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Two-phase polymerization of acrylamide (AM) has been successfully carried out in
aqueous poly(ethylene glycol) (PEG) solution with 2,2'-azobis[2-(2-imidazolin-2-
yl)propane] dihydrochloride (AIBI) as the initiator. A new heterogeneous kinetic model
has been developed based on the partitioning of components between the two phases.
It was found that polymerization proceeded in both the continuous and dispersed
phases, even though the latter was the dominating polymerization locus. Besides the
initiator, monomer concentration, and polymerization temperature, the PEG concentra-
tion also significantly influences the polymerization rate. With increasing concentration
of PEG, gel effects in the aqueous PAM droplets were enhanced and more monomer
preferred to polymerize inside the droplets, hence, the polymerization kinetics acceler-
ated. The proposed model can successfully predict the composition of each phase and
the polymerization kinetics during the aqueous two-phase polymerization over a wide
range of various reactions conditions. © 2010 American Institute of Chemical Engineers
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Introduction

Polyacrylamide (PAM) is an important synthetic water-
soluble polymer that is widely applied in a number of indus-
trial fields, such as wastewater treatment, the oil industry,
paper making, and the spinning and printing industries. As a
green approach to preparing this water-soluble polymer, the
aqueous two-phase polymerization of AM has received great
attention in recent years.'~'®> Moreover, the product prepared
by aqueous two-phase polymerization can be applied directly
in many fields without any separation and redissolution.
Therefore, understanding the polymerization mechanism and
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polymerization,

partitioning,  kinetic  model,

controlling the polymerization rate during aqueous two-phase
polymerization are critical in the production of PAM. Mathe-
matical modeling of the polymerization process is also a key
step toward providing opportunities for the optimization of
industrial production.

Over the past few decades, many efforts have been
devoted to studying the kinetics of aqueous solution poly-
merization and inverse emulsion (suspension) polymerization
of AM. Rodriguez et al.'* first observed a monomer depend-
ence exceeding first-order in aqueous AM polymerization
initiated by potassium persulfate (KPS). This was interpreted
in terms of the AM monomer accelerating decomposition of
the initiator. Hunkeler et al.'> proposed a kinetic model that
took into account the monomer-enhanced decomposition of
KPS, which could accurately predict the aqueous AM poly-
merization rate. Hamielec et al.'® established a kinetic model
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of aqueous AM polymerization at high-monomer concentra-
tion by considering diffusion-controlled termination of mac-
roradicals. Regarding the inverse emulsion polymerization of
AM initiated by azobisisobutyronitrile (AIBN), Hunkeler
et al.'” studied the polymerization kinetics systematically
and established a kinetic model based on the mass transfer
of primary radicals between the organic and aqueous phases.
When sorbitan monooleate or sorbitan monostearate was
used as the emulsifier, the reaction between a macroradical
and an interfacial emulsifier dominated over the conventional
bimolecular reaction. However, chain transfer to the emulsi-
fier was greatly reduced when using the copolymer polyes-
ter-poly(ethylene oxide)-polyester as the emulsifier, thereby
resulting in a higher polymerization rate.'"® Xu et al.'®*"
carried out the inverse emulsion polymerization of AM in
toluene by using polystyrene-graft-polyoxyethylene or poly-
(methyl methacrylate)-graft-polyoxyethylene as the emulsi-
fier. They concluded that the main polymerization location
was the aggregated emulsifier molecules around the aqueous
droplets, which were swollen by the aqueous monomer solu-
tion. In other words, the aqueous droplets merely served as a
means of storage of the monomer.

Recently, we studied the droplet formation mechanism of
two-phase polymerization of AM in aqueous PEG solution.*!
Primary radicals generated by the decomposition of initiators
grow in the continuous phase upon the addition of monomer
units until they reach their critical chain length. These mac-
roradicals then precipitate and aggregate, ultimately forming
small droplets. Since the monomer and initiator are distrib-
uted simultaneously in both the continuous and dispersed
phases, the polymerization occurs in both phases, which is
quite different from the situation in aqueous solution poly-
merization or inverse emulsion polymerization. Conse-
quently, it is of significant interest to investigate the parti-
tioning of components between the two phases and the poly-
merization kinetics of the two-phase polymerization of AM
in aqueous PEG solution.

In this research, the effects of polymerization temperature
and initial PEG concentration on the partitioning of compo-
nents between the two phases, as well as the effects of initia-
tor, monomer, and PEG concentrations and temperature on
the polymerization kinetics during the aqueous two-phase
polymerization have been investigated in detail. Based on
the thermodynamic and kinetic characteristics of the aqueous
two-phase polymerization, a new mechanistic model is pro-
posed, which has been employed to predict the composition
of each phase and the polymerization kinetics during the po-
lymerization of AM in aqueous PEG solution.

Experimental
Materials

Acrylamide (AM, 99.9%, Acros Organics) was of analytical
grade and was dried in vacuo at 318 K. 2,2/-Azobis[2-(2-imi-
dazolin-2-yl)propane] dihydrochloride (AIBI) as a water-solu-
ble initiator, poly(ethylene glycol) (PEG) with a molecular
weight of 20,000 (PEG20000, Acros Organics), and polyacryl-
amide with a molecular weight of 500,000 (PAMS00000,
Acros Organics) were used as received without any purifica-
tion. Deionized water was used throughout this work.
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Polymerization procedure

The two-phase polymerization of AM in aqueous PEG so-
lution was performed in a 5 x 10~* m? glass-jacket reactor
with a five-necked cover equipped with a motor-driven Tef-
lon stirrer, reflux condenser, argon inlet tube, thermometer,
and sampling tube. PEG, AM, and water were added to the
reactor, then the mixture was heated to the appointed tem-
perature and purged with argon for 1,800 s. Thereafter, the
aqueous initiator solution was injected to start the polymer-
ization. The aqueous two-phase polymerization was carried
out under the protection of argon throughout its course. The
stirring speed was maintained at 10.5 rad-s™', and the tem-
perature was kept constant.

Characterization methods

Monomer conversions were determined by an improved
bromination method as described in our previous article.?'
The sample was treated with hydroquinone once the
reactant had been removed. The continuous and dispersed
phases were then separated by centrifugation at 1256
rad-s~'. The top layer was the continuous phase, while the
bottom layer was the dispersed phase. After equilibration at
a specified temperature for 86,400 s in a water bath, the
volume of each phase could be obtained, and then samples
were withdrawn from each layer and their respective AM
concentrations were determined by titration (the approach is
similar to the monomer conversion measurement). The PEG
and PAM mass fractions were determined by a weighing
method after drying the samples from each phase in vacuo
at 323 K. Any remaining AM monomer would have been
sublimed under these conditions. The sample obtained from
the aqueous two-phase polymerization was directly spread
on a microslide, and its microstructure was examined by
means of a digital optical phase-contrast microscope
(NIKON ECLIPSE E600POL). The viscosity of the poly-
merization system was determined with an automated vis-
cosity measuring system (HAAKE VTS550). The surface
tensions of the continuous phase and dilute aqueous PAM
solution, as well as the contact angle between the continu-
ous and dispersed phases, were determined by means of a
video-based contact angle measuring device (OCA 20). The
surface tension of the dispersed phase could be evaluated
on the basis of the surface tensions of solid PAM and
dilute aqueous PAM solution in conjunction with the PAM
content in the dispersed phase. The interfacial tension
between the continuous phase and the dispersed phase
could then be estimated using the Young equation. UV
spectrophotometry (Shimadzu UV-1800) was used to mea-
sure the partitioning of AIBI between the two phases, the
measurement wavelength for AIBI being 3.595 x 1077 m.
AIBI was introduced into the aqueous two-phase system
(PAMS500000-PEG20000-H,0), which was then allowed to
equilibrate for 86,400 s at 277 K. The AIBI partition coef-
ficient (the ratio of the AIBI content in the continuous
phase to that in the dispersed phase), was then calculated
by measuring the AIBI concentration in the continuous
phase with respect to the total initial amount of AIBI. To
estimate the critical degree of polymerization after which a
radical species would precipitate from the continuous phase,
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the molecular weight of PAM soluble in the continuous
phase was measured. The reaction mixture, equipment, and
the procedure at the beginning of the reaction were the
same as for the preparation of an aqueous dispersion of
PAM. Once phase separation had occurred, hydroquinone
(1 x 107 kg) was added to stop the polymerization and
the PAM droplets were removed by centrifugation. A small
portion of the supernatant was dried and the residue was
washed with methanol to remove PEG. The dried samples
were then diluted with 100 mol-m > aqueous NaNOj solu-
tion for gel-permeation chromatography (GPC) measure-
ments (Waters 1525 pump, 2414 differential refractometer
detector, 717 automatic sample loader). The chromato-
graphic system was made up of three columns connected in
series, with stationary phases of PL aquagel-OH 50, 30,
and 10, respectively. The mobile phase was 100 mol-m >
aqueous NaNOj solution, the flow rate was 1.33 X 1078
m>s~!, the sampling volume was 5 X 107® m>, and the
column temperature was 303 K.

Model Development
Aqueous two-phase partitioning model

Aqueous two-phase polymerization can be viewed as a
special case of precipitation polymerization. During the early
polymerization stage, primary radicals formed by the ther-
mal decomposition of initiator molecules rapidly react with
monomer molecules to produce polymer chains. Once these
macroradicals attain the critical chain length, they separate
from the aqueous PEG solution and ultimately aggregate to
form PAM droplets. Upon the formation of PAM droplets,
polymerization proceeds in two phases, that is, in the contin-
uous phase (PEG-rich phase), and in the dispersed phase
(PAM droplets). The dispersed phase contains PAM, mono-
mer, water, and a minor amount of PEG; the continuous
phase contains PEG, monomer, water, and a minor amount
of soluble PAM. Both the PAM in the continuous phase and
the PEG in the dispersed phase will be neglected in our
model. It is assumed that, during this polymerization pro-
cess, the rates of mass transfer of monomer and water from
the continuous phase to the dispersed phase are very fast, so
that the latter is kept saturated with monomer and water.
The treatment of the equilibrium distribution of each compo-
nent between the two phases is based on the Flory—Huggins
theory22 and the interfacial free-energy theory.23 At equilib-
rium, the partial free energy of component i in the continu-
ous phase is equal to that of the same component in the dis-
persed phase. Applying this to monomer and water leads to
Egs. 1 and 2

In i + (1 = M) o + (1 = 1) b p + T P

F L@z + P ®p2 s + Lomp = Toup M)

+29Vh)s’ JRORT — 1 b,y — (1 — 1y )by

- (1= mmg)d{u - me‘l"2w1 - Xmg¢§l

— w1 Dot (Lo + Tmg — YowgMmw) = 0 (1)

and

AIChE Journal September 2011 Vol. 57, No. 9

Table 1. Solubility Parameters Applied in Eq. 9

Solubility parameter

Component 3iq J-m )2 Oip Im~3"?
AM 15795.6 12092.6
H,O 15488.8 15998.0
PEG 153434 8471.7
PAM 10331.2 11068.0

Published on behalf of the AIChE

#Cited from Polymer Handbook and Hansen solubility parameter.?**

In ¢, + (1= M) + (1 = me)¢p2 + me¢312

+ Lup Pz Pz D2 Gl + Toup — LopMoem)

+ 29V’ /RORT — In by — (1= mig )y

— (1 = M)y — Xwgd)ﬁl - me¢3nl

= D1 Pt (Lavg + Zoom — LmgMwm) = 0 (2)

where subscript 1 stands for the continuous phase, 2 for the
dispersion phase, m for monomer, w for water, p for PAM, and
g for PEG (see also the Appendix), and

Vi
J

where V; is the molar volume of component i, and V; is the
molar volume of component j. Besides, for the sake of
simplicity, the partial molar volume is approximated as the
molar volume of the pure component.

Using the material balances of PEG, water, monomer, and
PAM, the volume fraction of each component of the system
as a function of the volume fraction of water and PAM in
the dispersed phase can be obtained (Eqs. 4-7)

bo1 = oo/ 11+ Chpo((p/pp) X (1 =1/P) = 1)) (4)

¢w1 = [¢w0 - ¢2w¢m0cpm/(ppq)p2)]/[l + C¢n10((pm/pp)
X(1=1/¢,) = 1] (5)

¢m2 =1- (bwz - ¢p2 (6)
¢ml =1- d)wl - qsgl (7)

Based on the aforementioned theory, the volume and com-
position of the continuous phase and dispersed phase at ev-
ery conversion (C) stage during the aqueous two-phase poly-
merization could be estimated.

The value of the interaction parameter could be calculated
using the theory of Hildebrand**

2y = Vi(3i — 0;)°/RT + W} /R 8)

where 0 is the solubility parameter, and the constant entropic
contribution Wi/R, generally has a value in the range 0-0.5,
where good solubility may be considered as zero.*> Equation 8
holds well for nonpolar systems and gives a good description
of the enthalpic component of the interaction parameter.
However, the geometric mean assumption of regular solution
theory is not appropriate for polar systems, especially for
hydrogen-bonding molecules such as water,”® and a better
model including an extra term describing the interchange
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energy density for the solvent—polymer pair was pro-
posed?’28

1 = Vil(9ia = 0ja)” + (0 — )") [RT + Wi/R  (9)
where J,, is the dispersion solubility parameter for component
i, and &, is the polar solubility parameter for component i. All
of the solubility parameters used in Eq. 9 are indicated in
Table 1.

Aqueous two-phase polymerization kinetic model

The mechanism of polymerization considered here con-
sists of chemical initiation by first-order decomposition, first-
order propagation with respect to the monomer, and chain
transfer to produce a dead polymer. In aqueous solution po-
lymerization of AM, macroradicals are disproportionately
terminated, hence, second-order termination by disproportio-
nation is taken into account.'”” Chain transfer to water
occurred to a negligible extent and no PAM-g-PEG was pre-
pared,21 hence, only chain transfer to the monomer was con-
sidered. The reaction scheme can be represented as follows:

Initiation

124 or:
Ry +M 5 R
Propagation
R +M L Ry |

Chain transfer to monomer

Kfin

R +M — P, +R]

Termination

k[/'
R +R; — P, +P,
After the macroradicals reached their critical chain length
(l.;), they precipitated from the continuous phase and ulti-
mately aggregated to form small droplets

Rie = ki M}, [R} 1], (10)

The rate of radical absorption onto the aqueous PAM drop-
lets and the rate of radical desorption from the aqueous PAM
droplets are needed to calculate the radical concentration, espe-
cially that inside the droplets. The aqueous PAM droplets can
capture or absorb the radical species in the continuous phase,
and the rate of radical absorption (R,.,) into the PAM droplets
from the continuous phase is expressed by

Ruer = 4TRoND, /V; (11)

where R is the mean droplet radius, N is the total number of
droplets, D, is the diffusion coefficient of a radical R, of
which the degree of polymerization is r, and V; is the total
volume of the continuous phase. The diffusion coefficient D,
can be estimated using the equation proposed by Lusis and
Ratcliff.*
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Nomura et al.*! derived an expression for the rate coeffi-
cient of radical desorption in emulsion polymerization by
taking into account the rate of generation of monomeric radi-
cals by chain transfer in polymer particles and the diffusion
of these monomeric radicals into the continuous phase. For
the dispersion polymerization of styrene in ethanolic media,
only the desorption of the monomeric radicals was consid-
ered.’>3 Here, for the sake of simplicity, a coefficient F,,
the value of which is between O to 1, is introduced to
express the radical desorption rate (R,) of both the mono-
meric and primary radicals

Rae = Fae(kn[M],[R"], + Ri2) (12)

Taking into account the capture, desorption, and precipita-
tion of the radicals, as well as the elementary reactions, that
is, the initiation reaction of the initiator, the propagation
reaction of the growing radicals, the disproportionate termi-
nation reaction between two radicals, and chain transfer to
the monomer, the balance equations for each growing radical
R, in the continuous phase may be expressed as follows

WD — Ry — kR, R3], — b M), R
+h[M]; [R]; + RaeV2/Vi — Raer - (13)
WS o ), — k) 3,
. - P][M]l[Rs]l 7kfm[M] [R ] an
RSLs _ vy R3], — kR, R3],
—kp1 [M]1[R§]1 - kfm[M] [R ] Raes (14)
dR; 1 * * *
% = PI[M]l[le.fﬂl — ka[R ]1[R1(,v71]1
_EI[MHRZ.,.AM - kfm[M]l[Rz.,.q]l
—Rael.,—1

Initiation rate R, can be expressed as follows

R; = 2fkd[[0} exp(fkdt) (15)

where f is the initiation efficiency, k, is the initiator decom-
position rate constant, k,; is the propagation rate constant in
the continuous phase, k;; is the termination rate constant in the
continuous phase, [, is the initial molar concentration of the
initiator, [M]; is the monomer molar concentration in the
continuous phase, and ky,, is the rate constant for chain transfer to
the monomer. Based on Eqgs. 13 and 14, the total radical
concentration in the continuous phase can be obtained
[R]; = [Ri]; + R3], + [Rg}l ton + [Rz,,fl]l (16)
When PAM molecules attain a degree of polymerization
equal to the critical chain length; they precipitate and form
aqueous PAM droplets. Meanwhile, the monomer and initia-
tor can disperse and polymerize in both the continuous and
dispersed phases. Taking into account the termination reac-
tion between two radicals, the balance equation for the radi-
cal concentration in the dispersed phase may be expressed as
follows
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Table 2. Summary of Parameters for the Kinetic Model

Parameter Value Units Reference
kq 1.24x10" s 28.35
exp(-108000/R/T)
k, 1.65x10° m?-mol "5 18
exp(-11482/R/T)
ke 1.41x10° m>mol '.s7! 18
exp(-6204/R/T)
Kp 9.55%10° m?-mol "5~ 18
exp(-43693/R/T)
A 11.22-0.0167T dimensionless 18
F [M]/(IM]+) dimensionless 34
L., 133 dimensionless This work
IRy Ry ko M, RE1V2/Vs — kR — R
o = Rtk MLR; 1 Vi/Va = ko[R"], — Rae
l—1
+ Z Raervl/VZ (17)
r=1

The monomer is consumed by propagation reactions in
both the continuous and dispersed phases. The consumption
rate of the monomer is given by

dM,

C = ot R M), Vi — kel (M), Vs

(18)

The total molar amount of monomer M, at time ¢ is related
to [M],, [M],, V4, and V5, the molar concentrations of mono-
mer and the volumes of the continuous and dispersed phases,
respectively, by the following mass balance equation

M, = [M]lvl + [MbVQ (19)
The conversion of monomer is defined by
C=(My—M,)/M (20)

Since the viscosity inside the aqueous PAM droplets is
high, termination and reaction with terminal double bonds in

0.100
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0.075

0.050

experiment data

Monomer mass concentration

= 303K -
0.025+ 4 313K
O 323K
model simulation
O
0.000 —— S
0 25 50 75 100

Conversion %

the dispersed phase will be diffusion-controlled. This has
been modeled using the following empirical equations'®

ko = kn/exp(Awy) 21)

A=a—-bT 22)

where w), is the mass fraction of PAM in the dispersed phase,
A is the gel effective parameter, which is related to the
temperature, and @ and b are constants.

For the case of aqueous solution polymerization of AM
initiated by a water-soluble azo initiator, the initiation effi-

. 34
ciency can be expressed as follows

fo M

e (23)

with o = 0.97 at 323 K and 1.20 at 313 K.
The values of each of the kinetic parameters are shown in
Table 2.

Model Validation
Composition of each phase during polymerization

In this polymerization systems, the interfacial tension
between the continuous phase and dispersed phase was about
1.4 x 107> N-m~', which corresponds to the range reported
in standard aqueous two-phase systems.’®?’ Neither the
interfacial tension nor the final droplet size had a significant
effect on the partitioning of the components between the two
phases in the range studied: O to 1 X 107* Nom™" and 1 x
1077 to 4 x 107> m dia. Similar results have been obtained
for the dispersion polymerization of styrene or MMA in
aqueous alcoholic media.*>°

To test the validity of this model, experiments on the two-
phase polymerization of AM in aqueous PEG solution were
performed. Figure 1 compares the model predictions of the
monomer concentration in each phase at various polymeriza-
tion temperatures. The model line calculated using the aque-
ous two-phase partitioning model is in good agreement with
the experimental data. With increasing temperature, the

0.06
.S b 323K
g e
E
2 0.04r3{5 ¢
Q
S
é a
experiment data
50.02F 2 33k h
g 4 313K
= o 323K
o . .
2 model simulation 5
000 N Il 1 N 1 .
0 25 50 75 100

Conversion %

Figure 1. Monomer concentration in each phase during the two-phase polymerization in aqueous PEG solution at

various temperatures.

(a) Continuous phase, and (b) dispersed phase (AIBI = 7 x 107° kg, AM = 1 x 10 ? kg, PEG = 2 x 10" kg, H,0 = 7 x 10"~ kg).
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Figure 2. Simulation of the phase volume fraction and water volume fraction of each phase during the two-phase
polymerization in aqueous PEG solution at various temperatures.
(a) Phase volume fraction, and (b) water volume fraction in each phase (AIBI =7 x 10 kg, AM = 1 x 10~ kg, PEG = 2 x 10 % kg,

H,0 = 7 x 1072 kg).

monomer concentration in the continuous phase decreases
very little, while that in the dispersed phase becomes higher.
At the beginning of the polymerization, the volume of the
dispersed phase is much smaller than that of the continuous
phase. As the polymerization proceeds, more and more PAM
separates from the continuous phase, while water and the
monomer continuously diffuse into the dispersed phase.
Thus, the volume of the dispersed phase becomes larger. As
shown in Figure 2a, the phase volume fraction of the dis-
persed phase increases appreciably with increasing polymer-
ization temperature, as well as the monomer concentration in
the dispersed phase, which correspond with the slight
increase in water content in the dispersed phase shown in
Figure 2b. These results indicate that monomer partition is
closely related to the water content in each phase. When a
solute is distributed in an aqueous two-phase system, its par-
tition coefficient is determined by both entropic and
enthalpic contributions.®® Since the enthalpic contribution in
a fixed aqueous two-phase systems will clearly not be
changed, we can suppose that it is constant. Therefore,

0.100 T
E a —12%
g
£0.075}
O
8 20%
Q 25
S 3
20.050
<
S experiment data
e = PEG 12%
g 0.025 A PEG20%
g O PEG24%
E model simulation
0.000 . . .
0 25 50 75 100

Conversion %

the partition coefficient will be mainly influenced by the
entropic contribution, which is usually determined by the
number density of molecules. Under such conditions, the sol-
ute will migrate to the phase with the highest number den-
sity of molecules. In essence, the phase with the higher num-
ber density can accommodate the solute in more ways,
thereby increasing its partitioning to that phase. Water is the
smallest molecule in this aqueous two-phase polymerization
system, and, therefore, it is the most obvious factor affecting
the molecular number density. As a result, the monomer par-
tition was varied upon changing the water content in each
phase. In Figure 2b, the water contents in both phases are
seen to increase slightly, which could be attributed to the
consumption of monomer as the polymerization proceeds.
Figure 3 compares the model predictions of the monomer
concentration in each phase during the polymerization at
various PEG concentrations. The simulation line calculated
using the aqueous two-phase partitioning model also agrees
well with the experimental data. With increasing PEG con-
centration, the monomer concentration in the continuous

0.06

b /24%

0.04

0.02

experiment data
® PEG 12%
A PEG20%
O PEG24%
model simulation

25 50 75
Conversion %

Monomer mass concentration

0.00

0 100

Figure 3. Monomer concentration in each phase during the two-phase polymerization in aqueous PEG solution at

various PEG concentrations.

(a) Continuous phase, (b) dispersed phase (AIBI = 7 x 107 kg, AM =1 x 1072 kg, PEG + H,O =9 x 1072 kg, T = 313 K).
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Figure 4. Simulation of the phase volume fraction and water volume fraction of each phase during the two-phase
polymerization in aqueous PEG solution at various PEG concentrations.
(a) Phase volume fraction, (b) water volume fraction in each phase (AIBI = 7 x 10~ ° kg, AM = 1 x 1072 k, PEG + H,0 = 9 x10"~ kg,

T = 313 K).

phase decreased slightly, while that in the dispersed phase
increased. The volume fraction of the dispersed phase
increased with decreasing amount of PEG (Figure 4a), since
the dispersed phase could draw more water from the contin-
uous phase. However, it can be seen in Figure 4b that after
some of the initial water had been replaced with PEG, the
degree of reduction in the water content in the continuous
phase was more significant than that in the dispersed phase.
Thus, more monomer migrated to the dispersed phase.

The aqueous two-phase partitioning model can predict the
monomer concentration in each phase very well for polymer-
izations with various initial amounts of monomer, as indicated
in Figure 5. Besides, Figure 6 shows that this partitioning
model also nicely predicts the PEG mass fraction in the con-
tinuous phase and the PAM mass fraction in the dispersed
phase during the aqueous two-phase polymerization. The
small deviations observed in the prediction of PEG mass frac-
tion can be explained in terms of the neglect of the low con-
centration of PAM that is soluble in the continuous phase.
Moreover, Table 3 shows a number of experiments about the

0.16
8 a experiment data
=i A AM10%
£0.12} o AM14%
59 model simulation
=
8 14%
@ 0.08 | i
<
g
Eol
5)
£0.04F+
o
=
o
=
0.00 T—

Conversion %

Monomer mass concentration

0 25 50 75 100

PAM mass fraction in the dispersed phase and the PEG mass
fraction in the continuous phase in the last stage of the poly-
merization under various reaction conditions. From Table 3, it
seems that the experimental data are in good agreement with
the model values. The volume of each phase during the poly-
merization is also well described by this partitioning model, as
shown in Figure 7. All of these results indicate that the pro-
posed partitioning model can quantitatively simulate the com-
position of each phase during the two-phase polymerization of
AM in aqueous PEG solution.

Polymerization kinetics and locus

The initiator partition coefficient was found to vary
between 0.6 and 1.3. Figure 8a shows that the partition of
the initiator has negligible effect on the polymerization
kinetics. This is because the volume of the dispersed phase
is much smaller than that of the continuous phase; hence,
the partition of the initiator has little influence on the initia-
tor concentration in the continuous phase, especially in the

0.08

b experiment data
A AM 10%

o AM 14%
model simulation|

0.06

0.04 1%

0 25 50 75 100
Conversion %

Figure 5. Monomer concentration in each phase during the two-phase polymerization in aqueous PEG solution at

various AM concentrations.

(a) Continuous phase, and (b) dispersed phase (AIBI = 7 x 107 kg, PEG = 2 x 1072 kg, AM + H,O = 8 x 1072 kg, T = 313 K).
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Figure 6. PEG mass fraction in the continuous phase
and PAM mass fraction in the dispersed
phase during the two-phase polymerization
in aqueous PEG solution.

(AIBI = 7 x 107° kg, PEG = 2 x 1072 kg, AM =1 x
1072, H,0 = 7 x 10 % kg, T = 313 K).

initial polymerization stage. Macroradicals with a degree of
polymerization exceeding the critical length would be sepa-
rated and concentrated in the dispersed phase. As a result,
the radicals decomposed from the initiator in the dispersed
phase were much fewer compared to those precipitated from
the continuous phase. Even though the initiator partition was
assumed to be 1000, it can be seen in Figure 8a that the po-
lymerization kinetics did not display any significant differ-
ence. This result further confirms that initiator partition in
the normal range of this polymerization system has little
effect on the polymerization kinetics.

In conventional dispersion polymerization, the polymer
particles usually absorb the macroradicals from the continu-
ous phase before they attain the critical chain length. There-
fore, almost no new particles are generated after the particle
formation stage. In other words, the particle number remains
almost constant in conventional dispersion polymerization.
Consequently, the radical absorption must be taken into

account in the modeling of conventional dispersion polymer-
ization. However, in aqueous two-phase polymerization,
small droplets separate from the continuous phase throughout
the whole polymerization process. Meanwhile, droplet aggre-
gations is gradually restrained during this polymerization
process, hence, polydisperse droplets with both spherical and
irregular shapes and of large and small sizes are obtained, as
shown in Figure 9. Because of the polydisperse droplets, it
is difficult to accurately calculate the absorption of radicals.
Here, we use the mean droplet size to estimate the effects of
radical absorption on the polymerization kinetics. In the ini-
tial stage of polymerization (ca. 5% conversion), the droplet
size (mean value about 1 x 1077 m) was relatively uniform,
and nearly all of the droplets were spherical.*’ Based on the
aqueous two-phase partitioning model, we can obtain the
volume of the dispersed phase at this time, and so the drop-
let number could be calculated (ca. 1.8 x 1015). The viscos-
ity of the continuous phase could be regarded as the viscos-
ity of the polymerization system, since the viscosity of the
whole system was mainly determined by that of the continu-
ous phase. Assuming the radical absorption rate to be con-
stant throughout the whole process and equal to that at 5%
conversion, the influence of radical absorption on the poly-
merization rate could be evaluated. Actually, the absorption
rate will be gradually reduced because of increasing viscos-
ity as the polymerization proceeds. From Figure 8b, it would
seem that the radical absorption in this process has little
effect on the polymerization kinetics, even though the vis-
cosity (0.05 Pa-s) used in the calculation is lower than the
experimental value (0.09 Pa-s). This result gave additional
evidence that radical absorption by aqueous PAM droplets
present in this polymerization system occurred only to a
minor extent, and, therefore, many radicals precipitated to
continuously form new small droplets, as described in detail
in an early publication.21

The effect of radical desorption on the polymerization
kinetics is shown in Figure 8c. Even though all of the mono-
meric and primary radicals were absorbed from the PAM
droplets (F,, = 1), the polymerization kinetics changed very
little. This might be attributed to the chain-transfer constant
being much smaller than the chain propagation constant (for
example, at 313 K, Kj, is 4.83 x 10~* m*mol s, but &, is
20 m>-mol s, so that the concentration of monomeric rad-
icals is very low. On the other hand, since, as described earlier,
the initiation in the dispersed phase has little effect on the

Table 3. Comparisons Between the Experimental Data and the Model Values for the Two-Phase Polymerization of AM in
Aqueous PEG Solution

PAM mass fraction
in the dispersed

PEG mass fraction
in the continuous

AM PEG AIBI H,0 Monomer phase (%) phase (%)
Run  (x107kg) (x10%kg) (x107°kg) (x10*kg) T(K) conversion (%) Exp.data Model value Exp.data Model value
1 6 12 7.0 82 313 89.36 14.27 13.59 38.69 39.71
2 10 20 7.0 70 313 94.54 26.94 25.08 49.08 49.11
3 14 20 7.0 66 313 97.27 30.12 28.15 52.97 51.36
4 10 12 7.0 78 313 93.86 15.32 15.62 41.92 43.36
5 10 16 7.0 74 313 94.65 21.37 20.01 43.87 45.65
6 10 24 7.0 66 313 95.83 30.38 29.24 48.43 50.95
7 16 12 35 72 313 97.72 20.27 18.12 42.39 44.70
8 14 16 7.0 70 303 97.19 23.73 21.97 46.28 47.73
9 12 20 35 68 323 90.48 26.89 25.96 45.79 48.23
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Figure 7. Phase volume fraction of each phase during
the two-phase polymerization in aqueous
PEG solution.

(AIBI = 7 x 107® kg, AM =1 x 10% kg, PEG = 2 x
1072 kg, H,0 = 7 x 107> kg, T = 313 K).

kinetics, desorption of primary radicals in the dispersion can
also be ignored. Therefore, radical desorption could be
neglected in this aqueous two-phase polymerization system.

The validation of the kinetic model is shown in Figure 10,
and the simulation of the contribution of each phase to the con-
version is shown in Figure 11. The kinetic model can predict
the conversion versus time behavior very well over the range of
initiator concentrations studied, as indicated in Figure 10a.
With increasing initiator concentration, the initiation points in
the continuous phase increased, hence more monomer was con-
sumed in this phase. As in the situation calculated by the kinetic
model, it can be seen in Figure 11a that the contribution of the
continuous-phase polymerization to the conversion (C. contri-
bution) increased with increasing initial amount of initiator.

The model predictions of the conversion versus time data at
various levels of monomer concentration are also excellent, as
indicated in Figure 10b. The contribution of the dispersed-phase
polymerization to the conversion (Cy4 contribution) decreased
with decreasing initial amount of monomer, as shown in Figure
11b. This can be explained in terms of the gel effect inside the
aqueous PAM droplets. At low-monomer concentration, the
PAM fraction of the dispersed phase is lower, resulting in less
gel effect at each conversion stage. Therefore, the consumption
of the monomer in the dispersed phase slowed and the polymer-
ization ratio inside the droplets decreased.

Figure 10c shows experimental conversion—time data and
kinetic model predictions for the two-phase polymerization
of AM in aqueous PEG solution at 303, 313 and 323 K,
respectively. The kinetic model can be seen to give excellent
agreement with the experimental data over all temperatures
investigated. This result, together with Eq. 23, suggests that
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Figure 8. Simulation of the effects of the initiator partition, radical absorption and desorption on the polymeriza-
tion kinetics during the two-phase polymerization in aqueous PEG solution.
(a) Initiator partition, (b) radical absorption, and (c) radical desorption.
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Figure 9. Microstructure of the product prepared
through the two-phase polymerization of AM
in aqueous PEG solution.

the initiation efficiency of AIBI in the range 303 to 323 K in
this polymerization system does not vary significantly. How-
ever, in the aqueous solution polymerization of AM initiated
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by KPS, the initiation efficiency decreased dramatically with
increasing temperature. This could be interpreted in terms of
the complex-cage theory, which accounts for the monomer-
enhanced decomposition of KPS."> With increasing tempera-
ture, the water content in the dispersed phase increased, and,
therefore, the gel effect was suppressed, which would reduce
the contribution of the dispersed phase to conversion. How-
ever, more monomer is distributed in the dispersed phase
and the greater volume of the dispersed phase compensates
the former factor. Thus, the contributions of the continuous-
phase and dispersed-phase polymerization to the conversion
do not change significantly (Figure 11c).

Figure 10d illustrates the effects of PEG concentration on
the polymerization rate. The polymerization kinetics acceler-
ated with increasing initial PEG concentration, which corre-
sponds with the model predictions. This validates the ration-
ality of the partitioning model applied to simulate the com-
position of each phase during the aqueous two-phase
polymerization. With increasing initial PEG concentration,
the gel effect increased and more monomer was distributed
in the dispersed phase, although the volume of the dispersed
phase decreased. The former two factors forcing more mono-
mer to polymerize in the dispersed phase exceeded the
reverse effect of the latter factor, hence, the polymerization
kinetics accelerated and the contribution of the dispersed-
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Figure 10. Effect of various polymerization parameters on the polymerization kinetics of the two-phase polymer-

ization in aqueous PEG solution.

(a) initiator concentration (AM = 1 x 1072 kg, PEG = 2 x 1072 kg, H,O =7 x 1072 kg, T = 313 K), (b) monomer concentration
(AIBI = 7 x 10 ° kg, PEG = 2 x 1072 kg, AM + H,0 = 8 x 10 % kg, T = 313 K), (c) polymerization temperature (AIBI = 7 x
107 % kg, AM = 1 x 102 kg, PEG = 2 x 10 % kg, H,O = 7 x 1072 kg), (d) PEG concentration (AIBI = 7 x 107® kg, AM = 1 x

1072 kg, PEG + H,0 = 9 x 10 % kg, T = 313 K).
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Figure 11. Simulation of the effect of various polymerization parameters on the contribution of each phase to the
conversion in the two-phase polymerization in aqueous PEG solution.
(a) Initiator concentration, (b) monomer concentration, (c) polymerization temperature, and (d) PEG concentration.

phase polymerization to the conversion increased, as shown
in Figure 11d.

Conclusions

An aqueous two-phase partitioning model has been devel-
oped to predict the composition of each phase during the
whole polymerization. The predictions of monomer concen-
tration and of PAM and PEG mass fraction in each phase
under various polymerization conditions agreed well with
the experimental data, indicating that this partitioning model
could quantitatively simulate the thermodynamic behavior
during the polymerization.

Furthermore, a kinetic model has been proposed for simu-
lating the polymerization kinetics of the aqueous two-phase
polymerization of AM in aqueous PEG solution. Calcula-
tions based on the kinetic model have shown that the parti-
tion of the initiator, radical absorption from the continuous
phase, and radical desorption from the dispersed phase have
negligible effects on the polymerization kinetics. By system-
atically investigating the effects of initiator, monomer, and
PEG concentration, as well as temperature, on the polymer-
ization kinetics, it was found that the proposed kinetic model
can nicely predict the polymerization kinetics over a wide
range of polymerization conditions. The contribution of the
dispersed-phase polymerization to the conversion increased
with increasing initial monomer and PEG concentrations,
and with decreasing initiator concentration. However, the po-
lymerization temperature had an insignificant effect on the
contribution of each phase to the conversion.
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Notation
A = gel effect parameter
a = constant
b = constant
C = reaction conversion
D, = diffusion coefficient of radicals whose degree of polymerization
is r, m2s™!
F,, = coefficient of the radical desorption
f = initiation efficiency of initiator
ky = decomposition rate constant of initiator, s
kg = chain transfer to monomer constant, m>-mol 1s7!
k; = initiation rate constant, m>mol 57!
k, = propagation rate constant, m*-mol '.s7!
k, = termination rate constant, m>-mol '-s ™!
I = critical chain length
[M] = molar concentration of monomer, mol-m™>
M, = initial mole of monomer, mol
M, = total mole of monomer at the reaction time ¢, mol
m;; = physical constants
R = gas constant, J-K~"-mol
Ry = PAM droplet radius, m
R, = absorption rate of radicals whose degree of polymerization is r,
mol-m 257!
R, = radical desorption rate, mol-m >~
R;, = precipitation rate of the radicals from the continuous phase,

mol-m s

R; = initiation rate, mol-m 3.5~

[R?] = molar concentration of radicals whose degree of polymerization
is r, mol-m ™

1
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r

= polymerization degree of the macroradical

T = absolute temperature, K

t = reaction time, s
Vi = molar volume of component i, m?
Vi = volume of phase i, m’

Greek letters

Pi
0;

= interfacial tension, N m~!

= interaction parameter of component i and j

= volume fraction of component i in phase j

= initial volume fraction of component i

= density of component i, kg-m >

= solubility parameter of component i, (J m )"

9,4 = dispersion solubility parameter of component i, (J m )

(Sip

= polar solubility parameter of component i, (J-m™>) &

Subscripts

0

n =TI -

p

= initial state

= continuous phase
dispersed phase
= monomer

= water

= PEG

= PAM
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