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ABSTRACT: The process of alkali roasting boron ore concentrate was proposed for the problems 

existing in the process of boron ore concentrate smelting. In this research, the influencing factors 

included the molar ratio of alkali to boron ore concentrate, roasting temperature, and roasting time 

were investigated. The single experiment and orthogonal experiments show the optimal conditions  

for roasting under the conditions evaluated including a temperature of 550oC, roasting time of 60 min, and 

a molar ratio of alkali to ore of 3:1. In the roasting process, the Si extraction correlated  

with the shrinking core model assuming a solid product layer according to XRD and SEM. Thus,  

the kinetics is controlled by diffusion through the product layer. The apparent activation energy  

for Si extraction was 13.47kJ/mol, and the roasting rate can be expressed as: 

1-(2/3α)-(1-α)2/3=1.428×10-2exp(-13470/RT)t.  
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INTRODUCTION 

Boron and its compounds are widely used in metallurgy, 

ceramics, permanent magnetic materials, Superconductor 

classification, whisker materials, and rare earth materials 00. 

Boron resources are abundant, but they are unevenly 

distributed around the world 0. Turkey has the largest 

reserves of boron deposits, accounting for about 70%  

of total boron reserves 0-00. China's reserves rank fourth 

in the world's boron reserves. The proven boron resources 

in China are mainly distributed in Liaoning, Qinghai,  

 

 

 

 

Tibet and Jilin. About 56% of them are in Liaoning 

Province. There are a lot of magnesium borate minerals  

in the Liaoning Boron Mine, the ore mineralization types 

are mainly szalbelyite and paigeite [0-0]. Szalbelyite (with 

an average of about 20% B2O3) is easy to process but  

is associated with relatively small reserves. At present, 

szalbelyite-based deposits, due to long-term mining, 

have been on the verge of depletion. Szalbelyite base 

resources are no longer sufficient 0.  
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Table 1: Chemical Composition in boron ore concentrate (mass fraction, %). 

Compositions MgO CO2 SiO2 Fe2O3 B2O3 Al2O3 CaO Na2O other 

content/% 36.40 5.38 32.30 9.89 8.92 2.56 1.77 0.11 2.51 

 

Paigeite in Liaoning Province consists of mainly 

boromagnesite with large mineral reserves 0. It is a black 

ore body with iron, magnesium, and boron, which is 

difficult to separate 0-0. Boron-iron ore is associated with 

extensive resources, although this resource requires 

additional processing method development to enable 

effective resource recovery and utilization 00. Boron-

magnesium ore (with an average of about 20% B2O3)  

is easy to process but has relatively small reserves.  

At present, Luanjiagou in Kuandian Manchu Autonomous 

County has the largest reserves of boron-magnesium ore 

in Wengquangou ore in Fengcheng, Liaoning Province, 

China, is mainly boromagnesite with large mineral 

reserves. 

The boron ore concentrate often contains magnesium, 

iron, silicon, and boron. The smelting technology of boron ore 

concentrate is divided into pyrometallurgy and hydrometallurgy. 

Pyrometallurgy has the disadvantage of high energy 

consumption. The traditional hydrometallurgy methods 

include sulfuric acid leaching, soda leaching, ammonium 

sulfate leaching, and alkaline medium leaching 0-0. Sulfuric 

acid leaching is used in the wet process, but the corrosion 

of equipment by sulfuric acid has not been solved.  

In this study, sodium hydroxide was used to roast boron 

ore concentrate (magnetically separated boron iron ore), 

SiO2 was obtained by carbon separation in the dissolution 

solution, and borax was obtained by the effect of 

temperature of carbon separation solution on the solubility 

of borax. The dissolved slag was then leached by 

ammonium sulfate solution to obtain magnesium hydroxide 

and ferric hydroxide at different pH. This process enables 

the valuable elements in boron ore concentrate to be fully 

separated. 

In this paper, boron ore concentrate was roasted with 

NaOH at selected temperatures. Silicon was extracted 

from ore concentrate following the roasting process.  

The effect of roasting time, roasting temperature, and the ratio 

of alkali to boron ore concentrate were investigated, and 

the kinetics in the roasting process was also investigated.  

Boron iron ore and boron concentrate ore were obtained 

using Ludwigite Magnetic separation. In this research, 
 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1: XRD pattern of boron ore concentrate 

 

boron ore concentrate was roasted with NaOH at selected 

temperatures. Silicon was extracted from ore concentrate 

following the roasting process. The effect of roasting time, 

roasting temperature, and the ratio of alkali to boron ore 

concentrate were investigated, and the kinetics in the 

roasting process was also investigated. 

 

EXPERIMENTAL SECTION 

Characterization of boron ore concentrate  

The boron ore concentrate (liaoning shougang boron 

iron co. LTD.) in this roasting process was obtained from 

a mine in Dandong, Liaoning province, China.  It was crushed 

and ground to a particle size less than 75 m. Industrial 

NaOH was used as a reactant. The other regent used  

in the titration method was sourced from Sinopharm 

Chemical Regent Co., Ltd. (purity > 99.0%, AR). 

The main contents detected by chemical methods  

in boron ore concentrate are listed in Table 1. The content 

of MgO is 36.40%, which is highest in boron ore 

concentrate. The contents of SiO2, Fe2O3, and B2O3 are 

32.30%, 9.89%, and 8.92% respectively.  

XRD patterns of boron ore concentrate are presented  

in Fig. 1. The main mineral phases in boron ore concentrate 

are Mg3Si2O5(OH)4, Mg2Si5Al4O18, Mg2(B2O5)(H2O),  

and Mg2B3O3 (OH)5 (H2O)5 as shown in Fig.1.  

Fig. 2 (a) and (b) show the Scanning Electron 

Microscope (SEM) images of the boron ore concentrate.  

It can be seen that the particles have rough surfaces and 
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Fig. 2: SEM images of the boron ore concentrate. 

 

irregular in shapes. Most of the particles are relatively 

small, but there are still larger particles as shown in Fig. 2. 

 

Procedures 

The boron ore concentrate was grounded into fine 

powder in ball mill equipment (BS2308, TENCAN 

POWDER, and China) and dried at 105oC for 8h, then 

mixed with alkali at a particular molar ratio in each 

experiment. The mixture was placed into a corundum 

crucible and put into a muffle furnace (Shanghai BenAng 

Scientific Instrument Co., Ltd., BA-2.5-10, Shanghai, 

China). The mixture was roasted at the same heating rate 

at different temperatures, when the heating stopped and  

the temperature of the system decreased below 150 °C,  

Afterwards, the roasted products were ground and leached 

with deionized water in a constant temperature water bath 

(DK-524-type, Changzhou Jintan Scientific Instrument 

Technology, Changzhou, China) at 95oC for 30 min. The resultant 

liquor was leached, filtered using a vacuum filtration 

system, and the remaining solids were then washed twice 

with deionized water. The filtrate was analyzed to 

determine the concentration of silicon. The content of 

silicon in sodium silicate solution was determined  

by titration methods, and the silicon dioxide extraction rate 

was calculated as: 
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                      (1) 

Where α (SiO2) is the extraction ratio of SiO2, m’ (SiO2) 

is the mass of SiO2 in solution, and m (SiO2) is the mass of 

SiO2 in boron ore concentrate. 

 

Product Analysis  

The content of elements in boron ore concentrate  
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3: The effect of roasting time on the extraction. 

 

was determined by X-Ray Fluorescence analyzer (Xep03 

STD Vakuum, Germany). The roasting products and 

residues were identified using a D/max RB X-Ray 

Diffraction instrument (Rigaku Corporation, D/max-RB, 

Tokyo, Japan) with Cu-Kα radiation ranging from 5~80° 

and a scanning speed of 10°/min. The analysis  

of the morphology of the roasted products was conducted 

using a Scanning Electron Microscope (Shimadzu, SSX-550, 

Tokyo, Japan). In the final leach liquor, the concentration of Si 

was measured by the sodium fluoride titration method [23]. 
 

RESULTS AND DISCUSSIONS 

Effect of roasting time on the extraction of Si 

The effect of roasting time on the extraction of Si  

as a function of time was studied using the roasting 

temperature of 550oC and the molar ratio of alkali to ore of 

3:1, and then the roasting products were leached at 95 oC 

for 60min. The results are presented in Fig.3. 

It can be seen from Fig.3 that the extraction increased 

gradually with in 60min, and then reached a plateau. The 

extraction reached 84% at 60min. This was mainly 
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Table 2: Results of orthogonal experiments. 

No. A(Temperature) /oC B(Molar ratio) C(Time) / min Recovery ratio / % 

1 450 2:1 30 61.40 

2 450 3:1 60 64.37 

3 450 4:1 90 73.89 

4 500 2:1 60 65.27 

5 500 3:1 90 68.34 

6 500 4:1 30 70.02 

7 550 2:1 90 70.13 

8 550 3:1 30 68.01 

9 550 4:1 60 84.09 

Average1 66.55 65.60 66.48  

Average2 67.88 76.91 71.24  

Average3 74.08 76.00 70.79  

R 7.53 10.40 4.78 RB>RA>RC 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4: The effect of roasting temperature on the extraction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5: The effect of the molar ratio of alkali to ore on the extraction. 

 

attributed to the formation of silicate in the roasting process. 

The extraction did not increase at times longer than 60 minutes. 

 

Effect of roasting temperature on extraction of Si 

The effect of roasting temperature in the range  

of 400-600 oC on the extraction was investigated using  

the roasting time of 1h [24], the molar ratio of alkali to ore 

concentrate of 3:1, a leaching temperature of 95 oC,  

and a leaching time of 60 min. 

The results are presented in Fig.4. Fig.4 shows that 

roasting temperature has a significant effect on the extraction 

of SiO2. The extractions of SiO2 increased rapidly from  

the roasting temperature of 400 oC (56%) to 550 oC (84%). 

The decline result of the extraction of Si from 550 oC to 

600 oC is the phase change at 575 oC, which generates  

β-quartz that does not interact significantly with alkali. 

Effect of molar ratio on the extraction of Si 

Roasting at 550 oC was applied in the following 

experiments. The effect of molar alkali on boron ore 

concentrate shows in Fig.5 in the condition of roasting 

time of 1h, the roasting temperature of 550 oC, and 

leaching at 95 oC for 60min.  

Fig.8. shows that the extraction of silica increases with 

the molar ratio of alkali to ore from 1:1 to 3:1.  

 

Orthogonal Design of Experiments 

In order to obtain the optimal reaction condition of the 

roasting process, an orthogonal experiment was designed 

based on the single factor experiments on the extraction of Si. 

The orthogonal experimental results are shown in Table 2. 

As shown in Table 2, the orthogonal experimental results 

show the effect of factors on the extraction as follows: 
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Fig.6: Tendency chart of range for the factors roasting 

temperature, the molar ratio of alkali to ore, and roasting time. 

 

the molar ratio of alkali to ore, the roasting temperature, 

and roasting time. The trend of the range is shown in Fig.6.  

It can be seen that the optimum conditions of the  

The roasting process is the roasting temperature of 550 oC, 

the molar ratio of alkali to ore of 3:1, and the roasting time 

of 60 min.  

The Roasting Mechanism 

To identify the roasting mechanism of mixed alkali 

with boron ore concentrate. The XRD analysis of clinkers 

was obtained by roasting ore samples with alkali  

at the temperature of 450oC, 500 oC, and 550 oC as shown 

in Fig.7. The melting point of NaOH is 318 oC. Therefore, 

the Alkali roasting ore reactions belong to liquid-solid 

reactions above 315 oC.  

At 450oC, the new main phases of Na2MgSiO4, MgO, 

Mg2(B2O5), and Na(Fe0.25Al0.75)O2 were produced, while 

Mg3Si2O5(OH)4, Mg2Si5Al4O18, and Mg2B3O3(OH)5(H2O)5 in 

boron ore concentrate were gone, as shown in Eqs. (2- 6). 

At 500 oC, the new main phases of Na2MgSiO4, MgO, 

Mg2(B2O5), and Na(Fe0.25Al0.75)O2 were produced, while 

Mg3Si2O5(OH)4, Mg2Si5Al4O18, and Mg2B3O3(OH)5(H2O)5  

in boron ore concentrate were gone, as shown in Eqs. (2-6). 

As the roasting temperature increased， phases (Mg2(B2O5), 

and Na(Fe0.25Al0.75)O2) were decomposed and new phases 

(NaAlO4, Na2B4O7, NaFeO2) were generated as shown  

in Eqs. (7, 8). 
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Kinetic analysis  

The process of roasting boron ore concentrate with 

NaOH is a typical liquid-solid reaction the shrinking core 
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Fig.7: XRD patterns at different roasting temperatures for 60 

min and alkali to ore ratio 3:1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.8: Effect of roasting temperature on the extraction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9: Plot of 1-(1-α)1/3against roasting time at different 

roasting temperatures  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10: Plot of 1-(2/3α)-(1-α)2/3against roasting time at 

different roasting temperatures.  

 

model is the common kinetic model for this type of 

reaction. The reaction between the silicon in the ore  

and NaOH products soluble sodium silicate, and insoluble 

solid products (Na2MgSiO4, MgO, and NaFeO2), and 

generated a layer of insoluble solid products on the particle 

surface, which can be analyzed with the shrinking core 

model [26]. For this model, the reaction rate between solid 

particles and reaction reagents may be controlled by one  

of the following steps: diffusion through the liquid film, 

diffusion through the product layer, or the chemical reactions 

at the surface. The following expression can be used  

to describe the kinetics of the roasting process if the surface 

chemical reaction is the rate-controlled step [27-28]: 

 
1 / 3

c
1 1 k t                        (9) 

However, if the alkali roasting reaction rate is controlled 

by the diffusion through a solid product layer, the following 

expressed of the shrinking core model can be appropriate 

to describe as:  

   
2 / 3

d
1 2 3 1 k t                       (10) 

Where t is reaction time (min), α is the extraction of 

silica, and kc and kd are reaction rate constants. 

The effect of roasting temperature on the extraction 

ratio of Si was investigated from 400  oC to 550  oC  

at a molar ratio of alkali to ore of 3:1 as shown  

in Fig.8. 

The extraction increased with a roasting temperature 

rising in Fig.8. According to the shrinking core model.  

The experimental data presented in Fig. 8 were fitted  

with Eq. (9) and Eq. (10), and the results are shown in Figs. 9 

and 10. The rate constants and their correlation coefficients 

were given in Table 3 for the surface chemical reaction and 
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Table 3: The apparent rate constant-coefficient values at the different reaction temperatures. 

Reaction temperature(oC) 
1-(1-α)1/3 1-(2/3)α-(1-α)2/3 

)(min
1

r
k  2

R  )(min
1

d
k  2

R  

400 0.00334 0.9608 6.0635×10-4 0.9910 

450 0.0056 0.9259 0.015 0.9879 

500 0.00615 0.9414 0.0178 0.9997 

550 0.00742 0.9339 0.0241 0.9970 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11: Plot of lnk against 1/T. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12: XRD pattern of the leaching residue. 

 

the diffusion-controlled model. There is no good linear 

relation between 1-(1-α)1/3 and roasting time, which the 

linear relationship between 1-(2/3α)-(1-α)2/3 and roasting 

time. So it was determined that the experimental date fit 

better with the model of 1-(2/3α)-(1-α)2/3=kdt. 

It is generally accepted that the diffusion-controlled 

model was suitable for this roasting process.  

The Arrhenius equation can be represented in modified 

form as [29]: 

 k A e x p E R T                   (11) 

Where A is the pre-exponential factor (time-1), E is 

apparent activation energy (J.mol), and R is gas constant 

(J/mol-K), T is Thermodynamic temperature (K). 

According to the Arrhenius law shown in Eq. (11), the 

plot of lnk against 1/T is shown in Fig.11. The results  

of apparent activation energy and pre-exponential factor 

are calculated from the slope and intercept of the Arrhenius 

plot in Fig.11, and the values are 13.47 kJ/mol and 

1.428×10-2min
-1

. Apparent activation energy is less than 

20kJ/mol, it belongs to the shrink nucleus model 

controlled by diffusion, which is consistent with the 

conclusion of the figure. Thus, the roasting process 

kinetics equation can be expressed as  

   
2 / 3

1 2 3 1                       (12) 

 
2

1 . 4 2 8 1 0 e x p 1 3 4 7 0 / R T t


   

 

Characterization of residue after silicon extraction 

The leaching residue was obtained by alkali roasted 

boron ore concentrate under the conditions that the 

roasting temperature of 550°C, the roasting time of 60min, 

and the molar ratio of alkali to ore of 3:1, washed  

to neutral, Fig. 10 and Table 3. 

The XRD pattern and the SEM image of the leaching 

residue are shown in Fig.12 and Fig.13. The main phases 

in the residue are magnesium oxide, iron oxides, Mg(OH)2, 

quartz silica, NaFeO2, and Na2MgSiO2. The leaching 

residue presents fluffy bulbous that reunites together. 

 

CONCLUSIONS 

In conclusion, the effects of roasting temperature, 

roasting time, and the molar ratio of alkali to ore  

on the extraction in alkali roasting boron ore concentrate  
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Fig. 13: SEM image of leaching residue. 

 

were investigated. Orthogonal experiments were carried 

out on the basis of single-factor experiments. The results 

showed that the extraction could be improved by 

increasing the roasting temperature, roasting time, and  

the molar ratio of alkali to ore. The optimum roasting 

conditions using alkali roasting boron ore concentrate are 

that the roasting temperature is 550oC, the roasting time is 

60 min, and the molar ratio of alkali to ore is 3:1. Under 

the best experimental conditions, the extraction can be reached 

more than 84%. The alkali roasting boron ore concentrate 

kinetics was studied, which was found to obey the 

shrinking core model for the diffusion-controlled. The 

activation energy was determined to be 13.47kJ/mol,  

and the kinetics model equation is expressed as: 

     
2 / 3 2

1 2 3 1 1 . 4 2 8 1 0 e x p 1 3 4 7 0 / R T t
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