
Introduction

Poly(vinyl alcohol) (PVA) cannot be prepared by direct
polymerization owing to tautomerism of vinyl alcohol
monomer [1, 2]. Thus, PVA is obtained by the saponi-
fication of a poly(vinyl ester), such as poly(vinyl acetate)
(PVAc) or poly(vinyl pivalate) [3, 4, 5, 6, 7, 8, 9, 10, 11].
PVA fibers and films have high tensile and compressive
strengths, a high tensile modulus, and good abrasion
resistance owing to the large crystalline lattice modulus.
To maximize these physical properties, the molecular
weight, the degree of saponification (DS), and the syn-
diotacticity should be increased [3, 4, 5, 6, 7]. Especially,
to increase the molecular weight, which is a fundamental
factor affecting the physical properties, improvement of

the polymerization methods of vinyl acetate (VAc) [12,
13, 14, 15, 16, 17] is necessary. Four polymerization
methods of VAc (bulk, solution, emulsion, and suspen-
sion) are known [12, 13, 14, 15, 16, 17].

In the bulk polymerization of VAc, high-molecular-
weight (HMW) PVAc and PVA can be obtained but it
is very difficult to control the viscosity of the reaction
mixture. Thus, HMW PVAc with high conversion is
hardly obtained at the same time [10, 14, 16, 17]. To
reduce the heat of polymerization and the viscosity of
the medium, solution polymerization of VAc was
tried. Although relatively higher conversion of VAc
into PVAc is attained in the case of solution poly-
merization than bulk polymerization, it is nearly im-
possible to obtain HMW PVAc with a conversion of

ORIGINAL CONTRIBUTION
Colloid Polym Sci (2002) 280: 835–840
DOI 10.1007/s00396-002-0691-2

W.S. Lyoo

H.W. Lee
Synthesis of high-molecular-weight poly(vinyl
alcohol) with high yield by novel one-batch
suspension polymerization of vinyl acetate
and saponification

Received: 28 January 2001
Accepted: 4 March 2002
Published online: 22 May 2002
� Springer-Verlag 2002

W.S. Lyoo (&) Æ H.W. Lee
School of Textiles, Yeungnam University,
Kyongsan 712-749, Korea
E-mail: wslyoo@yu.ac.kr
Tel.: +82-53-8101126
Fax: +82-53-8123503

Abstract Generally, owing to tau-
tomerism of vinyl alcohol monomer,
poly(vinyl alcohol) (PVA) cannot be
obtained by direct polymerization
but it can be obtained by the sapo-
nification of poly(vinyl ester) pre-
cursors such as poly(vinyl acetate)
(PVAc). In this study, to obtain
high-molecular-weight (HMW) PVA
with high yield through a one-batch
method, we tried continuous sapo-
nification of PVAc prepared by sus-
pension polymerization of vinyl
acetate (VAc). We controlled vari-
ous polymerization conditions, such
as polymerization temperature, ini-
tiator concentration, suspending
agent concentration, agitation speed,
and VAc/water ratio, and obtained
PVAc with a maximum conversion
of VAc into PVAc of over 95–98%.

PVA beads having various molecu-
lar parameters were prepared by
continuous saponification of PVAc
microspheres. Despite our employ-
ing a one-batch process, a maximum
degree of saponification of 99.9%
could be obtained. Continuous het-
erogeneous saponification of pre-
pared PVAc yielded HMW PVA
having a number-average degree of
polymerization of 2,500–5,500, a
syndiotactic diad content of 51–
52%, and degree of saponification of
85.0–99.9%.
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over 80% owing to the high viscosity of the reaction
solution [11, 12]. It is known that the molecular
weight and the polymerization rate increase simulta-
neously by emulsion polymerization of VAc. However,
because side-chain formation reactions due to a higher
propagation rate of VAc in the emulsion system result
in branched HMW PVAc, it is nearly impossible to
produce HMW PVA from PVAc by a saponification
reaction [13, 15].

Commercially important polymers and copolymers
were manufactured by suspension polymerization. The
highest conversion can be achieved by suspension po-
lymerization compared to other polymerization methods
[17]. Suspension polymerization generally has been used
for the production of polymer particles with diameters in
the range 80–700 lm. The mechanism of suspension
polymerization in a droplet is basically identical to that
of bulk polymerization [18]. The water in the polymer-
ization reaction solution reduces the exothermic heat
and prevents viscosity enhancement during the poly-
merization [19, 20]. Owing to these advantages, sus-
pension polymerization of VAc has the possibility to
produce HMW PVAc with highest conversion which is a
precursor of HMW PVA. Polymer particles produced in
suspension polymerization have applications in chro-
matographic separations, biochemicals, bioengineering,
drug-delivery systems, and they cancel cell-killing em-
bolic materials [21, 22, 23].

Many researchers have been studying the suspension
polymerization of VAc because it is possible to reach
higher conversion than other polymerization methods
[24, 25, 26]. Lyoo et al. [17] prepared HMW PVAc
having a high yield at a polymerization temperature of
30 �C using a room-temperature initiator, 2,2¢-azo-
bis(2,4-dimethylvaleronitrile) (ADMVN). Murakami
et al. [27] prepared microspheres of PVA with a di-
ameter of about 10 lm by using a PVA–borate com-
plex as a suspension agent. Cherng and Ping [22]
prepared large, spherical PVA beads (up to 1.5-mm
diameter) with a core-shell structure. As already de-
scribed, in all industrial PVA preparation, a general
two-batch process has been utilized. Studies on the
one-batch suspension polymerization and saponifica-
tion process are very rare because complete saponifi-
cation of HMW PVAc with very high conversion is
nearly impossible.

In this study, PVA was prepared by our novel one-
batch process, which is very simple and an effective
method of continuous saponification of HMW PVAc
with high yield. The effects of the polymerization and
saponification conditions on the number-average degree
of polymerization (Pn), the degree of branching (DB),
the DS, and the syndiotactic diad (s-diad) content of
PVA prepared by a one-batch saponification and poly-
merization process were examined.

Experimental

Materials

VAc purchased from Shin-Etsu was washed with an aqueous so-
lution of NaHSO3 and with water, was dried over anhydrous
CaCl2, and was then distilled under a reduced pressure of nitrogen.
The initiator ADMVN (Wako Co., 99%) was recrystallized twice
from absolute methanol before use. PVA with a number-average
molecular weight of 127,000 and a DS of 88% (Aldrich Co.) was
used as a suspending agent. Other extra-pure-grade reagents were
used without further purification. The water used for all the pro-
cedures was deionized.

One-batch preparation of PVA

Suspending agent (0.5 g) was dissolved in 100 ml water under a
nitrogen atmosphere and constant stirring in a 250-ml reactor fitted
with a condenser. VAc monomer (50 ml) along with the fixed
amount of ADMVN after degassing were added simultaneously at
a fixed polymerization temperature. The polymerization was con-
ducted at a stirring rate of 500 rpm. Immediately after the poly-
merization, PVAc was saponified in aqueous NaOH/Na2SO4/
CH3OH solution, and the saponification of PVAc was conducted
for 2 days at 40, 50, and 60 �C. The NaOH/Na2SO4/ CH3OH ra-
tios in 100 ml water used in this study are 5/7.5/10, 10/7.5/10, and
15/7.5/10, respectively. The PVA prepared was filtered and washed
with distilled water.

Acetylation of PVA

A mixture of 1 g PVA, 2 ml pyridine, 20 ml acetic anhydride, and
20 ml acetic acid was stirred in a three-necked flask at 100 �C for
24 h under an atmosphere of nitrogen. Then the mixture was
poured into cold water to precipitate PVAc. The PVAc thus pro-
duced was filtered and purified by repeating the reprecipitation
from methanol and water.

Characterization

The molecular weight of PVAc was calculated using Eq. (1):

g½ � dl=gð Þ ¼ 8:91 � 10�3 Pnð Þ0:62 ðin benzene at 30�CÞ; ð1Þ

where [g] is the intrinsic viscosity and Pn is the number-average
degree of polymerization of PVAc. The molecular weight of PVA
was determined from that of PVAc produced by acetylation of
PVA using Eq. (1).

The DB for the acetyl group of PVAc was calculated using
Eq. (2) [2]:

DB ¼ DP1=DP2ð Þ � 1; ð2Þ

where DP1 is Pn of PVAc and DP2 is Pn of PVA prepared by
saponifying PVAc.

The s-diad contents of PVA were determined using a 1H NMR
spectrometer (Varian, Sun Unity 300). The DS of PVA was de-
termined by the weight loss after saponification and by the ratio of
the methyl and methylene proton peaks in the 1H NMR spectrum.

The crystal melting temperature (Tm) of PVA was measured
using a differential scanning calorimeter (Perkin Elmer, DSC 7)
with a sample weight of 10 mg and at a heating rate of 10 �C/min.

The surface morphologies of the PVA beads were examined
with a scanning electron microscope (JSM 5800-LV, Jeol, Japan)
with a magnification of 160·.
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Results and discussion

The general PVA preparation process includes two steps
using two different batches, but the continuous process
involves saponification and polymerization in one batch.
In this respect, the one-batch process is a very simple
and effective method of preparation of PVA.

In this study we obtained PVAc with a high conver-
sion of over 95% and the resultant HMW PVA using a
one-batch continuous process. We obtained PVA beads
with a spherical shape, but the particle size distribution
of the PVA beads was somewhat irregular owing to
preparation by the one-batch process using heteroge-
neous saponification.

The effect of the initiator concentration on the con-
version of VAc into a PVAc suspension polymerized at
50 �C is shown in Fig. 1. The conversion rate increased
as the ADMVN concentration increased, and a high
conversion of over 95% was obtained at all ADMVN
concentrations. This explains the fact that suspension
process by ADMVN is a useful one for producing a high
conversion of PVAc.

Plots of Pn of PVAc and PVA prepared by the one-
batch process at three different polymerization temper-
atures are shown in Fig. 2a and b, respectively. The
difference between the Pn of PVAc and PVA is mostly
the result of branched structures, which may be broken
down when saponified [2]. The Pn of PVA obtained
using the continuous process with a high yield was over
5,000. The Pn of PVA increased as the polymerization
temperature or the initiator concentration decreased.
The Pn of PVA prepared by the two-batch process was
4,200–6,000. HMW PVA having Pn of 2,500–5,500 was

prepared by the continuous process, and there was a
little difference in the Pn of the PVA beads prepared by
the two-batch process [17]. It should be noted that PVA
with a Pn of up to 5,000 could be prepared by the one-
batch process from PVAc polymerized at a conversion
of 95% using an ADMVN concentration of 0.0002 mol/
mol of VAc.

In this study, the effects of the ADMVN concentra-
tion and the polymerization temperature on the DB of
PVA were investigated. The variation of the DB for the
acetyl group of PVAc polymerized at three different
temperatures is shown in Fig. 3. All the specimens were
obtained at similar conversions of about 90%. The DB
increases as the ADMVN concentration and the poly-

Fig. 1. Conversion of vinyl acetate (VAc) into poly(vinyl acetate)
(PVAc) suspension polymerized at 50 �C using a suspending agent
concentration of 0.5 g/dl in water, VAc/water of 0.5 l/l, and an
agitation speed of 500 rpm with polymerization time

Fig. 2. Pn of a PVAc obtained by one-batch suspension polymer-
ization at 50 �C using a suspending agent concentration of 0.5 g/dl
in water, VAc/water of 0.5 l/l, and an agitation speed of 500 rpm
and b PVA by saponification at 60 �C using alkali concentrations
of 15/7.5/10 wt% (NaOH/Na2SO4/CH3OH) in aqueous solution
with polymerization temperature
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merization temperature increased. This may be ascribed
to the fact that at higher polymerization temperatures,
the accelerated polymerization reaction may bring about
a chain-transfer (branching) reaction more easily [2]. In
addition, it was supposed that the higher the initiator
concentration, the more frequent the side reactions.
Thus, the DB was increased. The DB of PVAc prepared
in this study is 2.5–3.5.

The alkaline catalysts potassium hydroxide, gauanu-
dine carbonate, sodium hydroxide and barum hydroxide
are employed in the alcoholysis of PVAc [28, 29, 30].
Among them, sodium hydroxide is the most important
catalysts for hydrolysis on an industrial scale. We used
sodium hydroxide in one batch process. The dependence
of the DS upon the saponification temperature at three
different suspension polymerization temperatures is
shown in Fig. 4a. The DS value was much higher at
60 �C than at 50 �C, which is because of the accelerated
saponification reaction at higher temperature. The pre-
cursor preparation temperature had little effect on the
DS of PVA. The DS of PVA prepared by the one-batch
process was over 99% at a saponification temperature of
60 �C, and the PVA beads prepared were spherical. The
dependence of the DS on the saponification time at
two different saponification temperatures is shown in
Fig. 4b. The DS increase as the saponification time in-
crease. PVA saponified at 60 �C has a higher DS than
that saponified at 50 �C. The maximum DS of PVA
saponified at 50 �C was lower 95%, and was more in-
fluenced by the saponification temperature than the sa-
ponification time.

The dependence of the DS on the three different so-
dium hydroxide concentrations at saponification tem-
peratures of 50 and 60 �C is shown in Fig. 5. The DS

increase as the saponification temperature or the sodium
hydroxide concentrations increased. The DS of PVA
was over 99% at a saponification temperature of 60 �C
for a sodium hydroxide concentration of 15 wt%. From
this result, it was found that the effective concentration
of sodium hydroxide for complete saponification at
60 �C is about 15 wt%.

The physical properties of PVA are influenced by the
tacticity. The effects of the suspension polymerization
temperature and the initiator concentrations on the s-
diad content of PVA prepared by the one-batch and the
general two-batch processes are shown in Table 1. In
both processes, the s-diad content decreased as the po-
lymerization temperature increased, but there was a little

Fig. 4. a Degree of saponification (DS) of PVA with Pn of 5,000
prepared by one-batch polymerization and saponification at two
different saponification temperatures using alkali concentrations of
15/7.5/10 wt% (NaOH/Na2SO4/CH3OH,) in aqueous solution for
a saponification time of 24 h with polymerization temperature and
b DS of PVA with Pn of 5,000 prepared under the same conditions
with saponification temperature

Fig. 3. DB for the acetyl group of PVAc obtained by suspension
polymerization at three different polymerization temperatures
using a suspending agent concentration of 0.5 g/dl of water,
VAc/water of 0.5 l/l, and an agitation speed of 500 rpm
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difference in the dependence of the s-diad contents on
the polymerization temperature, arising from the atactic
character of VAc polymerization. PVA with s-diad
contents of 51–53% was obtained irrespective of the
initiator concentration, and this was described as typi-
cally atactic PVA. The effects of the suspension poly-
merization temperature and the ADMVN
concentrations on the Tm of PVA prepared by the one-
batch and the general two-batch processes are also
presented in Table 1. Tm increased as the polymerization
temperature decreased, which agrees well with the tac-
ticity data described previously. The negligible effect

between the one-batch and the two-batch processes
suggests that the shape and the size of the crystal
are almost the same for the two PVA preparation
processes.

Conclusions

As is well known, PVA cannot be obtained by direct
polymerization owing to tauttomerism of vinyl alcohol
monomer. We could prepare PVA by one-batch sus-
pension polymerization and saponification. We adopted
a suspension polymerization method, which is a pow-
erful method for enhancing conversion. That is, we ob-
tained spherical PVA beads using the continuous
process. By using the one-batch process including sus-
pension polymerization of VAc with ADMVN and
continuous saponification, it is possible to produce
HMW PVAc with a maximum conversion of VAc into
PVAc of over 95% and HMW PVA with Pn of 2,500–
5,500 and a DS of 85.0–99.9%. The Pn, DB, DS and
s-diad content were not different from those of the
general two-batch process. Conclusively, this one-batch
suspension polymerization and saponification method is
expected to be a simple and effective way of producing
HMW PVA with high yield at low cost. Furthermore,
the PVA microspheres in this study can be used as
cancer cell-killing embolic materials. In the near future,
we will report on the preparation of stereoregular PVA
with high yield using one-batch suspension polymeriza-
tion and saponification.
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Table 1. Comparison of molecular parameters of poly(vinyl alcohol) prepared by one-batch and two-batch methods. Tpolym, m, and r are
the polymerization temperature, the isotactic diad content, and the syndiotactic diad content, respectively. DS is the degree of saponi-
fication

Method 2,2¢-Azobis(2,4-dimethylval-
eronitrile) concentration
(mol/mol of vinyl acetate)

Tpolym (�C) Pn DS (%) m (%) r (%) Tm (�C)

One batch 0.0002 30 5,500 99.9 47.4 52.6 233.2
Two batch 0.0002 30 5,800 99.9 47.2 52.8 233.3
One batch 0.0010 30 4,500 99.9 47.4 52.6 232.9
Two batch 0.0010 30 4,600 99.9 47.3 52.7 233.2
One batch 0.0002 50 3,800 99.9 48.8 51.2 229.8
Two batch 0.0002 50 4,100 99.9 48.5 51.5 230.2
One batch 0.0010 50 2,800 99.9 48.7 51.3 229.9
Two batch 0.0010 50 3,100 99.9 48.2 51.8 230.3

Fig. 5. DS of PVA with Pn of 5,000 prepared by one-batch
polymerization and saponification at three different sodium
hydroxide concentrations using a saponification time of 24 h
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