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ABSTRACT

In the pursuit to exploit a new application for conducting electroactive poly-
mers, polyaniline membrane has been successfully employed to separate two

acidic mixtures (H,SO,M,PO, and HNO,./H,SOJ . The ability of the membrane

to electrochemical control of the selectivity factor, and the flux values have
been demonstrated using three different methods of dialysis, electrodialysis

and electrodynamic. Using dialysis method the acids have been separated.

An electrical gradient (electrodialysis) has been applied across both sides of
the membrane and separation is also achieved with the increase of the flux

value but the selectivity factor slightly decreases . When the separation of

acids is carried out using the new method of "electrodynamic', in which an
oxidative potential is applied directly to the polymer membrane, the selectivity

factor increases significantly . This is a method that offers the possibility of
selective and controllable transport and separation of acids.
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INTRODUCTION

Conducting polymers based on monomers such as

pyrrole, thiophene and aniline have been extensively

investigated as potential dynamic materials with the
view for a wide range of applications [1] including

controlled transport [2, 3] and separation [4, S] of
ions, rechargeable batteries [6, 7] and sensors [8, 9].

More studies are still on progress in pursuit of mani-
pulation of dynamic properties of conducting poly-

mers to produce new applications for industrial uses.
Most of the work in this area is focused on the

dynamic reversible redox properties of the polymers.
The electrical and physical properties of "conducting

polymers" can be easily controlled by doping/
undoping of ions . This idea could enable us to change

the permeability of the membranes by altering the

oxidation state of the polymer membrane or applying
a potential gradient across the membrane . In the
course of this work a polyaniline membrane was
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employed . The term "polyaniline" is descriptive of a
class of conducting polymers derived from the base of
general composition [10, I I] whose average oxidation
state is described by the parameter I -y.

In principle y can be varied from one (fully red-
uced form : lucoemeraldine) to zero (fully oxidized
form : pemigraniline). When an equal number of oxid-
ized and reduced units exists, the material referred to
as emeraldine base or salt (EB or ES).

We have previously described separation of
nitric and phosphoric acids across the membrane [5].
In recent years, recovery of sulphuric acid through the
aqueous solution as an important industrial process
has been considered [12]. We, therefore, report here
our more recent findings on the separation of
sulphuric/nitric and sulphuric/phosphoric acids . The
separation was considered when either a potential
gradient applied across the polymer membrane
(electrodialysis) or an oxidative/reductive potential
was directly applied to the 'membrane (electro-
dynamic).

To our knowledge, the method of electro-
dynamic has not been yet used to separate the acids.
This is the first report on the separation of a mixture
of I-I1SO,/H,PO, and HNO JH,SO, using polyaniline
membranes.

EXPERIMNTAL

Reagent and Materials
Analytical reagent (AR) grade chemicals were used
throughout, unless otherwise stated . Ammonium per-
sulphate, aniline, methanol, hydrochloric acid, ortho-
phosphoric acid 85%, acetic acid (99%), ammonia
solution (25%), sodium acetate trihydrate, magnesium
chloride, sodium sulphate anhydrous, barium chloride
dihydrate, potassium nitrate, resorcinol and N-methyl-
2-pyrrolidone (NMP) were all purchased from Merck,
and nitric acid was obtained from Fluka .

Instrumentation
A Shimadzu UV-120-01 spectrophotometer-was used
to determine the acidic anions . The pH measurement
of solutions was carried out using a Philips PW 9422
pH meter . To apply electrical stimuli a Farnel
Instrument Ltd Model E 30/2 potentiostat was used.
The different electrical set up used are described in
the section of results and discussion.

Analytical Procedures
Determination of NO,; PO,'-and S0,' Anions
Spectrophotometric determination of nitrate and phos-
phate anions was previously described [5] . At the
presence of sulphuric acid, a rapid reaction occurs
between resorcinol and nitrate . The formed nitro com-
pound gives an absorption spectrum with a maximum
peak at 347 nm. A linear calibration curve was obtain-
ed for concentrations up to 4 ppm of nitrate . In the
case of phosphate anions molybdophosphoric acid
was formed and reduced by stannous chloride to
intensely coloured molybdenum blue . This method
was sensitive and made feasible measurements down
to 0 .007 ppm phosphate [5].

Sulphate ion was precipitated in an acetic acid
medium with barium chloride (BaCl,) to form barium
sulphate crystals of uniform size . Light absorbance of
the BaSO, suspension was measured by a photometer
and the SO;- concentration was determined by
comparison of the reading with a standard curve . In
practice, 10 mL of sulphate sample was added to 2
mL of buffer solution . In order to prepare the buffer
solution, 30 g magnesium chloride, MgCl, . 6H2O, 5g
sodium acetate, CH,COONa.3H2 O, 1 .0 g potassium
nitrate, KNO,, and 20 mL acetic acid, CH,000H
(99%) were dissolved in distilled water . Finally the
sample buffer solution was stirred while 0 .2 g of
BaCI, was also added.

After stirring period of 60 s, the solution was
transferred into an adsorption cell of photometer and
turbidity was measured after 5 min at 420 nm [13].
The calibration curve was linear between I to 40 ppm.

Cell and Membrane
The cell utilized in the transport studies was previous-
ly described [5] . It consisted of two compartments
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(source and receiving side) separated by the memb-
rane (A=11 .34 cm'). Source contained feed solution,
usually mixture of acids, whereas in the receiving side
a twice distilled water was used. 0.01 M NaCIO, was
used as background electrolyte in both side whenever
potential applied . Polyaniline membrane was prepared
using a casting method as described in a previous
work [51.

RESULTS AND DISCUSSION

Separation by Dialysis
Transport of sulphuric acid across the polyaniline
membrane was carried out using a dialysis method.
The polyaniline membrane in all studies was initially
in the emeraldine base form to ensure that no acid was
released from membrane during transport.

The concentration of sulphate ions was
measured in the receiving solution as a function of
time, according to the method described in the
experimental section. For the same samples the
concentration of protons was also measured . It was
found that with no external driving force, acid
transported across the membrane . This supports the
previous results [5] . The flux was calculated
according to the eqn (I ).

Flux= (C,-C,)V

(t, - t,)A

where C, and C, are initial and final concentrations
(molar), respectively, and V is the cell volume (in this
case 60 mL), t, and t, are the time periods over which
the flux is to be measured(s) and A is the area of the
membrane exposed to the solution (11 .34 cm').

As shown in Table 1, the average flux obtained
for sulphate ions is equal with 19x10-' mol cm' s -'.
Similar value of proton transport was also recorded.
This value in comparison with the value obtained for
nitrate and phosphate ions (5) is considerably high.
Apparently the high affinity between membrane and
the HSO; species encourage the protonation process
resulting in high sulphate flux . Therefore, it is expect-
ed that a mixture of H,SOJH,PO, and HNO,/H,SO,
would be separated using the electromembrane .

Table 1 . The flux value obtained for sulphate anions using
dialysis method (without any external applied potential) with
source solution containing 0 .4 M H,SO,.

T, (min) t, (min) C, - C, (M) Flux x 10'

60 80 5.06 x 10-' 21 .57
80 100 4.72 x 10' 20 .12

100 120 4.23 x 10-' 18 .04
120 140 3.83 x 10 ' 16.32

Average flux : 19 .0

Separation of the mixtures was, therefore, carried out
using an equal concentration of the acids in the source
solution.

Using the dialysis method, the separation seems
to be possible (Figure 1) . The flux values were calcul-
ated for the mixtures (Table 2) over the period of
study (80 min). The selectivity factor in the case of
H,SO,IH,PO, is equal to 6 according to the following
equation:

Flux(H,SO,) _ 8 .09x 10' mol .cm -'s'
6

Flux(H,PO,)

	

1 .36x 10' mol .cm ' s"

Similarly, the selectivity factor was calculated for
HNO,/H,SO, and the value of 2.80 was obtained.

(1)
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Figure 1 . Separation of 0 .2 M H,SO, and 0 .2 M H,PO, using
dialysis method . Note that the proton transported is as
much as the sum of the anions' concentration.
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Table 2 . The flux obtained for a mixture of H2 SO,/H,PO, using dialysis method.

Sulphate Phosphate
t, (min) t, (min) C, - C, (M) Flux x 10 ' C, - C, (M) Flux x I tT'

(mol .cm'.s') (mol.cm's-')
60 80 1 .87 x 10"' 7 .97 2 .39 x 10 ' 1 .02

80 100 1 .92x10'' 8.19 2 .89x10 ' 1 .23

100 120 1 .83 x 10 ' 7 .67 3 .38 x 10' 1 .44

120 140 2 .00 x 10' 8.52 4 .11 x 10' 1 .75

Average flux: 8 .09 Average flux: 1 .36

Flux(HNO,) _ 10.83x 10_' mol .cm's'
a 2.80

Flux(H,SO,)

	

3 .87x10° mol,cm's-'

In both cases the separation was successful.
Also, the results show that the rate of transport of
H,SO, from the mixture was decreased compared to
its transport from single solution . There are few
reasons for this:
-Apparently some active sites of the membrane was
occupied (or doped) by the nitrate or phosphate ions
preventing transport of sulphate ions.
-The concentration gradient of H,SO, is higher as
twice as its single state compared to the mixtures.

Separation by Electrodialysis
In this case a potential gradient of 1 and 2 volts was
applied across the polymer membrane by means of
two platinum electrodes . The positive electrode was
exposed to the receiving solution . As shown in Table
3, the value of sulphate flux was increased with both
1 and 2 V electrical fields . The improvement ratio of
the flux value for 1 and 2 V fields were, 1 .63 and 1 .9,
respectively . The separation studies were, therefore,

carried out using 2 V potential gradients . A mixture of
H,SO,/H,PO, was separated with a selectivity factor of
5 .34 (Table 4).

Flux(H,SO,) _ 12 .08x I0' mol .cm's-1	 - 5 .34
Flux(H,PO,)

	

2 .26x 10' mol .cm's

Comparing the separation obtained by dialysis,
the magnitude of flux value was increased . However,
the selectivity factor did not improve.

Using the electrolysis method for separation of
H,SO,/HNO, the flux value increased while the
selectivity factor was decreased . The mechanisms of
transport is believed to occur as described in the case
of nitric acid (5).

Flux(HNO) _ 16 .78x10" mol.cm's-
' = 2 .0

Flux(H,SO,)

	

8 .25 x 1' mol .cm -'s
Separation by Electrodynamic
Here, we use the " electrodynamic " to distinguish set-
up in which the oxidative and reductive potentials is
directly applied to the polymer membrane . We have
described the details of the method previously [5].
According to our previous studies [2], polyaniline is

Table 3. Influence of different electrical field (electrodialysis) on transport of 0 .4 H,SO, (sulphate).

IV 2V
t, (min) 4 (min) C2 - C, (M) Flux x 10 ' C, - C, (M) Flux x 10'

(mol .cm' .s') _ (mol .cm'.s')

60 80 7 .80 x 10' 3321 10 .0 x 10' 44 .08

80 100 7 .39 x 10' 31 .48 8 .54 x 10' 36.38

100 120 7 .16 x 10-' 30 .51 7 .77 x 10' 33.10

120 140 6 .78x10' 28 .80 7.16x10' 30 .51

1 Average flux : 31 .0 Average flux : 36 .0
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Table 4. Influence of 2 V electrical field (electrodialysis) on separation of acids (0.2 M H2SO, and 0.2 M H,PO,).

Sulphate Phosphate

t, (min) t, (min) C, - C, (M) Flux x 10' C, - C, (M) Flux x 10 '

(mol .cm' .s-') (mol .cm' .s-')
60 80 2 .87 x ID' 12.23 5 .0 x 10' 2.12

80 100 3 .07 x 10 ' 13 .08 4 .4 x 10' 1 .87
100 120 3 .00 x 10' 12.78 6 .5 x 10' 2 .77
120 140 2 .40 x 10' 10.22 5 .3 x 10' 2 .27

Average flux : 12.08 , Average flux : 2 .26

oxidized at -1-0 .65 (vs Ag/ AgCI) and it is reduced at

-0.2 V. Therefore, to facilitate the transport and
separation of the acids the oxidative and reductive

potentials applied to the membrane in a three-elec-
trode set-up at which the polymer membrane acts as

working electrode with a platinum and Ag/AgCI as

auxiliary and reference electrodes . As shown in

Figure 2 the application of an oxidative (+0 .65 V)

potential causes an increase in the transport while the
transport halted when a reductive potential (-0.2 V)
was applied. This sort of separation was, therefore,
controlled by electrochemical means.

Table 5. Separation of 02 M H,SO, and 0 .2 M H,PO, using electrodynamic method in different oxidation states of polyaniline

membrane.

e) Sulphate

Reduced polyaniline Oxidized polyaniline

t, (min) t, (min) C, - C, (M) Flux x 10' C, - C, (M) Flux x 10'

(mol.cm'.s') (mol.cm'.s')

60 75 2.23 x 10' 1 .27 - -

75 90 - - 2 .10 x 10' 11 .93
90 105 1 .68 x 10' 0.925 - -

105 120 -- - 2.07 x 10" B 11 .76

120 135 1 .53 x 10' 0.871 - -

135 150 - - 2 .03 x 10" ' 11 .53

Average flux: 1 .03 Average flux: 11 .74

b) Phosphate

Reduced polyanillne Oxidized polyaniline

	

_

t, (min) t, (min) C, - C, (M) Flux x 10' C, - C, (M) Flux x t0'

(ml .cm' .s') _

	

(mcl .cm' .s-')

60 75 5 .60 x 10 ' 0 .318 - -

75 90 - - 3 .76 x 10' 2 .14

90 105 5.19 x 10' 0.295 - -

105 120 - - 3.20 x 10' 1 .82

120 135 4.82 x 10' 0.274 - -

135 150 - - 2 .22 x 10' 126

Average flux: 0 .296 Average flux: 1 .74
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Figure 2. Influence of electrical stimuli (Electrodynamic) on
separation of HNO,JH,SO, : (1) A constant potential of -0 .20
V was applied for 15 minutes ; (2) A constant potential of
0 .65 V was applied for 15 minutes.

The selectivity factor of the case of H 1 SO,1
HNO, was about 10 . This is a significant improve-
ment compared to the other two methods (dialysis and
electrodialysis) . Similarly the separation of H,SO,/
H,PO, was successfully carried out using the electro-
dynamic method (Table 5). The selectivity factor in
this case was also improved (i .e ., 6 .74).

The application of a positive potential increas-
ed the rate of anion transport. By these simulations,
the separation of acids was significantly impressed.
The two possible explanations for this result may be
outlined as follows:
—With application of the positive potential either the
emeraldine salt or the pemigraniline (fully oxidized
form) is formed [111 . The formation of emeraldine
salt provides more sites for proton migration. Alter-
natively, the formation of pernigraniline causes the
anions (as well as protons) to be released. In both
possibilities the rate of transport of acidic anions is
expected to increase, as revealed by the results.
—With application of the negative potentials the fully
reduced form of polyaniline is formed with neither
available sites for proton migration nor release of
protons, thus resulting in the lack of transport .

CONCLUSION

Separation of a mixture of H,SO,/H,PO, and HNOJ
H,SO, was carried out using dialysis, electrodialysis
and electrodynamic methods . In all cases polyaniline
membrane was used in a home made diffusion cell.
Using dialysis method the acids were separated . The
selectivity factors in the case of H,SO,/H,PO, and
HNO,/H,SO, were found to be 6 and 2 .8, respectively.
When an electrical gradient (electrodialysis) was
applied across the membrane the magnitude of the
flux value increased . However, the selectivity factor
slightly decreased.

For successful electrochemically facilitated
transport and separation across the polymer mem-
brane, high affinity of the solute for the polymer
matrix is required for ion incorporation (in this case
H' and acidic anion) yet high release rates in the
receiving solution are required to allow the transport
to take place . In order to achieve this, a new method
of separation of acids (i .e ., electrodynamic) was
employed. In the case of H,SOJH,PO, and HNO,/
H,SO, the selectivity factor increased to the value of
6.74 and 10, respectively. This is a method which
offers the possibility of a selective and controllable
transport and the separation of acids . The results
obtained in this paper support many of the observ-
ations made in our previous works [2, 4] . Overall, the
results have directed separation of acids toward a new
selective dimension. It may be possible to increase the
flux value by optimizing the membrane thickness and
magnitude of the applied potential . This can be a
subject of future works.
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