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AROMATIZATION OF LIGHT NAPHTHA
FRACTIONS ON ZEOLITES
1. KINETIC MODEL

On the basis of analyzing kinetic experimental data performed in laboratory
integral reactors a lumping kinetic model of the "Zeoforming" process was

Russia developed. A reaction scheme of the lumped components was proposed, that
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Lately, in the field of secondary refinery processes
(cracking, reforming, isomerization), there has been
increasing interest in the hydrogen—free catalytic
treatment of light naphtha and gas condensates on
high-silica zeolite catalysts [1]. Numerous experiments
that were carried out at the SEC "Zeosit" of the Boreskov
Institute of Catalysis, confirm the possibility of lead—free
gasoline production by the catalytic conversion of
low—-octane crude naphtha (casing—head gasoline [2],
gas condensate [3], oils) using catalysts based on
high-silica zeolites. The process, called "Zeoforming",
was tested in an experimental-industrial plant for the
production of gasoline from casing—head gasoline
(capacity of 5000 t/year) and was put into operation in
1992, at the Nizhnevartovsk gas—processing plant.
Zeoforming industrial plants (capacity of 40000 t/year)
were put into operation in Poland, Kirghizia, Georgia,
South Korea, and are intended for the production of
Eurosuper-95 gasoline [4]. Now SEC "Zeosit" is working
on the design of similar plants in other regions of
Russia, mainly in Siberia. Thus, Zeoforming has become
one of the important refinery processes. The Zeoforming
process may especially be effective in the conversion of
secondary light hydrocarbon fractions that include
olefins.

Meanwhile, the theoretical basis of this process
has practically not been developed. The available kinetic
investigations do not exceed the limits of experimental
dependencies [1,5,6] that are not brought to kinetic
equations and parameters.

The kinetics of individual hydrocarbon conversions
on zeolite HZSM-5 in the Zeoforming process were
studied in ref. [7]. The activation energies of
cyclohexane (127 kJ/mol) and heptane (106 kd/mol)
conversion were determined. It was assumed that [7]:
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was adapted to the technological requirements. The reaction rate constants
and activation energies were estimated, that are valid for certain feed
compositions. The model is intended for further modeling and optimization of

—the scission of C-C bonds is the limiting stage in
the conversion of individual hydrocarbons;

— the reaction rates obeyed first order equations.

However, the reaction scheme and kinetic
parameters were not presented [7]. Moreover, there are
no works in the literature dealing with the modeling and
optimization of this process.

For this purpose, at least reaction kinetic model of
lumped components is necessary. Such a model has
been proposed in this report. The experimental data,
which have been published in the literature for several
types of feedstocks, were used to construct the model.
They were used to estimate the validity of the proposed
model for the conversion of various light fractions.

MAIN REACTIONS

Hydrocarbon conversion on zeolite catalysts under
the conditions of the Zeoforming process includes a
series of consecutive and parallel reactions on
acid-base types of active centers. The first stage of
paraffin conversion consists of C-C bond scission with
the formation of unsaturated fragments followed by
hydrogen disproportionation between olefins and light
paraffins, as well as the formation of aromatics. For
example:

stage 1: C—C bond scission in paraffins
CeH14 — CsHg + C3He ()

stage 2: olefin disproportionation with the
formation of aromatics

SC3H6 — CsH5CH3 + 2CQH8 + CgHs (IIa)
CsHg + C4Hg - CgHsCH3 + 3H, (llb)

Beside the main reactions on the acid sites of the
zeolite, additional alkylation and isomerization reactions
are possible with the participation of the initial and
intermediate compounds. Probably, the general scheme
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of conversion is similar to that proposed for the "Cyclar"
process [8]:

PAR
N ol =2 nap = ARO M)

OLE {/’

where: PAR — Paraffins; OLE — Olefins; OLI — Oligomers;
NAP — Naphtenes, and ARO — Aromatics.

The feedstocks of the "Cyclar" process consist of
C3—C4 hydrocarbons, whereas Zeoforming feed fractions
contain paraffins, naphthenes and aromatics. Thus, here
naphthenes are not only intermediates, but also
important components of the feed.

ANALYSIS OF THE EXPERIMENTAL DATA

For substantiation of the reaction scheme and
model equations, experimental results were analyzed.
The experimental data are presented in the form of
dependencies of the product composition on
temperature (T), pressure (P) and space velocity (Vo).
The experiments, published in references [1,5,6], are
presented in Figs. 1-3. In ref. [5] the process was
studied in an isothermal reactor with a fixed catalyst bed
at T = 300-460°C, P = 0.1-0.4 MPaand Vo = 0.5-7 h™".

It is seen from Figs. 1 and 2, that the feed
conversion increases with increasing temperature (and
decreasing space velocity). These increase the gas
product yield and reduce the yield of the liquid fractions.
At the same time, in the liquid product, the contents of
n—paraffins and naphthenes decreased and the contents
of i-paraffins and aromatics increased, leading to a rise
in the octane number of the gasoline. The influence of
pressure on the yield and composition of the product is
individual for each type of feed (Figure 3). Generally, the
dependencies of the feed conversion and octane
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Figure 1. Dependence of the gasoline yield and composition on
temperature. Conversion of Orenburg gas condensate [6]. P = 1
MPa, Vo=2h".
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Figure 2. Dependence of the gas yield and composition on tem-
perature. Conversion of gas condensate (45-125°C) [5]. P = 1
MPa, Vo =2h™".
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Figure 3. Dependence of the gasoline yield and octane number
on pressure [1].

number of the gasoline on pressure are functions that
have a maximum.

The experiments indicate, that the olefin content in
the products is approximately constant under the
process conditions and with stepwise temperature
increase [5], (Fig. 2). Thus, the reaction rates of olefin
formation and consumption are approximately the same.
Olefins that are formed during cracking (stage 1) are
consumed further in the formation of aromatics (stage
2). Due to the hydrogen—free condition of the
Zeoforming proces, a considerable amount of olefins
and light paraffins are formed. They constitute the gas
phase of the products (20-30%). The gas composition,
in which propane and butanes dominate, practically
does not change. Thus it is possible to consider the gas
as one lumped component, without defining its
composition. The paraffin isomerization reaction is
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reversible and reaches equilibrium under the process
conditions.

Since the purpose of the process is to produce
high—-octane gasoline, the main important components
are aromatics, n—paraffins, i—paraffins, naphthenes and
gas. Nevertheless, from the point of view of process
development, it is rather important to know the
concentrations of the olefins and oligomers because of
their effect on catalyst deactivation by coking.

KINETIC MODEL

Based on the processing features, available
experiments, and assumed reactions on the zeolite acid
centers, the following scheme was proposed:

¥s [

(9}
o

A+H, (IV)

£

i-P+N
where A, O, G, n-P, i-P+N are the lumped components
of aromatics, olefins, gases, n—paraffins, i—paraffins and
naphthenes; r; — the rate of reaction j..

The aggregation of i-paraffins and naphthenes in
lumped components is rather convenient for technology
and analytical control. Moreover, it has definitely been
shown, that the naphthenes/i-paraffins ratio is practically
constant under the conditions of the process [9].

The reaction rate equations for scheme (IV) were
written assumpting the mass action law:

ri = ky Ynp, r2 = Ko Yipin,
rs = ks Ynp (1= Yipin/ (Kp Ynp)) (1
h=keYo'  15=ksYoYu,

where Y, is the molar fraction of the i-th component; Yy —
the molar fraction of hydrogen; k; — the reaction rate con-
stant; Kp — the equilibrium constant.

It is natural to suppose that olefins (light ones and
especially oligomers) are strongly adsorbed on the
active sites of the catalyst. Reactions 4 and 5 can then
be presented as:

[Olags + O = A+ 3Hars = ks' ©0 Yo
[OJags + Ho — G1s =ks' o Y

where O is the fraction of active centers occupied by
olefins (dimensionless).

Since Op is proportional to the molar fraction of
the olefins in the reaction mixture ©o O boYo, then rs =
k41 boYo2 andrs = k51 boYoYH, where bo is the adsorption
equilibrium  constant. Hence, the temperature

dependencies of the apparent reaction rate constants ka
= ka'bo and ks = ks'bo become:

ks = (ka')° exp(~E4 /RT ) bo° exp(Qo /RT),
ks = (ks')° exp(-Es /RT ) bo° exp(Qo /RT)

where Qg is the heat of adsorption.

Consequently one may expect that the apparent
activation energies will be low, because of E;* = E,; —
Qo, Es® = Es — Qo, and that the reaction rates 4 and 5
will be weakly dependent on temperature. Later on it
shall be confirmed by analysis of the experiments.

The mass balance equation in a laboratory reactor
is necessary for the determination of the kinetic
parameters. In the case of an isothermal integral reactor,
it has the form:

dyY; do
O'd__l_l"'Yia:Wi: @)
do. N R
d_T:ZWi‘Wi:ZVijrj )
=

i=1

where o = =n; / =n’ is the coefficient of total number of
moles (dimensionless); w; — the rate of formation of the
i~th component (msi /m° cat D); 1 — reaction rate (msi /m°
cat ); v — the stoichiometric coefficient of the i-th com-
ponent in the j-th reaction; T — the contact time (m3 cath/
ms); Y; — the molar or volume fraction of the component.

In accordance with scheme (IV), the rates of
component formation should be written as:

Wn P = —r{—I3, WiP+N = — 2 + I3,

WO=TI{+rn—2r4—1I5, WA= T4, 4)

WG =1r1+r2+rs WH2 = 3rs4—rs,

L ri+ro+2r4—r
gr_Mntre 4-T5

The experimental results presented in Figs. 1-3,
were analyzed using the model (1-4). The simplex
method of Nelder-Meed [10] was used to calculate the
reaction rate constants. The system of differential
equations (4) was solved using the Novikov procedure
[11].

The values of the reaction rate constants for the
experiments in Fig. 4 are presented in Table 1.

Table 1. Values of the reaction rate constants for the conver-
sion of gas condensate (33-155°C).
P =1MPa, T = 420°C

No. Reaction Reac_ti10n rate consct)ant
ki, h™ (at T = 420°C)
1 nP-0+G 9.2+05
2 i-P+N - O + G 40+0.2
3 n-P - i-P+N 53+0.3
4 20 - A+ 3H2 257 +13
5 O+He -G 376 £ 19
Mean error 2.8 %
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Figure 4. Dependence of the product composition on contact
time. Conversion of the light fraction (33-155°C). P = 1 MPa, T
= 420°C. Points — experiment [5]; lines — model prediction.
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Figure 5. Dependence of the product composition on tempera-
ture. (a) — casing—head gasoline of the Nizhnevartovsk gas—proc-
essing plant [2]; (b) — gas condensate of the Kherson refinery
[3]. Points — experiment; lines — model prediction.
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Figure 6. Dependence of the product composition on tempera-

ture. Conversion of model feed (n-octane | i-octane | cyclohex-
ane = 1/1/1). Points — experiment [5); lines — model prediction.

The values of the activation energies are presented
in Table 2. The experimental results in Figs. 1, 2, 5 and 6
were used to determine Ea. It may bee seen from the
table that the highest activation energy was observed for
the paraffin cracking reaction. It is characteristic that the
rates of reactions 4 and 5 practically duo not depend on
temperature (Table 2). The reason was discussed
previously and has now been confirmed by the
calculations. To demonstrate the predictive ability of the
model, the experimental data for two types of feed are
presented in Fig. 5, together with the simulated curves.

Table 2. Values of the activation energies for the conversion
of casing—head gasoline of the Nizhnevartovsk gas—process-
ing plant (a) and the gas condensate of the Kherson refinery

Activation energy
No. Reaction E j, kd/mol
Feed (a) Feed (b)
1 |[nP-0O0+G 120+ 6 107+ 5
2 |iFP+N - O+ G 23.2+1.2 352+1.8
3 | n-P o i-P+N 13.0+0.6 14+0.7
4 |20 - A+ 3H2 0o o
5 |O+H2- G 0.32 £0.02 0.37 £0.02
Mean error 15 % 12 %

It is necessary to note that the feed content
demonstrate an ambiguous effect on the reaction
kinetics, particularly on the reaction rate constants and
activation energies. Thus, the activation energies for
different crude fractions (Table 2) are similar, but differ
from the values for the model feedstock (Table 3). The
differences in the constants of the 4-th and 5-th
reactions (see Tables 1 and 3) are especially significant.
Consequently, the feed content influneces the yield and
properties of the Zeoforming gasoline.
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Table 3. Values of the kinetic parameters for the conversion
of the model feed (i-octane/n-octane/cyclohexane = 1/1/1 ).

P =1MPa
Recag:]lstr;rr]?te Activation
No. Reaction | energy
ki, E;, kJ/mol
(at T = 420 °C) b
1 nP-0+G 15.0+£0.8 63+3
2 |i-tP+tN - O+ G 1.40 £ 0.07 1065
3 | n-P o i-P+N 1.30 £0.07 975
4 |20 - A+ 3H2 330+ 18 o
5 |O+H2- G 60+3 0.97 £0.05
Mean error 3.3 % 7.6 %

investigations of the condensation products (coke
precursors) in zeolite catalysts of this process [12]. It
was shown that these products fill the zeolite cavity in
amorphous condition [12]. Thus, the active sites are
permanently covered by intermediate oligomers. The
consideration of such a feature of the Zeoforming
mechanism enables the completion of this model by a
model of catalyst deactivation, which is the subject of a
subsequent publication.
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Zeoforming proces je razvijen za proizvodnju visokooktanskog benzina iz
lakih benzinskih frakcija na zeolitnim katalizatorima bez kori§éenja vodonika.
Na bazi analize eksperimentalnih podataka koje su uradene u laboratorijskim
integralnim reaktorima, postavljen je i razvijen kinetiCki model procesa.

Predlozena je shema osnovnih reakcija medu zbirnim komponentama reak-
cione smese (n—parafini, i-parafini, nafteni, olefini, gas), koja je prilagodena

tehnoloskim zahtevima procesa.

Odredeni su kineti¢ki parametri (konstante brzina reakcija, energije aktivacije),
koji vaze za razli¢ite vrste sirovina pogodnih za ovaj proces.
Model je namenjen za primenu u modelovaniju i za optimizaciju procesa sto

Ce biti problematika buducih istraZivanja.
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