Effect of Emulsion Polymerization Conditions of Vinyl
Acetate on the Viscosity Fluctuation and Gelation Behavior
of Aqueous Poly(vinyl alcohol) Solution
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ABSTRACT: Poly(vinyl alcohol) (PVA) was prepared by emulsion polymerization of vinyl
acetate (VAc) at 40, 50, and 60°C. PVAs of various molecular parameters were dissolved
in water at concentrations of 3, 5, and 7% (g/dL) and aged at 30 and 60°C. The effects
of the molecular weight and polymerization temperature on the viscosity fluctuation
and gelation behavior of aqueous PVA solutions were investigated. Viscosity was
increased with increasing molecular weight when other parameters were held the
same. PVA of superior molecular regularity due to the lower polymerization tempera-
ture of VAc had higher relative viscosity. Viscosity and its fluctuation of PVAs with
aging time varied with the polymerization temperature of the precursors, concentration
of the aqueous solutions, and aging time. For PVA with a number-average degree of
polymerization of 2800 prepared from poly(vinyl acetate) polymerized at 40°C, a sharp
increase in viscosity was observed after 500 min of aging at a concentration of 7%.
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INTRODUCTION

Poly(vinyl alcohol) (PVA) has been used mainly in
aqueous solutions for its particular water solubil-
ity with high chemical stability. PVA is one of the
first synthetic polymers to be produced on a large
scale commercially and has been developed and
utilized in various industrial applications, includ-
ing as an emulsifier and stabilizer for colloid sus-
pensions, a sizing agent and coating in the textile
and paper industry, and an adhesive.! Moreover,
PVA hydrogel has been paid attention to for its
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good biocompatibility and usability in various bio-
medical applications®® such as in embolic mate-
rials, artificial kidney membranes, skin replace-
ment materials, and drug-delivery systems. The
control and rationalization of the origins of the
viscosity of aqueous PVA solutions are naturally
important in these applications.* Hydrogels can
be obtained from aqueous PVA solutions by
adopting several methods such as photocrosslink-
ing,®® freezing and thawing,” 2 irradiation,'**°
chemical crosslinking,'® and aging. Among these
techniques, aging is most largely dependent on
the molecular parameters of PVA, such as molec-
ular weight, stereoregularity, 1,2-glycol contents,
and degree of saponification.

PVA cannot be prepared from its structural
monomer, vinyl alcohol (VA), for the instability of
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VA. Therefore, saponification of precursors, such
as poly(vinyl acetate) (PVAc), is an unavoidable
process. Molecular parameters of PVA can be ef-
fectively controlled due to these separated prepa-
ration methods: polymerization and saponifica-
tion.'™ 23 Complete saponification of the precur-
sor possibly results in PVA of a linear molecular
structure with a hydroxyl group for each repeat-
ing unit. The many hydroxyl groups cause it to
have a high affinity to water, with strong hydro-
gen bonding between the inter- and intramolecu-
lar hydrogen bonding of adjoining hydroxyl
groups. It is well known that with an increase in
the number of acetate groups the negative heat of
dissolution increases, the critical temperature of
the phase separations is lowered, and the solubil-
ity at high temperatures decreases gradually.!

Generally, the viscosity of aqueous PVA solu-
tions is considered as function of the molecular
weight and concentration of PVA. But the effects
of structural regularity cannot be ignored. Molec-
ular irregularities, including the 1,2-glycol struc-
ture, are determined mainly by the polymeriza-
tion temperature of the precursor. PVAc polymer-
ized at higher temperature has more chance of
forming head-to-head linkages for abundant acti-
vation energy.! But its effects on the physico-
chemical behavior of aqueous PVA solutions have
not fully appreciated yet.

The hydrophilicity of PVA is an advantage for
its applications, but a limiting factor in its char-
acterization, because PVA molecules are likely to
aggregate through hydrogen bonding due to its
polyhydroxy groups. Therefore, despite a number
of studies that dealt with the crosslinking and
hydrogel formation of PVA in an aqueous solu-
tion, there have been few studies on the polymer
chain conformation during these processes.

The object of our present study was to examine
the gelation process of PVA by aging and the
effects of polymerization temperature. To achieve
these purposes, completely saponified PVAs of
similar molecular weights were prepared from
various PVAc’s polymerized at 40, 50, and 60°C.
PVAs, having gradually differentiated molecular
weights, were also prepared at the same polymer-
ization temperature.

EXPERIMENTAL

Materials

Vinyl acetate (VAc), purchased from Shin-Etsu,
was washed with an aqueous solution of NaHSOg4

Table I Parameters for Emulsion
Polymerization of VAc

Amount of Water 80 mL

Amount of VAc 40 mL

LWZ 0.01 L/L of water
0.02 L/L of water

KPS 0.0005 mol/L of water
0.001 mol/L of water

Temperature 40, 50, 60°C

Agitating speed 250 rpm

and water and dried over anhydrous CaCl,, fol-
lowed by distillation under a reduced pressure of
nitrogen. The other materials were used without
further purification.

Emulsion polymerizations were carried out in
a three-necked round-bottom stirred reactor.
Polyoxyethylene nonylphenyl ether sodium sul-
fate (LWZ, Cao Co.) and potassium peroxodisul-
fate (KPS) were used as an emulsifier and initia-
tor, respectively. The agitation was conducted at
250 rpm using a Teflon half-moon-shaped impel-
ler blade mounted on a glass shaft and inserted
into a glass adapter (Top, TOA Co., Japan). The
flask was purged with nitrogen for 30 min at room
temperature and then heated. Once the polymer-
ization temperature was attained, LWZ and VAc
were added to the reactor. After 15 min, KPS was
added. The reaction product was purified by re-
precipitating three times into water and then
dried in a vacuum at 50°C. The polymerization
conditions are summarized in Table I. To a solu-
tion of 2 g of PVAc in 100 mL of methanol, 2.5 mL
of a 40% NaOH aqueous solution was added, and
the mixture was stirred for 5 h at room tempera-
ture to yield PVA. The PVA produced was filtered
and washed well with methanol. PVA samples
showed the number-averaged degree of polymer-
ization (P,) of 2300-3300 and indicated a degree
of saponification of over 99%. Table II shows the
specification of PVAs used in this study.

Viscosity Measurement

PVA1-5 were dissolved in water at 80°C to form
stable aqueous PVA “sol” solutions without tur-
bidity. Concentrations were varied at 3, 5, and 7%
(g/dL) for all specimens. A Ubbelohde-type capil-
lary viscometer was rinsed thoroughly many
times with distilled water and dried with acetone
initially as well as after each run. A constant
temperature water bath with an error range of
+0.01°C was used. A clamp was set up so that the
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Figure 1 Relative viscosities of 3% aqueous solutions
of PVAL, -2, and -3 with aging time.

viscometer is placed inside the water bath, with
the fiducial masks visible below the water level.
The relative viscosity (7,) of the aqueous PVA
solution was determined at 30 = 0.01 and 60
+ 0.01°C with a predetermined time interval at
30 and 60°C, respectively.

RESULTS AND DISCUSSION

It has been widely accepted that the viscosity of
the polymer solution depends on the molecular
weight of the polymer or that viscosity increases
with increasing molecular weight. Gelation of a
polymer solution is also considered to be achieved
by controlling the polymer concentration and
temperature. However, this concept is somewhat
ambiguous. When polymers are chemically or
physically crosslinked, one should first obtain
branched polymers before the formation of the gel
phase. This soluble crosslinked polymer makes it
possible to measure the molecular weight or poly-
mer size, which is directly related to the proper-
ties of the gel structure.® Therefore, the gel struc-
ture derived from the molecular parameters is
more important.

Effects of Molecular Weight

Determining the molecular structures of PVA is
not an easy job. But it is well known that the
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molecular structure depends mainly on the poly-
merization temperature. Therefore, in this study,
PVAs prepared form PVAc’s polymerized at the
same temperature and different initiator concen-
trations were adopted as PVAs of the “the same
molecular structure” and different molecular
weight.

In this study, PVAs having P,’s of 3300, 2800,
and 2300 were each prepared from PVAc’s emul-
sion polymerized at 60°C. These PVAs were dis-
solved in water with concentrations of 3, 5, and
7%, respectively, and aged for a time.

Figure 1 shows the viscosity changes of 3%
aqueous solutions of PVA1, PVA2, and PVA3 aged
at 30 and 60°C with the aging time. From the fact
that there is no significant fluctuation in the vis-
cosity, these solutions can be assumed to main-
tain a stable sol phase during aging. The viscosi-
ties of the PVA solutions increased with increase
in the molecular weight, which was in good agree-
ment with the generally accepted tendency. This
tendency was repeated in 5% solutions aged at 30
and 60°C and in 7% solutions aged at 60°C,
proved in Figures 2 and 3. But in the case of a 7%
solution aged at 30°C, as shown in Figure 3, there
is an increase in the viscosity between P,, of 3300
and 2800. From these results, it can be deduced
that PVAs obtained from PVAcs polymerized at
60°C proceed to the gelation process between 30
and 60°C in the case of P, between 3300 and
2800. Therefore, it can be concluded that the ge-
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Figure 2 Relative viscosities of 5% aqueous solutions
of PVAL, -2, and -3 with aging time.
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Figure 3 Relative viscosities of 7% aqueous solutions
of PVAL, -2, and -3 with aging time.

lation behavior of PVAs of the same molecular
structure follows the generally accepted tenden-
cy: Gelation is accelerated with increasing molec-
ular weight and decreasing aging temperature.!

Effects of Polymerization Temperature

Lower polymerization temperature reduces the
irregularities of PVAc such as branching and the
1,2-glycol structure.’'®~2° From Table II, it can
be found that PVA2, PVA4, and PVA5 have the
same P,, but different P,’s of PVAcs. This means
that the possibility of irregularity including
branching increases at a higher polymerization
temperature.

Figure 4 shows the viscosity changes of 3%
aqueous solutions of PVA2, PVA4, and PVA5 aged

Table I (PVA)s Used in Viscometric
Experiment

P, Polymerization
Temperature
Sample No. PVA (PVAc) (°C)
PVA1l 3300 (18,000) 60
PVA2 2800 (17,000) 60
PVA3 2300 (8800) 60
PVA4 2800 (8000) 50
PVA5 2800 (6700) 40
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Figure 4 Relative viscosities of 3% aqueous solutions
of PVA2, -3, and -5 with aging time.

at 30 and 60°C with the aging time. The viscosi-
ties of PVA2, PVA4, and PVA5 maintain constant
values. This value, however, for PVA2 is rela-
tively low compared with those of PVA4 and
PVAS5. The viscosity of PVA2 aged at 30°C is even
lower than those of PVA4 and PVA5 aged at 60°C.
This cannot be explained by classical theory sole-
ly; depending on the molecular weight and gel
structure derived from molecular parameters, it
can be considered as a new candidate. The viscos-
ity of the PVA solution may be affected by the
crosslinkability of the polymer chains because
there is no difference in molecular weights. It is
well known that polymer chains having superior
regularity easily form physical crosslinking.
Therefore, PVA4 and PVA5, which have a more
regular chain structure due to lower polymeriza-
tion temperatures of PVAcs, may be suspected of
having higher values of the crosslinked molecular
size than that of PVA2. A difference of viscosities
in PVA4 and PVA5 cannot be detected by the
aging of the 3% solution.

Viscosity fluctuations for PVA2, PVA4, and
PVA5 dissolved at 5% with the aging time are
represented in Figure 5. An aqueous PVA solu-
tion experienced a gradual viscosity increase at
certain concentrations.! PVA2 and PVA4 solu-
tions showed plateau-shaped viscosity curves. In
contrast, the viscosity of the PVA5 solution in-
creased gradually with the aging time. This dif-



ference was enlarged in the 7% case as shown in
Figure 6. The viscosity of the 7% PVA5 aqueous
solution underwent a steep increase and could not
be detected after 500 min of aging. From these
results, it can be assumed that there is a differ-
ence between the molecular structures (or molec-
ular regularities) of PVA4 and PVA5.

CONCLUSIONS

In the gelation of aqueous PVA solutions by ag-
ing, the crosslinked molecular size seemed to play
an important role in the gelation behavior. The
crosslinked molecular size is considered to in-
crease with increasing molecular regularity. The
dependence of the gelation behavior on the molec-
ular weight, which has been widely accepted, is
proved only when other molecular parameters,
especially structural regularity, are maintained.
Molecular regularity and the resulting cross-
linked molecular size changed enormously ac-
cording to the polymerization temperatures of the
PVACc’s. Conclusively, the viscosity and gelation
conditions of PVA can be explained effectively not
only by the molecular weight but also by the mo-
lecular structure. In the near future, we will re-
port on the quantitative structural differences of
PVAs arising from the different polymerization
temperatures of PVAcs.
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Figure 6 Relative viscosities of 7% aqueous solutions
of PVA2, -3, and -5 with aging time.
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