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A composite, clay supported carbon membrane has been synthesized by carboniza-
tion of a blend of polyethylene glycol and phenol formaldehyde resin and the mem-
brane thus obtained is characterized by separation of dyes. This membrane is sub-
jected to permeability test using pure water which is found to be considerably higher
than that reported in literature. It is subsequently shown to reject Acid Orange 7 dye
from water with the rejection dependent on pressure and concentration of the dye
which is typical phenomenon observed for a charged membrane. The separation data
has been analyzed using the Space charge model and the membrane charge is esti-
mated by minimizing the root mean square error between the experimental results and
those calculated from the model. VVC 2009 American Institute of Chemical Engineers AIChE

J, 55: 1712–1722, 2009
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Introduction

The development of the first porous inorganic membranes
took place for the separation of uranium isotopes and these
were used mainly for military and nuclear purposes.1 These
have been made from various materials like oxides of alu-
mina, titania, and zirconia, glass (silica), metals, zeolite, and
carbon and are more expensive than polymeric membranes.
They possess advantages of stability at high temperature and
wear resistance, well-defined stable pore structure and chem-
ical inertness.2 Moreover, inorganic membranes have much
higher organic solvent stability than the polymeric ones as
the latter have a tendency to either swell or dissolve in sol-
vents, thus causing irreversible damage to their structure and
eventually loss of separation capabilities. Carbon membranes
have proved promising for gas separation as it is more feasi-
ble to form crack free membranes of carbon compared to ze-
olite and glass membranes.3

Fabrication of porous carbon membranes mainly involves
six important steps (a) precursor selection (b) polymeric

membrane preparation (c) pretreatment (d) pyrolysis/carbon-
ization (e) post treatment, and (f) module construction.3,4

Among these steps, the pyrolysis is the most important step
because during this stage, the pore structure of the carbon
membrane is formed which is responsible for its separation
properties. Different precursors for making carbon mem-
branes have been cellulose and its derivatives,5,6 polyacrylo-
nitrile,7 phenol-formaldehyde resin,8 poly furfuryl alcohol,9

polyimide,10 graphite,11 coal,12 pitch and plants.13,14 Poly-
meric membranes are subjected to pretreatment (physical,
chemical, and oxidative) before pyrolysis so as to ensure the
stability of the polymer precursor and the preservation of its
structure during pyrolysis.

Apart from gas separation, there lies a large potential for
these membranes to be used for aqueous and solvent based
applications also as these are temperature and chemical re-
sistant. Only a few works have been reported14,15–23 that
have explored carbon membranes for microfiltration and
ultrafiltration applications. The characteristics and applica-
tion of carbon microfiltration membranes are mainly deter-
mined by the pore structure and therefore, it is very impor-
tant to closely control it. A unique way of controlling the
pore structure is by preparing the membrane using polymer
blends, with one component as thermally labile polymer and
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the second, a thermally stable polymer. The decomposition
of the thermally labile polymer creates mesopores (2–50
nm), while the thermally stable polymer leads to the forma-
tion of micropores (\2 nm) during pyrolysis. The pyrolysis
of the blended polymer precursors leads to the formation of
porous structure since the thermally labile polymer is com-
pletely decomposed at a lower temperature than the ther-
mally stable polymer.16,17 The most commonly used ther-
mally labile polymers are poly(ethylene glycol), poly(vinyl
butyral) and poly(vinylpyrrolidone).17

Strano et al.18 have presented a method for producing car-
bon ultrafiltration membranes using spray deposition and py-
rolysis (stream of flowing N2, heating at the rate of 5�C/min
and held at 600�C for 2 h) of poly(furfuryl alcohol)/poly(eth-
ylene glycol) mixtures on macroporous stainless steel sup-
ports. Polyethylene glycols of different molecular weights
(1000, 2000, 3400, and 8000 Da) have been used as a noncar-
bonizing template molecule to control porosity of the carbon
film. Permeation of a polydisperse dextran solution has been
used to quantify the retention properties of the membranes as
a function of template size. Although nanoporous membranes
have been prepared that had dextran sieving curves compara-
ble to conventional ultrafiltration membranes, the water per-
meability for the nanoporous carbon was less than 10 l/m2h
bar, which is an order of magnitude lower than that of com-
mercial inorganic and polymeric ultrafiltration membranes.
This low permeability was a direct result of the large thickness
of the selective layer (up to 15 lm) produced by the multiple
pyrolysis steps required to make an integral membrane.18

Shah et al.19 have prepared carbon membranes using spin-
coating of the blended polymer [poly(furfuryl alcohal)/poly
(ethylene glycol) mixtures] and carried out protein (Bovine
serum albumin, BSA) separation from these membranes. The
performance of the membranes has been compared with
commercially available 100 kDa polyethersulfone ufltrafiltra-
tion membranes. They have slip-casted the stainless steel
supports by silica particles to block the macropores to reduce
the defects of the supports. They were able to obtain a 4-
fold increase (41 l/m2h bar) in the membrane permeability
by reducing the thickness (7 lm) of the membranes.

Pugazehanthi et al.23 have prepared noninterpreting ultra-
filtration carbon membranes having pore size of 4.8 nm
[determined from molecular weight cutoff (MWCO) experi-
ments], using a resole type phenolic resin, and functionalized
them by two-stage modification. In the first stage, the mem-
branes were nitrated using NOx at 250�C and in the second,
aminated using hydrazine hydrate at 60�C. On doing this,
the pore size increased to 7.0 nm and 8.0 nm for the nitrated
and aminated membrane. They have carried out experiments
on the removal of Cr (VI) from its aqueous solution using
the unmodified, nitrated and aminated membranes, respec-
tively. The unmodified membrane gave a rejection of 96%,
while nitrated gave 84% and aminated 88%. In this work,
we report the synthesis of a carbon membrane having 1.8-
nm-pore diameter and find it suitable for separation of ani-
onic dye (Acid Orange 7). The pure water permeability
obtained for the carbon membrane synthesized in this work
is almost two orders of magnitude more than that reported in
our earlier work.23

Dye separation from industrial effluents is one of the most
important environmental concerns.24 Wastewater from textile

processing plants can be highly colored and difficult to be
decolorized. Over 15% of the textile dyes are lost in waste-
water stream during dyeing operation. Dyes have been clas-
sified according to their chemical structure and have been
put in the category of anionic, cationic, or nonionic dyes.
Dyes do not degrade fully and cause environmental pollution
and thus the recovery of spent liquor in order to reuse the
salts and water is one of the thrust areas in membrane sepa-
rations. The most widely used methods for dye removal are
chemical, physical and biological. The chemical methods
include oxidative processes like using Fenton’s reagent,25 so-
dium hypochlorite,26 ozonation27 and photochemical meth-
ods.28 Various physical treatments include membrane separa-
tion processes, adsorption (activated carbon, peat, wood
chips, silica gel and fly ash and coal mixture), ion exchange,
irradiation, and electrokinetic coagulation that have been
reviewed recently.29 The biological methods include decolor-
ization by white-rot fungi30 and many more microorganisms
reviewed by Forgacs et al.31 Azo dyes like Acid Orange 7,
that have the chromophore of AN¼¼NA unit in their molecu-
lar structure, are known to be largely nonbiodegradable in
aerobic conditions and reduce to more hazardous intermedi-
ates in anaerobic conditions. Azo dyes are very difficult to
be treated in environmental systems, because the sulfonic
acid groups in their structure make them very water-soluble
and polar.32

In this work, a composite nanoporous carbon membrane
has been synthesized using blend polymers that consist of a
thermally labile polymer (polyethylene glycol, 400 Da) and
a thermally stable polymer (phenol/formaldehyde resole)
requiring much lower temperature (500�C as opposed to
900�C reported in literature). This has been further charac-
terized using Fourier transform infrared spectroscopy
(FTIR), scanning electron microscopy (SEM), AFM,
MWCO, and contact angle measurements. The carbon mem-
brane reported in this work has a higher pure water flux and
permeability (1.8 times) than the membranes reported in lit-
erature.19 The real rejection has been calculated by including
the concentration polarization effects and the effect of pres-
sure and feed concentration on it has been determined. It has
been shown that the real rejection is in the range of 90–
100% (as typical of charged membranes) and is dependent
on the concentration of the solution and the pressure gradi-
ent. The separation results have been analyzed using Space
charge model33,34 and the wall potential of 85–100 mV and
pore size of 1.8 nm was found to give the experimental
observed.

Experimental

Materials

Analytical grade phenol crystals (99.5%), formaldehyde
(37–41%, w/v), xylene, polyethylene glycol (PEG), Acid Or-
ange 7 dye, ethanol, toluene, sodium hydroxide pellets were
procured from SD Fine Chemicals (Mumbai, India).

Composite Carbon Membrane Preparation. The prepara-
tion of composite carbon membrane constitutes three main
steps. Firstly, the ceramic support is prepared from a mixture
of clays. This is followed by the preparation of polymer pre-
cursor mixture of resole type phenol formaldehyde resin and
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PEG in ethanol. Finally, the polymer solution is spin coated
on the clay support, cross-linked by further heating and car-
bonized to get a porous carbon membrane. In the following
sections, each of these steps is described in detail.

Preparation of Clay Supports. An integral part of the
supported membranes is the support itself which provides
mechanical and chemical strength to it. We have prepared
clay supports using different clays (kaolin, ball clay, pyro-
phallite, calcium carbonate, feldspar, and quartz) following a
procedure already reported in our previous work.34 The
materials are mixed well in the given composition with dis-
tilled water to obtain a homogeneous paste and then cast in
the form of circular disc on a gypsum surface. The supports
are first dried in a first at room temperature overnight, then
at 100�C for about 24 h and finally at 250�C for another
24 h. After the complete drying of the supports, they are cal-
cined at 900�C in the furnace for 12 h. These are further
dipped in a solution of TEOS and calcined at 1000�C for a
period of 5 h in a furnace.

Polymer Synthesis. The low molecular weight (300–700
g/mol) resole-type phenolic resin is prepared by condensa-
tion polymerization of phenol (94 g, 1 mol) and 37%
aqueous formaldehyde (123 g, 1.5 mol) in presence of basic
catalyst (sodium hydroxide, 5 g, 0.125 mol). The reaction
mixture is refluxed in a 1 liter reactor at 95�C under continu-
ous stirring for 5 h till a dark red colored viscous mass of
the polymer is obtained. The polymer syrup, thus, prepared,
is cooled immediately and stored at �5�C to arrest the poly-
merization reaction from progressing further. A mixture of
PEG (molecular weight 400 g/mol) and phenol formaldehyde
resin (PF) in 1:1 weight ratio is prepared in ethanol and
stirred properly to make a homogeneous solution.

Preparation of Carbon Membrane. The polished clay
support is dipped in xylene, a nonsolvent for the polymer so-
lution, to displace the air present inside the pores. Since xy-
lene is a volatile solvent, the clay support is kept on polyur-
ethane foam completely soaked in xylene. Approximately,
2 g of a 60 wt % solution of polymer mixture (PF þ PEG)
in ethanol is spin-coated on the clay support (wet with xy-
lene) at 1200 rpm. The polymer coated clay support is
allowed to dry in air for 1 h at room temperature and then
for 2 h at 60�C. The membrane is then cross-linked by heat-
ing it at 120�C for 12 h. A second coat of the polymer blend
is applied on the membrane and again crosslinked at 120�C.
The clay composite membrane is finally carbonized in N2

atmosphere at a heating rate of 2.5–3�C/min and kept at
500�C for 1 h. After cooling the carbonized membrane to
room temperature, it is flushed with water at high pressure
to remove the gases adsorbed on its surface.

Characterization of Carbon Membrane

Fourier Transform Infrared Spectroscopy. The FTIR
spectrum of the carbon membrane is obtained using Bruker
VERTEX 22, Germany, spectrometer to identify the func-
tional groups present on the membrane surface. Infrared
spectra of fresh carbonized polymer films, crushed as powder
samples, are obtained by making a pellet of 200 mg of IR
spectroscopic grade KBr pellets and 1 mg of membrane sam-
ple in the range of 500–4000 cm�1.

Scanning Electron Microscopy. The structural morphol-
ogy of the surface and the cross-section of the carbon com-
posite membrane has been visually observed using a scan-
ning electron microscope Joel-JSM, Model 840 A, Japan at
3-keV acceleration voltage. All the membrane samples are
dipped in liquid nitrogen and coated with gold to a thickness
of �150 Å, before being analyzed. SEM pictures of both the
top surface of the clay support and the carbon membrane are
obtained at the magnification of 5 and 10 K, respectively.

Molecular Weight Cutoff. The MWCO of the membrane
is defined as the molecular weight of the solute going 90%
rejection and is evaluated by analyzing the rejection of 1000
ppm solution of PEG of different molecular weights (200–
2500 Da). All the experiments are conducted at room tem-
perature and the membranes are compacted at a pressure
(482 kPa) higher than the operating pressure (275.7 kPa) for
5 h before any measurement. The concentration of PEG in
the feed and permeate is estimated using refractive index
(RI) measurements. The pore diameter of the membrane is
determined using the following equation35

a ¼ 16:73� 10�10M0:557 (1)

where, a is the pore radius of the membrane in cm andM is the
molecular weight cut-off of the membrane.

Contact Angle Measurement. To evaluate the hydropho-
bicity of the membrane surface, the static contact angle of
water with the membrane samples has been measured using
Goniometer (Model 100-00-230) supplied by ŕame-hart using
RH1 2001 Imaging software. Droplets of double distilled
water (�3 ml) were positioned at different places and at
least 20 readings were taken to determine the average
values.

Membrane Permeability. Pure water flux has been
obtained using a lab scale ultrafiltration batch cell as shown
in Figure 1. The hydraulic permeability (Lp) of the mem-
brane is determined from the slope of the experimental data
for the filtrate flux as a function of the pressure applied.

Lp ¼ Jw
DP

(2)

Before obtaining the water flux the membranes are soaked in
water for sometime and compacted with double distilled water
at a higher pressure (482 kPa) than the maximum operating
pressure till a constant water flux is obtained.

Ultrafiltration Experiments and Analysis

Ultrafiltration experiments have been carried out in dead
end type laboratory test cells each having an effective filtra-
tion area of 40 cm2. The batch cell (Figure 1) consists of
two parts, cylindrical top part and a base plate made of
stainless steel SS316 having a height of 240 mm and an
outer diameter of 76 mm. The base plate has circular
grooves of 4-mm depth, which houses the membrane. The
composite carbon membrane, cast in a perforated stainless
steel casing of 60-mm inner diameter and 2–3-mm deep
sealed with a fast-setting epoxy resin membrane resin, is
placed inside the cylindrical groove of the base plate. The
upper half of the cell is fixed to the base plate by nut and
bolt and an o-ring is kept on the membrane thus making the
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entire setup leak proof. The membrane cross-sectional area
available for flux and retention measurements is 28 cm2.

The membrane is compacted with double distilled water at
a higher pressure (482 kPa) than the maximum operating
pressure till a constant water flux is obtained. Pure water
flux and permeate flux have been obtained by measuring the
time required to collect 25 ml permeate volume. For each
run, the cell is filled with 500 ml of dye feed solution and
permeate flux is measured after 50 ml of permeate passed
through the membrane. After each separation experiment,
the membrane is cleaned with distilled water at higher pres-
sure (482 kPa) and water flux is determined to ensure that
there is no flux decline due to partial plugging.

Ultrafiltration experiments are performed using Acid Or-
ange 7 dye solution and the solute concentration is measured
using a UV spectrophotometer (Elico) at 484.5 nm. The sep-
aration experiments have been conducted at five different
pressures (68–300 kPa) and four different initial concentra-
tions of dye (VI) (10–1000 ppm). Acid Orange 7 has the
molecular formula of 4-(2-hydroxy-1-naphthylazo) benzene
sulfonic acid sodium salt, having a chemical structure shown
in Figure 2 and is an azo dye having an overall negative
charge.

In ultrafiltration experiments, the rejection factor is
defined as

Robsð%Þ ¼ 1� cp
cR

� �
� 100 (3)

Rrealð%Þ ¼ 1� cP
cm

� �
� 100 (4)

where cp is the solute concentration in permeate, cR is the
solute concentration in retentate (in bulk), cm is the solute
concentration at the membrane interface, Robs is the observed
rejection factor, Rreal is the real or intrinsic rejection factor.

Rreal is an inherent property of the membrane while Robs

depends strongly on the operating conditions and therefore,
it is desirable to report separation performance of a mem-
brane in terms of Rreal even though the determination of cm
is difficult. The membrane surface concentration, cm, can be
determined either directly through interoferometric36,37 and
optical shadow measurements38,39 or by solving transport
equations in the polarization layer. Accuracy of the esti-
mated cm depends upon the validity of the hydrodynamic
model used. In this work, we have determined cm using the
osmotic pressure model37

Jv ¼ LpðDP� rDpÞ (5)

where Jv is the permeate flux, DP, the applied pressure
difference, r, the membrane reflection coefficient and Dp, the
osmotic pressure difference. The osmotic pressure difference
is calculated using the van’t Hoff equation for electrolytes.

Dp ¼ tRTDC (6)

The reflection coefficient is related to the intrinsic rejection of
the membrane through the equation given by Spiegler and
Kedem.40

Rreal ¼ rð1� FÞ=ð1� rFÞ (7)

where F is given by

F ¼ expf�ð1� rÞJv=Pmg (8)

The cm, r, and Pm (solute permeability) are calculated using
Eqs. 5–8 following the iterative technique given by Ghose
et al.,41 with the convergence criterion being a change of less
than 2% in the value of surface concentration of the membrane
(cm).

Results and Discussion

Preparation of Carbon Membrane

In this work, we have prepared a ceramic supported car-
bon membrane using a blend of resole type phenol-formalde-
hyde resin (prepared by condensation polymerization) and
PEG of molecular weight 400 Da. The phenolic resins are
condensation products of phenol and formaldehyde. The low
molecular weight (300–700 g/gmol)42 resole-type PF (Phe-
nol/formaldehyde ¼ 1.5) resin is formed in presence of basic
catalyst (sodium hydroxide) and as the reaction continues,

Figure 1. The schematic representation of the unstirred
batch ultrafiltration experimental setup where
G represents the pressure gauge.

Figure 2. Chemical structure of the dyes Acid Orange 7.
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methylol phenols condense to form methylene bridges to
give liquid resols. When such products with ether linkages
are heated, they lose 1 mole of formaldehyde between them
to form a cross-linked polymer structure.

The polymer blend (PF/PEG) in ethanol is coated on the
microporous support which is soaked in xylene, cross-linked
and carbonized at 500�C. Here, the PEG acts as the labile
phase and the phenol-formaldehyde resin acts as the stable
phase. Xylene prevents the polymer to seep inside the pores
of the support and the carbon layer lies strictly on the mem-
brane surface (as can also be seen in SEM pictures). During
the carbonization process, the evolution of gases reduces the
polymer mass on the support leaving behind the solid carbon
film. The weight of carbon deposited on the support after
two coats of polymer and carbonization has been found to
be nearly 45 mg. The PEG is expected to form very little re-
sidual carbon as it degrades at a temperature much lower
than the carbonization temperature. Thus, PEG acts as a tem-
plate to pore formation in the carbon membrane and leads to
an increase in the permeability and the selectivity of the
membrane.

Characterization of the Carbon Membrane

Fourier Transform Infrared Analysis. The FTIR spectrum
of the carbon membrane is shown in Figure 3. It can be seen
that the bending vibrations appear at 1197 cm�1 due to the
presence of acid (ACOOH), ether, and ester groups, at 1441
cm�1 due aliphatic CAH and at 1593 cm�1 for aromatic
ACH. The stretching vibrations occur at 2956 and 3059
cm�1 for the aliphatic and aromatic ACH, respectively.

Scanning Electro Microscopy. The top view of the
microporous clay support and the composite membrane are
shown in Figures 4a,b. The pores formed in the membrane
due to the evolution of gases and PEG decomposition during
carbonization are clearly visible in Figure 4b. In this work,
the technique of composite membrane preparation is unique
as the carbon film lies strictly on the surface and does not
penetrate inside the microporous clay support as shown in
Figure 4c. This is because, during film casting, the support
is completely soaked in a nonsolvent, xylene, which does
not allow the polymer to penetrate inside due to the thermo-
dynamic barrier and the film lies on the surface of the sup-
port. Moreover, the carbon film formed at the carbonization
step is adhering completely to the clay support, maintaining

the integrity and the mechanical stability of the composite
membrane. The thickness of the carbon membrane has been
determined to be 30 lm from the SEM measurements.

Molecular Weight Cutoff Experiments. The molecular
weight cut for the carbon membrane (determined by 90%
cutoff line) as shown in Figure 5, has been determined to be
1250 Dalton that corresponds to average pore diameters of
1.8 nm (calculated from Eq. 1). This establishes the fact that
the membrane prepared is nanoporous and using an additive
like PEG makes the membrane more selective to the solutes
of low molecular weight.

Contact Angle Measurement. Contact angle with water is
a common measure of the hydrophobicity of a surface. Con-
tact angle measurement with water has been found to be 60�

showing that the surface of the membrane is hydrophobic as
expected for a carbon material.

Membrane Permeability

Experimental data for the permeability of water has been
obtained for the carbon membranes as shown in Figure 6.
The pure water flux varies linearly (with origin as part of the
line) with pressure drop in accordance with the Darcy’s law.
From the slope of the plot, we have determined the pure
water permeability to be 2.09 � 10�7 m/s/kPa (75.35 l/m2h
bar) which is 1.8 times higher than the carbon membrane
reported in literature19 having the maximum permeability 41
l/m2h bar. This could be attributed to the increase in porosity
due to the gas evolving during its formation and decomposi-
tion of porogen. The hydraulic permeability obtained for the
carbon membrane synthesized in this work is almost two
orders of magnitude more that that reported in our earlier
work (0.46 l/m2h bar for the unmodified membrane,
0.60 l/m2h bar for the nitrated membrane and 0.72 l/m2h bar
for the aminated membrane).23

Permeate Flux and Rejection

Effect of Pressure. The membrane so prepared has been
used for the separation of Acid Orange 7 dye from its water
solution and the permeate flux obtained from the membrane
as a function of pressure at different concentrations (10, 50,
100, and 1000 ppm) of the dyes and the results are shown in
Figure 7. It can be seen that with the increase in applied
pressure, the permeate flux increases linearly. It has been
shown that concentration polarization depends upon dimen-
sionless filtration number and higher values of this, a cake
layer would form.43,44 In view of this, after every experi-
mental run, the pure water flux is measured after washing to
ensure that there is no flux decline due to formation of a
cake.

The rejection of Acid Orange 7 dye as a function of pres-
sure drop at a feed concentration of 10 ppm obtained from
the carbon membrane is shown in Figure 8. Since the perme-
ate flux is found to be lower than the pure water flux, this
implies that the rejection results have to be corrected to
include concentration polarization effects. Thus, the real
rejection has been calculated following the procedure devel-
oped in the ‘‘Ultrafiltration Experiments and Analysis’’ sec-
tion to characterize the membrane performance. The concen-
tration of the dye at the surface of the membrane (cm) is

Figure 3. FTIR Spectrum of the carbon membrane.
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Figure 4. (a) SEM picture of clay support showing macro pores on its surface; (b) porous carbon membrane; (c)
cross-sectional view of the membrane.

Figure 5. Molecular weight cut off (MWCO) of carbon
membrane found to 1250 Da corresponding
to a pore diameter of 1.8 nm.

Figure 6. Pure water flux of carbon membrane
obtained from the carbon membrane.
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determined indirectly using Speigler-Kedam model. It is
found that the dye concentration on the membrane surface
was 4–5 times higher than the concentration in the bulk.
Also, the real rejection of the dyes always increased with
pressure, though slightly, due to interaction of ionic solutes
with charged membranes.

The MWCO of the carbon membranes (1250 Da) is larger
than the molecular weight of the dye molecules (350 Da) to
be separated. Therefore, the separation of the dyes must
have been affected by the electrostatic interaction of the
dyes with the membrane. The carbon membrane after car-
bonization, is expected to have acid functional groups
(COOH) on its surface (can be seen in FTIR spectrum),
which should impart a negative charge to it. This explains
the rejection of the negatively charged Acid Orange 7 dye
(due to Donnan potential). Moreover, in the presence of
charged solutes like Acid Orange 7 dye, the membrane can
also acquire additional charge.

Effect of Feed Concentration. The permeate flux of the
dyes have been obtained for different feed concentrations of
the solute as shown in Figure 7. As is evident from the fig-
ure, the permeate flux for low concentrations (10 ppm), the
dye solution is higher as compared to the 50, 100, and 1000
ppm permeate flux. This shows that at higher concentrations,
dimensionless filtration number43,44 is high, this way promot-
ing cake formation near surface and the permeate flow rate
therefore decreased with increase in concentration of the
dyes. Rejection data of the dye solutions at different feed
concentrations has been obtained and experiments have been
conducted for the concentration of 10, 50, 100, and 1000
ppm for the carbon membrane as shown in Figure 9. It has
been found that the observed rejection of the Acid Orange 7
always increased with the decrease in feed concentration due
to the charged nature of the membrane causing the rejection
due to Donnan potential.

Analysis Using Space Charge Model

Charged porous membranes have a charge distributed on
the surface as well as inside the pores and cannot be meas-
ured directly. When an electrolyte comes in contact with a
charged membrane pore, an electrical double layer develops
within it giving rise to a radial variation of the electrical
potential and an unequal distribution of the cations and
anions. This results in the development of a nonzero space
charge region causing a coupling of electrical forces, mass
transfer and fluid flow. Therefore, an estimation of the effec-
tive wall potential which characterizes a charged membrane
is of great importance. In the model, the membrane is
assumed to consist of a collection of long, narrow, parallel
cylindrical capillaries carrying a uniformly distributed elec-
trical surface charge. The length of the pores, l, is relatively
large as compared to the radius, a (l � a) as shown in Fig-
ure 10a (a schematic of a single capillary). The electrolyte
concentrations in the feed and permeate solutions i.e. at
either end of the pore are denoted as cb (upstream

Figure 7. Permeate Flux obtained for different concen-
trations of Acid Orange 7 dye obtained from
the carbon membrane.

Figure 8. Effect of pressure on observed and real
rejection of Acid Orange 7 dye at the feed
concentration of 10 ppm obtained from the
carbon membrane.

Figure 9. Effect of concentration acid on observed and
real rejection of Acid Orange 7 dye obtained
from the carbon membrane.
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concentration) and cp (downstream concentration), respec-
tively, as shown in Figure 10a. We use cylindrical co-ordi-
nate system (r, h, x) with x being positive in the direction of
decreasing solute concentration. It is further assumed that
the ion concentrations and electrical potentials are invariant
in h-direction of the pores.

In our model, we have assumed the membrane capillary to
be divided into two regions. In the first region (Region I),
decrease in concentration occurs from cm to cI due to the
unstirred concentration polarization layer (Figure 10b). The
value of the cm is the same as that calculated in the ‘‘Effect
of Pressure’’ section. The Region II corresponds to the part
of the membrane capillaries where the SCM holds well and
describes the effect of wall potential on the movement of
ions. The concentrations at x ¼ 0 mouth and tail of the pore
are cI and cII respectively, and cII is taken to be equal to cp.

The basic governing equations describing the flow of dye
solution through the pore (momentum, convective-diffusion
and Poisson-Boltzman equations) are presented in Appendix.
The SCM uses Nernst-Planck equation (Eq. A1 of appendix)
to determine the flux of ions, Navier-Stokes equation
(Eq. A2 of appendix) to determine the fluid dynamics (bulk

velocity/volume flow) and Poisson-Boltzmann equation (Eq.
A4 of appendix) to relate the distribution of electrical poten-
tial to the space charge density (concentration profile of
solutes). It may be noticed that the system of governing
equation represents a set of coupled nonlinear differential
equation and they have to be solved simultaneously. All the
equations are written in nondimensionalized form and for
the nondimensionalization of concentration, cI and solute
flux Js, we have taken the permeate concentration (cII)
instead of the upstream concentration (cI), as done by Sasid-
har and Ruckenstein32). On doing this, it can be easily seen
that the ratio J�s /Pe is equal to 1, which leads to incorpora-
tion of the concentration polarization effects in a natural
way and also simplifies the computation scheme. The Pois-
son-Boltzman equation has been solved using a series solu-
tion already discussed in our previous work.33 The experi-
mental data (Peexpp and Peexp) are fitted to calculate the con-
centration at the interface of the membrane (including the
rise in bulk concentration due concentration polarization)
and the wall potential which are difficult to measure directly.

The physical data that the model uses includes diffusion
coefficients of the ions (Di), Faraday’s constant (F), univer-
sal gas constant (R), temperature (T), dielectric constant (e0)
and dynamic viscosity of the water (l). It is known that in
confined pores molecules diffuse much slower compared to
that in bulk water. In this work, due to lack of experimental
data, as a first approximation, we have assumed this to be
the same as in bulk, and in view of this, the surface charges
estimated using space charge model are likely to be on
higher side. The bulk diffusion coefficient values in water
are used in this study and are determined from the data of
equivalent conductance of ions at infinite dilution as given
in the literature.45 In addition to these, the model requires
characteristic membrane structural parameters like pore di-
ameter, membrane area and pore length which are experi-
mentally known to be 1.8 nm, 28 cm2, and 30 lm (measured
from SEM picture Figure 4c), respectively, for fitting of the
experimental results. In order to check the efficiency of our
numerical procedure, we have performed the simulation on
Pentium IV PC using MATLAB 7.1 software. The tolerance
value for the numerical calculation of the solution of Pois-
son-Boltzmann equation was kept at 10�6. The analysis pre-
sented in this work determines the wall potential of this
region (region II) and the concentration at x ¼ 0 (cI) in Fig-
ures 10a, b which would give the experimentally measured
flux. To show that the series solution reduces the computa-
tional load drastically, the CPU time required was deter-
mined as a function of wall potential and k. For a typical
simulation with the same initial values of pore size and wall
potential, the time taken for series solution method is about
15 min as compared to 15 h taken by MATLAB 7.1 solver
for ordinary differential equation for the complete numerical
integration.

Using the SCM, the wall potential of the carbon mem-
branes was calculated corresponding to each pressure at
which the experimental data was obtained. The carbon mem-
brane has acid functional groups on its surface imparting a
negative charge which is responsible for the separation of
Acid Orange dyes and we have obtained the wall potentials
presented in Table 1 based on the experimental results of
Acid Orange dye. The wall potentials have been obtained,

Figure 10. (a) The representation of a negatively
charged cylindrical pore in the ultrafiltration
membrane; (b) schematic view of the mem-
brane showing the concentration profile of
the solute in the bulk, concentration polar-
ization layer and membrane.
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for each value of the dye concentration as a function of
pressure. The potential varies in the range from �100 to
�85 mV decreasing with the increasing concentration, show-
ing an effect of depolarization with the increase in dye con-
centration. This is similar to the trend obtained from the sep-
aration data using charged membranes.

Conclusion

A composite nanoporous (pore size 1.8 nm as determined
from the molecular weight cutoff experiments) carbon mem-
brane has been synthesized using a polymer blend of poly-
ethylene glycol (400 Da) and phenol formaldehyde resin.
The membrane obtained has a higher water permeability
compared to those reported in literature. The separation of
the dye solution by the carbon membrane has been modeled
by Space charge model in which the latter was assumed to
consist of capillaries of diameter 1.8 nm and the length of
30 lm (equal to the thickness of the membrane). It has acid
functional groups (confirmed by the FTIR) on its inner sur-
face which impart negative charge to it making it possible to
separate negatively charged Acid Orange 7 dye. The effect
of pressure and feed concentration on dye rejection has been
studied and it was found that the real rejection increased
with increase in the pressure and decreased with concentra-
tion. The separation results have analyzed using Space
charge model and the effective wall potential of the mem-
brane has been determined to be varying in the range of
�100 to �85 mV in the range of feed concentration studied.

Notation

a ¼ pore radius, m
l ¼ length of pore, m
A ¼ area of the cross section of the pore, m2

c ¼ concentration of the electrolyte, moles/m3

cI ¼ concentration in the polarization layer, moles/m3

cp ¼ concentration in the permeate, moles/m3

c ¼ dimensionless concentration of the electrolyte, c/cII
Di ¼ diffusion coefficient of the ith ion, m2/s
d ¼ ratio of diffusion coefficients
F ¼ Faradays constant, Coulomb/mole
ji,x ¼ flux of the ith ion in the axial direction, moles/m2/s
ji,r ¼ flux of the ith ion in the radial direction, moles/m2/s
J ¼ total solute flux rate across the pore, moles/s

Jw ¼ pure water flux, m/s
Js ¼ average solute flux across the pore, moles/s
J�s ¼ dimensionless solute flux
ki ¼ the integral defines by Table A1.
Li ¼ coefficients defined by Eq. A8.
P ¼ pressure, N/m2

Pe ¼ Peclet number: dimensionless average velocity through the pore
Pep ¼ pressure Peclet number
Pep ¼ osmotic pressure Peclet number
R ¼ gas constant
T ¼ absolute Temperature, K
U ¼ average velocity, m/s
ux ¼ axial velocity, m/s
ur ¼ radial velocity, m/s
Q ¼ volumetric flow rate, m3/s
Y ¼ dimensionless solvent pressure
zi ¼ valency of the ith ion

Rm ¼ intrinsic hydraulic resistance
Lp ¼ hydraulic permeability

Greek letters

e ¼ dielectric constant
l ¼ viscosity of the medium, Poise

lw ¼ viscosity of water, Poise
kD ¼ Debye length, cm
r ¼ surface charge density of the pores of the wall, C/m2

n ¼ dimensionless axial position, x/l
x ¼ dimensionless parameter defined by 4a2RTc(x)/lDþ
k ¼ dimensionless Debye length, kD/a
F ¼ total electrostatic potential, V
f ¼ axial component of potential, V
/ ¼ dimensionless potential, Ff/RT
w ¼ electric potential due to double layer, V
w ¼ dimensionless double layer potential, Fw/RT

Ww ¼ wall potential

Subscripts

I, II ¼ denotes two regions
i ¼ denotes the ith ion; þ, cation and �, anion
s ¼ solute
w ¼ wall
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Appendix

Physical model and governing equations

Nernst Planck equation giving the ion flux density:

ji;x ¼ uxci � Di
@ci
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� Di

<T ziciF
@U
@x

ðaÞ

ji;r ¼ urci � Di
@ci
@r
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<T ziciF
@U
@r

ðbÞ

9>>=
>>; (A1)

Navier-Stokes equation giving the steady state fluid velocity:
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Poisson Boltzmann equation giving the relation between
electrical potential and the charge density:
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where,

w ¼ Fw
<T ; g ¼ r

a
and k ¼ j

a
; j ¼ e<T

2F2cðxÞ
� �
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The boundary conditions

@ �w
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(A5)

Since, there is no current flow, the governing equations can
be written in dimensionless form as:

Pe¼D Ul

Dþ
¼ � L3

�c

d�c

dn
þ L4

dY

dn
(A6)

J�s ¼ �L1
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(A7)

where

n ¼ x

l
; c ¼ cðxÞ

cII
; / ¼ F/

RT
; x ¼ 4a2RTcðxÞ

lDþ
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The ki’s above are given in Table A1 obtained by using se-
ries solution given in reference 33. In terms of L1 to L4,
Eqs. A6 and A7 are integrated to

Pe ¼
Z�cðn¼1Þ

�cðn¼0Þ

L2L3 � L1L4
ðJ�s =PeÞL4 � �cL2
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Table A1. Integral and Analytical Expressions Derived for ki

Analytical Solution
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