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Abstract

The kinetics of thiophene hydrodesulfurization is studied on a planar surface science model of a sulfided NiMo/SiO2 catalyst under
diffusion-limitation-free conditions in a batch reactor at atmospheric pressure and temperatures between 575 and 675 K. A L
Hinshelwood model is used to analyze the data and to derive activation energies and heats of adsorption for thiophene and hydro
The work illustrates the feasibility of kinetic and mechanistic studies using planar models of catalysts which can be prepared and m
with procedures available in surface science.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Hydrodesulfurization (HDS) is one of the largest pro
esses in petroleum refining, and the key tool for produc
clean transportation fuels. In recent years, HDS has ga
importance due to more stringent legislation for vehicu
emissions and fuel quality and an increasing need to pro
low-quality oil feedstocks, which contain larger amounts
sulfur compounds. While the structure of HDS cataly
usually CoMo or NiMo mixed sulfides supported on hi
surface area carriers likeγ -Al2O3 and SiO2–Al2O3, has
been studied in great detail [1–3], essential aspects o
HDS reaction mechanism and kinetics are not fully elu
dated yet. Most studies on HDS kinetics were perform
using model sulfur compounds such as thiophene, be
thiophene, and dibenzothiophene, which are better repre
tative for sulfur compounds in oil feedstocks than alipha
thiols. Even for thiophene hydrodesulfurization, which h
been widely studied as one of the simplest HDS reacti
the kinetics and the reaction mechanism are still under
bate. For instance, both the direct C–S bond cleavage
and the “hydrogenation” pathway, in which the hydroge
tion of one or both C=C double bonds takes place before
C–S cleavage [2,6], have been proposed for thiophene H
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To understand the mechanism and to validate theore
studies [7–11], there is a clear need to determine intri
kinetic parameters such as activation energies over a
perature range that is as broad as possible [12]. Also,
imperative to determine heats of adsorption of the par
pating species as accurately as possible because these
may enter the apparent activation energy.

Model catalysts, consisting of a planar conducting s
strate with a thin oxide layer on top of which the act
phase was deposited, have been successfully applied in
ysis research [13]. One of the most important advantage
these systems derives from the fact that the full potentia
surface science techniques can be used to obtain a de
structural characterization of the active phase. In prev
papers [14–17], we have shown that these planar model
tems can be successfully applied to obtain more insigh
the formation of the active phases in CoMo–, NiMo–, CoW
and NiW–sulfide catalysts.

Another important advantage of planar model catalys
the absence of pores, excluding internal mass transfer lim
tions on the chemical kinetics. Thus, catalytic measurem
can be performed under essentially diffusion-limitation-f
conditions. In addition, the absence of pores might also fa
itate detection of reaction intermediates, thereby increa
the probability of identifying them. Hence, planar mod
catalysts may become an important tool for obtaining
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increased knowledge on structure-activity relationships
HDS catalysts.

The purpose of this paper is to demonstrate that
trinsic kinetic parameters such as activation energies
heats of adsorption can be determined with reasonable a
racy for thiophene hydrodesulfurization on a planar sulfi
NiMo/SiO2 model catalyst.

2. Experimental

NiMo/SiO2 planar model catalysts consisting of a Si(10
wafer covered by a thin layer of SiO2 as support were
prepared by spin coating as previously described [14–
A Si(100) single-crystal wafer was oxidized in air at 1023
for 24 h. After calcination the wafers were cleaned in
H2O2/NH4OH (3/2 v/v) solution at 338 K and then the su
face was hydroxylated in boiling water for 20–30 min. Su
sequently, these model supports were spin-coated in nitr
atmosphere at 2800 rpm with an aqueous solution conta
Ni(NO3)2 ·6H2O (Merck, p.a.) and (NH4)6Mo7O24 ·4H2O
(Merck, purity> 97%) with an atomic ratio of 1:3, respe
tively. The concentration of the precursor solution was
justed to result in the required metal loadings (2 Ni at./nm2

and 6 Mo at./nm2).
Thiophene HDS activity measurements were car

out at atmospheric pressure in thiophene (Acros, pu
> 99%)/hydrogen (Hoekloos, purity> 99.99%) mixtures,
using He (Hoekloos, purity 99.95%) as balance. The c
lysts were presulfided in a flow (60 ml/min) of a mixture of
10 vol% H2S in H2 (Scott Chemicals) by heating at a rate
5 K/min to the desired sulfidation temperature and keep
the sample at this temperature for 1 h. The catalyst tem
ature was then adjusted to the desired reaction tempera
Subsequently, the reactor was flushed with the reactant
ture for 5 min at the reaction temperature. The reaction
then carried out in batch mode by closing the reactor i
-

.

and outlet. This was marked as zero reaction time. Aft
reaction time of 1 h a gas-phase sample was taken from
reactor using a precision sampling gas syringe which
injected on a DB-1 column to analyze the following ma
products: C1–C3 hydrocarbons, 1-butene,n-butane,trans-
2-butene,cis-2-butene, and thiophene. The HDS activit
are expressed as thiophene conversion after 1 h of rea
time and per 5 cm2 of model catalyst. These values we
corrected for blank thiophene conversion measured usin
empty reactor. A next experiment was performed after
catalyst was resulfided at 673 K for 1 h. The partial pres
of H2 was varied between 40 and 96 vol% (4 vol% th
phene, He as balance) and the partial pressure of thiop
between 1 and 8 vol% (90 vol% H2, He as balance). In add
tion, the H2S partial pressure was varied from 0 to 5.6 vo
(4 vol% thiophene, 90 vol% H2, He as balance).

3. Results

The catalytic measurements were carried out over a
perature range between 573 and 673 K, with a resulfida
step performed between each experiment. This procedu
lows reproducible and reliable kinetic data to be obtain
by excluding effects due to deactivation [18]. The main
action products observed during thiophene conversion w
regular HDS products: 1-butene,cis- and trans-2-butene,
and a small amount of cracking compounds. Only trace
tetrahydrothiophene and dihydrothiophenes were detec

Fig. 1 shows double-log plots of the kinetic data at diff
ent temperatures measured varying the partial pressur
hydrogen, thiophene, and H2S, respectively. Linear fits, use
to determine the reaction orders, are also displayed in
figure. All reaction orders have been collected in Tables 1
At all temperatures we observe positive orders in thioph
and hydrogen and moderately negative orders in H2S. More-
over, while the reaction order in thiophene is strongly
.
Fig. 1. Double-log plot of the dependence of the rate of thiophene HDS on the partial pressures of hydrogen, thiophene, and H2S at different temperatures
(a) Influence of hydrogen,pthioph= 4 vol% andpH2S= 0 vol%; (b) influence of thiophene,pH2 = 90 vol% andpH2S= 0 vol%; (c) influence of H2S,
pthioph= 4 vol% andpH2 = 90 vol%.
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Table 1
Reaction orders in hydrogen and hydrogen adsorption constants

Temperature Power-rate law, L–H model,
(K) reaction order adsorption constant (bar−1)

623 0.95± 0.02 0.0020± 0.003
673 0.94± 0.03 0.0043± 0.004

Table 2
Reaction orders in thiophene, thiophene adsorption constants, and esti
coverages of thiophene

Temperature Power-rate law, L–H model

(K) reaction order Adsorption θthioph nT =
(nT) constant (bar−1) (1− θthioph)

598 0.58± 0.03 11.9±1.4 0.42 0.58
623 0.65± 0.03 9.1±1.1 0.35 0.65
648 0.71± 0.03 5.6±0.8 0.25 0.75
673 0.80± 0.03 3.5±0.7 0.17 0.83

Table 3
Reaction orders in H2S and H2S adsorption constants

Temperature Power-rate law, L–H model,
(K) reaction order adsorption constana

623 −0.43± 0.06 107.2± 10.1
648 −0.50± 0.03 68.7± 5.0
673 −0.35± 0.05 28.9± 2.1

a Dimensionless.

pendent on the temperature, the variation of the hydro
reaction order is much less and it remains close to unit
a function of reaction temperature. The lower reaction or
of thiophene as compared to the reaction order in hydro
clearly indicates that thiophene adsorbs much stronger
hydrogen. This is consistent with the larger change in re
tion order as a function of temperature. The negative o
in H2S indicates that the HDS reaction is inhibited by H2S,
which is in agreement with the general notion of comp
tion of hydrogen sulfide and sulfur-containing organics
sulfur-defect sites.

The trends in the reaction orders are in agreement
the literature [19,20]. For instance, Leliveld et al. [20] fou
reaction orders in H2, thiophene, and H2S of 1.2, 0.7, and
−0.6, respectively, for a CoMo/Al2O3 catalyst at 673 K.

Heats of adsorption and activation energies can be de
once a kinetic model has been adopted. Several mechan
and associated kinetic models for the hydrodesulfuriza
of thiophene have been proposed in the literature [6,21–
Although the precise mechanism of thiophene HDS is
under debate, we assume an often-used simplified rea
network consisting of steps, in which thiophene (T) and
drogen sulfide (H2S) exclusively adsorb on sulfur vacancie
denoted by
, and hydrogen (H2) adsorbs dissociatively o
equivalent sites different from those where thiophene
hydrogen sulfide adsorb (indicated by∗).

T+

KT←→ T
,
d

s

H2+ 2∗ KH2←→ 2H∗,
T
+ 2H∗ k→ B+S
+ 2∗,

S
+H2

K−1
H2S←→H2S +
.

In this mechanism, butadiene (B) reacts further to bute
and butane in kinetically insignificant steps [24]. We assu
that the surface reaction between adsorbed thiophene
H2 is the rate-limiting step and that H2S adsorption take
place on sulfur vacancies exclusively, in competition w
thiophene adsorption. Using quantum-mechanical calc
tions, Neurock and Van Santen [10] suggested that eithe
carbon–sulfur bond cleavage surface reaction or the hy
genative sulfur removal reaction that creates sulfur vacan
can be considered as rate-limiting step for thiophene H
Furthermore, a reaction order in thiophene between 0 a
also indicates that the surface reaction involving thiophen
likely to be the rate-determining step [6]. The above me
anism leads to the following Langmuir–Hinshelwood r
expression:

(1)r = kKTKH2pTpH2

(1+KTpT +KH2SpH2S/pH2)(1+K
1/2
H2

p
1/2
H2

)2
,

wherek is the rate constant of the rate-determining step
KT, KH2, KH2S are the adsorption constants of thiophe
H2 and H2S, respectively. Since the catalytic data were
tained at very low thiophene conversion (usually lower th
1.5–2%), the inhibiting effect of H2S can be neglected i
measurements performed without adding H2S. In this case
the rate simplifies to

(2)r = kKTKH2pTpH2

(1+KTpT)(1+K
1/2
H2

p
1/2
H2

)2
.

For measurements at constant thiophene partial pressur
variable H2 partial pressure, the reaction rate equation
be further simplified as

(3)r = k′KH2pH2

(1+K
1/2
H2

p
1/2
H2

)2
,

where

(4)k′ = kKTpT

(1+KTpT)
.

Fig. 2 shows that the experimental data are satisfactorily
scribed using the L–H equation derived from the reac
mechanism, giving an estimation of the adsorption equ
rium constants of hydrogen at various temperatures.
optimized value for the adsorption equilibrium constant
hydrogen at 673 K is 0.0043± 0.004 bar−1, indicating that
the adsorption equilibrium constant is statistically nond
ferent from zero. Hence the term(1+ K

1/2
H2

p
1/2
H2

)2 may be
safely assumed to equal unity. It is important to note t
this is in good agreement with the order in H2 equaling 0.94,
i.e., close to one. In a similar manner, the adsorption equ
rium constants of thiophene and H2S are obtained from L–H



544 A. Borgna at al. / Journal of Catalysis 221 (2004) 541–548

th
,

Fig. 2. Dependence of the rate of thiophene hydrodesulfurization on the partial pressures of hydrogen, thiophene, and H2S at different temperatures, along wi
data fit according to the Langmuir–Hinshelwood kinetic model. (a) Influence of hydrogen,pthioph= 4 vol% andpH2S= 0 vol%; (b) influence of thiophene
pH2 = 90 vol% andpH2S= 0 vol%; (c) influence of H2S,pthioph= 4 vol% andpH2 = 90 vol%.
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fitting. Fig. 2 shows the quality of the fits. The optimiz
values for the adsorption equilibrium constants at 673 K
thiophene and H2S are 3.5± 0.7 bar−1 and 28.9± 1.8, re-
spectively. The values of the equilibrium constants refle
relatively strong adsorption of thiophene and in particu
of H2S. By measuring the reaction rate constant and the
sorption equilibrium constants at different temperatures
intrinsic kinetic parameters, the activation energy (Erds

act), and
the heat of adsorptions (
Hads), can be obtained.

3.1. Reaction kinetics at different temperatures

Fig. 1a shows two nearly parallel straight lines when m
surements are performed at different temperatures var
the hydrogen partial pressure. This plot clearly indicates
there is no significant change in the reaction order in
drogen in the analyzed temperature range. Furthermore
fitting of the catalytic data obtained at 635 K using the L
kinetic model leads to a hydrogen adsorption constant th
statistically not different from zero. Therefore, we conclu
that the hydrogen is only weakly adsorbed on the cata
surface and hence the respective terms in the denomin
of (2) and (3) can be ignored. On the contrary, the reac
order in thiophene decreases significantly with a decr
in temperature. For instance, the reaction order in thioph
varies from 0.8 to 0.65 when the reaction temperature
creases from 673 to 623 K. All kinetic data were satisfac
rily fitted using both power-law equations and L–H kine
models. Table 2 summarizes the kinetic parameters, r
tion orders in thiophene and thiophene adsorption const
The expected evolutions of the kinetic parameters, i.e., a
crease of the reaction order in thiophene and an increa
the equilibrium constant as a function of reaction temp
ture, are observed. Furthermore, the adsorption equilib
constants allow for the estimation of thiophene H2S cover-
s

-
.

f

ages through

(5)θthioph= KTpT

(1+KTpT +KH2SpH2S/pH2)

and

(6)θH2S= KH2SpH2S

(1+KTpT +KH2SpH2S/pH2)
.

At very low thiophene conversion,θH2S→ 0 and Eq. (5)
simplifies to

(7)θthioph= KTpT

(1+KTpT)
.

The values of the estimated thiophene coverages c
puted from Eq. (7) are also included in Table 2. Apply
the definition of reaction order,ni = (∂ ln r/∂ lnpi) to the
rate expression Eq. (1), one finds:ni = (1− θi). The values
of (1− θthioph), also reported in Table 2, are indeed in go
agreement with the values of the reaction orders determ
by power-law fittings.

The apparent activation energy (E
app
act ), derived from an

Arrhenius plot, is 42± 2 kJ/mol, which is in rather good
agreement with previous reported values for sulfided N
catalysts [18,29,31]. Similar values were also reported
sulfided CoMo [6,20,24,31] and MoS2 [27] supported cata
lysts.

The intrinsic kinetic parameters, i.e., activation ene
of the rate-determining step and heat of adsorption of t
phene, can be obtained by nonlinear multivariable regres
of experimental data using the following reparameteri
equation,
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Fig. 3. Dependence of the rate of thiophene hydrodesulfurization on
partial pressures of thiophene at different temperatures, along with a
linear multivariable fitting according to the Langmuir–Hinshelwood mod
pH2 = 90 vol% andpH2S= 0 vol%.

Table 4
Intrinsic kinetic parameters measured on a NiMo/SiO2 planar model cata-
lyst without addition of H2S

Parameter Value Standard err

k0 (molthioph/(molNi S)) 0.0998 0.0078
Erds

act (kJ/mol) 83.3 7.3
K0

thioph at 623 K (bar−1) 8.3 1.1

−
H
thioph
ads (kJ/mol) −57.8 10.9

χ2 6.2× 10−6 –
R2 0.99 –

r = k0 exp

(
−Erds

act

R

(
1

T
− 1

623

))
K0

T

× exp

(−
H
thioph
ads

R

(
1

T
− 1

623

))
pT

(8)

/(
1+K0

T exp

(−
H
thioph
ads

R

(
1

T
− 1

623

))
pT

)
,

wherek0 andK0
T are the reaction rate constant and the

sorption equilibrium constant of thiophene at 623 K, resp
tively. Fig. 3 shows that the experimental data are satisfa
rily described by Eq. (8); the intrinsic kinetic parameters
summarized in Table 4. It is important to emphasize that
activation energy derived from L–H multivariable fittings
two times higher than the value obtained from a simple
rhenius plot. The estimated values for the activation ene
and for the heat of adsorption of thiophene are 83.3± 7.3
and−57.8± 10.9 kJ/mol, respectively.
Table 5
Intrinsic kinetic parameters measured on a NiMo/SiO2 planar model cata
lyst with addition of H2S

Parameter Value Standard err

k0 (molthioph/(molNi S)) 0.0967 0.0065
Erds

act (kJ/mol) 83.5 1.8
K0

thioph at 623 K (bar−1) 8.7 1.0

−
H
thioph
ads (kJ/mol) −57.8 10.9

K0
H2S

a at 623 K 138.9 19.6

−
H
H2S
ads (kJ/mol) −117.1 11.3

χ2 6.4× 10−6 –
R2 0.99 –

a Dimensionless.

When measurements are performed with addition of H2S,
the following L–H kinetic equation must be used:

(9)r = kKTpT

(1+KTpT +KH2SpH2S/pH2)
.

Similarly as above, the adsorption equilibrium constan
H2S at different temperatures have been estimated; se
ble 3. The comparison of these values with those corresp
ing to the thiophene adsorption indicates that H2S adsorbs
stronger than thiophene.

Finally, a nonlinear multivariable fitting can be applied
fit simultaneously all catalytic data obtained with and wi
out H2S addition. In this case, the following equation w
six [6] fitting parameters must be used:

r = k0 exp

(
−Erds

act

R

(
1

T
− 1

623

))
K0

T

× exp

(−
H
thioph
ads

R

(
1

T
− 1

623

))
pT

(10)

/(
1+K0

T exp

(−
H
thioph
ads

R

(
1

T
− 1

623

))
pT

+K0
H2Sexp

(−
H
H2S
ads

R

(
1

T
− 1

623

)))
.

Table 5 summarizes the intrinsic kinetic parameters
well as the statistical parameters,χ2 andR2, showing the
quality of the fits. Fig. 4 shows that the catalytic data
tained by varying the H2S partial pressure are satisfactor
fitted with the above equation derived from a L–H mod
It is important to emphasize that the intrinsic kinetic pa
meters corresponding to the thiophene adsorption,K0

T and


H
thioph
ads , and to the rate-limiting step of the reaction ra

k0 andErds
act, are very close to those reported in Table 4

the case that H2S is nearly absent. The estimated value
the heat of adsorption of H2S is−117.1± 11.3 kJ/mol.
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Fig. 4. Dependence of the rate of thiophene hydrodesulfurization on
partial pressures of H2S at different temperatures, along with a nonl
ear multivariable fitting according to the Langmuir–Hinshelwood mo
pH2 = 90 vol%,pthioph= 4 vol%.

4. Discussion

The results reported here illustrate the feasibility of stu
ing kinetics of thiophene hydrodesulfurization over a pla
model catalyst of only 5 cm2 total surface area in a batch r
actor. An advantage of this approach is that the kinetic
not perturbed by diffusion limitations. It also opens the
portunity to study kinetics of reactions over catalysts that
be prepared and manipulated according to techniques
surface science and nanotechnology.

A kinetic model based on equilibrium adsorption of th
phene and H2S on the same sites, equilibrium adsorption
H2 on different sites, and a rate-determining surface r
tion of thiophene with hydrogen to butadiene describes
data adequately. Corresponding intrinsic kinetic parame
are given in Tables 4 and 5.

The activation energy obtained from L–H fittings,Erds
act≈

85 kJ/mol, compares well with results of theoretical calc
lations by Neurock and van Santen for Ni3S2 clusters [10],
which lead to overall reaction enthalpies for C–S sciss
and sulfur removal of 70 and 73 kJ/mol, respectively. There
fore, assuming that these overall reaction enthalpies re
sent a significant portion of the real activation barriers
these steps [10], a real activation energy of at least
75 kJ/mol should be obtained. Furthermore, these values
also in agreement with the activation energies reporte
Ledoux et al. [32] for HDS on small metal sulfide cluste
ranging from 69 to 98 kJ/mol. It should be emphasized th
the activation energies obtained from Arrhenius plots re
sent the apparent activation energy and not the real activ
energy of the rate-determining step, i.e.,Erds

act. The relation-
ship between the apparent and real activation energies
-

n

be derived from the reaction rate [18]:

E
app
act =Erds

act+
(
1−Θ#

T

) ·
H T
ads+

(
1−Θ∗H

) ·
H
H2
ads

(11)−Θ#
H2S ·
H

H2S
ads .

Two possibilities can be invoked to explain the appar
activation energy decreases as temperature increases
recent review [29], Startsev suggested that this behavi
most likely related to a change in the rate-limiting step
the HDS reaction mechanism. On the other hand, su
decrease of the apparent activation energy has been
attributed to a decrease of reactant surface coverage as
perature increases [6,18,33], according to Eq. (11). We s
here that the measurements reported in the present con
tion are in line with this second hypothesis, i.e., the decre
in the activation energy is related to a coverage effect, w
follows straightforwardly from the Langmuir–Hinshelwo
model.

The adsorption equilibrium constants for both th
phene and H2S have also been obtained from Langmu
Hinshelwood fittings. Satterfield and Roberts [22] repor
lower values forKH2S than forKT between 508 and 538
for CoMo/Al2O3, whereas the values of the adsorption eq
librium constants that can be derived from the data repo
by Lee and Butt [24] strongly depend on the kinetic mod
Ihm et al. [31] determined the adsorption equilibrium co
stants between 548 and 598 K of thiophene and H2S over
NiMo catalysts from both kinetic modeling and a chroma
graphic pulse technique. Interestingly, these authors
found that the adsorption equilibrium constant of H2S is
slightly higher than the one of thiophene from both me
ods.

In summary, the values of the kinetic parameters cle
indicate a relatively strong adsorption of thiophene and
particular H2S, while hydrogen is very weakly adsorbe
The intrinsic kinetic parameters obtained by nonlinear m
tivariable fittings allow for the simulation of the evolution
the thiophene coverage and the apparent activation ener
a function of the temperature. The evolution of the appa
activation energy as a function of the temperature can b
timated as follows. If the hydrogen adsorption is neglec
and the H2S coverage is close to 0 due to the low thioph
conversion:

(12)E
app
act
∼=Erds

act+ (1− θthioph) ·
H T
ads.

Therefore, the intrinsic parameters reported in Table 4 a
for the simulation ofθthioph, θH2S, andE

app
act . The simula-

tions are displayed in Fig. 5. It is clear that the H2S coverage
close to 0 under our experimental conditions and, there
Eq. (5) can safely be simplified to Eq. (7). Between 5
and 673 K, a relatively high thiophene surface coverag
obtained, leading to a decrease of the apparent activatio
ergy from 60 to 35 kJ/mol. Thus, the average apparent a
vation energy in this temperature range is around 45 kJ/mol,
which is in rather good agreement with the value deri
from an Arrhenius plot. Once again, these results point
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Fig. 5. Simulated evolution of the thiophene coverage and the appare
tivation energy as a function of temperature, using the intrinsic param
reported in Table 4.

that the decrease in the activation energy observed a
reaction temperature increases is most likely related to a
erage effect. Therefore, the true activation energy for
rate-limiting step for thiophene HDS, i.e.,Erds

act, would be
around of 85 kJ/mol.

Obviously, at temperatures higher than 673 K, the th
phene coverage is very low(θthioph→ 0) and, as a conse
quence, the apparent activation energy can be estimate

(13)E
app
act =Erds

act+
H T
ads.

In this case, an apparent activation energy of ab
25 kJ/mol can be obtained from our data. Once again
emphasize that this very low activation energy cannot be
cribed to diffusion limitations.

In a previous work [18], moderately negative apparent
tivation energies were reported at temperature higher
673 K. From Eq. (12), it is clear that a negative apparent a
vation energy cannot be found because the adsorption en
of thiophene does not exceed the activation barrier. Howe
Eq. (12) was derived assuming that the rate-determining
does not involve hydrogen adsorption. However, if the s
face reaction between adsorbed thiophene and adsorbe
drogen is the rate-determining step, therefore the follow
expression for the apparent activation energy must be
sidered:

(14)E
app
act =Erds

act+
H T
ads+
H

H2
ads.

Although hydrogen adsorption under our experimen
conditions was too weak to determine the correspond
heat of adsorption accurately, we will make use of v
ues from molecular computations. Neurock and van S
ten [10] reported values for the heat of adsorption of mo
cular hydrogen on Ni3S1 and Ni3S2 clusters in the rang
y

-

of −23–−62 kJ/mol. Typically, dissociative hydyrogen ad
sorption on a Ni3S2 clusters results in an energy change
30 kJ/mol and represents one of the less favorable ads
tion modes [10]. This value renders the apparent activa
energy negative in line with the present experimental
sults. Our proposal for a surface reaction between adso
thiophene and hydrogen is thus in line with the present
servations.

A broad range of values for the heats of adsorption of b
thiophene and H2S, deduced from both experiments and t
ory, has been reported in the literature. For example, Lee
Butt [24] have found a heat of adsorption for thiophene
−50 kJ/mol while Satterfield and Roberts [22] report of
value of about−75–−100 kJ/mol. Furthermore, while the
first authors found a higher heat of adsorption for H2S than
for thiophene, Satterfield and Roberts reported the oppo
Van Parijs and Froment [34] reported heats of adsorp
of thiophene of−44.7 and−52.7 kJ/mol, respectively, de
pending on the kinetic model used to fit the experime
data. Theoretical values of the heat of adsorption of th
phene vary between−62 and−137 kJ/mol, whereas the
values for the heat of adsorption of H2S vary between−75
and−93 kJ/mol [10]. Recently, Rodriguez et al. [35] re
ported on the adsorption of thiophene on unpromoted
Ni-promoted molybdenum sulfide. They estimated that
adsorption energy of thiophene on a MoSx system is abou
−63 kJ/mol while on Ni-promoted MoSx is between−84
and−105 kJ/mol. For a MoSx system, they also reporte
that few thiophene molecules remain on the surface at 25
and thiophene is fully removed at 300 K. According Tarbu
et al. [36], thiophene desorbs in a single peak with a m
mum at 240 K on MoSx /Al2O3 catalysts. This might indicat
a lower adsorption energy on supported catalysts, which
better agreement with the heat of adsorption of thiophen
ported in this contribution for supported NiMo planar mod
catalysts.

5. Conclusions

In this contribution we have determined intrinsic kine
parameters for the relatively simple thiophene hydrode
furization test reaction on planar nonporous model cataly
Kinetic experiments on a NiMo planar model catalyst, p
formed over a temperature range 573–673 K, allow for
estimation of the activation energy,Erds

act ≈ 85 kJ/mol, and

the heats of adsorption of thiophene and H2S,−
H
thioph
ads ≈

60 kJ/mol and−
H
H2S
ads ≈ 120 kJ/mol. These values wer

obtained over well-defined model catalysts in a broad t
perature range and under diffusion-free limitations. We e
phasize that to the best of our knowledge these are the
kinetic experiments performed on a square centimeter m
of an industrial catalyst. This work demonstrates how m
suring intrinsic kinetics on planar surface science mod
can become an important tool for unraveling the mechani
of catalytic reactions. Therefore, planar model catalysts o
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an excellent opportunity to study reaction mechanism
kinetics without diffusion limitations.
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