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A novel type of ion-selective membranes, which combine the advantages of ceramic nanofibrous media with
good electrical conductivity, is proposed. The membranes are produced from Nafen alumina nanofibers
(diameter around 10 nm) by filtration of nanofiber suspension through a porous support followed by drying and
sintering. Electrical conductivity is achieved by depositing a thin carbon layer on the nanofibers by CVD.
Raman spectroscopy and TEM are used to confirm the carbon structure formation. The average pore size
determined by low temperature nitrogen adsorption experiments lies in the range 15-30 nm. Measurements of
membrane potential show that the carbon coated membranes acquire high ionic selectivity (transference
numbers 0.94 for anion and 0.06 for cation in aqueous KCI). The fixed membrane charge is determined by
fitting the experimental data to Teorell-Meyer—Sievers and Space-charge models.

1. Introduction

The interest in membrane separation using ceramic materials has greatly increased over the last decades.
Ceramic membranes made from metal oxides offer a number of advantages over polymeric membranes, such
as higher thermal and mechanical stability, enhanced chemical and biological resistance, the ease of cleaning,
and longer operational lifetime (Li, 2007; Gitis and Rothenberg, 2016). It determines their high potential in
such membrane processes as nano-, ultra-, and microfiltration (Garmash et al 1995; Benfer et al 2004; Volkov
et al 2008). In ceramic membranes fabricated from granular materials, the solid phase often occupies a large
part of the total volume. Its fraction can be essentially reduced by using fibrous materials resulting in
membranes with high permeability, low basis weight, and relatively high strength.

In recent years, a unique nanofibrous material Nafen™ has been developed by ANF Technologies. It consists
of highly aligned y—phase alumina nanofibers with the diameter of 10-15 nm and length more than 100 mm.
The material offers a high specific surface of 155 m%g. Dispersion of Nafen nanofibers in water provides
stable colloidal systems (Saunders et al 2015) perspective for the preparation of porous ceramic membranes.
Membranes for ultrafiltration were produced by dispersion of Nafen nanofibers in water, filtering through a
coarse mesh to obtain the membrane precursor, drying, and sintering (Su et al 2012, Su and Clyne 2016).

We believe that the combination of ceramic nanofibers and carbon materials is promising for the preparation
of membranes with selective ion transport. The carbon surface layer can form a wide range of functional
groups, which could be utilized to control the membrane selectivity. The use of electroconductive nanofibers
opens new ways for producing membranes with switchable ion-transport selectivity. Such selectivity was
previously realized by applying a prescribed potential to gold-covered pores of track—etched polymeric
membranes (Nishizawa 1995). However, these membranes had a very low porosity (less then 1%) and,
consequently, permeability. In this work, we describe a novel type of ion-selective membranes based on
Nafen alumina nanofibers, which combine the advantages of ceramic nanofibrous media and good electrical
conductivity. The physico-chemical characterization of prepared membranes is performed and their ion-
selective properties are investigated. The measured membrane potentials are fitted by the Nernst equation
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with transference, Teorell-Meyer-Sievers model and Space charge model to determine the fixed membrane
charge.

Figure 1: Top view of Nafen membrane before (a) and after (b) deposition of carbon by CVD method.

2. Experimental
2.1. Membrane preparation

The membranes are prepared from Nafen supplied by ANF Technology (www.anftechnology.com) in the form
of nanofiber blocks. The nanofibers were dispersed in de-ionized water (Nafen:water 1:200) and agitated with
a magnetic stirrer for 30 minutes followed by 15 minutes of ultrasonic treatment (UZDN-2T, 22 kHz, 400 W).
The suspension was filtered through the rough Teflon filter (pore size of ~0.6 ym) and dried in air. Then
membrane was sintered at 800 °C during 4 hours to ensure its structural stability in aqueous solutions. The
produced membrane is a circular disc with the diameter of 35 mm and thickness of about 400 um (Fig. 1a).
Chemical vapor deposition (CVD) was used to form carbon layers on membranes. The synthesis was
conducted in the reactor at 900 °C (heating rate of 20-30 °C/min) in propane/nitrogen mixture (1/15) with the
total flow rate of 4000 cm®min during 60 seconds. The mass gain after CVD was around 15 %. The sample
was slowly cooled to 150 °C in the atmosphere of nitrogen. The resulting membrane is shown in Fig. 1b. The
samples with and without deposited carbon will be referred to as C—Nafen membrane and Nafen membrane,
respectively.

2.2. Membrane characterization

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were used to characterize
the morphology of membranes prepared from alumina nanofibers. The SEM was performed by the Hitachi
scanning microscope S—-5500 (Japan) operating at 3 kV. The TEM images were obtained by the Hitachi HT—
7700 instrument (Japan) with an accelerating voltage of 100 kV.

Low temperature nitrogen adsorption experiments were performed at ASAP-2420 (Micromeritics, USA) for
membrane pore and surface area characterizations. Textural characteristics calculations of materials under
consideration were realized with BET, BJH, and t—plot models.

Raman spectra in the backscattering geometry were recorded with the Horiba Jobin Yvon 64000 triple
spectrometer (France) equipped with a liquid nitrogen cooled charge coupled device detection system in
subtractive dispersion mode. Ar+ ion laser Spectra—Physics Stabilite 2017 with A=514.5 nm and power 100—
400 pW on a sample was used as an excitation light source.

2.3. Membrane potential measurement

The ion permselectivity of prepared membranes was studied by measuring the potential difference between
two electrolyte solutions with different concentrations separated by a membrane (Fig. 2). The laboratory made
electrochemical cell consists of two compartments, between which the membrane is clamped. In each half-
cell, reference 4.2 M Ag/AgCl electrode is located. Electrodes are connected to the potentsiostat PI-50Pro
(ELINS, Russia), which measures the cell electromotive force (EMF) in ‘broken circuit potential measurement’
mode. The measurements were performed in KCl aqueous solution. First, the solution with fixed concentration
Cr was placed in both half-cells. The system was kept at room temperature of 25 °C during 12 hours.

The measurements were performed by increasing the concentration of KCI in the left half-cell C, by
consecutive addition of the KCI concentrate (1M or 4.2M). For large values of C, (> 1M), the solution was

completely replaced with that of higher concentration. After each addition / replacement, the system was
allowed to equilibrate during 30 min. Then the cell EMF was measured. After each series of experiments, the
membrane was placed in deionized water for 24 hours to remove the rest of electrolyte solution from the
pores.
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Figure 2: The scheme of electrochemical cell and experimental setup.

3. Theoretical

3.1. Nernst equation with transference

A simplified approach to interpreting the potential difference between two half-cells separated by a membrane
(Figure 2) is provided by the equation (Strathmann 2011)

®=2.303 (t+—t,)E/OQi, (1
F ag

where Ry is the ideal gas constant, T is the temperature, F is the Faraday constant, 4 and %R are the
activities of solutions in the left and right half-cells, respectively. They are related to concentrations through the

activity coefficients ar=V(Cr)Cir taken from tabulated data (Lide 2003-2004). In equation (1), boand &

. o . t,+t =1
are transference numbers of anions and cations in membrane, respectively (

log(a, / ag)

). The transference

numbers are found by determining the slope of D vs from the experimental data.
3.2. Theorell-Meyer-Sievers model
According to the theory of Teorell, Meyer and Sievers (TMS theory), the total potential difference ® =@, -,

across the membrane for binary monovalent electrolyte is given by (Tanaka 2015)
o=Fs T{l c, [ X+ X2+4C2 ] 5 ln[—Dx+./x2 +4C2 ﬂ p_D.=D. )

F | Crl-x+x?+4c? —DX +,[X? +4C? D.+D_’

where the first and second terms represent the contributions from Donnan potential and diffusion potential,
respectively. In formula (2), D, are the diffusion coefficients of positive and negative ions and X is the

volume density of membrane fixed charge, which is related to the surface charge density o by the formula
_20
3
“FR’ 3
where R is the pore radius. Anion— and cation-selective membranes correspond to the cases X >0 and
X <0, respectively. The volume density of fixed charge X is determined by fitting the experimentally
measured values of ® at constant Cy and varying C; to formula (2).

3.3. Space-charge model

In this model, the flow and ion transport in the pore with radius R and length L are described by the Navier-
Stokes, Nernst-Planck and Poisson equations, which are simplified and reduced to a special form (Peters et al
2016). Let us introduce dimensionless variables by choosing the characteristic scales of length R and L (in

radial and longitudinal directions, respectively), concentration C,. =10"°M, electric potential RgT/F, ion
fluxes D.C,, /L, velocity D, /L, pressure CR,T, and surface charge density e€,R;T / FR . Here¢ is the
relative dielectric permittivity, and ¢, is the dielectric constant. The dimensionless electric potential ¢ , ion
concentrations c, , and pressure p in the Space-charge model are written as

orx)=¢,(x)+w(r,x),  c.(r.x)=c,(x)exp(Fy(r,x)),  p(r,x)=p,(x)+2c,(x)cosh(y(r,x)). (4)
Here ¢,,c,,p, are the so-called virtual quantities. The part of electric potential y(r,x) satisfies the Poisson
equation with boundary conditions of fixed surface charge at the pore wall and symmetry at the pore axis
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where o’ is the dimensionless surface charge density and A =R’1,/££0RQT/ 2F*C,, is the dimensionless

Debye length. The virtual quantities satisfy the following system of ODE:
do, 1.de, do

d): =Ly +Lpd; + Ligde, dx =Liody +Lgpd; + Lgde, T; = Ligdy +Lygd) + LyzJc. (6)

Here J, is the cross-sectionally averaged velocity, J, = J, + J_is the total averaged ion flux, and J. =J, —-J_

v

is the averaged ion current. Further, L= {L,} =—L"" is a matrix. The components of L={L;} are calculated

from solution to problem (5). In contrast to Peters et al 2016, we take into account different ion diffusion
coefficients.
We apply the Space-charge model to describing the ion transport in diffusion cell, where a cylindrical pore
connects two reservoirs with different (here dimensionless) concentrations C, and Cg. There is no electric
current (J; =0 ). The pressures in both reservoirs are equal and are taken to be zero: p(r,0)=p(r,1)=0 . The
potential in the left reservoiris ¢(r,0)=0 . Using the second equation in (6) in the form

dx = dc, _ dc,

de, /dx  c¢,(Lidy +LoyJ,)

we substitute it into the first and third equations in (6) and integrate them from x=0 to x=1. Taking into
account boundary conditions (see also (4) and note that w(r,x)=0 in the reservoirs)

x=0: p,=-2C,, ¢, =C,, ¢,=0; x=1: p,=-2Cg, ¢, =Cg, ¢, =0,
we find
G L+l b L+l
— 2= _dc, +2(C, -Cg)=0, ®=-| 22" _qc,, (7
¢, G (Lip +L5pJ) ¢, Ov (Liz +LoJd)

where J =J, /J, . The membrane potential is calculated as follows. First, problem (5) is solved in the range of
c, values from Ci to C,. Then the coefficients Lj(c,) are calculated. The ratio of fluxes J is found by

numerical solution of first equation in (7). Membrane potential ® is calculated from the second formula in (7).

4. Results and discussion
4.1. Membrane characterization

According to SEM and TEM images (Fig. 3), resulting membranes consist of randomly oriented alumina
nanofibers with high aspect ratio (~100) and small diameter (~ 8 nm) covered by a few carbon layers with the
total thickness around 1-2 nm. The Raman spectrum of C-Nafen membrane is shown at Fig. 4. The sharp
peaks at 1325 cm™" and 1590 cm™ corresponds to the D (disorder) peak and G (graphitic) peak of the carbon.
The relative intensity of D and G peaks (Ip/lg) in C—Nafen membrane spectrum is approximately 1.035. Along
with broadening of G peak and its shifting to 1590 cm™", it indicates the formation of disordered structures of
amorphous carbon during CVD synthesis. A wide 2D peak, which is related to the carbon layer structure, is
observed at 2700-3000 cm™". According to the low-temperature nitrogen adsorption measurements, the
deposition of carbon decreases the average pore diameter and porosity of membranes. The pore size
distribution maximum shifts from 28 nm for Nafen membrane to 16 nm for the C—Nafen membrane. The total
volume of pores decreases from 0.76 cm3/g (Nafen membrane) to 0.49 cm3/g (C—Nafen membrane), while the
specific area decreases from 146 m2/g to 107 m2/g, respectively. The porosity calculated from textural
parameters is 75 % for Nafen and 62 % for C—Nafen membranes. The permeability estimated on the basis of
Kozeny-Carman equation is 64 I'm~2h~'bar™ for Nafen membranes and 18 I'm™= h™' bar' for C-Nafen
membranes. It is comparable with the permeability of alumina nanofiber membranes (Su et al 2012) and
carbon modified porous anodic alumina membranes (Mattia 2012).

4.2. lonic selectivity

We have studied the ionic selectivity of Nafen and C—Nafen membranes by measuring the potential difference
between two half—cells with different KCI concentrations. The concentration in the right half—cell was fixed at
Cr =1 mMor C; =10 mM, while the concentration in the left half-cell was varied from C; up to 4.2 M.
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Figure 3: SEM image of the C—Nafen membrane  Figure 4: Raman spectrum of C—Nafen membrane.
and TEM image of nanofibers (at the insert).

The results were fitted by Nernst equation (1), TMS model (2), and Space-charge model (Section 3.3). The
pore radii R=714 nm and R =8 nm were taken for the Nafen and C—Nafen membranes (see Section 4.1).
The Nafen membranes consist of y—Al,O3_ Its surface charge is determined by the solution pH, which was 6-7
during the measurements. In this case, the positive charge should accumulate on the surface of alumina
nanofibers due to adsorption of cations (Tschapek et al 1976). The measured membrane potential for Nafen
membranes was negative and small in magnitude (10—20 mV), which indicates weak anion selectivity.

The deposition of carbon changes the interaction of membrane with the electrolyte solution. The ions
preferably bind on the structural defects of carbon layer. Modelling of Na* and CI” adsorption reveals the
preferable adsorption of alkali metal on carbon surface (Mpourmpakis and Froudakis 2006). Thus, one can
expect that after deposition of carbon the membrane selectivity would greatly increase due to strong
interaction between carbon surface and K™ ion. The carbon coating also decreases the pore size providing
stronger double layer overlap and enhancing selectivity.
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Figure 5: The dependence of membrane potential ® on the logarithm of activities ratio for the C—Nafen
membrane. The concentration in the right half-cell is C; =1 mM (a) and Cg =10 mM (b).

The membrane potential for the C—Nafen membrane shown in Figure 5 gives evidence of high anion
selectivity. The data are well fitted by Nernst-Planck equation (1) with high anion transference numbers, see
Table 1. The fit by TMS model (2) is not so good, but still can be used to estimate the membrane fixed charge.
The Space-charge (SC) model provides a better fit to the data. The determined surface charge is 1.5-2.3
times higher than that for the TMS model. Note that SC model takes into account radial variations of potential
and concentrations, while TMS model assumes complete double-layer overlap. In fact, the Debye length
decreases from the pore entrance to the pore exit due to the concentration change from larger C, to smaller

Cr .The increase of concentration from C =1 to C; =10 mM decreases the Debye length, which should

reduce the ionic selectivity. At the same time, it leads to the increase of fixed charge by ~10 times, which
enhances the ionic selectivity. For the C—Nafen membrane, the former effect slightly overcomes the latter one,
which results in higher anion transference number for the increased concentration, see Table 1.
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Table 1: Transference numbers, volume density X and surface density o of fixed membrane charge for
different concentrations Cg in the right half—cell.

M Nernst equation TMS model Space-charge model
embrane T TV g, t | X.mM 0,10°Cm? o,10°Cm?
C—Nafen 1 0.09 0.91 116.1 44.8 69.4
C—Nafen 10 0.06 0.94 1021.1 394.0 896.0

5. Conclusion

A novel type of ion-selective membranes, which combine the advantages of ceramic nanofibrous media with
good electrical conductivity, is proposed. The latter is achieved by depositing a thin carbon layer on the matrix
of alumina nanofibers by chemical vapor deposition. Raman spectroscopy and TEM confirm the carbon
structure formation. Measurements of membrane potential show that the carbon coated membranes acquire
high anion selectivity (transference numbers 0.94 for anion and 0.06 for cation in aqueous KCI). The fixed
membrane charge results from the adsorption of cations on the defects of carbon structure. It is determined by
fitting the experimental data to Teorell-Meyer—Sievers and Space-charge models. The fixed membrane
charge increases proportionally to electrolyte concentration. The potential applications of produced
membranes include nano- and ultrafiltration, separation of charged species, and switchable ion-transport
selectivity.
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