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ABSTRACT

Mesoporous carbon membranes have been prepared by means of an organic sol-gel
method. The sol formed by resorcinol and formaldehyde was layered on the outer surface
of a fly-ash-based microfiltration ceramic membrane, and was then subjected to gelling,
drying, and carbonization to form a mesoporous carbon layer. Several surfactants were used
to allow the carbon membranes to dry under ambient pressure. The pore properties of the
carbon membranes have been examined by physical adsorption of nitrogen and subsequent
pore structure analysis. The surface area, mesopore volume, and average pore diameter
have been controlled by changing the surfactant species and concentration, the resorci-
nol/formaldehyde concentration, and the sol synthesis time. The as-prepared carbon mem-
branes showed high performance with low transport resistance. The pore size/distribution
can be tailored for a specific separation process by adjusting the preparation conditions.
These carbon membranes can be applied in ultrafiltration separation processes.

Keywords: Mesoporous carbon membrane; Sol-gel polymerization; Preparation; Nitrogen

adsorption; Pore structure

1. Introduction

Carbon membranes can be applied in gas separa-
tion, ultrafiltration, and microfiltration according to
their pore structure. They are produced by pyrolyzing
different polymeric materials. The pore structure of the
membrane can be determined by precursors and
preparation conditions. Many researches focus on the
preparation of microporous carbon membranes for
gas separation [1-6]. Carbon membranes for gas
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separation have a narrow range of microporosity
(0.3-1 nm), which allows discrimination between gas
molecules of different sizes. The research about meso-
porous carbon membranes with average pore diameters
of 1-100 nm for ultrafiltration is few. Sachdeva and
Kumar [7] prepared a carbon membrane with an aver-
age pore diameter of 1.8 nm; this membrane could sep-
arate basic dyes such as rhodamine B with a rejection
range 90-100%. Shah et al. [8] prepared a carbon mem-
brane with a mean pore diameter of 12.3 nm, which
could be employed for protein ultrafiltration. The
sol-gel method is a route to prepare mesoporous
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carbon membranes. Yoshimune et al. [9] prepared free-
standing mesoporous carbon membranes by a sol-gel
process using resorcinol and formaldehyde. Meso-
porous polymer membranes were first washed three
times with f-butanol and freeze-dried at 263 K. The
polymer membranes were then carbonized at 950°C to
produce mesoporous carbon membranes with pore
diameters of 5.48 nm and 13.9 nm. Their permeance to
He was about 5-15x 10~ mol m s~ ' Pa™'. Shih-Hong
Hsu et al. [10] coated a mesoporous carbon aerogel on a
macroporous alumina tubular support to form a tubu-
lar carbon aerogel membrane by a sol-gel process. The
preparation process involved an ethanol wash. The car-
bon membrane was obtained after carbonization at
1,273 K for 6 h. The thickness and average pore diame-
ter of the carbon aerogel membrane was approximately
10 pm and 10 nm, respectively. The disadvantage of
this method is that it needs a high-volume solvent wash
and a special drying process such as supercritical dry-
ing or freeze-drying, expensive and risky. Many
researchers studied the novel methods to simplify the
drying process. Bruno et al. [11,12] used cationic
polyelectrolyte as stabilizer to prepared bulk resorci-
nol-formaldehyde (RF) aerogels and carbon aerogels.
Ambient drying was employed instead of complex dry-
ing process which significantly simplified the process
and saved energy. Later, Balach et al. [13] tailored the
pore size by changing the concentration of the polyelec-
trolyte using ambient drying.

In our previous work [14], we prepared a sup-
ported mesoporous carbon membrane by sol-gel
method using ambient drying. The advantage of this
method is that the preparation process is simple with-
out a high-volume solvent wash and special drying
method. However, the obtained carbon membranes
showed poor permeation performance. It has been
found that crucial aspects in the preparation of these
carbon membranes are the processing conditions.
Therefore, it is very important to find out how the
processing parameters affect the pore structure of
carbon membranes. The objective of the current study
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is to develop high-quality mesoporous carbon
membranes using different surfactants. The effects of
the processing parameters, such as surfactant species
and concentration, RF concentration, and sol synthesis
time, on the pore structure of the membranes were
systematically investigated.

2. Experimental
2.1. Synthesis of RF sols

Three ionic surfactants (sodium dodecylsulfonate,
tetrabutylammonium bromide, and cetyl trimethylam-
monium bromide) were used to synthesize RF sols,
respectively. All of these surfactants were also served
as basic catalysts (C). After the formaldehyde and
resorcinol were dissolved in water, these surfactants
were added, respectively. The solutions were poured
into the glass vials, which were then sealed and
immersed in a thermostated water bath at 42°C. The
initially clear solutions slowly became white and opa-
que. The viscosity of the reacting sol increased
rapidly, indicating a sol-gel transition. The R/F molar
ratio was maintained at 0.5. The RF concentration,
R/C molar ratio, and sol synthesis time were varied.

2.2. Preparation of carbon membranes

We used homemade fly-ash-based microfiltration
tubular ceramic membranes with an average pore size
of 0.4 um as supports. The microfiltration membrane
is inexpensive and shows high permeability due to the
shape of the raw material particles [15,16]. The gela-
tion time was defined as the time elapsed when the
sol no longer flowed, also called the sol-gel transition.
Before gelation, we applied one coating of the sol on
the supports, and then dried the coated supports at
42°C in a desiccator saturated with formaldehyde. The
coated supports were then heated to 150°C at a rate of
0.5°C/min in air. Finally, the coated supports were
heated to 800°C at a rate of 2°C/min under a nitrogen

Fig. 1. Schematic diagram of the formation of mesoporous gel membrane.
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Fig. 2. Adsorption profiles of N, and pore size distribu-
tions (inset images) of carbon membranes generated by
different surfactants ((a) tetrabutyl ammonium bromide;
(b) sodium dodecylsulfonate; (c) cetyl trimethyl ammo-
nium bromide).

atmosphere and were maintained at this temperature
for 1 h. Mesoporous carbon membranes were thereby
obtained.
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2.3. Characterization

Polymer and carbon films without supports were
prepared similarly to those with supports. These sam-
ples were later ground into powder for adsorption
experiments. Nitrogen adsorption measurements were
carried out on a Micromeritics ASAP 2020 apparatus.
The samples were degassed at 100°C prior to the mea-
surements. The surface areas and pore volumes of
these samples were evaluated from their N, adsorp-
tion isotherms. The pore size distributions were calcu-
lated using the BJH (Barrett-Joyner-Halenda) theory
from the desorption branch of the nitrogen isotherms.
Pure gases (H,, CO,, Ny, O,, and Ar) were used to test
the permeance and integrity of the carbon membrane.
The flow rates of these gases through the carbon
membrane were measured at 25°C using a soap-film
flowmeter or wet gas flowmeter. The carbon mem-
brane area was 13.2 cm?.

Permeances of the different gases were calculated
from the expression:

Qi

Ji= AP 1)
where J; is the permeance (mol m 2 s™' Pa™") of species
i, Q; is the gas flux (mol m™>s™'), and AP is the pres-
sure difference (Pa).

Scanning electron microscopy (SEM) images were
acquired with an FEI Quanta FEG™ 250 scanning
electron microscope (FEI Company, USA).

3. Results and discussion
3.1. Surfactant species and concentration

The preparation of the carbon membranes involved
three stages. In the first stage, the sol was prepared in
a sealed glass vial. The sol was then coated on the
support and formed a wet gel membrane. In the sec-
ond stage, the gel membrane was dried. In the third
stage, the dried membrane was carbonized. Fig. 1
shows the formation of mesoporous gel membrane.
The clusters formed and grew during sol synthesis.
During gelation, the clusters connected with each
other and formed pores. Then the pores shrank
through drying and carbonization.

Generally, a special drying process such as freeze-
drying or supercritical drying is needed to avoid pore
collapse caused by capillary pressure built up in the
pore walls of the organic gel membrane. In this study,
surfactant molecules absorbed on the surfaces of the
RF sols formed microemulsions, which eventually low-
ered the surface tension at the water—resin interface in
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Characteristics of gel membranes and carbon membranes by different surfactants

Surfactants Membrane Sppr (M2 gfl) Vimeso (cm® gfl) Vmicro (em® gfl) Mean pore diameter (nm)
C1oHBrN Gel 113 0.19 0.00 6.8
Carbon 770 0.42 0.21 4.9
C1,H5Na035S Gel 262 0.37 0.01 4.8
Carbon 785 0.40 0.20 3.6
C16H3z6BrN Gel 273 0.37 0.01 4.5
Carbon 784 0.50 0.22 4.3

Fig. 3. SEM micrographs of the surface of carbon membranes synthesized by different surfactants ((a) tetrabutyl
ammonium bromide; (b) sodium dodecylsulfonate; (c) cetyl trimethyl ammonium bromide), the scale bar 1 micron.

the pores [17]. Additionally, the coated supports were
dried in a desiccator saturated with formaldehyde,
which prevented significant shrinkage and maintained
the mesoporous structure of the membranes. In this
way, the gel membranes could be dried at ambient
pressure without a special drying process. Considering
the consumption of the surfactant and the size of
micelle the selected surfactants should have a low/
medium molecular weight. The polymerization of
resorcinol with formaldehyde needs basic catalyst.

Therefore, we chose sodium dodecylsulfonate, tetra-
butylammonium bromide, and cetyl trimethylammo-
nium bromide as surfactants. The RF concentration
was 20%, R/C molar ratio was 200, and the sol synthe-
sis time was about 90% of the gelation time. Fig. 2
shows the adsorption and desorption isotherms of N,
at 77K and the pore size distributions of carbon
membranes synthesized with three surfactants. Three
carbon membranes exhibited type IV N, sorption iso-
therms. Considerable capillary condensation steps at
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Fig. 4. Adsorption profiles of N, on carbon membranes generated by different R/C mole ratios.
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Fig. 5. Pore size distributions of carbon membranes
generated by different R/C mole ratio.

relative pressures from 0.4 to 1.0 suggest well-devel-
oped mesoporosity. The pore size distribution plots
indicate uniform mesopores in these membranes.
The majority of the pores were smaller than 10 nm.
The mean pore diameters of carbon membranes syn-
thesized with sodium dodecylsulfonate, tetrabutylam-
monium bromide, and cetyl trimethylammonium
bromide were 3.6, 4.3, and 4.9 nm, respectively.

Table 1 shows the characteristics of the gel
membranes and carbon membranes synthesized with
different surfactant species. The gel membranes were

mesoporous with few micropores. The mesopore vol-
ume was 0.19-0.37 cm® g~ and the micropore volume
was below 0.01 cm® g~'. The micropores in the carbon
membranes formed during the pyrolysis step. Gases
such as H,, CO,, and CH,; channeled through the
membranes during pyrolysis, creating micropores.
After pyrolysis, the micropore volume increased to
around 020m’g' and the mesopore volume
increased to 0.40-0.50 m® g~ due to weight loss of gel
skeleton.

The BET surface area increased after carbonization,
partly because of micropore formation. A shift toward
smaller pore diameters, caused by the pyrolysis proce-
dure, is also evident from Table 1.

Fig. 3 shows SEM images of carbon membrane sur-
faces synthesized using different surfactants. These
carbon membranes were composed of carbon particle
clusters with diameters of several tens of nanometers.
Pores in these carbon membranes were formed by fis-
sures and voids between the pure carbon particles.
These micrographs show the presence of pores with
nanometer-scale diameters. The results demonstrate
that all three surfactants are appropriate for preparing
mesoporous carbon membranes.

The surfactant molecules adsorbed on the interme-
diates forming a microemulsion during the sol-gel
process. This microemulsion dispersed the intermedi-
ates, hampering their aggregation, which would
otherwise have led to clusters in the micrometer
range. Therefore, the microstructure of the carbon
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Table 2
Effects of R/C on structure characteristics of gel membranes and carbon membranes by cetyl trimethyl ammonium
bromide
R/C Membrane Spgr (M2 g_l) V miero (cm® g_l) Vimeso (cm® g_l) Mean pore diameter (nm)
200 Gel 113 0.00 0.19 6.8
Carbon 770 0.21 0.42 49
300 Gel 138 0.01 0.38 10.1
Carbon 747 0.20 0.60 6.3
400 Gel 149 0.01 0.43 16.3
Carbon 698 0.22 0.64 10.4
500 Gel 111 0.01 0.48 17.9
Carbon 644 0.23 0.70 13.4
25 Ty smaller. On the other hand, surfactants were also used
5 —"—10% as catalysts in this study. Decreased catalyst would
3 —v—20% /' yield looser cross-linking polymer particle, increasing
E 20 30% J the compatibility of RF polymer with solvents. The RF
E —o— 40% th/VW gels originated 'fr.om a microphase separation{ during
® - i which a transition occurred from nucleation-and-
'g 151 v/% //'5//%v growth to spinodal decomposition. Increased compati-
3 7 5;/ bility resulted the polymer system persisted in longer
pY U_W@d?‘g; g time in the nucleation-and-growth regime and
E 107 e resulted larger particles [19]. The particle size
E . e omo=0=0=0=00r0=0=00000060) increased with increasing R/C molar ratio [20]; thus,
o the pore size increased with the R/C molar ratio. The
5 e e B R I :
0.0 0.2 0.4 0.6 0.8 1.0 effects of the surfactant species on the pore structure

Relative pressure (P/P°)

Fig. 6. Adsorption profiles of N, on carbon membranes
generated by different RF concentrations.

membranes can be controlled by changing the surfac-
tant concentration [18]. Figs. 4 and 5 show the adsorp-
tion and desorption isotherms of N, at 77 K and the
pore size distributions of carbon membranes synthe-
sized with cetyl trimethylammonium bromide at dif-
ferent R/C molar ratios. The adsorption volume
increased with increasing R/C molar ratio. As the
R/C molar ratio was increased, the pore diameter
peak increased and the pore size distribution widened.
Table 2 shows the effects of the R/C ratio on the
structural characteristics of the gel membranes and
carbon membranes. The mesopore volume and mean
pore diameter increased as the R/C molar ratio was
increased. An RF-based carbon membrane has a
highly cross-linked structure of spherical particles.
The mesopores in these membranes are voids between
the interconnected particles. A higher surfactant con-
centration resulted in improved dispersion, which
caused the particle sizes in the resultant network to be

of resultant carbon membranes might be related with
the basic strength of the RF solution from different
surfactants. In contrast to the mesopore volume, upon
carbonization the micropore volume stayed nearly
constant at 0.2 cm® g™ at varying R/C molar ratios.
This behavior also demonstrates that the micropores
were mainly formed during pyrolysis.

3.2. Effects of the RF concentration on carbon membrane
characteristics

Figs. 6 and 7 show the nitrogen adsorption iso-
therms and pore size distributions of carbon mem-
branes prepared with cetyl trimethylammonium
bromide at different RF concentrations. Table 3 shows
the pore structure characteristics of carbon membranes
synthesized at different RF concentrations. The R/C
ratio was maintained at 200. The sol synthesis time
was 90% of the gelation time. All of the carbon mem-
branes displayed type IV isotherms. The hysteresis
observed in the N, adsorption/desorption isotherms
can be attributed to the membrane mesoporosity. The
amount of adsorption decreased with increasing RF
concentration; the mesopore volume also decreased
sharply. When the concentration was increased from
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Table 3

Effects of RF concentration on structure characteristics of carbon membranes

Concentration (%) Sper (Mg ™)

Vmicro (Cm3 gil)

Vineso (em® g™ Mean pore size (nm)

10 720 0.22
20 770 0.21
30 541 0.23
40 474 0.21

0.68 7.8
0.42 49
0.16 59
0.06 54

10 to 40%, the mesopore volume decreased from 0.68
to 0.06 cm® g'. The mean pore diameter decreased
from 7.8 to 5.4 nm.

The increase in the reactant concentration resulted
in an increase in solid content in the sol and in the
final gel. The fraction of solvent in the gel decreased
accordingly. The mesopores originated from the
shrunken voids due to evaporation of the solvent. The
theoretical porosity is the fraction of the solvent in the
sol, if we don’t consider the shrinkage. Therefore, with
an increase in reactant concentration the mesopore
volume decreased.

Overall, a low RF concentration and high R/C
ratio should be applied to obtain high-quality meso-
porous carbon membranes.

3.3. Effects of sol synthesis time on carbon membrane
characteristics

For the coating solution, we chose an RF sol
prepared from cetyl trimethylammonium bromide

(R/C =400, RF concentration =20%). The gelation
time of this solution was about 23.5 h. Sol synthesis
times of 14.5, 17, 19, and 21 h were chosen. It was dif-
ficult to peel the membrane from the support when
the sol synthesis time was short. Therefore, a glass
plate was used instead of the fly-ash-based ceramic
support. Figs. 8 and 9 show the nitrogen adsorption
isotherms and pore size distributions of the carbon
membranes obtained from the sols with different syn-
thesis times. Table 4 shows the effects of the sol syn-
thesis time on the characteristics of the carbon
membranes. The average pore diameter increased
when the sol synthesis time was increased from 14.5
to 19 h. However, it barely changed when the sol syn-
thesis time was further increased from 19 to 21 h. The
mesopore volume and BET surface area decreased
slightly as the sol synthesis time was increased. The
characteristics of the carbon membrane prepared on
the fly-ash-based ceramic support are also shown in
Table 4. For a fixed sol synthesis time, the average
pore diameter of a carbon membrane prepared on a
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generated by different sol synthesis times.

fly-ash-based ceramic support was smaller than that
of the carbon membrane prepared on a glass plate.

At the beginning of the sol synthesis, few particles
are present in the sol and the particle size is small. As
the reaction proceeds, particles begin to form and
grow up. The membrane mesopores are formed from
the voids between the interconnected particles formed
during gelation. Therefore, the pore size increased
when the sol synthesis time was increased. However,

as the gelation time approached, the particle size did
not change, leading to no change in the pore size.

Increasing the sol synthesis time can thicken the
membrane layer due to high viscosity. The thickness
of the gel membrane is proportional to the root of the
viscosity of the sol [21]. The gel membrane has to
undergo a drying stress which is related with the
thickness. Increased thickness will enhance the risk of
cracking during drying. Furthermore, a thick separa-
tion layer also increases the cracking risk from car-
bonization due to thermal condensation. If the sol
synthesis time is too short, several cycles of coating
and pyrolysis must be performed to obtain a
crack-free carbon membrane. Using multiple cycles
also increases the membrane thickness and
decreases the gas permeance. Therefore, applying an
appropriate sol synthesis time can improve the mem-
brane characteristics.

3.4. Membrane permeability

The R/C ratio, RF concentration, and sol synthesis
time were fixed at 400, 20%, and 14.5 h, respectively.
Fig. 10 shows the Hy, Nj, CO,, O,, and Ar permeances
of the carbon membrane as a function of pressure at
25°C. The carbon membrane exhibited high fluxes for
all of the gases tested, with typical gas permeances of
10°x10°molm2s ' Pa!, which are very high



23544

Table 4
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Effects of sol synthesis time on structure characteristics of carbon membranes

Sol synthesis time (h) Supports Sper (M? gfl) Vimeso (em® gfl) Vmicro (cm® gfl) Mean pore diameter (nm)
14.5 Glass 790 0.78 0.28 11.9
17 Glass 724 0.76 0.27 15.3
19 Glass 701 0.73 0.27 17.0
21 Glass 654 0.71 0.25 17.1
21 Fly-ash 698 0.64 0.22 10.4
o 14
Bo -\ AP
o Q= (Ko + —OP) — @
TS B 2
° = H, where 5 is the gas viscosity (Pas), P is the average
?E 8- * co, trans-membrane pressure difference (Pa), and AP is
3 v 22 the pressure driving force under gas permeation (Pa).
@ h . A The structure factor By is proportional to the
§ 4 _'___._——o———k——'__ square of the mean pore diameter:
£ M
O 2 _ & p
ﬂw. B() = %dm (3)
8 0 T T T T T
0 20 40 60 80 100 120

Pressure (kPa)

Fig. 10. Effects of pressure drop on gas permeance of the
carbon membrane.

compared with other reported values [9,22-24].
Gas transport through the carbon membrane was
found to be independent of the feed pressure on the
whole. This implies that the prepared carbon
membrane was crack-free and the pore sizes were
nanometer scale.

For a membrane with a mean pore size between 1
and 100 nm, the average pore dimension can be esti-
mated by examining data of the membrane gas perme-
ability vs. the trans-membrane pressure [22]. The gas
flux through the membrane can be written as:

Table 5
Pore sizes of the carbon membrane measured by different
gases

Gas Mean pore diameter (nm) Mean value (nm)
H, 14.20 8.04

CO, 2.54

N, 6.76

O, 8.31

Ar 8.37

with a = 2.5 for consolidated media. The Knudsen per-
meability K, can be written as:

_ A

ape, [RT
3220 "V M

where f = 0.8 for consolidated media. Gas permeation
data can be used to evaluate both By and K. The ratio
of these two parameters can be used to evaluate the
mean pore diameter of the membrane d,, without any
assumptions of the membrane porosity ¢ or tortuosity
factor z. Table 5 shows the mean pore diameters calcu-
lated by different gases using above formulas. The
mean pore diameters were different when using dif-
ferent gases. The mean value was about 8.04 nm. The
obtained carbon membrane can be used for ultrafiltra-
tion. The pure water flux and the molecular weight
cut-off (determined by polyethylene glycol solutions)
are about 156 L m 2 h ! bar ! and 17,000 Da.

Ko 4)

4. Conclusion

Mesoporous crack-free carbon membranes have
been prepared by a simple sol-gel method and car-
bonization. Gel membranes were dried at ambient
pressure using surfactants to form a microemulsion,
which decreased the surface tension. All three
surfactants used (sodium dodecylsulfonate, tetrabuty-
lammonium bromide, and cetyl trimethylammonium
bromide) were appropriate for preparing such
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mesoporous carbon membranes. The carbon mem-
branes were mesoporous with high mesopore vol-
umes. Tuning the preparation conditions can control
the membrane characteristics. The mesopore volume
and average pore diameter increased with increasing
R/C molar ratio. With increasing sol synthesis time,
the mesopore volume and BET surface area decreased,
while the average pore diameter increased. A high RF
concentration resulted in a significant decrease in
mesopore volume, which is undesirable when prepar-
ing mesoporous carbon membranes. Mesoporous car-
bon membranes with high permeance could be
obtained by optimizing the preparation parameters.
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