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bstract

Bottom and fly ash collected from automobile shredder residue (ASR) incinerator have been characterized in terms of particle size, compositions,
nd heavy metal leaching by the standard TCLP method. Two alternative methods were also examined for the treatment of heavy metals in ASR
ncinerator ash from the aspect of recycling into construction or lightweight aggregate material. It was remarkable that the concentration of Cu
as very high compared to common MSWI bottom and fly ash, which was probably originated from copper wires contained in ASR. As a whole,

he results of characterization of ASR fly ash were in good agreement with common MSWI fly ash in terms of particle size, pH, and water-soluble
ompounds. It was clearly found that heavy metals could be removed thoroughly or partly from ASR fly ash through acid washing with dilute

Cl solution so that the remaining fly ash could be landfilled or used as construction material. It was also found that the amount of heavy metal

eachability of lightweight aggregate pellet prepared with ASR incineration ash could be significantly decreased so that the application of it to
ightweight aggregate would be possible without pre-treatment for the removal of heavy metals.

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

Automobiles are composed of a lot of parts made of var-
ous materials such as iron, nonferrous metals, plastics, and
ubber, etc. and therefore, the end-of-life vehicle (ELV) may
e one of the important resources of recycled materials. In
he disassembling process of ELV, engines, doors, tires and
iquid materials are mechanically separated through the dis-
ssembling machines and/or manpower. In some cases, seats
nd glass are also detached so as to reduce the volume and
eight.
After the above-mentioned disassembling process, the

emaining frame of ELV is pressed followed by the shredding. In
ost cases, iron scrap and nonferrous metals such as aluminum,

opper and zinc, etc. are separated from the shredder products

y magnetic separator (MS) and eddy current separator (ECS),
espectively. During the shredding and separation of pressed
ehicles, automobile shredder residue, so-called ASR, which is

∗ Tel.: +82 2 958 5397; fax: +82 2 958 5379.
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omposed of a variety of plastics, fibers, rubber, and sponge, etc.,
s produced [1–3] and the majority of ASR is now treated by the
andfill method. The landfill of such ASR materials would cause
he severe environmental problems and the recent government
egulations enforce the prohibition of ASR landfill because of
he shortage of landfill sites as well as the environmental pollu-
ion. Accordingly, in recent years an attempt to incinerate ASR
as been made as an alternative treatment method [4].

As far as the fraction of ASR materials in pressed vehicles is
oncerned, it is reported to account for about 30–35% of shred-
er product [5]. As stated previously, ASR is mainly composed
f plastic, fiber, rubber and sponge, etc. and has a high potential
or recycling as a source of thermal energy. Although incinera-
ion of ASR can generate thermal energy and reduce the volume
f ASR sent to landfill, however, this still produces significant
uantities of incinerator ash involving bottom and fly ash. The
nvironmental advantage of incineration over landfill is even
reater if incineration ash is recycled into new raw materials

uch as road construction or aggregate material [6–8]. A remain-
ng problem is heavy metals pre-concentrated in bottom ash and
articularly in fly ash. Fly ash collected from flue-gas is gen-
rally regarded as hazardous waste, and handled accordingly.

mailto:hylee@kist.re.kr
dx.doi.org/10.1016/j.jhazmat.2007.01.066
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s an instance, in order to be disposed of in ordinary landfills
r possibly recycled, fly ash needs to be stabilized/solidified
y suitable processes, generally based on the use of Portland
ement [9–11]. The main drawbacks of such a process are the
onsiderable increase in volume and weight of the residue. This
eans that the advantage of the incineration process is lost, and
aterial is produced that might still be very hazardous for the

nvironment, especially if the material breaks up. Moreover,
nother factor to be considered is the behavior of heavy metals
ontained in ASR incinerator ash, which may be essentially dif-
erent in source or content from those in municipal solid waste
ncinerator (MSWI) ash.

In the present work, bottom and fly ash collected from ASR
ncinerator have been characterized in terms of particle size,
ompositions, and heavy metal leaching by the standard TCLP
ethod. In addition, two alternative methods were also exam-

ned for the treatment of heavy metals in ASR incinerator ash
rom the aspect of recycling into construction or lightweight
ggregate material.

. Experimental

.1. Materials

Two bottom ashes and four fly ashes were collected from the
ommercial incinerator of ASR, the capacity of 15,000 ton/year,
ocated at Pohang, Korea. Table 1 shows the type of ash used
n this work. Bottom ashes taken out from the water reservoir
ontained much water while fly ashes were of dry powder except
emi-dry reactor ash. Bottom ash accounting for about 85% of
otal ash was a heterogeneous mix of ceramic materials such
s brick, glass, ferrous and non-ferrous metals and other non-
ombustible inorganic and residual organic matter. All samples
ere sufficiently dried in vacuum oven at 105 ◦C.
Among those ashes, boiler ash #4 was selected to prepare

he lightweight aggregate pellet by mixing with a lightweight
ller and mineral binder. Expanded perlite, effective density of
.18 g/ml and mean particle size of 150 �m, which was delivered
y SK CMT Corp. in Korea, was used as a lightweight filler and
entonite, one of the clay minerals, was also used as a binding
aterial.
.2. Characterization of ash

The particle size distribution of the dried samples was ana-
yzed by laser diffraction (Beckman Coulter LS-100) in the range

able 1
he type of ASR incineration ash generated from incinerator used in the work

ample code Classification Generation part

ottom #1 Bottom ash Stoker grate
ottom #2 Bottom ash Stoker grate
yclone #3 Fly ash Cyclone
oiler #4 Fly ash Boiler
DR #5 Fly ash SDR
ag filter #6 Fly ash Bag Filter
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rom 0.04 to 2000 �m. Crystalline phases present in ash were
etermined by X-ray diffraction (XRD) using a Phillips PW
830 diffractometer system with 40 mA and 40 kV, Cu K� radi-
tion. The pH of the as-received ashes was measured with a
H meter (Fisher Scientific accumet® model 20) by preparing a
lurry of 10 wt% solid density in deionized water. The fraction
f soluble compounds in ash was also determined by washing
hree times with deionized water.

.3. Preparation of lightweight aggregate pellet

Three materials, that is, boiler ash #4, lightweight filler and
entonite, were weighed and thoroughly mixed in a V-mixer of
l capacity in the laboratory. After 1 h mixing of those materi-
ls, the mixture was placed in a polyethylene vessel and kneaded
ith 3% carboxymethylcellulose (CMC) solution. The knead-

ng was continued until a mix of uniform was achieved. The test
ellet, 30 mm diameter and 30 mm height, was cast in a cylindri-
al mold with hand compaction only. The cast pellet was dried
n a vacuum oven at 105 ◦C for 8 h and calcined at elevated
emperatures up to 1,000 ◦C for 2 h.

.4. Heavy metal leaching test

The batch test of heavy metal leaching from ash or lightweight
ggregate pellet was conducted based on the standard TCLP
toxicity characteristic leaching procedures of US EPA) method
12]. In case of lightweight aggregate pellet, it was previ-
usly crushed and classified with a sieve, the aperture of 1 mm.
he oversize product was re-crushed until all particles passed

hrough a sieve. The weighed sample and leaching solution were
ixed together in a polypropylene bottle and placed in an incu-

ator adjusted to 25 ± 1 ◦C for 18 h with mechanical shaking
f 30 rpm. After leaching of heavy metals, the material was
ltered with filter paper and then metal concentrations (As,
d, Cr, Pb, Cu) in the filtrate were determined by AA spec-

roscopy (Varian, SpectrAA 800) and ICP(Thermojarrell Ash,
olyscan 61E).

. Results and discussion

.1. Characterization of ash

The amount of heavy metals (As, Cd, Cr, Pb, and Cu) and
hloride ion in ASR ashes used in the work was given in Table 2.
t was remarkable that the concentration of Cu was very high
ompared to common MSWI bottom and fly ash [13]. Especially,
he concentration of Cu was found to be more than 10,000 mg/kg
n ASR bottom ashes, which was probably originated from
opper wires contained in ASR. Moreover, the majority of Pb
ontained in ASR was believed to vaporize during incineration
o that the content of Pb in bottom ash was less than 600 mg/kg.
igh concentration of chloride ion in SDR #5 and bag filter #6

ould be due to the neutralization of HCl gas with slack lime in

he semi-dry reactor.
Fig. 1 shows the particle size distribution of fly ashes, that is

yclone #3, boiler #4, SDR #5, and bag filter #6, respectively.
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Table 2
The content of heavy metals (As, Cd, Cr, Pb, and Cu) and chloride ion in ASR ashes

Sample code As (mg/kg) Cd (mg/kg) Cr (mg/kg) Pb (mg/kg) Cu (mg/kg) Cl− (mg/kg)

Bottom #1 12.3 <1 12.1 540 34,000 6,700
Bottom #2 10.7 <1 11.4 600 27,000 6,100
Cyclone #3 12 7 9.7 1,400 2,800 580
Boiler #4 38.4 110 10.2 12,000 3,400 8,500
S 5
B 4

T
t
b
i
t
o
w
v
w
r

a
t
w
c
n

S
o
X
t
o
t
t
a
a
i
t
a
S

DR #5 10.7 16 6.
ag filter #6 20.4 105 5.

he particle size distribution of two bottom ashes collected from
he commercial incinerator of ASR was not measured because
ottom ash was a severely heterogeneous mix in particle size,
ncluding some materials even more than 100 mm. As shown in
he figure, the majority of particles in fly ash existed in the range
f 2–1000 �m. It was found that the order of mean particle size
as cyclone #3 > boiler #4 > SDR #5 > bag filter #6. Especially,
ery fine particles less than 0.4 �m are included in bag filter #6,
hich may be originated from the use of slack lime for semi-dry

eactor.
According to our preliminary test in the laboratory, SDR #5

nd bag filter #6 contained much water soluble compounds due
o the addition of slack lime to neutralize the acidic gas like HCl

hile other ashes had the negligible amount of water soluble

ompounds. The weight loss of those ashes depending on the
umber of water washing was given in Fig. 2. It was found that

t
M
c

Fig. 1. Particle size distribution of A
4,700 1,200 156,000
9,600 4,600 243,000

DR #5 and bag filter #6 lost their weight after water washing
f three times by 41% and 73%, respectively. According to the
-ray diffraction analysis of those ashes, as shown in Fig. 3,

he major constituent material of SDR #5 and bag filter #6 were
bserved to be CaCl2·Ca(OH)2·H2O and CaCl2·4H2O, respec-
ively. These calcium compounds would be generated through
he reaction between hydrogen chloride and slack lime added in
semi-dry reactor. Moreover, the results of the X-ray diffraction
nalysis are in good agreement with the test of water washing
n that bag filter #6 contains more water-soluble compounds
han SDR #5. In addition, the pH value of ASR incineration
sh appeared to be relatively high alkaline, especially in case of
DR #5 as shown in Table 3. As a whole, the results of charac-
erization of ASR fly ash were in good agreement with common
SWI fly ash in terms of particle size, pH, and water-soluble

ompounds [9,14].

SR fly ashes used in the work.
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The pH value of ASR incineration ash used in the work

Sample
c

Bottom Bottom Cyclone Boiler SDR #5 Bag filter
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ig. 2. Variation of weight loss with the number of water washing for fly ashes.

.2. Heavy metal leaching test

Table 4 shows the results of metal leachability for ASR incin-
ration ash determined by the standard TCLP method.

As shown in the Table 4, the amount of heavy metals leached
ut from ASR bottom and cyclone ashes was found to be lower

evel than the regulatory limit in Korea. Especially, it may be
emarkable that the amount of Pb leached out from bottom ashes
s very low compared to common MSWI ash [13]. Actually,

Fig. 3. XRD diffraction pattern of ASR fly ashes used in the work.

M
w
r
l
a
h
w
o
s

a
P
i
f
a
A
a
w
o
m

c
a
a
i
s
o
w
a
t

ode #1 #2 #3 #4 #6

H 9.09 9.14 11.01 6.55 12.06 11.80

onsiderable amount of Pb leach from MSWI bottom ash may
ften require further treatment like aging process in order to use
s road construction material. It can be concluded, therefore,
hat ASR bottom ash may be applicable to a raw material for
oad construction without further treatment for the removal of
eavy metals. However, in case of fly ash such as boiler #4,
DR #5 and bag filter #6, it was found that Cd, Pb and Cu were
onsiderably leached out so that the removal or stabilization
rocess was essentially required prior to landfill or reuse as
onstruction material. In this work, two alternative methods
ere examined for the treatment of heavy metals in ASR fly

sh. Acid washing [15] of incineration ash is one of the con-
entional methods for the removal of heavy metals. However,
cid washing has a drawback in that a great deal of wastew-
ter containing metals leached out is inevitably produced.
nother attempt has also been made for solidification of heavy
etals by the production of lightweight aggregate with ASR
y ash.

The production of lightweight aggregate (LWA) represents
particularly attractive reuse application for ASR ash [6,7].
ost natural aggregates have particle densities of 2.4–2.8 g/cm3,
hile LWA have particle densities of 0.8–2.0 g/cm3. As a

esult, LWA are used for the production of lightweight concrete,
ightweight blocks and other lightweight construction products
nd have additional benefits associated with low density such as
igh insulation and high thermal inertia. In this work, boiler #4
as used for the production of lightweight aggregate because
ther fly ash such as SDR #5 and bag filter #6 contained much
oluble compounds.

Table 5 shows the results of heavy metal leachability after
cid washing of boiler #4, SDR #5, and bag filter #6 for Cd,
b and Cu. Two different concentrations of HCl solution, that

s, dilute HCl solution of pH 1.3 and 0.24 N HCl, were used
or acid washing of ASR fly ash. Acid washing was conducted
t room temperature for 1 h with the solid density of 100 g/l.
fter acid washing, the slurry was filtered with filter paper

nd the resulted cake was washed three times with deionized
ater followed by drying at the vacuum oven at 105 ◦C in
rder to examine heavy metal leachability by the standard TCLP
ethod.
As shown in Table 5, it was clearly found that heavy metals

ould be removed thoroughly or partly from ASR fly ash through
cid washing with dilute HCl solution so that the remaining fly
sh could be landfilled or used as construction material. Accord-
ng to our preliminary test, acid washing with more concentrated
olution than 1 N HCl resulted in the nearly perfect dissolution

f sample, especially in case of bag filter #6, indicating that acid
ashing was meaningless. As a whole, the removal of Pb avail-

ble by the TCLP test was found to be relatively poor compared
o Cd and Cu after acid washing.
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Table 4
Results of metal leachability for ASR ash determined by the standard TCLP method

Sample Code As (mg/l) Cd (mg/l) Cr (mg/l) Pb (mg/l) Cu (mg/l) Final pH

Regulatory limit 1.5 0.3 1.5 3 3 -
Bottom #1 <0.05 <0.1 <0.05 <0.05 <0.02 3.79
Bottom #2 <0.05 <0.1 <0.05 0.1 0.40 3.84
Cyclone #3 <0.05 <0.1 0.14 <0.05 <0.02 3.78
Boiler #4 <0.05 6.26 <0.0
SDR #5 <0.05 0.16 <0.0
Bag filter #6 <0.05 0.44 <0.0

Table 5
Heavy metal leachability after acid washing of ASR fly ash

Metal Sample code Before washing
(mg/l)

After washing (mg/l)

pH 1.3 HCl 0.24 N HCl

Boiler #4 6.26 0.14 0.11
Cd SDR #5 0.16 0.04 0.05

Bag filter #6 0.44 0.01 0.09
Boiler #4 7.4 2.0 4.1

Pb SDR #5 17.2 3.7 1.5
Bag filter #6 685 0.1 0.5
Boiler #4 0.34 0.05 0.08

C

a
A
t
m
t
o

g
m
p
t
c
t
a
b
a
i

T
H
s

C
t

6
8
1

a
t
a

4

f
d
e
A
f
g
w
w
A

2
a
a
t
o
c
s
f
l
a
P
s

u SDR #5 0.07 <0.02 <0.02
Bag filter #6 84.7 0.30 0.08

On the other hand, heavy metal leachability for lightweight
ggregate pellet prepared with boiler #4 was given in Table 6.
s shown in the table, the density of pellet was increased with

he fraction of fly ash because the fraction of lightweight filler
aterial became relatively small. In addition, higher calcination

emperature resulted in higher density of pellet due to shrinkage
f pellet during calcination.

As far as heavy metals leached out from lightweight aggre-
ate pellet were concerned, it was found that the amount of heavy
etal leachability could be significantly decreased after the

reparation of lightweight aggregate pellet. It may be ascribed
o the solidification of heavy metals or conversion into insoluble
ompounds like oxide during the calcination of pellet at elevated
emperature. It indicates that the application of ASR incineration

sh containing some heavy metals to lightweight aggregate may
e possible without pre-treatment for the removal of heavy met-
ls. Accordingly, it could be concluded that the reuse of ASR
ncineration ash as construction materials such as lightweight

able 6
eavy metal leachability for lightweight aggregate pellet determined by the

tandard TCLP method

alicination
emperature

Mixing ratio (wt%)
(ash:LWF*:bentonite)

Cd
(mg/l)

Pb
(mg/l)

Cu
(mg/l)

Pellet
density
(g/ml)

00 ◦C 50:40:10 0.05 <0.2 <0.02 0.46
00 ◦C 50:40:10 <0.02 <0.2 <0.02 0.47
,000 ◦C 30:60:10 <0.02 <0.2 <0.02 1.20

50:40:10 <0.02 <0.2 <0.02 1.22
70:20:10 0.07 0.46 <0.02 1.25
90:0:10 0.20 2.01 0.05 1.34

* LWF = lightweight filler.
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5 7.4 0.34 3.95
5 17.2 0.07 4.68
5 685 84.7 3.91

ggregate had some advantages of minimizing the environmen-
al pollution of heavy metals as well as reducing the volume of
sh sent to landfill.

. Conclusions

Characteristics and heavy metal leaching of ash generated
rom incineration of ASR, which was produced during the shred-
ing and material separation of end-of-life vehicle, have been
xamined. Bottom ash accounted for approximately 85% of total
SR incineration ash and was a heterogeneous mix of glass,

errous and non-ferrous metals and other non-combustible inor-
anic materials. It was remarkable that the concentration of Cu
as very high compared to common MSWI bottom and fly ash,
hich was probably originated from copper wires contained in
SR.
The majority of particles in fly ash existed in the range of

–1000 �m with the order of mean particle size of cyclone
sh > boiler ash > SDR ash > bag filter ash. It was found that SDR
sh and bag filter ash lost their weight after water washing of
hree times by 41% and 73%, respectively. As a whole, the results
f characterization of ASR fly ash were in good agreement with
ommon MSWI fly ash in terms of particle size, pH, and water-
oluble compounds. The amount of heavy metals leached out
rom ASR bottom and cyclone ashes was found to be lower
evel than the regulatory limit. However, in case of fly ash such
s boiler ash, SDR ash and bag filter ash, it was found that Cd,
b and Cu were considerably leached out so that the removal or
tabilization process was essentially required prior to landfill or
euse as construction material.

It was clearly observed that heavy metals could be removed
horoughly or partly from ASR fly ash through acid washing with
ilute HCl solution so that the remaining fly ash could be land-
lled or used as construction material. Nevertheless, the removal
f Pb available by the TCLP test was found to be relatively poor
ompared to other metals after acid washing.

The density of lightweight aggregate pellet was increased
ith the fraction of fly ash because the fraction of lightweight
ller material became relatively small and higher calcinations

emperature resulted in higher density of pellet due to shrinkage
f pellet during calcination. As far as heavy metals leached out

rom lightweight aggregate pellet were concerned, it was found
hat the amount of heavy metal leachability could be significantly
ecreased, indicating that the application of ASR incineration
sh to lightweight aggregate would be possible without pre-
reatment for the removal of heavy metals.
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