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Abstract The aim of this work is to develop a kinetic

model of the oligomerization of ethylene to linear alpha

olefins (LAOs) for zirconium/aluminum and nickel/zinc

catalyst systems. The development of such model helps in

the study of the behavior of industrial LAOs reactors as

well as in the optimization of their operation. The kinetic

model was developed based on a four-step mechanism: site

activation, initiation and propagation, chain transfer and

site deactivation. A novel stochastic optimization algo-

rithm, Intelligent Firefly Algorithm, was used to obtain the

kinetic model parameters that best fit the available exper-

imental data that were obtained from published sources.

The values of the kinetic parameters were obtained for the

developed kinetic models for two catalyst systems. The

performance of the model with the estimated parameters

was tested against the experimental data. The proposed

kinetic model predicts the product distribution for the zir-

conium/aluminum catalyst system with suitable accuracy.

The model can also predict the product distribution for the

nickel/zinc catalyst system with good accuracy for all

products. As expected, the accuracy of the model to predict

the concentration of the higher carbon products decreases

with the carbon number.

Keywords Ethylene � Oligomerization � Modeling �
Zirconium/aluminum catalyst � Nickel/zinc catalyst

Abbreviation

Notation

A Pre-exponential factor

CCAT Catalyst concentration, mol/l

CCAT
k Active catalyst concentration, mol/l

CCATk �M Complex active catalyst/ethylene

concentration, mol/l

Cdecy Moles of deactivated catalysts, mol

CM Concentration of ethylene monomer, mol/l

CM
k Concentration of active ethylene monomer, mol/l

CMk�TEA Concentration of complex active ethylene

monomer/co-catalyst, mol/l

CP0
Concentration of active site, mol/l

CPi
Concentration of living polymers, mol/l

CPk
i

Concentration of active living polymers, mol/l

CPk
i
�TEA Concentration of complex active living

polymers/co-catalyst, mol/l

CTEA Co-catalyst concentration, mol/l

CTEA
k Active co-catalyst concentration, mol/l

CTEAk �CAT Complex active co-catalyst/catalyst

concentration, mol/l

CTEAk
1�CAT Complex active co-catalyst/catalyst

concentration-catalyst, mol/l

D Moles of dead oligomer, mol

E Activation energy, cal/mol

k1 Rate constant of active site

k2 Rate constant of chain initiation

k3 Rate constant of chain propagation

k4 Rate constant of chain transfer

k5 Rate constant of deactivation

k?1 Rate constant of attachment of the catalyst in

the site activation

k-1 Rate constant of detachment of the catalyst in

the site activation
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k?2 Rate constant of attachment of the monomer

in the site activation

k-2 Rate constant of detachment of the monomer

in the site activation

k?4 Rate constant of attachment in the chain

propagation reaction

k-4 Rate constant of detachment in the chain

propagation reaction

k?5 Rate constant of attachment in the chain

transfer reaction

k-5 Rate constant of detachment in the chain

transfer reaction

kc

0
Rate constant of the first reaction of co-

catalyst in the site activation

kc

00
Rate constant of the second reaction of co-

catalyst in the site activation

KA Equilibrium constant of the catalyst in the site

activation

KB Equilibrium constant of the monomer in the

site activation

KC Equilibrium constant of the co-catalyst in the

site activation

KD Equilibrium constant in the chain propagation

reaction

KE Equilibrium constant in the chain transfer

reaction

M Ethylene monomer

Mk Active ethylene monomer

Pi Living oligomers

Pi
k Active living oligomers

P0 Active site

R Gas constant, mol/cal K

T Temperature, K

Tr Reference temperature, K

v Volume, l

Greek letters

a Alpha position

Subscripts

c Calculated mole fractions of product

e Experimental mole fractions of product

CAT Catalyst

CATk Active catalyst

TEA Co-catalyst

TEAk Active co-catalyst

Introduction

Linear alpha olefins (LAOs) are linear hydrocarbons hav-

ing a double bond between the first and second carbon

atoms. Linear a-olefins have found wide application in

various areas of petrochemical synthesis. They are used for

copolymerization with ethylene for the purpose of obtain-

ing low- and high-density linear polyethylene and for the

preparation of detergents and synthetic lubricants [12, 14,

41, 48, 54, 61, 62]. They can also be used in the production

of surfactants, agents for enhanced oil recovery, corrosion

inhibitors, high-performance lubricating oils, linear alkyl-

benzenes, oxo-synthesis alcohols, a-olefin sulfonates, oil

additives, and as drilling fluids [1, 3, 6, 28, 35, 51, 59]. The

worldwide growth rate of LAOs production between 1980

and 1990 amounted to 10–15 wt% per year. From 1990 to

2000, the annual increase in LAO production came to

4.5–5 % wt%. Their average annual demand over the next

10–15 years is expected to increase by 3.5 wt %. The total

amounts of LAOs manufactured worldwide of years 1999,

2003, and 2005 were 2.6, 3.5, and 4.2 million tons,

respectively [7].

Ethylene oligomerization is one of the vital industrial

processes in which linear alpha olefins can be produced.

The products of Ethylene oligomerization can be further

separated into different LAOs based the carbon number of

the product [9, 38]. Different industrial processes are used

to produce LAOs and extensive research studies are under

way on the oligomerization of ethylene in different cata-

lysts and processes conditions. The companies that produce

alpha olefins via ethylene oligomerization include Ethyl,

Chevron, Shell, Idemitsu, Mitsubishi, IFP-Axens, UOP,

and Sabic-Linde [7, 15, 38, 45]. These processes are cat-

alyzed by different Ziegler–Natta catalysts. Investigations

of catalytic oligomerization of ethylene have been mainly

focused on the complexes of titanium, zirconium, chro-

mium, and nickel for decades. Complexes of titanium and

nickel are the most often used catalysts for ethylene olig-

omerization [47, 49, 58]. Zirconium complexes have also

been found to be very active catalyst in this reaction [5, 33,

34, 42]. The use of other transition metal complexes in

ethylene oligomerization is uncommon. [3, 4, 17, 23, 30,

33, 43, 44, 53, 63]

Several authors proposed models to describe the kinetics

of the polymerization processes on different catalysts.

Zacca and Ray [57] discussed a new model for the poly-

merization of olefins in a loop reactor. Their reactor was

modeled as a two-tubular interconnected reactor. They

studied the effects of recycle rate, axial dispersion and heat

transfer. Sharma and coworkers [8] developed a mathe-

matical model for the isothermal, slurry polymerization of

ethylene using solid Ziegler–Natta catalysts. They dis-

cussed the effect of gas liquid mass transfer limitations on

the overall rate and polymer properties. Kiparissides [36]

produced synthetic polymers via a multitude of reaction

mechanisms and processes, including addition and step

growth polymerizations. He provided an overview of the

different polymerization processes and the mathematical

288 Appl Petrochem Res (2014) 4:287–295

123



modeling approaches and addressed the problems related

with the computer-aided design, monitoring, optimization

and control of polymerization reactors.

Dube et al. [19] developed a practical methodology for

the computer modeling of multi-component chain growth

polymerizations, which is applicable to many multi-com-

ponent systems. Various co-monomer systems were used to

illustrate the development of practical semi-batch and

continuous reactor operational policies for the manufacture

of copolymers with high quality and productivity. Hat-

zantonis et al. [24] reviewed recent developments in

modeling gas phase olefin polymerization fluidized-bed

(FBR) reactors in the presence of a multi-site Ziegler–Natta

catalyst. In addition, they developed an FBR model to

account for the effect of varying of bubble size with the bed

height on the reactor dynamics and the molecular proper-

ties of the polymer product. They studied the effect of

important reactor parameters on the dynamic and steady-

state behavior of the FBR. Alhumaizi [2] developed a

dynamic mathematical model for the ethylene dimerization

reactor to simulate the distribution of butene-1 and other

oligomers in the products under different operating con-

ditions. He studied the effects of the recycle flow rate and

the cooler heat transfer coefficient for optimum conditions

for production of butene-1. Soares [46] reviewed the

principal of mathematical modeling techniques for

describing the microstructure of polyolefins produced by

coordination polymerization. Fernandes and Lona [21, 22]

developed a heterogeneous model describing the behavior

of the three-phase fluidized-bed reactor in polymer pro-

duction. The model incorporated the interactions between

phases and also predicted the physicochemical properties

of the polymer.

Yoon et al. [56] reviewed recent developments in

modeling techniques for the calculation of polymer prop-

erties and the application of process models to the design of

model-based reactor optimizations and controls. Jin et al.

[29] developed a mathematical model to simulate the eth-

ylene polymerization in continuous stirred tank reactor.

The molecular properties of various polymers were calcu-

lated based on the method of moment. Valencia and Soares

[52] developed a simulation model for the polymerization

of ethylene in a process with (n) reactors working in series,

which could predict raw material conversions and product

properties. Their model parameters were obtained from

laboratory data. Zhang et al. [60] developed a mathematical

model to describe the effect of different polymerization

conditions on the preparation of ethylene-1-hexene copo-

lymerization with a tandem catalysis system. The general

feature of the model simulation agreed well with both their

experimentation data and other results reported in the lit-

erature. Ghasem and coworkers [26, 27] developed a

modified dynamic three-phase structure model that took

into account the presence of particles participating in the

reaction with emulsion and catalyst phases. The control

system was discussed using of neural network controller. In

addition, they modified the model to include heat and mass

transfer between the bubble and the cloud as well as

between the cloud and the emulsion phases. Touloupides

et al. [50] developed a comprehensive mathematical model,

which was capable of simulating the dynamic operation of

an industrial slurry phase cascade loop reactor series under

different plant operating conditions. They used multi-site

ZN kinetic and method of moments for calculation of

polymer molecular properties.

However, to the best of our knowledge, there has been

no published study that proposed kinetic models for the

oligomerization of ethylene with zirconium-based catalyst

with aluminum-based co-catalyst or with DPA(Na)/

NiCl2�6H2O/Zn catalyst system. The objective of this work

is to develop two kinetic models for the said catalyst sys-

tems. The remainder of this paper is divided as follows.

‘‘Model formulation’’ introduces the model formulation.

The experimental data are introduced briefly in ‘‘Experi-

mental data’’. ‘‘Parameters estimation’’ describes the

methodology of estimating the parameters of the kinetic

model using the Intelligent Firefly Algorithm. ‘‘Result and

discussion’’ presents the results and discusses its signifi-

cance. The conclusions of this study are summarized in

‘‘Conclusion’’.

Model formulation

Many studies focused on the kinetics of olefin polymeri-

zation using Ziegler–Natta catalysts. The polymerization

reactions occur at several reactive sites on the catalyst. Due

to the complexity of the process of polymerization and

oligomerization of olefins with Ziegler–Natta catalysts, the

mechanism of the reaction is usually divided into a number

of reaction steps [10, 11, 13, 16, 25, 31, 32, 37, 39, 57].

These steps are:

Site activation

The active site is formed by the reaction between the cat-

alyst with co-catalyst. The co-catalyst acts as an alkylating

and reducing agent.

Initiation and propagation

The active site having a coordination vacancy attracts the

electrons in the olefin p-bond. Coordination is followed by

the insertion into the polymer chain (R) and the re-estab-

lishment of the coordination vacancy for further monomer

insertion.
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Chain transfer

Several chain transfer mechanisms are applied in Z–N

catalyst such as transfer by b-hydride elimination, transfer

to monomer, and transfer to co-catalyst.

Site deactivation

For some polymerizations, the rate of reaction decreases

with time due to the catalyst deactivation reaction. The two

active sites form the deactivated catalyst, which is inactive

for monomer oligomerization. Another deactivation reac-

tion forms a dead polymer chain and a dead catalyst site.

Model mechanism

The proposed model is limited to the production of a-

olefins up to C20. The oligomerization reaction can be

broken into five parts; catalyst activation, chain initiation,

chain propagation, chain transfer and catalyst deactivation.

Model features

The following points summarize the main features of the

model.

1. The concentrations of the catalyst (CAT), ethylene

(M), co-catalyst (TEA), and oligomers (Pi
k) are divided

into active and inactive stages.

2. The catalyst, ethylene, and co-catalyst are involved in

the reactions as follows:

active catalyst CATk
� �

þ ethylene Mð Þ$KA
CATk � M

at equilibrium kþ1 � Ck
CAT � CM � k�1CCATk �M ¼ 0

)CCATk �M ¼ KACk
CAT � CM;KA ¼ kþ1

k�1

balance of CCAT : CCAT ¼ Ck
CAT þ CCATk �M

Ck
CAT ¼ CCAT

KACM þ 1

ð1Þ

active ethylene Mk
� �

þ cocatalyst ðTEAÞ$KB
Mk � TEA

at equilibrium kþ2 � Ck
M � CTEA � k�2CMk�TEA ¼ 0

)CMk �TEA ¼ KBCk
M � CTEA;KB ¼ kþ2

k�2

balance of CM : CM ¼ Ck
M þ CMk �TEA

Ck
M ¼ CM

KBCTEA þ 1

ð2Þ

active cocatalyst TEAk
� �

þ catalyst CATð Þ!
K

0
c

TEAk �CAT

active complex TEAk �CAT
� �

þ catalyst CATð Þ!
K

00
c

TEAk
1 �CAT

CTEAk �CAT ¼ k
0

cCk
TEACCAT

CTEAk
1�CAT ¼ k

00

cCTEAk �CATCCAT ¼ k
00

ck
0

cCk
TEAC2

CAT

balance of CTEA :CTEA ¼Ck
TEA þCTEAk �CAT þCTEAk

1�CAT

¼Ck
TEA þ k

0

cCk
TEACCAT þ k

00

ck
0

cCk
TEAC2

CAT

¼Ck
TEA 1þ k

0

cCCAT þ k
00

ck
0

cC2
CAT

� �

Assuming thatk
0

c ¼ 2Kc;k
00

c ¼
k
0
c

4

Ck
TEA ¼ CTEA

KCCCAT þ1ð Þ2

ð3Þ

3. The oligomers of propagation proceed as in the

following reaction

TEA þ active oligomers Pk
i

� �
$KD

Pk
i � TEA

at equilibrium kþ4 � Ck
Pi
� CTEA � k�4CPk

i
�TEA ¼ 0

)CPk
i
�TEA ¼ KDCk

Pi
� CTEA;KD ¼ kþ4

k�4

balance of CPi
: CPi

¼ Ck
Pi
þ CPk

i
�TEACPk

i
¼ CPi

KDCTEA þ 1

ð4Þ

4. The oligomers of chain transfer proceed as in the

following reaction:

TEA + active oligomers Pk
i

� �
$KE

Pk
i � TEA

at equilibrium kþ5 � Ck
Pi
� CTEA � k�5CPk

i
�TEA ¼ 0

)CPk
i
�TEA ¼ KECk

Pi
� CTEA;KE ¼ kþ5

k�5

balance of CPi
: CPi

¼ Ck
Pi
þ CPk

i
�TEA

CPk
i
¼ CPi

KECTEA þ 1

ð5Þ

5. The activator affects the rate equations of the chain

propagation and chain transfer by rate law of Ca
TEA and

Cb
TEA, respectively.

6. Only one single site is involved in the catalytic

process.

7. The co-catalyst does not deactivate.

8. The only transfer mechanism included is the transfer to

monomer. The transfer reactions are assumed to

produce monomer (M) and catalyst (CCAT).

The mechanism of the reaction is as follows:
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Site activation

The active catalyst (CATk), active ethylene (Mk), and

active co-catalyst TEAk
� �

react to form active site (P0).

The active center for olefins in Ziegler–Natta catalyst

systems is a complex acting as an alkylating and reducing

agent.

Ck
CAT þ Ck

M þ 1

2
Ck

TEA !k1
P0 þ Ck

M þ 1

2
Ck

TEA

r1 ¼ k1Ck
CATCk

M Ck
TEA

� �1
2

ð6Þ

Chain initiation

After the catalyst is activated, it is ready to polymerize with

monomer. The active site that has a coordination vacancy

reacts with an ethylene monomer to form a live oligomer

chain of length one (P1
k).

P0 þ M!k2
Pk

1 r2 ¼ k2CP0
CM ð7Þ

Chain propagation

Coordination is followed by the insertion of a monomer

into the chain, which increases the chain length by one

monomer unit until chain transfer takes place.

Pk
i þ M!k3

Piþ1 r3 ¼ k3CPk
i
CMCa

TEA ð8Þ

Chain transfer

Chain transfer to monomer may take place if the growing

chain abstracts an atom from an unreacted monomer existing

in the reaction medium. This leads to the death of the active

chain (Pi
k) to form a dead chain (Dei) and begins a new one.

Pk
i þ M!k4

Dei þ M þ CCAT r4 ¼ k4CPk
i
CMCb

TEA ð9Þ

Site deactivation

Catalyst deactivation happens when active sites form a

stable complex that is inactive for monomer oligomeriza-

tion. Most Ziegler–Natta catalysts deactivate to form

deactivation site (Cd) and/or dead chain (Dei).

P0 !
k5

Cd r5;0 ¼ k5CP0
ð10Þ

Pi !
k5

Cd þ Dei r5;i ¼ k5Pi ð11Þ

Kinetic rate constants are known to be temperature

dependent; this dependence is usually described using

Arrhenius relationships. The comparative form of the

Arrhenius equation was used to estimate kinetic rate

constants to improve the convergence in parameter

estimation; the rate constants take the form:

ki ¼ Aiexp
Ei

R

1

T
� 1

Tr

� �� �
ð12Þ

Population balance equations in batch reactors

Population balances are defined for all active species in a

batch reactor. Population balance equations describe how

the concentrations of living and dead chains of different

lengths vary in time during the polymerization in a batch

reactor. The material balance for driving population bal-

ances in batch reactor for the volume reactor (v) is:

rate of accumulation = rate of generation by chemical

reaction

Population balance for active site:

1

v

dP0

dt
¼ r1 � r2 � r5;0

� �
ð13Þ

For living oligomer chains with i C2, the following

population balance can be derived:

1

v

dPi

dt
¼ r3;i�1 � r3;i � r5;i

� �
ð14Þ

For living oligomer chains with i = 1, a slightly

different equation is applied:

1

v

dP1

dt
¼ r2 � r3;1 � r5;1

� �
ð15Þ

Similarly, the equations can be derived for dead

oligomer formation for i = 2–10

1

v

dDi

dt
¼ r4;i þ r5;i

� �
ð16Þ

The concentration of the catalyst deactivation can be

derived as follows:

1

v

dCdecy

dt
¼
X10

i¼1

r5i ð17Þ

Experimental data

Kinetic modeling in the current study was performed using

experimental data obtained from the literature. All experi-

mental data were done in slurry batch reactors. Two sets of

experimental data were used in this study to estimate the model

parameters for two different catalyst systems. Experimental

data (1) are for zirconium-based catalyst and aluminum-based

co-catalyst system with molar ratio of 17–45 between catalyst

and co-catalyst, range of temperature 65–95 �C and pressure

2–4 MPa [40]. Experimental data (2) are for DPA(Na)/

NiCl2�6H2O/Zn catalyst system with ratio of 1.5 between DPA
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(Na) and NiCl2�6H2O and a molar ratio of 2–20 between zinc

and NiCl2�6H2O at 95 �C and 5.5–6.0 MPa [18].

Parameters estimation

Regression was performed to obtain the parameters that

best fit the model to the experimental data through mini-

mization of the difference between experimental points and

model predictions. The objective function for estimation of

the model parameters is based on the difference in mole

fractions of the products, and it takes the form

Min
Xn

i¼1

Xm

j¼1

ye;i;j � yc;i;j

� �2

 !

ð18Þ

The minimization routine used was a stochastic global

optimization routine named the Intelligent Firefly

Algorithm (IFA) [20]. Stochastic global optimization

algorithms have significant advantages over deterministic

optimization methods and thereby deemed more

appropriate for our application. IFA is a metaheuristic

algorithm, inspired by the flashing behavior of fireflies. The

primary purpose for a firefly’s flash is to act as a signal

system to attract other fireflies, a metaheuristic is a

procedure designed to find a good solution to a difficult

optimization problem. The Firefly algorithm was

developed by Xin-She Yang [55] and it is based on

idealized behavior of the flashing characteristics of

fireflies. All fireflies are unisex, so that one firefly is

attracted to other fireflies regardless of their sex.

Attractiveness is proportional to their brightness, thus

for any two flashing fireflies, the less bright one will

move towards the brighter one. The attractiveness is

proportional to the brightness and they both decrease as

their distance increases. If no one is brighter than a

particular firefly, it will move randomly. The brightness

or light intensity of a firefly is determined by the value of

the objective function of a given problem.

Results and discussion

The values of the kinetic parameters for both experimental

data used are tabulated and discussed as follows.

Results of experimental data for zirconium/aluminum

catalyst system

Values of the proposed model kinetic parameters of

experimental data for zirconium/aluminum catalyst system

are shown in Table (1).

Figure (1) shows the parity plot for lumped butane,

hexane and octane using the estimated parameters. Each

point represents one experimental run. Almost 80 % of the

points are predicted with \10 % error lines. Figure (2)

shows the experimental and calculated points for C10?. It is

clear that many runs are predicted outside the 20 % error

boundary lines.

Table 1 Parameters estimated value for experimental data (1)

Parameter Estimated

value

Unit Expression

A1 4.525 9 105 l/(mol s) A factor of activation

E1 3.985 9 103 cal/mol Activation energy of activation

and deactivation

A2 5.101 9 108 l/(mol s) A factor of initiation

E2 5.267 9 104 cal/mol Activation energy of initiation

A3 4.949 9 108 l/(mol s) A factor of propagation

E3 1.514 9 104 cal/mol Activation energy of

propagation

A4 4.650 9 105 l/(mol s) A factor of Chain transfer

E4 1.433 9 104 cal/mol Activation energy of Chain

transfer

A5 1.255 1/s A factor of deactivation

KA 4.812 9 102 l/mol Equilibrium constant of the

catalyst in the site activation

KB 2.771 9 102 l/mol Equilibrium constant of the

monomer in the site activation

KC 6.906 9 103 l/mol Equilibrium constant of the co-

catalyst in the site activation

KD 4.083 9 104 l/mol Equilibrium constant in the

chain propagation reaction

KE 5.955 9 101 l/mol Equilibrium constant in the

chain transfer reaction

a 1.116

b 0.954
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Fig. 1 Comparison calculated and measured data of lumped C4, C6

and C8 product
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Results for experimental data for nickel/zinc catalyst

system

Values of the proposed models’ kinetic parameters for

experimental data for nickel/zinc catalyst system are shown

in Table (2).

Figure (3) shows the parity plot of lumped butane,

hexane and octane using the estimated parameters. All the

points lay between the 5 % error lines for all three pro-

ducts. Figure (4) shows the experimental and calculated

points for C10? production. Some of the runs are predicted

outside the 20 % error boundary lines.

The results show that the proposed model predicts both

experimental data for zirconium/aluminum and nickel/zinc

catalyst systems in a different way. The prediction of the

model is better for lump C4–C8 compared to C10?. For

lump C4–C8, the model predictions for the zirconium/alu-

minum catalyst system lie mostly between the 10 % con-

fidence limits. On the other hand, for the nickel/zinc

catalyst system, the model predictions for lump C4–C8 lie

between the 5 % confidence limits. As for the C10?, the

prediction of the model is lower for both systems. In both

catalyst systems, most of the points lie between the 20 %

confidence limits.

The results show that the proposed model fits the

experimental data for nickel/zinc catalyst system with

higher accuracy as compared to the experimental data for

zirconium/aluminum catalyst system. This may be
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60
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at
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 C

10
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 (
w

t%
)
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Fig. 2 Comparison calculated and measured data of C10? product

Table 2 Kinetic parameters of experimental data (2)

Parameter Estimated

value

Unit Expression

A1 4.447 9 106 l/(mol s) A factor of activation

E1 1.455 9 103 cal/mol Activation energy of activation

and deactivation

A2 6.842 9 108 l/(mol s) A factor of initiation

E2 4.757 9 104 cal/mol Activation energy of initiation

A3 5.928 9 105 l/(mol s) A factor of propagation

E3 1.237 9 104 cal/mol Activation energy of

propagation

A4 2.634 9 105 l/(mol s) A factor of Chain transfer

E4 1.137 9 104 cal/mol Activation energy of Chain

transfer

A5 0.973 1/s A factor of deactivation

KA 8.546 9 104 l/mol Equilibrium constant of the

catalyst in the site activation

KB 1.464 9 104 l/mol Equilibrium constant of the

monomer in the site activation

KC 9.750 9 103 l/mol Equilibrium constant of the co-

catalyst in the site activation

KD 7.946 9 104 l/mol Equilibrium constant in the

chain propagation reaction

KE 9.604 9 103 l/mol Equilibrium constant in the

chain transfer reaction

a 0.845

b 0.919
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Fig. 3 Comparison calculated and measured data of lumped C4, C6

and C8 product
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attributed to that for the zirconium/aluminum catalyst

system, the experimental data for the reaction are available

over a wide temperature range, while for the nickel/zinc

catalyst system, the experimental data are only available at

a constant temperature.

Finally, the model prediction is better for low carbon

atoms. As the number of carbon atoms increases, the

concentration of the polymer decreases and the model fails

to predict the product concentration. The formation of

higher carbon number polymer is a complex process that

may not be well represented by this simple model.

Relaxing some of the model assumptions may positively

affect the results of its prediction.

Conclusions

A kinetic model of the oligomerization of ethylene was

proposed in this study. Two sets of experimental data were

used for the estimation of the model parameters. The per-

formance of the model with estimated parameters has been

tested against the experimental data. The proposed model

predicts the product distribution for experimental data for

zirconium/aluminum catalyst system with a suitable accu-

racy. The model predictions of the concentration for the

components of C4 up to C8 fit within the 10 % confidence

limits, while the absolute errors for C10? were higher

between the 20 % confidence limits. Similarly, the model

could predict the experimental data for nickel/zinc catalyst

system well. The prediction accuracy was better in com-

parison to the prediction of the zirconium/aluminum cata-

lyst kinetic model. This may be attributed to that for the

zirconium/aluminum catalyst system, the experimental data

for the reaction are available over a wide temperature

range, while for the nickel/zinc catalyst system, the

experimental data are only available at a constant tem-

perature. Finally, the model prediction is better for low

carbon atoms. Relaxing some of the model assumptions

may positively affect the results of its prediction. In all

cases, the importance of the model lies in its ability to

predict the concentration of the low carbon number

oligomers.
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