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Precipitation polymerization is a non-homogeneous free radical polymerization
method in which polymer chains are separated from continuous phase as poly-
mer particles. In this method, all polymerization reactions occur in continuous

phase as well as in polymer dispersed phase. We found that the initial concentrations
of initiator and monomer are determining factors in polymerization behaviour. Unlike
the other free radical polymerization methods, termination by precipitation induces 
the formation of polymer chains with similar chain length to take over bimolecular 
termination. Thus, the number- and weight-average degree of polymerization depends
slightly on the reaction time. In this work, the yield of reaction was measured using a
gravimetric method. The yield of reaction and number- and weight-average degree of
polymerization of polymer particles were found to be dependent on the non-solvent
type and purification process. When the solubility parameter differences of non-solvent
and polymer decrease, the yield of reaction dropps but the Mn and Mw tended to
increase. The purification process affected the yield of reaction and molecular weights
through the oligomer sedimentation. We concluded that polydispersity index (PDI) of
precipitation polymerization is lower than that of the free radical homogeneous and 
heterogeneous polymerization methods.

INTRODUCTION

Polyacrylic acid, polyacrylamide,
and their copolymers are the most
important water soluble polymers.
They have found applications in a
wide variety of fields, such as
adhesives, dispersants, flocculants,
printing plates, viscosity modifiers,
and thickeners [1,2].

There are six methods for free
radical polymerization of water
soluble monomer. Bulk and 
solution polymerizations are of
homogeneous type. Bulk polymer-
ization is the simplest in principle

because it involves the fewest inert
material. It is presumed that the
polymer is soluble in its own
monomers. Aqueous solution 
polymerization employs water as a
solvent in which the monomer, 
initiator, and polymer are most
likely soluble. The reaction 
mechanism is identical to that of
bulk reaction [3,4].

Inverse suspension polymeriza-
tion employs a diluent (organic) in
which neither monomers nor 
polymer are soluble. The chemical
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reaction path in the dispersed aqueous phase is 
presumed to be identical to that of bulk reaction.
Inverse emulsion polymerization also employs 
organic compounds as diluents, but the aqueous
phase is stable and more finely dispersed. The 
initiator is usually soluble in organic medium 
(diluent) and the polymerization sites are provided by
inverse micelles. Inverse suspension and emulsion
polymerizations are considered as heterogeneous
types of polymerization [5,6]. 

Precipitation polymerization processes in which
the produced polymer separates from an initially
homogeneous reaction mixture are used to produce
very fine polymeric particles. The rate of 
precipitation polymerization is faster than that of
solution polymerization and slower than that of 
dispersion polymerization (the size of polymeric 
particles is controlled by steric stabilizers).
Precipitation and dispersion polymerizations are 
categorized as semi-homogeneous polymerization
processes [7-10]. 

Acrylic acid is polymerized via organic solvent
and supercritical carbon dioxide by precipitation
polymerization. Liu et al. [11-13] have described
detailed studies of the continuous precipitation 
polymerization of acrylic acid in supercritical 
carbon dioxide. They have evaluated the effects of
some important operating variables on the polymer-
ization behaviour. Xu et al. [14] have described the
effects of co-solvent on the precipitation polymeriza-
tion of acrylic acid in supercritical carbon dioxide.
Precipitation polymerization of acrylic acid in
toluene has been simulated by Avela et al. [15,16].
They assumed that, initiator decomposition occurs in
continuous phase but propagation and termination
take place in the polymer particles. According to this
assumption, the rate of polymerization and monomer
conversion are related to the volume fraction of 
dispersed phase. They have also calculated the 
viscosity of reaction mixture.

Bunyackan et al. [17,18] have presented a 
mechanism and kinetic modelling for precipitation
polymerization of water soluble monomers such as
acrylic acid and acrylamide. Their mechanism can be
divided into a series of reactions in the continuous
and dispersed phase as well as some mass 
transfer and partitioning steps. Then, the rate of 

polymerization is related to monomer, initiator, and
radical partition coefficients. In recent years there has
been no research work published on precipitation
polymerization of acrylic acid in organic media.
However, a new research work is reported on 
precipitation polymerization of acrylamide [19].

In our work, acrylic acid was polymerized in
toluene. The Mn and Mw were determined separately
by intrinsic viscosity method and then PDI was 
calculated. For the first time, this article discusses the
reasons for PDI which is found to be lower than PDIs
of the polymers formed by the other free radical poly-
merization methods. Polymer product was purified
with non-solvents to complete polymerization. For
the first time, the effect of non-solvent and its type on
the monomer conversion and number- and weight-
average degree of polymerization has been 
investigated. We also discuss the variation of 
molecular weight and conversion versus solubility of
polymer chains in the continuous phase and the role
of polymer chains with critical chain length (kcr) on
the molecular weight and conversion. In this study an
initiative (centrifugation) was taken to separate poly-
mer particles, and then its effect on reaction yield and
molecular weights was investigated.

EXPERIMENTAL

Materials
Acrylic acid, inhibited with hydroquinone
monomethyl ether (Fluka) was used as monomer. The
monomer was not purified prior to polymerization.
Toluene and acetone (Merck) were used as polymeri-
zation diluents and non-solvents. The initiator, 2,2'-
azobis(2,4-dimethylvaleronitrile) (ADVN) was 
purified before reaction. Sodium hydroxide (Merck)
was used as neutralizing agent and distilled water was
used as polymer solvent for viscometric experiments.

Apparatus and Procedures
Precipitation polymerization was carried out in a
three-necked balloon (100 mL) with a condenser.
Water bath and a hot plate were used to supply heat
for polymerization to begin. Agitation was supplied
with a magnetic stirrer. The maximum stirring speed
was 100 rpm. The temperature inside the reactor was
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measured by a conventional thermometer. The 
prescribed amount of monomer was dissolved in the
solvent (50 mL). This solution was then charged into
the reaction vessel and nitrogen was bubbled for 20
min to remove oxygen before the start of polymeriza-
tion reaction. After the oxygen was purged complete-
ly, the initiator solution was injected into the reactor
to start the polymerization reaction which proceeded
under isothermal condition at about 52±1ºC. The
polymeri-zation reaction was quenched by adding 1
mL of a 1% hydroquinone solution in methanol at the
end of reaction time and then it was immersed in an
ice-water mixture for 10 min. the products were then
filtered and rewashed by non-solvents or purified by 
centrifugation method (purification process). The
products were then placed in a vacuum oven at 50ºC
for 12 h.

Conversion Measurements
The process of monomer conversion to the polymer
was traced by gravimetric method. 

Molecular Weight Measurements
Molecular weight measurements were carried out by
Ubbelohde dilution viscometer (Normalab analis S.1c
H12, France). The Mn and Mw of the precipitated
polymers were calculated by the following equations
[20]. 

(1)

Viscometry was performed in NaCl aqueous solution
(1 M) at 25ºC

(2)

Viscometry was performed in NaBr aqueous solution
(1.5 M) at 15ºC

RESULTS AND DISCUSSION

The precipitation polymerizations were conducted at
52±1°C. Temperature rise was not sensed during
polymerization because, monomer concentration was
low and heat of polymerization was damped by 
diluent. Monomer initiator and solvent formed a 

single phase at the experimental conditions which
could be seen clearly through the reactor vessel wall
i.e., indicating that polymerization began as a homo-
geneous phase. Within minutes white particles of
solid precipitate could be observed settling on the
wall of the reactor. The polymer particle was in 
powdery form with particle diameter ranging 
50-200 nm. In precipitation polymerization of
hydrophilic monomers such as acrylic acid and acry-
lamide, it was assumed that free radicals are formed in
fluid phase by decomposition of free-radical initiator. 

After adding the initiator, the system became 
heterogeneous as polymer precipitated from solution.
Then, the polymerization was mainly assumed to
occur in the precipitating phase. According to this
assumption, an increase in the volume fraction of the
polymer would tend to increase the number of poly-
merization loci and thus, the rate of polymerization is
raised to its maximum point. 

Effect of Monomer Concentration 
Precipitation polymerizations were carried out at 
[M]0= 0.6-1.7 mol/L. The polymerization reaction did
not take place at monomer concentration below 
0.6 mol/L (rate of polymerization is low because of
low monomer concentration). The polymer particles
were not formed at monomer concentration beyond
1.7 mol/L. According to empirical observation 
coagulum was formed at high monomer concentra-
tion. Figure 1 illustrates the effect of initial concentra-
tion of monomer on the conversion time at 52ºC and
initiator concentration of 8.5 mmol/L. According to
Figure 1, monomer conversion is extended by
increased initial concentration of monomer. 

Monomer conversion is calculated by gravimetric
method.  In free radical polymerization, there are
some oligomers that are dissolved in the non-solvent
and leave polymerization media during purification
process of products. Termination by precipitation is a
termination mechanism that occurs in the continuous
phase and can be written as follows [18]:

(3)
where, `kcr` is the critical chain length for polymer
chains solubility in the continuous phase, `c` and `d`
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Figure 1. Effect of initial concentration of monomer on the
plots of conversion vs time for (a) toluene as non-solvent
and (b) acetone as non-solvent ([I]0 = 8.5 mmol/L).

are continuous and dispersed phase symbols. The
amount of oligomers (specially the polymer chains
with length lower than kcr) in the precipitation poly-
merization is greater than that of oligomers in 
homogeneous polymerizations because termination
by precipitation dominates bimolecular termination
[21]. Therefore, there are some dissolved polymer
chains in the continuous phase that may leave poly-
merization system during purification process [21].
Then, by gravimetric method it is possible to 
calculate the yield of reaction instead of monomer
conversion in the precipitation polymerization. 

This result is confirmed in Figure 2 when acetone
is used as non-solvent and discussed in "Effect of
Non-solvent" section. The amount of low molecular
weight polymer chains (with repeating unit less than
critical value) in the continuous phase was increased
by decreasing monomer concentration, which 
resulted in decrease of yield of reaction.

Figure 2. Effect of initial concentration of monomer on the
variations of weight average degree of polymerization vs
time for (a) toluene as non-solvent and (b) acetone as 
non-solvent ([I]0 = 8.5 mmol/L).

The other authors have related monomer 
conversion to the volume fraction of dispersed phase
(amount of polymer particles) as well. Avela et al.
[15,16] assumed that propagation and termination
reactions take place in the polymer particles. In other
words, polymer particles are the main loci of 
reaction, and the monomer conversion can be 
simulated as the followings: 

(4)

Iranian Polymer Journal / Volume 18 Number 10 (2009)780

Effects of Non-solvent Type and Purification Process ... Bouhendi H et al.

 

 

(a)

(b)

 

(a)

(b)

( ) 5.0
5.0

5.0 ][1
1

IP
k
k

dt
dP

d

d

t

p −
−

=
φ

φ

 



where φd and P are volume fractions of dispersed
phase and monomer conversion, respectively and [I]
is the initiator concentration. 

Bunyackan et al. [17,18] assumed that polymeri-
zation reactions take place simultaneously in both 
dispersed and continuous phases. They derived
monomer conversion versus volume fraction of 
dispersed phase as follows.

(5)

where, α, δ, γ, p, and kcr are group parameters 
including the initiator, macroradical, monomer 
partition coefficients, probability of propagation 
reaction, and critical chain length for precipitation,
respectively [18].

Therefore, according to previous studies [17,18]
(presented by equations 4 and 5) conversion (i.e.,
yield of reaction) measurement is dependent on the
volume fraction of dispersed phase and polymer 
concentration in the dispersed phase. Therefore, the
amount of polymer chains in the continuous phase is
not used to estimate the yield of reaction. According
to eqn (5), the volume fraction of dispersed phase and
then the yield of reaction are increased by increasing
the monomer concentration.

Figures 2 and 3 and Table 1 present the data of
number- and weight-average degree of polymeriza-
tion and intrinsic viscosity of polymer solution. It is
shown that the number- and weight-average degree of
polymerization are increased by increasing the initial
concentration of monomer. This can be explained
qualitatively on the basis of the following Mayo like
equation [18]:

(6)

and 

(7)

where, ktp and kpp are pseudo-rate constants for 
termination and propagation reactions, ktr,M and ktr,S
are rate constants for chain transfer to monomer
and diluent, respectively and Rp is the rate of 

Figure 3. Effect of initial concentration of monomer on the
variations of number average degree of polymerization vs.
time for (a) toluene as non-solvent and (b) acetone as 
non-solvent ([I]0 = 8.5 mmol/L).

polymerization that was calculated by eqn (8).

(8)
The rate constants for chain transfers to monomer and
diluent are less than pseudo-rate constant for 
propagation reaction and therefore the second and
third terms in eqn (7) can be negligible as in the 
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followings:

(9)

By substituting eqn (8) in the above equation, and
then by rearrangement the relation between Xn and
monomer concentration can be written as follow:

(10)

This equation is similar to Mayo equation (eqn 11) of
a homogeneous polymerization [20]. 

(11)

According to eqn (10) Xn is increased by increasing
monomer concentration. Equations (5) and (10)
are used to understand theoretically the effect of 
initiator concentration, monomer concentration, 
and volume fraction of dispersed phase on the 
rate of reaction and number average degree of 
polymerisation. These equations are able to confirm
the correct results of this research especially the 
relationship between conversion and volume fraction
of dispersed phase. Xu et al. [14] compared 
erroneously experimental results and their theoretical
studies by using equations of homogeneous 
polymerization.

Effect of initial concentration of monomer on
polydispersity index (PDI) of product is shown in
Figure 4. According to the results depicted in Figure
4, PDI remained unaffected by variation of monomer
concentration. PDI value was kept between 1.85 and
1.9 during polymerization process.

Effect of Initiator Concentration 
The effect of initial concentration of initiator on the
conversion-time curves of precipitation polymeriza-
tion is shown in Figure 5. Precipitation polymeriza-
tion was carried out at [I]0 = 4.5-16 mmol/L and [M]0
= 1.25 mol/L. According to Figure 5, the monomer 
conversion (yield of reaction) was decreased by
decreasing initial concentration of initiator.
Decreasing initiator concentration decreases radical
concentration in the dispersed and continuous phases
which leads to decreases in the concentration of poly-
mer chains in both phases. 

Figure 4. Effect of initial concentration of monomer on PDI.
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Table 1. Effect of initial concentration of monomer on the intrinsic viscosity of polymer ([I]0 = 8.5 mmol/L), case I: toluene
as non-solvent and case II: acetone as non-solvent.

Time
(min)

[M]0= 0.6 (mol/L) [M]0= 1.25 (mol/L) [M]0= 1.7 (mol/L)

[η]1 [η]2 [η]1 [η]2 [η]1 [η]2

Case I Case II Case I Case II Case I Case II Case I Case II Case I Case II Case I Case II

20
30
50
60
80

240.5
240.1
240.5
240.5
240.5

265.7
264.0
263.3
262.3
262.3

36.14
36.11
36.11
36.14
26.10

39.04
38.94
38.97
38.94
38.94

248.3
248.3
243.9
240.5
239.0

270.8
272.5
270.1
269.1
269.1

36.60
36.60
36.42
36.10
35.80

39.36
39.50
39.36
39.22
39.22

250.4
249.4
249.4
249.0
249.0

277.5
277.5
274.2
273.5
272.5

37.05
37.02
36.97
36.97
36.97

39.58
39.50
39.50
39.36
39.37
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Figure 5. Effect of initial concentration of initiator on the
variations of conversion vs time for (a) toluene as non-
solvent and (b) acetone as non-solvent ([M]0 = 1.25 mol/L).

The rate of polymerization has been given by eqn
(6). This equation can be re-expressed of in terms
conversion as eqn (5). According to above mentioned
equations, monomer conversion is increased by
increasing the initiator concentration.

The variation of intrinsic viscosity, weight- and
number-average degree of polymerization in terms of
initiator concentration are shown in Table 2 and
Figures 6 and 7. All these parameters are decreased
by increasing the initial concentration of initiator.
Increasing initiator concentration, increases 
macroradicals concentration and then decreases the
number of reacted monomers in each polymer chain.
Eqn (8) shows a relationship between Xn and initiator
concentration. It is decreased by increasing initiator
concentration.

Unlike the other free radical polymerization 
methods, this study demonstrates that, Xn and Xw
slightly depend on reaction time (Figures 2, 3, 6, and
7) because, the propagation and termination reactions
take place simultaneously in both dispersed and 
continuous phases. In the previous study [18] we
have simulated precipitation polymerization of
acrylic acid in organic media by the method of finite
molecular weight moments. We have concluded that
in the continuous phase, not only bimolecular 
termination but also termination by precipitation may
occur during polymerization period. Termination by 
precipitation causes polymer chains with similar
chain length (kcr) to be formed in the continuous
phase. These polymer chains are transferred to the
dispersed phase and form product particles. Then, the
Xn and Xw of polymerization is only slightly 
dependent on the reaction time.

Effect of initial concentration of initiator on the
polydispersity index (PDI) of product is shown in
Figure 8. According to this figure, PDI remains 
unaffected by variation of initiator concentration and
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Time
(min)

[I]0= 4.5 (mmol/L) [I]0= 8.5 (mmol/L) [I]0= 16 (mmol/L)

[η]1 [η]2 [η]1 [η]2 [η]1 [η]2

Case I Case II Case I Case II Case I Case II Case I Case II Case I Case II Case I Case II

20
30
50
60
80

253.1
253.8
252.4
250.4
250.4

280.9
279.2
277.6
277.6
276.9

37.2
37.1

37.09
37.0
37.0

39.64
39.58
39.64
39.50
39.43

248.3
248.3
243.9
240.5
239.0

270.8
272.5
270.1
269.1
269.1

36.6
36.6
36.4
36.1
35.8

39.36
39.5

39.36
39.22
39.22

243.5
242.2
242.2
240.1
240.5

267.4
266.7
266.7
265.7
264.0

36.29
36.2
36.2
36.1
36.1

39.15
39.08
39.08
39.10
39.08

Table 2. Effect of initial concentration of initiator on the intrinsic viscosity of polymer ([M]0 = 1.25 mol/L), case I: toluene as
non-solvent and case II: acetone as non-solvent.



Figure 6. Effect of initial concentration of initiator on the
variations of weight average degree of polymerization vs
time for (a) toluene as non-solvent and (b) acetone as 
non-solvent ([M]0 = 1.25 mol/L).

as well as the monomer concentration. Liu et al. and
Avela et al. have assumed that the PDI value for 
precipitation polymerization of water soluble poly-
mers is equal to 2 [12,15]. This value is acceptable for
homogeneous and heterogeneous free radical poly-
merizations when dispropagation termination is 
the main termination reaction. But, in the precipita-
tion polymerization of acrylic acid in the organic
media, termination by precipitation is the main termi-
nation reaction which leads to polymer concentration
with high critical chain length. Therefore, degree of 

Figure 7. Effect of initial concentration of initiator on the
variations of number average degree of polymerization vs
time for (a) toluene as non-solvent and (b) acetone as 
non-solvent ([M]0 = 1.25 mol/L).

polymerization distribution for precipitation polymer-
ization is narrower than that of the other free radical
polymerization methods. 

Effect of Non-solvents Type 
Non-solvents are able to dissolve residual initiators
and monomers but are not able to dissolve polymers
with high molecular weight in the reaction medium.
Non-solvents dissolve not only initiators and
monomer but also very low molecular weight 
polymers. In this work, the effects of toluene (as 
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Figure 8. Effect of initial concentration of initiator on PDI.

diluent) and acetone were investigated as non-
solvents in percipitation polymerization of acrylic
acid. In the next work the effect of polymeri-zation
medium (such as, acetone, n-hexane, cyclohexane,
and ethyl acetate) on the precipitation polymerization
of acrylic acid (preparation of cross-linked poly-
acrylic acid) will be investigated completely.   

According to Figures 1 and 5, by using toluene as
a non-solvent, the yield of reaction is found to be
higher than that obtained from the purification by 
acetone. As a result, acetone can dissolve more 
polymer chains than toluene in the purification
process of polymer products. Figures 2, 3, 6, and 7
confirm this result. Acetone dissolves higher 
molecular weight polymer chains during purification
process and then Xn and Xw of polymerization shift to
higher values.

Table 3 compares the solubility parameters (δ) of
acetone, toluene, and polyacrylic acid. According to
these data, solubility parameter difference between
acetone and polyacrylic acid is lower than that
between toluene and polyacrylic acid. Thus, poly-
acrylic acid solubility in acetone is higher than that in
toluene. Then, in precipitation polymerization of

Table 3. Solubility parameters of polymer and non-solvents
[23]. 

acrylic acid, monomer conversion and Xn and Xw of
polymerization depend on the solubility parameter of
non-solvent, which has not been reported yet. 

Effect of Purification Process 
Centrifugation method was used to investigate the
effect of purification process on the monomer 
conversion and separation of very fine particles from
the diluent. 

Some portion of toluene (20 mL) was poured into
the reactor to dilute the reaction mixture for 
transferring the mixture into the centrifugation tube.
The centrifuge apparatus of Denly-BS 400 type
(England) was run at 1500 RPM and the process time
of 30 min. According to Scheme I, the mixture could
be of two phases after centrifugation because of 
particles sedimentation. The lower phase (polymeric
product)  was placed in a vacuum oven at 50ºC for 12
h. and then the monomer conversion was measured
using a gravimetric method. 

Table 4 shows the comparison between centrifuga-
tion and rewashing (conventional method) 
procedures. At the beginning of polymerization 
(t<15 min), polymer is being formed and due to its
very fine particle size the purification process is very
difficult by conventional method. Therefore, the eval-
uated yield is incorrect and unreliable. The yield of
reaction is increased by centrifugation method, since
very fine dispersed particles go under sedimentation
and add to polymer product. The yields of reaction at
5 and 10 min could be calculated by the centrifugation
method however, such yields of reaction could not be
calculated by the conventional method. 

Scheme I. Purification process by sedimentation.
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δ (MPa1/2) δ (cal/cm)1/2

Acetone 
Toluene
Polyacrylic acid

20.3
18.2
24.6

9.9
8.9

12.0

 



According to Table 4, the Mn and Mw (i.e., degree
of polymerization) are decreased by polymer particles
sedimentation. The partially soluble low molecular
weight polymers (oligomers) in the continuous phase
which are not removed during conventional 
purification process are sedimented by centrifugation
force as other polymer particles. Therefore, the 
concentration of low molecular weight polymers in
the polymer product is increased and Mn and Mw
decrease. 

CONCLUSION 

The following findings can be deduced from the
above discussion: 

- In this study, gravimetric method is used to 
calculate the yield of reaction rather than the 
estimation of monomer conversion. Monomer 
conversion is increased by increasing initial 
concentration of monomer and decreasing initial 
concentration of initiator.

- In the precipitation polymerization method, the
Xn and Xw of polymerization are slightly dependent
on the reaction time because, termination by precipi-
tation dominates over bimolecular termination. As a
result, PDI for precipitation polymerization is found
to be lower than PDI value obtained by other free 
radical polymerization methods.

- Acetone is able to dissolve higher molecular
weight polymers in purification process. Therefore,
monomer conversion is decreased and Xn and Xw of
polymerization is increased when acetone is used as

non-solvent. Furthermore, the yield of reaction and
the molecular weight of polymeric product depend
strongly on the solubility parameter of non-solvent.
- Centrifugation process enhances oligomer 
sedimentation, and although the yield of reaction is
increased the molecular weights are decreased.
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Time
(min)

Conventional method Centrifugation

yield Mn

(g/mol)
Xn Mw

(g/mol)
Xw yield Mn

(g/mol)
Xn Mw

(g/mol)
Xw

10
15
20
30
50
60

-
-

0.61
0.70
0.92
0.95

-
-

47088
47088
46152
45432

-
-

654
654
641
631

-
-

87120
87120
86400
84816

-
-

1210
1210
1200
1178

0.47
0.52
0.68
0.80
0.93
0.96

47268
47232
46944
46800
46008
45360

656.5
656
652
650
639
630

87264
87120
86400
86040
86184
84960

1212
1210
1200
1195
1197
1180

Table 4. Comparison between conventional and centrifugation purification processes; [I]0 = 8.5 mmol/L and [M]0= 1.25 mol/L.
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