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Abstract

This work is focused on the catalytic behaviour of alumina supported low loaded Pt-Cu catalysts. Ethylcyclopentane is the probe molecule. In
fact this molecule can lead to several primary reactions as: (i) ring opening, (ii) ring enlargement, (iii) aromatisation, and (iv) hydrocracking.
Due to these various pathways we can follow the modifications of the catalytic activities as well as selectivity changes when the surface
composition of the catalyst is changed. Various techniques were used to characterise these catalysts: (i) by TPR we showed that an interaction
between platinum and copper is present and (ii) by hydrogen chemisorption we found that the platinum dispersion decreased from 100 to 20%
when the copper content increased. The ring opening reaction is non-selective for platinum catalysts and for Pt-Cu systems with low copper
content and is selective for catalysts with a high copper content. We noted that the apparent activation energy values also changed with the
amount of copper which confirms the modifications in the catalytic mechanisms when changing copper concentration. We proposed that the
ring enlargement reaction is similar to a bond shift reaction, when ring opening corresponds to hydrocracking reactions. Such comparative
relation can help to understand the results obtained.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction lysts the hydrocracking reactions, favoured on the base met-
als, is strongly inhibited by adding copper.

In the past, the focus of research in catalysis science was Because of the important role played by Pt in chemical
activity to optimise turn over rates. In the future, selectiv- industry and in electrocatalysis it is not surprising that alloys
ity to form the desired product without the formation of with this metal are still deeply studied.
by-products will be the major research challefijeOur un- Very fundamental works using either carbon-13 labelled
derstanding of the molecular ingredients of selectivity needs hydrocarbons or not labelled ones have already been per-
to be improved. The importance of selective site blocking, formed with the Pt-Cu systen[d1-13] At the opposite
by alloying can alter the reaction selectivity. of what was found above, with Pt-Cu catalysts, hydroc-

The extent to which the properties of metal catalysts can racking reactions were favoured when adding Cu but these
be modified by alloying is a subject which still attracts many bimetallics present lower activities than copper free cat-
scientists working in the field of catalydig]. We can note alysts. An explanation was that Cu was involved in the
in the literature that copper was used as second metal toC—C bond breaking reaction. The use of 13C hydrocarbons
improve the catalytic behaviour in the following systems, pointed outthat the relative contribution of the various mech-
Ni-Cu, Ru-Cu, Os-Cu, and Rh-(8-10]. With these cata- anisms changed along with the Cu content. The isomerisa-

tion mechanisms involving large catalytic sites as bond shift
and selective cyclic mechanigit¥] evolved to mechanisms
e involving smaller active sites as non-selective cyclic mech-

’_‘Cor_respon_ding author. Present a_ddress: Lab. d’Etudes de la Reactivite,anisms[lS]. Furthermore, the previous Pt-Cu catalydts]
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Table 1
Catalyst studied: 0.2%P{%Cuf-Al,03; calcined and reduced

Catalysts used:
calcined and reduced

Chemical analysis by X-ray
fluorescence

Pt (wt.%) Cu (wt.%)
0.2%Pth-Al,03 0.23+ 0.02
0.2%Pt-0.06%Cu-Al ;03 0.23+ 0.02 0.069+ 0.002
0.2%Pt-0.2%Cuw-Al ;03 0.23+ 0.02 0.21+ 0.01
0.2%P1t-0.6%Cuw-Al 203 0.23+ 0.02 0.59+ 0.01

The aim of this study is to analyse, versus the Cu con-
centration, the various reactions occurring with a molecule
able to follow several reaction pathways as ethylcyclopen-

tane can do. In fact the hydrogenolysis reaction is a very sen-

sitive reaction for the selectivity as we already observed for
methylcyclopentane hydrogenolysis versus the mean metal
lic particle size414,15} but we may ask ourselves if ethyl-

cyclopentane has the same behaviour? Moreover, the tota@

platinum loading is constant and low, around 0.2 wt.%; hence
the metal-support interaction can be present.

2. Experimental

2.1. Catalyst preparation

A series of alumina supported Pt-Cu catalysts were pre-
pared. The platinum loading was always 0.2wt.% and the
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under 1% hydrogen in argon, from room temperature up to
800°C. Prior to hydrogen chemisorption which was used to
determine the metallic dispersion, the samples were reduced
at 400°C for 2 h. To determine the metallic particle size and
surface composition TEM and XPS were respectively used.

2.3. Catalytic reactions

All experiments were carried out in a differential reac-
tor all-glass flow system already describg@]. Ethylcy-
clopentane, the hydrocarbon used in this study, maintained
in a cold U-tube at constant temperature to get a constant
partial pressure, was mixed and pushed by hydrogen and
introduced through the catalyst. The gaseous product was
analysed by gas chromatography. The cooling product used
was benzylic alcohol the melting point of which-sl8°C;

the partial hydrocarbon pressure was then 666.5 Pa. Pulses
f hydrocarbon (f.l) were injected through the catalyst
ed. The total pressurePc + PH,) was equal to atmo-
spheric pressure. The total conversion was always less than
20%. The catalysts obtained from successive impregnation
were all calcined and reduced prior to the catalytic reactions
performed between 280 and 350.

3. Results and discussion

In Table 1the chemical compositions of these samples

copper loading varied from 0.06 to 0.2 and 0.6 wt.%. The obtained by X-ray fluorescence are reported. Similar results
samples were prepared following a successive impregnationare obtained between “expected” and “found” weight com-
techniqud16,17] After each impregnation step the catalysts positions.

were calcined in air at 400 for 2 h followed by a reduction
at 400°C for 5h under hydrogen. The starting salts were
H>PtCl-6H,0 and Cu(NQ@)2-6H,0. The support used was
a Woelm non-acidy-alumina. InTable lare reported the

The average BET surface area for all these catalysts is in
the range 13% 10 n¥/g.

In Table 2 and Fig. 1 the results obtained by hydro-
gen chemisorption on mono- and bimetallic catalysts

catalysts prepared, used and characterised. are reported. We have also given the metallic particle
sizes determined by TEM. We can observe that hydro-
gen chemisorption is decreasing when copper content is
increased. This point can be explained by a surface en-

To determine the metallic loading, chemical analysis richment in copper as its superficial energy is lower than
were performed by X-ray fluorescence. Specific surface the platinum oneycy = 17204+ 100 erg/crd and ypt =
areas were determined by the BET method. To analyse the22804 800 erg/cm [19—21] This Cu surface segregation is
reducible properties of these systems, TPR were performedalso observed by XPS when measuring the relative atomic
on samples calcined in air at 400 for 1 h, with a temper-  ratios; this result is in the right part Gable 2 The surface

ature slope of 10C/min. These experiments were realised composition is higher in Cu than in Pt.

2.2. Characterisation techniques

Table 2
Mean metallic particle sizes from hydrogen chemisorption and TEM; and XPS results
Samples ony-Al,03 Hydrogen comsumption Dispersion (H/Pt) Mean metallic particle sizes (A) XPS results
(cm3/g of catalyst)
From H From TEM Cu/Ptx 10° Cu/Ptx 10°
chemisorption theoretical experimental
0.2%Pt 0.18 1 8 12
0.2%Pt-0.06%Cu 0.119 0.83 12 14 0.5 3
0.2%Pt-0.2%Cu 0.045 0.32 31 28 1.6 5.7
0.2%Pt-0.6%Cu 0.028 0.20 49 41 51 13.4
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Fig. 1. Influence, at room temperature, of addition of copper on hydrogen chemisorption on Pt and bimetallics Pt-Cu catalysts.

The rates, or turn over frequencies ¥ were deter-
mined thanks to the metal dispersion obtained with hydro-
gen chemisorption. Ifable 3are reported the micromoles (1)
of accessible platinum, copper and Pt-Cu reported to 1 g of The good agreement between these results shows that Pt
catalyst. As copper does not chemisorb hydrogen we madeand C#+ are completely reduced to metallic state under
an assumption that the moles of accessible copper are prohydrogen in the temperature range of 100-400
portional to the moles of platinum following their molar For these systems, the maximal temperatures obtained are
ratios. function of Cu content. It shows that Pt and Cu are in contact

To determine the presence, or not, of a platinum-copper and it is confirmed by the fact that, for the monometallic
interaction we studied by TPR the mono and bimetallic sam- sample, the maximal temperature has values different than
ples. The results are ifiable 4 Hydrogen consumption is  those obtained on the bimetallics. We can see that platinum
calculated fromEq. (1) and is compared with the experi- is reduced at a lower temperature than all other bimetallics

2x H
PO, 4+ yCUPHO [2e]He xPt+ yCu+ (2x + y)H20

mental results. Pt-Cu, but these samples are much easier to reduce than

Table 3

Pt and Cu accessible to the gas phase

Samples Pt accessibla.rfiole/gay) Cu accessibleymole/g.ar) Pt 4+ Cu accessiblepimole/gay)

0.2%Pt4-Al 203 12.7 0 12.7

0.2%P1t-0.06%Cu/-Al ;03 8.5 7.8 16.3

0.2%P1t-0.2%Cw-Al ,03 3.2 10.0 13.2

0.2%P1t-0.6%Cu/-Al 03 2.0 18.8 20.8

Table 4

Results from TPR

Samples Maximum of temperature Experimental consumption Theoretical consumption R = Haexy/Hatheory
for the reduction peak°’C) of Hy (wmole/gay) of Hy (mole/gar)

0.2%Pt#-Al 203 253 20.4 20.4 1.0

0.06%Cuf-Al,03 437 10.6 9.4 1.12

0.2%Cu#-Al 03 457 34.6 31.4 1.1

0.6%Cuk-Al,03 397 101.5 104.6 0.97

0.2 %Pt-0.06%Cu/-Al,03 257 27.0 29.8 0.91

0.2%Pt-0.2%Cw-Al 203 281 45.2 51.8 0.87

0.2%Pt-0.6%Cuw-Al 203 348 144.5 125 1.15
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Ethylcyclopentane hydrogenolysis corresponding to the primary products obtained and to the
secondary ones. Initially we may have: (i) ring opening,
®  0.2Pt/yAI203 - also called hydrogenolysis reaction, givindneptanerg-H),
aof| O 0:2Pt-0.06CunARO3 3-methylhexane (3-MH) and ethylpentane (EtP), (ii) ring
A 0.2Pt-0.2Cu/yAl203 L '
% in vV  0.2Pt-0.6Cu/yAI203 enlargement giving methylcyclohe?fgne (MCH) arld tollu.ene
Hydro. 30 (Tol), aromatisation reaction and (iii) hy_drocracklng giving
o cyclopentane and ethane. After, following consecutive re-
20 actions we may have hexanes, pentanes, butanes, propane,
- % ethane and methane as well as some isomers.
1oL We shall call, in most cases, ring enlargement the global
reaction where are formed toluene plus methylcyclohexane,
L we must keep in mind that the ratio toluene/methylcyclo-
%60 280 300 320 340 360 hexane is around 10.
Temperature (°C) We shall first analyse the influence of the temperature on
these reactions, then we shall follow the effect of copper
" ETCP ring enlargement concentration on the platinum properties.
% 3.1.1. Influence of the reaction temperature
in 8ol- Hydrogenolysis selectivity and aromatisation selectivity
Arom. from ethylcyclopentane are reported kig. 2 These two
reactions are irreversible, and hydrogenolysis is more char-
or acteristic of the metallic activity when ring enlargement is
more related to acidic behaviour. Hydrogenolysis is favoured
601 when reaction temperature is increased and it is the oppo-
u  0.2Pt/yAI203 site for aromatisation even it is a dehydrogenation reaction.
501 ? g::::::g:ggﬁluﬁfz%gs Such a result points out that we have not to focus on the aro-
V  0.2Pt-0.6Cu/yAI203 matisation reaction but only to look at the ring enlargement
00— reaction and such reaction will be disfavoured when the re-
260 280 300 320 340 360

action temperature is increased. In consequence the apparent
activation energy values will be higher for hydrogenolysis

Fig. 2. Temperature influence on hydrogenolysis and ring enlargement than for ring enlargement.
reactions between 280 and 330.

Temperature (°C)

3.1.2. Copper influence on the catalytic properties of
Cu alone. Platinum helps copper to be reduced but copperPlatinum

inhibits platinum reduction. When, at a constant temperature of 380 the amount of
Cuis increased, the catalytic activity is decreased as well as
3.1. Catalytic activity of ethylcyclopentane the relative contribution of the hydrogenolysis reaction. At

the opposite the percentage of the ring enlargement reaction
This model molecule has been chosen to characteriseis increased. ITable 5are the results.
these catalysts, and to analyse the copper influence on The activity is expressed ipmole/gs. The hydrogenol-
the catalytic properties of platinum. The contact reac- ysis ratios ethylpentaneheptane and ethylpentane/3-
tions of such molecule can be classified into two classes methylhexane correspond respectively to the following

Table 5
Results obtained from the contact reaction of ethylcylopentane at@50
Catalysts Activities jimole/g s) Selectivity in hydrogenolysis (%) Selectivity in ring enlargement (%) /r\

AN Af/
0.2Pt 107 415 49.2 0.6 0.7
0.2Pt-0.06Cu 9.5 23.0 59.7 0.2 0.2
0.2Pt-0.2Cu 6.2 20.0 64.5 0.6 0.8
0.2Pt-0.6Cu 4.2 14.3 72.0 1.4 14

Initial selectivities and hydrogenolysis ratio.
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Scheme 1. General reactions taking place with ethylcylopentane as reactant.

carbon—carbon bonds breaking: ,-€,/C-C; and the selective one. At the opposite for the catalyst 0.2%Pt-
Ci—Cy/Cy—C. The values of the first ratio will charac- 0.6%Cu#-Al,O3 the reaction mechanism is selective.
terise the selectivity in carbon—carbon bond breaking be- About activity and selectivity in hydrogenolysis and ring
tween only secondary carbon atoms and secondary—tertiaryenlargement, ifrig. 3, we can see that an increase of copper
carbon atoms. The former ratio may give information about deactivates the catalysfsSig. 3¢, decreases the relative con-
the selectivity in ring opening reaction. tribution of hydrogenolysis reactiorrig. 39 and increases
The reactions are shown iScheme JAbout the ring the aromatisation proceski¢. 3b.
enlargement reaction we have two products: toluene and We are now going to analyse the results obtained from
methylcyclohexane. We can noticed that initially, when the the apparent activation energy values, then we will be able
Cu content increases, the selectivity in aromatisation in- to discuss about the reactivity of such systems.
creases and in hydrogenolysis decreases.
Furthermore, if the value of the hydrogenolysis ratio 3.2. Kinetic data
(EtPh-H) is not too far from the statistic value~Q.5)
the hydrogenolysis is non-selective, for other values, it is As the rate determining step takes place in the adsorbed
a selective hydrogenolysis. These results can give infor- Phase we are measuring apparent activation enefgies
mation on the mean metallic particle sizes if we follow E.— 04 AH
what we noticed with the methylcyclopentane reaction @ ads
[14,15] On 0.2% Pt)-Al»03, 0.2% Pt-0.06%Cu-Al 203, The real activation energi° is reduced by the enthalpy
0.2%Pt-0.2%Cu/-Al,O3 catalysts, the results obtained of adsorption AHg4s which is negative. One problem is
pointed out values near the statistical one, moreover thethat AHagsis unknown for the contact reactions with ethyl-
particles are small Table 2. Moreover, at high tem-  cyclopentane which may involve several dehydrogenation
perature non-selective hydrogenolysis is favoured versussteps. We noticed thd, decreases when the amount of

Table 6
Apparent activation energy values (kJ/mole), turn over frequency) (and logarithm of the pre-exponential factor fpfor hydrogenolysis and ring
enlargement reactions

Catalysts ony-Al,03 Hydrogenolysis Ring enlargement (RE) a andb (kJ/mole) a andb (kJ/mole)
for hydrogenolysis for RE

TOF (s1) Ea(kdmole) InA  TOF (s!) Ea(kd/mole) InA

0.2%Pt 0.33 164.7 194 034 87.8 46 a=76.97,b=451 a=65.96,b=4.62
0.2%Pt-0.06%Cu 0.13 118.7 9.6 0.31 82.8 3.8
0.2%Pt-0.2%Cu 0.10 122.9 10.0 0.27 73.6 1.6
0.2%Pt-0.6%Cu 0.05 98.2 4.6 0.06 66.9 0.2

In the last two columns: the compensation effect obtained on these catalysts for hydrogenolysis and ring enlargement reactions: frep In A.
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Fig. 3. Copper influence on catalytic selectivities in hydrogenolysis, ring
enlargement and on hydrogenolysis activity for a reaction at’@50
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is around 77/ 4+ 10 kJ/mole. This process is less activated
(Table 9.

3.2.1. Reaction rates

About the initial rateN(s™1) in ring enlargement and in
hydrogenolysis we noted, as a general tendency, that the turn
over is higher in ring enlargement than in hydrogenolysis.
This is in good agreement with the apparent activation en-
ergy values.

We noticed thal(s1) decreases when the amount in cop-
per increases. To establish a correlation between the activ-
ity and the energy we have determined the pre-exponential
factor A. We obtained a linear relation betwee\landEg
(Table §, Ea = a+ b In A. This relation was first observed
by Constablg23]. A compensation effect takes place for
these reactions, i.e. hydrogenolysis and ring opening, occur-
ring on these different catalysts.

This compensation effect has not a straightforward expla-
nation. More than a dozen explanations have been proposed.
They can be divided into (i) fact-oriented explanations,
which are based on the experimental results showing this
phenomenon and (ii) theory-oriented or speculative con-
cepts[24]. The explanations for compensation phenomena
can be linked to: (i) active site distribution and inhomo-
geneous surfaces, (ii) kinetic conditions, apparent and true
Arrhenius parameters, (iii) enthalpy—entropy relation, (iv)
isokinetic temperature and (v) heat bath cond2pi.

Following the conventional transition state theory, the ex-
perimental rate constarty, for a bimolecular reaction is
equal tokexp = (ksT/h)K", whereK# is the equilibrium
constant between the activated species and the reaf@8hts
Following the Patterson—Rooney approach we have, with a
catalyst, the following reactions:

fads

K* .
reactantt catalysi> reactant—catalysttransition state

In that case

keT
kexp = TK#Kads

and
AG 4= —RTIN Kags and AG* = —RTIn k*

Then

Kexp = BT (A8 45t AT/ R0 ~(AHigst AH*)A/RT

We can write

copper increases, which can mean that more dehydrogena-

tion steps are involved. We obtained, for the ring open-

ing reaction, three classes &f, values: 165+ 5kJ/mole
on Pt catalyst, 12& 5kJ/mole on 0.2%Pt-0.06%Cu and
0.2%P1t-0.2%Cu, and 984 kJ/mole on 0.2%Pt-0.6%Cu. We

kexp = A o Ea/RT

AH;ds+ AH*? corresponds to the experimental values of

the apparent activation ener@y. When the strength of ad-

have to keep in mind that the higher value will correspond sorption increases, thef, decreases and by consequence

to the non-selective ring opening reactifi®,15,22] On
the other hand, th&, value for ring enlargement reaction

AS 4+ AS* decreases as well as the valuefofThis can

explain the compensation effect betwdgpand A.
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Table 7
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Activation enthalpy and entropy values for hydrogenolysis and ring enlargement

Catalysts Hydrogenolysis Ring enlargement

ASF (JIKmole)  AH* (kd/mole) Ea— AH* =nRT®  AS (J/Kmole) AH? (kJ/mole) Es— AH* =nRT
0.2%Pt#-Al 203 17.6 160.1 1.1 —106.2 83.2 1.1
0.2%P1t-0.06%Cu/-Al ;03 —63.9 114.1 1.1 —-113.3 77.7 1.2
0.2%Pt-0.2%Cu/-Al 203 —-61.4 1179 1.2 —130.8 68.6 1.2
0.2%Pt-0.6%Cu/-Al,03 —106.6 93.6 1.1 —143.4 61.9 1.2

aRT = 5.208 kJ/mole.

From the Eyring equation, we can determing” and

AH?:
kexp AS* AH*
n{—=]=I — — .
”(T) ”( >+<R TR
All the results are reported ifiable 7
When making a comparison with 0.2%?#I,03, the
addition of Cu provokes a decrease of the activation entropy.
This point can be explained by the fact that more Cu is

present more dehydrogenation steps are involved.

K

h

4. Conclusion

In this work we used ethylcyclopentane as the probe
molecule which may give information about surface struc-
ture modifications via its two reactions: ring opening and
ring enlargement reactions. We already saw, with methylcy-
clopentane (MCP), that the former reaction is a very struc-
ture sensitive reaction with platinum cataly$t€,15] We

may ask ourselves if ethylcyclopentane is as performing as

MCP.

From kinetic data, three classes of apparent activation en-
ergy values were obtained. The higher value is related to the

non-selective ring opening reaction, and it takes place on
the platinum catalyst. When copper is added, this reaction

enlargement reaction, which reaction is favoured by in-
creasing the copper amount.
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