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Preparation of porous and non-porous
poly(iso-butyl methacrylate) microspheres
by suspension polymerization

Suspensiyon polimerizasyonu ile gozenekili
ve gozeneksiz poli(iso-butil metakrilat)
mikrokurelerinin hazirlanmasi
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ABSTRACT

Porous and non-porous Poly(isobutyl methacrylate) (PiBMA) microspheres were synthesized by suspension
polymerization technique in agueous medium to remove light petroleum derivatives from sea water. Influ-
ence of the crosslinking agent, porogen and reaction parameters on the solvent uptake, porosity and networks
structure of the PiIBMA spheres were investigated. Gasoline and small aliphatic hydrocarbons (pentane, he-
xane and heptane) were used as model solvents. Swelling behavior and network properties were found to be
dependent on the crosslinking density of the sphere, crosslinking agent, porosity and solvent. Highest solvent
uptake for both porous and non-porous PiBMA spheres was observed in gasoline. PIBMA microsphere shown
to be good candidates for the removal of light petroleum derivatives and they preserved their uptake capacity
and shape over several usages.
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6ZET

Deniz suyundan hafif petrol tlrevlerinin uzaklastirilmasi amaciyla suspensiyon polimerizasyonu teknigi ile
sulu ortamda gdzenekli ve gdzeneksiz poli(izo-butilmetakrilat) (PiBMA), mikro kireleri hazirlanmistir. Cap-
raz baglayici, gézenek yapici ve reaksiyon parametrelerinin, mikro kiirelerin sivi tutma kabiliyetlerine, gézenek
yapisina ve ag yapisina olan etkileri incelenmistir. Benzin ve kii¢lik hidrokarbonlar (pentan, hekzan ve heptan)
model ¢ozlicller olarak kullaniimistir. MikrokUrelerin ¢ézicl icinde sisme davranisi ve ag yapi Ozellikleri, cap-
raz baglanma yogunluguna, capraz badglayici tirline, gézenek yapisina ve ¢6zlci tirine bagh oldugu tespit
edilmistir. Hem g6zenekli hem gbzeneksiz kiirelerde en yuksek sivi tutma kapasitesi benzinde gdzlenmistir.
Genel olarak PiBMA mikrokireleri deniz suyundan hafif petrol tirevlerinin uzaklastirilmasinda etkili olduklari
ve birden fazla kullanim sirasinda hem kapasitelerini hem de sekillerini yitirmedikleri gdzlenmistir.
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INTRODUCTION

Polymeric microspheres have found large
applications in the medical and industrial
field. In medicine, alone or coated with antibodies,
antigens and proteins they have been used for
immobilization of enzymes, for the encapsulation
of mammalian cells, for immunochemical studies,
for the controlled release of pharmaceuticals
and as molecularly imprinted selective agent
[1-5].  Unmodified polymer spheres also find
extensive use as standards for instrument set-
up and calibration [6]. Microspheres have been
used as sorbents to remove some metal ions
[7]. This large application field prompted us to
study these useful beads for the environmental
application and we prepared both porous and
non-porous poly(iso-butyl methacrylate, PiBMA)
microspheres for the oil removal from sea
water. In an earlier communication we published
our data on preparation of non-porous PiBMA
microspheres and investigated their uptake
capacity and swelling behavior in various light
molecular weight hydrocarbons (pentane, hexane,
and heptane) and gasoline [8]. We produced
microspheres with 800-1500mm diameter range
and having different crosslinking densities by
suspension polymerization technique. We chose
the suspension polymerization over emulsion
polymerization due to size of the particles, higher
purity, reaction conditions and less post reaction
maintenance.

The suspension polymerization process is
typically carried out in well stirred batch reactors
(Figure 1) [8-12]. All the reactants (monomer,
initiator, etc.)resideinthe organic (oroil) phase [13].
The organic phase is dispersed in the continuous
phase which is commonly water in the presence
of surface active (surfactant) agents (inorganic
or/and water-soluble polymers) and agitation.
The polymerization occurs in the monomer
droplets that are progressively transformed into
rigid, spherical polymer particles. Suspension
polymerization has important advantage
compared to the bulk process and emulsion based
polymerization such as control of the reaction
temperature due to the presence of the dispersion
medium (water), milder reaction conditions,
product homogeneity, and higher purity than

Continuous phase
(water and surfactan

tant)

Figure 1. Suspension polymerization.

those produced by emulsion polymerization. In
earlier study we published our findings on the
polymerization conditions for the preparation
of non-porous PiBMA spheres by suspension
polymerization technique [8]. We studied the
effect of crosslinking agent concentration (0.03,
0.05, 0.07, 0.1 weight percent of monomer) and
molecular weight (ethylene glycol dimethacrylate
(EGDMA) and butanediol dimethacrylate) on the
solvent uptake in pentane, heptane, hexane and
gasoline along with the network and diffusion
parameters. The study revealed that even with
a small increase in the crosslinking agent chain
length, the equilibrium swelling was increased in
all solvents (Figure 2-3) [8-10]. Also the increase
in the crosslinking agent concentration reduced
the maximum swelling value regardless the chain
length. For the solvent with higher molecular
weight we observed more solvent uptake due to
the similarities between the solvent parameter
of PiBMA spheres and the solvents studied
(the solubility parameters for pentane, hexane,
heptane and PiBMA are 7.0, 7.3, 7.4 and 8.5-11.
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Figure 2. Equilibrium swelling of non-porous PIBMA
spheres crosslinking with EGDMA.
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Figure 3. Equilibrium swelling of non-porous PIBMA sphe-
res crosslinking with BDDMA.

(cal/cm?®)¥2 respectively) [14]. The highest swelling
was observed in gasoline for both BDDMA and
EGDMA; although no solubility parameter value
is available for gasoline in the literature, one
would assume since gasoline [8] is composed of
a mixture of many organic aliphatic and aromatic
compounds which are likely to interact well with
PiBMA.

The diffusion parameters; diffusion coefficient,
D and diffusional exponent, n for the non-porous
PiBMA (Table 1-2) indicated that the diffusion
coefficient was inversely proportional to the

molecular weight of the penetrant. As the mesh
size of crosslinked network was reduced through
higher concentrations of crosslinking agents, the
diffusion coefficient of all three solvents showed
considerable decreases. The network parameters
were also highly dependent on the crosslinking
agent (Table 3); the increase in the percentage
of the crosslinking agent caused a decrease in
molecular weight between crosslinks, M . Also, the
l\_/lC values which were determined for the BDDMA
have higher values than that of EGDMA [8]. The
reason for this observation is the relatively longer
chain length of BDDMA.

Using same method we also prepared porous
PiBMA spheres to decrease uptake time. For the
production of porous microspheres we introduced
an inert porogens (toluene and heptane/dioxane
mixture) into polymerization medium which could
be easily removed upon polymerization. In this
publication while summarizing the findings of
earlier work we reported the effect of crosslinking
agent concentration along with porogen type and
amount on the porosity, swelling behavior and
network parameters of PiBMA microspheres.

Table 1. Variation of diffusion coefficient, D, with the amount of crosslinking agent (EGDMA and BDDMA) and type of

solvent.
5 2
Dx10 (cm /min)
Amot{nt.of Pentane Hexane Heptane Gasoline
crosslinking
(ag;”t) EGDMA BDDMA EGDMA BDDMA EGDMA BDDMA EGDMA BDDMA
wi%
0.03 5:0.5 5x1 41 5+0.3 4+0.6 4+1 101 10+0.3
0.05 3+0.3 51 3+0.2 4+0.2 3+0.7 41 9x0.7 101
0.07 3+0.2 3:0.4 2+0.2 2+0.4 2+0.2 2+0.5 9+0.7 9+0.4
0.1 2+0.4 3+0.2 2+0.5 2+0.1 2+0.1 2+0.7 71 81
Table 2. Variation of diffusional exponent, n, with the amount of crosslinking agent (EGDMA and BDDMA) and type of
solvent.
n
Amot{nt.of Pentane Hexane Heptane Gasoline
crosslinking
fgteont) EGDMA BDDMA EGDMA BDDMA EGDMA BDDMA EGDMA BDDMA
wi%
0.03 0.6x0.2 0.5x0.2 0.7+0.1 0.5x0.1 0.7+0.3 0.6+0.2 0.7+0.1 0.6+0.1
0.05 0.8+0.1 0.6x0.2 0.8+0.2 0.6x0.1 0.9+0.2 0.7+0.2 0.9+0.1 0.8+0.1
0.07 0.9+0.1 0.7+0.1 0.9+0.1 0.7+0.3 0.9+0.1 0.8+0.1 0.9+0.1 0.9+0.2
0.1 0.9+0.1 0.7+0.1 0.9:0.2 0.8+0.3 1.0+0.1 0.9+0.1 1.0+0.2 1.0+0.1
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Table 3. Variation of network structure parameters with the amount of crosslinking agent (EGDMA and BDDMA); values
are averages of the values calculated for each solvent (pentane, hexane, heptane and gasoline).

crov;l;?lli%rll:ng ¢ S MC q P
(av?f;'/lt) BDDMA | EGDMA | BDDMA | EGDMA | BODMA | EGDMA | BDDMA | EGDMA | BDDMA | EGDMA
003 [03:001| 03202 | 3.0:0.4 | 3.0:0.6 | 2100=3 | 910+15 | 0.06:0.01|0.2:0.06| 102 | 1=0.
005 |[03:0.04| 03:05 | 3.0:0.2 | 3.0:03 | 1975:4 | 765212 | 0.0720.01 [0.2:0.04| 1203 | 1203
007 | 03201 | 0303 | 3.0:0.8 | 3.0:0.3 | 1755:9 | 65029 |0.08:0.02|0.2:0.04| 101 | 1:0.4
01 [0420.05| 04201 | 2.5:01 | 3.0:0.4 | 145014 | 588:8 |0.08:0.03]|0.2:0.02| 101 | 1202
Experimental Swelling

Materials and Methods

The iso- butyl methacrylate monomer, supplied
from Merck was purified by passing through
active alumina. The crosslinking agents (EGDMA,
BDDMA) were purified by the same method.
Benzoyl peroxide initiator supplied from BDH was
purified by recrystalization twice from methanol
before use. Poly(2-N-vinyl pyrrolidone) (PVP) and
tricalcium phosphate (TCP) obtained from BDH
and Merck respectively selected as suspension
stabilizers and used without further purification.
Toluen, heptane and dioxane were also used as
received. Distilled water was used as dispersion
medium.

Synthesis of porous PiBMA microspheres

In order to obtain PiIBMA spheres with an average
diameter of 800-1500 mmthe following procedure
has been applied. For the non-porous PiBMA
spheres, the monomer/water ratio selected as 1/5
by volume and dispersion medium was prepared
by dissolving predetermined amounts of PVP and
TCP in distilled water. The initiator concentration
was selected as 1g BPO / 100g i-BMA, and then
crosslinking agent added to monomer phase. For
the porous PiBMa microspheres varying amount
of porogen (toluene or heptane/dioxane mixture
(1:3 by volume) was also added to monomer
phase then transferred into dispersion medium
placed in a mechanically stirred (at a constant
stirring rate) round bottom cylindrical reactor
which was thermostatically controlled to +1°C.
All experiments were carried out at nitrogen
atmosphere and 70°C. After polymerization the
spheres were cleaned by several washing steps
with water and ethanol then dried in a vacuum
oven.

Dynamic swelling behaviours of crosslinked
spheres were determined by measuring the
diameter of spheres as a function of time by an
optical microscope at room temperature. All
experiments were repeated with n=6 samples
with same diameter. The PiBMA spheres prepared
in this study had a crosslinked network structure.
The following equation was used to calculate the
percentage volume swelling:

Swelling % (volume percent) = [(Vt-Vi)/V.‘] x 100
= (R2/R?-11x100

Here, V, V, R, and R, show the volume
and diameter of spheres initially and at time t,
respectively. The % swelling values obtained from
this equation is plotted against time and used to
calculate diffusional exponent (n) and diffusion
coefficient (D, in cm2/min) ,

M,/ M_=kt" and M,/M_=6[ Dt/na?]"?-3Dt/a?,

Where M, is the amount of solvent
diffused in the spheres at time t and M_ is the
amount of solvent at equilibrium [15]. k is the
constant incorporating characteristic of the
macromolecular network system and penetrant.
n is the diffusional exponent which indicates
the transport mechanism; D is the diffusion
coefficient in cm?/min, t is the time of diffusion
and a is the radius of sphere.

To test the samples for repeatable usage,
spheres swollen in gasoline were first dried in air
at room temperature and then in vacuum oven
were swollen in gasoline to equilibrium. Same
experiment was repeated for 5, 10, 15 and 25
times.



H. Bodugoz-Senturk and O. Glven / Hacettepe J. Biol. & Chem., 2014, 42 (1), 81-88

Porosity

Mercury intrusion porosimeter (Micrometritics,
220 porosimeter) was used to determine the
total pore volume and surface area of the porous
spheres [16]. Scanning electron microscope (SEM)
was also used for surface characterization; the
microspheres were coated with a thin layer of gold
in vacuum and imaged in the electron microscope
with x1000 magnifications.

Results and Discussion

In making the non-porous PiBMA spheres the
highest amount of crosslinking agent used was
0.1% for both EGDMA and BDDMA, however
when preparing porous spheres in the presence
of a porogen previously described amounts
of crosslinking agents resulted in aggregate
formation rather
Increasing the crosslinking agent by 5 fold
resulted in better shaped spheres. For that reason
microspheres prepared for this study has higher
amounts of crosslinking agent and the effect of

= a aan - = -

than well-defined spheres.

crosslinking agent on porosity is studied. We also
had better result with EGDMA than the samples
prepared with BDDMA, therefore we preferred to
use EGDMA over BDDMA in porous spheres. Non-
porous PiBMA spheres with 0.1%EGDMA was used
as comparison.

SEM pictures of porous and non-porous
PiBMA spheres showed visible difference in the
morphology with porous spheres having less
smooth surface and more pore like structure
(Figure 4).Totalpore volume of the porous spheres
for the samples prepared with both toluene and
heptane/dioxane mixture were higher than those
prepared with no porogen (Figure 5). As expected
total pore volume increased significantly with
increasing crosslinking agent (EGDMA) amount
for the PIBMA spheres prepared with both
porogens toluene and heptane/dioxane while
the samples with no porogen did not show any
significant increase with increasing crosslinking
agent concentration. The spheres prepared with
heptane/dioxane mixture exhibited higher pore
volume compared to their counterparts prepared

A

o
B iy el Ny H e e S

Figure 4. SEM pictures of a, ¢) non-porous b,d) porous PIBMA spheres prepared with 10%EGDMA and 100%toluene.
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Figure 5. Total pore volume of porous and non-porous
PIBMA spheres with respect to crosslinking agent prepa-
red with 100% Toluene and 100%Heptane/dioxane (per-
centages are by volume of monomer phase).

with toluene and with no-porogen. This is probably
due the interaction between the monomer and
porogen; solvent interaction parameter for
toluene, heptane, dioxane and PiBMA as follows
respectively 18.1, 7.0, 10 and 8 -li(cal/cm?3)"2
[14]. Clearly heptane/dioxane mixture is a better
solvent for PIBMA spheres allowing them to
swell easily as the reaction proceed. Also upon
completion of the reaction due to the relatively
lover boiling point of heptane/dioxane (98°C
and 101°C) is easier to remove from the spheres
than toluene (110.6°C). The amount of porogen
was also effective in the pore volume of PiBMA
spheres; for both toluene and heptane/dioxane
but more significantly in heptane/dioxane
mixture, increasing porogen amount resulted in
an increase in the pore volume (Figure 6).

The surface areas of non-porous spheres
were smaller than those prepared with a porogen
(Figures7and8).Theincreasingcrosslinkingagent
(EGDMA) amount increased the surface area of
both non-porous and porous PiBMA spheres. Asin
the pore volume, samples prepared with heptane/
dioxane mixture exhibited higher surface area
compared to non-porous and spheres prepared
with toluene. Similar result with pore volume
with increasing porogen amount observed in the
surface area measurements; increasing porogen
amount resultedin anincrease in the surface area
more so in the samples prepared with heptane/
dioxane.

Equilibrium swelling value in other words
maximum gasoline intake was very much
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Figure 6. Total pore volume of porous and non-porous
PIBMA spheres with varying porogen amount by volume
of monomer phase (all samples were crosslinked with
10%EGDMA).
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Figure 7. Surface area of porous and non-porous PIBMA
spheres with respect to crosslinking agent prepared with
100% Toluene and 100%Heptane/dioxane (percentages
are by volume of monomer phase).
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Figure 8. Surface area of porous and non-porous
PIBMA spheres with varying porogen amount by volume
of monomer phase (all samples were crosslinked with
10%EGDMA).

dependent onthe first and foremost to crosslinking
agent concentration; PiBMA spheres crosslinked
with 0.1% EGDMA were swollen to 1078% of
their original volume while the samples with
10%EGDMA were only swollen to 102% (Figure 9).
The difference for the spheres with same amount
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of crosslinking agent (10% EGDMA) but prepared
with a porogen was smaller; 350% for heptane/
dioxane mixture and 280% for toluene. Although
the porous spheres did not retain as high gasoline
as 0.1% EGDMA corsslinked non-porous spheres
due to their higher EGDMA content (10%), the
diffusion time was significantly low in porous
PiBMA. The time taken for equilibrium for porous
spheres prepared with 10% EGDMA (10 min for
heptane/dioxane and 20 min for toluene) was
significantly lower than those for the non-porous
samples prepared with 0.1% EGDMA (30 min) and
10% EGDMA (26 min) non-porous spheres. As it
was confirmed with the diffusional coefficient data
(Table 4), the diffusion rate was higher for porous
samples in gasoline. All the samples exhibited zero
order diffusion (Table 4).

Both porous and non-poorus PiBMA spheres
kept their shape after several use, however
the non-porous samples with least amount of
crosslinking agent (0.1%EGDMA) exhibited a
decrease in maximum uptake value while the
maximum uptake for all other samples was not
effected significantly (Figure 10).

1200
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-~10% EGDMA with toluen
— 1000 =~10% EGDMA with heptane/dioxane
= —~10% EGDMA no porogen
o
£ 800
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0 10 20 30 40
Time (min)

Figure 9. Equilibrium swelling of porous and non-porous
PIBMA spheres crosslinking in gasoline.

Conclusion

Previously reported suspension polymerization
recipe for non-porous PIBMA microspheres
is modified for the preparation of porous
PiBMA spheres by the addition of porogens
(heptane/dioxane and toluene) to the monomer
phase and increasing the crosslinking agent
(EGDMA) concentration by 5 fold of earlier
described 0.1%EGDMA value. The significance
of crosslinking agent and porogen was clear; the
results of the porosity measurement showed
that when heptane/dioxane mixture used, pore
volume and surface area was higher than non-
porous PiBMA spheres and toluene prepared
counterparts. As in the non-porous PiBMA
spheres all porous samples resumed their original
size and shape after swelling and de-swelling for
25 time to equilibrium value indicating that they
would be highly effective for uptake of gasoline
like structure from water.

= 0.1% EGDMA no porogen
#10% EGDMA with toluene

10% EGDMA with heptane/dioxane
=10% EGDMA no porogen

—1200

1000

800

Equilibrium swelling (%

400

Repeated usage

Figure 10. Equilibrium swelling with repeated usage,
samples were swollen in gasoline and dried at in air at
room temperature then in vacuum oven before tested
each time.

Table 4. Variation of diffusion coefficient, D, and diffusional exponent, n, with the amount of crosslinking agent (EGDMA

and BDDMA) and type of porogen.

Porogen Crosslinking Diffussion (;oefficient n

agent EGDMA (%) Dx10 (cm /min)
None 041 7+l 0.9+0.01
None 10 3+0.2 1.1+0.01
Toluene (100% of monomer phase) 10 9+1 1.2+0.1
Heptane/Dioxane (100% of monomer phase) 10 12+1 1.2+0.1
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