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ABSTRACT: Composite membranes of functionalized (–COOH, –CONH2, –N3) carbon nanotubes/polysulfone (CNT/PS) synthesized

by the phase-inversion method show unique properties with respect to surface characteristics and the selective separation of metal

ions from aqueous solution. Apart from the reduction in the pore size depending on the type of functionalities on the nanotubes, the

pure water permeation could reach up to as high as �600 L m22 h21 (LMH) at reduced pressures and could be due to the function-

alized tips of the nanotubes on the membrane surface resulting from the phase inversion process used for the membrane fabrication.

The membranes were characterized by small angle neutron scattering (SANS) to confirm the uniform distribution of the nanopores

and the surface morphology of the membranes. Results show that rejection of Cu(II) was better than Pb(II) depending on the surface

functionality. Interestingly, these membranes also showed enhanced conductivities in the range of 1.0 3 1022 S cm21, the conductiv-

ity depending on the type of functionality on the nanotubes, thus confirming the presence of functionalized nanotubes tips on the

membrane surface. VC 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43778.
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INTRODUCTION

Polysulfone (PS) was one of the early polymers that was used as

membranes and as hollow fibers for desalination1,2 along with

cellulose acetate that was patented by Leob and Sourirajan.3

These polymers form asymmetric membranes that have a thin

skin layer with a porous substructure resulting for the phase

inversion process by which these membranes are cast. Carbon

nanotubes (CNTs) are being increasingly investigated for their

use in polymer matrices for various applications. These include

desalination, other separation applications, and even for

enhancing the conductivities of polymer matrices. A number of

excellent comprehensive reviews are now available4–6 indicating

the intense research activity in this area of composite mem-

branes. From their use in separation technologies, nanotubes

have found interesting applications in the design of actuators,7

in the catalytic membranes,8 and in the storage devices like fuel

cells, batteries, and super capacitors.9 These nanotubes when

incorporated in suitable matrix have been shown to have high

electrical conductivity.10 Polysulfone (PS) is a versatile polymer

and has been used even in bio-applications such as hemodialy-

sis, ultrafiltration, and bioreactor technology.11,12 The thermo-

dynamic, rheological, and the adsorption properties of this

polymer have been found to significantly change on its surface

modification.13,14 Therefore, novel nanocomposite membranes

containing single-walled carbon nanotubes inside a polysulfone

matrix have been reported to show high permeability and diffu-

siveness for gases like H2, O2, CH4, and CO.15,16 An increase of

up to 67% selectivity between polar and non-polar gases using

oxidized nanotubes/polysulfone composite membranes has been

reported.17,18 Due to their tubular nature, nanotubes have been

predicted to be useful for selective separation based on size dif-

ferences of both gases and molecules or ions in the liquid state.

It has been shown that pristine single-walled nanotubes as

membranes can be used for efficient gas separation19 and gas

Additional Supporting Information may be found in the online version of this article.
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flow was found to be very high for carbon nanotube/polymer

nanocomposite membranes.20 Isophorone diisocyanate-grafted

carbon nanotubes incorporated into poly(ether urethane) have

shown high water-vapor permeability,21 whereas CNT/polycar-

bonate composite membranes have good hydrogen separation

properties.22 For the liquid state, it has been shown that the flow

of water through CNTs would be very high due to the very low

resistance23 and large slip lengths. In fact functionalization of the

tip of the vertically aligned nanotubes in a polystyrene matrix has

been shown to enhance permeation of various liquids, both polar

and non-polar.24 Molecular dynamics simulations on functional-

ized single-walled nanotubes have shown that presence of charges

at the entrance of the pores function as a barrier and helps in pre-

vention of passage of ions thus enhancing the ion rejection, with

theoretical predictions being many times better than even the

existing separation technologies.25

However, it has also been reported that protein fouling behavior

of PS composite membranes by bovine serum albumin and

ovalbumin has been drastically reduced due to presence of

nanotubes,26 whereas modification on the CNT surface with 5-

isocyanato-isophthaloyl chloride enhances the protein adsorp-

tion on the membrane.27 One of the major concerns of mem-

brane based separations is biofouling that leads to reduced

water flux and selectivity.28 Various studies related to flux

improvement, pore structure, and size control have been made

on polysulfone/CNT composite membranes for application in

desalination.27,29 Due to the increase in hydrophilicity, these

composite membranes have been shown to have better antifoul-

ing behavior that could be modified by suitable functionaliza-

tion of the nanotubes.30 Thin film composite membranes are

widely used in sea-water desalination due to their lower internal

concentration polarization31 and taking this into consideration,

CNTs have been incorporated both in the polyamide layer32 and

the polysulfone support layer33 for achieving better flux. PS

continues to be a preferred material that has high mechanical

strength, acid resistance, and most importantly high water-flux

among all membrane materials.34 Comparing PS and polyether-

sulfone (PES), it is expected that the compatibility of CNTs and

PS will be better than that between CNTs and PES due to the

structural differences between PS and PES. We had previously

reported the control of porosity by the blending of functional-

ized MWCNTs with PS to get composite membranes35 and with

SWCNTs to get composite membranes36 with enhanced removal

capacity for various ions separately. A better understanding of

the surface structure in terms of pore sizes and pore distribu-

tion is still lacking. We now show that the changes in the sur-

face morphology are due to the functionalized nanotubes and

correlate it to the possibility of the nanotubes tips being

exposed on the membrane surface during the phase inversion

process and thus resulting in selectivity of the metal ion separa-

tion from a binary mixture and also on its conductivity

behavior.

EXPERIMENTAL

Materials

Polysulfone (PS) Udel P-3500 was a gift sample from M/s Sol-

vay Specialty Polymers, Vadodara, India, having molecular

weight �80,000 g mol21. MWNTs and SWCNTs (diameter: 6–

9 nm and 0.7–0.9 nm, respectively) were commercial samples

from M/s Sigma Aldrich. Sodium dodecyl sulfate, (SDS, Sigma

Aldrich), ethylene diamine (>99%, Sigma Aldrich), and sodium

azide (>99%, Sigma Aldrich) were used as received.

Purification and Functionalization of Nanotubes

Many protocols are known for the purification and cleaning of

CNTs.37 However, we used a modified method that was able to

remove any amorphous carbon soot and metal catalyst used

during the preparation of the CNTs. In our method, about

2.0 g of the raw nanotubes were sonicated with 500 mL of 1%

SDS (anionic surfactant) for 2 h. This solution was left undis-

turbed for �6 h. The supernatant liquid was decanted and the

precipitate was found to be the soot associated with the nano-

tubes. This supernatant was further centrifuged at 3000 rpm for

15 min and the precipitate rejected. This was repeated 2–3 times

and the surfactant associated with the nanotubes was removed

by alternate washing with water and brine solution. Subse-

quently, any metal that may have remained attached to the sur-

face of the CNT’s was removed by converting it into soluble

metal chlorides by stirring the cleaned nanotubes with 50% HCl

solution for 6 h. These nanotubes were subsequently washed

and dried. The yield obtained was �35% of the initial raw

CNTs used. Significantly, these cleaned and washed nanotubes

are not attracted to the magnetic bar unlike the uncleaned

CNTs, which might be containing metals like Fe/Co/Ni that

must have been used during their preparation.

Oxidation, Amide, and Azide Functionalization of Carbon

Nanotubes

Functionalization of CNTs has been previously reported by our

group.35 In brief, the washed and cleaned CNTs were treated

with a 3:1 mixture of concentrated nitric and sulfuric acid

(40 mL) for 24 h. These oxidized nanotubes were repeatedly

washed with distilled water and then dried under vacuum. Both

the single-walled and the multi-walled nanotubes were evaluated

for the degree of functionalization in terms of the concentration

of the –COOH groups generated on the surface. The titration

method was followed where the oxidized nanotubes were added

to 0.05 N NaOH solution, sonicated for 2 h, stirred for 24 h,

and then titrated with 0.05 N HCl. The degree of functionaliza-

tion was estimated to be 6.3 mmol g21 and 4.1 mmol g21 for

single-walled and multi-walled nanotubes, respectively. These

oxidized nanotubes were further converted to amide and azide

functionalized CNTs by treating with thionyl chloride for acyla-

tion and further with ethylene diamine for amide functionaliza-

tion. For azide functionalization, 60 mg of acylated nanotubes

were mixed with 5 mg of NaN3 in N,N-dimethyl formamide

(DMF) as solvent, and precipitated in toluene. The precipitated

product was dried in an oven at 808C for 4 h. Scheme 1 shows

the different steps involved in the functionalization of CNTs.

The formation of acid functionalities was confirmed by Raman

spectroscopy and is shown in Supporting Information Figure S1

for SWCNTs. The azide functionalization carried out was

confirmed from FTIR and shown in Supporting Information

Figure S2.
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Blending of CNT’s into Polysulfone to Form

Nanocomposite Membranes

Initially, polysulfone was dried at 808C for 24 h under vacuum.

N,N-dimethyl formamide (DMF) was used as solvent to dissolve

the PS. Water with a known concentration of isopropanol was

used as coagulation medium during the phase inversion process.

An optimized two component dope solution was used, 18% (w/

w) polysulfone; 82% (w/w) DMF. Functionalized CNT’s at dif-

ferent percentages were added to the polymer solution to form

a viscous PS/CNT nanocomposite solution. MWNTs and

SWNTs in two different weight percentages (1.0% and 2.0%)

were added to the polymer solution, for all the different func-

tionalized CNTs. The solutions were sonicated at 608C for 12 h

to give a black viscous homogeneous solution. Flat sheet mem-

branes were prepared according to the dry/wet phase inversion

process, where the polymer solution was poured on the glass

plate and stretched into a thin film using a steel casting blade,

which rested onto two runners, arranged to form a precise gap

of 0.5 mm between the blade and the glass plate. After air-

drying for 1 min, the cast membrane was soaked into the coag-

ulating bath, where the solvent/non-solvent exchange takes place

and membrane of uniform thickness was formed that within

few minutes lifts off from the glass plate. The cast membranes

were then thoroughly washed with water, dried at 608C and

then again kept soaked in deionized water for further

evaluation.

Flux and Metal Removal Studies

Metal salt solutions were prepared by dissolving the salts in

ultrapure water (Elix Millipore) and solutions of 1000 ppm

concentration prepared. Stock solutions of lead of 1000 mg L21

concentration were prepared by dissolving 1.598 g of Pb(NO3)2,

in 1 L ultrapure water (Elix, Millipore). Similarly, solution of

copper was prepared by dissolving 3.7980 g of Cu(NO3)2 3H2O

in 1 L water. The solutions were adjusted to 2.6 pH. The per-

meation tests were conducted at 258C, effective membrane area

was 16.0 cm2. Pure water flux measurements for the membranes

are shown in Table I, where the membranes were compacted at

4.9 bar for 2 h before the flux measurements were carried out.

CHARACTERIZATION

Small Angle Neutron Scattering (SANS)

The small angle neutron scattering (SANS) measurements on

the membrane samples over the wave vector range Q (54p/k
sin u) of 0.015–0.35 Å21 range, where 2u is the scattering angle

and k is the wavelength of incident neutrons, were taken at

258C on the SANS diffractometer at the Dhruva reactor, BARC,

Mumbai, India. The diffractometer uses a BeO filter as the

monochromator. The mean wavelength of the incident neutron

beam was 5.2 Å, with a wavelength resolution of approximately

15%. The angular divergence of the incident beam was 6 0.58

and the beam size at the sample position was 1.5 cm 3 1.0 cm.

The scattered neutrons were detected using a linear He3

position-sensitive gas detector. The diffractometer is well suited

for the study of a wide variety of systems having characteristic

dimensions between 10 and 150 Å. Very few studies are avail-

able where neutron scattering is used to study the topology of

the membrane surface. The membrane films were cut into small

pieces of about 1 cm 3 2 cm dimensions and about 4–5 pieces

were stacked in an aluminum foil and placed in the path of the

beam. The data analysis was done after the data were corrected

for the direct beam and background contributions.

Atomic Force Microscopy (AFM)

The atomic force microscopic (AFM) imaging of the selected

samples was done on a NTEGRA Aura, NT-MDT make Scan-

ning probe microscope (equipped with the NOVA software) in

the semi-contacting mode using an NSG 01 silicone probe. All

scans were carried out at room temperature.

Permeation Test

An ultrafiltration test cell was used to evaluate the performance

of the CNTs/PS blend membrane. The parameters that were

measured are pure water flux and solute rejection of different

feed solutions. The solute rejection was calculated using the fol-

lowing equation.

Rejection %ð Þ5 ðCf –CpÞ=Cf 3100 (1)

where Cf and Cp are the concentrations of metal ions in the

feed solution and permeate, respectively. Both the feed solutions

and the filtrate samples were used for quantitative determina-

tion of ions using an Atomic Absorption Spectrophotometer

(Model: Analytik jena Nova-400) in flame mode/graphite

Scheme 1. Schematic of the different steps involved in the functionaliza-

tion of CNTs.

Table I. Pure Water Flux Measurement Results on the Functionalized

Multi-Walled Nanotubes Impregnated Polysulfone at 4.9 Bar Pressure

Code Type of nanotube
Concentration
(%) w/w

Permeate flux
(LMH)

M2 Oxidized multi-walled 1.0 203

M3 Amide multi-walled 1.0 210
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furnace mode with single beam. The instrument was equipped

with 100 mm burner, a cross flow nebulizer 5.0 mL min21 and

1.2 mm slit. All experiments were duplicated under identical

conditions.

Conductivity Measurement

Conductivity of the membranes was estimated from the electro-

chemical impedance spectroscopy (Solatron 1280Z) at room

temperature. Before measuring the conductivity all membranes

were equilibrated with deionized water for 24 h. The conductiv-

ity was calculated from the following equation:

r 5 L=RS (2)

where r is the conductivity (expressed in units of S cm21), L is

the distance between two electrodes used (in cm), R is the

resistance of the membrane [in ohms (X)], and S is the cross-

sectional surface area of the membrane sample (given in cm2).

The cross-sectional surface area was measured for the fully

hydrated sample. The impedance of each sample was measured

at least five times, to ensure data reproducibility

RESULTS AND DISCUSSION

Characterization of Functionalized Nanotubes

Raman spectroscopy is an effective tool to find the functionali-

zation of nanotubes. The first step in the functionalization of

nanotubes is the creation of –COOH groups on the CNTs as

mentioned in the Experimental section. The Raman spectra

(Supporting Information Figure S1) of the pristine and the acid

functionalized SWCNTs gives a clear indication of the creation

of the defect structures on the nanotubes edges and the surface

due to the acid treatment. The typical Id/Ig ratio increases due

to the increase in the intensity of the Id band as is expected due

to the functionalization i.e. due to the creation of the disor-

dered structures in the SWCNTs. The FT-IR spectra [Supporting

Information Figure S2(a)] of oxidized CNT’s show a sharp

band at 3500 cm21 due to the presence of hydroxyl (–OH)

group. Band at 1726 cm21 arises due to the C 5 O stretching of

carboxylic group. Similarly, the strong peak at 1618 cm21 can

be assigned to C–O stretching of carboxylic group. Presence of

carboxylate anion can also be confirmed by bands present in

the range of 1460 cm21. The spectra of amide functionalized

CNT’s showed disappearance of the band at 1726 cm21 and

appearance of a new band at lower wavenumber (1633 cm21)

due to amide carbonyl stretch. In addition, new bands appeared

at 1391 cm21, corresponding to C–N bond stretching. The azide

functionalized nanotubes showed bands at 2142 cm21 and

1566 cm21 [Supporting Information Figure S2(b)] correspond-

ing to the asymmetric stretching and weak symmetric stretching

of the azide functional group. As the CNTs were having the

required functional groups, therefore were used for blending

with polysulfone.

Membrane Casting by Phase-Inversion Process

The details of the different composite membrane samples pre-

pared are given in Table II. The preparation of the composite

membranes essentially involved the solvent/non-solvent

exchange process when the glass plate coated with the dope

solution is immersed in the coagulating bath containing water

with isopropanol as a coagulant. Homogenization of the dope

solution was critical since, if these solutions are not homogene-

ous then the film formed would not be uniform and the result-

ing membrane would have variations in the thickness as well as

the porosity. The most easily functionalized part of the nano-

tubes are the tips that makes them polar and so one of the

advantages of the phase inversion process is that, there is a pos-

sibility of alignment of the functionalized nanotubes tips

towards the surface of the membranes during the process of the

phase inversion. This mobility of the nanotubes is dependent

on the viscosity of the solution, which was controlled by using

18% solution of the polysulfone. It is known that the process of

phase inversion is not only controlled by thermodynamics but

also by the kinetics.38 A higher loading of the polysulfone would

give a very high viscosity and was therefore not favored for the

casting of the membranes. A lower viscosity was preferred for

the phase inversion process, leaving enough time for the nano-

tubes to realign when the glass substrate is immersed in the

water-bath. These membranes retain their asymmetric nature

when oxidized or amide functionalized nanotubes are incorpo-

rated in the PS. Scanning electron micrographs (SEM) of the

cross section of these composite membranes taken after cold

fracturing of the membranes confirm this observation. These

are shown in Supporting Information Figure S3.

Characterization of Composite Membranes

It is known that polysulfone membranes show porous morphol-

ogy. Addition of MWNTs could help to reduce the pore size,

due to small (110–117 nm) diameters of MWNTs and this is

what can be seen from the AFM for the membranes with 1%

SWCNT and MWCNT in Figure 1. Figure 1(a) is for the oxi-

dized multi-walled CNT impregnated polysulfone (M2) whereas

Figure 1(b) is for the oxidized single-walled CNT impregnated

polysulfone (Supporting Information Figure S2). AFM pictures

clearly show the reduction in the pore diameter from �600 nm

for the multi-walled to �300 nm for the single-walled nano-

tubes impregnated CNT. The functionalization of the surface of

the nanotubes helps in formation of physical bonds between the

polysulfone and the functionalized nanotube and so this influ-

ences the formation of the porous structure.

At a similar percent of oxidized nanotubes, it is seen that the

single-walled nanotubes give a smoother surface than the

Table II. Sample Details of the Different Nanotubes Impregnated Polysul-

fone Membranes

Code

Type of nanotube Concentration
(%)SWCNT MWCNT

M1 — — —

M2 — Oxidized 1.0

M3 — Amide functional 1.0

M32 — Amide functional 2.0

M4 — Azide functional 1.0

M42 — Azide functional 2.0

S2 Oxidized — 1.0

S3 Amide functional — 1.0

S4 Azide functional — 1.0

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.4377843778 (4 of 8)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


multiwall functionalized nanotubes. This is seen from the force-

distance curve on the right side to the Figure 1. In general, the

pore sizes are smaller for single-walled functionalized nanotubes.

Small Angle Neutron Scattering

Better structural information about membranes and the pores

can be evaluated by SANS experiment and has been used for

studying the metallic nanoporous membranes.39 This technique

has been used to determine the nanoparticle dispersion in poly-

amide membranes40 and also polydimethyl siloxane based mem-

branes.41 Since a particle is just defined as a region of different

electron density, this can as well be a pore as a solid particle.

The basis is that the angular intensity distribution of neutrons

scattered by porous materials or hole structures in the range of

small angles show that the scattering can be characterized by an

exponential correlation function (n) in the case of a distribution

of holes of random shape and size in a solid. When the correla-

tion function is an exponential, the rule holds that the recipro-

cal square root of the scattered intensity is a linear function of

the square of the scattering angle. The specific surface of the

material is determined by the slope of this straight line. Specific

surfaces of a number of compositions are calculated from their

experimental correlation functions and the pore dimensions cal-

culated based on these scattered intensity. There are two models

that are considered: (1) the polydispersed sphere model where

the pores are considered to be spherical and surrounded by a

matrix material and (2) the random two-phase model, where

first phase is the pores and the second phase the surrounding

matrix material.

Our data were better fit to the second model where the correla-

tion length is related to the average pore diameter and its distri-

bution and shown in Figure 2. The term dR/dX on the y-axis,

measures the two-dimensional cross-section in the scattering

experiment. The correlation lengths and the pore dimensions

obtained for our CNT/PS membranes are shown in Table III.

Here, it is to be noted that the pore sizes as obtained by the

SEM or AFM would be much higher than that obtained by neu-

tron scattering. The advantage of the neutron scattering tech-

nique is that one can determine the uniformity of the pores

and their distribution on the membrane surface.

As can be seen, there was no change in the correlation length

(f) as the functionality of the nanotube changed which indicates

the uniform distribution of the pores on the surface, however

the pore dimension changed with the nature of the nanotube.

Figure 1. AFM photographs of composite membranes (a) M2 (oxidized) and (b) S2 (oxidized single-walled nanotubes). [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

Figure 2. SANS profiles with Debye model fit for (M1) pristine PS, (M2)

oxidized MWCNT-1%, (M3) amide MWCNT-1%, (M4) azide MWCNT-

1%, and (S2) oxidized SWCNT-1%. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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The mean pore radius reduces from 14.1 nm for the pristine PS

membrane, to 13.5 for the MWCNT composite membrane. The

effect of the functionalization is clearly seen and there is a

smaller pore dimension for the azide functionalized membrane

(M4). Comparing the multi-walled and single-walled nanotubes,

M2 and S2, there is no change in the pore dimensions, however,

between M2 and M4, there is an observable change in the pore

dimension thus confirming our contention that the azide fuc-

tionalized nanotube gives smaller pore dimensions.

The permeate flow for 1% oxidized MWCNTs/PS and 1%

amide CNTs/PS blend membranes at pressure of 4.9 bar was

203 and 210 LMH, respectively. However, when the membranes

were not subjected to any compaction process, the permeation

was possible even at lower pressures. When functionalized

single-walled nanotubes impregnated polysulfone was used for

flux measurement, the pure water flux was measured to be

much higher with a value as high as 600 LMH for azide func-

tionalized single-walled nanotubes based membrane subjected

to lower pressure of 2.06 bar (Table IV) which was much higher

than that obtained for multi-walled nanotube membranes after

compaction.

Therefore, the compaction process was done away with and the

freshly prepared multi-walled nanotubes based membranes were

tested for pure water flux at a low pressure of 1 bar. The results

are shown in Table V. As can be seen, these membrane had high

flux with the flux increasing with the percentage of functional-

ized nanotubes, the azide functionalized nanotube membranes

giving higher flux than the oxidized nanotubes based

membranes.

The possible reason for this increase in the flux could be due to

the increased presence of the nanotube tips on the surface dur-

ing the phase-inversion process and the surface morphology

being better as has been found from the SANS studies where

the mean pore radius decreases and the polydispersity increases

as the tip functionality changes from carboxylate to the azide

(Table III).

These observations reflect on the metal removal capacity of the

membranes. For the membranes that were subjected to compac-

tion the removal capacities are shown in Table VI. Under these

conditions, % rejection of Pb21 for composite membranes con-

taining 1% amide functionalized CNT was 90.1% where as it

was 93.1% for Cu21. The modified MWNTs provide sites for

complexation with metal ions which are absent in plain polysul-

fone membranes. The –COOH due to oxidation of membranes

surfaces, –CONH–, and –CH2NH2 due to amide functionaliza-

tion and, –CON3 due to azide functionalization show complex

formation with metal ions. Apart from these at acidic pH, pro-

tons also compete with the heavy metal ions, and thus provid-

ing maximum rejection or removal at acidic pH.

Metal removal/rejection studies at the optimized conditions of

2.6 pH and 1 bar pressure were carried out for oxidized, amide

functionalized, azide functionalized MWCNT blend membranes

in a binary mixture of Pb21 and Cu21 to evaluate the selectivity

of the membranes to the removal of the metal ions. Metal ions

rejection was found to increase with increase in % weight of

CNTs added. Thus for both the metal ions, the removal almost

doubled when the oxidized CNT was doubled thus not effecting

the selectivity significantly. This may be attributed to the

reduced pore size, reduced flow rate, and increased number of

active sites on CNTs due to functionalization. The metal

removal was found to be more pronounced in case of mem-

branes containing azide (Table VII) functionalized CNTs. The

presence of azide groups are expected to have better metal

Table III. SANS Data for Membranes Containing 1% Functionalized

Multi-Walled Nanotubes, M1 (Pristine), M2 (Oxidized), M3 (Amide), M4

(Azide), and S2 (Oxidized Single-Walled Nanotubes)

Code

Polydisperse sphere Debye-Bueche
correlation
length n (nm)

Mean pore
radius Rm (nm)

Polydispersity
(r)

M1 14.3 0.26 3.8

M2 14.0 0.27 3.9

M3 13.9 0.29 3.9

M4 13.5 0.30 3.9

S2 14.1 0.27 3.9

Table IV. Flux Measurement Results on the Functionalized Single-Walled

Nanotubes Impregnated Polysulfone at 2.06 Bar

Code Type of nanotube
Concentration
(%) w/w

Permeate
flux (LMH)

S2 Oxidized single-walled 1.0 337

S3 Amide single-walled 1.0 525

S4 Azide single-walled 1.0 600

Table V. Pure Water Flux Measurement Results on the Functionalized

Multi-Walled Nanotubes Impregnated Polysulfone at 1 Bar Pressure

Code Type of nanotube
Concentration
(%)

Permeate
flux (LMH)

M1 — — 32

M2 Oxidized multi-walled 1.0 378

M22 Oxidized multi-walled 2.0 500

M4 Azide multi-walled 1.0 446

M42 Azide multi-walled 2.0 545

Table VI. Comparison of Metal Removal Capacity for Multi-Walled Nano-

tubes at Acidic pH of 2.6 and 4.09 Bar Pressure

Code Type of nanotube
Concentration
(%) w/w

Removal
capacity (%)

Pb(II) Cu(II)

M1 None 0.0 10.5 10.1

M2 Oxidized multi-walled 1.0 41.3 79.3

M3 Amide multi-walled 1.0 90.1 93.1

M4 Azide multi-walled 1.0 90.8 93.9
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binding capacity as compared to carboxylic group, and thus

90.8% of Pb21 and 93.9% of Cu21 is rejected using an azide

CNT/PS blend individually, however in the presence of one

other, the rejection actually reduces to 22.8% of Pb21 and

23.3% of Cu21 for azide CNT/PS composite membrane.

This is a surprising result, however this competition for the

active sites gets reflected much more clearly when at higher per-

cent of the azide functionalized nanotubes, the rejection for

Pb21 increased marginally from 22.8% to 30.1% whereas it

almost doubles for Cu21 changing from 23.3% to 51.7% thus

effecting the selectivity significantly i.e., the selectivity reduces

to half using azide functionalized CNT/PS. It is important to

highlight here that these removal capacities were at a signifi-

cantly low pressure of 1 bar as compared to that at 4.9 bar

shown in Table VI.

Conductivity Measurements

The conducting properties of CNTs are well established and it is

known that they can have good charge transfer properties.42,43

Recently it has been shown that functionalized CNTs can be

good candidates for efficient charge transfer when incorporated

into membranes.44 It is quite logical that the functionalized

nanotubes incorporated into membranes would have conductiv-

ities that would be better than those of the matrix. The values

of the conductivities are given in Table VIII.

The pristine polysulfone without any nanotubes showed a con-

ductivity of 2.5 3 1024 S cm21, whereas the CNT incorporated

membranes showed enhanced conductivities with almost a two

order increase in the conductivity. The conductivity also

depended on the nature of the functionalization, the azide-

treated nanotubes giving the highest values. This correlates well

with the zeta potential studies of the membranes, which we

reported earlier and is shown in Supporting Information Figure

S4. As can been seen, the membrane surface attains a different

potential depending on the pH. These results also indicate that

the functionalized tips of the nanotubes are uniformly distrib-

uted on the surface of the membrane.

CONCLUSIONS

Our studies indicate that carbon nanotubes (both single-walled

and multi-walled) impart excellent rejection properties even at

low pressures that open up various opportunities for using

these composite membranes as nanofiltration membranes. The

surface morphology can be changed by use of suitably function-

alized nanotubes that can be aligned due to the phase inversion

process used in the membrane fabrication. The uniform disper-

sion of functionalized nanotubes in the matrix as measured by

small angle neutron scattering indicates that thermal stability of

these composite membranes will be much higher than the

unblended polysulfone. This opens up many high temperature

applications for these membranes. Traditional membrane proc-

esses involve high pressures that require very high-energy

inputs. Thus, for the development of low-pressure processes it

requires that the membranes show high pure water flux even at

low operating pressures. The membranes reported here show

that functionalized nanotubes could be aligned by the phase

inversion process used in the casting of the membranes. The

permeate flux are significantly high making these composite

membranes as potential candidates for pressure retarded proc-

esses or even for forward osmosis unlike the present practice of

having a polyamide thin layer and a polysulfone support layer.

The advantage of these membranes being that the reverse solute

transport across the membrane can be restrained due to the

presence of the nanotubes, the operating pressures are signifi-

cantly low, and consequently the fouling of the membrane can

be significantly reduced. The percent rejection of metal ions was

found to increase with increase in amount of MWNTs. Azide

functionalized CNTs showed potential for metal ion selectivity

and all the membranes could be potential candidates for proton

conduction applications at high temperatures.
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Table VII. Comparison of Metal Removal Capacity for Functionalized Multi-Walled Nanotubes Impregnated Polysulfone Membranes from a Mixture of

Pb(II) and Cu(II) at Acidic pH of 2.6 and 1 Bar Pressure

Code Type of nanotube Concentration (%) w/w

Removal capacity (%)

Selectivity Pb/CuPb(II) Cu(II)

M2 Oxidized multi-walled 1.0 36.6 40.2 0.91

M22 Oxidized multi-walled 2.0 65.4 79.5 0.82

M4 Azide multi-walled 1.0 22.8 23.3 0.97

M42 Azide multi-walled 2.0 30.1 51.7 0.58

Table VIII. Conductivities of Functionalized Multi-Walled Nanotubes

Measured by the Four-Probe Method

Code Type of nanotube
Concentration
(%) w/w

Conductivity
(S cm21)

M1 Polysulfone pristine – 2.50 3 1024

M3 Amide multi-walled 1.0 1.65 3 1022

M32 Amide multi-walled 2.0 9.70 3 1023

M4 Azide multi-walled 1.0 1.03 3 1022

M42 Azide multi-walled 2.0 1.56 3 1022
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