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Abstract
Phosphate rocks mainly contain  Ca3(PO4)2,  SiO2, and MgO. The vacuum carbothermal reduction of  Ca3(PO4)2 with different 
MgO contents was investigated to determine the maximum volatilization rate of  P2 and the transformation of phases in a 
 SiO2–C–Ca3(PO4)2–MgO-based system. The application of reduced slag in the dephosphorization of a converter was dis-
cussed. The carbon excess coefficient (CEC), reduction temperature, and equilibrium phase were calculated using FactSage 
8.1. The quinoline phosphomolybdate weight method, scanning electron microscopy-energy dispersive X-ray spectroscopy, 
and X-ray diffraction were used to characterize the volatilization rate of  P2, phases, and micromorphology of the reduced 
slag. The volatilization rate of  P2 first increased and then decreased, with the highest volatilization rate of 93.77% obtained 
at n(MgO/CaO) = 0.50. The reduced slag phase changed from  CaSiO3 to 2CaO·SiO2·MgO·SiO2, CaO·SiO2·MgO·SiO2, and 
3CaO·P2O5·2CaO·SiO2 solid solutions with increasing MgO content. The diffusion of graphite was hindered by an excessive 
MgO solid phase when n(MgO/CaO) > 0.50, resulting in the reaction of unreacted  Ca3(PO4)2 with 2CaO·SiO2·MgO·SiO2 to 
form 2CaO·SiO2·3CaO·P2O5  (C2S–C3P2) during the holding process, thus reducing the reduction rate of  Ca3(PO4)2. Reduced 
slag with a small amount of phosphorus can be used in converter smelting to achieve low-temperature dephosphorization.
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Introduction

Phosphorus, a non-renewable resource, is commonly used 
in battery production, military operations, agriculture, 
phosphoric acid, fine chemicals, food, and medicine. Phos-
phate rock can be classified as high-grade (26–35%  P2O5), 
medium-grade (17–25%  P2O5), or low-grade (12–16%  P2O5) 
[1]. The total phosphate reserves worldwide are 70 billion 
tons. Reserves of 50 billion tons in Morocco account for 
71.43% of the total reserves, and these reserves are mainly 
high-grade phosphate rock  (P2O5 > 30%) [2, 3]. Although 
China’s phosphate rock reserves rank second in the world, 
they only account for 4.7% of the total reserves, with only 
approximately 132 million tons of high-grade phosphate rock 
[4, 5]. The average grade of phosphate rock in China reaches 
approximately 17% mainly with low- and medium-grade 
phosphate rock [6]. China is a large producer, consumer, and 
exporter of phosphorus, providing approximately 53% of the 
phosphorus consumed by the rest of the world [7].

Natural phosphate rocks mainly contain carbonate 
fluorapatite, calcite, dolomite, natural gypsum, quartz, cal-
cite-Mg, apatite, pyrite, fluorite, and sphalerite-Cd [8]. The 
main components of phosphate rock are CaO,  SiO2,  P2O5, 
MgO,  CaF2, and a few heavy metal elements (U and Cd) 
after beneficiation [9–11]. The phosphorus in phosphate rock 
is mainly in the form of fluorapatite (9CaO·3P2O5·CaF2), 
hydroxyapatite [9CaO·3P2O5·Ca(OH)2], colloidal apatite 
(9CaO·3P2O5·CaCO3·H2O +  H2O), carbonate fluorapa-
tite [9CaO·3P2O5·Ca(F,  CO3)·H2O], carbonate apatite 
(9CaO·3P2O5·CaCO3‚  H2O), and particularly  Ca3(PO4)2 
under high-temperature conditions [12].

Ninety-five percent of the world’s phosphate rock is used 
to prepare phosphoric acid for fertilizer production, with the 
remainder being smelted in electric furnaces for other appli-
cations [13]. Currently, two mature phosphoric acid produc-
tion processes exist, namely, wet and thermal phosphoric 
acid production processes [14]. In the wet phosphoric acid 
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production process, sulfuric acid is used to leach phosphate 
from phosphate ore to obtain phosphoric acid [15]. How-
ever, in the thermal phosphoric acid production process, the 
phosphate is first reduced to  P2, and then the  P2 is used as a 
raw material to obtain phosphoric acid by oxidation–hydra-
tion [16]. The thermal phosphoric acid production process 
is a reduction–oxidation–hydration process, which produces 
phosphoric acid with higher purity than that produced by the 
wet phosphoric acid process but uses more operating proce-
dures and a higher reduction temperature (1400–1600 °C). 
In addition, the thermal phosphoric acid production process 
is more complex and has a higher energy consumption than 
the wet phosphoric acid production process [17]. Therefore, 
the wet phosphoric acid production process is used on a 
much larger scale than the thermal phosphoric acid produc-
tion process owing to its lower economic cost. However, 
5–5.5 tons of phosphogypsum are produced from 1 ton of 
 H3PO4, and the worldwide production of phosphogypsum 
is 200–300 million tons per year, resulting in serious envi-
ronmental pollution [18]. Furthermore, phosphogypsum 
production in China is 80 million tons per year, but the uti-
lization rate is only approximately 27% [19].

Hence, some scholars have reported a thermal (kiln) phos-
phoric acid process to overcome the shortcomings of the wet 
phosphoric acid process. Cao et al. used  NiSO4,  K2CO3, and 
 NiSO4 as additives to promote phosphate ore reduction and 
found that these additives could enhance the reduction rate 
of phosphate ore [20]. However, the reduction time was as 
long as 4 h, and the negative environmental impact of the 
harmful gases  CO2 and  SO2 produced by the decomposition 
of additives at high temperatures was not considered. Jacob 
et al. determined the suitability of  SiO2 over  Al2O3 as a co-
solvent for the thermal phosphoric acid production process 
[21]. Although the reduction of the thermal phosphoric acid 
production process has been improved, the production pro-
cess consumes more energy and causes CO gas pollution.

Therefore, the vacuum carbothermal reduction of phos-
phate ore, which is a cleaner process than previous reduction 
processes, has been proposed. Wu et al. studied the reduc-
tion of low-grade phosphate ore by pulverized coal under 
isothermal conditions at a pressure of 1 Pa and found that 
the phosphate ore had a faster reduction rate at temperatures 
greater than 1250 °C [9, 22]. He et al. investigated the effects 
of different carbon sources on the vacuum carbothermal 
reduction process of low-grade phosphate ore at 1 Pa [14]. 
The results demonstrated that the reduction rate of graphite 
was higher than that of pulverized coal and coke, and  SiO2, 
 Al2O3, and MgO formed a low-temperature eutectic to pro-
mote the reduction reaction.

The aforementioned studies primarily focused on the 
reduction process of phosphate ore as a whole. However, 
the phosphorus in phosphate ore is mainly present in the 
form of  Ca3(PO4)2 under high-temperature conditions, and 

mechanistic studies on the vacuum carbothermal reduction 
process of  Ca3(PO4)2 with a MgO additive have not been 
thoroughly investigated. Therefore, the vacuum carbothermal 
reduction of  Ca3(PO4)2 in a  SiO2–C–Ca3(PO4)2–MgO-based 
system was studied. The vacuum carbothermal reduction 
mechanism of  Ca3(PO4)2 in a  SiO2–C–Ca3(PO4)2–MgO-
based system with the addition of MgO was elucidated, and 
the application of reduced slag in the converter smelting 
process was analyzed according to the reduced slag physi-
cal phase composition for the clean production of thermal 
phosphoric acid.

The carbothermal reduction temperature and carbon 
excess coefficient (CEC: mass ratio of actual carbon and 
theoretical carbon) of  Ca3(PO4)2 under vacuum (P = 1 Pa) 
were calculated using thermodynamic software FactSage 
8.1. The reduced slag was characterized by X-ray diffrac-
tion (XRD) and scanning electron microscopy–energy 
dispersive X-ray spectroscopy (SEM–EDS). The phos-
phorus content in the reduced slag was measured using 
the quinoline phosphomolybdate weight method, and the 
volatilization level of  P2 in the  SiO2–C–Ca3(PO4)2–MgO-
based system was calculated. The  P2 volatilization rate in 
the  SiO2–C–Ca3(PO4)2–MgO-based system at T = 1300 °C 
and P = 1 Pa first increased and then decreased, reaching a 
maximum of 93.77% at n(MgO/CaO) = 0.50. When n(MgO/
CaO) > 0.50, the unreduced  Ca3(PO4)2 in the slag is endowed 
with a 2CaO·SiO2·3CaO·P2O5 solid solution. The fugacity 
of this solid solution proves that the low-melting-point slag 
remaining after vacuum carbothermal reduction can be used 
for converter smelting dephosphorization and reducing lime 
consumption, which is of great significance for the harmless 
production of phosphoric acid and the low-carbon develop-
ment of converter smelting.

Experimental

Raw Materials

The samples were prepared from  Ca3(PO4)2,  SiO2, MgO, 
and graphite based on the main components of phosphate 
rock. The quantities of  Ca3(PO4)2 and graphite and the CEC 
were 5.00 g, 0.50 g, and 1.03, respectively, according to the 
thermodynamic calculations.

The  SiO2 content was determined to be 1.21 g [n(SiO2/
CaO) = 1.25] based on preliminary experiments. To study 
the effect of MgO on the vacuum carbothermal reduction 
of  Ca3(PO4)2, MgO quantities were determined to be 0.00, 
0.97, 1.45, 1.93, 2.42, and 2.90 g, respectively. Methylcel-
lulose (M), a binder, was added (0.020 g), which started to 
decompose at 250 °C and had a small effect on the vacuum 
carbothermal reduction of  Ca3(PO4)2. The experimental 
samples were identified as  S0,  S1,  S2,  S3,  S4, and  S5 based 
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on the different MgO contents of the raw materials, as listed 
in Table 1.

Experimental Procedure

Each analytically pure chemical reagent was weighed 
according to the raw material composition listed in Table 1 
using an electronic balance (AL204) and poured into the 
mixing tank. A dropper was used to add five drops of deion-
ized water to the mixing tank, followed by stirring for 
40 min with a glass stir bar. After mixing, the experimental 
samples were formed into cylindrical samples with a diam-
eter of 30 mm and a height of 13 mm using an electric tab-
let press (P = 10 MPa). The pressed samples were dried for 
120 min in an electric thermostatic oven (DHG924013) at 
a temperature of 110 °C, and after the water was removed 
from the samples, the dehydrated samples were weighed. 
The weighed and dried samples were placed in a graphite 
crucible, which was placed in a constant temperature zone 
inside a vacuum carbon-tube furnace (MTLQ-TG-40). 

The pressure inside the vacuum carbon tube furnace was 
pumped to 1 Pa, and the temperature program was set as 
follows: for T ≤ 500 °C, the heating rate was 10 °C/min; for 
500 ≤ T ≤ 1000 °C, the heating rate was 8 °C/min; and for 
1000 ≤ T ≤ 1500 °C, the heating rate was 6 °C/min.

The reaction temperatures of the experimental samples 
in the vacuum carbon tube furnace were determined to be 
1250 °C and 1300 °C, and the holding time of the experi-
mental samples was 60 min based on the thermodynamic cal-
culations and the results of the previous experiments. After 
the samples were held at the set temperature for 60 min, the 
procedure was stopped. The reduced slag was cooled in the 
furnace and removed for weighing, followed by a calculation 
of the volatilization rate of  P2 in  Ca3(PO4)2. The volatiliza-
tion process and  P2 volatilization rate calculation formula are 
shown in Fig. 1 and Eq. (1), respectively.

(1)�=
m0w0 −m1w1

m0w0

100%,

Table 1  Chemical compositions 
of different samples

C graphite, M methylcellulose, n molar ratio

S Ca3(PO4)2 (g) C (g) M (g) SiO2 (g) MgO (g) CEC n(SiO2/CaO) n(MgO/CaO)

S0 5.00 0.50 0.020 1.21 0.00 1.03 1.25 0.00
S1 5.00 0.50 0.020 1.21 0.97 1.03 1.25 0.50
S2 5.00 0.50 0.020 1.21 1.45 1.03 1.25 0.75
S3 5.00 0.50 0.020 1.21 1.93 1.03 1.25 1.00
S4 5.00 0.50 0.020 1.21 2.42 1.03 1.25 1.25
S5 5.00 0.50 0.020 1.21 2.90 1.03 1.25 1.50

Fig. 1  Experimental procedure: T1 = 500 °C and T2 = 1000 °C
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where η, m0, m1, w0, and w1 are volatilization rate, original 
masses, masses of the reduced sample, phosphorus con-
tent in the original sample, and phosphorus content in the 
reduced sample, respectively.

Characterization

The Equilib module of the thermodynamic software 
FactSage 8.1 and the Ftoxid and FTSalt databases were 
selected to calculate the masses of  P2 volatilized and the 
composition of the reduced slag at a system pressure of 1 Pa. 
An electronic balance (AL204) was used to weigh the raw 
material and reduced slag, and the phosphorus content of the 
reduced slag was tested using the quinoline phosphomolyb-
date weight method. The phases and microscopic morphol-
ogy of the reduced slag were characterized by XRD and 
SEM–EDS, respectively.

Results

Thermodynamic Calculation of the Masses of  P2 
Volatilized in Vacuum Carbothermal Reduction

Using the Equilib module in FactSage 8.1, the thermo-
dynamic calculations of the masses of  P2 volatilized and 
CEC were carried out for the vacuum carbothermal reduc-
tion of 100 g of  Ca3(PO4)2, as shown in Fig. 2 At 1300 °C, 
the masses of  P2 produced by the vacuum carbothermal 

reduction of  Ca3(PO4)2 gradually increased with increasing 
CEC. The masses of  P2 produced by the vacuum carbother-
mal reduction of  Ca3(PO4)2 reached a maximum when the 
CEC ≥ 1.03, and the masses of  P2 volatilized demonstrated 
little change, which showed that 1.03 was the optimal CEC 
for the vacuum carbothermal reduction of  Ca3(PO4)2 at con-
stant temperature.

The changes in the thermodynamic volatilization rates 
of  P2 and PO with temperature in the process of vacuum 
carbothermal reduction at P = 1 Pa, n(SiO2/CaO) = 1.25, and 
CEC = 1.03 were calculated using FactSage 8.1, as shown 
in Fig. 3.

The masses of  P2 volatilized reached a maximum value 
when the temperature was 840 °C. The PO in the reaction 
system did not change with increasing temperature between 
840 °C and 1300 °C. The masses of  P2 decreased while 
that of PO increased gradually in the reduced system when 
the temperature > 1300 °C because the vacuum carbother-
mal reduction of  Ca3(PO4)2 was progressive. The reaction 
between PO and graphite is an exothermic reaction, which 
would be hindered at higher temperatures.

Furthermore, the thermodynamic transformation of phases 
in the reduced slag samples with different MgO contents was 
simulated at 1250 °C and 1300 °C when the CEC = 1.03 
by FactSage 8.1 according to the volatilization rate of  P2 
at P = 1 Pa, as shown in Fig. 4, the slag samples reduced 
at 1250 °C and 1300 °C exhibited identical phases, mainly 
 CaSiO3, 2CaO·SiO2·MgO·SiO2, CaO·SiO2·MgO·SiO2, and 
2MgO·SiO2. When n(MgO/CaO) = 0.50, the main phases 

Fig. 2  Thermodynamic calcula-
tions of the masses of  P2 volatil-
ized and CEC
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of reduced slag were  CaSiO3, 2CaO·SiO2·MgO·SiO2, and 
CaO·SiO2·MgO·SiO2. At 0.50 ˂ n(MgO/CaO) ˂ 1.00, the con-
tent of 2CaO·SiO2·MgO·SiO2 increased, but the contents of 
 CaSiO3 and CaO·SiO2·MgO·SiO2 decreased gradually with 
increasing n(MgO/CaO). When n(MgO/CaO) = 0.75, the 
 CaSiO3 phase disappeared completely, and the 2MgO·SiO2 
phase began to appear in the reduced slag. When n(MgO/
CaO) ≥ 1, the CaO·SiO2·MgO·SiO2 phase disappeared, and 
the reduced slag contained only 2CaO·SiO2·MgO·SiO2 
and 2MgO·SiO2. The content of 2CaO·SiO2·MgO·SiO2 
decreased gradually with increasing n(MgO/CaO), while 
the content of 2MgO·SiO2 gradually increased.

Effect of MgO on Volatilization Rate of  P2

According to previous thermodynamic calculations, 
 Ca3(PO4)2 samples with different MgO contents were 
reduced at 1250 °C and 1300 °C with P = 1 Pa, and the 
volatilization rates of  P2 are shown in Fig. 5 The volatiliza-
tion rate of  P2 at 1300 °C was higher than that at 1250 °C. 
At a constant temperature, the volatilization rate of  P2 in 
the  SiO2–C–Ca3(PO4)2–MgO-based system gradually 
increased with increasing n(MgO/CaO) when 0 ≤ n(MgO/
CaO) < 0.50, and the maximum volatilization rate of  P2 in 
the system occurred when n(MgO/CaO) = 0.50. At 1250 °C, 
the volatilization rate of  P2 decreased to 29.40% at n(MgO/
CaO) = 0.75 due to the uneven mixing of components. The 

volatilization rate of  P2 at 1300 °C was similar to that at 
1250 °C, with both showing an increase followed by a grad-
ual decrease. The volatilization rate of  P2 reached a maxi-
mum of 93.77% when n(MgO/CaO) = 0.50; however, for 
n(MgO/CaO) > 0.50, the volatilization rate of  P2 decreased 
with an increase in n(MgO/CaO), indicating that the exces-
sive MgO was not conducive to the reduction of  Ca3(PO4)2.

Effect of MgO on the Phase Transformation 
of Reduced Slag

The main phases of reduced slag without the addition of 
MgO were characterized using XRD, as shown in Fig. 6. 
The reduced slag mainly contained  SiO2 and  CaSiO3 phases. 
The relative peak intensity of  SiO2 at 2θ = 26.84° in the 
reduced slag was higher than that of the  CaSiO3 peak at 
1250 °C. However, the peak intensity of  SiO2 at 2θ = 26.84° 
in the reduced slag was weaker than that of the  CaSiO3 peak 
at 1300 °C. As shown in Fig. 6, a higher content of  SiO2 
could be transformed into  CaSiO3 at the higher temperature 
of 1300 °C, promoting the reaction between graphite and 
 Ca3(PO4)2 during the vacuum carbothermal reduction with-
out the addition of MgO.

Furthermore, the phases in the reduced slag with different 
amounts of MgO added were analyzed using XRD, as shown 
in Fig. 7. The strong characteristic peaks at 2θ = 31.32°, 
26.42°, 34.26°, 47.42° and 62.57° were attributed to 

Fig. 3  Effect of temperature on 
the masses of  P2 volatilized in 
the  Ca3(PO4)2 reduced system 
by thermodynamic calculations 
[P = 1 Pa, n(SiO2/CaO) = 1.25, 
CEC = 1.03]
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Fig. 4  Thermodynamic calculations of the phase contents with different MgO contents (CEC = 1.03)

Fig. 5  Volatilization rate of  P2 
with different n(MgO/CaO) 
values
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2CaO·SiO2·MgO·SiO2,  SiO2, MgO, CaO·SiO2·MgO·SiO2, 
and 2CaO·SiO2·3CaO·P2O5, respectively.

When the reduction temperature was 1250 °C, the inten-
sity of the characteristic peak of 2CaO·SiO2·MgO·SiO2 
at 2θ = 26.42° decreased with increasing n(MgO/CaO), 
and the intensity of the characteristic peak of MgO at 
2θ = 26.42° increased gradually. The addition of MgO 
could promote the conversion of  SiO2 into other phases, 
such as 2CaO·SiO2·MgO·SiO2 and CaO·SiO2·MgO·SiO2 
in the reduced slag, resulting in a decrease in the peak 
intensity of  SiO2, but the strongest characteristic peaks 
of MgO and  SiO2 overlap; therefore, the change in the 
strongest characteristic peak of  SiO2 is not found in Fig. 7. 
At n(MgO/CaO) = 0.75, the characteristic peaks of the 
CaO·SiO2·MgO·SiO2 phase began to appear in the reduced 
slag, and the intensity of the characteristic peaks trans-
formed slightly with increasing n(MgO/CaO). In addition, 
the characteristic peaks of 2CaO·SiO2·3CaO·P2O5 phase 
began to appear, and the intensity of the characteristic 
peak of 2CaO·SiO2·3CaO·P2O5 at 2θ = 62.57° increased 
gradually in the reduced slag.

When the reduction temperature was 1300  °C, the 
characteristic peak intensity of 2CaO·SiO2·MgO·SiO2 
at 2θ = 31.32° in the reduced slag first increased and 
then decreased, and the phases were similar to those at 
1250 °C. However, the reduction of  Ca3(PO4)2 at 1300 °C 
was more complete, and the characteristic peaks of 
2CaO·SiO2·3CaO·P2O5 in the reduced slag were smaller 
than those of the phase in the slag reduced at 1250 °C. The 

reaction of MgO with other components was more complete 
at 1300 °C than at 1250 °C. When n(MgO/CaO) ≥ 0.75, the 
relative intensity of the characteristic diffraction peak of 
MgO at 2θ = 42.41° increased with increasing MgO addi-
tion, and the residual MgO content of the reduced slag 
increased gradually.

As shown in Fig. 7, 2CaO·SiO2·3CaO·P2O5 solid solution 
was found to be the primary constituent of the unreduced 
 Ca3(PO4)2 in the reduced slag. When n(MgO/CaO) < 1.00, 
the intensity of the characteristic diffraction peaks of 
2CaO·SiO2·MgO·SiO2 in the reduced slag increased gradu-
ally, and when 1.00 ≤ n(MgO/CaO) ≤ 1.50, the intensity of 
the characteristic diffraction peaks of 2CaO·SiO2·MgO·SiO2 
in the reduced slag decreased gradually.

Effect of MgO on the Micromorphology of Reduced 
Slag

To analyze the micromorphology transformation with dif-
ferent amounts of MgO added,  S0,  S1, and  S3 reduced at 
1250 °C and 1300 °C were characterized by SEM, as shown 
in Fig. 8. At 1250 °C, the morphology of the reduced slag 
without MgO added was primarily a fish scale structure. A 
large number of liquid phases and cubic crystals began to 
appear in the reduced slag when n(MgO/CaO) = 0.50. More-
over, the cubic crystals in the slag disappeared, and the slag 
formed a viscous planar structure when n(MgO/CaO) = 1.00.

At 1300 °C, the reduced slag  S0 without MgO added 
formed a rough surface structure, and the slag contained 

Fig. 6  Main phases of reduced 
slag without MgO additive
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many micropores. Furthermore, when n(MgO/CaO) = 0.50, 
the slag morphology was dense and flat, with only a 
few cubic grains remaining unmelted. When n(MgO/
CaO) = 1.00, the reduced slag almost completely formed 
a viscous liquid during the holding process because the 
increase in MgO increased the Ca and Mg feldspar contents, 
decreasing the melting point of the minerals and promoting 
the melting of the reduced slag. When n(MgO/CaO) > 0.50, 
the volatilization rate of  P2 decreased with an increase in the 
liquid phase in the system owing to the increase in residual 
MgO particles enriched in the liquid phase, which hindered 

contact between graphite and  Ca3(PO4)2, according to the 
XRD analysis.

Additionally, the phosphorus and Mg in the reduced slag 
were analyzed by EDS surface scanning to determine the 
distribution of residual  Ca3(PO4)2, as shown in Fig. 9. When 
n(MgO/CaO) = 0.50, the phosphorus content of the reduced 
slag was the lowest at n (MgO/CaO) = 0.50. Aggregated Mg 
is found in Fig. 9-S3 at 1250 °C, and no aggregated Mg is 
found in Fig. 9-S3 when T = 1300 °C. These results indi-
cated that MgO could react more completely at 1300 °C and 
promote slag solubilization. Comparing the distribution of 
phosphorus in the reduced slag at a constant temperature 
(T = 1250 °C and 1300 °C), the reduced slag contained the 
least amount of phosphorus when n(MgO/CaO) = 0.50, 
indicating that the effect of MgO on the solubilization of 
the vacuum carbothermal reduction of  Ca3(PO4)2 was most 
evident when n(MgO/CaO) = 0.50.

Discussion

Effect of MgO on the Vacuum Carbothermal 
Reduction Mechanism of  Ca3(PO4)2

Thermodynamic calculations in Fig. 2 revealed that the 
masses of  P2 volatilized in the  SiO2–C–Ca3(PO4)2–MgO-
based system gradually decreased with increasing tem-
perature. However, Fig. 5 shows that the actual volatili-
zation rate of  P2 was higher at 1300 °C than at 1250 °C 
because the vacuum carbothermal reduction of  Ca3(PO4)2 
is exothermic, as shown in Eq. (2). The enthalpy change of 
Eq. (2) calculated by FactSage 8.1 was ΔH > 0 at P = 1 Pa 
and T = 1250 °C and 1300 °C, indicating that temperature 
enhancement is favorable for the vacuum carbothermal 
reduction of  Ca3(PO4)2. Furthermore, a higher temperature 
of 1300 °C would improve the kinetics of the vacuum carbo-
thermal reduction of  Ca3(PO4)2 according to the Arrhenius 
formula, as shown in Eq. (3).

where D, ED, D0, and T are the graphite diffusion coefficient 
at a certain temperature, the activation energy of atomic dif-
fusion, the diffusion coefficient in the standard state, and 
temperature (K), respectively.

Moreover, to analyze the reduction behavior of 
 Ca3(PO4)2 at a constant temperature, a physical model 
of the  Ca3(PO4)2 vacuum carbothermal reduction in 
a  SiO2–C–Ca3(PO4)2–MgO-based system with differ-
ent MgO contents was established, as shown in Fig. 10. 

(2)3Ca3
(
PO4

)
2
+ 5C (graphite) ↔ 3CaO + P2 + 5CO,

(3)D = D0e
−

ED

RT ,

Fig. 7  Phase analysis of reduced slag with the addition of different 
amounts of MgO by XRD
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The kinetics of the vacuum carbothermal reduction of 
 Ca3(PO4)2 in a  SiO2–C–Ca3(PO4)2–MgO-based system 
are discussed using the contact point model of Dalvi and 
Suresh [23–25]. The vacuum carbothermal reduction 
between  Ca3(PO4)2 and graphite in the original samples 
mainly proceeded at the  Ca3(PO4)2 interface. The Dalvi 
and Suresh model reported that the solid-phase reaction 

was mainly influenced by the diffusion rate of the solid 
phase in the product layer and the interfacial contact area 
of the reactant particles. Therefore, the vacuum carbother-
mal reduction of  Ca3(PO4)2 was divided into three stages, 
to analyze the effect of the  Ca3(PO4)2 particle interface 
area on the  Ca3(PO4)2 conversion at different stages.

Fig. 8  Micromorphology of reduced slag

Fig. 9  Surface scanning of reduced slag.  S0-T = 1250  °C, n(MgO/CaO) = 0.00;  S1-T = 1250  °C, n(MgO/CaO) = 0.50;  S3-T = 1250  °C, n(MgO/
CaO) = 1.00;  S0-T = 1300 °C, n(MgO/CaO) = 0.00;  S1-T = 1300 °C, n(MgO/CaO) = 0.50;  S3-T = 1300 °C, n(MgO/CaO) = 1.00
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According to the contact and geometric conditions 
of  Ca3(PO4)2 and graphite in the original samples, the 
equation relating the contact area to the reaction time 
for the vacuum carbothermal reduction of  Ca3(PO4)2 was 
obtained, as shown in Eq. (4) [26, 27].

where S(r) is the surface area of any unreacted kernel surface 
of radius r measured at the center of the contact point and 
K =

3CCa3(PO4)2

Cgraphite

.

According to Eq. (4), the curvature radius at the contact 
point before the reduction of  Ca3(PO4)2 is ξ1. The curvature 
radius of the surface at which the reduced products of each 
contact point come into contact with each other is ξc. The con-
version rate and the number of contact points between graphite 
and  Ca3(PO4)2 are α and NCa3(PO4)2−C

 , respectively. Cgraphite 
and CCa3(PO4)2

 are the  Ca3(PO4)2 and graphite contents of the 
original sample, respectively. Based on the above parameters, 
the mathematical relationship between the conversion rate α1 
of  Ca3(PO4)2 and NCa3(PO4)2−C

 can be derived in the first stage, 
as shown in Eq. (5). The vacuum carbothermal reduction of 
 Ca3(PO4)2 is proportional to NCa3(PO4)2−C

 in the first stage if the 
radius change is neglected.

In the second stage, the product layers begin to overlap, but 
the product layers do not completely encapsulate  Ca3(PO4)2 (ξc 
˂ ξ ≤ �′

c
 ). According to the geometrical relationship of particle 

(4)∫
�2

�1

S(�)

[
∫

�

�1

dr

S(r)

]
d� =

D

K
t,

(5)�1 =

(
�3

2r3
Ca3(PO4)2

−
3�4

16r4
Ca3(PO4)2

)
NCa3(PO4)2−C

.

contact, the mathematical relationship between the conversion 
rate of  Ca3(PO4)2 and graphite is shown in Eq. (6). The third 
stage is the gradual reduction and contraction of  Ca3(PO4)2 to 
a smaller bulk mass ( �′

c
 ≤ ξ ≤ rCa3(PO4)2

 ), as shown in Eq. (7).

where ξf and Vs are spherical radii of the inner unreacted 
 Ca3(PO4)2 when tangent to the product zone and volume of 
unreduced  Ca3(PO4)2, respectively. The total conversion rate 
(α) of  Ca3(PO4)2 can be characterized using Eq. (8).

Based on Eqs. (5)–(8), the  P2 volatilization rate gradually 
increased for 0 < n(MgO/CaO) ≤ 0.50 because the increase in 
MgO content promoted the formation of low melting point 
phases. These phases facilitated the diffusion of graphite into 
the unreacted  Ca3(PO4)2 interface to increase NCa3(PO4)2−C

 , 
promoting the full reduction reaction. However, the  P2 
volatilization rate gradually decreased for 0.50 ˂ n(MgO/
CaO) ≤ 1.50 because the excess MgO resulted in the enrich-
ment of solid particles around the unreacted  Ca3(PO4)2 
particles decreasing NCa3(PO4)2−C

 , thus hindering the diffu-
sion channels of graphite. In addition, when 0.50 < n(MgO/

(6)

�2 =

�
�3

2r3
Ca3(PO4)2

−
3�4

16r4
Ca3(PO4)2

�
NCa3(PO4)2−C

− pNCa3(PO4)2−C

⎛⎜⎜⎝
2�3 + 3�C�

2 + �3
C

r3
Ca3(PO4)2

⎞⎟⎟⎠
,

(7)�3 = 1 −
3

4�r3
Ca3(PO4)2

(
4��3

f

3
− VsNCa3(PO4)2−C

)
,

(8)� = �1 + �2 + �3.

Fig. 10  Vacuum carbother-
mal reduction mechanism 
of  Ca3(PO4)2 in  SiO2–C–
Ca3(PO4)2–MgO-based systems
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CaO) ≤ 1.25, the 2CaO·SiO2·3CaO·P2O5 solid solution was 
characterized by XRD, and the results indicated a decrease 
in the diffusion rate of graphite.

Effect of MgO on the Phase Transformation 
Mechanism of Reduced Slag

Figure 11, a ternary phase diagram of MgO–SiO2–CaO at 
1 Pa, shows the transformation of the reduction products 
from  CaSiO3 to 2CaO·SiO2·MgO·2SiO2 as the amount 
of MgO added gradually increased. This result, along 
with the evolution of phases in the reduced slag with 
increasing MgO addition in Fig. 11, indicated that the 
2CaO·SiO2·MgO·SiO2 content decreased in the reduced 
slag when n(MgO/CaO) > 0.50 because the evolution of 
the product zone from the 2CaO·SiO2·MgO·SiO2 to the 
MgO region was promoted by the increase in the MgO 
content.

Moreover, Table 2 shows the thermodynamics of the 
reduced slag phases at 1 Pa and temperatures of 1250 °C 
and 1300 °C, revealing that the formation of all phases in 

the reduced slag can proceed spontaneously. As shown in 
Table 2, the ∆G of Eq. (11) was more negative than that 
of Eq. (12), indicating a greater thermodynamic tendency 
to form 2CaO·SiO2 in the reduced slag, but when n(MgO/
CaO) = 0, the phase analysis of the reduced slag indicated 
that it was dominated by  CaSiO3 and  SiO2. This result was 
attributed to the reaction between the  Ca3(PO4)2 surface 
intermediate CaO and  SiO2 in the absence of MgO, which 
was influenced by the production rate of the interfacial inter-
mediate CaO.

A low CaO content formed at the  Ca3(PO4)2 interface 
owing to the kinetic limitations of the vacuum carbothermal 
reduction of  Ca3(PO4)2. Therefore, the reaction of CaO with 
 SiO2 primarily followed the pathway depicted in Eq. (12). At 
1300 °C, the intensity of the characteristic peak of the  SiO2 
in the reduced slag was weaker than that at 1250 °C, which 
can be attributed to the higher energy of the reducing system 
increasing the activity of  SiO2 molecules and promoting the 
full diffusion of  SiO2 from the slag to the CaO interface of 
the  Ca3(PO4)2 intermediate product layer. This allows the 
CaO at the  Ca3(PO4)2 interface to react with  SiO2 to form 
 CaSiO3 and promotes the rapid vacuum carbothermal reduc-
tion of  Ca3(PO4)2.

Furthermore, phases in the reduced slag gradu-
ally evolved from  CaSiO3 to 2CaO·SiO2·MgO·SiO2 and 
CaO·SiO2·MgO·SiO2. The relative intensity of the char-
acteristic peaks of 2CaO·SiO2·MgO·SiO2 in the reduced 
slag is greater than that of CaO·SiO2·MgO·SiO2 because 
the ΔG of the direct reaction of MgO with the intermedi-
ate products CaO and  SiO2 to form CaO·SiO2·MgO·SiO2 
during the vacuum carbothermal reduction of  Ca3(PO4)2 is 
much lower than those of other equations, as shown in Eqs. 
(15)–(17). Therefore, the intermediate product CaO pro-
duced from the slag during the vacuum carbothermal reduc-
tion of  Ca3(PO4)2 reacts preferentially with MgO and  SiO2 
to form 2CaO·SiO2·MgO·SiO2. When n(MgO/CaO) = 0.75, 
the characteristic peaks of 2CaO·SiO2·3CaO·P2O5 solid 
solution began to appear in the reduced slag, and the 
intensity of the characteristic peaks gradually increased, 
while the relative intensity of the characteristic peaks of 
2CaO·SiO2·MgO·SiO2 gradually decreased, which can be 
attributed to the unreacted  Ca3(PO4)2 reacting with the 

Fig. 11  Ternary phase diagram of MgO–SiO2–CaO at 1 Pa

Table 2  Thermodynamics of 
phases in reduced slag, P = 1 Pa, 
kJ/mol

Reaction equations ΔG(1250 °C) ΔG(1300 °C) No

2CaO +  SiO2 ↔ 2CaO·SiO2  − 143.91  − 145.49 (11)
CaO +  SiO2 ↔  CaSiO3  − 87.49  − 87.59 (12)
MgO +  SiO2 ↔ MgO·SiO2  − 64.77  − 63.33 (13)
2MgO +  SiO2 ↔ 2MgO·SiO2  − 77.23  − 75.18 (14)
MgO + 2CaO +  2SiO2 ↔ 2CaO·SiO2·MgO·SiO2  − 241.08  − 240.61 (15)
2CaO·SiO2 + MgO·SiO2 ↔ 2CaO·SiO2·MgO·SiO2  − 33.32  − 33.09 (16)
CaO + MgO +  2SiO2 ↔ CaO·SiO2·MgO·SiO2  − 166.72  − 165.11 (17)
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2CaO·SiO2 of 2CaO·SiO2·MgO·SiO2 at the interface to 
form a 2CaO·SiO2·3CaO·P2O5 solid solution. The phase 
diagram of the reaction between unreduced  Ca3(PO4)2 and 
2CaO·SiO2 in the 2CaO·SiO2·MgO·SiO2 solid solution is 
shown in Fig. 12.

In addition, the thermodynamic calculation of the reduced 
slag in Fig. 4 shows that 2MgO·SiO2 began to appear in 
the reduced slag at n(MgO/CaO) = 0.75. However, the main 
phases in the reduced slag were 2CaO·SiO2·MgO·SiO2, 
CaO·SiO2·MgO·SiO2, 2CaO·SiO2·3CaO·P2O5,  SiO2, and 
MgO, and 2MgO·SiO2 was not found in the reduced slag 
because of the more negative Gibbs free energy changes in 
Eqs. (14)–(17) than that of MgO and  SiO2 reacting to form 
2MgO·SiO2.

Application of Reduced Slag in a Basic Oxygen 
Furnace

The above analysis indicated that the volatilization rate of 
 P2 reached a maximum of 93.77% at n(MgO/CaO) = 0.50. 
When n(MgO/CaO) > 0.50, the volatilization rate of  P2 in the 
 SiO2–C–Ca3(PO4)2–MgO-based system decreased gradually, 
and the unreduced  Ca3(PO4)2 in the reduced slag primarily 
comprised 2CaO·SiO2·3CaO·P2O5 solid solution. Therefore, 
the 2CaO·SiO2·MgO·SiO2 produced by the reduced slag had 
a fixing effect on the  Ca3(PO4)2.

Phosphorus in the converter smelting process is mainly 
enriched in the converter slag as 2CaO·SiO2·3CaO·P2O5 
solid solution [28]. In the converter smelting process, the 
beginning of smelting occurs at approximately 1400 °C, and 
a lower temperature is more conducive to initial phosphorus 
removal by converter smelting. Pahlevani et al. reported that 
dephosphorization in the converter was mainly influenced 

by CaO dissolution behavior in the liquid phase of converter 
slag and the 2CaO·SiO2·3CaO·P2O5 solid solution [29]. The 
conventional converter dephosphorization process mainly 
increases the phosphorus capacity of the converter slag by 
increasing the CaO content. However, the high melting point 
of CaO (2580 °C) and slow dissolution rate are not kineti-
cally conducive to generating  Ca3(PO4)2 at the steel–slag 
interface to diffuse rapidly into the slag and react to form 
2CaO·SiO2 solid solution. During the smelting process, 
increasing the temperature is necessary to promote slag-
ging and improve the kinetic conditions for the diffusion 
of  Ca3(PO4)2 in the molten slag. However, a higher tem-
perature is thermodynamically unfavorable for the oxida-
tion of phosphorus and leads to phosphorus reversion. Sun 
et al. studied the behavior of converter slag dephosphoriza-
tion by industrial tests at 1350–1450 °C [28]. The results 
indicated that the effect of molten slag dephosphorization 
first increased and then decreased with increasing tempera-
ture, and the dephosphorization rate was above 55% in the 
range of 1385–1410 °C. Zhu et al. studied the distribution 
of phosphorus in the solid solution and liquid phases of 
2CaO·SiO2·3CaO·P2O5 and reported that at an alkalinity of 
2.00–3.50, reducing the alkalinity could promote phospho-
rus enrichment in the solid solution 2CaO·SiO2·3CaO·P2O5 
phase [30]. In addition, Wang et al. reported that the low 
dephosphorization rate at the beginning of converter smelt-
ing owing to the high melting point of CaO resulted in a 
lower slagging rate [31].

The process of dephosphorization in the converter is 
shown in Fig. 13. Phosphorus and silicon diffuse from 
the molten steel to the molten slag interface, where they 
react with oxygen to form oxides. In the next step, the 
oxides produced at the molten slag interface diffuse into 
the molten slag to form 3FeO·P2O5 and  Ca3(PO4)2. Then, 
the 2CaO·SiO2 phase produced at the interface of CaO in 
the molten steel slag reacts with  Ca3(PO4)2 to form a sta-
ble 2CaO·SiO2·3CaO·P2O5 solid solution [32].

Based on the analysis of dephosphorization in the con-
verter, the 2CaO·SiO2·MgO·SiO2 of the reduced slag applied 
in dephosphorization by converter smelting can supply 
2CaO·SiO2 directly to the molten slag, which will decrease 
the energy consumption of CaO dissolution to achieve low-
temperature dephosphorization in the early stages of con-
verter smelting.

Conclusion

In this study, the effects of MgO on the volatility of 
 Ca3(PO4)2 reduction and the evolution mechanism of the 
phases and micromorphology in reduced slag were analyzed 
thermodynamically and kinetically. The feasibility of the 
comprehensive utilization of reduced slag for phosphorus 

Fig. 12  Ternary phase diagram of  SiO2–Ca3(PO4)2–CaO
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removal in converter smelting was also discussed. The fol-
lowing conclusions can be drawn from this study.

(1) With increasing n(MgO/CaO), the  P2 volatilization 
rate in the  SiO2–C–Ca3(PO4)2–MgO-based system first 
increased and then gradually decreased. At n(MgO/
CaO) = 0.50, the  P2 volatilization rate reached 93.77% 
after 60 min, which was much more efficient than the 
traditional fire process.

(2) With increasing MgO content, the phases in the 
reduced slag gradually evolved from the  CaSiO3 phase 
to 2CaO·SiO2·MgO·SiO2, 2CaO·SiO2·3CaO·P2O5, and 
other phases.

(3) When n(MgO/CaO) > 0.50, the excessive solid-phase 
MgO hindered the contact between graphite and unre-
duced  Ca3(PO4)2, resulting in the reaction of residual 
 Ca3(PO4)2 with interfacial 2CaO·SiO2·MgO·SiO2 to 
form 2CaO·SiO2·3CaO·P2O5 solid solution.

(4) Using the reduced slag as premelting slag for converter 
smelting can achieve low-temperature dephosphoriza-
tion at the beginning of converter smelting and reduce 
converter smelting costs and carbon emissions in phos-
phorus chemical and steel enterprises.
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