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Abstract

The kinetics of the gas-phase hydrogenation ofo-xylene over Pt/alumina catalysts was studied at 430–520 K, a hydrogen partial press
0.19–0.36, and ano-xylene partial pressure of 0.04–0.10. The catalysts were characterized by H2/o-xylene TPD, H2 chemisorption, energy
dispersive X-ray analysis, and XPS. The stereoisomers,cis-andtrans-1,2-dimethylcyclohexane, were the only reaction products. A rever
maximum in theo-xylene hydrogenation activity vs temperature was observed; it was explained by a decrease in the surface con
of o-xylene at higher temperatures. The hydrogenation rate was independent of theo-xylene concentration, whereas the reaction orders
respect to hydrogen varied from 0.9 to 3 in the temperature range investigated. The stereoselectivity of the products was found to
temperature, reactant concentrations, and platinum precursor. The catalyst prepared from a chlorine-containing precursor exhibi
hydrogenation activity and selectivity toward the trans isomer. Chlorine remained on the catalyst surface, even after reduction
Dehydrogenation and configurational isomerization ofcis- to trans-1,2-dimethylcyclohexane took place at the same time as hydrogen
Dehydrogenation and configurational isomerization reactions are enhanced by the presence of residual chlorine on the catalyst s
reaction pathway is proposed.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Hydrogenation of aromatic compounds over group V
metals has attracted considerable attention from the st
point of theory and application; new environmental legis
tion strictly limits the aromatic contents of fuels, oils, a
solvents. The rate of aromatic hydrogenation is strongly
fected by steric factors induced by the substitution of a
groups in the aromatic ring. The hydrogenation rate
creases with increasing length of the substituent (benze>

toluene> ethylbenzene> cumene) and as the number
substituents increases (benzene� toluene∼ xylenes>

mesitylene) [1–25]. The kinetics of the gas-phase cata
hydrogenation of xylenes has been investigated over
ported Pd [3,10–12], Ni [13–20], Ru [11,21], and Pt [22–2
catalysts. The relative position of the substituents has a
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0021-9517/03/$ – see front matter 2003 Elsevier Inc. All rights reserved.
doi:10.1016/S0021-9517(03)00070-8
-

nificant effect on the reaction rate, the para position be
the most reactive and the ortho position the least reac
(p-xylene> m-xylene> o-xylene).

The rate of the hydrogenation of aromatics is slightly
fluenced by their concentration, whereas reaction orde
up to 3 have been reported with respect to hydrogen.
and Vannice [7–9] studied the performance of platinum
various supports in benzene and toluene hydrogenation
reaction orders with respect to hydrogen in benzene
toluene hydrogenation were reported to vary from 0.6
unity at 317–373 K [7,8]. A higher specific activity wa
observed on acidic supports [7,8]. Similar to benzene
toluene hydrogenation [7–9], a reversible maximum of
lene hydrogenation activity vs temperature was observe
10,13–21,24]. Such behavior can not be attributed to e
librium [28,29]. The reaction orders with respect too-, m-,
andp-xylene are about the same, varying from−0.3 to 0.4
between 393 and 523 K [13–20]. The reaction order w
respect to hydrogen increases with temperature from 0

http://www.elsevier.com/locate/jcat
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2.6 [13–20] within the same temperature range, suggest
complex multistep reaction mechanism. The reaction or
with respect too-xylene over Pt/alumina catalysts are re
ported to vary from 0 to 0.28 at 308–363 K, while the or
with respect to hydrogen increases from 1.22 at 308–36
to 2.5 at 413 K [23–25].

Few studies have addressed the kinetics of the gas-p
hydrogenation of xylenes and the distribution of the s
reoisomers among the products over supported Pd [10
Ni [13–20], and Pt [22–25] catalysts. Independent of
catalyst used, thecis-1,2-dimethylcyclohexane (1,2-DMCH
was the dominant reaction product at lower temperat
whereas the formation of the thermodynamically favo
trans-1,2-DMCH increased by increasing operation temp
ature [10,13–21,23,24]. The selectivity toward the trans
mer formation over the supported palladium catalysts
reported to increase with temperature, metal dispersion
support acidity and in the presence of electron donor m
cules such as pyridine [10–12]. A decreased rate ofcis-1,2-
DMCH formation and consequently a higher rate oftrans-
1,2-DMCH formation at higher temperature (300–340
as well as an increased selectivity of the thermodynamic
favoredtrans-1,2-DMCH with smaller Pt particles, was r
ported over Pt/alumina [24]. On the other hand, in the
study ofo-, m-, andp-xylene hydrogenation over support
platinum catalysts, Aramendía et al. [22] did not find t
product stereoselectivity was affected by the metal dis
sion. The formation oftrans-1,2-DMCH is usually explaine
by the rollover mechanism, first introduced by Inuone
al. [30], in which the last double bond to be hydrogenate
isomerized, followed by a rollover of the adsorbed spec
which is further hydrogenated totrans-1,2-DMCH.

Noble metals are also active in dehydrogenation re
tions [31–39]. Dehydrogenation of naphthenes can rea
take place on platinum surfaces [31–33,35–39]. Dehy
genation of cyclohexane and cyclohexadiene takes p
rapidly at low temperature and low hydrogen partial pr
sures because the reaction rate is reported to increase
an increase in the hydrogen-to-hydrocarbon ratio [32]
metal dispersion [34]. However, numerous authors refe
the reaction as being structure-insensitive [35,36]. The
hydrogenation of stereoisomeric dimethylcyclohexane
diethylcyclohexane was studied over Pt, Pd, and Ni [37–
the rates of aromatization ofcis- andtrans-1,2-DMCH were
reported to be the same on platinum, while thetrans isomer
converted slower than thecis isomer on Pd and Ni.

There are few studies on xylene hydrogenation over
ported platinum catalysts which address kinetics and s
oselectivity [22,24,25]. However, the role of the catal
precursor and the impact of dehydrogenation and epim
ization reactions on the overall rate are not well underst
The present work is focused on the kinetics and the pro
stereoselectivity of the gas-phase hydrogenation ofo-xylene
over platinum catalysts. Thecis-to-transepimerization and
the dehydrogenation of the products were also investiga
e

,

h

2. Experimental

2.1. Catalyst preparation

Pt/alumina catalysts were prepared by impregnatin
γ -alumina support (LaRoche, Versal GL25, BET surfa
area of 219 m2/g) with solutions of hexachloroplatinic ac
(Pt/Al2O3-Cl) and platinum nitrate (Pt/Al2O3-N). The cat-
alysts were washed with de-ionized water, dried, and st
for the activity testing. The Pt content was determined by
direct current plasma technique (Spectraspan IIIA, Spe
metrics).

2.2. Catalyst characterization

The dispersion and mean particle diameters of the m
were determined by hydrogen adsorption at 298 K, usin
Sorptomatic 1900 (Carlo Erba Instruments). The disso
tive adsorption of hydrogen was employed. The proced
for determining the dispersion and mean metallic part
sizes are given elsewhere [26].

Temperature-programmed desorption (TPD) of hydro
ando-xylene was carried out with an AutoChem 2910
strument (Micromeritics). The desorbed gases were ide
fied and analyzed by a TC detector and a quadropole m
spectrometer (Omnistar, Baltzer Instruments).

The surface and subsurface composition of the cata
was investigated by a scanning electron microscope
ica Cambridge, Stereoscan 360) equipped with an ene
dispersive X-ray analyzer (EDXA) and X-ray photoelectr
spectroscopy (Perkin-Elmer 5400). A detailed descrip
of the XPS analysis and the problems associated with
overlapping of the Pt 4f and Al 2p XP lines are discusse
elsewhere [27]. To obtain information on particle sizes
the platinum prior to catalyst reduction, particle size cal
lations based on the Pt/Al XPS intensity ratio were carrie
out as described by Davis [40]. Assuming a cubic geo
try on a diamond-shaped support and taking the respe
particle size determined by the H2-adsorption technique as
reference, the particle size of the freshly dried samples
determined with good accuracy.

2.3. Catalytic activity measurements

2.3.1. o-Xylene hydrogenation
The kinetics ofo-xylene hydrogenation was studied

a continuous-flow differential tube reactor at a WHSV
116 h−1 and at temperatures of 430–520 K at 10 K int
vals at atmospheric pressure. The partial pressures o2
(AGA, 99.9999 vol%) ando-xylene (Fluka,> 99.5 vol%)
were varied from 0.19 to 0.36 bar and from 0.04 to 0.10
respectively, using argon (AGA, 99.9999 vol%) as the ma
up gas and maintaining a constant GHSV. The flows w
controlled by means of mass-flow controllers (Brooks). T
temperature of the catalyst bed was measured by mean
thermocouple;o-xylene was pumped by a high-performan
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liquid chromatography pump (2150 HPLC pump, LK
Bromma) to an evaporator (Bronkhorst) kept at 443 K a
was further driven by argon. All the lines from the evapo
tor and the reactor were heated. The products were ana
by a Varian GC equipped with a 60-m HP-1 column (cro
linked methyl siloxane) and FI detector and were furt
analyzed and confirmed by GC-MS (HP 6890-5973 Ins
ment). Prior to the experiments, the dried catalysts (125
150-µm particles, ca. 60 mg) were reduced in situ in a fl
of H2 at 673 K (unless otherwise stated) for 2 h followed
cooling to the reaction temperature, at which point the re
tants were introduced to the catalyst. Standard experim
were carried out to ensure that the kinetics was recorde
the absence of internal and external mass-transfer limita
by testing three different catalyst particle sizes (90–1
125–150, and 180–250 µm), and four catalyst mass/flow
ratios. Conversions were kept below 10%.

2.3.2. 1,2-Dimethylcyclohexane (1,2-DMCH)
isomerization/dehydrogenation

The isomerization and dehydrogenation of 1,2-DMC
(as a feedstock) was studied in the same experimental s
as described for theo-xylene hydrogenation between 43
and 520 K and at partial pressures forcis-1,2-DMCH,trans-
1,2-DMCH, and hydrogen of 0.77× 10−3, 0.14× 10−3, and
0.19–0.36 bar, respectively. The mass and particle siz
the catalyst and the reduction temperature were the sam
those in theo-xylene hydrogenation experiments.n-Heptane
was used for dilution of the feed of 1,2-DMCH. Thecis
and trans isomer content of the 1,2-DMCH feed (Fluk
> 99.5 vol%) was 84 and 15.3 wt%, respectively.

3. Results

3.1. o-Xylene hydrogenation

The hydrogenation experiments were carried out wit
catalyst pre-reduced at 573, 623, and 673 K. The hig
steady-state hydrogenation rate was obtained with the
lyst reduced at 673 K. Thus, this temperature was sele
for further kinetics experiments. The rates were correla
to the amount of hydrogen desorbed from the H2 TPD ex-
periments (Table 1).cis- andtrans-1,2-dimethylcyclohexan
d

p

s

-

(1,2-DMCH) were the only hydrogenation products; thecis-
to-trans ratio did not change significantly during the initi
deactivation of the catalyst. The reference catalyst prep
from the nitrate salt (1 wt% Pt/Al2O3-N) exhibited a much
higher activity during xylene hydrogenation (Table 1). T
ble 2 lists the energy-dispersive X-ray analysis (EDX
and XPS data of the catalysts. Although the two techniq
clearly revealed the presence of surface chlorine spe
on the Pt/Al2O3-Cl catalysts after hydrogen pre-treatme
there were still differences in the Cl:Pt and Pt:Al ratios o
tained by both techniques, which will be dealt with in t
Discussion section. The chlorine left on the catalyst surf
inhibitso-xylene hydrogenation (Table 1). A hydrogenati
reaction did not take place over the alumina support. Fi
presents a typical kinetic experiment. Catalyst deactiva
took place for the first 20 min, after which steady st
was reached. The observed time-on-stream deactivati
in good agreement with data reported previously [7,8,
15,23,24]. The deactivation is reversible, as shown by
fact that hydrogen treatment of the used catalyst at 67
completely restored the initial activity of the catalyst. T
deactivation is due to carbon deposition [41,42]. The rep
ducibility of the results was±2%; no volatile compound
were detected, withcis- andtrans-1,2-DMCH being the only
products formed. The hydrogenation rate passed throu
maximum with increasing operation temperature (Fig. 2)

The reaction orders with respect to the hydrogen
o-xylene partial pressures were determined between 430
520 K. The reaction order with respect too-xylene was close
to zero at all temperatures investigated. The reaction o
with respect to hydrogen increased from 1.5 at 430 K t
at 520 K (Table 3), showing a similar dependence on
drogen concentration over a supported Ni/Al2O3 catalyst as
reported elsewhere [13,15]. The dependence on the hy
gen concentration of the products formed, was, as expe
close to the dependency on the hydrogen concentratio
theo-xylene hydrogenation (Table 3). The activation ene
in the o-xylene hydrogenation, calculated from Arrhen
plots, was 93 and−24 kJ/mol in the temperature ranges
430–460 and 460–520 K, respectively.

The results confirmed an increase in thecis-to-trans1,2-
DMCH ratio with increasing hydrogen ando-xylene concen-
trations (Figs. 3a and 3b). On the other hand, thecis:trans
ratio decreased at a higher operation temperature (Fig
Table 1
Comparison of catalysts activity at 460 K (conditions:pH2 = 0.36 bar,po-xyl = 0.06 bar, WHSV= 116 h−1)

Catalyst Dispersion Particle diameter T red. Rate TON cis/trans nH2
a H2 desorbedb

(%) (nm) (K) (mmol/(gPt s)) ×103 (mmol/gPt)

1 wt% Pt/Al2O3–Cl 95.3 1.06 673 0.409 84.0 1.44 2.3 47.2
1 wt% Pt/Al2O3–Cl 95.5 1.06 623 0.204 42.0 1.28 2.3 41.0
1 wt% Pt/Al2O3–Cl 96.4 1.06 573 0.118 24.5 1.23 1.8 36.1
1 wt% Pt/Al2O3–N 87.9 1.16 673 0.819 181.8 1.08 2.6 43.0
2.7 wt% Pt/Al2O3–Cl 75.8 1.34 673 0.236 60.3 1.28 2.3 27.6
4.2 wt% Pt/Al2O3–Cl 62.2 1.64 673 0.216 71.1 1.15 2.3 22.2

a Reaction order with respect to hydrogen.
b First H2 desorption peak corresponding to the H2 desorbed from platinum [43] per gram exposed of surface platinum determined from H2 chemisorption.
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Table 2
XPS and EDX analysis of the catalysts

Catalyst Precursor T red. EDXA XPS

(K) Cl/Pt Cl/Alb Al 2p Pt 4d5/2 Cl/Pt Cl/Alb Cl 2p3/2 Pt/Alb Pt size (nm)

Al2O3 – – – 0.4 73.9 – – 0.3 197.8 – –

Al2O3 HCla d – 3.0 74.0 – – 1.8 198.3 –
Al2O3 HCla 673 73.9 – – 1.7 198.6 –
Pt wire – – – 314.3 – – – –
1 wt% Pt/Al2O3 H2PtCl6 d 3.48 1.62 73.9 315.2 5.3 1.5 198.3 0.29 0.73
1 wt% Pt/Al2O3 H2PtCl6 d, s – – 74.0 b 8.3 1.6 198.5 0.19 –
1 wt% Pt/Al2O3 H2PtCl6 573 3.43 1.44 74.1 314.5 b 1.6 198.4 – –
1 wt% Pt/Al2O3 H2PtCl6 623 3.65 1.42 – – – – – – –
1 wt% Pt/Al2O3 H2PtCl6 673 3.27 1.67 73.9 314.6 9.0 1.8 198.3 0.20 1.06

4.2 wt% Pt/Al2O3 H2PtCl6 d 3.33 5.78 74.0 315.3 3.1 4.9 198.2 1.5 0.81
4.2 wt% Pt/Al2O3 H2PtCl6 573 – – 73.9 314.7 5.3 4.5 198.3 0.85 1.36
4.2 wt% Pt/Al2O3 H2PtCl6 673 2.5 3.57 73.9 314.5 4.4 3.1 198.4 0.70 1.64

Al 2p Pt 4d5/2 N/Pt N/Al N 1s Pt/Al

1 wt% Pt/Al2O3 Pt(NO3)2 d – – 74.3 314.9 1.7 0.55 398.9 0.43
1 wt% Pt/Al2O3 Pt(NO3)2 673 – – 74.1 314.2 (3.8) (1.0) (399.7) 0.36

Values in parentheses were affected by the protective N2 atmosphere during the transfer of the sample to UHV.
a Treated in 1 M solution of HCl; d, dried in air at 353 K.
b Multiplied by 100; s, sputtered in UHV; b, below detection limit.
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The dependency of stereoselectivity on the operation
perature and reactant concentrations is in good agree
with previous work on supported nickel catalysts [13,15,1
Above 480 K, the rate of formation of thecis isomer de-
creased (Fig. 5). Such a decrease in the amount of thcis
isomer was reported for the reduction of di-substituted
clopentenes and cyclohexenes at higher temperatures [

Temperature-programmed desorption ofo-xylene was
carried out on pre-reduced (673 K) 1 wt% Pt/Al2O3–Cl
(Fig. 6). A single desorption pattern ofo-xylene was ob-
served between 340 and 520 K, with a maximum at aro
443 K. The hydrogenolysis products, toluene and benz
were observed in the same temperature range, follow
exactly the same desorption pattern aso-xylene. Ethene
(mass 28), which is formed from the re-combination of
methyl groups, was detected, too. Above 573 K, increa
cracking (ethene, methane, and hydrogen evolution)
place. The MS was calibrated for the de-fragmented spe

Fig. 1. Time-on-stream hydrogenation activity over 1 wt% Pt/Al2O3–Cl
catalyst. Conditions:pH2 = 0.36 bar,po-xyl = 0.06 bar,T = 470 K.
t

,

.

The hydrogenation activity pattern is very similar to that
the TPD spectra ofo-xylene (Figs. 2 and 6).

3.2. 1,2-DMCH configurational isomerization and
dehydrogenation

Figs. 7a and 7b show the results ofcis–transisomeriza-
tion and dehydrogenationof 1,2-DMCH (with 1,2-DMCH
a feedstock) too-xylene. Dehydrogenation of 1,2-DMCH
o-xylene took place without intermediate dehydrogena
products being detected. Isomerization and dehydrogen
did not take place in the absence of hydrogen. Thecis-to-
trans isomerization of 1,2-DMCH followed the same pa
tern as theo-xylene hydrogenation rate, passing throug
maximum of trans isomer formation at 460 K. The resu

Fig. 2. Temperature dependence of the rate ofo-xylene hydrogenation
over 1 wt% Pt/Al2O3–Cl catalyst at different hydrogen concentratio
Conditions:po-xyl = 0.06 bar; (F) pH2 = 0.36; (�) pH2 = 0.30; (Q)
pH2 = 0.24 bar; (") pH2 = 0.19 bar.
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Table 3
Reaction orders with respect to hydrogen in the hydrogenation ofo-xylene
and formation of 1,2-DMCHs over 1 wt% Pt/Al2O3–Cl catalyst (condi-
tions:pH2 = 0.19–0.36,po-xyl = 0.06 bar)

T (K) Order with respect to H2 in

o-Xylene cis-1,2-DMCHa trans-1,2-DMCHa

430 1.6 1.7 1.3
440 1.8 1.8 1.5
450 2.1 2.2 2.0
460 2.3 2.3 2.5
470 2.7 2.7 2.6
480 2.4 2.6 2.3
490 2.4 2.5 2.3
500 2.7 2.7 2.7
510 2.8 2.7 2.9
520 3.0 2.9 2.9

a Formation.

is an indication of the dehydrogenation ofcis-1,2-DMCH
to o-xylene, the formation rate of which increased rapi
above 673 K (Fig. 7). Table 4 presents the reaction
ders with respect to hydrogen in the formation ofo-xylene
and trans-1,2-DMCH as well as the consumption ofcis-
1,2-DMCH. The rate oftrans isomer formation increase
with increasing hydrogen partial pressure, whereas a c
plex relationship between the hydrogen partial pressure
cis isomer consumption was found. At lower temperatu
the rate ofcis isomer consumption exhibits a positive depe
dency on the hydrogen partial pressure but is not affe
or slightly inhibited by hydrogen above 480 K (Fig. 7a, T
ble 4). The rate ofo-xylene formation, on the other han
is suppressed by hydrogen (Table 4, Fig. 7b). The inhibi
effect of hydrogen on the formation ofo-xylene decrease
with increasing temperature (Fig. 7b, Table 4). This is pr
ably due to the faster desorption ofo-xylene at higher tem
peratures, which was confirmed by theo-xylene TPD, as
mentioned in Section 3.1. The activation energies for thecis-
to-trans isomerization ando-xylene formation between 43
and 520 K were 19.7 and 171.2 kJ/mol, respectively. The
(a)

(b)

Fig. 3. Dependence of thecis-to-trans1,2-DMCH ratio on the concentratio
of the reactants at different temperatures over 1 wt% Pt/Al2O3–Cl catalyst:
(a) hydrogen (po-xyl = 0.06 bar); (b)o-xylene (pH2 = 0.36 bar).
r 1 wt%
Fig. 4. Dependency of the reaction rate ino-xylene hydrogenation and product stereoselectivity on hydrogen concentration and temperature ove
Pt/Al2O3–Cl catalyst: (Q) cis-to-trans ratio (pH2 = 0.36,po-xyl = 0.06 bar) and (") o-xylene hydrogenation rate (po-xyl = 0.06 bar,T = 470 K).



272 A.K. Neyestanaki et al. / Journal of Catalysis 218 (2003) 267–279

ts
:

ro-
the

, Rh,

on
-

salt

ith
hile
s
ion.

-
,

sts
lu-
Fig. 5. The rate ofo-xylene hydrogenation and formation of produc
at different temperatures over 1 wt% Pt/Al2O3–Cl catalyst. Conditions
pH2 = 0.36 andpo-xyl = 0.06 bar. (F) rcis; (2) r trans; (Q) r total.

Fig. 6. The TPD pattern ofo-xylene over 1 wt% Pt/Al2O3–Cl catalyst.
Carrier gas: Ar.

relatively high apparent activation energy for the dehyd
genation reaction is in accordance with values reported in
literature; one study reported energies of 86–156 kJ/mol for
cyclohexane dehydrogenation for alumina-supported Pt
and Ir catalysts [45]. The activation energies for thetrans
isomer formation was 35.8 and−24.8 kJ/mol at 430–460
and 460–520 K, respectively.

To investigate the effect of the catalyst precursor
the configurational isomerization/dehydrogenation of 1,2
DMCH, the performance of the 1 wt% Pt/Al2O3–N catalyst
was studied at 460 K. A similar initial rate ofcis-to-trans
isomerization was obtained as for the 1 wt% Pt/Al2O3–Cl
catalyst. However, the catalyst prepared from the nitrate
underwent strong deactivation in thecis-to-trans isomeriza-
tion (Table 5). On the other hand, minor activation w
time on stream was observed during dehydrogenation.W
chlorine is an inhibitor ofo-xylene hydrogenation, it act
as a promoter for the configurational isomerization react
The dehydrogenation of the 1,2-DMCH too-xylene is not
affected by the presence of surface chlorine (Table 5).
(a)

(b)

Fig. 7. Thecis–trans-1,2-DMCH isomerization (a) and 1,2-DMCH de
hydrogenation (b) over 1 wt% Pt/Al2O3–Cl catalyst. Broken line
cis-1,2-DMCH consumption; solid line,trans-1,2-DMCH formation.
Conditions: pcis-1,2-DMCH = 0.77 × 10−3 bar and ptrans-1,2-DMCH

= 0.14 × 10−3 bar. (F) pH2 = 0.36; (2) pH2 = 0.30; (Q) pH2 = 0.24
bar; (") pH2 = 0.19 bar.

Table 4
Reaction orders with respect to hydrogen in isomerization/dehydrogenation
reactions over the 1 wt% Pt/Al2O3–Cl catalyst (conditions:pH2 = 0.19–

0.36 bar,pcis-1,2-DMCH = 0.77× 10−3 bar andptrans-1,2-DMCH = 0.14×
10−3 bar)

T (K) Orders in H2 for formation/consumption

cis-1,2-DMCH trans-1,2-DMCH o-xylene

430 a a a

440 0.7 0.9 a

460 0.3 0.8 −1.8
480 0.1 0.6 −0.6
500 0.04 0.4 −0.2
520 −0.2 a −0.2

a Low or no conversion for accurate determination.

4. Discussion

4.1. Surface composition

The N2 physisorption of the freshly prepared cataly
indicated that the incorporation of the platinum into the a
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Table 5
Behavior of the Pt catalysts in dehydrogenation and isomerization of
DMCH (conditions:T = 460 K,pH2 = 0.36 bar,pcis-1,2-DMCH = 0.77×
10−3 bar andptrans-1,2-DMCH = 0.14× 10−3 bar)

Catalyst Initial rate Rate after 100 min
(10−4 mol/(gPt s)) (10−4 mol/(gPt s))

rcis r trans ro-xyl rcis r trans ro-xyl

1 wt% Pt/Al2O3–Cl 0.441 0.439 0.013 0.25 0.24 0.019
1 wt% Pt/Al2O3–N 0.354 0.353 0.012 0.055a 0.046a 0.020

a Steady state was not reached.

mina support did not affect the specific surface areas
great extent, although a decrease in the specific pore vo
was observed. The BET surface area and specific pore
ume of the support were 219 m2/g and 0.93 cm3/g; those
of the 1 wt% Pt/Al2O3–Cl sample were 217.8 m2/g and
0.43 cm3/g, and those of the 4.2 wt% Pt/Al2O3–Cl samples
were 216.3 m2/g and 0.62 cm3/g. Since the presence of su
face Cl species had a strong influence on the performan
the catalyst, the compositions of the surface and subsu
were carefully studied by EDXA and XPS (Table 2, Fig.
In addition to the high (4.2 wt%) and low (1 wt%) Pt-loadin
catalysts, a platinum wire and a platinum single crystal (1
were studied as references. The challenges associated
the XPS determination of the states of platinum particles
high surface area alumina surfaces caused by the ove
ping of the Al 2p and Pt 4f XP lines are well known and
have been discussed elsewhere [27].

For the low Pt-loaded catalyst, i.e., 1 wt% Pt/Al2O3–Cl,
the Cl/Al atomic ratio of the samples, which were fresh
dried and reduced at different temperatures and determ
by EDXA and XPS techniques, were fairly close and w
not significantly affected by the reduction temperature (

Fig. 8. Pt 4d XPS lines. (a) Pt(111), (b) 4.2 wt% Pt/Al2O3–Cl freshly dried,
and (c) 4.2 wt% Pt/Al2O3–Cl reduced at 673 K.
f

h

-

ble 2). However, this was not the case with the 4.2 w
Pt/Al2O3–Cl catalyst, for which both the EDXA and XP
data indicated a decrease in the Cl/Al ratio at increased
reduction temperature. The presence of chlorine in
subsurface layers was confirmed, as the sputtered 1
Pt/Al2O3–Cl sample still exhibited the same order of mag
tude of surface chlorine concentration. The small differen
in the Cl/Al ratio obtained by means of the two techniqu
are probably due to a difference in analyzing depth, X
being a “surface-sensitive” method and EDXA a techniq
that has a significantly deeper penetration range (5–10
depending on the density and morphology of the mater
Nevertheless, the EDXA indicates that the overall Cl/Al
ratio does not change to a great extent after catalyst re
tion. Our observations are in good agreement with th
reported by Barbier et al. [46] who studied chlorine ret
tion on alumina-supported platinum catalysts and repo
a greater chlorine retention with lower Pt loadings; th
0.6 wt% Pt/alumina catalyst retained all the initial chlorin
whereas their 6 wt% Pt/alumina catalyst lost a part of th
initial chlorine.

Table 2 lists the Pt 4d5/2 XPS binding energies (BE) an
relates them to those of the platinum wire. The Pt 4d5/2 BE
values of the fresh samples shifted to higher energy le
(315.3 vs 314.3 eV). Hydrogen treatment of the samp
at 573 and 673 K restored the binding energies to va
“close” to those observed for the Pt(111) and clean platin
wire (Fig. 8, Table 2).

The EDX analysis of the fresh Pt catalysts indica
Cl/Pt ratios of about 3.5, which is another indication t
most of the chlorine remains on the catalyst. Reduction
the 1 wt% Pt/Al2O3–Cl catalyst did not change the Cl/Pt ra-
tio to a great extent, whereas the Cl/Pt ratio of the 4.2 wt%
Pt/Al2O3–Cl catalyst decreased by about 25% after cata
reduction at 673 K. It is interesting that the XPS data
dicated an increase in the Cl/Pt surface ratio as a result o
higher reduction temperatures (Table 2). This does not a
with the Cl/Al ratios discussed earlier. The characteris
overlapping of the Pt 4f and Al 2p XP lines and the rel
atively low signal intensity of the low platinum-containin
catalyst (1 wt% Pt/Al2O3–Cl) can strongly affect the accu
racy of the Pt/Cl ratios. At the same time, the application
the Shirley background [47] to the Pt 4d line could introduce
additional irregularities due to the shape of the Al2O3 back-
ground. Hence, the data obtained for 4.2 wt% Pt/Al2O3–Cl
is more accurate and will be discussed below.

Although the XPS data clearly indicate the existence
surface Cl species, the shifts in the Pt BEs and the conflic
Pt/Al and Pt/Cl ratios require more attention. The reaso
for the observed shift in the Pt BEs and the unexpected P/Al
and Pt/Cl ratios is probably due to the effect of the ch
rine coordination to the platinum as well as to the effec
the particle size of the platinum on the accuracy of the X
analysis.

Table 2 lists the results of the particle size calculati
by XPS. They indicate that the particle size of the platin
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of the freshly dried catalysts is in the range of 0.7–0.8
in diameter. On the freshly dried catalyst, chlorine is as
ciated with the platinum particles on the platinum–alum
interface and will modify the electrical properties of this
terface. The acidic sites of the support will probably le
to additional electron withdrawal. Joyner et al. [48] dem
strated that the electronic perturbation at the Pd interfac
the support is in a range of no more than 0.5 nm into
particle. Assuming that the same magnitude of interactio
also valid for platinum, the surface platinum particles (0
0.8 nm) of the freshly dried catalyst with a high platinu
loading (4.2 wt% Pt) will be affected strongly by the e
vironment, i.e., by the electronegative chlorine atoms.
reduction of the catalyst at 673 K results in the format
of relatively larger platinum particles (ca. 1.6 nm); hen
a considerable portion of the platinum particle will not
affected by the acidity of the support or by chlorine. T
platinum lattice constant (a) is about 0.39 nm [49]; assum
ing cubic geometry, it is reasonable that for the high-loa
Pt–Al2O3 catalyst, only the first platinum layer will expe
to be affected by the environment in terms of electron tra
fer. Such e− transfer from the metal–support interface to
electron acceptor entities results in a net positive charge
is de-localized on the particle surface, while a zero charg
established inside the particle. Thus, for the Pt catalyst
larger particles, a BE value closer to that observed for me
lic platinum is expected. This explains the shifts in the 4d5/2

Pt BEs at different reduction temperatures because the
inum particles grow with increasing reduction temperat
Another manifestation of the chlorine effect on the Pt 4d5/2

BE can be seen from the XPS analysis of the ex-nitrate c
lyst (Table 2), where the freshly dried sample and the sam
reduced at 673 K exhibited BE values similar to those of
platinum wire (314.9 and 314.2 vs 314.3 eV). Furtherm
chlorine on the freshly dried sample is directly associa
with a highly dispersed adsorbed platinum–chlorine co
plex (Pt diameter of ca. 0.7 nm). As well as inducing sin
ing, catalyst reduction can result in the migration of chlor
from the platinum Cl complex to the support and platinu
support interfaces. This in turn can lower the withdrawa
the electrons from the platinum particle; consequently, a
positively charged Pt species is detected by XPS (givin
BE closer to that of metallic platinum). For the Pt/Al2O3–Cl
systems with a relatively low platinum content, it is, unf
tunately, impossible to deconvolute the peaks related to
PtClx species. The Pt 4d line from PtCl2 is at about 317 eV
and is too wide for meaningful deconvolution to be appli
The XP signal also depends on the particle size and bec
weaker with increasing depth of penetration. This expla
the observed increase in Cl/Pt and the decrease in the Pt/Al
ratio after reduction of the catalyst (Table 2). A weak s
nal, induced by an increase in the particle size, results i
erroneous quantitative measurement of the total conte
platinum (less Pt is detected).
t

-

-

s

4.1.1. Source of chlorine
The chlorine originates from the dissociation of hexach

roplatinic acid. The EDX data indicate Pt/Cl ratios of about
3.5 in the freshly dried samples (Table 2). These va
are close to those reported by Berdala et al. [50]; in t
study, the EXAFS measurements demonstrated that the
cursor interacts strongly with the support on the dried
H2PtCl6/Al2O3 catalyst, leading to the formation of pr
dominantly PtCl4O2 species.

4.2. o-Xylene hydrogenation

The results at different temperatures indicate the pres
of a maximum in hydrogenation activity at all the H2/o-
xylene ratios investigated (Fig. 2). A thermodynamic cal
lation of the gas composition at the operation temperat
indicate that the experimental data are not close to equ
rium; therefore, the decrease in the rate of hydrogena
above 460 K can be attributed solely to kinetic effects. T
temperature dependence of TON was explained as a
bined effect of an increase in the hydrogenation rate on
catalyst surface and the accompanying decrease in the
centration of reactive aromatic species on the surface
data reported), which ultimately results in the formation
Tmax [16,18]. Such a decrease in the surface coverag
xylene is in good agreement with ouro-xylene TPD exper
iment (Fig. 6) in which the maximum peak in theo-xylene
desorption was very close to the temperature of the m
mum activity ino-xylene hydrogenation. The H2 TPD pat-
terns indicated the presence of surface hydrogen from
to 873 K. Therefore, the decreased hydrogenation act
at higher temperatures (above 460 K) was not attribu
to the decreased hydrogen coverage. The catalyst pre
from the platinum nitrate salt exhibited a higher hydroge
tion activity than the 1 wt% Pt/Al2O3–Cl catalyst. As men
tioned in Section 4.1.1, the chlorine remains on the sur
of the 1 wt% Pt/Al2O3–Cl catalyst, even after reduction
673 K, and the lower hydrogenation activity of the 1 w
Pt/Al2O3–Cl is probably due to the negative impact of ch
rine, which will be discussed latter.

The TON (Table 1), determined from the number
o-xylene molecules hydrogenated per surface platin
atoms (determined from H2 chemisorption measurement
indicated a slight decrease in TON due to the larger p
inum particles (i.e., compared to the catalysts prep
with the same salt and with higher Pt loadings of 2.7
4.2 wt%). However, the TON values are too close to ena
a conclusion about the structure sensitivity of theo-xylene
hydrogenation. The structure sensitivity of the xylene
drogenation was reported for platinum and ruthenium
tems [21,24], whereas no effect of dispersity on the acti
of palladium was observed [10]. The hydrogenation acti
was found to be a function of the reduction temperatur
the catalyst (Table 1). The higher activity as a result of
higher reduction temperature of the catalyst is correlate
most linearly to the amount of hydrogen desorbed from
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exposed surface of the platinum (Table 1). The increas
the hydrogen desorption due to an increase in the redu
temperature of the catalyst is believed to be due to the
distribution of residual chlorine on the catalyst surface. T
electronic effects, induced by the presence of surface c
rine and its location (coordination to platinum or on alum
in the vicinity of the Pt particles), determine the hydrog
adsorption but not the relatively small changes in the p
ticle size. Such a dependence on the reduction temper
was reported for hydrogenation of xylene and monoa
benzenes over platinum [22,51].

Thecisstereoisomer is the kinetically favored product
the expense of the thermodynamically favoredtrans isomer
(Fig. 2). Theo-xylene adsorbs with the aromatic ring pa
allel to the surface [52,53]. To relieve the steric repulsi
the two methyl groups should be oriented away from
surface. Under such conditions, a thermodynamically
stablecis isomer forms, i.e., the kinetically favored produ
Our data indicate a decrease in thecis-to-trans ratio from
1.7 (at 420 K) to 0.6 (at 520 K). The higher selectivity to t
formation of thetrans isomer at higher temperatures ha
been discussed by several scientists. Siegel et al. [54] in
liquid-phase hydrogenation reactions suggested that th
cloalkenes, formed as a result of thecis addition of four hy-
drogen atoms to the xylene molecules, are desorbed from
surface and re-adsorbed; after that hydrogenation of the
ble bond to form thetrans isomer takes place. However, th
cis-to-trans ratio of unity and lower is often observed; th
e

-

-

suggests that almost half of the tetra-hydrogenated m
cules desorb and re-adsorb. Keane et al. [16,18] expla
the phenomenon by considering the decrease in the su
concentration of aromatics at higher temperatures and th
lief of the geometrical constraints. The authors proposed
weaker surface interactions and a decrease in surface
pation by aromatic with increasing temperature enable a
arrangement of the atoms not directly involved in the bind
process and, consequently, an increase in the proportio
the transproduct. The increase in the selectivity toward
formation of thetrans isomer as a result of higher tempe
ature and an increase in metal dispersion has often
explained by a rollover mechanism, proposed originally
Inuone et al. [30]. The model provides a good descrip
of the exchange of hydrogen atoms on both sides of the
clopentane molecule (over Pd catalysts). The same m
has been applied to the stereoselectivity ofo-xylene hydro-
genation [10–15,21–24] as the last double bond to be
drogenated isomerizes before the rollover step. The add
of more hydrogen results in the formation of thetrans iso-
mer. Scheme 1a represents the rollover mechanism, ac
ing to which 1,2-dimethylcyclohexene (1,2-DMCHe) is
merizes to 2,3-dimethylcyclohexene (2,3-DMCHe), and
latter rolls over and provides the condition for the format
of the trans isomer by hydrogenation of the double bon
According to this scheme, a desorption and re-adsorptio
the 2,3-DMCHe from the other side of the plane, in addit
to rollover, are also possible.
Scheme 1. The reaction paths foro-xylene hydrogenation and product stereoselectivity.



276 A.K. Neyestanaki et al. / Journal of Catalysis 218 (2003) 267–279

r

wer
nd

ation
on-

He
c-
the
d

e
indi-
t
ivity

d a
-
am
ion
the

tiv-
ion
n
d
inic
nce

s is
the

.
For
m-
e of
s ha

e
ation
ned
he
elec-
4 is

ase
n
wn
how
re of
ated
ar-
ed
rob-
tion
ty on
ill

of
n

l to
l-
the

nic
the
e in
rmi
va-
cies
ies.
wal,
in-

n of
f the
As shown in Table 1 for the 1 wt% Pt/Al2O3–Cl cata-
lyst, the higher the rate ofo-xylene hydrogenation, the lowe
the selectivity toward formation of thetrans isomer, at the
given temperature and concentration of reactants (the lo
rate of isomerization of 1,2-DMCHe to 2,3-DMCHe a
its further rollover). The selectivity totrans isomer forma-
tion also decreases with increasing hydrogen concentr
(Fig. 3), which results in a higher reaction rate and, c
sequently, a decrease in selectivity to thetrans isomer for-
mation. The relative rates of hydrogenation and DMC
isomerization/rollover are among the more important fa
tors in determining the stereoselectivity. The results of
experiments on varying theo-xylene concentration indicate
a slight decrease in thecis-to-transratio (0.1–0.2) when th
o-xylene partial pressure decreases (Fig. 3b). This may
cate that the rate oftrans isomer formation will increase a
higher conversion levels (dependence of product select
on the conversion level). In their study ofo-xylene hydro-
genation over Ru catalysts, Viniegra et al. [21] observe
lower selectivity to the formation of thetransisomer as a re
sult of lower conversion levels, induced by time-on-stre
catalyst deactivation. Similarly, different catalyst reduct
temperatures strongly affect the selectivity by enhancing
hydrogenation rate (Table 1).

In contrast to the 1 wt% Pt/Al2O3–Cl catalyst, the 1 wt%
Pt/Al2O3–N catalyst exhibits a higher hydrogenation ac
ity and simultaneously a higher selectivity to the format
of trans-1,2-DMCH (Table 1, Fig. 3). The effect of hydroge
partial pressure on thecis-to-transratio was less pronounce
for the ex-nitrate catalyst compared to the ex-chloroplat
acid catalyst (Fig. 3a). These differences in the performa
of these two catalysts with similar platinum particle size
probably due to the influence of the chlorine anions on
catalyst surface (see Section 4.2.2).

4.2.1. Descriptive kinetics of stereoselectivity
Scheme 2 represents the kinetics ofcis- and trans-1,2-

DMCH stereoselectivity, where C, T, and A representcis-
1,2-DMCH, trans-1,2-DMCH, ando-xylene, respectively
The sequential addition of hydrogen was considered.
example, AH2 and AH4 represent surface intermediate co
plexes, which retain their aromatic character. The natur
these intermediates with respect to the thermodynamic
 s

been discussed in detail [14,55]. AH4 is the precursor of th
adsorbed intermediate O, which can undergo hydrogen
to cis-1,2-DMCH (step 4). Step 5 in Scheme 2 is assig
to the isomerization of 1,2-DMCHe and the rollover of t
intermediate 1,3-DMCHe. The dependence on stereos
tivity results from this mechanism, assuming that step
irreversible,

(1)
rcis

rtrans
= k4

k−5 + k6PH2

k5k6
,

whereki is the rate constant of the given step. The decre
in selectivity to thetrans isomer with increasing hydroge
concentration clearly follows from Eq. (1), as was sho
by the experimental data. However, Eq. (1) does not s
the dependence of stereoselectivity on the partial pressu
o-xylene. On the other hand, the experimental data indic
that thecis:transratio depends to a small extent on the p
tial pressure ofo-xylene. The derivation of Eq. (1) is bas
on a noncompetitive adsorption of reactants, which is p
ably an oversimplification, assuming competitive adsorp
may help to describe the dependence of stereoselectivi
theo-xylene concentration. Complete kinetic modeling w
be the subject of a separate study.

4.2.2. Effect of chlorine ono-xylene hydrogenation/
stereoselectivity

Aromatics are believed to adsorb flat on the surface
group VIII metals viaπ bonding, which involves electro
transfer from the aromatic ring to the unoccupiedd-metal
orbitals. A back-donation of the electron from the meta
the π∗ anti-bonding orbital of the aromatic molecule fo
lows. However, adsorption depends to a large extent on
local density of the metal atom. Both the ex-chloroplati
acid and ex-nitrate catalysts have small metal particles in
range of about 1 nm (Table 1). This results in a decreas
d-shell occupation and in the density of states at the Fe
level [56]. This decrease in electron occupation in the
lence bond results in a higher binding energy of spe
such aso-xylene, which behave like Lewis base spec
As discussed in Section 4.1, additional electron withdra
induced by the chlorine anions in the support–platinum
terface, results in a further decrease in the occupatio
the d-shell and, hence, increases the binding energy o
Scheme 2. Descriptive kinetics ofo-xylene hydrogenation.
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adsorbed species. Our XPS data indicate the presen
positively charged Pt particles (Table 2, BEs). The NMR
adsorbed129Xe and XPS [57,58] has also proven the pr
ence of positively adsorbed Pt species (Ptδ+). Thus, adsorp
tion of xylene, an electron donor, is expected to be stron
on the electron-deficient platinum sites. On the other ha
xylene adsorption takes place readily on the surfaces o
ble metals (in the temperature range studied), as prove
the xylene TPD experiments (Fig. 6). Hence, an incre
in the adsorption strength might have a negative impac
the hydrogenation of the aromatic ring. Moreover, decrea
electron transfer from Ptδ+ to theπ∗ anti-bonding orbital of
the aromatic ring of chemisorbed xylene diminishes the
tivity of the aromatic ring and, consequently, decreases
hydrogenation rate. This negative effect of chlorine was a
reported in the hydrogenation of phenol and styrene: the
drogenation rates were lower over the palladium catal
prepared from chlorided salts [59,60].

The selectivity toward the formation of atransisomer de-
creases with decreasing platinum particle size (Table 1),
to the impact of the precursor on the properties of the
nal catalyst. As discussed above, the electric propertie
small metal particles are strongly affected by the envir
ment (and, in our case, by the presence of electroneg
chlorine). When the particles are larger, the portion of s
face atoms with different coordination numbers varies. T
larger the particle, the less it is influenced by the en
ronment and eventually exhibits bulk metallic behavior
less positively charged platinum particles, as shown by X
analysis). Hence, the ex-chloroplatinic acid catalyst w
larger Pt particles exhibits stereoselectivity, more simila
that of the Cl-free catalyst (i.e., higher selectivity towa
trans isomer formation (Table 1). For the platinum cataly
with larger particles, the increase in selectivity to the form
tion of atransisomer may be due not only to the depende
of selectivity on the conversion levels but also to the wea
effect of the residual chlorine. In their study ofo-xylene hy-
drogenation over a Pt/Al2O3 catalyst, Saymeh et al. [23
concluded that the selectivity to thetrans isomer increase
with greater dispersion. They explained their observatio
terms of the rollover mechanism and argued that a la
number of sites is required for the rollover mechanism to
more effective. The surface available to the reactants is
tainly of crucial importance in catalytic reactions. Howev
those authors studied catalysts with relatively low levels
dispersion (13–50%), whereas our catalysts have rather
levels of dispersions and large metallic surfaces for the
sorption of the reactant (Table 1). According to the rollo
mechanism (Scheme 1a), it might be assumed that a lo
residence time of the intermediates favors the formatio
the trans isomer. An increase in the strength of adsorpti
i.e., a longer time on the surface, does not necessarily m
greater likelihood of the formation of thetrans isomer; in-
deed, as observed in the present study, the ex-nitrate ca
exhibits a higher selectivity toward the formation of thetrans
isomer.
f

r

t

4.3. Dehydrogenation and configurational isomerization

Theo-xylene hydrogenation experiments indicate an
crease in the reaction order with respect to hydrogen as
temperature of the operation increases. Such high rea
orders (up to 3) may indicate the existence of hydrog
deficient surface species. They may also indicate the c
petitive dehydrogenation of the products, leading to h
orders with respect to hydrogen. In their study of the
drogenation of benzene and toluene, Vannice et al. [9
proposed a concurrent surface dehydrogenation reactio
volving the aromatic reactant and resulting in the format
of hydrogen-deficient surface species.

The concurrent dehydrogenation andcis- to trans-1,2-
DMCH epimerization reactions were found to take pla
at high rates over alumina-supported Pt catalysts (Figs
and 7b). The presence of hydrogen was essential for
dehydrogenation and isomerization reactions: when the
drogen flow was halted (balanced by argon), the re
tions deceased immediately. By re-introducing the hyd
gen, about 75% of the activity at steady state was rest
(over the 1 wt% Pt/Al2O3–Cl catalyst). In their study o
configurational isomerization of dimethylcyclohexane o
an alumina-supported platinum catalyst, Bragin et al. [
found a similar restoration of the activity. The effect of h
drogen on the reaction rate indicates that hydrogen pla
role not only in the removal of carbon deposition but al
crucially, in the reaction mechanism.

The cis-to-trans configurational isomerization pass
through a maximum at 460 K. Above 460 K, aromatiz
tion is the dominant reaction, and thecis-1,2-DMCH is
dehydrogenated too-xylene (Figs. 7a and 7b). This is
fairly good agreement witho-xylene TPD experiments, i
whicho-xylene desorbed almost completely at temperatu
exceeding 440 K (Fig. 6). At lower temperatures (bel
440 K), the produced xylene is apparently strongly adsor
on the surface and inhibits the dehydrogenation of 1
DMCH. There have been few studies on DMCH adsorp
and dehydrogenation on platinum surfaces [37,38]. H
ever, the dehydrogenation of cyclohexane has been the
ject of many studies. Cyclohexane was reported to und
dehydrogenation readily on Pt(111) [53]. At low tempe
tures only a small amount of the formed benzene is deso
to the gas phase; its desorption is intensified at tempera
exceeding 480 K [63]. The presence of aromatics has
inhibited the cyclohexane dehydrogenation [29,45].

4.3.1. Descriptive kinetics of isomerization and
dehydrogenation of 1,2-DMCH

The dehydrogenation of naphthenes probably fol
a sequential dehydrogenation path. Cyclohexene was
tected on the Pt(111) surface after cyclohexane dehy
genation [64]. However, there is no proof that cycloalyl
cyclohexadiene are present on platinum surfaces. The
hydrogenation ofcis-1,2-DMCH too-xylene is represente
qualitatively by the stepwise abstraction of the hydrog
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molecules (Scheme 2), with the first step determining
rate. Further, dehydrogenation of adsorbed 1,2-DMC
takes place rapidly. Moreover, it can further undergo
merization and rollover. As mentioned in Section 4.2.1,
adsorbed reactants compete with each other. Therefore,
petitive adsorption is represented below,

(2)r = k−4KCPC

(1+ KCPC + KAPA + KH2PH2)
2
,

whereKC andKH denote the adsorption constant forcis-
1,2-DMCH and hydrogen adsorption coefficient, resp
tively. At low temperatures, the value ofKH is high; there-
fore, the contribution ofKH2PH2 is significant, leading to a
reaction order for hydrogen of about−2. At the same time
desorption of hydrogen predominates at higher tempera
and dependence on the hydrogen pressure is less prono
(Table 4).

Reflection absorption IR spectroscopy (RAIRS) a
spectroscopic studies of high-resolution electron ene
loss [65,66] revealed that cyclohexane is adsorbed
the plane parallel to the surface and very likely in a ch
conformation, with three axial hydrogen atoms direc
toward the surface, forming hydrogen bonds. Cycloh
ene is believed to adsorb on the Pt(111) surface asσ
bonded [67,68], whereas cyclohexadiene induces a su
bond of the quadra-σ type (with sp3 hybridization of the
involved carbons) [68,69]. From the above-mentioned
sorption data, the isomerization of 1,2-DMCH can be
scribed as a dissociative mechanism (SN2) (Scheme 1b)
According to this mechanism,cis-1,2-DMCH adsorbs par
allel to the surface with hydrogen atoms forming H bo
ings. As was also confirmed by the experimental data,
presence of surface hydrogen is essential in this case
coordination of the adsorbed hydrogen to the ring and
further exchange to the ring results in the formation oftrans-
1,2-DMCH (Scheme 1b). Isomerization ofcis-to-trans by
means of the SN2 mechanism is represented in Scheme 2
derivate the kinetic equation of isomerization, it is assum
that hydrogen does not compete with organic molecules
surface sites since the reaction probably takes place o
alumina–platinum interfaces. The rate ofcis-1,2-DMCH iso-
merization, at low conversion levels, is expressed as

(3)r = k7k8KCPH2PC

(k−7 + k8)(1+ KCPC + k7KCPH2PC)
.

At low temperatures, the reaction order with respect to2
for the consumption ofcis-1,2 DMCH andtrans-1,2-DMCH
formation is close to unity and decreases with increa
temperature. As the temperature increases, the impa
k7KCPH2PC in the denominator becomes stronger, resul
in a lower reaction order with respect to hydrogen.

4.3.2. Effect of chlorine on dehydrogenation and
configurational isomerization

As in the case ofo-xylene hydrogenation, the ex-platin
acid and ex-nitrate catalysts behaved differently. The
chloroplatinic acid catalyst exhibited higher activity in t
-

s
d

e

e

e

f

isomerization, while both catalysts exhibited similar ac
ity in 1,2-DMCH aromatization. The 1 wt% Pt/Al2O3–N
catalyst underwent strong deactivation incis-to-trans-1,2-
DMCH isomerization, even though it remained active d
ing dehydrogenation (Table 5). Over Pt/Al2O3, two sites
are occupied for these reactions. The metallic compo
is responsible for the hydrogenation–dehydrogenation
tivity, whereas the platinum–alumina interfaces are ac
in the isomerization reaction, which is stronger with
creasing acidity of the support (or local site). The prese
of surface chlorine was reported to enhance the dehy
genation of cyclohexane over Pt and Pt–Re catalysts
The authors reported that 3% chlorine is optimum for
creasing the activity of dehydrogenation. This was attribu
to increased hydrogen spillover. In the present study,
activity of the Cl-containing and the Cl-free catalysts
1,2-DMCH dehydrogenation was the same. Here, no a
tional chlorine was added to the catalyst; and, thus, the
face chlorine originated solely from the chlorine anions
hexachloroplatinic acid. Although our H2 TPD data did no
reveal greater spillover of hydrogen in the presence of
face Cl species, the acidity of the neighboring OH− groups
certainly increased. This may result in a greater local
drogen spillover. The alumina-supported platinum cata
prepared from chloroplatinic acid, is more active than
corresponding catalyst prepared from the platinum ace
acetonate precursor [70].

1,2-DMCH isomerization was accompanied by dea
vation, which was greater in the case of the chlorine-
catalyst. Deactivation due to coke formation is a comp
process and is associated with the majority of catalyzed
ganic reactions. In their study of coke deposition on a
functional Pt/Al2O3–Cl catalyst, Barbier et al. [71] demo
strated that the carbon coverage of the metal increases d
the first few minutes of the reaction and remains cons
while further coke accumulation proceeds by deposition
the support. The presence of chlorine on the surface o
1 wt% Pt/Al2O3–Cl catalyst can increase the acidity
the catalyst and induce greater spillover of local hydrog
thus leading to the removal of the coke precursors from
alumina–Pt interface. In contrast, the coke buildup on the
terface of metal–support of the ex-nitrate catalyst blocks
sites forcis-to-transisomerization.

5. Conclusion

The gas-phase hydrogenation ofo-xylene was studied
from 430 to 520 K. Theo-xylene hydrogenation pass
through a reversible maximum at 460 K. Thecis-1,2-DMCH
is the kinetically favored product, whereas selectivity to
formation of the thermodynamically favoredtrans product
increases with increasing operation temperature. The s
oselectivity depends on the conversion levels, the rea
concentration, and the nature of the catalyst precursor. C
rine remains on the catalyst surface even after reductio
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673 K and inhibits hydrogenation. Simultaneous aromat
tion and epimerization of the products take place, and
presence of hydrogen is essential for these reactions.
residual chlorine did not affect the aromatization react
to a great extent. However, chlorine promotes thecis-to-
trans configurational isomerization reaction. Theo-xylene
hydrogenation reaction probably occurs by the seque
addition of hydrogen in that most if not all of thetrans-1,2-
dimethylcycloalkane arises via the isomerization of the 1
to the 2,3-dimethylcycloalkene followed by the rollover
the latter or desorption and re-adsorption on the other
of the ring. Although the stereoselectively is affected mo
by the ratio of the rates of hydrogenation and 1,2-DMC
isomerization, some of thecis-1,2-dimethylcycloalkane is
probably converted directly to thetrans saturated produc
via configurational isomerization (Scheme 1).
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