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Abstract: Li/Mg separation and magnesium recovery as a high-value forsterite refractory material from the salt lake 
were investigated via the precipitation−calcination process. The combined Na2SiO3 and NaOH precipitants were applied 
for Li/Mg precipitation separation from salt lake brine and magnesium precipitates could be produced with various 
MgO/SiO2 molar ratios. It is demonstrated that the magnesium precipitates were mainly composed of accumulative 
amorphous magnesium silicate and magnesium hydroxide, with more than 62% of mass residual at 1400 °C. The high- 
temperature sintering experiments showed that when the Mg/Na2SiO3/NaOH molar ratio was 1:0.6:0.8, the magnesium 
precipitates could be prepared into a high-quality refractory material under the conditions of 1350 °C and 210 min, with 
the refractoriness of higher than 1800 °C, compressive strength of 190.73 MPa, bulk density of 2.53 g/cm3, and 
apparent porosity of 5.94%. The prepared refractory materials mainly contained forsterite, with a minor enstatite phase. 
Key words: salt lake brine; combined precipitants; Li/Mg precipitation separation; magnesium precipitates; forsterite 
refractory material 
                                                                                                             

 
 
1 Introduction 
 

Magnesium is one of the earth’s most abundant 
light metal elements and is known as “the Green 
Engineering Material in the 21st century” [1−3]. 
Lithium is considered a strategic energy metal in 
the 21st century [4]. Lithium and magnesium are 
abundant in salt lake brine [5]. Several approaches 
were carried out on Li/Mg separation in salt lake 
brine, including precipitation [6], adsorption [7], 
solvent extraction [8], membrane separation [9], 
and electrochemical methods [10]. Among them, 
precipitation is a simple and easily-industrialized 
method. However, many magnesium precipitates 
are produced as by-products using the magnesium 

precipitation method [11]. These magnesium by- 
products would bring great environmental damage 
without further effective utilization. Therefore, 
accelerating the green utilization of magnesium 
by-products is strategically important to sustainable 
development. 

The magnesium precipitation approach was 
used to investigate various magnesium precipitants 
during the Li/Mg separation process [11−14]. 
WANG et al [15] developed a combined precipitant 
(including AlCl3·H2O, Na2CO3, and NaOH) for 
recovering magnesium from Taijinar salt lake brine 
into magnesium−aluminum−carbonate-layered double 
hydroxide function materials (MgAlCO3−LDHs). 
These magnesium precipitates could be further 
treated as valuable materials like catalysts, sorbents,  
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hosts for nanoscale reactions, and additives to 
plastic [16−18]. In our previous study [19], a novel 
magnesium precipitant, sodium metasilicate 
nonahydrate, was developed for Li/Mg separation 
in salt lake brine, producing magnesium silicate 
precipitates during precipitation. From the green 
recovery process perspective, it is important to 
utilize these precipitates in a high-value approach. 

Generally, several magnesium silicate-based 
materials have a wide application in the areas    
of concrete, insulating material, and forsterite 
refractory materials [20−25]. Among these 
materials, forsterite refractory materials have a 
relatively high-value quality and are promising for 
magnesium silicate-based materials [26]. PAGONA 
et al [27] investigated the value-added application 
of magnesite ore mining by-products with 37.5 wt.% 
SiO2 and 39.1 wt.% MgO. GU et al [26] used a 
high-temperature sintering process (1350 °C) to 
transform a ferronickel slag (48.29 wt.% of silica 
and 30.95 wt.% of magnesia) into a forsterite 
refractory material with the addition of sintered 
magnesia. The prepared refractory material could 
exhibit refractoriness of 1660 °C and compressive 
strength of 100.61 MPa. TANG et al [28] developed 
a microwave irradiation technology with alumina 
up to 10 wt.% to prepare superior-quality refractory 
materials with a refractoriness of 1790 °C using 
ferronickel slag at 1250 °C. Based on the previous 
research on magnesium silicate-based by-products, 
the preparation into forsterite refractory materials 
would be a more appropriate and green treatment 
approach for magnesium silicate precipitates 
obtained by Li/Mg precipitation separation from 
salt lake brine. 

Therefore, in this study, Li/Mg precipitation 
separation process was investigated using various 
combined precipitants, leading to magnesium 
precipitates with different SiO2 and MgO contents. 
And then, a high-temperature sintering process was 
applied to these magnesium silicate precipitates to 
prepare refractory materials. The basic properties of 
magnesium silicate precipitates were analyzed. 
Relevant parameters and mechanisms during the 
sintering process were studied in detail. 
 
2 Experimental 
 
2.1 Materials 

LiCl·H2O (AR, 97.0%, Sinopharma Chemical 

Reagent Co., Ltd., China) and MgCl2·6H2O (AR, 
99.0%, Sinopharma Chemical Reagent Co., Ltd., 
China) were used to prepare simulated salt lake 
brine (2 g/L Li+ and 60 g/L Mg2+). Sodium 
metasilicate (AR, SiO2 44−47 wt.%, Shanghai 
Macklin Biochemical Co., Ltd., China) and sodium 
hydroxide (AR, 96.0%, Sinopharma Chemical 
Reagent Co., Ltd., China) were used to precipitate 
Mg2+ in simulated salt lake brine. 
 
2.2 Methods 
2.2.1 Precipitation experiments 

The precipitation experiments were carried out 
on an electric blender (OES−20M, Changzhou 
Zhengrong Instrument Co., Ltd., China). A certain 
amount of Na2SiO3 and NaOH were dissolved in 
the solution and added drop by drop into simulated 
salt lake brine to precipitate Mg2+. The precipitation 
conditions were set as a reaction time of 5 min  
and an agitation rate of 600 r/min. The precipitant 
dosages (molar ratio) were set as n(Mg): 
n(Na2SiO3):n(NaOH) of 1:1:0, 1:0.8:0.4, 1:0.6:0.8, 
1:0.4:1.2, and 1:0.2:1.6, respectively. Magnesium 
precipitates with various MgO/SiO2 molar ratios 
can be obtained after precipitation experiments. 
2.2.2 Sintering experiments 

Firstly, magnesium precipitates obtained  
from precipitation experiments were ground  
below 75 μm using a three-head grinder (XPM-  
d120 mm×3, Nanchang Jianfeng Mining Machinery 
Equipment Co., Ltd., China). And then, the fine 
magnesium precipitates and deionized water 
(10 wt.%) were mixed. The mixtures were pressed 
into flaky samples using a hydraulic press 
(Changshu Tongrun Auto Parts Co., Ltd., China). 
Finally, the flaky samples were put into a tubular 
high-temperature furnace (GSL−1700X, Hefei 
Kejing Material Technology Co., Ltd., China) for 
sintering experiments under specific conditions and 
refractory materials. 
2.2.3 Characterization 

Crystalline structure and phase compositions 
of magnesium precipitates and refractory materials 
were analyzed using an X-ray diffractometer 
(Advance D8, BRUKER, Switzerland). The particle 
size distribution of magnesium precipitate was 
analyzed using a laser particle size analyzer 
(Mastersizer 2000, Malvern, England). The surface 
morphology and element composition of 
magnesium precipitates and refractory materials 
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were analyzed using a scanning electron 
microscope with energy dispersive X-ray 
spectroscopy (SEM−EDS) (JSM−7001F, JEOL, 
Japan). The mass change and heat change during 
the sintering process of magnesium precipitates 
were analyzed using a synchronous thermal 
analyzer (NETZSCH STA 2500, NETZSCH, 
Germany). The compressive strength of refractory 
materials was measured according to the Chinese 
National Standard Test Method (GBT 5072—2008). 
The bulk density and apparent porosity of refractory 
materials were measured according to the Chinese 
National Standard Test Method (GBT 2997—2000). 
The refractoriness of refractory materials was 
measured by complying with the Chinese National 
Standard Test Method (GBT 7322—2017). 
 
3 Results and discussion 
 
3.1 Li/Mg precipitation separation 

Our previous study [13] demonstrated that 
sodium silicate could be used as an efficient 
magnesium precipitant during the Li/Mg separation 
process. Meanwhile, a large amount of amorphous 
magnesium silicate precipitates were produced, 
whose composition mainly contained magnesia and 
silica. These precipitates can be used to produce the 
forsterite refractory materials for their value-added 
and bulk utilization. As reported, pure forsterite has 
a MgO/SiO2 molar ratio of approximately 2.0 [29]. 
However, the magnesium silicate precipitates 
obtained only using sodium silicate have a low 
MgO/SiO2 molar ratio of 1.08, which may not be 
suitable for preparing high-performance forsterite 
refractory materials. Given this problem, combined 
sodium silicate and sodium hydroxide precipitants 
were developed for precipitating magnesium ions 
and producing magnesium precipitates with high 
MgO/SiO2 molar ratios. 

Combined precipitants with five kinds of 
n(Mg):n(Na2SiO3):n(NaOH) were used for Li+/Mg2+ 
precipitation separation and producing precipitates 
with various MgO/SiO2 molar ratios. The results of 
the precipitation process are shown in Fig. 1. As 
shown in the figure, during the whole range of 
n(Mg):n(Na2SiO3):n(NaOH), the Mg recovery and 
Li recovery in precipitates were kept constant  
at >98% and <6%, respectively, indicating that 
Mg2+ was precipitated efficiently, with Li+ left    
in the solution. Mg2+ and Li+ could be effectively 

separated from salt lake brine. The magnesium 
precipitates probably comprised magnesium silicate 
and magnesium hydroxide, which showed a 
negatively charged surface during the precipitation 
system [30,31]. Thus, Li+ may be adsorbed and 
entrained on the surface of magnesium precipitates, 
causing a small Li+ loss in magnesium precipitates. 
 

 
Fig. 1 Variation of Li and Mg recoveries and MgO/SiO2 
molar ratio (a), and MgO and SiO2 contents (b) in 
precipitates as function of n(Mg):n(Na2SiO3):n(NaOH) 
 

In addition, with the increase in NaOH 
proportion of n(Mg):n(Na2SiO3):n(NaOH), the MgO 
content in precipitates increased gradually from 
25.8 wt.% to 50.3 wt.%, meanwhile, the SiO2 
content in precipitates decreased steadily from 
35.89 wt.% to 13.5 wt.%, leading to the MgO/SiO2 
molar ratio in precipitates increasing progressively 
from 1.08 to 5.60 correspondingly. This is because 
the increased NaOH proportion in the combined 
precipitant could produce a high amount of 
Mg(OH)2 in magnesium precipitates and bring a 
high MgO content. Therefore, as can be concluded, 
the combined sodium silicate and NaOH 
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precipitants can not only achieve effective  
Li+/Mg2+ separation but also improve the MgO/SiO2 
molar ratio of magnesium precipitates for further 
refractory materials preparation. 
 
3.2 Properties of magnesium precipitates 
3.2.1 Phase composition 

During the precipitation process, Li+ and Mg2+ 
in salt lake brine can react with SiO3

2− and OH− 
according to Reactions (1)−(4) when the combined 
sodium silicate and NaOH precipitants were added. 
It is demonstrated that Mg(OH)2 and MgSiO3 are 
lower solubility products at 25 °C [32,33]. In 
contrast, LiOH and Li2SiO3 are soluble in the brine. 
Therefore, Mg2+ can be precipitated as Mg(OH)2 
and MgSiO3, with Li+ in the solution.  
Li+(aq)+OH−(aq)=LiOH(aq)               (1)  
2Li+(aq)+SiO3

2−(aq)=Li2SiO3(aq)            (2) 
 
Mg2+(aq)+2OH−(aq)=Mg(OH)2(s)           (3) 
 
nMg2+(aq)+SiO3

2−(aq)=MgnSiO3(s)           (4) 
 

The phase composition and crystalline 
structure of magnesium precipitates were analyzed 
using X-ray diffraction. The results are shown in 
Fig. 2. As shown in the figure, when the 
n(Mg):n(Na2SiO3):n(NaOH) were 1:1:0, 1:0.8:0.4, 
and 1:0.6:0.8, the magnesium precipitates were 
mainly composed of amorphous magnesium 
silicates. When the n(Mg):n(Na2SiO3):n(NaOH) 
was 1:0.4:1.2, the characteristic peaks of brucite 
appeared at 2θ values of 18.527° and 37.983°, 
besides characteristic peaks of the magnesium 
silicate. When the n(Mg):n(Na2SiO3):n(NaOH) was 
1:0.2:1.6, the magnesium precipitates were mainly 
composed of brucite and minor magnesium silicate. 
The XRD results indicate that the increased NaOH 
proportion in combined precipitants could increase 
the brucite content in magnesium precipitates. 
Therefore, the increased NaOH content in 
combined precipitants could increase the MgO 
content in magnesium precipitates. Moreover, the 
XRD results were consistent with the element 
composition results of magnesium precipitates. 
3.2.2 Particle size distribution 

The particle size distribution and cumulative 
distribution of various magnesium precipitates are 
shown in Fig. 3. The D10, D50, D90, and average 
particle sizes of various magnesium precipitates are 
shown in Table 1. As shown in Fig. 3 and Table 1, 

all five magnesium precipitates showed a normal 
particle size distribution, indicating that the 
magnesium precipitates had a uniform and 
concentrated particle size distribution. With     
the increase of NaOH proportion in combined 
precipitant, the average particle size of magnesium 
precipitates decreased from 27.492 to 17.942 μm, 
and the particle size distribution was more 
concentrated, probably because the average particle  
 

 

Fig. 2 XRD patterns of various magnesium precipitates 
 

 

Fig. 3 Particle size distribution and cumulative 
distribution of various magnesium precipitates 
 
Table 1 D10, D50, D90, and average particle size of 
various magnesium precipitates 

n(Mg): 
n(Na2SiO3): 

n(NaOH) 

D10/ 
μm 

D50/ 
μm 

D90/ 
μm 

Average 
 particle 
size/μm 

1:1:0 5.023 23.691 56.018 27.492 

1:0.8:0.4 6.086 18.903 40.174 21.346 

1:0.6:0.8 4.6 17.464 43.105 21.096 

1:0.4:1.2 6.412 17.219 35.893 19.459 

1:0.2:1.6 4.933 15.743 34.223 17.942 
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size of the obtained brucite was lower than that of 
the obtained magnesium silicate. The increased 
NaOH proportion in combined precipitant was 
contributed to a high brucite content in magnesium 
precipitates, which resulted in the decreased 
average particle size of magnesium precipitates. 
3.2.3 Thermal stability 

The dehydration property and thermal stability 
of magnesium precipitates were analyzed using 
TG−DSC, and the results are shown in Fig. 4. As 
shown in Figs. 4(a) and (b), the mass of magnesium 
precipitates suffered from a rapid decrease at 
100−110 °C and 350−400 °C. When the temperature 
was higher than 400 °C, the mass of magnesium 
precipitates dropped slowly and then declined 
rapidly at 700−800 °C. The residual mass fractions 
of five kinds of magnesium precipitates were 
68.05%, 66.70%, 64.51%, 62.75%, and 62.66% at 
1400 °C, when the n(Mg): n(Na2SiO3): n(NaOH) 
was 1:1:0, 1:0.8:0.4, 1:0.6:0.8, 1:0.4:1.2, and 
1:0.2:1.6, respectively (Fig. 4(a)). As shown in 
Fig. 4(c), all magnesium precipitates have two 
endothermic peaks and one exothermic peak. The 
endothermic peak at approximately 110 °C was 
probably attributed to the dehydration reaction of 
free water in precipitates. The endothermic peak at 
350−400 °C may be due to the decomposition of 
magnesium hydroxide and the intensity of peaks 
increased with the increase of the NaOH proportion 
in combined precipitant. The exothermic peak at 
700−800 °C may be derived from the phase 
transformation and the intensity of peaks increased 
with the increase of the Na2SiO3 proportion in 
combined precipitant. The DSC analysis results 
were also consistent with the TG analysis results. 
3.2.4 Surface morphology and element composition 

The surface morphology and element 
composition of magnesium precipitates were 
analyzed using SEM−EDS analysis. The results are 
shown in Fig. 5. As shown in the figure, when the 
n(Mg):n(Na2SiO3):n(NaOH) was 1:1:0, 1:0.8:0.4, 
1:0.6:0.8, and 1:0.4:1.2, the surfaces of the prepared 
refractory materials were dense. When the n(Mg): 
n(Na2SiO3):n(NaOH) was 1:0.2:1.6, the surface of 
the prepared refractory materials was relatively 
loose. The particles showed mainly irregular shapes 
and structures, and the magnesium precipitates 
comprised accumulative amorphous particles. The 
size of particles gradually decreased and the particle 

 

 
Fig. 4 TG (a), DTG (b), and DSC (c) curves of various 
magnesium precipitates 
 
accumulation became closer and closer, with the 
increased NaOH proportion in combined precipitant. 
This is probably owing to the high brucite content 
in magnesium precipitates caused by increased 
NaOH proportion in combined precipitant. 
Therefore, the solid-state reaction may be easier 
during further sintering experiments [34−36]. EDS 
results showed that the Mg content of magnesium 
precipitates increased with the increase of the 
NaOH proportion in the combined precipitant. This 
can match the results of precipitation experiments. 
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Fig. 5 SEM−EDS analysis results of magnesium precipitates obtained at different n(Mg):n(Na2SiO3):n(NaOH):      
(a) 1:1:0; (b) 1:0.8:0.4; (c) 1:0.6:0.8; (d) 1:0.4:1.2; (e) 1:0.2:1.6 
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3.3 Preparation of refractory materials 
Five kinds of magnesium precipitates with 

MgO/SiO2 molar ratios ranging from 1.08 to 5.60 
were obtained during the precipitation process by 
using combined precipitants and used for preparing 
forsterite refractory materials. The influences of 
sintering temperature and sintering time on the 
preparation of forsterite refractory materials were 
investigated, and the properties of five kinds of 
forsterite refractory materials were determined and 
compared. 
3.3.1 Sintering temperature 

The influence of sintering temperature on the 
properties of refractory materials obtained using 
various magnesium precipitates is shown in Fig. 6. 
As shown in Fig. 6(a), when the n(Mg):n(Na2SiO3): 
n(NaOH) was 1:1:0, 1:0.8:0.4, and 1:0.6:0.8,    
the compressive strength of refractory materials 
increased with the increase of sintering temperature 
and peaked at 1350 °C. When the n(Mg): 
n(Na2SiO3):n(NaOH) was 1:0.4:1.2 and 1:0.2:1.6, 
the compressive strength of refractory materials 
increased with increasing the sintering temperature. 
It was lower than that of the refractory materials 
obtained at n(Mg):n(Na2SiO3):n(NaOH) of 1:1:0, 
1:0.8:0.4, and 1:0.6:0.8 when the temperature was 
less than 1350 °C. This may be due to a large 
amount of magnesium hydroxide in magnesium 
precipitates. As shown in Fig. 6(b), when the 
n(Mg):n(Na2SiO3):n(NaOH) was 1:1:0, 1:0.8:0.4, 
and 1:0.6:0.8, the bulk density of refractory 
materials remained at 2.2−2.6 g/cm3 during the 
whole range of sintering temperature and was 
higher than that of refractory materials obtained   
at n(Mg):n(Na2SiO3):n(NaOH) of 1:0.4:1.2 and 
1:0.2:1.6. As shown in Fig. 6(c), when the n(Mg): 
n(Na2SiO3):n(NaOH) was 1:1:0, 1:0.8:0.4, and 
1:0.6:0.8, the apparent porosity of refractory 
materials kept constant at 15%, 11%, and 8%, 
respectively, during the whole range of sintering 
temperature. When the n(Mg):n(Na2SiO3):n(NaOH) 
was 1:0.4:1.2 and 1:0.2:1.6, the apparent porosity of 
refractory materials decreased with increasing the 
sintering temperature and remained at above 30%. 
Therefore, 1350 °C was selected as the optimal 
sintering temperature, at which refractory materials 
had higher compressive strength, bulk density, and 
lower apparent porosity. 
3.3.2 Sintering time 

The influence of the sintering time on the 

 

 

Fig. 6 Compressive strength (a), bulk density (b), and 
apparent porosity (c) of refractory materials obtained 
using various magnesium precipitates at various sintering 
temperatures 
 
properties of refractory materials obtained using 
various magnesium precipitates is shown in Fig. 7. 
As shown in Fig. 7(a), when the n(Mg):n(Na2SiO3): 
n(NaOH) was 1:1:0, the compressive strength     
of the refractory materials increased from 90.98 to  
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Fig. 7 Compressive strength (a), bulk density (b), and 
apparent porosity (c) of refractory materials obtained 
using various magnesium precipitates at various sintering 
time 
 
161.45 MPa with increasing sintering time from 90 
to 240 min. When the n(Mg):n(Na2SiO3):n(NaOH) 
was 1:0.8:0.4, the compressive strength of 
refractory materials peaked at 146.72 MPa, at the 
sintering time of 150 min, and then basically 
remained stable. When the n(Mg):n(Na2SiO3): 
n(NaOH) was 1:0.6:0.8, the compressive strength of 
refractory materials increased with increasing the 

sintering time and peaked at the sintering time of 
210 min. When the n(Mg):n(Na2SiO3):n(NaOH) 
was 1:0.4:1.2 and 1:0.2:1.6, the compressive 
strength of refractory materials remained below 
80 MPa and 20−30 MPa, respectively, during the 
whole range of sintering time. As shown in 
Fig. 7(b), when the n(Mg):n(Na2SiO3):n(NaOH) 
was 1:1:0, 1:0.8:0.4, and 1:0.6:0.8, the bulk density 
of refractory materials increased slightly with 
increasing the sintering time, remaining above 
2.1 g/cm3 and higher than that of refractory 
materials obtained at n(Mg):n(Na2SiO3):n(NaOH) 
of 1:0.4:1.2 and 1:0.2:1.6. As shown in Fig. 7(c), 
when the n(Mg):n(Na2SiO3):n(NaOH) was 1:1:0, 
1:0.8:0.4, and 1:0.6:0.8, the apparent porosity of 
refractory materials kept constant below 15% 
during the whole range of sintering temperature. 
When n(Mg):n(Na2SiO3):n(NaOH) was 1:0.4:1.2 
and 1:0.2:1.6, the apparent porosity of refractory 
materials decreased with increasing the sintering 
temperature at sintering time less than 210 min and 
remained at above 30% and 40%, respectively. 
Therefore, 210 min was selected as the optimal 
sintering time, where the refractory materials had 
higher compressive strength, bulk density, and 
lower apparent porosity. 
 
3.4 Properties of refractory materials 

The physical drawing of refractory materials 
obtained under the optimum condition is shown in 
Fig. 8. The compressive strength, bulk density, 
apparent porosity, and refractoriness of refractory 
materials obtained under the optimum condition are 
shown in Fig. 9. As shown in Fig. 9(a), with the 
increase of NaOH proportion in combined 
precipitant, the compressive strength of refractory 
materials increased gradually from 134.13 to 
190.73 MPa. It then decreased rapidly to 29.37 MPa, 
peaking at n(Mg):n(Na2SiO3):n(NaOH) of 1:0.6:0.8. 
Figure 9(b) showed that the changing trend of  
bulk density of refractory materials was similar   
to compressive strength. The bulk density of 
refractory materials peaked at 2.53 g/cm3 at 
n(Mg):n(Na2SiO3):n(NaOH) of 1:0.6:0.8. It was 
shown in Fig. 9(c) that the changing trend of 
apparent porosity of refractory materials was 
opposite to that of compressive strength and bulk 
density. The apparent porosity of refractory 
materials dropped gradually from 17.35% to 5.94%. 
It then increased sharply to 44.01%, reaching the 
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Fig. 8 Physical drawing of refractory materials obtained under optimum condition 
 

 
Fig. 9 Compressive strength (a), bulk density (b), apparent porosity (c), and refractoriness (d) of refractory materials 
obtained under optimum sintering condition 
 
minimum at the n(Mg):n(Na2SiO3):n(NaOH) of 
1:0.6:0.8. As shown in Fig. 9(d), when the n(Mg): 
n(Na2SiO3):n(NaOH) was 1:1:0 and 1:0.8:0.4, the 
refractoriness of refractory materials was similar, at 
1480 and 1440 °C, respectively. When the n(Mg): 
n(Na2SiO3):n(NaOH) was 1:0.6:0.8, 1:0.4:1.2, and 
1:0.2:1.6, the refractoriness of refractory materials 
reached more than 1800 °C. In conclusion, when 
the n(Mg):n(Na2SiO3):n(NaOH) was 1:0.6:0.8, the 
magnesium precipitates could be prepared into a 
high-quality refractory material under the optimum 
sintering condition of 1350 °C and 210 min, with 
the refractoriness of higher than 1800 °C, 

compressive strength of 190.73 MPa, bulk density 
of 2.53 g/cm3, and apparent porosity of 5.94%. 
 
3.5 Thermodynamic analysis results and phase 

transformation mechanism 
3.5.1 Thermodynamic analysis results 

Figure 10 shows the calculated contents of 
thermodynamic equilibrium phases of various 
magnesium precipitates in the temperature range  
of 800−1600 °C. As can be seen, when the n(Mg): 
n(Na2SiO3):n(NaOH) was 1:1:0, 1:0.8:0.4, and 
1:0.6:0.8, the main equilibrium phases of prepared 
magnesium precipitates at high temperatures are  
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Fig. 10 Calculated contents of thermodynamic equilibrium phases of various magnesium precipitates at 800−1600 °C 
and different n(Mg):n(Na2SiO3):n(NaOH): (a) 1:1:0; (b) 1:0.8:0.4; (c) 1:0.6:0.8; (d) 1:0.4:1.2; (e) 1:0.2:1.6 
 
forsterite (melting point: 1890 °C) and enstatite 
(melting point: 1543 °C). The formation of these 
phases is probably attributed to the decomposition 
and oxidation of olivine in the air atmosphere [26]. 
The liquid phase appeared when the temperature 
exceeded 1550 °C. With the increase of NaOH 
proportion in combined precipitants, contents of the 
enstatite and liquid phases gradually decreased,  
but the forsterite content increased. When the 
n(Mg):n(Na2SiO3):n(NaOH) was 1:0.4:1.2 and 
1:0.2:1.6, the main equilibrium phases of prepared 

magnesium precipitates at high temperatures were 
periclase and forsterite. These two phases may be 
due to the thermal decomposition of brucite and the 
oxidation of olivine in the air atmosphere [26,37]. 
With the increase of NaOH proportion in combined 
precipitants, the content of the forsterite phase 
declined while that of the periclase phase increased. 

Overall, with the increase of NaOH proportion 
in combined precipitants, the enstatite content in the 
equilibrium phase declined while the periclase 
phase increased. The content of the forsterite phase 
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increased firstly and then suffered from a decline, 
reaching a peak when the n(Mg):n(Na2SiO3): 
n(NaOH) in combined precipitant was 1:0.6:0.8. 
Therefore, it can be seen that the appropriate NaOH 
proportion in the combined precipitant could 
facilitate the formation of forsterite and depress the 
formation of enstatite, periclase, and liquid phase 
during the sintering process. 
3.5.2 X-ray diffraction analysis results 

The five magnesium precipitates obtained 
during precipitation mainly contained amorphous 
magnesium silicate and brucite. Therefore, the 
magnesium precipitates would undergo Reactions 
(5)−(8) during the sintering process. The brucite 
will be decomposed into periclase when the 
temperature rises to 400 °C [38,39]. With the 
increase in temperature, the structural water will 
release from the precipitates (dehydroxylation 
stage), and the magnesium silicate will be formed at 
700−800 °C, as shown in Reaction (6) [40−42]. The 
formed magnesium silicate will change into 
forsterite (Mg2SiO4). Free silica (SiO2) will be 
produced at 835 °C, followed by the reaction of 
forsterite with free silica at 1000−1150 °C to form 
forsterite and enstatite (MgSiO3) [40,42−44]. 
Besides, the enstatite phase can change into 
protoenstatite [44]. The increased brucite content  
in magnesium precipitates can promote the 
transformation of the origin phase from magnesium 
silicate into forsterite.  
Mg(OH)2(s)=MgO(s)+H2O(g)             (5)  
Mg3(Si2O5)(OH)4(s)=3MgO·2SiO2(s)+2H2O(g) 

 (6) 
2(3MgO·2SiO2)(s)=3Mg2SiO4(s)+SiO2(s)     (7) 
 
3Mg2SiO4(s)+SiO2(s)=2Mg2SiO4(s)+2MgSiO3(s) 

(8) 
The crystalline structure and phase 

composition of refractory materials are shown in 
Fig. 11. When the n(Mg):n(Na2SiO3):n(NaOH) was 
1:1:0, the prepared refractory materials mainly 
contained forsterite and protoenstatite, with a tiny 
amount of clinoenstatite. When the n(Mg): 
n(Na2SiO3):n(NaOH) was 1:0.8:0.4, the prepared 
refractory materials mainly contained forsterite, 
with minor protoenstatite. When the n(Mg): 
n(Na2SiO3):n(NaOH) was 1:0.6:0.8, the prepared 
refractory materials were mainly composed of 
forsterite. When the n(Mg):n(Na2SiO3):n(NaOH) 
was 1:0.4:1.2, the prepared refractory materials 

contained forsterite and minor periclase. When  
the n(Mg):n(Na2SiO3):n(NaOH) was 1:0.2:1.6, the 
prepared refractory materials were mainly 
composed of forsterite and periclase. As shown in 
Fig. 11(b), all five refractory materials contained 
forsterite. With the increase of NaOH proportion in 
combined precipitant, the content of the forsterite 
phase in refractory materials increased firstly, 
peaking at n(Mg):n(Na2SiO3):n(NaOH) of 1:0.6:0.8, 
and then decreased. The enstatite and amorphous 
phases only appeared by using magnesium 
precipitates obtained at a lower NaOH proportion in 
the combined precipitant. In comparison, the 
periclase phase only appeared by using magnesium 
precipitates obtained at the higher NaOH proportion 
in the combined precipitant. 
3.5.3 SEM−EDS analysis results 

The surface morphology and element 
composition of five kinds of refractory materials  
are shown in Fig. 12. As shown, all five kinds    
of refractory materials consisted of well-crystalline 
 

 
Fig. 11 XRD patterns (a) and contents of phases (b) of 
refractory materials prepared under optimum sintering 
condition 
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Fig. 12 SEM−EDS analysis results of refractory materials prepared from magnesium precipitates obtained at different 
n(Mg):n(Na2SiO3):n(NaOH): (a) 1:1:0; (b) 1:0.8:0.4; (c) 1:0.6:0.8; (d) 1:0.4:1.2; (e) 1:0.2:1.6 
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grains. When the n(Mg):n(Na2SiO3): n(NaOH) was 
1:1:0, 1:0.8:0.4, and 1:0.6:0.8, there were many 
densely connected pores in the surface of prepared 
refractory materials. With the increased NaOH 
proportion in combined precipitant, the grain size 
became larger, and the pore size became smaller. 
This may be contributed to the increased content of 
the well-crystalline forsterite phase in prepared 
refractory materials. When the n(Mg):n(Na2SiO3): 
n(NaOH) was 1:0.4:1.2 and 1:0.2:1.6, the surfaces 
of refractory materials were very loose, and the 
grain size was smaller than that of the other three 
refractory materials. This may be attributed to the 
increased content of the periclase phase in prepared 
refractory materials. EDS results showed that with 
the increased NaOH proportion in combined 
precipitant, the magnesium content in refractory 
materials increased, and the silicon content in 
refractory materials decreased. 
 
4 Conclusions 
 

(1) The combined Na2SiO3 and NaOH 
precipitants were used for Mg2+ precipitation during 
the Li/Mg separation process in salt lake brine. 
Effective Li+/Mg2+ precipitation separation could be 
achieved and magnesium precipitates with various 
MgO/SiO2 molar ratios could be obtained. 

(2) The MgO/SiO2 molar ratio in magnesium 
precipitates increased from 1.08 to 5.60 with    
the increased NaOH proportion in combined 
precipitants. The magnesium precipitates mainly 
contained amorphous magnesium silicate and 
brucite and had a uniform particle size distribution. 
They had more than 62% of residual mass fraction 
at 1400 °C, with two endothermic peaks at 
approximately 110 °C and 350−400 °C, respectively, 
and one exothermic peak at 700−800 °C. 

(3) The thermodynamic analysis showed that 
the magnesium precipitates obtained under an 
appropriate n(Mg):n(Na2SiO3):n(NaOH) could be 
transformed into sintering products with a high 
forsterite content in the temperature range from  
800 to 1600 °C. The amorphous magnesium  
silicate phase in magnesium precipitates could   
be transformed into a forsterite phase in the 
temperature range of 800−1600 °C. 

(4) When the n(Mg):n(Na2SiO3):n(NaOH) was 
1:0.6:0.8, the magnesium precipitates could be 
prepared into a high-quality refractory material 

under the sintering conditions of 1350 °C and 
210 min, with the refractoriness of higher than 
1800 °C, compressive strength of 190.73 MPa, bulk 
density of 2.53 g/cm3, and apparent porosity of 
5.94%. 
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摘  要：通过沉淀−煅烧法研究盐湖锂镁分离和镁资源制备高附加值的镁橄榄石耐火材料。采用 Na2SiO3 和 NaOH

组合沉淀剂将盐湖卤水中的锂、镁离子沉淀分离，获得不同 MgO/SiO2 摩尔比的镁沉淀物。镁沉淀物主要由无定

形硅酸镁和氢氧化镁堆积而成，在 1400 ℃条件下的质量残留率均在 62%以上。高温烧结实验表明，在

Mg/Na2SiO3/NaOH 的摩尔比为 1:0.6:0.8、烧结温度为 1350 ℃、时间为 210 min 的条件下，镁沉淀物可制备成性能

优良的耐火材料，其耐火度在 1800 ℃以上，抗压强度为 190.73 MPa，体积密度为 2.53 g/cm3，显气孔率为 5.94%。

所制备的耐火材料主要为镁橄榄石相，含有少量的顽火辉石相。 

关键词：盐湖卤水；组合沉淀剂；锂镁沉淀分离；镁沉淀物；镁橄榄石耐火材料 
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