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Abstract

Hydrodesulfurization of thiophene has been studied over alumina supported sulfided
molybdena, nickel-promoted molybdena and over nickel (Mo, NiMo and Ni) cata-
lysts. The experiments were carried out with a mixture of thiophene, labeled with
radioactive carbon (thiophene—[G—]-”C) and of non-radioactive tetrahydrothiophene
(1:1 mol ratio) in a micro catalytic system. It was established, that the main products
were tetrahydrothiophene-MC, 1-butene-'*C, 2-butene-'“C, butane-'“C. Tetrahy-
drothiophene-'C was a major intermediate in the conversion of thiophene—!*C in
the experimental condition applied. The amounts of converted tetrahydrothiophene
on the catalysts were substantially higher than those of thiophene under the same
conditions. Hydrothiophene and dihydrothiophene—'C were intermediate products
in the hydrodesulfurization of thiophene and tetrahydrothiophene. The hydrodes-
ulphurization of tetrahydrothiophene was paired with dehydrogenation, producing
small amounts of thiophene. The experimental results have been considered in the
discussion of the mechanism of thiophene and tetrahydrothiophene desulfurization
reaction pathway.

Keywords Mo - NiMo - Thiophene HDS - HDS mechanism - Isotope labeled
thiophene

Introduction

The removal of sulfur is crucially important in processing of petroleum feed mate-
rials. It is accomplished via hydrodesulfurization (HDS) of the sulfur containing
organic compounds. Generally, thiophene (TH) is used as a model reactant to study
this process, because it represents the sulfur containing aromatic compounds, that
are, in some extent, resistant to desulfurization.

<l Tamas Ollar
ollar.tamas @ek-cer.hu

Institute for Energy Security and Environmental Safety, Centre for Energy Research,
Konkoly-Thege M. 29-33, 1121 Budapest, Hungary

@ Springer


http://orcid.org/0000-0001-8072-7928
http://crossmark.crossref.org/dialog/?doi=10.1007/s11144-021-02086-6&domain=pdf

698 Reaction Kinetics, Mechanisms and Catalysis (2021) 134:697-710

There have been numerous concepts published about the mechanism of HDS of
TH [1-16] in the literature. As a matter of fact, one of them [2] states that the rup-
ture of the >HC-S— bond is the consequence of the p—C—H dissociation and the
hydrogenation of the fragment with other hydrogen molecules. Another concept is
based on the direct dissociation of the >C-S bond due to the interaction with out-
side hydrogen, followed by hydrogenation of the fragments and desorption of the
hydrogenated products from the catalysts surface [3]. It has also been proposed [5]
that the partial hydrogenation of the >C=C< bonds in TH results in the formation of
tetrahydrothiophene (THT), an intermediate of the hydrocarbons produced in HDS
of thiophene.

This statement has been confirmed by other study [6], where the conversion rate
of thiophene was compared to that of the THT during HDS. The HDS turnover fre-
quencies of TH and THT were compared on catalysts containing Mo"*-ions in dif-
ferent oxidation states (n=2, 4 or 6). The HDS activity was substantially higher on
samples with Mo?*, than on with Mo** and the activity was the minimal on the
samples containing Mo®*. The activity on the silica supported sulfided molybde-
num (MoS,) samples showed much higher catalytic activity, than those on the non-
sulfided ones.

A simplified model of the HDS of TH (Fig. 1) presents the latter two of the above
mentioned mechanisms [5, 6], indicating both the direct and stepwise HDS reac-
tions. Moses et al. [17] compared the two pathways with DFT calculations and pre-
sented a detailed overview of the reactions. Not only the presence of both routes of
HDS, but also the different role of Mo- and S-sites in HDS on the sulfided catalysts
was explained.

The HDS of TH has also been studied by using deuterium isotope on sulfided,
alumina supported Mo, Ni and Ni—promoted Mo catalyst [18]. The interaction of
TH with D, and with deuterium containing H, indicated that the HDS proceeds via
the interaction of the TH with external hydrogen and that intermolecular TH conver-
sion with participation of their f-hydrogen atom does not play role in the reaction.

Apart from the detailed studies of sulfur uptake and exchange in a number of
laboratories with 3°S [19], radiotracer studies on the mechanism of this reac-
tion with '*C labeled sulfur containing compounds have not been carried out [20].
However, the conversion of *C labeled thiophene was studied by Somorjai and
Bussel [21]. They focused on the formation of carbon on the clean and on carbide
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Fig. 1 The simplified possible ways for HDS of thiophene [5]
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containing single crystal Mo(100) catalyst, they observed increased HDS activity
of the sulfided samples when the sulfur was removed from the surface by evacua-
tion. Our results [22, 23] confirmed their observation: we observed linear correla-
tion between the sulfur exchange capacity and the HDS activity of sulfided, non-
promoted and of Ni-, Co-, Pd- and Pt promoted molybdena—alumina, furthermore
of Ni—promoted silica—alumina supported tungsten catalysts. The existence of this
correlation indicates that the sulfur exchange capacity is similar to the HDS activity
of the sulfided catalysts. However, it had been shown in several publications [24,
25], sulfur exchange is not equal to sulfur replacement in the course of thiophene
HDS. The correlation observed by the authors relates to sulfur replacement and cat-
alytic activity and is correct only for the catalysts of similar composition. Similar
catalysts (NiMo, NiW on Al,0;) were compared in our last study, and the linear cor-
relation between sulfur exchange and catalytic activity was even clearer than in our
previous work [26]. Comparison of catalysts differ by carrier nature, active metals
etc., may not lead to linear correlation but to more complicated dependence.

We provided a study of the selectivity in TH conversion on three catalysts of sub-
stantially different HDS activities observed in our former [27, 28] studies of sulfided
Mo-alumina and NiMo-alumina of 0.35 atomic Ni/Mo ratio (Mo and NiMo) and of
the alumina supported nickel catalyst (Ni). In the investigation the conversion of a
mixture of TH with THT has been studied, whereas the TH was labeled with radio-
active carbon (thiophene—'*C). In additional experiments, it has been established
[16] that THT is not an intermediate at atmospheric pressure but it may be a major
intermediate at high pressure and low temperature [8, 9]. Therefore, it was particu-
larly interesting to study the formation of THT and 2,5-dihydrothiophene in condi-
tions of thiophene HDS at atmospheric pressure, different temperature using mark-
edly different catalysts.

There has been used '“C radioisotope in the present study for the answer to these
questions and the experiments have been carried out at atmospheric pressure and
different temperature in the micro catalytic pulse system applied in our laboratory
described in details elsewhere [27-29]. Our detailed comments are given on the
nature of the conversion products and the elementary steps of the mechanism of
thiophene HDS.

Experimental

The experiments have been performed on sulfided Mo, NiMo, and Ni samples in
conditions, applied before. MoO;/Al,0; of 12 mass% of (Mo) samples were pre-
pared by impregnation of a Pural-Al,O; (210 m%*/g) with an aqueous solution of
ammonium heptamolybdate. The Ni/Al,O5 catalyst (Ni) was prepared by impreg-
nation 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 Ni-promoted molybdena-alumina catalyst (1.75 mass% calculated
for Ni) were prepared by impregnation of the dried, (not calcined) Mo sample with
aqueous nickel nitrate solution, dried and calcined for 5 h at 773 K temperature.
The catalysts samples have been sulfided with a mixture of hydrogen sulfide (H,S)
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with hydrogen (H,) of 1:1 molar ratio. Table 1 presents the data of the catalysts
specific surface area determined by N, adsorption and their chemical content, cal-
culated from the amounts and correlation of materials applied for preparation [31]
and determined [28] by prompt gamma activation analysis (PGAA). There are also
presented in Ref. [31] the method of treatment of the samples with mixtures H,S/H,
and detailed data of the irreversible sulfur uptakes determined by their sulfidation in
circulation system [22] with H,S, containing radioactive sulfur (H225$). The amount
of sulfur uptakes of catalysts were determined from the decrease of the gas phase
radioactivity values (5S;,,) at circulating of the mixtures H,*S+H, up to the con-
stant gas phase radioactivity values were reached. The amount of irreversible sulfur
on the catalysts (°S;,) were determined by the radioactivity of the samples after their
treatment in vacuum [31], and calculated also (°S. ), from the amounts of sulfur

1rr
uptake values by vacuum treated samples determined in their repeated sulfur uptake
experiments provided with H,?>S/H, presented also in Ref. [31].

The chemicals applied in the experiments were the follows: thiophene and tet-
rahydrothiophene Merck Co of purity >98% and ~99.9, and hydrogen Messer Hun-
garogas L.T. of purity 99.5%.

Thiophene—!*C was synthesized according to the following procedure: 1.378 g
BaCO; and 1.9 mg Ba14CO3 (of 10.73 GBq/g specific radioactivity) were mixed
with barium metal by filling them in a Pyrex tube, and the mixture was heated at
973 K in argon flow, and reduced rapidly to barium carbide—!“C at this tempera-
ture. The Pyrex tube was broken then to pieces and the barium carbide—'*C hydro-
lyzed by a solution of hydrochloric acid in hydrogen flow in a suitable apparatus.
The formed acetylene—'*C was purified on pellets of magnesium perchlorate and
sodium hydroxide, frozen with liquid nitrogen in a trap and it was connected to a
vacuum manifold. The hydrogen was removed, and the amount of expanded acet-
ylene—'*C was determined by pressure of that. It was mixed with the amount of
hydrogen sulfide required by the stoichiometry for the production of thiophene. The
mixture was homogenized and reacted on Al,O; at 623 K in a circulation process.
The formation of thiophene—!'C was followed by GC analysis, then the gas mix-
ture was frozen in liquid nitrogen. After the exchange of cooling to — 40 °C the

Table 1 Characteristic data of the catalyts

Catalyst sup- Ni?® 10"7atoms/mg Mo? 10'7atoms/mg Surface Sulfur®
ported with Al,O4 area® m%/g 10"atoms/mg
BET
Calculated ~ PGAA  Calculated  PGAA 58 Ss,..
Mo - - 5.03 6.7 155 5.8 7.0
NiMo 1.80 2.25 5.03 6.4 179 10.5 10.4
Ni 6.15 6.40 - - 164 4.5 4.5

“The content of Ni and Mo atoms in the samples, as calculated and as they determined [25] by prompt
gamma activation analysis(PGAA)

The specific surface areas of the samples before sulfidation, determined by adsorption of N 2

The amounts of sulfur, irreversibly bonded (5S,,, calculated from catalysts radioactivity and S, calcu-

lated from changes of gas phase radioactivity values at sulfidation of the samples with H23SS) [28]
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non-reacted acetylene-'*C and hydrogen sulfide were separated by freezing in a res-
ervoir. Stopping of the freezing, the formed thiophene-'*C was distilled and diluted
with non-radioactive thiophene. The chemical purity (99%) and the specific radio-
activity (180,750+425 dpm/mg) of the product was determined by GC and LSC,
respectively.

The catalytic conversion of non-labeled THT and of its mixtures with thiophene-
14C was carried out on sulfided catalyst samples of 10 pl in the pulse catalytic micro
system applied in our laboratory described in details elsewhere [29, 30]. The amount
of THT and TH conversion products were determined by GC. In experiments with
thiophene-'*C the fractions were introduced into three different vessels absorbing (i)
C, products, (ii) the non-converted thiophene14C, and (iii) the THT burned by FID,
absorbed in solution of 0.1 M sodium-hydroxide. The radioactivity values of these
fractions was determined in LSC using Clinisosol liquid scintillation cocktail and
calculated the distribution of the radioactivity (%) among the fractions.

The degrees of conversion was calculated from the values of non-reacted THT
and TH at injecting pulses of liquids (of 4.3 pl, i.e. 1.71x 10" and 1.179x 10'® mol-
ecules of THT and TH). The flow rate of the carrier gas (30 or 40 NTP ml/min of
H,) was accepted as equivalent with the low rate of the reactant pulses [32, 33].
The experiments of the reactants conversions have been provided at the tempera-
ture range of 593-673 K. The obtained data in the majority of cases indicated defi-
nite increase of the conversion rate of THT and TH at increasing temperature. The
degree of the THT conversion on the samples, containing NiMo and Ni was very
high—mnear to a total one—at temperatures over 593 K.

On these two catalyst samples the temperature dependence of the THT conver-
sion was determined at a wider—473-673 K—interval of the temperature, and the
values of the temperature coefficients—accepted generally, for virtual activation
energy values—of the HDS of these compounds were calculated from the conver-
sion data determined at a lower—473-573 K—interval.

Results and discussion

Table 1 presents the characteristic data of the catalyst, used in the experiments. The
HDS conversion of the mixtures of thiophene, labeled with radioactive carbon thio-
phene-'“C and not labeled THT (of 1:1 ratio) have been studied in the temperature
interval of 593-673 K. Fig. 2 shows the results of chromatographic separation and
analysis of the conversion products. Conversion data determined during the HDS of
these mixtures can be found in Fig. 3. The results indicating the appearance of THT-
14C, besides the C,-hydrocarbon-'*C products, minimal amount of 2,5-DHT *C and
2-HTH-'*C. Furthermore, data in these tables indicate substantial radioactivity val-
ues of THT, consequently that is a main intermediate of HDS of thiophene-'*C at
atmospheric pressure. This is different from the observation of Borgna et al. [16]
and is connected presumably with the differences in the reaction conditions applied
herein.

By comparing the data in Fig. 3, it can be seen that the highest radioactivity in
the THT obtained on the sulfided Mo catalyst at the flow rate of 30 NTP ml/min at
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Fig. 2 Distribution of the products of HDS conversion of the mixtures of thiophene, labeled with radio-
active carbon thiophene-!*C and not labeled THT (of 1:1 ratio) in pulse reactor over MoS, catalyst at
623 K. The results of chromatographic separation and analysis of the conversion products (a) and the
distribution of the radioactivity among the conversion productsproducts (b) (Products: C, TH thiophene,
2 HT 2-hydrothiophene, 2,5 DHT 2,5 dihydrothiophene, THT tetrahydrothiophene)
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Fig. 3 Distribution of the radioactivity values (%) among the products at the conversion of the mix-
ture of thiophene-'4C + tetrahydrothiophene (molar ratio 1:1) on sulfided catalysts of 10 mg at dif-
ferent temperature and 30 NTP ml/min flow rate of H,(TH:thiophene,DHT: dihydrothiophene,
THT:tetrahydrothiophene)

the conversion of the mixtures (thiophene-'“C + tetrahydrothiohene). The radioactiv-
ity of THT was lower on Ni, and a minimal value was measured on the NiMo cata-
lyst.This is connected with the increase of *C infiltration at increasing temperature
and with the substantially higher amounts of the C, hydrocarbons, produced from
THT on NiMo.

In all other cases the radioactivity values of TH-'*C were substantially 36 times
higher than those of THT-'*C. This is the consequence of the much higher extent
of HDS and higher degrees of THT conversion, than those of TH, as this was indi-
cated by comparison of the respective data in Fig. 3 with those in Tables 4. Minimal
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Fig. 4 Distribution the radioactivity values (%) among the products at the conversion of the mixture of
TH-'*C+THT (molar ratio 1:1) on sulfided catalysts of 10 mg at different temperature and 40 NTP ml/
min flow rate of H,

Table 2 Percentage of

Catalyst But 1-Buts 2-Buts 2-Bu/l.B
hydrocarbon products at the aays atane utene utene i
: 0
HDS of thlophene at 673" K and Mo 8.4 297 55.9 1.88
30 NTP ml/min flow of H, .
NiMo 33 29.6 65.1 2.20
Ni 29.4 8.8 47.7 542

Reaction time 5 min in circulation system

amounts of DHT also formed at the flow rates of 30 NTP ml/min, as that is indicated
on tables.

The ratio of the HDS conversion were lower at higher—40 NTP ml/min—flow
rates of the mixtures of TH-'*C + THT (Fig. 4). The absence of radioactive DHT at
the conversion at these flow rates, different from the case of THT-'*C, indicated the
stepwise HDS of TH. The absence of DTH among the products is connected pre-
sumably by substantially higher amounts of the converted THT in comparison with
those of TH.

The data of repeated extents and rates (mqyy) of the conversion of TH is presented
in Table 4, at 673 K on the three catalysts. Measurements by GC indicate the highest
ratio of the C;—~C,—butenes and butane among them, in agreement with our former
observation Table 2. Similar data have been found in the distribution of the radio-
activity in C4 (Table 3.) The amount of 2-butene is higher than 1-butene + butane
among the C, products of thiophene conversion wich indicates the hydrogenation
of thiophene producing 2-hydrothiophene followed by additional hydrogenation
the isomerization of >C=C< resulting the formation of 2,5DHT. There have been
observed also minimal amounts of DHT and THT at the conversion. This observa-
tion raised the question of stepwise HDS of TH.

This question initiated to perform experiments of the separate conversion of THT
on the same catalysts. The determined data are presented in Figs. 5, 6. Comparison
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Tab.le 3 .D.istribut.ion of the Catalyst Butane 1-Butene 2-Butene 2-Bu/1-Bu
radioactivity (%) in C, products
at 673 K, and 30 NTP ml/min Mo 8.9 31.6 59.4 1.88
flow of H, .
NiMo 34 29.9 66.6 2.20
Ni 342 10.2 555 5.50

Reaction time 5 min in circulation system
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Fig.5 Conversion of THT on sulfided Mo, NiMo and Ni catalysts catalyst. Dynamic system; amount of
catalysts: 10 mg; Flow rate of H,(v,): 30 NTP ml/min, i.e. 1.25x 10'® mol/s mg,,; in % of components
containing four ¢ atoms; mqyy: tetradydrothiophene conversion rates in units of 10" mol/s mg,,,
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Fig.6 Conversion of TH on sulfided Mo,NiMo and Ni catalysts. Dinamic system; amount of catalysts:
10 mg; Flow rate of H, (v,): 30 NTP ml/min, i.e. 1.25x10'® mol/s mg.,; in percents of components,
containing four carbon atoms; mqy;: thiophene conversion rates in units of 10'7 mol/s mg,,,
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Table 4 Conversion rates of TH T °K

on sulfided Mo, NiMo, and Ni Conversion Product selectivity
catalysts in temperature interval % My >C, DHT THT
of 593-673 K
Mo
593 28.0 3.50 0.98 >0.01 0.01
623 51.3 6.41 0.98 >0.01 >0.02
653 75.5 9.44 0.97 >0.005 >0.03
673 79.4 9.93 0.95 >0.005 >0.04
593 249 3.11 0.98 >0.01 0.01
NiMo
593 26.2 33 0.99 >0.01 0
623 352 44 ~1.0 >0.01 0
653 33.1 4.1 0.99 >0.01 >0.01
673 32.0 4.0 0.99 >0.01 >0.01
593 23.4 2.9 0.99 >0.01 0
Ni
593 7.5 0.09 0.97 0 0
623 10.9 0.13 0.99 >0.01 0
653 23.0 0.29 0.98 0 0
673 222 0.28 0.95 0.01>0.01
593 5.7 0.07 0.98 0 0

Dynamic system; amount of catalysts: 10 mg; v;: 30 NTP ml/min,
i.e. 1.25% 10" mol/s mg; myy,: TH conversion rate at 623 K in units
10'7 mol/s mg,

of these data with those in Table 4 indicates substantially higher extents of the THT
conversion in comparison with those of TH in the same temperature intervals. Total
conversion was obtained on the NiMo in the same (593-673 K) temperature range
and near total conversion (70-80%) on the Ni, whereas it was substantially lower on
the Mo sample. The small temperature dependent amounts of TH among the prod-
ucts on the three catalysts indicated a minimal dehydrogenation of THT.

The calculated temperature coefficients (visual activation energy values) from the
“Arrhenius straight” of the TH conversion were definitely higher on Ni than on Mo
in agreement with the higher degree of the TH conversion on Mo, as that is seen on
Fig. 7. Different from that, no temperature dependence of the TH conversion was
observed on the NiMo, and the degree of TH conversion were the highest on this
catalyst.

The same temperature dependence of the THT conversion has been also observed
on the Mo sample. The conversion rates were substantially higher on the NiMo and
Ni, their temperature dependences have been determined from the temperature coef-
ficients at lower—493-553 K—temperature region. The plots of log m vs. 1/T cal-
culated from the “Arrhenius straights” of THT conversion are presented on Fig. 8.

Comparison of the data in Figs. 5, 6 with the respective ones in Table 4 indicates
substantially higher degrees of the THT conversion in comparison with those values
at the conversion of TH. The temperature coefficients of the THT conversion rates
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Fig.7 The calculated temperature coefficients (visual activation energy values) from the “Arrhenius
straight” of the thiophene conversion on Ni and on Mo
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Fig.8 Conversion of tetrahydrothiophene on sulfided Ni/Al,05, Mo/Al,05 and NiMo/Al,O; catalysts

were lower on the Mo and NiMo, than that of determined from the TH conversion
rates on the same catalysts. Different from this, the temperature coefficient of the
THT conversion on the Ni was substantially higher than that of TH.

This observations raise the question: why the amounts and the rates of THT
HDS are substantially higher, in comparison with those values of TH in all respec-
tive cases? Our opinion, it is caused by the differences in the bond energy values
of the >C-S bonds (Qcg), as those are higher in CH,=CH-SH 318 kJ (given as
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76.6 kcal in Ref. [33], than in CH;CH,—SH 286 kJ (given as 69 kcal [31]. It fol-
lows from the respective bond strengths of C;H,CH,—SH Q~5=304.3 kJ (given
as 72.8 kcal [34]), higher than the value of Qrg=251.6 kJ (given as 60.2 kcal
[35]) in CH,=CHCH,—SH, that the HDS of 2,5 DHT is higher than that of TH.
This approach gives an explanation also for the presence of minimal amounts of
2,5 DHT and 2-HTH among the products of thiophene HDS. The temperature
coefficient of the conversion of THT on NiMo is lower substantially, than that on
Ni (Fig. 8). This is caused by the substantially (~three times) higher ratio of the
>C—C< bond rupture on Ni in comparison of that at the TH conversion on this
NiMo as the determined before [28].

Fig. 9 represents a schematic diagram over the HDS of TH on the sulfided Mo,
NiMo, and Ni catalysts. As can be seen in Fig. 2 could be identified in the prehy-
drogenation step the formation of 2-HTH-'*C and 2,5-DHT-'“C in the conversion
process of TH-'*C. It was only possible by the application of pulse microanalyti-
cal technique since 2-HTH but also 2,2-DHT have a very short life time before
the transformation into THT. The main process was the formation of THT in our
dynamic system and over the applied catalysts and followed a rapid scission of
both S—C bond because the both bonds are equivalent and they have lower energy
values than CH=CH-SH. Our results suggest that butadiene does not form from
2,5-DHT by the elimination of both S—C bond. NiMo catalyst had higher effect
on this process.

In the conversion of THT minimal amount of 2,5,-DHT 2—HTH and TH could
be also identified (Fig. 7) as a consequence of the minor dehydrogenation process
on the catalysts.

DS
- "2
thiophene dihydrothiophene .
—
S
——

- “H, +H, -2 H,
S — S —> | S f
— N
| +H,
+2 H, "
+H, \ \/\
- =
\ HZS 1-butene 2-butene

1,3-butadiene K, ) “2 —
+ HS — 'S + ||
—

+2 " thiophene

bulanr
hulanc

Fig.9 The scheme of the mechanism of thiophene HDS

@ Springer



708 Reaction Kinetics, Mechanisms and Catalysis (2021) 134:697-710

We consider that our present study—applying the radiotracer technique and pulse
microanalytical method—can contribute to better understanding of the complicated
conversion of TH on the different sulfided catalysts.

Conclusions

As our former publication showed [36] the isotope tracer technique is a reliable
method for mapping of byproducts of a mechanism. Based on the results of the pre-
sent study the following statements can be made: the THT is a major intermediate
in the conversion of TH on our single sulfided Mo, NiMo, and Ni catalyst at atmos-
pheric pressure in the pulse microanalytical sytem.

Small amount of 2-HTH and 2,5-DHT could be identified in the hydrogena-
tion process of TH. Both intermediates are more reactive because the stability of
these species follows the order: THT >2,5-DHT >2-HTH. This can provide a good
explanation that 2-HTH can hardly observed in the experiment, while THT can be
observed easily [37]. The conversion of THT is preferential because both S—C bonds
are equivalent and have lower energy value than -CH,=CH-SH. NiMo has higher
activity in this process than Mo and, Ni catalysts.
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