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Résumé — Réduction de modeles cinétiques basée sur les événements constitutifs a ’aide d’un
regroupement rigoureux : application au reformage catalytique — La modélisation des procédés de
raffinage utilisant des catalyseurs bifonctionnels métal-acide fait intervenir un nombre exponentiellement
croissant d’especes et de réactions qui peut rapidement dépasser plusieurs milliers pour des charges
industrielles complexes. Lors de la réalisation d’un modele de procédé, I'utilisation de modeles cinétiques
de regroupement a priori par familles chimiques ne satisfait plus les besoins actuels de simulation détail-
lée, de prédictivité et d’extrapolabilité. A cause du grand nombre d’étapes élémentaires impliquées dans
la catalyse bifonctionnelle, il est déraisonnable de vouloir construire a la main un réseau cinétique détaillé
d’une telle ampleur. La génération informatique du réseau réactionnel a partir de reégles simples propose
une solution élégante dans un tel cas. Malgré cela, I’établissement des équations cinétiques et leur résolu-
tion reste difficile, essentiellement a cause du manque de détail analytique demandé par un modele
détaillé. Néanmoins, pour plusieurs procédés de raffinage, des hypothéses raisonnables concernant les
équilibres entre especes permettent d’effectuer un regroupement a posteriori des especes, réduisant de
cette maniere la taille du réseau réactionnel tout en maintenant un réseau cinétique entre familles
chimiques qui est strictement équivalent au réseau détaillé. Nous présentons ici les outils de génération
de réseau et la méthode de regroupement a posteriori associés a la méthode de modélisation cinétique par
événements constitutifs. Cette approche de regroupement a posteriori est illustrée et appliquée a la
modélisation cinétique des réactions de reformage catalytique.

Abstract — Reduction of Single Event Kinetic Models by Rigorous Relumping: Application to
Catalytic Reforming — Modeling of refining processes using metal-acid bifunctional catalysts involves
an exponentially increasing number of species and reactions, which may rapidly exceed several thou-
sands for complex industrial feedstocks. When building a model for such a process, a priori lumped
kinetic models by chemical family do no longer meet the current requirements in terms of simulation
details, predictive power and extrapolability. Due to the large number of elementary steps occurring in
bifunctional catalysis, it would be quite unrealistic to manually build a detailed kinetic network of this
scale. Hence, computer generation of the reaction network according to simple rules offer an elegant
solution in such a case. Nevertheless, it remains difficult to determine and solve the kinetic equations,
mainly due to the lack of analytical detail required by a detailed model. For several refining processes,
however, reasonable assumptions on the equilibria between species allow to perform an a posteriori
relumping of species, thus reducing the network size substantially while retaining a kinetic network
between lumps that is strictly equivalent to the detailed network. This paper describes a network genera-
tion tool and the a posteriori relumping method associated with the single-event kinetic modeling
methodology. This a posteriori relumping approach is illustrated for and successfully applied to the
kinetic modeling of catalytic reforming reactions.
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Degree of unsaturation of the adsorbed
intermediate

Concentration of free acid sites on the
catalyst

Concentration of free metal sites on the
catalyst

Concentration of an acyclic carbenium ion
of type m on the acid sites of the catalyst
Concentration of an acyclic olefinic carbenium
ion of type n on the acid sites of the catalyst
Concentration of a cyclic carbenium ion of
type o on the acid sites of the catalyst
Concentration of an cyclic olefinic carbe-
nium ion of type g on the acid sites of the
catalyst

Concentration of a dicyclic carbenium ion of
type r on the acid sites of the catalyst

Total concentration of acid sites on the
catalyst

Total concentration of metal sites on the
catalyst

Competitive chemisorption term for the acid
phase

Competitive adsorption term for the metal
phase

Planck’s constant

Boltzmann’s constant

Rate coefficient of an elementary reaction
Fundamental rate coefficient of an acid-
catalyzed single event

Fundamental rate coefficient of a metal-
catalyzed event

Rate coefficient for protonation of an olefin
into an m type ion

Rate coefficient for protonation of a diolefin
into an m type unsaturated ion

Rate coefficient for deprotonation of the m
type ion into olefin O

Rate coefficient for isomerization of an m
ion into an 7 ion

Rate coefficient for alkylation of an m ion
into an n ion

Rate coefficient for cracking of an m ion into
an n ion and an olefin O

Rate coefficient for cracking of an m cyclic
ion into an 7 ion and a cyclic olefin NO

Rate coefficient for cracking of an m cyclic
ion into an 7 cyclic ion and an olefin O

Rate coefficient for cracking of an m cyclic
ion into an n unsaturated ion

kcy(,(m, n)

kpp (1)
kpp(u)

kreac(l‘ 1< LZ)

Kiaepiq

K[A < B]

[A< B+C]

EPr/De(m; Or)

EPr/De(m;N 0,

Rate coefficient for cyclization of an m
unsaturated ion into an 7 cyclic ion

Rate coefficient for demethylation by
breaking a bond between a primary carbon
atom and a carbon atom of type u

Rate coefficient for deethylation by breaking
a bond between a secondary carbon atom and
a carbon atom of type u

Rate constant associated with the transforma-
tion of lump L, into lump L, according to
reactions of type reac

Thermodynamic equilibrium constant for the
reaction A< B+C

Intrinsic thermodynamic equilibrium constant
for the reaction A < B (excluding the
contributions for rotation symmetries and
chirality)

Intrinsic thermodynamic equilibrium constant
for the reaction A < B + C (excluding the
contributions for rotation symmetries and
chirality)

Intrinsic protonation/deprotonation equilibrium
constant for acyclic carbenium ions of type m
into the acyclic reference olefin

Intrinsic protonation/deprotonation equilibrium
constant for cyclic carbenium ions of type m
into the cyclic reference olefin

Kp,p,(m;DO,) Intrinsic protonation/deprotonation equilibrium

)
P
K7

constant for acyclic olefinic carbenium ions
of type m into the acyclic reference diolefin
Adsorption coefficient for paraffins on the
metal phase

Adsorption coefficient for naphthenes on the
metal phase

Adsorption coefficient for dinaphthenes on
the metal phase

Adsorption coefficient for aromatics on the
metal phase

Adsorption coefficient for naphtheno-
aromatics on the metal phase

Adsorption coefficient for diaromatics on the
metal phase

Chemisorption coefficient for the acyclic
olefins linked to paraffin lump L, on the acid
phase

Chemisorption coefficient for the acyclic
diolefins linked to paraffin lump L, on the
acid phase

Chemisorption coefficient for the cyclic
olefins linked to naphthene lump L, on the
acid phase
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Chemisorption coefficient for the cyclic diolefins
linked to naphthene lump L, on the acid phase
Chemisorption coefficient for the dicyclic
olefins linked to dinaphthene lump L, on the
acid phase

Lumping coefficient for acid-phase chemisorption
of the various acyclic olefins linked to the
paraffins P from paraffinic lump L, and
resulting in acyclic carbenium ions of type m
Lumping coefficient for acid-phase chemisorp-
tion of the various acyclic diolefins linked to the
paraffins P from paraffinic lump L, and result-
ing in acyclic olefinic carbenium ions of type m
Lumping coefficient for acid-phase chemisorp-
tion of the various cyclic olefins linked to the
naphthenes N from naphthenic lump L, and
resulting in cyclic carbenium ions of type m
Lumping coefficient for acid-phase chemisorp-
tion of the various cyclic diolefins linked to the
naphthenes N from naphthenic lump L, and
resulting in cyclic olefinic carbenium ions of
type m

Lumping coefficient for acid-phase chemisorp-
tion of the various dicyclic olefins linked to the
dinaphthenes DN from dinaphthenic lump Ly
and resulting in dicyclic carbenium ions of type m
Lumping coefficient for metal-phase adsorption
of the various naphthenes N from lump L,
Lumping coefficient for metal-phase adsorption
of the various aromatics A from lump Ly,
Lumping coefficient for metal-phase adsorption
of the various dinaphthenes DN from lump L,y
Lumping coefficient for metal-phase adsorption
of the various naphtheno-aromatics NA from
lump Ly

Lumping coefficient for metal-phase adsorption
of the various diaromatics DA from lump L
Lumping coefficient for reaction reac
transforming carbenium ions of type m from
lump L, into carbenium ions of type n from L,
Type of ion (secondary or tertiary)

Type of ion (secondary or tertiary)

Number of single-events for an acid-catalyzed
reaction

Number of identifiable pathways for a global
hydrogenolysis reaction

Partial pressure of hydrogen

Partial pressure of paraffin P;

Partial pressure of olefin O;;

Partial pressure of diolefin DO;;

Partial pressure of cyclic olefin NO,;

Pnpo, Partial pressure of cyclic diolefin NDO,,
Pono, Partial pressure of dicyclic olefin DNO;;

Pr, Partial pressure of paraffin lump L,

"oy Rate of demethylation

TpE Rate of deethylation

"De Rate of deprotonation

Tp, Rate of protonation

T voac Rate of reaction reac

R Ideal gas constant

Ripue (Li=Ly) Net rate of transformation of lump L, into

lump L, by reactions of type reac
R, .4 (L,—L,+L;) Net rate of transformation of lump L, into
lumps L, and L, by reactions of type reac

T Temperature

Vi Molar fraction of paraffin P; within lump
Lp

z Reaction z between carbenium ion m

belonging to L; and carbenium ion n belong-
ing to L, (and olefin O, belonging to L;)

AH* Activation enthalpy of a reaction

AS°? Activation entropy of a reaction

AS°# Intrinsic activation entropy of a reaction

o, Global symmetry number of the reactant

Oy Global symmetry number of the activated
complex

Indices

acyc  Acyclic B-scission

cyc Cyclization

De Deprotonation

DE Deethylation

DH Dehydrogenation

DM Demethylation

endo  Endocyclic B-scission

ES Ethyl shift

exo Exocyclic B-scission

exoN  Exocyclic B-scission in which the leaving group is
an cyclic component

exoO  Exocyclic B-scission in which the leaving group is
an acyclic olefin

Hyd Hydrogenation

HS Hydride shift

iso Isomerization (hydride shifts, methyl shifts, ethyl
shifts, PCP...)

i Index for paraffin i
J Index for olefin ij
k Index for diolefin ik

MS Methyl shift
PCP  Isomerization via a protonated cyclopropane
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Pr Protonation

reac  Reaction

r Reference compound

Abbreviations

P Paraffin

N Naphthene

A Aromatic

o Olefin

NO Cyclic olefin

DNO  Dicyclic olefin

DO Diolefin

NDO  Cyclic diolefin

nP Linear paraffins

moP  Monobranched paraffins

diP Dibranched paraffins

triP Tribranched paraffins

nN Unsubstituted naphthenes and aromatics

moN  Monobranched naphthenes and aromatics

diN Dibranched naphthenes and aromatics

triN Tribranched naphthenes and aromatics

teN Tetrabranched naphthenes and aromatics

nDN  Unsubstituted dinaphthenes, naphthenoaromatics
and diaromatics

moDN Monobranched dinaphthenes, naphthenoaromatics
and diaromatics

diDN  Dibranched dinaphthenes, naphthenoaromatics and
diaromatics

triDN  Tribranched dinaphthenes, naphthenoaromatics and
diaromatics

WHSV Weight hourly space velocity

Sets

{a} Set of all acyclic saturated ions present on the acid
phase

{b} Set of all acyclic unsaturated ions present on the
acid phase

{c} Set of all cyclic saturated ions present on the acid
phase

{d} Set of all cyclic unsaturated ions present on the acid
phase

{e} set of saturated ions from paraffin P;

{n} Set of all dicyclic unsaturated ions present on the
acid phase

{m} Set of unsaturated ions from paraffin P;

{s} Set of secondary saturated ions from paraffin P;

{} Set of tertiary saturated ions from paraffin P;

{P} Set of paraffins belonging to lump L,

{N} Set of naphthenes from lump L,

{A} Set of aromatics from lump Ly,

{DN}  Set of dinaphthenes from lump L

{NA}  Set of naphthenoaromatics from lump L

{DA} Set of diaromatics from lump Ly

{Lp}  Set of paraffin lumps

{Ly}  Set of naphthene lumps

{Lpn} Setof dinaphthene lumps

{z} Set of reaction steps of type reac transforming the
carbenium ions from lump L, into carbenium ions
from lump L,

{z’} Set of reaction steps of type reac transforming the
carbenium ions from lump L, into carbenium ions
from lump L,

{zmt  Set of reaction steps of type reac involved in an m-n
transformation of carbenium ions of type m from
lump L, into carbenium ions of type n from L,

Symbols

—  Irreversible reaction
< Reversible reaction

INTRODUCTION

Catalytic reforming is one of the main processes in the refining
industry. Its importance is illustrated by the fact that the
quantity of feedstock processed is over 20% of the total crude
oil processed in the USA and over 15% in Western Europe
(True and Koottungal, 2010). The main objective of catalytic
reforming is the transformation of petroleum fractions with a
low Research Octane Number into a high octane reformate, a
major blending product for motor gasolines and an important
source of aromatic hydrocarbons. Valuable byproducts are
hydrogen and liquefied petroleum gas, in which isobutane is
the major component.

To improve the octane number of these petroleum frac-
tions, the main reactions, which have to be promoted in order
to increase the octane rating, are:

— isomerization of n-paraffins into isoparaffins;

— dehydrogenation of six-membered ring naphthenes into
aromatics;

— dehydroisomerization of five-membered ring naphthenes
into aromatics;

— dehydroaromatization of paraffins into aromatics.

The latter contains the most desired reactions since they
yield the largest octane improvement. Several side reactions,
which have related mechanisms, also occur during the
reforming process. The most important of these reactions are:
— hydrocracking and hydrogenolysis of paraffins and naph-

thenes;

— hydrodealkylation of aromatics;
— disproportionation of aromatics;
— coke formation.
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Although cracking also leads to an octane improvement,
these reactions are considered to be disadvantageous, since
they result in a decrease of the yield of liquid reformate.
Coke formation covers the catalyst surface with hydrocarbon
residues, which are formed via extensive dehydrogenation
and polymerization. In this ways, it strongly reduces the cata-
lyst activity and is therefore detrimental to the reforming
process.

A reforming unit usually consists of three to four adiabatic
gas-phase reactors in series. The catalyst distribution over
these reactors is generally optimized, resulting in reactors of
different sizes (Martino, 1998). Since the main reforming
reactions are endothermic, the temperature of the process gas
decreases continuously as it passes through the catalyst bed.
The effluent from a reactor is therefore reheated to the
desired reaction temperature in an inter-reactor furnace
before admitting to the next reactor. The liquid effluent after
the last reactor is stabilized and the resulting reformate con-
tains 60 to 70 wt% aromatics, leading to Research Octane
Number ranging from 95 to 105. The remaining fraction
mainly consists of paraffins, since nearly all naphthenes are
converted. The olefinic fraction generally remains below
1 wt%, due to the high partial pressures of hydrogen.

The reactor inlet temperatures are the primary control
variables. The octane number of the reformate can be
increased by applying higher reactor temperatures, which are
favorable from both a thermodynamic and a kinetic view-
point. High temperature, however, also favors the undesir-
able cracking and coking side reactions, resulting in an
important yield loss and in a rapid catalyst deactivation.
Hence, the applied operating temperatures are arrived at by
making a trade-off between the desired product quality, on
the one hand, and the product yield and catalyst deactivation,
on the other. To select the most appropriate operating condi-
tions for a given feedstock and catalyst, process models have
become essential tools.

Process models for optimizing refining and petrochemical
processes need to be increasingly more detailed, firstly to
account for the extensive diversity of feedstocks and,
secondly, to account for the increasingly strict specifications
on product quality. The number of species involved in
petroleum processes increases exponentially with the number
of carbon atoms of the species involved. The number of
species quickly exceeds several hundred, or even thousand,
molecules. A detailed molecular analysis of the feedstocks
and effluents soon proves impossible and it is practically
unfeasible to describe a detailed reaction network manually.
Use of computers pushes back the limits of “manual”
modeling considerably, by allowing to tackle three of the
problems related to detailed modeling of large networks:
generating the reactions, species and their properties, writing
the kinetic equations with their parameters, and simulating
reactors using such a detailed kinetic model.

Generation of reactions and reaction networks falls under
the larger concept of “computer-assisted chemistry”. This
vast field of “computer-assisted chemistry”” comprises a large
variety of applications such as kinetics packages, network
generation programs, tools for design of experiments, prop-
erty estimation methods, structure elucidation software,
structure visualization applications, computational chemistry,
quantum chemistry, force field methods, computer-assisted
organic synthesis planners, and many more. Reverting to
reaction networks, several automated network generation
algorithms are available in the literature, both for computer
aided organic synthesis and for kinetic and reactor model-
ing purposes. Ugi et al. (1993) tried to classify them and
identified three types of network generation methods:
empirical methods, semi-formal methods and formal meth-
ods. According to their classification, empirical methods
are based on pre-established reaction libraries and expert
systems. Examples of such databases can already be found
in the 1960s (Vleduts, 1963) and continue to be developed
(Ihlenfeldt and Gasteiger, 1996). Semi-formal techniques are
based on heuristic algorithms that generate reactions, either
overall reactions or elementary steps, in a network from a
few basic reaction types, but do not have selection proce-
dures to remove improbable reactions from the set of con-
ceivable solutions. Formal techniques generate the various
elementary steps at the mechanistic level by taking into
account the physical and chemical description of the mole-
cule, while selecting from all possibilities those reactions to
be retained in the network in a second step.

Many automated network generation algorithms have
been developed and described in the literature for different
applications: hydrocarbon pyrolysis (Clymans and
Froment, 1984; Hillewaert et al., 1988; Chinnick et al., 1988;
Froment, 1991; Dente et al., 1992; DiMaio and Lignola,
1992; Broadbelt et al., 1994, 1995; Susnow et al., 1997,
DeWitt et al., 2000; Faulon and Sault, 2001; Kruse et al.,
2001, 2002, 2003; Matheu et al., 2001, 2003; Grenda et al.,
2003; Klein et al., 2006; Van Geem et al., 2006, 2008;
Levine and Broadbelt, 2009), hydrocarbon oxidation and
combustion (Chevalier et al., 1990, 1992; Ranzi et al. 1995;
Blurock, 1995; Come et al., 1996; Gaffuri et al., 1997;
Glaude et al., 1997, 1998; Iyer et al., 1998; Warth et al.,
2000; Battin-Leclerc et al., 2000; Green et al., 2001; Matheu
et al., 2001; Németh et al., 2002; Ratkiewicz and Truong,
2003, 2006; Song et al., 2003; Katare et al., 2004; Buda et
al., 2006; Pfaendtner and Broadbelt, 2008a, b), isomeriza-
tion (Guillaume et al., 2003; Surla et al., 2011), alkylation
(Martinis and Froment, 2006), olefin oligomerization and
alkylation (Prickett and Mavrovouniotis, 1997¢; Guillaume,
2006; Shahrouzi et al., 2008), propane aromatization
(Katare et al., 2004) catalytic reforming (Joshi ez al., 1999;
Klein et al., 2006; Wei et al., 2008; Sotelo-Boyas and
Froment, 2009), catalytic cracking (Feng et al., 1993;
Prickett and Mavrovouniotis, 1997a; Joshi et al., 1997, 1998;
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Dewachtere et al., 1999; Christensen et al., 1999; Moustafa
and Froment, 2003; Froment, 2005; Quintana-Sol6rzano et
al., 2007a, b), hydrocracking (Baltanas and Froment, 1985;
Baltanas et al., 1989; Vynckier and Froment, 1991; Quann
and Jaffe, 1992, 1996; Quann, 1998; Martens and Froment,
1999; Mizan and Klein, 1999; Martens et al., 2000, 2001;
Thybaut and Marin, 2003; Laxmi Narasimhan et al., 2003,
2004; Chavarria-Hernandez et al., 2004, 2008; Jaffe et al.,
2005; Klein et al., 2006; Kumar and Froment, 2007a, b),
hydrotreating (Hou and Klein, 1999; Klein et al., 2006),
methanol-to-olefins (Park and Froment, 2001, 2004; Al
Wahabi and Froment, 2004; Froment, 2005), Fischer-
Tropsch synthesis (Klinke and Broadbelt, 1999; Temkin et
al., 2002; Lozano et al., 2006, 2008), coke formation
(Moustafa and Froment, 2003; Quintana-Soldérzano et al.,
2005), silicon hydride clustering (Wong et al., 2002),
hydrocarboxylation (Zeigarnik ez al., 1997), carbonylation
(Bruk et al., 1998), organic synthesis (Fountain and
Reitsam, 1991), and many more. This illustrates that auto-
mated network generation techniques are well suited for any
type of reactions, as long as one can define the transforma-
tions that are typical of a particular system. Most of these
algorithms generate an exhaustive list of the vast number of
reactions, thus avoiding error-prone manual reaction network
development. Good overviews of some of these automated
network generation methods for different applications can be
found in Ugi et al. (1993), Prickett and Mavrovouniotis,
(1997b), Tomlin et al. (1997) and Klein et al. (2006).

At the Ghent University, a semi-formal network generation
algorithm has been developed to generate reaction networks
for hydrocarbons (paraffins, naphthenes, aromatics...). The
computer algorithm was initially developed for the radical
chemistry occurring during thermal cracking (Clymans and
Froment, 1984; Hillewaert et al., 1988; Willems and
Froment, 1988a, b), later adapted for acid-catalyzed
processes (Baltanas and Froment, 1985; Baltanas et al., 1989;
Vynckier and Froment, 1991), and recently extended to metal
catalyzed processes (Lozano et al., 2006, 2008). This semi-
formal algorithm allows to exhaustively generate all reac-
tions, intermediates and products at the mechanistic level for
a given feedstock, and will be used in this work.

Once the reaction network has been fully described, the
kinetic equations of each reaction must be written, while
utilizing a limited number of parameters, so that they remain
significant and mathematically identifiable. Using the concept
of local reactivity and single-events, all reactions occurring on
the acid phase of the catalyst can be described with a limited
and fixed number of parameters (Baltanas and Froment,
1985; Vynckier and Froment, 1991; Feng et al., 1993;
Svoboda er al., 1995; Dewachtere et al. 1999; Froment,
1999, 2005; Martens et al., 2001; Thybaut and Marin, 2003;
Moustafa and Froment, 2003; Park and Froment, 2004;
Laxmi Narasimhan et al., 2004; Martinis and Froment, 2006;
Kumar and Froment, 2007a, b; Mitsios et al., 2009; Surla et

al.,2011). Indeed, the chemistry of hydrocarbons on acid cat-
alysts is well known (Brouwer, 1980; Olah ef al., 1985;
Marcilly, 2003) and involves a limited number of elementary
steps. Nevertheless, the number of reactions and species is in
most cases still too high to perform a direct comparison
between simulated and experimental data. Hence, a represen-
tative reduction of the kinetic model needs to be performed.

Reaction network reduction techniques can be divided
into five categories: global reduction, response modeling,
chemical lumping, statistical lumping and detailed reduction
(Frenklach, 1987). The aim of a rigorous reduction technique
is to retain as much as possible the detail of the original reac-
tion network. When the kinetic equations between species are
known and sets of species are in thermochemical equilib-
rium, one can group the species in equilibrium into lumps
and write a new reduced kinetic network between lumps that
is exactly equivalent to the original network. In this sense,
this is strictly an exact lumping technique as defined by Wei
and Kuo (1969), since the composition of each lump is
known through the equilibrium relations. Hence, when
experimental data shows that the species of a lump are in
thermochemical equilibrium, the proposed a posteriori lump-
ing scheme groups species at thermodynamic equilibrium
inside a single lump. It is therefore a rigorous network reduc-
tion technique that allows to obtain a simplified network,
which can then be used in reactor simulations (Vynckier and
Froment, 1991). Indeed, using such a rigorous network
reduction method avoids the problems related to the diversity
of feedstocks, unlike a priori relumping of species, which is
generally a “blind” lumping approach devised to cope with
the lack of component-based analytical data and where
empirical kinetics do not account for the composition of the
Tumps.

In this paper, the above-described a posteriori lumping
method is applied to the catalytic reforming of hydrocarbons.

1 NETWORK GENERATION

The general approach for the semi-formal network generation
algorithm is to rely on a detailed mechanism for the reactions
occurring on the surface of the catalyst and to account for the
presence of each species. The elementary steps occurring on
the catalyst surface obviously depend on the process being
modeled and the catalyst being used. Hence, one first needs
to define the reaction mechanisms for the various chemical
transformations occurring during the catalytic reforming over
a bifunctional metal-acid catalyst.

Investigating the skeletal isomerization of alkanes (Sinfelt
et al., 1960; Ciapetta, 1961; Sterba and Haensel, 1976) and
cycloalkanes (Sterba and Haensel, 1976), several research
groups showed that, for bifunctional catalysts with more than
0.1 wt% of platinum, the isomerization of alkanes and
cycloalkanes can no longer be increased by increasing the
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platinum content. For high platinum contents, the isomeriza-
tion rate significantly increases with increasing halogen con-
tent, indicating that the reaction rate is limited by the acidity
of the catalyst. Hence, the metal-catalyzed skeletal isomeriza-
tion does not contribute appreciably to the overall isomeriza-
tion reaction on a bifunctional catalyst (Burch and Garla,
1981; Sinfelt, 1981; Maire and Garin, 1984). The above
results therefore clearly illustrate that, for industrial catalysts,
the rate determining step in the isomerization of paraffins and
naphthenes is located on the acid sites.

In contrast to the results observed for the skeletal isomer-
ization of paraffins and naphthenes, the rate of ring closure of
alkanes on a bifunctional Pt/Al,05 catalyst increases signifi-
cantly with increasing platinum loadings (Sinfelt et al.,
1962). The increase in reaction rate was less than propor-
tional to the increase in platinum content, however. Since the
cyclization rate also depends on the acidity of the catalyst
(Ciapetta and Wallace, 1971), several reaction pathways are
probably in competition. According to Gates et al. (1979),
the literature data seems to suggest that the acid-catalyzed
and the metal-catalyzed cyclization routes may be of similar
importance. Davis (1999) states, however, that for naphtha
reforming catalysts, a bifunctional pathway with cyclization
proceeding on the acid site is more rapid than the monofunc-
tional metal-catalyzed cyclization pathway. Although a num-
ber of contradicting observations still exist in the literature
for the cyclization of paraffins into naphthenes, it is generally
accepted that, for industrial bifunctional reforming catalysts,
the largest contribution for the skeletal rearrangements takes
place on the acid phase (Sinfelt, 1997; Martino, 1998;
Marcilly, 2003).

When modeling catalytic reforming over bifunctional
metal-acid catalyst (Kmak, 1971, 1973; Ramage et al., 1980,
1987; Marin and Froment, 1982, 1990; Marin et al., 1983;
Schipper et al., 1984; Van Trimpont et al., 1985, 1986a, b,
1988; Sapre, 1991; Verstraete, 1997; Joshi et al., 1999;
Ancheyta-Judrez et al., 2001; Klein et al., 2006; Wei et al.,
2008; Sotelo-Boyas and Froment, 2009), the mechanism pro-
posed by Mills et al. (1953) is commonly retained, as it has
been proven able to provide a good description of the
process, even though it minimizes the role of the metal func-
tion. This mechanism is schematically illustrated in Figure 1.
The hydrocarbons are first adsorbed and then dehydrogenated
on the metal phase. The corresponding olefins desorb and
then react with the acid phase to form adsorbed carbocations.
The latter then undergo molecular rearrangements. The
carbocations can then desorb through deprotonation into
olefins, which will, after hydrogenation on a metal site,
produce saturated hydrocarbons.

Writing a detailed network involves listing all types of
elementary reactions that may occur. The chemistry of carbo-
cations involved in acid-catalyzed reactions has been exten-
sively studied and documented in the literature (Brouwer,
1980; Olah et al., 1985), and an excellent overview is given

Saturated hydrocarbons Metal phase
Adsorptionl TDesorption

Adsorbed saturated hydrocarbons

Adsorbed unsaturated hydrocarbons

I
| I
I I
| I
| I
I
| i
I
} Dehydrogenationl THydrogenation }
I
| I
I
| i
} Desorptionl TAdsorption i
I

Adsorptionl TDesorption
Cracking

Carbenium ions

e

Transformation

Acid phase

Figure 1

Reaction mechanism of the kinetic model for catalytic
reforming.

by Marcilly (2003). Carbenium ion chemistry allows to draw

up a list of the elementary reactions occurring on the acid

surface as a function of the species involved. The reactions
can therefore be classified according to the type of molecule
that is reacting. One can identify:

— protonation (Pr) and deprotonation (De) reactions;

— isomerizations with no change in the number of branches:
Hydride Shift (HS), Methyl Shift (MS), Ethyl Shift (ES), etc.;

— isomerizations with a change in the number of branches:
PCP branching (PCP), etc.;

— bond ruptures: acyclic beta-scission (acyc), endocyclic
beta scission (endo), exocyclic beta scission (exo), etc.
The main acid-catalyzed reactions for the various types of

carbenium ions are illustrated in Figure 2. Concerning the

exocyclic (-scission steps, two different cases are distin-
guished, one in which the leaving group is an acyclic olefin

(ex00), and a second type in which a cyclic olefin is the

leaving group (exoN).

Besides acid-catalyzed reactions, metal-catalyzed reactions
have to be accounted for when modeling catalytic reforming.
Here, one can identify the following set of reactions:

— dehydrogenation (DH) and hydrogenation (Hyd) reactions;

— hydrogenolysis reactions, mainly demethylation (DM) and
deethylation (DE) on Pt-based catalysts.

As described above, the amount of platinum on catalytic
reforming catalysts is generally sufficiently high to maintain
the hydrogenation/dehydrogenation reactions at equilibrium.
For the hydrogenolysis reactions, the same approach as for
acid-catalyzed reactions could be followed. However, the
chemistry of hydrogenolysis reactions and the nature of the
intermediates involved in these metal-catalyzed reactions are
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still subject to much discussion. Hence, both for the hydro-
genation/dehydrogenation reactions and the hydrogenolysis
reactions, the reaction will only be generated on a molecular
level, without explicitly accounting for the intermediates on
the metal phase.

By way of example, the semi-formal network generation
will be illustrated for isomerization of a pure n-hexane
feedstock on a bifunctional catalyst. Applying the above-
described hydrogenation/dehydrogenation and hydrogenoly-
sis reactions the metal phase and the carbocation chemistry to

the species adsorbed on the acid phase, one can write the
reaction network for catalytic reforming of n-hexane shown
in Figure 3 by starting from n-hexane, or any other of the C¢
components. To allow depicting the network in a single
drawing, the hydrogenolysis reactions have been omitted
from Figure 3.

As can be seen, the catalytic reforming reaction network
for n-hexane already contains a large number of species
(reactants, intermediates and products) and many different
types of reactions. For components with more than 7 carbon
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Figure 3

Reaction network for the catalytic reforming of n-hexane (without hydrogenolysis reactions).

atoms, writing complete mechanisms becomes tedious due to
the nearly exponential increase in the size of the reaction
networks. Hence, computer programs are needed to automat-
ically generate the full-scale reaction networks.

The network generation algorithm used in single events
modeling has been extensively described in detail in the liter-
ature (Clymans and Froment, 1984; Baltanas and Froment,
1985; Baltanas et al., 1989; Vynckier et Froment, 1991;
Svoboda et al., 1995; Lozano et al., 2006, 2008; Sotelo-
Boyas and Froment, 2009; Surla et al.,2011).

In the case of catalytic reforming, reaction networks
involving components with up to 11 carbon atoms (when
using real feedstocks) can be generated. In the study
described here, a reaction network will be generated limited
to species with 7 carbon atoms or less (model feedstocks). In
this case, the reaction network then consists of a large num-
ber of molecules and reactions, as shown in Table 1.

2 KINETICS OF ELEMENTARY REACTIONS

The previous section detailed the semi-formal computer
generation of a detailed reaction network, in other words the
exhaustive list of species involved and the reactions between
them. To predict the evolution of a population of molecules,
the rate of each reaction must be quantified.

The reaction steps generated for the acid phase are
assumed to be elementary. Hence, the kinetics of each step
follow the mass action law, are therefore in this case first
order with respect to the reactants. This leads to the following
expressions for the protonation reactions (Pr), surface reactions
(reac), and deprotonation reactions (De):

Toy = kp, 'CH+ 'Co,,.
r. =k _-C .

reac reac R
m

rDe = kDe ’ CR;*"

The number of kinetic parameters associated with the
reactions also becomes very high and it is unreasonable to
consider keeping as many degrees of freedom as there are
reactions. Using the single-events concept allows to signifi-
cantly limit the number of independent kinetic parameters.
The principles of single-events modeling will be briefly out-
lined. For further details, the reader is referred to the exten-
sive literature on single events modeling (Baltanas and
Froment, 1985; Baltanas ez al., 1989; Vynckier and Froment,
1991; Feng et al., 1993; Svoboda et al., 1995; Dewachtere et
al. 1999; Froment, 1999; Martens et al., 2001; Thybaut and
Marin, 2003; Moustafa and Froment, 2003; Park and
Froment, 2004; Laxmi Narasimhan et al., 2004; Froment,
2005; Martinis and Froment, 2006; Lozano et al., 2006;
Kumar and Froment, 2007a, b; Lozano et al., 2008; Mitsios
et al.,2009; Surla et al., 2011).
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TABLE 1

up to 7 carbon atoms

Reaction network generated for model components with

Components

Metal phase reactions

Acid phase reactions

Main components
22 paraffins
8 naphthenes
2 aromatics

Olefins
50 acyclic olefins
25 cyclic olefins
46 acyclic diolefins
38 cyclic diolefins

Carbenium ions
38 carbenium ions
21  cyclic carbenium ions
7 olefinic carbenium ions
0 cyclic olefinic carbenium ions

Reactions of paraffins
50 dehydrogenations
32 demethylations
15 deethylations

Reactions of naphthenes
25 dehydrogenations
6 demethylations
1 deethylation

Reactions of aromatics
4 hydrogenations to cyclic diolefins
Reactions of acyclic olefins
50 hydrogenations
81 dehydrogenations to diolefins

Reactions of cyclic olefins
25 hydrogenations
65 dehydrogenations to cyclic diolefins

Reactions of acyclic diolefins
81 diolefin hydrogenations

Reactions of cyclic diolefins
65 diolefin hydrogenations
4 dehydrogenations to aromatics

Reactions of acyclic olefins
68  protonations

Reactions of cyclic olefins
38 protonations

Reactions of acyclic diolefins
14 diolefin protonations

Reactions of cyclic diolefins
0 diolefin protonations

Reactions of acyclic carbenium ions
38 hydride shifts
12 methyl shifts
4 ethyl shifts
78  pcp branching steps
6 beta scissions
68 deprotonations
Reactions of cyclic carbenium ions
26 hydride shifts
4 methyl shifts
0 ethyl shifts
2 intraring alkyl shifts
30 pcp branching steps

0 exocyclic beta scission (cyclic olefin)
exocyclic beta scission (cyclic ion)
8 endocyclic beta scissions
38 deprotonations

From transition state theory, the rate coefficient of an
elementary reaction can be written according to Eyring’s law:

ML AS® exp _AH®
h R

RT

where k is the rate coefficient of an elementary step,
kg is Boltzmann’s constant,
h is Planck’s constant,
R is the ideal gas constant,
T is the temperature,

AS°*  is the activation entropy,
AH°" s the activation enthalpy.

The standard entropy S° of the reactant and the transition
state can be split into several contributions. For the reactions
in the network, the translational, vibrational and electronic
contributions are considered to be the same, but the rotational
contributions strongly depend on the symmetry of the mole-
cule (Willems and Froment, 1988a). If the molecule is opti-
cally active, the standard entropy must also be corrected by
adding an asymmetry term related to its chirality. The

entropy contributions due to the symmetry of the molecule
and to its chirality can be set apart accounting respectively
for the symmetry number o of the compound and the number
of diastereo-isomers (Benson et al., 1969; Benson, 1976),
and the remainder is called the intrinsic standard entropy Se:

kT (o, AS** AH®*
k= ‘| —=|-exp -exp| -
h \o, R RT

where AS°* is the intrinsic activation entropy,

O

. 1s the global symmetry number of the reactant,

o, s the global symmetry number of the activated
complex.
This equation can be rewritten as:

k=n, k
with:
OV
n,= —-
0#
- kT Svo# o#
k=-2—-ex “exp| -
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where n, is the number of single events,

k is the fundamental rate coefficient of an acid-
catalyzed single event.

The ratio of the global symmetry number of the reactant
divided by the global symmetry number of the activated
complex is by definition the number of single events. It is
related to the number of identifiable pathways corresponding
to an elementary reaction (Baltanas and Froment, 1985;
Vynckier et Froment, 1991). The generation algorithm
includes the procedures to calculate these symmetries. The
number of single-events is thus stored together with the
description of a reaction. In view of energy considerations on
the reactants, one can reasonably assume that the fundamen-
tal rate coefficient k depends only on the type of reaction and
the nature of the ions involved, and does not depend on the
number of carbon atoms (Baltanas and Froment, 1985;
Vynckier et Froment, 1991; Surla et al., 2011).
Consequently, the number of kinetic constants needed to
describe the system is limited. In addition, thermodynamic
constraints on the reversible reactions reduce the number of
parameters even further (Baltanas and Froment, 1985;
Vynckier et Froment, 1991; Surla et al., 2011). Finally, only
the following fundamental rate parameters are required to
model the catalytic reforming kinetics:

— isomerization: I?iw (s,5), l:,-w(s, b, I?iw(t, 1;
— cyclization: ki, (s.5), kuy(5.0), Koy (1,);
— exocyclic cracking exoO: l;emo(s,s), l;emo(s,t), I:exoo(t,s),

kexoO(t’ t);

— exocyclic cracking exoN: I:mN(s,s), Koo (5:0), Ko (2,8,

ke,wN (t s t)'

The reaction steps generated for the metal phase are
stored as molecular pathways. As the hydrogenation/dehy-
drogenation reactions are considered to be at equilibrium,
their kinetics do not have to be detailed. For the hydrogenol-
ysis reactions, however, a rate equation needs to be proposed.
As hydrogenolysis is generally considered to proceed
through dehydrogenated intermediates (Verstraete, 1997), a
bimolecular carbon-carbon scission of an absorbed interme-
diate is retained. For a paraffin P;, this leads to the following
rate equations:

I-a 2
Tom = Kpy PP,. PH2 Cyu

I-a 2
Tpe =kulf'PP, 'PHZ Cy

is the rate of demethylation,

rpg  1s the rate of deethylation,

kpy  1s the rate coefficient for demethylation,
kpg  1s the rate coefficient for deethylation,

Py, is the partial pressure of the reactant,

Pu, s the partial pressure of hydrogen,

a is the degree of unsaturation of the adsorbed
intermediate,

C,,  isthe concentration of free metal sites.

Again, as the number of kinetic parameters associated
with hydrogenolysis reactions also becomes very high, it is
unreasonable to keep a separate rate coefficient for each reac-
tion. In analogy to the single-events concept, the rate coeffi-
cient is therefore split into a more fundamental parameter k
and the number of reaction pathways n, between reactant and
product (Verstraete, 1997):

k=n,-k

In this approach, the number of reaction pathways n; is
equal to the number of identifiable pathways corresponding
to the global hydrogenolysis reaction, and is determined
during the automated reaction network generation.

3 A POSTERIORI RELUMPING OF SPECIES:
THE CASE OF CATALYTIC REFORMING

3.1 Families Considered

Comparing experimental data obtained on various
feedstocks and at various contact times to thermodynamic
equilibrium calculations have demonstrated that the paraffins
with the same of carbon atoms and the same number of
branches are in equilibrium with each other (Verstraete,
1997; Cochegrue, 2001; Gauthier, 2004). From these data, it
can be concluded that isomerization reactions with no change
in the number of branches (HS, MS, ES) are very fast com-
pared with isomerization reactions with a change in the num-
ber of branches (PCP), cracking reactions and cyclization
reactions. Cyclic compounds with the same number of
carbon atoms and the same number of branches are also in
equilibrium with each other: ring contraction or expansion
reactions as well as dehydrogenation of naphthenes into aro-
matics are very fast compared to branching isomerization
reactions (Verstraete, 1997).
The adopted relumping strategy is therefore as follows:
* Acyclic compounds: four families are considered for each
carbon number:
nP: linear paraffins,

— moP: monobranched paraffins,
— diP: dibranched paraffins,
— triP: tribranched paraffins.
e Monocyclic compounds: five families are considered for
each carbon number:
— nN: unsubstituted naphthenes and aromatics,
— moN: monobranched naphthenes and aromatics,
— diN: dibranched naphthenes and aromatics,

triN: tribranched naphthenes and aromatics,
— teN: tetrabranched naphthenes and aromatics.
¢ Dicyclic compounds: four families are considered for each
carbon number:
— nDN: unsubstituted dinaphthenes, naphthenoaromatics
and diaromatics,
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— moDN: monobranched dinaphthenes, naphthenoaro-

matics and diaromatics,

— diDN: dibranched dinaphthenes, naphthenoaromatics

and diaromatics,

— triDN: tribranched dinaphthenes, naphthenoaromatics

and diaromatics.

Tetrabranched paraffins are not considered since they are
present neither in the feedstocks nor in the effluents. Hence,
generation of such species has been forbidden during
network generation. To allow the paring reaction on
cycloalkanes (Sullivan et al., 1961; Weitkamp et al., 1984;
Souverijns et al., 1996), tetrabranched naphthenes and
aromatics were included in the network, however. This a
posteriori relumping allows reducing drastically the number
of species to follow during the simulations. Indeed, as the
species within each lump are in equilibrium, they do not need
to be followed in detail. Table 2 illustrates the reduction in

TABLE 2

Reduction in reaction network size obtained through
a posteriori relumping

Reaction Before After
network relumping relumping
Number
Number Number Number Number
of carbon ) )
of species of steps of lumps of reactions
atoms
6 91 278 15 27
7 258 964 22 57
8 795 3374 32 108
9 2501 11509 46 191
10 7915 37853 64 308
11 24 120 117 195 82 462
TABLE 3

Importance of the various types of reactions in the a posteriori relumped
reaction networks

Reaction network 6 7 8 9 10 11
Isomerization 4 8 13 20 28 36
Acyclic B-scission 1 6 18 39 69 | 108
Exocyclic B-scission exoN 0 0 1 6 18 40
Exocyclic B-scission exoO 0 0 1 6 18 41
Endocyclic p-scission 1 4 10 20 32 45
Cyclization 1 4 10 20 32 45
DeMethylation 13 22 33 47 64 83
DeEthylation 7 13 22| 33 47 64
Total 27 57 | 108 | 191 | 308 | 462

problem size of the kinetic model. The C, network for
catalytic reforming is therefore reduced to 22 lumps instead
of the initial 32 observable components and to 57 reactions
instead of the 216 acid-phase rate determining elementary
reactions (after considering that the hydrogenation/
dehydrogenation steps, the protonation/deprotonation steps
and the hydride shifts are in equilibrium) and the 54
catalyzed hydrogenolysis reactions. Table 3 lists the various
types of reactions that are present in the a posteriori
relumped reaction networks.

3.2 Calculation of the Rates of the Acid-catalyzed
Reactions between Lumps

The rates of reaction between two lumps L, and L, are equal
to the sums of all reactions between elements in each lump.
Sub-sums can be calculated for each type of reaction. One
therefore obtains the following rates of reaction between
lumps:

isomerization:
Rim (Ll had LZ) = E My iso (Z) ’ ]Eiso (m’n) ’ C;,i,,

Z

- 2 ne,iso (Z ') ' éiso (n’m) ’ CIIQ;;

7'

— cyclization:

Ry (L = Ly) = Pty (2) ke (mn) Cor
- E ne,endo (Z ') : ]’(‘endo (n’m) : C]\lZg;

— acyclic cracking:

Racyc (Ll - L2 + L3) = E n&acyc (Z) ) E“Cyc (m’n’o) ) CIIE;:*"
Z

exocyclic cracking of type exoN:

RexuN (Ll g L2 + L?) = Ene,eon (Z) : Eeon (m’n’NO) ' CLl

NE?,
Z

— exocyclic cracking of type exoO:

RexoO (Ll g L2 + LS) = 2 ne,exoo (Z) ’ Izwmo (m; n’O) ’ le’ie,’;

Z

with z areaction between carbenium ion m belonging to L,
and carbenium ion n belonging to L, (and olefin O
(or NO) belonging to Ls).

3.2.1 Expressions for the Carbenium lon Concentrations

The balance on the acid sites leads to the following equation:
Cxor,H* = CH* + E CR,; + E COR; + E CNR}, + E CNOR; + 2 CDNR,*
m n o q r
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If protonation and deprotonation are very fast in comparison
to the other transformations, the carbenium ion concentrations
can be determined very easily by using the assumption of
equilibrium of the protonation and deprotonation reactions
between the olefins in the gas phase and the ions adsorbed on
the catalyst (Vynckier and Froment, 1991):

_ kp, (m) P -
R} kDe(m;Ozj) 0; T H*

k'p, (m)
=y Cy
OR, kDe (m’ DO”() p DOy H

k)
NRY pNO,, CH+

° ky,(m;NO,)

k'p, (m)
=k “Prvo, " Co
NOR; kDe (m,NDO[k) pNDoik H

ky, (m)
e
DNR! ky, (m; DNO,.].) Powo,; "Ly

Due to the hydrogenation/dehydrogenation equilibrium on
the metal phase, the partial pressures of the unsaturated
species can be directly related to the corresponding saturated
species:

o =[] 22,
" kDe (m; Oij) . sz
L) R I e
OR, ky,,(m; DO,) Pa, ’
NRY = M ‘K [Ni©N0U+H2] ’ ﬂ ‘ CH+
* kp (m;NOy) .
NOR® — _Kpm) K [, =n0,2m, ] p_’ZV Co
*  kp, (m;NDO, ) Phy
DNR® = _ kpGm) K[DN:'@DNOI‘/*HZ]' fon Cur
r kp,(m;DNO;) b

The concentration of free acid sites is then deduced from
the previous relations:

_ tot H*

C.. =
" DEN,

with:

DEN, =1 —Lf - K|pPso+n, |- ——
A +%km(m§0,vj) [”, 0;; Hz] Pu,

(e .
& kp.(m; DO,,) P

kp, (m) Py
+%W K[Nl.@NoUJ,Hz] o

k'p, (m) ‘K [NiQNDOikﬂHZ] ’ ﬂ

7 kp.(m; NDO,) Paz

—Knlm gl ovoa,] £
{e} kDe (m’ DNOIJ) 171—12

where {a} is the set of all acyclic saturated ions present on
the acid phase,
{b} is the set of all acyclic unsaturated ions present
on the acid phase,
{c} is the set of all cyclic saturated ions present on
the acid phase,
{d} is the set of all cyclic unsaturated ions present
on the acid phase,
{e} is the set of all dicyclic unsaturated ions present
on the acid phase.
Consequently, the concentrations of the acyclic saturated
carbenium ions are given by:
Pr_,

M-K[pjgoijd-lz]'i tot ,H*
= kDe(m’Oll) Dn, ‘

C.
R DEN

A

To reduce the number of parameters, the fundamental sin-
gle event rate coefficients should be introduced by isolating
the number of single events for the protonation and deproto-
nation steps. Moreover, the single event rate coefficient for
deprotonation is given for a reference olefin O,. Using the
thermodynamic constraints on the deprotonation constants of
the carbenium ions (Baltanas and Froment, 1985; Vynckier
et Froment, 1991; Surla et al., 2011), one obtains the follow-
ing expression for the concentrations of the acyclic saturated
carbenium ions:

ne,Pr (m) _ I;Pr(m) - ] . K[P-@O--H—[ ]&
1, (m.0,) Ky, (m;0,) K[orc»ol.j] el S
g DEN,

with K [0, 0,] the intrinsic thermodynamic equilibrium
constant for olefin isomerization.
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Similar expressions are of course obtained for the other
types of carbenium ions. For example, for the concentrations
of the acyclic unsaturated carbenium ions, one finds:

n, (m
wr(m) K (m) L Kespn] Poc
_ n, ,,(m,DO,) k (m DO,) K[DO D0, ] TPy, o
ok, DEN,
with K [po, < po,] the intrinsic thermodynamic equilibrium
constant for diolefin isomerization.

In the expressions above, the numerator and the denominator
refer to the partial pressure of paraffin P;. As the a posteriori
relumped reaction network only considers the macroscopic
lumps, it is desirable to refer only to the partial pressures of
the lumps.

Let Lp be the lump to which paraffin P, belongs. One can
now define y; as the molar fraction of P; in lump L; as
follows:

Pr

Pr

P

with y; the molar fraction of paraffin P; within lump Lp,
p,  the partial pressure of paraffin P,

i

Pr, the partial pressure of paraffin lump L, (with
Lp= EP Pi)‘
The concentrations of the acyclic saturated carbenium ions
are therefore obtained from:

ne or (m) k (m) _ 1 K[P¢>O +H2] i .pLP ‘me e
) n,,(m,0,) k (m;0,) K[orc»o ] Py, ,
K DEN,
with the denominator given by:
DEN, =1+ EM Km0y, | e
&1 kp.(m;0;) P,
M. K[PI_QDO%QHZ]. Vi -2pr
&1 kpo(m; DO,,) Pu,
N AN N AN
kDe (m; NOU) le
& ky, (m;NDO,) Pr,
M K [DN[.@DNOU+H2] ' m
Ky, (m; DNO,) P

We can now define an overall acid-phase chemisorption
coefficient KZ for the acyclic olefins belonging to paraffin
lump L, and an overall acid-phase chemisorption coefficient
K ’z; for the acyclic diolefins belonging to paraffin lump L.

k=3 ) _Entom 1

# P (m,0;) ky, (m;0,) 1?[0,%] K[’7°0 *“z]

K" = E} n(m) | Kym)
e, DO) k(m:D0,) K[00,210,]

: K[@anowmz]

with {m} the set of saturated ions from paraffin P,
{n} the set of unsaturated ions from paraffin P,
{P} the set of paraffins belonging to lump L.

The acid-phase chemisorption coefficient KL’; can be broken
down as follows:

P o_ lg,(s) . ePr(s) . 1 O
K., = /ED:Es;or){,,}{ Mepe(5.0,) K[o=0,] K[roopo.]
kp, (1) n,p (1) 1 K [P;-@O,,*Hz]

_— Yt
kp (550,) 647" 1, (1,0,) K[o <0;]

with {s} the set of secondary saturated ions from paraffin P,
{t} the set of tertiary saturated ions from paraffin P,
{P} the set of paraffins belonging to lump L.

KL’j has therefore two contributions, depending on the type
of ion that is formed during acid-phase chemisorption:

K - ke k()

"k (5:0,) KC., ()4 kp, (1;0, K, @
with:
KC,,(5)= EE Mer®) o]
FE Men(5.0;) Ko,=0,] 1= 0;Hy
L0 3 e o T <]

{P} {} ' eDe(tO) K[O@O]

where KCLPp (mm) represents a lumping coefficient for acid-
phase chemisorption of the various olefins linked to the
paraffins P from paraffinic lump L, and resulting in carbe-
nium ions of type m.

It should be stressed that, in this expression, the factors
KCZ: (s) and KC: (1) only depend on the generated reaction
network, but not on the kinetic parameters, which have been
explicitly isolated. These two factors have therefore to be cal-
culated only once for a given reaction network. It should be
stressed, however, that, for a given reaction network, this
coefficient still depends on the temperature. Indeed, y; repre-
sents the equilibrium mole fraction of an isomer in a given
lump, which evidently depends on temperature. The same
holds for the dehydrogenation and olefin isomerization equi-
librium constants. The advantage of isolating these terms is
that, for each temperature, the lumping coefficients need to
be calculated only once for a given reaction network.

Similarly, K’LIZ can be broken down as follows:

K" ===l _.gCY ()4 K@D ge

] < 0]
(s;D0.) k,,(t;DO,)
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In a similar manner, one arrives at the following expressions
for the cyclic olefins, cyclic diolefins and the dicyclic olefins:

K =K ey g Kn® gov g
k, (s;NO,) k,, (t;NO,)
K‘Z\, =— kPr(s) .KCVIL\’N(S)+~ kPr(t) .KCMLVN(t)
k,, (s;NDO,) k,,( NDO,)
K =2 Kp, () -KCPY (5)+ =— k,®) KCP (1)
"k, (s;DNO,) k,, (t; DNO,)
with KQ’N the overall acid-phase chemisorption coefficient

of cyclic olefins belonging to the naphthenic
lump Ly,

K ’ILVN the overall acid-phase chemisorption coefficient
of cyclic diolefins belonging to the naphthenic

lump Ly,
KDN

1y the overall acid-phase chemisorption coefficient

of dicyclic olefins belonging to the dinaphthenic
lump Ly
Consequently, the concentrations of the acyclic saturated
carbenium ions are therefore given by: see Equation (Al).
with {Lp} the set of paraffin lumps,
{Ly} the set of naphthene lumps,
{Lpy} the set of dinaphthene lumps.

3.2.2 Isomerization Reactions

The rate of isomerization from lump L, to lump L, is
composed of the sum of the rates of all reactions involved in
the isomerization of carbenium ions from lump L, into
carbenium ions from lump L,. For the isomerization of
acyclic compounds, one therefore finds:

with R}, an ion obtained by protonation of olefin 0;
resulting from dehydrogenation of paraffin P,
(member of lump L,),
R} an ion obtained by protonation of olefin O,
resulting from dehydrogenation of paraffin P;.
(member of lump L,),
{z} the set of elementary steps of a type of isomer-
ization transforming the carbenium ions from
lump L, into carbenium ions from lump L,,
{z’} the set of elementary steps of a type of isomer-
ization transforming the carbenium ions from
lump L, into carbenium ions from lump L.

Combining the two previous equations leads to: see
Equation (A2).

The forward rate coefficient for the isomerization of lump
L, into lump L, is therefore given by: Equation (A3).

To explicitly isolate the 4 fundamental single event rate
coefficients for isomerization, the set of isomerization steps
between the ions from lump L; and ions from lump L, can be
split into the 4 corresponding groups. This leads to: see
Equation (A4).
with {z,,} the set of elementary steps involved in an m-n

isomerization of the carbenium ions of type m

from lump L, into carbenium ions of type n

from L,.

mn

In the above expression, a large number of contributions
only depends on the generated reaction network, but not on the
rate parameters. Hence, they can again be explicitly isolated.

Let LC;

150 (M, 1) be defined as:

~ ~ n, , (m) 1
R(uew) =Y n,,,(2) ky, (m,n)-Ca =N n,, (2) k, (n.m) C2 LC,, (m,n)="Y n,, (z) —= = ‘K|peoqm, |y,
% R, 2 Ry {g} ! ne‘De(m’Oij) K[0,1©0,»j] [: ij ]
) Epl U r P
I . % i< ~ 1ot H*
c - ne,Dim,o,j) kDe(mI;Or) K[o,.@o,.jl psz " : A
LK) e YK e Y K T YK S YK
{0} Pu, [} Pu, {0} Pu, ) Pu, (L} P,
7 GO N AU N N SO T/ ~ BT O N X O N W SO
Rio) g"“‘"(z) i (1) 1,5 (m,0;) I;n(,fm;O,‘) Ko,%0,] Klrmay] Pu, Cuusr 2"“‘“(1) i (1.m) 1, e (,0,) En(,:n;o,l) K[o,0,] Krworma] Pu, Cunsr (A2)
T Py . P v P v P m P
1 Kl, — K’I. - K} = K‘l. " 7’\ Kl, i
+(§,} " Pu, +(LE,,} " szh +(LE‘W\ " P, +{§) " P, +(§) ™ pu,
- np(m)  k, (m) 1
kisu (LI(DLZ) = E ne,iso (Z) ’ kiSU (m’n) ’ - o . ] * [}?©051+H2] Vit Cmt,H* (A3)

{=}

n, p,(m,0;) IEDL,(m;O,l) Ié[onco,.j
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A () Ky, (s) 1
k- =L,) = . 'k_ s . e.Pr _ Pr - Klpeo.. . _'C )
iso (L L ) %ng,zso (Zss) iso (S S) ne,De(s’Oij) kDe(S;Or,) K[Onc’oij] [F; Olj HZ] Vi tot H
> n, p,(s) ky, (8) 1
. ) k ’t . e,Pi - Pr g K ) 0.4 . C X
+{E} esm (20) i (5:1) 1,5 (5.0,) Kp(5:0,) K|[o,=0,] [r=0pm]5:-C,,., »
: n,p, (1) k,, (t) 1
X k s . P - Pr - K 0.+ . C X
+{22U} Ny iso (Zts) iso (t S) ne,De(t’Oij) kDe(t;Orl) K[Orléoij] [Pl 0y HZ] Vi tot H
: np (1) k(1) 1
. -k 1) ePr _ Pr - Klpeo.+ yv.-C .
+{z% ng,,so (Ztt) iso (t t) ne,De(t’Oij) kDe(t; Orl) K[O,] @017] [Pz Ox] HZ] yt tot ,H
3 b, (5) : i (5)
k., (Le1,)=LC, ,8) k. s P .C L +LC. 1) k. ) )
o (0ot = Loy (58] K (5:) kp(5:0,) " +LCy, (5:1) Ky (5:1) kp (5:0,) " (AS5)
~ k (1) - k (1)
LC. (t,s) k. (t,s) =—221 . 4 LC. (t.1) k. (t,t) —2 . )
+LC,, (1,5) Ky, (t.5) 50 Con +LC,, (t,1)-k,, (1,7) G0y G
kisg (LIQLZ) : pLI - kiso (L2©LI) . pLz
R(y1,) = Pu, Py, (A6)

{Lp} Pu, (5} Pu,

R L L A A

pHZ {LN} pHZ {L[)N} sz

This coefficient is a lumping coefficient associated with
the isomerization reaction between lumps L, and L, through
ions of type m and type n. It should be stressed that, for a
given reaction network, this coefficient still depends on the
temperature. Indeed, y; represents the equilibrium mole frac-
tion of an isomer in a given lump, which evidently depends
on temperature. The same holds for the dehydrogenation and
olefin isomerization equilibrium constants. As mentioned
above, the advantage of isolating these terms is that, for each
temperature, the lumping coefficients need to be calculated
only once for a given reaction network.

Hence, the forward rate coefficient for the isomerization
of lump L, into lump L, is obtained from: see Equation (AS).

For the backward rate coefficient for the isomerization of
lump L, into lump L,, a similar expression is obtained.

Finally, the rate of isomerization of lump L, into lump L,
can simply be written as: see Equation (A6).

For cyclic compounds, the rate expressions for the
isomerization reactions are similar.

3.2.3 Cyclization Reactions

The rate of cyclization of a lump of paraffins L, into a lump
of naphthenes L, is composed of the sum of the rates of all

reactions linking carbenium ions from lump L, to carbenium
ions from lump L,. As mentioned above, this can be written
as follows:
R(n-1,) = E My e (z) . kcyc (m,n) . Cé;e;
{=
! 7 L
- E ne,enda (Z ) ' kentlo (n’m) ' CN;g;
{=}

The concentrations of the acyclic unsaturated carbenium
ions and of the cyclic saturated carbenium ions are given by:
Equation (A7).

After combining the last three expressions, the lumping
coefficients can be isolated:

1, p, (M)

LC,, (m,n) = E n, .. (Z) m
e,pe \ITL, DUy

B el K[[’I.wDO’.k+2H2:| A

i

n,.p, (M)

chndn (m,n) = E N, enao (Z'). n  (m.NO,)
> ik

{2} e.De

Y= K[N[©N01k+1-12] A

i
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n, ,, (m) k', (m) Yi-Py,
c= C—= . K[Pl.@DOikﬂHz]‘ 5 Ce
c - n, p.(m,D0O,) k,, (m;DO,) K|po,<no,] Ph, : (A7)
ok, r P w Pu, N P, w Py v Pry
L+ K[ e YK e Y K e YK e R e
(o} Pu, {1} Pu, () Pu, {5 P, (&) Py,
n‘»”vP’ (n) - kPr (I’L) [ -K [N <NO k+H2:| : & 'pLN : Cmt H*
c n, p.(n,NO,) kp, (n;NO,) K[NO @Nok] P,
we; P, » pL,, Pr, N pLN N PLDN
L+ K)o e YK e YK e YK e Y K
{Le} Pu, {5} ph (& Pu, () P, (& H,
kc)L (LIQLZ) endo
R(ior) = Pr, (A8)

1+EKfp-pi+2K'Z’,p12lp +Esz.pi+EKli\’N.pl;N E KZZ'pLDN
(L} Pu, [ Pu, (o)

P, {Ln} P, {Lov} P,

The forward rate coefficient and the backward rate
coefficient for the cyclization of lump L, into lump L, are
then given by:

k', (s)
ko (Lew) = LC, (s, T DO (;Do)- o
De \"» r

cyc

s) k. (s.s):

k'p, (s)
LC k. (s,t) —f————- .
+ c)L( ) cyc (S ) kD(,(S;DO,) tot H
+LCL>L( 5)- ,ggyc (t,5) = k'p (1) C

kDe (t, DOr) tot H*

I; 'Pr (t)

+LC,, (1, )’iyc(f’f)'m' ot H*
De \"> r

; kp, (5)
endo (LZQL') LCendu ( ) kendo (S’S) : m ’ C‘zot,H+
- ky, (s)
LC k 1) —r . +
+ endo ( ) endo (S t) kDe(s; NOr) tot H
+LCend0 ( ) ];endo (t’s) ' M ’ C

]’gDe (t, NOr ) tot H*

Pr (t)

+Lcenda (t’t) ’ ]gendo (Z’t) m ’ tot H*
De

Finally, the rate of cyclization of lump L, into lump L, can
be written as: see Equation (AS).

3.2.4 Cracking Reactions

In the case of (acyclic or exocyclic) cracking reactions of a
lump L, to lumps L, and L, the rate of cracking is given by
the sum of the rates of all cracking reactions linking carbe-
nium ions from lump L, to carbenium ions and olefins
from lumps L, and L. For the cracking of acyclic saturated
carbenium ions, this can be written as follows:

R(L-1,41,) = E My acye (Z) ) Eacﬂ' (m; n, 0L3 ) ' C;.IT,
{2}

The expression for the concentration of the acyclic
saturated carbenium ions has been derived previously.
Combining both expressions results in: see Equation (A9).

For the rate coefficients for cracking, there is a thermody-
namic constraint relating the rate coefficients for cracking to
the rate coefficients for their reverse reaction, i.e. alkylation
(Vynckier and Froment, 1991):

 kp (m; O(C))
kPr (m)

kp, (n)
Koy (M;1,0(C,)) =k (n,m) - kp,, (n;0(C._.))

Combining this thermodynamic constraint with those for
the deprotonation steps, one finds:

“‘V‘ (m;n,0) = kalk(” m)- kg;(nO) )

kp(m0,)
];Pr (m)

[0,] <0, +O]
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- [(m)  k, (m) 1 Yi-PL,
Ene,awc (Z)‘kacc(m;n’o) eP ' " = ‘K[Pi‘;’oi'*'HZ]' - ot H*

Rty = i Pon (M0)) Ky, (m:0,) Ko, 0] ST (A9)

1+EK pL,, EK,P.pLP EKN.pLN EK.1\1.17§,\,+EKZij.pLi

{Ls} Hy, {Lp} Hz {Ly} Hz {Ly} sz {Lon} sz

N n, ,, (m) ky,(n)  K[0,=0,+0] V:-Pr
neacf(‘ K4 'ka (n’m) o Pr = e = -K i =0 : L +

R = % o (3 b Rope(m,0;) kp (1:0,)  K[o0,20,] L1 py, " (AL0)

o r P » P N P, W P, DN anN

YKy e YK e YK T YK e Y K
{7} Pu, {1} Py, {5} Py, () Pa, () H,
~ n, p,(m) k,, () Ig[o ©0,40|
1> Lyt+Ly . * k N i * Lis * . K . 0. .+
aaw (L Ly+L ) %ne,ﬂj( (Z) alk (n m) e De(m 0 ) kDL (n; Orz) K[O ©0U] [Pl Olj Hz] Yi tot H (Al 1)
n, p, (m) [%[o <0 +0]
LC ’ = " : L K . 0. .+ V.
acyc (m n) {%} ne,ac}c (Zmn) L e (m 0 ) K [0 @0 ] [Pl Olj HZ] yl (A12)
kacyc (L'
R(Ls1ye1)) = Pe, (A13)
SR e S e S P S R T S e
{L;) Pu, [} H2 (v} Pu, () Pnz {Low} Dn,

This means that all rate coefficients for cracking can be
calculated from the alkylation rate coefficients by means of
the above equation. This will therefore greatly reduce the
number of rate coefficients in the catalytic reforming model.
This expression for the rate coefficients for cracking can now
be introduced in the rate equation for cracking to yield: see
Equation (A10).

Hence, the rate coefficient for cracking is given by:
see Equation (All).

The lumping coefficients for the 4 types of acyclic -scission
can now be defined as follows: see Equation (Al12).

These lumping coefficients allows rewriting the rate
coefficient for cracking as:

. ky, (5)
ac)(‘ (L,—>14+L3) LCacyc ( ) kalk (S,S) ) %De gs;orz) ’ Ctor.H+
- k, (1)
LC k s : "’Pr— : +
+ acyc ( ) alk (t S) kDe (t; Orz ) tot ,H
- Ky, (s)
LC k ,l) ~Pr— : +
+ acyc ( ) alk (S t) kDg (S; Orz ) tot H
+Lcﬂc’w ( ) éalk (t,t) . kPr (t) . C

];De (I, O,Z ) tot H*

Finally, the rate of cracking of lump L, into lumps L, and
L can be written as: see Equation (Al3).

The procedure to derive the lumping coefficients is
exactly similar for the exocyclic cracking reactions. One then
finds:

LCMUN (m,n) = E N, pon (Zmn)

{2}

n,p, (m) k[NU =0, +NO]
(m NO ) K[N() @N()k]

‘K [Ni©N01k+H2] A

i
eDe

LCean (m,n) = E n, .00 (Zmn)
{zm}

n, p, (m)

(m NO ) K[NO =NoO, ]

K[NO < NO +O] K

[N =NO, +H ] V;

eDe

3.3 Calculation of the Rates of Metal-catalyzed
Reactions between Lumps
3.3.1 Demethylation Reactions

Deriving the rate of demethylation of a lump L, to lump L,
and methane (P,) will be similar to the case of the cracking
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reactions above. According to the reaction mechanism and
the kinetic equations for the metal phase proposed above, in
the case of paraffins the reaction rate between lumps is
expressed as follows:

R(L|*L2+Pl)=EnS,DM (z)-EDM (m) K, pp-py’Cy
{z}

with {z} the set of demethylation steps transforming the

species from lump L, into species from lump

L, with the formation of methane,

n py () the number of identifiable pathways to remove
a methyl group from a species belonging to
lump L, while arriving at the same species
belonging to lump L,,

k pys(m) the rate coefficient of demethylation for a
methyl group linked to an atom of type m,

Kp the adsorption coefficient for paraffins on the
metal phase,

Py, the partial pressure of paraffin P;,

Pu, the partial pressure of hydrogen,

a degree of unsaturation of the adsorbed inter-
mediate,

Cy the concentration of free metal sites.

Neglecting the adsorption of intermediate unsaturated
compounds on the metal phase, the balance equation on the
metal sites becomes:

Cort =Cy '1+2(KP 'pg)"'E(KN .pN/)+E(KDN 'pDNk)

J X
+2(KA " P4, +Ky, P, +Kp, 'pDA,)=CM "DEN
[

The denominator can now be rewritten as:

DEN, =14K, Y p,, +Ky > pu D0, +Ky > b, D).

{Lr} {wh M ) {4
+KI)N E P, E Yan +KNA E P, E Vna +KI)A E P,y E Via
{Lon} DN} {Lon} {na} {Zov} {pa}
with {N} the set of naphthenes from lump L,

{A} the set of aromatics from lump L,
{DN} the set of dinaphthenes from lump L,y
{NA} the set of naphthenoaromatics from lump Ly,
{DA} the set of diaromatics from lump L.
This denominator can be reorganized to isolate the partial
pressures of the various lumps:
DEN, =1+K, > p, +(KM[ Ky+KM} K,)- > p,.
{2 {)
(KM P Koy + KM K, o+ KM KDA)- > P,
{Lon}
with:
KM} =2yn, KM} = Eya
{N} {A}

Mm: Eydn’ MQV:V Eyna’ MZ: Eyda

{oN} {na} {pa}

Introducing the expression for the concentration of free
metal sites leads to the following expression for the rate of
demethylation of a lump L, to lump L, and methane:

2

—_— -a CO

Using the same approach as for the acid-catalyzed steps,
the lumping coefficient can be defined as follows:

LC,, (m) = %nx,DM (Z) ]

The rate coefficient for demethylation can now be written
as:

Koy (t=Lovr) =

[kDM “LCpy ( )+ ];DM (l) LCp,y, (t)+]:DM (q) "LCyy, (q)] K, Czi; M

Hence, the final expression for the rate of demethylation
of a lump L, to lump L, and methane is given as:

kpy (i—24) pH2 P,

DEN;,

R (Ll sLz*'Pl) =

The expressions for the demethylation reactions are
similar in the case of naphthenes and dinaphthenes. The
demethylation of toluene and deethylation of ethyl-
benzene are prohibited reactions in the network. Hence,
this is reflected by summing on demethylation steps when
calculating the lumping coefficient.

3.3.2 Deethylation Reactions

The calculations are exactly similar to those in the case of
demethylation reactions. Hence, in the case of paraffins, the
following relations are obtained:

LC,; (m) = Enx,DE (Z) * Y

{2t

kDE (Ll"lq‘*[’z) =

[Kor () LC (8)+ K (1) LC e (1) + e (9) LC i (9)] K+ Ch

kDE (L1©L2+Pl) pHZ pLH
DEN;,

R (LI ﬁLz*'Pz) =

4 APPLICATION TO CATALYTIC REFORMING
OF A C; CUT

The catalytic reforming model described previously has been
compared with experimental data in order to validate the
methodology.
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4.1 Experimentation

4.1.1 Pilot Unit

The experimental data were obtained on a pilot unit at
IFPEN, which includes 4 main sections (Fig. 4):

— afeedstock pretreatment section;

— areaction section;

— arecycle section;

— an effluent separation section.

The pretreatment section controls the degree of humidity
of the feedstock, reducing it if necessary. Too much water
would lead to dechlorination of the catalyst. The feedstock
must therefore contain less than 10 ppm water.

The reaction section consists of a tubular reactor, operating
in downflow with a fixed catalyst bed. The spherical catalyst
beads are diluted in five reaction areas by inert alumina. The
samples are taken by capillaries in the inert areas that sepa-
rate the reaction areas. These capillaries are connected to an
on-line gas chromatograph.

The recycling section is used to regulate the partial pressures
of hydrogen and hydrocarbons in order to keep the H,/HC
ratio constant. Hydrogen can be added to reduce the catalyst
during start-up and to compensate for hydrogen consumption
with some feeds under certain operations conditions.

The effluent separation section is used to separate the
hydrogen-rich gas (one fraction being recycled and the rest
purged) and the condensed liquid hydrocarbons. The liquid
fraction is then depressurized and sent to a stabilization col-
umn to recover the light hydrocarbons (methane to butane)
and the reformate (Cs,) separately.
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4.1.2 Effluent Analysis

The samples taken in the reactor are sent to an on-line HP-
5890 gas chromatograph. A PONA column connected to a
Flame Ionization Detector (FID) analyses the hydrocar-
bons (paraffins, olefins, naphthenes and aromatics) and a
MolSieve column connected to a Thermal Conductivity
Detector (TCD) is used to separate and quantify the perma-
nent gases (hydrogen, methane, nitrogen, oxygen). The
data is acquired by Chemstation software and the chro-
matogram is analyzed by Carburane software, developed at
IFPEN.

4.1.3 Operating Conditions

Catalyst

An industrial PtSn/y-Al,O; catalytic reforming catalyst was
used for these studies. The catalyst consisted of 2-mm diameter
beads.

Feedstock

The feedstock used is a model feedstock that is mainly
composed of heptane isomers and some dibranched
cyclopentanes (Tab. 4). The feed contains over 98% of C,
components, about 1.3 wt% of C, components, and less than
0.6 wt% of Cg, components.

Experimental Program

The operating conditions corresponding to the experimental
data are detailed in Table 5. Experimental data were
acquired in a series of 21 tests. For each test, the analyses
were performed at 4 points in the reactor (sampling by
capillaries), so as to obtain 4 residence times.

Hydrogen make-up

Y

[

Reactor

Compressor

Reclycle gas

Purge gas

Stabilizer gas

3>

Separator
Hydrogen
Stabilizer
Feed column
@
_ [ el |
— —
Feed drum Reformate drum
- AN AN J
7 Y i Y i
Feed pretreatment Reaction Recycle Separation
Figure 4 section section section section

Schematic diagram of the catalytic reforming pilot unit.
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TABLE 4
Composition of the heptane isomer feedstock
Compounds Content (wt%)

nP-6 0.18
moN6 0.12
N6 1.03

nP7 13.15

moP7 61.76

diP7 17.17
triP7 0.55
moN7 0.20
diN7 526
moA7 0.02
nP8 0.01
moP8 0.06
diP8 0.38
triP8 0.01
moN8 0.01
diN8 0.06
moAS8 0.01
N9 0.02

TABLE 5
Operating conditions of the kinetic experiments
Experiment P, Py, Pyc Hy/HC Temperature
(bar) (bar) (bar) (mol/mol) °C)
1 115 9.8 1.7 5.6 460
2 11.0 9.8 12 8.0 460
3 10.5 9.7 0.8 12.0 450, 460, 485
4 10.0 8.9 1.1 8.0 460
5 7.0 6.2 0.8 8.0 460
6 6.0 52 0.8 6.5 460

4.2 ldentification of Parameters

The model was compared to the experimental data
obtained on the pilot unit. The detailed analyses of the reac-
tion mixture were relumped in terms of the 22 lumps.
Parameter identification was performed by means of a clas-
sical Levenberg-Marquardt algorithm (Levenberg, 1944;
Marquardt, 1963), which minimized the weighted sum of
the squares of the differences between the experimental and
simulated mole fractions of the various effluents.

A total of 41 parameters was identified by regressing
against 1680 responses, leaving 1639 degrees of freedom.
During the parameter estimation, the natural logarithms of
the kinetic parameters at 460°C were estimated, together with
their activation energy or adsorption enthalpy. The adsorp-
tion enthalpies for the adsorption coefficients on the metal

phase could not be estimated at the 95% significance level,
and were therefore set to zero. To avoid divergence of the
optimizer, limits were imposed on the activation energies,
which were only allowed to vary between 40 kJ/mol and
400 kJ/mol. After parameter identification, none of the
activation energies was stuck at these boundaries. At the
optimum, a statistical analysis was performed on the parame-
ters, and all model parameters were found to be significant at
the 95% confidence level (t-value > 2). The values of the
estimated parameters, the confidence intervals, and their
t-values are given in Table 6. Finally, the significance of the
global regression was assessed by means of the ratio of the
mean regression sum of squares to the mean residual sum of
squares, which is distributed according to an F' distribution
(Himmelblau, 1970; Kittrell, 1970; Froment and Hosten,
1981; Bockhorn, 1990). A high value of the calculated F
ratio corresponds to a high significance of the global
regression. In our case, an F-value for the global regression
of 127000 was obtained, clearly illustrating the significance
of the regression at the 95% probability level.

Inspection of the correlation matrix between parameters
showed that the parameters were almost fully decorrelated.
Strong correlations (Irl > 0.875) were found between only
three parameter pairs out of the 820 combinations: the pre-
exponential factors A* of Ecyc (s;s) and K pripe (8 DO) were
negatively correlated, as well as the pre-exponential factors
A* of l;im (t;f) and K prpe (t: O), and the pre-exponential fac-
tors A* of Ealk (s;5) and K prpe (83 0). A somewhat weaker
positive correlation (0.875 > Irl > 0.825) was found
between the pre-exponential factors A* of &, (q) and kj;(g).
Three more parameter pairs had an even weaker correlation
(0.825 > Irl > 0.800): the pre-exponential factors A* of
K i (s39) and &, (£; 7), the pre-exponential factor A* of kpy, ()
and the adsorption coefficient K,,, and the pre-exponential
factor A* of kpr(g) and the adsorption coefficient K,. The
other 813 parameter pairs had correlation coefficients that
were between —0.8 and 0.8.

Looking at the parameter values themselves, the isomeriza-
tion rate coefficient l:im (t; 1) is larger than l;l-m (s55), which is in
turn larger than l?iso (s; 7). For the alkylation rate coefficients,
I;a,k (s51) > l;a,k (t;s) > I?alk (s;5). Moreover, the activation ener-
gies for these three steps were found to be almost identical.
Finally, it can also be concluded that the rate of PCP-branch-
ing isomerization is larger than that of B-scission, which is
consistent with the experimental observations. For the cycliza-
tion reactions, the kinetic parameters at 460°C are in the fol-
lowing order: l?cyc (550 > l?cyt. (s;5) > I;L.yc (t;5). For the
hydrogenolysis reactions, the hydrogenolysis of a bond to a
quaternary carbon atom is the fastest in each series, while the
scission at a secondary carbon atom is the slowest. The rate
coefficients for deethylation are somewhat lower than those
for demethylation, except for the hydrogenolysis at a quater-
nary carbon atom. Concerning the activation energies for
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TABLE 6

Kinetic parameters of the single event model for catalytic reforming (parameter value, lower limit of the 95% confidence interval (LL),

upper limit of the 95% confidence interval (UL), 7-value)

Equilibrium constants A* #-Value In(A*) AH (kJ/mol) t-Value AH
by carbocation Value LL UL Value LL UL
K pripe (85 0) 7.53E+00 3.66E+00 1.55E+01 5.6 95.6 -164.4 -26.8 2.8
K pripe (£ O) 1.26E+01 3.72E+00 4.26E+01 42 -101.7 -196.5 -6.9 2.1
K pripe (83 NO) 1.27E+00 1.07E+00 1.51E+00 27 918 -158.8 249 2.7
K prpe (83 DO) 4.10E-03 3.37E-04 4.98E-02 -4.4 -524 -86.7 -18.1 3.1
A* E, (kJ/mol)
Kinetic constants t-Value In(A*) t-Value E,
Value LL UL Value LL UL
I?iw (s35) 7.21E-02 4 41E-02 1.I8E-01 -10.7 1127 394 1859 3.1
k is0 (83 1) 1.87E-02 1.84E-03 1.89E-01 34 1938 354 3523 24
ki, (1) 9.20E-02 2.68E-02 3.15E-01 -39 153.6 45.1 262.1 2.8
l?a,k (s35) 5.02B-05 2.77E-05 9.10E-05 333 1083 43.0 1737 33
I:a,k (550 232E-04 7.61E-05 7.08E-04 -15.0 110.7 46.1 175.3 34
(D) 1.48E-04 1.34E-07 1.64E-01 2.5 1104 14.8 206.1 23
k eye (859) 201E+04 1.79E+03 2.25E+05 82 784 28.9 128.0 32
k eye (850) 9.60E+04 1.33E+02 6.93E+07 35 307.7 1292 486.1 34
k eye (139) 1.02E+05 2.77E+01 3.75E+08 2.8 306.3 1034 509.3 30
Kps (5) 1.55E-03 6.24E-05 3.87E-02 -4.0 1434 21.1 265.7 23
ks () 7.21E-03 2.16E-03 2.41E-02 -82 1335 40.4 2265 2.9
ko (9) 2.07E-01 1.25E-01 3.43E-01 6.2 1222 89.9 1545 7.6
ke (5) 1.68E-04 6.19E-06 4.55E-03 53 2283 41.6 415.0 24
EDE 6) 3.18E-03 2.41E-05 421E-01 24 2149 52.1 377.7 2.6
i (@) 1.97E+00 1.32E+00 2.94E+00 34 206.8 163.7 249.9 9.6
Metal-phase A* t-Value In(A*)
adsorption constants Value LL UL
Kp 4.99E+01 3.14E+01 791E+01 169
Ky 6.21E+01 3.80E+01 1.01E+02 16.8
K, 1.00E+01 3.20E+00 3.15E+01 40

hydrogenolysis, the values are higher for deethylation than for
demethylation. Moreover, within each series, the activation
energies are practically the same.

The above observations suggest that, for this set of experi-
mental data, further reduction of the number of parameters is
still possible. Indeed, the three activation energies for isomer-
ization are statistically not different, and could therefore be
replaced by a unique activation energy. The same holds for

the activation energies of the alkylation rate coefficients.
Similarly, the statistical analysis indicates that a unique acti-
vation energy for the various demethylation rate coefficients
and a unique activation energy for the various deethylation
rate coefficients may suffice. This would not only further
reduce the number of parameters to be identified, but may
also allow to obtain more robust and statistically independent
parameter values.
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Figure 5

Comparison between experimental and simulated composition of the effluent (1st part).
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Figure 6

Comparison between experimental and simulated composition of the effluent (2nd part).
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4.3 Model Predictions and Discussion

The model predictions are in general quite satisfactory, as
can be observed through the parity plots in Figure 5 and
Figure 6. The effluent mole fractions for the light products
(methane, ethane, propane, butanes, pentanes and hexanes) is
well described, especially given their low concentrations.
The dibranched C4 compounds and benzene, however, are
underestimated. For the C; fraction, the isomerization is well
predicted, since the lumps nP7, moP7 and diP7 are correctly
predicted over the entire range. The cyclization and aromati-
zation reactions (leading to moN7+moA7) are also correctly
simulated. Finally, the hydrogen content of the effluent
samples is also relatively well predicted.

To illustrate the predictive power of the kinetic model, a
direct confrontation of experimental and model results is also
given. Figure 7 shows the evolution of the effluent composi-
tion for the various lumps of the C, fraction at a temperature
of 460°C, a total pressure of 9.5 bar and an inlet H,/HC ratio
of 9 mol/mol. A very good agreement is observed for the
paraffin lumps, indicating that the isomerization, cyclization
and cracking rate coefficients are well estimated. The overall
production of moN74+moA7 seems somewhat too low, how-
ever, leading to a slight overestimation of the diN7 lump.
This seems to indicate that the ring expansion of diN7 to
moN7+moA7, either through PCP branching steps or intra-
ring alkyl shifts, is somewhat underestimated.
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Evolution of the Cs, content of the reactor effluent at a total
pressure of 9.5 bar and an inlet H,/HC ratio of 12 mol/mol
(points: experimental; lines: simulated).

To further investigate the prediction of the lump
moN7+moA7, the effect of operating conditions was looked
at in more detail. Figure 8 shows the effect of temperature
and the effect of hydrocarbon partial pressure. The model
responds well to the effect of hydrocarbon partial pressure,
but the influence of the effect of temperature is slightly too
high. This may partly be due to the relatively high values that
were obtained for the activation energies for the (s; )
cyclization and the (#; s) cyclization steps.

In catalytic reforming, the prediction of the Cs, yield is
very important. Figure 9 shows the evolution of the effluent
composition for the C,-C, fraction throughout the reactor,
while Figure 10 shows effect of temperature on the Cs, con-
tent of the total reactor effluent. In Figure 9, a different effect
of operating conditions is illustrated for the four selected
components of the C,-C, fraction. Overall, a very good
agreement is observed for the effluent composition, both for
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the content of Cs, components and for the content of the
various C,-C, components.

In conclusion, the single-event kinetic model for catalytic
reforming exhibits a good agreement with the experimental
data and allows to correctly predict the behavior of a C; cut.
Extension to a feed with a higher number of carbon atoms
only requires to add a few extra parameters (rate coefficient
for t,t B-scission and adsorption coefficients for additional
polycyclics) to account for reactions of species that were not
present in the C, cut. Hence, experimental data have been
acquired on a Cg cut (Gauthier, 2004) in order to perform an
additional validation of the single event kinetic model by pre-
dicting the reforming performances. Further validation on
actual industrial feedstocks (containing components up to
C,)) is currently also being considered.

CONCLUSIONS

Refining processes based on bifunctional catalysts involve
a tremendous number of species (reactants, intermediates
and products) and reactions, both of which may rapidly
exceed several thousands for industrial feedstocks. For the
development of process models, various approaches can be
considered. In most cases, the a priori lumped kinetic
models by chemical family do no longer meet the current
requirements in terms of simulation details, predictive
power and extrapolation risks. More detailed process mod-
els are therefore required.

Due to the large number of elementary steps occurring
in bifunctional catalysis, computer generation of the
detailed reaction network based on simple rules offers an
elegant solution. Nevertheless, it remains difficult to deter-
mine and solve the kinetic equations, mainly due to the
lack of analytical detail with respect to the requirements of
the detailed model.

This paper described the network generation tools and
the a posteriori relumping method associated with the
single-event kinetic modeling methodology. The single-
events theory allows to develop detailed kinetic models
for large reaction networks and is particularly useful for
reaction systems with acid and bifunctional catalysts. For
many refining processes, huge reaction networks are
obtained. However, reasonable assumptions on the equi-
libria between species allow to perform an a posteriori
relumping of species and reactions. Indeed, for species
with the same number of carbon atoms and branches
subject to thermodynamic equilibrium, a posteriori
relumping into larger groups allows to develop a kinetic
network between lumps that is then strictly equivalent to
the detailed network. Its size is substantially reduced,
however, and this network can now be used to simulate
the complete system without loss of information.

This single-event methodology, together with the a poste-

riori relumping approach has been successfully applied to
catalytic reforming of a C; cut. Overall, a very good agree-
ment between the model and the experimental data has been
obtained. Future work will consist in extending the current
network to higher carbon numbers and to validate the model
predictions on actual industrial naphtha feeds.
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