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ABSTRACT

Reports on the development of polymer adsorbents for microwave-assisted desorption of nonpolar
volatile organic compounds (VOCs) are rare. In this study, we synthesized macroporous polymeric adsor-
bents with hydrophilic methyl pyridinium units for microwave-assisted desorption of nonpolar VOCs.
The benzene adsorption and desorption properties of the adsorbents were investigated under both dry
and humid conditions. Under humid conditions, as the content of the hydrophilic methyl pyridinium units
in the adsorbents increased from 0 to 20%, the adsorption capacity of benzene decreased from about 21
to 7 mg/g, while the desorption efficiency of benzene increased significantly from 48 to 87%. The maxi-
mum concentration of desorbate also increased significantly as the content of the hydrophilic units was
increased under humid conditions. We attributed the enhanced desorption efficiency mainly to more
adsorbed moisture, which indirectly allowed heating of the polymer adsorbents to higher temperatures
upon irradiation with 600 W microwaves.

Microwave-assisted desorption

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Existing methods for removing volatile organic compounds
(VOCs), which are produced in many industrial processes, include
absorption, adsorption, condensation, and incineration. Compared
with other separation techniques, adsorption is the most efficient
and economical method to remove low to moderate concentra-
tions of VOCs, especially when recovery of the desorbed VOCs is
also required [1]. Two conventional methods are used to regen-
erate adsorbents: steam and hot gas. In either case, the hot fluid
not only heats the adsorbents, but also purges the adsorbates from
the adsorbents [2]. However, these methods dilute the exhausted
VOCs significantly and consequently increase the cost of cooling
the entire exhausted gas down to the condensation temperatures
of VOCs [3].

In contrast, dielectric heating by microwaves is a very effec-
tive and economical method to recover adsorbed VOCs, because
microwaves can irradiate adsorbed VOCs directly and heat can be
produced internally within the material instead of the require-
ment for an external heat source [2]. Dielectric heating by
microwaves has the advantages of better control of desorption, a
higher desorbate concentration, less purge gas consumption, and
a lower process temperature [4]. Because of these advantages, the
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microwave-based regeneration method has attracted great interest
[5-8].

Adsorbents are a critical component of a VOC recovery system.
Adsorbents should have sufficient adsorption capacity as well as
physical, chemical, and thermal stability [9]. Various adsorbents
have therefore been studied extensively. For example, activated
carbons are commonly used in many adsorption processes because
of their high adsorption capacity and ready availability [10,11].
However, activated carbons have some drawbacks such as pore
clogging, hygroscopicity, and a lack of regenerative ability. More-
over, activated carbons are flammable. Zeolite adsorbents can be
used as alternatives to activated carbons [12,13], but their high cost
limits their application [14]. In addition, regeneration of zeolites
usually requires even higher temperatures than activated carbons
[15].

Macroporous polymer beads are highly crosslinked networks
with high porosity, and are widely used as ion exchange resins,
chromatography column packing materials, catalyst supporters,
and adsorbents. In general, they are prepared by suspension poly-
merization of divinylbenzene and styrene (or any other vinyl
monomer and/or divinyl crosslinking agent) in the presence of
porogen (or diluent) [16]. Polymeric adsorbents can provide VOC
capture efficiencies equivalent to conventional activated carbons
and can capture a wide range of VOCs. Furthermore, the superior
crush strength and spherical shape of polymeric adsorbents can
reduce abrasion and extend the lifetime of the adsorbents [3]. Most
importantly, the physical and chemical properties of polymeric
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adsorbents can be adjusted by tailoring the monomers, crosslink-
ers, and diluents used to synthesize them.

Most studies regarding VOC recovery using microwaves
have focused on polar VOCs because of their better absorp-
tion of microwave energy than nonpolar VOCs [17]. However,
styrene-divinylbenzene polymeric adsorbents as well as nonpo-
lar VOCs such as benzene are transparent to microwaves, and thus
neither the adsorbents nor the nonpolar adsorbates are heated by
microwaves. Some researchers have claimed that water should be
supplied to overcome this problem [2,18], because of the excellent
microwave absorption capacity of water, which could facilitate the
indirect heating of the adsorbents [12]. We found that desorption
of benzene from polymer adsorbents with hydroxyl groups was
significantly facilitated by the presence of water vapor [19]. We
synthesized these polymer adsorbents via hydrolysis of polymers
beads with vinyl acetate units. However, the synthetic procedure
was rather complicated due to inefficient alkaline hydrolysis and
the low reactivity of the vinyl acetate monomers in the copoly-
merization reaction with divinylbenzene. Furthermore, hydroxyl
groups may not be hydrophilic enough to efficiently capture water
vapor.

In the study we report here, we prepared crosslinked
4-vinylpyridine-divinylbenzene copolymers followed by quat-
ernization of the 4-vinylpyridyl units with iodomethane and
post-crosslinking with ferric chloride. The effects of the hydrophilic
methylpyridinium unit content on the benzene adsorption and des-
orption properties of the resulting polymer beads were studied
under both dry and humid conditions.

2. Experimental
2.1. Materials

4-Vinylpyridine (4VP, 95% grade) was purchased from Aldrich.
Divinylbenzene (DVB 55% grade) and poly(vinyl alcohol) were
purchased from Nippon Steel Co. Ltd and OCI (South Korea), respec-
tively. 2,2’-Azobisisobutyronitrile (AIBN), toluene, tricalcium
phosphate (98-103%), and 1,2-dichloroethane were purchased
from Daejung. Anhydrous ferric chloride (FeCl3) was purchased
from KANTO chemical. Polypropylene glycol (Mw 2000) was pur-
chased from YAKURI Pure Chemical. Polymer beads, Optipore V503,
were purchased from Dow Chemical Co. The water used in the
present work was distilled and used without pH adjustment. All
the chemicals were used as received.

2.2. Preparation of polymer beads

The macroporous polymer beads were prepared by suspen-
sion polymerization [20] using a 1.0L four-necked separable
round-bottomed flask fitted with a mechanical stirrer, a reflux con-
denser, and a thermometer. At room temperature, the flask was
charged with the aqueous phase consisting of 270 mL water, 0.48 g
poly(vinyl alcohol), 0.96 g tricalcium phosphate, and 0.8 mL methy-
lene blue. The organic phase, a mixture of 4VP, DVB, diluents, and
initiator (1.5wt% to the monomers), was added to the aqueous
phase. Polymerization was performed under stirring at 80°C for
about 15 h. The compositions of co-monomers are shownin Table 1.
The prepared polymer beads were collected, washed with dis-
tilled water and acetone, and then dried. The polymer beads were
pre-swollenin methylene chloride and extracted with the same sol-
vent in Soxhlet apparatus for 15 h, then washed successively with
pure solvent and solvent mixtures with gradually increasing solu-
bility parameters [21], i.e., acetone, acetone/methanol, methanol,
methanol/water, and finally distilled water. Afterwards, the beads
were dried in air for 24 h, and then in oven at 60 °C. Polymer beads

Table 1

Co-monomer compositions used for suspension polymerization.?
Monomer D-4VP-0 D-4VP-10 D-4VP-20 D-4VP-30
DVB (ml) 40 36 32 28
4VP (ml) 0 4 8 12

2 The ratio of the organic phase to the aqueous phase was 1:2.25 (v/v); the organic
phase consisted of comonomers (DVB/4VP) and diluents (toluene and PPG 2000 in
a 15:1 ratio in volume) in a 1:2 ratio (v/v)

with diameters in the range of 0.3-1.0 mm were selected for further
studies. The resulting polymer beads are abbreviated as D-4VP-0,
D-4VP-10, D-4VP-20, and D-4VP-30, where the number after the
second hyphen indicates the vol% of 4VP in each feed.

2.3. Chemical modification of the as-prepared polymer beads

The polymer beads (12 g) were soaked in 100 mL acetone for 3 h,
followed by addition of a large excess of iodomethane. The resulting
mixture was kept at room temperature with occasional stirring for
about 40 h [22]. Finally, the polymer beads were separated, washed
with acetone and distilled water, then dried at 50 °C. The chemically
modified polymer beads prepared from D-4VP-10, D-4VP-20, and
D-4VP-30 are referred to as D-4VP-10M, D-4VP-20M, and D-4VP-
30M, respectively.

2.4. Post-crosslinking of the polymer beads containing methyl
pyridinium groups

The post-crosslinking reaction was carried out as described in
the literature [23]. First, the starting polymer beads were fully
swollen in 1,2-dichloroethane in a 1.0L four-necked separable
round-bottomed flask for 3h. Under mild mechanical stirring,
anhydrous ferric chloride (40 wt% of the starting polymer beads)
was added slowly. After stirring for 1 h to achieve complete disper-
sion, the mixture was heated to 80 °C for 8 h. Finally, the polymer
beads were washed with acetone, acetone/0.1 M HCI (1:1, v/v), and
water, and then dried in an oven at 60°C for at least 48 h before
use. The post-crosslinked polymer beads made from the polymers
of D-4VP-0, D-4VP-10M, D-4VP-20M, and D-4VP-30M are referred
to as D-4VP-0C, D-4VP-10MC, D-4VP-20MC, and D-4VP-30MC,
respectively.

2.5. Characterization

Infrared spectra were obtained on a FT-IR spectrometer (JASCO,
4100E). The surface morphologies of the polymer beads were deter-
mined using a scanning electron microscope (JEOL FE-SEM-5900)
at 20kV after coating the specimens with platinum. Specific sur-
face areas and pore sizes of the adsorbents were calculated by
the Brunauer, Emmet, and Teller (BET) treatment [24] and Barret,
Joyner, and Halenda (BJH) [25] methods, respectively, via nitrogen
adsorption and desorption on an ASAP 2010M instrument at 77 K.
Before the BET surface area measurement, the adsorbents were
degassed at 110°C for 4 h.

2.6. Adsorption—-desorption measurements

The VOC adsorption-desorption characteristics of the post-
crosslinked polymer beads were investigated under dynamic
conditions using a homemade apparatus. Polymer beads were dried
inavacuum oven at 60 °C overnight prior to each measurement. For
comparison, commercial polymeric adsorbent Optipore V503 was
selected as a reference, and its adsorption-desorption properties
were investigated under the same conditions as used for the poly-
meric adsorbents synthesized in our laboratory. Several important
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Table 2

Textural parameters of the polymer beads.
Sample Sger® (m?g™") Vi® (mlg1) Vinic® (mlg™") Sext (m?g™") Smic® (m?g~") Dy (A)
D-4VP-0C 754 1.57 0.11 493 261 134
D-4VP-10MC 572 141 0.09 367 205 161
D-4VP-20MC 289 1.13 0.01 256 335 211
D-4VP-30MC 176 0.81 - 170 6.28 225
Optipore V503 1,100 0.94 - - - 34

2 Specific surface area (BET).

b Total pore volume.

¢ Microporous pore volume.

d External surface area.

¢ Specific microporous surface area.
f Average pore size.

textural parameters are summarized in Table 2 according to the
product catalog provided by the Dow Chemical Company. The gas
flow line for air supply was divided into two branches: one for pure
air and the other for benzene vapor coming out through a benzene-
bubbling apparatus in an oven at 20°C. To determine the effects of
humidity on adsorption and desorption, air was passed through a
tube filled with calcium chloride (to remove moisture from the air)
or a water-bubbling apparatus (to humidify the air). A mixture of
benzene vapor and air was passed through a quartz tube (1 cminner
diameter x 13 cm length) containing polymer beads (tube length
packed with polymer beads: 4cm) at a flow rate of 110 mL/min.
The concentration of benzene vapor in the inlet was fixed to be
1000 ppm using mass flow controllers. Both ends of the sample
(quartz) tube filled with polymer adsorbents were sealed with glass
fibers. Glass joints were securely sealed using Teflon tapes. Adsorp-
tion of benzene vapor by polymer beads was allowed to continue
until a breakthrough point was attained, where the concentration
of benzene in the outlet was approximately 5% of that in the inlet.
For desorption, the gas flow (a mixture of benzene and air) was
switched back to the pure air flow. The direction of carrier gas was
changed in order to improve desorption efficiency, and then the
polymer beads were irradiated with 600 W microwaves for 30 min
after stabilization of the system with microwave irradiation for
10 min in the absence of the sample tubes. The flow rate for desorp-
tion was fixed at 100 mL/min. The concentration of benzene in the
exit gas stream was monitored by a photoionization detector (PID).
The amounts of benzene adsorbed and desorbed were calculated
by integrating the outlet benzene concentration-time curves.

3. Results and discussion
3.1. Synthesis of polymer adsorbents

FT-IR spectra of the initial polymer beads are presented in Fig. 1.
The spectra exhibit absorption peaks located at 1599, 1487, 1414,
and 994 cm~1, which are attributable to the characteristic vibra-
tions of the pyridiyl moieties [26,27]. The next strong peaks at 1069
and 820cm™! are also assigned to the in-plane and out-of-plane
bending vibrations of the pyridiyl units, respectively [27,28]. The
intensities of these peaks increased significantly as the content of
4VP in the feed increased. This result suggests that 4VP was suc-
cessfully copolymerized along with DVB and incorporated into the
polymer beads.

FT-IR spectra of the modified polymer beads with iodomethane
are shown in Fig. 2. The absorption peak at 1599 cm~! was signifi-
cantly reduced, but the peak at 1414 cm~1, clearly present in Fig. 1,
almost disappeared. Instead, a new peak at 1640 cm~!, a character-
istic peak for a quaternized pyridiyl group, is apparent. This result
indicates that the pyridiyl groups in the polymer beads were almost
completely quaternized [27,28].
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Fig. 1. FT-IR spectra of polymer beads: (a) D-4VP-0, (b) D-4VP-10, (c) D-4VP-20, and
(d) D-4VP-30.

The post-crosslinked products were also characterized by FT-IR,
and their spectra are shown in Fig. 3. Post-crosslinking is evidenced
by the disappearance of the characteristic peaks of unreacted vinyl
groups of the DVB units located at 990 and 1630 cm™~! [23], but the
peak at 1630cm~! overlaps with the methyl pyridinium peak at
1640cm!. The peak at 990 cm~! almost completely disappeared
for D-4VP-10M, and was significantly reduced for D-4VP-20M and
D-4VP-30M, indicating that post-crosslinking was fairly efficient in
the presence of excess FeCl; catalyst.
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Fig. 2. FT-IR spectra of the polymer beads modified with iodomethane: (a) D-4VP-
10M, (b) D-4VP-20 M, and (c) D-4VP-30 M.
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Fig. 3. FT-IR spectra of post-crosslinked polymer beads: (a) D-4VP-0C, (b) D-4VP-
10MC, (c) D-4VP-20 MC, and (d) D-4VP-30MC.

3.2. Determination of physical structure

Nitrogen adsorption and desorption isotherms of post-
crosslinked polymer beads are shown in Fig. 4. The obtained
isotherms were type IV isotherms, indicating the presence of
medium to large pores in the polymers [29,30]. The adsorption
and desorption branches coincided at lower relative pressures,
indicating reversible nitrogen adsorption. After formation of nitro-
gen multilayers, capillary condensation occurs as all the pores are
progressively filled. It is known that during adsorption, conden-
sation starts from the narrowest pores while evaporation during
desorption begins from the largest pores. This difference is the
major cause of the hysteresis between adsorption and desorption
isotherms observed at the higher relative pressures [31]. The four
different polymer beads showed very similar hysteresis in their
adsorption-desorption isotherms, indicating that their pore struc-
tures were similar.

Table 2 lists some important characteristics of the polymer
beads. The surface areas of the polymer beads were calculated
from the above nitrogen sorption isotherms using the (BET) [21].
The pore volumes and average pore sizes were determined from
the adsorption branches of the isotherms by the (BJH) method
[25]. Both the specific surface area and pore volume decreased
markedly as the content of 4VP in the polymer beads increased,
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Fig. 4. Nitrogen adsorption-desorption isotherms for the post-crosslinked polymer
beads: closed and open symbols correspond to adsorption and desorption branches,
respectively.
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Fig. 5. Pore size distributions of the post-crosslinked polymer beads as determined
by the BJH method using the nitrogen adsorption isotherm data.

while the average pore size increased continuously. We attribute
this change mainly to a decrease in the crosslinking density as the
content of DVB increased. Furthermore, the solubility parameters
of toluene, styrene-DVB copolymer, and poly(4VP) are 18.3, 18
[28], and 21.5 MPa'/2 [32], respectively, indicating that toluene is a
good solvent for the styrene-DVB copolymer, but a poor solvent for
poly(4VP). This can also at least partially explain the characteristics
of the pores; increasing the content of poor solvent in pore-forming
agents results in a decrease in the surface area and pore volume but
an increase in the pore size [16].

The pore size distributions of the polymer beads were esti-
mated by the BJH method, and the results are shown in Fig. 5.
Most pores in D-4VP-0 C had diameters in the range of 300-1400 A
with a maximum of approximately 500A. As the 4VP content
increased, the pore size distributions of the other beads shifted to
the larger size region. The maximum peaks in the pore size dis-
tribution curves of D-4VP-10MC and D-4VP-20MC were located at
approximately 800 and 1000 A, respectively. The maximum peak
in the distribution curve of D-4VP-30MC was beyond our measure-
ment range. These results indicate that the polymer beads were
essentially macroporous. This result can be explained in terms of
the crosslinking density of the polymer beads and the solubility
parameters of the diluents, as discussed above. As the content
of 4VP increased, the solvating power of the diluents decreased,
phase separation occurred before the gel point, and consequently,
the polymer particles became crosslinked to form nuclei that then
agglomerated. Agglomeration of the nuclei resulted in the forma-
tion of microspheres, which further agglomerated into irregular
particles within a polymer structure [21]. Mesopores (20-500 A in
diameter) and macropores (>500 A in diameter) have been shown
to form between agglomerates of microspheres [33]. Therefore, the
higher specific surface area of D-4VP-0C compared to the other
adsorbents is due not only to its larger pore volume but also its
smaller pore size.

3.3. Dynamic adsorption—desorption

In this study, we measured adsorption and desorption under
dynamic conditions rather than static conditions, because the
former more closely reflects practical conditions. We evaluated
the dynamic adsorption-desorption performances of the polymer
beads by monitoring the adsorbate-desorbate concentrations in
the outlet over time [31]. We defined breakthrough adsorption
capacity to be the amount of benzene adsorbed until the outlet
concentration of the adsorbate reached 5% of the inlet adsorbate
concentration [34]. In this study, benzene was selected as a model
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Table 3

Summary of adsorption-desorption characteristics of benzene on different polymeric adsorbents.

Adsorbent Breakthrough time (min) Adsorption capacity (mg/g) Desorption capacity (mg/g) Desorption efficiency (%)

D-4VP-0C2 42 21 9.9 47

D-4VP-0CP 42 21 9.9 47

D-4VP-10MC? 36 16 8.5 53

D-4VP-10MCP 24 10 6.6 66

D-4VP-20MC? 33 14 74 53

D-4VP-20MCP 16 7.1 6.2 87

D-4VP-30MC? 18 6.9 - -

D-4VP-30MCP 8.0 3.1 - -

Optipore V5032 186 64 6.6 10

Optipore V503 144 52 19 37

2 Indry air.

b In humidified air with a relative humidity of about 70%.
nonpolar VOC because it is widely eluted by industries and is a 80
serious environmental pollutant. The experimental data for the J -—"

R . -
polymer beads are summarized in Table 3. 704 P ,ﬂ
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beads for benzene is also expected to decrease as their hydrophilic- 1 —+— Optipore
ity increases. Second, the adsorption capacity of polymer beads o ’ 4 T ; p ; pA : = s

will increase as the pore volume and specific surface area of the
beads increase; adsorption capacity decreased as the content of
methylpyridinium unit increased, as expected. The microporosity
of the polymer beads should be also considered. It is known that
the adsorption occurs through diffusion into macropores before
adsorbate fixation in accessible pores such as mesopore and/or
micropore. Thus the adsorption capacity of an adsorbent is largely
dependent on its microporosity [35,36]. The microporosity of our
polymer beads decreased as the content of methylpyridinium unit
increased, which is in good agreement with the trend in adsorption
capacity. The breakthrough time and adsorption capacity of Opti-
pore V503 were much longer and higher, respectively, than those of
our polymer beads, probably due to the significantly higher specific
surface area and smaller pore sizes of Optipore V503.

The adsorption of VOCs from a wet fluid is a complex pro-
cess [37]. However, moisture in the fluid had a clear effect on
the polymer adsorbents, as shown in Table 3. The breakthrough
times of D-4VP-0 C under dry and humid air conditions were the
same, but those of the other polymer adsorbents with hydrophilic
methylpyridinium groups were shorter under humid conditions
than dry conditions. Furthermore, the breakthrough time became
significantly shorter under humid conditions as the content of
hydrophilic units increased. In particular, D-4VP-30MC had the
shortest breakthrough time (only about 56% of the breakthrough
time under dry conditions). This result can be explained as fol-
lows: as the affinity between hydrophilic groups in the polymer
adsorbents and moisture in the air increases, more adsorption
sites will be occupied by water vapor, less adsorption sites will
be available for benzene vapor, and consequently less benzene
vapor will be adsorbed, leading to a shorter breakthrough time. The
breakthrough adsorption capacity of Optipore V503 under humid
conditions was slightly lower than that under dry conditions, sug-
gesting that it may be slightly polar.

The relative humidity at the outlet of the adsorption-desorption
tube packed with the polymer adsorbents were measured as a
function of the flowing time of humidified air, and the results are

Time (min)

Fig. 6. Relative humidity at the outlet of the sample tube packed with polymer
adsorbents as a function of the flowing time of humidified air with a relative humid-
ity of 80%.

presented in Fig. 6. The initial relative humidity at the outlet was
not zero due to the limitations of the simple hygrometer used for
measurement. In the case of D-4VP-0C, the relative humidity at
the outlet increased rapidly to the same level as that at the inlet
within 2 min, indicating that the most hydrophobic adsorbent did
not adsorb the moisture efficiently under these conditions and that
water vapor in the air immediately passed through the adsorption
tube. In the case of D-4VP-10C, the relative humidity at the out-
let increased slowly and was close to that at the inlet within the
breakthrough time (24 min, see Table 3). In contrast, in the case
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Fig. 7. Desorption of benzene from various polymer adsorbents under dry and
humid air conditions upon irradiation with 600 W microwaves.
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Fig. 8. Temperatures of the quartz tubes packed with polymer adsorbents as a
function of irradiation time with 600 W microwaves for 30 min.

of D-4VP-20C, the relative humidity at the outlet increased much
more slowly and was much lower than that at the inlet within
the breakthrough time (16 min), while for D-4VP-30 C, the relative
humidity at the outlet essentially did not increase and remained
largely unchanged within the breakthrough time (8 min). This
result indicates that as the polymer hydrophilicity increased, the
amount of moisture adsorbed by the polymer adsorbents increased,
and consequently the breakthrough time for adsorption of water
vapor increased. On the other hand, the variation curve of relative
humidity for Optipore V503 is located between those of D-4VP-0 C
and D-4VP-10MC. Based on this result along with the humidity-
dependent breakthrough adsorption capacity, the hydrophilicity
of Optipore V503 seems to be in between that of D-4VP-0C and
D-4VP-10MC.

The desorption of benzene from the polymer adsorbents
under dry and humid air conditions upon irradiation with 600 W
microwaves for 30min is shown in Fig. 7. D-4VP-30MC was
excluded from this experiment because of its low adsorption capac-
ity compared with the other samples. The desorption efficiency of
D-4VP-0 Cwas 48% regardless of whether water vapor was supplied
or not. The desorption efficiencies of D-4VP-20MC were 52 and
87% under dry and humid conditions, respectively, and the desorp-
tion efficiencies of D-4VP-10MC under the two different conditions
were located in between those of D-4VP-0C and D-4VP-20MC.
The maximum concentration of desorbed benzene vapor in the
outlet gas stream increased with an increasing content of methyl
pyridinium unit. In other words, more polar polymer adsorbents
concentrate benzene more effectively during shorter microwave-
irradiation times under humid conditions than less polar polymer
adsorbents. For example, in the case of D-4VP-20MC, the maximum
concentration of benzene vapor in the outlet under humid condi-
tions was up to three-fold the concentration of benzene in the inlet.
Desorption of benzene from Optipore V503 was also investigated,
but these data were not included in Fig. 7, because the desorp-
tion efficiencies of benzene from Optipore V503 under both dry
and humid conditions were significantly lower than those of the
other samples. The much less efficient desorption of benzene from
Optipore V503 than observed for our polymers might be due to the
much smaller pore sizes of Optipore V503 than our polymers, which
could make the desorption of adsorbed benzene more difficult and
decrease the effectiveness of microwave heating because of the
lower hydrophilicity of the pores. In addition, the higher adsorption
capacity of Optipore V503 compared with our adsorbents could also
be a contributing factor to the less efficient desorption of benzene.

Under humidified conditions, the microwave-assisted des-
orption of benzene vapor from the polymer absorbents clearly

increased as the content of hydrophilic unit in the polymer
increased. These experimental results can be explained as fol-
lows. First, ordinary polymers are transparent or semitransparent
to microwaves, and are therefore not efficiently heated by
microwaves [2]. In contrast, polymers containing hydrophilic units
can be heated by microwave-absorbing hydrophilic units and/or
adsorbed moisture. Second, nonpolar benzene is probably more
strongly bonded to the surface of less polar (hydrophobic) adsor-
bents such as D-4VP-0C, and is therefore more difficult to be
desorbed from the adsorbents. Third, the flush effect, i.e., over-
shooting of benzene vapor by water vapor, also contributes to
the desorption process [18]. In other words, immediately after
microwave-irradiation has started, adsorbed water on the polymer
beadsis heated and desorbed, and then a part of the desorbed water
moves with carrier gas (air) to another adsorption zone where
benzene is adsorbed. At this point, the water molecule will com-
petitively adsorb on the adsorption zone and the benzene molecule
will be desorbed, leading to more concentrated benzene vapor in
the outlet.

3.4. Measurement of the temperature of the
adsorption-desorption tube

As described above, we attributed the microwave-assisted des-
orption of benzene vapor from the polymer beads mainly to a
thermal effect whereby adsorbed water molecules on the poly-
mer beads absorbed microwaves and converted them to heat.
To confirm this hypothesis, we monitored the temperature of
each adsorption-desorption tube during irradiation with 600 W
microwaves, and the results are presented in Fig. 8. Direct tempera-
ture measurement of the adsorbent tube during microwave heating
without disturbing the microwave field was difficult. Therefore,
we measured the temperatures of the quartz tubes packed with
polymer adsorbents as follows. After a pre-determined time inter-
val of continuous microwave irradiation, the microwave power
was switched off and the temperature of tube was measured as
quickly as possible using an infrared thermometer, while gas flow
through the adsorption tube was maintained. Our experimental
results show that the temperatures of the tubes increased slowly
up to 35-36°C with irradiation time even under dry conditions,
but increased more rapidly up to 36-40°C, under humid air con-
ditions. It is interesting to note that benzene was desorbed from
the polymeric adsorbents at the relatively low temperatures. This
result can be attributed to some reasons. First, the temperatures
measured by the infrared thermometer were the temperatures of
the tube’s external surface which may be lower than the actual
temperatures of polymer beads. Second, the relatively large pore
sizes of the polymer beads might cause the easy desorption. Third,
the direction of carrier gas flow was changed, and the adsorbed
benzene vapor might be concentrated at a region near to the tube
outlet, leading to the easy desorption.

Under humid air conditions, the effect of the content of
hydrophilic unit on the temperature increase became more sig-
nificant. This observation supports our hypothesis that microwave
heating of the polymer beads is due mainly to the presence of
adsorbed water. The temperature increase of the quartz tube
packed with Optipore V503 was very similar to that of the tube
packed with D-4VP-0C under humid conditions, indicating that
microwave heating of Optipore V503 is an ineffective process. The
slight increase in the temperature observed under dry air condi-
tions may result from a small amount of remaining moisture in
the polymer beads [18] and the raised temperature within the
microwave oven. The temperature change observed in the empty
tube confirmed the latter explanation.
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Fig. 9. Scanning electron micrographs of polymer beads before (left) and after (right) the adsorption-desorption process: (A) D-4VP-10MC and (B) D-4VP-20MC.

3.5. Scanning electron micrographs of polymer adsorbents

Scanning electron micrographs of D-4VP-10MC and D-4VP-
20MC before and after the adsorption-desorption process are
presented in Fig. 9. Most polymer beads were approximately
spherical and their surfaces were smooth. The shape and surface
morphology of the regenerated adsorbents remained relatively
unchanged, indicating that the adsorption-desorption process does
not damage the polymer adsorbents. Some minor scratches may
occur during loading of the polymer beads into the packing tube,
but this is unlikely to affect the absorption-desorption charac-
teristics of the polymer beads. Thus, these polymer beads can
be repeatedly used as adsorbents in microwave-assisted recovery
systems.

4. Conclusions

In the present study, we successfully synthesized macroporous
polymer beads with and without hydrophilic methylpyridium
groups via suspension polymerization of divinylbenzene and 4VP,
quaternization with iodomethylation, and post-crosslinking with
ferric chloride. As the 4VP content in the feed increased, the
BET surface area of the resulting polymer beads decreased, but
their pore size increased due to a decrease in crosslinking den-
sity and the lower solubility of poly (4VP) in toluene. As the
content of hydrophilic unit in the polymer adsorbents increased,
the breakthrough time for benzene vapor decreased significantly
along with the corresponding breakthrough adsorption capacity
under humidified air conditions. As the content of hydrophilic unit
in the polymer adsorbents increased from 0 to 20%, their des-
orption efficiency increased significantly from 48 to 87% under
humidified air conditions. We attributed the enhanced desorption
efficiency mainly to more adsorbed moisture that indirectly heated
the polymer adsorbents to higher temperatures upon microwave

irradiation. Even though there is still scope for improvement, our
initial results are encouraging. We are currently determining the
effects of the BET surface areas and pore sizes of the polymer beads
on their adsorption-desorption efficiencies, and anticipate report-
ing our findings in the near future.
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