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Résumé — Modélisation cinétique par événements constitutifs sans génération explicite de grands
réseaux : application a I’hydrocraquage des paraffines longues — Le concept de modélisation par
événements constitutifs permet de développer des modeles cinétiques pour la simulation des procédés de
raffinage. Pour des réseaux réactionnels de centaines de milliers d’especes, comme cela est le cas pour le
reformage catalytique, le regroupement rigoureux par nombre d’atomes de carbone et degré de
ramification a été utilisé efficacement en faisant I’hypothese de I’équilibre chimique dans chaque groupe.
Cette technique de regroupement conduit a un modele regroupé compact sans perte d’information, mais
nécessite tous les détails d’un réseau réactionnel complet, généré de maniere explicite.

Les techniques classiques de génération de réseaux deviennent inutilisables quand les hydrocarbures
contiennent au dela d’environ 20 atomes de carbone a cause de la croissance extrémement rapide du
réseau réactionnel. Ainsi, des techniques implicites de regroupement ont été développées afin de calculer
les coefficients de regroupement sans avoir a générer le réseau réactionnel détaillé. Deux approches
alternatives et équivalentes sont présentées, basées soit sur une décomposition en classes structurales, soit
une décomposition en chaines latérales. Ces deux méthodes sont comparées et la méthode de
décomposition en chaines latérales est appliquée a la modélisation cinétique de I’hydrocraquage des
paraffines longues. La méthode de décomposition en chaines latérales est strictement équivalente a la
méthode originelle basée sur la génération explicite du réseau réactionnel détaillé, pour autant que la
méthode de contribution de groupe de Benson soit utilisée pour calculer les propriétés thermodynamiques
dans chacune des approches.

Abstract — Single Event Kinetic Modelling without Explicit Generation of Large Networks:
Application to Hydrocracking of Long Paraffins — The single event modelling concept allows
developing kinetic models for the simulation of refinery processes. For reaction networks with several
hundreds of thousands of species, as is the case for catalytic reforming, rigorous relumping by carbon
atom number and branching degree were efficiently employed by assuming chemical equilibrium in each
lump. This relumping technique yields a compact lumped model without any loss of information, but
requires the full detail of an explicitly generated reaction network.

Classic network generation techniques become impractical when the hydrocarbon species contain more
than approximately 20 carbon atoms, because of the extremely rapid growth of reaction network. Hence,
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implicit relumping techniques were developed in order to compute lumping coefficients without
generating the detailed reaction network. Two alternative and equivalent approaches are presented, based
either on structural classes or on lateral chain decomposition. These two methods are discussed and the
lateral chain decomposition method is applied to the kinetic modelling of long chain paraffin
hydroisomerization and hydrocracking. The lateral chain decomposition technique is exactly equivalent
to the original calculation method based on the explicitly generated detailed reaction network, as long as
Benson’s group contribution method is used to calculate the necessary thermodynamic data in both

approaches.

NOMENCLATURE

Roman

b, Physisorption coefficient for lump F,

bp, Physisorption coefficient for paraffin P,

Cou Saturation concentration, i.e. physical adsorption
capacity of the zeolite

Cy Concentration of free acid sites

C, Total concentration of acid sites

DENs Langmuir type inhibition term due to physical
adsorption for the zeolite

DENS,,  Langmuir type inhibition term due to chemisorp-
tion on the acid sites

F, Reacting paraffin lump

F,.F, Produced paraffin lumps

KDH,_]_ Dehydrogenation/hydrogenation equilibrium
constant of paraffin P; into olefin O;;

Kiom Intrinsic equilibrium constant of olefin isomer-
ization (excluding the contributions for rotation
symmetries and chirality)

Kp(m;0;) Protonation/deprotonation equilibrium constant
for a carbenium ion of type m into olefin O,

Kp, Intrinsic equilibrium constant of olefin protona-
tion (excluding the contributions for rotation
symmetries and chirality)

K;(n,T) Equilibrium coefficient of formation of the
paraffin lump g at temperature 7

Kfeﬁg(n,f) Intrinsic equilibrium coefficient of formation of
reference olefin O, and of hydrogen from the
pure elements at temperature 7

k., Cracking rate coefficient

Kpep PCP branching rate coefficient

ky Rate coefficient for the elementary step for
reaction X (X = reac, Pr, dep, ...)

EX Single event rate coefficient for reaction X
(X =reac, Pr,dep, ...)

kyoqc(m;n)  Rate coefficient for reaction reac of a carbenium
ion of type m into a carbenium ion of type n

k..(m;u) Re-parameterised composite rate coefficient for

reaction reac of a carbenium ion of type m into a
carbenium ion of type n

LCsomimn(8h) Lumping coefficient for isomerization of

1S

LHSV

N.

isom(m )

Maikc

nions,C

ngch,C

nq‘c

Mocc(A-ZA-B)

reac(mu)
r{rerl

lump g into lump 4 by means of a (m.n)
type isomerization.

Liquid Hourly Space Velocity

Type (primary, secondary, tertiary) of the
reactive carbenium ion

Number of (m.n) type pathways that allow
to transform lump g into lump &

Type (primary, secondary, tertiary) of the
produced carbenium ion

Number of branches

Number of carbon atoms

Number of chiral carbon atoms among the
three carbon atoms of the 2-electron 3-center
bond

Number of single events

Number of carbon atoms in the “main chain”
of a lateral chain

Number of alkanes in the structural class C
Number of carbenium ions in the carbenium
ion structural class C

Minimum number of gauche interactions
for paraffins in structural class C

Number of primary carbon atoms for paraf-
fins in structural class C

Number of secondary carbon atoms for
paraffins in structural class C

Number of tertiary carbon atoms for paraf-
fins in structural class C

Number of quaternary carbon atoms for
paraffins in structural class C

Number of reactions of type (m,u) that
involve activated complex A - ZA - B

Olefin j resulting from the dehydrogenation
of paraffin P,

Reference olefin

Paraffin i

Partial pressure of lump F,

Partial pressure of hydrogen

Partial pressure of paraffin P,

Rate of reaction reac, of type (m,u),
between lump F, and lump F),



R

+
ik

SPLC(n_n)

TPLC(n_n,)

T

w
WIFY,
Y

Greek

AGY()
AGYD)

AGjz

Op ¢

1

Subscript

ext
int
i

ij
ik

ikl

reac
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Ideal gas constant

Carbenium ion k resulting from protonation of
olefin O

Symmetry Property of Lateral Chains with n,
carbon atoms and n,, branches

Thermodynamic Property of Lateral Chains
with n, carbon atoms and r,, branches

Temperature

Weight of catalyst inside the reactor

Space time

Species (Y =H,, P;, Oy, R, #yy --)

Mole fraction of paraffin P; in lump F,
Experimental mole fraction of observable i
Calculated mole fraction of observable i

Group of Benson’s group contribution method
(primary carbon atom, secondary carbon atom,
tertiary carbon atom, quaternary carbon atom,
and minimum number of gauche interactions)

Gibbs free enthalpy of formation of species Y

Intrinsic Gibbs free enthalpy of formation
(rotation symmetries and chirality excluded)

Benson group contribution to the intrinsic
Gibbs free enthalpy of formation (rotation
symmetries and chirality excluded) at tem-
perature 7 for group Z

Global symmetry number of species ¥

Global symmetry number for paraffins P; in
the structural class C

Refers to the external symmetry
Refers to the internal symmetry
Refers to paraffin P; in lump F,

Refers to the j-th olefin O, resulting from
dehydrogenation of paraffin P,

Refers to the k-th carbenium ion R, resulting
from protonation of olefin O

Refers to the [-th activated complex #;;, result-
ing from a reaction of carbenium ion R

Reactant

Type of reaction (PCP branching, methyl
shift, ...)

Activated complex

INTRODUCTION

Using the concept of “single events” is an efficient way of
modelling acid-catalyzed reactions in refining without intro-
ducing reductive assumptions on the composition of the feed
(Froment, 1999, 2005). The single event methodology has
already been extensively described in the literature. This
acid-catalyzed modelling approach has been applied to iso-
merization (Guillaume ef al., 2003a; Surla et al., 2004,
2011), alkylation (Martinis and Froment, 2006), olefin
oligomerization (Guillaume, 2006; Shahrouzi et al., 2008),
methanol-to-olefins (Park and Froment, 2001a,b, 2004; Al
Wahabi and Froment, 2004; Froment, 2005), catalytic
reforming (Sotelo-Boyéds and Froment, 2009; Cochegrue et
al.,2011), catalytic cracking (Feng et al., 1993; Dewachtere
et al., 1999; Beirnaert et al., 2001; Moustafa and Froment,
2003; Froment, 2005; Quintana-Solérzano et al., 2005,
2007a, b, 2010) and hydrocracking (Baltanas and Froment,
1985; Baltanas et al., 1989; Vynckier and Froment, 1991;
Svoboda et al., 1995; Schweitzer et al., 1999; Martens and
Froment, 1999; Martens et al., 2000, 2001; Martens and
Marin, 2001; Thybaut ef al., 2001, 2009; Thybaut and Marin,
2003; Laxmi Narasimhan et al., 2003a, b, 2004, 2006, 2007,
Chavarria-Herndndez et al., 2004, 2008; Kumar and
Froment, 2007a, b; Chavarria-Herndndez and Ramirez, 2009;
Mitsios et al., 2009; Choudhury et al., 2010).

Concerning the modelling of the hydrocracking process,
good results have been obtained for the modelling of hydroc-
racking at lab scale (Baltanas ef al., 1989; Vynckier and
Froment, 1991; Svoboda et al., 1995; Martens and Froment,
1999; Martens and Marin, 2001; Martens et al., 2001;
Thybaut and Marin, 2003; Kumar and Froment, 2007a, b;
Chavarria-Hernandez et al., 2008; Chavarria-Hernandez and
Ramirez, 2009; Thybaut et al., 2009) and at pilot plant scale
(Schweitzer et al., 1999; Mitsios et al., 2009). The direct
approach of the methodology, as described by Baltanas and
Froment (1985) and Vynckier and Froment (1991), becomes
unpractical when it is applied to heavy feeds with high car-
bon numbers, as the size of the generated network, both in
terms of species and reactions, increases extremely rapidly
with carbon number, resulting in colossal computing times
and intractable networks. Despite this, Kumar and Froment
(2007a, b) were able to apply the direct generation of the
entire detailed reaction network up to C,, by using dynamic
memory allocation via linked lists for storing and searching
the intermediate olefinic and ionic species. While the contin-
uously developing computing power and memory availabil-
ity will allow to push back the limits of the network size
attainable by direct generation, this approach will still remain
a complex and lengthy task.

In order to circumvent this difficulty, the equations
derived for the single event kinetic modelling method were
carefully inspected. Their reformulation led to two alternative
methods: one based upon the concept of structural classes
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(Martens, 2000; Martens and Marin, 2001; Laxmi Narasimhan
et al., 2004), the other based upon the concept of lateral
chains (Valéry, 2002; Guillaume et al., 2003b; Valéry et al.,
2007; Mitsios et al., 2009). Both methods allow to circum-
vent the explicit generation of the detailed reaction network.
Moreover, they also provide further in the evolution of the
reaction network with carbon number.

The method proposed by Martens and Marin (2001),
based on structural classes, essentially consists in counting
structures that have the same branching number and global
symmetry so as to determine the frequency of each structure
by carbon number and by degree of branching. In this way,
this method does not need any explicit network generation.
For a given network, the structural classes have to be enu-
merated by the user. Hence, this method seems to need a
classification of the structural classes, which has to be manu-
ally updated when the maximum degree of branching of the
network is increased.

The method developed by Valéry (2002) is based on a
lateral chain decomposition approach. The computations are
entirely automated. As only input, the highest carbon number
and the highest degree of branching in the network has to be
specified by the user (Valéry et al., 2007; Mitsios et al.,
2009).

It should be stressed that both techniques are strictly
equivalent and the lumping coefficients they calculate will
have the same value. Moreover, both methods are strictly
equivalent to the original calculation method based on the
explicitly generated reaction network, as long as Benson’s
group contribution method (Benson et al., 1969; Benson,
1976) is used to obtain the necessary thermodynamic data in
all approaches. Of the two alternative methods that do not
need the explicit network generation, the lateral chain
decomposition method seems easier to apply, however. In
this paper, this lateral chain decomposition approach is used
to calculate these lumping coefficients, which are then subse-
quently used to derive a kinetic model for long paraffin
hydrocracking. The kinetic parameters were identified based
on n-hexadecane hydrocracking data. Validation is performed
by extrapolating the single event kinetic model to higher
carbon number paraffins and confronting the model results to
experimental data.

1 A POSTERIORI RELUMPING OF LARGE NETWORKS

The use of computer tools is the route for modelling very

large reaction networks. As illustrated in the previous papers,

the single event modelling methodology is based on three

main tools and concepts:

— computer generation of the reaction network (to obtain the
full mechanistic detail);

— single event rate coefficients (to reduce the number of
kinetic parameters);

— rigorous regrouping (to limit the number of species with-
out losing information).

This methodology, as initially developed (Baltanas and
Froment, 1985; Vynckier and Froment, 1991), is not really
efficient for extremely large networks as those needed to
describe hydrocracking of actual VGO feedstocks. However,
alternative rigorous solutions can be developed, as described
in Martens (2000) and Valéry (2002). Both solutions are
based on reformulating the kinetic equations and on examin-
ing them from a new perspective. Let us first examine the
solutions from the original equations.

According to Baltanas and Froment (1985), the rate
coefficient of an elementary step can be written as:

kreac(m’n) =n,- kreac (m7n)

where reac stands for the type of reaction (PCP branching /
methyl shift / ...), n, is the number of single events, m and n
characterize the nature of the reactive carbenium ion and of
the produced carbenium ion. It is assumed that the intrinsic
parameter I?mc (m.n) does not depend on the number of car-
bon atoms but only on the type of the reaction and on the
type of reactive and produced carbenium ions. The influence
of the geometry of the molecules is limited to the number of
single events, which is equal to n, = %, i.e. the ratio of the
#
symmetry number of the reactive ion and of the activated
complex involved in the reaction. The single event concept
allows to drastically reduce the number of rate coefficients
entailed in the kinetic description of the full network.
Vynckier and Froment (1991) introduced a posteriori
lumping of species by carbon number and by degree of
branching in large single event networks. In opposition to a
priori lumping technique, which is generally a “blind” lump-
ing approach devised to cope with the lack of component-
based analytical data, this a posteriori lumping scheme is a
rigorous relumping approach based on regrouping species at
thermodynamic equilibrium inside a single lump. In this
sense, it is strictly an exact lumping technique as defined by
Wei and Kuo (1969), since the composition is known through
the equilibrium relations. The latter underlying assumption
was reasonably verified by Schweitzer et al. (1999) and
Valéry (2002) for the hydrocracking of n-hexadecane.

The main assumptions in the relumping scheme are:

— hydrogenation/dehydrogenation steps are at equilibrium;

— protonation/deprotonation steps are at equilibrium;

— intermediate species (alkenes, carbenium ions) are at
pseudo-steady state;

— the adsorption coefficients for physical (Langmuir) adsorp-
tion depend only on the number of carbon atoms of the
molecules;

— the amount of adsorbed olefins is negligible with respect
to the amount of paraffins.
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The second assumption (protonation/deprotonation at
equilibrium) also implies that the hydride shift reactions
between carbenium ions are also at equilibrium. It is further
assumed that gas-liquid equilibrium prevails. The latter
hypothesis enables expressing the rate laws using the partial
pressures instead of the concentrations of the dissolved
species (Martens and Marin, 2001).

Let F,, F, and F, be lumps, i.e. groups of paraffins. In
each lump, all hydrocarbons have the same number of carbon
atoms and they are in chemical equilibrium. Let “reac” be an
elementary step, such as a PCP or PCB isomerization step
(F, = F,), or a B-scission cracking step (F, = F,, + F,). The
lumped rate expression for the disappearance of lump F, is
given by (Vynckier and Froment, 1991):

u reac(m,u) =
{Fo ~F(+F, )}

(Ko (m:04): Ko, Kpeac () ;]

ikze{;;“gg’gj " )} ()
C Cyubp P
By, - DEN ¢+ DENS
where Py, is the partial pressure of hydrogen,
P, is the partial pressure of lump F,,
b, is the physical adsorption coefficient of
lump F,,
Cou is the physical adsorption capacity of the
zeolite (assumed to be lump independent),
C is the total concentration of acid sites,
DEN¢ is the inhibition term due to physical adsorp-
tion for the zeolite,
DENS ., is the inhibition term due to chemisorption
on the acid sites, i.e. protonation of olefins,
Vi is the mole fraction of paraffin P;in lump F,,
m,u are the type (secondary or tertiary) of the
reactant and product carbenium ions,
k...(m;n) is the rate coefficient for reaction reac of a

carbenium ion of type m into a carbenium
ion of type n,

K DH; is the dehydrogenation/hydrogenation equi-
librium constant of paraffin P; into olefin
0y,

Kp(m;0y) is the protonation/deprotonation equilib-
rium constant for a carbenium ion of type
m into olefin O;.

Index “7” refers to paraffin P; in F,, “ij” to the j-th olefin
O, resulting from dehydrogenation of paraffin P;, “ik” to the
k-th carbenium ion R, resulting from protonation of olefin
O, and “ikl” to the [-th activated complex #;, resulting from
a reaction of carbenium ion R (Fig.1). Paraffin 7, olefin

ij”, carbenium ion “ik”, and activated complex “ikl” have
the same number of carbon atoms within lump F,.

For the three rate coefficients, the following relations
apply:

o +
~ R
kreac(m’u)=ne .kreac(m’u)= ‘ 'kreac(m’u)
#ikl
Oo, -
Kpr(m,og,‘)= - 'Kpr(m,oij)
Ry,
KPr(m,Oij)=KPr(m90ref)'Kisom (01] ©0ref)= (2)
B AGS (0,,,)-AGS (0;)
- RT
Kp(m,0,,)- e
_AGR(0;) _AG(0y)
RT RT
e =0g, "€
where ky is the rate coefficient for the elementary step
for reaction X (X = reac, Pr, dep, ...),
ky is the single event rate coefficient for
reaction X,
Oy is the global symmetry number of species Y
B (Y= 0y, Rt #g, --),
K, s the intrinsic equilibrium constant of olefin

isomerization (excluding the contributions
for rotation symmetries and chirality),

Kp, is the intrinsic equilibrium constant of olefin
protonation (excluding the contributions for
rotation symmetries and chirality),

AGY(Y) is the Gibbs free enthalpy of formation of
species Y,

AG?(Y) is the intrinsic Gibbs free enthalpy of for-
mation (rotation symmetries and chirality
excluded).

The two inhibition terms combine the contributions of the
adsorption of the various species:

DEN® = 1+Equ P,

q

Yion

~ o
Kiom (05 < 0, )- Oo,e,

Ko (m’Oref)‘ Py
Ry

where P v, is the partial pressure of lump F,

Pp_ is the partial pressure of paraffin P,

bp,  is the physical adsorption constant of paraffin P;.
The mole fraction of paraffin P; in lump F,, is given by:

AGP(P)

TR

e

Yi = )

N e

PEF,

0

AGH(R)
RT
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e Soh iniuinieiiatliebeteiatelietelt b - - -
Paraffin P ‘ Olefin O :
(index i) 1 (indices i) i
Figure 1

Carbenium ions R*
(indices ik) i

Activated complexes #
(indices i,k,l)

Definitions of the symbols and indices of paraffins, olefins and activated complexes illustrated for 2,3 dimethyl heptane structures.

Finally, the equilibrium constant for dehydrogenation of
paraffin P; into olefin O; can be calculated from the Gibbs
free energy of formation of the various species:

AG2(0,)+AG3 (H,)-AG2 (P)
RT ®))

KDH,., (Pi ©0ij+H2>=e

In the original method, the sums in equation (1) are calcu-
lated by browsing through all the available reactions obtained
through explicit generation of the detailed reaction network
and adding up the appropriate terms. Hence, Vynckier and
Froment (1991) proposed to reorganize the rate equation
above in order to separate the rate coefficients from the fac-
tors that only depend on the reaction network and the choice
of the lumps in order to arrive at a coarser a posteriori
relumped reaction network. For the case of gas-phase iso-
merization of lump g into lump £, they finally arrived at the
following rate expression:

kzI;om (g’h).csat .bg 'Pg

Tisom (83 1) = ©
By - 1+EbF4PFq +2Kcﬂcm,quPF

As earlier work (Svoboda ef al., 1995; Martens and
Froment, 1999; Martens and Marin, 2001) showed that the
total concentration of carbenium ions could be neglected
compared to the total concentration of acid sites, the forward
reaction rate for the gas-phase reaction is therefore reduced
to:

ki’;om (g’h) : Csat 'bg ) Pg

P, - 1+EquPFq)
q

Troom (& 1) = )
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In this equation, the rate coefficient for the forward reaction
can be decomposed into (Vynckier and Froment, 1991):

ktl;om (g’h) = LCisom(.v,s) (g’h) ' kPr (S’Oref) isom (S S) C +
LCzsom(st)(g’h)'kPr (S’Oref)' isom(s’t)'c +
LCisom(z,s) (g?h) ’ kPr (t’Oref) isom (t S) C + (8)

LCtsom(l 1) (g7h)kl)r (I’Oref) tsom(t t) C

where LC;y,,m ) (8-h) is the lumping coefficient for
isomerization of lump g into lump 4 by means of an (m,n)
type isomerization.

In the original method (Vynckier and Froment, 1991), the
lumping coefficients are calculated as a sum over all isomer-
ization reactions of type (m.,n) that transform a carbenium ion
of type m obtained from a hydrocarbon of lump g into a
carbenium ion of type n that corresponds to a hydrocarbon of
lump h: See Equation (9).

As explained elsewhere (Vynckier and Froment, 1991;
Martens and Marin, 2001; Cochegrue et al., 2011), the calcu-
lation of the lumping coefficient only requires the knowledge
of the detailed reaction network of elementary steps and of
the choice of the lumps, but does not require the knowledge
of the single event rate coefficients, as these have been
explicitly isolated in the expressions above. Hence, the lump-
ing coefficients need to be calculated only once. The lumping
coefficients do, however, still depend on temperature.
Indeed, y; represents the equilibrium mole fraction of a
hydrocarbon in a given lump, which evidently depends on
temperature. The same holds for the olefin isomerization and
the dehydrogenation equilibrium constants. The resulting
lumping coefficients exhibit a van’t Hoff type temperature
dependency, which is mainly due to the hydrogenation/dehy-
drogenation equilibrium constant, since both the values for
the olefin isomerization equilibrium constant and the equilib-
rium mole fractions vary only slightly with temperature. In
conclusion, the advantage of isolating the rate coefficients is
that, for each temperature, the lumping coefficients need to
be calculated only once for a given reaction network.

When dealing with heavy molecules, however, the number
of species and the number of reactions grow very rapidly
with carbon number, leading to immense reaction networks
and resulting in excessive computation times and colossal
memory requirements. Once the entire reaction network of
elementary steps is finally generated, inspection of this vast
network allows calculating the lumping coefficients that
effectively summarize this profusion of detail into an a poste-
riori relumped reaction network.

Besides the original method (Vynckier and Froment, 1991),
which proceeds through inspection of the detailed reaction
network, two alternative ways of computing these lumping
coefficients without explicitly generating the entire reaction
network have been developed in the literature and are pre-
sented below.

2 STRUCTURAL CLASS METHOD

To avoid the explicit generation of the complete reaction
network of elementary steps, Martens and Marin (2001)
proposed a method based on structural classes. The main idea
is based on the fact that hydrocarbon molecules can be
described by combining a limited number of structures.
Hence, in this approach, these structures that have the same
intrinsic Gibbs energy of formation and symmetry number
are listed: such a structure is a class. The sums in Equation
(9) therefore reduce to sums over the classes weighted by the
number of reactions that involve each species of a class. The
structural class method is an enumeration technique that
counts the number of species in each class. It therefore
requires listing the classes and the members of the class.
However, this is much faster than the exhaustive generation
of all the species.

Following the structural class approach (Martens and
Marin, 2001), the lumping coefficient defined by Vynckier
and Froment (1991) is reorganized as follows:

Nisam(m,n) : K;’kef,g (l’l,T)
K, (1)

LCtmm(m n) (g’h) = (10)

The factor N, represents the number of (m.n) type
pathways that allow to transform lump g into lump 4. It is
therefore a weighted sum of the single event numbers of each

(m,n) reaction linking both lumps, corrected for the global
symmetry number of hydrogen:

n, _ Tejikgr
twm(m n) =

iIEgkEggEhTIER R

an

The factor refg(n T) is related to the intrinsic equilibrium
coefficient of formation of the reference olefin and of hydro-
gen from the pure elements:

RT (12)

Kiyaln)=¢

The factor K;(n,T) corresponds to the equilibrium coefficient
of formation of the paraffinic lump and is calculated as the

Ogp.
LCisom(m,n) (g’h) = E E E E R ikgr 0& isom (0 < Oref ) ’ KDHU (Pz = Oij + Hz) i

iEgkEggEhIreh

ik

)
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sum of the equilibrium coefficients of formation of all
paraffins P; of lump g:

AGY(P) _AGR(R)
" T RT e RT
K, (nT)=Ye -y ®
. . Op
i€g i€g i

2.1 Computation of K;(n,T)

In order to calculate K;(n,T), one needs to compute the Gibbs
enthalpy of formation of each paraffin in lump g. As no reli-
able data are available in the literature for high molecular
weight species, the Gibbs enthalpy of formation is obtained
by means of the Benson group contribution method (Benson
et al., 1969; Benson, 1976). In this group contribution
method, the values of the contributions to the enthalpy of
formation, the entropy of formation and the specific heat
capacity of paraffins only depend on the type (i.e., primary,
secondary, tertiary or quaternary) of each carbon atom in the
molecule, on the global symmetry number and on the num-
ber of gauche interactions between the carbon-carbon bonds
of the molecule. Molecules with the same number of occur-
rences of each property in Benson’s group contribution
method will therefore have the same Gibbs enthalpy of for-
mation. More precisely, paraffins can be sorted by their
decomposition into Benson groups, their global symmetry
number and their number of gauche interactions. Each com-
bination of these properties is called a structural class. As a
consequence, all paraffins within a lump can easily be subdi-
vided into several structural classes with exactly the same
number of occurrences of each Benson property. For paraf-
fins, each structural class is therefore characterized by the
numbers of primary n, -, secondary n, tertiary n, ¢, and
quaternary n, . carbon atoms, the minimum number of
gauche interactions n,, -, the number of alkanes 7, ., and
the global symmetry number Op, - for paraffins in the struc-
tural class C. The factor K;(n,T) can hence be written as: See
Equation (14).
with Aé%z is the Benson group contribution to the intrinsic
Gibbs free enthalpy of formation (rotation sym-
metries and chirality excluded) at temperature 7
for group Z (Z = primary carbon atom, secondary
carbon atom, tertiary carbon atom, quaternary
carbon atom, and minimum number of gauche
interactions).

TABLE 1

Structural classes for monobranched alkanes (moP,) carrying one methyl
or one ethyl group

Alkane Class C | n,¢ | nge | ne | nge Opc Ny N c

i

neven: 1
nodd: 0

3 n-4 1 0 |27/2] 2 |neven: (n-6)/2

n odd: (n-5)/2

Cx
Y ~
\CXJ\CX/
A
ex Cy
Cx
~
/j/ 3 n-4 1 0 27 3 1
Ve CXJ/CX\
/CX Cy\

neven: 0
j/ 3 nda| 1] 0 [272] 3

nodd: 1

Once all the classes corresponding to one lump are
known, KZ(n,T) can be computed as a function of the num-
ber of carbon atoms n. By means of example, the structural
classes for single branched alkanes with a methyl or an
ethyl group are illustrated in Table 1 (Martens and Marin,
2001). In total, there are 6 structural classes per carbon
number in which these single branched paraffins can be
classified. All di- and tribranched alkanes with methyl and
ethyl groups can also be sorted in a limited number of
classes (Martens, 2000).

This method can easily be extended to cycloalkanes
(Martens, 2000) by introducing the additional Benson
groups for ring structures and providing for the additional
structural classes. The structural class method was then
applied to alkanes with up to three branches (methyl and/or
ethyl), to monocyclic alkyl cyclopentanes with up to four
substituents and only one substituent longer than methyl,
and to non-pericondensed alkyl cyclohexanes with up to
four six-membered rings and up to four substituents with
only one substituent longer than methyl (Martens, 2000;
Martens and Marin, 2001).

neven: (n-8)/2
n odd: (n-9)/2

A0
Refasses e AGf P

ngc AG}’J

n cAGY, n, cAGE, e e DG e

K; (n,T)= E n“lk’ce RT  .¢

-e RT -e RT -e RT (14)
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2.2 Computation of N;somim ol

In order to calculate N, (m,n) for a given reaction, one
needs to compute the global symmetry number of all car-
benium ions that are able to react according to this path-
way, together with its corresponding number of single
events for this reaction, i.e. the ratio of the global symme-
try number of the reacting carbenium ion to the global
symmetry number of the corresponding transition state.
According to the same procedure, Martens and Marin
(2001) used the concept of structural classes for the various
types of carbenium ions. For example, considering the sec-
ondary to tertiary PCP isomerizations between dibranched
paraffins and monobranched paraffins, they found 5 struc-
tural classes of secondary dibranched carbenium ions that
are able to react according to a PCP step with formation of
a tertiary monobranched carbenium ion. Table 2 lists these
5 classes of carbenium ions, together with their global
symmetry number Ogt» their number of single events n, .,
for the secondary to tertiary PCP isomerization and the
number of carbenium ions 7,,,, - in each structural class C.
Hence, the factor Ny, ) for secondary - tertiary PCP iso-
merization from dibranched paraffins to monobranched
paraffins can be computed by added up the various contri-
butions of each structural class:

Npep(ssy (diP,;moP,) = 12n-78 _12(n-7)+6

81 81 (15)
forn=10
TABLE 2
Structural classes of carbenium ions contributing to Npcp 5,(diP,;moP,)
. . ne,iqu : nions,C
Carbenium ion class C (o My i Mipps.C
Rik e,lkgr ons, 0, . ()_
R H,
/’\/ Cx 243 18 1 3/81
+
Cy /,\/ Cx 81 12 n-6 6(n-6)/81
+
\J\/CX 81/2 6 1 6/81
+
\J\/CX 81 6 1 3/81
+
Cx 81/2 6 n-9 6(n-9)/81
Cy 7

This expression is valid only for n = 10, as not all structural
classes contribute to this reaction for lower carbon numbers.

Again, this approach can easily be extended to isomerization
of the other paraffin lumps and to the various isomerization
reactions of cycloalkanes (Martens, 2000) by introducing
the corresponding structural classes of carbenium ions.
Moreover, the approach has also been extended to cracking
reactions, as illustrated by Martens and Marin (2001) for the
cracking of the lump of branched monocycloalkanes into a
lump of lighter monocycloalkanes and a lump of dibranched
alkanes.

As mentioned above, the method of structural classes
avoids the excessive calculation times required for the
explicit generation of the entire reaction network of elemen-
tary reaction steps by directly calculating the lumping coeffi-
cient of the various types of reactions. For small degrees of
branching in the molecules, this approach is extremely inter-
esting because it allows obtaining an analytical formulation
of the lumping coefficient without the need to enumerate too
many different structural classes.

3 LATERAL CHAIN METHOD

To avoid the explicit generation of the complete reaction net-
work of elementary steps, Valéry (2002) proposed a method
based on lateral chain decomposition. The main idea is based
on the fact that hydrocarbon molecules and their intermedi-
ates can be decomposed into lateral chains and active centres.
Focusing on the intermediate activated complex, Valéry
(2002) used an alternate method to predict the properties of
these complexes and especially the sum of reciprocal of the
symmetry numbers. This recursive method was also applied
for the evaluation of the sum of energy terms. In the lateral
chain decomposition method, the calculation of the lumping
coefficients is based on an efficient computer algorithm that
only needs to know the maximum number of carbon atoms
and the maximum degree of branching of the species in the
reaction network.

Rearranging Equation (1) in a similar way as above yields:

reac(m,u) (FO - F[7 (+Fq )) ’

U reac(m,u)
k,—F, (+F11)

}=LC

(16
C Co 'ng 'PFO

Fy, DEN® + DEN?

acid

kPr (m’oref) ) ]greac(m’u) ’

with the lumping coefficient LC, ;.. (F, = F, (+ F)))
defined as in Equation (9).

In the lateral chain decomposition method (Valéry, 2000,
2002; Valéry et al., 2007; Mitsios et al., 2009), the lumping
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coefficient defined by Vynckier and Froment (1991) is reor-
ganized as follows:

_ AG} (0, )+AG] (H,)

LC F,—F,(+F,))=¢ RT

reac(m,u) (

1 E 1
AGO(P) o,
E , - kT ikle{ reac(m,u) } ikl

E,—F,(+F,)
F E€F,

a7

In this expression, three factors can be distinguished. The
first factor is related to the equilibrium coefficient of forma-
tion of the reference olefin and of hydrogen from the pure
elements. This factor only depends on the number of carbon
atoms of the reacting lump. The second factor in Equation
(17) represents the inverse of the equilibrium constant of for-
mation of the paraffinic lump and is calculated as the sum of
the equilibrium constants of formation of all paraffins P; of
lump F,. The third factor in Equation (17) represents the
number of (m,n) type pathways that allow to transform lump
F,, according to this lumped reaction.

With respect to the structural class approach, the first
factor corresponds to (GHZ)*I-K;k_eﬁg(n,T), the second factor
corresponds to the reciprocal of K’;(nj), while the third
factor corresponds to the reciprocal of Oy, "Nisypon - This
clearly illustrates that both the structural class approach and
the lateral chain decomposition method, although developed
independently, regroup in a very similar manner the various
factors included in the lumped coefficients of Equation (9)
that were originally defined by Vynckier and Froment
(1991). The main difference between both methods therefore
resides in the way of calculating the various factors.

For the lumping coefficients calculated by the lateral chain
decomposition method (Eq. 17), the first two factors are
energy terms that are obtained from Benson’s group contri-
bution method (Benson et al., 1969; Benson, 1976) in order
to maintain the necessary consistency for high molecular
weight species. The last factor to be calculated for the lump-
ing coefficient is the sum over the symmetry numbers of all
activated complexes occurring in these transformations. It is
important to note that, in this lateral chain decomposition
approach, this last factor is independent of the produced ions
R}, but only depends on the reacting ion R}, and on the vari-
ous activated complexes that result from it. This means that
calculating a lumping coefficient requires only knowledge of
the ions involved, and thus of the resulting activated com-
plexes, instead of a list of the elementary steps. However, the
sum extends over all the steps, and some may involve the
same activated complex #;,,;. To calculate the last factor, we
will therefore first take a closer look at the representation of
the activated complexes, before describing the recursive for-
mulae for the computation of the factors in the lumping coef-
ficients. For the case of comparison with the structural class
method, it is assumed in what follows that the branches in the
lateral chains are only methyl or ethyl substituents.

3.1 Description of an Activated Complex

An activated complex # can be decomposed into three parts:

— an “activated zone”, ZA, that carries the positive charge
and is characteristic of the elementary step considered;

— afirst lateral chain, A;
— asecond lateral chain, B.

In Figure 2, this is illustrated for B-scission and PCP
isomerization reactions. As both lateral chains lie outside the

Activated complex for $-scission steps

+

Lateral
chains

Figure 2

Ilustration of the two types of activated complexes.

Activated complex for PCP steps

+
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activated zone that is characteristic of the elementary step,
the actual lateral chains do not depend on the reaction type,
nor do they influence the reaction.

3.2 Recursive Algorithm for Calculating the Overall
Number of (m,n) Type Pathways

The overall number of (m,n) type pathways that allow to
transform lump F,, according to the lumped reaction is given
by the sum of reciprocal of the global symmetry numbers of
the activated complexes oy, as shown is Equation (17). As
described above, in the lateral chain decomposition method,
the activated complex is represented by an activated zone and
two lateral chains. The global symmetry number o, of the
activated complex # is therefore given by:

Oy =0y Oz4" Op" Opyya - 74 - B) (18)
where 0, is the partial symmetry number for the
activated zone,
Oy, Op are the partial symmetry numbers for the
lateral chains,
O,ua-za-p) 18 the external symmetry number of the

activated complex.

Hence, the sum of reciprocal of the global symmetry num-
bers of the activated complexes o, now becomes:

1

react (m.u) o #ikl
iklE
F,—F, (+F)

E noa‘(A—ZA—B)

a-zaBe{R) Oa Oz "Op " Oryia-za-p)

19)

Nyeeazap) 18 the number of reactions of type (m,u) that
involve activated complex A - ZA - B.

For (-scission, a given activated complex is only involved
in a single cracking step because the complex is an “interme-
diate hybrid” between the reacting carbenium ion, and the
resulting ion and olefin (Fig. 3). As a consequence n,,. = 1
for any p-scission step. For PCP-isomerizations, the same
activated complex is linked to four different carbenium sions,
as shown in Figure 4. Given the assumptions used in the a
posteriori relumping scheme, the carbenium ions (I) and (II)
belong to the same lump, as do the two carbenium ions (III)
and (IV). In total, there are six possible pathways linking
these four carbenium ions. However, the isomerization
between ions (I) and (II) does not appear in the relumped net-
work, as both ions pertain to the same lump. The same holds
for the isomerization between ions (III) and (IV). Hence, 4
different PCP isomerizations with a change of degree of
branching between these different lumps and involving the
same activated complex still remain, and n,.. = 4. However,
in case A = B and L, = L,, these four different possibilities
degenerate into a single isomerization step (n,,.. = 1). If in
addition L, = L,, this isomerization step involves an activated
complex that has an external symmetry of 2.

For a given relumped reaction, several pathways may be
followed to proceed from the reacting lump to the product
lump(s). For each path, the activated complex needs to be
identified in order to be able to define the set of the activated
complexes {R} involved in the reaction. Figure 5 illustrates
the set of the 30 activated complexes A - ZA - B involved in
the (s,s) B-scission of a tri-branched hexadecane into a mono-
branched secondary hexyl carbenium ion and a mono-
branched decene. From this Figure, it can be observed that
for this reaction, two different activated zones ZA are present
in the set, one activated zone with 4 carbon atoms containing

where {R} is the set of the activated complexes, A-ZA-B,  a methyl substituent and an activated zone with 5 carbon
involved in reactions of type (m,u) going  atoms containing an ethyl substituent. For a given activated
from lump F, to lump F), (and F, in the case  zone, the various structural isomers of the two lateral chains
of a 3-scission), appear.
oL, L]
L, L, L L, L, Ls
Ct L3 ct
-——> -
+
A B A A |_4/ I B
L, L Lo Lg Lo
Figure 3

Reaction pathway and activated complex for a $-scission step of a carbenium ion into a smaller carbenium ion and an olefin. L; to Ls are
substituents that are part of the activated zone, while A and B are lateral chains, which do not participate in the cracking reaction.
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L, L, L,
| E
(D ) P B P s (III)
H
Ly Ly
Ly L,
H
L, L, L,
L,
(1) ct s (IV)
A \B A f/
H
Ls Ly Ls Ly
H

Figure 4

Reaction pathway and activated complex for a PCP-isomerization step of a carbenium ion. For a given activated complex, several PCP-
isomerization steps are possible unless the external symmetry of the reacting ion causes the steps to be identical. L, to L, are substituents that
are part of the activated zone, while A and B are lateral chains, which do not participate in the PCP rearrangement.

o B o G

PUBEVON
L L pommn

oy s o

L CIBRCSSS

Figure 5

Set of the 30 activated complexes involved in the (s,s) B-scission of a tri-branched hexadecane into a monobranched secondary hexyl
carbenium ion and a monobranched decene
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In order to evaluate Equation (19), it is therefore further
decomposed into:
— asum over the various activated zones ZA,

— a sub-sum over lateral chains A that have a given number
of carbon atoms, n, As and a given number of lateral
branches, n;, 4.

In a given lump, choosing an activated zone with ., car-
bon atoms and with n,, ,, branches determines the number of
carbon atoms and the number of lateral branches that are still
available for the lateral chains A and B. A set of lateral chains
A with a given carbon number 7, 4 and branching degree n,, 4
will be termed “equivalent lateral chains”. Once the class of
equivalent lateral chains A and the activated zone are
selected, the class of equivalent lateral chains B (i.e., n, B and
ny, ) is fixed because the total number of carbon atoms and
the total number of branches are determined by the lump.
Activated complexes are said to be “homologous activated
complexes” when they have the same activated zone and
when the lateral chains A (or B, equivalently) belong to the
same equivalence class.

Figure 6 illustrates the concepts of equivalent lateral
chains and of homologous activated complexes. As shown in
Figure 5, there are 2 structures for the activated zone
involved in the (s,s) B-scission of a tri-branched C,4 paraffin
into a monobranched secondary hexyl carbenium ion and a
monobranched decene, one activated zone with 4 carbon
atoms containing a methyl branch and one with 5 carbon
atoms containing an ethyl branch. For the activated zone with
4 carbon atoms, there are 2 possible monobranched lateral
chains with 4 carbon atoms and 10 possible monobranched
lateral chains with 8 carbon atoms (Fig. 6). There are there-
fore 2x 10 = 20 homologous activated complexes with an
activated zone of 4 carbon atoms and containing a methyl
branch. For the activated zone with 5 carbon atoms contain-
ing an ethyl branch, there is a single monobranched lateral
chain with 3 carbon atoms and there are again 10 possible
monobranched lateral chains with 8 carbon atoms, resulting
in 10 homologous activated complexes. Hence, the total set
of the activated complexes involved in the (s,s) -scission of
a tri-branched hexadecane into a monobranched secondary
hexyl carbenium ion and a monobranched decene amounts to
30, as was already shown in Figure 5.

In what follows, we will exemplify the lateral chain
decomposition approach for (3-scission reactions. For details
concerning PCP-isomerization steps, the reader is referred to
Valéry (2002). For B-scission reactions, the following simpli-
fications apply:

— there is only one B-scission reaction for a given activated
complex,ie.n,. . =1;

— as the activated zone contains a 2-electron 3-center bond
without flexibility for free rotation around this bond, there is

no external symmetry due to its rigid structure, i.e. O = 1;

oce

— the activated complex of a (3-scission reaction has the
same number of carbon atoms and the same degree of
branching as the reacting paraffin;

— the equivalence class of lateral chains are defined by the
lumps of the product ion and olefin.

After introducing these simplifications and decomposing
into sub-sums, Equation (19) can be rewritten as follows:

n, 4 carbons 0-A
ny, 5 branches

1 E 1
Aa-74-8er 04 'Oz4"Op  Z4 Oz AE{

sum over lateral chains
(20)
1

Bl e BN tor~Me zaMe 4 carbons B
My g =My 100=Np 74 =Ny 5 branches

sum over complementary lateral chains

In Equation (20), the various homologous activated
complexes are the individual contributions to each term of
the sum over ZA. The sum over the lateral chains and the sum
over the complementary lateral chains in Equation (20) can
be calculated by a recursive method. Let 1, be the number of
carbon atoms of the “main chain” of a lateral chain. The main
chain is easily identified, as it is the longest linear chain of
the lateral chain. The lateral chain is therefore composed of a
terminal CH; group and successive elementary patterns cho-
sen among -CH,-, -CHMe-, -CHEt-, -CMeMe-, -CMeEt-,
and -CEtEt-. Each of these patterns contributes to the length
of the main chain. Figure 7 shows the six possibilities for
increasing the length of a lateral chain starting from CH;-. If
0, is the symmetry number of the lateral chain with n,
carbons along the main chain, then the symmetry number
after inserting an additional pattern is o, times the symmetry
number of that pattern. Let U, s(”p J1..1p,) be defined by:

U, (np,nc,nb)= L

Length of main chain=n, OA (2 1)
A&

Number of carbon atoms=n,

Number of branches=n,,

The recursion formula based on “pattern insertion” (Fig. 7)
then becomes: see Equation (22).

This formula is valid for n, > 3. For low values of n, or n,,
the second or third argument of the function Ug may become
negative; in this case the contribution to Uy is set to 0.
Ignoring chirality, the symmetry number (1, 3 or 9) of the
inserted pattern is defined by the structure of the allowed lat-
eral branches (-H, -CHj;, -C,Hs in this example, as explained
above). Chirality is possible as soon as the chain on the left
of the inserted pattern contains more than 3 carbon atoms
(i.e., different from -H, -CH; and -C,H;): the central carbon
is chiral when its two remaining substituents are different. In
this case, the global symmetry number is divided by 2.
Further details and formulae for n, < 3 are given in Valéry
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Lateral chain A

Lateral chain B

Activated zone ZA l

Equivalence class

n,=4,n,,=1

nc’ZA =4 Equivalence class
n,, =1 nz=8mn =1

Example of homologous activated complexes and equivalent lateral chains.

Us(n,,n,.n,)=

Us(np -1,n, -1,n)x1

+Us(n, -1,n,-2,n, —l)x%
2
+Us(np -1,n,-3,n, —1)x§
1
+Us(n, -1,n,-3,n, —2)x§
2
+Us(np -1,n.-4,n, —2)x§

+Ug(n, -1,n, -5,n, —2)xé

-CH,- insertion

-CHMe- insertion
-CHEt- insertion

-CMeMe- insertion
-CEtMe- insertion

-CEtEt- insertion

(e = 3/2)
(GCMeMe = 9)
(chE‘Me =9/2

(GCE1E1 = 9)

)

(22)
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Figure 7

Concept of the recursive “pattern insertion” method for calculating the symmetry number of a lateral chain.

et al. (2007). We finally define the Symmetry Property of
Lateral Chains SPLC(n_.n,) as:

SPLC (nc ,nb) =

n,=n.

1

}o

U, (np,nc,nb)= (23)

n,=n.~2m, nc carbons

Ae{b branchings

This is exactly the sum within square brackets in Equation
(20). The starting value of index n,, in this sum is obtained

when all the branches are ethyl groups (n, = n. — 2n,,), the
maximum value when the lateral chain is linear (np =n,).

For B-scission reactions, Equation (20) can therefore be
written as: X

0,0, "0y

A-ZA-BER

(24)
EL . SPLC(nL,YA ,nbYA) - SPLC (”C,B’”b,zz)
ZA GZA
In this expression, the symmetry number of the activated
zone still remains to be determined. It is derived from simple
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properties of the activated complex of Figure 3. Let n, =0
when L; is a hydrogen substituent and n; =1 otherwise.
The internal symmetry number for each L; group is then
Oy, =3"5. Chirality is born by three carbon atoms involved
in the 2-electron 3-center bond. These carbon atoms are chi-
ral when their substituents are different. Note that when the
lateral chains A and B are more than 2 carbon atoms long, the
chirality of the activated zone does no longer depend on these
chains as in this example L, to Ly are at most ethyl branches.
Finally, the symmetry number of the activated zone is there-
fore given by:
3”L1 gy L R R

o, = > (25)
where n, is the number of chiral carbon atoms among the
three carbon atoms of the 2-electron 3-center bond. Inserting
Equation (25) into Equation (24) therefore allows calculating
the last factor of the expression for the lumping coefficient
defined by Equation (17) by means of an elegant method that
does not require the exhaustive generation of the reaction
network.

3.3 Recursive Algorithm for Calculating
the Equilibrium Constant of Formation
of the Paraffinic Lump

As mentioned above, the second factor in the expression for
the lumping coefficients (Eq. /7) represents the reciprocal of
the equilibrium constant of formation of the paraffinic lump.
This equilibrium constant calculated as the sum of the equi-
librium constants of formation of all paraffins P; of lump F:

AGY(R)
_AGy(R) TRT
RT e (26)
D
FEF, rer,  Op

where AG?(P[) is the intrinsic Gibbs energy of formation of
paraffin P;, whose value can be calculated using Benson’s
group contribution method. Here also, a recursive algorithm
can be used. For the sake of simplicity, the gauche interac-
tions and the external symmetry of the paraffins will be
ignored in our example. The method does, however, account
for these symmetrical molecules, and the reader is referred to
Valéry (2002) for further details.

The method is once again based on the concept of lateral
chains as defined above: a given paraffin can be decomposed
into two zones, as has been done with activated complexes,
but this time without an activated zone. In this approach, a
paraffin with n, carbon atoms along the main chain is there-
fore the concatenation of a lateral chain A with n,, carbon
atoms and a lateral chain B with n, 5 (= n, - n, ,) carbon
atoms along their respective main chains. The symmetry
number of the concatenated chains is the product of the

symmetry numbers of the both chains (ignoring external
symmetry), while the intrinsic Gibbs energy is the sum of the
individual Gibbs energies (ignoring gauche interactions). The
exponential of the normalized intrinsic Gibbs energy is then
the product of the exponentials of the two lateral chains.
Hence, Equation (26) is rewritten as:

_AG)(R)
RT
e 1
rer, - O 2
P,=A-B
" oy D
_AGH(A) _AG)(B)
RT RT
AR > -
Acchains with np , OA equivalent B chains GB

carbons along the such that A-BEF,

main chain
The factor !/, results from the fact that chains A and B can
be interchanged, i.e. a paraffin can be considered either as A-B
or as B-A. The length n, , of chain A is arbitrary and remains
to be chosen. For reasons of chirality (Valéry et al., 2007),
we set n, 4 = 3. The properties of chain B can then be calcu-
lated using the “pattern insertion” method discussed in the
previous section. Let:
7AG?(A)
RT
e (28)

n, length of main chain OA
AE

U, (np,nc,nb>=

n, carbon atoms
ny, lateral branches

We now define the Thermodynamic Property of Lateral
Chains TPLC(n, ;) as:

_AG} (4)
RT
e
TPLC (n,.n,) = > - -
AE{"‘ carbon atoms } GA (29)
ny, lateral branches
n,=n,
E U, (np ,nc,nb)
n,=n.=2m,

Again, the minimum value of index n,, in this last sum is
obtained when all the branches are ethyl groups (n, = n. —
2n,), while the maximum value is given when the lateral
chain is linear (n, = n,).

When choosing 7, 4 equal to 3, Equation (27) becomes:
see Equation (30).

Finally, using the “pattern insertion” concept and based in
Figure 7 and Equation (22), U, can be obtained recursively
as: see Equation (31).

Further details and the initial U3 ,n,,n,) are given in
Valéry et al. (2007).
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e 1 (30)
D - D (3.1, 5.1, 5) - TPLC (n, = n_y.n, — 1, ;)
FER GR 2 ny, g=0 ne p=3
_AG)(CH,)
U,(n,,n.n)= Uy(n,-1Ln -1Ln)xlxe ¥ -CH,-
_AG)(CH;)+AGj(CH)
+UT(np -1,n,-2,n, —l)xgxe RT -CHMe-
AGY(CH; }+AG)(CH, )+AG}(CH)
+U;(n,-1,n,-3,n, —l)xgxe -CHEt-
_2AG)(CH,)+AG)(C) (31)
+U;(n, -1,n,-3,n, —2)x§xe kr -CMeMe-
2AG)(CH; J+AG)(CH, +AGY(C)
+UT(np—1,nC—4,nb—2)x§xe -CEtMe-
2AG)(CH, +2AGY(CH, )+AG)(C)
+U;(n,-1,n,-5,n, —2)x§xe -CEtEt-

As a conclusion, Equations (22-25) and (29-31) allow to
calculate the lumping coefficients much faster than the origi-
nal method, which needs to generate the complete reaction
network and to determine the lumping coefficients by
inspecting the complete list of single events in a generated
reaction network. The lateral chain decomposition method is
a quite flexible method, as it can easily be extended to
include different type of lateral branches, such as n-propyl,
i-propyl, n-butyl, i-butyl, #-butyl, etc. To this aim, the appro-
priate insertion patterns simply need to be added and the
recursion formulae of Equations (22) and (31) need to be
modified correspondingly, together with the initial values.
The pattern insertion method also allows calculating other
properties of lateral chains recursively. For examples of this,
the reader is referred to Valéry ez al. (2007).

Compared to the structural class methodology, the lateral
chain decomposition approach is slightly more complex for
low branching numbers but it is much more efficient. Indeed,
the use of recursion formulae avoids accounting for excep-
tions. This allows calculating the various series that consti-
tute the lumping coefficients from the lowest carbon number
to the highest carbon number, while special treatment is
needed for low carbon numbers with the structural class
approach. Moreover, the lateral chain decomposition method
allows for a much easier extension to high branching num-
bers. As mentioned above, the results of both methods are
strictly equivalent, since they use the same hypotheses.

4 MODEL VS EXPERIMENTATION

4.1 Experimentation

Experiments were performed in an isothermal tubular fixed
bed reactor in upflow mode at a total pressure of 150 bar and
temperature of 375°C. The reactor was loaded with 80 g of
an industrial NiMo on a Y-zeolite based catalyst. The catalyst
was sulfided with a hydrogenated LCO to which 2 wt% of
DiMethylDiSulfide (DMDS) and 0.1 wt% of aniline was
added. The pretreating feed was injected at a LHSV of 1 h'!,
with a volumetric H,/HC ratio of 1000 NV/I. The temperature
was progressively increased to 350°C. Sulfiding was contin-
ued for at least 12 h and until the H,S composition in the
effluent remained constant. Before carrying out the kinetic
experiments, a line-out period of 150 h at 375°C with the
sulfiding feed was applied in order to reach a stable catalyst
performance.

As primary feedstock, pure n-hexadecane (C,¢Hj,) was
chosen (purity > 99%) to which DMDS and n-butylamine
were added to maintain the catalyst in a sulfided state and
under industrial conditions with respect to the presence of
H,S and NH;. As n-hexadecane freezes at 18°C, all equip-
ment and lines in pilot plant were maintained above 25°C.
Kinetic data were collected at various LHSV ranging from
0.15 h'! to 1 h'!. The partial pressure of H,S and of NH;
amounted approximately to 1 bar and 0.1 bar respectively.
The reactor effluent was separated in a flash drum at ambient
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temperature. The gas fraction was analysed on-line, while the
liquid effluent was sampled and analysed on a GC equipped
with a PONA column. For components with 8 carbon atoms
or less, the GC method allows to obtain the full molecular
detail. For components with more than 8 carbon atoms, the
available analytic detail allows to distinguish components by
carbon numbers and degree of branching, which corresponds
to the lumps of the above a posteriori relumped models.

To validate the single event kinetic model developed for
n-hexadecane, additional experiments were carried out with a
Fischer-Tropsch wax, a mixture of heavy paraffins with 20 to
33 carbon atoms (Tab. 3). This Fischer-Tropsch wax was
also separated by distillation into 4 smaller boiling point
ranges. Again, DMDS and aniline were added to all these
feeds to maintain the catalyst in a sulfided state and under
industrial conditions with respect to the presence of H,S and
NH;. During these experiments, all equipment and lines in
pilot plant were maintained above 60°C. The experiments
were carried out under the same conditions and kinetic data
were collected at various LHSV ranging from 0.15h™ to 1 h'!.

TABLE 3
Composition of the C,4-Cs; Fischer-Tropsch wax (in mol%)
Carbon number n-Paraffins Iso-paraffins Total
19 0.15 0 0.15
20 0.86 0 0.86
21 232 0 232
22 4.70 0.03 473
23 8.10 0.16 8.26
24 11.79 0.52 12.31
25 12.96 0.96 13.92
26 12.68 1.58 14.26
27 10.39 2.02 1241
28 8.12 201 10.13
29 6.46 1.86 8.32
30 4.11 1.55 5.66
31 2.56 1.31 3.87
32 133 0.60 1.93
33 0.60 0.27 0.87
Total 87.13 12.87 100

Finally, experiments with squalane (2, 6, 10, 15, 19, 23-
hexamethyltetracosane; C3,Hg,; 99% purity; Haltermann
Chemicals) were also carried out in order to look at the effect
of the degree of branching on the model predictions. As
before, DMDS and a nitrogen-containing compound (either
n-butyl amine or aniline) were added to the feed in order to
maintain the catalyst in a sulfided state and under industrial

conditions with respect to the presence of H,S and NH;.
Again, the experiments were carried out under the same con-
ditions and kinetic data were collected at various LHSV
ranging from 0.5 h'! to 1.53 h'! (Valéry et al., 2007).

4.2 Parameter Identification

The single event kinetic model was incorporated in a plug
flow reactor model. As gas and liquid were supposed to be at
equilibrium inside the reactor, the compositions of the two
phases were calculated by means of a Grayson-Streed flash
module in each of the differential elements of the reactor.
This then leads to a system of Ordinary Differential
Equations (ODE):

dF,

— L = Ri (32)

dw
These equations were reorganized and integrated accord-
ing to space time, W/F) , where W is the weight of catalyst

inside the reactor and FQ, the total molar flow at the inlet of
the reactor. The resulting differential equations of the reactor

were solved with LSODE (Hindmarsch, 1980, 1983).

Parameters were identified by minimizing the sum of the
nobs

squared errors 2 (yl. - )All. )2, initially with a simulated
i=1

annealing algorithm (Goffe et al., 1994) to screen the
response surface, while a Levenberg-Marquardt algorithm
(Levenberg, 1944; Marquardt, 1963) was used to obtain the
final parameter estimates. The parameters were estimated
based on 160 observations of the various responses obtained
during the experiments with n-hexadecane. As the model
appeared to be insensitive to the values of the protonation/
deprotonation equilibrium constants for secondary and tertiary
carbenium ions, these equilibrium constants and reaction rate
coefficients were re-parameterized into composite reaction
rate coefficients as follows:

(m;u) (33)

reac

k:eac(m;u) = IgPr(m;Oref) ) E

During the identification of the 6 remaining parameters, it
also appeared that the composite parameters k;cp(s;t) and
k;(,p(t;t) were highly correlated. To solve this, it was arbitrary
chosen not to estimate k;cp(t;t) and its value was put to zero.
This led to the final parameter shown in Table 4. The sec-
ondary-tertiary cracking rate coefficient k,,(s;f) was found to
be extremely low. Moreover, according to the statistical
analysis, this parameter was found to be statistically non-sig-
nificant. This is most certainly due to coupling effects or to
indiscernability between (s,f) and (z,5) cracking on the lumps.
Hence, the composite rate coefficient kt,(s;t) was therefore

put to zero.
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TABLE 4
Final parameter values for the hydrocracking of n-hexadecane
Parameters Best value  |Standard deviation t-Value
k*p(,p(s,s) 3.08 x 107 0.03 x 102 99.3
K e (8.0) 6.07x 10 0.22x103 27.6
k", (5.5) 1.89x 103 0.17x 103 11.1
k(8,0 2.73x 1073 8.70 x 10° 0
K, (1.5) 228 x10* 0.98 x 10* 23
L () 9.07 x 103 1.30x 10 7.0

With the final parameters, the model behaves quite
satisfactorily. The overall conversion of n-hexadecane is well
predicted, as is the prediction of total amount of isomerized
products and of cracked products (Fig. 8). Within the
isomerized products of the n-hexadecane feed, the evolution
of the main simulated lumps (normal, mono- and multi-
branched hexadecanes) is relatively close to the experimental
trend (Fig. 9). With respect to cracking, the relumped single
event model retains enough detail to predict a detailed distri-
bution of the cracked products. As shown in Figure 10 for the
linear paraffins, both the orders of magnitude and the trends
of the product distribution of the cracked products are quite
well predicted, especially when taking into account that the
model only contains 6 parameters.

To validate the model, the values of the parameters obtained
from the experiments on n-hexadecane were used to simulate
the experiments obtained on the Fischer-Tropsch wax and on
its sub-fractions obtained by distillation. As these feeds are
composed of paraffins with 20 to 33 carbon atoms, this com-
parison allows to directly evaluate the extrapolation with
respect to the number of carbon atoms. Figure 11 compares
the predicted yields for the linear C,,, paraffins (nC,,), for
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Figure 8

Conversion, isomerization and cracking of n-hexadecane as a
function of space time (points: experimental, lines:
simulated).
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Composition of the C4 fraction as a function of space time
(points: experimental, lines: simulated).
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Figure 10

Experimental and model predicted distribution of lower
carbon number n-paraffins for n-hexadecane hydrocracking
(points: experimental, lines: simulated).

the isomerized C,,, paraffins (iC,,,) and for the cracked
products to the experimental data obtained during cracking of
Fischer-Tropsch wax. It can be noticed that the decrease of
the nC,,, paraffins is well predicted, indicating that the value
of the k;cp(s;t) rate coefficient is well estimated and allows to
correctly extrapolate to higher carbon numbers. However, the
yield of isomerized C,,, paraffins is somewhat overestimated
at low space times, while the yield of cracked products with
less than 20 carbon atoms is slightly underestimated. This
indicates that the rate of cracking is underestimated to some
extent when the degree of branching is relatively low. At
high space times, the predicted yield of cracked products is
higher than its experimental yield, indicating that the reaction
rate is too high when the degree of branching is high. For the
sub-fractions obtained by distillation of the Fischer-Tropsch
wax, the comparison model-experiments of the yields of
nCyy,, ICy, and cracked products is shown as a parity plot in
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Figure 11

Yields of nC,,, iC,y, and cracked products during cracking
of the Fischer-Tropsch wax as a function of space time
(points: experimental, lines: simulated).
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Parity plot for the fractional molar yields of nC,,, iCy, and
cracked products during cracking of the sub-fractions of the
Fischer-Tropsch wax.

Figure 12. The same conclusions can be drawn: the isomer-
ization of the nC,, paraffins is quite well predicted, the yield
of the iC,, paraffins is slightly overestimated, while yield of
the cracked products is somewhat underestimated. The pre-
dicted distribution of cracked products is compared to the
experimental product distribution in Figure 13 at a conver-
sion of 68 wt% of the nC,,, paraffins of the C,5-C5; sub-frac-
tion of the Fischer-Tropsch wax. Looking at the feed, a
nearly perfect agreement is observed for the disappearance of
the linear paraffins of the C,5-C;, feed, while the heaviest
isoparaffins (C,;-C;,) are somewhat overestimated. For the
cracked products, the model-predicted distribution profile of
lower molecular weight n-paraffins (C;-C,,) has the same
profile as the experimentally observed profile, although the
absolute values are somewhat lower. For lower molecular
weight isoparaffins (C,-C,,), both the distribution and the
absolute values are very well predicted. In conclusion, a good
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Figure 13

Distribution of the normal and iso-paraffins at a conversion
of 68 wt% of the nC,,, paraffins of the C,5-C5; sub-fraction
of the Fischer-Tropsch wax (points: experimental, lines:
simulated).

overall agreement is obtained when extrapolating the single
event kinetic model from a low carbon number (C4) to
higher carbon numbers (C,, to Cs;) without adjusting any of
the parameters.

To further validate the model, the values of the kinetic
parameters obtained from the experiments on n-hexadecane
were also used to simulate the experiments with squalane as
feed (Valéry er al., 2007). As squalane is an isoparaffin of 30
carbon atoms with 6 methyl side chains, this feed allows
evaluating at the same time an extrapolation with respect to
the number of carbon atoms and with respect to the number
of side chains. While the experimentally observed squalane
conversions varied between 26% and 71% with space time,
the model predicted conversions varied between 83% and
99% for the same range. The model therefore largely over-
predicts the rate of disappearance of squalane. To correctly
predict the conversion, all rate coefficients had to be reduced
by a factor of 4.74. With this reduced catalyst activity, the
model correctly predicts both the distribution and the amount
of the cracked products as a function of carbon number
(Fig. 14). In the experiments described by Valéry et al.
(2007), the average degree of branching as a function of
carbon number was also experimentally determined. Figure
15 illustrates that the model is equally able to predict the evo-
lution of the degree of branching of the cracked products as a
function of carbon number. As a conclusion, although the
catalyst activity was largely overestimated for the cracking
of squalane, the product distribution and the degree of
branching of the cracked products were well predicted at
the experimental conversion.

Several explanations can be proposed for the high reactivity
of the highly branched squalane in the single event kinetic
model. First of all, the single event kinetic model contains an
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Distribution by carbon number of the cracked products at a
conversion of 71 wt% of the squalane feed.
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Figure 15

Evolution of the degree of branching of the cracked products
as a function of carbon number at a conversion of 71 wt% of
the squalane feed.

inhibition term that accounts for physical adsorption in the
zeolite. In this inhibition term, the physical adsorption coeffi-
cient of a lump is considered to be the same for all paraffins
with more 16 carbon atoms. As shown by the validation on
the Fischer-Tropsch wax, this hypothesis seems to be quite
adequate. However, the physical adsorption coefficient is
also considered to be independent of the degree of branching.
This hypothesis may therefore be at the basis of the too high
reactivity of squalane with respect to linear long-chain paraf-
fins. An other explanation of the overprediction of the reac-
tivity of squalane may be linked to the chemisorption of the
carbenium ions, as the proposed kinetic model does not con-
tain an inhibition term due to chemisorption on acid sites.
Indeed, previous literature studies (Svoboda et al., 1995;
Martens and Froment, 1999; Martens and Marin, 2001) have
shown that the total concentration of carbenium ions could be
neglected compared to the total concentration of acid sites.
However, these observations were based on hydrocracking
experiments on n-Cg to n-C,, paraffins and on mixtures of
n-Cg with 10 mole% of branched Cy paraffins. This may no
longer be the case with very highly branched isoparaffins
such as squalane. Indeed, squalane has 6 tertiary carbon
atoms that may allow for a much higher chemisorption on the

acid phase, hence reducing the apparent catalyst activity. In
such a case, the chemisorption of highly branched isoparaffins
can no longer be neglected.

Mitsios et al. (2009) also developed a single event kinetic
model for hydroisomerization and hydrocracking, which was
applied to n-hexadecane, a C,,-Cs, wax and squalane on an
amorphous Pt/Si0,°Al,0; catalyst. In their single event
kinetic model, they did not account for physisorption, as no
external or internal limitations were considered to be present
in this macroporous non-zeolitic catalyst. However, their
model accounted for the chemisorption of the carbenium ions
on acid sites. When extrapolating this model, which does not
account for physisorption while accounting for chemisorp-
tion, from n-hexadecane to the Cy-C;, wax and to squalane,
the model predicted the correct order of magnitude for the
conversion, and for the isomerization and cracking selectivities
on all feeds.

CONCLUSION

In order to apply the single event methodology to acid-catalyzed
reactions with high carbon number hydrocarbon fractions,
huge calculation times are required for the explicit generation
of the complete exhaustive list of molecules and single events
reactions. Although this approach is straightforward, it requires
generating all elementary steps individually and storing this
entire network. In the literature, alternative approaches have
been developed that directly calculate the lumping coefficients
of a posteriori relumped single event reaction networks. The
above-described lateral chain decomposition strategy divides
the various components (molecules, intermediates and activated
complexes) into lateral chains and activated zones. Detailed
inspection of these various parts allowed deriving a set of
recursive formulae that calculate the various structural and
thermodynamic properties that are needed to determine the
lumping coefficients. It should be stressed that the lateral
chain decomposition technique is exactly equivalent to the
original calculation method based on the explicitly generated
reaction network, as long as Benson’s group contribution
method is used to obtain the necessary thermodynamic data
in both approaches. The advantage of these recursive formu-
lae resides in the fact that application of the single event
modelling methodology to very large reaction networks and
very high degrees of branching is highly simplified, both in
comparison to the explicit generation of the entire reaction
network and to the structural class approach.

A kinetic model for hydroisomerization and hydrocracking
of n-hexadecane was developed using this lateral chain
decomposition approach. After identification of the 6 remain-
ing kinetic parameters, the kinetic model was confronted to the
experimental data and a good agreement between the predicted
and measured product distributions was obtained, both with
respect to isomerization and hydrocracking of n-hexadecane.
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To validate the kinetic model, hydrocracking experiments
were carried out on various fractions of a C,,-Cs; Fischer-
Tropsch wax. Without adjusting any of the parameters, the
single event kinetic model correctly predicts the isomerization
of the linear C,,, paraffins. Although the yield of cracked
products is slightly underestimated at low conversion at the
expense of the isomerized C,,, paraffins, their product distri-
bution as a function of carbon number is very well predicted.
In conclusion, a good overall agreement is obtained when
extrapolating the single event kinetic model from a low carbon
number (C,) to higher carbon numbers (C, to Cs5).

Extrapolating the kinetic model with respect to the number
of carbon atoms and with respect to the number of side
chains at the same time was also attempted. Confronting the
model with the squalane experiments (Valéry et al., 2007)
showed that the rate of disappearance of squalane was largely
overpredicted. At the experimental conversion, the selectivity
towards cracked products, the cracked product distribution
and their degree of branching were well predicted, however.
Several explanations can be proposed for the discrepancies
between the model and the experiments, as these seem to indi-
cate that the simplifying hypotheses concerning physisorption
and/or chemisorption are no longer valid for highly branched
paraffins.

The lateral chain decomposition method described in this
work is quite flexible. Indeed, it can easily be extended to
more general lateral chains, as it is straightforward to intro-
duce new insertion patterns, to adapt the recursion formulae
accordingly, and to develop recursion formulae for new lat-
eral chain properties.
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