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Abstract—The results of studying the deactivation of both unpromoted platinum—alumina catalysts and those
promoted with K, Li, In, Sn, and W in the dehydrogenation of lower and higher paraffins are discussed. The
main reason for catalyst deactivation isfound to be coke formation. Therate laws of coke formation and paraffin
dehydrogenation in the non-steady-state regime of the reaction are derived. The catalyst sulfuring is found to
enhanceits stability. The effects of oxygen and water impurities on the reactions and coke formation are studied.

INTRODUCTION

The dehydrogenation of paraffins fills an important
place in the synthesis of monomers for synthetic rubber
and other products of organic synthesis. Platinum cater
lyststhat are usually supported on aluminum oxide[1-3]
exhibit ahigh efficiency in the dehydrogenation of paraf-
fins to olefins. Promoters improve the activity, selectiv-
ity, and stability of platinum—alumina catalysts. The
most frequent side reaction that leads to catalyst deacti-
vation is the formation of coke. The preliminary sulfur-
ing of catalystsis used to reduce coke formation [4, 5].
Sulfuring somewhat decreases the catalyst activity but
significantly increases their stability [6-8].

In this paper, we generalized the results of our inves-
tigations on the regularities of platinum—alumina cata-
lyst deactivation in the dehydrogenation of lower (pro-
pane, isobutane, n-butane, and isopentane) and higher
(n-decane, n-dodecane, and C,—C,, mixtures) paraf-
fins, on the kinetics of their dehydrogenation in the
non-steady-state regime, and on the effect of impurities
(sulfur, hydrogen sulfide, oxygen, and water vapors) on
the catalytic activity.

Two types of catalyst deactivation kinetics (“ separa-
ble” and “nonseparable’) were considered in[9-12]. In
the case of separable kinetics, individual factors are
introduced into rate laws to describe a decrease in the
catalyst activity. In the second case, a decrease in the
catalyst activity results in a change in the form of
Kinetic relations or, at least, in the numerical values of
some constants. Describing the regularities of deactiva-
tion, we proceeded from the concepts of nonseparable
kinetics and considered that the description of aprocess
in steady-state and non-steady-state regimes should be
interrelated and based on the general reaction mecha
nism [13-15].

T Deceased.

EXPERIMENTAL

The experiments were performed in a seamless sol-
dered flow-circul ation setup that involved aquartz reac-
tor with a spring-controlled McBain balance [16] at an
atmospheric pressure in the presence of hydrogen. A
catalyst was placed in a stainless-steel netted pan
mounted on a calibrated tungsten spring with a quartz
filament. A 2-mm gap between the pan and the reactor
wall provided good conditions for mass transfer at a
circulation rate of up to 1000 I/h and allowed obtaining
the complete kinetic curve of coke formation during a
single experiment. The experiments with different sam-
ples of catalyst showed that, at a constant space veloc-
ity of the reaction mixture, the same amount of coke per
1 g of catalyst was always formed. The sensitivity of
the spring was 34 mg/mm, its extension was measured
with a KM-6 cathetometer (the accuracy of measuring
was 0.01 mm). The gas mixture was analyzed with a
chromatograph. To determine the composition of coke,
the amounts of CO, and H,O formed from it during
regeneration were measured. The amount of coke mea-
sured by the extension of the spring of the McBain bal-
ance and that determined from the weight of burnt
products were virtually equal.

The compositions of test platinum catalysts sup-
ported on y-Al,O; are presented in Table 1.

The surface area of platinum was determined by the
solubility method [17].

RESULTS AND DISCUSSION

The Initia partial pressures of lower paraffins and
hydrogen varied from 125 to 670 hPa and that of espe-
cialy introduced olefin varied from 0 to 75 hPa. The
space velocity of paraffins (V°) ranged from 1500 to
36000 h!, the temperature varied from 500 to 600°C.
The amount of coke formed (C) was in the range from
1.4t0 70.6 mg/g Cat.
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Fig. 1. Relative activity of catalyst Il asafunction of therel-
ative amount of coke deposited during the dehydrogenation

. 0_ 0 _ 0 _ —1
of isobutene at P; = Py =500 hPa, Vi = 4500 h™,

and (1) 500°C and (2) 570°C (wj isthe steady rate of dehy-
drogenation before a decrease in the catalyst activity).

Higher paraffins were dehydrogenated at
430-500°C, space velocities of n-decane, n-dodecane,
and especially added a-decene and a-dodecene rang-
ing from 210 to 5140 h™!, partial pressures of hydrocar-
bons ranging from 0.25 to 81 hPa and that of hydrogen
ranging from 310 to 980 hPa. Under these conditions,
the amount of coke varied from 1.3 to 77.0 mg/(g Cat).

The rates of coke formation were calculated from
the curves of coke accumulation by approximating
them with regression equations and finding the corre-
sponding derivatives. It was shown in specia experi-
ments that the reactions under study were controlled by
Kinetics.

Table1. Composition of catalysts

Composition, wt %
Catalyst sample| promoters
Pt
Sn In K Li W
I 0.35
I 0.35 2.0
" 035 20
v 0.60 1.0
\Y 060 | 20 1.0
VI 0.60 20 | 10
VII 0.25 0.80 | 0.75
VIl 175 | 20
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Catalyst Deactivation in the Dehydrogenation
of Lower Paraffins

The dehydrogenation of lower paraffins over the test
catalysts occurred at a steady rate up to a certain
moment, after which a slow deactivation of catalysts
began. The length of the period of a steady activity
depended on the nature and concentration of promoters
and reaction conditions. The linear shape of the curve
of the catalyst relative activity versus the relative
amount of coke formed may point to the fact that the
main reason for a drop in the catalyst activity was the
deposition of coke (Fig. 1). The activity began to
decrease after the coke concentration reached some
threshold value (C,). Thethreshold coke concentrations
in the dehydrogenation of isobutane over catalystsl, |1,
and 11 (Table 1) were 1.8, 2.3, and 6.8%, respectively.
The rate of paraffin dehydrogenation at a coke concen-
tration higher than C, was described by the following
rate law:

- kP,y
Py +kPs+ kzpaf +ky(C—Co)

w

ey

Here, Kk, k;, k,, and k; are the constants; P,, P,, P;,
and Py, are the partial pressures of pareffins, olefins,

dienes, and hydrogen, respectively; and y is the coeffi-
cient that takes into account the effect of the reverse
reaction [18].

To restore the initia activity of catalysts, they were
regenerated by keeping in a helium flow for 1 h and
then in flow of air while increasing the temperature to
500°C. The catalysts were heated until carbon dioxide
and water vapor formation completely ceased. The pro-
cess lasted 1.5-2.0 h. The cataysts completely
regained their initial activity after regeneration. Con-
sidering that adrop in the activity was due to coke dep-
osition, we comprehensively studied the kinetics of
coke formation.

Figure 2 presents the amounts of coke formed and
the rate of coke deposition (w,) asfunctions of thetime
of isobutane dehydrogenation. Two regimes of coke
accumulation can be distinguished: regime A in which
the amount of coke increased rapidly and at a steady
rate and regime B in which the rate of coke deposition
drastically decreased. The rate of coke deposition was
independent of the partial pressure of the paraffin. In
regime A, W linearly increased with an increase in the
partial pressure of olefin at a constant concentration of
hydrogen and weakly depended on the hydrogen con-
centration at a constant concentration of olefin. In
regime B, the concentrations of hydrogen, olefin, and
coke affected the rate of coke deposition. Under the
examined conditions, the rate of isobutane dehydroge-
nation began to decrease after the accumulation of 18,
23, and 68 mg of coke per 1 g of cataysts|, |1, and I11
that operated at 540°C in a steady-state mode for 7, 15,
and 20 h, respectively. Thus, promoters increased the
No. 4
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threshold concentration of coke (C,), after which the
rate of isobutene formation began to decrease.

The rates of coke formation in regimes A and B are
described by the following equations:

kcP .
wg = —2— (regimeA); )
1+Kk,Py;

s kePo—kePRC

We =
© P+ kP +keAC

(regime B). 3)

Here, ke, Ky, ke, K¢, and ks are the constants, AC =
C -C,,, isthe increment of the coke amount upon the
completion of coke formation in regime A. Limiting
amounts of coke (Cy;,,) that were formed on the exam-
ined catalysts depended on the nature of apromoter and
were maximal on catalyst |11 and minimal on catalyst I.
The values of C,,,, were much smaller than those of C,,.
The second term in the numerator of Eq. (3) corre-
sponded to coke removal from the catalyst surface by
its conversion to methane.

Table 2 presents the composition of coke that was
formed in the dehydrogenation of isobutane over differ-
ent catalysts.

Thetotal amount of coke formed over catalysts 1111
was almost equal, but theinitial rate of coke formation
that is characterized by constant k- was much higher on
unpromoted catalyst | than on promoted catalysts|l and
I11. Promoters favored hydrogen concentrating in coke;
the more efficient the promoter, the higher the concen-
tration of hydrogen [19].

The analysis of the ratio of terms in the numerator
of Eq. (3) showed that the fraction of coke removed
from catalyst |11 during dehydrogenation was the larg-
est and the fraction of coke removed from catalyst | was
the smallest. Coke that contained more hydrogen was
easier to remove by hydrogen.

When 1.6% of coke was deposited, the dispersion of
catalystsl, I1, and 111 decreased by afactor of 3, 1.3, and
1.2, respectively. Thus, promotion prevented a decrease
in the platinum dispersion, probably because of the
migration of coke to the surface of a support and a pro-
moter. Thismay be associated with the existence of two
regimes of coke formation. It can be assumed that the
formation of coke began on the platinum sites that had
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Fig. 2. (1) Amount of coke formed and (2) the rate of coke
deposition as functions of the time of reaction over catalyst

Il (540°C, P} = P}, =500hPa, V& ;= 4500 h™!).

the highest adsorption strength and continued at the
interface between platinum, promoter, and support,
where the intermediates of coke precursors migrated to.
While the boundary sites are vacant, the rate of coke
deposition is constant; this corresponded to regime A.
In regime B, w, significantly decreased, because the
sites to which the intermediates of coke precursors
might migrate, turned out to be occupied by that time.
Then, coke was predominantly accumul ated on the sup-
port and promoter. It is not improbable that coke migra
tion involved the multilayer coverage of the surface.

Thus, the promotion of platinum—alumina catalysts
resulted in the enhancement of their stability in the
dehydrogenation of lower paraffins and in a change in
the coke structure.

Studying the effect of hydrogen sulfide additives on
the kinetics of the dehydrogenation of lower paraffins
and the properties of catalysts IV-VI, we showed that
the introduction of H,S at its partial pressure of up to
0.12 hPa (~0.05% of paraffin concentration) had almost
no effect on the dehydrogenation rate. At a partial H,S
pressure of 1.05 hPa (0.42% of paraffin concentration),
the dehydrogenation rate decreased by 16-19% of its
initial level. This deactivation was reversible: the cata-
lyst activity gained its initial level once the admission
of hydrogen sulfide was discontinued. Theintroduction
of hydrogen sulfide at an initial pressure of 0.12 hPa

Table2. Coke formation over different catalysts (Pf = sz =500 hPa, V&Hm = 4500 h?, 540°C)

Sl Amount of coke formed Composition of coke formed for the time of reaction
ple i - -
for 50 min, mg/(g Cat) 50 min 200 min
| 13 CHoz CHo .24
1 12 CHgg9 CHg 37
" 12 CHi 3 CHogo
KINETICS AND CATALYSIS Vol. 42 No.4 2001
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Fig. 3. (1) Amount of coke formed and (2) the rate of coke
deposition as functions of the time of reaction over catalyst

VII (470°C, vgmsz = 2000 hY).

enhanced the stability of catalysts by a factor of
15-2.2. The stability of catalyst VI increased to a
grestest degree. In the presence of H,S, coke was
enriched with hydrogen; this made the catalyst more
stable, because this hydrogen-enriched coke was more
easily removed by hydrogen to free the sites on which
dehydrogenation occurred.

The rate of the dehydrogenation of lower paraffins
in the presence of hydrogen sulfide was described by
the following rate law:

k'P,y

W = - Y - .
P2+ kiPs + kP, + k3P, s

“)

The constants K, Kk}, and k, numerically coincided

with those obtained in the absence of hydrogen sulfide;
that is, the mechanism of asimple mutual effect of cat-
alytic reactions worked in this case [20]. This means
that the numerators of the rate laws that describe the
dehydrogenation of paraffinsin the presence and in the
absence of H,S are the same, only the denominator of
Eqg. (4) contains an additional term that characterizes
the retardation of the process with hydrogen sulfide.

At the same time, the principle of a simple mutual
effect of catalytic reactions failed when paraffins were
dehydrogenated in the presence of water vapor at an
initial pressure in the range from 23 to 700 hPa. The

GAIDAI, KIPERMAN

dehydrogenation of paraffins in the presence of water
vapor was described by the following rate law:

_ K'P.y
w= " n 05 ne=2 '
P, + ki P3+ kP + ks Phy o

Thefact that the partial pressure of water entered the
denominator of Eq. (5) to the second power may point
to the adsorption of water vapor on Pt** sites. Such an
adsorption was proven by the chemical analysis of the
catalyst surface [21, 22].

The dehydrogenation of isobutane over catalyst V
for 10 h showed that 14 and 6 mg of coke/g of the cat-
alyst was formed in the absence and presence of water
vapor, respectively. Therefore, water vapor decreased
coke formation and enhanced the stability of the cata-
lyst by afactor of 1.5t0 2.

In the presence of water vapor, the rate of paraffin
isomerization over catalystsV and V1 decreased and the
activity, selectivity, and stability of the catalysts in the
formation of olefins enhanced.

&)

Catalyst Deactivation in the Dehydrogenation
of Higher Paraffins and Their Mixtures

The dehydrogenation of higher paraffins occurred at
aconstant rate up to the moment when a certain thresh-
old concentration of coke (C,) was reached. The values
of C, for cataysts VII and VIII were 20-30 and
150-160 mg/(g Cat), respectively. Although these
amounts were much larger than those that corre-
sponded to amonolayer coverage of platinum, unoccu-
pied sites on which the dehydrogenation of hydrocar-
bons may occur still remained on the metal surface.
This means that coke deposited in multilayers not only
on platinum, but on a support as well. Such a behavior
of coke deposition was confirmed by the electron-
microscopic studies of fresh and coked catalyst and
support samples with a Tesda BS-513 electron micro-
scope [23]. As in the dehydrogenation of lower paraf-
fins, the relation between arelative change in the activ-
ity of catalysts and the relative amount of deposited
coke pointed to the fact that the main reason for a
decreasein the catalyst activity was coke formation. At
C > C,, the rate of the dehydrogenation of paraffinsto
olefinswas described by therate law similar to that pro-
posed in [24, 25] with the difference that the more com-
plex denominator contained a term that accounted for
the coke concentration:

kP, —K'P,P,,.
Pﬁf + kP, + kP + k3(C—Co)'

Catalyst VIII lost its activity in the dehydrogena-
tion of higher paraffins at a much lower rate than cat-
alyst VII.

Figure 3 presents the amounts of coke formed dur-
ing n-decane dehydrogenation and the rates of coke
deposition as functions of the reaction time. Compari-

(6)
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son of Figs. 2 and 3 showed that, in the latter case, coke
was formed more smoothly and two clearly defined
regimes of coke formation were absent.

Based on available experimental data on the mecha
nism of coke formation and the regularities of the dehy-
drogenation of higher paraffins [24-27], we described
the rate of coke formation by the following equation:

_ K,P, + ksPj + KeP, + k7psczse—ac

W, , (7
C D (D1)0.5
where
D = P>+ ky P, + koPg + ksC™°, ®)
D, = Pii” + kyP, + KyPs. )

Two terms in Eq. (7) corresponded to coke formation
on the coke-free surface and on the deposited coke. The
factor C*3¢~2C appeared in Eq. (7) in accordance with
the exponential law of nucleation in topochemical reac-
tions[28]. Coefficient a reflected the nature of conden-
sation product formation.

The analysis of numerical values of constants of
Eq. (7) showed that coke was mainly formed from
dienes. In the case of catalyst VI, the contribution of
the second term was insignificant at any concentrations
of coke, this supported the coke deposition mainly on
platinum.

The constants in the denominators of Egs. (6) and
(7) coincided numerically. Thus, the regularities of
coke formation and the dehydrogenation of higher par-
affins are described by a unified kinetic model.

Therate of coke formation during the dehydrogena-
tion of the mixtures of n-decane and n-dodecane
equaled the sum of the rates of coke formation from
individual hydrocarbons:

W = k4P, + ksP3 + K, P, + ks Py
¢ D
+ kP, + k;P3 + kP, + k|7P3C2/36—uc
(D)™

(10)

where
D = Py + kP, + koPy + K P, + ko P+ kyC°, (1)

" "

D, = Pi + KyPy + KoPs + KPPy + K5'Ps. (12)

Thus, knowing the kinetics of coke formation dur-
ing the dehydrogenation of individual hydrocarbons,
one can calculate the rate of coke formation in the
dehydrogenation of their mixtures. This is possible
only in the case when the principle of a simple mutual
effect of catalytic reactionsis effective [20].

Interactions between the fragments that were
formed during the adsorption of olefins and dienes on
the pure surface of catalysts and interactions between
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coke and these fragments on the coked surface were
assumed to be slow in the above-mentioned equations.

To estimate the effect of sulfur on coke formation in
the dehydrogenation of higher paraffins, the catalysts
were treated with the mixture of benzene and thiophene
(14 : 1) for 1 h at 500°C [29]. The rate of coke forma-
tion on sulfured catalystswas also described by Eq. (7).
However, both the rate of coke formation and the total
amount of coke were much lower than those in the
absence of sulfur. As aresult, the stability of sulfured
catalyst was 1.5-1.7 times higher than that of nonsul-
fured catalyst.

Impurities in the initial products and oxygen and
water present in the reaction zone had a detrimental
effect on the dehydrogenation of higher paraffins.

Analysis of experimental data demonstrated that the
presence of up to 40 ppm of water and up to 815 ppm
of oxygen had no effect on the dehydrogenation of
higher paraffins and the formation of coke. An increase
in the concentration of oxygen up to 4100 ppm resulted
in an increase in the rate of coke formation and in a
decreasein the rate of dehydrogenation. Assuming that
the interaction of fragments formed during the adsorp-
tion of olefins and dienes with adsorbed oxygen was a
slow stage in coke formation, we obtained the follow-
ing equation:

(ke kiPo,) P, + (ks + k3Po,) Py

Wc D 3)
(1
N (ke + kgpoz) P+ (ks + kgpoz) P3C2/3e-ac
(D) |
where

D = P’ + kP, + KoPs + ksC™ + KgPg,  (14)

D, = Piio +kyP, + KyP3 + koPS:. (15)
Numerical values of constants k,—k; and coefficient
o werethe sameasin Eq. (7).

Analysis showed that, in the presence of oxygen,
dienes weakly affected coke formation and that oxygen
was strongly adsorbed on the coked catalyst surface
and thus participated in chemical conversions of hydro-
carbons, which occurred mainly on the formed conden-
sation products.

With anincrease in the concentration of oxygen, the
rate of olefin and diene formation from higher paraffins
decreased, and the rate of paraffin consumption was
expressed by the following eguation:

kP, —K'P,P,,
W=3 T 05
Ph, T kiP2 + koP3 + k3(C = Cp) + kqPo,

(16)

Thus, the study of the deactivation of platinum—alu-
mina catalysts in the dehydrogenation of lower and
higher paraffins showed that the main reason for a
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decreasein their activity was coke formation. However,
the regularities of coke formation depended on the size
of molecules. In the dehydrogenation of lower paraf-
fins, the main mass of coke wasformed at the beginning
of the reaction, whereas in the dehydrogenation of
higher paraffins, coke formed more smoothly.

Excess hydrogen was necessary in the dehydrogena-
tion of lower and higher paraffins to remove coke and
stabilize platinum catalysts. The eightfold excess of
hydrogen with respect to hydrocarbon was required in
the dehydrogenation of higher paraffins, and the
equimolar amounts of hydrogen and hydrocarbon were
sufficient for the hydrogenation of lower paraffins.
Here, the dual nature of hydrogen manifested itself: the
wholesome effect of decreasing coke formation was to
agreater or lesser extent surpassed by the detrimental
Kinetic factor.

The preliminary sulfuring of catalysts or the perfor-
mance of dehydrogenation in the presence of small
amounts of hydrogen sulfide favored the enhancement
of catalyst activity.

The regularities of catalyst deactivation are an inte-
gral part of the general kinetic model that simulated the
process and involved all possible conversionsin steady-
state and non-steady-state regimes. These regularities
should be considered within the scope of the general
mechanism of the given catalytic process.
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