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In this paper we discuss the effect of chlorine, added either as
a part of the platinum precursor salt or after the noble metal im-
pregnation, on the catalytic activity of Pt/Al,O3 for complete oxi-
dation of toluene. Three different chlorinated and nonchlorinated
platinum precursor salts have been used for the preparation of the
catalysts. Characterisation of the catalysts has been carried out by
N, adsorption, NH3 TPD, TPR, HREM, and CO adsorption under
oxidising conditions followed by DRIFTS. The catalytic activity
has been studied by toluene ignition curves and additional stability
tests have been carried out under isothermal conditions. The in-
hibitory effect of chlorine has been proved and assigned to the for-
mation of oxychlorided platinum species. A model of chlorine mo-
bility, responsible for the observed stability trends, is also proposed.
(© 2001 Academic Press
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1. INTRODUCTION

Supported platinum catalysts are widely used for catalytic
incineration of volatile organic compounds (VOCs), in the
environmental control of effluent gases (1). Chlorinated
platinum precursors have been used for the preparation
of these catalysts, due to the great knowledge acquired in
the preparation of hydrogenation and reforming catalysts.
However, the use of chlorinated platinum precursors for
complete oxidation reactions has resulted in several prob-
lems due to the reported inhibition effectand its elimination
during the reaction itself (2-8). H,O is one of the prod-
ucts of the complete oxidation reactions, which can react
with the chlorine atoms present on the catalyst, eliminating
them in the gas stream (5, 7, 8). As a result, chlorine is a re-
versible poison, the effects of which cannot be completely
eliminated after pretreatment in H; (3, 8).

The inhibitory effects of chlorine have been attributed to
several causes. On one hand, the use of chlorinated precur-
sors can lead to high metal dispersions, which can produce
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the complete oxidation of the noble metal under oxidising
conditions, and consequently to a lower catalytic activity
(9, 10). On the other hand, a partial blockage of platinum
particles by chlorine has also been suggested, decreasing
their ability to chemisorb (6, 10-12). Finally, the formation
of oxychlorinated species resulting from the chemical inter-
action of platinum with chlorine would lead to a less active
oxidation site (3, 5, 11).

A deeper knowledge of the inhibition mechanism of
the oxidative catalytic activity requires a better knowl-
edge of the chlorine location on the catalyst. Several lo-
cations have been described for chlorine in supported
catalysts: on the support, in the interior of the platinum
particles, and on the surface of the platinum particles. Cant
et al. and Stencel et al. postulate that the reduction of the
catalysts decreases the chlorine concentration on the sur-
face of platinum particles, and increases it in the interior of
the particles and on the support (8, 13). The admittance of
the oxidant reaction flow will produce the movement of the
chlorine to the platinum particle surface again (13), and a
H, 4+ H,O treatment will favour definitive chlorine elimi-
nation from the catalyst (8, 11).

The aim of this paper is to understand the chlorine effect
and its mobility during the complete oxidation of toluene
on Pt/Al,O; catalysts. To this end, we have prepared dif-
ferent Pt/Al,O3 catalysts with chlorinated and nonchlori-
nated precursors. Additionally, chlorine has been added to
aPt/Al,O3catalyst prepared initially from a nonchlorinated
precursor. The previous characterisation of the catalysts has
included the measurement of structural properties, such as
the surface area or the pore volume by N, adsorption, the
surface acidity by NH; TPD, Pt reducibility by TPR, the
noble metal dispersion by H, chemisorption, and the study
of the platinum surface under oxidant conditions by CO ad-
sorption followed by DRIFTS. The catalytic tests have been
done by following the ignition curves of toluene over the
different catalysts. Furthermore, stability tests at constant
temperature have been carried out to see the influence of
chlorine on the stability of the catalysts. The analysis of the
reaction products has been carried out with an online GC,

a CO, detector, and a mass spectrometer.
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2. EXPERIMENTAL

Two of the Pt/Al,O3 catalysts were prepared by incipi-
ent wetness impregnation of y-Al,O3 (Spheralite 250, Pro-
catalyse; 100-200 xm particle size fraction) with aqueous
solutions of (Pt(NH3)4)(OH), (Johnson Matthey, Alfa) and
(NH,)2PtCl, (Johnson Matthey, Alfa). The catalysts were
dried at 393 K for 16 h and calcined at 773 K for 2 h in
air. On the other hand, Al,O3 was also impregnated with
(NH,),PtClg (Johnson Matthey, Alfa) by the wet impregna-
tion method: 10 g of Al,Ozwas stirred in 100 ml of bidistilled
water containing the hexachloroplatinic salt for 14 hatroom
temperature, inarotary evaporator. Afterward, the temper-
ature was raised to 338 K and the vacuum was connected
until all the liquid was evaporated. The obtained solid was
calcined at 773 K for 2 h. The catalyst prepared from the
nonchlorinated precursor will be called Ptyn,/Al;O3, and
the ones prepared from the chlorinated platinum salts will
be called Ptc),/Al,O3 and Ptc|,/Al,Os. The Pt loading was
1% by weight in the three cases.

Additionally, the Ptyy,/Al,O3 catalyst was doped with
chlorine from NH,CI salt (Fluka puriss, p.a.). The addition
was carried out with adry incipient wetness impregnation of
the desired amount of chlorine, i.e., 1.6% by weight. After
the chlorine impregnation, the catalyst was dried at 393 K
for 16 h and calcined at 773 K for 2 h in air again.

The BET specific surface areas were measured by ni-
trogen adsorption at 77 K using an automatic volumetric
apparatus (Micromeritics ASAP 2000). Samples had been
previously degassed for 8 h at 473 K and 10~ Torr. Pt dis-
persion was measured by HREM (Jeol, JEM 2000EX).

In order to analyse the change of the acidic properties
of the Al,O3 after the impregnation of platinum from dif-
ferent salts, NH3; TPD experiments were carried out. NH3
(Alphagaz, 99.96%) was adsorbed at 373 K and the des-
orption was carried out in He (Air Liquide, 99.999%)
with a temperature ramp of 10 K/min (Micromeritics Pulse
Chemisorb 2700).

On the other hand, temperature-programmed reductions
(TPR) of the catalyst were carried out in the same appa-
ratus. The samples were pretreated in Ar (Air Liquide,
99.999%) at 373 K before the reduction to desorb HO.
The reduction started at 298 K, and it was carried out in a
reducing flow of 1.5% H; (Air Liquide, 99.999%) in Ar with
a heating rate of 10 K/min. The calibration of the amount
of H, consumed during the TPR experiments was carried
out with CuO.

The IR spectra of CO adsorbed on transition metals are
very sensitive to the oxidation state of the metal. Therefore,
the adsorption of CO was carried out in order to elucidate
the superficial oxidation state of platinum in the oxidising
atmosphere of the reaction. The adsorption was followed by
DRIFTS. The spectra were obtained by using a controlled-
temperature-and-environment diffuse reflectance DRIFTS

chamber (SPECTRA TECH 0030-005) with ZnSe windows
inaNicolet Protégé 460 infrared spectrometer with KBr op-
tics and DTGS detector. The Pt/Al,O3 catalysts were sub-
jected to a Hy (Praxair, 99.999%) (50 cm®/min) pretreat-
ment at 573 K for 60 min. The sample was then cooled to
room temperature in He (Praxair, 99.999%) and a mixture
of 10% CO (Air Liquide, 99.9%) in He was passed through
the sample. After the spectrum of CO adsorbed on Pt under
an inert atmosphere was recorded, He was substituted by
air (Air Liquide, 99.999%) and the temperature was raised
to 573 K at 2.5 K/min. The spectra were treated using as
background the spectrum of the sample at different tem-
peratures without CO. The spectrum of CO gas was sub-
stracted as well. As a result, the presented spectra will only
correspond to the adsorbed species.

Toluene complete oxidation reactions were carried out in
a tubular fixed-bed reactor at atmospheric pressure. Mass
flow controllers (Brooks 5850TR) were used to prepare
the feed mixture. He (Air Liquide, 99.999%) was bub-
bled through two thermostated and pressurised satura-
tors containing toluene (Fluka, puriss. p.a.). This stream
was further mixed with O,/He (Praxair, 99.999%; 21%
O, and 79% He) in order to set the feed stream com-
position at 225 ppmv (parts per million by volume) of
toluene and passed through the catalyst placed on the
top of a carborundum bed. This configuration was de-
signed to premix and preheat the stream entering the re-
actor, to obtain a homogeneous temperature, measured by
a thermocouple placed just at the beginning of the cata-
lyst bed. The reactor was surrounded by an electrical fur-
nace equipped with a temperature programmer. Toluene
oxidation over Pt/Al,O3; was carried out at a W/Qag ra-
tio of 1.7 (Qeatalyst Min/cm3 .. \pr), With 200 mg of cata-
lyst and a total gas flow rate of 510 cm®min (GHSV
9700 h~1). The ignition curves were constructed by fol-
lowing both the VOC disappearance and the CO, appear-
ance at a controlled heating rate of 2.5 K/min. Analyses
were done by online gas chromatography (GC, Hewlett
Packard 6890, TR-WAX 30-m column) with use of a ther-
mal conductivity detector (TCD). The CO, concentra-
tion was continuously monitored by means of an IR anal-
yser (Digital Control Systems Model 300). The catalysts
were treated under 100 cm?, /min of either O,/He or H,
at 573 K for 1 h before reaction, and then cooled in air
to the starting reaction temperature. The effects of dif-
fusion limitations have been studied by carrying out cal-
culations of the Thiele modulus (internal diffusion). To
have insignificant internal diffusion effects, the effective-
ness factor (n) has to exceed 0.95 (14). In terms of the
dimensionless Thiele modulus @, which contains only ob-
servable quantities, it has to be <1.0 for first-order re-
actions or <6.0 for zero-order reactions. Complete ox-
idation of toluene is supposed to be between 0 and 1
order of reaction in toluene, so we chose the most exigent
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case (first-order kinetics) to prove the diffusion limitations

effects.
1 dn 1
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We have calculated @ for 480 and 580 K, temperatures
at which the curves are between 80% and 100% conver-
sion. The value of ® was found to be 0.68 for 480 K,
and ®=0.94 for 580 K. So we have considered that dif-
fusion limitation effects could not influence the highest
part of the ignition curves, because the ® value was found
to be less than 1. This result is consistent with the small
particle size used in this study (100-200 pm). Addition-
ally, experiments carried out with different linear veloci-
ties at constant w/Fao have shown insignificant external
diffusion.

The stability of the oxidation activity of Pt/Al,O3 cata-
lysts during the reaction was also measured. These experi-
ments were carried out in the same reactor equipment de-
scribed above, but once the pretreatment of the catalyst was
finished, the catalyst was cooled to the temperature at which
the reaction was going to take place. The toluene/synthetic
air mixture was stabilised outside the reactor and it was
passed through it once the analysis was started. The oven
was kept at constant temperature, and the bed inlet tem-
perature and the conversion were monitored as a func-
tion of time. Additionally, a mass spectrometer (Omnistar,
Balzers Instruments) was used to analyse online the reac-
tion products of the stability test.

and

3. RESULTS AND DISCUSSION

As can be seenin Table 1, the properties of Al,O3 did not
change considerably when platinum was impregnated from
different precursor salts. The specific surface area decreased
slightly when platinum was impregnated, but the total pore
volume did not change appreciably.

TABLE 1

Specific Surface Area (Sger m?/g), Pore Volume (Vp), and the
Quantification of the Amount of NH3; Desorbed from Al,O3 and
Pt/Al,O3 Catalysts per Square Meter in the 373 K to 773 K Range

Catalyst
Aleg PtNH3/A|203 Ptc|4/A|203 Ptc|e/A|203
Sget (M%) 257 224 219 229
V, (mllg) 0.42 0.41 0.42 0.40
NHs; molecules/m? 9.5 x 10Y 9.8 x 10 11 x 10Y 12 x 10%

Signal/m?

400 450 500 550 600 650 700 750
TK

FIG. 1. Temperature-programmed NH;3; desorption curves over
Al,O3 (narrow line), Ptyn,/AlO3 (dotted line), Ptc),/Al,O3 (dashed line),
and Ptc,/Al,Os (thick line).

The results obtained from the TPD of NH3 are plotted in
Fig. 1, and the quantification of the amount of NH; desorbed
per square meter is shown in Table 1. As can be observed,
the impregnation of Al,O3 with (Pt(NH3)4)(OH), does
not vary the superficial acidity considerably. However, the
impregnation with the chlorinated salts resulted in a slight
increase of the NH;z; desorbed from the surface, corre-
sponding to an increase of the acidic centres on the surface.
This fact has been attributed to the possible deposition of
chlorides on the support, producing a more electrophilic
support and consequently a more acidic catalyst (6, 7, 15).

Figure 2 shows the temperature-programmed reduc-
tion (TPR) curves for the different Pt/Al,O3; samples.
Ptnr,/AlO3 presents a reduction maximum at 528 K, while
the chlorinated species Ptc,/Al,O3 and Ptc),/Al,O3 present
their maxima at 558 K, some 30 K later. Another feature
to be noted is the presence of a shoulder at 603 K for
Ptnr,/AlOsand at 643 K for Ptcy,/Al,Os3, thatis not present
for Ptc|6/A|203.

o
®
5
& | Pt JALO,
4 2
Pt /ALO

P T T M T A S A
400 450 500 550 600 650 700 750
T(K)

FIG. 2. Temperature-programmed reduction of the Pt/Al,O; cata-
lysts prepared from different platinum precursors: Ptyn,/Al.O3, Ptc|,/
Al;O3, and Ptc,/Al,Os3, as indicated in the figure.
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FIG.3. DRIFTS spectra of CO adsorption on Ptyn,/Al,O3 under in-

ert and oxidising conditions at increasing temperatures.

The position of the reduction curve maxima can give
us some insights on the Pt species present in the catalyst.
The use of chlorinated precursors has produced the incre-
ment of 30 K in the reduction maxima. Marceau et al. have
indicated the formation of oxichlorinated platinum species,
PtO,Cly, when calcining at 773 K platinum catalysts pre-
pared from chlorinated salts (6). Those species will be re-
duced at 563 K. Hwang and Yeh add that dispersed PtO,Cly
species posses a higher reduction temperature around
623 K (16). So, we can conclude that at least part of the chlo-
rine present in Ptc),/Al,O3 and Ptc,/Al,O3 catalyst will be
forming oxichlorinated species, which would be more diffi-
cult to reduce.

DRIFTS spectra of CO adsorbed on the different
Pt/Al,O3 catalysts have been presented in Figs. 3-5. Figure 3
shows the spectra obtained on Ptyn,/Al,O3 reduced at
573 K, after the adsorption of CO in He at 298 K and in
air at increasing temperatures from 298 to 573 K. The ad-
sorption of CO in He produces a main adsorption peak at
2044 cm™, corresponding to CO adsorbed linearly on Pt°,
and a small band at 2137 cm~ due to CO adsorbed on Pt *
(17-19). So, the Pt is mainly reduced on the surface of the
platinum particles. There is also a broad band centred at
1800 cm™?, due to bridged CO. De La Cruz and Sheppard
suggest that the CO appearing at that position is bonded
in a multiple way, probably with a triple coordination to
(111) surfaces of the noble metal (20). Furthermore, there
is a band at 1650 cm™?, attributed to bicarbonate species

(17, 21-23), formed by the interaction of CO with the Pt
and the surface hydroxyl groups of the Al,O3. When the
oxidant flow is added to the chamber, the peak due to
Pt°-CO is shifted to 2060 cm~. This movement of bands
can be seen as a “slight oxidation” of the platinum when
introducing air into the chamber at room temperature. The
band due to bridge-bonded CO is centred at 1828 cm 2. This
new position of the bridged CO band is attributed to CO
doubly bonded to open (100) or (110) surfaces (20). On the
other hand, at 298 K, new and more intense bicarbonate
bands appear at 1650 cm™?, 1428 cm~!, and 1230 cm™1,
When the temperature is raised under CO/air, the three
adsorbed species remain on the surface until 423 K, i.e.,
Pt°-CO, Pt-CO-Pt, and bicarbonates, together with a small
Pt™—CO band. However, from 473 K on there is no more
CO adsorbed on the Pt, and it is completely oxidised to
CO,, as can be seen by the doublet centred at 2349 cm™2.
At 473 K, the bands at 1650 cm~! and 1230 cm™? start to
decrease, and new bands around 1585 cm~! and 1525 cm?
appear. These bands have been attributed to carbonates, as
a product of bicarbonate oxidation (17, 18, 24).

Figure 4 shows the spectra obtained upon the adsorption
of CO in an inert atmosphere and in oxidant atmosphere at
increasing temperatures over Ptc),/Al,O3 reduced at 573 K.
The spectrum of CO adsorption in He at 298 K presents a
high peak at 2052 cm~! due to the linear adsorption of CO
over Pt%, and a small peak at 2129 cm~ due to the linear ad-
sorption of CO over Pt ™. Furthermore, there are two bands

Absorbance

CO+He 298K

CO+air 298K
CO+air 323K
CO+air 373K
CO+air 423K

CO+air 473K
CO+air 523K
CO+air 573K

2400 2200 2000 1800 1600 1400 1200
Frequency (cmi’)

FIG. 4. DRIFTSspectraof CO adsorption on Ptc;,/Al,Oz under inert
and oxidising conditions at increasing temperatures.
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at 1648 cm~t and 1434 cm~, which have been attributed to
bicarbonate species. When the He flow is changed by an
air flow at 298 K, the spectrum changes slightly. The peak
at 2052 cm~! decreases and shifts to 2057 cm~! and the
one at 2129 cm* shifts to 2137 cm~*. The bands due to
the bicarbonate species increase and a new one appears at
1222 cm~. When the temperature is increased under the
COlair flow, the peak due to linear Pt*-CO disappears
and the Pt-CO peak is maintained until 473 K. Above that
temperature, the only CO species adsorbed linearly is the
one producing a peak at 2102 cm~*. At 473 K the CO, dou-
blet centred at 2349 cm~! starts to grow. Furthermore, from
523 K the bands at 1648 cm~* and 1222 cm~! due to bicar-
bonates decrease, and new bands around 1500 cm~! start
to appear.

DRIFTS spectra of CO adsorption on Ptc,/AlO3 re-
duced at 573 K are depicted in Fig. 5. Under inert condi-
tions, there is a main peak at 2054 cm™1, corresponding to
linear Pt°-CO, a small peak at 2133 cm~! (Pt*-CO), and
a band centred at 1636 cm~ corresponding to bicarbon-
ates. When air is added to the CO flow, the Pt°-CO peak
shifts to 2064 cm™1, with a shoulder at lower frequencies.
A new band corresponding to the bicarbonate species ap-
pears at 1443 cm™1. In any case, the amount of bicarbonate
species present is less than in the other two catalysts. When
the temperature is raised in the oxidant atmosphere, the
peak corresponding to Pt-CO shifts to higher frequencies,
reaching 2082 cm~! at 523 K when it is just a shoulder of the

CO+He 298K
CO+air 298K
CO+air 323K

Absorbance

CO+air 373K
CO+air 423K

CO+air 473K

CO+air 523K
e e e i e 1, YCOHair 573K
2400 2200 2000 1800 1600 1400 1200
Frequency (cm’)

FIG. 5. DRIFTSspectraof CO adsorption on Ptc,/Al,O3 under inert
and oxidising conditions at increasing temperatures.

peak appearing at 2114 cm™L. It can be said that the plat-
inum present on the surface of the particles in Ptc;,/Al,O3
is mainly oxidised (Pt") in an oxidant atmosphere above
523 K, even if it has been previously reduced at 573 K.
At 523 K the bicarbonates start to convert in carbonates,
as can be seen from the disappearance of the band at
1635 cm~! and the appearance of a new band at 1521 cm™2.
The complete oxidation of CO to CO, starts gradually at
473 K and becomes more pronounced above 523 K.

The results obtained on the effect of the platinum precur-
sor salt on the CO adsorption spectra can be summarised in
the following way. The catalyst prepared with the nonchlo-
rinated salt, Ptyn,/AlO3, has two main differences from
the other two catalysts. On one hand, it does not present
any linearly adsorbed CO peak above 473 K and all the CO
is oxidised to CO, above that temperature, showing that
this catalyst is the most active of the three for the complete
oxidation of CO. On the other hand, itis the only catalyst to
present bridge-bonded CO. The presence of bridge-bonded
CO has been attributed either to a less rough platinum sur-
face or to a higher electronic density on the platinum due to
a more alkaline character of the support (25, 26). The non-
addition of chlorine to this catalyst, which has been used
in catalysis to increase the electrophilic character of the
Al,O3 (6, 7, 15), makes this support less acidic. In this way,
the catalysts prepared with a nonchlorinated platinum salt
will posses platinum with a higher electronic density.

The Pt /Al,O3 catalyst can also be differentiated by the
longer persistence of the 2114 cm™! peak, indicating the
oxidation of platinum at high temperatures in this cata-
lyst, and the lower CO oxidation activity. Grbic et al. (27)
have indicated that while just a layer of chemisorbed oxy-
gen is formed over big platinum particles, a layer of plat-
inum oxide is formed over small platinum particles. In our
case, Ptc,/Al,O3 is the catalyst having the smallest plat-
inum particles, so the oxidation of those particles will be
favoured. Furthermore, the amount of bicarbonates or car-
bonates presumably on the support is lower in this catalyst,
probably due to the deposition of chlorine species on the
support in the preparation step. Thus, the precursor salt
varies the surface properties of the catalyst for the CO ad-
sorption under oxidizing conditions.

Catalytic Tests

The toluene ignition curves obtained after the reduction
at 573 K of the Pt/Al,O3 catalysts prepared from the differ-
ent precursor salts are shown in Fig. 6. Ptyn,/AlO3 is the
most active catalyst for toluene complete oxidation, hav-
ing a Tsp of 470 K. Both chlorinated catalysts have similar
Tso (503 K in the case of Ptc),/Al,O3 and 512 K in the case
of Ptc,/Al,O3), but differ in the Tqp, or the temperature
at which the 90% conversion is reached, Ptc,/Al,O3 hav-
ing lower Tgo (532 K) than Ptc /Al O3 (552 K). The differ-
ence in catalytic activity cannot be due to a big dispersion
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Toluene conversion

400

450

FIG. 6. Ignition curves of toluene complete oxidation over Pt/Al,O4
reduced at 573 K and prepared from different platinum precursors:
(.) PtNHa/Alzog,, (O) Ptc|4/A|203, and (X) Ptc|6/A|203.

variation between the three samples. Preliminary dis-
persion measurements carried out by H, chemisorption
showed high dispersion for all the samples. So the more
chlorinated is the platinum precursor, the lower is the
toluene oxidation activity.

In order to deepen our knowledge of the chlorine effect,
the catalyst prepared with nonchlorinated salt was further
impregnated with chlorine from NH,4CI. Figure 7 presents
the ignition curves of Ptyn,/Al;O3, the same catalyst im-
pregnated with 0.8% and 1.6% CI, and Ptc|,/Al,O3; (maxi-
mum chlorine content, 0.73%) pretreated at 573 in H,. The
addition of 0.8% CI did not vary significantly the activity
of Ptnn,/Al,O3 catalyst. When 1.6% chlorine was added
to Ptyn,/AlO3, the activity showed differences from the
undoped Ptyu,/Al,O3 starting above 30% conversion, its
activity getting nearer to the Ptc),/Al,O3 one. The stability
tests will help us to understand this behaviour.

Stability tests were carried out to study the evolution of
the catalytic activity of the catalysts prepared from chlori-
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FIG. 7. Ignition curves of toluene complete oxidation over Pt/Al,O3
reduced at 573 K and prepared from different platinum precursors: (®)
Ptnh, /Al O3, (O) Ptey,/AlOs, and Ptyy, /Al,O3 doped with different chlo-
rine amounts, (O) 0.8% and (x) 1.6%.
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FIG. 8. Stability test of Ptyn,/Al,Os in the toluene complete oxida-
tion reaction. Temperature at the bed inlet (line) and toluene conversion
followed by the CO, signal (@).

nated and nonchlorinated platinum precursors, as a func-
tion of time.

Figure 8 depicts the evolution of the bed inlet temper-
ature and conversion of toluene to CO, over Ptyp,/Al,O3
at an oven temperature of 463 K, for 15 h. As can be seen,
the temperature oscillates by 2 K around the mean reactor
internal value, and the conversion remains constant at 60%
for the 15 h of the test. This leads us to believe that this
sample has a high stability. In fact, if the ignition curves of
the fresh Ptyn,/Al,O3 catalyst and that of the catalyst after
15 h of the stability test are measured, as can be observed in
Fig. 9, it can be said that the activity has not changed after
toluene is oxidised for 15 h.

The stability of the Ptyn,/Al,O3 catalyst doped with
1.6% chlorine has also been studied and it is presented in
Fig. 10. The catalyst had been previously reduced at 573 K
and the chosen oven temperature for the reaction was
466 K. As can be seen, the stability trend is very different
from that for Ptyn,/Al,O3. When reactants are introduced
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FIG. 9. Ignition curves of toluene complete oxidation over Ptyu,/

Al,O3 pretreated in air at 300°C for 1 h (@) and after 15 h of stability
test (O).
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FIG. 10. Stability test of Ptyy,/Al,O3 doped with 1.6% of chlorine
in the toluene complete oxidation reaction. Temperature at the bed inlet
(line) and toluene conversion followed by the CO, signal (®) and toluene
signal (O).

to the reactor, the bed inlet temperature suffers an increase
of more than 10 K due to the exothermicity of the complete
oxidation reaction. However, this initial activity decays to a
minimum at 2.5 h of reaction, together with a temperature
decrease of 7 K. From this time on, the activity and con-
sequently the temperature increase again, until a plateau
is reached around 13 h. Additionally, the ignition curves
of fresh Ptyn,/Al,O3 4 1.6%Cl, the catalyst after 2.5 h of
reaction, and that after 14 h of reaction have been plotted
(Fig. 11). The catalyst shows its lowest activity after 2.5 h
of reaction, while it is most active after 14 h. In fact, the ac-
tivity of the fresh catalyst varies between the activity of the
other two, as was seen in Fig. 7, where the activity of Pty,/
Al,O3+ 1.6% CI moved from the activity of Ptyn,/Al,O3
to that of Ptc),/AlOs.

Finally, the stability of a catalyst prepared from a chlo-
rinated precursor, Ptc),/Al,Os, is shown in Fig. 12. The
catalyst was reduced at 573 K before the test, and the oven
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FIG. 11. Ignition curves of toluene complete oxidation over Ptyy,/

Al,O3 doped with 1.6% of chlorine pretreated in H, at 573 K for
1 h (@), after 2.5 h of stability test ((1), and after 14 h of stability test (O).
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FIG. 12. Stability test of Ptc;,/Al,O3 in the toluene complete oxida-
tion reaction. Temperature at the bed inlet (line) and toluene conversion
followed by the CO; signal (@) and toluene signal (O).

temperature during reaction was 487 K. The trend of the ac-
tivity is very similar to the one presented by Pty /Al O3 +
1.6% CI, having a minimum and a subsequent recovery of
the activity. In this case the minimum of activity is only
reached after 10 h of reaction, producing also a bed inlet
temperature decrease of 5 K. From that time on, there is
a conversion increase reaching 90% after 30 h of reaction,
while the initial conversion was 55%. So the Ptc),/Al,O3
catalyst seems to have suffered an activation during the
stability test, not observed in the Ptyn,/AlO3+ 1.6% CI
catalyst. The ignition curves of the catalyst after stopping
the stability reaction at different times confirm this hypoth-
esis (Fig. 13). The Tsg of the catalyst maintained under re-
action conditions for 30 h is the lowest one and that of the
catalyst after 10 h of reaction is the highest one, as could be
forecasted from the stability curve (Fig. 12).

In order to eliminate the hypothesis of a possible dis-
persion change effect on the activity of Ptg),/Al,O; cata-
lyst during the reaction of toluene oxidation, platinum

L S B

Toluene conversion
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T(K)
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FIG. 13. Ignition curves of toluene complete oxidation over Ptc,/
Al,O3 pretreated in H, at 300°C for 1 h (@), after 10 h under reaction
conditions ([J), and after 30 h of stability test (O).
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TABLE 2

Rate of Reaction and TON under Differential Conditions at
463 K of Fresh Ptc),/Al,O03 Catalyst, and the Catalyst after 10 h
and 30 h of Toluene Oxidation Reaction

Catalyst
Ptc|4/A|zo3 after Ptc|4/A|203 after
Ptc),/Al,O3 10 h of reaction 30 h of reaction
Rate of reaction ~ 1.05 x 1077 0.91 x 1077 1.61 x 1077
(mol s+ gt
TON (s79) 5.68 x 1073 5.37 x 1073 125 x 1072

dispersion measurements were carried out by HREM. The
catalyst dispersion was measured before the reaction, after
10 h of reaction, and 30 h of reaction. The HREM tech-
nique gave us an initial average dispersion of 36%, which
decayed only slightly to 33%o after 10 h, ending at 25% after
30 h of reaction. As can be seen, the small but constant de-
crease of the dispersion during the reaction cannot explain
the important activity changes observed.

Furthermore, reaction rates under different conditions
were measured for Ptc),/Al,O3 before the stability test and
after 10 and 30 h of toluene oxidation, and the turnover
number (TON) values were calculated. The reaction rate
measurements were carried out with the same procedure
as that used for stability tests, under isothermal conditions,
but at lower temperature (463 K) and with a lower amount
of catalyst, in order to obtain conversions lower than 10%.
The results are reported in Table 2. It can be said that the
rate of reaction decreases after having the catalyst for 10 h
under reaction conditions, and increases above the value of
the fresh catalyst after 30 h of reaction. The turnover num-
bers follow the same trend. This again confirms the trend
of activity seen in the stability test, even if in the case of the
stability test the conversion change is more pronounced due
to the exothermic character of the toluene oxidation, which
modifies the bed temperature. This is why the temperature
has been also plotted in the stability test graphic.

Several authors have remarked on the activation suffered
by the supported noble metal catalysts during complete oxi-
dation reactions, when the catalysts had been prepared with
chlorinated salts. Marceau et al. (6) observed an increase
in the activity during the oxidation of CH4 over Pt/Al,O3
prepared with H,PtCls. Marecot et al. (5) also saw this acti-
vation, which they assumed is caused by the chlorine elimi-
nation by the H,O produced during combustion. Cant et al.
(8) reported that the reduction of a supported noble metal
catalyst prepared from a chlorinated precursor enhances
its activity, but even after reduction some chlorine remains
on the Al;O3, as has also been pointed out by Lieske et al.
(28). To eliminate the chlorine from the support, Cant et al.
(8) and Straguzzi et al. (7) proposed the addition of H,O

to the reduction stream. Furthermore, Stencel et al. (13)
suggested another means of chlorine mobility in Pt/Al,O3
catalysts prepared from chlorinated precursors. They pro-
posed that in the reduction step, the chlorine concentration
on the surface of platinum particles decreases, while it in-
creases again when the catalyst is subjected to an oxidant
flow.

Taking into account this background information and our
experimental results, we will try to explain the observed
stability trends with a model of chlorine mobility.

First, as has been seen in Fig. 8, the Pt/Al,O3 catalyst pre-
pared with the nonchlorinated salt, Ptyn,/Al,O3, presents
a constant activity for toluene complete oxidation over
time. Marécot et al. (5) have also seen the high stability
of the Pt/Al,O3 catalysts prepared from nonchlorinated
platinum salts. However, when chlorine is added to this
catalyst from NH,ClI, its stability changes.

The chlorine impregnation over Ptyn,/Al,O3 will pro-
duce a homogeneous spreading of the chlorine on the cata-
lyst. So, the largest part of the chlorine will be located on
the Al,Os, which presents a higher surface than Pt. The
toluene oxidation reaction will produce H,O, which can
react with the deposited chlorine to form HCI or mobile
species as suggested by the groups of Marecot, Straguzzi,
and Cant (5, 7, 8). From the activity decrease observed dur-
ing the initial steps of the stability test, those mobile species
will move to the active centres first. The accumulation of
chlorine species near the platinum particles will produce
the activity minimum, observed after 2.5 h in our reaction
conditions. However, a further production of H,O during
the reaction will cause the elimination of chlorine from the
active phase, and the increment of the catalytic activity.
The conversion obtained at the end is very similar to the
initial one, because not much chlorine is near the platinum
particles at the beginning of the reaction.

In contrast, in Ptc,/Al,O3, the chlorine will be mainly
next to the platinum particles, or even forming oxychloride
platinum species, as can be proposed from our TPR exper-
iments, and as has been reported in the literature (5, 16,
28). The chlorine mobility scheme proposed is presented
in Fig. 14. The Ptg,,/Al,O3 reduction at 573 K will produce
both a transition of the chlorine from the surface of the
platinum toits interior (13) and to the Al,O3 surface (8, 28).
The start of the toluene oxidation reaction will bring about
two effects: on one hand the chlorine that had entered the
platinum particles will come back to the surface under the
oxidant atmosphere (13) and on the other hand the H,O
formed by the oxidation of toluene will mobilise the chlo-
rine on the support. In the first steps of the reaction this
mobilisation can move the chlorine from the Al,O3; back
to the platinum particles (28). This effect, together with
the chlorination of Pt surface, will produce the initial de-
crease of the oxidative activity of the catalyst, until a mini-
mum is reached at 10 h under our reaction conditions. The
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FIG. 14. Proposed model of chlorine mobility during the pretreat-
ment and toluene oxidation reaction on Ptc),/Al,Oa.

further evolution of the toluene oxidation will bring about
the elimination of the chlorine present in the platinum par-
ticles with the H,O formed (7, 8, 29, 30), and the improve-
ment of the oxidation activity of the catalyst. Once all the
chlorine is eliminated, the catalyst activity reaches a maxi-
mum conversion, which in this case is higher than the initial
one, because at this stage chlorine that was initially in con-
tact with platinum has been completely eliminated.

In the same way, the anomalous behaviour of the igni-
tion curve of Ptyn,/Al;O3+ 1.6% Cl in Figs. 7 and 11 can
be understood with this chlorine mobility model. In fact,
the ignition curve moves from that of the sample with-
out chlorine to that partially deactivated by the chlorine.
This chlorine, present mainly on the support initially, would
have been moved toward the platinum particles, due to the
mobilisation induced by the water produced in the oxida-
tion reaction itself.

To corroborate our chlorine mobility model and the role
of water in the model, we have carried out two kinds of
experiments. On one hand we have followed the HCI evo-
lution during the stability test of Ptc,,/Al,Os, with an on-
line MS detector. The results of the evolution in time of
toluene (m/z=91), CO, (m/z=44), and HCI (m/z =36)
are shown in Fig. 15. As can be seen, the activity trend is the
one described in Fig. 12, with an initial decrease and a final
increase. If we consider the m/z = 36 signal, we can see that
HCI evolves from the catalyst as the stability test runs, in-
dicating that chlorine is being eliminated after reactioning
with water. The end of the HCI peak, when no more HCI
flows out the reactor, coincides with the recuperation of the
activity in a plateau.

On the other hand, we have pretreated Ptc,/Al,O3
catalyst under wet streams, in order to see if these
pretreatments eliminate chlorine from the catalyst and the
negative effect of chlorine’s presence on the activity. The
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FIG. 15. Stability test of Ptc,/Al,O3 in the toluene complete oxida-
tion reaction followed by online mass spectrometry. Toluene (m/z=91),
CO; (m/z=44), and HCI (m/z=36) signals are represented.
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FIG. 16. Ignition curves of toluene complete oxidation over Ptc,/

Al,O3 pretreated in H, at 573 K for 1 h (@), after 18 h under wet air
at 773 K (O), after 18 h under wet He at 573 K (V¥), and after 30 h of
stability test (E8).

pretreatments have been carried out in wet air and wet He
streams, to separate the H,O action from a possible oxi-
dising action of air. Both streams have been bubbled in a
water saturator at 298 K to obtain wet streams. Figure 16
shows the results of Ptc),/Al,O3 pretreatment under wet
air at 773 K and under wet He at 573 K, compared with the
ignition curves for the fresh catalyst and the catalyst fully ac-
tivated after the stability test (30 h). It can be observed that
both wet pretreatments produce a catalyst at least as active
as the one fully activated. Therefore, we can assume that
activation under reaction conditions corresponds mainly to
the elimination of chlorine through the formation of HCI
by the water produced by the oxidation reaction.

4. CONCLUSIONS

Three Pt/Al,O; catalysts have been prepared from
Pt(NH3)4(OH),, (NH,),PtCl,, and (NH,),PtClg precursors.
The use of chlorinated precursors has increased slightly the
surface acidity, and consequently the adsorption of bicar-
bonate and carbonate species on the support during CO ox-
idation has decreased. Furthermore, the use of chlorinated
precursors has generated platinum oxychloride species with
higher reduction temperature.

The DRIFTS spectra of CO adsorption under oxidising
conditions have shown higher activity for CO oxidation of
Ptnr,/Al2O3, due probably to the higher electronic density
of platinum or to its presence in smoother surfaces sug-
gested by the bridge-bonded CO appearing on this catalyst.
On the other hand, Pt¢,/Al,O3 and especially Ptc,/Al,O3
have presented oxidised platinum species at high temper-
atures, together with lower CO oxidation activity. In the
case of Pt¢,/Al,Os3, the higher platinum oxidation state has
been attributed to the high dispersion obtained in the cata-
lyst preparation.

The measured catalytic activity sequence is as follows:
Ptnm/AlO3 > Ptcy,/Al,O3 > Pt /Al,O3. The addition of
1.6% of chlorine to Ptyn,/AlO3 resulted in an activ-
ity between Ptyn,/Al;O3 and Pt /AlO3z. Ptyn,/Al,O3
showed an unchanged activity during the stability test, while
Ptc),/Al;O3 and Ptyn,/Al;O3+1.6% CI showed an initial
decrease in activity followed by an increase until a plateau
was reached. The H,O formed during toluene oxidation
has been reported as being responsible for ClI mobilisa-
tion. This Cl present mainly on the support in the case of
Ptnm, /Al O3+ 1.6% CI, moved to the platinum particles,
causing the initial activity decrease. Further reaction would
eliminate all the Cl to recover the initial activity. In the case
of Ptc,/AlLO3, the initial reduction would spread the CI
from the platinum particles to the support and to the inside
of the platinum particles. The admission of toluene in the
oxidising atmosphere would bring about the movement of
Cltothe outside part of platinum particles and from the sup-
port back to the platinum particles. All these effects should
decrease the catalytic activity. The posterior chlorine elim-
ination by the H,O formed in the reaction will produce an
increase of the activity, reaching a value higher than the
initial one.

As a result, it has been concluded that an initial pretreat-
ment under wet streams can lead to a complete activation
of the supported Pt catalysts prepared from chlorided pre-
cursor salts.
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