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ABSTRACT
The membrane performance of conductive polyaniline membrane may be tuned in-situ
by applying an external electrical potential. In this study, we focused on the electrical
tuneability of polyaniline (PANI) membrane in response to the externally applied
potential and also proposed a hypothesis for electrical tuneability in PANI membranes
under applied potential. PANI was synthesised via chemical oxidative polymerisation at
different polymerisation temperatures (Tpoly) (5°C, 15°C and 25°C) and flat sheet PANI
membranes were prepared via non-solvent induced phase separation (NIPS). The
influence of electrical tuneability on flux and molecular weight cut-off (MWCO) under
external potential during cross-flow filtration was studied. The membrane flux and
MWCO were measured for neutrally charged polyethylene glycol (PEG) feed solutions as
a function of the applied potential from 0 to 30 V.
The results demonstrated that the electrically conductive PANI membranes showed a
decrease in permeance and MWCO under the applied potential in the cross-flow
filtrations, with a higher applied potential producing to a larger decrease. The PANI
membrane (Tpoly = 15°C) showing the greatest MWCO decrease (down to 2800 g mol-1)
at 30 V from 6000 g mol-1 at 0 V. It was hypothesised that the swelling of polymer chains
caused the narrowing of pore size of membranes on the application of high external
potential and resulted in reduction of membrane flux and MWCO. Overall these results
suggest that the electrically conductive PANI membranes can self-regulatively adjust
their separation properties in response to electrical stimuli, allowing control over
neutrally charged molecules transport beyond the ion based separations under applied
potential.
Keywords: Polyaniline, stimuli responsive membrane, electrically tuneable membranes,
polymerisation temperature, intrinsically conducting polymer
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1 INTRODUCTION
The high selectivity and flux needed for current membranes to outcompete other
separation technologies is often limited by their fixed flux and selectivity. The existing
commercial membranes cannot have their transport properties adjusted in response to
external stimuli once fabricated. The development of smart/responsive membranes
where the selectivity and flux can be tuned by external stimuli during operation has the
potential to be the breakthrough solution to overcome the above limitation of fixed
membrane performance (flux and selectivity) [1-3].
Recent studies have investigated the fabrication of membranes which responded to
some common triggers, including changes in temperature, pH, ionic strength, light,
electric and magnetic field

[1, 4-8].

In contrast to the traditional membranes, the

smart/responsive membranes can be tuned by changing the conformation of responsive
groups which lead to reversible microphase segregation upon the application of
external stimuli

[9].

For example, the oscillation between a more hydrophobic and

hydrophilic membrane surface can result in the desorption of adsorbed fouling under
pH stimuli

[10].

Pore size control can be achieved through large volume changes in

polypyrrole membranes doped with the dodecylbenzenesulfonate anions by the
application of applied potential

[11].

Among the stimuli responsive membranes,

electrically responsive membranes are of interest as electrical potential can be easily
and quickly applied to the membrane.
Polyaniline (PANI), a π-conjugated structure with alternating single and double bonds,
is the most extensively studied intrinsically conducting polymer during the past decade
[12, 13].

Its electrical properties can be varied and controlled by both oxidative and

non-redox protonic acid doping reactions in the conjugated carbon backbone

[14-16].

It

has attracted considerable attention because of its good environmental stability, distinct
electrochemical properties, simple reversible acid/base doping chemistry as well as
lower synthesis costs

[14, 17].

PANI has been widely studied in membrane based
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separations, such as gas separation, pervaporation, selective ion separation and organic
solvent nanofiltration during the past two decades

[18-23].

It has been shown that the

PANI membrane structure can be altered at a molecular level by controlling the
incorporation or exclusion of ions from the dopant site - even after synthesis - which is
very difficult to accomplish with conventional polymer membranes

[12, 13, 24].

The

tuneability of PANI makes it a promising candidate for use in stimuli responsive
membranes.
PANI can be synthesised by several methods, including chemical polymerisation,
electrochemical polymerisation, photo-induced polymerisation, enzyme-catalysed
polymerisation, plasma polymerisation and other special methods

[12, 15, 25]. Among

the

employed synthesis methods, chemical oxidative polymerisation has the advantage of
producing PANI on a large scale more economically with good reproducibility and
control, which allows for commercial application

[12].

Various membrane formation

techniques have been used for the preparation of PANI based membranes, such as
phase inversion, diffusion cell polymerisation, coating composite polymerisation,
electrochemical polymerisation and radiochemical graft polymerisation

[17, 19, 23, 26-36].

Considering the large scale of application and operational feasibility, phase inversion is
the most economical way to produce PANI membrane and will be employed in this
project.
Recently, the controlled movement of ion solutes in aqueous systems through
electrically conductive PANI membranes has been well studied

[21, 37, 38]. However, there

remains an insufficient understanding of separations of electrically neutral molecules
through PANI membrane under external stimuli

[7].

Going beyond this current

understanding, more work needs to be done to explore the electrical tuneability (a
change in separation) of conducting PANI membranes through the application of
electrical potential.
Some studies reported that the external applied potential with a suitable range from 0.2
to 175 V can change the electrochemical properties of intrinsically conducting polymers
4

and thus affect the tuneable protonation/reprotonation behaviour of doped polymer [8,
39, 40].

Shrinkage or swelling of conducting membrane could happen when external

potential was applied on the doped membranes [41]. Oxidation or the addition of cations
to the fully reduced polymer can cause a volume swelling while reduction or expulsion
of cations can lead to volume shrinkage

[7].

These suggest that applying an electric

potential to the membrane produces tuneable properties affecting the solution
transport especially ionic species through the membrane [7, 42].
This work hypotheses that an electrically conductive PANI membrane could be
dynamically responsive by applying an external electrical potential across the
membrane, thus inducing several changes in membrane separation (selectivity and
permeance). These electrically tuneable PANI membranes could be used for more
diverse membrane separations beyond the ion based separations that current PANI
membranes have been applied to so far. These electrically induced changes include:
changing the surface charge controlling Donnan exclusion, change in pore size/free
volume (via incorporation or expulsion of ions from the acid dopant site) controlling
pore flow transport, and chemical property changes controlling solution diffusion and
volume swelling. All these properties make polyaniline an excellent candidate for a
more universally electrically tuneable membrane investigation.
Consequently, the objective of this study was to provide proof of concept on the
electrical stimulus response of PANI membranes using neutral molecules with different
molecular weights under different applied potential.
PANI was synthesised via chemical oxidative polymerisation at different Tpoly. Based on
literature [43, 44], three Tpoly (5°C, 15°C and 25°C) were chosen. Subsequently, flat sheet
PANI membranes were prepared via non-solvent induced phase separation (NIPS). The
membrane properties (chemical, electrical, physical and mechanical) were investigated
by a multitude of physicochemical techniques, e.g. Fourier transform infrared
spectroscopy (FTIR), UV–Visible spectroscopy (UV-Vis), dynamic mechanical analysis
(DMA), field-emission scanning electron microscopy (FSEM), four-point probe
5

conductivity, dynamic contact angle goniometry, swelling degree, membrane
permeance and MWCO. The transport properties, such as permeance and selectivity,
during cross-flow pressure filtration by applying an electrical potential across different
PANI membranes, were investigated for the first time.

2 EXPERIMENTAL METHODS
2.1 Materials
Aniline, ammonium persulfate (APS), hydrochloric acid (HCl), HPLC grade acetonitrile,
N-methyl-2-pyrrolidone (NMP) and 4-methyl piperidine (4-MP) were purchased from
Sigma-Aldrich (UK). Commercial grade polyethylene glycols (PEGs of molecular weight
1000, 1500, 4000 and 6000), ammonia solution and methanol were obtained from
Fisher (UK). Purer grade PEG 1000 were purchased from Fluka (Switzerland).
Polyethylene/polypropylene (PE/PP) mixed backing layer- Novatexx 2431 (140 µm)
was supplied by Freudenberg Filter (Germany). All solutions were prepared with
deionised (DI) water produced from an ELGA deioniser (PURELAB Option).
2.2 Chemical oxidation polymerisation of PANI
Fig 1 shows the setup used for the synthesis (chemical polymerisation) of PANI. 18.23
mL of aniline was dissolved in 200.0 mL of HCl solution (1.0 M). Separately 45.63 g of
oxidant agent APS was dissolved in 128.0 mL of HCl solution (1.0 M), then the APS was
slowly added into aniline solution by a peristaltic pump (20 mL h-1) under stirring for
approximately 8 h to control the rate of the polymerisation reaction; the total reaction
time was 24 h [42]. Tpoly were set at 5°C, 15°C and 25°C, respectively, by using a chiller.
The prepared emeraldine salt PANI-ES (note that this nomenclature indicates that PANI
is in the acid doped state) was filtered and intensively washed with six successive 250
mL DI water doses (6× 250 mL) to remove unreacted reagents. Subsequently, the
obtained powder was stirred in 250 mL of aqueous ammonia solution (33.3%, w/v) for
approximately 12 h to deprotonate PANI-ES.
6

The PANI-EB (note that this nomenclature indicates that PANI is in the undoped state)
containing ammonia solution was then re-washed with DI water (3× 500 mL) to remove
the excess ammonia, and then with methanol (3× 250 mL) to remove the PANI
oligomers. The polymer was dried in a vacuum oven at 60°C for 24 h. Finally,
non-conductive powder was ground using a mortar and pestle to leave a fine
purple-bronze PANI-EB product. The PANI powder synthesised at 5°C, 15°C and 25°C
will be denoted as PANI-EB-5, PANI-EB-15 and PANI-EB-25 in the paper, where the
number indicates Tpoly, respectively.
Stirrer

Oxidant
Tank

T

Peristaltic
pump
Chiller
Water
Bath

Fig 1. Setup for oxidative chemical polymerisation of aniline.

2.3 PANI membrane fabrication
The membranes were prepared via NIPS at room temperature. DI water was used as the
non-solvent in a coagulation bath. PANI-EB (11.55 g, 20 wt%) was slowly added to the
mixture of NMP (42.43 g) and 4-MP (3.77 g) using a funnel in small portions over 5 min.
The mixture was stirred at a high mixing speed (300 rpm) for 4 h to obtain a
homogeneous solution and then left overnight (12 h) to remove air bubbles.
The Novatexx 2431 membrane backing layer was secured using scotch tape on a flat
glass plate and the solution was added into the reservoir of the doctor blade (Elcometer
3700). The membranes were then cast on the backing layer at a 250 µm thickness using
an adjustable film applicator (Elcometer 4340 automatic film applicator, Elcometer, UK).
Evaporation time of 15 s was used before immersing the casted membrane solution into
a DI water coagulation bath. The membrane was kept immersed in DI water at room
7

temperature for at least 24 h and then rinsed with fresh water and stored in DI water
for later use. The membranes prepared by PANI-EB-5, PANI-EB-15 and PANI-EB-25
were denoted as Memb-EB-5, Memb-EB-15 and Memb-EB-25, respectively.
Doping of membranes was carried out in 1.0 M HCl solution (as per literature

[45]).

Membranes were initially doped for 24 h and characterised for initial tuneability
assessment using dynamic droplet penetration analysis (Section 3.3.1). The Memb-EB-5,
Memb-EB-15 and Memb-EB-25 doped with HCl were denoted as Memb-ES-5,
Memb-ES-15 and Memb-ES-25, respectively.
2.4 Characterisation techniques
2.4.1

FTIR and UV-Vis: chemical analysis

The FTIR spectra of dry PANI samples (both powder and membranes) were obtained by
using a Spectrum 100™- FTIR Spectrometer (PerkinElmer, USA) fitted with an
attenuated total reflectance (ATR) detector. A background scan was run prior to sample
testing and spectra were recorded from 4000 to 650 cm -1 in transmission mode with a
spectral resolution of 4 cm-1 and 32 scans. Thin slices of PANI membranes were directly
measured. The PP/PE backing layer was also tested to determine these peaks as a
control/background.
PANI-EB powder was analysed by UV-Vis spectrometry (UV-1601, Shimadzu, Japan). 10
mg of PANI was dissolved in 10 mL of NMP to prepare 1.0 g L-1 solution; the obtained
solution was then diluted to 1.0×10-2 g L-1 by NMP. Spectra were recorded at
wavelengths from 250 to 850 nm at room temperature.
2.4.2

Molecular weight

Molecular weight distributions were assessed by gel permeation chromatography (GPC)
using DMF as the eluent. GPC analyses of polyaniline powders prepared at different
polymerisation temperature were performed in DMF, at a flow rate of 1.0 mL min−1 on a
Polymer Laboratories PL-GPC 50 instrument using two PL mixed C 5.0 μm columns
8

thermostated at 35 °C and a refractive index detector. Calibration was done using
Varian polystyrene narrow standards. DMF was of HPLC grade and filtered at 0.20 μm
prior to use as the GPC eluent.
2.4.3

Visual defect analysis

A backlit LED light box was used to detect any visible defects.
2.4.4

FSEM: membrane morphology

The morphologies of the membranes were imaged by using FSEM (JSM-6301F, JEOL,
Germany). The samples were prepared by freeze fracturing in liquid nitrogen to obtain
a smooth cross-section and then mounted on the SEM stubs by conductive double-sided
tape and dried in vacuum overnight. The samples were coated with a thin chromium
layer using a sputter coater (Q150T S, Quorum) under argon flow to reduce sample
charging under the electron beam.
2.4.5

Mechanical strength analysis: membrane robustness

The tensile strength and % elongation at break of the membranes were determined
using an Instron 3369 mechanical tester. Samples were cut by a razor blade into
rectangular strips of approximately 5 mm × 75 mm for testing. These samples were
gripped using clamps and all tests were conducted with a pull speed of 2 mm min -1 at
room temperature. Membrane thickness was measured using standard Vernier callipers.
Data is an average from three membrane samples.
2.4.6

Dynamic mechanical analysis: glass transition temperature (Tg)

The Tg of membranes were obtained by using a dynamic mechanical analyser
(Mettler-Toledo, DMA1, STARe System) up to a temperature of 300°C with a heating
rate of 5°C min-1 and at a frequency of 1 Hz. The membranes were cut into strips of 25
mm (L) × 5 mm (W).
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2.4.7

RGB colour analysis: membrane doping state via colour changes

Colour analysis RGB (Red, Green and Blue) was used to quantitatively evaluate the
colour of the PANI membranes. A digital scanner (CanoScan 9000F, Canon, Japan) was
used to scan the membrane samples to obtain membrane images and Image J software
was employed to analyse the images to determine the mean RGB value. A RGB value of
(0, 0, 0) represents a black colour whereas a value of (255, 255, 255) represents white.
Consequently, a higher RGB value indicates a lighter colour. The reported values are the
mean values of different points from at least two different membrane samples.
The colour variation (∆RGB) after doping (Rd, Gd, Bd) can be calculated by subtracting
the data before doping (R0, G0, B0), in accordance with Equations 2.1-2.3:

2.4.8

∆R= Rd - R0

(2.1)

∆G= Gd - G0

(2.2)

∆B= Bd - B0

(2.3)

Four-point probe conductivity meter: membrane conductivity

The membrane surface conductivity was measured at room temperature by using a
four-point probe conductivity meter (RM3000, JANDEL, UK). This consisted of
four-needle type electrodes arranged in linear form with a current supplied via the two
outer electrodes and the electric potential of the material was measured via the inner
two electrodes. Separate electrodes for current supply and voltage measurement
eliminate the contact polarization problem encountered in the simpler two-point
conductivity measurement technique. Sheet resistivity (ρ) is measured as per Equation
2.4:
ρ=4.532×V×d/I

(2.4)

where ρ is resistivity, V is the measured electrical potential, I is the provided electrical
current, and d is the membrane thickness. Conductivity is the inverse of resistivity
(1/ρ).
10

Each sample was measured for a minimum of 10 times with average conductivity and
standard deviation reported from this.
2.4.9

Swelling degree

Swelling measures the total mass of solvent (water in this case) uptaken by the
membrane. The membranes were soaked in water for 4 h under the application of
applied voltage from 0 to 30 V. The membrane was then removed from water and
mopped with blotting paper to remove excess water and quickly weighed. These wet
membranes were dried in a vacuum oven, at 40oC for 24 h and the dry weights of the
membranes were determined. The mass of the swollen membranes was then
determined. The swelling degree (SD) was calculated using the following equation:
𝑆𝐷 =

𝑚𝑤𝑒𝑡 − 𝑚𝑑𝑟𝑦
𝑚𝑑𝑟𝑦

where 𝑚𝑤𝑒𝑡 is the mass of the swollen membrane after equilibrium and 𝑚𝑑𝑟𝑦 is the
mass of the dry membrane.
2.4.10 Dynamic droplet penetration analysis: initial electrical tuneability
assessment
The dynamic droplet penetration in time with or without the applied potential through
the membranes was measured by using a contact angle goniometer (Contact Angle
System OCA 15Pro, Dataphysics, Germany). The membrane sample was placed on an
analytical platform onto which electrodes were connected to provide potential across
the membrane, as illustrated in Fig 2. A small droplet of water (2.0 µL) was placed onto
the membrane surface at a dosing rate of 1.0 µL s-1 using a Hamilton syringe. A video
camera was used to record images of the water droplet every 10 s until 180 s, with and
without applied potential. The programme software SCA20 was used to calculate the
dynamic effective contact angle and water droplet height with penetration of the
droplet through the membrane. These are measures of the permeation of this droplet
with time under gravity with and without applied potential. This provides an indication
11

of the electrical tuneablilty of the permeation properties of the membrane.

Fig 2. The electrically connected membrane assembly in the contact angle goniometer used for electrically
connected dynamic droplet penetration analysis as an initial assessment of the electrical tuneable
permeation properties of the PANI membranes [42].

2.4.11 MWCO determination using PEGs
The concentrations of the individual PEG oligomers in the feed, permeate and retentate
were quantified by our previously developed high performance liquid chromatography
(HPLC) - evaporative light scanning detection (ELSD) method

[46].

This method allows

PEG oligomers to be measured simultaneously to obtain the MWCO curves. The Agilent
1260 Infinity series HPLC consisted of an autosampler (G1329B), a Colcom column oven
(G1316A), a Quat pump (G1311B), a degasser and an Agilent data interface. The
detection was performed utilising an ELSD (G4260B) with drift temperature set up at
60°C. An Agilent C18 column (4.6 mm length × 5.0 mm I.D., 2.7 μm particle size) was
used to achieve the separation of peaks with temperature set at 50°C. A flowrate of 1.0
mL min-1 was used with mobile phase A: acetonitrile and B: water. Table 1 summarises
the gradient used to separate the individual peaks of the PEG mixtures. A sample
volume of 50 μL was injected for all samples.
Table 1. HPLC gradient for the separation of PEG oligomer.
Elution time/min

Gradient A (acetonitrile)/vol. %

0

15

85

2

25

75
12

Gradient B (water)/vol. %

20

25

75

92

50

50

95

20

80

Samples from the feed, retentate and permeate of the PEG feed mixture separated by
the various PANI membranes were analysed. The concentrations of the each of the
oligomers separated by this HPLC method were determined by external calibration
(based on peak areas) and these concentrations were to calculate the rejection of each
PEG oligomer using Equation 2.5:
𝑅𝑗 (%) = (

𝐶𝑓 −𝐶𝑝
𝐶𝑓

(2.5)

) × 100%

where Rj is the rejection of membrane, Cf is the concentration of PEGs in the feed and Cp
is the concentration of PEGs in the permeate.
MWCO curves were determined by plotting the rejection of the individual oligomers in
the PEG mixtures against their molecular weight, and determining the molecular weight
at which a rejection of 90% was achieved.
2.4.12 Cross-flow filtration and electrical tuneability under applied potential
Fig 3 shows the electrically connected cross-flow filtration setup used to determine the
electrical tuneability of the PANI membranes under realistic lab scale pressure filtration
conditions. It comprised of two custom made polytetrafluoroethylene (PTFE) cross-flow
electro-filtration cells (effective area of 14.6 cm2, University of Auckland Engineering
workshop) based on MET cross-flow cells (METXF-2.5-041-01, stainless steel,
Membrane Extraction Technology, UK)

[42].

Two stainless steel membrane electrodes

were used and the steel electrodes which applied the potential across the membrane
attached to each of the cell (Fig. SX1). A good electrical contact between the membrane
surface (top of the membrane) and electrodes was ensured through visual inspection
before each experiment. The operating pressure was supplied by a precision metering
pump (Hydra-Cell seal-less diaphragm pump model G10XKSGHFEMH, Michael Smith
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Engineering, UK) and potential was provided by a variable power supply (413D, Weir,
UK). Current was measured using a digital multi-meter (UT58C, Maplin, UK). The
running temperature was kept at 25°C by a water bath (SBB Aqua 12 Plus, Grant
instrument, UK).
In a typical experiment, a freshly doped PANI membrane was placed in the cross-flow
membrane cell, and then 1.5 L of DI water or PEG feed mixture (the same as that used in
dead-end cell filtrations) was transferred to the reservoir tank. Permeate was collected
at a constant pressure of 20 bar and a temperature of 25°C. The flowrate was set to be
1.2 L min-1. Pre-conditioning of membranes was not performed prior to filtration
experiments (in contrast to the dead-end filtrations), since we wanted to determine if
there was any performance change of pristine membranes with time in cross-flow. To
test the electrical tuneability, different electrical potentials (0, 9 and 30 V- one set
potential in each run) were applied. For the 0 V potential experiment, the first permeate
sample (denoted t = 0 min) was taken after getting a constant pressure (~20 bar).
Further permeate samples were taken 30, 60 and 120 min intervals after this. MWCO
was determined for each permeate sample collected, as detailed in Section 2.4.11.
Membrane mass flux was calculated from the permeate mass versus time data, as
explained previously.
The same procedure was also used to study the effect of electrical potential (9 and 30 V)
on membrane filtration. In order to avoid inconsistencies due of small acid leaching
from the PANI membrane during cross-flow filtration for when membrane use was
repeated, membranes were redoped prior to the filtration at each different electrical
potential. The results presented are the average of at least two different membrane
samples.
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Membrane cells

Fig 3. Schematic of the electrically connected cross-flow filtration rig.

3 RESULTS AND DISCUSSION
3.1 PANI powder properties
3.1.1

Yields of PANI powder

In a typical preparation of PANI, aniline in an acidic aqueous medium is oxidised with an
oxidant (APS in this case) and later the polymerisation starts to form the protonated
emeraldine form of PANI. Tpoly is an important control parameter for this polymerisation
reaction. Table 2 describes the yield and molecular weight of PANI powder synthesised
from aniline at 5°C, 15°C and 25°C. It can be seen that each Tpoly produced similar
weights and gave around 71% yield based on the aniline monomer. On the other hand,
the molecular weight of the PANI increased as the Tpoly was lowered. The values of the
weight to number average molecular weight were about the same suggesting similar
polydispersity of the molecular weight. The synthesis undertaken can be benchmarked
against other PANI synthesis works in the literature [47, 48].
Table 2. Weight and yield of PANI-EB powder obtained at different Tpoly.
PANI-EB-Tpoly (°C)

Molecular

Weight (g)

Yield (%)

PANI-EB-5
PANI-EB-15

13.3±0.4
13.1±0.3

71.6±2.2
70.5±1.7

50000
42000

2.4
2.3

PANI-EB-25

13.3±0.5

71.1±2.5

31000

2.2

15

weight (g mol-1)

Mw/Mn

3.1.2

UV-Vis and FTIR analysis

UV-Vis absorbance spectra of the PANI-EB powder samples dissolved in NMP are shown
in Fig 4(a). The spectra presented two significant absorption peaks at 330 and 639 nm
respectively. The 330 nm band (B-band) corresponds to the π- π* transition associated
with the π electrons of the benzenoid rings (B) [49]. The absorption in the visible range,
at 639 nm (Q-band), is ascribed to excitation of an electron from the highest occupied
orbital of the benzenoid rings to the lowest unoccupied orbital of the quinoid rings (Q)
[50].

The absorption of the Q-band reflects both intra- and inter-chain interaction;

therefore, its absorption intensity and wavelength change with the EB chain
configuration, which is affected by the solubility, additive, concentration, oxidisation
level and molecular weight. On the other hand, the B-band is mainly a function of
intra-chain interaction; therefore, the solution properties have a less impact on its
intensity and wavelength

[51, 52].

Therefore, the absorbance ratio of the Q-band and

B-band, Q/B ratio, may be used to determine the oxidation level of PANI chains.
The value of Q/B = 0.86 indicates an ideal PANI-EB, while a Q/B below 0.69 typically
indicates higher or lower levels of oxidation. Specifically, Yang et al. reported Q/B
values can also be qualitatively related with macromolecular structure of the PANI. The
Q/B ratio decreased to a value of 0.48 when the MW of PANI was lower than 30,000 g
mol-1 and increased with the increase in molecular weight and became constant at 0.89
when the MW was greater than 30,000 g mol-1

[53].

Therefore, a slight increase in the

Q/B ratio at low Tpoly here suggests that a lower Tpoly has produced a higher molecular
weight PANI-EB and/or PANI-EB with increased content of non-protonated Q units.
This is in complete agreement with the molecular weight results shown in Table 2. For
the synthesised powder, UV-Vis spectra of PANI-EB-5, 15 and 25 was 0.88 for
PANI-EB-5, 0.86 for PANI-EB-15 and 0.81 for PANI-EB-25, which was closed to the
results of ideal PANI-EB in the literature

[48, 54].

This variation of Q/B value in different

PANI-EB samples might also be related with structure regularity (crystalline phase) of
PANI chains that is known to increase with increase in the molecular weight
16

[53].

This

might also indicate that chains produced at lower Tpoly have less structural defects (e.g.
non-para link ages in PANI chains).

Fig 4. (a) UV-Vis absorbance spectra of PANI-EB at different Tpoly. (b) FTIR spectra of PANI-EB powder
synthesised at different Tpoly.

Table 3. FTIR bands representative of PANI at different wave numbers [40, 55].
PANI band Characteristics

Wave number (cm-1)

C=C stretching vibrations of benzenoid rings

1485-1498

C=C stretching vibrations of quninoid rings

1560-1598

C-N-C stretching of secondary aromatic amine

1296-1286

C-N+∙ stretching in polaron form of PANI (ES)

1231-1245

-NH+=

1145-1150

structure upon doping (Electronic like bands)

C-H out of plane blending of 1,4-ring

815-830

C-Cl stretching vibration

620-630

Fig 4(b) shows the FTIR spectra of the PANI-EB prepared at different Tpoly, with
characteristic peaks of PANI identified in Table 3. The spectra show the characteristic
bands of PANI at 1590 cm-1 (stretching of N=Q=N), 1493 cm-1 (stretching of N-B-N),
1296 cm-1 (C-N-C stretching of the secondary aromatic amine), 1160 cm-1 (C-H in plane
blending of 1,4-ring) and 825 cm-1 (C-H out of plane blending of 1,4-ring) [40, 55].
The spectra of all PANI-EB samples were very similar but they differed slightly in the
intensity of the shoulders occurring at 1116 and 1215 cm-1. The band at 1116 cm-1 is
17

assigned to the vibration mode of protonated units Q = NH+-B or B-NH+∙-B present in
PANI-EB

[56].

As can be seen in Fig 4(b), the intensity of the shoulder at 1116 cm-1

increased from PANI-EB-5 to PANI-EB-25, which indicates that the content of residual
protonated units in a PANI-EB form is an increasing function of Tpoly. The band at 1215
cm-1 showed the opposite behaviour and decreased as Tpoly increased. In the literature,
this band had been assigned to VCN + δCH modes in Q units and authors observed a
decrease in this band intensity with increasing content of self-doped units in PANIs
prepared with the FeCl3/H2O2 catalyst system

[56].

The intensity decrease of the band at

1215 cm-1 implies a decrease in the content of non-protonated Q units with increasing
Tpoly from 5°C to 25°C. These results are consistent with the UV-Vis results.

3.2 PANI membrane properties
Membranes were prepared from PANI-EB powder synthesised at different Tpoly (as
detailed in Section 2.3) and doped with HCl for 24 h (to ensure complete doping). A
wide range of analyses were used to determine the electrically tuneable membrane
properties (aiming for robust, conductive membranes with widely tuneable flux and
MWCO).
3.2.1

Membrane morphology: defect analysis and FSEM imaging

A backlit LED light box was used to detect any visible defects, such as pinholes and
cracks, on the membrane surface. Fig 5 shows the images of Memb-EB-5 (undoped) and
Memb-ES-5 (doped) showing that these membranes were smooth, shiny and uncracked
and illustrating the colour change with doping. Memb-EB-15 samples also had smooth
and shiny membrane surfaces without any visible cracks. Memb-EB-25 was brittle in
comparison, with defects and cracks formed on the surface (Fig SX2), indicating it
would most likely perform poorly in filtration experiments. As a stability test,
membranes were kept at room temperature in wet conditions (DI water) for a period of
two months. The surface of Memb-EB-15 developed some cracks similar to
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Memb-EB-25; there were no visible changes to Memb-EB-5 during this time.

Fig 5. Examination of defects on membrane surfaces by light box: (a) Memb-EB-5 (purple bronze) and (b)
Memb-ES-5 (dark green).

Fig 6 shows the membrane morphologies and all membranes had a cross-section
characteristic of an integrally skinned nanofiltration membrane formed by NIPS, with
the four structural layers [57]: a denser top skin layer, a transition region to a relatively
porous layer of PANI, all on the non-woven support layer (here this was Novatexx 2431).
All the membrane showed similar morphology and macrovoids are present in all
membranes. The Memb-EB-5 and Memb-EB-15 had larger macrovoids with denser
structures, while Memb-EB-25 had distorted macrovoids with spongy structure,
respectively. This could be related with the molecular weight PANI at different Tpoly. In
general, membrane structures depend on both the thermodynamic interactions
between components in the casting solution, as well as on the phase inversion kinetics
[58].

Structures with macrovoids are expected in the studied system due to the high

mutual affinity between NMP and water, which generally leads to instantaneous
demixing.
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Fig 6. FSEM images of (a, d) Memb-EB-5, (b, e) Memb-EB-15 and (c, f) Memb-EB-25 at two different
magnifications (magnifications refer to the original image when captured by the SEM) showing the
overall membrane structure (a-c) and detail of the top layer (d-f).

3.2.2

FTIR and colour analysis

Fig 7 shows the FTIR spectra of Memb-EB and Memb-ES – both types of membranes
show the characteristic peaks of PANI as per Table 3. Doping of the PANI is confirmed to
occur in all samples, since addition of the acid transforms the imine group (=N−) into
amine groups (−N˙−). The absorption peaks of the quinoid and benzenoid rings were
shifted from 1595 cm-1 and 1498 cm-1 to a lower wave number on acid doping.
Additionally, the protonation caused by acid doping can be identified by the presence of
a strong peak for the C-H aromatic amine at approximately 1140 cm-1 in Memb-ES,
which is associated with a high degree of electron delocalisation and a high electrical
conductivity

[59, 60],

indicating the membranes should be conductive. Meanwhile, the

band at 620 cm-1 relates to C-Cl stretching vibration confirming doping.
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Fig 7. FTIR spectra of (a) Memb-EB and (b) Memb-ES as a function of Tpoly.

The bands in the region 1400-1600 cm-1 were normalised so that Q/B ratio of quinoid
and benzenoid peaks can be compared, as this can be used as a measure of the extent of
PANI oxidation. Fig SX3 shows the degree of oxidation based on the Q/B in the PANI-EB
and Memb-EB taken from the FTIR data. The Q/B value was calculated by the ratio of
the peak height of 1595 cm-1 (associated with Q) versus 1498 cm-1 (associated with B)
from the FTIR spectra. PANI-EB samples showed a similar Q/B ratio (from FTIR data) as
compared to Q/B ratio calculated from UV-Vis results. Based on Q/B ratio, it can be
concluded that all undoped PANI-EB samples have an oxidation degree lower than 0.8,
indicating that the individual chains contain more benzenoid rings than quinoid rings.
This is thought to be in part due to the use of NMP in fabricating these membranes, as
per literature [61, 62]. For all of the undoped PANI membranes (Memb-EB-Tpoly), the peak
at 1678 cm-1 corresponding to the C=O vibration from NMP indicates that for these
membranes NMP is having an interaction.
Table 4. Image J derived colour data of Memb-EB and Memb-ES.
Colour

Red

Green

Blue

Memb-EB-5

12.6

18.8

18.4

Memb-ES-5

11.4

20.0

20.9

Memb-EB-15

13.0

19.2

19.1

Memb-ES-15

11.5

19.4

18.7

Memb-EB-25

12.3

18.3

19.4

Memb-ES-25

11.1

20.0

19.1
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The colour of PANI films is characteristic of the PANI oxidation state. The doping
induces reorganisation of the electronic structure of the PANI, resulting in reduced
energy gap for the π- π* transition. The formation of sub-bands by charge carriers such
as polarons and bipolarons modulates the absorbance of the PANI, which causes the
change in the colour.

On doping, the PANI membranes changed colour from a purple

bronze when undoped to dark green when doped. Colour quantification of these states
is depicted in Table 4. The increase in green and decrease in red index for all
membranes irrespective of Tpoly indicate that the membranes have been doped by acid,
confirming the FTIR results. The doped membranes are therefore expected to be
conductive.

3.2.3

Electrical conductivity

Fig 8 shows the surface electrical conductivity of doped PANI membranes as function of
Tpoly. All the membranes were conductive, as previously indicated by FTIR and colour
analysis results. Also, the membrane conductivity increased with increasing Tpoly,
indicating that Tpoly is a significant factor in tuning the electrical conductivity.

-1

8

-2

Conductivity (10 S cm )

10

6
4
2
0

Memb-ES-5

Memb-ES-15

Memb-ES-25

Fig 8. Surface conductivity of Memb-ES.
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3.2.4

Membrane robustness

Table 5 shows the tensile strength and % elongation at break of the undoped PANI
membranes (Memb-EB) and doped PANI membranes (Memb-ES). Doping decreased the
strength of the membranes in comparison to undoped PANI membranes. This can be
related to the changes in intermolecular reconfiguration of the PANI backbone by the
HCl dopant. In doped PANI membranes, the polymer chain experiences significant steric
hindrance to chain movement, thus making the polymer structure more rigid. In
addition, residual NMP in the PANI Memb-EB membranes (which could act as a
plasticiser) could be washed out during doping, making the membrane more brittle.
Furthermore, the membranes prepared from PANI polymerised at 25°C had
significantly lower mechanical stability that could be associated with low molecular
weight and were found to be too brittle to be used for useful filtration due to membrane
cracking). Therefore, henceforth only the membranes synthesised from PANI
polymerised at 5°C and 15°C will be further characterised and discussed.
Table 5. Mechanical properties of membranes.
Membrane

Tensile strength (MPa)

Elongation at break (%)

Memb-EB-5

3.84±0.08

1.56±0.11

Memb-EB-15

3.71±0.05

1.22±0.02

Memb-EB-25

3.42±0.02

1.04±0.06

Memb-ES-5

2.59±0.01

1.20±0.10

Memb-ES-15

2.98±0.03

1.09±0.24

Memb-ES-25

2.46±0.03

0.89±0.27

3.3 Tuneable transport properties under applied potential
3.3.1

Initial tuneability assessment: dynamic droplet penetration analysis of

membranes
Dynamic droplet penetration analysis using an electrically connected contact angle
goniometer was used to characterise the solute permeation rate through the conducting
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PANI membrane. The tuneability was determined by the change in effective contact
angle and droplet height over time without and with applied potential of 9 V. Fig 9
shows the changes in effective contact angle and droplet height of doped PANI
membranes Memb-ES-5 and Memb-ES-15 over time at 0 and 9 V of applied potential. As
the pH of the doping solution can influence the contact angle measurements

[63],

all

membranes were doped under the same conditions.

Time (s)

Fig 9. (a) The effective contact angle and (b) droplet height change of Memb-ES over time with and
without potential.

The difference in overall rate of change of effective contact angle and droplet height
with time between 0 and 9 V measurements gives a preliminary quantitative indication
of the electrical tuneability of the membranes. This shows that the applied potential has
a significant effect on the surface energies of the membranes, with the rate of effective
contact angle change from 4.1×10-2 θ s-1 to 4.7×10-2 θ s-1 for Memb-ES-5 and from
4.3×10-2 θ s-1 to 5.6×10-2 θ s-1 for Memb-ES-15 (Fig 9 (a)). Moreover, the rate of change
of droplet height increased from 3.6×10-4 mm s-1 to 4.4×10-4 mm s-1 for Memb-ES-5 and
from 3.7×10-4 mm s-1 to 4.9×10-4 mm s-1 for Memb-ES-15 ((Fig 9 (b)). This strongly
indicates that the flux of a conducting PANI membrane can be tuned by applied
electrical stimuli, with Memb-ES-15 being more tuneable. This higher tuneability of
Memb-ES-15 could be related with the higher conductivity of the membrane which
allows greater electron movement due to the greater mobility of charged ions in the
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membrane and creates a more hydrophilic membrane surface. In addition, the external
potential could oxidise the conjugated structure and cause the movement of acid
dopants, changing the dopants attachment or steric position in the polymer structure
leading to a free volume change in the membrane

[64, 65].

Therefore, all three

mechanisms of tuneability might be active and playing a role: surface charge controlling
Donnan exclusion, change in pore size/free volume controlling pore flow transport, and
chemical property changes controlling solution diffusion and volume swelling. These
results indicate that these membranes could be modified using electrical potential. To
further confirm the tuneable properties of conducting PANI membranes, electrically
connected cross-flow filtration experiments were performed.

3.3.2

Electrical tuneability of water flux and MWCO in cross-flow filtration

Electrically stimulated cross-flow testing is focussed on here since this is the intended
operating mode for these membranes and also incorporates applied potential. The
membranes doped for 24 h characterised above were found to be too brittle to survive
the flow and pressure conditions used, so PANI-ES membranes doped for 2 h were used
for cross-flow testing. Additional characterisation (see Supplementary Material) has
rigorously shown that these membranes only differ in their mechanical strength (Table
SX1), with doping for 2 h producing fully doped membranes but more mechanically
robust. Other key properties related to electrical tuneability assessed primarily by FTIR
(Fig SX4) and surface conductivity (Fig SX5) were the same.
Therefore, conductive Memb-ES-5 and Memb-ES-15 (doped for only 2 h), were tested to
determine the membrane tuneability under pressure and flow conditions in electrically
connected cross-flow cells (Fig 3). Using an electrically neutral aqueous solution of PEG
mixture as feed, the change in flux and MWCO under applied potential were examined.
All results demonstrated that these HCl doped PANI membranes have electrically
tuneable permeance and MWCO.
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Permeance changes with applied potential:
Table 6Table

6 and Fig 10 show that the permeance during the PEG mixture filtration can

be decreased with increasing applied potential. The overall change in the permeance of
HCl doped PANI membranes indicated the electrical tuneability, with a reduction of 25%
for Memb-ES-15 and 30% for Memb-ES-5 at 30 V (Table 6).

Table 6. PEG mixtures permeance of membranes under applied potential. (Note: The first highest point
was not included in the permeance calculation since this was not representative of the filtration as a
whole.)
0V

9V

30 V

Membrane
Permeance (L m-2 h-1 bar-1)
Memb-ES-5

4.0±0.4

3.4±0.5

2.8±0.2

Memb-ES-15

4.9±0.5

4.5±0.2

3.7±0.4

Fig 10. (a) Permeance and (b) response current of Memb-ES under applied potential from 0 to 30 V (20
bar, 25oC, PEG mixtures).

MWCO changes with applied potential: Fig 11 and Fig 12 (as well as Table SX2 shows
that MWCO of the PEG mixture can be tuned with applied potential. A higher applied
potential produced a larger decrease in the MWCO, concomitant with the decrease in
permeance. Memb-ES-15 showed a greater range of MWCO tuneability with applied
potential compared to Memb-ES-5, which is likely related with the electrical
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conductivity of the membrane (which allows a higher current to be able to be passed
though Memb-ES-15). This indicates however that the selectivity (MWCO) of
Memb-ES-15 can be tuned with a smaller impact on permeance, which is desirable –
ideally one would like to change one (e.g. MWCO) with a negligible impact on the other
(e.g. permeance).
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Fig 11. The rejection of Memb-ES-5 in different filtration time (0, 30, 60 and 120 min) under applied
potential of 0 V, 9 V and 30 V (20 bar, 25oC, PEG mixtures).
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Fig 12. The rejection of Memb-ES-15 in different filtration time (0, 30, 60 and 120 min) under applied
potential of 0 V, 9 V and 30 V (20 bar, 25oC, PEG mixtures).

Electrical tuneability of pure water: Control experiments (changing feed solution) were
undertaken using DI water as feed, and the permeance and current passing though the
membranes under applied potential (from 0 to 30 V) were shown in Fig 13 and Table 7 .
At the end of the 30 V run the water permeance decreased by 18% for Memb-ES-5 and
22% for Memb-ES-15, compared to the 0 V run.

29

Fig 13. (a) Water permeance (b) current of Memb-ES under applied potential of 0 V, 9 V and 30 V (20 bar,
25oC, DI water).

Table 7 Water permeance of membranes under applied potential. (Note: The first highest point was not
included in the permeance calculation since this was not representative of the filtration as a whole.)
Membrane

0V

9V

30 V

Permeance (L m-2 h-1 bar-1)

Memb-ES-5

5.6±0.3

5.1±0.4

4.6±0.6

Memb-ES-15

5.9±0.4

5.8±0.8

4.6±0.6

However, the differences in permeability with applied voltage between the two
membranes in Table 7 is not as significant as when the PEG mixtures are applied (Table
6). This indicates that it is not just a charge effect that is causing a change in permeation
properties between the two membranes – as the more conductive Memb-ES-15
membrane would have a higher current and therefore a larger electric field and charge
change interacting with the water dipole in these control experiments. Instead, this
indicates that the more complex multiple tuneability mechanisms proposed are also
having a role in the electrical tuneability of these membranes – this is explained in detail
in Section 3.4 below.
Mineral acid dopant stability: The current during each run decreased significantly
during the first 15 minutes of applying a voltage (Fig 10 and 13). This is attributed to
membrane equilibration, but is also attributable to leaching of some of the acid dopant.
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This HCl leaching during filtration is confirmed by FTIR and colour change results (Fig
SX6 and Table SX3). There is some stabilisation of the acid leaching when electrical
potential is applied to the membranes, demonstrated by Fig SX7 and SX8, which show
that membrane permeance stays stable with applied potential. However, loss of acid
dopant is a significant issue that needs to be addressed in order to make these types of
membranes stable to longer term filtrations, through selection of alternative dopants
(e.g. long chain acids or polymer acids) to soluble mineral acids such as HCl.
Combining all of the results above, both electrically stimulated cross-flow filtration and
dynamic droplet penetration analysis demonstrate that the permeance/flux and MWCO
in these PANI membranes can be tuned with increasing applied voltage. The possible
mechanisms of the electrically tuneable membranes are discussed below.

3.4 MWCO and flux electrical tuneability mechanism
Currently, there is no literature on the exact mechanism of electrical tuneability of PANI
membranes under pressure filtration. However, there are some relevant precedents in
the literature that provide some indications however.
Zhou et al. studied the FTIR spectra of dried PANI membranes under applied potential
and reported that the external voltage could produce large average hopping energy,
which allowed the charge transfer by hopping between the conducting domains during
0-75 V while the Joule heating effect (dopant displacement) resulted in the
deprotonation of PANI at voltages from 75 to 175 V

[66].

As the maximum potential

applied in our case was much less than 75 V, we can eliminate the presence of joule
heating effects (dopant displacement). The oxidation and reduction of PANI is also well
known at lower applied potentials (below 1.2 V). However, here is currently no
published literature that discusses the effect of higher potential (above 1.2 V) on the
chain structure and membrane morphology of PANI.
We propose that high potential can cause the movement of acid dopants, changing the
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dopants attachment or steric position in the polymer structure that would slightly swell
the polymer chains. This would reduce the free volume/pore size of the membrane and
pose an extra resistance to water transport (Fig 14) [64, 65].

Fig 14. A schematic representation asymmetric PANI membrane and swelling of membrane on the
application of voltage.

The swelling effect was described in terms of membrane polymeric chain reorganisation
by Darvishmanesh et al.[67]. For dense membranes, polymeric chains move further apart
during swelling, thus increasing the free volume and the membrane becomes more open.
This would result in lower rejections and relatively higher permeance. On the other
hand, when a porous membrane swells, the pores become narrower. The membrane
becomes less open, which results in higher rejections. This principle is illustrated in Fig
SX9. In pressure driven membrane processes NF is related to both reverse osmosis (RO)
and ultrafiltration (UF) membranes. Due to this spectrum, either a loose or dense
structure of NF membrane can be expected (Fig SX10). Starting at the UF-end of the
spectrum, solvent transport occurs through the pores while solute separation depends
on sieving phenomena. Flux and rejection are empirically linked with feed viscosity,
membrane pore size, etc. On the other hand, many of the tighter NF membranes and RO
membranes, are considered to have a dense top layer, where transport happens in free
volume elements between the polymer chains. Thus, if NF membrane is a skin layer
dominating (tight NF or RO membrane) an increase in swelling can increase the flux
whereas for the pore dominating NF membrane (loose NF or tight UF membrane) an
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increase in swelling can reduce the flux. Based on the flux and MWCO results, the
Memb-ES developed in this work can be classified as tight UF or loose NF membranes.
The application of external potential on Memb-ES causes the electron transport along
the PANI chains with interchain hopping[66] and the oxidation of polymer chain results
in a net positive charge on the polymer backbone. To maintain the charge neutrality at
the polymer-electrolyte interface, anions (from dopant) are incorporated into the film
and protons are expelled. Anions incorporation typically produces volume swelling of
the membrane due to simultaneous solvent (water) ingress, which is associated with
the increased hydration of the anions. In order to evaluate the swelling degree of
Memb-ES, swelling tests were performed under applied potentials (Fig SX11). Fig 15
shows the normalised swelling degree of Memb-ES as a function of applied potential.
These swelling experiments demonstrate that with a higher electrical potential a higher
swelling degree was obtained. Memb-ES-15 showed a higher degree of swelling
compared to Memb-ES-5 that can be attributed to its higher electrical conductivity.
Although, this transformation was reversible and occurred without loss of polymer
integrity. Thus, it can be suggested that on applying electrical potential the swelling of
the polymer structure can narrow the pore size (Fig 14) and reduce the net membrane
flux and MWCO of Memb-ES.
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Fig 15. Normalised swelling degree of Memb-ES-5 and Memb-ES-15 under applied voltage from 0 to 30 V.

Although the mechanism of polymer swelling seems apparent, the other mechanisms of
tuneability could potentially be contributing to the overall results, e.g. surface charge
controlling Donnan exclusion (which would interact with the dipole of the water) and
chemical property changes controlling solution and diffusion. More comprehensive
PANI membrane synthesis and electrochemical characterisation studies are needed to
completely understand the structure property relationship between electrical
tuneability and polymer structural changes on applying electrical potential. More work
is underway to study and understand the detailed mechanism of PANI membrane
transport under high applied potential and its effect on the de-doping behaviour,
membrane solute transport and electrical resistance (impedance) during filtration and
on the development of non-ideal joule heating effects.
Overall this work demonstrates that transport properties of conducting PANI
membranes, such as permeance and selectivity, could be tuned in-situ during cross-flow
pressure filtration by applying an electrical potential across acid doped PANI
membranes. The electrical potential changes the interaction between PANI and acid
dopants and thus modifying the membrane properties and allowing membrane
permeance and MWCO to be tuned. These tuneable membranes can thus offer a
promising solution to optimise and control the in-situ tuneable separation performance
in relevant industrial operations.

4 CONCLUSIONS
This work demonstrates that transport properties of conducting PANI membranes, such
as permeance and selectivity, could be tuned in-filtration by applying an electrical
potential across acid doped PANI membranes. In order to prepare mechanically robust
and electrically tuneable PANI membranes, PANI powder was synthesised via chemical
oxidative polymerisation at three different Tpoly (5°C, 15°C and 25°C) and subsequently
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flat sheet membranes were prepared using the NIPS technique.
Lower Tpoly (5°C and 15°C) led to higher molecular weight PANI powder which resulted
in more mechanically robust, highly conductive membranes with fewer macrovoids
compared to lower performance membranes produced at high Tpoly. FTIR and colour
change experiments on acid doping of Memb-EB confirmed the transition of
non-conductive Memb-EB to conductive Memb-ES. The dynamic contact angle showed a
reduction in value with time on the application of external voltage and provided a
preliminary indication of the electrical tuneability of conducting PANI membranes. The
electrically stimulated cross-flow filtration experiments demonstrated that the
permeance/flux and MWCO in these PANI membranes can be tightened with increasing
applied voltage. The Memb-ES-15 showed higher degree of MWCO and flux tuneability
with voltage compared to Memb-ES-5, which could be attributed to its higher electrical
conductivity. It was proposed that high potential can cause the movement of acid
dopants, changing the dopants attachment or steric position in the polymer structure
that would slightly swell the polymer chains. This would reduce the free volume/pore
size of the membrane and pose an extra resistance to water transport. The increase in
swelling degree on application of electrical potentials with reduction of membrane flux
and MWCO quantitatively confirmed this proposed hypothesis.
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