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Abstract—The isomerization process is a substantial technology to produce clean fuel from linear paraffinic species
existing in light naphtha. We investigated the influence of hydrocracking reactions besides the other reactions on the
research octane number (RON) of the isomerization product. A reaction network and a kinetic model including fif-
teen lumps and sixteen reactions were developed. Several experiments were carried out in a pilot plant to estimate
kinetic parameters. The accuracy of the model was evaluated by comparing the model prediction with the experimen-
tal results. The maximum RON and process yield were strongly dependent on the temperature, hydrogen to hydrocar-
bon molar ratio (H2/Oil) and liquid hourly space velocity (LHSV). Also, increasing the reaction temperature com-
pensated for the negative effects of raising the LHSV and H2/Oil in RON maximization. Moreover, we concluded that
the hydro cracking reactions were very effective on RON, such that they can dominate the role of the other reactions.
By sensitivity analysis in this research, a rule was obtained to declare the effect of operating condition on maximization
of RON and the method of revamping of naphtha isomerization reactor.
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INTRODUCTION

Crude oil refining complexes have faced stringent environmen-
tal regulations that limit the concentration of aromatic compounds
in gasoline (Euro-4 and Euro-5). Hence, the naphtha isomeriza-
tion process has gained attention for its ability to substitute aro-
matic components with other species. This process is useful to de-
crease the aromatic components in the gasoline pool by convert-
ing them to iso-parafinic species [1].

In a typical light-naphtha isomerization process, hydrogen and
light naphtha, mainly including straight chain (normal) paraffinic
hydrocarbons (nP), are fed from the top of a fixed-bed catalytic
reactor; and move downward throughout the bed. During the iso-
merization, most of the normal paraffinic hydrocarbons with low
octane number are converted to the iso-paraffins with the same
carbon, but higher octane number. However, the same as the other
catalytic processes, deactivation of catalyst by coke formation or
poisoning is the main challenge [2].

Active catalysts of the isomerization process have high acidic char-
acteristic, which allows the formation of highly reactive intermedi-
ates, and leads to forming the desired isomerized species [3,4]. The
catalyst normally used in this process has zeolite or is chlorinated
alumina based [5-10]. They are in bead or extrudate form and usu-
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ally contain between 0.2 and 0.4 wt% of platinum [6]. For process-
ing of heavy naphtha containing C, and C, the (metal)/SO;*/ZrO,
catalyst is useful for carrying out the isomerization reactions at lower
operating temperature and higher yield [7]. In this issue, several
works were carried out to improve the catalyst structure and increase
the yield of the isomerization process using the modified catalyst
formulation [8-10].

Similar to other refining and petrochemical processes [11-13],
optimal operation is required to guarantee profitability and pro-
ductivity; and it necessitates using process models. Therefore, a kinetic
model can be beneficial to finding the optimum operating condi-
tions. This model is also used to investigate the effect of operating
variables, ie., temperature, recycle flow rate, pressure, hydrogen-
to-hydrocarbon ratio and fluid velocity on the process yield and
product quality [14]. Moreover, a model can be applied to upscale
or precise control and automation [15]. With respect to these con-
cepts, many studies have been carried out to develop kinetic-based
models for isomerization processes [16-21].

In previous-works, linear paraffinic isomerization, ring opening
and benzene saturation reactions were only included in the model.
So, the effect of operating variables such as temperature, hydrogen
to hydrocarbon molar ratio and reactor residence time was inves-
tigated using the mentioned reactions [22,23]. Consequently, the
optimum temperature was obtained by the consideration of ther-
modynamic and kinetic constraints of linear paraffinic isomeriza-
tion reactions without including the effect of hydrocracking reactions
[24,25].
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The main contribution of the present research was to study the
effect of hydrocracking reactions on the light naphtha isomeriza-
tion process. To do such a task, several experiments were carried
out in a pilot scale plant using different type of feedstock over a
wide range of operating conditions. Based on these results, a reac-
tion network consisting of linear paraffin isomerization, naphtha
ring opening, benzene saturation and hydrocracking reaction was
developed. After proposing a rigorous kinetic model, we explored
the impact of the momentous process variables, such as tempera-
ture, type of feed stock, hydrogen-to oil molar ratio and LHSV (lig-
uid hourly space velocity), on the yield and octane number of the
product.

EXPERIMENTAL DEVICES AND MATERIALS

1. Pilot Plant

The experiments were conducted in the pilot catalyst system
(Geomecanique BL-2) which was licensed by Institut Francais du
Petrole. This device is in the Research Institute of the Petroleum
Industry (RIPI), and it can tolerate temperatures and pressures up
to 500 °C and 300 bar, respectively. A picture and a simplified dia-
gram of the experimental devices are presented in Figs. 1 and 2,
respectively. For each experiment, the reactor was loaded with 20
ml of catalyst with the diameter of 2 to 3 mm, diluted with the equal
percentage of inert quartz particles. To have a better distribution
through the bed, the top and bottom of the catalytic bed were charged
with 2.5 mm of quartz particles with the diameter of 2-4 mm.

To analyze the product gas stream, an Agilent gas chromatograph
(GC) device (model 6890) was used. The liquid product was analyzed
using DHA (detailed hydrocarbon analysis) according to ASTM
D-5134 standard procedure.

2. Catalyst

In the present research, a commercial Pt/Zeolite type catalyst
for light naphtha isomerization was used. The characteristics of the
fresh catalyst are presented in Table 1. Before loading, the catalyst
was heated to 130 °C and then held at this temperature for about
6h for drying. After drying and catalyst loading, nitrogen was intro-
duced to replace the air in the reactor system. Then, hydrogen was
introduced to the reactor to replace the nitrogen up to pressurize
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Fig. 1. The set up for the isomerization tests located in research insti-
tute of petroleum industry (RIPI).
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Fig. 2. Simplified flow diagram from the pilot plant from which the
experimental data were taken.
FIC. Flow indicator controller
TI. Temperature indicator

FI. Flow indicator
TC. Temperature controller

1. Reactor 6. Gas-liquid separator

2. Gas dryer 7. Light gas condenser

3. Light naphtha feed storage ~ 8a, 8b and 8c. Liquid and
4. Feed pump gas products

5. Condenser

Table 1. Characteristics and specifications of the isomerization cat-

alyst studied
Ingredients of catalyst Si, Pt, Ca, Fe, Ti
Pt content (wt%) 0.28-0.3

Properties of catalyst

Shape Extrudate
Diameter (mm) 2-3
Surface area (m’/g) 450
Pore volume (cm*/g) 0.4
Average pore radius (°A) 40
Bulk density (kg/m’) ~0.7
Loss of ignition@520 °C (wt%) <5
Abrasion loss (%) 0.2-0.3
Crushing strength (kPa/mm) >130

the system to operating pressure which can reach to 80 bar. Then,
the catalyst bed was heated with the temperature ramp of 10 °C/
min, and kept at 420 °C for 2 h.
3. Feed Stock Specifications

The isomerization feed stock was taken from a commercial iso-
merization unit. The feed properties are shown in Table 2.
4. Operating Conditions

The variables with the greatest impact on the operation of the
isomerization process, ie., reactor temperature, hydrogen to hydro-
carbon molar ratio and LHSV, are presented in Table 3. Since the
operating pressure in the process is almost constant (except at the
end of catalyst life time in which the coke is formed), the pressure
in the pilot experiments is kept constant and equal to 25 bar, which
is equal to industrial operating conditions. Based on the range of
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Table 2. Analysis of the different feedstock

Component FeedStockl FeedStock2 FeedStock3 FeedStock4 FeedStock5 FeedStock6
(mol%) (mol%) (mol%) (mol%) (mol%) (mol%)
1P5 8.654 5.177 5.246 1.650 4.343 1.981
NP5 30.780 26.953 27.370 16.746 30.669 16.740
5N5 0.747 0.826 0.526 0.950 0.539 0.718
22DMB 0.211 0.172 0.109 1.143 0.318 0.295
23DMB 1.751 1.111 2436 3.980 3.137 3.560
2MC5 9.703 8.070 14.872 20.453 15.320 17.668
3MC5 7.457 9.356 14.687 17.221 12.251 13.969
NP6 20.372 28.640 23.550 23.656 22.060 25.579
5N6 13.536 15.206 8.743 10414 8.835 13.706
6N6 4217 3.291 1.679 3.054 1.824 4311
A6 0.827 0.000 0.748 0.497 0.687 0.998
1-Butene 0.000 0.127 0.000 0.000 0.000 0.000
NP7 0.116 0.033 0.002 0.015 0.001 0.023
2MC6 0.447 0.081 0.005 0.047 0.002 0.055
3MC6 0.406 0.085 0.005 0.042 0.002 0.055

Table 3. The range of operating condition of light naphtha isomer-
ization experiments

Operating condition

Reactor inlet temperature (°C) 200-260
LHSV (hr™') 0.9-2
Hydrogen over feed molar ratio 1.2-2

the operating variables, the isomerization process was performed
under the conditions reported in Table 5.

posed network, which is presented in Fig. 3. Among these reactions,
isomerization and hydrogenation were irreversible. Correspond-
ing to this network, a kinetic model was developed, and all reac-
tions rates were assumed as power law equation. Thereafter, the
related kinetic parameters were estimated using the obtained exper-
imental data from the pilot scale plant.

The one-dimensional plug flow reactor hypothesis was assumed
to model the fixed bed isomerization reactor. Furthermore, it was
supposed that the reactor works under isothermal and non-adia-
batic conditions. The mass conservation equations for each com-
ponent can be written as follows:

MODEL DEVELOPMENT
. . . . . d—li = Z’: Rix (1
Fifteen lumps and sixteen reactions were considered in the pro- dz 5
Table 4. The rate constants of the isomerization reaction network
Reactions ky k. E; (kJ/kgmole) E, (kJ/kgmole)
1 A6+3H,<>6N6 0.011 0.0010 148.72 215.2
2 6N6<>5N6 0.0120 0.0013 167.36 180.4
3 5N6+H,<>NP6 0.0010 0.0001 278.93 356.4
4 NP6<-2MC5 0.0167 0.0014 114.07 790.4
5 2MC5<>3MC5 0.0130 0.0015 176.67 194.3
6 2MC5<>23DMC4 0.0110 0.0012 157.34 168.4
7 23DMC4<22DMC4 0.0387 0.0269 14.743 961.9
8 5N5+H,<>NP5 0.0015 1.2x10™ 32541 670.2
9 NP5<1P5 0.0053 0.0012 107.29 714.9
10 IP5+H,—P2+P3 0.0011 - 371.97 -
11 6N6+H,—P2+P3+P4 1.4172x107° - 2746.2 -
12 NP6+H,—P2+P3+P4 1.5026x10° - 3546.9 -
13 2MC5+H,—P2+P3+P4 6.0334x107° - 1552.6 -
14 23DMC4+H,—P2+P3+P4 0.0013 —--- 2324 -
15 22DMC4+H,—P2+P3+P4 0.0019 —--- 241.7 -
16 3MC5+H,—P2+P3+P4 00147 —--- 440.4 -

Korean J. Chem. Eng.(Vol. 32, No. 4)



632 R. Hayati et al.

Table 5. Case studies used for model evaluation

Case LHSV H2tofeed Reactor Feedstock
Feedstock o . o
study (h™)  molar Ratio  temperature (°C)
1 Feed 1 1.00 1.60 225
2 Feed 2 1.00 1.60 226
3 Feed 3 1.02 1.20 226
4 Feed 4 1.25 1.20 225
5 Feed 5 1.00 1.25 226
6 Feed 6 1.15 1.45 230
P2, P3, P4
16
IMCS
5
1 2 3 4 v 6 7
A6 o ONB6 o o SN6 <5 NP6 = IMCS . . 23DMC4 - - 22DMC4
Y , 12 , 13 e L1
P2, P3, P4 P2, P3, P4 P2, P3, P4 P2, P3, P4 P2, P3, P4
8 9 10
N5 == NP5 - - IP5 P2, P3

Fig. 3. Isomerization reaction network.

where F, is the molar flux of ith species; Ry, is the reaction rate of ith
species, and z is the height of catalyst in packed bed. As an exam-
ple Eq. (1) for 2MC5 (2-methyl cyclo pentane) is as follows:

dF
% =Ry ames —Rsoames —Re-ames )]

where the indexes of the rates demonstrated on the right hand side
of the equation, refers to the number of the reactions illustrated in
Table 4 and the 2MC5 as the species, which the mass equation is
written about. Based on the isothermal assumption, the energy bal-
ance equation can be ignored. Consequently; the mass balance equa-
tions should be solved to model the isomerization reactor.

To determine the kinetic parameters of the proposed model, i,
activation energy and frequency factors of sixteen reactions, the
sum of the squared errors between the mole fraction of species at
the outlet of the reactor and the predicted values by the model was
minimized as follows:

. N X?aZ*Xl—EXP
mln;a)i s (3)
i
wirt
KwkwEpE, (0=12,..,16)
Subject to:
st. h(x)=0 (j=L2,...,m) 4)

where @, is the weighting factor; N is the number of species, and
x and x are the calculated and experimental mole fractions,
respectively. Furthermore, constraints (3) express the equality for
the optimization problem. It is obvious that the fitting parameters
are the activation energy and frequency factors. To find the opti-
mized values of these parameters, the Nelder-Mead algorithm of
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the Matlab software (Mathworks, 2012a) was used.

To complete the modeling procedure, estimating of RON is es-
sentially needed due to the role of this parameter for evaluating
the performance of the isomerization process. This parameter is
also an index for evaluating the catalyst activity. To do such a task,
the Riazi method [26] is applied to predict the RON of the feed
and product. In this procedure, at first the RON index of each spe-
cies is calculated. Then, the RON of bulk is calculated by summing
up the RON indexes based on the definite mixing rules.

RESULTS AND DISCUSSION

Estimated kinetic parameters using the experimental data ob-
tained from the pilot plant of isomerization process (section 2) are
presented in Table 4.

The results of modeling for different types of feed stocks (Table
2) are shown in Figs. 4 and 5. The operating conditions of all experi-
ments are reported in Table 4. Fig. 4 shows a comparison between
the model outputs and experimental molar composition of prod-
uct for the first case study. This figure indicates good accuracy be-
tween the model predictions and actual values. For this case, the
absolute error, sum of the absolute difference between experimen-
tal and calculated value of species mole fractions, is about 4.27%.
However, the highest value of error belongs to normal pentane
and isopentanes.
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Fig. 4. Comparison between the modeling and experimental results
for the first case.
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Fig. 5. Comparison between the modeling and experimental results
for the first to sixth cases.
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Fig. 5 represents the capability of the model to predict the molar
composition of isomerization product for other case studies (see
Table 2). It is observed that the absolute error of prediction for molar
compositions of species with five carbon atoms (IP5 and NP5) and
methyl cyclo pentane (5NC6) was less than 3% and 1.5%, respec-
tively. For the other components, this value is less than 1%. For exam-
ple, the absolute error for normal hexane, 2, 2-dimethylbutane and
2, 3-dimethylbutane is almost zero, and for 2-methylpentane and
3-methylpentane is less than 1%.

After the model is validated, it is used for studying the effect of
corresponding reactions occurring through the catalytic bed. As
mentioned above, increasing the RON of feed, i.e., light naphtha is
the main goal of the isomerization process, therefore, this variable
is considered as an index for analyzing the performance of the reac-
tor. Fig. 6 illustrates the effect of reactor temperature, the most im-
portant operating variable for light naphtha isomerization, on the
RON of the product. This figure is obtained using the feed stock
No. 2, introduced in Table 2. The presented curves are divided into
three different regions. In the first, the RON of the product rises
with increasing the temperature. However, in the second region, it
declines with increasing the temperature. But, the trend of RON
versus temperature in the third region is the same as the first one.
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Fig. 6. The effects of reactor feedstock temperature on the compo-
sition of outlet reactor, @ LHSV=1hr ', Feedstock no: 2 (Table

2).
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Fig. 7. The effects of reactor feedstock temperature on the compo-

sition of outlet reactor, @ Hydrogen to Feedstock molar ratio
=1.6 and LHSV=1 hr’, Feedstock no: 2 (Table 2).

It is supposed that accelerating the isomerization reactions in the
first region boosts the RON to a maximum level. Decreasing the
RON in the second region can be related to the accelerated hydro-
cracking of hydrocarbons containing six carbon atoms such as 2,2
DMC4, 2, 3 DMC4, 2MC5, 3MC5 and normal hexane. As seen
from Fig. 7, by increasing the temperature from 240 °C to 250 °C,
the molar percentage of the light species increases, and conversely,
the heavier hydrocarbons having higher octane number decreases.
Therefore, high octane number species are converted to lighter ones
such as methane, propane and butanes. These light species are sepa-
rated from the product in the form of fuel gas. The reduction of
octane number continues until hydrocarbon species containing six
carbons are hydrocracked. Finally, the upward trend of RON in
the third region is due to the conversion of normal pentane to iso-
pentane promoted at higher temperatures. Since hydrocracking
reactions have a negative effect on the yield of the gasoline pro-
duction, it is concluded that the optimum isomerization tempera-
ture is located in the first region in which RON and yield are both
at the optimum values.

Fig. 6 also demonstrates the dependency of RON on hydrogen
to hydrocarbon molar ratio when LHSV is kept constant. The opti-
mum reactor inlet temperature depends on the hydrogen over feed
molar ratio and LHSV. These results show that at constant feed flow
rate, by decreasing hydrogen to feed molar ratio, the optimum reac-
tor inlet temperature drops. It is supposed that increasing the resi-
dence time, in consequence with enhancing hydrocracking reactions
is the main reason for this phenomenon. This figure also indicates
that 0.4 unit increment in hydrogen-to-hydrocarbon molar ratio
increases the optimum temperature about 5 °C. Fig. 8 demonstrates
the effect of temperature on the yield of liquid and gas. As it declares,
increasing the temperature increases the yield of gaseous products;
however, it decreases the liquid yields. It confirms the impact of
hydrocracking reactions. Fig. 9 illustrates the effects of LHSV on
the RON of product. As seen from this figure, similarly to hydrogen
to hydrocarbon molar ratio, LHSV affects the RON of the prod-
uct. Indeed, the residence time increases by reducing the LHSV,
and consequently the optimum reactor temperature decreases be-
cause of accelerating the hydrocracking reactions. Based on the dem-
onstrated figures, a method can be recommended for increasing

W T= 240 (°C)
T= 250 (°C)
N T=260 (°C)

70 4 »

\\

Gas Liquid

Fig. 8. The Gas and liquid product yields at different temperature
@ Hydrogen to Feedstock molar ratio=1.6 and LHSV=1hr"’,
Feedstock no: 2 (Table 2).
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Fig. 9. The effects of inlet reactor temperature and LHSV @ hydro-
gen to feed molar ratio=1.6 hr ', Feedstock no: 2 (Table 2).

the capacity of light naphtha isomerization reactor. Accordingly,
5°C increment in the reactor operating temperature increases the
capacity of gasoline production while the RON of product remains
at the desired value. This procedure is highly appreciated when there
is limitation in increasing hydrogen to hydrocarbon molar ratio
due to the process limitations such as the loading capacity of hy-
drogen compressor. If there is no limitation in increasing the hy-
drogen-to-hydrocarbon molar ratio, the reactor temperature can
be elevated about 28%.

Based on this rule, if 5 °C increase in the reactor operating tem-
perature is applied for 15% of reactor, capacity improvement the
RON of product will remain constant. This is applicable while any
changes of hydrogen-to-oil ratio are prohibited and there is no lim-
itation for revamping of hydrogen compressor. However, there is
no need to raise the temperature if the changing of hydrogen-to
oil ratio to more than 28% is allowed. But, an increase of hydro-
gen-to-oil ratio is required for less than 28% improvement in hydro-
gen-to-oil ratio.

CONCLUSION

Pilot scale experiments were carried out in a fixed-bed isomeri-
zation reactor using Pt/Zeolite catalyst over a wide range of oper-
ating conditions and different types of feedstock obtained from an
industrial scale plant. A reaction network, including isomerization,
saturation, ring opening and hydrocracking, was proposed. A rig-
orous kinetic model was developed for the fixed-bed reactor under
study and the required adjustable parameters--activation energies
and frequency factors--were estimated using the experimental data
obtained from the pilot plant. The comparison between the model
output and experimental data showed that the model was capable
of predicting the molar composition of five and six carbon atoms
species with the absolute errors of 1% and 3%, respectively.

Then, using this validated model, the impact of the hydrocrack-
ing reactions on the light naphtha isomerization was explored. Re-
sults showed when other process variables, hydrogen to feed molar
ratio and LHSV, were kept constant, increasing the reactor tem-
perature increased the RON of the product. After reaching a max-
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imum level, RON decreased by increasing the temperature. It was
supposed that the acceleration of hydrocracking reactions was the
main reason for this behavior. Thereafter, by increasing the reactor
temperature, RON reached a minimum level, and then increased
due to the isomerization of components with five carbon atoms.
According to these observations, the optimum operating tempera-
ture for producing gasoline with the maximum RON was just before
performing of the hydrocracking reactions, strongly dependent on
LHSV and the hydrogen-to-feed molar ratio. After increasing 28%
of hydrogen-to-feed molar ratio and 14% of LHSV, the optimum
temperature was raised 5°C to compensate for the reduction of
residence time in the isomerization reactor. The results may be ap-
plied to derive some rules of thumb to determine the optimum
operating condition for RON maximization. As a consequence,
sensitivity analysis of the operating conditions leads to determin-
ing a rule for revamping of the reactor. Thus, 5 °C increases in reac-
tor operating temperature could compensate for the negative effect
of 15% increases of reactor capacity on the RON of product while
the hydrogen-to-oil ratio remains constant. However, by increas-
ing 28% of hydrogen-to-oil molar ratio, increasing the reaction
temperature for producing on-specification product with the desired
RON is not necessary.

NOMENCLATURE

P1 :METHANE

P2 :ETHANE

P3 :PROPANE

P4 :ISOBUTANE

NP4 :N-BUTANE

IP5 :2-METHYL-BUTANE

NP5 :N-PENTANE

5N5 :CYCLOPENTANE
22DMC4:2,2-DIMETHYL-BUTANE
23DMC4:2,3-DIMETHYL-BUTANE
2MC5:2-METHYL-PENTANE

3MC5: 3-METHYL-PENTANE

NP6 :N-HEXANE

5N6 :METHYLCYCLOPENTANE

A6 :BENZENE

6N6 : CYCLOHEXANE
2MC6:2-METHYLHEXANE
3MC6:3-METHYLHEXANE

w;  :weighting factor

X;  :components mole fraction

m  :reaction order

k;, :frequency factor of forward reaction ([kgmol/m’]""*S ™)
k., :frequency factor of reverse reaction ([kgmol/m’]'" "™*S™")
E;, :activation energy of forward reaction [kj/kgmole]
E,, :activation energy of reverse reaction [kj/kgmole]
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