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ABSTRACT: Epoxy membranes that have interconnected pores with different surface structures were synthesized using the chemically
induced phase separation process. The epoxy membrane was produced from a mixture of epoxy resin, D.E.R. 331, and the curing
agent, 2,4,6-tris-(dimethylaminomethyl) phenol (DMP-30) in diisobutyl ketone, while covered with a contacting film. It was found
that the surface morphology of the epoxy membranes could be changed by the fraction of DIBK, or by using different contacting
films of which the surface pore sizes ranged from 0.15 through 2.4 um. Furthermore, ethanol permeabilities through the epoxy mem-
branes were measured. The permeabilities are approximately 3-4700 L/m*hbar and depend on either the bulk morphology or the skin
structure of the membranes. The epoxy membranes with various porosities and ethanol permeabilities could be also prepared using differ-
ent compositions of the DMP-30 and diethylene triamine (DETA)) mixture. A modified Hagen—Poiseuille equation was proposed to
describe the effects of the surface and bulk porosity on ethanol permeability. It was found that at low permeabilities, most of the resist-

ance of the surface layers is higher than that of the bulk section. © 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000000, 2013
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INTRODUCTION

Porous polymers have many useful applications, including use
as separation media, foams, chromatography supports, and
membranes for cell cultures.'™ Many methods have been devel-
oped to produce porous polymers with different morphologies.
One of these techniques is chemically induced phase separation
(CIPS), which is a process where a homogeneous solution of
monomers or pre-polymers and solvent become phase separated
during polymerization. The porous polymers are then obtained
after evaporating the solvent in the matrix by heating or vac-
uum.®*? For example, macroporous epoxy networks with a nar-
row pore size distribution and closed-cell morphology have
been prepared from curing an epoxy resin with a primary amine
in the presence of solvent. It has been proposed that the sol-
vent-rich closed domains were formed via nucleation and
growth, whereby the pore size and distribution could be con-
trolled by the fraction of solvent. However, it has been reported
that when phase separation is induced via step-wise polymeriza-
tion, it is difficult to obtain bi-continuous structures from the
addition of a low-molecular-weight compound, such as a sol-
vent. When an epoxy resin is cured with a primary amine, the
polymers mainly grow via step-wise polymerization, which
causes a closed-pore structure in the epoxy matrix. Epoxy mem-
branes have several advantages over thermoplastic polymers,
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such as good chemical resistance and high thermal stability.
Therefore, some limits on the application of porous thermoplas-
tic polymers in harsh environments, such as high temperature
and low or high pH, could be expected to be overcome using
epoxy membranes.'>™*?

In our previous work, it was reported that epoxy membranes
with interconnected pores could be prepared by curing a com-
mercial epoxy resin, D.E.R. 331, with a tertiary amine, 2,4,6-
tris-(dimethylaminomethyl) phenol (DMP-30), in the presence
of a solvent, diisobutyl ketone (DIBK).'® The permeabilites of
different solvents through the prepared epoxy membranes were
measured under constant pressure. It was found that the epoxy
membranes had high permeability for cyclohexane or ethanol
and low permeability for water. However, the permeability and
selectivity of polymer membranes depend not only on the bulk
structure but also on the surface morphology.'”™® There are
many techniques for controlling the surface morphology of a
membrane, such as surface treatment, surface grafting polymer-
ization, templating, or self-assembly methods, which have been
applied to produce specific surface structures on polymer
films.>'° We also demonstrated a novel, simple method for
producing porous cross-linked polymers that have similar bulk
morphologies and a variety of surface structures through the
use of a CIPS process.”” The surface morphology could be
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changed with the use of contacting films with different wetting
properties, which were pressed onto the casting solution during
curing.

In this study, epoxy membranes were prepared from epoxy resin
that was cured with DMP-30 in DIBK that was covered with
various contacting films; then, epoxy membranes that have a
similar interconnected pore structure with different surface
morphologies could be obtained. The dependence of the ethanol
permeability on the epoxy membrane structure was further dis-
cussed. Finally, a modified Hagen—Poiseuille (H-P) equation
was proposed to verify the contribution of the skin or bulk re-
sistance of the epoxy membrane to the ethanol permeability.

EXPERIMENTAL

Materials

Bisphenol A diglycidyl ether epoxy resin (D.E.R. 331, epoxy
equivalent weight = 186) was purchased from Dow Chemical
Company; the curing agent 2,4,6-tris-(dimethylaminomethyl)
phenol (DMP-30, Aldrich), diethylene triamine (DETA, 98%;
Panreac), and diisobutyl ketone (DIBK, Acros) were used with-
out further purification. The mixtures were transferred into a
mold and covered with various contacting films: silicone-coated
oriented polypropylene, OPP (PP3Q, Symbio), Teflon-1 (Poly-
fluoroalkoxy, PFA), and Teflon-2 (ASF-110, CHUKOH FLO®
adhesive tapes, Japan).

Preparation of the Epoxy Membrane

The epoxy resin D.E.R. 331 was mixed with the solvent DIBK in
different ratios and stirred to form a homogeneous solution;
then the curing agent at 10 phr of DMP-30 or a mixture of
DETA and DMP-30 was added into the solution. The solution
was transferred into a plate mold and covered and sealed with
contacting films that were coated with silicon or Teflon. The so-
lution was cured at approximately 40°C for 24 h. The gelled
sample was removed from the mold then placed into a vacuum
oven at 170°C for 24 h to post-cure and remove the solvent
DIBK.

Characterization of the Membrane Morphology

The cured epoxy membranes that were prepared with various
initial compositions were studied using a scanning electron
microscope (SEM, Hitachi S-3000H). The surface morphology
of the membrane was directly observed by sputtering gold onto
the sample, and some specimens were fractured in liquid nitro-
gen for cross-sectional examination using the SEM.

Measurement of Ethanol Permeability

The cured membrane, with a thickness of approximately 0.25
mm, was mounted between two steel circular rings that had an
inner diameter of 13 mm. The flow of ethanol through the
membrane was measured at room temperature under 0.8 bar of
constant pressure. The permeability /' was calculated using the
following equation:

-

A-AP’
where Q is the volumetric flow rate of ethanol (99%), A is the
cross-sectional area of the membrane, and AP is the drop in
pressure.

J (1)
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Determination of Membrane Porosity

The membranes were immersed in ethanol to determine their
porosities. The weight differences between the dry and wet
membrane samples (before and after immersion) were meas-
ured, and the membrane porosities could then be determined

from the following equation®®*’:
e= Ww=Wa (2)
L pXV

where W,, is the weight of the ethanol wetted membranes, W,
is the weight of the dry membranes, p, is the density of ethanol
at room temperature, and V is the volume of the fully wetted
membrane.

RESULTS AND DISCUSSION

Morphologies of the Epoxy Membranes

Figure 1 shows the SEM images of the cross-sectional morphologies
of the cured epoxy membranes prepared with various fractions of
solvent, DIBK, and different contacting films. A dense morphology
was formed from the solution with 28 vol % of solvent, sample M-
28. A porous structure apparently appeared when the solvent was
increased to 32 vol %. Additionally, increasing the fraction of sol-
vent leads to an increase in the samples pore size, and similar ten-
dencies were also found when using different contacting films.

The surface morphology of the epoxy membranes prepared with
various fractions of solvent and different contacting films are
illustrated in Figure 2. It was found that a dense structure was
formed when using 28 vol % of DIBK; however, when the
amount of DIBK was greater than approximately 32 vol %,
some pores appeared on the surface. Furthermore, the pore
diameters were measured from the SEM photograph, and the
mean pore diameter was calculated as follows:

i
dm=,/zz”n 3)

where #; is the number of pores with diameter d;. The surface po-
rosity was calculated by taking the sum of all the pore areas in a
SEM image then dividing by the total area of the image. As indi-
cated from the SEM images and Table I, the channel diameter and
the surface pore size increase with increasing amounts of DIBK.
On the surface of the membrane formed under the silicone sili-
cone-coated oriented polypropylene (OPP) contacting film, the
pore size was approximately 0.16 um at 32 vol % of DIBK, and it
became 1.44 um at 40 vol %. The surface porosity also increased
from 0.07 to 0.45 when increasing the amount of solvent.

Additionally, when Teflon 1 (PFA) and Teflon 2 were used as
the contacting films, the surface pore size and porosity of the
membranes formed at high content of DIBK, such as M-38 and
M-40, were larger than those formed under silicone (OPP), as
indicted in Figure 2 and Table I. At 40% of DIBK, the surface
pore size of the membranes prepared under the Teflon 1 and
Teflon 2 contacting films are approximately 2.42 and 2.33 um,
respectively. The surface porosities are approximately 0.57 and
0.59 pm. However, under the silicone (OPP) contacting film,
the surface pore size and porosity of the membranes are
approximately 1.44 and 0.45 pm, respectively. The difference of
interfacial tension of the solid/solvent-rich phase and solid/
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Figure 1. SEM images of the cross-sectional morphologies of the epoxy membranes prepared with various fractions of the solvent (28-40 vol %) under

different contacting films.

polymer-rich phase could significantly influence the phase sepa-
ration process among the interfaces of solid and liquid solu-
tions, and it will cause the different surface morphologies.*”
Therefore, it was suggested that different surface morphologies
of epoxy membranes with similar bulk structures can be pre-
pared using CIPS with different contacting films.

Ethanol Permeation Test

The ethanol permeability through the prepared epoxy mem-
brane was measured to investigate the effect of the membrane
structure on the permeation behavior, and the results are shown
in Figure 3 and Table II. No ethanol flux was detected through
the epoxy membrane prepared with 28 vol % of DIBK because
of its dense structure. Once the porous morphology was
formed, the ethanol could flow through the epoxy membrane.
For example, sample M-32-O had lower overall and surface
porosities, 0.35 and 0.07, respectively, which resulted in a lower
ethanol permeability, J, of approximately 3 L/m® h bar. The
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permeability was increased to 548 L/m*> h bar because of the
higher porosities of the M-38-O sample.

It was also found that the permeability is not only controlled by
the bulk porosity but also depends on the surface skin mor-
phology of the epoxy membrane. For instance, the overall
porosities of the M-38 sample series were similar, approximately
0.50-0.54, but the surface porosities were very different, from
0.35 to 0.48, which resulted from curing under various contact-
ing films. As indicted in Table II, the ethanol permeability
increased with increasing surface porosities. This result implies
that the skin flow resistance played an important role in the
ethanol permeability of the epoxy membrane.

Epoxy Membrane Prepared by Curing Agent DMP-30/DETA
Mixture

Porous epoxy networks can also be prepared by curing an epoxy
resin with a primary amine, such as DETA, in DIBK solvent.

J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.39510
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Figure 2. SEM images of the surface morphologies of the epoxy membranes prepared with various fractions of the solvent (2840 vol %) under different

contacting films.

However, most of the porous epoxy network exhibited a closed-
pore morphology, which was quite different from those pre-
pared with DMP-30. The different phase separation processes

between them had been discussed in the previous study.'® For
the DETA system, the viscosity of the reaction solution
increased gradually with the growth of molecular weight of the

Table I. Pore Characteristics of the Epoxy Membranes Formed Under Various Contacting Films

Surface pore size (um)

Surface porosity

Cross-section

pore size (um) Overall porosity

Sample o? P T 0 P T 0] P T ] P T

M-30 0.15 0.12 0.18 0.05 0.08 0.02 Dense 0.18 Dense 0.26 0.38 0.33
M-32 0.16 0.18 0.20 0.07 0.20 0.07 0.29 0.18 0.64 0.35 0.41 0.41
M-34 0.34 0.31 0.25 0.19 0.21 0.12 0.40 0.28 0.66 0.39 0.40 0.48
M-36 0.47 0.43 0.74 0.24 0.36 0.29 0.41 0.41 0.87 0.48 0.45 0.54
M-38 1.08 1.46 1.10 0.35 0.48 0.43 0.78 2.29 1.03 0.51 0.54 0.50
M-40 1.44 2.42 2.33 0.45 0.57 0.59 1.65 2.23 1.58 0.51 0.51 0.63

@ Contacting films: O, P, and T denote silicone-coated oriented polypropylene (OPP), Teflon-1 (PFA), and Teflon-2 (ASF-110), respectively.
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Figure 3. Ethanol permeabilities of the epoxy membranes.

polymers via step-wise polymerization. The separated solvent-
rich domains have long time to grow and coarsen as larger iso-
lated cells under low viscosity. On the other hand, for the
DMP-30 system, it was found that two-stage phase separation
resulted from a complicated polymerization occurred. After the
first-stage phase separation, the viscosity of solution increased
rapidly. Because the second-phase separation process took place
under high viscosity, the slower domain growing rate could help
to retain the nascent structure formed by phase separation. The
morphology dependent on the composition of the mixture of
DMP-30 and DETA is worthy of being further studied.

Table II. Ethanol Flux and Resistances of the Epoxy Membranes

ARTICLE

Figures 4 and 5 show the SEM images of the cross-sectional and
surface morphologies, respectively, of the cured epoxy membranes
synthesized using various weight ratios of DMP-30/DETA (Table
II). With a higher content of DETA as shown in Figure 4(f-),
the polymerization and phase separation mechanisms were domi-
nated by the DETA, which caused a closed-pore structure in the
cured epoxy network. Therefore, the ethanol could not flow
through these membranes. On the contrary, an interconnected
porous morphology could be formed with a higher ratio of
DMP-30/DETA. For the samples A3 and 1, the overall porosity
increased from 0.4 to 0.49 with increasing amounts of DMP-30,
and the ethanol permeability increased from 15 to 64 L/m* h
bar. Therefore, porous epoxy membranes with various porosities
and ethanol permeabilities could be prepared using different
compositions of the DMP-30 and DETA mixture.

Modified H-P Equation

To understand the effects of the surface and bulk morphologies of
epoxy membranes on permeation behavior, a modified H-P
model was proposed to verify the contribution of the skin or bulk
flow resistance. The H-P equation describes the relationship
between the fluid velocity and the pressure drop through a capil-
lary. Provided the membrane is regarded as a bundle of capillaries
with tortuosity (7), and length (L), the dependence of the perme-
ability on the membrane structure can be described as follows:

CAP- e

J= 32u-L-t

(4)

where ] is the flux, AP is the pressure drop between the two
ends of the channel, d,, is the pore diameter, ¢ is the porosity,

Contacting R4y Ro Ry + R» J (a) Jexp,(b) Thickness of
films Sample  (x107% m™)  (x107%m™h)  (x107¥m™Y)  (UmPhbar) (Um®hbar)  membrane (mm)
Silicone (OPP) M-32-0 797.2 75.6 872.8 8 8 0.25
M-34-0 23.9 32.7 56.6 53 36 0.24
M-36-0 7.9 21.1 29.0 103 113 0.25
M-38-0 0.7 51 58 519 548 0.25
M-40-0 0.2 1.1 1.3 2192 1482 0.25
Teflon 1 (PFA) M-30-P 1085.1 173.2 1258.3 2 7 0.22
M-32-P 772 1441 221.3 14 12 0.25
M-34-P 23.6 62.5 86.1 35 37 0.26
M-36-P 4.2 23.6 27.8 108 181 0.25
M-38-P 0.2 0.5 0.7 4136 1380 0.27
M-40-P 0.1 0.6 0.7 4501 3754 0.25
Teflon 2 M-32-T 510.2 11.5 521.7 6 10 0.26
M-34-T 111.1 7.9 119.0 25 67 0.26
M-36-T 2.2 3.6 58 518 251 0.28
M-38-T 0.5 3.0 8.5 866 864 0.27
M-40-T 0.1 0.9 1.0 3188 4717 0.25
Silicone (OPP) A-1 4.6 10.6 152 197 64 0.23
A-2 394 20.2 59.6 50 33 0.23
A-3 206.6 24.7 231.3 13 15 0.24

@ Calculated results [eq. (10)], ® Experimental data.
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Figure 4. SEM images of the cross-sectional morphologies of the epoxy membranes cured with DMP-30/DETA.

and g is the viscosity of fluid. The tortuosity of the capillary can

be regarded as the reciprocal of £2*°°; therefore, eq. (4) becomes
I AP - d% - & )
2k-p-L’

where k is assumed to be a constant in this study. Furthermore,
the flux can be expressed by Darcy’s law*®:
AP
== 6
= ox (6)
where R denotes the flow resistance of a fluid through a porous
medium, and it can be calculated by eq. (7):
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As observed in the SEM images, the surface morphology of the
prepared epoxy membrane might not be similar to the bulk sec-
tion. This observation suggests that the flow resistances of the
surface skin and bulk section could be different. Therefore, we
introduced R; to represent the flow resistance of the top and
bottom skin layers and R, as the resistance of the bulk section.

Ky

Ry=—5——
(drznl )

(8)
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Figure 5. SEM images of the surface morphologies of the epoxy membranes cured with DMP-30/DETA.
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Table III. Pore Structures and Ethanol Permeabilities of the Epoxy Membranes Prepared Using D.E.R. 331 Cured with DMP-30/DETA in 34 vol % of

DIBK with silicon coated OPP contacting films

DMP-30/DETA Surface pore Surface Cross-section Overall
Sample (w/w) size (um) porosity pore size (um) porosity J' (L/m? h bar)
M-34-0 1/0 0.34 0.19 0.40 0.39 36
A-1 1/0.1 0.36 0.41 0.56 0.49 64
A-2 1/0.2 0.28 0.18 0.51 0.39 33
A-3 1/0.3 0.22 0.10 0.45 0.40 15
A-4 1/0.4 Closed-pore 0

ol
Mk s
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Ry= 2

2= 57
(dmz : 8%)
where K; = 32 k; X Lj; and K, = 32 k; X L,. The L, and L,
parameters denote the thicknesses of the surface skins and the
bulk section of the membrane, respectively, and k; and k, are

)

assumed as constants. The overall membrane flow resistance, R,
is assumed as the summation of R, and R,’’; then eq. ((5)) can
be modified as

]/_]~,u_l_ 1 o 1
AP TR RR) K K

1 “ml

(10)

The K; and K, parameters can be calculated from a non-linear
regression analysis of the experimental data in Tables (I-III). It
was found that K; and K, are approximately 0.009 and 0.095 m,
respectively. The comparison of the model and experimental J ver-
sus the total resistance, which is the summation of R, and R,, is
plotted in Figure 6. According to the modified H-P model, eq.
((10)), the calculated results are in good agreement with the exper-
imental data. The contribution of the resistance of the skin layer,
Ry, related to the ethanol permeability J is plotted in Figure 7. At
low permeabilites, less than approximately 20 L/m* hbar, most of
the fraction of R is larger than 0.5. This result implies that the
low value of J was primarily caused by the skin resistance.

CONCLUSIONS

Epoxy membranes that have a similar interconnected pore bulk
structure with various surface morphologies have been success-
fully prepared from the epoxy resin D. E. R. 331 that was cured
with DMP-30 in DIBK and covered with various contacting
films. The surface pore size of the epoxy membrane depends
not only on the initial composition of the curing solution but
also on the contacting film with different wetting properties for
the reacting compounds and solvent. It was found that ethanol
permeability is not only controlled by the bulk porosity but also
depends on the surface skin morphology of the epoxy mem-
brane. A modified H-P equation was proposed to describe the

Permeability (L / m*- hr-bar)

e e
-1
R+R, (m”)

Figure 6. Comparison of the ethanol permeabilities between the experi-

40" 40"

mental data and calculated results according to the modified H-P model.
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Figure 7. Contribution of the resistance of the skin layer R; related to the
ethanol permeability J.

relationship between the permeability J and the flow resistances
of the skin layers and the bulk section, R; and R,, of the epoxy
membrane. According to the calculation, the low ethanol per-
meability primarily resulted from the skin resistance R;. In
other words, the reduced skin flow resistance could drastically
increase the ethanol flux through the epoxy membrane.

ACKNOWLEDGMENTS

The authors thank the National Science Council of Taiwan for the
financial support of this study under Contract NSC 97-2221-E-
027-013-MY2.

NOMENCLATURE
A Cross-sectional area of the membrane
dy, d,  Pore sizes of the surface skins and bulk section of the

membrane, respectively

d, Pore size measured by the SEM image

dy, Mean pore diameter

J Flux of ethanol

J Permeability

K Parameter to specify the relationship between tortuos-

ity and porosity

K = 32k; X L;

K = 32k X L,

L Thickness of the membrane

L, L,  Thickness of the surface skins and bulk section of the
membrane, respectively

1, Number of pores with diameter d; measured from the
SEM image

AP Pressure drop

Q Volumetric flow rate of ethanol through the
membrane

R Overall flow resistance

R,, R, Flow resistances of the surface skins and bulk section
of the membrane, respectively.

Vv Volume of the fully wetted membrane

W, Weight of the ethanol wetted membrane

W, Weight of the dry membrane
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€ Membrane porosity
€1, &  Porosity of the surface skins and bulk section of the
membrane, respectively
u Viscosity
Pe Density of ethanol at room temperature
T Tortuosity of the channel
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