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a b s t r a c t

Regeneration of the activity of three-way catalytic converters (TWCs) was tested for the first time using a
biodegradable metal chelating agent (S, S-ethylenediamine disuccinic acid (S, S-EDDS). The efficiency of
this novel environmentally friendly solvent in removing various contaminants such as P, Zn, Pb, Cu and S
from commercial aged three-way catalysts, and improving their catalytic performance towards CO and
NO pollutants removal has been investigated. Four samples of catalysts from the front and rear inlets of
two different TWCs with different mileages and aged under completely different driving conditions were
investigated. The catalysts were characterized using various techniques, such as X-ray diffraction (XRD),
Scanning electron microscopy (SEM), and Brunauer–Emmett–Teller (BET) surface area measurements
iodegradable chelating agents
DDS
xtraction
atalyst regeneration

(N2 adsorption at 77 K). Quantitative ICP-MS analyses and SEM-EDS studies show the removal of Zn,
P and Pb. SEM-EDS images obtained at low magnification (50 �m) showed considerable differences in
the surface morphology and composition after washing with S, S-EDDS. However, XRD studies indicated
neither little to no removal of major contaminant compound phases nor major structural changes due to
washing. Correspondingly, little or no enhancement in BET surface area was observed between the used
and washed samples. Light-off curves show that the regeneration procedure employed can effectively

form
improve the catalytic per

. Introduction

Three-way catalysts (TWCs) have been in use in automobiles
or four decades now. The installation of these catalytic converters
n the exhaust pipes of gasoline-powered vehicles helps to reduce
missions and hence air pollution. The TWCs convert NOx to N2,
O to CO2 and unburned hydrocarbons (HCs) to water vapor and
O2. Due to this reason, they are referred to as three-way catalytic
onverters.

The active metals in the catalytic converters are mostly platinum
r palladium–rhodium catalysts. These catalysts undergo deacti-
ation with continued usage. This deactivation can be of various
orms, including physical blocking of the pores, chemical fouling,
nd mechanical or thermal effects [1]. In all these forms of deacti-

ation, the catalyst fails partially or completely depending on the
xtent of damage. The causes of deactivation of TWCs are mainly
f chemical origin. Contaminants like sulfur and phosphorous aris-
ng from fuel and fuel additives are the main cause of deactivation

∗ Corresponding author. Tel.: +1 513 556 0724; fax: +1 513 556 2599.
E-mail addresses: dionysios.d.dionysiou@uc.edu, dionysdd@email.uc.edu

D.D. Dionysiou).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2010.11.089
ance towards NO pollutant.
© 2010 Elsevier B.V. All rights reserved.

[2–5]. Metallic contaminants like lead (Pb), iron (Fe), nickel (Ni),
and cadmium (Cd) arising from the metallic engine parts also con-
tribute to fouling [3]. Physical mechanisms of deactivation, like
thermal sintering of both metal (Pt, Pd, Rh) and support (washcoat)
have also been observed in TWCs. While most of these contami-
nants can be completely removed, and the catalysts regenerated
to a good extent, there are other forms of irreversible deactivation.
One of the main reasons for studying deactivation is the possibility
of reactivation/regeneration of used TWCs.

Reactivation/regeneration of TWCs has attracted the interest of
scientists. The reasons for regeneration are many. Initially, the rea-
sons were economic, while later on rising awareness was brought
about by environmental concerns. Several methods of TWC regen-
eration have been investigated, namely high-temperature heating
using hydrogen [6,7] and thermal chlorine gas treatment [7,8].
Many of these methods utilize extremely harsh conditions or are
invasive involving the dismantling of the catalytic converters. This
results in generation of waste as all the materials cannot be reused

[9]. Such disadvantages with these methods resulted in exploring
alternative options, such as solvent washing as a regeneration tech-
nique. Solvent washing has been carried out with several solvents,
namely acids, such as citric acid [5], oxalic acid [5] and acetic acid
[3] and can be implemented in situ. Metal chelating agents like

dx.doi.org/10.1016/j.jhazmat.2010.11.089
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:dionysios.d.dionysiou@uc.edu
mailto:dionysdd@email.uc.edu
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Table 1
Technical specifications of TWC samples.

Mitsubishi (Cyprus) Ford (USA)

Mitsubishi Gallant 1800-model-year
1997

Ford Windstar – model-year 1997

Mileage – 161,600 miles Mileage – 101,359 miles
Pd and Rh based catalyst Pd based catalyst
Base material
Cordierite (2MgO·2Al2O3·5SiO2) Cordierite (2MgO·2Al2O3·5SiO2)
Dimensions
DS/PS Brick – N/A DS/PS Brick 1: 38 in3

[3.15 in. × 4.75 in. × 2.98 in.]
DS/PS Brick – N/A DS/PS Brick 2: 46 in3

[3.15 in. × 4.75 in. × 3.67 in.]
Channel density
N/A 400 cells per sq in (wall

thickness = 0.0065 in.)
Channel shape
N/A Square
Washcoat details
000 B. Subramanian et al. / Journal of H

DTA have also been tested [10]. These solvents have been effective
n removing several contaminants present in the TWC and hence
ave led to varying levels of regeneration. Some of the solvents
sed such as oxalic acid may cause irreversible interactions with
he catalyst surface causing negative effects. As a result, various

ild solvents have been studied for TWC regeneration and Pt/Pd
ecovery. One innovative study [11] reported the use of the N,N9-
imethylperhydrodiazepine-2,3-dithionediiodine adduct in a mild,
on-invasive process which helped recover over 90–99% Pd from a
hermally aged TWC.

Recent environmental investigations attribute the use and dis-
osal of catalytic converters to the increase of concentrations of low
olubility PGM (platinum group metals) in the environment [12].
pecifically, it was found that mechanical attrition of TWCs leads to
ncreased incidence of Pd and Pt in the environment. The PGM met-
ls also tend to bioaccumulate in the food chain. Research data have
hown that typical recycling of TWCs is only about 20–30%. In the
0,000 km life of TWC, 70% of Pd is released into the surroundings
long with other trace metals [13]. The recovery from spent TWCs
n US was less than 4% in 1999 [13]. Even when regeneration of
WCs is carried out, there is a lot of waste generated as spent acids
nd metal chelating agents. The disposal of this secondary waste
s of great concern. Complexing agents like EDTA increase the sol-
bility of trace metals from the converters in the soil [14], which
therwise have very low solubility in surface waters and soil.

In the present study an environmentally friendly biodegradable
etal chelating agent S, S-ethylenediamine disuccinic acid (S, S-

DDS) was evaluated for the regeneration of TWCs. EDDS has been
sed as an alternative to EDTA. EDTA is the world’s most widely
sed metal chelating agent. However, it is highly persistent in the
nvironment as it cannot degrade biologically. Due to these rea-
ons, there is also a high risk of metal release into groundwater
ystems. EDDS has been successfully tested for the removal of toxic
eavy metals from soils as well as in the enhanced phytoreme-
iation of soils using chelating agents [15–17]. Apart from being
iodegradable and environmentally friendly, EDDS is milder than
he acids that are currently being used for this process. As a result
f these properties, there is lesser risk of release of metals into
he soil from spent EDDS [15,16]. Vandevivere et al. [18] studied
he biodegradability of metal-EDDS complexes and reported that a
mM concentration of Ca-, Cr(III)-, Fe(III)-, Pb-, Al-, Cd-, Mg-, Na-,
r Zn-EDDS degraded easily. In most soil washing processes, the
fficiency of EDDS is comparable to the benchmark EDTA [15,16].
here is no reported literature of EDDS for TWC regeneration.

It may also be worthwhile to note that the majority of TWC
egeneration studies published so far focus on various catalytic
ctivity measurements after in situ regeneration with established
olvents, like oxalic and citric acids in various concentrations
3,5,19]. The various parameters like flow rate, temperature and
xtraction time in the experimental setup for regeneration are var-
ed and their effects on catalyst activity are investigated [3,10]. This

ork, however, reports the efficacy of EDDS in a batch process.
his is an exploratory study which could lead to further investi-
ations required to optimize the continuous in situ regeneration
rocess.

Based on our initial investigation with various solvents such
s organic acids, an ionic liquid (1-butyl-3-methylimidazolium
etrafluoborate), and various other biodegradable metal chelating
gents (Nitrilotriacetic acid (NTA)), EDDS was selected from these
olvents tested. The other solvents tested have environmental con-
erns. NTA, though biodegradable, is reported to cause adverse

ealth effects [16]. The ionic liquid, Bmim [BF4], is extremely vis-
ous and non volatile. This leads to problems of removal of the
onic liquid from washed samples. Recent research shows that ionic
iquids also pose problems of disposal and toxic product release
20,21]. In comparison to the other solvents tested, EDDS is environ-
Pd-only washcoat – 0.55% by weight.
Major oxides – Al2O3, CeO2 and ZrO2

Pd-only washcoat – 0.55% by
weight. Major oxides Al2O3, CeO2

and ZrO2

mentally benign and has been suggested as an effective substitute
to the chelating agent EDTA [16].

The aim of this study was to investigate the effectiveness of
S, S-EDDS for three-way catalyst regeneration in a batch washing
process as the first step. The extraction efficiencies, XRD structure,
contaminant distribution profile in washcoat, and surface area of
the washed and used samples were compared. Extraction was per-
formed on catalyst powders and later on pieces of TWC monolith.

2. Experimental methods and procedures

2.1. Sample selection

The aged catalytic cartridges were extracted from two gasoline
automobiles – Ford (USA) model Windstar, 1998, and a Mitsubishi
(Cyprus) model Galant, 1997. Catalyst powders from both sam-
ples were used. Catalyst monolith pieces were only used from
the Ford cartridge. The Ford (USA) samples were graciously sup-
plied by the Ford Catalyst Research Department, Dearborn, MI,
USA. The Mitsubishi samples were extracted from an aged TWC
(Mitsubishi Galant) used in Cyprus. The technical specifications
of the TWC samples are listed in Table 1. A similar Ford (USA)
catalyst sample with 0 miles (fresh catalyst) was used as a refer-
ence sample. Both catalytic converters contained 0.55 wt% Pd. The
samples used were extracted from the front inlet of two catalyst
bricks. Small pieces of dimensions (2 cm × 2 cm × 2 cm) were used
in the contaminants extraction experiments. The pieces of TWC
were crushed for XRD and BET surface area characterization stud-
ies.

2.2. Chelating agent

EDDS was supplied by Octel Inc., London, UK. The commercial
name is Octaquest E30 and is a substitute for EDTA in various appli-
cations, namely detergents and water treatment. The S, S isomer is
commonly used because it is readily biodegraded [16]. The struc-
ture of EDDS is given in Fig. 1.

2.3. Regeneration procedure
The samples (ca. 100 mg) were pretreated by heating (rate
10 K/min) in a 10% H2/Ar flow at 773 K for 1 h [19]. This pretreat-
ment has been reported by Galisteo et al. [19] for use with Pt-based
catalysts to ascertain that the surface Pt is in metallic form and
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[3,5]. As it can be seen in Table 2, considerably high concentra-
tions of P, S, Zn and Pb are found in the aged Mitsubishi catalyst,
due to prolonged use. The contamination of TWCs has been stud-
ied extensively and various concentrations of contaminants have
been reported [3,23]. Very high concentrations of contaminants

Table 2
The initial composition (mg/kgTWC) of the four aged TWC samples used.

Element (mg/kgTWC) Mitsubishi Ford

FI-M RI-M FI-F RI-F

Cu 1229 339 878 592
Zn 24,620 5560 11,984 5520
Al 160,890 198,023 188,757 165,722
P 21,668 10,956 14,970 ND
S 27,421 617 712 ND
Fig. 1. The structure of EDDS [15].

ould not be removed by the mild acid extraction if Pt was partially
xidized.

.4. Extraction procedure

The EDDS was used without further dilution. A known weight of
he catalyst sample was placed with a high solvent ratio (1:50 w/w
ample to solvent ratio) in 120 mL Teflon lined vials. The samples
ere placed in a laboratory shaker for 24 h. This is because high

olvent ratios give higher extraction efficiencies and also help offset
he effect of pH since complexing agents like EDDS are highly pH
ependant [15,17]. It has also been suggested that it may improve
arget metal extraction by reducing competition effects in a matrix
ontaining other metals. After extraction the samples were washed
ith de-ionized water by shaking in the same manner for 12 h. Then

he samples were dried in an oven at 120 ◦C overnight. The samples
ere named by adding the suffix EDDS to the name. The extracted

olution was filtered with 45 �m filter and acidified before injection
nto inductively coupled plasma-mass spectroscopy (ICP-MS).

.5. Quantitative chemical analysis

The amount of the metals in the liquid extractant was deter-
ined using the ICP-MS analysis. An Agilent 7500ce (Agilent

echnologies, Tokyo, Japan) was used for this purpose. The sam-
les were filtered through a 45 �m filter and diluted with water
hen necessary. The samples were acidified with 2 wt% HNO3 for

nhanced detection by the instrument. Analysis was performed
ccording to the EPA method “USEPA method 6020 B” for trace
etals in solution [22]. The results from the instrument were in
g/L and they were converted to mg/kg of TWC and expressed as

ercent removal. The concentration of the various contaminants
as used as the basis for removal yield calculations. Though alu-
inum is a major washcoat constituent, it has been analyzed and

uantified.

.6. Scanning electron microscopy-electron dispersive
pectroscopy (SEM-EDS)

SEM-EDS analyses were carried out on a Philips EDAX instru-
ent. In the case of the monolith pieces, they were mounted on

he sample holder with the washcoat surface normal to the X-ray
lectron beam. The elemental analysis was done on channels next
o each other so that the values would be representative and there
ould be less deviation as suggested by Angelidis and Sklavounos

23]. Analysis of three adjacent channels was performed and the
uantitative result in wt% presented here is the average of three
eadings. No coating of samples was done prior to analysis to avoid
etal contamination from the sputter coater.
.7. X-ray diffraction analysis (XRD)

XRD patterns of the used and washed samples were recorded
sing a Siemens diffractometer in the scan mode from 10 to 60 2�
0.02/min).
us Materials 186 (2011) 999–1006 1001

2.8. Surface area and pore size distribution

BET surface area (m2/g) and pore size distribution analyses were
carried out with a Tristar ASAP 3020 (Micromeritics Inc.) with nitro-
gen adsorption/desorption experiments at 77 K. Degassing was
carried out at 200 ◦C for 2 h prior to the measurements.

2.9. Catalytic activity measurements

The gas-flow system used for conducting catalytic measure-
ments for the CO/O2/He and NO/H2/O2/He model reactions at 1 atm
total pressure consisted of a flow system, a micro-reactor, and an
analysis system as previously described [24]. For the CO/O2 reac-
tion, the feed stream consisted of 1 vol% CO, 1 vol% O2 and 98 vol%
He as diluent. In the case of NO/H2/O2/He reaction, the feed stream
consisted of 0.2 vol% NO, 0.3 vol% H2, 1 vol% O2 and 98.5 vol% He as
diluent. The amount of TWC sample used was 50 mg (small pieces
of 1–3 mm in length), and the total flow rate was 100 NmL min−1.
Prior to all measurements, samples were first calcined for 2 h at
500 ◦C in a 20 vol% O2/He gas mixture, followed by reduction in H2
(1 bar) at 300 ◦C for 2 h. After reduction the catalyst was brought in
He flow to the reaction temperature before switching the feed to
the reaction gas mixture.

3. Results and discussion

3.1. Extraction efficiencies

3.1.1. Catalyst powders
The initial tests were carried out on catalyst powders in order to

test the efficiency of the solvent before testing could be done in situ
on pieces of monolith. The tests were performed on the powders
extracted from the front and rear inlets of both the Ford and the
Mitsubishi TWCs.

Table 2 reports the initial amounts in mg/kg of TWC of the
basic components and the various contaminants found in the aged
commercial Mitsubishi and Ford automobile TWCs. As reported,
the sample obtained from Ford is a Pd-only catalyst. The SEM-
EDS analysis has also determined minute quantities of neodymium
metal. The noble metal composition as provided by the manu-
facturer is about 0.55 wt% Pd based on the washcoat (Table 1).
Cerium and zirconium have also been found to be present. The
washcoat is considered consisting of ceria–zirconia (CexZr1−xO2)
mixed oxide and alumina. Since Al is a component of TWC, it can-
not be considered as a contaminant. For the Mitsubishi catalyst,
previous work has reported 27 wt% loading of washcoat material
Pb 29,267 14,298 113 2842
Pt 75 2785 ND ND
Pd 44 72 1610 ND
Rh ND 530 ND ND

FI – front inlet; RI – rear inlet; M – Mitsubishi; F– Ford. ND – not detected.
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Fig. 2. Extraction of metal contaminants from the Mitsubishi TWC after washing
with EDDS.

Fig. 3. Extraction efficiency (% removal) of EDDS for Front Mitsubishi.

Table 3
Regeneration of TWC pieces (Ford) by EDDS washing.

mg/kgTWC Al Fe(57) Fe(66) Pd Pb P S Zn

Front inlet 2513 1277 1792 65 553 8658 ND ND

N

h
[

(
l
a
s
a
t
A
c
t
n
a
a

Rear inlet 1035 215 48 94 74 339 ND 1800
Fresh 55 ND ND 118 ND ND ND ND

D – not detected.

ave been found in a completely aged catalyst of 200,000 km
10].

Figs. 2 and 3 show the concentration (mg/kg TWC) and removal
%) of Cu, Zn, Pb and S obtained after washing the Mitsubishi cata-
yst with EDDS. In the case of the Ford catalyst, the contamination is
lmost entirely due to P and Zn (Table 2). Table 3 gives the compo-
ition of the fresh (0 miles) Ford catalyst. As seen by both SEM-EDS
nd ICP, there is only a negligible quantity of S present. The extrac-
ion efficiencies of EDDS for the Ford catalyst are given in Fig. 4.
n important reason for reduced S concentration is the decreasing
ontent of S in fuels due to various EPA standards in the USA since
he last decade. It is well known that the source of sulfur contami-
ation in TWCs is the fuel and its additives. The main source of Zn

nd P is from ZDDP (zinc dialkyl dithio phosphate) which is used as
lubricant and an anti-wear agent in the vehicle systems [25,26].

Fig. 4. Extraction efficiency (removal %) of EDDS for Zn and Pb for Ford TWC.
us Materials 186 (2011) 999–1006

3.1.2. Extraction of contaminants on TWC pieces
The results of the extraction of contaminants on

2 cm × 2 cm × 2 cm cubic TWC pieces (Ford) are reported in
Table 3. From these values, it can be seen that the Ford catalyst
was considerably contaminated after comparing the fresh and
used TWCs. Sulfur was not detected in this catalyst both by ICP-MS
and SEM-EDS analyses, thus suggesting that this specific TWC can
be considered to be largely contaminated by phosphorous. The
characterization of P-poisoned TWCs has been studied extensively
by Rokosz et al. [27]. Phosphorus was found to form an overlayer of
Zn, Mg phosphates and a layer of aluminum phosphates within the
pores of the washcoat. The removal of phosphorous was found to
be about 8600 mg/kg from the front inlet, where the contamination
by P is significantly higher than in the rear inlet (Table 3).

The removal of P by oxalic acid has been investigated and results
were reported [10,28]. Oxalic acid is a relatively stronger acid than
EDDS with a pKa of 1.20. Such an acid has been found to have greater
dissolution efficiency towards phosphates and phosphites. EDDS,
on the other hand, has a pKa value of 2.4 indicating that it is a much
weaker acid [16]. Considerably high concentrations of Fe and Zn
were also observed in the liquid extracts. Aluminum leaching from
the used samples was significantly higher than the fresh sample.
This could be explained by the fact that poison-P was in the form of
some Al salts resulting in the removal by the EDDS. A similar case
was observed by Galisteo et al. [19] in the washing process by citric
acid of a commercial diesel catalyst. The leaching of Al was much
higher than that of the fresh sample. These observations suggest
that EDDS is a promising solvent for the removal of metal and P
contaminants deposited on a TWC. The leaching of the active metal
Pd was much higher in the fresh sample where it was in an uncom-
bined, elemental form. The extraction of Pd was drastically reduced
in the used samples and this can be explained by the multiple effects
of Pd sintering at such severe TWC operation conditions as well as
the reduction of PGM that takes place along with Ce present on the
surface of washcoat [2,29,30]. This has been explained using various
model PGM catalysts loaded on the surface of Al2O3/Ce–Zr mixed
oxides, where hydrogen gas used for reduction was consumed to
a larger extent than what required for the reduction of the active
metals, thus suggesting a “hydrogen-spillover” effect.

A main parameter for the extraction of metals by chelating
agents is the stability constant K. Stability constant values of various
metals for complexation by EDDS have been determined previously
[16]. The log K values are given as 12.7 for Pb and 22 for Fe [31,32].
Cu-EDDS (log K = 18.4) and Zn-EDDS (log K = 13.4) are stronger com-
plexes than Pb-EDDS [32]. The stability constant (K) is an important
parameter which determines the stability of a metal complex in the
environment. The conditional log K values of most metal complexes
in EDDS have been found to be higher than those reported in the
literature for citric, oxalic, and acetic acids which have been used
for the regeneration of TWCs. Formation of metal–EDDS complexes
in soil has been found to be highly influenced by the presence of
Ba and Ca in soils [16]. Quantitative metal analyses have shown the
presence of considerable concentrations of Ba and Ca in the present
TWC samples (results not presented here). In previous studies, the
effect of competition on the regeneration of TWCs has not been
considered. In the case of EDTA, the extraction of metals could be
influenced by competition with Ba and Ca [16]. Further fundamen-
tal studies are required to establish competitive effects of other
metals present in the sample on extraction efficiencies with EDDS
as a solvent, to better understand the mechanisms of regeneration.
3.2. Characterization results

3.2.1. SEM-EDS analysis
Table 4 shows the wt% concentration of the chemical elements

detected in the Ford TWC pieces averaged over two areas on each
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Table 4
Concentrations (wt%) of various chemical elements measured by EDS analysis over
Ford TWC pieces.

Element Fresh Used Washed-EDDS

Ni 3.4 1.9 –
Zn 3.6 2.4 –
Mg 1.9 1.2 0.8
Al 52.4 50.4 34.3
Si 5.4 6.5 4.6
P 14.1 14.7 9.1
S 0.9 0.8 –
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Pd 5.8 4.6 4.5
O – – 46.7
Nd 12.5 17.3 –

f the adjacent channels of the washcoat. The SEM-EDS analysis
as carried out on both powders and monolith pieces of catalyst.

n the case of powders, it was not possible to obtain a concentra-
ion profile of the components in the TWC. The elemental analysis
f the powders was carried out before and after washing. In the
ase of catalyst monolith pieces, the composition of the channels
n the TWC was analyzed. A variation in the elemental composition
f the used and washed samples was observed. In the case of the
atalyst monolith, the analysis was done on the washcoat directly.
s explained in the previous section, the TWC was exposed nor-
ally to the electron beam. Al, Si and Pd are clearly detected which

re components of TWC, along with Zn, P, Ni. Mg might be con-
idered as contaminant in TWC, however, this element could also
e originated from cordierite (2MgO·2Al2O3·5SiO2) which is used
s support of washcoat material. Lead (Pb) which has been found
n the present sample by ICP analyses, has not been detected in
his analysis. It is not clear whether Pb peak is present here among
he noise. Another possibility is that Pb could be present inside the
epth of the washcoat [22]. The configuration used here does not
etect the signals from inside the washcoat. The values reported in
able 4 are representative of the whole surface.

Figs. 5 and 6 show the composition of the same catalyst (Ford)
nalyzed as both monolith pieces and powder, respectively. There
s a high probability that the peak marked as sulfur (Fig. 5) is noise,
ecause the major emission lines of S were not present. This is fur-
her validated by the fact that the ICP analysis found almost no
present in the samples. One aspect that needs discussion here

s that the P emission peak is significant but its values expressed
n wt% show a remarkable decrease when compared to the used
atalyst. There is also a reason of possible superimposition by the

r L peak as the P K and Zr L energy lines are very close to each
ther at 2 KeV [2,18]. In the used sample, the peak might corre-
pond to P due to the high concentration present. In the washed
ample, the higher side of the peak must correspond to the Zr emis-

Fig. 5. EDS energy lines of catalyst pieces (used).
Fig. 6. EDS energy lines of catalyst powder.

sion. This is evident from the SEM analysis of the powders wherein
the Zr L peak is visible in Fig. 6 but has been covered by the P
peak as shown in Fig. 5. Such characteristics have been observed
in previous SEM-EDS analyses of TWCs [2]. The comparison of the
SEM-EDS energy lines in Figs. 5 and 6 does not show a significant
difference indicating that the composition was very similar in the
case of this catalyst, analyzed in both powder and monolith piece
forms. The SEM micrographs (fresh, used and washed) are com-
pared at very low power (Fig. 7). The surface differences are very
clear in the micrographs A, B and C. The surface of the fresh catalyst
is very smooth, whereas the catalyst after use seems to have some
visible roughness. Previous studies [23] have conducted extensive
SEM-EDS analyses on TWC samples. The authors reported surface
roughness due to the pore fouling of the TWC samples by the forma-
tion of inorganic phosphate salts such as calcium phosphates and
other metal phosphates. This probably could be used to explain the
difference in morphology of the TWC samples in the present case.

3.2.2. XRD analysis
Fig. 8 shows the 2� region from 10–60◦ of the fresh, used

and regenerated Ford TWC. The reflections of the cordierite are
clearly visible (marked with *) because there are no interferences
from other peaks. This is because this sample is uncontaminated.
The peaks corresponding to 2� = 29.0◦, 33.4◦ and 48.5◦ belong to
the Ce–Zr–O mixed oxide which is a major washcoat component.
At lower values of 2�, there is considerable interference by the
cordierite peaks which are most intense in this region. In the used
sample, the peaks corresponding to 28.90◦, 27.06◦ and 31.28◦ were
assigned to CePO4 (Cerium phosphate – JCPDS file no. 84-0247).
These are the three maximum intensity peaks of this compound,
which are visible even after superimposition by other peaks. The
crystalline structure of cordierite is not altered after use but the
mixed oxide peaks become narrower and intense due to sintering.
This has also been previously explained by Larese et al. [2]. AlPO4
(JCPDS file no. 84-0854) was also detected at 2� = 26.4◦ (maximum
intensity peak). Calcium zinc phosphate CaZn2(PO4)2 (JCPDS file no.
84-1569) was found at 2� = 30.23◦ though the characteristic peak
at 21.54◦ and 29.70◦ and is not visible probably because of interfer-
ence by cordierite. This compound along with Zn3(PO4)2, Zn2P2O7
and MgZn2(PO4)2 is responsible for pore blocking by forming an
impervious glassy layer on the washcoat [27]. There is a possibil-
ity of another cerium phosphate peak Ce(PO3)3 at 2� = 25.93◦ as
reported [1]. As seen from Fig. 8, there is no distinct difference in
the XRD patterns of the used and washed TWC. This could also

suggest that there was no removal of crystalline phases and hence
no improvement in the surface area was seen (see Section 3.2.3).
The intensity of some phases containing P is reduced indicating the
partial removal of some crystalline phases.
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is probably the result of severe thermal sintering as reported [37].
Oxychlorination treatments applied on commercial [6–8] as well as
on model TWCs [38,39] were found to reverse the effects of thermal
sintering through the redispersion of sintered noble metal parti-
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ig. 7. (A–C) SEM micrograph images of the Ford catalyst pieces at 50 � magnifica-
ion.

.2.3. BET surface area measurements
The BET surface area and the pore size distribution of the fresh,

sed and washed samples were compared. The surface area of the
resh TWC (0 miles) was determined to be 22 m2/g. The surface

reas of the used and washed TWCs were found to be 10.3 m2/g and
.5 m2/g, respectively. This indicates that washing with EDDS did
ot cause any marked difference in the BET surface area of the cat-
lyst. In order to confirm that this decrease in the surface area was
Fig. 8. XRD patterns obtained in the 10–60◦ 2� range over the fresh, used and
washed Ford TWC. (*) Cordierite; (%) Alumina sample holder; (@) Ce–Zr–O oxides;
(#) AlPO4; (0) CePO4; (+) CaZn2(PO4)2.

not due to deposition of solvent, the used TWC was also washed
with oxalic acid in the same batch process and no enhancement
in the surface area was observed. There is a considerable number
of published studies that have compared the BET surface areas of
TWCs before and after washing [6,10]. However, all these processes
have used continuous flow systems with recirculation of solvent.
The conditions of these systems have been optimized for catalytic
activity. One of these previous works reports their operating condi-
tions and emphasize on the flow rate of the system as an important
parameter [10].

The conditions under which the catalyst has been aged also play
an important role in the pore size distribution. With TWC aging,
there is a change from the microporous structure of the Ce–Zr–O
oxides to a mesoporous one [33]. Fig. 9 compares the pore size dis-
tributions of the fresh, used and washed TWC samples. It can be
seen that after EDDS washing a similar pore size distribution to
that of the aged catalyst was obtained. However, the specific vol-
ume of the pores decreased after washing. Other published studies
report an increase in surface area after washing using acetic, cit-
ric and oxalic acids [34]. The increase in the BET surface area after
washing was attributed to the uncovering of the pores and it was
found that oxalic acid was more effective than citric acid [10]. The
uncovering of pores results in regaining catalytic activity due to
exposing more active sites that are responsible for CO and NO con-
versions [35,36]. It appears that the EDDS washing method fails
to retrieve the large surface area and pore volume loss (around
50% loss) obtained after aging under real driving conditions and
8006004002000

avg pore diameter (A)

Fig. 9. Pore size distribution curves obtained for the fresh, used and washed Ford
TWCs.
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ig. 10. Light-off profiles for (a) 1% CO/1% O2/98% He and (b) 0.2% NO/0.3% H2/1%
2/98.5% He reactions obtained over the used (•) and washed (�) TWC samples

Ford, USA).

les. The proposed EDDS regeneration method concentrates on the
emoval of contaminants as it is already previously discussed, thus
eversing the effects of chemical poisoning.

.2.4. Catalytic activity measurements
Fig. 10 presents the light-off profiles for (a) the 1 vol% CO/1 vol%

2/He and (b) 0.2 vol% NO/0.3 vol% H2/1 vol% O2/He reactions
btained over the used and EDDS-washed TWC (Ford, USA) sam-
les. In order to investigate the effectiveness of the regeneration
ethod under study on regaining the catalytic activity of the aged

WC, two probe reactions, the CO oxidation and NO reduction by
2 were examined. It should be noted that the used feed concentra-

ions of CO, NO, H2 and O2 are representative average values found
n the exhaust gas stream composition at the inlet of a three-way
atalyst installed in a gasoline-driven car. Therefore, the present
WC sample is exposed to gas streams that simulate two important
eactions promoted by the TWC. The CO conversion versus temper-
ture profile for the washed sample is similar to that of used sample
n the 100–175 ◦C range, where only slight improvements in the
ight-off behaviour for CO were observed following regeneration

ith EDDS (Fig. 10a). However, in the 185–200 ◦C range significant
mprovements can be seen.

Larese et al. [2] reported that the formation of CePO4 can be
nvoked to explain the deteriorating catalytic properties displayed
y a used TWC compared to the respective fresh one. The authors
roposed that due to this the locked Ce3+/Ce4+ pair is unable of
articipating in the rapid Ce3+ ↔ Ce4+ redox process required for
he proper functioning of TWC [2]. Since oxygen mobility is signifi-
antly restricted on the surface of the catalyst, where CePO4 crust is
ormed around CeO2, oxidation of adsorbed CO by lattice oxygen of

eria is expected to be enhanced by reaction temperature. It is noted
hat EDDS washing was found to remove phosphorous compounds
rom the TWC surface only partially (XRD results, Fig. 8).

However, a significant improvement in the whole NO conver-
ion versus temperature profile (XNO, %, Fig. 10b) was observed
us Materials 186 (2011) 999–1006 1005

after regeneration and particularly in the 100–190 ◦C range. The NO
conversion profiles of the used and washed samples consist of typ-
ical volcano-type curves (Fig. 10b) with the NO conversion passing
through a maximum around 125 ◦C. The reduction of NO by hydro-
gen in the presence of oxygen was found to result mainly in the
production of H2O and N2. It is noted that the N2 selectivity of NO
reduction was found to be ∼98%, and only up to 40 ppm of N2O was
seen. NH3 and NO2 were not detected. According to the results of
Fig. 10b, the superiority of the regenerated sample against the used
one is evident in all the reaction temperature range investigated.
A maximum conversion of NO reached the value of 78% for the
washed sample, while that of 53% for the used one. Furthermore, at
100 ◦C almost 3 times higher NO removal is attained after washing
of the TWC sample with EDDS. Therefore, it might be said that the
regeneration procedure employed can effectively improve the cat-
alytic performance towards NO pollutant. The removal of Zn and
Pb contaminants after using the EDDS washing medium appears to
result in the uncovering of catalytic active sites for NO adsorption
and reduction, the latter being most likely those at the noble metal
surface.

4. Conclusions

EDDS is found to be an effective solvent for the regeneration
of TWCs with respect to metal and P contaminant removal and NO
emissions reduction. EDDS can help offset the present environmen-
tal limitations imposed by EDTA which can persist in water and soils
due to its non-biodegradable nature. On the other hand, EDDS can
be easily biodegraded. Metal complexes with EDDS are also easily
broken down. This makes the handling of secondary waste simpler.

In the present study, EDDS was found to be effective towards
the removal of P, Pb, Cu, Zn and Fe. Sulfur (S) was not found in
the present investigated aged TWC (Ford). XRD and SEM results
revealed that phosphate compounds are partially removed by EDDS
washing. As a result, no significant enhancement was found in the
BET surface area. Sintering of the TWC samples was also observed
in the XRD analysis as seen by the narrowing of mixed metal oxide
diffraction peaks. Further advanced characterization methods such
as high resolution transmission electron microscopy (HRTEM) of
the TWC samples are necessary to determine the extent of sin-
tering that contributes to the catalyst fouling [40]. Since TWC
regeneration appears to be very process and parameter specific,
further extraction studies of a continuous mode are necessary.
Future experiments should be conducted in situ with a continuous
flow-system with recirculation. In addition, the effectiveness of this
solvent with respect to catalytic activity needs to be evaluated with
dynamometer tests.

This study assessed the effectiveness of EDDS in a laboratory
scale TWC batch washing process. Further studies are required
before in situ washing can be implemented. This work can be
thought of as the first step towards the development of a regen-
eration process using EDDS.
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