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The capacity of sulfur exchange (i.e. Stg—the total number of exchangeable sulfur atoms) has been deter-
mined at 673K in a circulation system with H,S (partial pressure ~2.5 and 25kPa) for five sulfided
catalyst samples: molybdena-alumina (Mo12), NiO/Al,03; (Ni12) and three Ni-promoted molybdena-
alumina with different Ni:Mo ratios [NiMo(0.X)]. A linear correlation has been found between the Stg
values and thiophene hydrodesulfurization activity of the catalyst samples, containing Mo. The St 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 H,S.
The isotope exchange capacity of sulfur bound to the catalyst (3>S,¢) with sulfur in H,S was substantially
higher than that with sulfur in thiophene, but the sequence of the Stg values was similar for the three
samples, i.e., NiMo(0.35)>Mo12 > Ni12.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Catalytic hydrodesulfurization is a widely applied process in
hydrotreatment and hydrocracking of oil fractions [1-3]. A num-
ber of review papers indicate the wide spread of research studies
in this field. It should be mentioned the survey [4] describing
the present state in hydrodesulfurization of polyaromatic sulfur
compounds, a review, focusing on the poisoning effect of sul-
fur compounds and on conditions of desulfurization processes for
“preserving the octane rating of the fraction” [5]. Metal-promoted
sulfided MoOy (and WOy) are the most frequently applied cata-
lysts in the hydrodesulfurization (HDS) processes, the oxides being
sulfided prior to use. A part of most recent studies is focused to
Ni- and Co- promoted Mo- or NiW-sulfides on alumina [6-8] or
silica-alumina and a number of other supports, e.g. ZrO, TiO,,
zeolites and mixed oxides [9,10] Studies are oriented also to the
structure surface layers on transition metal-sulfides [11] and on
phosphides [12].

In a recent paper [13] we presented data on sulfur uptakes by
five supported catalyst samples prepared by similar method with
the same alumina support: a non-promoted molybdena-alumina
containing 12 mass% of MoO3 (denoted as Mo12), alumina sup-
ported Ni of ~6mass% of NiO (denoted there Ni12) and three
nickel-promoted molybdena-alumina samples with Ni:Mo atomic
ratios of 0.15, 0.35 and 0.6 [NiMo(0.15), NiMo(0.35) and NiMo(0.6),
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respectively]. The amounts of sulfur uptake by the different sam-
ples were determined by radioactive sulfur (3°S) 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/(ny; +nymo) 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/smg~! units denoted as mry)] indicated some ten-
dency (R?=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 (3°S[S]
denoted *S) exchange capacities (Stg ) of the five alumina supported
samples [13] and to compare these data with the thiophene HDS
rates (mty 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 “Sca: in nonradioactive H,S
(HoS <> "Scar) with that in thiophene (C4H4S <> “Scat). It should be
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Nomenclature

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

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

GSrey 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 H,S con-
taining mixture over sulfided catalyst.
STE the total amount of exchangeable sulfur atoms in
the catalyst calculated from Sexc.
the total amount of sulfur atoms in the catalyst
interacting with sulfur in (via exchange with sul-
fur in H,S formed in thiophene HDS followed by
addition to butadiene or/and by direct exchange).
Determined at circulation of thiophene/H, mixture
over sulfided catalyst, labeled with S calculated
from the distribution of radioactivity between H,S
and thiophene.
the total amount of sulfur atoms in the cata-
lyst, exchangeable with sulfur in H,S formed from
thiophene Determined at circulation of thiophene
containing mixture over sulfided catalyst labeled
with *S calculated from the radioactivity of H,S pro-
duced over sulfided catalyst.
the actual amount of H,S-addition to C4Hg hydro-
carbons.
H,St.a4q the total amount of H,S-addition to C4Hg hydrocar-
bons.
g the Stg/Scat ratio
Mso the total initial amount of H, S in the H,S/H, mixture
in the circulation experiments
the total amount of H,S formed in circulation of the
thiophene/H, mixture.
mry the amount of converted thiophene (in pulse sys-
tem).
&, E, Qxy the activation energy, the energy barrier and the XY
bond strength values in kJ mol~!

TH STE

HZSSTE

H3Sa4d

stmso

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

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

C4H4S + Hy — (C4H65)
< C4Hyg +HyS +*Scat <+ Hy*S + C4Hy + Scat <+ C4H4*S + Hy (])

The appearance of 3°S labeled thiophene would indicate that this
process really proceeds, and its extent could be calculated from the
hydrogen 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?

- What correlation exists between the extent of H;S < “Scar and
that of C4H4S < “Scar?

- 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 Stg/Scat ratio for the different catalysts?

- What is the H,"S:C4H,4"S radioactivity ratio among the products
of exchange, indicating the ratio between sulfur exchange and
H,S-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 H,S and
catalyst sulfur:

*Scat + HaS < Scat +Hp*S (In

was developed, described and applied in our laboratory in coop-
eration with Massoth [15] for molybdena-alumina (MoOy) and a
number of metal-promoted MoOy samples. By this method the cat-
alyst sample in oxide form is sulfided in the reactor vessel with
H,'S of I, initial radioactivity by circulating a mixture of H, S/H,
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 H,S/H, gas mixture containing at the
start mso, moles of H,S (in 1017 mol/mgcacunits). The circulation
is continued until the increasing gas phase radioactivity reaches
a standard value (denoted as Iy). The amount of sulfur exchange
(denoted “Sexc, in the same unites as mso ) is calculated then by the
expression:
a IOt

Sexc = Mso i (1)
B

in the same units than ms,. In Scheme b, another sample of the
same oxide is sulfided with nonradioactive H,S and treated sub-
sequently with a mixture of H,"S/H; of I, radioactivity. The actual
exchange values in this process (?Sexc) are calculated by the equa-
tion:

bSexc = mso(llilﬁ) (2)
0
where Ig 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 {?Stg and YStg, respec-
tively) the actual amounts of reversible sulfur uptakes (CSey)
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 Iy and Ig. Thus, the respective equations for calculation
of the total sulfur exchange amounts in Schemes a and b are as

follows:

Mso?Sexc
as — 3
T (mso — GSrey — Sexc) )
b _G
bSTE _ mso( Sexc Srev) (4)

(mso — bsexc)

At equal H, S/H, and H,S/H ratio (and Scar="Scar) the total
sulfur exchange between gas phase H,'S <> Scar should be equal
to HyS < "Scar, Consequently, the method of sulfur uptake and
exchange determination is to be proved by the equality of the Stg
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values, determined at equal H,S/H, ratio of gas mixtures i.e. equal
ms, in processes a and b, viz:

9S1g ~bSte (5)

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

Determination and calculation of sulfur exchange between thio-
phene and catalyst sulfur is a more complex task. Circulation of gas
phase H;/thiophene mixture over “S labeled catalysts results in the
formation of H,S. The appearance of C4H,4'S cannot be excluded,
either, due to the reaction between H, 'S and butadiene [21-25] and
due to the interaction between “Sca¢ and butadiene [24]. For calcu-
lation of the total sulfur exchange (THStg) values in conversion at
circulation of a Hy/thiophene mixture, the reversible adsorption
of thiophene (THyey), the ratio of hydrogen sulfide and thiophene
among the sulfur containing products of thiophene conversion [i.e.:
(1Hys = Inys/(Inys + Iu) and (prn = Iu/(In,s + Itn) respectively))]
should also be considered, as that shown by Eq. (6):

MsoSexc

THSTE —
(Mso — MH,SSrev — UTHTHrev — Sexc)

(6)

The selective sulfur exchange of H,S formed in thiophene HDS
(H25S1g) should be calculated by Eq. (7):

H25 M50 Sexc

HzSSTE = s
(H25mgo — Sexc — Srev)

(7)

where H25mg, is the amount of H,S formed in thiophene HDS

The appearance of radioactive sulfur in thiophene would indi-
cate that some thiophene sulfur < “Secat exchange also takes place,
possibly via “Scat(Hy'S)+C4Hg interaction (H,S addition) besides
the sulfur exchange. The amount of this conversion (denoted
H,S.44) has been calculated from the H, S/C4Hg'S radioactivity
ratio (Iry/Iy,s) among the thiophene conversion products:

Ity

HZSadd = Sexcli (8)
H,S
and then
msoH>S
HZST.add _ soT1293dd (9)

(mso — tHTHrey — Sexc)

where the sum of H2SStg + H, St .44 approaches the value of Stg.

It should be noted, however, that H,S,44 and H,St .44 €Xpress
the appearance of 3°S in thiophene upon the interaction of thio-
phene with sulfur labeled catalysts. This does not mean that
hydrogen sulfide addition is accepted as the only way of 3°S labeled
thiophene formation.

3. Experimental

MoO3/Al;03 of 12 mass% of MoO3 (Mo12) samples were pre-
pared by impregnation of a Pural y-Al,03 (210m?2/g) with an

Table 1
Characteristic data of the catalysts.

aqueous solution of ammonium heptamolybdate. The Ni/Al, O3 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 5h 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 5h at 773K 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 treatmentin vacuum,
following sulfur uptake determination [13]. The Mo- and Ni-
catalysts have been prepared by impregnation of y-Al,03 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%), H,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 H,S uptake
and exchange was described previously [15,16,26,27]. The catalyst
samples (calcined, ~5 x 10-3 g each) were sulfided by H,S/H, or
H,"S/H, mixture of about 53 kPa total pressure and ~2.4-26.7 kPa
H,S partial pressure (py,s) 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 (®Sioa; and ¢Spey 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 = C'Swtal —GSiev.
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 H, 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].

Catalyst? ny; (1017 atoms/mg) nmo (10'7 atoms/mg) Surface area (m?/mg)d mmy (107 mol/s.mg)®
calcP PGAA® calcP PGAA®

Mo12 - - 5.03 6.7 155 2.63

NiMo(0.15) 0.77 0.96 5.03 5.75 172 3.76

NiMo(0.35) 1.80 2.254 5.03 6.43f 179 5.89

NiMo 0.6) 3.08 3.93 5.03 6.51 182 4.51

Ni 6 6.15 6.40 - - 164 0.19

a All catalysts supported on Al,03 of S.A. 212 m?/g.

b Calculated.

¢ Determined by PGAA.

d Ref. [13].

¢ Ref. [14].

f Estimated from similar correlations between calculated Ni and Mo data determined by PGAA.
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Fig. 1. Demonstration of radiosulfur exchange at 673 K (Scac <> H2S) vs. time by gas
phase radioactivity. Catalyst: NiMo(0.35) (a) “Scar <> H2S, as followed by increase
of direct gas phase radioactivity; (b) Scac <> Hz"S, as followed by decrease of direct
gas phase radioactivity measurements; (c) Scar <> Hz"S as followed by the gas phase
radioactivity values measured by liquid scintillation.

The sulfur exchange experiments were performed immediately
after evacuation of the system with the sulfided samples at 673 K,
the sulfidation temperature. The samples sulfided with H,"S and
vacuum treated were exposed to circulating H,S/H, mixture of
different (0.047:0.953-1:1) H,S:H, ratio (proc. a). The samples sul-
fided with non-labeled H,S were exposed to “S-labeled hydrogen
sulfide in a mixture in which the H,"S/H, ratio was equal to that
applied for sulfidation of these samples with H,S (proc. b).

Details of gas phase radioactivity determination are given else-
where [26]. Gas mixture samples were taken for radioactivity
measurements in 15 min intervals using a 1 cm3 volume loop. The
gas phase radioactivity changes due to the radiosulfur exchange
process were followed under this treatment with a flow-through
doped CaF; scintillation detector [29]. Gas phase radioactivity val-
ues have been checked by liquid scintillation measurements, as
described before [13,27].

Data of sulfur uptakes by NiMo(0.35) are presented on Fig. 1a
and, as examples of the gas phase radioactivity changes measured
in 3min intervals. The constant radioactivity, in processes a (Iy)
and b (Ig) was reached for ~20min, like to all catalysts in the
case of exchange experiments. It is seen from the example of
liquid scintillation measurements with the same catalyst (Fig. 1¢)
that somewhat longer time is required to reach the exchange

equilibrium. The exchange experiments were continued therefore
for 60 min in all H,S experiments.

For determination of the sulfur exchange data in the interaction
Sth < Scat, @ 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 673K over the sulfided catalyst samples (5 x 1072 g
each) immediately after evacuation.

H,S and thiophene sulfur exchange were compared on Nil2,
Mo12 and NiMo(0.35) samples presulfided with H, S/H, mix-
tures of ~53kPa total pressure, of 2.4 and of 26.7kPa partial
pressure of H,"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 H,S with the
exchange of sulfur in thiophene, it has been determined in these
experiments that the thiophene conversion rates, the hydrocarbon
and H,S content of the products and the distribution of radioactive
sulfur among H,S 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 1.5cm3 0.1 N NaOH and solubilized in a special lig-
uid scintillation cocktail Clinisosol™ (Inst. of Isotopes Comp. LT).
Distribution of sulfur radioactivity among H,S and thiophene has
been determined by liquid scintillation after 60, 120 and in some

a Pattern of thiophene conversion products

1 3 5 7 9 11 13 15 17 19 21 23 25
retention time
C4H, C4H,4S (thiophene)
b Radioactivity of thiophene conversion products

1 3 5 7 9 11 13 15 17 19 21 23 25

retention time
Hy*S C4H4*S (thiophene)

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 H;S at conversion of thiophene on catalyst sulfided with H,’S.
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cases after 180 min. Fig. 2a and b are presented as examples for the
thiophene HDS product distribution and their radioactivity.

4. Results and discussion

The suitability of the circulation method detailed before [15]
for determination of sulfur exchange in H,S, it has been proved by
the validity of Eq. (7). The Srey, Scat and Stg values are presented
in Table 2. They were determined at different H,S/H, ratio for
NiMo(0.35), with the respective calculated ratio of Stg/Scat (denoted
g). Comparison of data obtained for two different NiMo(0.35) sam-
ples at experiments with the mixture of the same (1:1) H,S/H; ratio
indicated that the maximal error of the mean values is observed for
the Stg-s ~ 10%. The 9Syg values [calculated by Eq. (5)] are nearly
equal with the ®Syg-s [calculated by Eq. (6)] at exchange of any
PH,s : PH, ratio in the range of 0.1:0.9—-1:1. This indicates besides
the validity of Eq. (7), that the adsorption and exchange equilib-
rium on this catalyst has been reached under conditions applied
for these experiments. The Sexc and Stg values were the highest in
the case of exchange in the gas mixture of py,s/(pu,s + pn,) = 0.5,
(i.e. HS/H; =1). No definite tendency—Ilike that for the Stg and Scat
values, can be observed, as the g-values are practically equal (~0.9)
at py,s/(PH,s + pu, ) ~ 0.5 and 0.05, respectively.

In Table 3 are presented the values of Sexc and 9Stg, deter-
mined and calculated by Eqs. (1) and (3) from the HyS < "Scar
sulfur exchange experiments performed on the five catalysts with
H,S/H; gas mixture of py,s~27 kPa and for three of them also at
PH,s~2.5kPa, for comparison. The Table contains also the sulfur
uptake and exchange data for samples (denoted Mo-2 and NiMo-
2) of the same chemical composition as those of the Mo12 and
NiMo(0.6) respectively, determined and presented before [15].

It can be seen that the sulfur uptakes and the Sexc and Stg values
at py,s~2.5 kPa are lower than those at py,s~27 kPa for all samples.
The g-value for Mo12 is higher at low py,s in agreement with that

P. Tétényi et al. / Catalysis Today 181 (2012) 148-155

?6’ NiMo(0.35)
& 57 NiMo-2
° ol NiMo(0.6)
E NiMo(0.15)
"o 34
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< Mo12
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£ Mo-2
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0 | ]
0 2 4 6 8 10 12
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Fig. 3. Correlation between total exchange of sulfur in H,S and thiophene HDS-
activity of the different catalysts (cited from [8] and [9]). 4 (or ¢): samples of Mo-
content, B (or W): alumina supported Ni {the Stg values determined at py,s = 27 kPa
for the catalysts (see Table 2).

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

The Sexc and St values are significantly different for the different
catalysts. Fig. 3 presents the mry vs. Stg graph, indicating a better
correlation (R? =0.9192) between H,S sulfur exchange capacity and
thiophene conversion activity of these samples in comparison with
results observed before [13] between Sc,¢. 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/Al, 03 catalyst (of 16 wt%Mo). The determined
activation energy values for this reaction (84-92 k] mol~1) are near
to that determined in our laboratory for thiophene HDS [14] on
Mo12: 84Kk mol~1.

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

Table 2

Sulfur uptake and exchange? with irreversibly bonded S on NiMo(0.35) at different partial pressure® of H,S at 673 K.
DH,s Mso CStotal CSrev CScat” Sexcd bSexcd St bSrgd ‘g bg
26.7 109.2 229 11.7 11.2 7.9 20.1 9.70 10.30 0.88 0.93
26.7 109.2 233 13.7 9.6 7.7 20.3 9.58 8.19 1.00 0.85
16.0 65.4 16.1 9.1 7.0 4.7 133 6.00 5.38 0.86 0.76

5.3 21.7 13.2 7.9 5.5 2.0 9.8 3.68 3.55 0.65 0.65
2.5 10.5 5.8 2.2 3.6 2.0 4.1 3.32 3.42 0,92 0.95

2 In 10'7 mol/mg.
® ph,s in kPa py, + pu,s = 53.31kPa.
¢ The maximal error of the mean value is: 8%.
4 The maximal error of the mean value is: 10%.

Table 3

Sulfur uptake from H,S and exchange?® with catalyst sulfur for the different catalysts; T:673 K.
Catalyst CSotal CSrev GSeat Sexc ISt g

Ib 1I¢ I 1€ I 11¢ 1P v 1P 1€ I 1€

Mo124 7.4 10.1 21 3.1 5.3 7.0 2.7 4.7 5.0 5.1 0.94 0.72
NiMo(0.15)¢ - 23.5 - 174 - 6.1 - 41 - 5.1 - 0.84
NiMo(0.35)¢ 5.8 231 2.2 12.7 3.6 104 1.9 7.8 33 9.6 0.92 0.92
NiMo(0.6)4 - 235 - 15.2 - 8.3 - 6.5 - 7.6 - 0.91
Ni12d 29 10.9 1.5 6.1 1.4 4.8 1.5 33 21 3.6 1.50 0.75
NiMo-2¢f - 24.0 - 9.9 - 141 - 3.4 - 6.0 - 0.43
Mo-2¢f 8.8 121 4.2 7.2 4.6 5.1 2.5 2.6 3.2 2.8 0.69 0.55

2 In 10" mol/mg.

b Determined at py,s~2.5 kPa.
€ PH,s~27 KPa.

d

Determined before ©Siotar, ©Srev and ©Scar at pu,s~27 kPa for these samples {see Table 1 in [13]}.
© Stotal» Srev, Scat, Sexc and Stg data, determined before {see Yi, Y2, S, Si;;, Sexc and Stg respectively, in Table 2, Ref. [15]}.
f Mo-2 and NiMo-2:molybdena-alumina, and Ni-promoted molybdena-alumina samples of chemical content, similar to those of Mo-12 and NiMo(0.6) in this study,

respectively.
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the decisive role of the number of exchangeable sulfur atoms in the
HDS activity of the sulfided Mo-based catalysts, explained there by
the number of vacancies on edge sites of the Mo slabs. The higher
(by ~40%) value of mry on NiMo(0.15) in comparison with that on
Mo12 [14] at equal Stg and lower S¢a¢ values, is connected possi-
bly with the somewhat higher ratio of the exchangeable sulfur on
NiMo(0.15), as indicated by the higher g-value (Table 3). This sam-
ple occupies a specific place among the NiMo catalysts. The lower
HDS activity, higher activation energy and lower St value for this
sample in comparison with the remaining two NiMo samples [14] is
caused presumably by the low deposition degree of Ni on MoOx [31]
and the presence of two distinct surface phases [32]. This restricts
the promoter effect of Ni: to produce S-uncovered Lewis acid sites
extracting outermost S-atoms and to impede the free access to the
sites [33].

The high ratio of exchangeable sulfur (g=0.7-0.9) indicates a
higher dispersion (higher Segge/Stop ratio) of these samples, than
that determined before [15] for Mo-2 and NiMo-2. This is supported
by the much lower g-values for Mo-2 and NiMo-2 in comparison
with those obtained for Mo12 and NiMo(0.6) respectively. Sulfur
uptake and exchange data for Mo-2 (101 m?/g S.A.) and NiMo-2
(117 m?/g S.A) presented earlier [15], differ substantially from the
Scat- and Stg-values presented in Table 3 for the samples of the same
molybdenum content and Ni:Mo ratio in Mo12 (155 m?/g S.A.) and
Ni:Mo(0.6) of 182m?/g of S.A. respectively. The difference in the
samples surface areas is connected presumably, with the different
alumina supports in this pair of significantly different specific sur-
faces: 180 and 210 m2. Nevertheless, these samples fit to the mmy
vs. Stg correlation presented by the graph in Fig. 3.

The maximal sulfur exchange capacity, i.e. the maximal amount
of exchangeable sulfur atoms (Stg) on NiMo(0.35) is explained
by the maximal number of Ni atoms an the surface on this sam-
ples in comparison with the other NiMo(0.X) samples. This follows
from data in Ref. [14]. The maximal activity in dehydrogenation
cyclohexane — benzene + 3H; was observed on this sampleat 573 K
temperature. This indicated a maximal surface concentration on
this catalyst as this reaction occurs only on a number of metal
catalysts—including Ni—in the temperature range 548-673 K. The
higher surface concentration of Ni-atoms on NiMo(0.35) overcom-
pensates the lower activation energy values of this reaction on the
NiMo(0.6) sample., as indicated by the 80% higher conversion rate
of cyclohexane on this sample. The thiophene HDS conversion rate
on NiMo(0.35) is also higher with ~30% than that on the sample of
0/35 Ni:Mo ratio. These data are in agreement and support the con-
clusion made by Aray et al. [33]: about the nature of NiMoS edge
sites “...the promoter Ni are the most accessible atoms to the exte-
rior of the edges”. This is important both for the sulfided samples
and for the partly reduced ones as the ratio of atomic nickel is only
about 10% in the latter [13] Consequently the repulsive effect of
oxygen in non-reduced NiO should be eluded by the reactant for
interaction with Ni.

Monometallic Ni behaves differently from the Mo containing
samples. Stg/Scac > 1 for the Ni12 sample, determined with the mix-
ture of 0.05:0.95 H,S/H, ratio. This indicates a higher number of
exchanging sulfur atoms, than the number of sulfur species, bound
irreversibly to nickel. This sample does not fit also to the linear
correlation between Str and mry, presented in Fig. 3. This possibly
indicates a different mechanism of thiophene HDS on monometallic
Ni in comparison with that on Mo containing samples. Data pre-
sented in Table 4 on the molecular composition of hydrocarbon
products of thiophene HDS support this assumption on the charac-
teristic difference between monometallic Ni and the Mo-containing
samples in the mechanism of thiophene HDS on these catalysts. A
significant difference in C_4 selectivity values is observed between
monometallic Ni and the NiMo catalysts. It is worth mentioning
that the Bu3 /Bu7 ratio, an indicator characterizing the correlation

Table 4
Molecular composition (%) of hydrocarbons produced in thiophene HDS. T: 673 K;
circulation time: 5 min.

Catalyst Bu Buy Buz Buz /But ZC<4
Mo12 8.4 29.7 55.9 1.88 6.0
NiMo(0.15) 3.9 322 61.1 2.03 2.8
NiMo(0.35) 33 291 63.1 217 4.5
NiMo(0.6) 7.7 31.1 57.8 1.84 34
Ni12 294 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 H,S/H, 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: H,S inhibits the main HDS reaction [1]. The higher amounts
of vacancies on samples sulfided with the mixture of lower H,S/H;
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 H,S. 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 Iy,s > Iy, 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: Ity/Iy,s 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 H,S 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+H,S interaction. This is ther-
modynamically possible: at these conditions K, ~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 Ity /In,s 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
Itn/Iu,s ratios for Ni12 expresses the higher difference in the
ratio in “specific” catalytic activities of these sites in the two
processes—C4H, 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 T™HSy; values were calculated by Eq.
(6) applying Sexc, tH,s and ury data determined at 60 min con-
version of thiophene. The S,y data were determined from H,S
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Table 5
Thiophene conversion and radioactivity distribution of products.

P. Tétényi et al. / Catalysis Today 181 (2012) 148-155

Catalyst Sulfided in Hy"S/H;, (mol%) Thiophene circulation time (min) Converted thiophene (%) Iys [Inys/Inys + I rn Ui /Inys + Fra]
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 50/50 120 713 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 (H,S) uptake by and sulfur exchange of thiophene? with presulfided catalysts; T:673 K.
Catalyst Srev Sexc THSyg HaSSpg HzSadd HSt.add
Presulf. %H,S 45 50 4.5 50 4.5 50 45 50 45 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 0.22 037
NiMo(0.35) 3.6 3.2 14 2.1 2.7 44 1.98 3.64 0.16 0.24 0.19 0.31
Ni 12 2.0 1.5 1.4 1.6 2.0 22 1.38 0.75 0.85 0.32 0.95 0.38

a In 10'7 S atoms/mg units and 10'7 TH or H,S mol/mg units respectively.

uptake and are presented in the table, THe, values (the reversible
adsorption of thiophene) were determined [24] by adsorption of
35S-labeled thiophene [7.6 x 1016 and 6.7 x 106 mol/mg for Mo12
and NiMo(0.35), respectively]. The THey value for Ni12 was esti-
mated to be 5.2 x 1016 mol/mg from the Sey measured for Ni12
and by considering the ratios Syey/THey for NiMo(0.35) and Mo12
(Table 7).

In Table 6 are presented also the H25Sp values (i.e. the total
exchange values of sulfur in H,S formed in HDS of thiophene) cal-
culated by Eq. (7). These are 1.7 x 1017 and 1.8 x 10'7 mol/mg for
Mo12 presulfided with mixtures of 4.5 and 50% H,S respectively.
The fact that the sums H25Stg + H,S,4q are equal to 1.81 x 1017 and
1.71 x 107 mol/mg i.e. to the respective ™St values in Table 6,
indicates the reliability of these calculations. The higher difference
between the sum H25Sg + H,S,4q and the THSyg values in the case
of Ni-containing samples—especially in case of Ni—is presumably
the consequence of the higher XC_4 (and lower XC4) ratio among
the products (see data in Table 4).

The comparison of the thiophene sulfur exchange data with
those for H,S in Table 2 indicates that the degrees of sul-
fur exchange—expressed in the Stg values—are definitely higher
in the case of sulfur exchange in H,S, ie. Stg > H25Spe. The

Table 7
Adsorption potentials (Qx-cat + Qy-cat) Of the catalysts and activation barrier values
(Exy) for H and CS bond dissociation (units in kJ).

Catalyst Qu-cat * Qs-car QC-cat + %-cat *Esn 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

3 Accepting for Qsy 340K] [41].
b Accepting for Qcs 297 k] [42].

sequence of sulfur exchange activity is however the same for
S in thiophene than that of S in H,S, for the three samples:
NiMo(0.35)>Mo12 > Ni12.

The higher Sexc and Stg of sulfur in HyS could be explained by
Balandin’s approach [40] on the basis of the energy barrier values
of the two exchange processes. If the exchange H,S < H,"S would
require the dissociation of S-H bonds then the energy barrier of
this process on the catalyst (3'Esy ) would be

CEsyy = Qsn — [Qu-cat + Qs-cat]

The exchange of sulfur in thiophene: C4H4S < H,'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:

(10)

catESC = QSC - [Qc—cat + QS—cat]

The bond strength values Qsy and Qsc are 340 [41] and 297 k]
[42], respectively, whereas the Qc_cat, Qs.car and Qu-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
CatEq and “Egc values calculated by Egs. (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 H,S, whereas
the sequences of the adsorption potentials.

(QH-cat * Qs-cat) and (Qc.cat + Qs.car) are identical for the NiMo
samples. This explains the higher S exchange between “Sci
and S in H,S, 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].

(11)
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The Moscow Group in the N.D. Zelinsky Institute based on stud-
ies of thiophene HDS in atmosphere of H, labeled with tritium (3H)
and evaluation of the radioactivities in all reaction products [21,22]
came to the conclusion [38], that thiophene HDS and exchange in
H,S proceeds by the same mechanism, and the rate limiting step of
this process is:

H*S-cat + H, — Hcat + Hy*S-cat (1

i.e. the interaction between surface-bonded “SH and gas phase,
or physisorbed H,. Consequently the dissociation of S—-H bond(s)
plays no role in the sulfur exchange of thiophene. This is in agree-
ment with data in Table 7, as the S-H bond dissociation on the
Mo containing samples is an exothermic process, consequently, by
the bond strength approach this step could not be a rate determin-
ing one. From other side, both the thiophene hydrodesulfurization,
resulting—via recyclization—in formation of “S-labeled thiophene
and the direct exchange of sulfur in thiophene (C4H4S < Hy'S)—if
it proceeds at all—would require the S-C bond dissociation of a high
energy barrier.

It should be noted that the lower activation energy of sulfur
exchange—named their S-liberation—in comparison with that of
dibenzothiophene HDS on the same Mo/Al,03 [30] catalyst indi-
cates a definite difference between the two processes. It follows
from this that there would be of interest to determine the activa-
tion energy values of "Scat exchange with Sin H,S that of "Scat — for
comparison those with the values in exchange of “Sca; with sulfur
in thiophene.

5. Conclusions

The amount of total sulfur uptake and exchange is a function
of the partial pressure of gas phase H,S. Both the reversible H,S-
uptakes and the irreversible ones decrease with decreasing H,S
partial pressure; the latter becomes nearly constant at low partial
pressure. Sulfur exchange data indicate that a high ratio (70-90%)
ofirreversibly bound sulfur is exchangeable with sulfur in gas phase
H,S; it follows from that a high dispersion (Seqge/Stop ratio) of
the samples. A definite linear correlation was found between the
total H,S sulfur exchange capacity of the Mo-containing catalysts
and their thiophene hydrodesulfurization activity. The maximal
amount of exchangeable S-atoms, and the maximal HDS activ-
ity of nickel promoted molybdena of 0.35:0.65 Ni:Mo ratio is
explained—in agreement with Aray’s conclusion—by the maximal
number of surface Ni-atoms accessing the reacting molecules on
that sample.

Comparison of sulfur exchange by hydrogen sulfide formed
in thiophene HDS (H25Stg) with Scat (H25<—>*Scat) and that by
thiophene (THSp in C4H4S < "Scar) indicates that the total sulfur
exchange (Stg)in HyS < “Scat is different from that occurring at con-
version of thiophene on catalysts containing “Scat. At PH,s = 27 kPa
H,S H25Spg > THSg; this is observed also at py,s = 2.4 kPa with the
exception of monometallic Ni. The Stg/Scat values are different for
the different samples. This value is the highest on NiMo(0.35) both
for HZSSTE and ™ StE-

The radioactivity data indicate that some H,S addition to C4-
hydrocarbons, products of thiophene conversion occurs on all
samples, besides sulfur exchange between "Scat and H,S in case
of thiophene conversion. The ratio of the two processes was dif-
ferent for the different samples; the H,S addition was, however,
substantially lower than that of the S-exchange.
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