CHAPTER
INTRODUCTION AND THEORY

1.1 Overview

Emulsion polymerization is the method of conducting the polymerization of a

monomer in a dispersing medium (v t leads to the formation of a polymer

dispersion with particles of a ersity. The simplest recipe for an

emulsion polymerization s teryurfactant-(soap), a water-insoluble monomer

(e.g. styrene), and water-solM_' ,

to form an emulsion. Th
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Figure 1.1 The basic component of an emulsion polymerization



Emulsion polymerization usually occurs in the monomer-swollen latex particle: the
term emulsion polymerization is a misnomer.

Emulsion polymerization is economically important: for example, in Western
countries alone, current product of all polymers is in excess of 10%onnes per year, and
approximately 30% of this polymer is made by free-radical means; emulsion methods are
used for effecting 40 — 50% of these free-radical polymerization. Some of these products

are commodity materials, e.g. artificial rubber and latex paints, while others are high value

added, such as for diagnostic kits in bi }
W L

ications [2].
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1.2 Ingredients for emulsio

1.2.1 Monomers
The major p

monomer which has limi

butyl group then the monomer is “buty! o There are also di-substituted vinyls,
eI '
CH,=CR|R;: for methacrﬁate, R, Ts‘Cﬁ%’an‘J Ry ' e.g. methyl methacrylate (MMA)
§ . .

and butyl methacrylate [1}+

1.2.2 Initiators

[ ]

aa%ﬂﬂ %’wg'ﬁfﬂ ulsion polymerization,

A sour
most initiators us:ﬂ-n emulsion polymerization are water-soluble. A commonly used is
potassium pers ; 20, pro i rm : ﬁ’ persulfate salts
such as a@ﬁ?ﬁﬁuﬁﬂ mﬂﬂ:l | UEI:)L ;ﬁj result of bond

scission; the activation energy for this process is quite high, so persulfate is usually

employed at high temperatures above50°C. A side-product of persulfate decomposition is
HSOy, produced by reaction of S,0s%> with water. Since HSOy4™ alters pH, which can
drastically reduce initiator efficiency, buffer thus should be used with this initiator if
controlled conditions are desired. Another class of water-soluble thermal initiators

comprises water-soluble azo compounds such as 2,2’-azobis(2-amidinopropane)



dihydrochloride, commercially known as V-50 (Figure 1.2). This dissociates to give N, and
two (CH3),CC(NH)NH; " radicals [3].

Figure 1.2 The initiator 2,2’-az . dihydrochloride (V-50)
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At the temperatures Jotver tk redox system such as sodium
formaldehyde sulfoxylate ‘anc 1ene h, Or dimethylhydroperoxide, or
persulfate and metabisulfife, igfofien e S u~ pe; to perform industrial emulsion
polymerizations at low temper S Jti ‘ \ dox initiator. In the case of

g of the chains, which in turn
reduces the time required to ing te carbon blz nto the rubber.
Another initiating sysfem 3 f adicals OH', H' and €aq generated via y-

radiolysis or in an electron beam. - “of production of free radicals is almost

temperature-independent with.this technique T : £
plidse initiator such as AIBN
rizaion Oil-soluble initiators can

be employed under spemal cucumstances uumulsmn polymerizations: e.g. in the

preparation of largm (?} e lﬂﬁsmg AIBN and water-
soluble inhibitor in seeded emulsion polymerizations. Oll-soluble m1t1ators also find use in
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Figure 1.3 The organic phase initiator azobisisobutyronitrile (AIBN)
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1.2.3 Surfactants
Surfactant (emulsifier or stabilizers) is used to stabilize the latex particles. There
are three basic types of surfactants: (a) electrostatic stabilizers such as anionic or cationic
soaps, which prevent coagulation by electrostatic repulsion from the charges located on the
particle surfaces and their associated electric double layers (Figure 1.4), (b) polymeric
(steric) stabilizers such as partially hydrolyzed poly(vinyl acetate), which stabilize the

particles through the entropic repulsion caused by trying to pack two chains in the same

Figure 1.5 The action of nonionic surfactant to stabilize the particles



1.2.4 Other ingredients
It is often common to add a modifier in commercial emulsion polymerization:
chain transfer agent to control molecular weight, buffers to control pH and initiator
efficiency. Electrolytes may also be added to induce particle size monodispersity. It is also
common to add a chaser to reduce residual monomer at the end of the polymerization
process. Typically a chaser may be a shot of redox initiator added later in the

polymerization batch.

1.3 Advantages and dmadvan@t‘%emtwn

1.3.1 Advantages . -x._ ~

The advantages of ) provide higher rate of

polymerization, molecul er into polymer than bulk
, (3) the polymer product is
solid or as the viscous liquid

ironmental hazards.

1.3.2 Disadvantages =
g ngl“".fj
The emulsion polymSmnon also has
many additives which m V;:-::;—:--‘_:(;.-.::;:-—-4—— € - fuct, (2) it is very difficult to

, (1) the system contains

separate the polymer froml| ! and (ﬂ its mechanism is extremely

complex which is hard to unde‘[stand and comrol
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(Table 1.1).

Interval I is characterized by an increasing in the number of the particles and the rate of

the reaction.
Interval II starts when particle nucleation ceases. All three possible phases are present:
an aqueous phase, latex particles, and monomer droplets. Latex particles maintain constant

monomer/polymer ratio. Monomer concentration within the latex particle (Cp),



concentration or number density of particles (Nc) and the reaction rate does not change
during Interval II.

Interval III is the final stage of the reaction. As the polymerization progresses and the
monomer is consumed, the monomer droplets eventually become exhausted and
disappeared. Only latex particles and aqueous phase are present during this final period [8].

The various phases present in each of these three stages of polymerization are shown in

Figure 1.6.

Table 1.1 Qualitative details of tk c three in crva emulsion polymerization

interval typical %  mice — Jer particle™ particle comments
conversion nw size
range

I 0-10 nucleation

period
1l 10-40  absghit £ Spresérit’ wstant ) increase  C, constant
11 40-100  absend roughly C,

constant decrease

U
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Figure 1.6 The three intervals of an émulsion p ization
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1.5 Particle formation ./ ’
1.5.1 Particle formation below the CMC {(Critical Micelle Concentration) [9]

Below ﬂ G nodmibhied Fohmaa bt Jaabda|saftactant, the nucteation

mechanism below th!CMC is in situ migellization. 'lms mechanism jnyolves the micelles
formed by leﬁ@ﬂﬁaﬁwsﬁ% Q‘%%rﬂf}aegerived aqueous-
phase reactiorfs of initiator. The homogeneous-nucleation mechanism is shown in Figure
1.7. A charged moiety from initiator decomposition propagates with monomer in the
aqueous phase until it has a sufficiently high degree of polymerization (Jerit) which is about
5 for styrene to undergo a transition to a coiled-chain conformation which excludes water.
It thereupon metamorphoses to a precursor particle upon becoming swollen with monomer.

Colloidal stability is imparted by charged groups formed from initiator. Precursor particles



grow by propagation in the now monomer-rich interior, and also by coagulating with other
precursor particles. Termination also takes place between aqueous-phase oligomeric

radicals.

o~

parnicle
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Figure 1.7 The detail of pafttic

1.5.2 Particle formation s

Most commercial e

above the CMC. The mechanism at aby AC.is shown in Figure 1.8. Free radical
initiator propagates until Jit 1 deg palymerization (z) to become
surface-active. The z-m,» ‘may ente : ate“with surfactant molecules.
Surfactant is adsorbed ontﬂ)articles, the &actant by the particles cause

the amount of free surfactant Being reduced . The z-mer may also propagate further to form

Jeri-mer, although tﬂ I%Ig(@yﬁgl%ﬁww &L;;]iﬂ.lgcient free surfactant for

the system to be aboVe the CMC. Entry‘into, and exi};from, these prgeursor particles also
takes Place;awﬁidadaaﬂ‘-%lm% %l%ﬂtﬁq @tlEj number can be
greater than the total number of radicals formed by initiator decomposition). Eventually the
precursor particles grow sufficiently large in size and number to capture all newly formed
aqueous-phase free radicals so that no new particle formation occurs. Nucleation ceases
when the rate of capture of new free radicals (formed from initiator in the aqueous phase)
by pre-existing particles and termination greatly exceeds the rate at which newly born

aqueous-phase free radicals can themselves form new particles.
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polymer latex particles produced elec Tos Type and concentration of the surfactant
--':j - —
used affects the numbeﬁ :{ latex panfo i i } determines the rate of

polymerization and, depénding also on the rate of inif ,“the molecular weight of the

the p(ﬁmer are primarily dependent
on its molecular weight and molecular welgh istribution, the properties of the latex

depend on its co %{ﬂ %ﬁ%lﬁ w gﬂlﬂ;&j distribution, and the

viscosity of the aque@us phase. The best emuls1ﬁers for stablllzmg the monomer emulsion

AT T T e

latex is likely to be required to remain in dispersion for a prolonged period without

polymer formed. Although i

agitation. In latex application as adhesive or paint, the effect of the emulsifiers on film
properties (e.g., water sensitivity) may be of the utmost importance. The effects of
emulsifiers in emulsion polymerization systems may be enumerated as follows: (1)
stabilization of the monomer in emulsion, (2) solubilization of monomer in micelles, (3)

stabilization of polymer latex particles, (4) solubilization of polymer, (5) catalysis of the
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initiation reaction and (6) action as transfer agents or retarder which leads to chemical

binding of emulsifier residues in the polymer obtained.

1.6.1 Monomer emulsification [11]
The emulsification of the monomer is not usually primary importance in
emulsion polymerization, if the size of emulsion droplets can be reduced by the special

methods of emulsification. For nonionic surfactant, the important factor for selecting the

The HLB scale was-introduced as/ articularly to the use of nonionic
surfactants in the formulatioiis of cos ﬁe (Table 1.2) is related to the
solubility of the materials i 7 s on poly(ethylene oxide) the
HLB number may be fourid sj

surfactant by five [12].

ntage of ethylene oxide in the

Table 1.2 The HLB scale and

solubility in water application

not dispersible

emulsif o) ro water in oil emulsion

poorly dispersible &
unstable milky dispersion [l wettmgmgents
stable milky dispersion
translucent solutlonﬂ u EJ fJ w ﬂ j EJ ’] ﬂ ‘j
E! qqetergents emu151ﬁer for oil in
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1.6.2  Emulsion polymerization with nonionic emulsifiers
The mechanism of emulsion polymerization with nonionic emulsifiers alone is
different fundamentally from emulsion polymerization with ionic emulsifiers. The
characteristics of emulsion polymerization with nonionic emulsifiers alone would appear to

be similar to emulsifier-free emulsion polymerization in which the final latex particles are
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formed by primary particles which coalesce until a stable size is reached. This would imply
that even though micelles are present and presumably solubilize monomer, the locus of
polymerization is exclusively in the aqueous phase. Adsorption of the nonionic emulsifiers

would greatly increase the size which oligomeric radicals could attain without precipitating.

1.6.3 Emulsion polymerization with ionic emulsifiers

The Smith-Ewart theory can be used for the systems with ionic emulsifiers The
W ifiers are used alone or when mixtures of

characteristic of the emulsifier in
Smith-Ewart theory is as, th?wdfy an-emuisifier in a saturated monolayer at the

wby an emulsifier molecule on
€ same. Since the present of micelles

W,

theory may not be applicable when n

ionic and nonionic emulsifiers

polymer-water interface. It i

the latex particle surface

containing solubilized m for the nucleation of latex

particles, it follows that it ditional latex particles once

all emulsifier has been adsorbéd or ';{ 28, The reason that emulsifier should

adsorb on the latex particle ra es in solution is not explained
although it is an experimental fa thaé'j&e— s do wsually disappear from solution (as
shown by an increase in the surfacei'eﬁs?on oxnmately the same time as new latex

1.6.3.1 Effect of emulsifit
The number of polyéner latex partlcles formed N is determined by the area a

Tavhich the emulsnﬁﬂrueﬂergcﬂ ﬂnqn ?wﬂmﬁlﬂyﬁ at the polymer-water

interface,

whereslst@ﬁmmﬁ*m URIANYIAY

The CMC decreases as alkyl chain length increases at the same total emulsifier
concentration. Although the Harkins model postulates micellar nucleation of latex particles,
the micelles are not actually considered in the Smith-Ewart theory: it is assumed that the
total concentration of emulsifier is all adsorbed on the latex particles at the end of Interval I
and that the equilibrium concentration in solution (which is likely to be of the order of the

CMC) may be neglected. This is possible for many commonly used emulsifiers that have a
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low CMC (e.g., potassium state) but it is not for the more weakly adsorbed emulsifiers

(e.g., resin acid salts and even for sodium dodecyl sulfate) [14].

1.6.3.2 The effect of micelle size
Although the absolute values of the aggregation numbers may be incorrect as the
different results from different techniques, there is no doubt that micelle size increases with

alkyl chain length. Consequently, at constant micellar concentration the number of micelles

of the micelles may be th , » e rate at which initiator radicals are
captured by micelles and héfice / : \ ficles formed.

Because of thei apturing initiator or oligomer

radicals by the latex particléS isfgréate nan , 1e\micelles. Consequently, when the

area of the latex particles hés j 0 ensure capturing of all initiator

radicals, particle formation cedSes Jcﬂ"g iére is no chance of any remaining micelles
+ b

capturing radicals. The small m ellﬂ‘—
Jl A‘

series are less efficient in captunng in
o ,l", .-".l'l >

\:guch leads to a I
particle size distribution is

er members of homologous emulsifier

: ,. than the larger micelles of the higher

members of the series, 3, of Anterval I meaning that the

much broader when the critical : i e area of the latex partiCleS

is ultimately attained. Thel ‘ red b- 'micelles differs for different

emulsifiers and will be the ag;or determining the breadth of the particle size distribution in

batch polymenzanﬂ U8 '} Ny ‘j NEINTJ
R T e e

A. One -stage and semi-continuous methods

These methods were studied for butyl methacrylate polymerization and for the
copolymerization of methyl acrylate (MA), methyl methacrylate (MMA), and butyl acrylate
(BA) with acrylic (AA) and methacrylic acid (MAA). In so doing, the following three

methods of polymerization were compared:
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1. one-stage or batch, in which all reactants are introduced simultaneously into
the reactor at the beginning of the process;

2. semicontinuous, in which the monomer is added portionwise to a solution of
emulsifier and initiator as it is consumed;

3. semicontinuous, in which the monomer and emulsifier solution in a given

ratio or an emulsion of the monomer is added gradually to an aqueous
solution of the initiator.

It has been shown that the kineti }’ ization, the polymer molecular weight,
mechanism of particles formati . icochemical properties of acrylate

latexes differ depending or{ Eﬁn&& reacting components, i.e., on

their ratio in the reaction sy

The polymerization
by the formation of coagu
coagulation was not observed d

The viscosity-average
than the second method. It is
molecular weight remains con.

observed toward the end of the polymerization
eIl

The number of partliﬁles in both cases remains cc . Buring polymerization by the
5

first method, particles o »-;- T size are tormed than during ymerization by the second
method. In the conclusion, E e first mej 1 zation gccurs mainly in the volume of

the particles while the second, method occurs on their surface. This can be associated with
-

the fact that during ﬁﬁ tﬁtﬂ?jigjy ﬂ%ﬁ ﬁﬁﬂﬂam very small amounts

of monomer, whichy; being abso the particle surfaces, 1s polymerized without
of the mon(:g;e t(jh t i ible sinc lnl cl rrﬂse a solution of

polymer in the monomer from the very beginning stages of the process.

B. Continuous method
It has become economically worth to adopt a continuous method of emulsion
polymerization. The complexity of creating a continuous process in this case is associated

with the problem achieving a steady stage condition in the continuous sequence of
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polymerization stage, not only respect to the kinetics of the process, but also with respect to
the colloidal properties of the system. Therefore, in creating a continuous method, it is
necessary to first investigate the relationships among these factors and the basic parameters

of the system including the residence time (the length of time the system is in the reactor).

C. Industrial methods of preparing acrylic latexes _
Two industrial methods are most frequently used for preparing acrylic latexes: the

redox and reflux. In redox method, the:i ~. ed is an oxidation-reduction system, and

ously During polymerization, the
components of the reaction HMChaged ctor in the following sequence:

water, surfactant, buffer (if | er or 1 er mixture, and chain-transfer

agent (if used). Before ad ents, the .§prfactant should be completely
dissolved, which may b Wy/-cc0 T V : perature before adding the
monomers. y \

The redox components ar queous solution at 15 — 45 °C
depending on the composition' t induction period, polymerization
begins, as indicated by an incr: er 15 — 45 min, the temperature
reaches the maximum, remains consta; period, and then slowly decrease to
the initial value. Sometlﬁs ananﬁjiﬁiﬁa orgeomplete conversion of the
monomers. The one-stage-tedox process is oreparing latices with solid

contents of 25 — 30%. B ‘-
The reflux method is usEd for water-soluble peroxxde initiators with gradual addition

of the reactive comﬁlﬁ Erﬂa tﬂfmﬁﬁ wﬁqeﬂﬁjally close to the boiling
n the reflux

point of the reaction mixture process, an emulsion of monomers is prepared in
the presenc m ﬁ m Elu(jtﬁ: e total amount
of water). T q Bﬁi uival H pared emulsion

are charged to the reactor, the mixture is heated to the boiling point, and the emulsion added

over 1—4 hours. The amount of heat given off is regulated by the feed rate.
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1.8 Literature survey

In 1974, Lunadon et al. [17] presented the behavior of 4 nonionic surfactants of the
nonyl phenol ethoxylate type with various number (n) of ethylene oxide units in emulsion
copolymerization of vinyl acetate by synthesized at 60 °C according to a commercial recipe
[18]. The results showed that the ratio of the polymerization rate (Rp) to initial monomer
concentration ([M]o) was constant from about 15% conversion up to about 80% and was
proportional to [S]*** and B~ @Z‘# [I] were the surfactants and initiator
concentrations. They found tha,t,{ ti pleted, the number of particles per
lﬁpoﬂim@and M= A qualitative kinetic

model of the polymerization w,

volume (N/cm®) was cons
occur in the aqueous phase and
partially in the particles.

surfactants for the mono an ' s were the important factors

In 1997, Chern et al.[] ionic/nonionic surfactant) in
emulsion polymerization of s ty of Smith-Ewart theory which
was originally proposed for tion systems containing anionic

.?,.ra AN

NP-40 in the surfactant nﬁture was Tess than 3' ' ;vowever the reaction system

iount of NP-40 was greater than
50%. The stability of lateﬁ whi 0 as actant was not satisfactory

because the steric stabilizatign effect was noﬁtrong enough to prohibit the attracting
PN

particles from ﬂocﬁu mwﬂmewgﬁ? ﬁ%tant system can greatly
improve its stability giia the synergetic effects prov1de both the electrostatic and steric

stabilizatio é‘ est ratio of the
mixed surf: Hﬂ st R&ﬂ’%ﬂm ﬂ;ﬁbﬁjmﬂdi ﬂlted in the best
reproducibility of the experiment and the greatest polymerization rate.

In 1997, Chern et al. [20] studied the critical micelle concentration of mixed
SDS/NP-40 (anionic / nonionic surfactant) and its role in polymerization of styrene. the
critical micelle concentration (CMC) of mixed SDS/NP-40 was determined for various
ratios at 25 °C and 80 °C by measuring the surface tension of the mixture. The system of

mixed micelles showed a quite non-ideal behavior, especially at lower temperature (25 °C).
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Only small amount of the anionic surfactant SDS was added into the polymerization system
can reduce the particle size of the latex and increase the concentration of latex particles in
system.

In 1998, Heldmann et al. [21] investigated the influence of nonionic ethylene oxide
surfactants on the properties of vinyl acetate/VeoVa 10 and vinyl acetate/ethylene emulsion
and paint made thereof. The increasing of the nonionic emulsifier concentration and of the

length of ethylene oxide chain decreased the particle sizes of the latex with increasing

viscosities. The pigment binding cap' eyyenor paint maximum at the emulsifier
deg lation of 17-28 mol ethylene oxide

(EO number). In semi-gloss -aid-gloss paints, aﬁw of the emulsifier concentration

concentration of about 2-3% and 2

improves the gloss of the onstant value at around 4% of the
surfactant with EO numbe _ ‘ onie surfactant at concentration 2-3% and
an EO number of 17-28 , w 3 ce of the paint films. The
blocking of the films sh ticvinerease| af, a'\congentration above 4% and the

were investigated by, pectroscopy under ambient
§

conditions and dielectric=thermat-anatysis—ot filn form: for the indentical latex
compositions with variou§'the EOQ ni ; tabilizer. The dielectric relaxation
measurements allow charges !;n the dipolar nature of the medium to be monitored as the

process of film fo aﬂ ﬁgj 1;[}. ifi of various stages in the
Yo7 RN R

film formation pro ¢ combining of dielectric data with other

AR YR e

surfactant, mhlblted the coalescence process. Moreover, the stabilizer could also play a role
in determining the dynamics of the molecules in the latex and in the overall coalescence

process.
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1.9 Scope of research

The objective of this research is to study the effect of ethoxylate surfactants (both of
conventional and green surfactants of anionic and nonionic types) on physical and chemical

properties of methyl methacrylate-butyl acrylate copolymer emulsion by varying EO
number of the surfactants from 4 to 40 and concentration of surfactant from 0.25% - 1.05%

w/w ratio. The controlled parameters were reaction temperature at 80 °C, monomers ratio

AU INENTNEYINS
RN TUUMINYAE
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