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equilibrium constants associated with this process were estimated by fitting
the experimental data. The results suggest that the promotion and/or inhibi-

tion mechanism.

1. Introduction

Petroleum is known to be the mean source of fuel energy all over the world and
will remain so until at least a few decades. As a means of reducing environmen-
tal contamination to coincide with the widely adopted legislations for sulfur and
nitrogen, it is important to remove sulfur compounds from middle distillate fu-

els, typically using hydrodesulfurization (HDS). However, polyaromatic sulfur
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species constitute the major portion of the sulfur containing compounds in this
fuel and are difficult to fully degrade via this catalytic process [1]-[6]. During
HDS, the activity of catalysts is affected by the presence of various reaction ma-
trixes, and H,S is one that is known to greatly slow down the rate of the reaction
by inhibiting the hydrogenolysis of C-S bonds [1] [2]. Nevertheless, under such
conditions, the sulfur substrate species must be reacted under the presence of
H,S. Many studies based on either fixed bed systems or batch reactors have re-
ported drastic suppression of the catalysis of the HDS reaction involving both
model sulfur compounds and real feed stocks in the presence of H,S [7] [8] [9]
[10]. Such behavior is well-known in this area of research where the consensus
catalysts are subjected to seriously lose their overall activity because of H,S. The
extent of activity reduction is varied and highly dependent on the catalyst iden-
tity where the established reaction network of sulfur substrate is important.
However, interesting results concerning the HDS of dibenzothiophene (DBT)
and 4,6-dimethyldibenzothiophene were recently reported [11] [12], which
showed that H,S may actually promote the HDS activity of some certain MoS,
class catalysts. To the best of our knowledge, such results are interesting and yet
there is surprisingly a lack of literature on following and widely investigating this
point. Thus, kinetic modeling that thoroughly describes this approach is needed.
The overall catalytic activity and selectivity appear to be dependent on the con-
centration of H,S in the reaction media. Overall, it is evident from the results to
date that H,S somehow modifies the chemical nature of the active sites in this
reaction. To investigate the catalyst activity promotion phenomenon by H,S and
to determine the adsorption equilibrium constants, the present work performed a
number of DBT HDS experiments in conjunction with a MoS, catalyst under var-
ious conditions, and derived detailed kinetic models to assist in understanding the

reaction mechanism.

2. Experimental

A model MoS, catalyst was prepared by a heat treatment procedure previously
described in the literature [11]. Briefly, a precursor of ammonium heptamolybdate
tetrahydrate (NH,);Mo,0,,-4H,0 were subjected to a gradual thermal annealing
till reaching to 850°C under a stream of H,S/H, (10% v/v) gas. After synthesis,
the catalyst was milled using zirconia balls and then sulfided at 400°C and 1 atm
under a 10% v/v H,S/H, gas mixture flowing at 100 sccm in preparation for the
experimental trials. All reactions were carried out in a 100 ml batch-type mi-
cro-autoclave from which aliquots were withdrawn at specific time intervals, us-
ing 100 mg of the catalyst for each trial. The feed consisted of 1 wt% DBT in de-
cane although, in some experiments, 500 mg Cu powder was also added as a H,S
scavenger to establish the initial kinetics without matrix interference [13]. The
use of this type of reactor allowed the effects of the reaction matrix and operat-
ing conditions to be examined. All reactions were performed at 340°C and an

initial H, pressure of 3 MPa. The H,S concentration in the reaction mixture was
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changed by adding various quantities of S powder to the autoclave. This S was
converted quantitatively to H,S by reaction with H,, as confirmed by a blank test

according to the following equation.

S+ H2 Heat>200°C HZS

3. Results and Discussion

The major products detected following the HDS of DBT were biphenyl (BP),
cyclohexylbenzene (CB), partially hydrogenated DBT (HDBT) and H,S. As
noted, various H,S concentrations were employed during the HDS reaction, and
Figure 1 and Figure 2 summarize the intermediate products obtained from hy-
drogenation (HYD) and direct desulfurization (DDS) reactions during the HDS
of DBT. The formation of these products depended on whether the H,S that was
generated in situ was removed from or retained in the reaction mixture. Specifi-
cally, HYD products were generated in greater proportion in the presence of
H.S, while the DDS products were decreased. It is interesting to note from Fig-

ure 2 the non-linear nature of the HYD route products.
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Figure 1. Product distributions during the HDS of DBT in the absence of H,S.
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Figure 2. Product distributions during the HDS of DBT in the presence of H,S.
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3.1. Kinetics

Several assumptions and simplifications were involved in the kinetics calcula-
tions. Firstly, the HDS of DBT was assumed to proceed primarily by DDS and
HYD, as in Scheme 1.

P & o

g HYD

A) \

S
©
Scheme 1. Intermediate products formed during the HDS reaction of DBT.

In addition, CB was assumed to result mainly from partially-hydrogenated
DBT, and so the formation of this product will be promoted by H,S, in agree-
ment with prior reports [5] [6]. The effect of the H, pressure on the reaction rate
was neglected because H, was added in excess and so could be included in the
intrinsic rate constant. Two active sites were considered, one for HYD and the
other for DDS, according to the equations (all symbols and parameters are iden-

tified either in the notation section or in the text):

A +H, 0, +1,, (1)
A +HS o ), (2)

and
A=c,+m,+m,+A4. (3)

In this case, the concentration of hydrogenation sites (7,) will be affected by the
presence of H,S while the concentration of o, sites remains almost unaffected.
Two scenarios were considered, consisting of the HDS reaction of DBT with and
without H,S.

3.2. Kinetic Model for HDS with a Negligible H.S Concentration

Some prior studies have shown that the HDS of DBT is a pseudo-zero-order
reaction [14] [15], while others have determined that this is a pseudo-first-order
reaction [7] [12] [16] [17] [18]. As discussed below, the results of the present study
agree with the latter behavior and so the analysis in this paper is predicated on
pseudo-first-order kinetics. Based on mass balances of the reaction components,
rate equations were adapted to quantitatively describe the product distributions.

These equations (details of which have been previously published [19]) are:
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Cp=Cp 'expikw 4)
C. -k kot k
=———|exp '—exp "’ 5
p k3+ko[ P p™'] (5)
and
C, -k koot k
== exp ' —exp 4! 6
c k4+ko[ p p ] (6)

The reaction rate in the absence of H,S was well represented by the pseu-
do-first order relationship in Equation (4), and a plot of the data is presented in
Figure 3. Here the fit of the experimental points to this equation is confirmed by
the high regression factor. Equations (5) and (6) were used to fit the experimen-
tal results for the reaction intermediates, which required the iteration estimation
of only two variables (k& and k). Each data fitting was performed using the
Mathcad software package and employing non-linear methods via sequential
iterations until convergence. Figure 4 plots the concentrations of the interme-
diate species against reaction time and also shows the fits obtained using Equa-
tions (5) and (6), which confirm the validity of the model. Fitting the experi-
mental data with the model allowed the rate constants to be determined, which

in turn enabled an estimation of the contribution of intermediates B and C to
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Figure 3. Pseudo-first order plots of data acquired during the DBT of HDS in the absence
of H,S at 340°C and 3 MPa H,,.
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Figure 4. Experimental data and fittings for the generation of BP and H4-DBT during the
HDS of DBT in the absence of H,S.
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the yield of D during the HDS reaction. The fractions of B or C transformed to

D at a given time ¢ were estimated from the equations:

CAo 'kl et
Cyp = ko +k [exp } :| (7)
and
C, k
C =—2 2 |exp ! 8
cp k43+ko[ xp 4 | 8)

The apparent kinetic parameters determined in this manner are provided in
Table 1. The model used in this work was based on a version of the Lang-
muir-Hinshelwood mechanism, and so the rate equations for the HYD and DDS

reactions were:

R, =k, -6, 9)
and
R,=k -0_. (10)
By substitution, it is possible to obtain the equations:
K-
= kﬂ b4 CD (11)
1+K_ -C,
k -K, -C
= [ed el D (12)
1+K_ -C,
and
R =R, +R,. (13)

Once the individual apparent rate constants were found, the equilibrium ad-
sorption constants could be compared. The experimental data were fit according
to Equations (11)-(13), as shown in Figure 5. Using the apparent rate constants
for the parallel reactions determined from the previous calculations, the adsorp-
tion equilibrium constants for the substrate on the o and = sites were predicted

and the values are provided in Table 2.

3.3. Kinetic Model for HDS in the Presence of H:S, Promotion Model

Data regarding the product distributions are the primary means of validating

Table 1. Kinetic parameters for the HDS of DBT at various H,S concentrations.

Reaction condition,

(No. of H,S moles) & & & &
No H,S 11.5x 10™* 11.8 x 107™* 3.2x10™ 98.3 x 107™*
<5x 107 5.0 x 107 75.0 x 107
17 x 107 51x10™ 75.1 x 107* 152 x 107 240.3 x 107
23 x 107 48 x10™ 75.0 x 107 18 x 107 236 x 107
50 x 107* 45x10™ 75.5x 1074 17 x 107 233 x 107

*Individual apparent rate constants, with an uncertainty of approximately 3% - 5%.
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any kinetic model, and typical reversible behavior was observed in the present
case both with and without H,S. This was ascertained by experimental trials
during which the reaction was performed using varying concentrations of H,S.
Under these conditions, the promotional effect of the H,S was determined to
involve a physical reversible process and was associated with the nature of the
catalyst. In the existing of H,S, the hydrogenation reaction products were pre-
dominant, as can be seen by comparing Figure 4 and Figure 6, and so the activ-
ity of this route was obviously increased. The effect of H,S can be discussed in
terms of its concentration in the reaction feedstock. Because the reaction is car-

ried out in a batch system, a classical treatment of the autocatalytic-like kinetics
leads to the equations:

R =k -C,-C (14)
and
R =—k,-Cp-(Cp.—Cp) (15)
1
H
m
=)
Gy
o
= 0.5 -
8
2
=
0 |
0 100 200 300

Time, min.
Figure 5. Experimental data acquired during the HDS of DBT in the absence of H,S and
fittings based on the Langmuir-Hinshelwood relationship in Equation (13).

Table 2. Equilibrium adsorption constants and kinetic coefficients determined from
model fittings for data acquired during the HDS of DBT.

K, <0.01 i 23 x 10
K, <0.01 ke 80 x 1074
K <0.01
a:s'-geat™.
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Figure 6. Experimental data for the generation of BP and H4-DBT during the HDS of
DBT in the presence of 17 x 10~ moles H,S.
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Here, R, is the total reaction rate and &, is the overall rate constant under this
conditions. In the present trials, the sum total of the moles of DBT and H,S at

any given time remained constant, and so we can write:

C,=Cp +Cy =Cp, +C = constant (16)
Equation (15) can be rearranged after integration to:

h{CDQ'(C,—CD)

=k, -C, -t 17)
CD~(Ct—CDo)}

Figure 7 depicts the experimental data according to this equation, and de-
monstrates suitable linear regression. Based on the Langmuir-Hinshelwood me-
chanism, if the H,S that is generated in situ is retained in the reaction medium,

we can write the rate (Ry) as follows:

Rys=k,s-0,(Cs+Cs.) (18)

K
which, after rearrangement and substitution, becomes:

kK, Ch(C+Cy)
UK, -Cp+ K, (Co + Cyl)

(19)

The DDS route is not considered to be affected by the presence of H,S, and so
we have:
_k,-K,-C,

= 20
bs 1+K_ -C, (20)

This indicates a special case in which the reaction rate exhibits autocatalyt-
ic-like behavior. In an autocatalytic process, one of the reaction products is in-
volved in the catalytic mechanism and so should be included in the rate law.
During HDS over the present MoS, catalyst, the reaction rate was found to be
promoted by H,S, and thus this species may affect both the potential and the
nature of the active catalytic sites. Therefore, the overall rate in the presence of

H,S that is generated in situ, R,, can be represented as:

10

Ln[Cpo(C-Cp)/Cp-(Ci-Co)]
N
o—

0 50 100 150
Time, min

Figure 7. A linear plot confirming the autocatalytic nature of the HDS of DBT, based on
Equation (17).
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Ry =Ry + Ry (21)

where R, is the overall reaction rate. The correlation associated with Equation
(21) is depicted in Figure 8 and shows a suitable fit to the experimental data.
Based on the constants estimated from both the classical treatment and the data
analysis using Equations (19)-(21), the adsorption equilibrium constant asso-
ciated with H,S can be determined, and the results of such calculations are pro-
vided in Table 2.

3.4. Analysis of the Kinetic Data

In model simulations, as the constants utilized in the model remain limited in
number then the validity of model to be adopted increased. To minimize the
number of constants included in our kinetic model, we first calculated reaction
parameters based on the proposed model of Equations (5) and (6), and then es-
timated the fraction of each intermediate product that participates in the reac-
tion, followed by manipulating the kinetic treatments once more according to
the promotion model. From these calculations, the ratio of the DBT adsorption
equilibrium constant for 7 sites to that for o sites was found to be close to unity.
Thus, there was no preferential adsorption of the reactant on either active site
when using the present catalyst. It should be noted that the adsorption equili-
brium constants were estimated to have this limited value K, or K, < 0.01 and
that the ratio of K/K, = 1. Based on prior research regarding HDS reactions and
the kinetic parameters estimated in this study, it is possible to analyze the expe-

rimental data as follows.

3.4.1. First Stage

When the HDS reaction was performed in the absence of H,S, the data could be
fitted with a model recently developed by our group in which all the reaction
products are included in the rate equations (that is, Equations (4)-(6)). This
model was subsequently used to simulate the experimental data shown in Figure
4 and a reasonable agreement between the experimental values and the simula-
tion can be seen. The estimated values predicted by this model are presented in

Table 1. If the HDS process proceeds as a pseudo-first-order reaction, then this

1
=
faa)
A
[
(=}
= 05 -
2
E
=

0 |

0 50 100 150

Time, min
Figure 8. Experimental data acquired during the HDS of DBT in the presence of H,S with
fitting based on Equation (21).
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model may be applicable.

3.4.2. Second Stage

If the H,S generated in situ remains in the reaction mixture, a kinetic rate curve
corresponding to autocatalytic behavior is obtained, as is evident in Figure 7
and Figure 8. In this case, models based on Equations (17) and (21) were ap-
plied to simulate the experimental data for the overall reaction, and these pre-
dictions matched the trend exhibited by the experimental values. The equili-
brium constants for substrate adsorption on the two active sites and their ratios
should certainly be considered primarily on applying this model. In addition, the
rate constants for the two parallel routes (Ze, DDS and HYD) should be taken
into consideration when fitting data acquired in the presence of H,S. For this
reason, the estimated HDS kinetic parameters for the reaction in case of absence
of H,S were utilized to assess the reaction in the presence of H,S. Including such
limits may help improve the simulation results. The results clearly showed that
there was little change in the DBT and H,S adsorption equilibrium constants

and that the values of these constants remained <0.01.

3.4.3. Third Stage

In presence of an excess of H,S, a part of this species modifies the potential ac-
tive sites while the rest is essentially not involved in the reaction. This scenario is
quite similar to that in an actual refinery performing HDS. The catalyst may be
involved in the reaction in a manner which is kinetically similar in nature to that
found in the first stage section. The model discussed above in relation to the first
stage can also be applied to describe this reaction, and the associated kinetic data
are listed in Table 1. It is interesting to observe that the H,S has an effect fol-
lowing the first dose, such that the reaction proceeds as though the H,S under-
goes self-promotion. Thereafter, with increases in the H,S concentration in the
feedstock, its primary effect remains almost unchanged and the reaction behaves
kinetically as a pseudo-first-order process. This effect can possibly be attributed
to the formation of new active sites created by the H,S. After an equilibrium is
achieved, at which point the H,S has modified all possible potential active sites,
the reaction proceeds normally through the participation of the two kinds of ac-
tive sites. Thus, the self-promotion effect induced by H,S is basically temporary
and is associated with the modification of active sites up to saturation. Another
point to note is that an excess of H,S induces neither further promotion nor in-
hibition of the catalytic activity, Figure 9. These results emphasize that H,S acts
as a promoter possibly by increasing the efficiency of active sites, by increasing

the number of sites, or by both mechanisms.

3.5. Inhibition and Promotion

At present, there is a lack of full information regarding the effect of compounds
such as H,S and organic nitrogen compounds on catalytic behavior during HDS

over unsupported bulk MoS, catalysts. The presence of H,S evidently inhibits the
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Figure 9. Catalytic activity versus the H,S amount in the feedstock.

DDS reaction of polyaromatic refractory sulfur containing compounds but has
little impact on the HYD pathway. This detrimental effect on activity is apparent
when employing conventional catalysts. As an example, an inhibition effect was
reported in reactions using conventional CoMo/AlLO; catalysts, and was also
reported to be reversible [7]. The present results concerning the MoS, catalyst
show a remarkable enhancement of the HYD route upon the addition of H,S.
Two kinetic models are proposed: one in the absence of H,S and the other with
H,S in the reaction medium at moderate levels. H, appears to be essential to the
HDS process and may play a specific role in modifying the potential active sites
that become two independent types: for the HYD and DDS reactions. The expe-
rimental results in the absence of H,S can be reasonably described by the model
based on Equations (4)-(6). In contrast, in the presence of H,S, the occurrence of
HYD is promoted and the overall catalytic activity is enhanced. This improve-
ment in the activity is obviously due to the increased rate of the HYD reaction.
The effect of H,S on kinetics leads to the hypothesis that H,S interacts chemical-
ly with the catalyst by creating new highly active HYD sites. The good agreement
of the experimental results with the non-linear numerical fitting supports this
hypothesis.

Thus, H,S is believed to act as a reagent to create a fixed number of potential
HYD active sites. These sites can be modified either by H, or H,S. While H,
modification of the active sites leads to two distinct types of sites for the two
routes, H,S modifies the active sites to selectively promote the HYD reaction.
The efficiency of the HYD active sites created by H,S is likely much more pro-
nounced than those generated by H,. The present results and the fitting models
also suggest the potential for mutual interconversion of the newly created active
sites. Egorova et al. [5] reported that H,S has a positive effect on the cleavage of
C-N bonds. It is unclear if this effect is due to the sulfidation state of the catalyst
or to the participation of H,S in the reaction mechanism, although the authors
suggest the latter. The present study supports this hypothesis too. This unique

behavior of H,S in conjunction with this particular bulk MoS, catalyst during
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HDS is opposite to the behavior reported with conventional catalysts. These re-
sults confirm the importance of the structure of the MoS, species, and suggest

that not all such species will show similar effects together with H,S.

4. Conclusion

Kinetic models based on the assumption of two distinct active sites for DDS and
HYD during the HDS of DBT over a MoS, catalyst were constructed and exhi-
bited good agreement with experimental results. According to these models, H,S
promotes HYD via its chemical involvement in the reaction mechanism, while
H, produces two distinct active sites: one for HYD and the other for DDS. The
presence of H,S might lead to the formation of new and highly effective HYD
active sites. Because of the fixed number of active sites that can be activated ei-
ther by H, or H,S, it is important to consider the quantity of newly created sites
as a ratio of the total number of sites when assessing selectivity. Thus, as HYD
active sites (7*) are increased in number, the quantity of DDS active sites (o) de-
creases. Overall, this study suggests that two reaction mechanisms are possible,
depending on whether or not H,S is present in the reaction medium. It can be
inferred that the HDS reaction can be promoted by including an optimal H,S

concentration in the reaction feedstock so as to create more active sites.
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Notation

i Active hydrogenation sites generated by H,S

P Active hydrogenation sites generated by H,

%p Active direct desulfurization sites

A4 Potential active sites

k Rate constant for the hydrogenation of DBT

k, Rate constant for DDS

L Rate constant for BP hydrogenation

k, Rate constant for the hydrogenation of DBT

k Sum of &, and &,

K, Equilibrium constant for the adsorption of DBT on 7 sites
K, Equilibrium constant for the adsorption of DBT on sigma sites
K Equilibrium constant for the adsorption of H,S on m sites
k, Intrinsic rate constant for hydrogenation

k, Intrinsic rate constant for DDS

k, Intrinsic rate constant for hydrogenation in the presence of H,S
k, Overall rate constant in the absence of H,S

k, Overall rate constant in the presence of H,S

C, Concentration of DBT at time ¢

Cs Concentration of H,S

Cy Concentration of HDBT

C, Concentration of BP

Cy Initial concentration of DBT

Ce Initial concentration of H,S

Ry Rate based on Langmuir-Hinshelwood mechanism
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