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Abstract—The synthesis of thorium silicate (thorite) was carried out to characterize the parameters affecting
the process. A synthetic thorite with formula ThSiO4 was prepared by hydrothermal method with a mixture
of 0.14 M thorium chloride (ThCl4) solution and sodium silicate containing 0.14 M SiO2. The effect of several
experimental parameters on synthesis of thorite was investigated. The most important of these parameters
were the pH of solution in hydrothermal process and volumetric ratio of SiO2 : ThCl4. The optimum pH in
the hydrothermal process was 8–9, which was obtained by buffering with sodium bicarbonate. The increasing
of volumetric ratio of SiO2 : ThCl4 led to gelatinization of synthetic material. The operating conditions of syn-
thesis of thorite were determined as follows: volumetric ratio of SiO2 : ThCl4 = 0.9; pH after adding of 8 M
NaOH, 8–8.5; pH after adding 0.5 M sodium bicarbonate, 8–9; temperature of heating in furnace, 250°C;
time of heating in furnace, 24 h; pH after hydrothermal process, 8–9; temperature of drying in oven, 60°C;
time of drying in oven, 24 h. In each batch of synthesis process, about 2.2 g or 7 mmol of thorium silicate was
produced. The purity of thorite was determined 97.80%.
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INTRODUCTION
Thorium is most abundant actinide in nature and a

very high radioactive element and could be considered
as a candidate for replacement with uranium in
nuclear power reactors. Abundance of thorium in the
earth’s crust is estimated to be three times of uranium
and more potential production of energy than both
uranium and the fossil fuel reserves [1, 2]. Thorite
(ThSiO4) is an orthosilicate of thorium, isostructural
with zircon (ZrSiO4) and coffinite (USiO4) [3–7],
that is crystalizes in the tetragonal system. It is
dimorph with huttonite and has paramagnetic and
radioactive properties. The occurrence of this mineral
is in felsic igneous rocks and their associated pegma-
tites [8]. Today several routes are developed to synthe-
size ThSiO4: via hydrothermal method [9–11], ther-
mal gradient f lux technique [7, 12, 13], sol-gel
approach [14], solid-state synthesis [15, 16] and
vapor-phase reaction [17].

In hydrothermal method for the production of syn-
thetic thorite, Frondel and Collette synthesized by
mixing of silica (SiO2) and thoria (ThO2) gels in water
at range of 150° and 4.8 bars to 700°C and 1000 bars as
temperature and pressure of synthesis, in different
duration times [9]. Thorite was synthesized by Prasad

in sealed pyrex glass tubes by heating thorium chloride
solution at 180°C. For synthesis, a 0.02 M solution of
thorium chloride was heated in a stout sealed pyrex
tubes to 180°C for 48 h. The synthesized solid was sep-
arated, washed and dried at room temperature [10].
Mumpton and Roy synthesized thorite successfully
with Th(NO3)4 ⋅ 4H20 and SiCl4. These components
were dissolved in ethanol separately and then mixed
with together by the addition of distilled water. By
rapid mixing, the resulting solution was added as
slowly to concentrated ammonium hydroxide solution
(NH4OH) in a beaker. After that, thorium hydroxide
and Si(OH)4 were formed as gel precipitate. The pre-
cipitate was filtered and dried overnight, and then
was ignited at 350°C for 24 h. At temperature of
1175°C and below, the equal ratio of SiO2 and ThO2
was resulted to formation of thorite in all water pres-
sure [11].

In thermal gradient f lux technique, thorite was
synthesized according to different procedures. Taylor
and Ewing grew thorite crystals in 5 mm Pt tubes from
a Na2WO4 melt which was 10% by weight ThO2 ⋅ SiO2.
The mixture was maintained at 1250°C for 2 days in an
air-atmosphere muffle furnace [7]. Mazeina et al. syn-
thesized thorite with the mixture of SiO2 and ThO2 in
1829



1830 GHADIRI et al.
a 1 : 1 molar ratio. Then the crystals of thorite were
grown in solvent of Li2O · 2WO3 in air at 1200°C [12].
Finch et al. performed thorite synthesis experiments
with the mixture of SiO2 and ThO2 in a 1 : 1 molar
ratio. Then the crystals of thorite were grown in di-
tungstate or di-molybdate solutions in air atmosphere
in covered platinum container at temperature below
1225 ± 10°C [13]. Li et al. synthesized K2ThSi2O7 with
thorium nitrate, silicon oxide, potassium fluoride and
chloride at initial components ratios of 1/8/80/40 and
mixed with acetone and then ground in an agate mor-
tar. The mixture was poured into a Pt crucible and
inserted into a furnace at 900°C in air for 24 h [14].

Vance synthesized thorite with sol-gel approach.
For this propose, the mixture of Th(NO3)4 ⋅ 4H2O and
colloidal SiO2 (30 wt %) with solid concentration of
0.1 moles were prepared, to obtain a relatively clear
solution having a pH ~ 1. Then pH was adjusted in 6 or
11 with addition of 2 M NH4OH. For drying, the
gelatinous precipitate was heated overnight and cal-
cined at temperature about 500°C for several times to
eliminate the organic and nitrate materials. The cal-
cines were ground in alumina grinder by wet process in
2-propanol for ∼2 days, and then evaporated to dry-
ness [15].

In some studies, thorite was synthesized by solid-
state method. Vilmin et al. grew thorite crystals with
solid-state method. A stoichiometric ratio of
Th(NO3)4 ⋅ 4H2O solution and tetra ethyl orthosilicate
(TEOS) in ethanol in a Parr bomb was resulted to for-
mation of thorite. The temperature and time of syn-
thesis were adjusted at 200°C and 2 days, respectively.
The thorite nano-particles are absolutely crystalline
and approximately 30 nm in diameter [16]. Fuchs grew
crystals of thorite up to 1 mm in diameter in described
manner. A mixture of 55 mol % ThF4 and 45 mol %
KThF5 were melted at 875°C. After that, 0.2 g of this
mixture, 0.11 g of powdered ThO2 and 0.04 g of pow-
dered vitreous silica were poured in Monel cup. Argon
atmosphere was added and the cup was sealed. Then
sample was heated in a muffle furnace for 13 days at
920°C and slowly cooled to room temperature over a
period of 2 days [17]. Knyazev et al. synthesized
Ca2Th(Si8O20) in a platinum crucible. In the first step,
the thorium and calcium nitrates were annealed at 920 K
to remove nitrate from component, after which the
temperature was elevated stepwise (250 K step) in
presence of silicon oxide, with intermediate grindings
in an agate mortar [18].

In vapor-phase reaction method, Kamegashira
synthesized thorite as a single crystal by the reaction of
thorium chloride with pyrex glass. In this process,
ThO2 as a main material was poured in a quartz tube
with HCl or C12 gas and was heated in 1050°C (hot
zone) for the formation of ThCl4. Then some parts of
ThCl4 (in vapor state) would react with the quartz tube
RUSSIAN JOURNAL OF
in 950°C (cold zone) and was resulted in the formation
of ThSiO4 as a single crystal [19].

In this study, thorite was synthesized by hydrother-
mal method. The propose of this study, is to investi-
gate the effective parameters on synthesis process and
to develop a reproducible synthesis procedure for
thorite from which would produce enough synthetic
thorite to study the dissolution mechanism of thorite
in different media.

EXPERIMENTAL
Materials and Synthesis Procedure

All the reagents used here were supplied from
Merck and were analytical grade, except thorium
nitrate from Chinese Company.

In this investigation, the synthesis of thorite
(ThSiO4) was carried out using a hydrothermal method,
roughly in accordance with the protocols for the syn-
thesis of coffinite and uranothorite (Th1 – xUxSiO4)
[20–24]. In first stage, thorium tetra chloride (ThCl4)
was prepared by multi successive batches of dissolu-
tion of hydrated thorium nitrate (Th(NO3)4 ⋅ 5H2O) in
8 M HCl and evaporation that was resulted in the elimi-
nation of nitrate and substitution of chloride (Eq. (1)):

(1)

With individually dissolving of thorium chloride
(ThCl4) and sodium silicate solution (Na2O = 7.5–
8.5, SiO2 = 25.5–28.5%) in deionized water, solutions
of ThCl4 and SiO2 with concentrations of 0.14 M were
prepared. 0.14 M ThCl4 solution was added drop wise
to a 0.14 M SiO2 solution at a certain volumetric ratio
of SiO2 : ThCl4. After that, 8 M NaOH solution was
added drop wise to reach pH to 8–8.5 (Eq. (2)). In this
point, white gelatinous phase was formed. Finally, the
pH of gelatinous phase was buffered around 8–9 by
adding 0.5 M NaHCO3.

(2)

The gel, containing Th(OH)4 and Si(OH)4 was
poured in to PTFE (polytetrafluoroethylene) auto-
clave (volume = 200 mL), then was heated to 250°C
for 24–48 h (Eq. (3)):

(3)
After heating, the resulting precipitate was filtered

from supernatant solution. For the removal of soluble
compounds and probably organic compounds, pre-
cipitate was washed with deionized water and ethanol.
Finally, precipitate was dried in 60°C for 24 h.

Based on the described conditions, the production
of significant amount of synthetic thorite (50 g) is the
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main objective for the investigation of the mechanism
and kinetic of thorium silicate dissolution in acidic
media. The increase in the amount of produced mate-
rial in any synthesis batch, in comparison with previ-
ous work, is a distinguishing feature of this research. In
each batch of synthesis process of uranothorite and
coffinite [20–22], 1 mmol thorium chloride was used,
but in this research, 7 mmol thorium chloride was pre-
pared under similar volume of autoclave. In the syn-
thesis process of thorite, the effect of volumetric ratio
of SiO2 : ThCl4, precipitation pH after adding of 8 M
NaOH, amount of 0.5 M NaHCO3, pH of solution
after hydrothermal process and time of heating in fur-
nace were investigated.

Characterization Techniques

Scanning electron microscopy (SEM). Scanning
Electron Microscopy (SEM) and Energy Dispersive
X-ray Spectroscopy (EDXS) analysis were conducted
on a ZEISS EVO 18 Scanning Electron Microscope;
operating at 25 kV with 200 nm resolution at a working
distance of 8.5 mm and EDAX SSD detector. The
powdery sample was pressed on an adhesive carbon
tab then was coated with gold.

X-ray diffraction (XRD). X-ray Diffraction (XRD)
patterns were recorded on a STOE STADI, MP,
GERMANY, equipped with the IP detector using
CuKα radiation (λ = 1.5405 Å). XRD analysis was per-
formed at room temperature in the 5° < 2θ < 100°.

X-ray fluorescence (XRF). X-Ray fluorescence was
done with an Oxford Instruments spectrometer ED
2000, equipped with an Ag-anode tube, operating at
40 kV, 6 μA and a Si–Li detector with liquid nitrogen
cooling, with an energy resolution 140 eV for the
5.9 keV MnKα line.

Brunauer–Emmett–Teller (BET). Surface area
analysis was performed on a Quantachrome Nova
Win2 instrument. The synthesized sample was
degassed for 4 h at temperature of 290°C. Nitrogen
was used as the analysis gas.

Dynamic Light Scattering (DLS). For determina-
tion of size distribution of synthesized thorium silicate
was used from Malvern Zetasizer Nano ZS (red badge)
(ZEN 3600, Malvern, United Kingdom). For mea-
surement of size distribution, a diluted suspension of syn-
thesized material was prepared. Then, 2 mL of this mix-
ture was poured in a polymer cuvette and then was
inserted in DLS instrument for measuring of size distri-
bution. Temperature of measurement was set to 25°C.

RESULTS AND DISCUSSION
The Effect of Volumetric Ratio of SiO2 : ThCl4

Due to the stoichiometric condition (Eq. (2)), the
volumetric ratio of SiO2 : ThCl4 is equal to one; how-
ever, different volumetric ratios were investigated.
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Table 1 shows the effect of different parameters on
thorite synthesis.

According to Table 1, an increase in amount of
SiO2 result in the formation of gelatinous precipitate,
this is probably due to the presence of excess SiO2. In
volumetric ratios of 1 and less, the precipitates were
completely powdery. The results show that the volu-
metric ratio did not have a direct effect on the synthe-
sis of thorium silicate. The high volumetric ratio of
SiO2 : ThCl4, can leads to gelatinization and an
increase in the amount of amorphous phase in the
synthesized material. The volumetric ratios of 1, 0.96
and 0.9 (Experiments nos. 7–10) resulted in the suc-
cessful synthesis of the thorite. The volumetric ratios
of 0.9–1 were selected for synthesis experiments. In
the synthesis of uranothorite, 1.03 mmol of silicate was
added to 1 mmol ThCl4 (volumetric ratio of SiO2 : ThCl4
was equal to 1.03) [20, 21].

The Effect of Adding NaOH and NaHCO3

Table 1 presents the effect of adding NaOH and
NaHCO3 on the synthesis of thorite. Comparison of
experiments 7 and 8 indicated that by adjusting the pH
at 8 and 8.5 by adding 8 M NaOH, it was not observed
any change in the synthesis process in this range.

The results on the effect of sodium bicarbonate in
Table 1 show that this compound has a significant
effect in the synthesis process of thorite. When the pH
of solution was fixed around 8–9 with adding certain
amounts of sodium bicarbonate after precipitation
stage, the synthesis process was well completed. In
experiments nos. 1–6, by adding 10 or 25 drops from
0.5 M NaHCO3, the pH of solution reached 8.6, but
after the hydrothermal process, the pH of solution was
not buffered and decreased. As can be seen in Table 1,
several of compounds were produced in the synthesis
process; therefore, the process was not performed suc-
cessfully. For this reason, NaHCO3 was added to solu-
tion equivalent to 0.5 M. Accordingly to this, pH after
the hydrothermal process fixed in the range of 8–9. In
this situation, thorite was obtained as the only synthe-
sis product (experiments nos. 7–10). Therefore, it can
be concluded that maintaining pH in the range of 8–9
has a major role in the hydrothermal synthesis of
thorite.

The Effect of Time of Hydrothermal Process

The results of experiments nos. 1 and 6 in Table 1
show that the increasing of heating time in the furnace
from 24 to 48 h did not have any significant effect on
the elimination of unwanted compounds and the
improvement of synthesis process of thorite.

A total of 10 synthesis experiments were carried out
in different conditions. The synthesized samples were
characterized using XRD. The set of XRD diffracto-
l. 64  No. 14  2019
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Fig. 1. XRD diagrams of 10 synthesized products compared with thorite (ThSiO4).
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Fig. 2. SEM observations of synthetic thorite.
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grams of 10 samples and comparison of these with
pure thorite are shown in Fig. 1.

As can be seen, the peak of synthesis materials in
experiments nos. 7–9, and especially sample 10, shows a
RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vo
good consistency with the peak of pure thorite. Accord-
ingly, the operating conditions of sample 10 were selected
for synthesis of thorite. Table 2 shows these conditions for
the synthesis of thorium silicate (thorite).
l. 64  No. 14  2019
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Table 2. Operating conditions for the synthesis of thorite

Volumetric ratio 
of SiO2 : ThCl4

pH after adding 
of NaOH = 8M

Amount
of NaHCO3

pH after adding
of NaHCO3 = 

0.5 M

Heating
in furnace

pH
after hydrothermal 

process

Drying
in oven

T, °C t, h T, °C t, h

0.9 8–8.5 Equivalent to 0.5 M 
sodium bicarbonate

8–9 250 24 8–9 60 24

Table 3. Result of EDXS analysis of synthetic thorite

Th, at % Si, at % Th/Si

17.01 17.56 0.97
15.69 14.81 1.06
14.57 17.52 0.83
17.59 15.28 1.15
18.22 16.91 1.08
20.76 14.19 1.46
18.08 19.12 0.95
15.44 15.25 1.01
13.76 16.45 0.84
16.86 16.88 1.00

Experimental
16.80 ± 2.04 16.40 ± 1.51 1.03 ± 0.18

Components in pure thorite
16.67 16.67 1.00
Characteristic of Synthesized Thorite
Figure 2 shows the SEM micrograph of synthesized

thorium silicate at different magnification from 5 to 75 KX.
The morphology of the sample is similar to synthe-
sized uranothorite (Th0.5U0.5SiO4) were reported by
Costin et al. as bi-pyramidal morphology [21]. Grain
size distribution of synthesized thorite was determined
RUSSIAN JOURNAL OF

Fig. 3. Grain size distribution o
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with dynamic light scattering analysis (DLS) (Fig. 3).
The synthesized sample consisted in crystals ranging
from 220.2 to 1990 nm in length. The average length of
synthesized thorite was 731.30 nm.

Table 3 shows EDXS analysis for synthetic thorite.
From 10 points of analyzed, the Th/Si atomic percent
ratios were calculated and the average of these points
were 1.03 ± 0.18 that confirm the success of the syn-
thesis of thorium silicate. According to this, the chem-
ical formula of the synthesized sample was determined
as Th1.03 ± 0.18SiO4 which correspond to the synthesis
experimental results.

The results of the quantitative analysis of synthe-
sized thorite by EDXS (10 points analyzed) and XRF
analysis are presented in Table 4. The results have
good consistency with pure thorite. According to
Table 4, the lowest estimated purity of the thorite is
determined 97.80%.

CONCLUSIONS
Among the different parameters, pH of suspension

after hydrothermal process and volumetric ratio of
SiO2 : ThCl4 were considered as affecting parameters
on synthesis of thorite. Buffering the pH of the sus-
pension solution at 8–9 in hydrothermal process with
the addition of 0.5 M sodium bicarbonate resulted in
the high purity of synthesized thorite. At pH < 8,
impurities such as SiO2, Th and ThO2 were observed
 INORGANIC CHEMISTRY  Vol. 64  No. 14  2019

f synthesized thorite with DLS.
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Table 4. Quantitative analysis of synthesized thorite by EDXS and XRF

Components
Components in synthesized thorite,

w/w %
Components

in pure thorite,
w/w %

Synthesized thorite purity
based on components, %

EDXS XRF EDXS XRF

Th 71.61 71.41 71.6 100 99.73
Si 8.54 8.45 8.64 98.84 97.80
in the synthesized product. The volumetric ratio of
SiO2 : ThCl4 greater than 1, resulted in gelatinization
of the precipitate. The volumetric ratio of SiO2 : ThCl4
equal to 0.9 was found to be appropriate for synthesis
process. Change the pH from 8 to 8.5 by adding 8 M
NaOH and also increasing the heating time in the
hydrothermal process from 24 to 48 h did not affect
the synthesis of thorite.

Operating conditions of synthesis of thorite were
determined as follows:volumetric ratio of SiO2 : ThCl4 :
0.9; pH after adding of 8 M NaOH, 8–8.5; pH after
adding 0.5 M sodium bicarbonate, 8–9; temperature
of heating in furnace, 250°C; time of heating in fur-
nace, 24 h; pH after hydrothermal process, 8–9; tem-
perature of drying in oven, 60°C; time of drying in
oven, 24 h. In each batch of synthesis process, about
2.2 g or 7 mmol of thorium silicate was produced.
Szenknect et al. [20] and Costin et al. [21] synthesized
1 mM urano-thorite in similar operational conditions.
The lowest estimated purity of the thorite was deter-
mined 97.80%.
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