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Abstract—The influence of the capillary condensation of reactants on the poisoning of Pt/SiO, catalysts by
thiophene is studied experimentally for p-xylene hydrogenation at T = 60 and 80°C. The poisoning kineticsis
independent of a catalyst and its rate decreases with a decrease in temperature. Poisoning during capillary con-
densation is 1.5-6 times slower than that in the gas phase, depending on the fraction of surface platinumin the
poresfilled with aliquid. The poisoning of the catalyst active sitesin the poresfilled with aliquid requiresless
sulfur at the same deactivation degree. The number of sulfur atoms per one platinum atom necessary for the
complete poisoning of platinum in the gas phase is higher than that in the case of capillary condensation by a

factor of 1.4-1.5.

INTRODUCTION

Capillary condensation during a catalytic reaction
has only been studied so far by afew researchers. Gur-
fein and Danyushevskaya [1] theoretically substanti-
ated the limits of capillary condensation in the porous
grain of a catalyst and its effect on reactant transformar
tions. Kim and Kim [2] experimentally observed sev-
eral steady-state regimes of cyclohexene hydrogenation
on Pt/Al,O, and explained them by the capillary con-
densation of reactants at a certain temperature and
hydrogen pressure. The detailed analysis and interpre-
tation of these experiments are givenin [3].

In our previous papers [4—7], we analyzed possible
consequences of capillary condensation for catalytic
reactions and estimated the influence of various factors
on the efficiency of the catalyst grain during capillary
condensation [5]. In [7], we reported the results of our
experiments (with and without capillary condensation)
on p-xylene hydrogenation on Pt/SiO, catalysts in
steady-state and transition regimes and their computer
simulation. Capillary condensation of some of the reac-
tants may strongly affect the catalytic process because
of the different kinetics and dynamics of thereactionin
the catalyst poresfilled with either aliquid or agas. The
low solubilities of hydrogen and other noncondensing
components (H,S) in theliquid phase play an important
role in the processes involving hydrogen (hydrogena
tion and hydrorefining). Thisis especially important for
deactivation because hydrogen acts as an agent that
ensures the partial self-regeneration of a catalyst.

In this work, we experimentally studied the influ-
ence of the capillary condensation of reactants on the
poisoning of Pt/SiO, catalysts with sulfur (thiophene).
The catalysts, reaction, and experimental conditions
chosen allowed us to compare catalyst poisoning both
in the gas phase and under conditions of partial capil-

lary condensation of the reactantsin pores. Henceforth,
the terms gas- and liquid-phase reactions imply that
the reactions occur on the surface of a solid catalyst,
whereas reactants and products are gaseous or liquid.

EXPERIMENTAL

Catalysts. Experiments were conducted on model
Pt/SiO, catalysts with nearly the same parameters,
except for their porous structures (Table 1). The SiO,
support was used in two modifications: with narrow
(KSM-5) and large (KSK-1) pores. The size distribu-
tion of pores (Fig. 1) was determined by the capillary
condensation of nitrogen (Carlo Erba Sorptomatic
1900). The platinum distribution between the pores of
different sizes was measured using the adsorption
method [8].

Reaction. p-Xylene hydrogenation was chosen as a
model. This alowed us to conduct the experiments
under mild conditions both in the gas phase and during
partial capillary condensation.

Conditions. Experiments were carried out in agra-
dientless flow-circulation reactor. This prevented cata-
lyst overheating, the effect of the internal and external
diffusion, and the gradients in the concentrations and
temperature along the length and radius of the catalyst.
Moreover, this substantially simplified the processing
and interpretation of experimental data.

Experiments were performed at atmospheric pres-
sure. The size of catalyst particles (0.25-0.5 mm)
ensured the kinetics control of the reactions. Upon
loading into the reactor, the catalyst was reduced by
hydrogen for 3 h at 300°C and for 1 h at 150°C before
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Fig. 1. Differential (dV/dr) and integral (V) size distri

each experiment. The catalyst samples weighed
~0.2-0.3 g.

The catalysts were poisoned with a p-xylene solu-
tion of thiophene (3.3%) in the pulse regime (by adding
1-ul portions). The initia activity of the catalysts was
examined at different reaction temperatures (60, 80,
and 100°C) and the initial pressures of p-xylene
(0.058 and 0.134 torr) [7]. The catalysts were poisoned
at the constant reactant consumption at 60 and 80°C
and the same initial pressures of p-xylene.

Table 2 presents the conditions of experiments on
poisoning, where r,, is the radius of pores, in which
capillary condensation occurs at temperature T and the
inlet partial pressure of p-xylene ng, . Ther,,, values
were calculated by the Kelvin equation (1) with due

Table 1. Catalyst parameters[7]

Parameter P/KSK-1 | PYKSM-5
[Pt], wt % 1.0 0.9
Average pore radius, nm 10.0 30
Bulk density, g/lcm? 0.4 0.55
Dispersity of Pt 0.51 0.70
Grain size, mm 0.25-0.50 | 0.25-0.50
Pore volume, cm®/g 0.35 0.47
Specific surface area (BET), m?g| 130 370
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bution of pores of (1) PYKSK and (2) PYKSM [7].

regard to the thickness of the adsorption film & = 0.4—
1.0nm[9]:

20V,
RTIN(P,,/Pry)
where o and V,, is the surface tension and the molar

volume of liquid p-xylene, respectively; Py, is the
pressure of the saturated vapor of p-xylene at tempera-
ture T; and Risthe universal gas constant.

The condensation of hydrogenation products (cis-
and trans-1,4-dimethylcyclohexane) in catalyst pores
were not taken into account because they have much
lower boiling points (124 and 119°C, respectively) than
p-xylene (138°C).

ey

F cap

RESULTS AND DISCUSSION
Reaction Kinetics

Kinetic experiments were performed as described in
[10]. Under conditions unfavorable for capillary con-
densation, that is, during the gas-phase hydrogenation
of p-xylene on Pt/SiO,, the Langmuir kinetic curvesare
observed for both cataysts (Fig. 2d), and the depen-
dence of the reaction rate on the partial pressure of
p-xylene is described by the equation [7]

kgas nyl

7 1+bPy,’
where W is the rate of gas-phase hydrogenation, Ky

(Iges I;p s~! torr™) isthe rate constant for the gas-phase
hydrogenation of p-xylene on Pt/SiO,; b (torr!) is the
adsorption coefficient of p-xylene; and P, (torr) isthe
partial pressure of p-xylene.

When capillary condensation occurs in most of
pores, the reaction kinetics cannot be described by the

W

2
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Fig. 2. Kinetic curvesfor the steady-state poisoning for (a) Pt/KSK and (b) PYKSM at ngl =0.058 torr [7]. The platinum fraction
in the poresfilled with aliquid at 60°C is denoted with numbers and a dotted line.

Langmuir curves: the reaction rate decreases a high  account the mole fractions of p-xylene in the conden-
P, values and the kinetic curve has a maximum sate and its partial pressure.
(Fig. 2b, 60°C). The reaction rate in a capillary-con-

Y Thenth Iti f th i i
densed liquid Wi can be expressed as follows [7]: en the resulting rate of the reaction accompanied

by capillary condensation is

Wi =V KigPours 3 _
ia = ¥ KigPy1 ) W = (1=0iiq) Wges + PiigWiiq @
wherekq (liq 1o 5°') istherate constant for theliquid = (1= Piiq) A gasWgas *+ Piig (O =l gas) Wi
phase hydrogenation of p-xylene on Py/SiO, and Yy |\ here
(Igss I torr2) isthe correlation coefficient between the .
dimensions of the rates of the gas- and liquid-phase = KosPuy o = vkioP 5
. ’ . Wias v Wiig = YKiigFPyy1 &)
hydrogenation of p-xylene on P/SiO, that takes into 1+bP,y,
Table 2. Conditions of the experiments on catalyst poisoning
Feed con- | Concentration Fraction Platinum fraction
No. | Catalyst* | T,°C PS 1> 1O | umotion. I/h of surface Pt | req,, N | of pores of radius | in pores of radius
Y puon, M1 atoms, pmol/g <l % [ <l %
1 | P/KSK-1 60 0.058 0.59 26.2 15.0 30 60
2 | Pt/KSK-1 80 0.058 2.27 26.2 25 0 0
3 | PUKSM-5 80 0.058 2.27 32.3 25 70 38
4 | P/KSM-5 80 0.134 2.17 32.3 15.0 98 70

* Catalyst samples were 0.21-0.26 g.
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Fig. 3. Dynamics of catalyst poisoning (1) in the gas phase
(Pt/KSK, 80°C, ny| =0.058 torr) and (2) under conditions

of capillary condensation (Pt/KSM, 80°C, ny, =
0.134 torr).
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Fig. 4. Kinetic curves (1) for afresh catalyst and (2-5) after

its poisoning (after each pulse). Pt/KSK at 80°C, ny| =

0.058 torr. The arrows connect the points where poisoning
occurs.

Kgss (s Ot S torr™) and kiq (Iiq Gpt s°') are the rate
constants for the gas- and liquid-phase hydrogenation
of p-xylene on Pt/SiO,, related to the weight of the
active component in the catalyst, respectively; ¢y,
(ligflca) is the fraction of aliquid in the bulk of the cat-
alyst; o (ge/l.4) istheweight fraction of platinumin the
bulk of the catalyst; and Oy, Op/lcx IS the weight frac-
tion of platinum that is not blocked with the catalyst.

Therefore, the fraction of platinum in the pores
filled with capillary-condensed xylene increases with
an increase in the P, value. An increase in the contri-
bution of the liquid-phase reaction causes adecreasein

the overall rate of the reaction at high P, pressures and
the appearance of the maximum on the kinetic curve
(PYKSM, 60°C) [7].

Catalyst Poisoning

Catalyst poisoning was conducted with a p-xylene
solution of thiophene (3.3%) in a pulse regime (with
1-pl portions). Upon the addition of each thiophene
portion, samples were withdrawn for analysis to deter-
mine the constant degree of p-xylene conversion. Then
the next portion of the deactivating reactant was added.
The poisoning pulses continued until the complete
deactivation of the catalyst. Figure 3 illustrates the
dynamics of the gas-phase poisoning of the P/KSK
catalyst at 80°C and the inlet p-xylene pressure of
0.058 torr and of Pt/KSM poisoning during capillary
condensation at 80°C and the inlet p-xylene pressure of
0.134 torr.

Figure 3 shows that poisoning occurs in the gas
phase faster than during capillary condensation. How-
ever, under the conditions of capillary condensation
after each thiophene portion, poisoning is obviously
deeper if we take into account that the number of plati-
num atoms per 1 g of the Pt/KSK catalyst is 1.2 times
lower than that for Pt/KSM (Table 2).

To study the influence of capillary condensation on
catalyst poisoning in more detail, we compared certain
pul ses during poisoning in the gas phase and under con-
ditions of capillary condensation. We assumed in this
casethat p-xylene hydrogenation follows the first-order
kinetics in al the experiments on poisoning. This
assumption is valid because the initial conversion of
p-xylene X, before poisoning was 0.7-0.9 in all the
experiments and the reaction rate isw = kP, at these
partial pressures of the reactant (Fig. 2, Eqs (2—4)).
This smplification is aso true during poisoning. Figure 4
shows the representative kinetic curves obtained during
poisoning upon each thiophene pulse for the P/KSK
catalyst. The arrows in Fig. 4 connect the points corre-
sponding to the reaction rates, at which poisoning
occurs. The reaction is dtill first-order upon catalyst
poisoning but occurs at a lower rate and remains first-
order over a wider range of the partial pressures of
p-xylene.

For the reversible deactivation of the catalyst, inde-
pendent of the reactant concentrations, the only first-
order reaction can be described by the following equa-
tionsin the gradientless flow reactor [11, 12]:

_ da _ o a—dy
X = kt(1-X)a, i -k ny|1 . ©6)
Heeas ——7-x &~ %X 1-xy "

where ng, istheinitial concentration of theinitial sub-
stance; t istime; T isthe contact time; k is the reaction
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Fig. 5. Plots of linearized dependence (9) used to determine
the rate constant for the gas-phase poisoning of the catalyst

(ngl = 0.058 torr): (1) PUKSK at 60°C, (2) PUKSK at
80°C (two pulses), and (3) P/KSM at 80°C.

rate constant; kp isthe rate constant of poisoning; X, X,
and X, are the current, initial, and steady-state degrees
of conversion, respectively; and aand a, aretherelative
activity and its steady-state value, respectively.

After integration, Eq. (7) for the relative activity is

a-ag] _ knyI
'”[1-%}‘ — 8)
or, in terms of the conversion,
252
1-X 1-X
9)
= In %o Xs 1- Xy ko P2yt
[1 Xo 1—xJ 1-Xg/ Xy P
IntheHn[a } %ora [ } %
1 1-X 1-X

coordinates, this equation describes a straight line, and
the rate constant of poisoning k, can be determined
fromitsslope[11, 12]. The choice of the coordinatesis
determined by the convenience of processing the
graphic data and their description.

Figure 5 illustrates how the In[X/(1 — X) — X, /(1 -
X1 value changes with time upon a single thiophene
pulse during gas-phase poisoning. The effective rate

constants for catalyst poisoning k¥* were determined

from the slopes of these curves illustrating the dynam-
ics of poisoning. Figure 5 shows that, in the absence of
capillary condensation, the slopes of the curves are vir-
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Fig. 6. (1-4) Plots of linearized dependence (8) used to
determinetherate constant for catalyst poisoning under cap-
illary condensation conditions for different pulses. P/KSM

a 80°C, P, =0.134torr.

tually the same for both catalysts at 80°C and slightly
different at 60°C. The average rate constant for gas-
phase poisoning is~2.44 min~t torr* at T=80°C and is
lower by afactor of ~1.4 at 60°C (Table 3).

Figure6illustrateshow theln[(a—a)/(1 — a,] value
decreases with time upon a single thiophene pulse
under conditions of capillary condensation. Inthiscase,
itismore convenient to use these coordinatesto rule out
the random intersection of the curves in the plot
because of changesin their slopes on passing from one
pulse to another. The rate constant for gas-phase poi-
soning was determined from the slope of the curve.
Table 4 summarizes the rate constants of poisoning
under conditions of capillary condensation k, as func-

Table 3. Rate constants for the gas-phase poisoning of cata-
lysts

Catalyst Poisoning conditions kX, min~ torrt
PUKSK | 80°C, nyl = 0.058 torr 241

2.37

2.50

2.61
PUKSM | 80°C, PY,, =0.058 torr 231
PUKSK | 60°C, P2, =0.058 torr 1.69
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Fig. 7. Retardation of catalyst poisoning in the case of capillary condensation: (a) PYKSM, T = 80°C, ngl = 0.058 torr and

(b) PUYKSK, T =60°C, ngl =0.058 torr. (1) Gas phase and (2) capillary condensation.

tions of the platinum concentration in the pores filled
with aliquid before the next thiophene pulse. Judging

from the relative rate constant of poisoning k;e' (M =

k/Cko~ (T)C) catalyst poisoning during capillary con-
densation is slower than in the gas phase because the
process is obvioudly limited by diffusion in the liquid.
In this experiment, the fraction of the surface platinum
atomsin the pores filled with aliquid before poisoning
(g) is 0.33. In this case, the rate constant for catalyst
poisoning islower than that in the gas phase by afactor
of ~1.6. Upon the first thiophene pulse, the g value

increasesto 0.48 and then remains virtually unchanged.
The rate constants cal culated for the second, third, and
forth pulses were aso close. For this extent of surface
platinum blocking by the liquid condensed in capillar-
ies, poisoning is 5-6 times slower than in the case of
gas-phase poisoning.

When analyzing the poisoning kinetics, wetook into
account the following facts:

(a) Changesin the P, in the course of the reaction;

(b) Filling the pores with xylene and the products of
its hydrogenation;

Table4. Rate constants for catalyst poisoning during capillary condensation k;,

Catalyst Poisoning conditions in po?egtll”?g uﬂﬁ' g?i quid ko, min torr= Ky (T)
PYKSM 80°C, P}, =0.134 torr 0.33 1.49 0.61
0.48 0.50 0.20
0.51 0.38 0.16
0.55 0.54 0.22
PUKSM 80°C, PY, = 0.058 torr 0.26 1.69 0.69
PUK SK 60°C, PY,, = 0.058 torr 0.30 1.07 0.63
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Fig. 8. Dynamics of Pt/KSK poisoning after the beginning
of capillary condensation during poisoning (T = 60°C,

P2, = 0.058 torr).

(c) The size distribution of pores; and

(d) The distribution of platinum in the pores of dif-
ferent sizes.

Our experimental results suggest that, under certain
conditions, the reaction first occursin the gas phase and
then during capillary condensation (Figs. 7 and 8). In
other words, the p-xylene conversion is initialy high,
its partial pressure is low, and poisoning occurs in the
gas phase. Upon the next thiophene pulse, adecreasein
the p-xylene conversion causes an increaseinits partial
pressure, which becomes sufficient for the capillary
condensation of the reactant in the catalyst pores. Upon
further thiophene pulses, poisoning occurs under con-
ditions of capillary condensation. In two experiments,
poisoning occurred as described above (Fig. 7). The
behavior of the dynamic curves (on the rate-vs.-time
plots) does not change in this case, but deactivation
slows down (Figs. 7 and 8). The capillary-condensed
liquid causes adecrease in the slope of the curves char-
acterizing the poisoning dynamics; that is, the poison-
ing rate decreases. The rate constants of poisoning are
listed in Tables 3 and 4 for these cases.

To elucidate the influence of capillary condensation
on the rate of catalyst poisoning, we used the data of
Tables 3 and 4 to study how the relative rate constant of

poisoning k;e' (T) changes with the platinum fraction in

the pores filled with a liquid (g) (Fig. 9). We did not
consider the intermediate pulses when the gas-phase
KINETICS AND CATALYSIS  Vol. 43

No.1 2002
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Fig. 9. Relative rate congtant for catalyst poisoning k:)e' (M=

kp/ kgas (T) as a function of the platinum fraction in the

0 _
xyl =

0.058 torr; (2) PYKSK at 60°C, ngl = 0.058 torr; (3)

PUKSM a 80°C, P3, = 0.058 torr; and (4) PUKSM at

pores filled with aliquid (g): (1) PYKSK at 80°C, P

80°C, P}, =0.134torr.

poisoning transforms into the poisoning during capil-
lary condensation.

The points obtained under different poisoning con-
ditions (the inlet pressure of p-xylene and temperature)
on various catalysts are close to each other if the plati-
num fraction in the pores filled with aliquid q is virtu-
ally the same. The rate constants for catalyst poisoning
under conditions of capillary condensation at g ~ 0.3
are lower than those for the gas-phase poisoning by a
factor of 1.4-1.6 at 80 and 60°C.

The number of pulses necessary for complete cata-
lyst poisoning changes with temperature and depends
on capillary condensation. The poisoning of the active
sites in the pores filled with aliquid requires a smaller
amount of sulfur at the same deactivation degree. For
example, the complete poisoning of platinum in the
gas-phase reaction and under conditions of capillary
condensation requires 0.38-0.40 and 0.26-0.28 sulfur
atoms per one platinum atom, respectively (Fig. 10).
Capillary condensation causes deeper poisoning (by a
factor of 1.3-3.1 at (S/Pt) = 0.05-0.25) at the same
amount of sulfur (Fig. 10).

As noted above, the retardation of poisoning is due
to both thiophene diffusion in the liquid and a change
in the thiophene/p-xylene ratio near the active sites as
compared to the gas phase. A decreasein the S/Pt ratio
may be attributed to a dramatic decrease (by a factor
of ~1000) in the hydrogen concentration in the liquid
as compared to its concentration in the gas phase
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Fig. 10. Relative activity a asafunction of the sulfur amount
fed into the reactor per one platinum atom (S/Pt) for (1) the
gas-phase poisoning (P/KSK at 80°C, ng, = 0.058 torr)
and (2) poisoning during capillary condensation (Pt/KSM at

80°C, P}, =0.134tor).

because of its low solubility (the molar fraction of
hydrogen in the liquid phase is ~10-2 mol/mol [13]).

CONCLUSIONS

Comparison of the catalyst poisoning in the gas
phase and under conditions of capillary condensation
suggests that:

1. Gas-phase poisoning is rapid and its kinetics is
independent of the catalyst. Poisoning slows down with
adecrease in temperature.

2. The effective rate constant of poisoning under the
conditions of capillary condensation is lower than that
in the gas phase because the process is obvioudly lim-
ited by diffusion in the liquid. The rate of poisoning
during capillary condensation is also independent of
the catalyst and is determined by the degree of capillary
condensation. The rate constant for catalyst poisoning
during capillary condensation is lower than that in the
gas phase by afactor of 1.4-1.6 on the surface platinum
fraction in the pores filled with a liquid g = 0.3,
whereas, at = 0.5 (both at 60 and 80°C), the rate con-

. . gas _
stant ratio is kp /Ig) =5-6.

3. The poisoning of active catalyst sitesin the pores
filled with a liquid requires fewer sulfur atoms at the
same deactivation degree. The complete poisoning of
platinum in the gas-phase reaction requires 0.38-0.40
sulfur atoms per one platinum atom, whereas its com-
plete poisoning during capillary condensation requires
only 0.26-0.28 sulfur atoms per one platinum atom,
which may be due to a dramatic decrease in the hydro-
gen concentration in theliquid (by afactor of ~1000) as
compared to its concentration in the gas phase.
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