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A B S T R A C T

Herein we have discussed the robust design and synthetic methodology of polyaniline based exceptional che-
mical and mechanical stable composite membrane for acid recovery by diffusion dialysis. Physicochemical
characterization of the membrane was carried out to find its hydrophilic/hydrophobic characteristic and its
effect on separation of HCl and H2SO4 from the simulated solution. The high retention of sulfuric acid or high
permeation of HCl was explained on the basis of Gibbs free energy of hydration of Cl− and SO4

2− ions. The
obtained diffusion coefficient (UH

+) for PANI and A-PANI membrane was in the range of 0.013–0.042m h−1 for
HCl, H2SO4 and effluent solution. The maximum acid recovery was 43% for A-PANI and 32% for PANI. The acid
recovery for locally available effluent solution was ∼34% indicating potential use of synthesized membranes in
acid recovery by diffusion dialysis.

1. Introduction

Polyaniline (PANI) belongs to a class of conducting polymer with
excellent chemical and thermal stability [1–3]. It can be prepared by
chemical or electrochemical oxidation in aqueous as well as organic
medium with excellent yield, controlled molecular weight and at a
different level of doping. A π-conjugated structure of PANI is an ex-
cellent ion transporter [4,5] and its efficacy depends on molecular
weight, morphology and Donnan potential [6]. Emeraldine form of
PANI has been well studied for protonation with different anions and it
was found that bulkier the anion, lower the conductivity [7] due to low
permeability through closely packed polymer chains [7,8]. In the pre-
sence of electric gradient, the conductivity is due to concerted shifting
of protons accompanied by electrons across the polymer chain. But in
the absence of electric gradient, transfer of proton can be obtained by
concentration gradient across the film and this property can be utilized
for acid separation by diffusion dialysis [9,10]. Sufficient number of
reports are available on composite membrane preparations, where
powdered PANI has been physically blended with engineering polymers
like polystyrene [11] and PVDF [12] to make functional membranes as
proton exchange and/or anion exchange [13–16]. The use of anion
exchange membranes is wide spread. It is used in separation/

purification of inorganics/organics by electro dialysis [17], as a mem-
brane separator in alkaline fuel cell [18], Zn/bromide redox flow bat-
tery [19] and acid recovery by diffusion dialysis [20]. The generalized
preparation methodology of anion exchange membrane includes
chloromethylation followed by amination of engineering thermo-
plastics like, polystyrene, Polyethersulfone, polyether ether ketone etc.
[21]. The chloromethylation step involves the use of highly carcino-
genic chloro-methyl methyl ether. So there are huge efforts to make
anion exchange membrane by alternative methods like, use of nitrogen
based heterocycles, or alkyl bromination followed by amination
[18,21]. These membranes have been successfully used in acid recovery
by diffusion dialysis [20]. However they exhibited low proton perme-
ability due to dense and symmetric microstructure [22,23]. The high
proton permeability i.e. proton diffusion coefficient (UH

+) of
0.043m h−1 have been reported with thin film composite [24]. Herein,
we have rationally designed new membranes with excellent chemically
stability and good acid diffusion ability. The membranes were designed
and prepared without use of chloro-methyl-methyl ether, a highly
carcinogenic chemical. It composed of microporous polypropylene
support to provide desired mechanical strength and polyaniline over
layer which acts as sieving and proton transporting medium for effec-
tive separation of acid. Though there are reports on composite of PANI
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with cross-linked polystyrene [25], polycarbonate [26], polypropylene
[27], polyethylene [28] and polyamide [29], their use in acid separa-
tion has not been reported.

2. Experimental

2.1. Materials

Ammonium persulphate (APS), methanol, aniline and poly-
vinylalcohol (Avg. Mw, 1,25,000) were purchased from SD fine che-
micals, Mumbai, India. Orthophosphoric acid (OPA), N, N-di-
methylformamide (DMF), Sulphuric acid (H2SO4) were obtained from
SRL chemicals, Mumbai, India. Trimethylamine (TMA) was received
from Fisher scientific, India. Polypropylene (PP) sheet i.e. battery se-
parator having 60 μM thickness was obtained from M/s Targray
Technology International Inc., Canada. Deionized water (DI) was used
for all of the experiments.

2.2. Methods

2.2.1. Synthesis of polyaniline and poly(o-anisidine) membrane at PP
support

Polyaniline (PANI) and Poly(o-anisidine) (A-PANI) membranes
were synthesized by contra-diffusion process over the microporous PP
substrate. Prior to synthesis, PP substrate was soaked in 30mL DMF
followed by the addition of 20mL PVA solution (1 wt%) with 5mL
aniline/o-anisidine for the surface activation and pre-treatment of the
substrate. After the pre-treatment of 3 h, the substrate was mounted
between two chambers of contra-diffusion cell.[10] Separately, 2 mL
aniline was slowly mixed in freshly prepared 3.5M H2SO4 (500mL)
solution and stirred to get transparent solution, termed as solution-A.
Similarly 4 g of APS was dissolved in another 500mL solution of 1M
H2SO4 designated as solution B. Both solutions A and B were filled in
the two separate chambers of cross-diffusion cell consisting activated
PP support. Both solutions were continuously circulated for 5 h in the
cell by using peristaltic pump with flow rate of 30mL/min to carry out
the polymerization reaction at the interface of PP sheet and aniline
solution. After completion of the reaction, membrane was removed
from the cell and washed several times with DI water to remove un-
reacted molecules from the membrane. The obtained membrane was
designated as PANI membrane and it was stored in water. Similar
procedure was followed for the synthesis of A-PANI membrane where o-

anisidine was used in above synthesis process instead of aniline. These
membranes were designated as A-PANI membrane. The chemical re-
actions involved in membrane synthesis are depicted in Scheme 1.

2.2.2. Membrane characterization
The surface morphology and structural analysis of the synthesized

membranes were thoroughly characterized using various analytical
tools. Contact angle measurement (water) were performed on goni-
ometer, DSA 100 Krϋss GmbH instrument, Germany. Membrane surface
roughness and topology was recorded in semi-contact mode with
Atomic Force Microscopy (AFM) using AFM instrument (Ntegra Aura,
NT-MDT, Moscow). The chemical functionalities were analysed by
Fourier-transform infrared-attenuated total reflectance (FTIR-ATR).
The spectra were recorded on Agilent, Cary 600 series FTIR microscope,
(with a resolution of± 4 cm−1 and incident angle of 45°) in the wa-
venumber range of 400–4000 cm−1. Membrane surface morphology
was scanned on Field emission-scanning electron microscope (FE-SEM)
using JEOL JEM 7100F, USA coupled with energy-dispersive X-ray
(EDX) spectroscopy at an accelerating voltage of 15–20 kV. The thermal
characteristics of the membrane was analysed using thermo gravimetric
analysis (TGA), TA instruments 2960 (METTLER TOLEDO, Germany),
at a heating rate of 10 °Cmin−1 from 30 to 800 °C in the N2 atmosphere.

2.2.3. Coating density and water content measurement
Coating density of the synthesized PANI and A-PANI membrane was

measured by quantitative analysis. Coating density (%) was calculated
using the following equation,

Nomenclature

Abbreviations

APS ammonium persulphate
A-PANI poly(o-anisidine)
DMF N,N,dimethylformamide
DD diffusion dialysis
MWCO molecular weight cut-off
OPA orthophosphoric acid
PANI polyaniline
PE polyethylene
PEG polyethylene glycol
PEO polyethyleneoxide
PP polypropylene
PVA polyvinyl alcohol
PVDF poly(vinylidine fluoride)
TMA trimethylamine
BPPO bromo methylated poly(2,6-dimethyl-1,4-phenylene

oxide)
QPPO quaternized poly(2,6-dimethyl-1,4-phenylene oxide)

TEMED N,N,N′,N′-tetramethylethylene diamine

Symbols

MC mass of coated sample
MNC mass of uncoated sample
Mw weight of wet sample
Md weight of dry sample
Cf concentration of feed
Cp concentration of permeate
rp pore radius
S separation factor
U dialysis coefficient
M moles of salute transported per hour
A effective area
ΔC logarithmic average concentration between two chambers
Cf

0 feed concentration at initial time
Cf

t feed concentration at time, t
Cd

t dialysate concentration at time, t
UH

+ proton diffusion coefficient
UFe

3+ Fe3+ diffusion coefficient

Scheme 1. Synthesis reaction scheme of polyaniline (PANI) and o-anisidine (A-
PANI) membrane.
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⎜ ⎟= ⎛
⎝

− ⎞
⎠

×Coating density M M
M

100C NC

NC (1)

where MC represents the mass of the coated membrane and MNC is the
mass of the uncoated PP substrate. Membrane samples with specific
area of 8.55 cm2 were cut and dried in oven at 60 °C for certain time till
the constant weight was achieved. The final weight values were used
for the calculation of coating density.

Water content of the synthesized membranes was calculated by
gravimetric method, measuring the weight gain of the membrane.
Firstly the membranes were cut into specific area of 4 cm2 and kept in
water to calculate the mass of the wet membrane (Mw). Afterwards
these membrane samples were transferred in the vacuum oven for
drying at 60 °C to get constant dry weight (Md). These weight values
were used to calculate water content using the following equation,

⎜ ⎟= ⎛
⎝

− ⎞
⎠

×Water content M M
M

(%) 100w d

d (2)

2.2.4. Pure water flux, solute rejection and pore radius measurement
The water permeability and solute rejection experiments were per-

formed on lab scale testing kit containing a testing cell with booster
pump to apply the upstream pressure. Distilled water was supplied as
feed solution for testing the water permeability of the membranes. A
circular membrane sample having an effective membrane area of
15 cm2 was mounted on the test cell and upstream pressure of 3–5 bar
was applied. The membranes were stabilized for 1 h before considering
the water flux measured value. Pure water permeability (PWP) was
calculated using the following equation.

=PWP Q
A (3)

where Q (Q= v/t) is the water flux at permeated side (lh−1), and A
represents an effective membrane area (m2).

PEG (0.4, 9 and 35 kDa) and PEO (100 and 200 kDa) of different
molecular weights, which have different stock radii of 0.47, 1.16, 5.68,
8.98 nm calculated using the relation for PEG = × −a M16.73 10 10 0.557

and for PEO = × − M10.44 10 10 0.587 [30]. Where, ‘a’ represents the Stokes
radius and M is the molecular weight of PEG and PEO.

The known Stokes radii PEG/PEO were passed through the mem-
branes at applied pressure of 3 bar. The MWCO values were obtained
from the molecular weight vs. rejection profile (Fig. 7) where the
MWCO values at 90% rejection of the solute was measured for PANI
and A-PANI membranes. The concentration of feed (Cf ) and permeate
(Cp) samples were analysed by the Gel Permeation Chromatography
(GPC) using Analytical Technologies Ltd. Instrument. The rejection

values (R%) were calculated using the following equaiton [31]

⎜ ⎟= ⎛
⎝

− ⎞
⎠

×R
c
c

(%) 1 100p

f (4)

The obtained R% data was used to calculate the MWCO of the
membranes. The pore radius (rp) of the membranes were calculated by
using MWCO values in Eq. (5) [32].

= ×r MWCO0.045p
0.44 (5)

2.2.5. Acid and iron diffusion studies
Acid diffusion of PANI and A-PANI membranes in batch mode were

studied using two compartment diffusion cell with an effective area of
4.2 cm2 (Fig. 1). Equal volume of 250mL DI water was filled at one side
while 250mL acid solution was filled in other side. The solution of both
compartments were re-circulated using the peristaltic pumps and
amount of acid diffused into the water compartment was estimated by
acid base (NaOH) titration using phenolphthalein indicator. The change
in concentration of iron was measured using UV–visible spectro-
photometer with ammonium thiocyanate reagent. The effluent was
collected from local bentonite industry with composition ∼3.5M acid
and 5–6% iron content. Usually it is the mixture of H2SO4, HCl and
HNO3. But amount of H2SO4 is dominated. Apart from this it has the
metal ion impurities like, Mo, Cu, Zn, Cr, Mn, Mg, Ca etc. The acid
diffusion coefficient (UH

+) was calculated using following formula
[33].

=U M
At CΔ (6)

where M, represents the moles of proton transported across the mem-
brane, t shows the time (h), A is the active area (m2) of the membrane
and ΔC represents the logarithmic average concentration among the
both compartments of the diffusion cell defined in mole/m3. It can be
calculated by Eq. (7), using initial feed concentration (Cf

0) at time 0,
feed concentration (Cf

t ) after time ‘t’ and dialysate concentration (Cd
t) at

time t [22,23,33]. It should be noted that − − ≠C C C( ) 0f d
t

f
t0 , because

of water transport across the membrane resulted volume change in the
cell chambers [34,35].

=
− −

⎡
⎣

⎤
⎦

−
C

C C C
Δ

( )

ln

f d
t

f
t

C C
C

0

( )f d
t

f
t

0

(7)

Fig. 1. Schematic of experimental setup for acid diffusion study.
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3. Results and discussion

3.1. Membrane synthesis

PANI and A-PANI were successfully synthesized on the porous PP
substrate by chemical oxidation of aniline and o-anisidine using APS as
an oxidizing agent under the similar experimental conditions. High
coating density was observed for A-PANI membranes due to electron
donating eOeCH3 group, which facilitates the polymerization reaction.
The formation of PANI and A-PANI membranes at PP substrate was
indicated by change in colour of white PP sheet into dark green colour.

3.2. Characterization of membranes

3.2.1. FTIR-ATR spectroscopy
The analytical techniques were used to confirm the membrane

formations. In the infrared spectra of PP substrate, PANI and A-PANI
membranes, the strong absorption bands at ∼1374 cm−1 and
1450 cm−1 were assigned to CeH bending mode of CH3 and CH2

groups while ∼2900 cm−1 band corresponds to CeH stretching of CH2

groups of PP backbone [36,37] (Fig. 2). The appearance of new ab-
sorption peaks at∼1650–1590 cm−1 along with broad absorption peak
at ∼3300 cm−1 corresponds to NeH bending and stretching mode of
secondary amines, confirming the successful formation of PANI [38].
Absorption peaks at low IR region (∼690–900 cm−1) belongs to aro-
matic CeH bending mode of out of plane [39]. A-PANI membranes
exhibited a broad absorption band at ∼3300 cm−1 with higher in-
tensity than PANI membrane. The change in band intensity corresponds
to OeH (absorbed moisture) and NeH stretching of A-PANI membrane.
[40] A new absorption peak at ∼1250 cm−1 belongs to CeO stretching
of OeCH3 group of A-PANI membrane [39]. A-PANI membranes ex-
hibited a broad absorption band at ∼3300 cm−1 with higher intensity
than PANI membrane. The change in band intensity corresponds to
OeH (absorbed moisture) and NeH stretching of A-PANI membrane
[40].

3.2.2. Coating density, contact angle and water content measurement
The coating density of synthesized PANI and A-PANI polymer was

calculated by measuring the polymer amount coated over the PP sub-
strate. The highest coating density of 29% was observed for A-PANI
membranes followed by PANI membranes with low coating density of
9.5% as given in Table 1. The high coating density of A-PANI is at-
tributed to its high degree of polymerisation due to electron donating
effect of eOeCH3 group, which results into formation of high mole-
cular weight polymer chains and hence the high coating density.
Coating density can be directly related to the surface characteristics of
the membrane, contact angle, surface roughness etc. The measured
contact angles (CA) of the membranes can give information about its
hydrophilic characteristic (Fig. 3). Contact angle controls by solid-gas
interface tension (ϒs,a), solid–liquid interface tension (ϒs,l) and liquid-
gas interface tension (ϒl,a) based on Young’s equation, Cos
θ=(ϒs,a− ϒs,l)/ϒl,a. Usually, on increasing the surface roughness, CA
value tends to decrease [40]. The membranes with CA value of less than
90° considers as hydrophilic membranes. The Measured CA values for
N-PP, PANI and A-PANI were ∼101°, ∼80° and ∼75°, respectively.
The dynamic CA measurement of the membranes exhibited 22, 19 and
26% decrease for N-PP, PANI and A-PANI, respectively. The 26% de-
crement in CA of A-PANI membranes was in accordance with its hy-
drophilic nature. The gravimetric water content of the membrane were
measured and presented in Table 1. The higher water content of ∼90%
was observed for A-PANI membrane followed by PANI membrane with
∼31% water uptake as shown in Table 1. The high water content of the
coated membranes is due to presence of free water in pores of the
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Fig. 2. FTIR-ATR spectra of N-PP, PANI and A-PANI membranes.

Table 1
Coating density, water content and average pore size of N-PP, PANI and A-PANI
membranes.

Membranes Coating density (%) Water content (%) Pore size (nm)

N-PP – – ∼500
PANI 9.50 31.10 4.27
A-PANI 29.10 90.60 3.72
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Fig. 3. Contact angle (water) measurement of N-PP, PANI and A-PANI mem-
branes in static (inset) and dynamic mode at 10min time duration.
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Fig. 4. TGA analysis of N-PP, PANI and A-PANI membranes membranes.
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membranes. They were in accord to coating density. However, N-PP
membrane did not show any water content because of its hydrophobic
behaviour.

3.2.3. TGA analysis
The thermal stabilities of the membranes were analysed under the

N2 atmosphere shown in Fig. 4. The N-PP started degradation at
∼380 °C and ended at ∼460 °C in a single step where 90% weight loss
was observed. The degradation of PANI was started at ∼380 °C and
completed at ∼460 °C with 90% weight loss [38]. The initiation of
degradation of A-PANI was started ∼370 °C and completed at ∼470 °C
with 80% weight loss. The low temperature of initiation of degradation
of A-PANI than PANI indicates its poor thermal stability. The me-
chanism of degradation of these polymers will be similar to as reported
[41,42]. Usually it is associated with the loss of protonic acid compo-
nent of the polymer followed by loss of gasses like acetylene and am-
monia.

3.2.4. SEM and AFM analysis
The membranes morphology was analysed by surface and cross-

section SEM images. Fig. 5A and B shows the surface and cross-section
image of N-PP support showing highly porous microstructure with
average surface pore size of ∼500 nm. After in-situ synthesis of PANI,

partial pore filled structure was observed. The coating was uniform
without aggregation and/or phase separation. The smooth surface was
clearly visible in surface as well as cross-section images Fig. 5C and D.
From the SEM images of A-PANI membranes (Fig. 5E and F), pore of N-
PP was completely filled on the surface. But cross section images shows
partial filling, indicating the polymerisation of o-anisidine mostly oc-
curred on the interface of solution and PP sheet. Whereas polymerisa-
tion of aniline occurred throughout PP membrane phase. This is due to
the high degree of polymerisation of o-anisidine, promoted by highly
electron donating eOeCH3 group. The method of membrane prepara-
tion was by contra-diffusion method, where solution from the both
compartment compete with each other to diffuse into the PP sheet. In
case of PANI, the simultaneous diffusion of the solution starts poly-
merisation deep into the PP sheet matrix. Whereas in case of A-PANI,
before diffusion of o-anisidine solution into the PP matrix, it comes in
contact with APS solution at interface where growth of A-PANI starts.
Fig. 6 shows the AFM images of N-PP, PANI and A-PANI membranes.
The scanning area of specimen was 10X10 µM. The measured average
roughness and peak to peak distance values for all membranes are
presented in Table 2. Smooth and uniform surface with lowest rough-
ness and peak to peak distance values of 13.34 nm and 164.40 nm was
observed for commercial N-PP support. With polymerisation of aniline,
the roughness was increased to 21.05 nm and peak to peak distance was

Fig. 5. SEM images of membrane surface (A, C and E) and cross-section images (B, D and F) of N-PP, PANI and A-PANI membranes respectively.
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233.70 nm. Furthermore, polymerisation of o-anisidine results into
further increase in roughness and peak to peak distance values of
36.00 nm and 351.00 nm respectively. The highly rough and hetero-
geneous surface of A-PANI was due to the formation of high molecular
weight polymer. The surface-depth profile of all three membranes were
analysed and shown with AFM images. The nodular sizes of polymer

was found in increasing order of N-PP < PANI < A-PANI as observed
from their depth profiles. Surface- depth profiles were acquired by
simple section analysis from horizontal direction of the image using
Nova P9-Ntegra software. The results were in agreement with SEM
images on the basis of coating density of the polymer.

3.2.5. Pure water permeability and MWCO study
Since the membranes were synthesized by in-situ polymerisation,

deep intrusion of the polymer into PP matrix was evident by surface
morphology and topology examined by SEM and AFM analysis.
However, water permeability and MWCO experiments were conducted
to study the overall performance of the membrane. The water flux ex-
periments were performed on cross-flow testing cell by applying up-
stream pressure in range of 3–5 bar. The water flux was measured for
every hour keeping the equilibrium time of half an hour to achieve
steady state after changing the upstream pressure. The water flux ex-
periments were repeated at least three times in order to get average
water flux values and results are depicted in Fig. 7 (inset). PANI
membranes exhibited average water flux of 0.53–0.72 l m−2 h−1, which
was lower than the obtained water flux of 2.17–3.16 l m−2 h−1 for A-
PANI membranes. The low water permeability of PANI membranes was
due to its coating deep into the PP matrix and its water content. The
inclusion of PANI deep into the PP matrix blocks the pores of PP sheet
effectively. It results into the nearly dense or nanoporous membrane
and hence the low water flux. Whereas, coating of A-PANI was observed
only on the surface of PP sheet (SEM images, Fig. 5) which results into
the open pores of the PP sheet. The thin barrier top coated layer fol-
lowed by microporous substructure, and more hydrophilic membrane
character results into higher water flux for A-PANI membranes.

The MWCO values were determined by plotting the rejection (R %)
versus molecular weight (Mw) of different solutes as shown in Fig. 7.
PANI membranes exhibited lower rejection profile than A-PANI mem-
branes for PEG 0.4, 9 and 35 kDa. The rejection for PEO 100 and
200 kDa was observed>99% for both PANI and A-PANI membranes.
The Mw corresponding to 90% rejection was determined from the

Fig. 6. Atomic force microscopy images of average roughness and surface topology along with surface-depth profile of (A) N-PP, (B) PANI and (C) A-PANI mem-
branes.

Table 2
Surface roughness statistical parameters analysed by AFM analysis of the
membranes.

Statistical Parameters (nm) N-PP PANI A-PANI

Peak to peak, Sy 164.40 233.70 351.00
Mean Value 68.42 130.24 170.55
Roughness Average, Sa 13.34 21.05 36.00
Root mean square, Sq 16.21 25.98 45.46
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crossover point of rejection values. The obtained MWCO values of 31
and 22 kDa were used in Eq. (5) and the average pore radius (rp) of
PANI and A-PANI membranes were found to be 4.2 nm and 3.7 nm,
respectively. The smaller pore radius of A-PANI membrane was ex-
plained based on its high coating density obtained from higher degree
of polymerization of o-anisidine than the PANI membrane.

3.3. Diffusion study of acid and iron

The acid diffusion study was performed in two compartment cell in
a batch mode. The solution in both compartments was continuously
recirculated at constant flow rate as shown in Fig. 1. The initial ex-
periments were performed with known concentration of HCl and
H2SO4, without metal ions to evaluate the membrane’s preferential
transport. Because the industrial effluent contains the mixture of acids.
Fig. 8 shows the change in concentration of feed and permeate com-
partment with time. The concentration of feed compartment was de-
creased whereas permeate compartment was increased. The maximum
concentration obtained at permeate side was 1.5M for A-PANI mem-
brane and 1.2M for PANI membrane when, ∼3.5M HCl was used as
feed solution (Fig. 8A). The higher flux of A-PANI membrane despite of
low pore size was explained on the basis of different pore character-
istics. Generally, the pores can be classified into closed pore, blind pore
and through pores. In case of A-PANI because of its only surface poly-
merisation, the membrane may be dominated by through pores. But in
case of PANI, which polymerises deep into the PP matrix, membrane
pores dominated by the closed or blind pores results into the low flux.
SEM cross-section images of the membranes clearly visualise the dif-
ferences. Further, high hydrophilicity and water content of the A-PANI

is responsible for high flux of acid. When we changed the feed solution
to H2SO4, the maximum acid recovery was 0.4 and 0.6M in a 6 h ex-
periment for PANI and A-PANI membranes respectively (Fig. 8B). This
corresponds to 33.5 and 24.0% H2SO4 recovery with respect to initial
feed concentration for A-PANI and PANI membrane respectively. The
percent of HCl recovery was 43.0 and 32.0% for A-PANI and PANI
membrane respectively (Fig. 9).

The high HCl recovery compare to H2SO4 is explained on the basis
of Gibbs Hydration Energy of Cl− and SO4

2− anions [43,44]. The
measurement of Gibbs free energy (−ΔGh

o (kJ/mol)) states that higher
the value, the stronger the hydration of anion. The reported Gibbs free
energy for Cl− and SO4

2− anions were 317 and 1000 kJ/mol respec-
tively, indicating stronger hydration of SO4

2− anion, the hydration
number was 16 [44] whereas hydration number of Cl− ion was 8 [45].
This suggests that the sulphate ions are bulky and hydrophilic com-
pared with chloride ions, it is reasonably self-explained that the hy-
drophilic ions are difficult to permeate through the hydrophobic
membranes. In the present study, A-PANI is more hydrophilic compare
to PANI (Fig. 4, contact angle measurements) hence it has high acid
recovery. Compare to HCl and H2SO4, it has high HCl recovery.
Fig. 10(A) and (B) shows the acid recovery with simulated solution,
consisting of 5% FeCl3 and 3.5M HCl, and effluent solution obtained
from local bentonite mines. The acid recovery with PANI membrane
was 27%, whereas A-PANI membrane showed 37% acid recovery,
∼10% higher. It is due to its relatively hydrophilic nature, high water
content and through pores membrane structure. It showed maximum
acid recovery with effluent solution was ∼35%

(Fig. 10(A)). PANI membrane showed extremely low acid recovery
i.e. ∼17%. Fig. 10(C) and (D) shows the permeation of Fe3+ in simu-
lated as well as effluent solution. The permeation was higher for the A-
PANI membrane. The maximum permeation was ∼0.23 μM. This per-
meation is far lower than the permeation of proton. The extremely low
permeation is due to its high Gibbs free energy of hydration. The re-
ported Gibbs free energy of hydration was 4580 kJ/mole [46]. It cor-
responds to 16.6 water molecules per ion or hydration number with
0.288 nm ionic radius [46]. These values indicates that Fe3+ has rela-
tively higher size and hydrophilic nature and hence it is sluggish to pass
through the relatively hydrophobic A-PANI and PANI membranes,
hence the low permeability. The calculated Diffusion Coefficient
(UFe

3+, m h−1) was presented in Table 3 along with the separation
factor. A-PANI has the higher Diffusion Coefficient and lower separa-
tion factor compare to PANI for simulated as well as effluent solution.
But in comparison to the simulated solution, effluent solution showed
higher diffusion coefficient and lower separation factor due to the
presence of organic and other metal ions impurities.

The low acid recovery is explained on the basis of its hydrophobic
nature and presence of sulphate ion in solution. Also presence of or-
ganic foulent in the effluent affects acid recovery naturally. To get the
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further insight on membranes, diffusion coefficient of acid (UH
+) was

calculated and presented in Fig. 11. They are in accord with the re-
ported values presented in Table 4, along with selectivity. The high

UH
+ value of ∼0.042m h−1 was obtained for A-PANI with HCl solu-

tion. The low UH
+ value of ∼0.013m h−1 was obtained for PANI

membrane with H2SO4 solution. The results indicate that PANI@PP
sheet offer an alternate membrane material for acid separation by dif-
fusion dialysis in harsh effluent condition.

4. Conclusion

The synthesis of polyaniline and poly(o-anisidine) based membrane
was effectively demonstrated on microporous hydrophobic poly-
propylene sheet by contra diffusion method. The measured contact
angle indicated, the PANI membrane was more hydrophobic than the A-
PANI membrane. The SEM images, surface view and cross-sectional
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Table 3
Diffusion Coefficient of Fe3+ ions and the separation factor from simulated
(HCl/FeCl3) and effluent solution using PANI and A-PANI membranes.

Membranes Fe3+ diffusion (UFe
3+, m h−1) ·10−3 Separation factor (S)

Simulated Effluent Simulated Effluent

PANI 0.747 1.925 19.65 0.806
A-PANI 1.393 4.075 16.90 0.619
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Fig. 11. The study of H+ diffusion coefficient from, (A) HCl and H2SO4 acid solutions and (B) iron containing simulated and effluent feed solutions by using PANI and
A-PANI membranes.
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view indicates the polymerization of aniline was throughout the PP
matrix whereas o-anisidine polymerization was mostly on surface. The
water permeability experiments conclude the formation of 3–4 nm
average pore radius of the membrane. The diffusion dialysis experiment
performed in HCl and H2SO4 solution revealed the high recovery for
HCl due to low Gibbs free energy of hydration of Cl− ion than SO4

2−

ion. The maximum acid recovery of 43% for A-PANI and 32% for PANI
was obtained. The acid recovery for locally available effluent solution
was ∼34% indicating potential use of synthesized PANI and A-PANI
membranes in acid recovery.
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