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a b s t r a c t

Natural resources of platinum group metals (PGMs) are limited and their demand is increasing because
of their extensive uses in industrial applications. The low rate of production of PGMs due to low con-
centration in the related natural ores and high cost of production have made the recovery of PGMs from
previously discarded catalytic converters a viable proposition. The ceramic-honeycomb-type automobile
catalytic converter contains appreciable amount of PGMs. These valuable substances, which are embed-
ded in the catalyst layer and covered on the surface of the supporting matrix, were selectively recovered
by attrition scrubbing. The attrition scrubbing was effective for the selective recovery of catalyst layer.
atalytic converter
latinum group metal
eparation
ecovery

The process was convinced as the comminution and separation process by physical impact and shearing
action between particles in the scrubbing vessel. The catalyst layer was dislodged from the surface of
the supporting matrix into fine particles by attrition scrubbing. The recovery of Al2O3 and total PGMs in
the fraction less than 300 �m increased with the residence time whereas their contents in the recovered
materials slightly decreased. The interparticle scrubbing became favorable when the initial input size
increased. However, the solid/liquid ratio in the mixing vessel was slightly affected by the low density of

converter particles.

. Introduction

Catalytic converters are installed in the engine exhaust sys-
em of an automobile. They have been used increasingly since the

id-1970s to meet emission limits enforced by international legis-
ation. They contain platinum group metals (PGMs) as catalysts that
educe the level of undesired exhaust gases such as carbon monox-
de (CO), unburned hydrocarbons (HC) and nitrogen oxides (NOx)

hich are the main by-products of internal combustion processes
1]. Although the PGMs are present in very small quantities in these
ypes of catalysts, given their intrinsic value, it is worth recovering
hem from the spent catalytic converters. For the PGMs recovery to
e economic, most of them must be recovered and the processes
hould be simple and cost-effective because the conservation and
ecycling of PGMs are irrefutable demand of our industry.
Several million tons of spent automobile catalytic converters are
nnually disposed of worldwide. An automobile catalytic converter
enerally contains 1–2 gm of all types of PGMs, including 0.5–1 gm
f platinum. Recently, it has been expected that the demand of
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PGMs will resume its growth because the number of new vehicles
purchased increases [2]. Moreover, the demand for diesel pow-
ered vehicles, more stringent emissions legislation worldwide and
shift from palladium- to platinum-rich automobile catalytic con-
verter system in gasoline powered vehicles have increased the
demand of platinum consumption [3,4]. Natural resources of PGMs
are limited and because of their extensive use in catalysis, electronic
devices, space materials, biomedical devices and other industrial
applications, their demand is increasing. Therefore the low rate of
production of these precious metals due to their low concentra-
tion in the related natural ores and their high cost of production
have made the metal recovery from previously discarded catalytic
converters a viable proposition [5].

The recovery technologies of PGMs from spent catalytic con-
verters have been reviewed in the last few decades. Two types of
process, namely, wet and dry methods, have been commercially
operated. In a wet process, PGMs on the catalytic converters are
dissolved mostly in the form of chloro-complex (MCl), by contact-

ing them in aqueous solutions. Subsequently the resulting solutions
are concentrated and then the precious metal ions are cemented by
metals such as Al, Fe or Zn in the concentrated system [6–8]. In a dry
process, they are melted, for example, with CaO at elevated tem-
peratures to produce a slag with low viscosity. PGMs in the melt
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Fig. 1. Schematic diagram (a), SEM (b) and EDS mapping images (Mg (c

re separated by allowing them to adsorb on Fe or Cu having high
pecific gravity [9].

Even though some technologies practiced for the commercial
pplications are sufficient to recover PGMs, the methods seem to
e not cost-effective. Since the PGMs embedded in the catalyst layer
f these types of automobile converters are present in very small
uantities, it is, therefore, worth separating the catalyst layer from
upporting matrix before they are processed. The separation and/or
elective recovery of catalyst layer prior to any wet or dry recovery
rocess can make a significant contribution to minimize the poten-
ial processing cost of these types of catalysts. Very little attempt,
owever, has been done yet.
The main purpose of this work is to provide information on the
eparation of catalyst layer from automobile catalytic converter
y attrition scrubbing, a physical impact/shearing action between
articles themselves and either the liquid phase or the walls and

mpellers in the mixing vessel [10–13]. At the point of impact, the

able 1
ize distribution and chemical composition of the different size fractions.

Size (�m) wt% Chemical composition (wt%, ppm*)

SiO2 Al2O3 MgO

+1000 33.1 39.4 38.8 9.8
−1000 + 600 28.6 39.5 38.8 9.9
−600 + 300 14.1 41.0 38.6 10.3
−300 + 212 4.8 22.3 48.1 5.4
−212 + 106 8.5 7.9 57.3 1.8
−106 + 45 5.7 11.4 50.5 2.7

−45 5.2 7.5 49.8 1.7
d), Si (c) and Ce (f)) of the main parts of the typical catalytic converter.

catalyst layers are dislodged from the supporting matrix or the
bond between the layer and the surface of supporting matrix is
weakened that the layer breaks under further impacts. The process
variables that influence the efficiency of attrition scrubbing such as
residence time, solid/liquid ratio and initial feed size of the catalyst
sample have been explored in this work.

2. Experimental

2.1. Sample
The spent catalytic converters used in this work were collected
from a local auto junkyard. The size and shape of converters,
along with their catalyst loading, may vary according to the size
of a vehicle’s engine. The catalyst supporting matrix, which is
of honeycomb structure, is made of magnesium alumino-silicate

CaO CeO2 ZrO2 Pd* Pt* Rh*

0.1 4.0 0.5 49 35 12
0.2 4.0 0.5 41 39 14
0.2 3.5 0.4 36 30 11
0.5 10.9 1.6 116 60 26
1.5 17.5 1.7 125 132 43
3.6 15.9 1.5 129 138 48
2.4 20.4 1.3 136 146 59
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Rh, respectively. The crushed particles were wet sieved. Table 1

T
C

ig. 2. XRD patterns of the fractionated particles of the sample, ×: cordierite, ©:
erium oxide, +600 �m (a), −600 + 300 �m (b), −300 + 106 �m (c), −106 + 45 �m
d) and −45 �m (e).

Mg2Al4Si5O18), cordierite. This supporting matrix is covered with

wash of �-alumina (�-Al2O3) that contains the precious metal

atalyst particles such as palladium, platinum and rhodium [14].
The converter was crushed by a laboratory jaw crusher and a

tamp mill to pass a standard sieve of 2 mm because the uniform

able 2
ontent of �-alumina and cordierite in each fraction at different scrubbing times.

Size (�m) �-alumina

0 min 5 min 10 m

+1000 20.34 16.57 12
−1000/+600 17.34 13.78 12
−600/+300 7.71 5.74 5
−300/+212 8.04 2.04 1
−212/+106 22.39 13.92 12
−106/+45 12.40 10.68 9

−45 11.78 37.27 44

Total 100.00 100.00 100

Cordierite
+1000 39.64 39.55 34

−1000/+600 34.43 34.90 36
−600/+300 17.53 16.51 18
−300/+212 3.24 3.00 3
−212/+106 2.01 1.99 2
−106/+45 1.98 1.73 2

−45 1.17 2.32 2

Total 100.00 100.00 100
Materials 183 (2010) 29–34 31

lattice structure of honeycomb was completely destroyed when the
particles passed through the 2 mm sieve. Fig. 1 shows the schematic
diagram showing the main parts of the typical catalytic converter
(a) and SEM–EDS images (b–f). As mentioned above, Si, Al and Mg
were mainly detected on the supporting matrix and Al and Ce were
on the catalyst layer.

2.2. Apparatus and procedures

A laboratory mechanical overhead stirrer (Denver D-12) which
was attached to a single axis with a two-bladed impeller was used
for attrition scrubbing. The scrubbing vessel is made of acrylic resin
with a total volume of 1.5 L. The impeller of scrubber was fixed
in such way that it was just above the bottom of the scrubbing
vessel. The attrition scrubbing was performed at wet condition and
the scrubbing time was varied from 5 min to 60 min. The particles
in the mixing vessel after scrubbing for a certain residence time
were subsequently sieved and filtrated for characterization. The
solid/liquid mixing ratio and initial input size of converter sample
were varied to estimate the efficiency of attrition scrubbing.

To characterize the converter sample, scanning electron micro-
scope and energy dispersive spectroscope (SEM–EDS, SEM-4100,
Jeol) and X-ray diffractometer (XRD, RINT-2000, Rigaku) were used.
Chemical analysis of converter particles were determined by induc-
tive coupled plasma spectroscope (ICP-AES, JY38+, Jobinyvon) for
PGMs and X-ray fluorescence spectrometer (PW2404, Philips) for
other constituents.

3. Results and discussion

The attrition scrubbing was carried out with an aqueous sus-
pension. In each scrubbing test, about 210 gm of converter sample
and 600 mL of pure water (solid/liquid ratio 0.35) were put into the
mixing vessel. The rotation speed of the scrubbing impeller was
fixed at 1800 rpm throughout the experiment.

The main constituents of the sample are 32.9% SiO2, 42.0% Al2O3
and 8.2% MgO. It also contains 6.9% CeO2. The CeO2 is known to
be used as promoters to increase the catalytic activities of catalyst
[15,16]. The amounts of PGMs are 62 ppm Pd, 56 ppm Pt and 19 ppm
shows the size distribution and chemical composition of different
size fractions. It is noted that as the size of the fractions decreased,
the contents of SiO2 and MgO decreased, whereas those of other
constituents increased. Furthermore, the increment was significant

in 20 min 40 min 60 min

.72 9.88 6.59 5.89

.96 10.94 9.22 9.41

.58 4.76 4.59 4.97

.82 1.38 1.17 1.14

.66 8.77 6.58 5.03

.98 7.79 7.06 4.79

.28 56.48 64.79 68.77

.00 100.00 100.00 100.00

.69 33.12 24.77 22.67

.28 36.33 37.78 38.98

.70 18.31 20.86 21.98

.24 3.39 4.00 4.12

.35 2.60 3.48 3.07

.01 2.37 3.49 2.75

.73 3.88 5.62 6.43

.00 100.00 100.00 100.00
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), scrubbed for 5 min (b), 10 min (c), 20 min (d), 40 min (e) and 60 min (f).
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Fig. 3. Yield of SiO2, MgO and Al2O3 of the sample, not scrubbed (a

n the fraction less than 300 �m. This was attributed to more brit-
le structure of catalyst layer than supporting matrix. Namely, the
atalyst coating, which covers the surface of the supporting matrix,
as a porous structure in order to increase the effective surface
rea of catalysts. Thus it can be understood that the layer would be
asily dislodged from the supporting matrix and broken into fine
articles under the impact of stamp mill. Fig. 2 shows the X-ray
iffraction patterns of the fractionated particles. The main peaks
f the coarse fraction over 600 �m (a) were exactly matched with
hose of cordierite (JCPDS No. 13-0029) although weak peaks of
eO2 (JCPDS No. 43-1002) were also detected. On the other hand,
he peaks of CeO2 increased as the particle size decreased and they
ere predominant in the pattern of the particle less than 45 �m.
lthough the peaks of �-Al2O3 are not observable in the patterns
wing to its very poor crystallinity, the �-Al2O3 content should
e high based on its chemical analysis. These results indicate that

he catalyst layer rather than supporting matrix tends to be easily
roken into fine particles less than 300 �m. In addition, it can be
lso expected that the contents of PGMs and other metal oxides
ncreased simultaneously as the particle size decreased since they
re mostly imbedded in the catalyst layer.

Fig. 4. Recovery and grade of Al2O3 and total PGMs in the fraction below 300 �m
as a function of scrubbing time.
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les (a) and the particles attrition scrubbed for 60 min (b).
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Fig. 5. Optical microscopic images of the raw partic

In this ceramic-honeycomb-type automobile catalytic con-
erter, neither thermal shock nor chemical leaching is sufficient
o recover the precious metal catalyst components from the sup-
orting matrix. This is attributed to the fact that the catalyst layer
as a quite strong bond with the supporting matrix [7]. On the
ther hand, attrition scrubbing is considered as a comminution or
separation process enough to separate the catalyst layer. Actu-

lly, as shown in Fig. 3, the supporting matrix was less brittle
han catalyst layer against attrition scrubbing in the mixing vessel
here the converter particles underwent the shearing and impact

orces. In the case of the particles less than 45 �m, as the resi-
ence time increased to 60 min, the yield of Al2O3 increased from
.2 wt% to 33.8 wt%. Most of Al2O3 in the fractions less than 45 �m

s believed to be originated from the catalyst layer rather than the
upporting matrix. Fig. 4 shows the grade and recovery of Al2O3
nd total PGMs in the sample less than 300 �m according to the
crubbing time of 60 min. The recovery of Al2O3 and total PGMs
ncreased by 48.2% with an increase until the scrubbing time to
0 min although their contents in the treated materials decreased
s the attrition scrubbing progressed. Table 2 shows the variation
f �-alumina and cordierite contents in different size fractions as a
unction of scrubbing time. It is noticeable that the attrition scrub-
ing led to make the �-alumina concentrated into fine particles less
han 45 �m, while cordierite remained in the coarse particles over
00 �m.

Fig. 5 shows the optical microscopic images of the raw particles
not scrubbed) and the particles attrition scrubbed for 60 min. Even
hough a small amount of particles still remains unchanged and,
oreover, the prolonged scrubbing rounded off the sharp edges
f the particles, it is noticeable that attrition scrubbing removed
he catalyst layer from supporting matrix effectively. Consequently
he impact and shearing forces caused by intensive scrubbing and

ig. 6. Yield and grade of Al2O3 and total PGMs in the fraction less than 45 �m as a
unction of S/L ratio.
Fig. 7. Yield of total PGMs in the fractionated particles as a function of initial feed
size.

mixing acted predominantly on the surface of the particles to make
the catalyst layers be delaminated into fine particles.

In the case of attrition scrubbing of contaminated soils or min-
eral particles, it has been generally accepted that the efficiency of
scrubbing increases as the solid/liquid ratio (S/L ratio) in the mixing
vessel increases owing to more effective scrubbing actions between
particles [17]. However, it was found to be little affected by the S/L
ratio in the present work although the yield and the grade of Al2O3
and PGMs slightly increased as shown Fig. 6. This result might be
contributed to the comparatively low density of converter particles.
Thus, in this case, it is possible to say that the scrubbing efficiency
does not depend only on the particle concentration in the mixing
vessel. The production of fine particles less than 45 �m increased
when the input size of the sample increased as shown in Fig. 7. It
implies that the interparticle scrubbing became favorable as the
initial input size increased. On the contrary, the production of fine
particles reduced when the initial input size decreased owing to the
increment of total surface area of feed so as to reduce the contact
of catalyst layer.

4. Conclusion

(1) The catalytic converter sample is mainly composed of 32.9%
SiO2, 42.0% Al2O3 and 8.2% MgO in the form of �-alumina and
cordierite. The sample also contains 6.9% CeO2, 0.7% ZrO2 and
0.6% CaO in the form of oxide as well as 62 ppm Pd, 56 ppm Pt,
19 ppm Rh in the form of metal.

(2) As the particle size of sample decreases, the content of SiO2 and

MgO decreases. On the contrary, the content of PGMs and other
oxides increases. It indicates that the catalyst layer rather than
supporting matrix tends to be easily broken into fine particles
less than 300 �m.
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3) The attrition scrubbing as a comminution and separation
process is determined to be a viable route to recover
the catalyst layer. The physical impact and shearing action
between particles in the scrubbing vessel causes the PGMs-
containing catalyst layer to delaminate from the supporting
matrix.

4) The recovery of �-alumina in the fraction less than 300 �m
increases as the residence time increases. The recovery of PGMs
increases simultaneously by 81.2% PGMs at a residence time
of 60 min. However, there seems practically no relationship
between solid concentration and �-alumina recovery in the
present work.

5) The interparticle scrubbing becomes favorable when the input
size of the sample increases. The solid/liquid ratio in the mix-
ing vessel was, however, little affected owing to low density of
converter particles.
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