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A reaction—diffusion system describing the electrolyte diode is investigated. This consists
of a chemically crosslinked polyvinylalcohol (PVA) hydrogel cylinder in which# gradient
is provided by having an acid and a base maintained at constant concentrations in reservoirs
at each end of the one-dimensional reactor. A potential difference of a given strength is also
applied across the gel cylinder. Previous experimental studies of the current-voltage charac-
teristics (CVC) have shown two distinct cases, depending on whether a positive or negative
potential difference was applied. The slopes of the linear current—voltage response curve are
substantially different in the two cases, that in the ‘forward’ case being typically several or-
ders of magnitude greater than that in the ‘backward’ case. Thus the system behaves like a
semiconductor diode. The stationary concentration distribution for the different ions is de-
scribed by a system of reaction—diffusion equations involving migration caused by the electric
field. An approximate solution of these equations, using a simplified model, is presented
and compared with results obtained by solving the full system numerically. The concen-
tration profiles obtained from the numerical solution confirm the validity of the simplified
model.

KEY WORDS: electrolyte diode, reaction—diffusion, electro-diffusion, Nernst—Planck equa-
tions
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1. Introduction

Hydrogel reactors are used extensively to study the complex spatial and spatio-
temporal structures that can arise in chemical systems. These reactors, so called CFURs
(continuously fed unstirred reactors), developed initially in Texas [1,3] and Bordeaux
[2], were constructed originally to study reaction—diffusion systems, especially chemical
waves and Turing structures in a medium free of convection. They have subsequently
proved to be an extremely versatile experimental procedure and have been used to show
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that chemical systems, appropriately arranged, can sustain a wide variety of patterning
processes. Much of this work is reviewed in [4,5].

A new version of this reactor, in which gradients of electrical potential as well
as concentration gradients can be maintained, has been devised recently by Noszticzius
and co-workers [6-8]. The main part of this reactor consists of a chemically crosslinked
polyvinylalcohol (PVA) hydrogel cylinder in which a pH gradient is provided by having
an acid and a base maintained at constant concentrations in reservoirs at each end of
the one-dimensional reactor, HCl and KOH being used in the experiments. A potential
difference of a given strength is also applied across the gel cylinder. The acid and base
dissociate into their respective ionic components, specfically ®H™, CI~ and K.

These components diffuse and migrate under the action of the applied electric field,
producing an electric current within the reactor. The experimental results are presented
in terms of the dependence of this current on the applied potential difference.

The experiments [6] were performed specifically with HCl and KOH having equal
concentrationsy in their respective reservoirs at the ends of the reactor (with a zero
concentration of the other reactant also being maintained there). Two distinct cases were
seen, depending on whether a positive or negative potential difference was applied. In
the ‘forward’ case the electric field was applied so that it is theadd CI” ions from
the KOH and HCI solutions that migrate through the reactor, where they form a KCl
solution, at concentrationy. In the ‘backward’ case the tendency is for the Okhd
H* ions (from the KOH and HCI solutions respectively) to migrate into the reactor. In
both cases, a linear current—voltage response curve is seen for sufficiently large applied
voltages. However, the slopes of these curves are substantially different in the two cases,
that in the ‘forward’ case being typically several orders of magnitude greater than that in
the ‘backward’ case. Thus the system behaves like a semiconductor diode.

One reason suggested for this marked difference between the two cases is that, in
the ‘forward’ case, the current is carried mostly by the &d CI” ions (with the con-
tribution from the H and OH" ions being negligible). These ions achieve the constant
concentratiorry throughout most of the reactor gel, which consequently has a relatively
low impedance. In the ‘backward’ case, the applied electric potential is such that the
K* and CI ions cannot migrate far from their respective ends. TheaHd OH" ions
are now the ones that are “pulled” into the reactor under the effect of the electric field,
where they react to form a zone of pure water. This zone, where there are only low con-
centrations of H and OH™ ions because of the reaction between them, has a relatively
high impedance and it is where the majority of the potential drop occurs. Thus relatively
large voltages need to be applied to produce a significant current.

A theoretical explanation for these phenomena was proposed in [6] and [8]. The
stationary concentration distribution for the different ions is described by a system of
reaction—diffusion equations involving migration caused by the electric field. An ap-
proximate solution of these equations, using a simplified model, was presented in [6,8].
The basic assumption behind this model is that the reaction between taadHOH
ions takes place in very narrow reaction layer(s), negligible in extent compared to the
total length of the reactor. Therefore, in the simplified description the one-dimensional
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reactor is divided into three parts: an alkaline, an acidic and a neutral zone, where no
reaction is assumed to take place. The thin reaction layers act as division points be-
tween these regions. The ionic currents can be determined separately in each zone and,
to describe the whole system, we add the contributions from these zones (neglecting the
thickness of the reaction layers). Using this simplified model, approximate formulas
for the current—voltage characteristics (CVC) can be derived theoretically (see formulas
(2.1) and (2.2) in [8]).

The purpose of this paper is to study numerically the original (not simplified)
reaction—diffusion system. The concentration profiles obtained from the solutions for
the full system confirm the validity of the simplified model for the ‘forward’ case and
enable us to derive an improved version of the simplified model for the ‘backward’ case.
The approximate formulas for the CVC derived from the simplified model are checked
against values obtained from the full system. We start by describing our model.

2. Modd

The starting point for deriving our model is the Nernst—Planck equations relating
the fluxJ; to the concentration; of theith chemical species to gradients of concentration
and electrical potential. These equations can be expressed in 1D geometry (which is
what we consider) as (see [9,10], for example)

dC,’ F d¢
Ji = —Di(E + ﬁZiCia> 1)

for each species. We label the ionic species by
A~ =OH™, BT = H" (the reacting specieg) " =K+, Vv~ =CI".

In (1) x measures distance along the reactor (of lerigthD; andz; are the diffusion
coefficients and ionic charges,(= zy = —1, zg = zy = +1), respectivelyF andR
are Faraday’s and the gas constaffitss absolute temperature (taken as constant)¢gand
is the electrical potential.

The mass transport equations are then derived using the fluxes given in (1), the
reaction

dH*]  d[OH"]
d  dr
and the corresponding ionic charges, as

H* + OH™ = H,0 rate: = ko(K — [HT][OH]) (2)

F ' :
DA<a’ — ﬁaqb/) + ko(K —ab) = a,
’ F ’ / 2

Dy ( N iua) —i ©)
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F /
Dyl[vV — —vd' | =0,

where primes (dots) denote differentiation with respect to distance (time), and ayhere
b, u andv are the concentrations af~, B*, U" andV ~, respectively. The system is
completed by the local electroneutrality condition

b+u—a—v=0. 4)

Note that condition (4) is, in effect, a reduced form of Poisson’s equation for the potential
and is valid when the Debye length can be assumed small (as it is here).
The current is related to the fluxes through

i=F(—Ja+Jp+Jy—Jy). (5)

In a steady, 1D system the condition, from Maxwell's equations, ithet divergence-
free means thatis a constant.
We start by making equations (3), (4) dimensionless by writing

X _
X=—, a=coa, b=cb, u=-cou, v=cgv,
y (6)
5 F o i FDjco
=—¢, i= .
RT L

We are further assuming a steady state configuration for the reactor. Applying (6) in
equations (3) (for the steady state) gives the dimensionless version of our model as, on
dropping the bars for convenience,

(a' — a¢/)/ +a(k —ab) =0,

85(b +b¢') + a(k —ab) =0,
ol ) ™

8U (M/ + M¢/)/ = 0,
Sy (v — v(b/)/ =0,
where
Dp Dy Dy
Sp=—L sy=-Y ==Y
5= U=, V=D,

are the ratio of diffusion coefficients and where the dimensionless paramete«
are given by
koCoLZ K
o= —-, K= —.
DA C2
We can incorporate the (dimensionless) currénto the system using the ap-

proach suggested by Snita and Marek [11]. From the dimensionless versions of equa-
tions (1) and (5) and electroneutrality (4), we obtain

I =d1-8y)—b'(85—8v)—u' Sy —8v)—E(a(1—8y)+b(Sp+3v)+u(dy+3sy)), (8)
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whereE = —d¢/dx is the (dimensionless) electric field. Equation (8) allavso be
written in terms off, with equations (7), now in terms af b, u, becoming

a’ 4+ (aE) +a(k —ab) =0,
85(b" — (PE)) 4+ a(k — ab) =0, (9)
su(u”" — wE)) =0,
whereE is given by
_dp I —-d (A—-38y)+ b —8y) +u'(by —dy)
dr  a(l—8y) + bS5+ dv) + udy +dv)

and wherd is a constant (the current).is then determined from (4).
The boundary conditions to be applied are (assuming equal concentrations of KOH
and HCI in the reservoirs)

E =

(10)

a=u=1 b=0, ¢=0 onx=0,

(11)
a=u=0 b=1 ¢=o onx=1,

where the constant (dimensionless) potential differeba@n be either positive or neg-
ative.

3. Numerical method

Problems with the iterative convergence of the numerical scheme were encoun-
tered when trying to solve the two-point boundary-value problem (7), (11) directly for
the steady states using shooting methods. Hence, it was decided to adopt an alterna-
tive approach, which worked well in all the cases treated. The initial-value problem
corresponding to equations (9) (along the lines of equations (3)), subject to boundary
conditions (11) and taking prescribed profiles &b andu as initial conditions, was
considered. The curretitwas fixed at a given value and the electric field was calculated
from (10). An explicit scheme, based on the predictor—corrector method, was used to
solve this initial-value problem numerically, integrating until a steady state was achieved
(to at least 5 decimal places in all three variables at each grid point). From the steady
state electric fieldz (x), ® was then calculated using

1
@ = —/ E(x)dx. (12)
0

It was found that a steady state was achieved relatively quickly, thus enabling the
CVC to be readily built up, for given values of the paramet&séy, 8y, a andk,
over successive runs. For all the results presented below we took 200 spatial grid points
across the reactor.
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4.  Simplified theoretical description

Here we obtain a solution of equations (4), (7), (11) when the reaction term is
neglected. To determine the approximate formulas for our simplified models described
below, we consider a reactor of (dimensionless) ledgihd take as boundary conditions
a=a,b=>b;j,u=u;,v=uv (i =1 2)onx =0andx = d, respectively.

With @ = 0, equations (7) can be expressed as

a' —ag' =—Jy,
Sp(b' + bo") =—1Jp,

Sy +ug')=—Jy,
Sy (v —vg)=—1Jy,

(13)

with the (dimensionless) current given in terms of the now dimensionless fless
I=Jg+Jy—Js—Jy.

Adding equations (13) and using electronuetrality ¢f)can be eliminated. Inte-
grating the resulting equation and applying the new boundary conditions gives

X
a+b+u+v=2C(x)=2(a1+v1)(1+(ﬁo—1)5>, (14)
where
az + vp b+ uy
Po = = :
ap+vy  bitu
Electroneutrality then gives
a+v=>b+u=Ckx). (15)

Also, from equations (4), (7), (14), we have that

[@+b+u+v)¢] =0 e, (Cx¢) =0, (16)
from which it follows, on applying the boundary conditions tigat= 0 atx = 0 and
¢ = A¢ atx =d, that

_ A¢In(1+ yx)
 In(L4+yd)

wherey = (8o — 1)/d andy # 0. For the cas¢ = 0, 8o = 1 we obtain

17)

X
¢ =Ap-. (18)



J.H. Merkin et al. / Analysis of the electrolyte diode 49

If we now multiply each of the equations in (13) by er e ¢ as appropriate and
integrate over the range 0 & we can obtain the fluxes as

are 2 —q; Sp(b2€2? — by)
Jp= "7, Jp=——""7T—",
D_ Dy
(19)
Sy (u2? — uy) Sy (voe 2 —vy)
Jy=———"7—7—", Jy =— ;
D, D_
where the denominators in (19) are
d
b= [(esan
0

Using the above expressions fo(x) in Dy, the fluxesJ; (i = A, B,U, V) can be
evaluated and then using these in the expressioh fives

_ (Bo— D(1— Ap/In Bo)(aze ™? — ay + Sy (v2€ 2% — v1))

! d(hoe7 — 1)
_ (Bo—= DA+ A¢/In o) Sy (u26"? — ur) + 85(b26*% — b1)) (20)
d(poer? — 1)
for 8o # 1. Whengy = 1 (y = 0) we obtain the simpler expression
_ (aze 2 —ay) + Sy (v2€7 2% — vy)

= A¢( d(1—e29) )

Su(u2€™? — ug) + 85 (b€*? — by)
B A¢( d(e*? —1) ) @

We are now in a position to assess the significance of these results for the experimental
measurements presented in [6-8]. However, before doing so we examine the values of
the various dimensionless parameters appropriate to these experiments.

5.  Parameter values

In the experiments, the concentratianof KOH and HCI in the reservoirs can be
changed for different runs (as well as the applied potential drpp/Ne need to be able
to estimate the values of the dimensionless parametensd« appropriate to a given
value ofcq. To calculate the constait we note that, in chemical equilibrium,

k_[H2Q]

ko[H][OH™] —k_[H,O] =0, giving K = .
0
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wherekg andk_ are the forward and reverse rate constants in (2). Uking 1.3 x
10" M~1st k. =24 x 10°° st and the concentration of water as,[P]= 55.6 M,
we obtaink = 1.0 x 1014 M2. For a givercy, « andk are related by

_ K(koL®»? 6.25x 10"
 (Dpaa)? a? ’

on taking valuesD, = Doy = 5.24 x 107° cnPs~t andL = 0.1 cm for the reactor.

Values ofcg ranging fromeg ~ 107 M (the smallest it is reasonable to take ex-
perimentally) tacy ~ 0.1 M are used, suggesting a rangexdfom 10 to 10 as being
pertinent to the experimental observations. To ease the computational problems caused
by having extremely large values fer we conentrate on two specific cases at the lower
end of thex range, namely the cases

(i) @ = 10", k = 0.0625(co = 4 x 10°7),
(i) 0 = 10°, k =6.25x 10* (co = 4 x 10°°).

We show that our approximate formulas (derived below) are in excellent agreement with
the numerical solutions for these two cases. This gives us confidence in assuming that
these approximate formulas are reliable estimates for the CVC for the whole range of
(andk) appropriate to the experiments.

The values of the diffusion coefficients given in [8] suggest taking vadyes-
1.77,86y = 0.39 andsy = 0.37.

(22)

6. Forward case
6.1. Simplified theory

In the ‘forward’ cased is negative (as set up in our model), giving positive values
for I. In this case it is the K and CI" ions that are attracted into the reactor by the
applied electric field, the Hand OH" ions remain close to their respective ends. Thus
we expect reaction (2) between"thnd OH not to occur within the reactor and the
reaction-free description given above should present a reliable guide for the CVC. To
obtain this we putl = 1, A¢p = @ in (21) and apply the boundary conditions (11), to
get

plutév—QA+ 35)€”)

I = 23
o 1 (23)

When o is large (and negative)
I ~ By +38y)|®|=0761®| asd — —oo (24)

giving a linear CVC when®| is large. Formula (24) is equivalent to the approximate
expression given in [6,8].

We now examine relationship (24) from numerical solutions of the full system (9)—
(11), including the reaction term.
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Figure 1. The current-voltage plot for the ‘forward’ case obtained from a numerical integration of the
initial-value problem forx = 107 (6p = 177,86y = 0.39,8y = 0.37). Expression (24) is shown by the
broken line.

6.2. Numerical results

The initial-value problem was solved numerically for a range of valudsuoftil a

steady state was achieved and the corresponding potentiatbdeajculated from (10),

(12). Results forr = 107 are shown in figure 1, with a plot dfagainst®|. Also shown

in this figure (by the broken line) is expression (24) and we can see that there is excellent
agreement between the numerical results and the analytic expression obtained from our
simplified theory. The differences between the two sets of results occur @t(omd|)

where the simplified theory is not expected to be applicable.

The simplified approach requires that the system be essentially reaction-free, with
OH™ and H" ions not penetrating far into the reactor. This can be seen in the profile plots
in figure 2 (for/ = 20.0, ® = —26.324). These plots are typical for the higher values
of I (and|®|) and show that the concentrations of lind CI” are uniform over most
of the length of the reactor, with the fall to zero concentrations at their respective ends
being achieved in thin boundary-layer regions close to these ends. The concentrations
of H* and OH" both fall to zero rapidly in these boundary-layer regions.

The profiles shown in figure 2 justify our simplified model for the ‘forward’ case,
which provides a reliable guide for calculating the CVC for the reactor in this case (see
also figure 1). We now consider the ‘backward’ case.

7. Backward case

For this casd is negative, givingb positive, and it is now the OHand H" ions
that are attracted into the reactor, with thé &nd CI~ ions remaining near their respec-
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Figure 2. Concentration profiles for the ‘forward’ case obtained from a numerical integration of the initial-
value problem fo = 20.0 (& = —26.324),a = 10’ (83 = 1.77,5y = 0.39,8y = 0.37).

tive ends. The OH and H" ions react (via (2)) in the central part of the reactor, forming

a region of low ionic strength (neutral region) with a consequent large potential drop
needed to maintain a given current. There will also be regions close to the ends of the
reactor which contain eitherKor CI~ ions, the alkaline and acidic regions respectively.
This is illustrated in figure 3 with typical profile plots for the ‘backward’ case, obtained
from the numerical integration far = 10® and/ = —16.0, (® = 1591). The three
distinct concentration regions can clearly be seen in figures 3(a), (b). There is a high
(negative) constant fielfl in the central region (figure 3(c)) giving the dominant part of
the potential drop across the reactor. The reaction betweenddd H' is confined to
narrow regions at the junction between the different concentration regions (figure 3(d)).
Note also the rapid fall irE within these reaction regions. The above considerations
motivate us to construct a three-region model for the ‘backward’ case.

7.1. Simplified model

Our model consists of three separate (reaction-free) regions. There is a central
(neutral) region, of extenf;, in which there are only OHand H" ions present. This
region is in chemical equilibrium which, with electroneutrality (4) and expressions (9),
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Figure 3. Concentration profiles for (@)=[OH™], b =[HT], (b) u =[K ] andv =[CI], (c) the electric
field E, and (d) reaction rat® = «(x — ab) for the ‘backward’ case obtained from a numerical integration
of the initial-value problem expression fér= —16.0 (& = 1591), « = 108 (6p = 1.77,8y = 0.39,

Sy = 0.37).
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(10), gives
E_ 1
T (1 +68p)

The electric field is constant (and negative sids) in this region, given by (25). The
potential dropA¢, across the neutral region is then

a=b=4k, u=v=0, (25)

I
VKL +8p)
There is a region close to the KOH reservoir (alkaline region) in which ornly K

and OH ions are present. The change in the concentratidn(bf' ions) from,/k in

the central region to zero in the alkaline region is achieved in the narrow reaction zone
between these two regions (see figure 3). From (14), (15), (17) we have

(1— k)
dp

Ay (26)

_ AgaIn(d + yx)

,  Wherey = —
IN(1+ ydy)

a=u=1+yx, b=v=0,
(27)

in the alkaline region, taking the potential drop across this region, of exteas A¢,.
We can calculate the (dimensionless) fludgsand J; from (19), or directly from (13)

using (27), as

_ _& _ _ &
a= V(l In<1+ydz>>’ = 5Uy(1+ln<1+ydz>>' (28)

Since there is no Kin the central region and this species is not involved in the reaction,
Jy must also be zero in the alkaline region, giving

Ag, = —In(1+ ydy) = — Inﬁ and Jy = —2y.
Then, since in this regioff| = J, = —2y, we obtain

o 20 VE)

29
] (29)

The region close to the HCl reservoir (acidic region) has ontyadd CI ions. In
this region, of extentls < x < 1, we have, from (14), (15), (17),

b:v:(l_ﬁ>(x ds‘ﬁ), a=u=0

1—ds C1- Uk
e _ (30)
¢=—A¢3 In(x y_) Where)7=d3 ‘/E,
Inyk \ds—7y 1- .k

assuming a potential drop @f¢s across this region. The change in the concentration of
a (OH™ ions) from ./« in the central region to zero in the acidic region is achieved in
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the narrow reaction zone between these two regions (again see figure 3). From (30) (or
from (19)) we can calculate the fluxdg andJy as

i (D) 2) a- (D)) @

Since there is no Clin the central region and this species is not involved in the reaction,
Jy must also be zero in the acidic region, giving

1-—
A¢ps = —In/k and Jg =—2<SB( ﬁ)
1—ds
Since, in this region/| = —Jg, we obtain
255(1 —
dg=1— M. (32)
7]
Now di = d3 — d», and hence expressions (29), (32) give
21+ 8p)(1—
d=1— (1+6p)( \/E)' (33)

7]
Assuming that the potential drop occurs only across the central region, expression (26)
then gives
=2+ 85) (1 — k)

o}
V(1 +685) ’

(34)

from which we get the CVC
1] = kL +85)® 4+ 2(1+ 85) (1 — V). (35)

Similar approximate expressions were derived in [6,8]. The advantage of the present for-
mulation is that the relationship between current and potential drop is in dimensionless
form.

If we also include the potential drop across the alkaline and acidic regions, we add
in a term—21In ,/k to the right hand side of (34), giving the slightly modified CVC

1] = V(14 85)(® + 2Invk) + 2(1+ 85) (1 — V). (36)

We now examine the approximate form for the CVC (35), or its modified version
(36), by comparing with numerical solutions of the initial-value problem.

7.2. Numerical results

Plots of the CVC for the: = 10" ande = 10° cases are shown in figure 4. In both
cases there is a linear relationship betwlgrand ® for reasonably large values with a
slight variation from linear only at smaller values|&f (figure 4(a)). Results for specific
examples are shown in table 1. Using these results we can calculate the linea$slope
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Figure 4. The current-voltage plot for the ‘backward’ case obtained from a numerical integration of the
initial-value problem for (ay = 107, (b) @ = 108, with k = 6.25 x 101202, (5 = 1.77,8y = 0.39,
sy = 0.37).

Table 1
Potential drop® for the ‘backward’ case calculated from the numerical integrations for a
given current/ for a range of values af, with « = 6.25 x 1012¢ 2, Approximate values
obtained from formulas (35) and (36) are also givép, £ 1.77,5y; = 0.39,5y = 0.37).

o I 0l From (35) From (36)
107 20.0 23391 22881 25653
107 40.0 52309 51762 54534
108 20.0 22025 2108 2182

108 40.0 50613 4996 5070
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of the CVC,Sp = A|I|/A®, obtainingSz = 0.692 andSz = 0.06996, respectively.
These are in good agreement with expression (35) (or (36)), which has

Sp = k(14 85) =6925x 10Pa~?! (37)

from (22). From this we can conclude that the simplified model predicts the slope of the
CVC to a very good approximation.

The values obtained from expressions (35) and (36) are also given in table 1. These
show that (35) gives a better approximation for the smaller values(ahd consequent
larger values of). However, it is expression (36) which provides a better estimate for
the more realistic larger values @f(and smallek). This might be expected, as the sim-
plified model requires that the reaction zones be thin. A consideration of equations (9),
in the limit of largew«, suggests that the reaction zones are of thickness(ef &),
thinning asx is increased (and decreased). This leads us to regard expression (36) as
the more reliable guide to determine the CVC for the parameter ranges relevant to the
experiments.

The approximate formulas for the CVC for the ‘forward’ (24) and ‘backward’ (36)
cases show why there is a considerable difference in the slopes in the two cases. The
slopeSr for the ‘forward’ case isSr = (8y + 8y), here= 0.76, which is independent of
« andx and remains of @) for all reservoir concentrationg. Sz depends strongly on
o (andx) from (37) decreasing with increasiiag It can become very small, of @0 )
or less, at the higher values @f~ 10 corresponding to the higher values of reservoir
concentrationgy used in the experiments.

8. Conclusions

We have solved numerically the reaction—diffusion system (7) describing the elec-
trolyte diode and determined its current-voltage characteristics. Our results show (in
gualitative agreement with the experiments) that the slope of the CVC in the ‘forward’
case is very much greater than that in the ‘backward’ case. We compared our numerical
results with theoretical values obtained from a simplified approximate theory and found
very good agreement between the two sets of results. The only differences between the
two occurred at low voltages where the simplified theory is not expected to be applicable.

The concentration profiles obtained numerically confirm the simplifying assump-
tions of the approximate theory. In the ‘forward’ case (see figure 2) the concentrations
of K* and CI are uniform over most of the length of the reactor, with the fall to zero
concentrations at their respective ends being achieved in thin boundary-layer regions
close to these ends. The concentrations 6fdhd OH are significant only in their
respective thin boundary-layer regions. Thus the capillary is filled almost entirely with
KCI solution, as assumed in the simplified theory. In the ‘backward’ case three distinct
concentration regions arise (clearly seen in figures 3(a), (b)) again in a good agreement
with the assumptions of the simplified theory. There is a central (neutral) zone (of pure
water) separating the alkaline and acidic regions. In these latter regions the KOH and
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HCI concentrations fall linearly from their boundary values to virtually zero in the cen-
tral zone. The reaction between Otnd H" is confined to narrow layers at the two
ends of the central zone at the junctions with the acidic and alkaline regions.
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