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Abstract

A Pt—Re/AbO;3 reforming catalyst with different levels of chlorine content prior to reduction has been studied by various
techniques such as combined STEM/EDX, TPR,dHemisorption and model reactions in order to investigate the effect of
the chlorine content on the bimetallic particle formation. TPR,dHemisorption and model reactions show that chlorine
inhibits the formation of bimetallic particles in the Pt—Re/@} catalyst. The effect of chlorine is, however, limited. Direct
measurements by STEM/EDX analysis could not reveal any significant differences in alloy formation by varying the chlorine
content from 0.6 to 1.5wt.%. In comparison, the effect of adding water during reduction has a greater impact on the final state
of the metal particles. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction this system is not clear. It seems to be a general agree-
ment [2—6] that rhenium has to be present “alloyed”
Since the introduction of the Pt—Re($}Al,03—Cl with platinum in small bimetallic particles in order to
catalyst in catalytic reforming [1], this system has have a beneficial effect. In industrial units sulphur is
been extensively studied with regard to the role of rne- added to the catalyst in order to suppress undesired
nium. This is a bifunctional catalyst where platinum reactions. After a certain time on stream, the catalyst
is the active hydrogenation/dehydrogenation catalyst, has to be regenerated by burning off the coke. Under
and the acidic support catalyses the isomerisation andthese conditions platinum will sinter, and in order to
cracking reactions. The acidity is adjusted by adding re-establish the platinum dispersion and to restore the
chlorine. Over time the bimetallic catalyst loses its acidity of the support, the catalyst undergoes oxychlo-

activity especially due to coking. The addition of
rhenium to the monometallic Pt/ADs—Cl catalyst in-

rination treatment followed by reduction. It has been
reported that the chlorine level prior to reduction is

creases its stability, but the way that rhenium modifies critical for the alloy formation, but the conclusions are
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diverse. Michel et al. [7] suggest that there is a mobile
rhenium oxychloride involved in the reduction mecha-
nism, whereas others [8-9] claim that chlorine inhibits
Pt-Re interaction. We have previously studied the
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formation of bimetallic particles on the Pt—Res8i3 equipped with a flame ionisation detector (FID). The

catalyst employing STEM/EDX, TPR,themisorp- hydrocarbons were separated on a 50 m GC alumina

tion and model reactions with respect to the column (J&W Scientific).

pre-treatment conditions [10,11]. Evidence for alloy

formation was found and it was shown that alloy for- 2.3, Temperature programmed reduction

mation was influenced by the drying temperature prior

to reduction. The present study is aimed at investigat-  Temperature programmed reduction (TPR) was

ing the effect of the chlorine content on the bimetallic used to further examine the degree of a||oy formation

particle formation in the same catalyst system. of the Pt-Re catalyst. The TPR instrumentation has

been described elsewhere [13]. 0.5 g of catalyst sample

was heated slowly at :€/min, and dried at 5T@C

for 4h. The TPR runs were performed with a heating

rate of 120C/min to 900C, using a mixture of 7% p

2.1. Catalysts in Ar (30ml/min). The hydrogen consumption was
monitored by a thermal conductivity detector (TCD).

2. Experimental

The catalyst used was EUROPT-4 (Akzo)
0.3-0.3wt.% Pt—Reg~Al>O3. As received it con-
tained approximately 1.0wt.% CI. To adjust the

chlor!ne .Ievel, the catalyst was supjected to oxy- Volumetric hydrogen chemisorption was measured
chlormanon tregtme_nt at SOG_by using a f_IOW of at 25C using a Micromeretics ASAP 2010 Chemi
air saturated with different ratios HCIZ®. Finally, instrument. The samples were dried, reduced, and

the catalyst was dried in air at 510. The chlorine analysed in the chemisorption apparatus after oxy-
content of these samples_ was measured to be .0'6’chlorination treatment ex situ. The dispersion, or hy-
L1, apd 1'5.Wt'%’. re;pectlyely, by Escha dyssqlunon drogen to platinum ratio (H/Pt), is calculated based on
and silver nitrate titration using chromate as indicator . .~ 0, o of hydrogen chemisorbed on the sample.

(MOT m?LhOd)'t I?ef;)re perf((j)rmw(]jgf the ;gga![yfgceft The volume adsorbed was obtained by making two
réaction, the catalyst was reduced from 0 subsequent isotherms with evacuation to@rr for

aSté)c.)%’C/min aondhh((ajld at 48§3hfor Lh ir|1 dry grrr?olist 30min in between. The values reported in Table 1
( bpm HO) hydrogen. The sample with the low- were obtained by subtracting the second isotherm
est chlorine coptgnt was called sample 1, Whereas thefrom the first isotherm. It is assumed that the adsorp-
samples containing 1.1 and 1.5wt.% chlorine were tion stoichiometry for K on Pt is HPt= 1, and that

_nameq samples 2 and 3, respectively. When reducedRe does not chemisorbyHat 25°C [14,15].
in moist hydrogen, the same samples are referred to

as samples 4, 5, and 6, with 0.6, 1.1, and 1.5wt.% ClI
prior to reduction, respectively.

2.4. Hydrogen chemisorption

2.5. STEM/EDX particle analysis

Combined STEM/EDX patrticle analysis was per-

2.2. Model reactions . . ! ; :
formed at Lehigh University with a VG microscope

Hydrogenolysis has been used as a probe reaction|,, . ;
to d_|st|ngwsh between different degrees of alloy for- conversion ofn-butane on the Pt-Re/gD; catalyst containing
mation [12]. As reactantsi-butane and cyclopentane different levels of chlorine (average values expressed in molar
were used separately. The hydrocarbon/hydrogen mix- unitsf

ture (molar ratio of 1/17 fom-butane and of 1/12  sample Chlorine  n-Butane C1 selectivity H/Pt
for cyclopentane) was pulsed (1.2 ml) over the cat- level conversion (%)

alyst bed (0.15g) with regular intervals in a helium 1 0.65 16 36 0.43
flow (250 ml/min) with a reactor temperature of 250 2 1.10 17 39 0.43
and 270C, respectively. The product was analysed 3 1.50 11 26 0.59

on-line using an HP 5890 series Il gas chromatograph  2Temperature= 250°C, C4/H, = 1/17. Reduction in dry bl
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HB-603. The particle sizes were found from the STEM Table 2

images, whereas the EDX data yielded information on Conversion of cyclopentane (CP) on the Pt-ReDd catalyst

the composition. Detailed description of the analvsis containing different levels of chlorine prior to reduction (average
P . P y values expressed in molar units)

procedure is given elsewhere [11].

Sample  Chlorine level  CP conversion (%) 1 €electivity

1 0.65 2.7 2.2
3. Results and discussion 2 1.10 3.6 1.7
3 1.50 3.1 15
3.1. Model reactions and hydrogen chemisorption aTemperature= 270°C, CP/H, — 1/12. Reduced in dry bl

The results from the hydrogenolysis ofbutane
performed on samples 1, 2, and 3 are presented in
Table 1, and the data given is from the first pulse. The
selectivity to methane is taken as a measure of the de-
gree of Pt—Re interaction, and it can be observed that
the sample with the highest chlorine content show the
lowest activity forn-butane conversion and selectivity
to methane. Sample 2 shows a slightly higher selec-
tivity to methane than sample 1, but the difference
is hardly significant. As sample 3 displays the low-
est selectivity, it appears that the chlorine content of
the catalyst prior to reduction has a significant effect
on the final state of the metal phase. The presence
of platinum and rhenium in intimate contact yields
more active sites for hydrogenolysis than clusters of
the respective atoms alone due to electronic interac-
tion between the metal atoms. Hydrocarbons adsorb
strongly on Re, but weaker on Pt. In such bimetallic
clusters an intermediate heat of adsorption will re-
sult, giving the highest rate of reaction and methane
formation. Reactions on the acidic support, such as
cracking, will also occur but the hydrogenolysis reac-
tion and the formation of methane is catalysed by the
metal sites. When comparing the methane selectivity
of catalysts with various chlorine content care has to
be taken in order to account for the additional crack-
ing activity of the acid sites. However, the conversion
of n-butane is similar for samples 1 and 2 and even
lower for sample 3. The difference in catalytic per-
formance is therefore attributed to differences in the Table 3

tiguous platinum atoms are present allowing less dis-
sociative hydrogen chemisorption to take place.

In order to obtain bimetallic particles it is important
that the rhenium oxide species present on the surface
may be able to migrate to the platinum atoms which
have already been reduced. Rhenium oxide in inti-
mate contact with platinum will then be catalytically
reduced resulting in alloy formation. The interpreta-
tion of the results presented in Table 1 is therefore
that a too high surface concentration of chlorine will
possibly inhibit the mobility of the rhenium species
resulting in lower degrees of alloy formation.

Table 2 shows the results from cyclopentane hy-
drogenolysis, and again the results indicate that the
catalyst with the lowest level of chlorine has the high-
est degree of Pt—Re interaction. In this case sample 1
shows a higher selectivity to methane even though the
conversion of cyclopentane is lower than for samples
2 and 3. This could be due to acid catalysed crack-
ing reactions of samples 1 and 2 due to the promoting
effect of chlorine.

The catalysts were also reduced in moist id
order to study the effect of water on the reduction pro-
cess. As all catalyst samples were dried at°&l
air prior to reduction they are relative dehydrated [10].
From Table 3, it can be observed that the conversion of
cyclopentane and the selectivity to methane increased

metal particle characteristics. Conversion of CP on the Pt—Re/&3 catalyst containing different
The results from the hydrogen chemisorption stud- Ir're1\(/)(lezlasr SI‘i(t::;orlne prior to reduction (average values expressed in

ies are also presented in Table 1 and they show that _ _ —
sample 3 adsorbs significantly more hydrogen than Sample  Chlorine level  CP conversion (%) 1 €electivity

samples 1 and 2. Assuming that the dispersion is the 4 0.65 7.8 5.9
same for all samples a possible interpretation for this 5 1.10 5.5 5.0
behaviour is that a higher degree of alloy formation © 1.50 7.0 5.0

results in a lower H/Pt ratio. In an alloy fewer con- aTemperature= 270°C, CP/H, = 1/12. Reduced in moist #
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for all catalyst samples when 5000 ppm of water is
being introduced together with hydrogen during the
reduction process. This increased activity can be ex-
plained by a higher degree of alloy formation due to
an increased level of hydration during reduction as the
presence of water in the form of hydroxyl groups in-
creases the mobility of surface rhenium oxide species.
Sample 4, which contains the lowest amount of
chlorine prior to reduction in moist hydrogen, shows
the highest conversion of cyclopentane and the highest
selectivity to methane. When discussing the effect of 0 0'5, 1 1'5, 2~0, 25 3.0
chlorine content on alloy formation under these con- Approximate particle diameter (nm)
ditions it has to be beared in mind that high temper- Fig. 1. Approximate particle diameter and measured Pt fraction of
ature treatment in moist atmosphere introduces someindividual metal particles in sample 1 (0.65wt.% Cl, dry reduction).
stripping of chlorine. Hydroxyl groups will replace
the surface chlorine atoms and thus both enhance the
mobility of rhenium oxide by ensuring a higher level

1

Pt weight fraction (Cp)
0 02 04 06 038

TT T[T T T [T T T [T T T TTT

1

of surface hydration and reducing the inhibiting effect = PRk <
of chlorine. The sample with the lowest chlorine level S= L § % .
will in this case also contain most bimetallic particles § o I o ; « § x b
after reduction. The catalytic performance of all sam- g [ xR 7
ples will be affected by the removal of chlorine as the Taf §X ]
acidity of the support will be altered. In spite of this the §° <t * X ]
conversion of cyclopentane is higher after reduction Sa X X ]
in moist hydrogen and the increased conversion must £ < % ]
be attributed to a higher degree of alloy formation. S} FETTE R IR R R R
Water in the reduction gas could also lead to sintering 0 05 1 15 20 25 3.0
of platinum, but as the structure sensitive hydrogeno- Approximate particle diameter (nm)

lysis reaction is favoured on small metal particles this
effect is not significant.

Both n-butane and cyclopentane hydrogenolysis
studies indicate that the chlorine level has an effect
on the alloy formation. The selectivity to methane is
highest for all samples containing the lowest amount

Fig. 2. Approximate particle diameter and measured Pt fraction of
individual metal particles in sample 3 (1.50 wt.% ClI, dry reduction).

- D o MO T

of chlorine, also when water is added to the reduction ;E w 5 E ﬁ X .
gas. TS X % x X ]

So | % X ]
3.2. STEM/EDX § SEEEER X 7

Lt 8

L % 3

The metal particles can be observed as diffuse white & < r % i: X ]

spots on the annular dark-field STEM micrograph. Eg C X ]
Information about the composition of the particles was & F
obtained by collecting EDX-spectra of 100-120 par- © Db b i
ticles for each sample. Particle composition — size 0 05 1 1520 25 30
diagrams, such as the ones shown in Figs. 1-4 were Approximate particle diameter (nm)

made for all samplles. Fig. 3. Approximate particle diameter and measured Pt fraction
The metal particles of the Pt-Ref@s; catalyst of individual metal particles in sample 4 (0.65wt.% Cl, moist

are very small £2nm). This makes direct studies reduction).
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— [T Table 5
= - X § X E Average platinum composition<Cgy) and particle sizesDparticle)
Qoo [ X % J obtained from combined EDX/STEM analysis of the Pt—-Re0Al
o b X « ] L ) ; o .
g L § § x 1 catalyst containing different levels of chlorine (reduction in moist
s8L L . H2)
R [ « = ]
= < F X ] Sample Chlorine level EDXCpt STEM,
E =) C X B Dparlicle (nm)
Lot X S 1
g a L N 4 0.65 0.7 11
e S r 1 5 1.10 0.7 1.2
=Y N FUEEE PN FEEEY FETEE FEET 6 1.50 0.7 11

0 05 1 15 20 25 3.0
Approximate particle diameter (nm)

Fig. 4. Approximate particle diameter and measured Pt fraction as indicated by the broad distribution of the parame-
of individual metal particles in sample 6 (1.50wt.% Cl, moist ters. Itis therefore not obvious to find any trends from
reduction). these data. It can be concluded that the effect of the
chlorine level on the bimetallic particle formation is
rather limited and therefore difficult to observe using

o X X : this technique. The lack of significant results can also
limitation of conventional instruments. Previous stud- be attributed to various factors such as a limitation in

ies [16] using combined STEM and EDX to describe e nymper of particles analysed. However, by com-
the Pt—Re alloy formation for the same catalyst sys- paring the shape of the composition — size diagrams
tem, have indicated that no rhenium was alloyed with j, Figs. 1 and 3 it can be observed that the particles
platinum. However, it seems that the particles studied 5.0 somewhat larger and more alloyed when water is

in this case were too large (2-3nm) to represent the gqqed to the reducing gas. It can be speculated that the

system. The instrument used here (VG Microscope gffect of moisture in the reduction gas is the formation
HB 603) has been specially designed for high spatial ot |arger particles. As previously discussed, water en-

resolution [17], and studies of particles smaller than ¢ res rhenium oxide mobility and platinum sintering

1nm are possible. - S which results in larger particles as observed.
Figs. 1-4 show the composition — size diagrams  The results presented in Table 4 show that there is
obtained from the STEM/EDX analysis of samples g gignificant individual difference between samples

1,3,4 and 6. The average particle size and the aver-1 gnq 3. This is as expected from observations of the
age metal composition were calculated for each sam- composition — size diagrams shown in Figs. 1 and 2.

ple based on the data collected from the STEM/EDX After reduction of the dry (51 in air) oxychlori-

a_nalysis_, a_nd are givenin Tables 4 and 5. Thes_e resultspated samples in moist (5000 ppra®) hydrogen, the
give an indication of the state of the metal particles on sTgMm/EDX data presented in Table 5 indicate that the
the catalyst after reduction. The average particle size 4yerage particle diameter is larger than when reducing
and the particle composition are approximate values dry hydrogen and a higher degree of alloy formation
is present. The composition — size diagrams of sam-

of the metal sites very difficult due to the resolution

Table 4 ples 4 and 6 are presented in Figs. 3 and 4. The effect
Average platinum composition<Cgy) and particle sizesDiparticle) of water can be interpreted as being beneficial for the
obtained from combined EDX/STEM analysis of the Pt—-Re@l mob”'ty of rhenium Oxide Species as previous|y dis_
catalyst containing different levels of chlorine (reduction in dry cussed. However, it is not possible to find significant
Hz) differences in alloy formation with varying chlorine
Sample Chiorine level EDXCet STEM, content. As discussed previously, the introduction of
Dpartcie (nMM) water may introduce some stripping of chlorine, and
1 0.65 0.8 0.9 this will also effect the formation of bimetallic clus-
g iég 8'? 1'8 ters during reduction. The influence of water can thus

be both ascribed to the removal of chlorine and to the
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Fig. 5. TPR profiles of Pt-Re catalyst with different chlorine content. Sample 1: 0.65wt.% Cl, sample 2: 1.10wt.% Cl and sample 3:
1.50wt.% CI.

introduction of more hydroxyl groups on the catalyst be some reduction and removal of chlorine. However,
surface. Both effect the mobility of rhenium, and thus according to Barbier et al. [18] the chlorine level is

the alloy formation. approximately constant at low concentrations. Using
the monometallic Pt catalyst (CK 300) as a standard,
3.3. TPR and assuming 100% reduction, the degree of reduction

of Re can be calculated (both the co-reduction with Pt
and the reduction at 62Q) by subtracting the hydro-
gen consumed by Pt. Re in sample 1 is reduced to ca.
80%, whereas the reduction degree of samples 2 and
3 is as low as 30%. The difference is reflected in the
different size of the first peaks in the low temperature
region. A higher degree of reduction of rhenium in the
low temperature region in sample 1 can be interpreted
such that this catalyst contains more alloyed particles
than samples 1 and 2.

From the TPR profiles in Fig. 5, it is observed a first
peak at about 25@ which can be assigned to the re-
duction of Pt. At 350C an other peak, or shoulder ap-
pears which is a characteristic of further reduction of
Pt and the catalytic reduction of Re by Pt. The further
reduction of rhenium can be seen as a peak at610
Samples 1-3 differ in their TPR profile. Sample 1,
with the lowest chlorine level, has the narrowest and
largest peak in the low temperature region. Samples
2 and 3 have a lower FHconsumption in this area re-
flected by the smaller peaks. This is as an indication of
more formation of alloyed particles on sample 1 with 4. Conclusions
the lowest chlorine level. Measurements of Ebn-
sumption and calculation of the degree of reduction of  Using different experimental techniques, the ef-
the metals are complicated by the fact that there might fect of the chlorine content prior to reduction on
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the bimetallic formation in the Pt—Re/AD3 catalyst
has been studied. Indirect methods such as model
reactions, hydrogen chemisorption, and TPR studies
indicate that too much chlorine on the catalyst sur-
face during reduction is undesirable with respect to
bimetallic particle formation. Chlorine has apparently
an inhibiting effect on the mobility of Re in the reduc-
tion process. The effect of chlorine on the bimetallic
formation is, however, limited as compared to the
effect of water during reduction. Addition of water
enhances the formation of alloyed particles and this
might be due to increased rhenium oxide mobility and
stripping of chlorine of the support. Direct physical
measurements employing combined EDX/STEM do
not reveal any significant differences in alloy forma-
tion with increasing chlorine content due to the broad
distribution of both the size and the composition of
the particles. However, by comparing the shape of the
composition — size diagrams in Figs. 1 and 3 it can

be observed that the particles are somewhat larger

and more alloyed when water is added to the reducing
gas.
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