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Abstract A series of porous polymers poly(styrene-
divinylbenzene) was synthesized by the polymerization of
9 : 1 (v/v) styrene/divinylbenzene using high-internal-phase
emulsions (HIPEs) as template, cetyltrimethyl ammonium
bromide as a surfactant in the presence of water-miscible
organic additives ethanol, with internal-phase contents varied
from 82.5 to 94.0 %. The effects of the internal-phase contents
on the microstructure of the resulting polymers were charac-
terized by scanning electron microscopy and mercury intru-
sion porosimeter. The apparent density, compressive strength,
water and toluene absorption and release behavior of the
polymers with different porosity were investigated. The re-
sults showed that the properties of the porous polymer were
significantly influenced by the internal-phase content. The
increase in the internal-phase content increased the pore vol-
ume, thus increased the water and toluene absorption values,
but decreased the apparent densities and the compressive
strength of the porous polymers. The highest water and tolu-
ene absorption values were found for the sample prepared
with the highest internal-phase content (94.0 %), which
reached 11.65 and 21.64 cm’/g (based on the weight of the
porous polymer), respectively. The water and toluene absorp-
tion kinetics of the porous polymers were well described by a
pseudo-second-order kinetic model. The toluene release rates
of the porous polymers were increased with the increased
internal-phase content.
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Introduction

Porous materials are attracting considerable attention because
of their high surface areas and physicochemical properties [1,
2]. As a kind of the porous material, porous polymers are
extensively applied as microreactors, ion-exchange resins,
molecular recognition devices, fuel and petroleum recovery
devices, fuel cell membranes, electrode materials for batteries,
gas storage devices, etc. [3-5]. The traditional methods of
preparing porous polymer are categorized as hard or soft-
template methods [4], both of which cannot control the pore
size and pore size distribution. Lately, high-internal-phase
emulsions (HIPEs) are used as templates to regulate the pore
size and pore size distribution of porous polymers [6—11].
HIPEs, also known as high-concentration emulsions, contain
a discontinuous phase with a volume fraction>74 %. In some
systems, the volume fraction even reaches 99 % [7, 12].
Generally, the discontinuous phase (aqueous phase) comprises
a solvent and an initiator that does not dissolve in the mono-
mer, while the continuous phase (oil phase) composes a
monomer (with the appropriate crosslinking monomer) and
an emulsifier. After polymerization and drying, porous poly-
mers with specific pore size and pore size distribution can be
obtained. Porous polymers prepared by the HIPE method are
named polyHIPE [6, 13—18]. Given that polymerization oc-
curs around the droplets of the internal phase, the pore content
of polyHIPE can reach 99 %. The microstructures of
polyHIPE can also be controlled by regulating the internal-
phase content [1, 19]. PolyHIPEs with a specific surface area
more than 700 m*/g (Brunauer-Emmett-Teller method) can be
produced by adjusting the monomer composition, addition
method, or the amounts of initiator and emulsifier. The droplet
size of the internal phase can be adjusted in HIPEs and used to
synthesize various porous materials with pore sizes ranging
from 10 to 100 um. Based on the unique microstructure
properties of the polyHIPE, they are widely used in the fields
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of microreactor manufacture [20], tissue engineering [6, 21]
and selective absorption [22, 23], and capillary
electrochromatography [24].

The main factors influencing the stability of HIPEs and the
microstructure of polyHIPEs are internal-phase content [17,
19, 25-27] and surfactants [7, 8, 16, 28]. The effects of
emulsion preparation conditions, such as stirring speed and
rate of aqueous droplet-phase addition, on the foam micro-
structure and properties of porous polymers have been inves-
tigated [19, 27]. However, most researcher have used nonionic
surfactants or mixtures of nonionic and ionic surfactants .
Chen used the cationic cetyltrimethyl ammonium bromide
(CTAB) as a sole surfactant to stabilize HIPEs [7]. They
synthesized open, porous emulsion-templated monoliths with
a significantly high pore volume (14.7 cm’/g), as well as
uniform pore diameters and cell sizes [29]. They added etha-
nol or poly(ethylene glycol) as water-miscible organic addi-
tives to tailor the morphology of the system [7], and found that
the interconnect diameters gradually increased with the in-
creased ethanol concentration from 1.0 to 5.0 wt %, and
8.0 wt % [7]. However, studies of using CTAB as a surfactant
on the microstructure and the properties of the polyHIPE are
rare. It is well known that the microstructures of polyHIPE
significantly may influence the properties of polyHIPEs [25].
In the present work, a series of porous polymers was synthe-
sized by a HIPE method using CTAB as a surfactant in the
presence of ethanol. The effects of the internal-phase
content on the HIPEs and polyHIPEs were discussed.
The apparent density, mechanical properties, and maxi-
mum water and toluene absorption values of the
polyHIPE were also investigated.

Experimental
Materials

Styrene [St, Chemical Pure (CP)], cetyltrimethyl ammonium
bromide [CTAB, analytical reagent (AR)], ammonium persul-
fate (APS, AR) were purchased from Xilong Chemical Plant
in Shantou, Guangdong province (China). Divinybenzene
(DVB, 80 %, mixture of isomers) was provided by Alfa Aesar
(Tianjin) Chemical Co. Ltd. (China). Ethanol (AR) was
obtained from Guanghua Chemical Plant in Guangdong
province (China). CTAB was recrystallized by the
ethanol-ether mixture (volume ratio 1: 1.). APS was
recrystallized by water prior to use. Both St and DVB
were refined by passing through a column filled with
potassium carbonate, silica oxide and aluminum oxide
to remove hydroquinone before use. Other reactants
were applied as received. Deionized water was used in
all the experiments.
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Preparation and polymerization of HIPE

Ina 250 mL glass flask, emulsifier CTAB (0.8 wt %, based on
monomer) was dissolved in mixed comonomer (St: DVB=90:
10, by volume) with stirring to obtain external phase (oil
phase). The internal phase (aqueous phase) was composed
of water, ethanol (Water: Ethanol=91: 9, by volume), and
initiator APS (1.6 wt %, based on monomer). Different
amounts of the aqueous phase was slowly added into the oil
phase for about 2 h, further stirred continuously for 5 h at
400 rpm obtaining a stable HIPE. After that, the HIPE was
poured into a glass tube and polymerized at 70 °C for 12 h.
After drying to constant weight, the porous poly(St-DVB)
(PSD) was obtained without further purification. (The prod-
ucts from these were designated as PSD82.5, PSD85.0,
PSD&7.5, PSD90.0, PSD92.5 and PSD94.0, corresponding
to 82.5, 85.0, 87.5, 90.0, 92.5 and 94.0 % of aqueous phase
volume in HIPE.)

Characterizations

The morphology of PSD was observed with a scanning elec-
tron microscope (SEM, JSM-6380LV, JEOL Ltd, Japan). The
sample surface was gold sputtered prior to observation. The
cavity and window sizes were determined by measuring the
length of the largest and the smallest cavity or window.

Pore volume and median pore size of the PSD were re-
corded by mercury intrusion porosimeter using a
Micromeritics Autopore IV 9500 porosimeter. Samples were
subjected to a pressure cycle from 0.1 psia to 60,000 psia.

The apparent density of PSD was determined by calculat-
ing the weight (m, in gram) and volume (7] in cubic centime-
ter) of the PSD cylinders (the cylinder was due to the shape of
a glass tube), in which the volume was obtained by measuring
the radius (7, in centimeter) and the height (h, in centimeter) of
the PSD cylinders. The apparent density is calculated accord-
ing to Eq. (1).

Apparent density = m/V = m/mr*h (1)

The water and toluene absorption values of PSD were
determined in a beaker. The samples were weighed (mgyy, in
gram) and immersed in the liquid. The samples were removed,
blotted with filter paper and weighed (71, in gram) every
minute for the first 10 min and for longer intervals thereafter.
The water and toluene absorption values of PSD (absorption,
in cubic centimeter per gram) were calculated using Egs. (2)
and (3), respectively.

Water absorption = (Myet — Mary) /Mary (2)

Toluene absorption = (et — Mary) / (0.866m4ry ) (3)
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In the Eq. (3), 0.866 is the density (in unit of g/cm®) of
toluene at room temperature (20 °C).

The volume of the samples after swelling in the toluene
(Vaier) Was also determined by measuring the radius (r, in
centimeter) and the height (h, in centimeter) of the PSD
cylinders. The volume expansion of the samples was calcu-
lated using Eq. (4).

Volume expansion(%) = (Vaser — V) /V x 100 4)

The release of PSD was carried out by immersing it (m4yy,
in gram) in toluene for 24 h. The samples were then removed,
blotted with filter paper, and weighed (my, in gram). After-
ward, the wetted samples were placed in air at room temper-
ature and weighed (m,, in gram) every 10 min for the first
60 min and then every 30 min for the last 120 min. The release
of toluene for PSD (release, in cubic centimeter per gram) was
calculated according to Eq. (5).

Release = (my — mary ) /(0.866mary ) (5)

The compressive modulus of PSD was determined on a
universal testing machine. Cylinder samples with height of 8+
I mm and diameters of 54+1 mm were used. Stress—strain
curves were obtained at a strain rate of 0.125 %/s and room
temperature until 75 % deformation was reached.

Results and discussions
Preparation and polymerization of HIPE

A series of HIPEs with internal-phase contents varied from
82.5 to 94 % was prepared and polymerized using CTAB as
emulsifier and APS as initiator. When the internal-phase con-
tent was below 82.5 %, the water and oil phases were very
well emulsified under stirring conditions. However, the emul-
sion was separated into two phases during the polymerization
when stirring was not performed. Thus, polymerization did
not occur at 70 °C even for 12 h because no initiator was
presented in the oil phase. Meanwhile, the viscosity and the
stability of the emulsion increased with increased volume
fraction of the water phase. In this case, phase separation did
not occur during the polymerization, and polymerization
smoothly occurred, resulting in porous polymers
(Figs. 1a to h). When the internal-phase content reached
94.0 %, the HIPEs maintained their stability for at least
3 days, and normally polymerized. However, further
increased the internal-phase content to 95 % resulting
in demulsification because of the increase in the volume
of the water phase. The thickness of the continuous
phase continuously decreased with increased internal-
phase content. The film broke at sufficiently low

thickness, thereby leading to phase separation and the
absence of monomer polymerization.

Microstructure of the polyHIPEs

The SEM images of the PSD samples with internal-phase
contents of 82.5-94.0 % are shown in Fig. 1. The SEM images
showed that the porous polymers were successfully prepared
using the HIPEs as template, and the internal-phase content
markedly influenced the microstructure of the polyHIPE solid
foams. An interconnected porous structure with cavities, cav-
ity walls, and windows within the cavity walls was observed
in the samples when the aqueous phase content was 82.5 to
90.0 %. When the aqueous phase contents were 82.5 and
87.5 %, the cavity sizes ranged from 100 to 300 pm, while
the window sizes were in the range of 2 um to 10 pm, and
thick cavity walls were observed. As the increase of internal-
phase content, more open and porous structure monoliths
were found, the cavity sizes became smaller and smaller,
while the windows sizes became bigger and bigger, thus, the
cavity wall became thinner and thinner. When the internal
phase content was 94 %, no cavity was seen in the SEM
image. In addition, the interconnected structures in the
polyHIPE were more and more obvious. The porous polymer
with 94.0 % internal-phase content exhibited the thinnest
cavity wall, while the polyHIPE with 90.0 % internal-phase
content displayed the most uniform interconnected structure.

Table 1 showed that the apparent densities of the porous
polymer were very low (<0.25 g/cm?) and decreased with the
increase of the internal-phase contents, however, pore volume
and porosity of the porous polymers increased with the
internal-phase contents except for the sample with 94 %
internal-phase content. The median pore diameters of the
porous polymer were almost the same except for the sample
with 90 % internal-phase content. Because median pore sizes
are the result of average cavity size and windows size, larger
cavity size and smaller windows size may lead to almost the
same median pore size.

Absorption of the polyHIPEs

The water absorption curves of the PSD samples are illustrat-
ed in Fig. 2a and the balanced water absorption values are
listed in Table 2. The water absorption value increased rapidly
with the increase of internal-phase content, and water absorp-
tion reached equilibrium within about 3 min. This phenome-
non was due to the increased pore volume. PSD94.0 exhibited
the highest water absorption value at a plateau of 11.65 cm’/g.
By contrast, PSD82.5 had the lowest water absorption value
of only 2.37 cm’/g. This low absorption reflected the low pore
volume of the PSD samples. Water absorption in our experi-
ments is higher than the value in literature [30]. In our case,
the higher pore volume was obtained with higher internal
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Fig. 1 SEM images of PSD with
various internal-phase content: (a
and b) 82.5 %; (¢ and d) 85.0 %;
(e and f) 87.5 %; () 90.0 %; (h)
94.0 %

18kU

18kV

phase content. Generally, the poly(Styrene-co-DVB) is hydro-
phobic, the PSD after extraction is also hydrophobic. Howev-
er, before extraction, the PSD was hydrophilic due to the
existence of emulsifier. The PSDs in our experiments were
not extracted, thus more amounts of water were absorbed.
The variations in toluene absorption values for dif-
ferent time of the porous polymer foams with various

@ Springer

internal-phase contents are shown in Fig. 2b and
Table 2. A rapid increase in the toluene absorption
curve was observed during the first 5 min, and then a
plateau was reached. PSD94.0 had the highest toluene
absorption value (21.64 cm®/g), whereas PSD82.5 had
the lowest toluene absorption value (only 6.74 cm’/g).
The toluene absorption value significantly increased
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Table 1 Properties of the porous polymer

Samples  Density Total intrusion ~ Median pore Porosity (%)
(g/em’)  volume (mL/g)  diameter (um)

PSD82.5 0.248 6.0 18.0 79.7

PSD85.0  0.120 7.4 16.8 843

PSD87.5  0.095 9.7 20.7 87.0

PSD90.0  0.072 13.4 6.5 97.4

PSD94.0  0.058 11.9 18.0 73.9

with increased aqueous phase contents, because of the
increased pore volume.

Moreover, the toluene absorption value was clearly higher
than the water absorption value because of the swelling be-
havior of the polymer after immersion in toluene. The volume
of the porous polymers enlarged to about twice their original
size after swelling in toluene (ref Table 2). However, the
weight changes were minimal after the swollen PSD dried.
This results enabled the toluene absorption value to become
about twice the water absorption value.

Absorption kinetics

Absorption models were used to investigate the absorption
kinetics according to the literature [31, 32] in order to under-
stand the absorption behaviors of PSD. The pseudo-first-order
equation is described as follows:

Y k(0,-0) (©)

Where Q.4 and O, (millimole per gram) are the amounts of
water and toluene absorbed at the equilibrium time and mea-
surement time (minute), respectively; and k; is the pseudo—
first—order rate constant of absorption (per minute), which
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indicates the water and toluene absorption speed. After defi-
nite integration by applying the initial conditions
0=0 at t=0, Eq. (6) becomes:

In (Qeq = Q,) —In—kit (7)

The pseudo-second-order equation is described as follows:

Y k(o,-0) ®)

k, is the pseudo—second—order rate constant of absorption
(cubic centimetres per gram per minute), which also indicates
the water and toluene absorption speed. The equation shows
the dependence of the absorption value of the sorbate on time.
If the equilibrium absorption values of the PSD rate constant
k> is known, then the absorption value of PSD at any time can
be calculated.

Through integrating this equation by applying the initial
conditions O;=0 at =0 and Q=0 at =t, Eq. (8) becomes:

t 1 t
R — 9
Qt <k2 Qeqz ) + Qeq ( )

Based on Eq. (7), the linear plots of In(Qcq-Qy) ver-
sus ¢ can be drawn and the slope value is k;. Accord-
ingly, the correlation coefficients with pseudo-first-order
kinetics were found to be only 0.6577 (Fig. 3a) and
0.4732 (Fig. 3c) for water and toluene absorption, re-
spectively. Thus, the pseudo-first-order kinetics was not
applicable to absorption behavior of PSD. However,
these absorption behaviors can be well described by
the pseudo-second-order equations in which the correla-
tion coefficients for all samples were>0.998 (Figs. 3b
and d) for water and toluene absorption. This high
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Fig. 2 Water (a) and toluene (b) absorption curves of PSDs with various internal-phase contents
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Table 2 Absorption of the porous polymer

Samples Balanced water Balanced toluene ~ Volume expansion
absorption (cm’/g) absorption (cm®/g) in toluene (%)

PSD82.5 237 6.74 97.1

PSD85.0  3.89 10.11 90.9

PSD87.5 4.86 11.67 105.3

PSD90.0 845 17.74 88.0

PSD94.0 11.65 21.64 95.6

correlation coefficient suggested that the water and tol-
uene absorption values of PSD can be well represented
by the pseudo-second-order model.

Release behavior and kinetics

After immersing the porous polymers in water (or toluene) for
24 h, they were saturated with water (or toluene), and their
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release behaviors within 3 h were investigated at room tem-
perature. The results (Fig. 4) indicated that the water and
toluene contents of PSDs decreased continuously during the
release period, and a linear relationship was found. The data
were fitted to a straight line, and the parameters of the fit
curves are listed in Table 3. For example, the toluene release
rates (k;2) of the PSD82.5, PSD85.0, PSD87.5, PSD90.0, and
PSD94.0 were 0.018, 0.022, 0.046, 0.081, and
0.122 cm’.g ".min "', respectively. These data showed in-
creasing tends with increased internal-phase content because
of the increased pore volume of the PSD. In addition, all data
fitted well, as confirmed by the fitting correlation coefficient
values (R,?). Larger pore volumes and pore sizes of the sample
enabled easier toluene diffusion from the sample. After
180 min, the toluene in the PSD samples with lower
internal-phase content almost completely released, whereas
in the PSD samples with higher internal-phase contents, some
toluene molecules still remained due to the limited release
time. The PSDs exhibited slower release for water than
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Fig. 3 Plots of first (a and ¢) and second (b and d)-order rates of water (a and b) and toluene (¢ and d) absorption for PSD adsorbent
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Fig. 4 Water and toluene delivery curves of PSDs with various internal-phase contents

toluene due to their hydrophility resulting from the existence
of emulsifier CTAB.

Release models were used to investigate the release kinet-
ics of the PSD. The pseudo-zero™-order release model equa-
tion is described as follows:

th/dt =k (10)

where Q; is the amount of water and toluene released at the
measurement time (minute), and &, is the pseudo-zero™-order
rate constant of release (milliliter per gram per minute). After
integration by applying the initial condition of Q;=Q at t=0,
the above equation becomes:

Qi =Qp + kit (11)

Based on Eq. (10), a linear plot of Q, versus t can be drawn
(see Fig. 4), and the slope value is k. (a negative value,
meaning the release of water (or toluene)). The water and
toluene release kinetics of the porous polymer were described
very well by a pseudo-zero™-order kinetic model, which is in
contrast to the pseudo-second-order kinetic model as proposed
for the corresponding absorption behavior.

Table 3 Parameters for water and toluene release

PSD&2.5 PSD85.0 PSD87.5 PSD90.0  PSD9%4.0
ki —0.005 —0.005 —0.006 —0.009 —0.012
Ry? 0.9965 0.9968 0.9960 0.9968 0.9960
ko —0.018 —0.022 —0.046 —0.081 —0.122
Ro’ 0.9763 0.9466 0.9965 0.9965 0.9994

k1 and k;, are release rates for water and toluene absorption of the PSD

Compression modulus

The PSD samples were subjected to compression determina-
tion, and the compressive stress—strain curves are illustrated in
Fig. 5. All porous polymers had typical three-stage stress—
strain curves, i.e., a linear stress—strain region, a stress plateau
region, and a densification region showing a steep increase in
stress. As shown in Fig. 5, the ratio of aqueous to oil phases
significantly influenced the Young’s modulus. Increasing
internal-phase content decreased the Young’s modulus of the
PSD and the height of the plateau while increasing the length
of the plateau region. At 40 % deformation, the stress values
of the PSD samples with internal-phase content from 82.5 to
94 % were 1.38, 1.02, 0.66 and 0.31 MPa, respectively. This
observation indicated the density and wall thickness of PSD,
which coincided with the aforementioned SEM and density
measurement results. The porous polymers with higher

3 .

© PSD82.5

< . N

] PSD90.0

o

75 \
14 PSD92.5

PSD94.0
0 .
0 20 40 60 80
Strain, %

Fig. 5 Compressive stress—strain curves of PSDs with varying internal-
phase content
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internal-phase contents, larger pore sizes, and thinner intercel-
lular pore walls displayed lower Young’s moduli.

Conclusion

A series of porous polymers was synthesized using HIPE as
template and CTAB as a surfactant with different internal-
phase contents. The internal-phase contents were found to
play a highly important role in the preparation and properties
of the porous polymer. Porous polymers were difficult to
obtain using the method when the internal-phase content
were<82.5 % or>94 %. The increase in the internal-phase
content increased the pore volume but decreased the density
and compressive strength of the porous polymer. Therefore,
the density and pore volume of the polymer can be controlled
by the internal-phase content. The internal-phase content also
crucially affected the absorption and release of liquids. The
water and toluene absorption values significantly increased
with increased internal-phase content. The water and toluene
absorption values of PSD82.5 were 2.37 and 6.74 cm’/g,
respectively, but these of PSD94.0 reached 11.65 and
21.64 cm3/g, respectively. These results showed that the
pore volume of the porous polymer increased with in-
creased internal-phase content. The water and toluene
absorption kinetics of the porous polymer were best
described by a pseudo-second-order kinetic model,
while the release kinetic were described very well by
a pseudo-zero™-order kinetic model.
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