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Abstract

A fundamental kinetic model for the hydrogenation of toluene over platinum has been constructed, based on detailed first-principles den:
functional theory calculations for the hydrogenation of benzene over Pt(111). A Langmuir-Hinshelwood—Hougen—Watson (LHHW) kinetic mod
was derived based on an ab initio reaction path analysis [M. Saeys, M.-F. Reyniers, M. Neurock, G.B. Marin, J. Phys. Chem. B 109 (2005) 20¢
enabling easy interpretation and evaluation of the parameters appearing in the rate equation. The activation energy, adsorption, and reactio
thalpies in the model were obtained from the first-principles calculations. The pre-exponential factors were calculated from statisticad, mechan
using assumptions derived from the first-principles results. The coverage-dependent hydrogen chemisorption enthalpy was optimized to a
rately model lab-scale experimental data for the gas phase hydrogenation of toluene over a 0.5 wt% Pt/ZSM-22 catalyst. The resulting hydrc
chemisorption enthalpy of54.0 + 1.0 kJ/mol falls between the high and low coverage values, consistent with a simulated average hydroger
surface coverage of 61%. The LHHW model based on the ab initio calculations captures the main trends in the reaction rates. The reaction m
predicts reaction orders for the inlet partial pressure of hydrogen and toluene ranging from 1.6 to 2.2 an@.&rdm0.7, respectively. This is
in reasonable agreement with experimental values, which range from 1.3 to 1.8 and@r8ito 0.3, respectively.
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1. Introduction well as their accuracy. Microkinetic models constructed from
the fundamental kinetics of the elementary reaction steps offer
éhe ability to cover a broader range of process conditions, along

quires accurate reaction models that are applicable over a widyth improved accuracy. The development of green processes
range of process conditions. Computer simulation has becon{gﬁ‘t minimize er}erg);] us]:e an? V\I/Ia_ste prog%‘c“onf necejsna(';es
invaluable to complement experimental studies for achievin Uiy acco_untmg or t € ate o a mt_erm_e lates ormed an
these goals. Models to describe industrial chemical process gus requires more detailed reaction kinetic models, taking into

are based on mathematical reactor models that account for bof¥
the chemical reactions and the physical transport phenomer%J

. . - . For many years, the construction of kinetic models for indus-
that occur on the industrial scale. Traditionally, most reaction . . . .
. . . rial catalytic reactions has been based largely on the combina-
models are based on the interpolation of experimental data qQr

consist of power law models that describe the global kinetics > of a_Iarge em_pl_rlcal databas_e and the qualitative _concepts
of chemical reactivity. The ever-increasing computational re-

?hndirare (Ijievg:l?t 0]; thereli.-rrrfn;arryr—]stepfklrrletlcs. Th:‘di(iiar; limi ources and the continuous improvement in quantum chemistry
€irapplicability to a restricted range of process co ONS, 8Ryethods and software provide valuable tools for the kinetic
modeling of heterogeneous catalytic reactions. Carefully cho-

* Corresponding author. Fax: +32 9 264 49 99, sen quantum chemical methods can provide qualitative and/or
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The development and optimization of chemical processes r

count the molecular transformations occurring on the catalyst
rface.
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structed from first principles. Examples are the hydrogenatiosorption. The fifth and sixth hydrogenation steps were assumed
of ethend3,4], the hydrogenolysis of ethaffg], ammonia syn- to be irreversible. Thybaut et glL6] also demonstrated that,
thesig[6], and the selective oxidation of etheji@. as a limiting case of their more general model, a kinetic model

In this paper we explore the capabilities of these compuwhere the fourth hydrogenation is considered rate-determining
tational tools for developing reaction models for industrially can be obtained.
relevant systems composed of more complex reactants. The hy- The adsorption and dehydrogenation of cyclicriolecules
drogenation of aromatics over platinum was selected as a tegh transition metals has also received considerable attention
case in view of its relevance in various industrial processedrom both the surface science and theoretical communities.
The catalytic hydrogenation of aromatic compounds is an imfFrom these studies, a fairly consistent picture has emerged. Var-
portant reaction for the production of clean, high-quality fuels.ious investigators have combined data from spectroscopic and
Environmental concerns continue to impose ever-stricter limitsurface science studies with results from density functional the-
on the aromatic content of fue8]. In addition, cyclohexane, ory (DFT) to gain a clear understanding of the adsorption of
a base chemical for the production of nylon 6 and nylon 66, idenzene on Pt(111), Pd(111), Rh(111), and Ni(117)18]and
produced industrially via benzene hydrogenation. As comparedf the adsorption of cyclohexadiefie] and cyclohexeng0]
with previously reported casg¢3—7], aromatic hydrogenation on Pt(111). From these and other studies, it has become clear
is a somewhat more complex reaction, consisting of at leaghat DFT calculations provide reasonably accurate descriptions
six sequential elementary hydrogenation steps. Moreover, thef the adsorption and dehydrogenation of unsaturated hydro-
larger-sized aromatic molecules require a larger cluster or unitarbons on Pt(111), yielding adsorption and activation energies
cell to accurately model the catalyst surface. typically within 10 kJmol of experimental data.

Numerous experimental kinetic studies on the hydrogena- Previously, we carried out an extensive set of ab initio cal-
tion of aromatics are available in the literature. These studiesulations to obtain a detailed understanding of the mechanism
propose various reaction models in attempts to capture the lalof benzene hydrogenation to cyclohexgbd 7,20,21] Similar
oratory data. Lin and Vannid®] derived a model in which the to ethene hydrogenatidB], benzene hydrogenation was found
addition of the first hydrogen atom to the aromatic ring wasto follow a Horiuti—-Polanyi-type mechanism in which hydro-
proposed as the rate-determining step (RDS). The concurrentlyen atoms add sequentially to the adsorbed benzene molecule
formed H-deficient surface species was considered the mog21]. Benzene adsorbs at two different sif¢g]: a hollow (30)
abundant reaction intermediate (MARI). Others have selectedite and a bridge (0) site, with low coverage adsorption energies
the addition of the first B molecule or the simultaneous ad- of —71 and—102 kJ¥mol, respectively. Ab initio DFT calcula-
dition of the first two H-atoms as rate-determinifi)—13]  tions were performed to analyze the reaction path for benzene
Models proposed by Lindfors et 4lL3] and Van Meerten and hydrogenation to cyclohexar#]. The DFT results were ana-
Coenen[14] assume equal rate coefficients for all hydrogenadyzed using fundamental concepts introduced by Bou@a;,
tion steps. The model derived by Chou and Vanfil&d consid-  that is, the concepts of catalytic cycle, RDS, and MARI. Out
ers alinear increase in activation energies and a linear decreagkall possible catalytic cycles, one dominant path was found
in activation entropies between the first and sixth hydrogen adalong which the activation energy for every step is at least
ditions. Based on physicochemical arguments, Thybaut et al.8 kJ/mol lower than for any possible alternative elementary
[16] selected a model with equal reaction rate coefficients fostep that branches from the dominant path(Fig. 1). The ac-
the first four hydrogenations and competitive toluene and H adtivation energies for the different steps along the dominant path
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Fig. 1. Overview of the different reaction paths for benzene hydrogenation. The dominant reaction path is indicated in boldface. The hydroteatiion a
energies (kJmol) for every step along the dominant reaction path are indicated.
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are also reported iRig. 1 The highest barrier, 104 kihol, was  diffusion limitations are not relevant, because hydrogenation
calculated for step 5 forming cyclohexyl. This step can be coneccurs on the external crystallite surfgté].
sidered “far from equilibrium” and thus rate-determiniig. Toluene was used as model component in the experimen-
From the ab initio reaction path analysis, a detailed qualtal work because its hydrogenated product, methylcyclohexane,
itative picture of benzene hydrogenation over Pt(111) hadas very limited isomerization possibilities, hence limiting pos-
emerged. Based on this picture, we constructed a LHHW kisible side reactions. Although benzene hydrogenation was stud-
netic model for the hydrogenation of toluene over an indusied in the ab initio reaction path analysis and cyclohexane has
trial Pt catalyst. The kinetic and thermodynamic parametersven less isomerization possibilities, the use of benzene was
in the model were derived from the ab initio calculations. Torejected for an extended set of experiments because of its car-
evaluate the accuracy of this approach, the predictions of theinogenic character.
first-principles based kinetic model are validated by compar- Benzene rather than toluene was selected for the ab initio
ison with experimental data for the hydrogenation of toluenestudy because a large number of surface science studies on ben-
over a 0.5 wt% Pt/ZSM-22 catalyft6]. zene adsorption are available, enabling validation of the theo-
Although the hydrogenation kinetics for toluene can be extetical procedures. Much less surface science data are available
pected to differ slightly from those for benzene, trends can béor toluene adsorption, and no experimental adsorption ener-
expected to be comparald@,23]. Considering the fairly sim- gies have been determined. Moreover, the high symmetry of
ple main field approximations in the LHHW reaction model, benzene significantly reduces the complexity of the ab initio re-
perfect agreement with experimental data should indeed not b&ction path analysis.

expected, yet the main trends should be reproduced. Experiments were performed in a gas phase continuous
stirred tank reactor (Bertf27] reactor). Nitrogen was used to
2 Methods vary the B and toluene partial pressures under which reactant

conversion was measurable and not transport-limited at the to-
tal pressures applied. Hydrogen (99.99%(CH+ O, content<

10 ppm; L'Air Liquide) and toluene (99%; Acros) were used

. I without further purification. Methane was used as an internal
The optimal ab initio method to study benzene hydrogena'standard. The equipment has a stabilization time of about 1 h,

gon dwas gjggg t? b¢37‘21|] rela;:lnsnc (IjDFTdWItk?I the ItBeglret— after which a sample of the reactor effluent was taken and sent
erdew ( ) functional (e.d24]) and a double-zeta Slater tg a HP Series |1 5890 gas chromatograph equipped with a 50-m

Lype (t)rb'tflls (STO) llaastls Sit' The F:jt(%l_ll)(;:ztalys_t \{[\{as mfot?]el SL-150 column with a 0.25-pm poly(dimethylsiloxane) film.
y a two-layer R4, cluster. A more detalled description ofthe 1, 5 4ig catalyst deactivation, a 10 mmgb~* flow was

CO?E utatllon;alltprocedure ha]:c, b eeré ?reseztleld els?mié]reh sent through the reactor between experiments. A total of 42 ex-
€ calculations were performed for a (111) surface, where eriments were carried out, varying the idlet partial pressure

the catalyst particles in the experiment are more or less Spheirr'om 100 to 300 kPa, the toluene inlet partial pressure from 10

ical with an average diameter of 3 nm. The (111) surface Wag 60 kPa, the temperature from 423 to 498 K, and the space ve-
selected for the calculations because it is the closest-packed aqu:ity frorr’1 27 to 82 kggrmol~1 s Conversic;n ranged from

the thermodynamically most stable facet. Hence it can be €X%5 10 45%. The total pressure (i.e., including)Manged from 1
pected to dominate the fairly large catalyst particles. Moreover, ) 5 vpa.

hydrogenation is a structure insensitive reactibh and the
data from the (111) surface should be applicable to other facets 3 o rameter estimation
as well. A

2.1. Quantum chemical calculations

The activation and adsorption energies in the ab initio kinetic
2.2. Experimental setup model were obtained from the first-principles calculations. Be-
cause the ab initio parameters were obtained from cluster DFT
Toluene hydrogenation was studied over ZSM-22 loadectalculations, they correspond effectively to zero coverage val-
with 0.5 wt% Pt. The preparation of the catalyst has been deues. However, the hydrogen adsorption enthalpy has been found
scribed elsewherfl6,26] A Pt dispersion of 30% was mea- to be strongly coverage-dependdg@8]. At low coverage, a
sured[26], indicating that the Pt metal is present as particlesdissociative adsorption enthalpy fros60 to —90 kJ/mol has
with a diameter of 3 nm and is located on the external surbeen reported, consistent with DFT restR4]. The adsorp-
face of the zeolite crystallites, because the crystal pores havn enthalpy decreases dramatically with coverage to about
a cross-section of only.85 x 0.55 nm[26]. The concentration —40 kJmol at monolayer coverag@8]. Because the hydro-
of active sites(t, can be calculated from the dispersion and thegen adsorption enthalpy is an important parameter in our ki-
catalyst loading and amounts t80«< 10-2 molkg. Because netic model, this strong coverage dependence complicates a
of the shape-selective character of the intracrystalline pores dirst-principles assessment of this parameter. To reproduce the
the ZSM-22 zeolite, acid-catalyzed cracking and isomerizatiomrexperimental data, we therefore selected the hydrogen adsorp-
products were observed in only minor amounts. The absence tibn enthalpy to be the only adjustable parameter in the kinetic
mass transport limitations in the intercrystalline pores was vermodel. Other parameters are also likely coverage-dependent,
ified (Weisz moduli~10-2) [16]. Note that the intracrystalline but experimental data seem to indicate that the hollow site ben-
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zene adsorption enthalpy is only weakly coverage-dependetite experimental data; however, we hope that the model can

[29]. In a first approximation, therefore only the hydrogen ad-reliably simulate the main trends. More detailed microkinetic

sorption enthalpy was assumed to differ from the ab initio zeranodeling[33] or kinetic Monte-Carlo simulationg!,5] could

coverage value. further improve the model’s accuracy, but are more difficult to
Parameter estimation was performed using a combination afonstruct and interpret. However, they are a logical extension if

a Rosenbrock algorithrf80] and a Marquardt algorithif81].  the LHHW model successfully reproduces the experimentally

An in-house written code was used for the Rosenbrock methodbserved trends.

whereas for the Marquardt algorithm, the ordinary least squares The LHHW model described here is based on five model

option of the ODRPACK-package version 2.[RP] was used. assumptions, derived from the conclusions of the ab initio reac-

The sum of squared residuals between the observed and caldien path analysigl].

lated outlet flow rates of methylcyclohexane was minimized by

adjusting the model parameterthat is, the hydrogen adsorp- Assumption 1. Competition between the dissociative adsorp-

tion enthalpy, which would be expected to approach the reaion of H, and the molecular chemisorption of the toluene for

parametep when the optimum was reached, identical sites. Although benzene was found to adsorb at both
nob the bridge and the hollow site, only hollow site adsorption was
= 2 b considered in the kinetic model, because it was found to be
SSQ= Fmchi — Fmch i)~ — Min, 1 X . ' ,
Q ;( meh.J mch") @ the more reactive specig¢$,21]. Moreover, at the high cov-

N erages observed under industrial conditions, experimental data
where Finch j is the observed outlet flow rate aféheh ; is the  indicate that hollow site adsorption is preferrdd]. Hydro-

calculated outlet flow rate of methylcyclohexane. gen and toluene are assumed to compete for the same active
The methylcyclohexane reactor outlet flow rate is calculategsites. The larger size of toluene is taken into account via the
by solving the nonlinear reactor equation pre-exponential factor of the adsorption equilibrium coefficient.

~ ~ The chemisorption of both hydrogen and toluene is assumed
Fumchj — Rmen(T', pH,» Proluend W = 0, @ tobe quasi-equilibrated. Some kinetic models reported in the
that is, via the mass balance for methylcyclohexane, wherliterature assume noncompetitive adsorption of hydrogen and
Rumen is the predicted rate of formation of methylcyclohexane,aromatic§9-11,14,15] Experimental work by Mirodatof84]
PH, and proluene are the partial pressures of hydrogen andseems to provide support for this assumption. Usinditta-
toluene at the reactor outlet, afid; is the catalyst mass. tion, Mirodatos showed that the total amount of adsorbed hy-
The statistical significance of the global regression was exdrogen does not change much with the presence of benzene on
pressed by means of the so-callEdest, which is based on the Ni. However, as argued by Toulhoat and Rayb#s®i, ben-
comparison of the calculated sum of squares and the residuaéne chemisorbs flat on the surface and competitive adsorption
sum of squares. A higlf-value corresponds to a high signifi- implies that the adsorption of H could locally prevent the ad-
cance of the global regression. The parameter estimate was alsorption of benzene, and vice versa. Lutterloh €3] studied
tested for statistical significance on the basis of its individuathe coadsorption of hydrogen and benzene on Pt(111) using
t-value, which is related to the sensitivity of the model calcula-thermal desorption and vibrational spectroscopy. Their results
tions to the value of the parameter. A highalue corresponds provide further support that benzene and hydrogen adsorb com-
to a high sensitivity and hence to a high significance or a narrowpetitively.
95% approximate individual confidence interval of the corre-

sponding parameter. Assumption 2. Desorption of the hydrogenated product is fast
and irreversible. The calculated adsorption enthalpy of cyclo-

3. Results hexane is—27 kJmol [1,20]. Although reported experimental
values are somewhat higher, at arounfi8 kJymol [37], de-

3.1. Rate equation sorption can still be assumed to be fast and irreversible, because

the experimental value is still low compared with the adsorp-

The results from the ab initio reaction path analy$jsvere  tion energy of benzene; 71 kJmol, and the activation energy
used to construct a classical analytical LHHW rate expressionf the RDS, 104 kdmol.
that is easy to implement and interpret. We want to stress that
the main purpose of this paper is to demonstrate the applicaéAssumption 3. Hydrogenation follows a single reaction path
bility of first-principles calculations in constructing a kinetic where the addition of the fifth hydrogen is the RDS. This as-
model for industrial catalytic reactions involving more complex sumption follows directly from the ab initio reaction path analy-
reactants, such as toluene. The main purposes of the LHHWIS[1] summarized irFig. 1
model presented here are to assess the validity of the assump-
tions derived from the ab initio reaction path analysis and toAssumption 4. The lower activation barriers for steps 1-4 sug-
test the relative accuracy of the ab initio parameters and thegest that they can be assumed to be quasi-equilibrated. The
suitability for modeling laboratory kinetics. Because of the sim-calculated activation energies for the first three benzene hydro-
plifications introduced by the model assumptions in the LHHWgenation steps are 75 kJmol, and the barrier of the fourth
model, we do not expect the model to quantitatively reproducéydrogen addition amounts to 88/dol. The barriers for the
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corresponding reverse dehydrogenation reactions are all lower Assumptions 1-%ead to the following sequence of elemen-
than 64 kgmol [1,21]. The barrier for the RDS is 104 khol,  tary steps, using standard notat{@2]:

which is at least 16 kdnol higher than for the barriers for the

first four steps. At 450 K, a typical temperature for aromaticH2(9) + 2" = 2H" K,

hydrogenation, such a difference in activation energies correA(g) + * = A* Ka,

spond_s_to an 80-fold difference in the reaction _rate_ coeﬁicientA* LHF e AHF 4 * <

In addition, the surface coverage of the £Heaction interme-
diate is likely to be lower than the surface coverage of hydrogerfAH™ + H* = AH2" + * K2,
toluene, or the less hydrogenated intermediates because of tA@{,* + H* = AHz* + * K3,
endothermicity of the hydrogenation reactions. The lower cov-,,, « * x| %
erage further limits the hydrogenation rate of the fifth step. TheAH3 HH AT+ Ka,
first four hydrogen additions can therefore be assumed to b8H4" +H* >AHs" +* ks,
quasi-equilibrated. The sixth hydrogenation step has a sizeabfgHs* + H* — AHg* + *,
barrier of 96 kJmol [1] for the reverse dehydrogenation reac- « "

tion. Thus this step may not be quasi-equilibrated. However',A‘H‘5 — AHs(g) + *.

the lower hydrogenation barrier of 87 Adol, along with the  With Assumptions 2 and,3he rate of formation of the hydro-
fact that cyclohexane desorption is irreversitAsgumption 2, genated product, Ak] can be written as

indicate that the dehydrogenation reaction is not kinetically sig-

nificant. RaHe(g) = CtksOaH-On+ ®)

wherefy is the surface coverage of, ks is the reaction rate
Assumption 5. Chemisorbed hydrogen and toluene are thegoefficient for the RDS, andy is the surface concentration of
MARIs [22]. The energy profile along the dominant reactionactive sites (molkgg).
path is sketched Im_'lg 2 The solid line Corresponds to the The surface coverage of hydrogen*nl-and aromatic (A)
ab initio energy profile based on the ab initio hydrogen adcan be obtained fro’dssumption las
sorption enthalpy of-94 kJymol. As discussed previously, the
hydrogen adsorption enthalpy decreases significantly at high@n: = 6x:Kapa and Oy« =0,/ Kn, pH,. (4)

coverages. For a monolayer coverage, adsorption enthalpies \%ereKX is the chemisorption coefficient fof, py is the par-

low as —40 kymol have been reportef@8]. A lower hydro- tial pressure, and, is the surface concentration of empty sites.

gen adsorpf[ion enth_alpy also reduces the endothermicity of th)ehe surface coverage of the hydrogenated intermediates can be
hydrogenation reactions as one hydrogen atom is consumed Ubtained from the quasi-equilibriunAgsumption 4 as
each step. The dotted line ifig. 2 corresponds to a hydrogen

adsorption enthalpy 6£45 kJ/mol. For such low hydrogen ad- i On-6i,.
sorption enthalpies, the hydrogenation reactions are nearly theffaH,;* = l_[ K; TR i=1..,4 %)
moneutral. Under industrial conditions, an intermediate value j=1 *

can be expected, and the hydrogenation can still be expected {yis |eads to the following rate equation:
be endothermic. Therefore, the thermodynamic sink of the en-

ergy profile is likely to be adsorbed toluene and hydrogen, and 4 5 5
thus these are considered the MARIs. All other intermediate§AH6(g) = Ctks HKi Kapa (v KHzPHz) Oy (6)
can then be neglected in the overall site balance. i=1

A site balance is used to eliminatg from the rate equation

% (Assumption %,

0

1
1=0,406px+6H, 6= . ©)
o * " 1+ Kapa +VKiopho
-100 This leads to the following LHHW rate equation:
150 | 52 5/2
150 Ctk5(1_[§:1 Kj)KAKH/z 17A17H/2 ®)

-200

RaHe(g) =
- ° (1+ Kapa +/KrypH, )2
c-Hexyl*+H*

1235THEB 21+ CHA* This rate equation differs from the rate equations proposed pre-
i viously by Thybaut et al[16], which were based on a reaction
enthalpy diagram including only adsorbed benzene, cyclohexa-
13DHB*+3H* .
errei : diene, cyclohexene, and cyclohexane. Because the hydrogena-
Br6H* tion from cyclohexene to cyclohexane was found to be exother-
mic, the rate-limiting step was assumed to be the third or fourth
Fig. 2. DFT calculated energy profile along the dominant reaction patlyil. ~ hydrogenation step. Alternatively, a model with equal reaction
(— AHaggH2) = 94.3 kJ/mol; - - -, A Hagg(Hp) = 45.0 kJ/mol). rate coefficients for steps 1-4 was proposed. In all three models,

-250 -

-300 1 I3STHB™3H® 2 AH, = -74.0 -2(-94.3)

-350

Enthalpy relative to benzene and hydrogen (kJ/mol)

-400
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the remaining hydrogenation steps are assumed to be quasib kJ/mol[17]. A similar mobility can be assumed for toluene.
equilibrated. A more detailed ab initio reaction path analysisThe translational partition function for the chemisorbed toluene
[1] provides additional insight, leading to the slightly different is therefore approximated E(QtransmionDOF)z. Chemisorbed

LHHW model equatior{8). toluene is also assumed to retain 1 rotational DOF, that is,
Orotationpor = 89.2. The vibrational partition function of ad-
3.2. Kinetic and thermodynamic parameters sorbed toluene can be written &3yib,gasQvib,extra Where

Ovib,extra @ccounts for the low-frequency C—Pt stretch frequen-
A number of parameters appear in the LHHW rate equacies that appear on adsorption. For benzene, C—Pt stretch fre-
tion (8): the concentration of active site§;; the reaction rate  quencies 0~300 cnt! were calculated17,18], leading to a
coefficient of the RDSks; the product of the equilibrium co- Qi exira Of about 10. As usual, the translational partition func-
efficients for the surface reactionf];_, K;; and the adsorp- tions are multiplied with the space available for the molecule,
tion coefficients for tolueneka, and hydrogenKw,. Taking  that is, the surface area available to a single molecule and the
into account the temperature dependence of the rate coeffjplume available to the molecul83]. These considerations

cients and the adsorption coefficients, nine parameters must igad to the following pre-exponential factor for the adsorption
determined. The concentration of active sitédsmust be deter-  cgefficient:

mined experimentally, because it depends on the catalyst prepa-

ration procedure and amounts t8& 102 molkgg. The ki-  Aadsa

netic and thermodynamic parameters can be obtained from a (1.17 x 10'H2 x 89.20ip.ads (M™2) x 1 x 10718 (m?)
combination of DFT calculations and statistical mechanics. We = (1.17x 1013)3 x 89.2 x 251 x 74.4Q\ib gas (M~3) x kT (Pand)
explain step by step how these parameters were derived. For the_ 74 %1012 pgl
calculation of the pre-exponential factors, some additional as- '

sumptions concerning the mobility of the adsorbed moleculewhere a surface area per adsorbed toluene of 1019 m? is
are required. First, the calculation of the adsorption coefficientgassumed, consistent with a value of 20~1° m? that has been

is discussed. determined experimentally for benz€i@8] and with the value
The pre-exponential factorg,;qs are derived from statisti- that can be calculated from the van der Waals radii for toluene
cal mechanics (e.g[33]), (i.e., 48 x 1071° m?). A typical surface area per platinum

atom is 101° m?. The DFT adsorption enthalpy of benzene
, (9)  at the hollow site,~71 kJmol, was taken as the chemisorp-
QuranslationgasCrotationgasQvibration gas tion enthalpy for toluene. To validate the assumption that the
whereQranslationis the translational partition functio@rotation  toluene adsorption energy is similar to the value for benzene,
is the rotational partition function, an@uibration is the vibra-  the toluene adsorption energy was treated as an adjustable pa-
tional partition function. These partition functions can be Ca'-rameter, in addition to the hydrogen adgorption energy. The
culated from the DFT geometries, vibrational frequencies, an@stimated value;-69.6 + 2.0 kJ/mol, indeed indicates that the
diffusion barriers using standard formulas (e[83]). The fol-  toluene adsorption energy does not differ significantly from the
lowing translational partition functions per degree of freedomgp initio value for benzene. Thus in the final model we will use
(DOF) are calculated: the ab initio value, rather than the estimated value.

Toluene:Qyanslationpor (450 K)=1.17 x 10*t m~1;
Hydrogen(H2): Qtranslationpor (450 K)=1.72 x 1010 m_l;

Hydrogen atom (H): Hydrogen is found to be highly mobile on the Pt(111) sur-
Otanslationnor (450 K)= 1.22 x 1010 m~2. face as well, with a barrier ok 5 kJ/mol for diffusion (e.qg.,

) N ] ] [21]). For hydrogen adsorption, the pre-exponential factor can
The rotational partition functions are calculated using the aly, ;s pe calculated in a similar way

initio gas phase geometries, wherés the rotational symmetry
number:  [(1.22x 1019)2)2 x [107 1972
Mo = T (172 % 10103 x 25%T

Differential enthalpy diagrams of hydrogen adsorption show
that the adsorption enthalpy decreases from ab@@ kJ/mol
Hydrogen(H2): Qrotation (450 K)=2.59 (0 = 2). at low coverage to about40 kJymol at near-monolayer cov-

For wave numbers larger than 700 chithe vibrational parti- €rage. Instead of assigning the low-coverage DFT value of

tion functions are~1. From Eq(9), the pre-exponential factors —94 kJmol, we thus treat the hydrogen adsorption enthalpy
can be calculated. as an adjustable parametarHagqH>2).

QtranslatiomadsQ rotation adsQ vibration ads

Aads=

3.4. Adsorbed hydrogen

=27x10°%pPal

Toluene:Qrotationpor (450 K)= 251 (¢ = 2); 74.4;89.2
for the three rotational axes;

3.3. Adsorbed toluene 3.5. Equilibrium coefficient

The DFT calculations indicate that benzene adsorbed at The changes in the hydrogen adsorption enthalpy also affect
the hollow site is fairly mobile, with a diffusion barrier of the reaction enthalpy of the elementary hydrogenation steps.
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To illustrate this effect, the energy profile for a hydrogen ad-Table 1
sorption energy of-45 kJmol is shown inFig. 2 (dotted line).  First principle derived kinetic and thermodynamic parameters to be used in the
The reaction enthalpies of the individual stefg/, ;, are there-  -HHW rate equatior(8)

fore functions of the hydrogen adsorption enthalp¥faq{(H>). Parameter Pre-exponential factor Enthalpy/activation energy
Note that inFig. 2 the simplifying assumption has been made (kJ/mol)

that the hydrogenation barriers are unaffected by the value aft 0.8 x 10-2 mol/kgcay -

the hydrogen adsorption energies. The lower H—Pt binding erks 5x 10 s 104

ergy could result in a lowering of the hydrogenation activationl li=1 Xi 05%=006 —74=2AHagdH2)
energies as well. Ka 14X 10" “Pa -

Ho 27x109pPal AHggqHo)

The reaction enthalpy for the product of the equilibrium con K
stants,]_[l‘-‘=1 K;, can be determined from the ab initio enthalpy

diagram, tor must be smaller than the dehydrogenation valué? $0'.

4 A reasonable estimate for the hydrogenation pre-exponential

. 1 —1 .
ZAH” — AH{(1235THB,9 — A H;(B,g) factor is therefore 5 10! s Helj_ce.the pre—(.ax.ponenual
= factoi for the surface reaction equilibrium coefficient equals
+ AHaqd1235THB — A HagdB) — 2A HaadH2), (0.5 =0.06.

4 3.6. Rate-determining step

> AHr; = —74 kymol — 2A HagdHy),

i=1 In the previous section, a pre-exponential factor ok 5

where A H;(1235THB,9 is the gas phase enthalpy of forma- 10 s~1 was proposed for hydrogenation reactions. The same
tion of 1,2,3,5-tetrahydrobenzene and/,q1235THB is the ~ value is used for the pre-exponential factor of the RD§, A
corresponding adsorption enthalpyHs(1235THB,g is cal-  The pre-exponential factor for the RDS and the pre-exponential
culated using the atom additivity-corrected CBS-QB3 methodactor for the equilibrium coefficient are taken from experi-
[25] and amounts to 271 kol. A Haq1235THB was ob- mental surface science data, in combination with qualitative
tained from a cluster DFT calculation and equa33 kJmol. arguments based on the ab initio geometries and surface mobil-
AH;(B,g) is the gas phase enthalpy of formation of benzeneities. This introduces some experimental data into our ab initio
83 kJymol [39], and A Hag¢B) is the DFT adsorption enthalpy model. Calculating these parameters from first principles would
for the hollow site—71 kJmol. The adsorption energy of ben- be possible, yet very time-consuming. To validate the proposed
zene rather than that of toluene is used, to be consistent with t@grameters, we have estimated the pre-exponential factor for
adsorption energy and the enthalpy of formation for 1235THBthe parameter combinatioﬁfg(]_[?:l K;) [Eqg. (8)]. The esti-
The determination of the pre-exponential factors for the surmated value does not differ significantly from the calculated
face reaction equilibrium coefficient requires some approximavalue, and we use the latter in our model. For the RDS, an acti-
tions, because the diffusion barriers of the hydrogenated invation energy of 104 kimol is calculatedKig. 2). Note that for
termediates have not been explicitly calculated nor measuretess negative hydrogen adsorption enthalpies, a slightly lower
Hence it is not possible to calculate the partition functions fromvalue could be expected.
statistical mechanics using the first principles data as we did Table 1summarizes the parameters required in the LHHW
for adsorbed hydrogen and toluene. Instead, the pre-exponentfate equatior(8). The pre-exponential factors presented here
factors are determined by combining the DFT structures wittdiffer slightly from the values reported previoughy6]. Therein
experimental surface science data. the mobility was assumed to be low for the adsorbed toluene,
Typical values for the pre-exponential factor of a dehy-whereas new insights from the DFT calculations indicate the
drogenation rate coefficient for cycli€s molecules can be aromatic reactantis highly mobile. In addition, for the hydrogen
found in the surface science literati#®]. For cyclohexane on atoms a lower mobility was assumed in previous work.
Pt(111), a pre-exponential factor of310'2 s~ has been de-
termined. For cyclohexene on Pt(111), a value of 80'1 s~1 4. Discussion and comparison with kinetic data
has been reported. Here we assume an intermediate value of
1x 1012 s~1 for the pre-exponential factor for the dehydrogena- The rate equatiorf8) was implemented in a CSTR reac-
tion reactions. The hydrogenation pre-exponential factor cator model for the simulation of lab-scale data for the hydro-
now be estimated from statistical thermodynamics. Adsorbedenation of toluene on Pt/ZSM-22. The hydrogen adsorption
hydrogen is found to be mobile, whereas the adsorbed hydr@nthalpy,A Hags(H2), which is known to be strongly coverage-
genated intermediates are assumed to be less mobile becauspendent, was optimized to fit the experimental data. A hydro-
they are bound by rather stromg—p; bonds. For the transition gen adsorption enthalpyA Hag{H2), of —54.0 & 1.0 kJ/mol
state, an intermediate mobility can be assumed. This leads twas determined. The kinetic model was found to be statisti-
pre-exponential factors betweenli@nd 132 s~1 [33]. Dur-  cally significant, with a calculatesi-value of 1070. The model
ing hydrogenation, a mobile (Bland a less-mobile reactant are predictions were compared with the experimental data in a par-
converted to a less-mobile product, leading to a negative readty diagram Eig. 3). The first-principles based kinetic model
tion entropy. Therefore, the hydrogenation pre-exponential facelearly captures the main trends in the reaction rate. The es-
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15 o sion of all experimental data at a given temperature to(Hgj,

o RaHs(9) = KAHs(9) Ptol.in PH.in- (10)

10 | Note that the reaction orders relate tihéet partial pressures
(set values) to the reaction rate. But the LHHW model relates
the partial pressures inside the reactor to the reaction rate. The
°5 © reactor model equations in turn relate the reactor partial pres-
sures to the inlet partial pressures.

056 For the LHHW rate equatio(8), the reaction order in the
hydrogen reactor partial pressure can be obtained analytically
5 as

0 T T 5 \/ KHszz (ll)

reaction order ipy, = - —
2 1+ Kapa+/Kn,pH,

and can vary between 1.5 and 2.5. However, the ab initio partial
Fig. 3. Parity diagram for the methylcyclohexane outlet flow rate (line, ex-re"f‘-Ctlon orders _mUSt be calculated frqm CSTR reactor simu-
perimental; dots, calculated based on kinetic model equation (@pand  lations for the different process conditions. Over the range of

Rcalc (mmovkgcat S)
®

Rex;:o (mmOngcat S)

parameters frorfiable ). experimental conditions, the ab initio model yields partial re-
action orders innlet hydrogen partial pressure ranging from
Table 2 1.6 to 2.4 Table 9. Note that the range in the simulated par-

Partial reaction orders injHand toluene inlet partial pressure for the different tjg| reaction orders at any temperature is quite large, and hence
experimental temperatures. Comparison between experinjéfiand simu- the partial reaction orders are strongly dependent on the condi-

lated values tions at which the experiments were carried out. At 473 K, the
r Hydrogen Toluene temperature at which most of the experiments were carried out,
(K) Experimental  Simulaté  Experimental  Simulatéd the experimental reaction order is in the simulated range. At
423 06+0.1 17t024 -02+01 -0.7t0+0.5 lower temperatures, the agreement is less satisfactory, and the
448 11+005 161023 —02+01 —-05t0+07 | HHW model overestimates the experimental reaction orders.
igg igig:gg 12 :g 3(2) ;géi 8:25 _% :g Ig:g One reason for this might be that the experiments at lower tem-

— - - peratures were done over a limited range of partial pressures
a VaIuesmdl(;ate range of partial rga_ctlon orders that can be calculated forthgnd correspond to the lower range of the simulated reaction
range of experimental process condtions. orders. Moreover, the higher coverages at lower temperature
might require a lower value for the adsorption enthalpies. From
e@q. (12), it follows that the hydrogen partial reaction order is

rather sensitive to adsorption energy of the aromatic reactant.

timated hydrogen adsorption enthalpy is intermediate betwe
the low coverage value of abou90 kJ/mol and the monolayer

value of about—45 kJmol, cqnsistent with simullated hydro- Indeed, increasing the toluene adsorption energy fror0.6
gen coverages for the experimental data varying from 31 19, _gq 6 k3/mol leads to a decrease in reaction order of 0.2—
82%, with an average value of 61%. The estimated hydroge§ g Note that a lower toluene adsorption enthalpy might be

adsorption enthalpy is likely an average value, and more desyected, because the ab initio value corresponds to low cover-
tailed models will need to take into account the variation of theages, whereas the simulated surface coverages are rather high.
hydrogen adsorption enthalpy with coverage. As discussed, the reaction order in hydrogen partial pressure is
Next we present a more detailed discussion of the simulateghsily determined by the location of the RDS. The fair agree-
trends versus hydrogen and toluene partial pressure, tempefigent inTable 2 particularly for the data at 473 K, where most
ture, and space-time. The partial reaction order in hydrogegs the experiments were performed, gives some validation to
partial pressure is determined mainly by the location of thehe |ocation of the RDS based on the ab initio reaction path
RDS, whereas the partial reaction order in the aromatic reactaghalysis.
is related largely to the hypotheses of competitive adsorption For the aromatic reactant, partial reaction orders between
and the presence of a rate-determining reaction step. The varia-1 and +1 have been reported in the literatyg-16], de-
tion of the reaction rate with temperature and the position of thgyending on the experimental conditions. In the experimental
maximum in the reaction rate—temperature curve are related prétudies discussed here, the range of observed reaction orders
marily to the relative values of the kinetic and thermodynamicis much smaller, from-0.2 to 0.3 (Table 9. At lower tempera-
parameters. The simulated variation of the reaction rate witlures, the reaction order tends to be negative, whereas at higher
space—time can provide an indication of the overall reliabilitytemperatures it becomes slightly positive. For the LHHW rate
of the first-principles based reaction model. equation(8), the partial reaction order in toluene is given by
Table 2lists the partial reaction orders in the hydrogen and
toluene inlet partial pressures for different temperatures. Theeaction order irpp =1 —
experimental partial reaction orders were determined by regres- 1+ Kapa+/KuzPH,

2K pa (12)
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Fig. 4. Plot of the reaction rate versus temperature. Reaction condifigpRg: Fia. 5. Plot of th i " " Reacti ditions:
—10 bar; W/ Fiol o = 818 kgegrsmol-L; Prolueneo = 203 kPa (A), 10.1 kPa ig. 5. Plot of the reaction rate versus space-time. Reaction conditions:

_ =10 bar (A, B), 20 bar (C), 30 bar (DY = 423K (A), 498 K (B),
(B): Prp.0=202kPa (A), 101 kPa (B). T3 K (C, D); pH(ZO =)101 kPa ((A,)B), 203 kl(I’a)ZgC), 304 kP(a zm&).ueneé )
20.3 kPa (A, B), 40.5 kPa (C), 60.8 kPa (D).

and ranges from-1 to +1. Becaus& » decreases with temper-
ature, the predicted reaction order increases with temperatur@smperatures because of the second part, but the effect depends
as has been found experimentally. Over the range of experbn the process conditions. Taking into account the coverage
mental data, the ab initio kinetic model predicts partial I'eaCtiOrdependence of the parameters will also increase the variation
orders ranging from-0.7 to 0.9 and increasing with tempera- of the rate with temperature and might improve the agreement
ture, in fair agreement with the experimental valutasb(e 2. with the experimental data.

Fig. 4plots the reaction rate versus temperature. Both the ab Fig. 5shows the simulated and experimental variation of the
initio model and the experimental data clearly show a maximumegction rate with space—tim#// Fo1.0. The model accurately
in rate versus temperature; however, the change in the ab initigredicts the decrease of the rate with increasing space—time,
predicted rate with temperature is smaller than the experimentglarticularly for higher reaction rates. At lower rates, the pre-

variations, and the predicted maximum is at slightly higher temdicted variations are somewhat smaller than the experimentally
peratures for the lower reactant partial pressures. The positiaghserved variations.

of the maximum and the steepness of the curve are determined |n general, the first-principles based LHHW model rather
by dRaHg(g)/dT , as follows: accurately simulates the trends of the experimental data. To
dRare(g)  Rary) further improve th(_a agreement, some of th_e assumptions_, used
= 629 to determine the kinetic and thermodynamic parameters in the
dr RT classical LHHW model should be refined. In particular, tak-
ing into account the coverage dependence of the hydrogen and
toluene adsorption enthalpy, as well as the activation energy of
the RDS, might improve the simulations. In addition, more de-
2A HadA)Ka pa + AHadH2)\/ KH, pH, 13) tailed first-principles calculations of the pre-exponential factors
- 1+ Kapa + \/m - (13 would also likely improve the simulations.

The SUMEas + Y /1 AHy i + AHagdA) + 25AHagH2) is 5. Conclusions

negative for the parameters determined here, and the fraction is

always negative. Decreasing the activation energy of the RDS, In this work, a kinetic model for the hydrogenation of
Ea s, shifts the maximum to lower temperatures, and the protoluene over platinum catalysts was derived based on a detailed
file also becomes steeper. This improves the agreement with ttad initio reaction path analysis for the hydrogenation of ben-
experimental trend. Note that lower hydrogenation activatiorzene over Pt(111). The kinetic and thermodynamic parameters
energy can indeed be expected for lower hydrogen adsorptian the model were obtained from ab initio calculations and from
enthalpies. A less endothermic reaction enth.’;@ﬁtl AHy statistical mechanics. The first-principles based model was vali-
would have a similar effect. Indeed, for temperatures below thelated against lab-scale experimental data for the hydrogenation
temperature corresponding with the maximum in the reactiomf toluene over a 0.5 wt% Pt/ZSM-22.

rate, the rate increases with temperature because of the increaseFrom the ab initio reaction path analy$id, the following

in the reaction rate coefficients, and the equilibrium coeffi- model assumptions were derived: (i) dissociative hydrogen and
cient, Hf’zl K;. The influence of the hydrogen and toluene ad-molecular toluene chemisorption are competitive, (ii) desorp-
sorption enthalpies is less straightforward, because they appeton of the hydrogenated product is irreversible, (iii) hydrogena-
in both terms. For the ab initio parameters and the experimertion follows a single reaction path in which the addition of the
tal conditions reported here, decreasing the toluene adsorptidiith hydrogen is the RDS, and (iv) the hydrogen and aromatic
enthalpy is found to shift the position of the maximum to lowerreactants are likely the MARIs. Based on these hypotheses,

4
i=1
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a simple LHHW kinetic model was constructed and imple-[12] S. Smeds, D. Murzin, T. Salmi, Appl. Catal. A 150 (1997) 115.
mented in a mathematical reactor model. The kinetic paramd23] L.P. Lindfors, T. Salmi, S. Smeds, Chem. Eng. Sci. 48 (1993) 3813.
ters in the model were obtained from the first-principles cal114] R-Z.C. Van Meerten, J.W.E. Coenen, J. Catal. 46 (1977) 13.
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some additional assumptions were required to derive the prgrz) m. saeys, M.-F. Reyniers, G.B. Marin, M. Neurock, J. Phys. Chem. B 106
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low surface coverage values. Because the hydrogen adsori38] C. Morin, D. Simon, P. Sautet, J. Phys. Chem. B 108 (2004) 5653;

tion enthalpy is know to be strongly coverage-dependent, it ~C- Morin, D. Simon, P. Sautet, J. Phys. Chem. B 107 (2003) 2995;

was optimized to fit the experimental data. The resulting value, > Yamagishi, S.J. Jenkins, D.A. King, J. Chem. Phys. 114 (2001) 5765;
. . ' F. Mittendorfer, J. Hafner, Surf. Sci. 472 (2001) 133;

—54 kJmol, was found to correspond with rather high cover- ¢ ittendorfer, C. Thomazeau, P. Raybaud, H. Toulhoat, J. Phys. Chem.

age values, consistent with a simulated average hydrogen sur- B 107 (2003) 12287.

face coverage of 61%. Although the LHHW model is clearly [19] M. Saeys, M.-F. Reyniers, G.B. Marin, M. Neurock, Surf. Sci. 513 (2002)

a simplification, the main trends of the kinetics of the hydro- . ;158-% . PID thesic. Ghent Univerit. 2002

ggngtlon reaction are Capt‘,”ed' Mo,re, detall,ed r,mcrOkme“C 0 21] M: Saezs: M.-F. Reynfers, M. Neurock,yé.B. M.arin, J. Phys. Chem. B 107

kinetic Monte-Carlo modeling, explicitly taking into account (2003) 3844.

the coverage dependence of the kinetic and thermodynamijgz2] M. Boudart, AIChE J. 18 (1972) 465;

parameters, is a logical next step. The additional parameters M. Boudart, G. Djéga-Mariadassou, Kinetics of Heterogeneous Catalytic

required in such a model can also be obtained from our DFET  Reactions, Princeton University Press, Princeton, NJ, 1984;
calculations G. Djéga-Mariadassou, M. Boudart, J. Catal. 216 (2003) 89.

. . .. . 23] D. Poondi, M.A. Vannice, J. Catal. 161 (1996) 742.
This work demonstrates how detailed ab initio studies ca 4] W. Koch, M.C. Holthausen, A Chemist's Guide to Density Functional

contribute to the modeling of complex catalytic reactions inthat  Theory, second ed., Wiley—VCH, Weinheim, 2001.
they provide molecular level insight that extends and complef25] M. Saeys, M.-F. Reyniers, G.B. Marin, V. Van Speybroeck, M. Waroquier,
ments our chemical intuition. Moreover, ab initio calculations _ J- Phys. Chem. A 107 (2003) 9147.
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