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Abstract—The kinetics of coke combustion was investigated by using a thermogravimetric analyzer (TGA) of coked
catalysts which was used for propane dehydrogenation to determine the activation energy. Apart from the Pt/ALO; cat-
alyst, four different Pt-Sn/ALO; catalysts were prepared by varying the Pt/Sn ratio from 3:0.5 to 3:3 by weight. The
catalytic activity was measured by propane dehydrogenation at 620 °C. The reactant mixture consisting of C;Hg (30 ml/
min) and H, (30 ml/min) was fed into the reactor for 5h. A thermogravimetric analyzer in the presence of air was
used to determine the amount of coke deposited and calculate the kinetic parameters for coke combustion. Three non-
isothermal models (Friedman, Flynn-Wall-Ozawa (FWO), and Kissinger-Akahira-Sunose) were used to determine the
activation energy and the best model to fit the experimental data. The FWO model provided the best fit for 3Pt/ALO,
and 3Pt-0.5Sn/ALO;. The three models were equivalent for fitting the data for 3Pt-1Sn/ALO;, 3Pt-2Sn/ALO;, and 3Pt-
3Sn/ALO;. The activation energy increased with increasing Sn addition in the 3Pt/ALO; catalyst. Differences in the
locations and the qualitative features of the cokes were suggested to interpret the results.
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INTRODUCTION

Light olefins like ethylene and propylene are very important chem-
ical intermediates with a demand that continues to increase. Since
2010, the advantage of dehydrogenation processes of propane in
shale gas has gained increasing attention, as this gas contains sig-
nificant amounts of propane and butane, even though the main
product of shale gas is methane [1-3]. With the lower price of pro-
pane, the propylene supply is also becoming important. Propane
dehydrogenation (PDH) to produce propylene has attracted much
attention. In commercial plants, the PDH process is performed with
Pt or Cr catalysts, but the demand for highly active catalysts is still
growing [4-6]. Nevertheless, coke generation during the PDH pro-
cess appears to be inevitable because dehydrogenation is very endo-
thermic and requires high temperatures. Bimetallic catalysts such
as Pt-Sn catalysts have been examined to delay coke deposit. The
advantages of bimetallic catalysts include enhancement of the pro-
pane conversion and propylene selectivity [5,7].

Wang et al. [8] analyzed the coke forms generated during the
PDH process and classified three types of cokes qualitatively. Even
though analysis of the location of coke generated during the PDH
reaction is complicated, they also tried to identify the locations in
the catalysts. They reported that coke was generated on the metal,
in the vicinity of the metal, and also on the support. The chemical
components of the cokes were also classified as aliphatic, aromatic,
and pre-graphite. At prolonged reaction times, aliphatic coke may
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be converted to either aromatic or pre-graphite. Though uncon-
firmed, the metal dispersion might affect the coke generation. In
our previous study [7], the metal dispersion was changed by vary-
ing the treatment temperature from 450 to 600 °C in the range of
direct reduction. From a qualitative study of the coke location, we
reported that the so-called drain effect may provide indirect evi-
dence that differences in the coke combustion observed by differ-
ential thermal analysis (DTA) are caused by the coke location. A
split of the DTA peak was observed at 400-500 °C and was unique
in case of bimetallic Pt-Sn catalysts. With addition of Sn, peak splits
were clearly observed in the DTA analysis. The observed peak splits
were attributed to the migration of coke. However, there was no
evidence that the type of coke differed with the addition of a Sn pro-
moter. More coke was also noticed on the metal catalyst when it
was suspected that the Pt;Sn alloy was present and coke accumu-
lation was more active.

Kinetic studies on the combustion of coke are important in the
design of PDH regenerator in which PDH catalyst can be regener-
ated by burning the coke on the catalyst. Since the PDH process
could be improved into a continuous process by the regenerator, a
regenerator is essential for efficient PDH process. Kinetic studies on
the coke combustion in the study of catalysts have been carried out
mainly so far for the fluid catalytic cracking [9-13] or paraffin dehy-
drogenation or naphtha reforming catalyst [14,15]. Ochor et al. [9]
conducted a study of the kinetic parameters for fluid catalytic crack-
ing reactions using three methods, ie., the kinetic model-based,
iso-conversional, and modulated methods, using TGA data and
analyzed their advantages and disadvantages. Luo et al. [16] con-
ducted a kinetic study on the oxidation of coke produced by the
long-chain dehydrogenation of PtSn catalysts. The coke types were
classified as coke on metal, on carrier, and away from platinum,
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and the reaction orders were obtained for each coke type and oxy-
gen. Zagoruiko et al. [14] also conducted a kinetics study of the oxi-
dation of coke produced in the naphtha reforming reaction and
designed a regeneration process using the obtained kinematic vari-
ables. However, there have been no kinetics studies on the oxidation
of coke produced by propane dehydrogenation on PtSn/alumina
catalysts. In the kinetics study of a single reaction or single compo-
nent, there is usually single activation energy for conversion or reac-
tion. In contrast, the activation energy of multi-component mixtures
varies according to the temperature. For instance, oil products from
kerogen retorting [17], polymer pyrolysis [18,19], and biomass pyrol-
ysis [20,21] showed multiple activation energies as a function of the
temperature. As non-isothermal models for analyzing the kinetics,
the Friedman, Flynn-Wall-Ozawa (FWO), and Kissinger-Akahira-
Sunose (KAS) methods are frequently used to determine the acti-
vation energies with variation of the temperature [18-21].

In this study; thermal gravimetric analysis was adopted to study
the non-isothermal kinetics of coke combustion. Cokes were gen-
erated from the PDH process in the presence of Pt and bimetallic
Pt-Sn catalysts. The kinetic variables influencing coke formation
on catalysts are of interest. Apart from the Pt/ALO; catalyst, four
different Pt-Sn/ALO; catalysts were prepared by varying the Pt/Sn
ratio from 3:0.5 to 3: 3 by weight. The spent catalysts after the PDH
reaction were evaluated. Thermal gravimetric analysis was employed
to determine the amount of coke deposited and to calculate the
kinetic parameters of coke combustion. Three non-isothermal mod-
els (Friedman, FWO, and KAS) were used to determine the acti-
vation energy and the best model to fit the experimental data.

EXPERIMENTAL

1. Catalyst Preparation

The current investigation involved dehydrogenating propane
and combusting the coked Pt-Sn/ALO; catalysts for kinetics analy-
sis of coke combustion for the used catalyst. The catalyst was pre-
pared by using a previously described method [7]. Predetermined
amounts of H,PtCl,-6H,O (Sigma-Aldrich, >37.5% Pt basis) and
SnCL,-2H,O (Sigma-Aldrich, >98%) were dissolved in 1.5ml of
anhydrous ethanol (C,H;OH, 99.5%, Daejung). The precursor solu-
tion was then evenly dispersed over a 3.00 g G-ALO; support placed
in a plastic tube. The mixture was homogenized by manually shak-
ing for ca. 5 min. The catalysts were dried in a drying oven for 24h
before drying at 120 °C. The catalysts were calcined by heating from
room temperature to 600 °C (at rate of 10°C min™"), maintained
at 600 °C for 4 h, and cooled to room temperature at a rate of 5°C
min' for 2 h. In laboratory studies, up to 3 wt% of Pt on ALO, sup-
ports is often employed in the PDH reaction, which is higher than
the Pt content (less than 1 wt%) of industrial catalysts. Herein, 3 wt%
Pt was selected as a reference catalyst and Sn metal was added as a
co-catalyst in the range of 0.5-3wt%. The prepared catalysts are
denoted as 3Pt/Al,Os;, 3Pt-0.5Sn/AlLO;, 3Pt-1Sn/ALO;, 3Pt-2Sn/
ALO;, and 3Pt-3Sn/ALO;.
2. Catalyst Performance in Propane Dehydrogenation

Propane dehydrogenation was performed in a fixed-bed reactor
at 1 bar and 600 °C. The catalyst (100 mg) was placed into a quartz
reactor inside a furnace. The temperature was increased to 600 °C

at 10°C min™" while H, gas at a flow rate of 30 ml min™' was used to
reduce the catalyst. The reaction mixture consisting of C;Hy (30 ml
min ') and H, (30 ml min ") was fed into the reactor for 5h. The
product was sampled at different intervals and analyzed by gas
chromatography with a flame ionization detector. The propane con-
version and propylene selectivity were calculated by using the fol-
lowing formulas:

”(C3Hs)in— ”(C3Hs)am
n(C;Hy),,

Propane conversion (%)= x 100 ®
Propylene selectivity (%)
n(C;He)

out 1 2
+n(C,He) x100 @)

+n(C,H,), ,+n(CH,)

n(CZHG)uut out out out

where n(C;Hy);, and n(C.H,),,, are the moles of propane from the
inlet and number of moles of products from the outlet, respectively.
3. Thermogravimetric Analysis (TGA)

The deactivated catalysts were subjected to TGA using a Perkin
Elmer TGA 7 instrument. In order to eliminate the effect of inter-
nal diffusion on the intrinsic kinetics, the used catalysts were ground
and sieved to a size of 75-105 pm. The fine sample with a weight of
~6.0 mg was heated from ambient temperature to 800 °C at heat-
ing rates of 5, 10, and 15°C min ' while purging with air at 50 ml
min "', The TGA data were saved and processed in a spreadsheet
software to calculate the reaction kinetics parameters.

4. Kinetics Analysis from TGA

Iso-conversional kinetics are usually analyzed based on the degree
of conversion. The TGA data must be converted from weight loss
to the degree of conversion (@), where o increases from 0 to 1. The
derivative conversion curve can provide information about the con-
version rate, which may be more sensitive to the present reaction
conditions [18-21].

4-1. Kinetics Modeling of Coke Combustion

The kinetics equation for thermal decomposition of solid-state

matter is expressed as the rate of conversion, as shown in Eq. (3):

da
i k(D)f(a) ©)

where t, o, and T represent the time, the extent of the reaction, and
temperature, respectively. On the right-hand side, k(T) is the tem-
perature-dependent rate constant and f(¢) is a function that rep-
resents the reaction model, as shown in Table 1. The extent of the
reaction, ¢, can be expressed as Eq. (4).

m,—m,
a=

" m @)
o S
where, m, is the initial mass of the sample, m; is the final mass of
the sample at the end of the reaction, and m, is the mass of the
sample at time t. The reaction rate constant is temperature-depen-
dent and can be expressed by the Arrhenius equation as follows:

k(T):Aexp(_Rl,Er“) ®)

where, B, (J mol ') is the activation energy of the reaction, A is the
pre-exponential factor, and R (J mol™ K™') is the universal gas con-
stant. Egs. (3) and (5) can be combined to give to Eq. (6).
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Table 1. Kinetics models applied to TGA analysis, where f() is shown in Eq. (3) and g() is the integral form of f(c) [refer to 18-21]

Reaction model Code fla) g(a)
1 Power law P4 4o o’
2 Power law P3 3" o
3 Power law P2 20" o
4 Power law P2/3 21307 "
5 Maple (first order) F1 1-a -In(1-a)
6 Avrami-Erofeev A2 2(1- @) [-In(1- &))" [-In 1-)]"
7 Avrami-Erofeev A3 3(1-a) [-In(1- 0{)]2/4 [-In 1-a)] 1
8 Avrami-Erofeev A4 4(1- o) [-1In(1- 0{)]3/4 [In 1- )] 1
9 Contracting cylinder R2 2(1- )" 1-(1-)"
10 Contracting sphere R3 3(1-a)" 1-(1-a)"”
11 One-dimensional diffusion D1 12a' a
12 Two-dimensional diffusion D2 [~In(1- )] (1-a) In(1- ) +a
13 Three-dimensional diffusion D3 320-a)” [1-(1-)"T" [1-(1-a)")
da_ Aexp( ) f(a) © son, there are a number of approximated solutions that differ in
dt terms of the integral method presented in Eq. (8). One popular inte-

If the heating rate, 8 (K min™'), is constant, /3 can be defined by
Eq. (7).

P~ %~ da @ @)

When Egq. (7) is introduced into Eq. (6), Eq. (8) can be obtained as
shown below.

da_A (
—exp

29 Benl i@ ®

Eq. (8) can be solved by two approaches: the so-called different iso-
conversional method and integral iso-conversional method. The
respective methods are discussed below.
4-2. Differential Iso-conversional Method

Friedman [22] introduced the most common differential iso-
conversional method (FR method), which uses the log of Eq. (6)
on both sides:

in(4)  =Inlf(@)A,]- R,}; ©)
The subscript i in Eq. (9) represents any heating rate temperature
program that can be applied at the respective ¢ The value of E, at
each given « is determined from the slope of the linear plot of In
(dofdt),,; vs. 1/T, . Here, T, ; is the temperature at which the con-
version « is achieved at the heating rate i. Because f=dT/dt, the
variable In(dev/dt),, ; adopts the form of Inf (de/dT),, ;.
4-3. Integral Iso-conversional Method

The integral iso-conversional method is derived from the appli-
cation of the iso-conversional principle to the integral of Eq. (8),
which leads to:

ada AT
oW e (3

Integration of the right-hand side Eq. (10) does not have an ana-
lytical solution for an arbitrary temperature program. For this rea-

g@=] — ) (10)
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gral iso-conversional method was proposed by Kissinger [23] and
Akahira and Sunose [24], called the KAS method, and is expressed
as follows:

ln}%i I(ERQQ)) (RF:;) (1)

where, the plot In (#T°) vs. 1/T provides the slope that is used to
determine the activation energy, E,. In another approach, the Flynn-
Wall-Ozawa (FWO) method [25,26] was derived from Doyle’s ap-
proximation [27] with Eq. (10); the logarithmic form of the reac-
tion rate is expressed as:

Ing,= ln(R (E)) 5.331- 1052(}1;) (12)

The KAS method and FWO method are simply reduced to Eq. (13)
as shown below.

ln;% =constant— C(%) (13)
Here, the values of B and C in Eq. (1) are 2 and 1 for the KAS
method and 0 and 1.052 for the FWO method, respectively. The
apparent activation energy, E,, at a constant value of ¢ is obtained
from the slope of the plot of In S vs. 1/T using at least three differ-
ent heating rates. The Kissinger equation is expressed as:

lnr}z& = ln(‘%—i{) - (Rff; ) (14)

Here, T, is the temperature where do/dt is maximal. The slope of
the plot of the left side of Eq. (14) vs. 1/T,, provides the activation
energy.

RESULTS AND DISCUSSION
PDH experiments with five catalysts were performed for 5 h; the

propane conversion and propylene selectivity data are presented in
Fig. 1 and Fig. 2, respectively. The Pt/ALO; catalyst as a reference
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Fig. 1. Catalyst performance in propane conversion during 5 h reac-
tion. Reaction conditions: T=600 °C, catalyst loading=0.1g,
C;H; : H,=1:1, total feed: 60 ml min™".
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Fig. 2. Propylene yield of 3Pt/ALO; catalysts with and without added
Sn (%) during 5 h reaction.

catalyst and four other Pt-Sn/ALO; catalysts were used in this work.
As mentioned earlier, four different Pt-Sn/ALO; catalysts were
prepared separately and named based on the Pt and Sn contents.
3Pt-0.5Sn/ALO:;, 3Pt-1Sn/ALO;, 3Pt-2Sn/ALO;, and 3Pt-3Sn/ALO,
represent 3.0 wt% Pt with different Sn content of 0.5, 1.0, 2.0, and
3.0wt, respectively. The 3Pt/ALO, catalyst showed the best pro-
pane conversion up to 30 min, but deactivation was noticeable
after 5h in the PDH reaction. Deactivation is mainly caused by coke
generation. Once coke forms on the surface of the catalyst, the acti-
vation sites become covered, thereby terminating the reaction. In
the 5h PDH operation, the propane conversion followed the order:
3Pt-1Sn/ALO;>3Pt-25n/ALO;>3Pt-35n/ALO;>3Pt-0.55n/ALO;>
3Pt/ALO; for the different catalysts. As shown in Fig. 2, the pro-
pylene selectivity followed the same order as shown in Fig. 1. The
propane conversion and propylene selectivity of all the Sn-added
catalysts were superior to those of the 3Pt/ALO; catalyst.

The coke types formed after the PDH reaction with the differ-
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Fig. 3. TGA profile of the spent PDH catalyst, measured at the heat-
ing rate of 5°C min ",
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Fig. 4. Schematic diagram of determination of T, my, and m. T, and
T, were set to 350 and 750 °C, respectively.

ent catalysts were evaluated by TGA (Fig. 3). The five specimens
used for TGA were the spent catalysts with coke after 5h of the
PDH reaction, termed 3Pt/ALQ,, 3Pt-0.55n/ALO;, 3Pt-1Sn/ALQO;,
3Pt-2Sn/ALO;, and 3Pt-3Sn/ALO;. The numbers represent the
weight percentages of each metal catalyst. In Fig. 3, the initial weight
loss recorded up to 150 °C is attributed to the evaporation of mois-
ture. The weight loss observed at 150-350 °C is assumed to be due
the evaporation of organic volatiles. The relatively steep weight reduc-
tion at 350-750 °C is attributed to coke combustion. If the assign-
ments are correct, the largest amount of coke was formed on the
3Pt/ALO; catalyst, as expected. From comparison of the results in
Fig. 3 with the data in Fig. 1 and Fig. 2, it can be concluded that
the accumulated amount of coke was greatest for the 3Pt/ALO;
catalyst, and the accumulated coke negatively influenced the pro-
pane conversion and propylene selectivity. Note that the decompo-
sition of inorganic species may occur in the temperature range of
350 to 750 °C, but this was considered negligible. For evaluation of
the coke combustion kinetics, the extent of the reaction (&) shown
in Eq. (2) was calculated from the determined values, as shown in
Fig. 4. From the TGA data, T, and T, were defined as 350 and

Korean J. Chem. Eng.(Vol. 37, No. 9)
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750 °C, respectively.
As introduced earlier, three kinetic models (FR, FWO, and KAS)
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Fig. 6. Correlation between In(/) and 1000/T for 3Pt/ALO; catalyst
with respect to o

were chosen for evaluating the activation energy. By revisiting Eq.
(9) for the FR model, the activation energy can be obtained from
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Fig. 7. Correlation between In(#'T") and 1000/T for 3Pt/ALO; cata-
lyst with respect to o.

the plot of In(de/dt). As shown in Fig, 5, In(de/dt) was plotted with
respect to 1000/T for the 3Pt/ALO; catalyst. The slope obtained
from Eq. (9) provides the activation energy. Integration methods
such as the FWO and KAS models used herein do not provide ana-
Iytical solutions for Eq. (10) but provide adequate approximate val-
ues. The activation energy could be calculated based on the ap-
proximations presented in Eq. (11) and Eq. (12). The activation
energy was derived from the slopes shown in Fig. 6 and Fig. 7.
Both graphs correspond to the 3Pt/ALO; catalyst. There have been
studies exploring various activation energies with respect to con-
versions. Major studies show varying activation energies as a func-
tion of conversion for oil shale pyrolysis (retorting) and biomass
pyrolysis. To our knowledge, the varying activation energies are
related to the mixtures of products. If there is a single product or a
dominant product with minimal side products, the single activation
energy may work efficiently. However, the products from thermal
decomposition may have diverse products with different proper-
ties. In this case of PDH, we claim that there are diverse products
generated from thermal decomposition. It is true that there are
different compounds in cokes, such as aliphatics, aromatics, and
graphites, and we thought that these three major compounds may
have wider ranges of molecular weight. This is the approach that

Table 2. Activation energy (E,) and pre-exponential factor (A) from Friedman (FR), Kissinger-Akahira-Sunose (KAS), Flynn-Wall-Ozawa (FWO),

and Kissinger methods
3Pt/AL, O,
Conversion FR KAS FWO
() E, (kJ/mol) A (min™") R’ E, (kJ/mol) A (min™") R’ E, (kJ/mol) A (min™") R’
0.1 171.60 4.8E+11 0.9984 199.80 2.1E+05 0.9921 200.63 1.5E+14 0.9930
0.2 94.41 5.7E+05 0.9120 156.31 8.8E+01 0.9840 159.70 6.5E+10 0.9862
0.3 43.50 1.1E+02 0.8664 113.22 7.0E—-02 0.9668 119.05 5.3E+07 0.9729
04 23.31 4.2E+00 0.8649 85.56 9.1E-04 0.9648 93.02 7.0E+05 0.9733
0.5 17.23 1.8E+00 0.8807 67.88 6.6E—05 0.9673 76.48 5.1E+04 0.9771
0.6 13.26 1.1E+00 0.8866 56.39 1.3E-05 0.9688 65.83 1.0E+04 0.9798
0.7 15.61 1.9E+00 0.9009 47.68 44E-06 0.9669 57.81 34E+03 0.9804
0.8 24.27 8.5E+00 0.8691 42.52 2.4E-06 0.9598 53.21 2.0E+03 0.9777
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Table 2. Continued

3Pt-0.5Sn/ALO;,

Conversion FR KAS FWO
(o) E, (J/mol) A (min') R? E, (/mol) A (min') R? E, (/mol) A (min™) R?
0.1 181.71 32E+12 09872 226.60 29E+07  0.9913 226.02 20E+16 09921
0.2 124.50 99E+07 09619 174.73 2.1E+03 1.0000 177.15 1.5E+12  1.0000
0.3 64.80 37E+03  0.8705 132.44 1L6E+00  0.9914 137.27 12E+09  0.9929
04 33.59 23E+01  0.7719 96.04 47E-03 09777 102.95 36E+06 09827
0.5 19.90 29E+00  0.6728 76.82 25E-04  0.9620 84.95 20E+05 09721
0.6 12.25 9.8E-01  0.4259 62.34 32E-05  0.9572 71.45 25E+04  0.9709
0.7 16.78 23E+00  0.6060 52.53 86E-06  0.9460 62.40 69E+03  0.9658
0.8 22.09 58E+00  0.6575 4529 35E-06  0.9399 55.84 29E+03  0.9648
3Pt-1Sn/Al, O,
Conversion FR KAS FWO
(o) E, (J/mol) A (min) R? E, (/mol) A (min) R? E, (/mol) A (min) R?
0.1 239.69 13E+16 09134 370.73 44E+16 09393 363.74 35E+25 09429
0.2 175.42 19E+11  0.9949 23538 68E+06 09778 23538 56E+15 09799
0.3 149.14 20E+09  0.9933 194.96 86E+03  0.9942 197.19 73E+12 09949
0.4 138.26 31E+08  0.9902 178.57 56E+02  0.9997 181.82 49E+11 09997
0.5 127.28 51E+07  0.9898 153.85 12E+01  0.9997 158.52 LOE+10  0.9997
0.6 132.61 1.2E+08  0.9973 153.18 96E+00  0.9990 158.06 88E+09  0.9992
0.7 141.28 4.6E+08  0.9992 148.44 45E+00  0.9995 153.73 43E+09 0999
0.8 162.11 1OE+10  0.9992 147.69 40E+00  0.9989 153.18 38E+09  0.9990
3Pt-2Sn/Al, 0,
Conversion FR KAS FWO
(o) E, (J/mol) A (min) R? E, (/mol) A (min') R? E, (/mol) A (min) R?
0.1 622.78 30E+44 09272 854.13 1.OE+52  0.9654 823.14 83E+60 09663
0.2 351.98 13E+24  0.9669 44095 32E+21 09641 430.64 26E+30 09659
0.3 24825 24E+16 09916 312.83 15E+12  0.9852 309.09 13E+21 09863
0.4 205.88 1.6E+13  0.9947 259.31 1.9E+08  0.9953 258.46 1.6E+17 09957
0.5 199.85 43E+12  0.9986 243.63 LIE+07  0.9976 243.77 97E+15  0.9978
0.6 168.75 29E+10  0.9960 202.02 1.5E+04  0.9987 204.43 14E+13  0.9988
0.7 177.02 95E+10  0.9978 191.19 24E+03  0.9957 194.33 23E+12 09962
0.8 201.17 30E+12 09997 191.48 2.1E+03  0.9985 194.79 21E+12  0.9987
3Pt-3Sn/Al, O,
Conversion FR KAS FWO
(o) E, (/mol) A (min™") R? E, (/mol) A (min™") R? E, (/mol) A (min™") R?
0.3 714.09 24E+48  0.8714 865.85 64E+49 07799 834.96 57E+58  0.7848
0.4 469.15 52E+30 09892 584.65 45E+29 09981 567.93 42E+38 09982
0.5 43433 62E+27  0.9997 505.87 53E+23 09908 49333 52E+32 09913
0.6 317.12 53E+19 09679 350.15 1.6E+13  0.9951 345.54 1.6E+22 09954
0.7 496.96 64E+30  0.9841 370.90 14E+14 09632 365.53 14E+23 09656

we tried to fractioned activation energies of cokes decomposing at
different temperatures. In Fig. 5, the y-axis represents In(/) and the
x-axis is 1000/T. The activation energies for the 3Pt-0.5Sn/ALO;,
3Pt-1Sn/ALO;, 3Pt-25n/ALO;, and 3Pt-3Sn/ALO; catalysts were
calculated and are summarized in Table 2. Notably; the activation
energy increased as the Sn addition increased. For the 3Pt/AlLO,

and 3Pt-0.55n/ALO, catalysts, the KAS model had the highest R’
values, indicating that this model provided the best fit for the data.
However, for the other three catalysts (3Pt-1Sn/ALO;, 3Pt-2Sn/ALO:,
and 3Pt-3Sn/ALQ;), the data fit of the models did not differ sig-
nificantly (Table 2). The pre-exponential factor, A, was determined
based on the assumption of a first-order reaction (F1, refer to Table 1).

Korean J. Chem. Eng.(Vol. 37, No. 9)
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Fig. 8. Activation energy with respect to ¢, calculated by using FWO,
KAS, and FR models.

The calculated activation energy values are plotted with respect
to orin Fig. 8. Three methods and five individual catalysts were evalu-
ated. Overall, the 3Pt/ALO; catalyst had the lowest energy. The acti-
vation energy increased with increasing Sn addition. Comparison
of the three models shows that the FWO model and KAS model
provided similar fits. As a differential method, the FR model devi-
ated from the FWO and KAS models for all five catalysts, provid-
ing the lowest values. Based on the variance of the £ values, z(c)
fitting was not satisfied in this work. Complicated steps during coke
combustion may be possible. However, herein, the activation energy
was evaluated using non-isothermal conversion methods. As men-
tioned, the activation energy was notably higher when more Sn
was added and the activation energy was highest with the 3Pt-3Sn/
ALO; catalyst (Table 2).

When we interpret the combustion phenomena, several issues
arise as listed below:

o The location of the coke species that affect the combustion
kinetics

« Qualitatively different components may result in different acti-
vation energy

o The combustion rate may be dependent upon c.

First, the coke species may be localized either near the Pt metal
or near SnO,. If the coke is localized near the Pt sites, combustion
would be accelerated under oxygen atmosphere [1-3]. As shown
in Fig. 8, the 3Pt/AL,O; catalyst had the lowest activation energy.
Second, it was reported that different constituents of coke were
possible, such as aliphatic, aromatic, and pre-graphitic [8]. With in-
creasing Sn addition in the range of 0.5-3.0 wt%, less coke was gener-
ated in the 5h PDH reaction and the activation energy for coke
combustion became higher. Third, there is an evidence that the
reaction rate may follow more than one model, such as a combi-
nation of first-order and second-order kinetics. Note that a simpli-
fied interpretation of the combustion kinetics may be enough for
analysis, even with one rate model. In this work, first-order kinet-
ics was adopted for further calculation of the pre-exponential val-
ues accompanying the activation energy calculation. Nevertheless,
a detailed understanding of all the issues highlighted here requires
turther experimental studies.

In Fig. 9, the first-order (F1, refer to Table 1) reaction was selected

September, 2020

2.0

o A2
a A3
o Ad
——R2
—=R3
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—=—D3
——F1
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B 7z

Fig. 9. Criado master-plot represented by Z()/Z(0.5) for 3Pt/ALO,
catalyst.

for application to Eq. (11) and Eq. (12). In the rage of @<0.5, the
second-order (F2, refer to Table 1) model provided the best fit.
However, in the range of a>0.5, the first-order (F1) model pro-
vided a better fit to the experimental data. This analysis is known
as the Criado master-plot [29,30]. This analysis is explained else-
where [18,21]. One objective of the Criado master-plot method is
to determine f() and g(e). G(a) is the integral form of (), as
mentioned earlier. Herein, the experimental values were analyzed
by the Criado method. Interestingly, two candidate functions (F1
and F2) fit the experimental data. This may be the reason why
two regimes were observed in the TGA plots. In the relatively low
temperature region below 450 °C, pseudo-pyrolysis conditions might
be possible. However, oxygen combustion may proceed in a differ-
ent manner in the higher temperature range of 450 °C or higher.
Further studies would be required to classify the effect of the pyrol-
ysis kinetics and oxidative combustion kinetics.

CONCLUSION

Pt/ALO; catalyst as a reference and four different Pt-Sn/ALO;
catalysts were prepared for the PDH reaction with variation of the
Pt/Sn ratio from 3.0: 0.5 to 3.0: 3.0 by weight. The addition of Sn
metal as a co-catalyst enhanced the propane conversion and pro-
pylene selectivity. During the PDH reaction, side reactions on the
catalyst surface resulted in coke generation and deposition on the
surface of the catalyst. Because coke weakens the catalytic activity,
coke burning is inevitable. In this study; the kinetics of coke com-
bustion were evaluated to determine the activation energy, as well
as the activation energy with Sn addition to the Pt/ALO; catalyst.
Thermal gravimetric analysis was employed to determine the amount
of coke deposited and to calculate the kinetic parameters for coke
combustion. Three non-isothermal models (Friedman, Flynn-Wall-
Ozawa (FWO), and Kissinger-Akahira-Sunose (KAS)) were used
to determine the activation energy and find the best model to fit
the experimental data. In the case of 3Pt/AL,O; and 3Pt-0.5Sn/
AlL,O;, the FWO model provided the best fit to the data. The three
models provided similar fits in the case of 3Pt-1Sn/ALO;, 3Pt-
28n/AlO,, and 3Pt-3Sn/ALO;. The results show that the activation
energy was higher when the addition of Sn to the Pt/ALO; cata-
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lyst was increased. It is suspected that the localization of coke near
the Pt site may be advantageous for accelerating the combustion
reaction. Increasing the addition of Sn to the Pt/ALO; catalyst may
generate coke with much higher molecular weights. When the exper-
imental data were plotted using the Criado master-plot method,
two different reaction orders were observed. The second-order reac-
tion was operative in the range of & <0.5, and the first-order reac-
tion dominated at &>0.5. These mixed results were attributed to
differences in the reaction during TGA analysis. Pseudo-pyrolysis
and oxidative combustion might affect the TGA analysis to differ-
ent extents. Further studies would be required to confirm a shift in
the reaction from pyrolysis to combustion.
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