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CHAPTER 1
1. Introduction

Propylene is an important raw material for producing a wide variety of products such as
polypropylene, acrylonitrile, acetone, cumene, oxo-alcohols, propylene oxide, etc. Conventional
propylene production processes involve fluid catalytic cracking and steam cracking of naphtha and
light diesel. However, due to the increasing demand for propylene and emergence of shale gas,
there is a need for other technologies. In the past few years, increasing technologies for propylene
production have been widely developed, such as propane dehydrogenation (PDH), the methanol-
to-olefins (MTO) process, and the Fischer—Tropsch-to-olefins process. The propane
dehydrogenation (PDH) offers an option to capture the marginal, additional capacity needed to
meet propylene demand. Shale gas condensates can be used to produce propane, making the
feedstock less expensive and abundant. Several PDH technologies such as Catofin, Oleflex, PDH,
etc., are being used commercially. A brief comparison of these PDH technologies is given in Table
1221 Dow Chemical estimated in 2016 estimated that the demand for propylene would grow at an
average yearly pace of 2% to 3% by 2035.5!
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In PDH, propane gets converted into propylene and hydrogen on the surface of a catalyst, as
illustrated below:

1. C3Hg = CsHs+ H2 AHYosx = 124.3 KJmol™?!
2. CsHg = CoHa+ CHy AHogx = 98.9 KJmol™?!
3.C3Hg + H2 = CaHs+ CH: AHYox = —37.7 KJmol™?
4. CoHs + Hz = CoHe AHogx = —136.6 KJmol™!
5.CsHs = 3C+4H; AH5gx = 119.5 KJmol™?!

The reaction (1) is highly endothermic. Given stoichiometry of the reaction and enthalpy,
increasing reaction temperature and decreasing pressure lead to higher propane conversions.
Typical reaction conditions of PDH are 550-750 °C at pressure 1 bar!®l. This reaction’s drawback
is equilibrium conversion and the presence of side reactions (2,3,4,5) at higher temperatures, thus
decreasing propylene selectivity and deactivating the catalyst surface.

In the past several decades, a number of heterogeneous catalysts, including metal-based catalysts,
metal oxide-based catalysts (such as Pt, CrOx, VOx, GaOx)“*%! have been studied for direct PDH
reaction due to their affinity for paraffinic C—H bonds and low activity to C—C cleavage that have
exhibited high performances. However, the high tendency of coking, sintering, and cost requires
further improved catalysts via unique preparation methods, support, and promoter.

Table 1: Summary of the catalytic data of representative propane dehydrogenation reaction
technologies !

Technology/ CATOFIN OLEFLEX STAR

Licensor (CB&I-ABB (UOP LLC) (Krupp-Uhde)
Lummus)

Reactor type Horizontal fixed bed Vertical moving bed Tubular fixed bed
reactor in a parallel reactor in a series reactor
arrangement arrangement

Catalyst Chromium based Platinum based Pt-Sn / ZnAl, O4/
CrOx/ Al; O3 Pt-Sn/ Al; Os CaO-Al; O3

Reaction operating | 560-650 °C 525-705 °C 560-650 °C

Condition 0.2-0.5 bar 1-3 bar 0.2-0.5 bar

(Temperature and

Pressure)

Conversion 40-45 % 30-40 % ~35 %

Selectivity 80-90 % 85-90 % 80-90 %




Several processes for propane dehydrogenation have been emerged (as given in Table 1). Oleflex
and Catofin processes have been industrialized and widely applied™?, where Pt-based and CrOx-
based catalysts have been commercialized, respectively. In the Catofin process, CrOx-based
catalysts have been utilized due to their high catalytic activity and low price. However, besides
their high environmental toxicity, the severe side reactions induce their quick deactivation and
require frequent regeneration.[>*!) Developing other metal oxide catalysts with low or non-
chromium content is highly desired. Though the Pt catalyst shows excellent propane
dehydrogenation activity due to its affinity for paraffinic C—H bonds and environmental
friendliness**>*! its tendency to coking, sintering, and high cost still requires the development of
low Pt-content and stable Pt-based. The difficulties mainly arise from the structural complexity of
supported nanoparticles and the uncertainty of relevant preparation processes.®! Therefore, the
exploitation of new efficient strategies for improving the stability of Pt-based and CrOx-based
catalysts and finding alternative catalysts remain significant challenges.

It is generally accepted that numerous metal-based and metal oxide-based catalysts show superior
activity and selectivity and have been widely developed. Still, it is unclear which active site
structures and dehydrogenation mechanisms are followed in the PDH process from a fundamental
perspective. Hence, it is vital to understand the relationship between active-site motifs and unique
catalytic behaviors in the propane dehydrogenation system, including dehydrogenation pathways
and deactivation mechanisms, which can shine a light on precise catalyst design.!

The exact reaction mechanisms in the PDH process remain unclear. The complex nature of PDH
and side reactions (deactivation and Cracking reactions) requires fundamental insight into the
reaction mechanism, which gives a new direction to enhance catalyst design. A molecular-level
understanding of such complex reaction networks can be achieved through the combined use of
Computational chemistry (DFT, UBI-QEP, etc.) and Microkinetic modeling (MKM).



2. Microkinetic modeling

The design of heterogeneous catalysts relies on understanding the fundamental surface kinetics
that controls catalyst performance, and microkinetic modeling is a tool that can help the researcher
in streamlining the process of catalyst design®. Microkinetic modeling identifies critical reaction
intermediates, rate-determining elementary reactions, and dominant reaction paths, providing vital
information for designing an improved catalyst and understanding reaction mechanisms at a more
fundamental level.

Catalysis is mainly a kinetic phenomenon, and chemical kinetics is an essential tool in catalysis
research. Reaction Kinetics data are used in reactor design to study reaction mechanisms and
elucidate a catalyst's structure—property relationship. The kinetics of a chemical reaction can be
expressed as a power—law expression by regressing experimental data or by the LHHW
(Langmuir—Hinshelwood—Hougen—Watson) rate expressions. Power law rate expression iS a
limiting approximation of a more complex rate expression. Thus, the apparent activation energy
and the reaction orders obtained by regression of experimental data are valid for a limited range of
reaction conditions. Additionally, little fundamental insight regarding the reaction mechanism can
be obtained from simple power—law expressions. However, due to their simplicity and ease of use,
the power-law rate expressions are appropriate for incorporating heat and mass transfer effects
and, in some cases, catalyst deactivationt® in reactor design equations. As such, power-law rate
expressions are widely used to operate industrial reactors.[323%1 The LHHW rate expression for a
reaction mechanism is obtained by assuming specific rate-determining elementary reactions,
quasi-equilibrated elementary reactions, and the presence of most abundant surface intermediates
(MASI). The LHHW rate expression is valid for a more comprehensive range of reaction
conditions as compared to the power—law rate expression; however, the assumptions of Langmuir
adsorption are implicit. Specifically, the LHHW rate expression assumes that all active sites for
adsorption and reaction are identical and that interactions between adsorbed species are negligible.
LHHW rate expressions are extensively used to model the performance of industrial
reactors. 13435

The traditional method outlined above provides valuable information, and researchers have used
the data from these models coupled with chemical intuition to understand the reaction mechanism
and design better catalysts. In this respect, obtaining information regarding the fundamental
surface chemistry occurring on the catalyst surface is highly desirable as it accelerates and
streamlines the process of rational catalyst design.

Microkinetic modeling breaks down a reaction mechanism into all known elementary steps making
no a priori assumptions about dominant reaction paths, rate-determining steps, and most abundant
reactive intermediates (MARI). Instead, this information emerges from the model's solution, and
the effects of operating conditions on the reaction mechanism can also be determined.!!



2.1 Formulation of a microkinetic model
2.1.1 Formulation of a Reaction Mechanism

Catalytic processes proceed through combinations of elementary reactions. A sequence of
elementary reactions based on the species' chemistry is postulated as the overall reaction
mechanism. In general, a reaction mechanism includes adsorption of reactants, surface reaction,
and desorption of products. However, a reaction mechanism can be complicated depending on the
level of mechanistic detail that is included. The level of mechanistic details included in the reaction
mechanism relies on the goal of the model!®l. The complete reaction mechanism exhibits enormous
complexity with hundreds of species and elementary reactions; however, this detailed mechanism
is not necessary for most applications as only a few intermediates and elementary reactions are
significant. Therefore, it is the choice of the researcher to include or exclude details based on
experimental or computational evidence.

Significant research efforts in developing plausible reaction mechanisms have been undertaken,
and various approaches for developing reaction mechanisms, particularly for complex systems,
have been developed. These efforts include iterative methods,!*" application of machine learning
techniques, 3% and reaction mechanism generating software programs like NetGen (Broadbelt
and Klein)“?), MECHEM (Valdés-Pérez)*H, RING (Daoutidis and Bhan)“?l, and RMG-Cat (West
and Green)*3l,

One possible solution to mitigate the increase in the number of intermediates and elementary
reactions is to truncate the number of expansions with specific heuristics or rules;*4 however,
such an approach runs the risk of missing reactions that might be kinetically significant.[*®! Thus,
the central challenge is to balance the need to include all elementary steps and the resources
available for the estimation of kinetic parameters to determine Kkinetically relevant elementary
reactions.

2.1.2 Thermodynamic consistency

Equilibrium constants for the i elementary reaction are calculated from Gibbs free energy
changes, AG} of the ith elementary step as:

Keqs = exp (= 55) = exo (1) v exp (- 3) g

Where K, ; is the equilibrium constant of the i" elementary reaction. AH? and AS; are the standard
enthalpy and entropy change of the ith elementary reaction, respectively. The enthalpy and entropy
changes are obtained from experimental data or estimated by ab initio density functional theory



(DFT) calculations, the unity bond index-quadratic exponential potential (UBI-QEP) method, or
scaling relations.

For any i"" elementary reaction, the ratio of forward rate (ks ;) constant and backward rate constant
(kp,;) must be equal to the equilibrium of that elementary step as calculated from eq 1 i.e.

ki
Keq,i = E (2)

2.1.3 Rate constant estimation

Rate constants for each elementary reaction are required to obtain the reaction rate. Generally, the
rate constants are estimated using transition state theory or collision theory.

Collision theory: Rate constants for the adsorption and desorption of reactants and products can
be estimated with collision theory. For the elementary adsorption reaction,

A+ A"

Py

A/ anAka

= o(T)* f(6;) * (3)

Where 1, is the rate of adsorption per unit area.
o(T) is the sticking coefficient or the probability that the collision of a molecule with the clean
surface leads to adsorption and has a value between 0 and 1.

f(6,) is a function of surface coverage and takes into account the available surface sites for
adsorption. 6, is the reduced coverage and is the ratio of the surface coverage over the surface
coverage at surface saturation.

Pa is the pressure of the gas. ma represents the mass of gaseous species A and T(K) is the

temperature.

Transition state theory: Transition state theory assumes that an activated complex is formed from
reactants before forming the products. The activation complex is the molecular structure that lies
at the saddle point in the potential energy landscape between the reactants and products. This
activated complex is generally referred to as the transition state. The critical assumption of
transition state theory is that the transition state and the reactants of the elementary steps are in
quasi-equilibrium, as shown below:

K# .
A*+ B* © AB*¥ - C*+ D*



In this formulation, the reactants A* and B* form a transition state AB¥ , which is in equilibrium
with the reactants. Using the equilibrium relation, the rate of forward reaction is obtained as:

5 _ 7 _ kp»T (ASO*)* (_ AHO*) 4
r = kayag = —xexp(——)* exp ) * daap 4)
Where kg is the Boltzmann constant, h is the Plank’s constant, aa and ag are the activities of the
reactants A and B, respectively. AH* and AS°* are the standard enthalpy change and standard
entropy change for the formation of transition state from the reactants, respectively. AH%Fis
generally referred as the activation barrier/energy of the elementary reaction.

From eq 2 backward rate constant can be estimated if the value of Keq is known. Therefore to find
out the forward and backward rate constants of an elementary reaction using TST, we
require AH%*, AS®*, AH® and AS° which can be obtained from Density functional theory (DFT)
methods. In addition, the Unity bond index-quadratic exponential potential (UBI-QEP) method is
an analytical method for determining AH® and AH %%,

2.1.4 Microkinetic model development

The rate of change of the surface coverage (6;) of a reaction intermediate is determined by the rate
of production and consumption of the intermediate:

20,
F = QL ©)
i

An additional constraint is the conservation of surface sites; that is, the sum of all surface coverages
must equal 1:

— 0. 6

1= 0.+ ) 6, ®)
J

Where v;;, is the stoichiometric coefficient of species j in the elementary step i. is r; is the rate
expression for reaction step i. 8, is the concentration of free sites, and nj is the number of surface
sites occupied by the j™ intermediate.

Equations 5 and 6 can be solved together for a known gaseous species pressure to see the surface
coverages variation with time and its value at a steady state. Also, these equations can be coupled
with material balance for the gas species (within a reactor system) to obtain the outlet gas species
concentration, which is shown in section 4.4.2 of this work.



3. Literature survey

The most commonly used mechanism to describe catalytic dehydrogenation is the reverse
Horiuti—Polanyi mechanism proposed in 1934.[Y1 In this mechanism, the dehydrogenation of
alkanes is considered to consist of three steps: (i) dissociative alkane adsorption in which one
hydrogen atom is removed, (ii) B-hydrogen abstraction of the adsorbed hydrocarbon species and
formation of the double bond, and (iii) desorption of the alkene species and H2.2Yl Horiuti and
Polanyi also described the possibility of side reactions of the adsorbed alkene species on the
surface by deep dehydrogenation reactions. However, a detailed understanding of the reaction
mechanism is still elusive. We have conducted an extensive literature survey for propane
dehydrogenation (PDH) on the surface of Pt-based catalysts to understand the PDH reaction
pathway.

Pt and Pt-based alloys have long been known as important catalysts in the hydrogenation of olefins
and the dehydrogenation and paraffin' cracking.'*”! However, the major problem for Pt-based
catalysts is the C—C cleavage of long-chain hydrocarbons, leading to coke formation. As a result,
the catalyst losses its activity quickly and must be regenerated, which increases the process
complexity. In the propane dehydrogenation system, it is vital to understand the reaction
mechanism to improve propylene selectivity and suppress coke formation. Yang et al.l*®l has
conducted DFT study and presented the elementary reaction network of propane dehydrogenation
over closed packed Pt(111), stepped Pt(211), and Pt-Sn surfaces. Zan Lian et al.[®] have revealed
the Janus character of the coke precursor in the PDH on Pt catalysts from a KMC simulation and
conducted DFT. Su and coworkers [°l also gave a complete description of dehydrogenation's
reaction pathway to propylene, deep dehydrogenation, and C-C bond cracking on a Pt (111)
surface. Stephanie Saerens [*®1 group has also investigated the PDH on Pt catalyst and presented an
extensive reaction scheme to describe the effect of hydrogen on the increasing propylene
selectivity. In the next section, surface reactions and DFT results from the literature are analyzed
to better understand the reaction pathway for PDH on the Pt catalyst.

3.1 Adsorption of propane and propylene

The interactions between the reactant (propane) and product (propylene) with catalysts have
apparent importance for PDH. Zan Lian et al.[*l has employed BEEF-vdW exchange-correlation
functional to calculate the binding energy of propane on Pt(111) and found that propane is weakly
physisorbed on the surface of Pt with adsorption energy of -0.30 eV. Yang et al.[*® has also stated
that molecular propane is repelled by the metal surface, drifting over the Pt surface, and propane
cannot bind to the Pt atoms, and the adsorption energy is -0.04 eV. The above results show that
propane is weakly physisorbed on Pt(111) and Pt(211).



The LEED analysis*® indicated that propylene could be adsorbed at the Pt surface in both the di-
o and n-mode (Figure 2). Valcarcel et al ™I performed DFT calculation on Pt(111) and reported
that propylene gets chemisorb at the bridge site in di-c mode. In Yang et al.*®l calculations, the
adsorption energy in the di-c mode on Pt(111) is 0.27 eV higher than that in the =-mode, which is
consistent with the results of Zaera and Chrysostomou.[*”1 Propylene is preferentially adsorbed at
the Bridge site by binding with two Pt atoms. On the stepped surface, propylene also favors the
Bridge site on the step edge, and the optimized structure is similar to that on the flat surface.
However, the adsorption energy is calculated to be -1.17 eV, 0.83 eV higher than that on the flat
surface, indicating that binding to the less coordinated Pt atoms is preferred.

Figure 3: Adsorption modes of propylene on Pt(111): (a) di-c mode, (b) # mode Light blue:
Pt atoms, Black: C atoms, White: H atoms[®

3.2 Propane dehydrogenation to form propylene

On the catalyst surface, propane gets converted into propylene and hydrogen via a two-step
process(t® 141
1) C-H bond activation at methyl and methylene group to produce 1-propyl and 2-propyl,
respectively.
2) P — Dehydrogenation of 1-propyl and 2-propyl to form propylene.



Each detached hydrogen atom requires an empty site for accommodation. Therefore, it is
reasonable to expect that the hydrogen coverage would significantly affect the dehydrogenation
activation energy 481,

In step 1, the energy barriers for the initial activation of propane at both the methyl and methylene
groups are calculated to be 0.69 and 0.70 eV*®l on Pt(111), respectively. The activation energy is
only 0.01 eV higher than that for the dehydrogenation of the methyl group, indicating no
preference for the activation of C-H bonds. In step 2, the activation energies for the
dehydrogenation of 1-propyl and 2-propyl are calculated to be 0.70 and 0.68 eV[*&l, respectively,
which indicates that the dehydrogenation of both 1-propyl and 2-propyl is kinetically favorable to
produce propylene.

1. a-dehydrogenation CH,CHCH"+H*
CH,CH,CH,*+H* CH,CH,CH,"+H CH;CHCH(0) 1-propeny|
1-propyl '
CH,CH,CH," CH,CHCH,"+2H"* j> CH,CHCH,"
propane propylene

2 ' CH,CHCH,"+H" v CH,CHCH,"+H 4" i

2-propyl CH,CCH,*+H

2, B-dehydrogenation 2'P'°P9"Y|

Figure 4: Simplified network for propane dehydrogenation to form propylene 4],

In the case of step sites, the energy barriers for the initial activation of propane occurring at the
methyl and methylene groups are calculated to be 0.32 and 0.28 eV[*® respectively. The
subsequent dehydrogenation takes place at the edge bridge site, and the energy barriers for the
activation of 1-propyl and 2-propyl are 0.34 and 0.33 eV[*8l respectively. Comparison between
activation energy at Pt(111) and Pt(211) leads to finding that Pt(211) is more active for propane
dehydrogenation.

3.3 Deep dehydrogenation
3.3.1 Dehydrogenation of propylene and formation of Propylidyne

Chen et al. and Honkala et al.[*3 showed that the competition between C3Hs desorption and CsHe
dehydrogenation can be used for propylene selectivity. On Pt(111), di-c adsorb propylene gets

10



dehydrogenated at methylene group with detached H atom at atop site and product 1-propenyl on
fce site (energy barrier of 0.76 eV).[*81 A similar energy barrier (0.77 eV) was observed for the
formation of 2-propenyl. Propylene gets quickly dehydrogenated at stepped Pt (0.29-0.40 eV),
which shows lower propylene selectivity of Pt(211) as compared to Pt(111).

1-propylidene can easily dehydrogenate to form Propylidyne (0.23 eV, lower than other
dehydrogenation)*®!. Further dehydrogenation or hydrogenation of Propylidyne requires high
energy, suggesting that Propylidyne is the most favorable intermediate on Pt(111). However, on
Pt(211) energy barrier is 0.52 eV higher than Pt(111).

3.3.2 C-C cracking of Cs intermediates

C-C cleavage forms less stable products relative to dehydrogenated products. As shown in the
reaction scheme proposed by Stephanie Saerens™® group, almost all the C-C scission have an
activation barrier of greater than 140 KJmol™ and thus these C-C scission reaction steps are not
favorable. The most important exception is the C—C scission of propyne, which is responsible for
the formation of the side products through deep dehydrogenation and further C—C scission
reactions [*€l, Propyne cracking is the starting point to form methylidyne and ethylidyne, which
ultimately produce the species like methane, ethane, ethylene, and coke, thus affecting the
propylene selectivity and deactivation of the catalyst.

11



4. Statement of the problem

Understanding the complex nature of propane dehydrogenation on Pt catalyst and proposing a
reaction scheme consists of elementary reactions based on a combination of literature and chemical
intuition. Kinetic simulation in a PFR reactor model is performed using the proposed reaction
scheme. The results of the simulations are compared with the experimental outcomes by Siddiqi
et al.[*°]

4.1 Reaction Scheme proposed for PDH on Pt catalyst in this work

As discussed in the introduction section, Pt-based catalyst is used in the propane dehydrogenation
(PDH) process. However, the main problem occurs with Pt catalyst: it needs to be regenerated
periodically. In PDH, apart from the primary reaction of catalytic conversion of propane into
propylene and hydrogen, there are side reactions which also occurs at high temperature operating
condition and thus result in the formation of side products which ultimately occupy the active sites
of the catalyst and deactivate the surface of the catalyst. These side products also lower the
selectivity of propylene. The complex nature of PDH and side reactions (deactivation and Cracking
reactions) requires fundamental insight into the reaction mechanism.

Horiuti-Polanyi 2% has proposed the reaction mechanism to describe catalytic dehydrogenation in
1934, which is commonly used. For alkane dehydrogenation, they have considered three steps: (a)
dissociative alkane adsorption in which one hydrogen atom is removed, (b) B-hydrogen abstraction
of the adsorbed hydrocarbon species, and formation of the double bond, and (c) desorption of the
alkene species and Hz 1, Horiuti and Polanyi also described the possibility of side reactions of
the adsorbed alkene species on the surface by deep dehydrogenation reactions.

Yang et al. * & conducted a DFT study and presented the elementary reaction steps of 29 surface
reaction steps for propane dehydrogenation over the Pt catalyst. At the same time, Yang et al. has
considered the C-C scission but only for C3 species, not for C, species. Stephanie Saerens [1% 2]
group has also investigated the PDH on Pt catalyst and presented an extensive reaction scheme of
42 surface reaction steps and 6 adsorption/desorption reaction that includes isomerization reactions
and C-C scission of both Cs and C: intermediates. Zan Lian et al.*® have revealed the Janus
character of the coke precursor in the PDH on Pt catalysts from a KMC simulation and conducted
DFT for the same. They have proposed a set of 45 elementary reactions to describe PDH. A
detailed understanding of the reaction mechanism is still elusive for PDH. The rate-determining
step (RDS) for the PDH is still unclear as some authors have considered the dissociative adsorption
as RDS. In contrast, others suggest the p - hydrogen abstraction as the rate-determining step 2 2>
241 Additionally, the exact mechanism of coke formation is not clearly mentioned since the actual
coke formation mechanism is very complex and too elaborate to include in an ab initio network,
as also discussed in the work of Zhao et al.[?®. Li et al.l?®! have included both C-C scission and
oligomerization reactions in their kinetic model on a Pt-Sn catalyst. Others claim that the rate-

12



determining step for the coke formation is coke precursor formation through propylene
oligomerization. 26 2]

In this work, we have proposed a reaction network, as shown in Table 2 and Figure 5, which
consists of 23 surface reactions and 6 adsorption/desorption reactions based on a combined
literature survey and chemical intuition. In our proposed reaction network, we have considered
mainly the following type of reactions:

Q) Adsorption and desorption of gas-phase species (Ra, Rb, Rc, etc.)

(i) Dehydrogenation reactions in which a hydrogen atom is removed from a hydrocarbon
species on the surface (R1 — R6)

(ili)  C—C scission reactions in which two hydrocarbon species are formed on the surface
(R13, R14)

(iv)  Deep dehydrogenation reactions in which a hydrogen atom is abstracted from a
hydrocarbon species which is propylene or beyond propylene (R7-R12, R15-R17)

We have 6 gas species and 20 surface intermediates shown in Table 3(a) and Table 3(b).

We have not considered the polymerization reactions proposed in the literature as the activation
energy for those are higher than 140 KJ/mol (61 which are relatively large compared to other
reactions as given in our reaction scheme. A DFT study on ethane dehydrogenation performed by
Chen et al. confirms the energetically unfavorable isomerization reactions.?®l C-C scission of
propyne (CHCCHpa) is included as it produces methylidyne (CH) and ethylidyne (CCHz), which is
the starting point for the formation of side products such as methane, ethane, and ethylene. C—C
scission reactions only occur with more dehydrogenated species than propylene, as already
suggested by Yang et al.l*8l

Thermodynamic and kinetic data required for the elementary reactions are adapted from the paper
of Stephanie Saerens et al. 19 at the temperature of 873 K. Enthalpies and entropies for all
intermediates and transition states are estimated by this group based on DFT calculations. The
adsorption enthalpies and entropies of the products propylene, methane, ethane, ethylene, and
hydrogen have been adapted so that the overall calculated gas-phase reaction equilibrium is
consistent with that derived from NIST reference values. Furthermore, Arrhenius activation
energies (Ea) and pre-exponential factors (A) for the reaction steps were calculated from transition-
state theory (TST). Thermodynamic consistency is maintained by calculating the backward rate
constant using the equilibrium rate constant throughout the process. For alkanes (CzHs, C2Hs, and
CHa), physisorption is assumed to be equilibrated, and the physisorption is lumped with the
consecutive dissociative adsorption steps 12231,
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Table 2: Thermodynamic and kinetic data at T = 873 K for all the reactions steps proposed in the reaction scheme for PDH on

Pt catalyst
Elementary reaction steps AH? AS} Eof  Af ks Keq
(1) CsHs (physisorbed) + * = CH2CH2CHjs (1-propyl) + H* -14 —45 72 1.3x10% 9.2x10%  3.1x102
(2) C3Hs (physisorbed) + * = CH3CHCHj3 (2-propyl) + H* —22 55 58  2.0x10% 8.4x10°  2.6x107
(3) CH2CH2CHs3 (1-propyl) + * & CHCH.CHz3 (1-propylidene) + H* -1 12 74 2.6x10% 1.3x108 2.8x101
(4) CHCH,CHg (1-propyl) + * = CH,CHCH3 (propylene) + H* -30 -29 71  9.6x10% 7.5x108  1.7x10°
(5) CH3CHCHj3 (2-propyl) + * = CH3CCHjs (2-propylidene) + H* 7 -1 84  47x10% 6.0x10"  3.5x10%
(6) CH3CHCHs (2-propyl) + * = CH,CHCHjs (propylene) + H* -22  -19 75  1.7x10V 7.0x108  2.1x10°
(7) CH2.CHCHB3 (propylene) + * = CHCHCHa (1-propenyl) + H* 11 9 82 1.2x10'% 2.2x108 6.5x10?
(8) CH2CHCHjs (propylene) + * = CH2CCHg (2-propenyl) + H* -2 14 73 1.3x10% 7.6x108  6.2x10°
(9) CHCH2CHjs (1-propylidene) + * = CHCHCH3; (1-propenyl) + H* -18 -8 64  3.3x10%2 6.4x108  4.1x10°
3 3 (2-propylidene) + * = 2 3 (Z-propenyl) + - - 99X AX X

(10) CH3CCHj (2-propylidene) + * = CH,CCHs (2-propenyl) + H* 31 -5 59  39x102  14x10°  3.7x10!
(11) CHCHCHjs (1-propenyl) + * = CHCCHjs (propyne) + H* -19 9 80  5.4x10% 1.2x10°  3.6x10?
(12) CH2CCHjs (2-propenyl) + * = CHCCHjs (propyne) + H* —6 4 78  7.5x10% 2.2x108  3.8x10°
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Elementary reaction steps AH? AS? E a(f) Ay k¢ Keq

(13) CHCCHgs (propyne) + * = CCHjs (ethylidyne) + CH (methylidyne) -67 -1 111  2.7x10%® 1.0x10"  6.7x10°
(14) CCHjs (ethylidyne) + * = C (atomic carbon) + CHs (methyl) 81 -8 185 29x10¥ 51x102  7.6x10°
15) CHs (methyl) + * = CHa (methylidene) + H* 20 4 8  12x108 1.2x108 1.1x10%
(15) y y

16) CH: (methylidene) + * = CH (methylidyne) + H* —54 0 24 4.7x10?  1.9x10Y  1.4x103
( y ylidy

(17) CH (methylidyne) + * = C (atomic carbon) + H* 50 8 123  1.9x10® 1.4x10® 3.2x10°%
18) CH,CHs (ethyl) + * = CHCHs (ethylidene) + H* 12 21 88  12x10% 9.4x10®8  2.6x10°
( y y

19) CHCHGs (ethylidene) + * = CCHs (ethylidyne) + H* —73 4 22 27x10? 1.6x10Y  2.6x10*
(19) (ethy ylidy

(20)" C (atomic carbon) — graphitic coke formation + * 3.1x10°

(21) CH3 (methyl) + H* = CHa (physisorbed) 18 105 91 29x10% 15x10°  2.8x10*
22) CH,CHs (ethyl) + H* = CHsCHs (physisorbed) 28 91 90 5.4x10% 3.1x10° 1.3x10°
( y phy:

23) CH,CHs (ethyl) = CH2CH; (ethylene) + H* ~14 15 92 1.0x10® 4.8x10°  3.8x10
( y y
(@) CsHs (g) + * = CsHs (physisorbed) -34 -84 1.3x108  3.9x10°3
(b) C3Hs (g) + * = CsHs (chemisorbed) -109  -185 1.4x108  4.6x10*
(©) Ha (g) + 2* = 2H* ~101  -114 2.0 x108  8.1x10%
(d) CHs (g) + * = CHg4 (physisorbed) -18 20 2.2x108  1.0x10°
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Elementary reaction steps AH? AS? E a(f) Ay k¢ Keq

(e) C2Hs (g) + * = C2Hs (physisorbed) —27 60 1.6x108  2.7x107?
(f) C2Ha (g) + * = CzH4 (chemisorbed) -111 -156 1.7x108  2.0x107
Units: AH7 and E ) are in Kimol™ AS? in Jmol1 K1 Ay and ks arein s or bar!s

* The essence of reaction no. 20 is to prevent accumulation of the thermodynamically very stable atomic carbon, and it is assumed that
all formed graphitic coke migrates immediately to the support. The rate constant of this irreversible reaction is taken from the work of
Stephanie Saerens et al. [*%
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Figure 5: Reaction scheme for propane dehydrogenation as described in Table 2. “phys”
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Table 3(a): Gas species present in the reaction network with their chemical

S.R.No Gas Species Chemical Notation
1 Propane CsHs (9)

2 Propylene CsHs (9)

3 Methane CHs (9)

4 Hydrogen H2(9)

5 Ethane C2He (9)

6 Ethylene C2Ha (9)

Table 3(b): Surface intermediates present in the reaction network with their chemical notations

S.R.No Surface Intermediates Chemical Notation

1 Hydrogen H*

2 1-Propyl CH2CH.CHjs

3 2-Propyl CH3CHCHs3

4 1-Propylidene CHCH2CHs

5 2-Propylidene CH3CCHs

6 Propylene (Chemisorbed) CH2CHCHs3

7 1-Propenyl CHCHCH3s

8 2-Propenyl CH2CCHz3

9 Propyne CHCCH3

10 Ethylidyne CCHs

11 Methylidyne CH

12 Atomic carbon C

13 Methyl CHs

14 Methylidene CH:

15 Ethyl CH2CH;s

16 Ethylidene CHCHs

17 Ethylene (Chemisorbed) CH2CH:

18 Propane (Physisorbed) CsHs (physisorbed)
19 Ethane (Physisorbed) C2Hs (physisorbed)
20 Methane (Physisorbed) CHys (physisorbed)
21 Surface vacancy *
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4.2 Modeling of reactions
4.2.1 Formulation of rate laws

The reactions considered in our work are of mainly two types based on differences in writing the
mathematical expressions for the rate laws: (1) adsorption and desorption of gas-phase species (2)
surface reactions, i.e. dehydrogenation or C-C scission reactions.

Rate laws are formulated in mathematical expressions for a different types of reactions as follows:

(1) Adsorption and desorption of gas-phase species i:
Ai(gas) +* = A* Rate: r; = ki,ads *p; * 0, — ki,des * 0 (7)

Where, k; qqs/k; qes are the rate coefficient of adsorption and desorption. (bar’s™ or bar?).

p; is the partial pressure of gas species i (bar).

The fractional coverage 6; of species i is defined as the number of adsorbate molecules i per
number of Pt surface atoms (moles of adsorbate i per moles of Pt surface atoms).

6, is the fractional coverage of vacant/free sites.

In H adsorption, eq 7 has twice 62 instead of  since H, adsorbs dissociatively on the surface.

(2) Surface reactions (Dehydrogenation or C-C scission reactions):

A*+*= B*4 C* Rate:?”j= j’f*HA*Qv—kj,b*QB*QC
Op*0

J

k.
Where K; = =Lf
kj,b

K; is the equilibrium constant of the jth surface reaction.

NOTE: For alkanes (CsHs, C2Hs, CHa), physisorption is assumed to be equilibrated, and the
physisorption is lumped with the consecutive dissociative adsorption steps.

Example: for the dissociative adsorption of CsHs to form 1-propyl and hydrogen, this leads to the
following expressions:

6
CsHg () + * = CsHs (physisorbed) Keon, = C3Hg(phy) ©

ngHg*gv
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CsHs (physisorbed) + * & CH2CH2CHj3 (1-propyl) + H*

DapropytOrisy (10)

= kl,f * (963H8(phy) * 0, — K,

Replacing the value of 6¢, . pny) in €q 10 from eq 9, we get

0 1—propyl*9H*)

X, (11)

1= kyp* (Kq* PcyhHg * 6 —

4.2.2 Microkinetic and reactor model

In section 2.2.4 microkinetic model for the surface intermediates are given, and variation of surface
coverage with respect to time at constant gas pressure can be found by solving coupled ODE’s (eq
5) and conservation of surface site (eq 6). However, to account for the change in the gas phase
composition, we need to couple the microkinetic model with the reactor model.

Reactor model: We have chosen an ideal plug flow reactor (PFR) to model the reactor since it is
used in the experimental studies by Siddigi et al.* The plug flow reactor model is solved for the
flow rates of the gas-phase species i:
2% — R, =Y .v,r Initial condition: Fi (0) = Fio (12)
aw JYjity
Fi being the molar flow of gas-phase species i in mol/sec.
W the catalyst mass in grams.
R; the net rate of production of species i per catalyst unit mass.
Fio is the initial molar flow rate of species i in mol/sec.
v;j, Is the stoichiometric coefficient of species i in the elementary step j

Microkinetic model: Pseudo steady-state approximation (PSSA) is applied for every surface
intermediates thus resulting in a set of algebraic equations:

de;
—=0= Ry = X;vyn; (13)

Furthermore, the sum of all fractional surface coverages amounts to 1

6,+Y:6; =1 (14)
Altogether eq 12, 13, and 14 describe the whole model and forms the differential-algebraic
equations (DAE) system, which is solved in the Athena Visual Studio with its inbuilt DAE

solver.
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NOTES:

(1) We have assumed the ideal gas behavior of gaseous species. So we can write
pi =Ci*R*T (15)

Fi = Ci * U (16)

Combining eq 15 and eq 16 leads to a relationship between molar flow rate and partial pressure
of species i in the following manner

Fi*R*T
p; =~ (7)

v

Where V is the volumetric flow rate of the inlet stream in m3sec?
R is the gas constant and equal to 8.314*10° m®bar/mol K
T is the temperature in kelvins (K)

(2) To maintain the correct dimension of RHS and LHS in eq 6, all the rates (ri) as described in
section 4.2.1 are multiplied by a factor which is equal to 3*10° (np), and it has a dimension of
moles of Pt surface sites per gram of catalyst. This factor is calculated from the work of Siddigi et
al.»® and shown in the further section.

(3) Definition of terms that are used in this work to compare the simulation results with the
experimental outcomes

FC3H8,iTl _F63Hg,0ut

Conversion (X) of the propane: X = (18)
FC3H8,in

Selectivity (Scxry): Se . = featiyout x (19)
CxHy)- = =
y o CxHy FC3H3,iTL _FC3H3,out 3

Site time yields (STYs): Number of molecules of a specified product produced per Pt surface
atom and per unit time over the whole reactor.!"]

STYs = LCaHe (20)

Npt

Where Fc, y, in is the inlet molar flow rate of propane in moles/sec.
Fe, hg,0ut 1S the molar flow rate of propane at the outlet in moles/sec.

np; represent the number of Pt surface sites. STYs is in units of molc3yemolp; siresS ™t

21



4.3 Data collection from the work of Siddigi et al.l** %!

The reaction conditions for the reactor simulations in this work are taken from the work of Siddiqi
et al.[*> 2% who performed experiments on propane dehydrogenation on a Pt/Mg(Al)O catalyst in
a plug flow reactor (Isothermal condition). In these experiments, a catalyst mass of 0.025 g was
used at a reaction temperature of 873 K with 20 vol % propane in the feed at a total pressure of
1.013 bar. Balance He (inert) was added to obtain a total feed inlet flow rate of 10 m%/sec.

The microkinetic simulations performed in this work require input data that are not directly
reported in the experimental literature of Siddigi et al.l*®! such as initial molar flow rates of inlet
species, the number of Pt surface sites (np;). Furthermore, the site time yield (STY) and the
conversion are also not reported explicitly, and these need to be compared to the output of the
simulations.

For this simulation, we took the inlet ratio H2/CsHg of 1.25 as a reference since this ratio leads to
the highest experimentally observed activity. To compare simulation results with experiment
outcomes, time of stream (TOS) of 5 min is taken, which is assumed to be sufficiently large at
which highly active but unselective under coordinated (step) sites are deactivated due to coke
formation 3231, A summary of input data required for simulation is given in Table 4.

a® b 00l = [] [] = = =
- 70} \ - 2 el PtMg(Ga)(Al)O
o 60k — PtMag(Ga)(AlO 2‘
& T — Sl . ; 083 |
B gl " =
- 40} 8 87t i —
- © PYMa(Al)O
B 30k N 3” B4 1
20+ T 4 — 9 8
1 L 1 1 1 1 L 7 X 1 1 1 1 X X
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Time on stream, min Time on stream, min

Figure 6: (a) Variation of the rate of propylene in pmol/s/gcat With respect to time on stream
(min) (TOS) (b) Selectivity for propane dehydrogenation. Reaction temperature of 873 K, 20
vol% CsHsin feed, Hz/ CsHg = 1.25, with balance He for total flow rate of 10 m?®/secl?.
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4.3.1 Inlet molar flow rates of propane and hydrogen

The simulation requires the inlet molar flow rates of CsHg and H> as input. A total feed flow rate
of 10 m%/sec is reported consisting of 20 vol. % propane (at 1.013 bar and 298 K). Consequently,
0.2 m®/sec propane is fed to the reactor. Assuming all gas-phase species behave as ideal gasses,
the feed flow rate of propane can be calculated as

- _Pixv 02%1.013%10°%107°
LT RAT 8.314 = 298

mol
= 8.177 = 10_6T (for propane)

Similarly, a molar flow rate of 1.03 x 10~ mol/s for hydrogen is calculated for H2/CsHs of 1.25

4.3.2 Calculation of np,

Siddiqgi et al. use the Pt/Mg(Al)O catalyst, but the number of Pt surface sites is not explicitly
reported. Characterization of the same Pt/Mg(Al)O catalyst shows that a dispersion (D) of 84% is
obtained™!. From the dispersion, the number of Pt surface sites (net) can be calculated using the
below formula

wt. % * Megr * D
Np, =

Where m,; is the weight of the catalyst, and wt.% is the weight percentage of Pt in the catalyst
MMept is the molar mass of Pt.

_0.696 1072 % 0.025 * 0.84
et = 195.078

= 7.492 x 10”7 mol of Pt surface sites

> Or 3*10° mol of Pt surface sites per gram of catalyst.

4.3.3 Site time yield (STY)

The site time yield (STY) is not explicitly reported in the literature, but it can be calculated from
the data given in the articlel!>?°l. After 5 minutes of TOS, an activity of 30 pumol/s/geat ON a
Pt/Mg(AI)O catalyst is reported at a temperature of 873 K and H/ C3Hg feed ratio of 1.25. Based
on the total catalyst mass (0.025 g) and the number of Pt surface atoms (7.492 = 10~7) this leads
to a STY of 1.0 molcsne/S/MOlpt surf sites.
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4.3.4 Conversion

The inlet molar flow rate of propane is known and equal to 8.177*10° mol/sec, but outlet flow
rates are unknown, so the reported yields are used to determine the conversion. After 5 minutes of
TOS, the reported yield of C3Hs equals 30 umol/s/gcat as shown in Figure 6(a), on a Pt/Mg(Al)O
catalyst, and the selectivity towards CsHs at this point is reported to be ~80% as shown in Figure
6(b).

30%1070%0.025

— = 9.375 x 107" mol/sec

From eq 18 FC3H8,in - FC3H8,Out =

And using eq 19, a conversion of 11.5% is calculated. Similar calculations are made for other
conversion.

Table 4: Data required to perform simulation based on the experimental work by Siddiqi
et al. [19,20]

Temperature 873 K
Total Pressure 1.013 bar
Catalyst weight 0.025¢
Molar inlet flow rate
CsHs 8.177*10° mol/sec
H> 1.03*10° mol/sec
Active sites 3*107° mol of Pt surface sites/g of catalyst

4.4 Solution of Differential algebraic equations (DAE) in Athena Visual Studio:
Methodology

As discussed before, the reaction scheme proposed for PDH on Pt-based catalyst in this work
results in the coupled ODE equations and algebraic equations, which were solved in the Athena
Visual Studio in its inbuilt DAE solver.

All the species present in the reaction scheme are represented by variable U(i) (i=1-25), which
includes the molar flow rate of gas species and surface coverages (as defined in 4.2.1 section ) of
surface intermediates. The net rate of formation for each species is defined in the code. Also, all
gas species' initial molar flow rates are given along with the initial guess of the surface coverages.

In its DAE solver number of equations are 25, and integration (w.r.t weight of the catalyst) starts
from 0 and ends at either 4.53946E-05 g (catalyst require for 11.5%) or higher weight (>11.5 %).

Athena code is attached in appendix A with appropriate comments, and the outcomes of this
simulation are discussed in the next section
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5. Results and discussion

The simulation has been performed using the coupled microkinetic and reactor model as discussed
in section 4.2.2 and input data as summarized in Table X. Changing the weight of catalyst under
constant inlet conditions results in conversion-selectivity profile as shown in Figure 8. For a fair
comparison between simulation and experiment, the results are evaluated at the exact conversion,
i.e.,, 11.5 % (obtained for TOS of 5 min), which required only 4.54*10° g of catalyst (in
simulation). At the simulated conversion of 11.5%, the experiment and simulation results are
compared and shown in Table 5.

Along with the main product, i.e., propylene, other side products such as methane, ethane, and
ethylene have also been observed in the experiments by Siddigi et al. 1°1 At the conversion of
11.5% in the simulation, the selectivity of CsHs, CHa, C2Hs, and C2H4 is 67.6%, 19.8%, 2.33%,
and 10.1%, respectively, as shown in Figure 6.

Table 5: Comparison of simulation outcomes and experimental outcomes by Siddigi et al.[1°]

Experiment Simulation
Conversion % 115 115
Selectivity % (CsHe) 79.0 67.6
STY (molcare/S/MOlpt surf sites) 1.0 0.84
ggl:gﬂvity aof # Selectivity of CH4 g;l:gﬂvny of 4 g;l::ﬂvity of

Selectivity %

Conversion %

Figure 6: Selectivity of C3Hs, CH4, C2Hs, and C2H4 as a function of propane conversion from
X=0 to X=11.5% (at W = 4.54*10"° g, H2/C3Hg = 1.25 and T = 873K).
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@ Experimental data (Siddiqi et. al) e Simulation

Selectivity (C3H6) %

70 A

Conversion %

Figure 7: Comparison of experimental selectivity % of propylene with simulation selectivity

Selectivity of / Selectivity of CH4  / Selectivity of /& Selectivity of
C3HE C2HE CZH4

Selectivity %

Conversion %

Figure 8: Selectivity of CsHs, CH4, C2Hs, and C2H4 as a function of propane conversion for
higher conversion (at W = 4.54*10° g, H2/C3Hs = 1.25 and T = 873K).
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We have also compare the experimental selectivity of propylene with the simulated results at
different conversion (Figure7) which reasonably explain the experiment outcomes of Siddigi et
al.l*®! qualitatively.

For conversion of 11.5%, the outlet molar flow rates of gaseous species (Table 6) were used to
calculate the partial pressure of all gas species (Using eq 17). These partial pressure were further
used to carry out the microkinetic simulation so that the surface coverages of all the surface
intermediates can be observed as a function of time. Steady-state values of the surface coverages
are reported in Table 6. Hydrogen (H*), ethylidyne (CCHz), and methylidyne (CH) occupy most
of the active sites on the catalyst surface at reactor outlet conditions. Ethylidyne and methylidyne
are formed due to reaction 13, where propyne C-C scission occurs and is the starting point for the
formation of side products (ethane, methane, and ethylene) and coke formationt* &,

Table 6: Molar flow rates of gaseous species at conversion of 11.5% (at W = 4.54*10° g,
H2/CsHs = 1.25 and T = 873K)

Species CsHs (9) CsHe (9) CHa (9) H2(9) CaHe(9) | C2Ha(9)

Molar flow | 7.13*10° |6.28*107 |5.51*10" |1.06*10° |3.25*10° | 1.40*10°

rate (mol/sec)

Table 7: Surface coverages (steady state) at reactor outlet conditions for 11.5% conversion
(at W = 4.54*10° g, H2/CsHg = 1.25 and T = 873K) with partial pressure of 0.52 bar CsHs,
0.045 bar CsHs, 0.77 bar Hz, 2.35%103 bar C2Hs and 0.01 bar C2Ha.

S.R.No Surface Intermediates Surface coverages %
1 Hydrogen 28.18
2 1-Propyl ~0

3 2-Propyl ~0

4 1-Propylidene ~0

5 2-Propylidene ~0

6 Propylene (Chemisorbed) ~0

7 1-Propenyl ~0

8 2-Propenyl 0.005
9 Propyne 0.02
10 Ethylidyne 35.62
11 Methylidyne 0.53
12 Atomic carbon ~0
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13 Methyl ~0
14 Methylidene ~0
15 Ethyl ~0
16 Ethylidene 0.001
17 Ethylene (Chemisorbed) 0.007
18 Propane (Physisorbed) ~0
19 Ethane (Physisorbed) ~0
20 Methane (Physisorbed) ~0
21 Surface vacancy 35.61

6. Future work

1) The proposed reaction scheme for PDH in this work reasonably satisfies the experiment
outcomes of Siddiqi et al. [*°]. However, to better understand the reaction pathway, sensitivity
analysis can be applied to the microkinetic model to get information like the rate-determining step
(RDS).

2) Our reaction scheme does not include the mechanism of coke formation, which is a drawback
of our work and can be included in our reaction network to have a better insight into the exact

mechanism of PDH.
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Appendix 1. Athena Visual Studio code to solve DAE system as defined in
section 4.2.2

I Microkinetic and reactor model simulation based on reaction scheme proposed in this work for
PDH based on Pt catalyst.

I ki's represent forward rate constant, ji's represent equilibrium rate constant and Ka,Kd & Ke are
the equilibrium constants for alkane adsorption/desorption reactions.

I R is the gas constant in mol*3bar/mol.K, T is temperature in kelvin, v is the total volumetric flow
rate in m"3/sec

Global
k1,j1,k2,j2,k3,j3,k4,j4,k5,j5,k6,j6,k7,j7,k8,j8,k9,j9,k10,j10,k11,j11,k12,j12,k13,j13,k14,j14, k15,
15,k16,j16,k17,j17,k18,j18,k19,j19,k20,k21,j21,k22,j22,k23,j23,kb,jb,kc,jc,kf,jf,Ka,Kd,Ke,R, Te
mp,v,C As Real

k1l =9.2E+6
j1=3.1E-2
k2 = 8.4E06
j2 = 2.6E-2
k3 =1.3E+8
j3=2.8E-01
k4 = 7.5E+8
j4=17

k5 = 6.0E+7
j5 = 3.5E-1
k6 = 7.0E+8
j6=21

k7 = 2.2E+8
j7=6.5E-1
k8 = 7.6E+8
j8=6.2
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k9 = 6.4E+8
j9=41

k10 = 1.4E+9
j10 = 3.7E+1
k1l =1.2E+9
j11=36

k12 = 2.2E+8
j12=3.8

k13 = 1.0E+7
j13 = 6.7E+3
k14 =5.1E+2
j14 = 7.6E-06
k15 = 1.2E+08
j15 = 1.1E-1
k16 = 1.9E+11
j16 = 1.4E+3
k17 = 1.4E+6
j17 = 3.2E-3
k18 = 9.4E8
j18=2.6

k19 = 1.6E+11
j19 = 2.6E+4
k20 = 3.1E+3
k21 = 1.5E+9
j21 = 2.8E+4
k22 = 3.1E+9
j22 = 1.3E+3
k23 = 4.8E+9
j23=38
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kb =1.4E+8
jb = 4.6E-04
kc = 2.0E+8
jc=8.1E-1
kf =1.7E+8
jf = 2.0E-02
Ka = 3.9E-03
Kd=1

Ke = 2.7E-02
R = 8.314E-5
Temp = 873
v = 10E-6

C =R*Templv

@Initial Conditions
U(1) = 8.06E-06 ! C3H8(g)

U@) =0 I C3H6(g)
u@)=0 I CH4(g)

U(4) = 1.03E-05 ! H2(g)

UG) =0 I C2H6(q)
u(6) =0 I C2H4(g)
U@ =0 I Byproduct from reaction no. 20
u(@8) =0 I H*

u@ ) =0 I 1-propyl
U(10)=0 I 2-propyl
U(11) =0 I 1-propylidene
Uu@2)=0 I 2-propylidene
u@3)=0 I propylene
u(4)=0 I 1-propenyl

35



U(1s) = 0 1 2-propenyl

u(le) = 0 I propyne

u7) =0 I ethylidyne

u(1s8) = 0 I methylidyne

U9 =0 I atomic ¢

U(20) = 0 I methyl

u21) = 0 I methylidene

U2 =0 I ethyl

U(23) = 0 I ethylidene

u24) = 0 I ethylene

U(25) =1 I surface vacancy/free sites
U(26) = 0 I %Conversion

u@7) =0 I %selectivity of C3H6(g)
u(28) = 0 I %selectivity of CH4(g)
u29) = 0 I %selectivity of C2H6(q)
U(30) = 0 I %selectivity of C2H4(qg)

@Coefficient Matrix

E(1)=1.0

E(2)=1.0

E(3)=1.0

E(4)=1.0

E(5)=1.0

E(6)=1.0

E(7)=1.0

I'ri's are the rate expressions for all surface and adsorption/desorption reactions
@Model Equations

Dim r1,r2,r3,r4,r5,r6,r7,r8,r9,r10,r11,r12,r13,r14,r15,r16,r17,r18,r19,r20,r21,r22,r23,rb,rc,rf As
Real

rl = k1*(Ka*U(25)"2*C*U(L) - (U(8)*U(9)/j1))
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r2 = k2*(Ka*U(25)"2*C*U(1) - (U(8)*U(10)/j2))

r3 = k3*(U(25)*U(9) - (U(11)*U(8)/j3))

rd = k4*(U(25)*U(9) - (U(13)*U(8)/j4))

r5 = k5*(U(25)*U(10) - (U(12)*U(8)/j5))

r6 = k6*(U(25)*U(10) - (U(13)*U(8)/j6))

r7 = k7*(U(25)*U(13) - (U(14)*U(8)/j7))

r8 = k8*(U(25)*U(13) - (U(15)*U(8)/j8))

r9 = k9*(U(25)*U(11) - (U(14)*U(8)/j9))

r10 = k10*(U(25)*U(12) - (U(15)*U(8)/j10))

r1l = k11*(U(25)*U(14) - (U(16)*U(8)/j11))

r12 = k12*(U(25)*U(15) - (U(16)*U(8)/j12))

ri3 = k13*(U(25)*U(16) - (U(17)*U(18)/j13))

ri4 = k14*(U(25)*U(17) - (U(20)*U(19)/j14))

r15 = k15*(U(25)*U(20) - (U(21)*U(8)/j15))

r16 = k16*(U(25)*U(21) - (U(18)*U(8)/j16))

r17 = k17*(U(25)*U(18) - (U(19)*U(8)/j17))

r18 = k18*(U(25)*U(22) - (U(23)*U(8)/j18))

r19 = k19*(U(25)*U(23) - (U(17)*U(8)/j19))

r20 = k20*U(19)

r21 = k21*(U(20)*U(8) - (Kd*C*U(3)*U(25)"2/j21))
r22 = k22*(U(22)*U(8) - (Ke*C*U(5)*U(25)"2/j22))
r23 = k23*(U(22)*U(25) - (U(24)*U(8)/j23))

rb = kb*(C*U(2)*U(25) - U(13)/jb)

rc = ke*(C*U(4)*U(25)"2 - (U(8)"2)/jc)

rf = kf*(C*U(6)*U(25) - U(24)/jf)

1 3E-05 is the factor that is multiplied by each rate expression to make units right.
F(01) = (-r1-r2)*3E-05

F(02) = -rb*3E-05

F(03) = r21*3E-05

F(04) = -rc*3E-05
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F(05) = r22*3E-05
F(06) = -rf*3E-05
F(07) = r20*3E-05

F(08) = (rl+r2+r3+r4+r5+r6+r7+r8+r9+r10+r1l+r12+r15+r16+r17+r18+r19-r21
r22+r23+2*rc)*3E-05

F(09) = (r1 - r3 - r4)*3E-05

F(10) = (r2 - 15 - 16)*3E-05

F(11) = (r3 - r9)*3E-05

F(12) = (5 - r10)*3E-05

F(13) = (r4 +r6 - r7 - r8 + rb)*3E-05

F(14) = (r7 +r9 - r11)*3E-05

F(15) = (r8 + r10 - r12)*3E-05

F(16) = (r11 + r12 - r13)*3E-05

F(17) = (r13 - r14 + r19)*3E-05

F(18) = (r13 - r17 + r16)*3E-05

F(19) = (r14 + r17 - r20)*3E-05

F(20) = (r14 - r15 - r21)*3E-05

F(21) = (r15 - r16)*3E-05

F(22) = (-r18 - r22 - r23)*3E-05

F(23) = (r18 - r19)*3E-05

F(24) = (r23 + rf)*3E-05

F(25) = (1 - U(8)- U(9)- U(10)- U(11)- U(12)- U(13)- U(14)- U(15)- U(16)- U(17)- U(18)-
;J(19)- U(20)- U(21)- U(22)- U(23)- U(24)- U(25))/(1 + Ka*C*U(L) + Kd*C*U(3)+ Ke*C*U(5)
F(26) = U(26) - (8.06E-06 - U(1))*100/8.06E-06
F(27) = U(27)*(8.061E-06 - U(1)) - (U(2)*100)
F(28) = U(28) - (U(3)*100)/(3*(8.061E-06 - U(1)))
F(29) = U(29) - (U(5)*200)/(3*(8.061E-06 - U(1)))
F(30) = U(30) - (U(6)*200)/(3*(8.061E-06 - U(1)))
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CHAPTER 2

This chapter is dedicated to the work that has been carried out along with the main work of
microkinetic modeling of PDH. The motive behind this exercise is to understand the concept of
parameter estimation in reaction kinetics, which can be used further in adjusting the parameters of
a microkinetic model following the experimental data available.

1. Problem statement

The problem is to estimate the kinetic rate constants (ki-ko) as parameters for a given set of reaction
scheme proposed by Van Damme et al. M with minimal cross-correlation. Figure 1 below shows
the reaction scheme along with the respective rate laws. As stated in the literaturel, such a
molecular scheme is an approximation of the real radical scheme.

Reaction Rate equation
1. CBHE —kl_—’ E2H4 ‘I' CHni. rl =k1 * CC;HE
: Ceg. *C
2. CiHy g CiHg + 2=k (CcaHs - %)
2
3. CSHE ‘I‘CQH,; —kg—’ CzHﬁ+CgHﬁ ?"asz*CCSHE*CCZH‘
k4 -
4. 20;H —— 3C,H, rd =k Cop,
kS _
5. 2[:3 Hf, — USE& + 3CH4 ro=k5+ CE;H‘:,
_ Ce.n, * Cen,
0. EgHﬁ 1—}%—*52[1’2 + CH4 Fﬁ—kﬁ*(fcgﬁﬁ— KE.
K7
Ceyr, * Cr
8. CZHE ‘% CEH4+H2 rﬁzka*(cﬁ'zﬂﬁ_ %)
8
k9
9. C2H4 +C2H2 —_— C4H6 T9=k9*CCEH4*CC:HZ

Figure 1: Molecular Reaction scheme for thermal cracking of propane

In the proposed reaction scheme, 9 reactions (6 irreversible & 3 reversible) contain 10 species
(each species has a representation number according to Table 1 in Appendix-A).
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2. Modeling of reactions

Formulation of rate laws

To write the reaction rates for any reaction, the approach we followed has been adapted from the
article authored by Sundaram and Froment.[?l Formulated reaction rates are given in figure 2.

Assumptions while formulating these rates are as follows:

n

1) Gases are assumed to be ideal, as evident from the rate laws {C = o= %}

2) The molar fraction is assumed to be equal to the volume fraction. This is evident from the
term Fj/Ft (volume fraction) in the rate laws, used in place of mole fraction.

The reaction of thermal cracking was carried out in an isothermal tubular reactor with plug flow.
The mass balance on propane over an isothermal differential volume element for such a case may
be written as
dFj
d_Vr: R]: Zocl-jri (l)

V' is the equivalent reactor volume
aij is the stoichiometric coefficient of the jth component in the ith reaction

Mass balance over each species is applied according to equation (1) to result in 10 Coupled
ordinary differential equations (as shown in figure 2) containing 12 unknown parameters (ki— Ko,
K2, K6, K8). Initially, the focus is to determine only 9 parameters (k1 — ko), taking equilibrium
constants values from the Sundaram and Froment at 800 °C.12! (values are given in Table 2
Appendix-A)

To eliminate the influence of the temperature profile, the space time is based on the equivalent
reactor volume V. The equivalent reactor volume V. is defined as that volume which, at a reference
temperature Tr and a reference total pressure Pr, would give the same conversion as the actual
reactor volume, with its temperature and pressure profiles.[!!

3. Data Collection

The data regarding the flow rates for the species involved in the reaction scheme were obtained
from various graphs provided in the article by Van Damme et al. The data points for the species
were given as yield weight % vs. conversion of propane. The volume of the reactor (V) required
for the parameter estimation was extracted from the plots shown in the same article as VV/Fo vs.
conversion of propane. All the data points needed were collected at the reaction temperature 800
°C for class 3 type of reaction conditions (Table 3 in Appendix A) using an online tool called
“webplotdigitizer” and are tabulated in Appendix 1.

40



: {—[—1— 22 o)
il
-2
il
e
- .1

F; - Molar flow rate of species j (—

Pi=2atm T=1073 K R= 0.082Z6

General mole balance equation

for species j

@

e

mal
sec

Latm

mol.K

mol
F; = Total molar flow rate = 1. 25498;

)

dFl
i

dF2

dV

dF3

av

dF4
dv
ars
dV
dr6
dV
aF?
dv
ars
d¥v

ar9
dv

dF10
ar

=—rl-r2-1r3

=r241r3-2+1r4-2+r5-1r6—-17

=rl—-r3-3+r4+1r8—-19

=rl+3«r5+r6+r7

=r2+r8

=r3-r7-1r8

=r6—-1r9

=r9

=r7

=0.5=7r5

Figure 2: Formulated rate laws and mass balance equation for all species.

4. Selection of basis and calculation of initial feed composition

e To estimate the parameters and get relevant data, a basis is necessary to ease the work.
Data for various products were available in the form of yield wt. %, defined as kilogram of
product/100 kilogram of propane fed. Hence, to find out product yields, the basis was
chosen as 100 kg/hour of a propane feed. Conversion of the propane feed from kg/hour to

moles/s is shown below

100%1000 g _

100 *1000 moles

kg _
100 o, propane =

Fo is the basis for the rest of the calculation in this work.

3600

360044

=0.6313 2=

of propane fed(Fo)

e The molar flow rate of steam fed as a diluent is calculated based on the steam dilution
factor used for the class 3 experiment and found to be 0.6173 moles/s.
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e A significant part of the feed (without steam) is propane. But few other compounds are
also present. A range of values as feed is given in Van Damme et al.,™ out of which the
feed ratio was fixed to solve for the current problem as the first estimate for parameters
(i.e., rate constants) and to estimate total molar flow rate (Ft), results are tabulated in Table
4 Appendix-A

e The rate laws for the propane cracking reaction scheme have been written in terms of the
molar flow rate of the species, so to obtain these flow rates, we use the given data of yield
wt % vs. conversion and V/Fo vs. conversion (Xp). The data conversion is carried out by
utilizing the formula we had developed, given in Appendix-B.

Finally, we had 17 data points for equivalent reactor volume (V), and corresponding to each V;
point, we got the molar flow rate (F;) for all 10 species. All data points are shown in Table 5
Appendix-C.

5. Parameter estimation Using Athena Visual Studio and Python Lmfit
package: Methodology

In Athena visual studio, various inputs were given in order to estimate all the parameters (ki-ko)
in the Parameter estimation solver control panel. We had used both Bayesian estimation and the
Non-linear least-square approaches, which resulted in the same set of parameters. Initial guesses
for parameters were given from Van Damme et al. paper.

In the python Imfit package, we have estimated all parameters in a Non-linear least-square manner,
taking an objective function as the sum of the square of residual (residual = model prediction —
data ) over all data points. Minimization of this objective function was achieved through the
Levenberg-Marquardt algorithm. Python inbuilt ode solver was used to solve coupled ode system
to result in model prediction. Initial guesses for parameters were given both from Van Damme et
al. and parameters estimated from Athena visual studio.

6. Results and Discussion

1) All the parameters were estimated in Athena and Python, which are shown in Figure 3. Athena
resulted in a set of parameters that were way different in order of magnitude as compared to Van
Damme et al. k’s. On the other hand, the L-M algorithm couldn’t converge the solution when
initial guesses were given from Van damme et al. However, it resulted in the same set of
parameters (in terms of the order of magnitude) when Athena's solution was given as an initial
guess.

2) To check the correctness of numerical modeling of reactions, we have digitalized the Van
Damme et al. model predictionst® given in terms of yield wt % vs. Propane conversion % for four
major species (CsHs, CoHa, CH4, H2). Using our numerical solver for coupled ode, we have
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overlapped our results (dotted lines) over Van Damme et al. predictions (solid lines) by taking two

cases as follows:

Case 1: Coupled ODE’s were first solved for parameter values, given in the Van Damme et al.

(Figure 4A).

Case 2: Coupled ODE’s were solved for parameter values, estimated in Athena Visual Studio

(Figure 4B).

Ideally, we should get the complete overlapping of Van Damme et al. model predictions (solid
lines) and our model predictions (dotted lines) in Figure 4(A). Still, there are small deviations for
all species, and the reason behind it can be Ft's value, which varies from 1.2518 to 1.8 mol/s.

Initial Guess ’ ‘ Initial Guess

Rate Constants (Van Damme k's Athena k's  |L-M Algorithm(Python)
k1 2.341 8.8781E-04 8.8885E-04
k2+ 2.12 8.1509E-04 8.5371E-04
k3 23.635 7.3903E-02 5.7110E-02
ka 0.721 5.9872E-04 4.2747E-04
k5+ 0.816 2.2684E-04 3.8179E-04
ké 0.305 1.5042E-04 1.7608E-04
k7* 334.2 3.0121E-01 8.2637E-02
k8 2.416 3.9034E-04 3.7740E-04
k9 4064 2.6318E+00 1.3808E+00

Figure 3: Rate constant values from Van Damme et al. and estimated rate constants from

Unit: sec? or + L mol™® sec?

Athena Visual Studio and Python Lmfit package (Using L-M algorithm)
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Figure 4(A)

Figure 4(B)
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264

22

yield wt % CH4 C2H4 C2ZH6
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70
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propane conversion %
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—
@

o
H2 yield wt9%

F14

Figure 4: Solid lines represent model prediction by Van Damme et al., and dotted line

represent model prediction using k’s value from (A) Van Damme et al. (B) Athena’s

3) Even though there are small residuals (predicted value — observed value) for almost all species
(Appendix D) for Athena’s and Python’s estimated rate constants, but large off-diagonal elements
in the correlation matrix (Figure 5) indicates that there are high correlations among different pairs
of rate constants.

k1 k2 k3 k4 k5 ko k7 k8
ki 1
k2 0.277 1
k3 -0.258| -0.502 1
ka -0.354] -0.179 0.697 1
ko 0.048| 0.023| -0.071] -0.1280 1
kb 0.029| -0.006| -0.074 0.043 0.107 1
k7 0.019| 0.092| -0.280] -0.390] 0.042] 0.011 1
k8 -0.430{ 0.501] -0.530] -0.237] 0.035| 0.005] 0.169 1
ko -0.063| -0.053 0.035 0.031] -0.020] -0.644) -0.006] 0.002 1
Figure 5: Parameter Correlation matrix
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4) An approximate calculation of rate constant ki is performed for the initial 5% conversion,
assuming that there is only propane in the feed initially as follows:

C,Hg —*1 . C,H, +CH,

Latm
dF P - - = Laim
L karc=krl T=1073K, P=2atm, R=0.0826 "=

P mal
dF _ (0.6313-0.599735) _ mol C=—=0.02257 —
dv (1516.18-0) 2.08e-05 Is RT :

_ 2.08e—05 _ B
ki= 002257 9.23e-04 5

The above estimated k1 is of the same order of magnitude as estimated in Athena and Python.
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Appendix-A

Table 1: Species and symbolic numerals (j)

Compound i Molecular Weight (g/mol)

Propane (C:Hs) 1 44
Propylene (C3Hs) 2 42
Ethylene (C>Hs) 3 28
Methane (CHs) 4 16
Hydrogen (H>) 5 2
Ethane (C;Hs) 6 30
Acetylene (C:Hz) 7 26
Butyne (CsHs) 8 54
Butene (CsHs) 9 56
Cs 10 72

Table 2: Equilibrium rate constants [4 values at T = 800 °C

K2 0.102
K6 0.01375
K8 0.01276
Table 3: Classification of experiments
Steam dilution
Total outlet pressure Total inlet pressure
Class (kg of steam/kg of
(atm. abs.) (atm. abs.)
propane)
1 14 04 0.75
2 14 1.0 045
3 20 04 12
4 2.0 1.0 0.65
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Table 4: Initial Molar flow rate in the feed

Species Molar flow rate (mole/s)
CsHsg 0.6313
CsHe 0.0027
CoHe 0.0004
> Cs 0.0001

Total feed molar flow rate, F; then comes out to be equal to, F:= 0.6313 + 0.6173 + 0.0027 +

0.0004 + 0.0001 = 1.2518 mole/s

Appendix-B Formulas to convert data of yield wt. % vs. conversion and V/Fo
vs. conversion (Xp) to Molar flow rate vs. Ve

1) Changing the volume units to liter from m® and converting VV/Fo data to V; using below given

formula

14
Ve(l) = -+ 1000 * Fy

0

2) To convert yield wt% data for the j™" compound to Fj. The following calculation is done. Let y
be the magnitude of yield wt% for any j™ component at any conversion %. Then

moles

_yx44xFy y=*44x0.6316

)

Where MW,; is the molecular weight of the j™ species.

MW;

J

MW,

3) For Propane, the molar flow rate was calculated using the conversion formula

A

moles

S

)

(100 —X,,) * Fy
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Appendix-C

Table 5: Molar flow rate of the j* species (mole/s) and the effective reactor volume (L)

vl

C3HE

C3HD

C2H4

Ch4

H2

C2Hb

C2H2

CAHb

CAH8

Co

0| 0.6313

0.002713

0.001

0.001

0.001

0.00044

0.00001

0.00005

0.00001

0.00007

1583.997) 0599327

0.017838

0.012464

0.01133

0.01443

0.00083

3.21E-06

0

2.37E-05

0

3263.229) (0.56783

0.033559

0.027183

0.025313

0.02541

0.002742

4.27E-06

0

0.000131

0

3074.132| 0.536266

0.047208

0.043719

0.041168

0.043043

0.004639

3.34E-06

0

0.000433

13205

0953.371) 0.504707

0.060677

0.055797

0.060225

0.057102

0.0073%4

L71E-05

2.18E-05

0.000433

8.60E-05

8832.611 0.473101

0.072171

0.076326

0.073323

0.072027

0.010574

2.86E-05

0.000193

0.000857

0.000443

10917.6) 0.4415

0.083885

0.093313

0.101542

0.086947

0.014181

4.36E-05

0.000512

0.001238

0.000728

13001.85| 0.409857

0.093844

0.112104

0.122521

0.101437

0.017364

0.00012

0.000504

0.001783

0.001162

15222.77) 0.378685

0.101608

0.131804

0.145421

0.115931

0.020116

0.00019%

0.000387

0.002264

0.001706

17580.36| 0.346954

0.107838

0.151952

0.168971

0.130421

0.0232%

0.000273

0.00162

0.002738

0.002328

20143.7) 0.315192

0.112752

0.172104

0.195074

0.145776

0.026051

0.000413

0.00244

0.003163

0.002987

22911.31) 0.283932

0.116783

0.192705

0.213253

0.159833

0.023804

0.000617

0.003373

0.003537

0.003873

26438.95| 0.252118

0.113508

0.213757

0.245999

0.17476

0.031128

0.000343

0.004381

0.003778

0.005026

31130.7) 0.22079%

0.120912

0.235718

0.2765%4

0.18323

0.034308

0.001343

0.003521

0.003933

0.006633

30830.76| 0.153509

0.120562

0.257675

0.30034

0.20417

0.036208

0.001837

0.006773

0.003373

0.00877

44301.95| 0.1574%7

0.118236

0.280089

0.337767

0.213095

0.038532

0.002515

0.008006

0.003833

0.011324

33698.89| 0.126014

0.112839

0.303839

0.370284

0.232723

0.033574

0.003324

0.003409

0.003529

0.014%4
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Appendix-D Residual vs. event number graphs for all species

t Number Event N g
Numbe cvent Number

Event Number Event Number

Event Number Event Number

Event Number Event Number




Event Number A
Event Number Event Number
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