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Abstract

Supported non-interpenetrating modified ultrafiltration carbon membrane has been prepared by gas phase nitration (reirguiO
of NO and NQ) at 250°C and subsequently aminated in the second step using hydrazine hydrat€CatS&paration experiments on the
chromic acid solution have been carried out using unmodified (giving 96% rejection), nitrated (giving 84% rejection) and aminated (giving
88% rejection) carbon membrane. The water flux of the modified membrane however, has been found to increase by two times compared to
that for the unmodified membrane with only 12% loss in rejection. This work presents a transport mathematical model through cylindrical
charged capillaries of the membrane based on two-dimensional space charge model consisting of Nernst—Planck equation for ion transport and
non-linear Poisson—Boltzmann equation for the radial distribution of potential. The solutions of these non-linear equations are computationally
intensive and the difficulty has been overcome by a series solution of the Poisson—Boltzmann equation for the charge distribution. The effective
pore size and non-dimensional pore wall potential of the membranes have been determined using this model by fitting the experimental data
of the separation. The effective pore radius of the unmodified, nitrated and aminated carbon membranes are found to be 2.0, 2.8 and 3.3 nm
respectively, which are less than the average pore size value determined from the molecular weight cut-off experiment and indicates the partial
blocking of the pores by chromate ions.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction carbon membranes have been developed; these are molecu-
lar sieve carbon membranes (MSCMs) used to separate gas
Membrane-based technology has been presently used amolecules with similar size (8-N2, CO;—N2, CO,—CHy,
several industrial processes and applications. The develop-etc.) and adsorption-selective carbon membranes (ASCMs)
ment of new membrane materials could play a significant used to separate non-adsorbable or weakly adsorbable gases
role in the future of membranes in separations. Among the (Hz, Ny, air, etc.) from adsorbable gases (hydrocarbons). The
various types of membrane materials, carbonaceous mateformer is used to separate effectively gas molecules and the
rials are widely utilized for applications such as water and latter is used for the selective adsorption of certain compo-
air purification, gas separation, catalysis, and energy storagenents of the gas mixture.
In recent studies, carbon membranes have shown that they Normally, the supported carbon membranes are prepared
can successfully compete with polymeric membranes andusing coating methods such as dipping, spraying, spinning
other porous inorganic membranes in separation processeand ultrasonic deposition. Microporous carbon membranes
[1]. Depending on the separation mechanism, two types of have been prepared by carbonization and activation of an
asymmetric phenolic resin structure and are used fop CO
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a porous alumina substrate and then carbonized the poly-inally developed by Osterle and co-work§t9,20] Accord-
mer under N at 600°C. Phenolic resin-derived carbon mem- ing to this, the membrane is visualized as a bundle of cylin-
braneg4] have been obtained by repeating two to three times drical capillaries in which variation of the potential and con-
of the coating—pyrolysis cycle which showed higher perfor- centrations in the radial direction occurs. The basic equations
mance for C@-Ny separation. The separation property of of the SCM are the non-linear Poisson—-Boltzmann equation
carbon membrane depends on the polymeric precursors andor the radial distribution of potential and ion concentra-
the pyrolysis conditions. In recent works, some authors re- tion, the Nernst—Planck equation for ion transport and the
ported on the use of a phenolic resin as suitable precursorNavier—Stokes equation for volumetric flow. The model in-
to obtain MSCMs with good capabilities towards the separa- volves coupled non-linear differential equations and is highly
tion of O,—N, and CQ—CH, mixtures[5,6]. Flat and capil- computationally intensivi21-26]
lary MSCMs having microstructure (pore size, pore volume,  This paper reports the preparation of modified ultrafiltra-
etc.) have been prepared by controlling the pyrolysis con- tion carbon membrane on a macroporous clay support. The
ditions and post treatmeffif]. The phenolic resin has also unmodified carbon membrane (reported in our earlier work
been used to prepare ASCMs which are used to recover thg27]) has been nitrated using N@t 250°C, followed by am-
non-adsorbable or weakly adsorbable gases (Heaid O, inating it using hydrazine hydrate at 60. We have carried
CHg4, COy, etc.) from strongly adsorbable gases (hydrocar- out the separation of chromic acid solution (1000 ppm) us-
bons (&), NH3, SO, H,S, etc.)[8-10]. Zhou et al.[11] ing unmodified (giving 96% rejection), nitrated (giving 84%
prepared MSCMs derived from phenolic resin with a pen- rejection) and aminated (giving 88% rejection) carbon mem-
dant sulfonic acid group that showed higher separation,of O branes. We have compared the pure water flux, permeate flux
compared to that of the other phenolic resins. More recently, and rejection obtained for the modified membranes with those
Novolak resin-derived-carbon membranes obtained by two for the unmodified membrane. In describing the separation
time coating which is applied for separation of-HN, and characteristics by SCM, it was observed that in the curve fit-
Ho—CH, [12]. ting the experimental data of separation, the numerical so-
The discharge of wastewater polluted with toxic metal into lution of the non-linear Poisson—Boltzmann equation (PB
the environment is strictly controlled by legislation. There- equation) had to be obtained several times. On adopting the
fore, the development and application of effective treatment numerical procedure suggested in the literatures, we found
process is very important. Several methods have been rethat the computations had to be carried out in several batches
ported for the control of metal toxicants. Chromium salts with total time of computation as 15 h. In order to overcome
are used in many industries such as leather, electroplatingthis difficulty, we developed a series solution for the PB equa-
dye and textile industries and these industries produce ef-tion [28,29]which reduced this computation time to 15 min.
fluent containing large amount of chromium (high toxic) in  We have subsequently determined the effective pore diameter
different salt forms (Cr(lll), Cr(VI)). The most widely used and the wall charge of the membranes.
techniques for removing Cr(VI) from waste water are precip-
itation as hydroxides, carbonates or sulfides, adsorption us-
ing activated carbon, electrolytic recovery, evaporation and 2. Theory
liquid—liquid extraction. However, these are highly expen-
sive and the membrane separation process is an attractive The basic equations used for the space charge model to
and suitable technique and the separation can be carried ounalyze the separation of ionic solutes by membrane as given
at room temperature. Polysulfone (MWCO as 10-60kDa) below. The flux of ions are given by the Nernst—Planck equa-
[13] and polyvinyldene fluoride (MWCO 15-25 kD§)4] tion as[28—30]
membranes have been used for the recovery of Cr(VI) and
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_Cr(l_ll) respectively by ultraflltrat!on with the maximum re- Jix = uxci — iﬁ — L ziciF— (1a)
jection of 20 and 30.5% respectively. ox AT dx
The charges on the membrane are known to greatly af- d; D; 9

fect their separation properties and fouling tendency due to Jir = urci = Di— = — copziciF == (1b)

the electrical interaction between membrane wall charge and

ionic soluteg§15]. For neutral solutes, the electrical interac- Whereux andu, are the fluid velocity component in the

tion occurs due to non-zero average induced instantaneougnd ther directions respectively; the valencyp; the diffu-

dipole moment and polar—polar interaction. The fixed charge sion coefficiente; the concentration ath ion, F the Faraday

model proposed by TeordlL6] and Meyer and Sievefd7] constant and the electrical potential.

(TMS model) has been used to describe the rejection of The steady state fluid velocitieg andu, are given by the

charged ultrafiltration membrangs8]. It assumes a fixed ~ Navier—Stokes equation and are giverjz&-30]

wall charge density and a uniform radial distribution of poten- )

tialand ion concentration and isindependent of the pore struc-( ~ _E _ (Z inci) @ﬂl (}3 (r%> n 0 Mx)
ox - ox or

ture. A more realistic two-dimensional (in cylindrical coordi- ror 9x2
nates) model known as space charge model (SCM) was orig- (2a)
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