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ABSTRACT: The aqueous precipitation copolymeriza-
tion of acrylonitrile (AN) and vinyl acetate (VAc) with
NaClO3/NaHSO3 redox initiation system is carried out
continuously in a 10L pilot-plant reactor. The effects of
pH value on ionization equilibrium of NaHSO3, polymer-
ization rate, particle morphology, particle size and its dis-
tribution, molecular weight and its distribution have been
investigated. It has been found that effective concentra-
tion of reductant H2SO3 increases with the decrease in
pH value. On the other hand, deceasing pH value intensi-
fies the coalescence among particles and then reduces dif-

fusion rate of monomer and radicals into particles.
Experimental data shows that the increase of pH value
results in higher conversion. It indicates that pH value’s
effect on particle stability prevails its influence on effec-
tive concentration of the reductant. This conclusion is
verified by the molecular weight, particle size, and parti-
cle morphology. VC 2010 Wiley Periodicals, Inc. J Appl Polym
Sci 119: 1486–1491, 2011

Key words: aqueous precipitation copolymerization;
acrylonitrile; pH value; vinyl acetate

INTRODUCTION

The common polymerization techniques used for
producing polyacrylonitrile (PAN) include solution
polymerization,1–3 aqueous precipitation polymeriza-
tion,4-12 and mixed-solvent precipitation polymeriza-
tion.13,14 Aqueous precipitation polymerization is
favored as the commercial production process for
acrylic fiber due to being free of organic solvent and
stabilizer. Because of the radical segregation in het-
erogeneous polymerization process, PAN copoly-
mers synthesized with this technique have high
molecular weight, which is very important for pro-
ducing high-performance fibers. Furthermore, there
are no extra impurities in an aqueous copolymeriza-
tion system.5 Therefore, it is becoming a more no-
ticeable method for producing PAN with high
quality.

Aqueous precipitation polymerization is a special
emulsion polymerization without stabilizers for pro-
ducing polymer particles with uncontrolled-size.15

For emulsion polymerization of acrylamide (AM)
and acrylic acid (AA) salts, the polymerization rate
strongly depends on pH value of the aqueous phase
due to the formation of ion pair on the end of prop-

agating macroradicals at higher pH value.16 Kato
et al.17 also found that pH value can influence the
emulsion polymerization process and size of the
obtained latex particles by affecting the physico-
chemical properties of emulsifier.
The aqueous precipitation polymerization of acry-

lonitrile (AN) is mostly initiated by redox initiation
system for its superiority in initiating efficiency at
low polymerization temperature and high molecular
weight of resultant products. The redox pair used in
industries includes persulfate-bisulphite, chlorate-
bisulphite, hydroxylamine sulfonate-bisulphite, etc.
The application of new redox pairs in aqueous poly-
merization process, such as K2CrO4-NaAsO2,

4,18 po-
tassium persulfate (K2S2O8)-thiourea,

19 Ce(IV)-su-
crose,20 chloramine-T/hydrogen,21 Ce(IV)-oxalic
acid,22 were also investigated. The reductants are
usually weak acid salts, which generate effective in-
gredient by ionization in aqueous solution at certain
pH value. According to different initiating mecha-
nism, effective reductive ingredient should differ
from each initiation system. For example, the initiat-
ing process for NaClO3-NaHSO3 initiator system
takes place according to the following mecha-
nism:23,24

ClO�
3 þH2SO3 �!kd ClO�

2 þHSO��
3 þHO �

HSO��
3 þHO � �!SO2�

4 þ 2Hþ

Here, the effective reductive ingredient is H2SO3.
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Even with the same reductant, KPS-NaHSO3 com-
bination follows a different mechanism25:

S2O
2�
8 þHSO�

3 �!SO2�
4 þHSO��

3 þ SO��
4

Here, HSO3
� is the effective reductive ingredient.

The ionization equilibrium of reductant is greatly
influenced by pH value, leading to various concen-
tration of effective reductive ingredient. Aqueous
precipitation polymerization of AN/methyl acrylate
(MA)/sodium methallyl sulfonate (MAS) using
NaClO3-Na2SO3 as the initiation system was studied
by Chen et al.26 They found that final conversion
increased correspondingly when increasing pH value
from 0.5 to 4.0 and the maximum of initial polymer-
ization rate was achieved when pH value was 2.0.

At present, few systematic work has been con-
ducted to study the effect of pH value on the behav-
ior of aqueous precipitation polymerization of AN.
In addition to the ionization equilibrium, would pH
value also affect particle morphology, and conse-
quently influence the polymerization rate and molec-
ular weight? This needs further investigation. In this
article, continuous aqueous precipitation copolymer-
ization of AN and vinyl acetate (VAc) with the
NaClO3-NaHSO3 initiation system is investigated.
The article focuses on the effects of pH value on ion-
ization equilibrium of NaHSO3, polymerization rate,
particle morphology, particle size and its distribu-
tion, molecular weight and its distribution.

EXPERIMENTAL

Materials

AN as technical grade is purified by heat distillation
under ordinary pressure. VAc as chemically pure is
purified by distilling under vacuum. NaClO3 as
chemically pure is also refined before polymeriza-

tion. NaHSO3, H2SO3, and NaOH as analytically
pure are used as received. Deionized water is
adopted as the polymerization medium.

Preparation

The aqueous precipitation polymerization of AN
and VAc are carried out in a 10L continuous stirred
tank reactor (CSTR). The given monomers (AN and
VAc), oxidant (NaClO3 solution) and reductant
(NaHSO3 solution) are filtered and pumped into the
reactor continuously. The feeding concentration of
AN, VAc, NaClO3, NaHSO3 are 5.00, 0.48, 0.02, 0.06
mol/L, respectively. Feeding rate is 12.77 or 13.64
L/hr corresponding to the residence time of 47 min
or 44 min. The polymerization temperature is 60�C.
Real-time measurement of pH value is conducted by
an on-line pH detector. With the data from the pH
detector, pH controller regulates the flow of pH con-
trol agent to obtain the desired pH value.27 Reactant
slurry flows out from top of the reactor and enters a
termination tank. The polymerization is terminated
by adding 2 wt % NaOH solution. The produced
copolymers are purified by washing with deionized
water and being filtered. The samples are dried in a
vacuum oven at 80�C to constant weight to remove
the residual monomer and water. The mass conver-
sion is measured gravimetrically.

Characterization

Copolymer composition

IR spectra of the resultant AN/VAc copolymers are-
recorded by a Nicolet 5700 FTIR spectrometer. Both
nitrile’s CBN at 2240 cm�1 and ester’s C¼¼O at 1740
cm�1 are strong peaks. A typical FTIR spectrum is
shown in Figure 1. The calibration curve with linear
regression equation is obtained in Figure 2 by

Figure 1 A typical FTIR spectrum of the obtained copoly-
mer of AN and VAc.

Figure 2 Calibration curve with linear regression equa-
tion between peak area ratio by FTIR and composition ra-
tio by 1H-NMR.
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plotting the peak area ratio determined by FTIR
against the composition ratio determined by 1H-
NMR measurement, which is recorded by a Varian
NMK 300 spectrometer with 3000 scans in DMSO-d6
solution at 120�C.

Molecular weight

Molecular weight and molecular weight distribution
(MWD) of copolymers are determined by a Waters
150ALC/GPC gel permeation chromatography
(GPC) using three styrene gel (HR4, HR3, HR1) col-
umns in series. The parameters for Mark-Houwink
equation used in this work are: K ¼ 2.78 � 10�4 dL/
g and a ¼ 0.76.28 N,N-dimethyl formamide (DMF) is
used as the eluent at a flow rate of 1.0 mL/min.

Particle size

Particles of AN–VAc copolymer are well dispersed
with ultrasound in deionized water media. The size
distribution of particles is determined by a Coulter
LS230 particle size analyzer.

Sedimentation value

Solutions for the measurements of sedimentation
value are prepared by adding NaOH solution to 40
mL of slurry until its pH value reaches 7. After
being kept in a sealed 100 mL cylinder for 48 h to
obtain sedimentation volume (Vs), the solutions are
then dried in a vacuum oven at 80�C to constant
weight (Ws). Sedimentation value US (mL/g) can be
calculated from the following equation:

Us ¼ VS=WS

Particle morphology

Morphologies of particles are observed using a
SIRON field emission scanning electron microscopy
(FESEM).

RESULTS AND DISCUSSION

Ionization equilibrium of NaHSO3

In aqueous solution, NaHSO3 are ionized into
HSO�

3 , SO
2�
3 , and H2SO3.

NaHSO3�!Naþ þHSO�
3

SO2�
3 �!þHþ

HSO�
3 �!þHþ

H2SO3

The existing of Hþ can affect the ionization pro-
cess and change concentration of the three species.
To study the ionization equilibrium of NaHSO3 at

various pH values, we introduce the distribution
coefficient of the three species, di, which are defined
as following:

d1 ¼ ½HSO�
3 �

½H2SO3� þ ½HSO�
3 � þ ½SO2�

3 �
¼ Ka1½Hþ�

½Hþ�2 � Ka1½Hþ� þ Ka1Ka2

d2 ¼ ½SO2�
3 �

½H2SO3� þ ½HSO�
3 � þ ½SO2�

3 �
¼ Ka1Ka2

½Hþ�2 þ Ka1½Hþ� þ Ka1Ka2

d0 ¼ 1� d1 � d2

where, d0 is distribution coefficient of H2SO3, d1 is
distribution coefficient of HSO�

3 , d2 is distribution
coefficient of SO2�

3 , Ka1 and Ka2 are equilibrium con-
stant for first and secondary ionization of H2SO3,
respectively. According to published data,29 Ka1 ¼
0.0172, Ka2 ¼ 6.24 � 10�8 at 25�C.
The ionization equilibrium at 25�C is shown in

Figure 3. It can be found that concentration of the
three species have quite different variation trends
according to the change of pH value. With the
increase in pH value, the concentration of H2SO3

decreases, whereas the concentration of SO2�
3

increases. The curve of HSO�
3 concentration versus

pH value shows a typical mountain shape with max-
imum concentration at pH ¼ 4.5.
To further study the influence of temperature on

ionization equilibrium, it is essential to obtain both
Ka1 and Ka2 at different temperature. A series of pH
value of H2SO3 solution are obtained by adding
NaOH solution at 60�C.
Combining the mass balance and the charge bal-

ance, the following equation can be obtained:

½Hþ� ¼ Kw

½Hþ� þ
c0V0

V þ V0
d1 þ 2

c0V0

V þ V0
d2 � cV

V þ V0
(1)

Figure 3 Equilibrium concentration of H2SO3, HSO�
3 and

SO2�
3 at various pH value.
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V ¼
c0d1 þ 2c0d2 � ½Hþ� � Kw

½Hþ�
� �

½Hþ� � Kw

½Hþ� þ c
V0 (2)

where, c0 is the initial concentration of H2SO3 solu-
tion mol/L; c is the concentration of NaOH solution
mol/L; V0 is the initial volume of H2SO3 solution
mL; V is the addition of NaOH solution mL; Kw is
the ion product of water, Kw ¼ 1.01 � 10�14 at
25�C.30

Ka1 and Ka2 can be obtained by fitting the experi-
mental data of V versus pH value using eq. (2). The
two constants determined by this method at 25�C
(Ka1 ¼ 0.0169 and Ka2 ¼ 6.78 � 10�8) are in good
agreement with the literature values (Ka1 ¼ 0.0172
and Ka2 ¼ 6.24 � 10�8),29 which demonstrates the reli-
ability of this model. With the same method, ioniza-
tion constants can be obtained as Ka1 ¼ 0.0158 ¼ Ka2

¼ 8.63 � 10�8 at 60�C, which show little difference
with the ones at 25�C. The ionization equilibrium at
60�C are also plotted in Figure 3, which indicates that
temperature hardly influence the ionization
equilibrium.

Effect of pH value on conversion

H2SO3 acts as the effective ingredient in the
NaClO3/NaHSO3 redox initiation system. One
would expect that the monomer conversion increases
with the decrease in pH value as the concentration
of H2SO3 increases with the decreasing pH value.
The dependence of conversion on pH value is exper-
imentally studied at residence time s of 47 min and
44 min in the continuous reactor. As shown in Fig-
ure 4, lower conversion is obtained in polymeriza-
tion with lower pH value.

Mass transfer of both monomer and radicals
between aqueous continuous phase and polymeric

particles phase during the AN aqueous precipitation
polymerization process has been confirmed by vari-
ous researchers.31,32 Monomer and radicals dissolved
in aqueous solution are absorbed by the polymers
particles. Primary radicals created in the polymer
phase by chain transfer of radicals to monomer can
be desorbed to aqueous phase, which is believed to
be much slower than absorption. Therefore, poly-
merization takes place in both phases and then parti-
cle phase gradually become the main location for po-
lymerization as the conversion increases.
Since neither surfactant nor stabilizer is added in

the aqueous precipitation polymerization, the result-
ing particles are stabilized by the terminal residue of
persulfate with ionic segment on the surface.33 Either
decreasing pH value or adding electrolyte will thin
the electrical double layer, which intensifies the coa-
lescence among particles and decreases total surface
area. The transfer rate of monomer and radicals into
the particles should be reduced. Since particles are the
main location for polymerization, this would subse-
quently decrease reaction rate and conversion. From
our experimental data, it can be concluded that the
effect of pH value on particle coalescence is more sig-
nificant than it is on the redox initiator system. It will
be discussed in the following particle size section.

Effect of pH value on MW and MWD

The effects of pH value on the molecular weight
and MWD (Mw/Mn) are shown in Figure 5. It can
be found that the molecular weight of polymers
produced at higher pH value is higher than those
produced at lower pH value. On the other hand, the
MWD is barely affected by the pH value.
As discussed in the previous section, effective con-

centration of the reductant, H2SO3, is relatively low
at high pH value. Consequently, less active centers
are created and polymer chains with higher degree

Figure 4 Influence of pH value on the conversion and
VAc content of obtained copolymers.

Figure 5 Effect of pH value on the molecular weight and
its distribution.
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of polymerization are generated. Furthermore, par-
ticles are more stable and the coalescence between
particles is retarded. As a result, the number of radi-
cals in one particle is less at higher pH value. The
possibility of termination is reduced, resulting in
higher molecular weight.

Effect of pH value on particle size and morphology

Particle morphology is largely determined by the
way they are formed. Large particles can either be
formed by coalescence or radical growth. With low
pH value, particles become unstable because of high
ion intensity. Higher pH value reduces the chance of
coalescence among particles, increases the polymer-
ization rate and particle growth rate and results in
better particle morphology. This is verified by the
sedimentation data shown in Figure 6. Sedimenta-
tion value, a parameter to characterize particle mor-
phology, is low for round and smooth particles.
Seen from Figure 6, the sedimentation value is
decreased with increasing pH value.

Wu et al.34 found that the firstly formed primary
particles (0.05–0.2 lm) can either absorb radicals or
coagulate with other unstable particles in aqueous

polymerization. As they grow larger, their larger sur-
face areas enable them to absorb more radicals and
grow faster. Therefore, there is little limited coagula-
tion occurred between the secondary (0.5–3 lm) and

Figure 6 Particle size distribution and sedimentation
value at various pH value with s ¼ 47 min.

Figure 7 Particle size distribution of the obtained par-
ticles at various pH value with s ¼ 47 min.

Figure 8 Particle size and its distribution at various pH
value with s ¼ 47 min.

Figure 9 SEM images of the resulting particles at various
pH value with s ¼ 47 min.
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larger particles (4–50 lm), which mainly grow by sur-
face polymerization. The particle size distribution
(PSD) obtained at different pH value is shown in Fig-
ure 7. When pH value increases from 2.1 to 2.4, small
particles with size between 0.1 and 3.0 lm appear.
These particles grow to 3–11 lm at pH value of 2.7.
These further prove that primary particles (0.05–0.2
lm) are more stable at higher pH value, which makes
it possible for them to grow to larger ones before
coagulate with other particles. Those particles result-
ing from the coagulation of these grown primary par-
ticles, at equal residence time, would ultimately pro-
duce particles with larger size.

Figure 8 shows that volume average particle size
(Dv) increases with the increase in pH value. On the
other hand, number average particle size (Dn)
decreases with increasing pH value. PSD becomes
broader at higher pH value, which is also confirmed
by the PSD (Dv/Dn) data in Figure 8. In the poly-
merization with low pH value, small particles are
unstable. They coagulate with each other until stable
larger particles are formed. Therefore, particles gen-
erated at lower pH value have more uniform size
distribution. High pH value makes it possible for
particles to grow individually and eventually formed
particles with wider distribution. SEM images of
particles produced at pH value 2.1 and 2.7 are
shown in Figure 9. It can be seen that particle
formed at higher pH value have smooth surface and
wider size distribution.

CONCLUSIONS

To classify the effect of pH value on the aqueous
precipitation polymerization, copolymerization of
AN and VAc is carried out continuously at different
pH value. It has been found that the ionization equi-
librium of NaHSO3 is influenced considerably by the
pH value. Effective concentration of reductant
H2SO3 increases with decreasing pH Value. On the
other hand, lower pH value intensifies the coales-
cence among particles and reduces the transfer rate
of monomer and radicals into the particles, which
lead to lower polymerization rate. Our experimental
data shows that the conversion increases with
increasing pH value. Therefore, the effect of pH
value on particle coalescence is more significant than
the effect of pH value on the redox initiator system.

There is no primary particle found in the samples
produced at pH ¼ 2.1. Higher pH value stabilizes
primary particles and makes it possible to grow to
larger sizes before coalescing with others. Those
grown primary particles ultimately produce second-
ary and other generation particles with larger size.
Therefore, with increasing pH value, primary parti-
cle (small size) and larger size particles coexist,
which lead to increasing volume average particle

size and decreasing number average particle size.
The increase in pH value also leads to higher molec-
ular weight of polymers because of the reduced
concentration of H2SO3 and retarded particle
coalescence.

References

1. Mahdavian, A. R.; Mahdi, A. J Appl Polym Sci 2007, 103,
3253.

2. Bajaj, P.; Sen, K.; Bahrami, S. H. J Appl Polym Sci 1996, 59, 1539.
3. Tsai, J. S.; Lin, C. H. J Appl Polym Sci 1991, 42, 3039.
4. Maity, A.; Biswas, M. J Appl Polym Sci 2005, 96, 276.
5. Zhao, Y. Q.; Wang, C. G.; Wang, Y. X.; Zhu B. J Appl Polym

Sci 2009, 111, 3163.
6. Bajaj, P.; Paliwal, D. K.; Gupta, A. K. J Appl Polym Sci 1993,

49, 823.
7. Ebdon, J. R.; Huckerby, T. N.; Hunter, T. C. Polymer 1994, 35,

250.
8. Ebdon, J. R.; Huckerby, T. N.; Hunter, T. C. Polymer 1994, 35,

4659.
9. Cui, C. S.; Wang, W.; Zhao, Y. Q. J Appl Polym Sci 2006, 102,

904.
10. Sarkar, S.; Adhikari, M. S.; Banewee, M.; Konar, R. S. J Appl

Polym Sci 1988, 36, 1865.
11. Cui, C. S.; Wang, C. G.; Zhao, Y. Q. J Appl Polym Sci 2006,

100, 4645.
12. Zhao, Y. Q.; Wang, C. G.; Yu, M. J.; Cui, C. S.; Wang, Q. F.;

Zhu, B. J Polym Res 2009, 16, 437.
13. Bajaj, P.; Sreekumar, T. V.; Sen, K. J Appl Polym Sci 2001, 79,

1640.
14. Li, P. R.; Shan, H. Q. J Appl Polym Sci 1995, 56, 877.
15. Lovell, P. A.; El-Aasser, M. S. Emulsion Polymerization and

Emulsion Polymers; Wiley: New York, 1997.
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