgTIn K + AEy +ny 'AE7, (24)

Then, eqn (24) was substituted into eqn (5) to obtain an
integrated and reasonable equation:

AG = %Br[z In(mys + 2n) + In(ne + 1) + In(nso + 1) + 2 In(m,)

~in(l=n) =S (Y a1+ )] +nt

ng m;
(Ems + ny *An + ;Am) (25)
n m

75.7 RS
o
IPE S x,

o= | &0
o/ — ktof» - Eni
i J Ecluster e “!jju\g‘ Ems
LB | s
TiO*(aq) +H,0
m
—— — - o j—E
ApTInK . » —" E, AEy, ™

(In[Ti0,l} " A
T m g,

TiO,(s) +2H*(aq) N _n._ Eni

AG = -kglnK + AE,, + 1/n, AEy,,

Fig. 5 Energy distribution in the titanium hydrolysis process.
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3.2.3 Calculations of n, m, ng, n;, ms, and m;. After clarifying
the relationship between the In[TiO,] terms, the calculation of
n, m, ns, n;, ms and m; associated with the In[TiO,] term was the
key to further calculating the AG value.*?

In this calculation process, the nucleation and growth
process was considered based on an anatase-type metatitanic
acid model so that the cell size could be from A and C, the lattice
size was a and ¢, and the volume and surface area were
abstracted as the amount of titanium, then:

n = 44>Cl(a’c) (26)

Further, the structure of anatase TiO, was very regular, thus
the structure in which the titanium oxide was stacked could be
approximated. For a regular arrangement of planes, the calcu-
lation of the number of surface particles was:

100
J
Q\ 80 -
~
L
=
= 60 -
72}
‘@
=
=] L
i 40 —=— C 102 = 1.62 mol-L"!
T —®— Cripg)=1.75 mol-L"!
20 - —4— Cirioz = 1.85 mol-L!
— ¥ Ciyioyy=1.97 mol-L!
110 120 130 140 150
Temperature / °C (a)
12
—=— C1i0z = 1.62 mol- L
10k —o— Cirigzy = 1.75 mol- L
—4— Cirigz = 1.85 mol-L!
gl —¥— Ciripzy = 1.97 mol-L"!
=
3
~
= Or
w
(=
4t
2+
0 1 " 1 L 1 " 1 I 1
110 120 130 140 150
Temperature / °C (b)

Fig. 6 (a) Hydrolysis ratios in the temperature range of 110-150 °C
and titanium concentration in the range of 1.62-1.97 mol L™* and (b)
Dsg in the temperature range of 110-150 °C and titanium concen-
tration in the range of 1.62-1.97 mol L%

This journal is © The Royal Society of Chemistry 2020
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= (A — al2)’X(C — cld(4(al2)*(clb)) (27)

(28)

nNg=n — n;

In addition, the spherical particles were calculated using the
metatitanic acid agglomerate particle size (D), thus:
m = 1/6mDsy*1A*C (29)

Similar to the calculation of m, the calculation of mg and m;

was:
m; = 1/67|(Dsy — A)*(Dso — OFI(A*C) (30)
ms=m— m; (31)

3.3 Grain size fitting of metatitanic acid based on

experimental results

To verify the above formulas, the experimental conditions were
consistent with the structural model. As the reaction tempera-
ture increased, the hydrolysis ratio increased and Ds,
decreased, as shown in Fig. 6.>° The particle size distributions
appeared unimodal at 110-130 °C and peak width was fixed at
150 °C, as shown in Fig. 7. The titanium concentration also had
a significant effect on the aggregated particle size and the size
distribution. Moreover, the XRD pattern confirmed that all the
samples were anatase phase TiO, (ref. 43) (Fig. 8(a)). The
influence of hydrolysis parameters such as titanium concen-
tration and reaction temperature could be ignored in the XRD
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patterns. It was apparently seen from the SEM images that the
metatitanic acid particles aggregated to form a spherical shape,
which proves the rationality that we derived all the above
formulas by considering all the particles as spherical, as shown
in Fig. 8(b). The series of related calculation results is shown in
Tables S1 and S2.f

As can be seen from Table S1,f when the value of ng; was

relatively large, the influence of the —4,, species was ignored.
m

-1

In the actual calculation, the —n,'—4,, species was considered
m

asapart ofy in the equation to calculate the value of E,, and E,,..
Thus, the original unit of mol L~ was replaced with a new
calculation. To eliminate this, the value of K was introduced,
which has a function similar to AG?, yielding:

AG+K = —kBT[Z In(ng + 21) + In(nq + n) + In(nso + 1)
+2In(n,) —In(l —n) — 5 ln<Zn +1+ 377)

M () — o =
+ 2 (Inm) ~In(n)) =m0, | 40 E, (32)

Let AG = 0, eqn (32) transformed into the form of y = ax +
b to solve the value of E,, and K shown in eqn (33):
ks T [2 In(mys + 20) + In(ne + 1) + In(nso + 1) + 2 In(,)

In(l—7) =5 ln(Zn Tl 3n) n % (In(n;) — In(ny))

m .
—n ' ,,,} = 1 lEms —K (33)
m

e
T

Volume percentage / %
n
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Fig. 7 Particle size distributions in the temperature range of 110-150 °C for (a) Ctio, = 1.62 mol L%, (b) Crio,y = 1.75 mol L% (o) Cirioy =

1.85 mol L™ and (d) Crio,) = 1.97 mol L™,
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Fig. 8 (a) XRD spectra and (b) morphology of metatitanic acid in
different titanium concentrations (1.62-1.97 mol L™Y).

In this equation, y= kBT[Z In(nyg + 27) + In(ng

+n) 4+ In(nso + 1) + 2 In(ny) —In(1 —n) —=5In(> n+1+3n)
Lmi
m

As mentioned above, both E, and E,, are related to the
reaction temperature and titanium concentration. However, to
fit the function, E,, and E,, were only related to the titanium
concentration.

To obtain the values of E,, and E,, , the experimental results
were linearly analyzed, as shown in Fig. 9. From the fitting
results (Fig. 10), it was found that the value of 4,, gradually
decreased as the titanium concentration increased. This indi-
cates that the reaction driving force decreased and the possi-
bility of agglomeration was reduced also. As a result, the
aggregation particle size decreased.*® Besides, the magnitude of
ng 'AE; compared to the other parameters was small enough
to be ignored (Tables S1 and S27). Therefore, we only considered
the item of AE;, according to eqn (24). According to the above
fitting process, the relationships among reaction temperature,
titanium concentration and particle size were well explained.
However, the relationship was hard to apply to predict the

—I—%(ln(ni) —In(ns)) — ns Am]7 x=ns",a=En,b=-K.
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particle size of metatitanic acid from the original structure of
the TiO** solution and hydrolysis temperature. Therefore, the
(0,0) point was introduced to eliminate the K item in this
calculation and the corrected value of E,, was obtained.

The fitting results of E,, and E,,_over the point (0,0) is shown
in Fig. 11. The relationship is consistent with that in Fig. 10.
Thus, eqn (33) was simplified as:

knT |2 n(ns +20) + In(ncy + 1) + In(rns0 + ) +2 In(rn, +21)

—In(l—7)—5In (Zn 11+ 3n) n %(ln(ni) - 1n(ns))]

(34)

E,, is related to the steady-state conditions under which the
reaction occurred. When there was no hydrolysis reaction, the
corresponding values of E,, and E,, were zero.

To obtain the relationship between E, and titanium
concentration, Cp; was converted into (1/En + 1), which
simplified the calculation process and the results were fitted to
the function of y = ax” + ¢, as shown in Fig. 12. The expressions
of E,, —Ti are displayed as eqn (35):

E,, = —2.305 x 107 '%(1/Zn + 1)*7 — 4.851 x 107>°  (35)

001 E i —8— Cyyony=1-62mol- 1!

221 | —A— Cpyppy= 175 mol L'

-5.0x10 ¥~ Cryon= 185 mol L'
_ -20 | —4— Cpypp= 197 mol L'
- 1.0x10 . -~~~ Linear Fit (1)

220 | N --- Linear Fit (2)
;-LSXIO Linear Fit (3)
%0_2'0)(10-20 L Linear Fit (4)
=
= 2sx10?

-3.0x107% R? = 0.99287
-3.5x10°% R = 0.99612
-4.0x107" -
1 1 1 1 1 1 1
0.000 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008
-1
ng (a)
00r E, —8— o= 162 mol'L"
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— N - - -~ Linear fit (1)
~ _1.5x107° b - - -~ Linear fit (2)
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= 2sx10? -
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n’ (b)

S

Fig. 9 Linear fit of (a) £, and (b) £, indifferent titanium concentra-
tions (1.62-1.97 mol L ™).
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Fig. 10 Energy analysis in different titanium concentrations (1.62-1.97 mol L™

For the convenience of calculation, the number of times was
adjusted from 2.7 to 3, and thus a similar function with a higher
degree of fit was obtained, expressed as:

E,, = —4.949 x 107"%(1/Zn + 1)* — 1.898 x 10~ "* (36)

After calculation, the range of K value was 7.770 x 10 >*-
4.062 x 10 *! and that of the ng value was 10>-10°. In contrast,
the c/ng value (—1.898 x 107'°/10°-10%) was of the same
magnitude as the K item and they could cancel each other
approximately. Finally, eqn (36) became:

1.38 x 10’23T[2 In(mys + 21) + In(ng + ) + In(nso + 1)

+21n(ny) —In(1 —n) =5 ln<Zn +1+43n) + %(ln(ni)

(37)

—ln(ns))] _—_ {—4.949 x 10*14(1/211 n 1)3}

If the volume was transformed into a sphere and all items
could be converted to an expression related to grain size, r
(0.2 nm represents the length of the Ti-O bond), then eqn (37)
could be further simplified:

1.38 x 1023T{2 In(ng 4 27) + In(nc; +7) + In(nso + 1)

+21n(ny) — In(1 —n) — 5 ln(Zn Y14 3n)
(r—02)°

(r—02)°
+ r In l:r3 —(r— 0.2)3] }

= % {—4.949 x 10*14<1/Zn+ 1)3}

(38)

By solving the r value, the equilibrium grain size required for
the hydrolysis reaction could be obtained if the titanium
concentration was 0-2 mol L. Besides, according to the theory

This journal is © The Royal Society of Chemistry 2020

1)_

molecular models, the basic conditions for using this formula
should be the molar ratio of C17/Ti > 2, SO,*"/Ti > 2 and H/Ti >
3. The established analytical model can be used under all of the
above conditions.

0F E_, + point (0,0) —o— 1.62 mol -L"
—A— 1.75 mol -L."
—¥— 1.85 mol -1
020 | —<4— 1.97 mol -1
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Fig. 11 Linear fit of (a) £, and (b) £, over the point (0,0) in different
titanium concentrations (1.62-1.97 mol L™Y).
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4. Conclusions

A low concentration of titanyl sulfuric-chloric mixture acid
(SCMA) system was first proposed to treat the titanium slag
perovskite phase. Since the particle size of metatitanic acid is an
important intermediate for the whole production process,
a series of hydrolysis procedures was investigated as follows to
control the particle size of metatitanic acid in this new system:

(a) The predicted initial structure of Ti(OH)(SO,)(Cl)(H,O)s
was obtained by comparing the theoretical and experimental
Raman spectra after calculation and optimization by DFT. Also,
the hydrolysis reaction can be described as follows (b) and (c).

(b) Based on the Boltzmann distribution and Arrhenius
equation, the mathematical equations of the hydrolysis process
were established, which can be described as AG = —kgT In K +
AE; +ng 'AEp .

(c) According the experimental data, an equation of 1.38x

10727{2 In(ny + 29) + In(na + ) + In(nso + 1) + 2 In(ny,)—

(r—02)° ln{ (r—02)° ] ,
)3

In1—7n)—-5In> " n+1+3n)+
A e
0.2
= —— " [4.949 x 10 (1 n+1)°] was developed
e (1/3"n+1)°) was develop

to illustrate the relationships among grain size, particle size,

temperature, hydrolysis ratio and titanium concentration.

Therefore, after determining the hydrolysis parameters, the
grain size could be roughly estimated to provide a theoretical basis
for the hydrolysis process in the sulfuric-chloric mixture acid
system, which should be helpful for further industrial production.
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