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In this paper a new universal mathematical model of light alkanes isomerization process valid for differ-
ent raw materials composition and catalyst is provided. The model is designed to be applied at an indus-
trial isomerization unit. In the formalized reaction scheme components having not more than 7 carbon
atoms are considered as individual hydrocarbons, because their reactivity and octane numbers differ a
lot. Hydrocarbons C,. are aggregated because usually just a trace amount of these compounds can be
found in the feed. The industrial isomerization reactor is considered as an ideal plug flow reactor. The iso-
merizate composition calculated with the proposed model agrees very well with experimental informa-
tion. Using the introduced isomerization mathematical model it is possible to compare the different
isomerization units work efficiency and choose more suitable variant of process optimization for given
raw material. The examples of the calculations are given for the isomerization process scheme with

recycle of n-pentane and for the scheme with deisopentanizer.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

In recent years an increased share of isomerizate has been
added to the gasoline pool because of the stringent environmental
regulations that call for lower use of aromatics and olefins in gas-
oline in addition to the strict limits on sulfur content and Reid va-
por pressure. Naphtha isomerization is proved to be a simple and
cost effective technology to produce clean gasoline components
with high octane number [1].

The C5/C6 “light straight-run naphtha” (boiling in the range 27-
70 °C) has a very low octane number of about 70 due to a limited
amount of “naturally occurring” branched isomers. By isomerizing
this cut it is possible to transform it into a valuable 84-92 RON
blending component [2]. Isomerization converts linear paraffins
into their respective isoparaffins of substantially higher octane
number (Appendix B). For instance although n-hexane has only
25 RON, mono-branched hexane such as 2-methylpentane or
3-methylpentane has from 74 to 76 RON. Furthermore di-branched

* Corresponding author. Tel.: +7 9069551067.
E-mail address: maria.gyngazova@gmail.com (M.S. Gyngazova).

1385-8947/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.cej.2013.08.088

hexanes (such as 2,2-dimethylbutane and 2,3-dimethylbutane)
have RON in the range of 94-105. Higher octane numbers mean
lower knocking intensity that is related to better engine
performance.

Pentane-hexane isomerization takes place in fixed bed reactors
in the presence of hydrogen added to minimize carbon deposits on
the catalyst. In order to remove potential catalyst contaminants the
feed and make-up gas undergo pretreatment steps such as ade-
quate hydrotreating and molecular sieves dryers. The flowsheet
of the simplest industrial isomerization process is given in Fig. 1.

Catalysts that are used in the industrial isomerization process
nowadays are chlorinated aluminum oxide (Pt/Al,03-CCly), zeolite
catalysts (Pt/zeolite) and sulfated zirconia (Pt/SO4-ZrO,). Typical
operating conditions for the mentioned above isomerization cata-
lysts are given in Table 1.

Isomerization of straight chain alkanes to their branched iso-
mers is a slightly exothermic reaction (a few kcal/mol). Thus the
yield of the product is thermodynamically favored by low reaction
temperature. On the other hand at higher temperature the equilib-
rium yield will be more easily reached due to a higher reaction
rate. Thus at higher temperature the yield of isoalkanes is limited
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Fig. 1. Flowsheet of industrial isomerization process.

Table 1
Operating conditions and feed limitations for the industrial isomerization catalysts.

Pt/Al,03-CCly Pt/zeolite Pt/S04-Zr0,
Temperature (°C) 120-160 220-300 130-180
Pressure (MPa) 3 3 3

Feed limitations Sensitive to water Low sulfur resistance

Require continuous addition of chloride => Can

cause corrosion problems

Resistant to water and sulfur
in feed Sensitive to C;.

Resistant to water and sulfur in feed

RON 82-84 76-78 83-85
by the thermodynamic equilibrium and at lower temperature it is n-hexane, molecular sieve separation: Ipsorb and Hexorb
limited by low reaction rate (kinetic limitation). The results of esti- processes.

mation of isoparaffins content in the catalysate for different types
of isomerization catalysts are given in [2,3]. Conversion of n-paraf-
fins on chlorinated-alumina catalysts and sulfated metal oxides is
higher than on zeolite catalysts because of high equilibrium con-
tent of isocomponents in product mixture. Therefore the isomeriz-
ate yield is directly related to the catalyst type, operating
conditions used and the concentration of linear paraffins.

The mechanism of alkane isomerization has been discussed for
years and seems to be established. The details of the mechanism
are however still unresolved. According to [4,5] the main problems
to be solved include the way of formation of carbenium ions, acid-
ity requirements of the catalysts and the role of different promot-
ers and hydrogen during isomerization.

Most of the recent papers concerning light alkanes isomeriza-
tion process are devoted to the synthesis and experimental inves-
tigation of the new catalysts [6-14], mechanism of catalytic
isomerization [4], also a lot of attention is paid to the phenomenon
of hydrogen spillover over different types of catalysts [15,16].

Some of the papers propose the new variants or some modifica-
tions of the industrial isomerization process technology. For
instance, the authors [17] applied experimentally zeolite mem-
brane reactor concept for the hydroisomerization of n-hexane. In
[18] a coupled technology (adsorption after rectification) to pro-
duce high-purity normal and isomeric pentane from reforming
topped oil is introduced. The paper [19] proposes new isomeriza-
tion process with Pt/SO% /ZrO, catalyst for petrochemical raffi-
nate. The articles [2,3] give the review of existing technologies of
isomerization processes (scheme of a once-through isomerization
process, deisopentanizer scheme, deisohexanizer scheme, scheme
with recycle of n-pentane, scheme with recycle of n-pentane and

The literature overview has revealed that in few papers the
attention is paid to the mathematical modeling of the industrial
process of isomerization of light alkanes. The authors of [20] report
simulation results based on microkinetics approach. Alkoxy spe-
cies were assumed to be the reactive intermediates, carbenium
ions were considered to be part of the transition state. The authors
state that the resulting model describes experimental measure-
ments very well, but it seems to be very complicated and difficult
to solve. It is not really possible to apply such a model into practice
at the industrial plant. In [1] the industrial reactor is considered as
an ideal plug-flow reactor and the kinetic parameters of the main
isomerization reactions are found. The coauthors of [21] studied
the effects of hydrogen partial pressure on isomerization catalyst
activity and n-paraffins conversions. Kinetic equations for n-Cs
and n-Cg in light straight run gasoline were also proposed. In
[22] the network of n-hexane isomerization over Pt/Al,O; and
Pd/HM catalysts was given in a simplified form. Rate constants
were calculated mathematically. Huibin Liu with coworkers [23]
investigated reaction performance and disappearance kinetics of
n-pentane isomerization catalyzed by chloroaluminate ionic liquid.
In [24] n-hexane skeletal isomerization over sulfated zirconia cat-
alysts with different Lewis acidity was studied. The calculations of
the rate constants, characterizing catalyst activity and selectivity
was performed on the base of mathematical model of plug flow
reactor. The key role of Lewis acidity for the activity and selectivity
of Pt/SOf{ /Al,03/Zr0, catalysts was experimentally revealed.

As seen, most of the models mentioned above [1,20-24] are
elaborated for the specific feed and catalyst. The goal of this paper
is to provide new universal mathematical model of light alkanes
isomerization process that could be used for different raw
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Fig. 2. Dependence of n-paraffins conversion on reaction temperature [3].

materials composition and catalysts. The model is designed to be
applied at an industrial isomerization unit.

2. Thermodynamics

The isomerization of light paraffins is a slightly exothermic
reaction. Thus the yield of isoalkanes is thermodynamically fa-
vored by a low reaction temperature. On the other hand, according
to the Arrhenius’ law an increase in temperature always corre-
sponds to an increase in reaction rates, higher temperature im-
proves the catalyst activity. A compromise between the catalyst
activity and thermodynamic equilibrium or selectivity must be
found (Fig. 2). The composition of the products can be close to
chemical equilibrium in case of very high residence time and low
flow rates. In practice at the industrial unit this cannot be realized.
But there are some optimal temperatures for each type of catalyst
when the conversion is close the thermodynamically possible
(Table 2).
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Pt/Al,03-CCl, catalyst is highly effective at low temperatures
and supplies the highest product yield and product octane num-
bers. This catalyst demonstrates good selectivity but it is sensitive
to water and sulfur in the feedstock. Pt/SO4-ZrO, catalyst is active
at low and higher temperatures. It is resistant to poisonous impu-
rities and able for regeneration. Pt/zeolite catalyst is the least ac-
tive in the desired reactions. Higher operating temperatures
decrease selectivity and cause coking, that is the reason for high
hydrogen/feed ratio when using Pt/zeolite catalyst.

3. Kinetics of C5/C6 isomerization process

The feedstock for the industrial isomerization process is light
straight-run naphtha (boiling in the range 27-70 °C) that is mainly
composed of n-paraffins: n-pentane and n-hexane. In order to ob-
tain the formalized reaction scheme of the industrial isomerization
process it is necessary to analyze the composition of the feed and
the product (presented in Table 3, received at the industrial unit).

Industrial isomerization of light naphtha is generally carried out
over bifunctional catalysts containing metallic sites for hydrogena-
tion/dehydrogenation and acid sites for skeletal isomerization via
carbenium ions:

"CsH;, = "CsHo + Hy (onPt)

"CsHyp + H" ="CsHj, (on acid sites)
"CsHi, — °CsH;, (on acid sites)
soCsHE, =°CsHy (on acid sites)
50CsHyg 4 Hy = *°CsHy, (on Pt)

Therefore the following steps in the reaction mechanism can be
mentioned [1]:

Table 2
The comparative estimation of isopentanes content in sum of pentanes (in %) for different types of catalysts [from Ref. [3]].
Temperature (°C) Thermodynamically possible equilibrium yield Pt/Al;,05-CCly Pt/SO4-Zr0O, Pt/zeolite
100 81 65 40 -
150 78 73 55 -
200 74 70 73 40
300 65 - 62 62
Table 3

Experimentally defined compositions of feed and product in the isomerization process (received at the industrial unit).

Components Feed, wt.% Product, wt.% Components Feed (wt.%) Product (wt.%)
Propane 0 0.08 3,3-Dimethylpentane 0 0.01
i-Butane 0.03 0.94 Cyclohexane 1.13 1.63
n-Butane 2.77 4.20 2-Methylhexane 0.01 0.03
2,2-dimethylpropane 0.04 0.07 2,3-Dimethylpentane 0 0.01
i-Pentane 18.04 35.97 1,1-Dimethylcyclopentane 0 0.02
Olefins Cs 0.01 0 3-Methylhexane 0 0.03
n-Pentane 30.54 14.60 1¢,3-Dimethylcyclopentane 0 0.03
2,2-Dimethylbutane 0.26 9.47 1t,3-Dimethylcyclopentane 0 0.03
Cyclopentane 3.66 3.76 1t,2-Dimethylcyclopentane 0 0.04
2,3-Dimethylbutane 1.44 3.65 n-Heptane 0 0.01
2-Methylpentane 12.01 11.35 Methylcyclohexane 0 0.27
3-Methylpentane 6.97 6.61 2,2-Dimethylhexane 0 0.02
Olefins Cg 0.01 0 Ethylcyclopentane 0 0.01
n-Hexane 15.43 4.55 1¢,2t,4-Trimethylcyclopentane 0 0.01
2,2-Dimethylpentane 0.03 0.02 1t,2¢,3-Trimethylcyclopentane 0 0.01
Methylcyclopentane 6.28 2.28 Olefins Cg 0 0.01
2,4- Dimethylpentane 0.09 0.01 n-octane 0 0.03
Benzene 1.25 0 Naphthenes Cg 0 0.15
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1. Dehydrogenation: a n-alkane is adsorbed on Pt-center and an
olefin is formed.

2. Isomerization: the formed molecule goes to an acid center
where it gains a proton, the hydrocarbon chain is branched
and the resulting isoolefin releases the proton.

3. Hydrogenation: isoolefin goes back to the metallic center where
it is fast hydrogenated.

The rate-determining step of the isomerization is the rearrange-
ment of carbenium ions. Carbenium ions are easily deprotonated
and form alkenes, which polymerize to give coke precursors [4].
Due to the Pt-centers catalyzing dehydrogenation-hydrogenation
reactions and the presence of hydrogen into the system almost
no coke accumulation takes place.

A number of papers discuss isomerization mechanism in more or
less detailed way. Obtaining the data from the industrial isomeriza-
tion unit it is impossible to determine the reactions rates for inter-
mediate substances. That is why our reaction scheme contains the
overall isomerization reactions without intermediate steps. The goal
of this paper is to elaborate a reliable kinetic model that could be va-
lid for different feed composition and for different catalyst types. The
model is designed to be applied at an industrial isomerization unit.

In this paper components having not more than 7 carbon atoms
are considered as individual hydrocarbons in the formalized
scheme, because their reactivity and octane numbers differ a lot
(octane number is a very important characteristic of a fuel). Hydro-
carbons C. are aggregated because usually just a trace amount of
these compounds can be found in the feed.

Therefore, the following reaction scheme for isomerization pro-
cess is proposed in Fig. 3 on the basis of experimental data, re-
ceived at the industrial unit.

According to the thermodynamics all of the reactions shown in
the reaction scheme (Fig. 3) are feasible within the wide tempera-
ture range (Table 4).

According to the chemical reaction rate law elementary reac-
tion rate at the set temperature is proportional to concentration
of reacting substances in the degrees showing number of particles
entering interaction:

r=k-f(C) 1

fo=q-c.-cy 2)

n

where r is reaction rate; k is rate constant; G; is initial components
concentration; v; is stoichiometric coefficient in gross-equation of
chemical reaction.

B »

N \ N
/ ose N S~
y \ SO\ L ~_
1 N ~a ~a ~a
CH « » nC6 <« » 2.MP 2,3DMB 2,2 DMB
T N \\\L _ o
n-C4 " Gas ’/ﬁ -c7
e \\\
/ : h
y / N
i-C4 nC5 <«—» iC5 ~  nC7

Fig. 3. Formalized reaction scheme for isomerization process [25,26] (B-benzene;
MCP-Methylcyclopentane; MP-methylpentane; CH-cyclohexane; DMB-dimethyl-
butane; n-normal; i-isomer; c-cyclo).

Table 4

Gibbs energies for the reactions taking place at the industrial isomerization process
and estimated values of the rate constants at T=130°C and p = 3.0 MPa for Pt/SO4-
ZrO, catalyst.

# Reactions AG (KJ/mol)

300K 600 K

Rate constants (s ')

1 n-CsHy — i-CsHpp ~6.46 ~475 0.0717
2 i-CsHip - n-CsHpa 6.46 475  0.0249
3 n-CeHiqs — 2-MP —475 26 02790
4 2-MP - n-CgHua 475 26 02100
5  n-CeHia — 3-MP ~1.85 ~0.73  0.4840
6  3-MP - n-CeHis 1.85 0.73  0.590

7 2,3-DMB - 2-MP -0.97 -5.73  0.0386
8§  2-MP - 23-DMB 0.97 573 0.0288
9  23-DMB - 2,2-DMB ~5.53 ~345  0.0581
10  2,2-DMB — 2,3-DMB 5.53 345  0.1270
11 n-CyHis — i-CrHis ~3.38 ~226  0.7180
12 i-C/His — n-C7Hig 3.38 226 02154
13 MCP - CH ~3.92 ~875 0.0021
14  CH - MCP 3.92 8.75  0.0004
15  3-MP - 2-MP 29 334  0.5260
16 2-MP - 3-MP 2.9 334 03230
17  c-CsHyo+H, »n-CsHy,  —8630 —192.79  0.0001
18 c-CsHyo+Hy — i-CsHyz 9276 -197.54  0.0001
19 n-C4Hyo+H, — Gas -262.7 4147  0.0001
20 i-C4H;o+H, — Gas ~2589  —4156  0.0001
21  n-CsHpp+H, — Gas 2307  -355 0.0001
22 i-CsHjp+H, — Gas 2242  -3503  0.0001
23 n-CgHpa+H, — Gas ~198 2945 0.0002
24 2-MP+H, — Gas 1933  -2919  0.0002
25  3-MP+H, - Gas 1962  -2952  0.0002
26 2,3-DMB+H, — Gas 1942 2976  0.0004
27  2,2-DMB+H, — Gas ~1887 2941  0.0004
28  n-C;H;s+H, — Gas ~1655  -2341  0.0210
29 i-C;H;6+H, — Gas 1621  -2318  0.0421
30 CH+H, - n-CeHia -7119 -1108  0.0010
31 MCP+H, — 2-MP ~7986 -1047  0.0010
32 MCP+H, — 3-MP ~7696 -101.4  0.0010
33 MCP+H, - 22-DMB -8443 -1024  0.0020
34 MCP+H, — 2,3-DMB ~789 ~98.97  0.0020
35 B+3H,-CH 2149 2542  0.0210
36 B+3H, > MCP 211 ~263 0.0210

Having such level of mechanism specification the change of
concentration of i-component in reversible j-reaction of the first
order can be written as a system of the material balance
equations:

% =Y K”-G c, 3)

att=0, Cl' = C,'o,

where j=1,..., m is a number of chemical reaction; C; and kfpp
are respectively hydrocarbons concentration and apparent rate
constants; J; is a reaction order on hydrogen; ¢ is time. For the aro-
matics hydrogenation reactions Ij=3, for the hydrocracking and
hydrodealkylation reactions Jj=1, for the isomerization reactions
l;=0. The apparent rate constants take into consideration the reac-
tion rates inhibition depending on the feed composition, pressure
and adsorption properties of the components.

As an example the kinetic equations for key components n-pen-
tane and isopentane are given below:

dcC,_
dntc5 = k" Cocs + K7 - Cies + K5 - Cocy - Cu, — K5
- Cn_cs - Ch,
dCiso—
—l:iot ©_ k?pp - Cpocs — k;pp ~Cies + k?ép -Cecy

app
“Cy = kyg - Cies - Ciy
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Table 5

Relative isomerization rate constants normalized by the rate constants of Pt/SO4-ZrO,
catalyst (all the constants were calculated for operating conditions for each type of
catalyst).

Catalyst Pt/SO4-Zr0O, Pt/zeolite Pt/Al,03-CCly
Main reactions

n-CsHy — i-CsHyo 1 0.48 0.31

i-CsHy, —» n-CsHyy 1 1.43 0.96

2-MP - 3-MP 1 0.52 1.72

n-CgHy4 —» 2-MP 1 1.10 0.47

2-MP - 2,3-DMB 1 0.91 1.63

2,2-DMB - 2,3-DMB 1 1.27 0.85

All the reactions are shown in Fig. 3 and Table 4.

Practically kinetic parameters can be obtained experimentally
measuring the reagents concentration change with time. From
the kinetic curves it is possible to estimate the rate constants.
The Arrhenius plot let us determine pre-exponential factors and
activation energies. However the same parameters estimation
can be done mathematically. The procedure of parameters estima-
tion is carried out by minimization of the sum of the squares of the
deviations between the plant and the calculated values of the key
variables such as the composition of effluent from the last reactor
and the outlet temperatures of the reactors.

At this paper kinetic parameters were defined mathematically.
Having the reactants concentrations as the input data, the reac-
tions rates as the responses and an initial guess of unknown
parameters (taken from the literature) the least square parame-
ters estimate was found. The optimization method based on the
determination of the fixed points of the rate constants admitted
region was applied. According to the Scarf’s theorem [27] a com-
pletely-labeled simplex (all vertices have different labels) is to
be found. The fixed point is situated inside the simplex. The same
technique for the rate constants estimation was used in our previ-
ous papers [28-30]. Using this approach the rate constants for the
reactions at the industrial unit were defined (apparent rate con-
stants). To verify the parameters found the data from the indus-
trial isomerization unit (situated in Russia) were computed
starting from 2007 and up to now. The conditions in the simula-
tions were the same as they were at the industrial unit. The simu-
lation data therefore can be directly compared to the experimental
data. The calculated composition, octane number and yield of iso-
merizate (simulation results) were in a very good agreement with
each set of experimental data taken at the industrial unit for the
whole period under consideration (6 years). The relative error
for each case did not exceed 5%. This error is acceptable because
the feed composition is measured experimentally by means of
chromatography. And that experimental method has its own er-
ror. The similar study [1] reports higher errors (medium error
6.1% and maximum error 21.2%). The results of the rate constants
estimation for Pt/SO4-ZrO, catalyst are given in Table 4.

The rate constants for other catalyst types were also deter-
mined. The relative isomerization rate constants normalized by
the rate constants of Pt/SO4-ZrO, catalyst are presented in Table 5
for the main reactions. For reactions that are not present in Table 5
the differences between the reaction rates are rather modest.

According to the results shown in Table 5 the best characteris-
tics has Pt/SO4-ZrO, catalyst. For instance for the main reaction of
isomerization of i-pentane the rate constant for Pt/SO4~ZrO, cata-
lyst is twice larger than for Pt/zeolite and three times larger com-
pared to Pt/Al,03-CCly catalyst. Pt/SO4-ZrO, allows obtaining
isomerizate with higher RON. The data from the industrial isomer-
ization unit show that the application of Pt/SO4-ZrO, leads to the
increase in RON by 10-14 at temperature range of 125-165 °C
(compared to the application of other catalysts for the same raw
material). The results presented in this paper allow recommending

the application of Pt/SO4-ZrO, for the industrial isomerization
process.

4. Reactor model

The application of an ideal plug flow model is possible to de-
scribe the industrial isomerization process in a fixed-bed reactor.
According to the calculation of Reynolds (Re = 7.2, laminar flow)
and Peclet numbers (Pe=339.2) we can assume that diffusion
plays insignificant role in the process of mass transfer which occurs
by means of convection. For the industrial isomerization process
the reaction limited regime is observed (Thiele modulus @;<1,
internal effectiveness factor #;=0.98-1).

For the mathematical description of hydrodynamic and heat
model of isomerization reactor some assumptions are accepted:

e Consider the industrial reactor as an ideal plug flow reactor.

e Mass and heat transport occurs by means of convection.

e Adiabatic operation.

e The formalized mechanism of hydrocarbons transformation

(Fig. 3).

The model of isomerization reactor, presented by a system of
equations of material balance for components and the equation
of heat balance is the following:

aC; G &
SRR PSR

o (4)

T m
G'&+G'av_@;(lf'af'r"

The conditions are: atz=0 C;=Cip; T=Ten; V=0Ci = Cig; T=Ten
where z is a volume of raw material processed from the moment
when the fresh catalyst was loaded, m?; Gis a raw material flow rate,
m3/h; z = G-t (tis a time of catalyst work from the new catalyst load,
h); G; is a concentration of ith component, mol/m?; V is a volume of
the catalyst layer, m?; ais a catalyst activity; p is density of mixture,
kg/m?>; C;’f is a heat capacity of mixture, J/(kg-K); Q; is jth reaction
heat, J/mol, T is temperature, K; r; is jth reaction rate, mol/(m> h).
The parameter z is used in the Eq. (4) instead of t because G is not a
fixed value and changes in the wide range. The term of equation
9Ci/0z shows the change of ith component concentration against
the catalyst deactivation because of aging.

In the model the catalyst deactivation with time is considered.
The catalyst activity can be defined as the ratio of current rate con-
stants to the initial rate constants that were observed when the
fresh catalyst was used:

a — kj.current (5)
kj.im‘tial

where kjinitio i the rate constant of jth reaction on the fresh cata-

lyst, Kjcurren: 1s the rate constant of jth reaction on the catalyst at

present time.

The catalyst activity can be lost due to poisoning by harmful
impurities containing sulfur and nitrogen, and by water and due
to coking. The decrease in the dispersion of Pt also makes the cata-
lystless active. At present time the empirical dependence of catalyst
activity on time was used in our work (obtained due to processing
the data from the industrial unit for a 6-year period). We are work-
ing at defining the exact input of each phenomenon to the process of
catalyst deactivation. These are the scope of our future works.

Another important problem is the calculation of isomerizate oc-
tane number according to the catalysate composition obtained as a
result of modeling. Octane number (ON) is one of the most important
properties of gasoline and is a measure of its antiknock property. All
the octane numbers calculations at the present paper were done
with the help of the model described in our previous paper [28].
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5. Results and discussion

The example of calculation of isomerization process is given in
Table 6 and Fig. 4. The experimental data were obtained from the
industrial isomerization units of Russian refineries. Specifications
of operating conditions for isomerization processes using different
catalysts are presented in Table 7.

Comparing the values presented in Table 6, we can see, that iso-
merizate composition calculated on model coincides with experimen-
tal data from the industrial unit with the set accuracy (in our case the
calculation error should not exceed an error of chromatographic
analysis). Calculated values agree very well with the experimental
data from different industrial units using different types of catalyst.

The simulation results delivered by our model are compared to
values from the industrial isomerization plant (Fig. 4). The obtained
simulation results of isomerizate octane number is in very good
agreement with the actual data from the industrial unit.

While using isomerization mathematical model it is also possi-
ble to compare the different isomerization units work efficiency
and choose more suitable variant of process optimization for given
raw material [31]. The examples will be given below for the isom-
erization process scheme with recycle of n-pentane (Fig. 5) and for
the scheme with deisopentanizer (Fig. 6).

Normal pentane is one of the main components of isomeriza-
tion feed, its content can be as high as 35 wt.%. However the
conversion on n-pentane in the simplest once-through isomeriza-
tion process is not too large and usually does not exceed 60-65%.
In such a case isomerizate can contain up to 15 wt.% of unreacted
n-pentane. In the present paper the process with the recycle of
n-pentane (Fig. 5) is simulated taking into account the feed
composition and operating conditions (data are taken from the

Table 7
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Specifications of operating conditions for the technologies with different catalyst

types (for Table 6).

Parameter Numerical value Unit
Type of the catalyst Pt/Al;03-CCly

Light naphtha feed stock 20.6 m>/h
Pressure 34 MPa
Reactors inlet temperature 149 °C
Type of the catalyst Pt/zeolite

Light naphtha feed stock 25 m3/h
Pressure 2.7 MPa
Reactors inlet temperature 245 °C
Type of the catalyst Pt/SO4-ZrO,

Light naphtha feed stock 90 m3/h
Pressure 3 MPa
Reactors inlet temperature 130 °C

industrial once-through isomerization unit of Russian refinery).
The results are shown in Table 8.

It was shown (Table 8) that the application of the scheme with
the recycle of n-pentane will allow increasing the isomerizate RON
by 2.9-3.6 depending on the operating conditions and feed compo-
sition. Scheme with the recycle of n-pentane requires providing
with depentanizer of isomerizate after the reaction section. The
application of this scheme causes the light naphtha feed
conversion increase that leads to the more efficient raw material
utilization.

Further analysis shows that the high iso-pentane content in the
isomerization feed (as high as 16 wt.% for the raw material from a
number of oil fields) causes the decrease of feed conversion. In that
case the isomerization process scheme with deisopentanizer is
reasonable. The process with deisopentanizer (Fig. 6) is simulated
taking into account the feed composition and operating conditions

Table 6
Results of calculation of isomerization process with the mathematical model for the technologies with different catalyst types®.
RON n-C4H;o i-C4Hyo n-CsHjp i-CsHy, n-CgHys 2-MP 3-MP 2,2-DMB 2,3-DMB n-C;H;¢ i-C;Hys c-C;His CP MCP CH B
Pt/Al,05-CCly
Feed (wt.%) 722 1.1 0.18 36.18 2033 7.5 1552 6.73 07 1.82 0.03 0 0 781 236 009 0
Simulation. wt.% 83.6 0.22 0.21 25.51 3146  0.04 933 044 1584 7.06 0.01 0.01 0 899 066 0.21 0.01
Experiment (wt.%) 83.6 0.06 0 25.64 3142 0.03 9 061 16.31 7.28 0 0 0 878 0.02 085 0
Pt/zeolite
Feed (wt.%) 64.0 0.22 0.02 24.5 1526  17.68 14.34 10.01 027 2.22 4.44 0 0 299 586 2.19 0
Simulation (wt.%) 72.5 1.45 0.67 19.12 21.73  10.87 1495 9.78 4.79 4.77 2.7 0.05 0 2.68 491 1.52 0.01
Experiment. wt.%  71.8 1.22 0.63 19.63 2194 1133 1485 10.08 435 4.1 2.73 0 0 282 503 129 0
Pt/SO4-Zr0,
Feed (wt.%) 654 0.00 0.00 34.03 10.64 18.09 13.83 745 0.00 1.06 0.00 0.00 0.00 426 745 213 1.06
Simulation (wt.%) 81.1 0.19 1.19 13.57 3638 5.17 13.54 849 1148 4.48 0.00 0.00 0.00 199 225 1.16 0.11
Experiment(wt.%) 81.0 0.00 1.06 13.83 36.17 532 13.83 851 11.70 4.26 0.00 0.00 0.00 213 213 1.06 0.00
¢ Raw material composition was characterized by chromatographic analysis.
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Fig. 4. Model verification. Comparison between actual data and simulation results of isomerizate RON for different feedstock.
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Fig. 5. Isomerization process scheme with recycle of n-pentane (R-1, R-2 are isomerization reactors).
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Fig. 6. Isomerization process scheme with deisopentanizer (R-1, R-2 are isomerization reactors).
(data are taken from the industrial once-through isomerization
unit of Russian refinery). The results are shown in Table 9.
Table 8 4 o . Therefore the application of the scheme with deisopentanizer
Simulation results for isomerization process scheme with the recycle of n-pentane. . . . . N
allows increasing the isomerizate RON by 1-3 depending on the
Tests  Concentration of _ RoN operating conditions and feed composition. We observe this phe-
unreacted n-pentane, W&% \vii it recycle  With recycle A nomenon due to the equilibrium shift of the reaction n-Cs < i-Cs
(real data) (simulation) in favour of i-Cs formation.
1 133 81.3 84.9 3.6 The scheme mentioned above is not the only one variant of isom-
2 14.6 81.8 853 3.5 erization process but it can become an effective solution in the case
3 144 81.5 84.9 34 of the feed with high isoalkanes content. Thus using the introduced
4 13.9 81.2 84.6 3.4 . . h ical model it i bl he dif.
5 145 812 348 35 1some1'.12at10n. mgt ema_tlca mode 1F is possible to compare t e dif-
6 13.8 81,5 85.1 36 ferent isomerization units work efficiency and choose more suitable
7 14.3 81.3 84.6 34 variant of process optimization for given raw material.
8 15.0 81.0 84.5 35
9 141 81.2 84.6 3.4 6. Conclusion
The formalized reaction scheme for light naphtha isomerization is
Table 9 elaborated based on the thermodynamics analysis. Both main and side
avle 9 . - . . . reactions are considered. In the reaction scheme components having
Simulation results for isomerization process scheme with deisopentanizer. . R
not more than 7 carbon atoms are considered as individual hydrocar-
Tests  RON bons, because their reactivity and octane numbers differ a lot. Hydrocar-
Feed Product (without Product (with A bons C. are aggregated because usually just a trace amount of these
deisopentanizer) deisopentanizer) compounds can be found in the feed. Such level of specification allows
1 68.3 832 86.1 29 applying the proposed model for the feed of different composition.
2 68.2 809 83.8 29 Kinetic parameters are defined mathematically for Pt/Al,03-CCly,
i gg‘g g;'l 2‘1“3 2} Pt/zeolite and Pt/SO4-ZrO, catalysts. Therefore for the given feed
5 642 770 784 13 composition it is possible to simulate the applicatipn of'different
6 66.0 79.0 80.4 1.4 catalysts and to select the better one for the industrial unit.
7 66.1 788 80.6 1.8 The calculation of Reynolds and Peclet numbers shows that dif-
8 659 796 81.5 1.9 fusion plays insignificant role in the process of mass transfer which
9 67.5 83.0 85.2 2.2

occurs by means of convection. The ideal plug flow model is
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applied to describe the industrial isomerization process in a fixed-
bed reactor. According to the calculation of Thiele modulus and
internal effectiveness factor the reaction limited regime is ob-
served for the industrial isomerization process.

The isomerizate composition calculated with the proposed
model agrees very well with experimental information.

Using the introduced isomerization mathematical model it is
possible to compare the different isomerization units work
efficiency and choose more suitable variant of process optimiza-
tion for given raw material. The examples of the calculations are

given for the isomerization process scheme with recycle of n-pen-
tane and for the scheme with deisopentanizer.

Thus in this paper a new universal mathematical model of light
alkanes isomerization process valid for different raw materials
composition and catalyst is provided. The model is designed to
be applied at an industrial isomerization unit.

Appendix A. Nomenclature

Parameter Description

a catalyst activity (—)

G concentration of component i (mol/m?)

Cio inlet concentration of component i, (mol/m?)

G heat capacity of hydrocarbons mixture (J/(kg K))

G raw material flow rate (m>/h)

AG Gibbs free energy (kj/mol)

i numerator (—)

j numerator (—)

k rate constant (h~1)

kapp apparent rate constant (h™1)

i reaction order on hydrogen (—)

ON gasoline octane number (—)

Pe Rate of transport by convection
Peclet number, -~ Pe = Rate of transport by diffusion or dispertion

Q; jth reaction heat (J/mol)

r reaction rate (mol/(m> h))

Re Reynolds number (—)

t time (h)

T temperature (K)

Ten inlet temperature (K)

Vv volume of the catalyst layer (m?)

\ stoichiometric coefficient in gross-equation of chemical reaction (-)

z volume of raw material processed from the moment when the fresh catalyst was loaded (m?)

Greek letters
Mj

z=Gt(tis a time of catalyst work from the new catalyst load (h))

internal effectiveness factor (-)

n

_ actual rate of reaction
" reaction rate if entire interior surface exposed to concentration at the external pellet surface
density of hydrocarbons mixture (kg/m?)

0
T residence time (h)
D; Thiele modulus, (-)

Abbreviation

o2 — "a" surface reaction rate
no ng'diffusion rate

For a first-order reaction

@ =R\ [apcse,

Ky-p,-Sa
i pe-Sal = (@512 = Lo = Uy = 1

1/2

& =R- 7"1'52'& =m- (L)

B benzene

c- cyclo

CH cyclohexane

DMB dimethylbutane

FBP final boiling point (°C)
i- isomer

IBP initial boiling point (°C)
MCP methylcyclopentane
MON motor octane number
MP methylpentane

n- normal

RON research octane number
TBP true boiling point (°C)
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Appendix B. Octane numbers of some paraffins
[from Ref. [2,6,32]].

Compound RON* MON**
n-Butane 95.0 89.6
Isobutane 100.2 97.6
n-Pentane 62.0 62.0
2-Methylbutane 92.0 90.0
2,2-Dimethylpropane 85.0 80.0
n-Hexane 25.0 26.0
2,2-Dimethylbutane 94.0 95.5
2,3-Dimethylbutane 105.0 104.3
2-Methylpentane 74.4 74.9
3-Methylpentane 75.5 76.0
n-Heptane 0 0
2,2-Dimethylpentane 93.0 96.0
2,2,3-Trimethylbutane 1121 101.3
2,2-Dimethylpentane 92.8 95.6
2,4-Dimethylpentane 83.1 83.8
3,3-Dimethylpentane 80.8 86.6
2,3-Dimethylpentane 91.1 88.5
2-Methylhexane 424 46.4
3-Methylhexane 52.0 55.8
3-Ethylpentane 65.0 69.3

*The research octane number (RON) simulates fuel performance under low severity
engine [32].

**The motor octane number (MON) simulates more severe operation that might be
incurred at high speed or high load [32]
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