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Abstract : Porous latex particles have been of increasing interests for scientific and industrial en-
trepreneurs due to their promising applications in diverse fields. In this paper, porous latex particles
consisting of St-MMA-AAlor MMA) were successfully prepared through 2 step seeded emulsion
polymetization followed by alkali/acid treatment. Influences of AA{or MAA) content. and of the
crosslinking agent on hollow formation inside the particles were studied. Resuits showed that a min-
imum AA content must be provided for the particle polymer in order to obtain expected porous
morphology. At an appropriate AA content, hollows were well formed and particle volume was sig-
nificantly expanded: at a higher AA content, hollows were also observed, but particle size ex-
pansion was reduced and even particle contraction appeared, crosslinking of latex is effective to
prevent particles from contraction. Results were discussed based on the mechanism of hollow for-

mation.

Introduction

Porous polymer particles or microbeads have
been of increasing interests. In the early sixties
polymer microbeads mainly consisting of poly
{styrene-divinylbenzene} have been studied and
actually widely applied to polymer supported
catalysts and ion exchangers.' The size of these
polymer particles is of the order of a few to sev-
eral hundreds of microns and mostly they are
prepared through suspension polymerization.
Preparations of finer porous polymer particles
of submicrons have been reported recently by
Vanderhoff et al.? and Okubo et al.* Okubo et al.
have published a series of papers” in which
they studied infliences of pH, alkali and acid
treatment temperature and time upon the for-
mation in latex particles of poly{styrene-butyl
acrylate-methacrylic acid). We have reported*
that the presence of carboxylic acid was neces-
sary in the second step in order to prepare
porous latex particles after alkali/acid treat-

ments. Many questions about their formation
mechanism are to be resolved though these
porous particles have been commercialized.®

Experimental

Materials and Emulsion Polymerization.
Monomers used in emulsion polymerization in-
clude styrene {St}, methyl methacrylate (MMA),
methacrylic acid {MAA) and acrylic acid (AA).
Sodium dodecylbenzene sulfonate (SDBS) and
ammonium persulfate (APS) were used respec-
tively as surfactant and initiator. The details for
their purification and treatments were described
elsewhere.” In certain cases, ethvlene glvcol di-
methacrylate (EGDMA) and divinyl
(DVB) were used as crosslinking agents.

benzene

Emulsion pelymerization was carried out by
seeded emulsion polymerization process. Seed
latices were prepared in the first step using 120
g of H:XO, 19g of St 1g of MMA, 0.1g of
SDBS and .24 g of APS. Taking the seed latex
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{represented by S, hereafter), seeded emulsion
copolymerizations of 5t. MMA and AA or MAA
were conducted with the same ingredient pro-
portion as that in the seed S, except in cases
where a crosslinking agent, EGDMA or DVB,
was used.

Polymerizations were carried out in a 4-neck
glass bottle equipped with stirrer, thermometer,
gas in-let and out-let for the purge of the sys-
tem with nitrogen before polymerization ini-
tiation. Seed preparation tempeature was con-
trolled at 70°C. and seeded polymerization at 85
°C. Stirring speed was fixed at 650 runs/min.

Latex Particle Treatment and Charact-
erization. Monomer conversion was determined
by gravimetry. Particle diameter {Dp) and mor-
phology after alkali/acid treatments was charac-
terized by transmission electron microscope
(TEM, JEM-100CXIl} with phosphotungstic acid
as a staining agent. Number of particles (Np)
was obtained based on particle size, monomer
conversion and polymer density.®

Alkali/acid
done as following: 10 mL of original seeded
latex, of which residual monomers were re-
moved by steam stripping, was diluted with 90
mL of water. 0.1 g of SDBS and 5 mL of bu-
tanone were then added to the diluted latex.
The pH value of thus obtained latex was ad-
justed to 12.2 with 10% NaOH aqueous solu-
tion. The latex was then alkali-treated at 90°C
for 3 h, and subsequently cooled down to the
ambient temperature; the pH value was then ad-
justed to 2.0 with 10% HCI aqueous solution,
and then the latex was acid-treated at 90°C for
3 h. The pH value was finally adjusted to 7
with 10% NaOH aqueous solution after cooling
down to the ambient temperature. Butancne as
a swelling agent was removed by rotating eva-
porator.

Crosslinking of the polymer was tested by
Soxhlet extraction using toluene as a solvent.
The polymer fraction not extracted for 20h
was dried and the degree of crosslinking was
calculated by comparison of this unextracted
polymer to the total polymer being extracted.

treatment processes have been
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Results and Discussions

Seeded Emulsion Polymerizations and
Particle Morphologies. The diameter of S
seed latex particles is 74 nm by TEM, with a
good dispersity (Figure 1).

Results of seeded polymerizations with dif-
ferent AA contents and crosslinking agents in
the 2nd step (S:A series) were shown in Table 1.
It can be seen that whether in the presence or
absence of a crosslinking agent. the difference
between experimental and theoretical particle
size (calculated based on the seed particle size,
monomer amount in the 2nd step and monomer
conversions®} are less than 10 nm when AA con-
tent was below 11% of monomers in moles {in
Table [). Given that the seed particle size was of
74 nm, this is considered as quite a good agree-
ment; in the seeded polymerizations with AA
content higher than 11% {S:AE and runs listed
below in Table I}, experimental particle size is al-
ways slightly smaller than the theoretical values.
This shows that new particles are produced,
which can be clearly cbserved from Np values
in Table [. As a general observation, the in-
crease of particle number, though not impoertant
for all runs, was more significant with the in-
crease of AA amount, this is believed to be due
to the higher water solubility of AA in com-
parison with 5t and MMA. This enrichment of
AA in water phase will certainly increase AA ini-

Figure 1. TEM micrograph of seed latex S1 of P(St-
MMA).
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Table 1. Seeded Emulsion Copolymerization of St-MMA-AA with Seed Latex(S,) Particle Prepared
in the Absence of AA

AA x-linking Conversion Dplnm) Np{10™/L}
Runs {%.mol) agent (Jo.wt) (%,wt) Expt Theo Expt Theo
5,4, 4.1 0 87.1 256 301 886 846
S5;A.E 41 E 1 97.1 313 367 7.61 840
S5,A:E 61 E 1 891 298 306 8.80 8.38
5)AE 80 E 1 920 308 311 857 8.36
SA:0D, 8.0 D, 05 958 303 314 9.33 8.37
Si1A:D; 8.0 D15 954 316 315 8.27 8.36
SAE 115 E 1 939 293 315 10.40 833
5,As 14.8 0 90.2 293 313 10.15 8.31
S,AE 14.8 E 1 928 310 317 887 830
5,40, 148 D, 05 94.5 302 319 947 8.30
5,A:0, 14.8 D, 10 93.8 302 318 5.72 829
SAD, 148 D, 20 502 300 315 9.61 8.08

*E D represent respectively EGDMA and DVB expressed in mol.% of total monomers used in the 2nd step polymerization.

Table H, Seeded Frulsion Copolymerization of St-MMA-MAA with Seed Latex (S,} Particle Prepared
in the Absence of AA

Runs MAA x-linking Cor‘;version Dplnim) Npi10**/L)

{%.mol) agent (%wt} {%.wt} Expt Theo Expt Theo
S MA, 50 0 98.3 310 318 899 8.36
S;MA, 80 0 890 293 307 9.65 8.36
SiMA:D, 80 D, 0.5 97.1 300 317 9.84 836
SMA:D, 80 D, 0.8 98.5 306 319 943 8.35
S;MAD; 80 D, 10 969 306 317 9.30 835
S, MA; 11.0 0 995 301 319 9.95 8.36
S,MA, 14.0 0 955 273 315 12.80 8.36

tiation and subsequently aqueous nucleation
of particles.

Similiar results were obtained in seeded emul-
sion polymerization with MAA as carboxylic
acid monomer (Table II, S\MA seriesl. It is
found that Np increase is more obvious in se-
eded copolymerization of St-MMA-MAA than
with AA al the same molar content level
(comparing S$:A: samples in Tablel | with $;MA;
samples in Table II). This is somehow surpris-
ing if new particie formation is simply attributed
to the monomer initiation and propagation in
the aqueous phase, since MAA is less water solu-
ble than AA, monomer initiation and homo-
geneous nucleation is, therefore, expected to be
more important in copolymerization with AA
than with MAA. The phenomenon observed
may be arosen from the difference between the
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critical length of oligomer radicals” for self-nu-
cleation in the aqueous phase. This critical
length of MAA must be smaller than that of AA
in the view of their water affinity, which needs
further Therefore less MAA
molecules in aqueous phase does not necessarily
lead to a less homogenous nucleation in com-
parison with the copolymerization of St-MMA-
AA.

In Figure 2, are shown TEM micrographs of
seeded polymer latexes consisting of $;A se-
ries with varying amount of AA; in Figure 3 are
shown micrographs of S5:MA series prepared
with varying amount of MAA. These pictures
show that the distribution of all seeded latex
particles are quite homogeneous despite of the
slight variations of Np values in Tabeles I and Il

It is to point out that all these seeded latex

investigations.
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Figure 2, TEM micrographs of seeded latex 5,A series
with AA used in 2nd step polymerization (AA% in mol,
A: S |AE, 4.1%: B: S5/A:E, 8.0%; C: S,AE, 11.5% ).

particles manifested an obvious core-shell mor-
phology. which is composed of a dark core and
a grey shell. This is aftributed to the phase
separation between PS5t and MMA-Acid-con-
taining P5t, providing that the weight of St is 19
times that of MMA. Pure PSt must be existing
though they tend to alternatively copolymerize
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Figure 3. TEM micrographs of seeded latex S5,MA series
with MAA used in 2nd step polymerization (MAA% in
mol, A: §,MA,. 5%; B: 5,MA,, 8.0%: C: §; MA,, 11.0%).

due to the fact that the reactivity ratios of both
monomers are less than 1 (rs=0.452, ruma=
0.46 at 60°C¥).

Another evidence for this core-shell formation
mechanism is the variation of the shell thickness
depending on the AA or MAA amount. The
more AA or MAA was present, the thicker was

Korea Polym. J. Vol 5. No. 4, 1997
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the shell observed (Figures 2 & 3). This is readi-
ly understood since the increase of AA or MAA
in copolymerization will facilitate phase separa-
tion of PSt from shell part. Comparing Figures
9B with 4A., which were all prepared with 8%
of AA but the latter is of 75.4% of crosslinking,

Figure 4. Morphology developement with latex aging
in crossiinked ($;A;D;) and uncrosslinked($ A E) latex
patticles {A: §,A,D; fresh latex; B: S:A;D; latex after 3
months of aging: C: 5,A;E latex after 5 months of ag-
ing: For 8,A:E fresh latex picture, see Figure ZB).

Korea Polym. J.. Vol. 5, No. 4, 1997

one can conclude that the phase separation is
impeded when particles were crosslinked, core-
shell morphology was not observed in Figure
4A. In addition, this phase separation was sig-
nificantly developed during latex aging. This
conclusion was drawn from the comparation of
the TEM micrographs in Figure 2B with those
of Figure 4C, which were obtained from the
same sample S:AE (Figure 4C is the pho-
tograph of $;A:E taken after 5 months of aging)
and of Figure 4A with 4B from crosslinking la-
tex S:A:D: sample (Figure 4B was taken after 3
months of aging). Core-shell morphology are
much more distinct after aging.

The Synthesis of Porous Latex Particle
Manufacture. To investigate the influence of
acid on the hollow formation in latex particles,
seeded latices $iA and SIMA were treated by
alkali/acid process. Results were given in Tables
Il and IV. From which following conclusions can
be drawn -

1) EGDMA is not an appropriate crosslinking
agent in the system. up to 1% in moles of
monomer content. polymer crosslinking was not
obviously observed except for the run of S.AE,
where 47% of polymer was crosslinked in the
presence of EGDMA of 1% (see Si1A:E, $IAE, S,
AJE). DVB is comparatively a better crosslink-

Tabie lIl. Volume Change and Hollow Observation in
Seeded Latex Particles with AA in 2nd Step
Polymerization after Alkali/Acid
Treatments (S,A Series)

Rms  Croglniege Dpy o DRe avim) ol
S)A, 0 296 296 0 No
5.4,E 0 313 307 -3.8 No
S,AE 0 295 328 33.3 Yes
S,AE 0} 308 353 50.5 Yes
S$A:D, 1 303 317 14.5 Yes
S1AD, 754 316 333 17.0 Yes
5,AE =0 293 301 84 Yes
514, 0 293 276 -16.4 Yes
5;A:E 47 310 297 -17.2 Yes
S,AD, 28 302 307 51 Yes
5,AsD, 86.0 203 278 -14.6 Yes
S,A:D; 915 300 306 6.1 Yes

*De, Particle diameter after alkali/acid treatments.

225



K. Xiangzheng et al.

Table IV. Volume Change and Hollow Observation in
Seeded Latex Particles with MAA in 2nd Step
Polymerization after Alkli/Acid
Treatments (S,MA Series)

Russ SENT e o AV G
S MA, 0 310 305 -48 Yes
S MA, 0 293 310 184 Yes
S,MAD, 398 300 291 -B7 No
SMAD, 434 306 2098 -7.6 No
S,MAD; 84.2 306 296 -95 No
S,MA; 0 301 276 -229 No

SIMA, 0 273 245  -27.7 Partially
Yes

ing agent. This is certainly because of the easier
copolymerization of abundant St with DVB
than with EGDMA.

2) The influence of AA content on hollow
formation and particle expansion is obvious.
When particles were not crosslinked ($,A; and
SIAE series] and the content of AA is less
than 4.1 mol%, particle size remained almost

unchanged after alkali/acid treatments {S:A:

and S1AE). From AA content of 6.1% (S,A-E)
and above, hollows abundantly appeared and
frem 6.1% to 11.5% AA contents, hollow ap-
pearence was accompanied by a volume in-
crease of particles. This particle expansion
achieved a maximum (5:A:E, AV =50.5%) at
8.0% of AA content. and then the particle ex-
pansion obviously declined. At an AA content
being 14.8%, particle size became smaller ithan
that before alkali/acid treatments, i.e, particle
volume contracted though hollows were still
observed.

3) If AV changes in S,A:E and S,A:D: were
examined, it can be concluded that at an AA
content of 8%, particle crosslinking causes an
obvious decrease in particle expansion, when
uncrosslinked, particle volume expands 50.5%
in S1AE, and this expansion declines to about
17% when 75% of polymer in particles is
crosslinked (5:A:D, and S:A:Ds). At a higher AA
content (S:A; series for instance), the effect of
crosslinking to particle expansion is opposite to
that at lower AA content, the volume of un-
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Figure 5. Micrographs of porous latex particles after
alkali/acid treatments (A, 5,4;E: B. $,A;D: C. $,A,E).

crosslinked particles was shrunk after alkali/acid
treatments, and it showed a slight volume ex-
pansion once crosslinked with DVB (S,A:D,).
Figure 5 shows that hollows formed in un-
crosslinked particles are larger than those in
crosslinked particles. the number of hollows are
obviously more important in crosslinked par-
ticles, and hollows are concentrated on the out-

Korea Polym. J.. Vol 5, No. 4, 1997
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layer of particies. This agrees with the con-
clusion that the shell part of core-shell mor-
phology observed before alkali/acid treatments
was consisting of AA containing polymers.

4) Similar results were obtained for latex par-
ticles prepared in the presence of MAA instead
of AA (Table IV). Hollows were observed for
samples containing MAA of 8% and below.
These hollows are not formed if a polymer is
crosslinked and particle volume is turned to con-
tract, this is opposite to the particle volume ex-
pansion observed in uncrosslinked samples($:
MA.). According to Okubo's studies on hollow
formation mechanism in latex particles, alkali
treatment serves for dragging out of polymer
chains with carboxylic groups due to ionic af-
finity, while the main function of the following
acid treament is to form a layer of carboxylic-
containing polymer chains on particle surface.
since these hydrophilic polymer segments pre-
viouly dragged out in alkali treatment would be
precipitated (or tightened} onto particle surface
due to their deionization in acid treatment. The
formation of this layer of tightened polymer seg-
ments prevented these deionized carboxylic
polymer chains from jostling their way back in-
side of the particles, and therefore to keep hol-
lows being as formed in alkali treatment. To
form these hollows a critical minimum carbox-
ylic concentration is needed. This explains the
results that hollows were not observed when a
AA content is below 4%. At a higher AA con-
tent, the dragging out of carboxylic groups may
lead to an important void portion inside the par-

Korea Polym. J.. Vol. 5, No. 4, 1997

ticles, there must be a upper limit for this void
portion, above which seriously hollowed par-
ticles can no more sustain and partially collapse,
in particular in the presence of butanone. This
would be a support to the results that hollows
were observed accompanied by a volume con-
traction with high content of acid monomer.
When particles were crosslinked, this apparant
coniraction must be postponed due to the in-

crease of mechanical strength of particles on

one hand, and on the other hand, the amount
of carboxylic groups dragged out must be also
reduced due to the crosslinking. This mechanism
can be equally applied to explain the results in
Table IV of S;MA series.
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