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The coke combustion kinetics on the deactivated catalysts for long chain paraffin dehydrogenation was studied
by the thermogravimetry and differential thermogravimetry (TG-DTG) technique. The amount and H/C mole
ratio of the coke were determined by the TG and elemental analysis. And the comprehensive coke combustion
model and catalytic combustion mechanism were also proposed. The results showed that three types of coke
existed, which were located on the metal sites (C1) and the support sites surrounding (C2) and far from Pt
(C3), respectively. The reaction order with respect to carbon was 1, 1/3 and 3/4, and to oxygen was 0, 1/2 and
3/4, respectively for the coke C1, C2 and C3. Moreover, the corresponding activation energy was 31, 107 and

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Dehydrogenation of long chain paraffins to olefins is an important
step in linear alkylbenzene sulfonate production, which is extensively
employed for biodegradable detergents, hydraulic oils, flotation and
oil recovery agents [1]. The Pt-Sn/Al,03 catalysts are widely used in
the industrial process of long chain paraffin dehydrogenation. Some
literatures about the effect of the additives and supports on the Pt-Sn/
Al,05 catalysts have been reported [2-4]. However, the life-time of the
commercial catalysts for long chain paraffin dehydrogenation, such as
DEH, NDC and DF types of catalysts, is only 40-60 days [5]. Some papers
showed that the coke formed on the catalyst surface during the dehy-
drogenation process, which led to the deactivation of the catalysts
[6-9]. Sahoo et al. [10] found that the coke deposited on the deactivated
catalysts for long chain paraffin dehydrogenation consisted of soluble
and insoluble coke. The former was mostly composed of polymerized
aromatic and aliphatic hydrocarbons and the latter was mainly com-
prised of polycyclic aromatic hydrocarbons. He et al. [11] indicated
that the coke gradually accumulated on the catalyst surface during the
dehydrogenation of long chain paraffins. With the prolongation of the
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reaction, the graphitization degree of the coke was increased, but the
formation rate was decreased. Generally, the deactivated catalysts can
be regenerated by coke combustion, which is the most effective method
for the decoking treatment. The coke combustion process is highly exo-
thermic, and the temperature jump can lead to the damage of the cata-
lyst structure [12,13]. Consequently, it is very important to optimize the
process. Numerous papers regarding the coke combustion conditions
have been published [14-16]. Afonso et al. [17] reported that the rapid
heating rate and high combustion temperature must be avoided, but
the combustion time should be long enough during the regeneration
process of Pt-Sn/Al,03 catalysts. The appropriate conditions were:
heating rate 2 °C/min, temperature 450 °C and time 8 h, respectively.
Barbier et al. [18] observed that the coke deposited on the metal sites
could be removed when the combustion temperature was 270 °C for
the Pt-Re/Al,03 and Pt-Ir/Al,O5 catalysts. However, temperature higher
than 400 °C was required to eliminate the coke located on the support
sites. In our previous work, the coke combustion procedures of the
deactivated catalysts for long chain paraffin dehydrogenation have
been investigated [19]. It was suggested that the deactivated catalysts
were treated initially in O,/N; containing 1 vol.% O, for 3 h, then in
0,/N; containing 3 vol.% O, for 2 h, and finally in air for 3 h. Moreover,
the combustion temperature and gas hourly space velocity (GHSV)
were controlled at 500 °C and 1000 h™, respectively.

Kinetic study about the combustion of coke on the deactivated cata-
lysts is essential to the simulation of the regeneration process. Some in-
vestigations about the coke combustion kinetics on the cracking and
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reforming catalysts have been reported [20-24]. The coke combustion
kinetics on the cracking catalysts was proposed to be first-order with
respect to carbon and approximately first-order with oxygen [25]. How-
ever, the coke combustion kinetics on the dehydrogenation catalysts
has not yet been reported. The characteristics of the coke deposited on
such catalysts are quite different from that on the cracking catalysts,
and thus the coke combustion kinetics is distinct. The purpose of this
work is to study the coke combustion kinetics on the deactivated
catalysts for long chain paraffin dehydrogenation, and the catalytic
combustion mechanism will be also proposed.

2. Experimental
2.1. Deactivated catalyst sample

The fresh Pt-Sn-K/Al,Os catalysts, with the component of Pt 0.5 wt.%,
Sn 1.5 wt.% and K 0.5 wt.%, were obtained from PetroChina Fushun
Petrochemical Company, PR China. The dehydrogenation reaction of
long chain paraffins was performed under industrial conditions, and
the deactivated catalysts were discharged after a 45-day continuous
run. The n-paraffins were industrial grade n-C;o-C;3 which were used
in the industrial PACOL plant. The component was n-Cyog 11.67 wt.%,
n-Cy; 29.37 wt.%, n-Cyp 32.29 wt.%, n-Cy3 26.25 wt% and n-Ci4
0.07 wt.%. The reaction conditions were as follows: pressure 0.14 MPa,
liquid hourly space velocity of n-paraffins 20 h=', and gas hourly
space velocity of hydrogen 12,000 h™ . The reaction temperature was in-
creased from 473 °C stepwise up to 479 °C to maintain a certain conver-
sion. The TG results showed that the coke deposited on the deactivated
catalysts was 4.5 wt.%.

2.2. Elemental analysis

The amount of C and H elements of the coke was determined using
a Vario EL III Universal CHNOS Elemental Analyzer (Elementar
Analysensysteme GmbH, Hanau, Germany). The samples were oxidized
in pure oxygen (99.995%) at 1150 °C. The results showed that the H/C
mole ratio of the coke on the deactivated catalysts was 1.8.

2.3. TG-DTG experiments

The TG-DTG experiments of the deactivated catalysts were per-
formed on a thermogravimetric analysis instrument (SETSYS 16/18,
France). The samples with the weight of 10.0 mg were heated from
ambient temperature to 600 °C at a heating rate of 10 °C/min. The gas
flow rate was 100 mL/min.

2.4. Coke combustion experiments

The coke combustion experiments were performed on the same
apparatus as the TG-DTG experiments. In order to eliminate the effect
of the internal diffusion on the intrinsic kinetics, the deactivated cata-
lysts were ground and sieved to 100-120 mesh based on Eq. (1) [26].

Ro,Po Lé

oo (G, <1 (1)

Ny_p =

where Nw _ p, Ro,, Po, Lo, De o, and (Co, ) represent the Weisz—Prater cri-
terion, the observed reaction rate of oxygen, the density of the catalyst,
the diameter of the catalyst particle, the effective diffusivity of oxygen,
and the oxygen concentration at the particle surface, respectively.
After being purged in N, under the specified temperature, the
burning gas was switched from N, to O,/N, mixed gas containing 0.8
21 vol.% O,. The oxygen partial pressure was varied by adjusting the
volume ratio of oxygen to nitrogen, and the gas flow rate was kept at
100 mL/min during the whole process. The weight percentage of the

samples was recorded as a function of the coke combustion time until
no weight loss.

3. Results and discussion
3.1. Characterization of the deactivated catalysts

The TG-DTG profiles of the deactivated catalysts are plotted in Fig. 1.
Four distinct peaks were identified from the DTG curve. The peaks located
at about 100 °C and 250 °C were attributed to the removal of weakly
adsorbed steam and hydrocarbons. The peaks around 450 °C and
520 °C were generally related to the combustion of coke deposited on
the active metal and support sites [27,28]. Based on the TG curve, these
two types of coke were approximately 68 wt.% and 32 wt.% of the total
coke. In this paper, we mainly focus on these two kinds of coke.

3.2. Coke combustion kinetics

The coke deposited on the deactivated catalysts was primarily com-
posed of the element carbon and small amounts of hydrogen. Carbon
rich in hydrogen could be completely removed in the earliest minutes
[29], and therefore the total reaction rate nearly reflected the combus-
tion of coke in oxygen, which could be expressed by Eq. (2) or Eq. (3).

r=—%c_ iy 2)

Inr = Ink+mInPg, +nInCc (3)

where Cc, Po,, k, m and n represent the coke concentration, the oxygen
partial pressure, the rate constant, and the reaction order with respect
to oxygen and carbon. When P, and T are constant, Eq. (3) can be short-
ened as Eq. (4) where InK = Ink+m InPp,.

Inr = InK+nInCe. (4)

3.3. Parameter estimation

3.3.1. Effect of the coke concentration

The reaction order with respect to carbon was investigated by the
coke combustion experiments at different temperatures and is
displayed in Fig. 2. All the experiments were performed at the same ox-
ygen partial pressure of 8.7 kPa. The coke combustion reaction was con-
sidered to be nearly isothermal due to small amounts of the coked
samples. High gas flow rate kept the oxygen partial pressure approxi-
mately constant before and after the experiment.
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Fig. 1. TG-DTG profiles of the deactivated catalysts.
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Fig. 2. TG profiles of the deactivated catalysts at different combustion temperatures.

The coke combustion rate was found to be rapidly increased in the
initial minutes and then gradually decreased to zero. It was also
observed that the coke combustion at 420 °C was incomplete. Approxi-
mately 64 wt.% of the total coke was burned off, in accordance with the
coke amount on the metal sites calculated from Fig. 1. The initially re-
moved coke might be attributed to the carbon rich in hydrogen, and it
was approximately 4 wt.% of the total coke. However, the combustion
rate of such coke was difficult to measure accurately, and therefore it
was not taken into account. Additionally, two distinct zones with differ-
ent slopes were observed corresponding to 320-1000 s and
1000-2500 s, which were attributed to the combustion of the carbon
C1 and C2, respectively. Moreover, it was discovered that these two
types of coke could be completely eliminated under this condition,
and the difference depended on their combustion activity.

Most of the coke could be removed at 500 °C, and three distinct
zones with different slopes were seen corresponding to 270-400 s,
400-500 s and 500-700 s, which were attributed to the combustion of
the carbon C1, C2 and C3, respectively. The carbon C3 was approximate-
ly 32 wt.% of the total coke, in accordance with the coke amount on the
support sites calculated from Fig. 1. Baumgarten et al. [30] reported that
the dissociative O* chemisorbed on the active metal surface could react
with the coke deposited on the metal. When the combustion tempera-
ture was increased to higher than 450 °C, the chemisorbed O* could
migrate to the surrounding support and react with the coke on it.
Consequently, the carbon C1 and C2 might be attributed to the coke
on the metal and the support around Pt, respectively. However, the
combustion of C3 on the support sites was not influenced by the catalytic
combustion of the active metal. The combustion activity order of the three
types of coke was: C1 > C2 > (3, and the corresponding concentration was
38, 26 and 32 wt.%, respectively.

The experimental values were used to confirm the reaction order
with respect to such three types of coke based on Eq. (4). It was obtained,
according to Fig. 2, by the relationships of the reaction rate (In(—dC/dt))
with the coke concentration (InC) remaining on the catalysts at different
temperatures. A linear correlation was well observed, and the fitted
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Fig. 3. TG profiles of the deactivated catalysts at different oxygen partial pressures under
420 °C.

results are summarized in Table 1. The reaction order with respect to
the three types of coke was 1, 1/3 and 3/4, respectively.

3.3.2. Effect of the oxygen partial pressure

The reaction order with respect to oxygen was examined by the coke
combustion experiments at 420 °C (Fig. 3) and 500 °C (Fig. 4). It was ob-
served in Fig. 3 that approximately 42 wt.% of the total coke was burned
off when the oxygen partial pressure was lower than 3.04 kPa, which
was in accordance with the amount of the carbon rich in hydrogen and
C1. It indicated that the carbon C2 and C3 had no activity under such con-
ditions. Two distinct zones with plateau were identified, and it became
less prominent with the increasing oxygen partial pressure. The two
zones were ascribed to the combustion of the carbon rich in hydrogen
and C1, respectively. It was seen in Fig. 4 that the coke combustion rate
was remarkably influenced by the oxygen partial pressure especially
when it was lower than 8.7 kPa. Consequently, it was necessary to strictly
control the oxygen partial pressure during the coke combustion process.

Similarly, the reaction order with respect to oxygen was calculated at
a certain coke concentration based on Eq. (3). It was obtained, according
to Figs. 3 and 4, by the relationships of the reaction rate (In(—dC/dt))
with the oxygen partial pressure (InPo,). A linear correlation was well ob-
served, and the fitted results are listed in Table 2. The rate constant k; was
almost the same at a given temperature regardless of the oxygen partial
pressure, and the reaction order with respect to oxygen was 0, 1/2 and
3/4, respectively for the carbon C1, C2 and C3. It indicated that the com-
bustion rate equation of the carbon C1 did not involve the oxygen partial
pressure, but the carbon C2 probably reacted with the dissociative O*
migrated from the metal to the surrounding support. The reaction order
for the carbon C3 was in agreement with the results reported by
Haldeman et al. [31].

3.3.3. Effect of the combustion temperature

In order to determine the effect of the combustion temperature on the
rate constant, the coke combustion experiments were performed at
different temperatures. The Arrhenius curves for three types of coke,

Table 1
The fitted results of the reaction order with respect to the three types of coke.
Temperature C1 C2 c3
6 n; Ink; + myInPo, ny Ink; + myInPo, n3 Ink; + mslnPo,
420 0.98 —2.75 0.31 —3.02 - -
450 0.99 —243 0.30 —1.81 0.79 —235
500 1.05 —1.31 0.31 —0.96 0.79 —0.84
530 - - 0.38 —0.49 0.79 —0.24
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Fig. 4. TG profiles of the deactivated catalysts at different oxygen partial pressures under
500 °C.

which were obtained by the relationships of the rate constant (Ink) with
the combustion temperature (1000/T) based on Fig. 2, are plotted in
Fig. 5. The corresponding activation energy and pre-exponential factor
are listed in Table 3. The activation energy for the three types of coke
was 31, 107 and 127 kJ/mol, respectively, which was in agreement with
the results reported by Pieck et al. [32]. The activation energy for the
carbon C2 was three times more than that for the carbon C1, indicating
that the carbon C2 needed higher energy to form the activated species
C*. However, much lower energy was enough for the carbon C1 owing
to the catalytic combustion effect. The activation energy for the carbon
C3 was in agreement with the results reported by Weisz et al. [33].

Moreover, the pre-exponential factor for three types of coke could
be well explained by the kinetic compensation effect [34,35]. The rela-
tionship curve between the pre-exponential factor and activation ener-
gy is plotted in Fig. 6, and a linear correlation was well observed.
Additionally, the rate constant could be expressed by Eq. (5) where A,
E, R and T represent the pre-exponential factor, activation energy,
molar gas constant and temperature, respectively.

k = Aexp(—E/RT). (5)
3.3.4. Comprehensive coke combustion model
As summarized above, the kinetic equations for the three types of

coke were proposed during the combustion of coke on the deactivated
catalysts for long chain paraffin dehydrogenation.

Cl1 (x; =0.38)+0,—C0, +CO ~— ddcfl =k, Coy (6)
dCe 5 p 7
C2 (x,=0.26) + 0,—C0, + €O — = = kyCiyP, (7)
dCes i pi 8
(3 (13 =032) + 0,~C0, + €O —=2 = ks (&3PG, - 8)

Table 2
The fitted results of the reaction order with respect to oxygen for the three types of coke.
Po, 420 °C Po, 500 °C
(kPa) a (kPa) ) a3
Ink, m; R? Ink, m, R> Inks m; R?
081 —298 081 —2.21 —1.98
152 —1.92 —2.05
3.04 —295 006 099 304 —190 045 099 —2.00 071 0.98
8.70 —2.06 —2.21
870 —2.87 213 —2.02 —2.62

= C1
A C2
1.5
v C3
-2.0 -
25
™ 2 E =31 kJ/mol
Ei AT
-3.0
E =107 kJ/mol
35
4.0 -
1 1 ! 1 1
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Fig. 5. Arrhenius curves of the deactivated catalysts for the three types of coke.

Generally, the total rate equation could be expressed as in the
following Eq. (9).

dc 31,000
%:50@@(— et ) o x0) +24
107,000\ s )
x 10° exp — &t )P0, (Co %) +33
127,000 3 3
x 10" exp (— T) Ph, (Cor - X3)". 9)

3.4. Catalytic combustion mechanism

As mentioned above, the combustion properties of three types of
coke were different due to the catalytic combustion effect. A possible
mechanism was proposed as follows:

“C-C-C <4—1 45 =C-C +Pt*C - Q

Pt* Pt* Pt*

2Pt + 0, % 2Pt —0—Q
* k * *
Pt"—C+Pt'—0 = Pt'—(CO) + Pt" + Q

I *
Pt —0 + Pt"—(CO) - 2Pt" + CO, + Q.

The first step was the formation of the activated carbide Pt*-C from
the catalytic cracking reaction of the bulk ~C-C-C chemisorbed on the
metal sites. The second was the dissociative adsorption of oxygen, and
its concentration depended on the oxygen partial pressure and coke
combustion temperature [36]. The third was the formation of the inter-
mediate Pt*-(CO), which was transformed into carbon dioxide once it
collided with Pt*-O.

Table 3
Activation energy and pre-exponential factor for the three types of coke.
Coke type Activation energy Pre-exponential factor R?
(kJ mol ) (10° Pa)~™ (min) "
C1 31 50 0.95
c2 107 2.4 % 10° 0.98
a 127 33 x 107 0.99
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Fig. 6. Relation curve between the pre-exponential factor and activation energy.

It was concluded above that the catalytic combustion of the carbon
C1 exhibited the characteristics of zero-order reaction with respect to ox-
ygen and first-order with carbon. It indicated that the rate-determining
step of the catalytic combustion reaction was the first above. Similar
results have also been reported by Holstein et al. [37]. Consequently,
the reaction rate equation was proposed as Eq. (10).

dc
—Tf =k, Cc. (10)

The heat flow curves at different oxygen partial pressures are plotted
in Fig. 7. It was observed that the heat flow was increased obviously in the
initial minutes, which resulted from the exothermic combustion of the
coke (CHy). And then the heat flow was decreased sharply, indicating
that the hydrogen-rich coke was totally eliminated but some more poly-
merized coke was still burning. Finally, all the coke was eliminated and
the heat flow was almost zero. Moreover, a distinct plateau was seen
when the oxygen partial pressure was lower than 3.04 kPa. Under such
conditions, the fraction of the activated species such as Pt*-O was lacking
and thus the intermediate Pt*-CO could not be transformed immediately.
However, the activated species were increased with the increase of the
oxygen partial pressure and therefore the plateau disappeared.

4. Conclusion

In this work, the combustion kinetics of coke on the deactivated
catalysts for long chain paraffin dehydrogenation has been investigated.
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Fig. 7. Heat flow curves of the deactivated catalysts at different oxygen partial pressures
under 420 °C.

It can be concluded that three types of coke, which are deposited on the
metal and the support sites surrounding and far from Pt, respectively, are
observed. The corresponding reaction order with respect to carbon was
1, 1/3 and 3/4, respectively. Moreover, the reaction order with oxygen
was 0, 1/2 and 3/4, respectively for the carbon C1, C2 and C3. And the cor-
responding activation energy was 31, 107 and 127 kJ/mol, respectively.
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