
Introduction

The rapid development in the coal chemical industry has 
played an important role in the adjustment of China’s energy 
structure (Xie et al. 2010). However, the large quantities of 
industrial waste produced, such as coal ash, fl y ash, and coal 
gangue, have caused a series of environmental problems 
(Dermatas and Meng 2003, Sharma et al. 2008). The residue 
of coal chemical industry mainly consists of fl y ash and coal 
gasifi cation slag, which are produced in large quantities and 
have low utilization rate.   On the other hand, traditional disposal 
methods, such as landfi ll and storage in ash dumps, cause 
pollution to the atmosphere, ground water, soil, and farmland, 
which in turn affects human health (Civeira et al. 2016, Steffan 
et al. 2018). This causes a waste of resources, in addition to the 
environmental pollution. Therefore, it is necessary to carry out 
the disposal and treatment of these residues in a comprehensive 
and effi cient manner.

Currently, research conducted worldwide on coal chemical 
residues is mostly focused on the disposal of fl y ash through 
using as building materials, adsorbent materials, and  new 
wall materials (Ahmaruzzaman 2010, Blissett and Rowson 
2012, Cheng et al. 2017, Yao et al. 2015). Few studies have 

investigated  the disposal of coal gasifi cation coarse slag. There 
are major differences between coal slag and fl y ash, which are 
refl ected in their primary components, heat value, and toxicity 
(Ismail et al. 2014, Saafi  et al. 2015, Wu et al. 2014, Wu et al. 
2015). However, similar to fl y ash,  coal gasifi cation coarse slag 
also has a certain chemical activity (Guo-jun et al. 2005). As 
the preparation of ceramsite using fl y ash, this is considered 
a new direction for the disposal of coal gasifi cation residue.  Ash 
slag ceramsite, which is a kind of man-made light aggregate, is 
widely used  in construction, decoration, horticulture, sewage 
treatment, and other similar applications (Li et al. 2016, Li et 
al. 2018, Qin et al. 2015).

 Sintered ceramsite production requires high temperature, 
a complicated procedure, large investment in equipment, 
and high energy (Jian et al. 2017). On the other hand, non-
sintered ceramsite production is a simple process that requires 
low energy and makes it possible to recycle a large amounts 
of coal gasifi cation coarse slag, reduce the emissions and save 
energy. Compared to the high-temperature sintering process 
in the case of sintered ceramsite makes fi xation of harmful 
heavy metals, non-sintered ceramsite may pose a risk of high 
toxicity, because there is no fi xation of heavy metals through 
sintering. Therefore, careful attention should be paid to the 
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Abstract: In this study, non-sintered ceramsite was prepared using coal gasifi cation coarse slag obtained from 
a methanol plant. The basic performance and heavy metal leaching toxicity were analyzed. The results showed 
that seven out of nine non-sintered ceramsite groups were in accordance with the national standard of compressive 
strength (5 MPa), while only three groups met the national standard of water absorption index of less than 22%. 
The heavy metal concentrations in these three groups were found to be lower than that specifi ed in National Class 
IV of surface water environment standards. The concentration of Cr was found to be 16.45 μg/L, which represents 
only 1% of the IV standard. The optimum mixing ratio, which showed high compressive strength (6.76 MPa) and 
low water absorption (20.12%), was found to be 73% coal gasifi cation coarse slag, 15% cement, and 12% quartz 
sand. The characterization using Fourier transform infrared spectroscopy showed that the formation of gelatin 
in ceramsite enhances the performance of the ceramsite base and   increases the immobilization of heavy metal. 
The study proved that the preparation of non-sintered ceramsite using coal gasifi cation coarse slag reduces its 
environmental risk and achieves effi cient utilization of the slag. Therefore, it can be concluded that it is a feasible 
and environmental friendly method for the disposal of coal slag.
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environmental toxicity and safety of non-sintered ceramsite 
produced using coal gasifi cation coarse slag. In this study, 
the effects of different mixing ratios of raw materials on the 
performance of non-sintered ceramsites produced using coal 
gasifi cation coarse slag were studied to determine the optimal 
mixing ratio. In addition, the leaching toxicity of the ceramists 
was tested to determine their environmental safety. Finally, the 
optimal material allocation ratio was determined based on both 
aspects.

Material and methods
Experiment material
The coal gasifi cation coarse slag used in this study was sampled 
from a methanol plant in northwest China. The appearance of 
the sample was similar to that of pulverized coal. After drying 
and sifting, the slag was passed through a 245 μm-sieve. 
The color of the sieved sample was carbon black. The 
sample mineral composition mainly consisted of amorphous 
minerals, such as quartz and calcite. The X-ray diffraction 
(XRD) quantitative analysis showed that the calcite and quartz 
contents (mass percentage) in the sample are 72% or more, 
and 11%~21%, respectively. Table 1 shows the results of the 
elemental quantifi cation (X-ray fl uorescence spectrometry 
(XRF), Thermo electron corporation ARLADVANT XP+) 
of coal gasifi cation coarse slag, which was performed to 
determine the main components of the coarse slag.

It was found that the main components of coal gasifi cation 
coarse slag were CaO, SiO2, Al2O3, Fe2O3, MgO, Na2O, 
and unburned carbon. The main components of the glassy 
phase, which are the active ingredients used in the ceramsite 
production, are SiO2 and Al2O3. The results showed that the 
concentrations of both components were low in the sample, 
and thus a certain amount of quartz sand had to be added as 
an admixture to supplement the source of glassy phase. Fe2O3, 
MgO, and Na2O were present in the sample as fl uxes in the 
glassy phase with levels adequate for the formation of ceramic 
materials (Xu 2012, Zishu et al. 2012).

Table 2 shows the comparison between the contents of 
heavy metals in the coal gasifi cation coarse slag and coal 
fl y ash, as well as their properties. The main difference was 
mainly in their heavy metal content, moisture content, calorifi c 
value, and particle size, which show that it is not possible to 

use the same disposal method for both wastes. The results of 
the analysis of heavy metals in coal gasifi cation coarse slag 
indicated that chromium (920.821 mg/kg) and arsenic were the 
main heavy metal pollutants. This shows the importance of the 
heavy metal fi xation in ceramsite production, since the coal 
gasifi cation coarse slag was used as a raw material.

The quartz sand used in the test was analytical grade quartz 
sand that was passed through a 245 μm-sieve after grinding 
and screening (produced by the Beijing Chemical Plant). The 
cement used was benchmark cement (produced by Shandong 
Lucheng Cement Co., Ltd. for: GB8076-2008).

Preparation of non-sintered ceramsite
The content of SiO2 in coal gasifi cation coarse slag was not 
suffi cient for the ceramsite production, thus, a certain amount 
of quartz sand was needed to replenish the glassy phase 
content. According to previous studies, the amount of quartz 
sand added should be limited to 8–12% of the mixture.   On the 
other hand, as the coal gasifi cation coarse slag ceramsites have 
low strength and high water absorption tendency, which makes 
it diffi cult for them to form a ball, a certain amount of cement 
can be added to increase their hardening speed and strength. 
The recommended amount of cement, taking into consideration 
all economic aspects, should be limited to 15–25%. Variance 
analysis was used to design different test groups for different 
raw material ratios (Table 3) in order to determine the mixing 
ratio that delivers the ceramic materials with best performance.

The coal gasifi cation coarse slag was pretreated with 
alkali, the raw materials were mixed according to the proposed 
ratios, and then the raw materials were pelletized on a disk 
pelletizer (ZL-5 disc pelletizer, Zhengzhou Hehai Machinery 
Equipment Co., Led.). The inclination angle of the pelletizer 
disk was adjusted to 60°, and   the rotation speed was fi rst 
set to 30~35 rpm for about 30 s to convert the mixture into 
a large number of granular cores, and then it was increased 
to 70~80 rpm for another 30 s. The evenly stirred mixture 
was pelletized into balls, and when the pellets were no longer 
adhered to each other, they were covered with moist gauze 
for 24 hours at room temperature. The newly cultivated 
ceramsite was steam cured at 40°C for 12 h using steam curing 
equipment. Finally, the ceramsites granules (particle size of 3 
to 8 mm) were sieved and dried in the oven for 30 min to obtain 
non-sintered ceramsites.

Table 1. The main element and the percentage composition of the coal gasifi cation coarse slag

Component SiO2 Al2O3 CaO Fe2O3 Na2O MgO C

Percentage [%] 20.12 8.23 30.08 18.17 2.14 1.93 16.12

Table 2. The main heavy metal and properties of the coal gasifi cation coarse cinder compared with fl y ash

Components As
[mg·kg-1]

Cr
[mg·kg-1]

Cu
[mg·kg-1]

Cd
[mg·kg-1]

Moisture 
content 
[wt%]

Fixed
Carbon
[wt%]

Dry basis calorifi c value
[kJ·kg-1]

Coal gasifi cation 
coarse cinder 84.237 920.821 22.66 0.12 28.94 16.12 3169

Coal fl y ash 24.51 139.88 53.73 0.80 64.65 47.01 10318
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Basic performance test of non-sintered ceramsites
In this study, the size of the ceramsite grains produced by 
the experiment was 5–8 mm. The compressive strength of 
the ceramsite produced was measured using a servo material 
pressure tester (WH-5000, Ningbo Zhenhai Weiheng Testing 
Instrument Co., Ltd.). Three samples were randomly obtained 
from each group of ceramsite products for testing. The 
compressive strength value was measured by calculating the 
arithmetic average of the three measurements for each group. 
According to the China national standard (GB/T 17431.1-2010), 
the highest standard cylinder compression strength of industrial 
waste light aggregate is 4 MPa, and the results of the literatures 
(Li 2012, Yu 2004, Zou Zhengyu 2013) showed that if the 
compressive strength of the ceramsite material is higher than 
5 MPa, the compression strength of ceramsite cylinders can 
reach 4 MPa or more.

The prepared sample was dried to a constant weight 
(G0) and placed in a suction fi lter bottle that is continuously 
fi lled with water, where it soaked for two hours. After the 
soaking step was completed, a vacuum pump was used to 
vacuum the suction fi lter bottle, maintaining vacuum on the 
immersion system for 10 minutes. The vacuum pump was 
then turned off, and the sample was removed from the suction 
bottle. A saturated cloth with water was used to remove the 
adhered water on the surface of the ceramsite material, and 
the samples were weighed again to obtain G1. The following 
water absorption formula (1) was used to obtain the ceramsite 
material water absorption index W.

   (1)

where W is the water absorption (%), G0 is the dry weight of 
sample (g), and G1 is the weight of the sample after absorption.

According to the Chinese standard (GB/T 17431.1-2010), 
the water absorption index of ceramsite materials should be 
less than 22%.

Environmental toxicity test of non-sintered ceramsite
Based on China national industry standard (HJ/T299-2007), 
the leaching toxicity test was carried out using sulfuric and 
nitric acids method. The method involves adding a mixture Fig. 1. The compressive strength of the non-sintered 

ceramsite

Table 3. The raw material ratio of each experimental group 

Group
Coal gasifi cation 

coarse cinder 
[%]

Cement
[%]

Quartz sand
[%]

1 63 25 12
2 65 25 10
3 67 25 8
4 68 20 12
5 70 20 10
6 72 20 8
7 73 15 12
8 75 15 10
9 77 15 8

of concentrated sulfuric and nitric acids in a 2:1 ratio to the 
reagent water (approximately 2 drops of the mixture in 1L of 
water) to obtain the extraction agent at pH of 3.20±0.05. The 
samples were broken up and passed through a 9.5 mm-    sieve. 
150 g of the sieved sample were placed into a 2L-extraction 
bottle. The bottle was fi lled with the extractant, whose volume 
was calculated based on the moisture content of the sample, 
at a liquid-solid ratio of 10:1(L/kg). The bottle cap was then 
tightened, and the bottle was fi xed on the rotary oscillating 
device, in which the rotation speed was set to 30±2 rpm and 
oscillated at 23±2°C for 18±2 h. Afterwards, the fi lter was 
installed on the pressure fi lter and rinsed with dilute nitric acid. 
The eluent was then discarded, and the sample was fi ltered. 
Finally, the leachate was collected and stored at 4°C for testing.

Based on previous studies and the risk level of heavy 
metals on human health, the main elements that should be 
detected in the leaching toxicity test are Be, Cr, As, Cd, and 
Pb. Inductively coupled plasma mass spectrometry (ICP-MS, 
type 7500a, Agilent Technologies, U.S.A.) was used to test 
the leaching concentration of heavy metals in the selected 
ceramsite samples.

Fourier transform infrared (FTIR) spectroscopy 
One to two milligrams of the sample were mixed with 200 mg 
of pure KBr, ground uniformly (to particle size of less than 
2 microns), placed in a mold, and pressed on a hydraulic press 
to form a transparent sheet. The assay was carried out using 
TENSOR II, Bruker, Germany. 

Results and discussion
Effect of raw material distribution ratio 
on basic properties of ceramsite
Compressive strength
Figure 1 shows the compressive strength of non-sintered 
ceramsites prepared by coal gasifi cation coarse slag, which 
was tested according to the ratio of raw material listed in 
Table 3. 

The results indicate that the compressive strength of all non-
sintered ceramsite samples met the standard except for those 
with 77% and 70% slag. However, there was no clear linear 
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relationship between the amount of coarse slag added and the 
compressive strength. The alkali liquor used in the pretreatment 
of slag can signifi cantly stimulate the potential activity of coal 
gasifi cation coarse slag powder. The Si-O and Al-O bonds in 
the coal gasifi cation coarse slag broke and the glassy structure 
disintegrated, under the effect of OH-. Therefore, the degree of 
polymerization of the Si-O-Al network polymer was reduced, 
and the active material was eluted to form gel materials, such 
as hydrated calcium silicate, and hydrated aluminum silicate, 
which increase the strength of the ceramsite particles (Guo-jun 
et al. 2005, Zhang et al. 2015, Zishu et al. 2012). Moreover, the 
hydration reaction inside the material continued for a period 
of time after the steam curing was fi nished and the strength 
of ceramsites increased with the progress of hydration. This 
increase in the compressive strength is also a major advantage 
of non-sintered ceramsites. Compared to the sintered ceramsite 
(Jia et al. 2017), the compressive strength of non-sintered 
ceramsites was basically the same. The strength of some non-
-sintered ceramsites was lower than that of sintered ceramsites; 
however, the continued increase in the strength of non-sintered 
ceramsites after curing resulted in a compressive strength 
comparable to that of the sintered ceramics.

Water absorption
The water absorption phenomenon in the ceramsite particles is 
caused by the presence of capillaries and pores in the particles. 
When ceramsite particles are immersed in water, their capillary 
pores begin to absorb it as a result of the micropump and the 
vacuum effects (Lau et al. 2017, Jian-cheng 2009). 

The water absorption ability and the effect of raw material 
distribution ratio on the water absorption were tested in the nine 
groups of unburned coal gasifi cation coarse slag ceramsites 
(Figure 2). These results, combined with the results of the 
compressive strength, were used to determine the optimum 
ratio of the raw materials under the same curing conditions. 

Figure 2 shows that the water absorption index of the 
samples was relatively large. Only three (with ratios of 75%, 
73%, and 63% coarse slag) out of the nine groups had water 
absorption values within the range specifi ed by the standard. 

In addition to group 1 (with ratio of 63% coarse slag), 
the remaining two groups out of three groups which met 

the standard had higher slag content. This suggests that the 
increase in the content of coarse slag reduces water absorption 
in the ceramsite. When these results were compared to those 
of sintered ceramsites (Jia et al. 2017), they were found 
to be comparable. However, taking into consideration the 
large investment, complicated technology, and high energy 
consumption of the sintering process, the non-sintered 
ceramsites can be considered more advantageous. Therefore, 
this production process is considered an effi cient and cost-
-effective method of disposal of coal gasifi cation coarse slag.

Environmental toxicity test
Ceramsite materials are widely used in practical engineering 
applications, and hence their environmental safety and effects 
on the human health must be carefully tested. In this study, 
the ceramsite’s raw material mainly consisted of the coal 
gasifi cation coarse slag discharged from a methanol plant, 
which contains toxic heavy metal pollutants. In the process 
of preparing ceramsite, these harmful substances are likely to 
be immobilized and sealed in the ceramsite material. When 
the manufactured ceramsite materials are put into use, these 
harmful substances are likely to migrate to the surrounding 
environment through rainwater, which poses high risk to the 
environment and human health (Karayannis et al. 2017). As 
mentioned, non-sintered ceramsites pose higher environmental 
toxicity risk compared to sintered ceramsites. Therefore, 
the leaching toxicity of produced ceramsites and their 
environmental safety need to be evaluated. In addition, the 
optimal raw material ratio of ceramsites, which causes the least 
environmental toxicity and meets the standard, is determined.

Figure 3 shows the results of leaching toxicity of the three 
groups (slag contents of 75%, 73%, and 63%) selected in the 
previous steps.

From the fi ve elements that were of interest in this study, 
only Cr and As had signifi cant concentrations in the samples 
compared to those of the other three heavy metals (Figure 3), 
with Cr being the metal with the highest content in the 
leachate and in the coal gasifi cation coarse slag. However, 
the Cr concentration of leachate was only  16.45  μg/L, which 
represents 32.9% of the concentration stated in National Class 
IV of surface water environment standards (50 μg/L). The 

Fig. 2. The water absorption rate of the non-sintered 
ceramsite
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concentration of the other four heavy metals was far lower 
(about 1%) than that specifi ed by the national standard for 
surface water.

Therefore, it can be concluded that the proposed method 
has a good ability to fi x heavy metal. As mentioned, coal 
gasifi cation coarse cinder is pretreated by alkaline solution to 
enhance its ability to form hydrogels, such as calcium silicate 
and hydrated aluminum silicate, which in turn increases the 
strength of ceramsite and enhances the fi xation of heavy 
metals. Xiaoming Liu et al. indicated that hydration products 
adsorb Pb and Cr ions, and hence heavy metals are fi xed inside 
the gel (Liu et al. 2018). Some studies also pointed out that 
the addition of cement, which is an inorganic gel material, 
could consolidate heavy metals as a result of its solidifi cation 
ability (Cerbo et al. 2017, Wang et al. 2015). The mechanisms 
are as follows: (1) the gel with small pores generated by the 
hydration of cement effi ciently coats the heavy metals, which 
reduces their permeability; (2)   adsorption of heavy metal ions 
on a large number of fi ne particles produced through cement 
hydration increases the stability of heavy metals; (3) adding 
the raw material with water enhances the cement hydration, 
which in turn improves the alkalinity of the solution and 
causes heavy metals in coal gasifi cation coarse cinder to form 
water-insoluble precipitates, making it diffi cult for heavy 

metals to leach; (4) the hydration of cement produces a layered 
silicate gel, in which Ca2+, Al3+, and Si4+ in the lattice can be 
replaced by heavy metal ions, which causes the entrapment 
of heavy metals inside it (Jianhuan 2013). The results of the 
leaching toxicity test proved the environmental safety of the 
non-sintered ceramsite and clarifi ed the safety of using it in 
practical applications. 

The FTIR characterization of coal gasifi cation 
coarse slag and ceramsites
The results of the FTIR characterization of un-sintered 
ceramsite (Figure 4) show that the peak at 2100 cm-1 in the 
coal gasifi cation coarse cinder was signifi cantly weakened 
in the ceramsite. Therefore, according to the IR spectrum 
analysis, the potential structure of the coal gasifi cation coarse 
cinder  contained C≡C or C=C=C bonds. It is proposed, 
however, that the pretreatment of the coal gasifi cation coarse 
cinder with NaOH breaks these bonds, resulting in no peak 
in the ceramsite. The fi ngerprint area below 1300 cm-1 mainly 
illustrates the characterization of Si-O or Al-O (Chun-hui et al. 
2012, Dingemans et al. 2012). The peak at 1300 cm-1 proved 
the presence of gel material in the non-sintered ceramsites, 
which played an important role in increasing the compressive 
strength of ceramsite and the fi xation of heavy metals.

Fig. 4. Fourier Transform infrared spectroscopy (FTIR) of coal gasifi cation coarse cinder (a) and non-sintered ceramsite (b)
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Conclusions
The optimal ratio of coal gasifi cation coarse slag added as the 
raw material for ceramsite production was determined through 
testing compressive strength and the water absorption index 
in the produced materials. The results of the tests proved that 
the non-sintered method used in the ceramsites preparation 
from coal gasifi cation of coarse slag was an effective and 
environmental friendly way of slag disposal. In addition, 
coal gasifi cation coarse slag was used as a resource instead 
of being a waste material. The results of ceramsites leaching 
indicated that the Cr concentration ranged from 6.43 μg/L 
to 16.45 μg/L, and the concentration of As was between 
1.02 μg/L and 1.6 μg/L, while the concentrations of Pb, Be, 
and Cd were very low. These low concentrations of heavy 
metals ensure the safe use of ceramsites. It was also found that 
the compressive strength of non-sintered ceramsites meets the 
national standard of 5 MPa in most of the samples. However, 
the compliance rate of water absorption index with the national 
standards was only 33% under the same process conditions. 
After the completion of the steam curing, the strength of the 
ceramsite continued to increase with time. This proved that the 
non-sintered process was suitable for the preparation of high-
-strength ceramsite. However, the produced ceramsites are not 
suitable for the preparation of ultra-light ceramic granules, 
because of their high water absorption index. The results also 
proved that cement, as an additive, plays an important role in 
the preparation of non-sintered ceramsite, because it enhances 
the compressive strength of ceramsite and the fi xation of heavy 
metals in coal gasifi cation coarse slag.

Acknowledgments 
The authors would like to thank the National Basic Research 
Program of China (973 Program, No. 2014CB238906) and 
National Natural Science Foundation of China (41601336) for 
fi nancial support.

Reference
Ahmaruzzaman, M. (2010). A review on the utilization of fl y ash, 

Progress in Energy and Combustion Science, 36, 3, pp. 327–363.
Blissett, R.S. & Rowson, N.A. (2012). A review of the multi-

-component utilisation of coal fl y ash, Fuel, 97, pp. 1–23.
Cerbo, A.A., Ballesteros, F.Jr., Chen, T.C. & Lu, M.C. (2017). 

Solidifi cation/stabilization of fl y ash from city refuse incinerator 
facility and heavy metal sludge with cement additives, Environmental 
Science and Pollution Research, 24, 2, pp. 1748–1756.

Cheng, F., Wen, R., Huang, Z., Fang, M., Liu, Yg., Wu, X. & Min, 
X. (2017). Preparation and analysis of lightweight wall material 
with expanded graphite (EG)/paraffi n composites for solar 
energy storage, Applied Thermal Engineering, 120, pp. 107–114.

Chun-hui, F., Hong-rui, M. & Li, H. (2012). Spectroscopic analysis 
of the crystalization mechanism of synthesized zeolite with XRD 
and FTIR approaches, Spectroscopy and Spectral Analysis, 32, 4, 
pp. 1118–1122. (in Chinese)

Civeira, M.S., Pinheiro, R.N., Gredilla, A., de Vallejuelo, S.F., 
Oliveira, M.L., Ramos, C.G., Taffarel, S.R., Kautzmann, R.M., 
Madariaga, J.M. & Silva, L.F. (2016). The properties of the 
nano-minerals and hazardous elements: Potential environmental 
impacts of Brazilian coal waste fi re, Science of the Total 
Environment, 544, pp. 892–900.

Dermatas, D. & Meng, X. (2003). Utilization of fl y ash for 
stabilization/solidifi cation of heavy metal contaminated soils, 
Engineering Geology, 70, 3–4, pp. 377–394.

Dingemans, G., van Helvoirt, C.A.A., Pierreux, D., Keuning, W. & 
Kessels, W.M.M. (2012). Plasma-Assisted ALD for the conformal 
deposition of SiO2: process, material and electronic properties, 
Journal of the Electrochemical Society, 159, 3, pp. H277–H285.

Guo-jun, K., Xiao-feng, Y., Hong, P., Fei, J. & Hong-tao, Y. (2005). 
Progress of research on chemical activating mechanisms of fl y ash, 
Journal of China Coal Society, 30, 3, pp. 366–370. (in Chinese)

Jia, J., Hu, L., Zheng, J., Zhai, Y., Yao, P., Zhao, S., Shi, S., Zhai, X. & 
Zhang, D. (2017). Environmental toxicity analysis and reduction 
of ceramsite synthesis from Industrial coal gasifi cation coarse 
cinder waste, Polish Journal of Environmental Studies, 26, 1, 
pp. 147–153.

Jian, L., Jun, L. & Zhongyuan, L. (2017). Effects of fl y ash and 
circulating fl uidized bed combustion on alkaline activator 
Sinter-free lightweight aggregates (SLWA), China Concrete and 
Cement Products, 02, pp. 88–94. (in Chinese)

Jian-cheng, X. (2009). Analysis of the water absorption characteristics 
of ceramisite under different condition, Brick Tile, 09, pp. 14–17. 
(in Chinese)

Jianhuan, H. (2013). The leaching characteristics of heavy metals 
from municipal solid waste fl y ash and experimental study on 
cement solidifi cation, South China University of Technology, 
Guangzhou. (in Chinese)

Ismail, I., Bernal, S.A., Provis, J.L., San Nicolas, R., Hamdan, S. & 
van Deventer, J.S.J. (2014). Modifi cation of phase evolution in 
alkali-activated blast furnace slag by the incorporation of fl y ash, 
Cement and Concrete Composites, 45, pp. 125–135.

Karayannis, V.G., Karapanagioti, H.K., Domopoulou, A.E. & Komilis, 
D.P. (2017). Stabilization/solidifi cation of hazardous metals from 
solid wastes into ceramics, Waste and Biomass Valorization, 8, 5, 
pp. 1863–1874.

Lau, P.C., Teo, D.C.L. & Mannan, M.A. (2017). Characteristics of 
lightweight aggregate produced from lime-treated sewage sludge 
and palm oil fuel ash, Construction and Building Materials, 152, 
pp. 558–567.

Li, J. (2012). Fly ash sintered ceramiste preparation and enhanced 
removal of phosphate in wastewater, Hunan University, Changsha. 
(in Chinese)

Li, T., Sun, T. & Li, D. (2016). Preparation, sintering behavior, and 
expansion performance of ceramsite fi lter media from dewatered 
sewage sludge, coal fl y ash, and river sediment, Journal of 
Material Cycles and Waste Management, 20, 1, pp. 71–79.

Li, Z., Zhang, H., Zhao, P., He, X. & Duan, X. (2018). Manufacturing 
of ultra-light ceramsite from slate wastes in Shangri-la, China, 
Journal of the Korean Ceramic Society, 55, 1, pp. 36–43.

Liu, X., Zhao, X., Yin, H., Chen, J. & Zhang, N. (2018). Intermediate-
calcium based cementitious materials prepared by MSWI fl y 
ash and other solid wastes: hydration characteristics and heavy 
metals solidifi cation behavior, Journal of Hazardous Materials, 
349, pp. 262–271.

Qin, J., Cui, C., Cui, X., Hussain, A. & Yang, C. (2015). Preparation 
and characterization of ceramsite from lime mud and coal fl y ash, 
Construction and Building Materials, 95, pp. 10–17.

Saafi , M., Tang, L., Fung, J., Rahman, M. & Liggat, J. (2015). 
Enhanced properties of graphene/fl y ash geopolymeric composite 
cement, Cement and Concrete Research, 67, pp. 292–299.

Sharma, A., Takanohashi, T. & Saito, I. (2008). Effect of catalyst 
addition on gasifi cation reactivity of HyperCoal and coal with 
steam at 775–700°C, Fuel, 87, 12, pp. 2686–2690.

Steffan, J.J., Brevik, E.C., Burgess, L.C. & Cerda, A. (2018). The 
effect of soil on human health: an overview, European Journal of 
Soil Science, 69, 1, pp. 159–171.



90 S. Zhao, L. Yao, H. He, Y. Zou, L. Hu, Y. Zhai, Y. Yu, J. Jia

Wang, F.H., Zhang, F., Chen, Y.J., Gao, J. & Zhao, B. (2015). 
A comparative study on the heavy metal solidifi cation/
stabilization performance of four chemical solidifying agents in 
municipal solid waste incineration fl y ash, Journal of Hazardous 
Materials, 300, pp. 451–458.

Wu, S., Huang, S., Ji, L., Wu, Y. & Gao, J. (2014). Structure 
characteristics and gasifi cation activity of residual carbon from 
entrained-fl ow coal gasifi cation slag, Fuel, 122, pp. 67–75.

Wu, S., Huang, S., Wu, Y. & Gao, J. (2015). Characteristics and 
catalytic actions of inorganic constituents from entrained-fl ow 
coal gasifi cation slag, Journal of the Energy Institute, 88, 1, 
pp. 93–103.

Xie, K., Li, W. & Zhao, W. (2010). Coal chemical industry 
and its sustainable development in China, Energy, 35, 11, 
pp. 4349–4355.

Xu, H. (2012). Study on the development and application in BAD 
of the new unburned fl y ash ceramsite, Harbin Institude of 
Technology, Harbin. (in Chinese)

Yao, Z.T., Ji, X.S., Sarker, P.K., Tang, J.H., Ge, L.Q., Xia, M.S. & Xi, 
Y.Q. (2015). A comprehensive review on the applications of coal 
fl y ash, Earth-Science Reviews, 141, pp. 105–121.

Yu, C. (2004). The study of manufacture of fl y ash haydite and treating 
oily waste water with fl y ash haydite, Beijing University Of 
Chemical Technology, Beijing. (in Chinese)

Zhang, Z., Provis, J.L., Reid, A. & Wang, H. (2015). Mechanical, 
thermal insulation, thermal resistance and acoustic absorption 
properties of geopolymer foam concrete, Cement and Concrete 
Composites, 62, pp. 97–105.

Zishu, L., Xu, H., Fang, M., Shan, Q. & Shanwen, X. (2012). The 
study on manufacture of unbruned fl y ash ceramsite with 
sludge applied to BAF, Environmental Engineering, 30, S2, 
pp. 262–266. (in Chinese)

Zou Zhengyu, L.Y. (2013). Preparation of non-sintered ceramsite 
from coal fl y ash and its performance on heavy metals 
removal, Chinese Journal of Environmental Engineering, 7, 10, 
pp. 4054–4060. (in Chinese)


