Available online at www.sciencedirect.com

SCIENCE@DIRECT@ JOURNAIJ OF
CATALYSIS

ACADEMIC
PRESS Journal of Catalysis 218 (2003) 267-279

www.elsevier.com/locate/jcat

Gas-phase hydrogenation®@iylene over Ptalumina catalyst, activity,
and stereoselectivity

Ahmad Kalantar NeyestanakPRaivi Maki-Arvela? Henrik Backmarf,Hannu Karht#”
Tapio Salm# Juhani Vayrynefi,and Dmitry Yu. Murziré*

2| aboratory of Industrial Chemistry, Process Chemistry Group, Abo Akademi University, Biskopsgatan 8, FIN-20500 Abo/Turku, Finland
b Department of Applied Physics, University of Turku, Vesilinnantie 5, FIN-20014 Abo/Turku, Finland

Received 19 September 2002; revised 6 January 2003; accepted 30 January 2003

Abstract

The kinetics of the gas-phase hydrogenation-gflene over Ptalumina catalysts was studied at 430-520 K, a hydrogen partial pressure of
0.19-0.36, and am+xylene partial pressure of 0.04-0.10. The catalysts were characterizeg) byiflene TPD, H chemisorption, energy-
dispersive X-ray analysis, and XPS. The stereoisoneesandtrans-1,2-dimethylcyclohexane, were the only reaction products. A reversible
maximum in theo-xylene hydrogenation activity vs temperature was observed; it was explained by a decrease in the surface concentration
of o-xylene at higher temperatures. The hydrogenation rate was independenvofifleme concentration, whereas the reaction orders with
respect to hydrogen varied from 0.9 to 3 in the temperature range investigated. The stereoselectivity of the products was found to depend or
temperature, reactant concentrations, and platinum precursor. The catalyst prepared from a chlorine-containing precursor exhibited a lowel
hydrogenation activity and selectivity toward the trans isomer. Chlorine remained on the catalyst surface, even after reduction at 673 K.
Dehydrogenation and configurational isomerizatiowisf to trans-1,2-dimethylcyclohexane took place at the same time as hydrogenation.
Dehydrogenation and configurational isomerization reactions are enhanced by the presence of residual chlorine on the catalyst surface. Th
reaction pathway is proposed.

0 2003 Elsevier Inc. All rights reserved.

Keywords:o-Xylene; Hydrogenation; Gas phase; Stereoselectivity; Dehydrogenation; Epimerization; Catalyst; Platinum; Alumina

1. Introduction nificant effect on the reaction rate, the para position being
the most reactive and the ortho position the least reactive
Hydrogenation of aromatic compounds over group VIl (p-xylene> m-xylene> o-xylene).
metals has attracted considerable attention from the stand- The rate of the hydrogenation of aromatics is slightly in-
point of theory and application; new environmental legisla- fluenced by their concentration, whereas reaction orders of
tion strictly limits the aromatic contents of fuels, oils, and up to 3 have been reported with respect to hydrogen. Lin
solvents. The rate of aromatic hydrogenation is strongly af- and Vannice [7—9] studied the performance of platinum on
fected by steric factors induced by the substitution of alkyl various supports in benzene and toluene hydrogenation. The
groups in the aromatic ring. The hydrogenation rate de- reaction orders with respect to hydrogen in benzene and
creases with increasing length of the substituent (benzene toluene hydrogenation were reported to vary from 0.6 to
toluene> ethylbenzene- cumene) and as the number of ynity at 317-373 K [7,8]. A higher specific activity was
substituents increases (benzepetoluene~ Xxylenes > observed on acidic supports [7,8]. Similar to benzene and
mesitylene) [1-25]. The kinetics of the gas-phase catalytic toluene hydrogenation [7-9], a reversible maximum of xy-
hydrogenation of xylenes has been investigated over sup-jene hydrogenation activity vs temperature was observed [3,
ported Pd [3,10-12], Ni [13-20], Ru [11,21], and Pt [22-25] 10,13-21,24]. Such behavior can not be attributed to equi-
catalysts. The relative position of the substituents has a sig-|iprium [28,29]. The reaction orders with respectdig m-,
and p-xylene are about the same, varying frevf.3 to 0.4
~* Corresponding author. between 393 and 523 K [13-20]. The reaction order with
E-mail addressdmurzin@abo.fi (D.Y. Murzin). respect to hydrogen increases with temperature from 0.7 to
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2.6 [13—-20] within the same temperature range, suggesting a2. Experimental

complex multistep reaction mechanism. The reaction orders

with respect too-xylene over Ptalumina catalysts are re- 2.1. Catalyst preparation

ported to vary from 0 to 0.28 at 308-363 K, while the order

with respect to hydrogen increases from 1.22 at 308-363 K Pt/alumina catalysts were prepared by impregnating a

to 2.5 at 413 K [23-25]. y-alumina support (LaRoche, Versal GL25, BET surface
Few studies have addressed the kinetics of the gas-phas@rea of 219 rf/g) with solutions of hexachloroplatinic acid

hydrogenation of xylenes and the distribution of the ste- (Pt/Al203-Cl) and platinum nitrate (PAl203-N). The cat-

reoisomers among the products over supported Pd [10-12].alysts were washed with de-ionized water, dried, and stored

Ni [13-20], and Pt [22—25] catalysts. Independent of the forthe activity testing. The Pt content was determined by the

catalyst used, theis-1,2-dimethylcyclohexane (1,2-DMCH)  direct current plasma technique (Spectraspan llIA, Spectro-

was the dominant reaction product at lower temperature, Metrics).

whereas the formation of the thermodynamically favored

trans-1,2-DMCH increased by increasing operation temper- 2-2. Catalyst characterization

ature [10,13-21,23,24]. The selectivity toward the trans iso- ] ) . )

mer formation over the supported palladium catalysts was The dispersion and mean particle diameters of the metal

reported to increase with temperature, metal dispersion, andVere determined by hydrogen adsorption at 298 K, using a
support acidity and in the presence of electron donor mole- Sorptomatic 1900 (Carlo Erba Instruments). The dissocia-

cules such as pyridine [L0—12]. A decreased rateist, 2- tive adsorption of hydrogen was employed. The procedures

DMCH formation and consequently a higher ratetrains for determining the dispersion and mean metallic particle

1,2-DMCH formation at higher temperature (300-340 K), SIZES are given elsewhere [26]. _ "
as well as an increased selectivity of the thermodynamically _|eMPerature-programmed desorption (TPD) of hydrogen

favoredtrans-1,2-DMCH with smaller Pt particles, was re- and o-xyleng was czf\r.ried out with an AutoChem 291.0 in-.
ported over Ptalumina [24]. On the other hand, in their strument (Micromeritics). The desorbed gases were identi-
study ofo-, m-, andp-xylene hydrogenation overs’upported fied and analyzed by a TC detector and a quadropole mass

platinum catalysts, Aramendia et al. [22] did not find that Sp?rﬁgogﬁftgéé%n;g':Lﬂ;gggéggg;trzgﬁgf)df the catalvsts
product stereoselectivity was affected by the metal disper- P y

sion. The formation afrans-1,2-DMCH is usually explained Yg:sc;géebsr?ga(taedStZ{e?)sSc(;ngg](% Zlel::itrogdmvlvci:trr??:gié:_e-_
by the rollover mechanism, first introduced by Inuone et g¢, quipp i

. ) -~ dispersive X-ray analyzer (EDXA) and X-ray photoelectron
o =i 91241 specoscopy (Perkin-Eimer 5400 A detaled escrpion
o ’ ' of the XP lysi th I iat ith th
which is further hydrogenated teans-1,2-DMCH. of the XPS analysis and the problems associated wi ©

Nobl | | ive in dehvd . overlapping of the Pt # and Al 2p XP lines are discussed
_No 3(; mgtas :;:redaso ac.tlve 'P ehyhrogenatlon re(?f'elsewhere [27]. To obtain information on particle sizes of
tions [31-39]. Dehydrogenation of naphthenes can rea Y the platinum prior to catalyst reduction, particle size calcu-

take place on platinum surfaces [31-33,35-39]. Dehydro- |44ions based on the Al XPS intensity ratio were carried

genation of cyclohexane and cyclohexadiene takes placeOut as described by Davis [40]. Assuming a cubic geome-

rapidly at low temperature and low hydrogen partial pres-  on 5 diamond-shaped support and taking the respective
sures because the reaction rate is reported to increase Wlﬂbartide size determined by the-rdsorption technique as a

an increase in the hydrogen-to-hydrocarbon ratio [32] and reference, the particle size of the freshly dried samples was
metal dispersion [34]. However, numerous authors refer to getermined with good accuracy.

the reaction as being structure-insensitive [35,36]. The de-

hydrogenation of stereoisomeric dimethylcyclohexane and 2 3. catalytic activity measurements
diethylcyclohexane was studied over Pt, Pd, and Ni [37-39];

the rates of aromatization ofs- andtrans-1,2-DMCH were 2.3.1. o-Xylene hydrogenation

reported to be the same on platinum, while tiEsisomer The kinetics ofo-xylene hydrogenation was studied in
converted slower than thes isomer on Pd and Ni. a continuous-flow differential tube reactor at a WHSV of
There are few studies on xylene hydrogenation over sup-116 h! and at temperatures of 430-520 K at 10 K inter-
ported platinum catalysts which address kinetics and stere-vals at atmospheric pressure. The partial pressuresyof H
oselectivity [22,24,25]. However, the role of the catalyst (AGA, 99.9999 vol%) and-xylene (Fluka,> 99.5 vol%)
precursor and the impact of dehydrogenation and epimer-were varied from 0.19 to 0.36 bar and from 0.04 to 0.10 barr,
ization reactions on the overall rate are not well understood. respectively, using argon (AGA, 99.9999 vol%) as the make-
The present work is focused on the kinetics and the productup gas and maintaining a constant GHSV. The flows were
stereoselectivity of the gas-phase hydrogenatianoflene controlled by means of mass-flow controllers (Brooks). The
over platinum catalysts. Theis-to-trans epimerization and  temperature of the catalyst bed was measured by means of a
the dehydrogenation of the products were also investigated. thermocoupley-xylene was pumped by a high-performance
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liquid chromatography pump (2150 HPLC pump, LKB (1,2-DMCH) were the only hydrogenation products; tie
Bromma) to an evaporator (Bronkhorst) kept at 443 K and to-transratio did not change significantly during the initial
was further driven by argon. All the lines from the evapora- deactivation of the catalyst. The reference catalyst prepared
tor and the reactor were heated. The products were analyzedrom the nitrate salt (1 wt% PAI>O3-N) exhibited a much

by a Varian GC equipped with a 60-m HP-1 column (cross- higher activity during xylene hydrogenation (Table 1). Ta-
linked methyl siloxane) and FI detector and were further ble 2 lists the energy-dispersive X-ray analysis (EDXA)
analyzed and confirmed by GC-MS (HP 6890-5973 Instru- and XPS data of the catalysts. Although the two techniques
ment). Prior to the experiments, the dried catalysts (125- to clearly revealed the presence of surface chlorine species
150-um particles, ca. 60 mg) were reduced in situ in a flow on the P{Al,03-Cl catalysts after hydrogen pre-treatment,
of Hy at 673 K (unless otherwise stated) for 2 h followed by there were still differences in the Cl:Pt and Pt:Al ratios ob-
cooling to the reaction temperature, at which point the reac- tained by both techniques, which will be dealt with in the
tants were introduced to the catalyst. Standard experimentsDiscussion section. The chlorine left on the catalyst surface
were carried out to ensure that the kinetics was recorded ininhibits o-xylene hydrogenation (Table 1). A hydrogenation
the absence of internal and external mass-transfer limitationsreaction did not take place over the alumina support. Fig. 1
by testing three different catalyst particle sizes (90-100, presents a typical kinetic experiment. Catalyst deactivation
125-150, and 180-250 um), and four catalyst mitss took place for the first 20 min, after which steady state

ratios. Conversions were kept below 10%. was reached. The observed time-on-stream deactivation is

in good agreement with data reported previously [7,8,13—
2.3.2. 1,2-Dimethylcyclohexane (1,2-DMCH) 15,23,24]. The deactivation is reversible, as shown by the
isomerizatioridehydrogenation fact that hydrogen treatment of the used catalyst at 673 K

The isomerization and dehydrogenation of 1,2-DMCH completely restored the initial activity of the catalyst. The
(as a feedstock) was studied in the same experimental setugleactivation is due to carbon deposition [41,42]. The repro-
as described for the-xylene hydrogenation between 430 ducibility of the results wast2%; no volatile compounds
and 520 K and at partial pressureséig-1,2-DMCH, trans were detected, withis- andtrans-1,2-DMCH being the only
1,2-DMCH, and hydrogen of.@7 x 1073, 0.14x 103, and products formed. The hydrogenation rate passed through a
0.19-0.36 bar, respectively. The mass and particle size ofmaximum with increasing operation temperature (Fig. 2).
the catalyst and the reduction temperature were the same as The reaction orders with respect to the hydrogen and
those in thev-xylene hydrogenation experimentsHeptane o-xylene partial pressures were determined between 430 and

was used for dilution of the feed of 1,2-DMCH. Tluis 520 K. The reaction order with respectteylene was close
and trans isomer content of the 1,2-DMCH feed (Fluka to zero at all temperatures investigated. The reaction order
> 99.5 vol%) was 84 and 15.3 wt%, respectively. with respect to hydrogen increased from 1.5 at 430 K to 3

at 520 K (Table 3), showing a similar dependence on hy-
drogen concentration over a supportedAipOs catalyst as

3. Results reported elsewhere [13,15]. The dependence on the hydro-
gen concentration of the products formed, was, as expected,
3.1. o-Xylene hydrogenation close to the dependency on the hydrogen concentration in

theo-xylene hydrogenation (Table 3). The activation energy

The hydrogenation experiments were carried out with a in the o-xylene hydrogenation, calculated from Arrhenius
catalyst pre-reduced at 573, 623, and 673 K. The highestplots, was 93 and-24 kJ'mol in the temperature ranges of
steady-state hydrogenation rate was obtained with the cata-430-460 and 460-520 K, respectively.
lyst reduced at 673 K. Thus, this temperature was selected The results confirmed an increase in theto-trans1,2-
for further kinetics experiments. The rates were correlated DMCH ratio with increasing hydrogen amexylene concen-
to the amount of hydrogen desorbed from the HPD ex- trations (Figs. 3a and 3b). On the other hand, disdrans
periments (Table 1kis- andtrans-1,2-dimethylcyclohexane  ratio decreased at a higher operation temperature (Fig. 4).

Table 1

Comparison of catalysts activity at 460 K (conditiopsj,, = 0.36 bar,p,-xy| = 0.06 bar, WHSV= 116 o)

Catalyst Dispersion Particle diameter  Teqg. Rate TON cis/trans np,? Hy desorbel
(%) (nm) (K) (mmo/(gpts)) x103 (mmol/gpy)

1 wt% PyAl,O3—Cl 95.3 1.06 673 0.409 aa 1.44 2.3 47.2

1 wt% PyAl,O3—Cl 95.5 1.06 623 0.204 42 1.28 2.3 41.0

1 wt% PyAl,O3—Cl 96.4 1.06 573 0.118 ) 1.23 1.8 36.1

1 wt% PyAl,O3—N 87.9 1.16 673 0.819 18 1.08 2.6 43.0

2.7 wt% PyAl,03—Cl 75.8 1.34 673 0.236 1.28 2.3 27.6

4.2 wt% PyAl,O3—Cl 62.2 1.64 673 0.216 pak 1.15 2.3 22.2

@ Reaction order with respect to hydrogen.
b First H, desorption peak corresponding to the diesorbed from platinum [43] per gram exposed of surface platinum determined fraherhisorption.
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Table 2
XPS and EDX analysis of the catalysts
Catalyst Precursor  Teq. EDXA XPS
(K) Cl/Pt  CYAI®  Al2p  Ptdds, ClI/Pt  CYAI®  Cl2pz,  PyAI®  Ptsize (nm)

Al,03 - - - 04 73.9 - - l0c] 197.8 - -
Al,03 HCI2 d - 30 74.0 - - 18 198.3 -
Al,03 HCl2 673 73.9 - - g 198.6 -
Pt wire - - - 314.3 - - - -
1 wt% PyAl,03 HoPtCl d 348 162 73.9 315.2 5.3 5 198.3 029 0.73
1 wt% PYAl,03 HoPtCk d, s - - 74.0 b 8.3 5 198.5 019 -
1 wt% PYAl,03 HoPtCl 573 343 144 74.1 314.5 b B 198.4 - -
1 wt% PYAl,03 HoPtCk 623 365 142 - - - - - - -
1 wt% PyAl,03 HoPtCl 673 327 167 73.9 314.6 9.0 B 198.3 020 1.06
4.2 wt% PYAl,03 HoPtCl d 333 578 74.0 315.3 31 8 198.2 15 0.81
4.2 W% PyAl,03  HoPtCl 573 - - 73.9 314.7 5.3 8 198.3 085 1.36
4.2 Wit% PfAlo03  HoPtCl 673 25 357 73.9 314.5 4.4 3 198.4 070 1.64

Al2p  Ptdds,  NJPt N/Al N 1s PY/Al
1 wt% PYAl,03 Pt(NO3)2 d - - 74.3 314.9 1.7 65 398.9 o3
1 wt% PyAl,03 Pt(NO3)2 673 - - 74.1 314.2 3.8) (10 (399.7) 036

Values in parentheses were affected by the protectivatihhosphere during the transfer of the sample to UHV.
a Treated in 1 M solution of HCI; d, dried in air at 353 K.
b Multiplied by 100; s, sputtered in UHV; b, below detection limit.

The dependency of stereoselectivity on the operation tem-The hydrogenation activity pattern is very similar to that of

perature and reactant concentrations is in good agreementhe TPD spectra af-xylene (Figs. 2 and 6).

with previous work on supported nickel catalysts [13,15,16].

Above 480 K, the rate of formation of thas isomer de- 3.2. 1,2-DMCH configurational isomerization and

creased (Fig. 5). Such a decrease in the amount ofithe dehydrogenation

isomer was reported for the reduction of di-substituted cy-

clopentenes and cyclohexenes at higher temperatures [44].  Figs. 7a and 7b show the results@$—transisomeriza-
Temperature-programmed desorption @kylene was tion and dehydrogenation of 1,2-DMCH (with 1,2-DMCH as

carried out on pre-reduced (673 K) 1 wt%/RtoO3—Cl a feedstock) t@-xylene. Dehydrogenation of 1,2-DMCH to

(Fig. 6). A single desorption pattern ofxylene was ob-  o-xylene took place without intermediate dehydrogenation

served between 340 and 520 K, with a maximum at around products being detected. Isomerization and dehydrogenation

443 K. The hydrogenolysis products, toluene and benzene,did not take place in the absence of hydrogen. €isdo-

were observed in the same temperature range, followingtrans isomerization of 1,2-DMCH followed the same pat-

exactly the same desorption pattern @sylene. Ethene  tern as thev-xylene hydrogenation rate, passing through a

(mass 28), which is formed from the re-combination of the maximum oftrans isomer formation at 460 K. The result

methyl groups, was detected, too. Above 573 K, increased

. . 5.1E-04
cracking (ethene, methane, and hydrogen evolution) took
place. The MS was calibrated for the de-fragmented species.
4.1E-04
12 "
T 3.1E-04
10 R
°
£
. 8 g 2.1E-04 A
) g
5
g 6
i 1.1E-04 |
g 4 o .—’/\‘\H‘\H_,
—-—e 5 o
° 1.0E-05 : : . : -
2 420 440 460 480 500 520
0 Temperature, K
0 20 40 60 80 100
Time-on-stream, min Fig. 2. Temperature dependence of the rateo-ofylene hydrogenation
over 1 wt% PtAI,O3—Cl catalyst at different hydrogen concentrations.
Fig. 1. Time-on-stream hydrogenation activity over 1 wt%AtpO3—Cl Conditions: p,.xy| = 0.06 bar;, @) pH, = 0.36; @) pH, = 0.30; (A)

catalyst. Conditionspp, = 0.36 bar,p,.xy| = 0.06 bar,T =470 K. PH, = 0.24 bar; @) py, =0.19 bar.
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Table 3 2
Reaction orders with respect to hydrogen in the hydrogenationxgfene * 430K
and formation of 1,2-DMCHs over 1 wt% Fil,0O3—Cl catalyst (condi- =440 K
tions: py, = 0.19-0.36,p,xy| = 0.06 bar) 2 ® 460K
- - 5 A490K
T (K) Order with respect to blin % 161 %460, exnitrate n
o-Xylene cis-1,2-DMCH? trans-1,2-DMCH? g
430 1.6 1.7 13 g .
440 1.8 1.8 15 fi
450 21 2.2 2.0 - ®
460 2.3 23 25 g 124
470 27 27 26 S
480 2.4 2.6 2.3 N
490 24 25 2.3
500 2.7 2.7 2.7
510 2.8 2.7 2.9 08 ‘ '
520 30 29 29 0.1 0.2 0.3 0.4
a Formation. e, bar

@
is an indication of the dehydrogenation @&-1,2-DMCH
to o-xylene, the formation rate of which increased rapidly 2

above 673 K (Fig. 7). Table 4 presents the reaction or- 440K
ders with respect to hydrogen in the formationoetylene ::zgi

and trans-1,2-DMCH as well as the consumption ofs-

. X X X 460 K, ¢x nitratc /_._/!—/'
1,2-DMCH. The rate otrans isomer formation increased
with increasing hydrogen partial pressure, whereas a com-=

plex relationship between the hydrogen partial pressure andé /'//'//.

cis isomer consumption was found. At lower temperatures,
the rate otisisomer consumption exhibits a positive depen-
dency on the hydrogen partial pressure but is not affected
or slightly inhibited by hydrogen above 480 K (Fig. 7a, Ta-
ble 4). The rate ob-xylene formation, on the other hand,
is suppressed by hydrogen (Table 4, Fig. 7b). The inhibitory 08 ‘ ‘ - ‘
effect of hydrogen on the formation ofxylene decreases 0.01 0.03 0.05 ) 0.07 0.09 0.11
with increasing temperature (Fig. 7b, Table 4). This is prob- pg"" “

ably due to the faster desorption @fxylene at higher tem- ()

peratyres, _WhICh Was Conﬂrmed.by_tbe(ylene, TPD, as Fig. 3. Dependence of thes-to-trans 1,2-DMCH ratio on the concentration
mentioned in Section 3.1. The activation energies focthe of the reactants at different temperatures over 1 wt§ARIOs—Cl catalyst:
to-transisomerization an@-xylene formation between 430  (a) hydrogen f,.xyi = 0.06 bar); (b)o-xylene (o, = 0.36 bar).

and 520 K were 19.7 and 171.2 /A&dol, respectively. The

molar ratio

124

/trans

CILS,
\)‘
i

Temperature, K

430 440 450 460 470 480 490 500 510 520
4 t t t t t t t t 2.0

rate, 10°* mol/g(Pt)s
cis/trans 1,2-DMCH

0 t t 0.0

P » bar

Fig. 4. Dependency of the reaction ratedsxylene hydrogenation and product stereoselectivity on hydrogen concentration and temperature over 1 wt%
Pt/Al,03—Cl catalyst: &) cis-to-transratio (pH, = 0.36, p,-xyl = 0.06 bar) and @) o-xylene hydrogenation rate.xy| = 0.06 bar,T = 470 K).
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rate, 10 mol/g(Pt)s
5 e b e o

L

o
n

0

420 430 440 450 460 470 480 490 500 510 520 530

Temperature, K

Fig. 5. The rate ofo-xylene hydrogenation and formation of products
at different temperatures over 1 wt%/Rt,O3—Cl catalyst. Conditions:
PH, = 0.36 andp,.xy| = 0.06 bar. @) rcis; (M) rirans (A) riotal.

o-Xylene

mass 16, CHy

mass 28, C,H,

MS signal, a.u.

325 625 725 825

Temperature, K

Fig. 6. The TPD pattern ob-xylene over 1 wi% PtAl,O3—Cl catalyst.
Carrier gas: Ar.

relatively high apparent activation energy for the dehydro-
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0.9
0.8
0.7 |
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0.4
0.3
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0 T T T T T
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rate, 10 mol/g(Pt)s

Temperature, K

@

0.8
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0.7 4

0.6

0.4

4
rate, 10 mol/g(Pt)s

0.3

0.2 4

0.1 1 *

420 440 460 480 500 520 540

Temperature, K

(b)

Fig. 7. Thecis—trans1,2-DMCH isomerization (a) and 1,2-DMCH de-
hydrogenation (b) over 1 wt% Pal,O3—Cl catalyst. Broken line,
cis-1,2-DMCH consumption; solid linetrans1,2-DMCH formation.
Conditions: pcis-1,2-pMmcH = 0.77 x 10~3 bar and Ptrans-1,2-DMCH
=0.14 x 1073 bar. @) pH, = 0.36; @) py, = 0.30; (A) pn, =0.24
bar; @) py, = 0.19 bar.

Table 4
Reaction orders with respect to hydrogen in isomerizgtiehydrogenation

genation reaction is in accordance with values reported in thereactions over the 1 wt% PAl,03—Cl catalyst (conditionspp, = 0.19—

literature; one study reported energies of 86—156rial for

0.36 bar,pcis-1,2-pMmcH = 0.77 x 1073 bar andptrans1,2-bMcH = 0.14 x

cyclohexane dehydrogenation for alumina-supported Pt, Rh, 1073 bar)

and Ir catalysts [45]. The activation energies for trens
isomer formation was 35.8 and24.8 kJ/mol at 430-460
and 460-520 K, respectively.

To investigate the effect of the catalyst precursor on
the configurational isomerizatigdehydrogenation of 1,2-
DMCH, the performance of the 1 wt% /t1,03—N catalyst
was studied at 460 K. A similar initial rate afs-to-trans
isomerization was obtained as for the 1 wt%Ap03—Cl

catalyst. However, the catalyst prepared from the nitrate salt

underwent strong deactivation in this-to-transisomeriza-
tion (Table 5). On the other hand, minor activation with

time on stream was observed during dehydrogenation. While

chlorine is an inhibitor ofo-xylene hydrogenation, it acts

as a promoter for the configurational isomerization reaction.

The dehydrogenation of the 1,2-DMCH texylene is not
affected by the presence of surface chlorine (Table 5).

T (K) Orders in B for formatioryconsumption
cis-1,2-DMCH trans-1,2-DMCH o-xylene
430 a a a
440 Q7 0.9 a
460 Q3 0.8 -18
480 Q1 0.6 —0.6
500 Q04 0.4 -0.2
520 -0.2 a -0.2

@ Low or no conversion for accurate determination.
4, Discussion
4.1. Surface composition

The N, physisorption of the freshly prepared catalysts
indicated that the incorporation of the platinum into the alu-
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Table 5
Behavior of the Pt catalysts in dehydrogenation and isomerization of 1,2-
DMCH (conditions:T = 460 K, py, = 0.36 bar, pcis-1,2-pmcH = 0.77 x

103 bar andpyans 1,2-pDMcH = 0.14 x 10-3 bar)

Catalyst Initial rate Rate after 100 min
(10~* mol/(gpts)) (10~ mol/(gpts))
Icis  T'trans To-xyl I'cis I'trans  To-xyl
1wt% PyAl,O3—Cl  0.441 0.439 0.013 .25 024 0.019

1wt% PyAl,O3-N 0.354 0.353 0.012 .05 0.046* 0.020

@ Steady state was not reached.
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ble 2). However, this was not the case with the 4.2 wt%
Pt/Al,03—Cl catalyst, for which both the EDXA and XPS
data indicated a decrease in the/All ratio at increased
reduction temperature. The presence of chlorine in the
subsurface layers was confirmed, as the sputtered 1 wt%
Pt/Al,03—Cl sample still exhibited the same order of magni-
tude of surface chlorine concentration. The small differences
in the Cl/Al ratio obtained by means of the two techniques
are probably due to a difference in analyzing depth, XPS
being a “surface-sensitive” method and EDXA a technique
that has a significantly deeper penetration range (5—10 pm,

mina support did not affect the specific surface areas to adepending on the density and morphology of the material).
great extent, although a decrease in the specific pore volumeNevertheless, the EDXA indicates that the overalfAll
was observed. The BET surface area and specific pore vol-ratio does not change to a great extent after catalyst reduc-

ume of the support were 219%fg and 0.93 cr/g; those
of the 1 wt% PtAI>O3—Cl sample were 217.8 4yig and
0.43 cn?/g, and those of the 4.2 wt% &l ,0s—Cl samples
were 216.3 rA/g and 0.62 crfy/g. Since the presence of sur-

tion. Our observations are in good agreement with those
reported by Barbier et al. [46] who studied chlorine reten-
tion on alumina-supported platinum catalysts and reported
a greater chlorine retention with lower Pt loadings; their

face Cl species had a strong influence on the performance 0f0.6 wt% Pyalumina catalyst retained all the initial chlorine,
the catalyst, the compositions of the surface and subsurfacévhereas their 6 wt% Palumina catalyst lost a part of the

were carefully studied by EDXA and XPS (Table 2, Fig. 8).
In addition to the high (4.2 wt%) and low (1 wt%) Pt-loading

initial chlorine.
Table 2 lists the Ptdls,>» XPS binding energies (BE) and

catalysts, a platinum wire and a platinum single crystal (111) relates them to those of the platinum wire. The #44 BE

were studied as references. The challenges associated withalues of the fresh samples shifted to higher energy levels
the XPS determination of the states of platinum particles on (315.3 vs 314.3 eV). Hydrogen treatment of the samples
high surface area alumina surfaces caused by the overlapat 573 and 673 K restored the binding energies to values

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%/Rt,O3—Cl,
the CI/Al atomic ratio of the samples, which were freshly

“close” to those observed for the Pt(111) and clean platinum
wire (Fig. 8, Table 2).

The EDX analysis of the fresh Pt catalysts indicated
Cl/Pt ratios of about 3.5, which is another indication that

dried and reduced at different temperatures and determinedmost of the chlorine remains on the catalyst. Reduction of

by EDXA and XPS techniques, were fairly close and were
not significantly affected by the reduction temperature (Ta-

Arb. units

""""" | AAARALAES LLRAALEEA] LA ALL AL RALLALLES LA RLLL
325 330 335 340

Binding energy / eV

310 31p

Fig. 8. Pt4/ XPSlines. (a) Pt(111), (b) 4.2 wt% &l ,O3—Cl freshly dried,
and (c) 4.2 wt% PtAl,O3—Cl reduced at 673 K.

the 1 wt% P{Al,O3—Cl catalyst did not change the &t ra-

tio to a great extent, whereas the/Et ratio of the 4.2 wt%
Pt/Al,03—Cl catalyst decreased by about 25% after catalyst
reduction at 673 K. It is interesting that the XPS data in-
dicated an increase in the [t surface ratio as a result of
higher reduction temperatures (Table 2). This does not agree
with the CI/Al ratios discussed earlier. The characteristic
overlapping of the Pt # and Al 2p XP lines and the rel-
atively low signal intensity of the low platinum-containing
catalyst (1 wt% PtAI»,O3—ClI) can strongly affect the accu-
racy of the PtCl ratios. At the same time, the application of
the Shirley background [47] to the P{ ine could introduce
additional irregularities due to the shape of the®@d back-
ground. Hence, the data obtained for 4.2 wt%AP$O3s—Cl

is more accurate and will be discussed below.

Although the XPS data clearly indicate the existence of
surface Cl species, the shifts in the Pt BEs and the conflicting
Pt/Al and Py Cl ratios require more attention. The reasons
for the observed shiftin the Pt BEs and the unexpectgalPt
and P ClI ratios is probably due to the effect of the chlo-
rine coordination to the platinum as well as to the effect of
the particle size of the platinum on the accuracy of the XPS
analysis.

Table 2 lists the results of the particle size calculations
by XPS. They indicate that the particle size of the platinum
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of the freshly dried catalysts is in the range of 0.7-0.8 nm 4.1.1. Source of chlorine

in diameter. On the freshly dried catalyst, chlorine is asso-  The chlorine originates from the dissociation of hexachlo-
ciated with the platinum particles on the platinum—alumina roplatinic acid. The EDX data indicate /I ratios of about
interface and will modify the electrical properties of thisin- 3.5 in the freshly dried samples (Table 2). These values
terface. The acidic sites of the support will probably lead are close to those reported by Berdala et al. [50]; in their
to additional electron withdrawal. Joyner et al. [48] demon- Study, the EXAFS measurements demonstrated that the pre-
strated that the electronic perturbation at the Pd interface ofCursor interacts strongly with the support on the dried ex-
the support is in a range of no more than 0.5 nm into the H2PtCls/Al203 catalyst, leading to the formation of pre-
particle. Assuming that the same magnitude of interaction is dominantly PtCO; species.

also valid for platinum, the surface platinum particles (0.7—
0.8 nm) of the freshly dried catalyst with a high platinum
loading (4.2 wt% Pt) will be affected strongly by the en-
vironment, i.e., by the electronegative chlorine atoms. The
reduction of the catalyst at 673 K results in the formation
of relatively larger platinum particles (ca. 1.6 nm); hence,
a considerable portion of the platinum particle will not be

4.2. o-Xylene hydrogenation

The results at different temperatures indicate the presence
of a maximum in hydrogenation activity at all the, fb-
xylene ratios investigated (Fig. 2). A thermodynamic calcu-
lation of the gas composition at the operation temperatures
o . indicate that the experimental data are not close to equilib-
aﬁepted by Fhe acidity of t.he support or by chlorine. The rium; therefore, the decrease in the rate of hydrogenation
platinum lattice constani{ is about 0.39 nm [49]; assum- 4,4ve 460 K can be attributed solely to kinetic effects. The
ing cubic geometry, it is reas:onable'that for the h'|gh-loaded temperature dependence of TON was explained as a com-
Pt-AlOs catalyst, only the first platinum layer will expect  pineq effect of an increase in the hydrogenation rate on the
to be affected by the environment in terms of electron trans- catalyst surface and the accompanying decrease in the con-
fer. Such e transfer from the metal-support interface to the centration of reactive aromatic species on the surface (no
electron acceptor entities results in a net positive charge thatdata reported), which ultimately results in the formation of
is de-localized on the particle surface, while a zero charge is 71, [16,18]. Such a decrease in the surface coverage of
established inside the particle. Thus, for the Pt catalyst with xylene is in good agreement with ouifxylene TPD exper-
larger particles, a BE value closer to that observed for metal-iment (Fig. 6) in which the maximum peak in thexylene
lic platinum is expected. This explains the shifts in tlag,4 desorption was very close to the temperature of the maxi-
Pt BEs at different reduction temperatures because the plat-mum activity ino-xylene hydrogenation. The HTPD pat-
inum particles grow with increasing reduction temperature. terns indicated the presence of surface hydrogen from 298
Another manifestation of the chlorine effect on the R4 to 873 K. Therefore, the decreased hydrogenation activity
BE can be seen from the XPS analysis of the ex-nitrate cata-at higher temperatures (above 460 K) was not attributed
lyst (Table 2), where the freshly dried sample and the sampleto the decreased hydrogen coverage. The catalyst prepared
reduced at 673 K exhibited BE values similar to those of the from the platinum nitrate salt exhibited a higher hydrogena-
platinum wire (314.9 and 314.2 vs 314.3 eV). Furthermore, tion activity than the 1 wt% PAl,05-Cl catalyst. As men-
chlorine on the freshly dried sample is directly associated tioned in Section 4.1.1, the chlorine remains on the 'surface
with a highly dispersed adsorbed platinum—chlorine com- ©f the 1 wt% PtAI>Os-Cl catalyst, even after reduction at
plex (Pt diameter of ca. 0.7 nm). As well as inducing sinter- 673 K, and the lower hydrogenation aCt,'V'tY of the 1 wt%
ing, catalyst reduction can result in the migration of chlorine P1/Al205—Cl is probably due to the negative impact of chlo-

: : rine, which will be discussed latter.
from the platinum Cl complex to the support and platinum-— ' .
support interfaces. This in turn can lower the withdrawal of —xTTeen(;rorrl:lolt(;itl)éi 1?3 ' d‘:gteég?eedd freormSltJr;?acneumlbaetirngl;n
the electrons from the platinum particle; consequently, a less? XY ydrog P P

g o - atoms (determined from Hchemisorption measurements),
positively charged Pt species is detected by XPS (giving a. . ¢ liaht in TON to the | lat-
BE closer to that of metallic platinum). For the/Rt ,03—ClI indicated a slight decrease in TON due to the larger pla

) i ) e inum particles (i.e., compared to the catalysts prepared
systems with a relatively low platinum content, it is, unfor- with the same salt and with higher Pt loadings of 2.7 and
tunately, impossible to deconvolute the peaks related to the, 5 Wt%). However, the TON values are too close to enable

PtCl; species. The Pt#line from PICp is at about 317 eV 5 conclusion about the structure sensitivity of theylene

and is too wide for meaningful deconvolution to be applied. hydrogenation. The structure sensitivity of the xylene hy-

The XP signal also depends on the particle size and becomegjrogenation was reported for platinum and ruthenium sys-
weaker with increasing depth of penetration. This explains tems [21,24], whereas no effect of dispersity on the activity
the observed increase in (it and the decrease in the/Rt of palladium was observed [10]. The hydrogenation activity

ratio after reduction of the catalyst (Table 2). A weak sig- was found to be a function of the reduction temperature of
nal, induced by an increase in the particle size, results in anthe catalyst (Table 1). The higher activity as a result of the
erroneous quantitative measurement of the total content ofhigher reduction temperature of the catalyst is correlated al-
platinum (less Pt is detected). most linearly to the amount of hydrogen desorbed from the
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exposed surface of the platinum (Table 1). The increase insuggests that almost half of the tetra-hydrogenated mole-
the hydrogen desorption due to an increase in the reductioncules desorb and re-adsorb. Keane et al. [16,18] explained
temperature of the catalyst is believed to be due to the re-the phenomenon by considering the decrease in the surface
distribution of residual chlorine on the catalyst surface. The concentration of aromatics at higher temperatures and the re-
electronic effects, induced by the presence of surface chlo-lief of the geometrical constraints. The authors proposed that
rine and its location (coordination to platinum or on alumina weaker surface interactions and a decrease in surface occu-
in the vicinity of the Pt particles), determine the hydrogen pation by aromatic with increasing temperature enable a re-
adsorption but not the relatively small changes in the par- arrangementof the atoms not directly involved in the binding
ticle size. Such a dependence on the reduction temperatur@rocess and, consequently, an increase in the proportion of
was reported for hydrogenation of xylene and monoalkyl thetransproduct. The increase in the selectivity toward the
benzenes over platinum [22,51]. formation of thetransisomer as a result of higher temper-

Thecis stereoisomer is the kinetically favored product, at ature and an increase in metal dispersion has often been
the expense of the thermodynamically favotethsisomer explained by a rollover mechanism, proposed originally by
(Fig. 2). Theo-xylene adsorbs with the aromatic ring par- Inuone et al. [30]. The model provides a good description
allel to the surface [52,53]. To relieve the steric repulsion, of the exchange of hydrogen atoms on both sides of the cy-
the two methyl groups should be oriented away from the clopentane molecule (over Pd catalysts). The same model
surface. Under such conditions, a thermodynamically less has been applied to the stereoselectivity-ofylene hydro-
stablecisisomer forms, i.e., the kinetically favored product. genation [10-15,21-24] as the last double bond to be hy-
Our data indicate a decrease in ttis-to-trans ratio from drogenated isomerizes before the rollover step. The addition
1.7 (at 420 K) to 0.6 (at 520 K). The higher selectivity to the of more hydrogen results in the formation of ttians iso-
formation of thetrans isomer at higher temperatures have mer. Scheme 1a represents the rollover mechanism, accord-
been discussed by several scientists. Siegel et al. [54] in theing to which 1,2-dimethylcyclohexene (1,2-DMCHe) iso-
liquid-phase hydrogenation reactions suggested that the cy-merizes to 2,3-dimethylcyclohexene (2,3-DMCHe), and the
cloalkenes, formed as a result of ttis addition of four hy- latter rolls over and provides the condition for the formation
drogen atoms to the xylene molecules, are desorbed from theof the trans isomer by hydrogenation of the double bond.
surface and re-adsorbed; after that hydrogenation of the dou-According to this scheme, a desorption and re-adsorption of
ble bond to form théransisomer takes place. However, the the 2,3-DMCHe from the other side of the plane, in addition
cisto-transratio of unity and lower is often observed; this to rollover, are also possible.

a

e
isomerization roll-over
HsC
3 =
w2 H
"CHs
+H,

CHa

cis-trans isomerization

e

b

Scheme 1. The reaction paths fexylene hydrogenation and product stereoselectivity.
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As shown in Table 1 for the 1 wt% PAl,O3—Cl cata- been discussed in detail [14,55]. Ali$ the precursor of the
lyst, the higher the rate @Fxylene hydrogenation, the lower adsorbed intermediate O, which can undergo hydrogenation
the selectivity toward formation of thigansisomer, at the  to cis-1,2-DMCH (step 4). Step 5 in Scheme 2 is assigned
given temperature and concentration of reactants (the lowerto the isomerization of 1,2-DMCHe and the rollover of the
rate of isomerization of 1,2-DMCHe to 2,3-DMCHe and intermediate 1,3-DMCHe. The dependence on stereoselec-
its further rollover). The selectivity ttransisomer forma- tivity results from this mechanism, assuming that step 4 is
tion also decreases with increasing hydrogen concentrationirreversible,

(Fig. 3), which results in a higher reaction rate and, con- Feis k_s + ke Py,
sequently, a decrease in selectivity to trensisomer for- =ka , (1)
mation. The relative rates of hydrogenation and DMCHe 'trans kske

isomerizatiorirollover are among the more important fac- Wherek; is the rate constant of the given step. The decrease
tors in determining the stereoselectivity. The results of the in selectivity to thetransisomer with increasing hydrogen
experiments on varying thexylene concentration indicated ~ concentration clearly follows from Eqg. (1), as was shown
a slight decrease in thes-to-transratio (0.1-0.2) when the by the experimental data. However, Eq. (1) does not show
o-xylene partial pressure decreases (Fig. 3b). This may indi- the dependence of stereoselectivity on the partial pressure of
cate that the rate dfansisomer formation will increase at  o-xylene. On the other hand, the experimental data indicated
higher conversion levels (dependence of product selectivity that thecis:transratio depends to a small extent on the par-
on the conversion level). In their study ofxylene hydro- tial pressure ob-xylene. The derivation of Eq. (1) is based
genation over Ru catalysts, Viniegra et al. [21] observed a on a noncompetitive adsorption of reactants, which is prob-
lower selectivity to the formation of thieansisomer as are-  ably an oversimplification, assuming competitive adsorption
sult of lower conversion levels, induced by time-on-stream may help to describe the dependence of stereoselectivity on
catalyst deactivation. Similarly, different catalyst reduction theo-xylene concentration. Complete kinetic modeling will
temperatures strongly affect the selectivity by enhancing the be the subject of a separate study.

hydrogenation rate (Table 1).

In contrast to the 1 wt% PAI,O3—Cl catalyst, the 1 wt%  4.2.2. Effect of chlorine on-xylene hydrogenatioh
Pt/Al,03—N catalyst exhibits a higher hydrogenation activ- stereoselectivity
ity and simultaneously a higher selectivity to the formation ~ Aromatics are believed to adsorb flat on the surface of
of trans-1,2-DMCH (Table 1, Fig. 3). The effect of hydrogen group VIII metals viar bonding, which involves electron
partial pressure on thes-to-transratio was less pronounced transfer from the aromatic ring to the unoccupiganetal
for the ex-nitrate catalyst compared to the ex-chloroplatinic orbitals. A back-donation of the electron from the metal to
acid catalyst (Fig. 3a). These differences in the performancethe =* anti-bonding orbital of the aromatic molecule fol-
of these two catalysts with similar platinum particle sizes is lows. However, adsorption depends to a large extent on the
probably due to the influence of the chlorine anions on the local density of the metal atom. Both the ex-chloroplatinic

catalyst surface (see Section 4.2.2). acid and ex-nitrate catalysts have small metal particles in the
range of about 1 nm (Table 1). This results in a decrease in

4.2.1. Descriptive kinetics of stereoselectivity d-shell occupation and in the density of states at the Fermi
Scheme 2 represents the kineticsctg andtrans1,2- level [56]. This decrease in electron occupation in the va-
DMCH stereoselectivity, where C, T, and A represeist lence bond results in a higher binding energy of species

1,2-DMCH, trans1,2-DMCH, ando-xylene, respectively.  such aso-xylene, which behave like Lewis base species.
The sequential addition of hydrogen was considered. For As discussed in Section 4.1, additional electron withdrawal,
example, AR and AH; represent surface intermediate com- induced by the chlorine anions in the support—platinum in-
plexes, which retain their aromatic character. The nature of terface, results in a further decrease in the occupation of
these intermediates with respect to the thermodynamics haghe d-shell and, hence, increases the binding energy of the

A H, H, H, c H,
| | 1/
A ¢ AH ¢ AH, — O\4 &7
1 22 ! A
O&T/SCHZ
)
Ve
H, T

Scheme 2. Descriptive kinetics afxylene hydrogenation.
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adsorbed species. Our XPS data indicate the presence ofl.3. Dehydrogenation and configurational isomerization
positively charged Pt particles (Table 2, BEs). The NMR of
adsorbed?°Xe and XPS [57,58] has also proven the pres-  Theo-xylene hydrogenation experiments indicate an in-
ence of positively adsorbed Pt species{PtThus, adsorp-  crease in the reaction order with respect to hydrogen as the
tion of xylene, an electron donor, is expected to be strongertemperature of the operation increases. Such high reaction
on the electron-deficient platinum sites. On the other hand, orders (up to 3) may indicate the existence of hydrogen-
xylene adsorption takes place readily on the surfaces of no-deficient surface species. They may also indicate the com-
ble metals (in the temperature range studied), as proven bypetitive dehydrogenation of the products, leading to high
the xylene TPD experiments (Fig. 6). Hence, an increase orders with respect to hydrogen. In their study of the hy-
in the adsorption strength might have a negative impact ondrogenation of benzene and toluene, Vannice et al. [9,61]
the hydrogenation of the aromatic ring. Moreover, decreasedproposed a concurrent surface dehydrogenation reaction in-
electron transfer from Pt to ther* anti-bonding orbital of ~ volving the aromatic reactant and resulting in the formation
the aromatic ring of chemisorbed xylene diminishes the ac- of hydrogen-deficient surface species.
tivity of the aromatic ring and, consequently, decreases the The concurrent dehydrogenation aaid- to trans1,2-
hydrogenation rate. This negative effect of chlorine was also DMCH epimerization reactions were found to take place
reported in the hydrogenation of phenol and styrene: the hy-at high rates over alumina-supported Pt catalysts (Figs. 7a
drogenation rates were lower over the palladium catalystsand 7b). The presence of hydrogen was essential for the
prepared from chlorided salts [59,60]. dehydrogenation and isomerization reactions: when the hy-
The selectivity toward the formation otensisomer de- drogen flow was halted (balanced by argon), the reac-
creases with decreasing platinum particle size (Table 1), duetions deceased immediately. By re-introducing the hydro-
to the impact of the precursor on the properties of the fi- gen, about 75% of the activity at steady state was restored
nal catalyst. As discussed above, the electric properties of(over the 1 wt% PtAI,O3—CI catalyst). In their study of
small metal particles are strongly affected by the environ- configurational isomerization of dimethylcyclohexane over
ment (and, in our case, by the presence of electronegativean alumina-supported platinum catalyst, Bragin et al. [62]
chlorine). When the particles are larger, the portion of sur- found a similar restoration of the activity. The effect of hy-
face atoms with different coordination numbers varies. The drogen on the reaction rate indicates that hydrogen plays a
larger the particle, the less it is influenced by the envi- role not only in the removal of carbon deposition but also,
ronment and eventually exhibits bulk metallic behavior (or crucially, in the reaction mechanism.
less positively charged platinum particles, as shown by XPS  The cisto-trans configurational isomerization passes
analysis). Hence, the ex-chloroplatinic acid catalyst with through a maximum at 460 K. Above 460 K, aromatiza-
larger Pt particles exhibits stereoselectivity, more similar to tion is the dominant reaction, and tteés-1,2-DMCH is
that of the Cl-free catalyst (i.e., higher selectivity toward dehydrogenated to-xylene (Figs. 7a and 7b). This is in
transisomer formation (Table 1). For the platinum catalysts fairly good agreement witle-xylene TPD experiments, in
with larger particles, the increase in selectivity to the forma- whicho-xylene desorbed almost completely at temperatures
tion of atransisomer may be due not only to the dependence exceeding 440 K (Fig. 6). At lower temperatures (below
of selectivity on the conversion levels but also to the weaker 440 K), the produced xylene is apparently strongly adsorbed
effect of the residual chlorine. In their study @fylene hy- on the surface and inhibits the dehydrogenation of 1,2-
drogenation over a PAI>,O3 catalyst, Saymeh et al. [23] DMCH. There have been few studies on DMCH adsorption
concluded that the selectivity to thrnsisomer increases and dehydrogenation on platinum surfaces [37,38]. How-
with greater dispersion. They explained their observation in ever, the dehydrogenation of cyclohexane has been the sub-
terms of the rollover mechanism and argued that a largerject of many studies. Cyclohexane was reported to undergo
number of sites is required for the rollover mechanism to be dehydrogenation readily on Pt(111) [53]. At low tempera-
more effective. The surface available to the reactants is cer-tures only a small amount of the formed benzene is desorbed
tainly of crucial importance in catalytic reactions. However, to the gas phase; its desorption is intensified at temperatures
those authors studied catalysts with relatively low levels of exceeding 480 K [63]. The presence of aromatics has also
dispersion (13-50%), whereas our catalysts have rather highinhibited the cyclohexane dehydrogenation [29,45].
levels of dispersions and large metallic surfaces for the ad-
sorption of the reactant (Table 1). According to the rollover 4.3.1. Descriptive kinetics of isomerization and
mechanism (Scheme 1a), it might be assumed that a longedehydrogenation of 1,2-DMCH
residence time of the intermediates favors the formation of  The dehydrogenation of naphthenes probably follow
thetransisomer. An increase in the strength of adsorption, a sequential dehydrogenation path. Cyclohexene was de-
i.e., a longer time on the surface, does not necessarily meartected on the Pt(111) surface after cyclohexane dehydro-

greater likelihood of the formation of theansisomer; in- genation [64]. However, there is no proof that cycloalyl or
deed, as observed in the present study, the ex-nitrate catalystyclohexadiene are present on platinum surfaces. The de-
exhibits a higher selectivity toward the formation of thens hydrogenation otis-1,2-DMCH too-xylene is represented

isomer. qualitatively by the stepwise abstraction of the hydrogen
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molecules (Scheme 2), with the first step determining the
rate. Further, dehydrogenation of adsorbed 1,2-DMCHe
takes place rapidly. Moreover, it can further undergo iso-
merization and rollover. As mentioned in Section 4.2.1, the
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isomerization, while both catalysts exhibited similar activ-
ity in 1,2-DMCH aromatization. The 1 wt% PAI>O3-N
catalyst underwent strong deactivationdis-to-trans-1,2-
DMCH isomerization, even though it remained active dur-

adsorbed reactants compete with each other. Therefore, coming dehydrogenation (Table 5). Over/Rt,03, two sites

petitive adsorption is represented below,
k_4KcPc
r= > )
(1+ KcPc+ KaPa + Kn, PH,)
where K¢ and Ky denote the adsorption constant fos
1,2-DMCH and hydrogen adsorption coefficient, respec-
tively. At low temperatures, the value &y is high; there-

fore, the contribution oKy, Py, is significant, leading to a
reaction order for hydrogen of abou®. At the same time,

desorption of hydrogen predominates at higher temperatures

and dependence on the hydrogen pressure is less pronounc
(Table 4).
Reflection absorption IR spectroscopy (RAIRS) and

are occupied for these reactions. The metallic component
is responsible for the hydrogenation—dehydrogenation ac-
tivity, whereas the platinum—alumina interfaces are active
in the isomerization reaction, which is stronger with in-

creasing acidity of the support (or local site). The presence
of surface chlorine was reported to enhance the dehydro-
genation of cyclohexane over Pt and Pt—Re catalysts [45].
The authors reported that 3% chlorine is optimum for in-

creasing the activity of dehydrogenation. This was attributed
increased hydrogen spillover. In the present study, the
tivity of the Cl-containing and the Cl-free catalysts in

1,2-DMCH dehydrogenation was the same. Here, no addi-
tional chlorine was added to the catalyst; and, thus, the sur-

spectroscopic studies of high-resolution electron energy face chlorine originated solely from the chlorine anions of

loss [65,66] revealed that cyclohexane is adsorbed with
the plane parallel to the surface and very likely in a chair
conformation, with three axial hydrogen atoms directed
toward the surface, forming hydrogen bonds. Cyclohex-
ene is believed to adsorb on the Pt(111) surface as di-
bonded [67,68], whereas cyclohexadiene induces a surfac
bond of the quadra- type (with sp® hybridization of the
involved carbons) [68,69]. From the above-mentioned ad-
sorption data, the isomerization of 1,2-DMCH can be de-
scribed as a dissociative mechanismyZp (Scheme 1b).
According to this mechanisntijs-1,2-DMCH adsorbs par-
allel to the surface with hydrogen atoms forming H bond-

ings. As was also confirmed by the experimental data, the

presence of surface hydrogen is essential in this case. Th
coordination of the adsorbed hydrogen to the ring and its
further exchange to the ring results in the formatiotrahs
1,2-DMCH (Scheme 1b). Isomerization ofs-to-trans by
means of the 2 mechanism is represented in Scheme 2. To
derivate the kinetic equation of isomerization, it is assumed

that hydrogen does not compete with organic molecules for
€

surface sites since the reaction probably takes place on th

alumina—platinuminterfaces. The ratects1,2-DMCH iso-

merization, at low conversion levels, is expressed as

e k7kgKc Py, Pc . 3)
(k—7 + ks)(1+ KcPc + k7Kc P, Pc)

At low temperatures, the reaction order with respect o H

for the consumption ofis-1,2 DMCH andrans1,2-DMCH

formation is close to unity and decreases with increasing

hexachloroplatinic acid. Although ouroHIPD data did not
reveal greater spillover of hydrogen in the presence of sur-
face Cl species, the acidity of the neighboring Obroups
certainly increased. This may result in a greater local hy-
drogen spillover. The alumina-supported platinum catalyst,

eprepared from chloroplatinic acid, is more active than the

corresponding catalyst prepared from the platinum acetyl-
acetonate precursor [70].
1,2-DMCH isomerization was accompanied by deacti-

vation, which was greater in the case of the chlorine-free
catalyst. Deactivation due to coke formation is a complex
process and is associated with the majority of catalyzed or-

anic reactions. In their study of coke deposition on a bi-
unctional PfAl,03—Cl catalyst, Barbier et al. [71] demon-
strated that the carbon coverage of the metal increases during
the first few minutes of the reaction and remains constant,
while further coke accumulation proceeds by deposition on
the support. The presence of chlorine on the surface of the
1 wt% PYAI>O3—Cl catalyst can increase the acidity of
the catalyst and induce greater spillover of local hydrogen,
thus leading to the removal of the coke precursors from the
alumina—Ptinterface. In contrast, the coke buildup on the in-
terface of metal-support of the ex-nitrate catalyst blocks the
sites forcis-to-transisomerization.

5. Conclusion

temperature. As the temperature increases, the impact of The gas-phase hydrogenation @ylene was studied

k7Kc Pn, Pc in the denominator becomes stronger, resulting
in a lower reaction order with respect to hydrogen.

4.3.2. Effect of chlorine on dehydrogenation and
configurational isomerization
As in the case ob-xylene hydrogenation, the ex-platinic

acid and ex-nitrate catalysts behaved differently. The ex-

chloroplatinic acid catalyst exhibited higher activity in the

from 430 to 520 K. Theo-xylene hydrogenation passes
through a reversible maximum at 460 K. Ttie-1,2-DMCH

is the kinetically favored product, whereas selectivity to the
formation of the thermodynamically favoredhns product
increases with increasing operation temperature. The stere-
oselectivity depends on the conversion levels, the reactant
concentration, and the nature of the catalyst precursor. Chlo-
rine remains on the catalyst surface even after reduction at
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673 K and inhibits hydrogenation. Simultaneous aromatiza- [26] A. Kalantar Neyestanaki, P. Méki-Arvela, H. Backman, H. Karhu, T.

tion and epimerization of the products take place, and the
presence of hydrogen is essential for these reactions. The
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