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AbstractmPalladium sulfide catalysts are active for the hydrogenation of thiophenes of different structure in 
hydrocarbons at 220-300~ and 3.0-9.5 MPa. Thiophenes and benzothiophenes are close in reactivity. An 
increase in palladium sulfide concentration in the catalyst leads to an increase in the reaction rate per 1 g of the 
catalyst but has only a slight effect on the specific reaction rate of hydrogenation calculated per 1 g of Pd. The 
specific activity of palladium sulfide supported on aluminosilicate is one order of magnitude higher than that of 
PdS without a support and the catalysts supported on the aluminum oxide and carbon. The aluminosilicate-sup- 
ported catalyst is also more selective. 

INTRODUCTION 

Thiolane and its derivatives are used in the produc- 
tion of biologically active substances, antioxidants, and 
polymers [ 1 ]. A promising method for thiolane synthe- 
sis is the catalytic hydrogenation of thiophenes [2]. 
Metallic palladium (1-10 wt %) supported on y-Al203, 
SiO 2, activated carbon, or barium sulfate accelerates 
the hydrogenation of thiophenes to thiolanes in solu- 
tions at T = 20-80~ and P = 0.1-5.0 MPa; however, 
the catalysts are rapidly deactivated. Transition metal 
sulfides are more stable under the reaction conditions; 
however, they are active at T > 100~ and a high hydro- 
gen pressure. The best results were obtained in the liq- 
uid-phase hydrogenation of thiophenes on alumina- 
palladium sulfide catalysts: over 1 g of 2.4% PdS/AI203 
at T = 200~ and P = 24 MPa, thiophene produced thi- 
olane at a yield of 48% and a selectivity of 80% for 3 h; 
at the same temperature and P = 5 MPa, 2-methylth- 
iophene produced 2-methylthiolane for 1 h with a yield 
of 40% and a selectivity of 100% [2-5]. The effect of 
the nature of the support and the palladium content on 
the activity of the catalysts was not investigated. 

In this work, we studied the hydrogenation of 
thiophene, benzothiophene, and their alkyl derivatives 
over sulfide-containing catalysts of different composi- 
tions. 

E ~ E R ~ E ~  

PdS without a support was obtained by precipitation 
with hydrogen sulfide from a hot hydrochloric acid 
aqueous solution of PdCI 2. We also used catalysts con- 
taining different amounts of palladium sulfide supported 
on the following supports: y-Al203 (Ssp = 200 m2/g), amor- 
phous aluminosilicate with anAl content of 12 wt % (Ssp = 
370 m2/g), and Sibunit carbon support (Ssp = 560 m2/g). 
The catalysts were prepared by the impregnation with a 

hydrochloric acid aqueous solution of PdC1 z to incipi- 
ent wetness, drying at 120~ and treatment with 15- 
20 vol % H2S in argon or hydrogen at 150~ for 1 h. 
Some samples were additionally reduced at 290~ for 
1 h before or after sulfurization. Metallic palladium cat- 
alysts were obtained by reduction of supported PdCI2 
with hydrogen at 290~ for 16 h. The Pd and S concen- 
trations in the catalysts were determined by elemental 
analysis. The state of Pd in the catalysts was investi- 
gated by IR spectra of CO adsorbed on the catalyst 
samples; the spectra were recorded on a Specord-75IR 
spectrometer. The dispersity of palladium sulfide on 
supports was estimated using a JEM-100 CX electron 
microscope with a resolution of 5 A, and the dispersity 
of metallic Pd was found by oxygen chemisorption [6]. 
The amounts of coke in the deactivated catalysts were 
determined by ESR as described in [7]. 

All chemicals were reagent or chemically pure 
grade. 2-Methylthiolane (MTL) was obtained by the 
hydrogenation of 2-methylthiophene (MT) over an alu- 
mina-palladium catalyst. 

Hydrogenation of thiophenes in dodecane or cyclo- 
hexane was carded out in a batch setup with a shaken 
stainless steel reactor (100-ml) equipped with an elec- 
tric oven. The reactor was charged with 20-30 ml of a 
reaction solution and shaken 800 times per minute in 
one direction. To determine the catalyst activity, each 
run lasted 0.5-1 h. All measurements were carried out 
on the catalysts with a particle size of 0.16--0.25 mm. 
When the particle size was decreased to 0.06-0.1 mm, 
the rate of MT conversion at 260~ and P = 8 MPa did 
not increase, pointing to the absence of diffusion con- 
trol. In the determination of the catalyst activity, all 
experiments were carried out on fresh catalyst samples. 

Thiophene, alkyl thiophenes, and benzothiophene 
were determined by GLC (flame-ionization detector; 
3 m x 3 m m  column packed with 5% XE-60 on Chro- 
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maton, and 0.20-0.25 mm). The total sulfur content and 
sulfidic sulfur content in the products of 3-methyl- and 
3,5-dimethylbenzothiophene hydrogenation were 
determined according to [8]. To identify the products 
containing thiolane rings, they were isolated from the 
hydrogenation products as complexes with AgNO 3 [9]; 
oxidized to sulfoxides; and analyzed for sulfoxide sul- 
fur and for total C, H, and S contents using elemental 
analysis. 

From these analyses, we calculated the conversion 
of initial thiophenes (x), the product yield (in mol %), 
and the selectivity (S). We determined the rate of con- 
sumption of the initial substrate or the rate of the prod- 
uct formation at a given conversion; the rates were cal- 
culated for I g of the catalyst (W, mmol (g Cat) -l h -1) or 
for 1 g o fPd  (Wsp, mol (g Pd) -l h-l). The stability of cat- 
alysts during the hydrogenation of MT was studied as 
follows. The reaction was carried out on a catalyst sam- 
ple for 1 h to determine x and S values, the solution was 
decanted, and the hydrogenation reaction was carried 
out with a fresh portion of the solution for 1 h. The pro- 
cedure was repeated several times. The stability of the 
catalyst was taken to be the amount of MTL (in mmol/g 
Cat) formed until the conversion x decreased to a given 
value. 

RESULTS AND DISCUSSION 

The hydrogenation of thiophene, benzothiophene, 
and their alkyl derivatives in the presence of 
2.5PdS/AI2031 was carried out in cyclohexane solu- 
tions at an initial concentration of NO. 1 mol/l, T = 200~ 
P = 5 MPa, and different contact times, Under these 
conditions, the hydrogenation of the thiophene ring 
yielded thiolanes or 2,3-dihydrobenzothiophene: 

~ R  + 2H2 - -~  ~ - ~  R 

~ S - ~  R + 2H2 ) ~ ~ S  ~ R  

where R -- H or alkyl. H2S and aliphatic or aromatic 
hydrocarbons were also present in the products. The 
contact times corresponding to x = 35-40% were deter- 
mined from kinetic curves; the values obtained were 
used to calculate the reaction rates and selectivities at 
this conversion. A comparison of the results (Table l) 
shows that thiophenes with different structures are 
close in their reactivity with respect in thiophene ring 
hydrogenation. 

The effect of the reaction conditions on the hydro- 
genation rate and the dependence of the activity and 
selectivity of catalysts on their composition were inves- 

1 Henceforth, the number preceding PdS indicates the Pd concen- 
tration in the catalyst in wt %. 

Table 1. Hydrogenation of thiophenes in cyclohexane on 
the 2.5PdS/A1203 (T = 200~ P = 5 MPa, x = 35-40%) 

Hydrogenation substrate W*, mmol g-1 h-l S**, % 

Thiophene 

2-Methylthiophene 

2-Propylthiophene 

2-Hexylthiophene 

2-Octylthiophene 

2-Butyl-5-methylthiophene 

Benzothiophene 

3-Methylbenzothiophene 

3,5-Dimethylbenzothiophene 

1.6 

1.9 

2.2 

2.7 

2.5 

1.9 

2.8 

2.2 

3.1 

94 

97 

90 

91 

88 

90 

98 

96 

85 

* The overall conversion rate. 
** The selectivity to thiolanes or 2,3-dihydrobenzothiophenes. 

tigated in the hydrogenation of MT in dodecane. The 
hydrogenation products contained unreacted MT, 
MTL, pentane, and in some cases isopentane (on 
PdS/AISi). 

By varying the time of hydrogenation (t) and the cat- 
alyst weight (g), all other parameters being constant, 
we found that the rate of MT conversion and the selec- 
tivity to MTL were about the same when the value tg 
was kept constant. For example, at T = 260~ and P = 
5 MPa, we obtained the following results: 

Catalyst 
tg, hg 
W, (mmol MT) x 
(g Cat) -1 h-I 

S,% 

4.4PdS/A1203 3.6PdS/AISi 
0.2 • 2.5 0.5 • 1.0 0.15 • 0.2 0.06 • 0.5 

10.5 11.0 189 183 

85 84 92 92 

These data suggest that the surface coverage of the 
catalyst with hydrogen was proportional to the pres- 
sure. 

It is seen from Table 2 that the reaction rate 
increased with temperature. When the temperature was 
increased from 220 to 300~ the rate MT conversion 
(at x = 50%) on the 4.4PdS/AI203 catalyst at P = 5 MPa 
and the initial concentration [MT] 0 = 0.31 mol/1 
increased from 2.5 to 52 mmol (g Cat) -l h -1. In this 
case, the rate of MTL formation also increased from 2.3 
to 42 (mmol MTL) (g Cat) -l h -1. The apparent activa- 
tion energy for the overall reaction of MT conversion 
was ~80 k J/tool. 

As a value of tg was increased, all other conditions 
being the same, the conversion of MT and the yield of 
pentane increased, whereas the yield of MTL first 
increased to some limit and then decreased (Tables 2 
and 3; Fig. 1). In all experiments, the selectivity to 
MTL was higher than the selectivity to pentane. As the 
conversion of MT increased, the selectivities to MTL 
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Table 2. Hydrogenation of 2-methylthiophene in dodecane on the 4.4PdS/AI203 catalyst (P = 5 MPa, [MT] 0 = 0.31 mold) 

tg, hg [ x,% [ S,% [W, mmolMT/(gCath)tg, hg [ x,% [ S,% [W, mmolMT/fgCath) 

0.5 
1.4 

2.0 

4.0 
8.0 

0.25 

0.50 
0.92 

1.33 
2.00 

30 

45 
52 

63 
72 

30 

45 
57 

61 

72 

220~ 
92 

91 
89 

86 
76 

240~ 

94 

91 
91 

88 

76 

5.6 
3.0 
2.4 
1.5 

0.8 

11.2 

8.4 

5.8 
4.3 

3.4 

0.033 
0.170 

0.330 
0.500 

1.500 

0.03 

0.05 
0.09 

0.11 

0.28 

16 

37 
48 
56 

78 

30 
41 

50 

54 

70 

260~ 

94 
92 
90 

84 

69 
300~ 

90 

83 
82 

81 

69 

45.1 
20.2 

13.5 
10.4 
4.8 

96.2 

76.3 
51.7 

45.7 

22.5 

and pentane remained virtually constant until some 
point. Then, the selectivity to MTL decreased and the 
selectivity to pentane increased (Tables 2, 3; Fig. 2). 
This suggests that thiophene ring hydrogenation and MT 
hydrogenolysis occur independently until x = 50-60%, 
and MTL also undergoes hydrogenolysis at higher con- 
versions: 

~ - - C H 3  +H2 I+H2 

* CsHt2 + H2S 

It was found that the conversion product MTL 
decelerates the hydrogenation of MT. For example, 
when 0.03--0.1 mol/l MTL was added to the reaction 
solution, the conversion of MT on 4.4PdS/AI203 (T = 
260~ P = 5 MPa, [MT] 0 = 0.11 mol/1, and tg = 0.07 h g) 
decreased by a factor of  1.5-2.2. The reaction rate 
divided by the MTL concentration increases with an 
increase in the MT concentration; in this case, the reac- 

% 
100 

60 

20 

I 

2 

0.02 0.04 0.06 0.08 0.10 
tg, hg  

Fig. 1. The plots of (I) the conversion of MT and the yields 
of (2) MTL and (3) pentane on the 3.6 PdS/AISi catalyst vs. 
product tg (T = 260~ P = 5 MPa, [MTI 0 = 0.31 molfl). 

tion is close to first-order with respect to MT (Fig. 3). As 
[MTL] is increased, the hydrogenation rate divided by 
[MT] linearly decreases (Fig. 4). 

At a constant temperature, the hydrogenation rate is 
proportional to the hydrogen pressure (Fig. 3); that is, 
the reaction is first-order with respect to hydrogen. 
Thus, the rate of hydrogenation of MT on the supported 
palladium sulfide catalysts is proportional to the MT 
concentration and the hydrogen pressure and inversely 
proportional to the MTL concentration. 

The prolonged hydrogenation of MT (for 46 h, T = 
260~ P = 5 MPa, [MT]0 = 0.11 mol/1, and g = 0.3 g) 
yielded -250 mmol of MTL. The surface of the deacti- 
vated catalyst 4.6PdS/AI203 contained 6 wt % of carbon 
in the form of coke with a low degree of condensation 
(calculated from ESR spectra [7]). The heating of the 
solvent in the presence of PdS/AI203 to 260~ also 
resulted in coke formation on the catalyst surface. It is 
not improbable that coke is the product of deep decom- 
position of MT and MTL or the product of their poly- 
merization on the support surface. When 2.5 mol/l of  

S,% 
100 

20 

�9 ~ o l  
x t " 3 ~ l ~ t " ~ ~  ~,, �9 2 i x  

| •  
~4 

20 40 60 80 
I 

100 
x, % 

Fig. 2. The effect of the conversion of MT on the selectivi- 
ties of the formation of (/) MTL and (1/) pentane on the 
3.6 PdS/AISi catalyst at T = 260~ P = 5 MPa, and the initial 
MT concentrations (1) 0.11, (2) 0.31, (3) 0.52, and (4) 1.0 mol/I. 
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Fig. 3. The logarithmic plots of the rate of hydrogenation of 
MT on (I) 4.4 PdS/A1203 and (2) 3.6 PdS/AISi vs. [MT] 
(T= 260~ P = 5 MPa) and (3) the logarithmic plot of the 
hydrogenation rate divided by [MT]/[MTL] on 4.4 PdS/AI203 
vs. hydrogen pressure. 

log(W/[MT]) [103 1 g-1 h-l] 

2.( �9 

2.~ 

1.4 ~ 

0 I I I I 

0.2 0.6 1.0 1.4 
Iog[MTL] + 2 [mol/l] 

Iog(W/[MT]) [10 31 g-1 h-l] 
3.6 

3.2 

2.8 

!24 

Fig. 4. The logarithmic plots of the rate of hydrogenation of 
MT divided by the average concentration of MT vs. average 
concentration of MTL on the (1) 4.4 PdS/AI203 and 
(2) 3.6 PdS/AISi catalysts at T --- 260~ and P = 5 MPa. 

pentadiene, which is one of the products of MT decom- 
position, was added to the reaction solution, the catalyst 
remained active. 

IR spectra of CO adsorbed on the deactivated cata- 
lysts did not reveal substantial changes in the electron 
state of Pd; as in the spectrum of the initial sample, we 
find the absorption band at 2140 cm -l assigned to 
Pd+CO or pd2§ This band is characteristic of coor- 
dinatively unsaturated palladium sulfide. The absorp- 

1 0 tion band at -2077 cm- corresponding to Pd CO was 
absent. 

To reveal the effect of the composition of catalysts 
on their activity and selectivity, we investigated the 

hydrogenation of MT in dodecane in the presence of 
PdS and PdS supported (in different amounts) on )'-AI203, 
carbon, and aluminosilicate (AISi). The characteristics 
of the process were studied depending on the catalyst 
weight and reaction time at T = 260~ P = 5 MPa, and 
[MT] 0 = 0.31 mol/l. The catalysts were compared in 
activity measured by the average rate of MT conversion 
at x = 50-60%. 

We first investigated the effect of the catalyst prepa- 
ration conditions on the activity of PdS supported on 
y-Al20 3 and A1Si. The activity did not depend on the 
time of drying the samples (1-9 h) after the deposition 
of PdCI 2 onto the supports nor on the treatment of the 
catalysts (with H2S in hydrogen or argon at 150~ for 

Table 3. Hydrogenation of 2-methylthiophene in dodecane on the 3.6 PdS/AISi catalyst (T = 260~ P = 5 MPa) 

0.0006 

0.0034 
0.0100 

0.0200 

0.002 

0.010 

0.020 

0.030 

0.040 

0.060 

19 
42 
60 

75 

16 

39 

55 

61 

59 

74 

[MT] 0 = 0.11 mol/l [MT] 0 = 0.69 mol/1 
84 965 0.0044 18 ] 93 

93 408 0.0220 35 [ 93 
198 0.0650 

124 0.1300 

90 

85 

[MT] o = 0.31 mol/! 
94 

95 

91 

90 

92 

82 

744 

363 

256 
189 

183 

115 

0.007 

0.036 

0.065 

0.100 

0.200 

0.400 

52 92 

64 91 

[MT]0 = 1.0 mol/l 
16 95 

36 92 

44 95 

52 94 

55 93 

64 94 

847 

329 

166 

101 

738 
300 

203 

156 

83 

48 
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Table 4. The activity of metallic palladium sulfide catalysts in the hydrogenation of 2-methylthiophene at T = 260~ P = 
5 MPa, and [MT] 0 = 0.31 mol/l (x = 50--65% 

Yield, mol % 
Catalyst Pd, wt % tg, h g x, % S, % Wsp, mol MT/(g Pd h) 

MT pentane 

PdS/AI203 
Pd/AI203 
PdS/C 

Pd/C 
PdS/A1Si 

Pd/AISi 

2.4 

2.6 

4.6 

4.0 
3.9 

3.9 

0.500 

0.500 

0.250 
0.250 

0.025 

0.025 

62 
62 

53 
51 

53 
52 

49 
46 

46 
44 

48 

47 

9 
13 

7 

8 
6 

5 

79 

74 

87 

86 
91 

90 

0.33 
0.30 

0.29 

0.32 

3.8 
3.4 

Table 5. The activity and selectivity of palladium sulfide catalysts of different composition in the hydrogenation of 2-meth- 
ylthiophene at T= 260~ P = 5 MPa, and [MT] 0 = 0.31 mol/l (x = 50-60%) 

Catalyst Pd, wt % x, % S, % W, mmol MT/(g Cat h) Wsp, mol MT/(g Pd h) 

PdS 

PdS/AI203 

PdS/C 

PdS/A1Si 

77 

0.4 

0.7 

1.1 

2.4 

4.4 

5.3 

0.4 

0.8 

2.2 

4.0 

4.6 

0.5 

1.1 

2.0 

3.5 

4.0 

4.7 

7.1 

13.0 

51 

50 

51 

62 

62 

56 

57 

56 

55 

57 

55 

53 

40 

55 

58 

58 

58 

54 

57 

56 

84 

72 

76 

70 

79 

84 

84 

82 

78 

79 

85 

87 

72 

91 

91 

91 

90 

'91 

93 

91 

69.3 

0.6 

1.4 

2.0 

7.9 

10.4 

14.3 

1.0 

3.0 

7.3 

10.8 

13.3 

12.0 

32 

58 

147 

148 

136 

178 

260 

0.09 

0.15 

0.20 

0.18 

0.33 

0.24 

0.27 

0.26 

0.38 

0.33 

0.27 

0.29 

2.4 

2.9 

2.9 

4.2 

3.7 

2.9 

2.5 

2.0 

1 h or with hydrogen at 290~ for 1 h before or after the 
sulfudzation). The initial metallic palladium on the 
supports and the supported palladium sulfide catalysts 
exhibited the same activity in MT hydrogenation 
(Table 4). Upon the reaction, the samples with a Pd 
content lower than 3 wt % were stoichiometric in sul- 
fur, whereas the atomic ratio S : Pd was equal to 0.6- 
0.8 at higher Pd contents. The hydrogenolysis of  MT 
and MTL was accompanied with the formation of 
hydrogen sulfide; in this case, the H2S : Pd ratio was at 
least (20-50) : 1, which was enough for the conversion 
of Pd into PdS [3]. 

Table 5 presents the data on the activity and the 
selectivity of palladium sulfide catalysts depending on 
their composition. PdS without a support exhibits a low 
specific activity (Wsp); the specific activity of the sup- 
ported PdS catalysts is higher. As the PdS concentration 
in the supported catalysts is increased, the activity per 
1 g of the catalyst increases, but the activity per 1 g of 
Pd remains of the same order of magnitude. The spe- 
cific activities (per 1 g of Pd) palladium sulfide without 
a support and PdS on the y-Al20 3 and carbon supports 
are about an order of magnitude lower than that of  the 
PdS/A1Si catalyst. The PdS/AISi catalyst provides a 
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Table 6. The specific surface area of supported catalysts 
containing 2 wt % Pd 

Specific surface area of 

Support palladium sulfide, m2/g PdS metalliCum**, m2/gpalladi'pd 

from data of elec- by the Boresk- 
tron microscopy* ov rule 

~/-Ai203 220 180 204 
Carbon 280 130 167 
A1Si 220 1174 93 

* Calculated from electron microscopic data on the average size of 
PdS particles [6]. 

** Measured by the chemisorption of oxygen. 

higher selectivity: 88-91% (at x = 50-60%) versus 78- 
85% for the other catalysts. 

The higher activity of PdS/AISi compared with the 
catalysts on the other supports cannot be explained in 
terms of the dispersity of PdS. According to electron- 
microscopic data, particles with the mean diameter d = 
30 /~  dominate in all the samples except PdS/C, for 
which d = 15/~ and the activity is low. The specific sur- 
face areas of metallic palladium supported on AISi and 
other supports are of the same order of magnitude. As 
was mentioned above, the activities of the supported 
catalysts originally containing Pd are approximately 
the same as those of the catalysts originally containing 
PdS. The activity of Pd/A1Si is much higher than those 
of the catalysts on the other supports (Table 3). It is 
unlikely that the interaction of metallic Pd with H2S 
evolved during the reaction will dramatically change 
the dispersity of the active component. The calculation 
of the specific surface areas (Ssp) of the supported cata- 
lysts from S~p of PdS without a support (35 m2/g) and 
its activity inthe liquid-phase hydrogenation of MT, on 
the assumption of the constant specific catalytic activ- 
ity (the Boreskov rule [10]), shows that Ssp values of 
2.0-2.7 PdS on the A120 3 and carbon supports are close 
to each other and are about the same as the specific sur- 
face area of metallic palladium on the same supports 
(Table 6 [2]). At the same time, Ss, of the PdS/AISi cat- 
alyst calculated by the Boresko,~ rule is an order of 
magnitude higher than the specific surface area of 
metallic Pd on A1Si (Table 6). 

The aluminosilicate surface contains strong proton 
sites in substantial amounts with a proton affinity (mea- 

sured by pyridine adsorption) of 1180 kJ/mol, but y-Al203 
and the carbon support have a low proton acidity [3]. 
The acidity of the support can affect the electron state 
of the active component of the catalyst [11]. However, 
it is more probable that proton sites favor the activation 
of MT similarly to that occurred in the gas-phase 
hydrogenation of benzene on metallic palladium sup- 
ported on aluminosilicate [12]. The elucidation of the 
effect of the support acidity on the catalytic activity for 
the liquid-phase hydrogenation of MT is the subject of 
further research. 

ACKNOWLEDGMENTS 

We are grateful to A.L. Chuvilin, V.Yu. Gavrilov, 
E.A. Paukshtis, and V.E Anufrienko (Department of 
Physicochemical Investigation Methods, Boreskov 
Institute of Catalysis, Siberian Division, Russian Acad- 
emy of Sciences) for their help in this study. 

REFERENCES 

1. Karaulova, E.N., Poluchenie i svoistva organicheskikh 
soedinenii sery (Synthesis and Properties of Organosul- 
fur Compounds), Belen'kii, L.I., Ed., Moscow: 
Khimiya, 1998, p. 289. 

2. Mashkina, A.V., Geterogennyi kataliz v khimii organi- 
cheskikh soedinenii sery (Heterogeneous Catalysis in 
Organosulfur Chemistry), Novosibirsk: Nauka, 1977. 

3. Mashkina, A.V., SulfurRep., 1991, vol. 10, no. 4, p. 279. 
4. Zirka, A.A., Sagitulin, R.S., Masagutov, R.M., et al., 

React. Kinet. Catal. Lett., 1984, vol. 25, nos. I-2, p. 171. 
5. Zirka, A.A., Yermakova, A., and Mashkina, A.V., React. 

Kinet. Catal. Lett., 1991, vol. 43, no. 2, p. 487. 
6. Kulishkin, N.T., Mashkina, A.V., Buyanova, N.E., et al., 

Kinet. Katal., 1971, vol. 12, no. 6, p. 1539. 
7. Kalinina, N.G., Poluboyarov, V.A., Anufrienko, V.F., 

etal., Kinet. Katal., 1987, vol. 28, no. 5, p. 1253. 
8. Obolentsev, R.D. and Baikova, A.Ya., Seraorga- 

nicheskie soedineniya neftei Uralo-Povolzh'ya i Sibiri 
(Organosulfur Compounds of Oil from the Urals, Volga 
River Region, and Siberia), Moscow: Nauka, 1973, p. 247. 

9. Ben'kovskii, V.G., Nikitina, V.S., Lyapina, N.K., et al., 
Neflekhimiya, 1972, vol. 12, no. 2, p. 271. 

10. Boreskov, G.K., Geterogennyi kataliz v khimicheskoi 
promyshlennosti (Heterogeneous Catalysis in Chemical 
Industry), Moscow: Goskhimizdat, 1955, p. 5. 

1 I. Figueras, E, Gomez, R., and Primet, M., Adv. Chem. Ser., 
1973, vol. 121, p. 480. 

12. Chou, P. andVannice, M.A., J. Catal., 1987, vol. 107, no. 1, 
p. 129. 

KINETICS AND CATALYSIS Vol. 41 No. 3 2000 


