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y examines the vaporization percentage and partitioning of heavy metals Cd, Pb and Zn during thermal treatment of wastes with 
 heavy metals or phosphate, and the efficiency of sorbents for removal of these metallic compounds in flue gas of an industrial 
incinerator. Firstly, vaporization experiments were carried out to determine the behavior of heavy metals during combustion under 
itions (type of waste, temperature, presence of chloride or phosphate . . .). The experimental results show relatively high vaporization 
f metallic compounds within fly ash and limestone matrix while heavy metals within sediments treated with phosphoric acid are less 
orization of metals increases with increasing temperature and with chloride addition. The thermal behavior of the selected heavy 
heir removal by sorbents (sodium bicarbonate, activated carbon) was also studied in an industrial solid waste incinerator. These pilot 
ments confirm that heavy metals are concentrated in fly ashes and cyclone residues, thus effectively controlling their release to the 
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issions from waste incineration plants are currently
vironmental and regulatory concern because of their

fact, a continuous issue facing society is the dis-
unicipal and industrial solid wastes. The limits in
s, the growing amount of such wastes, the increas-
l costs and the ever more stringent regulations have
efforts to improve the efficiency and acceptability
eration technology through flue gas treatments and
xification by water-washing followed by a sintering

1]. Emission factors and removal efficiencies of heavy
been investigated [2] and the kinetics of heavy metal

ing waste incineration were studied in the laboratory
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coal combustion has been studied mainly by direct
the residues produced [4–7]. Other experimental

he metal behavior during thermal treatment of artifi-
astes [4–6,8] showed that heavy metals with higher

apor pressure and lower boiling point are most likely
in fly ash and/or in the flue gas. Heavy metals initially
the flame, the resultant metallic vapors then undergo
us nucleation to form an ultra fine aerosol having a
0 nm [9,10]. In the post flame region, the combustion
rapidly, the condensed aerosol grows continuously

eneous coagulation; the resultant agglomerates have
of about 1 to 2 �m. The partitioning of heavy met-

ignificantly with the element type. Metals of class
a, Ce, Mg, Mn, Cr are concentrated in the coarse
ash), never vaporize [10,11], and rapidly undergo

to a various solid species. The class II metals such
Se, Zn and As are concentrated in particulate mater

thers such as Br, Hg, I and Cd are concentrated in
se [12,13]. However, the partitioning of heavy metals
erator discharges is affected by a number of factors
bustion temperature, waste composition, moisture,
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Table 1

Composition of fly ash (Solvay data)

Al2O3 CaO Fe2O3 K2O MgO MnO Na2O P2O5 SiO2 TiO2

FA (wt.%) 9.1 24.3 8.4 0.9 2.7 0.2 1.6 1.9 18.0 1.8

Cmineral Corga Cl S As (g/kg) Cd (g/kg) Cr (g/kg) Cu (g/kg) Ni (g/kg) Pb (g/kg) Zn (g/kg)

FA (wt.%) 0.8 0.3 0.6 6.9 0.071 0.250 0.420 0.880 0.077 5.400 11.000

Table 2
Composition of phosphated sediment (Solvay data)

SiO2 Fe2O3 Ca SO4 Al2O3 PO4 OM Cd (g/kg) Cr (g/kg) Cu (g/kg) Ni (g/kg) Pb (g/kg) Zn (g/kg) Cl (g/kg)
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Table 3
Composition

Limestone (w
diment 23.0 4.5 11.5 1.2 4.5 4.5 10.4 0.016

n waste, etc. [14–16]. Our previous work was cen-
e stabilization of metals with phosphates [17–18].

own on metal behavior and partitioning during waste
n.
er describes an experimental study of the vaporiza-
tals (Cd, Pb and Zn) during thermal treatment of
h added PVC, heavy metals or phosphate. Labora-
lot scale experiments are carried out to evaluate the
perating conditions on vaporization percentage of

hin wastes and to determine the efficiency of sor-
on (sodium bicarbonate, activated carbon) in flue gas
these toxic compounds. The reactants used today in
flue gas treatment are Ca(OH)2 or NaHCO3 together
ted carbons (Neutrec Process ®).

ental

rial wastes

tes used are incinerator fly ash and dredged sediment
h 5% of 85% phosphoric acid to stabilize the heavy
(NOVOSOL Process ®, Solvay group). The amount

ric acid added was fixed according to previous studies

sh (FA) collected from a power plant has the chemical
n presented in Table 1. These mineral wastes contain
ity and relatively high concentrations of heavy metals
(250 ppm), Pb (5400 ppm) and Zn (11000 ppm).
nic waste, sediment treated with 5% of 85% phospho-
also investigated to evaluate the effect of phosphate

Fin
humid
with C
unders

Org
labora
scale e
source
tion.

2.2. E

2.2.1.
Vap

scale b
mina c
tubula
length
is fixed
combu
ductio
compo
additio
oven i
100 m
fractio

2.2.2.
waste

Exp

metals contained in the raw sediments. Their heavy

entrations are lower than those of fly ash and equal
f Cd, 1000 ppm of Pb and 3600 ppm of Zn (Table 2),

ater contents are higher (40%).

SOLVAY (
in France,
stone dope
rotary kiln

of limestone (Solvay data)

Ca Na CO3 SO4 Cl H2O Fe Cd (g/kg) C

t.%) 25.2 1.5 36.8 0.1 0.1 35.0 0.3 0.001 0
0.347 0.103 1.000 3.600 0.500

artificial mineral waste made of limestone (35 wt.%
with low heavy metal concentration (Table 3), doped
, PbCl2 or ZnCl2 2 wt.% is also used for the better
ing of the vaporization process.
chloride (PVC) is added at 5% by weight (for the

scale experiments) and at 1% by weight (for the pilot
iments) to the different wastes to simulate chloride
e waste and determine its effect on metal vaporiza-

imental procedure

orization (laboratory scale)
ation experiments are firstly carried out at laboratory
mbustion of few grams of waste (3–5 g), put in an alu-
le pushed into a quartz tube in a preheated horizontal
nace CARBOLITE 12/65/600 (diameter = 60 mm,
0 mm). During calcination experiments, air flow rate
50 L/h. The influence of temperature (600–850 ◦C),
duration (10 min to 4 h from initial sample intro-

withdrawal from the temperature stabilized oven),
n of the matrix containing heavy metals and PVC
n the vaporization of metals is studied. Finally, the
nnected to two impingers filled with a solution of

O3 0.5 M allowing the collection of the vaporized
the heavy metals to be determined (Fig. 1).

orption experiments in industrial pilot plant
erator (NOVOSOL)
ents in an industrial waste incinerator developed by
Fig. 2) and located at Dombasle sur Meurthe plant
are also carried out. 200 kg of waste (fly ash, lime-
d with CdCl2 or PbCl2 0.5 wt.%) are calcinated in a
at 850 ◦C during 1 h with a solid flow rate of about

r (g/kg) Cu (g/kg) Ni (g/kg) Pb (g/kg) Zn (g/kg)

.006 0.006 0.001 0.006 0.007
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[M]0

initial metal concentration in solid sample; [M]f: final
entration in solid sample.
experiments in the pilot, sampling trains were per-
etermine the removal of heavy metals in gas phase
. Sampling duration was 3 h. The apparatus used was
m American standards US EPA method 5 [22] and
thod 29 [23] and French standard method AFNOR
1 [24] and allowed particulate and gaseous metal
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ization at laboratory scale

orization of heavy metals (HM) from fly ash
of vaporization percentage of heavy metals contained
etween 600 and 850 ◦C, presented on Fig. 4, show
vaporization equilibrium is reached in 120 min. We
e that vaporization percentage increases with increas-
ature. Cd is the most vaporizable metal (55 wt.% at
lowed by Pb (50 wt.%) and Zn (28 wt.%). The vapor-
entage of Zn is in accordance with literature contrary
tion percentage obtained for Cd and Pb.
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ith increasing temperature and Cd remains the most

compound (38 wt.% at 850 ◦C) as shown on Fig. 5.
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Fig. 7. Effect of PVC addition on vaporization percentage of heavy metals during thermal treatment of doped limestone (a) and fly ash (b) at 850 ◦C.

Table 4
Results of combustion of limestone doped with CdCl2 (Cd2+)

Feed Sorbents Calcinated residue Fines of cyclone Fly ash

Mass
(kg)

Cd2+

(g/kg)
Mass
(kg)

Cd2+

(g/kg)
Mass
(kg)

Cd2+

(g/kg)

Limestone 200 kg + Cd2+ 0.5 wt.% NaHCO3 4 kg/h + AC 150 g/h 82 0.602 20 11.116 24 3.277
NaHCO3 4 kg/h 74 0.457 22 8.061 16 2.307

Limestone 200 kg + PVC 2 kg + Cd2+ 0.5 wt.% NaHCO3 4 kg/h + AC 150 g/h 87 0.720 21 2.015 20 2.505
NaHCO3 4 kg/h 75 0.799 19 2.173 16 2.307

Table 5
Results of flue gas sampling during combustion of limestone doped with CdCl2

Feed Sorbents Sampling 1
(�g/Nm3)

Sampling 2
(�g/Nm3)

Removal
(%)

Limestone 200 kg + Cd2+ 0.5 wt.% NaHCO3 4 kg/h + AC 150 g/h 0.654 0.003 99.5
NaHCO3 4 kg/h 0.548 0.010 98.3

Limestone 20 g/h
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NaHCO3 4 kg/h

of flue gas sampling (Table 5) show very low Cd
on in flue gas before exhaust to the atmosphere. When
arbonate is injected 96.3–98.3 wt.% of Cd is removed.
carbon is also injected, efficiency slightly increases

s 99.5%.

agreem
in Figs

3.2.2.
It c
lts of fly ash combustion experiments (Table 6)
ults presented show a much higher vaporization of
h than in limestone doped with Cd. This result is in

tion of sod
of Pb and
62.2 wt.%
carbon in a

bustion of fly ash

Sorbents Calcinated residue

Pb2+ (g/kg) Cd2+ (g/kg)

VC 2 kg NaHCO3 4 kg/h + AC 150 g/h 5.113 0.383
NaHCO3 4 kg/h 5.890 0.457
1.087 0.011 99.0
0.814 0.030 96.3

with that obtained at laboratory scale and presented
nd 5.

lts of flue gas sampling (Table 7)
e seen from the results presented that the injec-

ium bicarbonate is efficient for the neutralization
Cd (89.6 and 86.2%). For Zn, the removal rate of
is obtained. Nevertheless, the injection of activated
ddition to that of sodium bicarbonate enhances the

Fines of cyclone Fly ash

Pb2+ (g/kg) Cd2+ (g/kg) Pb2+ (g/kg) Cd2+ (g/kg)

7.893 0.612 12.932 1.027
5.642 0.520 11.665 0.975



Table 7
Results of flue gas sampling during combustion of Fly Ash

Feed Sorbents Removal Pb2+ (%) Removal Zn2+ (%) Removal Cd2+ (%)
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