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Abstract
A kinetic study of the liquid phase naphthalene hydrogenation over a commercial and sulphided NiMo/g-Al2O3 was performed using

experimental data obtained in a Robinson–Mahoney reactor at 523–583 K and 2.0–4.0 MPa. The effect of H2S on the hydrogenation rate was

investigated varying its partial pressure from 0.09 to 0.89 MPa. Under these conditions, an exponential decrease in the hydrogenation rate was

observed as the H2S partial pressure increased. The naphthalene conversion ranged from 6 to 89% with tetralin as the main hydrogenation product

with selectivities of at least 89%. Reaction networks were formulated based on stepwise hydrogenation mechanisms assuming that both hydrogen

and hydrogen sulphide could be dissociated either homolytically or heterolytically on both coordinatively unsaturated metal ion sites (CUS) and

sulphur anions (SA) of the sulphided catalyst. Langmuir–Hinshelwood rate equations were derived and discriminated through model regression to

experimental data. Two models best describe the experimental data according to a statistical analysis and the physical meaning of the parameter

estimates. These models correspond to the third hydrogen addition chemisorbed on CUS and supplied from either homolytic or heterolytic

hydrogen dissociation, as rate-determining step. The calculated catalyst surface species concentrations indicate that hydrogen and sulphydril

groups are the most abundant species under the investigated operating conditions while the hydrocarbons surface concentration is almost

negligible.
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1. Introduction

Today’s refineries face the challenge of improving fuel

quality since current and future environmental regulations

prescribe low sulphur, nitrogen and aromatics concentration,

particularly in gasoline and diesel. Hydroprocessing technol-

ogies offer flexibility to process heavy feedstocks into more

valuable products such as transportation fuels [1]. Modifica-

tions to these technologies have to be performed to meet the

new stringent fuel quality standards with industrial unit

reconfiguration and catalyst improvement as the most likely

modifications. Both modifications demand a deep knowledge of

the chemical phenomena occurring during the catalytic process.
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Over the last years, experimental [2–4] and computational

investigations [5–8] have provided many insights into the

nature of the active phase on hydrotreating catalysts. These

catalysts consist of well-dispersed MoS2 nanocrystallites

supported on g-alumina and promoted by cobalt or nickel

atoms. It is generally accepted that the catalytically active sites

of sulphided catalysts are located at the edges of the surface.

These sites are related to unsaturated metal ions at the Mo-edge,

and to the chemisorbed sulphur atoms at the S-edge. It is

believed that promoter atoms such as Ni and Co increase the

catalytic activity of MoS2-based catalyst by creating sulphur

vacancies with a slightly different electronic structure than

those in unpromoted MoS2 [9–13]. However, even with the

recent and better understanding of the sulphided catalysts

nature, the exact location of these promoter atoms and their

specific role on promotion effect are still under debate since

they affect the degree of surface sulphur coverage, which also

depends on the operating conditions [9].

Investigations on the hydrogen activation and hydrogen

sulphide chemisorption on sulphided catalysts have lead to
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Nomenclature

A pre-exponential factor

Ai peak surface area of compound i

Ci concentration of compound i (mol m�3

or mol kgcat
�1)

CUS coordinatively unsaturated site

Ea activation energy (kJ mol�1)

f L
i liquid phase fugacity of component i (bar)

F experimental molar flow rate (mmol s�1)

H8 standard enthalpy (kJ mol�1)

k rate coefficient (mmol s�1 bar�1)

K equilibrium coefficient

K chemisorption equilibrium coefficient (bar�1)

nob number of observations

N naphthalene

NHn partial hydrogenated product, n = 1, 2, 3

pt total pressure (bar)

R reaction rate (mol)

S selectivity

S8 standard entropy (J mol�1 K�1)

SSQ sum of squares

T tetralin

VL
m liquid molar volume (m3 mol�1)

W catalyst mass (kg)

X conversion

Yi product yield of component i

* coordinatively unsaturated metal sites (CUS)
�–S2� sulphur anion sites

Greek symbols

Qi fractional surface coverage of species i

gH2/N molar hydrogen to naphthalene ratio

D difference

d sum of surface coverages independent of ratio of

free to protonated sulphur anion sites

m sum of surface coverages dependent of ratio of

free to protonated sulphur anion sites

Superscripts

^ model calculated value

comp composite

0 inlet value

Subscripts

a activation

A! B reaction step from A to B

eq overall equilibrium

i species index

j experimental observation index

k element in Jacobian matrix

t total

0 initial concentration
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different conclusions regarding the type of dissociation that

these molecules undergo on this kind of catalysts, i.e., H2 and

H2S dissociative chemisorption can be either homolytic or
heterolytic. In the first case, bridged S atoms (S2)2�,

identified from Raman spectroscopy experiments in Mo–S–

S–Mo structures, were suggested as probable sites for

homolytic H2 dissociation [14]. Also, theoretical investiga-

tions indicated that these bridged S atoms facilitate the

homolytic dissociation due to an electronic charge transfer

between the sulphur atom and the hydrogen antibonding s*

orbital leading to two practically equivalent S–H species [15].

The heterolytic dissociation of hydrogen is supported by

deuterium tracer experiments on sulphided catalysts [4,16]

and theoretical calculations on promoted and unpromoted

MoS2 [7,17]. In summary, these studies established the

formation of (metal–H)� and (S2�–H+) species as the most

stable on a catalyst surface where the sulphur coverage is

lower or equal to 50%, depending on the operating conditions

and the promoter content of the catalyst. The homolytic

dissociation of hydrogen to two S–H groups is preferred on a

fully sulphided S-edge as well as on a fully sulphided Mo-

edge, whereas the heterolytic dissociation that yields Mo–H

and S–H is more likely to occur on a partially sulphided edge

[9].

The chemical phenomena in hydrotreating of complex

feedstocks at industrial operating conditions are complex.

Hence, HDS, HDN and HYD are being investigated using

model components at operating conditions where intrinsic

kinetics can be measured. For instance, kinetic studies of

toluene hydrogenation [18,19] and dibenzothiophene desul-

phurization [20] over sulphided NiMo/Al2O3 at wide operating

conditions in the presence of H2S and/or NH3 have led to the

postulation of reaction mechanisms involving the sequential

addition of chemisorbed hydrogen dissociated either homo-

lytically or heterolytically. For the toluene case, the model

discrimination was performed by the qualitative observed

trends assuming different partial reaction orders for the

reactants and especially for H2S. In general, the kinetic models

developed are used in the simulation of an industrial

hydrotreating reactor, to evaluate the process performance as

a function of the operating conditions or as a function of the

feed composition [21–23].

Studies indicate that the extent of particles emissions in

diesel exhaust can be reduced by (i) decreasing the sulphur

content; (ii) increasing the cetane-number; and (iii) decreas-

ing the aromatic content [24,25]. In this work hydrogenation

is focused on as an important reaction in the efficient

production of environmental friendly fuels. Hydrogenation is

of increasing interest for petroleum refiners to comply with

future environmental policies. Mechanistic considerations

occurring during the liquid phase aromatics hydrogenation

are investigated using naphthalene as model molecule over a

sulphided NiMo catalyst at conditions where intrinsic

kinetics can be measured. The rate equations are derived

assuming each atomic or ionic hydrogen addition as possible

rate-determining step based on the Langmuir–Hinshelwood

formalism. The model selection is performed by the analysis

of the statistical results of the model regression and on the

basis of the physical meaningfulness of the parameter

estimates.



Fig. 1. Reproducibility and stabilization time in naphthalene hydrogenation

using two different catalyst batches (& and *) immediately after presulphiding

and after having performed a set of experiments and intermittent set-up shut-

down (*) at reference conditions, i.e., 553 K, 4.0 MPa, C0
N 2.6 mol%, W=F0

N

1.76 kg s mmol�1, inlet H2/H2S molar ratio 40 and inlet H2/naphthalene molar

ratio 15.5.
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2. Procedures

2.1. Catalyst and materials

A commercial NiMo/gAl2O3 catalyst, PROCATALYSE

EC220/99/23, was used for the experimental naphthalene

hydrogenation. This catalyst contains 9.3 wt.% Mo and

2.5 wt.% Ni. The specific volume amounts to 4.94 �
10�4 m3 kg�1, its specific surface area is 1.90 � 105 m2 kg�1

and its mesoporous volume 7.70 � 10�4 m3 kg�1. Typically,

2.0 � 10�3 kg of catalyst was used with a diameter between 5.6

and 6.0 � 10�3 m, dried at 393 K during 14.4 ks and sulphided in

situ at 653 K, 0.1 MPa and 27.2 mol s�1 of H2S/H2 commercial

mixture (Air Liquide-Alpha Gaz, 10 mol% H2S) during 28.8 ks.

The liquid chemicals, i.e., naphthalene (Acros Org anics,

202049-5, 99%), and dimethyldisulphide (Aldrich 32041-2,

99%) and the gases, i.e., H2 and CH4 (Air Liquide, 99.9%) and

the H2S/H2 mixture (Air Liquide-Alpha Gaz) were used

without further purification. A commercial mixture of n-

paraffins denoted as Halpasol 190/240 (Haltermann Products)

was used as solvent. The GC/FID analysis of this solvent

indicated a distribution of paraffins as follows (wt.%): 0.14 n-

nonane, 9.31 n-decane, 35.0 n-undecane, 30.8 n-dodecane, 23.4

n-tridecane, 1.17 n-tetradecane, 0.10 n-pentadecane and 0.08 n-

hexadecane.

2.2. Set-up and operating conditions

Naphthalene was hydrogenated in a three-phase Robinson–

Mahoney reactor which is of the CSTR type. The schematic

representation of the set-up currently used and the operating

procedure of the Robinson–Mahoney reactor have been

reported in previous works from our group [21,26]. The

investigated range of temperatures was 523–583 K, of total

pressures 2.0–4.0 MPa, of space times 0.88–3.53 kg s mmol�1,

of inlet naphthalene concentrations 2.6–5.6 mol%, of inlet

molar hydrogen to naphthalene ratios (gH2=N) 9–29 and of inlet

molar H2/H2S ratios 5–40. These operating conditions lead to a

H2S partial pressure range from 0.08 to 0.90 MPa. The H2S

partial pressure was controlled by addition of dimethyldisul-

phide (DMDS) to the liquid feed. DMDS was assumed to

decompose instantaneously upon contacting the catalyst.

The operating conditions, together with the reactant and

reactor type have been selected to measure intrinsic kinetics,

i.e., free from any transport limitations and flow non-idealities.

2.3. Analytical section, data treatment and reproducibility

Both gas and liquid phases were analysed using a Gas-

Chromatograph CHROMPACK CP-9001. The liquid feedstock

and product were analysed using a flame ionization detector

(FID) with a 50 m WCOT fused silica capillary column using

helium as carrier gas. The analysis program started at 393 K for

7 min followed by a ramp of 4 8C min�1 till 463 K. Gas

feedstock and product were analysed using a 1 m HAYSEP N

packed column at 393 K with a thermal conductivity detector

(TCD) using N2 as carrier and reference gas. An FID analysis of
the gas product was not required since it only contains H2, H2S

and CH4 and no heavier hydrocarbons. Methane was used as

internal standard to accurately determine the individual

component flow rates in the gas feed and gas reactor effluent.

A constant inlet molar hydrogen to methane ratio of 6.5 was

maintained for the entire set of experiments. The composition

of the liquid feed and product was obtained using calibration

factors determined by a method described by Dierickx et al.

[27]. The molar flow rate of each component of the flashed gas

and liquid reactor effluents was calculated using the normalized

composition obtained from GC analysis (mol m�3) and the

volumetric hourly liquid and gas flow rates measured at steady-

state conditions (m3 s�1). Only those experimental data were

retained in which the total mass, carbon, hydrogen and sulphur

balance ranged from 95 to 105%.

The fractional naphthalene conversion was calculated by:

XN ¼
F0

N � FN

F0
N

(1)

where F0
N and FN represent the naphthalene inlet and outlet

molar flow rates in the liquid phase.

Selectivities to products such as tetralin and decalins were

calculated by:

Si ¼
Fi

F0
N � FN

(2)

where Fi is the outlet molar flow rate of hydrogenation product.

The yield of products were calculated as

Yi ¼
Fi

F0
N

¼ SiXN (3)

Catalyst performance reproducibility was verified by

monitoring reference experiments on two different catalyst

batches immediately after presulphiding and on the same

catalyst batch after performing a set of experiments and

intermittent shut-down of the set-up, vide Fig. 1. Whenever the
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catalyst was freshly activated, the initial hydrogenation

conversion was high and then dropped to the steady-state

regime values. In general, the time for reactor and reaction

stabilization depended on the volumetric liquid flow rate. At the

reference conditions, the steady-state regime was reached after

8 h on stream. It is worthwhile to mention that slight catalyst

deactivation was observed after about 190 h during continuous

reactor operation. However, the original activity could be

restored by exposing the catalyst to the initial sulphiding

procedure [28]. Cracking of the solvent paraffins was not

observed within the operating conditions applied. The entire set

of experimental data amounted to 121.

2.4. Equilibrium calculations and kinetic regime

verification

In order to verify that the experimental data were not limited

by thermodynamics within the investigated temperature range,

a simultaneous chemical and phase equilibrium simulation was

performed using literature reported thermodynamic data and

the Peng–Robinson equation of state [29]. Full hydrogenation

of naphthalene is expected at the current conditions according

to the calculated product distribution depicted in Fig. 2. The

highest experimentally observed naphthalene conversion

amounted to 89% which is lower than that predicted by

equilibrium and, hence, no limitation from thermodynamics

can be inferred. With respect to the phase equilibrium, the

calculations predict an average liquid evaporation of 13% by

increasing the temperature by 30 8C from 553 to 583 K at a total

pressure of 2.0 MPa. This liquid evaporation drops to 2.5%

when a total pressure of 4.0 MPa is used. Based on these results,

experiments were planned at sufficiently low temperatures and

high pressures.

Mass and heat transfer gradients were evaluated with special

care for the experiments where the observed rate was high.

Several criteria were used for the assessment of transport

limitations [30–34]. Mass transfer limitations at the gas phase

side could be considered negligible [30]. Mass transport of

hydrogen at the gas–liquid interphase and of both hydrogen and
Fig. 2. Thermodynamic equilibrium distribution as a function of temperature at

C0
N 2.56 mol% in Halpasol, inlet H2/H2S molar ratio 40, inlet gH2=N ratio 15.5,

total pressure 2 MPa (solid lines) and 4 MPa (dotted lines). Vertical lines:

investigated temperature range.
naphthalene at the liquid–solid interphase were assessed by

calculating dimensionless Carberry’s numbers [30,31]. The

most critical value of the Carberry’s number corresponded to

H2 mass transfer from gas to liquid and reached 0.03 assuming a

partial first reaction order with respect to this reactant. This

value is lower than that assumed as the limit (0.05) for first-

order kinetics.

The importance of intraparticle diffusion limitations was

assessed with the Weisz–Prater criterion [33]. The effectiveness

factor of both hydrogen and naphthalene were close to the unity

(0.97) with the most critical Weisz modulus (F) value of 0.052

for naphthalene which still was lower than that established as

limit (0.08) assuming first-order kinetics.

The absence of heat transfer limitations was verified by

using diagnostic criteria reported by Mears [32]. Both external

and internal temperature gradients were found to be lower than

the corresponding established limits, e.g. at the liquid–solid

interphase the DTLS was 0.14 K while the limit is 0.63 K.

Isothermicity into the particle was also observed since the

calculated DTint was at least one order of magnitude lower than

the limit, i.e., 0.05 K compared to 0.63 K.

2.5. Parameter estimation procedure

Parameter estimation was performed by minimization of the

sum of squares of the residuals between the experimental and

calculated molar outlet molar flow rate of tetralin using a

combination of a Rosenbrock and a Marquardt algorithm

[35,36].

SSQ ¼
Xnob

j¼1

ðFT; j � F̂T; jÞ
2!min (4)

An in-house code was used for the Rosenbrock method,

while for the Marquardt algorithm the ordinary least square

(OLS) option of the ODRPACK-package version 2.01 was used

[37]. For a given net rate of production R̂T, the tetralin outlet

flow rate F̂T; j is calculated by solving the following algebraic

equation:

F̂T; j � R̂TðT ; p; F̂T; j;F
0
NÞW j ¼ 0 (5)

i.e., via the mass balance for tetralin over the reactor.

The iterative procedure for parameter estimation began by

performing simulations to obtain good initial guesses of the

parameters. Once simulations results were within one order of

magnitude of the experimental ones, an optimization procedure

was established in which successive iterations first with the

Rosenbrock algorithm for a rough estimation and afterwards

with the Marquardt one for a more refined estimation was

the modus operandi. The model discrimination was based on

the physical meaning of the parameters and by comparison of

the global regression results through the obtained F-value.

First, isothermal model regression was performed using the

experimental data set obtained at 553 K, the reference

temperature. The remaining models were then tested for the

entire set of experimental data at different temperatures by

expressing the temperature dependency of the model para-



Fig. 4. Naphthalene conversion vs. PH2S for 2.6 mol% (&) and 4.5 mol% (^)

of inlet naphthalene concentration at 553 K, 4.0 MPa, inlet H2/H2S molar ratio

40 and inlet gH2=N ratio 15.5. Symbols: experimentally observed values; lines:

model calculated values using model 3-H-CUS (solid lines) and 3-Hydride

(dotted lines) in Table 4 with the set of parameter estimates given in Tables 7

and 8.
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meters applying the Arrhenius and Van’t Hoff equations for the

rate and chemisorption coefficients, respectively [38].

The statistical significance of the global regression is

expressed by means of the so-called F-test, which is based on

the comparison of the calculated sum of squares of the

calculated response value and the residual sum of squares. A

high F-value corresponds to a high significance of the global

regression. The parameter estimates were tested for statistical

significance on the basis of their individual t-values and 95%

confidence intervals [39].

2.6. Vapour–liquid equilibrium calculations

The liquid phase kinetics are expressed in terms of

fugacities, i.e., the ideal gas state is used as reference state

[40]. The fractional surface coverages of reactant species are

obtained from the liquid phase fugacities through a Langmuir

isotherm:

Qi ¼
Ki f L

i

1þ Ki f L
i

(6)

where f L
i stands for liquid phase fugacity of chemisorbing

species i. The relationship between fugacities and liquid phase

concentrations is given by the following equation:

f L
i ¼ FL

i ptV
L
mCL

i (7)

where pt is the total pressure, VL
m the liquid molar volume, CL

i

the molar concentration of A in liquid phase and FL
i is the

fugacity coefficient of species i in liquid phase calculated as

described elsewhere [29].

3. Experimental results

Within the investigated range of reaction conditions, tetralin

was the main product of naphthalene hydrogenation with

selectivities above 89% as it is depicted in Fig. 3. In most of the
Fig. 3. Product distribution as function of space time for 2.6 mol% (&),

4.5 mol% (~) and 5.7 mol% (*) of inlet naphthalene concentrations. Lines:

observed trend. Conditions: 553 K, 4.0 MPa, inlet H2/H2S molar ratio 40 and

inlet gH2=N ratio 15.5.
experimental data the selectivity to tetralin even exceeded 95%.

The other hydrogenation products were decalins with a trans to

cis ratio of about 3. Neither partially hydrogenated products

such as hexahydro- and octahydro-naphthalene nor isomeriza-

tion nor ring opening products were detected during the

experimentation. Therefore, for all practical purposes, the

present study can be limited to the selective hydrogenation from

naphthalene to tetralin.

A negative effect of H2S on the hydrogenation conversion is

observed as its inlet concentration increases, vide Fig. 4. The

investigated range of inlet molar H2/H2S ratios varied from 5 to

40, which encompasses the range industrially applied in

hydrotreating units, i.e., from 30 to 40 [41]. The naphthalene

conversion drops sharply as the H2S partial pressures increases

from 0 to approximately 0.18 MPa. The negative effect is more

moderate as the H2S partial pressure further increases until a

value of 0.40 MPa. From this value on, almost no effect was

observed on the hydrogenation conversion regardless the initial

naphthalene concentration. This is an indication that the H2S

chemisorption on the catalyst surface ranges from the Henry’s

regime, i.e., from low surface concentration, to the saturation

regime. These results are in agreement with those reported for

toluene hydrogenation over MoS2/Al2O3, in which the change

in slope of the curve was interpreted in terms of different partial

reaction orders with respect to H2S depending on its

concentration during the reaction [18].

The inlet molar hydrogen to naphthalene ratio, gH2=N, has a

positive effect on the hydrogenation conversion for the two

different inlet naphthalene concentrations considered, vide

Fig. 5. This effect is slightly more pronounced at the highest

inlet naphthalene concentration. gH2=N was varied by changing

the inlet molar hydrogen flow rate, keeping that of naphthalene,

and consequently that of DMDS, fixed. As a result, in the range

of gH2=N investigated, the H2 partial pressure increased from

3.23 to 3.39 MPa while that of H2S decreased from 0.16 to



Fig. 5. Naphthalene conversion vs. inlet gH2=N ratio for 2.6 mol% (&) and

4.5 mol% (^) of inlet naphthalene concentrations, 553 K, 4.0 MPa,

1.76 kg s mmol�1. Lines: observed trend.

Table 1

Elementary steps in the naphthalene hydrogenation mechanism on a sulphided

NiMo catalyst considering homolytic dissociation of hydrogen and hydrogen

sulphide
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0.04 MPa. The increase in the H2 partial pressure implies an

increase in the hydrogen concentration in the liquid phase.

However, it can be inferred from the discussion above that the

decrease in H2S partial pressure also significantly contributes to

the enhanced hydrogenation rates through a reduction of the

H2S inhibition effect. At higher naphthalene concentrations, the

effect of the inlet molar hydrogen to naphthalene ratio gH2=N on

the naphthalene conversion is somewhat more pronounced

because of the positive partial reaction order for naphthalene.

4. Kinetic analysis

4.1. Model assumptions

The modelling of the naphthalene hydrogenation was based

on the following assumptions in which both the experimental

results discussed in the previous section and the insight on the

nature of the sulphided catalyst reported in literature were

accounted for:
Coefficienta
(i) o

Chemisorption/desorption equilibria

Nþ �@ � �N K
nly the first hydrogenation stage, i.e., from naphthalene to

tetralin, is considered;

N

H2 þ 2 � @ 2 � �H KH ;�

(ii) tw
2

H2 þ 2��S2�
@ 2��S2�H KH2 ;

��S2�

H2Sþ � þ ��S2�
@ � �SHþ ��S2�H KH2S

T þ �@ � �T KT
o reaction mechanisms are proposed according to the

mode of the dissociative chemisorption that H2 and H2S

undergo on the active sites of the sulphided catalyst:

homolytic or heterolytic;
Hydrogenation network via *–H addition only
(iii) th
��Nþ ��H@ � �NH2 þ � KN!NH;�
��NHþ ��H@ � �NH2 þ � KNH!NH2 ;�
��NH2 þ ��H@ � �NH3 þ � KNH2!NH3 ;�
��NH3 þ ��H@ � �Tþ � KNH3!T;�

Hydrogenation network via �–S2�H addition only

��Nþ ��S2�H@ � �NHþ �S2� KN!NH;��S2�
e stepwise hydrogenation mechanism proceeds via

successive hydrogen additions either from coordinatively

unsaturated sites (CUS) or from sulphur anions (SA), i.e.,

[*] or [�–S2�]. This results in the following atomic

hydrogen species, i.e., *–H or �–S2�H, or ionic hydrogen

species, i.e., *–H� or �–S2�H+, available for addition to the

aromatic ring;

��NHþ ��S2H@ � �NH2 þ ��S2� KNH!NH2 ;

��S2�
(iv) th

��NH2 þ ��S2H@ � �NH3 þ ��S2� KNH2!NH3 ;

��S2�

��NH3 þ ��S2�H@ � �Tþ ��S2� KNH3!T;��S2�
e chemisorption of hydrocarbon species, e.g. naphtha-

lene and tetralin, can only occur on CUS. This assumption

is supported by the electronic nature of this interaction;

a N: naphthalene (C10H8), NHn: further hydrogenated products until T:
(v) d
tetralin (C10H12).
issociative chemisorption of H2S involves both types of

active sites: CUS binds the sulphydril group, i.e., *–SH or
*–SH�, and SA are the host for the hydrogen or proton, viz
�–S2�H or �–S2�H+, depending on the type of dissociation.
(vi) n
o interconversion of active sites is considered because the

sulphydril on a CUS is electronically different from a

hydrogen atom or proton chemisorbed on a SA [8–11]:

��SH 6¼ ��S2�H and ��SH� 6¼ ��S2�Hþ (8)
4.2. Rate equation derivation

The current notation for the active CUS and sulphur anions,

i.e., * and �–S2�, is equivalent to the previously used notation,

i.e., t and s [21–23], however, the currently used one is consi-

dered to be more instructive. The set of elementary reactions for

naphthalene hydrogenation is presented in Table 1 for the

homolytic mechanism and in Table 2 for the heterolytic one.

Applying the Langmuir–Hinshelwood–Hougen–Watson

(LHHW) formalism and considering each reversible hydro-

genation step as possibly rate determining leads to 16 rate

equations. The methodology for deriving a rate equation is

based on that reported by Kasztelan et al. [18]. In what follows,

as an example, the key points are described in the derivation of

an equation corresponding to a heterolytic reaction network in

which a hydride species addition occurs first.

The site balances for both types of active sites are:

Ct;� ¼ C� þ C��H� þ C��SH� þ C��N þ C��NH�

þ C��NH2
þ C��NH3

� þ C��T (9)

Ct;��S2� ¼ C��S2� þ C��S2�Hþ (10)

Athirdbalanceexpresses theconservationofelectricalcharge:

Ct;ð�Þ ¼ 2C��S2� þ C��S2�Hþ þ C��H� þ C��SH� (11)



Table 2

Elementary steps in the naphthalene hydrogenation mechanism on a sulphided

NiMo catalyst considering heterolytic dissociation of hydrogen and hydrogen

sulphide

Coefficienta

Chemisorption/desorption equilibria

Nþ �@ � �N KN

H2 þ � þ ��S2�
@ � �Hþ ��S2�Hþ KH2

H2Sþ � þ ��S2�
@ � �SHþ ��S2�Hþ KH2S

Tþ �@ � �T KT

Hydrogenation network assuming a hydride addition first (*–H�)

��Nþ ��H@ � �NH� þ � KN!NH�

��NH� þ ��S2�Hþ@ � �NH2 þ ��S2� KNH� !NH2

��NH2 þ ��H@ � �NH3
� þ � KNH2!NH3

�

��NH3
� þ ��S2�Hþ@ � �Tþ ��S2� KNH3

� !T

Hydrogenation network assuming a proton addition first (�–S2�H+)

��Nþ ��S2�H@ � �NHþ ��S2� KN!NHþ

��NHþ ��H�@ � �NH2 þ � KNHþ !NH2

��NH2 þ ��S2�H@ � �NH3
þ þ ��S2� KNH2!NH3

þ

��NH3
þ þ ��H�@ � �Tþ � KNH3

þ !T

a N: naphthalene (C10H8), NHn: further hydrogenated products until T:

tetralin (C10H12).
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Eq. (9) can be written as a function of liquid phase

concentrations using Eqs. (6) and (7), cf. Section 2.6, and the

equilibria presented in Table 2.

Ct;� ¼ C�

�
1þ KH2

f H2

C��S2�

C��S2�Hþ
þ KH2S f H2S

C��S2�

C��S2�Hþ

þ KN f N þ KN!NH�KNKH2
f N f H2

C��S2�

C��S2�Hþ

þ KN!NH2
KNKH2

f N f H2
þ KT f T

KNH�
3
!T

C��S2�

C��S2�Hþ
þ KT f T

�

(12)

The most favourable interaction with the catalyst surface is

assumed to occur for the reactant and product hydrocarbons. As

a result the hydrocarbon intermediates surface concentrations

can be neglected and, hence, the corresponding chemisorption

terms in Eq. (12) can be discarded:

Ct;� ¼ C�

�
1þ KH2

f H2

C��S2�

C��S2�Hþ
þ KH2S f H2S

C��S2�

C��S2�Hþ

þ KN f N þ KT f T

�
(13)

The summation in Eq. (13) can be grouped in terms with a

C��S2�=C��S2�Hþ dependence and those independent of this

ratio. This leads to the following definitions:

d ¼ 1þ KN f N þ KT f T (14)

m ¼ KH2
f H2
þ KH2S f H2S (15)
which, incorporated in Eq. (13), lead to:

Ct;� ¼ C�

�
dþ m

C��S2�

C��S2�Hþ

�
(16)

In order to write the ratio C��S2�=C��S2�Hþ in terms of

known concentrations, an approximation related to the

concentration of the active sites is needed:

Ct;��S2� ¼ Ct;� (17)

An identical concentration of sulphur anions and coordina-

tively unsaturated sites is proposed because saturation of one of

the two types of sites would suppress H2 and H2S dissociation

[18].

According to the H2S chemisorption stoichiometry the

following relationship can be obtained:

C��S2�Hþ ¼ C��H� þ C��SH� (18)

using expressions for the chemisorption equilibria for H2 and

H2S, Eq. (18) can be written as:

C��S2�Hþ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mC��S2�C�

p
(19)

The assumption on the equality of the total number of the

two types of active sites, Eq. (17), allows to set Eqs. (9) and (10)

equal to each other. Accounting for the chemisorption

stoichiometry, Eq. (18), and for the low concentration of

hydrocarbon intermediates, the following relationship is

obtained:

C��S2� ¼ C� þ C��N þ C��T (20)

Using the definition of d, Eq. (14), this equation can be

rewritten as:

C��S2� ¼ dC� (21)

and, hence, after substitution in Eq. (19), the following expres-

sion is obtained for the ratio of the concentrations of free and

protonated sulphur anions:

C��S2�

C��S2�Hþ
¼

ffiffiffiffi
d

m

s
(22)

So far, the site balance for CUS has been further developed

without deriving a rate equation. As a result, the expressions

derived so far are independent of the step that will be assumed

to be rate determining.

As an example the rate equation corresponding to the third

hydride addition as rate-determining step will be derived, vide

Table 2:
(23)



Table 3

Rate equations derived from homolytic mechanism assuming each hydrogen addition as possible rate-determining step

Hydrogenation network via *–H addition only

RNH;��H ¼ k1KN f N

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
KH2 ;� f H2

p
1� f T

Keq f N f 2
H2

� �
C2
�

1-H-CUS

RNH2 ;��H ¼ k2KN!NH;�KN f NKH2 ;� f H2
1� f T

Keq f N f 2
H2

� �
C2
�

2-H-CUS

RNH3 ;��H ¼ k3KN!NH2 ;�KN f NðKH2 ;� f H2
Þ3=2

1� f T

Keq f N f 2
H2

� �
C2
�

3-H-CUS

RT;��H ¼ k4KN!NH3;�KN f NðKH2 ;� f H2
Þ2 1� f T

Keq f N f 2
H2

� �
C2
�

4-H-CUS

Hydrogenation network via �–S2�H addition only

RNH;��S2�H ¼ k1KN f N

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
KH2 ;

��S2� f H2

q
1� f T

Keq f N f 2
H2

� �
C�C��S2�

1-H-SA

RNH2 ;
��S2�H ¼ k2KN!NH;��S2�KN f NKH2 ;

��S2� f H2
1� f T

Keq f N f 2
H2

� �
C�C��S2�

2-H-SA

RNH3 ;
��S2�H ¼ k3KN!NH2 ;

��S2�KN f NðKH2 ;
��S2� f H2

Þ3=2
1� f T

Keq f N f 2
H2

� �
C�C��S2�

3-H-SA

RT;��S2�H ¼ k4KN!NH3 ;
��S2�KN f NðKH2 ;

��S2� f H2
Þ2 1� f T

Keq f N f 2
H2

� �
C�C��S2�

4-H-SA

Where

Ct;� ¼ C� 1þ KN f N þ
ffiffiffiffiffiffiffiffiffiffiffi
KH2 ;�

p
þ KH2S f H2Sffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

K
H2 ;
��S2� f H2

p þ KT f T

" #
;Ct;��S2� ¼ C��S2� ð1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
KH2 ;

��S2� f H2

q
Þ:
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The surface concentrations of species in Eq. (23) are written

as a function of known fugacities as follows:

C��NH2
¼ KN!NH2

KN f NKH2
f H2

C� (24)

C��NH3
� ¼ KT f TC��H�

KNH3
� !T

(25)

C��H� ¼
KH2

f H2
C��S2�C�

C��S2�Hþ
(26)

This, together with the overall equilibrium coefficient, Keq,

leads to the actual rate equation for the third hydrogen species

addition (hydride) as being rate determining:

RT ¼ k3KN!NH2
KNK2

H2
f N f 2

H2

�
1� f T

Keq f N f 2
H2

�

�
C2

t;�ffiffiffiffiffiffi
dm
p
ð
ffiffiffi
d
p
þ ffiffiffiffi

m
p Þ2

(27)

The entire set of rate equations derived assuming each

hydrogen species addition as possible rate-determining step is

shown in Tables 3 and 4.

5. Model regression and discussion

The qualitative behaviour of the various models is rather

similar. Within the same type of reaction mechanism, the H2

partial reaction order is the only distinctive feature and makes

qualitative model discrimination difficult. As a result, model

regression is required to discriminate among the various

models.
5.1. Isothermal regression

In the first instance, model discrimination was carried out by

performing isothermal parameter estimation using the 16 rate

equations and the experimental data obtained at 553 K. The

number of experiments at this temperature amounted to 80.

It can be observed from Tables 3 and 4 that models based on

the homolytic mechanism contain six coefficients, i.e., one rate

coefficient and five chemisorption coefficients, whereas models

based on the heterolytic mechanism only 5. For simplicity, a

composite rate coefficient is defined as the product of the real

rate coefficient and the equilibrium and chemisorption

coefficients of the elementary steps involved in the formation

of the species consumed in the rate-determining step.

After regression using the experimental data obtained at the

reference temperature, some models could be discarded, vide

Table 5. The rate equations corresponding to a hydrogenation

mechanism in which the rate-determining step was a hydrogen

addition from a sulphur anion, i.e., from �–S2�, either as atomic

hydrogen or as a proton, were discarded because of the low F-

value related to the global significance of the regression or

because fewer parameters could be estimated significantly. In

addition, the models derived assuming the first and the second

hydrogen additions as RDS can be discarded also based on the

low F-value and the low number of parameters significantly

estimated. Within the remaining models, the best results were

obtained with models 3-H-CUS and 3-Hydride. These two

models have in common that the third hydrogen addition is

considered as rate determining.

The isothermal regression and model discrimination allows

to draw two major conclusions. First, hydrogen chemisorbed on

sulphur anions appear not to be involved in the rate-determining

step in aromatic hydrogenation on a NiMo sulphide catalyst. It

may, however, well be that hydrogen addition from sulphur



Table 4

Rate equations derived from heterolytic mechanism assuming each hydrogen addition as possible rate-determining step

Hydrogenation network assuming a hydride addition first (*–H�)

RNH� ;��H� ¼
k1KN f NKH2

f H2
ð1�ð f T=Keq f N f 2

H2
ÞÞC2

t;�ffiffiffiffi
md
p
ð ffiffiffimp þ

ffiffi
d
p
Þ2

1-Hydride

RNH2 ;
��S2�Hþ ¼

k2KN!NH�KN f NKH2
f H2
ð1�ð f T=Keq f N f 2

H2
ÞÞC2

t;�

ð ffiffiffimp þ
ffiffi
d
p
Þ2

2-Proton

RNH3
� ;��H� ¼

k3KN!NH2
KN f NðKH2

f H2
Þ2ð1�ð f T=Keq f N f 2

H2
ÞÞC2

t;�ffiffiffiffi
md
p
ð ffiffiffimp þ

ffiffi
d
p
Þ2

3-Hydride

RT;��S2�Hþ ¼
k4KN!NH�

3
KN f NðKH2

f H2
Þ2ð1�ð f T=Keq f N f 2

H2
ÞÞC2

t;�

ð ffiffiffimp þ
ffiffi
d
p
Þ2

4-Proton

Hydrogenation network assuming a proton addition first (�–S2�H+)

RNHþ ;��S2�Hþ ¼ k1KN f N 1� f T

Keq f N f 2
H2

� �
C2

t;�

ffiffiffiffi
md
p

dð
ffiffi
d
p
þ ffiffiffimp Þ2

1-Proton

RNH2 ;��H� ¼ k2KN!NHþKN f NKH2
f H2

1� f T

Keq f N f 2
H2

� �
C2

t;�
1

dð
ffiffi
d
p
þ ffiffiffimp Þ2

2-Hydride

RNH3
þ ;��S2�Hþ ¼ k3KN!NH2

KN f NKH2
f H2

1� f T

Keq f N f 2
H2

� �
C2

t;�

ffiffiffiffi
md
p

dð
ffiffi
d
p
þ ffiffiffimp Þ2

3-Proton

RT;��H� ¼ k4KN!NH3
þKN f NK2

H2
f 2
H2

1� f T

Keq f N f 2
H2

� �
C2

t;�
1

dð
ffiffi
d
p
þ ffiffiffimp Þ2

4-Hydride

Where d ¼ 1þ KN f N þ KT f T and m ¼ KH2
f H2
þ KH2S f H2S.
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anions occurs in the potentially very fast elementary steps.

Second, the rate-determining step appears to occur in the second

half of the hydrogenation pathway, i.e., the third hydrogen

addition, rather than the first or the second. This is in line with

previous modelling efforts on toluene hydrogenation on Pt [42]

and can be interpreted in terms of breaking the aromatic character

of the reactant upon chemisorption on the catalyst surface. A

rate-determining step further in the hydrogenation pathway was

also found by, among others, Nakano and Kusunoki [43], Nakano

et al. [44] and Yoon and Vannice [45].

5.2. Non-isothermal regression

The further model discrimination between the two remain-

ing models, denoted as 3-H-CUS and 3-Hydride, was
Table 5

Summary of results of isothermal model regression for naphthalene hydrogenation

Mechanism Model

Homolytic: *–H addition 1-H-CUS

2-H-CUS

3-H-CUS

4-H-CUS

Homolytic: �–S2�H addition 1-H-SA

2-H-SA

3-H-SA

4-H-SA

Heterolytic: hydride (*–H–) addition first 1-Hydride

2-Proton

3-Hydride

4-Proton

Heterolytic: proton (�–S2�H+) addition first 1-Proton

2-Hydride

3-Proton

4-Hydride

Data amounted to 80 experiments.
performed by reparameterized non-isothermal regression using

the entire set of experimental data. The temperature

dependence of the coefficients doubles the number of

parameters to be determined as compared to isothermal

regression. To keep the number of parameters to be estimated

reasonable, the pre-exponential factors of the rate and

chemisorption coefficients were calculated using statistical

thermodynamics and transition state theory [46]. Based on the

assumed mobility for the species involved as reactant and

activated complex, the pre-exponential factors can be obtained

from the corresponding partition functions. Performing these

calculations for different possible mobilities of the species

involved leads to the ranges mentioned in Table 6. Chemisorp-

tion entropies are expected to be negative due to the loss in

translational and rotational degrees of freedom of the fluid
over sulphided NiMo using data obtained at 553 K

F-value Number of parameters

significantly estimated

1178 5/9

842 6/9

1738 6/9

1613 5/9

499 6/9

1269 4/9

1334 6/9

1169 6/9

611 5/8

1119 5/8

2018 5/8

1027 5/8

287 4/8

1968 3/8

890 4/8

1382 5/8



Table 6

Range of pre-exponential factors and the corresponding entropy range of the

chemisorption coefficients estimated based on statistical thermodynamics [46]

Coefficient Range of

pre-exponential

factors (bar�1)

Range of DSads

(J mol�1 K�1)

KA 10�10/10�5 �191/�95.7

KB 10�10/1 �191/0.0

A: naphthalene and tetralin (molecular adsorption); B: hydrogen and hydrogen

sulphide (dissociative chemisorption).

Fig. 6. Parity diagram of experimental vs. calculated outlet tetralin molar flow

rate obtained from model regression at non-isothermal conditions. Calculated

responses using the set of parameters in Tables 7 and 8 and the net rate of

hydrogenation denoted as model 3-H-CUS in Table 4.

Table 8

Estimated composite activation energy and chemisorption enthalpy values with

their corresponding 95% confidence interval obtained in non-isothermal regres-

sion with remaining models

Parameter 3-H-CUS 3-Hydride

Ecomp
a (kJ mol�1) �41.5 � 17.5 �37.9 � 13.2

DH�N (kJ mol�1) �48.0 �48.0

DH�H2 ;� (kJ mol�1) �80.0 � 32.1 �82.5 � 27.7

DH�
H2 ;
��S2� (kJ mol�1) �47.0

DH�H2S (kJ mol�1) �128 � 20.8 �109 � 19.7

DH�T (kJ mol�1) �40.0 �40.0

Ecomp
a is the composite activation energy of kcomp ¼ kNH2!NH3

KN!NH2

KNK
3=2
H2 ;� in model 3-H-CUS, or kcomp ¼ kNH2!NH3

�KN!NH2
KNK2

H2
in model

3-Hydride.
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phase molecules upon chemisorption onto the catalytic surface.

In the case of dissociative chemisorption, i.e., for hydrogen and

hydrogen sulphide, the dissociative character has a positive

contribution to the total chemisorption entropy. As a result, no

change in entropy for the overall process is set as the upper limit

in hydrogen and hydrogen sulphide chemisorption. Several

consistent set of values for the pre-exponential factors were

tested in regressions.

The highest F-value for the global significance of the

regression was obtained for the model considering heterolytic

dissociation, 3263, compared to 2610 for the model considering

homolytic dissociation. With both models three parameters

could be significantly estimated, i.e., the composite activation

energy and the chemisorption enthalpies for H2S and H2 on

CUS. The corresponding parity diagrams between the

calculated and experimental tetralin molar outlet flow rates

obtained for both models are shown in Figs. 6 and 7. A good

qualitative description of the experimental data is obtained with

both models making difficult the model discrimination based on

these diagrams.

The pre-exponential factor and chemisorption entropies

used in the best regression are listed in Table 7. The estimated

parameter values are reported in Table 8. The 95% confidence

intervals of the parameter estimates for both models strongly

overlap and do not allow a discrimination between the two

models. The naphthalene and tetralin chemisorption enthalpies

and that for H2 chemisorption on sulphur anions could not be

estimated significantly. Although not statistically significant,

the removal of these parameters from the model visually

affected the parity diagram and, hence, in the final regression

these parameters were fixed at average values obtained during

the regression procedure using various initial parameter
Table 7

Pre-exponential factor of the composite rate coefficient and chemisorption

entropies fixed and used in the best non-isothermal regression for the remaining

models

Parameter 3-H-CUS 3-Hydride

Acomp (kmol s�1 kg�1 bar�2.5) 38.0E�06 7.0E�06

DS�N (J mol�1 K�1) �129 �129

DS�H2;� (J mol�1 K�1) �156 �161

DS�
H2;
��S2� (J mol�1 K�1) �106

DS�H2S (J mol�1 K�1) �231 �189

DS�T (J mol�1 K�1) �97.1 �97.1

Acomp is the composite pre-exponential factor of kcomp ¼ kNH2!NH3
KNK

3=2
H2 ;� in

model 3-H-CUS, or kcomp ¼ kNH2!NH3
�KN!NH2

KNK2
H2

in model 3-Hydride.
guesses. The trend among the hydrocarbon chemisorption

enthalpies indicates that naphthalene is more strongly bound to

the surface than tetralin which is line with other hydrogenation

studies of these molecules [47,48].

The chemisorption enthalpies for naphthalene and tetralin

could not be estimated significantly with either of the two
Fig. 7. Parity diagram of experimental vs. calculated outlet tetralin molar flow

rate obtained from model regression at non-isothermal conditions. Calculated

responses using the set of parameters in Tables 7 and 8 and the net rate of

hydrogenation denoted as model 3-Hydride in Table 4.



Table 9

Comparison of fractional surface coverage calculated by regression using models 3 and 11

Variable 3-H-CUS 3-Hydride

Qfree QH QH2S Qfree QH QH2S

Reference conditions 0.42 0.46 0.12 0.50 0.12 0.38

Temperature (K)

523 0.19 0.55 0.26 0.22 0.16 0.62

583 0.65 0.31 0.04 0.78 0.06 0.16

H2/H2S (mol mol�1)

20 0.38 0.42 0.20 0.38 0.09 0.54

10 0.33 0.35 0.32 0.26 0.05 0.69

5 0.27 0.26 0.47 0.17 0.03 0.80

Table 10

Hydrogen and hydrogen sulphide chemisorption coefficients calculated at 573 K with the set of parameters of Tables 6 and 7 and literature reported

Parameter 3-H-CUS

(NiMo, bar�1)

3-Hydride

(NiMo, bar�1)

HDS/DBT [21]

(CoMo, bar�1)

HDN/PYR [49]

(NiMo, bar�1)

KH2S [50]

(CoMo, bar�1)

KH2 ;� 0.13 0.01 0.0056 n.s.

KH2 ;
��S2� 0.05 – 0.028 0.09

KH2S 0.43 1.18 2.52 0.19 735

C.M.C. Romero et al. / Catalysis Today 130 (2008) 231–242 241
models, vide Table 8. This indicates that the surface

concentration of these species is considerably lower than that

of the H2 and H2S dissociated species. The H2 chemisorption

enthalpy on sulphur anions not being significantly estimated is

in agreement with the intermediate conclusion after the

isothermal regression that these species are not involved a

rate-determining step.

The calculated surface distribution of species for some

experiments obtained from the optimal model regression is

given in Table 9. An opposite result of surface concentration

between hydrogen and hydrogen sulphide is obtained from the

calculated surface coverage with both models and can be

related to the different shape of the denominator. The values

obtained with model 3-Hydride intuitively fit best into the

interpretation of the experimentally observed trends, i.e., the

inhibitory effect of H2S, because the sulphydril is calculated to

be the most abundant surface intermediate (MASI). However,

the parameter combination obtained with model 3-H-CUS

shows that the rationalization of the experimental data does not

necessarily require the sulphydril species as the most abundant

surface intermediates on the CUS, but that also hydrogen atoms

might be the most abundant surface intermediates. Further

discrimination between the two kinetic models will require

additional experimental data in an even wider range of

operating conditions than already examined now.

The current results are in good agreement with those

reported in literature. The chemisorption coefficients for H2 and

H2S were calculated at 573 K and confronted with reported

values for hydrodesulphurization of benzothiophene (HDS) on

CoMo/Al2O3 [21], for hydrodenitrogenation of pyridine (HDN)

on NiMo/Al2O3 [49] and from a thermodynamic modelling

study of H2S chemisorption on CoMo/Al2O3 [50], vide Table

10. Those studies of HDS and HDN constructed models based

on a homolytic dissociation of H2 and H2S similar to the current
model 3-H-CUS. The values obtained on the NiMo catalyst are

in line with the values obtained in this work using model 3-H-

CUS. Co as promoter metal leads to a H2S chemisorption

coefficient which is an order of magnitude higher than that with

Ni as promoter, whereas the hydrogen chemisorption coeffi-

cient with Co as promoter is much lower than with Ni as

promoter. The thermodynamic study of H2S sorption confirms

the higher chemisorption coefficient for H2S with Co as

promoter metal. The differences between the values reported by

Vanrysselberghe and Froment [21] and Echard and Leglise [50]

originate from different assumptions with respect to the

mobility of the surface intermediated.

The chemisorption enthalpy for H2S obtained in the current

study, i.e., �128 and �109 kJ mol�1 for the homolytic and

heterolytic models, respectively, is in agreement with that

reported by Borgna et al. [51], which is �117 kJ mol�1 over

planar sulphided NiMo/SiO2 during HDS of thiophene at 573–

673 K and atmospheric pressure. The difference in catalyst

support used by Borgna et al. [51] and in this work may explain

the intermediate value reported by Borgna et al. compared to

the values obtained in this work.

6. Conclusions

Naphthalene hydrogenation is highly selective to tetralin on

the investigated commercial NiMo/gAl2O3 catalyst. Intrinsic

kinetics can be measured in a wide range of operating

conditions. The naphthalene hydrogenation rate over a

sulphided NiMo was found to be limited by the addition of

a hydrogen species chemisorbed on coordinatively unsaturated

metal ion sites. The third hydrogen addition has been identified

as the rate-determining step.

The current kinetic data set did not allow to significantly

discriminate between a homolytic or heterolytic reaction
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mechanism. The strength of the hydrogen and hydrogen

sulphide chemisorption is slightly different depending on the

type of dissociation. As a result, whereas in the heterolytic

mechanism the sulphydril species was found to be the most

abundant surface intermediate, the homolytic mechanism puts

the hydrogen atoms forward as the most abundant surface

species. Both models agree, however, that hydrocarbon species

concentrations on the catalyst surface are negligible and that

hydrogen chemisorbed on sulphur anions is not involved in the

rate-determining step.
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