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Abstract—The rate laws of propane dehydrogenation involving oxygen on an alumina—chromium catalyst
promoted with Co, Ni, Bi, and K oxides were studied. The reaction was carried out in a flow reactor in the
temperature range of 560—640°C at residence times of 0.5—2.5 s. A kinetic model of the process according to
a probable reaction scheme was proposed. The rate constants and activation energies of individual reactions
that participate in the process were found. A mathematical model of the process was developed with consid-
eration for material and heat balances and hydrodynamic conditions. The concentration and temperature
fields and pressure along the height of the catalyst bed were calculated. The dependences of the target product
yield and process selectivity on the residence time were plotted.
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INTRODUCTION

An increase in the production of synthetic rubber
requires use of a significant quantity of monomers
obtained from the pyrolytic fraction. However, the
development of the pyrolysis technology lags behind
the steady increase in the production of synthetic rub-
ber, and this gives an additional impetus to in-depth
research of the dehydrogenation of C;—C, paraffins
into the corresponding olefins.

Olefins (propylene, n-butenes, and isobutylene)
find wide application in the production of synthetic
rubbers, plastics, components of motor gasoline, and
other valuable chemical products. This is the reason
why interest in the intensification of methods for their
production has not weakened over half a century all
over the world. Most of the existing intensification
methods pertain to the catalytic dehydrogenation of
n-paraffins. Because of this, the number of studies on
the improvement and development of new catalysts for
dehydrogenation increases continuously.

In particular, attention has been focused on the
oxidative dehydrogenation of hydrocarbons, which
can be performed in the continuous mode to give a
high yield of the target product [1-6].

Ramos et al. [7] considered the kinetics of the oxi-
dative dehydrogenation of propane into propylene on
a V/MgO catalyst. They assumed that one of the two
active sites of the catalyst selectively converts propane
into propylene, and the other oxidizes propylene to
CO,. The kinetic parameters were evaluated for the
reaction conducted in an integral reactor and in an
inert membrane reactor. Chem et al. [8] studied the

kinetics and mechanism of the oxidative dehydroge-
nation of propane on vanadium, molybdenum, and
tungsten oxides. The oxidative dehydrogenation of
propane was also studied with the use of vanadium cat-
alysts based on Al,O;, TiO,, ZrO,, and MgO [9] and
other catalysts [10—12]. There have been reports on
the kinetics of the oxidative dehydrogenation of C,
paraffins on different catalysts [13—17].

Here, we report the kinetics of propane dehydroge-
nation involving oxygen on a highly active alumina—
chromium catalyst and a mathematical model taking
into account the material and heat balances and
hydrodynamic conditions.

EXPERIMENTAL

The rate laws of propane dehydrogenation involv-
ing oxygen were studied in a laboratory flow-type
reactor with a fixed bed of a catalyst in the temperature
range of 833—913 K at a gas mixture (propane, oxy-
gen, and nitrogen) space velocity of 1440—7200 h~!
and a molar ratio of 0.1 : 1 : 15 between oxygen, pro-
pane, and nitrogen. The reaction was performed under
isothermal conditions. The reactor temperature was
controlled with a thermocouple. The initial hydrocar-
bon and also oxygen and nitrogen were supplied with
the use of a graduated flow meter.

The reaction was monitored by analyzing samples
of the reaction mixture on an LKhM-80 chromato-
graph. Sampling was started 30 min after the begin-
ning of the reaction, when the system had reached a
steady state of continuous propane conversion. The
catalyst retained its activity for more than 30 days.
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Powdered Al,O; with a particle diameter of 0.063 mm
was used as the support. To obtain the respective
oxides, Cr, Ni, Co, Bi, and K nitrates were preliminar-
ily calcined and then mixed with y-Al,O5. Distilled
water was added to the mixture obtained by dry mix-
ing, and the contents were continuously stirred for
2 days; thereafter, water was evaporated at 30—50°C to
obtain a paste-like substance. Next, the catalyst was
pelletized, dried under reduced pressure at 100—
120°C, and calcined under the same conditions at
640—650°C. The residual pressure was 10—15 Torr.
The catalyst prepared under the reduced pressure con-
tained 10—15% Cr, 2.5—4% Ni, 2—3% Co, 3—5% Bi,
1-3% K, and the balance y-Al,O;. The preparation of
the catalyst under the reduced pressure led to the for-
mation of pores with a narrow size distribution, which
facilitated enhancement of its activity and selectivity.
In this case, the specific surface area of the catalyst
increased from 60 to 125 m?/g and the specific volume
increased from 0.16 to 0.18 m?3/g.

RESULTS

To reveal the main laws governing the process and
thereby deduce its probable mechanism, we studied
the effect of reaction conditions on the formation of
the products. The presence of CO, among the reaction
products is evidence of the deep oxidation of propane
and propylene. The analysis of contact gas showed that
oxygen-containing compounds other than CO, (alde-
hydes, ketones, and acids) were absent from the prod-
ucts. This fact allowed us to ignore the successive con-
versions of propylene. CO was not detected in the con-
tact gas either.

Table 1 summarizes the results of kinetic experi-
ments [18]. The yield of the target product propylene
at 893 K was 60—63 mol %, and the process selectivity
was 90—91 mol %. The rate laws that we found allowed
us to propose a probable mechanism, from which we
derived the following chemical equations to describe
the individual reactions involved in the process:

C;H; + 50, —%—3C0, + 4H,0, 1)
CH,—% >5C,H, + H,, (11)
C,Hy—% >C,H, + CH,, (111)
C,H, +4.50,—% 33CO0, + 3H,0, Iv)
2C,H,—*3C,H,, V)
C;H; +0.50,—% 5 C;H, + H,0, (VI)
C,H, +30,—%—2C0, + 2H,0, (VID)
CH, +20,—% 5C0, + 2H,0. (VIII)
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According to the law of mass action, the kinetic
model can be described by the following system of dif-
ferential equations:

dc,

T =G ket k4 kP (1)
%+ keprct (ke + 2k}, @
dt 3
dC3 (1 n, 1 n 1 n, n») n
= ==k C]" +=k,C) + -k, CH + kCe* | C7?, (3
It Fate 3K 560 sCe |C7 (3
< _ (l ke +Lrcr
dt 4 3 (4)
- kC + %k7C5”“ + %kgcgﬁ ) e,
% = k3C1nl + éksCQ’h - k76‘5n4 7”2’ (5)
dt 2
9o _ e - kcicy, (©)
dt
ac; _ —(SkIC{“ +alycer
dt 2

| (7)
# Dk Y+ 2k8C55)c;2,
4Cs _ycm, (8)
dt

where C,, C,, C;, C,, Cs, Gy, C;, and Cy are the concen-
trations of propane, propylene, CO,, water, ethylene,
methane, oxygen, and hydrogen, respectively; k,, k,,
ks, ku, ks, kg, k7, and kg are the rate constants of partic-
ular reactions; n,, n,, 13, 1y, and ns are the orders of the
reaction with respect to particular components; and t
is the residence time.

The problem was reduced to determination of the
rate constants k; and orders #; in the system of differ-
ential equations (1)—(8). The kinetic constants were
calculated with the use of the algorithm for searching
a minimum of a function of many variables involving
the modified Runge—Kutta method for solving high
order differential equations [19]. The search was con-
tinued until the difference between the experimental
and computed values reached a minimum. Table 2
summarizes the results of calculating the rate con-
stants. The orders n; are close to 1. Assuming that the
temperature dependence of the reaction rate constants
obeys the Arrhenius law [20], we also calculated the
activation energies E, and the preexponential factors
k, (Table 2).

The kinetic model based on the chosen mechanism
and the corresponding rate constants adequately
describes the process. The maximum deviation of the
calculated concentrations from the experimental val-
ues do not exceed 7%. Thus, the data calculated using
the model are in satisfactory agreement with the
results of the kinetic experiment.
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Table 1. Experimental concentrations of the initial components and reaction mixture products during propane dehydro-

genation involving oxygen

Tempera- | Residence Concentration C; x 10*, mol/L
ture, K | time,s | ¢, p, C3Hg Co, H,0 C,H, CH, 0, H,
0.0 8.89 0 — — — 0 0.893 0
0.5 8.08 0.74 0.006 0.00438 0.012 0.0104 0.845 0.734
1.0 7.36 1.408 0.05 0.095 0.0254 0.0205 0.72 1.41
833 1.5 6.69 2.02 0.118 0.291 0.0428 0.0293 0.57 2.03
2.0 6.05 2.58 0.196 0.568 0.0646 0.0374 0.386 2.594
2.5 5.49 3.09 0.266 0.831 0.0917 0.0454 0.094 3.12
0.0 8.68 0 0 0 0 0 0.87 0
0.5 7.67 0.854 0.0098 0.0068 0.0244 0.0186 0.778 0.854
853 1.0 6.77 1.62 0.089 0.137 0.0472 0.0352 0.61 1.62
1.5 5.97 2.31 0.202 0.41 0.0687 0.05 0.395 2.3
2.0 5.25 2.96 0.31 0.714 0.089 0.0636 0.181 2.92
2.5 4.62 3.46 0.37 0.941 0.31 0.175 0.0034 3.47
0.0 8.48 0 0 0 0 0 0.85 0
0.5 6.73 1.245 0.013 0.0096 0.053 0.0182 0.716 1.245
373 1.0 5.32 2.258 0.0182 0.254 0.097 0.044 0.475 2.25
1.5 4.18 3.98 0.122 0.601 0.274 0.08 0.225 3.08
2.0 3.27 473 0.335 0.76 0.433 0.209 0.0014 4.74
2.5 2.54 5.27 0.435 0.866 0.861 0.432 0.0002 5.27
0.0 8.29 0 0 0 0 0 0.83 0
0.5 6.24 1.31 0.0125 0.00897 0.107 0.0438 0.704 1.31
1.0 4.63 2.34 0.144 0.326 0.192 0.078 0.435 2.35
893 1.5 3.4 4.15 0.283 0.761 0.251 0.105 0.156 4.15
2.0 2.45 4.96 0.349 0.996 0.483 0.325 0.00015 4.76
2.5 1.93 4.72 0.445 1.05 0.79 0.44 0.0000 5.23
0.0 8.1 0 0 0 0 0 0.81 0
0.5 4.78 1.66 0.022 0.0172 0.288 0.25 0.52 1.66
913 1.0 2.84 2.64 0.273 0.364 0.463 0.41 0.27 2.64
1.5 1.69 3.22 0.458 0.622 0.562 0.5 0.094 3.23
2.0 1.01 4.57 0.514 0.7 0.91 1.04 0.0022 5.58
2.5 0.61 4.17 0.52 0.707 1.65 1.47 — 5.88

The kinetic model of propane dehydrogenation
involving oxygen can be accepted as the basis for
designing a pilot adiabatic reactor.

SIMULATION AND OPTIMIZATION OF THE
PROCESS IN AN ADIABATIC REACTOR

In the mathematical description of the fixed bed of
the catalyst, we used a quasi-homogeneous model of a
granular catalyst bed. According to this model, the
catalyst bed is represented as a permeable continuous
medium through which a gas flows and a chemical
reaction occurs at a rate equal to the observed rate of

conversion. In this case, the catalyst bed is considered
as a homogeneous medium with continuous distribu-
tions of concentration, temperature, pressure, and
flow rate. The reaction rates are averaged over the bed
volume, and heat and mass transfer is characterized
in terms of effective thermal conductivity and diffu-
sion coefficients, which depend on the physical
properties of the mixture, on the flow rate, on the
sizes and shapes of the grains, and on the structure of
the granular bed.

There is no heat and mass transfer in the adiabatic
catalyst bed. Heat transfer within grains occurs mainly
through the solid catalyst, whose bulk thermal con-
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Table 2. Kinetic parameters of propane dehydrogenation involving oxygen

Temperature, K E
Constant 833 853 873 893 913 keal/mol “
ky, Lmol~!'s™! 0.14x 1073 | 0.28x1073| 057x1073| 1.1x1073| 2.1x1073 51.35 0.41 x 10'°
ky, s7! 0.16 0.22 0.31 0.42 0.55 23.38 0.22 x 10°
ks, s7! 0.35x1072| 0.79%x1072| 1.72x1072| 3.63x107%2| 7.4x1072 57.65 0.46 x 1013
ky, L mol~"s~! 0.84x 1072 | 1.23x1072| 1.76x1072| 2.48x 1072 | 3.45x 1072 26.70 0.85x 10°
ks, s 0.46x107*| 0.85x107*| 1.52x107*| 2.65x10~*| 4.5x10~* 42.98 0.87 x 107
kg, L mol~!s7! 0.35x 1073 | 0.55x107%| 0.85x1073| 1.29x107%| 1.92x 1073 32.02 0.88 x 10°
ks, L mol~"s™! 0.1x1073]0.155x 1073 | 0.24x1073| 0.35x1073| 0.52x1073 31.18 0.15x 10°
kg, L mol~! s~ 1.57 1.88 2.23 2.63 3.1 12.52 0.3x 10*

Table 3. Heat capacities and the heats of combustion of mixture components and heats of reactions

Mixture component C,, cal mol ! K™! Heat of combustion AH, cal/mol Heat of reaction, cal/mol
C;3Hg 33.91 18250 118 (AH))
C3Hg 28.71 15244 1338 (AH,)
CO, 10.85 6811 —507 (AH5)
H,O 9.51 5380 103 (AHy)
C,Hy 18.54 10152 —32(AHs)
C,Hy 17.28 7591 15.5 (AH)
0, 7.53 4717 79 (AH7)
H, 7.31 4344 546 (AHy)

ductivity is higher than the thermal conductivity of the
gas by several orders of magnitude.

The influence of axial diffusion is insignificant
because industrial catalyst beds are fairly long. Heat
and mass transfer is due to turbulent diffusion at Rey-
nolds numbers larger than 100. Under these condi-
tions, molecular diffusion can be ignored and the
hydrodynamic regime is similar to plug flow [21]. It
was experimentally established that propane dehydro-
genation involving oxygen is kinetically controlled.
The internal-diffusion effect can be ignored because a
change in the catalyst granule size from 0.8 to 3 mm
does not exert a considerable effect on the yield of the
target product. For this reason, the plug flow model
was accepted for the adiabatic reactor.

For mathematical description of the reactor,
kinetic model (1)—(8) should be supplemented with
the following heat balance and hydrodynamic equa-
tions:

ar ___1 ZAH& 9)
dt  C(T) Ydt’
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0.987 %107,

Q:_(lso )pgasU(f(l—s) 10)

— +1.75 3
dt Re d,ge

dppgasUO , pgas iS
ud —€)

the density of the gas (kg/m?), g is the acceleration of
gravity (m/s?), U, is the linear velocity of the gas (m/s),
d, is the equivalent diameter of particles (m), ¢ is the
bed voidage (dimensionless quantity), p is the viscos-
ity of the gas (kg m~! s7!), AH, is the heat of the ith
reaction (cal/mol), C, is the average heat capacity of
the reactants (cal mol~! K1), 7T'is the gas mixture tem-
perature (K), and C; is the concentration of the ith
component (mol/L).

Here, Re is the Reynolds number

Table 3 summarizes the heat capacities and the
heats of combustion of individual mixture compo-
nents (reference data [22—24]). The heats of individ-
ual reactions were calculated according to the Hess
law, subtracting the sum of the heats of combustion of
the resulting reaction products from the sum of the
heats of combustion of the initial substances.
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Dependence of the reaction parameters of the oxidative dehydrogenation of propane in an adiabatic reactor on the residence
time: (a) concentrations of the initial substances (1, C3Hg; 6, O,), (b) concentrations of the reaction products (2, C3Hg; 3, COy;
4, H,0; 5, C,H4 + CHy; and 7, Hy), (c) temperature, (d) pressure, (e) yield of the target product, and (f) process selectivity.

For simulation of the adiabatic reactor, the following
conditions were selected: fixed catalyst bed 1.2 m in
length; catalyst particle diameter d,= 3 x 10~3m; lin-
ear gas mixture velocity of U, = 0.3 m/s; gas density
of pg,s = 1.63 kg/m?; dynamic viscosity of p = 3.97 x
10~ kg m~' s7!; catalyst bed density of p,.q = 960 kg/m?;
apparent particle density of p, = 1600 kg/m?. The
voidage of the catalyst bed was determined via the
equation € = p, — Ppea/Pa- Knowing the numerical val-
ues of Py, W, €, d,, and U, we determined the Rey-
nolds number:

-3
o= Pulody _1.63-03-3x107 _ ¢
ul-g)  3.97x10°.0.6

Because the value of Re falls within the range 100 <

Re < 4000 [25], we used the equation f, = 1;—0 +1.75
€

to find the drag coefficient f, =%+1.75 =1.993.

Then, from Eq. (10), it that
_dP _ 1.993-0.?13- 0.6 -31.63 —3.0455%10° Nm s
dt 3x1077-0.4

Substituting the optimum process parameters V' =
60 h~'and O,: C;Hg: N, =0.1:1: 15 into the com-
plete mathematical model, we obtain the distributions
of the concentrations of the initial substances and
reaction products, the gas mixture temperature, and
the pressure along the reactor and also data on the
yield of the target product and the process selectivity
(figure). As can be seen in the figure, at a residence

follows

KINETICS AND CATALYSIS VWl. 53 No.2 2012
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time of 4 s, the gas temperature in the adiabatic reactor
increases from 853 to 893 K and the pressure falls from
0.0987 to 0.089 MPa; that is, the pressure drop is
0.0097 MPa. The propylene yield is 63 mol % on a
passed propane basis, and the selectivity (propylene
yield on a converted propane basis) is 91 mol %.
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