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Abstract: Sub-molten salt was applied to the decomposition of zircon sand (ZrSiO4). The kinetics of the decomposition of zircon 
sand and the effects of reaction temperature, reaction time, NaOH content, agitation speed, and the NaOH/ore mass ratio on the 
decomposition rate of zircon sand in NaOH sub-molten salt were investigated. The results indicate that the decomposition rate of 
zircon sand increases with the increase in the reaction temperature, reaction time, and NaOH content. The shrinking-core model with 
surface chemical reaction-controlled process is the most applicable for the decomposition of zircon sand, with the apparent activation 
energy of 77.98 kJ/mol. The decomposition product is sodium zirconium silicate (Na2ZrSiO5), and the decomposition rate is higher 
than 99% under the optimal conditions. 
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1 Introduction 
 

Zirconium is a metal with high hardness, high 
ductility, and wide applicability. Zirconium compounds 
are widely used in ceramics, chemicals, electronics, 
military industry, and other industries [1]. Zirconium 
oxychloride octahydrate (ZrOCl2·8H2O) is an important 
intermediate product of zirconium salt decomposited 
from zircon sand (ZrSiO4). ZrOCl2·8H2O not only 
produces zirconium compounds such as industrial-grade 
and high-purity zirconium, zirconium carbonate, 
zirconium sulfate, zirconium nitrate, and zirconium 
hydroxide, but also yields zirconium metal usable in the 
nuclear power industry for subsequent processing. Zircon 
sand is therefore an important raw material for obtaining 
zirconium and compounds [2−5]. 

The decomposition methods for zircon sand include 
thermal decomposition, chlorination, and sintering. The 
thermal decomposition method decomposes zircon sand 
in a high-temperature electric furnace into zirconium 
dioxide (ZrO2) and silicon dioxide (SiO2). This method 
has the disadvantages of a high decomposition 
temperature and poor economic benefits [6]. The 

chlorination of zircon sand yields ZrCl4 and then 
zirconium oxychloride, but it requires specific  
equipment [7,8]. In sintering, zircon sand reacts with a 
sintering agent at a high temperature to obtain zirconium 
oxychloride. Sintering agents include calcium carbonate 
(CaCO3), sodium carbonate (Na2CO3), sodium hydroxide 
(NaOH), and so on. Compared with CaCO3 and Na2CO3, 
NaOH has the advantages of simplicity, easy treatment, 
and a low sintering temperature, so it is extensively  
used [1,9−16]. 

Zirconium compounds are most commonly prepared 
by sintering with NaOH. Sintering is the most important 
step in the preparation of zirconium compounds, as it 
decomposes ZrO2 and SiO2 in zircon sand into sodium 
zirconate (Na2ZrO3) and sodium silicate (Na2SiO3), 
which are easily treated after reacting zircon sand and 
NaOH at high temperatures. After washing, trans- 
formation, and crystallization, the final product of 
ZrOCl2·8H2O is obtained [9,13]. However, this operation 
occurs in the sintering pot and is performed 
discontinuously in open spaces, which entails operator 
safety risks and wasted labor. Many liquids used in 
washing are difficult-to-handle and potential pollutants. 
In order to solve these problems, it is imperative to 
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develop a new technology for the decomposition of 
zircon sand. 

Sub-molten salt is a high-concentration medium 
with high chemical activity, high ionic activity for 
oxygen anions, high boiling point, low vapor pressure, 
and good fluidity, with a concentration between that of 
electrolytes and molten salts [17−19]. Recently, new 
sub-molten salt extraction processes have been proposed 
and widely studied to improve the efficiency of ore 
transformation. Many basic research results have shown 
that the sub-molten salt medium has some advantages 
relative to conventional media. In the sub-molten salt 
region, the reactant activity is greatly improved and   
the sub-molten salt medium has stronger reaction 
thermodynamics compared with traditional processes 
because of the increased boiling points of high- 
concentration media. In the sub-molten salt medium, the 
reaction, flow, and transfer characteristics are better than 
those in traditional reaction media, greatly improving the 
decomposition rates of reactants [20−24]. 

In the present work, sub-molten salt was applied to 
the decomposition of zircon sand. This method has the 
advantages of low reaction temperature and low 
pollution. The process of substituting sub-molten salt for 
a solid base permits the recycling of NaOH and more 
effective environmental protection. The flow chart of the 
decomposition process of zircon sand in the NaOH 
sub-molten salt solution is illustrated in Fig. 1. In this 
study, the effects of reaction temperature, reaction time, 
NaOH content, agitation speed, and the NaOH/ore mass 
ratio on zirconium extraction efficiency were 
investigated.  
 

 
Fig. 1 Schematic flow chart of decomposition process of zircon 
sand in NaOH sub-molten salt solution 

Finally, an empirical rate equation for the decomposition 
process of zircon sand in the NaOH sub-molten solution 
was obtained. 
 
2 Experimental 
 
2.1 Materials 

The NaOH used in this work was of analytical grade 
and obtained from the Beijing Chemical Plant, China. 
The deionized water was super-purified using a water 
super-purification system (Milli-Q, Millipore, USA). The 
zircon sand used in the present work was provided by 
Kingan Hi-tech. Co., Ltd., Jiangxi Province, China. The 
detailed chemical composition of the zircon sand, as 
examined by X-ray fluorescence (XRF) (AXIOS), is 
listed in Table 1. The particle size (expressed as average 
diameter d50: 22.565 μm) of the zircon sand was 
measured by a laser particle sizer, as shown in Fig. 2. 
The sample analysis by X-ray diffraction (XRD, Philips 
1140, Cu Kα radiation, 40 mA, and 30 kV) is shown in 
Fig. 3. The results indicate that the main crystalline 
phase of the zircon sand is ZrSiO4. 
 
Table 1 Chemical composition of zircon sand (wt.%) 

ZrO2 HfO2 SiO2 Al2O3 TiO2 P2O5 Y2O3

64.53 1.41 31.46 0.73 0.45 0.32 0.23

Fe2O3 As2O3 CaO IrO2 PbO Nd2O3

0.17 0.16 0.16 0.14 0.12 0.12 

 

 
Fig. 2 Size distribution of zircon sand 
 
2.2 Experimental apparatus and procedure 

A diagram of the experimental set-up is shown    
in Fig. 4. All experiments were performed in a       
1.0 L-cylindrical stainless steel-lined nickel autoclave. 
The autoclave was equipped with temperature control 
units, an electric heating furnace, a magnet-driven 
agitator, and an internally mounted cooling pipe. The 
internal temperature of the reactor was measured by a 
thermocouple that fed back to the furnace regulator with 
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a digital read-out to allow adjustment of the heating 
power. The reaction temperature can be held constant 
with a precision of ±1 °C. 

 

 
Fig. 3 XRD pattern of zircon sand 
 

 
Fig. 4 Schematic diagram of experimental set-up: 1—Pressure 
gauge; 2—Intake value; 3—Exhausting valve; 4—Electric 
motor; 5 — Magnet-driven agitator; 6 — Thermocouple;       
7—Heating furnace; 8—Stainless steel-lined nickel autoclave; 
9—Cooling pipe; 10—Temperature control units; 11—Agitator 
speed regulator 
 

A certain quantity of NaOH was placed in the 
reactor with a certain amount of deionized water 
according to the required concentration. The zircon sand 
was added to reach a certain NaOH/ore ratio. Heating 
began after sealing, and time t was set to be 0 when the 
specified temperature was reached. Cooling began after a 
certain reaction time. The product was filtered at high 
temperature; some of the solid phase was washed with 
deionized water and dried at 105 °C for 12 h. The filtrate 
was recycled by adding fresh NaOH to decompose fresh 
zircon sand. The reaction of zircon sand with NaOH is as 
follows:  
ZrSiO4(s)+2NaOH(l)=Na2ZrSiO5(s)+H2O(l)       (1)  
ZrSiO4(s)+4NaOH(l)= 

Na2ZrO3(s)+Na2SiO3(l)+2H2O(l)              (2) 

To obtain the decomposition rate of the zircon sand, 
a certain amount of solid phase was added into hot water 
to remove the soluble substance, and excess 3:1 
hydrochloric acid (diluted four times with deionized 
water) (at the solid−liquid ratio of 5:1) was added and 
reacted at 50 °C for 4 h. After 1 h, the supernatant was 
dumped and the residue was washed with deionized 
water repeatedly to remove the silica gel. After filtration, 
the solid (unreacted ZrSiO4) was dried at 105 °C for 12 h 
and weighed. All experimental data reported are the 
average values of three parallel examinations. The 
decomposition rate of zircon sand was calculated using 
the following equation:  

1

2
(1 ) 100%m

m
α = − ×                            (3) 

 
where m1 is the mass of the residue (unreacted ZrSiO4), 
and m2 is the total mass of the reacted zircon sand. 

The reaction of hydrochloric acid leaching is as 
follows:  
Na2ZrSiO5(s)+4HCl(1)= 

H2SiO3(s)+ZrOCl2(l)+2NaCl(l)+H2O(l)        (4) 
 
3 Results and discussion 
 
3.1 Effect of reaction temperature 

The temperature dependence of the sub-molten salt 
decomposition process can be used to estimate the 
apparent free energy and elucidate the macrokinetics of 
the process. The effect of the reaction temperature on the 
decomposition rate of zircon sand was investigated at 
200−275 °C, agitation speed of 400 r/min, NaOH/ore 
mass ratio of 3:1, initial NaOH content of 70%, and 
reaction time of 8 h, as shown in Fig. 5. 
 

 
Fig. 5 Effect of reaction temperature on decomposition rate of 
zircon sand 
 

Figure 5 shows that the decomposition rate of 
zircon sand is increased significantly with increasing 
reaction temperature. The temperature critically affects 
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the decomposition rate of zircon sand. And the 
decomposition rate of zircon sand reached the maximum 
value of 99.0% at 275 °C after 8 h reaction. This 
demonstrated that the zircon sand was almost completely 
decomposed. This behavior is attributed to the effect of 
the reaction temperature on both the rate constant and the 
diffusion coefficient. As the reaction temperature 
increases, both the diffusion and chemical reaction rates 
of the reactants and reaction products are increased, 
thereby increasing the decomposition rate of zircon sand. 

 
3.2 Effect of initial NaOH content 

The initial NaOH content of the sub-molten salt 
solution is important in determining the decomposition 
rate of zircon sand. The effect of the initial NaOH 
content on the decomposition rate was investigated using 
the initial NaOH content of 50%, 60%, 70% and 80%  
by mass fraction. In the experiments, the reaction 
temperature and agitation speed were fixed at 260 °C and 
400 r/min respectively and the reaction time was 8 h. 

Figure 6 summarizes the effect of the initial NaOH 
content on the decomposition rate of zircon sand. 
According to the results shown in Fig. 6, the 
decomposition rate apparently increases as the initial 
NaOH content increases in the studied range. According 
to the law of mass action, with the increase in the initial 
NaOH content, the number of molecules participating in 
the reaction increases, thus promoting the reaction. 
Therefore, the increase of the initial NaOH content 
increases the decomposition rate of zircon sand. 
However, it can also be demonstrated that the reaction is 
not controlled by external diffusion. If the reaction is 
controlled by external diffusion, the increase of the initial 
NaOH content will increase the viscosity of the system 
and weaken the mass transfer, thereby suppressing the 
reaction. 

 
3.3 Effect of reaction time 

The effect of reaction time on the decomposition 
 

 
Fig. 6 Effect of initial NaOH content on decomposition rate of 
zircon sand 

rate of zircon sand was investigated at 260 °C, agitation 
speed of 400 r/min, NaOH/ore mass ratio of 3:1, and 
initial NaOH content of 70%. The experimental results 
after 2, 4, 6, 8, and 10 h reaction were obtained, as 
shown in Fig. 7. The decomposition rate at t=0 is not 
equal to 0 because the reaction of zircon sand begins 
during heating. For equal temperatures, the time 
necessary to reach a specific temperature is constant. 
 

 
Fig. 7 Effect of reaction time on decomposition rate of zircon 
sand 
 

Figure 7 shows that the decomposition rate of 
zircon sand increases significantly with increasing 
reaction time, but the rate of growth decreases with 
increasing reaction time. This is because the reaction 
initially occurs on the surface of the zircon sand particles. 
As the surface product layer accumulates on the zircon 
sand, the diffusion rate decreases and the mass transfer 
slows, thus decreasing the growth of the decomposition 
rate. 
 
3.4 Effect of agitation speed 

The effect of agitation speed on the decomposition 
rate of zircon sand was investigated under the following 
conditions: NaOH/ore mass ratio of 3:1, reaction 
temperature of 260 °C, initial NaOH content of 70%, and 
reaction time of 4 h. The effect of agitation speed on the 
decomposition rate of zircon sand was studied. The 
results are shown in Fig. 8. The results indicate that the 
decomposition rate of zircon sand is not obviously 
affected by changes in agitation speed. This also 
demonstrates that the decomposition reaction of zircon 
sand is not controlled by external diffusion. If the 
reaction is controlled by external diffusion, changes in 
the agitation speed will obviously change the thickness 
of the diffusion layer and affect the mass transfer rate, 
thus influencing the decomposition rate. Therefore, to 
exclude the agitation intensity as a variable in the 
kinetics study, the agitation speed was maintained at  
400 r/min in subsequent experiments. 
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Fig. 8 Effect of agitation speed on decomposition rate of zircon 
sand 
 
3.5 Effect of NaOH/ore mass ratio 

The amount of NaOH during the reaction is an 
important factor affecting mass transport and the degree 
of recycling throughout the process. The effect of the 
NaOH/ore mass ratio on the decomposition rate of zircon 
sand was investigated under the conditions of the initial 
NaOH content of 70%, reaction temperature of 260 °C, 
agitation speed of 400 r/min, and reaction time of 4 h. 
The results are shown in Fig. 9, indicating that the 
decomposition rate of zircon sand does not change 
significantly with the increase in the NaOH/ore mass 
ratio, but only slightly increases. The increase of the 

 

 
Fig. 9 Effect of NaOH/ore mass ratio on decomposition rate of 
zircon sand 
 
NaOH/ore mass ratio is equivalent to the increase of 
NaOH content in the reactants, which promotes the 
decomposition reaction. 
 
3.6 Morphology and phase of products 

To investigate the extraction behavior of zircon sand 
in NaOH sub-molten salt solution, the decomposed 
products under the optimal conditions (reaction 
temperature of 260 °C, initial NaOH content of 70%, 
agitation speed of 400 r/min, and NaOH/ore mass ratio 
of 3:1) at different reaction time were analyzed by  
SEM and XRD. The results are shown in Figs. 10 and 11, 

 

 
Fig. 10 SEM images of decomposed products for different reaction time: (a) Zircon sand (0 h); (b) 1 h; (c) 2 h; (d) 8 h 
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Fig. 11 XRD patterns of decomposed products at different 
reaction time 
 
respectively. As shown in Fig. 10, zircon sand is irregular 
and blocky in shape, while the product morphology is 
hexagonal columnar. The initial reaction occurs on the 
surface of the particle; the product is attached to the 
particle surface and gradually attains a regular shape. 
With increasing reaction time, the product surrounds the 
reactant particle, and the NaOH must be transported 
through the product layer to reach the reaction interface. 
As time progresses, a product with clear outlines and a 
regular shape is obtained. The corresponding XRD 
patterns in Fig. 11 indicate that the reaction of zircon and 
NaOH occurs according to Reaction (1), yielding the 
product Na2ZrSiO5. As the reaction proceeds, the phase 
ratio of ZrSiO4/Na2ZrSiO5 is gradually reduced. The 
solid particles gradually change from ZrSiO4 to 
Na2ZrSiO5. At the reaction time of 8 h, the product is 
almost all Na2ZrSiO5. The average particle size of the 
product is about 13 µm, which is slightly reduced 
compared to that of zircon sand, as shown in Fig. 12. 
 

 

Fig. 12 Size distribution of zircon sand and its decomposed 
product at different reaction time 

3.7 Kinetics analysis 
The decomposition of zircon sand in NaOH 

sub-molten salt is a typical liquid–solid reaction that can 
be analyzed by the shrinking-core model in the 
temperature range of 200−275 °C. Assuming spherical 
zircon sand particles, the reaction rate is mainly 
controlled by the following steps: the diffusion of 
reactants through the ash layer and the chemical reaction 
on the surface of the unreacted core materials. When the 
process rate is controlled by the chemical reaction, the 
following equation can be used to calculate the kinetic 
rate of the reaction [25]:  
1−(1−X)1/3=k1t                                (5) 
 

If internal diffusion is the rate-controlling step, the 
following equation can be used to calculate the kinetic 
rate of the reaction [25]:  
1+2(1−X)−3(1−X)2/3=k2t                       (6)  
where X is the ZrSiO4 decomposition rate at time t, and 
k1 and k2 are the apparent rate constants. 

In order to determine the rate-controlling steps of 
the reaction, the experimental data were fitted with the 
above equations. The dependency of these models on the 
kinetic data was evaluated using the correlation 
coefficient (R2) values. The process corresponding to the 
equation with R2 values closer to 1 is the rate-controlling 
step. The relationship between the decomposition rate 
and reaction time at 200, 215, 230, 245 and 260 °C was 
obtained at the initial NaOH content of 70%, the 
NaOH/ore mass ratio of 3:1, and the agitation speed of    
400 r/min, as shown in Fig. 13. The experimental data 
were fitted according to the above equations, with results 
as shown in Figs. 14 and 15. 
 

 
Fig. 13 Relationship between decomposition rate and reaction 
time for decomposition process of zircon sand at different 
reaction temperatures 
 

Comparing Figs. 14 and 15, the reaction-controlled 
model Eq. (5) yields a better fit than the diffusion- 
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controlled model Eq. (6). Each temperature is well fitted, 
especially those of 230, 245 and 260 °C. Therefore, the 
surface chemical reaction is considered the rate- 
controlling step for the decomposition of zircon sand. 
The apparent rate constant is determined from the 
straight lines in Fig. 14 and plotted according to the 
Arrhenius equation as shown in Fig. 16. The activation 
 

 
Fig. 14 Plots of 1−(1−X)1/3 versus reaction time (t) at various 
reaction temperatures according to Fig. 13 
 

 
Fig. 15 Plots of 1+2(1−X)–3(1−X)2/3 versus reaction time (t) at 
various reaction temperatures according to Fig. 13 
 

 

Fig. 16 Arrhenius plot for decomposition process of zircon 
sand 

energy of the pressure decomposition process is 
77.98 kJ/mol. In summary, the following kinetic 
expression can be applied to describing the 
decomposition process of zircon sand in the 70% NaOH 
sub-molten salt solution:  

1/3 61 1 = 2.80 10 exp[ 77980 / ( )]X RT− − × −（ ）        (7) 
 
4 Conclusions 
 

(1) With the closed cycle of NaOH, the 
decomposition process of zircon sand can realize a 
reduced reaction temperature, enhanced worker safety, 
and reduced pollution. Zircon sand was completely 
decomposed under the NaOH sub-molten salt system to 
form Na2ZrSiO5. 

(2) The effects of the reaction temperature, initial 
NaOH content, agitation speed, and NaOH/ore mass ratio 
on the decomposition rates of zircon sand were obtained. 
Under the optimal conditions of 80% NaOH, 260 °C, and 
3:1 NaOH/ore mass ratio, the decomposition rate of 
zircon sand approached 99.0% after reacting for 8 h. 

(3) The kinetics investigation indicated that the 
shrinking-core model suitably described the reaction of 
zircon sand in NaOH sub-molten salt and identified the 
surface chemical reaction as the rate-controlling step. 
The results showed the apparent activation energy of 
77.98 kJ/mol. 
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摘  要：对锆英砂在氢氧化钠亚熔盐中的分解动力学进行研究，考察反应温度、反应时间、NaOH 含量、搅拌速

度、碱矿比等因素对锆英砂分解率的影响。研究结果表明：锆英砂的分解率随反应温度、反应时间和 NaOH 含量

的增加而增加。分解过程符合缩核模型，界面化学反应为控制步骤，表观活化能为 77.98 kJ/mol，最佳实验条件

下的转化率高于 99%，分解产物为硅锆酸钠(Na2ZrSiO5)。 
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