4010 J. Phys. Chem. R005,109,4010-4016
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It is demonstrated that Fein one solution can be reduced to?Féy ascorbic acid in another solution when

both agueous solutions are separated by polyaniline membrane. This transmembrane redox process is possible
due to electron/anion coupled counter transport through polyaniline membrane. It was demonstrated that at
least one of the solutions must have acidic pH to initiate the transmembrane redox reaction. Both redox
processes on the solution/membrane interfaces and the electron/ion coupled transport through the membrane
play important role in determining the rate of transmembrane reaction. Possible kinetic mechanism is proposed.
Apparent “diffusion coefficients” for redox equivalents inside polyaniline membrane and the rate constants

of redox reactions on both solution/membrane interfaces are estimated. Maximal transmembrane reaction
rate is 2x 107° mol/(s cn?) in terms of transport of redox equivalents through the membrane and formation

of F&". This value is much higher than the typical values of the rates of respiration in mitochondria expressed

in the same units. For thin membranes, the rates of transmembrane redox reactions are determined by interface
processes and characteristic times are comparable to those in biomembranes.

1. Introduction the surface, whereas the second one is slower and is dependent

Transmembrane redox processes are extremely important inon transport of electrons from the bulk volume of the polymer
biological systems, and the most well-known examples are film to the surface and Clanions in the opposite direction.
cellular respiration and photosynthesis. It was possible to imitate Th€S€ unique properties are possible because of the simultaneous
some physicochemical aspects of these processes using polymé‘nd relatively high permeablllty of both electrons and ions in
supported liquid membranes with quinones serving as mobile Polymers called synthetic metals, such as doped polyaritine,
carriers in a coupled electron and proton co-transport in the same2nd usually are not observed in common metals, having only
direction across the membrah@.In some other cases, for  €lectron conductivity.
example in liquid membranes with mobile derivatives of  The purpose of this paper is to demonstrate that it is possible
ferrocene, electron transport is coupled with counter transport to conduct transmembrane redox reactions using solid polymer
of anions through the membrane into opposite directién. membranes based on polyaniline. This material is permeable

Another possible option to conduct transmembrane redox re- O both electrons and ions, which results in an electroneutral
actions could be based on electroconductive polymer membranesProcess of coupled electron and ion transport through the mem-
for example polyaniline. Redox properties of polyaniline (PANI) Prane. In this work, the simple redox reaction Fe&l HCl/
have been intensively investigated and characterized by XPS,ascorbic acid was chosen to demonstrate this process. It was

cyclic voltammetry, and impedanée® It was found that PANI shown that the transmembrane transport of electrons (redox equiv-
coating on the surface of electrodes incorporates and release§lents) from one solution into another and coupled @insport
anions as the result of the redox reactiéh3his could find ~ in the opposite direction are possible and depend on the proper-

potential applications in sensors for biologically important anal- ties of agueous/membrane surfaces and the polymer matrix itself.
ytes and in other bioelectronic devices, where biological com- Kinetic parameters of these steps were determined. The rate of
ponents can be closely integrated with electronic systérts. this transmembrane reaction through the solid membrane was
PANI membranes in the undoped and HCI doped states havecomparable or even higher than that of the transmembrane redox
not only different electrical conductivity determined by electron feactions through liquid supported membrahes.
mobility, but also completely different Hpermeability and ion It is important that, as a result of these reactions, one is able
selectivity3 Direct measurements of the Hransport through ~ to produce new substances without direct contact and mixing
the PANI membrane separating two aqueous solutions confirm Of initial reactants, which means that the separation and
that the H ion is able to penetrate through the membrane Purification of the final products could be much easier. In this
together with Ct.14 case, we can see some parallels with biological phenomena both
PANI films are able to reduce Fegth the presence of HCF frqm the functional point of view and mechanism. For example,
The reaction kinetics is characterized by two phases and isit IS well-known that transmembrane redox reactions coupled
highly dependent on preliminary doping of the PANI films. The W|_th ion transport are possible in plant leaf chloroplast_s, liver
initial fast kinetic phase is determined by reduction ofFen mitochondria, and microsomes. These types of reactions are
possible due to the presence of not only mobile carriers like
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2. Experimental Section 750 50
The PANI synthesis and PANI film casting method has been 45
described befor& The films were made by evaporation of 700 - Addition of - 40
N-methyl-2-pyrrolidinone (NMP) solutions of PANand were S a ascorbic acid 3y
in the emeraldine base form (EB), which means the intrinsic £ g | —» 30 ¥~
oxidation state hag = 0.5 in the general formula: z ¥ 25 § E
= r = E
H H £ 600 20 E H
[~ O=CO ] 4
y x—n & 550 10
.5
The membrane had thickness of2260um, depending on the 500 0

amount of PANI used.
The membrane chamber and other details of the experiments ] )
were also described previoudtThe volume of each cylindrical Time (min)
Teflon semichamber, separated from the other one by PANI Figure 1. Typical redox potential and calculated amount of'Fe
f||m, was 50 mL. The membrane contact area was 49 &n formed in Fed SOIUtiOn. as a function of time. OXIdant 0.01M
the very beginning of the redox experiment, one side of the FeCk+0-3M HCI Reducing agent: 0.05 M ascorbic acid, pH2.8.
membrane chamber was f'".E}d with an OXIdant_(Fﬁﬂ'Hl:Itlon films, such as FeGH HCI/FeC} + HCI, FeCk + HCl/ascorbic
at proper pH and concentration) and the opposite semi-chamber,

as empty. The membrane was preequilibrated by stirfing this acid, KsFe(CN)y/ascorbic acid, etc. In a typical experiment, the
wa ply. | was preequit y sumng tis ., idant was 0.01 M Fe@H 0.3 M HCI, and the reducing agent
oxidant solution for more than 10 h until the redox potential in

this solution measured with Pt electrode versus Ag/AgCl was 0.05 M ascorbic acid 0.001 M EDTA. The initial pH of

reference electrode became relatively stable. The membranethe reducing solution was around 2.7. Direct diffusion rates of
. . y stable. ) ascorbic acid, Fg and F&" through the PANI membrane were
before and after reaction with Fewas earlier characterized

) : i
with XPS13 In the presence of HCI, the membrane becomes less than 10*mol/(s crrf), and were determined by measuring

: : > the concentrations of Fe and Fé&" colorimetrically with
doped and electroconductive, which was demonstrated usingy, s ang 2,4 6-tri-2-pyridyl-s-triazine, respectively. After the
impedance measurements, and its DC resistance decreased fro'@quilibrium bét;/veen the oxidant anc'i the memﬁrane was
several megaohms by six orders of magnitude. After the

reequilibration, the reducing agent (ascorbic acid solution) was practically achieved, ascorbic acid was added into the opposite
zdde(zzl into the o’ osite semigéhgmber Both solutions were stirredChamber’ causing the observed immediate decrease of the
PP ) reduction potential in the oxidant. The formation of {Fin

ngergﬁggarzgaloﬂ]s”oefrrsé dox potential measurement artt]Fe the oxidant solution and the electron transfer across the
P membrane was also independently verified by characteristic

calculations are described elsewh&dhe influence of the o . . .
. . ; color changes after the addition of 2dpyridyl into this
FeCl/FeCl ratio, pH, and anion concentration on the redox solution. No evident time lag was detected.

potential of the FeGIFeCh + HCI system was calibrated When the pH in both reducing and oxidant solutions was

Sy?ﬁé“ﬁgfg%gﬂg};ﬂi Stgg:%fl Esz:j;tlr%lszagj?;?%ith wo Ad/ larger than 3.0 and the film was undoped, the transmembrane
AaCl electrod ith ch it brid Its val dal 9" redox reaction rate was less tharm3mol/(s cn?). The addition
gi-1 electrodes wi -agar salt bridges. 1s value and also ¢ 1+ i gne of the solutions greatly increased the transmem-

::%?1?;:1 u%?;t;ntliil]ﬁeat?;nslorlrjerl:brb;rfz Sgtlg::gglsanw(f;ﬁergﬁ'étg:gebrane reaction rate. It was found that ascorbic acid was the most
Y P effective among a few different reducing agents, such as

of ;\i(ig):bp:ingaz(;?;ﬂe t\gg Sg:ét'o.rﬁgvf;erﬁ]rgftmﬁ% aetqc?nal. NaS,03, Kl, etc. This may be due to the fact that ascorbic acid
! id ( ich) was u without u purimcation. - o1 acid itself and can interact with PANI molecules more

Ob?s%b:\g cEa?;A'[i\évzif;:Otldo?‘cir:gur)néT; i?)cr:llsjt;?onrr:ci)rrfhmiltri]:;e _It_?]i easily. The N1s core-level XPS spectra of the 0.05 M ascorbic
pH change .Xa corbic acid solution as a f nct'(?n of thé HCl acid treated PANI film demonstrated that the relative contents
P ges In ascorbl I solutl s afunct of imine &=N—), amine (-N—) and positively charged nitrogen

Zg%tlgimf;ﬁepgﬁgr'nggftgﬁeﬂg}%t%ﬁdzmvﬁf gsc:tcr)]rebm atoms are near 26%, 63%, and 10% respectively, corresponding
y ’ y to the partially doped PANI.

following equation, where A represents dehydroascorbic acid: We were able to reduce near 50% of Fe6lh after the

addition of ascorbic acid (Figure 1). The initial reaction rate
was about 2x 107° mol/(s cn?) in terms of the formation of
FeCb, which is much larger than the estimated direct iron ion
transport rate. The redox potential in the reducing solution went
up, corresponding to the oxidation of ascorbic déidowever,
due to the instability of BA in the open air and the sluggish
response of redox potential measurements, instead of directly
measuring the oxidation of A to A, we calculated the
transmembrane reaction rate only based on the redox potential
measurements in Fegdolution.

The role of H doping in the direct reaction between PANI
and Fé" has been demonstrated previouSiftigure 2 shows

3.1. Transmembrane Redox Reaction and H Transport. the transmembrane reaction rate as a function of [HCI] in the
Initially a few redox couples were used to examine the oxidant solution. The rate increased with Ebncentration, then
possibility of transmembrane redox reactions through PANI reached a maximum value and finally slowly decreased as the

0 200 400 600 800 1000 1200 1400

HA —2H" + A + 2e (1)

The half-cell reaction Fe + e~ — Fe*™ can be combined with
the eq 1, to give the whole-cell reaction 2Fe- H,A = 2F&+
+ 2HY + A

The H' transport rate through PANI membrane to the side
containing ascorbic acid was calculated as the rate of [H
change in ascorbic acid solution minus the electron transport
rate, equal to the rate of Feformation in the oxidant solution.

3. Results
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Figure 2. Influence of H in the oxidant phase on the rate of [Ascorbic Acid ] (M)
transmembrane redox reaction. Oxidant: 0.01 M E&CHCI; reducing Figure 3. Influence of the concentration of ascorbic acid on the rate
agent: 0.05 M ascorbic acid, pH 2.7. of transmembrane redox reaction. Oxidant: 0.01 M el M HCI.

Membrane thickness~120um; a: experimental results; b: simulated

[H'] in oxidant solution increased further. Probably HCI can g its based on eq 13.

increase both the reaction rate on the PANI/oxidant interface

and the electron/Clcoupled transport inside the PANI mem- 2.65 8

brane (see Scheme 2). The"Gkansmembrane transport is 2.6 -7

possible because if the membrane is doped it has higher 255 - » L6

permeability of CI than that of H.13 On the other hand, the 25 s s

formation of complexes [Fe@F~* at HCI concentration more o 245 *3 =

than 0.8M resulted in the decrease of transmembrane reactione 5 4 | -4 E"g

rate. 2.35 - - g2
Increase of the initial ascorbic acid concentration also resulted 23 | D -2 5E

in the increase of reaction rate, but the rate reached a plateau 22'5 | L T

when the concentration was above 0.25 M (Figure 3). The '22 0

process was accompanied by pH decrease in the ascorbic acid ' ‘ ‘ ‘ ‘

solution (Figure 4). The steady-state rate of this process was 0 100 200 300 400 500

much higher because it was determined by both transmembrane Time (min)

chemical reaction and direct'Hransport due to the concentra- Figure 4. Typical pH changes and calculated" Fddition in the

tion difference across the membrane. ascorbic acid solution. Oxidant: 0.01 M Fg@i 0.3 M HCI; reducing

Influence of the FeGlconcentration on the transmembrane 2agent: 0.05 M ascorbic acid.
reaction and H transport rate is presented in Figures 5 and 6,
SCHEME 1: Possible Schemes of the Electron Transfer
from Amine Nitrogen to Its Neighboring Nitrogen

H H H H H H

| | \
—N—R—N— —— —N—R—l\‘I— — —rlstR—r\‘J— A
. + —+ . +

e
or:

Rate of Fe* formation*10°
(mole/s*cm’)

0 002 0.04 006 008 01 012

[FeCls]o (M)
pe Figure 5. Influence of the initial concentration of Fe@in the rate of
transmembrane redox reaction in the presericeM HCI. Reducing
SCHEME 2: Scheme for Facilitated Electron/Ck agent: 0.05 M ascorbic acid, pH 2.7. Membrane thickness+20
Counter Transport through the PANI Membrane in the um. a: experimental results; b: simulated results based on the eq 13.
Presence of Oxidant and Reducing Agent at Different respectively. It can be seen that thé tiansport rate increased
Sides of the Membrane by about 15 times when [E¢] increased from zero to 0.1 M

(see Figure 6), and its value is about three times higher than
that of the transmembrane redox reaction rate. This result again
. demonstrates that the™Hransport is not strictly coupled with
B T electron transport. Earlier we demonstrated that the greater the
intrinsic oxidation state of the PANI membrane, the greater the
permeability for H and coupled anion®$. Addition of FeC}

CI'~/

I L —— Reducing ; PR At :
Oxidant )&___e___,~ o increases the intrinsic OX|da}t|qn state of PANI film, and as a
result, the H transport rate is increased.
L A Figure 7 shows the comparison offHransport rates with

N S and without redox processes as a function of [HCI] in the more
Membrane Interface acidic solution. The H transport exhibits similar dependence
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Figure 6. H* transport rate as a function of the initial concentration
of FeCk in the presencefd M HCI. Reducing agent: 0.05 M ascorbic

and H' transport rate (b). Oxidant: 0.01 M FeCt 0.1 M HCI +
KCI, Reducing agent: 0.05 M ascorbic acid, pH 2.7. Membrane

thickness 23Q:m.

acid, pH ~ 2.7. 8.0
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1.5 2 25 3 Figure 9. Influence of KCI in ascorbic acid solution on the redox rate

[[m,M
Figure 7. Influence of H in acidic solution on H transport with and

(a) and H transport (b). Membrane thickness 23®. Oxidant: 0.01
M FeCk + 1 M HCI; Reducing agent: 0.05 M ascorbic actdKClI.

without redox processes a: HCl/buffer, pH 6.47 (without redox process); 3
b: 0.01 M FeC{ + HCI/0.05 M ascorbic acid, pH 2.7 (with redox
process). 2.5 -
on [HCI] in these two cases, which is evidently higher at high 22 2 b
[H™] in the presence of redox process as compared to the direct *SNE 15
H* transport without redox process. ;:3*5

3.2. Influence of Anions on the Transmembrane Reaction =1
and H* Transport. To demonstrate the role of anions in the 0.5 | . —
coupled electron and ion transport, 0.2 M camphor sulfonic acid ' - a
(CSA) was used instead of HCI. No evident changes were 0 : : : :
detected in the redox potential and pH value of both oxidant 0 0.005 0.01 0015  0.02 0.025
and reducing agent solutions even after 4 days. Evidently,

Thickness (cm)

counter transport of anions is coupled with electron transport.

Since CSA has a very big anion, it cannot penetrate through Figure 10. Inverse transmembrane redox reaction rate as a function

of membrane thickness. Oxidant: 0.01 M Fe@l HCI; Reducing
:?:n;ﬁ’r\t“agg?gs:e' As a result, transmembrane electron agent: 0.05 M ascorbic acid; a: [HCH 1 M; b: [HCI] = 0.1 M.

The influence of KCI in the oxidant solution on transmem-
brane redox rate and*Hransport rate is presented in Figure 8.
It was found that the Clanion in the oxidant solution has no
significant influence on the reaction rate (Figure 8a). In contrast
it evidently increased the Htransport (Figure 8b), implying
that the H transport is mainly driven by the ion concentration
gradient rather than the redox potential difference.

Figure 9 shows the influences of KCI concentration in the
reducing solution on the transmembrane reaction (a) ahd H
transport rate (b), respectively. Both transmembrane reaction
and H" transport rates showed evident decrease due to increas
of CI~ concentration in this case.

3.3. Influence of Membrane Thickness on the Transmem-
brane Reaction Rate and H Transport. Figure 10 shows
the inverse transmembrane reaction rate as a function of
membrane thickness. At high*ttoncentration, the membrane

thickness almost did not influence the process (Figure 10a). In
this case, the PANI molecules were fully doped, the resistance
for electron and ion coupled transport in the PANI membrane
' was low, and the transmembrane reaction rate was determined
by the reactions on the interfaces.

At lower H™ concentration (0.1 M), the electron-transfer
resistance of the PANI membrane was higher than that of the
interfaces (Figure 10b), and the membrane thickness plays an
important role in determining the transmembrane reaction rate.
The absolute value of the interphase resistance determined as
®he intercept withy axis was almost the same in both cases.

4. Discussion

Experimental results demonstrated that ascorbic acid atid Fe
separated by the PANI membrane could be oxidized/reduced,
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respectively, without direct contact with each other. The solid At low HCI concentrations, the dominating process is described
polymer membrane here acted as electron and ion permeablédy eq 6. At high HCI concentration the membrane is more
medium necessary for this chemically driven electron and ion permeable to anions; therefore probably anion insertion is the

coupled transport.

dominating process (eq %J.

The membrane based redox process consists of three steps Electron transfer for the oxidant/PANI membrane interface
in series, i.e., reactions on the two membrane/solution interfacescan be expressed as

and one coupled charge counter transport step inside the PANI
membrane. At the interface between the reducing agent and the
PANI membrane, the electrons are transported from the reducing

agent into the PANI film, coupled with anion movement through
the interface in the opposite direction to keep the electro
neutrality both in the solution and the PANI film. As a result,

ascorbic acid was oxidized and the protonated and the unpro-

tonated imine nitrogens in the PANI membrane were reduced
into amine according to following reactions:

H H
| | .

—N=—R+e ——> —N—R+cr
cr

)

or:

H
— N=R+e +H—> —N—R ®
The first reaction (eq 2) probably plays a dominating role in
determining the rate at this interface. This mechanism is
supported by the fact that the addition of KCI in the reducing
agent retards the transmembrane reaction (Figure 9).

In this case, the rate of interfacial electron transfer can be
simply expressed by the following equation:

Fr = kel{IM}R[HA] = ka(C — [AM]R)[HA]  (4)

[Im]r: specific content of imine nitrogens in the PANI
membrane near the surface, facing reducing solution, mél/cm

[Am]g: specific content of amine nitrogen near the surface
of the PANI membrane, facing reducing solution, molfgm

C: total content of amine and imine groups near the surface
of the PANI membrane, facing reducing solutidgh= [Im] g
+ [Am] r, mol/cn?,

Fr: redox flux through the surface of the PANI membrane,
facing reducing agent solution, mol/(s €mn

kr: the rate constant of imine nitrogen reduction#smol).

The concentrations here are not given in the unit of mol/

cn®, as is common for example in the heterogeneous catalysis
but in mol/cn?. This is possible because the redox reactions in
the case of polyaniline are taking place not only on the surface

but also inside the polymer, where electroneutrality is possible

because of the simultaneous transport of electrons (redox

equivalents) and ions in the synthetic metal mateffals.

At the opposite membrane interface, electrons are released

from the PANI film to the oxidant in the solution. This process
is also coupled with ion transport through the solution/PANI
membrane interface. As a resultFés reduced into . Amine
nitrogen is oxidized and forms protonated or unprotonated imine
radical depending on the local oxidation state and pH:

" H
—N—R +CI—> —N=R +¢ ®
+
cr
or:
H
| . (6)
—N—R—> — N=—R +H'+e

Fo = k[Am] [Fe*'] 7)

[Am],: specific content of amine nitrogen in the membrane
near the surface facing oxidant solution, molfgm

ko: rate constant of amine nitrogen oxidation, % mol);

Fo: electron flux at the oxidant/membrane interface, mol/(s
cn¥), equal to the rate of Fé reduction.

Two different transport phenomena are dominating inside the
PANI membrane. One is the proton and anion coupled transport
purely due to the acid concentration gradient across the
membrane. The other one is the coupled electron and ion
transport due to the intrinsic oxidation state gradient along PANI
molecule chains. These two types of transport are somehow
correlated since the intrinsic oxidation state influences the ion
permeability’®> Two possible mechanisms of the electron transfer
from amine nitrogen to its neighboring imine nitrogen are shown
in Scheme 1. For simplicity, we just consider the ion/electron
coupled transport caused by the intrinsic oxidation state gradient
along the PANI molecule chain.

In reaction A (Scheme 1), the electron first jumps from amine
nitrogen to its neighboring imine nitrogen, followed by the anion
transport in the opposite direction. In reaction B, the electron
transport is coupled with the'Hransport in the same direction.

Reaction A is probably the dominating mechanism when the
PANI membrane is doped. That is why addition of KCI to
ascorbic acid decreased the transmembrane reaction rate. Earlier
we have also demonstrated the PANI membrane becomes anion-
selective in the doped state.

For simplicity, we assume that the electron/ion coupled
transport inside the membrane is proportional to the gradient
of the intrinsic oxidation state, i.e., the gradient of specific
content of amine nitrogen. Based on this assumption, we have

Fr = COAM] . — [AM] ) ®)

Fr. electron flux across PANI membrane, mol/(s3m

D: effective diffusivity of redox equivalent in the PANI
membrane, chts. For simplicity, we assume thBtis position
independent;

L: membrane thickness, cm.

At the steady statd;r = Fo = Fr. Solving egs 4, 7, and 8
together, we finally get

F= 1

L 1 1 ©

DC " kHAIC | k[Fe'IC

In the case of low [HA] and excess concentrations of HCI and
Fe*', the flux is independent of the membrane thickness and
Fe*t concentration, and eq 9 can be simplified
F = kgC[H,A] (20)

Based on the slope of the initial linear part of Figure 3, we
havekgC = 1.6 x 10~* cm/s.

In the case of low [F&€] and excess of HCI and A, we
have
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F = k,C[Fe*"] (11) 1~5 x 10° cn?, which gives the respiration rates in the range
2 x 1071%t0 2 x 102 mol/(s cn?). This value is several orders

and based on the slope of the initial linear part of Figure 5a, of magnitude less than the maximal rates in the case of PANI

k,C = 1.9 x 104 cm/s. membranes, assuming that chemical steps are fast in the last
Assuming thatC is near 102 mol/cn®, we have that the  Case. _ _

interfacial reaction rate constants are approximately 202 Another interesting way to compare the processes would be

cm?/(s mol). to analyze characteristic times or turnover numbers which are

When [Fé*] and [H.A] are fixed and the membrane thickness dependent on concentrations of substrates. Characteristic times

is variable, the equation for the flux can be transformed into for diffusion through a membrane can be estimated based on
well-known Einstein-Barrer equation

1

i_L + const (12)

F DC 2

T 6D

This equation shows that A/is a linear function of the
membrane thickness, which corresponds to Figure 10. At
different HCI concentrations, the slope of the line is different,
which means thaD is a function of [HCI]. When [HCI] is equal

to 1 M in oxidant solution,DC is 1.4 x 107! mol/(s cm).
Corresponding value dD is 1.4 x 10°8 cmé/s. The diffusion
coefficient for HCI diffusion in the systa 1 M HCI/PANI/
H,0 calculated based on permeability data was 20-8 cn?/

st® and 2.4x 108 cm¥s14 The similarity demonstrates that
diffusion of the chloride anion is the rate-limiting step in both

For biological membranes having a thickness near 3077

cm andD = 1077 cn¥/s, we have a characteristic time of 0.4
us. The antibiotic valinomicyn in biological membranes has the
characteristic time for transmembrane translocation neas3D

For the interface processes, we can assume that the interface

redox reaction is localized in a thin layer, say near’16m.

The produckC (cm/s) has a simple physicochemical meaning
and is similar to mass transfer coefficients in mass transport.
cases. At [HCI] equal to 0.1 MpC determined from the redox Dividing this product by Fhickness, we have an estimatg of the
transport measurements is equal to £.00-* mol/(s cm) and turnover nlﬂmber for the_lnterface redox re_actlon, which is near
Dis 1 x 10-%n¥s. 1.5x 10 s L In comparison, the most active pure cytochrome
bc(l) complex participating in the intermolecular electron

. - 0
It is known that the doped polyaniline films have near 15% tranafer has a turmover number of 8002

of water®® Assuming that the water forms thin layers between
fibrils,12 serving as channels for chloride transport, we have the
diffusion coefficient through the thin layers of water, equal to
1 x 107 cn¥/s. This number is less than the diffusion The reduction of F& to F&* by ascorbic acid, separated by
coefficient in the bulk water~10° cné/s) and is determined ~ a PANI membrane, and chemically driven electron/ion coupled
by hopping of chloride ions in the thin and structurized layers transport through a PANI membrane were demonstrated. Factors
of water from one to another amine group of PANI. influencing the coupled transport were systematically investi-
On the basis of the previous derivation and standard fitting gated. It was demonstrated that at least one of the solutions
of Figures 3, 5, and 10, we finally have the expression for the must have an acidic pH to have the membrane doped and to

5. Conclusions

transmembrane reaction rate as a function gfHand [Fe] initiate the transmembrane redox reaction. Chloride anions are
in the presencefdl M HCI in oxidant solution the ions transported in the opposite direction to the electron
transport. A possible electron/ion coupled transport mechanism

F= 1 was proposed. A kinetic model simulating the experimental
71x 10°L + 1 + 1 results was suggested. The apparent diffusion coefficient of

1.6 x 10’4[H2A] 1.9x 1074[Fe3+] redo>_< equwa_lt_ents in the PANI membrar_1e is determ_lned by

(13) chloride mobility, and for the membrane in contact with 1 M

HCI, the corresponding value B = 1.4 x 1078 cné/s. The
On the basis of the eq 13, we can calculate the transmembrandate constants on the solution/membrane interface were esti-
reaction rate at different conditions. The results are shown in mated, and the values &f both for reactions of PANI with
Figures 3 (curve b) and 5 (curve b), respectively. Satisfactory ascorbic acid and ferric chloride were neax 2.0~ cn/(mol
agreement is reached between the experimental and calculated). Based on this analysis, it was demonstrated that, if the

results. If the concentrations of ascorbic acid an¥f feee high ~ membrane were much thinner, the rate of transmembrane
enough, the rate of transmembrane reaction reaches a maximunfgaction would be limited by the interface processes and their
and for the membrane thickness 2@m, the value is 1.4« characteristic times are comparable to the parameters observed

108 mol/(s cn®). Multiplying this value by the Faraday number, in mitochondria membranes.
we have the equivalent value of the transmembrane electrical
current near 1.4 mA/cawhich is common for electrochemical Acknowledgment. The authors would like to acknowledge
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