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Table 1. Monomer mixture compositions for the suspension poly-
merizations

Comonmer DS20 DA20 DA40

Divinylbenzene 48 mL 48 mL 36 mL
Styrene 12 mL   0 mL   0 mL

Vinyl acetate   0 mL 12 mL 24 mL

Macroporous polymer beads are cross-linked polymers 
having dry state porosity, and have been widely used as ion- 
exchange resins, chromatography column packing materials, 
catalyst supporters, absorbents, etc. In general, they are prepared 
by suspension polymerization of divinylbenzene and styrene 
(or any other vinyl monomer and cross-linking agents) in the 
presence of a pore-forming agent (porogen or diluent).1,2

Opperman and Brown reported a microwave-assisted volatile 
organic compounds (VOCs) recovery system with polymer bead 
adsorbents, with emphasis on significant advantages over the 
conventional granulated activated carbon-based systems in terms 
of cost and energy efficiency, but details on their experimental 
results were not included.3 Nonpolar compounds, including 
nonpolar polymer beads and nonpolar VOCs, are transparent 
or semi-transparent to microwaves.4 Thus, the efficiency of 
microwave-assisted desorption of nonpolar VOCs such as ben-
zene, toluene, and xylene from nonpolar adsorbents is not satis-
factory, since irradiation with microwaves does not efficiently 
heat either such adsorbents or VOCs.

One approach toward enhancing the microwave-assisted 
desorption efficiency of nonpolar VOCs from polymer beads 
makes use of certain polymer adsorbents that can be hydrated 
to some extent under certain humidified conditions, and con-
sequently heated enough by microwaves for nonpolar VOCs 
to be desorbed efficiently. Even though some commercially 
available polymer adsorbents can be wet under humid or am-
bient conditions, most of them are too hydrophilic to efficiently 
adsorb nonpolar VOCs.

As a first step to develop such polymer adsorbents that can 
adsorb nonpolar VOCs and can also be partially hydrated in 
certain conditions, we prepared macroporous polymer beads 
via suspension polymerization of a mixture of divinylbenzene 
and vinyl acetate in the presence of toluene and isooctane as 
pore-forming agents. The resulting polymer beads were hydro-
lyzed in an aqueous KOH solution to give polymer beads 
bearing hydroxyl groups. For comparison, nonpolar polymer 
beads were also prepared via suspension polymerization of a 
mixture of divinylbenzene and styrene. This paper briefly des-
cribes experimental results on the microwave-assisted desorp-
tion of benzene as well as some fundamental properties of the 
polymer beads.

Experimental Section

Materials. Divinylbenzene (57%) and poly(vinyl acetate) 
(Polinol P-17) were purchased from Nippon Steel Co. and OCI 
(South Korea), respectively. Styrene (99%), tricalcium phos-
phate (98 - 103%), and toluene were purchased from DAE 
JUNG. Benzoyl peroxide (97%) and 2,2,4-trimenthylpentane 
(99 + %) were purchased from Alfa Aesar and Sigma-Aldrich, 
respectively. All the chemicals were used as received.

Synthetic procedure of polymer beads. The macroporous 
polymer beads were prepared by following reported proce-
dures with minor modifications.5,6 Briefly, an organic solution 
of comonomers (total 60 mL), benzoyl peroxide (0.8 g), and 
toluene/isooctane (1/3, total 120 mL) was prepared. The amounts 
of comonomers used for the preparation of the hydroxylated 
polymer beads (DA20 and DA40) and nonpolar beads (DS20) 
are shown in Table 1. The aqueous phase was composed of 
poly(vinyl alcohol) (0.8 g), tricalcium phosphate (1.6 g), and 
water (540 mL). The combined oil and aqueous solution mixture 
was polymerized at 80 oC for 12 h under stirring at the speed 
of 1000 rpm. The polymer beads precipitated from the reaction 
mixture were cleaned with water and subsequently with acetone. 
The beads bearing vinyl acetate units underwent an alkaline 
hydrolysis in an aqueous KOH solution. The polymer beads 
were cleaned using a surfactant (Koremul-FN-10) and solvents. 
Finally, the beads were extracted with methylene chloride in a 
Soxhlet apparatus, followed by washing with methanol and 
drying at 50 oC for 12 h. The polymer beads were fractionated 
using ASTM sieves to obtain beads in the range of 0.3 to 0.8 
mm in diameter.

Measurements. The surface morphology of the polymer beads 
was observed on a scanning electron microscope (model JEOL 
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Table 2. Apparent density, porosity, BET surface area, and average pore size of the polymer beads with diameters in a range 0.3 - 0.8 mm

Sample Code Apparent density (g/mL) Porosity Surface area (m2/g) Average pore size (nm) Adsorption (%) Desorption (%)

DS20 0.22 0.78 424 96 21 39
DA20 0.18 0.82 567 87 31 48
DA40 0.14 0.88 653 81 40 62

Quartz tube

Glass fiber
Polymer beads

Water

(a) (b)

(c)

Figure 1. Schematic representation of the microwave-assisted desorp-
tion apparatus: (a) a microwave-irradiation chamber, (b) a humidifying
oven, and (c) a nitrogen flow rate controller.

FE-SEM-5900) at 20 kV after coating with platinum. The pore 
size and surface area of the polymer beads were determined 
by BJH and BET methods, using an ASAP 2010M instrument.7 
The apparent density and porosity of the polymer beads were 
determined using a liquid displacement method as described 
in the literature.8 In order to estimate the wetting efficiency of 
the polymer beads at room temperature, the polymer beads were 
put into a glass tube, and both ends of the tube were sealed by 
cotton balls. A humid air stream of 500 mL/min (formed through 
an air-bubbling apparatus at 70 - 80 oC) was supplied into the 
tube for 30 min, and the polymer beads were weighed. The 
wetting efficiency for each polymer adsorbent was calculated 
from the ratio of the weight increase (W ‒ Wo) after wetting to 
the initial weight (Wo) of the beads: wetting efficiency = [(W ‒ 
Wo)/Wo] × 100.

Microwave-assisted desorption apparatus. Desorption effi-
ciency of the polymer beads toward benzene was carried out in 
a home-built apparatus (Fig. 1). In order to calculate % adsorp-
tion of benzene inside the polymer beads, polymer beads (10 g) 
dried in an oven at 50 oC for 10 h were soaked in 70 mL ben-
zene for 2 h at room temperature. Benzene was decanted off, 
and the remaining polymer beads were dried in a hood at room 
temperature for 1 h. The % adsorption was calculated from the 
ratio of the increase in the bead weight to the initial bead 
weight. The benzene-adsorbed polymer beads were put into a 
glass tube (30 mm × 300 mm), and both ends of the tube were 
sealed by glass fibers. A nitrogen stream of 500 mL/min was 
supplied into the tube through a water bubbling apparatus (70 - 
80 oC) for humidification of the polymer beads. After treatment 
the tube with 600-W microwaves for 30 min, the polymer beads 
were taken off from the tube and weighed, and the desorption 
efficiency was calculated according to the following equation 
where Wad and Wde are the weight of benzene adsorbed by 
polymer beads and the weight of benzene desorbed from the 
polymer beads during microwave irradiation, respectively: 
desorption efficiency (%) = (Wde/Wad) × 100.

Results and Discussion

In order to prepare cross-linked polymer bead adsorbents 
with a near maximum content of hydroxyl group, a mixture 
consisting of 36 mL divinylbenzene (in fact, a mixture of 57% 
divinylbenzene and 43% ethylbenzene) and 24 mL vinyl acetate 
was chosen (40 vol % in feed), where the pure divinylbenzene 
content is 34 vol %). Since polymer beads prepared using less 
than 30% pure divinylbenzene may not be able to maintain 
their initially formed pores in a dried state because of their 
relatively lower dimensional stability.9,10 Polymer beads with 
higher contents of vinyl acetate (leading to higher contents of 
hydroxyl group after hydrolysis), and consequently lower con-
tents of pure divinylbenzene, were not prepared in this study. 
For comparison, DA20 (vinyl acetate: 20 vol % in feed) and 
DS20 (styrene: 20 vol % in feed) were also prepared using the 
same procedures. The infrared spectra of the polymer beads 
before and after alkaline hydrolysis clearly indicated that almost 
all of the ester carbonyl groups in the vinyl acetate units of 
DA40 and DA20 were converted to hydroxyl groups.

The apparent density, porosity, BET surface area, and ave-
rage pore size of the polymer beads in the range of 0.3 to 0.8 
mm in diameter are listed in Table 2. The BET surface area of 
DA40 was greater than that of DA20, which was greater than 
that of DS20. In general, the BET surface area of polymer beads 
increases with increasing divinylbenzene content due to form-
ation of smaller primary particles at higher contents of divinyl-
benzene.1 However, the comonomers used for the preparation 
of the three different polymer beads were not the same, so this 
general rule did not apply in the present case. One of the main 
reasons for the enhanced surface areas of DA20 or DA40 is 
probably the removal of acetyl groups from the vinyl acetate 
units in the polymer beads via alkaline hydrolysis, resulting in 
the formation of additional pores. This hypothesis is experi-
mentally supported by the fact that the BET surface areas of 
DA40 before and after hydrolysis were estimated to be 544 
and 653 m2/g, respectively. Another important reason for the 
increased surface areas of DA20 and DA40 seems to be their 
smaller pores, since the average pore sizes of DS20, DA20, 
and DA40 were estimated to be 96 nm, 87 nm, and 81 nm, res-
pectively. The smaller pores of DA20 and DA40 may be due 
to the nature of vinyl acetate, which is more polar and conse-
quently more dispersive in the aqueous medium than styrene. 
The apparent density and porosity of beads are closely related 
to their BET surface areas and pore sizes. Accordingly, the 
apparent density of DA40 beads was slightly smaller than that 
of DA20 beads, which is also slightly smaller than that of DS20, 
even though their average porosity decreased in going form 
DS20 to DA40. As expected, SEM micrographs revealed that 
the surfaces of DA40 beads were significantly more porous 
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Figure 2. SEM images of the polymer bead shapes and surfaces 
(× 10,000) of DS20 (top), DA20 (middle), and DA40 (bottom).
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Figure 3. Temperature changes in polymer adsorbents of DS20, 
DA20, and DA40 in the home-built apparatus during desorption of 
benzene under 600-W microwave irradiation.

than that of DS20 beads (Fig. 2).
The amount of adsorbed benzene in DA40 beads (40%) was 

greater than those of DA20 (31%) and DS20 (21%), indicating 
that the hydroxyl groups in the polymer beads do not signi-
ficantly affect the adsorption of benzene. This result suggests 
that the BET surface area may be the most important factor 
affecting benzene adsorption since overall, the DA20 and DA40 
beads are relatively nonpolar. The polymer beads swollen with 
benzene were then exposed in a humid air stream for 30 min 
for wetting with water molecules, and treated with 600-W micro-
waves for 30 min. As expected, the desorption efficiencies of 
DA40 (64%) and DA20 (48%) were higher than that of DS20 
(39%). This result clearly indicates that the incorporation of 
polar hydroxyl groups into the nonpolar polymer beads enhances 
desorption efficiency toward nonpolar VOCs. The wetting effi-
ciency of the polymer beads was estimated using the adsor-
bents without adsorbed benzene under the conditions identical 
to those for the microwave-assisted desorption process. The 
wetting efficiency of the polymer beads was calculated by 
comparing the weights of the beads before and after treatment 
with the humid air stream. The wetting efficiencies of DS20, 
DA20, and DA40 were measured to be 21%, 28%, and 38%, 
respectively. This result confirms that the wetting efficiency of 
the polymer beads can be significantly increased by incorporat-
ing hydroxyl groups in the beads.

When the adsorbed water molecules were heated by micro-
waves, they desorbed from the adsorbents, also increasing the 
adsorbent temperature. In order to detect any changes in the 
sample temperatures, the temperatures of DS20, DA20, and 
DA40 were measured by an optical fiber thermometer (Willi-
amson Co.), and the results of which are shown in Fig. 3. The 

temperature of DA40 increased rapidly up to 61 oC after 10 min 
irradiation with the microwaves, and then decreased slowly to 
about 38 oC within 30 min. On the other hand, the DS20 beads 
were heated up to 56 oC during the same time period of the 
irradiation, and more rapidly cooled down to 36 oC within 25 
min. Overall, the temperature change curve of DA20 beads 
during the microwave irradiation lies between DS20 and DA40, 
probably because the wetting efficiency of DA20 (21%) was 
between DS20 (28%) and DA40 (38%). This result indicates 
that the initial temperature increase of the polymer beads is 
primarily due to the adsorbed water molecules on the polymer 
beads, and depends on the wetting efficiency of the polymer 
beads.

On the other hand, when the polymer beads were irradiated 
with the microwaves under non-humidified conditions, all of 
the three different beads were slowly heated up to 35 - 38 oC 
and then remained constant after about 25 min. This observa-
tion suggests that the adsorbed water molecules were almost 
completely removed from the polymer beads under the condi-
tions, and any effect of the absorbed water on calculation of 
the desorption efficiency can be ignored. These results indicate 
that the enhanced desorption of benzene from DA40 is probably 
due to the more increase in the sample temperature during 
irradiation with microwaves, as compared to desorption from 
DS20 and DA20.

In conclusion, macroporous polymer beads containing hy-
droxyl groups were successfully synthesized, and exhibited 
greatly improved microwave-assisted desorption efficiency 
toward benzene, as compared to the nonpolar beads. The en-
hanced desorption efficiency was primarily attributed to the 
increased sample temperature caused by the adsorbed water 
molecules heated by the microwaves. To our best knowledge, 
this paper is the first report that describes the relationship bet-
ween polymer adsorbents with well-defined chemical structures 
and microwave-assisted desorption of a nonpolar VOC. Con-
sequently, we expect that our experimental result can stimulate 
further development of polymer adsorbents for microwave- 
assisted desorption of VOCs.
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