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Abstract

Kinetic experiments on the hydrogenation of toluene were performed on 0.5wt.% Pt/ZSM-22 at temperatures in the range 423-498 K,
H, inlet partial pressures of 100—300 kPa and toluene inlet partial pressures of 10-60 kPa. Construction of a kinetic model was based on a
critical evaluation of available literature data on the hydrogenation of aromatic components together with physicochemical studies on the
interaction of aromatic components and related hydrogenated products with metal surfaces as well as on quantumchemical calculations.
This lead to a general kinetic model, analogous to the Horiuti Polanyi mechanism for ethylene hydrogenation, with the first four H atom
addition steps not in quasi-equilibrium. Chemisorption efahd toluene was assumed to occur on identical sites. No dehydrogenated
surface species was taken into account. The preexponential factors were calculated using transition state theory. A model with equal surface
reaction rate coefficients for the H addition steps was selected as the best model. The estimated tolugebemdsbtption enthalpies
amounted to-70 and—42 kJ mot L. An activation energy in the range of 40-50 kJ molvas found. Under typical reaction conditions,

60% of the surface is covered by toluene and 20% by H atoms. The remaining 20% are free. Negligible amounts of partially hydrogenated
species were found to be present on the catalyst surface.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction als or their combinations, such as Ni, Pt, Pd, PtPd,can
be used. The properties of the support can also have an ef-
The hydrogenation or saturation of aromatic components fect on the hydrogenation behavifd5,25,36-38] Lin and
is of increasing interest due to the more stringent environ- Vannice[23,36], Chupin et al[25] and Rousset et aJ26]
mental legislatior[1]. Moreover, the removal of aromatic have used the same combination of toluene and Pt as used
components is beneficial for a diesel's quality as the cetanein the present work.
number increases with decreasing aromatic corjfeBt. In A variety of kinetic models for the hydrogenation of aro-
this work, the hydrogenation is approached as a part of thematic model components have been propddedls,22,24,
hydrocracking process. Extensive work has already been27,28,30,36]Lin and Vannicg36] considered four catego-
performed on the hydrocracking of cycloalkangs-5]. ries. Distinctive features between the different categories
Reaction conditions were such that the metal catalyzed de-include the selection of a rate-determining step (RDS) in the
hydrogenation reactions were in quasi-equilibrium. Since hydrogenation reaction sequence or not, and the assump-
hydrogenation of aromatic species is more difficult and, tion of molecular H or atomic H addition to the aromatic
hence, slower than hydrogenation of cycloalkenes, the hy-species. The final model of these authors for the hydro-
drogenation equilibrium for aromatic components cannot genation of toluene on Pt accounts for atomic H addition
be assumed a priori. to the aromatic molecule with the first H addition as the
The hydrogenation of aromatic components has been in-RDS. In addition, the presence of a partially dehydrogenated
vestigated intensively. Especially in elder work benzene is product as most abundant surface intermediate was incorpo-
used as model compongiét-21]. More recently, other aro-  rated to account for the formation of carbonaceous species
matic model components are being used, such as toluend36].
[22—26]and xylene-isomers, ethylbenzene and naphthalene The assumption of non-competitive chemisorption, i.e.
[22,27-34] Apart from the aromatic model component, also the existence of one type of sites fop Ehemisorption and
the catalytic material plays an important role. Several met- another type of sites for the hydrocarbon chemisorption, is
prevailing, but not explicitly mentioned. In recent literature
* Corresponding author. Tel:32-9-264-4516: fax:32-9-264-4999. [24,27,30,32] competitive chemisorption of hydrogen and
E-mail addressiguy.marin@rug.ac.be (G.B. Marin). the aromatic model component is explicitly dealt with and
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Nomenclature

A peak surface area

b model parameter vector containing the
estimated parameter values

B benzene

CF calibration factor

CHA  cyclohexane

CHD cyclohexadiene

CHE cyclohexene

F molar flow rate (mols?)

H enthalpy (J mot?)

I index

] index

k rate coefficient (molst Pa "+ m)

ki rate coefficient for théth H atom
addition (s'1)

K; equilibrium coefficient ofith H atom addition

Ky chemisorption equilibrium coefficient for
specied (Pa 1)

m toluene reaction order

mch methylcyclohexane

n Ho reaction order

nob number of observations

p partial pressure (Pa)

r reaction rate (mol (kg s))

R net production rate (mol (kgsf)

S entropy (JmottK—1)

SSQ  sum of squares

tol toluene

W catalyst mass (kg)

X conversion

Greek symbols

B model parameter vector containing the
real parameter values

0; fractional surface coverage by species

Superscripts

" model calculated value

0 preexponential factor

comp composite

Subscripts

0 inlet

act activation

cat catalyst

hyd hydrogenation

t total

even selected as the most likely mechanism by Lindfors et al.
[24].

Apart from the above kinetic studies, other relevant infor-
mation concerning the hydrogenation of aromatic compo-
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products with metal surfacg39,41-47]or from first princi-
ples[48]. A reaction path analysis based on quantum chemi-
cal calculations allows to gain insight in the reaction mech-
anism and therefore the construction of a more fundamental
kinetic model. Ab initio density functional calculation have
been used to study, e.g. ethylene hydrogendd@&h Most
studies about aromatic components deal with benzene/CHA,
however, some information on toluene/methylcyclohexane
and ethylbenzene is also availaldd.,46] The assumption

of the first H atom (or HH molecule) addition as the RDS can
be related to the breaking of the resonance stabilization of
the aromatic species. This seems justified in the vapor phase
where the standard enthalpy of formation of CHD is higher
than that of benzene, CHE and CHA. On a Pt(1 1 1)-surface,
however, Koel et al[44] reported that adsorbed CHE and
two adsorbed H atoms have the highest standard enthalpy
of formation in the benzene hydrogenation sequence.

The present work focuses on the hydrogenation of
toluene. Kinetic models are developed based on the in-
sight gained from physicochemical studies. Other relevant
information for construction of kinetic models was ob-
tained from quantumchemical calculations. Data regression
enabled the selection of a model based on statistical and
physical interpretation of the results.

2. Experimental section
2.1. Catalyst and reactant

ZSM-22 loaded with 0.5 wt.% Pt was selected as the cata-
lyst for the hydrogenation experiments. The ZSM-22 zeolite
was synthesized according to a recipe described elsewhere
[49], calcined, exchanged with ammonium cations, and im-
pregnated with an agueous solution of Pt@U€I, to obtain
a Pt loading of 0.5wt.9%450]. The Pt dispersion of such a
sample is 309451]. This low value indicates that most of the
Pt metal is present as particles with a diameter of 3nm and
is located on the external surface of the zeolite crystallites
since the crystal pores have only a cross-sectionsf Omx
0.55nm[50]. Hence, the hydrogenation occurs in the inter-
crystalline pores of the zeolite. The total concentration of
active sites;, is calculated based on the accessible number
of Pt atoms and amounts to 19mol kg;L. Acid catalyzed
conversion of hydrocarbons is limited by the shape selective
character of the intracrystalline pores of the ZSM-22 zeolite
[52]. Catalyst pellets were prepared by compressing the dry
zeolite powder into flakes, which were crushed and sieved.
Catalyst pellets with diameters between 0.8 and 1.0 mm were
used in the experimental reactor. These catalyst pellets were
calcined in oxygen and subsequently reduced in hydrogen
at 673 K without intermittent cooling. The absence of mass
transport limitations in the intercrystalline pores was verified
(Weisz moduli~10-2) [53,54] Note that intracrystalline

nents can be obtained from physicochemical studies on thediffusion limitations are not relevant, as the hydrogenation
interaction of aromatic species and related hydrogenatedis localized at the external crystallite surfd&€,51]
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Toluene was used as model component since its hy-wherei is the component considerefi(i) the surface area
drogenated product, methylcyclohexane, has very limited on the chromatogram and GJts calibration factors deter-
isomerization possibilities, hence, limiting possible side mined according to the method proposed by Dierickx et al.
reactions. The use of benzene, the hydrogenated produc{57]. This method resulted in calibration factor which were
of which has even less isomerization possibilities was re- essentially the same as reported by D[&&]. The use of an
jected for an extended set of experiments regarding its internal standard enabled the calculation of the outlet flow

carcinogenic character. rates and, hence, the verification of the carbon and mass bal-
ance over the reactor. In the further treatment of the data,
2.2. Procedures and data the outlet flow rates were normalized to a 100% carbon bal-
ance. The total reactant conversion was calculated as
2.2.1. Equipment Frol,0 — Frol
A . . =— (2)
The kinetic data were obtained from experiments per- Fiol.0

formed in a Berty reactof55], a gas phase reactor with . _ )
complete internal mixing (CSTR-type reactor). The equip- F_’arameter estimations were performed using a combina-
ment used is essentially the same as used by Steijns et alion Of @ Rosenbrocks9] and a Marquardt algorithri0].

[56]. A N, feed line was added to the equipment. This en- An m—housg written code was useq for the R_osenbrock
abled the selection of suitablesHind hydrocarbon partial method,whllefor.the Marquardt algorithm the ordmary least
pressures under which reactant conversion was measurablgquare (OLS) option of the OQRPACK-package version 2.01
and not transport limited at the total pressures applied. [61:62]was used. Some additional source code was added
The quality of the hydrogen used (99.99%, L'Air Liquide, to ODRPACK in order to obtain additional statistical infor-

H,0 + O, content< 10 ppm) makes further purification of ~Mation. ,

the Hp feed unnecessary. The verification of the hydrocar-  1he Sum of squared residuals between the observed and
bon feed flow rate is performed by monitoring the mass of cglgulgted outlet. floyv rates of the hydrogenated prod'uct was
the feed reservoir. Methane is used as internal standard. Thén|n|m|zed by adjusting the model parameter ved{orhich
equipment has a stabilization time of about 1 h, after which IS €xpected to approach the real parameter vegtahen

a sample of the reactor effluent was taken and sent on-lineth® optimum is reached.

to the analysis section. A HP Series Il 5890 GC equipped nob . ,

with a 50m (id. = 0.25mm) RSL-150 column with a SSQ= Z(chh,j — chh.,)2—>minimum 3)
0.25pum poly-dimethylsiloxane film was used. Peak iden- j=1

tification was performed using retention indices coupled
with a GC-MS system. The X-Chrom software package
was used for integration of the chromatograms.

For a given kinetic model, the methylcyclohexane reactor
outlet flow rate is calculated by solving the non-linear equa-
tion,

2.2.2. Data acquisition and parameter estimation Fmehj — Rmeh(T, pt, Fimch j» FOOW; =0 (4)
During prolonged experimental runs, i.e. 2—4h, a slight . )

decrease in catalytic activity was observed. Therefore, be-i-€- Via the mass balance for methylcyclohexane if the latter

tween two experiments a 10 mmolk & flow was sent IS not fed. The calculation of the reaction rate is discussed

through the reactor to avoid significant catalyst deactivation in Section 3 o _

in the long term. The investigated range in experimental ~ 1he statistical significance of the global regression was
operating conditions is shown ifable 1 The variation in ~ €xpressed by means of the so-calfetest, which is based
inlet partial pressures corresponded with molar inlgttel 0N the comparison of the calculated sum of squares of the
toluene ratios from 5 to 10. The total pressure, i.e. including calculated response value and the residual sum of squares.
N2, was in the range of 1-3 MPa. The reactant inlet partial A high F-value corresponds to a high significance of the
pressure varied from 110 to 360kPa. The total number of 9lobal regression. The parameter estimates are also tested

experiments amounted to 42. for statistical significance on the basis of their individual
The weight percentages of the hydrocarbon Comloonen»[St—values, which are related to the sensitivity of the model
in the reactor effluent were calculated according to calculations on the values of the individual parameters. A

ADCE high t-value corresponds to a high sensitivity and, hence, a
i (Wt.%) = n(’)—(’) (1) high significance or a narrow 95% approximate individual
221 AM)CF() confidence interval of the corresponding parameter.

Table 1
Range of experimental conditions

Temperature (K) Inlet Kl pressure (kPa) Inlet toluene pressure (kPa) Space timgthal~1s1) Conversion (%)

423-498 100-300 10-60 27-82 5-45
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2.2.3. Quantumchemical methods 6

Quantumchemical calculations were performed using - A
density functional theor{63]. Calculations were done with g0 4. . :,'(
the Amsterdam Density Functional packaff#] using c 8 A ’

. . o 2 . .
self-consistent Becke Perdew (BP86p,66] generalized 5 = LT
gradient (GGA) corrections to the Vosko et 7] LDA 3 g 2- l ) -®
exchange-correlation energy. Scalar relativistic effects were E o
included through the zero-order regular approximation 0 . . .
(ZORA, [68]) Hamiltonian. .Basis sets were of_ double ze_ta 50 100 150 200 250
quality and constructed with slater type orbitals. The in- b (kPa)

nermost atomic shells were kept frozen and replaced by an H2,0

effective C_Ore pqtentlal. The extent of these frozen Core_s WaSFig. 2. Selected set of experimental data illustrating the effect of
Up tO and InC|UdIng the Pt 4f and the C 1S She”. UﬂreStrICted H2 inlet part|a| pressure on the reaction rat$t0(0 = 20 kF)aY
DFT calculations were done and in all the computations the W/ Fy = 82kgsmot?), (#): 423K; (ll): 448K; (A): 473K; (x): 498K.
spin multiplicity was optimized for the lowest energy spin

state. Standard SCF- and geometry-convergence criteriaAt ain t " the i f the hvd i
were applied. The Pt(111)-surface was modeled using a a certain temperature, the increase ot the hydrogenation

two-layered P, cluster. The Pt—Pt distance was kept fixed :re]\te(;:oefnment \fNIttr:] the tfe mperature is 0\:(etrrc]: omper:_sate_d tby
at the bulk value of 277 prf69]. Reactions were studied on € decrease of Ine surface coverage ot the reaction inter-

the central atoms of this cluster. This approach was shown mediate involved in the RDS. The intrinsic character of the

to yield adsorption enthalpies consistent with fully periodic 1<|net|c dflt_a qai been venf;ebd, y@eﬁtgrl 2'“‘?0! hfzhnce,h

slab calculations as well as experimental results for benzene ' 2NSPOrt fiIMIALIONS cannot be INVoked 1o expiain the phe-
nomenon. Other possible causes, such as thermodynamic

[70] and 1,4-CHD[71] on Pt(111) and for various #El, S L :
intermediates on P72]. I|m|t§1t|ons, catalyst poisoning or metal particle growth can
be discarded24,34]

Increasing only the Hlinlet partial pressure and keeping
all other experimental inlet variables fixed resulted in an
increase of the toluene hydrogenation rate at all temperatures
(Fig. 2), while an increase of only the toluene partial pressure
and fixing all other inlet variables leads to a decrease of the
toluene hydrogenation rate at all temperatufég.(3). The
The hydrogenation of toluene on 0.5wt.% PYZSM-22 partial reaction orders have been determined by a regression

yielded methylcyclohexane as the main product. Small of all available data, i.e. not only the data presentd?j_gs: 2
amounts £5%) of ethylcyclopentane were observed, while @nd 3 at the temperature considered to the equation:
only trace q_uantities of the dimethylcyclopentane isomers ry g = knyapiy Ph, (5)
were found in the reactor effluent. . ) _ _

The toluene hydrogenation rate showed a maximum as al whichm and_n are the tolue_ne and theohpartial reaction _
function of the temperature={g. 1). This phenomenon has order, respectlvely..The es.tlmated values are .reporte_d in
already been observed for toluene and other aromatic modelT@Ple 2 The k partial reaction order shows an increasing
components on typical hydrogenation metals, such as Pt, pgtrend with the temperature, in agreem_ent with ]lterature dgta
Ni, ... [16,19,22-24,30,31,34lt is generally accepted that [14,15,19,22-24,30]The toluene partial reaction order is

surface coverage effects are at the origin of this maximum.

3. Experimental results and kinetic model

3.1. Effect of the operating conditions on the
hydrogenation rate

3
3
. @- o
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Fig. 3. Selected set of experimental data illustrating the effect of
Fig. 1. Reaction rate as a function of the temperatyig, { = 100kPa, toluene inlet partial pressure on the reaction rate,( = 100kPa,
W/ Fp = 82kgsmot™), (@): prol0 = 10kPa; &): proi,0 = 20 kPa. W/Fo = 82kgsmot?), (#): 423K; M): 448K; (A): 473K; (x): 498K.
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Table 2 3.2.1. Rate-determining step (RDS)
H2 and toluene partial reaction orders for the temperature range considered |f 3 RDS is considered, mostly the addition of the first H
estimated by regression of all isothermal experimental daato(5) atom, b molecule or the simultaneous addition of the first

Temperature (K) m n two H atoms is selected as the R[IM,14,22,36] This as-

423 02+ 0.1 0.6+ 012 sumption can, by analogy to gas phase conditions, be related

448 —0.2+ 0.1 1.1+ 0.08 to the breaking of the resonance stabilization of the aromatic

473 -0.1+0.08 1.8+ 0.08 species. However, both quantumchemical calculations and

498 0.3+ 0. 1.3+ 0.08 experimental results on the interaction of aromatic species
aThe 95% approximate individual confidence intervals. with metal surfaces indicate that the presumed analogy be-

tween the hydrogenation reaction sequence in the gas phase

. . ) and on the Pt-surface is not valid.
negative, except at 498 Krgble 2, hence, increasing the The activation energies for the addition of the first and

inlet partial pressure of toluene, results in a decrease of thethe second H atom to a benzene ring chemisorbed on a

hydrogenation rate at most temperatures. This can bé Un-pyq 1 1y.syurface were obtained from quantumchemical cal-
derstood if the increase in the toluene surface coverage dueculations and amount to 75 and 73 kJ migl respectively

to the higher toluene partial pressure results in and is Over-tq gimijarity between those values indicates that the rate
compensated by a decrease in the H surface coverage dugyeffiient of the H atom addition to the chemisorbed ben-

to competition in the chemi_s_orption Of tolut_ane and éh zene species is not significantly different from the rate
the metal surface. Competitive chemisorption has alreadycoefficient of the H atom addition to the cyclohexadienyl
been reported”,24,27,30,32]however, most other sources  ghqiag on the surface. If the addition of the first H atom
only consider non-competitive chemisorption between the 1, chemisorbed benzene were breaking the resonance sta-
aromat!c model cqmponent an0b+f8,10,13,1_5,22,31,34] . bilization, a higher value for the activation energy than for
Repulsive interactions between two chemisorbed speciesy o+ of the second H atom addition would be expected.

on neighboring sites existl8,73-76] so that a certain The second argument that the analogy between the hy-

kind of competition between chemisorbing Bind aromatic j5genation reaction sequence in the gas phase and on the
species can occur, even when different types of sites are iN-pt_surface species is not valid is providedTiable 3and

volved. The observation of non-_competitive chemisorpt@on Fig. 4 The chemisorption enthalpies Table 3were calcu-
seems to depend on the experlm_ental_process conditions jtaq quantumchemically for benzene (B}, ldnd 1,4-CHD

At temperatur(_as lower than those mvespgated prgsently _theand were taken from literature for CHA and CH#EL,44]
metal surface is completely saturated with aromatic Species. gy nerimental support for the quantumchemically calculated
However, between the chemisorbed aromatic Species, & ,es is availablé39,41} No significant differences were
constant, limited number of sites exist which are available found between levels determined based on 1,3- or 1,4-CHD,
for dissociative H chemisorption[36]. If, at higher tem- L once “this component will further be addressed as CHD.
perat_ureis, the saturat|0r_1 of_the mfatal surface by aro_matlcThG value found for K represents an average of the varia-
species is no longer maintained, sites that were previouslyyjon in H, chemisorption enthalpy with the surface coverage

occupied by an aromatic species are now also availablegnqted by Podzolkin et 475]. For benzene, two possibil-
for H, chemisorption, explaining the competitive character ities were found. A reactive form, mainly occurring at high

of the H, and aromatic chemisorption at the temperatures g, t2ce coverages and a non-reactive form, mainly occur-
investigated in this work. At even higher temperature_zs_ sur- ring at low surface coverages. The reactive form was used to
face coverages become so small that no competition IS getermine the enthalpy levels Fig. 4 For CHD only one
observed. form was found. Also for CHE and CHA, only one form
was reported41,44] In Fig. 4, the enthalpy level of gas
3.2. Kinetic model assumptions and rate equation phase CHA was set to zero. In the gas phase ‘GHEHy'
is at the highest enthalpy level in the hydrogenation reaction

The kinetic modeling of aromatic hydrogenation reac- sequence. Due to the endothermicity of the dehydrogenation
tions based on steady state data without in situ characteri-
zation of the surface cannot make use of direct information
concerning the surface intermediates. This has lead to aTable 3
variety of possible kinetic models presented for the hydro- Chemisorption _enthalpies of reactants, product and intermediates during

f . . . the hydrogenation of benzene
genation of aromatic model components, as discussed in
Section 1 Discrimination among different kinetic models Component B Benzené CHD® CHE® CHAP
was performed by interpretation of the results of the regres- _AHgem (kImotl) 70 7%, 117 146 71 53
sion of experimental data to these models. In the present ac ;
. . .. alculated quantumchemically.

work, an alternative model is developed based on insight  br o 41 441
provided by quantumchemical calculations combined with ¢ Reactive form.
literature data on the different elementary steps. 9 Non-reactive form.
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Fig. 4. Enthalpy levels for the components involved in benzene hydrogenation.

reactions ‘CHA’ is at a lower enthalpy level than [15] allowed a linear distribution of standard enthalpies
‘CHE + H2’, which on its turn is at a lower level than and entropies of activation between the first and the sixth
‘CHD + 2Hy'. The resonance stabilization of the aromatic H atom addition step and found a weak decrease and in-
ring results in a lower enthalpy level for ‘B 3Hy’ than for crease, respectively. The enthalpy levels during benzene
‘CHD + 2Hy'. This resonance stabilization makes hydro- hydrogenation on a Pt-surface, vigig. 4, support such
genation in the gas phase very difficult. Once the resonancekind of models considering the first to the fourth H atom
stabilization has been broken, hydrogenation proceeds veryaddition as being not quasi-equilibrated, since it shows an
rapidly to the totally hydrogenated product, i.e. the break- increasing enthalpy level (endothermicity) from benzene up
ing of the resonance stabilization is the RDS in gas phaseto chemisorbed CHE. Further hydrogenation from CHE to
hydrogenation. On a Pt-surface, however, this picture is no CHA on the surface is exothermic and is more likely to be
longer valid. CHD chemisorbs much more strongly than in quasi-equilibrium.
benzene, so that the effect of the resonance stabilization
with adsorbed benzene is at least weakened, if not entirely3.2.2. Dehydrogenated surface species
lost. CHE chemisorbs relatively weakly, resulting in the  The minor loss of catalytic activity during hydrogena-
highest enthalpy level for ‘CHE 2H’ in the hydrogenation  tion can be attributed to the formation of H-deficient car-
sequence on the surface. Moreover, the enthalpy rise frombonaceous species on the metal surface. The coverage of
‘CHD +4H’ to ‘CHE + 2H’ is higher than from ‘B+ 6H’ to active sites by surface species with an aromatic nature has
‘CHD + 4H'. If different activation energies for the surface already been proposed in earlier wofk8,79] In more
reactions are assumed, then, based on an Evans—Polanyecent communications, especially the group of Vannice
relationship[77], a higher activation energy is expected for considered the inclusion of a dehydrogenation reaction,
the third or the fourth H addition step. Hence, one of the concurrent to the hydrogenation reactions, involving the
latter steps is expected to be rate-determining, rather thanaromatic reactant molecule to produce H-deficient species
the addition of the first or second H atom. [15,36] Moreover, Lin and Vannicf86] postulated a single
Other reaction mechanisms that have been proposed dadominant H-deficient species on the surface, i.e. present in
not assume the existence of a RDS, but consider two or allmuch larger amounts than the other possible H-deficient
hydrogen addition reactions as being not quasi-equilibrated. species and the aromatic species. Based on regressions of
Van Meerten et a[13] and Lindfors et alj24] used the same  experimental data to several model equations, each with
rate coefficient for all addition steps. Chou and Vannice an other dominant H-deficient species, these authors found
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Fig. 5. Structure of adsorbed (a) phenyl and (b) benzyne from DFT BP86/double zeta calculations.

that the surface species produced by one H atom abstractiorj13,15,22,24,36] The desorption of methylcyclohexane is
of the chemisorbed aromatic reactant was the most likely assumed to be fast and irreversible since its surface cov-

dominant surface species. erage can be assumed to be negligible in accordance with
In a thermochemical study of interaction of benzene and Van Meerten et al[13].
related products with Pt-surfaces, Koel et[d#] also con- If hydrogenation reactions are performed on typical hy-

sidered H atom abstraction from chemisorbed benzene. Duedrogenation metals supported by an acidic carrier, such as
to uncertainties about the nature of these dehydrogenatedan alumina-silicate or a zeolite, a hydrogenation rate en-
species, these authors report two possible enthalpy levels fohancement is observed compared to hydrogenation rates on
the latter. One includes extra stabilization of the dehydro- unsupported metals or metals supported by an essentially
genated species on the surfaces and has an enthalpy levalon-acidic support, such as silica or alumifis,19,22,
only marginally lower than that of chemisorbed benzene, 23,25,36-38] Two mechanisms have been proposed to
while the other is more than 100 kJmél higher in en- explain this increase in hydrogenation rate. The first mech-
thalpy level[44]. Quantumchemical calculations have been anism considers metal-support interactions, which modify
performed to obtain insight in the benzene dehydrogenationthe electronic state of the metal cluster on the support and
reactions. Different pathways were studied. The most sta- make it more active for hydrogenation reactidgs]. The
ble phenyl and benzyne intermediates are showfign 5. second one, called Hspillover, has been developed more
The binding of the ringr-system to the Pt-surface is bro- recently and has received by now most attention in the lit-
ken. The reaction enthalpy for dehydrogenation depends onerature[15,19,22,23,25,36—-38Following this mechanism
the hydrogen adsorption energy, which is strongly coverage aromatic reactant molecules that are adsorbed on acidic
dependen{75]. The endothermicity of the benzene dehy- sites ‘close’ to a metal cluster can be hydrogenated by
drogenation to phenyl is between 76 and 102 kJthaind hydrogen that is ‘spilled over’ from that metal cluster.
to benzyne between 13 and 66 kJ mbl Therefore, our ab The Pt on the ZSM-22 used in this work is deposited on
initio calculations provide evidence for the higher energetic the external surface of the zeolite, i.e. in the intercrystalline
species of the two reported by Koel et @4]. Hence, if an pores, remote from the acid sites. Hence, no rate enhance-
equilibrium between the chemisorbed aromatic reactant andment due to H spillover is expected to occur.
its dehydrogenated counterpart is established on the metal
surface, it seems unlikely that the H-deficient species would 3.2.4. Rate equation
be the most abundant surface intermediate. Also kinetically The assumptions about the reaction mechanism based on
the dehydrogenation of benzene is limited, since the activa-which the rate equation for toluene hydrogenation was de-
tion energy has to be higher than 76—102 kJmhol veloped are summarized fable 4 These assumptions lead

to the following sequence of elementary steps
3.2.3. Reactant chemisorption, product desorption

and H, spillover H,(g)+2* <52 2H" (K, (6)
As discussed irBection 3.1the observed toluene partial
pressure effect on the hydrogenation rate is believed toA@+* &> 4* k) 7)
originate from competitive chemisorption of the aromatic )
i 1
reactant and K on the metal surface. It is, therefore, nec- A* + HZAH + % (K7 @)

essary to include competitive chemisorption in the kinetic
model. B and toluene chemisorption were assumed to be in . oo
quasi-equilibrium, in agreement with other literature models AH™ + H"=AH; +x%  (K2) 9)
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Table 4
Assumptions for the general model analogous to Horiuti Polanyi mecha-
nism [80]

1 No RDS exists: the first four H atom additions steps are not
quasi-equilibrated, while the fifth and the sixth H atom
addition are

Hy (dissociative chemisorption) and aromatic reactant both
chemisorb on identical sites (competitive chemisorption)

(a) H, and aromatic reactant chemisorption are
quasi-equilibrated

(b) Desorption of the hydrogenated product is fast and
irreversible

No dehydrogenated surface species are considered

k3
AH; + H*ﬁAHé +x (K3)

(10)
AH§+rﬁ§AHZ+* (Ka) (11)
AHY + H* &8> AHE +x (X)) (12)
AHI+ H* 5= AH L+ (K,) (13)
AHZ — AHg(Q) + * (14)

For finite values oKs andKg, assumption 3(b) causes the
quasi-equilibrium of reactions (12) and (13) to shift to the
right, so that also thé H}; andAHZ coverage are negligible.
Hence, the net rate &Hg(g)-production can be written as

RuHe(g) = CtkabarzOns (15)
Applying the pseudo steady state approximation for the
speciesAH*, AHZ, and AH3, the following mass balances
can be written foAH* and AH3

ki1
ki Or + Kl+

Oany, , Ok — kit104H7 On
irl

k.
— —Oa0, =0 (i=172) (16)
K,' !
and for AHZ:
3
0 = k30an0H — kabangOh+ — K—SQAHgé’* (17)

via expressions for the chemisorption equilibria, surface cov-
erages are related to gas phase partial pressures:

Oax =0 Kapa (18)
OHE = 9*\/ KHszz (19)
a site balance:

O + Ohx + Oax + Oanr + Oaps + Oang = 1 (20)

completes the set of algebraic equatioixs. (4) and
(15)—(20)describe fully the hydrogenation kinetics.
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4. Modeling results and discussion

4.1. General model analogous to the Horiuti Polanyi
mechanism

In this stage of model development, nine different co-
efficients are involved. These are four forward rate coeffi-
cients k1—ky), three surface reaction equilibrium coefficients
(K1—K3), and two chemisorption coefficients { and Kn,).
Hence, for application of the model under non-isothermal
conditions 18 parameters have to be determined. This is a
large number to be obtained by regression of experimental
data since there is only one independent response. Therefore,
a reduction of the number of parameters to be obtained by
regression is performed by calculation of preexponential fac-
tors and by the introduction of extra model assumpt[863.

The preexponential factors of the four forward reaction
rate coefficients can be calculated based on transition state
theory [73,74,76,77] Regarding the uncertainty about the
surface mobility of the intermediates, the same value is used
for the preexponential factors of the surface reaction rate and
equilibrium coefficients. Depending on the assumed surface
mobility of the chemisorbed toluene species, a value in the
range 1010 to 10 13Pa ! is calculated for the preexpo-
nential factor of the toluene chemisorption equilibrium co-
efficient for a mobile and a immobile species, respectively.
Similar considerations lead to a range from%0to
10°13pal for the preexponential factor of the oH
chemisorption equilibrium coefficient. This range is more
extended due to the dissociative character pthHemisorp-
tion. The preexponential factor for the surface reaction rate
coefficient is calculated to be in the range 16 10351
if all species, i.e. reactants and transition state, are mobile
or immobile, respectively. However, this range can be even
more extended if species with different surface mobilities
are involved. Via analogous considerations the value for
the preexponential factor of reverse surface reaction rate
coefficients amounts to approximately'#6-1. One single
value is reported since the reverse reaction is monomolecu-
lar and since the same mobility is assumed for the reactant
and the transition state. If the transition state would have
a higher mobility than the reactant, a higher value would
be obtained. By division of the preexponential factor of the
forward and the reverse surface reaction rate coefficient,
a range for the preexponential factor of the surface reac-
tion equilibrium coefficients from 1 to 1@ is obtained.
Nine parameters are remaining, i.e. four activation energies,
three surface reaction enthalpies and two chemisorption
enthalpies. Further reduction of the number of parameters
could be performed via an Evans—Polanyi correlafion
relating the activation energies with the reaction enthalpies,
however, this would only reduce the number of parameters
from nine to eight and is therefore discarded.

Two possibilities are considered for further reduction of
the number of parameters. The preexponential factors of the
surface reaction rate coefficients were set equal to each other,
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i.e. kO, = k9 for i = 1-4, regarding the assumed simi- Table 5
larity between the different H atom addition steps. Based Values for the preexponential factors calculated based on transition state
on this assumption it is straightforward to assume that also €07 [73.74.77]
the activation energies of the surface reactions can be setd,; (s K2
equal to each other. Also the equality of the surface reac- s 10-2
tion enthalpies can be assumed, leading to a kinetic model
with equal surface reaction rate and equilibrium coefficients
[13,24] In such a model, no RDS is assumed. On the other This rate equation is similar to the one proposed by Van
hand, based on the enthalpy levels showfig 4 and the Meerten et al.[13], however, in this case competitive
discussion irSection 3.2.1the addition of the third or the = chemisorption of H and the aromatic reactant is considered
fourth H atom could be expected to be rate-determining and only the first four H atom addition steps are assumed not
because of the higher activation energies associated withbeing quasi-equilibrated, instead of all H atom additions.
these steps. Moreover, CHE and CHA dehydrogenation stud- In the model with equal surface reaction rate coefficients

K9 (Pal)
10—12

kg, (Pah)
10710

ies provided evidence for a stabteallylic cyclohexenyl
(cCsHg) intermediate on the surfa¢¢0,43,45] This could

for the H atom addition steps, four parameters or parameter
groups are to be obtained by regression: one surface reaction

be related to the occurrence of a RDS corresponding to theenthalpy (AHsyrf), two chemisorption enthalpies\H,4 and

third or fourth H atom addition step, since in these steps AHy,) and one composite activation energygg

such a species is respectively produced and consumed.

4.2. Model without rate-determining step and with equal
surface reaction rate coefficients

mp - _
tsurf —
Eactsut + AHs + 0.5AHy,). Preliminary regressions

resulted in an especially lowvalue for the enthalpies con-
tained in the factoB, i.e. AHgyit + 0.5A Hy,. The insen-
sitivity to the value of this sum of enthalpies indicates that
it is close to zero and, hence, thatHsyt =~ —0.5A Hy,.

The rate equation corresponding to the kinetic model The factorB has a weak temperature dependence, which
with equal surface reaction rate coefficients is obtained by IS €ven too weak to be significantly estimated. Several sets

tions describing the hydrogenation kinetics, Egs. (4) and
(15)—(20) The surface coverage éH, AH,, andAH3 can

corresponding with different assumptions concerning the
surface mobility of the H atoms, the hydrocarbon species

be expressed in terms of the chemisorbed toluene coveragénd the transition states. The optimal set, viable 3

A* (Egs. (16) and (1%)as

P _ BeAH; _ B20 s+
A3 =B 11 B2+ B+1
B304+

(21)

T B3 iB2+B+1
in which B = Ksurtbn+ /0« = Ksurt/ KH, PH,. The toluene

corresponded with mobile H atoms on the catalyst surface,
i.e. two translational degrees of freedom, while the reactant
and product hydrocarbon surface species were found to be
rather immobile, i.e. no translational degrees of freedom,
but one rotational degree of freedom. The transition states
were found to have a higher surface mobility than the other
hydrocarbon species. This can be related to the conserva-
tion of one of the H atom translational degrees of freedom

and H atom surface coverage can be related to each othegluring its addition the hydrocarbon species. A regression

by division of the chemisorption equilibrium expressions:
4/ KHszz 9
Kapa
Combination ofegs. (18) and (20)—(22¢ads to the follow-
ing expression for the toluene surface coverage:
Kapa(B3+ B?+ B +1)

T (B34 B2+ B+ 1)(1+ JKm,pr,)
+Kapa(4B% +3B% + 2B + 1)

Ohte = A (22)

6 4+ (23)

An analogous equation can be derived fgk, which can
then be substituted intBq. (15)resulting in the rate equa-
tion:

B3Kapa/Kryphy (B2 + B2+ B +1)

(B34 B?+ B+ 1)1+ /Kn,ph,)
+KApa(4B3 +3B% 4+ 2B + 1))?

(24)

R He(@) = Ciksurt

with these preexponential factors frorable 5and with an
average surface reaction equilibrium coefficient for all tem-
peratures lead to the estimates and corresponding 95% ap-
proximate individual confidence intervals for the remaining
parameters reported Fable 6 Although the H chemisorp-

tion enthalpy was estimated significantly, the corresponding
t-value was almost a factor 10 lower than thealue of the
toluene chemisorption enthalpy. However, this is logical if
the H atom surface coverage is low compared to the toluene
surface coverage, so that the model is less sensitive to the
H> chemisorption parameters. The fractional surface cover-
ages at typical reaction conditions, i®~= 450K, py,, =

100 kPa andvo| 0 = 20 kPa, amount to 0.19 fordand to

0.59 for toluene and support the above. The fraction of the
surface occupied by other hydrocarbon species is small, i.e.
<0.01. Binary correlation coefficients between the param-
eters are lower than 0.95, except between the composite
activation energy and thejdthemisorption enthalpy, where

a value of 0.97 is found. This correlation is however in



126 J.W. Thybaut et al./Chemical Engineering Journal 90 (2002) 117-129

Table 6
Parameter estimates obtained by regression of the three kinetic modelsEased4) and (24)respectivelyEgs. (4) and (28with i = 3, 4 and with
the preexponential factors froffable 5

Eggron (kmoi) AHy, (kImol?) AHy4 (kImol?)
Model with equal surface reaction rate coefficients —53° 4 52 —42 + 12 70+ 22
Model with the third H atom addition as the RDS —51° £+ 12 N.S& —68 &+ 12
Model with the fourth H atom addition as the RDS -5 4 72 —42 4+ 12 70+ 22

aThe 95% approximate individual confidence intervals.

b E;S{gﬁrf = Eactsurf + AHp + 0.5A Hy,.
CEzggtn;Erf = Eact+ AHy + 1.5AHy, + AHy + AH>.
4 Eqoiont = Eact+ AHa + 2AHu, + AHy + AHy + AHs,

€Not significant.

agreement with the lower surface coverage by Fhe value
of the denominator is relatively insensitive to variations in
the H, chemisorption enthalpy, while in the numerator such
variations strongly affect the value & viz. Eqg. (21) and

4.3. Model with a rate-determining step (RDS)

The other possibility mentioned iSection 4.1was the
introduction of the third or the fourth H atom addition as the

are compensated by variations in the composite activationRDS, related to the occurrence of a cyclohexenyl species

energy. The correspondirig-value for the significance of
the regression amounts to“L0rhe parity diagram irig. 6

shows the agreement of the calculated with the experimental R

methylcyclohexane outlet flow rates. The toluene chemisorp-
tion enthalpy,—70kJmotL, is a little less exothermic than
the benzene chemisorption enthalpy75 kJ mot?! corre-
sponding with the reactive form calculated quantumchemi-
cally, viz. Table 3 The weaker chemisorption of toluene than
of benzene explains its lower hydrogenation rgt®,23]

The value for the Kl chemisorption enthalpy is estimated
less negative, i.e—42kJmot 1, than quantumchemically

(cCsHg) on the surface. Derivation of the rate equation
starts from

(i =3, 4) (25)

wherei represents the number of the rate-determining H
atom addition step. The quasi-equilibrium for the other H
atom additions allows us to relaﬂaH;ﬁ_l to 04+ as

AHg(@) = Ctkifany  On=

i i—1
04+6
_ N g »
1T HK/
Jj=1

: (i =3, 4)
gi—1

Oan (26)

calculated,—70 kJ mott. However, the 95% approximate The surface coverages are obtained from the correspond-
individual confidence interval is rather large and inter- ing partial pressures viggs. (18) and (19)Hydrocarbon
sects the range of Hchemisorption enthalpies reported by species other than the aromatic reactant are not considered

Podzolkin et al[75]. From the value of the composite ac-
tivation energy, the real activation energy is calculated and
amounts to 38 kI mok. This is lower than what was calcu-
lated quantumchemically, however, the weak exothermicity
estimated for H chemisorption partly accounts for this
effect. Using the value reported ifable 3 a value closer

to the quantumchemically calculated values is obtained,
i.e. 52 kJmol.

20
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Fig. 6. Parity diagram for the methylcyclohexane outlet flow rate; line:
experimental, dots: calculated based on the kinetic model with equal sur-
face reaction rate coefficientg&gs. (4) and (24with the preexponential
factors fromTable 5and the composite activation energy and chemisorp-
tion enthalpies fronTable 6

which is justified by the endothermicity of the first four H
atom addition stepsHg. 4). Therefore, the site balance,

Eqg. (20)is reduced to:
1 =0, +0ax + O (27)

Combination ofEgs. (25)—(27)eads to the following rate
equation:

4 o i
Ctki (I—[}lej) KAK|I-|/2 PAP:-{Z

A+ Kapa+vy KHszz)2

RaHe(@) = (i =234

(28)

The rate parameters were estimated by a non-isothermal
regression of this rate equation for= 3, 4 to all ex-
perimental data. Initial regressions for= 3 showed that
the model calculations were insensitive to the chemisorp-
tion of Hp, such that the B chemisorption term was
removed from the denominator. Similar conclusions on
the surface mobilities of the species were drawn, so
that the same values as ifable 5were used. The re-
maining parameters are the composite activation energy
(Es"™ = Ea+ AHa 4+ 1L5AHy, + AH1 + AHp) and the
toluene chemisorption enthalpyH4). Their estimates and
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Fig. 7. Parity diagram for the methylcyclohexane outlet flow rate; line: Fig. 8. Parity diagram for the methylcyclohexane outlet flow rate; line:
experimental, dots: calculated based on the kinetic model with the third experimental, dots: calculated based on the kinetic model with the fourth
H addition as the RDSEgs. (4) and (28with i = 3 and with the H addition as the RDSEgs. (4) and (28with i = 4 and with the
preexponential factors frorfiable 5and the composite activation energy  preexponential factors frorfiable 5and the composite activation energy
and chemisorption enthalpies fromable 6 and chemisorption enthalpies fromable 6

H> chemisorption enthalpy of70kJmot! and the same

corresponding 95% approximate individual confidence in- rq|ation as above, the value for the real activation energy
tervals are reported iffable 6 An F-value of 5x 10? amounts to 46 kJ mot.

was obtained. The agreement between the calculated and

experimental methylcyclohexane outlet flow rate is shown 4 4 Model selection

in Fig. 7. The agreement is good, but somewhat inferior

to the one obtained with the model with equal surface reac- 5 the three models tested in this work, the model with
tion rate coefficients, which is also reflected in the respec- o 5| surface reaction rate coefficients and the model with
tive F-values. The vallueT o'btalned fortolugne chemlso_rptlon the fourth H atom addition as the RDS have the highest
enthalpy,—68kJmol™*, is in agreement with that obtained £\ a1es for significance of the regression. In those two mod-
with the model with equal surface reaction rate coefficients. els the chemisorption enthalpies for toluene and:bbild be
Using a H chemisorption enthalpy of 70 and 13kJmbl significantly estimated simultaneously. Also the parity dia-
endothermicity betweeA" and AH; (Fig. 4), a value of g ams for those two models were very similar. This similar
109kImof™ is obtained for the real activation energy penhavior indicates that the model with the fourth H atom ad-
starting from the composite activation energy. Using the gition as the RDS is a limit of the more general model with
weakest H chemisorption enthalpy reported by Podzolkin - equal surface reaction rate coefficients. In this limiting case,
etal.[75], i.e. 50kImot?, the value for the real activation  he surface coverage of the partially hydrogenated surface
energy amounts to 80 kJ mdi, which is somewhat higher species decreases as the number of added H atoms increases.
than the values calculated quantumchemically and on theTpis effect appears frorfig. (21)for values ofB which are

high end of the range reported in the literat{Be]. sufficiently lower than one, but not zero. With sufficiently
Taking the fourth H atom addition as the RDS, all pa- |arge differences in surface coverage, also the differences in
rameters, i.e. the composite activation energi (" = the forward reaction rates will be large because of the equal

Ea+ AHp + 2AHn, + AH1 + AHz + AH3) and the b surface reaction rate coefficients used. Hence, the forward
and toluene chemisorption enthalpies, could be estimatedreaction of the surface species with the lowest surface cov-
significantly. The conclusions concerning the surface mo- grage hecomes rate-determining. In that limiting case, the
bilities of the species were analogous to those made abovemgde| with equal surface reaction rate coefficients (24) be-
hence the same values asTiable Swere used. The val-  comes mathematically equal to the model with the fourth H
ues and their corresponding 95% approximate individual gtom addition as the RDE(. (28)with i = 4. Because of
confidence intervals are reported Tiable 6 An F-value this more general character of the model with equal surface

of 10* was obtainedFig. 8 shows the agreement between reaction rate coefficients, this model is selected. A similar
calculated and experimental methylcyclohexane outlet flow ¢onclusion was drawn by Van Meerten et[aB].

rates. H chemisorption is estimated to be weaker than ex-

pected, analogous to the results obtained with the model with

equal surface reaction rate coefficients. Using a 30kJtol 5. Conclusions

endothermicity betweeA* and AH3 (Fig. 4), a value of

65kJmot! is obtained for the real activation energy start- Careful consideration of various aspects encountered in
ing from the composite activation energy. However, if the the kinetic modeling of aromatic component hydrogenation
relationshipA Hsyit &~ —0.5A Hy, obtained based on the has yielded important new insights in the hydrogenation re-
model with equal surface reaction rate coefficients is used, action mechanism. It was shown that the rate-determining
then with an endothermicity of 60kJmdl a real activa- effect of the resonance stabilization in the gas phase is
tion energy of 35kJmot! is found. Using a value for the  lost upon chemisorption on the catalyst surface. Although a
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certain loss of catalytic activity occurred, the presence of de-

J.W. Thybaut et al./Chemical Engineering Journal 90 (2002) 117-129

[17] N.M. Ostrovskii, A. Parmaliana, F. Frusteri, L.P. Maslova, N.

hydrogenated species as most abundant surface intermediate  Giordano, Kinet. Catal. 32 (1991) 67-73.

in equilibrium with the aromatic reactant can be rejected.
An identical type of sites was assumed for &hd toluene.

[18] P. Reyes, I. Concha, M.E. Konig,
36 (1991) 147-152.
[19] S.D. Lin, M.A. Vannice, J. Catal. 143 (1993) 539-553.

E. Delgado, Bol. Soc. Chil. Quim.

A thermochemical analysis of the hydrogenation of benzene [20] s.s. Au, 3.S. Dranoff, J.B. Butt, Chem. Eng. Sci. 50 (1995) 3801—

on a Pt-surface suggested the quasi-equilibration of the last

two H atom addition steps.

A model with equal surface reaction rate coefficients
for the first four H atom addition steps and assuming
quasi-equilibrium for the fifth and the sixth H atom addi-
tion was selected as the best model, based on its flexibility.
According to this model, the hydrocarbon species are rela-
tively immobile on the catalyst surface, while the H atoms
have a higher mobility. The surface coverage by H atoms
is non-negligible, but is lower than the surface coverage

by aromatic reactant molecules. The activation energy and

chemisorption enthalpies estimated with this model are

close to values calculated quantumchemically and reported

in literature.
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