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Abstract

Gas-phase hydrogenation ofxylene tocis- and trans-dimethylcyclohexane (DMCH) was studied in a differential microreactor at
atmospheric pressure and 430-520 K over g-Rt,LO3 catalyst. Rapid reversible deactivation of the freshly reduced catalyst prompted
reactivation before every kinetic measurement and extrapolation of the steady-state activity to initial activity. Reaction orders were close to
zero foro-xylene and ranged from 1.5 (430 K) to 3.0 (520 K) for hydrogen. A rate maximum for the production of the saturated compounds
was observed at about 460 K. The results were in line with previously reported results on xylene hydrogenatigrAdpdicatalyst.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction Following conclusions were made by Toppinen: the reac-
tion rate decreases with increasing length of substituent
Catalytic hydrogenation of aromatics is used in oil (benzene- toluene> ethylbenzene- cumene). The reac-
refining industry to lower the amount of undesired aromatic tion rate decreases with increasing number of substituents
hydrocarbon in diesel fuels. Therefore, hydrogenation of (benzenes toluene~ xylenes> mesitylene). The rela-
aromatic compounds over Group VIII metals has attracted tive positions of the substituent had a significant effect on
considerable interest of researches both from applied andthe reaction rate, theara-position being the most reac-
theoretical viewpoint. Benzene hydrogenation is the most tive and theortho-position the least reactivep{xylene >
frequently studied system as this reaction has also industrialm-xylene > o-xylene).
implementation in chemical industry both in gas and liquid  The kinetics of gas-phase catalytic hydrogenation of
phaseql]. xylenes has been investigated over supported Ni, Pd and Rh
Several studies were devoted to catalytic hydrogenation of catalysts[4—15]. For instance, Smeds et §i—9] studied
substituted aromatic compounds such as toluene and mordiydrogenation of ethylbenzene and xylenes over alumina
specifically of dialkylbenzenes with the formation of dialkyl- supported nickel catalysts. The authors investigated the hy-
cyclohexene andis- andtrans-dialkylcyclohexane§2—19]. drogenation kinetics and observed the rate passing through
The most intriguing question in elucidating the mech- a maximum at all hydrogen and xylene partial pressures
anism of this reaction is the influence of substituents on studied. Keane and co-workef$0,12—14]performed the
reaction rate and the origin of the formation @& and gas-phase hydrogenation of benzene, toluene and xylenes
trans-dialkylcyclohexanes, since onlyis is expected if an  over Ni/SiG. Turnover frequencies at a particular temper-
aromatic molecule is lying flat on the surface. ature was reported to decrease in the orgerylene >
The rate of aromatic hydrogenation is strongly affected by m-xylene > o-xylene. Reaction orders with respect to
steric factors as the hydrogenation rate decreases by substixylenes were rather close to each other and varied #@m
tution of alkyl groups to the aromatic ring. The liquid-phase to 0.44 as the temperature was raised from 393 to 523 K.
hydrogenation of aromatics has received considerableReaction orders with respect to hydrogen increased with
attention. Toppinen et. al[3] discussed liquid-phase temperature from 0.7 to 2.3 indicating a complex multi-step
hydrogenation of different aromatics over nickel catalysts. reaction mechanism. There are fewer data, however, on
aromatics hydrogenation over supported platinum catalysts.
* Corresponding author. Tek:358-2215-4985; fax:-358-2215-4479. Lin and Vannice in a series of communicatigis,17)
E-mail address: dmurzin@abo.fi (D.Yu. Murzin). studied the performance of Pt-supported on various supports
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in benzene and toluene hydrogenation. The authors observedrans-1,2-DMCH formation by temperature (300-340K).
a reversible maximum in activity versus temperature in ben- Deactivation at the first 20 min of the run was reported and
zene hydrogenation at around 473 K and explained the ob-the steady-state was then achieved.
servation by decrease in the coverage of benzene at higher In the present study, kinetics of gas-phase hydrogenation
temperatures. The authors as well reported that the steadyof o-xylene over highly dispersed Pt/alumina catalysts as
state in activity could be achieved quickly after less than well as stereoselectivity of the final products at temperature
5-10 min. Near to zero reaction orders in benzene hydro- ranges of 430-520 K were investigated. Different character-
genation was reported. The authors in their study of toluene ization techniques were used to correlate the catalytic activ-
hydrogenation over supported Pt-catal\j&f8] reported the ity and selectivity as well as the understanding of the surface
partial pressure dependency of toluene to be around zerocatalytic chemistry.
and the orders with respect to hydrogen was found to be less
than 0.7 at 337 K to over unity at 373 K.

Few studies address the stereoselectivity of xylene hy- 2. Experimental
drogenation over platinum based catalysts. Saymeh and
Asfour [18] in their work on the gas-phase hydrogena-  Alumina supported platinum catalysts were prepared by
tion of o-xylene over Pt/alumina catalyst at tempera- impregnation of ay-alumina support (LaRoche) having a
ture ranges of 308-473K suggested a non-competitive surface area of 247#g with solutions of HPtCl. The
Langmuir—Hinshelwood mechanism. The reaction rate was catalysts were washed and dried at 353 K. The activity of
found to have a maximum at 413 K. The orders with re- the catalyst were tested in a continuous flow tube reactor at
spect too-xylene were reported to be from 0 to 0.28 WHSV of 116 ! and partial pressures ofHindo-xylene
(308—-363 K). The order with respect to hydrogen was ob- of 0.19-0.38 and 0.04-0.10bar, respectively. Argon was
served to be constant at value of 1.22 in the temperatureused as the make-up gas. Special experiments were carried
ranges of 308-363 K, whereas, at higher temperatures theout to ensure that the kinetics is measured in the absence
order increased to the value of 2.52 (at 413K). of external and internal diffusion limitations. Prior to the

The same groufl 9] studied the gas-phase hydrogenation experiments the dried catalysts (125-150, ca. 60 mg)
of o-xylene over Pt/alumina catalyst. The authors reported were reduced in situ in #Hflow at the pre-set temperature,
an increase toward the selectivity of the thermodynami- followed by cooling to the reaction temperature at which
cally favoredtrans-1,2-dimethylcyclohexane (DMCH) by point the reactants were introduced to the catalyst. The
decreased Pt-particle size. The phenomena was explaineéxperimental set-up for the catalyst testing is illustrated in
by the roll-over mechanism. The authors also observed Fig. 1 The flows were controlled by means of mass flow
decreased rate dfis and consequently increased rate of controllers (Brooks). The-xylene (Fluka, >99.5% purity)
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Fig. 1. The experimental set-up for catalyst testing.
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Fig. 2. The thermodynamic calculations for the conditions used.

was pumped using a high performance liquid chromatogra- 3. Results and discussion

phy (HPLC) pump, evaporated in an evaporator (Bronkhorst)

kept at 443 K and was further driven by argon. All the lines 3.1. Kinetics

after the evaporator and the reactor were heated. All the gases

were of the following purity: 99.999 vol.%. The products The hydrogenation experiments were carried out when
were analyzed by Varian 1400 GC, equipped with 60 HP-1 the catalyst was reduced at different reduction temperatures,
column (cross linked methyl siloxane) and Fl-detector. The i.e. 573, 623 and 673 K. The highest rate was obtained with
separation was done isothermally (373 K) and the productscatalyst reduced at 673 K, thus, this temperature was selected

were further confirmed by GC-MS.

The activity of the catalyst was studied in the temperature
range of 430-520 K with 10intervals. The reaction orders
with respect to hydrogen ar@xylene were determined by
varying the partial pressures from 0.19 to 0.38 and 0.04 to
0.1 bar, respectively.

in kinetics experimentgis- andtrans-1,2-DMCH were the
only hydrogenation products (i.e. no alkylcyclohexene was
detected) and their ratio did not significantly change during
the initial catalyst deactivation.

The thermodynamic calculation for the gas composition at
the operation temperatures used is giveRim 2 A typical
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Fig. 3. A typical hydrogenation experimenii;, = 0.36, p,-xylene = 0.06 bar andl’" = 470K.



274 AK. Neyestanaki et al./Chemical Engineering Journal 91 (2003) 271-278

kinetic run is presented ifig. 3. As shown catalyst deactiva- . ‘ r o
tion took place during the first 20 min and steady-state opera- -1.8 -1.6 -1.4 -1.2 -1 -0.8
tion was reached. The catalyst deactivation will be discussed 2

later. Catalyst deactivation is commonly observed for the re-
actions involving hydrocarbons and is believed to be a con-

sequence of carbon depositif20,21] In the present study, 41
the deactivation was found to be reversible as the hydrogen y =2.6719x - 5.4081
treatment of the used catalyst at 673 K completely restored g R2=0.9931 -6

the initial catalyst activity. The observed time on-stream de-

activation is in good agreement with the data presented in 8
the literature[16,17,19](seeSection ).

Instead of semi-empirical model for catalyst foulif&2], /
which was previously applief¥], in the present study a W
mechanistic deactivation model was applj2d]:

r=ae ? +az (1) Ln pH,

wherer is the reaction rate, the time on-stream arg} the Fig. 5. Dependency of reaction rate at steady state on hydrogen partial

constants, pressure] = 470K, p,-xylene = 0.06 bar.
ro
az = kg +k_g, k—sﬁ (2
(ks +k—s) the concentration of surface reactive aromatic species which
k, andk_ are the rate constants for deactivation and self ultimately result in the formation 0Tmax. Such decrease
regenerationro the rate in deactivation free condition. in xylene surface coverage is in good agreement with the

The coefficientas is representing the rate at steady-state, 0ur o-xylene TPD experiments, where the peak maximum
whereas the reaction rate at time infinitely close to zero can in 0-Xylene desorption was very close to the temperature of
be expressed by the sum @f andas. the maximum activity iro-xylene hydrogenation.

Fig. 4represents the hydrogenation rates at steady-state as 1he rates at steady-state was used for the determination
a function of temperature. The rates passes through a maxi-Of the kinetic data. The reaction orders in hydrogen and
mum at approximately 460 K. Previous[{8] temperature ~ 0-Xylene partial pressures were determined in temperature
at which maximum hydrogena’[ion rate (i]:]xy|ene hydro- ranges of 430-520 K with intervals of 10 K. The orders in
genation over Pt was reported to be 413 K. Thermodynamic 0-xylene were found to be close to zero at all the temper-
calculations Fig. 2) indicate that the experimental data are atures investigated. The order in hydrogen partial pressure
obtained in the region very far from the equilibrium, there- (Fig. 9 increased with temperature from 1.5 at 430K to 3
fore, the decrease in the hydrogenation rate above 460 K carfit 520K (Table J), suggesting decreased hydrogen coverage
be solely attributed to the hydrogenation kinetics. by increased temperature. The result indicated an increased

The temperature dependency of TOF can be explained astistrans-1,2-DMCH ratio by increased hydrogen concentra-
a combined effect of an increase in the hydrogenation ratetion. On the other hand, thes/trans ratio decreased by in-

on the catalyst surface and the accompanying decrease irffreased operation temperatufeg. 6). As shown inFig. 2,
trans-1,2-DMCH is thermodynamically favored (if the ra-

tio trang/cis corresponds to thermodynamic, it should be not

4.5 - -
- less than 4.5 foo-xylene even at highe3) and as shown in
4.0 T I/ N B—rcis
w 4 N
E 35T /,/ A —#—r trans Table 1
B 3.0 T A \ --A-- total rate Experimentally determined reaction orders with respect to hydragers:
= ‘ \ :
2 g5l o~ . andcis-1,2-DMCH?
g 257 & ‘- N,
¥ 2.0 &7 = “-—1.‘,,_*‘_ Temperature (K) nH, Aeis Xtrans a
= o ~h-—-p
;, 1.5 ¢ 430 1.56 1.709 1.335 2.57
® 1.0 L 4 440 1.76 1.761 1.471 2.29
= 4 £ 450 2.10 2.178 1.995 1.72
05T 460 2.34 3.026 2.482 2.72
0.0 } } } } } } } } 470 2.67 2.738 2.593 1.49
430 440 450 460 470 480 490 500 510 520 480 2.36 2.566 2.326 1.64
T 490 2.38 2.457 2.308 1.27
emperature, K 500 2.70 2.723 2.687 1.01
. ) . 510 2.77 2.754 2.779 0.81
Fig. 4. The rate ofo-xylene hydrogenation (at steady state) aist, 520 2.99 2913 2.800 0.63

trans-1,2-DMCH formation at different temperaturepiy, = 0.36 and
Po-xylene = 0.06 bar. & pH, = 0.19— 0.36, p,-xylene = 0.4 — 0.1 bar; m,-xylene = O.
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Fig. 6. The effect of temperature and hydrogen partial pressure on the steady state hydrogenatipn-gaie & 0.06bar, T = 470K) and
cigtrans-1,2-DMCH ratio (pn, = 0.36 bar, p,-xyiene = 0.06 bar).

Fig. 6, thecis stereoisomer is kinetically favored. As men- of power-law rate equatiof24]:
tioned, the hydrogenation rate at any given temperature was kpf! pt,
found to increase with increased hydrogen partial pressure.r = 1+ K + Kopr)!
The cis/trans ratio as well increased with hydrogen partial 1PM T R2PH
pressurefig. 7). with an Arrhenius type of temperature dependenclk arfid
Previously, it was shown that the xylene hydrogenation K;.
rate is passing through a reversible maximum over alumina In the present communicatioix,g. (3) was modified to
supported Ni-catalyq#], which is in good agreement with  account explicitly for formation of two stereoisomers and
the present studytrans-1,2-DMCH was found to be the for dissociative adsorption of hydrogen
dominant product, moreover cycloolefin was formed, al- kop® 4 ke %) b
though at a rate one order of magnitude lower than the rate, — (kepyy” + kep ) Px (4)
of main product formation. For Ni catalypt] stereoselec- (1+ (Ketpr)®® + Karpx)!
tivity in o-xylene hydrogenation also depended Drand or
pgrtlal pressure of reactants'. Selectlwtytntans'lncreased kep® (apt + 1) P)’i
with T increase up to a certain value after which no further r = 05 7 (5)
increase was observéd). (1+ (Ketpr)™> + Karpx)
The initial reaction rates in hydrogenation of substituted wherepy is theo-xylene pressure; = k¢/ k; (Table 1 and
xylenes were previously modelég] applying a generaltype  m’ = ac — oy are obtained from the intercept and slope of
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Fig. 7. The effect of hydrogen partial presswig/trans 1,2-DMCH ratio, p,-xylene = 0.06 bar.
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Table 2 were also obtained; = 2.42,b = 1.13,/ = 1.46. Gen-

The estimated parameters frdfy. (5)at some temperatures erally rather good fit was obtaine#i(. 8) with the degree
Temperature (K) Ket Kar k of explanation 93%. The structure of this simplified model
220 30% 10° 22 % 10° 25 x 109 prevents from detailed discussion of_the physical reasonabil-
460 12x 108 5.8 x 10P 6.9 x 10-8 ity of the calculated parameters, which should be done only
480 5.6x 107 1.4 x 10° 1.7 x 1077 for the calculated parameters, which are based on a sound
490 3.9x 10 2.0 x 1¢° 3.0 x 1077 mechanistic model.

500 2.7x 10/ 3.0x 10° 47x 1077 It is interesting to note, that deactivation pattern also
510 1.9x 10 4.2 x 10f 7.5 x 1077

followed quite distinct temperature dependence. The plot
of ap versus temperature is presentedFig. 9. It is im-

the Inf¢/ry) versus Irpn,. In factk: in Eq. (5)is an appar- mediately clear, thatafollows the same pattern as activity
ent rate constant, as it includes also adsorption coefficientsdoes. As can be seen froffq. (2) ay represents the so

of hydrogen ana-xylene. The parameter estimation foq. referred “steepness of deactivation”. The similar pattern of
(5) was performed25] for the whole temperature range to- theay to the temperature dependency of hydrogenation rate
gether assuming an Arrhenius and van't Hoff type of tem- is believed to be due to an increase of carbon deposition on
perature dependences foandK, the parameters estimated the platinum as with the increased TON the probability of
are given inTable 2 The following values of parameters carbon deposition is higher.

4.5 T T T T T T T T

mol/g (Pt) s

0
430 440 450 460 470 480 490 500 510 520
Temperature (K)

Fig. 8. The rate dependency on temperature at different hydrogen partial pregspix@sné = 0.06 bar). Lines: fit to the model(); pn, = 0.36 bar;
(+): pH, = 0.30bar; #): pn, = 0.24 bar; (): pn, = 0.19 bar.
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Fig. 9. The “steepness” of catalyst deactivatian) (dependency on the reaction temperatysg, = 0.36, po-xylene = 0.06 bar.
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4. Reaction mechanism The derivation of the kinetic equations for the gas-phase
hydrogenation of the aromatic ring was presented previously

The kinetics observed ia-xylene hydrogenation over Pt [6], where several cases were considered, including both
resembles very closely the kinetics in xylenes hydrogenation competitive and non-competitive adsorption of the two reac-
[7,8] on Ni catalyst. The general power-law rate equation, tants, dissociative and non-dissociative hydrogen adsorption

was successfully applied for the descriptioroetylene hy-  as well as the possibility of several slow several reaction
drogenation on Pt in this study, was previously capable of steps. For competitive adsorption, it was also taken into ac-
describing the same reaction on Ni. count, that hydrogen and the organic compounds can occupy

This equation, although a simplified one captures the main different number of surface sites. The detailed kinetic mod-
features of reaction kinetics, namely the reaction orders to- eling for o-xylene hydrogenation over Pt based on several
wards reactants and the temperature dependence. ~ variants of the reaction mechanism is outside of the scope

~ Thus, we have the reason to believe that the mechanis-of the present study and will be reported separately. How-
tic model suggested previously for Ni applies also in the ever, it seems appropriate to demonstrate the link between
present case. The proposed model features fast adsorptiofhe simplified power-law equation and kinetic equations de-
of the reactants and rate determining surface addition of hy- rived from the detailed reaction mechanism.

drogen atom pairs to the aromatic molecule, the first two  For instance in case of competitive adsorption and equal

addition steps giving rise to a cyclic olefin which through its  number of sites for all adsorbed species the rate expression
adsorption—desorption behavior governs the stereochemicakakes a form

distribution[26] according to the following scheme:

A H2 H2 O Hz cis trans H2

Alumina Y ' H Vo, Alumina
A == AH)=—= AH4 0O cis trans O
1 2 3 n 4 6 7 n
5
kikoksKx K3 px Pﬁz/k—lk—z )
r = . "
(a'Kx px + Kﬁ/]pﬁ/zj + 1)/ + k3K pH,/ k-2 + kok3(KH pH,)?/ k—1k_2)
with

oy 1+ (k1/k—1+ ka/k—2)Knupn + (kiko/k_1k_p + kika/k_1k_2 + koks/ k_1k_2) K3 p?
1+ (k3/k—2)Knpn + (koks/k_1k_2)KZ pA

(7)

where A and AH denote the aromatic hydrocarbon and the For some values of parametes. (6) can be easily ap-
partially hydrogenated surface intermediates and O is the proximated toEg. (5)

substituted cyclic olefin (either idis or in trans form). The

surface intermediate AHisomerizes into adsorbed cyclic

olefin (precursor focis cyclic olefin in the gas-phase). The 5. Conclusions

latter is either hydrogenated intis-product or desorbs and

readsorbs on the opposite side of its double bond, forming Gas-phase hydrogenation af-xylene to cis- and
O'. The latter is hydrogenated intoans product. Possible  transDMCH was studied in a differential microreactor at

cis-trans isomerization is also taken into account. atmospheric pressure and 430-520K over a-RthO3
The formation oftrans-1,2-DMCH is believed to take  catalyst. Catalyst deactivated significantly with the de-
place via roll over mechanism. activation rate being dependent of the conditions in the
CH3 reactor.
o 3—23 - A rate maximum for the production of the saturated com-
Isomerizatios roll-over o ) pounds was observed at about 460 K. Reaction orders were
i CH3 close to zero foro-xylene, while hydrogen reaction order
oy ioms i increases as a function of the temperature and ranged from
P s 1.5 (430K) to 3.0 (520 K).



278

The stereochemical distributioni§/trans ratio) is depen-
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[11] M.V. Rahaman, M.A. Vannice, J. Catal. 251 (1991) 127.

dent on the temperature as well as hydrogen pressure. Thél2] M.A. Keane, P.M. Patterson, Ind. Eng. Chem. Res. 38 (1999) 1295.

results were in line with previously reported results on xy-

lene hydrogenation on NjtAl,03 catalyst.
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