
A

m
w
a
f
i
fl
s
T
p
d
©

K

1

i
t
t
d
v
w
b
i
s
o

0
d

Available online at www.sciencedirect.com

Journal of Hazardous Materials 153 (2008) 309–319

Experimental and thermodynamic investigation on transfer
of cadmium influenced by sulfur and chlorine during

municipal solid waste (MSW) incineration

Yanguo Zhang a, Yong Chen a, Aihong Meng a, Qinghai Li a, Hefa Cheng b,∗
a Key Laboratory for Thermal Science and Power Engineering of Ministry of Education, Department of Thermal Engineering,

Tsinghua University, Beijing 100084, PR China
b Department of Civil and Environmental Engineering, Stanford University, Stanford, CA 94305, USA

Received 5 June 2007; received in revised form 19 August 2007; accepted 20 August 2007
Available online 24 August 2007

bstract

We used two approaches to investigate the impact of sulfur and chlorine compounds on transfer of a semivolatile heavy metal, cadmium, during
unicipal solid waste (MSW) incineration: experiments using a tubular furnace reactor and thermodynamic equilibrium calculations. Artificial
astes representative of typical MSW in China with and without the presence of sulfur and chlorine compounds were combusted at 850 ◦C,

nd the partitioning of Cd among bottom ash, fly ash and flue gas was quantified. The results indicate that sulfur compounds in the elemental
orm and reduced state could stabilize Cd in the form of CdS due to local reducing environment, while sulfur in the oxidized forms slightly
ncreased Cd volatilization during incineration. In contrast, the presence of chlorine compounds significantly increased the partitioning of Cd on
y ash. Chemical equilibrium calculations show that sulfur binds with Cd and alters Cd speciation at low temperatures (<700 ◦C), while chlorine
ignificantly increases the volatilization of Cd through formation of volatile CdCl2 and thus its partitioning on the fly ash between 400 and 1000 ◦C.

he equilibrium calculation results also suggest that SiO2- and Al2O3-containing minerals could function as sorbents stabilizing Cd as condensed
hase solids (CdSiO3 and CdAl2O4). These findings provide useful information on understanding the partitioning behavior of Cd and can help
evelopment of strategies to control volatilization of Cd during MSW incineration.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Waste incineration plants transform heterogeneous wastes
nto more homogeneous residues (flue gas, fly ash and bot-
om ash). Municipal solid waste (MSW) incineration presents
wo advantages: reduction of the waste volume (by 90%) and
estruction of organic compounds (near complete), bacteria and
iruses. On the other hand, the metal species contained in the
aste are not destroyed during high-temperature incineration,
ut instead condense to form metallic particles during the cool-

ng of the flue gas. Heavy metals may be concentrated in the
olid residues (bottom ash and fly ash) of MSW incinerators,
r as airborne aerosols exiting the stack. Different heavy met-

∗ Corresponding author. Tel.: +1 650 723 1478; fax: +1 650 725 3162.
E-mail address: cheng533@stanford.edu (H. Cheng).
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ermodynamic equilibrium calculation

ls exhibit significantly different partitioning behaviors during
ncineration: Fe and Cu are almost entirely trapped in the bot-
om ash, Hg and even Cd are almost totally in the flue gas, while
b, Zn and As are nearly distributed to 1/3 in fly ash and 2/3 in
ottom ash [1–3]. The emissions of heavy metals from MSW
ncineration are hazardous to human health and the surrounding
nvironment [4,5].

Upon entry to the combustion chamber, semivolatile elements
uch as lead and cadmium vaporize in the high-temperature
egion within the incineration systems. As the process tem-
erature decreases, these metals begin to condense following
everal mechanisms [6]. A small fraction of the metal is parti-
ioned to small submicron particles, and the resulting particulate
atter is often highly enriched in the semivolatile metals. The
emaining metal condenses to larger fly ash particles, which are
asily separated and contained within the process. In contrast,
he fine (submicron) particulates can penetrate conventional air

mailto:cheng533@stanford.edu
dx.doi.org/10.1016/j.jhazmat.2007.08.054


3 rdous Materials 153 (2008) 309–319

p
a
s
d
s
c

f
t
p
s
i
e
c
o
r
a
a
(
(
t
c
i
i

r
i
i
t
e
t
o
t

a
f
I
f
a
o
M
a
s
h
f
s
p
C
I
(
i
o
I
(
s
t
e

f
th

e
ch

ar
ac

te
ri

st
ic

s
of

M
SW

ge
ne

ra
te

d
in

se
le

ct
ed

ci
tie

s
in

C
hi

na
w

ith
th

os
e

of
M

SW
fr

om
ot

he
r

co
un

tr
ie

s

Y
ea

r
Fo

od
w

as
te

(w
t.%

)
In

er
tm

at
te

r
(w

t.%
)

Pa
pe

r
(w

t.%
)

Te
xt

ile
,r

ub
be

r
an

d
le

at
he

r
(w

t.%
)

W
oo

d
an

d
ya

rd
tr

im
m

in
g

(w
t.%

)

Pl
as

tic
(w

t.%
)

G
la

ss
(w

t.%
)

M
et

al
(w

t.%
)

W
at

er
(w

t.%
)

C
al

or
ifi

c
va

lu
e

(k
ca

l/k
g)

19
97

44
.4

34
.6

3.
6

3.
2

1.
8

8.
0

3.
50

1.
0

48
.5

71
6

19
97

58
.2

24
.0

3.
7

3.
2

1.
2

6.
6

2.
1

1.
0

53
.6

10
60

19
98

44
.7

17
.9

7.
7

1.
7

1.
9

23
.9

1.
3

1.
0

52
.0

16
00

19
96

60
.2

17
.1

5.
4

3.
4

1.
1

9.
0

3.
4

0.
5

50
.1

10
50

19
94

40
.0

15
.0

17
.0

7.
0

–
13

.0
5.

0
3.

0
45

.0
13

47
20

00
75

.7
10

.0
6.

1
1.

3
–

2.
2

1.
0

0.
3

51
.0

10
07

20
03

43
.4

37
.7

6.
8

3.
9

0.
9

4.
3

2.
7

0.
3

44
.6

98
0

,M
al

ay
si

ab
20

00
51

.9
2.

2
11

.2
2.

3
6.

3
21

.0
2.

5
2.

5
55

.0
24

00
–4

00
0

19
95

62
.6

5.
6

11
.4

–
–

16
.2

2.
1

2.
1

60
.1

27
50

20
06

20
11

.0
29

.5
3.

5
11

.0
13

.5
8.

0
3.

5
20

–3
0

25
00

–3
97

0
19

97
6.

7
3.

2
39

.2
6.

5
21

.4
9.

1
6.

2
7.

6
20

.0
20

00
–4

20
0

10 Y. Zhang et al. / Journal of Haza

ollution control systems, such as wet scrubbers, baghouses
nd electrostatic precipitators, and be emitted to the atmo-
phere [6]. These particulates may contact human populations
irectly through inhalation, drinking water contamination (depo-
ition on lakes and rivers), and indirectly through the food
hain [5].

Cadmium is one of the most harmful heavy metals emitted
rom MSW incinerators. It can be present in the waste input
o an incinerator in the form of the metal (e.g., as cadmium
lating), salts (e.g., CdCl2, CdSO4 and CdS) and alloys (e.g.,
ome solders and batteries). Cadmium and its salts can be vapor-
zed during waste incineration and emitted to the atmosphere as
lemental cadmium, chlorides or oxides. Such vapors rapidly
ondense onto particle surfaces, either those emitted simultane-
usly or ambient particles, and the fine-particle fractions become
elatively enriched in cadmium because of their higher surface
rea per unit mass [7]. Most of the cadmium that occurs in
ir is associated with particulate matter in the respirable range
0.1–1 �m diameter), and its residence time is relatively short
days to weeks) but sufficient to allow long-range transport in
he atmosphere [7]. Cadmium is recognized as a potential human
arcinogen [8], and the State Environmental Protection Admin-
stration of China has set its emission standard from MSW
ncinerators at 0.1 mg/m3 [9].

Partitioning of heavy metals among the various incinerator
esidues depends on the MSW composition, the physicochem-
cal properties of the metals and their compounds, and the
ncinerator operating conditions [10–13]. To understand the
ransfer of heavy metals during MSW incineration, it is nec-
ssary to study the influence of combustion conditions, such as
emperature, gas composition, residence time and the presence
f reactive compounds (chlorine, sulfur, or aluminosilicates), on
he final metal speciation in the residues [1].

MSW is a heterogeneous material and its production rate
nd physical composition vary from place to place as they are a
unction of socio-economic level and climatic conditions [14].
n China, the physical components of MSW typically include
ood waste, paper, plastics, glass, metals, textiles, rubber, wood
nd inert materials (stones, ceramics, ashes, etc.). Small amounts
f industrial wastes and construction wastes may also end up in
SW some times. Waste sorting is not implemented in China

nd these components are not separated. On the other hand,
ome of the MSW components, such as metals and paper, are
ighly recycled due to their values. Because of the life style dif-
erences and the current trash disposal practice, MSW in China
hows some distinct compositional characteristics. Table 1 com-
ares the average compositions of MSW in selected cities in
hina with those in other developing and developed countries.

t can be seen that food waste makes up the largest fraction
approximately 50%) of MSW in China, like in other develop-
ng countries. In contrast, paper makes up the largest component
f MSW generated in the developed countries (Italy and U.S.).
n the incineration of unsorted MSW, chlorides from PVC

polyvinyl chloride) plastic, food residues, and various other
ources can significantly enhance metal volatilization through
he formation of metal chlorides, increasing toxic heavy metal
missions [1,15]. Ta

bl
e

1
C

om
pa

ri
so

n
o

C
ity

/c
ou

nt
ry

C
ha

ng
zh

ou
a

H
an

gz
ho

ua

W
en

zh
ou

a

G
ua

ng
zh

ou
a

Sh
en

zh
en

a

C
ha

ng
ch

un
a

Q
in

hu
an

gd
ao

a

K
ua

la
L

um
pu

r
Jo

rd
an

c

Pa
ro

na
,I

ta
ly

d

U
ni

te
d

St
at

es
e

a
Fr

om
[3

8]
.

b
Fr

om
[3

9]
.

c
Fr

om
[4

0]
.

d
Fr

om
[4

1]
.

e
Fr

om
[4

2]
.



rdous

t
i
a
a
i
t
t
t
c
A
a
m
[
e
i
i
i
e
p
C
t
s

t
u
s
M
w
a
o
i
T
t
c
t
t
o
t
p
b
r
M
s

2

2

c
i
a
t
u
I
c
A
w
a
r
c
c
t
h
w
f
C
fi
(
t

c
w
w
t
c
c
u
w

2

h

T
E

C
a

F
C
W
P
C
I

N

Y. Zhang et al. / Journal of Haza

Another distinct character of MSW in developing coun-
ries is its high moisture levels (typically around 50%), which
s much higher than that (20–30%) in the MSW from U.S.
nd European countries. Because of the traditions of materi-
ls recovery and extensive picking in China, the calorific values
n the MSW streams are rather low. The high moisture con-
ent further lowers the MSW’s energy content. Consequently,
he calorific values (700–1600 kcal/kg) of MSW in China are
ypically less than half of those of the MSW in the developed
ountries, which are mainly composed of sorted organic wastes.
s a result, auxiliary fuel is necessary for MSW incinerators,

nd coals that typically contain high levels of sulfur are com-
only used for this purpose in China because of their low cost

16]. Most heavy metals could form sulfate salts in the pres-
nce of sulfur at temperatures below 700 ◦C [17]. Sulfur present
n the coal may interact with heavy metals, such as Cd, dur-
ng MSW incineration and affect their emissions. Sulfur can,
n principle, delay heavy metal volatilization when the incin-
ration temperature is below 800 ◦C [29]. With the common
ractice of co-firing of MSW with sulfur-containing coals in
hina, the impact of sulfur compounds on heavy metal parti-

ioning during MSW incineration is an important issue to be
tudied.

The objective of this study was to experimentally quantify
he impact of sulfur and chlorine on the partitioning of Cd
nder simulated MSW incineration conditions and to under-
tand its speciation from thermodynamic calculations. Artificial

SW representative of the wastes generated in Chinese cities
as combusted in a tubular furnace reactor, which served

s a model of a fixed-bed waste incinerator, and the impact
f various sulfur and chlorine compounds on Cd partition-
ng among bottom ash, fly ash and flue gas was measured.
he partitioning of Cd under incineration conditions was

hermodynamically predicted in a well-defined system whose
omposition corresponds to that during the incineration of
he artificial MSW. The equilibrium calculations focused on
he influences of the operating temperature, and the presence
f sulfur and chlorine in the combustion gas on Cd specia-
ion. Theoretical analysis was also conducted to investigate the
otential role of SiO2- and Al2O3-containing materials as sor-

ents for Cd stabilization in fluidized bed incinerators. The
esults can help to better understand the emission of Cd from

SW incinerators and to develop effective heavy metal control
trategies.

i
t
w
c

able 2
lementary analysis of the artificial MSW components and their contents

omponent in
rtificial waste

Ultimate analysis (wt.%) (dry basis) Proxim

C H O N S Moistu

lour 43.47 6.74 46.76 2.93 0.10 12.75
orrugated paper 39.44 5.60 53.73 1.13 0.10 9.41
ood chips 48.04 6.34 44.65 0.97 N/D 42.56

olyethene 85.34 14.57 0.09 0 N/D 0.09
otton cloth 41.34 6.28 50.88 1.47 0.03 6.73

nert materials

/D: not detected.
Materials 153 (2008) 309–319 311

. Experimental

.1. Materials

Studying the combustion of actual MSW in laboratory scale
ombustors was difficult because many variables in the exper-
ments were uncontrolled or complicated to measure [18]. The
rtificial MSW used in this study was developed based on the
ypical physical components of the MSW from Chinese cities,
sing the simple chemically defined materials shown in Table 2.
n the artificial wastes, flour, corrugated paper, wood chips,
otton cloth, polythene and inert materials (50% SiO2 + 50%
l2O3) were used to simulate the physical components of the
astes, including food residue, paper, wood, textiles, plastic,

nd noncombustible materials (such as glass, ceramic and sand),
espectively. The contents of these components in the artifi-
ial MSW prepared are also shown in Table 2. The moisture
ontent was adjusted to 50% to reflect the high moisture con-
ent characteristic of the MSW in China. Since the background
eavy metal concentrations in the above artificial components
ere negligible, Cd was added to the synthetic waste in the

orm of (CH3COO)2Cd·2H2O to the concentration of 200 mg
d/kg (dry weight). Although the Cd concentration in the arti-
cial MSW studied is much higher than those in typical MSW
5–15 mg Cd/kg), it is comparable or lower to the Cd concentra-
ions spiked in other experimental studies [15,19].

The typical sulfur content of MSW in China is 0.1%, while
oals may have sulfur contents up to 4%. Synthetic wastes
ith sulfur contents in the range of 0.1–1.0% (dry weight)
ere prepared by adding S, Na2S, Na2SO3 and Na2SO4 to

he artificial MSW; wastes with 2%, 4% and 8% (dry weight)
hlorine were also obtained by adding NaCl and PVC. These
ompounds with different valency state and bonding types were
sed to simulate different sulfur and chlorine sources in the
astes.

.2. Experimental apparatus

The apparatus used in this study was composed of an electric-
eated tube furnace and a sampling train of impingers as shown

n Fig. 1a. It has been shown that incineration experiments in
he tubular furnace reactor with small quantities of synthetic
aste and properly maintained conditions could simulate the

omplex processes in the grate furnace of an MSW incinerator

ate analysis (wt.%) Calorific value
(kcal/kg)

Content in artificial
MSW (%)

re Ash Volatile

0.54 79.04 7460 40
7.46 83.55 3810 25
0.57 56.51 4582 10
0.56 99.87 11029 10
0.82 92.33 3982 5

10
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ig. 1. Schematic diagrams of (a) the laboratory incinerator and the sampling
ontroller, (3) tubular furnace with a quartz burner tube, (4) quartz boat connec
ocated in inside the burner tube in the center (measures the flue gas temperatur

20]. A quartz tube burner (Fig. 1b) was housed in a glassfiber-
ined insulated steel shell, and a quartz boat moved by a quartz
od was used to feed the synthetic waste into the combustion
hamber. The combustion temperature at the center inside the
urner tube was monitored by a thermocouple and controlled by
programmable temperature controller. A quartz-fiber filter was
et up downstream from the combustion chamber. The temper-
ture of the filter together with its holder was maintained above
20 ◦C by an oven to prevent the flue gases from condensing
hile flowing through the filter.
The exhaust gas stream first passed through the 0.3 �m

ore size quartz-fiber filter (99.99% effective), then through the
mpinger train consisted of seven impingers in series immersed
n an ice bath for trapping of Cd and its compounds in
he combustion gas. The first impinger was empty, the sec-
nd and third impingers contained 10% H2O2 (v/v) and 5%
NO3 (v/v), the fourth impinger was empty, the fifth and sixth

mpingers contained acidified potassium permanganate solution

4% KMnO4 (w/v) and 10% H2SO4 (v/v)), and the seventh
mpinger was filled with silica gel to absorb residual moisture
n the flue gas, which were prepared according to the standard

ethod [21].

o
a
s
q

p and (b) the quartz burner tube, where (1) compresed air cylinder, (2) flow
ith a quartz rod, (5) programmable temperature controller with a thermocouple
) oven, (7) glass fiber filter, (8) impinger train, and (9) temperature probe.

.3. Experimental procedure

The effects of combustion time and temperature on Cd par-
itioning were first determined for the artificial MSW without
ulfur or chlorine addition. Five levels of sulfur (0.1–1.0%)
nd three levels of chlorine (2–8%) were then tested to study
heir impact of Cd volatilization. Most of the combustion exper-
ments were conducted at 850 ◦C; the combustion time was
ept at 12 min, which was determined from sample weight loss.
fter the given furnace temperature was reached, the combus-

ion experiment was started by gradually pushing the quartz boat
loaded with the artificial MSW sample) forward into the cen-
ral part of the combustion chamber in 30 s. The sample loading
rom the left side opening of the quartz tube to the center sim-
lated the drying/pyrolysis occurring at the beginning of MSW
ncineration [20]. Combustion air was supplied by a compressed
ir cylinder at a total flow rate of 11–13 L/min (8–10 L/min
rom the primary air supply tube and 3 L/min from the sec-

ndary air supply tube) at room temperature, under one unit
tmospheric pressure. At the end of combustion period, the air
upplies were turned off and the quartz boat was pulled out of the
uartz tube.
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Table 3
The Cd, Si and Al species in the gas and condensed phases considered in the thermodynamic equilibrium simulation

Element Gas phase species Condensed phase species

Cd Cd(g), CdO(g), CdS(g), CdCl2(g) Cd(l), CdO(s), CdS(s), CdSO4(s), Cd(OH)2(s), CdSiO3(s), CdCO3(s),
CdAl2O4, CdCl2(l), CdCl2(s)

Si Si, Si2, Si3, SiC, SiC2, Si2C, SiH, SiH2, SiH3, SiH4, Si2H2, Si2H3, Si2H5,
Si2H6, Si3H8, SiO2, SiO, SiN, Si2N, SiCl, SiCl2, SiCl3, SiCl4, SiS, Si2Cl5,
Si2Cl6

Si(l), SiO2(l), SiS2(l), Si(s), SiO2(s), SiS2(s), SiC(s), Si3N4(s)

A AlN,
, AlS
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l Al, Al2, AlC, AlH, AlH2, AlH3, Al2H6, AlO, AlO2, Al2O, Al2O2,
AlHO2, AlCl, AlCl2, AlCl3, Al2Cl6, AlClO, Al(OH)2Cl, AlOHCl2

.4. Analysis methods

At the end of each batch combustion experiment, the residues
n the quartz boat were collected as bottom ash; combustion gas
amples were taken from the impingers. Total particulate matter
fly ash) was determined from the mass collected on the filter and
he material that condensed above the filtration temperature on
he connecting tube, following the standard recover procedures
22]. Cd contents of the bottom ash and fly ash and volatile
d absorbed in the solutions were determined by inductively
oupled plasma-atomic emission spectrometry (ICP-AES), after
igestion (if necessary) following the standard procedures [21].
he metal distributions were reproducible to within 3.5% based
n results of six replicate experiments. Morphological character-
stics of selected bottom ash samples were also examined under
scanning electron microscope (SEM) and qualitative elemen-

al analysis was conducted using the energy dispersive X-ray
pectroscopy (EDS) technique.

. Thermodynamic equilibrium simulation

Chemical equilibrium calculations were carried out to pre-
ict the tendency of Cd evolution under various incineration
onditions. Thermodynamic equilibrium simulation principally
elineates the stable phases that can form under specific operat-
ng conditions. When both analytical and thermodynamic data
re assimilated, the reaction mechanisms and pathways of trace
lements in the incineration process may be proposed [23].

hen burning, MSW constitutes a multi-component and multi-
hase system. At equilibrium the free energy of a system is
inimized. By combining this fact with mass conservation con-

traints it is possible to develop a series of algebraic equations
hat can be solved to determine the equilibrium composition of
given system [23].

The method of element chemical potentials combined with
tom population constraints was operated on CHEMKIN soft-
are [1,24]. The thermodynamic data for all species except those
f Cd, such as heat capacity, entropy and enthalpy, were from
HEMKIN data files (therm.dat and janaf therm.dat) and other

hermochemical databases [25,26]. The thermodynamic data of
d species were obtained from Knacke et al. [27] and con-

erted into CHEMKIN-compatible fitting coefficients using the
ncluded FITDAT routine. The system was set up to represent
he burning of the artificial MSW in a combustion atmosphere
hose composition is similar to that in the burner tube. The

a
C
w

Al(l), Al2O3(l), Al(s), AlN(s), AlCl3(s), AlClO(s), AlOH(s),
Al(OH)2(s), Al(OH)3(s), Al(OH)2Cl(s), Al2O3(s), Al4C3(s), Al2S3(s),
Al2SiO5(s), Al6Si2O3(s), AlH3(s)

olid wastes used in the model simulation were assumed to
onsist of the major elements C, H, N, O, and S, as shown in
able 2. The overall Cd content considered was 200 mg Cd/kg
dry weight). Equilibrium calculations were performed in the
ange 400–1800 K (127–1527 ◦C), and the total pressure was
atm. The air excess ratio was at 1.5 for all calculations, which

s typical for MSW burning [1]. The air was assumed to be
omposed (mole fractions) of 78.5% N2, 20.5% O2 and 1%
2O.
A total of eight elements (C, H, O, N, S, Cl, Cd, Si and Al)

ere considered in the equilibrium calculations. Besides the gas
hase species (H2, HO2, O, OH, H2O, H2O2, C, CO, CO2, N,
2, NO, NO2, S, SO2 and SO3) of C, H, O, N and S, the Cd,
i and Al species in the gas and condensed phases derived from

hese elements, which are shown in Table 3, were also consid-
red. The final equilibrium state was obtained by determining all
ossible species that could be derived from the elements of the
nput system. The thermodynamic analysis serves to determine
he major Cd species and the volatilization tendencies under spe-
ific incineration conditions, and to predict the possible chemical
nteractions between Cd and the matrix components.

. Results and discussion

.1. Impact of incineration time and temperature

Fig. 2a shows the weight loss of the artificial MSW as a func-
ion of incineration time, calculated from the weight differences
f the initial waste and the bottom ash before and after incinera-
ion. For all experiments, combustion of the MSW was typically
bserved to start at around 30 s (right after being loaded to the
enter of the burner tube). The weight loss occurred rapidly
ithin the first 2 min of incineration, while little change in the
ass of bottom ash occurred after that. Water flash vaporization

nd the quick release of volatile components at 850 ◦C were
esponsible for most of the initial weight loss. The most impor-
ant reaction in MSW incineration is the combustion of carbon
nd its compounds to CO2. The fact that the weight of the bottom
sh remained essentially constant from 5 to 20 min of incin-
ration indicates the artificial MSW was easy to combust and
ombustion occurred quickly.
Fig. 2b shows Cd portioning among the bottom ash, fly ash
nd flue gas as a function of incineration time. The fraction of
d in the fly ash increased gradually with incineration time,
hile essentially no Cd was found in the flue gas. The release of
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Fig. 2. Effect of incineration time (at 850 ◦C) on (a)

eavy metals from the waste and their incorporation into the flue
ases are influenced by many factors, such as volatility, combus-
ion conditions and ash entrainment [11–13]. Volatile cadmium
ompounds with high vapor pressures and low boiling points are
ost likely to be found in the flue gas, in contrast to metals with

ow vapor pressure and boiling points, such as Fe and Cu, which
re almost completely trapped in the bottom ash [1–3]. The par-
icles and the volatilized Cd produced from combustion were
arried out of the burner tube by the combustion gas, and thus
liminated from the furnace immediately after their releases.
he small increase in Cd volatilization with combustion time
an be explained by the quick-release rate of Cd during inciner-
tion. It has been experimentally shown that metal vaporization
ate is very high initially and then slows during waste inciner-
tion [12,19]. In particular, the particles shrink rapidly in the
ase of organic matrix burning, and the metallic compounds are
eleased into the gas stream without any limitation [12]. After
he initial combustion period (where metal release rate peaked),
ncreasing the incineration time only had an insignificant effect
n Cd volatilization. For the rest of this study, the incineration
ime was kept at 12.0 min, which is sufficient for near complete

aste combustion.
Fig. 3a shows the distribution of Cd among the bottom ash,

y ash and flue gas as a function of incineration temperature.
emperature affects the vapor pressures and stabilities of Cd

o
t
t
9

ig. 3. Effect of temperature on Cd partitioning: (a) experimental results of Cd distribu
SW and (b) phase diagram for Cd speciation.
t loss of the artificial MSW and (b) Cd partitioning.

ompounds and thus the partitioning of Cd. As the temperature
ncreased from 350 to 950 ◦C, the fraction of Cd in the bottom ash
ecreased from 53% to 11%, while that in the fly ash increased
rom 47% to 81%. About 8.5% of Cd was present in the flue
as at 950 ◦C, while no Cd was found in the flue gas at lower
emperatures.

The equilibrium composition of the cadmium species
s a function of incineration temperature calculated using
HEMKIN software is shown in Fig. 3b. Equilibrium compo-

ition represents the most stable chemical composition within
system under a specific set of conditions. The calculated

quilibrium composition would reveal the preferred chemical
peciation under a specific state, which in turn, suggests poten-
ial chemical reactions that may occur within the system [23].
he equilibrium calculation results show that CdCO3(s) is the
ominant species at temperatures below 250 ◦C and it decom-
oses completely at above 427 ◦C. CdO(s) becomes the only Cd
pecies between 427 and 727 ◦C. Above 800 ◦C, CdO(s) begins
o undergo significant decomposition and the fraction of Cd(g)
ncreases with temperature. At temperatures higher than 950 ◦C,
d(g) becomes dominant and co-exists with small fractions

f CdO(g). These results qualitatively explain the experimen-
al observations that Cd partitioning on fly ash increased with
emperature and that Cd started to appear in the flue gas at
50 ◦C.

tion among bottom ash, fly ash, and flue gas during incineration of the artificial
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ig. 4. Effect of sulfur on Cd partitioning: (a) experimental results of Cd dist
ompounds at 850 ◦C during incineration of the artificial MSW and (b) phase d

.2. Impact of sulfur compounds

Fig. 4a shows the partitioning of Cd among bottom ash, fly
sh and flue gas in the presence of 0.1–1.0% sulfur in the forms
f S, Na2S, Na2SO3 and Na2SO4 after incineration of the syn-
hetic wastes. Under all the conditions studied, more than 70%
f Cd was associated with the fly ash. The chemical speciation
f metals in the incinerator off-gas is strongly influenced by the
resence of compounds of chlorine, sulfur, nitrogen, fluorine
nd others during combustion and gas cooling [28]. The pres-
nce of 0.5–1% S and Na2S caused greater Cd accumulation
n the bottom ash compared to the case in the absence of sul-
ur. In contrast, the presence of sulfur in the forms Na2SO3 and
a2SO4 apparently reduced Cd association with the bottom ash.
eaction between Cd and Na2SO3/Na2SO4 led to the formation
f unstable CdSO4. Only small fractions (<4.3%) of Cd were
ound in the flue gas when Na2SO3 and Na2SO4 were present.
hese observations suggest that the valency state of sulfur in

he artificial MSW may play a role in controlling Cd volatiliza-
ion during incineration. The greater accumulation of Cd on the
ottom ash in the presence of S and Na2S probably resulted
rom Cd fixation in the form of CdS. Although sulfides cannot
lay a significant role in the oxidizing conditions that prevail in
he incineration furnace [29], local reducing environment can
e created in the furnace if the feed is not homogeneous or the
eavy metals are mixed with plastics, paper, etc. [29]. This may
llow at least a portion of the sulfur to be retained within the
ottom ash in its reduced or sulfide form.

Cd speciation is strongly influenced by the gas atmosphere.
ig. 4b shows the equilibrium calculation results of Cd speci-
tion in the temperature range of 127–1527 ◦C in the presence
f sulfur. CdSO4(s) is the dominant Cd species at low temper-
tures (<650 ◦C), while CdO(s) starts to form from CdSO4(s)
ecomposition between 627 and 927 ◦C. Cd(g) starts to appear
t temperatures higher than 727 ◦C and becomes the dominant

d species at >900 ◦C. These results indicate that the pres-
nce of sulfur stabilizes Cd in sulfate phase at low temperature
<650 ◦C), but that it has no influence at above 800 ◦C. Compar-
son of Figs. 3b and 4b suggests that the presence of S barely

b
M

n among bottom ash, fly ash, and flue gas in the presence of different sulfur
for Cd speciation in the presence of sulfur.

ffects the formation of gaseous Cd species. That is why the
artitioning behavior of Cd was only slightly modified by the
resence of Na2SO3 and Na2SO4. It should be noted that the
nfluence of S and Na2S on Cd speciation could not be shown
ith the thermodynamic equilibrium analysis here because of

he oxidizing conditions (i.e., they would be readily oxidized).
Fig. 5 shows SEM photomicrograph of the bottom ash parti-

les from incineration of the artificial MSW with the presence
f elemental sulfur, and the results of EDS analysis. Some parti-
les were well rounded, spherical in shape, and their surfaces
ppeared to be smooth; others were shaped as flowers with
hin walls. For the spherical particles (A), Ca, S and O were
he major elements while Cd was not detected. In contrast, the
ower-shaped particles (B and C) were mainly composed of
a, Al and S, and significant amounts of Cd as well. These

esults indicate elemental sulfur present in the artificial MSW
as not completely oxidized to SO2 (which would be read-

ly carried out of the burner tube). Instead, a fraction of the
ulfur formed compounds with Cd (and other metal cations
s well). The facts that the only the addition of Na2S and S
ncreased Cd partitioning on the bottom ash while the presence
f Na2SO3 and Na2SO4 reduced Cd association with the bottom
sh suggest that CdS formed under locally reducing conditions
uring incineration of the artificial MSW when Na2S and S
ere present, which delayed the volatilization of Cd. Retention
f sulfur in sulfide form in the bottom ash has been observed
n incineration of carbonaceous materials. For example, Kistler
nd co-workers observed that only ∼40% CdS vaporized while
yrolyzing sewage sludge at 625 ◦C with local reducing environ-
ent resulted from char formation [30]. Sulfide was also found

s a predominant anion species (15–20 wt.%) in the incinerator
y ash at the Idaho National Engineering and Environmental
aboratory [31].

.3. Impact of chlorine compounds
Chlorine and hydrochloric acid can be released from com-
ustion of plastic, especially PVC, and from cooking salt during
SW incineration. Chlorine concentrations (800–1200 mg/m3)
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ig. 5. Scanning electron micrograph of the bottom ash from incineration of the
or points labeled A, B, and C on the sample surface.

n typical MSW incineration chambers are high enough to allow
ormation of metallic chlorides [1]. Fig. 6a shows the partition-
ng of Cd among the bottom ash, fly ash and flue gas in the
resence 2–8% chlorine in the forms of NaCl and PVC after
aste incineration. In contrast to when sulfur compounds were
resent, about 99% of Cd was associated with the fly ash in the
resence of Cl under all the conditions studied. Chlorine has
strong influence on the heavy metal partitioning because all
etal chlorides generally have higher vapor pressures than their
orresponding oxides [1,13].
Fig. 6b shows the equilibrium distribution of Cd in the pres-

nce of Cl. Gaseous CdCl2 is the major species between 400 and
000 ◦C; at higher temperatures, Cd(g) becomes the dominant

a
e
i
[

ig. 6. Effect of chlorine on Cd partitioning: (a) experimental results of Cd distributi
50 ◦C during incineration of the artificial MSW and (b) phase diagram for Cd specia
ial MSW with the presence of elemental sulfur, and the results of EDS analysis

pecies with decomposition of CdCl2 and CdO. Cd is primar-
ly in the vapor phase at temperatures higher than 400 ◦C in
he presence of Cl. These results indicate that Cl binds strongly
ith Cd and significantly increases the volatility of Cd at tem-
eratures above 400 ◦C. Little Cd was found in the bottom ash
t 850 ◦C in the presence of chlorine because Cd mainly com-
ined with Cl in the form of volatile CdCl2 salt with a minor
raction existing as Cd(g). Comparison of Figs. 3b and 6b sug-
ests that Cl significantly increases the volatilization of Cd

nd thus its partitioning on the fly ash. Therefore, the pres-
nce of chlorine compounds worsens Cd emission during MSW
ncineration, consistent with the findings of previous studies
1,12,13,15,29].

on among bottom ash, fly ash, and flue gas in the presence of PVC and NaCl at
tion in the presence of chlorine.
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Fig. 7. Phase diagrams for Cd speciation when (a) SiO2 and (b) Al2O3

.4. Impact of sorbents (SiO2 and Al2O3)

The mineral matter content of waste affects the heavy metal
artitioning through formation of binary or ternary oxides that
an greatly decrease the volatilization of metals [29,32]. In
articular, fluidized bed incinerators provide intensive mixing,
hich enhances the contact between the MSW components and
etal compounds during incineration. The chemical reactions

ccurring between the mineral matter and heavy metal species
ould not be studied in the laboratory tubular furnace reactor
ue to lack of mixing. Nonetheless, thermodynamic calcula-
ions could be carried out to simulate these processes. Fig. 7
hows that the presence of SiO2 and Al2O3 can lead to the for-
ation of stable cadmium salts (CdSiO3(s) and CdAl2O4(s))

n the temperature range of 300–1200 ◦C. That is, the chemical
eactions between Cd and SiO2 and Al2O3 present in the inert
raction of the MSW can significantly stabilize its volatiliza-
ion. At 850 ◦C, approximately 85% of Cd could be bound in the
orm of CdSiO3(s) or CdAl2O4(s) in the presence of SiO2 and
l2O3, respectively. These results indicate that the silica- and

luminum-containing materials in MSW can potentially reduce
he volatilization of Cd during MSW incineration.
Fig. 8a shows the equilibrium distribution of Cd during incin-
ration of the artificial MSW with both SiO2 and Al2O3 present
unctioning as sorbents. CdSiO3(s) is the major compound at
emperatures below 900 ◦C, while Cd(g) becomes the major

v
t

ig. 8. Phase diagrams for Cd speciation during incineration of the artificial MSW:
orbents and (b) in the presence of sulfur and chlorine when both SiO2 and Al2O3 fu
resent in the artificial MSW functions as a sorbent during incineration.

d species at above 1200 ◦C. Below 1100 ◦C, Cd is mainly
resent as CdSiO3(s), CdAl2O4(s) and CdO(s) solids. The pres-
nce of sulfur and chlorine significantly alters the distribution
f Cd species and increases its volatility (Fig. 8b). In combus-
ion environment, chlorine is known to react with heavy metals
orming volatile salts that do not interact significantly with the
ineral matter [1]. CdSO4(s) is the dominant Cd compound at

emperatures below 600 ◦C, while CdSiO3(s), CdAl2O4(s) and
dO(s) coexist with CdCl2(g) between 600 and 1100 ◦C. Above
200 ◦C, Cd(g) becomes the dominant Cd species and its frac-
ion increases with temperature. Less than 35% of Cd exists in
he vapor phase at below 1100 ◦C in the presence of both sul-
ur and chlorine because of the reactivity of SiO2 and Al2O3.
hese results show that the presence of chlorine significantly

ncreases the volatilization of Cd under MSW incineration con-
itions. They also indicate the importance of SiO2 and Al2O3
t reducing the volatilization tendency of Cd. Therefore, the
resence or addition of SiO2- and Al2O3-containing minerals
hould be effective at controlling Cd volatilization during MSW
ncineration.

.5. Implications of thermodynamic analysis for Cd control
The thermodynamic analysis can reasonably predict the
olatilization tendency of Cd at high temperatures and quali-
atively explain its general behavior in the presence of sulfur

(a) when both SiO2 and Al2O3 are present in the artificial MSW function as
nction as sorbents.
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nd chlorine during MSW incineration. Thermodynamic analy-
is can be used as a guide to the development of pollution control
trategies in MSW incineration. Simulation results indicate that
he use of solid sorbents appears to be a promising technology for
educing the emissions of metal vapors in the high-temperature
ue gases. CdO(s), CdAl2O4(s) and CdSiO3(s) can form from
hemical reactions between Cd compounds and SiO2- and
l2O3-containing minerals in combustion environment. Silica

and, kaolinite, bauxite and zeolites have been observed to retain
d effectively at high temperatures [33–37]. Obviously, the
dsorption efficiency of the sorbents is influenced by factors
uch as operating temperature, the chlorine or sulfur content in
he feed and the nature of the sorbents. A more comprehen-
ive study on the formation of solid complex compounds and
he effect of specific conditions are desirable to answer more
pecific questions.

From the experimental results and thermodynamic calcu-
ations, the volatilization of Cd is related to the volatility of
eavy metal species formed at high temperatures and the chem-
cal reactivity with the sorbent materials. Metal transfer during
ncineration is influenced by an array of processes, includ-
ng volatilization, condensation, physical deposition, diffusion,
dsorption (both physical and chemical) and chemical reactions
n the combustion chamber [36,37]. Physical processes, such as
dsorption, particle nucleation and agglomeration, which also
ffect the Cd partitioning, are not considered in the thermody-
amic equilibrium analysis. The thermodynamic calculations
lso assume homogeneous conditions in a closed system and
annot account for the impact of particle sizes (which can create
oncentration and/or temperature gradients and non-equilibrium
onditions). For example, local reducing environment allowed
ormation of CdS in the presence of S and Na2S, which reduced
he overall Cd volatilization during incineration, while thermo-
ynamic equilibrium analysis could not account for this effect.
hermodynamic data of relevant species may not be available,
nd it is often necessary to fit for the required thermody-
amic parameters from existing data. Despite these limitations,
or a multi-component and multi-phase complex system such
s MSW incineration, a thermodynamic approach is the only
omputational way to study the elemental chemistry [1]. With
epresentative operating conditions set up in thermodynamic
quilibrium models, they can reduce expenses required for con-
ucting the emission testing of heavy metals, and determine the
ptimum operating conditions during incineration of wastes in
he field.

. Conclusions

Experimental investigation and thermodynamic equilibrium
alculations were carried out to identify the impact of sulfur and
hlorine compounds on cadmium transfer during MSW incin-
ration. According to the experimental results, elemental sulfur
nd sulfide could increase the retention of Cd on bottom ash

hrough formation of CdS under local reducing environment
n the furnace. In contrast, the presence of sulfur in the forms
f Na2SO3 and Na2SO4 had little effect on Cd volatilization.
hlorine compounds were observed to significantly increase Cd

[
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olatilization and partitioning on fly ash during MSW incinera-
ion. The chemical equilibrium calculations indicate that sulfur
an stabilize Cd in the form of CdSO4(s) at low temperatures
<650 ◦C), while chlorine significantly increases the volatiliza-
ion of Cd between 400 and 1000 ◦C through formation of
aseous CdCl2. The equilibrium calculation results also sug-
est that SiO2- and Al2O3-containing materials can function as
orbents stabilizing Cd as condensed phase solids in the tem-
erature range of 600–1100 ◦C even in the presence of chlorine
ompounds. Comparison of equilibrium calculation results with
hose from experimental investigation shows that this approach
ives a good qualitative view of the Cd behavior during MSW
ncineration. Complicated chemical and physical processes are
nvolved within the MSW incinerator. Thermodynamic analysis
s a useful tool in understanding the behavior of heavy metals
uring MSW incineration and can help development of better
eavy metal control strategies.
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