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Abstract:    Heavy metals released from municipal solid waste incinerators have become a major environmental concern. A 
comprehensive knowledge of metal vapor condensation in fly ash particles during incineration is essential for alleviating heavy 
metal toxicity, and for optimizing incineration process parameters and flue-gas cleaning systems. In this paper, the condensation of 
zinc vapor during flue-gas cooling in a 200 t/d fluidized bed incinerator and a 150 t/d moving grate incinerator was characterized 
and comparatively studied using high resolution synchrotron X-ray absorption spectroscopy (XAS). Principal component analysis, 
target transformation, and linear combination fitting were employed to identify zinc species directly from size fractionated fly ash 
particles. The chemical reaction behaviors of different zinc species were described by thermodynamic equilibrium simulations. 
Consistent with previous theoretical analysis and laboratory scale tests, the condensation behavior of zinc in an industrial incin-
eration system is mainly affected by the sulfur/chlorine ratio and the inorganic particulates. It is found that zinc chloride is the 
major zinc species in a moving grate incinerator but willemite dominates in the fluidized bed incinerator. The high sulfur and 
silica/alumina particle concentration in the fluidized bed system changes the condensation propensity of vapors of Zn compounds. 
Adjusting the concentrations of SO2 in flue-gas can inhibit the formation of zinc chlorides. Silica, alumina, aluminosilicates, and 
calcium-based compounds are potential sorbents for transforming zinc to less harmful species. To prevent toxic zinc species 
contained in fine particles from escaping into the atmosphere, wet scrubbers are more suitable for cleaning flue-gases in moving 
grate incineration systems, while improving the efficiency of dust removal is more important for fluidized bed incineration  
systems.  
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1  Introduction 
  
It has been estimated that about 180 million 

metric tons (300 kg/yr per capita) of municipal solid 
waste (MSW) was generated in China in 2012. In-

cineration is a widely used technology for the rapid 
treatment of MSW, as it can significantly reduce the 
amount of waste by up to 90% in volume and 70% in 
weight, and recover energy (Abanades et al., 2005). 
Compared to other solid fuels, MSW has the distinct 
property of consisting of a large quantity of harmful 
heavy metals and high content of chlorine. The chlo-
rine in the raw MSW will be initially oxidized into 
hydrogen chloride (HCl), which in turn aides the 
vaporization of metals through the formation of gas-
eous metallic chlorides with relative high equilibrium 
saturation vapor pressure. The metal vapors will un-
dergo nucleation/condensation upon flue-gas cooling 
and will form fine particles which are capable of 
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penetrating conventional air pollution control (APC) 
systems and consequently impose direct health threats 
to local residents (Zhu et al., 2001; Xie et al., 2006). 

The toxicity and mobilization of heavy metals in 
fly ash mainly depend on the chemical states of the 
metals, which may vary with the MSW composition, 
and the chemical reaction environment. Recent re-
search shows that adopting mineral sorbents to cap-
ture the metallic vapors through either physical ad-
sorption or chemical reaction can efficiently inhibit 
the formation of harmful metal compounds during 
flue-gas cooling (Gale and Wendt, 2002; Tran et al., 
2004; Diaz-Somoano and Martínez-Tarazona, 2005), 
and many investigations have been carried out to 
characterize the condensation behavior of metal vapor 
in different environments for the selection of mineral 
sorbents and optimizing their effect (Belevi and 
Moench, 2000; Sørum et al., 2003). Song et al. (2013) 
studied theoretically the condensation behavior of Pb 
and Zn during oxy-fuel combustion as well as 
air-fired combustion. Jiao et al. (2013a; 2013b) re-
ported that by changing the SO2 and steam concen-
trations in flue-gas in a tubular reactor, the deposition 
properties of metal vapors can be controlled. Previous 
research also indicates that the fate of the metallic 
species and their transformation pathways are im-
portant for developing an effective sorbent- 
injection methodology. However, due to restricted 
sampling conditions and lack of direct trace metal 
species identification methods, the actual metal vapor 
condensation behavior in a commercial scale furnace 
is still unclear.  

X-ray photoelectron spectroscopy and X-ray 
diffraction are widely used for species analysis 
(Narukawa et al., 2005; Kirpichtchikova et al., 2006), 
but their resolutions are insufficient for determining 
heavy metal speciation in fine fly ash particles be-
cause of the relatively low absolute concentrations 
present. Sequential chemical extraction is another 
widely used method for studying the behavior of 
heavy metals in different environments, but this may 
lead to alterations in the equilibrium between differ-
ent chemical species, and it also suffers from low 
sensitivity, a lack of certified reference materials, and 
influences from the analytical conditions, which re-
strict its use for determining heavy metal species 
(Fernández et al., 2004; Narukawa et al., 2005; Yuan, 

2009). High resolution X-ray absorption near-edge 
structure (XANES) spectroscopy and extended X-ray 
absorption fine structure (EXAFS) spectroscopy, 
using synchrotron X-ray beam sources, have been 
reported to be capable of acquiring metal species in 
solid samples directly, even if the element of interest 
is present at very low concentrations (Manceau et al., 
2004; Struis et al., 2004; Strawn and Baker, 2009).  

This study aims to extend previous laboratory 
studies to practical systems. The condensation of 
semi-volatile metal zinc (Hasselriis and Licata, 1996), 
during flue-gas cooling in different commercial MSW 
incineration systems was studied by X-ray absorption 
spectroscopy (XAS). Zn is a widely used material, in 
galvanization, alloys, and batteries (Wan et al., 2006). 
In China, Zn has the highest concentration of all 
heavy metals in raw MSW and incinerator residues. 
Oxidized Zn is a soluble and mobile trace metal under 
acidic conditions, making it one of the most phyto-
toxic microelements (Roberts et al., 2002), and zinc 
extraction toxicity is still included in the criteria for 
hazardous wastes identification in many countries 
(Hesterberg et al., 1997; Sinclair et al., 2010). In this 
study, Zn composition and speciation in sized fly ash 
particles collected from hot flue-gases after the heat 
recovery unit and before APC system in a 200 t/d 
circulating fluidized bed (CFB) and a 150 t/d moving 
grate incinerator are analyzed with XANES and 
EXAFS spectroscopy. A thermal equilibrium calcu-
lation is also employed to describe Zn speciation 
behavior during the flue-gas cooling process. 

 
 

2  Materials and methods 

2.1  Samples 

Two different types of fine fly ash particles were 
studied. The first two samples, M1 and M2, were 
collected from the Hangzhou Lvneng MSW power 
plant, which has an inclined reverse moving grate 
incinerator. The other two samples, C1 and C2, were 
collected from the Hangzhou Jingjiang MSW power 
plant, where pre-shredded waste with 12.2% coal is 
burned in a CFB incinerator. The capacities of the 
moving grate incinerator and the CFB incinerator 
were 150 and 200 t/d, respectively. These two plants 
are in the same area in Hangzhou City, and are fed 
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with MSW which comes from the same waste transfer 
station. Table 1 lists the properties of MSW and coal. 
The data in Table 1 was the average MSW composi-
tion burned during ash sampling period. The data was 
obtained manually according to Chinese standard 
CJ/T 313-2009. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Samples were collected using a cascade im-

pactor (Osán et al., 2010) (WY-II, Beijing Daziran 
Co., Ltd., China), which was inserted vertically into 
the flue after the heat recovery unit and before the 
flue-gas cleaning system, where the time average 
flue-gas temperature was around 420 K. Fig. 1 indi-
cates the sampling point of the incineration system. 
The WY-II cascade impactor has eight stages and can 
capture particles of between 0.33 μm and 9.8 μm. The 
aerodynamic cut-off diameters of the eight stages are 
9.8, 6.7, 4.3, 2.6, 1.81, 1.06, and 0.67 μm, respec-
tively. The final stage was fitted with a 0.33 μm pore 
size quartz-fiber filter-paper. The cut-off diameter of 
the different stages strongly depends on the flue-gas 
temperature and pressure. For our experiments, each 
sampling lasted around 2 h to capture enough parti-
cles for analysis. Due to the variation in the burned 
MSW, the flue-gas temperature and pressure were 
fluctuating all the time during sampling (although the 
fluctuation is under control, it still strongly affects the 
sampling. The temperature ranged between 136 °C 
and 168 °C. The relative pressure ranged between 

−2.49 kPa and −2.04 kPa). The cut-off size of each 
stage is also changing and the size distribution of 
particles captured in connecting stages may be over-
lapped, especially for stages after 5. To avoid any 
misunderstanding and to make the results representa-
tive, we merged the particles into two big groups. 
Fine particles (<2.5 μm; samples M1 and C1) which 
were deposited in stages 5–8, and coarse particles 
(2.5–9.8 μm; samples M2 and C2) which were de-
posited on stages 2–4, were collected for Zn analysis. 
Collected samples were stored in vacuum centrifuge 
tubes to keep them free of water vapor or oxygen 
before they were analyzed by XAS.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Analytical grade ZnO, ZnCl2, ZnS, ZnSO4·7H2O, 

hydrozincite (Zn5(CO3)2(OH)6), willemite (Zn2SiO4), 
and gahnite (ZnAl2O4) were used as reference mate-
rials according to previous studies (Shoji et al., 2002; 
Manceau et al., 2004; Struis et al., 2004; Osán et al., 
2010). The reference materials were provided by 
Sinopharm Chemical Reagent Co., Ltd. (China) and 
Aladdin Industrial Inc. (USA). The purity of refer-
ence materials is >99% (for hydrozincite and wil-
lemite >98%). 

For calibration purposes, the total Zn concentra-
tion was determined before the Zn species were 
measured using the synchrotron XAS. Each sample 
was dried at 378 K for about 2 h and digested in a 

Table 1  Properties of MSW and coal used in two incin-
eration plants 

Property 
Value 

MSW Coal 

Proximate analysis 

Moisture (%, in weight) 51.98 4.32 

Ash (%, in weight) 24.31 24.55 

Volatile matter (%, in weight) 18.82 28.30 

Fixed carbon (%, in weight) 4.89 42.83 

Higher heating value (kJ/kg) 4221 22 922 

Ultimate analysis (%, in weight, as received) 

Carbon  14.24 59.75 

Hydrogen 1.98 4.08 

Nitrogen 0.31 0.83 

Oxygen 7.13 6.04 

Sulfur 0.05 0.43 

Chlorine 0.39 0.07 

Fig. 1  Position of the sampling point in the MSW incin-
eration furnace and sample parameters 

Air pollution 
control system

Incinerator

Sampling point Stack

Heat recovery 
units

Parameter 
Description 

M1 M2 C1 C2 

Furnace type Moving grate CFB 

Processed materials MSW MSW with 12.2% coal

Capacity (t/d) 150 28.30 

Furnace temperature (K) 1143–1193 1133–1173 

Sampling point temperature (K) 413 424 

Particulate concentration (mg/Nm3) 9.98 18.34 18.77 31.68 

Zinc concentration (mg/kg) 3691 3386 3004 2870 
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mixture of HNO3, HF, and HClO4 in a microwave 
oven. The Zn ion concentration in the filtered solution 
was analyzed by inductively coupled plasma mass 
spectrometry (Xeries II, Thermo Fisher Scientific 
Inc., USA). 

2.2  XAS measurements 

Zn K-edge XAS measurements were carried out 
at the BL14W1 beam line station at the Shanghai 
Synchrotron Radiation Facility Center (SSRF). The 
electron storage ring was operated at 3.5 GeV to yield 
an electron beam with an average current of 300 mA. 
Each sample was packed in a polycarbonate container 
and sealed with polyimide tape. The K-edge XAS 
spectra of the Zn species were measured with a dou-
ble crystal Si (111) monochromator, which was used 
to select the incident beam energy and decrease the 
harmonics. The monochromator position was cali-
brated by assigning the first inflection point of the 
K-edge of metallic Zn foil to 9659 eV. The reference 
material spectra were recorded in transmission mode 
using ionization chambers, and sample spectra were 
recorded in fluorescent mode using a Lytle detector 
(Huggins et al., 2000). A standard Zn foil was 
mounted between two ionization chambers, down-
stream of the sample, to allow the energy to be cali-
brated using the first inflection point of the Zn foil 
absorption edge. The XANES and EXAFS scanning 
step sizes were 0.5 eV/point and 1.0 eV/point, re-
spectively (Hecht et al., 1996). According to the 
fundamental of SSRF, the uncertainty for XAS 
measurement is lower than 0.005% (5–20 keV). All 
spectra were measured at room temperature (298 K), 
and duplicate scanning was carried out for all sam-
ples; the maximum fluctuation of the spectrum was 
less than 2%. 

2.3  X-ray absorption spectrum processing 

The XAS spectral analyses were performed us-
ing the Athena, Artemis (Ravel and Newville, 2005), 
and SIXpack (Webb, 2005) modules in the IFEFFIT 
XAS analysis software package (Newville, 2001). 
The threshold energy (E0) was taken at the zero- 
crossing point of the second derivative of the ex-
perimental spectrum, and raw data were linearly cal-
ibrated against the difference between the measured 
E0 and the theoretical absorption edge energy for the 
Zn K-edge at 9659 eV. Linear pre-edge fitting and 

second-order polynomial post-edge fitting were per-
formed to subtract the background signal and to 
normalize the spectra.  

Principal component analysis (PCA) and target 
transformation (Ressler et al., 2000) were used to 
identify Zn species that could have been present in the 
samples. The SPOIL parameter (Webb, 2005), which 
is a non-negative dimensionless number, indicates the 
fitting error increment in the target transformation 
resulting from replacing an abstract principal com-
ponent with a candidate spectrum. According to pre-
vious work on metal species (Manceau et al., 2002; 
Webb, 2005), a SPOIL value of <3.0 is good, a value 
between 3.0 and 4.5 is acceptable, and a value >4.5 is 
unacceptable. Least-squares linear combination fit-
ting was performed to determine the fractional con-
tribution of each reference compound identified in the 
samples, by comparing the fitted spectrum with the 
experimental measurements. The residuals (Re), de-
fined as the normalized root square difference be-
tween the experimental data and the fit, were mini-
mized during the fitting process. The combination of 
low signal-to-noise ratio, background noise, and the 
inherent heterogeneity of fly ash matrix is likely to 
result in an estimated error that is greater than ±3% of 
the total metal content quoted. We considered that the 
individual contribution of a reference compound de-
termined to be <5% of the total Zn content was  
unacceptable.  

EXAFS data extraction was performed using 
standard methods (Roberts et al., 2002), extracting 
the k3-weighted chi spectra (χ(k)·k3) from the raw data 
and then performing a Fourier transformation over the 
range of 15–120 nm−1. The amplitude and phase shift 
functions were generated by FEFF 7.0 based on the 
Zn reference structure. Multi-shell fitting was per-
formed in R space over the range 0.1 nm<R<0.35 nm. 
The interatomic distance (R) resolutions were esti-
mated to be ±0.002 nm and ±0.005 nm for the first 
and second shells, respectively. The amplitude re-
duction factor (So

2) was 0.9, as recommended by 
Struis et al. (2004). 

 
 

3  Results and discussion 

3.1  Zn distribution in particulates 

As a semi-volatile metal, the total Zn concen-
tration in fly ash particles depends to a significant 
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extent on the combustion temperature and O2 con-
centration inside the furnace (van der Sloot et al., 
2001). The parameters and particle size distribution of 
samples are displayed in Fig. 1 and Fig. 2, respectively. 
The moving grate incinerator and the CFB incinerator 
had different combustion characters, more large par-
ticles were carried in the flue-gas from the CFB  
incinerator. The total particle concentration (Fig. 1)  
in the CFB incinerator is twice as much as that in 
moving grate system. However, the PM2.5/PM10 
(PMx: particles with aerodynamic diameters less than 
x micrometers) mass concentration ratio was higher in 
the moving grate incinerator. The combustion tem-
perature inside the furnace (>1123 K) was much 
higher than the boiling point of Zn (692.5 K) or ZnCl2 
(1005 K), so metallic zinc had a tendency to homo-
geneous nucleation and be enriched in smaller parti-
cles (Chang et al., 2000) causing the total concentra-
tions in our samples (2870–3691 mg/kg) to be much 
higher than the average Zn concentration in fly ashes 
captured by the APC system (2000–2500 mg/kg). 
Meanwhile, the total Zn concentrations were higher in 
M1 and M2 than in C1 and C2. We also found that the 
Zn concentrations were 20% higher in the fine parti-
cles compared with the coarse particles. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Verhulst et al. (1995) and Wang et al. (1999) 

reported that high chloride content in waste will favor 
the formation of volatile heavy metal compounds in 
fly ash particles. Fuel in the CFB incinerator has a 
lower chloride content because coal is added, which 
may explain why samples M1 and M2 contain higher 
Zn concentrations. 

3.2  PCA analyses and linear combination fitting of 
XAS spectra 

Due to the excellent quality of the synchrotron 
X-ray system and an advanced data processing algo-
rithm, the detection limit and spectrum uncertainty 
are less than 0.003% and 2%, respectively, for the 
measured Zinc species. The normalized Zn K-edge 
XANES spectra and k3-weighted EXAFS spectra for 
the four fly ash particle samples and seven Zn stand-
ards are shown in Fig. 3. PCA and target transfor-
mations were performed on both the XANES and 
EXAFS spectra. The SPOIL values found from both 
the XANES and EXAFS spectra of the reference 
compounds are listed in Table 2, and it can be seen 
that willemite (Zn2SiO4), zinc chloride (ZnCl2), hy-
drozincite (Zn5(CO3)2(OH)6), zincite (ZnO), and  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

Table 2  Target transformation results for the Zn K-edge 
XANES and k3-weighted EXAFS spectra of the phases 
that could be present 

Reference  
compound 

XANES 
SPOILa 

EXAFS  
SPOILb 

Zn2SiO4 2.14 3.52 

Zn5(CO3)2(OH)6 3.34 4.33 

ZnO 3.66 3.33 

ZnCl2 4.23 1.65 

ZnSO4·7H2O 7.61 2.89 

ZnAl2O4 2.75 3.63 

ZnS 6.68 11.26 
a XANES spectra energy range is 9640–9710 eV; b k3-weighted 
EXAFS spectra k range is 25–110 nm−1 

Fig. 2  Particle size distribution of particulate samples
from the incinerators, collected using a cascade impactor
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Fig. 3  Normalized Zn K-edge XANES spectra (a) and
k3-weighted EXAFS spectra (b) of the fly ash samples and
zinc standards 
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gahnite (ZnAl2O4) were potentially found in all the fly 
ash samples. Zinc sulfate (ZnSO4·7H2O) has a rela-
tive high XANES SPOIL value but a low EXAFS 
SPOIL value, so this could also have been present in 
the samples. ZnS is volatile and unstable under oxi-
dizing conditions (Verhulst et al., 1995), and, because 
of its high SPOIL value and thermodynamic behavior, 
no ZnS seems to have been present in the samples 
analyzed.  

The normalized experimental EXAFS data were 
calculated for each sample, by least-squares linear 
combination fitting, to obtain the mass ratio of each 
reference compound in the sample. Fig. 4 shows the 
experimental and linear combination fitting results for 
the EXAFS spectra. Quantitative Zn speciation re-
sults for each of the samples are shown in Table 3 and 
Fig. 5. The relative uncertainty for the fitting results 
in Table 3 is about ±2%. The linear combination fit-
ting results showed that the Zn speciation in the par-
ticulate samples was very different in different fur-
nace types. Zn was present as a mixture of zinc chlo-
ride (41%–48%), willemite (19%–24%), gahnite 
(14%–16%), zincite (11%–13%), and zinc sulfate 
(about 7%) in the moving grate samples. Willemite 
was the dominant Zn species in the CFB samples 
(37%–44%), with zinc chloride (20%–25%), zincite 
(8%), gahnite (8%–10%), and zinc sulfate (12%) also 
being present. Hydrozincite was not found in the 
moving grate samples, but was found at less than 10%  
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

of the total Zn concentration in the CFB samples. Zinc 
chloride and zincite were enriched in the fine particle 
samples (M1 and C1), whereas willemite and zinc 
sulfate were present at higher concentrations in the 
larger particle samples (M2 and C2), which matches 
the results for big particles (captured by bag filter and 
electrostatic precipitator) found by Takaoka et al. 
(2005). Zinc chloride would have been concentrated 
in the fly ash particles through homogeneous nuclea-
tion and heterogeneous deposition when the flue-gas 
temperature decreased. However, willemite in the 
fine particles would have been entrained by the 
flue-gas leaving the furnace; the different migration 
pathways lead to different results.  

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

Table 3  Contributions (of total Zn) of the reference 
compounds to the Zn in the fly ash samples, derived from 
principal component analyses, target transformation, 
linear combination fitting, and the best-fit residue values 
(Re) 

Item 
Contribution (%) 

M1 M2 C1 C2 

Zn5(CO3)2(OH)6 0 0 8 6 

Zn2SiO4 19 24 37 44 

ZnSO4 6 8 11 14 

ZnAl2O4 14 16 10 8 

ZnO 13 11 9 8 

ZnCl2 48 41 25 20 

Re (%) 1.7 1.2 2.4 1.6 

Fig. 4  Experimental and linear combination fitting re-
sults for Zn from the normalized k3-weighted EXAFS
spectra of the fly ash samples  
The solid lines are the raw data, and the dotted lines are the
fitted results from linear combinations of the chi data 
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Fig. 5  Quantitative Zn speciation results for fly ash
samples collected from two furnaces 
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3.3  Zinc coordination chemistry by EXAFS 

EXAFS analysis was used to confirm the states 
of the Zn species. The fitting results for the reference 
compounds and samples, obtained by the nonlinear, 
least-squares fitting of individual coordination shells, 
are presented in Table 4. Zn was found to be tetrahe-
drally coordinated to both O and Cl in sample M1. 
The second shell contribution could be fitted with Zn 
at a distance of 0.322 nm. The coordination numbers 
and distances in the O shell and the Zn shell agreed 
with those of ZnO. The coordination numbers and 
distances in the Cl shell were consistent with ZnCl2. 
The linear combination fitting results for the fine 
particles from the CFB incinerator gave an estimate of 
46% ZnCl2 and 13% ZnO being present. The sample 
M2 data gave a Zn–O distance of 0.196 nm, and the 
second shell could be fitted with Zn at a distance of 
0.324 nm. The coordination numbers and distances in 
the O shell were similar to those of ZnO and Zn2SiO4. 
The distance in the Zn shell was close to the distances 
in these two compounds, with an intermediate Zn 
shell coordination number. The EXAFS data there-
fore showed that sample M2 probably contained a 
mixture of ZnO and Zn2SiO4, which agreed with the 
linear combination fitting results. The coordination 
numbers and distances in the O shell and Zn shell for 
samples C1 and C2 were almost the same as those of 
Zn2SiO4, which confirms the presence of willemite in  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

the particulates from the CFB incinerator.  

3.4  Equilibrium calculation and changes in Zn 
species 

The equilibrium composition of the Zn species 
between 673–1573 K were simulated with FactSage 
software (Thermfact/CRCT, Montreal, Canada & 
GTT-Technologies, Herzogenrath, Germany). The 
conditions defined for the FactSage simulation were 
based on the average operation parameters and 
measured MSW composition. The equilibrium 
amounts of zinc species are shown in Fig. 6. These 
results can qualitatively explain the Zn speciation in 
fly ash particles and describe the mobilization of 
different Zn species during the flue-gas cooling pro-
cess. ZnO found in the fine fly ash particles is a 
high-temperature oxidation product. The reaction of 
ZnCl2 with CaO or Ca(OH)2 (derived from the hy-
dration of CaO) are possible contributors to ZnO 
formation. After leaving the furnace, some of the ZnO 
will react with CO2 and H2O and be transformed into 
Zn5(CO3)2(OH)6 at a relatively low temperature 
(Hales and Frost, 2008). 

 

2 2 22ZnCl CaO H O 2ZnO CaCl 2HCl.      

 
ZnO/ZnCl2 reacted with Al2O3/SiO2 to form 

wellemite/gahnite during the cooling process. There  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Table 4  Fitted structural parameters for the reference compounds and the fly ash samples: coordination number (N), 
interatomic distance (R), and Debye-Waller factor (σ2) 

Sample 
First shell Second shell 

Atoms N R (nm) σ2 (×10−5 nm2) Atoms N R (nm) σ2 (×10−5 nm2)

ZnO Zn–O 3.9 0.197 5.2 Zn–Zn 6.1 0.323 3.6 

Zn5(OH)6(CO2)3 Zn–O 4.1 0.202 4.7 Zn–Zn 2.3 0.322 6.3 

Zn2SiO4 Zn–O 4.2 0.196 3.1 Zn–Zn 3.1 0.325 7.9 

ZnSO4·7H2O Zn–O 5.9 0.201 6.8 Zn–Zn 2.2 0.338 9.1 

ZnS Zn–S 3.8 0.234 3.7 Zn–Zn 12.0 0.384 7.6 

ZnCl2 Zn–Cl 4.0 0.231 4.1     

ZnAl2O4 Zn–O 4.0 0.197 3.3 Zn–Al 12.1 0.335 4.2 

M1 Zn–O 4.2 0.197 9.2 Zn–Zn 3.9 0.322 7.8 

 Zn–Cl 3.8 0.229 7.4     

M2 Zn–O 4.0 0.196 6.5 Zn–Zn 5.5 0.324 4.1 

C1 Zn–O 3.9 0.195 6.6 Zn–Zn 3.3 0.325 10.1 

C2 Zn–O 4.1 0.195 8.2 Zn–Zn 2.8 0.323 6.7 

Note: fit quality limits for the parameters: ΔR<0.002 nm for the first shell; ΔR<0.005 nm for the second shell 
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was a large amount of silica/alumina inside the CFB 
incinerator as bed material, which explained the high 
willemite and gahnite content found in samples C1 
and C2 (Yu et al., 2012). The reaction between SiO2 
and ZnO/ZnCl2 at temperatures above 1073 K creates 
a lot of Zn2SiO4, and strong flue-gas turbulence and a 
uniform temperature distribution will promote this 
reaction. 

 

 2 2 3 2 2 4ZnCl Al O H O ZnAl O 2HCl, + +  

2 2 2 2 42ZnCl SiO 2H O Zn SiO 4HCl,     

2 2 42ZnO SiO Zn .SiO   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
At low temperatures, the presence of sulfur leads 

to zinc sulfate being formed, displacing the chloride 

and sometimes the oxide. 
 

2 2 2 2 4ZnCl SO 1/2O H O ZnSO 2HCl.      

 
ZnS would also form in some areas with low local 
oxygen concentrations, but it is unstable under the 
oxidizing conditions that prevail in a furnace, and it 
will be oxidized to ZnSO4 at a low temperature or to 
ZnO at a high temperature (Verhulst et al., 1995). The 
relatively high ZnSO4 content in the CFB samples 
was caused by the use of coal, which has a relatively 
high sulfur concentration, in the CFB incinerator.  

The chloride component concentrations were 
higher in the moving grate incinerator samples than in 
the CFB incinerator samples. Test results confirm that 
with a higher ratio of sulfur/chloride in the furnace, 
less chloride will be formed. The higher ratio of  
sulfur/chloride in CFB flue-gas and the existence of 
silica/alumina particles shift the transformation of 
zinc from chlorides toward other compounds. Corro-
sion and attrition will be less serious in a CFB incin-
erator than in a moving grate incinerator. Sulfur re-
circulation and sulfur-based sorbents might be a 
practicable method to reduce chlorides in fly ash.  

Metal fume fever is associated with the inhala-
tion of ZnO fumes. ZnCl2 inhalation causes alveolar 
edema by damaging alveolar surface proteins, caus-
ing elevated lavage fluid production. To avoid these 
problems it is necessary to prevent fine particles 
containing Zn species from escaping into the atmos-
phere. ZnCl2 and ZnSO4 are highly soluble in water, 
Zn5(CO3)2(OH)6, ZnAl2O4, and ZnO can react with 
acids (the first flue-gas scrubbing step) and alkalis. 
From the point of view of Zn removal and metal re-
cycling, a wet scrubber is the best flue-gas cleaning 
process for a moving grate incineration system. When 
a high proportion of ZnCl2, ZnO, ZnAl2O4, 
Zn5(CO3)2(OH)6, and ZnSO4 is present, as in the 
moving grate samples, a considerable amount (about 
80%) of Zn will be removed at the same time with 
acid gas. Zn will be enriched in the scrubbing liquid, 
and can be recycled. The main Zn species in the CFB 
incinerator samples was willemite, which is relatively 
stable during acid flue-gas removing, and improving 
the dust removal efficiency in CFB incinerators will 
be of great benefit. 

Fig. 6  Equilibrium distribution of Zn during incineration
of only MSW, low content of sulfur (a), and MSW with
coal, high content of sulfur (b) 

(a) 

(b) 



Cai et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng)   2015 16(1):70-80 78

4  Conclusions  
 

To characterize zinc vapor condensation be-
havior in a commercial scale MSW incineration sys-
tem, four fly ash samples collected before the APC 
unit of a 200 t/d CFB and a 150 t/d moving grate 
MSW incinerator, respectively, were experimentally 
studied. The trace Zn species were determined di-
rectly using XANES and EXAFS spectroscopy. The 
results show that zinc chloride is the major species in 
fly ash collected from the moving grate system, and 
willemite dominates in the CFB system. Compared to 
laboratory scale tests, more metal species were ob-
served due to the complex waste composition and 
chemical reaction environment. From the point of 
view of metal leaching, moving grate ashes are much 
more toxic. The ratio of sulfur/chloride can alter the 
condensation propensity of Zn, and adjusting the 
concentrations of SO2 in flue-gas can prevent the 
formation of zinc chloride. Silica, alumina, alumino-
silicates, and calcium-based compounds are potential 
sorbents for transforming zinc to an environmentally 
benign form. To prevent toxic zinc species contained 
fine particles from escaping into the atmosphere, wet 
scrubbers are more suitable for cleaning flue-gases in 
moving grate incineration systems, while increasing 
dust removal efficiency is more important for fluid-
ized bed incineration systems. 
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中文概要 
 
题 目：基于同步辐射技术研究金属锌蒸汽在飞灰小颗粒

表面的凝结特性 
目 的：寻找金属污染物在热转化过程中的生成和迁移规

律，为可燃固体废弃物高效清洁能源化利用提供

科学指导。 
方 法：飞灰采自两台不同类型在运行固废焚烧炉；采样

位置位于烟气净化系统之前以规避干扰；利用同 
 

步辐射技术中的X射线近边吸收结构和吸收精细

结构谱图结合热力学模拟对金属锌的形态进行分

析和研究。 
结 论：1. 金属锌在炉排炉飞灰小颗粒上主要以氯化物形

式存在，而在流化床飞灰小颗粒上是以铝硅酸盐

为主；2. 燃烧过程中的高硫氮比能够有效减少锌

有毒形态的生成；3. 硅、铝和钙基材料是锌蒸汽

有效的吸附剂。 
关键词：锌形态；冷凝特性；同步辐射；固体废弃物 

 
 


