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. f ‘Currently some, 100 mllllon metr1c‘ tons’p\L year of o

i of'f'th final product after process1ng, moldlng Qnd -

synthetlc polymers are produced j7the:_world in a W1de ,:: "

ki

-varxety of polymerxzathn reactots“‘The tdtai world sales of
L P

raw polymer 1s approa h1ng $100 bllllon per yéar gnd sales
i

r : o

; compoundlng is many ‘times thlS flgure. ‘Hemce* the f1eld /o
. - r ( A M : o
5_&polymer1zat1on ‘,reactlon. englneerlng .15. df 51gn1f1cant

" economic importance. = .- AR Q_ T >'?q;. "

v - P,

Untilsla"decade'1or55two. ago,'v"polymehs'7werenmainiy

. 4

L'{manufactured‘in' batch reactors from _falthfully prepared

irecipes scaled up from the chemlst s beaker (Ray(1983))

a

' However w1th heﬂ growth of demand and 1ncreased prlce__e

h compet1tlon more - eff1c1ent polymer1zatlon methods have been

" requ1red Manufacturers of h1gh volume polymers ”qfav mov1ng

N

~‘productyqual1ty. ‘r"“.: 7 B : o (i

o

to fewer product llnes, more unlform proddct and the use of

: contlnuous reactors._S1m11arly producers of low volume, h1gh

qual1ty and hlgh value polymers are reallzlng‘that thelr j
'competltlve edge comes from a deeper understandlng 'f _the ‘f*

relatlonshlp between polymer1zat1on ‘condltlons and th%

- -

'Polymerization 'reactlon englneers have been developlng,

v'“

' : I r
1mproved and efficient processes that ‘can s1gn1f1cant1y

reduce caplt 1 expendlture as well as operatlng coSts. An
tpl

- example 1s the low pressure flu1dlzed ‘bed" process _oﬂ. Unlon

Carb1de to produce ‘low dens1ty 11near polyethylene wh1ch can"

‘reduce the plant cap1tal‘fexpend1ture' by 50% and energy

TR



-

,3 B
3

..

: consumptlon' by ‘25% of = the. conyentlonal “high ' ‘pressure

o
yeo

polymer1zat1on process(Ray(1983)) fV:F{' s
Slgnlflcant economlt advantages can’ also*be obtalned by'

operatlng ‘the polymer1zat1on reactors 1n an opt1mal mannerj
£ * -

‘stich that con51stent productrquallty LS malntalned Slnce‘

any exlst1ng process oan be operated ‘:a eff1c1ent and-

optlmal'rmanner__chereby reduc1ng the operatlng costs, more’

attention has beenfpaid:to- the.<opt1mum operatlon of,;the_

: o T L A :
polymerlzatlon processes recently ]AS.Haf result - many

P

operatlons in the polymer product1on have been automated and’-

_ many of polymer1zat1on process varlables such as temperature

-

"and pressure are. be1ng automat1cally controlled with the use

P

- of computers. The state of art of control of polymerlzatlon

-1reactors has been rev1ewed by many authors (Amrehen(1977)

_polymerlzat1on reactors are many Some'of them\are.

L sav1ng of manpower, o ~>].' . 5:

L Hoogendoorn 'and Shaw(1980) MacGregor et al (1983)).

The beneflts of automatlon and computer control of the,

i

- Better control of quallty of product.i
-z”-Shortenlng batch t1me31n batch reactors.
7,’_M1n1mum productlon of off grade product in the product

-,

changeover in a contlnuous reactor..' .".i.,

s _Optlmum _operation 'of, plant through ‘ optimization"

prOgrams.” BEE i

e'

= On- 11ne measurement of process varlables. T

,-)

',; ’rLogglng ﬁor process development and trouble shootlng

~» Process alarms - and automatlc shutdown and hence better

“ . - Y
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Insp1te of these beneflts and mugh more, the“ progress

g
(oF it

automatlc coﬁtrol of the polymerlzatlon ptocesses has -

‘“p,been slow compared‘.to other chemlcally s1mpler reacthn

\;L KR
'.Systems such as ammonla synthe51s, ethylene productlon, etc.

. The fvslow -progress~ in,' automatlc control 'of

& o : W

polﬂmerization processes has been attrlbuted'to'theflack.of

. development of on*l1ne measurlng dev1ces.’*Hoogend06rn and

'Shaw(1980) p01nted uout>- the VlSCOUS nature of.'the'

;po ymerlzatlon m1xture as the main contrlbutlng factor for

fthe\ d1ff1culty of on-line measurements. Polymer qual;ty has

‘heen-trad1tlonally controlled by measurlng the propertles of
'the polymer 'product off—line and re3ect1ng ‘the off grade
product completely or blend1ng 1t w1th good product:-such

that the blended product has de51rable propertaes.
iF4

In the past, on—lrne 'measurements of polymerization

“o

systems uere -mainly limitedg to temperafure'and pressure.

With the advent of. process ‘control, especially due to
> / -

digital computers, the 1mpetus to determlne product quality

"

' . B
on-line has}1ncreased markedly. In response to this, there

have' beenlu;' number of attempts to develop new'sensors*to,

)

v.measure varlous polymerlzatlon process varlables on llne and

' to modlfy the exlstrng 1nstruments 50 that they can be. used,

for on- l1ne measurements.

El
>

'The avallablllty of . the processvcontrol computers and

P

;jthe recent development 'of on l1ne ~measurement technlques.

have~ constderably 1ncreased the scope of on- l;ne control of



3
L

product ouality in polymerization reactors. ‘Most of th

earller studies, partlcularly in academia, were limited to

the theoretical predlctlon of batch reactor temperature

I

pol1c1es, sem1 batch 1n1t1&tor or monomer feed rate pollc1es

for the optimizat

=) s
‘rreactors. However, the success of these optlmfzatlon efforts

‘pdependS' very much

phy51cal and chemlcal pnocesses occurrtng in the complex

L]

ion of product quallty 1n polymerlzat1on‘

upon- havihg valid dynamlc models of the

polymérlzatlon systems. Hence con51derable research has .aldo

A Y

been dlrected towards development of mathemat1cal models'jto

descrlbe the po
fgondjtions.

, ~Optimization
,COntrol’can also be
However the success

. control are llmlted

L

character1zat1on in

lyme{1zat;on processes under various

T
’

of product - quabity‘ through ,feedbackv

implemented on polymerization reactprs;

of the optimal policies through feedbackﬂ

3

by the availabilityiof“ oh*line ‘pOlymerv

struments In rgcent years there has been

con51derable reséarch 1n the area of on line measurement and

&

control of pplymer

1zatxon reactors. In fact the reSearch 1s

‘adganc1ng so rapidly_ that 1t 1s ant1c1pated that the - 1980 s

wlll see .the 1mplementat10n of hlgher level opt1m1zatlon and

S -

computer control

1ndustry(MacGregor et 81(1983)) ,,,_" i

"~ From /thé/iabove it  is. clear. that there is'bgreat_.'

schemes throughout the polymerlzatlon

,/
-

3

““incentive to :study the problems assoc1ated wlth real t1me

ocomputer applications~ of optlmal comtrol p011c1e5' to

o <

polymerization reactors. The present work was’ undertaken in

s
-



response to  these needs ‘i.e. to devetop techniques to

measure, on-line, ‘important process variables ‘such as

convers1on ~and - molecular we:ght d15tr1but1on and {to-'"'

1mplement computer -control on"a polymerizatxon‘ reactorJ

Spec1f1cally the objectlves of thls study are summarlzed asf
follovs: | N - | : '

' . \
1. Development of analytlcal techn1ques to measure on-line. .

Al
.

sthe denS1ty, “ v1scos1ty, ' and molecular- weight

d1str1but10n of the polymer dur1ng the ’polymerizatiqn
. . R . . EAEY

\l

" -

:2{ .Evalulatlon of these technlques w1th respect to ﬂhelr :

’accuracy in estlmatlng, on 11ne, 1mportant varlableS’ of-

the process such as convers1on

a,“

jand molecular we1ghttg

averages (number and we1ght average molecular we1ghts)

J'l-

3. Development of a rellable mathematlcal model of the

7

process and est1mat10n of the k1net1c parameters of the 4'

”'model from the expen1mental data.

f

4, ;’Appllcat1on of opt1mal control theorY g ‘develop = open

loop» and closed loop control polbq1es to opt1mlze the "

. \
r«operatlon of the pdlymerlzation reactor., - '
'iSri Implementat1on of . these opt1ma1 pol1c1es on“-a. laboratory'

e . SR

scale reactor u51ng a real t1me pIOCGSS computer.,
: The above stated objectlves were attempted on, a ffée
radrcal solut1on polymer1zatlon of methylmethacrylate in a

batch reactor. However the on- 11ne measurement ‘and control
'techn;gues developed 1n thlS work can be eas1ly extended to )

,‘

many other polymer;zatlon systems.f



\ ‘ L ' 6,

. "
. .
. ] T

. This thesxs hes ‘been divided into éight 'chaptera each

wnlch closely follows the chronologxcal development of
“{
. the study. Chapter two™ contaxns a description of the

‘experxmental System which includes a five litre reactor, an,

~ - -

automatic sampl1ng system, a real- time process control

‘e
w .-

computer ~and a number ot measur1ng dev1ces‘“§uch’“as a

»

léen31tometer, a- vxscometer“~and‘ a size  exclusion-
-ohromatograph;, \‘ ' : o S
‘. In ‘chapter three on llne and offxllne measurement

. !
techniques used to mon1tor conversiofi and molecular weight

distribution. durlng the course . of: polymerzzatlon » are
Rde5cribed. A computer program developed for automatic ‘data
w‘acqu1s1t10n and on-line’ 1nterpretatlon of 51ze -exalus1on

ychromatograms (SEC) to determ1ne molecular Welght averages

LN

of the polymer is' also described.

In‘ chapter four; extenslve experimental ’resultsr
obtalned u51ng the batch reactor system are presented} The
leffect of 1n1t1ator,k temperature and volume fract1on of‘
solvent om\conver51on and molecular weight is 1nvestlgated |

| fA,' detalled Mathematical model of - free radlcalV\‘
solutréh polymerlzatlon of methylmethaCeréte in a batch
» reactor is der1ved in chapter five. The model parameters areh
| estlmated from the experlmental resultst obtalned from the“

>

, reactor system, _

>
‘In‘chapter six openeloop~control policies are developed

b§ applyihg optimal control-theory to-th mathematical model

of the‘reactor derived in chapter five. These policies are

/



.
then implemented on the laboratory scale reactor and the.
ekperimencel results are compared with the (theoretical
predictxone. 3 J'
‘Chapter seven deals with the closed loop control of the
"polymerization reactor. The nonlinear model of . the reactor
is lznearxzed and‘ optimal feedback controlvpol;cies are
derived by work1ng with a 1inearized model "of the reactor.
" The closed loop polxc1es are evaluated by s1mulation. A

Fxnally in the eighth chapter the overall conclusxons
and the pos8ible extensions of this work are presented.

This study is .intended to provide the groundwork for a
s;rles of appl1cation studies on on-line measurements and
real time computer control of polymer1zat1on reactors. It is
hoped that the success of these studges and the knowledge
gainedwdufiua th;s research will have direct application to

the control of industrial polymerization processes..

. PR Cihe -
N P .
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- measurements and 1nterfac1ng with a process computer. Therev

2. EXPERIMENTAL REACTOR SYSTEM

. PR . ' T

‘2 1 Introduct1on

sl “ .
.

fls true that very llttle 'work has rbeen done Uon‘ actual‘

C]

1mplementat1on of these control policiés.to\a laboratory

'scale experimental reactor system. Chan‘ and Huang '(1981)

v

o

AS stated in. chapter one, most studxes on- control Sf

:predlctlons of* opt1ma1 pol1c1es requ1red ~'produce aff'

.npolymer product with des1red propertles in m1n1mum tlme.tlt."

,flrst"reported the'"lmplementatlon of Optlmal 1n1t1ator"

polymerlzatlon»of styrene. However thelr experlmental system"

\ I

‘is: a 'great‘ research .1ncent1ve to- sﬁudy“the- problems

'obtimal controli p011c1es o a"laboratory' scale’ reactor
,system. Therefore' a;‘novel reactor was des1gned and bullt

ThlS system con51sts of -57 five litre glass reactor,rfan'
vautomatlcj‘sampllng system, a process control computer and a

number of measurlng .devlceS» such as’ den51tometer a

viscometer and a size exclusion chromatograph. ‘In this

t7 4
system. °

e

'was a 51mp1e one and d1d not 1nclude fac1l1t1es for ‘on line”

‘associatedr with uthe' reaI4time-~computer;implementat;on of -

chapter we ﬁdescribe in detail the ‘experimental 'reactor;?

.polymerlzatlon 'reactorsf have been 11m1ted to theoretlcal;p".

P

ﬂ-p011c1es on a 300 ml glass reactor for the case of solutlon,.i



2 2 Reactor System PR '. K '

,Atvschemat1c representatzon of the experlmental set up G
e e Y .

| ‘;;15 shown in Flgure 2. . It 1s de51gned 1n such ﬁ"way thatv;

'dlfferent measurements from-~the system can be used for a‘
*Vagqety of studles 1n polymerlzatlon reactrons\ >
A detalled llst of all the 1nstruments and measurementgf

'}ldev1ces used 1n 'ther experlmental system a&ong w1th the .

-

‘Htechnlcal spec1f1cat10ns is- glven in. Appendlx AL "t . /2

~The reactor is a 5L jacketed cyllndrlcal glaSS~ ves el
_oot approx1mately 152 mm - 1ns1de dlameter and 280 mm he1ght
ﬁlt 1s ca)lbrated and marked to show the volume- of reactlon
mixture . 1n51de._The top.oﬁ the reactor con51sts of a flared"
glass flange whldh is used to support the reactor by f1rmly:
grlpplng the glass flange by an suter staInless steel flange?
tbu51ng ‘a‘.rubber gasket _rThe, whole.:reactor‘:assembly wis
'supportd‘ through4 the oute;\ stainless_ steel flangeato a;f;
f'framewprk con51st1ng of- f0ur ’1ncl1ned steel legS‘-and ‘a‘
circular* plate Jath.the top that 15 welded to the stalnlessiv )
steel flange{ The legs are f1rmly bolted to the floor of ther
laboratory' SO that y1brat10ns'due to}the_strrrer motqr arer
kept to the minimum. L o | f o
”A st1rrer ~motor. 'aSSembly lslmounted on the reacté:ato
mix- the reactants thoroughly; The stlrrer ‘has two: turns_ of -
hellcal' blades and is- supported by a bearlng at the:centreT
of'the,l1d 1t is turned by ‘aﬁ totally enclosed DC “motora

whlch is controlled by a controller that provxdes flltered

DC power to the motor, chang1ng the voltage as necessary ‘to”

X
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- e ntroller thexﬁpeed of the st1rrer 15 malntaxned constant ;f'“if”

. » ’w e
in -

¥

, blntrea51ng v1sc051ty of~u.hei reactlng mlxture" durlng ?theV

~

'is; found that he hellcal blades attached to the st1rrer

s’v

prov1ded good m1x1ng of the reactaon mlxture whenl operated sfjf

,t750 RPM Also the bearlng and the motor support 1s good -

enough to prov1de st1rr1ng wfth m1n1mum v1bratlon.;\

g

clrculatlng hot water through the jacket u51ng fa; thermally

splte fof the 1ncrease Ain the load*bn the stlrrer dye toi.

BRI ’ L ' S A T ST A
. keep the--speed constant Because tof“”the_'actlbn-of~the~"

,x§ourse of polymer1zatlon.f‘The, borque .on *the-stlrrergishjli~-

7avallable for on- l1ne data acqu151t10n as a 0 10V output.uitt” -

o “?The'. reactlon A mlxtUre is contlnuously heated by.f7

protected centr1fugalr pump The hot water flows through af'

- rotameter and 1/2" dlameter copper, tubes.;vThe constant

':3jtemperature hot water—iank has a capac1ty %E 25" lltres and

'p_ls prov1ded w1th agltators to keep the temperature; un1form

b

__durlng the exotherm1c react1on is achleved by the cold water
1 Lflow;ng through 1/4" stalnless steel coollng 00115 provrded
iflnSIde ,the‘ reactor.’ The cooilng water, whose flow rate As

“hcontrolled by‘a Foxboro feed back*controller, f10wsv through

e A

control valve and .a' Foxboro D/P cell that’ 1s use?;t '
and

; measure the ffowrate of the coollng ,water._ The 1nlet

e

L s ’ ; , *‘_'*‘ > - : ~'~ o
-;n51de. e T e n; . jﬁi g_. T
mhe coollng of the reactlon m1xture whlch reQUired”'-“

outlet temperatures 0£‘ the cool1ng water gre measured by“_.

‘”thermocouples. Through the above mentloned fac111ty :of“

'“;heatlnga and coollng it 1s p0551b1e to malntaln the de51red



o

rA

"‘_.}emperature*‘tlnsrde;“the“_reactor. ,For' thlS purpose',the

o

‘ ’Zfor on- llne data acqu151t10n of temperature. d" "

>

temperature of‘:the_'reactlon mlxture 151 measured by a(*

| copper constantan thermocouple and the result1ng'm1111volv

3

(
i : i,
the electro pneumatlc converter (3 15 ps1) fed _to, a

I , ‘ kA

. €

‘ “setpo1nt fac1l1ty that can be used fog computer control

-<§p feedback controller ,i des1gnéd"to- control thef”

JVEMFv converter : ThlS 10 50 ma 51gnal is fed to a PI Foxboroif—l.
'{controller wh1ch produces hthe» approprlate _comtrol 51gnalp_

(10- 50 ma) to~an electro pneumatlc converter The output off’:

B coollng water._The; Foxboro controller -can- accept temotehﬁgf

of the reactor. The: mllllvolt 51gnal :resultang from 'the'f

thermocouple 1n51de the reactor 1s also sent to . the computerp'

R

Lo
\ .

fhlﬂ'v1scometer (Norcross Corporatlon' Model M8B)a is e

”;:mounted on ‘the Ild f; the ,reactor td% measure »vﬁséositysf
' dur1hgi- the‘A course <bf“ polymerlzatlon., Thls v1scometer1!
 operates - on._ a falllng plston pr1nc1ple A plston s iS‘”t

~periodically ralsed by a llftlng mechan1sm draw1ng a sample,{f

of the llqu1d to be, measured down through h“7 ‘clearance

ﬂbetween -the plstOn and the cyllnder 1nto the space wthh is

I

_iformed below .the plston rod assembly 'fhe plston. 15 theﬁx

K

same path as 1t entered The t1me requ1red -for. the plston»

;rod assembly~_ 0 drop 't the bottom of 1bs travel 1s a.

'51gnal 15 converted to a2 10- 50 ‘ma 51gnal through ua FoxborOjfgf4

F dlaphram vcontrol valve. ¢o regulate 'th flowrate of ‘the o

>vallowed to fall by grav1ty, expelllng the sample through thef:_j_
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measure OﬁT V150051ty of ‘the’ 11qu1d and thls measure 1s
O VAT ,

.{avallable as an electrical s1gnal in the rapge of 1’5 voltsi

N s » e

oAl

hfor on llne data aqu151t59n.. Thef measurlng element iisf;

'-fj rlgldly mounted w1th thé measurlng, tube 1n fa vertlcal
Q;~{5p051t10n _as;qlndlcated by ‘an Cair’ bubble 1eve1 1ndlcator

r;”;;mounted ont-a 2 bas _tof* the;; measur1ng element. . The

ul‘ l"’

"ﬂcallbratlon and measurement of v1scqsrty wrlL be dealt 1n

B AL e . o

~

detall 1n chapter three. S f“,_{:; L ;r:v

‘;f‘-: Durinq” polymerlzatlon «3the,‘~reactlonul‘mixtUre'ﬂjisfi.

gt ‘

& contlnuously c1rculated thxough ':' den51tometer by - "a

-
P \., ,;

.

rec1procat1ng revolv1ng _pump (Flgure.i2; 5 Th1s gump?islf'

. 4. = s
v

# v

.‘*‘valveless and can handle hrghly v1scous flyldsa suéhh as

polymerssolutions. Accord1ng to manufacturer s spec1f1catﬁon‘f’

1t has an accuracy of one*percent. In oour ’exper{ments ’we”i

A

;h»ji experlenced plugglng of the pump at hlgh v1sc051t1es. These

-’5 % R Y

N problems were_temporaraly solved by remov1ng 5thef pump and -

oy .
was connected *£of the' stopstqck outlet at the bottom 'otf the

i

P d

at

fhﬂfk the‘reactlon mlxtufé To en§Uré that den51ty 1s measured

/

.,‘

e consganteéempérature, &he neact1on m1xture is flrst passed7

= j- A S

. W . ’ e
G S

,ff-COLl s, of suffic1ent length (50cm) o- that the'\reactlon

AN

P

..mlxture would reach the temperature of the thermostatlc bath'

' » * s o -r' . -7 R
\t :

through sta1nlass steel c01ls» 1mmersed 'ln ‘a ithermostatlcf

bath before ’entellng the;den51tometer{ The stalnless steelt

‘: reac&or thpough 1/8" “flex1b1e Teprn tub1ng The Teflon;.

| tublng mas found to perform..well whereas Tygonr tﬁb1ngjﬁ>

..cleanlng°the pump head ulth a- solﬁent The 1nlet of the. pumphf“h§”

L e

v started, o | break at\the hlgher temperature (abcut 75 C) ofz,fff.’



toa

'f se that denslgy cell and 1ts contents are kept Q@ a constant:f”"

_}h‘sockets fof» the adaptors Th the evént of the plugglng of a

ﬁt

/

h~adaptor are made by 1nsert1ng the tube flrmly 1ntofﬁthe_

RN g ' wa N
U

. S

ST e s T A

.

SR ‘(60""0.)' = i.rpéfsfpécgi‘-‘!efsO..f'"-’f%he --‘actual tcemperature .i"“’-.f‘- the -

e
. Vv
R N ; .
o B A T . PP Y T

reactor.*“ ",avfﬁ

kN

An ‘bn 11ne dlg}tal den51tometer (Anton Parr, Austrla

Model DMA 450 m rketed by" MEttlet Company, USA) 1s used to;.f‘h'

oo l‘ ey '»l"
H v 1 . '5 Rt ‘ '

measufe the den51ty oﬁ\ the react1on mlxture. ThlS meter

X

measures den81ty by measurlnd the éhange 1n th natural

f ..1-

frequency of a hollow osc1llator when £1lled w1th dlfferenth:
l1qu1ds or gases. It has a prec151on of 0 0001g/ml hhen ‘thef'

'f_range of den51ty i between 0 50 and l B g/mL Water 1sf;,ﬁ
N, .

ad

c1rCulated around the den51ty cell from a thermostatlc bath;‘

- : -T’L‘?-

>y . i \\ __‘»/

des1red temperature ,Th den51tometer ffsi prov1ded wlth R
sta}nless steel adaptors so that cont1nuous measuregknts can:n‘

be made when reactlon mlxture flows through the ’den51ty7-

/

cell 'The= connectlons between :the' Teflon tqﬁlng and the -

F

dvalve or any part of the tube, the connections break open at"

“

*the; adaptors h thereby av01d1ng pressure bu1ldup ?and
N, subsequent damage to the‘den51ty cell The measured den51ty_gg
i.value is ava1lable as a BCD output for data acqu151t10n by .

- .the omputer. ‘The measurement and callbratlon :ofig;the“Q*v

I
dens1tometer w111 be treated in; detall 1n chapter three.

r

From _the_ dens1tometer the reactlon m1xture : flows
€ . ' 3

through Va three way solen01d valve and back to the reactor.

ThlS valve 1s used to collect samples of reactlon ‘mlxturer--

“,‘autdmatlcally', or the_ SEC sampllng system. In1t1ally used

.0‘
-

v

T U A AL R
L s .“-‘-:" o B ’ ' e 0 L.



"_;the reactor and prepare it for 1n]ect10n ‘into the SEC

‘Buna rubber and Vlton valve seats plugged very often whereas

:“j the Teflon valve seats were found to perform well

*h, size :exclu51on chromatograph (SEC Waters Assoc1ates'

“,'Model 244) ﬂ; employed 4to' measure molecular . weight -

15

-ajdlstrlbut1on pt the polymer ‘in'ythe reactlon mlxture. It,f';

jseparates the polymer molecules accordlng to thelr -51ze in

t

'solutlon by 51ng m1croporous SOlldS packed 1n51de the

‘columns of SEC The concentratlons of the separated polymers

Xy

3are' detected u51ng wo detectors (UV ‘absorptlon, or

aRefréctive"~Index detector) " Even though both v-of_ ~the

-,'detectors are avallable in the SEC employed 1n thlS wonk it

was found that only RI detector responds,'tom_the» leymer

<

':Lpolymethylmethacrylate. g h ' RI detector.has three p0551b1e”f

_}Outputs i.e. 10mv, DOmV and 10mA onie” of which can be'
' chosen by ‘a selector sw1tch The RI responses are ampllfled'h
‘?rfiltered and transmltted t.' the-h computer | forj data;
"facqu151tlon.;{a »computer program.'has been developed fori;
‘automatlc data vacéuisitlon uand computatlon 5.f molecularﬂwf'

‘ ;weight averages from‘»the SE&b,measurements 'and will ‘be L

'.d1scussed later in chapter three.
2.3 Automatxc Sampl1ng 5ystem o

As mentloned earlier an automatlc sampllng 'system has

been developed to cbllect samples at regular 1ntervals from

schemat1c dlagram of the system is shown in Flgure 2. 2 A 5

mL con;cal flask is uséd to ‘collect thef sample from theﬁ.yf‘
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Tablej2.i_Sequence'Timer'Channel Allocation” .. ~
Channel'.'i_j'Output S Channel (.{s ’
~Number - ° Number . - Output o
: = - ' e
0-7 1 4
8- 11 , 2. ‘ T
S12=15 3 5T .
16 T = ‘ ‘ -
A7 e - ] L -

—

Ca 5
18 6
o % 19 .0
" . 20 _ o '8
22 S il 10 RS

23 b :“: 11 -

24 12
o s 250 13
-0 . 26 R T Y
S e 27 R -1

-

L._a_x_'.“..a_._._.‘.p.#*m

1

_— e ed e
| v

-4

reactor. The Sampling‘system also inéludes 1) two three-way

i

solen01d valves 2) two meterlng pumps 3) ‘a magnetic* driven-

.-!‘ - .
e
v

stlrrer and 4) an,,automatlc .sample '1n3ectlon “valve. A

~

17“programmab1e mlcroprocessor based. sequence t1mer (Potter and*5-

”'Brumfleld Company) that has twenty nine channels and 51xteenl3'

output relays 1s ‘used- for switching the pumps,.’soleno1d-

valves and the< magnetlc AStirrer' on or - off, The sampleA;l

’-preparatlon is achleved by approprlate timing of ﬂthe_ abOVeAH;

:gﬁév1ces. The essentlal steps of: sampl1ng system in- the order"

v;:ff'exchtlon are._;”

_—'f'Step 1z collectlon of certain ~qpantity of .polymer
. ,.‘u . . ‘ “ . I ‘.. ) »v .
- mlxture in the sample Vessel by: switching "o the ..

threeway solén01d valve (S1) for ‘a predetermlned per1od;“

- Y

s Ll



/

"1t Fan be: observed that output relays numbered two and three

w; . '-.‘ B . o “ : 18

of time.
- Step 2: dllutlon of polymer sample w1th a predetermined
amount Aof. solvent by operat1ng the solvent pump (P1)

over a perlod of time.

- Step B:Jmlxlng,. f~athef sample with,'the solvent :and'
. ! p : St

c1rculat1on of

sample loop by sW1tch1ng on the ~ma§/et1c stlrrer andﬂ'

‘pump(PZ).

e a

- ’Step 4 automat1c 'injection';of; sample"into SEC byi'

‘.sw1tchtng on the automatlc sample valve. AR

r-ijtep 53 emptylng contents of. sample vessel to ‘uasﬁe, by
' SW1tCh1ﬂg on the solenoid- valve (SZ) »

- ‘Step 6: flushlng sample .vessel with more solvent by

. -

'operatlng pumps P1 and P2
The above mentloned procedure accompllshes automat1c'
Y.

:preparatron and 1njectrpn of the polymer ‘sample into SEC.

~Table l2.1 glves the 551gnmeng ‘ channels to the

T s

.output relays. Each channel can be programmed to SWltCh on

and off once durlng a cycle. Slnce eight channels(O 7) are

P

//3551gned to the output relay number one, 1t can be sw1tched..'

on and off e1ght tlmes in a cycle. Slmllarly from Table 2.

— 4

;;gfw/can' be sw1tched Con and off four times in a 51ngle cycle

',whereas all other output relays can be: sw1tched on and . off

»

only once 1n ‘a 51ngle cycle.'

v
h ‘. - -

-- .Even though there are 16 output relays avallable in the

seduence',tlmer,v only s1x of them- ‘are needed for automatlc

e

. dlluted  polymer . through Ehe SEC"



Table 2.2 Automatic Sampling System Program = | -
RN o 7 5 TR
- Cycle Time = 15 min '

‘Start Srop : Total  Output g . ' " - L
- Tipte® Time Time Number. * Remarks : '
‘min_ T min\\~;‘min ' '

0.0 0.1 4 7. Polymer sample collected.

. : using solenoid valve(ST)

0.1 1 Dilution of polymer v

_ - sample by pump(P2)
0.3 A 5 1.2 }//// 5 . Mixing sample using
. S magnetic stirrer.

0.3 5" 1.2° . 3 Pumping sample through

. ?/////Af?/ﬂ/ S SEC loop and to waste (P2)
0.5 0.8 0.3 - 6  sample injection by. . g
e ' o : o : automatlc sample valve’ R

. . \ g PRI

0.6 0.9 0.3 2 Discharging the polymer

- " to wasge(sz) : .
0.9 1.2 0.3 1 Pumping more solvent ’
o - for cleannng(P1)
.2 1.5 0.3 2 . Discharging the solvent,
PR i to waste(S2) RN
x T o o ', o SN

~'samp11ng Table 2. 2 g1ves the program used 1n this -work w1th \ﬁ\\

-

the "start t1me and stop time of the varlous dev1ceé used in

;the automatld sampllng system. . Slnce it akes 10-12° m1nutes

AN

S

-F

'of 15- mlnutes 1s chosen for h1s program. Every f1fteen

. »

f t1me bo analyze ‘a polymer sample u51:g SEC a cycle tlme

' m1nutes the,)program glven in the Table 2, 2 1s executed by

/.,»)::-.

’the sequence t1mer, tartlng a SEC analysis of the polymer

- .o '

4

,sample."

.- . . - -
. PR . -



2. 4 Computer System
‘A Hewlet-Packard (HP/1000) minicomputer is wu »sed .far

data acqu1sitlon ,and control of ‘the experlmental reactor.z_

This computer is ma?ntalned by. Data Acquhixtxon, Control,_,

‘and Simulatlpn Cehtre (DACS .. Centre) of the Department of

\
N\

Chem1ca1 Eng1neer1ng.

.

TN : ¢
The HP/1000 'm1n1computer employs ‘a PDP- 11/03 computer

as an I/O subsystem to whlch various measurements from the-

reactor are - 1nterfaced The PDP 11/03 computer performs the-

followlng funct10n5° i) A/D conver51on of analog s1gnals and’
’ transm1ss1on ‘of the d1gltal 51gnal to the maln computer- li)

processlng‘of thermocoup1e~ 51gnals' after prov1dlng cold

Junction vcompensatlon' 111)- readlng statug of dlgital”

',\

”switches;'and iv) routlng analog and d1g1tal ioutputs.“tOj);

approprlate dev1ces The system supporﬁs ar plotter that can

be used ta plot data collected durlng an experlment. A hard
copx termlnal near ‘the, reactor 51te is used for enter1ng W

R AW

commands as well as reporting exper1mental data 'The data~

acqu1red by the computer 1s also stored 1n disc flles for
subsequent analy51s.f o :

°The' programs _are wrltten.ln Fortran IV‘ the language
’ \ supported by the computerdsystem/ Real.tlme data acguxsft1on w
'1lsn done . through CALL S to standard ISA (Instrument soc1ety

* ‘

of America) subroutlnes. e 5'5":~’;'4f”ff”~uk,fiﬂfﬁlﬂ;l
\ . ) v o ' - _‘-. . P ',v L e N Lo

u-

'v e

- In add1tion_ anothe? HP/lOOO mlnlcomputer which 1s'tq
ded1cated to the task of gas chromatography has been used to

do the GC analy51s of the polymerlzatlon mlxture. Detalls oﬁt?i

- . - . - N i A o .
. . : . AR S L A

P . v
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the GC analysis will'ge given in chapter three. L

5 L ' o S IR
2.5 Experimental Procedure ' : A e
= - o . . . B . N o,

S A free rad;cal 1n1taated solutfon' polynerization of

methylmethacrylate 1n a, .batch reactor has. been selected' to .

study the problems assoc1ated wltb on line implementation of

4

optimal control pollczes. Toluene is chosen as a solvent
£

because of its- h1gher boqlxng point (120°C) and its low rate
'constant for chaxn,k transfer. reaction. Because fhe

boiling—poipt.”{s hfgh, the foluene“does not evaporate
o e
significantly " -at : the temperature (60-80°C) of

polymerlzatlonr“‘Tne ~molecnlar weight distributionvofotne
.'fpolymer formed durlng the course of polymerization is not
S . aﬁ(ected by the presence of toluene due to the low value of
-iltg “chaln transfer rate constant(Brandrup ahd
Immargut( 1975)) | :

“n 2

ltﬁ Commerclal hondmer methylmethacrylate (MMA) (supplied

v

by Aldr;ch -Chemlcal gompany) contalns 65 ppm hydroquxnone

\
N
i 3

monomethyl etﬁer as 1nh1b1tor whlch is removed " by vacuum'_*

'dxstlllafuon at 32 35°C. Both monomer and- solvent are drxed"

£

w1th anhydrous célc1um chlorlde, 51nce~waten also 1nh1b1ts'
quflfhe reactlong»'Both monomer “and solvent are purged with
.»gﬁ' nltrogen, to-wremove » dissolved A oxygen wh1ch '1nh1b1ts

& a

;;4; ~po%ymer1zatnon. The Lnltaator, benzoyl peroxide, supplled byx”

@Aldrlch Chem. 1s dlssolved in chloroform and recrystall12ed

M;;‘jﬁi methanol.,-The’ reqctor is% purged~w1th n1trogen during

L

PR - .."* .,.« Ex - R
PR & »

3 A

Sl polymer;zatlon to prevent oxygen from be1ng d1ssolved into , .~




L

the reactlon m1xture.

-

| R .

,_/; Measured quantltles of monomer and solvent are charged

. i - .

regu1red operatlng temperat re, whlle the contents are mlxed
~ N b

thoroughly by the stlrrer fter the contents of the reactor

1nto the reactor and the rezftor contents are heated to -thew

-have- reached» the reactlon temperature, the 1nft1ator wh1ch'“:

has already been>dlssolved “in .toluene,. ls”_added’ tob thelj_”

reactor.' Immed1ately afterwards the reactor is placed undery

computer mon1tor1ng for the purpose of on- llne measurement”'w

of varlables of the polymerlzatlon process;y Off‘llﬂ&q
.'meaSurements are also éarried out on“the‘-samples ‘that ‘are

collected per1od1cally from the reactor These!sampleshwere o

also stored 1n a freezer S0 that they could be uSedhrforh
lpter off- 11ne analy51s if necessary. - % s

e

A computer program has ‘been developed for the purpbse"f*
of - on- l1he monltorlng of varlous varlables of the process

s Every .five seconds'f hed programl samples fthe follOW1ng

measurements during the “course of polymerlzatlon reactor

wtemperature, 1nlet'andhuoutlet TtemperatureS” of hot. waterf'

flow1ng through the ]acket 1nlet and outlet temperatures of@h o

the cold water flow1ng through the cool1ng c01ls,'cold water“

{ ; .
flowrate, den51ty and v1sc051ty of the reactlon mixture andf
f1nally°the torque on the stlrrer “The 'above‘ measurements

are corrupted by the noise of the measurlng dev1ces and also-

: by ghe transm1551on n01se and they should be flltered
.smooth the data. A mov1ng average fllter that smoothesﬁthe-

' current;data ‘by taklng an ‘average w1th.vcerta1nr_number

- -,
5 P
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(typlcally 10) of past ‘data is: used ‘inh‘this program; The g
flltered data are 'reported at spec1f1ed 1ntervals of t1me‘
(one or- two m1nutes) at a hard copy term1na1 1nstalled ‘near

the- reactor.‘ Also, these data are stored 1n dlSC flleS'in“

=,

R )

the computer for later analy51s.

._inA addltlon the program .reads -a dlglt sw1tch every

second to check whether a polymer sample has' been 1njected ’ |

1nto 5the= SEC by the automatlc sampllng system. If a sample'

has been;injected, as 1nferred from the oN 'status ot-.thejf
g,digit,'snitch the program antomatlcally starts the SEC data'
,collectlon and reports these data yat'fﬂspec1fred. “tlme‘

1ntervals ,on the hard copy term1na1 After,the polymeripeak”

haslyelutedj theﬁ SEC data collectlon 'niS‘ automat1cally7b

‘terminated by the program The deta1ls of the SEC program .g}'f

Lwillrbe.giyenAIater Jn_chapter_three.‘-

“2.6:Conclu§iohsi‘
-Qhed experlmental facilitfes"that"are requ1red forf
“on—linet measurement and computer control stydles on a batch
polymerlzatlon reactor have been deSCrlbed in th1s chapter.
It‘,can. be apprec1ated that the experlnmntal reactor system |
‘requifres, ,exten51ve 1ns‘trumentat-1on _to” measure - on- llne
~properttes ,i;ke .dénéity, viscosdty,yvtorque, témperature,
B molecnlartmeight of the polymer etc. A process /control

computer.fnasv'empioyed for on- llne‘ dat? acqulsltlon and

‘1mplementatlon of optlmal control policies - on‘ the reactor'

‘system. A descrlptlon of the software that was developed foF

L

oo
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- given.

acquisition

-

N

[l [Py

of all on~line measurements

.

5

2&
~

has also been



i7'of on llne .polyme@ character1zat1on Vthe» monitoring andky'-

_3 1 Introductlon

3. MEASUREMENT STUDIES.
[ LT ‘/ -
| As' p01nted out by Hoogendoorn _et.7all (1980lu the

measurlng 1nstruments >are often “the weakest " "link ' in

"polymerizatlon reactor- control c1rcu1ts. Without;Some form

[ .

: feedback control - of polymer quallty is not p0551ble.~Hence_f’
: . | :

ethere is great 'incentlve l .develop -on—llne sensors Tto

“jmeasure\ ‘the“_ polymerlzatlon proceSs varlables;\such -as

xR

conver51on and molecular welght dlstrlbutlon. There has beent

con51derable' advances,ln the development of on- 11ne sensors

%recently(MacGregor ‘et. »at(1983)) 1n7‘thrs‘- chapter: fWeo

‘“descr1be 'some~ on—llne_ technlques' used ,in thlS work to

measur,e den51ty,_v visco‘sity.,' .' tor_due ' and 'ieﬂcular - welght

- dlstr1but10n 1n a solutlon polymerlzat1on 15 eess.‘

d.
fm S R

3,2 Previous Work - - I R S

‘In the past, on-line measurements in a polymerization

N

reactor“were'mainly restricted to.temperature'and' pressurer“'

_Even temperature measurements can sometlmes present:problems:’

“

in polymerlzatlon reactors due to foullng of the measurlng;'

"elements(MacGregOr et al.C¢983 Trad1t1onally conver51on

K3

' has been measured bY grav1metr1c methods whlch "are' time .

cdnsumlng’ andf necessarlly measured off l1ne. The molecular

welght‘distributlon of the polymer'-i_;{u5ually measured

P . -

LA

~ off-line using - a size exclu51on chromatograph There haVe

Q. ; . . R
N . v

,251? ,
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been only a few attempts recently to develop on- l1ne sensorsﬂ“

'Jto measure the above mentloned process varlables.

_Electron Machlne Corporatlon (ECM) to monitor converslonpln

”solutlon polymerlzatlon of v1nylacetate. He mOdlfied the

T

Kb

coat1ng on the prism and reported trouble free operatlon Of

Eﬁefractometer _ti: 1ncrease turbulence and prevent polymer&

S Jo(19753 used ;an,fon—line ‘refractometer supplled by .

the 1nstrument ‘as well as. accurate reproduc1ble results for

conver51on..Schm1dt and Ray(1981) have also used an' on.llne

>

.refractometer from ECM to monltor convers1on 1n solutlon

polymer1zat10n of methylmethacrylate and -reported accurate,

"results for convers1on L LT f%

Abbey(1981) used an on- line den51tometerv (Anton' Paar-

Austrla)j for monrtorlng conver51on in. the cases of solutlonf

. and wemﬁlslon: polymerizations of- methylmethacrylate \'and;"

: reported the follow1ng d1ff1cult1e5" - P

hee pump fallure from e1ther monomer attack or polymer scale

e monomer phase separatlon in dens1ty cell

’—1 lag t1me for rapld polymer1zatlon.}

L.

Schrock and Ray(1981) also uéed a DMA serles den51tometer in

kemu151on polymer1zatlon of methylmethacrylate and observedf

_very good agreement between conver51on from grav1metry d

den51metry. They reported that at least a resolutlon of 0.5

-per cent conver51on is p0551ble in thé presence of sampllng

*errors, B Recently Pollock(1983) used the, same tYpef of

densitometerv £o ‘monitor . conversiQn - in emulsion -

. polymerization of vlnylaCetate.



“*h1nstrument ﬁt. has o yet been xten51vely .used. in

AV :
. % - P
- . i

. /

Though gas chromatograph 1s a- sen51t1ve and rel1ablefv

A\’;ﬂ polymerlzatlon stud1es (Colllns et al (1973)) Guyot et al

'<system to mon1tor conver51on in emu151on polymerzzatlon of

x

“ e

N

conver51on of monomer 1n the reactlng llqu1d are- 1nferred_

:

,Garc1a RUblO (1982) 1nvestlgated the styrene acrylonltrlle
~¥copolymerlzatlon klnetlcs u51ng gas chromatography Although

some dlfflCUltleS were experlenced ' w1th the‘. monomer

__v, .__.\ .

descr1ptlons of - the copolymerlzatlon reactlon were obtalned

v1n terms of the re51dua1 monomer comp051t10n.

Even’ though 51ze' exclu51on chromatograph (SEC)

widely used, to measure molecular Welght dlstrlbutlon (MWD)

on- l1ne for measur1hg MWD in the solutlon polymerlzatlon' ofA.
”fmethylmethacrylate and reported good reproduc1b111ty of SEC

‘results. However they d1d not 1nclude an automatlc_ samplrng

(1980)k4have ﬁleld ,tested ‘an Oﬂ‘llﬂ&“SEC 1n_the case‘of a

"(1981) used a gas chromatography w1th an automatlc sampl1ng.v'

‘ . AR v
jv1nylacetate. In;sdﬁgfzases the gases conta1ned 1n the head

"space :df “the- reactor are analyzed and the comp051t10n andf

bthrough vapor 11qu1d equ111br1um relatlonshlps. Recently"

R .
. extractlon- process at hlgh conver51on, 1n general very good

h":thy 5';fé§ appllcat1ons for on- Ilne measurements ;~aréf¢f
- reported. Gregges/et '--al.._j (1971) have modlfled a SEHQJ:
*»automatlc sample/lnjectlon and on- llne data acqulsltxoﬁ by a:‘J

‘computer.g Recently Melra,,etrgal.' (1981) employed -an SEC]h

-asystem whlch can collect samples from the reactor and 1nject |

“.into SEC after d1lut1ng with a carrier solvent. Roof et al.
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Y
.,

solut1on polymerlzatlon process over a perlod of three-years
‘3vand reported that thelr experlence has. proven"that on 11ne
polymer analy51s by SEC is practlcal. They also developed an
automatlc sampllng system to collect samples‘ from “the

7

reactor and 1nject 1nto the SEC. - 'h’

-

Jo and Bankoff (1976) mea5ured v1sc051ty onJline;“ing

solutlon - polymerlzatlon\' of v1nylacetate .and used’ ‘the

1nformat1on to est1mate the we1ght average molecular weight

of the polymer product

From the above it 1is clear that' on—line 4SenSQr5ﬂ:are"

-

-still ~under development 1n polymerlzatlon processes. “In the

) next sectlon we w1ll deal w1th on/llne as well ‘asf off 11ne

methods'v t6 - measure conver51on, molecular YWe1ght and

: — T
';vrscosrty_i solutlon polymer1zatlon of methylmethacrylate.

. -4“'..

‘

There are a number of methods avallable to measure ;the

hTfQ(extent 9f4 conver51on of monomer to h1gh polymer durlng the"

r

if course of polymer1zat10n. Probably the most dlrect method of

K "1—

i'determlnlng- onver81on'of monomer to polymer 1s to stop the'

polymer1zat1on, and 1solate and we1gh the resultlng polymerr
_The chemlcal _determlnatlon fof' thef remalnlng functlonal
groups at _some stage:’of_ the' polymerlzatlon .ls ' often

‘-

practlced partlcularly for step polymerlzat1on.,Th1s method‘

not. only leads to the. extent*of reactlon but through th&a

use'pof Carothbrs equatlon relatlng extent of react1on and

degree of polymerlzatlon,'to the number average' olecularf

3. 3 Conver51on Measurements" ‘ ‘_3 ﬁf er; P

e



B we1ght in the ‘case of 11near polycondensatlon. Double bondé-“'“;
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N

o methods i$ appllcable to chaln polymerlzatlon ,55“ well

" Examples iof ,uSeh‘of fhlsv method »ageh reported ?in<‘the-

? B

—u

literature V(Patton(1962) Sorensen(1968) Kolthoff(1947)
/”' . -

- 2 . .o .

‘_ﬁLew1s(1945)) ""L . 4__: S ;i,

X conVers1on 1n:.‘"“

PR T

. dllatometer a vessel equ,pped 'mlth a caplllary tube in

/ g ‘

'h There is a llnear relat;onshlp between- the gegree;_of

. "—hu’

,a

prOV1ded only that‘ ‘the monomer and polymert le- hithoutf;{

echange Ain volume~ lEorb fo(low1ng ‘the volﬂme change durlngx

'7< BT N V., - ..”—-,,

.,q:

o

cathetometer. The. decrease- 1nivolume on polymerizatlon 151.

zatlon system 'and its‘ volume, '

polymerlzatlon, »the reactlon 18 "carrled out ’ fin .3a‘7

whlch the 11qu1d level can beg»measured prec1sely u51ng -a‘f

Can: aleo. be detenmlnedw chemlcally, so that thlS claSS)of“;.

largel.being Zf%{»fOr‘ methylmethacrylate‘ﬁ a.d 27% ,-fbi; -

At ! “

v1nylacetate. - In pract1ce‘~a' few hundredths per oeﬁtw;_.

“polymerlzatlon «can be detected (Blllmeyer,’ Jr (1971)).ff

3
3

Example of t

x ‘ Lo

)efractzve, 1ndex is based upon the refract1Ve 1ndex of ther;gﬁy

llqu1ds, thelr chemlcal comp051t10n and thelr molecular’

‘structuger _Slnce' the. structure of the polymer dlffers from:‘

RET RN

,wnthe-:stréciqrgt'of monqmer because' Of: rearrangement of

chemlcal bahas, the refractlve 1ndex of the polymerlzatlon'
vmlxture 1s dlfferent from that jof pure ' onomer. “Since
TP ER A R S _ : , Crer ey
D ) .
T o7 K " 4 R * oo . 2 . .
o ;1. .‘:“ SR G . . - ~ | : i -

‘use *of dllatometry to studf the cOurse of'f

-upolymer1zat1on reaction has been reported by many ‘authors“
(Paolett1(1964) Bell (1961) Nlezette(1971)).;,; ‘; N
s The determlnatlon of extent of reactlon\\by means of



' refract1ve 1ndex 1s also dependent nj temperature, it -is

N

'uconver51ons are known. COnver51on can also be calculated by

‘51ngle drop of sample of polymer1zat1on reactlon mlxture per

. sealed cyllndrlcal tubes as react1on vessels and measured

'mentloned earller in thlS chaﬁter., o .'*,'-~?

<.

fo necessary to keep e temperature of+ the refractometer

i . R

ioonstant by prec1se temperature control Generally, ‘hé

- \'

;dependence. off'refractlve 1ndex on” conver51on 1s determ1ned

4hjby Callbratlon usrng polymer1zation : mlxtures whose

+

u51ng the Lorentz Lorentz equatlon (Colllns et al (1973))

Although the{ refractlve 1nde; method requrres removal of ‘a.

: determlnatlon, slt%lls a 51mple and. rapld means of follOW1ng v

,th' polymerlzatlon.‘ Naylor(1953) and Pulley(1968) o sed

. “

1
e

refractlvejhlndex,.}n“‘sftu1_-o follow* the polymerlzatlon

M ) o K

process. 4Iﬂ S - _ D :'“’*
On llne refractometers are avallable and theer use o
measure' conver51on ”i polymer1zatlon processes has been

EY
Voo

e / PR 4 ' ' : ':-‘J“

-'wIn add1t1on to the above mentloned methods, the extent,

~

of reactlon durlng polymerlzatlon can also be determlned by

‘ denslmetry, gas 'chromatography and 1nfrared spectroscopy

.

‘Though the number of methods aVallabla to measure conver51on,

’1n polymerlzatlon reactlons are manyf only a few of them can

4

“be used -for on- l1ne measurement ' Three- methods, namely -

;grav1metry gas ohromatography and den51metry that have been

\

ased for on- l1ne and off llne determlnatlon of conver51on }n

'solutlon polymerlzat1on of methylmethacrylete (studled 1n:

Bd

this work) are descrlbed 1n the foLlow1ng sectlon.

Voo . A

-
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A

; the 1n1t1ator added to the reactants 1n the beglnn1ng of thel.

~

. v . .
» . . . L . ' , - 5 v o
s .. , - . d .
.o v .- LT

3.3.1 Gravzmetry el :,~. ' ﬂf
Th1s is -rthef*”most dlrect ~method determlnlng‘
) R .o . a » v . L
conversion :of“monomer' polymer. The 'sample of ,'the-;

polymerizatlon m1xture is w1thdrawn from the reactor in a“.f \

\

v1a1 and further polymerlzatlon of the collected sample- is

stopped rapldly by the addltlon of a fast act1ng shortstop

(in this. case a few drops of - solutlon' of‘ hydroqdlnone _inf}?

. ol

dxst1lled water) These' v1als ‘are stored in a. freezer so L

t

-that gravxmetr1c as. well as gas chromatbgraphlc analy51s canf

"

' be done at any future tlme. .

Y

In thls study the procedure reported by Jo(1975) “has.”
been used to 1solate polymer from the sample. Samples of the

reactlon mlxture are placed in prewelghed alumlnum dlshes “

and wéighed accurately u51ng a Mettler electronlc balanceﬁJWﬁr

-~

wthh has a- resolutlon of Q.00001 g The samples fare7 then

-

drled 1n a vaccum :OVen‘ and f1nally heated to 60 80 C to

remove the traces oﬁ monomer and solvent that could have,’f

.;_,, e

the dlSh is~ cooled and welghed to a constant welght SlnCe

e

[

- reac 1on remalns w1th,the polymer after- vacuum drylng, a.

-;r

correctlonj 1s made in the qonverslon calculatlon to- account

for the welght-of—1n1ttator “in: the 1solated polymer. Becau5e,,l-

P4 P

'only ?‘ few drops of the solutlon “of 1nh1hmtor are added to

' the sample,_a correctlon for the we1ght of 1nh1b1tor is not

'

. \ R
been entrapped 1nslde the polymem. The 1solated polymer 1n e



-

it %, . “
" ' H

A{. . _"

ThlS’ method of ‘éeterm1n1ng conver51on 1s necessat\ly(i
tlme-consumlng, 1nvolv1ng several hours Vof' analy51s, 'anduf
moreover it becomes 1ncreas1ngly dlfflcult to remove theh;
traces of monomer and solvent from rthei polymer at hlghjt;;

conversions where “.the vi5cosityi of'the sample mlxture‘is?,

also hlgh It Was suggested to prec1p1tate fthe' polymer fln'
the- hlgh conver51on samples in methanol or heptane and theh-?

to 1solate-the prec1p1tated polymer by ‘vacuum drylng tOHQQf

)

av01d entrapped monomer or - solvent 1n the polYmer; However,&:p

A_ 1t was found that both of the grav1metr1c procedures, namely

DI

d1rect vacuum drylng and pret1p1tat1on, gaVe almost 51m11ar

i

results suggestlng'that- conver51on' results obtalned from;f

grav1metry aref prone torierror-.espec1ally at h1gher‘

conversion levels. The re51dua1 monomer and solvent trapped

1ns1de t' polymer sample can —be removed by heatlng the

vacuum oven, to h1gher temperatures. However heatlng ”of, thea

'samples could also lead. to further polymerlzatlon of the

.'re51dual monomer to polvmer and, hepce nbetter, results oT “

\

‘:conver51on need not be: obtalned. ‘,‘

.

N

)

. The presence of the resrdual monomer and solvent 1n the

dr1ed -polymer has -been conflrmed by dlssolv1ng the dr1ed

polymer and 1nject1ng 1nto an . SEC An SEC peak correspondlng

~ -

’_t kthe monomer and- solvent elutlon volume has been observed :

thus conflrmlng the’ presence of monomer and solvent o

s
i . . ’ ) e - -,

.32
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3 3 2 Gas Chromatography _
| Though gas chromatography is perhaps better su1ted than

any other method*to follow the course’ oﬁ polymerlzatlon, it"

v

has Aot yet been exten51vely used As a rule the presence of .

Clwa - " e e

- polymer 1n the reactlon mxxture does not hlnder the use of

GC Slnce the methods for determ1n1ng volat1le componqnts “in.
polymer Systems have been developed ln_ great detall GC‘
H Lo s‘

methods .can be used dlrectly for determlnlng the reactlon

klnexlcs from the changes .inL'thef concentrataon of the'
monomers consumed Berezﬁln et al ( 977) compared the w1dely

used d1latometry w1th GC methods to - determlne kinetic '
. .

parameters 1n polymerlzatlon reactlons and COncluded that GC

s * A f .-

1s the preferred method in most 1nstancesr ; - cg/'

A}

: Then followong ‘is‘;a‘ llSt o{ ~advantages of u51ng GC

S

method in the study—of polymer1zat10n react1ons (Berezkln et .

al (1977002, R P S

L TThe‘ sample volume requlred for GC analysls 15 extremely

s -

small in the order of mlcrolltres.r“' a j.f;f{7_ .

-

‘;‘—t”»S1nce GC analy51s dlrectly glves the .mass %fraction-lof .

~the volatlle components 1n the polymerlzatlon m1xture,

-

fthe results do not depend upon the temperature of. 'theV

v
s

‘*'reactlon ‘We need not worry about temperature effects as

J

@

P

/is. the case “with. some other methods .
S . , J -

- V-Byuu51ng;anr unternal standard hn ;the. polYmerization
”reactlon mlkture}fﬂone need not worry about the exact

JURE ‘ b

"volume of the sample injected Yet accurate results “can -

vbe‘ obtalned about the comp051t1ons of the components in

- At
VR B



/ <

The

encountered when using GC methods in polymer1zat10n studles.

-

* the 'sample.

\

GC 'analysis can also be extendedf“to%study,any side

'reactlons thab may téke place along. w;thJOpolymerization;

. ey LA

reactlon. -';' ‘,;5 o

The sampllng prQCedure can.;be' sutomated so that GC

‘methods 'csn-'be' used - for on-line . monitoring. of

A\
N f

polymerlzatlon react1ons. S

GC methods can be easily. extended to. the study of

..

c0polymer1zat10n reactions with sevetral monomers for

'whlch dther methods may not be appllcable or:require

extensive calibration. ‘

P - N

follow1ng are some of the problems thét may Be_[

Thé‘_polymerlzation samples with higher .v1sc051t1es

N

" corresponding to higher conversions c&n not'be.drawn

\

-,

samples could. be dlluted with a soLvent Wthh Wlll;l

¥

fac111tate easy 1n]ectlon 1nto the GC

R Y

£

Since the polymer ‘does not evaporate in ‘the ihjettion

’ port,tythe polymer partlcles accumulate and block the

injection port in course of t1mequhe injection pont can
’ : - A
be removed and rleaned with a solvent. g

DR
¢

‘The injection port temperature should be such that there ’
is 'no_r polymerlzatlon of ' monomer snd ‘also no
> depolymer1zat10n of polymer to monomer each of which can

Jeffect the results obtained from the GC.

e
Ve

into GC syringe ea51ly for 1njectlon. However ‘these ™

‘.
va-

R

-
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e in thls work™a . HP gas chromatograph (Model 5710A) with

A o
;wa* thermal COhdUCthlty detector 1a\used Argon is used as a

-

o‘ “ Vi Ty

carrxer gas, 'The fqllomxng operating cond@tlons are employed

to aﬂalyze “the samplefw L i'u

. %
s P .

e . f;dLﬁmn temperature coE ”‘,J02°C'

£ fpjection port-temperature : 150 °C

’have'been uséd‘ The h

\ﬁetector temperature 150°C

Carrier gas flow rate : 15 mL/min
Sen51t1v1ty of the detector : 4°

TC current 'j: ‘ +2150 ma o
. Carrier gas |, T " Argon . .

i
¢

mples of the~reactionkmixture,_the

For analyzing the

hardwsre aha}eoftwareAs, ied by Hewlett Packard Company

!

a HP/1000 m1n1computer w

con51sts of a A/D converter and‘

ch is dedicated to the task of gas

chromgﬁ@gnaphy for a number of -GC- s used 1n the Department

N

of »CBemical' Eng1neer1ng ‘of Un1versmty of Alberta,f The

.!oftware"ls a GC- program that can. automatlcally analyze the

GCrreadfngs, find the peaks vand report compositiond. The

analy51s is starteds by injeCting' the sample,into the‘GC |

Jeject1on port and pre551ng a SW1tCh locatedv:on the A/D

uconverter. The results are reported oh a- teletype terminal

™

installed near the‘GC.:e~

.

The solvent toluene does not take part in the reactlon

"and so its we1ght fraction in the reaction. mlxture remalns._

constant. throughout the-course of polymer1zatlon. Hence the

solvent serves as an 1nternal standard‘for the GC anaLyszs

°
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L

'of tﬁe‘monomer methyl&ethacrylate.v During< the Lédufse 'of:f

|
r

.»polymerlzatlon ‘the ﬁomp051t1on’ of monomer decreases wlthée;

‘respect to the solvent\and conver51on of monomer to’ polymergih

>

RPN

" can be: ea51ly calcu\ated £rom‘_th knowledge of 1n1t1al,f

comp051tlons of monomer and solvént _and the comp051t10n5'

‘~obta1ned from the GC nale1s. Slnce toluene Serves as an_ -

/

1nternal standard exact

+

volume:‘of" 1nject10n rof ‘the . GC

sample need not- be known.

For the purpose of coTparlson, the_sbonVérsicnf_results_

obta1ned from GC and grav1 etry are presented 1n Flgure 3.

”In F1gure 3.1:7T, ¢, and Io- denote temperature, /olumey

fractian, of solvent and \nltlal 1n1t1ator coNggEtratlon,

,hrespectlvely It can be observed that 'conver51on‘ results“.

P

from both of the methods agree\ very well (w1th1n 3%) upto: 40;';"'!-

rper -cent conver51onb whereas\ after‘:vabout a0 percent.ﬁ -

l

‘conver51on jthe' grav1metr1c kre5ults give 'higher values”

&
4

| compared to the GC results. These hlgher.uconVersionx values

‘from grav1metry espec1ally ‘at h1gher cqnver51on range are'

attributed to two poss1ble sources of error wh1ch have been~
P

already discussed in “the 'sectlon' on 'qrav1metry namelyj‘

\

" entra ped monomér andljsolvent L1n'rpolymer and —pQSSlEle-‘
. : R )

npolym r&zatlon of = 'onomer to polymer due 'to heating of
o k S
“"sampl‘sl These errors are absent at lower conver51on levels
.and hence better agreement of results are observa%ﬁbetweén

‘the’ two methods. ,

In the GC method of analy51s p0551ble sources of errors.f

‘ /’ >." | . .v | g ‘ E | . « -' 36 '

are also due to polymerlzatlon of monomer to polymer .1n51de‘“

-

-
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4GC<ucolumns“_and the p0551ble depolymerlzatlon of polymer to_

.38

&

monomer in‘the 1n3ectlon port-. The flrst source 'of' error

leads | to conver51on 'valﬁes, from GC' higher 'than ,true_w .

econversion. However the vapor phase thermal polymerizatiohf~

s

1}\

‘K.

N

of - methylmethacrylate is"negllg1ble thus e11m1nat1ng the.

»

error due to thlS source. The second source of error, i.e..

"

dépolymerizatlon of polymer would lead’ to the GC conver51on»

4

results lower than the actual conver51ons."Butf the actual

1njectlon port temperature of 150 C 1s much lower than the

temperature at whlch depolymerlzatlon would ‘occur. Accordlng‘

to Odlan(1981) depolymerlzatlon would bECome pronounced atv

b

temperatures h1gher than 200 C It can be concluded from the

"above 'arguments that _the GC method f analys1§ glves

qmeasunements from GC'. ahd grav1metr1c

conver91on results that are relatlvely accurate.i ' R

.
~

Even though normally grav1metr1c methods are used to

mea5ure conver51on 1n polymﬂrlzatlon processes, ‘onej should

-

be careful to av01d the, sourpes of - errOrs desgrlbed here.,ll

v ‘ . % e "
part1oular .a quantltatlve check»'uslng 'vSlze . exclu51bn
5 - 5 . -

chromatography wouldf be helpful wgo' declde ~whether' fhe‘

amounts of monomer and solvent trapped 1nslden the’ polymer

]aré’g‘con51derable. Only ‘.then . would the rvalidlty 'of

@

gravrmetrlc\‘ Q5U1t5¢ be‘“estahllshed ,-E"'or\\allr subsequent

a*‘a B

eonver51on gyalues needed “for the study of. polymerlzatlon'

i VO

" been used < o '*~k.-1_~ o T :
o In retrospect a better M3y of.-f'm"aring conversion
gnalysis would have
s L e v

T N . i f - »

R4

;reacttfns, the results bbtalned from the GCu,analys1s~.have:J

»



s -',,‘ .
Al

been to prepare solut1ons of: polymer, monomer and SOIVent by

P iy

dlssolv1ng known we1ghts of PMMA inra m1xture of monomer -and -

'so}vent,~and -ana1y51ng the resultlng mlxture by the above

'methOds. Since the welght fractlon of. ‘he_ polymerdminllthé,.

‘ mlxture is known, we could have demonstrated the accuacy of

one of the two or both methods.- 1 'ﬂ | R A fg°

g s

3.3. 3 Dens1metry

Slnce the den51ty pf the polymer is higher than ,the

’:

den51by of':the: monomer, the density of the polymerlzatlon

mlxture 1ncreaSes durlng the course of ‘the reactlon, " thus’

-

. : ) mak1ng den91ty measurement .an attractlve method to follow’
! A\
. the course ‘of - the polymérlzatxon reactlon Dllatometry whlch 33

explolts th1s phenomenon of volume change (and hence den51ty.
fchange) durlng the courSe of polymerlzatlon has been w1de1y
TV used earller- alnly to study kznetacs*of polymerlzatlon
. . ~ L v N

. ‘.reaotlons.‘ EhlS- sectioni wi}l' deal w1th ,commerc1ally

. 'ava;lable den51tometers ‘that Jcan be 'used for contlnuouscg

R measurement of den51ty and .on-= 11ne control of conver51on' in

- ’ -

‘ . =

polymerlzatron reactlons. SR .

. &

‘ However, it should be mentioned that ‘an- on-line
refractometer Qcould a¥so have’ been used to monitor
- conveTrsion. I'm fagt, we have recently purchased an on;line

r
-

@ ‘ . :
refractometer from- the’~Electron -Mach;ne, Corporation to
o evalué@e its use in mon1tor1ng conver51on.

Several companles supply den51tometers which are
) / v S \ . . . i

.-su1table for automatlc, contlnuous operatlon w1th suff1c1ent'
. i ,,g_\ _ -
¥ . . N ) T A

/ » w7
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prec151on forb calculatxon Jof polymerlzatlon conversion.-

These‘ break down.“rnto three classes based on the mode of

operat1on'

= 7-ray absorptlon

‘_:T; osc1llatory frequency of a sample fllled tube

: 'S
. / ‘-

. A
N

%5‘ mass measurement at flxed volume

Only k one’ of these, ann'osclllator based system

dlstr1buted by Anton Paar has models with dead volume small

© density.

icons1sts oﬁn ,a»i hollow elastlc glass. tube 'whlc@r
electronlcally exc1ted 1n an undamped harmon&c fashlon. Wi h ﬁ

“the‘ srmple relat10nsh1p between the den51ty of ‘the sample

enough " for - laboratory 'scale on llne determlnatlon of

o

'WThe' measurlng panc1ple of the 1nstrument is based on
S % P o

the change of the natural frequency of a hollow osc1llator

f‘

'when fllled w1th dlfferent llqu1ds or gases. The mass and

a ~ e L

thus the dens1ty of lﬁquld or gas changes thlS‘ na‘ural

frequency due to a gross fmass 'change=0f the osc1ll tor
b 4 L : o ' . »
caused by 1ntroduct10n of llqu1ds or gaiﬁs.. The oscild tor‘

(dnf
is

+

y

.

and the natural frequency of the filled osclllator, ‘it :is

p0551ble to use the) method for the determlnatlon:of the

~

den51ty of the samples whlch are 1ﬁjected vinto~ or lewingl

‘7 through the osc1llator.

',For,‘calculatlon';of den51ty Pmay‘ con51der an

- equ1valent system represented by a hollow body of mass,”M,t

-whlch is suspended on a sprlng w1th an elast1c1ty constant

-

C 1ts volume V fllled w1th a sample of den51ty P, 3”f T

~



The natural/;requencf'f of .this system will be given by5
1. E . . T e
o G (3.1)
o 27 % ) el |
therefore, the period T is given as S . el
- o . . ‘ X ) ' ' . ..’;““ . ey i, — | ‘ . ;o e |
e " 3 _, ', T . v . - . ‘ ‘. Ve . s ;‘7. ) ‘_ i - PR "\’ ‘ .M‘. - R

. ‘raking jtheA'square of" thi&uexpreESign{énd3fhtr5duqinglthe£_

3 ’ . : LT e . I R
constants L e e S e
- ‘. ) . . ~ . i : " - 2 .A" B
v " :
’ g W
N - - - ".’. B
.- e N Ny

4o

-A=4an/c S B 4 =M)E R, ,“f"-',\f*ﬁf(3i3) 7

. | - : . o RN o ‘” N "'.f R S S . . ,.v‘,,_,,._...-.-'-.,'
Y we obtaln the equatlon for the deﬁs1ty P, of the Sample from e -
, : r/ syt M N i

: the perlod T as. 3'1 : »’f L _,‘43: -ﬂ‘vf-g“; . i

'_dsince the conStants A:«and VB; contain' the volumer sprlng

~

'-gonstent.dand_ msssr they,-may.fbe regarded as apparatus

constantstﬁhich, may be determ1ned from ~two callbratlon

-, (Y .
vt

measyrements ‘ef_-samples. of known den51ty such as alr and
- . - Y o . ; * o - ' kb) X

water. S o v o e ' -,wa l, -

ThlS suggested procedure by the suppller, Anton Parr,

. was,_ used to cal1brate the den51tometer. iThe~ 1nstrument S5
S connected "to an ultrathermostat and" brought to: the de51red

temperature by an ad]ustmen; on the thermostat temperatureu.

P IED RN w4 C R S R
‘. } - o . L - o : ', - N
.. . .



"1‘ .

‘fﬁhjlconttel The dlsplay selector 10catéd(*3t“:°

“ldnstrument 1s set\td "T" to show the perrodﬁof
: : &

Then approx1mately 0 7 ml oﬁ ,dast1ll§d water is§ 1nj€¢ted

Qoscxllatlon

.-

through 1ower *openlng of “the osclllator cell 051ng a’

AREY

‘ﬁ*plastlc ,tlpped hypbdermic syrlnge.‘qfhef sample :must be

[N

iy homogeneous 'ahd free of'"even th smallest bubbles. The-f’

3 ~

syrlnge 1s lefttln thlS posxtron at the lower openlng of the

e -

osc1llator. tube untll h d1sp1ay shows'a’constant value

Lotel foe T L R B -

?'1ndlcat1ng temperature eQu1br1um:‘3qr“gf"?'?l ”’“f ’J»*jﬁw‘“’f

o

Next the sample 7\ the .cell w1thdrawn and the

o dlstllled water remaxnlxg 1n51de the cell 1s evaporated by

1

pumplng a1r through~the cell* Aﬁter the cellmhas become dry,y

the a1r 1n51de the cell {gt allowed reach temperature -

equ111br1um~-and h‘ perlod f‘ osc1llat10n due to alr 1s

. I - 5

Xijf%,‘hoted. From‘,the' values :of per1ods of osc1llatlons of“"

- dlstllled watef and a1r, and from knowledgevof densltles qfli

d1st111ed water and alr the values of the\constants A and B

be calculated u51ng Equat10n(3 3) ThlS procedure 1s ﬂ

repeated for the callbratxon at dmfferent temperatures.~
'if Table f3 1 glves the results of the callbratlon fer the
DMA 450 serles den51tometer employed inT thlS work Once the"

1nstrument has been callbrated, normally-lt does not requlrem_,

i, . -\,4,“
[N YIS IR s

recallbratlon untll the denslty cell 1s replaced TblS in,

~ s R '

fact has been conflrmed by the author, When the 1nstrument 5

was recallbrated after several months of ‘use, no 51gn1f1cant ;

: X v . . R . M
A “ 1

changes 1n the callbratlon constants were’ observed

. . E .o .- - .
~ - - L AN P » ,-~” ot - y e -t
N . Al - . I FLl . - n
v, A - ] . . ! . H
" .

3

(S . B ’ ) : ) .
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After callbratlon of the den51tometer den51ty of the

- - .

polymerlzatlon: m1&ture:ican be measured ea51ly« However, it .

A

4\fg”1s:1mportant that these density ,measurements shquld be'

ot

:fconverted ”‘tof conver51on measurements © by developlng

- ’ i 5 \ -

Lapproprlate correlat1ons or equatlons. For thls purpose twou

fgmethods can be used q[h'f:- h“'l' L

IR . v ‘l. . ..

X .
i

P The f1rst one 1nvolves~the development of.'an rempirical

- .

fcorrelatlon ‘between den91ty and conver51on and use of thlS

' v

'ffcorrelatlon to estlmate conver51on from den51ty measurement

N e
Y

,IF1gure 3 2 shows the var1at1on of dJQflty w1th convers1on

‘Adevelopment of correlatlons, the denslty measurement is done
pis i . R “ X

off 11ne at a temperatute of 40 c Wthh s: 51gn1f1cahtly

N e <

RS —_—

,;;4 1oweru/tha“ tﬁé. reactlon‘ temperature(GO 80 C) rn order. to-

'”; av01d further polymerlzatlon of the sample in ;the den51ty

Mff cell ujht; 40 C polymerlzatlonbﬁofl the mlxtUre essentlally,

%

f stops and*hence the calculated conver51on values correspond

. . . N

n~to conver51onsr~a‘ the tlmes of collectlon of samples*from

e -

the reactor.-The bonver51on values used for thls callbrat1on

1 -

i con51dered to be more accurate compared to grav1metry

K}

. . . {
L E,}fchhe‘ ,den51ty , change _ wlth _ cormversion- durlng the

~ . v ‘. -

polymerlzatlon process is shown in” F1gure 3.2 for® various

Ty N

two. dlfferent stralght 11nes can be fltted torthe data. one
. . . =\

for the 1nrt1ator concentratlon O 05 mol/1, the other for

3_the.concentrationf;10-mp}/l In. fact the; _two’solld~ 11nes '

. ] i . ot R .

39

-

Qfor var10us polymer1zat10n cond1t10ns. - For: purpOSe ~of

"faref obtalned from the GC measurements as ‘the GC,method. 1&0

C cond1t10ns.,7Qn closef examlnation 1t can be observed that,

-

-

<

i
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e

‘polymerlzatlon of methylmethacrylate Schm!dt ‘and Ray (1981)

'w1ll be developed assum1ng 1deal m1x1ng of polymerf monomer,

46
/

| N

shown 1n the F1gure 3 2 are the least square f1t of the data

for the two 1n1t1ator levels. However,,lt is noted that if

the volume fractlon of the solVent ig ohanged a dlfferent

stralght l1ne has to be f1tte€ for the experlmental p01nts.

'_Lt is obv1ous that thlS procedure of f1tt1ng a straréht line

At

for each experlmental condltlon 1s not convenlent. Hence a

’,..

.second method 7of relatlng dens1ty and conver51on has been

T\
developed as. descrlbed below._:f . St

* -

Abbey (1981) assumed 1deal mixing of polymer, monomer

and solvent or Awater phase and developed mathemat1cal'

[

‘equatlons relatlng the den51ty of the pofymerlzatlon mixture

\and conver51on in the ,cases of solutlon and'”also emulsion

A

! S

also used a mathemat1cal relatlonshlp to get conver51on fin

the case of emu151on polymerlzatlon of methylmethacrylate..A"

"'mathemat1cal*equatlon relatlng the den51ty to the convers1on

3"
\

*hsolvent and also the 1n1t1ator.‘ S1nce the ~1n1t1ator= also

- L%

\affects - the den51ty of the polymerlzatgpn mlxture, as shown

\
~ S ‘

be taken into account B {"' : "“!:' .

Let W be the total yelght of the 1n1t1al polymerlzat1on

,«

mlxture The total welght is glVen by the Equat1on(3 5)

- ”
RS - r

~ww+w W, Car e, (3.5)
* S -, . \ s .

where W W“ and W, are thelinitial weights of monomer,

solvent and initiatar, réspectively. The total weight of the
R . e ’ ;oo .

N

/

',',1n Flgure 3‘? the effect of 1n1t1atop-on the den51ty,‘must-,7
.‘ - ;,..x



. j"‘u . ‘\ . 4'7 ’_l'
.polymerizatjon \os well as the fweights of ‘solvent ‘and -

1d1t1atoo remaln ' constént throughout . "the . course - of
5po1ymerlzatlon. Since monomer is conVerted to polymer,"the

welght .of | thé monomer decreases whlle the we1§ht of the

]

‘polymer anreases by an equal amount. fThe den51ty of the:y 
polymerlzatlon mixture 1ncreases due’ to hlgher den51;¥ of,f
the - polymer compared to the monomer Let x .be the welght
fractLon of the %p1tlal monomer?converted to. polymer. At a e

conVeféﬁon X, the Iollow1ng mass balances w111 hold good.

oS
- A

N “w -

thé weigﬁt of polymer = ﬁm X.i, .:‘iuir -‘ﬂ
"fﬁo weight of monomer ﬁ (1-x) , -t :f
’volnme of polymer . me/py | " 2
volume of modomer‘ = Wn (1 x)/pm L o o
volume of solvent = W,/p,..' ‘ ' }

_volume of initiator o= W /e

fhe -total volume AV/fof the polymerlzatlon mxxture can’ be
~F! P
obtalned by adding the volumes of monomer, polymer, SOlvent

and initiator‘assumlng Ldeal~mrx;ng of the above compopents;5~

Total vol?me V is ‘given by: . s R
—_— \wm( 1,,‘}() , W—' ‘ s W . . ~_' . - : 4 \::‘
vV = + - + - + , L (348)
Py - Pm - E Ps P I | ' \’ S

where p,, Pm, P+ .and pi are the densities of] polfmem}Jj
. . ] ‘ / o R ~ ) "': .. o ':_‘
monomer, solvent  and initiator respe€ctively.The density of ..

the mixture will be.given by ;fv S



e
B

Prmix = w/v L o | e - (3.7)

A}

F‘-Substltutlng .for]fﬁ ‘and V from Equat10ns(3 5) and (3 6¥

Vo fa

.respect1vely n Equatxon(B 7) Can ~expre551on' fOr monomer

N N .;._ :
conver51on x 1s obtained as. - o %V»,

N
L .
v
)

Wm(1-1/pm)+w (1—1/p )+w (1-1/p. L

X = e ... A(3.83

o (R Wn/By = Waleaf

5.
' (Y
-

hY

-

',den51ty of the m1xture are known at the beg1nn1ng of- thef,

ireactlon. Thusi_by measuring dens1ty, conversion X cah be -

calculated; waexer.;tjshould be notéd that densxﬂy also

changes ' with. temperaturee To eliminate  the eﬁfect.4Q§{

L

temperature,.the den51ty of the polymerization mixture ;&*

'measured at’a. constant temperature.r

e

from the measured values oﬁaden51ty at: a: temperature oi 40 C

’ FE VORI A o
/well conf1rm1ng ouroearller deductlon that t@g grbylmetrld

‘

results are prone to error at h1gher converséqu&evel Tﬁ&s,l‘

‘e
equatlon can also be used in 51tuat10ns
A
measurements are’ avallable under changlngi
N . i
3%,

P

i

Equatlon (8 8) has been used to rcalculate tenuerSion_

r@m ratures dfﬁ» -
}"5

“tn “the ”RHS 'o'““Equatibn(B-B)‘ all the quanbities excepty-!

the reactlon mlxture 1f the den51t1es of . moﬁi € %nd solvent;”:'

are
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be superior to that of the empirical-relatiodshiéh'shbyu'giﬁ:;’"

Flgure 3.2. LY

P

The\gen51tometer 1s capable of measurlng den31ty to a
resolution of 0. 0001 g/mL. The resolutlon with respect to

conver51on’-in 'the' case pf solutlon polymer1zat1on -_ofg“f
S - ‘

_methylmethacrylate can be calculated by know1ng the lnltlalan"'

'dens1ty and the f1nal den51ty at 100 per cent convers1on fi§ '.

't"o

“the case cf bulk polymerlzat;on’ of methylmethacaylate a‘f;

fresolut1on of 0. 04 'per cent conver51on ~can: be. expected;*

-

whereas ,ih: the case of SOlUthﬂ polymerizatlon w1th 60 per;fW

fucent “solvent ( oluene) ‘a' resolutlon of - O 20 per centltﬁ:

L w

f‘converS1on can only be expected Schrock and Ray (1981) haveiff

re orted that in the resence of ‘meas rement errors,'_the R
p p » y

could ge‘ conver51on resolutlon 'cf 0.5 ‘per. cent in .

T, femuls1on polymer1zat10n of methylmethacrylate.

*j’m11110n accordlng t

lThe ‘above dlscu5510n 1nd1cates that the den51tometer“.
_'has__sufficientl resolut;on 't041 measure conver51on f;ln"
pclymeriiation reactions and can: also be used for on- llneij_

monitoring of conversion.. oy

,,f3-4 S1ze Exclus1on Chromatography(SEC)
| SEC has become one of the most 1mportant 1nstruments 1n;1'

?polymer~ eng1neer1ng because of"its ab111ty tqf measure

"molccular welght ‘“strlbut1on (MWD) SEC separates polymerﬂ

,"molecules 'wlth mole ular welghts from 1000 to as h1gh és 10?y

~.is accomplished- by pa551ng a solutlon of molecular mxxtureﬂfl

e

£ 0 e

their size 1n solut1on The separatlon K
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‘ of“’lnterest thrdhgh -a oolumn contalnlng part1cles of a
mlcroporous solld whlch\has solvemt 1n¥i -1nterst1qgs ‘and a

"in' 1ts pores ,Slnce\any pore accé

«

to Jamger molecule
o g y ‘
'f‘ is élso acce551ble to a smallerrmolecule, larger ‘molecules‘.

A '
.- are excluded from more pores ¢han ane the smaller ones and

'come_out of the column flrst. Th1s separatron 1s 1llustrated

schematlcally }n Flgure 3. 4 S o n; Ly “’f;.

4 A et gy . ; TR

x ::f’<.lMoore (1954) of bow Chemacal Company 'first"ﬁdisclosed:ﬁf

/heffu:e‘ oﬁ cross l1nked polystyrene gels for\separat1ng

*VJ”‘syntheth\poLymers soluble 1n organ1c solvents and w1th 'chan:'v

B e
'event\‘convent1onal 's1ze exclu51on chnomatography (SEC) was
. N N

. ‘.bornf-and ’camé' rapldly/ 1nto ,extens1ve\ use: toylgetf MWD &

£

R N i
3 ~ ..-‘::

1nformatlon for synthet1c polymers.fModern ‘high- performancey' |
P W S
,fL_ SEC has resulted from £ e*development of smgll 1. more r1gld

R

,f‘}-

_gorous partlcl whgch ganf‘w1thstand relatlvely h1gh

pressuresx(ZOOO 3000 P 1) and prov1de hmgh performange r1n
r s ¥ e
terms"ofiireSOLV1ng polymer spec1es. A number of very good :gg

‘refefences are ravall ble: that deal.'wlth SEC« separatlon

i ’ Py

technlques lln poly er1zat40n studies CYau et al (1979),
" Boni(1976), Hamlelec (7976)) SRS ,‘h”'g"_ AL
- o . : B T _ s

I B ""'

oA large number“of *equ1pmbn ‘manufacturers ‘mar}et, j;:

SYStems and components for performlng SEC separatlon.u;TheV f)
. 3 - ') . e -gf L
1nformat1on concernlng the \vendors and the equ1pment that
-can be used for h1gh~performance llquid ghromategraphy are f_ﬁ

l1sted by_ McNair - dpd - Chandler(J@?G) anql Snyder and

' . S ~ . ‘ . v ) ~~
Klrkland(19799.A e VR . R —
- L. o », . L e R . :" L " ) ‘./ : \~‘1‘ W A
. . Lq e g g A - Y
* ' - g 5 = E < roe F
I e . . N e o ~ 4
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' An SEC supplled by Waters Assoc1ates (Model 244) was
) ugéa ih’ th1$ ‘work- to measure m‘the molecular . wé’éht
O ) . o LI - e ; v
dlstrlbutlon ~of ~the polymer* polymethylmethacrylate. The, -

Water§ Assoc1ates ‘model con51sts " of the follow1ng,

\‘-qomponents-}; o a'_ P f"' '1' - : * l s;-p 1
. I oe s o R T
.f~' a high pressure. solvent del1very pump e o~ - N
. —f a UVﬁabsorbance detector TL‘;H';xﬁ., , L o -
;‘;';Eajteftactlve indEx,(RI).dete¢t0p~h'f5; 'f_i

- .a samﬁle injection system

- o : - ..

b : u Styragel columns .

Sy

+

_“ht* :'a Syphon at the outlet of- the cqlumns;

o
~
i

—

;Tetrahydrofu;an is used as'the ca{rler solvent and‘ also -as
B 'théﬁ solvent 7;5 dlssolve the —polymee This Sé& has’ been‘
| -mod1f1ed by replac1ng the Sample 1njectlon' s;stem w1th 5an'
2automat1c sample valve' and by ncorporatlng ah automatlc‘

sampl1ng system whlch collects the samples of Ehef‘react1on

s -

.~" mlxtu;e.‘from 'the ,}eactor. and 1hjects 1nto\the SES after 5

allutlng w1th the catvler'501vent. The automatlc samplmné ?;o
”‘;system‘.mh1ch' fac1lates‘ the onwi;na measurement of MWD has

i;already been descrlbedlln detall in cha;termtwo.,i %“54753“”4 T

‘.) o : -
Even though the SEC is, prov1ded u@th a UV as,well as’ a
RI. detector énly the RI detectortbwas' used © in tﬁls» work

"f\,». . : S . ‘A

; because‘ of 1ts reSponse (belng aﬁynlversal detector7 to ‘the

polymer methylmethacgylate.}; e RL.detectors are unlverSal

\ . L 4 ¢

in - the . sense: that th‘y.‘réspond to
chhemlcals. “The UV detector does-not‘mespond to .the pol?mer

s : * - - ~

PMMA. The.‘RI detector'~respoqsés\ (0r10mv) aﬁe ampllfﬁdﬂ

-y 'Wlde‘~var1ety of"~*'

o~

»r

-

s

*
i

a5
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flltered /and sent. to the HP/1000 -Computer for on-line-‘data .
Ce ;o ¥ e e,
aCQUISlt’lOH. ‘.> . o ‘¢ ’ R , R " "_-- . 'l‘l. Lo . “ .: /‘
SRR , i o A T
. ; ¢ ’ _— < . -
@ ,3.4.1 SEC Program o - R I R
Lo v . '_" ) ( s o -~
| A computer program has been developed Tin' qrder“,to
"’ % llect the SEC data automatlcally »and prOCeSS them to.:
r'e

?'vcalculate the. Dumber average and we1ghp_.ayerage molecqlar

welghts ;'The- aSECt program acsomplishésr‘the, folloy;ng o
. . RV R . v . ; .~ N R ¥

s "1,g1{n1t1auéon'of SEC data acqu1sltlonit4' - \: { JRE 'VCQK
'h‘[-n Idegtl acat1on oﬁ start of- SEC peak : p R NN
- 3; Ident1f1cat10n of- end of SEC peak ?“ELJ fjih.ve : / fatgi.

2.t Termlnatlo% of . SEC data collectloni
5. Proce551ng of SEC data for moleCular welght averages

Lnltlatlon of . SEC data acqu151tlon Vls_ accompl1shed by

y)f ) LY~
'“fread1ng a d1g1t SWltCh aSSOCIated wath the: SW1tch1ng o£ the
adtomatlc sample valve. Th*s d1glt sw1tch uh1ch 1s locaiedi"
_1n the programmable sequence tumer turns on at.. the ”instant‘

Loy

%f 1n5ect10n‘fof polymer sample anto the SEC The pfogram

reads the on~status of the SWltCh and starts the". process of

¥ g :
SEC data acqu151t1on ~S1nce? the” actual SEC peak which -
; ‘ " § ,’
. contalns the . essent1a1 data elutes a few m1nutes after the -
w - . o pe .
”1nject1on“ a dead time” can be spe01f1ed 1n the program

J - ]

, durlng wh1ch SEC data w1ll not be collected -However.'tlme-g

: _count is started from the moment of 1njectlon, Few mlnutes
after the 1nject10n the dlgltal SWltCh is turned fo 80 that;
"at the t1me Nof next’ 1n]ect1on, it can agaln be turned on’

v . o 1 e . Ty

A e a
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XF. -
i RS a .

startlng another SEC analy51sh
T ‘ A

N o - B
. o N L%
T ' ' ' TR ~

t

Logxc to Ident1fy;the Start of the Peak*"

}

nghe SEC'data Ehat are necessary for the calculatlons of

vt

molecular weaght éverages 11e between the start *p01nt and
(

the 'end ~polnt of the“ SEC peak./Hence it 15 1mportant to

dev1se proper loglc to correctly 1dent1fy the start p01nt of

‘>

the SEC peak, For thlS purper 1n&t1a11y 20 SEC readlngs are

collected at the approprlate sample 1nterva1 wh1ch 'ih"thIS'

N\ ' o ~ -

'case is three seconds ‘These readlngs are’ stored in.an’ array

7

"and startlng from the farst readlng, each read1ng 1h the

,
4.' i i f '

-:array is anajysed to oheck five 'consesecutlve readlngs

v
» ERA - s P &

H~showing' 1ncrea51ng\ trend ‘The . first, read1ng wh1ch

-

.7

S

! ba@ellne\ drlft value(<5mv) 1f. all the: poxnts fall to

-

,'thejpeak;vhfter the -star?@fpoln_g 'g*~

\,.‘ ’r’s"@ ~.
satlsfles the above cr1ter1on 1s con51dered to be the start

P

pomht of the SEC chromatogram. Thzs crlterlon —works well

-~

uponﬂ proper dlfferentlataon between basellne drlft and SEC
e

peak For th1s purpose each succe551ve SEC readlng after the

S | . -
start polnt ts requ1red to be~hlgher than the prev1ous value

by«a certaln value (10mV),~wh1ch i§ usually h1gher than the

- N

S - Fd

satlsfy the crlterlon for the start p01nt of the SEC cpeak

&

itn_lmplles that the SEC peak has not yet started elutlng

\ -
| 7

program rejects ,the‘* 1n1t1al five ,data and proceﬁ to

4

collect flve more data p01nts SO . that there are agaln twenty

o pqints:‘té repeat .the same loglc to flnd the start p01nt of

1

i . . i
. . k‘q e Y v . . ' ‘63'-4 i
L to ‘ i K . h B ) . .

Slnce the SEC <data out51de SEC \peak‘ are’ not' needed,\ the ‘

t S

Ty

~
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- : A

\'1dent1f1ed a 1og1ca1 varlable LSTAT)wh;éh\ls 1n1t1allzed s
FALSE"xsvset.to TRUE and th1s #%rlable elps the program

Ed

- . . A = \
'to recog ugglthe occurrence of ~the peak aya future o
. ‘m‘ r v k u':‘,' R
Areadlngs.are not analyzed for thé start p01nt of the peak SR

. Loglc to Identlfy the End Of The Peak 7: ‘

After ‘the‘ start p01nt has been 1dent1fled thé*nexﬁ‘,)

1mportant p01nt ig’ the end p01nt of the_ chromatogram. 'Forl.

. : -
-
vz

thlS purpose,;'the program f1rst 1dent1f1es the peak p01nt
,corresponding to .the max1mum value fof nthe;-chromatogram-j
°'readlngs.g‘rEor, identlfylng Ehe. - peak poxnt f:ofiwthe‘
Chromatogram the 'SEC data are arranged ,inhfan 'array and
'h51nce"ﬁhe peak p01nt Can occur only after the start p01mt
‘each readlng in the array after the start p01nt is analyzedr
top check whether -it’ satlsfles the crlterlon for the peak
'j:p01nt A peak 1s con51dered to have been 1dent1f1ed 1f f1;el‘
4consecut1ve readlngs show ,a decrea51ng trend The f1rsth_ﬁ
“1read1ng after the start p01nt which satlsfles, the above
prcrlterlon is the peak p01nt of the chrpmatogram If“a,peak'
zpoxnt 1s nbtlﬁound the program stores a p01nt from where
kthe _search torpithe peak p01nt should start next time andk
,proceeds to collect f1ve more. SEC data. The -same- crlterloan1
for thei peak point . is repeated but thlS tlme startlng m1th'
the stored value of t§§ search p01nt thus reduc1ng lthe

'computer search t1me»3ﬂ¥ter a peak p01nt has been 1dent1f1

a 1og1cal var1able LPgAK wh1ch 1s 1n1t1allzed to FALSE
A -

~set’ to .TRUE and the program p;oceeds to. 1dent1éy the‘

,,fv

,é\ . ' . .
Foes
i L o P




po1nt c(.f’ SEC chromatogram’

To 1dent1fy the end p01nt of the SEC _chromatogram the“-"'l

SEC data‘ are placed 1n an array apd each readlng after thef&'"’

‘:peak pOLnt 1s analyzed to check whether t sat1sf1es Tthéﬁ
f‘lOQIC'k on “the“ end p01nt.f A p01nt is® con51dered to haveth’h

-;sat@stled the crxterlon for end poant 1f f1ve cohsecutlve,‘

iy

: readlngs have' SEC r;adlngs that —lie. w1th1n a bound The‘,;f

'flrst readlng after the peak po1nt that Sat1sf1es the above,s»‘

-

}crlterlon ‘ is; cons1dered “be- . 'h;L end p01nt -of'dtheA

,75chromatogram jf* all he: readlngs fail eto .satlsfy “the’

“crlterlon a search po1nt is stored ‘and the program collecxs,

kflve more SEC data to repeat the cr1ter10n.‘ After the 'end
, 5 .

'po1nt, has been 1dent1f1ed a log1cal varlable LSTOP whlch 1sf'

[

Vlnitlallzed to »FALSE. ‘I8 set ‘to -.TRUE. " and ’t program

Lo

‘ “stops ‘data_,collect1on. ;It' is apossible that sometlmes a'! .

o

" fsolvent peak or 1n1t1ator or monomer peak may start elutlng

A \

,»before"theifend of polymer peak settles to a constant valuef'A

~

in vhiCh,case theiSEC'chromatogram'ends‘ in ia valley Thex

Cldemtlflcatlon t"'of7 eend' p01nt4-"of- SEC- chrOmatogram;

’

.correspondlng to an end 1n a valley is also handled by jthe -

program._ However by selectlng SEC columns wh1ch can achleve'

vgood resolutlon of polymer peak an end in valley ‘can/’: be

. t v,\f_/ .. . . . » , A
'ea51ly av01ded a S : .

After 1dent1f1cat10n of the end p01nt of the SEC peak

“the . program stops the data collectlon and re1n1t1al1zes the'

above mentloned loglcal var1ables to- FALSE so that another

‘_search for the start, peak and end p01nts can be made in the'

o~
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next polymer sample 1n3ectlon. Then the program proceeds to

'

calculate the molecular we1ght averages. ’ Lo

'The SEC data that hadk‘been Vcollected can aiso'bé,_

"plotted using'an HP plotter.,‘Figure. 3~5 g1ves a"typicalfl

-
-

chromatogram obtalned in one of’ the SEC analyses.; o ;
& .\4‘ - e “ ’ :. - N c <. "‘ .-' ‘ L | - ..
_ 3 4, 2 Molecular Wexght Calculat1ons L o _ _51'

sThe, SEC data are processed to calculate number average

and~welght average molecular»welghts taklng inhto: account the

K} . . . s
follow1ngl o ‘ B
. Base line drift--
= Dispersion ‘-, -
! . il . . N n i ~ i “ -
-~ - Variation in solvent flowrate'. " - . .
e o T «
"Base L1ne Dr1ft L S : -
N ‘ ~

It is note? that the number average‘molecular we1ght 15
’:;affected con51derably f'-th base~ llne dr1ft ;is not
accounted for in the ~molecular welght calculatlons. Base
llne dr1ft is corrected by notlng .the: 1n1t1al base lln%@Qa
value and the - f1nal base line value correspondlng to the end
of the SEC peak and assumlng a llnear drift from—the 1n1t1al

;torthe flnal base.llne value._

Pt . f - . '_ | . ) ) . Lﬂf‘ ,; - T -
L ’ . - , ‘ 3 o N . N j‘?;\) ‘:?ES . . / \
Normalization- S o o j“@@f. o . -
“Since Ehe' chromatogram- above th Qase l1ne is only .

needed in the calculatlon of - molecular weléht averages, the
[ G R . 7’ N "‘.‘,‘"

L " N X . . L v
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R

base line values are ‘subtracted frém'the‘conreSponding'SEC

readings. The area ojl-the result1ng chromatogram is

calculated and a normallzed chromatogram is obtained by
dividing each readlng by thls area. .-The normalized ‘V

* chromatogram has the ‘area of unlty and s1mpllfles further

-
1

calculations to gef _molecular weight averages., In the
normallzat1on pfocedure it 'is, assumed that the detector
response factor is 1ndependent of molecular welght.

L/

N
Disgersion Cortsctioq

Axisl qispersion of sélute molecu%es of sa single
species results in the elution of a single species occurring
over a rasge of elution] times,. giving a distribution of
élution times ‘}for each species of..the‘ solute. The
phromatogram of the sampLe as.measured by the detéctor is
the superp051t10n of these dlstrlbutlons Iqterbretatioh\of

>

a chromatogram ' must '_therefore qccount for " this
R i . . )

,supe29051t10n

_1f there were no column dispersion, i.e. at infinite
fésolqtion;' the ’weight__conce?tratlon iand the molecuiar‘
ﬁéighp.ét any SEC'slution>vslumgi-_y,“ are W(y) vand M,(y)
réspectively} . where (y) is ‘,the.  true calibratioﬁ

relétionship Tf we ‘let a Gaussxan ﬁunctlon G(v y) ‘describe

.the fractlon of spec1es at Y wh1ch gets spread over to v, we

can con51der‘the molecular weight -mlxturg_-at ‘any elution .

volume v to be made up by species coming from all different

K

y elution volumes. The molecular weight of these species are
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M, and their we1ght concentrat1ons detected at v are‘

, A

w(y)G{v—y).‘ The| total detector response observed at elutlon

~ A

. “l . " M . ) S0 -
volume, v, 1S given by S : : : : . s

F ) - f w(y)G(v y)dy T & 25D )

Ce- N e

The above is the . well. known Tung s .equatlon for axlal,

')

'dispersion and has the -form of the convolutlon 1ntegral as,

shown by . Hamlelec and Ray(1969) The solution gé?

deconvolut1on of the above equatiop is needed to correct for

-

‘the effect of dlsper51on A numbér of methods ’have been

proposed (Balke et al. (1969) Provder and Rosen(197l),.Yau

- et al. (1977) ) to correct for the dlsper51on effect in SEC

and a method proposed by Yau et al (1978) is used 1n thls_'

- study The deta1ls of the mathemat1cal derlvatlon of thls

emethod 15 preSented 1n Append1x B. ' '-. . R

h;NarroprMMA,molecular weight standards fwere used ,tov

<

obtain ¢? values’of SEC chromatograms. However, 1t should be -

notedvthat the'obServedLvarianceS-Of SEC chrOmatograms ~are

]

not ‘only’ due to the column dlsper51on but alSO due to the'\

polyd1sper51t1es of the narrow standards. The PMMA standards
' obta1ned from  the manufacturer were characterlzed only for
\the peak molecular weights,’ whereas they were not accurately
characterjzed for the1r polydisper51ty values. Hence, 1t was
not posslble to accurately take _account of?\the“ variance

contrlbutlon of the polydlsper51t1espof the narrow standards

1n calculatlng number and welght average molecular we1ghts.

-

4



-

In thxs work, dispersion correctlon was done~ baﬁﬁg on

. \. ¥

the observed varlances of SEC chromatograms'of the narrOw \
standards™ only. if the variance. contrlbutlon of \the known
polydlsper51ty values vere taken ‘1nto account, 1b shéuia- ‘Buf

A\

change the results of  number average 'and welght average;;
. Y

molecular welghts sl1ghtly. A computer 51mulatlon exper1ment‘.

'was done using a raw §EC chgomatogram to study the effect of

variance +values on number and we1ght ‘average molecular

weights.'For a variance value of C.. 40 the number and Welght

‘~average molecular> welghts, and polydlsper51ty values |

L

" obtained were 8. §3x10‘5ff 35x105i'and 1. 65,~wrespect1vely,;
- When the variance- value was changed from 0 4 to 0.0, the M,,

'_Mw’ and polydrspers;ty values obta1ned were 7.83x10*,

1 40x105 ‘and 1'75 .respectively Thus the changes in M, , Mw
and polydispers1ty values were 4.8, ‘?T7‘ and 11 . percent,
respectlvely We , observek that ‘thef.variance Aaffects the .
polyd1spers1ty values considerably’ However,i"in . our

calculatlon of number and welght average molecular welghts,

, »the errors due to not taklng account of the polyd1sper51ty

RS

of the narrow samples wlll be less than the error- values

A

just reported, because' the o values due ) to-l column
, ‘ P : .
dlsper51on will be only smaller than the o? values‘of SEC

chromatograms of the narrow standards,_ but  will. be never .-

zero
Correct1on for Solvent Flowrate Var1at1ons

Slnce the molecular welght calculat1ons are sen51t1Ve

4

" to the variations in the flowrate of 'the‘~carr1er solvent,

P - . R
» N R . e



the average flowrate for each run is measut d and used in
the calculat1ons. R syphon that would dlscharge its contents -
when it 1s full ‘is ?ltted at thgboutlet of the SEC columns.
At the t1me of dlscharge of  the SEC solvent from the syphonv‘
a d1g1t sw1td% is closed The average flowrate -is ean11y
nrcalculafed from the volume of the syphon and the readlngs of
Vthe computer tlmes at which the- syphon dlscharged ‘the
solVent."'. . - '
- S : '?mh'7n
3 4.3 Molecuar We1ght Calxbratxon : T
The“ tradltronal technlque for relatlng elut1on volume
to mole(ular .weight has vbeen to determlne vthe elut1on
volumes vpfgsample w1th relat1vely narrow MWD. Ehpt have been
‘charaqterlzed as to molecular welqht by 1ndependent ‘means.

. R . Iz
The most commonly used standards are anlonlcally polymerlzed

& \\

polystyrenes, | prepared . by Pressure : Chem1cals‘
* .'

.Inc (P1ttsburgh ;Pa.). Singe the relatldh between the size
s : 7-i | .
s and molecglar welghts strongly depends on the  polymer
S . 3 g . .

‘~t_ xructure and Tt 1s the 51ze that determ1nes elution volume,

J u,

Vg
Y
B

§

a calvbratbon‘curve obtalned wlth a partleular .polymer w111

2 ) & R
’,nhpot be ‘accurate Afor a polymer w1th a’ élfferent structure, .
’ L . T

' 3

"j§1nce narrow MWD sample are only avallable- for a limited
l number of polymer types, means for generat1nd a unlversal_
oallhratlon ohrve that would be appl1cable to others,_
~ej‘1ndependent of their structure, has been the subject of

COn51derable study (Bon1(1976)) Ham1elec(1976) and ¥au et

. al.(1979) dlscussed in deta1l the methods that can be used

W



to callbrate the SEC.,'“'{h*;fh .;lw ,;:gj

Slnce 'narrow MWD’ standards fafeviavailablE~_(POlymer' -

3Laborator1es Inc., : Stow , Oth) ] molecularﬂfwelght
o N , L
lcallbratlon curve is establlshed dlrectly by 1nJECt1ng

2 dlfferent standards.‘lnto the SEC and f1nd1ng peak elutlon
ivoLumes for:.a partlcular set0 of” operatlng condltlons “In
-th1s work 'thed 'SEC ji ,.operated under the followlng

eomgitions: i ﬁ:?’”’”

,cOiumns?,~v¢u Styragel Columns;10’ g0+, ros cA e

,_SolVent - Tetrahydrofuran(THF) S 'ft_;,j;f*l? ‘
',sFlowrate . 3 0 ml/mln' ' l L ERE :)  '
. ; ' o [ ' ‘ "‘ 3 \l . : ) .
’ ' RI detector‘ 8){»\: ) 3 1 \\- . " '.v’i ‘}"-. ’fl
S1x, narrow ~MWD' standards (molecular welghts rangzng :
B . . S
'“vfrom 45 Ooojto 680 000) were used in thlS study\ to obtaln._l
"‘the molecul r we1ght cal1br\t10n curve for~the SEC In Tahle* ;
4. 3.2 peak elutlon volumes (aiong w1th dugllcate values) and
St : \ . LN h
the ' varfance of .the SEC peaks of ‘the narrow standards are
reported A semllqg plot of molecular we1ghts 'and elutlon
A volumes shown in F}gure 3 6 suggests that a sem1 logarlthmlc,:
_relatlonsh1p of form glven “in Equatlon (3.:10) can be .f1t¢ed
o the data, oo S
. : o o : : \"” * v . B i
'ln(M;)éa¢_+fa¢vf‘~- o SRS (34100 .
, . B : : e

P4

‘%cwhere §q~ and ay are constants and v 1s the elutlon volume.'fw.

In fact thefsolld 11ne shown in the Flgure 3 5 1s the' least
ki - ‘

Eﬂsquares f1t of all the data.'~f ’;'- S
'. ’ ',‘,f\' "u" \ \‘ ,;, \ ‘ N
g kol : : Fa .;: |
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:«' i o 5‘~ o -~ .
a ' '
S - o Table 3. 2 ‘Molecular We1ght Cal1brat1on
" } . 3 ' : -
. —— — —
Ty Molecular Retent1on, . Varlance
: Weight, =~ volume(ml) . RSN
. A 45200 i 2356 0.3316
F AR 23.53 0.4084
- 72000 22.82 - °0.3390
. 22.80 0.3753
96000'_ 22,20 07 0.4247
: .22.17 ' 0.3987
=, 128000 T 2156 . 0.3527
s N 21,87 0.3663
286000 20.16 0.3485
L 20.18  0.3738
. 'T"f'f"’f"f'f'T*""’f"’"f?";""‘*“7'“'
640000 - - ~18.52 . 0.3782
- | SRR 18.61 0.3898
\) . '\A‘ 3 R

< S :
It should be mentloned here that PMMA molecular “weight .~

9 oL A
ég'standards . are avarlable.ii ‘the range 45 000 to 680 000.; g

Hence it is 1mportant to establlsh whether the se9r7of ' SEC

columns. could be used for molecular welghts below 45000 and?/,/q

\

iwhether _ythe' semi- logarlthmlc , relatlonsh;p ‘could be
extrapolated {or molecular welghts less than 45000 For this

"~ purpose, we 1n3ected polystyrene molecuf%r weight standards :
;‘ranging 'Ln molecular. welghts from 2000 to 200 000 Therr'/e
molecular‘~welght—elutlon yolume. relatlonsh1p for the -

’“_polysryrene‘ standards ;are' sﬁown in Flgure 3. 6 From thls;
o & o
relatlonshlp, it can be concluded that the- SEC columns were

.

,able to resolve molecular welghts as 1ow as 2000 Accordlngf'

kg

“to Ehe manufacturer s (Waters Assoc1ates) spec1flcat1%n, the),

a’
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set of*coluﬁns (fO’ 10‘ and 105 °A) could Be used for ythe.

[

‘moleculas welghts from 500 to 8,000, ooo.‘,‘,,itﬂ"' *5;
From the elutlon volume and molecular we1ght plot shown:“

in Flgure 3. 6 for« polystyrene standard, we ;oan flv

e

stralght l1ne for the molecular welghts ranglng from 2000 ‘to

-

'-v200 000. Even' though-.we do not have narﬁow PMMA standards )

12

&

Nextrapolatlon.* .

‘for' molecular we1ghts lower than 45000 weh‘oan’ reasonably'

assume : the sem110gar1thm1c ~relatlonsh1p r molecular"

R - -~

A

we1ghts up to 2000 by analogy~w1th polystyrene standards. Oi_a'

RN

course,‘ we can expeqt that th1s assumptlon gan lead to some"

-._,,
h

~error.in 'the"c GlatiOn of number/ average " and 'welghti .

average molecul_ 'ghts parflcularly at molecular welghts

less thad 45000. vgvﬂ‘__.'f P ’

thef”other correSpond1ng to a 1ow molecular we1ght §ample;

e . o ‘
(M =3 04x10‘ Mu=5. 74x10 ) are shown in F1gure 3. 5. VWe ‘éan'p

observe vthat ;for low molecular- welght 'sample, the,'
: M

elutlon volumes range from 0 mL to 29 mL Slnce the elutlon"

“V\volume for the 45000 molecular welght sample of PMMA 1s only’

',23 6 mL, we note that extrapolatlon‘«of ;the' moleoular,

we1ght elutlon ’volume relat1onsh1p 15 necessary for elutlon
volumes greater than 23.5 mL. We could have used a un1versa1

ﬂg&lbratlon curve based on polystyrene standards to av01Q“'

-

‘ . - - R . o - .
(o P . « . : . K3

USUallY | the - melecular’i jwelght elutzon + ‘volume "

' \
‘ relat10nsh1p is expressed 1n the form*

4 . » Lo M
: P . c
}



‘ From Equatlons (3 1@)'and (3 11) the constants D1 and Dz arey

ob

PR N \
v

ta1ned as, . o Yo
- o ’_( ) N . ‘ ) L T : . "ﬁ - ) .
L T o e L ' T
. R .. b;‘ \ . ‘\. . ‘ ) )
Dy=explac), " ¢: - Dz=-a, o (3.12)

R L o ’ o

The D, and and Dz values obtalned from Equation(f 12)

"'along w1th the reported value oqu'verage varlance in Table

e,

¥

2 are" USed to calculate the number» and we1ght average,

» . w A

[
1ecular*welghts as shown 1n Appendqx B,

LY .
. . .
./ .

It should b’”“t pomted \out, that .,th'e SEC callgratmn

'sh0uld vlbel; repeaveﬂpw=ofbenj‘«to. compensate for c®lumn

de

- S0

'recal1bratlon of the SEC experlment After sevenal months of

M

terloratlon Wh%%e small flucthad&ons nind temperatuge or-

lﬂflowrate may not' upset the oél1bratlon, 'ﬁﬁgging colunns

ﬂ >

-

M, s'n1egp(—nzv)‘_ S aan

lvent, or the nature of the polxmer samples Qw1ll requxre o

o b

"l.Qse we observed onl;\a Sllght 'change in the'gca11brat10n'

"CU

3’5 SEC Error Analys1s<‘

rve of the SEC used in our study

-~/

A numben of exper1ments have been conducted to check

‘_,'the” reproduc1b111ty of 'SEC results. A samplg of - the

1 po
”va

'-we

lymerlzatlon reactlon mixture dlluted with the solvent THF'

s 1njected seven. t1mes 1nto ‘the SEC and thel number ‘and

1ght average_ molecular welghts obtalned are reported in

.
- .

Table 3 3



‘”From Tab1e43 3 1t can be obsem‘ed~that the averages of

~ the number and welght average molecuLar welghts are- \2000.uv
. 'f" “ E M
. and 76400., respecthely “e percent relatzve ~standard

Ty | 0 ,
T dehlatlon 3fom fthe number- and . we;ght average, molecular b

— ] \-»u, + Bl {
‘Welghts are calculated ab 5 3 and a:1, v’respect1vely. These‘/

1Y
T

fresults "are compd*abfe to the ! reproduc1b§l1ty studles

>

. reported by aalke("i973) S T e

e . -

| A o - P
” 1 The ccuracy “of molecular -wei e determined -

o

from a SEC %nper1ment is’ éependent

et

szCUSSed by Yautv 1. (1979)_“ § . 'Eantithat'the\
. iﬁ T 2 .

. v »

'coiumns and 51gn wwband brbaden1ng due to VlSCOUS
g h B

samp;e dll»tlon 154-that ‘an

<. y

streamlng A reugh
,,T(lnjeCted sample should. have . a: v1sc051ty no greater than ,
LRANT ;4. N ?

twice the lec051ty -of - the mobile phase. For h1gh molecular

2t

: f
welgHt polymers cOnCentratlons less than 0 19 welght percentu

hare often requlred to ellmlnat
> 3.6" szc051ty*MEasurem§gt »;’ C . . R

X " . . i : . -
Even though number - average and welght average'molecular o

1' -

1P, W &2 : o -
"~ weigh s“ can be measured u51ng the SEC there 1s a»delay Qf

¥

ﬂ10-15 mlnutes before the;e measurements beCOme avallable té' .

v L

-take any control actlon dur1ng the course of polymerlzatlon.'ﬁ_

. < V_’@)‘ - .
Henca it is de51red to have more rap1d on 11ne measurements e
 of ”the 4iblecular* welght averages.'hln thxs ccntext the”

Nt

;v1sc051ty of the polymer1zatlon mixture has been measure&’toj‘

" & >

get an 'estzmatef”ef ‘theﬁ olecular welght average of the.




% R o B L.
4 f' . o i - ] i o . .
-~ Y : o . _ . B ~ Tt ,"x * LT —— ‘ ﬁ"
. o SN 2 iy e e : ) B S i
L '  Table 3.3‘feproduc1b1l1tycnesults of SEC -
. . B e . . i o ' ',,(:“’)l'.' LY
o e - e —— ~—T ’
. Injection Number” Average Weight Averagg_-
N ‘ Number ‘Mol. We1ght _ Mol Weight =~
- SR 3.95E4 . © .. .7.50E4 - iV .
o L 2 3.97E4 -~ 7.31E4 RN A
s . 3 "4,33E4. \ ~7.70E4 S A
. 4 “ ’45E4 j . 8.04E4 TR f
‘ 5" M 13E4 .. - B.15E4 )
6 4.01E4 . 7.48E4 - ) o
L1 o 4. 54E4 . : 7.31E4 -
» " R B R R e e i ot e e o e e e
R Average . : 4.20E4 77.64E4
~ Std. dev1at10n - 2%-23E3 L« 3.13E3
.} o - s :
& + . . ’K. “_.. v '
, N . ) }‘;
* ’ ‘ ) =7
tgb . . AR Jﬁftr.
_polymer. a~‘ R ' Y & -
o It is - known that"thet visc05ity of _ ‘linear polymer
. Pl o . :

. solut1ons are related to the molecular welght“of the polymer
(Flory(195§*§ Slnce PMMA 1Soa l1near polyme? rlexpre551on
”relatlng the molecular welght and 1the v1Scos1ty of tne't
polymer12at1on. mlxture ould be developed In addltion to‘.‘
molecular welght,' tne v1sc051ty of the ¢ poi?merization5

‘m1xturp is also affected by monomer-conver51on wtemperature
of the reactlon and concentratlon of the solvent. Influence
of all 'bf:ithe; above var%ables on “the v15cos1ty of the
N~ Ve S o - :
reactlon mlxture should ' be- ~taken 1nto account . when /).
.rdevelOplng mathematlcal models to estlmate the molecular"'
Weeght average. irOm measurement of v1sc051ty 9. _‘ n';' .
| Jo(1975) measured ‘the Vlsc051ty on*llne¥for;the case of
3 ) - e

‘solutlont polymerlzatron .ofpvv1nylacetate &yn ;a CSTR 'and

estimated the we1ght averag& molecular ’wéightw f'rom the
’ ' P REEEEN SR :



. L . o, - : . , . ) , ) - o ' ) )v 7-1 *
. - . S N L . - ‘ R . . - . ‘ r'..'-‘i‘«o ‘. ‘.“ s
following correlation: .. - LT _
1n(n )’:Bb 1“» +b";XMw'vn-v" - . o . - <~ - .'N‘A o (3.’13) ‘
SN N e ‘

‘“rn“th fcabove..equatlon 7, X, Mw.are the vxsc051ty, monomer N

-

convers1on and welght .average molecular welght respectlvely.

v

'The constants b, amﬁ b2 and A had been determlned from h1s R

fexperlmental data. fr‘T IR ’f’-r?» SRR

ﬁairﬂ Alhough ,a‘ number of on 11ne v1scometers are ava1lable
""'éf‘:a - -
’fs1n the market (Husk1ns(1982)) only a few ,of them ican be

’

. .

con51dered suatable for” use 1n the laboratéry 51zed reactor:.' '

- . e
J‘x - S s

Most of. them réqu1reg large 51ze8 précess streams 'or. larée’

y.

51zed ’ reactors, the jbmpha51s of applzcatlon belng 5h
1ndustr;a1 scale processes. F1nally, .pn." 1ndustr1al type
'v1scometer supplled by Norcross Corporatlon Whlch could also

be used for,‘}aboratory appl1cat10n uwaS  chOSen for thlS

| StUdY* : o P * SO 1.~ DI

Thls v1scometer operates on a fallfng p1ston principle <
' whlch is betterl‘expla1ned by referrlng to F1gure 3.7. The ;_
g .nmasurlng element con51sts of a cyllndrlpal tube whlch »isf

mounted .vert1cally onﬂ.tﬁeuireactor lia. The 1ower part 15'
i;lmmersedrln the reactlon mlxture and a‘ prston\rod assembly o

e

* “y
- X

“is locatéd .1n51de the measurlng tube. Dur1ng the f1111ng

phase the- plston rod assembly 1s llfted by an a1r-actuated

«

'*,mechanrsm draw1ng ?a‘ sﬁmple ;of?'the polymer mlxture down

] 2
L

through the clearance between the meésur1ng tube and Jthey
pxst‘On. : Dur_1ng _the measur;ngqase,’the piston rod assembly

) _is»allo&edito fall under' gravi , expelling the same _sample'?
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. ' a3
‘

~{hrough the holes in rh§~measurino tube. The time required

for the piston-rod assembly to drop to ~ the bottom of the
tube is-a. measure of v1scos1ty and this measure 15 avallable'

: 1nAthe range of. 1-5V for' on- 11ne data acqus1t1on. The
TVelement is - contlnuously self cleanlng ow1ng to the reverse ¢
flushing tha; takes. place dur1ng"thel normal " up-and- dpwn.

. mogion '_of the | piston. In this 1ns$rument viscosity

measurement ig taken every minute which is ‘conslderably

faster‘ than the 10-15 minutes analysis7ltime for .SEC

measurement |

The v1sc051ty range that can be measured u51ng a s1ngle

piston.: is 11m1ted " \Ex 51ngle decade (i. e. lcp-10cp,

“10cp-100cp et: ). Since during the course of polymerizatﬁon
the v1sc051ty can }ncrease from 1cp to as high as 100cp, it'c’
'is necessary to change the plston when the V1sc051ty values
'exceed the . max1mum range._However the plston can be changed

ea511y in' two to three minutes t1me whlch 1s negl1g1ble

’ compared to the total reactlon time of - 5 hours.' .

‘The v1scometer 1s callbrated for each plston separately
| using v1sczs1ty standards_ ava1lable in the market(Gan Am

" Instrume Ltd, Mississauga, Canada)i The calibration curve’

a

obtained for two pistons  are _shown Pin ‘Figure' 3.8. .The
ncomputer readinas’ are' converbed to v1st51ty values us1ng
/}hls callbratlon curve. In the next chapter the viscosity
/'measurements along .w1th the analy51s “to estimaﬁf» rhe
molecular)weight of}phe polymer will be presented.

: : ] o : ,

SR . . e

Sz
=
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Viscosity cp (piston 2)

(pistdn'l)' -
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1 1 g
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'Fig. 3.8 Viscometer Calibration
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3.7 Torgque Measurement - .

- ’
Since' the viscosity of the polymerlzatxon‘ mlxture
increases during the courEe of polymerlzatlon the torque
exerted on the constant ' RPM stlrrer by the react1on mixture
" also “rncreases.- By 'measurlng *the torque exerted on‘%he
‘stlrrer, it 15 p0551b1e to' est1mate -the‘rmolecular"Welght,“
average of the ..polymer produced during tthe course of
polymerizationaiIn fact, Jo(1975) monltored on-line _the
'torque on the stlrrer 1n order to measure the, v1sc051ty of

a \

'the reaction in a solutlon polymerlzat1on process.‘ In turn o

the v1sc051ty measurement was used to estimate the welght' '

average molecular welght of the polymer as descr1bed 1n the

previous sect1on. i

Thekitirrer—motog ' semblyvused in ﬁthis ;exper%mental
study has been alre‘acﬂestribed in cnap'ter t‘wo._Th__e‘ ,\'torque"
exerted on the stirrer -is avanlable in'thé range ;of\\0.10V
"~ output for on-line data 'dacqu1s1t1on: .uSinoe torque
meéSurement ie tontinuous, molecular welght aVerages GOUldt
be estlmated instantaneousl? if a ré&iablev correlat1on
relatlng torque and molecular weight of the polymer is

s

developed.

Though the torque measurement could have served aS‘,anb

additional measuremenx for estimation of the molecular
elght of the polymer produced durlng the reactxonr BT thrs“'

\
.study the torque meaSurement could not. serve that purpose.'\

. The torque measurements were‘ found tol be “°15Y°'dweh§gj”'

junpredictable friction at the bearlhg 51te of the stlrrerh-

!



_viscosity and tofque on the stirrer ' for a.free.

. - M
[ - ol

.
-

‘since + it was not possible to predict thé torque .exerted an '

the st1rrer only due to the .bolymeriaatiOna mikture, theée C
- ‘ s

'
P,

measuremiigzéﬁfre not analysed to deVelop correlatzons ,’fﬁ;

3. 8 Conclusxons
various on- l1ne as well as’ off—lineditechniqut'“

measure 'monomer -conversionﬁ molecular..weight “aven

solut1on polymerlzatlon process have been°_‘df_as‘er—a"béc/f'’i'"i‘rz lhis.v
chapter. Comparison ,of' conver51on mea5urements from
gravimetry, gas chromatOgraphy and denS1metry conflrms that‘
gas' chromatography and den51metry results'are more aCCUrate

than Qtav1metr1c results. Further 1t has been concluded that*
- ,

: jgrav1metr1c couver51on results are prone to error especlally

2

at hlgher 1evels of COnVer51on and hence these eSGltS

N ‘should be accepted only after careful cons1deratlon.

A descrlptlon of(computer software that was dev@ioped

B

for, on—llne acqu1sxt1on of the SEC data and analy515 to

calculate the number and welght avenage molecular we1ghts of

the polymer is also given. This software along W1th the

~aut0mat1c Sampllng system form an 1mportant contrlbut1on to

” I

the-automatic analysis of. polymerlzatlon reactlon mixtures,

- . > -
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. 4. EXPERIMENTAL RESULTS =

- R - .
4.1 Introduction - -~ - ,ge . S

e

In chaptersﬁtwo and t*ree the experimental reactor
. . ' L

:,_\

system"and the" teohniqués.vof measyring various protess-

‘ variableSpin the solution pplymerdzation of ﬁM& in al~bat9h
‘reactor were described in detail, It |is important to

generate experimental data’on the polymerization'ﬁproce§Qe§'

. for the EOIIOW1ng purposes. Var1ous on- 11ne measurements'

such as densxty,v v1sc051ty and SEC ¢an‘ be analyzed to

deve10p correlatlons to estimate important process vaflables,

i

such a$ conver51on ' number and \werght average moleeulmrw=

weights. These exper1mental results; can “also be.usedfto )

check the va11d1ty of the mathema 1cal model of the - feactqt

»

as WILl‘ be shown in chapter !f1we Also by desxgnlng\'

appropriate experiments we can phders;andb the ”effect of

variou5a"inputs xSuch as temperature ;gnd initiator

P

-

concentratlon on the polymerzzatlon process.

e L '

A total of 15 experlments were conduct \with different

comblnatlons of 1n1t1ator conCentrat1ons a d temperatures,

The experlmental procedures descr15@d

followed to measure process van§;:les sudh_ as’ 'température,

\ //

mber//average "and welght
L

»

den51ty,' .v1sc051ty,, torque,

average molecular welghts.. All f /%hese, varlab were

Asectlon 4 5’were_ '

recorded on the HP/1000 ‘computer through an on-l1ne datal,

.,acgmlsltlon program.“ The exper1mental data obtalned are .

f!

’summarlzed and reported in Appendlx G For experlments (1 7)~

L] . .‘. - ‘ ) B

W S e e
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‘the number and welght aQeraée"moleculafd weights ‘are not
vreported- because of the e*perlmental dlfflcultlee with the
»SEC 1n gettlng rellable values. Some Vof the' SEC columns
plugged and had Jto be greplaced w1th ‘new col‘umns Lat.er 1t
was found that some of the earller measurements done _u51ng.e

. ; .
:the old columns could not be reproduced well and hence they'

were dlscarded Although torque measurements were recordedf.
they were not reported because of EPe unrellablllty of thesec‘d
‘daca, as dlscussed earﬂler 1p sectlon 3 7 n the' follow1ng>'_
msectlonsd'ehe} §naly51s of the experlmental results w1ll be
 presented. | 7 L
‘4 2 Reproduc1b111ty of the Exper1menta1 Data
The results fromv‘a, polymerization ‘expe?imentm‘ éfej

“dependent . on - manyodifferentlfactofeﬁ purityﬁof'monomer~and
_eoluent[ the COndition of»fne\initiatof, tne‘ofesencEdofianY-
',‘inhibitor‘ in‘ the 'feactionv‘miniure, ;the pupjtyc of"the‘;
nitrogen blanket,ﬁtne‘acfual',temperature_kofn:the'reaction
mixtufe, _efc.',-A~ good._reofoducibility of the expegimental
reeults‘gives’confidencedin‘tne accuracnyf the results in
splte:‘ of . the‘- difficultiee in'lmaintaining;»identical‘
experimental’ condltlons.lHencedlt isv important to feoeat'
some .ofnﬁkhe experlments- keeping identical conditions to’
bcheck if thedresuits’ are"feprodupedﬁléﬁ all. This diends
vcredibiiiﬁy to . the. expefimental set—up'-as, ueil as fhe.

measurement techniques.and the instruments.

~u
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‘*x.Figure'14.1 shows_ 'the reproduc1bll1ty results ‘for.

. ‘\ N o . ‘-‘\i : \ ‘.\.

conver51on,-;viSCOSity, number average and welght average

~i

molecular welghts for a case where the temperature, solvent
\

ratlo and 1n1t1al 1n1t1ator concentratlon were 70 C 0.6.and‘

O 05 mol /L~ respect1vely From thlS flgure'1t dan be observed

that . we. are ‘able .to dupllcate convers1on,results‘very well,

the max1mum dlffer\nce belndYOnly 5 per . cent. There are

| d1fferences to the order »of .10—15'_§ef ‘cent -in  the:

reprodwc1b111ty o% number average and w»elght av.erage

1 molecular. welghts and even larger dlfferences of the order
/

S

_ L ; -
. of 20 25 per cent’ can be observed in the reproduc1b111ty of

v1sc051ty values. The same trends are observed in Flgure 4 2

: SRR
1n which reproduc1b111ty results are ,presenfkd for the

follow1ng exBerlmental condltlons. temperature 75 C solvenﬁ,

ratio=0. 6 and- 1n1t1al 1n1t1ator concentratlon O 10 mol/L

fFrom"the above 'resultSu»it canr be_ concluded that

Y

' conversion,wnumber average and weighb',average molecular'

g .

we1ghts can be} dupllcated w1th1n reasonable accuracy when

“lldent1cal experlmental cond1t1ons are malntalned However,'

‘ v1sc051ty ’results could not be reproduced well enough and

o

the reason<7for thlS‘ can be explalned as follows. The':

viscosity of' the polymerlzat1on mlxture depends on monomer

(LS

. conVersion; molecuLar we1ght of the bpolymer and, also the

} . > }
Ntemperature of the polymerlzatlon mlxture. Slnce the errors

”in'any"of the varrablesr aﬁfect Vthe_ v1sc051ty, v&he‘ poor
ﬁeproduc1b111ty is™ most: probably due ,to .the CUmulatlve

ffect of small errors 1n all of these varlables.,

~\ . . . ‘u
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‘4 3 Effect of Solvent Cbncentratlon

.. -
‘ - LT e
. .
e

N =A number :of, experxments 'were conducted to study the';

r"’

"'effect 'ofo solvent - concentratlon ';on 'fthe3 rate of

polymerlzatlon 7 in :\the babch . reaCtor isystem; Thesem,

e N

experlments are- helpful to dec1de whether the gel effect

’ﬁ

B .whlch the rate of polymerlzatlon 1ncreases w1th 1ncrea51ng;

A,

i N R o I X

conver51on~1s 51gn1f1cant and thus :whether.€i  should be;j _
e . R S
taken_ﬁlntp account in developlng the mathemat1cal model of.

'ftheﬂ?eactor, 1n Figure 4 3. the ‘conver51on t1me hlstorlesff

4

'v,obtalned ~for‘ solvent Fvolume fractlons of 0 4 9;5 and 0.6

& v 4: ‘} ) L o " ~ .'.«
(temperature 75 Cilo=0. 05 mol/L -are presented.“Noﬂ'marked

e . v

wthe tonver51on t1me h1stor1esr"h

-

dlfferences can be observed;1
i g ‘ - - ‘:v
for‘ﬂafferent solvent fractlons. The»same result .was also

."’“ Ty

_observed ‘for.'experaments conductedfaat 65° C for*dlfferent'
. . . o S ‘ h

solvent‘;fractlons. .' shapg r%then‘ convers1on tlmef'f "

¥ . SN

éhistories in Flgure 4 3 shows a. decreasing slope ofathe

. )
b i~ v—, ‘«.v.’ K

curves throughout the course of polymerlzag1on dn&ch» mEans e

the rate of polymerlzatlon decreases durlng course of the - f:@

.A » ".a" ‘A -

reactlon. If a pronouﬂted gel effect weTe present the rate N

¥ T ’

of polymerlzatlon : would indrease ' w1th ﬂ1ncrease ‘&n' "

S

- g . ~ :.V‘ ok 6

conver51on. From these}exper1mental resultsr we canr‘neglect, o
. :3.‘ -
- "y

the gel*§ effect*‘ phenomenon S the hpdeigng ”of the

.o v [ e

polymerlzatlon reactor. The gel effect caa be ;neglected ‘in }'H

- Lo S . R

‘th1s work‘ because of hlgh solvent fractlons (0 6) employed

‘a . - * m',,

and also because of the 11m1ted 'extent of conve:51on Cat .

o
.
- ¥

wb1ch~ the‘ v1sc051ty o the polymerlzatlon m1xture 1s not
l: ,- EPIR . Sa LY R .
. 'very hlgh Oh the other »hand ‘\§ known"that tlnv bulk '*ﬁ}ﬂ
« + ' RN v, . -
L i SR e o - il = Lo S p e ’., A

N
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e g-c. A b , " - ey SR
4 ’ v TN R o .- vk v W -
R polymer&zatlon of‘MMA the polymef1zat10n reactlon shows gel fﬁﬁ“
- effectsat conver51§% as low as® 0 per cent (Od1an(19&1))
LT ~ : ﬂn. s r - . = s . g,

. The pteSence of. solvent ;zatmom'}mxxture».»‘ “\

~reduces the V1sc051ty fsif' ‘d:g_"37 ARy postpones. the' -
buti . S o A 1 . S R .
6« "

f experlments were conducted to study the . _:Q.

jfgétfof‘;n1t1al inltlator concentrat1on on. the"course‘ of . -+

| ."V_Tﬁbﬁ rl%evels iﬁlofﬁf,1n1t1al;: initiator- : |
’eohCEﬂtratlonﬂ(O 05 and 0 *dA mol/L) and“.thrée eleveié dfiyf if
;;:; é;mpéretu:es (65 C 70 Coéﬁd‘75 éSﬁWéfe'é%éi5§;d\t0 generate N
Vi PR LT L T .
the neoeésary experlmentar data..FlguréB 4 4 tO 4. 6 ShOW thea: ®
‘4% *effect‘ oﬁ 1ntreasi;g tte 1n1t1al 1n{t;a€or concentratlon on o
::af’the cohwers;on t1ﬁe h1etor;es.ﬁ t has been establlshed that
¥J $ the polf;erlzetadn rate {1e ’dlrectlyt broportionai to the B &
' 1.;;quate‘§oot of*;nrtaator cono%hfretlon (Odlah(1983))$ Hence
56. ;éoing\ 1pitxatot:qoﬁcedt;att;u Ehould dnc;eese.the rate
érlFr"pqumenliatlon. Th;é oan ‘be’ olearly obserVEd in F;gures'ii$éﬁ
S Vo T3 T o
>, g, ""Als‘o Flgures ’4;4“ 40 4:.6: show the /effect -of ; -'i_hit,i‘ator
EAéoﬁlentratlo& on,’ the"development.,bf; numbert average and }
ﬁ;tfiyelghx‘a;erage molecular -welghts,' respect}vely“\SackS .Qt*{ S
) a; 119739 eproved‘*fthet "iﬁ i,conventlonal free tadlear* ' ﬁw
QQA:a‘pqumerizatlons tqwtng place at .denétant tempetatu}e:‘ t?é ;t
5 1deta;ﬁ%neous. vaiue Qf. number‘pVéééqe mOLéCU1ar Welght Of :
3 e - N ' ‘
tif : the poLymer'ggodu;ed wovld decrease* dur1ng thé course of
." ‘:«‘\V_,»,. fﬁ;" £ \'_JJ 4\’;,~,h‘":' S T . o ‘ .
1f R ! e »Aﬁ L e ‘x ) - )
: PR ; O PR . '
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z(Odian(1981)). ~ Hence with increase - ¢ in, initiator
‘ . . St . . *

4

o~

\ .
f
I '(.. / 88
. ,
| \
b
»

polymerization, .when transfer to monomer and solvent do not .

control molecular weighﬁ. The samevtrend would‘ be observed

by the weight average mdgecular wexght. Also, the kinetic’

-

chain led@th‘ and hence degree of polymer1zat1on. 'is shown ,

to be 1nversely proportional to the initiator concentratxon

v

cOncentratlon, the number average as well as weight average .

molecular welghts should decrease. We observe -in FlgUres 4.4

“ PR

to’ 4.6 that -w1th 1hcrease in 1n1t1ator contentratxon, the

A

numpber and ,weight average molecular wexghts-- decrease.

£

Similar exper1mental~ results for number and welght average

+

molecular weights have _been reported by Chen and Huang(1981)

‘for the solut1on polymerization of skyrene in a batch~

. a 'd

reactor.
A maste# plot ;s drawn by plottlng convers1on versus:~

(VIO t for d1fferent temperatures as shown in F1gures 4.4 to

‘l

4.6. Slnce the data points  for dlfferent initiater

rd

polymerization~'ie‘fprooortional “to the square ‘root .of the
g b . . - N .‘.‘. -.

S N C . 2’
initiator concefitration.
. » ’

-
-~ L, - . . .o . - .
Kd - . . - - . 4

4.5 Effect of Temperature - .d.i' S o, T

A number of experlments have been conducted ln order to

,&

-

.

‘ . v . e
~concentrations < coincide, we ‘can’ 1nfer that " .the. rate -

study 'the. éffect of temperature on dlfferent var1ables of -

“the polymerrzatlon pr0cess. The effect of temperature on the

LR

rate of polymerlzat1on is. shown in F1gures 4,7 and- 4 8.

*

\k . . - -
N
.

»e,
<

_can be }observed_ from‘ these _flgyres ,that‘”the; rate of
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’ polymerlzatlon 1ncreases w1th 1ncrease>1n temperature.

i The effect of temperature on the rate of polymerlzatlon
is. determlned by the value of actlvatlon energy for the rate
— of polymerlzatlon. The actlvatlon energy‘for,the rate of
'.polymerlzatlon can be derlved .88’ (Ep+Ed/2 E /2) ‘whered Ep,
'Ed, and Et _are, activation energies ,for‘ propagatlon,
dlssoc1atlon and termination reactlons, respectively.7 The
';Ep, Ed and ‘B, values for, MMA polymerlzatlon are 9600 33700,
1000 ‘cal/mol,' respectlvely From_ these,A values, the

act1vat10nivenergY' for rate of polymerlzatlon is calculatedv'

Sy

‘as 25, 500 cal/mol Hence, it is clear that the rate S of”
»polymerlzatlon W1ll ‘increase w1th temperature Thls can be_u
‘ »obserVed in Flgures 4 7 and 4.8. ,
gjéo o They effect of temperature on number average and we1ght
| average molecular welghts is also abown in Figures '4.7 and
4.8. Od1an(1981) ‘has .shown that eXCept for photochemlcaldg
polymer1zatlons where the degree of polymerlzat:on.lncreases
“with temperature, ‘.in all other ases the: degree"Of
polymerlzatlon' and hence the molecular weight averages
~ should decrease with 1ncrease ln temperature _hla decrease
in number and weight average'molecular,we1ght‘can be:clearlyv
observed in Figures-4.7dand 4.8.. . o o o )
| These experlmental results establish ' that 'lnitiato;
concentratlon. and temperature 51gn1f1cantly affect the rate
of polymerizatlon, number' and welght average molecular

weights These 'two variables can. be employed to control

conver51on and moecular welght averages Open loop control



92

p011c1es u51ng 1n1t1ator concentrat1on “and temperature ‘as

control varlables are developed in chapter 51x.‘

R : VN
iNEg -

4 6 Analy51s of Vlscos1ty Data'

'In‘ chapter three the method ofwmeasurlng v1scosrty
on-llne‘ us;ng an. 1ndustr1al v1scometer was descrlbed.
_fbﬁscosityg.values were measured at various temperatures and
‘y1n1t1ator : concentratlons. dur1ng.‘l the ~ courSe .-of

polymerlzatlon. Flgures 4, 9 to 4,11 present ‘the exper1mental‘
4 L Y e Y

values of thea‘v1sc051ty ﬁof -the' polymerlzatlon reactlon
‘mlxture. From these flgures it can be clearly observed that
at the same- convers1on and temperature, the VlSCOSlty values
are less for the experlments whlch employed hlgher 1n1t1ator
-concentratlon It ‘has been explalned (see sectlon 4.4) that
at hlgher 1n1t1ator concentratlons, 1ower molecular welght
: polymers are produced Hence the effect of molecular erlghty/

- on the VlSCOSlty is clear&y 1nd1cated in, these flgures.' /o

' Vlsco51ty is. a functlon Yof many varlables.: Though
mathematlcal“ equations .'have , been- developed relating
molecular we1ght for dllute solut1ons of the ipolymer,’ for
concentrated » solutlonse ‘such "relatlons are ‘;lacking

.(Rodr1guez(1982))

Jo(1975) developed ‘a 'semiempirical model to,estimate.,

.

the welght average molecular welght of the polymer from ‘the -

measurement of v1sc051ty durlng the course of
polymerlzatlon. Slnce all the experlments were conducted at

a conhstant temperature, they dld not take 1nto account the

[
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\‘ The flrst andxthe 51mpler”
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correlatloh @uggested b? Spencer and

ver51on

w'a S

W1ll1ams(

o .

L e ,
LS n = A hexp[ fow,E)(~—r—* £x CVT'001MW + D)]

baSed on v

19‘4‘7) o .

3 m1xture lﬁ solut1on polymerazatlom oi vxnylacetatewl:;é_fj4
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" var1at1on of viscos1ty W1th temperature 1n theqr model coa
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s . 3 P . i
K ,}1,' Recently Hamer(1983) developed two types “of
9 ; | R ‘M
correlat10ns to estlmate xv15c051ty 'of the polymevlzatlon
RN e v * [T T ¥
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g ‘, ~ e\.,\ SRT, 20 v . . fi’ .
4 SRS e T Lo
ot F(%y3E) = RX, -E ,” '\\w’__fxy‘z_ 4B ¢ e L
. SN T 5 ‘ e .
' . ! = ?XYZ.;E ,'& . ‘ b\xy‘ _<.4E"" ’ ‘._.-.“‘«‘\’ - y»r (
’ where tg; is the welght fractlon ofhﬁoifmér {h*ébluﬁron;;ﬁ;‘j
B C D .and E vdrev cen;tahts. ,Equatlons df' this Eorh;u
although dlfflcult tp support theoretlcélly were found to be
useful %or‘ f1tt1ng ’ear1y~' experlmental results f W1th
reonCentrated_ polymer solutlons.;“(Bkorxﬂ]940),.errﬁj, et
“al. (1951)) - | _ s - .
. _The, seéénd v1sco§1ty'correlat10n was based oh the free
vvolume concepts and chaln entangkemeut theordes dlstuseed in -
3 detall 'bYﬁiT' Berry' and Box(1968) Graessly(1974)

i‘g’iaé )

#

'*Ferry(1980) We w111 .‘not deal ath"the detalls: of )
mathematlcal ~derlvatlon here as our a1m in thlS study is, ‘to,
‘1 develop ehpqucab reiatlonsh1os‘that can oe used of bbta1n i
| moiecular welght values from measurements of v1sc051ty e



Since @in thls 'study the objecti egis\to est1mate the
molecular we1ght from‘ the measurement.}et'.v1scoslt;,ﬂ the -
empxrlcal 'correlat;on(Equatlon gé;f3§ff:sed by Jo(1975) was
medif1ed to take acccunt of the vaflatlonr f‘V1SCOSlty' Wlth

| temperature.»The followlng correlatlon wasZused “;;{‘ )

-

n:estlmated from the Equation 4e2 Erom these results ~1t ~can~."

CORMGL o (ee2)

.whéré*'n, T x and M. areﬁyistsrfﬁf'temperature,;cohvebsioan .

e v R

and._number average mb;eqularﬁ.welght ,respectlvely.\.ffhek”;

~ . . " S

parameters 'a,,rvagg:,agjband Ba,: must be“estlmated from the
[ “’f,..':. :'i:'.h"_._’ : i ~ . )

¥ s . . N

N PR ‘«

” EO M S A S

experlmental data‘ 5:.5?" L ARRR IR ; . R

v V15cos1ty Vvalues' obtalned from sux experlments were

.
’ BN

emplrlcal equatlonygi'fm

. F}gure 4 12 ; shows #*the ; comparlson between

-

vy K

-experlmentally measured v1sc051ty and the v1sc051ty values

]

be observed that the moﬁel predlcts the v1sc051ty reasonably

& . ".\/

well The correlatlon Is reasqnably gobd at least in. the low }_;A'

N

- (S e N el o

v1sco$1ty reglon. Equatlon (4“2) can be rearranged to get M

from the measurement of. VLSCOSlty as'5‘?wfia5
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q.The experlmental M values and ehe M, values predlcted ‘from

(welght of - the~\polymer ‘cafi., be!'determined on llne.:froml

‘[ B

¥

A7

‘»Wlth better “accuracy ‘over ‘the whole vrsc051ty range.

" & 0 LG

= From these re5ults it can‘ bk deduced that‘ molecular

K

Equatron (4 3) are plotted 1n FLgure g,13:" From thlS {ﬁlgure~

; w T "~

I

it .Cana_be 6bserved that M, is predacted well at hlgh

"": roe
v1scosrty solutlons,‘whereas conS1denable d}screpancy exlsts

N . ? B
7 N - IR .

'at molecular welghts predlcted for, low v1sc051ty solutxons.

+ i . K3

-

2 o e o

[ -

ot 4 L

-

measurement of v1sc051ty,’~conver51on énd‘ temperature. We

> A

—t—

‘have obServed that the. M, 1s estlmated w1th better accuracy

N JooT B4 ,‘ W
at kigher v1sc051ty values whereas; “in d;lute ‘solutions
- . ' “u ¥ T L
having lower v1sc051ty~ the : estimation of M, is. poaf :and

¢

) Ay
- Y - . a

unnellable-- i . e PERR S L

- - e
~ o~ . . . * . -

~ . Our analy51s of viscosjty data'is not exhaustive angd -

PO ". . AR
. ,‘ ' N ‘ 3 Lo ) . 4
éomplete by 'any means. We trled various - forms - of
sem1 emplrlcal functaons I.to f est;mate ' number 'average

- N 0

molecular welght from Vlsc051by measurement. waever, none:

4 - y

M 1

PR

. @
L > LS

Perhaps, applicatlon of free volume theory to the v1sc051ty

data could have prov1ded bette - estimates 'of’ molecular

;- . . . . .
i . -

welght. ~ T S e _vf

[ ~

I't should be po1nted out here thatrthe cdntrol»'action

is not"wcompletely-'dependeﬂt_ on_&the molecular "weight

of »them couId estlmate the number average moleCular welght -

K3

-

e S
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estlmated from the! vistosity measuréhent. These estinlates
l

could be updated when the molecular welght averagds _become

",'nu--.. -

avallable from SEC measurement This combined viscosity and

P .

SEC measurements of molecuIar we1ght averages could provide

better control of the polymerlaatron reactor. As an
alternatlve recently 1ntroduced Bondagel columns ‘by_ Water’ i

Associates are able to periorm SEC analy51s of polymer in
about 5 minutes. With these columns, -on—l1ne molecularh

;weight determination Using skc has become poss1ble in very‘

short -analysis time. - ' S
- ) et : ° ) s ] o

v
R

4 7 Torque Measurements . . ~ v

Flgure 4.14 shows. ‘thé tqrque measurement obtalned u51ng '_.

L3N
v ¢.

the experlmental reactaqr system. The torque exerted\bn the

PU

st1rrer by the polymerlzat1on mlxture 1ncreases 'durlng the'

3.

7

course pf polymerlzatlon The torque measurements were done

‘_:- - - - s
£ -

_w1th 'an 1ntent1on(_that thay would \pnOVLée add1t1onal
o WS . "

“‘meashrements to est1mate v1scq51ty and therefore zndlrectly )

et
' - .
. + ‘.
¢ ..

the average molecular welghts. However- these» measmrements

2

« - . <

turned out to be unrellable because of the fract1on at the

bearlng 51te of the stlrrer._Hence these measurements- were ~

' .
~ t - g . . PN ,"»
* - . B -

.-not analyzed to‘estlmate the\molecular welghts.= 7-;iujtj' et

- - . - . [
L a < - e s -
P . ) . . « B b PR “ . .4 P Sl o

. S e R, - v 0

4.8, Conclusions .. - . L0 e e e
. . . B ‘.’ + - .. L — “’ ! "
. . . -

4 . s

'«thls chapter exten51ve.exper1mental data bbtalned

\-,\, Wt 3 - Y

u51ng the reactor have been presented\ ‘Thée analy51s 'Of the

- -
RIS

data- revealed “that 1n1t1ator concentrataon and temperature

e - '., ‘

v - . v, - -

e o
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-of the reaction qonsi@efably affect the rate of

.

poiymérization and the numﬁémx gverage And weight average
molecular we1ghts» of . the - po&ymer' Uﬂiprmed dufing
polymerlzatlon. Hence these two varlab1Qﬁ, temperature and
initiator conceﬁtrétion, C be employed as man1pulated

variables to éontrol monomeg convers;on and molegular weight

w “h

averages in the pblymerlzatlon ‘Feaction. The‘ analysis of

viscosxty data shOWed” that- at a hidher viscosity of the

: . . . \ . .
polymerization mixture, the M, valuqs—\age Predicted well

. . '—“_."‘ N RN . . . .
whereas ' consxderable dlscrepaocy .exist- in M, values

predlcted in d1lute solutlons of the '“blymef,b“ﬁwhere

-

v1sc051ty is also low‘ The experlments on reprodUC1b111ty of

§ o~ -

the results showed that converslon and moleCUlar Awelght

averages ate ¢reprqduced well when ‘identical exper1menta1f§_

conditions “ate ma1nta1ned Th1s' lends-’credib111ty tof*t”e

- x‘_ , C e

N

‘~1nstruments and measurement technlques used. ¥n thls study

” L] i -a
e

'\

L
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5. MODELING AND PARAMETER ESTIMATION

s.i Introduction
.

A reliable mathematical model of the polymerization
process is required in ‘order to calculate  the optimai
control policies that will improvg the performance of the"
batch reactor. Free radical pqumerization of vinyl monomers
is. a well studied pfpcess and a description“ﬂof the
elementary chemical reactions occurring in the process is
readily available 1in most standéfd‘ texts on polymer

chemistry (0dian(1981)).  The more fundamental properties,

often of importance to the chemical engineer, such as

< conversion and molecular weight distribution are the result
"of elementary ‘'reactions occurring in the polymerization

“proceSs and their relative rates. By, developing a

mathematical model of the process from these elementary.
reactions;, it is possiBle to find the effect of control
variables such ‘as temperature and initiator concentration on

monome r conversion and molecular weight distributibn(Mwb)
ddzfng'gke coursémog polymerization. » . ¢

‘f\‘Inf'the past, a nquer of invesfigatorsAhgve reported a
t ':oﬁ models to describe the free radical
polymgrfzékion of methylmethacrylate(MMA)‘ in  a batcﬂ

reactor. Matheson et al.(1949) measured the average life

rime_ of PMMA radicals as a function of temperature in

o

phibtosengitized polymerization of  liquid monomer. By

comb;nfhg the1r7wexperimental results Qith,those of Schulz

——

Lo

.

104 B ’
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and Blaschke(1942)‘ﬁ‘and' Schulzh and Harborth(1947) " they
‘obtalned the rate constants tor propagatlon termlnatlon ‘and’
ftransfer to monomer for conver51ons up to 10 percent : They
ﬁ':attrlbuted the accelerated polymerlzatlon rate occurrlng in
the lat%ﬁr stages of the ‘reaction'fto l' ’decrease in " the
termlnatlon rate constantﬂi o o ddl

: Nand1(1957) Ferlngton and Tobolsky(1957) have reported -
experlmental results that were obtalned w1th a wide yarlety
of 1n1t1ators under dlfferent 1sotherma1 cond1t1ons for bulk -
polymerlzatlon of MMA. U51ng thelr experlmemtal results they
ycalculated the rate constant for cha1n transfer utoi monomer-
and the\ratlo kp/Vkt where kp and k. are the rate constantsv
" for propagatlon and termlnatlon: reactlons,__respectively;h.
The;r results_‘yere"inw good aqreementgwith therresolts er
‘Mathesonoet}al.(1949) :xs_c f,tf“'t‘l‘ '; o d, .

'Hayden_:and Melv1lle(1960) measured ;he”’ianeasé'in,J
temperature in an adlabatﬁc polymerlzatlon reactor aS" a
‘ functlon of_ time and reported that after about 10 percent
conversion the polymerlzatlon rate and the llfe tlme of the

¢

polymer ',radlcal " chains fA1ncreased . Thls 'fncrease was
attrlbuted to the 1ncrea51ng visc051ty‘l of *theA reactionvf
- mixture resultlng in-a decrease of the COlllSlOﬂ rate of thei

.grOW1ng‘.rad1cals; They.-found »%hat beyond o 40 percent
 conversion,  the actiyation' energy for:’ the propagatlon
reaction also increased thile thew‘correSpondlng- velocity
coefficient - decre§§edb due bto “the monomer addltlon step

begoming diffusion COntrolied. Paul et ‘l (1973) ~also



;developed'in_the following sections.
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-y

observed a similar decrease in 'the propagation’ rate

constant. |
Balke(1972)';inyestigated' the bulk ‘free radical
polyme(BZatlon of MMA to high- cOnversions',‘Using ‘size

exclus1on chromatography (SEC) ~and grav1metr1c analysis he

followed" changesv“in‘ ‘the -~ MWD and conversion . during

7

polymerization and developed a mathematical model for this.

process

Mahabad1 and Meyerhoff(1979) proposed a new”‘model' to

estlmate’ the rate constant for prlmary rad1cal term1nat1on

u51ng ‘the radical llfe time, the rate of polymerlzatlon and

e

the. rate of 1n1t1at10n By applylng thls model to hlgh

conver51on polymerlzatlon experlmental data, they showed the

dependence of conver51on on term1nat1on and 1n1t1at10n rate‘

"constants S R "if'_ [

Schmldt and Ray(1981) developed a mathemat1ca1 model to‘

3

describe the‘ free vradlcal solutlon polymerlzatlon of

methylmethacrylate 'in’ a . CSTR ~ They 1 also developed L»

expre551ons to. account for the gel effect based on the . free

',volume correlatlon of Ross and Laurence(1976)

A mathematlcaly'model to describe the free- radical
solution polymerization ~of MMA in a batch reactor 1s

-
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5 2 Descrlptlon of the Reactlon Mechan1sm

A general descrlptlon of the chemlcal reactlons taklng.3‘

place durlng the free raalcal solutlon polyﬁerlzatlon of MMA

'1n1t1ated by benzoylperox1ne is- as fOllowS'; { - “\.A
“Initiator Deédnpeéltinnrxﬂ“'
: : T ; R '
'AInlt?atiénzl‘ o ;, o - e -ff B »ﬂl'%v,‘
Ry *+ M B _, k T | ‘."Rff L K
T e e T
—?‘rO_pag@tion: - S e - \
' I.R‘, +‘M o kp : - Rx 1 * \
’.,_Trensfer to Monomer.‘ _ v ; “ i ;_;
R e | k.m v .. \ px‘:.;.i"R‘ ‘ . _. \
‘Tfansﬁerlgg SOlVent::“" R A B
i;prninatienfél ﬁiéproportionation:‘ t«" |
. Rx + R, kvtldi.- L Px + P, ' e
.Terninétidn QX.Cemninégion}'v | | " »

where. I diﬂgﬁﬁs the initiator ﬁolecules;-thfythe “initiator

radlcals, Ry’ and R, denote the ‘live radicals dfecnainv_

lengths X and y respectlvely. M is the monomerv and P, 'énd;

P, represent _the dead polymer of chaln length X and y

5 -

oy

Qrespectively. kg, ki, kp, km, kK., ktd, and kACare theJ'rate,
constants  for ~ initiator dlssoc1at10n o 1n1t1at1on,

propagation, transfer to 'monomer, transfer .tb~ solvent



108

‘termdnation‘ by dlsproportlonatlon ‘and 'terminationff by
comb1nat10n respectgvely ‘_7 Y )

1 i R S ) . . .
R Us1ng»the -above k1net1c,-scheme, 'general populatiOn

../.v‘ i

- balance equatlons that descrlbe the t1me varlathn of the

: concentratlon of dlfferent spec1es in’ the batch reactor can

’

be wr1tten. To 51mpllfy the mathematlcal formulatlon of theh‘

£

problem the followxgﬁ assumpt1ons are made.-j37

< Aall the reactlons are 1rrever51ble and elementary.-.
2. Reactlon rate constants are 1ndependent of" cha1n length

U 3._1Reactor contents are perfectly mlxed and there ‘arev no
temperature~grad1ents 1n the reactor,f;ﬂ : ‘;w_f‘

These assumptlons are common and are well documented in

—

the . llterature oﬁ»‘ the/« modellng .ofh" free'__radlcal'

polymerlzatlon react1ons. Although chain transfer to monomer

~ s

-and’ solvent .are usually’ neglected in md%t other modellng R

studles reported 1n the llterature,; they 'e; 1ncluded inf

~

‘ thlS model development -
I RN =t : : ’ . } : ‘. e

The volume of the react1on mlxture decreaSes durlng theﬁ

course of pblymerlzatlon due to the 1ncrease in the den51ty.'

©

of the react1on mlxture as the result of . monomer conver51on

to polymer. Thls VOlume change,_js accounted for 1n thef»

Y

model1ng of the batch reactor. By assumlng that the’ reactlon"L

'ivolume varles llnearly w1th the monomer convers1og7 the'

T . . e R
. N G

volume of the react1on mlxture, at a convfr51on, X, can_;,l

. < a8
be’ expressed as:

1



Y

vV

“*6’0 B R (5 ..
where Vo 1s the'volume of the reactlon m1xture at conver51on

- :X 0 and eliiét the fractlonal volume change at*x 100% The

-

monomer converslon X is. deflned as""

. From Equatlons (5 15 and (5. 2) itfoan'he easily Shown'that;]xﬂ

S R

wf‘xa(Mqvo - Mv)/ Mbvgk,f C e fn7b-(5,2)*'j‘°‘

the change 1n the. reactlon volume 1s related to the ’monomet'

v e
St

~

?“convepglon;bytkf”

V@b emeltdt Mg +eM dt
'5~Thei;§eneralf1equatiod;‘ﬁo:: the »species}h i,‘ in the;hateh,f

s s

* _reactor can be written as:. ’ v L

1o an, 1 alcw)  dc, toCy i av

LVCodt o v -{dtrnl Sdar .oV dat

Comb1n1ng Equatlons(S 3) and (5 4) we obtaln.

~ ”».

ac, c..“'dv E e o
L AR | : (5.5)
a0 v dt - .

,jwhere'N represents the number of moles of the species,. i,

5,in"theg reactor, >C} the . concentratlon, and 'R, denotes the~”

i

-



rate of appearance' (dlsappearance) of spec1es,-'.:iﬁ‘the
: ) / . P ) R

foildwing: sec;;on,, the mass balance equatlons Ebr'fthej‘

dfﬁférent"ébeciee, 1n the reactbr are: derlved d;rectly frem e

% Equation{5.5). + L o :,¢_ Tt ,T%mﬂ- S
l " » \ H ] e _" 3 .V \ . o . A‘-v - L . " » i ‘ o ] ) .~_ ' ‘
. S - - ‘ PO -‘ s RN ; 1 .

5 3 Der1vat1on of the ModeL Equatxons ,‘ﬁ? - ,— ; Sl

o Accordlng to the above klnetlc scheme,.the mass balance.

equatlens, for; 1n1t1ator, _monpmer, 11ve macrorad1ca1§ and '
‘ - [T : SN , v
dead polymer chalns are expressed asv' S ﬂ'qrﬁf“- T

e . . R ~ - . N
o ~ . ) - . PO & e . L

Car/ac = ckel S (B/v)dav/ee)ny -t T R GNP

am/ar = K MRo = (kptKaM,L Ry - (M/V) dV/dt)~ B e

S o A R -
A & . . . / . . D ",n‘ - v R M
: .. .- > " s X .
T . = : D EE - L .
. T . B - L . o . " L < . a S )
i - . . : e o VT PR : . L
- A . Co g e 4 3Y - . oo - . = P : AT
oo R D ) x_ L »4.,, : ,"* . s : .
. L e T (S T P u' "'_, vt T, “
» e . g -

T a;;.,'/dt:‘ ék'i-MRgﬁk'p¥R1 k. Bf.ZR +(k S+k M_) ZR S e

' T, - ¥ P
i =Ry V) (dV.'/'dtv_? e e T BB T
‘/J o D oss - ‘:’ . L ¥ ,\' ‘.'u ) ; '.." . : .';\ -;, 1 T ~A
' . . . ) . L “‘;F s (, v, .7‘: _J\“ . "
B B N S x " 1Ly TN e
dR,/dt = ‘kpMRx*kpMR;gw tkmM+k 5)"*." * Rs I Ry o Te
- L . BRENSORANE . L Yy=1., A "
. : R B e g L
s " ' ,:7;-' “ N o :.. ) e : :, oy RN . } g “x \" :‘
- . . PR A AR T 1‘1‘{,' Lo \’ L . PR, N & o
= (R V) (@SR T T Lo (5.9) 7
. : - ] L .4:1 o : - ",- ‘ ) W, L 'L" 'L’ .
: Wt ' : xm 1)
.. dPk/dt '=](krs+k,,,'m)R‘ k3 k“R E Ry (k‘ic /25 Z R Rx-y :
- ~ .(\ . - . “ ‘. . . gy = 1 .. N ,‘ ) E | :
e r—<fpx'/y)(av/dt)‘ s =_“_i-'(»5‘.10’)‘\‘-‘—-‘\};_-

_{q;the above equatlons k‘ is the sum oﬁ k;g  and k,c.'ﬂe
Thé .last . two :equatrgns represent an 1nf1n1te number of -
" S ) - - . . ’ ' ’ B ’ S ., ~ v - ‘(,‘. v : s R kN v

. T . e IR . . . .
3 v R o : :
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. . " & i; ' A - g \ ' e ‘ - ..
. o . 3 - i : v ,\‘“'.“’ i Yir y : (RIS et ‘.”_
oo i ' : SRR IORTAE SRR R A S
'“;difiereﬁfidlnfedbatioﬁﬁ 51nce 'x can vary mathematLCally*from Lo
-Qsto"m Therefore. the :above de5cr1ptlon\,of fhe ;process .. <
. ‘ ‘- - | ‘ Y
results .in' a~model w1th an 1nf1hpte number of dafferentlal -
equatlons. To reduoe the order of %he mathemat;Cal model‘ we r ¥
- £ A . . & .- g
% SR D - S -, - \‘ . \“
1ntroduce thep* mOment ~ lof, ;gpe llve' and dead polymer. o
IR AN “_ ’ ‘. . L T . e e ~ .
d 1 St r l bUt 1‘0“ S .- - ? T, ” ‘V-l & I - N y . " "'\; LS \JP
should be poznted iout N
. '. s 'I “ - . A ' ’ '
1nstantaneous molecular welght (Hamaele_(-976)) could also
be 'used N
This method glves the -molecular we;ght 7* e
a&dltlon :
of'*t,he dead polymer\. R ,,«'_ \ SRR : B ’
,’“« B e Mf’ e o b - e
f.,f Deflne the k th momenb ef the live‘radlcals as: . i
) \;" ! . ' e : r B for ! ;,.
. S o T T -
2 3 ;f?‘ '1 . B " ST - ‘ ’ ’ ’ - N -, K N o -
- R . I - sz e
1 Yo d o ‘ " 4
° ‘ - R .‘. . AU
. ~ . - -~
and the k“th moment ‘ofthe dead polymer species as - “
= r, . . . - : . L T E ! : . ’l
~ v " ol . ! - c, h . _. )
P S T AT ' ' ” L
AN "\., . o S T . ‘..: PO ST " o "
SR TR A0 LT - P oo T, ks12) ] ‘
BN Ll = - \ P T . v £ . . '
;Q.,=?,'- /- ‘-, 1 ‘ . R ;« Y . B i
f ﬁ?‘ . "\ - :{: ”/ N . - .r" ‘ ',-? ' ! ; -~ A ' l
_From Equatlons (5. 6)-( 10} we can eas1ly obtaln equatlons e
. " "; ‘,_, - N ©
for the leadlng moments. of ihe llve anq dead polymer-
dlstrlbutlona C ;f e ’ 2 o
4'_ M ! . o, -\q\k < - ) "; /;, : { > |
' ¥ ' . 4 '»‘ ,r',\ ? . )
RN ) « ’\.‘ . .,‘\ ! 7 R
e L - . w ; .
i N \ . ' . .
- \ R S v
‘ ® ! N v :-’ ! T . 3
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B ;»,* R E T TR
- k l' :'\..‘% *1“\'. .xl L * ’;' » h';....' 4. & \. o B s
. : :e. ’ [3 . \“ RS . "1‘\' v r'A“ . \:jr . N
ST N T -
- e e e £ \‘ “. "" -“ . ‘; . d P _’_-‘ -,:F‘ v
‘ dko/dt« = 2fk».,1\ - ks w ‘“~'~()\*0/V)(d\l/dt A, (8.13)
T e e I ‘."A' o jl S ..y"w ’:"' ) N [;‘:,.f‘& o ‘ ' ,"
; ? S ”d7\ /dt -2ka I+kpM>\ a-‘(k S+kmM)()\o“7\',1 ¢.,k‘t'?\‘ol_}\z‘ w ’;.1
ST *(AJ/vrbdvﬁat)*kg ”L,~’” ST 65,18) L
< ’;/ L N B - ‘ ~ N < # T P
:‘; N e q ;k. v: 0y .»w- . _y g N" B 7% . . ’: - —~ N ve ¥ 7 o
5 ¥ dl%/dt kiﬁk&I 2hpMk, + (kpM#kmM+k SLko ;* T
oy ki ; ‘~~‘4 % j‘""” ‘ 'Af - A :
S 1 f(j(mM‘*k«{Sn\? - k. x@xz* (M/V)\(dv/’dt) » (5.15) =
< ',..;L ‘(, . \: . ~ ¥ ! _’_- , r‘x ¢ y‘ B "‘}5: , } /{‘u L ‘ -
} \, w "ﬁ‘ ‘. ~d 3 e v, -
(k, S ok wno + 1‘«§o, PhaENei/20 5w < T 7
T ‘(.Uo/V faWdt) w0 A (5.16)
k3 ’&, "(\ ‘;& :
. ¢ l.{ ~ \_4" LI ..»“,".' . . o
/ o . N R :
(k SHk gy M))\"i"’fk 7\on 1, e
4. M N Air' ; 2».» . \”*:‘ . ‘«\ . ‘_q? . )

: “(An/V)(dV/dt) o g, LT P (saT)y
; , 2 s R A . L
N . N A e ’ “ “:;;,1 - . ’ -
e duz/dt (h, s+k, M)xz koA R ke co7
o ,’b', ' .'.': s ,7 > o ;.‘,‘ - B ¥

L j ;: S —(uz/V)(dV/dt) j}r-; ;wjiﬂAfme' (5 18%
~r3.The ieadlng moments”” o and-*'ﬁl denotef reSpéCtlvely “tHe

vceneentpatlon ef the termlnated polymeﬂ and 'the total amount'yf'
Eef 1 nemer. asspc;ated Qleh.eth termlnated polymeb‘ Theii
; aoﬁeﬂtsn%5‘éhd k,ihaVe a similé{? meanlng éervmtbe férowiﬁgi h
: rad;cei d15tm1butlen.kf o ";l#'f”ili;ﬂ.‘;i.U'Fmee‘q Y
o épom Equat1ons (5. 3), (5 7) ‘and (5 11) r"e _obtaihitéhe
reee oi monomer consumptlon as-. o 7yff B ;
, dM/dt = TkpMA, (Mo %_Mf)/MoT x (5.19{
Iffn\) Equatioﬁ. 1(5;H9)"n-it xisf‘aE§u@edfethe€ ‘eﬁe ‘@Qnomef
i.consumptlon and monomer prdductlon dﬁe fﬁb iniéiatibnv.eha.
;ehein tpansfer to monomer and solvent are negllglble. Thué‘
4 ' * L .
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. ithe’

Tusually made..
4 s

" of

jf,f(qyy)(aV/at)jé%gpxgem=/;na,“'

:

.fromeQUati0n§ (513)_3nd'¢5,7)‘a33

~

S

L, - !
Vo \ ,

et

In order to 51mp11fy the; k1net1c

3
- . ¥ 4

~ 3

«'equati

steady state- approxlmatlon (QSSA) for ”live

{

.production. of radicals is: assumed ‘o

e e RS

1mp11es that the humber ;of_‘radidéls

B pﬁaCQﬁCe’

oo
_raactlons.

volume change,

]
i

"

- N

-
<

U51ng the" QSSA assumptlon the LHS

produ

soof radlcals consumed through tbe termlnatlon r

fthe_ffrét few seconds-of, the - free rad1ca1 p

termé

113

‘rate .equation for.the thange qf3Volume-can be obtained

(5.20)
ons a ‘quasi
‘radicals is

a

Accordrng to thls approxlmatlon the net rate

be - zero.'This-

ced by ~ the

g 1n1t1at10n progess must be approx1mately equal to. the number

eactlons.j In

it 1s found that QSSA 1s usually valld for all butf

olymerlzatlon‘

_in Equat1ons

w

13) (%§?§) gan be ~ get to zero. Further neglect1ng any“

VEEF“‘ / k‘ )

qx, —[2fk 1 (kpM%k M+k S) % ] /

. = x, + (2kpmx /(k S+k M+k x )

T

Substltutlng . Equatlons(S 21)-(5 23)

.

16)-(5 18) we f1nally obta1n°

;the resultlng algebralc equatlons are - solvedd

.to obtaln the moments of the llve polymer dlstrlbutlon

C(s.21)

k;s+kgu+k‘xq>irsm22f;,“

intq.

- (5.23)

,.EQuation%h
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- be expressed as:

- the ‘first;~

) ; L= T
idistributions. L

1
| v
A}

R e - Voo T e
aLL1/dt = (k,s \+ k';M)X1 +'k,i)€oq)\1 k

-

. dllz ,[/\dt CEa
- S
o SN a
‘The tota} monomer .
moménts 6ﬁ g

D1fferent1at1ng

i

Equatlon(S

(kestke'/2)00?

Y BN

LA

A‘o‘

ﬁé dead

27) wmth

A

.

N

\

S

-

N
Ve S
o
~ -
'
-
A
.
IR
“
- -

and

e

(kzs¥kaﬁlﬁi };B;xgiz + km;k‘zp

reSbect

l1ve

jv("s . 2‘6)

consumptlon will be- equal to the sumfof

(5.25) L.
15:25) iy

polymer'

X4

(5.27)

-

rto time and

neglectlng the contr1but1ons of the term X, compared to

~i

we obtaln;' o ;;' BN

I

Cdu,/at = Mo, ( dx/ar)

A

*

(5.28)

TE

'.,7'

From Equations(5.28) and KS.T9)amonomerﬁconvereion,rate‘can :

Lo 4

dX[“;; L kQ(T?ka
’ 2fk 41 -

. " dt '." N . " /k\t l"

v

3 .
> T

The phy51cal and mechanlcal propertles of

~

S

related to"the anumber

molecular welghts ahd these

moments of ‘the dead-polymer dlstrlbuttons as"

averages

B

‘ar€

khe

N

“(5.29) . °

t

related

polymer

to _

are -

-average(M ) ‘and- welght-average(Mw)

the
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v Ma= MH (. +Xy) / (mo * o) - (5.30)
; | ' Lo e L
o ' e
M-‘f":'*'MW‘("“z' * MY/'(u;A MY (5.34) .
b '4“ ", o oy ‘ “E ' - 4 R 2 : -

IS

i'.where Mw 1s the molecular welght of the monomer .. Slnce kk is

1
\negllglble compared to uk, Equatlons(S 30) ‘ahd (5 31L can be .
. A 4 , *
~simplified to the folloy1ng>equat1ons:‘ . ,
| L * . PR ’ . . A . o . i » ]
M, = MW wi/wo = MW(RMG)/wo 7.0 S, (5.32) e
O ; o | - . | - - ‘ )
& B ; ‘ RN a : ‘\ . 3 ;
. Mw = MW u/u, = MW s /ARMg) 7 (5.33)
P - P ' Ca o [ - ) ‘¢
'Fnom Eqnatfon§(5;67, (5.24)' -i5.26)and (5 29) one- .can . .
. . i N

determlne the ;time' varlatlon of 1, X,‘uo amd»mz which'are

) 1n1t1ator concentratlon, monomer‘ conver51on,, zeroth and -

second moment of dead polymer respectlvely J'
’ , " . ) v . s Iy

. It ~ can _Abe . qppre01ated ' that the, : original
‘Equat10ns(5 13)—(5 18L have beén dbn51derably 51mp11f1ed by -
,the 1ntroduct1on.of*the moments and the qua51 steadz‘ state

Aapproxlmatlons. These four nonllnear dlfferentlal equatlons
- r .

now can de5cr1be the solutlon polymerizatlon of MMA in- a

batch reactor. L e - 3 p .
e v

In the development of the above mathemaslcal model it

.~

hasA been assumed that' the regptlon rate dnnstants do not

- vary durlng the cqursé of. 1sothermal polymer1zat10n. However

N -

',‘experlmental results‘repor;ed on free radlcal polymerlzatlon“7

s

~of MMA show the presence of an autoacceleratlon (gel effect)

L
-

T . . | T
in’ “the ‘4‘polymer1zat;on ‘cérate -, as =~ - the reacglon

br o e
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A) m 9

<

¥

"diffusion-controlled, reducingsthe rate of polymetizat1on.t g

T

'proceeds(Odian(198133 'Thls . dramatic jiincrease" of ‘the

iLaurence(1976) Marten and Hamlelec11979))

+
A

a . " . N
A . ' Lo, N . e
M ¥ 3 v , S ) . . o,

0
-

" polymerization éhte is due to the 1ncrease in v1sc051ty ,bq .

. [

the ~reactlon m1xture whlch reduces, the mobllzty of the Iive

¥ - ’

o
macroradlcals and therefore the “ rate- > of termlhatlon P

¥

.reaction. It should be noted that at very hlgh conver51ons

iahove 60%) the propagatlon reactlons may also bedome

\

It .is inportantv to include ‘the «decrease of " the

termlnatlon . reaction due to the gel effect” in the

e ' . ) v
. . .

<,

mathemat;cal model of ‘the’ polymerization reattor. Many =

mathematlcal exprés%iqqs have' been develpped.for the .gel”’
. #

_effect based .on emplrlcal and free volume approaches (Friis

. Vs
- and HamlelEC 1976) o' Drlseoll et ‘al (1979), Ross and

- »
L3
[
~

« Recently Schmidt and Ray(1981) e«tendended-the free

N + i /

:'volume .correlation of Ross and Laurence(4976) “the -

»gel effect present at the condltlons of polymer1zatxon. ngh

B [ ~ 4 -

selution, polymerlzat1on of MMA to predlct the gel\effect as

a furction of monoper oohversion, temperatume ‘and . solvent.

i *r

concentratlon. Ihe gel effect is calculated by assum1ng that\
glass - tran51tlon occurs at a\ “free ‘volume of  0.025

N (e

. S~ —
. .
. ¢

'(Beuche(wgsz)) o Y L

In thls study the gel effect was\1n1t1ally taken -into
\" Ve kst

fcon51deratlon after the free volume c rrelat1on developed by .

?presented in - quure 4 3 show that there 1s ‘no 51gn1f1cant

- ~

. -

»,SOIVent/momomer ratlos and lower convers1ons ‘used 1n th15-~

- ' N N . - ' - N . .‘A r
. - o 4 . [
weoono . N g

R RN A y ' | ) .‘ o 116. « -
‘e - coe Ve N . L

-

-

‘},Schmldt and Ray(1981) : However the exper1mental results L
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study ‘aSsufe negl;g1ble, gef' e;fectf;during théfcourEe of

' .
! x e

polymerlzat1on. o : . ~

oo C . < ) P o . )
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5.4 Parameter .Estimation - "

\

A nonlinear state éﬁace mﬁdel édf the. sgiution
polymerlzatloh of MMA in a'batch reaEtor was deveioped in
sectlon 5. 3 These d1fferent1al equatlons can be solved to

N obtalh ‘the time- variatian of I, M, uo, and M2 durlng the

.

course of polymerlzatlon by spec1fy1ng the numerlcal values

i ‘ - N

of the klneblc parameters of the model. Using the reported""

valdes\of the klnetlc paramete%s by Schmidt and Ray(1981)for

/ -

solutlon polymerlzatron of MMA significant . dlscrepancy

a

~ between the @xperlmental and “model predicted results was

obServeds Since there was congiderable scatter of the values--

~

of ‘the kinetic parametérs reported in the literature, "it was. .”

-

decided to reestimate the parameters of the model using our -

_own experimental data. © - : e v
The parameters that appear in the set of féur nonlinear =

)

-

“'differential equations that represent the reactor model are

ke, kD, Kis, ki, ki, km and f. In the following we will

i . oy

disqus how the numetical values of various parameters of

P
,,// .

"the model were obtained.

’ In MMA polymerization it is generally assumed that -

- * N

termination reaction - Toccurs predomlnantly 7 .-by.’

- \

L

diéﬁroportionatidn mechanism. Howevep~ 7 polydlsper51ty
valueé(Mw/Mn:<1.7f2.Q) obtained in this work suggestlthat

bgth_modes~of termination reactions should be taken -into
N - : ' '
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'
PR

. account. Odian(1981) reported that at 60°C, termination by

+,

combination account for about 40 percent of the total

A& - T N . N
.termination reactions in MMA polymerization.

Whgn?m k.c"has gét ;équal to k,s, the theoretical

4 Y

polxdiéééf;igy values varied from 1.88 upwards, matching the
expetimedtal polydispersity values better. If ‘the

termination by. combination mechanism was neglected tpe

A

- ‘theo;gtical polydispersity values would vary from 2.0

t':; ﬁﬁward;;.However, it should be noted that the contribution

-

\~o£fzhe disproporf?onation mechanism to the total termination

4

-----
R

6

- mechanism.increases with increase in. temperature in °"MMA

-

polymerizatiom (Odian (1981)3. Thi's effect of temperatpre on
the modes of termination reactions was not taken into
account in our parameter estimation'studies.

It is known that not all the initiator radicals

)

produced in the dissociatibn reaction are able to initiate -a
g ‘ : : i . c st
polymer chain because of many side reactions. The injtiator

-efficiency f is defined¢as the fraction of radiéals formed
in the primary sfep ‘of hinitiator ~dissociation which afé
'sucqessfulu in initfating a polymer chain. The values of f
for mdstf>initiators' lie in~ the range of { 0.3-0.8

(Hamieleéc (1976)). In this work a value of 0.5 was chosen

~which is also the value used by other,workers\ (Schmidt and

Ray(1981)). : -
It is noted that the rate\cbnstants for chain ﬁransfef
reactions to monomer and solvent are very ldw,compared to

‘prppagation rate. constant. The numerical values of the chain



cdnstants were taken from Brandrup and' Immergut(1975)- and

are reported 1n Table 5. 1 The k1net1c parameters whlch were

-

estlmated in thls work us1ng the experlmental data are.Akd}.

Kpand K. L el

But the klnetlc terms kp and k, appear :Iﬁ thef model
equatlons in such a way that thelr values can . not be found

>"1nd1v1dually, but only the ratlo. kp /k‘ can} be estlmated
from the experimental data.m'51nce the 1nd1vrdual klnetlc'l
constants are reported in the llterature, we re- adjusted all
bthe bparameters 51multaneously SO that theeexperlmental and
model results match Also we checked that the values of the |,
‘estlmated parameters are 5well w1th1n the . range of values_e
reported in the llterature, . - : :5' : xﬂ) |

»Each r‘krnetlc\ constant consistS"of 1£v§;,§ata@é;éns;'

through theﬂégrhenlus relationship: {‘*'7rlf{v._'

2

where ; A ,,.4. o ~ Ll |
" k; = kinetic constants kd,‘kp, or k,
‘Aj =.Arrhenius'factor‘X; ' Ap , or At
E; = Activation,energy Eq Ep or. Ex:

According to Equation (5. 34J>a total of six. parameters
o - ,//

" consi t1ng of three Arrhen1u5/factors and three actlvatlon

-+

energjes have: to estlmated The above problem reduces to a

stapfard . problem = of estlmatlng , numerlcal values of/A
- ’ ' , s IR S
parameters _1n a system of dlfferentlal equatlons. Numerlcal

A

.

procedures for solv1ng thlS problem have been, reported -in

"
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Table 5Q1 Numer1ca1 values of km and k, Parametersi 5
DR . ~ (Brandrup and Immergut(1975))

Temp ;','é‘x10“( L Cax10%:
°c ~ Cu=k.,/kp.  Cwm=km/kp
60 . .i90 . - .00515 .
0 .567 S
8o .910 - - ~..0240

L3

_,the llterature and are glven below |
b Rosenbrock(1966) vdealt w1thﬂthe problem of estlmatlng”

parameters 1n dlfferentlal equatlons by m1n1m121ng the - sum

. of squares “of errors between 'the'.measured, values ‘and

' computed values of the states He also. gave 'an analytlcalkl
procedure‘ to calculate the cohfidence 1ntervals for the,-‘
‘parameters by l1near121ng the model equatlons o |
Donnelly , and Duon(1970) usedk a qua5111nearlzatlon
'method to.'1dent1fy parameters in systems 'of»y ordlnaryp
Md1fferent1al equatxons vderlved for lchemical.‘engineering=l
.k’problems Hosten(1979) carrled out a 'comparativel,stuth:of
\ﬁishort ‘cut procedures dfor' parameter Vestimationp for“.an
exper1mental catalytic- reactlon system _He reportedfvthatT

Max1mum erellhood treatment is ‘a 1abor10us task requlrlng,-

up to 100 times the computer t1me requ:red by short cut

methods However 51nce short cut est%mates do not possess'a.w

de51rable statlstlcal propertles, 1t is 1mportant,to follow
'up any such procedure w1th rlgorous ‘treatment such as

\Maximum:L1ke11hoodi Recently Wantenbe and Himmelblau( 1983)
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O - o

A el "

'fgexamlned a number ofe aspects of estlmatlng coeffec1ents in’
§k1net1c“models.” They :reported about a’ class of methods in
gwhlch the derlvatlves _inv-the d1fferent1al equatlons 'are:“
sdapproxlmated by a. proper dlfference relatlon to yleld a set
_-:of algebralc equat1ons that can be solved to ,obta1n"va1uesi

gfor the coeff1c1ents

In this work-a finite dlfference' Levenberg Marquardt‘

"method (Becks and Arnold(1977) Bard(1974)) ava1lable in the

| IMSL. lerary (ZXSSQ) has been used in comblnatlon ~with a

-1'parameters.

' routlne (DGEAR IMSL lerary, Gear(1971)) to 1ntegrate the

system of ordlnary dlfferentlal equatlons for estlmatlng the-

< ) . ; u \.‘.

_The idea- behlnd the Levenberg Marquardt .(L-M) method

'flwhich comblnes fthe* Gauss method w1th the steepest descent

.

‘fmethod 1s the follow1ng The steepest descent method often

works well in the 1n1t1al 1terat10ns, but the approach to’

\

'~the m1n1mum becomes progre551ve1y slower. On the other hand

thel Gauss method works ‘well and converges faSt 1n3the‘

. »\ .
nelghbourhood of the. m1n1mum but glves‘ troubles or»jeven'

dlverges when the 1n1t1a1 guesses are away from the minimum,i_,
Th1s L- M method starts as the ste%gﬁst descent method ~and
:progre551vely sw1tches to the Gauss method when the‘mlnlmum

of the \objectlve functlonv:is', reached , thus.f ensurlnge‘

convergence ‘as well as fastness of the algor1thm

' For the parameter estlmatlon of the reactor model hthe'

.dlfferentlal equatlons representlng the batch reactor are

numerlcally integrated :_assumlng ?jan ‘initial set; of

M

ik e i e

okt
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parameters. <ﬁ%5 times“'iV at which ‘measured data 'Qare»

avallabke, fthe computed 'vaiues of itheﬂ_Outppts Yp. are

~ w

compared w1th the measured values of the"outputS"Ymi;ﬁ»An~

errormvector;re( ) at the tlme t. lS formed as- follow5°

et - -

, _ '
" . "'. . :‘.' »‘-‘1}‘:‘ . . 4» Y w3,
SRR ey o= (Y, Ypa ) ST e V(5.35)Jd
B T - S Y A LR
Iff a'ES'the vegtor of the 51x parameters con51st1ng of
the. Arrhenlus factors and actlvatlon energles, then a scalar
functmon' J(a) can be formed by summlng the wnghted squares o
: ? R X e - e . : .'.l,. * '\" - ’ R
- of the errors%as'~-w. - _“?;4 o T
R T AT . . L .
'\t_‘.” - ! % RE I [ s,
s » LA i - A, e v
. - - ‘ _Av. ‘__ L ‘-‘:‘» @ "’f‘ '; ‘ i R . . 6 o . . . ST
PESG s e e 4 - T :
P Jla) =L e;‘we; .~ : _ - _
i= 1 v . R e K § ‘. v. 4. g
PR , T 4 : : »
“where w 1s a 3x3 welghtlng matrlx ‘and n 1s t, ‘tal number
' {.\'; FAd N “-L .m\ -
of tlmes measurements;are made. Note that at‘ each t1me 't
; = ) e _
”:‘three measurements. namely convers&on, number and welght]'
bavefage molecular“Welght are madea"ThisN“ s Va case of a
multlresponse prohiem in contrast to 51ngle response probiemf-
it
rn whlch only 2. 51ngle measurement is made at each tlme. The
functxon_ J(a) 1s m1n1m1zed ‘by-a proper ch01ce of the vector
_,a Lt parameter u51ng the L M. method. , S 4 _
: A 41._ - v. S .» ‘. ) ',v o:
- N Ong_ of he‘ maln« dlfflcultles- involved in' the .least
v,27°“sguares estlmatlon .procedure ~is 'how' to carry loutf"
" Fsuccessfu&ly ﬁhe optlmlzatlon of J(a) for a hlghly nonllneaf~fﬂ
e lmodel Because of the complex nature of the . model solutlons,f"j
S ,;ocal'_optlma ‘can be expected to be encountered hence the
. E ‘ R co ‘ " . i . . 3 _
. . e . . o ' .‘Iv.‘; - Lw 9, ‘ Co ; ; : ""4,'_ ”
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.dch01ce, JQf;‘fhe' 1n1t1al guesses raf,jthe[ parametersg ;s
leportant Slnce ‘the numer1ca1 values of states in the model
'-é??lTQf dlfferent magnltude, a Gear routlne (DGEAR in IMSLf,
ﬁpllbrary) whlch can handle stlft d1fferent1a1 equatlons w1thi.

gpe;%prov151on for automatlc step size anﬂ error control was’

N . . o . » { ‘..~‘

- . . N .
. . . . ~

,,.

The k1net1c" parameters’u reported by Schmﬁdt\Vand o
Ray(1981) Were used as ‘the 1n1t1al values,,51nce 1t'1s known
that. k1net1c parameters ‘that. would be estlmated would not

%dlffer 51gn1f1cantly from these;values.';The data_ obtalned .

s

from- 51x dlfferent exper1ments were used for the purpose of -

P

parameter estlmatlon; Table 5.2 g1ves 'tnej detalls or 'the )
-experlmental cond1t10ns and the number of data points used:§
'~from eacp experlment‘to estlmate the parameters. A total | f'f
o 159 data - p01nts<were used. '; f'f" - o .h"“ S %

. I . v

“+" Since - the 1n1t1al guess of the parameters was good the
S ‘ ' I
program converged falrly qulckly inifive 1terat10ns.,These.

parameter estlmates along w1th ‘the ‘values of {theg k1net1c:‘

-

Vo :
PR o g

constants are llsted in Table 5. 3 coo Lot
.Flgures ‘5. 1 and 5. 2 show the "goodness nfit of »thélfl

v

.,parameters in predlctlng the conversions- timle hlstorles for

,var1ous éx perlmental condltlons..‘The' experlmental p01nts

- -
'

1along W1th thefmodel prealct1ons (solld l1nes) clearly show
e \ \

¥

ithe agreement betweenapredicted values and the’ experlmental

[
‘.

v

waluyes. are qulte good in- all the six experlments.

' Ve

"
o

Flgures 5.3f-and 5.4 'compare, the expe 1?entai vand" o

ffbpredjcted alues of number average molecular welght, It can

?

. R . e N N T v N ~1 . - - Lo -'. . & v
. . B “.‘ ~ T Bt ’ . s N - : .. r ¢ v . - - v - .
e~ ; N e e e - < S et . .
A P ; o ) . . PR L .. ¥ . - < .
PR .« - R - . . . B L. A .
.
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-1 b '~" 'y . « ] " :
t . o ‘ . - : \‘ . “1 o CA
’Table"s.z‘ Experimerital Data used for Paramete;xEstimatioﬁ
.7 Exp - . T :isolvent ,Ia'¢'XA ' My Mw  Total - \
oL .no © °C ., Ratie ~'mol/L L Data -
1 65. 6 08 9. 9 9 21t
'z " 65 6 - .10. 9 9t 9 . 27 S
3 70 "' |6 alE NN 005‘ N 9 i 9" K 9 : 27 T
.4 L .70 7 6. . .10 9 /9 9 w" 27 B
5 S .78 s 06 .05 9 9 g Y27 ST
". © 6 75 7 .6 .10° 8 .78 8 24' -
“C‘fA ‘ ] ~ Total number of data points =159 N : i
e S
o " ) w o= -0 - 1/50000 .. -0 § ST
o a0 - 1/80000 | -7
) : ‘ . .o - : — -" kA v ’
\ ~ "‘"}5
~ . ; " P
. .t ' i
. . N -y
?ablev5;3 Estxmated Valueafof the. K1net1c Paraﬂeters
’ A, = 3.751x10' - E, = 33740
Ap = 1.201x10” : Ep'= 9630, - . ~
: A, = 2, 113x10' , ~ E. = 1014, -
. "_ r'I:yplcal values. of kg, kp and k, at diﬁjereht ” )
LT Temperatures o

I | - ‘k,xwo‘l‘ kD, . kex107®
S (o /s 7, L/mol- s ‘L/mel-s

w -

‘;;:fﬁir“ss}i”Z[;, o490 -, e8r.7 _  .ed8 o
UL 70 o022 . . 84006 -+ 4.750 1 ot
LT T35 . Tla085 . C1030.0 - 4.85% S

“ " SR . : \‘. :‘\ R i - . /-.‘/ - \. N 4 o } o o] ) . ~

- , ’ - g 4 - )

be observed that 'thoughiithé modgl pred1cts -phe numBer'

- averége"moieqplér ;ygight ‘w%}l,’,somg of the expeflmental
_'L - ... . : o N -r. ' ~ “

- . . v
S RS o~ ~ Y o N . -~
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pornts do dlffer from the model resultsq The' accuracy jbf

number average molecular

exclusion: chromatography has been d1scussed earlier,?iﬁfﬁ:

Section 3.4. K measurem

tan be expected g _’ T Lo

b
o

Flgures 5.5 and 5.6 show the comparlson of exper1mental

I~

and predlcted weight average moiecular welghts for various

-

,experlmental condxtlons. A 51m11ar argument. that has' been.

s

advanced w1th respect to number average molecular welght

- \

holds ‘goed since weight average molecular weight has also

been measured\psing SEC.

N

It should be mentioned here that the model prediction

of conversion, number average and weight average molecular
: c
weights considerably improved‘ ‘after the™ parameter
. . s . . . . v
‘estimation. The values of kinetic constants taken fram

literature did not predict the experimental values well.

Therefore the newly estlmated parameter values are used in -

the ‘derivation of optlmal control‘pollc1es in chapter six.

5.5 Conciusiensp | o N

Im this chapter a math;matfcal medel has been.derived
for the free”radicalraclution'poIYmerization of MMA in a
hatch‘*reactor,‘pby 1peingAthe moments of the polymer chains
andvfhe quasi»steaay‘srafe approximationM(QSSA);> the order

'of the model was reduced 51gn1f1cantly ’

‘The- model parameters ‘were estimated from our

_experimental data by using;a nonlinear parameter estimation

T

" ) N
HRTI S - )
» <

t error in the range of 10 perceﬁﬁ]lj~

weight measurements from size .0

a4
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_routine (28SQ IMSL Library) due to Marquardt(1963). It is™
‘found that when the éqtimatgd parameters are used, the model
predicts experimental values of cotiversion, number and

4 #

weight average molecular weights reasonably well.
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L "6, OPEN LOOP CONTROL STUDIES

il

6.1 Introductlon e ; S :‘;vl'i‘

In ' the polymerlzatlon A1ndustry therelf

sucon51derable

economic incent1ve~to developf realﬁ'tlme computer 'control

P ’* am L RN

: p011c1es that Wlll 1ncreaes productlonpand&produce 2. polymer

Fo

w1th de51red f1na1»phy51cal and mecﬁanlcal “propertles "~ As

.

discussed. biﬁ ?.chapter flve i-a\ homopolymer' i malnly 'f‘

..' -

‘iecharactérxzed by the molecuLar welght d}strrbutioh ‘ﬁnd ~"1t,s;f’~

. mean values e gf

..\,rx
r

" molecularfwelghtswn

A

'flnal achemlcal phy51cal and mechanlcai propertles of a

‘";fl \ b

- ’

'a - \.

polymer product Therefore 1f we want to produce ;a polymer

e
;- 4 e

'fw1th spec1f1ed f1na1 propertles,'we must be able to exerc1§e

icontrol of these varlables (M and Mw) durlng the COurse of_

¢ 2T A

polymerlzatlon.‘f; the past most oﬁ the studles on the

-

el e - T

optimal controi of polymerlzatlon reacbors have been 11m1ted "—bf

‘\ a

M v

“to theoretlcal predlctlons of the*opt&mal control pollcqes

eyl _',\‘4 I

“w " e T

~vsuch-as opt1ma1 temperature and optlmalf 1n1t1ator addlthW ';5

v ,"‘ -

”pOllGleS to produce a- polymer w1th de51red flnal conver51on
~and deSLred molecular welght averages.kFew -if'cany studles fol
i3 - o

‘haveu/éported actual 1mplementataon o£ such optlmal pollc1es

Ehd

“vo laboratory scale pblymer1zatlon reactors. Hence there-

. ahf; dbv1ous need to démbnstrate tand :evaluat”‘t oﬁguter o

IR - -

"ulmplementatrph 'of these optrmal control p011c1es ,tou'

Py ) , : .

o laboratory scale reactor." w0 w}“yg<A ) - e

- e S CL s,
é : . ISR ' .



‘tl In th1s chapter we' develop opt1ma1 control p011c1es by
applying state space based control methods to the model of
the batch polymerlzatlon reactor derlved fin, chapter <f1ve;
These pollc1es are 1mplemented on the experlmental batch‘

‘reactor system- and- the results compared w1th the theoret1calk
predlctlons. However in opem loop control of the reacFor nojy
feedback correctlve action is taken should there “be any ";_i

process upsets or dlsturbances entering the system

f; 6. 2 Control of Pelymer1zatlon Reactors |
Compared v“the 'successful appllcatlon of optimalf
; control theory to other chemlcal processesk (dlstillation,
1 evaporator ‘etc ) “there have been only a few sﬁccess%ul;

attempts at the optlmal control of polymerization reactors 

(Klpar1551¢es (1978)) Several valid reasons exlst for thls

lack ofcprogress of appllcatlon Of the _optlmal contfola\fg;

theory to polymerlzat1on reactor systems.
. 4/ o
1. Polymerlzatlon zeactlons are hlghly complex ‘and at least -
untll relatlvely recentlyo1t was dlfflcult wEéi descrlbe

e

Jsuch systems by 1ow order models.

The' formulatlon of a mathematlcal objectlve functlon to w7

optimize the performance of the polymerlzatlon reactors
is ‘not. easy B © )
"3, On-line measurements of 1mportant polymerlzatlon process
‘ , .
Varlables' such as conver51on ahd molecular - we}jht I

-

d1str1but1on _ until  fairly recently{ has not =k
‘ . 2 _ »

-~

v/,aVailable.




6;2 1 Prev1ous wOrk

X v . - L. ~ ; . . P
- ;

-'fk In the past several 1nvestlgators have applled opt1mal

’ .

control theory to polymerlzatlon reactors to determlne fthe”

s ” N

temperature’,and‘ 1n1t1ator‘ add1tion pollc1es that m1n1m1ze;.

the reactlon t1me and produce a polYmer w1th des1red flnal

-

“-molecular welght } dlstr1but10n. uHoffman et al (1964)

developed p011c1es fOr monomer or . 1n1t1ator »addition to a .

] batch polymer1zatlon reactor to produce a polymer prodUct

with desired flnal,conver51on and number average ‘molecular

»

welght'vand at the same t1me hav1ng m1n1mum polydlsper51ty

They - concluded that in polymerlzatlon «reactor systems in

~.

;whlch *gel’ effect ;s absent the narrowest molecular welght,7"

PR A ,
dlstrlhutlon cof the polymer' is.‘ obtalned when_}:the

ND L

",1nstantaneous degree of, polymerlzatlon,‘js malntained

constant throughou% the c0urse of polymerlzatlonﬂhBeste ands L

‘Hall(1966) . extended this study of ‘molecuLarv weléht'\

Y

% o ‘
d1str1but10n -control to the batch polymerlzatlon reactors.’

i hd PR i

‘and determlned addltlon pgllcaes of 1n1t1aQOr and monomer.

>

STy

. ‘In one of the earllest appllcatlons of opt1mal cOntrol
- r}’

,theory ,to“ polymerlzatldn reactors Shatkan(1965) determlned l |

s ,_~ . , 'y«* / \ , N
the” temperature hlstonles tovob;axn a polymer \\th *deSlred

,,9 A ~1‘. v ® / l

flnal convafs ‘1n mlnlmum tlme for the case of an 1deal

‘., w/ ~

'hatch polymerlzﬁtlon reactor 'Accordlng/to this pOllcy, the

emperatuge must be - ralsed at ‘a predetermlned rate until it’

freaches an upper llmlt and ma1nta1ned at thrs . evel ~until

the de51red target set is reached : ~‘.~_§§gf_' S

-3

RN
-
-

N

tow

, .

v



-

1n1t1ator_ concentratlon pollcles ._for ~'a,* Series - of
polymerlzatlgn rgactors h¥, m1n1m121ng a performance 1ndex
- o .

A}

*Qaverage' degree ‘of‘ pplymerlzatlon and polyd1sper51ty from

3\the1r de51red Values,bﬁe apglled a"peak seek1ng method to

":cdmpute the best tempaf” arﬁhd 1n1t1ator cchentratlon 1n
"each tank chks et al. (1969) Formulated a 51m11ar objectlve
. 7 . EX Ty

funct1on“and ~app11ed Pontryag1n s Max1mum Prlnclple ”to-

. x

-

“;optlmlze the performance of as free radrcal polymerlzatlon:

’-reaCUOr- (i)v by controlllng the polymerlzatlon temperature

o “.

T wh;le keeplng a\gpnstant 1n1t1ator concentrat1on, and ,(11)

*

ks *

u51ng both

temperature _and 1n1t1ator concentratlon as
/

‘t

attempt,?proved unsuccessful
due to computatvonal dlfflcultles..‘-*-

'7. Yosh1moto et al (1968) applled the Max1mum Pr1nc1ple to

‘a free redlcal SOlUthﬂ pdlymerlzatlon reactpr to obtaln the‘_ff

deslred average degree of polymerlzat1on and conver51on “in

B
,r-\

m1n1mumv t1me. Thelr"results »arev s1m11ar to, those of
' Shatkan(1965) later 'study Yoshlmoto retl a1'(1971)

L -determ&ned ,optlmal temperature pollcres to obta1n spec1f1ed
. VA ' R

conver51on and average molecular wélght in m1n1mum tlme for .

-the case of a. gpermally 1n1t1ated polymerlzatlon reactor,

-

T Tbey' demonsttated‘ that’ there expsts ’a unlque 1n1t1al

e e

temperatﬂre. and- thermal hlstoxy that permlts to reach the
J ‘\ g B l‘\ [ . ‘.1. 4 . ‘( - K

selected flnal conver51on and average molecular 'welght ,innﬁ

)- +

mrnrmumf tlme:j However -thelr model dld not take account of 5

. . ¥ : : o ,
/ . . . . . 2 ,
AN N N

w o - A . L . .
. = .

SR T . -+ o e 136
S . T

L R K Y S
.Ray(1967) - calculated the optimal ‘temperature and .

'Wthh is’a functlon “of dev1atlons “gf: conversion, number

4

1

vy -

4oL



:'utﬁe;.féeltﬁ*effect Lgsqgéd‘fﬁb§1‘£P¢ﬁ,éing5i§ﬁ"fthroIled:
. ‘termlnatlon react1ohs.‘;,:-]: Afllf;?-i? o ?i:?fflfg},:ffff;
. ??, . Nlehlmura\ et_\.al (1968) aleo appi{éa the »Maxlmum
}f prlnc1ple to an" 1dea1 \{adlcgi- p01ymerlzation--reac{or ir.
\j,obtaln %Qe ootrmal temperature and 1h1t1ator concentratf,

e Y
4 = .,/ *

pol1c1es. They 1mplemented <theSe' pollcles~ to a

A ‘. W

polymerlzatlon.

e
v .

predlctlons. ,‘~‘, r. . ',; o 'k,

J

- emperature and 1n1t1ator feed rate pollc1&5 1n an attempt

d 5 ot . wat
~ ‘ i A

‘ ’to obta1n a desxred moleculat Melght dlstrlbutlon. The near

LN !~~*.-, PR A ,

Ry optlmal ”p011c1es ; were,iArepresented by g¥o4 polynomlal

-

n ..

funq aons of t}me“the c0e££a61ents of. wh;ch«were foun by, ar

-

.'151mplex pattern search technlque (Nelder and Mead(1969 )"

-

. + ~— 3
- - \-v

S Sacks et al (1972) applled the_ Max;mqﬁ Pr1nc1p e - to
| . ' -

detenm1ne temperaturer.and 1n1t1ator polrc1es that m1n mlzé

' v
s . - .

the tlme to obta1n a flmal deSJred_ converszom ,and

B -
e ~ x

T average molecular- uelght. The§ éhowed bhat‘"the optima -

b A e b A

1n;t1ator pollcy 1s one of maxntalnlng. constamt ‘iﬁitiatot

LY Ce

Osakada.‘ and Fan(T970) calculated ":éﬁﬁééﬁtimilu

A

SR concehtratlon throughOUt the- course .of. polymerlzatlon. The

Ny

same authorS\(Sacks et . 61973)) studred *ﬁhe' effect of

P N

_y temperature varlatlons on the molecular Welght dlstrlbutlon

\]

I -

of the polymer. By u51ng the Max1mum' Prlnc1ple. they found

Al -~

/that the temperature pollcy whlch m1n1m1zes the breadth of
- s J A

H/Tu the molecular we19ht dlstrlbutlon - should produce’;a polymer

Cwith - constant 1nstantaneou5/number average molecular welght
L)

Co] - . . -
o ) « . . - « . A o . . .
- . B . ~ . . Ja . .. . *
N . . ) . f LA :
- . . ” . -

«

N

.2

o



EN W ! . - R - * . v - v - .-
i \\.\'*.4-., . :_‘- f:/c_" * .‘; ,v\ :.’-A,"' _;_.‘:l.j ‘ " ,,,'_f_" A','._.,,\r - -‘7‘”’," _»._j_ \‘ e
throughout‘ the%;cuut;e ;:f polymenlzatrOn.,The temperature "
pol;ey whxehvma;xm1zes thehbreaaté ef the ,molecul;; welght “165;§
| e .;requftbng step changes 1n'tem§erature ‘xfit;i
\between ppespec1fred maxlmum.aud mlnluumﬂvalmee.\ hliiig [
;:L¥CEE§;. al (1978 P980 1981)f conaucted ,ai serlesbjbffffffh

e .
(SN

“\studles ‘on. Optlmal‘bontrol problems relatea to free'5rad1cal

t

)

.

<

N

"‘cenver51on ' valueslﬁvthroughbut the course h6f~v the

-

th ,POlYmerlzatlon 'temperature o and the

‘

’4ﬂltlat0r RN

- - Lor '
- '

concentratlon as two control Varlables._They derlved opt;mal I;gV;

-,h PR

-,temperature aﬁd 1n1t1ator,.pbllc1es that are—_requ1red 'd: S

- i ’ N > . Lo s RPN
obtaln lafmpolymer w1th deslred flnal conver51on‘and number Luf;j

TR DR I . . .‘." ~
v B . s N _/ . . . . .
. et oAy

average\ molecular »wergbt ln m1n1mum ‘t1me._ Experlmental

I
2

vkrrflcatlon'_bf thelr *porlcles qu the case Gf solutlon‘ h
polymerlzatuon of styyene 1n a.batdh reactor »revealed bhat R

v“' . ’- . i .

there was good agmeement between experimental and calculated

nood . ,‘-.' S

[

1 , . *

~at —

. Y
e A . R

-~ e
! PRI

polymerlzatxaﬁ react&on. However apprec&able dev1at10ns
R N ] :
- exasted between experlmental and calculated numBer- average~
. ‘ —r\ £ " o S .".("__‘ S

R T R

3nd - WEJth a@erage cha1n lengths.- fuf_y' : »r‘¢ AU S

N B '_t| o

——

Masterson(1977)~and Clough fé;: al (1978) Tapplled the ~giu>1

it

Max1mum. Pr1nc1pler to 'solve the m1n1mum tlme problem for-?‘

. v . v . L7 \

batch polyherrzatlon oﬁ styrene._ They obtazned pfoduct s L‘

'w1th de51red conversnOn, deS1red number average‘and weLght _\'rt

s, \ s
Fo . -

average molecular:-welqht by \controllxng temperature “and R

/
,..h . ¥ . . ~ - R

1nitiator feedrate..'The numerlca} solutlon\ of the above ’; o

AN

p?qblem has'prove\ challeng1ng They usedi‘a baréet setie;;gi

concept Ln the sense that they searghed for f1nal values of e
wf

- ~ - -
o “ .. P -~
. »

o o Ly ; N .
: ."*>‘.v * P S .o~ /-" «\A

Y coe . 4 . sar e - o N "




- . - » T . * o St : k
I ,ﬁ;;;;_j;,“<‘~\ - ‘,_,,_::j,‘A‘%, - LT e '\J". ;_;vy- S
ponver51on,;'number and’welth average moiedular Ve&bhts 1n'i}*i[
fj the““target setﬁ‘whlch satlsfxed the 1q1t1a1 1condlt10ws of - - i{
the state Varlablea. "B"T'\Iil“ : :.3 “ff“f?;\‘if(: fl‘ ;'}*";ﬁ'
. \; wd et’ al (1980) presented a’ graphloal soIdt;on“'fo the | :
L‘T m1n1mum ~mt:,lme —problem of styrene',bolymerizatloh‘ The1r¥;22¥w¢
;‘” pe:ﬁormance 1ndex depende& ohly ‘f'cohversaon.;andq-rumoere.f f;i
’ aVerage.imolecular wemght at the end oi reactlon mpplyrné. hif
i the Maxlmuh Prlaoaple, theyfwere abIe to obtaih ithe“ the ;
g optlmal var1at;on ‘ of’ temoerature.~‘§5th trme“d Thelr“

N theoret1ca1 predlctlons were 1n agreement‘w1th experlmental 'tgf

;. \

v

e meéshremeﬁts‘ of
. molecular welghts.uu". :

Farber(]983)

V‘.;polymenlzatlon of Styrene ia”a

;;4Jbol§merf; thh éealred conver51onl
TY.:varlable:u,QERecently“ Thomas(4981) f and-;3fThomas 'jéajff}f.
‘i, (Klpa{r551des(1984) applleg the optlmal control theory :iaitiv'
U batch Vpolymerlzatlon ‘reactor for MMA t calcuiate~ the

L e .

;fearfoptlmal temperatu’e and 1n1t1ator pol1c1es that

[

u;tﬁffa“ de51red flnal

\requlred oft produce_

y ':" - " : o

E . - .
'conver51on and des&red number' average ~and welght‘ average

e

..»_( 2y

L3

'molecular welghts They numerlcally solved the resultlng

r

two p01nt boundary problem to ‘obta&w Ehe. optlmal control

. ,pol1c1es : by,f1ntroduc1ng '_‘"target concept" wh;ch_:
‘ ,s;gnlflcantly s;mpllfaed the numer1cal;soLut1on.;

ot v -t T - LR
<. “ =~ "__ \{‘ s - - A 'A‘ ~ B



6 3 Statement of the Control Problem 'tfi'lfi#“f”

3

;ﬂw, From h. preV1ous reV1ew of . llterature .on the opt1mal

o ,‘t - » 4 o _’ o R L3130 -

N5,

,
\s EY . N """"' o

i COntroL of batch polymerlzat1on reactors ;t becomes ev1dent

Y,
LR

;that most of the stud1es were dlrected to the der1vat1on df

. R RS ..-_\—' . v
[ ¢ . .

hebretical optlmal control p011c1es u51ng the model of _theb_j'.

;'Jreactorc\and 'only Very few 1mp1emented these pollc1es to an

,
-

e T

ifgtheoretlcal resuIts.. Such -f ver1f1cat1on is§ not only

3jf1mportant but also necessary to successfully close the ande f'-

gap existlnq between ﬂih theory and pract1¢e 1n chem1ca1

uprocess control (Foss and Denn£]976) Athans(Y976)) 1: b

i
\

In the followlng sectlons optlmal control pol1c1es for

-
1

the solutzon polymerlzatlon of MMA ln a‘batch reactor vw1ll

- l

;bef developed USlng the mathematlcal model of the reactor

_ .derlved 1n chapter flve.: 3?‘ \‘;'V Q’HU' }-’ : S s
T p ] . i ) ‘\' « .. ’ [ ! .

. -
a4 N

qgfig;H§3A; varlety .ff optxm;Zation problems c‘n be formulated,a d**

t,.c

for the batch solut1on polymerlzatlon reactor dependlng upon

N

Tyt

~

the 'obgectLve..functlon that has o be mlnlmlzed and the.-f

l v

selectlon of control varlables The reactaon temperature and

. >

‘ygth “.1n1t1ator concentratlon are usually selected as the o

control varlables. These two varlables affect ‘the, rate -of

. B .,

polymerlzatlon and hee molecular Melght\-dlstrlbutlon of
polymer as’ seen 1n chapter four.fﬂi\'f T.ifxvl

f\?he; follow1ng problems have been formulated and solved

batch reactor.

*

p;oblem_l Find the opt1mal 1sothermal temperature,'and_”the

o

:;hactual reactor in an effort to' verlfy \experxmentally ithef“ﬁ;f;



optlmal 1n1t1al 1n1t1ator conqentrat1on to produce a polymer

w1th deslred conver91on and de51red number average molecular

welght in, m1n1mum tlme. - fﬁ __“1 \v,'.g"f T i'il _
LT T s . SR S

. . PN NP ) L v e s 4 S,y
' DTS - - o . R

Problem 12' Flnd the tlme optlmal 1n1t1at0r add1tlon polacy

g for a glven polymerlzatlon temperature to produce a polymer'f

2 molecular welght 1n mlnlmum t;me.

**1n1t1al 1n1t1ator concentrat1on to produce 1a. polymer producrgf-

-3wrth de51red f1nal conver51on and number average molecular'

w1th de51red'conver510n and de51red number average molecular

welght in m1n1mum tlme.Af

Problem 3 Flnd the optlmal temperJKure pol1cy for a.glvenﬁ

\ijlnltlal 1n1t1ator concentratlon to produce a polymer productr-

‘w1th de51red flnal conver51on and de51red number average :

L .
-

i P
Yoo . . St N oot e T oo

Problem 5;» Flnd the optlmal temperature pOllcy for a given'

N

welght ana w1th mlnlmum polydlspers1ty ~

:The_ f1rst/ problem' reduces,_to a statlc opt1m1zat1on

G prOblem. Problems wo “and three ,requhre a’ mxnlmum-*tlme

\’formulatlon based on the Pontryagln s Max1mum Pr1nc1ple. The

’

“fourth, mlnlmum polyd1sper51ty problem, turnslout to_ be- ;a

free termlnal'tlme ‘problem. !

t

.~
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;'56 4 Opt1ma1

-,‘J‘ 1n1t1ator ConCentratlon Polxcy (Problemn1)

' TS

Isothermal Temperature' and Optxmal Initiaii7ffvif

7“The ijectlve of this statlc opt;mlzatlon problem 1s toxv:f

‘zﬂfind'the optamal

s 1 n 1t1 a l

3de51red

'~gm°1eCUlaf welght 1n mlnlmum tlme. A solut1on to thlS problemiir
gltls obtalned by u51ng the Lagrange multlpller techniqUe‘AY‘,,.

7 e
:rrpolfmérlzatlon of MMA 1n a batch reactor has been der1ved 1ﬁ;.u

- chapter flve. The model equatlons were further 51mp11f1ed as:~

Y

1n1t1ator concentratlon to produce a polymer w1thﬂ

f1na1

mathematlcal model ﬁo ' the free rad1ca1 solut1onﬂ}d‘

:h{shown 1n Appendlx C

1sotherma1 temperatuse ‘and hi optlmal*

convers1oni“andAg de51red number average;

The model«equatlons are

anee
i:'5¢“°?atwf Cha1 4ﬂ¥é“¥?.f"ké§@£2f; o 455;3551;531;xsf;f'::~~“

. where -

R T

L
~ '!k.z
L 5'

1

2fk T+ (kpM 4 kM Tk s)xo,~“"

R

e

=;. t/2fk'dI/k, e L '. e (6 5)

(k M + ke s + k k )

D B

- EU P B T T S e

:xi%fzkbMX;');xkng+k£;§”44y{x?)~eufg-va“fg (6.7



'.:constant

\

LA

':‘solutlon polymerlzatlon of MMA 1nxa batch
1y

Equatlons 6 1)

e

where-

v

v

.

1

PR

.I‘

LW

Io

-

+

>

.

!

LA

| 'éif'"('

\

5. = k szkd7 .=
‘/ fkd;kg = A3exp( Eg/RT)

\ = kp/ZERLTK, =

\

-

' \

zexp(“Eg/RT)

k‘c/ 2k )

\

through

temperature

solved‘to_gpve\'

o 7

Io e)(p( kdt)

..is,.

-

Ty

.

o~

’

‘?Equatlon(G 12)

'

EqUatlon(G

-

1n1t1ator

into ~

-

From. Equatlon(G

._caa:bé-intégrapéd as:

1

12)

-~ -rA
M = Mp expl vVio 2

<

Equatlon(G 2) ‘and

o'

.

~r

and

f.;resultlng equathn.we.gqﬁ -

N

‘r

wolt

concentratxon Subst1tut1ng"

x

AA?XPﬁfEi/RT):J

\

Lean

kot
{ exb(c —) =131

AY

R}

(6.r3),

~Equat10n(6 14) are evaluated as:

N

‘*

7

< .

"<

~r
.ol

v

-

~the

P

~

- ' T : IS .
ka pe ‘at T+ Ik M/I dt + Ik 5/1 dt .‘:-

,reac tor .
. . S

~4

1nteg(at1ng

~
v -—
< ——
-
r L
\

- «
7
"
-
[y
-~

>

2

(61

-

" integrals .

(6 11)\completelyrdescr1be thé

6

For fal

s -

(

N

e o
(6,13) .-

in

1

analytlcaliy

BRC IR
6.10)

v .

6.12) R

‘the -

,o-

. . ...'.:' N .o b - s . .‘l ’ oo,
whereJMo;;g‘phe;qnitlalamonomer concentration. Equat10n(6.3f

Vo
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S AR TY

j.~ | o - o - R .
8 St I . h ’k'
" Ho, = CI [1 exp( kdb)] + 2 2 SyYTo[ 1-exp(- k t/2)]
e : . R kd R
S )’_,,v‘ o S > ‘ ) " ' . ) -

- kz ' k4
A Mo{1 rexp{2
, ko

vy
e ) .
N e > . . -
’ . . . . [ . ‘

' . ' rl -t

The de51red conversron x' and de51red numbér averagﬁ;

V1o lexpl-kit/2).<11}} = (6:i5)

[ d e v - - . "
: > P . '

AN

L e Mox' MW/M" S e oL (6.7)

P | \ ‘A. At N '¥. . ‘. N - \\"- !
T e e FUR e :
whereﬁ MW"‘fé' the, molecilar ‘«weight “of. the -“monomer.
. ; [ - N A

e N

;/,Equat1on(6 13) can be solved for tbe final tlme as

- v \ = ‘ -
f'. ~ iy ,’ S g e . S LT ~
. TR PR A . X - N . L . 4
SR R S ey . e - . R N
L S . . R B L -
< ' R ~ t ' . - < ¢ ¢
. . ”
, 7 " '

T i ~.';\.--;‘ N .
e < ,« .."‘.‘2:,. “ . ,kd'.;[_n(a)_, o -

2k‘/1° fadle

»

;o moleculav weaght M", can be eﬁ&ressed ;n terms of desired .
v < I‘\ l .‘ AR . \ .
monomer.concentrathn (M ) and de51red zeroth moment of the
)‘ Lo N .- oo o . - L
AT VT P P T 'S PN ' -
polymer(uo ) ass o5 f; o ce A . '

N ) IR Tl et -'; g T oL
aote _’ - / Ci _”"_ ‘f T . * T I N Y . -
> T R S0 R S o [ ) : :

s .”‘ L \\ L v . . s ) . Vt . . .
N COMR s M (R ) R P T (6.16)
Sems T o ‘~ s . _“ .,,‘ ! . . . . ).N e \. . L ‘_/.» e » e ) |
KA 4w . NN l.' N N » ., DA S ,." N . s -

7 . - . v N y »
Pl Ry -
N BN - ” . ’ / !
, . . AR
n IS -~ ’ .
B . -
- . where ) o ERA , i . ;
o ! - 4 . « = -
- N o R " - - ~ v
r - - Ay
. R ' - f
. .. YN B . ) N L , P i ‘ . o
BREE Iy AT + /. - - t : ‘ . .
<~ 4 . N N ) K ~ - o : . .
R = M* SR S . s " (6 )
- .a = M /.Mo' S - - . 6.19
- . R N B _ (e -
- T R b '
A - -
T B e . ~ . A * L - x ° - . . R [N
‘,‘ - ’ v ~ L - o o + -

Substltuthg Equataon(G 18) ‘fﬁnté r)thatianS.T5) S ang-

/
. v v .. )

rearrang1ng we get - ; P - S o

k]



| S 145
s e, . :
: | ksln(a)l}?® o kj - RN
, o™ - CIp [1-{1+ ——— 1l A — Sln(a) ;e
. . .’\{ 2k ‘/I 0- } R k1
) ) ) ’. ‘ ) .'. .‘._‘ FI " &
“ \ \:\k 2 i : . . [P
R N Mo ( 1“'8) 0 - S S (6.20)
S ki Qb .
l ) i nl' v . ‘ ) } ) )
~ o - » - R W W :
! Now the optimlzatron:problem can be Qormulated as follows:
_ J= min tf subjected to Equation{6.20)+ (621)
’ A I (o] I. T ' : - ‘,‘“Vv“"" ' . . AT '”- *
An object1Ve'functlon J(1,,T) can be fd;med wiﬁcorbd%atimjff
‘the. constra1nt Equat10n(6 20) u51ng a Lagrange multlpller. -
- » ] ¥ L - bAN < - \'~. ‘n~ ' . "
L T2 - kein(a) o S
J(IO'T)F:. S ln(1+ . .. . ~ )\;.._ kt f
. C~ ke - 2k 1o N A L
S o - .2 N 7
RN : ksln(a) ko Sk, el o
+yfng* ~CIo[1-(1+ < ~ - Mo(1—a)+ —74—51n&ak
N S0 vzk,wla ' Ky . kB, g)
‘wheré"y is the Lagfange multlpller. E:om EQua 1on(6 2
L optiﬁal'condi;ions‘aqe." ’ .

T~

¥

L 03/0T4 = 000

agpemi= 0 o
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- S

“Zk IQEd Ck Sln(a)(E ~E, )"'Ck;Mo(] a)(E"’E )+k¢l/Iolna(El Ed) :

n

2k Io, + kd‘/I ln(a) “
-kq (E1 Ey )VI ln(a) s .
: Zk“qjlo
o - 12k,Io+‘ﬁu/Ioln(a) v T 4
"'{Edkdl/loln(a)}ln{ am— - } =0 (6.25)
S '2kﬂ/10\‘~’ : ' . .

ooy
v

The optimal values of an1t1al initiatorv concentration

-

Iov' and isothermal emperature T . were obtained by

-

simfultaneous solut1on of Equat1ons (6.25) -and ‘(6.20) fo
wh1ch\the Newton Raphson method was used. | ‘

Table 6.1 gives the optlmal values of 1Io. and T that
must - be used tb obtaln a polymer product w1th the desited

conversion and number average moLecular- welght in minimum

‘tlme.

“'From thefresult5>in»Table 6.1 it can be observed -that

‘Athe comblned ppllcy leads to /‘almost' total depletion of .-

1Y

~1n1t;ator the 1n1t1ator conver51Qﬁibe1ng 99. percent in alkl

MAfhe’ caseSu“Thxs 51tuat1on in whlch the 1n1t1ator is fully

-

consumed before all of monomer 1s converted to polymer is

L,
v

called dead end polymerlzat1on. “Chen and Cheng(1978) also

obtalned 51m11ar results in -batch bulk polymerlzatlon of
[ “

- styrene,, The;rsothermalltemperature,obtalned are high in the

- range. }ofv37103—12396' whereas"/:be ~initial initiator

i eoneentration 'are” very . low in the range of 0.006-0.004

emol/l. It can also be observed ’that Qhen desired number

"&Verage molecular welght is 1ncreased keep1ng desired final



'These results should be ,%nterpreted,~w1th cautlon.;“;3

N . . .;““i».v . O\ ) 1“‘4 7~
‘ SRR EAY o
o . i}‘ A,-.\ ’.: “}“ v P’
A S A A ' 2 ’ ’ s ':-'-': 'ﬁi»_
--  Table NIRE Sxmulatlon Results of thxmal Isothermal S
o~ FL and\Ln1t1a1 In1t1ator Concentrat1on Polxcy ’fq_ -‘w e
‘!,.': . ! ) ‘(-f'-‘j"" NS . ; . e _ o ,‘ ., A;f.‘:‘ : ' .
XM M 1, T tE Initiator . #*
~mol/1l, .. °C: min Conver51on L
. b - ———— S
70_. 50000 0066 123 9.5 99 L .
207 "70000° L0087 . 117 - 19,7 - - w99 N\ T
. .70 - 90000 .0036 7 112 34:0-’»>R13;99§‘ﬁ5._ e s
.80 = 50000 .QO75n'/114j 25.0 v .99 L e
.80' 70000 .0054. -~ 108 52,00 .99 . R
.80 90000 ~.0041 103 4-90 0_ FUu99 e T
onver51on constant the 1sothermal temperature as well as |
'the 1n1t1al 1n1t1ator concentratﬁon decreases However total M'4
‘tlme to produce hlgher molecular welght pojymer 1ncreases as i
expected N | ' SRSV CRx ‘,pa SR .
! \ \ ‘i‘ -. ) / ... ' :‘:“ "“K kS
Thesei‘ optlmal temperatu and Ynitiél;'initﬁator
' . .,*>< K S e
A concentratlon ,pollc1es reported 1n, Table 6}11'were not
“o + - ‘;
. 1mplemented ‘on- the experlmental reactor system because of
‘ ‘g" R ¥ o
7 ;d;ff1cult1es of malnca};}ng h1gh temperatures ;n51de ﬁe
reactor B : - e R R A i
,‘: ‘ ‘ N . ‘ : B ..‘.“*1 N N{’.:
LA Sytd

f‘*Probably h’ model itself" is’.not ‘vélia 'at these b19n4 x
temperétures and hence one maquuest1on the aCCUracy,of ‘the
g an¢1*at1ve bresplt; B However the ;ualltatlve predlctlons
‘${btéined from the model shou}d be valld Since the rate' of“' ,
Ot . o [
%L»-reactiop 1s :hlgh at h;gh temperatures,'con51derable amount E '
m;‘of"heat,;yrlla#fbe :#released ‘;pyf}'the eggthermlc. MMA. ?
'fpbiymeryaat§on;1'The reactor should have’,enough coollng?
S : e _ P

fcapacityﬁtoicarry‘ont the reactlon at hlgh temperature&

=

<
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»1}” 6. 5 Time Opt1mal In1t1ator Concentrat1on~ :cy(Problem 2)

K ~ 2
“ . . \ ‘:at_ NN

’_ i‘rTheh objectlve ”in' thlS‘ problem

Lo

7

tind an opt1mal :4dl

1n1tlator concentratlon poblcyofor a.

* b
‘ bl

_the “reactlon to produce w‘ polymerA w1th deslred flnal

" temperature_ of4

;

. RS N

a

conver51on and flnalr number, average' moledular welght‘_incf

. a \ N K ca
*?i;‘mlnlmum‘ tlme.- ThlS problem reduces to the standard mlnlmum
‘“tlme problem 1n optlmal control theory for(,wh;ch standard c;‘_
o procedures of SOlUthﬂ are aVallablelﬂrljdj ﬂj;;' o %:f
’/._’ -}*It Jshould be oolnted ‘outlahere that 'only .de51rede
. }‘convers%on\ and Ndes1red number average molecular we1§ht are"
~: 'SPEleled whereas the-weaght average 1molecu1ar welght 19
AR N AN n‘,-, 24 \

A}

v ;vallowed fto be free from,any constralnt In polymerlzatlon Y

=

, rv’systems 1m Whlﬂh the @el effect ﬁs absent as‘fis the case.ich

N here, the, polydpsperslty Jvalues de» not change very much e
i{ sdggestlng that the/welght average mdlecular welght is’.an'

v . : N

almost constant mul 1ple of Mn. Hence the number average and

we1ght average #lecularu welghts n»;ndtzj‘b".'changed

-

'11dependently when the gel effect 1s absent. 5 Q -';,; “:‘

£

> . < "

R ‘f'ﬂ Now let. Us a?ply optnmal control theory to the modei Of
,';' the reactor glven by. Equatlons (6. 1) (6 41) o

For the dsothermal pr0cess the objectlve is. .

y S ~} v 1 ’ | t, ’
. b . ’ : - o
S0 .o omip(t ) = Jdt o : ‘ (6.26)
pT T 0, S I
The Ham11ton1an for the above problemsls glven as: - -
? : ,\__ . . . i . R N R ’ - . . B 2
v’ o SRR »a,:-%~‘ T IR
y el s v LR e
v 7 H = <1 -PikyM/I 4 Pz{del+k2M;/,I+k"3%§/'I'}_. L N t6.27)
o K L A‘ “%:' : . Pl . - ) . R . N

e S IR Ce
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~ From Equation(6.2) , T ‘

, P ) . - . - . .
3 - - . . . . L 3 . . R S -
» - . L ",'»" . . - . . w . o . | A.. ,I-: i
- . ' . ' . .
o . . : . . : ) y .
: e : ) . + . RS . .
L : o - ] : : . g ! ‘

-l PG - - . . - R ’ﬁ -
Py and P2 are’ go-state. varlables whxch must satlgfy the

.
x : N o 3 <. r s

.-folIOW1ng canonLcal equatlons.'g . .7z;.i o f j'3‘~',i
B ' ' R
’ ‘ " ‘ v -—- . Y . : N .
dpP./dt = -dH/dM. Y S . (6.28) =
R 6 . , EER o L . e
- " ¢ “— ot - ~ v v ~
o o ) o S ',;,-‘ . e R %y - ‘, . e - - P
b <c“iP._z./dt.,=\ j-aH/‘auo 3.0\'. s t,,“«:'i'ii‘" o % - ‘(6.2.9)
L ' - R ~ ,:' " -+ \ . T
' = [ )

qum the Equat10n(6 29N 1t is cﬂear that Pz ks, \a‘ ¢onsté&t;
.

If fthe conttol varlable 15 unconstralned the condltlons for»

"‘u SR e "l

e BRHAAT =00 w e, %G L e.30§ 7

T ; - : . N\ ’ ) L

SR 'H =0 -k R SRR ' (”;6.'31')“.

Lt » BT
P ” S . (

'ﬂFfom,Eduations(g;Boﬁ'a@d’?6.31}f13eén be ‘obtained éév ‘ )

- . ‘ RS - N

1= —1/(ckdﬁ;);= Constaft B T .. o . (6.32)
o . N R Yy . . ’ o

¥ - ' L " .".‘ S _\' o ”"‘ 
o - o S,
Hepe 1 is constant Because-Pz 18 conet&@% and kg -is constant
N ..!k' b.‘-' A . ‘ ;‘, \J - B
for 8 glven temperature. L . P -

o . “

Integratlng Equat10n66 3) after‘lsubstitutig?l for dt

_from Equa 1on(6 2) we get S I

Ao

> S ‘ _ o . N !

: AT . : j

Lt 3 o o, v S
(/M) = In(1-X) = ~kwIt ., ast {6.34)]

| . . R - 3 ~ .
¢ | o ' N

T . ’ -

: - e T
- optima11ty are glven bx o e \ SRR LR

B

~
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o . ‘..,‘: BN i R - - .",;- i B S
. o v : T T, )
From Equation(6.34) I is obtained. as »-
v : . ’[.7-." o o : : st .
. L )} " ‘ -.,\1 ' _.‘ ;" - - ) . - : "’ '
RS & T D O LT oo
. ‘ ‘__ I = . : - T ‘ B . \ = ) :. ] .,\ ‘ AP " . . (6. 35),
B € B T e '

L

e L ~ . . .
, : B . . ; oA

> ! . - . i " tll

':Frdm EQuaticns(S,Bﬁ)j"C§L1i3“ahd (6 30) tf can b;. obtained

~ .

LS P

o

Lasti e e f\ Coe v :

' L o ",l 5 . »‘., » \ e .-"r

o (1—v)k {1n(1 x')} !
- tf

< : < —(6.36)
kp[M"XMW/Mn ;+cs1n(1x)—cmox. :

Cwhere T Do m T

Cp = ke/kp  C,= k /kp 'b’:kl;fq/k',_' - (6.37)

J

Substitutidg-*Equationlﬁ,SG)‘ 1n*'EQuatlon(6 35) - I can -be

N

~obtained‘a§"-f“ S L
R 2 s e ;
. . _iT’_ s -HF ‘Zk'_ ' :

n;kp2{M X'MW/M "*'C;slﬂ(J:XF) QmMO :}z, . . fx“ﬁ\{n

1= - 7 Lo (6.38)

* (1—»)2 2fk K ¢ {ln(1 X‘)}z e i

“F : ; o R )
. L . o e
« o v Lo RIS C ’ . s 08
Given X* and MW! thev optrmal 1ﬁitiat0r- COncentration
(

~which 'is constant for a gqven 1sothermal temperature can be‘ O
S ‘

calculated from- Equatlonv(s 38)..The m1n1mum t1me requ1red
is . obtained from Equatloﬁ(s,%&))z ' Since tte 1n1t1atogi’
if_\ dissociates durzng the course .o f pclymerlzat1on freéh::hv

inlﬂiafcr ‘has ‘to be continUOQSly- added to dalntaln 1. at -y;;

constant level. Deriving atvsimple m@sﬂﬁ balance 'fcr’"thewvi¢’
. . v; L ’ ) ' ’ ﬁ"
iﬁitiator, the initiator feedrate F 1§ obtalned asg
RN i , - § » “ ’ : ' ‘ Lo '



.
A o A

. 1n1%1ator decomposxtlon‘Urate 1s SO slow that the 1n1t1ator

. j \::/ ; ‘ - - ) ; + ’
e - - ) - e PR y O
a R / . ¥ i . ". *~ N
Lo /L R Lo . T o - ' |
A o S e - T - L0
< ﬂ ‘ Ika=—1/CP2- constant . - oy (6.39)
ﬁhe above,equatlon 1gd1cates that .the optimal: initiator.-
‘ } "\ ‘ o /' \\ -~
“feedrate is also constant. o L N
Ca “' . s ! \ - SN )
S HoweVer in conventlonal polymerizatron Vreacblons, the

il \*

R cOncentratlon‘remamns constant throughout / the durat1on

\\‘ 1

“of
~i

kpolymer1zat10n. Therefore the 1n1t1ator pollcy turns out to

- -«\ . F - . -

* be 51ngle charge’" fi 1n1t1ator’y at the ,beglnn1ng of

o ; -

A

.

the..:,

teactlon. Butw n dead end polymerlzatlon react1ons where the

Air J

f . -

inltlator.wdlsSdc1ates at an . apprec1abP rate, fresh

oWt W Lo : \
_~1n1t1ator o has. +to be &,added durlng the course

R -

e
polymerlzatlon to keep the 1n1t1ator concentrationrconstant

/ v

g

of

I

1t” has already‘been mentloned that’dead~end polymerizatlons

1 . .- " * Vv -

;r occurrln:systems that, employ h1gh temperatures and - low

i g _,/ ! -r
1n1t1ator concentratlons.ll ' .

~ ", .

RN

v LI

oA

values that were obtatned £o. produce a- polymer with deslred

a

Table 6 2 glves the‘ optimal 'initiatort oncentratiom;;

“

X'C‘and M * in mlnimum tlme /for nthe glyen 1sothermal

: . T
r e L ; - .

< B 4

"t temperatqre.J o 3 T i R | o

: ', The—results 1n Table 6. 2 shows that.at constant X' andf
e M;f:tyﬁwhenvj‘thef temperature} is. 1ncreased b the’ optlmal
rnltlatOr concentrat1on as well” as the .total .time &of the‘

‘

reactlon decreases.v This. suggests that to have apprec1able

# tlme sav1ngs the 1sothermalftemperature should be chosen

P - s . Y . o

.as

\-'

~ the. max1mum allowed temperature 'of‘ the reactor and the

u \A‘

o optlmal 1n1t1étor concentratxon shoud be' emploYed to

v o “

~ o

} polymer with de51red x* ang Moo 70T NN _ x

at

get

v o
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~

s

DeE

@?co?stant “for

-

A

\

»tﬁér results- shown jin?
1sotherma1 experlmental

pgocess.

- system,

>
)

correspond td the condltlons shown 1n Table 6 2. Table. 6.3_
'compares

Table 6~2

good

6 6 M1n1mum T1me Temperature Pollcy (Problem 3)

A Y

2

agreement

-~

~.

k4

temperature 4

and

‘et al (1973)

number' average molecular welght rn

“the'

v’

between

pollcy

A

~the” temperatures» employed

hY

Table 6 2.,‘However

results ,reported

J/

V.theoretlcal pred1ctlons.?

_Ih this problem the db]ectLve is to
at/

"concentrat1on to produce a, polymer w1gh

-

the \e»perlmental

.,3_

s

N4

~

glven Inlt

solved the above problem for -

k.

f1nd &he optfmal

the bulk free

\{ ) f.'; ) . 152

A%

opt1mal 1n1t1atpr concentratlons are’ almost

in’, our reactor

+

separate experlments were not darrled out to verlfy

rs
some ;of the

“in chapter four

the experlmental results w1th the results shown 1n

r,

The above results clearly shpw that there 1s very

results and *he"

»

ial ,‘1n1t1atorf;

desif@d'“conver51on :
e e

radlcal polymerlzatlon systems and deduced that the optlmal

\ ,_.‘-

temperature pollcy should keep the rate .of

prlmary radlca

-

1s. constant‘

A

A}

ot

productlon off\

N

Slhce the concentratlon of. the

Fe v

-

1n1t1ator decreases w1th tlme,,,the temperature »should be

1nc:eased

A - R

. e T

to keep the\anltyator dlssoclatlon rate constaht.

However in conventlonal polymer1zatlons in wh1dh the rate oﬁ

By

dlssoc1at10n

51gn1f1canterithe optrmal temperature‘pollcy turns: 'ouﬁ toﬂ

of

-

;tbé |

1n1t1ator'f does

not : decré@

-

ANy
(

be one of constant temperature throughout the polymerlzatlon

.,

minimum time., sacks . . ,~

]

P

il e
®t . L . 5)
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Table 6 3 Cbmpgrlson oszxper1menta1 and 0pt1mlzataon ft N .
: N -~ i . Results: -, : _ T B
P Optxmal In1t1ator C0ncewtrat1on Pol1c1es P NN R
C ” ‘—r " \m« . X g . - S ‘ " '
o Time * T - 5 I Xfli;7_x M My
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'33 o The mathematlcal derlvatxon ‘and numenlcal bechniQUes e

;i'necessary’ to caltulate the optlmal temperature prof11e for R

«
LA N
w v K R e

- : s
the glven problem,are d1$cussed in detalla‘an Appendlces C

and D. uﬁ,;ﬁkﬁf fj5fﬁffo~_f“;\; S : L s
‘,\‘ ‘v- h 7 . . HE & .= L o- . ,1' “_ N e ) o - i.e ‘
. In Appendlx C the Pontryagln s Maxlmum Pfincdpie iSj
, applled £o the mathematlcal model of-the batch reactor in
. x . oL . ;
: order po miqgmlze ‘an objectlve functlon :ep‘ senting flnal‘ M
: time and welgh%ed sums, of sguares\of dev1at10ns of M and Ho: d
from thelr de51red valueﬁﬂﬂ% the f1nal t1me. _The, objectlve .
2 . EUhct}on 1s glveﬁ as. ? o j1j,f a
A : R S
o - o CLoLe ’
- ‘L& - . T ia B o 0
[N i v . y s ‘. A )
- - v - _.4’ B . b : “ . .
, ‘ ;‘ . : ) L
. Vo J . Lo N : :
- - * : “;.& N N



f_solved as a’ serles of flxed termlnal t1me problems.,For th1s

assumed at flrst The temperature¢ proflle “is updated by

mfn J= tf+ w,{M(tf)-M"}? + yzkuo(tf)‘-_ao‘}z”_ T (6.40)-

b o .

-In the above'equation w, and w, are weights. A two 'point

'boundary " value (TPBV) problem involving the state and

co- state,varlables is obtalned as a result of appl1catlon of»m

optlmal control theory v
. - po

' . . . v

There are -a number of,jnumerlcal methods available

.(Klrk(1970)) “to solve  this difficult .TPBV ~problem. A

’

gradlent method (Thoma5(1981))“i§ used‘tojobtain nlmerically,

the optlmal temperature proflle ~The m1n1mum t1me problem is,

. ~

~

purpose .a f1xed tlme and an 1n1t1al temperature proflle is

~
a

A)
. L
N o R

1fsolV1ng ‘the, TPBV problem u51ng the gradlent technlque The

Al

e

«:mlnlmum tlme is found by .solvlng jthe- TPBV problem for

\ x

;dlfferent flnal tlmes 'and ‘selectlng the smallest one ﬁor:l"'

{'whlch convergence 15 p0551ble."r‘ - i frfg__ f' -‘1k_7;,

._,’

Thls method to flﬂd the Optlmal temperature proflle has

X

‘many dlSadvantages. lThé':lnltlal guess ;topfthef; optlmal

s,, N s g s L

"~v1temperature pnoﬁlle has to be a gOOB one, otherwlse serlousi7ff

karesult '1n ,too much computer. tlme before the solutlon 1s
¥ . :

‘convergence problems could occur.,The step changes that ,a;af;;a

4‘ BT}

‘made' 1n»?the_ steepest descent d1rect10n has to he prOperly

'.controlled Small steps 1n the steepest descent dlrectlonv;hw

reached whereas large steps couLd'lead to osc111atlons andffﬂf

SN

dlvergence from the solutlon :ﬁ,j_ﬂi«mfx“



-,:‘j-“ . PREERY ‘:..,. ."
I 1In ﬁAppendlx D the optlmal temperature proflle for the

g1ven0problem is developed by u51ng a slmpllfled model -of
the- batch reactor _1n Wh1Ch transfer reactlons to monomer SR

and solvent are neglected. However it should be p01nted tf

- . -~

that ‘the transfer reactlons are neglected only to derlve tHe ~} o

- 4 o +

optlmal control pollcy,: they are’ 1ncluded in the state

equatlons for model descrlptlon durlng the 51mulatlon runs.-“

C4
u, . -

From earller_51mulatlon studles 1t has been establlshed that

[ N -

',_neglectlng transfer reactlons does not affect conver51on

v N
h .

results whereas molecular welght results do show changes"of}zjw

\M-' PR

approxlmately 10 percent~

;'«t', As shown in Append1x ﬁ the 51mplrf1ed model fac1l;tates

-
A M

-beactor Solutlon of the optlmal control problem 1s obtalned_

by 1terat1ng upon the 1n1t181 valup of one co state varlable ‘-

-

N

Pz.~The TPBV probrem is thus av01ded R d_j ‘, o

‘
.. s

Computer programs have.been develOped for both of the

.: methods to f1nd the optlmal temperature pollc1es. Slnce both

. ‘e ~

‘ methods gave almost S1m11ar temperature prof1les, the method

,“. - . R ) éjﬁz“: ‘

. obtalned from the slmpl1f1ed model was . used forv alP the

N . .

. problems because of 1ts computablonal eff1c1ency '-'3 S

<

In F1gure 6.1 ohe opt1mal temperature prof1le,'obtalned

'hisf plotted ,fér‘ dlfferent de51red number\average molecular

: _ .k‘
'fweights._It can, be observed that the. ?ﬁ N

N . \

. are . almost _1sothermal whlch ;is;fanﬂ

:conventlonal polymerlzatlon systems. It has béEn explalned'

-

that the Opt1mal temperature pollcy should be an 1ncrea51ng

- . ; SN A\ B - -':f._ PR ] B L)
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g

the"mplecular welght dhstr1but10n. .

*

policy in order to keep the rate\ of 4d seociation - of
jnitiator constant duﬂ%?g the course of polymerzzatlon. The
¥ W

1ncrea51ng. trend of the temperature policy can be clearly
observed in curve no.3. From ‘Figure 6.1 it can ' also be
observed  that # 1 en the .desired M, is decreased,, the
temperature of polymerlzatlon increases whereas 4the total
time of the ;react1on decreases. However as. pointed oqt by -
Cgen and Cheng(1978) these optimal temperature policies do
ngt achieve considerabie time eaving eompared to'iePthermal
policies. Flgure 6 .2 shows the conversion proflles that Jare
obtalned when opt1ma1 policies are used,

F1gprd&»6 3 and 6.4 show the number average and weight

average mo&ecu r welghts developmerft, respectlvel , in the
Y

% polymerlzatlon process when the optimal temperature profiles

Care used. It can. be observed ‘that for this policy, hlgh

@

PR PR

fmoi%culér”weight polymers.are produced at the beginning and

q""

-vprogressively lower: mole%ularﬁweight polymers are produced

l

:’suth that at thé end of reaction, the ‘desired M, value

..fﬂ
po}ymér zié obtalned Obv;ously th1s leads to broadening of

:\?

At

? . Q -
- Twov of the temperature policies shown in Figure 6.1,
Wyl '

coﬁf Spondlng to de51red M, values of 50000 and 60000, have

been 1mplemented on the experimental reactor system. The

perlmental results are documented in sectlon 6.8.

o L o ! b
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’.6 7 Minimum Polyd1spers1ty Pol1cy (Problem 4)

"»The» aim inv thlS problem i. to develop the opt;mal

‘;temperature o pollcy 'forp ‘a ’.glven‘ initial 1n1t1ator

concentratlon to prodUCe uaf polymer product w1th minimum

polydlsper51ty and w1th de51red final conversion and number

’average“mol@cular we1ght.

Hoifman et‘,al (1964) derlved 1n1t1ator ‘and mOnomer'
"lfaddltlon pol1C1es to produce a polymer product w1th m1n1mum :

%breadth of molecular WEIth dlstrldutlon. He reasoped that

to have the m1n1mum polydlsper51ty, the 1nstantaneous number

Va%yerage molecular welght of the polymer produced should be,

yconstant »throughout the‘course df poly erlzatlon. Sacks et

»

v,.al.(1973) .later proved mathematloally Hoffman s (1964)

'reaSOning-l. They ‘also i showed . that “in conventlonal
. ‘ . ' ‘
ugolymerlzatlon the optlmal emperature pollcy 0 e of

uujdecre351ng bemperature durlng the course of polymerfEatlon o

- > J N
1t can be readlly observed (Flgure 6. 3) that at a constapt

k3

"temperature, the number average moleoular welght produced 1n
s ‘,

’the polymerlzat;on process decreases w1th tlme.AIn order }to.

7

}.keep the _1nstantaneous number average molecular welght,}

’ constant, the temperature of the reactlon must be. decreased s

durlng the couse of polymerlzatlon. S Hi;’ _b.\

.

':51mp11f1ed model foﬁf h batch reactor in whlch transferijf

L

reactlons have beenl neglected . The detaxled mathematlcal

; /-
de@eIOpment along with the numerlcal'procedure is g1ven in

. (N N
.,Append1x E As mentloned ‘in Sectlon 6. 6, through the use of

e - L8 L. C W

- !7"_

9 1mal control theory has been applied ;:toﬁ rtheﬂ.

i
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‘the 51mp11f1ed model Uthe computatlonal procedure to obta1n'f"
7the optlmal temperature pollcy is con51derably 51mp11f1ed by‘.
.av01d1ng the TPBV problem. : 4

‘In Flgure 6.5 ‘thef optimal temperature pollc1es to

obta1n de51red f1nal conver51on (K'-O 5) and de51red _number

. average molecular welght are shown. The opt1mal temperature»

\ : . %l\ C

'decreases WIth tlme durlng the course of pdlymerlégthb ﬁh,,;

-,result that is expected from the earlxer dlscussxon 1»’€h1
\ , T

#

”sectlon. ¥hen hlgher molecular welght polymer is de51red
thex.temperature_wdecreases and the total reactlon t1me to
obtﬁin'the'desired conver51on ‘is§<con51derably _1ncréased.

7~F1gure 6 6 shovws the-‘conver51on proflles for the optlmal

A

temperatures used in the reactlon.

In Plgures 6 7 and 6 8~ the -development of numberw
v e)lx '-","i . ) ’
averageaand wdsgﬁt 'av%gage vmolecular w%}ghts durlng !fhe #%

"polymerlzat1on process &re shown. It can be observed that
for the m1n1mum polydlsper51ty temperature pOlle, constant e
,instantaneOUS"numberr average~ and’ we1gh€ average molecular

yeights aré-f produced wthroughout the ’course i,of

—_—

pOlymerizgtiOn. Flgure 6 @ shows polydlspers1ty values that(/3

are constant throughout the polymerlzatlon.» It should be.

noted ‘that polydlsper51ty will 1ncreases 1n the case of
1sothermal polymerlzatlon. | |

[

Two ~of - thea p011c1es were selected and 1mplemente@ o?
B the reactor sYstem 1n‘Vorder to - compare, the- exper1mental
results with ‘theoretical prediction. These\ results _are?pit

‘discussed in' the next section. . A o
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6.d Experimental Verlfidation of timal'Control polieies
"In the prev1ous sectlons, theo etlcal optimal’ control
p011c1es were\ obta1ned for a vaniety" of- problems in the
batch polymbritatlon reactor using the\ matgemat1Ca1 model.
However it is- 1mportant to -verify ‘xperlmentally these
- policies to demonstra{/ ipd evalulate on* dne\\exper1mental
open 1oop control o%*the polymer1zatlon reac or.
. Eor ; thlS purpose the ‘open loop temperat're‘ policies,

‘?3 5 g&‘ "b"'“ f"és' '('z
fwhlch afe stored 1n a d1sc file, are read by the

omputer"at
-the t1me of 1mplementatlon and sent as remdte _5&5_ point

values through a current output ‘station to the 1ocal xboro\b

t e

“\ 3

temperature controller. y’e controller malnpulates'

cooling water flowrate through the corls inside the reacton

and brings the reactor temperature to the de51red set - point
. value. - } *

The experlmental procedure descrlbed in section 2. 5 has
been followed. Conver;1on ‘was measured using gas
chromatography"Numbernaverage and Weight average molecular

9 welghts were measured using the SEC. |

r 'In total fouri policies :were ;Fplemented two ﬁfrom'
,m1n1mum t1me temperature p011c1es and the other two from the

mifimum . polydxsper51ty ) temperature - pollc1es 'lThe

experimental results along w1th the theoretical results are

presented in Flgure 6 10 thﬂough 6.13. It can be observed

“that .in1 all the cases the local temperature of the reactor

o

closely ‘followed t_he set polnt tterature prov1ded by the

=

computer.
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‘The experimental conversion results ag;ee closely with
the model eonversiens in three of the four experiments in
ﬁwhich a maximum.'difference of only thELe percent is
}'obserued. However in Figure 6.13 it can be observed that the
experimental and model conver51ons agree well in the first

one-hour gt.the reaction and afterwards the' experimental

conversion walues are less than model values,*the difference

&\ -
belng about 10 percent aft the _end of the reaction, ?bls
A g
'dlscrepamc mﬁ” erved ﬁo; conver51onfresults in" the Figure.
DA % My »

*’”j W v
6. 13 can be)explalhed as follows. The parameters used in the

*mL

i . '
erature range 65-75°C whereas_in'this\ particular

ﬂ’en estimated basgg on the experiments conducted’

experlment the temperature #s varied .from 63°C to 52°C. .

ance the parameter values are extrapolated an error in the

™

. values oi/,model parameters and consequently the model

-

predxctlon of gpnver51on values are expected It should be

noted that in- the 'same experlment in the initial period

s -

.

when the temperature was around 63-60°C, the eﬁpbrimental
and model conversions agreed very well. For the other three

ékperimenﬁs, the temperatures employed are within the range
. N %

J

65-75°C used to estimate the parameters and hence very good
agreement between quel and experimental conversions are

observed.

-

In all the four cases, the experimental ndmber average

t

and weight average molecular - weights are lower than the

theoret1cally pfedicted valueS' from " the model.  The

-

experlmental number average molecular welght values are less

RN

LA
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- by ‘about 20 percent whereas Jhe we1ght average molecular
weight values are smallér bg,about 20-30. percent.\ However,

though systematic errofr 1s’ﬁ%bserved theé experimental

molecular ye1ght avgrages follow "the trend predicted by the

,..
)

model in all cases. . : v o

s ¥ -

For est1mat1on of  the parameters of the model the

molecular we&ght aVerages were measured using only two

columns at a flowrate of 2 mL/min, At. the time of open /}oop

control studles some columns were replaced with new columns

1

and an extra column was added to obtaln better resolutlon.,

Also the flowrate was increased to 3mL/min so as' to achieve

the SEC analy51s in -about 10>\minutes¢ All ‘these changes

could have: contrlbuted to a d1f£erent resolv1hg power of the'.

column set compared to the or1#1nal set used and- -hence:’

systematic error could have crept into the SEC analysls.
“Also errors in the calculat1on of M“ ahd Mw  may have
regulted due :to the following réasong.. We: assumed a

semi-logarjthmic relationship of the SEC

A -

e

- . . :
jcalibration curve *

for the molecular we1ghts less than 45 00 The dlspers1oni‘

. r ; ‘ i S .
correction was based the v_varla ce of’ the , SEC

-
jchromatograms\ ,of : the narrow sﬁa ards. . ThJ var1ance

o

contribution due to the polyd?spirs;ty of vthe' narrov_

standards ‘was hot taken into accounc/ . f )

5

Recehtly some 1nvestlgators have reported xperimental

verification ,of the model results in polymer1zaﬁ1on :eactor

?stSteﬁzr Cnen and Huang(1981) 1mplemented optlmal 1n1t1atov

policies onr\a 'batch solutlon polymer1zatxon of . styrene.

- ' o S



e

Thelr' experlmentaﬂ conver51on results agreed very well w1th

the theoretlcal reSuLts whereas the;r experlmental M and wa»

values were,,in" error w1th the theoretlcal predictlons by
LT e . N I

P
N

experlmental studles to verlfy the1r 31mulatlon results 1n"

l

large scalef polymerlzatlon reactors._‘Thelr _experlmental’.w

conver51on values d1ffered from model conver51ons by as much_~

as 15 percent The experlmental M and Mw values were &in
! SN

error w1th model results hpto 25 percent

o - - V) : . e

Plttman Berger(1982) reported errors of as . much as’ 150

R

E ‘average 'and welght-,average. molecular' we1ghts hinb batch'

";model‘verlflcat;ongstud;es 1n solutlon polymerlzat1on'*of

‘ v1nylacetate ‘Nih 3ﬁaj””pilot jscale 'tubular vreactor."His

-~

- percent Both ‘of the authors attr1buted the dlscrepancy

‘the poor: values of k1net1c constants used 1n thelr models.rf

From the above studles it can  be ° concluded that h

umber and wQ&ght average molecular welghts fall fin_'the>t

- range of 25-50 percent The errors observed in thlS study

' whlch 1s 25-30 percent is at the bottom end ,of the ange.

e i i‘C‘Y75

']about 2o“fpéfceht Cutter and Drexler(1982) carr1ed out:;;

";gfpercent between experlmental and predlcted values of number,

‘fcopolymer1zatlon of. styrene and MMA Hamer(1983) carrled out’

’gexperlmental number and welght average molchlarz welghts'w

iwere 1n errork:wlth model _results ‘to the' extent of 35*

~;reported errOrs between 'the experimental and predlctedsU

J

The error reported in thlS study could have been 1mproved 1f‘

 the same conditions for the SEC -analy51s could have been'

" maintained.
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6.9 Conc1u51onsv" Lo T I T e X

av

";\\n ‘this chapter optlmal cdn\rol theory has been applied 4

\ .

to the mathematxcal model of" th\~ubatch poiymerization
reactor to derlve open looo.oontrol po11c1ﬁs. Four d1f{erent’
_control,problems were formulated and solwed.’

| Some of the opt1mal control pollc1es correapondihgyito
. the minimum _ time ° temperaturelf p011C1es and ;minimum
:_polydléper51ty\:eabe{\ture p011c1es were 1mplemented on _the‘
 exper1mental polymerlzation reactor system The experlmental
vféonversron. 5%sults agreed very well wlth :'theoretlcal Fd
predlctlons .whereas ferrors i the range of 20~ 30 percent‘

»

were observed between experlmental and theoretlcal molecular

‘ J
’ e//ange of'

welght averages. These errors are well w1t

_errors reported by other 1nvest1qators who carrled out model/

m

ver1f1cat1on studles in p@lymerlzatlon procesSes.‘f'
/ , 3



" 7. CLOSED LOOP' CONTROL STUDIES

! v
A

7.1 Introdhct1on

.. .In, chapter six,yopen loop (control A‘poiicies-f’were

’developed by thev appllcatlon of opt1mal control theory to
the . model -of,; h batch reactor.v These po11c1es yere

implemented' oh - thef.experlmental reactor system with no

prOVISIOD for feedback control as correct1ve actlon in the
ceﬂent .of process upsets or dlsturbances or process model

a;ﬁmlsmatch A more su1tab1e mode of control 1s to carryi out

05 v e
pt

closed : loop "optlmal Vcontrol i,e.\ to monltor polymer

. * . RS
o 2
propertles on= llne and then take necessary correctlve actlon L.

should they dev1ate from the opt1mal twajectorles In thls

chapter we lel develop “and evaluate by §1mulatlon ‘the
X : : ' e

feedback bntrol 'policies'”by‘fthe‘ appllcatlon of linear

fﬁregulator éheory to the model of the batch reactor.

.7;2'?re&fous Work i
‘MacGregor etaal.(l983) have reuiewednthe~appllcatiOnpofpp”'”
on—line d‘control of different’ vpolymer propertiesdtinu
\\\\\polymerlaatlon reactor control Zeeman and Adams(lQé?)ﬁdhavev- :

presented an —on- 11ne control scheme whléh 1ncluded ‘on- l1ne

measurement of MWD and.a‘ dlgltal» computer. Roquemore- and -

| Eddy(1961) aeveloped&_a disCrete ddeterministlc ‘model and

r_‘lmplemented‘ feedbacky,contrql schemes tq regulate. final
S 5

conVersion in \a ser1es of @ to 12 cont1nuous SBR emu151on

polymerlzatlon reigtors by manlpulatlng temperature and ‘the

. s
3 7

177 L ; ,
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[ . ., -

wnumber of - reactors in  the’ feaatdf' chaln. Fellow§f1969)

»studxed theoretlcally the regulator control~' f- conver51on

aand molecular welght' 1n contlnuous SBR reactors mhere the "

v .
bl

'Ieedback was subjected to- random dlsturbances.f‘éf;'7

Jo and Bankoff(1976) studled experlmentally the on line

;‘est1mat10n of states in: the 'solutlonv polymerlzatlon”'of'
‘v1nylacetate 1n a CSTR u51ng varlous forms»of Kalman fllter'x

to be used ;for ﬁthe control of" the prod@ss Hyun and .

\

i
ABankoff(1976) used a semlemplrlcal model of the klnetldé of

a v1nyl polymer1zat10n reactor to obtaln estlmates ‘oﬁ fhe

e

'Vperformance of @ llnearlzed Kalman fllter 1n e&fly detectlon

of on4ﬂ1ne ‘process dr1fts. tf??*'
Cedy e

Ahlberg and Cheyne(1977) 1mplemented a computer control

f
jscheme on a- Sfull scale contlnu0us solutlon polymerlzat1on

’for- the productlon of rubber._Some process model. parameters:

.were updated by ﬁ51ng extended Kalman f1lter and the control

,_actlon was based on th@ soiutlon of the Ruccatl equatlon.

K1par1551des(1978) solved a; regulatoré/problem oﬂ,:al'l

178

- v

'_contxnuous Wlatex 'reactor. He derlved subopt1mal stochast1c. L

K

control pollc1es by solv1ng a llnear quadratlc opt1mal

* - -

control problem and concluded that the control algorlthm can

vbe used bto achleve better performance of the reactor. -

‘Klpar1551des and Ponnuswamy(1981) applled -the llnear

‘regulator theory to control conver51on in -a traln o f'three

t\CSTR-s.; By u51ng a locally 11near state space model of the’
‘ reactoriithey 'obta1ned optlmal 'temperature proflle' that‘%

‘brought ' the monomer conver51ons to the de51red values over'

o N . a \,vv'
/ o ' N



'( the reactor tra1n.

3 | I L
Cluett et al. (1982) used a-. globally stable Adapt1ve“'
J o

.-bredlct1ve Control System(APCS) for Setpolnt track1ng and
‘ e

'constant reagtlon rate control of a s1mulated pvC batch

LS

,reactorJfA - They obtalned good ;robust cpntrol desp1te

nonlinear dynamlcs of “the _'system;‘ Kmparlss1des andﬁ'
dShah(1983)7ebaluated-twd types of‘adaptive controllerseand‘a‘

“'PID controlleq to a- slmulated batch suspen51on PVC reactor.

They—,found that>~desplte;fthe‘ time varylng and nonllnear
‘characteristics vof. the‘ reactor, excellent control ~ was

‘obtained us1ng e1ther one of the two adaptlve controllers.‘

L c"

:Both.adaptrVe techn1qpes ,proved to be very robust and
odtperformed’ au"lwéll‘tuned PID controller ,under noi?&:
'cond1t10ns and time- varylng parameters._;_" |

_ Tlmm et’ l (1982) studled feedback control .offthe

N

'molecular wexght and productlon rate of polymer, u51ng hej;'

'model of?’thet styrene polymerlzatlon reactor and reported
'1that PID controller worked well in 4track1ng fhéf setp01nt3g
:changes in‘_ productlon' rate_ kand5 vmolecular l'welght._[
Schuler(1980) used a Luenberger observer and a Kalman fllter'd

: to:“'estlmate “non- measurable “-statesf- in~f_ak' 51mulated'

-~

:pOIYmerlzatlon. reactor.;V Held also descrlbed how'f SEC'

- measnrement can  be used to est1mate the states that can be

o,

'used for feedback control L ;i';‘"

However - there have been onlylza few experlmental'

'f,u.\, f

‘},tevaluat1on studles w1th respect to on- l1ne measurements ‘and’,

ucontrol ;_f pblymerlzatloQ;'reactors. Melra et al (1979);_



. . :'”. = ".v ‘ - . .‘ . i‘ _’ 1§0«
studzed he cdntrol“of MWDﬂof the polymer product in. free
Jvad1cal solutlon polymer1zat1on of;'MMA uin: CSTR. They

[

'varled the" feed flowrate of.‘monomer 'and‘initiator 1n“a
. . o L . o - Y

feedforward manner, and measured wthe effedts'}of , these

-varlables ‘._on X MWD of the,polymer produqt and reported:

I

. con51derable success 1m controll1ng the MWD of the polymer-

>

'product;

':In‘ftheﬁ forlowlng,‘sectlonSVFWea will J descr1be | the)

development f'o'ff optlmal feedback control pollc1es u51ng the

mathematlcal model : of"uthe_ free - radlcal *tsolut1on
polymerxzat1on of MMA 1n a. batch reactor

Y

743 Development of Feedback Pol1c1es S

7 From prev1ous .experlmental stud1es (chapter four) we

< ¢ . . \

know that temperature “and 1n1t1ator concentrat1on xaffect

conver51on and molecular welght\averages 1n the free rad1cal

- 'solutlon polymer1zatlon 1n the batch reactor. The nonllnear‘v?
model developed in chapter f1ve can not be d1rectly used to .

~ .,/s"‘

| develop feedback control pollc1es'fas'”th dlscrete‘ llnearf_

;regulator theory 'can -be appl1ed only to dlscrete l1near
: | \

systems Hence it~ is” necessary‘_t9-~11nearlze and then

d1scretlze the nonllnear model of~the reactor

7. 3 1\L1nearlzat10n and D1scret1zat1on
" There are ~two methods avallahle for the 11nearlzat10n

‘m'oﬁ'“nonlinear, models 'The flrst vone,'_ calledf};fpparent

*Q

ﬁlinqgriaation;i'was' proposed 'by Pearson(1962) " later

RY
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of the state varlables ar-' i

method to l1near12e the non llnear

_ . . T - o . ‘1‘81
/} ..> ' "t

successfully - used 1b Weber and Lap1dus(1971) and McGreavy‘

_and Vago(1975) Tn thls scheme the - state equatlons are

recast in a form that appears . linear. The local vaIues

: L <
the coefficients. of

the'v l1near1zed equatﬁabq

case Iof\ emu151on polymer1zat10n of v1nylacetate 1n a CSTR.

This method is useful in SituatiOnsvwhere the steady states'

around which linearization is.dene is not known in advanced
and is useful'.for. batch" processes;iwhere the operations
values always change with respect to time.

-The'sedhts-method ‘uses the truncated Taylor series

'approx1matlons of the nonlinear'terms The linearizatfon is

'”fdone eround known steady state var1ables of the system. The

“

‘ ’obJectlve 1n this feedback control problem is to follow the

- e

' _nominal tra3ector1es ‘of state varlables as closely as
‘possible The nom1nal trajectorles are obtalned by solutlon'
- of open loop control problem as. descr1bed in. chapter 51x.

“Sinte "the nomlnal values of state and control varlables are

%

*known in advance, fthe llnearlzatlon u51ng Taylor series

could be -usedv for thlS problem.vSage(1968) dealt with the

_procedure of llnearlzlng around the nom1nal trajectorles. In
~ the followlng the Taylor- serles approx1matlon is used to

llnearlze the model of the batch ‘reactor. The 51mp11f1ed‘

( :
model equatlons as shown in Appendlx C ‘ares

[
ERIRY
.

DY

5s(1978) used this.

’modeli'deri‘)ed fo,r’ the

-
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- dl : ' ‘ o
-kt S - (7.1)
dt : 2 . ‘.
aM , ‘ | |
— = -k | , (7.2)
dt
' 4
) . ’ duo o
- = deI + kle/I +k35|/1 ' )
dt \;
\ -
dus) = kySM? kM | N e
ot + + kst‘ o { (7.4)
at - v1 RS /

Sy

‘Lbt I,{’M,, ug; and u,. refer to the nominal = values dg

trajeéctories of, initiator, monomer, zeroth moment and second,.

moment of dead_polyﬁqf concentrations respectively. Let T,

1

» ’ ) 2 . I8 . . .‘
be ‘the nominal- temperature ~profile. Linearizing the »

Equétions"(7.1%—(7.4) around the nominal trajectories in-

terms’ of deviation varlables as denoted by A glves the

© 1

follow1ng state space model in a vector- matrlx form as shown

in Equation(7.5) glyen in the next page. Eguation(7.5) can.

L]

be compabtly written in the standara state-space form as:

any s -
. = AAY + BAu + WAI : o (7.6)

dt

where ‘ v

[

AY = (AM , Apo, Bujz)° | : (7.7)
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Au = AT o | | (7.8)
Mattice;3 A ‘and ‘¢ﬁe vecto;s B and W can be identified
easily from Eé&étion(?.S). Thg.elements of A, B and W are
dependent on the»nominal Valﬁes“of state of the4$ystem and

hence are time varying.

*

[}

For the purpose of digital ébntrol of the‘proceSS,'it
is necessary to discretize the linéarized model of the
reactor. Disc;etingioH of the continuous difﬁereﬁtéal
equatioﬂs has been trégted by’ many authdfs‘ (Ogdta(1967),
Franklin and ?owell(lQéQg).

After diécréﬁizat%@n the continuous *:1ineariied

Equation(7.6) can be written in the standard . form as:

AY,., = F AY, ¥ G Au, *+ H Al : (7.9)

. " : \ - .
where the discrete state-space coefficient matrices F, G,

. and H are -given by:

F = exp(At) ' o v ‘ (7.10)
G = } exp(Ar)Bdr
t o . o
H = | exp(Ar) Wdr B ' ' (7.12)

and t = sampling tj




N ' ‘. i l 185

To check the validity of the linearization and
discretization procedure, the responses of the. linearized
and discretized models were compared to the response of the
original nonlinear model when disturbances in the initiator
concentration from the "nominal values are'introduced. The
nominal values obtained . from the open loop optipal
temperature policy developed in sectibn 6.4 has been'uéed.
Thé discrgtization is done based on a sampling time of” f{ve
‘minﬁtes which is thé expected SEC ahalysis time when
efficient and fast columns are used.

First an increase in the initial initiator
cbncentrqtion;by 0.025 mol/L from theA nominal  value (0.05
mol/L) 1is introauéed, The conversion and number average
molecular weight responses to the initiator changes
predicted by the nonlinear, linear and discrete models albng
with thé nominal regponses are présented in Figure 7.1. It
can be observed ihat conversion and numbér éverage mplecular
weight responseé almost coincide for the linearized and
discretjzed - models whereas a small discrepancy exists
between fhe nonl}near model Eesponse and the other two model
responses. These - re;hlts confirm that the linearized and
discretized modéifrepresent the nonlinear model quiée well.
In Figqure 7.2 ?ﬁhe conversion and number average molecular
Tweight regponséfﬂare given for the case where the initiai
initiator conceng}ation'is‘decreaséd by 0.025 mol/L from its
nominal valQe (0565 mol/L). Again the'responses‘confirm that

the l}nearization and discretization procedure represents

1
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the nonlinear model quitelWell;

®v7 3 2 Control Law. Des1gn ['/
Our objectlve s to de51gn a feedback controller forA

‘the batch polymerlzatlon reactor S0 that the states of"the

..

-{Nreactor 'track the nomlnal tra]ectorles of states desp1te~

process upsets, dlsturbances, processi model mlsmatch etc.

'vThe nomlnal trajectorles were prev1ously obta1ned by . solv1ng

" the open loop m1n1mum t1me or m1n1mum polydlsper51ty problem

‘as descrlbed in* chapter 51x , el
One can formulate a quadratlc objective 'function‘,for‘

the closed 1oop control as:

. .t" ) ' a - 1 - ‘, 7
Lo S ) . Y=o . ) ) L . '; ) . _5(7,..13)

'The fOllé%lng phys1cal 1nterpretatlon ‘can be ‘given: to
Lo o) : .
the objectlve funct1on (K1rk(1970)) It is de51red to

}malntaln the state vector close to the"nomlnal or desired

o

values ‘w1thout exce551ve expendlture of control effort TheAt

lweighting functlon: matrlces .‘z’,'and Qv‘fare'. p051t1ve'
.semldeflnlte and R 1is- p051t1ve\def1n1te It ﬁiis slngular,'
‘the control effort would become 1nf1n1te. S
"The above is‘,a_ well studied problem in'_discrete '
allnear regulator theory The control law that ‘results from‘
‘the mlnlmlzatlon of J w1th respect to uy iSt'(Sagef1968),

_Franklin and Powell(1980)):

PN



2R - S 7189

Au, = RAY, | S (7.18)
where ‘ |
K = RUGUF) (R Q) C(7.18)
" P, =0+ F' P, (I +GRI'GPk+IF (7.16)
"pn -z | A S (7.17)

The elements of K. which are time varying gains‘ of“thef
feedback controller"can vbeacomouted from‘Equatlon‘(7;1S).
V The elements of the 3x3 matrlx Pk in Equatlon (7 16) can be .
obtalned by solv1ng the dlscrete t1me matrlx R1cat1 Equatlon'
(7 16) uslng" he boundary condltlon g1ven in Equatlon

(7;]7)§ It can be observed that the ga1n matrlx K can be/

'calculated off 11ne by u51ng only the nom1na1 vtrajectorles
/

of,vthe states These tlme varylng galns can be stored in a

/

computer and then used to 1mp1ement the feedback control_.

after ‘measurlng the values of the state varlables as shown :

. . X = /
in Figure 7.3. ' AR
. B . T /’ -

'7.3.3 Simulation Results )

| Closed 1oop control pollc1es were Aderived’\using the

t‘dlscretlzed model 'of. the breactor.- For.all the cases'the4
}nomlnal control and state :varlables' correspondfng to .thé o
minimum time pollcy developed 'in chapter six was chosen. :

Although 1n1t1ator concentratlon could have been. 'chosen as»

another control varlable, in thlS study 1t is treated as a.

/‘ .



'-'dlsturbance. Temperature is treated as the control varlable.

In F;gure 7 4 a d1sturbance in the form of 1ncrease “in v

-

" the rn1t1ator concentrat1on has been 1ntroduced It 1s knownv:'

-.,that 1n free radlcal polymerlzatlons, 1ncreases in 1n1t1ator

concentratlon' reduces the molecular welght of the polymer'

i

and 1ncrease “the rate of polymerlzatlon. These‘~effects vcan"

be. observed in the responses of the uncontrolled reactor in

‘flgure 7 4, When the reactor 1s put under feedback control

"-Jthe control var1able temperature decreases from 1ts nominal

U

fvalues to counteract the effect of- the d1sturbances. lt' can

'b}; clearly’ observed in F1gure 7. 4 that the conver51on and

, number average molecular welght responses move towards',the
. ) » ) i o ' :
nomlnal responses.'

Flg re 7 5 presents the results when a diSturbanceg in

the form ’of' decrease “in 1n1t1ator concentratlon is

v,introduced vAgain it ,can be 'observed that the feedbaCk"

‘:controller br1ngs the responses‘ to'_the, nomlnal des1redl

‘ : !
'xvalues. In Flgure 7 6 the feedback control results are g1ven

fOrA the. case- where 1n1t1ator dlsturbance is 1ntroduced 20

vmlnutes after the start of reactlon. Results 51m11ar to “theV'

-

prev1ous cases can be observed

Ip,all‘of the feedback control results 'it* can be‘

-observed -that there are offsets between the nomlnal values

/
) .

~and the"controlledu responses.' From Equatlon (7 .‘)'~and

Flgure 7r3 it_fcan fbe seen that the optlmal feedback'

’,'controller has the structure vofA proportlonal controller;

Srnce 1ntegral act1on is. absent the'offset is;not entirely -

[N
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: ellmlnated by the proportlonal controller. However, integral

act1on by 1ntroduc1ng addltlbnal: state varlables. can be

«ea51ly 1ncorporated to remove this offset.

7.3.8 The ch01ce of Q and R o f’. R .
‘ "Q.vls a 3x3 matrlx and was chosen as a dlagonal matrlxr
The g3 term‘wasbset equal to zero to indicate thatzlwe dldl
,not'.wlsh‘.to .explicitly control deviations of Mw (weight
'average mélecular welght) from npmlnal values. The remalnlng
v:dlagonal terms q,, .and qzz terms were chosen,after numerical
vexperlmentatlon. They also show the relative 1mportance
'\*\g%véﬁ- to the dev1at10ns of monomer concentrat1on and zeroth
moment from nomlnal valueﬁ. F1nal values chosen were Q121.0.
gz:2=10%, “and q33-0 In.the proposed run R is a scq}arr The

<

"_value of R decides the magnltude of control ‘action. A zero
: value‘ of- \3 results in large control actlon and drlves the o
'Acontroller to the 11m1ts of saturatlon. In our case we ~used

'Aarvalue of.R=10‘

",Stochastxc Estimation, and Control . - . -
Even though vei developed control strategles only for
p_the case of determlnlstlc model of the reactor, a realistic
f_model would be stochastlc in nature. The model predlctlon of!
,::states and the measurement of states could be used to design
"la‘ Kalman fllter. The state‘Estlmatlon and;regulator theory

'.could be used reallstlcally to des;gn the feedhack control

hof the reactors.r
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7.4 Conclus{ons | \:
In tﬁ?s chapter tHe'nonlinéar model of‘the.reactor»»was.
linéﬁrized around ‘the nominal trajeétbrieé obtained from
-open loop con£r61 pplicies, The linéérized;mod§l was further
diécretizga' and the opfﬁ@é; ‘regulator'theqry‘wasgused to
‘aerivg the feedbgck coniroi péiiéies. The simulation results
. show. - that' the feedbacﬁ control dqpntefacts'the effects of
diéturbaﬁées~and‘5rings the conQérsiop‘ganﬁ ‘number average

“molecular weight back to the nominal values.



8. CONCLUSIONS

The on~line 'meaSUrement and computer control problems
associated uith E“e golution polymerization of kMMA in a
batch reactor have been studied in detail in'this\thesis. An
experimental batch polymerization reactor with 'facilitles
.forl'on—line measurementsv of density, viscosity, torgue on
the stirrer and molecular welght of the polymer was ‘built.
All' these measurements were 1nterfaced to a HP/1000 process
 control computer. An automat1c sampllng system was des1gned
to collect 'sampleS' of'N"the polymerlzatlon . mixture
periodicaLly from‘the.reactor and to automatically inject
them into‘ the ~size exclusion chromatograph- (SEC). after
diIUtion yith-a solvent. Computer programs weré.‘developed
‘for automatlc acqu151tlon ’of‘ SEC data’and orocessing of
these data to obtain molecular ‘weight7 averages of the
‘polymer. ’ _ | |

Converslon measurements re made-using three different’
technlques:» grav1metry, gas¥:h;}matography and den51metry
The - analys1s of the results showed that grav1metry showed
apprec1able error in conver51on measurement partlcularly for
uhlgh conversion samples that are viscous. lThe dens1metry
results agreed very well with the GC results that were shown
to be more accurate than the gravimetric results. It is
recommended that on—line densimetry be used - to monitor
monomer conversion dur1ng the course of polymerlzatlon. The’

" arlalysis of the SEC results showed that the number and’

weight average molecular weights could be measured with

197 B .
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reasonable accuracy during the equrse of polymerization. \

‘A mathematical model of the selution polymerization éﬁ
MMA in a batch reactor ‘has ‘bee derived. ‘Since ‘the_
parameters avaitable in the literapﬁgg did not predict the\
eXperimental résults weli,‘ these model parameters were
re;estimated-using our own experimental'vdata.‘~ Verification
of ~the . model (with the re-estimated parameters),‘was

demonstrated"te be excellent by comparing it with the
- . : : q
experlmental data.

Optlmal control theory was applied to the reactor model
to derlve optlmal temperature and 1n1t1ator concentratlon
policies for four different problems. The thimem \policies
corresponding to minimum. timei and minimum polydispersity
temperature profiles ‘were 1mplemented on the -e;perimehtalb
_reactor. The ‘comparison of model and experlmental results
.showed that.conversion results followed the ,model results
very well whereas discrepancies ‘of the order of 25-30
perCent werelobServed in the number and weiéhtﬂkaverage
molecular results. These errors are well within'the range of
@oael predictiop errors reported by other investigatorS<win
this,research-area. ' | . 1

‘Linedr regulatorv theory was also applied to the
linearized model of the reactor for the.design of closed
loop(optimal policies. Implementatioh of these policies on
the simulated reactor. showedﬂthat the.feedback controller

was able to track the nominal trajectories of conversion and

’ F ' P o : .
number average molecular weight . in the presence of"
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: . [ s
disturbances due to initiator concentration changes.

As an overalf?conclusion‘tnis study demefistrated that
with a proper choice of onfbine measurement instruments it
is possible to do advanced controi of a polymerization
reactor. |
Future erk' This prOJect .was .startediitb provide the .
necessary groundwork for a ser1es of applicatlon stud1es 1n

the area of on-line measurements and computer control of

. .o

polymerization ‘reactors. Though closed loop confrol was
‘studied only on a simuiation'basis;_computer implement®tion
and verification of these policies ‘are recommended for
future work., An energy 'balance, of . the reactor can oe
performed from the measurements of hot water and cold water
flow rates and thelr temperatures. T:}ﬁﬁ“energy balance
information could be used'-to predic and controi the
reaction_rate‘ during the course 'of' polymerization. The
experimental system can be easily modified to ”studyf
“contlnuous polymerization reactions. Also the reactor system
_cen be ~ used to study _on-line measurements and control
‘problems associated with emulsion ~ and » susoension
‘polymerlzatlon reactlons. | |

" In thls_study only optimal control theory has been
applied to foptimize the ooeratton of tne polymerization.
" . reactor. Since the polymerization feactor . is highly
nonlinear and contains time varying parameters; adaptive

control techniques such as self tun1ng regulators (STR) and

self-tuning controllers (STC) could be applled to study the
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control problems.
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~ APPENDIX A: EQUIPMENT AND INSTRUMENTS REQUIRED

A \‘\\ -

\r

]

Reactor System
1. Five litre cylindricél jacketted glass reactor.

2. Hot water tank.(25 litres capacity, 1500 Watts)
Blue M Electric Company, Blue Island, Illinois, USA

3. Hot water circulating pump (centrifugal)
115 Volts, 120 Watts, 3000 rpm.
Little.Giant pump Co, Oklohama city, OK,US.

4. Rotameter (Hot water flowrate)
o 0-2 gallons per minute
\ Brooks Instrument Division

5. EMF Converter (millivolts to 10-50ma signal)
118 volts, 60 cycles, 9 watts.
Foxboro Company, Mass.,US,.

6. Foxboro M/62 Controller.(Model 621-5L)
Input ( 10-50ma) -Output(10-50ma)
Foxboro Company, Mass., US.

7. Electro Pneumatic Transducer(10-50ma to 3-15psi)
Foxboro Company, Mass.,US.

8. Control Valve (for cooling water) .
Research Meter Inc, Tulsa, OK, US.

9. D/P Cell(To measure cooling water'flowrateg
Foxboro Company, Mass., US.

10 Densitometer(DMA 45)
Anton! Paar Ltd, Austria
Distributed by Mettler Ltd, USA.

‘Sfirrer—Motor Assembly.
130 volts, 1.0 Amp 1/8 h.p. ‘
G.K. Heller Corporatlon, Floral Park, New york.

11.

11)12. Liquid Chromatograph (Slze Exclu51on ChrOmatograph)
Model 244. .
Waters Associates, Mass., US.

13. Gas ChromatograpH%Model 57 10A)
Hewlet—-Packard C ‘

14. Viscometer(Model M8B)

214
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Norcross corporation, Newton, Mass., US.

15, Reciprocating-Revolving Pump.
Fluid Metering Inc., N.Y., US:

Automatic Sampling
1. 50 ml conical flask

2. Solenoid Valves.
Skinner Valves, CT, US.

3. FMI Pumps(See Item 15 Reactor System)
4, Magnetic stirrer

5. Automatic Sample Injection Valve
Valco Instruments Co., Houston, Texas, US. .

6. Programmable Sequence Timer. .
" potter and Brumfield, Guelph, Ontario, Canada.

Computer System’ 9

HP/1000 Minicomputer

LSI 11/03 as I1/0 subsystem
HP Plotter

Terminals

TR WN -



f Al?PEND.I-X ‘B: SECI‘DISPE'RSION CORRECTION - -

”Let] Mw(V):ﬁand”"M (v) be 'Whé ueight‘ and the number

average molecular welght respectlvely of the polymer within
an 1nf1n1te51mal fractlon at: elutlon volume,v.

If there were no column» dlsper51on ﬂi;e’ at_'lnflnlte;.
resolutlon the welght concentratlon and the molecular welght
-at ‘any:’SEC elutlonﬁ'volume, y;“arel (y). .hd'l M, (y)

‘respeotively;. where . M, (y) iev the - true hcalibratlon
': relatiohshlp; If we let a Gau551an function G(v—Y) describe‘f
dthe fraotiod of spec1eS‘at y-whlch oets spread over to v, we
‘can:oohsider the molecular welght mlxture at any \ be‘
‘made vupjiby ‘species 'coming. from -all dlfferent v elutlon
volumes.‘The molecular we1ght of these spectes are M, (y) and
| thelr welght concentrat1ons detected at v are W(y)G(v y)
| By deflnltlon of the welght average 'molecular werght,

S

we can write the Mw of the mixture at-v»as lelOWS:.

4o ‘ , : o Lo

. fw(y)G(v y)M (y)dy

M) o (B.1)
) 4o . - _ o :
S w(y)Glv-y)dy

N ST

where. L st

G(v-y) = ——— expl = —— "1 . (B.2)
. oy/2m. _ 20% - '

s

‘and
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., ‘ . Lo . ."‘.v h.. 217‘ +
T R
- In Equat1o (B. 2) o 's'mthe’peak standard deviation.of the

h Mn(.Y) F D1e‘X(P(V—Dzy;')' -

j

.assumed Gau 51an d1str1but10n. In Equatlon (B 3) D; and Dz
'are_ constants of the true molecular welght callbratlon. ‘The

'denomlnator. £ Equatlon‘ (Bll) g1ves the overall we1ghtx

concentratio detected at elutlon volume, Whlch is F(v), L

Hence F(v) c n be obtalned by the followmg eQIuatxon- - ’

O F(v) = I,(y)G(va)dy S | e o (B.4)

valﬁatev the numerator of' Equation (B.1).
idSubstltutlng fQr G(v y) from Equat1on,(B 2) andd for M.(Y)"

from Equatlon (B.3),_the numerator of Equatlon (B 1) ‘can beiw"

!

:written'asi

C ke (1 o (v=y)e )
N =1 W(y)( expl- —*——————})D,exp( Dzy) dy
e 4 UVZW o 2n? ) ,

z
.

‘ Afﬁer con51derable manipulation the above eguation can be
evaluated as. ' l"ﬂ , _ - T {""}

N = M, (v)exp{(Dzo) /2} Flv=Dyo*)  © ° *  (B.5)

~subst1tut1ng Equat1ons (B, 4) and (By5) into Equation‘ (B.1)

¥

ve obtaln. L : o B

&
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. O repaet) B R
Mu(v) = e exp{————————}M (v) E (B.6)
, :, ’F(v) P > P

By using the deflnltlon of the number average molecular

we1ght,' the ' umber average molecular welght of the polymer

<

sample elut1ng at the elutlon volume, v, can»be given-as:

, i I W(y)G(v y)dy S _ _
"VM~,,(VV.)>'= B : z . v . i . : ‘l ! .}\(B"7),.,.
! ‘ R " T4 : o

:tI{Wlf)ﬂM (y)}G v- y)dy

; The denomlnator o( Equatlon (B 7) can

M, (9) and G(v ¥y from Equatlons (B 3) and;'

be - evalutedf by.

o substltutlng for.

(B 2) respectlvely Let\denom1nator of Equatlon (B.7) be D.

“Then : ' \3
K \ . : '
v (v y)’ f T
w(y)exp(‘ ™ G
Sho ¥ ' 0‘/277 : : e
b= _ . -dy
e oy2m D1exp( D2y)

-

:eThe above equatibn can be e%aluated’as:' .
o1 B R
D = — exp[_ ]F(v+Dzo ) : .- (B.8)

Substituting Equations (B.8) and_(B;4)kfn_Equat§on;(B.?)bthé}



_ instantaneous number average molecular weight at the glution
-, volume, v, is given as:

i

.

o Flv) (Dyo)? | .
Mi(v) = ———we——— expl ——— } M (v) o (B.9)
B ’ F(V+D20) . 2 :
'SinCe F(v) ifs the welght fractlon elutlng at elut1on volume,

vhvand M (). and Mw(v) are the \number average and welght
.average molecular welghts respectlvely at. elutlon volume, v,

the overall number and welght average molecular welghts “can.

'be obtalned by the follow1ng relatlons?-«lsgﬂ”‘
im‘
+m 1 ‘:‘ F
I F(v)Mw(v)dv,_‘ I
o Mw = - — R .o (BL10)
J E‘(v)dv ' o '
: ' 5 vfji-";ﬂ‘; :
3 + o ‘ » ’
J F(v)dv |
; LT R s : ) : »‘ . R )
M, = : — o - (B.11)
+oo . ) C , . -
_ R f{F(v)/M (v)}dv
: ot —eo

'Equations (B. 10) and'“KB{11Y Vgive .the humber and weightg
'average molecular welghts after the'”dispereiom' correction.’
rThese 'correctlons 'are 1mplemented in the computer program .
vdeveloped for the analy515 of SEC data.
bFor‘ constant ‘d?,: Equatlons (B.10) and!(B 11) can be,

1ntegrated analytlcally -and 81mp11f1ed further..7
e AR R

N

> . PN . :
)
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Let M (uc) and Mw(uc) be- the number average and’ we1ght

X average molecular welghts of ‘the uncorrected chnomatograms,
jrespectlvely Then, Equatlons‘ (B 10) and (B ) ‘can beT_'

rewr;tten as

My = Mu(uc)expl-(Daa)/2) 0 (ma2)
M, = M;(Qc)exp{(Dza)2/2)? _‘-i‘ RS S (B.13)
. where
!F(V)M (v)dv o
M (uc) = : (B.14)
I F(v)dv“
.
: g [ Flv)av . - |
Mn(ﬁc)vé_ ' o | (B.15)
E I{F(v)/M (vitav - |

Equatlons (B. 12) to (B. 15) could be used to cOfrectyfor “

the dlsper51on effect.
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. APPENDIX c@'§1MPL1FJCATiou OF REACTOR ‘MODEL

s

The mathemat1ca1 model Qf the solution polymerlzatlon
of MMA ‘1n a batch reactor has been derlved in chapter f1vefx

P

'.;and is glven as follows-

<

d1/dt

n-

‘aM/at

dub/df--

(K S+RaM) ot (Kia¥kee /2)No® (c.3) .

. 'duz/dt (k,S + fkmM)‘)\z‘fU k"t)\:o?ﬁz‘ +: “k-u';“}\f 2'._: . -v (C.4)
'“where | i L B e |

s .

R
P

L 2FKeT + (KpMtkoM '+ k,S)Aq o
Ay = - - | S (c.e)
lA,J“(k@M * kssw+ knko)” - S : -

' -

R

N2 Fa 2kpMk /(k M+ Kk S+ kg xo) R (o !

‘ii

ﬁ Thomas(1981)  car;;ed  oht' an. order of- magn1tude study 
.fof the'terms appeariﬁéwinhEQﬁat;Qns‘*(C,G)U and?:(C.l). fIn
‘Equgtioh‘ (C.6) it ;Wasv shown_'that' Ehé term (2fkdI) is
negligible “compafed to (kpMi‘)  ﬁéql¢cting?; the rate *
cons;éhts‘ for  transfer reactlons, thelfblldwiﬁg;éxpfeﬁéion .

ﬁfor K, 1s obtalned

-

'A,'-kpm/kt . 1]>',1,‘ R (0 ) M

‘S1m11arly an expre551on‘for kz can be obtalned as:

4

'\4“3" "4t‘ i'221

kT e

kw1 @
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* substitution of Equations (C.5), (C.8) and (C.9) into

Eguatibhs 4¢;25¢;thgough.f(C.4)}'th¢;moael ig simbii;iédﬁto
. ;hévforlowing'sétfof'égﬁatibns}_ e

N

= mkyI e (ea10)

T N
‘fg_— -~k yMY/I N
T R Lo

R

[

© - due

]

CkoI + KiM/I +ksSYI i (c.12)

K SM?©  kgMA. o o . e Lo
i e+ kM? . (C13)
S 72 S 2 S

+ - where . = L h

du, -

L

-

ki = kpVZ2Ek4/k.

Y

o(c.14)

s

= 'A 1 exp( -E‘ 1 /RT), ..

a

ks = KaVZ2ERa/K. =eBsexp(-E;/RTY. - - (c.15)

o

ks = K, VIEEJKS = Maexp(ZE,/RT). . (C.16)

P’y .

e



"cétzf(1-u/é5-

The‘

CVZERGK R
.: N, ’
. (2+») kp?
ke

 2kpikn . |

s V' ="k tc/k t ..

- Agexp(—Eg/nT)“
Asexp(-E¢/RT)

.~\‘
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above Slmpllfled equat1ons were derlved by the order of

" (€.19)

'(ci18) -

,magnltude study on the. terms occur1ng in the expresslons for

)\1 ‘and )\2

Further 51mpl1f1cat10ns of ‘the model equatlons ~can

,_achleved
model in

"iThen the:

o ar

ff the transfer

‘which case the terms ki,

model equations arer

— = -KdI .
at. 1o
a .
. = ~k1‘/IM
4t -
. d#o_: L
o = Ckal
dat. o
du g ) L
- = kegM?* - .
a3 : r
The se modelsf are

react 1ons

k3 r

Ku

‘are neglected in-: the

‘and kgvbecome zero.

;f(c.sz§

)

b

,(cgzpir

'be‘"

“(c.22)

(C.23)

(c.24)

used to der1ve the ~open loop and control

p011c1es in chapter six and also the Appendlces D, E ahd F.

0._

)
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" APPENDIX D: MINIMUM TIME TEMPERATURE POLICY
The objeéti?éis;to,findgfhe-optimal,témperatu:e policy

- +for 'a given ‘initial initiator concentration to producg a

.polymer product with desired conversion and number average

- molecular weight in minimum time.

ot

. “The simﬁlifiqd model éQUatiQns ‘have been derived in

.'Appendix CffThey are: “; '  "L> o .
: : ¢ o ’ R
= =kg41 ‘ : S : o (D.1)
dt
E {
aM , . . | . 7
— = -k MYI S . (D.2)
~ dt » o . ' Lo .
— = CkaI + k,MV/I *k,SY1 -~ . - (D.3)
dt S o _ _ -
dill 2 b K4 SMZ ' /‘ kgM®- : . o ’ ) SR .
i ket (D)
a VT Vi ) -

-

The - gesired ‘conversion X* and desired number average

molecular weight M,* can be expressed in terms of desired.

monomer concentration (M*)-and desired zeroth moment of the
5 A B ¢ ) i : . . . . s . - .
polymer(uo™) as:

COMX = Mo (1-x%) ‘ A_ , - (D.5)

Uo® = MoX™ MW/M.* N ) (D.6)

224
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where MW is the molecular welght of the monomer ‘and MQ I's

the 1n1t1a1 monomer concentratlon. If tf 1s the final . time

>

and M(tf) and ~uo(tf) a:e, monomer xand zerpth moment‘off

.
-

: polymer concentratlon respect1Ve1y at the fanaiuﬂtime, the.

follow1ng objectlve funcblon éan be fbrmulated

DR

. . . " R - , L ‘- tf . N .
min J= W1{M(tf) M"}2 ¥ Wz{uo(tf) uo.}’ + §1 dt - (p.7)
where w, and w, are we1ghts
The Hamlltonlan for: the above optlmizatlon problem can

”

be wrlttenwas follows.k. R

He1-P ko 1-PsK M/I+Pa{Ck,M/I+k3SYI}« - .~ (D.8)

In Equat1on (D.8) P,, P, Pg'are co-State varieble5~whigh

must satlsfy the followlng canonlcal equat1ons.

v,

-dp, - oH . 1 P kM i1 kM 1 k;3S
i == =k 4P+ - "P (de
~dt o1 P2 72 SR 2 /I 74
gpz.. ,aH » o . o . '- -
= = —— = k,Py/I -k,P3/I o (D.10)
dt oM :
, . . [
dpg oH ) . o
= - = 0 . ‘ o ~ (D.11)
“dt dpe : :

" The co-state variables will also satisfy the following

transversality conditions:
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(D.12)

P,(tf) = 0.
3J | . ' o
s (tf) = — = 2w, {M(tf)-M*} S : (D.13)
oM ttf : o
P3(tf) = = ZWZ{uo.(tf)’ﬂo‘} v (D.14‘)
a#o tf : ‘ .

- The 1n1t1al and flnal condltlons for the state and co- state

varlables for the above problem can be wr1tten as:

\

variable - t=0 t=tf
I Io free
M " Mo free
Mo free -~ -
P, free ' 0
P, - free 2w, (M(tf)-M")

Py . free 2w, (uol(tf)-wo”

If the  temperature is  constrained, the optimality
~conditions that must be satisfied by the optimal policy are:

»

Fa
H=0 ,
Py 4
3H/3t < 0 P o= T
_3H/3T > 0 T = T, ;
3H/0T = 0 T is in the interior . (D.15)
whére T and T, are;'ﬁpper énd‘ilower 1imits of " ‘the

temperature

e
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-

A two point boundary value has‘to be solved with’thevj

ksimultaneous'satisfaction of the roptimality oonditiohs -to

)
.

obtaln the optimal temperature profhle. ‘
-Aldlscrete control methed algorlthm (ThomasleBTl),
Thomas and Kiparjkside5(1984{ is used to solve the above
problem. It should be p01nted out:‘that the minimum»'time
‘problem is not' dlrectly solved }m th1s method, First a
series of fixed terminal time problems are solved and then
'~ the smallest time for “which coﬁvergence is possible, is
selected as the m1n1mum time. |
. The ess%ntlal steps. of the discrete control method are
- given under:
Select a fixed t1me. R
‘23 Guess a p1ecew1se constant temperature prof1le T(t)
3. Using T(t){ integrate state equatlons forward.
'4.;Compute'?1(tf),‘Pz(tf) and P,(tf) from Egquations (D.12)
to (D.14) and 1integrate . the co-state equations backvard:
'51multaneously compute g(t)= aH/BT - \
5. If the fxnal condltlons of state varlables arégsatlsfled
within a toleranee/limit, stop.
6. Otherwise compute new temoerature history' uslhg the

#

following equation

. . \ . -
T(t)=T(t) - ag(t)
new old

where o is selected after some numerical experimentation. A

small value of « would lead tg_Long computlng times-'begor%/

el
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\

reaching the. solution and & large  value can - lead to

oscillations or even divergence from the solution.



APPENDIX E: MINIMUM TIME TEMPERATURE POLICY SIMPLIFIED MODEL

As given in Appendix D; the dbjective in this problem,
~ is to find the optimal temperature profile at a given

initial initiétor ‘cdncentration to produée a polymer with

desi:ed fingl conversion and number avegage molecular weight

‘in minimum time. |

In thist development the simplified ° mathematical

obtained by neglectingvthe transfer reactioni are used. (see

Appendix C) The simplified model equations are: . Eﬁyu
(E.1) . .

(E.‘z)

duo N . | . |
— = deI ' ' (293)
dt '
The objective function of this problem is: X
tf v ) v .
min tf = max J -dt ‘ ’ : (E.4)

0 =

*

The Hamiltonian for the above problem can be written as:

x

=

H = -1-P1kal-Byk M/I+P3Ckyl o (E.5)
. | :

In Equation (F.S) Py, P,, ahd P, are costate variables_which

e
-~

&

229
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A
y .

. ° - « . .
satisfy the following eguations.. o
. . o

. = P kgt — —— P3Ckaq . (E.6)

ap.
_z (E.7)
dp

7 =0 i | ;»':" . (E.B)

dt  ‘duo ;‘

o .The,Opfimality éondftions assuming no constrainz on the
temperature are given by: . . v“u?L~ ' o
(E.9)

© U3H . PiEskel - P3E Kk M/T + PyCEgke o
= {- A ' 3} =0 (E.10)
_ Ry —i =

From Equations(E.2) and“(E:7)‘we obtain

S am . dpy T R ,
et — l' - = O o = . : n . (E.11) )
SV F, | = A | L .
M e . _ s,
followi%g - equation is, easily .

' From. Equation(E.11) - the
) |

obbai;ed._ : R L o '
' B IR T §§@ j%
\ e (E 12)

P.M =‘con5£ant = a
),‘Equation(13) can be derived
) M N

From Equation(E.10



 PiCE.ky = PyEgkeI + PoE K M/T L (EA3)
PR AR | o SRt
-Suhstitutihg (E.13)'in (E.9) we geté-

T

I
o

P.M/I1k, (E,~Es)-E, (E. 14)

From Equation (E.12) and (E.14) we get: = - 7 =

~

kI o o mas
[ (B 1-Eq) a- ,‘ ‘ S .}

Equatlon (E 15) can be used to get the optlmal temperatbre.-.

‘The; optlmal -temperature. : be obtalned by the follow1ng
procedure. o
4, 'Guess the value of‘Pz'at time t=0'

‘ 5.uﬁgalculateva = P, M = constant at t1me t 0

.t%h:;Ealculate the temperature T from Equatlon(E 15)

'_77' fn@egrate Equatlons (E 1) (E 4) forward and at each step
= calculataw temperature ‘T, Proceeda untll dthe desired
iconver51on is reached “ | .. — | |

.. When conve§51on has reached the de51red vvalue, compare

’the> number average _molecular weight w1th the de51red'
value.’r
9, I'f they are - w1th1n the tolerance vaiue,:stop '
10:t0therw1se go to step 1 and. ad]ust the' value. ot”lég at
. //tlme t=0 ,' N 7 S fhi':jr

S

" values ‘of' P, in this program. Computer programs have b
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' A S 4 ‘4 v. . A‘_ ."- | . u F:;E. .._‘.“”; \ '  o . |
© developed to. solve - the = above problem. The results-are

| p‘re\sen‘tdéd in "S"ect_ion“-‘:é.'s; . : .~ : ~ .

[ . B



. AP?ENDIX.Ez‘TEnPERATURE7P0LICY FOR MINIMUM POLYDISPERSITY
",fcff' ThlS Appendlx solves the problem‘4 descrlbed in sectlon‘“
f6 3 he» ohgec£4ve is” to produce a polymer product w1th
’de51red conver51on (x ) and number average molecular We1ghti
fand hav1ng m1n1mum polydlsper51ty. |

.;.f-v ' The modelg i ' requ1red after neglecciﬂ9: thé_

+ transfer reactiof XS o Appendix’ C) are: L L

: | S PR
- dt . o ' : S - . A

aM e IR el
o —N\= ckMT o (R

w . duo

= CK,D R o (FL3)
.t N - | .

du, |

T kM R . S (F.4)
Loat S e _

o

Note Equatlons (F 1)- and (F 3) ‘are 1inéar1y dependentz and
hence Mo can. be calculated from I. V

‘The objectlve of the pfoblem can be written a5°'

min J =&Nz(tf){' - S l ‘Al, : (Ffs)

 The Hamiltonian for the above problem can be formed as:

“

533 o . - - v. :



='P1kd1"

AR
. 4
wa

o

. 4 - “;< . &‘:’} :;'

'p1k1MVI * P3kaMi.

~t“(€;6)

SIne Equatlon (F.6) Py, Pz and P; are co state varlables whlch

mgst satlsfy the followlng equatlons- j\t;

3

LLEE s
s v ‘The

wrltten as follows"Boundary Condltloms-

BH ‘szJM.

81 Y

M
aﬁe.«f'
= s e 5 0
AT S
{A'{»,.

(F.7)
. /

C(F.8)

"(F.9)

and b@undary condltlons of the problem can be

_Variable "+ = t=0"~
I I,
M Mo
2 0
P, free
P, : - free
Py . o=

Io—Mox MW/CM ®.
Mo(1 X )
free -
-free
- free -
-1

Along the optxmal path the follow1ng two equat1ons Wlll hold

good

Y g

234

C(F.10)

w®
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e ¢

— = - ( =P1EgkylI -P,E kiM/I+P;EgkgM?}=0 . (F.1T) -
T .- RTE T TS

D S
3,

S Bo= mPykel -Prk M/I+PikeM2 = 0 T T (F42)

Substitiiting P,==1 and Equation (F.12) in Equation (F.11)
° and rearranging we get: ' ‘ ' . '
Pk M/I{E,E,} - keMMEeE, =0 - (F.13) 0
Butlye krow tHat:’

-

~
@
fl

; ;(24b)kg?/kg g Aséxp§~és/RT). e (F.14)

i

k= kp/ZERL/K, = Asexp(-E\/RT) . (F.15)

: With‘a.QalgefOf f=0.5):fr§m Equétiohs.(F;14)‘ana‘:(F;ﬁS) 'ye7t
get:v f.. SR  & -7 g o
(E¢-E4) = -2(E4-Ey) L (F.16)
~_:k6v= (2+P)k11/ki:‘ -vv:  ‘ . -v“”,- - «'j (g;H7)-
Subsfituing Eguaﬁion‘ (F.17) - in ' Equation . (F.12) and

rearranging we .get:
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ke -, P/l

From Equatlons ”(F 14);. (F.15) and (F.18)gb the ;optimal‘ﬁ

temperature T can ‘be obtalned as~‘

‘ . . (.E.‘s'-"’El ). . o '. : . o o E
T T ' ‘ ’ O (FL19)
e m2AeM | T RIIESHEE
R 1n¢( B

o I : N o e .
The optlmal temperature proflle can be. calculated by  the

| 4hf0110w1ng procedure

- 1. Assume Pz(O)

2}',Calculate T from Equatlon (F.19) .

: 351'Integrate;Equatlons (F.1), (F.2) and;(F';) untii desired;
S conversion x;‘is reached L,' : . i'.f s
7’4."Check if Mo has' reached the ‘desired value.
'5..,If M, has not reached the de51red value go’ to step 1 and
’ adjust Pz(o) o ’ .'uwy' . o s
By us1ng the 51mp11f1ed @odel we-avoid the solution of

, the,‘twp' p01nt boundary ‘value problem. We have to 1terate‘

‘only on the 1n1t1a1 value of the co- state var1able Pz
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