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INTRODUCTION

Tetrahydrothiophene is used both as a gas odorant
and as a starting material for synthesizing physiologi-
cally active substances, polymers, and extracting
agents. A promising method for tetrahydrothiophene
synthesis is the catalytic thiophene hydrogenation [1].
In the presence of cobalt (nickel)–molybdenum (tung-
sten) catalysts of hydrorefining, thiophene hydrogenol-
ysis dominates, whereas tetrahydrothiophene is formed
in a small yield [2]. The use of palladium sulfide cata-
lysts increases the selectivity to tetrahydrothiophene
[3]. The kinetics of the gas-phase hydrogenation of
thiophene in the presence of these catalysts has not
been studied, and thus the determination of the optimal
conditions for this reaction cannot be determined.

In this work, we studied the kinetics of thiophene
hydrogenation in the presence of the IK-73-4 palladium
sulfide catalyst.

EXPERIMENTAL

Thiophene and tetrahydrothiophene were reagent
grade. The experiments were carried out in a flow reac-
tor with a fixed catalyst bed. The setup consisted of a
catalytic unit, including a reactor (height, 200 mm;
inner diameter, 12 mm), a time-lag-free furnace, six-
way valves placed in an oven, a system of gaseous
reagent supply (including a thermostatted saturator and
cylinders with hydrogen, helium, and a hydrogen sul-
fide–hydrogen mixture), and an analyzer (a chromato-
graph connected to a reactor). After passing through a
pressure gauge and a saturator with thiophene, hydro-
gen from a cylinder entered the reactor heated with the

time-lag-free furnace. Upon attaining a stationary
regime, the gas composition at the reactor outlet was
analyzed with a Tsvet-500 chromatograph with a ther-
mal conductivity detector (a 2 m 

 

×

 

 3

 

 mm column filled
with Porapak Q+R (1 : 1); gas carrier, helium).

All the experiments were carried out in the absence
of the diffusion control using a catalyst sample with a
particle size of 0.25–0.5 mm. A decrease in the grain
size to 0.1–0.16 mm had no effect on the reaction rate.
A freshly activated catalyst sample was used in each
run. Gas consumption in the experiments was varied
from 20 to 200 mmol/h, the catalyst loading (

 

m

 

, kg)
was 0.02–0.2 g, and the total pressure was varied within
0.2–3 MPa at 493–533 K. The thiophene concentration
in the entering gas flow was 0.9–1.2 mol %.

RESULTS AND DISCUSSION

 

Influence of the Contact Time
on the Reaction Mixture Composition

 

Table 1 presents the primary data obtained at
2.06 MPa and 493, 513, and 533 K. As in [4, 5], we
express the contact time 

 

τ

 

 as a ratio of the catalyst
weight to the overall molar flow of the mixture at the reac-
tor inlet (g s mmol

 

–1

 

) and the concentrations (in mol %) as

 

100

 

y

 

i

 

, where 

 

y

 

i

 

 represents the molar fractions. The
molar fraction of hydrogen  (not given in the tables)

is 

 

 = 1 – 

 

. Table 1 presents the relative errors

in the carbon and sulfur balance calculated as follows

yH2

yH2
yi∑

∆ C[ ] C[ ] in C[ ] out–( )100/ C[ ] in,=

∆ S[ ] S[ ] in S[ ] out–( )100/ S[ ] in,=
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—The kinetics of thiophene hydrogenation on a palladium sulfide catalyst is studied at high hydrogen
pressures. The reaction mainly occurs via the consecutive scheme: the reaction of thiophene with hydrogen
results in the formation of tetrahydrothiophene, which partially decomposes under the action of hydrogen to
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where [

 

C

 

]

 

in

 

, [

 

C

 

]

 

out

 

, [

 

S

 

]

 

in

 

, and [

 

S

 

]

 

out

 

 are the flows at the
inlet and outlet of the reactor, g-atom/s). The equality

 

∆

 

[

 

S

 

] = 

 

∆

 

[

 

C

 

]

 

 follows directly from the balance equations
of chemical elements and the stoichiometry of chemi-
cal reactions. The balance with respect to hydrogen is
fulfilled accurate to 0.5–1% (these data are not given in
the tables). Averaged over all the runs, the experimental
error was 15–20% for tetrahydrothiophene and 10% for
thiophene and hydrogen sulfide.

Table 1 shows that the tetrahydrothiophene concen-
tration passes through a maximum as the contact time
increases. Therefore, two main stoichiometric reactions
can occur in the system: thiophene hydrogenation to
tetrahydrothiophene

 

(I)

 

and tetrahydrothiophene hydrogenolysis with hydrogen
sulfide and butane liberation

 

(II)

 

Reactions (I) and (II) occur with a decrease in the num-
ber of moles. Taking into account a great hydrogen
excess in the reaction mixture, the value of 

 

γ

 

, expressed
as 

 

γ ≡ 

 

N

 

(

 

τ

 

)/

 

N

 

0

 

, changes a little and insignificantly devi-
ates from unity. Here, 

 

N

 

(

 

τ

 

)

 

 and 

 

N

 

0

 

 stand for the molar
flows at the reactor outlet and inlet, respectively. We set
the 

 

γ

 

 value equal to unity in further calculations.

 

Reaction Rate Equations

 

The surface of the palladium sulfide catalyst con-
tains surface acid sites (Z), which form a thiophe-
nium cation when they interact with thiophene (A)
[6]. The addition of one hydrogen molecule to this
cation results in the formation of an intermediate

 

ZAH

 

2

 

, whose further transformation yields dihy-
drothiophene ZX, which is then hydrogenated to tet-
rahydrothiophene ZB. The latter desorbs and con-
verts into B and leaves Z-sites unoccupied. The cat-
alytic reaction of thiophene with hydrogen via
dihydrothiophene formation was hypothesized in
[7, 8]. Temkin 

 

et al.

 

 [9] and van Meerten and Coenen
[10] suggested that the hydrogenation of benzene
and its derivatives, related to thiophene, involves the
stage of formation of a dehydrogenated compound
and that the hydrogenation of the latter, which is not
aromatic, occurs more rapidly than its formation.
The resulting tetrahydrothiophene and hydrogen
bind to the site Z to give a surface complex (ZY)
containing one hydrogen molecule and tetrahydro-
thiophene with one obviously broken 

 

C

 

–

 

S

 

 bond. The
intermediate compound ZY rapidly reacts with the
second hydrogen molecule to give surface-bound
butane (C) and hydrogen sulfide (D) [8], which des-
orb and leave the Z sites unoccupied.

The formal mechanism of thiophene hydrogenation
into tetrahydrothiophene and tetrahydrothiophene

C4H4S 2H2 C4H8S+

C4H8S 2H2 C4H10 H2S.+ +

 

Table 1.  

 

Influence of the contact time (

 

P

 

 = 2.06 MPa, 

 

m

 

Cat

 

 =
0.2 g) on the reaction mixture composition (mol %)

 

τ

 

,
g s mmol

 

–1

 

Thio-
phene

Tetrahy-
drothiophene H

 

2

 

S C

 

4

 

H

 

10

 

∆

 

[

 

S

 

]
=

 

 ∆

 

[

 

C

 

],%

 

T

 

 = 493 K

0.000 1.095 0.000 0.000 0.000 –

8.089 0.695 0.262 0.040 0.040 8.95

11.430 0.624 0.411 0.078 0.078 –1.64

12.200 0.500 0.384 0.077 0.077 12.24

14.400 0.460 0.448 0.202 0.202 –1.37

14.700 0.515 0.465 0.233 0.233 –10.78

17.140 0.480 0.442 0.320 0.320 –13.42

21.180 0.443 0.479 0.295 0.295 –11.14

25.260 0.318 0.372 0.443 0.443 –3.47

30.320 0.239 0.320 0.459 0.459 7.03

 

T

 

 = 513 K

0.000 1.011 0.000 0.000 0.000 –

4.259 0.384 0.393 0.132 0.132 10.09

4.867 0.458 0.378 0.156 0.156 1.88

6.732 0.337 0.428 0.187 0.187 5.84

8.201 0.303 0.358 0.246 0.246 10.29

10.290 0.206 0.455 0.355 0.355 –4.45

19.890 0.106 0.331 0.560 0.560 1.38

24.830 0.033 0.148 0.836 0.836 –0.59

25.710 0.050 0.197 0.775 0.775 –1.09

 

T

 

 = 533 K

0.000 1.010 0.000 0.000 0.000 –

0.900 0.799 0.222 0.078 0.078 –0.10

1.497 0.569 0.301 0.184 0.184 –4.36

1.921 0.390 0.317 0.327 0.327 –2.38

2.544 0.355 0.291 0.382 0.382 –1.78

2.668 0.266 0.294 0.481 0.481 –3.07

3.712 0.257 0.308 0.463 0.463 –1.78

4.832 0.108 0.267 0.687 0.687 –5.15

5.162 0.026 0.221 0.830 0.830 –6.63

8.230 0.009 0.105 0.982 0.982 –8.51

9.292 0.050 0.151 0.997 0.997 –18.60
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hydrogenolysis can be represented by scheme (III), including the following steps:

 

 

2) ZAH

 

2

 

  ZX,

 

w

 

2

 

 = 

 

k

 

2

 

[ZAH

 

2

 

],

3) ZX + H

 

2 

 

 ZB,

 

w

 

3

 

 = 

 

k

 

3

 

[ZX],

4) ZB  Z + B,

 

w

 

4

 

 = 

 

k

 

4

 

[ZB] – 

 

k

 

–4

 

PB[Z], (III)

5) Z + B + H2  ZY, w5 = k5PB [Z],

6) ZY + H2  ZCD, w6 = k6[ZY] ,

 

Steps (1)–(4) give overall reaction (I), and steps (5)–(7)
give reaction (II).

When deriving equations, we assumed that the cata-
lyst surface is uniform, the process occurs in the steady-
state regime, and the balance of the surface coverage is
fulfilled. By analogy with the conclusion made in [8–
10], step (2) (dihydrothiophene formation) and step (5)
(the formation of a surface complex of partially decom-
posed tetrahydrothiophene and hydrogen) are slow.
Assuming equilibrium between the direct and reverse
reactions in steps (1), (4), and (7), we determined the

[ZH2], [ZB], and [ZCD] values. Setting the equality of
the rates w1 = w3 = w6, we calculated the [ZX] and [ZY]
values. By substituting these values into the equation
[Z] + [ZAH2] + [ZX] + [ZB] + [ZY] + [ZCD] = 1, we
obtained [Z]. By inserting this value into the equation
for the rates of slow steps (2) and (5), we derived equa-
tions for the rates of thiophene hydrogenation (W1) and
tetrahydrothiophene decomposition (W2) (henceforth,
A is thiophene, B is tetrahydrothiophene, D is hydrogen
sulfide, C is butane, and H2 is hydrogen)

(1)

(2)

Determination of the Rate Constants
of the Kinetic Model

The mathematical description of kinetic experi-
ments carried out in a plug-flow reactor can be repre-
sented in the form of a system of the following differ-
ential equations

(3)

(4)

(5)

(6)

at (7)

The problem is in determining the unknown constants
in the equations for the rates W1 and W2.

The parameters were estimated by an explicit inte-
gral method [11] with further analysis of the results by
the method of scaling the main components [12].
Unfortunately, we failed to reliably estimate the con-
stants in the denominator of rate equations (1) and (2).
The experimental data were insensitive to these con-
stants. Therefore, the overall equations for the rates can
be reduced to the first-order equations with respect to
the organic compounds. The molar fraction of hydro-
gen in the reaction mixture is very close to unity, and

1) Z A H2 ZAH2,+ + w1 k1PAPH2
Z[ ] k 1– ZAH2[ ] ,–=

PH2

PH2

PH2

7) ZCD Z C D,+ + w7 k7 ZCD[ ] k 7– Z[ ] PCPD.–=

W1

k2 k1/k 1–( )yAyH2
P2

1
k1

k 1–
------yAyH2

P2 k1

k3
----

k1

k6
----+ 

  yAP
k 4–

k4
------yBP

k 7–

k7
------yDyCP2+ + + +

----------------------------------------------------------------------------------------------------------------------------------,=

W2

k5 k1/k 1–( )yByH2
P2

1
k1

k 1–
------yAyH2

P2 k1

k3
----

k1

k6
----+ 

  yAP
k 4–

k4
------yBP

k 7–

k7
------yDyCP2+ + + +

----------------------------------------------------------------------------------------------------------------------------------.=

dyA

dτ
--------- W1,–=

dyB

dτ
-------- W1 W2,–=

dyD

dτ
---------

dyC

dτ
-------- W2,= =

dyH2

dτ
---------- 2 W1 W2+( )–=

τ  = 0: yA = yA
0 ; yH2

 = yH2

0 ; yB = yD = yC = 0.
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the partial hydrogen pressure can be set equal to the
total pressure in the system. Taking into account all
these results, further identification of the model was
performed using the following simplified empirical rate
equations

(8)

where k1app and k2app are the apparent rate constants rep-

resented as functions of the temperature (T) and the
total pressure F(P) in the system

(9)

Table 2 presents the k1app and k2app values (mmol g–1 s–1)
at P = 2.06 MPa at three temperatures. Table 2 shows
that the estimates of the first-order rate constants are
reliable, their confidence intervals being within 10%
from the rate constant values.

Figure 1 compares the experimental and calculated
data at three temperatures and P = 2.06 MPa. Curves 1–3
show that simplified model (8) provides a good descrip-
tion of the experimental data at all studied tempera-
tures.

Temperature Dependence of the Rate Constants

Figure 2 illustrates the temperature dependence of the
apparent rate constants in the ln ki,app vs. 1000/T coordi-
nates and suggests that the Arrhenius equation is satis-
factorily described the effect of temperature on the reac-
tion rates. The activation energies are E1 = 116 kJ/mol
and E2 = 132 kJ/mol for reactions (I) and (II), respec-
tively. Therefore, we took the first-order reactions and
the Arrhenius dependence of the rate constants as a
basis for further data processing.

Pressure Dependence of the Reaction Rates

To study the effect of the total pressure, we deter-
mined the apparent rate constants in an experimental
series carried out at T = 513 K and pressures ranging
from 0.2 to 3.0 MPa. Figure 3 illustrates the effect of
pressure on the rate constants. The data of Fig. 3 are
well approximated by exponential functions. There-
fore, the functions in Eqs. (9) can be represented in the
forms

(10)

The primary estimates of n1 and n2, obtained using the
least-square method with linearized forms

(11)

are

(12)

Considering the above estimates for the activation
energies and the exponents to be a good initial approx-
imation, we performed the final statistical check of

W1 k1appyA, W2 k2appyB,≈≈

k

k1app k1 T( )F1 P( ), k2app k2 T( )F2 P( ).= =

F1 P( ) P
n1, F2 P( ) P

n2.∼ ∼

kiÌln aln ni P, iln+ 1 2,= =

n1 0.5, n2 0.17.= =

model (3)–(7) using all experimental data obtained at
temperatures of 493, 513, and 533 K and pressures
equal to 0.21, 0.48, 0.99, 1.44, 2.06, and 3.07 MPa.

In this case, the rate equations are

(13)

(14)

Upon model identification, we determined the rate con-
stants  and  and the more accurate values of E1,

W1 k1,0
E1

RT
-------– 

  P
n1yA,exp=

W2 k2,0
E2

RT
-------– 

  P
n2yB.exp=

k1,0 k2,0
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Fig. 1. Distribution of the reaction mixture component as a
function of the contact time: (1) thiophene, (2) tetrahy-
drothiophene, and (3) hydrogen sulfide at P = 2.06 MPa and
T = (a) 493, (b) 513, and (c) 533 K. The points correspond
to the experimental data and the lines represent the calcula-
tions according to the model.
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E2, n1, and n2, as well as their confidence intervals.
Table 3 summarizes the final identification results.

Statistical Data from All Experiments:

The number of the experimental data, 274;
The number of degrees of freedom, 268;
The t-criterion at a confidence probability of 95%,

and 1.963;
The root-mean-square error the data description,

29%.

Figure 4 compares the experimental and calculated
data and shows that the model agrees well with the
experimental data. A relatively great scatter of data for
tetrahydrothiophene contributes significantly to the
root-mean-square deviation of the experimental and
calculated data. At the same time, Fig. 4 indicates that
this scatter is random and independent of the systematic
deviations of the experimental and calculated data. This
supports the adequacy of the proposed kinetic model.
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1.901.85

–3.0

1.91.91.95 2.00 2.05
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Fig. 2. Arrhenius plot of the apparent rate constants (a) k1app and (b) k2app at P = 2.06 MPa.
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Fig. 3. Pressure dependence of the apparent rate constants (a) k1app and (b) k2app (T = 513 K).

Table 2.  Temperature dependence of the apparent rate con-
stants. P = 2.06 MPa

T, K k1app, mmol g–1 s–1 k2app, mmol g–1 s–1

493 0.05225 ± 0.00262 0.04836 ± 0.00485

513 0.14563 ± 0.01106 0.09539 ± 0.00934

533 0.43777 ± 0.01660 0.54861 ± 0.02226

Table 3.  Rate constants of the kinetic model

, mmol s–1 g–1 MPa–0.495 6.9339 × 1010 ± 1.4388 × 109

, mmol s–1 g–1 MPa–0.168 2.1677 × 1012 ± 8.7452 × 1010

E1, kJ/mol 115.9 ± 5.1

E2, kJ/mol 131.8 ± 36.7

n1 0.495 ± 0.202

n2 0.168 ± 0.142

k1,0

k2,0
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Selectivity to Tetrahydrothiophene

The differential selectivity to tetrahydrothiophene
(Sdif) is expressed as a ratio of the rate of its accumula-
tion to the rate of thiophene consumption (mA is the
number of thiophene moles, mB is the number of the tet-
rahydrothiophene moles):

(15)

Sdif τ( )
dmB

dmA–
-------------≡ 1

W2

W1
-------–=

=  1
k2,0yB τ( )
k1,0yA τ( )
--------------------- E2 E1–( )/RT–( )P

n2 n1–
.exp–

Function (15) is equal to unity at τ = 0 and tends to –∞
at yA(τ)  0, that is, at X = 1 (where X is the conver-

sion: X = (  – y(τ))/ ). The selectivity decreases

with an increase in temperature, because E2 > E1 and
increases with an increase in pressure, since n2 – n1 < 0,
W1 = W2, Sdif(τ) = 0. At the maximum yield of the target
product when W1 = W2, Sdif(τ) = 0. Similarly, the inte-
gral selectivity Sint is equal to the ratio of the number of
target product moles mB(τ) to the number of moles of

the reacted initial substance X by time τ:

yA
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Fig. 4. Comparison of the experimental and calculated data obtained for (a) thiophene, (b) tetrahydrothiophene, and (c) H2S at T =
513 K and P, MPa: (1) 0.21, (2) 0.48, (3) 0.99, (4) 1.44, (5) 2.06, and (6) 3.07.
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(16)

(17)

Sint τ( )
mB

mA
0 X

-----------≡
yB τ( )

yA
0 X τ( )

------------------
yB τ( )

yA
0 yA τ( )–

-------------------------,= =

yB τ( ) W1 τ( ) W2 τ( )–( )dτ ,

0

τ

∫=

yA
0 yA τ( )– W1 τ( )dτ .

0

τ

∫=

Function (16) also continuously decreases with time;
Sint = 1 at τ = 0 and Sint = 0 at τ  ∞.

When determining the best operating conditions, the
parameters governing the maximal yield of the target
product (τ*) are the most illustrative

(18)

From condition (18), one can determine the coordinates
of the maximum: the contact time τ* and the conversion
X*(τ*) at a maximum point. Generally, these parame-
ters depend on the type of the rate equations and the rate
constants and are determined directly by the numerical
integration of the differential rate equations.

Taking into account the first reaction order, func-
tions yB(τ) and X(τ) can be obtained in the analytical
form:

(19)

(20)

(21)

where k1app and k2app are the rate constants expressed
according to Eqs. (13) and (14) as

(22)

(23)

The contact time τ* corresponding to condition (18),
that is, to the maximum yield of the target product, is
the solution to the nonlinear equation

yB*

dyB

dτ
-------- W1 W2– 0.= =

yA τ( ) yA
0 k1τ–( ),exp=

yB τ( )
k1app

k2app k1app–
---------------------------yA

0 k1appτ–( )exp k2appτ–( )exp–[ ]=

at yB
0 0,=

X τ( ) 1 k1appτ–( ),exp–=

k1app k1,0
E1

RT
-------– 

  P
n1,exp=

k2app k2,0
E2

RT
-------– 

  P
n2.exp=

(24)ϕ τ( ) 1
k2app

k2app k1app–
-------------------------- 1

yA
0

----- 1 k2app k1app–( )τ–( )exp–[ ]–≡  = 0.

By substituting the solution to Eq. (24) into Eqs. (20)
and (21), one can determine the values of (τ*) and
X*(τ*). The influence of temperature and pressure on
these parameters is determined by Eqs. (22) and (23).

Figure 5 illustrates the graphical solution to the
problem as plots of conversion and the tetrahy-
drothiophene yield vs. the contact time at 493, 513, and
533 K and 2.0 MPa. Figure 5 shows that, with an
increase in temperature, the maximum yield of tetrahy-
drothiophene decreases from 0.4 to 0.35% and the con-

yB*
version, corresponding to the maximum, decreases
insignificantly. The contact time τ necessary for the
attainment of the maximum tetrahydrothiophene yield
increases by a factor of ~10 as the temperature
decreases by 40 K. From this standpoint, the low-tem-
perature process is not the optimal one, despite the high
tetrahydrothiophene yield.

Figure 6 illustrates how the contact time influences
the tetrahydrothiophene yield and the conversion at 1.0,
2.0, and 3.0 MPa and 513 K and shows that the yB*

20
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Fig. 5. (a) Tetrahydrothiophene yield and (b) conversion vs.
contact time at (1) 493, (2) 513, and (3) 533 K. P = 2.0 MPa.
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value increases with pressure. This is accompanied by
changes in the parameters corresponding to the coordi-
nates of the maximum: the contact time τ* shortens,
and the conversion X* increases. Therefore, the total
pressure in the system is a more efficient factor govern-
ing the process than the temperature.
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Fig. 6. (a) Tetrahydrothiophene yield and (b) conversion vs.
contact time at pressures of (1) 1.0, (2) 2.0, and (3) 3.0 MPa.
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