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Emulsion polymerization of vinyi acetate was studied
in a batch reaotor system. The particle oize diptrioution of
the polyvinyl acetate particlés was determined by electron )
microscopy; 'In Situ Polymerization' technique was used to
harden the polymér particles oefore'microscopic examination.'
A light transnission‘spoctrophotometer was cqlibrated for
particlejsiée neasureizent with the data obtained from electron
microscoﬁ&. A one-parameter exponential function was found to

be a good appgoximation for the*polyvinyl acétate particle

s size distpibution. A convenient method waich involves the
measurement of ‘turbidities at two- wavelengths was proposed to

- A

- determine the particlé SlZO distribution. , » o

The second part of this thesis deals with the kinetics

- of vinyl acetate emulsion polymerization. It was found that a

rate model similar to Case 1 of‘Smith-nwart's theory was able
. ‘ .
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to predict the,polymerization r&te. A model previously

develohed in this laboratory was able to prediét the mole-
cular veight development in vinyl acetate emulsion poly-
merization. The lozarithmic-~normal dlstribution was a
reasonably gZood approxima§1on fo; the polyv1nyl acetate

molecular weight distribution.
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. 1. INTRODUCTION N | :

* Emulsion’ oolynerization -is the most 1mportant commer—
cial process for tne production of polyvinyl acetate. Basically
the monomer is polymerized in a mixture of water, emulsifier
and a water-soluble free radical initietor. The end product
1s a dispersion of polymer particles in water and is called
a 'latex'. The vinyl acetate homopolymer and copolyner latices ’
- are used as a base for latex paints, for adhesives, and for
pigmented paper coatings. ' R ' ;" .

: . ' '
Kinetically emulsion polymerization follows the

normal steps of free radical polynerization. At the beginning,

‘9
the systen consists of emulsifier micelles, mononer droplets -

and initiator in the aoueous phase. Initiation takes place

r

, in-the aqueous phase and free radicals diffuse into the mi-
celles where solubilized monomer’ is polymerized and polyner

particles are formed. ore monomer diffuses into these polymer

.particles from the monomer droolets via the aqueous phase.-
oY

Therefore propagation’snd termination take place in the polymer
phase. ' - ' |

Emulsion polymenigaéion has a number of advantages
over other  polymerization processes, solution or bulk, Due to

'the fact that radicals ‘are separated from each other in particles.
N ‘ : - : . ‘

1 -

I -?



%

_and therefore cannot terminate, radical*concentnation'is high o
and thefefore'propagation rates are high; Polymerization rate
is rapid and high molecular weighf polymer can be produced.
Heat transfer control is effieient elnce viscosity“is low in
~ the aqueoue cantinuous phase. The end product in the form of
a latex may be applied directly in many applications.
Invesgtigations of vinyl acetate emulsion polymeriza-
tion reported in the litefature-are in general disagreement.
Thie is mainly due to the complexity of fhe surface pnenomena
in the heterogeneous system. However, several major conclusions ‘
can be drawn. \ | i\
(1) Polymerization takes plaee.in the particles. o ¢ |
(2) Number of free .radicals per particle is very amall.
13) Nnmber of particles has only a small effect on‘the rate
of polymeérization. |
(4) Termination reactions are of little importance. in mole-
cular weight development. | -
(5) Molecular weight development is unaffected by initlator
concgntration and number of particles._
This theeis deals with the ;ariables'whieh affect -
polymer particle size and molecula; wedght developmentAln o
.vinyl acetate emulsion polymerization. A long nerm objective

of the polymer znd con%rol‘groups is to develop a control



S
-

system for a latex reactor using a lizght transmission
spectrophotometer as an on-line detector for particle size

L) . o .
measurement interfaced with a dedicated minicomputer,
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2. CLASSICAL TH:iORYAOF EMULSiOﬂ POLY!TERIZATION

_ Emulsion nolymerization is a process in which an
aqueous suspension of a sparingly soluble monomer is converted
into a stable dispersion of polymer-particles in Jétér. A
typical emulsion polymerization recipe,_as.fevealedlin patents

-
and trade literature, consists of:

Monomer vinyl acetate 50-100 parts

Mediun Awate;’ ’ 160 parts
’ Emulsifier sodiun lauryl sulvhate 2-6 parts

Initiator potassizg persulphate 0.5-1.5 parEs

water is the dispersion medium. Emulsifier is dis-
‘persed in tle form of micelles. ilonomer eiists mainly as. -
monomer droplets initially which havF a size of aporoximately
1 to lormicrohs. The remaining monomer is dissolved in.the
aquecus medium and solubilized in the micelles. The wafér
soluble initiator decomposes to produce free radicals in the
aqueous phase. <

. 'Tﬁe enulsif¥er molecules- are hydrophilic at one

send and hydrophobic at the cther. The hydrovhobic ends aggre-
gate torform micelles wnen the concenzration of emulsifier
exceeds‘a certain definite'valug'called 'the critical micelle

concentrétion'. A small amount of rionomer 1is golubilized in



the interio? of the micelles vhich have a size of approximately
 50-100%.
- Harkins(l) was the first to rropose a mechanism to
explain‘the exverinental observations in emulsidefpolymeriza—
tion. His model is schematically represented in Figure»l.

‘ IFree-radicals generated’ in the aqueous medium diffuse
into the micelles and propagate. These  'stung' micelles
are now referred to as mnnomer—swollen polynier particles. They

are the chlef loci of polynerization. The larre monomer drop-

‘lets act mainly as reservoirs supplying monomer to the reaction’

LS

sites. As pelyner particlee grow, some of the micelles dzsorbdb
to deliver the emulsifier necessary for stebilization of the
polymerggertieles;.stage 1 ends when all the micelles are con-
suned and neﬁhew partieles are formed. During this staze eeth -
the nunber of ﬁolymer partibI@B”and rafe ofﬁpolymerizatien.\
incregse with time. The percentage conversion of ‘monomer is
5—15%‘at the end of stage 1, depending on emulsifier type and

concentration and also of monomer type.

e
In stage 2 monomer continues to diffusé””fgzzgzﬁé

polvmer nartlcles at a rapid rate S0 that mononer concentration.

18 maintained at an equilibrium level.. Polymer particles grow
w%th polynerization rate remaininv constant as the number of
polymer particles and monomer conq%Ptration within are constant.
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Emulsifier ions

) -

Monomer -swollen

-..‘

polymer particle Micelle
: ' -d=50-100A
Stage 2 .
= -\
1) R

‘Monomer-swollen
polymer particle

Monomer droplet

Stage 3

, Monomer -swollen
~ polymer particles

Fig. 1. Schematic representation of emulsion polymerization.
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Stage 2 ends when all the residuval nononer droplets have
been consume%. In a typical styrene emulsion polymeriza;ion
this occurs at a conversion of abproximatelj 40-50%.

In stage 3 the system consists of only monomer-
swollen polyﬁér ﬁérticles diséersed in water. ilonomer concen-
tration in the polyrdr pafticles falls as polymerization ‘
continues. The rate of polymerization deéreases with a fall
of monomer concentration and the nunber of polyﬁer'particles

reméins constant.

The first quantitative treatment of the kinetics

of emulsion polyaerizatioh was iiven by Smith and Ewart(z).

These investizators studie rate of mahy emulsion poly~

{

mcrizétion processes, .the dependeﬁce of partiéle nuubefs on
emulsifier and initietor concentrations, the diffusion rate

of radicals and the formétion of/pdlymer partiéles. Thgy were

able to'exp;ess the steady state kinetics of emulsion poly-'

merization with a recursion fprmula. This formula was derived

" on the basis of the model proposed by Harkins. Smith and %rart

solved the recursion.eqﬁafibna for three limiting cases.

Liater, a general solution was obtained by Stockmayer and-O‘Toole{d).

Theée solutions are valfd only for monodisperse latices. |

‘Smith and’ Ewart assumed that the kinetics were governed

by three major processes:



(1) The rate of free radicals‘enfé:ing a ‘single particle
is given.byff/ﬂ, where. ., ,
N = total number of particles, . | :
f'= total rate of entrance infé ;1}.N varticles,
(2) The ratg of radicals leavingua particle is given byr
| koap(n/v), w@g?e | S % ' )
k,= desorption rate constant, t R
a = surface area of a polymer particle,
v =.volume of a single polymer_particle;'f ' -

Therefoie (n/v) is the concentration of free radicals in a
particle, ' .

(3) The rate of termingtion within a particle is ziven by

2k, n{(n-1)/v, where

tp
kto = ternination rate constant.

(n=-1)/v is the concentration of radicals with which any one of

the n free radicals in'the particle can react. R

L4

A steady state balance for number of particles, containing
RS

n radlcals, N gives the recursion formula after Smith-Ewart.

N1 (L) + N 1Ko p[_(_n_;lj_]* Nps2 tp(n"'Z) [_Qljl)_]
Nn(‘? ) + Nk a (n/v) + ¥ k n[-@—l)-]

=N no°p n-tp (1)
.~ This is-the general expression for the distribution
of ffee radicals in partiéles. Smith and Ewart then considered

P



three linmiting caées.

Case 1. Nurber oi\zrne redicals ner particlu is small conuared

with unity.

"In this case the rate of transfer“of free radicals
out of the particles is very fast.'Thereforé ve need only con- '

sider particles with zero or one fadical.
‘ i .
- - Nk a ' _ N
‘ “1707p = o?
- .V N (2)

Since N = N , - L.

. 1"1-=?‘" '
anp I : (3)

-
-

.

In the steady state emulsion polymerization, the’
rate of tegpination is approximately equal to the rate of
initiation. Thereiore if terminatﬁon.takes place only in the
polymerxr nhase ‘and occurs instantly when a free radical enters

a particle already containing one radical, then

¢ =208"/w) N (4)

/ :

wheref": rate of formation of radicals by decomzostion of
J

. initiator.

L

From Equations 3 and 4 the rate of polymerizafion,

»Rp. is obtained as

e o Tl Tef 3 )
R, = kg fi]my kP[IEJ(EO"a') o i .
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where Vp is the total volume of the polymer phase,
Thls case anslles to vinyl acetate emulsion poly-
merizatlon where past ;nvestl-atlons have shown that the -

concentration of free radicals per Dartlcle is much 1ess thah

one (18 24),

Case 2. Tne averaze number of free radicals per particle is

equal to;0.5a‘

v For this linitin?-case; the transfer of radicals out
. of polys er partlcles is negligible. The termination of a radical "
in a particle takes place inmediatedy upon the entry of a second,

radical. aipplying Equation 4 to t@is case wnere desorptioﬁ is’

nezlizible 3ives ' )
, : . _
=2 (§/x) 1i; wheref=7¢ - (4a)

&
or in other words, N,/N = 1/2 and since K = N,+ Ny, K,/N is also

3. On the averagze, the number of Iree radicals per, particle is

requal to 0.5. Therefore, the overall rate ol polymerization_ is’

-

R, = k, ause (e -

This equation has been found- to hold for a number

 given by

of enulsion polymerization systexs, namely, styrene, isoircne

and butadlene for conversions usually up to the end of stage 2«

N @
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/‘ . %
Case 3. Number of free radicals ner varticle is large com-

.
i

\f\ pared with unity,

In this case there ar;\many radicals per polymer.
particle with each havinz the same number to within a very
close approxination. We need treat only thne 'statistical’

polymer particle. FrO“ the recursion fornula,
n?
. SN = zktp( v ' (7)

’ . The rate of polymerization can be described by
the eypression used for bulk polynerization-
, = pbﬁJ§n S -
(Vo f 4R |
= k_[ D :
A (zq‘) ‘ (8)
» . p

where n is the number of radicals Per particle and islhuch
' L 3 .

 greater than unity. . ?
Stbckmayer(a) was the first to ob%ain a general
solution for the recursion formula proposed by Smitn and Ewart.

‘Later, Stocxmnayer's treatmezt W&as corrected and extendﬁd by

*

02001 (4),

. X : . Ly
: j The recursion formula can be rearranzed as: -
’ 1

(n+é)(n+%)nn+é + m(n+l)Nﬂ+1 +eN 4

I

N [n(n-1) + mn + €] | " (9
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where £ = 1_1_ ) : '
ktpﬂ : (;0)
' m = koan .
‘ IEtp (11)
f‘The averege number of radicals per particle, n; is
)
= n=% I(3)
E T T8 ‘ (12)

2 «f
| where '§ = BE .

1 denotes Bessel functions of’the first kind. The rate of
polymerization is then given by '
R, = k[ ]nn | - (13)
Fizure 2 is a plot of n as a function of$ and n.
1t can be shown that the results are indagreement‘with'the
three limitin; cases of Smith and Bwart. ‘
The second p;obiém ih emulsion polymerizati;Lf
concerna.the formation of polypgr particles. 4 felationship
between the number of particles formed and the initial concen- -

tration of sgpulsifier and initjiator was also found by Smith
» i - .

1
L

and Ewart:'

. . . o _
N= (P70 4(se) (14)
- & = -
where a = area occupied by pme—ayulsirier molgcule,
i ' } volunme of




o -1 2 3 4g 5 6 B
Pig. 2. n versus § and m (Stockmayer and 0'Toole)

-~

F’= rate of volume increase of a polymer pérticie,u ”

-
LI}

constant. - . &
In evaluating k, Smith and Ewart considered two
iaealized situations. First,“all radicals were assumed to be
cantured by micelles as lonz as the micelles are present. In

this case, k = 0.53. The number 6} particles predicted is to

larze owing to the nezlect of radicals captured-by polypfer

particles.



In the eecond eituation, tha rate of capture of.
radicals ner unit area of the particle or micelle was assumed
to be the sahe regardless of the size of . the particle or
micelle then k = 0.37: The nunber of particles predicted is
too small aince tne flux *of radicala per unit area is inversely
proportional to ‘the radius of the particle involved '

Besides the theory of Smith and Ewart Sheinker
- and Medvedev(s) proposed a different-mechanism for isopreneJ
polymerizaticn. They considered polJ1erization to take place
on the suriface of the particles. For methyl- methacrylate
& mechanism, nuch 1ike the one proposed by the Rueaian workers,
was offered by Brodnyan et al. (6). However, thoee theories .
; have not been inveeti"ated to the same extent as the theory .

of Smith and zwart, It is believed by moet researcherq that
the polymerizatr n takes place within- the polymer particles.

=\

el

"
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3. PARTICLE SIZE MBASURZIZNTS

. N
3.1, INTRODUCTION

""In the literature, electron microscopy and lizht
'scattering have been the standard methods for polymer‘particle
size nmeasurement. Electron microscopy can generate a lot of '
,information, such as, size distribution, number—averase and

'and welrht—averaﬂe particle- diameters, but it is tedious. |

P

Lizht scattering provides an accurate measurement of weight-
average particle diam eter. It is a relatively tedious method and

. a very clean - working environpent for tne instrument is required

'One of the major obaectives of the present work is
to develop the basis for an instrument to measure particle
snzes, both nunber-averagé and weight-average diareters, on-line
tnrou?hout the whole rangk of conversion in vinyl acetate

' emulsion polymerization.

3.2. LITLRATUAL SURV“Y'AiD THEORETICAL BACKGROUND
3.2.1.° ELECTRON' MICROSCOPY |

. Electron microscopy is the standard experimental

b/

method for neasurins particlé size distribution from which
the weiaht-average and number—average particle diameters can «
be calculated In the literature. microgranhs of latices consisting

Ll

of nard polymers, sucn as, polystyrene and polyvinyl chloride,

‘ .
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}'e;e of.high quality. Thouzh many ineestigators revorted that
:,particle size distributioh-of polyvinyl acetate latex was

determined by electron microscopy the procedure was seldon
deserib:d and the nicrographs very seldom shown., Polyvinyl

;-ecetdte is a film-fornmin3z polymer and is soft in nature. The

l polymer varticles tend to flatten when treated for electron

. microscopic measurement. Drying stresses as well as heatinz
. from the electron bean collapse the[normally spherical

: partlcles. M~ o !
Bradford and vanderﬁoff(27’ 28)"found that particles
of soft polymers can be hardened by_crosslinking'with hizh—
ener3y radiation. This method‘requires very large doaes (20~
30 megarads) and unfortﬁnately it i:g.creases' substanti_allyqt_he
actual diameters of the. narticleu.

EUR, * The most e;fective method so far reDOrted in the
literature was developed by VanZo(lé). This method ie known
ae:'In Situ Polymerization'. A small amount of'etyrene is added
to tge.ﬁolyvinyl aeetate letex. It diffuses into the particles
and when subjected to gﬁmna—radiation of a dosage of 1 megarad,
st;rene “:zj*erlzes ard ,a frhmewor< of nolystyreﬂe is built
up within the particles and lends a great deal of reeietance
to deformation. Vanzo showed that the’dianeters or the polyner

particles are not. altered aubstantially by this method.

.
!

or
N
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Purthernore his solupility study indicatés'éhat polyvinyl
acetate pérticles nay be‘swolien to over twice their ﬁolﬁme
"with styrene ‘before an external rononer pnase forms. Tnerefore
with the additién of:a small amount of styrene to the latex
no new pﬁrticlea consisting of pure polystyrene are generated.
The in situ polyrwerization hardening method developed
by Vanzo has ‘been adopted for pgrtlcle size distribution study
in the present work.

3,2.2., LI3aT TRANSGISSION TECHLWIQUS

The use of light transmission is not common in volymer
[ 3

kinetics studies, particularly for polydlsperse latices, such as,

'polyvinyl acetate. Heller et al. (29) has proven its validity

- -

in measurements with nonodispyerse polystyrene particles. Maron,
>

Fierce and'Ulevitch(jo) used the method to measure polygisperse
lpolybutadiene-styrene particles. Recently, Gulbekiaﬁ(14) reported
the use of 1izht transmission method to determine particle
diameters of polyvinyl acetate latex. |

The basic p"incinles of 'particle size measurenent

-by lizht transmisaion is vased on the itie theory. It can\oe -

A absorbance of sanple h - -

wavelength is only a function of the polymer particle- diameter

NE
for monodisverse latices. Laron et al. (30) denonstrated

jexpezimentally that for a polydisperse latex, A/c is a function
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of the weight average particle diameter of the polyner, Qe
at a i‘lxed X .
¥
¢ = .b'.:JL‘L ) & - (5)
pm o

Lwhere’L = path lenzth of the transmission cell,
i d_= density of the polymer,
A= wevelength of-light‘in the medium,
F o = WD/A_, where D is the particle diameter for a
monodisverse 1atex‘and.corresponds to the weight-

> average particle diameter for a polydisperse latex,

K = light scattering coeffic¢lient.

Details of the derivation are shown in Appendix 9A.

. Therefore, for a polymer latex with a fixed panticle
size distribution, A/c is a’constant‘at a certain wavelenzth,
rh, ihdepehdent'ofﬂthe concentra#ion, c.
| If A/c for poly#inyl acetate latices with known
particle size’diatribution (measured by electron ﬁicroscopy
aﬁd_li;ht scattering) is.measyred at a fixed wavelength, a
calibration curve of A/c versus particle diameter. can be _

: etabiished for measurement at that wavelength, Thia method

yas used to callbrate a Beckman DU spectropnotoneter.,

‘ PiercecBl) evaluated various connercial 1lizht

ransmission detectors for particle size measurement. He



[
calibrated the instrunments with the Kie Theory tabulations of

Heller, Pan*onis and Jacobson(Bz). Pierce‘found‘good azrecrent
between turbldity and 1i:ht scattering measuremcntac However,

' this method gives calibration curves fon veight-average. 3
-‘particle dianetera only. Details of this calibration method
are ziven in Pierce's renort(31) and will not he discussed

" further.

3.3, EXPERI.!.LTAL PROCSDURE

3.3.1. MaT RIALS AHD FOLY.LSRIZATION FROCEDURE

Vinyl acetate, obtained from 'Glidden Company, was

. // .
distilled twicec and kept in a refrigerator before use. The

emulsifier, purified grade sodium lauryl sulphate {Quolac ON-WD)\
wasuo?taincd from Alcolac Chemical Ccrporation. Laboratory.
grade potassium persulphate of 99.7% purity was obtained fron
Fisnher Scientific Co. and was used as initfﬁzc?. These chemicals
nwere used with%pt further purification. Distilled water with

an electrical conductivity of less than 3x10 =6

mhos was_uscd

as the dispersion mediﬁm and solvent for the initiator. Witrogen,
used for purzinz the reaction mixture, was obtained frcm a
atandard zas cylinder. Traczs of oxyzien were removed by bu‘bblinfr
the nitrogen zas through a 5% Pyrosallol solution in 2N NaOH.
The polymerization apparutus is shown in Pigure 3.

t consisted cf a 3= litre reaction vessel 1mmcraed in.a water
f . . - .
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. bath. A heating filament-with temperature control was used to
maintain the temperature of water in the bath. The reaction
vessels had inlets for a thermometer, a nitrogen-"as lqlet, a

reflux condenser and a stirrer witn speed control,

Before polymerization was initiéted, the ﬁixture

of vinyl acetate nonomer, water and emulsifier was purged with

nitrojen for an hour. For all experimcnts, the emulsion comprised 3

2‘,O'e.nd‘l.2 gn initiator., The initiator was prediésolved

“and ‘was purged with nitrogen‘before reaction started. Various

of 1750 ml H

amounts of ..onomer and emulsifier were used to control the

particle size. The temoerature of the reactor was maintained

at 50 + 1° C. Tne ‘emulsion was stirred at 150 r.p.m.

_ _ Conversion was determined by freezing the samples
in lieuid nitro jen to'break the emulsion.-The precipitated
polymer ﬁas washed and dried to constant weight in a vacuum oven
at 25°C. Samplee of latex were withdrawn ffem the reactor.
for hardeninz by gahma-ray initiation of ebsorhed styrene‘and

for 1li:ht scatterins and lisht transmission peasurements.

.3;2. PARTICLZ SIZ: DET=RMIGATION

%.3.2.1, ELECTRON 'ICROSCOPY

The following experimental procedure was adonted

o treat p01%v1ny1 acetate sanples for particle sizeéﬂistribution

tudy:
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4

(1) The polyvinyl acetate latex at essentially cdhplete‘ .
conversion ;as diluted to 5% solid content. |
(2) An amouht ol styrene eguivalent to 10x of the welght
| of polyvinyl acetate was added to the polymer. It was
shaken well to allow the styrene to diffuse intq,thé,polymer'
particles.,” = o -
. (3) The sample wcs ifradiated with a Cobalt 60 gamma-radiation
E source with a total dose of 2 megarad.

‘(4) Copper grids were covered witn formvar film. Then they

were covered witih carbon in a vacuum evaporator and mounted

in a nicroscopic slide.

The latex sample was divided ihto pértions and diluted 100

times, 200 tines and 400 timés respectively. A small

drop oI Dow monodisperse polistyreng 1a§ex of diametér

2640 % was added as an internal standard. Then one drﬁblet

of ‘each portion was ﬁut on a grid surface.

After dryinz, the zrids on a slide were shadowed in a
vacuun evaporator with‘gold;palladium alloy. The shadowin
angle was measured. ~ . ' - 7

The srids were examined with a ﬁkilips :iodel 300 electron

microscope. Mierographs ﬁere tgkeﬁ at a‘'magnification

x22,000,

The micrographs were printed. about 10CO particles were

1
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3 counted to determine the particle size diatribution.

[ 3.3.2.2.  LIG:T TRANSUISSION AND LIGHT SCATTHRILG

A latex samnle from the reactor was diluted from

100 to 200 tirmes. The diluted sSamples were- -transferred to the
optical cells for absorbance measurement. Detailed instructionah
for the oﬁeration of tne Becknan DU spectrophotoneter are given
in the Beckman manual. The values of absorbance, A, at wave~
length 58508, 50002 and 4000% for ‘the diluted latex samples

were measured and the quantity, A/c, calculated at each wave-
length. | | .
?he weizght average particle diameter of the sample

was also determined by light scattering. The values obtained

from lizht scattéring were compared with those from electrod

microscopic measurenent. Detailé of'the~light scattering
echnique are given in Appendix 9D. S
.4. RESULTS '

.4.1. EIEZCTRAN <ICRO3RAPHS

Figures 4 and 5 sﬂb& migro aﬁhs of pol&vinyl
cetate_lat;ces which wefe'tréated'wi h the in situ polypere
zation hardening technique. It was fpund that the‘ra?io of |
he shadow length to the diameter of[the particlé was almoét
ﬁe same as that of the spherical standard indicating that

he polyvinyl acetate particles were spherical. The radii
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Figure 4. Micrograph of hardened polyvinyl acetate particles
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of particles were calculated from the shadow length and the
shadowinz angle and these were almost the same as the radii

measuﬁed_directly from the prints.

Figure 6 shows a micrograph of polyvinyl acetate
latex obtained without hardening of the particles, It can be
seen that the_particles are not spherical.

3.4.2. PARTICLE SIZE DISTRIBUTION

Table 1 is a 1list oﬂ,éxperimenta that were performed

in the.particle size'distribution study. Both‘ﬁxperiment No. A5

A

. .

W }' \" - & e T .:.H‘_ wa v
| .. ,\‘ . ..‘{- \-' “q R Z‘.n:. - q'g_. ) : . “\ : - . ‘
. . .

' : “ ' - . . k T e
Y . - - -t . . .
PN s : .’4
LY . .!~ -- .
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.&dﬂ&nﬁwuu-mdnnuﬂu-f -‘ﬁﬂdhﬁ-li- ‘
Fig. 6. micrograph of an untreated polyvinyl a.cet.n.te -
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a1

and A7 were seeded from the PVAc latices of Experiment KNo.
A4 and A6. The frequency data for Experiment No. Al to A7
are listed in Appendix_QE.

TABLE 1

Experinents for Particle Size Distribution

Expt. io. Vic(ml) Water(ml) K2szo&l:m) ’SLS(gm)

Al 800 1750 ‘1.2 5.0
A2 800 1750 - 1.2 ~15.0
A3 © 400 1750 1.2 30.0
A © 400 170 - 1l.2. . 8.0
A5 400 (+ PVAe latex -from Expt. A4) - ‘
A6 400 1750 f 1.2 _ 12,5
AT | . 400 (+ PVAc latex froij;pt. A6) |

Wy
\

‘Pigure 7 shows the particle size distribution of
a sample from Experiment A6 and Figure 8 shows the distribution.

of a. sample from 1-‘Jc')el:':L'ﬂent'. AT. The histOTrams indicate that

particle size distrlbutionsare skewed. Tnis appears to be in

agreement with the exnerimental results obtained by Venzo(ls)

Fron the nicro#raphs it is possible to calculate the

weight-ayerage particle volume, V , and number-avera?e particle

wl

’f
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volume, ;n' defined as

%‘w_=‘iz{;in1d1 | | o >
- ‘znidf o - (16)
- 3 1
n,d
;h =:E§§EQE—E;—- _
£ny (117)
- A : .

where n; denotes number of particles with a diameter, di‘ i

Tne weivht-average particle diameters of 17 polyvinyl\
acetate latic:s’ were calculated from particle size distributions
and are compared with values obtained from light scattering

- in Table 2. The values obtalned with these two independent

methods are in zood avreement. They dif;er.by-less than 10%
which 1s well w1tnin experimental error. |

Experinenta A3, A4 and A6 were prepared with the same
-concentratlon of mohomer and initiator. Only the emulsifier
'_concentration was vnried. It is of interest to know the cffect N
of emulsifier conccntration on the number of volymer particles -
'in\tnis case. Fivure 9 15 a plot of number of particles rer
c.c. versus emulsifler concentration. It was found that nu1oer
of polymer particles vas proportional to the O, 5 pcwer 3? the
emulslxierxconcentratlon, i.e., '

No't..[Elo's : .' - .(13)_ -

..
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'COmnarisoﬁloﬁ‘dw'srfrom Electron Xicroscony and fro%

Lizht Scattering

Expt. lo. 8, (E.-)(R) | .dw(L.S.)(i) o
Al - 1650 . 1565
A2 ¢ 1230 - | 1120
A3 . o170 700
A4 : | . 910 1100
S~.A5 | 1360 -~ - ) 1430
6 850 : a 936
AT T 160 1250

+  This is in agreement with the recent work of Nomura(la)

d Friis(24) whno also used sodium lauryl‘sulphate as the

emulsifier. )
In the work of Vanzo(ls) and Friis(24) one particle
(gize distritution was measured by electron microscopy and the .
ratio, V / Vg Ves found to be 2.6. This value was assuned to

be valid for.all nolyvinyl acetate latex particle size diatri-
-butions obtained over a range of reaction conditipns. Number- |
.avepége particle diareters coulgﬂthén be éoﬁputeg from_wéigyt-

average pérticle,diamefera obtgined from 1izht scattering data. . .

)
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In the present wqu, seven particle size distribut;oné
ﬁere measured and the ratio, ?ﬁ/ Vh,‘was found to vary from :
3.47 to 6.18 (Tfable 3)., Therefore a fixed distribution Eannot
be assumed for vinyl acetate enulsion polymerization; Patsigé(ls)
did not apply the nardening technique and obtained a value of 2
for ¥,/ ¥,. Undoubtedly, the techniques of hardening and shadow-
ing have facilitated the counting of small particles.which * °
would otherwise-hjve been missed.
| Fizure 10 shows the relationship between dn, d

W
. and emulsifier concentration at complete conversion énd at

fixed initial initiator concentration. It can be established

hd

from the experimental data that
103167 '
1/a,06 (2] %107 S Q)
1/3 ¢ [£] 0122 ~ (20)

Therefore at complete conversjion,

\\ d_ = 0.0485 g 1-3%° “~21) -
\ n - W _ , o
3.4.3. CALIBRATION CURVES FOR LIGAT TRANSANISSION SPECTROPIODO:ET:R

ol d

To meet the Hie theory réquiremeﬁts of ‘no secondary':
scattering and no partiéle interactions, the quantity, A/c;
in Equation 15 has to be extrapolated to ¢ = 0. Fortunately .
it was found experimentally that A/c 18 a constant for the range of
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:}xoncentrations under qonsideration(iﬁ'gm/l.)‘A/c is therefore

2
For the seven particle size distributions détermined

a function of particle d;aﬁeter and wavelenztn only.- :

by electron microscogy, their A/c values for wavelengths 5890,
50008 and 4000ﬂ'were also measured (Table 3). Therefore
calibration curves, A/c fersua dw og dn,_can be established.
Figure 11 ;hows a tyoical callbration curve determined in fhis
manner, A calibration curve calculated using the Mié-thgﬁry

1igh§ scattering coefficients tabuléted by tHeller et al.(qg)

is compared to that determined with electron microscopic data

(Figure 11). They are in good agreement, particularly, for
particle diameters less than 12003.

TABLE

Data- of Lirnt Pransmisgssion-and Electron liieroscovny

lfeasuremrents . ,
Expt.No. AM=40008) A(=5000%) A@=5890%) a,(R) a,(R) ¥,/ ¥,
AL 0.9820 0.5450 0.3425 1650 1090  3.47
A2 0.6780 0.3500 0.2080 1250 685 5.80

43 01710 0.0732 - 0.0406 710 420 6,18
A 0.4350 0.2075 0.1188 910 - 520° 5.38
45 0.7040 0.3630 _ 0.2160 1360 840 4.25
A6 0.3185\ 0.1440 -~ 0.0800 850 490 5.23
" o.s490 N 0.2690 0.1555 1160 = 650 5.70
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4. EMNULSION POLYIERIZATION OF VINYL.ACETATE.“

4.1, IRTROJUCTION _
' Smith and nwart's theory finds good agreenent witn
"styrene enulsion polymeriuation but it cannot explain the
exrerinental observations with vinyl acetate. A number of
investiators have ascribed this non—conformitf to the moderate
solubiliiy of vinyl acetate in water (2.1 wt% at 50°¢C for
VAC anqro.d37 wtx for styrene at 5000)(7) and to the sﬁscepti-
bilityqif vinyl acetate radicals to chain transfer reactions
during pélymefization.

Though a fair amount of research has been done in

vinyl acetatc emulsion volymerization the results so far are

contradictory. The detailed kinetics of the process is sti1l .
uhkhpwn.é%ne reason is that a uniforn recipe and uniform
1£§5Erimental conditions have not been employed,
¢ References 8 to_25'comprige tﬂe majority of research
on vinyl acetgte emulsion polyherization conducted during fhe
past two decades. The followinz is a brief account of these
reports, '

1

4.2, LITERATtRE SURVEY AND THEORSTICAL BACKIROUND

4.2.1., POLY:iERIZATION MECHANI S4S

The relatively high solubility of vinyl acetate.

in water led several investigatora to propose that polymerization

- -actually takes place in the water phase, name}y, Patsiga(g)

A
“+
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Gershbergcll), Gulbekian(14). In fhis model, fhe monomer

is supplied first by the ﬁonomer droplets and then by the
nonoher—swollen particles.lThe growlng polymer molecules are
stabilized by adsorption of lonic .scap on their surface. The
reﬁétion medium will then have a constant.composition ahd this i
will imply a constant rate of reaction. ' -

The water.phase polymerization méchanism fails to
exnlain the hizh rate of poXymerization and the large molecular
véi ts zenerally obtained in an emulsion system. Polymeriz ation
in water pnase would generally give linear polyner whereas

‘polyvinyl acetate is highlybranched., Friis et al. (22) calculated\

1 that the average number oI branched p01nta per mononer molecule
of a polyvinyl acetate molecule at hizh conversion is nore

than 10.0. Furthermore, there -are other évidegces‘that do not-
suvport this model., In a study of the polymerization of.vinyl
acetate in aqueous media Napper et al (13) observed a narked
increase in the polymerlzation rate as soon as the initially .
formed polymer vreciositated from the solution as polymer <
particles. This suggests: tha£'thé'major:locua of polyneriéﬁtion
is the rolymer particles. Dunn and Taylor(zo) showed that

the concentration o: monomer in the w;ter phase dropped o

by a factor of 2 in going from 30 to 85% gonversion. Therefore,

the reaction medium is not constant aéfﬁmggested.
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In 1970, Litt, Patsiga and-Stannett(lo) preaentedA'
la aodel to explain the almost zero-order dependence of rate
on [uﬁ‘..”heir ryrvotnesis is that poljmerization proceeds
mainly in the particles while termination occurs mainly in
the agqueous pnase. Polymerization is 1nit1ated in the aaueoua.
phase. As the polymer grows itrpicks up soap and becones a
polyelectrolyte. ifter many collisions, the pol¥ymer is |
swept up by a particle. This implies a non-diffuaion-control;ed
process with an activation energy negessary for breaxing )
throuzxh the?ﬁonic double layers of the polymer and the-paﬁticle.
Growth of the now nonsolvated raﬁical continu&s in the particie
until chzin transfer to monomer occurs, The .major termination
occurs when the neutral butyrolactonyl radical with perhaps
several vinyl acetate residues added reacts with a growing .
'aqueous radical. A secondary termination step is sweep-up
of a gr0w1n0 radical into a particle containing a radical.

However Litt et al. also found that [g ] was
proportional to [ ]é. When this is substituted into their
model it appears that rate of polymerization should decrease
with the 0.25-0.5 power of [}ﬁ] over most ot’fhe polymerization |
- range. This is inconsistent with experimental data.
- In 1971, Harriott(21) presented a rate model for .

vinyl acétate emulsion polymerization. He’hypothesized that




growth and termination take place primarily inside the éﬁollen \ ;

1

polymer particles, During‘polymerization an equilibriumgdistri-
bution of radicals is established by a high rate of 1nterchahge
of radicals between polymer particles. The rapid escape of
radicals from particles is possgele because of the relatively
high pete of chain transfer to monomer and the moderateéwater
solubility of monomeric and oligomeric radicals. '
Friia(24)'pdinted out fhat data fron previousgresearch
did not support this dddel. Ihe model would predict a concave
_curve for conversion'versus time plot in the range, 20-807
conﬁersion and this is never observed in the literature.

The low concentration of free radicals. per particle

s5ug ests’that vinyl acetazte emulsion polymefization can be
des rib‘;d by Case 1%of the Smitn-Ewart's _f.heory. In fact, a
numﬁer of models(24’ 18) have been presented based, on a mechanism
involvinz the rapid escape and\reebsorption of radicals in

the polymer particles.- Gooaney(zs) was able to predict molecular
weizht development up to T0% conversion based on this mechanism.

Friie(24) suzgested that the mechanism of vinyl

acetate emulsion nolynerization is sizilar go that of vinyl
chlorlde. He derived a rate model vhich was based on the vinyl |
chlerlde emulsion polynerization model developed by Ugelifad(Bs)

The data and conclusions based on this model compare favourably ~

¢




with that of Nomura. Thus, it has-been possible to obtain
concurrent results frot differéqt labhoratories.

4.2.2. EFFECTS Of VARTABLSS |

heterozeneous process with at 1eiot three phases (monomer
phase, ‘polymer phase nnd nqueous'phase) and five components
.{polymer, monomer, initiator, emuksifien and water); In the
past a fair amount of research has been done‘to elucidate the
e;;ect of these variables on the rate of polymer;zation. Azain,
the expexrimental results are contradictory. .

The effect of inittator concentration on rate of

poiymerizatlon has received nuch attention. uershberr(lg)

repérted that the order of reaction with respect td initiator
concentration is 0.6. Litt et a1.(10) found an order o% 1.0.
Dunn and ;aylor(zo) found 0.64 and Dunn and Chon?(zs), 1.0

for low concentration and 0.6 for [I]>'2x10 4. o Donnell(ll)
also found a shift from about 1 at low concentration to 0.7,
*arrlott(21) nointed out that nxponentt_s greater than 0.5 nay
be caused by impurit;;s which have ;ore effect at low per-
sulrhate levels, or by chanﬁes in the rate constant for

(18)

deconposition of persulphate. Recently Nomura and Friia(zs)

-reported a value of 0.5.

| Friis(24)'réported the intrinsic viscosity 7f PVac
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to be independent of initiator concentratioh. In fact it is
zenerally concluded that the init?ator coneehtration does not
appreciably azlect tne nunber of pol,mer particles in the systen.
Litt et al. (10) found that the emulsifler concen- ‘
tration has no effect og the rate of polymcrizat;on. Gersnberg(lg)a
found that the rate ®f polymerization is pronortional to the
0.25 power of emulsifier concentration. homura(la) found that

.-

emu151fier ‘concentration had less effect on the rate ol poly-

T

merization than in the emulsion polymerization of water-
insoluble_mononer such as, styrene. Frii§(24) found the value

of the exoonent to be approxioately c.12.

tond®® - "Emulsifier concentratlon hzs a significant effect .
on the'numberkpf polymer particles. uekshberg(lg) reported that
the number of-particles.increaaes with 0.2 power of emulsifier
fconcentration. Frénch(e) found that the value of the exponent
should be 3. From Nomura's datq(le), it could be calculated
that nunber of particles 1s'prooortional to the square root
of thc enulglfier concentration. The sane valuc was reported

by Friis.

‘The Muter—to-cono.er ratio .shouli not affect the
kinétics of emulsion polymerization._This is true only if
reletively hizh ratios are.being used. Litt et al.(lo)found
experimentaily that tne rate of polymerizatjon is alnost

~ -
I

AN
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independent of‘mohomer concentration in the particles until
85— 90ﬂ conversion.

A number oi‘ 1nve:;t1°'ators(s"'l3’ 24) concluded that
* the number of partleles is indevpendent of‘convegg;on‘beydnd
a conversion ‘¢f about 10%. Prieat‘lz) repoxrted ;Tdecrease in
number of particlEs“from a cer%ain Critical conversion, Priest
explained this as beinz due to an increased rate of particle
coalescence as the particleé become"iargef._ _

. Stanunett et al. (10)'found the rate of polymerizaeion

to be 1ndepenaent of the number of- particles. Friis found

that Rpooﬂo $25 |

| | motoyama(17) found that the effect of stirrlng on

the varticle nufiber is more inportant in the emulsion poly-

merizatlon of v1ny1 acetate than in that of styrene. Usually ,

violent stirring causes a decrease in the rate of emulsion

‘polymerization. Lindemann(7) discussed tre effect of agitation
on the rate of emulsion polymerization of vinyl acetate. In

| some ol tne eayly 1iterature're}erehce was made to the fact

that'agitatioe decreased the rate of polymerization. It was

A
found later that oxyzen, which was still prescnt in ira ces,
was responsible for this effect.
Temperature changea'the=rate of’poiymerization due

to its significant effect on the rate constantis.

i




. In order to establish.the point at which the
soparate mononmer phasofdioappeoro ooﬁo invoétigatois ﬁovo -
followed the diffusion of monomér into the polymer partiolos

’ durin" polymorizotion. Fronoh(a) found the aoparato monomar ,
phase vanished at 13. 5A. Vanzo(ls) round it to be 32% Nomura(le)'
found a valuo of 23%. Priis(24) found the monomer pnase diaap—

~

pearcd at a conversion of 20; 0 w ;

4.2.3. MOLLCULMR AET ST DEVLLOPIoYf

For the past two decades all the research efforts

in vinyl acetate emu lsion polymorization havo been devoted to
the development of xinetic models which can prodict'the rh;e
of polymerization. uoosnay'a(23) oxporimental and theoretioof

L4 c

work in this laboratory is a first attenot to derivo a noaol o

which can account for the molecular weight dovelopnent in the
ﬁroqoss. dis investi otion was extendea and a model(éz)which
' io based on the oquationo developed by Graeooley(31) and .
Stoin(le for prodloting moleoular welzht gavelopmont in vinyl
athato buli uolynerizdtion waa-aatablionad 'The folloaing
is = brief account of tho mo&elfﬂevalopod in thio 1aboratory
and the detalils are dosc“ibod in Reference 22.- )

Conaider a single statiatioal partiole in the emulaion
system. It represents’ the whole population ‘of - partiol\vﬂapd

t  therefore the moments of_distribution‘in Ehia'portfclo ia tne

NN

Ll



value of the moments in all particles when mixed together.
In frge rédical poiyme:ization,& srowinz radicul,

,P;; may enter any one of the following'reéctiona:'

‘Propagation ' R M s T 2 (22)

Monomer transfer Pl + M _E;m;_ Pr.+ P, (23) o
Polyger transfer ‘ﬂ- P; + PstEP-Er + P; (54)

e e TR . ()
N, Henteinen e
Egﬁgiﬁitigﬁ KA P;_+ P;_EEE_? Prss " (27)

-

Inavinyl écetate emulaioﬂ polyme;izaiion ituhaa been
Jghown that termination reactions are not important(éz).
Therefofé, their contribution to moiecular-weight development
can be negleccted. -

There are two ;tages in the process., In stage 1
the reaction mixture consisté of three phabes,rnamely, the .
monomer-phase,'monomerlswollen nolymer particles and agueous : >

' phase. In stage 2, monomer ﬁhése'disappears'ahd there are only

2 phases, namely, mononer-swollen polymer particles and water

LS

ng stage 1, monomer-polymer ratio remains COnstant

&
while tne particle grows. The systen can be deacribed by the -

t
. .
Al - o’
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i‘oilowing equationsy ) *
Qo dv'o — t' k |{ k* . -
= ny - kb @)Y, . . .
v, T ,.?m[ T %M (28)
Q V) o (k[ x,.
= MDY
v; . P[ t;l fm[lp] 0 (29)
. ‘ : » ) 1
' k M Frke [+ 5 Qo+k Q :
= - |
K SR o
+ k) Yo o . (30)
'where o{ P S -
Yu! . . .
| o . -
Ql = i I‘P )
. ‘g' ’ \ v 1
F(P y ¢ -
P, =,concentration of molecules with r repeeting units,
P; = concentration of radicals with r repeating units.

From Equations 28, 29 and 30 the number-averase and -
weight-average molecular weignts in stage 1 can be expressed

as: ' o ' : , L N

o= ma /o= Pl I e} +xi0y) S ,

" T Mot Qo™ 2 pfm 2 © (31)

‘ " : .moQ2/Q1= mo 2(x [ui ]+k Ql) +kp[h. 1(kfm[‘“p] "'ki'pql) .
X [up] (kntBLJfkprl) 2kpr1(k;[MI}-k Q) - (32)

The equations can be solved with the _rollowing rate constants:

1

L]
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k, = 1.89x10 7 exp(~5650/RT) 1it./mole-sec. X
kpp= 1.43x10%xp(~9020/a1) 1it./mole-sec.
L P 3.55x106exp(-9950/RT) 1itv./mole-scc.
£ ‘
K. = 1.07x107exp(=5650/KT) 1it./mole-sec. .

p .
-During stage 2 a single pafticle cin be rezarded as

a locus of bulk polymerization with very sldﬁyinitiation and
termination reactions. Therefore equations derived by Graessley(37)

‘and stein(®8) for bulk polymerization are direcctly applicable.

. . . )

on =-cmmo - quho - , . , .
LT (5] SRR ¢ £
dQ, _ U, - o

ax- B : - (34)
dQ, _ 1, +2(u_ KMoy c* b Qg*"‘ql) -
ax | o8| | ip) *Cp o, (35)
where ¢ = kfm/kp' | )
- . . )
ey = kfp/kp

\[mp]= 4 (1 - X)

Equations 33, 34 and 35 can be solved numerically with the .

N

initial values of Qo,-ql_and Q, calculated fron EQﬁations 28,

29 and 30. o ' -
| »*

P deé:eaées-with

During stage 2, the rate constant k
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1
-

conversion since terminal double bond polymerization is

diffusion-controlled. k; is expressed as 1\/ﬁ_
.

K = A+ AX 4 ALY A X0
P ] 1 2 3 /

where A= 1.07x107 exp(-5650/RT)

(36) -

A1= -169059 ‘ . | . '
Ay= ~479.92 |
A3= -1014- 3

The experimental results of Goosney were found to
fit the model from O to 100% conversion. ..
4.3. EKPERIKEHT#L PROCEDURE ¢

4.3.1. DNATSRIALS AND POLY.ERIZATION PROC.DUAE

The chemicals and equipmeht were the same as those

{described in Section 3.3.1.

- The general'experimental procedure was the ‘same.
Emulsion samples were drawn from the reactor in ten-to twenty
minutes intervals. ?heir percentaze conversion was determined.

In all exp;iiments, the recipe consists of 1000 ml |
distilled water and 400 ml vinyl acetate and vafying amounts
of initiator and emulsifier. | |

4.,3.2. PARTICLE SI2E AND MOLSCULAR WeldaTlT DeiTZRIINATION _
) The emulsion sgmples wers diluted from 100 to 200



.
times. Their absorbance was measured with Beckman DU spectro-

photometer. Aftep calculating their ratios, A/é. théir number-
‘average and weight-average diameters could be obtained from

the calibration curves established from previous electrosa,
£

(Eacroscopic work, .
Molecular weight distribution of the pélymef J:mﬁles
was de&efmined using a #aters Associates Chromatograph Model
No. ALC-201. Pglyyinyl acetate qpmples were dissalved in
tetrahydrofa;an (THF) to form a solution of 0,25 wt%4, The
chromato :raph was overating at room temperature (25°C) and at

carrier solvent floﬁ rate of 2.5 ml/min.'The GPC was previously

calibrated (éalibratibn_procedure‘described-in Appendix 9B). '
Tne chromatosramns were interoreted for molecular
weizhts using a digital prozram developed in this laboratory.
: \ _

4.4, RESULTS

4.4.1. COHNVERSION VERSUS TIMS CURVES
Figure 12 shows the conversion versus time curves
at different initiator concentrations. Qualitétively it can

berobserved thét there was an accelerating period from O to

about 20,) conversion. Then tho rate of polynmerization yas ' ~J¢
epreasetd.

constant from 20% to almost 90%. Afterwards the rat

In literature, many investigators reported an
} . . ’ ,
induction period when polymerigation starts. In the present.

Fl
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4

work this was not -observed. The reaction ntarted as soon én
initiator was added to the emulsion system, ihis could be due
to two reasigs. The nononer used in. the present worx had oeen
distilled twicevwith.a vacuum distillation system. Practically
21l traces of inhibitors in the vinyl acetate were removed.
Before polymerization tne mixture of emnlsifier, water, and
-monorier was yurged w;tn nitrogen for approximately one.nsﬁf’to 
remove traces of oxy3zen. Dinsolved oxygen can be a major factor,
that inhibiits the reaction. The emnision system was also
continuously purged witn nitrogen during the reaction.

The effecnlof initiator concentration on the rate of

polymerization can oe determined from Figure 13. The rate was
calculated from the linear portinns of ‘tne conversion versus
tirme curves. Fisure 13 snows the loz-log pldt.of'polynerization

rate versus initiator concentration.

The rate of polymerization was found to be proportional

to 0.525 power of the initiator concentr:ation. This is in Sood

asrdevent with a nunver of findin7s in nelliterature(l8 24,20, 19?.

Thus, it can be concluded that the rate of polymerizztion is

‘ b :
approxinately proportional to the square root of the initiator

concentration.
| Flgure 14 shows that the rate of polymerizqihon
increased when a quantqty of initiator was added to the emulsion
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system‘during the reaction. It has often been a practice in
industry to add more initietor to the reéctor at the final
stage of polymerxrization. This pushes the polymerization process

to higher conversion in a far shorter time,

The rate of polymerization 1é'given by
ﬂ R = k [,. Hn v 7
D “Bﬁiﬁ .
A

Since Rp can be determined from the slope of the

conversion versus time curve and N, the number of polymer

- .
N

particles per litre, can be calculated from the particle diameter

N

333510~ mole K,S,04/1. B0
_3 .
2.22:10_3 mole xaszoefl. H.0
t 1.65x10 7 mole Kzsa%/l' H.0 '~
¢t 2.11x10 7 mole Kesz"e/l' 1.0
12 gm SLS/ 1. H,0 |
50PC S -

y ‘ L . 1 -] A
%% 20 40 . 60 80 100 120 140 160
time, minutes ° '

Fig. 12. Convergion versus %1ime at'differcnt initiator levels.
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[T WRENE S N W T 1 | S B
0.4 0.6 0.8 1.0 2.0 3.0 4.0 6,0 8.0 10.
I xll‘.i3 moles/1. 320
Fig. 13. Rate of pol;rmarizaf;ion versus initiator concentrations.
1.0 T 1 ©
0.8 . 7
0.6 12 gm SLS/1. H,0
X 50°¢
" At 1.11x107 moles x 0g/1+ H,0
.41 - By 2.22x107° moles K S’Oa/l n o
0.2 - "
. ¥
0.0 A L 1. 1 1 | : |

0 .20 . 40 6o - . 80~ 100 120 140 160
' ' Time, minutes | :

Fig. 14. Effect of adding initiator during polymerization.
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s

-~
(section 4.4.2.), n, the average number of radicals per
pgrticlc, can .be calculated.

-Figurg 15 showys the average number of radicals per
partiéle, n, versus conversion for a tygical polymerization
arocess. n was found to be small throughoufrthe whole conversion‘

range though it increased rapidly- from low to high conversion.

/
0,107 | | = \ 1

o.08~ . o %; : -

. -3 :

7 1.11x10 ° moles :;23208/1. B,
12 gn SLS/1. B0

0.06} 50°¢" ' —

‘0.04" -

0.02/— —_
0 ' | | 1 -] 1l .
0 0,2 0.4 0.6 0.8 . 1,0

Fig. 15. 41verage mmber of radicals per partlélo versus conversion,
. A | _ . :

-~
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Pigure 16 shows the cbnveraion versus time curvgfjr
at different emulsifier toncentrations. It can be seen that the
sloves oi these‘curves are not very different froﬁ'each other.
it apﬁears that emulsifier concentration has a negligible
effect on_the rate of p&lymerization in the range of concentratiohs
considered ;n this feport. Phis is not in disagreement with
recen£ investiéhtiops'reported in the literature. Patéiga(lo)
reported a zero effect. Friis(24) reported that rate of poly-
nerization was provortional to tae 0.12 rower of eﬁulsifier

‘18); a snall éffect‘

cqpéeﬁtrégion..In the revort of ilomura
due to emulsifier concentration can be seen only when the
difference in enulsifier conéentration is more-tﬁén 10 tines. b

Therexpgriments were repeated with laboratory
srade sodium lauryl sulphate as emulsifier supplied by Eiéher
Scientific Co. and with the same initiator concentration as
the previous experiments. Figure 17 indicates that the rate of
polymerization was not aifgcted by different emulsifier
concentrition. | B A

It is of interest to notice from Figures 16 end 17
that the rates of'polymerization were very difrerent wnen two
tyfes of sodium lauryl sLiphate supplied by-different manufagt
were used.-Thia'strbngly indicates-thaf impvrities in the

enulsifier have a significant effect on the rate of polymerization.

c @
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Fig. 16, Conversion versus time at different emulsifier concentrations. '
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Conversion versua time at different enulaifier concentrations.
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1.0 T l I B - T 1
0.8 . : : ) D
0.6 -
_ 5.5x10~4 moles x °a/1 H,0
0O 1 50%
0.2[~ 7 p 6% =
o1 \ { L1 1 i X
0o 20 30 60 80 100 120 140 160
Time, minuteé R .

Fig. 18. Conversion versus time at different temperatures. '

The resglts also help to explain why it has been impossible.:

to obtain comparable experimental data in different laborgioriea.
| Figuré 18 shows the polynefizatioh curvés at two

dllferont temperatures. It indicates that temperature has an

*aporeciable erffect on the rate of polymerization. At the hivher

temperature the value of the rate constant for initiator

deconp031tlon is much larger.

4.4.2. ULBER=-AVERAGE AliD WEIGHT-AVERAGE PARTICLE DIA!:TERS

Figure 19 and Figure’zo show the number-average and
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initiator levels.
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wol ht- nvofhge particlo dinmaﬂafa voeraus conversion for the ;
polynogination grooonnou at differont initinhor eonocntxation.
The data 1ndioatn that inltiator oonoentrn;ion doon not hnvn

nny influonce on the partiolo sige. -

L There have boon row attomptn in the litoraturo to
outjmuto particlo diumotora during polymeriaation but thore
are data (24) which 1ndioato that the total numbor of polymor
pnrticlou is not 1nfluenoed by 1n1t1ator concentration. Thuu,
the proaontrdntn ngreo with 1nveat1;utiona roportud 1n tho

-

literaturo.,
o~ e L : .
i Figure 21 is a plot of tho total number of particlos

vorosun conversion at dilfferont 1n1tiu¥or oonoontrnﬁion. Tho

totnl nunbor of partioloa wad ostinated fron the. vuluou of d
in Flgure 20, Tho dntn soom to Bontter from 12x1017 to 18x1 ﬁf
pnrtic]uellitro but they con be oonsiderod oonntant within
those limita, Sovernl 1nvoati;atora uaing 113ht ncattoring and N
cleotron mioroucopy(a’ 24) havo. ooncludo&‘thnt tho nunbor of -
lpalttcluu ronnins conatant from 10-to lOOp conversion. The |
. samno conclusion was drawn for vinyl chloride emulsion poly-
| .tli...‘tlun(?d) o | ' o
_ - Flagure 22 and Figure 23 show the numbar-avorugo and
woi"ht dveru a diameters verasus converaion for thne polymerizntion

curves 1n Figure 16. It-fndionteevthut emulairier ooncentrution

.
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‘ _ . N
has a great influence on particle size development. The total

number of narticles shown in Fizure 24 stronzly.indicates that
f
the total nunber ol particles remain constant within tne range

of conversion conSidered

The number of polyner particles was calculated to

~
be apd?DXinately proportional to the 0.7 bower of the emulsifier B

concentration. Figure 25 shows the total number of polymer
particles versus conversion for the'polymerization curves shown
in Figure 17. In this case, the t&tgl number of particles

is aporoximately proportional to the 0.4 power of the emulsifier

30 =1 - T — | LI

20 |- . A | . A
o a0 )
BT L T [b nfoRt

. per 1it.

10
" 50°C - . ]
Tt . -
12 gm SLS/I. H o 1 _

5" O+ 3.33x10° mole XS °e/1' H,0 - | o
-7 @i 2.22x10 °mole K ,5,05/3 H20 -
T F A 1.11:10'__3ﬁwle K25208/1. H,0 .

3 L 1 : | i pl 1 . ‘

0.0 0.2 - . 0.4 5y - 0.6 0.8 1,0 .

-

Fik. 21. ‘Number of particles versus'.convereion at different N
- - initiator concentrations.

. .I
~
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-]

concentfotion.idonsidering that thccc,valuea were astimated
from absorbance measuprements, thney are not in disagrecnent
'with the value, 0.5, computed diiectly from eioctron micfo-
pcopic data in Section 3.4. ' o >
Figure 26 and Figure 27 show.the_numoer-averago
and welght-average particle dicmeters versus conversion for
polymerization processes at 50°¢C and 6Q°C and at the sane | , .
_cmulsifier coﬁccntration. It appears that temperature.
has a slizht influence on-particle size development.

4.4.3. LMOLECULAR WRIG.UTS

Figure 28 to Fizure 33 show the effect of initiator;
.emulsifier and temperature on'ﬁumbef-averagd, Mn,.and welght-.
'chraﬁc, W, nolecular WEi"hts during polyrerization. Tha
findinzs agreced with the experimental work of Goocney(23) that:

(1) ”n and Ww are indenendent of initiator concentration.

(2) 14, and I, ere independent of emulaifier congentration.
(3) Temperature’ and converaion are the major ‘ariablea in
molecilar weight aevelopmenv.' _' o/

Thecaolid lines in the figures reprosant the theoretical

(22) : '

n\uﬁl M,V(lovcu in this laboratory . Tlie data asree Llun the

predictions of the model within the 11m1ts of experimental
errors, Thus, this model is effecti@e in predictin* molecuLar

wcignt averages for a batch latex rcactor under a variety of

operatin; conditioncﬁ_- S ‘ k

et
-
-
"



* 59
o~ ' '
A . o ©
A ‘ 0
0. ~
_ _ . — ]
o 2.32:10 mole xzszoa/l. H,0
- 50°C
O's 12 gm sLs/i. H,0
A+ 6 gm SLS/L. Hzo.
- (SLS from Aleolac Chemical Corporation)
| i 1 :xy‘ | 1 | |
0.1 0.2 0-_} 0-4 ] 0-5 X 0!6 ’ 0.7 ‘0.8 0.9 1. A
Fig. 22, Number-average particlé diameter wversus coﬁveggggb“at different
emulsifier concentrations. ' . _ .
_3 '

2.22x10° 7 mole xzszoa/l. B,0

50°C |
| QO 12 gm SLS/1. B0 i

Av 6 gnsLs/1. H,0

(SLS from Alcolac Chemical Corporation) -ZS

A |
1 4 ! 1 L ‘| ! 1

0.1 0.2 . 0.3 0.4 0.5 x .0,6 0.7 0.8 0.9 1.0
Fig. 23. - Weight-average pSrticle diameter versus cpnversion at different

e@ulsifier concentrations.
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Fig. 24. Number of pol&mef’partiolaa versus conversion
at different emulpifier levelg.
20 LR - T T
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Nx10 A h
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4 O+ 6gnsus/1. B |
A v 3 gn SLs/L. HO
A (SLS from Fisher Scientific Co.). .
1 | 1 [ | 3
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‘ - Pig. 25. Rumber of polymef pafticles versus convprsIQn
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- , L A A
o A o P
: @
_ Ao _
D A
AN
3 AO 12 gn SL8/1. B0
- A 1 50%
oA | \ O 1 60°%
\ ) 0 1 - 1 \ { '
0.1 0.2 0.5 0.4 0.5 X 0.6 0.7 0.8 0.9 . 1.0
Fig. 26, Number-average particle qiaméter versus conversion at different 3
temperatures.
| ~ | A A
20_ 3. \
) A O )
A o,
00(}- A ' 0
k) A O - :
sLs/1. H0
i em - Ao 12 gn /O 2"
. A 1 50°¢C
O 1\6000 o
600—0 A #
400 | 1 L ) ] | | ) :
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Fig. 2. Weight-average particle
' temperatures.,

diameter versus conversion at different
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4.4.4, LOLECULAR WEIGHT DISTRIZUTIGUHS

Consider a chromatozram of a polyvinyl acetate
sample. The chromatograd‘height at a retention volume, V,

{

represents tie weizht fraction of polymer at a molecular weizht,
L\\which corresponds to V. Therefore,

11y
W(10)dM = W(ln K)dlnk =-=#(V)av . (37)
where .W(V)dV = ﬁeight fraction of'poiymer in reten;ioh volume
range V to V + 4V, ‘ | e“//F
W(M)dl = weizght fraction of polymer in molecular
weight'range d to M + di, corresponding to
V to Vv + 4V.

The calibration curve is expressed as -

e

M =10 exp (~D,V) (38)
where D; and D, are constants.
“ f
In M= =DV + 10Dy | (39
From Bquation 38, 4N _ _ (- = = "
q 20t gy = ~DDpexp (~=D,V) = =DM (40)
. . dv - "'-V :‘I - - 1
. - m - "J v - Fzr‘l . . (41)
a1 = ﬁéﬁl | | - (42)

From Equation 39, :%“%EH = -D, : : _ (43).



Froﬁ Eéuatioﬂ 37,
o W(u) = l_(%)z--d(lnb!) = #(1nM)d (1ni)
therefore, W(1nM) = w(V)/D, _ (44)

Since W(V) cun be measured ffpm_the;chrqmatogfam, W{1lnk)
can be evaluated, |

Fizures 34 agd 35 show tﬁe plots of ¥(1ln ﬁ) as a
functien of molecular weight, M and conversion, X; in‘a ’
semi—logarithﬁic scqlé for polyvinyl agetate samples poly-
mepized at SOOC and 60°C respectively. At hizner conversion,

transfer to polymer and terminal doubde bond polymeriz#tion

becone important gﬁd the high degree of branchinj greatly,

increcases the hizh molecular weight fractions.
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4.4.5. LFFLCTS OP STIRRING

The influunce of stirrinb on the rate of nolywerlzation
Was briefly studied. Exneriments of the same recine were runT
at r'tirr:v.n* rates from 100 r.p.n. to 500 r;p.m. It wags found
tnat’ stirxing did'not chanre ﬁhe rate of polywdfization ffom
100 to 300.r.p.m. Kowever, vi*oroua gtirrin" at 500 r. .m.,

caused a decrease in the rate of polymerization end foanming

appeared on the surface of the emulsion indicating that the

- cmu131on wa unstable.

It is’ felt tnat the rate of polymerization can
depcnd, to a certain cxtent, on the rate of stirring, snape

of the utirrer and the shape of the rcactor. As long as the

a;;tutlon is u:fici=nt to kevp tue chemical specles well
miZed, the rate of stirring should not affect the rate of
polymerization, Too %i;orous stirriﬂg.exérﬁs an excessive

shear‘raté on the emulsion which then becomes uns;able;
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‘5. DISCUSSICH ‘

5.1, IN2RODUCTION

o

| The einerimentﬁl resulté in Sections S‘and 4 snow

~ood aE;;cmont with recent investimtions(l6 18, 24) in

vinyl "cetatc emulsion nolymerization, The in situ polynorization
hardenincwtechnigue has provcd to be effective in the micro-
gcopic studies of soft polymer particles, such as, polyvinyl
acetate: The conversion versus time curves indicate thot the

rute of polymerization is conatant over most of tiie conversion

ronse. The average numbcr of redicals-per polymer particle 1s

.unﬂll comnared with unity. This leads to the'poasiﬁility that

Case 1 of Snith—Ewart's theory may be able to predict the rate

of rol: aerizction. The neasvrements of particle diametéra ¥
vsing 1i ht transmlssion measurements ind10¢te thot gmulai;ipr
concentratibn is the major controlliny factor in nparticle

size dévglopment. Thouzh the results seem to ‘show. that thére

is influence in particle size dﬁe‘to température difference
“hey a;e too close. to allOJ a définite conclugion, Fr&m the
'.p01nt that tennerature affects molecular weiznt development
inere sheuld be an Influcnee in partiele srowth niwcn'tr*~'
must be directly related to polymer formation in the particles.

-

Accountinz for the decrease in perminal double bond polymer-

ization the model developed by Graégsley(37) and stein(BB)
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for, vinyl ccetate bulk polymerization ;s.able to predict the
nmlcculur'weight develoypment in vinyl acetare enulsion
nolynerlzntion. N

The pointis mentioned have been discussed in detalls
“in sections 3 and 4. Several g;jor points, sucn as, ﬁarticle,
" slze distribution and its implications, rate models for vinyl
accttte emulsion polynerizhtion and molecular weirht distribution
will be discussed below. .

5.2. PARTICLE oléh DISTRIBUPIOJ

.
rd

one veculiar feature of the present experimental work
on varticle size distributions of polyvinjl acetate latices

was that more small particles. in the range IOOR to 3003

were sterved than those reported in the literature(24’ 16, 14, 8)

It is~felt that during electron micrpscopic observationé,‘small

particles can easily be neglscted in a large population.

]

A number of researchers reported that'thé particle

-

sizé distrlbutlon/of polyvinyl acetate latex should fit a log-

- arithmic-normal distribution(l6 8, 4), thougn few have shown

“a cuantitatvive demonstration. It -1is found that ‘the present
experimental data do not conform with a logarithmic normal
distribution but as shown in Figure 36, they can be approximated
by a one-parameter exponential distribution of the form: |

.1

'F(D) = a exp(=~bD) for D £ D ‘-DN 45) .
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where D, = diameter of the smallest particle,

DN = diameter of the largeat particle in the aystgm,
and a = - 1 _' - using normalization.
JDN exp(-bD)dD
D

o

From the figure, the particles in the ranze 0 -
100 3 which were missed in the mioroscopic observations due to
the resolution 1imit of the electron microscope can be estimated
by extrapolation. The bulk of particles in'the intermediate
sizc ranze fit the exnonential model excellently. A number

of particles in the large aize ranwe does not lie on the nodel.

This could mainly be due to experimental error, simply because

the population of larjze particles might not be well represented

*

-

in the micrographs. i _

Assuming the expgnential relationship of Equation 45,
T dy and d were evaluated and oomz red withuthe data from .
electron~microscopy. Table 4 ind catee that d and d, are not
very far away from those previou 1y determined from electron
microscopy. . | o . / |

Tnet a one-parameter exponential distribution ‘model
fits the ‘particle size distribution also leads to a convcnient
‘method of determining particle size distribution without the
use -of calibration curves. Consider the.turbidity,'C;}fof a

latex. at wavelength 1511': S
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d 's and d 's from Elcctron Midwoscopy {Eill.and fre

L.monenti 41 Diotribution, in & - . \

Expt. No.  d (EM) a, (odel) M (Ei)

e i e S r——

Al 1090 - 1070 1650\

d, (epger)
N 5
R ¥

x2 685 610 20\ 2
A3 .. 420 390 770 \  §oo e
M 520 . 540 ' 910
A5 840 7% 1360 % 40
ae 490 485 850 bro
N | 650 670 ‘\. 1160 o 280
— e =S Oy K"(D 1 )T J}Zn é('n)dn J | (46)
1 D, ' m;__zi.k p .
'whorc'nn = totalfﬁumbef : 'partiéléh ﬁerlunit vol ﬁe na

polydisperse sample.
n F(D)dD is, then, the number of pa ticles ver ufilt volume of
disperse uyutcm .hich have radii be ween D and jP+dD)..

" Therefore #(D) iBaa normalized funcyion such thgt

D. . ) :
S s P(D)AD = 1 g (47)
D ' :
[+] D _ ‘ . .
a= 1/ S N,exp(-bD}dD 1 ' {(48)
Do' . d
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From-Equation 46, &, =ZThpd D K (D, A, )D exp(~bD)AD (49)
. ’ o M Y

;

n

The concentratd of polymexr particles 1is ziven by

. -pon(D)dD
[0}
=N n_ad SDN D’ vD)dD | |
A mpadp exp(~bD)dD (50).
O .

pividing Equation.49'by Equation 50,

- D, «
-CI =a""1'sj f K*(D. lml)Dzexp(-BD)dD
~—=— P "D,
c 0

DN -
N3 : :
‘ S D exp (=-bD)dDd . ‘ (51)
D :
o
The li{:ht scattering coefficients, K (D. lml are
tabulated in dcller et al. (32) 'C- and ¢ are cxperinentally
weasured, Therefore, Equatio_n 5,1 can be solved for b using a
single variable search. Substituting into Equation 48, a.can
be found and thus the whole distribution function is deter-
nined., Furtnerxore, np can be gvaluated from Equation 50
since a and b are known. In summary, by measurinj ‘the turbidity
of a .soly ner sanple at a fi.\Cd wavelenzth 7tml and itgo
conccntration, c, the - following information concerning particle
- size and polymerization can be generated: _

——
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(a) the-distribution function,F(D)=aexp(-bd) for Doé D & D,
. I\
‘ and therefore weizht-avera:ie and nunber-average particle

diameters,
(b) the total number .of polymer particies, np, per ﬁnit

volune of gmulsion,

(c) the turbiditibs of the polymer gample at other wavelengtha
can be predicted, _ . Lo
Tab}e‘S'shbws the comparison of expefimental end -
pru&ictud values rofﬁturbidities, welgnt-averazce and number-
uvgrugé particlc‘diameters. -
Another method which appears more promisiny is to

.mbesure turbidities at two. wavelengths, ‘Aml and lmZ‘

’ Dy % A A ' .

-t-* - S ® K (D. Kml) 'r{ Dznp& exp(-bD)dD (46)
1 YD i - .- .

\\\\\ 0
s 1.:* SDN '(b AT p°n .a exp(~bD)dD (46a)
= K 1 -
2 ! 2 p _
D, me' 7

s
.

Pherefore a single variable search for b cun be performed

D,

T B ;
{from e D .J/;ﬂ,,,’/’ ) ' _ ,,f’f~fj“’“““_
'CI - S H,K (D 'lml') D exp(—bD?dD_ I -
2 Dy = S :
| S K", A,p) Dlexp(-dD)aD  (52)
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e

Then the diutributign:un& n, are dotornminod. Furthermoro,
this method wllows the prodictioﬁ of’concon@rutiog. ¢, from
vt Lon SO'u%ncc'np; urund b are known.
| Table 6 showuy the comparison of exnerimental and
predicted values for turbiditlcé, cbnccptrution, welght-
aversese and number—uQer&gc particle dinm;torn. A comp;viuon
of 'fnbles S and 6 indicatca‘thut'the two methods agree.
Thao turbidities and weight-average particle dlnmotora_aro
vhry_nccu;utely predicted. The number-averasze particle diumeters
hre amall comnared with experimental valuca., This can be
‘vxnlaincd as follows.. Tho modcl predicts that thé-majorlty of
polyner part10113 are smull (A: 200 & in diameter). _The -
numerical vanlues of K for ocmall particlca at this smal
aiwe range have not yet been cvaluated and therefore the valucs
‘wied in the present calculation WOre obtained by extr polution;
Thia is probably the major gource of errors., Therefore, it is
r(conmcndcd that in future an accurutc value of K at srall
dljmethr ranre can be culculated fron the basic e theory
cquitions,

_ How thellatdx'particles .grow remains a nystery. lio
mechanism has yet been proposed to accountafgr polyvinyl
(13 2d) .,

acet dtc purticle zrowth. From the recent rcports

" the findings in the present wqu-of purticle size diatribut;on

¢ . . 1'|
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a qualitative explanation 18 propoaed as follows. When
particles are first formed at the initial atage. the dis-
tribution is probably normal. The free rudicals formed in thé
dqucoud phase diffuse into the particles and the majority

of them cucape into water again. Chances are that. on. the
average, a particle with a. large volume gets more radicals
than a small one ‘since N>N1. Therefore, a large particle will
propuuate at a faster rate to form an even larger particle.
puring stage 1, micelles continue to be stung and morec polymer
particles are formed. This éven adds to the population of
,mall pﬂrticles while large particlea receive more radicals

and nropaﬂdte at a rapid rate, This is an explanation as to.

why there is a very large number of very small particles in
the emulsion and why the particle size distribution is 80

broad.
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. " C—‘
5.3. RaTB OF POLY:L‘RIZ‘LTION

/.

o

bince 1970, four major nodels have been nronosed !‘
for vinyl acetatewemulnlon polymerizk}ion. The models bf ’ .
,neriott(21) and Stanhett(lo) were diséussed in Section | ()
4.2.1. and were found to be inconsiotent w1th exnerlnentﬁl

daota. The” nodels of :rlis(24)and Nomura(la)

are both based -
on a megnaniun ‘involving rapid escape and reabsorption of
radicals in. the polymer particles. This reaaonably explains

the low value of radlcals per polymer‘particle in vinyl

¥
gcctate_emulsion polymerization.

The model of Friis(24) is represented by the following

rate eguations: " ~
[1.1 ( 30N .%V N 3 s \ -
2x, £[1])°(Ca. » + > - .
'E"_" 2Ky _ (53)
where X, = propégation rate constant, X
k, = initiation rate constant, g - :
[1] = concentration of initiator,
f = initietor efficiency factor,
ktn = termination rate constant,
'kd = desorption rate constant.

The model of’ Nomura(ls) is renresented by the

folloﬁing rate eguation.:
- %
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kTl r 2 1/%.1/3,1/6, 1/3
R, = kd;r.zn] ( RafI0)00k, )7 3 P out ox M2
: N, 5D ktr‘? 4 q(l—#@ (54)
where D, =. diffusion coefficient of monon:ric radicals-in
aqueous phase,'
g = density of monomer—swollen polymer particleu,

Lo
£
I

initial monomer concentration,
Sm = pertition coefficient of ‘monomeric radicals

. between aqueous and polymer phases,

D -1
- ? = ( 1 +' W ‘) ;
N
q’c = 1l - xc‘ ) | j ) \'

In spite of its connlicafed form, Equation 54 could
be reduced to a simple form(24) '

= k[ (ox, o] )R (E—)F | |
e Fen L BT
since Nomura defined fhe desorptﬁnmrate constant ag
i : k . .
3D tr :
= W
( Sm T ) K, . - (56)

apd since-

L/g M3 M3 - 3L
‘m(I—W U ('13—;qu -.
LT
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\ v --‘
Comparing%Equgtion‘54 and Equation 55, the only

. 2 i ,
difference is that the term, NA vn y is hiSSing in Nomura's
modgel. In a tynlcbl vinyl acetate emulsion nolynerizatlon,

there are about 1018

particles/litre in the system. Friis
showed that at this particle concent*atlon//ﬁhe term, N/Zk
is the dominant tern and Nszplzktp is less than 10 of the
Jformer term. Thus it can be concluded that the two models
cere actually vefy close to each ofher. Mo%eover, thgir 7
expcrimentél ﬁindihgs agree with each othér.-

It has been shown in'Figuré'IS'that the average
nunber of radicals per particle in the ﬁresent work is much
less than one. In Case 1 of'Sﬁith—Ewart's theory the rate of

polymerization is given by Equation 5,

- M (5" o ®
o%p N

§ is 2kif[.1] and Vv, is proportional to N, the total

number of polymer particles. i ' -
o EB’_EEEB](Zkiml ).% (ﬁﬁ% ? . (58)
This hés fhe same form as the model Qf.FriiS‘or

Nomura. The only'difference among these two models and the
'Case 1 of Smith-Ewart's theory lies in the definition of the

deéorption rate constant.
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Eqﬁation 53 was caltulated with the followinz values
B . ,; S

for the rate constants

Kyp = gexp (17.662-0. 4407£—6 753){ -0. ;-4953(3) 1./nole-sec., .
kp = 3500 1, ./mole—sec/.j h _
2k, f = 2.5‘)!:t 10-6/sec. . | - e
a, = 1150 em./1. . ) D
a_ = 933.8gm./1. .- ~ o P
R Ektr[ﬂp] /5, . (59
where ' B
§ N

2D. 2D -1 ' o :
=3 ( __g + kp[mp]) 4 | 60)

r /‘

o -Bxdm(f[:-i‘-) R
: Dpf"p (=T s

=]
It

for X>x, (61)

=
]

-8 xcdn;(l;d,) )

) L
o Dp exp ((l-x )d +°"x d for X&x (62)

r = radius of a polymer partlcle
D) = 107 -8 dmz/sec | !
8 =3.2
d = 0.3 — : .
ky. = 0.75 1./mole-s¢c.. | T |
[Hp]' =(1-x)4a, | fmoies/l. for X>xc. (63)
BE(I=%+%d_/q | e |
- o : 7
[Mp] = (1-x,) moles/l, for X&x, (64)

86(1-3( X, d /d )
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o

y Figure 37 shows t#at the model predicta_the conversion
rate accurately from 20% to almost complete conversion after

ad justing for the dead time delay.

5.4, MOLECULAR WEIGHT DISTRIBUTION .
The molecular weight distribution curves in Figures
34 and 35 appear to fit a logarithmic-normal distribution of

tﬁe form:

Winy) = ——X - _. 2, o2
k-/ ( nM)__r_ (—Zm exp{ (lnM ‘lnﬂ) /2& 3 (65)

Fisure 38 shows. a plot of 1oglow(1nu) vs., (lnl -1nm)2. The
linear relationship proves that the logarithmic normal /
distribution is a reasonably good approximation for the

polyvinyl acetate molecular weight distribution,



0

4

b ?

89

kodel
O  3.33x10 ’mole K,S 08/1.3 0
O 2.22x10 ’mole X £8,0g/1H,0
A" 1.11x10 mole ¥ x 5,0g/1. 320
12 gm SLS/1. H,0

2
0
50 C
L ! | S 2 B
20 40 60 80 100 120 . 140
Time, minutes
Fig. 37.

Conversion vexayj time curves.

160

O t X =005
D :X=0.895

6 - 8 : 10 . 12

. / _ o
Fig. 38. Log,, w(1nM) versus (1nk - Inﬂa at 60 C.
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6. CONCLUSIONS

The folléwing édnclusions can be drawn from the
echrlnentul invcstigaticns in the present study,.
(1) Lizht transmission sdgctrophotonetry is an efficient.
technicue for the neasdfement of number or wei"nt .
~average dlameters of polymer_particles in vinyl acetate
. emulsion polymerizationq The fpsquency distribution of

a polyvinyl acetate latex can be approximated by the

function.

£

| F(D) = a.exp(-bD) _
‘By measurlng turbidities at.z wavelengths, the particle

size dlstributlon, the number of particles in the systen

. and concentpation of polymer can be computed by solging

the followinz integral equatisns:_ o ' "
' ' .
DN .
F(D)dD = o ‘ '
B, .
D ) .
* N
t]. =S K*(D, .Aml)T Dzn F(D)dD e
D .
o
D .
t* = N w, , it _ 2 ‘
2 S K" (Dy Nypp)—7- D._g_ﬁ@dn
D, | -
D - o
. N »
\ ¢ S o 3dpn F(D)aD. R

Do

.t



(2)

(3)

(4)

(5)

(6)

The total number of particles in vinyl ace?hte emulsion
polynerlzation is apnroximately proportional to the
square root of the emulsifier concentration, . °
The rate of polymerization is‘approximate}y proportional
to the square root-of the initiator, coneentration.
The effect of enulsifier concentravion on the rate of
polymerlzation is negligibly small compared with the
effect due to temperature and initiator concentration.
The total number of polymer partieles in vinyl acetate
f_eﬁﬁision polymerization'is constant in' the conversion
range, 20 to 100%. | |
The weight~everage and number-average particle diameters

are independent of initiator concentration. They are

influenced by emulsifier conoentration‘end to a small
exfeﬁt, by temperature cﬁanges.

The weizht-average and.number-average molecular weizhts
are independeht of initiator and emulsifier concentrations.
Conversion and temperature are the major variables in
molecular weight development.

The kinetic model. developed in this laboritory(zz) can
_predict the molecular weight developnent in a batch latex
reactor system up to high conversion under a variety of

_soperating conditions.



(9)

(10)

~ .

The moleéular‘weight distridbution (MWD) éf polyvinyl
acetaté ?or tﬁe'whole-qpnversion range is logarithmic-
normél wnen W(lng) is plotted versus H.'Polfdispersity
increase with conversion as a consequence of chain
branchinz reactions, transfer to polymer and terminal
double bond polymerization ?hich become more important
as the polymer “concentretion increases.: | |

The rate mbdeisiof'Friis(24) and Nomqra(lé)'iefe shéwn
to be similar to Case 1 af Smith;Bwart's ﬁheory. Oﬁly
the definition of the desorption rate constant 1is

different in these three models. Using the desorption

rate constant developed by Priis, the rate datd measured

~in the present study fit his model.
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HOMENCLATURE ; o N )

constant in Eqﬁétion 45

-+

surface area of a polymerfpafticle .
surface iéga-occupied ﬁy 1 emulsifier molecule
absorbance of a latex sample - | |
second virial cqefficieht'

constant in Equation 45 -

concentration, gm/c.c.

diameter of ‘a particle ST ,

density of monomer

density of latex pgrtiéles

number average particle diamefer T

weigh£ éverage particle diameter

diameter of & latex particlé

GFC ¢alibration -curve constant

GrC callbration curve constant Ce : .
fhe ¢ianeter of the smailest oarticle in the emulsion
the dlameter of the largest particle in the syatem;
self—dirfu31on coefficlent of monomeric radicals in
ijonomer swollen polymer paLthles

self-diffusion coefficient of momomeric radicals in

vinyl acetate

ol A '

o |



g

o I T o}

t
K
P
*
K

k, =
P

]

.

. self-diffusion coefficient of monomeric radicais in

aqueous Dphase o . ‘ .

emulsifier concentration, gm./lit. Hy0

initiator efficiency factor
freauency of particles with diameter ay

intensity of transmitted'lighf

" intensity of incident light | i

',initiator concentration

Bessel functions -of the first kind
constant in Smith and Ewart's Equafion for number of
particles

desorption rate constant

" initiation rate constant

termination by combination rate constant
terminaticﬁ by_disproportionation ratc constantA
transfer to ﬁolymer rate constant

transfer to monomer rate constaﬁy/

rate constent for transfer to monomex '
desorption rate condtant in Smith-Ewart Theory

rronazation rute constant

&
/termination rate constant - o

(
terminal double oond polymeriZation rate constant

llght scattering coefficient of tne particles




d.-:':
[}

—
e
1

rean of the

q
path lenzth of the transmission cell, “cm.

koap/ktp
nolecular weight

)

‘of monomer

monomer concentration in water phase

monomer concentration in moﬁomer—swollenfpolymer particles

nunber average. molecular weight
weizht averaze molecular weignt
molecular weizht distribution

monomer concentration in monomer

“initial monomer_concentration

nurber of radicals in,a'polymér particle
refractive index of the' solvent
concentration éftparticles in the sysien
tofal nunber of polymer particles -

Avogadro's number

number of particles containin3 n free radicais

concentration of molecules of chain len;th r

-

concentrutiqn of radiczls of chain len th T

11:'1 moment of noUner distributiop,‘;' riP
3 -

polymerization rate

= Raleigh's ratio at angle 90°

—

{ )
number of enmulsifier molecules per unit volume\?r

aqﬁeous phase

i
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acound o

fl

sodium lauryl sulphate: .»

rgaction ti;g l

transmgtfancg.

average folumefof a.polyher pé:ticle
nunber aﬁerage particle volume . b
weizht average pgrﬁicle volﬁme
reténtion’volume'éount for GPC
total volume of monpmer#gkoilen pol}mer ﬁarticles
conversion - ¢
criticai conversion - |
TD/)\.m' - 2 o "
(8e)?" |
vk .

wavelength of lizht in the medium

wavelenzth of 'lizht in vaéuum"'
turbidity - | .-

.

initiatidn rate

.total rate of entrance of radica;s into all N particles,
‘rate of volume increase of @ polymer particle ' '
standard deviation in M4D- L nee

-,t.-: C T
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9. "PEuDI CES

G,i. LIGHY PR 5nISSION TECHLINUS .‘Ox{ PR GBASUAL. LT OF
LATEX PARTICLE SIZE

9i.1. TnEORLLICRL BACK sROULD

Light trgnsmlssion has been a standard method for
tne measurement of the size of colloidal spherical’ particles.
the fundamental theory was develoned by Mie. HeTler et al. (29)
rroved 1iis validit; in thae meusurenent of monodisperse poly-
-Stjreﬂe partlcles. ilaron, Pierce and Ulevitch(30) azplied the
nethod to mezsure polydisperse polybutadiene-styrene particles.

The principle of 1lizht transmission is based on the

relationship of the size of particles in a dispersion and the

turbidity of the dispersion. Consider a sample irradiated by
a li-nt beam at a certain anelenpth. its transmittance, T,

is deflned as

T = I/Io= radiant enerpgy transmitted by the sample
radiant energy incident upon the sample (68)

The absorbance, A, is defined as:
A = 1ogyq (1/7) = 10310'(10/1) (699
The turbidity,'tf, of a dispersion is defined as: |

14 )

<= (/L) 1n (1,/1) = 21.303 IV/A : (7'0)

where4£ = path-lengph df'the transmission cell,
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#ie theoXy predicts that

* * 2 . .
'C = ' '
KXr B, (71)
for a monodispersé spherical susﬁension, '
where K*= light scattering coe@ficient of the particles, and

is a function of the rafio of the refractive index

>

of particles to that of the dispersion medium, m
and wavelength, xm;
r = radius of the particle,

-

np: concentration of particles in the systenm, nunber/c.c.
Let '05='“D/7Lm +here D = diameter of the particle. The concen-
tration, ¢, of scattering particles in the dispersion in grans

ver c.c. is given by

.
e =T (72)
where dn= density of the particles.
*.3Ke -
d
2d D | | (73)
ultinlvins both sides by mm/'n , we zet
AT’ __3Ke -
ol
g 2dg (14) -
or Tt | 3'ﬂ’ K* ' '
S~ ) . .
' (=) 2, 3 (15) -

The zero subscript implies that ('t /c) must be
extranolated to ¢=0 to meet the Mie Theoxy requirements of

no sccondary scatterinz and no particle interactions.
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Maro?i} et al.(so) verified experimentally that the
wjie theory is valid for systems contéini-ng ‘polydispersg particles,
2ne particle diaseter determined fron:. turbidity measurenent
should be the weight average particle diameter. Consider
the turbidity due to' any monodisperse speci.es i. Equation 75
becomes | * |

= ( 2&3; ) 13"1 -

P i ' (76)

In the absence of secondary scattering or particle

interactions, the total turbidity of the system,'c*,-must be
the sum of the individual turbidities.
: K Cy
p'm gl (77)
Let E, be the weight fraction of species i, i.e.,

k4 37 zKiFi
("""—) = ( 24 7~ ) ' . iy
P - (78)
Comparing Equations 75 and 78 yields
: - . .
’ EZ- = 'zKiFi : : M
Ty | (79)
Equation 79 indicates that it should be possible
to obtain K*/eb from the weight fraction distribution of the
system among the various particle diameters and o4 should

correspond ‘to & weight-avef‘age diameter. Since'°6='ﬁD/7§.m
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-, . | ,_*\\\:::>' ////N

o

(80)

A4

"Therefore for botin monodisperse and polydisperse
systens. Afc is related to turbidity by

‘A L 3wl K
c

= z303(e) = (reoe %, ) o (81)

For a system of fixed 7Lm,-& and dp. Afc is a function of K

and o& which.in turn are functions of D-only. Therefore a ca-

lioretion curve can be established by measuring|A/c versus

D. keller et al.(32) tabulated all the Mie functions and the |
risht hand sidé of Equatibn 81 can bg evaluated as a function

of the particle dianmeter.

9a.2. AFPARATUS AD PROCEDURS

A Beckvan model DU spectronhotometér was used in the
analysis. The overating procedures for this instrument are
described in the Beckman Instruction hanudl(39) and will not
be repeated here.. ”

The overating principle of the Beckman DU spectro-
raotometer is simple. Figure 39 shows the optical system of
the instrument. Light from the tungsten larp is focussed by ‘

tie condensing mirror and directed in a beanm to the dia?onal

slit entrance mirror. The entrance mirror deflects the lizht
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throuzh the entrance slit.and info the monochromator to the
collimatinz nirror. Lirht fallinz on the collimatinz mirror

is rendered -parallel and reflected to the guartz prism wheré

it underzoes refraction. The back surface .of the prism is
aluninized so that 1ight refracted at the first- surface is
reflected back tnrough the prism, under*oinﬂ further refraction
as it emerjes from the prism. The desired wavelength of llght
is selected by'rotatin; the Wavelength Selector which adjusts
tne position of the prism. The spectruﬁ is directed béck to

_the collimating mirror wnich centers the chosen wavelength

on the ex1t slit and sample. Light paasing throuzh the sample.ﬂ,

"‘*v‘
nTr

s;rlnes the pnototube, causinz a curr n. The current h]

ain annllfled and registered on the null meter. The pransmittance

COndepsing ' : -
Mirror N R '
Collimating Mirror S = ' - \‘ .
| ’ Quagts Prism _Tungsten

Lamp

| a— 1719

- . ' 74 o l | lPhotot‘t‘zb_e

Diagonal Slit
Entrance Mirror Sample -

Fig.39. Optical circuit of Beckman DU speotrophotometer.
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-

control is used to balance the hull meter needle at zero *

-

pefore reading the absorbance 6f,ﬁhe sanple.
Optical cells of spectrosil tiaﬁsmittiné plates
were used to hold the emulsioh samples for meas¥remeﬁt§. They

were cleaned with concentrated chromic acid. Before use, acetone

-

was used to clean the.inside and outslde”sprfaces. A sample
of kﬁown volymer concentration.was diluted gt least lOO'timeS'
witn distilled water and its absorbaneé, A, was measdfed with
pure v:atef as standard. . B -

-gfter deternininz the wvalue of A/ec, d, and d# at
a certain wavelength can be found from the ca;ibration'cufves
(déscribed in next paragraph).

9A.3. CLLIZRATION CURVES

The calibration curves were established from sazmples
wnose dh's'andfdw's were measured by eiectron microscopy apd
their 4/c‘values were calculated. They are Bhown in Figures
40 to 45. | _

-l'By vary;ng the recipe for emulsion poiymerization
seven experiments were performed %o generate PVAc .emulsions
with.different particle sizes., The saﬁples were treatsd for

electron microscopic measurements, dn's and dw's were calculated

fron their particle size Qistribufions. . «
. N '
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g8. GEL PERMEATION GHROMATOGRAPHY
93.1. ILTRODUCTION

~
Gel Permeation Chrdhatography‘is an analytical
tecinique for méasuring th§ molecular weizht diatribution' ]
(:WD) of a polymer in solution. A gél permeation chroﬁatoﬁ
. graph (GPC) has one or Feveral columns packed with porous
meterial, such as, styragel.'Bio-beada S, etc. which has a
ranje of pore sizes. When a polynmeric matérial,ﬁith_é distri-
. bution of mélecular sizes is dissolved and injected‘inép thé

: 1
chromatoraphic columns the large molecules will flow throuzh

T
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‘Fig. 46. GCPC separation process.
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in liquid phase since they aré foo largze to diffuse into the
pores of the packing material. The small molecules will diffﬁse
into “the pores tenporarily'and therefore, tney Ilow throuzh

the column at a later sta"e. Figure 46 shows a GPC sepagation
process for a mixture of two molecular sizes, Knowing the

relatlonsnlp between the elution volume and the molecular

wéisht, the molecular weight distribution can be determined

93.2. EQUIPLENT

. - The gel permeation chromatozraph, liodel Xo. ALC-201,
was supplied by Waters Associates. It consists of 9 3/8w
diaméter stainless steel columns packed with styrazel (2

columns were 4 ft. long; 7T were 2 ft. long). Nominal execlusion
linit of these columns.ran;ed from 700 to leO6 R. The carriérq

solvent flow rate was 2.5 ml/min, at a temperature of 2500-,

Sample concentrations of approximately 0.25% by weight PVAc

in tétrahydfofuran (T4HF) were used.

The differential molecular weishts were measured

]

with a differential reflractometer and rccorded as chromatozramn

in a recorder chart. -

98.3. CALIZRAT®0N AND CALCULATION e ‘ _ //

In order to intérpret w chromatogram for molecular
weizht distribution the elution volumes have to be calibrated.

When there are polymer standa:ds available, such as, polystyrene,

-

.
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a ca;ibration curve of molecular. weizht versus retention
volune canrbé cpnstructed from a series of injections of
tresc monodisperse standards. A typical calibratiép curve
is shown in Figure 47. There is an upper'ané a lower limit
of re§olution. Molecules above and below these .limits cannot

be separated. In between these two limits, a linear curve
rof log W versus reteﬂtion volume can be found anﬂ this is
the range-of molecular weizhts analyéed byrGEC.

For polyvinyl acetate, there'are no known standards
available. Goosney(fﬁ)‘established his célibration curve for
PVvAc/THiF by -a direct search techﬁique after finding that the
universal calibration curve was not effective. Standérdizéd

iVic samples from 3oosney's resezrcn were used in the present

work to czlibrate the GPC. This wés nade possible yy a conputer
technique developed by Balke et al.(40). This method utilizes
two sets of.information; for example, M and M, of .one ‘broad
sample'and searches for ;5 effective linear calibration éurve
that gives the best fit to these values wnen aﬁplied_to the |
raw chromatogramnms. | | | |

| Using the computer technique‘and.z standard;iéd

PVAc samples, the calibration curve was established as follows;

M = 1.15 x 102° exp (-0.572V) - (82)
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Log(M)

- Lower
Upper Resolution :
Resolution - Limit . !

Limit

Retention Volume, V ‘ '

H .
Fig. 47. General shape of calibration curve.

Number-average molecular weights, weight-averase
molecular weizhts and molecular weizht distributions for all
PVAc.saﬁbles vere gvaluated by means of a digital computer
progran developed in this laboratory.

9C. ELECTROL NICROSCOPRY | -

A Philips  EN300 modél électron'mic:oscqpe was used-
for.particle size study. ﬁicrogfaphs were obtained at.a mag-
nification of x22,000. They‘were printed 5 times the size of
t.e nilcro jraphs so that total magnificafion was xil0,000.
!hgnification was also checked by the use of Dow Chemical

monodispers® polystyrene latex with-a particlé diameter of
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2640%. Shédow lengths'of the well-isolated particles were
casured by a millimeter scale. The shadow lengths and diameters -~
of the standard polystyrene particles were also measured for
czlibrztion purposes. |
To obfain the particle diameter, .D, of a particle

with shadow lenith, L, we apply the following equations:-

-

D = 2L tan(-§-) (2640 ) i (83)

shadow diamétef,of the standerd pdlystyrene latex,

where DS =
@ = the shadowinz anzle which can be measured or can be
t related to the standard: Tan(®/2) = D_/2L.

After obtaining the diameters of the particles,

histo:rams_of frequency versus di were drawn. Number-averesze

and weizht-average diameters were evaluated with the following
definitions 6 '
a? = %19

Zfid13 . o (84)

N —

Fig. 48, Shadow length and particle dimension.
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"q P
g3 =l
n IS - (85)
Jie diameters had to be adjusted for in situ hardening.

ap. LIGHT SCATTIRILG

9p.1: 2:i20RsTICAL BACKGROULD

The measurcment of weight-average particle diameters
by liht scatterins was based on the method employed by Friis(24).

Debye's equution for lizht scattering is as follows:

. - *
hggo = ﬁw + 24,0 ' (86)

“where K“‘: light scattering constant,
A, = second virial coefficient,

mw = weight average molecular welzht,

Rggo0= Raleigh ratio measured at angle 90°,

0
i

concentration (gm/c.c.)

The constant; K , i8 determined accordinz to the

relationship: ‘ o
oo 2w 2aR/de)? | _
3 | (87)
My .
where i = refractive index of the solvent,
dn/dec = change in refractive index with concentration,

A = wavelen3zth of light in vacuum,

]

Na

Avogadro's number.
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' All the factors in Equation 87 are known excépt
dn/dc witich can be determined by the use of a dififerentiol
refractometer, | |

Whgh K*:/Rgoo is measured and plotted versus c,l
“the intercept is a measure of l/Mw. Rgpo is a measure of the
scattered intensity and may be obtained for dilute latex sanples
(10_5 - 1072 am/c.c.).

The light scattéring instrument is caljibrated with
a glass standam Bupplied by the manufacturer and the measure-
ments arc perfqrmed with pure benzéne as reference., The
zalvenoneter deflection may be converted directly to an
observed Raleizh ratio - Rggg . The particle scatterinz factor

is defined as

obs

Therefore Equation 87 becomes

i ) C .
Kec 1 :

k. - — + 2A (8] . (89)
Rogg MwP90° 2 . | ;

P90° can be determined from the dissymmeiry ratio,

7, which is the ratio of the galvanometer reading at 450(6450)
to that at 135°(G1350), il.e.,

Z = Gy50/G) 550 . (90)_
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w4  ODbB 4
when K c/Rgoo is plotted as a function of éoncentpation,

the intercept 3ives the value of 1/MWP900. The tables in !
’ »

2nacey(4l) is used to obtain the velue of l/Pgoo,frdm Z.

. The weight average .particlé volume is obtained as

v, = Jd.d S
w = WUy (91)
The weight average particle diameter can then be »

calculated.

9D.2., ELZFERl aliTal PROCEDLRE
The lizht scatterinz instrument used in this work

was a SOFICA nmodel 42000 with a 546.1 nm mercury lamp.

Phe latex was diluted with distilled water to a
concﬁntration of.3x10-5to.3x10-4 gm PVac/c.c. The galvanometer
deflzction was measured at angles 45b..90o and 135°, The éaﬁple
was diluted by a factor 2 and the measureménts.were repeated
at the new concentration. Thé.procedure'was repeated four
tineé. Then the weight average particle-diameters were calculaipd

froi: the procedure described in Sehtion 9D.1,

¥

*
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. \ o _
9g. PARTICLE SIZE DISTRIBUTION FROX ELECTRON . MICROUSCOFPY ((EM),

L1GdY THAH%HISS;OK AND LIGHT SCATTERING (LS)
Experiment Al.
Recipe: Sodiurm Persulphate = 1.2'gm.
Sodium Lauryl Sulphate = 5 zm.
Vinyl Acetate = -800 ml.
Watér = 1750 ml. ’
Expcrimental'ConQitions: Temperature = 50°¢

Stirring.Rﬁ%e = 150 r.p.nm.

" Results: Particle Diamaters (%) Prequency()
0 - 165 8.610
165 - 330 16.960
330, - 495 - 12.160
495 - 660 ‘ 9.510
660 ~ 825 _ - 8.940.
825 - 920 - . 7.120
990 -=1155 o « 7.530
1155 =1320 . 6.620
1485 -1650 4.960
1650 ~1815 - 4.64Q
18¥5 -1980 | 2.830
1080 ~2145 . 3.060
2145 =2310 | : 0.496
- 2310 -2475 0.414
a, (Bx) = 16503
a, (&) = 10903 ¢
- ag (1S) = 15653
. A, Yavelength (%) i Alc
4000 " 0.9820
5000 . 0.5450

o ) \\:;£? : -
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Experiment A2. -

g

_ Recive: Spdium'Persulphate'gﬂl.Z gm.

' . éodium Lauryl Sulphéte = 15 gm. . - ' -
Vinyl icetate = 800 ml.
water = 1750 ml.

DRI

Experimental Conditions: Iehperhture = 50°¢

. .
¢ Stirring Rate = 150 r.p.m.
‘Results: Particle Diameters [¢3) - Frequency (%3
100 - 200 - . 7.990
200 - 300 ‘ ) 20,260
- 300 - 400 , © - 17.040-
400 - 500 11.320
500 -"600 : 9.593
600 = 700 ' 8.104
) 700 ~ 800 © . 7.865
800 = 900 o 4,410
900 -1000 . , 3,456
. 1000 -1100 1.787
f 1100 -1200 2.863
- 1200 -1300 - | 1.906
1300 =1400 ) 0.834
1400 <1500 0.715
- 1500 <1600 . 0.358
1600 -1700 0.596 -
1700 ~1800 - ©0.119
1800 -1900 . 0.119
1900 -2000 . 0.238
2000 —-2100 ' 0.119
a, (eM) ="1230% E o
<a (mw) = .6853 S
- a, (5s) =11208 . ' ,
o A. , .Wavelength (3 - Afc . . -
4000 . 0.6780 ST
5000 . , 0.3500 _ .

5890 | E 0.2080
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Experimentalfh3;

" Recipe: Sodium Persulphate = 1.2 gm.

sodium Lauryl Sulphate = 30 zm.

i ! - :\\~

Vinyl Acetate = 400'ﬁ;. ' (

water = 1750 ml.
Experinmental Gonditions: Temperature = 50°¢

Stirring Rate = 150 ropoif

Resulthb: Particle Diazeters (%) Freouency ()
100 - 200 25.540
200 - 300 . 33,010
300 - 400 14.730
400 -~ 500 . 9.824
500 - 600 6.680
600 - T00 - 3.144
. 700 - 300 . L3134

800 - 900" ©T 1.375
900 =1900 ) N © 0.982
1000 -1100 0.395-

1100 =1200 ‘ 0.196

1200 =-1300 ' 0.393
4, (8:) = 7708 |
a_ (u) = 4203
a, (Ls) = 7008

A, Wavelensth Lil . _Aflc
4000 — ~ 0.1710
5000 : 0.073g
5830 0.0406 i
X .
Y



 Experiment A#4. _ ' o . .t
‘Recipe: Sodium Persul@ha}e = 1.2 gn.
| Sodium.Lauryl Sulphate = B8 gu,.
Vinyl Acetate = 406 nl. |
water = 1750 ml.
Exgéfimeﬁtal Conditiqns: Tenverature = 50°¢

Stirring Rate = 150 Rp.n.

Q
Results: ‘%Partgcle'Diameters (ﬁl Frequency (:3)
100 - .200 o 21,650
© 200 - 300 ° ‘ . 26,770
300 - 400 14.620
400 ~ 500 . _ 11.120
500 --%ag 8.140
700 - 800 3.585
800 - 900 . 3,310
900 =-1000 - -1.930
_ 1000 -1100 1.104
. 1100 =1200 ) .. 0.828
1200 =1300 . 10,138
1300 -1400 ' ~ 0.000
1400 -1500 L 0.2176
.4, (8M) = 9108 ._
a, (M) = 5208 ) - ) .
a, (L3) =11008 - | o R |
A, wavelenzth (%) - \) -~ _ale, ‘
" 4000 ) - 0.4350
' 5000 - . 0.2075
. 5890 , -- - - . o0.1188"
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<¥
Experiment AS. -
Recipe: - Polyvinyl acetate latéx from Exﬁerihent A4
Vinyl Acetate = 400 mi. |
2xperinental andiﬁions: Temperature = 50°C

; .
Stirring Rate = 150 r.p.n.

Results: Particle Diameters (%) Frequency ()
100 - 200 - T 22,100
200 - 300 : 25.050
300 - 400 .. 13,200
400 - 500 : 12.250
500 - 600 : 8,070
600 - 700 T 5.700
700 - 800 2.460
800 -~ S00 - 2.660 -
900 -1000 1.614
1000 ~-1100 1.614
1100 -1200 . ~ 1.140
12C0 -1300 : 0.665
¢ . 1300 -1400 : 0.855
. 1400 =1500 . 0.475
B 1500 -1600 1.045
. 1600 -1700 . - 0.285
) 1700 -1800 : 0.160
1800 -~1300 0.190 ' .
1900 -2000 . ' - .0,095
2000 -2100 o -0.190
2100 -=2200 | ' 0.095
a, (2M) = 135603
a  (Es) = 8403 o '
a, (L3) = 14300 : - .
A, wavelenzth (R) _Afe_ i
4000 0.7040
5000 - 0.3630

5890 g : 0.2160
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Exper;renf AS _

_ Recipe: Sodlun Persulphate = 1.2 gm. ;‘
Sodiwa Lguryl Suls > = 12.5 gn.

. Vinyl Acetate = 400 ml

'~Water =‘1750.m1,

Exnerlnental Conditions: Temperature =.50°c'
P _

Stirring Rate = 150 r.p.m.

Resultsﬁ Particle Diameters (3) S Frequency (%j
95 ~ 190 o . 19,960 |
190 ~ 285 31,100 .
\ 285 - 380 - S, 13.270 .
380 - 475 . 10,210 .
- 475 =:570° - . . 6.710 .
570 ~ 665 . 4.880
. 665 - 750 - St © 4,570 °
760 - 855 = 3.350
855!~ 950 . " 2,740
.+ 950 =1045 . ~ 1.525
1045 <1140 - : 1.067
- 1140 -1235 = 0.153
1235 -1330 o 0.305
1330 -1425 : . T 04153
e, @) =esoRer - - }
e d, (Bx) = 490} - < |
a, (1s) = 9368 . . - , 1
A , Wavelength (R) B AZc
| 4000 | ! .03 3185
5000 o 10,1440
15890 Y '0.0800
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Experiment A7.

Recipéé Poly%inyl icetate Latex from Experiment A6,
Vinyl Agetate =_4od ml.

Experimgntal Conditions: Temperature = 50°¢C

Stirrinz Rate = 150 r.p.m.

~_ Results: Particle Diameters (2) | Frequency (%)
95 - 190 " - © 16.050 .
190 - 285 .- : . 18.750
285 - 330 | 12.290
475 - 570 8.410
' 570 - 665 ) - 6.600
a - 665 ~ 760 5.820
- 760 =-.855 z 4.530
B55 - 950 3.750
950 -1045 3.110°
1045 -1140 1.810
1140 -1235 - 2.590
1235 -13%30 1.550
1330 -1425 1.425
1425 =1520 .. \ 0.906
1520 -1615 - o 0.647
1615 -1710 - , 0.259
. 1710 ~1805 - . 0.259.
4, (Ew) = 11608 L '
N a_' (2i1) = 6508 g' |
4, (Ls) = 12508 T -

A, Wavelength (3) < Alc f
. 4000 . 10,5490
' ‘ T 5000 - ' ' 0.2690

. 5890. « 0.1555





