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Heterogeneous Structures
in the Synthesis of
Hydrophobic Lauryl
Acrylate-Styrene-Ethylene
Glycol Dimethacrylate
Copolymer Particles

Ye Li,1 Haijing Ren,2 and Zhaokun Luan1

1Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences,
Beijing, China
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Beijing, China

Novel crosslinked hydrophobic lauryl acrylate-styrene-ethylene glycol dimethacrylate
copolymer particles were synthesized with heterogeneous structures by radical suspen-
sion copolymerization with benzoyl peroxide as the initiator. Ethylene glycol dimetha-
crylate was used as a crosslinking agent; toluene, cyclohexanol, 1-octanol and liquid
paraffin were used as porogens. The effects of the crosslinking monomer and porogens
on the morphologies of the copolymer microspheres were investigated. The copolymers
were characterized by FTIR, SEM and swelling in toluene. Permanent pores remained
in the dried polymeric particles prepared with nonsolvating porogens at certain
crosslink densities as indicated by SEM pictures. The results of swelling revealed
that 1-octanol was the most effective porogen, leading to the LA-S-EGDMA copolymer
particles with maximum porosity and optimized spheric morphology. Furthermore,
lower crosslink density and higher porogen contents promote the formation of porous
morphology.
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INTRODUCTION

The applications of methacrylic ester crosslinked polymers with permanently

porous structures have attracted increasing attention all over the world.

Exploitation occurs in areas a diverse as chromatography, polymer-supported

catalysts, ion recovery [1], water treatment and purification [2–5]. For

many applications it is important to utilize a porous resin with a high surface

area. The formation conditions of porous (heterogeneous) structures in resin

have been the subject of both applied and fundamental research for

many years. As early as the end of the 1950s, Du�ssek [6], Kunin [7,8], and

Millar et al. [9–11] had already discovered this polymerization technique.

According to the present reports [12–24], it was concluded that porous

matrices can be obtained by suspension copolymerization, using monovinylic

monomers and crosslinking reagents in the presence of inert porogens. These

porogens may be extracted after polymerization, leaving holes or pores in the

copolymer structures. Good solvents, nonsolvents, polymeric solvents, or

mixtures of them may be used as porogens, leading to different kinds of pore

size distributions.

A variety of acrylic ester resins with different specific areas and porosity

had been prepared by varying the type and ratio of porogen at a given con-

dition [13,25–29]. However, the preparation of perfusion particles was compli-

cated, and this method was most used in trimethylolpropane trimethacrylate,

2-hydroxyethyl methacrylate, EGDMA, or methacrylate systems, and long

alkyl chain acrylates systems have not been reported. Furthermore, the choice

of polymerization conditions and experimental optimization must be specific

for each chosen monomer system [20]. So it is necessary to further study.

In our work, a novel hydrophobic porous copolymer, lauryl acrylate-

styrene-ethylene glycol dimethacrylate copolymer, was prepared by the

suspension polymerization technique in the presence of porogens. The effect

of the independent variables of synthesis on the morphology of LA-S-EGDMA

copolymer was investigated in details, such as the relationship between the

porous structure and the porogens or crosslink agent, and the interaction

parameters of the components. By the way, the polymeric solvents were not

considered as porogens, because of the difficulty of removal from the final pro-

duct [30]. Low-molecular-weight solvents were used as porogens, i.e., toluent,

cyclohexanol, 1-octanol and liquid paraffin. The effects of the crosslinking

agent and porogens concentration on the properties of LA-S-EGDMA copoly-

mer particles were studied. If the LA-S-EGDMA copolymer particles are

to be used as adsorbents in oily waste water, it is necessary to know their
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behavior in organic solvents. So we investigated their swelling ability in

toluene.

EXPERIMENTAL

Materials
Lauryl acrylate (LA), styrene (S), and ethylene glycol dimethacrylate

(EGDMA) were washed with 5% aqueous solution of NaOH to remove the

inhibitor and washed with deionized water five times to remove the remaining

hydroxyl ions. Then, it was dried over anhydrous sodium, and finally vacuum

distilled. Benzoyl peroxide (BPO), poly(vinyl alcohol) (PVA), NaCl, toluene,

1-octanol, cyclohexanol, and liquid paraffin were used as received without

further purification.

Preparation of Copolymer Particles
The copolymers were prepared by the suspension copolymerization

method with inert porogen. A standard recipe of the polymerization conditions

appears in Table 1. The mixture of LA (monomer), S (monomer), and EGDMA

(crosslinking agent) dissolving BPO initiator was employed as a dispersed

phase. For the copolymerization of LA, S, and EGDMA, an aqueous solution

of PVA (stablizer) and NaCl (electrolyte) was used as a continuous phase.

An emulsion was prepared by dispersing the organic phase into the aqueous

phase in a double-walled reactor fitted with an anchor-type agitator, con-

denser and nitrogen inlet at room temperature, the stirring rate of agitator

was 150 rpm. After 30 min of nitrogen passing through the reactor, the tem-

perature was elevated to 80�C�85�C for polymerization. The polymerization

was carried out for 8 h under an agitation speed of 280 rpm and in a nitrogen

atmosphere. The polymer particles obtained were washed by deionized water,

and then were extracted with a Soxhlet apparatus by acetone for 24 h. Finally,

the copolymeric particles were dried in a vacuum oven at 50�C for 24 h.

Table 1: Standard recipe for suspension polymerization.

Oil phase (dispersed phase)
Content

(g)
Aqueous phase

(continuous phase)
Content

(g)

Lauryl acrylate (LA) 3.75 Deionized water 300.00
Styrene (S) 3.75 Polyvinyl alcohol (PVA) 0.30
Ethylene glycol dimethacrylate
(EGDMA)

7.50 NaCl 6.00

Benzoyl peroxide (BPO) 0.30
Porogens (selected) 15.00
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FTIR
The FTIR spectra of copolymer samples were recorded in the range

400–4000 cm�1 in KBr pellet, and the liquid monomer and crosslinking agent

were cast onto the KBr pellet. All samples were analyzed by a Nicolet Nexus

670 spectrophotometer.

SEM
The diameter and surface features of polymer particles after drying

were observed by an S-3000N Scanning Electron Microscope (Hitachi, Japan).

Particles were fixed to the substrate, using double-sided Scotch tape, and

were uniformly coated with a gold layer. The inner particle structure was

revealed by cutting them in half with a razor blade prior to their fixation on

the substrate.

Swellabilities of LA-S-EGDMA Copolymer Particles
In order to exhibit swellabilities of the particles, swelling ratios of the

particles were obtained as follows [24]: Swelling (%) in toluene was measured

with a 5 g oven-dried sample in a stoppered test tube. The sample was soaked

with 20 mL of toluene for 24 h at the ambient temperature. Toluene was

filtered, and the particles were patted dry with filter paper and weighed:

Swelling ð%Þ ¼ Increase in the weight of the particles

Original weight of the particles

� �
� 100%

RESULTS AND DISCUSSION

FTIR
Figure 1 demonstrates the FTIR transmission spectra of the LA-S-

EGDMA copolymer, the monomers and crosslinking agent. Figure 1(a) shows

the characteristic peaks of styrene at 3000–3100 cm�1 (aromatic CH stretch-

ing vibration), 1630 cm�1 (C=C stretching vibration), 1601 cm�1 (ring quad-

rant stretching vibration), 1494 cm�1 (ring semicircle stretching vibration),

1448 cm�1 (ring semicircle stretching þCH2 symmetric (scissors) deformation

vibration), 775 cm�1 (mono-substituted ring in phase bending), and 696 cm�1

(mono-substituted ring out-of-plane bending). Figure 1(b) shows the charac-

teristic peaks of LA at 2924 cm�1 (�CH3 symmetric stretching vibration),

1728 cm�1 (C=O stretching vibration), 1637 cm�1 (doublet, C=C stretching

vibration), 1191 cm�1 (C–O–C stretching vibration), 985 cm�1 (vinyl twisting

vibration) and 965 cm�1 (vinyl CH2 wagging vibration). Figure 1(c) shows
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the characteristic peak of EGDMA at 2960 cm�1 (�CH3 asymmetric stretch-

ing), 1724 cm�1 (C=O stretching vibration), 1637 cm�1 (singlet, C=C stretching

vibration), 1454 cm�1 (ring semicircle stretching þCH2 symmetric (scissors)

deformation vibration), 1155 cm�1 (C�O�C stretching vibration), 943 cm�1

(vinyl wagging vibration). The peak at 1630 cm�1 in Figure 1(a) and the peaks

at 1637 in Figure 1(b) and (c), which are due to the C¼C stretching, dis-

appeared in the copolymers as shown in Figure 1(d)–(h). In addition, the peak

at 991 cm�1 in Figure 1(a), the peaks at 985 and 965 cm�1 in Figure 1(b), and

the peak at 943 cm�1 in Figure 1(c), which are attributed to the vinyl twisting

and wagging, disappeared in Figure 1(d)–(g). In Figure 1(g), several peaks at

the 3000–3100 cm�1 region are due to the CH stretching in the aromatic ring,

and the peaks at 1602, 1494, 1454, 760, and 701 cm�1 also originate from the

Figure 1: FTIR transmittance spectra: (a) styrene, (b) LA, (c) EGDMA, and (d)–(g) copolymers
prepared with 50%, 40%, 30%, 20% EGDMA feed ratios, respectively.
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aromatic ring in styrene. The characteristic peaks of the LA unit are observed

at 1728 and 1191 cm�1 and the characteristic peaks of EGDMA, such as 1724,

1454, 1155 cm�1, were also exhibited in the FTIR spectra of LA-S-EGDMA

copolymer. Thus, the very strong peak at 1731 cm�1 in Figure 1(g) is due to

the C=O stretching in acrylate, and the less intense peak at 1189 cm�1 is desig-

nated to the C�O�C stretching in acrylate. Considering Figure 1(d)–(g), it is

observed that the intensity of the peaks of EGDMA decreases with decrement

of the concentration of EGDMA, but that of the peaks due to S and LA

increases.

Effect of Porogen Types on Structures
A series of porogens were chosen to fabricate heterogeneous microspheres

at a fixed porogen=(reaction mixture) ratio (1:1, wt:wt). Several physical para-

meters of the porogens are listed in Table 2 [16]. Figures 2–5 show the LA-S-

EGDMA copolymer prepared with toluene, cyclohexanol, 1-octanol and liquid

paraffin as the porogen. These porogens are characterized by differences in the

polarity, chemical structure, functional behaviors, and solvent–polymer inter-

action values [31] that will lead to networks with a large variety of porous

structures. The correlated characteristic of the copolymers particles were

listed in Table 3. From Figure 2, when toluene was added in the oil phase in

order to synthesize porous structures, the surface of the particles was very

smooth and there weren’t any details that could be observed at all. It can be

concluded that toluene is a good solvent for the copolymers. An expanded

structure with micro and mesopores was formed during the polymerization.

The expanded particles thus formed collapsed during the removal of the

porogen after its synthesis. That resulted in the disappearance of pores.

Figures 3–5 show the heterogeneous structures of copolymer particles

prepared with cyclohexanol, 1-octanol and liquid paraffin, respectively. It is

found that all three porogens can produce porous networks. Moreover from

Figures 3(b), 4(b), and 5(c), the interior of the particles becomes looser and

rougher; the pores inside the particles become bigger. This indicates that

Table 2: Physical properties of the porogens.

Solvent
Boiling

point (�C)
Solubility parameter

d [(MPa)1/2]
Solubility
(water)/%

Toluent 110 18.1 0.045 (20�C)
Cyclohexanol 161 23.3 3.6 (20�C)
1-octanol 195 21.1 0.01�0.05
Liquid paraffin �300� – –

�Refer to the specification of liquid paraffin.
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Figure 3: SEM of particles with cyclohexanol as diluent; (a) particles and (b) interior structure.

Figure 4: SEM of particles with 1-octanol as diluent; (a) particles and (b) interior structure.

Figure 2: SEM of particles with toluene as diluent; (a) particles and (b) particle surface.
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the phase separation occurs during the crosslinking polymerization in the

presence of porogens. Phase separation depends on the following main factors

[32]: the molar volumes of the individual components, the initial solvent and

crosslinking agent concentrations, the polymerization conversion, and the

interaction parameters of the components. The first three factors remained

constant, when the samples of Figures 3–5 were synthesized. The fourth factor

was variable, because different type of porogens were added in the polymeriza-

tion system. These interaction parameters are affected by the changes in the

thermodynamic quality of the porogens. The deterioration of the porogens’

thermodynamic quality results in the phase separation at much lower poly-

merization conversion, and microspheres (or their aggregates) preferentially

solvated by the monomer, then grow to larger dimensions and induce bigger

pores [13]. So the porous structures prepared with 1-octanol and liquid paraf-

fin was superior to those prepared with toluene and cyclohexanol.

Furthermore, as illustrated in Figure 5(b), the sample prepared with

liquid paraffin as porogen had a cavity in the center of the particles. It was

speculated as follows. Plenty of liquid paraffin-rich phases and copolymer-rich

Figure 5: SEM of particles with liquid paraffin as diluent; (a) particles, (b) hollow morphology
and (c) interior structure.

Table 3: Synthesis and characterization of LA-S-EGDMA copolymer particles.

Particles (dry status)

No. Porogens ratiosa Shape Transparent

1 Toluent 1:1 Beads Yes
2 Cyclohexanol 1:1 Beads, Irregularsb No
3 1-Octanol 1:1 Beads No
4 1-Octanol 0.8:1 Beads No
5 1-Octanol 0.6:1 Beads No
6 1-Octanol 0.4:1 Beads No
7 1-Octanol 0.2:1 Beads Translucent
8 Liquid paraffin 1:1 Irregulars No

aThe ratios are with respect to the total weight of LA, S, and EGDMA, and the oil phase=
aqueous phase ratio was kept constant.
bThe shape of the product is not a regular sphere.
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phases were quickly separated from the polymerization solution at the early

stage of the polymerization with low conversion. The new generated polymer

microgels in copolymer-rich phases with low molecular weight would make an

interior of microsphere in a liquid and mobile state until the gelling point.

Such long-term mobility in a reaction environment provided much possibility

for plenty of phases to rearrange into more stable conformation with thermo-

dynamic equilibrium and lowest interfacial free energy. For one polymerizing

droplet suspended in water during suspension polymerization, highly hydro-

phobic porogen phases tended to move into the center of the microsphere

and combined each other into one bulky liquid core. The polymer will precipi-

tate in the droplet, migrate to the interface, and eventually envelope the inert

hydrophobic solvents (liquid paraffin) [33,34]. Thus, hollow copolymer micro-

spheres were obtained after liquid paraffin was removed.

Effect of Porogen Types on Apparent Shapes
The spherical shape of the copolymer particles synthesized by suspended

polymerization is another important characterization. Figures 2(a)–5(a) show

the shape of the samples prepared with different porogens. It is found that if

the porogen was toluene or 1-octanol, with limited solubility in water, then

predominantly spherical particles are formed. In contrast, cyclohexanol,

which is readily soluble in water, when used as a porogen lead to the forma-

tion of the irregular particles polymerization product [Figure 3(a)]. The

formation of irregular particles may be connected with a change in the mech-

anism of the polymerization as a consequence of increased solubility of the

initiator in the aqueous phase if the porogen concentration in this phase is

high. The participation of solution precipitation copolymerization in this

phase could then increase [14]. This process results in the formation of the

irregular particles. However, liquid paraffin is a mixture of C16�C20 hydro-

carbons, thus the interaction in the dispersed phase between liquid paraffin

and copolymer was multiple and complicated. It was speculated that the

complicated interaction mechanism was responsible for the irregular shapes

of copolymer particles.

Effect of Porogen Amount
Figure 6 shows the interior structures became rougher gradually as

the ratios of 1-octanol=(LAþSþEGDMA) increased from 0.2:1 to 0.8:1.

During the polymerization process, 1-octanol could produce a porous network

structure due to the phase separation. Furthermore, more holes, voids, and

microdefects were left with the increasing of 1-octanol. These results are in

agreement with the reported literature [17,24].
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Effect of Crosslinking Agent Amount
As shown in Figure 7, the interior porosity increased with crosslinking

agent concentration increasing. The EGDMA amount and characteristic

of the particles were list in Table 4. According to Du�ssek [35], the hetero-

geneous pores may appear as a result of the interaction of the polymer

and the solvent when a poor solvent (v-induced syneresis) is used, or

by increasing the crosslink density (n-induced syneresis). Although the

crosslinking agent concentration was relative low (20% and 30%) in

Figures 7(a) and (b), the permanent pores were generated because the poro-

gen concentration was too high to be completely absorbed by the polymeric

networks, which resulted in the dispersion of the free porogens (separated

phase, v-induced syneresis) in the copolymer particles. As the polymeriza-

tion proceeds, the porogen was immobilized by the crosslinking networks

[23]. Then the porous structure was formed after extraction and drying.

In this case, the porogen exsists in these voids result in permanent pores,

whereas the rest of the porogen, absorbed by the polymeric network, lead to

‘‘expanded pores’’ [21] and these pores would collapse or shrink during the

drying operation. However, they can be recovered during swelling. This can

Figure 6: Interior structure of the particles prepared with different 1-octanol content;
(a) 0.2:1, (b) 0.4:1, (c) 0.6:1, and (d) 0.8:1.
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be concluded from the swelling capability of the LA-S-EGDMA copolymer

particles (Figure 8).

The mechanism of the phase separation will be the n-induced syneresis

if the crosslink density keeps increasing [17]. From Figures 7(c) and (d) the

permanent pores formed by the agglomeration of many microgels can be

observed with a higher crosslinking agent concentration (40% and 50%).

Figure 7: Interior structure of particles prepared with different EGDMA content: (a)10wt%,
(b) 20wt%, (c) 30wt%, and (d) 40wt%.

Table 4: Effect of crosslinking agent on polymer particles synthesis.

Particles (dry status)

No.
1-Octanol

ratio
EGDMA contentsa

(wt%) Hardness Transparent

1 50 Yes No
2 40 Yes No
3 1:1 30 Yes No
4 20 Yes Translucent
5 10 Nob Yes

aThe content is with respect to the total weight of the oil phase except porogen.
bThe particles are elastic and viscous.
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The permanent pores are the heterogeneous pores when the copolymer

particles are in the dry state. The porous morphology illustrates the hetero-

geneity as a result of the agglomeration of a large amount of separated micro-

gels. According to Okay [17], a higher crosslink density results in the

microgels that are separated earlier than the original gel point without being

greatly swollen by the solvents or the reaction mixture. In this case, the

organic phase remains as a continuous phase, which is full of the separated

microgels. As the reaction proceeds, more microgels are continuously gener-

ated and agglomerate to form the heterogeneous gel, which consists of two

continuous phases, a gel and a porogen phase. The voids between the agglom-

erated gels are occupied by the porogen to form permanent pores after the

porogen is removed from the copolymer particles.

Swelling Measurements
Acording to Tuncel et al. [21], the distribution of the porogen between

network and porogen phases (porogen in the pores) at the end of the polymeriza-

tion determines the total porosity of the resulting polymer and their swelling

ratios in solvents. So the swelling capability of the LA-S-EGDMA copolymer par-

ticles was investigated for further illuminating the effect of the porogen on the

porous morphology. Toluene was selected as the solvent for determining the

swelling ability of the LA-S-EGDMA copolymer particles. As shown in Figure 8,

a higher swelling percentage (201%) was achieved in LA-S-EGDMA copolymers

synthesized with higher 1-octanol content (100%). Furthermore, higher toluene

as a porogen produced copolymers with minimum swelling (96%). These

values indicate that nonsolvating porogens (e.g., 1-octanol) produced more pores.

Figure 8: Effect of LA-S-EGDMA copolymers synthesized with different porogens on the
swelling ability.
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However, solvating porogens (toluene) resulted in poor porosity of copolymer par-

ticles, as indicated by lower swelling percentage values. These conclusions are

identical with the results of SEM pictures (Figures 2–5).

Figure 9 shows that the swelling percentage increases with the amount of

the 1-octanol increasing, but decreases with the amount of EGDMA increas-

ing, because more porogen (1-octanol) leads to higher porosity of the particles

at a constant crosslinking agent content (50% EGDMA). On the other hand,

more crosslinking agent content can create a denser polymeric network, which

restricts the relaxation of the polymeric chain and induces the reduction of the

expanded pores [23,36]. This will result in a decreasing swelling capacity. Fur-

thermore, the swelling capacity is higher at a lower crosslink density and

higher porogen contents since more expanded pores can be produced.

Generally, the swelling capacity was greatly enhanced because of the

presence of a highly porous structure (permanent and expanded pores) and

loose polymeric networks. Thus, copolymer particles with higher swelling

capacity were obtained under high 1-octanol and low EGDMA content [24,37].

CONCLUSIONS

Different morphologies of LA-S-EGDMA copolymer particles were synthesized

by free radical suspension polymerization with toluene, cyclohexanol, 1-octa-

nol and liquid paraffin as porogens, respectively. The crosslink density, the

Figure 9: Effect of LA-S-EGDMA copolymers synthesized with different EGDMA content or
1-octanol=(LAþSþEGDMA) ratios on the swelling ability.
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porogens’ properties and content strongly influence the porous structure, the

particles’ morphology and the swelling capacity.

The porosity of the copolymer particles increases with corosslink agent

concentration and porogens content increasing. The copolymer particles

boasted an excellent porous network and regular spherical shapes when

1-octanol was the porogen, and the optimum content of 1-octanol and EGDMA

was 100% and 50%. And there was a cavity in the center of the particles while

liquid paraffin was porogen. However, if 100% toluene was used as porogen,

nonporous copolymer particles were obtained with a smooth surface and

translucent appearance.

The swelling capacity of these particles in toluene at room temperature

correlates with the porous structure and the crosslink density of the polymeric

networks. The copolymer particles synthesized under higher porosity and

lower crosslink density will have a higher swelling capacity. The maximum

swelling capacity of copolymer particles in toluene was achieved when 100%

1-octanol and 10% EGDMA was added in the polymerization process.

And the minimum swelling capability was obtained when 100% toluent and

50% EGDMA was added.
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