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Abstract: Mathematical modeling of olefin polymerization processes has advanced significantly,
driven by factors such as the need for higher-quality end products and more environmentally-friendly
processes. The modeling studies have had a wide scope, from reactant and catalyst characterization
and polymer synthesis to model validation with plant data. This article reviews mathematical models
developed for olefin polymerization processes. Coordination and free-radical mechanisms occurring
in different types of reactors, such as fluidized bed reactor (FBR), horizontal-stirred-bed reactor
(HSBR), vertical-stirred-bed reactor (VSBR), and tubular reactor are reviewed. A guideline for the
development of mathematical models of gas-phase olefin polymerization processes is presented.

Keywords: modeling; olefin; gas phase; kinetics

1. Introduction

Polyolefin or polyalkene, which is one of the most popular thermoplastic polymers, are formed
from the monomer of the alkene group, which possesses a double bond. The most common
monomers used to produce this polyolefin are ethylene and propylene. The polyolefin formed
through the polymerization of ethylene is either in the form of polyethylene (PE), high-density
polyethylene (HDPE), or low-density polyethylene (LDPE), and another type of polyolefin can be
produced through a similar procedure from the monomer propylene in the form of polypropylene (PP).
Meanwhile, copolymerization of these two monomers produces a polyolefin, which is in the form of
ethylene-propylene diene monomer (EPDM). These polyolefins are in high demand and widely used
in several sectors, such as automobiles, packaging, construction, and textiles. As reported by Szab6
(2015) [1], the annual consumption of polyolefin per capita in the European continent is expected to
increase significantly from 88 kg per person in 2015 to 120 kg per person in 2030 with an increment
of 36 percent. Figure 1 summarizes the total consumption per capita in three parts of the European
continent for the years 2015, 2020, and 2030.

As shown in Figure 1, Western European countries such as France, Italy, and the United Kingdom
are considered to be the biggest consumers of this polyolefin compared with their neighbors located
in central and Eastern Europe. This is due to the localization of several polyolefin industries, such as
SO.T.AC SRL and Montello SPA in Italy, Borgeois in France, Vital Parts Ltd. in the United Kingdom,
and Warm-On Gmbh, and Co.Kg in Germany. In regard to this high demand for polyolefins, the
performance of the current polymerization process needs to be reviewed and improved, starting from
the selection of monomers and catalyst up to the production of end products.
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Figure 1. Total consumption per capita in European continent [1].

Much effort has been made by previous researchers to improve this olefin polymerization in
the gas phase by reviewing different aspects, such as the thermodynamic properties, the operational
conditions, the chemical processing, the reaction mechanism, the catalyst used in the polymerization
reaction, and the properties of the end products. Table 1 summarizes the reviews that have been
carried out previously on different aspects of gas-phase olefin polymerization.

Table 1. Past reviews analysis.

No. Review Area

Review Aspect

Ref.

Thermodynamic
Properties

Different methods to determine enthalpy and entropy

[2]

2. Process Design

Design criteria, process condition, protection of instruments against
overpressure, instruments for heating up and cooling down, and different
types of stirrers for polymerization reactors such as autoclave reactor,
high-pressure autoclave reactor, tubular reactor, fluidized bed reactor to
improve the process efficiency.

[3-6]

3. Process Routes

The implementation of the solvent polymerization process, solvent
polymerization without deashing, the bulk polymerization process without
solvent, the vapor phase polymerization process without deashing and
atactic polymer, Unipol I and II, Innovene G, Spherilene S & C, and Borstars
in producing the polyolefin.

(571

4. Olefin Synthesis

The implementation of free-radical methodology, carbine and nitrene
methodology, and transition metal C-H bond activation methodology to
synthesize the polyolefin.

[8-11]

5. Catalyst

The utilization of a metallocene catalyst system, Ziegler-Natta catalyst
system, Fujita group Invented (FI) catalyst system, and oxide-supported
surface organometallic complexes in olefin polymerization synthesis.

[6,12-31]

6. Process Modeling

The implementation of mathematical models, namely macroscale modeling,
mesoscale modeling, microscale modeling, single particle modeling,
computational fluids dynamic modeling, microelements modeling, 2D finite
element modeling, single pore modeling, and parti-level fragmentation
modeling to determine the properties of the polyolefin, and the mass and
heat transfer phenomena during the polymerization process.

[8,11,12,22,31-34]

7. Quality Control

Different types of analysis such as nuclear magnetic resonance (NMR),
temperature rising elution fractionation (TREF), gel permeation
chromatography (GPC), rheological characterization (zero shear viscosity,
zero shear viscosity, shear thinning behavior, dynamic modulus, loss angle,
Van-Gurp-Palmen plot, Cole-Cole plot, activation energy, thermorheological
complexity, strain-hardening effect, relaxation time, damping function,
nonlinear dynamical oscillatory shear, and long-chain branching index),
dynamic mechanical analysis, differential scanning calorimeter, neutron
scattering, and molecular topology fractionation.

[12,13,22,35]
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Table 1. Cont.

No. Review Area Review Aspect Ref.

The analysis of global production and consumption of polypropylene from

1985 until 2000 in the textile industry. (361

8. Polyolefin Demand

The influence of process conditions on the thermal properties, specific heat

Physical and Chemical capacity, melting point, relative thermal conductivity, density, thermal
9. Properties of the diffusivity, crystallinity, amorphous phase properties, coefficient of linear [37-39]
Polyolefin thermal expansion, electrical properties, foam structure, shear, and

rheological properties.

From the past reviews summarized in Table 1, none of the above review studies reviewed
and discussed kinetic modeling together with mass and energy balance modeling in the gas phase.
The review article published by Abbasi et al. (2018) [34] only focused on a fluidized bed reactor
and did not cover other types of reactors such as tubular reactor or stirred bed reactor. In addition,
none of the above review studies proposed simple or proper guidelines to implement and simulate
the mathematical model for this olefin polymerization process. Thus, the objective of this review is to
review and discuss the past and current development of the mathematical modeling, together with the
reaction mechanism of the olefin polymerization in the gas phase. This review will be concluded by
proposing general guidelines in implementing and simulating the mathematical model for this olefin
polymerization in the gas phase.

2. Mathematical Model Development for Olefin Polymerization

Theoretically, the olefin polymerization reaction occurs when the monomers, which possess
reactive functional groups with double or triple bonds, are reacted in the presence of a catalyst under
certain conditions of pressure and temperature. The core product formed from this reaction is called a
polymer, which possesses a certain of chain length. This produced polymer can be further classified into
three main chemical structures, namely, linear chain polymer, branched chain polymer, and network
chain polymer. The first is also known as a thermoplastic polymer, which is formed from a monomer
that possesses repeat units held by strong covalent bonds. The second is formed by a monomer, which
contains the molecules in the form of a linear backbone with branches emanating randomly. Lastly,
the third is also known as a gel polymer, which is formed by the extension of a branched chain polymer,
which is put under reaction with high conversion [40].

Moreover, with regard to the reactor used for this polymerization process, there are two types
of reactors that can be used for this olefin polymerization process, namely homogeneous and
heterogeneous reactors. In the former type, the olefin polymerization occurs only in one phase
and the reaction can be carried out either in a continuous stirred-tank reactor, in a loop reactor, in a
hollow shaft reactor, or in a batch reactor. For the latter type, the reaction occurs in several phases
such as emulsion, bubble, cloud, and solid. In this type of reaction, the analysis needs to be in each
of the phases to ensure that the predicted data are coherent with the real data plant and it is highly
recommended for the gas-phase olefin polymerization process. In addition, this reaction can take place
either in a fluidized bed reactor or in a tubular reactor.

Furthermore, in terms of the reaction mechanism, the olefin polymerization is classified under
the chain-growth polymerization where the growth of the polyolefin chain “n” occurs when the
monomer is reacted with the end of the reactive functional group of the growing polyolefin under
certain conditions of temperature (T) and pressure (P). It can be illustrated by using the following
reaction mechanism:

Polyolefin(n) + Monomer D Polyolefin(n + 1)
Catalyst

Then, this chain-growth mechanism can be further sub-classified into two different categories,
namely coordination and free-radical mechanisms. The former mechanism requires the use of a
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coordination catalyst such as Phillips catalyst, Ziegler-Natta catalyst, and metallocene-based catalyst
during the activation of active sites. Basically, this active site is made of the metal atom (Me) and the
ligands (Li), which are covalently bonded. The growth of the polyolefin chain length occurs when
this active site reacts with the monomer under certain conditions of temperature and pressure [41,42].
The growth mechanism of this polyolefin can be illustrated by the following reaction mechanism,
where M is the monomer:

(

) (TP)  (TP)

Me—Li = Me—M—Li % ... % Me— (M), —Li
M M

TP
Ve n

In contrast, the latter type of mechanism requires the presence of initiators (I) such as oxygen
and organic peroxides that can be easily decomposed to form radicals. Later, these radicals will
react with the monomer to grow the chain length under certain conditions of temperature and
pressure [10,43]. The following free-radical mechanism is used to illustrate the growth of this olefin
polymerization process.

) (TP)  (TP)

M-R* 5" ... 5 (M),—R*
M

1ot .
M M

The mathematical model is considered essential in predicting the output of the chemical process,
in particular, the olefin polymerization process. It is written in the form of a series of algebraic
and differential equations and it comprises three major elements, namely hydrodynamic, kinetic,
and transport phenomena. The first phenomenon describes the process outputs such as production
rate, temperature, and dynamic poly-dispersity. It allows for observing any changes or transition
during the polymerization process. Then, the second phenomenon evaluates the rate or the speed of
the reaction. It allows for studying the influence of input parameters or variables such as feed flow rate,
type of catalyst, catalyst flow rate, pressure, inlet temperature in increasing the rate of the reaction.
The last phenomenon describes the transport of momentum, energy, and chemical species via several
media such as liquid, gas, and solid. The first type of transport is called fluid dynamics. The second
and third types of transport are called heat and mass transfer, respectively [44].

However, for the olefin polymerization process, the modeling framework is relatively complex
due to the high nonlinearity of its process dynamics caused by several factors. The first is due to
the complexity of the reaction mechanisms. Theoretically, the olefin polymerization is made up of
several stages, such as activation, initiation, propagation, chain transfer reaction, and deactivation.
The second is caused by the complexity of the heat transfer phenomena, especially in the gas phase
where it theoretically comprises several phases such as cloud, emulsion, bubble, and solid [45].
The third is caused by the physical properties of the flow behavior in both phases; solid and gas.
Lastly, the fourth factor is caused by the influence of the reactor used and its operational conditions,
such as the volumetric flow rate, the pressure, the reactor temperature, and the size of the catalyst
particles on the final properties of the polyolefin. In addition, these final properties are measured by
determining the molecular weight distribution, copolymer distribution, sequence length distribution,
long chain branching distribution, short chain branching distribution, stereoregularity, and morphology
properties, for instance, particle size distribution, pore size distribution, bulk density, and melt
index (MI), which are among the most highlighted physicochemical properties, which have been
measured frequently. To predict these physicochemical properties by using the mathematical model,
there are two available methods, namely population balance modeling and method of moments that
can be employed due to their ability in solving a wide range of a complex dynamic polymerization
processes in the liquid and gas phases, particularly in characterizing the population of the particles as
well as the growth of the polyolefin chain length [46,47].
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2.1. Advances in the Polymerization of Olefins in the Gas Phase

Polymerization of olefins in the gas phase is considered as one of the major routes in producing
polyolefins such as polypropylene, polyethylene, low-density polyethylene, ethylene-propylene
copolymer, and ethylene-1-butene copolymer. A lot of effort has been made previously to model and
simulate this polymerization process. Table 2 summarizes the mathematical models that have been
implemented previously.

Table 2. Overview of implemented mathematical models.

Model Type/Polyolefin Process Condition Model Assumption (s) Ref.
1. Emulsion does not at minimum fluidization
1. Z-N catalyst 2. Well-mixed condition
Two-Phase 2. Fluidized Bed 3. The reaction occurs in the emulsion and
Model/Ethylene-propylene Reactor (FBR) bubble phases [48]
copolymer 3. Coordination 4.  Bubble and particle size are constant
4. T=[320,500] K 5. Heat and mass transfer resistance is neglected
6. Solid elutriation is considered
1. Emulsion does not at minimum fluidization
2. Well-mixed condition
3. The reaction occurs in the emulsion and
1. Z-N catalyst bubble phases
2 FBR 4. The bubble is in a spherical form with a
Two-phase L constant diameter
Model/Ethylene-1-butene 3. Coordination 5 Plug flow condition with constant veloci [49]
copolymer 4. T=[310,317]K : & . ) ty
5. P=[199,2] MPa 6.  Heat .and mass transfer resistance is n.eglected
7. Gradient temperature and concentration
are neglected
8.  Particle size distribution is uniform
9. Solid elutriation is considered
1. Eulerian—Eulerian approach
1. Z-N catalyst 2. Immediate consumption of the propylene after
2. FBR injection the catalyst
ﬁv?i—l’lhz;sel 1 3. Coordination 3. The existence of the interaction between mass, [50]
odel/Polypropylene 4. T=[343,353] K momentum, and energy in emulsion and
5. P=[2,3]MPa bubble phases
4. No lifts effects and virtual mass
1. Emulsion does not at minimum fluidization
2. Well-mixed condition
3. The reaction occurs in the emulsion and
1. Z-Ncatalyst bubble phases
2 FBR 4. Bubbles are in a spherical form with
Two-Phase 3 Coordinati constant diameters _
Model/Ethylene-propylene 4' T?O;S;nf SIIZn 5. Plug flow condition with constant velocity [51]
copolymer 5: P ; 25 MPa 6.  Heat .and mass transfer resistance is n.eglected
7. Gradient temperature and concentration
are neglected
8.  Particle size distribution is uniform
9. Solid elutriation is neglected
1. Formation of a single supercritical phase
1. Organic peroxides 2. Plug flow condition
and oxygen 3. Quasi-steady-state assumption
Single-phase 2. Tubular reactor 4. T}:e modtels :lepend on the ratios of kinetic
model/Polyethylene 3. Freeradical 5 ;a ¢ constants [52-54]
4 T=[403,574] K . oulmg resistances at each tubular zone
5. P=[152,304] MPa are uniform

No heat transfer model
The efficiencies of all initiators are similar
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Model Type/Polyolefin Process Condition Model Assumption (s) Ref.
1.  Emulsion does not at minimum fluidization
2. Well-mixed condition
3. The reaction occurs in the emulsion and
1. Z-N catalyst bubble phases
> FBR 4. Bubbles are in a spherical form with
Two-Phase 3. Coordination constant diame.te.rs ) . [55-59]
Model/Polypropylene 4 T=[342 354 K 5. Plug flow condition with Cf)nstant.velomty 95-E
5. P=[22,25] MPa 6 Heat 'and mass transfer resistance is n'eglected
Gradient temperature and concentration
are neglected
8.  Particle size distribution is uniform
9.  Solid elutriation is neglected
L Ordgaruc peroxides 4 The yater temperature in the cooling jacket
Single-phase ) '?"nb olxygen ) is constant
Model /Low-density of 3' Fu u a;-realc or 2. The grade transitio‘n is i.nﬂuence-d by the small [60]
Polyethylene 4' Trfe radica fraction of the reaction time and is not influenced
. = [400, 600] K by the wall heat capacity
5. P =[200,300] MPa 3, Steady-state assumption
1. Plug flow condition and single
1. Organic peroxides supercritical phase
. and oxygen 2. Molecular weight distribution is in the form of a
Single-phase 2. Tubular reactor log-normal distribution shape
Model/Low-density of 3 Free radical 3 gk 4 pe h . [61]
Polyethylene 4~ T . Jacket temperature and pressure in each section
: [400, 600] K of the tubular reactor are constant
5. P =[200,300] MPa 4. The process is isothermal and occurs below the
gel point
1. Z-N catalyst 1.  The emulsion is not set at the
X 2. FBR minimum fluidization
Single-phase 3. Coordination 2. Heat and mass transfer resistance is neglected [62]
model/Polypropylene 4 T=353.15K 3. Dynamic monomer internal energy is neglected
. . ynamic monomer inte energy is neglecte
5. P=25MPa 4. Pseudo-homogeneous single phase
1. The reactor comprises four continuous
1. Z-N catalyst stirred-tank reactors (emulsion phase) and four
Two-Phase > FBR plug flow reactors (bubble phase)
Model/Ethylene-1-butene 3. Coordination 2. Particles Zre in a spherical form with a [63]
copolymer constant dimension
Poy 4 T=[345 374K 3. The density function of the particles in the outlet
stream and in the bed are similar
1. The reaction occurs in the emulsion and
solid phases
2. The emulsion is set at the minimum fluidization
and the excess gas to maintain this condition was
1. Z-N catalyst considered as the bubble phase
Three-Phase 2. FBR 3. No gradient of temperature and concentration
Model/Ethylene-1-butene 3. Coordination 4. The existence of resistance to mass transfer [45,64]
copolymer 4. T=300K between the emulsion and solid phase
5. Rigid and porous catalyst represent the
dynamic reaction
6.  The mass transfer of emulsion molecules occurs
at the surface of the solid catalyst particles
1. Plug flow condition and the supercritical
reaction mixture
1. Organic peroxides 2. Existence of Changes ir} the phys.ical fand
and oxygen transport properties with the axial distance
Single-phase 2 Tubular reactor 3.  The jac‘ket temperature at each of the reaction
Model/Low-density of 3. Free radical zones is constant [65-67]
Polyethylene 4 T=1[323,604 K 4. No pressure pulse
5. P =[130,300] MPa 5 The m1?<ture of organic pero%ld'e‘and tran§fer
agents is considered as one fictitious species
6.  The polymer is well separated from other output

components of the reactor




Processes 2019, 7, 67 7 of 33
Table 2. Cont.
Model Type/Polyolefin Process Condition Model Assumption (s) Ref.
1. One serial of the continuous-stirred-tank reactor
Sineleoh 1. Z-N catalyst (CSTR) model
mngle-phase 2. FBR 2. The particles are in a spherical form with
Model/Ethylene-1-butene 3. Coordination conslfant dimensions p [68]
Copolymer 4. T=34515K 3. The attrition term in the population balance
equation is constant
1. Organic peroxides 1. The flow regime is situated in the
and oxygen turbulent regime
Single-phase 2. Tubular reactor 2. At the point of injection, the pressure of the
Model/Low-density of 3. Free radical lateral feed streams and the main reaction [69]
Polyethylene 4 T=1[423,574 K mixture are similar
5. P=[101,355] MPa No formation of diradical and chain transfer
to telogen
1. Plug flow condition and
quasi-steady-state assumption
2. Emulsion phase is homogeneous
3. Crystallinity and swelling are constant
4. The adsorbed gas phase in solid and emulsion
phase is in equilibrium
1.  Chromium 5. The reactor bed porosity and bed porosity are
oxide catalyst identical at the minimum fluidization
Two-Phase Model/ 2. FBR 6.  Porosity condition for solid discharge is uniform [70]
Ethylene-1-butene copolymer 3. Coordination 7. No heat loss through the fluidized bed wall
4 T=375K 8.  The recycle gas temperatures at the heat
exchanger entrance and exit, at the reactor exit,
and at the compressor exit are equal
9. Complete fluid back-mixing condition is
considered at each of the small sub-sections in
the heat exchanger
10.  The fluid in each of the sub-sections of the heat
exchanger is constant
1. Organic peroxides 1 Plug flow condition and the isothermal condition
and oxygen 2. One site kinetic reaction
Single-phase 2. Extruder 3. Termination by combination is the only
Model/High-density of 3. Free radical alternative to terminate the polymerization [71]
Polyethylene 4 T=44315K 4. Quasi-state approximation for radicals
5. P=0.01MPa 5. vyradicals are formed from the decomposition of
organic peroxides via the first-order reaction
1. Organic peroxides 1. No axial mixing and temperature and
and oxygen concentration gradients in both reactor
Single-phase 2. Tubular reactor and jackets
Model/Low-density of 3. Free radical 2. The mixture is homogeneous and acts as a [72]
Polyethylene 4 T=[325625]K supercritical fluid
5. P=[150,250] MPa 3. The temperature at each of the jacket zones
is uniform
1. Z-N catalyst 1.  No radial concentration and temperature
2 FBR gradients and no solid entrainment
Two-Phase Model/ 3. Coordination 2. The injection of the catalyst mfo the? rez'actor‘as 73]
Ethylene-1-butene copolymer 4 T=[310,317]K prepolymer and the mean particle size is uniform
5. P=[1.99,2] MPa The downward direction is considered for the
! overall flow direction of the polymer
L Z-Ncatalyst 1. Simple and dynamic two-phase model and
2. FBR generalized bubbling-turbulent model
Two-Phase Model/Polyethylene 3. Coordination 2. No variation of bubble diameter and temperature [74]
4. T=[298,701]K 3. No radial concentration gradient
5. P=0.1MPa
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Model Type/Polyolefin Process Condition Model Assumption (s) Ref.
1.  The reaction occurs only in the emulsion phase
2. The emulsion phase is at the
minimum fluidization
3. Pseudo-state assumption
1. Z-N catalyst 4. The catalyst is injected uniformly at each of the
2 FBR emulsion cells and the collection of the products
i - A is done at the bottom part of the cells
ijlr(;ileel ;) 1£1§ls;pr0pylene 3. Coordination 5. The bubble phase is f(imed by the excess of the 7]
4. T=34315K T
5 197, fluidization gas
6.  The number of bubble cells over the number of
emulsion cells is an integer
7. Nomass and heat transfer resistance
8. Solid elutriation is recycled back into the
emulsion cells
1.  Four CSTRs in series approximation
L Z__N catalyst 2. All the kinetic sites produce their molecular
Single-phase 2. St1rre;-be?1 reactor weight distribution
Model /Polypropylene 3. Coordination 3. The Cgtalyst possesses a single site schemg to [76]
4. T =330, 351] K predict the number average molecular weight in
5. P=[19,23]MPa the first step and multiple site schemes in the
second step
1.  Pseudo-homogeneous state
2. The emulsion phase does not remain at the
minimum fluidization
1. Z-N catalyst 3. No' mass and he.at transfer resistance between
> FBR solid and emulsion gas
Two-Phase Model/ 3. Coordination 4.  No mass and energy transfer resistance between 7]
Ethylene-1-butene copolymer 4 T=34515K emulsion and bubble phase
5. The reaction is at an isothermal condition
5. P=2MPa . .
6. No radial temperature gradient
7. No solid entrainment
8. The catalyst is injected continuously
9. Mean size of the particle is uniform
1. Organic peroxides
afld oxygen 1. Theisothermal condition
Single-phase 2. Single 2. One active kinetic site [78]
Model/Polypropylene screw ex}truder 3. Plug flow condition
3. Freeradical
4 T=480.15K
1. Organic peroxides
and oxygen 1. Only molecules with a vinyl group is present in
Single-phase 2. Extruder the untreated polymer
Model/High-density 3. Free radical 2. The kinetic single site [79]
Polyethylene 4. T=44315K 3. Termination only by combination
5.  P=0.01 MPa
1.  Single-phase CSTR approximation
1. Z-N catalyst 2. Perfect mixing in the beds
Single-phase 2. FBR 3. No radial temperature and
Model/Ethylene-1-butene 3. Coordination concentration gradient [80]
Copolymer 4. T=360K 4. No heat and mass transfer between the solid and
5. P=21MPa gas phase
5.  Two-site kinetics scheme
1. Organic peroxides
Single-phase ;Egtizi]%s;tor 1. Qua?i—stationary state appr0>.<imati0n '
Model/Low-density of Free radical 2. Equipment hOlc.lljlpS are considered uniform [81]
3. Plug flow condition

Polyethylene

SRS

T=358.15K
P =220 MPa
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Model Type/Polyolefin Process Condition Model Assumption (s) Ref.
1.  The reactor was divided into three main sections
called annulus, draft tube and cone
1. Metallocene 2. No resistance mass and heat transfer between
based catalyst solid and gas phase
. ) FBR No energy generated from absorption and
Single-phase : d t £ 1
Model/Polypropylene 3. Coordination peorpron o Propy"ene [82]
ypropy 4  T=34515K 4. No gradient of velocities for solid and gas
5' P=2 MPa 5. The annulus is set at minimum fluidization
' 6.  No heat transfer issued from the annulus to the
draft tube
7. Wall and reactor temperature are equal
1. Organic peroxides
and oxygen 1. The isothermal condition
Single-phase _ 2. Extruder 2. Quasi-steady-state approximation
Model/High-density 3. Free radical 3. The single site kinetic scheme (53]
Polyethylene 4. T=44315K 4. No diffusion phenomena
5. P=0.01 MPa
1. Organic peroxides
. and oxygen
Single-phase _ 2. Tubular reactor 1. Quasi-steady-state approximation
Model/Low-density 3. Free radical 2. Feedstock flow rates are constant [84]
Polyethylene 4 T=34915K
5. P =228 MPa
1. Decomposition of oxygen into the radicals
formed from the initiation is only allowed for the
grouping of the activation energy with
1. Organic peroxides pre-exponential factor
and oxygen The molecular properties are not considered in
Single-phase 5. Tubular reactor the modification of the initial parameter
Model/Low-density 3 Free radical Jacket temperature and pressure are different at [85,86]
Polyethylene 4 T = [323, 604] K each of the jacket zones
5' P= [130' 300] MPa 4. Plug flow and supercritical reaction
' B ! mixture condition
5. Radial variation for the physical and
transport properties
6.  No pressure pulse
1. Organic peroxides
Single-phase 5 :}ng olxygen " 1. The kinetic mechanism is assumed valid for both
. ubular reactor
Model/Low-density . type of polymer [87]
. 3. Free radical .
Polyethylene and Ethylene-vinyl 4 T = [423, 574] K No long-chain branched polymer
5. P =[98, 196] MPa
1.  Well-mixed and
quasi-steady-state approximation
1. Z-N catalyst 2. The reaction occurs only in the dense phase
Single-phase 2. FBR 3. The removal flow rate is manipulated to ensure 38 89
Model/Polyethylene 3. Coordination the consistency of the bed height 188,891
4. T=300K 4. The catalyst was injected continuously
5. No influence of inert gas, co-monomer,
and hydrogen
1.  The movement of the emulsion phase follows the
plug flow regime
1. Z-N catalyst 2. Particles dimensions vary
Two-Phase 9 FBR 3. Two-site or multiple kinetic schemes
Model/Ethylene-1-butene 3. Coordination 4. No radial gradient of concentration [90-92]
copolymer 4 T =353.15 K and temperature

No heat and mass transfer resistance between the
solid and emulsion phases
No solid elutriations
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Model Type/Polyolefin Process Condition Model Assumption (s) Ref.
1.  Bubble-growth model
2. The emulsion phase is well back-mixed
3. The bubble phase comprises N well-mixed
compartments in series
. 1. Z-N catalyst 4. No heat and mass transfer resistance between the
Single-phase 2. FBR solid and emulsion phase
g/[:soell}{r]ig;ylene—l—butene 3. Coordination 5. No reaction occurs in the bubble phase 193]
4. T=353.15K 6.  No monomer mass transfer from bubble to
emulsion phase
7. The emulsion phase is set at the
minimum fluidization
8.  Particle size varies
1. Organic peroxides
and oxygen 1.  No mass accumulation in each volume segments
Single-phase 2. Tubular reactor 2. No heat transfer due to initiation, termination and
Model/Low-density 3. Free radical transfer reactions [94]
Polyethylene 4. T =[423, 604] K 3. No presence of gel effect
5. P =[122,355] MPa
1.  Well-mixed condition
2. Particle size distribution does not influence the
production rate and it is discontinuous
1. Z-N catalyst 3. The particles are unequally distributed throughout
. the beds
i/llr(l)ileel_})lgcs)ils;ethylene § ??)I;rdination 4. The agglomerat'i(.)n rate is inﬂue.nced by tlr.le. [95]
4 T=35315K operating condition and a function of colliding
particle size
5. Particles are in the form of a spherical shape with
constant density and no limitation in term of inter-
or intraparticle heat and mass transfer
1.  The mixture is nonideal
1. Z-N catalyst 2. No external films resistances
5> FBR 3. CSTR approximation
Single-phase Model/Polyolefin 3 yordination 4. The deactivation has an influence on the [96]
4. T=360K rate constant
5. No elutriation and no particle breakage
6.  The steady-state assumption
1.  Plug flow approximation
2. The generation of high-temperature peroxide
1. Organicperoxides 3. The utilization of water or steam as heating fluid
. and oxygen in jackets
Single-phase . 2. Tubular reactor 4. Jacket temperature and pressure are not constant
Model/Low-density 3. Freeradical 5. The presence of the friction and pressure pulse 71
Polyethylene 4 T=[323,59] K hi P}Z P P
, which cause the pressure drop
5. P=[182,284]MPa 6.  The reactivities of the telogen and monomeric
radicals are equal
7. Quasi-steady-state approximation
1.  Z-N catalyst
2 FBR, 1. Total activation of catalyst since t = 0
horizontal-stirred-bed 2. The rate of initiation and propagation are similar,
reac.tor (H,SBR)’ and higher than the rate of chain transfer
Single-phase Model/ Polyolefin vertical-stirred-bed 5 = gy only transformation is from site 1 to 2 [98]
reactor (VSBR) . .
L 4. Quasi-steady-state assumption
8. Coordination 5. The occupied site is dominant
4. T=34315K
5. P=25MPa
1. The reactor comprises of bubble and emulsion and
the reaction occurs only in the emulsion phase
2. The emulsion phase is set at the
1. Z-N catalyst mlnlmun.\ ﬂuld'lzat.lon
5 FBR 3. Bubble dimension is constant
Single-phase 3. Coordination 4. The emplsion phase 'is back-mixed . [99]
Model/Polyethylene 4 T=27315K 5. No radial concentration and temperature gradients
5 P=207MPa 6.  No heat fmd mass trapsfer resistance between solid
and gas in the emulsion phase
7. No variation in terms of the size of the particles
8. No agglomeration and elutriation of the particles
9.  The steady-state approximation
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Table 2. Cont.

Model Type/Polyolefin Process Condition Model Assumption (s) Ref.

1.  The size of the formed transition metal
crystallites are equal
2. Catalyst particle is in a spherical form with a

1. Z-N catalyst constant dimension
. > FBR 3. The multigrain solid core model
Single-phase ) 4 Th 1 lecul. ight i ly infl d
Model/Ethylene-1-butene 3. Coordination . e polymer molecular weight is only influence: (100]
y _ by the chain transfer reaction to hydrogen under
Copolymer 4. T=353K : 151
isothermal conditions
5.  P=3.55MPa . X A
5. Implementation of first-order deactivation
kinetics for the site deactivation reaction
6.  No intraparticle mass transfer resistance
for monomers
1. Plug flow conditions and
1. Organic peroxides quasi-steady-state approximation
) and oxygen 2. No variation in velocity, temperature, pressure,
Single-phase ) 2. Tubular reactor physical properties, and initiator efficiency
Model/Low-density 3. Free radical 3. Noaxial mixing [101]
Polyethylene 4. T=[300,617]K 4. No influence of viscosity on the rate constant
5. P=294MPa 5. No heat of reaction issued from initiation,
termination, and chain transfer reaction
1. The well-mixed condition
1. Z-N catalyst 2. Amorphous and gas phases are at equilibrium
3. No plasticizing effect of dissolved monomer
Two-Phase 2. FBR 4 Terminal hain d t h
Model/Ethylene-1-butene 3. Coordination - Terminal monomer or chain do not have any (102]
_ influence on the rate of deactivation
Copolymer 4. T=27315K 5 No radial tical X dient
5 P=207MPa . o radial or vertical temperature gradien
The molecular weight of ethylene and 1-butene
are equal
1. The reactor comprises of slide-free gas phase and
1. Z-N catalyst the ideal gas law
) 2. FBR 2. Perfect back-mixing of gas and solid
Sm%llel-phalse . 3. Coordination 3. Continuous injecting of the catalyst [103]
Model/Polypropylene 4. T=[345347]K 4. The absence of net accumulation of the monomer
5. P=[203,355]MPa 5.  Noamount of gas in the solid
6.  The reactor is adiabatic
1. Organic peroxides 1. Plug flow condition
. and oxygen 2. Supercritical single phase is formed by the
Single-phase . 2 Tubul reaction mixture
Model/Low-densit ) ubular reactor [104]
y 3 F dical 3. Freeradicals are not in steady state
Polyethylene : ree radica
4. T=[333,403] K 4. The gradient of physical properties assumed to
5. P=[193,253] MPa be in the axial direction
1.  Emulsion or dense phase was
perfectly back-mixed
Sinelo-oh 1. Z-N catalyst 2. The bubbles have a constant spherical dimension
ngle-phase 2. FBR 3. Quasi-steady-state approximation
II;/IO(;deléPoi}effltehylene and 3. Coordination 4. The mass and heat transfer rate between the 101
YPropy 4 T=300K bubble and emulsion phase is constant

5. No mass and heat transfer resistance between the
solid and emulsion phase

As mentioned in Table 2, the olefin polymerization occurs via two types of mechanism, namely
coordination and free-radical mechanisms. The polyolefins formed via the former mechanism in several
types of reactors, namely fluidized bed reactor, vertical-stirred reactor, and horizontal-stirred-bed
reactor are polypropylene, polyethylene, ethylene-propylene copolymer, and ethylene-1-butene
copolymer. Meanwhile, the polyolefins formed via the latter mechanism in several types of
reactors such as a tubular reactor, extruder, and autoclave reactor are low-density polyethylene,
high-density polyethylene, and polypropylene. Moreover, for this type of olefin polymerization
process, the reactions can be considered to occur in several phases, such as emulsion, bubble, and cloud,
which differs from the olefin polymerization process in the liquid phase where the reaction can only
be considered to occur in a single phase, which is the liquid or slurry phase. Furthermore, reactions
that occur via a coordination mechanism requires organometallic-type catalysts such as Ziegler-Natta
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catalyst, metallocene-based catalyst, or chromium oxide-based catalyst to create and activate the
active sites where the olefin reaction occurs. Meanwhile, for the reaction to occur via the free-radical
mechanism, it requires the presence of organic peroxide and oxygen as an initiator to create the radicals,
which play a role to initiate the growth of the polymer chain.

The details of the reaction mechanisms for the coordination mechanism by using the
organometallic catalyst system are tabulated in Table 3.

Table 3. Mechanism of the reaction for the coordination mechanism by using the organometallic catalyst.

Reaction Mechanism Ref.

Activation of Actlve Sites
Ko () [45,48-51,55-59,62,64,70,75,76,80,92,93,95,98,102]
P*(j) + cCata —= P(0,j)

Spontaneous Site Activation

70
P Kacts (j) P(O ]) [70]

Site Activation by Hydrogen 0]
P 70
P*(j) +Hz bllz(]) P(O,j)
Initiation of Active Sites
Kin (j) [45,48,49,51,55-59,62-64,68,70,73,76,77,80,82,92,93,95,98,100,102]
P(0,j) + M —= P(1,j)

Propagation

Kprop () [45,48-51,55-59,62-64,68,70,73,75-77,80,82,88-93,95,96,98-100,102,103,105]
P(n,j) +M ——= P(n+1,j)

Site Transformation

P(n,j) Krranst (j—k) P(n,k)

Chain Transfer to Monomer
P(n,j) +M <20 p(1,j) + Py (n )

Chain Transfer to Hydrogen
. K, (j) . .
P(n,j) + Hz —— Pr(0,j) + Pa(n,j)
ki, (j) [45,48,49,51,55-59,62-64,68,70,73,75-77,80,88,89,91,92,95,98,100,102]
Pu(0,j) +M —— P(1,j)

ke (j)

Pu(0,j) + cCata ——— P(1,j)

[75,98]

[45,48-51,55-59,62—64,68,70,73,75-77,80,88,89,91,92,95,102]

Chain Transfer to Co-Catalyst
Ko j) [48-51,55-59,62,63,68,73,75-77,88,89,92,102]
P(n,j) + cCata ~<U p(1,j) + Py (n,j)

Spontaneous Transfer
P - Kas(j) . . [48-51,55-59,62,63,68,70,73,75-77,80,88,89,91,92,95,102]
P(n,j) = Pu(0,j) +Pa(n,j)

Deactlvatlor; Reaction
.\ Kdeac(j
P( ]) d—> Pdeac(o ]) +Pd(n ])
Kaeac(j) [48-51,55-59,62,70,73,75-77,80,82,93,95,96,98,100,102]
P(O ]) % Pdeac<0 ])

.\ Kdeac
Pu(0,) =0 pyere(0,)

Site Deactivation by Hydrogen
P(n,j) +H, Pgeac(0,j) +Pa(n,j) [70]
P(0,j) +Ha LHU) Pieac(0,])

deacH( )

Site Deactivation by Oxygen

Kdea
P(n,j) +0p M0, b (0,) + Pa(n,j) [70]

Kdeaco (j)
(0 ]) +0 L’ Pdcac(o ])

Oxygen Elimination by Alkyl Aluminum 0]
AL+0, =0, sp

Reaction with PO)ISOIIS
kar (j
P(nj) +Po =" 5 Papo(0,]) + Pa(n,j)
ar () [48-51,55-59,62,95,96,102]
Pu(0,j) +Po *’ Pypo(0,])
P(0,j) +Po % Pypy 0,j)

As mentioned in Table 3, the number of stages in the reaction mechanism for this olefin
polymerization process in the gas phase via the coordination mechanism by using the organometallic
catalyst, namely Ziegler—Natta catalyst, metallocene-based catalyst, or chromium oxide-based catalyst
implemented previously differ from one study to another study. Most of the studies considered that
the polymerization reaction commences by activating the active site. At this level, the potential active
sites are activated by co-catalyst to create a vacant site for the insertion of the monomer during the
initiation. In addition, Salau et al. (2008) [70] proposed two additional stages, namely, spontaneous
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site activation and site activation by hydrogen, which leads toward the same purpose of activating the
potential active sites. After creating these vacant sites, most of the studies implemented the initiation
stage, where the insertion of monomer in the vacant sites commences. At this stage, the chain length of
the polyolefins starts to expand. Later, the growth of this polyolefin chain length continues during the
propagation stage. After that, the growing polyolefins undergo several types of chain transfer reaction
such as spontaneous transfer, chain transfer to monomer, chain transfer to hydrogen, and chain transfer
to co-catalyst with the aim of controlling the molecular weight and the chain length of the polyolefin.
In addition, Harshe et al. (2004) [75] and Zacca et al. (1996) [98] proposed a supplementary stage
called site transformation reaction, which plays the same role as the chain transfer reactions. However,
the vacant site for the insertion of the molecules is altered from the active site j to active site k located
in the catalyst. Finally, to terminate the growing of the polyolefin chain length with the main aim
to form the dead polyolefin, the active site or the catalyst is deactivated spontaneously or by using
hydrogen, oxygen, co-catalyst, and impurities. During this catalyst deactivation, the catalytic activity
and selectivity continue to decrease [27].

The mechanisms of the reaction for the olefin polymerization via free radical mechanism by using
the organic peroxide and oxygen as the initiator are tabulated in Table 4.

Table 4. Mechanism of the reaction for the free radical mechanism by using the organic peroxide
and oxygen.

Reaction Mechanism

Ref.

Initiator Decomposition/Peroxide Initiation

In Kidec IR®

[52-54,60,61,65-67,69,72,78,81,84-87,94,97,101]

Peroxide Initiation at High Temperature

. ] 86,97

0s + () 2541, PO, () o7
Generation of Peroxide at High Temperature

[86,97]

PO, (n) 20k, Re ()

Oxygen Initiation
Oy +M Xy oRe

[65-67,72,81,84-86,97,104]

Thermal Initiation
3M X2 R*(1) +R*(2)

[65-67,69,85,86,97]

Generation offgnert
02 +R*(n) —2% Y

[65-67,85]

Initiation (Extruder)
In Koy YR® withy =4

[71,79,83]

Chain Initiation
R® +M X p(1)

[52-54,60,61,94,101]

Hydrogen Abstraction (Extruder)

83
R® + P(n) =% P*(m) + RH (s3]
Hydrogen Abstraction without a Vinyl Group (Extruder)
Kt [71,79]
R® +P(n,j) —= R*(n,j)
Hydrogen Abstraction with a Vinyl Group (Extruder) [ |
71,79

ke
R® +P(n,j) =25 R*(n,j—1)

Propagation
Kpro,
R*(n) +M 22 R*(n+1)

[52-54,60,61,65-67,69,72,81,84-87,94,97,101,104]

Double Bond Propagation

. Kdbprop o
P(m)+R*(n) —— R*(n+m)

[86,97]

Double Bond Propagation (extruder)

dbprop

k.
P(n,j) +R*(m, k) —— R*(n+m,j+k—1)

[71]

Chain Transfer to Monomer
R*(n) + M 2 P(m) + R*(1)

[52-54,60,61,65-67,69,86,87,94,97,101]

Chain Transfer to Polymer
R*(m) + P(n) %% P(m) + R*(n)

[52-54,60,65-67,69,72,78,85-87,94,97,101,104]
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Table 4. Cont.

Reaction Mechanism Ref.

Chain Transfer to Polymer (Extruder)

P(m) + P*(n) X2 P*(m) + P(n) (831

Chain Transfer to Polymer without a Vinyl Group (extruder) [71,79]
R*(m, k) + P(n, ) <% P(m, k) + R*(n,j) '

Chain Transfer to Polymer without a Vinyl Group (extruder)

-\ kepv . [71,79]
R*(m, k) +P(n,j) — P(m, k) +R*(n,j — 1)

Chain Transfer to Chain Transfer Agent/Solvent

Keta [52-54,60,61,65-67,72,85-87,94,97,101,104]
R*(n) + CTA —= P(n) +R*

Incorporation of Chain Transfer Agent

52-54
R*(n) + CTA 5 p(n 4 1) [52-54]

Termination by Combination

ke [52-54,60,61,65-67,69,72,81,84,86,87,94,97,101,104]
R*(n) +R*(m) 2 P(n +m)

Termination by Combination (extruder)
R*(n,j) + R*(m, k) =< P(n+m,j+k) or [71,79,83]
P* (m) + P*(n) S P(n + m)

Termination with Initiation Radical (extruder)

71
Re(rj) + R* S Pin 7

Termination by Disproportionation
isp [52-54,60,78,94,101]

R*(n) + R*(m) ~, p(n) + P(m)

Thermal Degradation

s [65-67,72,78,81,84-87,97,104]
R*(n) —= P(n) +R*

Intramolecular Chain Transfer /Backbitting
R*(n) 5 R*(n)

B-Scission

R*(n) + P(m) %% P(n) + R*(r) + R*(m — 1)

[52-54,60,66,67,69,72,85,94,97,101]

[53,54,60,78,94]

B-Scission (Extruder)

P*(m) <% P(n) + P*(m — n) (531

B-Scission for Sec-radicals
Bs2

X [52,66,67,69,72,85,97,101]
R*(n) — P(n) +R*

3-Scission for Tert-radicals
Bs3,

X [52,66,67,72,85,97,101]
R*(n) — P(n) +R*®

Retardation by the Impurities

R*(n) 4 Po Ko, P(n) (o)

Decomposition of Ethylene
2C,Hy X2, oC 4 2CH, + Heat [101]
C,H, X0, 5C | 2H, + Heat

As mentioned in Table 4, the number of stages in the reaction mechanism for this olefin
polymerization process in the gas phase via a free-radical mechanism by using an organic peroxide
and oxygen as the initiator implemented previously differ from one study to another study. Most of
the studies considered that the polymerization reaction commences by the initiator decomposition
or peroxide initiation to create the vacant site for the monomer insertion by generating the radical.
In addition, these radicals can also be generated by implementing other methods, such as (i) initiation
and generation of peroxide at high temperature, (ii) initiation of oxygen by reacting the oxygen with
the monomer, and (iii) thermal initiation by decomposing the monomer into the radical form. Then,
the radicals react with the monomer to produce the growth of the polymer chain. For the olefin reaction
that takes place in the extruder, the growth of the polymer chain occurs when the radicals react with
polyolefin during the abstraction of the hydrogen. After that, the growth of the polymer continues
during the propagation as well as during the double bond propagation. To control the molecular
weight and the length of the polyolefin, several chain transfer reactions such as chain transfer to
monomer, chain transfer to polymer, chain transfer to chain transfer agent (CTA), and incorporation
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of CTA are implemented. Finally, to terminate the growing of the polyolefin chain length, with the
purpose of forming the dead polyolefin, the radicals are deactivated by using several methods, such as
termination by combination and disproportionation, termination by initiating the radicals, thermal
degradation, backbiting, 3-scission, and retardation by impurities.

2.2. Overview of the Kinetic Model, and the Mass and Energy Balance for Olefin Polymerization in the
Gas Phase

Kinetic modeling is used to predict the velocity or the speed of the chemical reaction by
determining the reaction rate of the olefin polymerization reaction and it can be determined
theoretically by using Equation (1) [106].

M+ H, % P0,j) = r = K(T)[M]*[Ha]® (1)

The value of k depends on the temperature and it can be determined theoretically by using

Equation (2) [107].
—Ea[1 1
k(T) = ko exp (RA [T - TrefD @)

Many studies have been carried out to determine this reaction constant experimentally to
ensure the calculated reaction rate is highly accurate. The values of the reaction rate constant
together with the values of activation energy (Ea), which are required to be used for the kinetic
modeling and simulation for the organometallic-type catalyst system such as Ziegler—Natta catalyst,
metallocene-based catalyst, and chromium oxide-based catalyst are mentioned in the following
publications [45,49,51,55-59,62,68,73-76,80,82,88,89,91,93,95,98-100,102,103,105,108-110]. ~ For the
olefin polymerization via the free-radical mechanism, using organic peroxide and oxygen as the
initiator, the values of reaction rate constants, together with their corresponding activation energy;,
were also published [61,69,71,72,78,83,85,94,97,101,104].

Several mathematical models have been implemented to describe the dynamic behavior of this
olefin polymerization process in the gas phase. By referring to Table 2, most of the mathematical
models were simulated by using a fluidized bed reactor, followed by the tubular reactor, extruder,
autoclave reactor, horizontal-stirred-bed reactor, and vertical-stirred-bed reactor. The fluidized bed
reactor, vertical and horizontal-stirred-bed reactors were used to carry out the olefin polymerization
reaction by using a Ziegler—Natta catalyst, chromium oxide-based catalyst, and a metallocene-based
catalyst system. Meanwhile, the tubular reactor, the extruder, and the autoclave reactor were used
to perform the olefin polymerization reaction by using the initiator, namely, organic peroxide and
oxygen. To summarize, even though the reaction was carried out in the same type of reactor or by
using the same type of catalyst or initiator, the proposed mathematical models slightly differed due to
the different considerations in the number of stages in the reaction mechanism and the assumptions to
simplify the complexity of the nonlinearity phenomena that occurred during olefin polymerization in
the gas phase.

For the olefin synthesis via a coordination mechanism, the following kinetic model can be used to
determine theoretically the number of moles of the potential sites and the initiation sites, the population
balance for living and dead chains, the moment of the chain length distribution for the living and dead
polymer, and the population balance for dead polymer [49,56,58,59,62]. For the number of moles of
the potential sites, it is written in the following form:

T = Fli) ke P ) P ®
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Then, the number of moles of the initiation sites can be determined using the following formulas:

TR = 5P ) = PO { ke ()M + ko) -+ ke [P + | @
T = Y(0,5) {Kirt, ) [FEa] + ees () — Nia(0,1) { ety () M) + Kaeac )

5
e ()[AL] +kegp[Po] + &2} ®

Moreover, to determine the population balance for a living and dead chains polymer for chain
length equal to 1 and greater than 2, the following formulas can be used:

D = Kaer()P(0,§) M) + Prr(0,§) { ke, () [M] +karc () [AL]}
+Y(0,§) {kirmt G) M) + Kerco () [AL]} — N(1,) {Kprop G) [M] ©)
kv () IM] + e, (5) [Ha] + keeco () [AL] 4kirs (j) + Kdeac (j) + kap (j) [Po] + Vp}

PPRD = Kprop () IMIP(n — 1,§) — P(1,§) { Kprop (1) [M] + ke (j) [M]

+kerco () [AL] + K, () [Ha] +Kers (j) 4 Kdeac () + kap (j) [Po] + %} v

G2 = P { Mk () + [k, () + [ALJKisco() .
Ko 7) + Kdeac (§) + kap () [Po]} — $:Q(n,j)

QD — p(n,j){ M]kuna () + [Halkar, () + [ALJKuco(j)
ks () + Kaeac () + kap(j) [Po]} — 9 P(n,)

Lastly, the following equations can be used to calculate the zeroth, first and second moment of the
chain length distribution for the living and dead polymer:

©)

DO = Kace)P(0,)M] + Pra(0,) { ke, () [M] + kinyc () [AL] }

—Y 0,j ] {kaZ Hz} + ktrs(]) +kdeac(j) + de(j)[PO] + %}

(10)

L) = ket (G)P(0,§) [M] + Prr(0,) { ke, (1) [M] + koo () [AL]}
+Y(0,j) {kum () M] + Kirco (j) [AL]} + Kprop M]Y (0, j)
—Y(Lj) {keem (] >[ ]+ ket 1) [Ha] + Kirco () [AL] + kers () + Kdeac (§)
)[P

+kgp(j)[Po] + vp

(11)

H,—/Z

2D = Kaet ()P(0,) [M] + Prr(0,) {kat, () M] + ki () [AL] }
+Y(0,) {kenm () [M] + Kexco () [AL]} + Kprop[M H2Y(1 i) +Y(0,j)} (12)
~Y(2,j) {Kuuna () M] + Kt ) 2] + Kirco () AL ks (1) + Kacac ) + kap(j)[Po] + 2 |

=

KD =Y () { Mk §) + (oK, () + [ALTKerco i)
+Kirs () + keac () + kap () [Pol} — §2X(nj)

Furthermore, there exist several types of heat and mass transfer models implemented previously
to describe the dynamic behavior of this polymerization process. For a three-phase model where the
reactions were assumed to occur in emulsion, cloud, and bubble phases, the heat and mass transfer
models are written in the following form [45]. The mass balance for the potential sites, active sites,
and catalyst are written in the following form:

(13)

dp* (]) — QcatP?n (]) _ QVprOdP* (]) Pcat

dt mg mg

— Rjp (14)



Processes 2019, 7, 67 17 of 33

dP(0,j) _ QuaP(0,j)  QuproaP(0j)Pear

it m s Rip(0) (15)
d[Cat] . Qeat B varod [Cat} Pcat (16)
dt o mg mg

Furthermore, for the heat and mass balances from the bubble phase to the cloud phase, it can be
determined by using the following formula:

d[Ral,
dz

up = ~Kpc([Raly — [Ral) with z = 0, [Ra]y, = [Ralyg 17)

d([Ralp(To = Trer)) _ Hic
dz ubCp,g

(Te —Tp) (18)

Then, for the heat and mass balance from the cloud phase to the emulsion phase, the equations
are written in the following form:

ub6 |: 3(%)
up

+ = Kbc([RA]b - [RA]C) - KCe([RA]C - [RA]e) (19)

_ Uy
Emf

Zd([RA]c(TC - Tref)) . Hee

dz ~ upCpg (Te —Te) (20)

Moreover, for the heat and mass transfer with chemical reaction from the emulsion phase to the
catalyst phase, the equations are formulated in the following form:

d[RA]e

Abed (He) Emf—gr = Kce([RA}C - [RA]e)Abed (He) Emf T va([RA]() - [Rm}e) (21)
_varod [Rm]esmf +ramg
—_ @ _ d[Rm}e —
Abed (He) [(1 Emf) pst,S + Emf [RA]mep,g] t + Abed (He) (Te Tref) Emfcp,g dt
_va [Rm]ecprg(Te - Tf) + AbI_Ibef (Tb - Te)dZ + (_AHr)rA (22)

_varodsmf [Rm}ecp,g(Te - Tfs) - varodimf[Rm]eCp,g(Te - Tf)
—mD(He)(1 — 5" )hyy (Te — Toy)

Finally, to determine the population balance for a living and dead polymer for this three-phase
model, the following equations can be used:

dY(n,j) QVpl‘OdY(nlj> Pcat

a Rv(nj) = mg @)
dX(H,j) varodx(n/j) Pcat
Tt e T T 24

Then, for a two-phase model where the reactions were assumed to occur in the emulsion and
bubble phase, the heat and mass transfer model is written in the following form [48]. For heat and
mass balance equations in the emulsion phase, the equations are written as follows:

d(Veee[M
( th[ l)  _ M]ginUeAe — [M] UeAe — Ryece[M],

+Kpo([M]y — [M])Ve (55) 25)

KeVeeeAe M|,
(1 eo)Ry, — Sl
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d(Veee[Ha],) [

dt }e mUeAe [Hz]eUeAe — Ryete [HZ]e

+Kee ([}, — [Halo) Ve (155 ) (26)
—(1 )Ry, — KeVeseeltlle

o p—
(Ve (Ee L GuilMile +(1 - ee)ppolycp,wl) ) erot) —

i=1

m
UeAe(Te,in - Tref) Z [Ml]e mC U A ( Tref)

i=1 i

[Nyglz

[MJ Cpl

+ (1 — ee)RpeAHR 27)

N——

m
—Rye(Te — Tref) < 21 5eCp1[ 1] +(1- ﬁe)Ppoly p.pol
& dM;
—HpeVe (ﬂ) (Te —Tp) — Veee (Te - Tref)_zl Cpi [dt]
1=

m

e

ref

Meanwhile, the equations for heat and mass transfer in the bubble phase are written as follows:

d(Vyep[M

( bfﬂ[ ) _ [M]b,inUbAb — [M]bUbAb — Rypép [M]b — Kbe[ [}l\/I]b — [M]e)Vb (28)

Ky Vi e Ap M
—(1—¢p) VpprRlbd — —27bThTbl T bi}:,bb b
d
(Vbsc}ft[HZ]b) = [HZ]mebAb — [H2], UpAp — Rypep [Hal, — Kpe([Hz]p, — [H2]o) Vi 29)
A
—(1—¢p) . Rf R;, dz — Kbvba‘t/)Vbb[HZ]b

(Vb <£b L CPI[ ]b + (1 - sb)ppolycp,pol>) % =

i—1
m m

UbAb (Tb,in - Tref) Z [Mi]binc i UbAb (Tb - Tref).):l [Mi]bcpi
i= 1=

—Ryp (T ref) ( B SbCpl[ ]b + (1 - 6b)ppolycp,pol) (30)

A AH m dM;
(1= o) i [ Rodz + Hoe Vi (Te = To) = Ve (To = Trer) 1o Cpi Ll

Kp A 4
B Wb(TZ}Fref) (121 £bCPi [Mi]b + (1 - 8b)ppolycp,pol>

Furthermore, for single-phase known as a well-mixed model where the reactions were assumed to
occur in the emulsion phase, the following heat and mass transfer model can be implemented [99,102].
The heat and mass balance equations are formulated as follows:

d[M]

Veme gt = UoA(MJ;, — [M]) — RyemM] — (1 - emp)R g

Ve 2] — Uy ((Haly, — [Ha]) ~ RyeagH] — (1 enR, ()
('gl [Mi]CinEmf +V(1 - Emf)ppolc pol) % =

UpA Zl [ ] pl(Tin ref) UOA Z [ ] (T - Tref) (33)

m
—Ry |:Zl [Mi]cpismf + (1 - £mf)ppolcp,pol} (T - Tref) + (1 - £mf)AI—IRRp
i=
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Lastly, another single-phase model is known as constant bubble size model, the following heat
and mass transfer model was previously implemented [105]. For heat and mass balance in the bubble
phase, the equations are written as follows:

He
— 1 U _(KpeHe
[M]b = ﬁ/ {M]bdh = [M]e + ([M]e,in - {M]e) Kbelf‘le (1 —-e ( pC )> (34)
0
He
o 1 U _KpeHe
[Hz}b -4 [Hz]bdh = [Hz]e + [Hz]e,in - [HZ}e b 1-e ( “b ) (35)
H KpeHe
0
H _
_ U.C _(HpeH
Ty, = Hie/deh:Te+(Tm—Te)H;Hpe <1_e <chp>> (36)
O e
with N
Cp = ) [Mi],Comi = M}, Cpcyg + [Hal,Com, + [N2]Cpn, (37)
i=1

For the emulsion phase, the heat and mass transfer equations are written as follows:

dM V0K —
Veems [d_t]e = UeAeEmf([M]e,in - [M]e> + (1e_ g; ( [M]b - [M]e) - Rveamf[M}e - (1 - Emf)Ri (38)
d/H VedKpe [ [T7-
Veems [dtﬂe = UeAeEmf([Hz]e,in - [Hz]e) + (1_5% ([HZ]b - [HZ]e> (39)
- Vesmf[HZ]e - (1 - smf)Ri
= dr,
(_21 Veems [Mi]ecpi + Ve(1 — Emf)ppolcp,pol) q =
i=
a d[Mi]e Lt
_'Zl Veamfcpi dt (Te - Tref) + UeAe Emf.21 [Mi]e,incpi(Te,in - Tref)
= = (40)

3 VedHpo =
_UeAeemf.):1 {Mi]ecpi(Te — Tref) — =s) (Te - Tb)
1=
m
+Rve <(1 - £mf)ppolcp,pol + £mf.g1 [Mi]ecpi) (Te - Tref) + (1 - Emf)AHRRpe

For the olefin synthesis via a free-radical mechanism, the following equations can be used to
determine mass and heat transfer models (radicals, polymer, monomer, reactor, and reactor jacket),
pressure drop, kinetic model (moment of dead polymer), mass balance for long and short chain
branching polymer [61,69]. For the mass balance for the radicals, the equation is written as follows:

L = 2MaeclIn] — KpropM([R(m)] —~ [R(n — 1)](1 = 55,1))
~(kera CTA] + K M) [R()] = 801 £ [R()] ) = o RG] [RGD)

1

(41)

Then, the mass balance for the polymer is formulated as follows:

d[P(n)]
dt

n—1
= (eralCTA] + ko MDIR()] + 5 3 R IR —m))(1—801)  (42)

Moreover, the mass balance for the monomer used during the synthesis is written as follows:

dM]

SO = — (kpop + ) MI L RGO @)
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Meanwhile, for the heat balance for the reactor and the cooling fluid in the reactor jacket,
the equations are written as follows:

dT - ( —AHg ) LRpm uApipe (T - Tcool)

- = 44
dt puCy puAspCp (44)
chool ( cool — T)
— = LUi 45
dt Pout QmC p,cool #)
Furthermore, the pressure drop occurred in the reactor can be determined as follows:
dp du
= (anch n pud> with £;1/2 = 41og (f}iQRe) 04 (46)

Then, to determine the zeroth, first and second moments of dead polymer, the equations are
formulated as follows:

d(X(0)P(n)) _ KecomY>(0)

dz = 3 + (ktrM [M] + kBSZ)Y(O) (47)
AXCPOD = Keeom Y(0)Y (1) + (Kt [M] + Kpe2) Y(1)
, e (48)
o (Y(1)+ Y ()X(D) - X@ £ [R() )
w :ktcom(Y(O)Y( )+Y2 ))+(ktrM[ ]+kf352) ()
, - 9)
+ktrpo(( 2) +Y'2)X(1) - X(3 )EJR(I”)

In addition, for the zeroth, first and second moments of temporary dead polymer I and II,
the equations are written as follows:

d(X'(0)P(n))

dz = ktcomY(O)Y/(O) - kidecY/(O) + (ktrM [M] + kBsZ)Y/ (0) (50)

AT — o (Y(O)Y' (1) + Y()Y'(0)) ~ KigecY' (1) + (kuna [M] + 2} Y'(1)

epo ((Ym FY@OX0) XD F [R(i)])

(51)

ANDPO) g (Y@)Y(0) + 2Y()Y(1) £ Y(0)Y (2)) — kigeeY'(2) + (et [M] + kpe) Y/(2)
+ktrpo((Y<z> HY@XW) -XE LR <>])

i=1

3

(52)
w = ktCOmY” (0) - ZkidecY” (0) (53)
w = ktCOmY,(O)Y,(l) - 21<ic1ecYN (1) (54)
AP _y opv2) + V(D) g () )
Finally, the mass balance for short and long chain branching polymer is defined as follow:
d[Pyc R (i
el — ko LIRG) %)
d|Pj. / S R (s
W] _ 1 (x(1) + X' (1) L RG] 7)
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By referring to Equations (3) until 57, a method of moments and population balances, which are
in form of ordinary differential equation (ODEs), were used to build and simulate the kinetics model
with the aim of studying the dynamic behavior of the olefin polymerization reaction in a fluidized
bed reactor, horizontal-stirred-bed reactor, vertical-stirred-bed reactor, tubular reactor, extruder,
and autoclave reactor via two types of reaction mechanisms, namely, coordination and free-radical
mechanisms. For the olefin polymerization via a coordination mechanism, Equations (58) to (60) are
used to calculate the polydispersity index, number average molecular weight, and the weight average
molecular weight, respectively.

PDI = Mo (58)

NS . .
L Y(L,j)X(1,))

Mp ="' MW (59)
21 Y(0,j)X(0,j)
]:
NS . .
;1 Y(2,7)X(2))

My ="MW (60)
21 Y(1,j)X(L,j)
]:

The polymerization rate is defined as follows [59]:
Rp = MWIMJY(0,j)Kprop (j) (61)

The melt index or melt flow index (MFI) can be determined by using the following equation [45]:
MFI = 3.346 x 10'7M_ 3472 (62)

For the olefin polymerization process via a free-radical mechanism, to determine the number
and weight average molecular weight, the following equations are used, which are slightly different
from the equation used for the coordination mechanism. At this level, the moments of dead and
temporary dead polymer, as well as the moments of living polymer, are incorporated to determine
these parameters [69]:

X(2) +X'(2) + X7 (2) + Y(2) + Y'(2)

M,, = MWX(l) —i—X/(l) —i—X”(l) +Y(1) +Y’(1)

(63)

(1) + X (1) +X"(1)+Y(1) +Y'(1)
(0) +X'(0) + X" (0) + Y(0) + Y'(0)

Lastly, the monomer conversion for this olefin polymerization via a free-radical mechanism is
defined by the following equation:

X
M, = MW
X

_q_ M]u
Ymono 1 [M]O (64)
To compute the mass and heat balance equations, which represent the olefin reaction via a
coordination mechanism, the hydrodynamic correlations that are tabulated in Abbasi et al. (2016) [49]
are referred. For the heat and mass balance equations for the olefin polymerization process via a
free-radical mechanism, the hydrodynamic correlations that are tabulated in Khazraei and Dhib

(2008) [69] are used.
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2.3. Numerical Methods for the Simulation of the Mathematical Model

Equation (3) until 57 are either in the form of ODEs or in the form of partial differential
equations (PDEs). For the ODEs, they contain only one independent variable, which is generally
time (t). The PDEs contains at least two independent variables, which are generally time, height of
the reactor, etc. To simulate these types of equations, several methods exist, which are summarized in
Table 5.

Table 5. Numerical methods for the process simulation.

Methods Main Feature Ref.
, Ability to solve simple and linear ordinary differential

Euler’s Method equation (ODEs) with the presence of initial values (1111131

Monte Carlo Method Ability to compute the ODEs with random values [113,114]

Rosenbrock Method Ability to solve stiff ODEs [113,115,116]

Backward Euler’s Method  Ability to solve stiff ODEs with larger step size [117]

Finite Difference Method Ability .to sc?lve partial dlfferentlal equat.lons (PDEs) by [118]
approximating the nonlinear system to linear system
Ability to solve PDE by approximating the PDE system with

. an ODE system. In general, the spatial independent

Method of Lines variables are substituted by algebraic approximation (as a [119]
function of time)

Finite Element Method Ablllji}{ to solve PDEs with the presence of boundary [120]
conditions

Multigrid Methods Ability to solve high order PDEs, especially [121]

parabolic systems.

By referring to Table 5, because of the stiffness of the ODEs used in this polymerization process,
Rosenbrock and backward Euler’s method seem to be the most suitable numerical methods to be
implemented in simulating these ODEs [58]. Meanwhile, for the PDEs, because the independent
variables are not more than two, the finite difference method or method of lines could be applied.

3. A General Guideline to Implement the Mathematical Model

After reviewing the mathematical model, a general guideline can be proposed to ease the
implementation of the mathematical model for the olefin polymerization process in the gas phase.
The following flowchart in Figure 2 can be used to illustrate the procedure.

For olefin polymerization in the gas phase, two types of major mechanism occur in the process.
If the free-radical mechanism (details can be found in Table 4) occurs, the normal choice is to choose a
tubular reactor, while for the coordination mechanisms (details can be found in Table 3), the fluidized
bed reactors and stirred-bed reactors (horizontal and vertical) are the preferred choices. The next step
is to decide on the type of model to be used based on the number of phases assumed in the reactor.
For the tubular reactor, the model to be used is normally the single-phase model assuming all the
reactions occurs homogeneously in the packed bed tubular reactor. For the fluidized bed reactors
(FBR) and stirred-bed reactors (SBR), the model can be either single, two or three phase depending
on the assumptions of the location of the sites of the reactions occurring in the process. Examples of
single, two, and three phases can be seen in Table 2, with different types of process conditions and
assumptions by different researchers.

The final mathematical model for the mass balance (either 1, 2, or 3 phases) will incorporate
the kinetic model, transport phenomena process, and the hydrodynamics within the reaction system.
The kinetic model includes the method of moments, while the effects of population balance can also be
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included in the mass balance. A suitable model will also be done for the heat balance incorporating
the kinetic model and transport phenomena mechanisms.

Finally, these mathematical models (both the mass and energy balance) can be validated using
computational fluid dynamics (CFD) models (ANSYS 6.1, ANSYS Inc., Berkeley, CA, USA) and through
experimental pilot plant data [56].

—[ Olefin Polymerization Process ]7

y

Coordination Mechanism (referred to Free radical mechanism (referred to
Table 3) Table 3)
v v
P
Type of reactor Single Phase Type of reactor
FBR/SBR/HSBR/VSBR Model Tubular reactor
— L
Three-phase Two-phase
model model
-
ﬁathematical Model = Kinetic l\ﬁodel + Transport Pheriomena + Hydrodynamic \
Method of Moment Population Balance

| |
¢

CFD & Experimental Validation

N /

Figure 2. A general flowchart of the guidelines for the implementation of the mathematical model
(FBR: fluidized bed reactor; SBR: stirred-bed reactors; HSBR: horizontal-stirred-bed reactor; VSBR:
vertical-stirred-bed reactor).

4. Conclusions

Polyolefins such as polyethylene or polypropylene are widely used nowadays in producing
several materials for industrial and consumer use. To ensure that the end products are safe,
high quality and have an optimized production facility, the processing conditions need to be improved.
Thus, a review of the previously implemented gas-phase mathematical models was carried out
to scaffold a methodology to build new mathematical models or to improve the existing ones.
For the olefin polymerization process in the gas phase, the tubular reactor operates at high pressures
while reactors such as a fluidized bed reactor, stirred-bed reactor, vertical-stirred-bed reactor and
horizontal-stirred-bed reactor work at moderate pressures. Moreover, most of the modeling in olefin
polymerization via a free-radical mechanism considers a single-phase model. Meanwhile, for the
olefin polymerization in the gas phase via a coordination mechanism, several models exist, such as
the three-phase model, two-phase model, well-mixed (single-phase) model, and constant bubble size
model (two-phase with constant bubble size). To simplify this complexity, some researchers ignore
extra phases during model implementation. Many studies have been done to improve the precision
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of the two-phase model as well as single-phase models by adding more details to the model, such as
considering solid elutriation. In the future, studies on heat loss through fluidized bed reactors and
improvement in the precision of the three-phase model can be carried out. The flowchart in Figure 2
can be used as a guideline to retrofit the available models or to develop new ones. A lot of work has
been done on modeling olefin polymerization, but a lot of effort is still needed to validate the models
better, which is to minimize the gap between model output and experimental or industrial data with
the aim of improving the end products that are environmentally friendly and have a high quality.
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Nomenclature

a Partial rate constants

A Area (m?)

Atube The cross-sectional area of the cooling jacket tube (m?)
Apeq The cross-sectional area of the fluidized bed (m?)
Apipe The surface area of the pipe (m?)

Asp The cross-sectional area of the pipe (m?)

AL Alkyl Aluminum (mol/ m?)

b Partial rate constants

BP By-product (mol/m?)

G Concentration of the component i (mol/m?)

cCata Co — Catalyst (mol/ m?)

Cp Heat capacity (J/Kg-K)

Cp,pol Heat capacity of the polyolefin (J/Kg-K)

Cp tube Heat capacity in the cooling jacket tube (J/Kg-K)

D Diameter (m)

Din Inlet diameter (m)

Dout Outer diameter (m)

D, Dispersion coefficient (m?/s)

Ea Activation energy (J/mol)

Fn Mass flow rate (kg/s)

Fin () Potential active site flow rate of a site type j injected into the reactor (mol/s)
Fin tube Mass flow rate in the jacket cooling tube (kg/s)
Feat The fraction of the catalyst in the polyolefin

Fcata Mass fraction of the activated catalyst

Fycata Mass fraction of the deactivated catalyst

Fh, Mass fraction of the hydrogen

Fum Mass fraction of the monomer

FBR Fluidized bed reactor

fokine Generation of the inert rate constant (m®mol~1s~1)
He Height of the reactor (m)

H Enthalpy of the reactor (J/kg)

Hpe Bubble to emulsion heat transfer coefficient (W/m3K)
Hp. Bubble to cloud heat transfer coefficient (W /m3K)

Hee Cloud to emulsion heat transfer coefficient (W / m3K)
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Hin Enthalpy of the inlet feedstock into the reactor (J/kg)

Hp Hydrogen (mol/m3)

hy Wall heat transfer coefficient (W/m?2K)

HSBR Horizontal-stirred bed reactor

In Initiators (mol/m?)

ko Pre-exponential reaction rate constant (s~ orm®mol~1s71)

k Reaction rate constant

Kact (j) Activation rate constant for active site type j (m3mol~'s~1)

Kactt, (j) Catalyst activation by hydrogen rate constant for a site typej (s~ 1)

Kacenm () Catalyst activation by monomer rate constant for a site type j (s 1)

Kacts(j) Spontaneous site activation rate constant for active site type j (s

Kactsa (j) Site activation by alkyl aluminum rate constant for active site typej (s~')

KactsH, () Site activation by hydrogen rate constant for a site type j (s 1)

Kactsm () Site activation by monomer rate constant for a site typej (s~1)

kap Hydrogen abstraction rate constant (m?mol~1s71)

kam, Hydrogen abstraction without a vinyl group rate constant (m3mol1s71)

Kam,v Hydrogen abstraction with a vinyl group rate constant (m3mol~'s1)

kar(j) Reaction with poisons rate constant (m3mol~1s71)

kpeac(j) Deactivation rate constant (s~ 1)

kppo (j) Deactivation by poison rate constant (s~ 1)

Kdeac(j) Deactivation rate constant for a site type j (™)

Kdeco Decomposition of ethylene rate constant (s~ 1)

ke, 7) Chain transfer to hydrogen rate constant for a site type j with terminal monomer M
2 reacting with hydrogen (m3mol~'s~1)

Kidec Initiator decomposition rate constant (s 1)

fokianT Peroxide initiator at high-temperature rate constant (m3mol~1s71)

frokigpo Peroxide generation at high-temperature rate constant (s 1)

kin Initiation rate constant (m3mol~1s~1)

kin(j) Initiation rate constant for a site type j (m3mol~'s~1)

Kine Initiation rate constant in extruder (m®mol~1s—1)

ki Thermal initiation rate constant (s~ 1)

Kprop Propagation rate constant (m®mol~1s71)

kprop (i) Propagation rate constant for a site type j (m3mol~'s~1)

kspont (j) Spontaneous chain transfer rate constant for a site type j (m®mol~1s~1)

Ktcom Termination by combination rate constant (m3mol~1s71)

Kidisp Termination by disproportionation rate constant (m3mol~!s~1)

king Thermal degradation rate constant (s

Krranst(j — k) Site transform from site j to site k rate constant (s

Kirad Termination with initiation radical rate constant (m®mol~!s~1)

kircTA Chain transfer to chain transfer agent rate constant (m?mol~1s71)

kyco Chain transfer to co-catalyst rate constant (m3mol~1s~1)

kerco () Chain transfer to co-catalyst rate constant for a site type j (m?mol~1s71)

Kert, () Chain transfer to hydrogen rate constants for a site type j (m>mol~1s~1)

Kirs (j) Chain transfer to solvent rate constants for a site type j (m>mol ~'s~1)

keem () Chain transfer to monomer rate constant for a site type j (m?mol~1s71)

kirm Chain transfer to monomer rate constant (m3mol~1s~1)

Kkirs () Spontaneous transfer rate constant (m?mol~1s71)

kyp Chain transfer to the polymer without a vinyl group rate constant (m3mol~1s~1)

kirpv Chain transfer to a polymer with a vinyl group rate constant (m?mol~1s71)

kirpo Chain transfer to polymer rate constant (m3mol~1s71)

Kgs B-scission rate constant (m3mol~1s—1)

kps2 (3-scission for secondary radical rate constant (s

kgs3 [3-scission for tertiary radical rate constant s H
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MFI
MW
Mn
My

Mpoly

P(n+1)
P(n+1,j)

Py(n)
Pa(n,j)
Papo (0/ ] )
Pgeac (])
PDI

Po

q
Q(n,j)
Qcat
Qn,
Qir\
QMon
Qm
Qout
QoutF

A

Heat dispersion coefficient (J/m-s-K)

bubble to emulsion mass transfer coefficient (s 1)

Bubble to cloud mass transfer coefficient (s~1)

Cloud to emulsion mass transfer coefficient (s 1)

Elutriation constant in emulsion phase (kg/m?s)

Length of the reactor (m)

Monomer used during the polymerization (mol/m?)

Melt flow index or Melt index (g/min)

Molecular weight (kg/mol)

Number average molecular weight (kg/mol)

Weight average molecular weight (kg/mol)

Mass inside the reactor (kg)

Mass of the polymer inside the reactor (kg)

Metal atoms (mol)

Number of active sites j

Oxygen (mol/m?)

Pressure (Pa)

Poison (mol/m?3)

Potential active site of type j (mol)

Uninitiated site of type j produced from activation reaction (mol)

Uninitiated site of type j produced from chain transfer to hydrogen reaction (mol)
Living polymer chain with a chain length one produced by the initiation reaction (mol)
Living polymer chain of type j with a chain length one produced by the initiation reaction
(mol)

Growth living chain with a chain length m with the terminal monomer M (mol)
Growth living chain with a chain length n with the terminal monomer M (mol)
Growth living chain with a chain length n + m with the terminal monomer M (mol)
Growth living chain of type j + k with a chain length n + m (mol)

Growth living polymer chain of type j with a chain length n with the terminal monomer M
(mol)

Growth living polymer chain of type k with a chain length m with the terminal monomer
M (mol)

Growth living chain with a chain length n + 1 with the terminal monomer M (mol)
Growth living polymer chain of type j with a chain length n + 1 with the terminal
monomer M (mol)

Dead polymer chain (mol)

Dead polymer chain of type j (mol)

Impurity site of type j (mol)

Deactivated site of type j (mol)

Polydispersity index

Impurity (mol/ m?)

Heat transfer via the cooling jacket (J/s)

Dead polymer with n chain length of type j (mol)

The mass flow rate of the catalyst (kg/s)

The mass flow rate of the hydrogen (kg/s)

Inlet flow rate (kg/s)

The mass flow rate of the monomer (kg/s)

The mass flow rate (kg/s)

Outlet flow rate (kg/s)

Outflow rate of the polyolefin in the slurry phase (kg/s)

Rate expression for the active sites (mol/kg catalyst per second)
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Ra Reactant used during polymerization process

R® Radical (mol)

R*(1) Living radical with the chain length 1 (mol)

R*(2) Living radical with the chain length 2 (mol)

R*(m) Living radical with m chain length (mol)

R*(n) Living radical with n chain length (mol)

R*(n,j) Living radical with n chain length of type j (mol)

R®(m, k) Living radical with n chain length of type k (mol)

R°(n+1) Living radical with n + 1 chain length (mol)

R*(m —r) Living radical with m - r chain length (mol)

R*(m) Living radical with m chain length (mol)

RH Inert molecule (mol)

R Gas constant (J/mol-K)

Ryg Deactivation reaction rate (kg/s)

Re Reynold Number

Ry, Hydrogen consumption rate (kg/s)

Rp Polymerization rate (kg/s)

Rpm Polymerization rate (mol/L-s)

Ry Volumetric production rate of polymer (m3s~1)

SP Sub-product (mol/m?3)

T Temperature (K)

Tube Cooling jacket tube temperature (K)

Tref Reference temperature (K)

U Heat transfer constant or internal energy (W /m?K)

u Velocity (m/s)

v Volume (m?)

Vp The volume of polymer phase present in the reactor (m?)

VSBR Vertical-stirred bed reactor

Vg The volume of the gas (m3)

Viube The volume of the liquid in the cooling jacket tube (m3)

WSBR Well-stirred semi-batch reactor

W The weight of particle solid (kg)

X(0) Zeroth moment of chain length distribution of the dead polymer (mol)

X(1) The first moment of chain length distribution of the dead polymer (mol)

X(2) The second moment of chain length distribution of the dead polymer (mol)
X(0,j) Zeroth moment of chain length distribution of the dead polymer chain (mol)
X(1,j) The first moment of chain length distribution of the dead polymer chain (mol)
X(2,j) The second moment of chain length distribution of the dead polymer chain (mol)
X(1,j) The n moment of chain length distribution of the dead polymer chain (mol)
Y Inert molecule (mol)

Y(0) Zeroth moment of chain length distribution of the living polymer (mol)

Y(1) The first moment of chain length distribution of the living polymer (mol)
Y(2) The second moment of chain length distribution of the living polymer (mol)
Y(0,j) Zeroth moment of chain length distribution of the living polymer chain (mol)
Y(1,j) The first moment of chain length distribution of the living polymer chain (mol)
Y(2,)) The second moment of chain length distribution of the living polymer chain (mol)
Ymono Monomer conversion

Z—-N Ziegler-Natta
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