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ABSTRACT: The nature of the reaction loci in inverse emulsion polymerization of acrylamide (AAm) initiated by

oil (2,20-azoisobutyronitrile, AIBN)- and water-soluble (ammonium peroxodisulfate, APS) initiators was investigated.

The rate of polymerization (Rp,max, Interval 2) increases with increasing the emulsifier concentration up to a certain

critical concentration and then decreases. The rate of polymerization and the polymerization rate per particle are some-

what larger in the APS-initiated polymerization than in the AIBN-initiated one. For both initiators the polymerization

rate per particle is proportional to the particle size and decreases with increasing the emulsifier concentration and the

decrease is much more pronounced at the high emulsifier concentrations. The similar kinetic dependences for both ini-

tiators were discussed in terms of the formation of monomeric or oligomeric radicals with the similar nature, mobility

via the reaction system and partitioning between the oil and water phases. The similar radicals carrying the initiator

fragment were formed by the addition of one or two (or several) units to the primary radicals (SO4
�� or 2-cyanoiso-

propyl). The estimated average number of radicals per particle ( �nn) is much below 0.5. The low radical concentration in

the polymer particles was discussed in terms of the desorption of monomeric and emulsifier radicals. The desorption of

radicals was confirmed by both the Nomura model (Nmodel, k
0
des;N) and the Ugelstad approach (the solution of population

balance for the particle with �nn, Tmodel, k
0
des;T ). The k

0
des;T ’s were found to be much larger than the k0des;N ’s. The differences

in the k0des’s were discussed in terms of the desorption (surface active) monomeric radicals (the polymerization within

the outer spheres of polymer particles) and emulsifier (the chain transfer to emulsifier) radicals. The radical entry rate

decreases with increasing the emulsifier concentration or decreasing the particle size.
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With the increased interest in the technological ex-
ploitation of inverse emulsion polymerization as a
method for the preparation of water soluble polymers
has come the need to understand microscopic kinetic
events that govern both the particle nucleation and
the polymer growth in the polymer particles. The con-
ventional processes such the initiation, propagation,
termination and chain transfer are all operative in
the inverse emulsion or microemulsion polymeriza-
tions. The inverse microemulsion polymerization
processes (water-in-oil systems, w/o) are well
known.1–4 The polymerization is very fast and the
process is described by two non-stationary rate inter-
vals. This is ascribed to two opposing effects; the con-
tinual increase of particle number and continual de-
crease of monomer at the reaction loci. The
microdroplets saturated with the aqueous solution of
monomer act as reaction loci and the reservoir of
monomer. The rate of inverse microemulsion poly-
merization increases with increasing the initiator con-
centration but strongly decreases with increasing the

emulsifier concentration. The study devoted to the in-
verse miniemulsion (homogenized emulsion) poly-
merization led to the conclusion that the addition of
lipophobe to the inverse miniemulsion generated the
long term stability against Ostwald ripening.5 The in-
verse emulsion polymerization of acrylamide pro-
duced turbid, viscous and unstable dispersions at the
outset and during the intermediate stages of the poly-
merization.6–8 It was observed that the initial rate of
inverse emulsion polymerization is first order with re-
spect to the monomer concentration, first order with
the initiator concentration and zeroth order with re-
spect to the (nonionic) emulsifier concentration. The
maximal polymerization rate shifts to the higher con-
version with increasing temperature but to the lower
conversion with increasing the acrylamide concentra-
tion and oil phase level. The number of polymer par-
ticles and the particle size slightly increased with in-
creasing conversion. Increasing the emulsifier
concentration, the inverse emulsion was transformed
to the transparent inverse lattices.
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The mechanism that lead to the generation of pri-
mary radicals in the o/w emulsion polymerization in-
itiated by oil-soluble initiators are divided into two
approaches: 1) those in which radicals are formed
by desorption of radicals from the polymer particles9

and 2) those that considered that the radicals formed
in the aqueous phase from the fraction of oil-soluble
initiator dissolved in the aqueous phase are responsi-
ble for the kinetic similarities between oil-soluble
and water-soluble initiators.10,11 Asua et al.12 suggest-
ed that the single radicals derived from the oil-soluble
initiator exit to the aqueous phase and take part in ter-
mination. The similar mechanism of the primary radi-
cal generation can be expected for the inversion emul-
sion polymerization of acrylamide initiated by the
water-soluble initiator. In the present paper, the exper-
imental design based on the inverse emulsion poly-
merizations initiated by both the oil-soluble and wa-
ter-soluble initiators was envisaged in an attempt to
elucidate the main locus of radical formation. The sol-
ubility of radicals and the partitioning of radicals be-
tween the oil- and water phases is suggested to be a
dominant parameter of the polymerization process.
Thus, if the single radicals were formed in the contin-
uous phase then the hydrophobic radicals derived
from the 2,20-azoisobutyronitrile (AIBN) could not
enter the hydrophilic polymer particles. The similar
behavior one can expect for the primary radicals de-
rived from ammonium peroxodisulfate (APS) formed
in the disperse aqueous phase. The transformation of
hydrophobic (AIBN) radicals to the surface active or
more hydrophilic ones by the continuous phase poly-
merization enables them enter the hydrophilic parti-
cle. The similar behavior one can be expected for
the hydrophilic (APS) radicals, that is, the addition
of one or two monomer units to the hydrophilic radi-
cals forms less hydrophilic oligomeric radicals able to
desorb from the polymer particles to the continuous
phase and then re-enter the micelles or particles as
well. Under such conditions the rate of polymerization
would be less sensitive or even independent of the in-
itiator nature. The variation in the emulsifier concen-
tration is expected to vary the partitioning of radicals
between the oil and water phases.
According to our best knowledge there are no stud-

ies on the desorption of monomeric radicals in the in-
verse microemulsion and emulsion polymerizations of
acrylamide. The acrylamide monomer was reported to
increase the colloidal stability of monomer and poly-
mer dispersion and have a favorable effect on the
whole polymerization process. Acrylamide monomer
acts as a co-emulsifier and is partly located between
the paraffinic chain of the emulsifier at the water/oil
interface and partly inside the water pool of the in-
verse micelles.2 The contribution of the polymeriza-

tion in the interfacial layer is open for the experimen-
tal verification in the inverse emulsion polymerization
of acrylamide. Furthermore, this paper is also devoted
to the desorption of monomeric radicals modeled by
the Nomura model (Nmodel)

13 and Ugelstad ap-
proach.14 Both approaches are applicable for the
emulsion polymerization where the initiating radicals
are generated by the decomposition of initiator dis-
solved in the continuous phase. The inverse AIBN-in-
itiated polymerization of acrylamide, thus, fulfills this
condition. The Ugelstad approach is based on the so-
lution of the population balance for the polymer par-
ticles with �nn.

EXPERIMENTAL

Materials
Acrylamide (AAm) (anal. grade, from Fluka) was

used without further purification. Extra pure ammoni-
um peroxodisulfate (APS, Fluka) was used as sup-
plied. 2,20-Azoisobutyronitrile (AIBN) was recrystal-
lized from ethanol. The emulsifier used was the
reagent-grade Tween 85 (non-ionic emulsifier, poly-
oxyethylene sorbitan trioleate, provided by Serva,
Tw 85). Doubly distilled water used for the prepara-
tion of emulsion was deprived of oxygen by heating
to boiling point and cooling under a stream of argon.

Recipe and Procedures
Batch inverse emulsion polymerizations of unsatu-

rated monomers (AAm) were carried out at 60 �C.
The recipe comprising 100 g cyclohexane, 35 g water,
5 g AAm and 0.104 g APS or 0.2108 g AIBN was
used. The amount of Tw 85 varied as shown later.
The inverse emulsion polymerization of AAm is very
fast and therefore the use of gravimetry was limited
because it provides the data in the high conversion in-
terval. The low and medium conversion intervals can
be obtained by the dilatometry which, however, re-
quires the stable monomer dispersion. This was reason
why the monomer emulsion was homogenized before
it could be used for the dilatometric measurements.
Furthermore, the small amount of reaction mixture
and the very thin reaction vessel were used to depress
the delayed heating of the sample (to the reaction tem-
perature) due to the very fast polymerization. The ho-
mogenized inverse-monomer dispersions with a high-
er stability were prepared by the homogenizer Ultra
Turrax, IKA Works, USA. The final conversion of
several samples was also checked by the gravimetry.
The contraction factor (CF) of acrylamide was esti-
mated to be 0.3 which is in a good agreement with
the literature values.2,4 The particle size was deter-
mined by the dynamic light scattering method. The
polymerization technique, the preparation of polymer
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latex for size measurements, the estimation of particle
number were the same as described earlier.15 Limiting
viscosity numbers [�] of polyacrylamide were deter-
mined with Ubbelohde viscometer in water at 30 �C.
The viscosity-average molecular weight, Mv, of poly-
acrylamide was calculated from ½�� ¼ 6:31� 10�5

Mv
0:8.16

The homogenized inverse emulsion prepared was
used for Ostwald ripening measurements. The colloi-
dal stability of the inverse (non-diluted) emulsion was
monitored by placing about 100mL sample in a glass
vial at 25 �C. The position of the creaming line from
the bottom of the sample or the time necessary for a
visible phase to appear was then recorded.

Spectral Measurements
In order to determine the solubility of AIBN in the

aqueous phase or the partitioning of AIBN between
water (the disperse phase) and cyclohexane (the con-
tinuous phase), the absorbance of the oil and aqueous
phases saturated with AIBN was measured at 25 �C.
After dissolving of 0.2108 g of AIBN in 134mL of cy-
clohexane (CH), 35 g of water was added. Then the
water/AIBN/CH mixture was stirred at 400 rpm for
ca. 24 h at 25 �C. After standing the mixture for sever-
al hours at 25 �C, the separated cyclohexane and aque-
ous layers were used for spectroscopic measurements.

RESULTS AND DISCUSSION

The Phase Behavior and Monomer Droplet Degrada-
tion
Inverse emulsions based on acrylamide (AAm)

were prepared by mild mixing a cyclohexane (CH) so-
lution of Tween 85 with a water solution of AAm at a
room temperature. The prepared monomer dispersions
were unstable and separated into two distinct phases
after ceasing of stirring. When the dispersion was
treated by vigorous mixing (see Experimental section)
the stability of the monomer dispersion abruptly in-
creased. Under the latter condition the inverse
AAm/water/Tween 85/CH emulsions (recipes:
Tables I and II) were stable for several days at a room
temperature. The homogenization of water/cyclohex-
ane/emulsifier mixtures (the emulsifier concentrations
used in the polymerization recipes were much above
the critical micelle concentration (CMC) of Tween
85, CMC ¼ 1� 10�3mol/dm�3 in cyclohexane at
25 �C17) produced the stable fine monomer emulsion.

Polymerization Rate
The effect of the emulsifier (Tw 85) concentration

on the AIBN-initiated emulsion polymerization of
acrylamide (AAm) is summarized in Figure 1. In this

Table I. Variation of kinetic and colloidal parameters in the inverse emulsion polymerization of

AAm initiated by AIBN with the Tw 85 concentrationa

[Tw 85] �102

(mol dm�3)
Rp,max �104

(mol dm�3 s�1)
Rpp � 1020

(mol s�1 particle�1)
dp

(nm)
Np � 10�16

(dm3)
�nn� 102

(particle)

2.72 9.0 4.5 200 2.0 3.7

5.44 13.7 3.6 162 3.8 3.0

8.16 14.4 3.1 152 4.6 2.6

10.88 11.7 1.7 134 6.8 1.4

13.6 10.6 1.2 124 8.5 1.1

a100 g cyclohexane, 35 g water, 5 g AAm, 0.2108 g AIBN {[AIBN]CH = 0.0096mol dm�3-related to the cyclohex-

ane phase, ([AIBN]tot = 0.0076mol dm�3 = related to the whole reaction volume (water plus cyclohexane)}, 60 �C.

[Tw 85], Rp,max and Np are related to the continuous phase (cyclohexane).

Table II. Variation of kinetic and colloidal parameters in the inverse emulsion polymerization of

AAm initiated by APS with the Tw 85 concentrationa

[Tw 85] �102

(mol dm�3)
Rp,max �104

(mol dm�3 s�1)
Rpp � 1020

(mol s�1 particle�1)
dp

(nm)
Np � 10�16

(dm3)
�nn� 102

(particle)

2.72 15.0 16.9 265 0.89 13.8

5.44 20.6 9.4 193 2.2 7.7

8.16 26.2 3.7 130 7.2 3.0

10.88 29.7 2.4 110 12.2 2.0

13.6 26.6 0.8 80 31.7 0.7

a100 g cyclohexane, 35 g water, 5 g AAm, 0.104 g APS {[APS]aq = 0.013mol dm�3-related to the aqueous phase,

([APS]tot = 0.0027mol dm�3 = related to the whole reaction volume (water plus cyclohexane)}, 60 �C. [Tw 85],

Rp,max and Np are related to the continuous phase.
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case the oil soluble initiator (AIBN) is dissolved in the
continuous organic phase. The initiating (2-cyanoiso-
propyl) radicals are formed by the decomposition of
hydrophobic AIBN. According to the micellar model
the hydrophobic (AIBN fragments—2-cyanoisoprop-
yl) radicals cannot enter the hydrophilic polymer par-
ticles. This can be avoided by the continuous phase
polymerization of acrylamide forming the surface ac-
tive or more hydrophilic radicals which can be adsorb-
ed by the hydrophilic polymer particles. The polymer-
ization is very fast and the final conversion (close to
ca. 100%) is reached in ca. 10min. The fast polymer-
ization can be attributed to the high entry rate efficien-
cy of oligomeric radicals into the polymer particles,
the very high propagation rate constant of AAm
(Table III) and the compartmentalization of the reac-
tion loci. The dependence of the rate of polymeriza-
tion vs. conversion can be described (for all runs) by
a curve with the three rate intervals (Figure 2).26

The rate of polymerization (Rp) at first abruptly in-

creases to the maximum (Rp,max), then keeps a con-
stant value up to ca. 50% conversion and finally de-
creases up to the final conversion. The abrupt
increase in the initial rate of polymerization can result
from the robust particle nucleation. The rate of poly-
merization first increases with increasing the emulsifi-
er concentration (Figure 2, the curves 1, 2 and 3) and
then decreases (the curve 4 is below the curve 3 and
the curve 5 is below the curve 4).
In the AIBN-initiated polymerization the depend-

ence of the maximal rate of polymerization (estimated
from curves 1–5, Figure 2) vs. Tw 85 concentration is
described by a curve with a maximum at ca. [Tw
85] = 0.08–0.09mol dm�3 (Figure 3, curve 2). The
increase in the polymerization rate (given by the
curves 1–3, Figure 2) can be attributed to the increase
of the number of particles with increasing the emulsi-
fier concentration (Table I). The decrease in the poly-
merization rate appears at the higher emulsifier con-
centration which deviates from the micellar model.27
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Figure 1. Variation of monomer conversion in the inverse

emulsion polymerization of acrylamide (AAm) with Tween 85

(Tw 85) concentration and reaction time. Recipe: 100 g cyclohex-

ane, 35 g water, 5 g AAm, 0.2108 g AIBN, 60 �C. [Tw 85]� 102/

(mol dm�3 CH-related to cyclohexane): (1) 2.72, (2) 5.44, (3)

8.16, (4) 10.88, (5) 13.6.

Table III. Kinetic parameters for inverse emulsion polymerization of AAm

Parameter Numerical value Ref.

[AAm]p 1.2mol dm�3 —

kd,APS 6:06� 1016ð�140167=RTÞ 18

kd,AIBN 7:0� 1016ð�139805=RTÞ 19

F 0.5 18

kp 9:9� 107 expð�2743=RTÞ dm3 mol�1 min�1 20, 21

kt 5:07� 1011 expð�1482=RTÞ dm3 mol�1 min�1 20–22

kfm 5:73� 108 expð�10438=RTÞ dm3 mol�1 min�1 20–22

md 0.093 (styrene/water or benzene/water) 23, 24

Dc 2:933� 10�9 cm2/s 25

Dp 2:933� 10�12 cm2/s 25

0 20 40 60 80 100
0

3

6

9

12

15

R
p 

x 
10

3  / 
(m

ol
.d

m
 -3

.s
-1
)

Conversion [%]

 1
 2
 3
 4
 5

Figure 2. Variation of the rate of polymerization in the in-

verse emulsion polymerization of AAm with the Tw 85 concentra-

tion and conversion. Recipe: 100 g cyclohexane, 35 g water, 5 g

AAm (¼ 0:703mol dm�3 water), 0.2108 g AIBN, 60 �C. [Tw

85� � 102/(mol dm�3 CH): (1) 2.72, (2) 5.44, (3) 8.16, (4)

10.88, (5) 13.6.
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Figure 4 shows that the polymerization rate per parti-
cle strongly decreases at the higher emulsifier concen-
tration. The strong decrease in the polymerization rate
with increasing the emulsifier concentration was ob-
served in the inverse microemulsion polymerization
of AAm (Rp,max vs. [emulsifier]x¼�0:55).28,29 The devi-
ation from the micellar model, thus, can be discussed
in terms of the decreased monomer concentration at
the particle loci (diluted by the emulsifier molecules)
and the increased desorption of radicals (monomeric
and emulsifier) from particles (typical for the small
polymer particles).
In the APS-initiated emulsion polymerization the

primary radicals derived from the APS initiator are
dissolved in the aqueous (disperse) phase where they

start the polymerization. The cage effect or the recom-
bination of primary radicals (SO4

��), however,
strongly disfavors the initiation polymerization. The
addition of one or more monomer units to the primary
(SO4

��) radicals can generate the radicals able to exit
from the cage effect or polymer particle and start the
polymerization. The conversion–time data and the
polymerization rate–conversion data for the inverse
emulsion polymerization of acrylamide initiated by
APS shown in Figures 5 and 6 result from the efficient
formation of initiating radicals. The shape of conver-
sion and polymerization rate curves is very similar to
those for the AIBN-initiated polymerization (see
above).
Figure 6 shows that the maximal rate of APS-initi-

ated polymerization (the curve 1) increases with in-
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Figure 3. Variation of the rate of polymerization in the in-

verse emulsion polymerization of AAm with the Tw 85 concentra-

tion and initiator type. (1): APS, (2): AIBN. Other conditions see

in the legends to Figures 2 and 6.
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Figure 4. Variation of monomer conversion in the inverse

emulsion polymerization of AAm with Tw 85 concentration and

reaction time. Recipe: 100 g cyclohexane, 35 g water, 5 g AAm,

0.104 g APS, 60 �C. [Tw 85]� 102/(mol dm�3 CH): (1) 2.72,

(2) 5.44, (3) 8.16, (4) 10.88, (5) 13.6.
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Figure 5. Variation of the rate of polymerization in the in-

verse emulsion polymerization of AAm with the Tw 85 concentra-

tion and conversion. Recipe: 100 g cyclohexane, 35 g water, 5 g

AAm, 0.104 g APS, 60 �C. [Tw 85]� 102/(mol dm�3 CH):

(1) 2.72, (2) 5.44, (3) 8.16, (4) 10.88, (5) 13.6.
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Figure 6. Variation of the polymerization rate per particle in

the inverse emulsion polymerization of AAm with the Tw 85 con-

centration and initiator type. (1): APS, (2): AIBN. Other condi-

tions see in the legends to Figures 2 and 5 and Tables I and II.
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creasing the emulsifier concentration. The maximal
rate of polymerization appears at [Tw 85] = 0.11
mol dm�3 (Figure 3, curve 1) and at [Tw 85] = 0.08
mol dm�3 in the APS-initiated polymerization or in
the AIBN-initiated one (see above), respectively.
The increase in the polymerization rate with increas-
ing the emulsifier concentration (Figure 5, curves 1–
4). The reaction parameter x ¼ 0:5 on the emulsifier
concentration (Rp,max / [Tw 85]x, up to [Tw 85] =
0.11 mol dm�3, from Figure 5, curves 1–4) is in a
good agreement with the classical micellar models
(x ¼ 0:6).27,30 The parameter x ¼ 0:5 indicates that
the emulsifier acts as the stabilizer and generator of
polymer particles as well. The decrease in the poly-
merization rate at the highest emulsifier concentration
(Figure 5, curves 4 and 5) deviates from the micellar
model.27 The similar trend was observed in the poly-
merization rate per particle vs. the emulsifier concen-
tration (Figure 4). The decrease in the polymerization
rate at a higher emulsifier concentration is attributed
to the decreased radical concentration in the polymer
particle. The dilution of monomer concentration with
the emulsifier molecules is further parameter which
depresses the polymerization rate.
At low emulsifier concentrations the polymerization

rate per polymer particle (Rpp) is larger for the APS-
initiated polymerization than for the AIBN-initiated
polymerization (Figure 4). The difference between
the Rpp values continuously decreases with increasing
the emulsifier concentration and the Rpp’s are nearly
same at high concentrations of emulsifier. When we
relate the initiator concentration to the whole reaction
volume (cyclohexane plus water) then the molar ratio
both initiators [AIBN]tot/[APS]tot is 2.8 (Tables I
and II). Under the free diffusion of initiator molecules
via both phases and the ratio [AIBN]tot/[APS]tot = 2.8
the polymerization would be faster in the AIBN-initi-
ated system. The polymerization rate shows that the
reverse is true, that is, the APS-initiated polymeriza-
tion is faster than the AIBN-initiated one. In the sec-
ond limiting approach the initiator dissolves and
forms the initiating radicals in one phase (AIBN in cy-
clohexane and APS in water) the molar ratio
[AIBN]CH/[APS]aq is 0.74 or 0.71 (corrected on the
water-solubility of AIBN) (Tables I and II). In the lat-
ter case the generated initiating radicals in the each
phase initiate the polymerization and the difference
in the polymerization rates is much closer to the ex-
perimental behavior. This approach, however, re-
quires the transformation of the hydrophobic (derived
from AIBN) primary radicals to less hydrophobic oli-
gomeric radicals and the hydrophilic (derived from
APS) radicals to the less hydrophilic oligomeric radi-
cals before they enter the hydrophilic polymer parti-
cles and exit from the hydrophilic particles. Figure 7

shows that the polymerization rate per particle (Rpp)
proportionally increases with increasing the particle
size and the increase is similar for both initiators. This
dependence is the result of the two opposing process-
es; 1) the radical rate efficiency (proportional to the
particle size) and 2) the radical desorption from parti-
cles (operative for the small particles). The Rpp’s for
the same size are larger for APS. According to the ra-
tio [AIBN]CH/[APS]aq = 0.74 or 0.71 the faster APS-
initiated polymerization is caused to the higher con-
centration of (oligomeric) radicals derived from APS
at the reaction loci (Tables I and II). The spectroscop-
ic measurements show that ca. 3% of the initial AIBN
was transferred from the oil phase into the aqueous/
monomer phase. This is in a good agreement with
5% and 6.9% of the initial AIBN transferred from
the oil to aqueous phase obtained for the direct emul-
sion systems.10,12 This indicates that the small amount
of AIBN cannot influence the polymerization process.
According to the above proposed mechanism of the

radical formation the reverse behavior observed in the
o/w emulsion polymerization {the APS-initiated
polymerization (the decomposition of APS in the con-
tinuous phase) is faster than the AIBN-initiated poly-
merization (the decomposition of AIBN in the dis-
perse phase)31} can be explained as follows: the
decomposition of AIBN and the addition of one or
more monomer units to the primary radicals in the dis-
perse phase forms more hydrophobic oligomeric rad-
icals unable to exit (or with the depressed exit) into
the continuous phase and take part in the further poly-
merization.
The dependence of the molecular weight of poly-

acrylamide on the emulsifier concentration for both
initiators is listed in Figure 8. The molecular weight
decreases with increasing the emulsifier (particle)
concentration and the decrease is much more pro-
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legends to Figures 2 and 5 and Tables I and II.
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nounced at high emulsifier concentrations. The similar
dependence shows the polymerization rate per particle
(Rpp) vs. the emulsifier concentration, that is, the Rpp

decreases with increasing the emulsifier concentration
and the decrease is much more pronounced at high
emulsifier concentrations (Figure 4). Figures 4 and 8
show that the molecular weight of polymer is propor-
tional to the rate of polymerization, that is, the larger
the polymerization rate the larger the molecular weigh
of polymer. This behavior supports the compartmen-
talization of reaction loci and excludes the kinetics
of homogeneous polymerization. The decreased con-
centration of monomer at the reaction loci and the
chain transfer to emulsifier are responsible for the de-
crease in the both the polymerization rate per particle
and the molecular weight of polymer especially at
high emulsifier concentrations.

The Fate of Radicals
According to the micellar model the initiation of

emulsion polymerization is a two-step process. The
first step starts in the continuous phase by the forma-
tion of primary radicals by the decomposition of the
initiator. The reaction of primary radicals with mono-
mer (soluble in the continuous phase) leads to the for-
mation of oligomeric radicals. The second step occurs
by the entry of oligomeric radicals into the monomer
swollen micelles or polymer particles. The oligomeric
radicals enter the polymer particles when they reach
the hydrophobicity (or hydrophilicity) similar to that
for the polymer particles. According to this assump-
tion the hydrophobic primary radicals (derived from
AIBN) do not enter the hydrophilic polymer particles.
The continuous-phase polymerization of AAm, how-
ever, can generate the oligomer radicals with higher
hydrophilicity or with the surface activity able to enter

the hydrophilic polymer particles. This indicates that
the models developed for the o/w emulsion polymer-
ization of hydrophobic monomers such as styrene can
be applied for the inverse emulsion polymerization of
AAm initiated by AIBN. At the steady state, the over-
all rate of radical entry into particles �ovarall is ex-
pressed by

�ovarall ¼ Rprod,c þ Rdes � Rter,c ð1Þ

where Rprod,c is the rate of radical production in the
continuous phase, Rdes the rate of radical desorption
from polymer particles and Rter,c and the rate of radi-
cal termination in the continuous phase. For the APS-
initiated inverse emulsion polymerization of AAm the
steady state somewhat differs from the model (eq 1)
and therefore the micellar model should be somewhat
modified before it is used to estimate the kinetic pa-
rameters such as radical entry and exit rate coeffi-
cients.
The average particle radical number ( �nn) estimated

from the rates of polymerization divided by the num-
ber of particles and the appropriate constants decreas-
es with increasing the particle concentration or de-
creasing the particle size (Tables I and II). The
estimated values of �nn are much below 0.5 for both
the APS- and AIBN-initiated polymerizations and
the �nn is somewhat lower in the AIBN-initiated poly-
merizations. Generally, the very low �nn values are dis-
cussed in terms of the (degradative) chain transfer, the
desorption of monomeric radicals from the polymer
particles and the pseudo-bulk kinetics.
The original approximate equation for (monomeric)

radical desorption from the polymer particles into the
continuous proposed by Nomura et al.13 under the sta-
tionary steady state (eq 1) is

kdes;N ¼ ðkmf=kpÞð3Dc�=mdr
2Þ

where

� ¼ ð1þ Dc=mdDpÞ�1 ð2Þ

Here, r is the particle radius, md the partition coeffi-
cient defined by ½Mp� ¼ md½Mc� (Mp: monomeric rad-
icals in the particle phase and Mc monomeric radicals
in the continuous phase) and Dc and Dp the diffusion
coefficient of monomeric radicals in the continuous
and particle phases, respectively. When mdDp � Dc,
kdes;N is expressed by eq 2, but when mdDp � Dw,
the expression for kdes (or kdes;N) changes to eq 3.

kdes;N ¼ ðkmf=kpÞð3Dp=r
2Þ ð3Þ

The specific desorption rate constant kdes (s
�1) is relat-

ed to k0des (cm
2 s�1) by the following equations:13,32

kdesap=vp ¼ k0des=½ð�=6Þ
2=3d2p� ð4Þ

where dp is the diameter of a monomer-swollen parti-
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Figure 8. Variation of the molecular weight of polyacryla-

mide (corresponding to the final conversion) in the inverse emul-

sion polymerization of AAm with the Tw 85 concentration and in-

itiator type. (1): APS, (2): AIBN. Other conditions see in the

legends to Tables I and II.
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cle, vp the volume of monomer-swollen particles, ap
the surface area of a monomer-swollen particle. The
values of dp and �m were used to calculate vp and
ap by a simple mass balance. The parameter k0des is in-
dependent of particle size and, therefore, it is reason-
able to compare k0des with the literature.
According to our best knowledge there are no data

on the desorption of radicals in the inverse AAm
emulsion polymerization. The solubility of styrene
in the continuous (aqueous) phase (the o/w emulsion)
is very low and comparable with the solubility of
AAm in the continuous (organic) phase (the w/o
emulsion). For the similar (restricted) solubilities of
styrene and AAm in the continuous phases (styrene
in water and AAm in toluene), particle sizes and
monomer chain transfer constants (ca. 0.1–0.3 for sty-
rene18,25 and 0.4–0.6 for AAm20–22) the Nomura mod-
el (Nmodel) estimates the similar k0des;N values for both
monomers. The k0des;N’s for the o/w emulsion poly-
merization of styrene initiated by the water-soluble in-
itiator (APS dissolved in the continuous phase) at
60 �C are in the range of 10�14–10�12 cm2 s�1.33,34

The k0des;N’s for the inverse emulsion polymerization
of AAm initiated by AIBN (dissolved in the continu-
ous phase) are estimated to be ca. 10�12 cm2 s�1

(Table IV), that is, k0des;N’s for the inverse polymeriza-
tion of AAm reach the upper limit of the k0des;N’s for
the emulsion polymerization of styrene. The k0des’s
ca. 10�13–10�12 cm2 s�1 were reported together with
the �nn below 0.5 (0.2–0.4, the emulsion polymerization
of styrene).34 The kdes;N’s are similar for both the di-
rect emulsion polymerization of styrene and inverse
emulsion polymerization of AAm but their �nn values
strongly differ. The k0des;N’s do not change with the
partition coefficient md (the values in the brackets
for the run with [Tw 85] = 0.0272mol dm3, Table
IV) which favors the desorption model given by
eq 3. The increased diffusion rate of radicals abruptly

increases the value of k0des;N (the values in the brackets
for the run [Tw 85] = 0.0816mol dm3, Table IV).
This can be taken as an indication that the diluted
polymer solution (the water-swollen polymer parti-
cles) could increase the exit of monomeric radicals
from the polymer particles.
The dependence of the desorption rate of radicals

on the rate of polymerization, the number of radicals
per particle and the number of particles is modeled
by the O’Toole approach.35 The experimental values
of dp, Np and �nn were used to estimate the exit rate
of radicals from the polymer particles through the iter-
ative approach comparing the experimental with theo-
retical �nn values:35

�nntheor ¼ a0=4½Imða0Þ=Im�1ða0Þ� ð5Þ

where a0 ¼ ð8aÞ0:5, Im and Im�1 are the Bessel func-
tions of the first kind of order m and m� 1, respec-
tively. The kinetic parameters a ¼ �avp=ktNp and m ¼
kdesap=kt are the dimensionless parameters related to
adsorption of free radicals by polymer particles and
desorption of radicals out of the particles, respective-
ly. The symbol �a is the absorption rate of radicals by
the particles and kt is the termination rate constant in
the particle. Ugelstad and coworkers14 took into ac-
count the termination reaction in the aqueous (contin-
uous) phase and reabsorption of desorbed radicals by
the particles and developed the following relationship:

a ¼ a1 þ m �nn� Ya2 ð6Þ

where a1 ¼ �ivp=ktNp and 2Naktwkt=k
2
cvpNp are the di-

mensionless groups related to the generation of initia-
tor radicals in water and termination of radicals in the
aqueous phase, respectively. The parameters ktw and
kc represent the termination rate constant in the aque-
ous (continuous) phase and rate constant for the cap-
ture of radicals by the particles, respectively. The rate
of initiation (�i) is given by

�i ¼ 2fkd ½initiator� ð7Þ

where f is the initiator efficiency, kd the decomposi-
tion rate constant of initiator and [initiator] the molar
concentration.
With the assumption that termination in the contin-

uous phase is not important (i.e., Y ¼ 0), a (or �a) and
m (or kdes;T ) can be calculated as,

1) Guess a value for m
2) Compute a according to eq 6
3) Compute �nn by eq 5
4) If calculated n is equal to the experimental value,

accept the theoretical values of a and m. If not,
go back to step 1.

5) Compute �a ¼ aktNp=vp and kdes ¼ mkt=ap.

Ugelstad et al.32 solved the simultaneous eqs 5

Table IV. Variation of desorption rate coefficient

in the inverse emulsion polymerization of AAm

initiated by AIBN with the Tw 85 concentrationa

[Tw 85] k0des;N kdes;N

�102 �1013 �102

(mol dm�3) (cm2/s) (s)

2.72 13.7 (13.7) 0.53 (0.54)

5.44 13.7 0.8

8.16 13.7 (1370) 0.91 (91)

10.88 13.7 1.2

13.6 13.7 1.4

a) For estimation of k0des were taken data from Tables II

and III (md ¼ 0:093). The values of k0des;N in brackets are esti-

mated for md ¼ 0:0016 ([Tw 85] ¼ 2:72� 10�2 mol dm�3)

and Dp ¼ 2:933� 10�10 cm2/s ([Tw 85] ¼ 8:16� 10�2

mol dm�3).
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and 6 for �nntheor and plotted the calculated �nntheor’s
against the value of a1 at fixed value of Y , varying
the value of m as a parameter. For the emulsion poly-
merization of styrene the value of m is about 10�4 or
smaller. The values of m for the inverse emulsion
polymerization of AAm is ca. by one order in the
magnitude larger (ca. about 10�3, Table V) which in-
dicates a increased desorption of monomeric radicals
from the polymer particles. The values of m and a

(their position in the �nntheor vs. a1 plot
32) suggest the de-

sorption of monomeric radicals from the particles and
the compartmentalized nature of the reaction loci (the
suspension polymerization mechanism is excluded).
The k0des;T (Table V) values for the desorption of

monomeric radicals from particles are by several or-
ders in the magnitude larger than the corresponding
k0des;N’s (Table IV). The very low concentration of rad-
icals in the particles and the very large k0des;T’s are in
the strong support of the robust desorption of radicals.
The model of desorption of radicals has the following
steps:13 1) transfer of free radical activity to monomer,
2) diffusion of the resulting monomeric radical, or
small oligomeric, free radical to the particle surface,
and then, if propagation beyond a certain degree of
polymerization has not occurred, 3) diffusion of the
free radical species away from the particle through
the aqueous phase. The rate limiting step for the exit
of radicals from present relatively large particles is
the diffusion of monomeric radicals to the particle sur-
face. The surface active AAm monomer is known to
concentrate in the interfacial layer due to which in-
creases the contribution of the polymerization in the
upper spheres of polymer particles.2 The chain trans-
fer to emulsifier and monomer and the exit of both
the monomeric and emulsifier radicals into the organic
continuous phase govern the polymerization process.
The k0des;T ’s were somewhat larger at the high emulsi-
fier concentration. Furthermore, the high-packed inter-
facial layer is formed at high emulsifier concentra-
tions. This is accompanied with the abrupt increase
in the surface area of the droplets which favors the de-
sorption of radicals.36

The strong desorption of monomeric radicals indi-

cates that the whole radical concentration in the con-
tinuous phase consists of two parts; the primary radi-
cals derived from AIBN and monomeric radicals
desorbed from particles. Table V shows that the ratio
�a=�i is much above 1 and it decreases with increasing
the number of particles or the emulsifier concentra-
tion. The behavior (�a=�i � 1) can be discussed in
terms of the efficient entry of radicals into particles
and/or the contribution of continuous phase termina-
tion. The decreased molecular weights of PAAm with
increasing the emulsifier concentration are in favor of
the increased termination. The continuous decrease of
the �a=�i parallels the decrease in the particle size.
The smaller the particle size the lower the radical en-
try rate (�a). The increased fraction of emulsifier in
the interfacial layer indicates the decrease in the inter-
action (reaction) of entering radicals with the surface
active monomer (AAm). The fail in the propagation
leads to the desorption of monomeric radicals.
Table VI shows that the estimated kinetic parame-

ters for the APS-initiated polymerization are very sim-
ilar to those obtained for the AIBN-initiated one
(Table V). This indicates that the mechanism of poly-
merization and the steady-state for the radicals are
similar for both initiators. The Rprod,c parameter in
the eq 1, thus, is more complex and includes the for-
mation of primary and oligomer radicals and the par-
titioning of radicals with the initiator end group and
one or more added monomer units between oil and
water phases (for AIBN). In the case of AIBN the con-
tinuous phase contains the primary and oligomeric
radicals derived from initiator and desorbed (mono-
meric and emulsifier) radicals. In the case of APS
the continuous phase contains oligomeric radicals
(due to the partitioning events) and desorbed radicals.

CONCLUSIONS

The inversion emulsion polymerizations initiated
by both APS and AIBN initiators are very fast and
reach the final conversion during several minutes.
The shapes of conversion curves and polymerization
rate versus conversion curves are very similar for both

Table V. Variation of kinetic parameters in the inverse emulsion polymerization of

AAm initiated by AIBN with the Tw 85 concentrationa

[Tw 85]� 102

(mol dm�3)
a� 104 m kdes/s

k0des� 109

(cm2/s)
�a

(mol dm�3 s�1)
�a=�i

2.72 25.0 0.84 1650 2.2 16.6 13.5

5.44 7.0 0.363 1340 2.3 5.7 16.7

8.16 4.74 0.336 1480 2.2 4.5 19.1

10.88 2.27 0.562 3664 4.2 4.0 36.7

13.6 1.4 0.563 4635 4.6 3.1 45.4

aFor other conditions see the legend to Table I.
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initiators. The rate of polymerization vs. conversion is
described by a curve with three rate intervals. For both
initiators the polymerization rate per particle is pro-
portional to the particle size and decreases with in-
creasing the emulsifier concentration and the decrease
is much more pronounced at the high emulsifier con-
centrations. The similar kinetic dependences for both
initiators were discussed in terms of the formation
of radicals with the similar hydrophobicity (or hydro-
philicity), diffusivity via the reaction system and par-
titioning between the oil and water phases. The pri-
mary radicals with an initiator group SO4

�� or
2-cyanoisopropyl concentrate in water or cyclohex-
ane. The polymerization generates the radicals with
an initiator group SO4

�� and 2-cyanoisopropyl and
one or more added monomer units which are supposed
to have similar partitioning coefficients between the
water and oil phases. The average number of radicals
per particle ( �nn) was observed to be much below 0.5.
The very low radical concentration in particles was at-
tributed to the strong desorption of low molecular
weight radicals (monomeric, emulsifier and radicals
with the initiator end group and one or more added
monomer units). The desorption rate constant k0des es-
timated by the Nomura model and Ugelstad approach
indicates the desorption of radicals and the desorption
rate is much more pronounced in the Ugelstad ap-
proach. The strong radical desorption was attributed
to the desorption of both monomeric and emulsifier
radicals. The polymerization of surface active AAm
is connected with the increased chain transfer to the
emulsifier and exit of monomeric and emulsifier radi-
cals. The ratio �a=�i � 1 was attributed to the in-
creased entry of radicals into particles. The continuous
decrease of the �a=�i parallels the decrease in the par-
ticle size. The increased fraction of emulsifier in the
interfacial layer is connected with the depressed inter-
action (reaction) of entering radicals with the surface
active monomer (AAm).

Acknowledgment. This research is supported by
the Slovak Grand Agency (VEGA) through the grant
number 2/4008/04. The author thanks Prof. M.

Nomura for his comments concerning of using his
model in the inverse emulsion polymerization and
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