
1 INTRODUCTION 
In china, a method called incineration which used to 
treat MSW (Municipal Solid Waste) has now be-
come increasingly important and beneficial for oxi-
dizing the organic materials in the wastes and reduc-
ing the volume of the original wastes to a great 
degree. Unavoidably, fly ash would often be pro-
duced in the process of MSW incineration, which 
could make up 3%-5% in the primary weight. And 
the fly ash contains a great many materials which are 
harmful, like toxic organic compounds and leachable 
heavy metals (X.G. Jiang, 2015). As fly ash has been 
posing serious threats to the environment because of 
heavy-metal leaching, persistent organic pollutants 
together with soluble salts, MSWI fly ash, known as 
a typical type of hazardous waste, has to be pretreat-
ed appropriately with the methods before final dis-
posal or recycling, like thermal treatment, solidifica-
tion, and chemical stabilization, etc. 

In order to treat and dispose MSWI fly ash 
properly, it is very important to understand the basic 
properties of fly ash including their morphology, 
chemical composition, mineral composition and es-
pecially, leaching toxicity. In this article, the basic 
properties of fly ash were investigated systematical-

ly, which were intended to be a ground on which the 
subsequent processing methods would be selected 
and optimized. 

2 EXPERIMENTAL 

2.1 Samples  

In this research, the fly ash samples were originally 
obtained from an urban waste incinerator, which is 
situated in the north of China. A semi-dry scrubber, 
an activated carbon sprayer and a bag filter together 
constitute the APCD (Air Pollution Control Devic-
es). The spray drier and the bag filter, equipment for 
neutralizing acid gas with the assistance of hydrated 
lime slurry and for gathering particulates respective-
ly, compose a semi-dry scrubber. During a continu-
ous 7-day period, the fly ash samples were gathered. 
After collected, the fly ash samples should be ho-
mogenized as well as filtered with a 20-mesh sieve. 
In the next 24 hours, these samples are dried at the 
temperature of 105℃. 
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2.2 Characterization  

Composition and content 
In this research, XRF with apparatus ZSX PrimusⅡ
assisted with determining the composition and 
content of the fly ash. This device is a WD- XRF 
spectrometer with a Rh anode end-window X- ray 
tube equipped with 30 μm Be window. The results 
were expressed in the percentage of corresponding 
oxides. 

Content and leaching characteristic of heavy met-
als. 

For the sake of acquiring relatively more precise 
heavy-metal concentrations, microwave together 
with digesting acid (HNO3/HCl/HF) in three steps 
were used to dissolve the fly ash samples. Then ICP 
(1000II) assists with the determination of the content 
of heavy metals. 

Heavy-metal leaching toxicity determination is in 
accordance with the Chinese Solid waste-Extraction 
Procedure for Leaching Toxicity-Acetic Acid Buffer 
Solution Method (HJ/T 300-2007). Firstly, 75.0 g 
dried sample was poured to deionized water of 750 
mL in a 1L bottle made of polyethylene with a solid 
to liquid ratio of l:10; subsequently, the polyethylene 

bottle was fixed in a flip oscillator. Then, it was agi-
tated at a speed of 30±2 r/min for 18 h in succession. 
After all these, it was placed to stand for 0.5 h; third-
ly, vacuum filtration, with the assistance of a 0.45-
μm-micropore filter membrane, has helped with sep-
arating the component which is soluble. Finally, the 
filtrate was adjusted to a required volume and then 
the heavy-metal concentrations contained could be 
detected with the assistance of ICP. 

Chemical speciation of heavy metals  
Five different fractions, which are named as ex-

changeable fraction (F1), fraction bound to car-
bonate (F2), fraction bound to Fe-Mn oxides (F3), 
fraction bound to organic matters (F4) and residual 
fraction (F5) were classified so as for determining 
heavy-metal partitioning.  

Experimental conducting conditions abide by the 
details demonstrated in Table 1. Centrifuging would 
accomplish the process of separating when each one 
step of extraction is over; and the residual solids 
were utilized for the successive extractions. For fur-
ther analysis, 0.5 mL HNO3 should be added to pre-
serve the supernatant. 

 
 

Table 1 Experimental conditions in sequential extraction 
Chemical fraction Separation conditions 
1. Exchangeable 8 mL 1.0 mol/L MgCl2 adjusted to pH=7.0, successive oscillation for 1 h at 25℃ 
2. Bound to carbonate 1.0 mol/L NaAc adjusted to pH=5.0 with 8 mL HAc, successive oscillation for 5 h at 25℃ 
3. Bound to Fe-Mn-oxides 0.04 mol/L NH2OHHCl in 25% 25 mL HAc, occasional oscillation  for 6 h at 96±2℃ 

4. Bound to organic matters 

3 mL 0.02 mol/L HNO3 + 5 mL 30% H2O2 adjusted to pH=2.0 with HNO3, occasional agi-
tation for 2 h at 85±2℃. 3 mL 30% H2O2 adjusted to pH=2.0 with HNO3, occasional agita-
tion for 3 h at 85±2℃.After cooling to room temperature, 5 mL 3.2 mol/L NH4Ac in 25% 
HNO3, continuous agitation for 0.5 h. 

5. Residual digesting with an HF-HClO4 mixture, and then diluted with 1 mol/L HCl 
SEM observation: 
Morphology of the fly ash was observed with the 

assistance of SEM. The samples were coated with 
Au and then analyzed with the means of a scanning 
electron microscope Hitachi S-4800 equipped with a 
Genesis XM2 energy-dispersive spectrometer. 

XRD analysis: 
The crystalline phases of the fly ash could be ana-

lyzed by XRD. XRD analysis was conducted with a 
X´ Pert PRO rotating-target X-ray diffractometer (4 
kV, 30 mA). The samples were put into a sample 
rack with zero background and the experiments were 
conducted with the scanning 2θ angles from 20° to 
80°, a step interval of 0.02° and a scan speed of 
2°/min.  

All of the the concentrations mentioned above as 
well as all the features were regarded as the average 
values of three parallel experiments. 

3 RESULTS AND DISCUSSION 

3.1 Composition and content 

Generally, the MSWI fly ash composition is deter-
mined by the composition of combusted waste, 
technology of incineration (equipment for control-
ling the air pollution, filters’ separation efficiency, 
etc.) and the conditions of redox (K. Martin, 2012). 

Chemical composition of the fly ash measured by 
XRF is listed in Table 2. The results demonstrate 
that Cl, K, Na, S, Ca and Si are the primary elements 
in the fly ash. Particularly, Cl, Na2O, K2O and SO3 
are found in a relatively high content of 18.95%, 
16.61%, 15.08% and 14.36%, respectively. High 
content of chlorine has a direct relationship with the 
PVC in waste plastics and NaCl in kitchen garbage, 
which makes up most of the chlorides in MSW. Un-
favorable, from the opinion of applying it in con-
crete, is particularly a relatively great amount of sul-
fates and chlorides. The sulfates could make the 
concrete strength decline, while chlorides accelerate 
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the steel reinforcement corrosion. The primary 
heavy-metal elements were Cu, Pb and Zn. And the 
total content of them is less than 5%.The obtained 

results are compared with the literatures reported by 
different researchers and are found to be consistent 
with the existing research reports (R. Ibáňez, 2000). 

 
 

Table 2 Main composition and content of the fly ash (mass fraction, %) 

3.2 Content of heavy metals and leaching toxicity 

The most significant indicator, in the process of 
assessing the environmental impact and offering 
technical support for treatment, disposal as well as 
recovery of the fly ash,  is the contained heavy 
metal leaching toxity(A. Zacco, 2014).  

The primary heavy metal content as well as 
leaching characteristics is presented in Table 3. It 
demonstrated that the leachate concentrations of Pb, 
Zn, Cd exceed the limits of GB5085.3-2007. In par-
ticular, the concentration of Zn in leachate is 6 times 
higher than the standard limits; the concentration of 
Pb is nearly 15 times greater than the standard lim-

its; and the concentration of Cd is 19 times greater 
than the identification standard of hazardous wastes. 
This fact implies that Pb, Zn and Cd have high mo-
bility when contacting with water, and therefore, ef-
fective control techniques should be adopted in the 
MSWI fly ash treatment or disposal. 

Meanwhile, the leaching toxicities of Cu, Pb, Zn, 
Cd, Ni all exceed the limits of GB16889-2008. In 
particular, the concentration of Cd in leachate is 
nearly 130 times higher than the specified standard 
limits and the concentration of Pb is 284 times 
greater than the standard of GB16889-2008. 
Therefore, such hazardous waste must be pretreated 
properly before entering the MSW landfill. 

 
 

Table 3 Total concentration and leachate concentration of the fly ash 

3.3 Chemical speciation of heavy metals 

Metals in exchangeable fraction are considered to be 
non-specifically absorbed and ion exchangeable, 
which could be replaced by competing cations. 
When MSWI fly ash loses its buffering capacity, 
heavy metals bound to carbonates would be dis-
solved in acidity conditions. Heavy metals connect-
ed to Fe-Mn oxides, which are absorbed in amor-
phous or weakly-crystal phases, would be released 
out with the presence of reducing agents. Heavy 
metals connected to organic matters would be mi-
grated into environment by means of the reactions 
with oxidants or complexing agents. However, 
heavy metals in the residual fraction are usually 
merged into the network of stable crystals, and thus 
the metals could not be dissolved even in the condi-
tions like destructive acidity (F. Liu, 2004). 

  In terms of phase distributions of heavy metals, 
the results are presented in Fig.1. It could be found 
that the chemical speciation of heavy metals varies 
largely and exhibit different distribution patterns. In 
the fly ash sample, Pb, Cd and Zn are primarily con-
tained in the fractions of bound to carbonate and ex-

changeable; while Cu is mostly contained in the last 
three chemical fractions and Ni is mainly present in 
the residual fraction. 

  According to the sequential extraction results, 
Pb, Zn and Cd present high leaching potential so that 
special attention should be given on the landfilling 
or beneficial reusing of MSWI fly ash and effective 
techniques should be utilized to avoid the shift of 
heavy metals based on the detailed chemical analy-
sis. 
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Fig.1 Phase distribution of heavy metals in the fly ash 

 

Composition CaO Cl SO3 Na2O K2O SiO2 MgO 
Content 12.26 18.95 14.36 16.61 15.08 9.49 2.79 

Composition Al2O3 Fe2O3 P2O5
 TiO2 ZnO PbO CuO 

Content 3.11 2.18 1.09 0.52 1.75 0.57 0.30 

Heavy metal Cu Pb Zn Cd Ni 
Total content /(mgkg–1) 2106.31 5373.36 19199.76 365.33 89.83 
Concentration of leachate/(mgL–1) 84.50 70.88 618.75 19.36 0.91 

Standard of GB5085.3-2007/(mgL–1) 100 5 100 1 5 
Standard of GB16889-2008 /(mgL–1) 40 0.25 100 0.15 0.5 
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Fig.2 SEM images of the fly ash 

3.4 SEM observation  

MSWI fly ash is made of very small particles, of 
which the minimal size or quantity would be very 
harmful to the environment and human beings. 
Therefore, it is quite meaningful to explore their mi-
crostructures.  

Fig. 2 shows that MSWI fly ash was generally 
anomalous, in shapes of flocculent, flakes or glob-
ules. Large quantities of agglomerate network struc-
tures were also seen. Generally, they are irregular 
amorphous forms and polycrystalline aggregates, 
regular crystals are rarely observed. 

Some regular spherical particles are found in Fig. 
2(a). The enlargement view of one of these particles 
is shown in Fig. 2(b). This particle is about 15 μm in 
diameter, with plenty of irregular tinier particulates 
adhere to the surface, together with a large number 
of amorphous substances encinctured. The peculiari-
ty that the tiny irregular fly ash particles consist of 
more tiny irregular amorphous tinier particulates, 
which show the structure of fly ash is even more 
complex. 

3.5 XRD analysis  

The identical or similar chemical components can 
make up different crystalline phases, and different 
crystalline phases of heavy metals will result in their 
different leaching toxicities and environmental im-
pacts.  

XRD analysis has helped characterizing the crys-
talling phases in fly ash. Computer program MDI 
Jade 6.5 has helped processing the XRD patterns. 
Fig. 3 shows the results of crystalline phases 
analysis. Results indicated the main species con-
tained in the fly ash are KCl, NaCl, SiO2 and CaSO4. 
The obtained results were similar with the literature 
reported by different researchers (L. Zhang, 2014). 

The crystalline phases of heavy metals were be-
low the detection limits of XRD, probably because 
MSWI fly ash has very low contents of heavy met-
als, and they are usually present as complex com-
pounds imbedded in aluminosilicates or silicates, or 
as amorphous phases. Even if there are certain quan-
tities of crystalline phases, their structures are al-
ways too tiny to be detected by XRD. 
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Fig.3 XRD analysis of the fly ash 

4 CONCLUSION 
(1) The major elements in the fly ash are Cl, K, 

Na, S, Ca and Si, which accounts for approximately 
90%. Zn, Pb and Cu are the major heavy metals in 
the fly ash, the total content of which is less than 
5%. 

(2) The leaching toxicities of five kinds of ob-
served heavy metal including Cu, Pb and et al all 
exceed the limits of GB16889-2008 and the leachate 
concentration of Pb, Zn, Cd exceed the limitation of 
GB5085.3-2007. Therefore, effective control tech-
niques should be adopted in the MSWI fly ash 
treatment and disposal. 

(3) Chemical speciation of heavy metals varies 
largely and exhibits different distribution patterns. In 
the MSWI fly ash, Pb, Cd and Zn are primarily con-
tained in the carbonate and exchangeable fractions; 
while Cu is mostly contained in the last three chemi-
cal fractions and Ni is mainly in the form of resi-
dues. In this research, high mobililty for the heavy 
metals of Cd, Pb and Zn has been discovered. Con-
sequently, this could pose a threat to the environ-
ment during the process of landfilling or reutilizing 
of the fly ash. 

(4) In terms of Morphology of the fly ash, it is ir-
regular, along with aggregation of both amorphous 
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structures and polycrystalline. Small irregular fly 
ash particles are always made up of amorphous tini-
er particulates. This structure makes the fly ash 
strong adsorption capacity on heavy metals, dioxin 
and other pollutants. 

(5) Crystalline phases analysis indicated that the 
fly ash mainly consists of some soluble salts like 
KCl, NaCl and some crystals as SiO2 and CaSO4. 
The crystalline phases of heavy metals were usually 
below the detection limits of XRD and couldn’t be 
identified effectively. 
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