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This study was conducted to investigate the kinetics of dissolution of pure
thorium silicate (thorite mineral). This compound was synthesized by the
hydrothermal method with a purity of 97.8%. The parameters affecting the
dissolution kinetics of synthetic thorium silicate were optimized. The agitation
speed of 450 rpm, sulfuric acid concentration of 4 M, and temperature of 100�C
were determined as optimal conditions. According to scanning electron mi-
croscopy (SEM) images, as well as dynamic light scattering (DLS) and Bru-
nauer–Emmett–Teller (BET) analyses before and after dissolution, the
dissolution kinetics model of thorium silicate was determined based on the
shrinking particle model. Using the Arrhenius equation, the activation energy
was calculated to be 78.41 kJ/ mole. The thorium silicate dissolution mecha-
nism was identified based on chemical control reaction. The reaction order of
the concentration of sulfuric acid at different temperatures was 1.64 ± 0.44.

INTRODUCTION

The abundance of thorium is 3–4 times more than
uranium and is widely distributed in nature as an
easily exploitable resource in many countries, but it
has not thus far been commercially exploited.
Concerning the decline of uranium ore mining
resources in the future, the supply of nuclear energy
from alternative sources will be one of the concerns
of countries. In addition, the presence of only low
levels of uranium in some countries has led them to
seek other sources of radioactive material. Hence,
the thorium fuel cycle is being considered by
countries having thorium reserves in their long-
term nuclear energy planning.

Unlike natural uranium, which contains �0.7%
‘fissile’ 235U isotope, natural thorium does not have
any ‘fissile’ material and is composed of the ‘fertile’
232Th isotope. 232Th is converted to 233Pa and finally
to 233U with consecutive b decays. Thorium nuclear
fuels are an attractive way to produce long-term
nuclear energy with low radio-toxicity waste.1 Tho-
rium is found in nature as various structures, such
as an oxide, phosphate, and silicate. Among these,

thorite (ThSiO4) is the most abundant thorium
mineral with an orthosilicate structure, and is
isostructural with zircon (ZrSiO4) and coffinite
(USiO4)2–5 crystallized in the tetragonal system. In
examining the dissolution kinetics, it should be
noted that dissolution processes are heterogeneous
reactions involving the mass transfer of the reac-
tants and ion products during one or more reaction
steps. The most important in choosing a good model
is to have the conditions closest to reality and
without too much mathematical complexity. Accord-
ingly, among dissolution kinetic models, the shrink-
ing core/particle kinetics model has the mechanism
of diffusion control from liquid film or an ash layer,
and the chemical reaction control was investigated
in the thorium silicate dissolution process. Accord-
ing to this model, the reaction first occurs in the
outer layer of the particles, and then the reaction
zone is transferred to the solid. Assuming spherical
particles, this model has been developed in five
successive reaction steps, including diffusion of the
reactant from the liquid film around the particles to
the solid surface, diffusion of the reactant from the
ash layer to the unreacted surface, the reaction of
the reactant to the solid surface, diffusion of the
aqueous product from the ash layer to the outer(Received April 12, 2021; accepted November 13, 2021;
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solid surface, and diffusion of the aqueous product
film to the solution. In the shrinking particle model,
due to lack of an ash layer, there is no diffusion from
this layer.6 In previous works, the dissolution
kinetics of various thorium compounds, such as
thorium oxide (thorianite)7–14 and thorium phos-
phate (monazite),15,16 has been studied, but no
reports or articles about the dissolution kinetics of
thorium silicate (thorite) have been found. There-
fore, it was decided to study the kinetics and control
mechanism of thorium silicate dissolution. Accord-
ing to the identification of thorium silicate sources,
the behavior of this compound in leaching processes
should be investigated and compared with a pure
sample. Since a pure sample of thorium silicate was
not available, the compound was synthesized in the
laboratory and its dissolution kinetics was
investigated.

To identify appropriate ligands for the dissolution
of thorium oxide, Hubert et al.7 investigated ClO4

-,
Cl-, NO3

-, and SO4
2- ligands. Accordingly, the effect of

sulfuric acid on the dissolution of thorium was higher
than that of other ligands. Since no oxidation and
reduction reaction is expected for Th4+, they deter-
mined the dissolution mechanism of ThO2 based on
complexation at the solid/solution interface. In inves-
tigating the effect of sulfate ions on the dissolution of
uranium, thorium, yttrium, and rare-earth elements
from Denison Eliot Lake conglomerate rock, Saps-
ford et al.8 found that, in the absence of sulfate at pH
1.5, the insoluble compound of ThO2 was formed, but
with the addition of sulfate, the solubility of thorium
was increased. Accordingly, sulfuric acid has been
selected as the solvent for thorium silicate in our
dissolution kinetics experiments.

In examining the dissolution kinetics and the
mechanism, Heisbourg et al. investigated the dis-
solution kinetics of Th1-xUxO2 solid solutions in
nitric media. They found that an increase in the
mole fraction of uranium in the solid solution
caused an increase in the kinetics rate and reaction
order.9 They proposed a dissolution mechanism in
three steps as oxidation of the uranium site on the
surface, then fast protonation of different sites from
the surface layer, and finally detachment of metal
ions.9,10 In thorium oxide, the first stage of the
dissolution mechanism was eliminated.9 They
showed that nitrate ions did not influence the
dissolution mechanisms.9 They found that the
increasing mole fraction of thorium in the solid
solution resulted in the formation of a protective
layer of hydrated thorium oxide or thorium hydrox-
ide on the surface, which eventually reduced the
reaction rate and kinetics. According to the activa-
tion energy of 20 ± 3 kJ/ mole, the dissolution
mechanism was identified based on diffusion control
through a thin layer of thorium hydroxide.11 In a
study conducted by Claparede et al. on the effect of
temperature and concentration of nitric acid on the
dissolution of thorium, the best conditions for
dissolution were obtained at 90�C and an acid

concentration of 6 molars.10 These conditions were
selected as preliminary conditions for the dissolu-
tion of pure thorium silicate.

In the dissolution of ThO2 by the HNO3-HF
mixture, Simonnet et al.12,13 observed that fluoride
ions, along with nitric acid, led to the best dissolu-
tion rate of thorium compared to other compounds,
such as oxalate and sulfate ions. They also found
that the presence of an optimal concentration of HF
was essential for the dissolution of ThO2. In fact, if
HF is not added to the system or too much is added,
complete dissolution of thorium will not be
achieved. The results also indicated that high
concentrations of HNO3 caused faster dissolution,
but that this acid could not lead to complete
dissolution of thorium oxide without the presence
of HF, revealing the synergistic effect of HF and
HNO3. Based on the obtained activation energy
values (63–80 kJ/mole), they predicted the reaction
mechanism as an adsorption reaction with a catalytic
reaction. Keshtkar and Abbasizadeh14 predicted the
dissolution mechanism of ThO2 in the HNO3-HF
mixture according to the surface chemical reaction at
the solid/solution interface. In a similar case,
Takeuchi et al.15 identified the dissolution of thorium
as a reaction of the surface sites of ThO2 to the
formation of a fluoride surface as a precipitate, then
adsorption of the nitric acid molecule on the precip-
itation surface.

Arinicheva et al.16 showed that the dissolution
kinetics of monazite-LaPO4 was controlled by the
chemical reaction in nitric acid at the temperature
range of 50–90�C. However, Gausse et al.17 investi-
gated the dissolution mechanism at different tem-
perature ranges. At temperatures below 313 K, the
dissolution process is controlled by the chemical
reaction and in the temperature range of 313–
363 K, controlled by diffusion.

Based on studies conducted by Hubert et al.,7

Sapsford et al.,8 and Klapardeh et al.,10 preliminary
conditions for the dissolution of pure thorium
silicate were selected by a sulfate ligand such as
sulfuric acid in a concentration of 6 M and at a
temperature of 90�C. According to this, parameters
affecting the dissolution, including agitation speed,
acid concentration, and temperature, were opti-
mized. Then, the kinetics of dissolution of thorite
was determined in sulfate media.

EXPERIMENTAL

Synthesis and Preparation of Thorium
Silicate

Pure thorium silicate (thorite) was synthesized by
using the hydrothermal method with a mixture of
0.14 M thorium chloride (ThCl4) solution and
sodium silicate containing 0.14 M SiO2.18 According
to the method proposed by Costin et al.,19 in the first
stage, thorium tetrachloride (ThCl4) was prepared
by multiple successive batches of dissolution of
hydrated thorium nitrate (Th(NO3)4.5H2O) in 8 M
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HCl and evaporation, resulting in the elimination of
nitrate and the substitution of chloride. Further-
more, 0.14 M ThCl4 solution was added dropwise to
a 0.14 M SiO2 solution at a volumetric ratio of
SiO2:ThCl4 0.9. Afterward, 8 M NaOH solution was
added to the mixture dropwise to reach a pH of 8–
8.5. At this point, a white gelatinous phase was
formed. Finally, the pH of the gelatinous phase was
buffered around 8–9 by adding 0.5 M NaHCO3. The
gel containing Th(OH)4 and Si(OH)4 was poured
into a PTFE *autoclave (volume = 200 ml), and
then was heated to 250�C for 24 h. After heating,
the thorium silicate precipitate was filtered from the
supernatant solution. To remove soluble compounds
and probably organic compounds, the precipitate
was washed with deionized water and ethanol.
Finally, the precipitate was dried at 60�C for 24 h.
The flow diagram of thorium silicate synthesis is
shown in Fig. 1. To evaluate the characteristics
quality of the synthesized sample, diagnostic ana-
lyzes were conducted. Figure 2 shows the XRD
analysis of the synthesized thorium silicate. Tho-
rium silicate and thorium oxide were identified in
the sample, and by measuring the atomic ratio of
Th:Si using energy dispersive x-ray spectroscopy
(EDXS) analysis, the chemical composition of the
sample was identified as Th1.03±0.18SiO4. The sam-
ple purity and the average particle size of the
synthesized thorium silicate were determined as
97.80% and 731.30 nm, respectively.

Dissolution test Procedure

Dissolution experiments on pure thorium silicate
were conducted in a 1-L flat-bottomed balloon with
four ports. The main port was utilized for the
mechanical stirrer, and the three other ports were
used for the inclusion of the condenser tube, ther-
mometer, and feeding/sampling. The reaction vessel
was heated via a Heidolph MR 3001 K magnetic
stirring hotplate.

The procedure for all the dissolution experiments
was as follows:

1. Addition of 500 ml of sulfuric acid solution with
a certain concentration to the balloon;

2. Mechanical mixing of the acidic solution with an
agitation speed of 450 rpm;

3. Adjustment of the temperature of the solution in
the desired temperature range (temp ± 3�C);

4. Addition of synthetic thorium silicate to the acid
solution and the start of the test;

5. Sampling of 3 ml of a combination of solid and
liquid at specified time intervals by pipette;

6. Centrifuging of samples collected for separation
of liquor from residual solid.

The solutions were analyzed for the concentration of
Th using inductively coupled plasma atomic

Fig. 1. Flow diagram of thorium silicate synthesis.

Fig. 2. XRD analysis of synthesized thorium silicate.

*Polytetrafluoroethylene.

Kinetics Study of Thorium Silicate Dissolution in Sulfuric Acid Media 691



emission spectroscopy (Optima 2000; Perkin-
Elmer). The analysis error of measuring thorium
is ±10%.

The morphology of thorium silicate before and
after dissolution was determined by scanning elec-
tron microscope (SEM). EDXS analysis was con-
ducted on a ZEISS EVO 18 SEM operating at 25 kV
with 200-nm resolution at a working distance of 8.5
mm and an EDAX SSD detector. The powdery
sample was pressed onto an adhesive carbon tab,
and then coated with gold.

To measure the surface area, volume, and size of
the pore, Brunauer–Emmett–Teller (BET) analysis
was conducted on a Quantachrome Nova Win2
instrument. The sample was degassed for 4 h at a
temperature of 290�C. Nitrogen was used as the
analysis gas.

Size distribution of the sample was determined by
a Malvern Zetasizer Nano ZS (red badge) (ZEN
3600; Malvern, UK). To measure the size distribu-
tion, a diluted suspension of the sample was pre-
pared. Then, 2 mL of this mixture was poured into a
polymer cuvette and inserted into the DLS instru-
ment to measure the size distribution. The temper-
ature of the measurement was set at 25�C.

The general conditions of dissolution experiments
for synthetic thorium silicate are as follows:

� Sulfuric acid concentration (molar): 1–8
� Solvent volume (ml): 500
� Sample weight (mmole): 2.16
� Dissolution temperature (�C): 70, 80, 90, 100
� Mechanical agitation speed (rpm): 450

RESULTS AND DISCUSSION

Effect of Agitation Speed on Dissolution
of Thorium Silicate

The dissolution experiments were performed at
several agitation speeds of 150 rpm, 300 rpm, 450
rpm, and 600 rpm, and without agitation to select
the appropriate agitation speed. Figure 3 shows the
percentage of thorium dissolved at different agita-
tion speeds.

Figure 3 shows that the thorium dissolution was
increased with increasing the agitation speed up to
450 rpm, and it was decreased as the agitation
speed was increased to 600 rpm. This behavior can
be attributed to an increase in the centrifugal force
and a decrease in the contact of the solvent with the
solute. Hence, the mechanical mixing at 450 rpm
was selected for further dissolution test.

Effect of Sulfuric Acid Concentration
on Dissolution of Thorium Silicate

To investigate the effect of sulfuric acid concen-
tration on the dissolution of pure thorium silicate,
the experiments were performed at a temperature of
90�C and sulfuric acid with a concentration of 1–8

M. Figure 4 shows the effect of the sulfuric acid
concentration at 90�C on thorium dissolution.

As observed, with increasing the sulfuric acid
concentration up to 8 M, the rate of thorium
dissolution was increased. In the sulfuric acid
concentration higher than 4 M, the thorium levels
were decreased after a while in the solution.
Accordingly, an appropriate concentration of sulfu-
ric acid was selected at 4 M for the dissolution of
thorium silicate. A noteworthy point in the dissolu-
tion conditions was that at sulfuric acid concentra-
tions lower than 4 M, with the completion of the
dissolution process, the solution became clear. In
sulfuric acid concentrations higher than 4 M, after a
while, a white gelatinous compound was formed.
The entry of thorium into the aqueous phase by
washing the gelatinous precipitate with distilled
water showed that thorium was in the gelatinous
precipitate phase. This behavior indicated that the
thorium was dissolved from the pure thorium
silicate compound, but that it entered the precipi-
tate phase for unknown reasons. To investigate this
phenomenon, the formed precipitate was filtered
and dried. Table I and Fig. 5 show the XRF and
XRD analysis of the gelatinous precipitate at
CH2SO4

= 8 M, respectively. As can be seen, thorium
and sulfur were identified as the main elements in
the precipitate. The XRD analysis also identified
Th(SO4)2.4H2O in white color as the predominant

Fig. 3. Evolution of Th dissolution for thorium silicate at different
agitation speeds (Vsolution = 500 ml, CH2SO4

= 6 M, MThSiO4
.

= 2.16 mmole, T = 90�C, t = 120 min).

Fig. 4. Evolution of Th dissolution for thorium silicate in different
sulfuric acid concentrations (Vsolution = 500 ml,
MThSiO4

= 2.16 mmole, T = 90�C, agitation speed = 450 rpm).
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compound. In the study of various species and
components formed in the thorium dissolution pro-
cess with sulfuric acid, the mononuclear complexes
of thorium sulfate as Th(SO4)n

4-2n with n = 1–4 and
three different thorium compounds in various sul-
furic acid concentrations are formed.
Th(SO4)2.9H2O (cr) forms from low concentrations
to 3.9 M H2SO4, and Th(SO4)2.8H2O (cr) forms from
6.1 to 7.1 M as well as Th(SO4)2.4H2O (cr) at 11.2 M
H2SO4 forms at 25�C.20

The XRD analysis of precipitate formed during
the dissolution of thorium silicate with H2SO4 = 8M
shows Th(SO4)2.4H2O as the major compound in the
gelatinous precipitate. Since the color of this com-
pound is white, the precipitate formed is also white.
The reason for the gelatinization of the precipitate
can be due to the increase of the H+ concentration
and the ionic strength of the medium, leading to
formation of colloidal particles and then three-
dimensional networks of silica gel and amorphous
silica in the solution.21,22 In general, with increas-
ing the concentration of sulfuric acid (increasing H+

concentration), two phenomena were observed in
the dissolution process:

1. Formation of thorium sulfate hydrated crystals
such as Th(SO4)2.4H2O

2. Faster formation of three-dimensional networks
of silica gel

As shown in Fig. 4, behavior change in dissolution
process can be due to the faster formation of silica
gel with increasing H+ concentration, which leads to
trapped thorium sulfate hydrated crystals in the
silica gel structure and ultimately reduces the
concentration of thorium in the resulting solution.

The general reaction of dissolution of thorium
silicate in different concentrations of sulfuric acid
could be as below:

aThSiO4 þ bH2SO4 ! ThðSO4Þ4�2n
n

þ Th SO4ð Þ2:cH2O þ SiO2

þ H2O

ð1Þ

Effect of Temperature on Dissolution
of Thorium Silicate

Thorium dissolution from pure thorium silicate
was investigated at temperatures of 70�C, 80�C,
90�C, and 100�C in the sulfuric acid concentration of
4 M. Figure 6 shows the evolution of thorium
dissolution for pure thorium silicate at different

temperatures. As observed, with increasing the
temperature from 70�C to 100�C, the dissolution
kinetics of thorium becomes faster. Accordingly, the
highest dissolution rate was observed at 100�C and
selected as the optimal temperature for kinetics
studies of thorium silicate leaching.

Identification of Dissolution Kinetics
and Mechanism of Thorium Silicate

To identify the dissolution kinetics model of
thorium silicate, the dissolution test was conducted
under the conditions of 4 M sulfuric acid concentra-
tion, temperature of 100�C, and mixing time of 60
min at a mechanical agitation speed of 450 rpm.
SEM images in Fig. 7 show a significant reduction
in particle size after dissolution.

With DLS and BET analyses, the surface area
and the particle size of the sample, before and after
dissolution were determined 20.52 m2/g, 40.15 m2/g,
731.34 nm, and 195.6 nm, respectively. These
results confirmed the reduction of the particle size
in the dissolution process.

Owing to the reduction of the particle size in the
dissolution process and the complete dissolution of
particles at the end of the process, the dissolution
process should follow the shrinking particle kinetics
model. By assuming spherical particles, the shrink-
ing particle kinetics models were fitted for the
dissolution kinetics curves at temperatures of 70�C,
80�C, 90�C, and 100�C and the sulfuric acid con-
centration of 4 M. Figure 8a and b show the fitted
model based on the two mechanisms of the diffusion
control from the liquid film layer or the chemical
control reaction of the dissolution process.

According to Fig. 8a and b, both models properly
fitted the diffusion control from the liquid film layer
or the chemical control reaction (R2 > 0.95). There-
fore, to identify the appropriate kinetics model, it is
necessary to determine the activation energy for
both kinetics models. Table II shows the rate
constants obtained from the fitted models at tem-
peratures of 70�C, 80�C, 90�C, and 100�C.

The Arrhenius equation expresses the relation-
ship between temperature and rate constant as
follows:

A plot of Ln(k) versus 1/T based on the Arrhenius
equation is a straight line where the slope is (� Ea/
R) (Fig. 8c).

According to the Arrhenius plot, the activation
energies based on the shrinking particle kinetics
model with diffusion and chemical control reaction
mechanisms were determined 81.93 kJ/mole and
78.41 kJ/mole, respectively. Since an activation
energy higher than 40 kJ/mole indicates the chem-
ical control reaction mechanism, and values less
than 20 kJ/mole are related to the diffusion mech-
anism, the activation energy of 81.93 kJ/mole
cannot be correct for the shrinking particle kinetics
model with the diffusion control mechanism from
the liquid film layer. Hence, the shrinking particle

Table I. XRF analysis of gelatinous precipitate

SiO2 Wt% 4.57
SO3 Wt% 49.92
ThO2 Wt% 43.51
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kinetics model based on the chemical control mech-
anism was selected for the thorium dissolution from
thorium silicate. The mathematical equation of the
kinetics model of thorium dissolution from pure
thorium silicate with the activation energy of 78.41
kJ/mole is as follows:

1 � 1 � að Þ
1
3¼ k0e

�9430:9
T t ð2Þ

To determine the reaction order of the sulfuric
acid concentration, the dissolution results of pure
thorium silicate at sulfuric acid concentrations of 1–
4 M and temperatures of 70�C, 90�C, and 100�C
fitted the selected model (Fig. 8d–f).

Fig. 5. XRD pattern of gelatinous precipitate (Vsolution = 500 ml, CH2SO4
= 8 M, MThSiO4

= 2.16 mmole, T = 90�C, agitation speed = 450 rpm).

Fig. 6. Evolution of Th dissolution for synthetic thorium silicate at
different temperatures (Vsolution = 500 ml, CH2SO4

= 4 M,
MThSiO4

= 2.16 mmole, agitation speed = 450 rpm).

Fig. 7. SEM images of pure thorium silicate: 1 before dissolution, 2 after dissolution.
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The slope of the regression lines is the rate
constant (k). By plotting the log [H2SO4] versus
log k in Fig. 8g, the reaction orders at different
temperatures were determined.

The reaction orders of the sulfuric acid concen-
tration in thorium dissolution from pure thorium

silicate at temperatures of 70�C, 90�C, and 100�C
were determined as 1.64, 1.86, and 1.42, respec-
tively. Moreover, with a confidence limit of 95%, the
average reaction order was 1.64 ± 0.44 at all the
temperatures.

Fig. 8. Kinetics parameters of thorium silicate dissolution. (a, b) Plot of shrinking particle kinetics model based on diffusion control from the liquid
film layer and chemical reaction control, respectively. (c) Arrhenius plot for thorium silicate dissolution based on shrinking particle kinetics model
with two mechanism control. (d–f) Plot of shrinking particle kinetics model based on chemical control reaction at temperatures of 70�C, 90�C, and
100�C. (g) Log [H2SO4] versus log k based on shrinking particle kinetics model with chemical reaction control at different temperatures
(Vsolution = 500 ml, CH2SO4

= 4 M, MThSiO4
= 2.16 mmole, agitation speed = 450 rpm).
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CONCLUSION

This study aimed to investigate the kinetics of
thorium silicate (thorite mineral) dissolution. For
this purpose, dissolution kinetics studies were car-
ried out on pure thorium silicate synthesized in the
laboratory by the hydrothermal method.18 Parame-
ters affecting thorium dissolution from pure tho-
rium silicate, including agitation speed, sulfuric
acid concentration, and temperature, were opti-
mized in a glass reactor equipped with a mechanical
stirrer. Optimal thorium dissolution conditions
were obtained at an agitation speed of 450 rpm, a
sulfuric acid concentration of 4 mole/L, and a
temperature of 100�C. Despite the increase in
thorium silicate dissolution kinetics with increasing
the sulfuric acid concentration (to 8 mole/L), the
thorium concentration in the leaching solution
began to decrease with increasing the sulfuric acid
concentration from 4 to 8 mole/L over time. The
reason of this behavior could be due to the formation
of silica gel with increasing H+ concentration, which
leads to trapped thorium sulfate hydrated crystals
in the silica gel structure, and ultimately reduces
the concentration of thorium in the resulting solu-
tion with a sulfuric acid concentration higher than 4
mole/L.

The dissolution kinetics of pure thorium silicate
was investigated under optimized conditions.
According to images of SEM, DLS, and BET anal-
yses before and after dissolution, and assuming
spherical particles, the shrinking particle kinetics
model was selected for the dissolution of pure
thorium silicate. To determinate the activation
energy of 78.41 kJ/mole according to the Arrhenius
equation, the shrinking particle kinetics model
based on the chemical control reaction mechanism
was selected for the dissolution of pure thorium
silicate. The reaction order of the sulfuric acid
concentration at different temperatures was deter-
mined as 1.64 ± 0.44 for the thorium dissolution
from pure thorium silicate.
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Table II. Rate constants of thorium dissolution at different temperatures

Model

Temperature (K)

343.15 353.15 363.15 373.15

k (min21)

Shrinking particle kinetics model based on diffusion control from the liquid film layer 0.0003 0.0017 0.0022 0.0035
Shrinking particle kinetics model based on chemical control reaction 0.0002 0.0011 0.0014 0.0021
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