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Abstract: Primary magnesium is nowadays produced in China via Pidgeon process. An 
important reaction in the process is silicothermic reduction of MgO from dolime near 1200ºC 
under pressure of 2-10 Pa to generate Mg vapor. Fluorite, ranging 2-3% (mass fraction), is usually 
mixed with the raw materials to catalyze the reaction. Under the process conditions, CaF2 in the 
fluorite may form some fluorides to vaporize, thus polluting air. The fluorides remaining in the 
solid process waste, the Mg slag, may be dissolved to cause water pollution. 
In the present study, experiments were performed by using retorts of pilot scale in a maffle furnace 
to simulate the Pidgeon process for primary Mg production. The test materials, briquettes of 5.6-
10 kg made of dolime, ferrosilicon and fluorite, were charged in the retorts and heated under 
conditions similar to the industry operation. Fluoride minerals in the Mg slag from the simulation 
experiments were identified by XRD and SEM-EDS techniques. Quantities of some F-containing 
phases formed in the process under equilibrium condition were calculated by FactSage 6.2 
thermodynamic package. Fluoride distributions were determined to establish an F-balance among 
the input and output materials. Besides, slag samples from a magnesium plant were also 
characterized, including leaching test according to EN 12457-2.  
Based on these results, fluoride impacts on the environment were evaluated and discussed. 
Suggestions were also presented to minimize the environmental impacts from primary Mg 
production using the Pidgeon process. 
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Introduction 
Magnesium (abbreviated as Mg hereafter) metal and alloys, with low mass density, high specific 
strength and good mechanical and electromagnetic properties, can be used by the automotive and 
electronic industries to manufacture components of complex designs or with thin walls [1, 2]. 
After developing new techniques of Mg-desulfurization in the middle of 1990s [3, 4], Mg injection 
has been used, nowadays, for hot metal desulfurization in many integrated steel works worldwide 
[5]. These new applications of Mg metal and alloys have led to a steady growth of Mg production 
in the world in the last 15 years.  
The Chinese Mg industry has developed very fast since 1990s [6]. By the year of 1998, China 
became the largest producer of primary Mg in the world. The Chinese output of primary Mg 
reached 630700 tons in 2008, which accounted for 88.83% of the global Mg production [7]. Mg 
metal can be produced by Pidgeon, electrolytic and carbothermic process. There are over 300 
plants in China producing Mg [8]. Currently, most of the Chinese plants use Pidgeon process in 
their production [7, 8].  
The Pidgeon process was invented in 1940s in Canada by Pidgeon LM [9, 10]. It is a thermal 
process with silicon reduction of MgO from dolime inside retorts at the temperature near 1200°C 
under pressure of 2-10 Pa to generate Mg vapor. At water-cooled end of the retort, the vapor 
condenses to form a crystalline Mg crown. Fluorite, ranging 2-3%, is usually mixed together with 
the silicon (ferrosilicon) and dolime to catalyze the reduction reaction [9-15].  
Compared with other processes, the Pidgeon process has several advantages: fewer process steps, 
lower investments for equipment and higher quality of final product [11-14]. On the other hand, 
the Chinese Mg production via Pidgeon process is also energy and natural-resource intensive. 
There are several studies of environmental issues relating to the Mg production [7, 8, 13-15]. Feng 
Gao et al. performed life cycle assessment of Pidgeon process using different fuels for primary Mg 
production in China [13, 14]. Their calculations show that gaseous pollutants emitted from the 
production system influence strongly on magnitudes of the global warming potential (GWP) and 
acidification potential (AP), whereas, both the GWP and AP are main contributors to the 
accumulative environmental impact.  
The major gaseous pollutants from the system identified are CO2, SO2, NOx, CH4 and HF [13, 14]. 
The HF gas emission was determined based on fluorite consumption, content of CaF2 in the 
fluorite and an emission factor taken from a handbook of air environment engineer, cited as 
reference 15 [13]. It is calculated for fuel scenario 1 that there will be HF gas of 34 kg/ton Mg 
emitted while consuming fluorite of 248 kg/ton Mg to catalyze the MgO reduction reaction. The 
calculated HF gas contributes to a part of AP and accounts for 93% of HTP, the cumulative human 
toxicity potential, hence posing threat to human health [13].  
The emission of HF has been an environmental problem earlier in many important industrial 
processes, such as the HF emission from the electrolytic cells for aluminum smelting [16] and 
from kilns firing ceramic products [17, 18] and building bricks [19] with clays as main raw 
materials. After years of research and development, new techniques and equipment are available 
for emission control of HF gas in most of the industries [18-21]. 
In the continuous casting of steel, it is important to use mould fluxes, which usually contain 
calcium fluoride in the range of 4 to 10%. Due to the high vapor pressure of fluoride compounds, 
especially SiF4 and HF, at the steel casting temperature, fluorides are partially lost in the vapor 
phase. Both thermodynamics and kinetics of fluorides evaporation were studied [22, 23]. Some of 
the evaporation experiments were carried out in temperature range from 1400 to 1600ºC by the 
technique of Thermogravimetric Analysis (TGA) [23].  
In some other steelmaking processes, such as hot metal pretreatment, secondary steel refining and 
the production of high alloyed steels and stainless steels, fluorite can be charged as a slag forming 
agent. While these slags are reused as materials for road construction or landfill, fluorine leaching 
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may occur, causing a potential fluorine contamination to the ground water. There are numbers of 
research articles from Japan dealing with the behavior and stabilization of fluorine in these 
steelmaking slags [24-26]. 
In the previous research, results of changes in fluoride contents [17-19] or slag weights [23] were 
obtained for ceramic/slag samples after firing/melting under simulated process conditions, 
including temperature and atmosphere. Slag melting and leaching tests were performed to examine 
mechanisms of fluorine leaching from steelmaking slags [24-26]. A methodology similar to those 
used previously [17-19, 23-26] should also be adopted while examining environmental 
performances of fluorite used as the catalyzer in the primary Mg production. 
The present work includes both pilot scale experiments of the Mg production using Pidgeon 
process and computer calculations of reaction products formed under the process conditions using 
FactSage 6.2 thermodynamic package [27]. Slag samples from both the pilot experiments and a 
Mg plant were characterized. Fluorine contents in some of the condensed samples were analyzed. 
The results obtained are described and discussed in the following sections. Some suggestions on 
avoidance of fluoride impacts on the environment are also presented.  
 
Experimental 
Materials for the pilot experiments and leaching study 
The raw materials used for the pilot experiments of Pidgeon process Mg production were obtained 
from a Mg factory in northwest China, including dolime of MgO 31% (mass fraction, the same 
below), ferrosilicon (FeSi) of Si 75% and fluorite of CaF2 95%.  
A slag sample from Mg production was also provided by the factory for a leaching study. 
Experimental apparatuses and procedure 
Two retorts, with schematic drawing seen in Figure 1, were manufactured by heat resistant steel to 
simulate industry retorts for Pidgeon process Mg production. Section 1 of the retorts is 760 mm 
long and with inner diameter of 159 mm, in which briquettes of maximum weight of 10 kg can be 
charged for silicothermic reduction of MgO. Mg vapor generated in section 1 will be condensed in 
section 2 forming Mg crown or ingot by the cooling of water flowing in water cooling jacket, 3 in 
Figure 1. Near the retort end, there is a pipe, 4 in Figure 1, connecting the retort to vacuum system 
and a zone, 5 in Figure 1, for condensation of K and Na gas.  
 

 
 

Figure 1 Schematic drawing of retorts used for the present pilot experiments of Mg production, in 
the figure: 1. Section for briquette heating and silicothermic reduction of MgO, 2. Section for Mg 
vapor condensing to form a crystalline Mg crown, 3. Water cooling jacket, 4. Vacuum pipe, 5. 
Zone for K and Na gas condensation 
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A muffle furnace has two openings in front door to insert the heated sections (1 in Figure 1) of the 
two retorts inside the furnace, as shown by experimental set-up in Figure 2. The temperature inside 
the furnace is measured by a thermocouple, which is connected to a box on left hand side of the 
furnace for temperature control. The control box adjusts the output of furnace power with a 
maximum value of 13 kW to heat the retort sections (1 in Figure 1) to desired temperature for the 
briquette heating and MgO reduction.  
The retort sections with the water cooling jacket (3 in Figure 1) and vacuum pipe (4 in Figure 1) 
are out of the furnace for cooling water supply and connecting to a vacuum system, respectively. 
The vacuum system consists of a filter and two vacuum pumps. The pumps are connected in series 
to create vacuum inside the retorts with the pressure lower than 10 Pa.  
The materials for each of the pilot experiments, dolime, ferrosilicon and fluorite, were first ground 
to fine powder and mixed thoroughly. The mixtures were then pressed in a steel mould to obtain 
briquettes with sizes similar to the briquettes used by the Mg factory. 
 

 
Figure 2 Set-up for present pilot experiments of Mg production using Pidgeon process  
 
A pilot experiment began with furnace power-on to heat the retorts for more than two hours. While 
the furnace temperature reaching 1130°C, the retorts were opened to charge the briquettes with the 
weight ranging 5.6-10 kg for each retort. After briquette charging, the retorts were closed with 
vacuum pumps starting to decrease the inside pressure. The vacuum system operated for more than 
3 hours to attain the retort pressure of 10 Pa. This pressure and the furnace temperature of 1192-
1200°C were maintained for 4.5 hours to enhance the rate for the MgO reduction. The flow rate of 
water supplied in the cooling jacket was low during the first two hours for retort heating and 
increased to 30-40 L/min while the furnace temperature was near to 1130°C. 
The reduction was ended with power-off first for the furnace and then for the vacuum pumps. 
Reduction products were removed from retorts for cooling and, afterwards, for weighing and 
sample taking. The products included Mg ingot and slag and materials from the zone for K and Na 
gas condensation. The MgO reduction in the pilot experiments started sometime after starting the 
vacuum pumps and lasted for a time near 8 hours, similar to the time for MgO reduction in retorts 
of industry scale [11, 15].  
The contents of fluorine in the samples obtained from the pilot experiments were analyzed by 
SX380F-1 Microcomputer-based pF Ion Meter (Shanghai Dapu Instrument Co., Ltd. Ion-selective 
electrode method, GB/T 6730.28-2006). A SHIMADZU XRD-6000 diffractometer and a 
SHIMADZU SSX-550 scanning electron microscope (SEM) equipped with energy dispersive 
spectroscopy (EDS) were used to characterize some of the slag samples from the experiments.  
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Results and discussion  
 
FactSage simulations  
Input data of raw materials, about 100 g, for FactSage simulation of Mg production using Pidgeon 
process are listed in Table 1. Figure 3 and 4 show, respectively, simulation results of weight 
changes for major and minor reaction products formed under the process conditions of pressure 10 
Pa and temperature ranging 100-1200ºC. The major products are Mg gas, 15.2 g, and Ca2SiO4(s2), 
e.g. α´-Ca2SiO4, as seen in Figure 3 and Table 2. 
 
Table 1 Mass, g, of raw materials used as input data for FactSage simulation of MgO reduction by 
FeSi under pressure of 10 Pa and in temperature range of 100-1200ºC 

Reactant Si Fe CaO MgO CaF2 Na2O 
Mass, g 12 4 56.1 25.2 2.5 1 

 
Table 2 Mass, g, of some products formed from MgO reduction by FeSi with raw materials in 
Table 1 at 1200ºC and 10 Pa  

Solid CaF2(S2)-(beta) Gas CaF CaF2 Na Mg 
Mass, g 1.4 Mass, g 0.57 0.71 0.74 15.2 

 

 
 

Figure 3 Mass, g, of major products formed from MgO reduction by Si under pressure of 10 Pa 
and temperature 100-1200ºC calculated by FactSage 
 
Na gas of 0.74 g is generated from Na2O of 1 g in the raw materials and the charged CaF2, CaF2(s), 
starts to evaporate forming CaF(g) and CaF2(g) gases at temperature over 1000ºC as seen in Figure 
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4. Phase transformation of CaF2(s) occurs around 1100ºC. At the maximum reaction temperature 
of 1200ºC, there are two gases, CaF2(g) of 0.71 g and CaF(g) of 0.57 g and a solid CaF2(S2), the 
beta polymorphs of CaF2, formed as minor products from CaF2 of 2.5 g charged as catalyzer, 
Table 2 and Figure 4.  
The Mg vapor and other gaseous components formed at high temperature zone of a retort (1 in 
Figure 1) will flow, under the suction force of the vacuum system, to the section near the end of 
retort cooled by water in the water cooling jacket (2 in Figure 1). The Mg gas is then cooled in the 
section to around 500ºC forming crystalline Mg crown [13-15, 28]. Other volatile elements or 
compounds can also condense in the section forming solid particles.  
 

 
 
Figure 4 Mass, g, of minor products formed by 2.5 g CaF2 and 1 g Na2O in raw materials for MgO 
reduction by Si under pressure of 10 Pa and temperature 100-1200ºC calculated by FactSage, the 
figure shows only simulation results of 950-1200ºC 
 
The cooling from 1200 to 100ºC under pressure of 10 Pa is thus simulated by FactSage with the 
weights of gas products listed in Table 2 as input data. The simulation results are shown in Figure 
5. With cooling to the temperature near 1000ºC, the CaF2(g) and CaF(g) gas disappear or condense 
to form 1.08 g of solid CaF2(S). Gaseous Na cools to solid Na in the temperature range of 400-
300ºC and the formation of solid CaMg2(s) occurs while temperature is lower than 600ºC. 
The FactSage simulations demonstrate that gaseous products, Na, CaF2 and CaF, generated during 
MgO reduction under the conditions of the Pidgeon process, will cool and condense to solids in 
the section close to the retort end cooled by water in the cooling jacket. The gaseous products may 
be condensed together with Mg gas and exist as solid particles inside or on surface of the Mg 
crown. There may also be some of the CaF2 particles condensed in the zone for K and Na 
condensation and mixed with the K and Na deposited in the zone.  
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According to FactSage simulations, it is clear that fluorine contents should be analyzed not only in 
slag samples but also in samples of Mg crown and samples from the zone for K and Na 
condensation obtained from the present pilot scale experiments.  
 

 
 

Figure 5 Cooling from 1200 to 100ºC for some gas (listed in Table 2) in grams produced from 
MgO reduction by Si under pressure of 10 Pa and temperature 1200ºC calculated by FactSage  
 
F detected and analyzed in the products from the pilot experiments 

 
Figure 6 XRD pattern of Mg slag sample from an experiment  
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XRD pattern of Mg slag sample from an experiment is seen in Figure 6. The γ-Ca2SiO4, 
abbreviated as γ-C2S, exists as a major slag phase. CaF2, the phase d, is identified in the pattern as 
a minor phase. The content of CaF2 phase may thus be estimated as around 5% in the sample.  
 

 
 
Figure 7 SEM micrograph of Mg slag sample from an experiment and EDS analyses of graph A, B 
and C for points P1, P4 and P9, respectively, in the micrograph  
 
Figure 7 shows SEM and EDS graphs for a Mg slag sample from another pilot experiment. The 
detailed EDS analyses on point P1, P4 and P9 in graph A, B and C, respectively, show Ca and Si 
peaks of high intensities, indicating the existence of Ca2SiO4 phase. F-peaks with similar and 
lower intensities are marked with letter “F” in the EDS graph A and C for point P1 and P9, 
respectively, for an easy observation. The appearance of both F and Ca spectrum show clearly the 
presence of CaF2 phase in the area of the two points.  
The XRD and EDS analysis in Figure 6 and 7, respectively, agree rather well and demonstrate 
apparently the existences of Ca2SiO4 and CaF2 as major and miner phase, respectively, in the slag 
samples from the pilot experiments. 
Data of input and output materials, the briquettes and products, for the pilot experiments (tests) are 
listed in Table 3. The following test products were obtained: K and Na condensates of 23-61 g, Mg 
slags of 4.1-8.3 kg and Mg ingots of 0.8-1.85 kg. Mg contents in the Mg ingots were 92-98%. F 
contents in all the products were analyzed with results shown also in Table 3. 
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The same amount of fluorite, 0.25 kg, was added in the briquettes, but amounts of dolime and FeSi 
were lower in briquettes for test 1 and 2 than for test 3 and 4, Table 3. Fluorite contents in the 
briquettes for test 1 and 2 are 4.1% and 4.5%, respectively, and higher than for test 3 and 4, 2.5%. 
F contents are thus 2.6-2.95% in Mg slag from test 1 and 2 and higher than F contents of 1.24-
1.57% in the slag from test 3 and 4. F contents in Mg ingots and K and Na condensates obtained in 
test 1 and 2 are also higher. These results demonstrate that the F contents in products from the 
experiments may be related directly to fluorite contents in the briquettes charged in the retorts.  
Results of F balance computed by using the data in Table 3 are presented in Table 4. For each of 
the 4 tests, there is the same amount of F-input in the briquettes, 115.7 g. A large amount of the F-
input remained in the solid products, including 103-124 g of F in Mg slag, 0.34-0.87 g of F in Mg 
ingots and 0.04-0.05 g of F in K and Na condensates. The weight sum of F in Mg ingots and in K 
and Na condensates is less than 1% of the total F-output, whereas, there are more than 99% of the 
total F-output in the Mg slag. The F amount in Mg slag may thus be used to compute F balance, 
instead the total F-output, Table 4. 
 
Table 3 Weight data of input (briquettes) and output (products) materials for the present 
experiments (tests) of pilot scale and F contents analyzed in the products, wt% (weight percent) 

Test Briquette materials, kg Products from test, kg F content in products, wt % 

No Dolime FeSi Fluorite 
Mg 
slag 

Mg 
ingot 

K and Na 
condensate 

Mg 
slag 

Mg 
ingot 

K and Na 
condensate 

1 5.0 0.84 0.25 4.1 0.9 0.031 2.6 0.064 0.169 
2 4.5 0.84 0.25 4.2 0.8 0.023 2.95 0.042 0.166 
3 8.13 1.67 0.25 7.1 1.8  1.57 0.022 — 
4 8.13 1.67 0.25 8.3 1.85 0.061 1.24 0.047 0.07 

 
Table 4 Results of F balance calculated using the data in Table 3 for input and output materials of 
the present experiments (tests) of pilot scale 

Test 1 2 3 4 
Input of F, g In briquettes  115.7 115.7 115.7 115.7 

Output of F, g 

In Mg slag 106.6 123.9 111.47 102.92 
In Mg ingot 0.58 0.34 0.4 0.87 

In K and Na condensate 0.05 0.04  0.04 
Total F-output 107.23 124.28 111.87 103.83 

(F-input)-(F-output), g 8.47 -8.58 3.83 11.87 
(F-output)/(F-input), % 92.68 107.42 96.69 89.74 

(F in Mg slag)/(F-input), % 92.13 107.09 96.34 88.95 
 
It is determined by the calculations of F balance that 92-100% of F-input remain in the Mg slag for 
the first 3 tests, test 1-3, Table 4. (A value of 100% is assumed for test 2, instead of 107.09%.) It is 
then estimated, based on the rather close F balance and results of XRD and EDS in Figures 6 and 7, 
that there were hardly fluoride compounds leaving the retorts in gas form in these tests. 
The F loss of around 10% was calculated for test 4. The cooling from the water jacket (3 in Figure 
1) would make it impossible for the gaseous F compounds to leave the retort. Some of particles of 
fluoride compounds may leave the retorts together with other particles from the briquettes. A part 
of the solid particles may be captured by the filter or deposited in the vacuum system, Figure 2.  
The FactSage computation predicts that, at 1200°C, there would be 44% of F in the charged CaF2 
forming gaseous CaF and CaF2, which become solid CaF2 again, while the temperature decreases 
to 1100°C, Figures 4 and 5. Gao et al. calculated quantities of HF gas emitted from Pidgeon 
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process using fluorite as catalyzer [13, 14]. Their results implied that around 30% of F in fluorite 
emitted as gaseous pollutant. The results from the present experiments show a lower F-loss of 0-
10%, Table 4. The effect of cooling the gaseous compounds near the end of retorts may not be 
taken into account by the authors in the calculations [13, 14]. 
According to the FactSage prediction, the Mg ingot and K and Na condensate would contain F 
with the quantity near to 44% of the total F-output. However, F analyzed in the two materials 
consists of only 1% of the total F-output, Table 4. The temperature range for gasification and 
condensation of F compounds may be rather narrow, 1000-1200°C, Figures 4 and 5. The water 
flowing in the cooling jacket (3 in Figure 1) may create temperature gradient near the boundary 
between the retort sections for MgO reduction (1 in Figure 1) and for Mg vapor condensing (2 in 
Figure 1). With the gradient, the temperature near the end of the section 1 may be somewhat lower 
than 1200°C. This may make it possible for the gaseous CaF and CaF2 to condense near the end of 
the section for MgO reduction and, hence, to report in the Mg slag as solid CaF2.  
 
F leaching from a slag sample from the Mg plant  
Leaching test with liquid-solid ratio (L/S) of 10 according to EN 12457-2 [29] were performed 
using a slag sample containing CaO of 53.71%, SiO2 of 31.02% and MgO of 3.92% from the Mg 
plant. This test is used for characterizing materials for the acceptance of wastes in landfills 
pursuant to Directive 1999/31/EC11 [30]. Leaching limit values for inert waste acceptable at 
landfills were set in the Directive. A material is generally considered as environmentally friendly 
for using as building material if its element leaching values are lower than the limit values set for 
the inert waste.  
The concentration of F in leachate from the Mg slag is 72.9 mg/kg, due to dissolution of some 
fluoride compounds in the slag during the leaching test. The F leaching value is higher than 10 
mg/kg, the limit value set for F leaching from inert waste pursuant to Directive 1999/31/EC11 [30]. 
It is thus not suitable to use the Mg slag as an environmentally sound building material due to the 
high value of F leaching, which may lead to a potential fluorine contamination to the ground water.  
 
Suggestions on avoidance of environmental impact of fluorite used in Pidgeon 
process Mg production 
The Mg slag of 6 tons is generated from production of 1 ton Mg ingot [12. 15]. It is important to 
recycle the Mg slag in building applications, whereby saving valuable natural resources and 
decreasing the global warming impact. However, results from the present study show that the 
fluorite used to catalyze MgO reduction will largely remain in the Mg slag, leading to high values 
of F leaching. Moreover, when the Mg slag is fired as clinker raw material for cement production 
[31], some gaseous fluorides may be formed and emitted, causing air pollution. These will hinder 
an environmentally friendly recycling of the Mg slag.  
It is then necessary to improve thermodynamic and kinetic conditions for the MgO reduction to 
decrease amounts of fluorite used as catalyzer or to develop some techniques to stabilize fluoride 
compounds in the slag [24-26]. Some research and development work may also be carried out in 
order to obtain some new F-free catalyzers for the Pidgeon process.  
 
Conclusions 
In order to clarify environmental performances of fluorite used as catalyzer for silicothermic 
reduction of MgO under vacuum condition, the present work is undertaken, including Mg 
producing experiments charging briquettes of 5.6-10 kg and FactSage predictions of products from 
Pidgeon process Mg production, obtaining the following results: 
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1. The FactSage computation predicts that, at 1200°C under pressure of 10 Pa, gaseous CaF and 
CaF2 will form from the charged CaF2. The two gases become solid CaF2 again with decreasing 
the temperature to 1100°C. 
2. For the experiments using briquettes with fluorite content of 2.5%, F contents analyzed in Mg 
slag ranged from 1.24 to 1.57%. Increasing fluorite contents to 4.1-4.5% increased F contents in 
Mg slag to 2.6-2.95%. These results show a clear relation between fluorite contents in the 
briquettes charged and the F contents in products from the experiments of Mg production. 
3. The amount of F-input in the briquettes for the experiments was 115.7 g. Most of the F-input 
were fixed in the solid products, including 103-124 g of F in Mg slag, 0.34-0.87 g of F in Mg 
ingots and 0.04-0.05 g of F in K and Na condensates. 92-100% of the F-input remained in the Mg 
slag for 3 of the 4 tests. XRD and EDS studies indicate CaF2 existing as a minor phase in the slag.  
4. Results of XRD, EDS and F balance studies demonstrated that there were almost no fluoride 
compounds leaving the retorts in gas form in these experiments due to the Mg vapor cooling near 
the end section of the retorts. 
5. Leaching test with liquid-solid ratio (L/S) of 10 according to EN 12457-2 was performed using 
an Mg slag sample from a Chinese Mg plant. The amount of F leached from the Mg slag is 72.9 
mg/kg, higher than 10 mg/kg, the limit value set for F leaching from inert waste pursuant to 
Directive 1999/31/EC11.  
6. Due to the risk for a potential fluorine contamination to the ground water, it is not suitable to 
use the Mg slag as an environmentally sound building material. It is thus necessary to decrease 
amount of fluorite used as catalyzer or to acquire some new F-free catalyzers for the Pidgeon 
process.   
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