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The Relation of Transport Noise

to Membrane Kinetics

by Masao Yafuso The City College of the
Mentors Michael E, Green City University of New York
ABSTRACT

The nois e associated with ion transport acroes ion=
exchange membranes was measured, Cation exchange and
anion exchange membranes gave different results, Anion
membrane noise was found to be indepemdent of concentra~
tion polsrization at the mambrane surface and showed an w
frequency dependence, Such an affect could be caused by
a hyperbolic distribution of relaxation times, similar be-
havior in semiconductors have been attributed to surface

interactions with charge carriers,

Catlon exchange membrane noise was observed only af-
ter the formation of a depletion layer at the membrane
surface where water dissociation dues to the electric field
occurs, Analyses of the power spectra showsd a behsvior

characteristic of a relaxation time,

Dilute hCl was studied extensively, The result showed
an apparent relaxation time T , that geave an empirical re-
lation of J 2 Xf + B where J is the current density, f is

?]1“-1 and X and £ are empirical conatants, Temperature




studies showed that log K and log {5 were linear with re-

ciprocal temperatures,

The aempirical flux equation was combined with the
equatinrn for the relaxation time of a conductor, given by
T : € where € is the permittivity and o is the conduc-
tivity, to obtain the relstion W= ZﬁEE(uJ. This relaticon
was combined with Gnsager's equation for the dissociation
of a weak electrolyte by an electric field K/Ko = F{L)
where K and Ko are the dissociation conmstants as high field
and zero field respectively, and F(b) is a function of the
electriec fileld, to glve a relationship of f, the rate con-
stant, to the electric field, Values of E(x) snd F{b)
ranged from 107 - 108 volis/meter and up to 100 respective-
ly. It wss now poasible to find the change in log f with
reciprocal temperatures art constant electric field to ob-
tein the activaticon energy of the observed relaesxastion
procees, A value of 15,4 Kcal ard 17,5 Kenl were obtained

for 0,050M HCl and 0,025M HCl reepectively,
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Illustrations

Flgure 1, Schematic of the noise, voltage measuring
syasteam,

Figure 2. The plexiglass cell used for noise measurements,

Figure 3, The Philbrick P85AH preasmplifier hooked up as

a follower with a gain of 100,

Figure 4, Scheamatic of the system for distance profiles

of noise and membhrane vol tage,

Figure 5, Voltage and noise va, current curves for

0.10M NalCl,

() Membrane volts va, current for

MA 3148 anion exchange membrane,

. Manbrane volts ves, current for

MC 3235 cation exchange mambrane,

[] Total noise va, current for

MA 3148 anion exchange maembrane.

B Total noise ve, current for

MC 3235 cation exchange membrane,

Figure 6, Nolse-time oscilloscope display, 5 sec/div,

Tops MC 3142, 0,032 HC1l, 44 ma/cm=,

Bottom: MA 3148, 0,050M Nacl, 16 ma/cmg.



Figure 7, Voltage-time oscilloscope display for
MC 3235 at different HC1l concentrations and
current densities,
a) 0,10M KECl, 5 sec,/div,, 0,225
volts/div, PFrom top to bottom:

J in ma/cmgz 167, 125, 100, 83,

b) QO50M HC1l, 5 mec,/div,, 0.225
volts/div, From top to bottom:

J in ma/cmzz 67, 60, 42, 37,5, 33,

¢) 0.,010M HC1l, 2 sec./div,, 0,75
voltes/div, From top to bottom:

J in ma/em~s 67, 50, 33, 17, 12,

Figure 8, Change of resiatance,l, with J for LHC1
J

solutions and MC 3235,

l. 0,0]1@® HC1
24 0,025M HC1
3e 0,050M HC1

4, 0.10M HC1

Figure 9, Voltage=-time oBcllloscope display for 0,029M
HC1l with two different cation exchange mem=-

branen,

&) MC 3142, 5 sec./div, ¥From top
to bottom: J in ma/em>s 11, 16.5,

22

, 33, 44, 55,



b) MC 3235, 10 sec,/div,, 0.67
volts/div. From top to bottom:
J in ma/cmzz 13, 17, 25, 33, 50,
67. Notet Electrometer output

was inverted,

Figure 10, Voltage-time gurvea at various distances, x
from membrane, }C 3142, 0,028 HC1l, 44 ma/cm?,
2 mec,/div,, 0,2 volts/div, From top te

bottoms x in 10" %em: o0, 40, 200, 800, 200,

Figure 11, Voltage-titime curve with micro~electrode
touching and possibly penetrating the mem-
brane, IMC 3142, 0,025M 1Cl, 1 sec,/div.,
0,05 volts/div. #From top to bottom: J
in ma/cm~s 33, 33, 44, 55, Notes The
first run at 33 ma/cm2 triggered after

tlie sweep was initiated

Figure 12, Vol tage-time curves for Na.,,HPO4 with MC 3235

and NaCl with MA 3148,
n) 0,056M Na;P()‘, 1C 3235, 5 sec./div.,
0,334 volts/div, *rom top to bottom:

J in ma/cmgz 33, 42, s0, 67, 83,

b) 0,10M NaCl, A 3148, 5 sec,/div,,
0,835 volta/div, From top to bottom:
J in ma/cmgs 11, 22, 33, 44
Note: Flectrometer output hs#s besan

inverted,



Figure 13,

Figure 14,

Figure 15,

Figure 16,

Figure 17,

Figure 18,

Figure 19,

Membrane volts and noise ve, distance,

MC 3235, 0,028M HC1, 83 ma/cm-.

Provomed equivalent circuilt to explain the

noiase distance curve of figure 13,

Band-pass spectra of 0,10M Nazso4 with
MA 3148 at three different currenta, From

top to bottoms: ma/cmﬂz 44, °22, 11,

RBand- pass spectra of cupric and sodium ionse:
0.10M CuSO,, NC 3235, 44 me/cm®
0.10M CuS0,, MC 3142, 44 ms/cm?
0.056K Na HPO , MC 3235, 44 ma,/cm*

Band-pass gpectra of O0,1M CuSO‘ with
MC 3235 using ceopper and platinum electrodes
at 44 ma/cmz.

e ¢« » Platlinmum

o o o Copper

Band-pass spectra of 0,10M CuSO4 with
MC 37235 at various current densitiesn,
From top to bottom in ma/em”: 54, 43, 33,

22, background,

RBand-pass mpectra of 0,050M CaCl, with

2

MC 3235 at various current denmitiea, From

top to bottom in ma/em~: 33, 19, 16,
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Figure 26, Plot of break frequency f, with total ncimse
and maembrane voltage for 0,050M HC1l, MC 3235,
30°C.,

1. Membrane volts,

2. Total noise x10% in rms volts.

Pigure 27, Diffusion noise from 0,10M CuSO4 passing
through a hole 0,6mm in diameter and 3,3mm
long.,

a) Power spectrum,

b) IR drop vs, ourrent dersity,

Pigure 28, Plot of log X vs %
(O 0,025 HC1l, MC 3235
& 0,050M HC1, MC 3235

Figure 29, Plot of log B ve %
O  o0,050M HC1, MC 3235

& 0,025M HC1, MC 3235

Figure 30, Correoted curves fors J = X§ + 8
A, 0.,050M HC]
B. 0,025M HC1

1, 19°%, 2. 30°%, 3., 40°C, 4. 49°C,

Figure 31, Plot of F[b)E(x)2 vs. B(x)., Prom 1 to 4:
49°c, 40%°, 30°%, 19°,
A, 0,050M HO1
B, 0,025M HC1
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34,
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36,

37.

Plot of ¥{b) ve. E(x). From 1 to 4:
49°%, 40°%, 30°, 19°,

A. 0,050M HC1

B. 0,025M HC1

rf o 1 ve. B(x). From 1 to 41
2Tt

49°c, 40%, 30°, 19°c,.

A, 0,050M HC]
B, 0,025 HCI
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l. 0,050M HC1l Ea g 15,4 Kcal
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Equivelent oircuit for filtered noilse,

Power spesctrm with a relaxation time of
103 seconds unfiltersd (1) and filtered

through a low-pass filter (2),
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at various time intervals after current is
applied,

Co & Bulk concentration,

O = Membrane surface,
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depletion layer,
tes ® Time for the formation of a
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Pigure 38, T™The super-poasition of -2 noise source with
a noise source with a relaxation time of

10~4 seconds.

Figure 39, Comparison of power spectra of NaCl and
FaffPO, with MC 3235 at 43 ma/cm® .
1, 0.05&M HagPO4
24 0.,10M NaCl

Fligure 40, Provosed qualitative prefile of specifico
resistance with distance from membrane,
Rd s Speoific resistance of region of
thickness, a, where water dissoci-
ation occurs,
Ro = Specific resistance of the btulk

solution,

Figure 41, Current source noise with HCl spectra to show
urmmodified white noise, Broken line repre~
sents the external white noise level supplied
by the 1390-B random noise generastor. The

initial slope is a HCl spectrum at 31 ma/cm2

with MC 3235,



Introduction

The intricate chemical balance neceasary for life would
not be possible tut for the melective control of material
fluxes by membranes. Although membranes had been long rec-
ognized as vital physlological entities, the characteriza-
tion of their chemical composition and electrophysiological
properties are recent developments and still subjects of
active 1nveatigation.1

The biological systems demonstrate the potential uses
of synthetie membranes which at present have not been real-
ized. Even as scientific interest intensifies, social de-
velopments suggest use of synthetic membranes as & sclution
of a criticel problem, As the technological capacity of
industrial man increases he is faced with an increasing
pollution problem that threatens otherwise stable ecologi-
cal systems, For this problem alone, artificial membranes

offer a tremendous potential,

The facet of fundamental Iimportance that has thus far
aluded investigators i1s the mode and energetics of membrane
traneport, Success 1in this phase of the inquiry would con-

stitute a new breakthrough in biclogical science,

While electrophysioclogists devote intensive efforts
to the very complex problems of tviologlical membrane trans-

port, the energetios of ion transport of the relatively



simple commercial membranes still remain only rudimentarily
defineal, It is on this problem that we have decided to focus
our investigation with a tool as yet essentially untried

in membrane studies: the analysis of fluctuations associ-

ated with transport,

Our system is made up of two lonic solutions separated
by an ion exchange membrane, An electrode in each compart-
ment connected to a dry cell battery provides the energy
for the transport of ions across the membrans, The move=
ment of the ions through the soclution and the membrane is
a random process which imparts a fluctuating component to
the direct current supplied by the battery. This fluctu-
ating component, commonly referred to as noise, is amplified
and resolved by frequency to give information about the

transport process,

The ramainder of the introduction is devoted to the
development of lon-exchange and noise theories which were

aprlied to this study,



1. Different Approaches to Membrane Transport

Current treatments of meambrane kinetics may be grouped
into three categories based on the nature of the flux equa-
2
tion used in the formulatiocns, The first group uses the

Nernst-Planck equation as the basic flux equation
(1) - Jwy + T - -P\);C;‘l;—-y‘;‘“‘ - wnl B

JW) = flux of species . due to diffusion,

Jiws flux due to migration in an electrie
field,

D. a diffusion coefficient,
G, = activity.

M. w mobility,

C. z concentration.

Eua electric rield.

2. = mmber of charges on the ion,

The second group uses the theorems of Irreversible
Thermodynamics to evaluate the fluxes, The fundamental

3
theoran gives the expression for entropy productions

(2) T - 23X

where the J.» are the fluxes and the X. ¢ are the cone
Jugate forces corresponding to the gradients of the inten-

sive properties, The fluxes are related to the phenomenol~



oglcal coefficents, L., by:

(3) s e

The Onsager reciprocal relations require that L= Lwi
such that the phenomenoclogical coefficients form a sym-

metric, square matrix:
(4) T = [La) X

The third category utilizes the theory of rate proc=
esses, end requires knowledge of the potential energy pro=-
file within thhe membrane, This approach 18 still in a ru-
dimentary state of development because the system 1is too
complex for rigorous theoretlical treatment and a detailed
picture of the internal kinetices of membrane transport has

not been accessible to conventional experimental techniques,

However, electrical noise analyses has been used suc~
cessfully to study transport kinetics in semoconductors and
the theory of fluctuations and the experimental applicsetions
have be~rn puffliciently developed to make applicaetions fea~
sible in membrane transport, Since noise ie directly re-
lated to the microscopic interactions of the systems, kinet-
ic information should be obtained directly from tlie observed

fluc tuations,



IX. Equilibris and Permselectivity

lon exchange membranes have fixed ionic groups on the
membrane matrix.6 When immersed in an ionic solution the
presence of fixed ionic groups (—SO‘S, -CO'; etec, in cat=
ion exchange membranes, and -KH'y, SNH} ete. in anion
exchanges) causes exclusion of colons by electrostatic re-
pulsion, This is a result of the membrane equilibria and
the consequent membdbrane potential, the relaticns of which
was derived by F, G, Donna.nsa.nd bears his name, By equa~
ting the chemical potential of solvents, and the diffusable
ions 1n the two phases, two equations for the osmotic pres-

nve ?" 6'
sures obtained,

i

(s) a) UT;'- Uc:, « Y, + Wl in0 ® 2 vapor pressure of
- U: the solvent,

a‘-
b) PLPL. LA ;2 cheamical potential
v N a of solvent.

i L]
e} U.-U - U U U,U.2 chemical potential
cf — and + 1ion,

T a On 0~
4) ?-0 zf}d_\nﬁ \/ - partial molar vol-

ume,

w1,a = Boltzman's constant
temperature, a.ctivi%y.

Subscripts denote solvent or charged species, super-
scripts I and II denotes the phase with the nondiffusitle

ion and the phase with unreatricted mobility respectively.



T L 4
On eliminating ?;?4 , the equilibrium law is obtaineds

—

R0 ot Ve Ny
(6) C‘i—"{q‘— = (gll) Vs
G, 0. Q.

The electrical potential acroms th2 interface 1is given Dbys

[

. RIS
(7) Vo e \n—m*r

Permeselectivity of ion exchange membranes devalops when the
counterion activity in the bathing soclution is leas than
in the membrane phase, The difference in activity causes
the counterion to diffuse into the region of lower poten-
tial, A similar migration of coion into the membrane
(region of lower potential for the coion) occurs. The

net result 1s the formation of an electrostatic potential
at the membrane interface called the Donnan Poten‘tfua.‘.l..6

T™e Donnan equilibrium is established when the electrostat-
ic potentirl balances the chemical potential at the state
of minimum electrochemicel free energy, A stable elesctro-
static potential develops across the interface, which acts
as an electrostatic barrier to coions (Donnan exclusion)
the macroscoploc manifestation of which is the permselec-
tivity observed in ion exchange membranea, It follows

that the permselectivity of a meambrane decreases with in-
creasing soclution electrolyte concentration. Permselectiv-
ity no longer existe when the activity of the counterion
in the sclution equals or exceeds the activity in the mem-

brane phase,



ITI Membrans Transport

It is convenient to evaluate tranaport in terms of
flux which is the flow of the quantity of interest per unit
area per unit time., The driving forces for fluxes are the
gradients of the intenmive variables of the ayatem.z’ 3 A
chemical potential gradient resulte in diffuaion and osmosis,
An electric field {(gradient of the electrical potential) is
responsible for drift (migration or conduction) and elec-
troosmosis which is the flow of solvent through a saniper-
meable membrane due to an electric field, Temperature and
pressure gradients give rise to heat conduction, thermo-
osmosis and hydraulic permeability (reverae osmosis), 'Tne
interactions are such that a chemical potential gradient can
cause an electrostatic potential difference (membrane poten-
tial) such as the Donnan potential., Similariy, & temperature
gradient can result in a chemical potential gradient (Soret
effect) and an electrostatic potential gradient can result
in the thermal diffusion potential, As previously stated
the products of the forces and the Onsager coefficlents form
eleamenta of the flux vector and these form a square symmetric
lnatri.x.e

Membrane effecte when observed under the conditions of
constant bulk concentration and temperature with pressure
and electrical potential as variables are called electro-

3
kinetic effects,



When the fluxes result from differences in electrical
and chemical potentials only, the Nermst-Planck equation
and Fick's diffusion laws can be a.pplied.z Most electrode
processes arxl electrolyte conductivity studles fall into

this c¢category.

The effect of an 1on- exchange membrane on an elec-
trolyte in the presence of an electric field is to increase
the transport mumber of the counter~-ion in the membrane.
wWhen Donnan exclusion is complete the transport number of
the counter-ion in the membrane will be one, The membrane
charge carriers may not bte the pame as the polution chaxge
carriers for this reason since the solution current will be

carried by both echarged carriers,

An effect of the Donnan exclusion can be seen when the
current density ies increased gradually, Due ito the differ-
ence in the counter-ion transport numbers, the counter-ion
transport through the membrane is faster than through the
soclution, This causes an electrolyte depletion at the mem-
brane surface, The difference in the transport number must
be made up for by diffusion and convection, With increas-
ing current density a ¢ritical current density is reached
when the additional flux from diffusion and convection can
no longer bridge the gap, The concentration at the mem-

brane surface dropms and the electiric field becomes suffi-




ciently large to dissociate water, Any further increase in
the flux will come fram the dissociation productis of water,
A voltage-current plot would show a vertical riae in the
voltage drop across the mambrane at the critical current
denaity.g Gregor and Millerloconcluded that a field of 103
volts/cm was sufficlient to significantly affect water dis-
soclation at the membrane surface. Their results were

based on the knowledge of a Nernst layer thickness, d » the
transport number, tu« , of protons from water dissociation
and an assumed discontinuity of the dissocliation constant

at the membrane surface, The Nernat layer, the layer on the
membr-ne surface that ia not disturbed by stirring, was
c~lculated from diffusion studies based on the Nernst-Planck

equation,

IV Noise Theory

In a generalized sense, noise is the fluctuation of a
11

random variable, The observed parameter o 1is the deviation
of the themodynamic extensive variables, a, from an equilij-

brium value, a or from some steady state value 8.

eq’ 8

(8) A - a -8

ol - a - aaa

The force, ). , conjugate to o, can be expressed in



terms of the fundamental thermodynamic potential, entropy,
4
S

- _ a5
(9) XL - —a—;;

The total noise can be analyzed intoc its various Fourier
¢components by means of a filter, The ocutput then is the
power spectrum, The Wiener-Khintchin theorumliﬁcii that
this power spectrum is the Fourler cosine transform of the

correlation function:

4 Re EC(t) c““’tdt
4 ( Ct) Coswt dr

"

(10) G

1T

Where f is the frequency 2Mw and t is time,

It follows that knowledge of the correlation function
completely specifies the power spectrum by use of the
13
Fourier integrsl theoremt

[J.M(t "‘)]

(11) Yoy = e gdu g Fn C dL

The correlation function is given by

(12) Cty = § G Coswr dS

Kinetic information is contained in the correlation
function, which is defined as the time average of the prod-

uet of A(t) and o(t+T )1

(13) Ciy = {atott-n) - Lolla 2CTyy
T = -t

- 10 =



A few limitations have been imposed on the system in

the above expression for C(T).

(1) The system is Markoffian such that knowledge of
the value of « at time, t, determines the value
of this variable at all later times which makes

any knowledge of o prior to t obmolete,

(2) The system is stationary, i,e,, at equilibrium

or at a nonequilibrium steady state such that
Wit T « (e VY

(3) The time average of (o) is zero, i,e,, ol = X}=0

Since the correlation function is the second moment of
the distribution function of the Markoff variable, the power
spec trum can be calculated from the distribution function.

A distribution function is comnletely specified by all its
moments, However, for equilibriws fluctuations the second
manents can be obtalined exactly starting from Boltzmann'as

stateament relating entropy S to probability N ]

W in W
S de

(14) S
o N

1l

1]

The second momente calculated from this distriwmation
14
woare shown to be exact,

(15) W(-Q = N cxP('i-a%g)

-~ 11 -



For the nonequilibrium fluctuations, & linear system
defined as a system with linear responses to the forceu,ll
gives rise to a Gaussian distriwmtion, W(ﬂ). The same
treatment can be applied to quasi-linear systems of suffi-
ciently small fluctuations or where the deviation from lin-
earity is not appreciable, Assuming that o is a Markoffian
random variable, of 18 completely specified by the condition-
8l probability Plade\alt] | This conditional probability

4, 15
muet obey the Smoluchowski consistency condition.

(16) Placonaw) - Saa Pl e} Wis st ]

where Wix|dat] 18 the transition probability from of to A
in time At which is assumed knewn from prior investigations

into astatistical mechanice,

The ensemble average of ol {t) subject to initial con-

ditions can be obtarined from the conditional probability:

H

{ o Plaalod,t +at] 4
§ doc Pl ) (de . WL ot}

(17) Lklt + otV

t

The condition of linearity gives a linear expression

for the last integral of the form:

(18) de.ok Well,at) = of - Adat
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Thent

(19) lolterty) = (o) - Ny at

To glives
(20) déatn)y = -Alate)y
At
(21) (A)) = Ko xp = (AL)

The correlation function is then given as:

(22) <d(t)db> = (d.o{} exe *(f\t)

where /\ is the relaxation matrix containing the relaxa-
tion times,

When ths behavior of the syatem can be characterized
by a gingle relaxation time the correlation function can he

set immediately as:
(23) C(T) = <Laax? E‘P"@c‘)

where T 1s relaxation time., In this situation all the
thermodynamie variables follow the same regression law de-
termined by the characteristic relaxation tima.16

For a linear systeam the microscopic regressiocn obeys
the macroscoplic laws of motion, the difference between a
fluctuation and a macroscopic displacement being one of aize,‘l

thus the power spectrum arising from the fluctuations can

be obtained from the phenomenologicsal equations describing



14,15
the macroscopic system '~ , Then noise from transport phe-

nomena can be calculsted from the Green's function g{x,t;xjt')
of the transport equationl5'lﬂ. For the case of transport due
to drift and diffusion, the Green's function of Fick'as second

law i=s appronriate.l3

(24) Iqlxt x'¢) = th%“,t;ﬂ,f) re ut_?fx.g,!{,f) + Jlﬂé(}(' )
at %t X )

The Green's function gives the value of g at x at time t
due to a concentration disturbance by & unit impulse at x'
et time t'. The power mpectrum ia obtained by integrating
the Tourier transform of g(x,t;x',t') over x and x'.

For the case of a clietical resction, the nhenomenolo-
gical equation of motion is the decay to equilivrinum of =

17
diaplaceanemt contained in the rate laws,

(25) %g— = - M
A 2o

a;-&i;

M is the symmetric relaxastion matrix, anslogous to /A contain-
ing the chemical relsxation times, The oL's are tne prin-
civle axes of the chemical system and are obtained from the
true concentration variables by an affine coordin:te transe

formation, The true concentration variable B: b-b 18

related to ™ by:

(26) B = 2 rine

-14=



The value B is the displacement of the concentration b from

the equilibrium concentration ?3.

For a simple reactior involving an equilibrium of a dis-

sociating epecies:s

R . -
(27) P\B e A * %

(%

The time behavior of a fluctuation is characterized by &

single relaxation time T , which ie given by:

(28) T . —— o
h& + t‘(CA*C§)

RATE
A = d,C

The correletion function is:

a -/
(29) C(ty = Koo € ¢

The power spectrum is given by:

(30) Guy = A7 T
TR S TR

A graph of the Log P va, Log f shows that the spectrum
is flet (white) up to the neighborhood where w is equel
to % after which point the power spectrum decays by UJ"2.
Johnson noise, the noise characteristic of all resistances
hams been explained in this form but by a microscopic deriva-
tion of the Nyquist theorem. (This theorem was first derived

by Nyquist using the losmless transmission line model,} The
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microscopic derivation gives a relaxation time of the order
of the jump time of electron, This makes the Nyquist noise
white up to 1012 Hertz which is inaccessible to experimental
verification.12

The methods described have been used successfully to
explaln shot noise, drift noiese, generation-recombination
noise and ncise of mixed origins.15’ 20

One previous attempt to use noise measurements to
study transport kinetics across a bioclogical membrane found
only 1/f noise attributed to passive potassium tranaport.21
(The term "1/f noise” is used tco describe noise sources
whose power dissipation is inversely proportional to the fre-
quency, The phenomenomn is observed commonly in semiconduc-
tors but anrlyses have not reaultgd in any firmm conclusions
as to cause, A theoretical model'2£a§2d on a distribution
of energy states indicates that 1/f noise or modified forms
of it could be demcriptive of potential energy profiles

within a membrane.)

v Relation of ¥oise to lMembrane Transport

Previous axperimental studies of membrane kinetice have
dealt with measurements of diffusion coefficients and elec-
trokinetio effects., The kinetic measuraments within the mam-
brane by such conventiomal methods are sericusly hindered
by the fact that ion exchange is usually not the rate deter-

2, €
mining step,



Theoretical treatments are hampered by the usual dif-
ficuities in the study of strong electrolytes, The lower
activities observed with polyelecirolyte solutions have
been explained in terma of ion-binding of counterions to the
polyelectrolyte backbona.24

Such binding would lead to a potential energy topo-
gzraphy consisting of a sequence of potential snergy bar-
riers to ion transport, Theoretical investigations have
been made based on hypothetical potential energy profilel2
but it would be helpful to obtain some kinetic data for

the ion~binding mechanism itself,

The similarity of the lon-binding process to the gen-
eration-recombination mechanism of semiconductors 1ia worth
noting, The dissoclation of an ion at a site on the poly-
elecitrolyte resanbles the excitation of an electron in a
saniconductor from the vilence band to the conduction band.zs

The analogy of ion-exchange membranes Lo semiconductors
cannot be axtended much farther than thia, The energy gap
between bands can be calculatsed from principles of quantum
mechanics and verified from spectroscopic as well as con-
ductivity studies, 1In addition, othier intermediate snergy
levels can be iIntroduced by impurities or crystal defects,
These levelas act as trapping sites of thie charge carriers

such that the conductivity is lowered,



On the other hand, the ion-binding force of polyelec-
trolytes salts is expected to be purely electrostatic and
localized, As Buch,solvation effects, steric effects, and
space charge effects from nelghboring sites become impor-
tant, The conductivity is also dependent on pore sizes due
to frictional effects on the migrating ion amxd the tortu-
oslty factor which affects diffusivity by lengthening the
diffusion path.26 In addition, electrokinetic effects must
be considered,

Whereas in semiconductors only two species of charge

carriergs exist, electrons and holes, mambrane chiarge car-

riers can vary with respect to charge, mass and volume,

The basioc considerations indicate that i;embrane proc-
easee will be more complex than solid state processes,
However the larger variability of thne membrane parameters
may aerve to incrsuse the understanding of random processes

iteself,

The attractive feature of noise analysis is the possi-
bility of observing relaxation times associated with proc-
essas other than the rate determining step., The noise ax-
pected from & particular sequence of steps can be obtained
from the solution of the continuity equation under appropri-
ate boundary cormditions, In this way it is possible that
the energetics of the ion-binding processes will reveal

iteelf in the power spectrum of the generated noise,



EXPERIM sNTAL

I Genersal Scheme

Measurement of electrical fluctuations across the mem=-
brane cells for two compartments separated by a2 mambrane, A
noise-free constant current dc field supplied by two outer
electrodes causes the ions to migrate scross the manbrane. The
fluctuations caused by the transport processes are picked up
by another pair of electrodes placed oppoasite each other on
either side of the membrane which feeds into a low nuise pre-
amplifier, This noise is fed to a svectrum analyzer to ob-
tain the power spectrum, In the early phases of the investi-
getion, a Khronhite model 3210t band-pasms filter with a band
width of the order of thLe center frequency was used, Later
a Tektronix 315 spectrum snalyzer with variable resclution
down to 10Hz Ybecame availeble, The neoise cell de current
circuit and the preamplifier were plrmced in an aluminum box

lined with magnetic shielding to minimize pickup,

The cell current was supplied by a 90 volt carbon-zinc
battery, A 100K potentiometer wrs connected in series with
the cell served as a swamping rTesistor and = current control
device, A milliammeter was connected in s+«ries in the
circuit for current measurement, then removed during spec-

trum analysis (Figure 1),
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Figure 1, Schematic of the noise, voltage measuring system,
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II. Hoise Cells

Two types of cells were constructed to serve this func-
tion, Both ware fitted for temperature control from an ax-
temal reservolr, The firet consisted of two cylindrical
compartments sach having a 2 ml, volume, The compartments
were separated by a membrane taped onto a rubber gasket,

The tape, which was impermeable to water, was provided with
a hole 3,5 mm, in diasmeter, Brass bolts, paased through the
four cornersa of flanges attached to the outer ends of the
compartmnents, served to hold the assenbly together, Thers
wera threa holes in the top of each comnartment. Two outer
holes held the field electrodes which provided the current,.
The inner holes, positioned ams close am possible on elther
side of the mambrane, held the probe eleoctrodeas. The cen=-

ter holes were used to change solutions,

A plexiglass box with inner dimensions of 4,0em, by
10,9cm, by 3.0cm., divided into two compartments by a middle
divider with a hole served &s a second cell, The gover for
thls csll had five holes on each half, Two holes on each
side held the electrodes, Two more holes were used for
circulating heating o011l through glass tubing that extended
into the solution. The last hole wee used to change solu=-

tions, (Figure 2)
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Figure 2, The plexiglass cell used for noise measurements,
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II1 Material

The membranes were obtained in 9x12 imch sheets from
the Ionac Chemical Company. They consisted of crosslinked
sulfonated polystyrene for the cation membranes, }C-3142
and MC-3235 and crosslinked aminated polystyrene for anion
membranes MA- 3148 and MA-:S?,S(;. The general properties sup-
plied by the manufacturer for MC-3142, MC-3235, MA-3148 ard
MA= 3736 respectively were: ac electrical resistance in 0,1
N NaCl, in ohm-cm“: 9,1, 18, 10.1 and 35; membrane thick-
ness, in milss 6, 12, 7 and 12} approximate density, in gm-
en” 23 196, 358, 196 and 3583 cavacity in mequiv om-2: 0,021,

0.045, 0,019 and 0,027,

Circular piecea of membrane were cut out with cork bor-
erg of 11 mm, diameter, The membrane was taped onto the
rubber guaaket in the camse of the cylindrical cell and to the
center plece on the larger cell with a rectansular plece of
Mystik tape, Friction tape was used above roam temperature
because Mystik tape deteriorated, The membrane area expossed
to transport was determined by the diameter of a hole pre-
viously cut into the tape, Holes with three different dia-

meters were ueed on the tape: 3.5 mm., 3,2 mm. and 2,75 mm,

Platinum electrodes were used for most of the measure-
ments, The platinum was cleaned periodically by heating in

the oxidizing part of the bunaen burner flame, The platinum



electrode is adequate for nolse (ac) measurements but 1is

not a reversibvle electrode, Comparison of a reversible
electrode with platinum electrodes was made by using copper
wire with copper sulfate solutions and silver-silver chloride

slectrodes with chloride salts,

v General Prpoocedures

The mambranes were soaked in distilled water a mini-
mum of 24 hours before use, The membrane was positioned in-
to prlace with tape as described earlier, To convert the mem-
brane to the counterion salt of interest, the cell was
filled with the Balt solution and a current of 1 ma was
passed through the meambrane for 5 to 10 mimites. The solu-
tion was changed before meapurements were taken, XEo effects
attrimuted to a possible lack of equilibration were observed

in any of the results,

The desired current was set by adjusting the swamping
potentiometer with a milliameter, The cover was placed on
the chassia and the total noise was recorded, In the case
of the bard-pases filter, measurements were taken at threce
equidistant points on the log of Hz scale per decade (1lOHz,
20Hz, 50Hz, etc.,). To plot as a power spectrum a conver-

sion had to be made,

Power is proportional to va, P = %2_, and the power

spectrum is a function of frequency, However, the measured



rms voltage represents a beand width, af, Therefore as mea-

sureds

- V&
(31) o=

oty

The data were generally plotted in terms of decibels

va, log of frequency,

(32) db = 10 log E.
Po

ve
® 10 1log —%5 -~ log R - log ¢
Vo

0

Since log R was a constant, 1t only served to shift the
curve up or down ard 1t was ignored, Thia gave a final form
of db = 20 log V - log f. Decibels could be read directly
on the meter and Af was equal to f for the Khronhite model

3100 fil ter,

Higher resolution was made pos3ible when a Tektronix
3LS spectrum analyzer was obtained, This instrument die-
played the nolse spectrum on the oscilloscope in frequency
ranges of 100Hz, 200Hz, 500H=s, 1KHz, 2KHz, 5Kiz, 10KHz, 100KHz,
1MHz, with resolutions of 10, 20, 50, 100, 200, 500, 1lKHz,
10KHz and 100KHz, Sweep rates of 1 microsec./div. to

15 mec./div, were available including & mamual sweep,
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v The 315 on an Automatic Sweep

It had been hoped that the 3L5 would give useful spec=
tra either uon the CRT whieh could be photographed or on a
suitable recorder which could be connected to the 3L5 out-
put, This method would then give a continuous spectrum

in an efficient and uniform manner,

However, mseveral coamplications made this method im-
practical, By the nature of a power spectrum it was more
significant to obtain noise power as a function of the log
of frequemy. Since the spectirum analyzer was desligned to
swe=p linearly with respect to frequency it was necessary
to replot wvhataver data was odtained from the 3L5, There
was also a finite time within whioh a complete measurement
had to be made since the concentration changed with time
due to the transport of ion and the slectrode reactions,
Therefore 1t was desirable to sweep the lower fresquencies
which neoessarily required higher rasolutions and thus
longer averaging time at a lower rate and to increase the
reanlution and sweep rate at higher frequencies, The speo-

trum analyzer was not designed for thesme requirements,

An attempt was 8til]l made to use the automatic sweep,
Pnotographs taken nt various sweep rates and resolutions
when replotted could not be made continuous from one pioture

to the next, Several difficulties became immediately obvious,
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The apparent amplitude on the photograph was a funotion of
the trace intensity amd exposure time in addition to the
resolution and atteruation setting, The oscillscope inten-
sity could be set at one position for as long as necessary,
However, the exposure times was determined by the swesp

rate which could not be compensated for very easily. Then
it was found that the resclution was not independent of
dispersion and center frequency settings, As a result
photographe of overlapping portions of tlie spectrum did not

overlap when replotted,

To circumvent these artificial parumeters injected by
the varying intensity on the photogrsph the oscilloscope
output was fed to a recorder, Thie method still did not
remove the difficulty of the varying band width of the
various 315 settings, However, the main setback was still
the lack of efficiency in tems of time and precision of a

sweep that wae linear with frequency,

It beceme obvious that a manual sweep was the moat
advantageous mode of operation., A manusl sweep allowed
as much time averaging as was deaired and it permitted ob-
servation of only the points of intereat, Precise calibra-
tion In terme of frequency was easier and it removed the
intermediate Btep of extracting data from a photograph or
recorder chart paper, The difficulty of the varying band

width was avoided by using & single reeolution throughout
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the messurement. Since the 3L5 freed the RMS voltmeter,
it wae now possible to monitor membrane voltage and total
noise throughout the periocd of epectrum analysis, This
last method required from 7 to 15 minmites to obtain 6

points per decade for a spectrum,

For current nolse and current-voltage measurements it
would have been convenlient to have external control of the
swemping resistor and a milt-4in vieible ammeter, Wwhether
this can be done without excemsive pickup must be investi-
gated. Am arranged these measurements had to be done by
firet putting an ammeter into the circuit to measure the
current, remove the ammeter, replace the chaesis cover and
take a noise reading, As many points as necessary were
taken In thie manner, The same procedure was repeated for
vol tage measurements, wiich did not require shielding, An
additional output BENC plug on the chassis for simul tanecuns

voltage readinge was a later modification,

Hoise-time measuranents required an externsl control
to switeh on the current with minimum pickup, Thie was
accomplished by installing a mercury switoh into the cir-
cuit, A flat piece of plastic with a loop to hold the mer-
cury switch was slipped between the cover and base of the
chaseis, The current was set at the desired value, and the
output connected to the 3L5 fitted with a camera, The cam-

era, The camers was set on time exposure and the cell and
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osollloscope sweep activated together,

12! The AC Amplifier Circuit

The main requireanents of s preamplifier for this in-
vestigation were a high input impedance, wide range frequen=
¢y response, up to 100KHz, low nolse and high gain. A
Prnilbrick P85AH operational amplifier used ams a follower

with 8 gain of 100 served these purposes (Figure 3},

An additional gnin of 100 was obtained when necessary
with a 466A Hewlett=-Packard operatlonal amplifier with max-
imum output of 1,5VRMS, Amplifier noise wam a function of
the input impedance which was determined by the resistor
which grounded the input capacitor. W .en this resistor was

1 megohm the total amplifier noise was 5,7 uV, referred to

input,

Another low noise self-c¢contained am:lifier, LA260V from
Aprlied Cybernetics was used, This amplifier had a total
noise level of 1,4 uyV¥, In both cases an input capacitance
of 3uf was put in series with the input to block out the
de signal, This made it necessary to lower the input re-
slatance of the amplifier mo that large fluctuations would
not block the ac response, Such blocking could be observed
on the oscilloscope display as a cutting-off of the signal,
This was progressively diminished as the input resistance
was lowered, However, too small a time constant decreased

the low frequency response, the cut-off frequency follow=
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Figure 3, The Philbrick PBSAH preasmplifier hooked up as

a follower with a gain of 100,
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1

ing the relation of a high pass filters [ -

The final workahle instrumental sequence for the IL5
will now be discussed., The schematic can be seen in Figure 3.
The amplified noise from the amplifier was paosed through
the Krohnhite Model 3100 filter set as a high pass filter,
(it was found to be necessary to cut off frequencies below
that being measured in order to prevent overloading the spec-

trum analyzer which was found to have approximately a 30 db

dynamic range.)

The 3L5 was set for the frequency range and resoclution
of interest and the frequency desired set manmually, The
emplitude was measured by feeding the oscillscope output to
8 Kelthley slectrometer, Scme damping was nucessary to
facllitate meter reading and this was zccomplished by con-

necting a 1000 uF capacitor across the omcilloscope output,

Use of the mamal sweep procduced some unexpected com-
plications, The 315 was fitted with a potentiometer voltiage
output to be fed into the time base set for external input,
The oscllloscope required only 1lv for a full-acale horizon-
tal deflection., However, the 3L5 mamial sweep genersted 10
volte full-scale, Since it wos desirable to have a visible
signal for callibration purposes the manual sweep was atien-
uated with a simple voltage divider to make the mamial sweep
coincide with the oscilloscope displey.



The size of the manmual sweep signal fed into the time
base affects the calibration of the 3L5, To obtain maximum
accuracy the 3L5 calibration procedure pet in the manual
should be followed for each value of the input te the time
base, However, even with the most careful calibration it
was found that the dispersion was not linear with the hori-
zontal displacement of the oscilloscope trace, This made
necessary a callbration graph of the frequency dispersion
(Hz/div) with respect to the horizontal displacement by
means of & sine-wave generator, Thia sine wave generator
was in turn ¢ealibrated with a General Radio Type 1150-B

digital fregquency meter,

VIl Regponse _Cheok

A backgroumnd power specirum was taken periodically.
The total background noise wes 5,7 uvV for a 1M input resis-
tor, To check the frequency response of the amplifier sys-
ten, white noise from a General Radic 1390-B White Noise
Generator was fed into the preamp input and the ami:lifier
responee recorded through the spectrum analyzer, Thims check
primarily gave an indication of the frequency response of
the amplifier and the distritmted capacitances that cause

power losses,

The dynamic power range of the amplifier was tested by
first passing the white noise through a high pass and double

high pass filter, The resulting power spectra sticuld have



slopes of w‘2 and w respectively, It was found that the
3L5 had a dynamic range of 30db beyond which it stopped re-
sponding, This necessitated the interjection of a hiyh pass
filter between amplifier and 3L5 in order to cut off the
low frequency power, By continually reducing the signal in

this manner the proper response was obtained,

Any hidden response functions that may be moderating
the sigpnal under exparimental conditions were checked by
converting the 1390-B Nolse Generator output to a current
source, This was done by inserting a 1M resistor to the
output of the Whitie Noise Generator in series with the cell,
This check showed that the instrument response to external

signels under experimental conditions remained unaffected,

VIII Menbrane Voltiage Measurements

The membrans voltage (IR drop) was measured with the
Keithley electrometer tlhirough the input electrodes, Addi-
tional leads were connected fram the input electrodes to a
ENC type male comnnector placed on the chasmis, In this
manner the noise and the voltage could be measured simul-
taneously for each current setting. The absclute voltage
wes unreliahle due to the irreversibility of the platinum
elec trode, The irreversibility caused a hyatereais effect
on the current-voltage plot, Nevertheless, the effect of

the denletion layer could be graphically examined as a mharp
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unamdiguous decrease in conductance at the critical current

dens ity.

1X Temperature Studies

Most of the controlled temperature studies were carried
out with the large cell, Silicone o0il from s Mesagerate-
Werk lauda Udltra K2 Thermostat was circulated via tygon tubes
that passed through holes on the chassis, The tygon tubea
were connected to the glasstubing whioh passedthrough the cell
cover into the solution studied, Tamperatures from 10-500C
weres obtalned in this manner, Silicone o0ill waes necessary
because lower moleculasr waight polar sclvents introduced
large 60z pickup which could be seen on the oscilloscope

display.

X Voltage/Time/Distance

Voltage vs, distance from membrane and noise vs, distance
measureaments were made by using a tapered microelectrode which
wus attached to a S5.3. White Induetrial Miniprobe Model 356-
8245Y. Tis miniprobe had a 3,.,5mm, maximum movement corres—-
ponding to a 11200 turn of an Allen wrench attachment, By
attaching a stationary protractor on the movement and a
pointer on the Allen wrench it was possible to divide the 3.5wm,
total displacement into 180 parts or to 1.94x10~3 cm/deg.

The microelectrode was prepared by passivating 10 mil
tungsten wire in saturated potassium nitrate solut ions.(’v)

The tapered wire was coated emcept for the very tip with



nail polish {wax and dissolved plexiglass were unsatisfsac-
tory) and slipped into a hyperdermic needle which acted as
a holder, A coating material that adhered properly to the
tungsten wire was not found but nail polish was found to be
barely adequate, The size of the exposed electrode tip was
measured under a microscope with calibrations on the eye-

piece and fournd to be in the range of about 2x10'3c:m.

The microelectrode was connected to an electrometer
(Keithley 610B) for vcocltage measurement and to a P85AH Phil-
brick presmplifier for itotal noise measuramenta, In this
way total noise and membrane voltare were monitored simul-
taneoualy. The ground was attached to another tungaten wire
at the opposite side of the membrane surfsce, The mslectro-
meter ocoutput wes fed into a Tektronix Type 3A72 Aual trace
smplifier plug-in with a Type 564 storage oscillcecope. The
voltage=time behavior wam photographed with the C-27 oscil=-
loscope camera, A famlly of veltage-~time curves for vari-
ous current densities was put on & single photogr:ph by uesing
a triggered eweep (Figure 7), The pulse caused by the switch
that closed the circuit wams used as the trigger. To mini-
mize pickup the first stage including the electrometer was
put on the first shelf of a bus-boy's cart and covered on
three sides with aluminum foil,

A magnifying glass was perched directly over the mem~
brane but it was not possible to observe when the electrode
made contact with the surface, Positive proof of contact
waes obtained by detecting the bending of the microelectrode

by eye. A schematic diagram is provided in Figure 4,



Tigure 4, Schematic of the system for distance profiles

of noise and membrane voltage,
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RESULTS

I General Electrical Propsrties

Cation membranes gave results that were different from
those of anion membrenes, The cation noise was not detected
below a critical current density., At the critical current
denmity, the noise level rose sharply over a short range of
current, after which 1t increased slowly. The noise from
anion membranes did not show such a relationship between
noise and critical current density. In the current-voltage
Plot the c¢ritical current density can be observed as a
sharp departure from ohmic behavior. Theae features can
be seen in Figure 5,

The critical current densities determined from current-
voltage plote for various salts and membranes and the cur-
rents at which noise was detected sre listed in Table 1,
The criticel current density increased with salt concentra-
tion and increamasing counter-ion mobility.

The time lag for the appearance of noisze on the cation
membrane was displayed on an oscilloscope and photographed,
The lag is sssociated with the time required for the forma-
tion of a depletion layer, As such, lower current densi-
ties, higher concentrations, and ions of higher mobility
have longer time lags. No time lag was observed for anion
membrane noise, This is consistent with the observed inde-
pendence of anion noise from critical current density,

These features can be seen in Figure 6,



Figure 5, Vol tage rnd noise vs., current curves for

0,10 NaC1l,

© VJFMembrane volts vs, current for

A 3148 anion exchange membrane,

® NManbrane volts va, curr-nt for

MC 3735 cation exchange membrane,

O Total noise va., current for

A 3148 anion exchange membrane,

B Total noise ve, current for

MC 37325 cation exchangye membrane,
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Ficqure 6, Noime-time oscilloscope display, 5 sec/div,
Top: INC3142, 0,033M HC1l, 44 ma/gm?,

Bottom: MNA3148, 0,050M NaCl, 16 ma/cm<,




Photographs of the time lag for the membrane voltage
buildup showed the time lag incressing with decreasing cur-
rent densities and increamsing concentrationa (Figure 7,9).
This is the expected trend for a voltage drop associated
with the formation of a depletion layer, The time depen-
dence is similar to that observed for electirode polarize-
tion in polarography, The time behavior should be obtain-
able from diffusion equations with the appropriate bound=
sry comditions,

A plot of esteady state membrane voltage ve, current
for a constant distance between the electrocdes shows an
apparent decrease In the ohmic resistance with current,

A constant resiatance corresponding to a statlonary con-
centrrtion profile would show a conastant slope on the
voltage-current curve, Figure 8 showse the apparent drop

of the resistance with the current, The voltage time
curvea for MC 3142 and IC 3235 are qusaslitatively ulike

as can be sean by comparing Flgure 9a with Figure 9b,

The voltage drop increases slowly until depletion is com=-
plete at which point the voltage increases aharply.

The V-t curves for lower concentrations (Figure 76, 0,010M)
and higher current densities puggeats vol tage contribu-
tions with different kinds of time behavior. This is
eanlly meen on curves for 42 - 67 ma/cm? of Figure 78

armd 17,0 - 67,0 ma/bmz of Figure ?C, The first part of the
curve appears to be an accelerated and amplified version of

curves at lower current and higher concentrations which is

- R4 -



Figure 7, Voltage-time curves for HCl1l and NC3235, 5 sec/div,
04275 volts/div,
a) 0,10M HCl, “rom top to bottom in
ma/cm~s 167, 125, 100, 83.

b) 0,050 HC1l, From top to bo.tom in

2
ma/cm” s 67, €0, 42, 37,5, 33,




Figure 7, Voltaege-time curves for HC1l and MC3235,
2 sec,/div., 0,75 volts/div,

c) 0.010M HC1l, From top to bottom in

ma/cm”: 67, 50, 33, 17, 1°,
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Pipure 9, Voltege=time curvea for 0,025M HCl with two dif-
ferent cation exchange membranes,
a) MC3142, 5 sec/div, From top to bottom in
ma/em~: 11, 16,5, 27, 33, 44, 55,
b) MC3235, 10 asec/div., 0,67 volts/div, From
top to bottom in ma/cm~: 13, 17, 25, 33, 50,

67, Note: Electrometer output was inverted,
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the pattern associated with the formation of a depletion
layer, The subsequent voltage change appears to be lin-
ear with time and occurs in a region 40pM out from the
membrane surface, This can be seen by Figure 10, 1In this
photograph the voltage change at increasing distance, x,
from the membrane can be seen, At about 40uM the second
phase of the curve has been cut off, This is an indication
that the second phase is due to the formation of a steady
state concentration profile after the develomment of the
depletion lsyer, It almo suggests that the depletion
layer is within a distance of 40uM = 400,000 A®, The
initial drop may even occur in the membrane ss can be seen
in Figure 11, Pigure 11 is a voltage-time curve with the
eslectrode touching and possibly penstrating the membrane,
Totel voltage drop was only 0,20V at 67 ma/cm2 at this

po int,

A qualitative difference can be seen hetween the V-t
curve of sodium msalts (Figure 12) and HCl, The time re-
quired for depletion is shorter for Na* (lower criticsal
ourrent denaity) and the voltage change at depletion is
sharper for hydregen {(Figure 7, 9). The anion voltage-

time curve resembles the Na¥ curve (Figure 12),

A voltage-distance {(from membrane) dependence was
meapsured concurrently with a noise vs, distance dependence

for HC1 with MC 3235, The result shows that the voltage

- 35 a



Figure 10, Voltage-time curves at variocus distances, X
from membrane, MC3142, 0,025M hLCl, 44 ma/cmg,
2 sec,/div,, 0,? volta/div, From top to

bottoms x in 10~ %cm: 0, 40, 200, 800, 200,

fy3y X=0.bs. 40 af . —v e



Tigure 11,

Voltace=-time curve with micro-electrode
touching and possitly penetrating the mem-
brane, MNC3142, 0,025M KC1l, 1 sec,/div.,
0,05 volts/div, From top to bottom: J
in ma./cmgz 2%, 33, 44, 55, Note: the
firet run at 33 ma/cm2 triggered after

the sweep wes Initiated ahould be ignored,




Figure 12sa. Voltage-time curve for Naz}iPO4 with MC3235.
0,056M, 5 sec.,/div., 0,334 volts/div,
From top to bottom in ma./cm2= 33, 42,

50, 67, 83,




Figure 120b, Voltage-time curve for NaCl with MA3148,
0.10M, 5 mec,/div., 0.835 volts/div,
L)
From top to bottom in ma/em“: 11, 22,

33, 44, Note: TFlectrometer output was

inverted,

O-CILIAIAME P r VTS




becomes negative after a sharp decline st the membrane sur-
face (Figure 13). The maccompanying noise increases sharply
resching {ts peak at the negative voltage drop. Similar
behavior was observed for Na}:ll:'(}‘l with a cation membrane and
for NaCl with an anion membrane except thst a negative vol-
tage wams not observed in these casem. lowever, this lack
of inversion of voltage may have been due to m failure of
the slectrode to penetrate the membrane surface, or due to
an improperly insulasted electrode. The voltage inversion
with FC1l hams been estr-blished by sufficient trials and in-
dicates the presence of a measursable double laver, Tne
derivative of this curve should give ti.e electric field at
each point., This field should be invermely affected by the

concentration.

The noise-distance curve cannot be explained directly,
An ac signal such am noise cannot Le eliminated by a non-
conducting insulator anmd therefore the effective probe is
not located at the exposed tip of the electirode, HNeverthe-
less the noise-distance profile shows that trhe noise in-
creases as the nolse source is approasched, Cne poseible
explanation is thhat an internal reeistance in series with
the noise source accounts for considerable signal loas, and
this resistance extends leas than 40uM out from the membrane,
One possible equivalent circuit is given in ¥igure 14. An-

other possibility 1e that the contact of the electrode with



P

Flgure 13,

wo 2004l

bko\d-

Membrane volts and nolse va, distance,

MC 3735, 0,025M HC1l, 83 ma/cm>,



Figure 14, Proposed equivalent circuit to explain the

noise distance curve of Figure 13,




the membrane produces contact noise,

II Power Spectira

Three anions, Cl-l, HPOZQ, 80;2, gave similar results,
The curves are parallel straight lines on a decibels ve, log
(frequancy) plot, with the noise level proportional to the
gquare of the ecurrent and inversely proportional to tne con-~
centration, The power spectirum showed an w1l to W2 de
pendence, Figure 15 illustratea the case for sodium sul-
phate and membrane MA 3148, Table 2 gives the exponential

dependence on w of the power spectra for cation and anion

manbranes,

Cation membranea generally pave more intereating spec-
tra, Sodium acid phosphate and copper sulphate gave initial

2

slopes of W™ ° and apparent relaxation times at about 10 Kiz

{Figure 186),

The effects of reversible copper electrodes was compared
with spectra obtained with piatinum electrodes. The results

can be seen in Figure 17,

The change of the copper sulfate spectra with current
density is shown in Figure 18, The trend of increasing neg-
ative slope with increasing current denmity im a general fea-
ture of cation noise, The large difference in noise level

between 22 ma./cm2 and 33 ma/cm2 correaponds to the sharp
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Figure 15, Rand-pass spectra of O0,10M N9.2804 with

MA 3148 at threes different currents, From

top to bottoms ma/cm”s 44, 22, 11,
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Figure 16, Band-pass spectra of cupric and sodium ione:

0.10M CuS0,, MC 3235, 44 ma,/cm®
0.10M CuSO,, MC3142, 44 ma/cm®
0,056M Na HPO,,MC3235, 44 me,/cm?
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Band-pass spectra of 0,10M CuSO4 with MC 3235

Pigure 17,
using copper and platinum electrodes at
44 ma/cmz.
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Tigure 18, Band-pass specstra of 0,10M CuSO, with ML 3235
at various current densities, PFrom top to

bottom in ma/cmzs 54, 43, 33, 22, background,

dac:bels




Figurs 19, Band~pass spectra of 0,050M 08012 with MC3235

at various current densities, From top to

bottom in ma/cmgz 3, 19, 16,




Flgure 20,

Band-pass spectra of 0,033 CsCl and 0,033M

From top to bottoms CasCl

HC1 with MC3142,
2 o
at 43 ma/cm™, HC1 at 43 ma/em”, CeCl at °°

background,

and 18 ma/cmﬁ,
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Figure 21, Band-pass spectra of 0,10M tetramethyl emmonium
chloride with MC3235, From top to bottom in
ma/cmza 43, 27, 14, 11, Membrane area 1is

O . 0920m2 -

gr..‘\).-h‘-&\



Pigure 22, Band-pass spectra of 0,10M tetramethyl ammonium

chloride with MC3142, Membrane area was 0,16cm=,

From top to bottom in ma/cmzz 31, 5, 22, 19,




rise in noise in the vicinity o the critical cureent den=-
sity., The seamblance of : relsxation time is sharpesat at a
samrll ranfe of current densities, Thin i encounter«d with
other srlts of wiieh CaCl.. is anoth.er eximple(Figure 1.+),
Thie apmarent relaxatiocon time cen be seern at 19 ma/cmp for

& N, 05M solution. This feature ima lost below snd above
this current density. Such beravior suggests tlhe praegence
nf manv nnise g urces, the relative imnortancs ~f W ich can

be contrnllel to 8 devree wit: the sroner chiniece of t) e

current density sand cneentration,

T e }Wz i n resrondad like ti e Na ion excent tict tie
curvature expecta~t at the relaxatinn time win very g-all,
rising nnly »n few deci»els ahove the w? line at about
10 ¥z, The Cs* ion and tire tetrsmethvl ammonium ions were
studied cursorilv., The Cs* ion betaved similarly to the Ind
ien exe ot ot tie igh current region, Comprrisons can bhe
made in Sigure 2%,

Tr.e snectra for te'ramethvl armoniun crnlorile ia sb:own

I

1l pe nf u;'

i}

in Yigure 21 and 7, Tre nower anectrin roan H
at 43 ma/cm?. such a 1ns»r rate, which is even mere sov-re
witi FC1 ss will be seen 1later, ia difficult to explain, °
filteriny ~ffrect by the instruimentsation was ruled onut for
reansons exnlrined in the instrumentati n section. It can
be Becon that this ty»e of nonise dominates only et 'igher

. , 4 .
curront denasitiesn, T™Tisg wnia true =11 50 for Cat eind h* ions,



Dilute hydrochloric acid was studied extensively, The
spectrum obtained with a band pass filter is shown in Fig-
ure 20, The higher resolution available on the 3L5 spec-

trum analyzer gave the unexpected structure seen in Figure 23,

A similar collection of curves were obtained for 20°C,
40°, 49°C, and for 0.025M HCl at the msame temperatures,
The characteristic features for all the curves were tie in-
tersecting straight lines with slopes of -2 for the lower
freguencies and -4,5:1 for the higher end, The intersec-
tion of the two linea, labeled f for convenience was found
to have a linear relationship to the current density. This
can be seen in Figure 24, The slopes Aare given in Table 3,
A logarithmic relationship was found to exist between f and
total noise and membrane voltage, This can be seen in Fig-

ure 26, The functional relationship is liocted in Table 4,

The determination of the critical current densities and
its exvpected relationsnip to increased mobility with higher
tenperatures met with some difficulties, To keep concen-
tration effectively invariant and to keep over-1ll battery
consumption to a reasonable level it was necessary to limit
the membrane area exposed, thus limiting total ion transport,
with the smaller surface area determined hy thie hole in the
tape aa described earlier, the critical current density was

found to change with time at higher temperatures,

- X7 -



Figure 73, Higher reasolution spectra of 0,050 HC1l
and MC37°35 taken with the 315 spectrum
analyzer at 309C. ‘rom top to bottom

b
in ma ecm“s 75.5, 59, 50, 45, 35, 31l.






Figure P4a to Figure 24h,
Plot of break frequency, f = —l, aganinst
2nT
current density where T 1is a relaxetion time,

a. 0,050M HC1, 19°C
b, 0,050M HC1, 30°C
co N.OS0M EC1, 40°C
d, N.,050m 1C1l, 50°C
e. 0,07°5M HC1l, 19°C
f. 0,095M HC1l, 30°C
ge 0,095M HC1, 40°C

h. 0.008M HC1, 509
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These effects were attributed to leaks when the criti-
cal current density increased and to the swelling of the
tapes and membrane when the critical current density de-
creased with temperature. Some tape deterioration was de-
tected causing leakenge after a day of use, It was fourd
that black friction tape with a plastic backing minimized
these effecta, However, friction tape did not adhere
strongly to the membrane, Whether this caused some leak-

age wag uncertain,

Leaks were determined by putting a strip of friction
tape over the hole on the tape, and then checking the con-
ductance, WwWhen no current was detectable the systan wase
essumed to be leakproof, However, this methed eliminated
leaks between the plexiglass divider and the tape but not
between the tape and the membrane. A method to clieck for

leaknye between the tape and the membrane could not be

found,

The lesakage through the interstices bestween membrane
and tape prouably was not important, At tne concentrations
employed (0,050M to 0.,025M), and under the conditions of
electrolyte depletion, the conductivity of the membrane
should exceed that of the solution by an order of magnitude,
Also the tortuous leakage patli and the small area available
between tape and membrane increases the resistance to leak-

age flux. The chanye of CCD with time is shown in Figure 25.



Plot of break frequency f, with total noise and

Figure 26,
meanbrane voltage for 0,050 HC1l, MC3235, 30%.
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Change of critical current density with time

Figure 25,
for 0,050M HC]l and MC3235,
a) Double tape with "No-Stix" on the
inside, Mystik tape on the ocutside,
b} Priction tape only,
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¥Finally the power spectrum of drift and diffusion
noise is shown in Figure 27, This spectrum was obtained by
running a Cu804 ocurrent through a hole 0,7 mm. in diameter,
Copper electrodes were used, In consonancs with theoreti-

19 3/2

cal calculations, this spectrum had an 5 dependence,
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igure 27, Diffusion ncise {rom N 1M Cu304 passing
through & hole 0,6mm in dismeter and 3,3mm

long,
a) Power sprectrum,

b) 1t drop vs, current density,
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DISCUSSION

1 Genaral Considerations

The interpretation of the data depands on the anawers
to several questions:

(1) Where is the location of the noise source?

(2} What causes the steep slopes”?

(3) Are the two intersecting lines of the HC1

spectrum a result of a relaxation time?

The subsequent analysips strives to answer these nuestions
arnd then aome tentative projectionm are made to put this

work in the context of related physical-chemical phenomena,

The relationships of voltage and noise to current
(Figure 5), voltage to time (Figures 7, 3, 12), voltage and
noise to distance from membrane {Figures 10, 13) and the
noise to time ( igure 6) were useful in determining the lo-
cation of the noise Bource, The data showed that cation
exchange membranes differed from anion exchanye memhranes.
This difference resulted in & different mechaniem for noise
production whici will be diascussed later when th:e power

spectra are analyzed,

1I Noise Sources

The anion noise appenred immediately after current was

passed through the membrane (Figure 6) and was detectable



at currents far below the critical current density (Figure 5).
This indicated that anlion membrane noise occurred in the

membrane or at the membrane surface,

Noise from cation exchange membranes apresred abruptly
at the critical current density and increased sharply with
the voltage {(Figure 5), In addition, there was a time lapse
after the current was turnad on before the noise appeared
{FPigure 6). This sugrests that the noise is generated by
ion transport across a region of high electric field, This
field results from thie high ohmic drop in the regiocn de-
pleted of ions. The time lag corresponds to thie time re-
quired to form a depletion laver after turning on the cur-
rent, Tiiia game time lag should be obvzerved in the voltage.

This was the experimental observation {Figures 7,3,10).

III Voltage-Time and Voltage-Distance Relations

{Catlion Membrane)

Fxaminatli-n of the voltarge-time curves show some second-
ary features that can he explained, At high current denai-
ties sn initial sharp rise in voltage at the point nf deple-
tion is followed by & more gradual voltage change before a

steady state condition was re.ched (¥Figures 7,9,10),

™e firast large change in voltage 18 the result of the
formation of a high field layer in which water diassociation

occurs, The subsequent voltage change ias crused by the for-

- 4%



mation of a steady state concentration gradient which pro-
vides the diffusional flux to the depleted region, A meas-
uremant of the change of the voltage drop with distance
from the membrane served to clarify this behavior (Fig-
ure 10)., The seccondary voltage changes were eliminated as
the electrodes were brought closer to the membrane, This
measuranent and a point by point voltage versus distamnce
plot, located the high field depletion layer in a region
of thickness of less than 40 microns (?igure 13), The
secondary changes occurred in a region outside this layer,
The spatial resolution of this mespurement was limited by
the diameter (20 mierons) of the tungsten electrode and by
the resolution (40uM) of the miniprobe which moved the elec-

troda,

It was hoped that a concentration profile of ions
outaide the mambrane could be obtained with the miniprobe
electrode combination, With sufficient care in prepara-
tion, the tungsten slectrode can be nade revarsible to the
hydrogen 1on:27the voltage reading will be equal to

However, the total voltage measured would include the large

contriution from the electrical free energy of the ions:
(35) ﬁ Gg; = va

where cb is the electronic charge and V the difference in
electrical potential between the two electrodea, The asep-

aration of the two effects waAs not posmible with the presaent

- 44 =



system,

Ana a first approximation, Ohm's law can be used to re-

late voltage to concentration:

(34) V- 1R = 1

where F is Taraday's constant, V is the dc voltage, I is

the current, C the salt concentration and u, andul the in-

dividual ionic mobilities,

Iv Hoise-Distance Curves

T™e nolse-distance curve (Figure 13) shows that the
noise ias invariant in magnitude above 40 microns, Then, a
drastic increase in noise occure within the 40 microns and
at the point of contact with the membrane, The increase
could be caused by a large contribution from contact noise
which commonly occurs at the Junction point of two conduc-
tores that are not bonded securely, This would predict a
step function type noise-distance curve for Figure 13, (To
check thils » micromanipulator with a more precise movement
would be neceaaary.) If however, the noise-distence curve
is not discontimuous the explanation might be found in the
depletion l.yer, The ncise may be dissipated In the region
in which a concentration gradient connects the bulk concen~
tration to the depleted region. Such an effect is similar

to the effect of the internal resistance of a galvanic cell
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on its measured voltage. Outside the depletion layer the
conductivity is too high to cause a measurable loas in
power 2nd would correspond to the flat portion of ths noise-
distance curve., In the region where the concentration
gradient exists the conductance drops severely causing a
s8lgnificant ohmic losms of the signal. The magnitude of the
loss would be inversely affected by the conductivity, and
thersefore by the concentration, as can be expected from

the relationr

(35) = ¥ Z0Gu-

where ¢ is the conductivity, ¥ is Faraday's constant, C.
amd A are the concentrations and the mobilities of the
Ath jonic species rempectively. The noise~distance curve
predicted by this model would be a flat curve outside the
depl etion layer, Within this layer, there would be a sharp
contimious increase in noise during passage through the con=
centration gradient, the slope being inversely proportional
to the concentration gradient, The meaximum slope should be
approached when the totally depleted region is reached., An

equivalent circuit is given in Figure 14,

\' Summary of Pgotential, Noise Data

The data considered so far have been reconstructed qual-
itaetively in Figure 37, The curves represent the instantan-

eous concentration profiles with increasing time from t, teo
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Las when a steady state profile has been formed, The ine
itial sherp drop occocures at t3 , At this point, the elec-
tric field rises high snough to dissociate water and can
rise no further, Secondary changes occur outside the de-
pletion layer from t4 to tas «. The lack of secondary
changes at higher concentrations and at lower current den-
sities can be easily explained in terms of the required

diffusional flux:

(36) S - _x:‘b%%

where J is the flux amd D is the coefficient of diffusion

related to mobility bys

(37) M« DE
R

g& is the concentration gradient, The surface across
which diffusion occurs is an approximate hemisphere located
outside the membrane surface, The magnitude of the diffusion-
el flow is a function of this surface area as well as of the
concentration gradient, For low current densities and/or
high concentrations a small surface area ies sufficient, At
high current denaities and/or low concentrations the diffu-
sion flux must be increased by a larger surface area pro-
vided by a larger hemisphere, This requires further changes

in the concentration profile,
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The second model for the noise-distance curve re-
quiring a dissipative region requires a specific resiast-
ance vs, distance curve represented in Figure 40, Noise
is generated in the region x 0 to x =8 and noise should be
a maximum for an eleotrode in this region. From a to b
there is still a considerable contribution to the overall
resistance without & noticeable contribution to noise, This
results in a disaipative loss in noise power. Outaide Db,
the contribution to the total resimtance is negligible and
therefore the effect on the oteerved noise is negligihle,
No ac signel loass can be expected in the region from zero

to a since ac signals do not require reversible electrodes.

The above considerations strongly suggest that the noise
is generated in a high field depletion layer of thickness
less than 40 microns where water dissociation occurs., A
more detailed description will become possible when the

power mpectra are analyzed,

To complete this phase of the analysis other features
of the voltage bahavior must be discussed, The change in
8ign observed when the electrode penetrated the depleted
layer and possibly the membrane surface seans to indicate
the presence of an electrical double layer (Figure 13),
Such & layer is required for a Donnan equilibrium, A
study of this double layer would be interesting, Unfortu-

nately, & phenomenom of this type requires reversible elec-



trodes for quantitative study and at this point it is not

certain that a true voltage inversion has been observed,

The voltage-time curves measured by pressing the elec-
trode ageinst the membrane and posaibly penetrating the
meambrane (Figure 11) show that the voltage change with
time is smaller within the membrane, This is an indication
of conocentration changes within, A possible explanation
for this ie the depletion of the amall concentration of

coione that is in the membrane,

The differences 1in the voltage-time curves of differ-
ent lons is shown in Figure 12, The curve for the anion
membrane MA 3148 serves to ahow that a depletion layer was
formed with the anion membtrane, thus fortifying the conclu-
eion that anion membrane noiee is independent of the de-
pletion layver, The differences in the behavior of hydrogen
ion and sodium ion with the cestion exchange membrane lie
primarily in the sharper voltage chenge with time for the
hydro.en ion. A larger :—E results from a high field de-
pletion layer forming faater than the formation of a steady
atate concentration gradient, Such a situation ocecurs with
iona of high mobility where the ionic velocity given by
U=ty , where v 18 the velocity and B¢y the electric
field, can far exceed the particle velocity due to diffusion,
With a lower mobility the valocity at the same field is

lower and closer to the diffusional velocity,



V1 Tempersture Effects

The diffusional flux can be used to explain the in
crease of the ¢ritical current density with increasing co-
efficient of diffueion (Table 1) and with increasing con=-
centration, 7The current density must exceed the maximum
diffusionsal flux before the critical current density can
be reached, The dAiffusional flux is proportional to the
diffusion coefficient and the concentration gradient, The
coefficient of diffusion increzseses with temperature and

the concentration gradient increases with concentration,

V11 Power Spectra

The descriptive features of a power spectrum whien
plotted in terms of the log (power) ve. log (frequency),
are the slope(s) and relaxation time(s). #or a sysiem with
a single relaxation time, the correlation-function € {(T) is
given by (C:)rﬁfﬁﬁl. The power spectrum, which is the
real part at the Fourier tranaform of C(7), is given by
a(c) 7—§%3Ti‘ « The spectrum is white at low frequencies
when w1* 18 much smaller than unity, At high frequen-
cies when wW*T* exceeds unity the log P vs. 10910 plot
will have a alope of -2. The curve is reconstructed in
Figure 36(1). Figure 36(2) shows the effect of pameing
this noise through a low pass filter with a time constant,

RC, that is less than T ,



For transport noise, the transport equation can be
14,15
used to find the power spectrum, Thus diffusion noise

3/2

is found to give a power apectrum with an W dependence

and noise due to pure drift is found to give an Lu-g de-
pendence.15 For a transport equation derived from the
Nernst-Plasnck equation where diffusion and drift occur to-
gether the calculations show that the noise again has an
w=3/2 dependence.lgExperimentally the drift and diffusion
noise was measured by passing a current through two copper

gulfate solutions separated by a hole 0,7 mm, in diameter,

The predicted ln-S/Q depeandence can be seen in Figure 27,

Power spectre with slopes of -1 were observed with an-
ion membranes only (Figure 15)., The aslopes of -1 obtained
at moderate currents changed gradually to -3/? with larger
currents for certain ions (Teble 2).

Noime with '/, dependenc- have be~n discissed repeat-

30, 28,79
edly in the literature but firm conclusicnas are lacking,
The ‘/s beliavior was found to persist st frequencies be-
low €£x10™° sec.'1 for carbon resigstors and germanium fila-
ments.so The magnitude of the power for ‘/o noise for
carbon resistors wes found to change by a factor of ten
from 4.2% to QQOOK.SI The persistencs of the slope at low

frequencies requires very long relaxation times, which is

difficult to explain,
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A 1/, dependence can be obtained by an ad-hoc assump-
tion of a 1/¢ distribution of states, g{(T), between 1T, and
22
Ty
A % distribution for 3({) where W i3 a constant

could result from a uniform distribution of barrier heights

auch thets

AE/W1
(38) T= ace

where % is the barrier helght, The number of stztes with

T. between T, and T,+4tis given by

dn = dn dE4d¢ = R dn 4o
{39) " e i T 3T AE
. dn 11 X - R
(40) g <2 (!'3&- %)t R

The sensitivity of 140 noise in semiconductors to
ambient conditionas such as the composition of the atmosphere
indicatesgthat 1/s noise is a surface nhenomenon. This is
probably because in a homogeneous semiconductor a continuous

uniform surface,

The relationship of the above properties of 1/, noise
to anion membranes ias speculetive, It is known that anion
membranes are easlly and irreversibly contaminated by sur-
face adsorption of anionic impuritieas present in water un-

33
leas mpecial precautions are observed, This effect may alter



the membrane properties drastically and even affect the
permselectivity, Under such conditions urmusual distributions
of activation emergies may arise to account for the 1/»
noise, On the other hand the required distribution riay al-
ready exist in the membrane, The assortment of configurat-
ional strains and steric effects of a randomly crosslinked
matrix may not be expected to result in a uniformly varying
potential energy topography. A distribution of energy
barrier heights is expected,

In light of these arguments answers to two questions,
not available at present, nmuat be found before more inaight
can be obtaineds Is 1/ anion noise the result of absorbed
impurities? Is the 1/, nolse a result of a natural hyper-

bolic distriuation of states?

Cation exchange noise from soluticns of several kinds
of salts were studied cursorily to determine gereral trends,
Based onthis survey the HCl spectrum was chosen for detailed
study with the higher resclution available with the 3L5

epec trum analyzer,

The cation spectra had the common chrracteristic of a
~2 initial slope observed in anion exchange mambranes only
at higher current densities, The additional feature of
interest was the occurrence of a curvature inthe apectra

(figures 16=-20), this is indicative of a relaxation spectrum

- A a



superimposed on a noise sourse with a-2 slope. The

axpected shape of such an interaction is shown in figure 38,
This curvature moves from lower frequency to higher frequency
with increasing current density to indicate s field depend-

ence of the proposed relaxation time (figure 18),

It im of interest that copper sulfate and disodium acid
phosphate gave asimilar spectra (figure 16), The reason for
this similarity cannot be explained at the moment, Any
relation of spectra to the reversibility of the electrodes
was eliminated by using copper electrodes with copper
sulfate solutions for comparison with the spectra obtained
with platinum electrodes (fipure 17)., Some measure of the
effect of the coion (anion in this cuse) was obtained by
comparing the disodium acid phosphate spectrum with a
sodium chloride spectrum (figure 32)., Apparently the
difference 1iep only in the magnitude of the curvature, it
being smaller for sodium chloride, The lack of sufficient

information mekes further discussion mspeculsative,

Calcium chloride showed an appaerent relaxation time
that could be observed only at a specific current density
(figure 19), Only at intermediate currents and low concen-
trations (0,050M or less) was a curvature observable, This
feature disappeared at lower current densities and seamed to
be masked by another noise scurce at higher current densitiss.
A nimilar situation was observed for copper sulfate in the

mame region,
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Information for a proper interpretation is lacking,

The low resolution spectrum of dilute hydrochloric acid
in comparison with a cesium chloride mpectrum can be aeen in
(figure 20), A comparison was made with the hydrated size
and the ionic mobilities in mind, The hydrogen ion has the
highest mobility, The ceaium jion was the ion of next highest
mobility that was availadble, For the effects of low mobil-
ities quarternary ammonium ionms were sought, However, only
the tetramethyl ammonium iom was used (figure 22), These
three ions have in common a sharp change in slope, This
feature was the foous of a detailed study which will now be
discussed, Hydrochloric acid was selected because of its
availability and the extensive information that esxists on

its aqueous properties,

VIII THE HC) SPEC TRA

The spectra for 0,050 HCl with MC3235 at 300C ob-
tained with the higher resolution of the 315 aspectrum
analyzer can be seen in figure 23, A similar family of
ocurves were obtained at 199C, 400C and 500C and for 0.025M
HC1l at the same temperatures, Of prime interest were the
intersecting atraight lines with slopes of approximately
-2 and -4 reapesctively. Except for an axcess of two, this

behavior was exactly that expested from & relaxation time.,If
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point of intersection was taken as the point where the
product wWT became unity, an empirical relation was

obtained of the form:
(41) T = Xx{ + B

where uo:Zﬂg was the frequency at the point of inter«

Bection and X and (3 were empirical constanta, The experimen-
tal plote of J v £ ¢can be seen in figure 24, If tae flux
equation has any analogy to other electrochemical rate ex-
pressions it is expected that f would be a function of the
rate constants and X would be a concentration term., The

equivalent equation of electrochemistry is given by34z
(42) i 2Fy = {ko%eﬁp-*izg(cfl\s(“91

where zF ia the mumber of coulombs involved in the charge-
tranafer atep of rate vV, The rate constant in terms of
absolute rate theory is given by the terms in the bracket
where ko is the transmission coefficient, r, R, h and T
have their usual significance and aGo is the electrical free
energy of activation, The surface concentration of reactants
is given by (Ce), and the adsorbed surface area by (1-@).
Then ) should have a Boltzman type exponentisl relation to
temperature sucn that éh\??ﬁ#: would be a siraight line,
This plot can be seen in figure 28, 1t was assumed that the
best atraight line was a reasonable interpretation of the

data,
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B should be the critical current density, Then it
should obey the diffusion equations

(36) 3. . - £D %5

If it is assumed that the concentration gradient is invarigqnt

of temperature, then B would be axpected to have the form;

(43) 6 = 80 .l-up- E‘/RT

where T. is the sctivation energy of diffusion amd (3, iz =
constant, The plot of \nf v¥s, s is shown in figure 29,

From the plot, ts i® found to be 4,0 Kcal and 4,9 Kcal for
0,050 HC1l and 0,025M HCl respectively, The literature value
for the diffusional activation energy of the hydrogen ion and
chloride ion are 3,23 KEcal and 4,22 Kcal renpectively.:!’!s For
the diffusion of hydroechloric acid the higher activation energy

of the ohloride ion should prevail,

ix Interpretation of the Observed Relaxation Time:

The empirical flux equations
(41) J = x{ + 8

may be rewrittem in another form if B is assumed to be the

critical current densitys

(14) Tretar = —S&s, T+ e



The observed flux i8 Tiwa and Tu, is the critical density
which is the contribution to the flux by the residual HC1l in
the depleted region, Tay, 18 the additional flux made

possible by weter dismociation, If the relaxation time for

36

a conductor g

(45) T =

€
p
is sudbstituted for the relaxation frequencyd

(46) ¢ -

2w T

egquation 44 has the new forms

(a7) T - X O, R
2Ne

where € is the permittivity and G the conductivity,
The flux can alsoc be expressed in the form:
(48) T = G_EG) = (G’du. - G\:C\-\Eb‘)

where Gu. is the conductivity due to the residusl HCl and Ggu.
is the contribution from water dissociation. Comperison of

equation 47 and 48 resulte in the relation:
(49) o= AWe By

This relation can be used with the field dismociation equation

for weak electrolyten,

The problem of the effect of the electric field on the



dissociation of a weak elecirolyte was investigated Ly
Onaagar.z"’ The relation obtained wansi

(50) K = Ko F(b)

where Ko is the diesocistion constant at zero field armd K
is the dissociation constant at a field E{x) = dv/dt. P(b)
is a Bessel function and is givem ty:s

(51) P(b) = 1 « b+ b2/3 4 B3/18 ¢ P4/180 ¢« . . .

At high values of b, P(b) can be used in the forms:

% ‘e
(52) F(b) = (8)" <57 - 2 _ 5 tes
\Y
(oY 2(sL)"n 128(8%) 1024 (T) e

The field dependent term b ims given bvi

q LA X 16" Ew €,
€xt

(53) bs

The ratio € /¢, ia the dielectric constant for the medium .
By the use of equation 49, can be eliminated, Using in add=-
ition the permitiivity of free space, 8,.85x10~12farad/meter,b

is comrverted to the form:

_ 5-351)(“5‘2 E;)
(54)  b. 5350

Another axpression for F(b) can be obtained in terms of

empirical parameters starting froms

{(55) K = Ca Cow = (Cu ~ CQ')C.’\-

The concentration of the hydregen ion can be esquated to the

sum of the anions by the electroneutrality comdition,



The ionie concentration of the hydroxyl and chloride ions
ean be obtained in terms of 8 and kK { s

(56) B - E(ﬂ Q-g‘J = F Ct.l U*u E(l‘l
(57) }(L = Ew G_J-*s =z F Cou Laowm L
(58) Wiaa = e + Mes

The M.sare the ionic mobilities at infinite dilution.
From 56 and 57 the conmcentration of the hydroxide and

chloride ions cen be obtained in terms of k{ and A reaspectively:

(59) Cow = ey F Unee o
Ce.- - _ e 0
(60) “ EaFOns  — %E Dacy

The final form of equation 60 was obtained by using equation

59 to eliminate EB(x)F.

The hydrogen 1ion concentration is now given by

T+ PUuen
(61) Cﬂ‘ = Cnﬂ' - CQ‘ - CO'A [l ‘)“; U““

The dissociation constant now takes the forms

.t Blun] . [kE_ T &gg]
(6?) K - Cou[l + )‘.‘U i E(‘]FU*J [‘ * .K" L

From equation 50 a final form relating FP(b) to the

ampirical perameters is obtained:

a o X dBX - MY L NS
(63) F(B)E(ﬂ = Ko FIU:Q“
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where * is the ratie
(64) = Muow

Uy

The values of L_\:... and r at different temperatures

were obtained from the diffusion coefficients and activation
energy given by Longsworths"’. Equation 37 was used to
convert diffusion to mobility, The water dlssociation
conastants for the temperatures of interest were obtained from
the Handbook of Chemietry and Phyaica!’a. The values are given
in tables 6a and 6b.

It was thought that a2 better picture of the temper-
ature behavior of P(b)E(x)2 would be obtained if the values
of X and B were made to conform to the relationa JhX/Ji =
constant and 3"‘%* = constant, The values that deviated from
this relation were made to conform to the above equation by
using the plots in figures 28 and 29, The experimental and
corrected values of these empirical constants are given in
table 5, The effect of these corrections on equation 41 is

shown in figure 30,

Ueing these corrections the values of the coefficient
M and ¥ in equation 63 were cealculated and recorded in table
6b, The vealues of F(b)E(x)2 corresponding to different values
of £ are recorded in table 7, The plots of P(b)E(x)2 vs.R(x)

and P(b) vs. E(x) are shown in figures 31 and 32 reespectively,
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Figure 29, Plot of logB s, 1};
o 0,050M HC1l, MC3235

& 0,025M HC1, HC3235
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Figure 28, Plot of log X ve, %
6 0,050M HC1l, INC3235

O 0,025M HC1l, lMC3235
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Tigure 30, Corrected curves fors J = K& + B
A, 0,050 hC1
B, 0,025 HC1

1, 19°%, 2. 30°%, 3. 40°%, 4, 49°°C,



The values used are given in Tables 88 - 8h, From Figure
31 and from egquation 63, the relation of f to E(x) were

obtained, The resultm cen be seen in Figures 33a and 33b
and in Teble 8, Experimentally, the relaxation times are
obaerved in the frequency range of 200Hz to 10KHz (®igure
24), 1In this range the field changes by about a factor of
three from 107 volts/meter to 10° volte/meter (“igure 34),
The water dissociation constant changes by a factor of up

to 100 (Figure 32),

The frequency f can be converted to B rate term by

equating f to k, A rate conastant,

,t = -4 S S

(65) AL = 2W

By using values of f at constant fleld strength the
chanfe in logf with 1/T can be obtained from <igure 34, By
this meanner the contribution from the electrical free energy
(Fq 31) can be eliminated, A plot of logf vs, 1/T should
give the activation energy of the reaction, Valuesg of 15,4
Kcal/mole and 17,5 Kcal/mole were obtained from “igure 34

for 0,05 and 0.025M solutions respectively,

The mean activation energy for the two concentrationa of
16,5*1 Kcal/mole is too large for a diffusion controlled
reaction, An electrostrtiic barrier of thie height at the

meambrane surface is unlikely since the high electric field
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Figure 33B, f = ,z-‘;—t ve. E(x) for 0,025M HCl, From
1 to 43 49°, 40°, 30°%, 19°,
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in the depletion layer and the electrical double layer at
the membrane surface would oppose such a barriesr, The
mosat obvious reaction in an agqueous solution with an
activation energy of this magnitude is the dissociation
of water, The activation energy of this process is ex-
pectad to be equal to or greater than the molar heat of
neutralization of a strong acld with a strong base which
is of the order of 14 Kcal/mole., This means that the
space charge relaxation is primarily dependent on water
dissociation, 1In solutione ae dilute as thst found in
the depleted laver outside the membrane this is not un-

reasonable,

A Belf consiatency check of these derivations can be
made by using equations 35, 44 and 48, The flux is due to

reasidual HCl given bys

( 56) jﬂc; = Tua E(.q = FQua Vaa Ew

The value of Cw, obtained rom 56 csn be used to obtain

the volue of Cen »

8’
3 - I \( L+ )
(66} Caw = *(‘.-—“‘: = é_(‘___}‘ z ZFU\M_.E(Q x Y4F Uk\E(“

ot FUK\Eh) .

Where Ju, has been replaced by the empiricnl constant B

and Cuwe 1is equal to Cew o+ Cor by the electroneutrality
condition, The value of J.,, obtained in this manner

can be compared with the experimental value X{,
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(67)

From equation 67, wvelues for Ja. for 0,50M HC1l at 190
gave values of 94 amp/meter2, 376 amp/meter2 and 950 amp/
meter? for 103H,, 4x10%H, and 10%H; respectively. The
experimental values given by Kf are 93, 372 and 330

respectively,

X, CONJ HC TURES CONCERNING THE EXCESS FACTOR OF 2
IN ThE POWER SPHC TRUM

T™he utility of noise measurements in evaluating the
traneport processes of ions in the envirormment of the
membrane has been demonatrated by the previous discussion
when the break in the slopes of the HC1l spectrum was
interpreted to result from & relaxation phenomenom., Such
an interpretation was made in the abeence of knowledge of
any other mechanism that could produce such a break, Then
the cause of the excess factor of two in the slopes must be

explained,

At present sufficient information is not available for
a conclusive answer, Meanwhile, some speculative models may
prove useful in providing clues for further investigantion.,
A simple model can incorvorate all the data gathered up to
the present, This model requires an equivalent low pass

filter modifying a Lorentasian relaxation spectrum resulting
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from water dissociation, The resulting filtered and non-

filtered noise is shown in figure 36,

The first argument sgainst this model 1s the result
obtainad from the external current source noise inout test.
Presumably the low pass filter pronosed should affect
external inputes as well, In effect the external noise was
tranami‘ted through the input ummodified {(figure 41)., An
explanation for this behavior is nroposed 1in figure 35
besed on the propoeed resistance vs, distance profile of
figure 40, The proposed nolise cell circult is made up of
e capacitance C and R, forming & low pass filter in series
wi th R2 aend RS' The noise source from water dismociation
is(:). The resistance Rl is located in the depleted region
where water dilamoclation occurs and the noise is generated.
R, is the resistance across the concentration gradient where

2
diffusion occurs, and R, is the sum of a!l the other resist~

3
ances fournd in the rest of the circuit, If R, 18 suffi-
ciently larger than R1 the effect of the RC filter on the
external input noise will be negligible since moast of the
IR drop will occur across Rz. Te effect of the filter on
the internally generated noise represented by(:)however,
will be that of a low pess filter to give the filtered noiss
of figure 36, The mpecific resistivity of Ry 18 greater

than 32 (figure 40). However the thickness of the depletion
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Figure 35,

Equivalent circuit for filtered noise,




Figure 34, Log f va, % at E(x) = 3.16x107 vol ta/meter,
A 0,050M HC1 Ea, = 15.4 Keal

O 0,0925% HC1  EHa. = 17.5 Keal
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Figure 36,

Power gspectrum with a relaxation time of 10

seconds unfiltered (1) and filtered through

a low-pase filter (2),
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Figure 37, Proposed qualitative concentration profiles at
various time intervals after current is applied,
Co g Bulk concentration, O - Manbrane sur-
face, Cil z residual concentration in deple~
tion layer, tam s time for the formation

o0f a steady atute concentratinn rrofile,
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Figure 38, T™he super-position of f~? noise source with
a noise source with s relaoxation time of

10~4 secondsa,
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Figure

39, Comparlson of power spectra of NaCl and
Na HPO, with KC3235 at 43 ma/cm®,

1, 0,058 Na HP04

2
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Proposed gquelitative profile of specific re-

Figure 40,
sistance with distance from membrana,

d = Specific resistance of region of
thickness, a, where water dissoci-
ation occurs,

Ro 3 Speciflc resistance of the bulk
solution,
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Figure 41, Current source noise with HC1l spectra to show
umodified white noise, Iroken line represents
the external white noise level supplied by the
1390=-8B random noilse generstor, The initial

glope is a bC1l apectrum at 31 mn/cmp‘ with

MC 3235,
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layer where water dissociation occurs is very small (10’9 to
10-8 meters) whereas the concentration gradient in the region
of R2 is spread out over 1005 to 10-4 meters.”? Therefors

R2 can be eaxpected to exceed Rl by a sufficient amount.

The eecond requirement for this model which is difficult
to fulfill is a capacitance of the proper magnitude, An
electrical double layer is known to exlest on membrane and

40 e capacitance of such s double layer

metal surfaces,
can be evaluated by using the equation for a parallel plate
capacitance:

C. €A
(68) <

wWhere C is the capacitance, € the permittivity of the medium,
water, A the area and X the distance between the plates, The
capaclitance required for the required time constant of.lsec
or greater can be evaluated by: (- 5#&; where R 1is the
resistence and f s the turnover frequency. R can be est-
imated from figure 10 using Ohm's law V = Ik, V is 0,2 volts
and 1 is 4 ma, R is then 50 ohm, The area of the hole is
0.09 Cm®, For a cutoff frequency of 10Hz a capacitance of
300 microfarads is necegsary, If the distance X is taken as
10A®, a capacitance of this magnitude requires a dielectric
constant of the medium of the order of 4x10° compared to 70

for water, assuming that the membrane surface area is the same



a8 the area of the hole on the tape, Thie requireaement
apparently is too severe to justify the equivalent circuit
proposed in figure 35, Nevertheless it ahould not be pre-

maturely discarded until evidence ims available,

There is the poeesibility that the obaserved slope results
from the nonlinearity introduced into the rate constant due

to & fluctuating vol tage,

(69) - k.ccgut_nv)

Here, V is the voltage and V the fluctuation in the voltage.
The pre-axponential termand the energy of activation is
combined in k'. This method ims being explored by others at

present,
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TABLE 1 CRITICAL CURRENT DENSITIES

MM BRANE

C ONC

MC3142

FC 3235

MA3148

MA3236

0,030
0.060
0,033
0,10

0,033
0.086
0,10

0,056

0,33
0.10
0,033

0,05
0.10
0,05/0.05
0,03/0,05

0,02
0.05
0,06
04033
0,10
0,056

0,78
0.10

0,05

0,10
0,10

0.10

0,056

0,033
0.10
0450

0.10
0,056

0,10

SALT

HC1

"
CaCl
™
NaCl
"
"

HaEHPO4

NH4CI
NH,C1
CaCl,

NaCl
NC1

CeCl
aCl

HC1

L]

L]
NaC1l

"
Na_HFO

i
NH C1
CaCl,

CuS0

4

4

Me4HCI

Na?HPO
NeCl
"

4

KHPh th

NaCl
NaQHP04

Ne SO
2 4

CURRENT
AT WHICH
o NOISE

CCD(ma/cm”) APPEARID THMP,
33 33 r.t.
54 54 r.te.
16 11 r.t.
38 38 r.t.
9 11 r.t.
19 - ret.
17 17 r.te.
- 22 r.t,
g - I‘.t.
22 20 r«t,
- 8 r.t,
10 10 r.t.
19 - rttc
30 o r.t,
49 49 ) t.
11 - r.t6

17 - 40
44 - r.t.
'? - I'.t.
16 15 Tele
0o 21 Tela
- 44 r.tc
21 22 Tete
9 9 r.t.
- 11 r.t.
18 18 rete
8 8 I‘.t-
- 1,1 Tetle
- .5 I‘.t.
5.4 2.7 Tr.t.
27 0 r.t.
14 5.4 r.te.
4.3 1.1 Teta
55 1,1 T.t.



TABLE 23

Salt

NagHPO

NaCl

NH,C1

CUSO4

Call

Na,abO4

Slopes of Power Spectra.

second nmumber.

quency is not recorded,

Conc.
mOl/lt

0.056
C.86
0,43
0.10
0.10

0.10

0.05
0,10
0.10

Current
densi

mA/cm”

43
22
11
27
27
43
33
22
43
22
54
43
33
22
16
43
22
43
a2z

The first number is
slope up to the frequency in KHz given by the
Slopes were constant where fre-

the

MC3142

4
6

2.4,1
1. ’1

2.8,4.5
3.0,.2
148,45
2,0,.1
1.8

0,0,¢2
2,0,.2
1.5,e1
1,6,.1

_dlogP/dlogf
MC 3235  MA3148

Dudy .2
1.3,.2
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1.4
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1,0

1‘-4’ .1
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TAHLE 3
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Slopes of the HC1l spectrs in terms of dllo

Kl =« negative of the first slope.

X? = nhegative of the second slove,

S |

1aR(%K)  J(ms/cm®)

C ONC

MO0 0O -OOCYOOI

" 9 & 5 & & 5 & & = B & " 8 ¢ P & & 8 @

Fol - M TP RTS I - - A A = ST SR - )

T AAMNMAMDOOSTOYDLOCLONN IO N
(IR IR SR T T I S T R T I T TR

[V W AN AW oV I oV AR A A M N oS A N XSG SN N 1 PR A A R S o

?%107415407753?00540?5
¢ S NOFNMTOONOSN OO0 O
o " ) ¢

e £ 2 =2 O gz =2z M2z = Nz & =
o B ) L

'

Ce =z ® &£ =22 =2 g 22 £ % =22 = == =
L J

O

COMOOLOADOoONYVUIT I

* & & & & » = & & B " " F B @

bl - = Sl P - R RS B

N NOOUNOORDN S

*« ® & & 4 * & 9 & » 9 L I ]

Cil e NN HA~C.C T C

31
31

"

33
40
52
67
75
18
25
30
35

47

H

"

1]

313

"

579
75



TAHLE 3 cont'd,
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Table 4 {

TEVP ©OC¢

f{n); f(v)

CONC (mole/1.)

19

510

40

50

30

30,40,50

The value f is

V is the 1R drop acrosas the probe electrodes,

0,025

zkt , where

f(v)

135,0v3.34

T is

N is8 the total noise in rms volts,

29, on1 37

55N1.16

93.5N1‘26

163 NY+9°

156 N1.05'7

925N0'946

the relaxation time,

and
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