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ABSTRACT: Dispersion polymerization of acrylamide (PAM) has been successfully car-
ried out in aqueous ammonium sulfate media by using poly(acryloyloxyethyl trimeth-
ylammonium chloride) (PAOTAC) as the polymeric stabilizer and 2,2'-azobis(2-methyl
propionamidine) dihydrochloride (AIBA) as the initiator. The polymerization behaviors
with varying concentrations of acrylamide, PAOTAC, AIBA, and ammonium sulfate
were investigated. The reaction conditions for stable dispersion were concentrations of
5-10% for acrylamide, 0.6—1.8% for the stabilizer, 0.92-1.84 X 10~ * mol/L for the
initiator, and 24-30% for the salt. The resulting conversion—time curves were S-
shaped, as is typically observed in polymerization. Polydisperse spherical particles
were formed in the system. An image analyzer photographed the size of the dispersed
particles and their distribution was measured. The mechanism and kinetics for the
dispersion polymerization were discussed. © 2002 John Wiley & Sons, Inc. J Appl Polym Sci

83: 1397-1405, 2002
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INTRODUCTION

Production of acrylic water-soluble polymers and
copolymers provides many commercial applica-
tions. For example, they are used as flocculent for
portable water and wastewater treatment in in-
dustries like mining, papermaking, tanning, and
so forth. They are also used as adhesives. In these
applications polymers of very high molecular
weights are desired from the point of view of
effectiveness and cost. However, these polymers
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in dry form are difficult to dissolve. Moreover,
their solutions are also difficult to handle or too
dilute for applications because of their giving rise
to gel. Methods of overcoming these problems of
solution application have been proposed, one of
which is to use inverse emulsion and inverse mi-
croemulsion (water in oil),’ and another is to
use finely divided polymer dispersions in water or
in mixtures of alcohol and water.*~’

The dispersion polymerization of hydrophobic
polymers in organic media was previously exam-
ined by many investigators such as Barett,® Al-
mog,” and Winnik.!° However, there exist only a
few works on dispersion polymerization of water-
soluble polymers in aqueous media. Pelton and
coworkers®’ prepared the hydrophilic latices of
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poly(N-isopropylacrylamide) (PNIPAM) in cross-
linked form as well as copolymers of N-isopropy-
lacrylamide and acrylamide. The monomers are
soluble in the medium but the polymers are not.
In aqueous tert-butyl alcohol media, Ray and
Mandal*® carried out the dispersion polymeriza-
tion of acrylamide using poly(vinyl methyl ether)
(PAVE) as the polymeric stabilizer. According to
our information, however, the dispersion poly-
merization of acrylamide in water without or-
ganic solvents has appeared in only a few pat-
ents.!"3 Hence, for this system little is known
about the effects of reaction variables. If water is
the reaction medium, it has a number of practical
advantages as the solution system. Using water
involves a low fire risk and, in addition, it is free
of odor and toxic effects.

Dispersion polymerization is a unique poly-
merization process, capable of forming particles of
0.1 to 15 um in a single step.'*~'” During disper-
sion polymerization the polymer precipitates from
the originally homogeneous reaction mixture con-
taining monomer, initiator, solvent, and stabi-
lizer. The reaction medium is selected on the ba-
sis of not only its nonsolvent properties for the
forming polymer but also its solubility properties
for the stabilizer and its miscibility with the
monomer. A proper salt added in water plays a
big role on dispersion of polymers, especially for
the water-soluble polymers. As the molecular
weight of the polymer increases in a highly con-
centrated salt solution, the polymer precipitates
as viscous gel particles. Such a system is obtained
when the salt dissolved in the aqueous phase is
capable of inducing the salting out.!®-2!

In the absence of the soluble stabilizer a single
gummy lump of resin is frequently obtained: the
stabilizer enables formation of stable colloidal la-
tex particles. The mechanism of dispersion poly-
merization has been described as complex and ill
understood. It has been common to assume that
the stabilizer is surface active and protects the
particles by adsorption and both steric and elec-
trostatic stabilization.??2* Besides the merely
physical adsorption of stabilizer, it is known that
grafting of stabilizer to the particle surface can
possibly occur.?:1¢

In this work, acrylamide (AM) was polymerized
in aqueous ammonium sulfate media by using
2,2'-azobis(2-methyl propionamidine) dihydro-
chloride (AIBA) as the initiator and poly(acryloy-
loxyethyl trimethylammonium chloride) (PAO-
TAC) as the polymeric stabilizer. The stabilizer
employed in this work is a polyelectrolyte with

quaternary ammonium, contrary to the nonionic
stabilizer used in other works such as poly(vinyl
methylether) (PVME),* hydroxypropyl cellu-
lose,®?® polyvinylpyrrolidone.?® In addition to the
steric stabilization, the charged quaternary am-
monium end groups in the polymer chains of
PAOTAC are anticipated to enhance the stabili-
zation of the latices by the electrostatic effect.

T

AOTAC

The formation of dispersions involves a num-
ber of processes, such as formation of oligomeric
radicals, nucleation, adsorption of stabilizer to
form stable particles, particle growth, coalescence
of particles, and subdivision. Thus, when nucle-
ation occurs in a short period of time at the start
of the reaction, little or no coalescence occurs. For
this reason, in a new image-analysis procedure,
particles are deposited onto slides and viewed
with transmitted light. During the polymeriza-
tion, growth and distribution of particles could be
observed.

The purpose of this work is to develop a method
of preparing polyacrylamide in aqueous disper-
sions that do not require surfactants and organic
solvents such as alcohol, and the resulting molec-
ular weights of the polymer should be extremely
high (10 g/mol). The solution polymerization and
precipitation polymerization of acrylamide are
also carried out and compared with the dispersion
polymerization. Finally, some of our results on
dispersion polymerization of acrylamide in aque-
ous solution are described and a kinetic model is
discussed.

EXPERIMENTAL

Materials

The acrylamide (AM) monomer was purchased
from Duksan Chemical Co. and was used either
as received or after recrystallization from metha-
nol. Ammonium sulfate (AS; Samchun Chemicals,
EP) and 2,2'-azobis(2-methylpropionamidine) di-
hydrochloride (AIBA; Aldrich Chemicals, Milwau-
kee, WI) were used as received without further
purification. AOTAC (dimethylaminoethyl acry-
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Table I Results of Dispersion Polymerization of Acrylamide in Ammonium Sulfate Solution Using
AIBA as the Initiator in the Presence of PAOTAC as the Stabilizer at 45°C*

Experiment AM AS PAOTAC AIBA M, M, Conversion
No. (% wiv) (% wiv) (% wiv) (10~* mol/L) (1079) (107 MWD (%) PD (um)
1 5 1.84 5.678 4304 1.319 95
2 5 30 1.84 5.514 2.072  2.661 90
3 5 30 1.2 1.84 2.374 0.654  3.625 93 2.3 (2.0-3.7)
4-1 5 30 1.2 0.92 4.147 1.784  2.325 98 1.9 (0.9-3.1)
4-2 5 30 1.2 0.92 3.263 1111  2.937 97 1.9 (1.5-2.9)
4-3 5 30 1.2 0.92 Aggregated
5 5 30 1.2 1.38 2.495 1.021  2.887 96 2.0 (1.8-3.2)
3 5 30 1.2 1.84 2.374 0.654 3.625 93 2.3 (2.0-3.7)
6 5 30 1.2 2.3 2.352 0.53 4.436 94 2.8(2.2-4.4)
4-1 5 30 1.2 0.92 4.147 1.784  2.325 98 1.9 (0.9-3.1)
7 7.5 30 1.2 0.92 5.933 2.617  2.267 96 2.3 (1.3-3.3)
8-1 10 30 1.2 0.92 6.977 2.862  2.438 99 2.6 (1.9-3.6)
8-2 10 30 1.2 0.92 6.088 2.066  2.947 95 3.1(1.8-3.8)
8-3 10 30 1.2 0.92 Aggregated
8-4 10 30 1.2 0.92 Aggregated
9-1 7.5 24 1.2 1.38 5.934 2.239 2.65 95 2.5(2.0-4.2)
9-2 7.5 24 1.2 1.38 5.107 2.358  2.166 93 2.7(1.8-4.3)
9-3 7.5 24 1.2 1.38 Aggregated
10 7.5 26 1.2 1.38 4.122 1.344  3.067 92 2.6 (1.9-3.9)
11 7.5 28 1.2 1.38 5.739 2.456  2.337 91 2.7(2.0-4.5)
12 7.5 30 1.2 1.38 5.334 2.347  2.273 95 2.9 (1.4-5.8)
13 7.5 30 0.3 1.84 Aggregated
14-1 7.5 30 0.6 1.84 6.527 2.243 291 89 4.2 (2.2-5.8)
14-2 7.5 30 0.6 1.84 Aggregated
15 7.5 30 1.2 1.84 5.196 1.721  3.109 91 3.5 (2.6-5.4)
16 7.5 30 1.8 1.84 4.392 1.171  38.751 95 3.0 (2.5-5.6)
17-1 7.5 30 2.4 1.84 3.522 1.089 3.234 92 2.5(2.2-4.8)
17-2 7.5 30 2.4 1.84 Aggregated
17-3 7.5 30 2.4 1.84 Aggregated

2 AM: acrylamide; AS: ammonium sulfate; PAOTAC: poly(acryloyloxyethyl trimethylammonium chloride); AIBA: 2,2'-azobis(2-
methyl propionamidine) dihydrochloride; PD: average of particle diameter (range of particle diameter).

late quaternary ammonium monomer) was ob-
tained from CPS Chemicals (West Memphis, AR)
as an aqueous solution (80%) inhibited approxi-
mately 600 ppm of hydroquinone monomethyl-
ether and was purified by repeated extractions
and crystallization from acetone. Poly(acryloy-
loxyethyl trimethylammonium chloride) (PAO-
TAC) was prepared from AOTAC in an aqueous
solution using AIBA as initiator.?%2%3° PAOTAC
had a Brookfield viscosity of 1.216 X 10° cps. The
water used was triple distilled from NANO pure
UV of Barnsteard.

Procedure

Varying quantities of the ingredients (see Table I)
were added to a 250-mL three-neck separable
flask equipped with a stirrer, a reflux condenser,
and a nitrogen inlet tube. After purging with N,
and starting the temperature control, the poly-

merization was initiated by injecting the water-
soluble initiator into the system. The polymeriza-
tion was run at a constant temperature of 45°C.
The agitation speed was fixed at 300 rpm in all
experiments. The particles of polyacrylamide ob-
tained were photographed by an image analyzer
(Bum Mi Universe Co.) and a polarizing micro-
scope (Olympus BH-2). The image analysis proce-
dure consists of a calibration sequence for size
and contrast to ensure high reproducibility, a
neighborhood contrast thresholding algorithm, a
particle selection criterion, and finally particle
measurement. Using a reference slide and a con-
trast level predetermined by a software program
for detecting the local contrast set the microscope
illumination.

Polyacrylamide in aqueous solutions was sep-
arated by dialysis using porous cellulose acetate
membrane and then was dried by lyophilization.
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The molecular weight was determined from the
analysis by Viscotek GPC with Tosoh G6000 col-
umns using 0.3 mol/L acetic acid and 0.3 mol/L
sodium acetate as solvent (TosoHaas, Montgom-
eryville, PA).

Conversion—time data were obtained by using
a dilatometer. The aqueous solution of acrylamide
was charged in a stirred bulb of about 40 cm?® of
volume, and the height of liquid (mineral oil) in
the attached capillary was measured with time.
From the decrease of the volume of the system,
the conversion with time was calculated by as-
suming that the conversion is proportional to the
volume decrease. The final conversion of acryl-
amide was determined from the weight of the
polymers obtained by precipitation in isopropyl
alcohol.

RESULTS AND DISCUSSION

Comparison of Different Polymerization Methods

A dilatometric technique was used to obtain con-
version—time data for the polymerization of acryl-
amide initiated by AIBA in water. A comparison
of the rate of acrylamide polymerization for the
solution (without salt and stabilizer), precipita-
tion (without stabilizer), and dispersion polymer-
ization is shown in Figure 1. The conversion ver-
sus time curve was typically S-shaped and the
slope of the curve was proportional to the rate. In
the dispersion polymerization, the rate of poly-
merization reached its maximum immediately af-
ter initiation and remained nearly constant up to
60—70% of conversion, followed by a decrease that
could be described by first-order kinetics. The
propagation rate is distinctly slower in the solu-
tion polymerization. The propagation rate in the
precipitation polymerization is almost the same
as or slightly slower than that in the dispersion
polymerization, although the induction period is
substantially longer (80—90 min). The difference
in the rate of polymerization is probably the re-
sult of the difference of monomer diffusion in the
three different systems.3! In the solution poly-
merization, the polymer chains will be highly
stretched in the medium, which will act as diffu-
sion barriers, and the viscosity of the system be-
comes very high. Therefore, diffusion of the mono-
mer will be greatly hindered. Contrarily, in the
dispersion polymerization the rate of monomer
diffusion in the continuous phase to the dispersed
particle surface will be fast, and the distance at
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Figure 1 Comparison of rates of dispersion, precipi-
tation, and dispersion polymerization of acrylamide:
solution polymerization: 5% AM, 1.84 X 10~* mol/L
AIBA; precipitation polymerization: 5% AM, 30%
(NH,),S0,, 1.84 X 10~ * mol/L. AIBA; dispersion poly-
merization: 5% AM, 30% (NH,),SO,, 1.2% PAOTAC,
1.84 X 10~* mol/L AIBA.

which the monomer should diffuse at a slower
speed will be short only in the small particles.
Hence, the rate of polymerization will be fast. In
the precipitation system with uncontrolled aggre-
gation, the particle size is relative bigger than in
dispersion. Hence, the diffusion rate and accessi-
bility of monomer is relatively slower than that in
the dispersion system.

In Table I, the molecular weights are com-
pared. The molecular weight of the polymer ob-
tained by dispersion polymerization was signifi-
cantly lower than that obtained by the solution
and precipitation polymerization. This result is
different from that of some other system where
dispersion polymerization yields a higher molec-
ular weight than that of solution polymerization.
For the polymerization of methyl methacrylate,
Barrett and Thomas®! suggested that the higher
molecular weight by dispersion polymerization
than that by solution polymerization is ascribed
to restricted radical termination in the particles,
either by isolation as in emulsion systems or by
diffusion control as in bulk polymerization. How-
ever, this rationale does not seem to hold for the
dispersion polymerization in this work: the radi-
cal termination appears to occur more frequently
rather than to be restricted. Given that the dis-
persion system in this work is more complex, con-
taining the stabilizer and salt, some other factors



may exert an influence on radical termination,
which is discussed later.

Dispersion Polymerization

The polymerization results are summarized in
Table I. Like most dispersion polymerization re-
ported in the literature, the results were difficult
to reproduce for some cases, especially for those
attributed to aggregation. Strict control on stirrer
speed and quality of the reagents are essential to
obtain reproducible results. It can be seen that
the aggregation is liable to occur with too low
initiator concentrations, too high monomer con-
centrations, too low salt concentrations, and ei-
ther too low or too high stabilizer concentrations.
The coagulum took one of two forms: either a body
of homogeneous gel of dissolved polymer or ag-
glomerated lumps of the polymer sedimented
from the medium. The aqueous dispersions pre-
pared under proper conditions were stable, and
no flocculation occurred even after a lapse of
longer than 2 months.

Particle Size and Distribution

Figure 2 shows some representative micrographs
of the dispersed particles, where it is seen that
polydisperse spherical as well as oval particles
were formed. The formation of oval particles sug-
gests that coalescence of similar-size particles
took place during the course of polymerization.
From the pictures the particle size distributions
were determined, as shown in Figure 3. The av-
erage particle diameters and the range of the
particle sizes are given in Table I. The average
particle size ranged from 2 to 4 wm, and most of
the particles lay within 1 um of the average par-
ticle size.

Effect of Initiator Concentration

Experimental sets 3 through 6 in Table I show the
effects of the variation of initiator concentration
from 0.92 to 2.3 X 10~ * mol/L, whereas the mono-
mer and stabilizer concentrations were fixed at 5
and 1.2%, respectively. As is generally observed,
the molecular weight of the polymers decreased
with the increase of initiator concentration. The
kinetic chain length v of a radical chain polymer-
ization is defined as the average number of mono-
mer molecules consumed per each radical, which
initiate a polymer chain. It is proportional to ei-
ther the radical concentration or the polymeriza-
tion rate.? Hence, increasing the polymerization
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Figure 2 Micrographs (highly contrasted) of polyacryl-
amide dispersions prepared with different amounts of
monomer: 30% AS, 1.2% PAOTAC, 0.92 X 10~ * mol/L
AIBA. (a) 5% AM (experiment 4-1), (b) 7.5% AM (experi-
ment 7), (¢c) 10% AM (experiment 8-1).

rate and initiator concentration in radical poly-
merization leads to smaller-size polymer mole-
cules.

The particle size increased with the increase of
the initiator concentration. This is in conformity
with other previous dispersion polymerization ex-
periments.'”3? Paine et al.?? argued that larger
particles are obtained at high initiator concentra-
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Figure 3 Distribution of particle size with different
amounts of monomer: 30% AS, 1.2% PAOTAC, 0.92
X 107* mol/L AIBA. (a) 5% AM (experiment 4-1), (b)
7.5% AM (experiment 7), (c) 10% AM (experiment 8-1).

tions because lower molecular weight polystyrene
is formed, making the grafted poly(IN-vinylpyror-
ridone) (PVP)—polystyrene(PS) more soluble and

less effective as a stabilizer. The adsorption of the
grafted stabilizer on the particles would therefore
be retarded, leading to larger size particles. On
the other hand, Tseng et al.!” as well as Shen et
al.?® believed that a greater initiator concentra-
tion leads to a greater rate of generation of un-
stable oligomeric radicals or dead polymer mole-
cules, in turn leading to a greater rate of coagu-
lation and resulting in larger but fewer particles.
When the generation rate of the oligomeric radi-
cals is much faster than the adsorption rate of the
stabilizer (attributed to the fast decomposition
rate of the initiator), the oligomers would tend to
aggregate and form larger particle nuclei of vari-
ous sizes before enough stabilizers adsorb to sta-
bilize them. In the same way, our result on the
effect of the initiator concentration on the particle
size is considered to support the view of Tseng
et al.

Regarding the quantitative value of the expo-
nent for the dependence of the particle diameter
on the initiator concentration, the grafting mech-
anism of stabilization quantitatively developed by
Paine®” predicts an exponent between —0.08 and
0.17. The lower value is applicable for the case of
adsorption of all grafts onto the particle surface
as they are formed (full adsorption model),
whereas the higher value is applicable for partial
adsorption. The exponent in this work was about
0.3, and hence it is considered that only a part of
the grafts was adsorbed onto the particle in this
system. The partial adsorption is more likely to be
brought about when a better solvent for the poly-
mer is employed.®? To make a comparison, an
exponent value of 0.04 was reported for the dis-
persion polymerization of acrylamide in a tert-
butyl alcohol (TBA)-water mixture.* On the other
hand, the exponent value of 0.4 was previously
observed in other systems (dispersion polymeriza-
tion of polystyrene),'”** and one reason for this
higher value may be postulated to be attributed to
significant chain transfer to initiator.??

Effect of Monomer Concentration

Experiments 4-1, 7, and 8-1 through 8-4 in Table
I indicate that the molecular weight increased
with the increase of the acrylamide concentration
and the particle size also increased. As the mono-
mer concentration was increased above 10%, sta-
ble dispersion could not be obtained when 1.2%
PAOTAC and 2.76 X 10~ * mol/L. AIBA were used.

Concerning the quantitative value of the expo-
nent for the dependence of the particle diameter



on the monomer concentration, the grafting
mechanism of stabilization quantitatively devel-
oped by Paine®? predicts an exponent of 0.67 for
the case of the full adsorption model. For the case
of the partial adsorption model, however, it is not
easy to predict the exponent value because of an
ill-defined term for the solubility parameter dif-
ference between the solvent and the graft. The
exponent in this work was about 0.5. Unfortu-
nately, however, this does not tell us which model
may be applicable because of lack of information
on the solubility parameter difference.

Effect of Salt Concentration

In experiments 9-1 through 12, the salt concen-
tration was varied from 24 to 30%, whereas the
monomer, stabilizer, and initiator concentrations
were kept constant at 7.5%, 1.2%, and 1.38
X 10~ * mol/L, respectively. The effect of salt con-
centration did not seem to be strong either on the
molecular weight of polymers or on the particle
size. When the ammonium sulfate concentration
was below 24%, dispersion polymerization could
not be done successfully. Instead, unstable dis-
persion occurred with high yield of coagulum as a
result of the poor salting-out effect. A concentra-
tion higher than 30% was practically difficult to
employ because of the solubility limitation.

Effect of Stabilizer Concentration

In experiments 13 through 17-3, the stabilizer
concentration was varied. One would expect from
the simplest adsorption mechanism of stabiliza-
tion by PAOTAC that the surface area stabilized
would be proportional to the stabilizer concentra-
tion. Moreover, a low stabilizer concentration
(0.3%) resulted in an agglomerate system, proba-
bly because of insufficient adsorption onto the
polymerized phase. It was observed that increas-
ing the stabilizer concentration up to a certain
value provided more stable dispersion. When the
stabilizer concentration was too high (above
2.4%), the dispersion became very unstable, giv-
ing agglomerated lumps separated from the me-
dium. The presence of extra stabilizer molecules
may make links between particles, leading to
larger particles and ultimately inducing floccula-
tion.

The decrease of particle size with an increase of
stabilizer concentration is along the expected
lines. With the fixed amounts of monomer and
initiator, the rate of nucleation is given constant.
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Then, under the same rate of nucleation, particles
of polyacrylamide will be adsorbed fast to the
stabilizer and a greater number of particles of
smaller size will be stabilized. The theoretical
analysis of Paine®? predicts an exponent of —0.5
for the dependence of the particle diameter on the
stabilizer concentration for the grafting mecha-
nism of stabilization by both the full and partial
adsorption models. On the other hand, stabiliza-
tion by the homopolymer adsorption mechanism
suggests an exponent of —1. The exponent in this
work was about —0.3, which is in conformity with
that in an earlier work reported to be —0.3.2* To
make a comparison, an exponent of —0.78 was
reported in a dispersion polymerization of acryl-
amide using a TBA-water medium and PVME as
the stabilizer.* The exponent value in this work
suggests that the stabilization is achieved by the
grafting mechanism, probably by partial adsorp-
tion.

From the results in Table I, it is observed that
the molecular weight of the polymers decreased
with the increase of stabilizer concentration. This
result is different from those of some other works.
Ray and Mandal*® reported that the molecular
weight increased with the increase of the stabi-
lizer concentration. They explained that this was
the result of the so-called gel effect. That is, with
a higher concentration of the stabilizer, the
greater number density of smaller particles en-
sures that they efficiently capture growing oligo-
meric radicals initiated in solution, leading to
solid-phase polymerization of high molecular
weight because of restricted radical termination
in the gel particles. Thus, as the stabilizer con-
centration increases, the particle size becomes
smaller and hence the rate of solid-phase poly-
merization becomes faster as a result of faster
access of the monomer, thus leading to higher
molecular weight. For the system in this work,
however, it does not seem that the gel effect is
significant. One difference is that TBA, a nonsol-
vent for PAM, was not used in this work. With
regard to the access of the monomer into the PAM
particles, it may be noted the PAM particles will
undergo significant swelling by water and the
monomer should find relatively easy entry into
the swollen particles through the solvent chan-
nels.*®

It is well known that the molecular weight
decreases by chain transfer.?® In this work, the
molecular weight obtained by dispersion polymer-
ization was lower than that obtained by either
solution polymerization or precipitation polymer-
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ization, and the molecular weight decreased with
increase of the stabilizer concentration. One
marked difference between the three systems is
the presence of the stabilizer. Therefore, one pos-
sible explanation is that the stabilizer used in this
work, PAOTAC, might act as a chain-transfer
agent, leading to lower molecular weight with
increasing stabilizer concentration.

On the other hand, another factor may be con-
sidered. For the dispersion polymerization of
acrylamide in which ammonium persulfate (APS)
was used as the initiator, Ray and Mendal* ob-
served that the molecular weight decreased with
increasing amount of TBA (decrease in polarity of
the medium), although the particle size de-
creased. They proposed that the polymer radicals
having negatively charged sulfate head groups
might influence the rate of termination or the
entry rate of oligomeric radicals into the parti-
cles.” Because the stabilizer used in this work is a
polyelectrolyte containing quaternary ammo-
nium, the particles will be charged. The entry
rate of oligomeric radicals, which was initiated by
AIBA also containing quaternary ammonium in
the solution phase, into the charged particles may
be affected as a result of repulsion. As the stabi-
lizer concentration increases, the repulsive force
will become stronger and the entry rate will be-
come slower. The probability that the polymer
will be terminated in the solution phase will be-
come greater. This is followed by the capture of
the dead polymer molecules by the particles,
which will lead to lower molecular weight. The
molecular weight distribution became broader
with increase of the stabilizer concentration, as
shown in Table I, and this is considered to be
consistent with the preceding discussion, regard-
less of which one of the two factors above is more
plausible.

CONCLUSIONS

We examined the influence of the major reaction
variables on the particle size and molecular
weight of polyacrylamide prepared by PAOTAC
stabilized in the aqueous solution of ammonium
sulfate. We found the stable conditions for the
dispersion polymerization of acrylamide: the con-
centrations were 5—10% for acrylamide, 0.6-1.8%
for PAOTAC, 0.92-1.84 X 10~ * mol/L for AIBA,
and 24-30% for ammonium sulfate. The optimal
conditions were determined to be as follows: 7.5%
for acrylamide, 1.2% for PAOTAC, 1.84 x 104

mol/L for AIBA, and 30% for ammonium sulfate.
The aqueous dispersion was stable, and no floc-
culation occurred even after a lapse of longer than
2 months. The average particle size was between
2 and 4 um; M, was 3—6 X 10° g/mol and M,, was
1-2 X 10° g/mol. The increase of initiator concen-
tration and stabilizer concentration resulted in
the decrease in molecular weight. The concentra-
tion of salt was not shown to significantly affect
the molecular weight and the dispersity of the
particles. The increase of acrylamide concentra-
tion led to increase of the molecular weight. The
dependency of particle size on the initiator and
stabilizer concentrations suggests that the parti-
cles may be primarily stabilized by the grafting
mechanism of partial adsorption.

REFERENCES

1. Pabon, M.; Selb, J.; Candau, F.; Gilbert, R. G. Poly-
mer 1999, 40, 3101.

2. Barajas, J. H.; Junkler, D. Polymer 1997, 38, 5623.

3. Leong, Y. S.; Candau, F.; Pouyet, G.; Candau, S. dJ.
Colloid Interface Sci 1984, 101, 167.

4. Ray, B.; Mandal, B. M. Langmuir 1997, 13, 2191.

5. Ray, B.; Mandal, B. M. J Polym Sci Part A Polym
Chem 1999, 37, 493.

6. Pelton, R. H. Colloids Surf 1986, 20, 247.

7. Pelton, R. H.; Pelton, H. M.; Morphesis, A.; Rowell,
R. L. Langmuir 1989, 5, 816.

8. Barett, K. E. J., Ed. Dispersion Polymerization in
Organic Media; Wiley-Interscience: New York,
1975.

9. Almog, Y.; Levy, M. J Polym Sci 1982, 20, 417.

10. Williamson, B.; Lukas, R.; Winnik, M. A,
Croucher, M. D. J. Colloid Interface Sci 1987, 119,
559.

11. Nalco Chemical Corp. U.S. Pat. 3,624,019, 1971.

12. Kyoritsu Yuki Corp. Ltd. Eur. Pat. 0183466, 1985.

13. Cytec Technology Corp. U.S. Pat. W000/20470
(2000).

14. Corner, T. Colloids Surf 1981, 3, 119.

15. Ober, C. K.; Lok, K. P. Macromolecules 1987, 20,
268.

16. Ober, C. K.; Lok, K. P.; Hair, M. L. J Polym Sci
Polym Lett Ed 1985, 23, 103.

17. Tseng, C. M.; Lu, Y. Y.; El-Aasser, M. S.; Vander-
hoff, J. W. J Polym Sci Part A Polym Chem 1985,
24, 2995.

18. Ibrahim, H.; Bindschaedler, C. Int J Pharm 1992,
87, 239.

19. Hino, T.; Prausnitz, J. M. J Appl Polym Sci 1998,
68, 2007.

20. Flory, P. J. J Chem Phys 1953, 21, 162.

21. Francois, dJ.; Truong, N. D.; Medkahdi, G.; Mestd-
agh, M. M. Polymer 1997, 38, 6115.



22.
23.
24.
25.
26.
27.

28.

Deno, N. C.; Spink, C. H. J Phys Chem 1963, 67, 1347.
Napper, D. H. J Colloid Interface Sci 1977, 58, 390.
Tadros, Th. F., Ed. The Effect of. Polymers on Dis-
persion Properties; Academic Press: London, 1982.
Ober, C. K.; Hair, M. L. J Polym Sci Part A Polym
Chem 1987, 25, 1395.

Paine, A. J.; Deslandes, Y.; Gerroir, P.; Henrissat,
B. J. Colloid Interface Sci 1990, 138, 170.
Dautzenberg, H.; Jaeger, W. Polyelectrolytes; Han-
ser: Munich, 1994.

Hildebrandt, V.; Reichert, K.-H. Angew Makromol
Chem 1997, 245, 165.

DISPERSION POLYMERIZATION OF ACRYLAMIDE

29.
30.

31.

32.
33.

34.

35.

1405

Reichert, K. H. Eur Polym J 1984, 20, 505.
Odian, G. Principles of Polymerization; Wiley: New
York, 1970.

Barrett, K. E. J.; Thomas, H. R. J Polym Sci Part
A-1 1969, 7, 2621.

Paine, A. J. Macromolecules 1990, 23, 3109.
Shen, S.; Sudol, E. D.; El-Aasser, M. S. J Polym Sci
Part A Polym Chem 1993, 31, 1993.

Paine, A. J.; Luymes, W.; McNulty, J. Macromole-
cules 1990, 23, 3104.

Wada, T.; Sekiya, H.; Machi, S. J Appl Polym Sci
1976, 20, 3233.



