
S
m

P
I

a

A
R
R
A
A

K
N
H
T
T

1

h
b
i
t
c
f
“
s
l
s
N
s
z
s
p

fi
t
c
p
n
r

1

0
d

Catalysis Today 181 (2012) 148– 155

Contents lists available at ScienceDirect

Catalysis Today

j ourna l ho me p ag e: www.elsev ier .com/ lo cate /ca t tod

ulfur  exchange  capacity  and  thiophene  hydrodesulfurization  activity  of  sulfided
olybdena-alumina  catalysts  promoted  by  nickel

ál  Tétényi, Tamás  Ollár ∗,  Tibor  Szarvas
nstitute of Isotopes, Hungarian Academy of Sciences, P.O. Box 77, H-1525, Budapest, Hungary

 r  t  i  c  l  e  i n  f  o

rticle history:
eceived 22 March 2011
eceived in revised form 19 May 2011
ccepted 30 May  2011
vailable online 29 June 2011

a  b  s  t  r  a  c  t

The  capacity  of  sulfur  exchange  (i.e.  STE—the  total  number  of  exchangeable  sulfur  atoms)  has  been  deter-
mined  at  673  K  in a circulation  system  with  H2S (partial  pressure  ∼2.5  and  25  kPa)  for  five  sulfided
catalyst  samples:  molybdena-alumina  (Mo12),  NiO/Al2O3 (Ni12)  and  three  Ni-promoted  molybdena-
alumina  with  different  Ni:Mo  ratios  [NiMo(0.X)].  A linear  correlation  has  been  found  between  the  STE
eywords:
i-MoSx/Al2O3

2S S-exchange
hiophene S-exchange

values  and  thiophene  hydrodesulfurization  activity  of  the  catalyst  samples,  containing  Mo.  The  STE val-
ues have  been  determined  also  in  exchange  between  catalyst  sulfur  and  thiophene,  for  three  samples:
Mo12,  Ni12,  and  NiMo(0.35)  for comparison  of  the  S-exchange  affinity  of  S  in thiophene  with  that  in  H2S.
The isotope  exchange  capacity  of  sulfur  bound  to  the  catalyst  (35Scat)  with  sulfur  in  H2S was  substantially
higher  than  that  with  sulfur  in  thiophene,  but the  sequence  of the  STE values  was  similar  for  the  three

>  Mo1
hiophene HDS samples,  i.e.,  NiMo(0.35)  

. Introduction

Catalytic hydrodesulfurization is a widely applied process in
ydrotreatment and hydrocracking of oil fractions [1–3]. A num-
er of review papers indicate the wide spread of research studies

n this field. It should be mentioned the survey [4] describing
he present state in hydrodesulfurization of polyaromatic sulfur
ompounds, a review, focusing on the poisoning effect of sul-
ur compounds and on conditions of desulfurization processes for
preserving the octane rating of the fraction” [5]. Metal-promoted
ulfided MoOx (and WOx) are the most frequently applied cata-
ysts in the hydrodesulfurization (HDS) processes, the oxides being
ulfided prior to use. A part of most recent studies is focused to
i- and Co- promoted Mo-  or NiW-sulfides on alumina [6–8] or

ilica–alumina and a number of other supports, e.g. ZrO, TiO2,
eolites and mixed oxides [9,10] Studies are oriented also to the
tructure surface layers on transition metal-sulfides [11] and on
hosphides [12].

In a recent paper [13] we presented data on sulfur uptakes by
ve supported catalyst samples prepared by similar method with

he same alumina support: a non-promoted molybdena-alumina
ontaining 12 mass% of MoO3 (denoted as Mo12), alumina sup-
orted Ni of ∼6 mass% of NiO (denoted there Ni12) and three
ickel-promoted molybdena-alumina samples with Ni:Mo atomic
atios of 0.15, 0.35 and 0.6 [NiMo(0.15), NiMo(0.35) and NiMo(0.6),

∗ Corresponding author.
E-mail address: ollar@iki.kfki.hu (T. Ollár).

∗ Units for amounts of S and S-containing compounds in 1017atoms/mg or
017molecules/mg, respectively

920-5861/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2011.05.029
2  > Ni12.
© 2011 Elsevier B.V. All rights reserved.

respectively]. The amounts of sulfur uptake by the different sam-
ples were determined by radioactive sulfur (35S) as tracer and by
X-ray photoelectron spectroscopy (XPS). The maximum amount of
irreversible sulfur uptake was  observed on NiMo(0.35). In agree-
ment with this, the surface S/(nNi + nMo) ratio determined by XPS
had its maximum value also with this sample.

Comparison of the amounts of irreversible sulfur uptake (Scat)
with thiophene HDS activity [expressed as the number of con-
verted molecules for a definite time on a definite mass of the
catalyst (mol/s mg−1 units denoted as mTH)] indicated some ten-
dency (R2 = 0.8792) to linear correlation [14]. This was  different
from an earlier observation in experiments performed in this lab-
oratory [15] with six alumina supported (Mo, CoMo, NiMo PtMo,
PdMo and NiW-1) samples and with a silica–alumina supported
one (NiW-2). However, a definite correlation was observed there
between the total number of exchangeable (mobile) sulfur atoms
and the thiophene HDS activity of those catalysts. Definite, pos-
itive correlation between sulfur exchange capacity and catalytic
hydrodesulfurization activity has also been observed in some pre-
vious studies [16–19].  Nevertheless, data in some other reports, e.g.
those of Startsev et al. [20] contradict to the existence of a corre-
lation between sulfur exchange capacity and HDS activity of the
catalysts.

These results motivated to determine the radiosulfur (35S[S]
denoted *S) exchange capacities (STE) of the five alumina supported
samples [13] and to compare these data with the thiophene HDS

rates (mTH 1017 mol/s mgcat) values determined previously in [14]
on these samples. It was of interest also to compare the radiosul-
fur exchange capacity of the samples *Scat in nonradioactive H2S
(H2S ↔ *Scat) with that in thiophene (C4H4S ↔ *Scat). It should be

dx.doi.org/10.1016/j.cattod.2011.05.029
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:ollar@iki.kfki.hu
dx.doi.org/10.1016/j.cattod.2011.05.029
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Nomenclature

Stotal the amount of total sulfur uptake, measured by gas
phase radioactivity.

GScat the amount of irreversible sulfur uptake measured
by gas phase radioactivity.

GSrev the amount of reversible sulfur uptake, calculated
by: GSrev = Stotal − Srev

sScat the amount of irreversible sulfur uptake measured
by the catalyst radioactivity.

Sexc the amount of sulfur exchange measured by gas
phase radioactivity change at circulation of H2S con-
taining mixture over sulfided catalyst.

STE the total amount of exchangeable sulfur atoms in
the catalyst calculated from Sexc.

THSTE the total amount of sulfur atoms in the catalyst
interacting with sulfur in (via exchange with sul-
fur in H2S formed in thiophene HDS followed by
addition to butadiene or/and by direct exchange).
Determined at circulation of thiophene/H2 mixture
over sulfided catalyst, labeled with *S calculated
from the distribution of radioactivity between H2S
and thiophene.

H2SSTE the total amount of sulfur atoms in the cata-
lyst, exchangeable with sulfur in H2S formed from
thiophene Determined at circulation of thiophene
containing mixture over sulfided catalyst labeled
with *S calculated from the radioactivity of H2S pro-
duced over sulfided catalyst.

H2Sadd the actual amount of H2S-addition to C4H6 hydro-
carbons.

H2ST.add the total amount of H2S-addition to C4H6 hydrocar-
bons.

g the STE/Scat ratio
mso the total initial amount of H2S in the H2S/H2 mixture

in the circulation experiments
H2Smso the total amount of H2S formed in circulation of the

thiophene/H2 mixture.
mTH the amount of converted thiophene (in pulse sys-

tem).
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ε, E, QXY the activation energy, the energy barrier and the XY
bond strength values in kJ mol−1

oted that literature data indicated the absence of any direct sulfur
xchange between the sulfur content of the catalyst and thiophene
21,22] or dibenzothiophene [23].

However, special measurements in our laboratory indicated [24]
hat thiophene formation by interaction of butadiene with H2S [25]
roceeds also via interaction of butadiene/H2 mixture with sulfur,
ound irreversibly both to Mo12 and NiMo(0.35). It follows from
his and from the high thiophene hydrodesulfurization rates on
hese samples [14] that the “sulfur exchange in thiophene” possibly
roceeds on the sulfided catalyst sample the following way:

4H4S + H2 → (C4H6S)

↔ C4H4 + H2S + ∗Scat ↔ H2
∗S + C4H4 + Scat ↔ C4H4

∗S + H2 (I)

The appearance of 35S labeled thiophene would indicate that this
rocess really proceeds, and its extent could be calculated from the
ydrogen sulfide/thiophene radioactivity ratio.
The studies cited here raise the following questions:

Is there any correlation between sulfur exchange capacity and
thiophene hydrodesulfurization activity of the catalysts?
ay 181 (2012) 148– 155 149

- What correlation exists between the extent of H2S ↔ *Scat and
that of C4H4S ↔ *Scat?

- Are the extents of these two  exchange processes equal? Is their
ratio different for various catalysts?

- To what extent do the amounts of exchange depend on the
amount of sulfur, bound irreversibly to the catalyst, i.e. what is
the STE/Scat ratio for the different catalysts?

- What is the H2
*S:C4H4

*S radioactivity ratio among the products
of exchange, indicating the ratio between sulfur exchange and
H2S-addition to C4 hydrocarbons?

The purpose of the present study was to answer these questions.

2. Determination and calculation of sulfur exchange
capacity

The method of sulfur exchange determination between H2S and
catalyst sulfur:

∗Scat + H2S ↔ Scat + H2
∗S (II)

was developed, described and applied in our laboratory in coop-
eration with Massoth [15] for molybdena-alumina (MoOx) and a
number of metal-promoted MoOx samples. By this method the cat-
alyst sample in oxide form is sulfided in the reactor vessel with
H2

*S of Io initial radioactivity by circulating a mixture of H2
*S/H2

of different ratio at ∼53 kPa total pressure and 673 K (Scheme a).
The sample after evacuation of the system should be exposed to
circulating nonradioactive H2S/H2 gas mixture containing at the
start mso moles of H2S (in 1017 mol/mgcatunits). The circulation
is continued until the increasing gas phase radioactivity reaches
a standard value (denoted as I˛). The amount of sulfur exchange
(denoted aSexc, in the same unites as mso) is calculated then by the
expression:

aSexc = mso
I˛
Iˇ

(1)

in the same units than mso. In Scheme b, another sample of the
same oxide is sulfided with nonradioactive H2S and treated sub-
sequently with a mixture of H2

*S/H2 of Io radioactivity. The actual
exchange values in this process (bSexc) are calculated by the equa-
tion:

bSexc = mso
(I − Iˇ)

IO
(2)

where Iˇ is the gas phase radioactivity at the end of the run.
It has been shown in detail in our former study [15] that for
calculation of the total exchangeable sulfur {aSTE and bSTE, respec-
tively) the actual amounts of reversible sulfur uptakes (GSrev)
and the Sexc should also be considered, as some exchanged and
reversibly adsorbed sulfur reside on the surface, consequently
the radioactivities of these amounts do not appear in the val-
ues of I˛ and Iˇ. Thus, the respective equations for calculation
of the total sulfur exchange amounts in Schemes a and b are as
follows:

aSTE = mso
aSexc

(mso − GSrev − aSexc)
(3)

bSTE = mso
(bSexc − GSrev)
(mso − bSexc)

(4)
At equal H2
*S/H2 and H2S/H2 ratio (and Scat = *Scat) the total

sulfur exchange between gas phase H2
*S ↔ Scat should be equal

to H2S ↔ *Scat, Consequently, the method of sulfur uptake and
exchange determination is to be proved by the equality of the STE
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alues, determined at equal H2S/H2 ratio of gas mixtures i.e. equal
so in processes a and b, viz:

STE ≈ bSTE (5)

This equation has been found valid for three different alumina
upported (MoOx, Co- and Pt-promoted MoOx) samples [15].

Determination and calculation of sulfur exchange between thio-
hene and catalyst sulfur is a more complex task. Circulation of gas
hase H2/thiophene mixture over *S labeled catalysts results in the
ormation of H2

*S. The appearance of C4H4
*S cannot be excluded,

ither, due to the reaction between H2
*S and butadiene [21–25] and

ue to the interaction between *Scat and butadiene [24]. For calcu-
ation of the total sulfur exchange (THSTE) values in conversion at
irculation of a H2/thiophene mixture, the reversible adsorption
f thiophene (THrev), the ratio of hydrogen sulfide and thiophene
mong the sulfur containing products of thiophene conversion [i.e.:
�H2S = IH2S/(IH2S + ITH) and (�TH = ITH/(IH2S + ITH) respectively)]
hould also be considered, as that shown by Eq. (6):

HSTE = msoSexc

(mso − �H2SSrev − �THTHrev − Sexc)
(6)

The selective sulfur exchange of H2S formed in thiophene HDS
H2SSTE) should be calculated by Eq. (7):

2SSTE =
H2SmsoSexc

(H2Smso − Sexc − Srev)
(7)

here H2Smso is the amount of H2S formed in thiophene HDS
The appearance of radioactive sulfur in thiophene would indi-

ate that some thiophene sulfur ↔ *Scat exchange also takes place,
ossibly via *Scat(H2

*S) + C4H6 interaction (H2S addition) besides
he sulfur exchange. The amount of this conversion (denoted
2Sadd) has been calculated from the H2

*S/C4H8
*S radioactivity

atio (ITH/IH2S) among the thiophene conversion products:

2Sadd = Sexc
ITH

IH2S
(8)

and then

2ST.add = msoH2Sadd

(mso − �THTHrev − Sexc)
(9)

here the sum of H2SSTE + H2ST.add approaches the value of STE.
It should be noted, however, that H2Sadd and H2ST.add express

he appearance of 35S in thiophene upon the interaction of thio-
hene with sulfur labeled catalysts. This does not mean that
ydrogen sulfide addition is accepted as the only way of 35S labeled
hiophene formation.
. Experimental

MoO3/Al2O3 of 12 mass% of MoO3 (Mo12) samples were pre-
ared by impregnation of a Pural �-Al2O3 (210 m2/g) with an

able 1
haracteristic data of the catalysts.

Catalysta nNi (1017 atoms/mg) nMo (1017 atoms/m

calcb PGAAc calcb

Mo12 – – 5.03 

NiMo(0.15) 0.77 0.96 5.03 

NiMo(0.35) 1.80 2.25d 5.03 

NiMo 0.6) 3.08 3.93 5.03 

Ni  6 6.15 6.40 – 

a All catalysts supported on Al2O3 of S.A. 212 m2/g.
b Calculated.
c Determined by PGAA.
d Ref. [13].
e Ref. [14].
f Estimated from similar correlations between calculated Ni and Mo  data determined b
ay 181 (2012) 148– 155

aqueous solution of ammonium heptamolybdate. The Ni/Al2O3 cat-
alyst (denoted Ni6, elsewhere Ni12) was prepared by impregnation
of the alumina, with an aqueous solution of nickel nitrate calculated
for ∼6 mass % of NiO on the catalyst.

The wet  samples were dried and calcined for 5 h at 723 K. The
three Ni-promoted molybdena-alumina samples (0.75, 1.75 and
3 mass % calculated for Ni) were prepared by impregnation of the
dried, (not calcined) Mo12 sample with aqueous nickel nitrate solu-
tion, dried and calcined for 5 h at 773 K temperature. The three
samples are denoted as NiMo(0.15), NiMo(0.35) and NiMo(0.6)
respectively in agreement with their calculated Ni:Mo atomic ratio,
their general sign would be NiMo(0.X). Mo  and Ni content of the
samples are presented in Table 1, as determined by the Prompt
Gamma  Activation Analysis (PGAA) method.

The sulfur exchange capacity of the catalysts has been deter-
mined on the samples immediately after their treatment in vacuum,
following sulfur uptake determination [13]. The Mo-  and Ni-
catalysts have been prepared by impregnation of �-Al2O3 with
an aqueous solution of ammonium heptamolybdate or of nickel
nitrate followed by drying and calcination or reduction with hydro-
gen respectively. The Ni promoted Mo-samples were prepared by
impregnation of the dried Mo-sample with aqueous nickel nitrate
solution. The detailed preparation method of the catalysts, their
Mo-  and (or) Ni-content and some of their characteristic data deter-
mined before [13,14] are presented here in Table 1.

The purity of the chemicals, applied in experiments: thiophene
(Merck&Co of purity, >98%), hydrogen sulfide (Messer Hungarogas
LT, purity of 99%), H2

35S (radiochemical purity of 98.5% synthesized
here in the laboratory of Institute of Isotopes Ltd. Co.) and hydrogen
(Messer Hungarogas LT, purity of 99.5%) was checked by chro-
matography. The gas recirculation system for studying H2S uptake
and exchange was described previously [15,16,26,27]. The catalyst
samples (calcined, ∼5 × 10−3 g each) were sulfided by H2S/H2 or
H2

*S/H2 mixture of about 53 kPa total pressure and ∼2.4–26.7 kPa
H2S partial pressure (pH2S) in a circulation apparatus of 111.3 cm3

with a reactor vessel of 26.5 cm3 volume. The amounts of total and
reversible sulfur uptakes of the samples (GStotal and GSrev respec-
tively) have been determined from the radioactivity changes in
the gas phase, as described before [13,15,16].  The amounts of irre-
versible sulfur uptake have been calculated as Scat = GStotal − GSrev.
The Scat values, determined by direct radioactivity measurements
of the *S-labeled samples, indicated [13] a good agreement with
those calculated from the gas phase radioactivity values. The sam-
ples after sulfidation were subjected to evacuation, after that they
only contained irreversibly bound sulfur [15]. Some *S-labeled
samples have been treated for 60 min  in H2 of 53 kPa pressure
for checking the stability of their sulfur (sulfide) phase. No gas

phase radioactivity has been observed then; this indicated that
the irreversibly bound sulfur was not removable by hydrogen at
these conditions, different from the observations at a much higher
(0.5 MPa) pressure of hydrogen [28].

g) Surface area (m2/mg)d mTH (1017 mol/s.mg)e

PGAAc

6.7 155 2.63
5.75 172 3.76
6.43f 179 5.89
6.51 182 4.51
– 164 0.19

y PGAA.
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Fig. 1. Demonstration of radiosulfur exchange at 673 K (Scat ↔ H2S) vs. time by gas
phase radioactivity. Catalyst: NiMo(0.35) (a) *Scat ↔ H2S, as followed by increase
of  direct gas phase radioactivity; (b) Scat ↔ H2
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uid scintillation cocktail Clinisosol (Inst. of Isotopes Comp. LT).
Distribution of sulfur radioactivity among H2S and thiophene has
been determined by liquid scintillation after 60, 120 and in some

C4Hx     

a

b

Pattern of thiophene conversion products

1 53 151311 97 17 19 252321

Radioactivity of thiophene conversion  products

252321191715131197531

retention time 

retention time 

H2*S  C4H4*S (thiophene)

 C4H4S (thiophene)
as  phase radioactivity measurements; (c) Scat ↔ H2 S as followed by the gas phase
adioactivity values measured by liquid scintillation.

The sulfur exchange experiments were performed immediately
fter evacuation of the system with the sulfided samples at 673 K,
he sulfidation temperature. The samples sulfided with H2

*S and
acuum treated were exposed to circulating H2S/H2 mixture of
ifferent (0.047:0.953–1:1) H2S:H2 ratio (proc. a). The samples sul-
ded with non-labeled H2S were exposed to *S-labeled hydrogen
ulfide in a mixture in which the H2

*S/H2 ratio was equal to that
pplied for sulfidation of these samples with H2S (proc. b).

Details of gas phase radioactivity determination are given else-
here [26]. Gas mixture samples were taken for radioactivity
easurements in 15 min  intervals using a 1 cm3 volume loop. The

as phase radioactivity changes due to the radiosulfur exchange
rocess were followed under this treatment with a flow-through
oped CaF2 scintillation detector [29]. Gas phase radioactivity val-
es have been checked by liquid scintillation measurements, as
escribed before [13,27].

Data of sulfur uptakes by NiMo(0.35) are presented on Fig. 1a
nd, as examples of the gas phase radioactivity changes measured
n 3 min  intervals. The constant radioactivity, in processes a (I˛)
nd b (Iˇ) was reached for ∼20 min, like to all catalysts in the

ase of exchange experiments. It is seen from the example of
iquid scintillation measurements with the same catalyst (Fig. 1c)
hat somewhat longer time is required to reach the exchange
ay 181 (2012) 148– 155 151

equilibrium. The exchange experiments were continued therefore
for 60 min  in all H2S experiments.

For determination of the sulfur exchange data in the interaction
STH ↔ *Scat, a mixture of non-radioactive thiophene (∼2.4 kPa, the
maximum partial pressure to deal with gas phase thiophene under
the given experimental conditions) and hydrogen (∼51.6 kPa) was
circulated at 673 K over the sulfided catalyst samples (5 × 10−2 g
each) immediately after evacuation.

H2S and thiophene sulfur exchange were compared on Ni12,
Mo12 and NiMo(0.35) samples presulfided with H2

*S/H2 mix-
tures of ∼53 kPa total pressure, of 2.4 and of 26.7 kPa partial
pressure of H2

*S. NiMo(0.35) was selected for this series of experi-
ments because of the maximum irreversible sulfur uptake capacity
[13] and thiophene HDS activity [14] of this sample among the
NiMo(0.X) samples of different chemical composition. For compar-
ison of the S-exchange between catalyst sulfur and H2S with the
exchange of sulfur in thiophene, it has been determined in these
experiments that the thiophene conversion rates, the hydrocarbon
and H2S content of the products and the distribution of radioactive
sulfur among H2S and thiophene.

The thiophene conversion products have been determined by
gas chromatography; Chrompac CP 9001 capillary column, their
radioactivity was measured in LSC—liquid scintillation counting
(PerkinElmer TR 2800). To this, the combusted products were
absorbed in 1.5 cm3 0.1 N NaOH and solubilized in a special liq-

TM
Fig. 2. HDS product distribution at conversion of thiophene on sulfided NiMo(0.35)
(a) C4-hydrocarbons:thiophene correlation (b) Distribution of radioactivity among
thiophene and H2S at conversion of thiophene on catalyst sulfided with H2

*S.
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ases after 180 min. Fig. 2a and b are presented as examples for the
hiophene HDS product distribution and their radioactivity.

. Results and discussion

The suitability of the circulation method detailed before [15]
or determination of sulfur exchange in H2S, it has been proved by
he validity of Eq. (7).  The Srev, Scat and STE values are presented
n Table 2. They were determined at different H2S/H2 ratio for
iMo(0.35), with the respective calculated ratio of STE/Scat (denoted
). Comparison of data obtained for two different NiMo(0.35) sam-
les at experiments with the mixture of the same (1:1) H2S/H2 ratio

ndicated that the maximal error of the mean values is observed for
he bSTE-s ∼ 10%. The aSTE values [calculated by Eq. (5)]  are nearly
qual with the bSTE-s [calculated by Eq. (6)] at exchange of any
H2S : pH2 ratio in the range of 0.1:0.9−1:1. This indicates besides
he validity of Eq. (7),  that the adsorption and exchange equilib-
ium on this catalyst has been reached under conditions applied
or these experiments. The Sexc and STE values were the highest in
he case of exchange in the gas mixture of pH2S/(pH2S + pH2 ) = 0.5,
i.e. H2S/H2 = 1). No definite tendency—like that for the STE and Scat

alues, can be observed, as the g-values are practically equal (∼0.9)
t pH2S/(pH2S + pH2 ) ≈ 0.5 and 0.05, respectively.

In Table 3 are presented the values of Sexc and aSTE, deter-
ined and calculated by Eqs. (1) and (3) from the H2S ↔ *Scat

ulfur exchange experiments performed on the five catalysts with
2S/H2 gas mixture of pH2S∼27 kPa and for three of them also at
H2S∼2.5 kPa, for comparison. The Table contains also the sulfur
ptake and exchange data for samples (denoted Mo-2 and NiMo-
) of the same chemical composition as those of the Mo12 and

iMo(0.6) respectively, determined and presented before [15].

It can be seen that the sulfur uptakes and the Sexc and STE values
t pH2S∼2.5 kPa are lower than those at pH2S∼27 kPa for all samples.
he g-value for Mo12 is higher at low pH2S in agreement with that

able 2
ulfur uptake and exchangea with irreversibly bonded S on NiMo(0.35) at different partia

pH2S mso
GStotal

GSrev
GScat

c aSexc
d

26.7 109.2 22.9 11.7 11.2 7.9 

26.7  109.2 23.3 13.7 9.6 7.7 

16.0  65.4 16.1 9.1 7.0 4.7 

5.3  21.7 13.2 7.9 5.5 2.0 

2.5  10.5 5.8 2.2 3.6 2.0 

a In 1017 mol/mg.
b pH2S in kPa pH2 + pH2S = 53.31 kPa.
c The maximal error of the mean value is: 8%.
d The maximal error of the mean value is: 10%.

able 3
ulfur uptake from H2S and exchangea with catalyst sulfur for the different catalysts; T:6

Catalyst GStotal
GSrev

GScat

Ib IIc Ib IIc Ib I

Mo12d 7.4 10.1 2.1 3.1 5.3 

NiMo(0.15)d – 23.5 – 17.4 – 

NiMo(0.35)d 5.8 23.1 2.2 12.7 3.6 1
NiMo(0.6)d – 23.5 – 15.2 – 

Ni12d 2.9 10.9 1.5 6.1 1.4 

NiMo-2e,f – 24.0 – 9.9 – 1
Mo-2e,f 8.8 12.1 4.2 7.2 4.6 

a In 1017 mol/mg.
b Determined at pH2S∼2.5 kPa.
c pH2S∼27 kPa.
d Determined before GStotal, GSrev and GScat at pH2S∼27 kPa for these samples {see Table
e Stotal, Srev, Scat, Sexc and STE data, determined before {see Y1, Y2,  Scat

, Sirr, Sexc and STE re
f Mo-2 and NiMo-2:molybdena-alumina, and Ni-promoted molybdena-alumina sam

espectively.
activity of the different catalysts (cited from [8] and [9]). � (or �): samples of Mo-
content, � (or �): alumina supported Ni {the STE values determined at pH2S = 27 kPa
for  the catalysts (see Table 2).

for Mo-2. That was  explained in Ref. [15] by the different structures
of surface MoSx, formed at different partial pressure of H2S.

The Sexc and STE values are significantly different for the different
catalysts. Fig. 3 presents the mTH vs. STE graph, indicating a better
correlation (R2 = 0.9192) between H2S sulfur exchange capacity and
thiophene conversion activity of these samples in comparison with
results observed before [13] between Scat. The correlation between
thiophene HDS activity and total sulfur exchange observed before
for the different catalysts [15] is in agreement with observations
[28,29] indicating a definite correlation between sulfur exchange,
named there the amount of “labile sulfur”. This correlation between
HDS and S-exchange has been observed [30] also for HDS of diben-
zothiophene on a Mo/Al2O3 catalyst (of 16 wt%Mo). The determined
activation energy values for this reaction (84–92 kJ mol−1) are near

to that determined in our laboratory for thiophene HDS  [14] on
Mo12: 84 kJ mol−1.

The correlation between the total sulfur exchange capacity and
thiophene HDS activity confirms the conclusion drawn [15] about

l pressureb of H2S at 673 K.

 bSexc
d aSTE

d bSTE
d ag bg

20.1 9.70 10.30 0.88 0.93
20.3 9.58 8.19 1.00 0.85
13.3 6.00 5.38 0.86 0.76

9.8 3.68 3.55 0.65 0.65
4.1 3.32 3.42 0,92 0.95

73 K.

aSexc
aSTE g

Ic Ib IIb Ib IIc Ib IIc

7.0 2.7 4.7 5.0 5.1 0.94 0.72
6.1 – 4.1 – 5.1 – 0.84
0.4 1.9 7.8 3.3 9.6 0.92 0.92
8.3 – 6.5 – 7.6 – 0.91
4.8 1.5 3.3 2.1 3.6 1.50 0.75
4.1 – 3.4 – 6.0 – 0.43
5.1 2.5 2.6 3.2 2.8 0.69 0.55

 1 in [13]}.
spectively, in Table 2, Ref. [15]}.

ples of chemical content, similar to those of Mo-12 and NiMo(0.6) in this study,
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Table 4
Molecular composition (%) of hydrocarbons produced in thiophene HDS. T: 673 K;
circulation time: 5 min.

Catalyst Bu Bu=
1 Bu=

2 Bu=
2 /Bu=

1

∑
C<4

Mo12 8.4 29.7 55.9 1.88 6.0
NiMo(0.15) 3.9 32.2 61.1 2.03 2.8
NiMo(0.35) 3.3 29.1 63.1 2.17 4.5
P. Tétényi et al. / Catalys

he decisive role of the number of exchangeable sulfur atoms in the
DS activity of the sulfided Mo-based catalysts, explained there by

he number of vacancies on edge sites of the Mo  slabs. The higher
by ∼40%) value of mTH on NiMo(0.15) in comparison with that on

o12 [14] at equal STE and lower Scat values, is connected possi-
ly with the somewhat higher ratio of the exchangeable sulfur on
iMo(0.15), as indicated by the higher g-value (Table 3). This sam-
le occupies a specific place among the NiMo catalysts. The lower
DS activity, higher activation energy and lower STE value for this

ample in comparison with the remaining two NiMo samples [14] is
aused presumably by the low deposition degree of Ni on MoOx [31]
nd the presence of two distinct surface phases [32]. This restricts
he promoter effect of Ni: to produce S-uncovered Lewis acid sites
xtracting outermost S-atoms and to impede the free access to the
ites [33].

The high ratio of exchangeable sulfur (g = 0.7–0.9) indicates a
igher dispersion (higher Sedge/Stop ratio) of these samples, than
hat determined before [15] for Mo-2 and NiMo-2. This is supported
y the much lower g-values for Mo-2 and NiMo-2 in comparison
ith those obtained for Mo12 and NiMo(0.6) respectively. Sulfur
ptake and exchange data for Mo-2 (101 m2/g S.A.) and NiMo-2
117 m2/g S.A) presented earlier [15], differ substantially from the
cat- and STE-values presented in Table 3 for the samples of the same
olybdenum content and Ni:Mo ratio in Mo12 (155 m2/g S.A.) and
i:Mo(0.6) of 182 m2/g of S.A. respectively. The difference in the

amples surface areas is connected presumably, with the different
lumina supports in this pair of significantly different specific sur-
aces: 180 and 210 m2. Nevertheless, these samples fit to the mTH
s. STE correlation presented by the graph in Fig. 3.

The maximal sulfur exchange capacity, i.e. the maximal amount
f exchangeable sulfur atoms (STE) on NiMo(0.35) is explained
y the maximal number of Ni atoms an the surface on this sam-
les in comparison with the other NiMo(0.X) samples. This follows
rom data in Ref. [14]. The maximal activity in dehydrogenation
yclohexane → benzene + 3H2 was observed on this sample at 573 K
emperature. This indicated a maximal surface concentration on
his catalyst as this reaction occurs only on a number of metal
atalysts—including Ni—in the temperature range 548–673 K. The
igher surface concentration of Ni-atoms on NiMo(0.35) overcom-
ensates the lower activation energy values of this reaction on the
iMo(0.6) sample., as indicated by the 80% higher conversion rate
f cyclohexane on this sample. The thiophene HDS conversion rate
n NiMo(0.35) is also higher with ∼30% than that on the sample of
/35 Ni:Mo ratio. These data are in agreement and support the con-
lusion made by Aray et al. [33]: about the nature of NiMoS edge
ites “. . .the promoter Ni are the most accessible atoms to the exte-
ior of the edges”. This is important both for the sulfided samples
nd for the partly reduced ones as the ratio of atomic nickel is only
bout 10% in the latter [13] Consequently the repulsive effect of
xygen in non-reduced NiO should be eluded by the reactant for
nteraction with Ni.

Monometallic Ni behaves differently from the Mo containing
amples. STE/Scat > 1 for the Ni12 sample, determined with the mix-
ure of 0.05:0.95 H2S/H2 ratio. This indicates a higher number of
xchanging sulfur atoms, than the number of sulfur species, bound
rreversibly to nickel. This sample does not fit also to the linear
orrelation between STE and mTH, presented in Fig. 3. This possibly
ndicates a different mechanism of thiophene HDS on monometallic
i in comparison with that on Mo  containing samples. Data pre-

ented in Table 4 on the molecular composition of hydrocarbon
roducts of thiophene HDS support this assumption on the charac-
eristic difference between monometallic Ni and the Mo-containing

amples in the mechanism of thiophene HDS on these catalysts. A
ignificant difference in C<4 selectivity values is observed between
onometallic Ni and the NiMo catalysts. It is worth mentioning

hat the Bu=
2 /Bu=

1 ratio, an indicator characterizing the correlation
NiMo(0.6) 7.7 31.1 57.8 1.84 3.4
Ni12 29.4 8.8 47.7 5.42 14.0

of two  different HDS routes [34–37] is in the range of ∼2 for all Mo-
containing samples, whereas the respective value is ∼5 in case of
Ni12. The difference between Ni12 and the other samples is espe-
cially high with respect to the distribution of all thiophene HDS
products (see the last column of Table 3).

The thiophene conversion data determined for radiosulfur
labeled NiMo(0.35), Mo12 and Ni12 samples at high contact time
in the circulation system are presented in Table 5. The HDS con-
version activity of the three samples has the same sequence
[NiMo(0.35) > Mo12 > Ni12] as observed in the case of a pulse sys-
tem [14]. It is obvious that the HDS conversion activity of samples
sulfided with the H2S/H2 ratio of 4.5/95.5 is significantly higher
than that of the same samples if they were sulfided with the mixture
of 1:1 ratio. This is in agreement with the well-known observa-
tion: H2S inhibits the main HDS reaction [1].  The higher amounts
of vacancies on samples sulfided with the mixture of lower H2S/H2
ratio results in a higher effectiveness of active sites, in a higher ratio
of “fast sites”, as stated by Kogan and Isaguliants [38].

Table 5 contains also the corresponding data on distribution of
radioactive sulfur between thiophene and H2S. The appearance of
thiophene with significant ratio of products radioactivity indicates
the interaction between catalyst sulfur and C4-hydrocarbons, prod-
ucts of thiophene HDS. For all samples IH2S > ITH, the value of their
ratio depends, however, on the contact time. The different catalytic
behavior is expressed also in the radioactivity distribution between
HDS products: ITH/IH2S ratios are in the range of 0.05–0.27 for
NiMo(0.35) and Mo12, whereas this ratio falls into in a much higher
range (0.2–0.6) in the case of Ni12, i.e. the differences between the
radioactivity of H2S and thiophene are substantially lower on this
catalyst.

The presence of radioactive thiophene among products of thio-
phene conversion on radiosulfur labeled catalyst is—totally or
in part—the result of butadiene + H2S interaction. This is ther-
modynamically possible: at these conditions Kp ∼ 28 and the
concentration of thiophene at equilibrium would be ∼82–85% as
calculated from literature data [39]. Our special experiments also
indicated [24] that this reaction occurs on all the three samples,
but the conversion rates are different. However, a direct sul-
fur exchange between catalyst sulfur and thiophene cannot be
excluded, as it has been mentioned before; further studies are
required directed to solve this problem.

The relatively higher ITH/IH2S ratio on Ni12 is presumably the
consequence of the significantly lower thiophene HDS conver-
sion in comparison with that on Mo12 and NiMo(0.35). Results
of a recent study indicate [37] that the active sites are similar
for hydrogenation (i.e. via tetrahydrothiophene) and desulfuriza-
tion (via C4-hydrocarbons) routes of HDS. Consequently the higher
ITH/IH2S ratios for Ni12 expresses the higher difference in the
ratio in “specific” catalytic activities of these sites in the two
processes—C4H4

*S-production and HDS—on this catalyst in com-
parison with Mo12 and NiMo(0.35).

The radiosulfur exchange data of sulfur in thiophene have been

collected in Table 6. The THSTE values were calculated by Eq.
(6) applying Sexc, �H2S and �TH data determined at 60 min  con-
version of thiophene. The Srev data were determined from H2S
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Table 5
Thiophene conversion and radioactivity distribution of products.

Catalyst Sulfided in H2
*S/H2 (mol%) Thiophene circulation time (min) Converted thiophene (%) �H2S [IH2S/IH2S + ITH] �TH [ITH/IH2S + ITH]

Mo12 4.5/95.5 30 83.8 0.899 0.101
Mo12 4.5/95.5 60 89.1 0.839 0.161
Mo12 4.5/95.5 120 93.1 0.874 0.126
Mo12  50/50 60 70.8 0.784 0.216
Mo12 50/50 120 71.3 0.879 0.122
Mo12  50/50 180 81.6 0.951 0.049
NiMo(0.35) 4.5/95.5 30 86.9 0.790 0.210
NiMo(0.35) 4.5/95.5 60 91.2 0.910 0.090
NiMo(0.35) 4.5/95.5 120 95.8 0.944 0.056
NiMo(0.35) 50/50 60 81.9 0.898 0.102
NiMo(0.35) 50/50 120 89.5 0.938 0.062
NiMo(0.35) 50/50 180 96.7 0.947 0.047
Ni12  4.5/95.5 30 50.0 0.647 0.353
Ni12  4.5/95.5 60 64.9 0.621 0.379
Ni12 4.5/95.5 120 75.5 0.620 0.380
Ni12 50/50 60 32.0 0.832 0.168
Ni12  50/50 120 45.0 0.862 0.135
Ni12 50/50 180 50.5 0.790 0.210

Table 6
Sulfur (H2S) uptake by and sulfur exchange of thiophenea with presulfided catalysts; T:673 K.

Catalyst Srev Sexc
THSTE

H2SSTE H2Sadd H2ST.add

Presulf. %H2S 4.5 50 4.5 50 4.5 50 4.5 50 4.5 50 4.5 50

Mo12 2.1 1.8 1.2 1.3 1.7 1.8 1.59 1.34 0.19 0.32 0.22 0.37
NiMo(0.35) 3.6 3.2 1.4 2.1 2.7 4.4 1.98 3.64 0.16 0.24 0.19 0.31
Ni  12 2.0 1.5 1.4 1.6 2.0 2.2 1.38 0.75 0.85 0.32 0.95 0.38
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a In 1017 S atoms/mg units and 1017 TH or H2S mol/mg units respectively.

ptake and are presented in the table, THrev values (the reversible
dsorption of thiophene) were determined [24] by adsorption of
5S-labeled thiophene [7.6 × 1016 and 6.7 × 1016 mol/mg for Mo12
nd NiMo(0.35), respectively]. The THrev value for Ni12 was esti-
ated to be 5.2 × 1016 mol/mg from the Srev measured for Ni12

nd by considering the ratios Srev/THrev for NiMo(0.35) and Mo12
Table 7).

In Table 6 are presented also the H2SSTE values (i.e. the total
xchange values of sulfur in H2S formed in HDS of thiophene) cal-
ulated by Eq. (7).  These are 1.7 × 1017 and 1.8 × 1017 mol/mg for
o12 presulfided with mixtures of 4.5 and 50% H2S respectively.

he fact that the sums H2SSTE + H2Sadd are equal to 1.81 × 1017 and
.71 × 1017 mol/mg i.e. to the respective THSTE values in Table 6,

ndicates the reliability of these calculations. The higher difference
etween the sum H2SSTE + H2Sadd and the THSTE values in the case
f Ni-containing samples—especially in case of Ni—is presumably
he consequence of the higher �C<4 (and lower �C4) ratio among
he products (see data in Table 4).
The comparison of the thiophene sulfur exchange data with
hose for H2S in Table 2 indicates that the degrees of sul-
ur exchange—expressed in the STE values—are definitely higher
n the case of sulfur exchange in H2S, i.e. STE > H2SSTE. The

able 7
dsorption potentials (QX-cat + QY-cat) of the catalysts and activation barrier values

EXY) for H and CS bond dissociation (units in kJ).

Catalyst QH-cat + QS-cat QC-cat + QS-cat
aESH

bESC

Mo12 – 185 – 112
NiMo(0.15) 334 165 6 132
NiMo(0.35) 376 229 −76 65
NiMo(0.6) 365 222 −25 72
Ni  12 214 194 106 103

a Accepting for QSH 340 kJ [41].
b Accepting for QCS 297 kJ [42].
sequence of sulfur exchange activity is however the same for
S in thiophene than that of S in H2S, for the three samples:
NiMo(0.35) > Mo12 > Ni12.

The higher Sexc and STE of sulfur in H2S could be explained by
Balandin’s approach [40] on the basis of the energy barrier values
of the two  exchange processes. If the exchange H2S ↔ H2

*S would
require the dissociation of S–H bonds then the energy barrier of
this process on the catalyst (catESH) would be

CatESH = QSH − [QH-cat + QS-cat] (10)

The exchange of sulfur in thiophene: C4H4S ↔ H2
*S both the

direct (if it proceeds at all) and the stepwise way  would require
the C–S bond dissociation with the energy barrier to be calculated
by the expression:

catESC = QSC − [QC-cat + QS-cat] (11)

The bond strength values QSH and QSC are 340 [41] and 297 kJ
[42], respectively, whereas the QC-cat, QS-cat and QH-cat denote the
bond strengths of the respective atoms with the catalyst. These
values have been determined [43] for our alumina supported
NiMo(0.X) and Ni12 samples by Balandin’s kinetic method. The
catESH and catESC values calculated by Eqs. (10) and (11) are pre-
sented in Table 6, and indicate that the energy barrier of S-exchange
in thiophene would be definitely higher than that in H2S, whereas
the sequences of the adsorption potentials.

(QH-cat + QS-cat) and (QC-cat + QS-cat) are identical for the NiMo
samples. This explains the higher S exchange between *Scat

and S in H2S, in comparison with that of S in thiophene. The
maximum adsorption potentials for NiMo(0.35) explains the max-

imum activity of this sample in sulfur exchange and thiophene
hydrodesulfurization. This is in agreement also with the much
lower activation energy of thiophene HDS on NiMo(0.35), in com-
parison with that on Ni12 and Mo12 [14].
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The Moscow Group in the N.D. Zelinsky Institute based on stud-
es of thiophene HDS in atmosphere of H2 labeled with tritium (3H)
nd evaluation of the radioactivities in all reaction products [21,22]
ame to the conclusion [38], that thiophene HDS and exchange in
2S proceeds by the same mechanism, and the rate limiting step of

his process is:

∗S–cat + H2 → H···cat + H2
∗S–cat (III)

i.e. the interaction between surface-bonded *SH and gas phase,
r physisorbed H2. Consequently the dissociation of S–H bond(s)
lays no role in the sulfur exchange of thiophene. This is in agree-
ent with data in Table 7, as the S–H bond dissociation on the
o  containing samples is an exothermic process, consequently, by

he bond strength approach this step could not be a rate determin-
ng one. From other side, both the thiophene hydrodesulfurization,
esulting—via recyclization—in formation of *S-labeled thiophene
nd the direct exchange of sulfur in thiophene (C4H4S ↔ H2

*S)—if
t proceeds at all—would require the S–C bond dissociation of a high
nergy barrier.

It should be noted that the lower activation energy of sulfur
xchange—named their S-liberation—in comparison with that of
ibenzothiophene HDS on the same Mo/Al2O3 [30] catalyst indi-
ates a definite difference between the two processes. It follows
rom this that there would be of interest to determine the activa-
ion energy values of *Scat exchange with S in H2S that of *Scat → for
omparison those with the values in exchange of *Scat with sulfur
n thiophene.

. Conclusions

The amount of total sulfur uptake and exchange is a function
f the partial pressure of gas phase H2S. Both the reversible H2S-
ptakes and the irreversible ones decrease with decreasing H2S
artial pressure; the latter becomes nearly constant at low partial
ressure. Sulfur exchange data indicate that a high ratio (70–90%)
f irreversibly bound sulfur is exchangeable with sulfur in gas phase
2S; it follows from that a high dispersion (Sedge/Stop ratio) of

he samples. A definite linear correlation was found between the
otal H2S sulfur exchange capacity of the Mo-containing catalysts
nd their thiophene hydrodesulfurization activity. The maximal
mount of exchangeable S-atoms, and the maximal HDS activ-
ty of nickel promoted molybdena of 0.35:0.65 Ni:Mo ratio is
xplained—in agreement with Aray’s conclusion—by the maximal
umber of surface Ni-atoms accessing the reacting molecules on
hat sample.

Comparison of sulfur exchange by hydrogen sulfide formed
n thiophene HDS (H2SSTE) with Scat (H2S ↔ *Scat) and that by
hiophene (THSTE in C4H4S ↔ *Scat) indicates that the total sulfur
xchange (STE) in H2S ↔ *Scat is different from that occurring at con-
ersion of thiophene on catalysts containing *Scat. At pH2S = 27 kPa
2S H2SSTE > THSTE; this is observed also at pH2S = 2.4 kPa with the
xception of monometallic Ni. The STE/Scat values are different for
he different samples. This value is the highest on NiMo(0.35) both
or H2SSTE and THSTE.

The radioactivity data indicate that some H2S addition to C4-
ydrocarbons, products of thiophene conversion occurs on all

amples, besides sulfur exchange between *Scat and H2S in case
f thiophene conversion. The ratio of the two  processes was  dif-
erent for the different samples; the H2S addition was, however,
ubstantially lower than that of the S-exchange.
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