Wiley Series on Electrocatalysis and

Electrochemistry

1drzej Wieckowski, Series Editor

ELECTROCHEMICAL
PROCESSES IN
BIOLOGICAL SYSTEMS

Edited by Andrzej Lewenstam and Lo Gorton




ELECTROCHEMICAL
PROCESSES IN
BIOLOGICAL SYSTEMS

Edited by

ANDRZE] LEWENSTAM
LO GORTON

Wiley Series on Electrocatalysis and Electrochemistry

WILEY



Copyright © 2015 by John Wiley & Sons, Inc. All rights reserved

Published by John Wiley & Sons, Inc., Hoboken, New Jersey
Published simultaneously in Canada

No part of this publication may be reproduced, stored in a retrieval system, or transmitted in any form or by
any means, electronic, mechanical, photocopying, recording, scanning, or otherwise., except as permitted
under Section 107 or 108 of the 1976 United States Copyright Act, without either the prior written
permission of the Publisher, or authorization through payment of the appropriate per-copy fee to the
Copyright Clearance Center, Inc., 222 Rosewood Drive, Danvers, MA 01923, (978) 750-8400, fax (978)
750-4470, or on the web at www.copyright.com. Requests to the Publisher for permission should be
addressed to the Permissions Department, John Wiley & Sons, Inc., 111 River Street, Hoboken, NJ 07030,
(201) 748-6011, fax (201) 748-6008, or online at http:/www.wiley.com/go/permissions.

Limit of Liability/Disclaimer of Warranty: While the publisher and author have used their best efforts in
preparing this book, they make no representations or warranties with respect to the accuracy or
completeness of the contents of this book and specifically disclaim any implied warranties of
merchantability or fitness for a particular purpose. No warranty may be created or extended by sales
representatives or written sales materials. The advice and strategies contained herein may not be suitable for
your situation. You should consult with a professional where appropriate. Neither the publisher nor author
shall be liable for any loss of profit or any other commercial damages, including but not limited to special,
incidental, consequential, or other damages.

For general information on our other products and services or for technical support, please contact our
Customer Care Department within the United States at (800) 762-2974, outside the United States at
(317) 572-3993 or fax (317) 572-4002.

Wiley also publishes its books in a variety of electronic formats. Some content that appears in print may
not be available in electronic formats. For more information about Wiley products, visit our web site at
www.wiley.com.

Library of Congress Cataloging-in-Publication Data

Electrochemical processes in biological systems / edited by Andrzej Lewenstam, Lo Gorton.
pages cm. — (Wiley series on electrocatalysis and electrochemistry)
Includes bibliographical references and index.
ISBN 978-0-470-57845-2 (cloth : alk. paper)
1. Bioenergetics. 2. lon exchange. 1. Lewenstam, Andrzej. II. Gorton, L. (Lo)
QP517.B54E44 2015
612/.01421-dc23
2014049433

Set in 10/12pt Times by SPi Global, Pondicherry, India
Printed in the United States of America

109 8 7 6 5 4 3 2 1



ELECTROCHEMICAL PROCESSES
IN BIOLOGICAL SYSTEMS



WILEY SERIES ON ELECTROCATALYSIS
AND ELECTROCHEMISTRY

Andrzej Wieckowski, Series Editor

Fuel Cell Catalysis: A Surface Science Approach, Edited by Marc T. M. Koper

Electrochemistry of Functional Supramolecular Systems, Margherita Venturi,
Paola Ceroni, and Alberto Credi

Catalysis in Electrochemistry: From Fundamentals to Strategies for Fuel Cell
Development, Elizabeth Santos and Wolfgang Schmickler

Fuel Cell Science: Theory, Fundamentals, and Biocatalysis, Andrzej Wieckowski
and Jens Norskov

Vibrational Spectroscopy at Electrified Interfaces, Edited by Andrzej Wieckowski,
Carol Korzeniewski and Bjorn Braunschweig



CONTRIBUTORS

Julea N. Butt, School of Chemistry and School of Biological Sciences, University of
East Anglia, Norwich, UK

Krzysztof Dotowy, Laboratory of Biophysics, Warsaw University of Life Sciences
(SGGW), Warsaw, Poland

Andrew J. Gates, School of Biological Sciences, University of East Anglia,
Norwich, UK

Harry B. Gray, Beckman Institute, California Institute of Technology, Pasadena,
CA, USA

Wiestaw 1. Gruszecki, Department of Biophysics, Institute of Physics, Maria
Curie-Sktodowska University, Lublin, Poland

Jan Haldamek, Department of Chemistry and Biomolecular Science, and NanoBio
Laboratory (NABLAB), Clarkson University, Potsdam NY, USA
t

David E. Heppner, Department of Chemistry, Stanford University, Stanford,
CA, USA

Michael G. Hill, Department of Chemistry, Occidental College, Los Angeles,
CA,USA !

Evgeny Katz, Department of Chemistry, University at Albany, SUNY, Albany,
NY, USA

Christian H. Kjaergaard, Department of Chemistry, Stanford University, Stanford,
CA, USA

vii



viii CONTRIBUTORS

Ramya Kolli, Department of Chemical and Biomolecular Engineering, New York
University Polytechnic School of Engineering, Six Metrotech Center, Brooklyn,
USA

Yaara Lefler, Department of Neurobiology, The Institute of Life Sciences and
Edmond and Lily Safra Center for Brain Sciences (ELSC), The Hebrew Univer-
sity, Jerusalem, Israel

Kalle Levon, Department of Chemical and Biomolecular Engineering, New York
University Polytechnic School of Engineering, Six Metrotech Center, Brooklyn,
USA

Krzysztof Maksymiuk, Faculty of Chemistry, University of Warsaw, Warsaw,
Poland

Sophie J. Marritt, School of Chemistry, University of East Anglia, Norwich, UK

Aabhas Martur, Department of Chemical and Biomolecular Engineering, New York
University Polytechnic School of Engineering, Six Metrotech Center, Brooklyn,
USA

Agata Michalska, Faculty of Chemistry, University of Warsaw, Warsaw, Poland

David J. Richardson, School of Biological Sciences, University of East Anglia,
Norwich, UK

Tomasz Sokalski, Laboratory of Analytical Chemistry, Faculty of Science and
Engineering, Abo Akademi University, Turku, Finland

Edward L. Solomon, Department of Chemistry, Stanford University, Stanford,
CA, USA

Andrew K. Udit, Department of Chemistry, Occidental College, Los Angeles,
CA, USA

Marylka Yoe Uusisaari, Department of Neurobiology, The Institute of Life
Sciences and Edmond and Lily Safra Center for Brain Sciences (ELSC), The
Hebrew University, Jerusalem, Israel

Yanyan Wang, Department of Chemical and Biomolecular Engineering, New York
University Polytechnic School of Engineering, Six Metrotech Center, Brooklyn,
USA

Qi Zhang, Department of Chemical and Biomolecular Engineering, New York
University Polytechnic School of Engineering, Six Metrotech Center, Brooklyn,
USA



PREFACE

This series covers recent advancements in electrocatalysis and electrochemistry and
depicts prospects for their contribution into the present and future of the industrial
world. It aims to illustrate the transition of electrochemical sciences from its begin-
nings as a solid chapter of physical chemistry (covering mainly electron transfer reac-
tions, concepts of electrode potentials, and structure of electrical double layer), to the
field in which electrochemical reactivity is shown as a unique chapter of heterogene-
ous catalysis; is supported by high-level theory; connects to other areas of science; and
includes focus on electrode surface structure, reaction environment, and interfacial
spectroscopy.

The scope of this series ranges from electrocatalysis (practice, theory, relevance to
fuel cell science, and technology), to electrochemical charge transfer reactions, bio-
catalysis, and photoelectrochemistry. While individual volumes may appear quite
diverse, the series promises updated and overall synergistic reports providing insights
to help further our understanding of the properties of electrified solid/liquid systems.
Readers of the series will also find strong reference to theoretical approaches for pre-
dicting electrocatalytic reactivity by such high-level theories as density functional
theory. Beyond the theoretical perspective, further vehicles for growth are such
significant topics such as energy storage, syntheses of catalytic materials via rational
design, nanometer-scale technologies, prospects in electrosynthesis, new instrumen-
tation, and surface modifications. In this context, the reader will notice that new
methods being developed for one field may be readily adapted for application in
another.

Electrochemistry and electrocatalysis have both benefited from numerous
monographs and review articles due to their depth, complexity, and relevance to
the practical world. The Wiley Series on Electrocatalysis and Electrochemistry is
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% PREFACE

dedicated to present the current activity by focusing each volume on a specific topic
that is timely and promising in terms of its potential toward useful science and tech-
nology. The chapters in these volumes will also demonstrate the connection of elec-
trochemistry to other disciplines beyond chemistry and chemical engineering, such as
physics, quantum mechanics, surface science, and biology. The integral goal is to
offer a broad-based analysis of the total development of the fields. The progress of
the series will provide a global definition of what electrocatalysis and electrochemis-
try are now, and will contain projections about how these fields will further evolve in
time. The purpose is twofold—to provide a modern reference for graduate instruction
and for active researchers in the two disciplines, as well as to document that electro-
catalysis and electrochemistry are dynamic fields that are expanding rapidly, and are
likewise rapidly changing in their scientific profiles and potential.

Creation of each volume required the editor’s involvement, vision, enthusiasm, and
time. The Series Editor thanks each Volume Editor who graciously accepted his invi-
tation. Special thanks go to Ms. Anita Lekhwani, the Series Acquisitions Editor, who
extended the invitation to edit this series to me and has been a wonderful help in its
assembling process.

ANDRZE!] WIECKOWSKI
Series Editor
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MODELING OF RELATIONS BETWEEN
IONIC FLUXES AND MEMBRANE
POTENTIAL IN ARTIFICIAL
MEMBRANES

AGATA MICHALSKA AND KRZYSZTOF MAKSYMIUK

Faculty of Chemistry, University of Warsaw, Warsaw, Poland

1.1 INTRODUCTORY CONSIDERATIONS

A membrane can be regarded as a phase, finite in space, which separates two other
phases and exhibits individual resistances to the permeation of different species
(Schlogl’s definition cited in [1]). The membranes can be of different thickness, from
thin used typically for biological and artificial bilayers (in the range of a few nan-
ometers) to relatively thick (hundreds of micrometers) used typically in ion-selective
electrodes. A particular case is a membrane separating two electrolyte solutions,
where ions are transferable species. In such a case, different modes of ion transport
are possible: (1) Brownian motion; (ii) diffusion, resulting from concentration gradi-
ent; and (iii) migration as transport under the influence of an electrical field.

A general prerequisite related to the presence of charged species is electroneutrality
condition of the membrane. However, even if electroneutrality is held on a macroscopic
scale, charge separation effects appear, mainly at membrane/solution interfaces, result-
ing in the formation of potential difference. Taking into account possible chemical
and electrical forces present in the system, assuming for simplicity one-dimensional

Electrochemical Processes in Biological Systems, First Edition. Edited by Andrzej Lewenstam
and Lo Gorton.
© 2015 John Wiley & Sons. Inc. Published 2015 by John Wiley & Sons, Inc.



2 MODELING OF RELATIONS BETWEEN IONIC FLUXES MEMBRANE POTENTIAL

[T

transfer along the x-axis only, the flux of ion "i,” J;, across the membrane can be
described as

o
Ji = —kUici— 1.1
1 1 lax ( )
where k is a constant; U, ¢;, and f; are electrical mobility, concentration, and
electrochemical potential of ion “i,” respectively; and x is the distance from the

membrane/solution interface. Using a well-known definition of electrochemical
potential and assuming that the activity of ion “i"" is equal to the concentration, this
equation can be transformed to
RTdInc; d
Ji=—kUic; — +;','F-g
ox dx

with ¢ as the Galvani potential of the phase.

Since mobility, U, is a ratio of the transfer rate, v, and potential gradient (dp/dx),
while the flux under influence of the electrical force is J=v¢, it follows from
Equation (1.2) that k= 1/Iz;|/F. Taking then into account the Einstein relation, concern-
ing diffusion coefficient, D;= U;RT/IzlF, Equation (1.2) can be rewritten as

dei(x, 1) ziF de(x, 1)
ey [ g R RS D
Ji=-=D; ( ot RT(,(.’C. 1) (1.3)

This is the Nernst—Planck equation, relating the flux of ionic species, “i,” to gradients
of potential and concentration, being generally functions of distance, x, and time, 7.

The Nernst-Planck equation is a general expression describing transport
phenomena in membranes. Unfortunately, as differential equations deal with
functions dependent on distance and time, solving of this equation is neither easy
nor straightforward. However, under some conditions, simplifications of this equation
are possible.

(1) For the equilibrium case, summary fluxes of all ionic species are zero, J; = 0.
In such a case,

dinc;  ziF do
o " RT dx L4

After rearrangement and integration across the whole membrane (of thickness d), the
well-known form is obtained:

RT CR
(/)R_(/)L=A(/’mem=TFln— (1.5)
< CL

where R and L refer arbitrarily to “right” and “left” hand side (membrane/solution
interface) and cg and ¢ are solution concentrations at “right” and “left” interfaces.
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This equation describing a membrane potential, A@yem, is equivalent of the typical
Nernst equation.

(ii) For the case of a neutral substance, z; = 0, or in the absence of electrical driving
force (dgldx) = 0, the Nernst—Planck equation reduces to Fick's equation, describing

diffusional transport:
80[
i==Di| — 1.
5=-0,(%) (16)

Solutions of the Nernst—Planck equation can be more easily obtained for the steady
state, when the ionic fluxes J;=const and a time-independent version of the
equation can be used. In this case, the Nernst-Planck equation can be applied to
calculate potential difference in the membrane for given values of concentrations
and mobilities. However, this procedure also requires integration, which can be
difficult in some cases. Therefore, additional approximations are often used [2, 3].
The most known and used solutions are the Goldman and Henderson approximations.

1.1.1 Goldman Approximation and Goldman-Hodgkin-Katz Equation

This approximation assumes linearity of potential gradient across the membrane
(i.e., constant electrical field in the membrane). This approximation is usually
applicable to thin biological membranes, where charge prevails only in the surface
areas of the membrane. In such a case, the derivative (dgp/dx) can be approximated
by the term (@g — ¢)/d leading to the simplified Nernst-Planck equation:

dei  ziF  gr—g@p
Jl——(Dla—X'Fﬁ(' 4 (1.7)

Under constant field condition, a steady state is practically obtained (J; = const) and
the Goldman flux equation can be derived:

;- afDilgr—gr) ci(R)-ci(L)exp(~(ziF(¢r—¢.))/RT) (18)
| dRT exp (= (ziF (¢r—@1))/RT)-1 .

In the absence of transmembrane potential, ¢g — ¢ ~ 0, this equation simplifies to the
well-known diffusion equation in a steady state.

Taking into account that the sum of individual ionic contributions to electrical
current is zero (denoting the absence of applied external current),

n

> zhi=0 (1.9)

i=1

further rearrangements are possible. For a simplified case of solution of ions
of +1 charge (e.g., Na*, K¥, CI"), the equation describing the potential difference
across the membrane (under steady-state conditions) can be obtained:
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RT . Dna+cna+ (L) + Dg+cx+ (L) + Der-coi- (R)

_, KT, 1.10
PrPL="F " Dng+ cNat (R) + Dg+ ek + (R) + Dey-cor- (L) ( )

It can be also assumed that ions take part in ion-exchange equilibrium, between the
membrane and bathing electrolyte solution (sol) from the right or left hand side,
(Eq. 1.11a) and (Eq. 1.11b), respectively:

(‘i(R):ki(‘i(SOl,R) (llla)
¢i(L) =kici(sol, L) (1.11b)

with partition coefficients k; of the species “i”” between the solution and membrane
phases. Then, introducing the permeability coefficient, P;, Pi= Uk/lzilFd.
Equations (1.10) and (1.11) can be transformed to the Goldman-Hodgkin—-Katz
equation, expressing the membrane potential as a function of ion concentrations
in bathing solutions on both sides of the membrane and partition (permeability)
coefficients:

RT . Py cnas (L) + Pg+cg+ (L) + Por-car- (R)

—In 1.12
F " Pngt cNa+ (R) + P+ cx+ (R) + Po-cor- (L) (1-12)

Pr—PL=

This equation is applicable, for example, to describe resting potentials of biological
membranes,

1.1.2 Henderson Approximation

This approximation assumes linear concentration gradient across the membrane,
while the electrical field need not be constant [4]. This approximation is usually
applied to describe diffusion (liquid junction) potentials, particularly for the case of
ion-selective electrodes. This potential can be approximated by the equation

RT Y su(e(R)=c (L) 3 due(R)
F oS Zui(R)-a(L) Y uc(L)

where u; 1s U/lzlF.

Membrane processes related to charge separation and transport of charged
species concern both biological membranes in cell biology (or artificial membranes
having significant importance in separation processes) and membranes used in
electroanalytical chemistry, for example, in ion-selective electrodes. However,
in contrast to similarity of physicochemical phenomena occurring in all membranes
containing mobile charged species, the description related to biological or separa-
tion membranes is different from that applicable to membranes of ion-selective
electrodes. Therefore, the considerations in the following were divided into two
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sections: (i) related to more general description typical for separation and biological
membranes where typically the Nernst—Planck equation is applicable and (ii) related
to membranes used in ion-selective electrodes. In case (i), practical and historical
conditions result in dominance of simple empirical equations for the membrane
potentials; however, in the last decade, the role of a more general theory using
the Nernst—Planck equation is increasing.

1.2 GENERAL CONSIDERATIONS CONCERNING MEMBRANE
POTENTIALS AND TRANSFER OF IONIC SPECIES

1.2.1 Boundary and Diffusion Potentials

Separation membranes are important both in biology and various technological
areas: fuel cells, dialysis, reverse o$mosis, separation of mixtures components, etc.
These membranes can be generally described as neutral or charged membranes.
For the former class of membranes, size exclusion and specific chemical interactions
are the main factors responsible for selective permeability, while for charged
membranes with incorporated ionic sites, electrostatic interactions are of substantial
significance.

For the charged membranes, the membrane potential, understood as a potential
difference between two electrolyte solutions (of different concentration or/and
composition) separated by the membrane, is an important parameter characterizing
their properties [5]. Measurements of membrane potential offer also a straightforward
method for studying transport processes of charged species. Due to difficulties
in solving the Nernst-Planck equation in a general case, simplifications are used,
as they were shortly described in the previous section.

In the discussion given in the following, only cases with no external current
flow are considered. In the description of membrane potentials, mostly a simplified
formalism is used, expressed in terms of classical model proposed by Sollner [6],
Teorell, Meyer, and Sievers [7, 8]. This model postulates splitting the potential
prevailing in the system into three components: boundary potentials on the membrane
(left and right side)/bathing solution interfaces and membrane bulk diffusion
potential resulting from different mobility of ionic species as well as ion-exchange
reactions leading to inhomogeneities in the interior of the membrane. It should
be noted that the Teorell-Meyer—Sievers theory is applicable to fixed-site membranes
with one kind of monovalent cations and anions as transferable species. It can be not
valid for liquid membranes, where ionic sites are mobile.

Boundary potentials are regarded as equilibrium potentials resulting from
ion exchange on the interface between the charged membrane and solution. In the
case of equilibrium, assuming that activity coefficients are equal to 1, the change

T3 L]

of chemical potential of transferable ion, “i,” is equal to zero:

Ap=0 (1.14)
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The chemical standard potentials, 4 . and y{ . in the membrane and in the solution,
respectively, can be different, determining the value of the distribution coefficient of
species, “i” and k;:

= (W01, 1s)

L 1 RT

Then, assuming the existence of ion-exchanging sites in the membrane (unable to be
released from the membrane), the boundary potential at a chosen membrane/solution
interface can be represented by the Donnan potential, Agp =¢™ —¢" [9]:

1

.m
=+ FApp =0 (1.16)

RT In

kic
¢

where superscripts “m” and “s” relate to the membrane and solution phases,
respectively.

The dependence of the Donnan potential on the electrolyte concentration in solution
can be derived from Equation (1.16) taking into account electroneutrality condition in
the membrane phase. In the case of a membrane with fixed ionic site concentration, X,
and for 1:1 electrolyte (with cation M™ and anion A™) of concentration ¢, assuming
the absence of specific interactions of ions with the membrane components (k; = 1),
the Donnan potential is expressed by equation [10]

a

RT. | X X\*\
=M=’ = + 1 .
Agp=¢"~¢’=x—In |-+ I+<2€) (1.17)

with sign “+" or “=" for anion- or cation-exchanging membrane, respectively.

From this equation, two limiting cases follow (Fig. 1.1). For dilute solutions, when
¢ < X, the concentration of counterions in the membrane is practically equal
to X (with negligible concentrations of coions, this is the so-called Donnan exclusion
case), and the Donnan potential becomes a linear function of In ¢ with positive
or negative Nernstian slope, for cation and anion exchanger, respectively. On the other
hand, for high electrolyte concentrations, when ¢ >> X, concentrations of counter- and
coions in the membrane are almost equal: the Donnan potential is independent
of electrolyte concentration and close to zero (Donnan exclusion failure).

In contrast to the equilibrium state observed at the membrane/solution interface,
in the membrane interior, similar equilibria are typically not observed. In this
case, different rates of ion transfer in the membrane result in diffusion potential
formation, necessary to maintain a zero current steady state [1].

In order to calculate exact values of the diffusion potentials, knowledge about
concentration profiles of all species in the membrane is needed. However, for practical
purposes, some approximations can be used; the most popular is the Henderson



