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ABSTRACT: This thesis ™as been written in three parts.
‘ Part I deals with the rheolog1¢al response of
dllute solutlons of high molecular weight polyahfylamldes

at ‘low shear rates. The non-hewtonian effects were found

'to-be‘significant for poPyacrylamides with number ayerage

6

\}, molecular weights exceeding 10°. The molecular weight

average-intrinsio yiscosity relationship most widely used
in 1iterature was fouhd to be valid when rhe\intrinsic vis-"
cosity was measured at high shear rates where the pol}mer
5olutions approached Newtonian behaviour. A new relation-

ship was developed relating the number average molecular

weight to the intrinsic v1sc051ty extrapolated to zero shear

)

rate, . \ )

Part II is an experimental -investigation of the

free-radical ghain polymerization of acrylamide in water

* — » - I3 A 3 \ -
with potassium. persulfate initiator.- Congitions were such =

‘that the polymers produced had a number 4verage molecular

weight in excess of one million, Nolecuigr/yeight ‘avera-

geé were measured by viscometry, accounting for 'the non-

Newtonian effects by the methods developed in Part I. Va-

‘lues for the transfer constahts to the monomer and to the

initiator were estimated at 25 °c aod- 4Q°C and compared
to the literature values. e o

sln Part III ', 'a new method was developed to’ esti-.
mate the ﬁeaotiyity ratlos'from composition;conversion

. Vg .
data, based on non-linear regression. Previously published

iii
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& - )
experimental data for the copolymerization of acrylic acid

and acrylaﬁidé were analysed by the new method, and the
results compared to those reported by the original inves-
tigators. Compositi&n—conversion data were collected for
thig coﬁolymerization system at interﬁediate conversion
levels and over a limited.range of compositions. Values
for the reactivity rgtios at 40°U were obtained from

thése data by the new algorithm, and compared to the lite-~

rature values.

)
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ide Polymers

-

llolecular VWeight Determination o% Acrylam

L.
Using Intrinsic Viscosity Measuremeints

~
- .

I.1 Introduction )
Polymer molecules of high molecular‘weight possess

the unique capacity to greatly increase tﬁe viscosity of

the liquid in whithﬁhey are dissolved, even when present

at concentrations which are quite low. This is a manifes—
tation of the‘voluminéus character of randomly coiledtlong
chainwmolecules;l The higher the mdleculaf welght within a
éiven series .of linear polymer homologs, the greater ?he

increase in viscosity produced by a given weight concentra-

(1) -
N

*

tion of polymer _
‘ The dependence of the"§gscosity on'molecular weight
@pgt be establighed'empifically in each individuafFCase by' -
comparison with molecular weights determined by one of the
absolute methods (osmotic pressure, light spattering,etc.).
On the other hana,'thé measﬁremen£ of'viscésity is very much
'simpler than the execution-of any of tﬁese\absoluté methods.
ill previous investigaf;pns of the acrylamide polymer
(kinetics of its synthesis, its various applioations,étc.). '
. have relied almost exglus;vely_on'viscosity measupememfs
far ‘its molécu?arjweight determiﬁétioﬁ. The~importénce‘of

viscosity meagurements as.a quick and easy method for the

, T
. <
¢ L . .
& N * - .
. . T-1 . .

1.

.
-
N -

TR ALy
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molecular weight determinatioﬂ of polyacrylamides is en-

hanced by the fact that Ishige &powed that g}I"ﬁgimeation

chromatography had limited resé%gjigpffbigthe high’ nolecular
_ ) -

weight énds of these polymers(2 --However, the dbmmeréial

) avallablllty of glass packing material with pore alameters

N

as large as 3 microns (E Merck, Darmstaat,Germany) has sub-

,stantlally extended the resolution of GPC columns to higher

ﬁoleculaf weight polymers. Cn the other hand, GPC has not
yet been ofoVed fruitful in the case of polyelectrolytes'
because of the dissociation of these molecules and its influ-

ence oh coil eize(41’1?).

I.2 Theoretical Background and Literature Review

1.2,1 Intrinsic Viscosity Co T L

“and his- coworkers

: of the polymer solutlon divided by the v1sooelty of the pure

The ‘developmen’t of-the theoretical basis of the use
of viscoSity measurements for the ﬁetermination of molecular

welght of polymers have been largely developed by’ P.J. Flory
(1,3;4,5)

The relative v1sc081ty ‘n is deflned as the v1scosity

—

solvent

i,
=3

n ' (I-T)‘

r
8

~

Y
e}
- e el

The specsific viscosity nsp is defined as

N1

Sp T
M-,

N

H

(;;2)
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=2

the ratio nsg‘, where C is the concentration of the polymer
y C

form

I-3

The specific viscosity expresses the incremental

LX)

~Vviscosity attributable to the polymeric solute. Therefore,

in solution, is a measure of the specific capacity of the
polymer ‘to increase the relative viscosity. The intrinsic

%iscoSity Pn} is defined as the llmltlng value of this ratlo

at 1nfln1te dilution ' . »
PO O T e ,
LR e I - (1-3)
| ¢ | g0 ¢ /o0

! . N
The cencentratlon C is customarll expressed in grams per

decillter, fn] belng given 1nj e0111ters per gram.

N
Alternatlveﬂy, if we express the concentratlon depen-

dence of the relative viscosity as a virial equation of the

1+k1C + k202 b P (1-4) l

i
i
o
noen -

i
Si’ i} ! \

|
i

Then,'from its defﬁnition in Eq.. (I-3), the. intrinsic viscosity

ls 1dentlcal to th? second v1r1al coeff1c19nt k1

The’ intrlnolc v1sc031ty may also be defined as follows(6x
1n 7) |
] s.( i ) _(.1-5)
B . C  ['C=0

Series expansion of the natural 1ogérithm demonstrateg the

equivalence of Eq: (I-3) and Bg. (I-5).

AN
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i

than the one described above.

I1.2.1.1 The Determiﬁatiog of the Intrinsic Viscosity

4 The determinatio® of the intrinsic viscosity requires
* E)

‘the meaéufement of the polymer_solution viscosities at dif-

r:

- - ferent concentrations‘apd'the extfapolation to infinite

dilution. But the procedure is relatively simpie because-,

plots of sp ‘and In T, Sersus C usually are very nearly
C C .

1

linear for 7| <:2 (1) And it has been pointed out that the

lopes of these plots for a given polymer solvent system vary

(7)

approx1mate1y as the square of the 1ntr1n81c viscosity

Thus the eguation proposed by Huggins(a) =

lep . [n] k? [n]® ¢ | (1-6)
C

Al

g
where k' is approxlmatley constant/for a series of polymer

¥
homologs in a given solvent.“ Usually, ‘but not always, k' is

in the range from 0.35 to 0.40. It can also be shown that(1)
lnfnr
c

<[+ [m]%c - an

where g” = k' - %

‘Generally k" is negative and smaller in magnitude than k',

hence EE;EE changes less rapidly with concontrationnthan

does _H§§‘. For this reason gxtrapolation of Ef;ﬁ; is some-

what prgferred over extrapolation of ns . ¢
‘ Polyelectrolytes exhibit a ver§~éiiierent behav1our

g
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I.2.2 The Capillary Viscometer

This is, by far, the most widely us’ed apparatus for NID

the determination of the intr;nszc v18c031ty of polymers.

. This‘'is malnly due to the fact that capillary v1scometers

llow all the YlSCOSlty measurements at the different con-
centratlons to be done using the same polymer solutlon by

,dllutlon in-'situ. . o N

An energy balance about a capillary viscometer gives(g)
v — n\ ) . b b N -
H=Fp+ ¥, +F, (I-8)

where H is the driving fluid head (the vertical distanece bet-
ween the two menisci), and Fe 1s the friction developed "in

the capillary.

-

.In a properly designed viscometer the'fiow will al-

ways be viscous and F, may be.calculated by Poiseuille's-
. l PR
/\

8 I,y’z . . (1-9) T

equation

F. =
‘f Og 1T r

where r is the radius of the capillary

t

is the length of the capillary
“is‘the viscosity of the liqguid

is the density of the Iiquid !

EATE RS R

is the gravitational acceleration
v is the volume ,0f the liquid passed through the

capillary in time t ' S

-

Ths terms F and F in Eq. (Iw8) are thn frlctlon/forces dué’

-

to turbulence caused by the contractloh of the stream as it



1-6.
enters the capillary and the expansion Qf the stream as it
leaves the capillary, respectively. Because botn F and Fe

have been correlated to the kinetic energy that the flowing

fluid has\g\eh inside the capillary, they can be expressed as

c e ~ g . ’ (1-10)
where m is the kinetic energy ¢orrection coefficient

U is the average velocity.inside the capillary and is$

i

equal to vV
TTr< t

Substituting from (I-9) and (I-10) into Eq. (I-8) and solving

for the kinematic viscosity U we get

n g H r4 m 7. 1 .
UEE‘=§fV'“t'877L'£ (1-11)
B . /)’g '>
or U= Ct-%- , - : (I-—H—A)

Only C is a constant for lonv capillary’ v1scometers

whereas B is a constant only 1f mis a constant But m in-

‘.”,f;lw 20 gﬁ!‘jﬁi‘ w‘?y R BRI 7 4 s e

creases w1th increasing Reynolds number and changés according
. to the shape of the caplllary entrance and exita

¥ . ' Cannon et al.have experlmentally 1nvest1gatea the 4

T

Q kinetic energy contribution to the total friction forces and

sugg euted an equation of the form

o 4T w2t e

. .
AY

4 ., L
U= Ot - % , (1®12)
t
with E remaining constant over a wide range of Reynolds
(10) , ~

number

P o e i o M B, P e U AT 3
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L’5,3 Qelatlonshlp between Intr1nsxc Viscosity and

Molecular Weight

I.2.3.,1 Empirical Approach
| The relationship between fhe logarithm of the<intrin—
sic viscosities of any series of fractionated linear pof&mer
homologs and the logarithm of their molecular weights'have
' (1)

been” found to be linear over wide raﬁges of molecular weights .

This suggests the form

(n] = x &2 . (1-13)
where k' and a are constants. \

The .exponent a varigs with both. the polymer and the
solégnt: "It does not fall below 0.50 in any case and seldon
exceeds about 0.80, the notable exception being polyelectrolytesﬂ

in the absence of added salts. k' and a also vary somewhat

with tempe;a T | " . ‘ ' |

- Althoué‘ Eq. (I-13) is empirical in origin, the more
cémplicated“theoretical expressions to be developed in the
next section can be closely approx1mated by this simple

equation over w1de ranges of molecular weights.

In case of unfractlonated polymers w1th a wide mole-
cular weight distribution, Flory(1) showed that the fOllOWlng

expression must be used in place of Eq. (I- 13)
-

- . . ¢
[n]= x w5 (1-14)
where Ev is the viscosity'éverage molecular weight given by
- e i

. w M1+a 1

= ala - ! a

M, = Z"’" M =] = (1-15)

v i i | E:Ni My :

b5
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o
where Wy o= 7% is the weight fraction of species i in the
whole poly&er and Ni is the number of molecules of éhis specieé;
The.viscosity average molecular weight depends on the
nature of the intrinsic viscosity;molecular weight relation-
ship in each partlcular case as represented by the exponent

a of the empirical relatlonship, Eq. (I-13). For polymers

. 'having "the most prohable" distributiom, it was shown that(11)

1
T ﬁv : Ew = 1 : [(1+a) C(1+a) | & & 2 (1-16)

> Q
where [ (1+a) is the gamma function of (1+a). As a varies

from 0,50 to 1.0, fz for this pafticulai molecular weight dis-
. ﬁn' @

S

tribution iocreases from 1.67 to 2.0. 1In generei,/the visco-
sity average molecular weiéht Qill always be considerably
closer to .the welght average than the number average for any
distribution likely to be encountered in a high polymer( )

It is necessery, powever, thatlﬁpe molecular species included
fail within the,fenge over'&hicp them%mpirical equation &I-f})
applies with suffi@ient accuracy.
3)

1.2.3.2 Theoretical Approach(1’ - Molecular Theocies‘of

Polymer Rheology at Low Concentratlons

A number of successful developments have beerr made in

the treatmént of rheological response based upon mathematical -
“ | -
models of the structure and dynamics of long chain molecules.

These models use the phyéics of moleculee-ac opposed to the
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physics of continua—in attempting to describe this response.
Dilute polymer solutidns.gre usually treated as two-phase
systems consisting of"mechanical elements (thc polymer
molgcules) embedded in a continuum (the solvent). The sol-
vent is imagined to exert forces upon the polymer in much the
same way that a fluid exerts forces upon a small suspehded

» .
particle . As was pdinted out by Hi@dleman(lj), this two-

:phase approach has led to some successful theories, although

fyndamentally improper, since solvent molecules are not really

microscopic in comparison with the monomer elements.

. The general procedure for calculating the dissipation
of energy due to the prgsence of a perturbing phase was first

given by Einstein(14).

e considered the perturbation to a
simple shear flow due to the presence of a single solid sphere

of neutral density. DBy assuming that in a dilute suspension

" "of spheres this single sphere calculation would still be valid

for each individual sphere, LBinstein arrived at the following
expression for: the viscosity of a suspension relative to the

ﬂiscosity of the suspended fluid

| =

=1+ 2.5 @ ‘ . {I-17)

=3

S

where @ is the volume fraction of/épheresﬁ

(159

Debye introduced the concept of the "iree Lraining
N v

1

Polymer" where the individual monomér units do not interact

with each other, nor do they distort the flow field. Fut when

a2 monomer unit moves relative to the solvent, a frictional

-

-

— ety
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retardation is felx which'is’prbpbrtibnal te the relative

viscosity, Debye showed - tnat the -¢entre. of gravmty w111
,/

translate with the fluid velocxty at that p01nt and, in

addition, the molecule will rotate with a-frequency equal

to half the sheg; -rate. The analysis of such a nodel pro-

duces the result that the intrinsic viscosity should be

diqé?bix/prqportional to the mblecular weight, i.e.
[n] =K, M (1-18)

v

This equation is known as utaudlnger s V19c051ty Rule.

N

Deviations from gq.'TI 18) are common and attr1-
butéq to the fact that the polymer molecule is not "freely

drained”. Hence the concept of a ‘™Shielding Effect" was
2 A}

introduced, whereby peripheral monomer units-are imagined

to be able to shield interior monomer units from the

(16,17) . N~

external flow . Analysis of this model leads to

the result X .
[77] = K, wd .. (1-19)

N

where.q is a function of the amount of "shielding". At

the limit of complete shielding, @ equals 0.50., This ®eha~

viour is associated with the action of a

(1)

results agree with observatiOﬂ, but a Elory points

out, some of the parameters remaln qu ntitatlvely undeflned

(16)

rollow1nb the treatment of Debye and Bueche

_Flory considered the motion of the soljent with referende

(

to the polymer meolecule ’3).

" \
NeaX the molecule:s centre

or solvent., These.



of the unperturbed molecule) and (r

-1
the solrent is ®ery nearly stationary,.but as‘we move out-
ward its veloc1ty 1ncreases. The ndlecule also rotates with
an angular velocity equal to half the rate’of shear’ of the
surrounding solvent. The'polymer molecule.ls cqn51dered to
consist of a swarm of.segnents distributed on the average
about tne molecular centre of gravity in accordance with

the Gaussian formula

3 .
Xy = (12%7§~) exp(~D82.s§) 4}1 sj 5sj (1-20)
TT

* where xj is the number of segments occurlng in the Spherl—

—— ,, - -

cal shell of radius sJ from the centre of grav1ty and of

thickness 553. The subscript o réfers to the molecule 1n

14

'.the unperturbed state, i.e. in absence of intramolecular

1nteractlon The parameter of the Gau581an dlstrlbutlonljo

)1/2

1s related to (s , the root-mean-square dlstance from w

the molecule's centre of gravity averaged over all the seg-

ments in the unperturbed state (i. e. the radius of gyratlon

)1/2

’ the unperturbed

root—mean~square end-to-end distance of the pblxmer molecule

b&ithe,equation

1/2

N
B (“)

-0

7z | (1-21)

r
0O

1 The.single poiymer molecule in a dilute solution‘is
& C e ‘
subaect to the osmotlc action of the surroundlng salvent

- which tends to swell it to a larger average size than it

n



would otherwise assume. Therefore thé chain molecule is

spread to a less probable configuratién. An elastic reaction
/l . .

conse@uenély devélops; At'equilibrium, the elastic.force is

'in balance with the osmotic force which tends fo swell the

molecule. Defining (0 as the factor bqu\}ch the linear dimen-
‘'sions of the molecule are ‘altered iy a comsequence of the'
swellihg action of the solvent on’the polymer mofécule in

Y

infinitely dilute solutions, we get at equilibrium
| - 11 _'
- pl=ap (1-22)

The splutién viscosity, being a friction characpg: S

< o

ristic, depends on the size of the molecular domain. Hence
it is intimately related to the molecular configuration,
including the intramolecular expansion factor . 4Analysing

(1,3)

‘ this m6dei, Flory arrives at the following result

a’-a’=c’ (1 - % y M2 (1-23)

where c' and @ depend on the heat and entropy of dilution
fparameters characterizing the glven polymer—solvent pair.

'8 is the 1d¢a1 temperature: at which (I equals unity and the
moleéular dimensions are unperturbed by intrabolecular forces.
t renregents the lowest temper;ture for complete mlSClbl—
ity in a given solvent at the llmlt of 1nf1n1te molecular'
wegight. In a good solvent, th? molecule may expand consi-

de‘gbiy beyond its unperturbed.size and ( :>1.

For polymers having.molecular weights in excess of

. -~

-



» Ay e
about 10,000 Fldr& shows that his model leads to -

(;5)3/? (1-24)

[n]=o

where & is a universal constant, in&ependent of the charac~

-

teristics of the given chain molecile beyond the reguire-
ment that its spatial form be that characteristic of a
randomly ébiled chain molecule. From Eq.(I-21) and Eq.(I-22)

it is clear-that

)2 - q (2)1/?

(1-25)
Hence Eq.(I-24) may‘b§"Written as
T (2572 ]
. [T)] = CID(—O-) . 141/2(13 _(1-26)-
R ] - :

2
N r - ‘ . .
and since ﬁg is independent of M for a linear polymer of a

given unit structure,

'[77]= K MT/Z Q’ (12T
[ 32 |
where, XK=¢¢ —9-)
M

'K should be a constant independent of the molecular weight
of. the polymer and of the solvent. It may however wvary with

temperature _inasmuch as the unperturbed molecular extension

- (

may change with temperature.

EXN

5




I.2.3;3 Relationship between Theoretical and Embirical

Approaches o

The 1ntr1n51c v1scos;ty of a linear polymer was found

to be expressed by the emplrlcal relatlonshlp

'[U]Q'—"'K; e S (1-13) |

And Flory's model predicts

P DTN SIS 0rRn 00, F RN BT R Y Rl aOmnt Pt o sv it f s

[n]é K M‘/2;13 | (1-27)
3

Also theory predicts the‘dependence of 1 the volume expan-

- .
e e R T e T AT

sion factor in’ good Eblvent, on the molecular weight of the
polymer as’
a’ -q’ =c' (1 - e) ue " (1-23)

This last relationship can be represented satisfactorily ‘

(1)

over considerable ranges of M by‘a power:dependence

Q’~ M ‘ (1-28)

T vbame (it G ot TG G, M T s g onorad g

From equations‘(I-13), (I-27) and (I-28) it is clear that

et A =

17

a = % v oat : (1-29)

L R T

w

The better the solvent, the larger will be the rlght
hand 81de of equatlon(l 2%) and|the larger a' required in

Eq. (I 28) If the rlght hand Slde of Eq.(I-23) is suffi-
.3 o

A e ek Y S T n  pas

01ent1y large @~ could be_neglected compared to(} and

"We get aﬁ4“1/1°- Then, a' =.0.30 and a = 0.80, which is. am- - %
- upper limit according'to the theory of randomly coiled linear
polymeré. The lower limi£¥§ccurs at the theta femperature}p

when Q= 1, a' = 0 and a = 0,50,
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I.2.4 Shear Rate'Debendepce of the Intrinsic Viscosities

Of’High Polymers

¢
A1l the analyses of dilute solution polymer visco-

sity desbribed above in Section i 2.3 omit‘cdnsideration
of the effect of shear rate on the responsé of the molecule.
Dut it has been observed qulte early that even dilute solu-
tions of high molecular weight po;ymers exhibit non-Newton;an
behaviour(18). Therefore the need arises for finding a e
sFandard method for measuring the intr}nsic viscosity of a A
polymer, so that it'becomes independent of the instrument
used in its measurement. o | ~ ." / \
" Several cepillgry viscometer designs have been pro-.
posed in the;literature for measuring ehe‘shear rate depen- -
dence of, the poiymer solution viscosities atdeeverel concens
trafioes, hence the intrinsic #iseosaty‘ae a function of

(19,20,21,22) . poon the velocity distribution for

- . N

the laminar flow of a Newtonian'fluid in a eapillary, it can

shear rate

be shown that the maximum shear rate occurs at the wall. and

‘is given by(21)
Yy - 18P o A(z30)
2 LT ' '

where r and L are the radius and length of the capiliary,
,respectlvely. H.is the'avefege distance‘beﬁween the ﬁppef
and lower llquld levels during the measurement, g is the ‘
acceleration of gravity, O the }iquld.denSLty,.and[n the

liquid viscosi%y,
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nlllhthe vispometers described in the abots-mentioned
papers depend.on cﬁanglng'the average hydrostétic'head H to
vary the sheé; rate, This ls accomplished either by pro-
vidiog several efflux bulbs at different heights above the

(19,20;21)

capillary y OTr, alternatively, by.applyin@ different

external pressures on‘the'liquid in the .viscometer oy means
of a manostat(zz) ‘

Fox, Fox, and Floqy(19) ﬁound\thst for dilute solu—
tions of polyisobutylene fractions, the logarithm gfthe speci-
fic viscosity- ln(n ) decreased linearly with the rate .of

shear over a w1de range of shear rates . They deflned the

"Shear Coeff1o1ent"¢>_’1oo d(ln'nsp) and found it to be 1nde-
- T dy :

’ . N . N ] . - .
pendent of concentration at low concentrations. For molecular

‘weights exceeding several.million, they found the shear coef-

~ficient to be approximated by the empirical expression

v ‘2 . ' . : '
0l =11o[-7—7J-— ‘ ' S (1-31)
/"e\ f . . ‘ .
e However for dilute solutions of polylsobutylene of
6)'

very ‘high molecular welght (ca. 15 x 107), they found that

ln*ﬂs- decreases non~11nearly wlth )/, decreasing with in-

S,

creasing'shear rate.- The authors draw attention to the im-

portant fact that the ratio of 7732 at zero shear rate to-
C

.its value as ordinarily measured in' a viscometer operating

@

at a standard shear rate increaSes'és.the‘concentration‘is

4

decreased} because the shear rate decreases with increasing

concentration,:owing to the increase in viscosity,. Therefore

ap——

B’ . [



6rdinafy.éxtrapolaﬁioﬂ to infinite. dilution appliéd‘fo
measurements maae with a singlg viscometer fails tofreduce
the magnitude of‘tﬁe‘errér arising from_non-Newtonian flow.
This ié especially iﬁportant for hiéh moleculér welght poly-
mers in good so;vénts. | o . ‘
Krigbaum énd Floryczq) made s}milar observations

when measuring the viscosities at~fo%r~shear rates of four
polystyrene fractions in benien;. Agﬁin; the'va;iat;op of
the specific viscosify with shear ratg ould be expressed by

-0 1 RN > B ' L\
| nns (nns;)yo -1—56' . (1-32)

¥
-

They aiso,fouﬁd.ghaf 1n nsp was no longer a 1inear'fundtion
‘of shear rate for the highest molecular weight fraétion'stu~
died (6, 970 OOO) ¢ increasing with dlmlnlshlng shear rate.
The fact thatSsome of the v150051ty data are not
'11near w1th respect “to shear rate has led to several attempts
to find a suitable change of variables thatiwill reduce this
relafionship to a linear one and therefore maké the extrapo-
lation to.zero shear rate less arbitrary., o

(23)

Katchalsky and Sternberg studied polymethacrylic

/’“m~aéid solutlons in a blnghamatype v1scometer with'a variable
pressure system to control the. rate of shear. They found thé
shear stress to decrease non-llnearly with the shear rate up .
‘to a shear rate of 2 X 104(sec) 1 Thej assumgd the apparent

viscosity .to be an even'ﬁunction of'shéar\rate of the:fofm

’



-,

| 2 A o
=1, [1 -aV ] L (1-33)

<,

where 7} and- no are the apparent viscosities of the solu-

tion at a rate of shear of }’and zero, respectively,and a is

a constant. " From Eq. (I 93) they derived .the follow1ng ‘
relationship for the fldw through a. caplllary

ts Mg [1 ! p° rz}

I F fﬁ; ;3;5—55 (I-54)
, 0

where t_ and t are the fiow times of the pure solvent and
solution, repectively.. P is the hydrostatic head of liquid,
v@z‘.DgH, r the capillary'radipg'and.L the capillary length.
~ If follows frdm‘Eq. (1-34) that if a series of mea-
sureme;ts is performed on a $6lufion in different capillarieé

of varying lengths and radii, or in the same capillary under

. difﬁerentlhggdshof liquid, the resulting plot of

the recibrocal of the relative viscoéity, against -
. ' . « L=
be a straight line. The intercept of this line gives the

reciprocal-of the relative viscosity at zero shear rate.
The authors pointed'out that the viscosity megsurements carl
ried outsat an arbitrary énd;undefined shearing stress will
éepend on tﬁé instrument used and the‘expérimental conditions.
HerVer, tﬁ§ authors vresented -a very limited set of
‘;ékphrfhental ;esul£$ to test.their model, They meésufed the,‘
viscdsifies of a'polyméthacrylic acid at two concentrations

-~

and at three different shear rates for each concentration.

B A M

A straight 1i?i/zii/£punﬁ”to fit each set of .three poi
l../ . : . " ' '
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Colub‘ZS) critically( ‘examined the above paper by‘?
Katchalsky and Sternberg. He investigated the shear de~-
'péndence of Alfin polyisopfene in ailute benzene solutions
over a wide range ;f molecular‘weighté and sheaf rates., He
found that the intrinsic viscosity depended strohgl& on the
'rate of shear, the effect lncrea31ng with molecular welght

_He found the shear dépendence was best expressed by an equa-

tlon involving both a linear and-a’ quadratlc function of the

gradient i.e. o

Y,
o

. .2 . \
n= T, [1-a)/+b)/ ] o (1-35)
And, for small gradients, he assumed that this may be reduced

to a simpler form

n=mn,[1-a¥] BREE-NY

By using a derivation similar to that of Katchalsky

(23), an equation analogoﬁs to Eq. (I-34) was

and Sternbterg
obtained, but 1nvolv1ng a llnear, rather than a quadratlc,

functlon of @r——)

=g -t
S Sl aPr .
’='——-— 1."‘ L} (1—36)
T Mo 27Ny L
According to this equation the plot of % versus‘
: T

EEE should be a straight line with the intercept giving the
reciprocal of the relative viséosity at zero shear ratéf'
Golub then showed that his. experlmental ‘data iltted the above

equatlon. But when plotted accordlnv to a Xatchalsky's plot



)
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Egq. (I-34), they showed a downward curvature at low gradients,
Ignoring th}s curvature resulted in viscosit& values consis-
tentl& smaller than the ones ‘provided by Eq. (I-=36). It is
interesting to note' that Golubdb éhose, as a measure of thé
consistancy of kq. (I~34) and Eq. (I~36): to compare - the
resp?ctive!results obtained from these piots‘to‘th results
obtéined from what he called "conventional viscosity shear ‘

.rate curves" of 1n nr versus rate of shear, These plots
h C

were curved at low shear rates and had to be extrapolated
: e —
"by eye" to zero shear rates.

All previous invéstigators chose 'to correct for the
shear rate effec€§ py extrapolating to zero shear rate. How-
_ever, two alternatiée apprcacﬂes have been suggested.

1. To‘make all the viscosity measufemenfs at an
arbitrary buf finite shear rate. TIripp, Conrad, and
Mares(zé) chose this épproach in their investigation,

of cellulose solutions. They adjusted all their
viscosity data to a mean velocity gradien£ of 500

sec. T;ﬂ In the di§§uésion of the results of the

pfes,nf thesis it will be §hown that this approach\

may not properly correct for shear rate effects. - -
2. To éxtrapolgte the viscosity déta to infinite

rate of sﬂear. Davies(ﬁa) measured the viscoéities
ofdilute benzene éqlupions ofvpolymethyl methacrylate

and polystyrene at two“difféfént‘tempepaig§§§. He-

—

found all the viscosities to be non-hewtonian e



———

especially -at low ‘temperatures and hl zh moleculdr

-

weights, Howéver he found that there wes a tendency

.

to hcwtonlan behaviour at thn oheér rates. There-

-

Iore he concluded that if elperlments were carried

out at sufficiently high rates of shear, the non-

r

. Newtonian effects will be eliminated, and a good

.

basis would exist for comﬁaring the viscosities of
the different polymer solutions.

This approach is consistent with rlory s statement
thet the "Shear Coefficient , proportional to d(1ln nsp) a)/
increases‘with\@iminishing-shear ra*ce(19 21). It also
agnees with the experimental observations made on different
polymer solutions in many of the previously mentioned inves-—

tigations(22’23).

~ .

I,2.5 Intrinsic Viscosity Data for’ Polyacrxlamlde

14
The only 1nvest1§atlon of the effect of the rate of

shear on the measured intrinsic viscosity of polyacrylamide

(25)

solutlons was made by Bryce and Jn@warz They used a

Weissenberg rheogonometer to measure the solution viscosities

of a commercial non-ionic acrylamide polymer (Dow Separam ¥

KGL) at different shear rates. fThe effect of the shear rate
was pronounced and” the intrinsic viscosity extrapolated to
zero shear rate Was.fodﬁd to be 18.2 dl/g. Furthermore their
data indicated clearly that the intginsic Qiscosity approéehed

a constant limiting value at high enough shear rates, yhfeh

\:

P
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t

would validate Davieé apprqach(18> with respect to acryl-
amide polymers. ' ~ -

The following are the most widely used equations
‘relating the average molecular Weight of acrylamide poly-
mers with their intrinsic viscosities in water solutions at

25 °C. Thesé equations were‘developed‘by Collinson, Dainton

and McNaughton(26) and by Scholtan(27), reépectively
[7]= 6.80 x 107%f )0 66 (1-37)
[n] = 6.31 x 1075(n) 020 ©(1-38)

It may be noted that these equations were derived
from-polymers haviné mélecular weights-lgss than ¢3‘x 105
and 5 x 105, respectively., Therefore the authors' neglect
of the effect of the rate of shear on the intrinsic viscosi-
ties was probably justified, ’
Subsequent investigators have consistently used
these relationships to descripe acrylamide polymers of
Qeveral million molecular weight averages without correcting
for shear effects nor providing the information necessary‘to
L compﬁte the rates of shear at whiéh»theip viscosity measure-
ments were made. The‘following are some of these papers.
Investigations of the kinetics of synthesis of the
acrylamide polymer from its monomer ﬁsing different initiating
' (28-33) . |

- systems have been reported ere the average molecular

weights computed from Eq. (I-37) or Eq. (I-38) were'asfhigh~

jas 7 x 10°

n

. Also some of the most recent papers on the
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-

application of acrylamide in différent fields such as

(34) (35)

flocgulation and paper making characterized the
polymershused by Eq. (I-37) with Mn exceeding 6 x 10° in

each case. Also, a regent investigation of the degradationm

of polyacrylamide\\? aqueous solution by hlgh speed stirr32§F36)
used Eq. (I-38) to find the molecular weight of. the orlglnalx

polymer to exceed 5 x.10°.

Considering the body of information presented in the
preceding section, pointing to the important effect of the
rate of shear\on the measured intrinsic viscosities of high .
molecular weight polymers, it is a remarkable fact .that this
effect has been so consistently ignored in the previoustin~
‘ vestigations of high molecular weight pélyacryiamide.

Therefore tbe present study was undertaken to inves;
tigat; the effect of shear rate on the ‘measured intrinsié
viscosities of high molecular weight pol}acrylamides. All
the acrylamide polymers prepared for the kinetic study detailed
in Part II of this thesis were used for this purpose.

The final objectives of this expefimental study are

1, Tp estimate the importance of correcting for the
non-Newtonian effects on the.measured intrinsic viscosity -
and to evaluate the reliability of the values of the intrinsic
viscosities reported in the literature that were measurgd
without‘taking‘these effects into consideration,

o 2. To épecify standard techniques for measuring the

intrinsicsviscosities so that their values are independent

of the instrument used and of experimental conditions.

B
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~" ’
1.3 Fxvperimental Set-Up and Procedure§

I.3.1 MNaterfals Used

Thé polyacrylamides used were alivsynthesized in
wafer solution from'recrystalliged acrylaﬁide.monomer'as
.will be detailed in Part II of this thesis. The initiator
u§ed was recrystalliged potassium persﬁlfate, except for
the two polymers "Standard A" and '"Standard B" where the
initiator was 4,4' azobis-4-cyanovaleric acid.

The’water used as a solvent iﬁ polymerization and
to dissolve the polymers for viscosity measufements Qas
distilled twice, the second time out of an alkaline perman-
ganate solutioﬁ.

.}/i

I1,3.2 Apparatus

{

A

/ A Cannon-Ubbelohde Tour-bulb shear dilution visco-

me&er(37) (size 50, Serial No. S 489) ppovideﬁvby the Cannon
< Instrument Company in.State College, Pennsylvania was used
throughout this investigatiod (Fig.I.1). The, vifcoﬁeter
has four erflut bulbs (u to E'> providing aoproximately
a flve fold varlatlon in the mean hydrostatic head between
‘the uppermost bulb (31) and the lowermost one'(E4). The
capillary (H) is 0.044 cm in diameter and about 22 cm.in
length, ' s

The "suspéqde@llevel" device, whereby the buldb I
at the bottom of the capillary is connected directly to’ the
atmosphere through tube K, makes the average hydrostatic

-

X
3
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Fig. (I-1) Cannon-Ubbelohde Four-Bulb

Shear Dilution Type Qapillary}Viscometer
r . ‘ . , o

a
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~ ing coil and therméregulator.

head for each of the four bulbs independent of thenaﬁounf

of 1iquid .present in reservoir J, as opposed to the sténdard,

Ostwald viscometer, The size of reservoir J permits a five~
fold decrease from the oiiginal concentration. The de81gn
'of the v1scometer also prov1deé for mechanlcal strength and

resistance to ‘breakage., /

—

I1.3.3 'Procedufe

The .viscometer was set in a constant temperature

" water bath operating at 2510, 1°C. The‘%emperature control

.- was achieved by means of a Haake portable immersion circu-

lating pump equipped with adjustable heating capac1ty, cool~
Vertical alignment was ensured.by using a burette
support assemﬁly coneisting of two clamps and a eupport‘stand
to hold the viscometer ihside the bath. Vertieal,alignment
was alse periodically checked by means of a plumb-iine.
The procedure fer viscosity measuremente was as
folibws.

A, Polymer Solutions

These wefe;prepared by weighing the polymer and
dieeolvin % Ln tw1ce dlstllled water by heatlng at 40°C -
in en oven., The samples were heated for a minimum of 24
heurs, but the higher molecular,welght’polymers requlred
heating.peféeds of ionger auration (up to g.days for the .

highest mol%cular weight poiymepe). fo méchanical stirring

"1
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.
was used at all during the dissolution of the polymer ‘

samples, as it has beeq reported that stirring causes the

degradation of nigh molecular welght acrylamlde polymers(2 36)

1

\ Visc081ty Measurements

following s$teps were followed iﬁ measuring the

intrinsic viscosity ef.each polyﬁef :

: 1. .4 5 ml. sample of’the;pelymer solution at the
hiéhesﬁ'required concentration was charged directly f?om a
pipette, through tube G, into the 1ower reservoir J pf.the_.
viscometer. |

'2. The viscometer was then inSerted‘into tﬂ; constant
temperatufe bath and clemeed‘to the support staﬁd in a yeftif_
cal position{n‘ ' i
3. Approximately 20 minutes weﬁe alloweq for %he
sample to reach the'temperatufe of the bath; i

4., A finger was placed over, tube B and suction
applled to tube A untll the 11Quid reached the centre of
buldb ¢, qutlon was then removed from tube A and the finger
removed-frem tﬁbe B. The remaining solﬁtion then dropped
ilmmedlately from- the lower end of the caplllary into bulb.I.

) 5. : The llquld sample, was allowea to flow freely

down, . and the efflux time required for the meniscus to pass
“from~ etch mark D to etch mark F . for each.of -the four pulbs
was recorded to the nearest 0.1 secondQ using a Precision

Scientific Company electrlc stopwatch w1th a dlrect reading

counter.

v
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6. dhen requlred,‘steps 4 and 5 weﬁe repeated to

check on p0551b1e polymer degradation..

75 ‘The sample was_then diluted by adding a measured
. I ¢

-volume of the'twiceldistille@ water from the pipette-directly
" into reservoir J. - This was miked.with ehe briginal sample

) by apnlylng a slight pressure to tube A whlle plac1ng a
finger -over tube B. Lo

8. Steps 3 to 6 were repeated at the new concentration.

{ .. 9. Steps 3 to 8 were repeated for all the concen-
. A L. .

trations necessary for the intrinsic viscosity calculations.

s

3.4 Calibration of the Viscometer

The complete equation to be used, for the accurate

use of the viscometer is Eq. (I-11-4)

™ . (I-11-4)

i\Bu¢Tes/ﬁ§§Jbeen pointed out before, it ishhuchrﬁore convenient.
/-/
when the %erm ( ), due to the kinetic energy contribution,

h —r—

<+

U= Ct -

may be 1gnored, 50 that the time of flow t becomeu directly
proportlonal to the klnematlc v1scosity . Therefore ‘it was
necessary to estimate the parameters B and C of. nq. (I-11-4)
to speclfy the conditions under whlch the second term on the
right sidge of: the equatiop may be ignoredn
D To evaluate B and C two liquids.whose viscosities and
densi%res|are-accuratel& known must be used to caiibrate'tpe
Viscometer; The kirsf,spandard uséd was twice-distilled

A . o : S
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water., ‘The water's viscosity and density at 25°C were taken .

o (38)

7} = 0.8937 centipoises

Y P o= 0.99708 g/cem>
_n
=D

- The second viscosity standard was a Newtonlan 011

—~—

= O 8963 centistokes’

supplled by the Cannon Instrument Company, State College,

‘Pennsylvanla. The standard was labelled S 3 (No. 73101)

with the foliow1ng spe01f1catlons at 25°C ) N

® -
b
U = 4. 174 centistokes . : s s

3.493 centipoises

n

0.8368 g/cm’

‘In Appenalx (I 1) the detalled efflux-time measure-

 ments through the four bulbs for each of these two, liquids

are listed. Ten ‘different readlngs were done in ,the case
of;Qater sna f;ve readlngs-for Standard S-3, R produ01b111ty
wés excellent:an& the flow times were averaged/Zor each bulb.
The average times were substitﬁsed into.Eq, (I-11-4) and- the
equayionvsolved for the parameters B and C. Table I~1 sum-
marizes theseiresults;~ | _

From Eq. (I-11-4) it is clear.that the kinetic eriergy
becomes less 1mportant as the time of flow increases., Theie—'
fore, frop T e values of B and C in Table (1-1) it is pos-
siBle-to compute’ for each bulb a "crltlcal time" above whlch'

the klnetic energy term wild be. less than an arbitrary frac-

t;on of the viscous termu Ch0081nﬂ thls fraction to be 0.02 .
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Table (§¢$)C7Calibration Constants for the Four-Bulb Viscometer

-Bulbl Average Flow Time C : B
: (Seconds) Centistokes : . .
No.| Water . 53 Second ‘(Centistokes x Sec.)
EER - 222, 19" , 104"7.15 " 0.003984 ' -2.470 ' -2
2 | 203.99 | 961,18 | 02004340 -2.245
3 | -229.74 1078.87 | 0,003867 |, -1.818
4 | 202.34 926.48 | 0.004509 .| 3.244 RN

(two per cent), the orifical times.for the four bulbs were{

‘found to’ be as follows . ‘ o o . i
Bulb No, , Crltlcal Time (Seconds)
1 176
2. ier
3 ' - 153 N
4 . 190 | | '

‘As these times are less than the tlmes of flaw of

water, as @resented in Table (I-1),-it is clear ‘that for all
¢ -

therpolymer solutions, whose efflux.times will exceed;those
of pure water, the kinetic energy corréction term\will be

much less than 2% of the v1scous term and a simplified version

of Eq.{I-11-4) may be used -

‘V=Ct . (I-39)."
Furthermare, it has been observed-thét the presenoe‘

of polyacrylamlde in water at the low concentrations used in

intrinsic viscosxty determlnatlons (in the order of 0. 1 -g/d1)

(2) »'v‘

. causes ne signlflcant change in the density of the water

7



I-31

&N

In this case, Eq.(lf39) simplifies to

. nm=c.t 7 - (I-40)
Therefore the relative viscosity, or thevratio of the sqlutibﬁ

viscosity to that of the pure solvent céan 5é expressed as

4' N 4

7

i

r M = % - (1-41)

" Where t is ‘the time of flow of the éolymer solution and
t, ‘that of the pure solvent through each of the .bulbs, .

" I.3.5 Estimation of the Shear Rates

(y ) 'To-obtain‘a? exéfgééiog for the estimaﬁién of the .
'shgar raté'assqciated with gach %fflux bulb, it is necessary
to combine the simplified form of Eq.(l-11),‘where the second
term‘oﬁ_the Tight side of the equation‘(the kinetic energy
term) is neglected,‘and.Eq.(I-BO) ekpréssingkthe rate of

, shear at the wall of a capillary for wviscous flow. Substi-

tuting for 7] from the former equation into the latter, we

obtain . " C ) C //»iii
VAR A e 2 S
W - Tr’ o B :

Therefore, to obtain the shear rate at the wall of the capil-
v [ 3 v . -t

lary, the "Shear ﬁate Constant! defined as 4‘V3‘ must be.'
. o : e o me”
divided by the efflux time through thé bulb in-guestion.

Table .(I~2) summarizeés the values of the shqar"raté constants

for the four bulbs, computed from values for the efflux

Lot

o D
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volumes and the‘cépillary diameter provided by the méhufaé;, T
L‘ tureér. o F
Table (I-2) Shear Rate Cons?ant‘s for the Four Bulbs of .
- thé{Viscometer ‘
Buib .dépil%ary Digmeter Efflﬁx'volume Uhear Réte Constan?
Lo. “‘ 'qu’ ' _ (em?) B j | ‘
S 0,044 1.42 0 170,000
2 0.044. 0.80 | 9000 *
3 0,044 o 0.58 - - p\Q,ooo
4 10,0447y 0,29 I 35,000 A

1.%:6 Polymér Degradation

\

It was necessary~io agceftaiﬁ_that the polymers.in .
so}ution did hét degrade during the viséosity measurements.
The first possible cause for polymer degradation is the"
.sheafvthey‘are subjected to in the'capillaiy.' To check for
this ‘possibility, some efilux-time readings, chosen étﬂran-
‘dom§ were repeated several times before diluting the sgmple
to the lower concentration. Invariably the times of flow
.wére reproducible-yﬁ/ ithin 1% without. any conéistent drift

of the times measu ;E?\‘Therefore it was concluded that the
| shea nétes involved in this_viscometef are too low to cause
,~/:l/£;;jietec%able,degradation'ofthe polymer molecules., .

The*Mecond possibility was that the polymers degraded

with time while sitting in solutien. This d§g particularly

\
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imporfant because the viscosity measurements for each poly-
mer sample extended over a period of several houré. To

check for this'possibility, some of the‘efflux-time read- '

ings were repeated af&er letting the solupion,sit in the
visgometer inside- the constant temperature bath overnight{
Repr dﬁcibility was'agaih excellent and it was concluded
that fthe solutions' viscosities yere‘independénj of timev

g the viscosity measurements.

Y

1.3.7 Reprodﬁcibility‘- B -
' ) Ts chéck for reproducibility, e;pecially with respect
to the erfors' ihherent in pfepéring the pﬁlymer solutions,
the intrfnsic viscosities of two pélymers (25-05J05-E) and
(40*05-O§-F) were meaéured each~for two soiutions prepared
independently of each other. The ag;eement between each

pair of duplicate. measurements was excellent.

" "Details of all the viscosity measurements performed,

o

-

ineludiné the above-mentioned duplicates, are listed in

» t_Abpendix (I~1). -
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illafy as cglbulaﬁed'from Bg. (1-42) with the values from -

I.4 Results ananiscussion

Figures (I-2)} to (I-9) represent some typical vis-

cosity data for the polymers investigated., The bekaviour

shown in thése graphs is representative of that of all the

*polymers listed in Appendix (I=1) and span the wholeymole-

cular weight range investigated.
The viscosity data are plotted as the natural log-
arithm of the relative viscosity, the latter calculated from

Eq. (I-41), versus the rate of shear at the wall of the cap-

-

'Table (I-2). Each‘point_pn.these graphs represents the flow

* through one of the viscometer's four efflux bulbs, and each

ééf of four pgintq‘pepresenting ﬁhe dafa at a single concen-

tration of'polymer solution aré.connected by a single curve,
ﬁ'_These figures reveal the following important flow

characteristics of‘gpe polyacrylamide solutioﬁs.

1, '$he vi;casitigs of these solugions‘qre strang
funptions‘of the rate of shear even at the low concentrations
éncoﬁntered in the estimation of the intrinsic viscosities.

2. The rate of change of ,the viscosity with sheép
rate'deqreéses with decreasing concentration for any fért;-
cular pélymer; .

| 3. fhb rate of change of.tﬁe”vi§qaéity with sheaf
rate decreases with increasing shear fa%e, the solﬁtions

approaching Newtoniéﬂaﬁehaviour at higﬁ enough shear rates.

4, At the same concentration, the non=Newtonian

;
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. R -2 )
behaviour of the polymer's solution is more pronounced the

higher the solution.viscosity at this concentration,i.e.

the higher ‘the molecular Welght of the polwmer. s o

The fOllOWlng is a discussion of the 1mportant impll-

catlons, regardlng the use of the 1ntr1n51c viscosities as

" a measure of molecular weight averagea inferred from the

above observations.

‘\\lyj/The shape of the (ln17 ) versus )’ curves suggests

)

" -immediately that two of the methods mentioned in the lit-

L

erature for shear rate correctlon are valxd for the poly-

/7 . . .
acrylamlde—water system, v1z. either to extrapolate. the data
to zero shear rate or extrapolate them to hlgh enough shear

retes where the non-hewtonlan behavxour is- mlnlmal.

L-“

2. The above-mentloned extrapolations would clearly
be less arbitrary 1r the v13c051ty-shear rate data for each

‘

concentratlon oould be reduced to a straight line by a sult-
able change of varlables. *

. Therefore the " plots suggested by Katchalsky, Eq.(I- 34)
and the ones suggested by Golub, Eq. (I-36), were prepared
.for.several polymersr Figures (I-JO) and (I-11) show these

. _plets for the viscosity data of Ppolymer (25—05~Q1eG) shown

in Fig. (1—2) and listed in Appendik (1-1). The value of

‘the parameter (——)for each of the’ four bulbs of the vlscometer,
needEd 10, construct these plots, were obtained as follows.u

By oombinlng equatlons (I-30) and (I 42), both expressing

v'the value of the shear rate at the '‘wal® of theucapillary,

. . . . N ! ’ v
' L . K

:

-
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- suggests methods for llnearizatlon of functlons of different

5 Himmelblau, by the following equation

\
\

B
i

versus Y should approximate a straight line. Fig. (1-12)

we obtain

| o I-46 \
S a8
2£=2u?-p—' .(1444)
L JFr t _ , <

”herefore for each bulb by using the value of the narameter

e obtalned from the flow data of pure water in Table (1-1)

“and thé value of the "Shear Rate Constant" 4 V34 from Table
N 77 T
(I 2), the parameter %? for bulbs No. 1 through 4 was found

to De equal to 13. 7 8.4, 5.4, and 3.1, resnectlvely, wlth

/

the units of
,C SeC. N

It is clear from Figures (I-10) and (I-11) that neither
plot succeeds 1n reducmng the flow data to a stralght llne.
The uncertainties associated with extranolatlng any of these
plots to zero shear rate w111 be comparable to those assdciated
with the extrapolation of the original c¢urves in Fig. (1-2).
Another attempt was made to linearize tﬁé flow data
as folloﬁs. In.his book on stafisfidal analysis, Himmelblau(39)
shapes. The general uhape of the (1n n ) versus )’ plots

in Figures (I-2) to (I-9) may be approximated, accordlnb to

t R

e - B i A ATt et |

—_—t— =A+BY - , ' C o (1-43)
with A and-B as constants., Therefore a plot gf

—
1n‘T)r

*

shows such,ép&ot for Polymer .(25-05-01-G), Evidently”this
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‘method also fails in reducing the data to a straight line.
Therefore it Qas decided to extrapolate thé viscosi;f
data "bj eye" to bath high .and zero shear rates, as shown §%§
Figures (1;2) to (I-9). The valiaity of this approach is
demonstrated by the fact that Golub(227 used the results ob-

’

tained from such plots;'which he. called "conventional vis-
cosity-shear rate cur&esﬁ to tést the accuracy of the results
obtained from both his owﬂ and Katchalsky's linearized plots.
This clearly indicates that Golub had more confidence in the
results obtained from these conventional plots than in those
obtained from the linearized ones.

However, it must be recognized that the uncertainty
inherent in the values of the viscosities at zero shear rate
obtained in this manner is more substantlal than the wiscos-
ities at high shpar rates due to the strong curvature -0f the
plots at low shear rates, which makes the extrapolation pro-
cedure more arbitrary.

‘Therefore, values for 1ln 7], at both limits of shear

rate were obtained in this manner for all the polymers. These

are 1lsted in Appendix (I-1). Then plots of ‘nsn and ln‘n
< C -

versus the concentratlon C were prepared for both zero and

plgh shear rates; They were extrapolated to zero concentration
to obtain values for the intrinsic viscosities at zero shear
rate[77]o and at high shear rates[n]OO . These values for all
the polymers are llsted in Appendlx (I-1) and the above proce-

. dure is illustrated in Figures (I- 13) to (I-20) for the polymers
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whose viscosity(data are'shoy;-in figures (I-2) to (Ieé).
"3, Figures.(I-13) tox(I-ZO) and the intfipsic yis-‘

cosities listeo in Appendix (I.1) clearly show that the

effect of the rate of shear:on the intrinsic viscosities

of acrylamide polymers becomes more pronounced for the hlgher

molecular weight polymers.‘”hls is ev1denced by the fact

that the ratio Mo

Moo
the hlgher[ﬁL andpﬂ are. lhlS is consistent with the obser-

becomes increa81ngly greater than unlty

vations made by previous 1nvest1gators on other polymer—solvent
'systems, as was.detailed in Section I.2.4. of this thesis..
Fig.(I.21) illlzl.strates this fact clearly, where [Tﬂo is plotted
.:versus[ﬁL;for all the polymers tested, together with a line
.of 45° slope representing Newtonian behaviour,

4, Consider Fig,(I.2) representing the viscosity -
data for Polymer(25;05—01;G)‘that has one‘of the higﬁest
.molecular weights encountered in the present. investigation.
It is clear that trylng to estlmate the 1ntr1ns1c vlscosity
of such a polymer by a tradltlonal 81ngle-bulb v1scometer,
w1th no provisions for the variation of the rate of shear
‘would be equivalent to trying to esiimaté an intrinsic vis-
cosity from the data obtalned from only one of the four
bulbs of the viscometer used in the present 1nvest1gat10n.
Plg.(%ﬂf) makes it quite obvious that the ;ntr1n51c visco-
sity obtained in this manner would- depend strongly on the
’shear flow characteristics of the inStrﬁment used..The mag-
”nitode-of this.uncertaihty may be as ligh.as the magnitude

- "
?
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Fig. (I-21) . Intrinsic Viscosities at Zero Shear Rate

\

"vs. Intrinsic Viscosities at High Shear Rates
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M

[n] , which is equal to 1.73 for this par-

tlcular polymer.

of the ratlo

The uncertainty in the maghitude of the molecular
weight average for such a high molecular weight polymer will
be compounded by the fact that the ratio of the molecular

weights, computed from either Eg. (I-37) or Eq. (I- 38), will

[ ]o S

be equal to the ratio —£—=2 raised to the power 1. 52 or the

REER . . [n]oc . ' !

power 1.25, respectively, according to which of the-equatione
is used, In other words,‘forr?olymer (25-05-OT-G), whereas
the intrinsic viscosiﬁy may vary by a factor of.1.73 with

_-shear rate, the corresponding variations in molecular weight

average are (1. 73)1 °2.2,30 from Eq. (I-37) and (1.73)1 252

1.98 from Eq. (I-38).
5. 1t may not ve argued that usihg a 51ngle bulb vis=~
cometer WOuld be equivalent to making all the viscosity mea-

surements at an arbitraryfbut finite.shear rate, as suggested

by Tripg,-Conmeo,“and Mares(24). Ashfigures (1-2) to (I-9)

clearly indicate, for the same polymer, as the viscosity de=
creases with each eubsequent.dilution, the shear rate at which

any one of the bulbs operateelncreases. Also;,for~different

4

polymers of-dlfferent molecular welghts, the‘viscosities of

solutlons of the same concentratlon will vary greatly from one

.h,

polymer to the other. Hence the .viscometer will be operatlng

.at a dlfferent shear rate for each of the polymers.-

Thls 1na1ca%es_ihat,eh0051ng a 51ngle shear rate for

!
4

all the| v150051ty measurements is not feasmble with a

1
1
1
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"! "capillary viscometer, unless the viscometer is ecuipbed with

a device to control the rate of shear, such ‘as the manOQtaf
used by Golub(ez) This approach however may be practicable
in connection with Cene-and-Flate and Couette v1scdmeters. ‘
‘ ‘6.' Con31der rlgure (1-9) ,representlng the viscosity .
data for Polymer (40-05- 25-8) which has one of the lowest
molecular weights encountered in the present investigation.

The 1ntr1n51c v150051ty of this polymer extrapolated to zero

'shear rate and high shear rate were found to be 7.0 and 6. 4!‘

respectively, in Figure (IfZO)a It is clear that this poly-
mer's solutions conformed very closely to iiewtonian behaviour.
As' the molecular weights of -the other polymers increased, they

deviated more and more from Newtonian charactéristics,. "Using

Eq. (;—37)'we find that ﬁn for this polymer is of the order

of 406%

Therefore this may be regarded as a eritical mole-
cular weight, above which the non-Newronian'aspects of thel
Beheviouriof the.polymers' solunions may not be ignored, even
‘at.the low concentrations encountered in intrinsic'viscosity
measurements.' |
Thus data.in the numerous papers mentioned in cectlon

(I‘2 ) of this thesis, where the ;ptrlns%c viscosities of
acrylamlde polymers of several mllllon moleculgr weight av-

erages were reported without accounting for the Qheer rate
\

effects and without providing the information necesséry.to-'

estimate the rates of shear at which their measurements were

made,_héve very iittle 1ue; as these intrinsic viscosities -

N
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'depgpd on the instruments used. And, as we have shown, this
will result in uncertainties in -the molecular weights com-

puted of more than 100% for the higher molecular weight poly-

mers. v

*1.4.1 The Intrinsic Viscosity -~ Molecular Weight Relationships

(4

The gdnéiderable discrepancy between the value of the
intrincic viscosity of a high molecular weight polyacrylamide
-~ when estimated at zero shear rate, and its value‘when estimated

at WNgh shear rates, gives rise -to the. following gquestion

the intrinsic viscosity”should be used in the
empirical relations Eq.u(I-37) and Eq. (1;38)?

To -answer this- question . it was necessary tq obtain
polymers for which one of these relatlonohlps had been proven ,
valid through an lndependent measurement of the average mole-~
cular weight together with an intrinsic v1scos1ty measurem;;t.
* Then,. 1f the shear rates at which the v150081ty measurements
were made can be eutlmatea,.it will be p0551b1e to answer the .
above-mentioned quest;pn. . -

For this purpose two polyacryiamidés were available

that were synthe81zed by Ishlge(z)

in his study.of the poly-
merization kinetics using the ind tiator 4,4° azobis—4-cyanovav
_ier;c acid (ACV). These polymers were synthesized in aqdeous
. §oiution under iéothérmal conditions. The synthesis conditions

are summarized in the following table. -
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S

Polymer" lonomer Conc. "ACV Cone. Temperature
¥ (Foles/1.) . ~ (Moles/1.) (°c)

Standard A | 0.281 "7.14 x 107* 40

Standard B'| 0.563 - 1.43 x 1077 50

-~ The molecular weights of the polymers were measured

by electron microscopy(e) and by gel permeation chrométograpgy(4o)

The number average molecular weights were found to be 2,52 x

106 for Standard A, and 1.062 x 106 for S$tandard 3. Their

intrinsic viscosities in water at 25°C were found to be 11,41

and 8,45, respectively. These values are in excellent agree-

ment with Eq. (I-37) developed by Collinson, Dainton, and

MeHaughton (267,

However, .single bulb Cannon-Ubbelohde vis-
cometers were used to measure the intrinsic viscosities with
no provisionst correct for the shear rate -effects.

Therefdre, samplés of -Standard A and Staﬁdard B Qefe'
d}ssoived in twice-distilled water, and their intrinsic vis-
cosities were measured in the four-bulb variable shear vis—

AR

cometer, foliowing the procedure outlined in Section (I-3) of.

'thié thesis: The details of the viscosity measurements and

the intrinsic viscosity calculations are listed in Appendix

(I-1) and Figures (I-22) to (I-25)., The following table lists
‘ (2)

the intrinsic viscosities measured by Ishige and .those mea-

“sured by the-four-shear viscometer extrapolated to zero shear

rate [n]o and to 'high shear rate [Tﬂoo"

-
Q ?



I-63

%>

1-(SANO0D3S) 31vd HVIHS e
008 . 009 00b -~ 002

1 1 .1 1T T T ]

A
0l00=2 . Vv

/910'0=2

M

0620'0=2

q

€ee0°0=D

(Ir7B) 60°0=D

m<|vhmﬁ:mpmv xewd1od 103 ®Bleqg mold (zz-I) 814

cd
CUyul
b0




‘ I-64

O
@)
0

tl f— \

O~
0

| . . L - | [ I Rae
00l0 00i87 0025 00333 . 0.050

CONC. (g}

Fig.‘(I-ZS) Intrinsic Viscosities for Polymer (Standard-A)



A
A
)

(SANOD3S) 31vH MVYIHS

- 008 009" 00b . 002
| A i [ | I 1 -
/ 3
A A A s
O_Q.Onu v \Y \V4 AV —wwd
[9100=0 = A o————p
0S200=0 O a7
£€€00=0 v |

(1p/6) 0S00 =D

P
\J

@

. (g-paepueig) zouwk[og 10F eleq mold (pz-1) '8t1d

oo
020 @
0€0

) AL.CY
ovo
0G0



I-66

-

£ee0’0

(1p/B)D

>.620°0

491000 0100

[N ‘.

O .

O

=

()

N
o/

O

(g-prepueis) 13ul104 -10F SOTITSOISTIA uu..,.mﬁmucm (s2-1) 314

b

ol

o'g

0B

OOl

o'l

e

~d



4

N

1-67
» . '/’
P _ ’ /
B ‘rj Standard A Standargd B S
7] (2)) 11,41 | . 8.45 ‘ L
iR 17.70 $10.40 - /’
Ln] - 1230 8.40 j

From the preceding table it is clear that the intrin-

sic viscosities repértedgﬁ§ Ishige approximate closlely the

[

values for [n]co extrapolated tb’high shear rates.|. Indeed;

by the following analysis of the ‘pecifications of [the ,Kislsco- .

.meters used by Isbige'wé shall prové that aii the ntrinsic

' v1sc051tles measuréd in his investigation had to be a close,

though fortultous, apnrox1matlon of [n] .

(2) =

Ishlge used two Lannon-dbbelohde single bulb capil-

lary v1scometers whose 51zes and serial numbers were 50~

-
s N

4620 and 75 L181, respect;vely The following specifications

‘were klndly‘prqylaed by the Cannon Instrument Company, ,State

\

College, Penns&lvania;

ZViséometér Capiliary Efflux $heax Rate| Viscometer
Dlameter Volﬁmel Constant | Constant ,
(cm b v(cm%) ’,~ . " I {Centistokes/sec. )
50—A620 0:026 Ii *0.%0 |.170,000 0.003882°
75 L181 fo.dsoB:‘ ,0;30" 110,000 0.008770 Q.
Baip 1. | Qloa 142 170,000 |0.005990 .

}

]

¢, fee
.

s ihfthe'fapip‘aﬁové the léét(vgsdometepllabelled Buld 1

. . . '
N .
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is the uppermost efflux buld of the four-bulb viscometer

(50-8489) used throﬁghout the present investigation (bplb

E, in Figure (I-1)). The shear rate constant was caléuiated.

as ;'T Vg , and used to obtain the shear rate at the wall of
T

the capillary, according to Eq.'(I-42).‘ The viscometer cons-

tant is the parameter C in Eq. (I-39) and used to estimate

the Rinematic v1scosity of the fluids. Substituting for the

time of flow of any -fluid in Eq. (I 42) in terms of its kine-

matic viscosity as obtained from Eq. (I-39) results in

VR A3 (145
Yy (77?) v _ (

Therefore for any fluid of viscosity U , the rate of

shear at the wall will be proportional to the product of the

:.shear rate constant 4 V3 and the viscometer constant C.
CoL. MTr ) :
v Also, by comparing Eq. (I-11) and Eq. -(I-11-4), it is
2 ’ . fo.
‘clear that the viscometer constant C is equal ito the quantity
4 b . = '
TT8 B 5 ,, Substituting for C in Eq. (I-44) results in
y oo gHTI (1
Y = 8T g o (1m48)

.Thesé qﬁéntities were computed for the tﬁree visco-

meters listed béfore and' the results -are as follows in

"&
j
.

W

As thosegresults make clear, for any particular poly;;'
mer solution, viscometer 56;A620 used by Ishige will dperafe
. at about the same wall shéar rate associated with the upper-

" most bulb of,tﬁe multi-bulb viscometer used ‘in the present

.
' “ v .- . -
*» I - o s
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Table (I-3) _ ,
Viscometer | & Hr [44 )¢ (centistokes/sec, )
. 7
50-4620 | 660
. 75-148717 . |- 960.
Bulb 1 680

1nvestigation, Whereas visconmeter 75-L181 will operate'at

a walixshear rate approximately 40 5 larger than that level

Examination of the v1sc051ty data shown in Figures (I 2) to
‘(1-9) indicates that data obtained from -the uppermost bulb

of the viscometer closely apﬁroxfhate the values obtained

after extrapolatlon to 1nf1n1te rates of shear. Therefofe

. both v1sc‘ﬁeters used by Ishlge operated in thls high shear
T rate range, and "the intrinsic v1so051ty data reported in his
//ork (2,33) should closely approximate[Tﬂoo. This 1mp11es

that the 1ntr1n51c v1s0051ty—molecular weight relationshlp,

(40)

(I 37), was proven by Ishlge(z) and Abdel-Alim to be’

valid for high molecular weight polyacrylamldes when the in-
trln31c v130081ty used is the one obtained from vtscos1ty

measurements extrapolated to high. shear rates, ;

Therefore the viscos1ty average molecular welghts -of
. the polymers examlned in the present 1nvest1gat10n were calJ
culated using Eq.’ (I 37) and the intrinsic viscosity at hlgh ‘

.shear, rates [U} These results. are listed in Appendlx (141)
1

and the,valqesluseq,ln FPart II of thls thesis to estimate.

.
? N . . . .
. .
- * t e ' ' : 2
. . ! .
B a . » L

L]

»
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the kinetic parameters of the solutlon polymerization of
acrylamlde in water with pota881um persulfate 1n1t1ator. ‘
* Plotting the logarithm of the molecular welght aver- N
ages computed in thls wvay versus the logarlthm of the corres=-
pondlng-values of the intrinsic ylsc051t1es extrapolated to
zero shear rate [7i]0, it is possible. to estimate the para-
meters K' and a‘'of Eq. (I 14) as applied to {f)]o. Figure,
(I 26) shows such a plot for all the polymefs listed in Appen-

dix (I-1). The solid line in this graph may be'expreseed as

(n], = 6.9 x 10'5@:&)0.83 : o (I7)

| Comparlng this equatlon with Eq. (I-37), which expresses
: the corresponding relatlonshlp between.fn]od.and Mn, it may
be.concluded that ‘the intrinsic viscosity at zero shear réate
[77}0'18 a-mvbe éensitive’measure for the molecular weight"av-

: erage than the 1ntr1n31c viscosity at -high shear rates {Tﬂoo

As the exponent to whlch the molecular welght average is raised
is higher in value in Eq. (I-47) than in Eq. (I-37), then, for
. A specific changelin.phe molecular weight ave;age En,"[77]o

. ¢ ,
.-will undergo a larger change in its value‘tnan[7ﬂ°0 .

I1.4,.2 Use-oeringle~§ulb Viscometers in Intrinsic Viscosity

Measurements 2z .

i

It has thus been demonstrated that intrinsic viseosities-'

measuned by usxng a multl-bulb variable shear rate v1scometer

are more accurate than the ones estimated by u31ng ¢he tradl-

L]
2
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tional single-bulb viscoﬁeter.} But it must be pointed out
that the length of tlme required for conducting the viscosity
'measurements necessary for oalculating an intrinsic viscosity
in_a multi-buldb viscometer is approximatelj proportional to
the number of bulbs. In other words, estimating an intrinsic
viscosity for any of the polymers in the present investiga-
tion using the four-bulb viscometer took apprdximately four
times longer than it.would have taken usihg a sinéle—bulb
viscometer, This'drawback‘is’of special significance when
dealing with polymers having extremely high molecular weight
averages, These polymers exhihit very high viscosities and
consume . excessive amounts of "time to flow through each of
_the bulbs. Therefore it may not be practicable to use the
four- bulb v1scometer for routine analyses in lndustrlal plants
e.g. for quality control. Therefore it would be desirable
to specify conditiqons undexr which a single-bulbd viscometer
will yiéld reliable and consistent results.

; It has been shown in the previous section that the

(2)

intrins1c v1sc081t1es found by Ishige us1ng a conventlonal

szngle-bulb v1scometer approximated closely those found with

the four-buld v1scometer when extrapolated to hlgh shear rates., .

ThHe above observations 1mmed1ately suggest that a
o~
carefuﬂ selection of the v1scometers parameters (viz. the

.capillary radius, the hydrostatlc head and'the caplllary length)

>

_ w1llensure that the shear rates w1ll bé high enough for the

[4
a

polymer solutions to’ approxlmate their Newtonian behav1our. )

0

This- must hold true for. all the concentrations and molecular

<y
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weights'involveq in ‘the analysis. \This may be expresse& more

‘quantitativély.by noting that both &quations (I-45) and (I-46)

‘éxpress the rate: of shear at the wadl of the capiilary in the

zfollowing form

Y., _'__t%_ : _ .(1*4:8)

whefe; A = 4V C = gHrx

ﬂ'r3 2 L k

The rate of shear at the wall of the capillary, for
aqy.one liquid with kinematic viscosity UV , will be exclusively
a function of the parameter A. Therefore the afore-mentioned
¢ondition reduces to the statement that the parameter A in Eq.
(Id48) must be higher- than a minimum level .to ensure that =
&@ wiil be high enough, for a11~the kinematic viscosities
encouhtgred, for the  polymer solutions to approximatg their
Newtoniam behaviour. _ _

Whereas a lower limit is imposed on thé rates of shear
by the above conditiént an upper limit is -imposed by the fact
that throughout our analysi§, Eq. (&-395 ié assumed valid.’
This implies that thé kinetic -energy coriection term, %.in
Eq. ((I-11-A) is negligible cémpared to the viscous flow term °
C t. As showﬁ in—the'calibfétion of the present viscometer,
Section (I.3.4), thig requires that the flow time of all the
llqulds tested must exceed a minimum'time, called "critical
time". From Eq. (I 39) it is clear that imposing a minimunm
'on the flow time of‘liquids of ‘a certain kinematic viscosity

'

UV lS tantamount to imposing a maximum on the parameter Co

]

.. oA
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This, in turn, imposes a maximum on the parameter A and the
wall shear rate, as Eq. (I-48) fndicates. |
The values of the viscometer's paramerers satisfying

the above two condltlons have to be determined experimentally
for each polymer-solvent system exhibiting non-iNewtonian flow
characterlstlcs. It must also be kept in mind that for the
same polymer—solveptlsystem, the viscometer's specifications
satisfying tﬂese condimions may vary if either the molecular
weights of_the polymers examined or the. concentrations of the
solutions used varied over a wide range, as these two factors
affect the rheoloéicaliresponse of the pokymer solutions.,

| In the specific cas%iof pdlyac;;lamide—water system
at'25°C, we have, shown that a viscdmeter whose specifications
approach those found in the uppermost bulb of thé four-bulb
viscometer 50-3S489, or of any of the two v1scometers used by
Ishlge( 2) in.his thesis (50«A620 or 75-L181), ‘will satisfy
the two abové-mentioned conditions. This will apply for mole-
cular weight averages of the polymers, ‘as estimated from Eq.
(I 37), between 10° to 107 and over a range of polymer solu-
tions' concentratlons of 0.1 ~g/dl to 0.01 g/dl. Therefore,
from Table (I 3) it can be inferred that the’ mlnlmum value

\

of "the parameter A rn this case -is in the order of 700 (centi-

: stokes/second). And from Table (I—1),'the minimum time of

prw for any. liquid for a viscomé%er conforming to the speci-
fications of bulb 1, to valldate the use of £q. (I-39), was

found to be 176 seconds. nCon81der1ng purefwater as’ the. liquid
) ‘ v “ ) a

» * . - -
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having the least viscosity to be used in this viscometer,

and that water has a kinematic viscosify of 0.8963 centistokés‘
at 25°C, from Eq. 5(1-39) it’ is clear that this implies a
maximﬁm for Fhe'parémeter C of the order of 5 LX‘1O“3 centi-
stokes/second. The above results, combined with‘thg_defini-
tions of the parameters A and C, Eq. (i-48) and Eq. (I-11),
respectively, provide the fpl}owing two inequalities that

have Yo bé satisfied
A = E%Ef£:>'7 (cm?/sé&g) (1-49)

. . ’ o
¢ =7T % 5 <<:5 x 1072 (cmz/sec2) ‘ (I-50)

¢ )
Finally, it is not likely that the data obtained from

-

.any single-bulb viscometer will provide a'satisfactory approxi-

mation for the intrinsic viscosities at zero shear rate [77]0

of high molecular weigﬁt polyacrylamides. This is due to the
rapid. rate of change af the ;pﬁarent vistosities of these‘
polymers with sheaf rate at low rates of shear, as evidenced
by’ the extreme curvature at low sﬁea;'rates of the ln‘ﬁr
. versus &'curvés, Figures (I-2) to (I-9). .Therefore, whenever
?[H]O is feqﬁired, viscosity mgésurementé at séveral sheaf,yates

have .to be carried out, then extrapolated to zero rate of shear.

’
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I.5 Conclusions

The rheologlcal response of dilute solutionu of high
molecular weight polyacrylamides at low shear rates has been
measured using a "Cannon-Ubbelohde Four-Bulb Shear Dilution
Type Capillary Viscometer", These solutions. were found to
be highly noh—Newtonian even at these low concentrations.

The golutions were foupd to approach Mewtanian beha-
viour the lower the concentration, the lower the molecplar‘ ’
weight and the higher the shear rates. The non-Newtonian
effects were found to be significant for polyacrylamldes with
number-average molecular weights exceeding 106 (intrinsic
viscosities higher than 6.0 to 7:0). |

gThe molecular weight average—intrinsic viscosity rela-
tionship'most widely ﬁsed'in the literature, Eq. (I-37), was
found to be valid when the intrinsic viscosity was measuréd
at.high shear rates’ where the polymer solutions approach New-
tonian behaviour. ' A new relationship was developeq relating
the number-average molecularAweight to tﬁe intrinsic'viscosity

_at zero shear rate, Eq, (IJ47) The values of both the Mark-

Houwink constants in thls equatlon dlffered s1gnlllcantly

from those in Eq. (I 37) This was attributed to the fact that

the value of the 1ntr1nsic viscosity at zero shear rate is

more sensitive to the change 1n molecular weights than the

Ll

corresponding values of the intr1n81c viscosity at high shear

g,

: Tages. R

;Attempts to redder the flow data linear to facilitate

9
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extrapolationrto zero and high shear rates were unsuccessful,

Conditions under which single-bulblﬁiscometers may
be used to obtain approximate values of the intrinsic vis-~
cositigs at high shear rates were specified. On the other
hand, it was shown that the intrinsié viscosities at zero
shear rate for these high molecular weight polymers cannot
be obtained from a single-bulb viscometer due to the exces-
sive non-Newtonian effects at low shear rate.

The molecular weight data previously reported in the
lliterature for polyacrylamides with molecular welght averagés
of geveral million was found wantiné due to the fact that the
non-Newtonian aspects of these polymers' solutions were com-
‘pletely ignored and assumed negligible. This assumption has

been found groundless in the present investigation.
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Avpendix (I-1) Flow Data in the Four bulb Viscometer

Calibration of the Four-Bulb Cannon-Ubbelohde Shear

,
—-

Dilution Viscometer

:

Size : 50

Serial No. : 8489

1. Distilled VWater at 25°
i Flow Ti{@econds}

Bulb 1 Bulb 2 Bulb 3 Bulb 4'-
222,25 204,05 229.90 . 202,30
222.25 204.10 229.60 - 202,50
222.40 204.05 229.70 202,20
222.10  203.95 . 229.85 202.55
222,05 203.90 229.55 202,25
222.10 203.90 229.75 202,50
222.15 204.00 229.75 202,307
222,10 204.00 229.85 202.30
222,20 204.05 - 229.75 - 202,25
222,30 203,90 229.65 202,25

2, Viscosity Standard S-% (No. 73101) at 25°C

Flow Times (Seconds)

Bulb 1 Bulb 2 Bulb 3 Bulb .4 :
11047. 40 961. 60 1079.50 926. 40

1047.00 961.35 1078.40 . 927.30

1047.10 . 960.70 " 1078.40 925.70

1046.75 960.75 1079.20 ' 925.50 '
© 1047.50 1961.50° 1078.85 927,50



-

POLYMER: Standard-aA [77]0 = 17.70 (g/dl)”1
T - 2.82 x 10° (1] = 12.30 (g/d1)”"
n (o @]
CONC. FLOW DATA
(g/dl)| Buld 1 Bulb 2 | Bulb 3 | Bulb 4
364.3 | 346.3 | 401.6 | 364.8 Time (Seconds)
0.050 | 466.0 277.0 172.0 96.0 Y  (Seconds)
1.640 | 1.698 | 1.748 1.803 'qr( )
0.495 | 0.529 | 0.558 0.589 | V;
314.5 296.4 341.2 308.2 Time
0.0333] s41.0 | 324.0 202.0 114.0 Y
1.415 1.453 1.485 1.523 | T,
0.347 | 0.374 |0.39¢ | 0.421 | 1n(M))
290.8 272.6 312.5 281.6 Time
0.0250] 585.0 352.0 221.0 124.0 Y
1,309 1.336 1.360 1.392 7.
0.269 |0.290 |0.308 0.331 In(M.)
‘ 267.8 | 249.7 285.2 255.5 Time
0.0167|. 635.0 | 384.0 |242.0 137.0 Y
1.205 1.224 1,241 1.263 .
0.187 ]0.202 |0.216 0.233 In(7_)
249.7 231.7 263%,2 234.,7 Time ’
0.010 | 681.0 414.0 262.0 149.0 Y
1.124 1.136 1.146 1.160 nr
0.117 0.127 0.136 0.148 1n(M_)
v .~ O Y
Conc. ln(nr) 1n <nI‘) nSD 1n (T)I‘) 1n(7)r) ﬂS
C C C. ¢
0.050 | 0.635 12.70 17.74 0.490 9.80 12,65
0.0333| 0.465 a 14.09 17.94 0.340 10.30 12,27
0.0250] 0.363 14,52 ' 17.%1 0.268 - | 10.72 12.29
0.0167| 0.260 15.57 17.78 0.187 11.20 12.31
0.010 | 0.165 16.50 17.94 0.117 11.70 12.41




T‘J

POLYMER: Standard—g [77}0 = 10.40 (g/dl)"
M = 1.58 x 10 [M)= &4° (g/d1)7]
=2
CONC. FLOW DATA
(g/d1) Buld 1 Buldb 2 Bulb 3 Buldb 4
318.8 296.6 | 337.3 300,2 | Time (Seconds)
0.050 | 533.0 3249 | 205.0 117.0 Y (Seconds)™
1.435 1.454 1.468 1.483 | r
0.361 0.374 | 0.384 0.394 | M)
285.2 264.17 300.4 266.9 Time
0.0333{ 596.0 . | 363.0 230.0 131.0 Y
1.284 1.298 1.308 1.319 | 7
0.250 0.261 0.268 0.277 (1)
269.4, 249.3 282.7 250.8 | Time
0.0250 | 631.0 385.0 244.0 140.0 Y
1.212 1.222 | 1.231 1.239 | 7,
0.192 0.201 | 0.207 0.215 | 1n(n_)
253.5 234.4 265.4 235.0 Time
0.0167 | 671.0 410.0 | 260.0 149.0 | Y
1.141 1.149 1.155 1.161 - .
0.132 0.139 | 0.144 0.150 | 1n(7_)
T lesrar |e22.7 | 251.4 222.4 | Time :
0.010 | 704.0 431.0 | 274.0 157.0 | ¥ '
1.086 1.092 1.094 1.099 .
0.083 0.088 | 0.090 0.095 1n(N)_)
);/-—————-——>— o }’ > QO
Conc. | 1n(M.) In(N_) Nyp n(.) | (M) nsp
—C C C C
0.050 | 0.408 8.16 10,08 0.360 7.20 8.67
0.0333} 0.294 / 8.91 10.36 0.250 | 7.58 8.61
0.0250 0.228 /] 9.12 10,24 0.192 7.68 8.47
0.0167| 0. 160 9.58 10.39 0.132 7.90 8.45
0.010 {0.100 10.00 10.52 0.082 8.20 8.55




1-82

v ‘\\
POLYMER: 25-20-10-A [770 36.0 (g/dl)"1
B = 6.77 x 10 (M) 21.7 (g/a))™!
CONC. FLOW DATA 4
(g/da1){ Bulb 1 Bulb 2 | Bulb 3 | Buld 4
553.7 550.6 | 675.5 | 665.7 Time (Seconds)
0.050 | 307.0 174.0 102.0 53,0 Y  (Seconds)”)
2.49 2.70 2.94 3,29 M
0.91 0.99 1.08 1.19 In(7.)
428.5 415.9 498.3 479.3 | Tinme
0.0333{ 397.0 231.0 138.0 73.0 Y
1.93 2.04 2.17 2.37 n.
0.66 0.71 0.77 0.86 1n(M_.)
371.8 354,17 418.3 396.7 Time
0.0250| 457.0 271.0 165.0 88.0 Y
1.67 1.74 1.82 1.96 .
0.51 0.55 0.60 0.67 1n(nr)
0.0167| 533.0 319.0 197.0 107.0 0%
1.43 C1.47 1.5% 1.61 7
r
0.3%6 0.39 0.42 0.48 1n(M_)
0.010 | 612.0 370.0 230.0 128.0 Y
1.25 1.27 1.30 1.35 ')
" T
0.22 0.24 0.27 0.30 1n(M_.)
'}‘/ > O Y oo
Conc. 1n(T)r) ln(T)r) T)sp lnmr) ln(nr) nsp
C C C C
0.050 1,32 26.40 54,87 0.90 18.0 29.19
0.0333] 0.98 29.43 49.98 0.65 19.52 27.49
0.0250] 0.78 31,20 47.26 0.51 20.40 26.61
0.0167| 0.54 32,34 42.87 0.35 20.96 25.09
0.010 0.34 34 .00 40.49 0.21 21.00 2%, 37



fOLYMER= 25-20-10-5 [Tﬂo = 33,0 (g/a1)”"
My = 6.68 x 10° [ﬂ]oo= 21.5 _(g/dl)’1
CONC. FLOW DATA
(g/dl)| Bulb 1 Bulb 2 | Bulb 3 | Buld 4
526.9 521.4 | 632.7 610.3 Time (Seconds)
0.050 | 323.0 184.0 109.0 57.0 Y (Seconds)”"
2.37 2.56 2.75 3,02 Tr
0.86 0.94 1.01 1.10 1n(n.)
410.5 398, 1 475.0 451 .4 Time
0.0333} 414.0 241.,0 145.0 78.0 Y
1.85 1.95 2.07 2,23 n.
0.61 0.67 0.73 | 0.80 1n(nr)
357.8 34%,0 404.6 380.5 Time
0.0250| 475.0 280.0 | 171.0 92.0° Y
1.61 1.68 1.76 1.88 N,
0.48 0.52 0.57 0.63 In(n.)
309.1 293.1 341, 4 315.4 Time
0.0167| 550.0 328.,0 202.0 111.0 Y
1.39 1.44 1.49 1.56 M.
0.3% 0.3%6 0.40 0.44 1n(ﬂr)
273.1 255.9 294.% 268. 1 Time
0.010 | 622.0 375,0 234,0 131.0 Y
1.25% 1.25 1.28 1,32 us
0.21 0.23 0.25 0.25 1n(M_)
f — s 0 Y o
Conc. 1n(T)r) ln(T)r) T)SP ln(nr) 1n(nr) HSE
C C C C
0.050 1.26 25.20 50,51 0.84 16.80 26.33
0.0333| 0.92 27.63 45,32 0.61 18,32 25,24
0.0250| 0.72 28.80 42.18 0.48 19.20 24,64
0.0167] 0.49 29.7%4 37,86 0.33 19.76 23,41
0.010 0.31 31,00 36,34 0.20 20.00 22.14
3
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-1
POLYMER: 25.20-10-C [7ﬂo = -33,0 (g/dl) )
M, = 6.68 x 10° [ﬂ]oo 21.5 (g/d1)”
CONC. FLOW DATA
(g/d1)| Bulb 1 Buldb 2 | Bulb 3 | Bulb 4
523.7 520.2 634,73 616.4 | T{me (Seconds)
0.050 | 325.0 185.0 109.0 57.0 }j <Secon§s)"’
2.36 |  2.55 | 2.76 3.05 | T,
0.86 0.94 1.02 111 AL
407.7 297.1 475.9 454.1 |* Time
0.0333| 417.0 242.,0 145.0 77.0 Y
1.83 1.95 2.07 2.24 | T
0.61 0.67 - 0.73 0.81 1n(nr)
356. 2 342.3 47405.3 | 382.0 | Time
0.0250| 477.0 . 280.0 | 170.0 92.0 Y
1.60 1.68 1.76 1.89 N,
0.47 0.52 0.57 0.64 In(N_)
308. 1 292.3 341.,5 316.3 Time
0.0167| 552.0 328.0 202.0 111.0 Y
1.39 1.43 1.49 1.56 M.
0.33 0.36 0.40 0.45 1n(nr)
272.5 255.7 294.7 268.9 Pime
0.010 | 624.0 375.0 234,0 130.,0 Y
1.2% 1.25 1.28 1.33 7.
0.20 0.23 0.25 0.28 in(n )
'}'/ - O }/ (0a}
Conc. 1n(T)r) " ln(T)r) T)SD ln(nr) lnmr ns
) C C C —C _
0.050 1.26 25,20 50.51 0.84 //lQiiqj 26.3%
0.0333| 0.92 27.63 45.32 0.61 ~ 18. 2 | 25.24
0.0250| 0.72 28.80 42,18 0.48 19.20 | 24.64
0.0167| 0.49 29,34 37,86 0.3 19.76 | 23.41
0.010 0.31 31,00 36, %4 0.20 20,00 | 22.14




P

POLYMER : 25-20-10-D (0], = 28.0 (g/a1)”’
7 = 6.21 x 10 = 20. -1
I x (M), 20-5 (e/an)
CONC. FLOW DATA ’
(g/d1) Bulb 1 Buldb 2 Bulb 3 Bulb 4
516.6  |©500.9 | 599.5 | 574.4 Time (Seconds)
0.050 | 329.0 192.0 | 115.0 61.0 Y  (Seconds)
2.33 2.46 2.61 2.84 Zr(n )
n
0.84 0.90 0.96 1,04 r
403, 4 383.5 450.1 422. 4 Time
0.0333| 421.,0 250.0 | 153.0 83.0 Y
. 1.82 1.88 1.96 | 2.09 n.
0.60 0.63 0.67 0.74 In(n.)
351.9 330,65 | 385.2 355.6 Time
0.0250 | 483.0 290.0 | 179:0 ,| 98.0 Y
1.58 1.62 1.68 |- 1.76 N,
0.46 0.48 0.52 0.56 In(M.)
304.8 284.4 327.7 299.4 Time
0.0167 | 558.0 338.0 211.0 117.0 Y
1.37 1.39 1.43 1.48 N,
0.32 0.33 0.36 0.39 in(7_)
269.4 250.3 | 286.4 | 258.3 Time
0.010 | 631.0 384,0 | 241.0 136.0 Y
1.21 1,23 1.25 1.28 n. h
0.19 £ 0.20 0.22 { 0.24 | 1n(N.)
) ')/ _——— % 0 ' }/ > QO
Conc. ln(nr) 1n(77r) ﬂsp' 01n(77r) 1n(nr) T)S
C T C —c-
0.050 1.15 23.00 | 4%.16 | 0.82 16.40 | 25,41
0.0333 | 0.83 24.92 | 38.84 | 0.60 18.02 | 24.69
0.0250.f 0.63 ,| 25.20 | 35.10 | 0.46 18.40 | 23.36
0.0167 | 0.44 26.35 | 33.10 | 0.32 19.16 | 22.58
0.010 0.27 27.00 | 31.00 | 0.19 19.00 | 20.92
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POLYMER: 25-20-10-F (n), = 32.0 (g/a)”!
- _ _ _1 -
My = 7.50 x 10° (M= 23.2 (g/a1)
CONC. FLOW DATA
(g/d1){ Bulbd 1 Bulb 2 | Bulb 3 | Bulb 4
555.8 542.9 653.7 630.9 T nine (Seconds)
0.050 | 306.0 177.0 106.0 55.0 ¥ (Seconds)™ -
2050 2'066 2.85 o 3.12 'nr
0.92 0.98 1.05 1,14 In(M.)
Al
426.1 407.2 480.8 452,5 Time
0.0333| 399.0 236.0 144.0 77.0 0%
1.92 2.00 2.09 2.24 n_
0.65 0.69 0.74 o.sq 1n(nr?
368.4 547.4 | 405.4 377.4 Time -
0.0250| 461.0 276.0 170.0 93.0 Y
1.66 1.77 1.76 1.87 n..
0.51 0.53 0.57 0.62 In(M_.)
335.6@ 29409 340.6 312.1 Time
0.0167| 539.0 526,0 203,0 112.0 Y
1.42 1,45 1.48 1.54 [ M,
‘ 0.35 0.37 0.39 0.43 \1n(nr)
| 275.7 256.0 293.5 265.5 ' Time
0.010 | 617.0 375.0 | 235.0 | 132.0 |y
1.24 1.25 1.28 1.31 b
. r
0.22 0.2% 0.24 0.27 %n(nr) —
Y > O Y - » QO
Conc. | 1n(N.) 1n(M..) N, in (7)) 1h(ﬂr) n,
C C C —
0.050 1,24 24.80 49.11 0.90 18,00 29.19
0.0333| 0.88 26.43 | 42.37 0.65 19.52 [ 27.49
0.0250| 0.68 27.20 38,96 0.50 20.00 |+ 25.95
0.0167| 0.49 29.34 37.86 0.35 - 20.96 25.09
0.010 0. 30 30.00 34.99 0.22 22.00 24.61
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w

POLYMER:'ziﬁgo-ao-g ‘ [7ﬂo = .55.0  (g/a1)”

= _ , -1

M = 9.02 % 10 Ln]co= 26.2 (g/d1)
CONC. FLOW DATA

(g/d1)| Bulb 1 Buld 2 { Buld 3 | Buldb 4

| 565.5 571.8 711.5 | 710.8 Time (Seconds)
0.050 | 301.0 168.0 97.0 49.0 Y (Seconds)”
2.55 2.80 |* 3.10 3,51 M.
0.93 1.03 1.13 1.26 In(N.)
434.7 | s531.2 | 520.7 Time
0.03%3 221.0 | 130.0 67.0 | Y
2.13 2.3 2.57 | M.
0.76 0.84 | '0.95 In(7.)
372.2 449.5 436.9 Time
0.0250| 447.0 258.0 | 154.0 80.0 | Y.
.71 1,82 1.96 2.16 | M,
.54 0.60 0.67 0.77 1n(n_)
526.0 | 314.2 | 374.1 | 357.8 | Time
0.0167| 521.0 .| 306.0 184.0 98,0 Y
1.47 1.54 1.63 1.77 7.
0.38 0.43 0.49 0.57 In(M )
284.2 269.06 315.7 295.1 Time
0.010 | 598.0 356.0 219.0 119.0 Y
L 1.28 1.32 1.37 1,46 7
0.25 |- 0.28 0.32 0.38 1n(N_)
]:/ —_——> 0 )/ > CO
Conc. 1n(T}r) ln(T)r) | ﬂsp 1n(7’)r‘) ln(nr) ﬂsp
C C C C
0.050 1.42 | 28.40 62.74 0.91 ] 18.20 29,69
0.0333 1.10 33,03 60.19 0.67 20.12 28.66
0.0250 | 0.92 36.80 | 60.37 0.54 21.60 | 28.64
0.0167 | 0.68 40,72 58,732 0.38 22,75 27.68
0.010 0.45 45,00 56.83 0.24 24,00 27.12




W

of
POLYMER: 25-20-10~G (M) = 26,8 (e/a)”]
Mo = 6.68 x 10° (M= 21.5  (&/a1)”
CONC. FLOW DATA
(g/d1)} Bulb 1 | Bulb 2 | Bulb 3 | Buldb 4
442,1 429,6 510.7 479,2 Time (Seconds)
0.050 | 385.0 223.0 | 1%5.0 73.0 Y  (Seconds)”"
1.99 2,11 2.22 2.37 | Nr
0.69 0.74 0. 80 o.86 | 1n(.)
361. 1 347.8 408.7 378, 2 Time
0.0333] 470.0 276.0 169.0 93.0 Y
1.63 1.71 1.78 1.87 nr
0.49 0.53 0.58 0.63 1n(nr)
325.0 309.7 361.5 '332.7 Time
0.0250| 523.0 310,0 191.0 [ 105.0 Y
1.46 1,52 1.57 .| "1.64 .
0.38 0.42 0.45 0.50 1n(n..)
290.1 273.8 316.9 289. 4 Time
0.0167| 586.0 351.0 218.0 121.0 Y
1.31 1.34 1.38 | 1.43 n..
0.27 0.29 0.32 0.36 1In(_)
262.9 * 245\8 282.0 254.7 Time
0.010 | 647.0 391.0 245.0 137.0 | ¥
1.18. 1,20 1,253 1.26 ul
0.17 0.19 0.20 0.23 1n(n..)
')'/ — > (o] )’———-——-——-——>-— oo -
Conc. ln(nr) ln(nr) nsp ln(ﬂr) ln(nr) ﬂs
C_ C C C
0.050 0.96 19.20 52,23 0.68 1%.60 19.48
0.0333| 0.70 21,02 30,44 | 0.48 14.41 18.50
0.0250|. 0.5% 22.00 | 29.33 0.38 15,20 18.49
0.0167| 0.39 23,35 28,56 0.27 16.17 18.56
0.010 0.25- 25,00 28,40 0.17 17.00 18.53

I-89
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POLYMER: 25-20-10-H [Tﬂo 42,00 (g/dl\'1
B = 8.40 x 10° M)= 25-00 (g/a)”’ J
CONC. FLOW DATA
(g/d1)| Buld 1 | Buld 2 | Bulb 3 | Bulb 4
1094.3 1153.6.| 1457.9 | 1441.8 | Time (Seconds).
0.100 | 155.0 83.0 47.0 24.0 | Y (Seconas)™!.
. 4.93 5.66 6.35.| 7.13 | Nt ~
1.59 1.73 1.85 1.96 | 1n(M.)
724.3 749.3 | 937.8 | 925.7 | Time
0.0667| 235.0 128, 0 74.0 38.0 | Y
3.26 3,67 4.08 4.57 | M.
571.5 581.5 722.0 | 711.5 | Time
0.050 | 297.0 165.0 96.0 49.0 | Y
to2.57 2.85 3,14 3.52 | )
| _A8.94 1,05 1.15 1.26 | 1n(n.)
A1 ae2.7 | 440.3 | 537.2 | 525.2 | Time
0.0333|" 384.0, 218.0 128.0 67.0 | v
C 199 "2.16 2.34 2.60 | M
-1 0.9 4| 0.77 0.85 0.95 | 1n(7.)
348,7 339,0 | 405.1 | 387.6 | Time
0.020 | 487.0 283.0 170.0 90.0 | Y \
1,57 1.66 1.76 1.92 | 7
' 4 . T
0045 0051 ; Oo 57 Qu 05 1n(T)]")
')./ > O )’ > QO
‘Cone. | 1In(M_) In(N.) _ T)Sp (M) | (M) I T)SJ
C C ' C C
0.100 | 2.10 21.00 | 71.66 1.48 14.80 33.93
0.0667| 1.68 '25.19 65.45 1.12 16.79 30,96
.0.050 | 1.46 29.20 | 66.12 | 0.92 18.40 '30.19
0.0333 1.06 31,83 56,65 0.68 | 20.42 29.25
0.020 | 0.70 35.00 | 50.69 | 0.44 22,00 27.64
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A o -
POLYMER: 25-20-10-1 (M), = 41.00 (g/a1)!

6 -
My = 7.69 x 10 M),= 23-60 (g/a1) !
CONC. ' " FLOW DATA
d \
(g/d1)| Bulb 1 Bulb 2 | Bulb 3 | Bulb 4
542.8 547.5 | 673.5 | 656.4 | Time (Seconds)
0.050 | 313.0 175.0 | 102.0 53.0 Y (Seconds)~!
2.44 2.68 2.93 3,24 Ny
0.89 0.99 1.08 1.18 n(M.)
0.0333| 402.0 229.0 136,0 71.0 Y
1.90 2.05 2.21 2.42 n
' r
0.6 0.72 0.7 0.8
Q.0250| 460.0 266.0 159,0 84.0 Y
1.66 1.77 1.88 2.05 7
' r
0.51 0.57 0.63 0.72
, ln(T)r)
0.0167| 533.0 313.0 | 191.0 | 103.0 | y ‘
1.43 | 150 1,57 1.68 | 7 :
0.36 0. 41 0.45 0.52 1)
T
0.010 | 609.0 363.0 225.0 124.0 ¥
1.26 1.30 1.34 1.40 n
r
¢ 0.23 0.26 0.29 0.34 In(M_)
Y ———> O Y > ©O
C'onc. ln(T)r). ln(T)r) T)SP ln(nr) 1n(7)r) T)S
C C C “‘ER‘
0.050 1.34 26.80 | 56.38 0. 86 17.20 27.26
0.0333| 1,06 31.8% | 56,65 0.63% 18.92 26.35
0.0250| 0.84 33,60 | 52.65 0.51 20,40 26,61
0.0167| 0.59 35,33 | 48.14 0.35- | . 20.96 25.09
0.010 0.38 38.00 | 46.23 0.22 22,00 24,61




I-32

POLYMER: 25-20-10-J [Tﬂo = 21.4 (g/a1)”
- ~ 6 _ -1
My = 3,86 x 10 [n]d{. 15.0 (g/d1)
CONC. FLOW DATA
(g/d1)| Bulbd 1 Bulb 2 | Bulb 3 | Bulb 4
416.9 399.8_ 467.3 428,2 Time (Seconds)
0.050 | 408.0 | 240.0 148.0 | 82.0 Y  (Seconds)”!
1,88 1.96 2,03 2.12 My
0.63 0.67 0.71 | o.75 | (™)
344%3 326, 4 378.2 | 344.% Time
0.0333| 494.0 294.0 182.0 | 102.0 Y
1.55 1.60 .65 1.70 n. .
0.44 0.47 0.50 0.53 1n(nr%///f
311.2 293.3 338.1 | 306.1 Time
0.0250| 546.0 327.0 204.0 | 114.0 Y
1.40 1,44 1,47 1.51 R ,
- < 3 G
0.34 | 0.3 0. 39 0.41 ln(ﬂr)
280.6° | 262.4" 300.5 | 270.3 Time
0.0167| 606.0 366, 0 230.0 | 129.0 Y
1,26 1,29 1.31 1.34 ...
r
0.2% 0.25 .27 0.29 In(7.)
257.2 239.0 272.1 |\e43.0 Time
0.010 661.0 402,0 254.0 'l 14220 Y
1.16 1.17 1.18 1.20 | 7
. r
0.15 0.16 0.17 0.18 In(M_)
Y —— s o0 Y > 00
Cone. | In(M_) In(N) 7751) | ln(ﬂr) 1n(77r) ns
C C | —C__ —&=
0.050 0.81 18.20 24.96 0.615% 12,50 16.99
0.0333| G.575 17.27 23,34 0.435 | 13,06 | 16.37
0.0250| 0.45 18.00 22.73% 0.34 13,00 16,20
0.0167| 0.33 19,76 23,41 0.23 13,77 15.49
0.010 0.20 20.00 | 22.14 0.145 14.50 15. 00




A
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POLYMER: 25-05-10-a - [7M], = 30.00 (g/a1)”"
v = 6 X . -1 | ~
M 5.89 x 10 [7_).]00_ 19.80 (g/d1)™" \ >
CONC., " FLOW DATA. K ‘\‘
(g/d1)| Buld 1 | Bulb 2'f Bulb 3 | "Bulbd 4
499.0 | 490.1 [ 590.3 | 565.6 | Time (Seco
0.050 341.0 196.0 117.0 62.0 Y
‘ 2,25 2.40 7} 2.57 2.80 U
0.81 0.88 0.94 1,03 In(7y.)
., . ,
| 392.4 379.0 | 448.7 | 420.6 | Time
0.0333| 433. 253.0 .| 154.0 83-0 Y
P86 | 1.95 | L 2.08 n.. |
0. 0.62 0.6 0.73 | \
05 X .62 7 73 7| ()
344.8 N329.3 | 386.8 | 359.3 | Time
0.0250| 493.0 | 292.0 | 178.0 | '97.0 y
1.55 | 1.6 e8| a.18 |
0.44 0.48 0.52 ~0.57 4 1n(n~r)
301.4 284.9 | 330.5 | 302.9 Time-
0.0167| 5p4.0 | 337.0 | 209.0 116.0 “| y
: 1.36 - | 1.40 1.44 i.50 n. .
. Il | r
0.30 0.33 | 0.36 0. 40 ()
r
. 268.4 | 251.2° | 288.3 | 260.7 Time
0.010 | 6%3,0 382.0 | 239.0 134.0 Y
1,21 | .23 1.26 1.29 7
o r -
0.1 0.21 0.2 0.25 -
9 ) 3: 5 ln("nr)
, Y —> 0 N LY —
Conc. In(n ) n(N.) Nep "ln(T)l‘.) ln(n,r)~
’Q v b C
0.050 1,13 22.60 | 41.97 .| 0.79 .| 15.80
0.0%33| 0.81 24,32 37.47.| 0.56 16.82
0.0250| 0.64 25.60 | 35:86 | 0,44 17.60
0.0167| .0.45 26.95 34703 | 0.30 17.96
0.010 | 0.28 28.00 | 32.31 d 0.19 19.00

JRO—
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I1-94

o5 S Sla, epre W

POLYMER: 25-05-10-2 (M), = 26.3 (g/an)”!
—— WM ._1
- ~ ° 1 10 = S
M 5.31 x C [n]oo 18.5 (g/d1)
CONC. FLOW DATA
(g/d1)| Buld 1 | Bulb 2 | Bulb 3 | Buld 4
488.3 471.5 559.2 526.3 Time (Seconds)
0.050 | 348.0 | 204.0 | 123.0 67.0° | Y (Seconds)”!
2.20 2.31 2.43 2.60 nx '
0.79 0.84 0.89 0.96 1n(7)
384.6 366, 2 428.2 395.8 Pime
0.0333| 442.0 262.0 161.0 88.0 Y
1.73 1.80 | 1.86 1.96 N
0. 0. 0.62 0.6
55 59 7 1n(nr?
338, 5 319.5 | 370.7 | 339.4 Pime
0.0250| 502.0 300.0 186.0 103.0 Y
1.52 1.57 1.61 1.68 7
-
0.42 0. 0.48 052
45 4 5 In(M_)
296. 4 217.8 | 319.5 | 289.6 Time
0.0167 | 573.0 346.0 216.0 121.0 Y
1.33 1,36 1.39 1,43 Ny )
0.29 0.31 | 0.33 0.36 In(7.)
265. 1 246.8 | 281.9 253.2 Time
0.010 | 641.0 389.0. | 245.0 | 138.0° | ¥
1.19 1.21 1.23 .25 | T,
0.18 0.19 0.20 0,22 1n(M.)
'}./..-_._.._—_.._>- @) -}" > OO
C_O;IC. ln(nr) ln(nr) T)sP lnmr)! ln(nr)A nsp
C C C C
0.050 1.05 21.00 37.15 |  0.78 .| 15.60 | 23.63
0.0%333 | 0.75 22.52 33,54 0.55 16.52 |, 22.02
0.0250 | 0.58 23.20 | 31.44 0.42 16.80 | 20,88
~|o.0167 | 0.41 24.55 | 30.35 0.29 17.37 | 20.15
{0.010 0.25 25.00 | 28.40 0.18 | 18:00 |. 19.72

" EM s A e B rs .



I-95

POLYMER: 25;?5-1?50 (), = ?g-z (g/dl)-:
M .31 x - . -
n [n]oo (g/dl)
CONC. FLOW DATA
(g/d1)| Bulb 1 | Buld 2 | Buldb 3 | Bulb 4
490.3 472.9 . 561.0 527.6 Time (Seconds)
0.050 | 347.0 203.,0 123.0 |. 66.0 Y  (Seconds)”|
2,21 2.32 5.44 2.61 U -
0.79 0.84 | .0.89 0.96 | n) o
386.5 367.4 429.6 398.9 Pime
0.033%| 440.0 261.0 161.0 88.0 Y
1.74 1.80 1.87 1'.97\ 77r .
0.55 0.59 0.63 0.68 1n(M..)
340,0 320.7 372.,0 341,9 Time
0.0250! 500.0 299,0 185.0 | 102.0 Y .
1,53 1.57 1.62 1,69 | M,
0.43 0.45 0.48 .0.52 n(n.)
297.3 278.4 320. 6 290.9 Time
0.0167| 572.0 345.0 215.0 120.0 Y
1,34 1.36 1. 40 1.44 ..
0.29 0.%1 0.33 0.%6 1n(7)_r)
265.4 247.% 282.3 25%.9 Time
0.010 | 641.0 388, 0 244.0 138,0 - | Y
: 1.19 1,21 1.23 1.25 M.
0.18. 0.19 0.21 0.23 in(N_)
)./ » O }’ > OO
Conc. ;%n(nr) lnmr) n§p ln(T)r) ln(nr) T)s ’
C C C "6!‘
0.050 1.05 21.00 37,15 0.78 15.60 23,63
0.0333] 0.75 22.52 33,54 0.55 16,52 22.02
0.0250] 0.58 23,20 31,44 0.42 16,80 20.80
0.0167] 0.41. 24,55 30,35 -} 0.29 17,37 20,15
0.010 0.25 " 25.00 28.40 0.18 18.00 19,72




1-96

POLYHER: 25-05-10-D [7ﬂo 225.5  (g/a1)”!
- _ : _ . -1
'Mn = 5.10 x 19 [n]oo_ 18.0 (g/d1)
CONC. FLOW DATA
(g/d1)| Bulb 1 Buld 2 { Bulb 3 | Bulb 4
460.3 444.7 | 526.5 | 491.6 | Time (Secc?nds),1
0.050 | 369.0 216.0 131.0 71.0 Y  (Seconds)”
2,07 | 2.18 2.29 2.43 | Mx )
0.73 0.78 | o0.835 | o.sg | U
368.0 351.6 | 412.2 | 380.3 Time
0.0333| 462.0 273.0 | 167.0 92.0 | ¥
1.66 1.72 1.79 1.88 | .
0.50 0.54 0.58 0.63 In(N.)
328.0 310.7 | 361.1 331.2 Time
y %
0.0250| 518.0 309.0 191,0 106.0 Y
1.48 1.52 1.57 1.64 7.
0.39 0.42 0.45 0.49 In(M..)
: 290.8 273.4 314.9 | 286.3 Time
0.0167| 585.0 351.0 | 219.0- | 122.0 | Y
1,31 1.34 1.37 1.41 N,
0.27 0.29 0.32 0.35 In(7.)
| 262.9 245.2 | 280.4 | 252.2 | Time
'0.010 | 647.0 392,0 246.0 139.0 [ ¥
1.18 " 1.20 1.22 | 1.25 7.
0.17 0.18 0.20 | 0.22 1n(7.)
Y+ o ¥ L
Conc. ln(T)r) ln(nr) T)sp ln(nr) _ ln(nr) nsg
i c C C C
0.050 | 0.97 19.40 | 32.76 | 0.72 14,40 | 21.09
0.0333| 0.70 21.02 30.44 0.50 15,02 19.48.
0.0250| 0.54 21.60 | 28.64 | 0.39 15.60 | 19.08
0.0167| 0.39 23.35 | 28.56 | 0.27 | 16.17 18.56
0.010 | o0.24 24,00 | -27.12 |. 0.17 | 17.00 | 18.53




I-97

POLYMER: 25-05~10-E [Tﬂo = 25.5 (g/d1)”]
B, = 5.10 x 10 (M) = 18.0 (g/a1)”"
CONC. FLOW DATA
(g/d1) Bulb 1 Bulb 2 Bulb 3 Bulb 4
465.9 451,35 535.7 500. 1 Time (Seconds)
0.050 | 365.0° 213.0 129.0 70.0 Y  (Seconds)”
2.10 2.21 2.33 2.47 | Tr
0.74 0.79 0.85 0.90 | In(M.)
373.6 358.4 421.1 389.4 Time
0.0333 455.0 268.0 164.0 90.0 Y .
1.68 1.76 1.83 1.92 .
0.52° 0.56 0.61 0.65 1n(N..)
331.9 315.5 | 367.3 | 337.5 | Time
0.0250] 512.0 304.0 188.0 104.0 Y ?
1.49 1.55 1.60 1.67 N,
0.40 0.44 0.47 0.51 1n(n..)
293.3 276.6 319.4 291,73 Time
0.0167| 580.0 347.0 | '216.0 120.0 Y
1,32 1.36 1,39 1.44 7| M,
0.28 0.30 0.33 0.36 1n(nr)
264.7 247.1 282.9 255.6 Time
0.010 | 642.0 388.0 | 244.0 137.0 | ¥
1.19 - 1.21 1,23 1.26 | 7
I
0.18 0.19 0.21 0.23 | 1n(_) *
_}‘/-————-—>—O ‘)./ > OO
‘Conc. ln(ﬂr) ln(nr) nsp ln(nr) ln(nr) nsp
C C C C
0.050 | -0.97 19.40 | 32.76 0.72 14.40 21.09
0.0333 0.70 21.02 30,44 .0.50 15.02 19.48
0.0250| 0.54 21.60 28.64 | 0.39 15.60 19.08
0.0167| 0.39 23.35 28.56 0.27 16.17 18.56
0.010 0.24 24,00 27.12 17.00

0.17

18.53 _



1-98

POLYNER: 25-05-10-F (n], = 26.5 g)g/dl)’1
= o -1
M. 5.27 % 10 [n)oo= 1§.4 (g/d1)
¢ \
CONC. FLOW DATA \‘"““\\
de/ay|” Buip 1 | Buiv 2 | Buib 3 VBugé 4
434 .1 420.4 495.7 | 4?5/ TJ':me (Seconds)_1
0.050 | 392.0 228,0 | 139.0 .0 Y  (Seconds)
1.95 2.06 2.16 2,26 | r
n(7).)
0.67 0.72 0.77 0.82 r
0.0333| 475.0 280.0 172.0 95.0 Y
1,61 1.68 1,75 1.83 n.
0,0250| 528.0 313.0 193.0 107.0 Y
1.45 " 1.50 1.55 1.62 -nr'
0.37 0.41 0.44 0.48 1n(77r)
288.7 272.5 314.7 286.4 N Pime
’ I
0.0167| 589.0 352.0 ‘| 219.0, | 122.0 Y
1.30 S 1.34 1.37 1.42 'y
T
0.26 0.29 0.31 0.35 ()
262.4 245.4 ' 281.6 . 253-9 Time
0.010 | 648.0 391.0 | 245.0 | 138.0 | Y
1.18 17,20 1.23 1.25 7
r
0.17 0.19 0.20 0.23 1n(M.,)
Conc. | 1a(M.) | 1n(N.) Ngp | W) | (M) Nep
) » C ! C C C
0.050 | 0.88 17.60 28.22 0.66 13.20 18.70
0.0%33| 0.66 19.82 28.07 0.48 14,41 18.50
0.0250 0.54 21.60 | 28.64- | 0.39 | 15.60° | 19.08
0.0167 0.39 23.35 28.56 0.27 16.17 18,56
0.010 | 0.24 24,00 27.12 0.17 17.00 18.53

v
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"POLYMER: 25-02-10-4 (), = 19.6 (g/a1)”’ ‘
By = 3.29 x 10° (M), 135 (&/a1)
CONC. | FLOW DATA _
(g/d1)| Bulb .1 | Bulb 2 | Bulb 3 | Buld 4 |
, 389,7 370.3 | #28+4. | 387.4 | Time (Seconds)
0.050 | 436.0 259.0 | 161.0 90.0 Y  (Seconds)”|
1,75 1.82 1.86 1.91 Ty
0.56 0.60 0.62 0.65 | ()
330.0-° | 311.9 | 359.5 | 324.2 | Time
0.0333| 515.0 308.0 192.0 108.0 Y
| 1.49 1.53 1.56 1.60 | M
0.40 0.42 0.45 0.47 | 1n(M.)
302.2 | 284.0 | 326.4 | 293.6 | Time
0.0250| 563.0 338,0 211.0 119.0 0%
1.36 1.39 1,42 1.45 | 7
0,31 0.33 0.35 0,37 n(m.) -
275.3  |%257.5 294.3 | 263.8 Time
0.0167| 617.0 373.0 234.0 133.,0 Y
1,24 1.26 1.28 1.30 7.
0.21 0.23 0.25 0.27 ln(nr)
254,72 236.3 | 269.0 | 240.1 Time
0.010 | 669.0 406.0 257.0 146.0 Y
' 1,14 1.16 1.17 1.19 n_
0.13 0.15 0.16 0,17 1n(M_)
S G S Y— > 00
Cdmﬁ:. ln(T}r) ln(T)r) T)Sp lnmr) ln(nr T)S
I P Rl C | T - ——
0.050 | = 0.685 13,70 | 19.68 | 0.555 11.10 14.85 -
0.0333| 0.505 15.17 *| 19.73 | 0.40 : | 12,01 14,77
0.0250| 0.400 16.00 19.67 | 0.31 12.40 14,54
0.0167{ 0.290 [ 17.37 20.15 0.21 12.57 13,99
0.010 | 0.180 .| 18.00 19.72. | 0.13 13.00 13,88




v P

I-100

POLYMER: 25-02-10-B (), = 23.3 (eran)”
= 6 -1
M = 4,06 x 10 = 15.5 a1
n Mo (g/ )
CONC. FLOW DATA
(g/da1)] Bulb 1 | Bulb 2 | Bulb' 3 | Bulb 4
£49.2 429.4 504.2 465.8 | Time (Seconds)
0.050 | 378.0 224.0 | 137.0 75.0 Y  (Seconds)”!
2.02 |- 2.1% 2.19 2.30 | Ny
0.70 0.74 | 0.79 0.83 | 1n(n.)*
361.0h 341.0 395-6 . 362.0 Time
0.0333) 471.0 282.0 174.0 97.0 Y
1,62 1.67 p 1.72 1.79 | n_
\
0. 49 0.51 | 3 0.54 0.58 | 1n(n_)
321.4 502,0 | 348.2 | 316.2 | Time
0.0250] 529.0 318,07 | 198.0 | 111.0 | y
1.45 1.48 1,52 1.56 | 7_
.37 - O, 0.42 0.4
0.37 39 4 5 In(M_)
0.0167 596.0 360.0 | 226.0 127.0 | y
1.28 1.31 | 1.33 | 1.36 [ q_
r
0.25- 0.27 0.28 0.31 In(7_)
' 258,9 240.4 | 273.7 244.6 Time
0.010 | 657.0 399.0 | 252.0 { 143.0 | y
1.17 1.18 1.19 .21 | q
0.15 0.16 0.18 0.19 | 1n(n.)
. . . n nr
)/ P S & | }/ >~ QO
Conc. ln(T]r) ln(nr) T)sp' ln(T)r) “1n mr) ns &«
C C C —o-
0.050| 0.89 17.80 | 28.70 0.69 | 13.80 19,87
0.0333  0.645 19.55 | 27.45 0.48 | 14.55 1867
0.025| 0.505 | 20.20 | 26.28 0.365 | 14.60 17.62
0.0167 0.350 | 20.96 | 25.09 0.25 14,97 17,01
0.010| 0.220 | 22,00 | 24.61 0.15 15.00 16,18




I-101

POLYMER: 25-02-10-C [Tﬂo . 21.0 (g/dl)':
M, = 4.02 x 10°%, (M.,= 15.4 -(e/a1)”
CONC FLOW DATA p
Yg/d1)|{ Bulb 1 | Bulb 2 | Bulb 3| Bulb 4
446.3 425.5 497.1 457.9 Time (Seconds)
0.050 | 381.0 226.0 | 139.0 76.0 'Y  (Seconds)”’
2.01 2.09 2.16 ] -2.26 | Tr :
0.70. 0.74 0.77 0.82 | ()
358, 3 337.9 390.4 354.,7 Time
0.0333| 475.0 284.0Q 177.0 | 99.0 Y
1.61 1.66 1.70 1.75... | 7.
0.48 0.50 0.53 0.56 ln(nr)
319.5 299.4 344.5 310.8 Time
0.0250| 532.0 321.0 200.0 113.0 Y
1.44 1.47 1,50 1.54 N.
. 0.36 0.38 0.41 0.43 | "In(n_) :
284.2 264.9 | 302.5 | 271.6 | Time'
0.0167] 598.0 362.0 228.0 129.0 Y
' 1.28 1.30 1,32> 1.3%4 . ,
0.25 0.26 0.27 0.29 ln(nr)'
258.7 239.7 272.0 242,3 | Time '
0.010 | 657.0 400.0 254.0 144.0 Y
1.16 1.18 1.18 1,20 7,
0.15 0.16 0.17 *| 0.18 ‘]n(nr)
— s 0 Y > ©O-
Conc. 1n (T}r ) ln(nr) nSP 1n (7}r) 1n(nr) T’)sp_ _
C C C T I
0.050 | 0.865 17.30 27.50 0.69 13, 80 19.87
0.0333| 0.60 18.18 24,91 0.475 14,39 18.42
0.0250| 0,47 18.80 24,00 | 0,360 | 14.40 | "17.33
0.0167| 0.325 19, 46 2%.00 0.250 14.97 | 17.01
0.010 | 0.20 20.00 22,14 0.15 15,00 16.18




25-02-10-D

1-102

POLYMER: [7ﬂo 21.5 (g/a1)”
- _ 6 . ‘ -1
M = 3,82 x 10 [n}co 14,9-. . (g/d1) \:) ,
CONC. FLOW DATA
(g/d1) Bulb 1 Bulb 2 Bulb 3 Buldb 4
428.6 409.8 | 478.4 | 438.6 | Time (Seconds)
0.050 | 397.0 234.0 144.,0 80.0 Y  (Seconds)”"
1.93 2.01 2.08 2.17 | TN
0.66 0.77 0.73 | o.77 | n(My)
349,6 330.8 382.5 348.0 TPime
0.0333| 486.0 290.0 180.0 101.0 Y
1,57 1,62 1.66 1,72 n. .
0.45 0.48 0.51 0.54 1n(M..)
314,2 295.2 %340.8 307.9 Time
0.0250| 541.0 325.0 202.0 114,0 y
1.41 1.45 1.48 .52 -nr ]
0.35 0.37 0.39 0.42 1n(nr> .
281.3 262.5 300,73 270.0 Time
0.0167| 604.0 3266,0 | '230.0 130.0 | Y -
1.27 1.29 1.31 1.33 .. .
Ir
0.24 e 0.25 | 0.27 0.29 In(7_)
256.8 238, 3 271.3 242.1 Time
0.010 | 662.0 40%,0 254.0 145.0 Y -
1.16 1.17 1.18 1.20 7
R r
¢.14 0.16 0.17 0.18 | 1n(N.)
2% o Y > 0
Conc. 1n(T]r) lfmr) T)sp lnmr) 1n(nr) T}S]g"
) —C C c__ G
0.050 | 0.825 16.50 | 25.64 0.65 | 13.00 18, 31
0.0333| 0.590 17.88 | 24.36 0.45 13&£4 17.22
0.0250| 0.4565. 18.20 | 23.05 - 0.35 14,00 16.76
0.0167| 0.315 18.86 | 22.17 0.238 | 14,25 16.09
0.010 | 0.195 +19.50 | 21.53 0.145 | 14.50° 15.60




I-103

POLYMER: 25—02-10-}63' [T)]O = 24,0 (g/dl)—1
v -1
M = 4.10 x 10 [n]03= 15.6 (g/dl?
CONC. FLOW DATA
(g/d1)]| Bulb 1 Bulb 2 | Bulb 3 | Buld 4
655.3 642.5 763.7 711.0 Time (Seconds)
0,100 | 259.0 - | 149.0 | 90.0 | 49.0 Y  (Seconds)”
2.95 3,15 3,32 3,51 Nr
1,08 1.15 1,20 1,26 In(7),)
Nass.2 472.0 | 558.0 | 518.1 Time
0.0667| 350.0 203.0 124.0 68.0 0%
E 2.18 2,31 2.43 2.56 n.
0.78 0.84 0.89 0.94 1n(M.)
4121 397.9 468.5° | 434.0 Pime
0.050:| 413%.0 241.0 147.0 81.0 Y
©1.85 1.95 2.04 2.14 7.
; . .71 0.76 ° ~
01.62 0.67 0.7 1 1n(nr?
347.1 332,72 389, 1 358.6 Time
0.0333| 490.0 289.0 177.0 98.0 Y
1.56 1.63 1.69 1.77 ° n.
0.45 0.49 0.53 0.57 ()
29’707 -281 09 327.0 29905 Time
0.020 | 571.0 340.0 211.0 117.0 Y .
1.34 1.38 1.42 1,48 7
r
. - Ou O'
0.29 0.32 35 39 In(M_)
'Y » O Y »- ©O
L 4
Conc. ln(nr) ln(T)r) T)S2 ln(nr) lnmr) 778
C C C —C
0.100 | 1.32 13,20 27.43 1.03 10.30 18.01
L 0.0667| 1.00 14.99 25.76 0.76 11.39 17.07
0.050 | 0.82 16.40 | '25.41 0.61 12,20 16. 81
0.033%| 0.61 18.32 25.24 0. 44 13,21 16. 60
0.020 | ©.41, 20.50 25.34 0.28 14.00 16,16




POLYMER® 25.02-10-F

—
=
0

!

22.00 (g/d1)”"

1-104

~ -1
My = 3.39 x 10 (M= 13.75 (&/dl)
CONC. | FLOW DATA
7 A
(g/d3){ - Buld 1 | Bulb 2 | Bulb 3 | Bulb 4
N N b B
376,73 356.7 411,2 270.0 Time (Seconds)
0.050 | 452.0 269.0 | 168.0 95.0 Y  (Seconds)’
1.69 1.75 1.79 1.83 | Tr ~
0.53 0.56 0.58 0.60 | (M)
324.1 305.7 | 351.7 | 316.4 | Time
0.0333| 525.0 314.0 196.0 111.0 Y
1.46 1.50 1.53 1.56 nr :
0.38 0.40 0.43 0.45 ln(nr)
298.,7 280.8 322.1 289.0 Time
0.0250] 569.0 342.0 214.,0 121.0 Y
1.34 1.38 1.40 1.43 N .
0.30 0.3%2 0.34 0.36 1n(ﬂr)
273.7 256.1 292.8 262,17 Time
g.0167| 621.0 375.0 236,0 133.,0 Y
1.23 1.26 1.29 . 1.30 M,
0.21 0.2% 0.24 0.26 1n(ﬂr)
253,7 236.0 268.8 23%9.9 Time
0.010 | 670.0 407.0 257.0 146.0 Y
’ 1.14 1.16 1.17 1.19 nr
0.1% 0.15% 0.16 0.17 1n(nr)
» O j’ »- QOO
Conc. ln(T)r) 1n(7')r) T)EP ln(nr) ln(nr) sp
) C C C
0.050 0.635 12.70 17,74 | 0.525 10.50 13.81
0.0333| (©.485 14..56 18.14‘\\ 0.375 11.26 13,66
0.0250] 0.380 15.20 18.49 0.300 12.00 13.99
0.0167| 0.280 10.77 19.35 0.205 12,28 13,62
0.010 | 0.180 18.00 19,72 0.130 13,00 1%, 88



A

1-105

-1
POLYMER: 25_05-01-2 (M), = s0.0 (g/a) 1
M = 12,2 x 10° [U]Co= 30,0 (g/dl)
f
CONC. FLOW DATA ‘
(g/d1)| Bulb 1 | Buldb 2 | Bulb 3 | Bulb 4
2710.1 | 3341.9 | 4840.6 | 5426.4 | Time (Seconds)
0.150 63.0 29.0 14,0 6.0 Y (Seconds)” T
12.20 16,38 21.07 26,82 | Nr )
2.50 2.80 3,05 3.09 | 0
1431.,7 1644.9 | 2283.2 | 2528.2 Time
10.100 119.0 58.0 30.0 | » 14,0 | Y
6.44 8.06 9.94 12,49 | 7.
1.86 2.09 2.30 2.53 In(N.)
1000,8 1102.8 | 1491,7 1630,0 Time
0.075 170.0 87.0 46.0 21.0 1 Y
4.50 5.41 6.49 8.06 | 7).
1.51 1.69 | 1.87 2.09 | (M)
680.0 714,17 931.Q 992.4 |- Time
0.050 | 250.0 134,0 74.0 35,0 | Y
7 3.06 3.50 4.05 4.90 | M,
1R 1.25 1,40y 1.59 | 1n(7])
472.8 472, 8 588. 3 599.7 Time
C. 030 360.0 203.0 { 117.0 58,0 Y
2.13 .32 \] _2.50 2.90 .
0.76 0.84 0.94{ 1.09 1n(N.)
. O [ Y .}/ ©
Conc. /.1n(T)r) ln(T)r) , T)sp ln(T)r) 1n(77r) 778
C T C —=
0.150 | 3.40 23.07 |205.45 2.26 | 15.07 §7.22
0.100 | 2.72 27.20 | 141.80 1.74 | 17.40 46.97
0.075 | 2.30 30.67 | 119.66 1.46 | 19.47 44,08
0.050 | 1.80 36,00 | 100.99 1.10 | 22.00 40,08
0.030 | 1.24 41,33 81.85 0.76 | 25.33 37.94



POLYMER : 25-05-01-2 [Tﬂo = 53.0 (g/d1)”!
v - 11.6 x 10 = 31.0 a1)”"
i , [7)]00 P (e/ )
CONC. FLOW DATA
(g/d1) Bulb 1 Buld 2 Bulb 3 | bBulb 4
1469.6 | 1707.1 | 2426.7 | 2796.9 | Time (Seconds) 1
0.100 | 116.0 56.0 | 28.0 12,0 | ¥  (Seconds)
6.6 8.37 10.56 13,82 Mr
1n(7)_)
. 1.89 2.12 2.36 2.63 *
907:5 1007.5 | 1370.2 | 1532,7 | Time
0.0667 | 187.0 95.0 50.0 23,0 | ¥
4.08 4.94 5.96 7.57 | .
1,41 1.60 1.79 2.02 ln(nr)
695.0 732.0 | 961.1 | 1042.9 | Time
0.050 245.0 131,0 72.0 340 | Y
3,13 3.59 4.18 5.15 | N,
1,14 1.28 1.43 o4 | In(M)
512.8 520, 1 060. 6 690.8 ?ime
0.0333 | 33%1.0 185.0 104.0 51.0 Y
2,31 2.55 2.88 3.41 N,
0.84 0.94 1.00 1.23 | ()
392, 6 381.1 460.3 | 454,7 | Time
0,020 433,90 252.0 150.0 77.0 Y
1,77 1.87 2.00 2.25 Ur i
0.57 0.63 0.69 o.e1 | 1n(D)
}./ - O'/ }’ >~ O
Conc. | 1n(N.) In(M.) Nsp, (M) | 1n(M)) nSE
C C - C
0.10 2.94 29.40 | 179.16 1.80 18,60 54.24
0.0667 2.31 34,48 | 135.44 1.40 20,90 45, 60
0.050 1.86 37,20 | 108.47 1,15 23,00 45.10
0.0333 1.38 41,82 90.15 0.82 24.85 38,50
0.020 0.95 47.50 79.29 5| 0.55 27.50 36, 66




. . 1107

o " - e

POLYRER:  25-05-017C (M), = 8.0 (e/61)")
My . = 11,6 x 10° [T)]Oé= 31.0 {g/d1)”
CONC. FLOW DATA
(g/a1)| Buld 1 | Bulb 2 | Bulb 3 | Buld 4 ’
1326.8 | 1485.5 | 2016.0 | 2185.8 | Time (Seconds)
0.100 |* 128.0 65.0 34.0 16.0 Y  (Seconds¥y !
5.97 7.28 s.78 1 10.80 | Mz
< 1.79 1.99 2.17 2.38 | (M)
832.9 889.15 | 1162.6 | 1231.0 | Time
0.0667 204.0 108.0 59.0 28.0 Y
3,75 4.36 5.06 6.08 | T
L 1,32 1.47 1.62 1.81 In(M..)
641.7 664, 2 850.5 887.5 | Time
0.050 265.0 144.0 81.0 39.0 | Y
2.89 3.26 | 3.70 4.39 | M.
1,06 1.18 1,31 1.48 ln(T)r)
487.4 486,2 602.8 613.2 | Time
0.0333| 349.0 197.0 114.0 57.0 | Y
2.19 2.38 2,62 3.03 -1 M,
0.79 0.87 0.96 1.1 ] 1n(7)r)
* 372.1 358, 4 428.0 415.,0 Time
[ 0.020 457.0 268.0 161.0 84:0 | Y
1.07 1,76 1.86 2.05 7N
. R r
0.52 0.56 0. 062 0.72 | 1n(n_)
Y .= O Y o .
Conc. 1nmr)\ ln(nr) nSP ln(ﬂr) ln.(ﬂr) ns
C T —T “‘Lc
0.10 2.02 26.20 127.36 1.60 16,00 39,53
0.0667 2.0b 30,45 102.18 1.26 18.81 37.69
0.050 1.08 33, 60 87.31 1.02 . | 20.40 35,46
0.0333| 1.30 | 39.39 80.89 | 0.70 | 23.03 | 34.49
0.020 0.8% 41.50 64,67 0.51 25.50 34,26




POLYMER: 25-05-01-D

—
=
0

]

56.0 ‘¢(g/d1)”!

I-108

6 -1
= 156 10 = 38.0 dl
n 5¢% x [n)oo | (g/a1)
CONC. FLOW DATA !
(g/d1)| Buld 1 | Buld 2 | Bulb 3 | Bulb 4
575.6 575.5 709.5 | 706.7 Time (Seconds)
0.050 | 295.0 | 167.0 97.0 | 50.0 |. ¥ (Seconds)”
2.59 2.82 3.09 3.45 UrSS
0.95 | 1.04 1,13 | 1,25 In(D,)
444.4 [433.5 | s523.6 |511.8 | mime
0.0333| 383.0 | 221.0 132.0 | 68.0° | Y
2.00 | 2.12° 2.28 2.53 n.
0.69 0.75 0.82 |.0.93 1n(M..)
384, 9 370.7 ~ | 443.6 | 429.7 Time .
0.0250| 442.0 | 259.0 156.0 81.0 |-y
1'7(3 1;82 '1093 2.12 7?
T
0.55 .60 - 0,66 0.75 In(n_)
o .329.7 312.5 368.6 | 349.6 Time
0.0167| 516.0 307.0 187.0 | 100.0 Y
1.48 [ 1.53 1.60 | 1.73 N,
0.3 0.43 0.47 0.55 1n(M_)
0.010 592.0 355.0 219.0 | 119.0 Y
1.29 1.32 1.37 1.45 7
) Tr
L] * L ] 1 .Ol'
0.26 0.28 0.3 37 In(N)._)
};/ —> . 0 Y »- OO
Conc. ln(T)r) 1n(T)I.,)‘ T)Sp ln(T)r) ln(nr) T]S_E
i C G . € C
0.050 1.38 27.60 59.50 0.93" 18.60 30.69
0.0333 1.09 | 32.73 59.29 | '0.67 20.12 28.66
0.0250| 0.89 35.60 57.40 0.54 21.60 28.64
0.0167| . 0.70 41.92 60.70- | 0.39 23.35 28.56
0.010 | 0.46 46.00 58.41 0.25 25.00 28.40



25-05-01+E

I-109

- -1
M ="9.98 x . da1)”
n N [77]00_ (g/d1)
CONC. FILOW DATA
(g/d1)| Bulb 1 | Bulb 2 | Bulb 3 | .Bulb 4
‘ 639.7 656.5 83%1.,0 853, 7 { Ti'me (Seconds) 1
0.050 | 266.0 146.0 83.0. 41,0 Y (Seconds)”
\’\ 77 ‘A ‘
2.88 3,22 3,62 4,22 r )
1,06 117 1.29 1.44 In (M.
4794 | 476.2 | 585.7 | 585.6 | Time
0.03331. 355.0 202.0 118.0 60.0 Y
2.16 2.33 2.55 2.89 n.
0.77 0.85 0.94 1.06 . 1n(nr)
409.3 399.5 483, 1 473.3 Time |
0.0250] 415.0 240.0 143,0 74.0 Y
1.84 1.96 2.10 2.34 ..
0.61 . 0.67 0.74 0.85 . | 1n(n.)
342.7 | 328.1 | 389.1 | 371.4 Time
0.0167| 496.0 293.0 177.0 .94.0 Y
. 1.54 1.61 1.69 1.84 n. ..
0.43 0.48 . C.5% 0.61 ln(nr) \
292.4 275.9 | 321.8 299.8 Time
0.010 | 581.0 348.0 214.0 117.0 Y
‘ 1.32 1.35 1.40 1,48 yn
0.27 0. 30 0.34 0.39 | 1n(n.)
oy o Y > CO -
Conc. 1n(7’}r) ln(nr) T)sp ln(nr) ln(nr) nSE
C c_ C C
0.05" 1.61 32,20 .80.06 1,05 | 21.00 37,15
0.0333| 1.26 38,18 76.5% 0.76 | 23.0% ‘34,49
0.025:| 1.06 42.40 75.45 0.60 | 24.00 32.88
0.0167{ 0.77 46.11 69.45 0.41 24.55 . 30.35
0.010 0.51 51.00 66.53 0.27 | 27.00 31,00



\ I-110

FOLYNER: 25-05-01-F (), = s2.5 (g/an)”!
M = 10.2 x 10 - 28.5 a1)"]
1n [n]oo (g/ )
CONC. FLOW DATA
(g/da1)| Buldb 1'| Buld 2 | Buldb 3 | Bulb 4
643.4 665.6 | 850.0. | 881.8 Time (Seconds) .
0.050 | 264.0 | 144.0 81.0 40.0 Y  (Seconds)
' 2.90 3.26 3,70 4.36 Ny
, 1n(7_)
1.06 1.18 1.34 1.47 T
. 483,4 483.7 600. 1 606.0 Time
0.0333 | 352.0 198.0 115.0 58.0 Y
2.18 2.37 2.61 3,00 n_
0.78 - 9.86 0.96 ,|- 1.10 :
7 ? -9¢ - | 1n(M..)
: | 413.0 {.405.5 493.9 489.7 | Pime
0.0250| 412.0 237.0 | 140.0 71.0 %
1.86 1.99 2.15 2.42 7
- ) .
0.62 - 0. 1 0. 0.88
344,8 33%.7 . 395.3 %80.6 Time
0.0167| 493.0 289,0 174.0 92.0- Yy
: 1.55 1.63 1.72 | 1.88 7
T
. 0.44 0.49 0.54 | 0.63 1n(7.)
| 293.9 277.6 | 326.6 | 303.5 Time
0.010 | 578.0 346,0 211.0 115.0 Y
1.32 1.36 1.4 |- 1.50 n.
0.28 0.31 0.35 0.41 | 1n(M.)
Conec. ln(nr) ln(nr) ntzp 1n(T)r) . ]_.n(nr) HSL
] ) C y C C
0.050 | 1.66 33,20 85.19 1,02 20.40 35,46
0.033%3| 1.245 37,73 74.94 0.77 23,30 35.14
0.025 1.03 ° | 41.20 72.04 | 0.615 24,60 3%.99
0.0167| 0.71 42.51 61.92 0.43 25.75 32,17
0.010 0.485 48.50 62.42 0.27 27.00 31,00
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POLYMER: 25-05-01-G (M), = s8.0 (g/an)™

6 : -1
‘Mn = 13,1 x 10 [n]oo= 33.5 (g/d1l)
CONC. FLOW DATA .
(g/dl)| Buid 1 | Buld 2 | Bulb 3 | Buldb 4
681.4 | 718.5 | 957.4 | 1004,1 | Time (Seconds)
0.050 | 249.0 134.0 74.0 35.0 Y (Seconds)
3,07 3.52 4.08 4.96 Nr
1n(7).)
1,12 1.26 | 1.41 1,60 r
505.7 | 512.9 | 645.7 666.8 | Time
0.0%33 | 336.,0 187.0 | 107.0 52,0 | ¥
2.28 2,51 | 2.81 3,30 | .
0.82 0.92 1.03 1,19 | 1n(N.)
429.3 | 425.8 |.524.0 528.5 Time
0.0250 | 396,0 ‘| 225,0 | 132.0 66.0 Y
' 1.93 2.09 2.28 2.61 .
. 0.66 0.74 0.82 0.96 1In(n.)
0.0167 | 475.0 & | 277.0 | 166.0 87.0 | ¥y
1,61 1.70 1.81 2.00 n%
0.48 0.53 0.59 0.69 1n(7_)
303.1 286,71} 335.7 316.6 Time .
0.010 }561.0 .| '335,0 .| 206.0 111.0 Y
1.36 .41 | 1.46 | 1.56 7
' ' r
0.31 0.34 0,38 10.45 1n(nr)-
. ')/__—>_ O. -)/ - ». QO ‘
Conc. ~ln(T}r) .ln(T)r) T)SP ln(T)r) ln(nr) TJS
: C c_— 1| C c__
‘0,050 1.80 36.00 .} 100.99 | 1.05 21.00 | 37.15
0.0333] 1.38 | 41.44 | '89.34 | 0.78 23.42 35.48
0.0250] 1.11 44.40 81.37 | 0.65 71 26.00 36,62
0.0167{ 0.82 149..10 76.08 | 0.47 28,14, 35.93
0,010 0.52 52.00 68.20 | 0.30 30.00 34.99
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POLYMER: 25-05-01-H (n), = 54.0 (g/dl)-z
7 9.98 x 10 [n]co= 28,0 (g/dl)”
CONC. FLOW DATA
(g/d1) Bulb 1 Bulb 2 | Bulb 3. Bulb 4
625.3 657.9 - | 845.8 | 870.5 Time (Seconds) 1
0.050 | 272.0 146.0 82.0 40.0 Y (Seconds)”
k 2.81 3,22 | 3.68 | 4.30 77r( )
1.03 1,17 1.30 1.46 1n(7,,
472.8 480.5 | 604.3 | 612.7 Time
0.0333} 360.0 200.0 114.0 - | 57.0 Y
2.1% 2.36 2.63 3.03 | 7L
0.76 0.86 0.97 1.11 In(M.)
0,0250| 422.0 238.0 |.139.0 70.0 |y
1.81 1.97 2.16 2.45 7
r
0.60 0.68 0.77 0.90
: n(M.)
_ 339.8 331.7 400.0 389,2 |. Time
0.0167| 500.0 289.,0 173.0 90.0 Y
1.53 1,63 1.74 1,92, | N, )
0.42 10.49 0.55 | 0.65 In (71 )"
291.4 278.6 328.73 309.9 Time
0.010 | 583.0 345,0 210.0 113.0 Y
1.31 1.37 1.43 .53 | T,
0.27 0.31 0.36 0.43 | In(M.)
Conc. | 1n(n.) M) | nsp (.) | 1)) ﬂsp
C C C C
0.050 | .1.63. . | 32.60 | 82.80 0.94 18.80 31.20
0.0250| 1.06 42,40 75.45 0.59 23,60 32,16
0.0167| 0.78 | 46.71 | 70.75 0.41 24.55 | 30.35
€.010 0.50 50.00 64.87 0.26 | 26.00 29.64
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POLYMER: 25.05-01-1

D .
i

I-113%

[Tﬂo = 55,0 (g/da1)”"

M = - 6 = (o -1
n 1028 x 10 (M= 29.5 (e/a1)™"
[ CoNC., FLOW DATA
(g/dl)| Buld 1 | Bulb 2 | Bulb 3 | Bulp 4
649.3 671.7 854.8 882.1 Time (Seconds)
0.050 | 262.0 143.0 81.0 40.0 Y  (Seconds)™’
2.92 3,29 3,72 4.36 | Mr
| 1.07 1.19 1,13 147 | )
485, % “487..0 603.1 605.4 Time
0.0333 | 350.0 197.0 114.0 58.0 Y
2.18 2.39 2.63 2.99 | N, ~
0.78 0.87 0.97 1,10 In(M..)
411.3 404.6 492, 1 485.9 | Time
0.0250 | 413.0 237.0 140.0 1 72.0 Y
1.85 1.98 2.14 2.40 | M.,
0.62 0.68 0.76 0.88 1n(nr)
344 .7 331.8 395.0 378.9 .Time
0.0167 | 493.0 . 289.0 175.0 92.0 | ¥
1.55 1.63 1.72 1.87 | M,
0.44 0.49 0.54 0.63 | 1n(7.)
293.9 278.1 | 324.6 | 303.4 | Time
0.010 | 578.0 345.0 213.0 11520 | Y
| 1,32 1.36 1.41 1.50 | 7T
0.28 .0.31 0.35 0. 41 In(N_.)
Conc. 'ln(T)r) 1n (T)r) T)sp lnmr) 1n(nr) T)S
‘ < C C =
0.050] 1.66 33,20 | 85.19 1,00 20.00 34,37
0.0337 1.30 39.04 80.1€ 0.75 22.52 '|” 33.54
0.025 1.05 '42.00 74.31. 0.60 24.00 32.88 "
0.0167 , 0.76 45,51 68.16 0.43 | 25.75 | 32.17
,0.010| 0.49 '49.00 | 63.23 0.27 | 27.00 | 371.00



S

I-114
POLYNER: 25-05-05-A (), = 29.0 (g/an)”"
M = 6.30 x 10 (m)= 20.7 (g/dd)”"
CONG. " FLOW DATA .
(g/dl)] Bulb 1 |. Bulb 2 | Bulb 3 | Bulb 4
548.% . | 532.0 | 634.6 | 599.5 Time (Seconds)_1
0.050 | 310.0 180.0 | 109.0 | 58.0 V. (Seconds)
2,47 2.61 2.76 | 2.96 | =
: - . 1In(7_)
0.90 0.96 1,02 1.09 r
418,2 399.0 468,0 436.0 Time
0.0333] 407.0 241.0 147.0 80.07 f.y ~
: 1.84 1,96 2,04 2.15 n.
-0.63 0067 0071 . 0077 ln(nr)
0.0250] 471.0 281.0 174.0 96.0 Y
1 1,63 1.67 1.73 1.81 | 7.
-, I\ Al
0.49 0.51 0.55 0.59 1n(n)
1 309.0 ~ 290.4 334,7 | 304.2 Time
0.0167 549.0 331.0 |'206.0 | 115.0 | Yy
1.39 1.42 1.46" 1.50 | 7,
0.33 0.35 0.38 0.41 1n(7_)
272.5 | 253.8 | 290.5 260.9 Time
0.010 | 624.0 378.0 238.0 | 134.0 Y
1.23 1.24 1.26 1.29 ™
. r s
10.20 0.22 0.23 0.25 (M)
Y B Y > O
' | Cone. ln(nr) ln(nr) T)sp ln(nr) 19,(771‘) nsp
C L ¢ C ®
0.050 1.21 .| 24.20 | 47.07 | '-0.89 | +17.80 | 28.70
0.0333] 0.85 | "25.76 | 40.6C |- 0.62 | 18.79 | 26.03
0.0250] 0,66 | 26.40 | 37.39 | 0.48 | 19.20 | 24.64
0.0167| 0.46 | 27.54 34,97 0.33 19.76 | 23.41
0.010 |~ 0.28 28,00 | 32.31 0.20 20,00 22.14



. ' ‘ , I-115

POLYMER: 25-05-05-3 ' [7ﬂ0 = 30.6" (g/da1)”!
W = 6,44 x 10 '[ﬂ]a;= 21.0  (g/d1)""
CONC. o FLOW DATA |
(g/d1)| Buld 1| Buld 2 | Bulb 3 | Buld 4
514.1- 507.8 614.0 588.3 P Time (Seconds)
0.050 | 331.0 189.0 112.0 59,0 | 'Y (Seconds)”
2.31 2.49 2.67 | 2.91 My "
0.84 0.91 0.98 1,07 | @)
402.0 | 390.3 | 464.8 | 438.8 | mTime
0.,0333| 423.0 246.0 148.0 80.0 Y
1.81 1.91 2.02 2.17 n,
0.59 | 0.65 | 0.70 0.77 1n (1)
352.4 338,73 398.7 372.8 Time
0.0250| 482.0 284,0° | 173.0 94.0 Y
1.59 1,66 1.74 1.84 ",
0.46 0.51 0.55 0.61 | 1n(n.)
306.4 | 290.6 | 338.3 | 311.5 | Time
0.0167 555.0 330.0 | 204.0 112.0 Y-
1.38 1,42 1.47 1.54 7,
0.32 0.35 ° 0.39. |. 0.43 1n(nr) ,
271.5 254.6 | 293.1 265.7 Time
0.010 | 626.0 .| 377.0 | 235.0 132.0 2%
° 1,22 1.25 1.28 1.31 7
. | r
0.20 0,22 0124 Oi27 1n(n;)
i/_.__-_—_,._ o , }/_\ > €0
Cone. | 1n (T]r) ( ln(nr) nsp ln(ﬂr) ' ln(nr) Tls
C C C —c -
0.050 1,17 23,40 | 44,44 | 0.82 16,40 25.41
0.03%33| 0.86 25.83 | 40.94 0.59 - | 17.72 24.14
0.0250 0.66. 26.40 | 37.39 | 0.46 | 18.40 | 23.36
'0.0167| 0.47 28.14 | 35.93 0.32 | 19.16 .| 22.58
0.010 0.29 9.00 [ 33,64 0.20. | 20.00 22.14 -

AN
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= sy IR

-

I-116

ISPy T A

————— P iy -

POLYMER: 25-05-05- ], = 26.0 (g/a1)”
- _ _ -1
i = 5.31 x 10 [n]do_ 18.5 (g/d1)
CONC. FLOW DATA
(g/d1)] Buld 1 | -Buld 2 | Buld 3 | Buldb 4
504.0 ° 487. 1 578.9 5462 Ti'me (Seconds) .
0.050 | 337.0 197.0 | 119.0 64.0 | ' ¥ (Seconds)
2,27 2.39 2.52 2.70 'qr(n )
0.82" 0.87 0.92 0.99 "M
=T 393.4 | 373¢3 436.5 | 404,3 Time
*  ].0.0333] 432.0 257.0 | 158.0 87.0 Y (
1.77 1,83 .| 1.90 . 2,00 n.
0.57 0.60 0.6 0.6 '
5 . 4 9 In(n_)
0.0250| 495.0 296.0 | 184.0 102.0 Y
1.55 1.59 1,63 1.70 7.,
0.4 0.46 0.4 0.53
4 0.4 9 53 1n€n..)
298,4 279.6 321.6 292.0 Pime
0.0167| 570.0 343,0 | 215.0 120.0 B
' 1.34 1.37 1.40 1,44 M,
0.29 0.32 0.34 0.37 (M)
265,6 | 246.9 282.1 253.7 Time
0,010 | 640.0- 389.0 245.0 138.0 | Yy
1,20 1,21 1.25 1.25 | 7
0.18' 0.1 0.21 0.2 T
9 3 In(M.)
Y > O Y > CO
Conc. | In(n.) n(7.) Neyp (?.) | 1n() nsp
C C c_ C
0.050 1,07 21.40 38, 31 0.805 | 16.10 - | 24,73
0.0333 0.76 23,03 34,49 0.567 | 17.18 23,12
0.0250 0.585 2%.40 31,80 0.440 | 17.60 22,11
0.0167 0.40 | 23.95 29.45 0.290 | 17.37 20.15
0.010 0.25 25.00 28.40 0.180 | 18.00 19,72
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POTYMER: 25-05-05-D (M), =29.3  (g/an)”"
R = 5.53 x 10 - [n]oo= 19.0  (g/da1)”"
| conc. FLOW DATA
(g/@1)| Bulb 1| Buldb 2 | Bulb 3| Buld 4
488.9 475.4 | 567.8 | 537.2 | Time (Seconds)
0.050 | 348.0 202.0 | 122.0 65.0 Y  (Seconds)”
2.20 2.33 | 2.47 | 2.66 "lrm )
0.79 0.85 0.90 | o.98 | V'r
387.8 372.3 - | 438.8 | 408.3 Time
0.0333| 438.0 . | 258.0 | 157.0 86.0 Y
1.75 1.82 1.91 2.02 | N,
0.56 - | 0.60 0.65 0.70 n(N,.)
34%.9 325.2 | 380.4 | 351.9 Fime
0.0250| 497.0 295.0 181.0 99:0 Y
1.54 1.59 1,66 1.74 N, ‘
0.43 | 0.47 0.50 0.55 In(M.)
. 300,15 283.1 328.0 300, 3 Time
0.0167| 566.0 339.0 | 210.0 117.0 Y
~ 1.35 1.39 1.43 1.48 N.
0.30 0.33 0.36 0.39 In(7].)
268.5 251.2 [ 288.6 | 260.9 Time
0.010 |.633.0 382,0 239.0 134.0 Y
.21 | 1,23 1.26 1.29 UN
0.19% | o.21 0.23 | o0.25 | (M)
Y ———> © ' Y > 0
Conc. 1n(T}r) ln(T)r) 7')sp ln(nr) lnmr)‘ T)Sp
| C C , C C
0.050 1.07 | 21.40 | 38.31 0.77 15,40 | 23.20 .
0.0333 0.78 23.42 | 35.48 - 0.55 16.52 | 22.02
0.0250| 0.61 24,40 33,62 0,425 17.00 | 21.18
0.0167| 0.43 | 25.75 32.17 0.30 17.96 | 20.95
0.010 0.27 27.00 31,00 0.18 18,00 | 19.72 °




I-113

POLYNER: 25-05-05-E (Nl = 29:0 (g/an)”!
M = 5.90 x 10 = 20.0 q1)"!
n [77]00 (g/dl)
CONC. FLOW DATA oy
(g/d1)| Buld 1 | Bulb 2 | Bulb 3 | Bulb 4
( 987.7 | 1005.8 |1242.3 1203.3 Time (Seconds) :
0.100 | 172.0 95.0 56.0 29.0 Y  (Seconds)”
4.45 4,93 | 5.41 5.95 'qr(ﬂ )
1.49 1.60 1.69 1.78 RN
637.7 631.1 | 763.7 730.6 Time
0.0667| 267.0 152.0 90.0 48.0 | Y
- 2.87 3.09 3,32 S 3.6 | ML
[f 1.05 1,13 [ - 1.20 1.28 | 1n(M)
506. 5 491.6 | 585.1 551.6 | Time
0.050 | 336.0 195.0 | 118.0 63.0 Y
2.28 2.41 | 2.55 2.73 | N,
0.82 0.88 |" 0.9% 1.00 1“(nr>
396. 8 378.5 | 443.4 4121 Time
0.0333| 428.0 254.0 | 156.0 85.0 | Y
1.79 .2 1,86 1.93% 2.04 T)r
0.58 G.62 0.66 0.71 [ 1In(7.)
320.3 201.7 | 349.4 319,8 | Time
0.020 531,0 | 318.0 198.0 109.0 Y
1.44 1.48 1.52 1.58 | 7
0.37 0.39 0.42 0.46 1n(nr)
')/,_____:1.,.. o} '}" > CO
Conc. ln(ﬁ ) In(N_ ) n In(7) )| 1n) 7
. T T Sp T T Sp
[ T—C C { C C
0.100 1.91:3 19,10 57.53 1.43 14,30 31.79
0.0667 1,40 20.99 45.81 1.05 15.74 27.85
0.050° 1.09 21.80 39.49 . 0.82 "16.40 25.41
0.0333| 0.79 23,72 36.14 0.58 17.42 23,60
0.020 0.52 26.00 34,10 0.37 18.50 22.3%9



1-119

A

POLYMER : 25-05—05-g(duplicate)[7}]0 = 30.0 (g/di)—1
M = 6.26 x 10 7Y = 20.8 a1)"!
n | | r]oo (g/dl)
CONC. | FLOW DATA
(g/dl)| Bulb 1 Bulb 2 | Bulb 3 | Bulb 4
504.5 491,1 586, 7 556.7 Time (Seconds)
0.050 | 337.0 195.0 18,0 63.0 Y (Seconds)”’
2,27 2.41 2.55 2,75, | Tr )
0.82 0.88 0.94 1,01 In(7,,
395,6 379.0 446,4 416.5 Time
0.0333| 430.0 253.,0 155.0 84,0 | VY
1.78 1.86 1.94 2.06 n.
0.58 0.62 0.66 0.72 ln(nr)
347.7 330,2 285.6 257.4 Time
0.0250| 489.0 291.0 179.0 98,0 Y
1.56 1.62 1.68 1.77 77r
0.45 0.48 0.52 0.57 ln(nr)
303, 3 285.4 350, 1 302,0 Time
0.0167| 560.0 336.0 209.0 116.0 Y
1.37 1.40 1.44 1.49 N
0.31 0.34 0.36 0.40 In(7.)
270.2 252.7 289.6 262.7 Time
0.010 | 629.0 380.0 238,0 133,0 Y
1.22 1,24 1.20 1. 30 nr
0.20 0.21 0.23 0.26 1n(7.)
Y— s o Y — oo
Conc. ln(nr) ln(nr) T)sP ln(ﬂr) ln(nr) T)SL
C C | C C
0.050 1.10 22.00 40,08 0.81 16.20 24.96
0.0333| 0.80 24.02 36.80 0.58 17.42 23.60
0.025 0.63 25,20 25,10 0.45 18.00 22.73
0.0167| 0.45 26.95 34.,0% 0.31 18,56 21.76
0.010 0.28 28.00 32,31 0.195 19,50 21.53



}
, 1-120

|
POLYMER : 25—05~20-é [Tﬂo = 20.8 (g/a1)”!
v = 3.40 x 10° . = 13.8  (g/d1)”"
n [n]oo (g
CONC. FLOW DATA
(g/d1) Bulb 1 Buldb 2 Bulb 3 Buldb 4
622.7 604.4 713.2 657.3 Time (Seconds)
0.100 | 273.0 159.0 97.0 53.0 Y (Seconds)”!
2.80 2.96 3,10 3.25 e
1.03 1.09 1.13 1,18 | ()
465 .1 448.5 526.0 483.9 Time
0.0667| 366.0 214.,0 131.0 72.0 Y ‘
2.09 2.20 2.29 2.39 .
‘ 0.74 0.79 0.83 0.87 1n(nr)
2 398, 1 380.5 444,6 408.5 Time
0.050 | 427.0 252,0 155.0 86.0 Y
1.79 1.87 1.94 2,02 .
0.58 0.62 0.66 0.70 ln(nr)
336, 5 319,7 371.0 J 338, 4 Time
0.0333| 505.0 300.0 186.0 10%.0 Y
' Y. 1,
. 1.51 1.57 1.61 67 7. .
0.42 0.45 0.48 0.51 1n(nr>
290.5 273.3 314.9 285.9 Time
0.020 | 585.0 351.0 219.0 122.0 Y
1,31 1,34 1,37 1,41 7
. ) o
'}./ > O }’ » QO
Canc. ln(nr) ln(nr) T)Sp ln(nr) ln(nr) nsp
C C C C
/—’
0.100 1,24 12.40 | 24.5¢6 0.98 9.80 1. 04
'0.06671 0.93 13,94 23.01 0.7% 10.94 1,12
0.0%0 0.75 15.00 | 22.34 0.57 11,40 15,37
0.0333] 0.55 16.52 | 22.02 0.41 12,31 15.22
0.020 0.37 18.50 | 22.39 0.26 13,00 14.85




I-121

«1
PO'{YMER: 25-05-25-B [77]0 = 22.5 (g/d1) :
M 4,26 x 10° (M},= 16.0 (&/a1)”
CONC. - FLOW DATA
(g/dl)| Bulb 1 | Buld 2 | Bulb 3 | Bulb 4
478.9 458.6 | 540.2 | 503.8 |'Time (Seconds) 1
0.050 | 355.0 . 209.0 128.0 70.0 Y (Seconds)”
2.16 2.25 2.35 2,49 | Tr )
0.77 0.81 0.85 0.91 (7,
378.0 357.1 415.5 381.3 T.ime.
0.0333| 450,0 269.0 166.0 92.0 Y
1.70 1.75 1.81 1.88 1 T
0.53 0.56 0.59 0.63 ln(nr)
333,0 312.4 360. 7 328, 8 Time
0.0250| 511.0 307.0 191.0 106.0 Y
1,5Q 1,53 1.57 | 1,62 N,
0.40 0.43 0.45 0.49 1n(nr) )
291.5 271.9 311,77 280.7 Time
0.0167| 583.0 353, 0 221.0 125.0 Y
1.31 1.33% 1,3b 1.39 T)r
0.27 0.29 0.31 0.3% ln(7]r)
261.5 .| 242.7 276. 4 247.1 T Time
0.010 | 650.0 395.0 | 250.0 | 142.0 Y,
1.18 1.19 1.20 1.22 n.
0.16 0.17 0.18 0.20 In(M_)
Yy —— o Y — o
Conc. 1n(T}r) 1n(N.) nEP ln(nr) ln(nr) ns];
C C T C
1o.050 | 0.985 19,70 33,56 0.76 15,20 22.77
0.0333| 0.680 20.61 .| 29.91 0.525 15.91 20.92
0.0250] 0.530 21.20 27.96 0.40 16.00 19,67
0.01671 0.%55 21.26 25.52 0.27 160,17 18,56
Jo.010 L 0.220 - |- 22,00 26.61 0.16" 16.00 17.35




. \
:’/ N ~\.-
’ I-122
POLTHER: 25-05-25-C (0], = 225 (g/a1)""!
M, = 4.26 x 100 | [M),= 16.0  (&/a1)”
CONC. FLOW DATA
(g/d1){ Bulb 1'| Bulb 2 | Bulb 3 | Bulb 4
\467.2 446.8 | s25.8 | 490.8 | Time (Seconds)
0.050 %64.0 215.0 131,0 71.0 Y  (Seconds)”’
’ 2210 2.19 2.29 2.43 | Nr
0.1 0.78 | o.83 | o.s9 | () .
370.0 | 349.7 | 406.2 | 372.6 Time
0.0333| 459.0 275.0 170.0 94.0 Y
. 1.67 1.71 1,77 1.84 | T
0.51 0.54 0.57 0.61 1n(N..)
327.4 307.2 354.6 | 321.8 Time
0.0250| 519.0 313,0 195.0 109.0 Y
1.47 ] 1,50 1.54 1.59 | M,
0.39 0.41 0.43. 0.46 In(n_)
289.1 269.9 | 308.6 | 278.1 Time
0.0167| 588.0 -356.0 224.0 126.0 Y
1.30 1.32 1.34 | 137 | M,
0.26 | o0.28 0.30 0,32 (M)
" 261.0 242.3 | 275.6 246.1(\\\ Time /
0.010 | 651.0 396.0 250.0 142.0° |\Y
1.17 1.19 1.20 1.22 %&?
0.16 0.17 0.18 0.20 in(n._)
Y —=——3 0. Y > O
Conc. ln(nr) ln(ﬂr) nsp lnmr) ln(nr) ns
C C C ——
0.050 | 0.965 19.30 32,50 | 0.71. ] 14,20 | 20.68
0.0333{ 0.670 | 20.%0 28.92 | 0.50 15.50" | 19.66
0.0250| . 0.500 20.00 25.95 | .0.385 15,40, | 18.78"
0.0167f 0.355 | 21.26 25.52 | 0.255 | 15.27 | 17.39
0.010 | 0.220 | 22.00 24,61 | 0.155 | 15.50 | 16.77



_——

e

\ I-123

POLYMER : 25—05-25-2 [Tﬂo -18.6 | (g/ai)*
M = 3.67 x 10 =14, \ d =1
n M= 14+5  '(g/a1)
CONC. FLOW DATA
(g/a1l)| Bulb 1 |.Buld 2'| Buldb 3 | Bulb 4
768.9 | 756.5 | 906.4 | 84.9 - | Time (Seconds)
fo.100 | 221.0 | 127.0 | 76.0 | 41.0 1{Y (Seconds)
3. 463 3,71 3.95 | 4.20 -
L : 1n(7)_)
1. 24} 1.31 1.37 1.43 r
A
529.0 ' | 511.2 603.9 558.9 Time
0.0667| 321.0 118.0 114.0 6%.0 Y
2.38 % 2.51 2,63 2.76 n.
0.87 | 0.92 .| 0.97 1,02 n(n_)
435.2. | 415.3 | 485.2 | 445.4 Time
.0.050 | 391.0 | 231.0 142.0 79.0 Y
f 1.96 ~2.04 2.11 2.20 | 7
0.67 0.71 0.75 0.79 1r( )
- . L. . n T)r
352.5 332.3 383.6 | 348.7 | Time
0.0333] 482.0 289.0 180.0 100.0 Y
1.59 1.63 1,67 172 |
0.46 0.49 0.51 | . 0.54 1n(M_)
295.7 276.3° | 316.0 | 283.8 Time -
0,020 | 575.0 347.0 218.,0 +23.0 Y O
Clo1.33 1.35 1.38 1.40 | 7
r
0.29 0.30 0.32 | 0.34 In(n_)
Y ——— > \0 i Y > Co
A A *
Conc. ln(nr) ln(nr) T}Sp ln(nr)' ln(nr) ns
| —¢C C , C -~
0.100 1.51 . 15.10 35.27 1.19 11.90 22.87
0.0667| 1.09 16.34 29.6C 0.86 | 12.89 20.44
0.050 | 0.85 17.00 26.79 0.66 13,20 18.70
0.0333| 0.57 17.12, 23.07 | 0.45 13.51 | 17.07
0.020 0.36 4_18.00 21.67 | 0.28 14.00 16.16




I-124

; -1
POLYMER: 25.05-25-E (Tﬂo = 23,8 (g/d1) 1
By =a4.38 x 10° [n]ug= 16,3 (8/d1)”
"~ | conc. : _ FLOW DATA
| (g/da1)| Buldb 1 | Buld 2 | Bulb 3| Bulb 4
445.0 | 427.5 | 503.3 4 466.6 | Time (Seconds)
0.050 | 382.0 225.0 | 137.0 75.0 Y  (Seconds)
2,00 . 2.10 2.19 | 2.3 f%r(n -
0.69 0.74 | o.18 | o.s4 lr
360.0 342.1 398.0 64,7 Time
0,0333| 472.0 | 281.0 | 173.0 96,0 | ¥
1,62 1,68 1.73 1.80 | M.
0.48 0.52 0.55 | 0.59 In(7M.)
321.9 | 305.8 | 351.2 | 320.3 | Time °
0.0250| 528.0, 316, 0 196.0 109,0 |V
: 1.45! 1.49 1.53 1.58 - | Ny
0.37 0.40 | .0.42 0.46- | 1n(M.)
‘ -
286.7 268.4 308.7 | 278.6: ?ime
0.0167| 593.0 358.0 | 224,0 | 126.0.| ¥~
1.29 1.32 1.34 1.38 ¢ | Ty
0.25 |- 0,27 0.29 0.32: { (.
| 260.5 242.3 | 276.4 | 247.9. | Time
0.010 | 652.0 ~ | 396.0 | 250.0 41,6 | Y
1.17 | 119 ] 1,20 |- 1,23 7.
0.16 0.17 0.18 | o©.26 | 1n(D.)
) Y— > 0 LY > 00
Conc. | 1n(n.) ln(T)rl" T)sp In(7)_) n(M) | T)Sp
C C - C _~¢
0.050 | 0.915 18.30 | 29.94 0i680 | 13.60 | 19.48
, [0.0333] 0.645 19.37 | 27.21 d. 480 14.41 | " 18.50
. . \
0.0250| 0.510 20.40 | 26.61 0,365 | 14.60 | 17.62
0.0167| 0.360 | 21.56 | 25.95 .| ©0.255 | 15.27 | .17439
0.010 | 0.225 22.50 | 25.23 0,160 | 16.00 | 17.35

R ettt it . JPTEN
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I-125

0.195

POLYMER: 25.05-25~F [ﬂo = 20.5 (g/dl)"l
M =3.71 x 10° (M= 14.6 (g/81)7
CONC. FLOW DATA
(g/a1)| Buld 1. Buib 2| Buld 3| Bulb 4 ‘
. 419,2 400.0 {'466.9 427.3% Time (Seconds) '
0.050" | 406.0 240.0 | 148.0 82.0 Y (Seconds)”’
1.89 1.96 2,03 2.11 Nr
0.64 0.67 0.71 0.75 In(7.).
"344.,6 326.0 | 376.8 | 342.0 Time
0.0333} 493.0 294.0 183.0 102,0 Y
1.55 1,60 1.64 1.69 n.
0.44 0.47 0.49 0.52 In(N..)
311.0 | 292.0 | 336.0 |403.0° | Time
0.0250| 546.0 329.0. | 205.0 115.,0 Y
1,40 1.43 | " 1.46 1.50 N,
.0.34 0.36 0.38 0.40 In(n.)
. 279.6 | 261.0 | 298.3 | 267.7. | Time
"10.0167| 608.0 368.0.. | 231.0 1%31.0 Y
1.26 1.28 " 1.30 | .32 N,
0.23 0.25 0.26 | 0.28 In(1_)
256.3 237.9 | 270.5 | 241.1 Time
0.010 | 663.0 4040 | 255.0 145.0 Y
1,15 1.17 1.18 _1.19 ‘nr
0.14 0.15 0.16 0.17 In(n.),
y — 5 0 Y — s O
Conc. '1r'1(T]r‘) ' ln(nr) T)s) ‘lnmr) 'ln(nr) _DS
C C - C -
0.050 | 0.81 16,20 24.96 0.62 12.40 17.18
0.03331 0.59 17.72 24,14 " 0,435 13.06 16.36
10.0250] 0.44 17,60 22.11 " | 0.335 13,40 15.92
10.0167| 0.305 18. 26 21.35 0.230 13,77 15,48
0.010. 19.50 | 21,53 0.14 | 14.00 15,03




I-126

POLYMER: 40-20-05-4A [7ﬂ° = 21,3 (g/@l)':
R = 4,47 x 10° T [ﬂ]oo— 16.5  (g/d1)”
CONC. FLOW DATA ,
(g/d1)| Bulb 1 | Bulb 2 | Bulb 3 | Bulb 4
456.4 437.9 | 513.7 | 472.8 Time (Seconds)
0.050 | 372.0 219.0 134,0 7%.0 Y  (Seconds)™’
2.05 2.15 2,24 2.34 |.Nr
0.72 0.76 0.80 | 0.85 1n(n )
0.0333| 467.0 278.0 17240 96.0 )/ \f//”\
. 1,64 . 1,70 . 1,75 1,81
0.49 0.53 0.56 0.59 1n(n )
324,05 | 305.2 | 351.7 | 318.3 | Time
0.0250| 525.0- 315.0 196.0 110.0 Y
1.46 | 1.50 1.53 | 1.57 N,
0.38 0.40 0.43 | 0.45 1n(nr0
287.5 268.8 <} 307.8 276.1 Time
0.0167| 591.0 357.0 |°224,0 | 127.0 Y
.29 | 1.32 .} 1,34 1.36 | M. .
0.26 0.28 0.29 0.31 1n(ﬂr)
: 260.6 | 242.0 275.3 245.7 | Time
0.010 | 652.0 397.0 251,0 142.0 Y
1.17 1.19 1,20 1,21 us
0,16 | 0.17 0.18 0.19° 1n(n.)
Conc. | 1n(N.) .ln(T)r) nsp - lnlmr)q 1n(M)) | R
- C_ C ; - o "‘63‘
0,050 | 0,92 18,40 30,19 0.70 14,00 20.28
0.0333| 0.63 18.92" | 26.35 0.495 14.86. | 19.23
0.0250| 0.485 | 19.40° | 24.97 | 0.375 | 15.00 | 18.20
0:.0167| 0.335 | 20.06 | 23.83 0.257 .| 15.39 | 17.55

0.010 | 0.205 | 20.50- | 22375 | 0.160 | 16.00 | 17.35



I-127

' . . _'1
. POLYMER: 40-20-05-B [7ﬂo = 26,0 (g/dl) ,

B, ‘£5.01x 10° - [M)= 17,8 (g/a)
coNC. | - FLOW DATA
(g/d1)| Bulb 1 | Bulb 2 | Bulb 3 | Bulb 4

— | '894.6 909.6" | 1118.3-| 1077.1 | Time (Seconds) 1
0.100 | 190.0 [ 106.0 | 62.0 32.0 Y (Seconds)”
4.03 4.46 4,87 s5.32 | Nr )
1.39 1.49 | -1.58 1.67 | 1200
605.9 601.3 728.6 694.8 | Time
1 0.0667| 281.0 160.0 95.0 50.0 | ¥~
2.73 2.95. 307 | 3.43 | 0.
1,00 1.08 1.15 1.23 | 1n(1.)
484.9 474.9 569.6 541.3 | Time
0.050 | 351.0 202.0 | 121.0. 65.0 | ¥
2,81 2,33 2.48° 2.68 | 7.
0.78"° 0.85 10,91 0.98 |-1n@.)
| 384.0 368.7 434.7 | 406.1 | Time
0.0333| 443.0 260.0 159.0 86.0 | ¥
. 1,73 1.81 '1.89 2,01 { M. ‘
~ . : r
. 0.65 0.59 0.64 0.70 | 1n(7.)
313.7 | 296.7 344.7 316.4 | Time
0.020 | 542.0 324.0 200.0 111,04 Y
1,41 1.45 1.50 | . 1.56 | 7
0.34 0.37 0.41 0.45 | 1n(N.)
V> o v -
yConc.' .-J:n'(T)I.) In(N.) _T)SI') ln(nr) ' ln(ﬂr) ' ns'

" i T C C —3-
0.100 1.81 18.10 | 51,107 |.- 1.32 |. 13,20 27.43
0.0667| 1.33. 19.94 | 41.69 0.98 14.69 24.95

10.050 | 1.08 21,60 38.89 - 0.77 15.40 23.20
0.0333| " 0.78. 23.42 35.48 0.54 16.22 21.50

{0.020 | 0.48” | 24,00, | 30.80 0.33 |. 16,50 | 19.55




I-128

: - -1
. POLYMER: 40-20-05-C [7ﬂo =25,0 - (g/dl)ri/"
M, . 4,67 x 100 [77]00=17‘o ' (g/'dl)
GONC. " FLOW DATA
(g/d1)| Buldb 1 | Buld 2 | Bulb 3 | Buld 4
849.1 | 853.0 1031.9 | '973.7 Time (Seconds) 1
0.100 | 200.0 | 113.0 67,0 36.0 Y  (Seconds)”
:  3.82 4.18 4.49 | '4.81 'qr( ) s
1,34 1.43 1.50 | 1.57 n (N
579.4 573.7 689.0 | 647.3 | Time
0.0667| 293.0 1167.0 100.0 | 54.0 | Y
2,61 2.81 3.00 |- 3.20. | M.
0.96 1.03 1,10 | 1,16 | 1n(N.)
| a0 | 59 546.3 | 511.4 | Time
0,050 | 362.0° 209.0 .126.,0 68.0- | V¥
2.12 | 2,25 | 2,38 | 2.53 |7,
0.75 0.81 |7 0.87 | 0.93 | 1an(n.)
376.6 362.7 426.6 | 395.6 Time
0.0333| 451.0 |1265.0 |- 162.0 | ss.0 .| ¥
1.69 1.78 1.86 | 1.96 N,
0.53. 0.58 0.62 | 0.67 (1)
310.5 . 294.6 341.7 | 312.6 | Tihe
0.020 4.548.0 326.0 | 202.0 | 112.0 Y
: 1* 1.40 1.44 1.49 1.54 M.
0,33 0.37 +| 0.40.] 0:43 |- 1n(D))
Y s o Yy > 0O
Conc. 1n(77r) : Iln(n‘r‘) ,T)sp ln(nr) ln(nr) nsp
; ) C __C S C
0,100 | -1.66 . 16.60 42.59 1.29 - | 12490 26,33
0.0667| 1.25 18,74 37.34 | 0,95 14} 24 23.77 .
0.050 1.01 20.20 | 34.91 0.74 | 14.80 21,92 .
0.0333| 0.72 | 21.62 31.66 0.52 | 15,62 | 20.48
0.020 | 0.46 23.00°| 29.20 | 0.32 | 16,00 | 18.86




I-129

POLYNER: 40-20-05-2 [Tﬂo = 22.8 (g/d1)”]
_ ) ' o~ _
M = 4.67 x 10 [n]oo_ 17.0 (g/dl)
CONC. FLOW DATA
(g/dl)| Bulb 1 | Bulb 2 | Bulb 3 | Bulb 4 |
471.9, | 453.9 | 535.0 | 498.0 | Time (Seconds)
0.050 | 360.0° | 211.0 129.0 | 70.0 Y  (Seconds)
2,12 - | 2.23 2.33 | 2.46 q?(n )
0.75 0.80 .| 0485 | 0.90 nir
o | 37307 | 354.7 | a12.55|.378.9 ;| Time
0.0333| 455.0 271.0 167.0 | 92.0 .| ¥ '
1,68 . 1,74 1.80 | 1.87 | N, A
0.5 0.55 0.59 | 0.63 | 1n(N.)
330.4 311.3 | 359.4 | 327.6 | Tidle
1 0.0250f 515.0 308.0 192,0 | 107.0 | ¥
1.49 1.53 1.59 |° 1.62 |' M.
0. 40 0.42 0.45 | 0.48 | 1n(0.)
1291.0 272.0 311.8 | 281.3 Time
' 10.0167| 584.0- -] 353.0 | ~221.0 | 124,0 | ¥
- : 1.31 1.33 1,36 | 1.39 | M.
f 0,27 0.29 0.31 | 0.33 n(7.)
| - | 262.6 | 243.9" | 277.7 | 248:1 | Time
0.010 | 647.0 | 394.0 |° 248.0 | 141.0 | ¥
\ 1.18 .20 1.21 .23 .
| 0.17 0.18 0.19 | 0.20 | 1n(n.)
\ z . ; .
" Y ———> 0 Y > 0O
\\\‘Conc. lp(nr) "ln(TIi‘) T)sp ln(T)r) ln(nr) : l‘ns
: T C. - C__ C
10.050_| 0.965 19.30 | 32.50 0.73 *| 14.60 [ 21.50.
0.0333| 0.69 20.72 | 29.84 | .0.515 | 15.47 | 20.23
0.0250| 0.515 20.60 26.95 0.40- | 16.00 19.67
0.0167| 0.36 21056 | 25.96 .{ 0.265 | 15.87 | 18.17

ijj;/x\/” 0.010 | 0.22 | 22,00 | 24.61 0.165 | 16.50 | 17.94



STt et s 7 AR TG

POLYMER: 40-20-05-E - {7ﬂ0 = 23,5 (g/dl)_:
My = 447 x 100 (M) ,=16.5  (g/a1)"
CONC. FLOW DATA
(g/dl)| Buld t | Bulb 2 | Bulb 3 | Buldb 4
457.4 | 438.7 | 515.9 | 478.5 | Time (Seconds)
0.050 | 372.0 | 219.0 | 134.0 | 73.0 Y (Seconds)”’
2,06 | 2.15 2.25 2.36 | Tr
0.72 0.77 o.81 | .o.e6 | ()
| 366.2 347.8 404.6 | 370.8 Time’
0.0333| 464.0 276.0 171.0 94.0 Y
1.65 1,70 1.76 1,83 .. N
-
0.50 ' 0.53 0.57 0.61 1n(n?) o
325.6 306.9 | 354.4 | 322.1 Time - S
0.0250| 522.0 313.0 195.0 109.0.. | Y N
1.47 1.50 1.54 | 1.59 M. )
0.38 0.41 0.43 0.46 In(n..)
288.7 | 270.2 310.0 | 279.4 | Time
0.0167| 589.0 355.0 - | 223.0 | 125.0 | ¥ .
1,30 1.32 1.35 .| 1.38 N,
0.26 0.28 0.30 0.32 | 1n(M.)
261.4 | 242.9 | 276.6 | 247.9 | Time~
0.010 | 650.0 | 395.0 249.0 141.0 Y
1.18 1.19 1.20 1.23 n.
0.16 £ 0,17 0.19 0.20 n(n..)
Conc. | 1n(N.) n(M.) [ Ty, | ()| 1n(My) __7_]_§,P__
' c__ C —C C
0.050 | 0.935 18.70 30.94 | 0.705 | 14.10 | 20.48
0.0333| 0.685 20.57 29.54 | 0.495 14,86 19.23
0.0250| 0.505 20.20 | 26.28 | 0.375 | 15.00 | 18.20
0.0167] 0.355 .| 21.26 25.52 0.257 15.39 | .17.55
0.010 | 0.229% | 22.50 | 25.23 |./0.160 | 16.00 | 17.35



L

POLYNER: 40-20-05-F (0], =21-2 , (g/an)™
Y -1
M, =4.14 x 10 [n]oo=15.7 (g/dl1)
CONC. FLOW DATA
(g/d1) Buldb 1 Bulb 2 | Bulb 3 | Bulb 4
424.9 | 408.2 478.2 | 439.2 Time (Seconds)»1
0.050 | 400.0 235.0 144.0 80.0 Y (Seconds)”
1.91 2,00 | 2,08 2,17 | T .
0.65 0.69 | 0.73 Vo8 | 1
349, 1 332,3 385.7 351.5 Time
0.0333| 487.0 289.0 | 179.0 100.0 Y
1.57 1.63 1,68 1.74 | N,
0.45 0.49 0.52 0.55 In(M.)
314.9 | 297.1 | 342.8 | 310.8 | Time
0.0250| 540.0 325.0 | 201.0 113.0 Y
1,4% 1.46 1.49 1.54 | N,
0.35" 0.38 0.40 0.43% In(n.)
282.6 264.5 .| 303.3 272.6- | Time
.0.0167| 602.0 363.0 228.0 128,0 | Y
1.27 1 1.30 1.32 1.35 | Ny
0.24 0.26 0.28 0.30 In(M.)
257.8 239.8 272.8 243.9 Time
0.010 | 660.0 400.0 | 253.0 | 144.0 | ¥
1.16 1.18 1.19 |- 1.2 us
0.15 0.16 0.17 0.19 In(N.)
Y > o v - o
Conc. lnﬁ(T]r) ln(T)r) nsl)' , ln(T)r) 1n(T)r) T}Sp
C C A T C
0.050 | 0.86 17.20 27.26 0.63 12,60 | 17.55
0.0333} 0.60 18,02 24.69 0.44 13,21 | 16.60
0.0250| 0.47 18.80 24,00 0.35 14,00 | 16,76
0.0167{ 0.33 19.76 23,41 0.24 14.37 | 16.24
0.010 { 0.20 20.00 | " 22.14 0.15 15.00 | 16.18




I-132

POLYNER : 40~20-05-G ), = 20.2  (gran)”!
T -1
I =3.33 x 10 [n]oo= 13,6 (g/d1)”" .
CONC. FLOW DATA
(g/d1) Bulb 1 Bulb 2 Bulb 3 Buldb 4
| | 684.5 669.8 | 792.1 | 729.7 Time (Second5>~1
0.100 | 248.0 143.0 |-87.0 48.0 Y (Seconds)
3,08 3.28 3.45 | 3.61 'qr(n )
1.13 1.19 ] 1.24 7| 1.28 NG
. 492.9 478:3 562.5 515.9 Time
0.0667{ 345.0 201.0 | 123.0 68.0 Y
2,22 2.34 2.45 2,55 |. 7
0.80 0.85 0.90 0.94 In(M._)"
412.8 396.2 462.7 425-9 Pime
0.050 | 412.0 242.0 149.0 83.0 Y
1.86 1.94 2.01 2.10 | 7
: T
0.62 0.66 0.70 0.74
1n(7')r)
342.4 324.9 | 376.6 | 341.9 | Time
0.0333] 497.0 295.0 183.0 102.0 Y
1.54 1.59 1.64 1.69 Ny
0.43 0.47 0.49 0.52 In(7..)
- 291.5 273.4 | 314.1 | 283.6 | Time
0.020 | 583.0 351.0 220.0 123.0 Y
' 1.31 1.34 1.37 1.40 ..
0.27 0.29 0.31 0.34 | 1n(M.)
—— > 0 Y > 00
Conc. ln(T)r") ln(T);r) T)SP ln(T)r) 1n(nr) T}s,p
C C C - C
0.100 1.35 13,50 | 28.57 1,06 10.60. | 18.86"
0.0667| 1.01 15.14 26.17 0.78 11.69 17,71
Q.050 | 0.81 16.20 | 24¢96 0.61 | 12.20 16.81
0.0333| 0.57 17,12 | 23,07 | 0.42 | 12.69 15.67
0.020 | 0,37 18.50.| 22.39 | 0.26 13.Q0 14.85




I-133

-1
POLYMER: 40-05-05-4 [T)]O = 15,8 (g/dl) 1
M,  =2.86 x 10° (M= 12.3  (8/d1)
CONC. FLOW DATA
(g/dl1) Bulb 1 Buldb 2 Buldb 3 Bulb 4
651.1 626.,9 730,7 662.,6 Time (Seconds) ,
0,100 | 261.0 153.0 94.0 53,0 Y (Seconds)”
2,93 3,07 3.18 3,27 | Nr )
1.08 1.12 1.16 119 | 20
469.3 448,1 519, 2 469.0 Time
0.0667| 362.0 214.0 | 133.0 75.0 Y
2.11 2,20 2.26 2.32 | M.
0.75 0.79 0.82 0.84 1n(ﬂr)
394.4 373.1 429.9 386.9 Time
0.059 | 431,0 257.0 160.0 90.0 Y
1.78 1.83 1.87 _| 1.91 N.
0.57 0.60 0.763 0.65 1n(nr)
329,73 309, 1 353, 8 316.9 Time
0.0333| 516.0 311.0 195,0 110.0 Y
1.48 1.52 1,54 1.57 Ne
0.39 Q.42 0.43 0.45 In(7.)
283, 4 263.7 | 300.1 267.5 | Time
0.020 | 600.0 364.0 230.0 131.0 Y
1.28 1,29 1.31 1,32 .
0.24 0.26 0.27 0.28 In(7.)
- O -}/ » OO
Conc. | In(M.) | In(M.) | T in(M.) | 1n(M) N5
' G - T 0
0.100 1.24 12,40 24:56 1,05 10.50 18.58
0.0667| 0.87 13,04 20.79 0.74 11.09 16.43
0.050 0.68 13.60 | 19.48 0.56 11.20 15.01
0.0333| 0.48 14,41 18.50 0.39 11.71 14.%2
0.020 0.30 15.00 17.49, | 0.24 12,00 13,56




1-154

. -1
POLYMER: 40-05-05-5 (M) = 18,0 (e/an) )
My = 3,29 x 10° [ﬂ]oo= 13,5  (g/dl)™ "
CONC. FLOW DATA
<
(g/dl) Buld 1 Buldb 2 Bulb 3 Buld 4
697.0 679.8 801.4 735.1 Time (Seconds) ,
0.100 | 244.0 141.0 86.0 48.0 Y (Seconds)”
3,14 3,33 3.49 3,63 71r(n )
1.14 1.20 1.25 1.29 Py
496.8 479.7 | 561.0 | 511.4 Time
0.0667| 342.0 200.0 123,0 68.0 Y
2.24 2.35 2.44 2.53 n.
0.80" 0.86 0.89 0.93 In(7.)
415.2 385.5 462.6 421 .1 Time
0.050 | 409.0 243%,0 149.0 83,0 Y
1.87 1.94 2.01 2.08 77r :
0.63 D.66 0.70 0.73 1n(nr)
342.8 324 .8 375, 6 240.6 Time
0.0333| 496.0 296.0 184,0 10%,0 Y
1.54 1.59 1,63 1.68 ﬂr
0.43 0.47 0.49 0.52 1n(nr>
292.4 274.0 314,2 283.,2 Time
0.020 | 581.0 350.,0 220.0 124.0 Y
1.32 1,34 1,37 1.40 n.
0.27 0.30 0.31 0.34 In(N.)
‘)./ - O ' )/ (0]
Conc. ln(nr) }n(nr) nsp ln(ﬂr) ln(nr) ns
C T ) C “‘62“
0.100 1,32 13,20 27.43 1.10 11.00 20.04
0.0667| 0.98 14.69 24,95 0.77 11.54 17.39
0.050 0.77 15.40 23,20 0.62 12,40 17.18
0.0333| 0.54 16,22 21.50 0.42 | 12.6! 15.67
0.020 0.34 17.00 20.25 0.26 1%,00 14,85




1-135

POLYMER: 40-05-05-2 i [Tﬂo = 18.0 (g/d1>”
v -1
M, = 3,67 x 10 [n]oo= 14.5 (g/d1)
CONC. FLOW DATA
(g/d1)| Bulb Bulb 2 | Bulb 3 | Bulb 4
& |
413.9 395,2 461.1 422 .1 Ti.me (Seconds) 1
0.050 | 411.0 243.0 150.0 83,0 Y  (Seconds)
1.86 1.94 2.01 2.09 qrm )
0.62 0.66 0.70 0.74 ntiy
340.5 - 321.8 372.0 337.6 Time
0.0333%| 499.0 298.0 186.0 104.,0 Y
S 1.53 1.58 1,62 1,67 n.
0.43 0.46 0.48 0.51 | (M)
308.0 289.1 332.2 | 299.7 Time
0.0250| 552.0 332.0 208.0 117.0 Y
1.39 1.42 1.45 1.48 | TNy
0.33 0. 35 0.37 0.39 | 1n(n_)
277.4 258.9 295.5 265.2 Time
0.0167| 613.0 371.0 234.0 152,0 Y
£ # .
1.25 1.27 1.29 1.31 7)r
0.22 0.24 0.25 0.27 F\1n<nr)
254.7 236, 1 267.9 238,17 ?ime
0.010 | 667.0 407.0 258.0 147.0 Y
1.15 .10 | 1.17 1.18 nr
0.14 0.15 0.15 0.17 | 1In(M.)
». O . )/ »—- QO
Conc. ln(nr) ln(T)r) nsp ln(nr) 1n(nr) 7)3
C C T “"79l‘
0.050 0.80 16,00 24.51 0.61 12,20 16,81
0.0333] 0.55 16,52 22,02 0.43% 12.91 16,13
0.0250] 0.41 16.40 20.27 0.733 13,20 15,64
0.0107| 0.29 17,37 20, 1% 0.22 13,17 14,74
0.010 0.175 17.50 | 19,12 0.14. | 14.00 15,03




‘i I"' 1 36

~ POLYMER: 40-05-05-D - [Tﬂo = 16.8 (g/a1)”!
R = 3.29 x 10° )= 135 (/e
CONC. FLOW DATA - ~ : ~
(g/d1)| Buld 1 | Bulb 2 | Bulb 3 | Buldb 4
7149 | e97.0 | ge1.7 | ha.o | Time' (Seconds)
0.100 | 238.0 |-138.0 | 84.0 | 46.0 Y (Seconds)
3,22 3,43 3.58 5073 | T
1In(7_)
1,77 1.23 1,27 1.32 T
| 499.9 482.3 564.8 516.0 | Time
0.0667| 340.0 . | 199.0 122,0 68.0 | Y.
2,25 2.36 2.46 2.55 | .
o.§1 0.86 0.90 0,94‘ . 1n(N.)
. X 41406 39409 45707 415o2 > Time
0.050.| 410.0 243.0 151.0 84.0 Y
" 1,87 1.94  |. 1.99 2.05 N,
0.62 . 0.66 0.69 | - 0.72 |" 1n(n_)
| 340.7 | 321.2 | 369.5 | 332,2 | Time
0.0333{ 499.0 299.0 187.0 |- 105.0 | ¥
1.53 1.57 61 | 1.64 |
0.43 0.45 0.48 0+ 50 In(7)_)
289.2 269.9 308.1 275.4 | Time
10.020 | 588.0 . 356.0 224.0 127.0 Y ,
] o130 1.32 1.34 .36 | 1)
. i ; T
0.26 | 0.28 0.29 0.31 In(M_)
Y —m>— O )/ - 00 \
. ; |
Conc. ln(nr) 1n (T’I‘ ) UEP In (T)I,) 1n (ﬂr ) nsp
‘ T C C (O C
0.100 | 1.38 13.80 | 29.75 1.13 | 11,30 | 20.96
0,0667| 1.00 14,99 25.76 0.79 11.84 | 18.04
0.050 | 0.76 15,20 | 22,77 | 0.61 12,20 16,81
0.0333| 0.53 i5.92 20.99 0.42 " | 12,61 15.67
0.020 | 0.32 16.00 18.86 0.26 13,00 . | 14.85




I-137
POLYNER: 40-05-05-E (0], =165 (g/an)”
]\—f = 3,11 x 10 = 13.0 /31 -1
tho. [77]00 . (g/ ) '
CONC. FLOW DATA
o i
(g/al){ HBulv 1| Bulb 2 | Bulb 3 | Bulb 4
653.0 628.4 | 731.0 | 659.3 | Time (Sébonds)-{
0.100 | 260.0 153.0 94,0 53,0 - Y (Seconds)’
1 2.94 3,08 3,18 3.26 | Tr )‘
1,08 1.13 1.16 1.18 In (7).
472.8 451,8 | 523.,0 | 470.2 | Time
0.0667| 360.0 | 212,0 132,0. 74.0 Y
2.13 2.22 2.28 2.32 | M.
1 0.76 0.80 0.82 0.84 1n(n..)
398.2 377.4 43%4.8 391.6 Time
0.050 | 427.0 ., | 254.0 159.0 89.0 { VY
1.79 1.85 1.89 1.94 | M, .
0.58 0.62 0.64 0.66 In(n.) ¢ N
.332.5 313.0 | 358.9 321.6 Time
0.0333 511.0 307.0 192.0 | 109.0 Y
: 1.50 1.53 . 1.56 71.59 .
0.40 | 0.43- 0.45 0.46 1n(7.)
J B 285. 7 | -266.4 | .303,8 271.5 EEEE:L///// \
0.020 | .595.0 360,0 | 227.0 129.0 Y :
1.29 ° 1.31 1.32 1.34 7.
025 | 9.27 0.28 0.29 | 1n(M.) ‘
e L R —
Conc. ‘:in(nr) ln(T)r) T)sp lnmr) 1n(nr) sp
1. ' C C C C
0:100'| ,1:23, 12.30 24.21 1.06; 10.60 18.86
0.0667 '0.88 13.19 21.15 | 0.75 11.24 16.75
0.050 [, <0.70 ;| 14.00 20.28 0.58 11.60 15.72
0.0333 .0.49 14,71 18.99 10.40 12.01 14.77
0,020 0.31 15,50 | .18.17 0.25 12.50 14.20
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" "POLYMER: 40405-05—5 [Tﬂo = 19.0 (g/a1)”!
W = 3.51 x 10 M= 142 (g/da1)”"
L CONC. FLOW DATA
(g/d1)| Buldb 1 | Buld 2 | Bulb 3 | Bulb. 4"
432,9 412.8 481.9 K441.8 Ti.lfle (Seconds) 1
0.050 | 393.0 233,0 143.0 79.0 Y  (Seconds)”
1,95 2,02 2.10 | "2.18 '”r( )
0.67 0.70 | -0.74 | o.78 | ¥V
- A - i
350.9 331.7 | 383.9 | 348.7 Time
0.03%3| 484.0 289.0 180.0_ { 100.0 Y
1.58 1.63 em | 172 | Ny
0.46 0.49 .| 0.5 | o.54 | () . !
| s14.2 | 295.1 | 339.2 | 306.1 | Time  °
0,0250| 541.0 '325.0 203.0 14,0 | ¥V 7
1.41 1,45 1.48 1.51 Ny :
0.35 0,37 0.39 0.41 In(n..)
S| 280.6 261.6 | 298,5 | 267.7 | Time |
o¥6167| 606.0 367.0 23140 131.0 Y !
‘ 1.26 1.28 1.30 1.32 7.
0.2% 0.25 0.26 .| ~0.28 | 1n(_)
. R ]
256.0 237.5 | 269.7 | 240.0 | Time |
0.010 | 664.,0 404.0 | 256.0 | 146.0 | ¥V ]
; 1.5 1.16 1.17 .19 1 M.
0.14 0.15 0.16 0.17 1n(M..)
- - " ] 3
V> o A
conc. | 1) | mm) | N | wma) | wmpo | T
T C cC__-
0.050.| 0.85° | 17.00 | 26.79 | 0.66 1;[20 .18.70
0.0333| 0.593 | 17.97 24.53 0.455 | 13.79 | 17.46
0.0250f 0.435 .| 17.40 | 21.80 0.35 14.00 | 16.76
0.0167| 0.310 | 18.56 | 21.76 0.23 3.77 15.49
0.010 | 0.190 | 19.00 | 20.92 0.14 | /14.00. | 15,03

L
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I-139

YMER ¢ - : . -1
fOLYMER-_40-05-05-fzdup1icat@[7ﬂd = 18.0 (q/d1);1
My = 3.25x 10 M),= 13.5 = (&/da1)
CONC. | FLOW DATA
(g/@1)| Buld 1 | Bulb 2 | Bulb 3-] Bulb 4
421.9. | 401.8 | 467.6 | 426.7 | Time (Seconds)
0.050 | 403.0 | 239.0 | 148.0. | 82.0 Y (Seconds)
1,90 1..97 2.04 2,11 7lr(n ) ‘
0.64 0.68 0.71 0.75 '] “"Vir
343.5 324.5 | 375.2 | 339.9 | Time
0.0333 | 495.0 296.0 | 184.0 .| 103.0 | ¥
©1.55 o | 1.59 1.63 1.68 | 1.
0.44 0.46 0.49 0.52 In(M.)
| 309.4 290.0 | 332.5 | 299.1 Time
0.0250 | 549.0 | 331.0 |.208.0 | 117.0 | ¥
1.39 1.42 1545 1.48 | T, L«
0.33 0.35 | -0.37 0.3 - | In(M.) = ¢
. 278.0 258.8 | 294.8 | 264.0 | Time €
0.0167 | 612,0 371.0 | 234,0 | 133.0 | ¥
1.25 1.27 |. 1,28 1.30 | My
0.22 0.24 | -0.25 | 0.27 1n(7)..)
254.7 235.9 | 267.6 | 237.8 | Time
0.010 667.0 - | 407.0 258.0 147.0 Y-
1.15 1,16 1.16 1.18 US :
” 0.14 0.15 0.15 0,16 | 1n(0.)
. —_ = 0 -}" (@)
Cone. | (M) | M) | Ty, | w@)| m®)| . T,
C C N i C C,\
0.050 | 0.82 16.40 | 25.41 0.63 | 12.60 | 17.55
0.0333| 0.57° | 17.27 | 23.28 |. 0.435 | 13.18 16.51
0.025 | 0.418 16.72 | 20.76 0.325 | 13.00 15.36
0.0167| . 0.30 17.96 | 20.95 0.22 | 13.17 | 14.74
0,010 0.175 17.50 | 19.12 0.14 | 14.00 15.03

2
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POLYMER: 40-05-05-G (0], =17.0  (gra))”
- . 6 . -1
~ M = 3,04 10 . = . dl
\ n o, = 3.04x : (M)~ 12-8 (g/a1)
© ' _JCONC. | - . ~FLOW DATA . 8
(g/d1) '!Bulnb 1.| Buld 2 | Buld 3 | Bulb 4 |-
N3 -
413.9 .| 393.9 " | 457.7 | 417.4 | Time (Seconds)
©.050 | 411.0. | 244.0 | 151.0 84.0 Y (Seconds)’
1.86 1.93 1.99 2.06 qi(ﬂ')
0.62 0.66 0.69 0.72 r
, | 339.8 320, 2 368.8 | 333.,2 Time
0.0333| 500.0 300.0 187.0 ."| 105.0 Y
1.53 -1.57 .61 |7 1.65 f 7
0. 0. 0.47 | '0.50 -
42 45 47 0. 50, .ln('l_']r)
302.5 . |-282.8 323.4 289.8 Time
0.0250} 562.0 340.0 | 213.0 | 121.0 .| ¥y~
1.36 1.39 1.41 143 .
Oo 1 Oo On O. : i )
3 33 _ 34 36 (M)
274.0 254.9 290.0 | 258.7 Time
0.0167| 620.0 | 377.0 | 238.0 | 135.0 |,y
1,23 1.25 1.26 1.28 | 7
| . :
0.21 0.22. 0.23 0.25 | 1n(7n.)
I
252.9 23%4.3 265.5 235.7 | Time
0.010 « 672.0 410.0 260.0 | '149.0 0%
1,14 1.15 1.16 1.16 7
r.
041 0.1 . 0.1 0.1
5 . 0.14 - 4 5 In(7,,) ‘
Y 0 | Y > 00
Conc. | In(M.) In(N.) ‘ nsp ln(nr')- In(M) nsp ‘
C . C . C C
0.050 0.76 15.2 22,7 0.61_ | 12.20 16.81
0.0333] 0.543 16.45 21.8 0.415 | 12,58 15.59°
10,0250{ " 0.390 15,60 19.08 0.31 12,40 | 14.54
0.0167| 0.277 16.59 19.11 0.21 |§12.57 13.99
0.010 0.165. | 16.50 17.94 0.13 13.00 13,88




\ - C 0 I-141
. ) . :_1
POLYMER: ‘40..02..05..A [n]o = 11,7 (g/dl) :
Moo = 1.90 x 10° M= 9.4 (e/d1)”
CONC. | FLOW DATA .
| (g/d1)|{ Bulb 1| Bulb-2 | Buld 3 | Bulb 4
- | 5053 | 474.97| 543.1 | 4ssi5 | Time (Seconds)
10.100 | 336.0 202.0 | 127.0 720 Y (Seconds)”
1 2.274 2.328 2.364. | 2.399 7lifn )
0.822 0.845 | 0.860 | 0.875° T
392.8 367.9 | 419.6 . | 373.9 i:ime
0.0667| 433.0° 261.,0 164.0 94.0 Y
1.768 | 1.804 | 1.826 |,1.848 | Ty
0.570 0.590 | 0.602: | 0.614 n(M,)
.| 344.2 320.9 365:3 324.6 Time
0.050 | 494,0 299.0 | 189.0 | 109.0 Y
1.549 1.573 1.590 1% 604 y»
0.438 0.453 | 0.464 0,473 In(n.)
299.7 278.1 315.6 280.0 Pime
10.0333 | 567.0 345.0 219.0 .| 125.0 %
4+.349 1.%63 1.374 1.384 Ny
0.299 0.310 0.318 0.325 . | 1n(M_)
267.9 247,15, | 279.7 | 247.5 Time
0.020 | 635,0 388.0 | 247.0 141.0 Y
1.206 1.212 1,217 1,223 | 7
. . . 'r
0.187 0.192 0.197 0.201 In(n.)
. Y co
Conc. ln(nr). 1n(T) ) T)SP ln(T)r) In(M.) nsp
¢ C : T C
0.100 0.90 9.00 12560 0.82 8.20 12.70
0.0667 | 0.64 9.60 13.44 [ 0757 8.55 11.52
0.050 |_. 0.50, | 10.00 12,97 | 0.43 .| 8.60 10,75
0.0333 | ® 0.35 10.51 | 12,58 0.30 9.01 10.51
0.020 , 0.22 11,00 12,30 0.18 9.00 9.86
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POLYMER: 4o_02-05-2 [7)]O = 1.8 (g/a1)”
N = 2,15 x 10 (M= 10-2 (g/d1)~"
CONC. .~ FLOW DATA .
. (g/dl)| Buld 1 | Buld 2+ Buld 3 | Buld 4
/ | 551.7 |'328.6 | 374.3 | 332.6 | Time (Seconds)
. |o.050 | 483.0 | 292.0 | 184.0° | 105.0 Y~ (Seconds)
) 1.58 1,61 1.63 1,64 N . -
\ - 1n(7.)
- . 0.46 0.48 0.49 0.50 | r
I 304, 2’ 282:9 321.6 | 285.1 Time
. ' 10.0333| 559.0 339.0 | 215.0 123,0 |-y
: | Llo1.37 1.39 1,40 .41 1 1N,
0.31 .33 0.34, 0.: :
3 0.33 34 . §4 1n(N..)
282.2 | 261.6 296.3 262.3 [ Time
0.0250| 602.0 367.00 | 233.0° | 133.0 | ¥
1,27 1.28 1.29 1.30 | 7
: r
0.2 0.2 0. 0.26
4 5 26 In(n.) - )
261.6 241.8 | 273.3 | 241.7 Pime
-0.0167| 650.0 | 397.0 .| 252.0 145.0 y
- 1.18 1.18. 1.19 1,20 7
N : . T
0.16 | -0.17 0.7 0.18 1n(7;r),
.| 245.5 226.3 | 255.6 | 226.0 Pime
0.010 | 692.0 | 424.0 270.0 | -155.0 v
.10 | 1.1 1,11 1,12 7
0,10 | .0.10 | 0.11 | 0.11 | 15.)
‘ ! _ n ..
Y ———> © Y > 00
Cone. | 1n(N.) | 1a(M.) Ngp -| L) |.m(M) s
' : G C C C
0.050 |.0.52 10. 40 13,64 | 0.46° | 9.20 11.68
0.0333| 0.36 10,81 | 13.01 | . 0.375 | 9.46 11.12
0:0250| 0.275 11,00 12,66 | 0.24 | 9.60 10.85
.0,0167| 0.185 11,08 | 12.17°| ©0.16 | 9.58 10.39
0.010 | 0.115 .11.50. { 12,19 | 0,10 *{10.00 10.52

e EACHN N e PR
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POLYNER: 40-02-05- (Nl = 13.6  (g/a1)™"
- : .
M = 2.51 x 10°, Pﬁkn=_11f3 (g/d1)
CONC. . FLOW DATA -
(g/d1l)| Bulb 1| Buld 2 | Bulb 3 | Bulb 4 ‘
. 5670 | 344.7 | 394.7 | 352,8 | Time (Seconds)
'0.050 | 463.0 279.0 175.0 99.0 | ¥ (Seconds)
o 1.5 1,69 1.72 174 | e
In(7))
0.50 0.52 0.54 0.56 |, r’ -
] 31341 292.6 | 333.7 |.297.0 Time
0.0333| 543.0 ° | 328.0 207.0 118.0 Y
‘ 1.41 1.43 1.45 1.47 n.
0.34. 0.36 0.37 0.38 .| 1n(M_)
. 288.5 268.3 | 305.2 | 270.9 Time
0.0250| 589.0 358.0 | 226.,0 129.0 Y
1.30 1.32 1.33 134y '
0.2 .2 .28 .2 .
.0.26 0-27. | ©.28 0.29 | 1n(n )
265.6 245.9 | 27818 | 247.2 Time
0.0167| 640.0 390.0 | 247.0 | 142.0 yY
1.19 1.21 1.21 1.22 ) -
. r
0.18 0.19 0.19 0.20 1n(7_)
247.9 228.9 | 258.9 229.2 Time )
0.010 | 686.0 419.0 267.,0 153.0 Y . ‘
1,12 1.12 1.13 1.13 | 7
0.11 0. 11 0.12 | 0.12 | 1h(.)
nT]I.,
)‘/——-——————->— (o] . -}’ 5. 0
Conc. | 1In(M,)- | In(M_) | TJSP ln(nr) In(N)) | ns
C_ C T “‘EE“~
0.050 | 0.58" 11,60 | 15.72 0.50 | 10.0Q 12.97
0.0333| C.41 12.42 | 15,36 | 0.34 | 10.30 12,27
0.0250 | :0,31- 12,40 | 14.54 0.26 .| 10.40 . | 11,88
0.0167| 0.215 12.87 | 14.36. | 0.175 | 10.48. | 11.45
0.010 0.13, 13,00 | 13.88 | 0.11 [ 11.00 ~] 701363,
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POLYMER: 4o-oz-os-bj (o = 117 (g/dl)—:
M = 6 - dl -
'n 1.90 x 10 { [T}]oo 9.4 (g/d1)
CONC. FLOW DATA
(g/dl)| Buld 1 | Bulb 2 | Bulb 3 | Bulb 4
503.0 472.6 ‘ 539,6 .481%.7{ { 'Ti.me (Seconds)u1
0.100 | 338.0 ['203.0 | 128.0 | 73,0 | .¥ (Seconds)
2.264 2.317 | 2,349 | 2.381 71r(n Yy
0.817 0.840 | 0.854 | 0.867 "l
390.7 365.7 417.0 570.8 | Time:
0.0667| 435.0 263.0 |.165.0 | 94.0 |V
1,793 1.793 | 1.815 | 1.838 | 7. (
0.564 0.584 | 0.596 | 0.606 In(7.)
343.2 319.1 362.7 «|.322,4 |- Time
0.050 | 495.0 301.0 190.0 109.0 | VY
1.545 1.564 1.579 1.593 | My
0.435 0.447" | 0.457 | 0.466 | 1n(.)
: 299.0 277.73 314.5 | 279.4 Time
0.0333| 569.0 346.0 | 219.0- | 125.0 | ¥
1.346. 1.360 1.369 1.381 N, .
0.297 1,307 | 0.314 | 0,323 | 1n(7)
266.4 | 246.3 | 278.6 | 246.8 | Time
0.020 | 638.0 390.0 | 248.0 142,0° | ¥
1.199 |- 1.207 -} 1.213 1.220 M.
0.181 | 0.188 .| 0.193 |.0.199 | -1n(N.)
')‘/'——--——--——->~ o . ’ '}.’ - >~ 0O
Conc. | 1a(My) | W) | N | w®M) | w)| N
' . C___ | T¢T c__ C
0.100 | 0.90 9.00 14.60 | 0.82 | 8.20 12.70
10.,0667] C.64 9.60° | 13.44 0.57 | 8.55 | 11.52
0.050 | o0.50- ‘|10.b0 | 12.97 0.43 -| 8.60 | 10.75
0.0333| 0.35 [10.50 12.58 0.30° | 9.01 "' | 10.51
0.020 | 0.22 11.00 12.30 0.18 | 9.00 9.86
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POLYMER: 40-02-05-F C s = 12 (g/a)™!
- . ~1
M =2,09 x 10° M= 1.0 (e/aD) .
, X
SQNC. o FLOW‘DéTA B S
| {g/a1l)| Bulb-1 | Bulb 2°| Bulb 3 | Bulb 4
| se0.3 | 510.6 | 586.3 | 524.5 | Time (Seconds)
0.100 | 315.0 188.0 | 118.0 | 67.0 ﬁ)/‘ (Seconds)
2.432 2.503" | 2.552 2.592 r
- , , , In(7)
0.889 0.917 0.937 0.952 *
410.7 386.75 | 442.7 395.1 | .Time
0.0667| 414:0 248.0 156.0 89,0 Y B
1.848 1.896 | 1.927 | 1.953 | M .
0.614 0.640 0.656 0,699 . | ln(nr)
. 355.9 332.8 | 379.6 | 338.5 | “Time
0.050 | 478.0 288,0 | 182.0. -].103.0 " | ¥ |
|
0.471 . 0.489 0.502 0.515 ;n(nr) :
306,45 | 285.1 | 324.1 | 287.9 | Time
0.0333%| 555.0 337,.0 | 213,0 122,0 Y
1.379 1.298 1.411 1,423 n, . x
0.322 0.335 | 0.344 | 0.353 n(7_,)
17270.9 250.9 | 283.9 | 251.6 .| Time"
0,020 | 628.0 383.0 | 243.0 139.0 Y
1.219 1.230 1.236 1,244 n_ .
. P
0.198 0.207 - } 0.212 0,218 1n(77r)_
| ‘ Y ——> 0 ' Y s> o0
Conc. ln(nr) , 1n(nr) .nSP ' 1n(nr) ln(nr) nsg
: - ¢ C { C C
0.100 | 0.98. | 9.80 | 16.64 | 0.87 8.70 13.87
0.0667| 0.68 10.19 .| 14.60 | 0.605 | 9.07 12,46
0.050 0.53 10,60 13.98 | 0.465 | 9.30- | 11.84
0.0333| 0.37 11,11 13,45 | 0.320 9.61 11.33

0.020 0.23 11.50 12.93 0.195 9.75 10.77
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POLYMER: 40-02-05-F [7ﬂo = 111 (g/d1)”]
Mo = 2.02 x 10° M)y~ 9-8 (e/an)™
CONC. FLOW DATA
(g/d1)| Bulb 1 | Bulb 2 | Bulb 3 | Buldb 4
524.5 493,9 }‘565“6 504.,9 T:'Eme[ (Seconds)_1
0.100 | 324.0 [ 194.0 | 122.0 | '69.0 Y (Seconds)”
| 2.360 2.421 | 2.462 | 2,495 |
U . 1n(7 )
0.859 0.884 | 0.901 0.914 r
0.0667| 422.0 254.0 160,0 91.0 Y
1,815 1.856 1.882 | 1.904 | M
0.596 “ .| 0.618 | 0.632 | 0.644 1n(n,)
350.6 397.4 | 372.7 | 331.8° | Time
0.050 | 485.0 293.0 185.0 106.0 Y
' 1.578 1.605 1.622 1.640 | 7)_
© 0.456 0.473 | 0.484 | 0.495 | 1n(n.)
303.45 | 282.0 | 320.2 | 284.7 Time
0.0333| 560.0 340.0 | 215.0 | 123.0 | vy
1,366 1,382 | 1.394 1.407 | 7
‘ T
0.312. | .0.324 | 0,332 | 0.341 1n(7_)
- 269.2 249.1 | 282.0 | 249.6 | time
0.020 | 632.0 385,0 | 245.0 | 140.0 | ¥y
1.212 1,221 | 1.227 | 1.234 | 7
0.192 0.200 | 0.205 | 0.210 In(M.)
x . - I
,')" > O Y 00
Conc. ln.(T]r) ln(T)r) nsp 1n(T)r) 1n(nr) ) nSE
C T | C C
0.100 | 0.94 9.40 15,60 0.83 | 8.30. | 12.93
0.0667 0.665 9.97 14.16 0.585 | 8.77 11.92
0,050 | 0.51 10. 20 13,31 .0.455 | 9.10 11,52
0.0333| 0.35 10.51 12.58 0.31 1] 9.%: 10.91
0,020 | 0.215 | 10.75 11.99 0,19 | 9.50 10.46




C I-147
POLYMER: | (n] | -1
il : 40-05-01-4 Mo = 25,5 (g/d1) 1
M, = 4.80 x 10° (M= 17.3  (e/d1)
CONC. " FLOW DATA
(g/d1)| Build 1 | Bulb 2 | Bulb 3 | Bulb 4
493.4 | 477.7 | ses.8 | s38.4 | Time (Seconds)
0.050 | 345.0 201.0 | 121.0 65.0 Y (Seconds)
2.22 2,34 2.48 2.66 | T
1n(7.)
0.80 0.85 .| 0.91 0.98 r
388.6 369.8 433.4 403.7 Time
0.0333| 438.0 260.0 159.0 87.0 Y
1.75 1.81 1.89 2,00 n,
0.56 | 0.59 0.63 0.69 1n(n_)
341.9 322.2 374. 6 345.9 Time
0.0250| 497.0 298.0 184.0 101.0 Y
1.54 1.58 1.673 1,71 7
T
299'0 27906 32207 29407 4 Time
0.0167| 569.0 ' 243,0 214.0 119.0 Y
1.35 1,37 1,40 1.46 7
r
0. 30 0.32 0.34 0.38 1n(7_)
267.1 248.6 | 284.5 | 256.7 Time
0.010 | 636.0 386.0 243.0 136.0 Y
1,20 1,22 1.24 1,27 7 \\\\
r
0.18 0.20 0.2 | 0.24 1n(M,) ‘
Yoo——> 0o \f\‘ Y - o
\ 1
Conc. | 1n(n.) 1n(N_) .n§p (M) | (M) ns
C C C T
0.050 1.09 21.80 39. 49 0.78 15.60 23.63
0.0333| 0.75 22.52 33,573 0.55 16.52 22.02
0.025 0.59 23.60 32,16 0.41 16. 40 20.27"
0.0167 . 0.40 23.95 29. 45 0.28 16,77 19.35
0.010 0.25 25.00 28. 40 0.17 | 17.00 18,53

g ki B | Sttt

g o memn ete
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Cxs’

POLYMER: 40-05-01-1 (0], = 240 (g/a1)""
— N _]
Mn = 4.67 x 10 [n]w*_‘- 17.0 (g/dl)
CONC. FLOW DATA .
(g/da1)| Buld 1 | Buldb 2 | Bulb 3| Bulb 4
461.8 445.0 52%.7 483.8 Time (Seconds) 1
0.050 | %68.0 216.0 132.0 72.0 Y (Seconds)”
2.08 2.18 2.28 2.39 Nr ) '
0.73 0.78 0.82 0.87 n (7,
: 370.9 353,9 412,1 376.8 Time
0.0333]| 458.0 271.0 167.0 93.0 Y
1.67 1.73 ] 1.79 1.86 n.
0.51 0.55 0.58 0.62 ln(nr)
| 329.3 311.7 360, 7 327.7 Time
0.0250| 516.0 308.0 191.,0 107.0 Y
1.48 1.53 1.57 1.62 nr
0.39 0.42 0.45 |- 0.48 In(n .}
290.8 | 272.7 | 3124 | 282.7 || Time
0.0167| 585.0 3552.0 220.0 ‘| 124.0 Y
1,31 - 1,34 1.36 1.40 N
0.27 0.29 0. 31 0.33 ln(nr)
) 262.8 244.8 279.2 250.4 Time
0.010 | 647.0 392.0 247.0 140,0 Y ‘
1.18 1.20 1,22 1.24 nr
C.17 - 0.18 0.19 0.21 In(M )
)./ — e O )’ » O
Conc. In(M_) ln(T)r) nsp 1n(7)r) ln(T?r) TJS
C C - T”EE‘
0.050 0.94 8. 80 31,20 0.71 14,20 20,68
0.0333| 0.685 | 20.57 | 29.54 0.50 15,02 19,48
0.0250] 0.53 21,20 27.96 0.385 } 15,40 18,78
0.0167] 0.36 21.56 25.96 0.265 | 15.87 18,17
{0.010 0.253 23,00 25.86 0.165 16.50 17.94
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POLYMER: 40-05-01-C [Tﬂo 21.5  (g/a1)”!
M -1
0 4.47 x 105 [QJQS 16.5 (g/dl)
CONC. ' FLOW DATA /
(g/d1)| Bulb 1 | Bulb 2 | Bulb 3 | .Buldb 4
| 850.9 851.7 1031.6 975.9 Time (Seconds)
0.100 | 200.0 | 113.0 67.0 36.0 Y (Seconds)”!
3,8% 4.18 4.49 4.82 P ‘
1.34 1.43 1.50 | 1.57 In(7.)
572.7 559, 7 666.5 | 622,4 Time
0.0667| 297.0 172.0 104.0 56.0 Y
2.58 2.74 2.90 3,08 n.
0.95 1,01 1,07 1,12 In(M.)
461.5 444.0 522.7 | 483.7 Time
0.050 | 368.0 216.0 132,0 | 72.0 Y
S
2.08 2.18 2.28 2.39 | M. o
0.73 0.78 0.82 0.87 1n(nr)
2u8, 4 350.0 407.0 | 372.2 Time
0.0333| 461.0 274.0 170.0 94,0 Y -
1.66 1.72 1.77 1,84 M,
0.51 0.54 0.59 0.01 ln(nr)
304, 3 285, 8 328.4 | 296.7 Time
0.020 | 559.0 336, 0 210.0 | 118.0 Y
1,370 1.40 1.43 1,47 us
0. 31 0.%4 ‘ 0.30 0.38 In(M_)-
. 0 Y - oo
Conc. | 1n(1].) In(M.) Tsp In(M_) | 1n(M_) nsp
! . ¢ | —¢T C C
0.100 | 1.62 16.20 40.5% 1.27 12.70 25.61
0.06671 1.19 17.84 34.29 0.93% 13,94 23,01
0.050 0.93 18.60 30.69 0.72 14.40 21.09
0.0333| 0,67 20.12 28. 066 0.51 15.7%2 19,98
Q.020 0.40 20.00 24,59 0.%1 15,50 18.17
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POLYMER: 40-05-01-D (M, = 25.0 (g/a)”"
M, =510 x 10° (M)e,= 180 (e/a))”
CONC. FLOW DATA
| (g/d1)| Buldb 1 | Bulb 2 | Bald 3 |’ Buld 4 “ -
490.4 | 472.3 | 558.2 | s20.5 | Time (Seconds)
0.050 | 347.0 203.0 | 124.0 | 67.0 n}’ (Seconds)
2.21 2.32 2.43 [ 2,57 T
, ‘ 1n(M_)
0.79 0.84 0.89 0.94 r
_ 385.1 - |, 365.7 426.1 390.9 Time
0.0333| 442,0 | 263.0 162.0 90.0. | Y
1.73 . 1.79 1.85 1.93 n. .
0.55 0.58 0.62 0.66 In(n_)
: 338, 4 318.7 | .368.8 336.0 Pime
0.0250| 502.0 | 301.0 187.0 | 104.0 Y
1.52 1.56 1.61 1,66 7
r
- 0.42 0.45 - 0.47 0.51 lnmr)
296.6 277.6 318.8 - |r287.7 Time )
0.0167{ 573.0 346.0 | 216.0 | 122.0 | vy
1.34 1.36 1.39 1.42 n.
0.29 1 0.31 1 0.33 0.35 1n(M.)
265.7 247.0 | 281.5 251.9 | rime
0.010 | 640.0 389.0- | 245.0 120.0 | ¥.
1,20 .21 ] 1,23 1,24 7
- r
.1 . . 0.22
0.18 0.19 0.-20 1n(n_)
'}./——-———-——-3-' o ' ‘)/ > Q0
Conc. _ln(nr) ln(T)r) T)sp ln(T)r) ln(nr) T}S
C T C —-
0,050 | 1.005 20,10 | 34.64 0.77 15,40 | 23.20
0.0333| 0.725 21.77 | 31.97 0.54 16,22 24.50
0.925 | 0.56 22.40 | 30.03 0.415 | 16.60 20.57
0.0167] 0.39 23.35 | 28.56 0.285 | 17.07 19.75
0.010 | 0.24 - | 24.00 | 27.12 0.175 { 17.50 | 19.12
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. POLYMER? 40-05-01-E (0], = 24.0 '(g/d1)°1
- _ s 6 _ -
M = 4,67 x 10 [n]oo_ 17.0 (g/dl)
CONC.. FLOW DATA
(g/d1)| Bulbd Bulb 2 | Bulb 3 | Bulb 4
s 463 .1 446.6, | 527.0 | 489.7 Time (Seconds)
6.050 | 367.0 215.0 | 131.0 | 71.0 Y  (Seconds)”’
2.08 2.19 2.29 2.42 Nr
L 0.73 0.78 0.8% 0.8 | m(M.)
370. 8 353, 3 412.3 378.8 Time
0.0333]| 458.0 272.0 167.0 92,0 Y
1.67 1.73 1.79 1.87 nr
0.51 0.55 0.58 0.63 In(M..)
329.3 311.5 | 360.7 | 329.6 Time
0.0250| 516.0 308.0 191,0 106.0 Y
1.48 1.53 1.57 1,63 uR
0.39 0.42 0.45 0.49 In(n_)
i 291.4 273.5 314.4 284.7 Time
0.0167| 583.0 351.0 219.0 123.0 Y
1.31 1.34 | 1,37 1.41 i)
iy
0.27 0.29 0.31 0.34 In(7_)
263, 4 245.4 280.0 251.3 Pime
0.010 | 645.0 391.0 246.0 139.0 Y
1.19 1.20 1.22 1.24 ”
T
0.17 0.18 0.20 0.22 In ()
! _— > O Y > ©0
. . 4
Conc. ln(T)r) ln(nr) nsp ln(nr) ln(nr) nSE
- C c. o) C
0.050 0.94 18. 80 31,20 0.71 14,20 20.68
0.0333 | 0.685 20,57 29.54 0.50 15.02 19.48
0.025 0.53 21.20 | 27.96 0.385 15:40 | 18.78
0.0167 | 0.386 21.56 25.96 0.265 15.87 18.17
0.010 0.230 23,00 25,86 0.165 16.50 17.94

ek otenm st
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POLYMER: 40-05-01~F [Tﬂo 21,5  (g/da1)”]
- 6 -1
> —
M 2 4,26 x 107 [n]oo_ 16.0  (g/a1)
CONC. FLOW DATA

(g/d1)| Buldb 1 | Bulb 2 | Bulb 3 | Bulb 4

p

429.8 412.7 483.9 445.2 ° | Time (Seconds)
0.050 | 396.0 233.0 | 143.0. | %9.0 Y (Seconds)”'
1.93 2.02 2.11 2.20 | Mr
0.66 0470 | 0.74 0.79 n(7,.)
351, 3 333,7 |.387.5 353,6 | Time
0.0333]| 484,0 288.0 78.0 99.0 Y
1.58 1.64 | 11.69 1.75 n.
0.46 0.49 .52 0.56 | 1n(N.)
315.6 | 297.7 (3$§.4 13113 | rime
0.0250} 539,0 322.0 201\ 0 112.0 Y
1.42 1.46 1.49 | 1.54 N.
0.35 0.3%8 0.40 0,43 ln(nr)
0.0167 | 602.0 363.0 | 228.0 | 128.0 | Y
1.27 1.30 1,32 3 |,
0.24 0.26 0.28 0. 30 1n(M_) N
257.7 239.5 .| 272.7 243.,7 Time
0.010 | 660.0 401,0 253.0 144,0 0%
1.16 1.17 1.19 1.20 7
, r
0.15 0.16 0.17 0.19 . In(M..)
Y o> © Y > O
Conc. | 1n(N.) In(N_) Nsp n(M.) | (M) : T}SP
[0 C C C _
0.050 0.86 17.20 27.26 0.66 13.20 h/;;/?o
0.0333 | 0.60 18,02 24.69 0.46 13.81 .54
0.0250 | 0.46 18.40 | '23.36 0.35 14.00 16.76
0.0167 | 0.32 19,16 22.58 0. 24 14,37 16.24

0.010 0.20 20.00 | 22.14 0.15 15.00 16.18

Tk A n ekt
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]
“

POLYMER: 40-05-01-C (), = 20,8 (gra1)”"
- -1
coMy = 4.18 x 10 [nJOO= 15.8  (g/dl)
CONC. FLOW DATA
(g/d1)| Buld 1| Buld 2 | Bulb 3| Bulb 4
447.0 427.0 | 500.1 | 461.7 | Time (Seconds)
0.050 | 380.0 225.0 | 138.0 76.0 Y (Seconds)”
2,01 2.09 2.18 2,28 'qr(n )
0.70 0.74 0.78 0.82 My
359, 7 340.5 394.5 359, 2 Time
0.0333| 473.0 282.0 175.0 97.0 Y
1.62 1,67 1,72 1.78 | T,
0.48 0,51 0.54 0.57 | 1n(n.)
( 321.0 307.6 7| 347.6 | 314.9 Time
0.0250| $30.0 318.0 199.0 111.0 Y
4~ 1.44 1.48 1.51 1.56 | Ny
0.37 | 0.39 | 0.41 0.44 In(n..)
285.5 266.7 305.2 _74.2 Time
0.0167{ 595.0 | 360.0 226.0 128.0 Y
1.28 1.3, 1.33 1,36 | Ty
0.25 0.27 0.28 0.30 In(7_.)
258.9 | 240.5 273.6 244.4 | Time
0.010 | 657.0 399.0 252.0 | 143.0 Y.
1.17 1.18 1.19 1.21 ’ nr
0.15 0.16 0.17 |- 0.19 | 1n(N))
Y > © L Y- > o0
Conc. _in(nr) ln(T)r) ' T)sp 1n(7)r) °1n(nr) USE
. C C . C . C
0,050 | 0.87 * |" 17.40 | 27.74 | 0.69 13.80 19.87
0.0333| C.63 18,92 | "26.35 | 0.48 14,41 18,50
0.0250| 0.48 19,20 24.64 0.37 14,80 17.91
0.0167{ 0.32 | 19.16 | 22.s58 0.25 | 14.97 17.01,
0.010 0.20 20.00 22.14 0.15 15.00 16.18
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POLYMER: 40~05-01-H (M), = 26.2 (g/a1)”"!
M, = 4055 x 10 (M= 6.7 (e/an)”!
CONC. _ FLOW DATA
(g/d1)| Bulb 1 | Buldb 2 | Buld 3 | Buld 4
788.6 782,73 932.9 | 862.8 Time (Se°°“ds);1
0.100 | 216.0 1230 | 74.0 41.0 7{y (Seconds)
. by
1,27 1.34 | 1,40 1,45
550.0 540.,0 640.0 591.2 | Time
0.0667| 309.0 178.0 108, 0 59.0 Y
2.48 2.65 | 2.79 2.92 .| N,
0.91 0.97. 1.02 | 1.07 In(M..)
| 452.3 | 440.0 | 518.8 | 479.2 | Time
0.050 | 376.0 | 218.0 133.0  73.0 Y
2.04 2.16 2.26 12,37 N,
0.7t | 0.77. 0.81 0.86 1In(M.)
36706 35304' 413.8' 381.2 ) Time
0.0333| 462.0 272.0 167.0 92.0 Y
1.65 |- 1.73 1.80 1.88 ")
xr
0.50 0.55 0.59 0.63 -1n(7)_)
307.0 291.5 338, 2 309.0 Time
0.020 | 554..0 329,0 204.0 113.0 Y
1.38 1,43 1.47 1.53 n.
0.3%2 0.3%6 0.39 0:42 1n(N_)
?'————-———)— (o] Y . OO
Conc. | 1n(N) }n(T)r) . T)SP 1n(7.) In(M_) -HSR
: C G C Ned C
4. 100 1.52 | 15.20 | 35.72 1.21 | 12,16 | 23.53
|o.0667 1.14 .| 17.09 31.85 | 0.90 13.49 21.88
10.050 0.94 18.80 | 31.20 | . 0.71 14.20 | 20.68
0.0333 0.68 20.42 29.25 0.50 15.02 19.48 .
0.020 0.45 22.50 | 28.42 0.31 15,50 18,17
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POLYMER: 40-05-15-4 (M, = 9.9 (e/an)”’
_ , B
Mn = 1.66 x 10 [n]oo= 8.6 (g/dl)
CONC. FLOW DATA
(g/d1)| Bulb 1 | Bulb 2 | Buld 3 | Bulb 4
;167.1 440.0 '504.5 452.2 T:Eme (Seconds)_1 S
0.100 | 364.0 218.0 | 137.0 77.0 Y  (Seconds)
2.10 2.15 2.20 2.23 Ny
In(7)_)
0.74 0.77 0.79 0.80 r
371.4 348.3 380.0 355.7 Time
0.0667| 458.0 1| 276.0 | 173.0 98.0 Y
1.67 1.71 1.73 1.76 | T,
0.51 0.53 0.55 0.56 In(M_).
329,1 306.7 | 349.4 311.6 Time
0.050 | 517.0 313.,0 197.0° | 112.0 Y
1,48 1.50 1.52 1.54 7
r
0.39 0.41 0.42 0.43
e ln(T)r)
290.6 269..7 306.4 272.1 Time
0.0333| 585.0 356.0 | 225.0 |129.0 | y
1.31 1.32 1.33 '1034 T)
¢ r
0.27 0.28 0.29 0.30
: In(7]_)
262.4° 242.4 274.8 | 243.2 Time
0.020 | 648.,0 | 396.0 251,0 144.,0 y
1.18 | 1.19 1.20 1.20 7
0.17 0.17 | 0.18 0.18 T
ln(T)r.)
Y————>— (o} . y - »- OO
| conc. 1n(T)r) 1n(nr) -T)sp ln(nr) ln(nr) ”ns
' C C C —
0,100 | 0.83 8.30 | 12.93 0.735| 7.35 10.85
0.0667| 0.585 | 8.77 11.92 | 0.51 7.65 9.97
0.050.| 0.45 9.00 | .11.37 0.39 | 7.80 9.54
0,0333 | 0.31 9.31. 10,91 0.27 8.11 9.31
0,020 | 0.19. | 9.50 10,46 0.17 | 8.50 9,27



* I-156

POLYMER: 40-05-15-B ‘ {Tﬂb_= 10.7 (g/dl)':
My = 1.99 x 10° - M= 9.7 (e/a1)”
L I | _
CONC. . FLOW DATA
(g/dl){ Bulb 1 | Buldb 2 | Bulb 3 | Bulb 4
504.5 473.9 541.6 4831 Time (Seconds)
0.100 | 337.0 | 205.0 | 127.0 | 72.0 Y (Seconds)™’
2.270 2.323 | 2.357 | 2.388 | lr |
0.820 0.843 | o.858 | o.870 | ()
392.0 367.1 | 418.4 | 372.1 Time
{0.0667] 434.0 262.0 | 165.,0 | 94.0 Y
1.764 1,800 1.812 1.839 .
0.568 0.588 0.599 0.609 |. 1n(N.)
434.4 320.3 364.6 325.9 Time
0.050 | 495.0 300.0 189,0 [ 107.0. | Y
{ 0.435 0,451 0.462 0.477 In(M )
) 299.9 277.7 317.0 279.8 Time
0.0333 | 567.0 346,0 218.0 | 125.0 Y
1.350 . 1.361 1.380 1.383 -
0. 300 0.308 0.322 0.3%24 “1n(M_)
267.2 246.9 [ 279.1 | 246.8 Time
0.020 | 636.0 389.0. | 247.0 142.0 | Y
1,203 1.211 1.215 | 1,220, | .M
. £
0.184 0.191 0.195 0.199 1n(7..)
Conc. in(nr)’ 1n(n.,) Nep (M) | 1a(M)) N
C C_~ C —5-
lo. 100 0.89 8.90 14.35 | 0.805 | 8.05_ | 12.37
10,0667 | 0.62 9.30 12.88 0.56 8.40 " 11.25
0.0SO‘ 0049 - 9080 12.65 0'43 8060 10.75
0.0333 |  0.335 | 10.06 11.95 [ 0.30 9.10 10.51
0.020 | 0.205 |10.25 1,38 0.185 9.25 | 10.16



10,8 (g/a1)”"

POLYMER: 40-05-15-C : [Tﬂo

= 6 ' = 9 -1
M \ 1§96 x 10 (M= 9.6 (&/dl)
CONC. FLOW DATA
(g/dl)| Bulb 1| Buld 2 | Bulb 3 | Bulb 4
515.2 485.2 | 556.1 497.3 Time (Seconds)
0.100 | 330.0 198.0 124.0 70,0 | VY (Seconds)-1
2.319 | 2.379 | 2.421 | 2,458 | Tz
0.841 | o0.866 | 0.88¢ | 0.899 | ()
397.7 T372.7 425.2 378.4 Time ‘Il
0,0667| 428.0 258.0 - | 162.0 92.0 Y ‘
1.790 -1.827 | 1.851 1.870 | M. -
0.582 0.603 | 0.616 | 0.626 In(N,)
347.0 324,0 3688 327.5 Time
0.050 | 490.0 296.0 | 187.0 107.0 Y
1.562 1.588 .| 1,605 1.619 | M.
0.446 0.463 | 0.473 0.482 In(n_)
'3 301.5 280.5 317.7 281.8 Time
0.0333 | 564.0 343.0 217.0 {.124.0 Y
‘ 1.357 1,379 1.383 1.393 -1 M.
0.305 0.317 0.324 0.331 1n(7]_)
268.4 - 248.2  }.280.7 248.6 ‘Time
0.020 | 633.0 387.0 6.0 | 141.0 Y
1,208 o 1.217 1,222 1,229 n.
0.189 0.196 0.20 0.206 1n(N..)
V> o >~
Conc. ln(nr) 1n(T)r-) T)SJ) ln(nr) T)sp
C C C C
0.100 0.925 9.25 15,22 8. 30 12,93
0.0667 0.645 9.67 13.58 8.62 11.65
0.050 0.50 10,00 12.97 _ 8. 80 11.05
0.03%33 0.34 10.21 12.16 0.305 [ \9.16 10,71
0.020 0,21 10,50 | 11.68 0.185 \§\g5 10.16

<
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I-158

T

. POLYMER: 40-05-15-D [7]]0 12.3 (g/dl)—;
M, = 2,05 x 10° [77]OO 9.9 (g/da1)”
CONC. FLOW DATA
(g/a1)| Bulb A | Buld 2 | Bulb 3 | Bulb 4
483,9 454.4 518.9 463.9 Time (Seconds)
0.100 | 351,0 211.0 133,0 |~ 75.0 Y (Seconds)”]
2,18 2.23 2.26 2.29 | Mr
0.78 0.80 0.81 0.83 1n(7,,)
387.1 | 362.7 | 413.5 | 367.2 | Time
0,0667| 439.0 . 265.0 167.0 95.0 Y
1.74 1.78 1.80 1.81 n. !
0.56 0.58 0.59 0.60 1n(nr)
342,75 %20.6 365.2 324,77 Time
0.050 | 496.0 299.0 189.,0 108.0 Y
1.54 1.57 1.59 1.60 N
0.433 0.452 0.46 0.47 In(n..)
301.7 281.2 320.0 284.5 Time
0.0333{ 563,0 341.0 216,0 123,0 0%
1 1.36 1.38 1.39 1.4 N,
0.%1 0.32 0.33% 0.34 | 1n(7.)
! 269.9 250.8 284,7 252,6 Time
0.020 | 630.0 383,0 242.0 139,0 0%
1,21 1.23 1.24 { 1.25 '
| .
0.19 0,21 0.22 0.22 In(N_)
y— ' o Y - o
Conc. 1n(nr) ln(nr‘) T)Sp ln(nr)- 1n(nr) . 7‘18
C L * C C ) [
0.100 0.86 8.60 13.63 0.77 - 7.70 11.60 _
0.0667{ 0.62 | 9.30 12,88 | 0.555 | 8.32 11488 J@awka
0.050 0.485 |- 9.70 12.48 0.43 8.60 10:75 fvf
| 0.0333] 0.345 | 10.36 12.37 | ©0.305 9.16 .| 10.71
0.020 0.22 11.00 12,30 0.19 9.50 10.46



™

I-159

POLYMER: 40-05-15-2 [7ﬂo = 111 (g/a1)”!
- -1
= . 1 = .
M 1 78 x 10 [n]co 9.0 (g/dl)
CONC. FLOW DATA
(g/d1) Bulb Buldb 2 | Bulb 3 | Bulb 4
Qf542.9 © ] 320.4 366.2 | 326.8 Time (SQCODdS)_1
0,050 | 496.0 300.0 | 188.0. | 107.0 Y - (Seconds)
1.54 1.57 1.59 | 1.62 71r(n )
0.43 0.45 0.47 0.48 Mir
0.0333| 569.0 345.0 218.0 | 124.0 Y
1,34 1,36 1,38 1.39 n.
0.30 - 0.31 0.32 | 0.33
1n(M.)
278.5 258. 4 292.6 | 260.1 Time
0.0250| 610.0 372.0 236.0 | 135,0 Y
1.25 1.27 1.27 1.29° | 7
. r
0.23 0.24 |, -0.24 0.25 | 1a(n_)
0.0167 | 657.0 401,0 255.0 | 146.0 y
1,16 1.17 1.18 | 1.18 7
T
0.15 0.16 0.16 0.17 In(M_)
I
244, 225.0 254.1 | 225.0 | Time ;
0.010 | 696,0 427.0 272.0 | 156.0 Y
1,10 1,10 1.1 1.11 .
0.094 0.098 0.101 | 0.106 n(7_)
“{ Conc., l_n(nr) 1n(77r) UEP 1“_(7)1.) ln(nr) nsg
. ” C C : C C
0.050 |- 0.51: 10,20 | 13.31 | 0.42 8.40 10.44
0.033% | 0,35 - 10,61 12,70 0.295 8.94 10.40
0.025 0.26 10. 40 11,88 0.225 9.00 10.09
0.0167 | 0.18 10.78 11,81 0.15 8.98 9.69
0.010 | 0.11 11,00 11.63 | 0.09 9.00 '9.42
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POLYMER: 40-05-25~A [77]0 = 7.4 (g/a1)~"
v -1
i =1.06 x 10° M= 6.4 (8/a2)
CONC. FLOW DATA
(g/d1)} Bulb 1 Buld 2 | Bulb 3 | Buldb 4
395.6 366.6 414.,6 367.3 Time (Seconds)
0.100 | 430.0 262.0 166.0 | =95.0 Y  (Seconds)”"
1.780 1.797 1,805 1.815 Nr
0.577 0.586 | 0.590 | 0.596 n(n.)
329.9 305.3 344 .9 304.9 'I:ime
0.0667| 515.0 314.,0 200.0 115.0 Y
1.485 1.497 1.501 1,507 nr
0.395 0.403 0.406 0.410 ln(nr)
300.5 277.4 313,73 277. 4 Time
0.050 | 566.0 346.0 220.0 126.0 | Y
1,352 1.360 1,364 1,371 N,
0.302 0.307 0.310 0.316 1n(nr)
274.0 252.9 | 285.6 25%.3 Time
0.0333| 620.0 380.0 242.0 138.0 Y
1,233 1.240 1,247 1.252 N,
0,210 0.215 0.218 | 0.225 In(7_.)
1 251.8 ). 231.6 | 261.1 2%0.8 Time
10.020 | 675.0 415.0 264.0 152.0 Y
1.133 1.135 1.137 1.141 M.
0.125 0.127 0.128 0.132 lnCﬂr)
‘)'/ > 0 }/ > O
Conc. 1n(T)r) )l-n(nr) T)Sp 1n(77r) ln(nr) ns
// C C C “‘EB”
0.100 0.605 6.05 8.31 0.575 5.75 7.77
0.0667 | 0.4 6.30 . 7.83 0.395 5.92 7.26
0.050 0.3%25 6.50 7.68 0.30 6.00 7.00
0.0333 | 0.230 6.91 7.77 0.205 6.16 6.83
0.020 0.14 7.00 7.51 0,125 6.25 6,66

/



I-161

-1
POLYMER: 40-05-25-B [7ﬂo = 7.0 (g/d41) )
My = 1,06 x10° [77]00= 6.4 (g/dl)
CONC. FLOW DATA
(g/41) Bulb 1 Buldb 2 Bulb 3 Bulb 4
400.9 371.7 | 422.0 | 373.1 Time (Seconds) 1
0.100 | 424.0 258.0 164.0 94.0 Y (Seconds)
1,804 1.822 | 1.837 1.844 'nr( )
0.590 0.600 0.608 0.612 In{,
N b
332,7 307.7 | 347.7 | 307.3 | Time !
0.0667| 511.0 312.0 198.0 114.0 Y
1.497 1.508 1.513 1.519 | 7.
0.404 0.411 | 0,414 | 0,418 in(7.)
302.3 279.1 7§ 315,2 278.4 l:ime
0.050 | 562.0 344,0 . { 219.0 126.0 Y ‘
1,361 1.368 | 1,372 | 1.376 | M.
0.308 0.313 | 0.316 | 0.319 In(n_)
274.2. 252.5 284,95 251.7 Time
0.0333| 620.0 380, 0 242,0 139,0 Y
1.234 1,238 1.240 1,244 nr
0.210 0.213% | 0.215 | 0.218 1n(7.)
252.9 232.6 262.1 231.4 Time
0.020 | 672.0 413.0 263.0 |7151.0 Y
1,138 1,140 1.141 1.144 '
. . P T
0.129 0.131 0,132 0.134 ln(nr)
jf_____,._>_‘_o Y — >:\?z»
Conc. ln(T)r) ln(nr) T)sp ‘lnmr) w __n_S_R_,
C C ! C C
0.100 0.62 6,20 8.59 0.585 5.85 7.95
0.0667 | 0,42 6.30 7.83 0.405 6.07 7.49
0.050 0.325 6.50 7.68 <+ | 0.305 6.10 7.13
0.0%33 | 0.225 6.76 7.58 0.21 6.3 7.02
0.020 0,135 6.75 7,23 0.125 6.25 6.66




I-162

POLYHER: 40-05-25-C (= 7.5 (/a7
i -1
M = 1,16 x 10 [n]oo= 6.8. (g/dl)
CONC. FLOW DATA
(g/d1)| Bulb 1 Bulb 2 | Bulb 3 | Bulb 4
;
415.4 385.5 | 463.3 386.2 | Time (Seconds)
0.100 | 409.0 249,0 158.0 91.0 Y  (Seconds)”)
1.870 1,890 1.899 1.909 | Nr
0.626 0.636 | 0.641 0.646 | 1n(N.)
341,4 315.8 356, 9 315.6 Time
0.0667 | 498.0 304.0 193,0 111.0 Y ,
1,537 1.548 1,553 1.560 | M -
0.430 0.437 0.441 0.445 ln(nr)
308, 2 284,5 321, 4 284,0 Time
0.050 | 552.0 337.0 215,0 123.,0 Y
11.387 1.395 1,399 1,404 |
0.327 0.333 0.336 0.339 1n(nr)
277.2 255.6 288.6 255.1 Time
0.0333 | 613.0 376.0 239.0 137.0 Y
1,248 1.253 1,256 1.261 .
0.221 0.226 0.228 0.232 ()
0.020 |668.0 410.0 | 261.0 150.0 | ¥ N\
1.145 1,148 | 1.150 1.152 | 7 :
. . . . r
0.1%0 0.138 0.139 0.142 1n(7_) \j
1 ' }/ > O )/ >
Conc. ’ln(ﬁr) 1n(T)r) T)sp ln(T)r) ln(nr) T)S];\\\
) G C C C
0,100 0. 655 6.55 9.25 0.625 | 6.25 8.68
0.0667| 0.455 6.82 8.64 0.43 6.45 8,05
0.050 0.35 - 7.00 8.38 0.325 | 6.50 7.68
'0.03335] 0,24 S 7.21 8.15 0,22 6.6 7.39
0.020 | 0,145 7.25 7.80 0.135 | 6.75 7.23
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W
POLYMER : ©40-~05-25-D [Tﬂo = 8.3 (g/dl)"
= ) 6 1
M = 1.43 x 10 Z//// M= 78 (efa1)
ONC. W . \
CONC ﬁé ng R
{g/d1)} Bulb 1 | Buldb 2 |-Bulb 3 | Buld 4
428,2 598.8 452.9 Time (Seconds)
0.100 | 397.0 241.0 | 152.0 Y  (Seconds)”
1.93 1.95 1,97 U
0.66 0.67 0.68 In(7).9
349.4 324.4 | 367.7 | 326.4 ?ime b
0.0667| 486.0 296.0 |, 188.0 107.0 Y
1.57 1.59 1.60 | 1.61 n
0.45 0.46 0.47 0.48 am )
L ] * . ‘D E}T’r
313.8 | 290.5 | 329.0 | 281.5 | Time
0.050 | s42.0 | 330.0 | 210,0 | 1400 |
1.4 1.42 1.43 1.0 i,
L 281,1 259.7 29%.4 259.4 Time
0.0333] 605.0 370,0 235.0 135,0 Yy
1,27 1.27 1,28 1,28 . .
Ir
0.24 0.24 0.25 0.25 1n(7)_)
0.020 | 665.0 406.0 | 259.0 | 149.0 | y
1.15 1.16 1.16 1.16 7
0.14 0.15 0.15 0.15 | 1nm.)
* * tn nr
» O Y (o] .
Conc. | 1n(N.) 1n mr) Nep ln(nr) ln(nr) oo
C C C C
0.100 0.71 7.10 10,34 | 0.655 6.55 9.25
0.0667| 0.50 7.50. 9.73 | 0.45 6.75 8,52
0.050 0.385 7.70 9.39 | 0.35 7.00 8.38
0.0%33} 0.26 7.81 8.92°| 0.24 7.21 8.15
0.020 0.16 8. 00 8.68 | 0.15 7.50 8.09




%
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POLYMER: 40-05-25 (n, = 7 (e/an)™’ ‘
M = 1.0 1 = 6. =1
my, =100 x M= &4 - (e/a1)”
CONC. FLOW DATA
(g/d1)| Bulb 1 | Bulb 2 | Buld 3 | Bulb 4
393.2 | 364.4 | 412,73 365.2, Time (Seconds)
0.100 | 432.0 263.0 | 167.0 96.0 Y (Seconds)™’
1.770 1.786 | 1,795 | 1.805 | Tr - :
0.571 |.0.580 |-0.585 | o.590 | {7y
329.0 | 304.2 | 344.0 | 304.4 Time
0.0667| 517.0 316.0 201.0 115.0\\\/”¥
1.481 1.491 1‘i9# 1.504 n.
0.393 | 0.400 0.404 0.408 1n(M_)
299.5 . | 276.6 | 312.5 | 276.3 Time
0.050 | 568.0 347.0 221,00 | 127.0 Y
1.348 . | 1.356 1.360 1.366 | 7,
0.299 0.305 | 0.308 | 0.312 1n(n_)
'212.1 251,0 283.0 250.4 Time -
0.0333| 6250 ° | 382.0 | 244.0 *| 140.0 Y
1.225 1,230 | 1.232 1.238 7,
0.203 0.207 | 0.208 0.213 In(1.)
251.8 2351.6 | 260.9 | 230.75 | Time.
0.020 | 675.0 415.0 | 264.0 | 152.0 Y
1.133 1.135 1.136 1.140 yn
0.125 © 0,127 0.127 0.131 in(M.)
. ¥ — s o Yy ®
Conc. 1x;(nr) In (T}’I.,) T)SP ln(nr)‘ ln(nr)n Tfs
‘ G C B A o
0,100 | 0.61 6.10 8.40 0.57 | "5.70 7.68
0.0667| 0.42 6. 30 7.8% 0.39 | .5.85 7.15
Jo.050 |. 0.32 6.40 7.54 0.30 6.00 | 7.00
[0.0333:], 0.22 " | 6.61 7.39 . 0.203| 6.10 1 6.76 .|
0:020 | 0.135 | 6.75 7,23 0.125| 6.25 | 6.66




I-165

POLYMER: 40-05_‘25_3 [77]0 = 8,3 (g/dl)-:
Mn = 1.32 X 10 [T)]wz 7.4 (g/d1) ,
CONC. FLOW DATA
(g/dl)|{ Buldb t | Buld 2 { Bulb 3 | Buld 4
432.0 402.4 | 457.5 | 406.7 Time (Seconds) ;
0.100 | 394.0 239.0 | 151.0 | 86.0 Y  (Seconds)
1.944 1.973 | 1.991 | 2.010, 'qr(n )
0.665 | 0.679 | 0.689 | 0.698 e
351.2 327.0 371.1 328.4' Time
0.0667| 484.0 294.0 186.0 | 107.0 Y
o 1,581 1.603 | 1.615 1,623 7.
0.458 0,472 | 0.480 | 0.484 | 1n(n )
. p ey
315.8. | 292.65 | 331.5 | 293.5 Time
0,050 | 538.0 | 328.0 | 208.0 | 119.0 Y
1,421 1.435 | 1.443 1,451 7_-
0.352 | 0.361 | 0.367 | 0.372 | 1n(n_):
by
0.0333| 602.0 368.0 | 234.0 | 134.0 v
) -1 1.271 1.280 1.283 1.291 7
-] 0,240 0.247 | 0.249 | 0.255. | 1nm )
. T
0.020 | 660.0 404,0- | 258.0 | 148.0 v
1,160 1.164 1.166 1172 |
0.148 0.151 0.154 | 0.159 )
el ‘ . 1n(7)..)
' .{_____>. : o . Y > C0
Conc. In(1_) 1 (N.) M in(7).) 1n(7N_) Ui 1
r r Sp r P __Sp_
o C - =T c —
0.100 0.7%5 7.15 10%44 0.66 6.60 9.35
0.0667 | ©.49 7.35 .9.48 0.455 | 6.82 8.64 -
0,050 | 0.38 ° 7.60 9.25 0.35 7.00. | 8.38
0.0333 | 0.26 7.81 8.92 | 0.235 | 7.06 - | 7.96
0,020 | 0.16 8.00 8.68 0.145 | 7.25 "7.80 -

LR Y



) I-166
) ' : -1
POLYMER: 40-05-25-G {Tﬂo_= 7.2 (g/dl)
M = 1.13 x 10° [n]oo= 6.7 (g/a1)”"
1coxc. ' FLOW DATA
(g/d1)}{ Buld 1 | Buld 2 | Bulb 3 | Buld 4
406.3 | 377.1 | 427.1 | 378.7 | Time (Seconds)
0.100 | 418.,0 255.0 | 162.0 92.,0.| Y (Seconds)”’
1.829 1.849 1.859 | 1.872 | Mo
0.604 | 0.614 | 0.620 | o.627 | (M)
N 337.7 312.8 353.9 313.5 Time
0.0667] 503.0 307.0 195.0 12,0 Y
1.520 1.533 | 1.540 | 1.549 | N_
0.419 0.427 0.432 | 0,438 1n (1))
\ 305.0 281.7 | 318.4 | 282.0 | Time
0.050 | 557.0 341,0 217.0 124,0 | Y
1.373  |. 1.381 1,386 $.394 1 7,
s q.317 0.323 0.326 0.332 1n<nr);
276.1 254.6 287.4 254.4 .| Time .
0.0333| 616.0 377.0 | 240.0 [ 138.0 | ¥y
1.243 1.248 1.251 1.257 | 7.
0.217 0.222 0.224 0.229 .| 1n(M.)
1 253.6 233,5 | 263.3 232.6 Time
0.020 | 670.0 411.0 262.0 | 450.0 | ¥
1,141 1.415 | 1.416 | 1,150 .| 7
: : - r
L 3 » - ‘1 [ ]
0.132 0.135 0.136 0.139 | 1n(n.)
Yoo © _ Y > 00
Conc. ln(T)r) ln(nr) T)sp ln(nr) ln(nn) T)SP '_
. -0 | T C C
0.100 | 0.64 " 6.40 8.96 [ 0.60 6.00 8. 22
0.0667f 0.45 6.75 8.52 | 0.415 | 6.22 7,71
0.050 | "0.335 6.70 7.96 0.31 | 6.20 7:27
0.0333| .23 | 6.91 7.70 | 0.215 | 6446 [ 7.20
0.020 | 0.14 7.00 7.51 | 0.13 6.50 6.94

T

e



1-167

POLYMER: 40-05-25-H “ (M), =-6.6 (g/a1)”"
b, = 1.06 x 10 (M) =64 . (g/a1)”" ’
CONC. FLOW DATA
(g/a1)| Bulb 1 | ‘Buld 2 | Bulb 3| Bulb 4 | _
395.8 | 366.3 | 414.0 | 366,5 | Time (Seconds) 1
0.100 | 430.0 262.0 167.0 95.0 .Y (Seconds)”
1.781 1.796 | 1.802 | 1.811 | Tr -
‘ In(7)_)
0.577 0.585 | 0.589 | 0.594 Ay
330.6 305.5 345.4 305.4 Time
0.0667| 514.0 | 314.0 200,0 115.0 Y
1.488 1.498 | 1.504 | 1,497 | M.
- - 0,397 0.404 | 0.408 | 0.404 n(n.)
301, 1 277.8 | 313.4 | 277.8 Time
0.050 | 565.0 346,0 | 220.0 .| 126.,0 v
0.304 |- 0,309 | 0.311 | 0.309 z
, 7 . 1n(M.)
, 273.6 | 252,1 284.2 | 251.2 Time
0.0333| 621.0. | 381.0 | 243.0 | 139.0 | v
1,231 1.236 | 1.237 1.231 7
. 0.208 . | 0.212 0.213 - | Q.208 ol
; - ln(Tlr?
252.6 . 232.4 26'1.9 1 231:5 Time
0.020°'| 673.0 413.0 | 263.0 .| 151.0 | y
1,137 - | 12139, | 12140 | 1148 |y |
0.128 0% 130 0.131 0.135 r LR
: ) ' : In(7N..)
Y — > o . Y —— Co
Conc. -ln(T)r) “In(M.) ,_T)sp ln(ﬂr). In(N)). T)s
0.100 .| ~0.60 6.00 | 8.22 0.575 | 5.75 7.77
0.0667| 0.41 6.15 7:60 0.395 5.92 | 7.26
10.050 0.315 | 6.30 7.41 0.305 | 6.10 7.13
0.0333] 0.21 6,31 7.02 | 0.205 ‘| 6,16 | 6.83
0.020 0,13 | -6.50 | .6.94 | 0.125' | 6.25 | 6.66
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Appendix (I-2) On Estimating lumber Average lolecular

<

Vieights from Intrinsic Viscositykﬁeasurements.

For an unfractionated polymer with a wide molecular -
weight distribution, an intrinsic viscosity measurement will
yield an estimate'of its viscosity average molecular weight‘
Mv , according to equations'(l-1ﬁ) through (I-16). However,
the estimation of the kinetic parameters in the free~rédigal
polymerization model requires the knowledge of the number .’
average molecular weight W . x | .

Although, in prihciple, ﬁﬁ may be estimated by gel
permeation chromatography (GPC), a previous attempt to do
80 fﬁr high molecular weight_polyacrylamides was not satis-

}?;ctory due to the limited resolution by'the pa ing'material

LY +

of the high mo}eqular veight tail of these polxmefs(zs?3)f

The present attempts to estimate the mbleqﬁlar/weight disp;
ributions of thé synthesized'polyaeryiamidgs by GPC were

also unsdcce;sful for the same reaéon, despité the use of

the packing material recently developed by E. .Merck Co., | e
Dérmstaat, Germany, with a mean pore diameter as high as
1400 nm;. ?he columns were calibrated by the pquacrx;amfﬁgywﬁ
standards A and B, synthesized by Abdel-Alim & famielec 4407,
‘When the calibration liné thus oﬁta?ﬁéﬁ”ﬁas used to estimate
"the molecular weight distribution of a_polyacrylamiQe'with

a higher molecular weight average than these sfandards, such

~
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as any of those produced in Run (25-05-01), the polydisper-
sity was found to be 31gn1flcantly .less than 2.0, which is
1mpos31ble according to the free- raélcal polymerlzatlon
theory. - This, together with the fact that the leading por-
tions 5£ the chromatograms .for polymers with an estimated.

Mn ranging from 3.0 x 10% " 40 10.0 x 10° a1l started nearly
at a constant retention volume, indicated that the hydrody-
namic volumes of these polymers exceo?ed the exclusion limit

of the GPC columns.

?

Two methods have been 'proposed in the literature to
obtain N = from a moasufoment of [7ﬂ . Both ﬁ%ke use of
the fact that the polyacrylamides obtained in isothermal
free-radical polymerization in the absonce of substantial
amounts of a chain transfer agent will hové a molecular
weight distribution close to the Most Rrobablg Distributidn(1).
‘The proof of the above statement is detailed in Part II of
"this thesis,

(29, 50) makes

The first approach for .obtaining ﬁ
use of the fact that the viscosity average molecular weight
will always be con51derably closer to the welght average than
the number average, for any alstrlbutlon llkely\to be encoun-
tored in a high polymer(1). ’Therefore, bq.(I-BSQ is uéed
to obtain M from the measured [Yﬂ . 4nd, as\thé'poly_
dispersity of‘the Most Propablé Distribution is 2\0 ﬁw
is divided by 2.0 tofobtain ﬁn‘ Inspection of Lq (I-38)

)0.80

"with (M “replaced by %Zfﬁn)q’Sg' réxeals thaﬁ‘the
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net effect of this method is to use the following e%pression
to calculate ﬁn’

(M = 1.10 x 3074 § -8 (1-42-1)

Other investigators have argued that a molecular
welght exponent of 0.80 in £q.(I~38) is high in view of

the fact that water is not considered to be a "good" solvent *

for pdlyacrylamide(26). Furthermore,- Ishige and‘Hamielec(ZQBB)

" have shown that Eq.(I—37) predicted values for Mn in
close agreement with those obtained by electron mycroscopy

and by light scattering fqr polyacrylamides-With the Most

" Probable Distribution. Hence, several investigators chose

to use Eq.(I-37) directly to estimate En for polyacryl-
amides with the Most Probable Distribution(?8s31:33)  qpjg
latter approach was adopted in the present invest;gation. .

x|



IT. Kinetic Study of the’Solution Polymerization of

Acrylamide in Water Solution

II.1 . Introduction : The Properties and applications of

Acrylamide and Its Polymers

Polyacrylamide is a product of the polymerization of
. the vinyl monomer acrylamide, QH2 = CHCONHz. The monomer is

a white crystalline solid with a meltlng point’ oi 84.5 + 0.3
op(1)

. Acrylamlde undergoes the usual chemlcal reactions
associated with. the a%?de group and the double bond. The

’ 1
so0lid monomer is stable and does not need inhibition. Solu-

tions of the monomer are fairly stable below 5000(2).‘ Com-

Ao

prehensive reviews of the methods of’freparation of acrylamide
{moéomer, its properties, phy81ologlcal activity and uses have
been complled by Macdllllams(B) and by Leonard(4) .

In the presence of free radlcals, acrylamide polymer;zes
-readily to high molecular weight polyacrylamlde. The heat

evolved in convertlng monomer ‘to polymer was found to be 19.5

(ﬁgii)(12, Common initiators are pcrox1des, azo compounds,

persulfafes, redox ‘pairs, photochemlcal systems‘aﬁa X-rays.

Poiymérization in'aqueous solution 1is generally the préferred

(2) .

method commercially Sy Methods of polymerization of limited

commerCLal 1mportance include solid=state . polymerlzatlon

(6,7)

1n1t1ated by ionizing raglatlon‘ and heterogeneousfpoly—

D IT-1 . ; . /
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merization in which the polymer formed precipitates oup from‘
the reaction solution(s). ‘A‘polymerization technique'that
EE\}S gaining in commefcial‘importance is the so-called "Inverse‘
Zmulsion Polymerization". 1In this method the acrylamide is
present in a concentrated aqueous solution dispersed in an

organic medium in the form of small droplets with a surface

active 'atabilizer used to- prevent coagulation(9 10)

S

Polyacrylamide is a linear polymer with the normal head-
to-tail structure. Special prepaiation conditions must be
provided to effect significant amount of chain branching(11):
Whereas acrylamidefmonomer is soluble in water and many organic
solvents, the polymer however is unique among additlon polymers

s

in that it is virtually insoluble in common organic sblvents,

but appreciably=soluble in water. 'Solntions of high molecular

ﬁ!e“ P

weight polyacrylamides‘in water are extremely yiscous and their
viscosifieS‘veny,sensitive to concentration, as evident in
Part.I of this thesis,  °

Polyacrylamides undergo the typical reactions of
aiipnatic amides. The most important of these reactions are
those leading to ionic deriyati%es and those leadiné to insol~
‘uble crosslinked polymers. Thermost important ionic‘deiivanives
of polxacrylamide gre its copolymers with acrylic acid, lThey,'

may be produced by alkali or acidhydrolysis of polyacpylamide.

However, they are more conveniently produced by the copolymeri-

zation of aqrylamide with acrylic a01d or its salts. Part III

o

of this themis will investigate this copolymerization system.
% 0

¥
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The apblicatibns of polyacrylamide and its copolymers
with acrylic acid rely primarilj on the following c@aracteris-
. tics of these pélymers(z)
| 1. They are very high molecu;gf weight, stable polymers,
2. They are water-soluble over a broad range of con-
ditions and the copolymers are hydrophilic.. |
3, "Thevpolymérg are. adsorbed ﬁy particles or.by ex- .
"tended surfaces and'hydrogen bond strongly.
4. Crosslinking of the polymers caﬁ be effeéted.
Tﬁe most.important uses for polyacrylamide and acryl-
amlde acryllc ac1d copolymers are( 2)
1, Those associated w1th flocculatlng and settling
of aqueqQus suspen51on,‘malnly in the treatment¥of
waste- water(13)
2. Paper treatlng resins.,
Q. Gelllng or Stablllﬁlng for soils and muds.
: '4. Coatings, with acrylamide as a comonomer of the
thgrmosetting acrylic resins. 5
"+ 5. In drilling fluids and secondary oil recovery .
in the petroleum production industry. |
> The chemical ahd physical proper¢iés of acrylamide
(14,15) ppe

" polymers may be found in several references

‘technlques for. the chemlcal analy31s of both the aorylamlde

monomer .and its polymers and c‘rmers have been detalled a
by Norrls(1,). N | , IR '
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IT1.2 Theoretical Background and Literature Review

I1.2.1 . Agqueous Polymerization

Aqueous vinyl polymerizationbis eésentially a free-

radical chain process, as opposed to an ionic process. This
e

is due to the fact that an ionic ehain pfocess that produces
vinyl polymers is not sustainable in water due to rapid chain

termination to produce H® or OH™ ions that are impotent as

(17)

initiators of vinyl polymers
. LN
Of all solvents, water is unique in having a chain-

(18,19)

transfer constant of practically zero This partly

accounts for the high molecular weight polymers obtainablg in

aqueous polymerization(zo).

f
I1I1.2.2 Free-Radical Polymerization

‘[ A brief outline of the chemistry of free-radical
polymerization will be presented in this section. This model

.0 . :
has been described in detail in §everal textbooks. The fol-

lowing outline parallels th preséﬁtations of Odian(21)

Hamielec and Friis(22>. . :ﬁ

and

Radical chainfpolymerization is a chain redction
consisting of a sequence of three steps : initiation, propa-
gation and termination. In some\systems a transfer step may
parallel the above whree.

There are three major types of free-xadica} initiators
employe; in indugtrial polYmerizaéiéﬁ. These are the chemi-
cal, therﬁal and radiation initiation. Only chemical initiation

<
1)
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will be outlined here as it is the one relévent to thé pre-
sent investigation, and it is also the most widely used in
industry. The usual case is the homolytic dissociation of
initiator or catalyst species I to yield a pair of free radi-
cals. R: which can rapisiy react with a monomer molecule F ﬁo

begin the propagation of the polymer chain

ks %

I —=2 R , (11-1)
* k *

R, + M __“pe, R, | (11-2)

-~

where R? is the propagatiné(radical containing dne)monomer
unit, often referred to as "initiator radicai“ or "primary
~radical", kd is the fffst—order decomposit%on Tate consﬁant
of the-initiatof.

‘ Propagation consists of the growth of RT by the suc-
cesSive additions of monomer molecules according.to the gen-

eral schene . '

k .
* *
R, +M —F>R . (11-3) -

where.k 1is the propagation rate constant.

+

p
Termination, with the annihilation of the radical

centres, occurs by bimolecular reaction between radicals.

Two radicals react with each other either by combination

(coupling)
. % * k . '
te
fp RS ] Prvs . . (11"4)_

or by diséroportionation,'in which ‘a2 hydrogen radical is

| ( |

e oo
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transferred from one radical centre to the other. The result
is the formation of two dead polymer molecules, one with a

terminal double bond

K
* ¥ td o ‘
B + Ry —T———¢>-r + Py . (II-5)

where Pi represents a dead polymer chain consisting of i

monomexr units.

-

Both modes of termination may occur simultaneously,

with the overall termination rate constant

?

ke o= Koo+ Koo | ) (1I-6)

Turing the free radical initiated:polymerization of
an ethylenic monomer, transfer reagtions may take place bet-
ween the growing polymer chain the initiatx, monomer, sol-

)
vent or polymer. These reactions may be represented as Ifollows

L2 R: + 1 _*Eiéa—f} + I*(initiator) (11-7)
R;-+ M __Eﬁﬂ;»pr + M (monomer) (11-8)
R: + 8 w—E§§>-Pr . s (solvent) (IIf9)
‘R: + Py ~E£Ef+—Pr + R:‘(dead pol?mer)‘ (I1-10)

-

where I*, M*, S*, and R; are called transier radicals. The
general mechanism Prdceeds by th® transfef of a hydrogecn or

a halogen atom from an inactive molecule to:the growing chain.
ﬂThé gréwing chain is terminated and thearadical activity is

4

- e
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tran§ferred to the hydrogen or halogen apndr. ‘ ;
In order to make an analyéis of the above reactions
tractadble, the f&ilowing assumptiéns are generally made
1. All the above-reactions are elementary,
2. The intrinsic reactivity of = r;dical is inde-

pendent of its molecular weight and of conversion. This
‘ P ; . ¥
permits the use o;/&’single rate constant for each reaction

which depends only upon temperature. R

5. The average chain length is large. This implies
that the monomer consumed in reactions other than propagation

is negligible in the calculation of total monomer coﬁsuﬁbtion

and polymer production, This assumption is usually referred
to as the long chain approximation (LCi)._ -
4, The stationary state hypothesis SSH is valid for .

all radical .species, This permits the reduction of a set of
Vs w3 :
ordinary differential equations to a set ol algebraic eguations,

- Y]

5. Volume Eontracfion during the reaction is ﬁégligible.
Using the above assumptions, the set of chemical
equations (II-1) to (II-10) is analysed in detail in Appendix

(11-1). Only the résulting final expressiohs will be presented
béiow. | ‘ 2 ‘
II.2.é.1 Polymer Production Rate rgﬁ;a”ﬁggéh3Reactor

The abové system of equations yields a ;éte'pf poly-

merization, defined as the rate of menomer consumption, egual to

' 2105 , . o
e - L P e (D00 ) )
s o .

where [I] éndu[ﬁ] are the concentrations of the init’

-
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monomer, re§bectively} and f-dehotés thé initiator efﬁiciency'
- which is defined ~as ‘the fraction of the radicals R: ﬁrodﬁced
_in the homolysis reactiéq“wﬁich_ini%iate poiymer phaizs,

Integration of’Eq._<£I~11) to -express the conversion-
time behéviour is sfra;ghtforward, except for the-polymer'
systems that eﬁhibit the so-cglled "gél'effec%". In @heée ‘
systems, the increase in.the polymer .concentration in the . -
reaction mixture with incfeasing cqnversioﬁ 1eéd§ to:an in:
crease inKViscosity; which results in a significant reduction
of the translatiﬁnql aﬁd segmental diffusioﬁ of radical chains.
Thepefo;e, reactions invdlving long radical. chains become'
diffusion Féntrolled. In‘such sygtéms kt will fall appreciatbtly
with monomer éqnversionl To account .for this effcct, a rela-.
tionship between kt and conversion is reqﬁired for a npmérical
" integration of @q.'(II-11) to be performed.

I1.2.2.2 Molecular Vielghts of'keSultinngolymers

Considering the case whete branching reactions. and

transfer to polymer are negligible, the following expression
for the humber-average chain lergth ;n is developed in Appendix

(11-1) ‘ . ’

v

LR SEL 2 [i}"“ o [r] rmy
Tn. p DI] o . kp 5 P [‘] ‘c.p [‘] : \

¥t is clear from Eg. (I}-11)'and kq. (II-12) that

[N

although The transfer reactions do not alter the overall
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rate expression, their erfect is to lower the molecular weight
of the resulting polymer., Expressions for ;w and [7ﬂ nay

be found in éppendix (II-1).. Thesk equations and their cumu-
- lative fo;ms are vefy useﬁui in polymer reactor modelqpara-
meter estimatian. They are especially useful for %he gé;elop—
ment of a strategy for molecular weight'contrbl.

-~ . s

11.2.2,3 Leviations from the Rate Axpression

A dependence of the rate &P on the monomer concentration
r.’ . . . . - ..
LQJ greater than first-order was otserved early in the study

of several polymerization sSystems, "including polyacrylamide:
4 @ M .

[

This has been genefally expiained using a more complicéted
initiation mechanism leading to a mbnomer dependent initiation
rate . ' The méchanisms proposed for -this'purpose may be clas=-
gified into two main cétegdrioa :_the_complex theory and the

cage=effect theory.

(2®)

The complex theory proposes the formation of a

complex between initiator and monomer, the rate of inifiatioh

is then determined by the rate of decompositidn of the complex.

K ) . , L.
. I + ¥ e T : (11-13)
* . k1 J *n . * : i
Tt e+ :{C . (11—14)

FMeking -the usual assumptions, this model leades to an exprescion

of the rate of polymerization given by

/2 1 v .. 1/2 s | ' '
2 x, R Ve [  (11235)

R kK {\v+—

¢ .
P k‘t 1, -+ i\c [m—] L 4

h

b
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This equation describes a change in the.order of the reaction

wifh Tespect to the monomer -concentration from 1.50 *o 1.0

w1th increasing .monomer concentration.

The Cage Lffect theory<24) proposee that whcn a cata~

lyst decomposes into two radlcalu, the ourrounalngésolvent

r

molecules form a potentlal barrier to theilr separstion by -

diffusion. 7The "caged" radiecals may then recombine with each

. ¢ -

other, may react -with & monomer moletule or may diffuse out
of the cage. The following eguations illustrate this kinetic

scheme, where the parentheses indicate species contained in

. N P
a solvent cage, -
- k. - - .

1 —2 (2 1) . (11-16).

* ‘k:{ _ )
(2 r,)) ——>F °~ - - (11-17)

K. :
(1)) —Z> - . (II-18)
() e —E T (II-19) t
e 1
X! '
R: b by Ee - . (LI-20)
X ' .

2A:~—3er1 . . (11-21)

The relative nagnltuce or the reaction r“te conotants

will determine the oepenaenoe on the monomor concentrat&on.
Y

C1f kﬁ<:; kxﬁ, and ma&lng the usual conventLonal assumpvlons,
1 3 ‘ ’ .

the feollowing expression for the rate of .polymerization arises

o

Y
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NS k,‘,;}’; o [1)" [n)° | (11,22)

> M ‘. . . ‘. 1

s . . \‘ . . \ “ » N . '_ .
Agalq the dependence on monomer cencentration. varies
. - * D7 .

Y
-

ﬁgrpm-a‘power:of 1.50 to 1HO 28 the moﬁbmer'concenﬁration in-
o ‘. T . .
. . . \ (e~
creasess | Thus the 1nterpretgtlon of klnetlc orders greater

-

* “than unlty 1n the ca~e :effect -model hlnges on the ddminance -

L4 . .
PR gdg uh@ roactlon between caced radlcals and monomer molecules

- .

3 in the cage wall Eg ,(Il 19) : ‘ o v
- We may note that Eg (11~ 15) and Eq. (II-22) are of

' the same form. The reason‘why the cagereffect theory was

DropOS@d is uha$ erfo”ts to detoct thp éxistenc¢e of a. complex

l

uhrou&h msltlné polnt comp051tlo melaxlonshmps or by -spec-

.troscopic éxamination |ave been conclusive; and although

KC , the equilibriﬁm cohstant in}sq. (11-13), experimentafly:

. N ’ -

1ncreaoes w1¢h temperauure, the negatlve .entropy changes usually

accomognying comolek formation woula predlct the opposite.
. {

IS 'Finally, an alférnat;ve concept, as §oc1ated w1th the
(2 5) '

cage- 91 fect theory, ‘has been propoood by ilioyes to explaln

omer concentra%ioh\ We have éhown

\

- the rate depencdence on

that when g'moleéul Is dlusocwated into two radicals in a .

liguid phasé, the retiicals may hndgrgo "prlmary recomblnatlon"

-

in the "Ca{e" in which they were formed, Eq. (II-17). “he

fragmento that elcape from tne "C°g€ under o random diffusive

) 27

displacements. I£ they re-encounte? each other théy undergo
"sccondary recomBination” qu\(II*’1) or may combine with radi-
. B \ . : LS

cals from other'dissociations.' ~noyes shows that a'réactiya
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" tration between 1.0 and 1.25. If K, :>>KO, apoc[m]*n?5,

. have been made using

Thesé includé‘%adiation initiation with x-rays, Y

.- 1I-12

free-radical scaveﬁger;-the mqpomer-—preéent ip:low concen-
trations, may compete-only with the'secondary reco bination ]
of oriéinal‘partners from a.dissociation. frimary recombi-

nation occurs too rapidly-for competition, except In a medium

uhat con51sts almost entlrely of very reactlve

does occur, lioyes shows that the fraction of ra § reactlng

with the monomer that would otherwise have undergon ‘secondary

recombination, i.e. the increase in efficiency of i itiaz}oh,

varies approximately as the square root of the conc ntrafion
«’ : . .

t

of the monomerL‘ Hence the total rate of initiaﬁion is given by

_ . o . |
Ry = Ko+ K [M]1/2 o . (11-33)
‘where KO and 'K.1 are consfént;.‘.%ith this rate of i itiat}on; -
the rate of‘po%ymerizatiph becomes. S
k ., 12)
; R, e Ky + x, {m) ) Bl (11-28)

and this defines-an exponential dependency on .monomey. concen-

A

o\\\

which is the experimental result found for polyacrylamide,

II.2.35 Kinetic Lata for Acrylamide Polymerization
. i /
Kinetic studies of the polymerization of acrylafide

m

a ‘number of different initiator systlems.  °

and -
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persulfates and~<azo compounds, Polyﬁerization was conducted

either in solutlon or in the solid crystalllne state. \A .

llstlng of many of these. studlcs hﬁﬁ been promﬁhed by fshlge{zo).

.The follow1ng is a review of some of those studies that _are

the most relevent to g@@ present 1nvest1gatlon.

: " Suén and Aossler(ZG) polymerlzed acrylamide, then
they extracted all residual honomer by a series of alternate

steps of precipitation in acetone and dissolution in water.

' Then; by”titrating for the residual unsaturation in. the'poly-

mer molecules and by estlmatlna the degree of polymerlzatlonf
byev1scometry, they estaollshed that every:'two polymer mole-~.
cules';ossess one deuble bono. Hence they concluded that the
termlnaulon step in the polymerizatioh of acrylamlae is to a

large extent through\&1eproportlonatlon. This conclu51on

8

-

has been generally accepjed by ubseauent 1nvest1gator;i’{
It hds also been conflrned when some of these investig
found that klnetlcs'baeed on term;natlon by disproportionation

gave better agrecement bétweeh‘the measured and the' predicted
) ) L . ) ]

%blecular wei*ht distributidns,.thah did those based on termi-

_natlon by conolnatlon. ’,

The most comprehenolve etudy carried out +o élucidate.

[ \ ¢

the reaction mechanlum of acrylamlde polymerizatlon, and to

evaluate the 1nd1v1dual rate constants assoclatea with it,

«3

. has been reported in & serles of four papers by Leainton and

(28- 31)

dliferent co-worhers . Lascd on data ag two temperatures -

-<é5bC andé 40°C), théy found the nrrhenlus exvreeelon for the

\
\ ) : =\

AN
\
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T )1/2 as follows

k
ratid —%7§ , in the units of (mole Sec) .. ‘ -

kw R * . : ' N
L5 = 57.0 exp(- 200 7 (11-25)
. *y ‘ . K

Y .
where T is in (°K).

~ k . ' - .
The ratio (—%75) eéxceeds that reported for any other
k ) ’

t " .
monomer 2). This medns the number of molecules of monomer
[ ]

polymerizea per initiating event is much greater fof acryla-
- ,

mide than for other monomersf It implies also that polymeri-
zatlon will be rapid and molecular welghts hlgh._
. The values predlcted by Eq. (II~ 25) have been generally

_accepted by subsequent 1nvest1gators. Fur hermore, in a later

_study(32), Dainton et. al showed that althoygh k_. and kt both

P
diminish by about pne order of magnltude as the  pH is chadged

-9
The Value .of the %atio,kfm, associated with the trans-

. . P , v ‘
. Ter react@oh to the, monomer molécules,‘is not as. unequivocally

from 1 to 13, the ratio k remains almost constant.
1/2 :
’ k

defined . When acrylamlde was polymerlzed in aqueous solution

(28)

by x and Y-ray 1n1t1atlon , Dainton et al. found Ken to

S ; ' ' P.
-6

be "not greater than 107 °" at 25?0. On the other hand, in

the hydrogen peroxide photosensitized pp}ymerizstion(BO),
Ken was-found to be 1.2 x 10-5; also at 25°C. Subsequent
X '

S . S S
" investigators have reported values for this ratio closer in

-t

A
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magnitude to the latter .of the above twd values reported\b&”

D) * |

\

polymerized acrylamlde iﬂ
k
the’ crystalllne ‘state and reported values for fi_ of 2 x QO =3
“ ) . D

_ at.ZSOC and 'of 6 x 1075 at 60°C. Using<the'initiator 44"~ )

RO _Dainton.
E (33)

Fadner and Morawetz

Dibyano-4~4' azo pentanoic aoid CavelI reports two slightly

different values for this ratio at 25°C, 1.6 x-107° (34) an&

. \
2.0 x 10 =5 (35) Other values for‘thls ratio will be reported .-

v
‘!
12

e R later in thls section,

- As mentioned before, water has & chain transfer cons-

(18,19)

“tant of practically =zero , and as no transfer agent .

S A AR e ey~
.

M "

was used in the present investigation, the last term of Eq. _~//
(II-12) may be neglected.

The transfer reaction to dead polymer was studied by
(36)

radio “tracer technlques It was concluded that at reaction

AL o - T o & ATy A T
.

temneraturesof 50 C or less branchlng was negligible, whereas

v KZA?‘

a gsignificant amount of branchlng was observed when polymeri- ,

Sy g

< zatlon was conducted at 78 C \1nd1cat1ng the importance of

transfer to dead polymér at hlgh temneratures. p

It may be. that in the great majority of_the kinetic

IR e e

studies performed, the reactions were carried out in a, batch
lreactor equipped with a dilatometer to measure the conversion »
history of the reaction. After fhe reaction was virtually

complete, the polymers were reoovered'and their molecular
3 ' \ o ..

weights measured. Therefore, none of thesé'sfudres proyide

. an& information on how the molecular weights change with

. v



)

II-16

'conversion. Furthermore,‘the molecular we}ghfs'measured for
~polyners recovered at hlgh conversions are the cumulatlve‘
ones integrated over the reaction time,- aSs indicated by q.
(II-A1-28) tﬁroggh (lI—A1-315 in Appendix (TI~1)., Therefore,-
fiftiné'these'moleculer*meights to Eq. (II-72) in order to
estiméte the reaction rate comstants is not rigorously cor-

rect.

! t

Two investigators have corrected for this shortcoming :

(5,20)’

1. 1Ishige by conducting the ponmerization

' reactioﬁs in small glaes ampoules that could be gquenched
consecutirely at different;fime inﬁervals, was able to meesurej K\
the change of molecular weight averages with conversion,- The: .
~initiator used in that study was 4-4" azobis-4-~cyanovaleric

acid. He found the\molecular weight averages to remain al-

’ mos%{constaﬁt with éonversiOn, monomer concentratlon and ini-
.tlator concentratlon* Only a change in temperature apprec1ably

affected tne molecular weights of the polymers produced 'By

examlnlng Eq. (I1-12) ke concluded that the transfer reactlon

..y to-monomer molecules waa ‘the prevalllng one 1n controlling

e

\

the molecular welghts of ‘the polymer. In other words, the
k .

term Ezm is much greater than all the other terms on the

A

D . )
right-hand side of Eq. (II-12). :Ishige reports a value of
kf'n ' —5 . ‘0 3 o [y i . .

—=— of 1.4 x 10°° at 50°C.
k ,
p . ' . - N \ i .
2. Kwengfu studied the polymerization of acrylamide

in' different aqueous media using different initiating systems

s

and reported his results in a series of six papers. With' A
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sodium metaperiodate as initiator, and at a temperature of
4000, the‘averége degree of polymeriéaﬂion'of the ‘'polymers

produced remained constant with conversion in neutral and

k4

acid solutions (pH@i?); whereas in alkaline- solutions, the
. ¢ . -

degree of polymerization increased remdrkably as-the polymeri-

zation_pfoceeded(37); The chain transfer constant to monomer

Xfm was found to be“5;8 x 1074 at a pH of 5.4 and 4000(39).
k Lo 0
D

With potassium persulfafe as iﬁitiator, the average molecular

L A P KOS Tt e v O
;’W~.~(. RS I AT oty

 _weights did not show a.systematic change with either pH or

conversion (up Yo 83% conversion), whereas when hydrogen per-

s,
]

- oxide was used as initiator, a dramatic increase of molecular
weight with conversion was observed at all pH(42); Unfortu- B
nately, .in the case of K2S208 and H202 initiator, Kwangfu :}

did\ net vary[l}or[ﬁ] to txy to estiméte the different groups

& 3 - aXUN s o et

of reaction rate constants in kq. (II-12).
;Ji i The dependenge of the rate of polymerization §; on
monomer concentration [M] and initiatqrcﬁncentratian [I]fhas

been investigated for.a large number of initiating syétems(go)

' The square rdot deﬁendency of RP on [I] s predicted by~ Eq. .
(II-11) has been consistently\observed in the. absence of a

~ -

linear terminator. The @'ﬁgﬁdence of o, ON [h] however was
M S (“"Q ol . ’

found to vary significantlﬁtgepend;ng on the particular initia-

4

‘ a .
" tor used. Ry was found to be proportional to [M] , with

taking values between 1,0 and 2;3, No aceeleration in the

rate of polymerization was observed at intermediaté conversions, -

indicating that the "gel effect" was not .present fﬁ»the case



-

- e AR R S A et BACH

e I

-

 1I-18

of solution pblymeriéatidn of acrylamide.

(43)

Riggs and Rodriguez investigated the polymeri-

zation of acrylamide with potassium persulfate (K 2 8)

\
initiator., They used a dilatometric technique to collect
conversion-time data. Thelr results were found to fit the

following emplrlcal rate expres51on

Ry = K, s [;]0'5 [1\1]1’2“5 |  {1I-26)

with the‘consteht k?'éS conforming to the Arrhenius expression

(11~27)

_ 11 16,900
Ky o5 T 1.70 x 10 exp(- Ty T)
(°K) and k, (2% ) e o
with T in K) and k in . The range of
125 moleO > nin. T

variables investigated was as follows

-3
i

30-~ 50 (°¢)
. 0,05 - 0.40 (Moles/1) -
= 9.5 x I0*4 - 5.2 x 10°° (tioles/1)

| e Y sum—|
-4 =

D ——, — ]
l ]

+ The auphors considered both the complex theory and the
cage effect theory to ekplain the exponentiel"dependenCe of
RP on [M]1'25J Qheugﬁ no conclusive evidence was found,‘
they favored the cage-effect theory for the same energetic
arguménts advanced above in Section (II.Z.Q;B), But phe
authors conceded that weaknesses are present in both theories
and that “"the point is not clear",

The'authors then ﬁroceeded to estimate, by viscometry,
the molecular Qeight averages® of those polymers recovered )

at the end cf,tﬁe.polymerization. :They found these averages
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difficult to measure and reprqdﬁce. Furthermqre, their
attempts,to use those measured molecular weight averéges are

not sgtisfactgrym The plots that the authors try to f£it their .
data to (Mv versus [M]O for all [I]O, and M [M ] =1.25 vs.[ﬂycani
not be derived froh the free-radical polymerization model,i h
Xq. (f1-12y,ueven when disregarding all transfer reactions

Also, the scatter in the above—mentione& plots was qonsiderable,

and the’ authors do;not draw any conclusions from them. How-

iy
’J L]

ever, their results do show a definite trend for the measured
molecuiér weight averéges to incréase with increasing [M]O
and to decrease with increasing [I]O. This would‘indipate,»
in this syétem, that the‘molecular.wéights of the formed

polymers are not~%pln1y determined by the transfer react;on

" to monomer. In other words, k m is not the only 81gn1flcant

s 0 kp . -

term on thé right-hand side of Eq. (II-12). This is contrary

to what Ishige(20> found with 4-4'-azobis-4-cyanovaleric acid

(ACV) initiator. This woyld seem’to indicate that either the
transfer reaction to X,5,04 is significant or that the rate
of propagatiqn‘nP is much higher with KZSZOS as,rpitiafor

than that with ACV. tiowever, from the experimental rate data

(20) (43)

presented by Ishige P

and riggs and Hodriguez is

comparable in both systems, with ACV giving a larger Rp than

K28208. On the other hand, no information is given in the
% .

literature about the magnitucde of the transfer constant kfi
to the persulfate initiator during the polymerization of

e L M,

~
s s ok sl "
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" ‘the following conclusions :

"studies

T

L 1120
Te ey :

acrylamide. we may also nqte that a substantial transfer

redction to‘thé ihitiator K2 5 8 is in apparent 6ontradie-'

“tion with the observatlon made by Kwangfu, that the average

degree of poLymerlzaﬁion dld not change with conver31on when

the polymerlzatlan reactlon was carried out in neutral and

~acidi¢ solutions. with reséo as, 1nit1étor(4?). P ‘ )

Examination of the above-mentiomedistudies'leads to .

o

1. There are extensive‘end-reliable‘data, collected

mainly by dilatometry, relating,tﬁe‘rate of pol&meriéatiop of

acrylamide to [M] and [I] for different initiating systens,

including K2 > 8‘ Any further contribﬁfzzn to ﬁhls partlcular

.

asnect of polymerlzatlon would- centre’ on 1nterpret1ng the fact

that for many of these 1nltiating systems,vR

p

to [b] rarsed tQ. a power higher than 1 0; the val&e predicted

by class1ca1 klnetlcs, Eq. (11~ 11)

HoweVer, for po@gmer
.\

reactor design purposes, the conver81on tlme hlstory can be

predlcted with reasonable accuracy for most 1nit1at1ng systems.

2. The srtuatlon is far fron satlsfactory wlth regard

to the kinetic parameters necessary for the predlctron and

control .of the molecular Welghto of @gsresultlng polymers hq.

marizes the values reported for

K-

p

(I1- 12) To illustrate thlS fact, the followrng tabIe sum-

kfm 1n the above mentioned

y *

is prOportlona;

2
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iﬁﬂ Temp. kOC) Reference
.‘ kp | .
‘;ﬁ>1o‘6 25 . Collindon; Lainton, and Hckaughton'2S)
1.2 x 107° 25 Dainton and Tordorf{?°)
1.6 x 1077 25 Cevell(34)“ A | i
7.0 x 1072 25 .. . Cavell and Gllson(DS) )
2.0 x 1072 25 " Fadner and Korawetz!33) |
6.0 x 1077 60 j/\‘ -1 Fadner and Morawetz( 3)
1.45 x 1072 50 (_ “Ishige<20)
'5.8'x 107% - 40 . kwangiu(jg)

Phe values reported for.kfm at 25°C vary by a factor
k ' .

:of 20, and at the higher temperatgre level of 40-60°C the
values vary\bx“e factor of 10, and this latter veriation can-
not be explalned by - the v\klatlon of temperature from one-
1nvest1gatlon to the_other. These uncertainties in the value'

of Eki‘m would cause differences of several orders of magnitude

~in the preéicted molecular weights of the resulting polymers,
especlally if the transfer to monomer 1s the most 1mportant
N one in determlnlng these molecular weights, as Ishlge reports(gol
3. Almost all of the studaes,mentlonea above gsed
visoometry’to determine the-aferage moleculer wveights of the
polymers produced. No provisions were taken to correct for

the non~Newton1an effects when estimating the intrinsic vis-

cositlies of polyacrylamldes having molecular welight averages

(20,28,30, 94),

of several million As we have proved in Part I
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of this-thesis, this practice may introduce a consiaeraple
error in the computed inkrinsic viscosities, rendering the
-values of "fm, based upoOn, these viscosities doubtful,.

P o )
4. The-fact that no estimate of the transfer cons-

L] * . . M
tant <fi to the .initiator K25208 is ;§ailable in *he litera-

b .
K .
p :¢ » . ) 3 -
ture of acrglamide polymerization is & seriocus deficiency.

KZSEOB is an important initiator, both when used alone'aﬁd
- when used in redox systems. As pointed out, the'transfér
;eactlon to K2 2 may account for-the fact that niggs and
Rod%iguez(4j) found a dependence of the molecular weights on
kpﬂ and [I} while Ishige did not. And, as-evident from kq.

(11-12), a knowledgé of ;2; is of utmost ;mportanée in poly-.
mer reactor design for thg control of the molecular weights-

of the polymers nroduced

5. It is 1mportant to resolve the apparent éontra-

dlctlon between .the observatlon made oy hwangfu<42), viz,

that w;th K252O8 as initiator, the molecular we;ghts of the

polymers were independent .0f conversion, éxcept in highly

alkaline agueous medla, and that made by ngbs and modrlguoz(43),

using the same lnltldtor, that the molpcular welghts increased

with increasing [M] and decreased w1th lncrea51nv [I}.

Hence, in ordcr to elucidate some -of the contentlous
points mentioned above, the present experimental investigation
was undertaken with the following objectives

A

1. 1o monitor the variation of the degree of poly-

S

<
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merization of the resuiting poljaary@amide @;th_[h]! ‘ )
[K25208], conversion and temperatyge. Thé degree of poly-

merization is to be determined by the four-buldb viscometer,
described in Fart I, to correct for the ghéar'réte effects.

2. From the above data, to estimate tne value of

the kKinetic varanmeter kfm and compare it to the ones reported
c - . . .
_ . ' p C X S )
-in the -literature. Also, an estiméte for _fi 1s to be founa
' k
P

from the sSame data for the acrylamide - KéSZO system, a

value that is,not ava;lablé in the literature. The variation

of both these kinetic parameters with temperature was.also to

» e

be fouhd.

3. To evaluate the Teligbility of the rate expression

(45)

.develdped by xiggs and Kodriguez 7 .for the acrylamice-~

K‘QSZO8 system, Eq., (II-26), ana that of the reacgion-rate
constant associated with the above expression, Lq. (11-27).
4,. f@ was hoped that a precise determination of the

T
bl

above kinetic parameters ‘would render the development of: the

free radical kinetic model complétE‘fbf'%hé‘éérylamide—h28208

aqueous polymerigation systems., ilence thissmddel could be .
used¢ in the desigb simulation and optimization,gf reactors
used in fhe industrial production of‘polyécfylamide. Phis
idplieé the ability to predict convefsion and molecular welight

avcrageé and distribution of.the polymers formed up to high
* - & N .

«

o

. , N { . [y
conversions, 7This 'would also helpito evaluate the relative

importance of the pertinent reactidn variables- yviz., temperature,

w

e

N

L S N

~ -

vt
T e,
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_ .
conversion; [r] ana\[ ]—1n tﬂe control of the moleculcr
weights of the resultlnv polyners.

5. -Heactlon cqndltlons ‘were chosen so that the
molgcglar weight averéges of tﬁe fesdlting polymers weré
fairly high (Hn:>1065..Thié~;mplied high [M], low [ﬂ~ ana low .°
temperature, Thé;é high molecularwe;ght"polyaqrylamides are
by far the most important commercially. Hence it was impof—‘
tent to ascertain-whether the kinetic model‘holds at these
conditions. ‘

~

. ° R -\:1
I1.2,4 The Kinetics of the Decomposition of Potassiunm

Persulfate in Aqueous kedia ' \ . . o

The kinetics of thg thermal'decomoositién of neséos

in aqueous SOonlOHS have been 1nvest1gated by Kolthoff and

(44)

Nlller ~They found that hz 08 decomnoseb th*ough two

different reactions
1., An uncatalysed symmetrical rupturé_GE\%he_O¢O
-bond to form two sulfate free radicals

- k1
. ——> 2 SO,

5,0 . (I11-28)

2. An acid catalysed reaction invelving the unsym~
metrical rupturée. of the 0-0 bond oé the HS2Oé'iQn to fgrﬁ
a ‘bisulfate ion aﬁd'so4’ ' ’ .
5,05 T+ H* ———k—z—->- 45,0, ——>=— 50, + H50 - (11—29).
278 - VY4 4 :

The;kineticF of the total thermad decomposition may
| ' ' ’

> ’

i B

| .

| S
| : \ , | .
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be exvressed.,

a’s. 0,77

dt
The reaction

,.](1

ky

The correspon
E
;
E
2
¥rom

it is easy to

negligible co

"and 2ilute ac

pH< 3 does. K,
aprreciable e
the present s
acidic §pluti

is considercd

orider rate expression,

a[5,057]

S
d

S,0g .}

Fi -

ty-the following equation. 3

N <

_ t i et . ‘ ._z
= (k, + x, [H]) (5,06 ]P : (11-30)
rate constanis'take the following values at 50 °C

-1

= 5.0 x 1077 . (min)
_ '__'j . 1 .
= 3.5 x 10 (mole min)

ding activation energies were found to be

]

33,5 (KCal/mole), '“f
26,0 (KCal/mole)
Ig.(II-30) and the values of k, and k, given,

N

demonstrate t@at;reactioh (II-29) will be

mparea to reaction (;}-28) in alkaline, neutral
id 'solutions. Only in acid solutions whefe.
é208 decoﬁpose through qqaction (I1-29) to an
xtent. And as &he polymerization'reactions inv
tudy were not carried out in such Strongly -
ons,thq.(II~29) may be neglected, and KpS,0g

to Qchmpqse‘accordiﬁg to tﬁerpseudo—first ‘

\

=k, [szoé’j R CsED

N4

fherefore, ir X is the fractional- conversion of

K,5,0

55,04 at-flme tx , the Iollow1§g expression holdg

IS}

)= kot . .. (11-32)
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Two temneratures were used in the present investi- - -

gation; viz. 2% C and 40 C. Denoting t as the time

.02
necéssary for 20 of the orlglnal K2 2O8 to decompose, this

time ‘was found tp be as indicated in the followihg table

s T (%) Xy min)” -+ t,gp (hours)
25 7.7 x 1077 440
0. 191 x D 31

»
- ¢

-

-+As all polymerizatidons were terminated in a time- less

than t 02 at each temperature, it is reasonable to assume

that xhe concent%atlon of K282O8 remainéd.virtua11y~constanﬁ

throughout the polymerizatlon reactiqné. In other Qords,

28 O has such a long half-1life that changes in its con-

.centration during the polymerization reaction'may be ignored,

Therefore [I] in equaxlons (11 12) ahd: (1I- 26) may be reblaced

by [i}o; the orlglnal concentratlon of K2 5 8 at time zero,

w1thout 1ntroau01ng a 31gn1flcant errorxr lnto these equatlons.'

It follews that Eq, (11-26) may be 1n¢egrated analy-

tically by seﬁarafion of variables. Performing this integ- &

ration and solving the resulting expressiodon for the frdctio-

- A

nal conversion .of the monomer we obtain

EREC) ezs (0050 (0% <. )74

O

X =" — = 1 - = - 4\‘ - 4+ 1

(I1I-33)

This equation was used, together with the value of

-
)

1.25 computed from xq.(II-27) to cescribe the conversion-

s,



e

time benaviour predlctea by the empirical relatlon Eq.(II-26),
devgloped by Riggs %nd ftodriguez: (43) This was compared to

the experimental conversion-time data obtained in the :present
4 ' s
investigation., -
Finally, substitufing the expression for .the rate of

polymerization RP found by Kiggs and Rodriguez, Eq.(II-26),

. . . : »
into the expression for the instantaneous number-average
chain length, Eq.(il—@?), %nd after\dropbing the terms corres-—

ponding to~terminatibn-via‘co ination and transfer to solvent,

the following equation is obtained

R 0.50 . C -1 '
= - E§Q k1 25 ££l6“7§ N+ ‘Eim g iil‘ (11-34)
e AR (1

-

Assumlng [I] to remain constant at its orlglnal value |

Q[I]O. aue to ‘the I?ng half llfe of K2 2 8 , and oubstltutlng

\

" for [m] in terms o¥ converslon X, we get

f ' . o

Co R, '[1*]2550 1 .
-}-?-n ’ ;i_. 1o25 [M] 3'75' (1 - X?C-ZS kp -
‘ . L. .
T I PO o (11-35)

J'kp r[ﬂ}o .(1 - X)

As pointed out in Appendix II.t , the cunulative ~
average for all tho polymers produced in ‘a batch reacton

up to any conversion X will be expressed by the fol oWlnc

equation



AT ST
. - .

P X .
o 1] < 2 [ RIS
.Tn . 0. Fn

. Substituting £q.(II-35) ingo

3:i1-28
- (11-36).

'Eq.(II-3é),Ithe'aﬁove

integration may be performed analytically to yield

I]OQSO”

X

o .

) é (1], 1nf1/(1-x)}
| IR TS
where,., o

o
1]
’ ~
Jlct
o,
w

'@

n
~ = ~ ~
IS o g g N

Cy = =%

P

_Equation (II-37) Was used to

the paramcters pM and C; .

7

o, (- (1 - X)9i255‘ + d

M
- (I1-37)
§
o . ,1" . !
o /{1"
¥ —
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I1.3 "Expverimental Set-Up and‘Procedures

N ..
st o

" II.3.1 Keagents

Acrylamide monomer was purchased from Eastman Kodak

.Company, Rochester, New York. It was purified by twice re-

v

crysfaliiziﬁé it oUWt of chlorofofm, then wasﬁing it with
benzene. The resdlting.crysyals'wefe.then dried in a vacuum
o%en atlroém temperature for 24 hours. The 5urifieq écryla—'
mide‘was stored, in the darkf in a dessicator over CaSO4.
Because-of its hygroscopic nature, tbe monomer was periodically
replaced in the vacuum oven at room temﬁgréﬁuré fo;'Several

hours, before solutions were prepared for each experimental

_run,

.- The potassium persulfate initiator was purchased
\ . A N _l ‘
from\“isher“sdrentific Company, Fair Lawn, New Jersey. It

o~

was qulfled by recrys a111z1ng 1t twice from twice-distilled

water at 60° C The cr stals were then dried in a vaduum

‘oven at rdbm temperature- for 24 hours. They werezalso storéd

“in a dessicator, in the dark, over CaSO4.

Water used ag a polymerization medium, for viscosity
meacurements and for the final rinsing of§glassware, was

doubly dlstlllea, the second distillation. belng from alka-

. line” pota531um per anganate in a Pyrex apparatus.

Cther reag nts were used~as.rece1ved.
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>

I1.5.2 Analytical Technioues

I11.%.2.1 Conversion lleasurements

AS

Conversion of monomer to polymer was measured gravi-

metrically. - The reaction was stopped by immersing’ the reaction

‘ampoule.in‘iiquid nitrogen, then the ampoule was broken and

its contents added to more than 10 times its volume of dis-

-tilled water together with 10 ml. of a 0,1 gm/1 agueous solu-

tion of hydroquinone. ‘Aitef thg'reaction mixture was thoroughly

»

mixed with the wateér and hydroquinone, the mixture was poured

. dropwise from a vessel providediwith a teflon stopcock at its

bottom, into methanol. Throughout the addition, methanol

was stirred vigorously by.a magnetic bar and stirrer. The

=volume of methanol used was at least ten times the total

volume of aqueous solution poured into it.

The precipitated polymer was filtered on a pre-weighed,

Pyrex brand, Gooch type, low-form glass filtering crucible

- CA
equipped with a fritted disc of -medium porosity having a

4;5 14 microns. The polymer was

nominal maximum pore size
then washed several times with methanol and acetone. Then
the crucible was pldced in a vacuum oven kept at 40°C and:

dried to constant weight. 1he time needed for drying the

‘polymers varied between about one and three days according

to the amount of the polymer recovered énd the physical state
in whicﬂ it was recovered (particle size, aggregation, etc.).

Oonvefsion‘was calculated as the weight fraction o0f |
thﬁlrépovered polymer to the weight of monomer initially

- -
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present. All the conversion-time data collected 'in the present

i Y
investigation are detailed in Appendix (II-2).

11.3.2.2 Molecular Weight Measurements

As described ip Part I of this xﬁesis, the number
average mcleculer weight of the polymers collected were cal~
culated from'their measufed intrinsic viscositiee at high.
shear rates using the emﬁirical reletion [n] = 6, 80 x 10 4M C. 66
The ‘four-buld Cannon—Ubbelohde v1scometer (size 50, No. S489)
illustyated in Fig.’(I 1), was used to .correct for the non-
Newtonian effects of the polymer eolutlons.

Sectidns (I-3%) in Part I'of tnis thesis details the

. description of the viscometer (I.3.2), its calicration (1.3.4)

and the procédpres followed in dissolving the pclymers and
in measuring their intrinsic viscosities (I.3.3). All the

v1scos;ty data collected in the course of this study are

. listed in Appendlx (II 1). .

I1.3.3 (Cleaning of Glassware R o~
To obtaln rellable rate data for polymerization reac-
tions conducted in glass vessels, it is absolutely imperative

to ensure the thorouah cleanllness of these vessels(19 28)

' together with the hlgh purity of thé ¢hemical reagents used

Also, it is generally recognized that solutlons of hlgh mole-
cular weight polymers should be kept 1n very clean containers

to ellmlnate the p0351b111ty of their molecular welghts, apd
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‘Yiscosities, beimg affected by any impurity oresehtl'.
Theretore, all g}assware ‘used in this- 1nvestigation
that was to come in contact with elther the monomer or the
initiator solutions, or later w1th the polymer solutions
(volumetric flasks,reactlon ampoules, dlfferent flasks and‘
- beakers, glass rods, the four-bulb viscomefér, ete.) was.
cleaned as follows : .
1. The glassware was soaked .for 24 hours in commer- "
cially available "Chromerge" cleaning solution (Manostat,
New York, N.Y.) that contain chromium trioxide mixed with
'concentrated s_ulphuric'acid.3
2, The glasswaré'wés then rinsed repeatedly with dis-
tilled water, then left to soak-in distilleo water foy two
" hours. ' . ‘
'3, The glaSSWare was "then rinsed seveﬂ%l more times

H

with dlstllled water and finally rinsed once with the‘tw1ce-
t b
‘distilled water used as a medium for pq}ymerlzatlon.

4, The glassware was then left to dry in an oven.

-

II.3.4 The Reaction Vessels or Amooules

Y

Thg polymerizatlon reactions were carried out in am~
poules made of Pyrex glass tubing and equipped with a taper-
ground joint at one end; Too ahape and dimensions of these
ampoulles ore illustfatéd&ln Figure (II-1). The neck of the

ampoul was made of thic -walled tubes to ensure equ sealing

with a torch.
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4
‘Fig. (II-I) The Pyrex Ampoules Used as Reaction Vessels

t

"W

»

. Taper-Ground’Joint (14/23)

/ -;i ( Inner Member
g’ ‘
-. Pyrex Tubing ] ,
- 0.D."= 9,5 mm
\" IoDo = 5.5 m
A
g .
v R
Q aa{?yrex Tubing
0.D. = 12 mm
I.D, = 10 mm
Y -
N
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The use of ampoules with the dimensions shown in
Figure (II-1) has been proven %o be satiéfactorj¢in‘échdéving
isothermallconditions during the polymerization of acryla-

-

mide in the same range of variables (conceptratiohs, tem-

. perature, eté.) used iﬁ the present study(zo) Thls was

L]

done by comparlng the conversion history of the polymeriza-
tlon reactlon when conducted in ampoules 1dent1cal in dia-
meter to the one in Figure (II-1) with that of the same re- -
acti&n when conducted in much.thinner aﬁpéﬁies (0.D. = 6 mm,

I.D, =4 mm). No significant difference in the measured

cqﬁversions was detected betweén the two methdds. Hence itx

. [
wvas concluded that 1sothermal conditions were achieved in-~

.

both cases.’ The rates of polymerization in the present

5

study are of the same order of magnitude, but somewhat smal-
\

ler than those reported in. the 'above study Therefore it

was safe to assume that isothermal conditions Weﬁehalso

achieved in the present case.. , ) . |

11.3.5 ueaerat;on Apparatus and Procedures

It has' been observed that freeze- and thaw technlques

commonly used for daaeratlng reactlon ampoules in polymer

chemistry were dllflcult to use for the polymerlzatlon of

acﬁ&iiﬁi?e since a con81derable amount of polymerlzatlon

oceurred during the thawing steps(zo’zé). bainton clrtum-

vented’ this difficulty by using a less rigorous freeze and

thaw teshnique, viz, by reducing the number of freeze ahd
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+'haw Ptens(2e)

Iohl?@ opted for a technique whereby nltrogon'
gas was- bubbl s througn the monomer solution and the lnltlator'
solution separately, then the two solutlons were mixed in

the required proportions in a deaerated reaction ampoule,

‘which was then immediataly sealed and %;ansported to the

constant temperature bath(2o ' . " ‘ »

the sccond approach, used by Ishige, wés éhosen for-
the present iﬁvestigation. The anparatus bullt for deaeratmng’
tne monomer Pnd initiator s&lutlons is schematlcally shown
in Figure (II-2) The aoparatus consxsts of a vaéuﬁm llne,

& nitrogen line and two So—ml. burettes (A and B in Pigure

(11-2)) containing the solgtlons to be deaerated. These

‘burettes are connected to the vacuum and nitrogen lines and

to one of the reaction amnoulés at a time. Letails of these

A

,cbnnecﬁioné ?or one of the purettes are shown in blgure (11-3).

"~ The vacuum line c0ﬂ31sts of a 51ﬂgle stage rec1procul
type vacuum numn, a llqubinltrogen tzan and a U- tube mercury
manometer. Th@ mlnlmum absolute pressure produced in the.
1ine‘Was about 10 mm Hg. This moderate vacuum was dellb9~
rately chosen to mlnlmlaé water loss through evapo”atlon.

N The nltrogen ‘line begins w1th a nltrogeﬁ’ges

pressurlzed«cyllnaer (Canadian Liquid Alr Ltu.,,montreal;

’
~,

P, ~ Hg Grade 1 - 20 ppm max.ﬂO2 content). The cylinder
is equivped with'a_pressure gauge, a regulateor, and ' a needle

valve for fine control of the gés flow. The "nitrogen-head

,

- indicator", illustrated in'Figure (11-2), foldows the

.
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v
<

Fig. (II+3) Burette and Ampoulé Connection to Deaeration Apparatus

B
b
<
v
. *

ke
D

) *» ' ¢ T1 - Ball ‘and Socket. Joing (1

———r
<

.
~

)
ke
.
ke

v

<

.

.

Net gty

A - 50 ml Buretre

S9 - Stopcock (2; ,
: 8 .\o

3
.

"T3 - Ball and Socket Joint (12/2)" |
< C, ’

S11 - Stopcock, i—bofe, Capillaryﬂgtem'(me)

7

‘ ).
*T5 ~ Ball and Sog?et Joint (12/2)

3 - Stopc0c§,'T—bore,
‘ Capillary Stem (2mm) . . f"
Taper-Ground Joint (14/23)

Quter Member:

Pyrex Capillary
Tubing (I.D.=2mm)

O
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pressurized Xé—cylindér,'and dji?hytging ﬁone than a T—tube.
» immersed to a constant devth in wétér. It seryed.the dual

purpose of a fine.indicator qf‘the Né pressure in the line -

and as a safety escape valve. As Qili be pointed 6u£ later

in this section, the ability-to control and monitO“ethe 32

pressure inside the line within certaln sn901f1ed llmlts

was essential for a successful deaeratlonrprocess. ;he ‘ni-
4 S~ N
trogen was then bubbled through a 5 % solution of Pyrogallol

>

in;é—ﬁ sodium hydroxide to eliminate all residual oxygen_in
the nitrogén gas. This gas was then passed through a U-tube

filled wiﬂh_aﬁ4indigating moisture absorbent ?Dieriée-CaSO4).

The emerging gas was %sed to deaérate the monomer and -initia-

tor solutions and the reastion ampoules. -
. By manipulating the fogrtéen stopcopks shown in

* .
Figure (II~2) either vacuum or hz gas may be apolled to dlf—

ferent pvarts of the ueaeratlng apparaﬁus.

L4

3

- . The deaeratlon pgpcedure was as follows :

1.; The monome; ana initiator oolutlons, at conoen—
“trations equal to twice those called for by/tng\gxpeﬁlment,
were charged in burettes A and Q, respkctively.» The'jagkets

surréunding,these bufettes were filled with a mixture of

«

-

water and ice.: :
2. The air*in. all the tubeo of’ the apDQratus wvas

repiaéed'by nitrogen through alternate stéps of application f

of vacuum ahd'refi;ling yitﬁ nitrogen gas. This vas reﬁeated

five times. ' L | oo -
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. 3

3. - Nitrogen was oubbled through the monomer and

|
!
the initiator solutlons for one hour. This has been proven |

to be adgquate to eliminate induetion pe:c.Lods(20 27) Luring%
op - 4

this step the pressure of the nitrogen gas had to be controlléd

\

accpfately, for if this pressure became too high, flooding }

conditions ‘occurred and the liquids were then carried over \

i
*
1

through the top of the burettes. On the okher hand 1f the . L
nitrogen pressure fell below the head of 11qu1d in the burettes,
the solutions escapea through the bottom of the burettes.
This was the reason why the "nitrogen-head indicator" Qas:
introduced to the nitrogen lines

4., One of the reaction ampoules was connected to

T A e~ T e s
7

the bottom of the llne through the taper ground JOlnt as

e -

shown in Figure (II-;). -Tpe ampoule was then 1mmerse§.1n
.an ice—bath' The‘air in the ampoul®e .was.replaced by ni%ro;
gen through a step 1dentlcal to step 2 aboyve. ‘, . ) 5
5. Known and equal volumes of-the monomer solutlon
and. the 1n1t1ator solutlon were 1ntroducea 1nto the ampoule.
For conversion measurements to 'be prec1se, it was essentlal
that the volume of each solutlon 1ntroduced into the ampoule i
be known accurately. Ience, the followmng procedure was '

- P

followed in filling the ampoules to ellmlnate "dead-volume".

erroro.

S-a. A moderafe vacuum wdsiapplied to the ampoule,
and ~the cabillafy tubihg betweén,stopcocgs S9 and 513,
,5;b. The moriomer solution fromubﬁrette'k_was allowed

' . [

3
|

3

i



': . .t c} ’ II.-4O
g ‘
to fill the volume between o9 ano S11,

RN

"~ 5-0{4 Tﬁe reaolng on the scale of burette A was re-

"-corded (Vo, éay), -\

5-d. 'nysmanlpulatlng stoococx $13, the'monomer So-

a

1utlon 'was allowea to flow slowly 1nto the ampoule; ”he flow~
was stopned when' the readlnc ob,ihe q'ale of burette A indi-

cated (V' + V), where v 1s\tne volume of the monomer solution

-~

. reoulreo by, the experlments
5-e. nltroven gas was allowed to £ill the tubes of

the apparatus between S and a11 and by manipulatlng Si1,

2 gasﬂwao allowea to push the monomer solutlon remalnlng in

N

the caplllary petween S11 aqd S1% 1nto the ampoule. ,

Ve

5-g. Steps'S-éﬁthrough 5-¢ were repeated for‘bgrétte

B to introduce an egual volume of the initiator conpentration

~
-

imto the ampoule. - . ' L
' /
5. The neck of tne ampoule was sielea ~-off by a torch

The ampoule was: then snaken a few times and transferred .into |
a thermostated bath malntalned at the requrred reaction tem-

perature. The same wateér-bath used for the viscometry. .mea-
.,

surements;‘énd-deécribed'in Section (i 3.3) of Part I of this

_thes;s was used when the reaction temnerature was 25°C.

o

Whereas in the case of 40 °¢ ‘an 011 bath eoulppea at the bottom‘
'with an agitator plate, pulsatea by a self—tlmlng DC electro-

magnet to c1rcuiate\the 011 in %he bath was useu.
e ‘ N v

7., Stepo 4 to 6 were repoated for . all the reactlon

. ampoules-in each run. ' CL
[} ‘s -

‘
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I11.3.6 onerlmental Conditions

¢

r<ollo\~11ng is the range of variables at which, poly-

merlzatlon reactions were carrled out in the present inves-

tlgatlon -
Tgmperature; T:{ 25-40  (°C) \
Initdal Acrylamide:Concentration, [H]O . ) if"
’ e 0,20 - 2.0 {g moles/1)

“Initial K23208 Concentratiod, [I]o

w1074 - 2.5 x 1077 (g moles/1.

Conversion, X : 0.10 - 0.90 (approximately)

¢

Each.of the experimental runs will be designated by

three hyphenated numbers of two digits each, The first number’

. corresponds to the tefiperature in (°c),. the second number

x. 10 in (g moles/1); whereas the third number

equals [ﬁ}p

indicates |I| x 10% im (g moles/1l). as an-example, ruh No.
sLolo &Y. ]

'25—05—10 was conductdd at 25°C with [mlé ='d.5'(g'molea/lz
and‘{l}o = 107 (g moles/1)., Each boiymer @foduced is daéig-
nated byithe three ﬁumbers corrgSpondiné to the run in which
it was. pfoduced plus a letter used to dist}néuish between
Dolymer° produced at dllférent conversion 1evels 1n the same

1

run. For e\?mpie, the polymers proouced in the above-mentloned»

1

run ho. 25-05-10 -are designated by 25-05-10-4, 25-05-10-3,

'.eto.,in order of increasing conversion.

The ch01ce of a relatlvely narrow range over whlch

LY

¥ \
[N]O was varled requlres an explanatlon. ' On the 1ow end,

",‘ AV

/becauce the caoa01ty of the ampoule was 11m1ted to about
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20 ml., [M]O could'not be decreaﬁod much. below 0,20

(g moles/l) and still-recover enough polymer to analyse.

.

~mven at an [M]O ot 0.20, not enough polymer was recovered '

at conversions below 20 - 30ic. And,os ong.of the main aims
of this study an to monitor the molecuiar weight change
with oonvérsion, {M}O'waé not further‘decreased On the ’
other hana,'[m} 'could not be increased beyond 2.0 (g moles/1)
‘for thc following reason. hlter addlng the quenched reactlo;
mlxture from the ampoule to ten tlmeS its volume of water
1nh101ted by hydroquinone, the polymer mlxture flrst SWelled

S
.w1th yater before gradually dissolving., At 10w conver51ons,

the dleolutlon process wastcompleted w1tnln 24 hours wfthort

the need for any meohanlcal stlrrlng. On the other hand, for

.

the polymer mlxtures obtalnea at hlgh eonver51ons to dissolve,

they had to be stlrred for.a con81derab1e lenpth of time..

¢

The time of stlrrlng 1ncreases w1th [ ]5 as well as conversion.
. For [H} 0, 20 dlssolutlon was complete within a few hours

~of stirring even at the hlghest conver51on. When. [M} = 0. 50

the polymer mlxtures obtained at conver81ons hlgher than about

80% requlred up to 2~3 days to dlssolve; ‘With [m]o = 2,0,

‘even polymer mlxtures recovered at about 40% conversmon re-

quired several days of stlrzlng whereas those obfﬁ\hed at

.

converu ons higher than approx1mately 80% required about two _

«

weeks of constant stirring to dissolve, - These prolonged

-

periods-of stirring may introduée a serious error in the .

- measured molécular weights. .The efféct of continuous

3



N

*the measured molecular weights, even those at moderate con-
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stirring of a2 polyacrylamide solution on itsﬂlntrinsic

viscosity has been reported By several investigators(20’45),

They found the lntrinsic visdosity decreased irrevefsibly
by an amount proportional to tne duratlon and the 1ntens1ty
of,stlrrlngn_ ThlS was attributed to polymer molecules de-

grading under the effect of the Shear rate applied to the

'solution. Therefore, in the present 1nvest1gatlon, tne '

largest*uncertalnty in the measurea 1ntr1n31c viscosities 1s

‘attrlbutable to this dilution step, and this uncertalnty is

larger for hlgher conversions and [h}o. Hence’ {M]o.could

notube.increased much'beyond 2.0 (g moles/l) without. rendering

-

. . . : 4 .
versions, almost useless., ©mven with [H}o = 2,0, it will be ’

seen that the intrinsic viscosities obtained fop-the polymers

recovered at the hivhest conversions are of‘doubtful value.

It must be emphasized that the step whereln the

! N

actlon mlxture from the ampoule was dllntea with water wa

dbsolutely necessary for a satisfactory polymer recovery pro-
cess, Simple addition of the original polyhef_mixture\to

me{hanol.resulted in the formation of a hard outer Iayer §
: I ; e

of polymer®*inside which the reaction mixture remained as a|

viscous monomer—polymer mixture in water. Attempts to dry |’

t
4

these mixtures- to constant welght in the vacuum oven were K

\

~unsuccessful, as the weight kept on falllng very- slowly for

more than a week, This is probably due to the slow rate of

diffusion of water through the outer polymer. layer,
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Table (II-1) summarizes the experimenfal conditions
for all the polymerizétion rans pefYormed in the present .
investigation. - ‘ . ‘

Table (II-1) Experimental Conditions for the rolymerization. Runs

-~

| IR AR T TEL

Run Nof Tgmperature . [h]o [I]o
(°c) (g moles/l) - (¢ moles/1)
25-20-10 © 25 ; 2.00 - 1072
25-05-10 25 -‘ 0.50 . C . 107
. 25-02-10  25° 0,20 07
' 25-05-01 25 . 0,50 C 0
©25-05:05° - . 25 0.50  5.0x107
25-05-25 25 0.50. 2.5 x 107
" 40-20-05 40 | 2,00 . 5.0 x 1074
40-05-05 40 . 0.50  5.0x 1074
© 40-02-05 40 ' 0,20 . "L.o x 1074
40-05-01 40 T o0 | 1074
40-05-15 . 40 0.50 - 1.5 x 1073
40-05-25 40 - . . a0 2.5 x 1070
? .

o~

»



’ ' ‘ I1-45

II—4"ResultS'and Discussion

A

Appendix'(IIf23 is a summarilof all the conversion
and molecular Weight measuremenfs carried out during the“
’ preeenﬁ invesﬁiéation. Fof eacﬁ runj the foliowing infor-
"mation is listed fnﬂconsecufive eglumns of each table in
the appendix. ' - R 4

1. The letter’ 1dent1fy1ng the partlcular ampoule
within the run.'

/) .The length of time, in hedrs,'that tﬁe ampoule
was left in the constant temperature bath, after the deaera-
tion prdcedure, allow1ng the polymerlzatlon Ieactlon ‘to pro-
'ceed before quenching it in liguid. nltrogen. ‘

3. The conver31on, measured graV1metr1cally, as
detailed in Section (II.3.2.1). h

£, > The predicted eonversion, based on the empiriaél
expression found by Riggs and Rodriguez) Eq. (I1-26), and’
their eerespending'reaction iate coﬁstant) Bq. (11-27).
Furthermore, by assuming the Kzszoscohcent}atien to remain >
constant dﬁring the coufse\of the reaetioe, the integré;ed .
Aform of the polymerlzatlon rate expre381on was uged Qiz.‘

Bq. (II- 33) ‘ _

v, 5. The ne;t two columns in the tables of Appendix
(11-2) iiét the intrinsic viscosities of the'polymersﬁ solu~
"tions extrapolated to zere shear rete and to high'shear rate,

respgctively.. These were measured by the four-buldb capil-

g

\
lary viscometgi\as detailed in Part I of.this thesis. 1hese ,

Y ' s '
. . .. o,
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data ape‘franscribed from Appendix (I-1).

6. The measuréd.number average molecular weight as
calculated from ©q. (I~37) wsing the intrinsic viécositieg
at high shear rates, The reason for this cho;ce Qas stated
in_Sectién (1.4.1) of fhis thesis.

7. Finally,‘iisted in the last column of each table,

*

"are the predicted cumulative number average molecular weights

calculated from the frée radical polymefization'model as
developéd in Appendi%k (11;1). The intggrated faorm of the
expfession, Bq. (II-37), was used, again assuming that the
concentraYion of Kgsgog remained consﬁaﬁt thrbughout the
course of the polymerization reactions. The values of the
kinetic pafameters“used in‘theSe calculafions an@ the reasons
for ﬁéing them will be‘detailed.below.
Figures (II~4)'£0 (II—15)°illustraté the above-~

mentioned data., In each figure, the.lower curve is the con-

version versus time relationship. The circles are the con-

_versions measured experimentally, whereas the solid liqe is

7

, * .
the predicted conversion history according to- equations

~~

‘(1143§5xand (II-27), The upper curVe in each of these figures

is the ﬁﬁ“versus time (hence, conversion) relamionshipf The

'squares are the average -molecular weights measured by vis-

cometry whereas the solid line is the predicted one according

'tO Eq. (II-57)0 . ’ . ‘

1

. v -
e f
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II.4.1 Reproducibility

To ascertain that both the conversion measurementé
and the molécglar weights of the resulting polymefs are

reproducible, the conditions in four of the experimental

v runs were duplicated, and, for each of these(runs, three ,

L g new polymers were produced at three different levels of

; o . conversion. These four fﬁn& were : |
25-20»{0

; 25-05-01

{ 40-05-01

and 40-05-25 .
The data obtained from these duplicate tests are
included in the tables of Appendix (II-2) with their respec-
tive runs, but under the heading of "heproducibilifx Tests".
These data are also included in Figures, {11-4) to (II-15).

The points representing these data are "filled in" to dis-

ingulish them from those obtained in the original runs,

3 ‘ I1I.4.2 The Rate Expression:

First, the conversion-time data were examined to

4

determine the exﬁression for the polymerization rate Ré.

T T« TR Ty

This quantity is important not only to predict the conversion

LIt 3

history (hence the production rate in industrial reactors,
3 " the heat to be dissipated per undit timé, etc.,) but also it
“enters directly into the expression of the average chain

' 2
- o . length of the resulting polymer chains, Eq, (II-12).

G o
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\ constructed to:estimate @ and [ ,respectively. Then the

“lated from Eq. (II- 26) and the ‘'values for the emplrlcal

) COnstant k

- . ‘\
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%
Heuce, an accurate expression for QP is essential for the
estimation of the transfer parameters Cy and Cy. | ‘
Examination of the rate data in Figures (II-4) to
(1I-15) leads to the following conclus1ons
- 1. There is. excellent reproduc1bllity of the rate‘~
data au evident from comparlng the points obtained in the

"reproduclbrllty tests" to those obtalned from- the origlnal
runs., = - / . ‘ -

2. There-i§ an excellent agreement betyeen the pre-

'sent data and the emplrlcal rate expression proposed by Rxggs

.

and Rodrlguez(43), viz. Eq. (II-33). It may be' noted that

the Jlowest tempefature investigated by Riggs and Rodriguez
was ,30°C and the highest [M] was O.40_(g‘moleeﬂi;zzﬁﬁiz

'present data valldate° their rate expression extrapolated

%o T = 25°% and (K] . = 2.0 (g .moles/1).

3 Hence, no effort was done. here to flt a general
rate expreseion of the form RP k [Fda [l]B. Normally,
separate plcts oY lgg*(R ) versus 1lgg [M] at constant [I]
and of log~(RP) versus log [I} at constant [M] wculd-be

N . ’ ’
value oﬁ.k would be calculated that would give the best. fit.

But due to the eXCellent agreement w1th the results of Rigegs
N

and Rodriguesz, herelnaxter the values Tor Ry will be calcu-

4.25 will be calculated from ‘kq. (II 21)

4. It may be noted that it is the 1ntegrated rate

v .-

A
\
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exoression, thV(II 53), that was éound to fit the rate
data very olosely. Thls has the further lmpllcation that
%he«éssu&ptioq made in obtaln;ng Eq. (II-33), viz. that
[I] remains substantial}y constant at its imitial value

[I]Q throughout the polymeriéation reactioo is Valid This,

" of course, was to be expected due to the extremely long . llfe

of K28208 compared to the reactlon times involved here.
5. It follows from.the above that thé 1ntegrated
expression for the cumulatiye number average chain-length,
(Iir375, is necessarily velid, as the only assumptions
made im obtainlng this equatlon, by 1ntegrat1ng vq. (11—12),
are the valldity of the rate expres51on Bq, (II-26), and
_that the initiator concentration [I]‘nemalns copstant, .both

of which were proved true. Hence, Eq. (1I-37) may be used

. to -estimate the values of the trapsfer constants C.. and.C

from the molecular weight data of the polymers obtained.

I1.4.35 The Transfer Constants

The next step in our kinetic investigation was to

. !

pérameters in Eq., (II-37).

use the moleculdr weight data collected to estimate the rest
of the kinetig/ﬁ

/
Exaagﬁztlon of the. molecular weight data in Appendix

‘«fIi 2) and Figures (II- 4) to (II-15) reveals the followxng

D

.. made by,Riggs_and Rodriguez

' d
characteristics : P

@ 1. The data tena to confirm both the observation

(43) that the degree of polymeri-"
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,zation deoreesed with increasing [I]O and with decreasing -
[M]O and the apparently contradictory observation made by
(42)

Kwangfu that the degree of polymerizasion‘remained

virtually constant with increasing conversion.. Both these
: < ‘ , )
papers dealt with an identical system as the one investigated

here, viz, the aqueous polymerlzatlon of acrylamide with °

potassxum persulfate initiator,

The only exceptlons in the present data to the 'second

«

of the above observations, are the polymers recavered in the
.runs where the highest initial monomer ochentratlon was used
(2 0 g moles/l), viz. polymers (25-20—10~J) and (40-20-05-G).
The molecular welght averages of these two polymers were
found to be smgnlflcantly lower than t)g “palymers recovered
at lower conver31on levels in thelr respectlve runs. 'But,

as p01nted out in Sectlon (11.3.,6), the step ‘where the
.contents of the ampoules were diluted with water requlred
for these two polymers, about two weeks of consts—\ stirring:

Hence it was impossible to know whether the drop in the

viscosity of these polymers' so

below, after the estimation of the values of the pafameters

in Eq, (11-37) is complete.
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. . #

% The reproducibility of the intrinsic viscosities,
e « . \

"hence of ‘the molecular welgnt averages, of'the polymers pro-
'lduced under the same experimental conultlons but at dlfferent

'runs ~ the "reoroduc1b111ty tests" - is satlsfactory. 'Thls .

can be verified by examlnlng thesé p01nts on hlgures (II 4y,

(11-7), (II 13) and (II 15).

A\

‘ZWe now proceed to estiméte the kinetic pafameters in

'Eq.NfIIrB7). As .mentioned before, the reéio k - has been

2

~ T . ' ’ Kl
expressed

found by Dainton and his coworkers(28) to be
by Eq. (LI-25) from data at 25 °c and 40°cC. Also, values for'.
individual constants kp and kt vere estimated at 25°C by the
r tatlng‘sector techriique, and the result was' found to con-
orm to Iq. (11-25). Furthermore, the ratio _27; was estima-

5(32) ‘.

ted at 25 c and at ph values from 1 to 13 Thls .ratio

was found to be almost conscant throughout thls range, and

© to agree.with nq. (II-25) bubsequent 1nvest1gators have

accepted thls result, and those who 1ndependently estimated

values for the ratio kg ) conf;rmed 1t (20). Therefore it
) .o ‘ ki ] -
was decided in the t present instance to use Eq. (II-25)
as given to compute values for the ratio kg .
¢ . . k

Bhe following tadble summarizes the'values, at 25°C

. and 40°C, of the constadts'kt. , computed from Eq. (II-25), =
o 2 ’ ‘ .

k
b

Ky 259 compuxed from hq.. (11-27) and of constantlv of

-

‘Eq. (11~ 37) which is the product df the prev1ous two constants.

o

»

:
R S RIPL

&

.\\
P o o Sy B A e =2k
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©

o : . “\ )
257 . 50°% o+ Units,
" : T .
—% T 4,73 x 10 ?J "3.71 x 10 ? . (Eﬂlg_EES:)

e L : |
*x 1,16 >c‘-’1o‘3 .54 % 1073 - (L )0'75‘( L
- 25 . ‘ mole’: sec.,

Cn ) '
g S . 0.25.
k' 5.49 x 10 -5 1.68 x 1074 (milev _
'\ o

Inspectlon of Lq (II 37) reveals that the Value of

the flrst term on the 'right S1de of the equatlon can, be

/
calculated at any temperature and conversibn. Hence,

‘/rearranging the equation to'read

-

, i . L
¢ I . 3 0025
ouﬂ"( = ) - 4,k'-[ Lo (o= 00%29)

T [m]S-7° X o
. - SRR . -
. I 1n (-—:——) /- e
Oy + C] Ul ~L= | (II-37—£7Af\\V
S _ m), x S
Which mayzbe written as E ‘ ~
Y. = Cy + Cp 2 % ) A(II-37-b)
h . . - i “ ) ‘
v e?et ] 1 . [I]S'DO (i*(1~X)O'25) .
. Y = Cum|{——1}~ 4 k! - , (II-38)
[M] 0.75 X
N . I‘r-l, 0
1 -
: (1], 1n ) “
and’ "~ 2= L, LRSS (11-39)
' . [M]o X - : 3 -

,Evi&éntly, the ffee radical polymerizétion,modal

predicts, for this particular case; a linear relationship

! n
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? « .

between .the variables Y‘add'z, defined by Eq. (11—58) and
Eq. (II-BQ), respectively. The slope-of this straight iine

is.the ratio. Xgi and the intercept is Ktm. *A11 the data

k
e P - - ) P
necessary for calculating the values of Y and Z, viz. Cum (%—),
h 3 S . \ -
k', [i]oy [M]O and X are either known or have beén measured.

Now remains’ the task' of quantitatively estimating the values
- ! - \ !
’Of'CM.and CI‘at the two temperatpresfﬁsed,

Appendix. (II-3) is a detailed presentation of the

", linear regression methods used below for 'the estimation of

Ciy and C;. The primary references are the book on etatis-.r
tical methods by Hlmmelblau(46) and the one on regression
analy31s by Draper and Smlth(47) ‘

g The estlmators for_ the parameters C“ and C pgesented
below are those obtalned by least squares. The assumptlons
‘made to Byetlfy'the use of the least squares method for

parameter estlmatlon are listed in Appendlx (II—}). Of all
thesé assumptions; the'one'most deserving of scru%iny here
is the one that stipulates that the independent varlable Z
1n Eq. (I1I-38), takes known and fixed values, whereas all -

the experlmental errors are ln the values of the dependent

'varlable Y. However, as IS clear from Lq, (II-39L, Z is

el

a functlon of the conver31on %, Wthh is measured experl-

N,
t

mentally, and is subgect to some experlmentel error. How-
ever, in the present situatlon, the 1east squares approach

is still Justlfled malnly because the error inherent in,

‘méasurlng the conver31onex hence in calculatlng Z, 1s

o . L]
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much smaller than the. error\lnherent in calculatlng Y. ‘This

P

is shown by the 'scatter=pf the rate data—the converSLOn

o

.steps

at dlfTerent concentrations and.shear rates.

\\

-

"largest relatlve error in the values of the computed molecular

»and the quantitatlve results “that Jrsue.

Yersus time curyes—-which is much smaller than the scatter

"of .the- molecular weight data. It must be remembered that’

R

whereas "the conversion is measured directly, the c¢8lculations

of the cumulative average chain lengfh'iﬁvolves the followingA

1. Measuring the viscosity of the polymer solution
2. Extrapolatlﬁg the data to hlgh shear rates , .
then to sero*concentratlon. T _,' Lo
3. Using Eq. (I-37) and the in%trinsic viscosity at
hlgh shear rates to calculate the numbey .average molecular
weight. |
o Each of these Steps introduces an error, and the

*

errors accumdlate. It is felt that, step 5 lntroduces “the ’

weights. due to the extremely wide range of molecular welghts
over which Eq. .(I-37) is used. Therefore it 4is reasonable to
assuhe that the error inherent in the determlnatlon of Y in
Eq.(II-38) is significantly larger-than the one associated

with measurlng Ze ThlS validates the least squares approach '

-
«

The flrst sten was to apply the least squares method

‘to Eq. (II 37~ a) The followmng table summarlzes the results

A}

thus obta;ned The equatlons used to obtain these results

‘-~ and thelr derivation are detalled in Append;x (11-3).

DR TS B
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Least SqﬁagpsA

Bstimates of . - - T = 25°% . T = 40°%
. . . . " _ _ _ .
C,y - 7.86x707%41.07x107® . 1820x107243, 28x107°
Oy = po1ex10742.38x107% L 2.63x107747,08x107%
Sum of Squares _
of Residuals . 2.62 x 10710 2.23,x 1077
Residual . '
. 2 \ : -12 . . -11
Variance, s“ 6.55 x. 10. ' ° 5.71 x 10
* +
Correlation ‘ SR . ' ' P
Coefficient ' . =0.670 © ~0.686
‘ The confidence intervals of 'the parametefs Cy and Cq
. PR

AN

were calculated at .95% confidence level as detailed in Appendix

.(Ii~3). The ihdividual confidence interyal for eaéh parameter

) . .
was calculated instead of the more accurate joint confidence’

. : D . - . .
region because of the moderate value of-the correlation, coef-

flclent at each temperature.

v

The next - step was to ascertaln that each of the terms

on the rlght-nand side of Eq. (II-)7 a) accountlng for the

‘transfer reactlon to the monomer and the 1n1t1ator molecules

reopectlvely, is statistically” slgnlflcant. In other words,

it was ﬁ%cessary to flnd whether the adaltlon of each of

"these terms to the klnetlc_moae1 resulted in a 51gn1f1capt'

3 o . ‘
improvement in the fit of the experimental data to the model

equation, or. does any of the two terms'simp%y fit some of the

“?andom errors inherent in the measurements and.. therefore can
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be ignored.

Al

For this purpose, trunqated forms of Eq. (II-37-b) -
~yere‘fitted.to the experimental data, and én analysis,of
variance was carried out petween the complete model‘Eq.
(Il~37-b)‘anq“the‘truncated one. Letails of this type of
analysis of variance as apblied to linéar regression, éome— g
times referred to as ‘the "extra.sum of squares pfinciplé";
are.detailed in Anpenaix (11-3).

First, to test the 51gn1f1cance of the transfer

reqctlon to the initiator, ‘the following equation was fltted

to the experlmental data x

Y = Cp, o . (11-40)
" where Y has been defined by Egq. (II-38). ‘Following the
procedure outlined in Appendix (II-3), the least squares

estimator for C, was found, at 95¢% confiderice level, to be

Least Squares

a
.

Estimate. of -  lp - 25% |  p = 40%

'éM | ' 9Q1Ox1o“6¢9.oox1o’7‘ 2.O4x10°5i3.68x10-6‘
sum of Squares | . S
of kesiduals . - 3.42 x 1070 5043 x 1077
lResidhai Vafiqncé P 8,34 x 10712 .1.36 X 10"10

y To ;er}orm.the ana1y51s of véglance; a null hypo-

thesis may be constructed, viz., T at Y is. unrelated to A i.e.

H : C,=.0
. O
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To be dble to reject this hypothesis at 95% confidence .

»

© .level, the following inequality must prove true-

(2) (e801 = 3868) > 1 o) 0 (ara)
where N is the numbef of .observations, 5SR1 is tﬁe eum'of
squares of the residuals fon;fhe ?runeated model, SSR2 is
the sum of Sduares ef the res&duals for the cemplete model,

and ¥ .95 (1., E=2) is the Eritical value of the F-distribu-

tlon that leaves 5% of the distribution 1n the rlght hand

. tall, w1th T and i-2 degrees of freedom.

As =42 at 25°Cand N=41 at 40°C, we find that for
both cases T g (1, N=2) is equal to 4.08. Computing the
left-hand side of the inequality, Eq. (II-41) at each tem-

perature, we find it to be

-

at 25°c‘-
10 ) -10 S L
2.62 x 10 X
. .
at 40°C ' ) ‘
59(5.43 x 1072 = 2.2% x 1077) 4
. , e L = 56,0 > 4.08
2.2% x 10

Therefore the, ndli hybothesié is reJected in each
case, hence it can be stated at 95% confidence level that
the transfer ?eactlon to 1n1t1ator moleceles is 31gn1f1cant;
Tt may also be noted that the critical values of the ¥-

distribution are equal to 7.31 and 8.83 at 99% and 99.5%
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confidence levels, resbectively. Therefore the transfer
reactlon ‘to Kgbzo8 canndf be ignored even at these higher
confidenég levels. Howeéer; at 99.9% confldence 1eve1 the
critiéal value for'the F-distrlbutlon becomes 12.6. Compa—
fingnthis value to the result ébﬁained at 25°C, we find
that thié is the highest poséible cdnfrdence levei at_whiéh

o1

the null hypothesis of C. = O may be rejecteds” At 40%
however; the nulljhypothgsislmay be rejected at even higher

confidence levels than 99.9%.

Repeating the above analysis of 'variance to test
the significance of the transfer to monomer term, the follo~

wing truncated model was fitted to the experimental data

‘As detalled in Appendlx(II 3), the least squares

estimate of CI and its 95% confidence’ 1nterval were found

fb be
.o o
= 25% -1 = 40°% :
Cp 1.58x107+2.2x10™ % 4.41x107743.91x107%
Sum of Squares ‘ . ' . . : .
of residuals 4,12 x 10'11 . : 1,54 x 10-19
| a9 o9
Residhal Variance - 1,69 x 10 5.37 x 10

Now the null hypothesis becomes
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The same 1nequa1fty expressed ‘in Eq.(II- 41) must
‘hold true to reject the null hypothe31s. Lomputlng the left
side of this 1nequallty as before, it was found to equal
218 at 25 % and 55 at 40 . Comparing thesebvalues
Qith the critical values of the F-distribution listed before,
it is clear thet the transfer to mohomer reaction is statis-
tically significant up to; and aBove, a confideﬁce'level
of 99.9% at both temperatures 1nvest1gated

Therefore it has been established that both the
transfer reaction to the acrylamide monomer and the one to
the_potassium pefeulfete initiator are significant at both
temperatu;es inves%iéated. Hence it is the complete form
of the .model, expfessed by Eq.(II—B?), that should be used
to predict the cumlative molecular weight averages of the
polymer molecules. Using this equation with the kinetic
parameters associateé.yith it, it was poesiele to calculate
the predicted number average molecular Qeighf as it changes

with conversiod for all the experimental conditions used in’

“the present investigation. These predicted values are listed

in the tables of Appendix (II-2). 4ilso, the preéicted En
versus conversion (hence, time) curves h@ve been drawn as
so0lid 1ine$'in the upper portions of figures (II-4) to
(II-15). Comparing these bred?cted values to the experi-
mentally determined numbef.averagexmolebular weighte as

illustrated in these figures, it is clear that the agreement

is satisfactory for ali the experimental -runs except for
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run No, (25-05-01), In this run, the predicted'molecular (
weight averages agze uniformly smaller in magnltude than tKﬁé
measured ones. These exnerlmental values for M are re-

La}

Droducmble as evidenced by the corresnondlng "reproducibi-

lity test”.

A possible explanation for this discrepancy between
predicted and experimental molécu;ar weights lies +in the
fact that the polymers. formed dufing these exberimental
conditions had the highest intrinsic viscosities of all the
polyﬁers formed throughout this investigation. As the empi-
rical relationship used to calculate the molecular weight
averages from the corresponding intrinsic viscosities was’
developed using polymers having molecular weight averages
less than 106’<29), it would be expected that the error
introduced by dsing this relationship to ealculata}iﬁn from
the intrinsic viscosity will be the 1aréest for the high
molecular weighf poiymers formed during run (25-05-01), 1In
addition, due to the extreme curvature of the Qiscosityr
shear rate daté of these high molgcuiar weight polymers, as
made clear in Fig,(I-2) for polymer (25-05-01-G), the error
intfoduced by extrapdlating the, flow data to high shear
rates will be 1arger for these polymers. This'would explain

‘the con31aerable ucatter exhibited by the molecular weight
averages during this run, It has alsq been 9b?erved by

several investigators studying the flow properties of high

"

polymérs(48f50) that the logarithmic dependence of the

g

.o o s gy i ApEROA
{g;v;»m”f-mwlw
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apparent viscosity of a polymer solution on the molecular
weight of the,p&lymers, at'e fixed concentration, was linear
up to a critical ﬁolecular weight above which the straighf
line showed a sudden break and increasea in slope. This

is generally attributed to the Snéet_of polymer chain "en-

tanglements". If the line describing the viscosity-molecular

weight relationship below the critical molecular weight was
extrapolated to the region above the critical molecular

weigﬁt, it will predict, for any particular viscosity, a

molecular weight that is larger .in value than the true mole-

cular weight. Such a phenomenon would explain the fact that

all the experimental Nn calculated from viscosity data for

the high molecular weight polymers formed during run (25-

05-01) were higher than predicted by the mo@el. However,
addltlonal data is clearly needed to confirm thls argument.

On the other hand, an explanation can-be given now

for the apparent insens%ﬁivity of the measﬁred molecular:

weights of the polymers to the conversion at which tﬁese
polymers Were recovered. It is clear from the curves de-
plctlng the predlcted m versus conversion relationshlp
that the drop of m with inereasing conversion is moderate.
This is due to the relatively large effect of the transfer.
to monomer constant, Cy. This is esﬁecially true for runs

of high [n], and low [1],. Due to the fact that the mea-

——

. sured Hn is subject to a relatively large experimental

error, for reasons detailed before in this section, the |
: «
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moderate drop in ﬁn values with increasing conversion ap- :
parently cannot be -detected by viscometry. It may also be

\
argued that vigcometrf is relatively insensitive to the low

molecular weight tail of a wide molecular weight distribution.

As menpioned before, the values for. thé transfer

constant CI = kfi fo potassium persulfate during the poly-

merization of( " acrylamide are being reported here for the
first time. The wvalue for this constant presently estimated
at 4.12 x 10-74 at 25°C may be compared to the corresponding
value for the transfer ‘reaction to H202 ét 25Cb reported as-

5 x 10~% by Dainton and (Tordorf!39),

. On the other hahd, different values for the trang{er'-

kfm have previously been reported
Ak
in the literature, These P values were listed in Section

to monomer constant Cy
(11.2,3%), Comparing thése reported values at different
temperatures to the ones found in-this investigation,.the
following observations were made :

1. The value for Cy at 40 reported'by‘Kwangfu(Bg)

is 5.8,3,10“4, which is almost 50 times greafeg than the

_one presently found at the same tempefzkﬁié (1.20 x 1079

+ 3,28 x 10"6). ?his implies that the mo égzzar weight

averages measured by Kwangfu were several orders of maghi-

" tude lower than those measured in the present investigation .

under the same conditions. This is shown by the fact that

o.(42).°

when -Kwangfu used K25208Aa§ initiator at 40 ," he re-

"

ported values"for En ranging from about 1.8 x 105 to

b
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3.4. x 105 when [M]O and [in wefe equal to 1.41 and ‘lO-4

(g moles/1), respectively. The values of En predicted by

the present del and parameter values are of the order of
5 X 10" Furthermore, with [M]O equal to 0.704 and [I]O
to 9.7 x 10“5, Kwangfu's measured ﬁn values ranged from

-~

105 to 2.3 x 105 whereas the present model predicts valueé
6

“

!

The only plausible explanation for this,wide(discre-
péﬁcy in molecular weights is that a transfer reaction to
the 'buffering material used by Kwangfu to control the pH
of the aqueous polymefization‘medium occurred, but was not
accounted forlin his analysis. In other words, the last
term on the right-hand side of Ig. (II~12) was not to be
neglected. On the other hand, Kwangfu's observatiop that
in alkaline solutions the degree of polymerization incréased
with convefsién can only be explained by assuming that ng
chainabranching becomes significant at pH.:> T

2, Using the values for C, at 25°C and 40°C ob-
tained from the present data, the overall activation energ&

for the ratio Kem was found to be 5.24 (KCal,/mole). kxtra-
% .

D . . .
polating -to 50°C and to 60°C, the value of CM is estimated
to be 1.56 X 107> and .0 x 10'5, respectively. ©This is in

excellent agreement withN\{he value of CH reported at SOOQ

by Ishige(29) or 1.45 ¥ 1077, ©On the other hand, the value

of CMlat 60 °C reported by Fadngr and Mqrawefz(DS) of 6.0 x 10

(+
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is three times larger than the one predicted by the present
data,

It is extremely important to observe that the value
of, CM predicted by the present data at 50°C agrees quite

(20) at the same

closely with the value reported by Ishige
temperature. It has been shown in Part I of this thesis
that due to the dimensioﬁs of the viscometers used by Ishige
for ﬁeasuring the intrinsic viscosities of his polymer solu-
tions, the conditions were such that his calculated intrin—‘
sic viscosities fortuitously approximated those obtained by
éktrapolating the flow data to high shear rates., This latter
method was used- in the present investigation %o calculate
Wn. Therefore for the only investigator for whom ig was
possible fo‘ascertain that the shear conditions employed

were. close to those used here, the estimated CM was almost

. identical to the one presently found. This demonstrates the

influence of the shear conditions at which.the intrinsic
viscosities are calculated on the ultimate kinetic results,
Unfortunately, the 4nrformation necessary to determine the
shear rate conditions under which the other investigaters
measured their viscosities was not avaiiablq'té us.

3, Finally, at 25°C the present experimental data
) .

indicate 'a value Tor CM equal 'to 7.86 x 1070 +°1.07 X 10'§

Tainton et al.(zs) found this parameter to be less than TO'6,

whereas four othér'investigations§30’33’34’ﬁS),reported

- )
values for CM; ranging from 1.2 x 10 > up to 2.0 x 107,

, z
- >
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*

None of these values lie within the 95%sconfidence interval

found here. Apart from the possible effect of shear rate

.

on their viscosity data, two more observations can be made

-

to account for these discrepancies.
rirst, the probédurg followed by all the above—men¥
tioned investigators was to use one measurement of the ave-

Tage molecular weight at each set of experimental conditions,

~
- 2

either at very low conversions or at very high ones, and this

data was fitted to the expression for the instantaneous *

number dverage-'chain length, Eqg.(II-12), with‘RP, [M]-and L

[i} taken at their original values at zero conversion. \
Therefore each experiméntﬁl run yielded one molecular weight
obséfvation and consequently the ﬁumber of data‘poinps used
to it the equation’ was &ery limited., -For example; Lainton
and Tordoff(Bo)'used five datahﬁoints to esPimate the two
parameters CN and CI (to %202), Similarly,‘the-numbep of ,
points used by Isﬁige(207, Cavell:and Gilson<35) aﬁq Kwéng-

» 2

fu(sg);we?e'eight, seven and six,respectively. On the other

hand, in the present investigation,lthe integrat?d expression

for the cumulétivé é&erage ?hQin length, Eq.(II—B?), wheréj

conversion apvears expligitly, was used for tﬁe‘first time

to fit.the date. This permitted the utilization of all the

ﬁoleculér weight infofmation gaﬁhebed at different conversions
M

within every run to estimate C,, and CI' _Therefore the data
. -« ’ . : .
was much Yhore extensives as 42 points were used to estimate

N (o] <
the parameters at 25°C and 41 points were used at 40 C.

N

)

“
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Although the’ previous repor?s did not pro&ide the hecessary
informatidn wherely the confidence intervals oi their esti-
matea parameters may be calculated, -one would expect that
Wluh such a2 limited ambunt oljdaba, these confidence inter-
vals would be rather wide, Ebis means that the confidence

-

intervals of their estimated CM and.the present ones may

overlap, which would eliminate some of the discrepancy bet-

ween their results and‘the present ones.

The second observation to be made is that:a number
(30f34’35) chose té use Eq. (I-38) to
calculate the weight average méleculargweight from the nmea-

sured intrinsic viscosity, then they divided the resulting

M, by 2.0 to estimate a value for the number average mole-

w
cular weight"ﬁn.“ In the present investigation, as in

several previous ones(20+,39,42,43)

, ﬁn was ¢calculated di-
rectlyircm Eq. (1-37) The discrepancy between the values
oi ﬁn estimated by these two nethoao 1ncreases w1th 1nc-'
reasing 1nt¢1n81c‘v1§c031ty, w;th Eq. (I-38) glv;ng the

smaller estimate of M_ ,,in the molecular weight range

‘investigatéd here. Smaller values for ﬁn lead to a

larger value for CM>’ as is evident from £q.(II-34). This

A I -

is actually the case for most CM values reported in the 5.

literature. . S _ :
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II.5 Conclusions

R

An experimental investigation was carried out on

N o

the poleerization of acrylamide in water with potassium
persulfate initiator in such conditions that the polymers
produced had a number average molecular weight in excess

of one million.:

"Conversion was meas¢;e‘ by gravimetry and molecular
welight by viscometry. For the fi;st time, shear rate éfchts
were accounted for by extrapo;atiév to high shear rates where

the polymer solutions approximated \Wewtonian behaviour.

N » . ' ;
"The present experimental rate data was found to agree
/

/

i

quite well with the empirical rate eXpression proposed by

Riggs -and Rodriguez(45), Eq.(II-26) and iq.(II-27).

Using this rate expfession to calculate RP sy to-

"gether with the walues of K reported by Collinson,
. : 172 .
k

(eg) %

Tainton and Mciiaughton , Bq.(II1-25), values for the trans-

fer constants to the acrylamide monomer and to the potassium
persulfate molecules were estimated at 2500 and 40°C. By
assuming;%hat the initiator concentration -remained constant

thrqﬂghout the course of the polymerization reaction, the

]

integrated form of the cumulative molecular weight expression

f

' ﬁq.(IIv37)j was used for the first time to fit the molecu- ' .

lar weight data. - Hence all the molécular weight measure-

ments obtained at all levels of conversion were used'to fit

the data and to obtain values. for C, and cI.' Both trans-
e and © . _

s A A e 2

Lk v

\
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fer reactions were found to be sfatistically significant up
to a confidence level of 99.9%.

: The vélues for the transfer constant t§ K,8,04 are
reported . here for the first time. Lowever, the Valuejdf

<

this parameter at 25° was found to be very close %o that
fepofted by Dainton 4dnd Tordoff<30) for the transfer to!
H2O2 Kmolecules at the same temperature,

The values presently found Xor the transfer constant
to monomer mbleculés.wgré found to be genefally.s?aller thén
the values repofted ip the liferatﬁré at the same temﬁeraéures.‘
However, the present value for bM extrapolated té SOOC
was found to bg.inwexbellent agréemeht ;ith that reporﬁed

by Ishige(Qo)

at fhat temperatufe.  The reason advanced for
the above onervations is that Ishige's viscometers closely
approximatedathe shear conditions employed én the;prgsent

investigatibn to,ealculé%e ﬂn, whereas the flow conditions.
used"by the other investigators were not reported and hence

could not be evaluated.. In addition, the empirical_éxpres-

sion by which the number average

molecular weights were

éaléulatéd from the measureq intrinsic viscésities'@ere not
the saﬁe for all investigators, thcklmust account for éome
of”thgse discrepancies. )

.The above observations clearly point to the need

for a uniform and standard method whereby non-Newtonian -

o

aspects of the polymer solution viscosities are accounted

for.. Such a method has been proposed in Part I of the
-
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present thesis and was used, for the first time, in Part II

4

to evaluate CM and CI‘

Furthermore, it was observed that in comparing the
values for the ‘transfer constants reported by different
1nvestlvators, tne dlfference in the expressions used by
these investigators to compute the molecular weight averages
from the intrinsic viscosities must be taken into account,-

- Fihaliy, it was concluded that the use,'yhenever
possible,'of‘integrated expressions sﬁch as Eq.(IIf33) and
Eq;(II*37), wherein conyersion appears explicitly, makes
possible éhejurilization of data obtained at all conversion
levels -to estimate the kihetic parameters. Hence this cons-,
titutes an improvement on.the‘current practice of using
differential-type expressions; such as Eq.(II-12) and kq.
(II-26), where only one experimental data point is obtaiﬁed
for each run. Eurthermore, the present method does not
require data collected at extremely 1ow ‘conversion levels,
where the relatlve error 1ntroduced by the presence of small
amounts of impurities in tne reactlon mlxture and by the

uncertainties inherent in the measurements of conversions

and intrinsic viscosities would be maximum.
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7

Appendix II,1

Development of the Kinetic Expressions for the

Free-Radical Polymerization liodel .

-

The following.reaction scheme will be considered in

the present analysis of the free-radical homopolymerization

Initiation
gl The initiation rate of primary radiéaIS‘R: in
g mole/{litre x sécopd) will be represented by R;. Keeping
'Ri unspecified renders the agalysis as general as possible.

RI is an instantaneous rate and will depend on teﬁperaxure,

concentration and time.

Propagation .
* k ﬂ * -
Rr + M "_‘E‘)'— Rr_";‘ ) r = 1,‘2,0‘90,<'m
. *
Transfer '
L X . *
R, + M fm P+ R, (monomer)
¢ k '- ' N
RD+ T —H 2+ RY (initiator)
. Xp x L
N s » - Y
R, +§ ——> P+ R, (solvent or chain transfer

‘ . - . agent)

With transfer to small molecules, it is assumed that

‘ *
the transfer radical R, reacts with monomer instantaneously.

Termination
. k

R* + R* hwlsﬁr- P
r S r

5 . (combination)

* ¥* ktﬁ B
R+ R, ——> P_+ P (disproportionation)

A1l the assumptions,liéted in Section I11.2.2 of

the present thesis are assumed valid, viz. the reactions .

O S
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are elementary, the steady-~state hypothesis (ssH) is Yyalid

for all free-radical species, the long-‘chain approxfﬁation
IS

(LCA) is valid and volume cqptractibn may be neglected.

Polymer Production Rate for a batch Reactor

The differential equations describing the time

variation of polymer-radicals concentrations are as follows

o= 1 .
. r=00
2£R11= Ry + (k.'[m] + K, [I} + kfs[S]) {R:}-(k {m][nﬂ)
‘ =2
=00 ’ ‘
-k, + ktd)[R;] [R;} (I1-41-1)
‘ r=1 .
r,>2 . ) \
R* * * 7 *
el i) - [ gl g [0 e[ (8]
g r=00 . ‘
(kg + xR ) [vr] . (1I-a1-2)
- r=1 = T

Summing the above equations with respect to r for r = 1,2,

.. 00 We get

* - 2
alw™l - . L
Tt Ry = (kg + k) [ﬁ ]

1

(I1I-41-3)

where [R*] is the total polymer-radical concentration

\

r=0Q '

2: (2] - (IT-a1-4)

=1

L]
[RY =

H

The SSH applied to Eg.(II-A1-3) yields : 7
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F{I £, (ktc + kt >> (II-a1-5)

Therefore, the total radical concentratlon is glven by
1

. * . ‘ 3 -
. , (7] = ( ) = f 0 (11-4126)
Ko * %ia ‘

The rate of the propagation step méy now be expressed as

. : 1 - : S
Ry B
o Bp= Ky (] . (11-41-7) o
« -td .

TGN a2 L

T

Ktc + k

Apnllcatlon of the LCA permlts the use of the above

express1on to calculate the total monomer consumption or

v

-polymer production

oy i R
I 2. .
.. . - g-[-i\—l] ="k [M} < : * ‘(II*AT-B)‘
dt . p k, + k
tc td -
| 'Aﬁd,in terms of monomer corversion X,
. - 1 ‘ .
. vt Rpo\3
In (1-X) = - kp- —_—) dt - (II-A1-9)
' 0 Ko * Keaf :

-
a .

kEq. (II A1-9) can be lntegrated glv n &he expression

j;_’ where, ' X = [M]o ~ [Lq

for RI, and the variatlon — if any — of kp

- with conversion (gel eftect, non-isothermal e

and ktd

ects, etc.)

/r %
/
N

- A:,a-a.wwvw"a‘fr»'fva-~“ywwgm2w¢%mwlm~; o~
.
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Molecular Weirht Distributions from the Kinetic Model

L v et I

Rearranging Eq.(II-A1-?) we obtain

2
(koo + Kgy) RY

R = L (II-a1-10) -7

! kS [m]? : ( e

¢ p i -
) Define the following two dimensionless groups :
% - : a = a B | (II-a1-11)
. = k2 ’M]Z “
A e p L

L L Ko Bp (1I-A1-12)
B = —=Z1ma2
ks M|

Pherefore kq.(II-A1-10) becomes

Ry = (@+f) &g . ©(II-A1-13)

/ Now define two more dimensionles’s groups

o _ Eem Ky [I]‘ Kes [S] A t(If~A1J14)
f > T kp‘ +zkp [M] ) “p [M]
s i ' a1
: o o = S (1I-41-15)

Applying the SSH to Eq.(II-A1-1) and ‘Eq.(II-A1-2),
solving for the concentrations of the radicals and substi-

Q tuting for Ry frop Eq.{II-A1-13) we obtain

T \ ek Rp Do+ £ ,
f ’[#1} = kp:{m] ’ T+ T +Q ;;5 :\:~ (II—§T-16)
And. [aIT”: [R:_}J o (II;A1-1%)u

The last equatdon i ecurrence formula leading to the

e T



result ‘ ///// ’ ) '{"/
ween W S

y ; ,'(II-A1-18%
5 Now we develép the rate exp;z‘ession'-for deadbpolymeﬂs /Jccording‘
to the kinetic scheme outlined before /
‘d[Pr} : " \ %
:i-:c— = kfm [H] K kfi [I] * kfs [S] ) [ﬁr] (,’/.
' ‘ j=r=-1 !
s ()] g, 2[5 [ay] (g9
j=1

~

Substituting from equations (II-A1-16) and (II-A1-18) inio

Eq.(II-41-19) to eliminate the radical"concentratiouﬁ/ﬁe

obtain ]
- afp
X 1 2 r s '
T = RP[T(T+[3)+-§Q(T+[))(1‘—1)1¢) .
' II-A1-20)
where the new dimensionless quantity T is déefined ;a.s
T/ =+ 7 ~
or | ) ‘ :
k.. R k.- k.. t1 k.. S =
. _td P _dIm _ _fi [ ] 4+ LS [ ] (1I-41-21)
TEE {M]é k ko (M) ok, M)
p | p P y P

In qu(II~AT-20’RT (r - 1) may be approximated by F,
. ~ .
wvhich is consistent with the LCa, Again, arguing that we

are dealing with high polymers,. ( T%ﬂ)~10'4, and the
C by

approximation [T—;—%—Tﬁ—] 2 exp(=( T+ [0) 5) is valid,
therefore Eq.(II-A1-20) becomes . oo

23

"‘5};“’; RP‘(T+,C~)[T+%-[3(-T_+ )r}exp[-\(“f\fﬁ)r«]\ﬁ
' a (II-A1-22)
\



the dei;nltlons of these averages as follows ' g
R 1 7 - oy
r = : = ——— C {II-A1-25)
n = r=c Ty o . . N
. z: w(r,t) T+ é? ' .
14 r N ¢ & ~
r=1 . .
" ) ' ~ ) ‘ L °
A _ r:w , \\ 2 ( T +32B) ) . . .
T, =° Z r wir,t)) = - : 5 . {II-A1-26)
~ p=f ‘ (T +B) : i
* oo . . * . - 0
P .:‘# ~ . Id

w(r,t) = (7 ;’b)‘r[T + % BT+ [ )r]ex;.)[-a—( T f'ﬂzt)r] A

S S © I1-90

’

The instantaneous djffierential moleculdr weight -

distribution w(r,t) is defined as the weight fraction of

‘polymer of chain length r prpducéd instantaneously at time t.

r
-
-

T w(ee) = T [Pr].) ‘.
Ry dt ‘ <

P
- afp_
Substituting from Eq.(II-A1-22) for “§f—— we obtain

(II-41-23)

%

v

/ L (II-21-24)
. - é
T The anstantaneous number and weight- average chain
e, LS

leneths of the total pol;mer produced at any "instant may be

found by direct 1ntegrat10n of Bq.(II-A1- 24) accordlng to

'°S{milarly, an expngssion\ior the 1nsta£taneoﬂg

‘intrinsié viscosity of the'hhpie\polymer produdéd at an&
" : . ;

instant may be expressed as
- : . = r=co-

4

-~ i " ' . ?

an i a . A " . . * ’
o) ke omE Y w,® T (Irmav-27)-
L e, - . r=1 . . i . - R - . . .
ot . ¢ 1. ) . - " . . -
¥ . » ;. - e ‘ @ - . * ) vy b
' ) - - . \': -
{ ] ' X . ¥ *
. ' - . - ) ’% . \

N
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where, K and a afe-thefﬁaik-ﬁouwink censtents
and Mm- is the moleéuiar weight of dthe monomer’

It must be emphasized that.‘w(r,t), ;n’ ?w and [7ﬂ
thus;derived are insfag#aneous values, correspondigg tb the
polymers being produced at 'a particular fime t. Therefore,iﬁ
a bétch reactor system, they must be integfated’over the reae-
tion 4time to obtain the _corresponding values for the final

polymer produced. These are called the cumulatlve values and

'are given by the follow1ng 1ntegrat10ns

33

‘where X 1s.the fractlonal conversion,

Q

. Cx .
" Cum [w(r x)] ‘%Jf w(r,X) di (IT-A1-28)
«.O . * : N
s ¢ _
X _ X . )
Cum_i_=_%f 1, ;f (7o By e o.
T 0 *n ‘ o (I1-241-29) -
‘, 1 X .2‘ X ( T;' 320 ) ﬂ
Cum - = < dx
. \ =X 5 X o T+ B )2 \
- : (I1-A1-30)
. X - . .
Cum = 'y [ | (II-47=31).
. /0 - © '

i

?he integrafion of the above equations requires the

’

v ‘ ‘o “{m\ K .
knowledge of the dependence of T and [}on conversion. These
equatlons apply to n9n~lsothermal as well as 1sotherma1

batch polymerlzat;ons. The 1nstantaneous equatloQS could be ;

applled directly to flowsreactors. , . ‘
. oL : | AN ' - -

~

1L
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A Special Case : Terminadbion by Combrnétion is Negligible~

Thls case is of partlcular 1mportance for polyacryl-
-amide, where ktc was found to be negllglble. Brom Eq. (iI -Al~ 12)
it is clqar that []: 0., and the instantaneous values of

the moldcular weight distribution, molecular weight averages

., .
and intrinsic viscosity are expreéssed as follows
AA . \

2

;V;;(T,t) = 721 exp( -Tr ) | (II:—A1-32>

) \ T = Tl o ~ (11-41-33)
‘.'Z'}_w i} % ' ) (1f-m-_34)

[77]' - ' K M; [(2 +aa) . (II-41-35)

- . T ’

where: I'(2 + a) is the Gamma function of (2 ¥ a). ST
" . The distribution descrlbed by Bq,(II- A1~32) often

occurs in polymer systems and is rgferred to as "“"the most

probable disfr;bution". It may‘be noted that in.this specialh

case where ktc = 0 , the free~radical polymerlzatlon mecha-

. nism ylelds a one parameter model, viz. 7' deflned by Eq. (II A1~21)

' It has been shown that acrylamlde polymerlzatlon

fails into this special case of k = O . Furthermore in

the aqueous solutlon polymerlzatlon of acrylamlde w1th potas-

’

L,
‘slum persnlﬁate initiator, the;rate of polymerlzatlon may

be expreé%ed’aé ﬁ; k1 é5 [I]o > [ ]1 .25 , and the tranfer

reactlon to water may be neglected.\Therefore Eq. (II A1-21)



)

reduces to

e ) [x]0-5 .k;m' K, (1] -
T = Ky, 25 [u]0-T5 * * X, DR (TI-A1 36?

w

~

k

2
P, P

It has also been shown that K25208 has a very long
half-1ife compared to the poiymerizatiqp times at the relati-

vely high‘monomer conceritrations used in the present study.

. Therefore [I] may be considered to remain constant at its,

- 4
original value [1]6 without introducirg a serious error 'in

the calculations. In this case, Eq.(II-A1-36) reduces .to

-

' '0 -0.50 ‘ ‘ N ’ -
T = x' [I]O L . oc. o+ oo [I] o
[M] 2721 - )% 72 M U, -x
. .. (II-A1-37)
k s
- _ %ta r :
' D,
L4 C = -]f-i:—n-l- - )
§ X
o
. oKy
B I k .
P Y

Heqce;_the cumulative number-avéiage chain length

for all the polymer molecules produced up to conversion X

may be found b&.subétituting"for T 'y Eq.(II-A1-%T7), into

Eq.(II-A1-29),.withfdQ ='0 , and integrating analytically

to get

v,

*
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[I]o.so (12 (1 - x)0+25)

X

‘ Cum {—%—] = 4 k' {M}8'75 : ‘ :

Q ’

' ¢ [I]o ln{1 1 X )' C(11-41-38)
Mo 1 [M] . ‘

In .the case wherethe assumption of constant [I]

does not hold, the integration of Eq.(II-A1-29) has to be

performeg’ numerically.

.-

WMW
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%Ppendix II.3 Linear Regression Analysis)

The General Linear lModel
Consider a mathematical model of the following form

with one dependent variables

n, = 2B .,¢) o (31-a3-1)

3

where is_the-dependent variable ’

i

vy O

is a vector of the model's parameters
1 is a vector of the iésfgendent variables
¥hén the model expressed by the above equation is
linear in‘the parameters é}, it can be‘exp}cssed by the

following matrix equation

’ - = X I8 (II1-A%-2)

— — —

where

13

is an (N x 1) vector of the dependent variable
where N 1s the number of observaZ?EEL

. .
is a (P x 1) vector of the paraméters, where

2‘ is the number of paraméters in the @odel

I

X is an (N, P) matrix that is independent of
the parameters Q in a linear model and is
Aoeeily, . -
defined by the following equation .
0 {Zu .
é— '= b . U. = 1,2,'00’N N (IIThj-'j)
: i A

192,000, P
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' » { _ .
Estimation of the Parameters by the Method of Least Sgquares

_réntiating Eq.{ITI-A3-5) with respect to each parameter ‘ﬂ

Sﬁppose~that N experiments were carried out to
. . /
collect a vector of observations Y “on the predicted res-

ponse ‘Q at diiferent values. of Qz For any observation u,

Yy = n, + €, poU = 1,200, (II-43-4)
. ) Q
where Gﬁ is the error inherent in the observation.

' In calculating the "best" estimates of the paremeters

A

in thé model, a cr;terion has to be chosen tgat thgse estimatiﬁ
must fulfill. The "least squares estimates" .of the parameters
Q y say é}l are chosen so as to minimize the sum of the
squares of the errpr %erms, or residuals, €£ for all the
observations. Thisﬂéum of squares of the residuals will be a
fuﬁction of the parameters Q and is defined by

u=N

§: (v, - n,)°
u=to . o (II-43-5)

s(B)

u=N
= Z (v, - (B, €u> )2

u=1

~
¢ The least squares estimates é} that will minimigze
S(B ) can be obtained directly for a linear model by diffe-
. i ) )
and equating the differentialg to zero, L

P A .
DS(fz) : : )
o/, 1

‘= 1,24000,P . (II-A3-6)

)
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\ RS
The set of P equations expressed by kq.(II-A3-6) are

called the "Normal Equations", and their solution yields the
A

least squares estimates Q of the parametexrs Q .

4

Statistical Justification of the LeaSt Squares Method

First we make two assumptions regarding the errors

Eu inherent in the observations

@

1. The errors Eu , hence the uncertainty, are c¢on-
fined to the values of the observations Yy * whereas the
independent variables Cu take fixed and known values., This
assumption is usually Justified on the basis that the yariance
ofl Yy is large in comparison to that of Cu .

2. The expected value of the errors is zero. Tﬂis
is eguivalent to the assumption that there is no sysﬁematic
bias in the‘obsérvations, and that the ﬁodel expfessed by V
BEq.(II-43-1) is correct. It follows from Eq.(II-A3-4) that
the e;pecmed value of any observation Yy is-’nu predic-
ted by the modél.

Granfed\that these two assumptions hold; it is pos~
sible'to prove that the éxaectedxvalue of‘the vector of the
least squares estima‘tors: ' Q 'y, is the vector of parameters Q

ioe. ‘..ln

5(

)y = B L (II1-43-T)

lb>

L

In other words, assumptions 2{1) and . (2) ensure

N ' » . R
that the least squares estimators are unbiasedi ..,
. { M .

Now we make two more.assumptions about the ermor

5
)
b,

5
N,
s,
iy,
- . - , i
s
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terms €u,’ viz.,

3. The.errors €u are independent random variables
which iﬁplies that the observations Yu dre also independent.

4, For all observations, the errors have a constant
variance 02 from the same brobability distribution.

Granted that assumptions (1) through (4) hold, a
theorem attributed to Gauss yields that of all estimates of

the parameters E; that are linear combinaiioné of the obser-
vations Y , the least squares estimates é? obtained from
solving the set of normal equations have, component by compo-
nent; the smallest variance. In other words, the least squarés
estimators in this case are the linear unbiased minimum
variance estimators. It may be noted that this conclusion
required no assﬁmptions abbut the shépe of the distribution
of* the error. terms. .
Now we make one more assumption about €u , Viz,

. 5. The probability distribution of the-errors is

the normal (Gaussian) distribution. This assumption, together

with assumptions (2) and (4) ma& be expressed as follows

€, ~ N(O, oc°) : (I§A3-8-)

with the complete sét of five assumptions granted as
true, ?hen the least squares estimaﬁQ{s also'becomg the maxi-
mum likelihood estimators of the paraﬁeters Q .‘Furthermone,
assumption (5) also implies that the likelihood function of

"the parameters é? given a set of observations Y and the

. - (
. | : | )
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\

probability Aensi%y functions 5} the responses Qj given a
set of parameters é? , are normal with a ;ariance equal to.
02 . This allows some statistical inferences to be made about
Q and 'Q (e.g.,t and F tésts, confidence intervals, etc.).
It may be noted éhat assumption (5) is rot as rest-
rictive as it may appear. If the errors can be regarded as
being the sum of many independent errors, the "central-limi%s

theorem"” indicates that, in many cases, the errors in the

observations will be approximately normally distributed.

The Least Squares Equations for the General Linear Model
By combining kq.(II-A3-2) and Eq.(II-43-4), the gene-
ral linear model may be expressed by the following equation

1 =x B¢ (11-23-9)

And the sum of squares of the residuals, S('E?), defined

5y Eq.(II—ﬁé;S), may be expressed as

s(B) = €€ (11-43-10)

where €' is the transpose of the vector "€ . The above

- two equations mey be combined to yield

s(By = x-xB)y x-x8) (11-23-11)

—

Lifferentiating the above expression with respect

to the vector of the parameters é!we obtain

\ .
S ds( B

—_— = =2 X' (X -

0 Q * F

By  (11-a3-12)

i
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Equating the result of the ‘above differential to
zero we obtain the set of normal equations whose solution
, A

yields the least squares estimators Q as

B - «

—

<

07 x (II-A3-13)

’

provided that (X' X) 1is non-singular,

These estimators have an expected value of

w

oY
’ By = B ‘ : (II-43-14)

o

and the following variance-covariance matrix,

Var ( g ) = (& ?_5)—1 o° (I1I-43-15)
v Each diagonal element of this matrix, Cii 0'2 say,
, ) . A

represents.the variance of the estimator Di- ,, Whereas each
non-diagonal elément, Cij 0'2 y represents the covariance
. between, the estimatars 'G-i and ﬁ . The *"correlation coef-

.

ficient" between each pair of es’clmators is defind by

‘COV(»Oi ' D)
i3 . (Var-(ﬁ.) Var( ﬁ) ﬁ

O
i

l .
j}; (I1-43%-16)

)2 ' ©

i1 JJ . [ A

[8
O I

(cC

The assumption that the errdrs are norr:)glly dlS'tI‘l-
buted leads to the conclusion that the para}u&\ers are also

nOrmally distributed as
A -7

B~x (L, @' ddH = -1

S N

fibd
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>

And each individual-parameter estimator will be distributed as

N
‘B, ~ N(B; . oy a?) (II-43-18).

which allows the following statistical:-inference to be made

about the value of each indiViduai Parameter”fﬁ”)
. )

-~ X j o
Bi - Bs ' :
~S

51 N(O , 1) 2 (11-43-19)

i

As the vaxriance }72 is not usuvally known, its unb¥ased
estimator s° (the error-mean square or the residual variance)
is used ;n its place. s2'is defined by

2‘\ -s(ﬁ/)

s = — = (I11-43%-20)
N-P
Aféer'substituting 82 for 672 , the standardized
Fal

Qi“will no longer be normal, but instead will have the slight-

1y more spread t-distribution with (N~PF) degrees of freedom.

A
B; - By :
=t (11-A3-21)

Pherefore, at‘a 100(1 -d )N% confidence level, the confi-
dence interval of each of the individual parameters will be

. A » 2 Jé ’
/ by * t_g_ (5-p) (Ciys ) (II-A3-22)

i

/ . .
The following is the application of the above: general

equations %¢ the specific models eémployed in Part II of.

this thesis . . . !
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1. lHodel : 7 = ﬁ1 + ,B2 b o

e

M, N
In this case, matrix X defined WyiEq. (II-A3-3) takes
— / vl

the following form, where N iékthe number of observations

~ soenf

3G 1 x1
1 X,
X = 1{. (1I-43-23)
1 Xy
Therefore, -
' - N 2 Xy
/ X'X = C AN (II-A3-24)
- X DI S

where all summations are from i =41 to i = N.

Therefdre

) ' ‘\ .
: £xf  -Ix z,t»/

1
- 2 x4 N |

s (II-43-25)
NZX? - (in)2 , /

, ) C .
Substituting from the above ipto @q.(II-A3-13)‘we-obtain the

least squares estimates of the parameters as

A

2

and A

b,

! ) - ) /3) " ;
4(-2,13 ‘A (% xlz 2 b - (1I-43-26)
NTxS) - (T x) o

0

(L) - B, (Zx)
N

1]

(11-43-27)

And, from Eq.(li;A3-15), after substituting §2 fOr‘CIZ,

- we obtain

Ny
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- V3 2
A Z X . ‘o
Var( B1) = ~ 5 2 5 g2 (II-A3-28)
- -\ N E:xi - (2 xi) _ ,
— - . .
var(B,) = 5 5 s (II-43-29)
B 3yxy - (X x;)
Where s> is defined by
. ) ) .
, A (y. -~ [] - 0. x.) )
g2 L vy L 2 _d (II1-43-30)
. : N - 2

And the cévariance between the two parameters is expressed by

- .,

- Cov([J1 , 02). = (1'1-33—31)

Now the varianées may be substituted into Eq.(II-A3-22)
to'obtéin the individual confidénce intervals for the para-

X .
meters [31 and []2 , agg into Eg.(II-A3-16) together with
' 2

ther covariance to abtain\the correlation coefficient.

# A}

2. Nodel : 7 = [, \\ (‘\

N\

In this case, the |general equations lead to the B

following results A s

N
A T Yy '
B, = —— . \ | (II-A3-32)
5 ( B2
2 _ y_l - < 1) - ‘ AR X
s° = e (11 A3‘55)

-

And at a 95 % - confidenge level,
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B
_:D >
1+

t oo 2
.975 (N-1) N (II-A3-34)

B, x

Ffor this model we obtain,

t

3. Model : n

A 2 (x, y.) °
B, = ——= (I1-43-35)
Z x{a
A 5 ) <
Ty, -~ B, x) , "
s? = o= ~ (11-A3-36)
And at 95% confidence level,
A 5\ 2 | :
Eo = By x tg75 sen) (Zx (I1-43-37)

*The Analysis of Variance in Linear Regression - The kExtra

.
N

Sum of Sauares Principle.

T b
¥y

Suppose that to a set of N experimental observa- -
tions, a general linear regression model of the following

form has been fltted

y = Q + ,O + oo + Dq xq+ Dq+1 qu F o

ces + l]p X, + € (I1-A3-38)

p .
The sum of squares of the residuals for this model

is (X ei) with ' (N-P) degrees of freedom. fTherefore,

-
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an unbiased measure of the variance CTZ is s? = (E:Ei)/(N—P).

Now assume that it is desired to carry out an analysis
of variance to determine whether the experiﬁental data warrant
the inclusion of any number of the indEpendent variables,

SaY  Xguq s Xgup sees v Xg . in the model. For this purpose,
the ing truncated model is also fitted to the data

—
S —

y = ﬂ1 X, + ,&2 X, + :":\ﬁa% + € : (II-43-39) .

The sum of squares of the residuals for the truncated model

will be ( 2262) with (N-q) degrees of freedom.
Therefore, ,the improvement in the fit of the mode&

to the data due to the inclusion of the variables Xq+1 ’
) §
xq+2 y ess xp may be represented by the increment in the

sum of squares of the residmals due to the deletion of these
variables. This "extra sum of squares" is equal to '
(X €§ - 2 Eg) with (p-q) degrees of freedom.
. If the response y 1is independent of the variables
deleted in Eq.(I}-A3-39),.then these terms should only fit
some of the random érrors in the oﬁservations and the reduc-
tion of the sum of squares of the residuals should reflect
. this faét. This implies’ that the quantity ( 262 - Ze;)/(p—q)
‘ will, in this case, alsd be a measure of the variance 672
of the efroré inherent in the observations.
Therefore an I-test may'be performed on these two

measures‘of the variance to test the null hypothesis that

the variables deleted were not significanht, i.e.
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Byt Bgut = Bao = v = By = 0

The ratio of the two measures of the variance will

have the F-distribution as follows

2 2
(Z€q - pr)/(p - q)

~ F(p~ , N-q)
(T€2)/(x - q) (pra :

If the wvariance ratio exceeds the walue of F(1-CI)
for the selected significance level, then the ‘group of

y X see x‘p makes a significant

variables X g1 q+2

contribution to the.complete model, Eq.(II-A3-38), and the

null hypothesis can be rejected at this confidence level,
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Appendix II.4 The Termination Rate Constant in Free-kadical

Polymerization.

It has been suggested that the termination rate
constant kt in free-radical polymerization is diffusion
controlled at all conversions. The following is a review
of the experimental evidence supporting this clainm.

'1. Hayden and Melville(51) investigated the varia-
tion of the ftate of polymerization of methyl methacrylate
(MMA) with conversion. In the initial stages of polymeri-
zation (up to 10% conversion), they observed a decrease in
the reaction ragé with conversion, greater than can be ex-
pected on the basis of monomer and initiator consumption.
At higher conversions, gel effect predominated resulting
in an increase in the réaction rate.

2. By varying 'Uo » the viscosity of the soléent
in which MMA polymerization was conducted, North and Reed(sz)
and Benson and North(SB) observed that Ik, decfeaSed almost
linearly wit? increasing no.

3, In some polymerization systems, kt was found
to decrease somewhat with increasing molecular weight. This
has been observed in the bulk polymerization of MMA and the
golution polymerization of polystyrene in toluene and of

polyoxyethylene in water(54).

]

The following is a review of the models that have

been proposed’in the literature to account for the above
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observations.

Cardenas and O'Dr&ﬂcoli(SS) applied the concept of
ﬁolymer entanglements in conjunction with free-radical po%y-
merization kinetics to predict the rapid increase in rate
and molecular weight with conversion associated with the
gel effect. They found that their model yielded reshlts
in good agreement with published data for MMA. The authors
then showed tﬁat chain transfer to monomer can‘greatly affect
the rate of polymerization and the molecular weight averages
when polymeriza;ion is subjected to autoacceleration due
to gel effect(56). Finally, the same authors collected
experimental data for the bol&merization of ethyl methacry-.
late and shdyed that ?hey conformed to tﬁe results predicted
by their mode1(37),

(58) proposed)a different model to account for

- Purner
autoacceleration in the rate of polymerization of MMA., 1In
it, he treated the macromolecules &s equivalent to uniform

rigid spheres with a radius that can be calculated from

R%Sir'ﬁﬁbérfurbed dimensi;?s. The gel effect is assumed to
© %

occur when the concentration of polymer reaches a critical

LY

value corresponding to close packing of the discrete mole-

(59,60)

cular spheres. Lee and Turner followed the polymeri-

zation of MMA by dilatometry and found the data to conform
. °

to the macromolecular close packing theory. It is interes-

ting to note that in their experimental results, Lee and

Turner did not observe the rate deceleration at low conver-
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ﬂ‘
sions reported by Hayden ahd Melville(51): - 5
The first attempt to model for this deceleration
at low conversions was dope by North and Reed(61) They - ®

experimentally showed fhat'this deérease‘in rate was a direct.

consequence of"an increase in kt for the MMA polymerization

system. They proposed a model that predicted a linear rela—

.tiogship of the forﬁ

k, _ : -
7. =1+ dc ‘ (II-44-1)
to _ i .

Where kt' is the termination rate‘oonsfant at any conver-

sion where the polymer concentration is C .and kf
2 - \ o
the corresponding v%}ue'at zZero convérsisn. The estimation

is:
of the parameter O allows the prediction of rate decelera-

tion duriﬁg the initial stages of‘polymerization of MMA.
62) -

.
.

Mahabadi and O'briécoll( proposed a different
model to simulate the same rate qgéa for MMA deglx with 1n
the previous paper. They improved. on the model by takldé
into acgcount the concentration degﬁndence of the llnear

expan81on factor ( and the effecf?

T that on the conversion
dependence of ‘kt’ This model allo predicted a llnear in- ¢
crease in kf with coriversion gt,&pw conversions, in an
expression identical to Eq.(II4A4;1). Howevé&, a mare comp-
licated expressien wés.used to estimate the'pérameter )

The reacting molecules were assumed mohoqispersed; having

a number of monome? units N, 'and Nﬁ-, respectively,

With NA =, 2 NB. ' ! R ' “ . A
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In another publication, Mahabadi and O'Driscoll(54)

proposed a model to account for the variation of kt with
L]

the solvent viscosity no and the molecular weight of the
polymer molecules. Agzain they assumed two monodispersed
polymer molecules reécting, with N§= 2NB . They obtained

an expression of the fqrm
5 (I11-44-2)

Where, F1 is a function representing the effect of fric-

1

tional properties and has no in its denominator.

~

And F2 represents the effect of excluded volume and
molecular weight.
The model weas found to predict reasonably well the

change in kt with molecular weight oggzrved experimentally

-

in bulk volymerization of MMA and solution volymerization
Ve

of polystyrene in toluene and of polyoxyethylene in water.

wvide ranges of conditions. However, neither an initial

Applicability to dcrylamide polymerization.

The polymerization of acrylamide does not exhibit
any of the phenomena associated with MMA polymerization,
viz. retardation at iow conﬁersions, acceleration due to
gei effect and a k. that varies with no and moleculax!
weight., &#Extensive rate data have been gathered for acrf%—

' ' ' : !
amide polymerization by several investigators, mainly by

dilatometry, using diffefent initiation systems and over
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decéleratipn nor”a later acceleration in raté has Seen
observed.’ Furtherﬁore, values for the parameter (k; / kt)
have been estimated over wide ranges of initial monomer
conce?zratioﬂé, hence no , and molecﬁlér weights of the
resulting polymers, .Consistent results weré alyays obtained,

indickting that: kt is not affected by these vagiables, e.g.

Reference 'fM]o ' o _6 12 ‘
_ M x 10 P )
_No., (moles/1) n . kt at 50°C
' (1/mole, sec)
?
28 0.1 - 2.0 0.7 - 6.0 .31
63 Ot 3ﬁ hag 101 OO 35 - O»c 77 30

5 ’ Oo28 - 2025 . 2.4‘- 408 28

-\
- )
Therefore it is not necessary, indeed it is‘impossi—:
\ ble, to apply the pfeviously mentioned models to the kinetic
data_collected for acrylamide polymerization. This is due
to the fact that the trends that these models were speci-
.fically developed to predict, are not exhibited in th;s
polymerization system./,lt'may also-be nqtqg that one of
these models predicts that fhe initial decrease inaréte is
more pronounced_when the‘moleculér weight of the polymers
‘produced-is high(62).f'Theref0re, with the extremely large.

molecular weights encountered in acrylamide polymerizétion,

one would expect that this rate decrease would be most

| pronounced. But this has never been .observed in practice.
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The aﬁove observations igdicate the validity of the
approach adgopted in the present investigation»for acrylamide
polymerization, viz., to consider kt to be independent of |
conversion, viscosity and molecular weight, and to fit the
data to the equaiions predicted by the classical free-radical
kinetics. The reasonably good fit between model and daté

over a wide range of molecular weighté further validates

this approach.

i met'm‘ DR IR TIPS 2 R S
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I1I. The Copolymerization of Acrylamide and Acrylic Acid

x .
III.1 Introduction

It has been observed that introduction of ionic
groups into acrylamide polymer chains renders these polymers

more effective in certain industrial applications(1). or

¥
-8
%
s
4
a¥
4
¥
=
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%
¥
]
%
&
)
g
3

these groups, acrylic acid and its salts are the most common.

These groups may be introduced by either alkali or acid

-

hydrolysis of the acrylamide 'polymer in aqueous solution.
Hydrolysis by alkali occurs in two steps,:a rapid reaction
up to 40 - 50% conversion, and a slow éecond‘stage, continuiné
to complete conversiyn(z)? . Acid hydrolysis is éompiicated
by the fact that an amide group adjacent to a carboxylic
group hydrolyses much more rapidly than‘5§her amide groups(s)

'However, these ionic derivatives are often produced
more conveniently 6& copolymerization of acrylamide with other ’
monomers. The copolymers with acrylic acid CH2 = CH~COOH,
with methacrylic acid CH, = C(CH.J-)—-COOH and theiX¥ salts are
the most common.

Acrylic acid monomer is a clear colorless liquid at

. room temperature which is miscible with water and several
organic solvents. It is a weak acid (Ka’= 4.25 x 10"5) and
exhibits chemical properties similar to those of acetic acid.

~In addition, it takes part in reactions that are characteristic

of a reactive activated double bond.

I11-1
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.neightouring carboxyls

I11-2

Linear polymers of polyacrylic acid %ay be pfepared
by the general methods used with other.vinyl monomefs. The
physical and chemical.properties of gerylic acid monomer and
its polymers as well as the rheological behaviour of these
polymers in aqueous solutioné have been comprehensively
reviewed by Miller(%),

Acrylic acid polymers are weaker acids than their
monomeric couﬂterparts. Théy are hard to titrate precisely
when dissolved in water alone. However, if titrations are
carried out in 0,01 - 1 N solutions of neutral salts, end
points are sharp and titrations are precise. Neu;ral'salts\
cause the increase in acid stfength by decreasing the'thickneés
of the ionic double layer around the ionized carboxyl groups
and thereby decreasing their effect on the ionization of

| (4) |

The applications of these copolymersiére substantiélly
the same as those listed in Section (II.2) for the acrylamide |
homopolymers. These applications are discussed in detail bx
Miller(4> and by Glavis(S). In these applications hydrolysed
polyacrylamides act differently than copolymerized material.
This is probably due to a nonrandom hydrolysis mechanism, (

The techniques for the chemical ahalysis of these
copolymers have been detaile&'by Norris(6). The number of
acrylamide molecules in a copolymer sample may be estimated

by the Kjeldahl method for the determination of total nitrogen,

while the carboxyl content may be determined by titration with

alkali in a neutral salt solution.

L]
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III.2 Theoretical Background and Literature Review

I1I1,2.1 The Chain Copolymerization Model -~ The
‘ (7)

Copolymer Composition

The foliowing model has been developed to predict
.‘the composition of a copolyﬁer by assuming the chemical )
reactivity of the propagating chain, in copolymerization to
be dependent only on the moébmer unit on the growing end
and independent éf the chain composition preceding ?he last
monomer unit(B—TO). |

Consider the case for the copolymeriza£ion of the
two monomers A and B. This copolymerization will lead to
two typeéﬁbf propagating species; one witp A at the propagating
-end and the other with B. These will be represented by

E-J

¥* * .
A and B y respectively, where m and n are the number
m,n m,n’
of units of A and of B on these chains, respectively, and -
* -
where the superscript represents, in the present case; a
-radical, but may also represent a carbonium ion or a carba-
. ' .

nion, depending on the type of polymerization taking plaqg.

The assumption that the reactivity of the propagating
species is dependent only on the monomer unit at the end of

"the chain leads to the conclusion that four propagating

reactions are possible, viz.
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k

A m,n T A > A m+1,n . (II;-1)
kP

* ab . %*

A m,n + B > B m,n+1 (I1I-2)
kp .

* ba . »*

B m,n T A > 4 m+1,n (I11-3)

. | kp o
* L Ppb S # v
B m,n +‘B | > 8 m,n+1 (I11-4)

It is these propagation reactions that determinge
"the chains composition, independently from the initiation;

transfer and termination steps. In the general case of N

~r

monomers copolymerizing, a total of N2 reactions and rate j

constants are needed,

There is some evidence which suggests that in copoly-

merizations involﬁing highly polar or sterically hindered
monomers, the four propagation reactions given above are not
sufficient to describe‘the development of the microstructu;e

of a growing chain. Apparently the rate of additiop of a -
monomer will then depend not only u%on the type of the monomer
unit at the growing end, but also upon the %onomér type in .
_the.penultimate position. This greatly complicates any énalysis.

However, the simple c¢opolymer equations based on equatlons

(I1I-1) to (III-4) have found wide use and have been experi-
mentally verified in innumerable comonomer systems. lience,
assuming the penultimate effects can be neglecfed, the rates

of disappearapée of the two monomers are given by
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i} Elfl =k, [B"] [Bj + k(a7 [3] (111-6)

Dividing Eq.(III-5) by Eq.(I1II-6) yields the ratios
of the rates at which the two monomers enter the copolymer,
i.e. the.copolymer composition,

* ¥*
NGRS

RGN

To remove the concentration terms in A and B

v

from Eq.(I1II-7), the steady state hypothesis is assumed to .

‘ . %
hold for each of the reactive species A* and B Ks;ﬁgrately. \

This implies, "
$

ko [07] [8] = x, [8%) [4] (111-8)

Equation (III-8) may also be obtained by a statistical

method without resorting to any steady-state assumptions(11'12)
" Substituting for the concentration of one of the
A . .

reactive species from Eq.(III-8) into Eq.(III-7) and rearran-

ging we obtain

(I1I-9)-

*
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> Where parameters and r, are defined by

r, = " and r, = % ”(iII-10)
Eq.(III-9) is known as the "copolymerizatgon equa-

tion" or the '"copolymer composition equation". The para-
meters r, and r, are termed the;"monomer reactivity
ratios". FEach reactivity ratio is‘aefined as the ratio of
the rate constant for a reactive propagating species adding
its own type of monomer to the rate c&nstant for its addi-
tion of the other monomer, |
’ The copolymer equation can also b? expressed in terms
of mole fractions instead of concentrations. If £, and
f2 are the mole‘fractions of monomers A and B 1in the

feed, and F, and F, are the mole fractions of A and " B

1

in the copolymer formed, then o
£, = 1 - f. = [A] (ITI-11)
' R R
- F, = 1 —‘F = d[A] (111-12)
1T 2 _

d[A]-ﬁd[B]
Combining equations (III-11) and (III-12) with Eq.(III-9)

yields - - -

. r, f2 .2, f
By 5
- r, f

' _ 1. %9

2

i

= 5 (III-13)
f 2 f1 f2 + T, f2 .

"
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Equations (III-9) and (III-13) give the instant-
aneous composition of the copolymer formed as a function of
the monomer mixture composition. In a batch reactor, thé
monomer mixture changes in composition towards the less
reactive monomer as the degree of conversion 'increases. This
results in a similar variation of the copolymer composition
as a function of conversion. To express the cumulative
composition of all the polymer chains formed from the begin-
ning of the reaction to any conversion (f, one must resort
to an integrated form of the copolymeri‘ tion egquation.

It can be shown that the follow:SE material balance

-

equation holds for any infinitesimal increment in conversion

am (III-14)

1

M f, - (M- dM) (£, - df,) = F,

Where; M is the number of moles of the two monomers
dM is the number of moles of monomers that have
been copoiymerized
df1- is the change in th? monomer composition due

to the polymerization of dM monomer molecules.

Eq.{(III-14) may be rearranged, neglecting the (df1 dM) term,

M £,
jr am Jf~ - af,
- = s (I11-15)
m. M £, Ty I

o . 10

to‘give

Where MO and f10 are the initial values of M and 'f

at zero conversion, respectively. The left side of the
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above equation may be integrated, and substituting the

definition of the fractional conversion X = 1 - %— , to
0
obtain £
1 df1 .
In(t - X) = — (I1I-16)
F, = ¢f
£ 1 1

10

For isothermal copolymerization, Meyer and Lowry(13)
substituted kq.(III-13) into Eq.(III-16) to eliminate F,
and integrated the latter equation analytically to. obtain

the following closed form expréssion

o 18 ‘ Y |
£, £, fio - )
X = 1 -l |5 T (I11-17)
10/ \T20 )
Where, o - r, ﬂ ) r,
1 - r2 1 - r1
) 1 -, 1T
2
Y = SN - |
(1 - 11) (1 - ij ~
1 -1
1
S = -
2 -'I‘1 1‘2

Eq, (III-17) may be used to calculate the drift in
the cumulative copolymer composition with conversion. In

this equation, f refers to the mole fractign of A in

1

the monomer molecules remaining unreacted at conversion X.
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IIT.2.2 Experimental Evaluation of the Copolymerization

* Reactivity Ratios

v All procedures for the evaluation of the reactivity
ratios involve the experimental determination of the compo-
sition of the copolymers formed from several different como-
(7)

nomer feed compositions These procedures may‘be divided

into two major categories : those dealing with data collected

at extremely low conversion levels and those dealing with

data collected at higher conversion levels.

I11I.2.2.1 Data Obtained at Low Con%ersion Levels

The older, more Established procedyres ipvolve
copolymeriza%ions'cariied out fo low degrees of conversion
(approximately < 5%). In this case the assumption may be
made that the monomef concentrations do not change appreciably
during Epe reaction. Therefore the differential equations |
relating the instantaneous monoﬁqs and copolymer compositions

(Eq. (I11-9) and £q. (III-13)) may be used in the estimation

of the reactivity ratios, \\\~i7
The "curve fitting method" involves plotting the

el o
instantaneous copolymer composition versus the comonomer

feed composition, and then determining which theoretical

curve would best fit the data by trial and error selections

of T3 and‘rz (14); However, this is a very tedious procedure

that requires extensive ealculaticns and provides only a

i

qualitatiie measure of the precision of the estimates of the -

Ly

WoeL RV

Btk



I11-10

G N X Ay P R

r

reactivity ratios. Furthérmore, the observer is required

AR A

to weight the data subjectively, so that different obser-
Vers may obtain different values for the estimates of T,
and Ts from the same body of experimental data. 1

Lhe "intersection method" was proposed by mayo and

Lewis(g). \Q?ey rearranged Eq.(III-9) to read 1
. [ |
r, = 1 + —— | -1 (I11-18)

Data for th: monomer feed and copolymer compositions
from each experiment are substituted ;n the above equation
and 52 is plotted as a function ofpvarious assumed values
of" r,. Eéch‘eXperiment yields a straight line and the
intéfse;tion of the lines from all the experiménts gives
the best estimates of the reactivity ratios. Any variation
observed in the points of intersection of ?he various lines [
is a measure ol the experimental errors in the composition
data. This method has the same limitations as the curve
fitting method, viz., that the "best" values obtained)for
r and

1 T, from the sdme set oi experimental data may vary

with the observer, and that only a qualitative measure of

the precision of the estimates of Ty and r, are provided.

The "linearization method" was advanced by Frineman

(15)

and Ross . They rearranged E£q.(III-13) in the following

form

d SNttt

-



. - o , - III-17

% " P
/ )
£, (1 -27F,) [ £ (F, - 1)
= 1T, + o1 T - (III-19)
F, (1 - £,) f' F, (1~ £,) . :

3 « 4
.The.left side of the above equation-when pldtted

against thescoeffictient of . r yields a straight line with

1
slope r, and intepcept Ty Theilineax least squares pro—
cedures have been. applied to fit Eq.(III-19). However, Tid-

(16,17) have pointed 8ut that these pro-

well and tiortimer
cedures are inaﬁpropriate in this case because Eq.(I1I-19)
violates somezbf the assumptions made to justify the use

of the linea; least squafés method forhparamefer eq@imationc
These assumptions are listed in Appéndik(II—S)‘iﬁi?art II

of the ppésent thesis, 'Tidwell and Mortimer ghowed that

the use ofAthé linear least squares method fgr Bq.(I1I-19.)
results in improper weights being applied to the observa-
tions. PFurthermore, ihey showed that no yglid expression
for the precisidn with which the éstimates are kgown can

be obtained from this method since the'"deppndéﬁt %ar;ablé"
in'Eq.(IIIL19) clearly does not have a constant variance
given some reasonable and rational‘assumﬁtions about thé
distribution of the errors in the observed polymer comp-
osition. Furthermore, the“"independent variable" in the
équgtion, Whicﬁ*in the least squaréb method is assumed to

be exact, contains a variable which has a stochastic element,

(18) o

More recently, ;ﬁﬁos and Kelen proposed a new

improved linear graphic method for determining the reactivity

i
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ratios whick overcomes one of the disad&antages of the
Fineman-Ross method, vié. the unegqual weiéhfing of the data.
However, fhe other-queptions raised égéinst the Fineman-

Rosé meéhod are still valid here, viz. that no quantitative
statistical‘inferenqes can be made about r, and r, because

the “indebendent" and th@ "dependent" variables in\thé‘equation
do not conform to the assumptions made in the linear least

1

squares method, In a later paper(19) Tudos et al. extended

.their method to épply to data obtained at higher conversion

levels by assigning an average monomer composition to the
corresponding experimental average copolymer composition, then
usiﬁg the linearization techniqutie previously developed for

low conversions.

IR

‘'The best method to date proposed to calculate the

o

react1v1ty ratios from data obtained at low conversion levels
is the one developed by Behnken( 20) and by Tidwell and Morti-
r(Js).

In this method Hq: (III-13) is used in conjunction

with a non-linear least squares method to estimate r, and Toe

- This method is based on the Gauss linearization technique,

to- be explained below in Sectlon (I11.2. 4) Thls is the only
method that does not v1olate the least squares assumptlons,
hence it has the following desirable characteristics

.1, It gives unbiased estimates of the reactivity ratios.

2. .The values of the'parameterS“ca;culated by this

method do not depend upon arbitrary factors such.as which

r

X 4

C BASE
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monomer is subscripted 1.

3, The values obtained for the reactivity ratios
/'are,unique since, for a given body of data, any person.will

arrive at the same values of r, and Toe

4. Because kg. (1I1-13) conforms to the assumptions
made about independent and dependent variables in the least w
squares method, this method is unique among all the pfeviously
meﬁtipned ones, in that it provides a means of evaluating how
well the reactivity ratios have been estimaﬁed as well as a.

means of determining if the data are consistent with the -

assﬁmptioﬁ that the copolymefization egquation describes the et

relationship between monomer and copolymer composition through

an analysis of variance procedure.

III1.2.2.2 Data Obtained at High Conversion Levels

L‘~A‘s poinfed ou%‘by Montgoméry and Fry(21): the reduire-
ment of low conversions in many cases would involve extra-
'ordinary experimental conditions to satisfy. The first few
per cent of polymer.made may not be as nearly representative

of the theoretical copolymer composition as the polymer made

at higher conversion. This is due to the fact that any impurities

present will have a larger percentage effect upon observed
composition at low coﬁversions than at higher ones. Moreover,
the assuniption that no significant change in monomer composi-
“tion occufsAAue to the polymer formed when the polymerization

is stopped at low conversions may be a major source of error

PRI
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when the reactivity ratios are greatly differgnt and when the
_more reactive monomér is present in small amounts. The above
arguments lead to the'conclusion thét numerous advaﬁtages nay
accrue from using an integrated form of the copolymerization
equation and theréby correctiqg for the drift in composition

of monomers and polymers with conversion.

[

. Two more reasons may be advanced to show the importance

of using an integrated form of the copolymerization.equation
©in evaluating the reactivity ra ’gs. First, even when one

of the différential forms of %Kilcdpolymerizatio?'equation is
3used to estimate'r, and Tpy the conversion levels are s@ill
usually measured and reported by the investigatorg to ascertain
" that these cornvewsions were low enough to validate thé use of
such differential equations., Therefore, these conver§ioﬂs

may be reéarded as ﬁieces of information that are néf used in
the actual estimatién of the paraﬁeters} But, as Tidwell and

(+7)

Mortimer
e

tilise all the
\l

have pointed out, a gqod estimation method -should

information resident in the data with regard

N

to the parameters be estimated, thus providing precise

estimdtes. Secondly,\yith the ‘availability of high spegd

computi facilitigs tha \facilitate'the numericél sél&ﬂﬁ?ﬁ

¢f the integrated form of the equatiohs, there ig little justi-
fication far uéing the approximate differential moﬁel when the
more exa;; integral "equations are available;

The fNirst attempt to evaluate the reactivity ratios

<

from the integyrated form of ﬁhe copolymerization equation was

Ao Pt n

A haaton prcar it (Al L
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A}

made by Mayo and Lew;s(9). They integrated Eq. (III-9) to

obtain
1 (4]
.o - p
) log LEQJ - % log(- [B] >
g N
| L Bo] ) ( . |
r = - - III-20
2 ] ,1- P Lﬁl ‘
log Lﬁgl + log¢ [B] >
R B ]
. ‘ [3o] -
N . - -
Where, ' - ’
1 - r
p = —1! (1I1-21)
1 - Ts .

(AO] ana [BO] are the concéntratipns of the monomers at the
stért-of the reaction, whereas [A] and [B} are the correspon-
ding concentrations experimentally measured at the point

when the reaction. is stopped. Mayo and Lewis then proposed &
graphical procedure wHereby 51 and T, ma& be evaluatedf

They chose arbitrary values for the parameter p and substi-
tuted them in Eq.(III-20) to get the corresponding values of

T,; r, was then calculated from Eq.(III-21) for each pair of

: ot
values of r, and p. Then the corresponding values of r,

andg r, were ploétted against each other., The plot corres-
ponding to a single experiment was found to be practically a

straight line., The intercepts of the lines obtained from all



III-16"

IS

the experimental runs were used to estimaté the reactivity

ratios. Later, Montgomery and Fry(2o)#presented a computer

‘program capable of performing ?ll the calculations necessary
for this method. |
t The above method sﬁffers some of the shortcomings
mentioned before in connection with the graphical methods
of obtaining the reactivity ratios from the differential
copolymerization equation, viz. that different invesfigators
may obtain different values for:thﬁ reactivity ratios from
the same data and that no quantitative measures of the pre-
cision of these values are provided, although the area of
intersection of the lines may be used as a qualitative mea-
sure‘of this precision.

A somewhat similar methqd has been suggested by

Meyer(zg).

In this method, leyer used the closed form of
the integrated copolymerization equation, Eq,(IXI-17). For
fixed values of T the right side of this equation was cal-

“culated for increments of 'r1 to find the value of r, that

1
satisfies the equation. For each data point, the ri VS,

T, curve-was found to be apprbiimately a straight line, and
the interséctions of these lines were used %o estimate the
reactivity ratios. Obviously, this method is aimqét‘ident-
ical to the one pfoposed by Mayo.and Lewis twenty. years
earlier, and hence has the same weaknesses inherent inxsucﬁ

graphical procedures that were detailed above.
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The only method found in the literature that circum- -
vents these drawbacks is %ﬁe one proposed by Behnken(?o).
ﬁhforéunately this method has not received as much attention
in the copolymerization literature as it _deserves. Behnkeén
suggested the use of a non-linear least squares technique
on the integrated expression of tﬁe form developed by Mayo
and Le&is} viz. Eq.(III-20) and Eq.(III-21)., But since in
these equations the dependent variabi;s [A]' and [B] can-
not be solved for explicitly as a function of the independent '
variables L[Ab] and [BO] and the parameters T, and Thy
Behnken had to work with tﬁe implicit fuﬁption in the res-
ponse.variable; Given first guessés fof the values of the
parameters and tﬁe meéasured values of the dependent vériables,
he useddthe NewtonQRaphson'method to solve for the value of
the response varigble, the residual monbper composition,that
satisfies th; equations.‘The experimentally observed values
~of the copolymér composition were used to calcﬁlate first
guesses.for the Newton's iterations. The residuals were
. obtained by subtracting the eiperimentall&robserve& values
of the copolymer composition from the Eorresponding values
yielded by Newton's algorithm for all the experimental runs,’
and ‘their sum of squares Wag minimized by the Gauss lineari-
zation procedure to produce the least squareS*gstimgtes of .
r, 'ané‘kre . Béhnken applied this method to several sets’

of experiments where the reaction was terminated at low con-

versions apd obtained estimates of the reactivity ratioa -

f .
.
& . (
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iH good agreeﬁent with the values obtained fnom the non-
linear least squares procedure as applied to,fﬁé differential
form of the copolymer composition equation, kEq. (III-13),

as was détailed.in the previous sectién.

The édvantages of-this method are similar to'those
mentioned in Section(II1.2.2.1) in connection with the non-
linear least squares method applied for data obtained at low
conversions, and may bé‘summarized as foliows : . *

1. From a body of data, the method yields unique
estimgtes for the values of the parameters that do not depend
on the observer.

2. Under a given set of assumptions, to be deta@led
bellow in~Section(III.2.4), the estimates of the parameter
values obtaiﬁea by this method can be proved mathematically
to be. the best esfimates obtainablé from this set of data.

3, Under the additional.assumption that the errors
are normally distributed, the method suppiies objective and’
quanti?ative measures of the accuracy of the resulting para-
'‘meter estimators,(ih the form of indiwidual confidence limitsy
joint confiden&e regions, etc. ’ - \ '

4. The method provides a means of determining 'if .

the data are .consistent with the assumption that the copolymer
- composition equation adequately describes the ¢elatlonsh1p
between monomer\and polymer eomposition, i.e. the validity of
the copolymerlzatlon model w1th all its 1nherent assumptlons.

This is achleved through an analysis of varlance procedure.

et o e g b n At
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In addition, this method has the further advanfage
over the corresponding non-lineer least squares method applied
to the differential form of the copolymer composition equation,
in thet it utilizée all the infq;mation available, including
the measured conversion levels, in coméuting‘the paraméters{
estimates. lMoreover, when using the present method, the
experimenter does not have to employ\extreordinary experimentaf
techniques to ensure extremely low conversion levels, thus
avoiding all the difficulties ana pitfalls assoclated w1th
such technlques and which were detailed at the beginning of

<

the present section.

%
.

I11.2.3 The Literature Values for the Reactivity Katios of

Acrylic Acid-Acrylamide System in Aqueous Pclymerization

Jacques Bourdais was the first to report the reactivity

ratios for the copo;ymerization of acrylic acid and acrylamide

in aqueous solution(23). Referring to acrylic acid by the
subscript 1 and to acrylamide by the subscript 2, he reported

"-the following values for the reactivity ratios at 25°C,

b+

ry = 1.43 = 0.03 | ]

T, - 0.60 ¥ 0.02 \\\

Bourdais stopped all his reactions at wery low conver-
sion lévels and fitted .a differential form of the copolymer _
composifio@ equation,:Eq. (III-13). He used the "curve-fitting
_method" described in Section (III.2.2.1) to fit his data

through successive approximations. He did not indicate,

5
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howéver, how he had obtained the confidence intervals ‘?

reported in conjunction with the values of r, and r2‘above.
It is useful to summarize the experimentaljdaté

reported by Boﬁrdais as these data will be examined in detail

4

later in this report. As before, f10 refers to the mole
fraction of acrylic acid in the starting monomexr mixture
and F1 is the measured mole fraction of acrylic acid in the

resulting polymer. X is the fractional conversion.

% 1, P, X

© 125 . 18% .07
. 250 .327 .10
375 . 466 06 |0 )
00 | .607 .06
.625 L712 | .05
. 750 .817 .02
.875 .901 .02

The acrylic acid content in the polymer was deter-
mined by potentiometric titration against’sodium hydroxide
in 0.05HN aqueous solution of NaCl, Under these conditions,
Bourdais reported sharp iﬂflection points in the titration
curves. The acrylamide content in the polymers was deter-
mined by elemental analysis of nitrogen by the‘micro~Kjeldah1
method. The sum of the results of these two analysés for

each of the polymers was reported to be within three per cent

of the exact value.
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.(24)

Cabaness; Lin and Parkanyi studied the same

system at 60 °C and reported the following reactivity ratios :

I+

r, = 1.73 '0.21

I+

0.06

dl

ry 9.48 N
They stopped the reactions at low conversion levels

and fitted the differential copolymer composition equation,

as was rearranged by Fineman and Ross, Eq. (III-19), using

the graphical "linearization method" proposed by these authors

to obtain their estimates for f1 and Toe As was the case with

Boufdais, Cabaness et al. did not reporf how they have obtained

the confidence intervals cited above. “

The following table summarizes the experimental ‘results

obtained.by Cabaness and his coworkers

£, F X

.800 .8749 ‘.03§2

667 | .7688 | .0254

500 | .6451 | .0430
+351 | .4997 | .1070| .
200 | .3%346 | .0446

The composdtion of the copolymers was determined from
’their nitrogen content using the semi-@icro“Kjeldahl method.

It becomes clear from the above that the values
reported in the literature for the reactivity ratios of this

importanf copoiymerization system'were obtained by the graphical
‘ : z

w
o)
o a7 -
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methods that were severely criticized by Tidwell und

(16,17) as rendering estimates for r, and rs thét

Mortimer
are arbitrary in that they depend on the observer. And as
‘these methods cannot give a quantitative meésuré of the
accuracy of the parameters' estimates obtained, therefaore the
confldence 1ntervals of r, and Ty reported cannot be accepted
at face value, especially that no, confidence level was re—‘
ported in connection with these confidence intervals.

Therefore the present investigation was undertaken

with the following objectives :
J{’(‘

1. To use the experimental data.reported by Bourdais(zs)‘

(24)

and by Cabaness et al. to ogbtain estimates of the reacti-

vity ratlos through more objective non-linear regression

?methods, and to compare these estimates with the ones reported

by these previous investigators.

2. To develop computer programs to fit these data,

by the non-linear least squares method, to the differential

form of the equation, as suggested by Behnken(zo)

(16)

and by

Tidwell and lortimer , and to an integrated form of the

copolymer composition equatlon, as suggested by Behnken(Qo)-
If the estlmat%s of r, and r, obtalned from these two methods
aéreed closely, it would vaiidate the use of the integrated
expression in parameter estimation and hence make the stooping
of the polymerization reactions at very 1ow conversions
superfluous.

3, To estimate the confidence intervals and confidence
e |
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regions fo% the values of the parameters and compare them
wiﬁh those\reporteq by the previous investigators.. This

would makelit possible to ascertain whether the values for

r, and r, feported at gs‘b by Bourdais and at 60 by Cabaneés
'ét al. are;sfgnificantly different at a particular confi-

dence level, 95% say.

’

4, An experimental par@ of the inves%igation was

: designed to obtain conversion—composiéion data for thegacryla-

mide-acrylic acid copolymerization system at intermediate

c versioﬂ levels (20 - 70%¥) and to éstimate the reactivity
tios through the non-linear least squares algofithm devel-~

oped to analyse the data from fﬁe previous investigations;

‘From the size and shape of the confidence regions of the

reactivity ratios obfained, the reliabiiity of this method

would be estimated.

5. One further aspect of the estimation of the
reactivity ratios was to be studied. 1In severa} copolymer
systems, only‘a limited range of the copolymer compositions
is of iqbortance industrially, e.g. it is known that the
range of compositions of the acrylamide-acrylic acid‘copoly—
mers most useful as flocculating agents in the water treat-
ment processes is from zero to about ten per cent acrxlic

acid content, whereas the compositions of the copolymers
juéed in the paper industry és'filler-retention alds and as

dry-strength agents range from about five to fifteen per cent

. aé;ylib aéid(4). Therefore the manufacturers of copolymers

»

,%/
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for these applications would be interested in the range of

' compositdons low in acrylic acid'content. Also sometimes
practical difficulties occur at certain ranges of copolymer
composition, and th;’investigator may want to avoid thése
difficulties in his analysigg’e.g. Bourdais(23) found that
copolymers with acrylic acid content exceeding 30 - 50 %
became insoluble when dried even at room temperature, Hence
it was impossible to rediséo}ve them for the purpose of tit-

?
ration.

For the above reasons, it was decided to limit the
composition range to be studied to about zero to thirty per
cent acrylic acid content. This would eliminate the difficul-
ties encountered by Boufﬁais, bﬁt, more importantly, it would
give an indication of the possibilities and iimitations of

trying to estimate the reactivity ratios from a set of exper-

imental data confined to a-limited range of compositions. .
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II1:2.4, The Non-Linear Estimatibn'bf Parameters by Least

»
~

( Sguarés. o )
- .

Parameter estimation for a hodel that is linear in
.the parameters by the least squares'method haé been detailed -
in Appendix (II-35. When the modél is non-linear .in the
.parameters, exact results, such as the expression for the
linear least sQuares parameters' estimators expressed by
Eq.(II-A3%3-13), are not available and the estimators have to
be approached through an iterative technique. Moreover, the
justification of the least squares procedure on theoretical
grounds is not so straightforward. On this l;ptér pdint,u
it may be stated that as long as the random experimentél
-errdrs can be assumed normally distributed, the least squares
estimatofs may be regarded as maximum iikelihood estiméfors,
even for a non-lineér model. And while the assumpt;on of
normalify is rarely gompletely realistic, most of the useful
statisti&al theory based upoh it isinbt too sensitive to the
small departu;es from exact normality to be expected as a

(20). Another problem

fesult of the central limit theorem
in the non-linear case is that the least squares estimators
are not uniqueObecause the sﬁm of squares ¢f the residuals,
as a function of the parameters, may have.multiple minima.

The general non-linear model wgin one dependent

variable hay be expressed as follows

n= B, - (111-22)



- I1I-26
\

wWhere, 7) © 1is the depenaent variable _ /)
£ . is the vector of the model's parameteréf

g is the vector of independent variables
and whére the function f(éz', g ) is non-linear in the para-
'meters Q . |

h Suppose that N experiments-were carried out to
collect a vector of observations Y on the predicted res-

ponses Q at different values of €>, then for any one ob-

servation,

vy = Ny + €, » w=-1,2,..05N (111-23) -
where €u is the experimental error inherent in the obser-
vation. The sum of squares. of all the error tegms for all

the observations will bé a function of the parameters Q

and may. be defined‘by i <

u=N
s(B) = (v, = NY° |
u=1 | (I1II-24)
' u=N _
e (v, - (B, ¢ N2
A ' u=1 -

J . .
Diffepentiafion of the residual sum of squares function, °
Eq.(III-24), with respect to the parameters in the case of‘
non-linear models does not usually produce simultaneous
equations of a tractable nature. ;

| It was shown by-Gauss(25) that the solution can ﬁe - -

-

approached in most cases by a series of linear approximations



I11-27

which will converge on the solution values. The procedure
basicailyrconsists of expanding the function in a Taylor's
se;ies‘about a set of first guesses for the parameters éz ,
to be designated by Q O, dropping all but the linear terns

to obtain

| = 2£(8 , £ )
(8,8 = (8% Ep ) (B -ph ——

i1 2 By B=B°

u=1,2,.0.,N (111-25)
where ©p 1is the number of parameters in the model.

Eq.(III-25) may be written more compactly as follows

no

——

n (L) ) (111-26)

\

HES

where, 7_7_(_4 ) is the (N x 1) vector f(,@_ ,g1),‘...,f(0__ , §N)

n° is the (N x 1) vector 7_7 ( Q_,O)

0 is the correction vector defined by
-8 = B2 pe (111-27) .
. and X is the (N x p) matrix defined by

(B, ¢ 07 .
) £3f u

i<

—
-

(I1I-28)
1,2,.00.,N

1}

Now the .expression on the right side of Eq.(III-26) is linear
in the parameters. From this equation, an approximation for

~the residual sum of squares function may be obtained as
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_ »
sS(By) = (x-7°

1<

And, corresponding to-Eq.(II-A3-13) in Appendix(II-3) for
the linear model, the value of the parameter O which mini-

mizes é(éz ) is

1Cn >
]
TES
lgi
]
B
IR

(I11-30)

where, : :
' r = y- 1° (11I-31)

Then, from the definition of §' in Eq.(III-27), the new
. improved guesses of the parameters' values are

o]

+ @'0 : (I11-32)

1>

SO

——

‘And the next 1teratlon can be started by expandlng about
B (1) The sequence is repeated until the minimum of S(/~3 )
is .reached.

Another way to minimize, the sum of squares of the
deviations is to linearize the opgectlve function, ﬁ?),
itself., Such methods include the well-known eteepest descent

(28)

method .. The gradient of S, i.e. grad S,°is a vector

perpendicular to the. surface S in parameter space which

extends in the direction of the maximum increase in S at a
given point. Therefore the negatlve of the gradient extends
in the"dfrectlon.of s#eepest descent. Suppose S is expan-

- ded in a truncated Taylor's series about 19 °,

- - i=p o wys(Byy o
52080 £ ) (- poy 2= (111-33)
. i= N

-

s 0 pe

x6) (y-M°-x9) '(111-29)

Sl
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The partisl derivatives appearing in this first order exp-
ression are identical to the magnitudes of the components
of the‘vsctor ( - grad S) in the Aé? space, evaluated at

“‘“——-J EYO , and these components are used to establish the direc-
tion of search in the method of steepest descent.

- A method suggested by Marquardt(27)

combines the
Gauss method and the method of stsepest descent. The idea
behind the algorithm.is based on the following obsertations.
The method.of steepsst descent often works well on the ini-
tial iterations, but tﬁe apprdéch‘to.tthgigimum Erows prog-
ressively slower because the ditection of steepest descent .
proves to be nsarly perpendicular to the direction that will
minimize S( éz). The negative of grad S points in the
direction that ﬁinlmlzes S only in a local reglon and not
in the direction of the global minimum of S, the minimum
desired, unless the contours of constant S are arcs of
circ}ss; with S .~ as a center. .On t%s.other hand, the
.method. of Gauss works well when the minimum of S(é} ) is
near, but may not converge on the initial iterations, es-
pecially if the initial guesses of the parameters' values
are not close enough to their best estimates.“

Marquardt observed in practice that the method of

[

steepest descent and the method of Gauss give directions of
search nearly orthogonal "to each other, He suggestedAa
method where the actual searcﬁ will proces& on a composite
Qf the‘two directisns ot search indicated by the. preceding

o
\

\ .
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two methods. In Marquardt's compromise, the correction
vector is computed by using the following formula in§tead

of Eq.(III-30) . -

Op = @ X+ADT

—m

S

'r (II1-%4)

where A is a non-negative number and I is the identity
matrix. -' ‘

It can be shown that the method of steepest Bescent
. and the method of Gauss are represented by the aboveAeqﬁatibn
wheng,k —— 00 and A\ ——— O, respectively. Interme-

diate values of )\ result in a correction vector o)

5.
» . . &

which is effectively an interpolation between the vectors
ﬁrbduced Ey the above two'methods. Thus, in the Mafquardt's
algorithm, initially a relatively large value of A 'is
ﬁsed,'and then is decreaééd‘as the iterations.progress. or
coufse, A.ié decreased, and the region of linear approxima;
tion is enlafged, only if fhe progress, is safisfactory, i.e,
onl& if the&sum of squares S(l3 ) at the new estimates of
the parameters 1s smaller than that at the previous ones,
”Marquardt's method is quite effectlve ‘and is deflﬁl—
tely superior to elﬁher the Gauss method or the method of B
steepest descent(26), It haé been implemented in the comp-
uter program GAUSHAUS prepared by D.A. Mbeter at the Unl-‘
versity of WLscon81n Computing Center, Hadison, Wis, and .

dated December 1965. . A yersion of this program adapted to

the CDC 6400 computer by J.F., MacCregor at lMcMaster University
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Héﬁilgpn, Ontario was used in the present study.

The confidence regions for tﬁe values of the parame-
‘ters estimated by non-linear léast'squéfes can be given
appfpximately by using’the linear theory if the errors can
be” assumed to be'normaliy distfibuted(za). The mést satis-
factory method for estimating such- a reg}on is to find the
locus of all\pafameter sets 42 that yield‘a residual sum
of squa&es S( é}) related to the minimum residual sum of
squares at the best estimates of the parameters S(éz ) by |

the following expression - ¢

Ll

A ; : ,
S( Q )a = s,(@_ ) + p s? Fa (p , N-p) (I11-35)
Where (I is the appfoximate probability content, or confi-
dence level, chosen to calcuigfe the confidence region,
FCZ(p , N-p) is the critical value of the F-distribution

that leaves (1 - d ) per cent of the distribution in the

r/ .
right-hand tail with 'the bracketed degrees of freedom, and
52 is the residual variance in regression défined by
’ A
<2 S( Q ) . C '
‘ 8 = N——.—-—p—— N (III"'36)'

. N.

The use of the residual sum of squares ,S(éze), and -
indeed’ this thﬁe procédure of estimating the confidence
region, is justified by thé;assumpfion that thg funetion
£( Q ,‘g ) is sﬁffi’ciently .close to being linear in Q

n25§*the best estimates of the parameters(zo).‘ It must be

/
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‘emphasized that although the contours defined‘fy Bq.(III-35)
for the confidence regions are exa&j, their probability
contént, or confidence level, is only approximate in the
case of nonelinearﬂrunctions.‘ |

Abproximate individual conﬁidence limits on the pre-

dicted values of each of ‘the parameters, based on a linear- N

A
approximation to the model in the neighbourhood of é?,

can be obtained at a (1 -Q ) confidence level from the

following expression

_ | 23 |
(By)g = Byt t g (¢yy s%) (11I-37)
‘ 5 (N“P). . .
N
Where t‘a, . is the (1 percentage point of the two~-
T"(N-p) )
tailed tabulation of the f-distribution with (N - p) Qeg~

rees of freedom, and Cii is the ith diagonal element of the

. A
(X' }()"1 matrix evaluated at él and where matrix X has

been defined by Eq.(III- 28)

However, it .must be pointed out that the confldence
intervals on the individual parameters frequently de not
. clearly convey the message of which set .0of values of the
parameters are consistent with the data, espe01ally when
there is a high degree of correlation between the dlfferent

(16)

parameters.,'TldWell and Mortimer show examples where

‘this is particularly-evident. In such cases, Joint confi- .

‘dence regions, as computed from Eq.(III-35), must be used.

-

WA ——

I PR T
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The matrix (X' X)~' is, apart from a factor 0'2,
- A
the variance-covariance a{rix of Q in the linear case.
‘ ' ) A
Then, according to the linear approximation near Q R
the correlation coefficient between parameters [, and 0.
is expressed by
b e A (1113
L.o= -38)
13 (c.. c..)? | |
- ii 7§ ) N
Where' C;, is a non-diagonal element of the matrix (X' %),
The values 05 the correlation coeffJ.CJ.ents lie between Ay

and -1, An absolute value of Q i3 near one is evidence

that parameters 'Ui and ‘Oj are highly dependent
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III.3 Application of the ikon-Linear Regression Methods on

the Previously Published wmxperimental Data -

The objective of this parf of the investigation is
to apply the principles of non-linear leagt’squares, as de-
tailed in Section (III.2.4) to the expérimental data for the
copolymerization of acrylamide with acrylic acid‘previdusly
published in the literature, Details.of these data were
_tabulated in Section_(iII.2.3). h
' These data were first fitted to the differential

form of the copolymer compositipn‘equation,qu. (;11-137,
using the GAUSHAUS prégfém as detailed in the previous sectidn.
The differential eqdatiqn confains one depepdent‘variablé,

the copolymer composition F1 whose measurement§ may be assumed
to be subject to random errors that are indépendent-and have
a constant variance from the same probability distridution.
Furthermore, this distribution may be assumed to be normal
by‘the central-limit theorem. hlsé, Eq. (III-13) contains

one independent varlable, the mole fractlon of monomer A in
| the monomer mlxture, and this comp051t10n may be aé%umed to
' be known exactly and to remain constant at its.original value |

£ Hence all the assumptions necessary to validate the use

10°
- of the least squares meétltod for parameter estlmatlon, as de=-
_tailed in Appendix (II-%), are justified,. And Eq. (111-13), -
being explicit in the dependent variabl was very easy to

fit with the least squares procedure, as the»mgsiduals are

simple to calculate.  Therefore, this part of the regression -
\' .
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analysis wes straightforward, and the results will be detailed
below. | ' : : . /

‘ The next step was to fit an integrated form of the
copolymer composition equation to the same data, this time
‘iﬂcorporating tﬁe conversion measurements made an reported
by tHe ofiginal investigators. Our first approach was to
try te fit the data’ to the closed form of the integrated
.copolymer composition equation, Eq. (I11-17), developed by
(13)

Meyer and Lowry )
In this eéuation, there are two variables tﬂat are é?/

experimentally measuyed and(hence are subject to ‘error, viz.

.tee conversion X and the residual monoeer composition f1 Q

af this conyggsion; f1 is obtained from the measured value

of the average cumulative copolymer compoeition T1 through

the gsimple material balance equation

f.. - F.X .
_ 110 1 < _
Iy = =3¢ . (H’I 39)

For the purpose of maintaining the error structufe
in the least squares method simple, all the experimental
errors were assumed t9 be inherent in the measured copolymer
composition b1, whereas the-convey31on X wae considered to
be an independent variable, hence, Zeﬁording to the assump-
tioes of %he leasf squares method, to be known exactly. This
assumption is justified on the basis that the error inherent-

1

in measuring the conversion X is much smaller than that inhé-

‘rent in measuring the copolymer'composition Fﬁ' This is
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similar to the assuﬁption made in Part 1II of the present
thes;s where, to estimate the transfer constants, all khe
'experimental errors were assumed to reside in the '‘measured
molecular weights, whereas conversions were assumgé to be
knawn exactly. From the experimental data’in Part II, the
conversion measurements were féund to be fairiy accurate and
reproducible with very little scatter, even Between different
\investigators, which is not always the case with molecular
;eight and composition meésurements. It may be pointed out
that the alternative to making such an assumption will be
the use af a weighted least squares method for the estimation
of the parameters which greatly complicatés the procedure.
Another difficulty associated with fitting Eq. (III-
17) wifh tﬁe least squares method becomes.evident if we com=-
pare this.equation with thé general form of the non-linear
model, Ed. (III-22). An impprtant difference is that the
copolymerization eqﬁation i;ii@plicif in the depenﬁent vari-
able f,.  Hence, the non-linear regression program has to be
céupled with a subroutine capable orf éolving this equation
for f1 at aﬁy given 'values of f10, X, ry and Toe IFollowing

(20), a Newton-Raphson algorithm was

Bennken's suggestion
chosen to perform this task. In the present iﬂvestigation

no difficultigs'sﬁch as’mulﬁiple roots were accrued from the
incorporation of this search routine provided that the origi-

nal estimates of the parameters were close to their best
S - - )
‘estimates, énd the Newton-Raphson method always converged.

3 ‘ o

o

-
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" 'However, these difficulties did océur when the confidence
regions of the paraméters were to be calculated. As poi%teda
" out by BEq.(III- 35), the estimation.of such a confidence
region entalls the calculation of the residual sum of

squares  S( Q_ ) at a network of values of r. and

1. Too
an@ tggkcqnfidence region will be bqunded by the pairs of
values of the reactivity ratios that satisfy Eq.(III-35).
\iAs some of the values of r, and r, used in these cal-
culations have to be fairly removed from their best estimates,
conéergenge problems'often occured in tﬁe Newton-Raphson
algorithm, These problems were compounded by the fact that.
the best estlmates of r1 and r, for thé data\prov1ded

(23)

by Bourdals are very close to ene of the 51ngu1ar1t1es

“inherent in ho (111~ 17) viz, -that at (f1 + T, ; 2.0).

Similar problems will occur in other s§étems whenever the
besteestimates ofﬁ p& and ré wefe close to aﬁy of the
other-singular points, viz,. '51 =1, O y To = 1.0 , and

r, ¢:5"' Hence it was felt that & computer program des-

e TR

igned te‘?gt Eq. (III-17) can never be of such generality
as'to be usable for any copolymerization system“glthout
exercising particular care about whiqh pairs qf.values of
r, and r, . are used.,, and convergence problemdﬂare always
to be expected 'in conjunction with the estimation of the

confidence regiQns. Similar difficulties will also be

encountered when using equations (IIXI-20) and (III-21)

e
s
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(20). Hencé,

to estimate r, and .r2 és sﬁggest?d_by Behnken
an alternative apprbach had to be found.

A proecedure was de%eloped that overcame the above-
difficulties. This procedure‘entailed the use 0of the integral
form of the copolymerization equation, Eq. (III-16L in
conjunction with Eq. (III-13) relating the instantaneous
m9nomer mixture composition with that of the copolymer forﬁed
at that instant, The-procedure is as follows : - ‘

1. Given the measured value for conversion X, the
left hand side of Eq. (III-16), viz. 1n (1-X), was calculated.
Then a value for fi, the upper limit of integration -on the
right hand side of Eg. (III-16), that would satisfy this
equation had to be found. "

2. This was accomplished by successively applying
a stepwise numerical integration algorithm, viz, the Simpson's
rule, to fhe right hand side of the equation while increment-
ing the ‘upper limit of the integration f1 "in the right
direction", i.e. starting from.f1o, f1 was progressively
decreased if monomer 1 was the more reactive component and
f. was progressively increased otherwise. At each point,

1
),

the value of the‘function to be integrated, viz. (

F,-f

.

was compuzéd'QSing Eq. (1II~13) that expresses the
‘insténtaneous composition of the polymer formed, F1, in

ter;s of the monomer <¢omposition at that particular instant,
g%, The step-size for ‘incrementing f, was chosen as (2 xulO’S).

-
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f

3. &he mid-point of the last interval of the vafiable
\£~/}hat d%de the right hand side of Eq. (III-16) just exceed ;
in absolute value the left hand side of the equation, was }
taken as the soluﬁlon of Eq. (I1I-16). Hence the cprrespon- L4

ding value of'the average cumulative éopolymer composition o

T1 was calculated from the material Balance equation, 4
(I11-39). The residual, or error, in each run wil
diffetence between the value of ?1 thus calculdted and tké? ’

measured experimentally.

>

The resulting computer programs are genepal en ugh to be used
for any set of experimental data in any coporyme
system, The only situation where thls appraach will fail is
in the case of azeotroplc c0polynérlzat10n, with f1 = r1,
where BEq. (III+16) has a slngularlty. Howevé?\ azeotroplc
‘copolymerizations’ are of little interest in ;esearch as the

copoiymer composition always corresponds to the monomer com-

]

position. p

rfable (III- 1) and Rigure (III—1) summarizé the results
-

obtained?ahan analyélng the experimental data reported by

(24)

Bour@%és (23) and by Cabaness et al. by the above-mentioned

cqmputer programg' These experimental data were detalled in
Section (III;Z.}). "In the first column of Table (111-1) are

‘the values- of the reactivity ratios and their_respective

. v A
. ;
o4



II1-40

N 19°0 ) GL*0 - cly
(0L X L2 cOL X 2°¢ 55 q
. Y — :
0L X L°g. 0l X G*6 ( g)s ,\9saueqs)
S G- gs| (ve)
50°0 T vp°0" 90°0 ¥ 64°0 9070 ¥ 8%:0 cx
€L'0 ¥ 29°4 Li*0 ¥ 09°L 12°0 ¥ €L°1 ta :
GL*0 6L"0 \ by :
(-0l X 09 ¢_OL X 29 S8
'+ 0L X 0°¢ : L X L°¢ RAIEE sTEDINOG
- .t \¢U@ A Qv (¢2) . :
L0°0 ¥ €90 80°0 ¥ 99°0 20°0 T 090 Cx , :
LL*O + b 9L 0'F 9¥°L €00 ¥ £¥lL ta
83.5 Hmummch (¢1) bz Hmﬁ\pmmnmwﬁq sIoyiny (eurdrIo
JuT33Td £q paute31qo JuT33Td £q paure31qo £q 'uaaTn santep SousIs iy
Ceeqeq payYsSTIqQNg ATsnotaaag woay wayskg uotlezlxaulodp) .
(2) ®prweTdIoy - (1) PTOY 9TTAI0y @yl Zoy sotfey L37atroesy (I-III) etlded

a




LA

III-41

-

confidence ;ntervals as reported by the originalfinvesti-
gators, In the‘second column' of the table a?e the results
presgntlz oftained by fitting the differential form of the‘
copolymer composit%bn equation, Eq.(IXII-13), assuming f1‘
to remain qonstagﬁ at its origina} value f10-,-by using .
Epe non-linear least séuares method (Marquardt's pomppomise)
as detailed in Section(III.2.4). In-the third column -of

Table(III-1) are the results obtained by .using the same non-

. / o
linear regression method to fit the experimental data, inclu-

.ding ponvefsioﬁ levels, to the integral form of the copolymer

cqmpésitﬁoh‘equa%ion,,ﬁd.(III-16), as was detailed above. In

" each #f the last two columns, first‘the reactivity ratios

are given together with their respective individual 95 %

" confidence intervals 6alog1ated from Eq.(III-37). Thew, ‘the

residual sum of squares at the best estimates of the pafal

A ‘ .
meters S(;g_) are given, as computed from Eq.(III-24). Then
the residual variance 52 is :eported,‘as.obtaineq from

Eq.(III-36). Finally, “the co;relatién coeffiéient- ﬁ%z

"between the two estimators of the reactivity'ratios is re-

"ported as calculated from Eq.(III-38).

. Ip Pig.(III-1), the best estimates of the values

of r, and ’12 as givén by the original investigators

-and these obtained presently are shown. Also shown on this

figure,aré the ‘joint confidence regions on the values of

the parameters at a 95 % confidence level, as computed

‘from'Eq.(III—35) for both cases investigated here, viz.

A
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2 //, . : N
¢ \ : ;

' flttlng the differential form of the copolymerlzatlon equa-
'tlon and flttlng the integral ong.

Examination of the »€sults shown in Table (III-1)

<

- .

and in Fig.(III-1) reveals the following :

‘ 1. Due to the approximate graphica} methods used
by thé previous'investigatops to obtain thoir estimates of
T, and To s it is clear that the values they obtained do
not correspond to those thaf minimize the squares of the
"residoals or erypprs. In fact, Fig(III-1) shows that the
pair of vglues of T, and Ty chosen by each investigator
- lies almost on the edéé or border of their respective 95 %
confidence region. This clearly shows the suoerlorlty of
the non-linear regreSSLOn method presently used as it pro:\
vides unlque estlmates of the values of the parameters &
that do hot reQuife suojective judgémont from the part of
the investigaﬁor.o

2;' The above observations equally apply to the

'1nd1v1dual confidence limits on the values of Ty and r's
given by the prev;ouo investigators. From the voluos in
Table(III-1) it-is clear that Bourdais underesoimated these
confidence inférvols,by se&éral,orders of magnitude, whereas .
Cabaness slighél& overestima¢ed them. Here again, ‘the non- |
Tt ear least squores method yields unique values for these
inte;vals-fof each specific confidence level,

i %, The non-linear regression method makes possible’

o~

the‘estimétion of joint oonfidenoe regions as illustrated
» k .. :
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in Fig;(III-l). No other method can pfovide this informa-
tion.~ These.regions are better‘representatives of whichﬁ
pairs of %aluas of ;1 and ré may'ﬁ% used at a certain
confidence level than the individual confidence intérvals
on each paraméter. | |
| ,4. Comparlng the results obtalned when the exper-
1menta1 data were fltted to the differentialk form of the
copolymerization equation to those qptamned from flttlng
i the data to the integral fbrmoof the:equation, it is clear
that the values of the parameters'’ estimatofs as‘well'as ‘
the confidence intervals and confidence regions aé;ee
closely., It i's also clear that for both sets of data, ‘the
integral eéﬁation fi;;ed the daﬁa better than the differen-
tial eqﬁation, as evidenced by thé fact that the residual
sum, 01 squares was less in the case of fittlng the integral . | i
equation. Thls observatlon tends to validate the statement
made in Section(III.2. 2,2) to “the effect'that the integral
form of the equatlon was ‘expected to provide better estlmates
for the values of the react1v1ty ratios, because all the
'avallable information, 1ncluding the conversion data, are ‘ :
used. Also the integral model is a more'exact mgdel than | '

the differential one, being free from the assumption that

) no s1gn1f1canu drift in comp091tlon occurs during the reac--

’tlon. Another important 1mpllcat10n of the above observa- i
tions is that, having proven the validity‘of fitting the

integral copolymerization equation, the conventional. experi-
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mental technique of stopping the reé;tions at very. low
conversions becéﬁes superfluous., Hence the egpefimental
~diffi_culties associated yith such procedurés can bé avoided.

5. It.is clear from Fig.(III=1) that the experi-
mentdl data reportéd'by Bourdais at 2560' and those r%pof-
ted by Cabaness et al. at 60°Q result in mutually ekclp-’
sive confidence regions with no overlap at 95 % confidence:
level. Thefeﬁore one can:s%a#e, at this confidence level,

Y

that the two pairs of Qélues of r, and Ty indicated by
~these two sets of data are éignificaﬁtly aifféient from
‘each other,  This difference has to be attributed to the
différenﬁAtemperaéures ét which the experiments were con-.ﬁ

ducted.
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I1I11.4 Experimental Part)'

"III1.4.1 Experimental Conditions -

The,objective of:thie part of the’study-wes to obtain
_exberimental data ﬁor.the‘aeryIic acidéacrylemide eyetem at
1ntermediate levels of conversion (about 20 = 70 %).
range of comp031tions of the resulting copolymers was to be
limited to lees than about 30 - 50 % ‘a¢pylic acid content.
The reasons for these choices were previously giveu in Sec-
tion(III.2.3). These experimental data were to be used to
estimate values for the»reaotivity ratioe'througﬁkthe sta-
tistical methods employed in the foregoing Seotion (I1I1.3)
to énalyse the results of‘tbe previous investigetors. The
shape and size of the confidence intervals end.oonfidence
regions for. r, and r, obtained, as well as the amount
- 0of correlation between the values of the'parémeters,-will
provrde a measure of the inherent possibilities and limita-
tions of trying to estimate r, and r, from data obtained
at interﬁediate conversion levels and limited composition
range. ‘ '

- :The temperature at which. the present experiments
were conducted is ~40°C, The reason for this ch01ce is
.the two .previous iuvestigators reported two siguiticantly
‘palrs of values for the reaetiv1ty ratios,at 2500 and at
SQ,Ct Therefore 1t was‘hoped that by, obtainlng values .for

r and ré' at the intermediate temperature of 40 C, the

1
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o

set of three values for eéch reactivity ratio may fit an

Arrhenius type expression and the activation energy for

“"each one may be estimated.

~

. The original potassium persulfate cogcentratiqn was
io™2 (g moles/1) in all experiments, whereas the total origi-
nal monomer concentration was 1.0 (g -mole/1). |

Fbui diffefent runs were conducted %Qé?éix polymers
were fgcovered in each run af different levdls of conversion.
'The mole fractions of acrylic acid f1o'in t{; original monomer
mixtures for the four runs were.0.0B, 0.15, 0.20 and 0.25, »

respectively.

III.4.2 Reagents.

Acrylamide monomer, potassium persulfate initiator

_and the water used as reaction medium were all purified as

was indicated in Section (II.3.1) in the homopolymerization
étudy of acrylamide.
| The écrylicoacid monomer‘waé,purchased'frop the
Eastman Kodék Co., Rochester, New York. It was inhibited
_with 200 ppm p-methoxyphéhol. It was purified by distillation
under a reduced pressure of about 16 mm Hg (bp 39°C) in an

éll—f&rex apparatus. The'ﬁurified monomer was stored in

the frozen state insidé a refrigerator.
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" III.4.3 Apparatus and Procedure

At first, seréralgcopolymerization runs were con- -
ducted in ampoules deaerated in‘thezNz—vacuum line previously
shown in Figures (II-1) through (II-3) in a procedure iden- -

tical to fhat described in Section (II.3.5) and used in the

homopolymeri tion runs bf acrylamide. However, fhe‘measured'
compdsitions of e copolymers obbaihed at the same*conditions
were not reproducible., It also became evident that the mea-
sured mole fractlon of acrylic acid in the recovered polymer
was hlgher if the ampoule in which it was synthe31zed was
deaerated early in the polymerizatlon run than a polymer
recovered under the same cond;tions but whose ampoule was
deagerated late in the run. The. only explanatlon ior this
phenomenbn was thab some of the acrylic acid monomer presebt
id solution in burette A.in Figure (II-2) was lost as the
deaeration procedfire was in progress due to‘ité greater .
volatility. . This was confirmed by bhe strong‘smell’of
acrylic acid monomer present inside the frap just preceding
the vacuum pump at the end of these runs.’ |

To avoid thls serlous source of error, the deaeration
prdcedure used by both Bourdais( 23) and Cabaness et al.ﬁ24)
in their investigation of the same cobdlymerizatidn system
was applded in the present case, The reaction vessels pre-
sently used for'copolymerization were Kimax brand test tubes.

with screw~-caps equipped w1th pressure—flt inert rubber

liners. The dimensions of these tubes were O. D. = 20 mnm
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Apd L = 150 mm. Thg deaeration -procedure consisted of
bﬁbbling nitrogen gas into %ﬁe reaction mixture,insidé;ige
tubes for 15 glhptes while the'tubes Qere immersed in ‘an
ice bath. Then ‘the caps were secured tightly %o the tubes
which were then transferred to the constant temperépure
bath. After the required <+ime had elasped, the reaction

was quenched by thrusting the tube into liquid nitrogen.

" Then the tube was cut and the }rozen reaction mixture was

transferred into a volume of water to whigl. the inhibitor
hydroquinone was added. This mixture was stirred on a mag-
netic stirrer till dilution was complete. 'The polymers were
then precipitated out by adding this solution -dropwise - to

ten times its volume of acetone -acidified with a few drops

:of concentrated hydrochloric acid.. The copolyﬁers were then

filtered - -out, waﬁhed and then dried under Gaéuum ta constant
welight just.és described in Section (II.3.2.1) for the homo-

-

polymers.

II1I.4.4 Analytical Techniques

Conversion measurements were done gravimetrically -

as was described in the case of, homopolymerization of acry1~'

.

amide in Section (II.3.2.1).

Composition measurements were done by potentiometric

- titration of thé‘acrylic acid grbups against alkali in a

dilute aqueous solution of the copolymer together with an

(Y

&
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elec%rolyte to suppress the double layer., The procedure
was as follows ¢ ) |
1. oamples of the copolymer of about O. 05 - 0.10
grams were welghed and traqiferred to a screw-cap glass
bottle. To this, about 100 ml- of a’ 0.1-N solution of
" NaCl in water wds added. Tbe polymer was dissélved by
stirring over a magnetic‘stirrer.‘
" 2. The pplymer solution was titrated against .a
0,05 - N solution of NaOH. A Model-230 Fisher Accumét
PH meter with an exﬁandéd millivolt'rénge‘and an accuracy
of % 1.4 mV on the expadded_médé‘yas used in the poten-
tiometric titration in conjunction with a Fisher combina-
tion electréde Qhere the indicating and reference elements
are enclosed in the'same”glass/cgramic body at a short,
fixed distance apart, . . - ' ' .
5. The poiymer solﬁtion was s%irred vigorously
during the titration procedure by means of a. magnetic bar
and a magnetic stirrer.: It was also found that, in order
- to obtain shaip end points, nitroéen~ga§.had to bé,ﬁubbled
iﬁtob£he solution fhroughout thg‘eauise.of titration. Other-
wise, the solution absorbed CO2 frdm fhe sﬁrrdunding_airw
. and the end points became quite diffuse.- o -
4.. The calculations used to egtlmate the precise
locati&n of the end point_were lone as described by Vogel‘29?,’
-fhe.alkali was added infs@all volum tric increments AV
and the changé,in the reading.o the_expandéd_ mV‘ span of

1
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¢ the. pH meter corresponding to éach of these additioﬁs, AE,

was recorded. Then a plot was prepared of the quantity

(AE/AV) as Q;diﬁEQEﬁQEEQuswV , where V. is the total " ’

volﬁmg/gﬁ#ﬁiigli added ?o‘that point. The point where a
(A E}'AV') reaches a maximum c‘orrespénds to the inflection

' point on the E vs, 'V curve, ﬂeﬁpé to the end point. As
will be seen in the fplloding section, the end points were
quite sharp, provided nitrbgen was bubbled continuously

‘(into the solution.

3

III.4.5 The Reliability of the Titration Procedure

LY

It was importéﬁf to establish that the procedu%é:rx\\\\\T\\\

d foI titrating the copolymers, together with the

follo
ruments and standard solutions used, yielded reliable-
and'réproducibie results. This'cogi& be accomplished by °
titrating some copolyﬁer "étandards" whose compositiohs arL . ‘
accurately known. As no such standards gre’available pommef-.
ciall&; they had to be manufécturedf ‘Tﬁis Qas accomplis ed

by éliownga ndhomer mixture of known composition to poly-

meri§§ virtua?ly to completé Conv;hiiiﬁlg Therefore the /// ' ]
éompositibn of fhe resulting copolymer t ?orresponduclo- -

)
sely to that of the starting monomer mixture. These poly-

mers.were reqogered'and tit £ed by the same methods used
th;oughbut tp; study. The flollowing ?able summarizes the
resulﬁs obtained with thesé standards. yAli conversions |
were, between ,95 and//1.0 . B N . #f



All compositions are in (mole fraction acrylic acid).

r

) Original Monomer Measured Polymer
Standard i Composition, f,, Composition, ?1
C-2 - ,200 L+ 195
c-3 . 150 . 153 .

C-4 . 140, 147

C"S .110 N ' et .11/5/,

C-1. From Figure (III-2) it is, clear that the end pbdbint of
'titratlon is quite sharp. The total mass of this.particular
sample of oolymer was 0.0436 grams. *From the above reSultE,
it is c¢clear that the present titration methodxisnwithin + 5%
of the expected composition values.-}.-%a |

It may also be noted that some trial titeations were

k4

Performed with pheholphthaleln indicator, and the results
agreed closely to those obtairi¥d by potentiometric titration.
However, in the present study, potentiometric titratf%n was

used throughout because it provided a more accurate and ob-

jective method of determining the end p01nts.



Table (III-2) DPotentiometric Titration of Standard S-1
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Table (III-2)
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II1.5 Results and Discussion .

Q

Table (III-3) summarizes ‘the results obtained from.

the four copolymefization runs conducted under the conditions

detailed in Section (III.4.1). As b@fore, subscript 1 refers

o«

to acrylic acid.

Using the previously described non-linear regression.

“echnique to fit these 7%ﬁ@ to the 1ntegra1 copolymer compo-

sition equation, Eq. (III-1 the following estimates of

the reactivity rétios'were obxained, together with the ather

‘statistical parameters calculated in the same way as'the '
.

corresponding ones in Table (I -1). The ealculation proce- :

—— .
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ection (III.3).

. |
dure was described in detail in

. T, =.1.45.:'0.33. :
£2 = 0.57 + 0.04 . |
Re31dual Sum of Squares S(ﬁ3) = 5.4 X 10'%
Re81dua1 VarIance §° = 2.5 x 107 .
'., Correlatien Coefficient "Q12' = 0.95.

Figure (III-3) represents the 95% 5eint"confidence
.region for r, and r, based on the present experimental results,
: whe;eas the dotted line in the.figure is'part of the correspon-
ding confidence region based on the experimental data obtained
‘ " by Bourdals(23?, and prev10usly shown in full in Figure (III 1).

Figures (III 4) and (III ~5) represent’ the change of
the average cumulatlve copolymer comp051tlon w1th conversion
‘for the four lnitlal monomer composmtlons examined in The

present study. The solid lines in- these flgures are the.

3
-
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Table (III-3) Experimental Results of Copolymerization Runs

Mole Fraction‘Acrylic Cumulative Average

Acid in Original Conversion Mole Fraction Acrylic
Monomer Mixture ‘ Acid in Copolymer
f10 : X F1.
.164 ' .128
' . 241 +115
0.08 - . ". 380 - r L1117
. . 509 . . 111
.583 - “.103 . -
) .689 . .096
254 217
‘ 318 | .204
0,15 472 .210
' .+521 .« 194
. . 602 .186
711 . 180
. 197 . 288
) : 276 . 273
0.20 ’ . ‘ 0381 0264
: 04‘90 . .266
.583 . 256,
.621 . 239
X - 340 . - 334
0.25 ‘ . 449 , D e 223,
* - . .512 ) ’ 0313
.638 . 509

.661 L .297

-
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. rz -
Fig. (11I-3) Joint Confidence_Regibn from Present Data -
A Best estimates of r and rs from present &ata
O Best estimates of ry and r, from data by Bourdais_(23)

1

—— 95% confidence region from present data g
95% confidence region from data by Bourdais(23). _ oo
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Fig. (I11-84) Predicted and Measured Drift in-the Cbmulative

Average Copolymer Compoition with Conversion
ry = 1:45, r, = 0.57 '
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Fig. (1II-8) Predicted and Measured DPrift in the Cumulative
Average Copolymer Composition with Converswn
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results predicted by the copolymerization model, Eq. (III~17);
using the values 'of r, and r, obtained b, the non;linear
:regressipn analysis, viz. r,<’'= "1.45 and r,. = 0.57. .The
circles on.these figures are the experimental results obtained
in the present investiéation. : , |

. from the above tables and figures, the following

observations can be made.

s

1., - From Pigure (III-4) ana Figure (III-5), the agree-
ment between the predicted composition drift with oonversion
and the meaSured_copolvmer co osition is satisfaotory.~ This
leads to the concluSion that er various .assumptions made in
" the development of the.oopolymerization model in Section
(III.2.1) are valid for the acrylic acid-acrylemide system.

A further implication of this good agreement between model .
and.obServations is that the estimates of r, and r, obtained
' by the non-linear regression analysis as developed in the
'present investigation are conSistent with the experimental
observations, which validates the whole procedure of’ estimating .
the reactivity ratios from compOSition data obtained at inter-
mediate conversion levels by the presi?t non—linear regression.
algorithm, . |

2. Although the variamce of the present experimental
‘results (82 = 2.5 x 1072) compares‘favourably'with those‘

obtained by .the previous investigators (s = 6,0 x 1072 and

82-= 2.7 x 107 5, respectively), the correlation coeffic1ent

between the values of the two parameters in the present case

.
MY

e s
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‘( 012 = 0.95) is much larger than those associated with the
previous data ( an = 0,75 and 912 ='O.é1). The ‘reason for
this observafipﬁ is that'whereas the previous investigators
collected date-over the whole spectfum of compositions,this
investigation restricted the present pelymers to less than
"35% scrylic acid. This undesirable aspect, viz, the. high
eprrelation‘between T, and_re, will always -be characteristic
of feactivity'ratips computed from a limiteqdrange of compo-
sitiens. In other words, obtaining more experimental aata
in the same composition range as before will not decreaee
the correiation between r, and fé. The Cnly method to achieve
this in t@e'present case is to obtain data for copolymers
"with higher acrylic acid content.
3. 'Thene is some overlap between the confidence
region of r1_and r, obtained at 40°C from the present data
and that pbtaiﬁed from‘the data reported by Bourdais(23)
25°c, as evident from Figufe (III-}) : Although this observa-i
-tlon would indicate that the reactlvity ratlos are not 51gni-'
flcantly affected by temperature, thls is: contradlcted by
- the fact that there is no overlap with the confldence region

(24)

obtained from the data reportedﬁ Cabaness et al,

60°C. Moreover, the attempt ,flt the variation of eace
reactivity ratio with tempera Lrejto an Arrhenius type |

- expression, using. their fespecpive éeﬁ of three‘values eaeh,
was not successful, It is likely that the accuracy of the

expenimental data and hence of the estimated parameters, do
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Y

not warrant such a fit, It may also be pointed eut*that r,
and T, ere the rafios'of propagatiqn rate constants, each of
the latter having an activation -energy -of the order of

5 &C&l/mole, or less. Hence the react1v1ty ratios would be.

exnected«to have a very small activation energy, renderlng

".t

them insensitive to changes in temperature.
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III1.6 Conclusions and Recommendations for Furthef‘study

h)
2

Iﬂ Part III of‘the thesis, g computer progfam was
developed to apply the principles of non-liﬁear regreséion
ana1y31svto the 1ntegra1 form of the copolymer compositlon
gquation. It was shown that the non-linear least squares
‘algorithm is best applied to the integral equation in fhe
. ﬁorm of Ed. (III-16), together with a numerical integration
algopithm, to ensure convergence.

This procédure waS'shéﬁn to have numerous .advantages
over all the’ precedlng methods reported in the literature,

It is superior to the: d&fferentlal methods in that 1t does

not require the reactions to be stopped at very low conver-
sions and does not assumé constant cbmpositionS'thfoughog§

the course of the reactiop. The preéeﬁt method.is also
clearly superior to all graphiéal'methods tbat have been
'widely used in the past for the estimation of r, aﬁd ry

in that it yieids unique and objective gstimétéé of thé

: reactivity ratios, independent of the observer, and provides
‘individual and joinf cdnfidence limits and a measure of the
degréé of correlatlon ‘between the values’ of the two parameters.

The above algorithm was used to analyoe the prev1ous1y

published data for the acrylic ac1d—acry1am1de‘copolymerlzation
/ , .



111-65

(23,24)

: ' a
system . The results thus obtained were compared with

those reported by the original investigators using graphical

methods, The diffe;encee between the, estimates of the para- h\{”d—/
[

meters were not significant at.a 9%% confidence level, How~-

K

ever, the confidence limits reported by these investigators

were considerably different from those obtained by the least
squares method at a 95% confidence level, Moreover, the joint §
cenfidence regions for r, and r, and the.amount of correlation £

between them, based on the above-mentioned data, were reborted

‘here for the first time, ‘
. Flnally, an attempt was made to use the presently

: developed algorithm to estimate the reactivity ratios of the

P g T s ) R T WA W R Wy

ERCRTL P I A LT 1o

acrylic acid - acrylamide copolyme:ization system, from a set
of‘composition-cbnversion measurements where the cdnversion
levels were intermediate (20 - 70%) and where the range of
copolymer compositions was limited to less than. about 35% 7
acrylic acid content in moles. Altﬂough the resulting esti-~
mates of the parameters r1 and r, were. consistent with the
previous ones, it was found that the practice of limiting
the compositions to a narrow range resulted in a hlgh degree
of correlation between the two parameters r1 and roe This

is tantamount to bad experimental desngn, and should be

s

avoided whenever possible,

For future study, a further refinement of the above
parameter estimation procegufe ﬁhy:be accomplished by elimi~

nating'the assumption that the ‘degree of cqpversion,x is an

P
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o

independent variable, hence exactly known. If X 'is considered
to be a second .dependent variable, besides the copélymer
composition, subject to a significant measurement error,

the copoljmeriglion equation becomes a multiresponse problem.
L : .

. .Iw this case, one of the basic assumptions necessary for &

valid application of the least squares techniques, viz.'that

for all pbservations the errors have a constant variance, .

cannot be assumed to hold. Therefore dupllcate measurements

are required to estimate the individual variances in the mea-
surements of the copolymer compositions and of conversions.
Thgn a‘weighted estimate of an overall variance {or pooled
variance) for each observation may be. obtained from the indi-
vidual variances, these latter ‘being assumed constant for all
observatioﬁs. Then the quantity to be minimized becomes ﬁge
sum o%er all the observations of the square of the ratio of
each error divided bj its corresponding pooled variance. Such
.a\weighted least squares method has been outlined by Himmel-
blau(26)in connection with linear modei%“1@ut may be qreadily

extended to non-linear models.

. N

e
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