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AC-impedance method has been used successfully in characterizing a packed-bed
flow-through electrode system. A macrohomogerieous model was developed to sim-
ulate the effect of structural, physical and flow parameters. The relative importance
of kinetics and mass transfer can be inferred from the AC-impedance analysis.
Kinetic information about copper deposition in supported cupric sulfate solution
has been obtained successfully using this technique.

Introduction

Flow-through porous electrodes, such as packed-bed and
fluidized-bed electrodes, are attractive for electrowinning, elec-
tro-organic synthesis and flow-battery applications. The ex-
tensive surface area of the porous electrodes makes high
volumetric reaction rate more possible than in a cell with smooth
electrodes. Forced convection also enhances mass-transfer rate
and hence reduces concentration polarization.

In a previous article (Yuh and Selman, 1985), a steady-state
analysis was carried out to quantify the relative importance of
the various partial-rate processes at a packed-bed electrode
where bed depth, flow rate, and electrolyte conductivity were
varied. A detailed mathematical model was also developed to
aid the analysis. In this article, it is demonstrated that AC-
impedance method is a more convenient tool for in situ iden-
tification of rate-limiting processes in a porous flow-through
electrode.

AC:-Impedance Method

AC-impedance method has been extensively reviewed by
Gabrielli (1981) and Macdonald (1987). In an AC-impedance
experiment, a small AC signal is used to perturb the electro-
chemical system and the response of the system is observed.
High-precision measurements may be possible because the re-
sponse can be averaged over a long run. Using small AC signals
also greatly simplifies the theoretical analysis because mass-
transfer and kinetic expressions can be linearized at the local
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polarization and concentration levels. Furthermore, because
the various partial-rate processes generally have different time
constants, impedance experiments carried out at various fre-
quencies, in many cases, allow assignment of partial-rate proc-
esses to different impedance loops (for example, in a fuel cell
system studied by Yuh and Selman, 1988 and 1991). Therefore,
the dominant rate-limiting processes can often be more easily
identified than by other steady-state methods.

A smooth planar electrode can often be represented by an
equivalent circuit (Bard and Faulkner, 1980). Similarly, a po-
rous electrode can be represented by a network of equivalent
circuits (transmission-line model) (Keiser et al., 1976; Mac-
donald et al., 1991). In the present work, a differential-equa-
tion model was developed to simulate frequency response of
a flow-through porous electrode. Such a model is more con-
venient to use for simulating the behavior of coupled activation
and mass-transfer polarizations at different DC polarization
levels. A similar model was developed to study fuel-cell elec-
trode processes (Yuh and Selman, 1988).

Macrohomogeneous AC-Impedance Model

A macrohomogeneous model was developed to simulate AC
response of a flow-through porous electrode. The model is
very general in nature and can also be applied to other porous
electrode systems, with modifications. The following assump-
tions were made:

® The electrode particles and electrolyte are homogeneously
mixed as a continuum (see Figure 1). The input parameters
are porosity and specific surface area.
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Figure 1. Schematic of flow-through electrode.

¢ The general Butler-Volmer equation (an electrochemical
kinetic expression, see Newman, 1991) is used. The local charge-
transfer impedance (that is, the resistance to electrochemical
charge-transfer reaction) is characterized by the linearized But-
ler-Volmer kinetics, as will be shown below.

® The frequency response of the bulk reactant concentration
is considered.

® The electronic conductivity of the electrode matrix is high
enough to consider it isopotential.

¢ Jonic transport is represented adequately by ohmic law.
Electrolyte migration is considered unimportant, because the
liquid phase is well supported by supporting electrolytes.

® The intrinsic activity of the electrocatalyst is uniform
throughout the electrode, as are electrochemical kinetic pa-
rameters.

® The Warburg (mass-transfer) impedance can be approx-
imated by a Nernst-type expression (Schuhmann, 1966; Ga-
brielli, 1981); a stagnant diffusion layer approximates the mass-
transfer or concentration boundary layer. The resulting local
Warburg impedance is then (in the absence of homogeneous
chemical reactions):

Z,=Aq/Ai, (1a)
=G, + (W'F$)™' 3 1SItanh(¢8)/(C;Dpg))  (1b)
The G, term is for the frequency response of the bulk con-

centration.
The electrochemical reaction is generally expressed as:

Z S,RZ—ne” 7))
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A mass balance for each reactant i yields the following un-
steady-state diffusion equation:
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3

A balance on the ionic current in the electrolyte yields the
potential equation:

2
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The Butler-Volmer kinetics can be linearized with respect to
7, and Cg;, for small perturbations of 4, and C;:
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The exchange current density, i,, can be considered as the rate
constant for the electrochemical reaction.

If only a small perturbation of current or voltage is applied
to the flow-through electrode, the following approximation
may be assumed:

iy=l+ =1, + Ale™ ©)
Ci=C+C,=C,+ACe™ M
=15+ =7 + Ange™ ®)
P=0+3=3+Ape™ )

Therefore, Eq. 5 becomes:

i, =i [ (Coy"Dsan,+isD,

xZ{vk?:;*k" 11 E%}Acsk (10)
k !

1%k
or
Ai,=i[D'An+ D" AC)]

for a one-reactant system (11)

ns and @ are related according to:

RT c\ ¥
m=—@+;;h{1; G3>] 12)

Equation 12 may be simplified to:
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if C;<<C,.
Therefore,

1 —
A= —Aq>+% Z S(AC,/Cy) (14)

The last term in Eq. 14 is actually Ay,.
By substituting Eqgs. 1, 6-9, 11 and 14 into Egs. 3 and 4,
with subsequent nondimensionalization, one obtains:

2
d_d;’z A¥ =M AC +MAY (15)
9 ac+D L Ac=PACHPaY (16)
dg" = Rap = RTE A

The boundary conditions are:
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for a system with downstream counter and reference electrodes
(Figure 1). The values of M), M,, P, P, are functions of 7,
and C,; therefore, steady-state solutions are needed first for
determining them.

The impedance, by definition, is:

Z=—£—'; (19)

d
AK — AY
dat te1

The system of ordinary differential equations (Egs. 15 and
16) can be solved by numerical techniques to determine AC
and AV as a function of ¢.

For the flow-through electrode examined here (Cu deposi-
tion/dissolution), only one reactant (Cu) is present. The po-
larization level was carefully controlled to avoid the parasitic
hydrogen evolution reaction that could occur at high polari-
zation levels. Therefore, Egs. 15 and 16 become:

4 Ay =mAC+mAY 20
d¢

d d’
i AC+D g AC=PIAC+p,AY @n

If the experiment is performed at open-circuit voltage (OCV)
and the axial bulk concentration relaxation can be neglected,
the model Egs. 20 and 21 can be simplified to:

d2
e AY = QAY, 22)

which can be solved analytically.
The solution for Eq. 22 is:

+Hcoth(\/é)
Vo

This result is similar to that derived by de Levie (1967). The
Nyquist plot for Eq. 23 has been described by Yuh and Selman
(1988). Without charge-transfer reaction, the Nyquist plot
shows a 45° asymptote at high frequencies and a 90° asymptote
at low frequencies. The distance between the 90° asymptote
and the imaginary axis is R;+ H/3. This distance can be used
to estimate effective electrolyte conductivity. In the presence
of a charge-transfer reaction, the low-frequency part has to
intersect the real axis. Furthermore, the larger the charge-
transfer impedance, the smaller the angular frequency at the
top of the high-frequency charge-transfer loop. If mass-trans-
fer impedance is included, a second loop at low frequencies
occurs which takes off at 22.5°. In spite of the simplicity, Eq.
23 is capable of a complete description of the frequency re-
sponse of a flow-through electrode at OCV. The values of the
exchange current density may be estimated directly from the
size of the high-frequency loop.

To solve model Egs. 20 and 21, numerical techniques are
required. Here, orthogonal collocation method was selected.
This method has been applied extensively to solving chemical
engineering problems (Villadsen and Stewart, 1967; Finlayson,
1974). In the present problem, we selected the Legendre pol-
ynomial as a trial function and used the subroutines JACQ@BI
and DFQPR of Villadsen and Michelsen (1978) to calculate
the roots of the polynomials and the coefficient matrices. The
same orthogonal collocation method was also used to solve
the steady-state model equations (Yuh and Selman, 1985).

Z=R, (23)

Copper Deposition in Acidified Solution

In the present work, copper deposition/dissolution in dilute
cupric sulfate solution was studied by AC-impedance tech-
nique. Such a system has been extensively used as a model
system for studying mass transfer and current distribution in
flow-through electrode systems (Bennion and Newman, 1972;
Newman and Tiedeman, 1978; Yuh and Selman, 1985). The
electrochemical kinetics of copper deposition has been re-
viewed by Yuh and Selman (1985). The mechanism reported
by Newman (1991) gives the following theoretical kinetic pa-
rameters:

o, =15 =05 ¥=0.75
~ is the exponent on the concentration term in the electro-
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Figure 2. Butler Volmer kinetics (T= 298 K).

chemical (Butler-Volmer) kinetic expression (see Eq. 5). The
experimentally determined v value is between 0.42-0.67. Only
the theoretical value 0.75 was used here. The value of y can
be determined easily only if the bulk inlet concentration of
Cu™* * was varied during the experiment. In this work, the bulk
inlet concentration was fixed at 2 mM.

Figure 2 shows the Butler-Volmer kinetics (with the above
kinetic parameters) showing the effect of activation polari-
zation on the local charge-transfer rate. If the electrode is
polarized cathodically, its local charge-transfer impedance
should become larger first due to the characteristics of the
electrode kinetics (see Figure 2). The impedance can become
even larger due to the depletion of the reactant because of the
corresponding positive reaction order. It is possible for the
charge-transfer impedance to become small at very high ac-
tivation polarization levels; however, for the flow-through
electrode studied here, the local charge-transfer impedance
would still become large for cases of excessive depletion of
Cu™* near surface (for example, at limiting current). The bulk
concentration of Cu* * ion in this work was intentionally kept
very low (~2 mM) to enhance the mass-transfer impedance
so that the experimental system was always under mixed control
by charge transfer and mass transfer, for a better demonstra-
tion of the AC-impedance technique. For a more concentrated
system (for example, 0.1 M Cu* *), the mass-transfer imped-
ance would be relatively much smaller than the charge-transfer
impedance and the system would be essentially under charge-
transfer control only.

On the other hand, if the electrode is polarized anodically,
the concentration of the reactant (copper metal) does not de-
crease. Only the accumulation of Cu** has some effect, but
a small one; therefore, the activation overpotential becomes
the dominant factor. The anodic transfer coefficient, 1.5, is
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Figure 3a. Predicted frequency response of a flow-
through electrode at various DC polarization
levels.
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Figure 3b. Input conditions and steady-state polariza-
tion for Figure 3a.

larger than the cathodic transfer coefficient, 0.5. The local
charge-transfer impedance would most probably decrease due
to this effect (see Figure 2).

Figure 3a demonstrates the effect of steady-state polarization
on the impedance generated by solving Egs. 20 and 21 using
orthogonal collocation method, for some typical parameters
of a flow-through electrode (with sodium sulfate as the sup-
porting electrolyte). The steady-state polarization curve, Figure
3b, was generated first, by solving the model equations de-
scribed in the previous article (Yuh and Selman, 1985). The
mass-transfer correlation given by Wilson and Geankoplis
(1986) (applicable to low Re and high Pe systems):
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Table 1. Characteristics of the Flow-Through Electrode
System

Cathode: Copper Shot [~1/8 in. (~3.2 mm) dia.] or
Copper-Coated Steel [1/8 in. (~3.2 mm) dia.]
Anode:  Copper Screen

Reference Electrode:

2 mM CuSO, (analyzed by Atomic Absorption)
and 0.8 M Na,SO, or 1.5 M H,SO,

Anode Reaction  Copper Dissolution
Cathode Reaction Copper Deposition
Hydrogen Evolution

Copper Rod
Electrolyte:

Solution Properties
Supporting Electrolyte

Na,SO, H,S0,
Density, g/cm’ 1.098 1.088
Viscosity, cm?/s 1.22x 1072 1.22x1072

Conductivity, ohm™'-cm™'  0.074-0.085 0.5

Diffusivity Cu* *, cm*/s 6x107° 7.6%x107°
Re: 0.1-40
Pe: 200-80,000
ed,k vd,\ "’
=1.09] =2 24
D, ( D, (24)

was used to calculate &, the average mass-transfer coefficient.
The diffusion-layer thickness, 8, is estimated from:

D,,

b= 25)

for the calculation of the local Warburg impedance (Eq. I).
If the flow-through electrode is polarized cathodically, the
impedance increases. When the limiting current is approached,
the local charge-transfer impedance becomes so large (because
of the very low Cu* * concentration near the surface) that the
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Figure 4. Effect of liquid flow rate on measured fre-
quency response at open circuit.
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total impedance approaches that without a charge-transfer re-
action. Moreover, at the limiting current (but without hydrogen
evolution), the reactant concentration near surface is so small
that the local Warburg impedance also becomes very large
(according to Eq. la). Therefore, a 90° asymptote at low fre-
quencies is predicted.

If the electrode is polarized anodically, the impedance be-
comes smaller. The local charge-transfer and Warburg imped-
ances both decrease as the reactant concentration near surface
increases. The calculated frequency response is in agreement
with these qualitative expectations.

The AC response of the bulk concentration profiles calcu-
lated from the macrohomogeneous impedance model indicates
that the frequency response of the bulk concentration can be
neglected under the experimental conditions used in this study.
Only at very low frequencies (below about 0.01 Hz) or liquid
flow rates significantly lower than those used in this study, an
additional loop corresponding to the bulk concentration ap-
pears, because the time constant of the bulk concentration
relaxation is usually very large. Above 0.1 Hz, the frequency
response of the bulk concentration needs not be considered;
therefore the model Eq. 21 can be dropped to simplify the
calculation.

Experimental Method

The electrochemical system studied here is copper deposi-
tion/dissolution in dilute acidic cupric sulfate solution. The
experimental setup is the same as that described in the previous
publication (Yuh and Selman, 1985). The important charac-
teristics of the system are given in Table 1. If sodium sulfate
was used as the supporting electrolyte, the pH was adjusted
to a value between 2.3-2.4 by addition of sulfuric acid. The
DC polarization was kept below that which would initiate
hydrogen evolution reaction. The AC-impedance experiment
was carried out under a variety of flow rates and polarization
levels. The bed depth was also varied. The equipment used
included a Stonehart BC1200 potentiostat and a Solartron 1172
Frequency Response Analyzer. The impedance measurements
were carried out potentiostatically at about 15 frequencies be-
tween 0.1 Hz and 5 KHz. On the Nyquist diagrams shown in
this article, only data points at four typical frequencies (1, 10,
100, and 500 Hz) were plotted. A small AC signal (<9.5 mV
peak-to-peak) was used to perturb the system.

Qualitative Discussion

The effect of the liquid flow rate on the frequency response
at OCV is shown in Figure 4. The high-frequency loop is not
affected by the flow rate, since the local charge-transfer imped-
ance is uniform at OCV. Furthermore, the mass-transfer
impedance can be neglected at higher frequencies. On the other
hand, the size of the low-frequency loop decreases with respect
to the flow rate, indicating that the mass-transfer coefficient
increases with the flow rate. These observations are in agree-
ment with the qualitative predictions.

The mass-transfer coefficient determined from the size of
the mass-transfer loop is found to be much lower (more than
one order of magnitude lower) than the Wilson-Geankoplis’
prediction (Eq. 24) which applies at the limiting current. On

the other hand, the mass-transfer coefficient at limiting cur-
rent, determined in the previous study using only the steady-
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state data, was found very close to the Wilson-Geankoplis’
prediction (Yuh and Selman, 1985). The mass-transfer coef-
ficient at limiting current cannot be determined easily from
the impedance data because there is no distinct low-frequency
impedance loop for estimating it. A complicated nonlinear
least-square fitting of data in the whole frequency range is
required and was not attempted in this work.

There may be several reasons why the estimated mass-trans-
fer coefficient differs from the one determined at the limiting
current:

* The simple stagnant diffusion layer is not a suitable ap-
proximation of the boundary layer, since mixing and devel-
oping convection are typical for a flow-through electrode.
Therefore, the frequency response of such a complicated
boundary layer with attachment and detachment may not be
correctly simulated by the simple Nernst theory.

¢ The mass-transfer coefficient at OCV may be different
from that at the limiting current where the Wilson-Geankoplis’
correlation applies. This may be due to the very different
concentration boundary layers at the different polarization
levels. There is no fundamental reason why mass-transfer coef-
ficient measured at the limiting current should be applicable
below the limiting current (Newman and Tiedmann, 1978). For
example, mass-transfer boundary layer at OCV has been found
to be about 70% thicker than at limiting current (Ananthar-
aman et al., 1989), for natural convection at a vertical wall.

¢ Surface diffusion of adions may become rate-limiting at
low overpotentials, as opposed to charge-transfer rate-limiting
at high overpotentials (Bockris and Reddy, 1970). Surface dif-
fusion limitation may have caused the large low-frequency loop
at OCV which cannot be explained by the liquid-phase mass-
transfer coefficient.

¢ The possibility of rate-limiting step for charge-transfer as
Cu* + e~ —Cu near OCV (as opposed to Cu** +e"—Cu" at
higher overpotentials) was reported by Erdey-Gruz, 1972. The
liquid-phase diffusion of intermediate Cu* ion and the ho-
mogeneous reaction Cu** +Cu—2Cu* may need to be con-
sidered.

In conclusion, more detailed study is required to clarify this
low-frequency impedance results, particularly near OCV.

The experimental AC-impedance decreases with anodic po-
larization (see Figure 5) and increases with cathodic polari-
zation (see Figures 6-10). This is consistent with the qualitative
discussion and model predictions. As the limiting current is
approached, the impedance approaches the predicted results
for very large charge-transfer impedance. However, a faster
approach to the predicted results for very large charge-transfer
impedance is observed in the case of sulfuric acid as the sup-
porting electrolyte (Figures 8-10). If the supporting electrolyte
is sodium sulfate, the true limiting current cannot be easily
approached even at very large polarization levels (for example,
400 mV), due to its lower electrolyte conductivity. However,
if the supporting electrolyte is sulfuric acid, the true limiting
current can be easily reached. In other words, a planar electrode
approximation can be approached more easily if the solution
conductivity is higher (de Levie, 1967); the penetration depth
increases with increasing solution conductivity.

The experimental data also showed that the impedance below
the limiting current was smaliler if sulfuric acid was used as
the supporting electrolyte (comparing Figures 6 and 8), ex-
pected from its lower electrolyte ohmic resistance. In addition,
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Figure 5. Effect of anodic polarization on measured fre-
quency response.

the 90° asymptote is closer to the imaginary axis with increasing
solution conductivity (comparing Figures 7 and 10), also ex-
pected (Yuh and Selman, 1988).

If the flow rate is increased, the effect of the steady-state
polarization on the impedance decreases (see Figure 7). The
larger the mass-transfer coefficient, the less the extent of the
depletion of the surface concentration of Cu** while the elec-
trode is polarized. The larger the surface concentration, the
smaller the charge-transfer and mass-transfer impedances.

Below the limiting current, bed depth has very little effect
on the impedance. This is because the electrode cannot ap-
proach the planar electrode approximation for bed depths such
as 1.15-2.35 cm used in this study. Unless a much smaller bed
depth is used, the effect of the bed depth is unimportant.
However, at the limiting current, the local impedance becomes
so large that the planar electrode approximation may be ap-
proached. In other words, the larger the local impedance, the
larger the penetration depth (de Levie, 1967).

Quantitative Analysis of Experimental Data

If aL*/K is very large (that is, the reaction zone is restricted
to part of the packed-bed near the current collector), the so-
lution of the simplified impedance model (Eq. 23) can be re-
duced to:

= 26)

VG

The kinetic loop can be expressed by the following equations:

A/ cosb’ cos(@’/2) +R, @7

AN aditK (a,+ a,)

Real Part=
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Figure 6. Experimental impedance results at various
flow and cathodic polarization levels (Cu-
coated steel; CuSO,/Na,SO, system; bed
depth =1.15 cm).

A/ cosf’ sin(8’/2)

Imaginary Part = (28)

AN adib K (o, + o)

where 6’ =tan"!(wC,/A4").
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The quantities 2 Ka and C,/i% can be obtained by a nonlinear
least-square regression of the real and imaginary parts of the
high frequency loops by Eqgs. 27 or 28. The independent vari-
ables are frequency and R,. A nonlinear regression program,
using Newton-Raphson algorithm, was used to search the ex-
tremum. The effective conductivity of the packed bed can be
estimated from the distance between the 90° asymptote and
the imaginary axis, characterizing the impedance data at the
limiting current.

Several estimated parameters from the nonlinear regression
analysis are shown in Tables 2 and 3. The exchange current
density for copper deposition seems to be smaller with sodium
sulfate as the supporting electrolyte, if v is assumed the same
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Figure 8. Experimental impedance resuits at various flow and cathodic polarization levels (Cu-coated steel;

CuS0,H,S0, system; bed depth=1.2 cm).

for both supporting electrolytes. The standard exchange cur-
rent density is usually slightly higher than the values by the
steady-state fitting (Yuh and Selman, 1985), if v is assumed
to have the theoretical value 0.75. This may indicate that the
value of ¥ may be smaller than 0.75. To accurately determine
the value of v, solutions of various Cu** concentrations are
recommended in the experiments. The effective electrolyte con-
ductivity of the packed-bed with sulfuric acid as the supporting
electrolyte is in very good agreement with the theoretical value
(0.127 ohm ™' cm™"). The estimated double layer capacitance
is between 60 and 90 uF/cm? with sulfuric acid and about 70
wF/cm? with sodium sulfate.

The experimental data can also be analyzed by fitting the
data with the complete macrohomogeneous model. The fitting
procedure is very complicated: The steady-state data have to
be fitted first by the steady-state model. The local impedance
distribution is then calculated from the steady-state concen-
tration and the potential profiles. Finally, the AC-impedance
data is fitted by the macrohomogeneous AC-impedance model.
The adjustable parameters are specific surface area, mass-
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transfer coefficient, exchange current density, effective con-
ductivity, transfer coefficients ¢, and ., and vy, and double-
layer capacitance.

Since there are so many adjustable parameters, a complete
fit requires a detailed nonlinear least-square regression anal-
ysis. Furthermore, a detailed understanding of the frequency
response of the mass-transfer boundary layer at various po-
larization levels (not available so far) is required for an ade-
quate fit. Therefore, only a set of AC-impedance data was
fitted, using theoretical parameters (a,, o, and v) and mass-
transfer coefficient according to Wilson and Geankopolis,
without using a least-square regression analysis. It should be
noted that this fit is very preliminary in nature and a complete
fit of all experimental data is meaningful only after an adequate
model of the mass-transfer boundary layer at various polari-
zation levels becomes available.

The fitted results are shown in Figure 11. The standard
exchange current density determined is about 10 mA/cm?,
which is of the same order of magnitude as those determined
by the fitting of the steady-state data. The double layer ca-
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Figure 9. Experimental impedance results at various
cathodic polarization levels (Cu-coated steel;
CuS0,H,S0O, system; bed depth =1.75 cm).

pacitance determined is about 70 uF/cm?, very close to that
determined by regression analysis of the open circuit data (see
Table 2).

Conclusions

o The general characteristics of a packed-bed flow-through
electrode can be simulated successfully by a macrohomoge-
neous AC-impedance model. The effects of the effective con-
ductivity, specific surface area, electrode kinetics, double layer
charging, mass transfer, and DC polarization on the frequency
response can be reasonably predicted by the model. The sim-
plified version requires far less effort and yields adequate ac-
curacy for most practical purposes.

® The higher the flow rate, the smaller the mass-transfer
impedance. The kinetic loop at open circuit is not affected by
the liquid flow rate. The mass-transfer coefficient at open

Table 2. Kinetic Parameters Estimated by Nonlinear Regres-
sion Analysis of Experimental Data (Supporting Electrolyte

Flow Rate=16 cma/min. Re=0.14
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Figure 10. Experimental impedance results at various
cathodic polarization levels (Cu shot; CuSO,/
H,S0, system; bed depth=2.35 cm).

Table 3. Estimated Kinetic Parameters from Nonlinear
Regression Analysis of Experimental Data (Supporting Elec-
trolyte H,SO,)

Na,SO,
System 1 2 3
System 1 2
yee Bed Depth, cm 12 1.75 2.35
Bed depth, cm 1.15 1.65 Packing Particle Cu/Steel Cu/Steel Cu Shot
i, mA/cm? 0.26 0.16 £, mA/cm? 0.373 0.604 0.478
C,, pF/cm? 72 74 K, 1/ohm-cm 0.125 0.124 0.131
i¢, mA/em?, ¥ = 0.75 27 17 C,, uF/em? 88 75 60
{Cu**]), mM 2 2 [Cu* ], mM 2 3 2.6
M s v=0.75 39 47 41
Fixed Parameters i, mA/cm’; y
K=0.02 ohm'-cm™! Fixed Parameters
a=14cm™! a=15cm™!
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Figure 11. Fitting of experimental AC-impedance re-
sults.

circuit seems to be smaller than that at the limiting current.
The frequency response characteristics of the mass-transfer
boundary layer in the packed-bed electrode system cannot be
explained adequately by the simple theory of Nernst diffusion
layer.

® The steady-state polarization level has a very large effect
on the frequency response. The impedance increases with cath-
odic polarization, due to the effect of the depletion of Cu**
near the electrode surface, which dominates over the charac-
teristics of the Butler-Volmer kinetics (see Figure 2). The
impedance decreases with anodic polarization, due to the con-
stant activity of the reactant (copper metal) which does not
affect the characteristics of the electrode kinetics.

® The exchange current density determined is of the same
order of magnitude as those determined by fitting the steady-
state data.

® The double layer capacitance of the copper electrode de-
termined by the nonlinear regression analysis is about 70 uF/

cm?.
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Notation
a = specific surface area, cm™!
a = ¢jwl/V
a = if;D;H (Ca)™
a; = apl’/K
a, = —ajuCyoL¥/K
as = —1-A,4,
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aas— AzAyg

cross-sectional area of flow-through electrode, cm®

ioh(o,+ o) _
vector [By), B;=S,/(n¢Cy)
vector [B], B;=SaL/(VCynF)

vector [B}, B;=v,C;"""' H ()™
i

i#i

1—A6A3

matrix [By], B;=0 if i}, By=[cosh(g;{)) " if i=j

vector [B], B;=a,S; tanh(q;{)/(qinFDy,)

A A

@A)+ A4 .

matrix [Byl, By=0if i#j, By=Cg if i=j
ARK/L

bulk concentration, mol/cm’

bulk concentration of species i, mol/cm®
surface concentration of species /, mol/cm®
reference concentration of species i, mol/cm’
vector [B)), B;=AC;/Cy;

double-layer capacitance, Farad/cm?
particle diameter, cm

e(D,+D,)/ (VL)

molecular diffusivity of species i/, cm?/s
expla,$n;)

exp( - acd’i)

aa¢D |+ ac¢D2

D,-D,

D3C37

'YCST_ |D4

€ (Dn + Dmi )

3V(1 —€)/(ae), axial dispersion coefficient, cm?/s

D/(VL) _
matrix [Byl, B; = 0if i#j, By=D;if i=j

Faraday constant

(aL*/K) (A’ +jwCy)

(RT/nF) 3 (AC/[Cy cosh(gid)]}

L/(akK)

transfer current density, mA/cm?

bulk exchange current density, mA/cm?
standard exchange current density, mA/cm?
matrix [By), B;=0if i#j, By=1if i=j

imaginary part

V-1

mass-transfer coefficient, cm/s

effective electrolyte conductivity, ohm™'-cm™!
bed depth, cm

single-reactant representation of M,
single-reactant representation of M,
(-aA+aAn)Ag,

(—aa5+ a,a5) /¢

number of electron transferred

open circuit voltage or equilibrium potential
single-reactant representation of P,
single-reactant representation of P,

= aA;3-AAp A,

i

—asAy/

Peclet number, V/(aD,,)

al’zZ,/K

vV (jw)/Dy;

universal gas constant

real part or Reynolds number [V/(av)]
reactant i

solution resistance, ohm; outside the flow-through electrode

stoichiometric coefficient of species i
temperature, K
superficial fluid velocity, cm/s

Vol. 39, No. 4

645



axial distance, cm

total impedance, ohm

charge of species i

local impedance, (A’ +jwCy)/(1+Z,A")

local Warburg (mass-transfer) impedance, ohm -cm?

xN_N__NNk
o n

Greek letters

anodic transfer coefficient

a, =
o, = cathodic transfer coefficient
v; = reaction order of species i
& = diffusion layer thickness, cm
A = AC part of a signal
€ = porosity
¢ = X/L
7. = concentration polarization, V
7, = activation polarization, V
» = kinematic viscosity, cm?/s
¢ = F/(RT)
& = electrolyte potential, V
$, = externally applied voltage, V
¥ = ¢d
¥, = ¢%,
w = angular frequency
Superscripts
~ = AC part
- = average
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