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Abstract
The importance of the hydrodearomatisation (HDA) is increasing together with tightening legislation of fuel quality and exhaust emissions. The

present study focuses on hydrogenation (HYD) kinetics of the model aromatic compound naphthalene, found in typical diesel fraction, in n-

hexadecane over a NiMo (nickel molybdenum), Ni (nickel) and Ru (ruthenium) supported on trilobe alumina (Al2O3) catalysts. Kinetic reaction

expressions based on the mechanistic Langmuir–Hinshelwood (L–H) model were derived and tested by regressing the experimental data that

translated the effect of both naphthalene and hydrogen concentration at a constant temperature (523.15 and 573.15 K over the NiMo catalyst and at

373.15 K over the Ni and Ru/Al2O3 catalysts) on the initial reaction rate. The L–H equation, giving an adequate fit to the experimental data with

physically meaningful parameters, suggested a competitive adsorption between hydrogen and naphthalene over the presulphided NiMo catalyst

and a non-competitive adsorption between these two reactants over the prereduced Ni and Ru/Al2O3 catalysts. In addition, the adsorption constant

values indicated that the prereduced Ru catalyst was a much more active catalyst towards naphthalene HYD than the prereduced Ni/Al2O3 or the

presulphided NiMo/Al2O3 catalyst.

# 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Hydrotreatment is an important group of processes in the

petroleum refining industry for (1) the protection of the catalysts

used in latter stages of the refining process, (2) the abatement of

NOx and SO2 emissions that could arise from the combustion of

organic molecules, (3) the improvement of the properties of the

final products issued from refining (such as colour, smell and

stability) and (4) the valorisation of heavy stocks. It is an

extensively documented process and several reviews have been

devoted to it during the last decades [1–5]. Due to the required use

of new feedstocks and application of more severe environmental

legislation [6], the interest on this subject is constantly renewed.

During the hydrotreating process, the HYD of the aromatic rings

prior to sulphur removal is considered to alleviate the steric
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hindrance of substituted dibenzothiophenes, considered the most

unreactive towards hydrodesulphurisation (HDS), and therefore

facilitate HDS reaction [5,7]. Moreover, nitrogen removal from

polycyclic aromatics does not take place until ring saturation has

occurred. A high aromatic content is associated with poor fuel

quality, giving a low cetane number in diesel fuel and a high

smoke point in jet fuel [8,9]. Consequently, from the viewpoint of

environmental conservation, aromatics saturation is the key

reaction to reduce NOx and particulate matter [10] in order to

provide environmentally more acceptable reformulated fuels.

Aromatic HYD in industrial feedstocks may be carried out

over supported metal or metal sulphided catalysts. NiMo

catalyst is a typical hydrotreating catalyst that is commonly

used in industry to catalyse primarily HDA and secondly HDS

reactions, whether in a single stage process or in the first stage

of a two-stage process. In a two-stage process, the HDA is

usually achieved in the second stage with Ni or noble metal

catalysts [11]. Presulphided NiMo catalysts are reported to be

resistant to sulphur and coke deposition, whereas supported Ni

or noble metal catalysts should be used in a sulphur-free
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Nomenclature

bi adsorption equilibrium constant of component i

(m3
L mol�1)

C concentration (mol m�3
L )

DMDS dimethyldisulphide

HDA hydrodearomatisation

HDS hydrodesulphurisation

HYD hydrogenation

k3, k�3 rate constants of the forward and reverse reaction

of step III (units depend on the rate expression)

k4, k�4 rate constants of the forward and reverse reaction

of step IV (units depend on the rate expression)

K rate equilibrium constant

N naphthalene

Rc regression coefficient

rw,i reaction rate per mass of catalyst or active

phase relative to component i, mol kg�1
cat s�1

ðmol kg�1
NiMo s�1Þ

(SSR)min minimised sum of squares of residuals

Std standard deviation

T temperature (K)

Greek letters

h effectiveness factor

sij correlation coefficient between parameter i and

parameter j

Subscripts and superscripts

calc calculated

cat catalyst

exp experimental

H, H2 atomic and molecular hydrogen
L liquid (bulk)

N naphthalene

obs observed

T tetralin
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environment, in order to fully make use of its HDA properties

[12].

Covering all types of catalysts used for HDA, a conventional

NiMo catalyst, a Group VIII Ni and an in-house noble catalyst,

Ru, all supported on trilobe Al2O3 have been investigated for the

HYD of naphthalene in n-hexadecane. In view of the interest in

describing and comparing the reaction mechanism over these

three catalysts, L–H rate expressions were developed and tested.

The experimental data that translated the effect of both naphtha-

lene and hydrogen concentration at a constant temperature on the

initial reaction rate was regressed using a non-linear least squares

method and the adsorption parameters were estimated.

2. Experimental methods

2.1. Apparatus

The kinetic study was carried out in two identical reactors.

One of the reactors was contaminated by sulphur and was used
only for the reactions performed over the presulphided NiMo/

Al2O3 catalyst. The other reactor was sulphur free and was used

for the reactions performed over the prereduced Ni and Ru/

Al2O3 catalysts. Both reactors were three-phase spinning

catalyst basket autoclave reactors and were operated as a dead-

end mode. In order to maintain the reactor pressure constant,

the hydrogen was supplied continuously to the reactor at the

rate it was consumed by the reaction. The reactors were

automated and controlled to ensure reliable and reproducible

experiments. A more detailed description of the two apparatus

is given elsewhere [13].

2.2. Catalysts and materials

The catalysts used in this research were commercial Al2O3

trilobe support-based catalysts namely NiMo/Al2O3 (25.9 wt%

MoO3, 5.45 wt% NiO, 4.06 wt% P2O5, Grace Davison), Ni/

Al2O3 (15.5 wt% Ni, HTC 400 RP Johnson Matthey) and an in-

house made Ru/Al2O3 catalyst (1.9 wt% Ru, Johnson Matthey).

The NiMo/Al2O3 catalyst was used in a presulphided form and

the Ni and Ru/Al2O3 catalysts in a prereduced one. The

pretreatment of the catalysts is described elsewhere [12,13]. For

all the experiments presented in this study, a mass of

35.2 � 10�3, 21.5 � 10�3 and 7.5 � 10�3 kgcat was used for

the NiMo, Ni and Ru/Al2O3 catalysts, respectively.

As a feed, naphthalene (99%, Aldrich) was dissolved in n-

hexadecane (99%, Avocado) to the required concentration and

n-octadecane (99%, Aldrich) was used as an internal standard.

With the presulphided NiMo/Al2O3 catalyst, dimethyldisul-

phide, DMDS (99%, Acros) was added to the reaction mixture,

providing a source of sulphur that was essential to stabilize the

catalyst maintaining it in the sulphided form [12,13]. Liquid

products were analysed using a gas chromatograph (Ai

Cambridge GC, model GC94M) equipped with a capillary

column (CP-Wax 52CB FS 25 � 0.25(1.2), Chrompack). The

nitrogen (oxygen-free), argon (Ar), air, hydrogen (H2) and

helium (>99.995%) cylinder gases were supplied by BOC

Gases. The helium was purified by passing it through an

oxygen/moisture trap and the hydrogen was filtered prior to the

HYD reactions.

2.3. Experimental program

The effect of hydrogen partial pressure and naphthalene

concentration in the feed at a constant temperature on the initial

HYD rate of naphthalene, over the presulphided NiMo catalyst

and over the prereduced Ni and Ru/Al2O3 catalysts, was

studied. From the catalytic activity measurements, an initial

reaction rate was determined by calculating the hydrogen

consumption during the initial stage of the reaction, i.e., when

no significant amount of tetralin formation was observed

(naphthalene conversion < 10%). The same batch of presul-

phided NiMo/Al2O3 catalyst was used throughout this work. A

standard experiment, carried out at 15 � 105 Pa hydrogen

partial pressure and 573.15 K, was performed repeatedly

between experiments to ensure experimental reproducibility

and to ensure that no catalyst deactivation occurred. On the
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other hand, a fresh batch of Ni and Ru/Al2O3 catalysts was used

for each experiment.

3. Results and discussion

The kinetic data were acquired by Monteiro-Gezork et al.

[13] by investigating the effect of several operating parameters

on the initial HYD rate of naphthalene, over the presulphided

NiMo catalyst and over the prereduced Ni and Ru/Al2O3

catalysts. The initial reaction rate was found to increase

with increased initial concentration of naphthalene

(� 90� 600 molN m�3
L ), over the three catalysts and with

increased hydrogen partial pressure (PH2
¼ ð5�30Þ � 105 Pa)

over the NiMo and Ni/Al2O3 catalysts at a constant temperature

(523.15 and 573.15 K over the NiMo catalyst and 373.15 K

over the Ni and Ru/Al2O3 catalysts). However, in the case of

Ru/Al2O3, the reaction rate increased up to a hydrogen partial

pressure of 20 � 105 Pa and no change was observed as it

increased further to 30 � 105 Pa. Intrinsic kinetics were

observed over the NiMo/Al2O3 catalyst at 523.15 K. However,

the intraparticle resistances could not be avoided over this

catalyst at 573.15 K and over the Ni and Ru/Al2O3 catalysts at

373.15 K. An effectiveness factor, h, was estimated for the

three catalysts using the Weisz and Prater criterion [14]. A more

detailed description of the method used can be found elsewhere

[13]. The h values found were 0.67 for the NiMo/Al2O3 catalyst

at 573.15 K and 0.14 and 0.15 for Ni and Ru/Al2O3 catalysts at

373.15, respectively. In the present work, the above-described

experimental data will be used for the L–H modelling. The h

values found by Monteiro-Gezork et al. [13] will be taken into

consideration in the L–H rate expressions.

3.1. L–H mechanism for naphthalene hydrogenation

The kinetic model was based on the following surface

reaction mechanism proposed earlier by Smeds et al. [15] for

the gas-phase HYD of ethylbenzene and extensively used for

liquid-phase HYD of other aromatic hydrocarbons such as

naphthalene [16,17]. The mechanism consists of aromatics and

hydrogen adsorption steps, consecutive hydrogen addition steps

and product desorption steps. According to isotopic transient

studies [18], hydrogen is added pairwise, either in the form of

atoms or molecules and this was also taken into account.

Nþ � !bN
N� (I)

2H2 þ 2g� !
bH

2gH�2=g (II)

N� þ gH�2=g !
K3

NH�2 þ g� (III)

NH�2 þ gH�2=g !
K4

T� þ g� (IV)

T� !1=bT
T þ � (V)

where N is naphthalene, T is tetralin, H2 is molecular hydrogen,

H is atomic hydrogen and NH2
* is the adsorbed intermediate;

g = 1 for molecular adsorption of hydrogen and g = 2 for
dissociative adsorption; � and * denote the active sites for

hydrogen and naphthalene, respectively; bN, bH2=g
and bT are

the adsorption equilibrium constants for naphthalene, hydrogen

(atomic or molecular) and tetralin, respectively; K3 = k3/k�3

and K4 = k4/k�4 are the rate equilibrium constants of step III

and IV, respectively; k3, k�3 and k4, k�4 are the rate constants of

the forward and reverse reaction of steps III and IV, respec-

tively. For the case of competitive adsorption, the sites � and *

coincide.

In deriving the plausible rate expressions of the L–H-type

model from mechanism (I)–(V) for the reaction of naphthalene

with hydrogen, some fundamental assumptions were intro-

duced and 14 possible mechanisms, or combinations of

mechanisms, were considered and evaluated. These included

as reaction-determining steps, either surface reaction or

adsorption of hydrogen or naphthalene with combinations of

(a) adsorption of naphthalene and hydrogen on the same type of

catalyst site (competitive adsorption); (b) involvement of two

types of catalyst sites, one for adsorption of hydrogen, the other

for naphthalene (non-competitive adsorption); and (c) dis-

sociative (atomic) adsorption of hydrogen in contrast to

molecular adsorption. It was assumed that the rate-determining

step was irreversible. The derived rate expressions are

summarized in Table A.1 in Appendix A. For low conversions

of naphthalene, tetralin concentration is small and therefore, the

rate of HYD of naphthalene is reduced to the initial one. The

corresponding expressions for this simplification are also

presented in Table A.1. The solvent did not adsorb on the

catalyst and consequently an adsorption term for the solvent is

not included in any of the derived kinetics expressions.

3.2. Parameter estimation

In all, 14 different models were examined for their ability to

describe the experimental data. In order to select a suitable rate

equation among those aforementioned, a non-linear least

squares regression analysis was used for each rate equation in

order to obtain the best values of the adsorption and kinetic

parameters. The parameter estimation was performed by

minimizing the sum of squares of residuals (SSR) of the

differences between the experimental and the calculated initial

reaction rates, rw,N,exp and rw,N,calc, respectively:

SSR ¼
X

i

ðrw;N;exp � rw;N;calcÞ2

Minimization was carried out with the optimisation program

MathematicaTM 5 that uses the Marquardt method [19]. The

L–H models were tested by regressing the experimental data

that translated the effect of both naphthalene and hydrogen

concentration at a constant temperature on the initial reaction

rate. In the minimization process, the concentration of naphtha-

lene and the concentration of hydrogen were the independent

variables and the experimental reaction rate was the dependent

variable. The experimental results showed that the reaction rate

over the three catalysts was dependent on the hydrogen and

naphthalene concentration. Consequently, models 11 and 14

were excluded before regression for not showing this effect.



T
ab

le
1

E
st

im
at

ed
p

ar
am

et
er

s,
re

g
re

ss
io

n
co

ef
fi

ci
en

t
(R

c)
an

d
m

in
im

u
m

su
m

o
f

sq
u

ar
e

o
f

re
si

d
u
al

s
(S

S
R

) m
in

fo
r

th
e

n
ap

h
th

al
en

e
h

y
d

ro
g

en
at

io
n

at
5

2
3

.1
5

K
o
v
er

th
e

p
re

su
lp

h
id

ed
N

iM
o

/A
l 2

O
3

ca
ta

ly
st

L
–

H
ra

te
eq

u
at

io
n

s
k 1

,
k 3

o
r

k 4
(d

ep
en

d
in

g
o

n
th

e
eq

u
at

io
n

)
b

H
o

r
b

H
2
ðm

3
m

o
l�

1
H

2
;H
Þ

b
N
ðm

3
m

o
l�

1
N
Þ

K
3

R
c

(S
S

R
) m

in
M

o
d

el

r 3
¼

k 3
b

N
b

1
=
2

H
C

N
C

H
2

ð1
þ

b
1
=
4

H
C

1
=
2

H
2
þ

b
N

C
N
Þ3

2
.5

0
�

1
0
�

1
�

1
.0

0
�

1
0
�

5
7

.5
7
�

1
0
�

6
�

1
.4

8
�

1
0
�

5
9

.8
9
�

1
0
�

4
�

7
.6

4
�

1
0
�

4
–

0
.9

6
9

2
.2

0
�

1
0
�

7
1

r 3
¼

k 3
b

N
b

1
=
2

H
2

C
N

C
H

2

ð1
þ

b
1
=
2

H
2

C
H

2
þ

b
N

C
N
Þ2

4
.9

7
�

1
0
�

2
�

3
.0

9
�

1
0
�

5
4

.0
1

x
1

0
�

5
�

1
.0

2
x

1
0
�

4
1

.9
3
x

1
0
�

3
�

7
.8

6
x

1
0
�

4
–

0
.9

6
9

2
.2

0
�

1
0
�

7
3

r 4
¼

k 4
b

H
2

b
N

K
3

C
N

C
2 H

2

ð1
þ

b
1
=
2

H
2

C
H

2
þ

b
N

C
N
þ

K
3

b
N

b
1
=
2

H
2

C
N

C
H

2
Þ2

2
.1

9
�

1
0
�

1
�

1
.0

0
x

1
0
�

6
8

.6
5

x
1

0
�

6
�

1
.3

7
x

1
0
�

5
9

.0
6
�

1
0
�

4
�

1
.5

7
�

1
0
�

3
1

.1
7
�

0
0

.9
6

9
2

.2
0
�

1
0
�

7
4

r 3
¼

k 3
b

N
b

1
=
2

H
C

N
C

H
2

ð1
þ

b
1
=
4

H
C

1
=
2

H
2
Þ2
ð1
þ

b
N

C
N
Þ

2
.5

8
�

1
0
�

2
�

9
.9

5
�

1
0
�

5
3

.3
0
�

1
0
�

4
�

1
.4

4
�

1
0
�

3
2

.4
3
�

1
0
�

3
�

3
.1

4
�

1
0
�

3
–

0
.9

6
8

2
.2

1
�

1
0
�

7
5

r 4
¼

k 4
b

H
b

N
K

3
C

N
C

2 H
2

ð1
þ

b
1
=
4

H
C

1
=
2

H
2
Þ2
ð1
þ

b
N

C
N
þ

K
3

b
N

b
1
=
2

H
C

N
C

H
2
Þ

4
.5

3
�

1
0
�

2
�

1
.2

9
�

1
0
�

4
6

.4
3
�

1
0
�

4
�

2
.0

8
�

1
0
�

3
1

.2
0
�

1
0
�

3
�

3
.5

4
�

1
0
�

3
2

.5
2
�

1
0
�

1
�

3
.0

0
�

1
0
�

6
0

.9
6

8
2

.2
1
�

1
0
�

7
6

r 3
¼

k 3
b

N
b

1
=
2

H
2

C
N

C
H

2

ð1
þ

b
1
=
2

H
2

C
H

2
Þð

1
þ

b
N

C
N
Þ

1
.9

3
�

1
0
�

2
�

1
.9

0
�

1
0
�

6
4

.9
6
�

1
0
�

5
�

1
.7

1
x

1
0
�

4
2

.4
3
�

1
0
�

4
�

3
.1

4
�

1
0
�

3
–

0
.9

6
8

2
.2

1
�

1
0
�

7
7

r 4
¼

k 4
b

H
2

b
N

K
3

C
N

C
2 H

2

ð1
þ

b
1
=
2

H
2

C
H

2
Þð

1
þ

b
N

C
N
þ

K
3

b
N

b
1
=
2

H
2

C
N

C
H

2
Þ

1
.5

2
�

1
0
�

2
�

1
.9

8
�

1
0
�

2
2

.0
3
�

1
0
�

1
�

2
.4

3
�

1
0
�

4
7

.6
7
�

1
0
�

4
�

1
.7

0
�

1
0
�

3
2

.9
9
�

1
0
�

2
�

3
.1

5
�

1
0
�

3
0

.9
6

8
2

.2
1
�

1
0
�

7
8

r 1
¼

k 1
C

N

ð1
þ

b
1
=
4

H
C

1
=
2

H
2
Þ

3
.8

0
�

1
0
�

4
�

6
.6

9
�

1
0
�

5
1

3
.1

4
�

0
–

–
0

.8
3

5
1

.1
6
�

1
0
�

6
1

2

A.C.A. Monteiro-Gezork et al. / Catalysis Today 130 (2008) 471–485474
The experimental data were regressed with the other 12 models.

Initially, the data fitting was carried out with the rate expres-

sions including lumped parameters, for example, in model 1,

k3bNb
1=2
H was treated as one single parameter, i.e., k03. However,

it was observed that, in general, maintaining the parameters

lumped led to highly correlation coefficients between para-

meters. It was further decided to unlump the parameters in the

rate expression. By doing so, it was observed that the correla-

tion matrix improved quite significantly. The results presented

were obtained by regression of the rate expressions with

unlumped parameters

3.2.1. NiMo/Al2O3 catalyst

The two sets of experiments with different concentrations of

naphthalene and hydrogen at 523.15 K (intrinsic regime) and

573.15 K (pore diffusion regime) were regressed.

3.2.1.1. The Intrinsic regime. An attempt in regressing the

complete set of results, i.e., the experimental rates of reaction

obtained by varying both hydrogen and naphthalene concen-

trations at 523.15 K, was made. However, this regression did

not produce realistic results and the parameters were estimated

by regressing only the data set where naphthalene concentration

was varied at 523.15 K and 30 � 105 Pa and only these

regression results are presented.

The regression of models 2, 9 and 10 only produced a

negative estimate of the parameters, which is not physically

meaningful; moreover, model 13 failed to converge. Conse-

quently, these latter models were excluded from further

analysis. From the regression results, it was observed that all

the other models fitted the results with positive estimates for the

parameters. The rate parameters along with their 95%

confidence interval, SSRmin and the regression coefficients

(Rc) are given in Table 1.

For the purpose of model discrimination, a comparison of

the regression coefficient for the models and confidence

interval, obtained for each estimated parameter, was initially

performed. As it can be observed from the results, model 12

exhibited a very low correlation coefficient compared with the

other models and therefore was discarded as a good

representation of the experimental data. All other models

had a very similar correlation coefficient and minimized sum of

the squares of the residuals. Analysing the confidence interval

of each estimated parameter, models 4–8 had two parameters

with a negative confidence interval, thus making them

physically not meaningful. These latter models were therefore

discarded.

The final rival models are model 1, where surface reaction is

the limiting step (step III) with hydrogen adsorbing atomically,

and model 3, where the surface reaction is also the limiting step

(step III) but hydrogen is considered to adsorb molecularly.

Models 1 and 3 exhibited both a negative confidence interval

for the adsorption constant of hydrogen. The estimated value of

the adsorption constant for naphthalene exhibited a higher

confidence interval with model 1 than with model 3. However,

the observed difference was not that significant. At this point

and in order to discriminate between these two models the one



Table 2

Correlation matrices derived from rival models 1 and 3 at 523.15 K for the

NiMo/Al2O3 catalyst

Model robs
w;Nðmol kg�1

NiMo s�1Þ sij

1 r3 ¼
k3bNb

1=2
H

CNCH2

ð1þb
1=4
H

C
1=2
H2
þbNCNÞ

3

1 �0:977 1:00

�0:977 1 �0:977

1:00 �0:977 1

0
B@

1
CA

3 r3 ¼
k3bNb

1=2
H2

CNCH2

ð1þb
1=2
H2

CH2
þbNCNÞ

2

1 �0:913 0:999

�0:913 1 �0:915

0:999 �0:915 1

0
B@

1
CA
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that better described the kinetic data, another criterion was

applied. This criterion was based on the analysis of the

correlation coefficients between the parameters obtained with

each model [20–23].

The correlation matrix obtained by the MathematicaTM 5

program, for the two left plausible models, is given in Table 2.

The correlation coefficient between parameter i and parameter j

is indicated bysij in the correlation matrix. k3 (or k4), bH2
(bH) and

bN are parameters 1, 2 and 3, respectively. It is observed from this

table that k3, bH2
(bH) are highly correlated in both models.

However, as pointed out in previous works, highly correlated

estimates may be obtained with L–H-type models [24]. The high

correlation observed between the parameters does not necessa-

rily mean that the observed values are not reliable, but their

correlation is a consequence of their position in the equation

since they are multiplying by each other. Nevertheless, model 3

produced the lowest correlation coefficients between parameters.

Therefore, the best fit, in a strictly mathematical sense, was

obtained by this model, where hydrogen is assumed to adsorb

molecularly on the surface of the catalyst. A comparison between

the model and the experimental data is shown in Fig. 1.

3.2.1.2. Pore diffusion regime. The parameter estimation was

first carried out by regressing only the data where naphthalene

concentration was varied at 573.15 K and 30 � 105 Pa.
Fig. 1. Experimental versus L–H model results (model 3): effect of naphthalene con

the initial HYD rate of naphthalene over the presulphided NiMo/Al2O3 catalyst.
However, in this case, it was not possible to estimate the

adsorption parameter for hydrogen accurately, and unrealistic

values were obtained. This was improved by regressing

simultaneously this latter data set with the data set where

hydrogen partial pressure was varied from (10–30) � 105 Pa at

573.15 K. Only the results from this simultaneous regression

are presented.

Model 2 failed to converge, whereas models 9, 10, 12 and 13

only converged to a negative solution and therefore were

excluded as representing the data. The data regression with the

other models produced a positive result and a simultaneous and

careful analysis on the 95% confidence interval, SSRmin, Rc and

correlation matrix had to be taken in order to discriminate the

best among them. The results are presented in Table 3. For the

correlation matrix k3 (or k4) is parameter 1, bH2
(bH) is

parameter 2, bN parameter 3 and K3 parameter 4.

Analysing the regression coefficient for each model, it can

be noticed that all models exhibited quite similar values. An

insight into the size of the confidence interval was therefore

taken. Although models 4 and 8 presented high values for Rc,

an unavoidable large confidence interval was observed for the

estimates of the parameters. In addition, the observed

correlation coefficients were very high for all the estimated

parameters and therefore, these two models were discarded.

In the case of model 6, it was noticed that it presented a quite

high estimate of bH. In addition, this estimate was higher than

the one for bN. Since naphthalene adsorbs stronger than

hydrogen on the surface of the catalyst, due to its delocalised

electrons, its adsorption constant should be higher than the one

for hydrogen and therefore, this model was discarded.

Moreover, all the correlation coefficients were close to one,

which reinforces its dismissal. Models 1 and 5 presented

negative confidence intervals for two (k3 and bH) out of the

three estimated parameters, whereas models 3 and 7 only

presented a negative confidence interval for bH. Therefore,

these latter models are considered a better representation of the

experimental data than the former models. The final rival

models are the models that assume that step III (first addition of
centration (PH2
¼ 30� 105 Pa) and hydrogen concentration (325 molN m�3) on



Table 3

Estimated parameters, correlation matrix, regression coefficient (Rc) and minimum sum of square of residuals (SSR)min for the naphthalene hydrogenation at 573.15 K over the presulphided NiMo/Al2O3 catalyst

L–H rate equations k3 or k4 (depending on the equation) bH or bH2ðm3 mol�1
H2Þ bNðm3 mol�1

N Þ K3 Rc (SSR)min Model

r3 ¼ 0:67
k3bNb

1=2
H

CNCH2

ð1þb
1=4
H

C
1=2
H2
þbNCNÞ

3

14.11 � 16.82 2.98 � 10�8 � 8.99 � 10�8 2.86�10�4 � 1.35 � 10�4 – 0.998 2.56 � 10�7 1

Correlation matrix

1 �0:951 �0:155

�0:951 1 �0:158

�0:155 �0:158 1

0
@

1
A

r3 ¼ 0:67
k3bNb

1=2
H2

CNCH2

ð1þb
1=2
H2

CH2
þbNCNÞ

2

1.56 � 0.86 7.19 � 10�7 � 9.29 � 10�7 4.34 � 10�4 � 1.97 � 10�4 0.998 2.10 � 10�7 3

Correlation matrix

1 �0:769 �0:486

�0:769 1 �0:184

�0:486 �0:184 1

0
@

1
A

r4 ¼ 0:67
k4bH2

bNK3CNC2
H2

ð1þb
1=2

H2
CH2
þbNCNþK3bNb

1=2

H2
CNCH2

Þ
2

4.67 � 5.12 � 103 1.96 � 10�4 � 1.17 � 10�2 1.26 � 10�3 � 0.126 2.58 � 10�2 � 31.30 0.999 1.20 � 10�7 4

Correlation matrix

1 0:999 0:999 �1:0
0:999 1 0:999 �0:999

0:999 0:999 1 �0:999

�1:0 �0:999 �0:999 1

0
BB@

1
CCA

r3 ¼ 0:67
k3bNb

1=2
H

CNCH2

ð1þb
1=4
H

C
1=2
H2
Þ
2
ð1þbNCNÞ

2.06 � 2.37 1.58 � 10�7 � 5.02 � 10�7 8.52 � 10�4 � 4.79 � 10�4 – 0.998 2.42 � 10�7 5

Correlation matrix

1 �0:934 0:052

�0:934 1 �0:404

0:052 �0:404 1

0
@

1
A

r4 ¼ 0:67
k4bHbNK3CNC2

H2

ð1þb
1=4
H

C
1=2
H2
Þ
2
ð1þbNCNþK3bNb

1=2
H

CNCH2
Þ

8.64 � 10�2 � 3.80 � 10�2 4.45 � 104 � 0 5.90 � 10�11 � 3.34 � 10�11 420.4 � 0 0.997 3.36 � 10�7 6

Correlation matrix

1 1:0 �0:996 1:0
1:0 1 �0:996 1:0
�0:996 �0:996 1 �0:996

1:0 1:0 �0:996 1

0
BB@

1
CCA

r3 ¼ 0:67
k3bNb

1=2
H2

CNCH2

ð1þb
1=2
H2

CH2
Þð1þbNCNÞ

0.392 � 0.212 2.99 � 10�6 � 4.35x10�6 8.42 � 10�4 � 4.40 � 10�4 – 0.998 2.05 � 10�7 7

Correlation matrix

1 �0:711 �0:348

�0:711 1 �0:411

�0:348 �0:411 1

0
@

1
A

r4 ¼ 0:67
k4bH2

bNK3CNC2
H2

ð1þb
1=2
H2

CH2
Þð1þbNCNþK3bNb

1=2
H2

CNCH2
Þ

8.63 � 10�2 � 0.116 1.13 � 103 � 3.29 � 103 5.47 � 10�8 � 1.68 � 10�3 2.81 � 8.60 � 104 0.997 3.22 � 10�7 8

Correlation matrix

1 �0:946 0:946 �0:946

�0:946 1 �1:0 1:0
0:946 �1:0 1 �1:0
�0:946 1:0 �1:0 1

0
BB@

1
CCA
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Fig. 2. Parity plot of the experimental results versus L–H model results (model

3) obtained over the presulphided NiMo/Al2O3 catalyst at 523.15 and 573.15 K,

including the 95% confidence interval.
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hydrogen) is the rate limiting step, hydrogen is adsorbed

molecularly on the catalyst surface and that hydrogen and

naphthalene both compete for the same active sites (model 3) or

adsorb on different catalytic sites (model 7). These two models

exhibited very similar statistical features. However, an insight

into the size of the confidence intervals reveals that confidence

interval of bH2
was slightly smaller in model 3 than in model 7

and was negative in both the models. Therefore, the former

model, where it is assumed that hydrogen and naphthalene

adsorb on the same catalytic sites, represents, in a mathematical

sense, a better fit of the experimental data. Although bH2

exhibited a slightly negative confidence the estimated value can

be considered reliable, since a low correlation coefficient

between this parameter and the others was obtained. The

highest correlation coefficient observed was with the parameter

k3 and had a value of �0.769, which is considered a low value.

A comparison between the model and the experimental data is

shown in Fig. 1 for the effect of hydrogen concentration and

naphthalene concentration.

The same mechanism was observed for both intrinsic and

pore diffusion regimes during the naphthalene HYD over the

NiMo/Al2O3. The goodness of the L–H model fit (model 3) to

the experimental data, for the two regimes, is illustrated in the

parity plot presented in Fig. 2. The 95% confidence interval for

a normal distribution, i.e., �1.96 � Std, where Std is the

standard deviation and was found to be equal to 5.4% for all
Table 4

Summary of the parameters estimated using the best fitting model for the naphtha

573.15 K

T (K) PH2
( � 10�5 Pa) CN (molN m�3) k3 (a)

523.15 30 96–470 4.97 � 1

573.15 10–30 174–609 1.56

a See mechanism 3 rate expression.
the regressed experimental data, is also presented. The first

surface addition of hydrogen (step III) was the limiting step,

which is intuitively satisfactory, as one would anticipate that

the largest activation barrier should be that for breaking the

resonance of the aromatic ring. In addition, the best fit of the

data was given by assuming a non-dissociative adsorption of

hydrogen. However, whether hydrogen can adsorb molecularly

on the surface of the catalyst is still a controversial issue. From

a chemical point of view, the atomic adsorption of hydrogen on

the surface of the catalyst is more probable than the molecular

adsorption. However, according to Smeds et al. [15], the fact

that the addition of two hydrogen atoms to the aromatic

molecule is a three-body process cannot rule out the possibility

of pairwise addition of hydrogen molecules, since the surface

species are not expected to be as mobile as in the fluid phase.

Molecular adsorption of hydrogen on the surface of the catalyst

has been reported in the literature for the HYD benzene [18]. In

general, a dissociative adsorption of hydrogen during naphtha-

lene HYD was reported [25–27]. According to Lindfords and

Salmi [28], the character of hydrogen adsorption has only a

minor effect on the rate of the equation and conclusions of the

true form of hydrogen adsorption based solely on the

experimentally measured HYD kinetics is a very difficult task.

In agreement with this observation, Toppinen et al. [16]

reported it to be impossible to discriminate between molecular

and atomic adsorption based on their benzene HYD data over a

Ni catalyst. The results also showed that the adsorption was

competitive, i.e., naphthalene and hydrogen molecules (or

atoms) adsorbed on the same sites. Both competitive and non-

competitive adsorptions of hydrogen and naphthalene during

naphthalene HYD have been reported in the literature [26,27].

Smeds et al. [15] studied the HYD of ethylbenezene over a Ni/

Al2O3 catalyst and stated that the true nature of coadsorption of

the reactants lies somewhere in between competitive and non-

competitive adsorption. These authors also believe that the

larger size of the aromatic molecules cannot rule out

completely the competitive adsorption of the much smaller

hydrogen atoms or molecules and, therefore, the discrimination

between competitive and non-competitive adsorption is

revealed to be a difficult task.

A summary of the estimates of the kinetic constants found by

the L–H model is given in Table 4. Comparing the estimated

parameters from the L–H model for the intrinsic and pore

diffusion regimes, it can be observed that the adsorption

constants of naphthalene and hydrogen, and therefore the

catalytic surface coverage by these reactants, decreased with

increased temperature, as expected. This effect was more

pronounced in the case of the hydrogen adsorption constant,
lene hydrogenation over the presulphided NiMo/Al2O3 catalyst at 523.15 and

bH2ðm3 mol�1
H2Þ bNðm3 mol�1

N Þ L–H model

0�2 4.01 � 10�5 1.93 � 10�3

Model 3
7.19 � 10�7 4.34 � 10�4



Table 5

Estimated parameters, correlation matrix, regression coefficient (Rc) and minimum sum of square of residuals (SSR)min for the naphthalene hydrogenatio at 373.15 K over the Ni/Al2O3 catalyst

L–H rate equations k3 or k4 (depending on

the equation)
bH or bH2ðm3 mol�1

H2Þ bNðm3 mol�1
N Þ K3 Rc (SSR)min Model

r3 ¼ 0:14
k3bNb

1=2
H

CNCH2

ð1þb
1=4
H

C
1=2
H2
þbNCNÞ

3 3.33 � 12.46 5.76 � 10�4 � 1.70 � 10�3 2.39 � 10�3 � 1.76 � 10�3 – 0.923 1.01 � 10�5 1

r3 ¼ 0:14
k3bNb

1=2
H2

CNCH2

ð1þb
1=2
H2

CH2
þbNCNÞ

2
1.24 � 0.533 2.63 � 10�4 � 3.47 � 10�4 3.67 � 10�3 � 2.56 � 10�3 0.940 7.95 � 10�6 3

Correlation matrix

1 �0:939 �0:926

�0:939 1 0:787

�0:926 0:787 1

0
@

1
A

r4 ¼ 0:14
k4bH2

bNK3CNC2
H2

ð1þb
1=2
H2

CH2
þbNCNþK3bNb

1=2
H2

CNCH2
Þ
2 0.815 � 0.209 2.44 � 10�3 � 3.82 � 10�3 2.94 � 10�4 � 2.05 � 10�4 9.10 � 1 0 � 10�4 0.937 8.35 � 10�6 4

r3 ¼ 0:14
k3bNb

1=2
H

CNCH2

ð1þb
1=4
H

C
1=2
H2
Þ
2
ð1þbNCNÞ

0.524 � 0.271 1.45 � 10�3 � 3.38 � 10�3 8.40 � 10�3 � 6.06 � 10�3 – 0.958 5.52 � 10�6 5

Correlation matrix

1 �0:899 �0:396

�0:899 1 �0:030

�0:396 �0:030 1

0
@

1
A

r3 ¼ 0:14
k3bNb

1=2
H2

CNCH2

ð1þb
1=2
H2

CH2
Þð1þbNCNÞ

0.310 � 9.46 � 10�2 7.64 � 10�4 � 8.86 � 10�4 8.17 � 10�3 � 5.44 � 10�3 – 0.964 4.82 � 10�6 7

Correlation matrix

1 �0:718 �0:653

�0:718 1 �0:028

�0:653 �0:028 1

0
@

1
A
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Fig. 3. Experimental versus L–H model results (model 7): effect of naphthalene concentration (PH2
¼ 15� 105 Pa) and hydrogen concentration (325 molN m�3

L ) on

the initial HYD rate of naphthalene over the prereduced Ni/Al2O3 catalyst at 373.15 K.

Fig. 4. Parity plot of the experimental results versus L–H model results (model

7) obtained over the prereduced Ni/Al2O3 catalyst at 373.15 K, including the

95% confidence interval.
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i.e., the hydrogen adsorption constant decreased more with

temperature than the naphthalene adsorption constant. In both

regimes, the naphthalene adsorption constant was found to

be clearly higher than the hydrogen one, indicating that

naphthalene molecules adsorbed more strongly on the surface

of the catalyst than the hydrogen atoms or molecules, as noted

before. The rate constant for step III, i.e., k3, was found to

increase with increased temperature, as it was also expected.

3.2.2. Ni/Al2O3 catalyst

The parameter estimation was first carried out by regressing

only the data where naphthalene concentration was varied at

373.15 K and 15 � 105 Pa. However, in this case, it was not

possible to estimate the adsorption parameter for hydrogen

accurately, and unrealistic values were obtained. This was

improved by regressing simultaneously this latter data set with

the data set where hydrogen partial pressure was varied from

(5–30) � 105 Pa at 573.15 K. Only the results from this

simultaneous regression are presented.

It was observed that models 6, 8, 9, 10, 12 and 13 generated

at least one negative estimate for one of the parameters and

were therefore excluded from further analysis. Model 2 was

also excluded because it failed to converge to any solution. All

the other models converged and produced positive estimates.

The parameters and their 95% confidence interval, along with

the SSRmin and Rc, are given in Table 5.

Comparing the Rc values obtained from each model

presented in Table 5, it can be observed that model 1 exhibited

the lowest Rc and consequently the highest (SSR)min of all the

models and therefore was excluded as being the best

representation of the experimental data. Model 4 produced a

higher estimate of bH2
than bN. Since naphthalene adsorbs more

strongly than hydrogen on the surface of the catalyst, for the

reasons pointed out before, it is expected the bN value to be

higher than the bH2
and therefore, this model was discarded.

Models 3, 5 and 7 fitted the data well. From these three models,
model 3 presented the lowest Rc value, nevertheless it was

decided to not discard it based only on this analysis and a

careful insight into the correlation matrices of these three

models was taken. The correlation matrix for these models is

also presented in Table 5. In the correlation matrix k3, bH2
(bH)

and bN are parameters 1, 2 and 3, respectively.

Comparing the correlation matrices from these three models,

it can be observed that model 3 presented the highest

correlation coefficients between parameters and this, coupled

with the fact that it exhibited the lowest Rc value, leads to its

dismissal. The final plausible models are model 5, where non-

competitive, dissociative adsorption of hydrogen is assumed

and model 7, where non-competitive, molecular adsorption of

hydrogen is assumed. Both models presented similar values of



Table 6

Estimated parameters, correlation matrix, regression coefficient (Rc) and minimum sum of square of residuals (SSR)min for the naphthalene hydrogenation at 373.15 K over the Ru/Al2O3 catalyst

L–H rate equations k3 or k4 (depend on

the equation)
bH or bH2ðm3 mol�1

H2Þ bNðm3 mol�1
N Þ K3 Rc (SSR)min Model

r3 ¼ 0:15
k3bNb

1=2
H

CNCH2

ð1þb
1=4
H

C
1=2
H2
þbNCNÞ

3 19.13 � 7.97 3.40 � 10�3 � 7.47 � 10�3 3.12 � 10�3 � 1.55 � 10�3 – 0.935 5.32 � 10�4 1

Correlation matrix

1 �0:985 �0:924

�0:985 1 0:879

�0:924 0:879 1

0
@

1
A

r3 ¼ 0:15
k3bNb

1=2
H2

CNCH2

ð1þb
1=2
H2

CH2
þbNCNÞ

2
8.07 � 2.43 6.78 � 10�4 � 8.60 � 10�4 5.04 � 10�3 � 3.02 � 10�3 0.918 6.65 � 10�4 3

r3 ¼ 0:15
k3bNb

1=2
H

CNCH2

ð1þb
1=4
H

C
1=2
H2
Þ
2
ð1þbNCNÞ

2.88 � 1.02 1.14 � 10�2 � 2.52 � 10�2 9.68 � 10�3 � 5.12 � 10�3 – 0.950 4.05 � 10�4 5

Correlation matrix

1 �0:914 �0:388

�0:914 1 0:002

�0:388 0:002 1

0
@

1
A

r4 ¼ 0:15
k4bHbNK3CNC2

H2

ð1þb
1=4
H

C
1=2
H2
Þ
2
ð1þbNCNþK3bNb

1=2
H

CNCH2
Þ

1.48 � 3.79 1.71 � 104 � 2.49 � 107 4.64 � 10�6 � 5.82 � 10�2 0.297 � 3.94 � 103 0.943 4.62 � 10�4 6

r3 ¼ 0:15
k3bNb

1=2
H2

CNCH2

ð1þb
1=2
H2

CH2
Þð1þbNCNÞ

1.98 � 0.456 2.45 � 10�3 � 3.08x10�3 9.69 � 10�3 � 5.47 � 10�3 – 0.942 4.69 � 10�4 7

Correlation matrix

1 �0:744 �0:634

�0:744 1 0:0003

�0:634 0:0003 1

0
@

1
A

r4 ¼ 0:15
k4bH2

bNK3CNC2
H2

ð1þb
1=2
H2

CH2
Þð1þbNCNþK3bNb

1=2
H2

CNCH2
Þ

1.47 � 0.298 1.90 � 105 � 0 1.91 � 10�4 � 2.50 � 10�3 2.13 � 10�3 � 2.76 � 10�2 0.943 4.60 � 10�4 8
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Fig. 5. Experimental versus L–H model results (model 7): effect of naphthalene concentration (PH2
¼ 15� 105 Pa) and hydrogen concentration (325 molN m�3

L ) on

the initial HYD rate of naphthalene over the prereduced Ru/Al2O3 catalyst at 373.15 K.

Fig. 6. Parity plot of the experimental results versus L–H model results (model

7) obtained over the prereduced Ru/Al2O3 catalyst at 373.15 K, including the

95% confidence interval.
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Rc and (SSR)min. Analysing the correlation matrices it can be

noticed that model 7 exhibited a lower correlation coefficient

between k3 and bH2
than model 5. On the other hand, the former

model presented a higher correlation coefficient between k3 and

bN, making evident the difficulty in discriminating the best

between these two models. However, model 7 produced

narrower confidence intervals for the estimates than model 5,

especially for bH2
and it can be concluded that it fitted better the

experimental data than model 5. Although a slightly negative

confidence interval was obtained for bH2
, its estimate can be

considered reliable since the correlation coefficients between

this parameter and the other parameters were low. This means

that it is unlikely that there is another solution that fits the

experimental data equally well. The highest correlation

coefficient found was with k3 and had a value of �0.718.

The good agreement between experimental and predicted data

by model 7 is illustrated in Fig. 3 and in the parity plot presented

in Fig. 4, which includes the 95% confidence interval for a

normal distribution of the data (Std = 5.3%, for all regressed

experimental data).

The hydrogen adsorption constant was found to be 1 order of

magnitude lower than the adsorption constant for naphthalene.

This is not surprising, as noted before, since naphthalene, as an

aromatic compound, is expected to adsorb more strongly on the

catalyst surface than hydrogen. The adsorption constant values

for hydrogen and naphthalene found in this work, 7.64 � 10�4

and 8.17 � 10�3 m3 mol�1, respectively, are similar to the ones

reported by Lylykangas et al. [25] over a Ni/Al2O3 catalyst

between 353.15 and 413.15 K (3.7 � 10�3 and 7.8 �
10�3 m3 mol�1, respectively). However, they differ from the

ones reported by Rautanen et al. [26].

In summary, the surface reaction with the first addition of

hydrogen (step III) was found to control the naphthalene HYD

over the Ni/Al2O3 catalyst at 373.15 K. The best fit found for

the experimental data was by assuming that hydrogen adsorbs

molecularly on the surface, which can be controversial from a
chemical point of view, as discussed before. In addition, the

results show that hydrogen is adsorbed on different catalytic

sites than naphthalene.

3.3. Ru/Al2O3 catalyst

The two sets of experiments with different concentrations of

naphthalene and hydrogen at 373.15 K were regressed

simultaneously. From the regression results, it was observed

that models 4, 9, 10, 12, and 13 only converged to a negative

estimate of one or more parameters, which is not physically

meaningful. In addition, model 2 failed to converge. These

models were therefore excluded from further analysis. The



Table 7

Summary of the parameters obtained via experimental data regression for the naphtalene hydrogenation over the presulphided NiMo and prereduced Ni and Ru/Al2O3

catalysts

Catalyst T (K) PH2
( � 10�5 Pa) CN (molN m�3) k3 (a) bH2ðm3

L mol�1
H2Þ bNðm3

L mol�1
N Þ L–H model

NiMo/Al2O3 573.15 10–30 174–609 1.56 7.19 � 10�7 4.34 � 10�4 Competitive molecular adsorption of H2

523.15 30 96–470 4.97 � 10�2 4.01 � 10�5 1.93 � 10�3 Competitive molecular adsorption of H2

Ni/Al2O3 373.15 5–30 94–470 0.31 7.64 � 10�4 8.17 � 10�3 Non-competitive molecular adsorption of H2

Ru/Al2O3 373.15 5–30 94–610 1.98 2.45 � 10�3 9.69 � 10�3 Non-competitive molecular adsorption of H2

a See rate expressions.
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other models converged to positive estimates of the parameters

and the values along with their 95% confidence interval

(SSR)min and Rc values, are collected in Table 6.

As the table shows, the Rc obtained from model 3 presented

the lowest value and therefore the highest (SSR)min of all the

models. Based on this low Rc, this model was excluded from

further analysis, because all the others fitted better the

experimental data. Models 6 and 8 produced an unrealistically

high estimate for bH (bH2
) and moreover, this estimate was

considerably higher than the estimate found for bN. Therefore,

these two latter models were discarded as being a good

representation of the experimental data. Models 1, 5 and 7 were

found to fit well the data. From these three models, model 1

presented the lowest Rc and model 5 the highest, but the

difference between them was not considerable. Therefore, the

discrimination was not based solely on this fact and a careful

insight into the size of the confidence intervals and the correlation

matrices was carried out in order to discriminate the one that

fitted best the experimental data. The correlation matrix for these

models is presented in Table 6. As before, k3, bH2
(bH) and bN are

parameters 1, 2 and 3, respectively, in the correlation matrix.

Regarding correlation coefficients obtained with these three

models, it can be observed that model 1 presents the highest

correlation between parameters and hence it was discarded. Its

removal was supported by its low regression coefficient. After

this analysis, the plausible models are then model 5, where non-

competitive, dissociative adsorption of hydrogen is assumed

and model 7, where non-competitive, molecular adsorption of

hydrogen is assumed (as for the Ni/Al2O3 catalyst). Model 5

presented a slightly higher Rc value and consequently slightly

smaller (SSR)min value than model 7. The latter model,

however, exhibits a lower correlation between bH2
and k3 and

between bH2
and bN than model 5 (see correlation matrices).

Nevertheless, model 5 exhibits a smaller correlation coefficient

between k3 and bN, showing the difficulty in discriminating the

best between these two models. Both models present a slightly

negative confidence interval for bH2
(bH) estimate. However,

model 7 produced a clear narrower confidence interval for this

estimate than model 5 and therefore, it can be concluded that, in

a mathematical sense, it fitted better the experimental data than

model 5. The hydrogen adsorption constant was found to be

lower than the adsorption constant for naphthalene, as

expected. A comparison between the values predicted by the

L–H model 7 and the experimental data is illustrated in Fig. 5.

Fig. 6 shows the parity plot illustrating the goodness of the fit

and the 95% confidence interval for a normal distribution of the

data (Std = 5.0% for all regressed experimental data).
In summary, the surface reaction with the first addition of

hydrogen (step III) was found to control the naphthalene HYD

over the Ru/Al2O3 catalyst at 373.15 K. The hydrogen adsorbed

molecularly on the surface, although the atomic adsorption of

hydrogen cannot be completely ruled out as it also gave a good

fit of the experimental data. Moreover, hydrogen adsorbed on

different catalytic sites than naphthalene and therefore it did not

compete with naphthalene for them.

3.4. Comparative analysis

The regression results, for the three catalysts studied, are

summarized in Table 7. Comparing the estimated parameters

from the L–H model for the Ru and Ni/Al2O3 catalysts, it can be

observed that the adsorption constant for hydrogen and

naphthalene were higher in the case of the Ru/Al2O3 catalyst.

The adsorption constant for hydrogen was found to be around

three times higher over the Ru/Al2O3 catalyst, whereas the

naphthalene adsorption constant was roughly of the same order

of magnitude. These results indicate that these reactants

adsorbed stronger on the surface of this catalyst than on the

surface of the Ni/Al2O3 catalyst. This was expected, as the

orders of the reaction relative to these two reactants, reported by

Monteiro-Gezork et al. [13], were lower in the case of the Ru/

Al2O3 catalyst, indicating a higher surface coverage by them on

this catalyst. The reaction rate constant was found to be around

six times higher over the Ru/Al2O3 catalyst. All these results

reinforce the results from Monteiro-Gezork et al. [13], i.e., that

the Ru catalyst was a much more active catalyst towards

naphthalene HYD than the Ni/Al2O3 catalyst.

Comparing both Ni and Ru catalysts with the NiMo/Al2O3

catalyst, both naphthalene and hydrogen adsorption constants

were found to be lower in the latter catalyst than in the former

two catalysts, being the difference more striking in the case of

the hydrogen constant. The adsorption constant for hydrogen,

over the NiMo/Al2O3 catalyst at 573.15 K, was found to be

nearly 4 orders of magnitude lower than the adsorption constant

over the Ru/Al2O3 catalyst. Therefore, the surface coverage by

these reactants was higher over the Ni and Ru catalysts than

over the NiMo/Al2O3 catalyst.

In summary, the adsorption strength of hydrogen and

naphthalene increased as the catalyst activity towards naphtha-

lene HYD increased, i.e., Ru373.15 K > Ni373.15 K > NiMo523.15

K > NiMo573.15 K. It has to be noted that the adsorption constants

over the NiMo/Al2O3 were estimated at a much higher

temperature than the Ni and Ru/Al2O3 catalysts and that a

higher value would be expected at a lower temperature. However,
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the reaction rate over the NiMo/Al2O3 catalyst at 523.15 K was

already quite low and it was not possible to perform the reaction

at such low temperature. For the three catalysts, the adsorption

constant of naphthalene was found to be clearly higher than that

of hydrogen, indicating that naphthalene molecules adsorbed

more strongly on the surface of the catalyst than the hydrogen

atoms or molecules, as expected.

4. Conclusions

Mechanistic L–H models, for the HYD of naphthalene, were

derived and were tested by regressing the experimental data that

translated the effect of both naphthalene and hydrogen

concentration on the initial rate. The results showed that the

reaction was controlled by the surface reaction and that the first

surface addition of hydrogen (step III) was the limiting step.

Hydrogen and naphthalene adsorbed on the same type of

catalytic sites of the presulphided NiMo/Al2O3 catalyst,

whereas the adsorption of these two reactants was found to

take place on different sites of the Ni and Ru/Al2O3 catalysts.

When the best mechanistic models were compared, the best fit,

in a strictly mathematical sense, was obtained by assuming a

molecular adsorption of hydrogen on the surface of the
Table A.1

Langmuir–Hinshelwood-type rate equations derived from different controlling step

Surface reactio

Competitive, dissociative a

Step III is rate d

General expression:

r3 ¼
k0

3
CNCH2

ð1þb
1=4
H

C
1=2
H2
þbNCNþbTCTþK0

4
ðCT=CH2

Þ3

k03 ¼ k3bNb
1=2
H

K 04 ¼
bT

K4b
1=2
H

Step IV is rate d

r4 ¼
k0

4
CNC2

H2

ð1þb
1=4
H

C
1=2
H2
þbNCNþbTCTþK0

3
CNCH2

Þ
3

k04 ¼ k4b
1=2
H K 03 ¼ k4bHbNK3

K 03 ¼ K3bNb
1=2
H

Competitive, molecular ad

Step III is rate d

General expression:

r3 ¼
k0

3
CNCH2

ð1þb
1=2
H2

CH2
þbNCNþbTCTþK0

4
ðCT=CH2

ÞÞ
2

k03 ¼ k3bNb
1=2
H2

K 04 ¼
bT

K4b
1=2
H2

Step IV is rate d

r4 ¼
k0

4
CNC2

H2

ð1þb
1=2
H2

CH2
þbNCNþbTCTþK0

3
CNCH2

Þ
2

k04 ¼ k4b
1=2
H2

K 03 ¼ k4bH2
bNK3

K 03 ¼ K3bNb
1=2
H2

Non-competitive, dissociative
presulphided NiMo and prereduced Ni and Ru/Al2O3 catalysts.

However, from a chemical point of view, the atomic adsorption

could not be completely ruled out. This L–H model gave a good

fit with physically meaningful parameters. The adsorption

constant values indicate that naphthalene formed stronger

bonds with the catalysts surface than the hydrogen. In addition,

hydrogen and naphthalene were found to adsorb more strongly

on the surface of the Ru/Al2O3 catalyst than on the surface of

the Ni or the NiMo/Al2O3 catalysts. All these results

emphasized the fact that the prereduced Ru catalyst was a

much more active catalyst towards naphthalene HYD than the

prereduced Ni/Al2O3 or the presulphided NiMo/Al2O3 catalyst.
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Appendix A

Table A.1.
s and tested for fitting the naphthalene hydrogenation initial reaction rate data

n controls

dsorption of hydrogen

etermining

Initial condition (CT � 0):

r3 ¼
k0

3
CNCH2

ð1þb
1=4
H

C
1=2
H2
þbNCNÞ

3

Model 1

etermining

r4 ¼
k0

4
CNC2

H2

ð1þb
1=4
H

C
1=2
H2
þbNCNþK0

3
CNCH2

Þ
3

Model 2

sorption of hydrogen

etermining

Initial condition (CT � 0):

r3 ¼
k0

3
CNCH2

ð1þb
1=2
H2

CH2
þbNCNÞ

2

Model 3

etermining

r4 ¼
k0

4
CNC2

H2

ð1þb
1=2
H2

CH2
þbNCNþK0

3
CNCH2

Þ
2

Model 4

adsorption of hydrogen



Step III is rate determining

General expression: Initial condition (CT � 0):

r3 ¼
k0

3
CNCH2

ð1þb
1=4
H

C
1=2
H2
Þ
2
ð1þbNCNþbTCTþK0

4
ðCT=CH2

ÞÞ
r3 ¼

k0
3

CNCH2

ð1þb
1=4
H

C
1=2
H2
Þ
2
ð1þbNCNÞ

k03 ¼ k3bNb
1=2
H

Model 5

K 04 ¼
bT

K4b
1=2
H

Step IV is rate determining

r4 ¼
k0

4
CNC2

H2

ð1þb
1=4
H

C
1=2
H2
Þ
2
ð1þbNCNþbTCTþK0

3
CNCH2

Þ
r4 ¼

k0
4

CNC2
H2

ð1þb
1=4
H

C
1=2
H2
Þ
2
ð1þbNCNþK0

3
CNCH2

Þ

k04 ¼ k4b
1=2
H K 03 ¼ k4bHbNK3

Model 6

K 03 ¼ K3bNb
1=2
H

Non-competitive, molecular adsorption of hydrogen

Step III is rate determining

General expression: Initial condition (CT � 0):

r3 ¼
k0

3
CNCH2

ð1þb
1=2
H2

CH2
Þð1þbNCNþbTCTþK0

4
ðCT=CH2

ÞÞ
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k0
3

CNCH2

ð1þb
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H2

CH2
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1=2
H2

Model 7
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H2

Step IV is rate determining
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k0

4
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ð1þb
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H2

CH2
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3
CNCH2

Þ
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4
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3
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Þ

k04 ¼ k4b
1=2
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K 03 ¼ k4bH2
bNK3

Model 8

K 03 ¼ K3bNb
1=2
H2

Adsorption of hydrogen controls

Competitive, dissociative adsorption of hydrogen

General expression: Initial condition (CT � 0):

r2 ¼
k2C2

H2

ð1þbNCNþbTCTþK0
3

C
1=2
N

C
1=2
T
þK0

4
ðCT=CNÞ1=4Þ

4 r2 ¼
k2C2

H2

ð1þbNCNÞ4

K 03 ¼ K3bN
bT

K4K3bN

� �1=2 Model 9

K 04 ¼
bT

K4K3bN

� �1=4

Competitive, molecular adsorption of hydrogen

General expression: Initial condition (CT � 0):

r2 ¼
k2C2

H2

ð1þbNCNþbTCTþK0
3

C
1=2
N

C
1=2
T
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4
ðCT=CNÞ1=2Þ

2 r2 ¼
k2C2

H2
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K 03 ¼ K3bN
bT
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K 04 ¼
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General expression: Initial condition (CT � 0):
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ð1þK0
4
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2

r2 ¼ k2C2
H2

K 04 ¼
bT

K4K3bN
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H2
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4
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4

r2 ¼ k2C2
H2
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K 04 ¼
bT

K4K3bN

� �1=4 Model 11

Adsorption of naphthalene controls

Competitive, dissociative adsorption of hydrogen

General expression: Initial condition (CT � 0)
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