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ABSTRACT: 
The characteristic of gasification by-products determines the way how to make use of 
them. This investigation presents the effect of MgO and CaO additives on the 
properties of slag. A number of mixtures of coal ash with additives were melted in a 
lab-scale electrically heated furnace under mildly/strongly reducing gasification 
condition at 1773K. The crystallized species in the resulting slag were examined by 
XRD, and their microstructures were examined by SEM-EDX. The slag was also 
leached by water as well as seawater, and the concentrations of heavy metals in the 
resulting leachant were analyzed, along with its ecotoxicity. It was confirmed that the 
slag characteristics were significantly modified by adding MgO and/or CaO to coal ash. 
The fluid temperature of molten slag was decreased obviously, its microstructure 
became homogeneous, and the deposition propensity of iron was also reduced in the 
CO2/H2=10/90 gas composition. The additive, MgO, was found to show better ability 
than CaO in improving the liquid content in slag. The leaching test indicates that, the 
heavy metals were stabilized in the molten slag, and hence, the slag products can be 
regarded as a competitive source in the concrete / fertilizer market in the future. 
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1. INTRODUCTION 
 

A large quantity of slag is produced from coal gasification every year and its disposal 
become a major problem，hence, efficient utilization of it is an important issue for 
integrated waste management around the world. The characteristics of slag 
determine the way how to make use of them [1]. Nevertheless, the properties of slag 
samples vary with the specific design and operating conditions in the gasifier. Currently, 
there are two main types of entrained flow gasifier: oxygen-blown gasifier, and 
air-blown gasifier. Oxygen-blown gasifiers have been used in chemical plants due to 
producing higher concentration of syngas, which consists of approximately 30% H2 
and 60% CO [2, 3]. Studies indicate that, under such strongly reducing conditions, iron 
oxide may be fully reduced to elemental iron which in turn causes problems with the 
slag after tapping; the Shell gasifier usually generates a slag with a distinct iron-rich 
phase in addition to silicate phase [4]. The other entrained flow process uses air-blown 
gasifier, and the volume fractions of H2 and CO in the produced syngas are 10% and 
30%, respectively. The resulting slag is glassy and granular, with no observed leaching 
of carbon or trace elements [5]. It can be seen that, the gas composition plays an 
important role on slag properties. 
 
Usually, the operating temperature of a gasification process is about 1673-1873 K, 
sometimes it may be hampered by the production of a partially-molten slag 
transformed from the high melting temperature ash. This situation can be averted by 
coal blending or using suitable additives [6-8] to change the chemical composition of 
ash, which raises the content of molten phase in the slag at specified temperature by 
forming low melting temperature eutectics. In this regard, the objective of this 
research is the optimization of the properties of gasification slag by additives. To date, 
details of the effect of additives on ash fluid temperature and viscosity, as well as 
mineral transition have been reported [9-11]. However, the effect of additives on the 
microstructure and leaching behavior of gasification slag has not been attempted. In 
our previous, the precipitation of metallic iron in slag from iron-rich coal under typical 
high temperature gasification conditions was investigated with the purpose of studying 
the kinetic phenomena of molten slag. The deposition of iron particles and the effects 
of increasing temperature on the characteristics of the molten slag were 
microscopically assessed [12].  
 
In the present study CaO and MgO are used as additives, and their influence on the 
microstructure of slag and elution behavior of heavy metals under typical gasification 
process were investigated. Metal releasing in water and seawater were both studied. 
Seawater extraction tests provide more severe conditions than slag products are likely 



to encounter in real-world applications. It is pivotal to obtain new data on the structure 
and chemical properties of slag generated by different gasification processes that will 
result in extra knowledge of the slag to evaluate its possible applications, which favors 
the elimination of the environmental impact associated with the disposal of coal slag.  
 
2. EXPERIMENTAL AND APPARATUS 
 
A high melting temperature fly ash, termed HM hereafter, was used in this study. Its 
chemical composition analysis was conducted using X-ray florescence spectrometry 
(XRF, RIX 2100, Rigaku). The fly ash was mixed with the additives including CaO 
(10%, 20%) and MgO (10%) on the mass base of the HM ash. These two regents are 
of analytical grade. The mixtures were named HM-10CaO, HM-20CaO, and 
HM-10MgO for simplification. The chemical composition of fly ash and mixtures of ash 
with additives are given in Table 1.  
 

Table 1: Chemical composition of the mixtures of ash and additives as oxides (mass %). 
 SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O SO3 P2O5 TiO2 MnO

HM 45.9 33.8 8.69 5.32 1.02 0.47 0.96 0.89 0.29 2.57 0.04

HM-10CaO 41.8 30.7 7.90 13.9 0.93 0.43 0.87 0.81 0.26 2.34 0.03

HM-20CaO 38.3 28.1 7.24 21.1 0.85 0.40 0.80 0.74 0.24 2.15 0.03

HM-10MgO 41.8 30.7 7.90 4.84 10.0 0.43 0.87 0.81 0.26 2.34 0.03

 
The thermodynamic software package, FactSage6.1, was used to predict the 
equilibrium gas composition, the proportions of liquid in slag, and the composition of 
remaining solid phase of the slag. Real gases, non-ideal liquids, solid solutions and 
solid compounds including K2O, CaO, Na2O, MgO, Al2O3, SiO2, Fe2O3 and SO3 were 
selected from the database. Simulations were performed over a temperature range 
from 1273 to 1973 K, assuming a reducing atmosphere rich in CO2 and H2 as inlet 
gases in a furnace under the atmospheric pressure. 
 
2.1 Apparatus and procedure  
 
The slag was prepared using an electrically heated furnace with a maximum 
temperature of 1873K, as shown in Fig. 1. In order to simulate typical gasification 
atmospheres, the H2/CO2 mixtures of 90/10 and 50/50 on volume fraction basis were 
tested in the study. The specified temperature was 1773K and the residence time of 
the sample in the reaction zone was 600 s. The mixture of fly ash with additive was 
dried at 383 K for 2 hours, and made into pellets with a 20-mm diameter and a 10-mm 



thickness under a pressure of 40 MPa. At the beginning, the pellet was placed in an 
alumina crucible at the top of the furnace. The furnace was first heated up to 1273 K 
with N2 atmosphere flowing in the reactor, subsequently, the gas was changed to a 
mixture of H2/CO2 with the previously given volume fraction. Once the specified 
temperature was reached, the sample-laden crucible was pushed into the 
high-temperature zone and was held for 10 min. Eventually, the sample was further 
quickly raised to the top of the furnace and instantly cooled down by N2. 
 
 

 
Fig. 1. Schematic of the experimental rig. 

 
 



2.2 Characterization of slag sample 
 
2.2.1 Measurement of mineral composition of slag 
 
The crystalline phases in the molten slag were identified using a powder X-ray diffract 
meter (XRD, RINT 2000, Rigaku) at a voltage of 40 KV and a current of 40 mA with 
Cu Kα radiation. The detector scanned over a 2θ range of angles from 5-80° with a 
step size of 0.02°. 
 
2.2.2 Microstructure 
 
The slag was mounted in liquid epoxy resin, pelletized, polished, and finally 
sputter-coated with carbon. Morphology observation was performed through the use 
of a scanning electron microscopy (SEM) coupled with an energy dispersive X-ray 
analyzer (SEM-EDX, JEOL-6510). A computer-controlled scanning electron 
microscopy (CCSEM) technique was also employed to determine the visual structure, 
elemental composition, diameter, position, and shape factor of the precipitates in the 
slag. Individual particle results can be combined to determine the aggregate physical 
and chemical characteristics of the slag. 
 
2.2.3 Determination of the ecotoxicity  
 
Leaching process was performed according to the Environmental Quality Standards 
for Soil Pollution of Japan [13]. The concentrations of mercury (Hg), lead (Pb), 
chromium (Cr), cadmium (Cd), arsenic (As) and selenium (Se) in the leachates were 
analyzed by inductively coupled plasma atomic emission spectroscopy (ICP-AES, 
SPS 1700VR), Cr6+ was analyzed by colorimetry method based on the Japanese 
Industrial Standard Testing methods for industrial waste water K0102(JIS K0102) [14], 
and pH was measured following JIS K0102. The toxicity of leachant was evaluated by 
Microtox test [15], using photobacterium phosphoreum, the efficient concentration 
were calculated after 5 and 15 min.  
 
3. RESULTS AND DISCUSSION 
 
The predicted gas composition of the furnace at 1200-2000 K for each atmospheric 
condition is shown in Fig. 2. It can be seen that, when H2 and CO2 were used as input 
at a volume fraction of 50/50, a mildly reducing atmosphere similar to an air-blown 
gasifier was formed in the furnace. On the other hand, by increasing H2 volume 
fraction to 90% in the initial gas, the total fraction of CO and H2 increased above 80% 



in the furnace, yielding a strongly reducing gas environment similar to that of the 
oxygen-blown gasifiers. 
 

 

 

 
Fig. 2. Changes in gas composition with different temperatures. 

 
 



3.1 Effect of additives on the melting temperature of slag  
 
The effects of CaO and MgO on coal ash fusibility were studied under different CO2/H2 
gas compositions. The calculated results are plotted in Fig. 3. 
  

 
 

 
Fig. 3 Effect of CaO and MgO on the liquid formation of slag under high temperature 



The results indicate that ash fusibility was improved obviously with additives. The fluid 
temperature is reduced from 1903K to 1723K, meeting the operating temperature of 
the gasifier. Moreover, adding 10% MgO is more efficient than that of 10% and 20% 
CaO on liquid formation. Under different gas composition, there are some differences 
in the way of liquid formation. In the case of the CO2/H2=10/90 gas composition, 
irrespective of CaO amount, the difference of its effect is insignificant. The liquid 
content in the resulting molten slag is lower than that formed when 10% MgO was 
added to coal fly ash at 1450-1723K. In the case of CO2/H2=50/50 gas composition, 
the liquid content in molten slag is higher than that formed in the CO2/H2=10/90 gas 
composition at a given temperature. The liquid content in slag was increased 
obviously with increasing CaO addition at high temperature. 
 
3.2 Effect of additives on the mineral composition of molten slag 
 
Fig. 4 shows the mineral composition of HM slags collected in gasification 
atmosphere at 1723 K, it is clear that slag is partially melted after being treated under 
gasification condition. The mullite dominates the solid phase although there are 
amorphous species in slag. The characteristic peak of iron was detected under 
CO2/H2=10/90 gas composition, which due to iron precipitation in the strong reducing 
atmosphere. 
 

 
Fig. 4 XRD patterns of HM slag under different gas composition 

 



Fig. 5 shows the XRD patterns of the molten slags formed when CaO or MgO was 
added to coal fly ash, they exhibit a broadly amorphous diffraction pattern with a large 
lupm centering at approximately 22-30o 2θ max, signifying the presence of amorphous 
species in slag. The low angle at 22-24 2θ max is invariant and most likely represents a 
highly polymerized SiO2 net work [16], while the high angle halo shows a strong 
correlation with MgO / CaO additives, representing the reduction in the polymerization 
of the silicate network. The halo is quite variable in intensity and 2θ max position and is 
also asymmetric in shape. In the case of adding 10% MgO or CaO, the 2θ max is about 
25 o. With increasing CaO addition to 20%, this characteristic peak was shifted to a 
higher 2θ max. 

 

 
Fig. 5 XRD patterns of HM with additives slag under different gas composition 



3.3 Effect of additives on the microstructure of slag 
 
The XRD pattern indicated that the slag was structurally amorphous. Nevertheless, 
the XRD pattern only reflects the macroscopic features of the slag; it cannot reveal 
any microscopic structures. In this regard, it is necessary to investigate the 
microstructure of the slag in detail. Iron is by far the most abundant heterovalent 
component in the ash and slag samples showing significant variation under different 
oxidation-reduction (redox) conditions. Therefore, it is expected that differences in gas 
composition give rise to the formation of slag with a wide variation in the physical, 
chemical, and structural properties. We mainly observed the microstructure of slag 
under strongly reducing atmosphere. 

 
 

Fig. 6. Backscattered electron (BSE) image of HM slag 
 

Fig. 6 shows the BSE images of the HM slag generated in the CO2/H2=10/90 gas 
composition. It is very inhomogeneous and dominated by a large number of 
dendrite-like parts and many bright and spherical particles inside the molten slag. 
According to SEM-EDX analysis, the dark area is mainly composed of Al-Si-O, with a 
molar Al/Si/O ratio of 4:3:3, which is the sign of mullite. The gray parts are the mixture 
of Al, Si, O with certain amounts of Mg and Ca. The bright particles in different sizes 
are mainly the Fe-rich species.  
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Fig. 7.  BSE photographs of HM-10CaO slag 

 

b 

 
a 
 

a 

b 

2μm 

2μm 

50μm 



The slag appears full amorphous at 1773 K, its morphology was also remarkably 
influenced by additives. Fig. 7 shows the microstructures of the HM-10 CaO slag, 
which was generated in the gas composition of CO2/H2=10/90. As can be seen, 
although the iron particles are still visible, the slag was nearly entirely melted with only 
holes being distributed inside. The hole is full with unfused Al or Si. In the case of 
HM-20 CaO and HM-10 MgO under CO2/H2=10/90 gas composition, the slag became 
more homogeneous with very limited amount of holes. 
 

 
Fig. 8 Particle size distribution of iron deposits in slag 

 
The precipitation of iron particles affects the characteristics of the slag. The iron 
particles in the slag exist as a liquid phase with molten slag at the high temperature. 
We used CCSEM analysis to determine the diameter and position of the Fe particles; 
the results are plotted in Fig. 8. The diameters of iron particles (Dp) are mainly less 
than 1 μm. For HM-10CaO, the variation of the Dp of Fe particles is the biggest, 
ranging from 0.2 to 2.0 μm with the majority of the particles settling in 0.4-0.7 μm. In 
the case of HM-20CaO, the Fe particles formed exhibit a sharp peak around 0.2 μm, 
as well as a small peak at 0.5 μm. By contrast, HM-10MgO has a narrowest particle 
distribution, the diameter of particles are mostly less than 0.5 μm. It was further 
confirmed that, MgO exhibit better efficient than CaO. 
 



 
Fig. 9. Iron content in modified bulk slag formed in CO2/H2=10/90 gas composition 

 
To gain further insight into these phenomena, we measured the Fe content in bulk 
slag across the cross-section. Fig. 9 indicates that the bulk slag formed in the strongly 
reducing atmosphere is heterogeneous. Its Fe content was varied noticeably from the 
bottom to the surface of the slag. The surface Fe content is lower than at the center 
due to the precipitate of iron particles on the gas/slag interface. For the three slag 
samples, their depth-dependent distribution is similar to one another. However, The 
Fe content in bulk slag of HM-10CaO is less than HM-10MgO. It indicates that MgO is 
more effective in preventing iron precipitation than CaO, hence, it is beneficial for 
improving the melting propensity of slag. 
 
3.4 Effect of additives on leaching behavior of slag 
 
The melting of coal fly ash not only reduces its volume, it can also reduce the amount 
of heavy metals which otherwise is likely to leach out into the aquifer system. To date, 
coal slag is mainly land filled, and used as concrete or fertilizer. The elution of metals 
from slag is of environmental concern. Therefore, leaching test was conducted for the 
original fly ash and its slag to assess the quality of the treated samples. Leaching of 
metals from slag was investigated using water and seawater. By using seawater, 
leaching behavior of heavy metals under the typical conditions encountered in the 
environment (especially coastal areas) can be determined. The results of water 
leaching and seawater leaching are show in Table 2 and Table 3, respectively. 



Table 2. Concentrations of the heavy metals in the leachate after the treatment of slag by 
water (mg/L) 

  Gas composition: 
CO2/H2=50/50 

Gas composition: 
CO2/H2=10/90 

 HM HM-20CaO HM-10MgO HM-20CaO HM-10MgO 
Hg <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 
Cd <0.01 <0.01 <0.01 <0.01 <0.01 
Pb <0.01 <0.01 <0.01 <0.01 <0.01 

Cr6+ 0.12 <0.02 <0.02 <0.02 <0.02 
Cr 0.15 <0.02 <0.02 <0.02 <0.02 
As <0.01 <0.01 <0.01 <0.01 <0.01 
Se 0.04 <0.01 <0.01 <0.01 <0.01 
pH 12.0 6.8 6.8 6.8 6.8 

 

Table 3. Concentrations of the heavy metals in the leachate after the treatment of slag by 
seawater (mg/L) 

  Gas composition: 
CO2/H2=50/50 

Gas composition: 
CO2/H2=10/90 

 HM HM-20CaO HM-10Mg HM-20CaO HM-10MgO 
Hg <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 
Cd <0.01 <0.01 <0.01 <0.01 <0.01 
Pb <0.01 <0.01 <0.01 <0.01 <0.01 

Cr6+ 0.13 <0.02 <0.02 <0.02 <0.02 
Cr 0.91 <0.02 <0.02 <0.02 <0.02 
As <0.01 <0.01 <0.01 <0.01 <0.01 
Se 0.05 <0.01 <0.01 <0.01 <0.01 
pH 9.6 8.0 8.0 8.0 8.0 

 
 

Table 4. Toxicity effect of leachates on photobacterium phosphoreum  

  Gas composition: 
CO2/H2=50/50 

Gas composition: 
CO2/H2=10/90 

Leachant HM HM-20CaO HM-10Mg HM-20CaO HM-10MgO 
water  N.D N.D N.D N.D N.D 

seawater 9% N.D N.D N.D N.D 
 

 



For HM, the concentrations of Hg, Cr, Pb and As in its leachant are low enough to 
meet the Japanese soil conservation regulations in water/seawater leaching. Cr and 
Se leaching behaviors were dependent on the pH of leachant. The concentration is 
increasing in seawater leaching. The slag melts well with the additives slag, leachate 
concentrations of Hg, Cr, Pb, Cd, As, and Se were all low enough to meet Japanese 
water regulations. The molten slag played an important role in the stabilization of 
heavy metal. The results of Microtox test of water and seawater leachant indicate the 
reduction in the toxicity of coal fly ash, its slag can thus be used as concrete or 
fertilizer.  
 
4. CONCLUSIONS 
 
This investigation examined the effect of additives, including CaO and MgO, on the 
properties of slag in several typical gasification atmospheres at 1773K. It was found 
that the slag melting propensity was improved significantly by both additives tested 
here. With the addition of MgO or CaO to coal fly ash, the fluid temperature of the 
resulting molten slag was decreased substantially, and its microstructure became 
homogeneous, the deposition extent of iron was reduced in CO2/H2=10/90 gas 
composition. MgO exhibited the better ability on improving the liquid formation of slag 
than CaO, the efficiency 10% MgO works as well as 20% CaO. The leaching test 
results indicate that, the heavy metals were immobilized in the slag, and hence, the 
slags formed are environmentally friendly. 
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