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ABSTRACT: The kinetics of miniemulsion polymerization of vinyl acetate, in which
nonionic surfactant, Brij-35 [polyoxyethylene(23) lauryl ether], and hexadecane were
used, was investigated. For comparison, experiments were also carried out using an
anionic surfactant (sodium lauryl sulfate). The results show that, for all experiments,
both distributions for the particle size of the latices and the molecular weight of
polymers were unimodal. The effects of surfactant and initiator levels on the particle
number and the polymerization rate were studied. For the system using Brij-35, the
power orders for the dependence of particle number on surfactant and initiator con-
centrations were 1.33 and 0.68, respectively. The polymerization rate was proportional
to the 0.38 power of surfactant level and the 0.84 power of initiator concentration. The
hydration layer outside the monomer-swollen particles in the system of nonionic sur-
factant may exert a retardation effect on the entry of oligomeric radicals into the
particles. The result of GPC analysis indicates that the surfactant concentration in-
versely affects the molecular weight. © 2001 John Wiley & Sons, Inc. J Appl Polym Sci 81:
1691–1699, 2001
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INTRODUCTION

A nonionic surfactant provides colloidal stabiliza-
tion via a steric effect rather than an electrostatic
repulsion effect as an ionic surfactant does. This
feature decreases the sensitivity of latices to the
pH or ionic strength in the aqueous solution, and
provides additional freeze–thaw stability. An ap-
propriately proportioned mixture of nonionic and
ionic surfactants is often used to synergistically
stabilize a colloidal system.

Surfactant plays a significant role in conven-
tional emulsion (macroemulsion) and miniemul-

sion polymerization systems, in which the surfac-
tant is considered preferentially absorbed onto
the oil–water interfacial area. In the emulsion
system, as a result of Ostwald ripening (the ten-
dency of a monomer to diffuse from smaller mono-
mer droplets to larger ones, to minimize the total
interfacial energy of the system), the droplets are
relatively large and the total interfacial area is
unable to accommodate all of the surfactant. The
unabsorbed surfactant molecules remain in aque-
ous phase and form micelles if the concentration
of the surfactant is above the critical micelle con-
centration (CMC). In accordance with the Smith–
Ewart (S-E) theory,1 the nucleation of particles
primarily occurs in micelles, and the droplets
serve as monomer reservoirs, providing the mono-
mer to the propagation loci. On the other hand, in
a miniemulsion process, a coemulsification sys-
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tem of surfactant/hydrophobe can retard Ostwald
ripening. Thus, very small monomer droplets pro-
duced by high shear rates can be stabilized. The
submicron droplets with large interfacial area are
capable of capturing most of the oligomeric free
radicals and the droplets become the loci of nu-
cleation. In addition, if a large fraction of the
droplets are nucleated, then transport of mono-
mer across the aqueous phase becomes less sig-
nificant, because the preponderance of the mono-
mer participating in the polymerization resides
within the polymerizing droplet/particle. The pre-
ceding description holds for ionic surfactants,
whereas this study focuses on the effects of a
nonionic surfactant on the miniemulsion process.

Reported work demonstrated interesting fea-
tures of the emulsion polymerization process sta-
bilized by nonionic surfactant.2,3 In their work on
emulsion polymerization with the nonionic sur-
factant Emulphogene BC-840 [octyl phenoxy
poly(ethyleneoxy) ethanol], Piirma and Chang2

found that the conversion–time profiles showed
two constant rate regions. The transition point
was at about 40% conversion. Bimodal particle
size distributions (PSDs) and molecular weight
distributions (MWDs) were reported. They noted
that the surfactant solubility in the monomer was
the primary reason for this phenomenon. A two-
stage nucleation mechanism for particles (micel-
lar nucleation below 40% conversion and a mix-
ture of homogeneous and micellar nucleation
above 40% conversion) was proposed to account
for the features of the conversion–time curves.
Ozdeger et al.3 investigated the role of the non-
ionic surfactant Triton X-405 in the emulsion po-
lymerization of styrene. They also found two con-
stant rate regions and bimodal PSD. By deter-
mining the partition coefficient of the surfactant,
they found that, because of a high solubility of
nonionic surfactant in the oil phase, the concen-
tration of surfactant in the aqueous phase was
lower than the CMC when the total amount of
surfactant was below a certain value. In this case,
they showed an initially slow, constant-rate re-
gion. Homogeneous nucleation was thought to oc-
cur in this region. At higher rates of conversion,
the surfactant is released to the aqueous phase
from the shrinking droplet phase, causing second-
ary micellar nucleation. If the total amount of
surfactant was over the critical value, the concen-
tration of surfactant in the aqueous phase ex-
ceeded the CMC, and the slow, constant-rate re-
gion disappeared.

According to the S-E theory, the polymeriza-
tion rate during Interval II (Rp) and the particle
number (Np) exhibit the following relationships:

Rp 5 n# Npkp@M#p/NA (1)

Np } @S#ns@I#ni (2)

where n# is the average number of free radicals in
particles, kp is propagation rate constant, [Mp]
refers to the monomer concentration inside the
swollen-polymer particles, NA is Avogadro’s num-
ber, and [S] and [I] are the concentrations of sur-
factant and initiator, respectively. For the cases
following the S-E theory, ns and ni are 0.6 and 0.4,
respectively. However, investigations in the liter-
ature2,4–6 indicate that the involvement of non-
ionic surfactants in emulsion polymerization sys-
tems could lead to a significant deviation from the
S-E theory. Chern et al.4,5 studied the emulsion
polymerization of styrene using mixed SLS/NP-40
surfactants, and reported that the values of ns
and ni varied at different ratios of SLS/NP-40.
Piirma and Chang2 reported ns of 2.66 for the
emulsion polymerization of styrene with Emul-
phogene BC-840. They interpreted this dramatic
deviation from the S-E theory by introducing a
concept of effective concentration of surfactant.
Because of the high oil solubility of nonionic sur-
factant, the amount of surfactant playing an ef-
fective role in emulsification is much less than the
total amount surfactant used. However, this ef-
fective concentration is not easy determine, as
they noted. Ozdeger et al.6 obtained the value of
ns of 2.67 at low surfactant level and 3.98 at high
level in the emulsion copolymerization of styrene
and butyl acrylate with Triton X-405.

Because of a different nucleation mechanism
exhibited in miniemulsion polymerization, com-
pared with that in macroemulsion polymeriza-
tion, the possible effect of a nonionic surfactant
must be much different. There are few reports of
miniemulsion polymerization with nonionic sur-
factants. Wang and Schork7 used polymeric sur-
factant and hydrophobe as emulsifier and cosur-
factant for miniemulsion polymerization. This
treatment may avoid the adverse effect of the
small-molecule surfactant and cosurfactant on
the end-use properties of latices. Chern and Liou8

observed the influence of the mixed SLS/NP-40
surfactants on the miniemulsion polymerization
of styrene in the presence of dodecyl methacrylate
or stearyl methacrylate. Landfester et al.9 re-
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ported work on styrene miniemulsion polymeriza-
tion using polyoxyethylene(50) hexadecyl ether in
the presence of hexadecane. Chern and Chen10

used NP-40 coupled with different hydrophobes
as cosurfactants to observe the Ostwald ripening
in the styrene miniemulsion systems. It was
noted that the more hydrophobic the cosurfac-
tant, the more effective it was in retarding the
Ostwald ripening. Chern and Liou11 studied the
miniemulsion polymerization of styrene stabi-
lized by NP-40/dodecyl methacrylate. The effects
of surfactant, cosurfactant, and initiator on the
polymerization rate, particle size, and nucleation
features were discussed. Under the conditions of
their experiments, they noted that the nucleation
mechanism could be mixed micellar/droplet nu-
cleation. The temperature of polymerization in
their experiment was 80°C. At such a high tem-
perature, the emulsifying effect of NP-40 may
have been reduced significantly.

The main focus of the present work is to inves-
tigate the effect of nonionic surfactant on the ki-
netics of miniemulsion polymerization of vinyl ac-
etate (VAc) using the nonionic surfactant,
polyoxyethylene(23) lauryl ether (Brij-35). This
study looks at miniemulsion polymerization with
nonionic surfactant of VAc rather than styrene.
We believe it is the first to do so, with the excep-
tion of Wang et al.,7 who used polyvinyl alcohol.
Vinyl acetate differs substantially from styrene in
its (quite high) water solubility. In addition, non-
ionic surfactants are generally not as soluble in
VAc as in styrene. Finally, the range of nonionic
surfactant used ranges down to approximately 2
wt % on monomer, a very low level for typical
nonionic surfactants.

Some comparisons are made between the re-
sults obtained with nonionic and anionic surfac-
tants. Furthermore, the effect of nonionic surfac-
tant concentration on the molecular weight of
polymer is observed.

EXPERIMENTAL

Materials

Reagent-grade VAc was provided by Aldrich
Chemicals (Milwaukee, WI) and was treated with
an inhibitor remover column (Inhibitor remover,
disposable column, for removing hydroquinone
and hydroquinone monomethyl ether; Aldrich) to
remove the inhibitor. The purified VAc was stored
at 22°C until used. Potassium persulfate (KPS,

99%; Aldrich), polyoxyethylene(23) lauryl ether
[Brij-35, C12H25(OCH2CH2)2nOH, n ; 23, M# n
; 1198, hydrophobic/lipophobic balance ; 16.9;
Aldrich], sodium lauryl sulfate (SLS, 98%; Al-
drich), hexadecane (HD, 99%; Aldrich), and hy-
droquinone (98%; Fisher Scientific, Springfield,
NJ) were used as supplied. The water was deion-
ized before use.

Recipes and Conditions

The recipes and conditions of the experiments
were as shown in Table I.

Polymerization

The cosurfactant (HD) was dissolved in VAc. A
part of the recipe’s total water (20%) was taken
for the preparation of the initiator solution.
Brij-35 was dissolved in the rest of the water. The
monomer and surfactant solutions were mixed
and stirred, to form a preemulsion. The mini-
emulsion was formed by sonicating the preemul-
sion with a Fisher 300-W Sonic Dismembrator
working at a relative output of 60%. The mini-
emulsion was charged into a 500-mL reactor,
equipped with nitrogen purging tube, cooling coil,
condenser, thermometer, and stirrer. With nitro-
gen purging, the miniemulsion was heated to
55°C for 20 min. The initiator solution was then
injected into the reactor to start the polymeriza-
tion. Samples of 5–6 g were removed from the
reactor with a syringe at intervals for gravimetric
conversion analysis. The capped vials for collect-
ing samples contained a little amount of 0.5 wt %
hydroquinone solution to quench the polymeriza-
tion in the samples.

Table I Recipes and Conditions of Experiment

Experiment
Code

Surfactant/Content
(mol/L water)

KPS
(mol/L water)

B1 Brij-35/0.008 0.02
B2 Brij-35/0.02 0.02
B3 Brij-35/0.03 0.02
B4 Brij-35/0.05 0.02
B5 Brij-35/0.07 0.02
B6 Brij-35/0.02 0.01
B7 Brij-35/0.02 0.03
S1 SLS/0.008 0.02
S2 SLS/0.02 0.02
S3 SLS/0.05 0.02

Oil/(Oil 1 water): 0.3 wt; HD: 1.5 wt % in oil; oil 1 water:
300 g; temperature: 55°C; impeller speed: 300 rpm.
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Particle Size

Polymer particle sizes were measured by light
scattering with a ProteinSolution LSR-TC dy-
namic light scattering instrument. To measure
polymer particle size, a drop of latex was diluted
by a factor of several hundred with DI water. The
diluted particle suspension was placed in a plastic
curette for analysis.

Molecular Weight

A Waters gel permeation chromatography (GPC)
system (Waters Instruments, Rochester, MN) was
used to measure the molecular weight of the syn-
thesized polymers. The GPC system included a
Waters 2690 separation module, Waters 410 re-
fractive index detector, and three columns (300
3 7.8 mm, in series, gel pore sizes of 103, 104, and
106 Å). The Waters Millennium32 software was
used to calculate the molecular weight via con-
ventional calibration relative to polystyrene stan-
dards. The samples were prepared by dissolving
the dried latex in tetrahydrofuran (THF) at a
concentration of 5 mg/ml THF. The GPC was op-
erated at room temperature and a flow rate of
mobile phase (inhibitor-free HPLC-grade THF) of
1.0 mL/min.

RESULTS AND DISCUSSION

Effect of Surfactant and Initiator on the Colloidal
Property of Polymerized Latices

Several experiments with different Brij-35 or SLS
levels were carried out to observe the effect of
surfactant level on the particle size and number.
Figures 1 and 2 show the relationships of particle
size versus conversion at different surfactant lev-

els for both nonionic and anionic surfactants. An
evident dependence of particle size on the surfac-
tant level can be seen: the higher the surfactant
level, the smaller the particle size. The particle
size formed in the system with nonionic surfac-
tant was significantly larger than the size in the
system with anionic surfactant. This is also seen
in macroemulsion polymerization.12

The latices produced in these systems were
monodisperse, unlike the bimodal distributions
reported in the literature for macroemulsion po-
lymerization with nonionic surfactant.2,3 The
polydispersity indices characterizing the distribu-
tions of particle size are shown in Figures 3 and 4.
Using more nonionic surfactant appears to result
in a more narrow distribution of particle size.
However, when the Brij-35 level was more than
0.03 mol/L water, the differences in polydispersity
index were negligible. At low surfactant level, the
particle size and polydispersity fluctuated drasti-
cally with monomer conversion, which implies

Figure 1 Particle size versus conversion with Brij-35. Figure 2 Particle size versus conversion for the sys-
tem using SLS.

Figure 3 Polydispersity index of particle size distri-
bution versus conversion for B1–B5.
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that the colloidal system produced with too low an
amount of nonionic surfactant is not very stable.
However, in the system with SLS, this instability
does not exist in the experimental range. As ex-
pected, the anionic surfactant was more effective
than the nonionic for emulsification and stabili-
zation in the miniemulsion process.

The particle number–conversion relationships
at various surfactant levels are shown in Figures
5 and 6. The data indicate that the nucleation of
particles occurs until 20 to 40% monomer conver-
sion. However, for the cases of high surfactant
level, the nucleation continued into the high con-
version region. Comparisons between B1and S1,
B2 and S2, or B4 and S3 indicate that the anionic
surfactant produces more particles than does the
nonionic surfactant at the same concentration. To
correlate the dependence of the particle number
of the final latex Np on the surfactant concentra-
tion [S], log–log plots of Np versus [S] are shown
in Figure 7. The order of the dependence of Np on
[S] (ns) estimated from the slopes of lines through

the data were 1.33 for Brij-35 and 0.56 for SLS.
The effect of surfactant level on the particle num-
ber is more pronounced in the Brij-35 system than
in the SLS system. Delgado et al.13 found a 0.25
power dependence for the miniemulsion copoly-
merization of VAc–BA (50 : 50) with surfactant
level less than 0.01 mol/L water. Fontenot and
Schork14 reported a value of 0.77 in the miniemul-
sion polymerization of MMA. As mentioned in the
previous section, in macroemulsion polymeriza-
tion using nonionic surfactant, the order of depen-
dence (ns 5 ; 2.66–3.98) is much higher than the
order for the system using anionic surfactant (ns
; 0.6) because of the relatively high solubility of
nonionic surfactant in the oil phase. This differ-
ence between nonionic and anionic surfactants for
the miniemulsion system is not as drastic as that
for the emulsion system, the reason for which can
be attributed to the different particle nucleation
mechanisms in the two systems.

The effect of initiator concentration on particle
number in final latex was investigated under a
condition of fixed Brij-35 level. A double-logarith-
mic relationship between Np and [I] is shown in
Figure 8. The particle number is proportional to

Figure 6 Particle number versus conversion with
SLS.

Figure 4 Polydispersity index of particle size distri-
bution versus conversion for S1–S3.

Figure 5 Particle number versus conversion with
Brij-35. Figure 7 Particle number versus surfactant level.
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the 0.68 power of the initiator concentration. In
the systems with anionic surfactant, the value of
ni was reported in a wide range from 0.11 to
0.8.13–15

Effect of Surfactant and Initiator on the Rate of
Polymerization

The conversion–time curves for different surfac-
tant levels are shown in Figures 9 and 10. There
are no two constant-rate regions in the conver-
sion–time curves, as noted in the case of macro-
emulsion polymerization with nonionic surfac-
tant. The rate of polymerization, which can be
calculated from the conversion–time curve, is ap-
proximately constant over the conversion region
of about 15 to 45%. This range was used to calcu-
late rates of polymerization. The double-logarith-
mic relationship between polymerization rate Rp
and [S] is shown in Figure 11 for the systems with
Brij-35 and SLS, respectively. The slopes of lines
give the order of dependence of Rp on [S] as 0.38
for Brij-35 and 0.27 for SLS. The difference be-
tween the two systems is not significant. The re-
sult for SLS is in agreement with the data re-

ported in the literature for the system using an-
ionic surfactant.13,14

Based on the polymerization rate, particle
number, and monomer concentration, the average
number of radicals per particle n# can be esti-
mated. The values of kp and [M]p used for estima-
tion are 6000 L mol21 s21 16 and 7.075 mol/L
particle (assumed at 35% conversion). There
might conceivably be an effect of surfactant level
on [Mp] as a result of either a dilution of the
monomer droplet with dissolved surfactant or a
lowering of the interfacial tension, resulting in
reequilibration of the monomer in the particles.
These effects are thought to be negligible, al-
though to eliminate this source of error, [Mp] was
calculated from the measured monomer conver-
sion (i.e., [Mp] was calculated at 35% monomer
conversion, assuming 100% droplet nucleation,
and Rp was estimated at the same point). Thus,
the value of n# around 35% conversion was esti-
mated and correlated with the concentration of
surfactant, and is shown in Figure 12. For the
system with nonionic surfactant, the value of n#
depends significantly on the concentration of sur-

Figure 10 Conversion–time curves for various SLS
levels.

Figure 8 Particle number versus initiator level.

Figure 9 Conversion–time curves for various Brij-35
levels.

Figure 11 Polymerization rate versus surfactant con-
centration.
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factant. Because the particle number varies from
experiment to experiment, the free radical num-
ber per mole of monomer in particles N# [5n# /(mole
monomer in particles at 35% conversion)] was
estimated and plotted versus surfactant concen-
tration (Fig. 13). It is clear that, at low surfactant
concentration, N# is lower, although the larger
monomer-swollen particle can accommodate more
free radicals. With the increase of surfactant
level, N# becomes higher and higher, and leads to
the observed increase in the rate of polymeriza-
tion. At the same surfactant concentration, the
number of particles nucleated in the SLS system
is much larger than that in the Brij-35 system.
Thus, the effectiveness of free radical capture is
much higher in the SLS system than that in the
Brij-35 system, and N# is consequently higher.

Similarly, change in the average number of
free radicals per particle with monomer conver-
sion can be estimated based on [M]p at the corre-
sponding conversion. This relationship is shown
in Figure 14, from which one can see a marked

difference between nonionic and anionic surfac-
tants. After initiation, n# for the nonionic surfac-
tant goes up to a maximum then declines gradu-
ally. For the anionic surfactant, n# continuously
decreases with increasing conversion. This behav-
ior for the nonionic surfactant is probably caused
by the barrier of the hydration layer at the sur-
face of the particles. When Brij-35 is absorbed on
the oil–water interface, hydrophobic lauryl
groups will extend into the oil phase, whereas the
hydrophilic polyoxyethylene will extend into the
aqueous phase. Because of the hydration effect of
the polyoxyethylene chain, a relatively stable and
viscous hydration layer will be formed outside the
monomer-swollen particles. This layer may
hinder the oil-soluble oligomeric free radicals’ en-
try into the particles, so that n# will go through a
period from low to high. On the other hand, for
the system using anionic surfactant, no such hy-
dration layer exists and n# quickly reaches a max-
imum value after the system is initiated, then
decreases as the monomer-swollen particle
shrinks as a result of polymerization. Ozdeger et
al.17 reported a similar tendency of retardation in
the macroemulsion polymerization of butyl acry-
late with the nonionic surfactant Triton X-405.

The effect of initiator on the rate of polymer-
ization for the system using Brij-35 was investi-
gated. The double-logarithmic relationship of po-
lymerization rate versus the concentration of ini-
tiator is plotted in Figure 15. The polymerization
rate is proportional to an exponential concentra-
tion of initiator. The order of dependence was
estimated as 0.84, compared with about 0.39–0.6
for the miniemulsion process with anionic surfac-
tant.13,14

Figure 12 Average free radical number (per particle)
versus surfactant concentration.

Figure 13 Free radical number (per liter particle)
versus surfactant concentration.

Figure 14 Average free radical number (per particle)
versus conversion at various surfactant levels.
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Molecular Weight and Distribution

For experiment B2, the polymers collected at dif-
ferent conversions were analyzed by GPC. The
elution spectra are shown in Figure 16. In each
spectrum, the left peak is the polyvinyl acetate,
and the right peak is primarily the Brij-35 (M# n
; 1198). The distributions of molecular weight at
four conversions are nearly unimodal, unlike the
reported results for macroemulsion polymeriza-
tion with nonionic surfactant.2 The molecular
weights and distributions for these spectra are
shown in Figure 17. With increasing conversion,
the weight-average molecular weight M# w in-
creases quickly then begins to level off before the
end of the polymerization. The rapid rise in mo-
lecular weight can be attributed to the strong
tendency of vinyl acetate toward chain transfer to
polymer and subsequent long-chain branching.

Figure 18 shows the GPC spectra for the final
polymers produced at three Brij-35 levels. The
average molecular weights and distributions are

listed in Table II. There is an obvious influence of
surfactant level on the molecular weight. At high
surfactant levels, the molecular weight is de-
creased. This tendency may be interpreted by con-
sidering the number of radicals per mole of mono-
mer in particles N# , which for B1 through B3 are
2.47, 3.77, and 4.56 3 1016, respectively. As can
be expected, a lower value of N# results in a higher
average molecular weight. Also, there is likely a
component of chain transfer to surfactant, caus-
ing a reduction in molecular weight with surfac-
tant level.

CONCLUSIONS

This investigation of the miniemulsion polymer-
ization of vinyl acetate using nonionic surfactant
demonstrated that the shape of the conversion–
time curve is similar to the one obtained in the
system with anionic surfactant, and both distri-

Figure 15 Polymerization rate versus initiator level
at constant Brij-35 concentration.

Figure 16 GPC elution spectra for the samples in
experiment B2. (From bottom to top, the conversions
are 0.06, 0.25, 0.75, and 0.96.)

Figure 17 Molecular weight and polydispersity
change versus conversion for experiment B2.

Figure 18 GPC elution spectra for final polymers at
various Brij-35 levels. (From left to right, the spectrum
codes are B1, B2, and B4.)
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butions for the particle size of the latices and the
molecular weight of polymers are unimodal.

The number of particles produced in the mini-
emulsion polymerization is less with nonionic
surfactant than with anionic surfactant. The or-
der of dependence of particle number on surfac-
tant level is 1.33 and 0.56, respectively. This dif-
ference between the two values is not as dramatic
as is the case for the macroemulsion process be-
cause of the nature of the nucleation process. At
the constant Brij-35 level, the particle number is
proportional to the 0.68 order of the concentration
of initiator.

The dependence order of the surfactant level on
the polymerization rate for nonionic and anionic
surfactants is similar, although the polymeriza-
tion rate for the anionic surfactant is higher. The
polymerization rate is dependent on the 0.84
power of the concentration of initiator. The hydra-
tion layer outside the monomer-swollen particles
in the nonionic system surfactant may exert a
retardation effect on the entry of oligomeric rad-
icals into the particles.

The molecular weight of the resultant poly-
mers is influenced by the concentration of surfac-
tant, decreasing with the increase of concentra-
tion. This tendency can be correlated to the dif-
ference in the number of free radicals in per mole
monomer in particles.

The authors gratefully acknowledge the financial sup-
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