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1. Introduction

ABSTRACT

A systematic study on several spent catalysts, withdrawn from different terephthalic acid purification
reactors loaded with the same fresh catalyst (0.5 wt.% Pd/C, type D3065, supplied by Chimet SpA), has
been carried out. Spent catalysts characterized by different lifetimes, position in the catalytic bed, sinter-
ing degree, and types of contaminant (mainly S, Pb, and Mo) have been investigated by TEM coupled with
EDS detection, XRPD, EXAFS spectroscopy, and CO chemisorption. The Pd sintering process involves all
catalysts, irrespective of the nature and amount of contaminants that have no influence on sintering rate
except for S poisoning. Pd sintering occurs following different steps, leading to the formation of larger
crystals, aggregates, and agglomerates, the last being the primary cause of the loss of Pd surface area
and, consequently, of the decrease in catalytic activity. Among the investigated contaminants, S and Pb
are the worst, because they strongly interact with Pd, forming from surface adlayers (not detectable
by XRPD, but visible by EDS mapping) up to bulk Pd4S or PdsPb alloys (easily detectable by XRPD). In both
cases, the catalytic activity decreases. In contrast, Mo, Cr, Fe, Ti, and Al do not interact preferentially with
Pd (no alloys have been detected, although the contaminants are present in relevant concentrations):
They have been found to be spread on the whole catalyst surface. Accordingly, no direct effect of these
contaminants on catalytic activity loss has been evidenced.

© 2011 Elsevier Inc. All rights reserved.

monofunctional compound, the 4-CBA lowers the polymerization
rate and the average molecular weight of the polymer; on the other

Terephthalic acid (TA) is an important intermediate used for the
manufacture of polyethylene terephthalate (PET), which is mainly
applied in the production of fibers and bottles [1]. In the Amoco MC
process, TA production starts from the homogeneous phase oxida-
tion of p-xylene in acetic acid solvent, using Co, Mn, and Br as con-
stituents of the catalytic system [2]:

CH; COOH
0,
—_— (TA)
Co - Mn - Br
CH; COOH

The crude terephthalic acid (CTA) so obtained contains around
3000 ppm of 4-carboxybenzaldehyde (4-CBA) as well as colored
polyaromatic compounds (yellow compounds) [2,3]. Being a
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hand, colored impurities confer a polymer color that is undesired
for fiber manufacture [4,5]. Therefore, CTA is purified by hydroge-
nation in water at 270-290 °C over a granular 0.5 wt.% Pd/C cata-
lyst. In this way, the 4-CBA is converted into p-toluic acid that is
more soluble than 4-CBA and thus remains in the mother liquid
after crystallization; at the same time, the yellow compounds are
hydrogenated to colorless compounds [4]:

CHO CHj
H,
(4-CBA) —_—
0.5% Pd/C
COOH COOH

PTA is a fast-growing material: Worldwide production went
from 24 million tons in 2000 [6] to about 42 million tons in 2006
[7]. The worldwide consumption of granular 0.5 wt.% Pd/C used
for the final purification step well exceeds the 1000 tons per year.
This catalyst is composed of nanodispersed palladium particles
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supported on 4 x 8 mesh size coconut activated carbon and is
packed in a column-type reactor. The catalyst life differs from plant
to plant, as many deactivation phenomena can contribute to the
decay of catalyst performance. The main cause of catalyst deactiva-
tion is palladium sintering, but some other phenomena may also
take place, such as palladium loss, poisoning, and deposition of
metallic terephthalates or polymers [8]. A thorough characteriza-
tion of exhausted catalysts can give important feedback to both
catalyst manufacturers and catalyst end users, so that the former
can improve the catalyst design (e.g., to have better resistance to
sintering), while the latter can improve the catalyst use and avoid
unexpected catalyst deactivation in order to prolong the catalyst
life.

With the aim of expanding upon previous knowledge on the
causes of catalyst deactivation [8], we have characterized several
spent catalysts withdrawn from different catalytic industrial reac-
tors, exhibiting different lifetimes and types of contaminant
(mainly S, Pb, and Mo). In all the PTA production plants consid-
ered in this study, the original fresh catalyst was supplied by Chi-
met SpA (0.5 wt.% Pd/C type D3065) and this allows significant
comparison among different spent catalysts. As the packed cata-
lytic bed is crossed by the CTA solution from top to bottom,
whenever possible the spent catalyst has been withdrawn from
different levels inside the reactor (hereafter indicated as top, mid-
dle, and bottom) in order to get information on the distribution of
contaminants and the sintering profile along the entire catalytic
bed.

Palladium sintering and contamination with S, Pb, Mo, Cr, Fe, Ti,
and Al have been studied by TEM coupled with EDS detection,
XRPD, EXAFS, and CO chemisorption. Possible deactivation by
deposition of polymeric materials has not been investigated, be-
cause, in contrast to irreversible sintering and poisoning, the cata-
lyst may be regenerated by washing with NaOH solution. In any
case, no encapsulation of Pd particles has been detected in the
samples studied in the present work. Structural, compositional,
and morphological characterizations of spent catalysts have been
coupled with measurement of residual catalytic activity.

Table 1

2. Experimental
2.1. Catalysts

The list of investigated samples, their lifetimes in industrial
reactors, and concentrations of main contaminants are given in
Table 1. The first entry (F) is the fresh catalyst (0.5 wt.% Pd/C,
type D3065, supplied by Chimet SpA), while the second (A) is
obtained from the fresh catalyst after an aging treatment carried
out in an autoclave in the presence of hydrogen and water at
277 °C for 24 h. The latter sample simulates the rapid stabiliza-
tion occurring during the first working hours of the catalyst
inside an industrial reactor. All the other samples are spent
catalysts, named by S followed by a number indicating the dif-
ferent plants or runs. The labels TOP, MID, and BOT refer to
the position inside the catalytic bed (top, middle, and bottom,
respectively).

The samples have been divided into several groups: (i) sintering
has been investigated on F, A, and S1 samples, (ii) S contamination
on S2 samples, (iii) Pb contamination on S3-S5 samples, (iv) simul-
taneous S and Pb contamination on S6 samples, and (v) Mo con-
tamination on S7 samples. Finally, the effects of other, less
important contaminants, such as Cr, Fe, Ti, and Al, have been ana-
lyzed by selecting proper samples from series S6-S7.

To study the S poisoning mechanism, S-poisoned catalysts have
been prepared starting from the fresh catalyst (F), which has been
exposed to different aging treatments in an autoclave at 277 °C for
24 h with hydrogen and an aqueous solution containing either
Na,SO,4 (S/Pd = 10 at/at) or Na,S (S/Pd =5 at/at).

2.2. Characterization

2.2.1. Elemental analysis

Metal contamination has been determined by ICP. Catalyst sam-
ples were previously calcined at 550 °C, and the ashes so obtained
were exposed to acidic attack.

List of investigated samples: F = fresh, A = aged in laboratory, S = spent from industrial plant.

Code Lifetime (month) Main contaminants (ppm) Pd Pd,S Pd;Pb Relative activity
DA ) DA DB (%

F - None 1367 100 - - - - -

A - None 1397 100 - - - - 1.00
S1 27 Cr(330) Mo(142) 244 100 - - - - 0.11
S2-TOP 6 S(low)® Mo(400) Cr(106) 233 64 240 36 - - 0.10
S2-MID 6 S(medium)® Mo(220) Cr(83) 340 39 368 61 - - 0.10
S2-BOT 6 S(high)® Mo(262) Cr(150) Ti(105) 337 22 427 78 - - 0.12
S3-TOP 9 Pb(680) Mo(380) Cr(130) Al(225) 178 46 - - 198 54 0.07
S3-BOT 9 Pb(550) Mo(250) Cr(85) Al(250) 151 52 - - 157 48 0.11
S4-TOP 14 Pb(1350) Mo(890) Cr(1120) Fe(95) Ti(410) 204 31 - - 178 69 0.05
S5-TOP 14 Pb(1600) Mo(1020) Cr(1620) Fe(112) Ti(445) 235 37 - - 212 63 0.05
S6-TOP 1.5 S(low)® Pb(320) Mo(115) 165 100 - - - - 0.06
S6-MID 1.5 S(low)® Pb(110) Mo(73) 151 100 - - - - 0.12
S6-BOT 1.5 S(low)® Pb(28) Mo(55) 181 100 - - - - 0.11
S7-TOP 15 Mo(2000) 224 100 - - - - 0.15
S7-MID 15 Mo(1400) 217 100 - - - - 0.16
S7-BOT 15 Mo(310) 251 100 - - - - 0.15

Note: The number following the S code indicates the different plants or runs. Suffix TOP, MID, and BOT refer to the region of the reactor where the spent catalyst was
extracted: top, middle, and bottom, respectively. Number of working months inside the reactor and main contaminants are also reported. The relative fraction of Pd metal
and, when present, of Pd4S or Pd;Pb alloys with respect to the total crystalline phases (as determined by Rietveld refinement) is also reported, together with the average
crystal size, estimated by applying the Scherrer equation to the Pd(1 1 1), Pd,;S(2 1 0), and PdsPb(1 1 1) reflections. The last column refers to the residual catalytic activity,

normalized to the activity of the catalyst stabilized in the laboratory (sample A).

¢ For samples F and A, only a fraction of Pd contributes to the Bragg diffraction and the data reported in the table represent the average crystal size of this fraction. For these
samples, the mean particle size, obtained from CO chemisorption (according to the geometrical model described elsewhere [18]), is 41 and 84 A for F and A, respectively.
b A quantitative determination of sulfur poisoning is not possible because of the interference of 200-400 ppm of sulfur unavoidably present in the coconut activated

carbon.
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2.2.2. X-ray powder diffraction (XRPD)

X-ray powder diffraction patterns were collected with a
PW3050/60 X'Pert PRO MPD diffractometer from PANalytical
working in the Debye-Scherrer geometry, using as a source the
high-powered ceramic tube PW3373/10 LFF with a Cu anode
equipped with a Ni filter to attenuate K; and focused by a
PW3152/63 X-ray mirror. Scattered photons have been collected
by an RTMS (real time multiple strip) X'celerator detector. Pow-
dered samples have been hosted inside a 0.8-mm boron silicate
capillary and mounted on a rotating goniometer head.

The average crystal diameter (D) has been obtained by applying
the Scherrer equation, (D) = K/ c0S(0pragg), Where 1 is the wave-
length of the Cu Ko radiation (1.541 A), K the shape factor (fixed
to 0.9 according to the literature regarding Pd nanoparticles [9]),
and B is the 26 FWHM (corrected by the instrumental broadening)
of the Pd(1 1 1), Pd4S(2 1 0), and PdsPb(1 1 1) reflections. Although
the absolute (D) values can be affected by systematic errors, the
size trend observed on different samples is reliable. When a second
crystalline phase has been observed (Pd4S or Pds;Pb), the relative
fraction of metal and alloy with respect to the total crystalline
phases contributing to the Bragg scattering has been estimated
with a Rietveld approach [10,11], using the TOPAS code [12]. These
data are summarized in Table 1.

2.2.3. Extended X-ray absorption fine structure (EXAFS) spectroscopy

X-ray absorption experiments at the Pd K-edge (24350 eV) were
performed at the BM26A beamline [13,14] of the ESRF facility (Gre-
noble, F). The white beam has been monochromatized using a
Si(11 1) double crystal; harmonic rejection has been performed
using Pt-coated silicon mirrors. The following experimental geom-
etry has been adopted: (1) Ip (10% efficiency); (2) sample; (3) I
(40% efficiency); (4) reference Pd foil; (5) I, (80% efficiency). This
setup allows direct energy/angle calibration for each spectrum,
avoiding any problem related to small energy shifts due to small
thermal instability of the monochromator crystals [15]. The EXAFS
part of the spectra has been collected with a variable sampling step
in energy, resulting in Ak =0.05 A~!, up to 20 A~!, with an integra-
tion time that increases linearly with k from 4 to 25 s/point to ac-
count for the low signal-to-noise ratio at high k values.

The extraction of the y(k) function has been performed using
the Athena code [16]. For each sample, two consecutive EXAFS
spectra have been collected and corresponding y(k) functions were
averaged before data analysis. EXAFS data analysis was performed
using the Arthemis software [16]. Phase and amplitudes have been
calculated by FEFF6 code [17] and successfully checked with Pd
metal foil. For each sample, the averaged k*y(k) function has been
Fourier transformed in the Ak = 2.00-15.75 A~! interval.

2.2.4. Transmission electron microscopy (TEM) coupled with energy
dispersive spectroscopy (EDS)

TEM analysis has been performed by means of a JEOL 3010-UHR
HRTEM microscope operating at 300kV, equipped with a
(2k x 2k)-pixel Gatan US1000 CCD camera and with an OXFORD
INCA EDS instrument for atomic recognition via energy dispersive
spectroscopy (EDS). Due to the large size of the catalyst grains
(4 x 8 mesh), catalyst samples have been gently ground by hand
to make the thickness of the carbon grains compatible with TEM
measurements and then deposited on a copper grid covered with
a lacey carbon film.

2.2.5. CO chemisorption

Chemisorption has been performed by the dynamic pulse meth-
od on a Micromeritics Autochem 2910 instrument using CO as a
probe molecule at 50 °C. Catalyst samples have been dried at
120 °C overnight and prereduced in situ with H; at 120 °C. As ex-
plained elsewhere [18], a CO/Pd average stoichiometry of 1 has

been assumed for calculation of the dispersion. This technique
has been applied to fresh (F) and stabilized (A) samples only. In
fact, CO chemisorption on exhausted catalysts could be misleading
because of the presence of metal contaminants potentially able to
adsorb CO and/or because of the partial surface covering of the
active Pd phase by polymers or other contaminants.

2.3. Catalytic activity

Catalytic activity has been measured in a batch reactor under
working conditions strictly similar to the industrial ones. A mix-
ture of 4-CBA in PTA (3000 ppm) has been hydrogenated in a 20%
water solution at 277 °C and 5 bar hydrogen partial pressure. Anal-
ysis of the reaction mixture has been carried out by HPLC. Activity
data have been expressed as a rate constant derived from the first-
order plot of 4-CBA concentration vs. time. Values reported in
Table 1 have been normalized with respect to the activity of the
catalyst stabilized in the laboratory (sample A).

3. Results and discussion
3.1. Palladium sintering

Inside the industrial hydropurification reactor working at 270-
290 °C, the catalyst undergoes a sintering of Pd particles, which is
an unavoidable cause of catalyst deactivation over several months
[19]. This phenomenon is caused by both high Pd mobility on the
carbon surface and high local Pd concentrations. Concerning the
first point, Pd mobility is favored by the weak Pd-carbon interac-
tion [20]. Coming to the second point, the nominal Pd loading on
granular carbon is as low as 0.5 wt.%. However, as previously dem-
onstrated [8], Pd is located preferentially in the external layer of
carbon granules (eggshell distribution), where it reaches a local
concentration as high as 10-20 wt.%. The sum of the two factors
(high Pd mobility and concentration) causes a progressive sintering
even when the catalyst works under correct conditions.

Based on our experience, the industrial performance of a Pd
catalyst operating under proper conditions typically undergoes
rapid (several hours to a few days) stabilization, followed by smooth
decay over several months. Therefore, to investigate the whole
sintering process over the catalyst life, three samples have been
analyzed as follows: (i) the fresh catalyst (F); (ii) the catalyst aged
in the laboratory (A), which simulates the rapid stabilization occur-
ring in the industrial reactor; and (iii) the spent catalyst that has
worked inside an industrial reactor under correct conditions for
27 months (S1), which contains only a small amount of contami-
nants (Table 1). These three samples have been characterized by
XRPD, CO chemisorption, and TEM. It is worth noting that each of
the aforementioned techniques is able to sample different fractions
of the Pd atoms; therefore, careful coupling of the results obtained
by the three independent techniques is mandatory to avoid
misleading interpretations. As an example, both XRPD and TEM
techniques provide information only on a fraction of the total Pd
particles, whereas CO chemisorption, although sensitive to the
whole Pd surface, is not informative on the homogeneity of the Pd
phase.

The 35-90° angular range of XRPD patterns of the three samples
(inset of Fig. 1) is dominated by the scattering of the carbon sup-
port broad reflections centered around 20 = 43° and 80°. To better
appreciate the contribution of the supported phases, the back-
ground due to the carbon support has been subtracted from the
original patterns, and reported in the region 35° < 260 < 50°, where
the most intense Pd peaks are present (main part of Fig. 1). All of
the XRPD patterns are characterized by a series of reflections at
20 values of 40.1°, 46.7°, 68.2°, and 82.2°, corresponding to the



R. Pellegrini et al. /Journal of Catalysis 280 (2011) 150-160 153

—F
—_A
—_— 51
2 T T T T T T T T
5 40 5 60 70 80
o] 26°
>
§
T B T X T L T
36 40 44 48

20°

Fig. 1. XRPD patterns of F, A, and S1 samples, as collected (inset) and after
subtraction of the carbon background (main part). Vertical lines show the indexed
Pd reflections.

(111),(200), (220), and (31 1) planes of the Pd metal phase
[21].

The intensity of the diffraction peaks and their FWHM g give
information on the Pd fraction responsible for scattering and on
the average size of the corresponding Pd crystals, respectively.

Moving from the fresh (F) to the stabilized (A) catalyst, the
intensity of the Pd fcc peaks increases, whereas  remains nearly
constant. The observation provides evidence that the fraction of
Pd detectable by XRPD is larger in sample A than in sample F,
but the corresponding average crystal size does not change. In this
stage, the sintering involves only the smaller Pd crystals, which
grow to a size similar to the size of larger crystals of fresh catalyst.
These latter do not appear to be significantly involved in the sinter-
ing. Accordingly, CO chemisorption data indicate that the fraction

of available surface atoms in sample A decreases by a factor of 2
with respect to sample F: The CO/Pd ratio goes from 0.256 to
0.125, which roughly corresponds to the doubling of the mean
Pd crystal size, from 41 to 84 A.

The XRPD pattern of the spent catalyst (S1) shows a large in-
crease in the intensity of the diffraction peaks, accompanied by a
decrease in . However, although the fraction of Pd giving Bragg
diffraction increases by more than one order of magnitude, the
average size of the Pd crystalline domains increases only by
75-80%.

To better understand the sintering process, the three samples
have been investigated by TEM. Selected micrographs of samples
F, A, and S1 are reported in Fig. 2a and b, ¢ and d, and e and f,
respectively. Generally speaking, TEM investigation makes it pos-
sible to obtain [18,22,23] the following: (i) qualitative informa-
tion on the presence of aggregates of particles; (ii) quantitative
information on shape and size distribution of isolated particles.
Conversely, the determination of (D) for single individual parti-
cles belonging to an aggregate is not possible, because the
absence of contrast precludes a clear definition of particle
borders.

In catalyst F, the fraction of aggregated particles is small (see
circled regions in Fig. 2a). Well-defined cubo-octahedral particles
are observed (Fig. 2b), characterized by an asymmetric particle size
distribution, having an average diameter of 23 A and a standard
deviation of 6 A. This (D) value is significantly smaller than that ob-
tained by CO chemisorption (41 A, see Table 1), because the aggre-
gates cannot be included in the TEM statistics.

In sample A (Fig. 2c and d), there are much fewer isolated nano-
particles and the majority of Pd is in the form of aggregated ensem-
bles. Therefore, a quantitative evaluation of the particle size
distribution cannot be made. Qualitatively, we observe an increase
in the average particle size, in agreement with CO chemisorption
data. Finally, TEM images of sample S1 do not show any more
well-defined and isolated cubo-octahedral particles, but only large
particles (Fig. 2f) or, mainly, aggregates (Fig. 2e) with a size in the
range 200-500 A.

Fig. 2. Selected TEM micrographs representing samples F, A, and S1, parts (a and b), (c and d), and (e and f), respectively. For samples F and A, the top and bottom parts are at
low and high magnification, respectively. The aggregation of Pd in sample S1 is so high that only low-magnification images are meaningful.
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The TEM images discussed above clarify the evolution of both
intensity and average Pd crystal size obtained from the diffraction
peaks of the XRPD patterns shown in Fig. 1. By comparing the data
obtained with the three independent techniques, the following
conclusions can be reached: (i) in sample F, the large majority of
Pd particles are isolated (TEM) and have dimensions smaller than
30 A, and so do not contribute to the XRPD pattern. A minor frac-
tion is made up of larger particles, mainly belonging to aggregates,
detectable by XRPD with a mean size of 136 A. The overall mean
size of the Pd particles (CO chemisorption) is 41 A. (ii) Sample A
contains both small particles observed by TEM (Fig. 2d), still below
the detection limit of XRPD, and an increased fraction of larger par-
ticles, as individual or aggregated, having dimension up to 200-
300 A (Fig. 2c), which contribute to the XRPD pattern. Due to the
sintering process, the mean size of Pd particles detected by CO
chemisorption is increased to 84 A. (iii) In sample S1, nearly all
the Pd particles are sufficiently sintered to be detectable by XRPD
and, consequently, the average crystal size of 244 A, determined
using the Scherrer equation, is representative of the whole Pd pop-
ulation. On these bases, we can conclude that during the early
working hours of the catalyst inside the hydrogenation reactor
(stabilization step), the Pd particles progressively increase in crys-
tal size according to a classical sintering phenomenon (growth of
small crystals). Simultaneously, isolated Pd particles start to aggre-
gate, although they maintain their own crystalline domain and,
therefore, most of their surface area (Fig. 2d). At longer working
times (sample S1), the classical sintering is progressively switched
off because of the consumption of isolated particles on the few-nm
scale (Fig. 2f) and the particle aggregation proceeds (Fig. 2e), end-
ing finally in the formation of agglomerates, where adjacent
particles are welded together. This phenomenon becomes the pri-
mary cause of the loss of Pd surface area on the long time scale and,
consequently, of the decrease in catalytic activity.

The samples discussed up to now have been chosen to investi-
gate the sintering phenomenon because they do not show any rel-
evant poisoning (see Table 1). However, the Pd sintering process
involves all catalysts, irrespective of the nature and amount of con-
taminants. A quantitative evaluation of the growth of Pd crystal
size during industrial runs is shown in the main part of Fig. 3 for
all the samples reported in Table 1. After a fast increase during
the initial period, slow and almost linear growth of crystal size as
a function of lifetime is observed irrespective of the type and con-
centration of contaminant. Some S-poisoned samples of S2 series
(6-month data) are an exception, as will be discussed in the next
section. The crystal size of mixed phases (such as Pd4S and PdsPb)
arising from contamination, as detected by XRPD, is close to the
size of the fraction of noncontaminated Pd crystals in the same
sample. This is visualized in the inset of Fig. 3 which shows that
the crystal size of contaminated compounds (Pd;S or PdsPb)
changes linearly with that of uncontaminated Pd particles on the
same sample. As far as the second sintering mechanism is con-
cerned (agglomeration and welding of individual particles), quali-
tative observations by TEM have not shown any significant
differences in (D) between noncontaminated and contaminated re-
gions (discriminated by EDS mapping). In addition, all the investi-
gated spent catalysts contain agglomerates of particles, partially
welded together, as previously discussed for sample S1. We can
thus conclude that sintering of Pd particles is driven mainly by
temperature and time, with the exception of crystal growth in
S-poisoned catalysts.

Finally, in spite of the presence of a small temperature gradient
along the reactor, sintering is substantially independent of the
sample position inside the reactor (Fig. 3).

Notice that the catalysts investigated in this study have been
selected to be representative of the different deactivation phenom-
ena encountered in industrial plants. Consequently, the main part
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Fig. 3. Main part: average crystal size, as determined by the Scherrer equation, of
the whole set of investigated samples as a function of the catalyst lifetime inside
industrial reactors. Pd particle sizes of samples F and A have been calculated from
dispersion measured by CO chemisorption assuming cubo-octahedral Pd particles
with 5/6 exposed surface because the fraction of Pd crystals giving rise to Bragg
diffraction is not representative of the whole Pd population. Inset: average crystal
size of contaminated Pd compounds (Pd,S, stars, and PdsPb, triangles) determined
as for Pd as a function of average Pd crystal size (the color code differentiates the
TOP, MID, and BOT parts of the reactor, as in the main part). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)

of Fig. 3 does not represent the real population of spent catalysts.
In fact, the large majority of spent catalysts are deactivated by sin-
tering after more than 15 months of life inside industrial reactors
and so would be comparable only to catalyst S1, whose service life
is 27 months.

3.2. Contamination by S (S2 series)

Sulfur is one of the most common contaminants of Pd catalysts
used in PTA production, because S compounds may be present in
initial p-xylene feedstock, and also in hydrogen gas and process
water. It is known that, under reducing conditions, S compounds
adsorb dissociatively on metal surfaces, leaving a reduced S atom
strongly bonded to the surface [24]. In principle, S adsorption
may have a double influence on catalyst performance as follows:
(i) reducing the fraction of accessible Pd surface sites and (ii)
changing their electronic properties [24]. Moreover, a Pd,S bulk
sulfide [25] has been also found in deactivated Pd catalysts [8].

To investigate all these processes, three catalysts coming from
different parts of the same reactor and showing S contamination
have been analyzed in detail (S2 series in Table 1). First, TEM mea-
surements combined with EDS analysis have been used to investi-
gate the relative spatial distribution of the different elements. A
representative TEM micrograph and the corresponding EDS map
are shown in Fig. 4a and b. White and red colors refer to regions
where only Pd or only S fluorescence photons have been collected,
respectively; cyan color refers to regions where Pd and S are simul-
taneously present. An analysis carried out on several Pd particles
revealed that, when detected, the S signal is always overlapped
with that of Pd, but some S-free Pd particles have also been ob-
served. This evidence suggests that, in most cases, Pd and S form
a mixed compound.

The structure of the mixed compound and its amount relative to
nonpoisoned Pd have been determined by X-ray diffraction. All the
XRPD patterns (Fig. 4c) show two series of reflections superim-
posed on the broad peaks already assigned to the carbon support.
The first series of reflections is due to Pd metal, while the second
series is characterized by reflections at 20 equal to 35.2°, 36.6°,
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Fig. 4. Analysis of samples poisoned by S. (a) Selected TEM micrograph represent-
ing sample S2-BOT. (b) EDS map of the same region shown in part (a), allowing
speciation of Pd and S elements to be done. Regions where only Pd or only S
fluorescence photons have been collected are evidenced in white and red colors,
respectively; cyan color refers to regions where Pd and S are simultaneously
present. (¢) XRPD patterns of S2-TOP, -MID, -BOT as collected (inset) and after
subtraction of the carbon background (main part). Vertical black and red lines show
indexed Pd and Pd,S reflections, respectively. (d) TEM image of a Pd4S nanoparticle
oriented along the [1, 1, 1] zone axis, as determined by its FT (e) and corresponding
simulated diffraction pattern (f). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

38.8°,39.5°,40.8°, 42.8°, 48.2°, 51.6°, 59.6°, 63.9°, and 72.5°, which
are ascribable to the (200),(102),(201),(210),(112),(211),
(202),(212),(311),(302), and (11 4) planes of the Pd,S phase
[26]. This last assignment is confirmed by electron diffraction per-
formed on a single crystal well oriented with respect to the elec-
tron beam (Fig. 4d). The Fourier transform (Fig. 4e) matches the
simulated pattern of a Pd,S crystal oriented along the [1, 1, 1] zone
axis (Fig. 4f). Although the Pd,S phase is present in all three inves-
tigated samples of S2 series, its concentration is not uniform along
the catalytic bed, but increases from top to bottom. The relative
fraction of Pd4S obtained by a Rietveld analysis increases from
36% (S2-TOP), through 61% (S2-MID), to 78% (S2-BOT), as summa-
rized in Table 1.

XRPD clearly proves the presence of a crystalline Pd4S phase
with an evident gradient along the reactor bed. However, both

amorphous and small size ((D) below 30 A) crystalline domains es-
cape XRPD detection. To verify whether the trend observed by
XRPD reflects the whole Pd population in the S2 series, the pres-
ence of Pd,S phase has been studied by EXAFS spectroscopy
(Fig. 5a and b). As is well known, the Pd metal fcc structure consists
of a Pd first shell formed by 12 equivalent Pd atoms located at
2.75 A [21]. When S enters the Pd lattice, forming the Pd4S com-
pound (having a tetragonal cell with a=b=5.1147A and
c=5.5903 A, space group 114) [26], in the first Pd coordination
shell two S atoms substitute for two Pd atoms, at 2.34 and
2.48 A, respectively. This substitution causes a relevant distortion
of the whole first shell structure, so that the remaining 10 Pd-Pd
distances are no longer equivalent, but spread over the range
2.76-3.12 A ((Rpg_pa) =2.87 A). This Rpq_pq heterogeneity affects
the FT of the EXAFS signals, as demonstrated by the simulated
spectra of Pd and Pd,S phases (Fig. 5c and d). In particular, limiting
the discussion to the first shell only, the Pd,4S spectrum is charac-
terized by a lower intensity of the |FT| and by an imaginary part
shifted toward greater distances with respect to the spectrum of
the metal Pd. On these bases, it is clear that the EXAFS spectra of
the S-poisoned samples (Fig. 5a and b) confirm the progressive
transformation of Pd into Pd4S from top to bottom of the catalytic
bed, as already evidenced by XRPD analysis. In fact, going from S2-
TOP to S2-BOT, a progressive decrease in the first shell intensity
(Fig. 5a), a shift of the imaginary part toward greater distances
(Fig. 5b), and, finally, a nearly complete disappearance of the high-
er shell contribution (not shown in the reported R-range) are
observed.

The increase in Pd,S content from top to bottom in the catalytic
bed can be explained by taking into account that in the reactor feed
(i.e., CTA and water) the S contaminant is present in a high oxida-
tion state (i.e., SOf{). In fact, S from any possible source (e.g., in the
p-xylene feed) is transformed into SO, in the oxidation unit pre-
ceding the hydropurification unit. Furthermore, S contamination
of process water commonly occurs in the form of SOf{ rather than
S?~. It is known that the toxicity of S increases as the oxidation
state diminishes [24]. Therefore, we hypothesize that high temper-
atures and reducing conditions (such as those characterizing the
TA purification) can transform less harmful SO~ into poisonous
S?~. In this way, the SOf{ ions entering the reactor from the top
should be reduced to the more poisonous S*>~ ions along the cata-
lytic bed, leading to Pd4S formation.

To prove that SOf{ can be converted into poisonous S*~ under
industrial reaction conditions, the fresh catalyst has been subjected
to different aging treatments in the autoclave (see Section 2.1).
When the catalyst is treated in an aqueous solution of Na;SO, (S/
Pd = 10 at/at) under hydrogen at 277 °C for 24 h, no S~ ions are de-
tected in the mother solution by colorimetric analysis and the cat-
alytic activity is the same as for the catalyst stabilized following
the standard procedure (sample A), i.e., in water without Na,SOg4
(Table 2). On the other hand, when the aging treatment has been
performed using an aqueous solution of Na,S (S/Pd =5 at/at), the
catalytic activity has dropped abruptly (Table 2). A similar decrease
in activity has been observed by aging the catalyst in an aqueous
solution of Na,SO,4 (S/Pd =10 at/at), as done previously, but in
the presence of terephthalic acid; in this case, S>~ was detected
by colorimetric analysis in the mother solution. These results dem-
onstrate that the presence of an acidic environment allows the
transformation of sof; into S~ (H,S). Simultaneously, the catalyst
is self-poisoned by formation of Pd,S, as detected by XRPD (pattern
not reported for brevity). The data discussed above explain why
the Pd,S amount increases from top to bottom of the reactor:
The SO3 ™ ions present in the reactor feed are gradually transformed
into S~ (H,S) along the catalytic bed and so the terephthalic acid
solution is progressively enriched with S?~, which acts as a poison
and is responsible for the Pd4S formation.



156 R. Pellegrini et al./Journal of Catalysis 280 (2011) 150-160

R(A)
1.5 2.0 25 3.0

R(A)

IFT|
-
=)

b
A

Imm (FT)

— Pd metal
— S52-TOP
— 52-MID
— S52-BOT
. ] . ] . 1 \ 1 )

[FT|

+ T + T t T T T t

I 20 A%

Imm (FT)

simulated Pd metal
simulated Pd‘S

i 1 T 1 T I T I
1.5 2.0 25 3.0
R (A)

I T I T 1 T 1 '
1.5 2.0 2.5 3.0
R (A)

Fig. 5. Modulus (a) and imaginary part (b) of the k*>-weighted, phase-uncorrected FT of the EXAFS spectra of the samples contaminated by S: S2-TOP (blue curve), S2-MID
(green curve), and S2-BOT (red curve). For comparison, the spectrum of bulk Pd foil (black line) is also reported. (¢) and (d) as (a) and (b) for the simulated spectra, performed
by FEFF6, of Pd metal and Pd4S bulk models (AE =0 eV; 53 = 1; 62 =0.005 A?). (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

Table 2
Catalytic activity of fresh catalyst subjected to different aging treatments carried out
in the autoclave with hydrogen and water at 277 °C for 24 h.

Contaminant S/Pd (at/at) Presence of Relative activity
terephthalic acid

SO2~ (from Na,S0O,) 10 No 1.02

$2~ (from Na,S) 5 No 0.04

SOz~ (from Na,S0O,) 10 Yes 0.07

Note: The addition of either Na,SO,4 or Na,S has been investigated as well as the
addition of terephthalic acid (20 wt.%). Catalytic activity has been normalized to the
activity of the catalyst stabilized in laboratory (sample A in Table 1).

As far as the Pd and Pd,S crystal size is concerned, the following
remarks can be made: (i) at low Pd4S concentration (sample S2-
TOP), the crystal size of Pd particles lies very close to the sintering
curve (blue circle at 6 months in Fig. 3) and (ii) with increasing
Pd4S concentration (samples S2-MID and S2-BOT), the crystal size
of Pd lies significantly above the sintering curve (cyan and green
circles at 6 months in Fig. 3). In addition, the crystal sizes of both
phases, unpoisoned Pd and Pd,S, on the same sample are compara-
ble (stars in the inset of Fig. 3). Only on sample S2-BOT, the conver-
sion of Pd into Pd,S is so high that it counteracts the tendency for
residual Pd crystals to grow. These results evidence that S poison
increases the sintering rate, as suggested by [27]. As will be dis-
cussed in Section 3.7, the contamination by S did not happen line-
arly with time, but S probably contacted the catalyst during the
last period of its lifetime, causing rapid decay of catalyst
performance.

3.3. Contamination by Pb (S3, S4, and S5 series)

Generally speaking, Pb is considered a poison for metal catalysts
[19,28] and in particular for Pd catalysts, where Pb is purposely
used to moderate Pd activity in selective hydrogenation reactions
[29,30]. In poisoning experiments carried out on Pd catalysts trea-
ted with Pb?" and other metal species under mild conditions
(22<T<77°C and 1 bar), Mallat et al. [31] claimed that the

poisoning effect consists of coverage of the Pd surface by Pb ada-
toms and in the diffusion of adsorbed Pb into the bulk Pd. However,
evidence of the occurrence of such a mechanism inside an indus-
trial reactor is not available.

Herein, we report data on four catalysts poisoned by Pb coming
from three different reactors; this evidences that contamination by
Pb is a problem common to many industrial plants. Indeed, Pb is an
impurity of the Co- and Mn-based catalyst used in the oxidation of
p-xylene to terephthalic acid (see Section 1), and this could explain
the presence of Pb in the CTA feedstock of the hydrogenation
reactor.

A representative TEM micrograph and the corresponding EDS
map are shown in Fig. 6a, b. About half of the observed Pd particles
do not show Pb contamination but, when present, the signal of Pb
strictly correlates with that of Pd (see map), suggesting the forma-
tion of a mixed compound.

The presence of a possible mixed phase has been verified by
XRPD (Fig. 6¢), where samples S3-TOP and S3-BOT show two series
of reflections superimposed on the carbon background. The first
series of reflections is due to the Pd metal phase, while the second
series is characterized by reflections at 20 equal to 38.6°, 44.9°,
65.4°, 78.6°, and 82.8°, which are ascribable to the (11 1), (2 00),
(220),(311), and (2 2 2) planes of the Pd;Pb phase [32]. Also in
this case, this assignment is confirmed by electron diffraction per-
formed on a single crystal well oriented to the electron beam.
Fig. 6d reports the TEM image of a PdsPb nanoparticle; the corre-
sponding FT, reported in Fig. 6e, matches the pattern simulated
for a PdsPb crystal oriented along the [0, 1, 1] zone axis (Fig. 6f). Be-
sides the reflections characteristic of Pd and PdsPb, the XRPD pat-
terns of samples S4-TOP and S5-TOP show a third series of
reflections due to Na,COs and a single reflection at 20 = 39.4° due
to an unassigned extra phase (evidenced with a star in Fig. 6¢).

Na,COs is a residue of catalyst washing with NaOH, which is a
typical treatment for catalyst regeneration [33]. Catalysts S4-TOP
and S5-TOP have been washed with NaOH inside the industrial
reactor as an attempt to regenerate the catalyst after a sudden de-
crease in catalytic performance was observed.
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Fig. 6. Analysis of samples poisoned by Pb. (a) Selected TEM micrograph
representing sample S5-TOP. (b) EDS map of the same region shown in (a) allowing
speciation of Pd and Pb elements to be done. Regions where only Pd or only Pb
fluorescence photons have been collected are evidenced in white and red,
respectively; cyan refers to regions where Pd and Pb are simultaneously present.
(c) XRPD patterns of S3-TOP, S3-BOT, S4-TOP, and S5-TOP, as collected (inset) and
after subtraction of the carbon background (main part). Vertical black and red lines
show the indexed Pd and PdsPb reflections, respectively. Also reported, although
not indexed, are the reflections of Na,CO3 phase (gray lines). (d) HRTEM image of a
Pd;Pb nanoparticle oriented along the [0, 1, 1] zone axis, as determined by its FT (e)
and corresponding simulated diffraction pattern (f). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

The fractions of Pd and PdsPb phases, evaluated by Rietveld
analysis, are reported in Table 1. Notice that the results obtained
for samples S4-TOP and S5-TOP are less accurate than the others,
because in the XRPD patterns, reflections characteristic of three
different phases (i.e., Pd, PdsPb, and Na,COs) are overlapped and
a further unassigned peak in the 37.5° < 20 < 40.7° region is pres-
ent. Nevertheless, it is evident that samples S4-TOP and S5-TOP
contain a larger amount of PdsPb than samples S3-TOP and S3-
BOT, in agreement with chemical analysis.

Considering the samples extracted from the same reactor (i.e.,
the S3 series), the overall concentration of Pb (as determined by
chemical analysis) and the relative fraction of Pds;Pb (as deter-
mined by XRPD) are both higher in the S3-TOP than in the S3-
BOT sample. Taking into account that the CTA solution crosses
the catalytic bed from top to bottom, the trend reflects the strong

counts

26 (%)
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Fig. 7. Analysis of samples simultaneously poisoned by Pb and S. (a) Selected TEM
micrograph representing sample S6-TOP. (b-d) EDS maps of the same region shown
in (a), showing the correlation between the fluorescence signals of Pd and S, Pd and
Pb, and Pb and S, respectively. (e) XRPD patterns of S6-TOP, S6-MID, and S6-BOT.

interaction between Pb and Pd [31] that takes place under the reac-
tor’s operating conditions, causing the preferential trapping of Pb
in the uppermost catalytic layers.

Finally, for all the Pb-poisoned samples, the crystal size of Pd
particles lies in the general sintering curve reported in the main
part of Fig. 3. In addition, the crystal sizes of unpoisoned Pd and
PdsPb on the same sample are comparable (triangles in the inset
of Fig. 3). This means that crystal sintering is unaffected by Pb
contamination.

3.4. Co-contamination by S and Pb (S6 series)

In some cases, both Pb and S have been found on the same cat-
alyst. This is the case for the S6 series, which has been withdrawn
from different parts of the same reactor after only 1.5 months of
industrial run. Pd particles in the three samples (i.e., S6-TOP, S6-
MID, and S6-BOT) have a crystal size in agreement with what is ex-
pected for samples having had a short life (see the main part of
Fig. 3), thus excluding the possibility that the loss of catalytic activ-
ity is due to rapid sintering of Pd crystals. As reported in Table 1,
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the concentration of Pb as a function of the catalyst position in the
reactor follows the same trend found for the samples of the S3 ser-
ies, i.e., more concentrated at the top. The low S content does not
allow us to evidence a clear trend.

The TEM image and the corresponding EDS maps shown in
Fig. 7a-c confirm that both S and Pb are mainly located on Pd par-
ticles. Moreover, these maps demonstrate that they can be co-pres-
ent on the same Pd agglomerate, even though a fraction of
uncontaminated Pd is well evident. The map of Fig. 7d shows that
the signals of Pb and S partly correlate, indicating that a specific Pd
domain can be contaminated by only one contaminant or by both
of them. An accurate statistical study performed on different re-
gions of the catalyst reveals that, besides agglomerates partially
contaminated with S and Pb, as shown in Fig. 7a-d, other Pd
agglomerates contaminated either with S or with Pb are also pres-
ent, as well as a relevant fraction of Pd agglomerates free from
contaminants.

However, differently from the previously discussed cases, XRPD
patterns (Fig. 7e) show the Pd reflections only, and other crystal-
line phases (such as the aforementioned Pd,S and PdsPb alloys or
a Pb-S compound) are not present. Only a weak, unassigned peak
at 38.7° makes an exception.

These data give an important warning on a possible limitation
of XRPD, which, alone, is not sufficient to exclude the occurrence
of chemical contamination, especially when the concentration of
contaminants is low. In this case, both Pb and S may be present
at the Pd surface as adatoms only, or even few monolayers of an
alloy can be formed, but in both cases contamination of Pd parti-
cles would escape XRPD detection.

3.5. Contamination by Mo (S7 series)

Transition metals, such as Mo, Cr, Fe, and Ti, are common con-
taminants of Pd catalysts used in the purification of terephthalic
acid. Due to the corrosive nature of mixtures of bromide ions and
acetic acid, these metals are already originated in the stage preced-
ing the purification unit, such as p-xylene oxidation [2] and the
CTA drier [35]. Metal ions are potential poisons for metal catalysts
[19,31,36]; in particular, in the purification of terephthalic acid,
some transition metal ions can form insoluble terephthalates
[34] deemed to be able to deactivate the catalyst [8].

Chemical analysis performed on samples belonging to the S7
series has revealed the presence of Mo as a contaminant in an
amount that depends on the catalyst’s position in the reactor,
which is decreasing from top to bottom (Table 1). TEM and EDS
analyses (Fig. 8a-c) have shown that Mo is distributed almost uni-
formly on the carbon support, independent of the presence of Pd
metal particles. In Fig. 8b and c, a significant correlation between
Mo and C fluorescence counts (part c) is observed, whereas the cor-
relation between Mo and Pd counts (part b) is negligible. The ab-
sence of bulk Mo-Pd interaction is further supported by XRPD
patterns (Fig. 8d), which show the reflections of Pd metal only.
Moreover, the XRPD data provide evidence that no crystalline Mo
phase has been formed, thus confirming the high dispersion of
Mo atoms on the carbon support observed in the TEM investiga-
tion, even in S7-TOP sample where both the high Mo concentration
and the high Z value of Mo should make any Mo-containing crys-
talline phase easily detectable by XRPD.

Besides the samples of S7 series, Mo is present in the overall set
of samples investigated in this work (Table 1), although in different
amounts. Specific EDS investigation has evidenced that in all cases
the Mo fluorescence signal is correlated mainly with the C one,
whereas no relationship with the Pd signal is observed. In a few
cases, a very high local concentration of Mo counts has been ob-
served, which, however, has never been detected as a crystalline
phase in the electron diffraction patterns. We can therefore con-
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Fig. 8. Analysis of samples poisoned by Mo. (a) Selected TEM micrograph
representing sample S7-TOP. (b-c) EDS maps of the same region shown in (a),
showing the correlation between the fluorescence signals of Pd and Mo and Mo and
C, respectively. (d) XRPD patterns of S7-TOP, S7-MID, and S7-BOT.

clude that Mo contamination on the Pd catalyst is much less criti-
cal than S and Pb poisoning, because the Mo atoms adsorb mainly
onto the support and not directly onto the active Pd phase. This is
probably the reason why, although the Mo contamination level is
relatively high, the catalyst of series S7 worked for 15 months in-
side the reactor.

3.6. Contamination by other elements (Cr, Fe, Ti and Al)

Other contaminants, such as Cr, Fe, Ti, and Al, are often co-pres-
ent with the main contaminants discussed above (Table 1). The
concentrations of such elements are significantly different from
sample to sample. The origin of such metals and their main effects
on Pd catalysts have been already discussed at the beginning of the
previous section. In the whole set of samples investigated in our
study, no evidence of crystalline phases involving Cr, Fe, Ti, and
Al has been found in the XRPD patterns. Consequently, even in this
case, the most informative technique to evidence a possible inter-
action between the contaminants and Pd has been EDS mapping.
Fig. 9 reports a selection of TEM images and corresponding EDS
maps that are representative of the distribution of Cr, Fe, Ti, and
Al on the catalyst. No evidence of correlation between Pd and
any of these contaminants has been found.

3.7. Effect of contamination on catalytic activity

The spent catalysts studied in this work have been unloaded
from reactors because of low catalytic performance due to sinter-
ing or poisoning. As expected, the residual catalytic activity of all
the catalysts (Table 1) is quite low, ranging between 5% and 16%
of the activity of the stabilized catalyst, irrespective of the type
and amount of contaminant. Unfortunately, it is not possible to de-
fine a direct relationship between the residual catalytic activity
and any measurable catalyst property, because of the difficulty in



R. Pellegrini et al./Journal of Catalysis 280 (2011) 150-160

Fig. 9. TEM images representing sample S5-TOP (a) and S7-TOP (d), and corresponding EDS maps evidencing the relative location of Pd, Cr, Ti, Fe, and Al. The maps shown in
(e and f) are reported with lower spatial resolution than the other maps reported so far because the small Fe and Al fluorescence counts forced us to merge adjacent pixels to

reach sufficient statistics.

determining the fraction of “catalytically available” Pd surface. In
fact, the residual Pd surface of a not poisoned, but sintered catalyst
cannot be determined by the sintering degree of Pd crystals (mea-
sured by XRPD), because of the formation of aggregates (see Sec-
tion 3.1). In addition, the surface contamination extent cannot be
determined by XRPD, since we have demonstrated by EDS analysis
that the absence of crystalline PdsPb or Pd4S phases is not suffi-
cient to guarantee the absence of a poisoned surface (see Sec-
tion 3.4). Unfortunately, even the more sensitive EDS analysis is
not suitable to obtain a quantitative and statistically relevant mea-
surement of uncontaminated Pd surface.

An alternative way to evaluate the data obtained from catalytic
activity tests is to calculate the mean activity loss rate (i.e., activity
loss per month of industrial run) as reported in Fig. 10. Sample S1
gives a value of 0.03, which can be considered as the reference, i.e.,
the loss rate in the presence of only “normal” sintering. A similar

value is given by series S7, confirming that Mo and presumably
Fe, Cr, Al, and Ti are neither poisonous nor sintering-inducing spe-
cies, at least in the observed concentration range.

The rate of activity decay does not depend on the concentration
of contaminant: Even surface poisoning is enough to deplete the
catalytic activity. This is the case for catalysts belonging to the S6
series, which exhibit the most rapid activity loss, although the con-
taminant concentration is very low. These data provide evidence
that (i) when present, S (and to a lesser extent Pb) has always a rel-
evant and rapid negative effect on catalyst activity; and (ii) the
stronger contamination of S2 samples by S did not occur linearly
with time, but in the last period of catalyst life; otherwise the rate
of activity loss would have been higher.

The activity loss rate of Pb-contaminated catalysts (S3-S5 ser-
ies) is intermediate between that of unpoisoned and of S-poisoned
catalysts. This would suggest that Pb has a lower poisoning power
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Fig. 10. Activity loss rate (i.e., activity loss per month of industrial run) of samples from Table 1.
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than S. However, the observation that the catalysts with higher Pb
content (S4-S5 series) show a smaller activity loss than those with
lower Pb concentration (S3 series) suggests that also the contami-
nation by Pb did not occur over the entire catalyst lifetime, but
rather in a more limited period toward its end.

In light of these results, an activity loss rate higher than the
“standard” one must be regarded as a sign of possible poisoning
(not a measure of poisoning power or of contaminant concentra-
tion), which can be confirmed by XRPD or, if it fails, by EDS
analysis.

4. Conclusions

With the aim of expand upon existing knowledge of the causes
of deactivation of 0.5 wt.% Pd/C catalyst used for terephthalic acid
hydropurification, a series of spent catalysts withdrawn from dif-
ferent industrial plants have been investigated.

Under normal operating conditions, the catalyst lifetime can ex-
ceed 2 years and the catalyst deactivation occurs because of Pd sin-
tering, with loss of available Pd surface atoms. A precise image of
this process has been obtained by the combined use of TEM, XRPD,
and CO chemisorption, which, on the whole, have given informa-
tion on the occurrence and evolution of isolated particles and
aggregates and on their size. After initial fast stabilization of the
smaller Pd particles with growth, the sintering continues slowly
with the formation of Pd agglomerates where the Pd particles are
welded together and, to a minor extent, of large isolated particles.

Besides slow Pd sintering occurring on a long time scale, poi-
soning phenomena may take place at any stage of the catalyst life,
leading to rapid decay of catalytic performance, which obliges
replacement of the catalyst before the expected time. Among all
the investigated contaminants, S and Pb are the most dangerous,
since they interact directly with the Pd, usually forming catalyti-
cally inactive Pd4S and Pds;Pb phases, easily detected by XRPD.
However, even when the concentration of S or Pb on the catalyst
is too low to give a bulk alloy and the poisoning is limited to the
surface or subsurface Pd, the two contaminants are detrimental
to catalytic performance; in these cases, EDS mapping is the best
technique to reveal the presence of surface poisoning. Both S and
Pb contaminants show a concentration profile along the catalytic
bed, which has been elucidated.

Although often present in the spent catalysts, other metals such
as Mo, Cr, Fe, Ti, and Al do not influence the catalyst performance
significantly, since they interact mainly with the C support and not
with the Pd active phase, as revealed by EDS mapping.
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