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Computational study of propane dehydrogenation into propylene over chromium
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The global demand for propylene continues to increase due to its extensive application in the production of
petrochemicals. While fluid catalytic cracking (FCC) remains a major source of propylene, the growing need for targeted
production has directed attention to on-purpose processes such as propane dehydrogenation (PDH). However, PDH
performance is often hindered by low propylene yields, especially when chromium oxide is used as the catalyst. In this
study, microkinetic modeling was integrated with central composite design (CCD) to evaluate the influence of flow rate,
pressure, catalyst porosity, and temperature on the kinetics of propane dehydrogenation over chromium oxide. Rate-
control analysis was further employed to identify the kinetically relevant steps governing the overall reaction rate. The
results demonstrate that increases in flow rate (-5.69%), pressure (-9.28%), and porosity (-62.40%) reduce the reaction
rate, whereas temperature (+22.63%) elevation enhances it, confirming the endothermic nature of the reaction. Among
all variables, catalyst porosity exhibited the highest influence (-62.40%) on the reaction rate, while flow rate had the least
(+5.69%). Rate-control analysis revealed that the first hydrogen abstraction step is the rate-determining transition state
(Xrre,rs = —4), and adsorbed propane is the rate-controlling intermediate (Xrgc ;s = +4). These findings suggest that
improving catalyst porosity and introducing suitable promoters could lower the energy barrier of the rate-limiting step or
destabilize the intermediate, thus enhancing the overall reaction rate beyond what is attainable through thermodynamic
optimization alone.
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INTRODUCTION

Dehydrogenation is a crucial value-adding
process that converts paraffins into olefins, which
are key building blocks for the chemical industries
due to their high reactivity [1]. Propylene, in
particular, is one of the most valuable olefins,
serving as an essential feedstock for the production
of a wide range of petrochemical products, including
polypropylene, isopropanol, propylene oxide,
acrylonitrile, and many other useful materials [2, 3].

Traditionally, steam cracking and fluid catalytic
cracking (FCC) processes [4-6] have been the
primary sources through which the bulk of the
propylene consumed in the industries was produced.
However, only a small fraction of the global

and selectivity in the dehydrogenation propane into
propylene, which is often hindered by challenges
such as low conversion rates and poor selectivity of
conventional catalysts like platinium (Pt) and
chromium oxide used in the conversion processes
[7].

Several studies [4, 8-32] have explored various
strategies to overcome these limitations. For
example, Rimax et al. [33] improved the stability
and selectivity of platinium-based catalysts for
propylene production by alloying Pt with
germanium (Ge). In another study, Yang et al. [34]
demonstrated that incorporating magnesium oxide
into a gallium-based catalyst supported on ZSM-5
increased propylene selectivity to 90.80%. A review
of the literature indicates that most studies have

propylene supply currently comes from the on-
purpose method, otherwise known as propane
dehydrogenation [7, 8]. Recent development,
particularly the decline or drop in the price of shale
gas, have renewed the interest in the propane
dehtydrogenation technologies. This shift is further
supported by the rising post-pandemic demand for
propylene in the petrochemical sector. As a result,
there is a growing need to enhance propylene yield

* To whom all correspondence should be sent:
E-mail: OyegokeToyese@gmail.com

focused on metallic catalysts [30, 35-38] —
particularly platinum — for propane
dehydrogenation. In contrast, metal oxides such as
chromium oxide have received relatively less
attention in computational investigations. Among
the few existing studies, Kim et al. [39] reported that
enhancing the lattice oxygen content of chromium
oxide (CrO) catalysts significantly improved their
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catalytic ~ performance in  the
dehydrogenation process.

These findings of Kim ef al. aligned with the
previous computational studies [15, 26] on propane
dehydrogenation on CrO surface, which showed that
the chromium (Cr) sites on the CrO catalysts are
highly reactive and more abundant on the catalyst
surface than the oxygen (O) sites. The Cr-sites
dominance may hinder propylene desorption,
potentially resulting in deep dehydrogenation and
possible cracking of propylene to produce undesired
products like ethylene, methane, and other lighter
hydrocarbons due to the domination of the Cr-site,
according to the established literature [25].

To support fulO methods, this work addresses the
challenge of low yields commonly reported for
chromium oxide (CrO) catalysts [7], as well as the
limited number of computational studies focused on
this material. A combined approach involving
microkinetic modeling and central composite design
(CCD) was employed to examine the effects of flow
rate, pressure, porosity, and temperature on the
kinetics of propane dehydrogenation over chromium
oxide. Unlike the traditional one-factor-at-a-time
(OFAT) method, CCD enables effective
quantification of the individual and interactive
contributions of these parameters to the rate of
propane conversion to propylene in the presence of
the catalyst. Additionally, rate-control analysis was
performed to evaluate the influence of individual
reaction steps on the overall reaction kinetics. The
investigation employed density functional theory
(DFT) energies previously computed for the propane
dehydrogenation process over chromium oxide in
earlier work [26], where the underlying reaction
mechanism was elucidated (as shown in Figure 1)
for the conversion of propane to propylene on the
catalyst surface. The findings identify key reaction
steps—particularly those highlighted by the rate-
control analysis—that can be further explored to
improve catalyst performance during the design and
synthesis of next-generation chromium-based
catalysts.

propane

COMPUTATIONAL METHOD

Kinetic modeling & simulation of propane
dehydrogenation

The kinetics of propane dehydrogenation to
propylene over chromium oxide was modeled using
a microkinetic simulation approach, supported by
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relevant computational tools. This study aimed to
identify the key parameters governing the reaction
rate. A schematic overview of the simulation
approach is presented in Figure 2. The details of the
density functional theory (DFT) calculations used to
obtain the energy profiles for the elementary steps
have been reported in our previous work [26].

Elementary adsorption, desorption, and surface
reaction rate

The elementary reaction rates for the various
steps in the propane dehydrogenation mechanism—
from initiation to termination—were incorporated
into the reaction network. However, less stable
intermediate states involved in certain steps were
excluded from the modeling. The -elementary
reaction rates used in the simulation are summarized
in Table 1.

The rate constants were calculated using the
mathematical model presented in Equation (1):

ki = Peopy * (kg * T/h) = exp(—G*/RT) (1)

where Ry or Ry is the reaction rate, P is the
pressure, X is the surface site concentration (i.e.,
normalized form), k is the rate constant, P,,,, is the
correction term expressed in the model presented in
Equation (2):

- 1-Ng
Peorr = Py Nns Xo (2)

G* is the reaction activation energy computed
using the expression presented in Equation (3):

G* = Grs — Gg (3)

Po is the standard pressure, T is the reaction
temperature, X, is the standard surface concentration
obtained from the literature reports [40—42], R is the
gas constant, kg is the Boltzmann constant, h is the
Planck constant, Ns is the surface species
stoichiometric coefficient, Ny is the non-surface
species stoichiometric coefficient, X is the empty
surface site concentration, and X is the species (i)
surface site concentration.

Surface reaction activity models

Here, the surface reaction activities displaying
the evolution, transformation, and disappearance of
surface species during propane dehydrogenation into
propylene over a chromium oxide catalyst were
expressed in the following equations [43].
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Figure 1. Propane dehydrogenation reaction mechanism across Cr-Cr and Cr-O pair sites with the energy profile using
the reaction schemes 1 (LHS) and 2 (RHS) (all in eV), where LHS is the left-hand side, RHS is the right-hand side [26].
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Figure 2. Flow chart showing the approach employed in the kinetics simulation

Table 1. List of elementary steps, including the rate expression for the backward & forward.

Elementary step

Forward reaction rate

Backward reaction rate

Propane adsorption

First hydrogen abstraction
Second hydrogen abstraction
Propylene adsorption
Hydrogen adsorption

Rpy = kfl * Pogpg ¥ X

Rp, = kfz * Xeapg ¥ X

R = kf3 * Xeapr ¥ X
Rpy = kf4 * Xc3ne
Res = kps * Xy°

Ry1 = kpy * Xc3ns
Ry = kpo * Xcapz * Xy
Ry3 = kps * Xcape * Xy

Rys = kpy * Peape * X
Rys = Kps * Pyp * X2

The expression for the evolution, transformation

The expression for the propyl

evolution,

and disappearance of the adsorbed propane is
presented in Equation (4):

LZRL,

Xt=0

dScsHs —
dt

1 dXc3Hs —

(4)

transformation, and disappearance in the reaction
network is presented in Equation (5):

1

EZRI:

dScsH7 —
dt

©)

311



T. Oyegoke: Computational study of propane dehydrogenation into propylene using central composite design & ...

The expression for the evolution, transformation
and disappearance of propylene in the reaction
network is presented in Equation (6):

dScsHe _ 1 dXC3H6

T X =2k ©)

The expression for the evolution, transformation
and disappearance of hydrogen in the reaction
network is presented in Equation (7):

d

= LRy 3)

where X;_, is the initial surface concentration at

time t=0, Sy, 1is the normalized surface
. . X
concentration expressed as a function of =£#8 and
t=0

Y. R;is the overall reaction rate for the concerned
species.

Reactor models

A choice of continuous stirred-tank reactor model
(CSTR) [44, 45] was made for the microkinetic
simulation in this study. A set of ordinary differential
equations (ODEs) are used in modeling the rate of
propane conversion (i.e., R), propylene production
(i.e., P), and hydrogen production (i.e., H,) are
presented here to understand kinetics involved in the
process. The reactor was set to an exit and inlet
flowrate, Uo of 0.15 m’/s for the processing of 1 m’
of propane (Vp) into propylene, while the reactor
volume, Vr, was obtained as a function of

reactor

NreeaNkp and the amount of feed is

reactor

P .
expressed in the form Vp é for propane charged into
the reactor.

. Propane  disappearance model. The
prediction model for the propane disappearance rate
with time as the reaction progresses is expressed in
Equations (8a) and (8b):

dPc3Hg __ _ NfeedRT _
dt =1-9) Xovr ( Rf1+Rb1)+
vr (PC3H8,0 - PC3H8) (83)
dYc3Hg _ 1 dPc3Hs _ NfeedRT
dt _Pto dt =@ CD)Pt_ XoVr( Rpy +
Rbl) + (PC3H8 0 PC3H8) (4b)

. Propylene appearance model. The
propylene appearance or production rate is
expressed in Equation (9):

dYc3He _ NfeedRT
at (- )Pt:oXo vr ( Rps + RbS) +
Vr Pees (PC3H6 0 PC3H6) )
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. Hydrogen  appearance model. The
hydrogen production rate is expressed in Equation
(10):

dYHz Nfeed RT

= (1= @) = (<Rpa + Rpa) +
W( 12,0 = Phz) ©)

where Vr is the reactor volume, Uo is the flow
rate, Px is the inlet pressure, Px is the exit pressure
for specie X, @ is the catalyst porosity. P, is the
initial propane pressure at time t=0, Yy, is the
normalized surface concentration expressed as a

function of 222 and Y. R;is the overall reaction rate

t 0
for the concerned species.

Rate-control analysis

The thermodynamic rate control, X models (at
a steady equilibrium constant) [46, 47] in Equations
(11) and (12) were employed to analyze the reaction
paths to understand the influence of the respective
reaction steps and states involved in the reaction.

din(Rc3ys)

X TRC,TS = d(Grs,¢/RT) (6)
__din(R¢3ps)
XTRC IS — d(GIS,L/RT) (7)

where Rc-3yg is the propylene rate of production,
R is the gas constant, Gi denotes the respective
energy states, while the production rate is expressed

as 22 (AP ) in 1/s. The model for X1z employed in
vr \P—g

this study was adopted from the literature. This
analysis would identify the transition state (TS) and
intermediate state (IS) greatly influencing the
reaction rate, which would have to be explored to
improve the catalyst performance.

Effect of temperature, pressure, flow rate and
catalyst porosity on the reaction kinetics

The impact of temperature, pressure, flow rate,
and catalyst porosity on the dehydrogenation process
in the presence of the catalyst was evaluated using
the central composite design (CCD) technique
within the response surface methodology (RSM)
framework. This was done to assess both the
individual and interactive effects of the
aforementioned factors on the reaction kinetics. The
contributions of each factor were reported in
percentage terms. Temperature, pressure, flow rate,
and catalyst porosity were selected as study variables
within a narrow range, where higher yield and
selectivity had been previously observed in process
simulation studies [31, 32]. These prior simulations
evaluated the influence of temperature and pressure
on product distribution in the absence of catalyst
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effects. The current study used the propylene yield,
obtained by solving the models presented earlier in
Equations (8—10) using Python, as the response
variable.

Statistical evaluation of the selected parameters’
effects and contributions to the kinetics of the
reaction process

The effects and contributions of the selected
parameters like temperature, pressure, porosity, and
reactor flowrate were evaluated using the central
composite design (CCD) of the response surface
methodology (RSM). The investigation was carried
out within the following factor levels of 581 to 650
°C for temperature, 0.2 to 1.0 atm for pressure, and
0.15t0 0.20 m3/s for flow rate, with reference to the
previous related studies [31, 32]. As for the porosity,
the range of 0.50 to 0.99 was evaluated due to the
fact that porosity lower than 0.5 can potentially
contribute to mass transfer problem and high
pressure drop, according to the literature report [45].
The results obtained from the analysis were
compiled and reported.

RESULTS AND DISCUSSION

Kinetic modeling & simulation of propane
dehydrogenation

The kinetics of the dehydrogenation process was
modeled and simulated in a continuously stirred tank
reactor (CSTR) operated for 1200 sec (i.e., 20 min)
in the presence of chromium oxide catalyst. The
baseline operating conditions were set at 581 °C,
1 atm pressure, with a catalyst porosity of 0.99 and a
reactor inlet/outlet flow rate of 0.15 m?/s. The effects
of varying key parameters were investigated:
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temperature (400—650 °C), pressure (0.2—1.0 atm),
flow rate (0.15-0.20 m?/s), and porosity (0.50-0.99).
The process was modeled to simulate the conversion
of 1 m? of propane in the reactor, with the reactor
volume estimated using the ideal gas law model
(nRT/P). The results obtained, including those from
the rate-control analysis, are presented in the
subsequent sections.

Effect of pressure on the reaction kinetics

The results collected to evaluate the effects of
pressure on the reaction kinetics are presented in
Figure 3, showing the results collated for pressures
of 0.2 and 1.0 atm.

The results indicate that increasing the pressure
from 0.2 to 1.0 atm negatively affects the reaction
kinetics, as evidenced by the decrease in propane
conversion and propylene yield from 71% to 43%,
as shown in Figure 3 (production profile). Further
analysis of the surface profiles in Figure 3 reveals
that the adsorbed propane species (CsHsX) remained
largely stable for an extended period before the
transition point at which the adsorbed hydrogen
species (HX) became more stable than the adsorbed
propane. However, the stability of adsorbed
hydrogen (HX) was observed to be more pronounced
at lower pressures and significantly reduced at
higher pressures.

Effect of temperature on the reaction kinetics

The results obtained for the temperature's impact
on the reaction's kinetics evaluated in the presence
of a chromium oxide catalyst are presented in Figure
4, where the production and surface profiles were
reported for 400, 581, and 650 °C for a fixed period
of reaction time.
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Figure 3. Impact of reaction pressure (from 0.2 to 1 atm) on the reaction kinetics: (a) surface profile for surface
species, and (b) production profile for non-surface species.
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Figure 4. Impact of reaction temperature (from 400 to 650 °C) on the reaction kinetics: (a) surface profile for
surface species, and (b) production profile for non-surface species.

The analysis of the results presented in Figure 4,
evaluating the effect of temperature on the reaction
kinetics, shows that increasing the temperature from
400°C to 650°C significantly enhances the
propylene yield, rising from 1% to 89%. The yield
observed at 400 °C was the lowest among all the
temperature levels considered in this study. This
suggests that low temperatures are unfavorable for
promoting the dehydrogenation reaction, which
agrees with values reported in the literature
[7,13,48-50], confirming that 550°C is the
minimum  temperature  favorable for the
dehydrogenation of propane to propylene.
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Effect of reactor flow rate on the reaction kinetics

The results evaluating the impact of reactor flow
rate on the kinetics of propane dehydrogenation to
propylene are presented in Figure 5, where both the
production and surface profiles were assessed at
flow rates of 0.15 and 0.20m?s. The analysis
indicates that increasing the flow rate in the CSTR
from 0.15 to 0.20m?/s leads to a decrease in
propylene yield from 43% to 30%. These findings
reveal that a lower flow rate extends the residence
time within the reactor, resulting in a higher yield,
which is consistent with trends reported in the
literature [51, 52].
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Figure 5. Impact of reactor flow rate (from 0.15 to 0.20 squared meter per second) on the reaction kinetics:
(a) the surface profile for surface species, and (b) the production profile for non-surface species.
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Figure 6. Impact of catalyst porosity (from 0.50 to 0.99) on the reaction kinetics: (a) the surface profile for
surface species, and (b) the production profile for non-surface species.

Analysis of the surface profiles reported in Figure
5 unveils that the adsorbed propane (i.e., C3HsX)
was largely stable. In contrast, the adsorbed
hydrogen (i.e., HX) was partially stable for an
extended period on the surface profiles before the
transition time. Further study of the surface profile
confirms that the reactor flow rates' change did not
significantly affect the surface profile trend.

Effect of catalyst porosity on the reaction kinetics

The role of the catalyst porosity on the reaction
kinetics was investigated. The results collected are
presented in Figure 6, where its impacts on the
surface reaction activities and production profiles
are reported. The results presented in Figure 6
display the impact of the catalyst porosity, where it
was deduced that the change in the catalyst porosity
from 0.99 to 0.50 has significantly influenced the
surface reaction activity and the production profiles.
Moreover, it was unveiled that both the adsorbed
propane (i.e., C3HgX) and the adsorbed hydrogen
(i.e., HX) was largely stable for an extended period
on the surface profiles. In addition, the production
profile indicated that the propane consumption rate
became more rapid for the 0.50 porosity compared
to 0.99 porosity, with 0.50 porosity displaying
higher propylene yield compared to 0.99 porosity
which is evident in Figure 6. A better rate reported
for the 0.50 porosity was found to have fallen within
the acceptable validation value in the literature [53]
where values less than 0.7 were said to be
acceptable.

Statistical evaluation of the parameter effects on
the kinetics

The results obtained for the statistical evaluation
of the effect and contribution of the parameters (i.e.,
temperature, pressure, porosity, and flow rate) are
presented in Table 2.

Table 2. Effect and contribution of selected
parameters on the reaction kinetics

Parameter  Effect, unitless Contribution, %
Temperature 0.06256 22.6269
Pressure -0.02567 9.2835
Porosity -0.17252 62.3959
Flowrate -0.01574 5.6937

100.0000

The result obtained for the contribution of the
selected parameters in influencing the production
rate are presented in the trend: Porosity (-62.40%) >
Temperature (+22.63%) > Pressure (-9.28%) >
Flowrate (-5.69%). All the selected parameters were
found to have contributed negatively to the
production rate except for the temperature, which
positively promoted the reaction or production rate.
It was also deduced that catalyst porosity and
reaction temperature significantly influenced the
reaction kinetics compared to other parameters like
the pressure and reactor flow rate.
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Figure 7. Rate-control analysis profile for the
dehydrogenation process steps.

Rate-control analysis

The results of the reaction rate-control analysis
for the propane dehydrogenation reaction network
are presented in Figures 7 and 8, showing the impact
of each reaction step on the overall kinetics. The
findings indicate that the order of rate-control
contribution follows the trend: TS1 (first hydrogen
abstraction transition state) > CsHsX (adsorbed
propane) > TS2 (second hydrogen abstraction
transition state) > CsH-X (adsorbed propyl) > HX
(adsorbed hydrogen) > CsHesX (adsorbed propylene).
Among all the evaluated intermediates and transition
states, TS1 exhibited the highest influence,
confirming it as the rate-controlling transition state
(RC-TS). Similarly, CsHsX was identified as the
most influential intermediate, designating it as the
rate-controlling intermediate state (RC-IS). The
identification of TS1 as the RC-TS is consistent with
literature reports [17, 54, 55], where the first
hydrogen abstraction step was also found to be rate-
limiting in studies involving platinum-based
catalysts. These key rate-controlling steps—
particularly TS1, which had the highest overall
impact—should be the primary targets for improving
the reaction rate, independent of thermodynamic
considerations.

CONCLUSIONS

A micro-kinetic modeling approach was
employed in modeling and simulating the kinetics
involved in the dehydrogenation process, which was
done with a Python-based micro-kinetic code. The
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results obtained from parametric studies unveil that
an increase in reactor flow rate, pressure, and
porosity reduces the reaction kinetics. Moreover, the
rise in temperature increases the reaction kinetics
which confirms the overall reaction to be
endothermic, where the impact (i.e., the
contribution) of the reactor flow rate, pressure,
porosity, and temperature were found to be 5.69,
9.28, 62.40, and 22.63 %, respectively. While the
rate control analysis results indicated that among all
the intermediate and transition states evaluated, the
TS1 (i.e.,, 1st hydrogen abstraction TS) was
identified to have shown the TS with the highest
impact, confirming it to be the rate-controlling
transition state (RC-TS). At the same time, the
CsHsX (i.e., adsorbed propane) was found to be the
intermediate state with the highest impact, which
confirms CsHsX, the adsorbed propane, to be the
rate-controlling  intermediate state (RC-TS).
Therefore, among the identified RC-TS and RC-IS,
RC-TS was found to have shown the highest impact
among all reaction states evaluated, which implies
that it would be the most critical reaction state that
would significantly have to be used for improving
the rate of the reaction outside the potential
contributions obtainable from the change in the
reaction thermodynamic conditions.

The study, therefore, suggests the improvement
of catalyst porosity and possibly impregnation or
introduction of catalyst promoters or any other
metals [14, 55, 56] to the catalyst surface as a means
which would potentially improve the reaction rate



and selectivity outside the potential contributions

obtainable

from the change in the reaction

thermodynamic conditions.
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