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Modélisation et optimisation des procédés de polymérisation d’éthylene

ABSTRACT

Modeling and optimization of olefin polymerization processes based on

polymerization and process characteristics provide guidance to plants and improve

industrial processes. In this work, a model is proposed and its parameters determined

to calculate thermodynamic and physical properties of the ethylene polymerization

system. Based on industrial Zigler-Natta catalyzed multi-active sites ethylene

polymerization kinetics, both steady and transient state plant-scale models are

developed for industrial slurry and gas phase ethylene polymerization processes. The

operating conditions of the reactors are analyzed; the grade transition and process

optimization simulated. Most relevant results obtained in this work are summarized as

follows:

1.

A relationship between melt index (MI) and polyethylene molecular weight
distribution is developed:

log MI =20.69 —4.03log M w—4.5x107 PDI

The equation of state of Perturbed-chain statistical associating fluid theory
(PC-SAFT EOS) is applied to predict thermodynamic properties and phase
equilibria. The parameters of the pure components of ethylene, hexane, hydrogen,
nitrogen, polyethylene are obtained based on the literature data. The interaction
parameters of binary systems for ethylene/hexane, hydrogen/hexane,
hydrogen/ethylene, ethylene/polyethylene, polyethylene/polyethylene are
obtained in the same manner. The re-parameterized PC-SAFT equation of state is
most capable of predicting the physical properties of the ethylene polymerization
process.

A mechanism of Ziegler-Natta catalyzed ethylene copolymerization is proposed
based on the open literature. The kinetic constants and activation energies of
elementary reactions are analyzed. The reasonable ranges of the kinetic constants
of these elementary reactions and their activation energies are also determined.
The sensitivity of the polymer product, molecular weight, and density of
polyethylene to the variations of the kinetic constants is analyzed, providing a
basis for determining appropriate model parameters for process modeling.

A steady-state multiple active site model for the ethylene slurry polymerization
process is developed. The number of active sites for the catalyst is found to be
five according to the molecular weight distribution of three different
polyethylene grades. Strategies to increasing the polymer yield with the constant
molecular weight of polymer are: increasing temperature with decreasing the
ratio of hydrogen to ethylene in the gas phase; or increasing the reaction volume
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and the ratio of hydrogen to ethylene in the gas phase at the same time; or
increasing the flow rate of the inlet streams and the ratio of hydrogen to ethylene
in the gas phase simultaneously.

A steady-state multiple active site model for an industrial ethylene gas phase
polymerization process is developed. The number of active sites for the catalyst
is found to be five. Simulated results of the kinetic model in each grade are in
good agreement with the plant data. The model can accurately predict polymer
yield, polymer density, molecular weight distribution.

Dynamic mathematic models for two distinct industrial plants are developed.
While the input data for models are operating conditions from plant during grade
transition, the output of models such as the polymer yield, melt index and
polymer density can match well the grade transition processes. Based on the
dynamic models, the possibility of reducing grade transition time is studied.
Compared with the existing industrial strategy, the transition time could be
reduced by 12% for ethylene slurry polymerization process. The transition time
for ethylene gas copolymerization process could be shortened by 20%.

The steady-state and dynamic-state models are used for designing new grades.
There is great demand for ultra-high molecular weight polyethylene with high
performance. Based on two industrial ethylene polymerization processes,
operating conditions are designed for producing polyethylene about 10,000 tons
per year with a molecular weight of 3 million. Ethylene slurry polymerization
can be employed with 70 °C, 4.9 bar. The ratio of hydrogen to ethylene in the gas
phase should be controlled at about 0.0024 and the residence time in the reactor
2.2 hours.

Keywords: Polyethylene, modeling, optimization, grade transition

ii



Modélisation et optimisation des procédés de polymérisation d’éthylene

RESUME

La modélisation et 1I’optimisation des procédés de polymérisation d’oléfines en
prenant en compte les caractéristiques de la polymérisation et du procédé mis en jeu
peuvent aider a améliorer les procédés de polymérisation industriels. Dans cette étude,
un modele a été développé et ses parametres déterminés afin de calculer des propriétés
thermodynamiques et physiques du systeme de polymérisation de 1’éthylene. Des
modeles en régime permanent et transitoire sont élaborés pour les procédés de
polymérisation industriels en suspension ou en phase gazeuse, basés sur les cinétiques
de polymérisation en présence de catalyseur Ziegler-Natta. La conduite des réacteurs
a été analysée et le changement de grade simulé. Les principaux résultats de ce travail

se résument de la maniére suivante :

1. La relation entre I’indice de fluidité du polyéthylene (MI) et sa distribution de la
masse molaire a été établie et qui s’écrit comme suit :

log Ml =20.69—4.03log M w—4.5x107 PDI

1. L’équation d’état de type PC-SAFT EOS est utilisée pour prédire les propriétés
thermodynamiques et les équilibres de phases. Les parametres des composés purs
tels que I’éthylene, I’hexane, I’hydrogene, 1’azote et le polyéthylene sont calculés
a partir des données de la littérature. De la méme maniere, les parametres
d’interaction sont calculés pour des systemes binaires tels qu’éthylene/hexane,
hydrogeéne/hexane, hydrogene/éthylene, éthylene/polyéthylene,
polyéthylene/polyéthylene. L’équation d’état de type PC-SAFT re-paramétrée
prédit mieux les propriétés physiques du procédé de polymérisation d’éthylene.

2. Sur la base de la littérature, un mécanisme de copolymérisation d’éthyléne en
présence d’un catalyseur Ziegler-Natta a été proposé Les échelles des
constantes cinétiques ainsi que les énergies d’activation des réactions
élémentaires sont déterminées. L’analyse a été effectuée sur la sensibilité de la
qualité du polymere en termes de masse molaire et de densité massique aux
variations des constantes cinétiques.

3. Un modele en régime permanent avec des sites catalytiques multiples a été
développé pour le procédé de polymérisation d’éthyléne en suspension. Les
distributions de la masse molaire des trois grades de polyéthyléne ont permis de
déterminer le nombre de 5 pour les sites catalytiques actifs. Pour une masse
molaire donnée, les stratégies pour augmenter la production du polymere
consistent a augmenter soit la température tout en diminuant le rapport
hydrogeéne/éthyléne en phase gazeuse ; soit le volume de la réaction et le rapport
hydrogeéne/éthyléne en phase gazeuse en méme temps ; ou le débit d’entrée ainsi
que le rapport hydrogene/éthyleéne en phase gazeuse.

ii
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Un modele en régime permanent avec des sites actifs multiples a été élaboré pour
un procédé de polymérisation d’éthylene industriel en phase gazeuse. Le nombre
de sites actifs est de 5. Les résultats simulés pour chaque grade sont en bon
accord avec les données de 1’usine. Ce modele prédit bien la production, la
densité massique ainsi que la distribution de la masse molaire du polymere.

Deux modeles dynamiques ont été développés pour deux procédés industriels.
Quand les conditions opératoires de 1’usine lors du changement de grades comme
données d’entrée des modeles, ceux-ci prédisent comme données de sortie, la
production, I’indice de fluidité et la masse molaire du polymere qui de surcroit
sont en bon accord avec les données de 1'usine. La possibilité de diminuer le
temps de changement de grade a été explorée. Par rapport a la stratégie
industrielle déja mise en place, le temps de changement de grade pourrait étre
diminué de 12% pour le procédé de polymérisation d’éthyléne en suspension et

de 20% pour le procédé de copolymérisation d’éthylene en phase gazeuse.

Les modeles en régime permanent et dynamique sont utilisés pour concevoir de
nouveaux procédés. Sur la base des deux procédés de polymérisation d’éthylene
industriels existants, un nouveau procédé a été développé visant a produire
10,000 tonnes par an de polyéthylene avec une masse molaire de 3 millions de
grammes par mole. Il peut étre conduit a 70°C et sous 4.9 bar. Le rapport
hydrogeéne/éthylene en phase gazeuse et le temps de séjour dans le réacteur
doivent étre controlés a 0.0024 et 2.2 heures, respectivement.

Mots clés : Polyéthylene, modélisation, optimisation, changement de grade
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1.2.1 StHEAIETE (Gas phase polymerization processes)
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Fig1.14 Representation of the strried bank reactor

K115 8 N3

Fig1.15 Representation of the loop reactor
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Fig1.16 Process flow diagram of the slurry-phase HPDE polymerization process.
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Fig1.17 Loop reactor train
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Convectional early transition metal catalyst (Ziegler-Natta, metallocene)

Process variables Polymer properties  End product properties
’ [ethylene] Reaction rate H Productivity
A

’ Temperature

Molecular weight H Melt index ‘

’ [hydrogen]

/

’ [comonomer] bf—>’ Branch density HPolymer density‘

Ni-diimine catalysts

Process variables Polymer properties ~ End product properties
’ [ethylene] Reaction rate H Productivity ‘
’ Temperature Molecular weight H Melt index ‘
’ [hydrogen] Branch density H Polymer density ‘

K118 FLBAR- DU %5 & gl e Jm AL i G R e IR B 5 R AWML R &
Fig1.18 Comparison of relationships between reactor process variables and polymer properties for
ethylene polymerization using nickel-diimine catalysts and conventional early transition-metal

catalysts
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1.4 CER/DNGE KRR (Concluding remarks and

research directions)
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B2E MR RMHIERELIE

CHAPTER 2 SYSTEMS OF STUDY AND DATA COLLECTION
AND ANALYSIS

[Abstract] The industrial ethylene slurry polymerization process and ethylene gas polymerization
process are described briefly. The industrial operation conditions and properties of polymer
necessary for the steady state model and dynamic state model are collected. A method to
determining the number of active sites of catalyst is discussed. The properties of polymer
sampling from plant are analyzed. Then the relationship between melt index and molecular weight,

and that between density and t 1-butene content of the polymer are established.

Concluding remarks

The industrial ethylene slurry polymerization process and ethylene gas
polymerization process are described briefly. The steady state operation conditions
and samples of five different grades from ethylene slurry polymerization process are
collected. The transient state data are collected for the grade transition process from
the series to the parallel process, the series to the series process, the parallel to the
parallel process, respectively. The operation data of two polyethylene grades and
those of the grade transition process for the industrial ethylene gas phase
copolymerization are also collected.

The molecular weight of polymer is measured by GPC. A method to determining
the number of active sites is discussed.

The parameters of different empirical relations between the melt index (MI) and
molecular weight , molecular weight distribution are regressed by plant data. The
melt index (MI) calculated by different empirical models are compared to the
measured data. The following empirical relation is most capable of predicting the MI of
polyethylene:

log MI =20.69 —4.03log M w—4.5x107 PDI
The following relationship is used to predict the polymer density:
p(g/cm’) =0.966—0.02386C. "

where Cy is the molar fraction of commoner in the polymer.

HE] X ZHERRRERE., SHREREBETHENER, MNTULREFRETATR
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R H AR 2 e e F OISR, N T RIER R S IR K ] SEPE
FORHETON RREAT 70 b, FEREAHDL SRR . fEL it FEdh, RIS XS
Ff i PR 8 A PR REREAT I

2.1 AT S (Systems of study)

W ke T A AR IR AN SAR R AT PR 053] A Dok )i o R i A T
W 2 SR E RN TS G, ke IR S AR A S AL HEAT B T

2.1.1 ZIERIREBERIE (Flowsheets of slurry polymerization
processes of ethylene)
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To flare—————————»
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Ethylene e e

Comonomer
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Reactor
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Hydrogen Flash vessel L .
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Hexane ol
To flare  pyen¢ exchanger
Compressor
Mother liquid
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Comonomer

Hydrogen

A
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Hexane

K2.1 SRR EE LR (BIBO MAERE

Fig2.1 Flowsheet of an ethylene slurry polymerization process

21



25 AN G R R A A

TEEWIAE SN 2% IS B IR 20 2,75 /N o MR AR RS IR E], A TR
WEECT AR L B AR, AR L FE F B AR TiCLy FHBIEAL TR AL(CoHs);, f87HH
CREVENTER, T RE. 2. 5. WH - TS RE SRS RS,
WA AAENELMBIRAE ST, F CFMEASNEATENREZIRT, 7
REENRE, ERERLKH, SNSRI, FHilNNZEREITNE,
FROEBIEONLEAT B, BETR, BINER T,

BERPA R 75% MR CBaiE, /T 25%HEGERLELH
KIS & KR ORI R SIE B R TA RS, ChEhRpI% 24 Ot
Pz G, WML A B O RNE R I RE R R A S, & FH— RS MNE OB
R E I BRI A B 2R A28, W — P e o i, & B — R SAHE O
HEN, R AT SRR . IR RITE R G S IR R S, 206
WA RN LSS fE IR IR A%

2.12 ZHSMEEAARIE (Flowsheets of gas phase polymerization

processes of ethylene)
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Fig2.2 Flowsheet of a gas phase polyethylene process

2.2 TR BHIERE S (Collection and analysis of
plant data)
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1. REEIRE

SEYe

32

HEVERTIE S BRAEMM D TREEDAR.

ZLZoRE T 2 HIFEA = PLy P2 5. 3 ZHABRA = ST, S2. S3 Ak
BAES . HSHE 2.1, £ 2.2.
#2.1 S SEHIZH

Table2.1 Operating conditions and specifications for grades

X I
RE

SEANSSUE R S DI B RE OB A a0 i 8l DA%

B A
%

, REZZNNOIRER PR, ROGEI T8, ROGE
REAS A IR AR () ST AN 6 IE 75 EERARA Rl 07 30 AN R R 5

VIRV RSl . Bh AL
YpRERE R AEIR

*E (Slurry polymerization process of

IR P R AR B A B AR RS L BRI . OB UM AR R

Grade Unit P1 P2 S1 S2 S3
Operate method in parallel | in parallel | in series in series in series
MI, (1* reactor) 2/10min 0.9-1.1 30-40 800-1200 100-170 600-800
MI, (2" reactor) | g/10min 0.9-1.1 1.6-2.0 0.05-0.07 | 0.98-1.65 | 0.05-0.09
T in 1* reactor C 85 84 83+3 84+3 83-86
T in 2™ reactor C 85 80 7842 80+2 78-82
[H,]/[C,H4] in gas | mol/mol 2.2-2.6 7.0-8.2 3.5-4.5 5.5-6.5
phase of 1* reactor
[H,]/[C,H4] in gas | mol/mol 0.75-0.9 | 0.07-0.08 0.4-0.65 | 0.03-0.06
phase of 2™
reactor

F2.2 FSEREWIER
Table2.2 Properties for different grade of PE

Grade P1 P2 S1 S2 S3
Operate method in parallel | in parallel in series in series in series
MI, (1* reactor) 0.91 29.2 161 951 820
ML, (2™ reactor) 1.96 1.160 0.480 0.100
MWW, (1" reactor) 128642 58054 41006 30379 33671
PDI, (1* reactor) 5.40 6.8 9.600 15.740 14.070
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MWW, (2™ reactor) 111205 129000 218847 367816
PDI, (2™ reactor) 6.98 20.6 73.2 10.82

Pl S R IRME, WENSERISHGEE 8 WE K MI
WA P2 SR IFEGRE, MEEREAERI S HAE, H— 2N
AR LE R, BB, B2 MIUEESE — 2 K.
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7 RE (8] (R RS DI A L DR AR DGR 7 e i 2 I IR AR 7 I DI AR R AT 12K
BT o IR R RLEAT TR TR R M, RIS SR I P DI B AR BEAT T 00
TR A IRAL

(1) BERAE— > FERE™ (S S1-P11#HD

S1 & — MR R OIS, 56— RNV ERTEEEE 6 4E 100~170
g/10min Z 8], 5§ =[x M 22 (A RTEEUELE 0.98~1.65 ¢/10min Z [A], TS5 Pl
K IR, PN IONE 28 I BB S AR 77 2 A 5 2 A ), L) b FR Hoss il 4E 0.9~
1.1 g/10min 2 [d],

RN ZEFE T ERS ORI S R R e TEA . SImrIsielaE, ik
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Fig2.3 Melt index varied with time of grade Fig2.4 Melt index varied with time of grade
transition from grade S1 to P1 in 1% reactor transition from grade S1 to P1 in 2™ reactor
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Fig2.5 Melt index varied with time of grade Fig2.6 Melt index varied with time of grade
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#2.3 M5 RS P1-P2 V)it 25 F B AL

Table2.3 Molecular weight varied with time of grade transition from P1 to P2

Time The 1* reactor The 2™ reactor

MWN MWW PDI MWN MWW PDI
11:30 23284 108413 4.65 19273 121545 6.30
12:30 10465 103882 9.92 17515 126296 7.21
13:30 10447 74865 7.16 23806 126087 5.29
14:30 - — - 13951 118553 8.50
17:30 - - - 13899 114235 8.22
18:30 7959 47261 5.94 14244 105759 7.42

(3) REESUIHIERE (S2-S3 P1#r)

5 S2 FS3 MR B IRAE . A= T S2 I 28— I B8R B8 LM B A g
BUEAE 800~1200 g/10min 2 [8], &5 = [ W 28477 1K 5 20 ks b b8 B 78
0.05~0.07 g/10min Z [A]. f'5 S3 M2 — I Wi as I 58 L0 = s b 45 207E 600~
800 g/10min JE [N, 5 = M4 3R LG MA R EE 0.05~0.09 g/10min JEH A .

Pt B R 3 — ROV R IR EERFFAAE, O 85°Cs B RBEAR I S M
M T8 CH =% 80°C

Pl B2 53R @i e ot E 2.7, B 2.8,

] 015} /
ot e [
AN

0.05 ="

1100 - "
1000 - /'\-
] 900 ¥
800 . ) /
700 - /./ \_/-\.\ /
600 | \ / \.

500

MI of PE in 1* reactor, g/10min
"
MI of PE in 2" reactor, g/10min

0 5 10 15 20 25 30 35 40 45 50
Time, hr

0 5 10 15 20 25 30 35 40 45 50
Time, hr

K2.7 5 S2-S3 ZF— Bk MIAE 4L, K2.818 %5 S2-S3 5 [ Wi gy MI AE 4L

Fig2.7 Melt index varied with time of grade Fig2.8 Melt index varied with time of grade

transition from grade S2 to S3 in 1*' reactor transition from grade S2 to S3 in 2" reactor
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222 [SHECHIELERIE (Gas phase copolymerization processes

of ethylene)

S LR TG TR T 3 B R8s AR RS - Jdle . S D) i RE AL
Yo PrRESIREEE T EONBRMEEEE GRE. R, 7). BEkhm s MRE s

PERERAE

PR AR RIS PR RS IR E A P s . B EES Gl G2
It Rt . W Ul HOd R 1 Al e AR A L 2.9 1 2.10,

20 3.0
A 250"

25 e / \- c
£ N T E
é 20F o S 20r
— ~
[ 2 s
W 1S w \,
o (R o i i S
S 10fF ) S 10 o -
o= =
= 0s 05F

00 1 1 1 1 1 1 1 1 1
0.0 0 5 10 15 20 25 30 35 40 45 50

1 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50

Time, hr Time, hr

K2.9 5 G1—> G2 P)#uid 72 MT 284k, K2.10 M5 G2—> G1 JJ#id 72 MT 284k,

Fig2.9 Melt index varied with time of grade Fig2.10 Melt index varied with time of grade

transition from grade G1 to G2 transition from grade G2 to G1

2.3 MEEERIE (Characterization of properties)
KA TV AE P2 () 58 LI FE it FEEAT RAE, HERAEMI I RE R FRSE B 70 T

BN SRR A

2.3.1 BEMHF=EX57% (Molecular weight distribution of

polymers)

— i, RAEVBINEAFR S TREOFERVARPREY, o1
YA, TR 2 EUE T 5 s A R ERAE .

KW REY T8 AR R E O (GPC) #1TIE. GPC H
59 Waters 15252412, %71~ 1, 2, 4-=5 & (TCB), MRIREHIH 150C.
FA S A3 AT BRI IR E bR RE, FE k(BN 12.1X10%, oftiN 0.707; R ZHEET
TCB & % [ Mark-Houwink ¢ 53 k fE°4 0.0591, o 4 0.69.
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N

2.3.2 IaRtgHUNZE 55 (Measurement of the melt flow index —
MI)

JE R BUS TR AE — € 56 T il R E LR R Y R B . KT IEAAAE M
MR — ISR EREA—E 2 RSE, JTHXHMRE eS8 R &Y, W
ISR R AER RH. —= MR HET YA ) TR R U, MRt 80T
ANBEAR I PN 2R S TR RE . AR R £ I E AR DL B IR, 3
R AR A B T =t br 2 —

KH ASTM 4K 777 D1238-82 (standard test method for flow rates of
thermoplastic by extrusion plastometer) Wl & 5 MG S A TR 2L, IBRIFEENCNE
KFIF=ff) CEAST7026.

2.3.3 {EUFLEMREET L (Determination of catalyst active sites)

TE IR R R & TR SR E TEWRE Y, R Ziegler-Natta it
ARG . EXWADRE LZRET, REVWKD TR MEEE 5.4~40 2
8], {81 Ziegler-Natta ALK 2 427 (1 B M e B BRI 70 7 0 A, WIR 2L
B T REM TR BERNZ .

H AT PR R AR RIS RPN B — R VN FEEALTT A A E AN R (13 1
O, BAE BA A FER B NEE, ZAEEAN R AGIE 1 L P A BN AS 21 A AN R 26
EYNRITRE 3BT 2 HUR B R — VNS LB L1525 AR 1K
BEPEL, RIS 7 ECR BGOSR, AT IREFMET, ARM
T G R B A R . BRI, AT 2T R IR S B s PR AL I
HH

LR EAL S H , HEME NN SEL 2R NETEC R, Bl
WAL R G S E R E . T REBANEEALIT AR RS 5T

o

53 ¥ &I AT R E 4 Schulz-Flory £ AT RE /3 AT~ Schulz 734 IEA70 A
Poisson 754 REER AT BT FOMASE K SRS LB AT eA3 A MAS [F] 1
REFE AN, B RE BEARIE, (HaAANE, 72 s A AH E],
T—MRBEY), iR ATEAR R 2R .

Schulz-Flory s ] e 4 i HE FHIMEN: (1) 51 KEEEE . AWK
ANAR R ) BRAR T AN ) ¥ AR EAT B e % L I A 2 BT A 2 M I s B S 4
(2) &4 58 v & PR () o 8 B e VS PEAH (RIS, B0EL R &6 4 B ] DAJC R
AEH:  (3) H—mnr T ELME R G W 2 m A AR e T E A RS
Vit o PR, AR Schulz-Flory % 1] 68 73 AT KR & ME AL R AT N
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A NS H PR, RN
F.()=p"(1-p)
F.(D=ip"1-p)y
X, p NS
HOHy BT BA:
F.(h=p"0-p

' (2.2)
F.()=ip"d-p)
DP, =1/0-p) (2.3)
DR, =(1+ p)/(1- p) (2.4)
HHEER p L 1, A 1-p)?/20 (1-p), WELMmGEEN:
F.())*DP, = p”'(j/DR,)exp(~j/DR,) 03
~(j/DR,)exp(~j/DR) '
dW, =F,(M,)) = (M, / DP, )exp(-M,,/ DR, (2.6)
£ GPC M 3E 431 & B 5 2R, BARAR A logMy, AR dWH/dlogMy,,
s
logM, =logM +log j 2.7)
x=logM , —logM (2.8)
dw,
y:
dlogM,,
_ dw
dlog j+dlogM
_R.d)
dlog j
j ( _j j (2.9)
—— 5 exp| ==
_ DP DPn
dlog |
N B
= _J > exp(_J j*lnlO
DPx DPn
_ Inlo

1
exp(4.6X———exp(2.3X
— p( DP. p( )

Pn
KM GPC IR EE R, R AAARfERAl, RAELLT A, AT RS ERETEAL A
NIV ZE S S P S T EL .
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X=logM, —logM (2.10)

dw :Z”:ai ln19

2

1
exp(4.6X ———exp(2.3X (2.11)
p( op p(2.3X))

n

y

~dlog M, = DPa

SR 3 WEEAM A5 WL 8 23 A () D VR R i PR IO AN B R T AN S PR AL
il 46 RV SR A 0 1) £ 4y A A AT LA AR R K S 80 201 0 A BB EGR R » Sl s
A TG, RN TGP 1 46 1 5B W 10 531 5 53 A B R R B 5
RISH A R B RGN 78 A0 2 SN TE AL T = A B,
e MNMLEZASHUN A R B UL AT BB B A 77 S S BRI 0 T R A A, 1T
AR RIS HRII A TR U5k R0/, A 3G A 5 B B A Z A A
FURIEVEAI B T RS ML G5 I R S W o 8 0 A BRI BN,
FON A

R4 GPC MM gs R, X TR Am i AT IR Lt /N T il G, ik
I 55 5 0B BB BSOS R BT 5 RN 6

24 1BEEEBE S TFEN K< EZ (Relationship between

MI and molecular weight and molecular weight
distribution)

R IR B R TR 2 Tolk b 3 ZE s A2 &, B DA oo I 0 SR ot 4 ik
RA. AL AT R4S 2 1) 2 58 IR I 4+ B L HL oA, 53R LI s bR 4
Aoy E R OCHRE, AT DS LIEAR AR RN A P R V0 B R 6T B
H-F 3570 TR0 MI S it 5 IR ALED D Bremner-Rudin FAYE £
BHEAY, HAMNEA Quackenbos Ik R
Bremner. T 1 Rudin A. 7% [E A& FMTE B SE PR BEE 0L,  FIE AL DT V2044 MIT
HEW T ' RBGER. HER ) PROEM T R &5 izn
R(m)KEN Lm) I AL (BB A1)

MI, g/10min = ki{ p, kg/ m*)(Q, nT) @.12)

Hoy o hREVMAREE, Q NEAVIRMRAIE, k H(1000g/kg)-(600S/10min).
H1 Poiselle /7 7215 2R BT U1 2 T Rl (1R 2 -
_ MAPR'
~ 8QL

(2.13)

Hrp AP Ny O [ [ (Pa) .
HIERCA)FR2.13), 5F
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A
MI _kpmAPR (2.14)
8nL
AR5
M _K (2.15)
n
Horp,
4
K = kpAPLR (2.16)
8L

TR MR EY), KK IEM.
FVr g T BT YR BT RE g kR DY, Ho— A W U

o _ §(z) (2.17)
n

Elutﬂr“jjr— oL WEONEME, WeADHRP f @) T NER, iK',

ST
KK
Mo
XEREVIKUL, FEIYIRE S5 HE 01 B — 2K Mark-Houwink 5%
%30, Bl Fox-Flory (FF) (RICE

Ml = (2.18)

B

7,.Pa-s= AMu (2.19)
W B AN 3.4~3.7. &372.18)2.19)x,, 53]

M= (220)

AM

iH(2.20)zC Bl 7] 15 2 Bremner-Rudin #% (PLFFR BR #8Y) .

Ml =G"Mx (2.21)
Horr,

c=f . B
A

SIS WaR G WA

log(MI) =C+ x'log(M w) (2.22)
HpCc=1gG",

Bremner 1 Rudin i X — R AR, BFERERLWE (PS), BN
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Hi (PP), LMARSER M (LLDPE), ZMmaE R 24 (LHDPE) ] MI
{EF MWD Fdi 3600 7 B30, Hf, x=3.4~3.7,

McAuley™ (1990) 2 78 T T MV M 2975 5K A OB Bl 7548580, A SCRRAT
LR T — RAIEIE, FARBERIBRS HS S TEICR, HTREK
ZHN

Ml =3.346x10"" Mw > (2.23)

Alizadeh!*"'(2004). Kiashemshaki!*''(2004)7E 2.4 B & T A0 PR SN 28 F A5 (1K) F
Firh kA B E LLDPE SRR, HSHOR A TR =&, HEX
HRIR L B A4

Neto!*?/(2005) S5 A 70 T Tk 3% s v 8 v 20035 5L R AR 1- T 1AL TR
A, H AT EE R 5 S I TR R S R UWTT

MI =901(Mw/1e5)!*
For AR B BTN g/min

A2 BR AL A W P35 0 FE R, W8 MIIEUE AL H Mw Fr g2
(1, T HPIE 9 R 2250 T Mark-Houwink HI55 5, BI4EHER. 20K T 01
BN ML, RI&EH T 0720 MR EFHEEREY.

Quackenbos'®! (1969) 7E#%%¢ T LDPE, HDPE, L\ LDPE 5 HDPE J&#
YIEIREMERSE (Intrinsic Viscosity, IV) F1 MI PLE MWD Z AR R G, #RH T
DAk &2

(2.24)

MI =a(bM,, +cM, )" (2.25)

HH bte=1,

Quackenbos 18 H K b {E € 4N 0.2 87 0.5,

4 HOGSF O A T A RIREE 7T, IF HAEAS B HE S 071 AR 24 A B A
KAEN B RABRNEAR EINN Mw X MI 22T EOC R, (B2 250 adE
4 PDI (polydispersity) A M AA R 52008 &, Hg X EdE Bos s m
MI &S R mZ R /N, JLFAHIE

& HEEN (1995) WIEKE () 50178, Els TR, HEdE
HRARM K, BRI M T2 ML, B0 b Mark-Houwink 5% %34,
HEF H—NEIER BV T ML 52018 R oA 1) 56 R 2

log(MI) = A + B log(Mw) +C, log(PDI) (2.26)

FIES, 4 H ISR UAHEBIE & 1 B8R 0 T8 R ikt R4
VI AR FE s, 3 3 Ao A K
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logMI = A + B, logM w+C,PDI (2.27)
SRAEI TV R b S N 2% SR SR AT e B RAE, Hodsmbia s, /1
BRESATER I 2.4,
#2.4 ROIBIERAEE. 5 7B X

Table2.4 Melt index, molecular weight and molecular weight distribution for PE

Sample No. MI Mn Mw PDI
1 1.55 23284 108413 4.656
2 3.49 10465 103882 9.927
3 7.87 10447 74865 7.166
4 46.02 7959 47261 5.938
5 47.08 8631 59794 6.928
6 1.32 19273 121545 6.307
7 1.60 17515 126296 7.211
8 1.60 23806 126087 5.296
9 1.98 13951 118553 8.498
10 2.34 13899 114235 8.219
11 2.19 14244 105759 7.425
12 1.77 18443 130130 7.056
13 0.014 33997 367816 10.819
14 1.30 25411 113231 4.456
15 3.83 15173 94209 6.209
16 0.93 21188 134864 6.365
17 0.068 2989 218847 73.218

KHF 2.4 8 FEH1E Bremner-Rudin # A S 4), HARA N .

—4.18

Ml =2.66x10*'M
THEHTIME 5 BB 1 B AR IR 2 SE AR ZE A w22, ARG 6 FL vk
WaE . BIGFER B0 T B0 EHE UL 4.46~73.22 Z 18], BIRBE Boie FH Ee
B, (HERERVDN, MEREEL, MEedRILE 2.11. T MI 582l MI )
e KARRZE N 77.9%, FIHEXITHRZEN 29.2%.
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100

MI Prediction(g/10min)
- >
T T
L]

o
T

0.01 T T T
0.01 0.1 1 10 100

MI Data(g/10min)

F12.11 Bremner-Rudin B8 T E -5 Sl (14 LL 3R
Fig2.11 Comparison of melt index between experimental data and those predicted by

Bremner-Rudin model

Bremner-Rudin 802 78 SEFREAE S FHEH AR, BT RFEED T
BT AR AR B, AR S — A AR, TN )T A R R
REY MILIRZER K.

& HCEENFEIE T TR, EER T I — 1345 PDL, H
EVEEEE Sl VSE

log(MI) =20.96—-4.06 log(mw) —0.18log(PDI) (2.28)

log Ml =20.69 —4.031og M w—4.5x107 PDI (2.29)

HE 2120 0L, 2 30(2.28) 5 74 7(2.29) T s ik 8 BB FE AW & o B o5
By BUE BRI, RZERUN, AR A(2.28) Tl 4 flds 2
SEIFXT AR 2N 27.9%, FrlEMRZE N 7.91 g/10min. 22(2.29) TN K4 Rl e B~
PIMXT R ZEN 25.8%, tritifwZE N 7.58 ¢/10min.

1E g bR AR HR R 2 20(2.29) HH 572 b M bR
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100

£

& 0%

= 14

=}

g

S

2

= = Eq.(2.28)
g o1+ . o Eq.(2.29)

0.01

T T T
0.01 0.1 1 10 100
MI Data(g/10min)

1212 J Rt e i 5 R R T 1 B

Fig2.12 Comparison of melt index between experimental data and those predicted by the model

2.5 BEYEETN (Prediction of polymer density)

RV B IR bR 2 —, X DGR R A IR, A%
BLESIE BRI DS kR . BES R ARSI RIRE R, %
FSCREM B EAKEE s, FER SRR BB . MR G, LR Rk
(PP AN AR SR A YD BE b () A RSOt A 5 ) 35 P 1 R R

McAuley™ TEREL 2,07 5 1- T W1 SMITRALIR N 88 (LR A0, 25
5L TR I 250 % 22 FOR TN 58 & WD )

p=y-AC? (2.30)

Cx RSB HBARTER AP BRI, Y & LIRERYINE E 0.966g/cm’;
A. B 2A&RZH, McAuley UGBTI G T IGEER R S5 R EWEER
KF, 25 A B EHD RN 0.02386 Al 0.514. 785 LML B A Y25 K
ZA .

2.6 /N4 (Concluding remarks)

X ORI A TR AR SRR R & T BT 1 2R . L)
REGWRET, RE T AR AP T7 A AR RS IR S, S HRIEddE
AR SR IR AE P D) A R AE P Uy 3 IR 7 SRS Z DI . R IR 5 A
J7 A B VI R (AR s - 208 S IR A I AR PR AR A B B 5 P 5 1
RS EE . AR5 BAH D) I R 1) sh A ot SR b
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ReWsr1 &K mEiR GPC &, JERIEECR A Rfs £ € . UL GPC
D5 159 30 431 8 o0 AT i 2 s A RS MR AL 10 7

St RS AR AR E 7 T8 L, BREAFERIES S TR K
HoAAE R R, FEGEIAFER RS E, X EIREAT 7B, ERbE
5T ERAARRRUT

log MI =20.69 —4.03log M w—4.5x107* PDI

HfaR a1t Bk 2 /N T Bremner-Rudin FE%Y.

REVE RS ILEMA IR R T

p(g/cm’) =0.966—0.02386C"

Cx A LR BARTE IR S I BE IR 73 3%
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BIFE CHEREFARNMIMESHETE

CHAPTER 3 PROPERTIES OF ETHYLENE POLYMERIZATION
SYSTEM AND PHASE EQUILIBRIA

[Abstract] In modeling and optimization of ethylene polymerization processes, auccuray in
computating the physical properties and phase equilibrium dictates that of the polyethylene
production quantity and the molecular weight simulation. The equation of state of
Perturbed-chain statistical associating fluid theory (PC-SAFT EOS) was applied to predict
thermodynamic properties and phase equilibria. The related parameters of the pure components of
ethylene, hexane, hydrogen, nitrogen, polyethylene were regressed based on the literature data.
The interaction parameters of the binary systems for ethylene/hexane, hydrogen/hexane,
hydrogen/ethylene, ethylene/polyethylene, polyethylene/polyethylene were regressed. A brief
comparison between PC-SAFT model with identified parameters, PC-SAFT model with
parameters from open literature, SAFT model and Sanchez-Lacombe model, shows that the
re-parameterized PC-SAFT equation of state is most capable of predicting the physical properties
of the ethylene polymerization process. The predictions of the ratio of hydrogen to ethylene in the

gas phase were in agreement with those from plant.

Concluding remarks

The data from the literature on the properties of ethylene, hexane, hydrogen,
nitrogen, and polyethylene are collected and analyzed. The pure-component
parameters of PC-SAFT EOS are obtained using the literature data. It is found that the
re-parameterized PC-SAFT equation of state is most capable of predicting the
physical properties of the ethylene polymerization process by comparison between
PC-SAFT model with identified parameters, PC-SAFT model with parameters from
the open literature, SAFT model and Sanchez-Lacombe model. The results are
summarized in the following table.

Component M o (A) e/kB (KD r
Ethylene 1.5566 3.4358 179.53 —
Hexane 3.0793 3.7821 235.917 —
Nitrogen 2.0123 2.7878 70.6139 —
Hydrogen 0.9862 2.82 20.88 —
Polyethylene — 3.1368 224.93 0.05301

The following table gathers the values of the interaction parameter for various
binary systems calculated using the PC-SAFT EOS. They were in good agreement
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with the data from the literature. Those values were then used to predict the phase
equilibria of the polymerization system.

Component Hexane | Ethylene | Hydrogen | Nitrogen | Polyethylene
Hexane — 0.02917 0.1144 0.0904 0.07119
Ethylene 0.02917 - -0.02146 - -0.04662
Hydrogen 0.1144 | -0.02146 — — -
Nitrogen 0.0904 - - - —
Polyethylene | 0.07119 | -0.04662 - - —

[WE] ZEREAZRNBREENSRCEIRIYUESTRAFEN EBITEXRIRZE
ERENRZHED FENELL. RSNG4 & RIS (PC-SAFTRE L2, #@id
SHMNTTIEHE TREMERB M. OFt. AR AR ROBMPC-SAFTHA 24
EHEBEBHEAA>ERSHENERLE  BRZKF K. E5-2K. BS-Ck. URRZ
B-2F. RZ\-CHEFAMAD ZARERK MR M5 R PC-SAFTHA
Guit 45 A RS (SAFT)IRA 72 Sanchez-Lancombetk & 77 245 7 1A AT T . HE
ZRRY , RABSBULPC-SAFTRAFBALVEBITE ZHBERRRERBMAERN AL 5
VIR MERMFE D 2B HEFE, B IlLSRRsMEEH RSN R ERA#IT
BEE  SS5EZHEESHENBERLET LS EERFHYE,

3.1 §iE (Introduction)

LIRS RRMA N BFE RN BB REAS . DRILERARTRG. 1-
T R GAHEIFD Okt MR TiCl, FBIET ACHs)s T LM
B ERTF R, Lkt

ANE L E SRS AT ERANET . LIRS N FEAE 76-86°C
R JITE 0.2~0.75MPa 2 [i], [ BL#% o) SR G HRUKEE O 28 Kb, TS
G AR N Ot 20, TR 2 RNE; LI SAHR G R R EAE 84~
100°C R ML JJ#) 2.2MPa, R RL#EH 1) 5 G HAKFEEIA TR 20 BB o B i Cbe
R o

W BT A o PR S A AU, (1) Bl AERf VT 57V S S O T
VIRLE BE . Wk N A% P IR BE T (8] P0RIE S A R A e v . AR
W OIFRKEBEEERRT OIE. Ol AR AR BROBEHS MM E T
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3T LIEREEARNYINE ST

R R IR RS, TR (LA
RPN A EEAR: Jih. J3. Bl Sl #E. Bt
Al AREY . B TIREDR .

3.2 Y51 (Determination of physical properties)

=R R AL FE T B R B B LR S 7 R AL Y P o o v P R BB Y 1S
THEEARR R, RIS FRREEH S, EHTREER (<20bar); TR
AT EEAGE T AR VA &R, ke 2R 5, [R) I RE AR BE A iy Ho Ak R I # ) 7R 3
Bokis Z B N B AW S /Ny T EER, SRS R EWNREEMITN
A2 B AN ] R S RS RS TR R BRI b B 5 SR 5
A 2 B AP AP v 55, (R T AN A R BRI ES T7 BRAE A A & B R 8 T
o

Sanchez-Lacombe IR 52 (S-L H ). 4 it 4F & I & B 12 (Statistical
Associating Fluid Theory, SAFT). #%4hzh%0 1t 45 & Ui 44 3 18 (Perturbed-Chain
SAFT, PC-SAFT) L 2 i IE N H T AW R YPETHE . S-L J5f2 7 Sanchez
1 Lacombe T 20 {H#d 70 EARYSIEE TR WA TIAELS IR I, FEuRR
T AR A SCERE AT T BB, Chapman 2O T R F Gt 4 A
IAREIR ) SAFT IRZS T A2, SE2H 73 (1) 70+ F R B B4R A B TRl R AH T
Fono Huang ZPVNGE T SAFT RS THE, K5 SAFT J5FEH T 4 43 i 3
FRVR T DA S A AR PR s ABAT TR B BEIR 4 -, MBS R e, FEBUA
FRANEE Re 421 7 2, 2 T 4B0E , Huang %844 SAFT RSN TR &4, 2001
4 Gross 2025 SAFT SRS HAT 7 ot $2HH 7 5 T4 B (0855 5 1 ) SAFT
JIFE(PC-SAFT HF8), RER MRS /N TP ARSI .

Orbey ZEPDMREEBE R O A P28 B P R M/ LWy BTE N BB R, H
BT S-LARA T FE. SAFT JFE M SRK J5 FEX W MR-V i F S e HERf M
Khare 25545150 BIHST T £ SHR K LGRS MASMNE R ST, i — B8R A
S-L T EEH R EW IR R B, JF— B8R A PC-SAFT XJ 4
AR BRI ERE T I P o AT 5

Sanchez-Lacombe K7 /7 FE W :

p%ﬁﬁ{m@-p){p%)p}o (3.1
T=T/T"» P=P/P", p=plp (3.2)
T =" /k, P=€Iv, p=M/1v (3.3)
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Hor T RAEXRE, PAKT], phEE, MADTE, KNERE2HE. 1,
£, VNAHSBH.

SAFT™ RS G FEE FIREh LS, Z RS E T TR 2 F 2 AR
511 VARG 1 2 TRVRF IR E F 0 (EBESS ), DA AR IR 3 ) 57 B D A ) R
TR 20 T 0 A <

A= A+ A 4 AP (3.4)
Hop AL A AP BN FIARAS AR TEEREE AL SN X Helmholtz AEI TR,
WA — RYNREEEE Y D, HARHEEHEMASH . SAFT B & =
AN—T0H: FEBEL m, BEBUAREN VO, BEBLREE u/k.

PC-SAFT J7F2i1 8 AM TSR FI A1 SAFT J5 FAH Al OB . 17 AP T f 44,
SAFT JFEEET @ 4> T, PC-SAFT J7 R8T B SHH BAE F I EERARIT N,
BB /N T A E R G| JIAHEF 77 VORIEE BUE — s Al i Pish 2
M1, PC-SAFT IR 8RB AN :

Pv

Fﬁ:Z:Z“‘+Z“°+Zdisp (3.5)

Kk, Z9 2 2P RN EARS AR EEEAI S SR N T Z i Ttk X
& m AN B EER R — sl

th=mzhs—2)(i(m—1)palng“ (3.6)

m=> xm (3.7)
ST 5y, BB B T S A e 4 T RE 2 IR B 0, L B ikE)
P1&, Helmholtz H HBEM TTHR 7T R~ A

A A A (33)
KTN KTN KTN

/\I:Ij’
A :—27rpm2ga3rﬁ(x)gh°(m;xajx2dx (3.9)
KTN KT 1 d
he \ ! 2
i:—;{prr{l+zh°+paaz J m{ij X
KTN 0 KT (3.10)
; 0 T e O, 2
— g(x m; X—)x-dx
5 p! (97 g"(m x-)
L
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'—"—-8

a0g™(m x%)xzdx (3.11)

I, BB{T X)zghC(mx )x*dx (3.12)
liv o N EEFIBE B eR B, AT FH S B R R, R O B B B IR R A
Bl

L@, m)=_§6:ai(m)n‘ (3.13)
L. = b Gy (3.14)

A — 0SB m BEBLEAR o BEE SN o/K 7] DL X 2H 4 2%
S PVT H3ELE 153 .
XFFVREY), N Van der Waals iARVE 5318, s TiiHHEA

A - 3
TN =—27rp|l(77,m)zi: Zj“x'x'm'mj[KTJa”z (3.15)
Az 2l hc azhc B A
N = 1+Z2™+p 5 (7, m)x
P : (3.16)
& 3
S5 xxm()
Hrp:
o =%(0'i +0;) (3.17)

g = &€ 1-k)) (3.18)
STFRAY), PC-SAFT A A EAER M 03808 Ky, mE —Judlsr
Z AP R A 15 2

3.3 REFHTEHFSE A (Re-parameterization of equation of
state)

3.3.1 PC-SAFT 51—t 5 # (Pure component parameters for
PC-SAFT equation)

WSOk 48 H 1 S-L 7 FEPY BOURT SAFT J7 FEP R S 50U/ DA AE 22 35 448
[f] PC-SAFT #7224 081 991 013 7 g I oAk 2k, FE 5 A AR S5
1L1) PC-SAFT J7 FE W5 25 SR HEAT EL i, # e AR R W55 71 B 8L
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R 315 H DR T A H R AR 24, Gross 2540931 2001 4D
A1 2002 VLS H 2. Cki. BAME M PC-SAFT BAI—t 33, R
11— SR R LGB RS S AR O LIGAR R S 8RR LA . {E
Gross Z5 WA 45 AR — 7658 . Ghosh 525 H & /S/ 28 b Ak BRI 3
5, K PC-SAFT JJiEH Zu B A/KN 0, BIHHEESM—IcZ%. Huang
PN T KB FHS RS BEREYIN SAFT BAISE, HIFRAHEAS
H—nSH.

Khare 2554 2002 4EEIR KR IR EBP A IR TN —I0 35, KX
KHHE POk RS ARMMSEAE S-L BRI S8, BRI B R IE A 2 50l
W 3.1,

3.1 SRR Je 24

Table3.1 Parameters for different EOS from the literature

Parameter Ethylene Hexane Nitrogen Hydrogen HDPE
PC-SAFT(Ref) Gross™™ Gross™™ Gross™™ Ghosh'™  Tumakaka'®"!
m 1.5930 3.0576 1.2053 1.00
c/10°m 3.4450 3.7983 3.3130 2.9860 4.0217
elkg (KD 176.47 236.77 90.96 19.2775 252.0
r 0.0263
SAFT(Ref) Huang[SlJ Huang[SlJ Huang[SlJ Huang[SlJ
v /10”m’ kmol ! 18.157 12.475 19.457 12
m 1.464 4.724 1.0
u’/k/K 212.06 202.72 123.53 216.15
r 0.0510
Sanchez-Lacombe (Ref) Khare"”! Orbeyl5 ol Orbeyl5 ol Orbeyl5 ol Khare"”!
T /K 294 483.13 140.77 45.89 536
P’/ 10°Pa 3396 2900 1786.17 1000 3595
p /kgm? 682 786 922.5 142.66 959

FZHALH) PC-SAFT RETT RS, 282070 2808 240 75 A 28930 A g
AR BE IR AR BE AT 2, eS8 H AR E Ky I8 I X — e AR B 4
GEIIP

L)%

(G S S URE L LAV i BURS = B WA SQIVALT 3oy i Y i R oY e oY U
RAETE RN LA HIHERHE R, TIAE TG VA Al B, A2 UM P o A BE R
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NERK. SHOIHBEEERES, BTN B, KRR = 1 #
B8 RIS PRRSR . LRI R . BERA RS . WA R . 1
FVSAHZE E . MR AR A . WAV . S B JRARAR . S EE IR AR TR
HEMRH 5

F T ENE P 2@ BRI 287« AR BE JRARAR . SAHBEJRARAR, 352k
JiT webbook.nist.gov. TFIZEVT R HREIEEA 200K~280K; S AHEE /KRR
YRR N 318.15K~363.15K, & JJ3E N 0.1MPa~1MPa. —ZH¥PE4dE —
7] [ )75 2] )% 1 PC—SAFT —JiZ40: m=1.5567; 6=3.4358; e/kg=179.53,

A& 3.1~ 3.40] WL, FIF] PC-SAFT 5 ¥ 245 W AN 2875 R AN SOk — 2
U AL TR BRI, IBORH R R SR FA T H AR AN SCHR B 1) e KR 2258 8.7
%5 LIESAHBE IR BV BE VT SEAE A SCERE AR Z /N, BORIRZEH 0.38%;  HLEL
LR W B IR ZE G TH BB AN SCHRAE,  BEIRE SR 21K, JKIRZEN 7.2%.

5t 600
Data from NIST = Data from NIST
4. —— PC-SAFT 500+ —— PC-SAFT

400 F

300

Cp,, J/mol*k

200

100

Saturated vapor pressure, MPa

0 1 1 1 1 1 1 1 1 1
190 200 210 220 230 240 250 260 270 280 290 0
Temperature, K

200 220 240 260 280
Temperature, K

3.1 ZIGMAA TR SHEACSCIRE L. 3.0 20 AR 4 2 T A A Sk L

Fig3.1 Comparison of ethylene saturated Fig3.2 Comparison of ethylene liquid heat
pressure between the literature and prediction capacity between the literature and prediction
31 ° 13
= Data from NIST 358.15K =
T« " = g1l
s 348.15K -
[} o 10 -
= 97 / 338.15K =
£ > : g of
o - [] N
- ] [ 7
o ol " " 31815K > 6l
© g > % 5r = Data from NIST
46 " < ¢ —— PC-SAFT
s 3
C
45 w2z

00 02 04 06 08 10 12 90 200 210 220 230 240 250 260 270 280 290

Pressure, MPa Temperature, K

KI3.3 7,055 M H A SR H KI3.4 2 EE IR 78RS H A A SCHREL LE A
Fig3.3 Comparison of ethylene gas heat capacity Fig3.4 Comparison of ethylene vaporization

between the literature and prediction enthalpy between the literature and prediction

A FI I 3.1F1 PC-SAFT 284k — 3%, X F PC-SAFT 5 #£. S-L
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JiFE. SAFT J5Rext SJ@ et AT it 5, B 3.508 SR AR EE R AR R 5
ZERMHRL, A TAER RIS HOT S5 R ook, Homh =20 a5 RAE R IR
F iy, RZER K. MM 3.60] LU Hi K PC-SAFT HIPRHiH 545 3 20 BE R
ARG R TR S-L 1 SAFT FRERITHH R . RNEZSE PC-SAFT K&
TR RS RAHEA K

-1

0.1

g m  NIST data / S 1.4x107
Z PC-SAFT EOS(This work) ~ / g
“ 0.09+ s = 1.2 107 ~~~~~~~
g | e PC-SAFT EOS(Gross) K e B S
g 0.08- e SAFT EOS(Huang) // / 2 1.0x107}
R I S-L EOS(Orbey) Ny £
S N £ 8.0x10°f N
= 0.07- ) g ®  NIST Data N
2 Z 6.0x10° PC-SAFT EOS(This work) s .
ﬁ & o PC-SAFT EOS(Gross) )
s 0.06 2 40X107 s SAFT EOS(Huang)
s L. > of = S-L EOS(Orbey)
g 2.0x10 : i
3 005 s s s 200 220 240 260 280
200 220 240 260 280 Temperature / K
Temperature / K
KI3.5 2 AIBAR EE /R AR AR LB KI3.6 LIm7& RIS I HLER
Fig3.5 Saturated molar liquid volume of Fig3.6 Vaporization enthalpy of ethylene from
ethylene from various EOS model various EOS model

2\ EJ:]"EE

TE ORI GAR R, W e TRHCPARIRES, R4 R ISR AR
o AR RN T o AR EOK, IF HAR R AR & HUm i = BRSO ez Kk . 1
CIESMREEE Y, RRAEAREIRE, i@ Hm. FIEAZRE. <
FHEE JRARAR AR BE JRARAR L BEIRZ R « AR A MR RS I e R T S AE G
HE,

FA T [BA ) e AN 2803 VRO EE R AR AR . I ANVBOAH BE R AR AR SR JEE 2R
AL, ARG REEREORELE N 20~120°C, HEHE RE T
webbook.nist.gov. [FJHAE]: m=3.0793; 6=3.7821; e/kz=235.917.

CBEHIENE S 505 Gross P4 HINSHAZE LI, WK 3.7~ 3.107] I,
KHAARIZH 1) PC-SAFT J7 & THE Ce e, Hai R —8, mim i TR S-L
JIFEA SAFT 7Rt E S R . B 310 WA HE S R EAR, FIHEEZ%
[¥) PC-SAFT J5 FE18 2 &5 iR Z /N, 21N 3%.
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260

®  NIST Data 0.16 —w—NTIST data
PC-SAFT(Regressed parameters) —— PC-SAFT EOS(This work)
240 - - - - - PC-SAFT(Gross)
S S-L EOS(Orbey) e g
TED 0 L SAFT EOS(Huar{g")",,...... L £
= T i =
~ e = s -
& w0l e ”
180 | /,/'/
280 .3(.)0 3‘20 SAItO 360 380 0.12 3(30 3&0 3;10 3(I,0 3;;0
Temperature, K Temperature, K
ez N 2 R v ~ N -
(3.7 CUbEH RN BE R #i i LR BI3.8 Tk ISR AR JBE JR AR g HL

Fig3.7 Saturated liquid molar capacity of hexane F;jo3 g Saturated liquid molar volume of hexane

from various EOS model from various EOS model

190

o » m NIST Data .
= 1ol PC-SAFT EOS(This work) =
£ ol v ™SO PC-SAFT EOS(Gross) = G
S r N S-L EOS(Orbey) = / 2
. 3 [ W
%: i N E/ SAFT EOS(H.u:in%/
= ~ ol =160 Ny
g m  NIST data N & p
§ 26— PC-SAFT EOS( Thig-workJs> O s
g b PC-SAFT EOS(Gross) "~ [
5 a7 S-L EOS(Orbey) '\.\ a0k
E‘; ~~~~~~~~~ SAFT EOS(Huang) )
280 300 320 340 360 380 400 280 300 320 340 360 380
Temperature, K Temperature, K
3.9 Ok e AR 25 R I T L4 K310 Tl UM BE R A B LR

Fig3.9 Vaporization enthalpy of hexane from Fig3.10 Heat capacity of hexane in vapor phase

various EOS model from various EOS model

3. &5

AR AR A R AR (4~ 15K), 5 52PN B3R f & 7
FHZE B8, I FH A Z0PR A5 A 22 0 1 SCRR B (=1 E 153 2 M SO E S 1R R 1
TR, SRR I SEIR A BT (S S 3 A 420 0y 2 8, B iR s
I 300~390K, [k JiN 5~40bar. [FIHFE]E S PC-SAFT =/Z41: m.
o Mg 5809862, 20.88. 2.82. K 3. 11REASMEEMALER, FE
it R S E, WA R KIREZN 0.0087%. .

RIS SARE FERABR RN — oSSR 3R HE SR
BEABK—ICSEMZEAKR, 435K H PC-SAFT J X AR RIS EM S-L 7
M EREIG RS RNEE, HREEMNRZEDNT 0.25%.
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o Data from NIST

307 — Regression Data

251 P=35bar

201
P=25bar
1.5

10l P=15bar

0.5

P, Kg/m3

300 320 340 360 380 400

Temperature, K

B30 U L S S SR Y LR

Fig3.11 Comparison of hydrogen density between the literature and prediction

4. AR

S MBETREF, BAANENEMESARRTT CIGAE B 88 N IR EE . B
BAAE 64K~ 124K W 7RI 4 B AR FEAS R BRI — 2%, m.o - fl g -
S5 1.3152. 3.238. 74.925.

K S-L. SAFT. PC-SAFT JIR& 7 FEM B S MIS A BT, Hits
HHET DI Z MR EGE N . BSEULIK PC-SAFT RS M B i KR %
N 0.34%; CRRZ LN PC-SAFT IR TR R R KR ZEN 0.26%, S-LARETT
TR RIRZEN 0.7%, SAFT RS T RERI TR & KIRZEN 0.21%.

5. Bk

PC-SAFT =S4 m NEEEEL, S50 TEAX, o - NERER: ¢-
NEEEZE. WNTREY, BT m B TR AN, FREREY)
Hm ARYENSEEERA . T TEMWN)M m K & — N F 2
ABEEIL 5 EMWN)TAL, BCRH r RAE m 1EAREY — 24

R IR NARTE R 5y, FLANZEVRR RN BE IR 78 R o BH (45 B AE R A . >R

R OGBS EENER/ BN SEOH AR OGRS T BV RS R, 45
RAAFLAROT, SRR 27595 Bl 2 B ORI R 23 AE 208 rF it s 8 — )
e, HERAN: v o« Me 40508 0.05301, 3.1368. 224.93.

I AR v] DAAER U 53R A I RS 105 BE o 5 HARR S T R L4
LR LI 312, [R1VA 15 2 S HURCRAS J7 P2 TE e eI v 555 S AR () 2%
[FIIE, R4 G MR LI/ LRk R eS8, FIRHEAE S Hd ] DER T &
R OIRAE LIR TV R
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Estimated vs. Experimental

85

820
[ S PECAP PECAP
L 800|EImss
iz =
8 780f -0
< <. “
2 760t %
2 N
3 740t e, §
= B Experimental Data (Olabisi) — ¥mus._. T
& 720/—— PC-SAFT EOS(This work) 7
3 -~ -~ - PC-SAFT EOS(Gross) 3
700 [-.-.~ SAFT EOS(Huang) g
-+ S-L EOS(Orbey) &
680 1 1 1 1 1
140 150 160 170 180 190 200 E
Temperature, C
5 5.5 6 6.5 7 7.5 8 8.5
Experimental CPL PE, CAL/MOL-K
KI3.12 58 MR BURH 2 2 LA K3.13 PE K THEAH 5 LI A L ER
Fig3.12 Liquid density of polyethylene from Fig3.13 Comparison of polyethylene capacity
various EOS model between the literature and prediction

(¥ <« Wm & K F Hoo0xwx H #{ Ok H
http://web.utk.edu/~athas/databank/alkene/PE/pecalcr.html, R 2470 & YA B
$5 K B T http://web.utk.edu/~athas/databank/alkene/PE/pecalam.html . X /A& R A
%DM%TﬁHfm%ﬁ>&@E%%f,%Z%ﬁ%m%%ﬁﬁ%ﬁa%o

RN SRS T 8 RS A VE N 260~450K,  $4 HE 45 it FE R AT 4R i AT,
hfrﬁ 1 IRAE IR L) A B TR A e &5 R AT EL L

R ARG M A R

C,=C" pav (3.19)
ig
Horp Co L0 B 1 2k 2 B
CY=C +C° T+CyT? (3.20)

— NG T B ) BAR SR AR B SEER AR B, S —n S Hh e JE T E
B.19) R TR AR . TR AV IHEASHAE RN E, B L% 40 (3.20)
KA SHOEATHIE . R TR EAE T (3.20) N S BUHEATIN S (S AL
A J/mol.K), 533

C =-74.684; C9=0.321=0.321; CY=-0.2597x10".

W 3,137, KA A A A S RO LR IR B ASCHR B B AR 47

&

48



Chapt 3 Properties of ethylene polymerization system and phase equilibria

3.3.2 PC-SAFT F#EZtXX EZ£ ¥ (Interaction parameters for
PC-SAFT equation)

FE LIRS NIRRT, SRNAETE T R AT . 7R R & AR L
R AS . WOk I RR AU AR K, DRI BRI K
LT 25 HbE . ke, RS AL DY S BRI B AL T = Z 38R0 R R AT
BT . ZAGAE CUle P TR L R R LM A7 3, S8 SUAE e v (R 8 ok
SE I LI (731 5o 253 18] B B AR P 2R L0 SR A 2R AR P SO A
AL R X 1

£ PC-SAFT " AR IHE — ootk R A AR - IS HON Ky, M ky EEHPIA
3 BT i Kt e e B U S 15

1. )E~Ck

R RGNS, ZEET ORIITRE RN, LIHE kT REmE
SN B8 2075 1A BOH 22, Owezarek ®Y45 45 T £E 293.1 K 1 333.1K. & JI7E 0~3.5
MPa I Z B R RRAE O e B BEIR 3 3, HUAE L3 3.2,

3.2 LI CHEQ) I L
Table3.2 Solubility of ethylene (1) in hexane (2)

Temperature, K Pressure, KPa X1
293.10 299.1 0.056
293.10 748.5 0.153
293.10 1500.4 0.285
293.10 1686.7 0.318
293.10 3089.1 0.573
333.10 279.5 0.025
333.10 797.3 0.092
333.10 1706.4 0.207
333.10 3138.1 0.364

FIF PC-SAFT fl &3 2 Z &A1 252 ) — oS 80N 0.02917, WK 3.14F17R,
KHZSHNS, HEEACSCEMEMN Z B, SRIRZEN 1.8%.
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3500

333.1K

3000 -
< 2500
gﬁ 2000 -
]
=
» 1500
72}
=
A 1000 -

5001 = Data from Owczarek
PC-SAFT
0 1 1 1 1
0.0 0.2 0.4 0.6

Ethylene mole fraction in liquid phase

KI3.14 AR Clbe OV AR BE F SRR SCHR (B LR A
Fig3.14 Comparison between literature data and PC-SAFT correlation for vapor-liquid

equilibrium of ethylene-hexane system

2. AR~k

REW TR e 7 H =Pt n 107 0/ B A E S S E VRS R
F, TE COlE RIS AR B =0 o T . SCHRI67140 H A S 4l O ot 1V R
FEBHEGR 3.3), 2B 344.3K. 377.6K. 410.9K =ANEE FHEdE, &5 H
AR ORI B RECN 0.1144,

#3.3 A ECKQ) IR
Table3.3 Solubility of hydrogen (1) in hexane (2)
T/K P/MPa X T/K P/MPa X T/K P/MPa X

3443 1.24 0.0105 377.6 1.38 0.0122 4109 1.97 0.0179
344.3 1.29 0.0107 377.6 3.93 0.0394 4109 2.95 0.0302
3443 1.65 0.0136 377.6 5.46 0.0554 4109 3.78 0.0408
344.3 2.30 0.0197 377.6 6.24 0.0628 4109 4.70 0.0520
344.3 2.67 0.0226 377.6 6.84 0.0680 4109 6.00 0.0678
344.3 3.36 0.0286 377.6 7.71 0.0763 4109 7.18 0.0814
344.3 3.36 0.0289 377.6 9.31 0.0912 4109 7.52 0.0854
3443 4.11 0.0352 377.6 10.65 0.1037 4109 8.09 0.0920
344.3 4.69 0.0408 377.6 11.71 0.1131 4109 8.61 0.0979
3443 4.93 0.0420 377.6 13.48 0.1288 4109 10.32 0.1169
3443 7.07 0.0612 377.6 15.11 0.1430 4109 11.08 0.1204
344.3 8.70 0.0727

K 3.15 A Ol I A PC-SAFT ARZS 5 F2 (K1 F 45 5 5 S0k
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FIELEE, 1F 3443 K. 377.6 K. 410.9 K FE/SLE A Ok 7 1V R B 5 &8 B
SCHRE — B

161 Data from Gao
14+ —— PC-SAFT 377.6

12+

10+
410.9K

Pressure, MPa

> [ 5] £ =) -]
T T T T

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

Hydrogen mole fraction in liquid phase

315 0TAE Clbe P OV AR B2 TF SRR SCHREL P B

[67]

Fig3.15 Comparison between reference” " and calculated results of hydrogen solubility in hexane

3. S8~
SR A 2 18] ) A BLAR 52 SR SR AR Db TR VA R B2 . Williams
2E1811954 A4 T AR IR RO R, FURETL I N-250~0F, JE 7
JuFE Y 250-80001b/inch®s BUYE OF. -25 F. -50 F I N VBT Ko o 5
ARE OB, BEIESM AN 0 B2405-0.02146.
3.16 44 BITE 255.37 K. 241.48 K. 125.55 K i J¥ ~, PC-SAFT it 5 {H M
SCHRAE B ELEL, RIS 30T AR v 58— VR

30+
125.55K 4 241.48K

25+

ol 255.37K

15+

Pressure, MPa

10

*  Willimas
PC-SAFT

5k

0 1 1 1 1 1 1 1
0.00 0.05 0.10 0.15 020 0.25 030 0.35 040
Hydrogen mole fraction in liquid phase, mol/mol

K13.16 SR — MV v SRS SR e Lk

Fig3.16 Comparison of literature data'®**® and PC-SAFT correlation for vapor-liquid equilibrium

of hydrogen-ethylene system

B2 N ER/SUNAEAE B SR R VBT . Poston Z51%F 1966 £E45 H
TR OB R VR s, BHRMSE B AR ~ AR e S EON
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0.0904
[ 3075755, B ZHLIR 0 PC-SAFT AR5 77 AT LU o il 03 50 5
I A P PIALS HTHCT

N2 mole fraction

Pressure, MPa

BI3.17 B- Ot R VO A R SOk Bk
Fig3.17 Comparison of vapor-liquid equilibrium literature data ) and PC-SAFT correlation for
ethylene-hexane system
(A) 444.25K; (D) 410.95K; (0) 377.55K; (+)344.26K; (V)310.93K, (—)PC-SAFT

5. 0E~RLIE

IR TR B A P E KRR 0%, B LIRAE 2R P IR
58 2 1E SR 205 R0 P ot -1k 25 M ST B I T K

705~ B8 7 A5 O TR B A SV T Wen 2570 g s i, Rl V4550 2.0 ~
BRI e H B HUN-0.04662. HHEESE AR EEAR S, TR 3.18.

413.15K
L] .

Pressure, MPa
wn

2 1 1 1 1 1 1 1 1
0.015 0.020 0.025 0.030 0.035 0.040 0.045 0.050 0.055

Ethylene mass fraction in liquid phase, wt/wt

3,18 LA 5 0% v B Rt 1
Fig3.18 Comparison of literature data'” and PC-SAFT correlation for ethylene —polyethylene
system

6. KZHm~Ckt
B 2 WAFAE B UG I YR T S0 2065 « U FE U P IR VA AL EE
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[F B B0 J SRR P R SR CUBE 4 25T 5. Kennis 25711990 4E45H T 0~8
MP,. 300~430 K 511 T R O AE LJG IS R FE R, 2 oCERgs T PR A
(AR s, 20 o b PRI s A OB

TR R Ol TR, IR F O -3 O IR iR R I SR E oy — o B
ZHH S EEA KT E a8 R LB fE. MERBIR G- Ot HR
$N 0.07119, RHZ e HOHE R LG 5t b T AR R 545 ATk
HIRZENT 0.1% (ILE 3.19).

PE mass fraction, (PC-SAFT)

0.00 1 1 1 1 1 1 1
0.00 0.02 0.04 006 008 010 012 0.14
PE mass fraction, (literature data)

K3.19 3R CMBAE Tl b 5 R 7 AT A R ASCIRE 71 R 4R

[71]

Fig3.19 Comparison between literature data'’ ' and calculated results of polyethylene solubility in

hexane

3.4 ZHERERIIGUE (Model validation by

multi-component systems)

FEWE (R RALS) PCSAFT —EHI— TR HBHUR, UM A AT
L TR A N BEHE 150 T RBEA R B 2R OB /R b, IS5 kg
BT LK.

HERVBIE R BT Dbt (RFERR. PR/ U, RELE MR 216
VAR 2 Y AR BRI 1 R A TE R 00T 2. 0B 0 3 206
A TR R, R TRGERE . FEHI SR o6
AR IBIOR . RBIE R G LR D . 2T, R
U 020 20 LA T B B S T L LR R 2
fESE RSPy, TR0 TR A B SR

SRS PC-SAFT IR HTFERE 5 7R 2018 M5 0 L8 4 AT
BEEATHLE S, AR 3.4, SRS ZARBR IOV S0 Tk A B e
RIS o
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K34 GO AR A R AL
Table3.4 Comparison of ratio of hydrogen to ethylene (mole fraction) between plant data and
calculated results

T.K P. MPa [Hgl[:jlztl)h] [}2\]/1/([)3234] E(Z:r
Grade A 357.15 0.65 3.43 3.38 -1.46
Grade B 358.15 0.54 0.55 0.53 -3.64
Grade C 358.15 0.73 5.55 5.97 7.57
Grade D 358.15 0.69 5.87 5.95 1.36
Grade E 355.17 0.56 2.08 2.14 2.88

3.5 /N4 (Concluding remarks)

X CIRREHR R, FIHHZSEESE] PC-SAFT IRZS 7 & 5 4 %215 1)
— IS, WK 3.5, FIHZHASEHE RFEATYIEHE,  [FRRH SOk 25 H
(f) PC-SAFT #%4 | SAFT IR TTFE . S-LARES T FEAHZAR R BT W5, b
TERESH R F R . K PC-SAFT RS X T 2. oki. Ko
W R B 4T S-L 5 FEM SAFT H 2. 5 Gross 2545 Hi 1) PC-SAFT %
LR, B3 3K PC-SAFT Z 80T M. SIS LJ@ i1 58 Ak
THRREWEEL . A, KA RS TN RS E S %
THE AR AL .

FERERATE B — e B b, R R4S 2 0 = e 2 80T A T
W 3.6. S HALI PC-SAFT ARAT7RE AT AR THE M FI A SHE S e h 1
R ERTE ORI AR . BUSM Ce VPO . O TR R O i
fife B ] R B AE Ot R B A

3.5 LIHREERPC-SAFT— 54
Table3.5 Pure-component parameters for PC-SAFT EOS in ethylene polymerization system

Components m o (A) e/kB (K) r
Ethylene 1.5566 3.4358 179.53 —
Hexane 3.0793 3.7821 235917 —
Nitrogen 2.0123 2.7878 70.6139 —
Hydrogen 0.9862 2.82 20.88 —
Polyethylene — 3.1368 224.93 0.05301
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Chapt 3 Properties of ethylene polymerization system and phase equilibria

%3.6 LIHREER PC-SAFT — iS4
Table3.6 Values of binary interaction parameters K;; for equation of state of PC-SAFT in ethylene

polymerization system

Components Hexane Ethylene Hydrogen Nitrogen Polyethylene

Hexane — 0.02917  0.1144 0.0904 0.07119
Ethylene 0.02917 - -0.02146 — -0.04662
Hydrogen 0.1144 -0.02146 — - —
Nitrogen 0.0904 — — - —

Polyethylene  0.07119 -0.04662 - — -

55



B4 E LRGN K

FITF CHBERNVIBRINNE

CHAPTER 4 MECHANISM AND KINETICS OF ETHYLENE
POLYMERIZATION

[Abstract] The mechanism of Ziegler-Natta catalyzed ethylene copolymerization is proposed
based on the open literature. Kinetic constants and activation energies of elementary reactions are
analyzed. Simplified elementary reactions involved in the ethylene copolymerization that are
suitable for subsequent modeling of industrial processes are developed. They include the
activation of co-catalyst, initiation and propagation of chains, chain transfer to monomer,
comonomer and hydrogen, and spontaneous deactivation of catalyst. The reasonable ranges of
the kinetic constants of these elementary reactions and their activation energies are also
determined. The sensitivity of the polymer product, molecular weight, density of polyethylene to
variations in those constants is analyzed, providing basis for determining appropriate model
parameters for process modeling.

Concluding remarks

Simplified elementary reactions involved in the ethylene copolymerization are
proposed. They include the activation of co-catalyst, initiation and propagation of
chains, chain transfer to monomer/comonomer, hydrogen, cocatalyst, and
spontaneous deactivation of catalyst. The reasonable ranges of the kinetic constants of
these elementary reactions and their activation energies are listed in Table4.12.

Active energy

Reaction Kinetic constant (Kcal/mol)
Site Activation L/mol.s
Co(K)+A—Py(K) 10" ~10 7~10
Chain Initiation L/mol.s
Po(K)+M;—P1,01(K) 1~10° 9~10
Po(K)+M;—Pq 1 2(K) 10" ~10° 9~10
Chain Propagation L/mol.s
Pinn1(K)+M; =P 1n1(K) 10°~10° 9~13.2
Pmn1(K+Mo—Prne1,2(K) 10" ~10? 9
Prn2(K)+M—Prye1.n,1(K) 10'~10? 9
Pmn2(K+Mo—Prne1,2(K) 10'~10" 9
Chain Transfer L/mol.s
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Chapt 4 Mechanism and kinetics of ethylene polymerization

P i(K)+A—Po(K)+ Cdmn(K) 103 ~1 14
Pinni(K)+Hy—Po(K)+ Cdim(K) 102~10° 8~14
Ponni(K)+M;—P1 0 1(K)+ Cdn(K) 10°~10 8~14
Prnni(K)+My—Pg 1 2(K)+ Cdyn(K) 10°~10" 8~14
Deactivation 1/s
Pinni(K—Cad(k)+ Cd(k) 10 8~12

The effects of kinetic constants on the polymer production, density and
molecular weight are studied. It is found that the polymer yield increases with
increasing chain propagation constant and decreasing chain deactivation constant. As
for the molecular weight of the polymer, it decreases with increasing chain transfer
constant and decreasing chain propagation constant. The density of the polymer
varies with the rate constant of propagation of monomer with comonomer.

(HE] L8 CBRESL | Ziegler-Natta AL L)@ 5 G SONMLEE, X %5 70 S NI /) 52 4
SRS REREAT T LEEL T o BE T MRS SRR ST, ORI AL AIE I . B
Gl BEHER . AL PAREERE RS . AR RS . [ B RIBERC RS L (LT B 2R
T RSE,  FFRfE A 2 7T RN B )2 U FR AL RE R TE o [R5 58 1 30 ) 22 e Ae
Rew. hrE. BEAZWIE, ARG S H I ER K.

SR I8 J2 I 24 T 45 ) 1T B 1 32 U B 2% AV OB 2% B R AR R 28
RA RN DAESAHBGAR AT . X TS G, SRS AR E G PRI 7 OB 5
T AMEEERE, PAAFIRE R 7R Bt N S ORI R

Wi 0 SR R AR AL TR 48K 22 B ARSI AR 1, 2030 43 K FH AT LAV R R e AL 7 AT
Bh. HTEREES M ZN 177, Philips FR & B ML OXE)R
AL FSERR b ZN AT, (R BT FRR IR 0 ME— P Tk s D . ZN fe
T — M AR B R AR DA K 45 L B 2H A

4.1 )RR SR NHLE (Mechanism of ethylene

polymerization)

LJG 5 H At o — i )R AE Ziegler-Natta fEALTIVEH T ILR GRS, #ol nl ACAHL
RANIEINZ 4.1 70 JIL 0 AR TIEAL . BESI K BEREKC . RS
BRI SN o
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Table4.1 Mechanism of ethylene and a-olefin copolymerization

Reaction Specification Kinetic constant Order
Site Activation
Cp(K—Po(K) Spontaneous Kasp(K) Yaso (K)
Cp(+A—Py(K) By cocatalyst Kan(K) Yar ()
Cp(K+E—Po(k) By donor kae(K) Yor (k)
Cp(K)+H,—Po(K) By hydrogen kan(K) Yo (k)
Cp(K)+M;—Po(K) By monomer Kami(K) 1
Chain Initiation
Po(K)+M;—P101(K) By monomer 1 ki1(k) 1
Po(K)+M>—Pg 1 2(K) By monomer 2 kio(K) 1
Chain Propagation
Pmn1(K)+M;—Pmi1n1(K) kp11(K) 1
Prmn1(K)+Mo—Pmne1.2(K) kp12(K) 1
P 2(K+Mi—Pri10,1(K) Kp1(K) 1
Prin2(K)+Mo—Prpe1,2(K) Kp2o(K) 1
Chain Transfer
P ni(K)—Po(K)+Cdmn(K) Spontaneous Ktspi(K) 1
Prni(K)+A—Po(K)+ Cdmn(K) To cocatalyst Kini(K) Yorr (&)
Pni(K+E—Po(K)+ Cdpyn(K) To donor kigi(K) Yee: ()
Pmni(K+Hy—Po(K)+ Cdmn(K) To hydrogen Kii(K) Yeui (k)
Prmni(K+M;—P1 01(K)+ Cdiyn(K) To monomer 1 kem1i(K) 1
Prmni(K+Mp—Pg 1 2(K)+ Cdiyn(K) to monomer 2 kamzi(K) 1
Chain Deactivation
Pmni(k—Cad(k)+ Cdmn(k) Spontaneous Kagi(K) Yasor (k)
Pmni(K+Z—Cad(k)+ Cdpn(k) By poison kazi(K) Yazi (k)
Prni(K+A—Cad(K)+ Cdmn(K) By comonomer kgai(K) Yau: (k)
Pmni(K+E—Cad(k)+ Cdpn(K) By donor kaei(K) Yaz: (k)
Pmni(K+H,—Cad(k)+ Cdmn(k) By hydrogen Kani(K) Yari (k)
Prni(K+M;—Cad(K)+ Cdmn(K) By monomer 1 kami(K) 1
P i(K+M—Cad(k)+ Cdmn(k) By monomer 2 Kamzi(K) 1
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Chapt 4 Mechanism and kinetics of ethylene polymerization

MRYE T 2, ST E IR A SN AL AT PR 5 1) e i A, B 173
584 TR IRIE RS 28 K S R Ah,  RER > IR G20 BRAR 22 vl A2

Xt 2 A PR A HEAL T, — A AN R] A3 TR AL AR B B T8 3 3 AN [, AT
R S D R AN ]

4.2 BRI EE DT (Analysis of homopolymerization
kinetic constants)

IR RIS AT FREPE TR, RRE PR BEEETTIE.
T ERESMTTIESE . X T AR Ziegler-Natta LA R, 1XELTTFEES
KRB 7], e B S S MEAA S (1) 72 3)) ) 5 50 5 T A R b ik R ECR &I,
IPAE S E R YNNG

WCER SR s 2 R 6 0 IO B 3)) ) 2 B B AL RE B , T R AT LUy
M, 8 &2 o ION R Bl ) 2 B S HE A R BT L, Dt R ) R AR A Al
HT ORI RS SRS RN IR 80°CHtiT, #LL 80°C FHIzh 1%
R N EL B I SR HE

Neto SV 1 Tl E LA Phillips AL AR IL R G N3 A, 1%
AR R A 0T ' LR BEVTHRAE. Bass. RamEE
LB, HANIFE T RIS R AR EEL LR
T R BN 0. HAN-Adebekun 2517 %1 HAMBA 25t TiC14/MgCl12 ik
W A WL REREAT T SEIOHE 7T, X Eh S 23T T 007 o Khare 2577546 Tolk i
K ONGRAIREAT T, H )15 K5 8 FE A SR A s 2 52
Kim 2" 5t 7 DA TiCly/MgCly/THF {E AL, = 238648 (TEA) ABh 1L
I A N IR R &8l it gk, LR AIREAE 50~80C 2], 1537 iZ
T T FEAE AL TS Ak 0 R 2070 B 1 K 5ol 6 A B (1375 Ak R R0
Shaffer 2™ 1996 47 Kim SV sz B it 7 R AR — %, H
R R ST R A RIT.

Hatzantonis 25BUH ST TR B AR R N SRR, JEIREL T 2 NS
PSR B )50 B LA RE . o k. AR LR AR RN IEh
BN . Fernandes 252G A AE AL IR Fh 0 SO BEHEAT T BERIAL, B RE R
PRTE R AR B9 B, He3h 1 2 5 BRI T Sl $dE . Chatzidoukas %5
X SAR R A R AT TN, e T AR PR 2, X RS Uk £
BEAT T Ak, HE e E O TSRS B . Wells 25O 5T T LS MEAR L
)0 B8 205 I S ae Eh SR VE RS . McAuley 288057 T TS AMH RS
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WRERIBY AL, SR 2 NSO, 2B AT AT R 5%
SCRA R, IFREVS LT HORRE B8 70 T 0 Al AR XU AT LR o HeBl J1 22 H AL
SRR A H HORYE T A AL R 2 A SRR s VRO B R B 2 B
It o i UM SR S 3 45 SRR AT R R 3. Kim ST I R I e SR A R
RURLRFPEREAT 7L, OB RE I 2 030 7 22 Bk IE T 300k . Debling 5%
MRS 5 N SR DU N ARUIE SISV OE R puR S0} AT I SRR TR CEINE DS
REZE IR, SR 3D ) S B A RV . Nagel 255037 T ZN AL
T IR A AL R O« TR 73T B /0 AT, B0 005 B BORIFAT SR 1) SR
SO MH . Yiagopoulos 5557 BFF 58 1 ASOHH i e TSR R 1 RS ) o A A 0L Pl K
AR, AR FION TiCl. BIEARFIN TEA, 377225l R Ul WK

4.2.1 #EHFIFE (Catalyst activation)

AL BT AL B R AL R 0 B S AL BRI RS SS, — Ay O 3G
IR A BT B S A AE I TB] S8 R, RT DL RS A R, B e sy (1 A5
TECHA R T ZN B SRR AR Y, SR s A AR Sk
RAKIL

4.2 WS Bh 7722 AL

Table4.2 Kinetic constants of activation by cocatalyst

Comments Kact Active | Tref K Reference
(L/mol.s) | ©nergy ©) | (807C)
(kcal/mol)

TiCly/MgCl,/THF/TEA 0.103 7.1 80 | 0.103 Kim'™!
Slurry polymn., experiment data
silica-supported TiCly/MgCL/TEA, 0.25 80 0.25 Shaffer'”!
slurry polymn., databased on literature
TiCl, on Silica/ TEA , 2sites, slurry 7e7 9 o | 190.8 Wells™
polymn. Fit the data from literature
TiCl/TEA, slurry polymn., HDPE 1 Tr Khare””!
ZN catalyst, 2 sites, gas copolymn. 1 — Tr — Fernandes®”!
Data based on literature
ZN catalyst/TEA, 2 sites, gas 0.1 9 — Chatzidoukas'™
copolymn. Data based on literature
TiCl;/TEA/MgCl,, 2sites, gas phase, led 10 42 | 5.56e4 | Yiagopoulos'™”
for simulation
ZN/Al-alkyl, 2sites, for simulation, gas 10 8 80 10 Hatzantonis" |
polymn.
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Chapt 4 Mechanism and kinetics of ethylene polymerization

T 4.27] LLAG B B AL F0E 10 S S AL BE 2 BN, HOEALRETE 7~10
keal/mol 2 i) EH RSB 1124 HE 80 CIF 2 MR A, 7E 0.1~190.8 L/mol.s
2. B F T RIS S 2 W B E B R, I B Yiagopoulos™ 32 2 iR fit 1
FEAEN 12 E RO TR AR, HoCE TR RS 1 BRI RIR, FEA RS 15k
IARFN . T RE KR R AR T AL S R A ]

422 %55\ &%Eh1EFE S (Kinetic constant of chain initiation)
— WA R BE 51 R Bl 775 B0 R T8 K B0 77 20 AR R 43 Sk gA
T 5K AR G KB 1A, B KB R LR 4.3,

4.3 G| KN S5 H BOCRER 73

Table4.3 Kinetic constants of chain initiation

Comments k; E Tref K Ref
(L/mol.s) | (kcal/mol) | (C) | (80C)
(L/mol.s)
silica-supported 1.8e4 80 1.8e4 Shaffer'”!

TiCly/MgCL/TEA, slurry

polymn., based on literature

TiCl, on Silica/ TEA , 2sites, 2.7¢6 9 oo 7.63 Wells™
slurry polymn. From

literature
TiCl/TEA, slurry polymn. 14.6 Tr Khare!””
ZN catalyst, 2 sites, gas 1 Tr Fernandes >

copolymn. Based on literature

For industrial gas-phase 1 — McAuley™!
ethylene copolymn, 2 sites,

data from literature

ZN catalyst/Al-alkyl, 2sites, 1 9 Chatzidoukas™ "
gas copolymn. Data based on

literature

Gas phase polymerization, 1.87E10 10 co 12273 Kim™'

ZN catalyst, data from

literature

ZN catalyst, loop —fluidized 1.21e4 10 55 3.58¢4 Debling'®"!
bed reactor, for simulation

ZN/Al-alkyl, 2sites, for 425 9 80 425 Hatzantonis'™ "’
simulation, gas polymn. 160 160

TiCly/TEA/MgCl,, 2sites, gas led 10 42 5.56e5 | Yiagopoulos "

phase, for simulation
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M 4307 UL, HE5] RN IIFHIERESE 9~10 kecal/mol 2 [8], ZERIE/N. TE
SOCHY, ZMMTEIMKEEIIEY, BT k815 HEAE 10~1e4 L/imol.s F=H
TP, TAAER G TR 5] K3 )15 W HE 1~ 1e5 Limol.s BEHTEHEN .
A RE I IR PRFE T30 20 F 038 W A A S A 51 R AE N — AN OB 25 8, T 2435 4k
MR T D IR, 15 B3R BUR N

423 SEERKHNFEH

CIRBEE KB )W AR 4.4.

Kim™ . Shaffer™. Wells®®. Han-adebekun™®2 i@ i Sz 46 57 F ik 5256 %
LA B LIRS R AR K 3 J1 2 8, 76 100~10" Bem 2% L, 1M Khare!””
25 VAR IR RS BE KB ) 2 W BB, AR HSCE PR U S HO iR
HId AR IR L R0 . IR O 3R A B G K 8 77 5435 L RRTE 9~13.2 keal/mol
Z 8]

Hamba'* 3508 S04 175 20 200 R A S KE R EHON 1.4ed. L6
Wk M LA K R L E 10°~10° Z 18], i AL AELE 9~10 keal/mol 22 [H],

(Kinetic constants of chain propagation)

K44 LIHE OB KER

Table4.4 Kinetic constants of chain propagation

Comments Kp Active Tref K Ref
(L/mol.s) energy ©) (80°C)
(kcal/mol) (L/mol.s)

TiCly/MgClL/THF/TEA 16680 13.2 80 16680 Kim'™!
Slurry polymn., experiment data
TiClyMgCL/TEA ,  Slurry 1333 80 1333 | Han-adebekun
polymn, data based experiment .
and literature
TiCly on Silica/ TEA , 2sites|  7e8 9 = 1907 Wells™
slurry polymn. Fit the data from
literature
silica-supported 1.8e4 80 1.8e4 Shaffer'”!
TiCly/MgCL/TEA, slurry
polymn., based on literature
TiCl/TEA, slurry polymn. 14.6 Tr Khare!””
Ti/MgCL/TEA, data estimation| 1.4E+4 10 80 1.4e4 | Hamba™"
from experiments, gas
copolymn.
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S-TiCI3/TEA,  data  from  9.6e3 80 9600 Nagel™"
literature

Gas phase polymn, ZN catalyst, 1.87e10 10 co 12273 Kim ™
data from literature

LLDPE , based on literature 85 Tr Xie!!
data, 2sites

ZN catalyst, 2 sites, gas 85 Tr Fernandes'™
copolymn. Based on literature

industrial gas-phase copolymn, 85 McAuley™!
data from literature, 2 sites

ZN catalyst/Al-alkyl, 2sites, gas 85 9 --- Chatzidoukas'™"
copolymn. Data based on

literature

TiCly/AlEt/MgCl,, 2sites, gas  le5 10 42 5.54e5 |Yiagopoulos™”!
phase, for simulation

ZN catalyst, loop —fluidized bed  1.21e4 10 55 3.58e4 | Debling™
reactor, for simulation

ZN/Al-alkyl, 2sites , for 826 9 80 826 | Hatzantonis"™"
simulation, gas polymn. 52 52

424 PE¥5F% (Chain transfer)
LIERAEREY, BEBAENEEEEAER. 2R BT,

1. MESEER

A RSB M 3 12 H UL R 4.5, WErhal I, 78 80°C I, Hatzantonis!®'!
4 M A SRR R RO 12X 100, /N AT 784 45 H K7 L 107~107,
Hatzantonis 3CH R U B ) 5 1 B R IE, 1) SR BE L 78 HOR /It e O,
ax AR AR /N

WA R AT R M &R R 80 71515 L RE N 14 keal/mol, SAHZR & 1 (1)
RNVIEAGRE 8+ 14 keal/mol. 1E 521 TAEH, HIEWEILEEN 14 keal/mol, 15
LI AR TP ARYE 7 7870 B 45 R B

g
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Table4.5 Kinetic constants of chain transfer to hydrogen

Comments Kin Active Trer K Ref
(L/mol)>’/s| energy (C©) | (807C)
(kcal/mol) (L/m 01)0'5 /s
TiCly/MgCl/THF/TEA 175 80 175 Kim'™

Slurry polymn.,based on literature

silica-supported TiCly/MgCL/TEA, 54 80 54 Shaffer"””’

slurry polymn., based on literature

TiCl on Silica/ TEA , 2sites, 3.0e7 14 oo 0.066 Wells'™
slurry polymn. From literature 3.0e8 0.662

8-TiCly/TEA, data from literature 22.9 80 22.9 Nagel™
TiCly/TEA, slurry polymn. 0.088 Tr Khare!”"!
industrial gas-phase copolymn, 0.088 — McAuley™!
data from literature, 2 sites 0.37

ZN catalyst, 2 sites, gas copolymn. |  0.006 Tr Fernandes'™
Based on literature 0.37

ZN catalyst/Al-alkyl, 2sites, gas 0.088 8 - Chatzidoukas"™"
copolymn. Data based on literature 0.37

Gas phase polymerization, ZN 2.22e10 14 oo 49 Kim™"
catalyst, data from literature

ZN catalyst, loop —fluidized bed 0.6224 14 55 2.841 Debling ™!

reactor, for simulation

ZN/Al-alkyl, 2sites, 1.2e-6 8 80 1.2e-6 Hatzantonis

. . 81]
for simulation, gas polymn.

2. FIRIREER

CIERAERES, PR LK 4.6, MIRAR ZEEERE RS TR 1L
Ae kA DR B, ANH I SCHRE N 8kcal/mol.  14kcal/mol.

B SRR T ) AR I BE L R B 2 K. IR R A N, 1] 20 Ak
(IR H 5 1e-3~10 L/mol.s 2 [A]; SAHE S FEd, ZH% Hatzantonis™ 3
AN I, W OIF AR BE RS BT 1e-3~1e-2 2 10], ZERIB/N,
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K46 [ HARBERRS H AL S

Table4.6 Kinetic constants of chain transfer to ethylene

Comments KoM Active Trer Kum Ref

(L/mol.s) energy ©) (80C)

(kcal/mol) (L/mol.s)

TiCly/MgCl/THF/TEA 12.8 80 12.8 Kim!"®
Slurry  polymn., based on
literature
silica-supported 1.83 80 1.83 Shaffer'”!
TiCly/MgCl,/TEA, slurry|
polymn., based on literature
S-TiCI/TEA,  data  from  0.840 80 0.84 Nagel™
literature
TiCl, on Silica/ TEA , 2sites|  6e5 14 o [ 0.0013 Wells™
slurry polymn. from literature
TiCly/TEA, slurry polymn. 0.0021 Tr Khare'””!
industrial gas-phase copolymn, 0.0021 — McAuley™!
data from literature, 2 sites
ZN catalyst, 2 sites, gas 0.0021 Tr Fernandes'™!
copolymn. Based on literature
ZN catalyst/Al-alkyl, 2sites, gas. ~ 0.0021 8 Chatzidoukas™"
copolymn. Data based on
literature
Gas phase polymerization, ZN|  2.76e7 14 ) 0.061 Kim'™"!

catalyst, data from literature

ZN/Al-alkyl, 2sites , for 1.2e-6 8 80 1.2e-6 | Hatzantonis" "

simulation, gas polymn.

3. [ BEAL IR

i) BN AL ) oe S E0 6 72 1 31 0 28 W Bk AR /D, T I NI A B AL
FURIIR FEARAE, 30 STk 2 m) Bh AL R R 152 . MR A mT WL, 80°C B[] Bl
1AL T RS R 2 H 0N 1e-3~1 L/mol.s 2 [8], JELBEN 14 keal/mol.
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Table4.7 Kinetic constants of chain transfer to cocatalyst

Comments Kia Active Tret Kia Ref
(L/mol.s) | ©nergy © (80°C)
(kcal/mol) (L/mol.s)

TiCly/MgClL/THF/TEA 0.989 80 0.989 Kim'™!
Slurry polymn.,based on literature
TiCl, on Silica/ TEA , 2sites, slurry 6.0e5 14 oo 0.0013 Wells™
polymn. from literature 3.0e6 0.0066
TiCly/Al-alkyl, slurry polymn 0.098 80 0.098 Nagel™
ZN catalyst, 2 sites, gas copolymn. 0.024 Tr Fernandes'®”!
Based on literature 0.12
industrial gas-phase copolymn, data 0.024 — McAuley
from literature, 2 sites 0.12 831

4.2.5 {ELFIKIE (Catalyst deactivation)

HEA TR R TE W B B AL AR 0%, S RGP RE AR KR, Jo
FO T RO NSRRI Bk DA R A AT, AR
TG T R U A RE AN 5E A AR [

2 4.87] W, 80 CHFEALFIRIEHHAE 1e-4 1/s fHiT, ZMGARULHIZ) )%
SKUR A SCHRELHE , TE L AESE 8~12 keal/mol Z [H],

4.8 HAFIRIFER

Table4.8 Kinetic constants of chain deactivation

Comments Kpd Active Trer Kipd Ref
(17s) energy © | (80T)
(kcal/mol) (1/s)
TiCly/MgCl,/THF/TEA 1.01e-4 80 1.01e-4 Kim'™
Slurry polymn.,based on
literature
TiCl, on Silica/ TEA , 2sites, 5000 12 oo 1.9¢-4 Wells ™
slurry polymn. Fit the data from
literature
TiClyMgCl/TEA, Slurry 3e-4 - 80 3e-4 | Han-Adebekun™
Polymn., data based experiment
and literature
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TiCly/TEA, slurry polymn. 0.0001 Tr Khare'”!

B )15 ORI L 5

Ti/MgCI2/TEA, data estimation| 3e-4 10 80 3e-4 Hamba™”
from experiments, gas

copolymn.

industrial gas-phase copolymn, | 0.0001 McAuley™
data from literature, 2 sites

ZN catalyst/Al-alkyl, 2sites, gas| le-7 8 - Chatzidoukas'™"
copolymn. Data based on

literature

Gas phase polymerization, ZN 7.92e3 12 oo 3.01e-4 Kim™"
catalyst, data from literature

ZN/Al-alkyl, 2sites, for 0.001 8 80 0.001 Hatzantonis" |
simulation, gas polymn.

ZN catalyst, loop —fluidized bed| 8.6e-5 1 55 9.59%-5 Debling™®!
reactor, for simulation

TiCI3/AIEt3/MgCl2, 2sites, gas | 1.8e-4 10 42 0.001 | Yiagopoulos™”

phase, for simulation

4.3 LB S1FEE YT (Analysis of copolymerization
kinetic constants)

Z-N AR R — R H = SR (ALEG)TE B4R R, B AR i hn A s fie 4k
FNEMERRIG N, R 75 25 RS B AR S AL a5l A 51 0
REHERMBZERMOY, FHIR PR R, %R R km .

IR IR B AR GRS T A O, IR BRI BE 51 R N B ) 5 B AR
4.9, 06T T I IS 51 K [ S5 1125 B0, Fernandes™ . McAuley™ . Chatzidoukas
(B8 R 0 A S SR B, T =3 4h O BE 5| R HA0N 0.14 L/mol.s; Kim!™
R T3 R ET A T AR AERE, 1951 80 CHY (R R H AN 87. 3 L/mol. s,
LR AR ORI BE 5] K N B 757 5 404 1.03 L/mol.s

67



B4 E LRGN K

K49 LG o SEEILRAVHES L RN B ) 75

Table4.9 Kinetic constants of chain initiation by comonomer

Comments Monomer Ki Active | Tref K Ref
(L/mol.s) | energy ©) (80°C)
(kcal/mol) (L/mol.s)
ZN catalyst, 2 sites, 1-butene 0.14 — Tr Fernandes'™

gas copolymn. Based

on literature

For industrial 1-butene 0.14 — Tr McAuley™
gas-phase ethylene
copolymn, data from
literature

Gas phase ethylene 1-butene 0.14 9 — Chatzidoukas ™"
copolymerization,

data from literature

Gas phase 1-butene 1.33e8 10 — 87.3 Kim™
polymerization, ZN
catalyst, data from
literature

TiCl, on Silica/ TEA ,| 1-hexene 3.8e5 9 oo 1.03 Wells™!
2sites, slurry polymn.
Fit the data from
literature

LR R K R AR 2, R 4109k R T M5 o Jakdt
BE MR KB J5 % 8. Xie”™ . Fernandes®. McAuley™ . Chatzidoukas'®"
BT SCHRE T ARIRI 205 TR SN L IR G e R 1 R 2 B PR SR
i, kpii 7E 14.6~826 L/mol.s Z [f]. kpip 7E 0.81~82.6 L/mol.s Z [f]. kpy; 7E 20.9~
120 L/mol.s 2 [f] .kpy, 7F 0.28 ~ 12 L/mol.s 2 [f] , Z= 58/, HiF Ak BE N 9 keal/mol..

LIRS O TR A SO I Kl 5 0 OB B b, R 4.10. F4
PR 75 B IR R P & I3 15 S5

HERRL I NIE T R AWK, TR OEAESES FREIETR, HES
(R BE RS 2 B B IO, [ JL SR PR I BRI S N 5 1 o 2 R B
& LR BAR T IR e O Righ ) W B AR 4.11, HAEAE 0.0012~0.11
L/mol.s 2 7], J&4LEEA 8 BX 14 kcal/mol.
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F4.10 LIH5- o FRIEILIRERIE KON A

Table4.10 Kinetic constants of chain propagation with ethylene and a-olefin

monomer Kpi1/ Kp1o/ kpa1 / Kpoo E, Tiet K Comments
(L/mol*s) kcal/mol | (C) (80°C)
(L/mol.s)
1-butene Isite: 85/2 /64 /1.5 9 Gas copolymn.
based on literature
2site: 85 /15 /64 /6.2 9 Xie[72]/FernandeS[82]
McAuley[83]
Chatzidoukas™"!
1-butene 14.6 /0.81 /41 /9.8 — — TiCl,/TEA,
slurry polymn.
Khare!””
1-butene | Isite: 826 /82.6 /120 /12 9 80 | 826/82.6/120/ [ZN/TEA,
12 for simulation,
2site: 52 /4.2 /20.9 /0.28 9 80 | 52/4.2/20.9/ . [81]
Hatzantonis
0.279
1-hexene | 1site: 7e8 /3.5e6 /6e8 9 oo | 1908/9.5/ 1635/ [TiCl, on Silica/ TEA ,
/2.4e6 6.5 slurry polymn.
2site: 7e8 /2.3¢e7 /6e8 9 oo | 1908/ 62.7/ 1635/ |data from literature,
19.8¢6 26.7 Wells"™
Propylene | 1.4e4/1.4e3/9333/933 10 80 [l.4e4/ 1.4e3/9333/Ti/MgCI2/TEA, data from
93 experiments,
gas copolymn.
Hamba'®”!

R 11 SRR I RS SONIE) ) 2 5 2K

Table4.11 Kinetic constants of chain transfer to 1-butene

Comments Kumo E Tref kiv2
L/mol.s Kcal/mol (80°C)
(L/mol.s)

TiCl/TEA, slurry polymn., Khare'”! 0.0021 — Tr

ZN catalyst/Al-alkyl, 2sites, gas copolymn. Data ~ 0.006 8 —

based on literature, Chatzidoukas®" 0.11

Gas phase polymerization, ZN catalyst, data 2.76E+07 14 co 0.061

from literature, Kim'

ZN/Al-alkyl, 2sites, for simulation, gas polymn.| ~ 0.0012 8 80 0.0012

Hatzantonis'®"
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4.4 FERIXTB J7 5 BRI BUR S ( Sensitivity of the

model to varizations in Kinetic constants)

M SR A U e 30 77 2 5 B M b T L W SRS WL AN Z) 3 2 BT ek
RN, B TCEIE RS /1R AR R fE T, fE S
HUBE L B 58 B0 775 1 B 26 5530 /0 22 W BOR AN G5 SR s i, DA 58
REBh 1 B 75 RS I R S

LRE N SR LI TR AWV LB 12 25 3 DLRIR TR AL EE SRR 2 2R
AR NI B T 52 BOHAT b A BB 122 A LI TR R ANUR L
RN, DS BRI 206 Tk R & I RE R 2h 1 52 B (At

44.1 BEVEREEM (Sensitivity of polymer production)

LR PR AT 2065 150 3R e 25 52 0y 73 2 W Ont G A R R R T AT
4.0R] 0, REWAE AR BT 1 I35 T A (kg o) O I BRAR s B
PR A H H (kp) B INTIHE 0 s AT ROTEAL . BESI AR E R [
et BT . A R A T AR BN R B A R AR /N

ARG B R R SV A S T A P Es A & 75 I ARG TI B 2k
TR B S B R AL

140 L—7— Kact —o— Ki —A—Kp —v—Kir,M
—&— Kitr,cocat —<¢— Ktr,H —>— Kd,sp /
1.05 |- /A/
—
O 100 F——u—F ——a—=
% A %\9\{>
0.95 - A/
A/
0.90 A/
1 L 1 L 1 L 1 L 1
08 0.9 1.0 1.1 1.2

AK/K

4.1 2h 7152 H B0 BEE VA il 1 R
Fig4.1 Effect of kinetic constants on polyethylene product

442 BEMDTFE=RIBUM (Sensitivity of polymer molecular
weight)

BN EON R EY > TR LA 4.2, SRR HEON B 7y

70



Chapt 4 Mechanism and kinetics of ethylene polymerization

TRIGETR UG, 4 KeH BN, 5095 TR R R 5 S0
LIS TRIGEBAREZM, B Kp (080, ¥095 T8 R Kdsp i
ARG TRABAEAE 2 IO, BE Kd.sp OO, B04% TR LT,

MR B4 T RO 55 T A= i TR, 76 R 1 U B R
WA S EEN KRR AL

1.30

r —n—Kact —e— Ki Kp —v— Ktr,M
1.25 i < Ktr,cocat —<«— Kir,H Kir,sp —e— Kd,sp
120 | \
3 <
115 | \
> 110 | <
S .
z | \
= 100} — e —e——8—f— ¢
s [ — . \
= L
0.95 |- 4\
I 2R
0.90 - .
L “
0.85 i e
0.80 1 L 1 L 1 L 1 L 1
0.8 0.9 1.0 1.1 1.2

AK/K

4.2 2h 5 HOR RGO o 1 R

Fig4.2 Effect of kinetic constants on molecular weight

443 BEMZERIBURM (Sensitivity of polymer density)

DABVE VAL L IR R IR N E G2 () B i SR G W5 5 TR G h JL IR Lk
& BEAEERR, KA McAuley® A ANXET S 1-THILEN
LLDPE (%% J& 5 H AL R ) K & -

£ =0.966-0.2368C,”"* (4.1)

R NAR F O S S IR BRI R R LU LA, SRR AR )& R B DY
MEWKIER (OG- OE-TIE. TH-O0E. TH-T Z REEE R
RUE . SIS H HOT A FE 2 Wi B 4.3F77R
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151
10|
05

0.0

-05 |

Ap/p,100%

-1.0

15}

20

04' 0.6 08' LO' £2' £4' £6' £8' iO' 22
Ak/k
&14.3 Bl 72 3 2 O 5 B
Fig4.3 Effect of kinetic constants on density

ME AT LLE, OM-C0 ST M BOHE R 30 AR o 36 2R
P LRSI, T - 0 T T OB P S RO R AR . 8
VARE M- 10 A B R A 3 /) S AR R e HE A IR R S

4.5 /N4 (Concluding remarks)

SRR HIE IS B EARR, R BAE, #r RS HIEE T
NI B EEARATN T ANEACRE, M RIE SR BRI RIS, MWy
W2 AR 2 R B EE SR . O 1 IERA IR PR IE 5 S S A 2R K30 70 22 Hds . Sk
HH PR TR A RO ATIC R, R E ) Bl g 2 BB AE SRR B Y A

SCHRH 80°C R I A HE BUL A WAER 4.12. 1EEBOI AR 3 )% 1 B 1%
[ P9 R

#4.12 SR 80°C FHYBEIE EOERHE HMI « 4f6 ; M2 - T
Table4.12 Kinetic constants at 80°C from literature (M1: ethylene; M2: 1-butene)

Active energy

Reaction Kinetic constant (Keal/mol)
Site Activation L/mol.s
Cp(K)+A—Py(k) 10'~10? 7~10
Chain Initiation L/mol.s
Po(K)+M;—P1,01(K) 1~10° 9~10
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Chapt 4 Mechanism and kinetics of ethylene polymerization

Po(K)+My—Po 1 2(K) 10" ~10? 9~10
Chain Propagation L/mol.s
Prn1(K+Mi—Prme1n1(K) 10°~10° 9~13.2
Pmn1(K+Mo—Prmne1,2(K) 101~10? 9
Pn2(K)+M;— Py 1.n,1(K) 10'~10° 9
Pmn2(K+Mo—Prne1,2(K) 10" ~10" 9
Chain Transfer L/mol.s
Prnni(K1+A—Po(K)+ Cdmn(K) 10°~1 14
Prni(K)+Ho—Po(K)+ Cdima(K) 107%~10? 8~14
Prni(K+M1—P101(K1+ Cdmn(K) 10°~10 8~14
Prni(K+M2—Po 1 2(K)+ Cdmn(K) 10°~10"" 8~14
Deactivation 1/s
Pmni(K—Cad(k)+ Cdmn(k) 10* 8~12

WA BN REGE, TR P E R o, 53
1) JE I BT B SR AR B B R MO B R S A
2) WERETEEB R ARG AR B TR AIAE R
3) LR LT IR R A B A R REME R AR AR S
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CHAPTER S STEADY-STATE MODELING OF SLURRY
ETHYLENE POLYMERZATION PROCESS

[Abstract] In an ethylene slurry polymerization process, the number of active sites for the
catalyst is found to be five according to the molecular weight distribution of three different
polyethylene grades. Steady state multiple active site model for the ethylene slurry
polymerization process is developed. It is validated using the polymer product and molecular
weight distribution of three polyethylene grades from the plant data. The effects of reaction
temperature, volume of sluury phase, ratio of hydrogen to ethylene in the gas phase and flow rate

of the inlet streams on the polymerization process are investigated.

Concluding remarks

Based on the plant data of an industrial slurry ethylene polymerization process,
The steady state models with simplified kinetic scheme are developed. It is assumed
that the Ziegler-Natta catalyst be of multiple catalyst sites. Deconvolution of the
molecular weight distribution curve yielded 5 types of active sites. The model is
validated using plant data for three polyethylene grades. Calculated polymer product
and the molecular weight distribution in each grade are in good agreement with the
plant data.

The effects of the reaction temperature, volume of reaction phase, the ratio of
hydrogen to ethylene in the gase phase and flow rate of the inlet streams of the slurry
reactor on the polymerization process and product properties are studied.

The polymer yield increases and its molecular weight decreases with increasing
the reaction temperature. As the volume of reaction phase increases, the polymer
yield inceased and polymer molecular weight increases slightly. When the ratio of
hygrogen to ethylene is increased at the constant flowrate of ethylene, the pressure in
the reactor is increased and the polymer yield remains almost unchanged. The
pressure in the reactor, polymer yield and the molecular weight increas with
increasing the flow rate of the inlet streams.

Strategies to increasing the polymer yield with the constant molecular weight of
polymer are: increasing temperature with deceasing the ratio of hydrogen to ethylene
in gas phase; or increasing the reation volume and the ratio of hydrogen to ethylene in
gas phase at the same time; or increasing the flowrate of the inlet streams and the
ratio of hydrogen to ethylene in gas phase simultaneously.

(RE] ULIERRES T2 ER, WREW D TR AT 72 845 B R G
FIEVECIECN 50 AN SR G RN T8 LA HR, @A 7T RSN, 296
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Chapt 5 Steady-state modeling of slurry ethylene polymerization process

VEAL A AR AR A, (RIS 3 2 R R AT T iAo AN [RIR 5 RO 2 7 S A R AR
BEAT THGAIE. FEURIERL X LR IR S T ERMAT TR M. AR AR T ERMN
PALFLHE T HcH -

5.1 MEREEWFEHELHE (Determination of catalyst

active sites for slurry polymerization processes)

Ziegler-Natta 5 & 5B =4 i) 5 B AE N 55 73 T 82504, Floyd 25T 1988
e ZIE AL B, RIMEATR & A 2 A RS s P

Ziegler ) N B FHEALFI A Ti (AL LLRABAL T2 T 584K R b 5 7 2R
A A Ti TR AR RS 80E, AR THIES O 7T ES 01 10 R V32
ANE e YEZ DM T LA MeCly AR Ti AR R, BT vk e M Ad B
AR A ) b SR A A7) B 2 U 1, R R 8 2 AT TR RSN L0 i, w]
DLA= BRIV AR P, IR T S 5 R PN 223K . COMEAR T B A mT DLEAR
2R (2) ik BT S FAETSYP0E. BT EABEEER, £
Ti LA R PEE TiY. T TSRS BT ST, B S
T 53 1E FACBERR T ER A —Fh s 7 3o DU R 70+ 78 S A B3 T — Rl gt 7
KARNEFER T 5O TS RPUE, TR F 46 1, WAETHIES LG
SR, T MR S RACBE R, AR T R R SRR, WA
iy S AT LA B AL 7 e SR B, T MgCl, B 1) Ziegler-Natta #4671 {4 2 N A5 F 5
TEPEAL

R RS TEHE—EREm, KA GPC WEH 18, MKt
N 150°C, VAN TCB. MREE B ILE 5.1,

5.1 prESAMNESS
Table5.1 Molecular weight of different grades

Grade MWN MWW PDI
S1 4259 41006 9.6
S2 1930 30379 15.7
P1 23806 128642 54

FEdh S1 4 ORI R R G TR BRI T2 E SR HBHIRE S, 20 93)
KM AEVEAL 5 IR TERL, 6 TEVEAIRERINIAE i 1 HEATINE, AL 5.1,
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08 0.8
o7l GPC Curve o, —GPCdata
B Fitted by 4sites S — Fitted by 5sites
; 0.6 |- y y ; 0.6}
g) 05} g’ 05k
§ 04+ § 0.4}
S osf S o3}
© ©
02} 02}
01} 0.1
0.0 7 00 7
LOgMW LOgMW
a 4 site-model b 5 site-model
0.8 0.06
0.7 — GPC Data 0.05F
' 0.04f
> 06f 0.03L 4site __
b i 0.02}
2 0° @ 001[%;
S 04 S 000f——
= % -001f W
-% 03 € -002
0.2} -0.03f
o1 0.04f
l -0.05f
0.0 -0.06 L L L L L L L L
7 20 25 30 35 40 45 50 55 60 65
LogMw logMw
¢ 6 site-model d residuals for different model

K51 FEb S1 20 B0 AT A [FITE R RL & 45 R E R
Fig5.1 Deconvolution of sample S1 into most probable weight-average molecular weight

distributions by different site models

KM 4 TEVECAR RS BEARF IL & R T BB 0 (07> TR AT 2R, 5 it
ﬁ%‘ii” 6 VE PEA A BEAR P& 2> TR AT I ER, T SE S 0 R A A
o FEBANRITEPEAI ARSI S R AR ZE, 5 i PEALA AL B A a3 /2 20K
B VEAT AR () T S R AT [l T AR OR SR BOILR 5. 2. 5 VS LA AL 41
ERFMB TR BT E LS GPC MREBCNEIL, H 1" F K
I RN ZMEA T ITEVERL N 5 4>

5.2 K S1ANRNE PEALBUS Y ) 4318 SR ok 28
Table5.2 Molecular weight of S1 calculated by different site-models

No. of site GPC 4 5 6
MWN 4259 3711 3849 3735
MWW 41006 28194 41403 41974

PDI 9.6 7.6 10.8 11.2
Relative coefficient 0.992 0.998 0.999
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Rl S2 IR IR & L2 B I B (7 SR U K
dh S1AHF AT AL BT o 0 B E AN RS AL B dh 28, 95 GPC Bdla b AT LEAL,

LR L 5. 2a~co
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R

Fig5.2 Deconvolution of sample S2 into most probable weight-average molecular weight
distributions by different site models

ME 528 WL, FEdh S2 HREM ST 284,
BHEE, HEE SRS A S R .
2 5.3 NANFNE AT BB R HL B R FE 5% R AL

EH TR AT R ARL T EAE, SRS EAL Y 5 A

77

RF 5 AN 6 ANMEMHRLES GPC

RN, 5 METERL




CHRIE NS FaViE S SUN S e L HIERS Y U1

5.3 FEh S2 ANFE AL BB ) 731 SR R R B

Table5.3 Molecular weight of grade S2 calculated by different site-models

No. of site GPC 4 5 6
MWN 1930 1732 1700 1358
MWW 30379 14503 25952 24736

PDI 15.7 8.4 15.3 18.2
Relative coefficient 0.992 0.997 0.998

PSR S PLONRRE AP I R A R B AE PR RO R 1 B IP= 0, IZFEA B
REEVAE B, SO R AR S . RSN S1 MR E. 2%
A FE A O BTG, WG4 RS GPC i i T I, hREE R
LB 5.3,

M S3ATEH, K BREWARERFES, KM 4 > 5 AR 6 Mg
LA GPC #¥Ent, A5 SLRHAEEM) & R AT

058 o) 0.8
— ata 7
07 Fitted by 4sit¢-model 07p ——GPCData
06k o6l T Fitted by 5sjte-
= 05 =3 05}
o o
5 04f T 04f
S osf S osf
© ©
02} 02}
01F 0.1}
0.0 0.0 s
2 2 3 4 5 6 7
LogMw LogMw
a 4 site-model b 5 site-model
0.06
0.05}
0.04}
= 0.03F
%n 0.02
S) g
= S oot}
g 2 0.00
o T o01f
-0.02
-0.03
004 1 1 1 1 1 1 1 1 1
2.0 25 3.0 35 40 45 50 55 6.0 6.5 7.0

LogMw

c 6 site-model

logMw

d residuals for different site model

KI5.3 FEdh P1 73 T80 A AN RS R AL 25 R LR
Fig5.3 Deconvolution of sample P1 into most probable weight-average molecular weight
distributions by different site models
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R SANAFERGTEMEAE S MR R T, 'R, WEC O
4. 5. 6 I, MELEREMELROZRMRD, BB ilG.

5.4 FEdh P1ASFREEA B ) 7 78 S R R L

Table5.4 Molecular weight of sample P1 calculated by different site-models

No. of site GPC 4 5 6
MWN, kg/hr 23806 22645 22056 21957
MWW, kg/hr 128642 123750 127930 128207

PDI 5.4 5.5 5.8 5.8
Relative coefficient 0.9993 0.9999 0.9999

i DA B AR I A 25 R, 700 DMV IR A B AR 1 B IE TS
PO 5, 5 Ziegler ™ 25 HA .

5.2 T IR RN /1% E (Determination of

Kinetic constants for industrial polymerization processes)

T3 52 HORAT & M 2 — R W RAE S5, S0 — A8l 1w
HORt R om0 J LA AR & 0 HLBATT AL TR I 3h 75 S L i A B 1 L 94 B2 P R
Fob, D T 25 R B TG 3 S S IR o IR 3R A S L A8  AH ELORIBR »
FER 52 2 HE T SN RS AL RE AR H PN X

B SEANTE RS R EE NS SN IR, BIURE AR A S B A AR BRI € — BIHALREN S
ISR A SR, 15 S B BORAF & ML Bt , MRS A R S SR L (130 702 AL
RAF S PLIEALBE -

FLIR, S A 20 BRR 58 S ML EEARARY 5 — 2D B AT D s VAL,
XA R AT DU AR AR G A0 S & Ay o 1 R T B ) S 1S
AR BLE R ARG R CREWIF &) MEBEEMNE T RS T, 25
B R GINBIE LN, ARGEXS TG 7T 0T I AT 70 &, 13 2 REHEN
MR R G 1B A i NG TERL AL B NS YEAL R G WA R . RS
RERIZE R R S 7 1 &

5.2.1 BIEMAIREIZEN (Development of a single-site model)

PRI BT G, V13 125 0 MO B 4 3 5 T B A
ot R L R R R 4% (2 72 T 2 4 PSR U 76 B /W (R A
S B DL R R T 4 T B
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ST E AR AL AR B s FLRR I A T SOk B3R A 3 2 v
i, 202 SIS PEAL RSN 2 W AEAN R SR as R AN TR B 25 S 4
SNERENZE . IR SN A M & P R RS AL 8RS k. BRI BE
SR SR TT SN A LB 90 2R o FEBERE RS TR BE AR A6, AR R A% 1 5
X RE VIR o1 B AR
i 58 B PEAL SN 1 22 B RN T
1) A REALTTEVE LI B A5 SR & W AT & Dk
2) AT HERG A EE IS AN R BUE AR SO AR KR S R B
R4 E/7F

3) AT [ LB R A A AT AL E /N

4) A RARBER AL EAORTT &0 TR WERASEERT A M S SR,
HEHE

5) HRIAFMM T WERARAFGER, MBLRE 2, BERARMS
#RFE Tk s A 1k

2 ETN

Kl5.4 ZHR IR G L2 HRI A iy
Fig5.4 The model of ethylene slurry polymerization in series process
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CUERIBRZE = RS R TR B RS ST ONEEME, B IR IR TG 1R AR 1 B PR A7
[RNHUVE R 715 LR S N Ay« BTS20 B X
PLSE, HAARNLIE 5.4, 065E o AR FNEL . BESI . BEIK. A
ARKERS . [IBIEACTACRS . AR . AR BRIERN. BT
W, BRI IFEBILER 5.5,

5.5 WH IR G A FR BAE I S O e
Table5.5 Kinetic constants of ethylene polymerization by single-site model for ethylene slurry
polymerization process

Reaction Reactant]l | Reactants KO E(Kacl/mol) Ref. Temp.(C)
ACT-COCAT TICL4 TEA 228 9 85
CHAIN-INI C2H4 4563 9 85
PROPAGATION C2H4 C2H4 4563 9 85
CHAT-MON C2H4 C2H4 0.00175 14 85
CHAT-COCAT C2H4 TEA 0.00175 14 85
CHAT-H2 C2H4 H2 15 7 85
CHAT-SPON C2H4 8.17e-07 14 85
DEACT-SPON 4e-05 5 85

45 300 S LI HCE 32 K, BUSS BL%E 5.6, W T LA,
B4 50 1 VR A W B M 25 Tk S (A A

£5.6 hESS | FEMHIARDIER
Table5.6 Calculated results for grade S1 using single site model
Plant data Simulated Plant Simulated
Reactor First Second
T, C 84 80
P, MPa 0.55 0.30
Flowrate of C;Hy, kg/hr 4950 4050
Flowrate of mother liquid, kg/hr 9500 9500
PE in mother liquid stream, kg/hr 258.4 258.4
Flowrate of PE at outlet, kg/hr 5172 9373
[H2)/[C,H4] in gas phase 3.365 3.372 0.249 0.250
MWN, kg/kmol 4259 4097 6245 6351
MWW, kg/kmol 41006 129000
PDI 9.63 20.63
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WA L S BNizh 1AL B R LR, 70 x50y S3.
Inmﬁmﬁﬁ%ﬁ,,%Aﬁihﬁhﬂﬁimm%é%E%Z%&ﬁ KPR
BERFE AW &, HE 2 O RESWRES 1 E W, IR S P2 ()
ﬁﬁﬁ?%%%ﬁ%mo

PRI, 3% T S PEAL I B 71 2 H B R b REfitid Z0R R R A ik R A

PR .
#5.7a 5 S3 BEVEAL RS Ah
Table5.7a Calculated results for grade S3 using single site model

Plant data Model Plant data Model
Reactor ™ 2"
Temperature, ‘C 85 80
Pressure, MPa 0.63 0.22
C,H, flowrate, kg/hr 4820 4180
Mother liquid flowrate, kg/hr 7990 7000
PE in mother liquid, kg/hr 302 265
PE at outlent, kg/hr 5521 10487
[H,]/[C,H4] in gas phase 5.641 5.65 0.0608 0.050
MWN, kg/kmol 2392 2462 3657 4432
MWW, kg/kmol 33671 230161
PDI 14.07 62.9

570 5 P2 HE PRI R AR,
Table5.7b Calculated results for grade P2 using single site model

Plant data Model Plant data Model
Reactor ™ 2"
Temperature, ‘C 82 80
Pressure, MPa 0.57 0.45
C,H, flowrate, kg/hr 4500 4500
Mother liquid flowrate, kg/hr 9000 9000
PE in mother liquid, kg/hr 173 173
PE at outlent, kg/hr 5011 4359
[H,]/[C,H4] in gas phase 2.144 2.13 0.837 0.88
MWN, kg/kmol 8503 7804 15911 14037
MWW, kg/kmol 58504 111205
PDI 6.82 6.99
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522 ZiEMAIREIEN (Development of a multi-active sites

model)

7 203 P S A5 2 A 7E ER B T e 3 AR AR B ) T
SRR AR ST U 7 VSR i i P, e BT 2P — SR B 7 B 28 T
VAT SIS H T A 70 5 I ) (T o WA 55 3 525 05 M o
AN T LRI AEANE 7 A (B A ) T B4 R 4 TR S AT
HORTLLH GPC ¥ b BR 5,

SRR, B A T A R R 4 TR A s WIS 3 )
B BRI S 5 — R ST T e 5 (093 TR0 1, o LU b 1 — i
R LT B R RS I E PO AR TS 0 K B e 160 L B R 3 O D24
10%., IR PR BERE RS B 0 RS A TIVETE, DA Ik 54 7
B4 1 2 T

RS S1HMERME (6 5.8) R, WO TREAHE RN, B3
ALADA 5 S PR, RS tERL b B R R 5 H TRILE 5.9,

5.8 WS S1HAEFKA:
Table5.8 Operation condition for S1 grade

Reactor First Second

Temperature, ‘C 84 80

Pressure, MPa 0.55 0.30

C,H, flowrate, kg/hr 4950 4050

Mother liquid flowrate, kg/hr 9500 9500

[H,]/[C,H4] in gas phase 3.365 0.249
5.9 M5 S1AFNEIEALA MR SR F N T &

Table5.9 Fraction and molecular weight in each site of grade S1

Site 1 2 3 4 5
Mass fraction, wt.100% 0.082 0.261 0.432 0.183 0.043
Molecular weight, kg/kmol 650 2977 10535 33637 213971

I

DR A
éj\

MRS ES RS

p=

“

=ER
I

=

BRI E R, B TEVEAL A AR R, A K
LR A AR RE T H ARk O

min(Z(xC - Xe)zj

Horb xe NIRED RNTHEAE, xe ARSI WA RN S EVEALK
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FEAR A H L ko
LA IS PR SR SR 7> T8 9 Hbr, ARSI PEAL ) S U A W, AT
KRGV T RS PGS RS, HHERREC:
min (i (MW, - MWe)zj

R AR B A A 17 S BE A A2 3 A ket oo
BAEVENL 3D 122 W AU GE AL RE LR 5.10,

K510 LMK REERR 5 EVEARR S 77225 4L

Table5.10 Kinetic constants of Ssite-model for ethylene slurry polymerization

Type Site | Reactants | Reactants Pre-Exp | Act-Energy |Ref. Temp.
kcal/mol C
ACT-COCAT 1 TICLA TEA 228.131 9 85
ACT-COCAT 2 TICL4 TEA 228.131 9 85
ACT-COCAT 3 TICLA TEA 228.131 9 85
ACT-COCAT 4 TICL4 TEA 228.131 9 85
ACT-COCAT 5 TICL4 TEA 228.131 9 85
CHAIN-INI 1 C2H4 4563 9 85
CHAIN-INI 2 C2H4 4563 9 85
CHAIN-INI 3 C2H4 4563 9 85
CHAIN-INI 4 C2H4 4563 9 85
CHAIN-INI 5 C2H4 4563 9 85
PROPAGATION 1 C2H4 C2H4 1815 9 85
PROPAGATION 2 C2H4 C2H4 5970 9 85
PROPAGATION 3 C2H4 C2H4 9878 9 85
PROPAGATION 4 C2H4 C2H4 4176 9 85
PROPAGATION 5 C2H4 C2H4 978 9 85
CHAT-MON 1 C2H4 C2H4 0.00175 14 85
CHAT-MON 2 C2H4 C2H4 0.00175 14 85
CHAT-MON 3 C2H4 C2H4 0.00175 14 85
CHAT-MON 4 C2H4 C2H4 0.00175 14 85
CHAT-MON 5 C2H4 C2H4 0.00175 14 85
CHAT-COCAT 1 C2H4 TEA 0.00175 14 85
CHAT-COCAT 2 C2H4 TEA 0.00175 14 85
CHAT-COCAT 3 C2H4 TEA 0.00175 14 85
CHAT-COCAT 4 C2H4 TEA 0.00175 14 85
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CHAT-COCAT 5 C2H4 TEA 0.00175 14 85
CHAT-H2 1 C2H4 H2 40.5 14 85
CHAT-H2 2 C2H4 H2 28.1 14 85
CHAT-H2 3 C2H4 H2 13 14 85
CHAT-H2 4 C2H4 H2 1.73 14 85
CHAT-H2 5 C2H4 H2 0.0612 14 85
CHAT-SPON 1 C2H4 8.17e-07 14 85
CHAT-SPON 2 C2H4 8.17e-07 14 85
CHAT-SPON 3 C2H4 8.17e-07 14 85
CHAT-SPON 4 C2H4 8.17e-07 14 85
CHAT-SPON 5 C2H4 8.17e-07 14 85
DEACT-SPON 1 4e-05 0 85
DEACT-SPON 2 4e-05 0 85
DEACT-SPON 3 4e-05 0 85
DEACT-SPON 4 4e-05 0 85
DEACT-SPON 5 4e-05 0 85

FERATIEVEA ST Z 5, ST BT Sl OB IE TR i R 58 70 7 & it
FEARI AR 511, WERF R, Bd AL R R R IR Z /DT 1.2%,
B 7 BIBEIRZEAKT 2.5%-

501 A FNEYEALAE B R S Y B 7 3 0y T BRI R R
Table5.11 Comparison of mass fraction and molecular weight of PE between deconvolution and
model calculated

Site 1 2 3 4 5
deconvolution 0.082 0.261 0.432 0.183 0.043
Mass fraction Model 0.083 0.260 0.430 0.183 0.043
Error 100% 1.2% -0.38% -0.46% 0 0
Molecular deconvolution 650 2977 10535 | 33637 | 213971
weight, Model 664 3045 10768 34461 214244
kg/kmol Error 100% 2.15% 2.28% 221% | 2.45% 0.13%

PSS TR SR S 01 S o AR B EEA LR 5.12, 1 E 70 A il e (0 EE AL
ATHIZE R 5.5, WRAATIL, Seidsth DR EMEY) . B 7 EIREL/D
T 10%. MEFRH, 55— SN A7 80 AT ih 28 5 20 Al ith £ 56 4
W) G s B — S S Y READL 28 R AR 201 B /N AT B B ZR G P [ 45 2R
5 VAL B 7 AT K O T 1244 ZR IR S 2 R T
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R5.12 5 S1 7018 Koy A AU e 5 I R A b

Table5.12 Comparison of molecular weight of PE between plant data and simulation for gradeS1

Reactor First Second
Plant data Model Error Plant data Model Error
MWN 4259 3893 -8.6% 6245 6043 -3.2%
MWW 41006 41909 2.2% 1.29¢5 1.204e5 -6.7%
PDI 9.63 10.74 20.63 19.93
07— Experimental data 06l i:ggzrg?r:t:lla?:ctiadgta
< o6 < osh :
2 osl z
c c 04F
2 o4l 2
g S o3l
= oaf :
[=) 2 L
g ool g 0.2
01F 01
0.0 L L 1 1 ) 0.0 il 1 L 1 = 1
10 100 1000 10000 100000 1000000 1E7 10 100 1000 10000 1000001000000 1E7  1E8

Molecule weight of PE, 1st Reactor Molecule weight of PE, 2nd reactor

nd
1™ reactor 2" reactor

5.5 ST R b7 1 &0 A Hh 28 FL
Fig5.5 Comparison of molecular weight distribution curve of grade S1 between experimental data
and aspen simulated data

5.2.3 ZiEMARBILEUE (Validation of the multi-active sites

model)

NT R AT AN R RS G R, AN [F RS AT T ARG
iE. K5 S2. S3. P2 MIHRAEAAF W3R 5.13.

AN 5 1) R FH AR TR B S S B AR | 5y g 2 A TR T 2 77 2 B, WA AR e
S, BRI UEZE R 5.6, MEIHRT L, J3 4 A Hh 2 1 Hh 181350 23 R AR &
A, WIS TR AEZER, I PDI RZER K. BN EH
A AR I RGN, KRB & & ooy T2 A b R AR A8 4k,
MTEA [R5 AL R ZE AR [FI£E GPC il & B A3, BT 18
RIREVAFAE, EREIR UG EEZE, (0 mRZINR, JCH RN 5 B IR 1

=7
})_L‘l:ll:lo
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R5.13 WAL S R Ly T &

Table5.13 Operation conditions and molecular weight of four Grades

Grade S2 S3 P2-1 P2-2
T, C 85 85 82 80
P, MPa 0.57 0.63 0.57 0.45
C,H, to reactor, kg/hr 4550 4820 4500 4500
Mother Liquid to reactor, kg/hr 7000 7990 9000 9000
[H,]/[C,H4] in gas phase 5.88 5.641 2.144 0.837
08 | —— Experimental data 0.8 Experimental data
07— Aspen Simulated data 0.7} Aspen Simulated data
£ ol S
. 3
.5 0.5 - '5 05F
g 0.4} S o4t
;S) 0.3 i % 03}
= S
; 0.2 j g 02+
0.1 - 01k
0.0 : : . o 0.0 — : sl :
10 100 1000 10000 1000001000000 1E7 10 100 1000 10000 1000001000000 1E7 1E8
Molecule weight .
) . Molecule weight
7000F (Line C, S, 2004-11-10 10:30) 1st Reactor 4803T (Line C, S, 2005-02-22 14:30) 1st Reactor
Grade S2 Grade S3
0.8 . ,
—— Experimental data 08— Experimental data
0.7 b Aspen Simulateddata/ \ | [ Aspen Simulated data
~ —~ 07}
3 o6t B
s % osf
05} =
S § o5t
E 0.4} g oal
5 03 £ osf
L o]
= 02 2 ool
0.1} 01}
0.0 L ol ! ! N 0.0 ) P N
10100 1000 10000 100000 1000000 1E7 10 100 1000 10000 1000001000000 1E7  1E8

Molecule weight
5306J (Line B, P, 2005-04-08 10:00) 1st Reactor

Grade P2 in 1* reactor

Molecule weight
5306J (Line B, P, 2005-04-08 10:00) 2nd Reactor

Grade P2 in 2™ reactor

K5.6 718 J o Al A R S I e Y PR

Fig5.6 Comparison of molecular weight distribution between model results and plant data
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5.2.4 ZiEMAHREIE L ( Simplification of the multi-active sites
model)

LI oR B A TR RE R 5 i PR AR A, DR TH SRR A e 1 DA
PR R PROE LS, T 0t 8 77 AR — € I TRk o B D22 H O IS 0 AR R
Oy ¥R AT RS A AT R, RS HCR A BT R WG R &
A R RS SR, B I R A B W UL R 5 7 1 B E R

DRFFHEI R A H BN, WP AR RS S N HEAT TR AL, 1R 2R I BERE A% I B4
BRI R . RS . R BRI RS LU R R U Rg o [ R A% L 1
WAL, ANEEBME . 73R R BRI . BREAL . [ AR RS 3 0 I Bk 5
X/ o kvt b

BB F AR TT SURAN RIS 2 [ B AL TR AU BE e A2 S L (M) X 3R
ST EBAIFEN, 52 S AR (M0) . H RS R
R 514, 2N 1A B AL AR RN R E W7 1 Bk 5 L BUH R

R5.14 s R BT EERS S SRR T A5 R P AR

Table5.14 Comparison of molecular weight between different model

Operation| Reator |[H,]/[C,H,] MWN MWW
mode
MO M1 MO Mi error
parallells ™ 0.5 13351 13351 141990 142000 0.01
series ™ 34 3860 3860 41448 41450 0
series ™ 5.85 2450 2450 26198 26200 0.01
series ™ 5.87 2332 2332 24930 24930 0
series 2™ 0.053 4341 4341 183497 183522 0.01
series 2" 0.057 4135 4135 2.156e5 2.156e5 0

*MO: Chain transfer to cocatalyst reaction was included

M1: ignore chain transfer to cocatalyst reaction

[ I 2% ) DAL e A% . B A SN RO (M 2) (10 TR ER L
R 515, WRAIIL, BRI B8 0 1 BT SEAE R, X E oy
TEMIFEIRZEDN, JUFBATRN,  HFR SN Al LU
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R5.15 B BMELTIEERS . BRSO MR T S5 R LR

Table5.15 Comparison of molecular weight between different model

Operation| Reactor | [H,]/[C,H,] MWN MWW
mode
MO M2 MO M2 Error
parallells ™ 0.5 13351 13351 141990 142011 0.01
series 1™ 34 3860 3860 41448 41452 0.01
series ™ 5.85 2450 2450 26198 26201 0.01
series ™ 5.87 2332 2332 24930 24932 0.01
series 2" 0.053 4341 4341 183497 183555 0.03
series 2" 0.057 4135 4135 2.156e5 2.157e5 0.05

*MO: Chain transfer to cocatalyst and spontaneous chain transfer reaction were included
M2: ignore chain transfer to cocatalyst reaction and spontaneous chain transfer

[ I 2% ) B AL e A% . B DA TR SRR O BERE A B ML AR AL (M3)
W 7r 1 RS R IR 5,160 WNEral WA 7 7 BERTHEREZIRDN, =0T
BIRZEAKT 4.13%. B M3 THER RIS — RN ARGV EY > TR X
N 5 TP S U JEE I PR T 1 o 15 22 1) SRR P DA S B AR R S SR L 1
BEAR, SRR S RNV As IR ZE 1 K

R5.16 B FIMENTIFRE . B2, AT A R LR

Table5.16 Comparison of molecular weight between different model

Operation| Reactor | [H,]/[C,H4] MWN MWW
mode
MO M3 MO M3 Error
parallells ™ 0.5 13351 13353 141990 145039 2.15
series ™ 34 3860 3860 41448 41709 0.63
series ™ 5.85 2450 2450 26198 26305 0.41
series ™ 5.87 2332 2332 24930 25027 0.39
series 2 0.053 4341 4341 183497 190259 3.69
series 2" 0.057 4135 4135 2.156e5 2.245e5 4.13

*M3: ignore chain transfer to cocatalyst, to monomer reaction and spontaneous chain transfer

RS DI h i B IR B RS, 3 LA IS R k% R AR
ST 2 A AT OB 5 1 0 T RS DR, UM A ROV T
sth— B A, 7 LA 2 o R il AW 6] B PR B P RS 1

AT {bJ5 U2 2 B R T B AR O B BS | [ BRSSO, S 102 B
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ZHLEE 5.17,

#®5.17 R E B AR R LS4
Table5.17 Simplified model and its constants

Type Site Pre-Exp | Act-Energy | Ref. Temp.
kcal/mol C
ACT-COCAT 1 TICL4 TEA 228.131 9 85
ACT-COCAT 2 TICLA TEA 228.131 9 85
ACT-COCAT 3 TICL4 TEA 228.131 9 85
ACT-COCAT 4 TICLA TEA 228.131 9 85
ACT-COCAT 5 TICL4 TEA 228.131 9 85
CHAIN-INI 1 C2H4 4563 9 85
CHAIN-INI 2 C2H4 4563 9 85
CHAIN-INI 3 C2H4 4563 9 85
CHAIN-INI 4 C2H4 4563 9 85
CHAIN-INI 5 C2H4 4563 9 85
PROPAGATION 1 C2H4 C2H4 1815 9 85
PROPAGATION 2 C2H4 C2H4 5970 9 85
PROPAGATION 3 C2H4 C2H4 9878 9 85
PROPAGATION 4 C2H4 C2H4 4176 9 85
PROPAGATION 5 C2H4 C2H4 978 9 85
CHAT-MON 1 C2H4 C2H4 0.00175 14 85
CHAT-MON 2 C2H4 C2H4 0.00175 14 85
CHAT-MON 3 C2H4 C2H4 0.00175 14 85
CHAT-MON 4 C2H4 C2H4 0.00175 14 85
CHAT-MON 5 C2H4 C2H4 0.00175 14 85
CHAT-H2 1 C2H4 H2 40.5 14 85
CHAT-H2 2 C2H4 H2 28.1 14 85
CHAT-H2 3 C2H4 H2 13 14 85
CHAT-H2 4 C2H4 H2 1.73 14 85
CHAT-H2 5 C2H4 H2 0.0612 14 85
DEACT-SPON 1 4e-05 0 85
DEACT-SPON 2 4e-05 0 85
DEACT-SPON 3 4e-05 0 85
DEACT-SPON 4 4e-05 0 85
DEACT-SPON 5 4e-05 0 85
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5.3 T2 A4 (Analysis of industrial conditons)

CLEAN S ML N BIE O R 5 T 26 M G R 7r T BRI, T
i LA R EMAE R T B, N T ZR MR R R .

BN 5 N2 B 7 AR AR AR B A A SONLIR L OB A UL DA SRR R
FEo SRNGRFERE T 3 TC OB IR AL NIMRE TR G VA% NIRAL
HIR/INRTE T I NIAE S s Y AR5 B I ], | S B AR R M B e 78 itk
7, VAN R ZEOR B g UM (R Cbe 78 A [HL)/[CoHa] LY
RN, TR RN R G T RN ERGRAET, KA
BERHE A AR, SRR R SR R AR B N a8 A BRAF A AE — %€ ARG o

CAMLS P10 L 23R E AR EEME, BRI 2R REER, REWir T
B, HAAR LA 5.7,
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'iHM other Liquid'—I

= CAT

“—— Coca] N

K5.7 L)@ R R SRR

Fig5.7 Flowsheet of ethylene slurry polymerization process for simulation

5.3.1 MNiRE (Polymerization temperature)

YEFF NS HIRAL . 5T AR RO EEAR, B8R EAE 85 CHTLAL
W REWARE a7 BRI A H7 L0 R R 45
S LA [ s TIANAE

REEHESVRIE PG R BE IR A i 2 LE WL 5.8, A Fhm]
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Fig5.8 Effect of reactor temperature on PE flowrate (P=Const.)
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Fig5.9 Effect of reactor temperature on concentration of ethylene (P=Const.)
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PR TME ORI . [NLASRAL . IS IR RIS, N iR
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Fig5.10 Effect of reactor temperature on hydrogen concentration in liquid phase (P=Const.)
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Fig5.11 Effect of reactor temperature on weight-average molecular weight ( P=Const.)
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Fig5.12 Effect of reactor temperature on concentrations of hydrogen and monomer ( P=Const.)
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Fig5.13 Effect of reactor temperature on pressure and PE flowrate ( Fcops=Const. )
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Fig5.14 Effect of reactor temperature on molecular weight and ratio of hydrogen to ethylene in

liquid and gas phase ( Fcops=Const. )

gi b, HIRNERAL IS SAHAR IR LR A AR, AWK
BRI TR T e, REY T ERER R TR . RN 2R
TERFFAL . RNRETT R, NS N R REWA SRS, RE
TE &,

=N

S

5.3.2 RNM{KF (Polymerization volume)
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Fig5.15 Effect of reaction volume on PE flowrate and residence time
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Fig5.16 Effect of reaction volume on weight-average molecular weight of PE
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Fig5.17 Effect of ratio of hydrogen to ethylene in gas phase on hydrogen flowrate and reactor

pressure ( Foops=Const.)
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Fig5.18 Effect of ratio of hydrogen to ethylene in gas phase on weight-average molecular weight
of PE ( FCQH4=COIISt.)
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Fig5.19 Effect of ratio of hydrogen to ethylene in gas phase on PEflowrate ( Fcps=Const.)
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5.3.4 #HBRE (Feed rate of the reactants)
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Fig5.22 Effect of flowrate of feedin on flow rate and mass fraction of PE at outlet
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Fig5.23 Flowrate of feedin variation effect on weight-average molecular weight of PE
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5.4 /N4 (Concluding remarks)
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Chapt 6 Steady-sate modeling of a gas phase ethylene copolymerization process

FO6E FHIHLRERIFRSRU

CHAPTER 6 STEADY-STATE MODELING OF A GAS PHASE
ETHYLENE COPOLYMERZATION PROCESS

[Abstract] In an ethylene gas phase polymerization process, the number of active sites for the
catalyst is found to be five with the molecular weight distribution of polymer as target. Steady
—state multiple active site model for an ethylene gas phase polymerization process is developed. It
is validated using the polymer product and molecular weight distribution from plant data. The
model could be applied to simulate the yield, density and molecular weight distribution

accurately.

(RE] Ll MR T ZAM AR, X REV TR AT 73 V1S B R A 1AL
FIRIETEALECN 50 LUR SIS R E R 58 KA B bR, @0 7RISR, 2
PEAL B AR AR SR, IR 55— M5 B AR SR AR BEAT T IR AIE . 1A SRR BE AL
IF IR PSS A T, REW TR A REWERE.

6.1 1EALFNEENI 1T (Determination of catalyst active
sites)
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Fig6.1 Curve of molecular weight distribution
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Chapt 6 Steady-sate modeling of a gas phase ethylene copolymerization process

6.1 FEELAY Flory Sy W) 4y 1 B4 5
Table 6.1 Molecular weight calculated by different site-models
Site 2 3 4 5 6

Mn 3.35E4 3.01E4 2.38E4 2.30E4 2.28E4
Mw 1.05E5 1.19ES 1.23E5 1.29ES 1.31ES
PDI 3.14 3.95 5.16 5.57 5.75

MEFRRTUUE W, AN S0, Wa ARV, AR Bt in
aSEPRE . A ZAEVECLRRZEIRG R, A NANEVECLI 7R 2 LR
FhE, A ZAETERLN AR B Z B, PUANE TEALZ JA o A fie B D il
MEAE . AR, AR, HILEEA A SEEE L, HF
HE SN P00 73 1A s NSRS LEARRT ™ Wb Pk S 1) P DUt /NS TR AL
T AET L 25, RIS TECL 3 1 2

6.2 T2 SRS (Development of steady-state models)

6.2.1 BEEMAIMREA! (A single active site model)

MR 5% 8 775 W B0 G WA R RE W) 71 AR A R AR X 2
TR RO AT RS, RS RAT & 5B Dok A

(EBEAE s Y B A7) R AT — AN PR, TR A A O AR A 5 3 e 2R
SRR, 2 EA B HAr SN as N R S AE R . LRGN
H¥rriE.

2 ULRIE TR BAT RN, BT s e s i s R, RSB R
TESIIERTTE, BRPEEEFIREAG AR, MRS bR
BAESIEARE, MR S, HRAEr) s A AE WA 6.3, T
VRS ARY  ST BB A 2 AR 6.2 FEAZBRL T WT R U S I & A
HAR R B AR —
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Fig6.3 Flowsheet of single-site model for gas phase ethylene polymerization process
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Table 6.2 Operating conditions for the gas phase ethylene polymerization process

Item Unit Value
Flowrate of hydrogen kg/hr 4.00
Flowrate of ethylene kg/hr 25634
Flowrate of 1-butene Kg/hr 2479.5
Flowrate of recycle comonomer and kg/hr 2092.28
hexane

Temperature in reactor C 84.5
Pressure in reactor Mpa 221
Partial pressure of ethylene Mpa 0.67
Flowrate of Circulation gas Ton/hr 1098.40
[H,]/[C;H4] in circulation gas Mol/mol 0.189
[C4Hg]/[C2Hy4] in circulation gas Mol/mol 0.304
Density of PE kg/m3 0.92
Melt index of PE g/10min 2.44

PRSI b, KRR 2 I TR A R 1 2 5 R A A 6 8, 75U
LA AR 3 112 M 3 70 ST % PR R AR AL « B3] RS BERY IR
Ri. FRAREEELRS . ISV . IR, IR T IR R L

MR _ER AR S S B G5 2R, R O — TR BRI KR R B A K A S
R ERARATIN 7, R3] T S 2 RS TR R S PR Y, s R 2
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Chapt 6 Steady-sate modeling of a gas phase ethylene copolymerization process

L 115 BB SRR R MK 6.3,

6.3 BT BTSSR TGP AR O BN 44

Table 6.3 Kinetic constants of single-site model

Reaction Reactant 1 Reactant 2 Pre-exponential Active energy
factor Kcal/mol

ACT-COCAT TICLA4 TEA 220000000 9
CHAIN-INI C2H4 1.875e+10 10
CHAIN-INI C4H8 1e+09 10
PROPAGATION C2H4 C2H4 1.875e+10 10
PROPAGATION C2H4 C4HS8 1e+09 10
PROPAGATION C4H8 C2H4 1.4e+10 10
PROPAGATION C4HS C4HS 330000000 10
CHAT-MON C2H4 C2H4 27600000 14
CHAT-MON C2H4 C4H8 78900000 14
CHAT-MON C4H8 C2H4 27600000 14
CHAT-MON C4HS C4H8 78900000 14
CHAT-H2 C2H4 H2 4.2e+10 14
CHAT-H2 C4H8 H2 4.2e+10 14
DEACT-SPON 7920 12

6.4 5 G2 Hg PEAAR AR LI,
Table6.4 Results of simulated by single-site model for grade G2

Plant data Results
Input T, C 84.5
P, MPa 221
Flowrate of C,Hy4, kg/hr 25634
Flowrate of H,, kg/hr 4
Flowrate of 1-butene, kg/hr 2479.5
Recycle condensate, kg/hr 2092.28
Output  |PE at outlet, kg/hr — 28.93
Fraction of butane in polymer, mol/mol 0.046 0.045
[H,]/[C2H4] in circulation gas 0.189 0.189
[C4Hgl/[C;Hy4] in circulation gas 0.304 0.306
MWN 22524 22762

XS G2 AP L AT L. IR 6. 47T LLE H, G2 MRS
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6.2.2 ZiEMAMRAIZEN KXIIE (A multi-active sites model and

its validation)

A OIEREG TR 2 i AR 3 7R 5K CIa R A iR 2k
BLo

PAEVE AL R SR & RN B b, B SIE AL B 38 s 0 B, A A2 il
PR EWIR &R 5 s A5 SRR HARRECN:

min(Z(xC —Xe)zj

Hdr x NREDFWTHEE, x NRESRAEE. W2 E NS EEALT
K R B kps o

PLEVE N R EYIR 72N B b, S IEHEAL R ME SRR WA,
ERIREM T 'S gs RS, HHERRECN:

min(i(MV\/C —~ MWe)zj

YRR B R A ) R B 75 B Kt o

X8 N AT T, FEXTER 9 3h J1 2 AT TR . S ANTETEAL BN 7
SRR RE LR 6.5,

6.5 5 WA S F A 24

Table6.5 Kinetic constants of Ssite-model

Type Site Reactants1 Reactants2 Pre-Exp Act-Energy
kcal/mol

ACT-COCAT 1 TICLA TEA 220000000 9
ACT-COCAT 2 TICL4 TEA 220000000 9
ACT-COCAT 3 TICLA TEA 220000000 9
ACT-COCAT 4 TICLA TEA 220000000 9
ACT-COCAT 5 TICL4 TEA 220000000 9

CHAIN-INI 1 C2H4 1.89E+10 10

CHAIN-INI 1 C4HS 707000000 10
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Chapt 6 Steady-sate modeling of a gas phase ethylene copolymerization process

CHAIN-INI 2 C2H4 1.89E+10 10
CHAIN-INI 2 C4H8 707000000 10
CHAIN-INI 3 C2H4 1.89E+10 10
CHAIN-INI 3 C4H8 707000000 10
CHAIN-INI 4 C2H4 1.89E+10 10
CHAIN-INI 4 C4H8 707000000 10
CHAIN-INI 5 C2H4 1.89E+10 10
CHAIN-INI 5 C4H8 707000000 10
PROPAGATION 1 C2H4 C2H4 2918000000 10
PROPAGATION 1 C2H4 C4H8 108900000 10
PROPAGATION 1 C4H8 C2H4 2178000000 10
PROPAGATION 1 C4H8 C4H8 51380000 10
PROPAGATION 2 C2H4 C2H4 2.01E+10 10
PROPAGATION 2 C2H4 C4HS 752200000 10
PROPAGATION 2 C4H8 C2H4 1.51E+10 10
PROPAGATION 2 C4H8 C4HS 353500000 10
PROPAGATION 3 C2H4 C2H4 1.47E+10 10
PROPAGATION 3 C2H4 C4HS 550800000 10
PROPAGATION 3 C4H8 C2H4 1.10E+10 10
PROPAGATION 3 C4H8 C4H8 258900000 10
PROPAGATION 4 C2H4 C2H4 1.32E+10 10
PROPAGATION 4 C2H4 C4H8 493200000 10
PROPAGATION 4 C4H8 C2H4 9865000000 10
PROPAGATION 4 C4H8 C4H8 232500000 10
PROPAGATION 5 C2H4 C2H4 4281000000 10
PROPAGATION 5 C2H4 C4HS 159900000 10
PROPAGATION 5 C4H8 C2H4 3200000000 10
PROPAGATION 5 C4H8 C4HS 75160000 10
CHAT-MON 1 C2H4 C2H4 27600000 14
CHAT-MON 1 C2H4 C4HS 78900000 14
CHAT-MON 1 C4H8 C2H4 27600000 14
CHAT-MON 1 C4H8 C4H8 78900000 14
CHAT-MON 2 C2H4 C2H4 27600000 14
CHAT-MON 2 C2H4 C4H8 78900000 14
CHAT-MON 2 C4H8 C2H4 27600000 14
CHAT-MON 2 C4H8 C4H8 78900000 14
CHAT-MON 3 C2H4 C2H4 27600000 14
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CHAT-MON 3 C2H4 C4HS 78900000 14
CHAT-MON 3 C4H8 C2H4 27600000 14
CHAT-MON 3 C4H8 C4H8 78900000 14
CHAT-MON 4 C2H4 C2H4 27600000 14
CHAT-MON 4 C2H4 C4H8 78900000 14
CHAT-MON 4 C4H8 C2H4 27600000 14
CHAT-MON 4 C4H8 C4H8 78900000 14
CHAT-MON 5 C2H4 C2H4 27600000 14
CHAT-MON 5 C2H4 C4HS 78900000 14
CHAT-MON 5 C4H8 C2H4 27600000 14
CHAT-MON 5 C4H8 C4HS 78900000 14
CHAT-H2 1 C2H4 H2 4.14E+10 14
CHAT-H2 1 C4H8 H2 4.14E+10 14
CHAT-H2 2 C2H4 H2 2.46E+10 14
CHAT-H2 2 C4H8 H2 2.46E+10 14
CHAT-H2 3 C2H4 H2 4.22E+10 14
CHAT-H2 3 C4H8 H2 4.22E+10 14
CHAT-H2 4 C2H4 H2 5840000000 14
CHAT-H2 4 C4H8 H2 5840000000 14
CHAT-H2 5 C2H4 H2 8500000 14
CHAT-H2 5 C4H8 H2 8500000 14
DEACT-SPON 1 7920 12
DEACT-SPON 2 7920 12
DEACT-SPON 3 7920 12
DEACT-SPON 4 7920 12
DEACT-SPON 5 7920 12

FERATIE LT 2 )5, S G2 BEWn 78  7r A LEUILER 6.6H118 6.4,
) 5B K AT SRR AR (s SR AW RS O A A
s R EWIR P LS S O BE R S TR AT s U T H L0
JEE IR EEA vy LT BE AR S SR T (ISR T IR P B AE IR 22 o LW 5 I Tk
NLB) 11542 B AT A2 I o
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6.6 T G2 7 7B AT IME 5 I e A LR A

Table6.6 Comparison between model results and plant data for grade G2

Plant data Simulated data
Properties of polymer MWN, kg/kmol 22524 23240
MWW, kg/kmol 131740 130287
PDI 5.85 5.606
Melt Index, g/10min 2.52 2.67
Density, kg/m3 0.918 0.920
Operation conditions [PE in outlet, T/hr 27.78 27.81
[H,]/[C;H4] in circulation gas 0.189 0.189
[C4Hg]/[C2Hy4] in circulation gas 0.304 0.306
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o7l Aspen Simulated data
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Fig6.4 Comparison of molecular weight distribution of grade G2 between experimental data and
aspen simulated
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Table6.7 Comparison of molecular weight between model results and plant data for grade G1

Plant data Simulated data

Properties of polymer MWN, kg/kmol 27609

MWW, kg/kmol 143264

PDI 5.19

Melt Flow Index, g/10min 1.17 1.64

Density, kg/m3 0.918 0.919
Operation conditions [PE in outlet, T/hr 30.29 27.92

[H,1/[C;H4] in circulation gas 0.136 0.135

[C4Hg]/[C2Hy4] in circulation gas 0.333 0.330

XFFANFERE S AT, R4 BIMELFIE PER SR 1, R A AR ) e M A
Herp (RS B ) 22 T B AT A N AR, T AR B TV AR A AR S
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Chapt 7 Modeling and optimization of grade transition process

FTE BSUNREERUS R

CHAPTER7 MODELING AND OPTIMIZATION OF GRADE
TRANSITION PROCESS

[Abstract] Two transient state models are developed for industrial ethylene slurry polymerization
process and industrial ethylene gas copolymerization process. They are validated using plant
operating conditions on grade transition process. The variations of the simulated polymer
molecular weight, melt index and polymer density as functions of time are in good agreement
with plant data. The transition time of hydrogen feeding could be shortened to a significant

extent.

Concluding remarks

A transient state model is built up with ASPEN DYNAMICS PLUS for an
industrial ethylene slurry polymerization process. It is validated with the plant data of
a grade transiton process from low melt ndex polymer to a high melt index product.

Moreover, a policy of grade transiton is proposed. The transition time could be
shortened by 12%.

Another transient state model is developed for an industrial ethylene gas phase
copolymerization process. The simulated results of molecular weight, melt index and
density are in good agreement with industrial data for grade transition process. The
transition time of the hydrogen feeding could be shortened by 20%.

[RE] DT AR RES T2 Tl L)ESMEREG TR IS SR, 73R T Ed
BREAHREM, MATAE ERS UG R sh SR BEAT I E . ALIDLAS 21 (A [R] B [a]
REWnTE. miisds RemEES5ahidave. =l 7 e sk, 8
ALY AN 1) e M D45 05 SR B R A A

7.1 W 2IHREIEIFSHER (Dynamic modeling and

optimization of slurry ethylene polymerization process)

7.1.1 FIEENTIREZET (Development a dynamic-state model)

¥ S1 FFRSBALET 5 N % Aspen Dynamics, Aspen Dynamics ¥ H s34 i
RCSTR #E ], HAIsHSEOFERBARE . &1L

FESERRR A I RE S L8 ) s 73 42 ] i % 2% m 4 2 RS ) 8 T 8 2 ok
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Fig7.1 Dynamic model for ethylene slurry polymerization
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flowrate of Hydrogen(m3/hr)
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Fig7.2 Flowrate of hydrogen in grade transition process
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7.1.2 FBSI#aZFFEGUE (Validation of the grade transition

process)
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ZEROR, TSR B AR R 2 B RN, EEEAFFAAET RN
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Table7.1 Comparion of operation conditions for two grades
Grades P1 P2
Operation mode Parallel Parallel
MI 2/10min 0.8~1.1 5.0~7.0
Reactor 1st Reactor 2nd Reactor Ist Reactor |2nd Reactor
H2/C2= mol ratio ~0.5 ~0.5 2.2~2.6 0.75~0.9
Temperature C 85 85 84 80
Melt index g/10min 09~1.1 09~1.1 30~40 1.6~2.0
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Fig7.3 Flowrate of ethylene, hexane and mother liquid to 1* reactor
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Fig7.5 Flowrate of catalyst to 1* reactor
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Fig. 7.9 Flowrate of catalyst to 2" reactor
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Fig7.11 Comparison of molecular weight of polyethylene in 1* reactor between simulated data
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Fig7.12 Comparison of molecular weight of polyethylene in 2" reactor between simulated data
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Fig7.13 Comparison of melt index of polyethylene in 1* reactor between simulated data and
experimental data
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Fig7.14 Comparison of melt index of polyethylene in 2" reactor between simulated data and
experimental data
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Fig7.15 Comparison of ratio of hydrogen to ethylene in gas phase in 1* reactor between simulated
data and plant data
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Fig7.16 Comparison of ratio of hydrogen to ethylene in gas phase in 2" reactor between

simulated data and plant data

7.1.3 FBSI#eZFEM L (Optimization of the grade transition
process)
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Fig7.19 Comparison of flowrate to flare in 1* reactor between plant strategy and this work
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7.2 SMZHEREGTESEMN S5 (Dynamic modeling

and optimization of gas phase ethylene copolymerization

process)

7.2.1 B7SHREBVENT (Development a dynamic state model)

FEAG AR rp R 28 18 o N s OB AR A AR R P 5 ) I A0 20 A B4 B R
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Fig7.21 Dynamic model for ethylene gas polymerization process
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7.2.2 FB2SI#aFFEIGUE (Validation of the grade transition
process)
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K72 BT Gl SRS R LA

Table7.2 Comparison of polymer properties for grade G1 grade between simulated data and plant

data
Item Plant data Simulated data

Polymer MWN, kg/kmol — 29948
properties  FURVW Ke/kmol - 150490

PDI — 5.02

Content of 1-butene of polymer, mol% — 0.045

Melt index, g/10min 1.26 1.2

Density, kg/m3 918 918
Operation Flowrate of PE in outlet(T/hr) 33.2 32.1
conditions [H2]/[C2H4] in gas phase, mol/mol 0.135 0.135

[C4H8]/[C2H4] in gas phase, mol/mol 0.333 0.345

.3 G2RESHR R

Table7.3 Comparison of polymer properties for G2 grade between simulated data and plant data

Item Plant data Simulated data

Polymer MWN, kg/kmol — 25179
properties MWW, kg/kmol - 132300

PDI — 5.25

The content of 1-butene of polymer, — 0.047

mol%

Melt index, g/10min 2.42 2.4

Density, kg/m3 917.5 917
Operation Flowrate of PE in outlet(T/hr) 31.6 30.8
conditions [H2)/[C2H4] in gas phase, mol/mol 0.184 0.184

[C4HS8]/[C2H4] in gas phase, mol/mol 0.346 0.361

PLES G1 3] G2 P4t 7
T 2 A R R B

o= it

» Dbyl iR

[N as R E SRR 7.22. B 7.22a AT L, UIHeRl 0GR B = T
D, BURGE B RSP3ME, UIHRAT I MR & 29799k g/hr, VIS B BERHA
N 28444kg/mr. 1- TG IEERHLEEAAZ, b fiiEA g,
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Fig7.22 Flowrate of ethylene, 1-butene and hexane to reactor for ethylene gas copolymerization
process
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Fig7.23 Flowrate of hydrogen and nitrogen to reactor for ethylene gas polymerization process
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Fig7.24 Flowrate of cocatalyst, catalyst to reactor for ethylene gas polymerization process
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Fig7.25 Reaction temperature varied with time during grade transition process
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Fig7.27 Comparison of flowrate of recycle condensate between simulated data and plant data
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Fig7.29 Comparison of polymer density between simulated data and plant data
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7.2.3 HSYJ#%KEIE (Strategy for the grade transition)
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Fig7.31 Comparison of pressure in transition process between plant strategy and this work
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Fig7.32 Comparison of polymer density in transition process between plant strategy and this work
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Fig7.33 Comparison of melt index in transition process between plant strategy and this work

7.3 /N4 (Concluding remarks)
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#3% HraT et
CHAPTER 8 DESIGN OF NEW PRODUCTS

[Abstract] A process and the related operating conditions to produce ultra-high molecular weight
polyethylene (UHMWPE) are developed based on steady-state and dynamic-state models for an
industrial ethylene slurry polymerization process. The molecular weight of UHMWPE is 3
million and the capacity of the process is 10,000 tons per year.

Concluding remarks

Based on steady-state and dynamic-state models for an industrial ethylene slurry
polymerization process, a new process is designed for ultra-high molecular weight
polyethylene with a capcity of 10,000 tons per year and a molecular weight of 3
million.

The operating conditions for UHMWPE are summarized in the following table.

Item Value
Polymer properties MWW kg/kmol 3000,000
Streams C2H4, kg/hr 1250
H2, Nm3/hr 0.073
Hexane +Mother Liquid, kg/hr 2917
Catalyst, kg/hr 10.52
Cocatalyst, kg/hr 17.05
Reactor Volume, m3 20.5
Liquid phase volume, m3 13.7
Temperature, C 70
Pressure, bar 4.9
Resident time, hr 22
Operating conditions [H2]/[C2H4] in circulation gas 0.0024
mol/mol

(HE] £ TR ERENRE. SRR Eith TR 1 /5%, 271
BN 300 IR LI T2 %A
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ROIGIRENVERET] 0 NIRE R 06 mBER O BB ER O
PAKGER o TR R 40 (UHMWPE) . i 1= 70 T & K O e F8 70 7539 100~600
FWR O, BARMEHThEE IR IR0 TN BEE e T2
PE, fEsn FRPIRL R R my, FIYEAAE . Be et L b pEAS . AL THA.
Rk, RN NN, mRfERAMAYE, o TSR 5] A SR S
bEE BN TP 3R, o1 B R S I 7R SR A R

BRAE = EH I 7 TR0 300 J3 R 1 JTWEER 20 B SR E S S KR AR AT
Wit %A F2I A 8000 /NI UL, BE/NEFIRER £ 0d & 1250kg/hr, B 2 0@ 1)
HEELEA /DT 1250kg/hrs

WIRBEE RN T2, BEMRBRE TG I SOV A T A B 12
ARV, LA I AE F= B8 77 52 1) T B RS TH A S 2% AR GE 7T | T 77
IZE R, R L P TR 2 — AN 0] s[RI SR A AR 28 9 SO 8] = A8 J
LA B, A R ] B B A S N AR R BRI AT B T A EE — MR IER R
WA BRI,  FARLEVE A (U FE 2 1 T I RE 28 B BT H R T

RSB RS e s, @ s FREA R T A S, #mT AAE
8 SN 25 TS V4 B i PRI AR 75 S L2 PN RV AN R S 30 AG - ) e v VR A
N 2% N TS N 30wt%; ML 717N T 0.75MPa.

A VS I SR A R RL 9 FE e, Wl & 7 B 2R O B A L2037

it

8.1 R} & x MAEF! (Feed rate and polymerization volume)
N AR RS AR 0 ROk B AT BRI Ll Ry T

WA
4R 72 AR BIRERH BAR 20758 1250 ke/hr, S5 I N 2% A T 20 E & Bl
30wt.%, M 5 BRE &
1250/0.30-1250=2917 kg/hr
AT B AR A AR A RS L2 A R R vE TR e . AT
P1 AR SR A A UE, MRS PL AL EERHA & 46.3kg/hr. B AT 13 &
N 75 kg/hro AR$E AL TS HERL AR 20 i BB 43 2R AR B AL IR 2R
1250/5500 X 46.3=10.52 kg/hr
BRI E A
1250/5500 X 75 =17.04 kg/hr
ARAE R B AR A, 0 S BB AAFRE AR RIS, LR AR AR A -
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250/5500X90 =20.5 m’
N B BOREAA AR N 13.7m’ .
SR AR IERIR BRI SN 28 B ORS00 TR TR,

8.2 RMNiRJE (Polymerization temperature)
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8.3 SAHSIKE (Hydrogen concentration in the gas phase)
BERHA R RO EE SRS E S, RN A AR
B 575K 300 JI IR TR R

PEREICEHE, NS
HAME ORI LT 5 52

LA A U HE R B DL B 2

M 8. 3FTIL, A m e T RN O, SUHA LR UM T
0.03, ELIENI»THEKT 100 . HHETOMIREZHEIRR, B5%n 7
SCORTE YR

w

Mw, 10° kg/kmol
- [

0.02 0.04 0.06

0.08
[H.1o/1CH ],

K8.3 A LIMIREZ LR R &

REY5r TEREMR (R UBMWPE)
Fig8.3 Effect of ratio of hydrogen to ethylene in gas phase on weight-average molecular weight of

UHMWPE

DU 38 R A5 T2 MWW N HEBR, B AREAESERR =
Fip, MEFESISESHERCHEREL. HEPRRECN:
MWW: 3X10°+1x10*
KT Secant 7ZFNE, THEAF BT R SAHE R SEIKEE N 0.0024,
BEWIR S T-89 3.005X10°%, iA%) 7 ¥ HER.
8.4 /N4 (Concluding remarks)

PABAT i B 5 L MR B, Ber i ik A2 7 701 09 300 3 A i 70
TEROGLZ0HE, HhiE LK 8.4,

137



8 E P L Z T

Cooler

an

Liq

Feedin

8.4 Yt 3kiEAEF” UNMWPE JRFE N =

Fig8.4 Flowsheet of UHMWPE process by slurry polymerization

TRE A BV S B TR R IR AR A IR 8.1

Table 8.1 Operating conditions for UHMWPE

%8.1 UHMWPE 4= 7= 21k

Item Value
Properties of polymer MWW kg/kmol 3000,000
Streams C2H4, kg/hr 1250
H2, Nm3/hr 0.073
Hexane+Mother Liquid, kg/hr 2917
Catalyst, kg/hr 10.52
Cocatalyst, kg/hr 17.05
Reactor Volume, m3 20.5
Liquid phase volume, m3 13.7
Temperature, C 70
Pressure, bar 4.9
Resident time, hr 22
Operation conditions [H2]/[C2H4] in circulation gas 0.0024

mol/mol
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CHAPTER 9 CONCLUSIONS

This work gives an overview of the modeling of ethylene polymerization. A
method for computating physical properties and a model for calculating polymer
quality are proposed using both the open literature and plant data. Steady-state and
transient-state models for an industrial ethylene slurry polymerization process and an
industrial ethylene gas copolymerization process are developed based on rigorous
copolymerization mechanisms. The effects of operating conditons on the
polymerization process and the grade transition process are investigated. Based on the
models, new operating conditions are proposed for ultra-high molecular weight
polyethylene.

The quality model of polyethylene suitable for the industrial process is
established as follows:

log MI =20.69 —4.03log M w—4.5x107 PDI
The equation of state for calculating the physical properties of the ethylene
polymerization system is determined. The three pure-component parameters of
PC-SAFT model (segment number m, segment diameter &, and segment energy
parameter[| €/kg) and binary interaction coefficients kj; are obtained using the
literature data. The predictions of the ratio of hydrogen to ethylene in the gas phase
are in agreement with those from the plant.

The mechanism of Ziegler-Natta catalyzed ethylene copolymerization is
analyzed. The reasonable ranges of the kinetic constants of the elementary reactions
involved and their activation energies are determined. The sensitivity of the polymer
production, molecular weight and density to the variations in the kinetic constants is
assessed. The polymer yield increases with increasing chain propagation constant and
decreasing chain deactivation constant. As for the molecular weight of the polymer, it
decreases with increasing chain transfer constant and decreasing chain propagation
constant. The density of the polymer varies with the rate constant of propagation of

monomer with comonomer.

According to the molecular weight and molecular weight distribution of polymer,
the number of active sites for the catalyst for two industrial processes is found to be
five.

Based on the kinetic mechanism, steady state and transient-state multiple active
site models for an industrial ethylene slurry polymerization process are developed.
Simulated polymer yield, molecular weight distribution and melt index in each of the
reactors are in good agreement with the plant data.The effects of the operating
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conditions of the ethylene slurry polymerization process are studied using the
steady-stateic model. The policies to increasing the polymer product with the same
molecular weight are: increasing temperature with decreasingratio of hydrogen to
ethylene in the gas phase; or increasing the reaction volume and the ratio of hydrogen
to ethylene in gas phase at the same time; or increasing the flowrate of the inlet
streams and the ratio of hydrogen to ethylene in the gas phase simultaneously.

Steady-state and dynamic-state models for an industrial ethylene gas
copolymerization are also developed with a multiple active site polymerization
mechanism. They are validated by plant experiments.

Based on the transient-state models, the possibility for reducing grade transition
time is studied. The grade transition time from a lower melt index product to a
higher melt index could be shortened by 12% for the industrial ethylene slurry
polymerization process. As for the ethylene gas polymerization process, the grade
transition time could be reduced by 20%.

Based on steay-state and dynamic state models for the industrial ethylene slurry
polymerization process, a new process for producing polyethylene with a capacity of
10,000 tons per year and a molecular weight of 3 million is designed. The operating
conditions are gathered in the following table.

Item Value
Properties of polymer MWW kg/kmol 3000,000
Streams C2H4, kg/hr 1250
H2, Nm3/hr 0.073
Hexane +Mother Liquid, kg/hr 2917
Catalyst, kg/hr 10.52
Cocatalyst, kg/hr 17.05
Reactor Volume, m3 20.5
Liquid phase volume, m3 13.7
Temperature, C 70
Pressure, bar 4.9
Resident time, hr 2.2
Operation conditions [H2]/[C2H4] in circulation gas , mol/mol 0.0024
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Modélisation et optimisation des procédés de polymérisation d’éthylene

RESUME

La modélisation et 1’optimisation des procédés de polymérisation d’oléfines en
prenant en compte les caractéristiques de la polymérisation et du procédé mis en jeu
peuvent aider a améliorer les procédés de polymérisation industriels. Dans cette étude,
un modele a été développé et ses parametres déterminés afin de calculer des propriétés
thermodynamiques et physiques du systeme de polymérisation de 1’éthylene. Des
modeles en régime permanent et transitoire sont élaborés pour les procédés de
polymérisation industriels en suspension ou en phase gazeuse, basés sur les cinétiques
de polymérisation en présence de catalyseur Ziegler-Natta. La conduite des réacteurs
a été analysée et le changement de grade simulé.
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TITLE

Modeling and optimisation of ethylene polymerisation processes

ABSTRACT

Modeling and optimization of olefin polymerization processes based on
polymerization and process characteristics provide guidance to plants and improve
industrial processes. In this work, a model is proposed and its parameters determined
to calculate thermodynamic and physical properties of the ethylene polymerization
system. Based on industrial Zigler-Natta catalyzed multi-active sites ethylene
polymerization kinetics, both steady and transient state plant-scale models are
developed for industrial slurry and gas phase ethylene polymerization processes. The
operating conditions of the reactors are analyzed; the grade transition and process
optimization simulated.
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